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Preface

Restricted growth conditions are a group of genetic disorders with primary effect on growth
(short stature); it is very heterogeneous and comprises two important categories: skeletal
dysplasia and different genetic syndromes with primary effect on growth. It could also be
caused by a medical condition. Their diagnosis is often difficult, but it is essential to get it
early in the life of the affected individuals, in order to give the appropriate treatment that
could restore at least partially the growth allowing the subject to reach the closest to the
average height as possible in adulthood.

The book discusses the genetic mutations associated to restricted growth (dwarfism pheno-
type), at the clinical, cellular, and molecular levels, and comparisons among phenotypes.

There are several different types of dwarfism; some of them are caused by mutations on the
FGEF3R. It is known that this pathway, FGF3R signaling, negatively regulates bone growth.
In this book, the importance of this pathway on bone growth regulation and dwarfism is
discussed.

The book contains chapters regarding different aspects of the study of restricted growth that
are divided into three broad sections:

Section I: Defining Restricted Growth (Chapter 1: Growth Hormone Axis in Skeletal Dyspla-
sias)

Section II: Genetics and Diagnosis of Restricted Growth (Chapter 2: Growth Hormone Defi-
ciency: Diagnosis and Therapy in Children and Chapter 3: Genetic Determinants of Short
Stature)

Section III: Signaling Pathways and Molecular Mechanisms of Restricted Growth (Chapter 4:
Molecular Defects and Cellular Dysfunctions in Restricted Growth Conditions, Chapter 5:
Growth Hormone Receptor Signaling Pathways and Its Negative Regulation by SOCS2, and
Chapter 6: Mannose-6-Phosphate/Insulin-Like Growth Factor 2 Receptor (M6P/IGF2R) in
Growth and Disease: A Review)

The book presents comprehensive reviews of each topic written by experts in the field. This
book will be the most valuable tool for physicians and life science researchers as well as con-
tribute in the training of biomedical students. We hope that this book will motivate more
discussion and research in this important health problem that would set the path for finding
better therapeutic approaches for these groups of restricted growth disorders.

Section I: Defining Restricted Growth, starts with Chapter 1: Growth Hormone Axis in Skel-
etal Dysplasias by Stagi et al., it introduces the reader to the main common skeletal dyspla-
sias, such as achondroplasia, hypochondroplasia, 3M syndrome, and Leri-Weill syndrome;
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providing the clinical, radiological, and genetic aspects of these restricted growth conditions
that allow their classification; and provide a discussion of the data available about growth,
final height (FH), height velocity (HV), growth hormone deficiency, and growth hormone
response after growth hormone (GH) treatment in patients with skeletal dysplasias.

Section II: Genetics and Diagnosis of Restricted Growth, starts with Chapter 2: Growth Hor-
mone Deficiency: Diagnosis and Therapy in Children. Bozzola and Meazza discussed the
growth hormone deficiency (GHD) associated with restricted growth in children, adoles-
cents, and young adults. Pituitary hormone deficiencies (combined pituitary hormone defi-
ciency (CPHD)) associated with GHD are also discussed. This chapter talks about genetics of
GHD and the diagnostic strategies and protocols for diagnosis and the efficacy of the rhGH
therapy. Interestingly, this chapter addresses the issue of GH treatment of children after
bone marrow transplantation (BMT) for acute leukemia, which is another application of the
rhGH therapy that has to be taken into account due to the increased incidence of cancer in
children and the impact of chemotherapy and radiation on children’s growth rate.

Chapter 3 of Section II: Genetic Determinants of Short Stature, by Miclea, provides a com-
prehensive discussion of the group of genetic disorders that affect growth, which is very
heterogeneous. The chapter talks about the main classification of these disorders in skeletal
dysplasia and the different genetic syndromes with primary effect on growth. And the main
clinical signs of each syndrome are discussed and an algorithm for clinical diagnosis and
genetic testing that is a very useful tool for clinical and etiologic diagnosis is provided.

Section III: Signaling Pathways and Molecular Mechanisms of Restricted Growth, begins
with Chapter 4: Molecular Defects and Cellular Dysfunctions in Restricted Growth Condi-
tions by Mottes and Lievens, in which selected conditions associated with restricted growth
are addressed. In particular, classifications, phenotypical characteristics, and cellular and
molecular aspects are discussed. The genetic classification is given according to the Online
Mendelian Inheritance in Man (OMIM), which is useful for the geneticists and physicians.
Additionally, methods used in the studies discussed in the chapter are well described,
which are useful to undergraduate and graduate students.

Chapter 5 of Section III: Growth Hormone Receptor Signaling Pathways and Its Negative
Regulation by SOCS2, by Fernandez-Perez et al., provides a comprehensive discussion of
the central role of GHR signaling in somatic growth regulation and the critical role of SOCS2
as a negative regulator of body growth. The role of SOCS2 in lipid metabolism and insulin
signaling is also discussed. This chapter makes reference to the potential therapeutic appli-
cations of targeting SOCS2-regulated pathways. It talks about the complex steroid interac-
tions with GHR signaling in physiological (sex determination and somatic growth) and
pathological states (dwarfism and sexual dimorphism). The role of SOCS2 as ubiquitin li-
gase in promoting ubiquitination of GHR and its subsequent degradation by the protea-
some, contributing to the termination of the GH intracellular signaling, is also addressed.

Chapter 6 of Section III: Mannose-6-Phosphate/Insulin-Like Growth Factor 2 Receptor (M6P/
IGF2R) in Growth and Disease: A Review, by Lemamy et al., is the final part of the last sec-
tion of this book, in which the authors review the role of M6P/IGF2R in the regulation of
growth and development and its involvement in tumor progression. Interestingly, this chap-
ter talks about the involvement of M6P/IGF2R in the trafficking of mannose-6-phosphorylat-
ed enzymes from the trans-Golgi network (TGN) to lysosomes and the uptake of secreted
proenzymes from the plasma membrane to the lysosomes via clathrin-coated vesicles for
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their maturation. Therefore, this chapter mentions that the M6P/IGF2R acts as a scavenger
that binds IGF2 and transports it to lysosomes for its degradation. Consequently, M6P/
IGF2R is considered as a scavenger that regulates IGF2 levels before it reaches IGF1 receptor
to exert its biological effects on cell proliferation and growth. In this chapter, the fact that
there is a reduction in the expression of M6P/IGF2R in cancer cells as compared to normal
cells in about 50% of breast tumors, which led to suggest its potential value as a cancer prog-
nostic marker, is also discussed.

Finally, this chapter highlights that insulin-like growth factor axis has a critical role in medi-
ating fetal and postnatal growth; thus, alterations in this pathway including changes in the
expression of the M6P/IGF2 receptor and impairments in its function could impact somatic
growth. Moreover, genetic evidence clearly supports a role for IGF2/M6P receptors in organ
development and growth.

I am grateful to InTech— Open Access Publisher for initiating this book project and for ask-
ing me to serve as its editor. I want to thank Mr. Edi Lipovi¢, Publishing Process Manager,
and Ana Pantar, Senior Commissioning Editor, at InTech for guiding me through the publi-
cation process and coordinating the different steps involved. I also want to thank all the con-
tributors of this book for writing their chapters, for sharing their knowledge of the field, and
for making my requested revisions to them. I am grateful to all editorial team of InTech, for
their efforts in facilitating the access of knowledge to many researches worldwide through
its open access publications. I would like to thank my family (especially my mother, Montes-
sori Guide Carmen Aguayo-Briz), for their support and comprehension during this book
project and throughout my scientific career.

Maria del Carmen Cardenas-Aguayo, PhD

Professor

Department of Physiology, School of Medicine
Universidad Nacional Auténoma de México (UNAM)
Mexico City, Mexico
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Chapter 1

Growth Hormone Axis in Skeletal Dysplasias

Stefano Stagi, Annachiara Azzali, Luisa La Spina,
Matteo Della Monica, Perla Scalini and

Maurizio de Martino

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64802

Abstract

Introduction: Skeletal dysplasias, also termed as osteochondrodysplasias, are a large
heterogeneous group of disorders characterized by abnormalities of bone or cartilage
growth or texture. They occur due to genetic mutations and their phenotype continues
to evolve throughout life. Reduced growth is a common feature.

Objective: To evaluate and discuss data about growth and growth hormone axis in
patients with the main common skeletal dysplasias, such as achondroplasia, hypochon-
droplasia, 3M syndrome, and Leri-Weill syndrome.

Design: Evaluate retrospectively the data on growth, final height (FH), height velocity
(HV), growth hormone deficiency, and growth hormone response after growth hormone
(GH) treatment in patients with these disorders. However, this chapter provides an
updated picture of growth hormone axis and endocrinological features in skeletal
dysplasia.

Keywords: growth, growth hormone, skeletal dysplasia

1. Introduction

Skeletal dysplasias are a genetically and clinically heterogeneous group of disorders associated
with generalized abnormalities in the skeleton. Collectively the birth incidence is estimated to
be about 1:5000 live births [1], but it is probably underestimated due to the large amount of
undiagnosed cases. The most evident clinical aspects are the skeletal abnormalities, which can
anyway be associated to orthopaedic, neurologic, auditory, visual, pulmonary, cardiac, renal

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) X N



4 Restricted Growth - Clinical, Genetic and Molecular Aspects

and psychological complications. The clinical expression of these pathologies can range from a
precocious arthropathy in otherwise healthy individuals to severe dwarfism with perinatal
mortality [2].

Many different types of dysplasias have been described and classified depending on the
clinical, radiological and genetic aspects. In the latest 2015 version of nosology, compared to
the one of 2011, the overall number has decreased to 436 disorders, but the number of groups
has increased to 42 and the number of genes to 364 [3] (Table 1).

Type Composition Distribution Pathology Gene Location
I al[I],a2[1] Dermis, bone, Osteogenesis imperfecta (OI) I, I, IIl,  COL1A1, OlI1, O12, 17q21.33
tendon, ligament 1V, VIIA. Ehler-Danlos OI3, Ol4, EDSC

syndrome (EDS) classic

OL1I, 01111, OI1V, OI VIIB, EDS COL1A2 7q21.3
(valvular form), osteoporosis
I al[ll], Cartilage, Otospondylomegaepiphyseal COL2A1 12q13.11
vitreous dysplasia, spondyloperipheral

dysplasia, osteoarthritis with mild
chondrodysplasia, spondyloe-
piphyseal dysplasia, Stanescu type,
achondrogenesis, type II or
hypochondrogenesis, SMED
Strudwick type, vitreoretinopathy
with phalangeal epiphyseal dysplasia,
Kniest dysplasia, SED congenita,
Stickler syndrome, type I, epiphyseal
dysplasia, multiple,

with myopia and deafness,
platyspondylic skeletal dysplasia,
Torrance

type, stickler syndrome, type I,

nonsyndromic ocular, Czech ??

dysplasia
111 ol [I], Skin, blood Ehler-Danlos syndrome type IV COL3A1 2q32.2
vessels, intestine
v al[IV],a2[IV] Basement Susceptibility to intracerebral, COL4A1,POREN1, 13q34
a3[IV] a4[IV] membranes haemorrhage, porencephaly, brain HANAC, ICH, BSVD 13q34
ab5[IV] small vessel disease with or without COL4A2, POREN2,  2q36.3
aS5[IV], a6[IV] ocular anomalies, angiopathy, ICH 2q36.3
hereditary, with nephropathy, COL4A3 Xq22.3
aneurysms, and muscle cramps COL4A4
Susceptibility to intracerebral COL4A5, ATS, ASLN

haemorrhage, porencephaly
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Type Composition Distribution Pathology Gene Location
Alport syndrome (autosomal recessive
and autosomal dominant), familial
benign haematuria
Alport syndrome, familial benign
haematuria
Alport syndrome

A al[V], Bone, dermis, Ehler-Danlos syndrome (classic type) COL5A1, EDSC 9q34.3
al[V],a2[V]  cornea, placenta Ehler-Danlos syndrome (classic type) COL5A2, EDSC 2q32.2
al[V] a2[V] - COL5A3 19p13.2
a3[V]

VI ol[VI] a2[VI] Bone, dermis, Bethlem myopathy, Ullrich congenital COL6AI, BTHLM1, 21q22.3
a3[VI] cornea, cartilage muscular dystrophy 1 UCHMD1 21q22.3
al[VI] a2[VI] Bethlem myopathy, Ullrich congenital COL6A2, BTHLM1, 2q37.3
a4[VI] muscular dystrophy 1 UCMD1 3q22.1,

Bethlem myopathy, Ullrich congenital COL6A3,, DYT27, 3p25.1
muscular dystrophy 1, segmental BTHLM1, UCMD1  3q22.1
isolated dystonia COL6A4 3q22.1
- COL6A5, COL29A1

- COL6A6

VI al[VII], Dermis, bladder Epidermolysis bullosa, COL7A1, NDNC8 3p21.31
a2[VII] Isolated toenail dystrophy

VI «l[VII], Dermis, brain, — Corneal dystrophy COL8A1 3ql2.1
a2[VII], heart, kidney COL8A2, FECD1, 1p34.3
al[vi], PPCD2
a2[VII]

IX al[IX] a2[IX] Cartilage, cornea,  Stickler syndrome type IV, multiple COL9A1, EDMS, 6q13
a3[IX] vitreous epiphyseal dysplasia STL4COL9A2, EDM2, 1p34.2

Stickler syndrome type V, multiple STL5COL9A3, EDM3, 20q13.33
epiphyseal dysplasia IDD
Multiple epiphyseal dysplasia with
miopathy, multiple epiphyseal
dysplasia

X al[X], Cartilage Metaphyseal chondrodysplasia type ~ COL10A1 6q22.1
Schmid

XI ol[XI] a2[XI] Cartilage, Marshall syndrome, COL11A1, STL2 1p21.1
a3[XI] intervertebral fibrochondrogenesis, Stickler COL11A2, STL3, 6p21.32

disc syndrome type II DFNA13, DFNB53,

Deafness, Weissenbacher-Zweymuller FBCG2
syndrome, Stickler syndrome type III,

5
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Type Composition Distribution Pathology Gene Location
otospondylomegaepiphyseal dysplasia,
fibrochondrogenesis
X1 al[XI], Dermis, tendon Bethlem myopathy 2, Ullrich COL12A1, UCMD2, 6ql13-ql4
congenital muscular dystrophy 2 BTHLM?2
X - Endothelial cells, Congenital myasthenic syndrome COL13A1 10q22.1
dermis, eye, heart
Y al[XIV], Bone, dermis, - COL14A1, UND 8q24.12
cartilage
XV - Capillaris, testis, - COL15A1 9q22.33
kidney, heart
XVI - Dermis, kidney - COL16A1 1p35.2
Xvie - Hemidesmosomes  Generalized atrophic epidermolysis ~ COL17A1, BPAG2, ~ 10q25.1
in epithelia bullosa ERED
XVIII - Basement Knobloch syndrome COL18A1, KNO1 21g22.3
membrane, liver
XIX - basement membrane — COL19A1, D6S228E, 6q13
COL9AIL
XX - Cornea - - -
XXr - Stomach, kidney - COL21A1 6p12.1
XX - Heart, retina - COL22A1 8q24.2—
q24.3
XX - Brain, cornea - COL23A1 5q35.3
XXV - Bone, cornea - COL24A1 1p22.3
XXv. o - Brain, heart, testis ~ Amyloid formation, Congenital COL25A1, CLAC, 4q25
fibrosis of extraocular muscles CFEOMb5
XXVI - Testis, ovary - SH2B1, SH2B, 7q22.1
KIAA1299
XXvII - Cartilage Steel syndrome COL27A1, 9q32
KIAA1870, STLS
XXVIITL - Dermis, sciatic nerve Neurodegenerative disease COL28A1 7p21.3

Table 1. Main common skeletal dysplasias.

2. Physiology

The human skeleton is a complex organ composed of 206 bones (126 appendicular, 74 axial

and 6 ossicles). It strictly collaborates with the muscle, tendons and cartilages in order allow
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movement, mechanical support, linear growth and to protect internal organs. The bone is also
involved in the calcium phosphorus metabolism and in the haematopoiesis.

The skeletal system develops from mesoderm. The mesodermal cells form the mesenchyme
(embryonic connective tissue), which can differentiate into fibroblasts, chondroblasts, and
osteoblasts. Initially, the mesenchyme appears uncondensed, then the cells come together to
the sites of future bones and joints. How does it occur? Two mechanisms are involved,
depending on the cell differentiation into osteoblasts or chondrocyte: there will be respectively
a membranous or an endochondral ossification. The first one occurs especially in the calvaria
of the skull, the maxilla, the mandible and in the subperiosteal bone, forming layer of long
bones. The osteoblasts produce an extracellular matrix, called osteoid. Those of them which
remain incorporated into the osteoid become osteocytes. Finally, the osteoid becomes miner-
alized, thus forming the mature bone tissue.

R Resting zone

P Prafiferative zone

M Matwration zone

H  Hypertrophic zone

Metaphyseal vasculature

Figure 1. Anatomical representation of the femoral growth plate.

The endochondral ossification represents the mayor mechanism of formation of most of the
mammalian appendicular skeleton. The first site of ossification is in the middle of the diaphy-
sis, while the second one occurs in the epiphysis. They start from a differentiation of mesen-
chymal cells into chondrocytes, forming the cartilage model, which in turn, undergoes a
process of proliferation, hypertrophy and degradation. Through the periosteal buds, osteo-
clasts (that remove the cartilage extracellular matrix (ECM)), osteoblasts (that deposit bone on
cartilage remnants) and blood vessels invade the model and proceed to form the primary centre
of ossification. In long bones, a secondary centre of ossification formed at each end of the
cartilage model. The cartilaginous growth plate that remains between the two ossification

7



8 Restricted Growth - Clinical, Genetic and Molecular Aspects

centres allows the linear growth until the postpubertal age, when it will be completely replaced
by bone [4] (Figure 1). Finally, there is an appositional growth due to the periosteum’s
osteoblasts, leading to the formation of a bone collar that works as support for the new bone [5].

The growth plate, depending on the stage of cell’s maturation, can be divided in the following
zones (Figure 1) [6]

* The resting/germinative zone, in which the stem cells or progenitor cells continuously
replace the pool of proliferative chondrocytes.

* The proliferative zone, where highly proliferating chondrocytes are disposed into column
parallel to the direction of longitudinal growth and produces ECM.

* The pre-hypertrophic zone, where chondrocytes initiate the hypertrophic differentiation,
characterized by IHH (Indian Hedgehog) expression (see below).

* The hypertrophic zone is constituted by enlarged chondrocytes that increase in length, thus
determining the bone’s lengthening; they also modify the surrounding ECM mineralizing
it.

* The degeneration zone, where chondrocytes undergo rapid death before ossification.

Chondrocytes are involved in the production of the ECM, which is majorly composed by
collagen. Collagens are single molecules composed by amino acid sequence of glycine-proline-
X and glycine-X-hydroxyproline, where X is any amino acid other than glycine, proline or
hydroxyproline. These amino acids associate into chains to form a triple helical structure. Once
in the extracellular matrix, the triple helical chain undergoes several biochemical and structural
modifications, becoming a fibril. The collagen family comprises 28 members that contain at
least one triple-helical domain [7] and that are specifically distributed in different parts of the
body. Collagens are classified in fibrillar types (I, II, III, V and XI) and non-fibrillar, depending
on the structure they form in the extracellular matrix. TypeIis the most expressed in the human
body and with the other collagens provide mechanical strength of cartilage, bone and skin [2,
7]. Other widely represented collagens are type II (hyaline cartilage) and IV (in the basal
membrane). if a mutation occurs in any of the genes encoding collagens molecules, a skeletal
dysplasia can be developed.

3. Growth plate and hormones

The growth plate maturation and regulation is influenced by growth factors, local regulators
and hormones (Figure 2). Perichondrial cells produce many different growth factors that are
used as a signal to chondrocytes, but they also receive signals back from epiphyseal cells
(Figure 2). An important role in bone formation is played by parathyroid hormone-related
protein (PTHrP) and Ihh; they act directly on the differentiation and proliferation of chondro-
cytes and in the differentiation of osteoblast. The paracrine hormone PTHrP is expressed at
high level in early proliferating chondrocytes at the end of long bones, while its receptor Pthr1l
is produced at low levels by proliferating growth plate chondrocytes and at higher level in
prehypertrophic cells [8]. Prehypertrophic and hypertrophic chondrocytes secrete Ihh, a
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member of the hedegehog family, which acts through the binding to receptor Patched-1 [9].
PTHrP and Ihh are connected in a feedback loop to maintain a pool of immature chondrocyte
progenitors. PTHrP acts on the receptor of chondrocyte to keep them proliferating and delays
the differentiation into pre-hypertrophic and hypertrophic chondrocytes. Once the cells are
too far from the source of PTHrP production, in the transitional zone between proliferating
and hypertrophic chondrocytes, Ihh begins to be secreted. It increases the proliferation rate
and inhibits terminal differentiation of chondrocytes; moreover, it stimulates PTHrP synthe-
sis [10]. Mutations in these two genes can cause the development of dysplasias, as for example
the acrocapitofemoral dysplasia is associated with a Thh mutation [11]. Bone morphogenetic
proteins (BMPs) signal contribute to epiphyseal growth and maturation, thanks to a gradient
of proteins expressed in the growth plate: BMP agonists can be found in the hypertrophic zone,
while BMP antagonists in the resting zone, suggesting a role in the spatial regulation [12].
Fibroblast growth factor (FGF) signalling interact both with BMP and Ihh pathways, inhibiting
chondrocyte proliferation. In fact, FGF act as antagonists of BMP signalling and negatively
regulate Ihh expression, thus controlling the process of hypertrophic differentiation to the
proliferation rate [13]. The role of FGF signalling is clearly demonstrated in achondroplasia,
which is due to a mutation in FGE3 (fibroblast growth factor 3) receptor. Wnt signalling is then
involved in chondrocytes development, differentiation and in the osteoblasts formation. The
Runt family transcription factor Runx2 (runt-related transcription factor 2) and Runx3
contribute to chondrocyte hypertrophy and co-operate with TGF-f3 in the regulation of their
maturation. TGF- actually acts at the beginning as a stimulator of chondrocyte’s differentia-
tion, stabilizing than the epiphyseal chondrocyte in a prehypertrophic stage (Figure 2) [14].

Growth plate
GH + Resting zone
+
Proliferative zone
TR
IGF-1 - =
..... 3 Hypertrophic zone

EStrOgen e
Frogrammed senescent

angiogenesis

mineralization

Figure 2. Main hormonal and non-hormonal actions on the growth plate. Modified by Seminara et al. [16].
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Finally, the vascular endothelial growth factor seems to play a role in the epiphyseal fusion,
stimulating the chondrocyte differentiation, chondrocyte survival, and the final stages of
endochondral ossification. It seems to be active especially during puberty, under the stimulus
of oestrogens [15]; anyway, the role it plays in oestrogen-mediated growth plate remains
elusive (Figure 2).

As previously reported, not only growth factors but also hormones can influence bone growth.
It is commonly known that sexual hormones are involved in the regulation of skeletal growth
and in its maintenance. Oestrogens, especially 17p-estradiol (E2), act via the oestrogen
receptor-a (ER-a); low E2 levels during sexual maturation contribute to the lengthening of the
bone during the growth spurt, while high levels in the late puberty to the growth plate closure.
The mechanism by which oestrogen influence bones’ growth is not yet clearly understood. As
oestrogens can regulate also the growth hormone-insulin growth factor-1 (GH)/IGF-1) axis,
the modulation of that pathway is able to condition bone maturation: low levels of E2 increase
serum GH and IGF1, enhancing the pubertal spurt [17]. Sexual hormones are mainly produced
by gonads, but they can be synthetized directly in the growth plate by the aromatase or other
enzymes (178 hydroxysteroid dehydrogenase, steroid sulphatase and type 1 5-a reductase)
produced by the chondrocytes (Figure 2) [11].

Androgen stimulates bone formation linking to androgen receptor (AR) directly or as dihy-
drotestosterone (DHT), as well as to ER following aromatization in estradiol [18]. AR is
expressed by chondrocytes and regulate their proliferation and differentiation. An increment
in growth plate width after injection of testosterone directly into the growth plate of rats,
support the idea that it could have a direct function. It is not well known the effect of testos-
terone on osteoblast cell and controversial result have been shown, anyway most in vitro
studies indicate that androgens contribute to osteoblast progenitors proliferation, mature
osteoblast differentiation and osteoblasts apoptosis inhibition (Figure 2) [19].

Thyroid hormones play a role in bones’ growth through an action both on chondrocytes and
osteoblasts. Reserve and proliferating chondrocyte in fact express thyroid hormone receptor
al (TRal) and TRbl, indicating that T, contributes directly to the epiphyseals’ growth.
Experiments showed that T; inhibits chondrocyte clonal expansion and proliferation, while
stimulating chondrocyte differentiation, suggesting a role in the regulation of bone formation
[20].

Studies about T; action on osteoblast are contradictory; anyway, it is undoubted that it
contributes to stimulate osteoblast activity. In fact, T, promotes type I collagen synthesis and
posttranscriptional modification, induces alkaline phosphatase (involved in matrix minerali-
zation), regulates synthesis and secretion of the bone matrix proteins osteopontin and
osteocalcin; it is also involved in bone remodelling enhancing the production of matrix
metallopeptidase 9 (MMP-9) and -13. Furthermore, T; regulates IGF-1 and FGF pathways.
Moreover, through the regulation of osteoprotegerine levels, T; can influence bone resorption
(Figure 2) [21].

Glucocorticoids are strictly involved in growth plate regulation. Increased levels of glucocor-
ticoids determine an inhibition of longitudinal bone’s growth. It has been demonstrated that
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glucocorticoids can inhibit chondrocyte proliferation, hypertrophy and cartilage matrix
secretion. Glucocorticoids can affect bone also through their negative effect on muscle,
influencing the normal modelling process [22]. Furthermore, glucocorticoids also slow growth
plate senescence inhibiting the proliferation of the resting zone. This explains the catch up
growth measured after a period of growth inhibition due to glucocorticoids excess. Once the
inhibiting stimulus has been removed, the growth plates behave as “younger” growth plates,
reaching the final height a bit later and more rapidly [23]. Last but not least is the role of GH
and somatomedinic hormones, which will be discussed further (Figure 2).

4, Clinical manifestations

The main characteristic of the skeletal dysplasia is a disharmonic short stature; anyway, many
other manifestations involving other organs have been described. How to recognize a dys-
plastic child? At first, the most important step is to examine the body proportions. Sometimes
subtle degrees of the pathology could be difficult to appreciate, especially in obese or prema-
ture child.

In every child, it is essential to evaluate growth parameters such as height, weight and head
circumference, but in skeletal dysplasias, these are not sufficient; it is in fact necessary to
evaluate also sitting height, upper/lower segment ratio and arm span [1].

The sitting height is the distance from the vertex of the head to the surface where the child
personissitting erectly; itis used to measure the upper segment of the body. The lower segment
can be calculated by subtracting the upper segment from the total height. With these param-
eters, it is possible to obtain the cormic index, which is the upper/lower ratio. The values of
cormic index modify with age. It is important to remember that a patient with a short trunk
has a decreased upper/lower segment ratio, while a short statured patient with normal trunk
and relatively short limbs may have an increased upper/lower segment ratio [1]. Short trunk
child could present short neck or small chest or protuberant abdomen. Depending on which
part of the limb is involved, short limb dysplasias can be differentiated into three groups:
rhizomelic shortening if proximal segments are involved (humerus and femur); mesomelic
shortening if middle segments (radius, ulna, tibia and fibula) are involved; acromelic short-
ening involves distal segments as the hands and feet.

Finally, the spam arm measures the length from one fingertips to the other when arm raised
parallel to the ground at shoulder height at 180° angle.

A general physical examination should always be made to detach others sign and dysmor-
phisms, which are useful to differentiate between numerous dysplasias. For example, the
clavicular agenesis is typical of cleido-cranial dysplasia, or the blue sclera of osteogenesis
imperfecta. Also facial dysmorphism can be pathognomonic: in the achondroplastic pheno-
type are present macrocephaly, frontal bossing, midface hypoplasia and short upturned noses;
midface hypoplasia with flat nasal bridge and grey iris colour in the acrodysostosis; odonto-
chodrodysplasia is characterized by dentinogenesis imperfecta.

11
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It’s also important to evaluate the child during the time and repeat the physical examination
to notice other manifestation involving or the skeleton, like abnormal joint mobility or angular
deformities (that usually are symmetric), or other organs, depending on the role of the gene
involved.

Finally, it is essential to pay serious attention to major problems associated with skeletal
dysplasia; for example, there is an increased risk to develop pneumonia due to a reduced
pulmonary volume secondary to the short ribs or spinal cord compression at the cervical
medullar junction due to an abnormal growth of the base of the skull and the vertebral pedicles.
In Larsen syndrome, a cervical spine dislocation is described and it is due to a subluxation or
fusion of the vertebral bodies, usually associated with posterior vertebral arch dysraphism;
the damage of the cord can cause a secondary paralysis.

5. Classification

The classification of skeletal dysplasias is based on clinical, radiographic and molecular
criteria (Figures 3 and 4). The first international classification was established in 1969 [24]. In

Spondyloepimetaphyseal dysplasia
____________ R B e e S
i Spondylometaphyseal dysplasia i

Normal n
Epiphyse\llii dysplasia

— e i

MNormal Epiphyseal dysplasia Metaphyseal dysplasia

Normal Rhi li M li Micromelia

Figures 3 and 4. Cartoons that show the different portions of the appendicular skeleton that manifest radiographic ab-
normalities aiding in the clinical classification of the skeletal dysplasias.
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1992, the diseases were grouped depending on radiological similarities [25], based on the
concept of families proposed by Spranger (1985). Since then, the integration of clinical and
radiological aspect of skeletal dysplasia was helpful in identification of disease-related genes.
Gradually, phenotypically overlapping diseases were separated in different families depend-
ing on the rearranged genes. As substantial advances have been made in molecular and genetic
field, classification and nomenclature must be constantly updated. The most recent classifica-
tion has been made by Bonafe et al. in Nosology and Classification of Genetic Skeletal
Disorders: 2015 Revision [3].

Based on the epidemiological and clinical aspects, skeletal dysplasias can be further subdi-
vided in order to simplify the diagnostic approach [26, 27]:

* Depending on the neonatal lethality:
o Usually fatal
» Achondrogenesis
* Thanatophoric dysplasia
= Short rib polydactyly
* Homozygous achondroplasia
* Camptomelic dysplasia
= Dyssegmental dysplasia, Silverman-Handmaker type
= Osteogenesis imperfecta, type Il
* Hypophosphatasia (congenital form)
» Chondrodysplasia punctate (rthizomelic form)
o Often fatal
» Asphyxiating thoracic dystrophy (jeune syndrome)
° Occasionally fatal
» Ellis-van Creveld syndrome
= Diastrophic dysplasia
* Metatropic dwarfism
* Kniest dysplasia
* Recognizable at birth or within first month of life:
o Most common
= Achondroplasia

= Osteogenesis imperfecta (types I, III, IV)

13
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= Spondyloepiphyseal dysplasia congenital
» Diastrophic dysplasia
= Ellis-van Creveld syndrome
o Less common
* Chondrodysplasia punctate
= Kniest dysplasia
* Metatropic dysplasia

= Langer mesomelic dysplasia

5.1. Radiological features

To evaluate dysplastic patients, plain films of the entire skeleton should be evaluated (Figures
5-10).

Figure 5. Achondroplasia. Squared and short ilia.

Figure 6. Leri-Weill dyschondrosteosis. Short forearms and bowing radius.
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* As suggested by Amaka et al,, a systematic approach to the skeletal survey has to be
maintained. At first, itisimportant to define the anatomical localization of the abnormalities.
Particularly, alteration of appendicular skeleton can involve the epiphysis, metaphysis or
diaphysis; depending on the part involved, shortening of appendix is called rhizomelic, if
proximal, mesomelic, if in the middle, acromelic, if distal or micromelic, if there is a
generalized shortening of the limb. Finding very small epiphysis (due to a delay in
ossification) or irregularly ossified epiphysis, radiologically suggest an epiphyseal dyspla-
sia. Instead, the widening, the cortical thickening or the expansion/reduction of marrow
space are characteristics of a diaphyseal dysplasia. The diagnosis of metaphyseal dysplasia
is done if a widened, flared or irregular methapysis is found [28]. If even the spine is
involved, these pathologies can be further differentiated in spondyloepiphyseal, spondy-
lometaphyseal dysplasias [SMDs], or spondyloepimetaphyseal dysplasias [SEMDs] [2].

Figure 8. Trichorhinophalangeal syndrome II. Metaphyseal hooking at the proximal ends of several of the middle pha-
langes. Perthes-like changes in capital femoral epiphysis.
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Figure 9. Type II osteogenesis imperfecta. Narrow chest. Short, broad, crumpled femora.

Figure 10. Pycnodysostosis. Lateral thickening of the vertebral bodies. Typical fracture of the long bone.
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While examining the bones, the five “S” rules should be remembered:
* Structure: general appearance of bones, as alterations in bone density and their distribution

* Shape: certain bone shape is representative of specific pathologies (e.g. hooked vertebral
bodies in mucopolysaccharidosis, horizontal trident acetabular roofs in achondroplasia).

* Size: size abnormalities can be absolute or relative to other bones. Bones can be described as
tall, short, large, broad or hypoplastic

* Sum: the total number of bones; sometimes they are too many, too few or fuse (absent patella
in nail-patella syndrome or absent radius in TAR syndrome, multiple epiphyseal centres in
the patella I some form of diastrophic dysplasia)

* Soft tissue: wasting or excessive soft tissues, contractures and calcifications should be looked
for, as they are involved in patient’s prognosis.

The research of complications is important to have a complete picture of the patient. Fracture
due to osteoporosis or osteopetrosis, atlantoaxial subluxation in mucopolysaccharidosis,
progressive scoliosis are only few examples of the variety of the clinical scene [29].

The latest guideline about radiological classification of skeletal dysplasias points out four
groups, as follow:

* GROUP 1: Epiphyseal dysplasias with/without spine involvement (Platyspondyly +/-);
* GROUP 2: Metaphyseal dysplasias with limb shortening/abnormal limb length;
* GROUP 3: Dysplasias with altered bone density;

* GROUP 4: Miscellaneous dysplasias, that is, those which do not typically have limb
shortening or be clearly bracketed anatomically into sponylo-epi/metaphyseal dysplasias
[28].

6. Growth in skeletal dysplasias

Skeletal dysplasias, as previously explained, affect both the linear growth and the body
proportion; particularly, the growth of the legs and arms is often more compromised than the
trunk [30], as well as we can discover in the ACH. In one-fourth of cases of skeletal dysplasias,
the short growth is detectable since the prenatal age, while in the three-fourths remaining in
the first two-three years of life. The final height is usually below 3 SD; here are presented the
ranges of adult height for the most common dysplasis (Table 2).

Actually, the growth pattern of these rare pathologies has not been completely understood yet,
because of the scarcity of data in the international literature. Therefore, it is difficult to establish
whether the child grows under the standard centiles in a linearly way or if there are peculiar
moment of important growth decrement. Furthermore, the same pathology can present with
different phenotypes, even in the same family, thus causing other obstacle in the standardiza-
tion of these children’s growth.
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However, because of many data regarding auxological longitudinal growth in many condition
of bone dysplasia is lacking, knowledge on growth pattern is available only for a few skeletal
dysplasias. It is interesting to note that different skeletal dysplasias seem to show similar
growth pattern, as well as ACH, diastrophic dysplasia and cartilage-hair dysplasia. For
example, in achondroplasia foetal growth is almost normal with a birth length ranging from

1.4 to 1.8 SD (Figure 11).
Condition Adult height, cm

Achondroplasia 106-142 (mean: & 132 cm and @ 125 cm)
Hypochondroplasia 132-147

Diastrophic dysplasia 86-122 (mean: ¢ 136 cm and @ 129 cm)
Metaphyseal dysplasia McKusick type 105-145 (mean: & 131 cm and @ 123 cm)
Metaphyseal dysplasia Schmid type 130-160

Chondrodysplasia punctata Conradi-Hiinermann type 130-160

Chondroectodermal dysplasia 106-153

Multiple epiphyseal dysplasia 137-155

Pyknodysostosis 130-150

Spondyloepiphyseal dysplasia congenital 84-132

Kniest dysplasia 104-145

Modified by [24].

Table 2. Ranges of adult height in the main skeletal dysplasia (irrespective of gender). Modified by [24].
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Figure 11. Mean height expressed in SDS for age in Caucasian boys and girls with achondroplasia (modified by [24]).
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Hence, linear growth is fairly normal for the first postnatal months followed by a significative
reduction of growth velocity and length to about -5 SD at 2 years of age. Finally, this position
is maintained during the prepubertal years with a further loss during puberty (Figure 11).

7. Growth hormone (GH) and GH axis

The growth hormone (GH) is a polypeptide made by 191 amino acids, synthesized by
somatotrope cells and stored in the anterior pituitary gland. GH is encoded by GHI gene
situated on the long arm of chromosome 17 at position 24.2 (OMIM *139250), even if this
function is regulated by a cluster of five genes strictly related. Mutations or deletions of one
of these genes lead to growth hormone deficiency, resulting in short stature.

GH secretion mechanism is regulated by some hormones, principally the growth hormone
releasing hormone (GHRH), the somatostatin (STT) and the Ghrelin. GHRH is a peptide
produced in the hypothalamus that activates the production in and release of GH from the
pituitary; GHRH binds to specific receptors, a seven transmembrane domain receptor member
of the family of G-protein-coupled receptors, and located on the somatotrope cells [31].
However, STT is peptidic hormone inhibiting the release but not the GH production; STT is
present in the hypothalamus but also in other part of central nervous system and in extra-
nervous tissues as D-pancreatic cells, gastrointestinal cells and parafollicular thyroid cells. SST
binds to a specific receptors located on the somatotrope cells, but this kind of receptors is tied
to inhibitor G protein; so that way when the SST binds its receptors, it will be an inhibition of
adenylate cyclase and so a decrease of c-AMP. The final result is an arrest of GH secretion from
the cells.

Ghrelin, first identified in 1999 by Kojima et al. [32] is a 28 amino-acid hormone mainly
synthesized in the stomach and also in the hypothalamus arcuate nucleus. Ghrelin regulation
and function are very complexed, in fact it is regulated by a lot of external stimuli, such as the
food intake, that decrease its secretion, instead food deprivation, hypoglycaemia and leptin
administration increased this hormone [33]. Ghrelin acts directly on somatotropes cell and
indirectly stimulate the release of GHRH.

GH secretion is also related to external mechanisms, such as stress, hypoglycaemia, sex
hormones secretion, starvation, sleep or exercise, all condition increasing its secretion. On the
contrary, other factors like hyperglycaemia, dopamine or glucocorticoid decrease it. However,
many data demonstrate a bipotential action of glucocorticoid on GH secretion. In fact, while
physiological level of cortisol is essential to maintain the GH axis, elevated amounts of
glucocorticoid seem to increase STT levels, and so reduce GH secretion [34].

The feedback represents the most important regulatory mechanism and involves the GH,
GHRH, SST and IGF-1. GH makes an auto-feedback that leads a decreased of GHRH secretion,
and so that way it reduces itself. Moreover, GH stimulates SST secretion from the hypothala-
mus and so an ulteriore GHRH inhibition. Moreover, GHRH and SST may be able to regulate
themselves reciprocally, regulating GH secretion not only acting on adenohypophysis, but also
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on hypothalamus. Finally, IGF-1 operates a double feedback mechanism; from one side, it
inhibits GH secretion directly, and from the other side, it acts indirectly stimulating SST
secretion and inhibiting GHRH secretion [34].

During the childhood GH and thyroxine are the most relevant molecules involved in linear
growth; so if there is an inadequate GH secretion linear growth slows down, and we can notice
a clinical short stature, usually harmonic one. However, at puberty, the activation of the
hypothalamic-gonadal axis leads to a significant increase in 24-h GH, probably because of an
interaction between more factors. In fact, the presence of sex hormones causes an increase of
GHRH, GH and IGF-1 secretion, a decrease of SST secretion and a reduced IGF-1 negative
feedback. The result is a physiological and self-limiting hypersomatotropism that it leads to
the definitive stature. In this period of life, an important increase of plasma IGF-1 concentra-
tions was observed, leading to the growth velocity peak. Then, during puberty-adult age
transition, there is a decrease of GH and IGF-1 plasma concentrations [35].

8. GH-IGF-1 axis and GH treatment in skeletal dysplasias

Most patients with skeletal dysplasia show severe short stature. Surgical therapy has been
attempted to correct bone deformities, but therapy conducted to improve severe short stature
hasbeen rarely attempted. However, the optimal management of physiologically and clinically
heterogeneous bone disorders requires an understanding of their medical and psychosocial

complications.
Syndrome Author Description Outcome and results
AAA (Triple A) Marin S. et al. (2012), A patient with a primary The treatment could have had an
[39] growth hormone (GH) inhibitory effect on 11(3-
insensitivity and triple A hydroxysteroid dehydrogenase type
syndrome 1 activity
Aarskog syndrome Darendeliler Fetal.  The use of GH to promote No adverse events were noted
(2003), [40] growth in children with

Aarskog syndrome

Achondroplasia (ACH) Tanaka H. (1998), GH may be beneficial in the ~ This may also be introduced into the

[41] treatment of short staturein ~ medical management of ACH
Liu J et al. (2015)%, ACH patients with subnormal
[42] GH secretion*
Bartter syndrome Buyukcelik Metal.  Three children with Bartter An excellent adjunctive treatment
(2012), [43] syndrome and GH deficiency
(GHD)
Cartilage-hair Harada D et al. [44]  Seven years of GH treatment ~ GH may be considered to be an
hypoplasia (CHH) suggested that GH treatment efficient treatment for CHH

significantly improved his



Growth Hormone Axis in Skeletal Dysplasias
http://dx.doi.org/10.5772/64802

Syndrome Author Description Outcome and results
disturbed bone growth and had
also positive efficacy to keep
growth rate

CHARGE syndrome Esposito A et al. GHD diagnosis. GH treatment Without any adverse event

Costello syndrome

Down syndrome

Dubowitz syndrome

Ellis-van Creveld

syndrome (EvC)

Floating-
Harbor syndrome (FHS)

Hypochondroplasia
(HCH)

IMAGe

Kearns-Sayre

syndrome

(2014), [45]

Blachowska E et al.
(2016), [46]

Annerén G et al
(1999), [47]

Annerén G et al.
(2000), [48]

Meguri K et al.
(2013)*, [49]

Hirano T et al. (1996),
[50]

Versteegh FG et al.
(2007), [51]

Garcia RJ (2012), [52]

Tanaka N et al.
(2003), [53]

Pedreira CC et al.
(2004), [54]

Berio A et al. (2013)
[55]

was associated with a great
improvement in growth rate
and resulted in a final height

appropriate to his genetic target

In cases of documented: GHD Only under close oncologic and

cardiologic supervision

To study the effects of GHon GH treatment ameliorates growth
linear growth and velocity but not affects mental or

psychomotor development gross motor development

15 young children with Down Height SDS significantly ameliorates
syndrome treated with GH in Down syndrome and growth
velocity declined after the stop of

the treatment

Twenty subjects were GH is not recommended in children

investigated in this study* with Down syndrome who have not
been diagnosed with GHD. GH
therapy was effective for Down
syndrome short stature

accompanied by GHD*
A child with Dubowitz He responded to GH therapy

syndrome, who was found to

have complete GHD

Four were GHD and four were In all patients treated with GH, first
GH sufficient year growth velocity increased. In
three of the four GHD and in one

GH-sufficient patient a gain in

height SDS was noted
GH treatment led to an The growth response was modest
increase in serum IGF-1 in the
upper normal range,
Comparison with ACH Short-term GH treatment in HCH is

effective to increase growth rate

A patient with isolated GHD

A case with partial GHD

21
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Syndrome Author Description Outcome and results

Mandibuloacral Agarwal AK et al. GH therapy from the ages of 3— Did not improve the short stature

dysplasia (2008), [56] 7 years

Meier-Gorlin de Munnik SA et al. GH therapy (n =9) was generally

syndrome (2012), [57] ineffective, though in two patients
with significantly reduced IGF1
levels, growth was substantially
improved by GH treatment, with
25D and 3.8 SD improvement in
height

Monosomy 18p Schober E et al.(1995), Excellent response to GH-treatment

[58]
Netherton Aydin BK (2014), [59] Three patients with NSwho  Responded well to GH therapy

Osteogenesis imperfecta

PHACE

Prader-Willi syndrome

Pycnodysostosis

RASopathies

Ring chromosome 15

Antoniazzi et al. [60]

Merheb M et al.
(2010), [61]

Bakker NEJ (2015),
[62]

Deal CL et al. (2013)%,
[63]

Karamizadeh Z et al.
(2014), [64]

Tamburrino F et al.
(2015), [65]

Nuutinen M wt al.
(1995), [66]

had growth retardation
associated with GHD

30 prepubertal children with
Ol (type I, IV, and III) being
treated with neridronate and
GH

Improved her growth rate

A randomized controlled trial
and longitudinal study

A systematic review™

8 children. All of the patients
had GHD

Starting early during
childhood, resulted in a
positive

height response compared

with untreated patients

severe growth retardation is a

major finding

The combined rGH-Bp treatment
may give better results than Bp
treatment alone, in terms of BMD,
lumbar spine projected area and
growth velocity, particularly in

patients with quantitative defects

Good clinical outcome

Beneficial effect of GH treatment on
health-related quality of life in
children with Prader-Willi
syndrome

Exclusion criteria should include
severe obesity, uncontrolled
diabetes mellitus, untreated severe
obstructive sleep apnea, active

cancer, or psychosis*

Positive impact on the linear growth

No significant change in bone age
velocity, body proportions, or
cardiovascular function was

observed

The good growth response
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Syndrome Author Description Outcome and results

Ring chromosome 18 Thomas JV et al. GHD was made due to The hGH therapy did not improve
(2000), [67] low GH levels growth velocity

SHOX deficiency Blum WFE, (2013), [68] Similar long-term efficacy as seen in

Leri-Weill Lughetti L et al. girls with TS

dyschondrosteosis, and (2010), [69]

Langer mesomelic

dysplasia
Silver-Russell syndrome  Binder G (2013), [70] GH improved adult height in SRS to
a comparable degree
Smith-Magenis syndrome Itoh M et al. (2004), ~ GHD could be involved After starting replacement therapy,
[71] in sleep disturbance in SMS.  growth has significantly improved
Spadoni E et al. GH deficiency*
(2004)*, [72]
Three-M syndrome Meazza C (2013), [73] Early start of therapy Good compliance
Trichorhinophalangeal Marques JS et al. If the growth velocity Increase of growth velocity*
syndrome (2015), [74] below the normal range
Riedl Set al. (2004), expected
[75] for their age and sex
Turner syndrome Tai S et al. (2013), [76] GH treatment in Japanese The improvements in growth
Ranke MB (2015), [77] children with GHD or TS declined with time
resulted in increased growth
over a 4-year treatment period
with a favourable safety profile.
Wolf-Hirschhorn Titomanlio L et al. A partial GHD GH therapy should be further
syndrome (2004), [78] considered in WHS patients

Table 3. Effects of r-hGH in some genetic syndromes and disorders.

While researchers make progress in understanding the molecular mechanisms behind these
disorders and identify possible therapeutic interventions in patients with skeletal dysplasia,
it remains to be identified which treatments may allow a better improvement in stature. For
example, for those with achondroplasia and related disorders, fibroblast growth factor
receptor 3 (FGFR3) has been identified as a critical regulator of endochondral bone growth,
and in these patients mutations in the coding sequence of the FGFR3 gene have been identified
[36, 37]. In these patients, several approaches to reduce FGFR3 signalling by blocking receptor
activation or inhibiting downstream signals have been proposed, some promising in preclin-
ical animal models and other in humans [38]. In this regard, more data are available on the
GH-IGF-1 axis in patients with skeletal dysplasias and genetic syndrome and GH treatment
(Table 3). So, in this section of the chapter, we try to critically evaluate the data available on
the endocrine characteristics and response to GH treatment of these patients, considering the
great diversity of the studies performed as well as length of observation, the sample size and
GH dosage used (Table 3).

23
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8.1. Achondroplasia

ACH is characterized by short-limbed dwarfism, macrocephaly with a prominent forehead
and midface hypoplasia. In ACH adult, height may be 118-145 cm for men and 112-136 cm
for women [79], causing considerable inconvenience in daily life and places considerable
psychological problems on patients and their families [41]. In these patients, pathogenesis
involves a defective endochondral ossification while periosteal and membranous ossification
are normal [80].

Many data are available about the endocrine features of ACH patients. For example, Yamate
et al. [81], studying 22 patients with ACH (7 males and 15 females: age range 3-12 years),
reported that at study entry, the z-score of their height was -5.4 1.2 SD, and that of their annual
height gain before admission was —3.1 + 1.3 SD. In these patients, GH response to provocative
tests was normal in more than 75%: in the patients with blunted GH secretion, 80% showed
subnormal response to L-Dopa stimuli, and 20% to GHRH stimuli. A 14% of patients showed
a low mean GH concentration during sleep, presenting also a markedly low IGF-1 level and
marked delay of bone age [81]. However, these data were confirmed by a very large study
involving 42 patients with ACH, in which it was shown that some patients presented a blunted
response on different GH provocation tests, whereas other patients showed a combination of
a blunted response on one provocation test and low GH concentration during sleep [41]. These
authors confirmed also that some of patients showed significantly lower serum IGF-1 levels,
confirming the hypothesis that a subnormal GH secretion may be discovered, even if very
rarely these patients exhibited severe blunted responses (with peak GH value <5 ng/ml) to
more than one type of provocation test [41].

On the contrary, data suggest that ACH children showed normal thyroid function, TSH
response to TRH stimulus, as well as cortisol response to insulin-induced hypoglycaemia. In
these patients, the LH and FSH responses to LHRH stimulus were also commonly appropriate
to Tanner stage [41, 81].

In ACH patients, data are available about the treatment with r-hGH, even if with controversial
results [41, 81-84]. Data about trials have shown a variable response to treatment, even if the
limited number of patients and the variability in the pubertal stage of the enrolled subjects
make it very difficult to draw any final conclusions on the role of GH therapy. Yamate et al. [81]
have reported a significant increase of growth velocity compared to that before GH therapy
(7.2 £ 1.4 cm/year vs. 4.1 £ 0.8 cm/year) in 18 prepubertal and pubertal ACH patients after 6
months or 1 year of GH therapy at 1 IU/kg/week. However, a 6-month therapeutical trial carried
out in six patients with ACH have showed that the response may to be related on pretreatment
growth velocity [84], with a greater increment of growth velocity in the patients with a lower
growth rate before therapy. The authors hypothesized that the variation in response to GH
therapy could be related to the different ages and pubertal stages of the enrolled children
[84].

In alarge study involving 42 ACH patients, Tanaka et al. showed that this significative increase
of height velocity during the first year of GH treatment was reduced during the second and
third years of GH therapy, although the velocity was still significant than before therapy.



Growth Hormone Axis in Skeletal Dysplasias
http://dx.doi.org/10.5772/64802

However, the responses to GH treatment after the second year were not uniform. In these
patients, the ratios of arm span to height and sitting height to overall height were not signifi-
cantly increased during GH therapy, as well as there was no significant difference in mean
height velocity at the end of each year between the patients with normal or subnormal GH
secretion, and between the patients treated with 0.5 IU/kg per week and those treated with 1.0
IU/kg per week GH [41]. During the treatment, the authors did not show significant changes
in thyroid function tests or routine laboratory data or in spinal cord compression or narrowing
of the foramen magnum [41]. However, Hertel et al. [85] confirmed that, during r-hGH
treatment, the mean growth velocity increased significantly during the first year, reducing on
the contrary below the baseline values during the third year of treatment [85]. The authors
confirmed also that body proportion (sitting height/total height) or arm span did not show any
significant change [85]. Besides, Weber et al. showed that short-term growth velocity increase
in some but not all ACH prepubertal children, confirming the individual variability in the
response to GH treatment [86]. In these patients, oral glucose tolerance test at the beginning
and at the end of the therapy were in the normal range [86].

Therefore, the available data suggested that r-hGH may be useful in some patients with ACH
in increasing the height and growth velocity. Waiting for new, more effective and specific
treatments in patients with ACH, r-hGH treatment may be beneficial in the treatment of short
stature in achondroplasia. About this, it will be helpful to the activation trials evaluating the
response to different doses or also evaluate the combination of different, both medical and
non-medical treatments.

8.2. Hypochondroplasia

Hypochondroplasia (HCH), a heterogeneous and usually mild form of chondrodystrophy; is
a common cause of short stature. It often goes unrecognized in childhood and is diagnosed in
adult life when disproportionate short stature becomes obvious [87]. Children with severe
short stature and disproportion of the body segments usually have the mutation Asn540Lys
[87].

The available data seem to demonstrate that patients with HCH respond to r-hGH treatment
with an increase in spinal length and, coupled with a surgical leg-lengthening procedure, it is
possible for some patients to achieve adult heights within the normal range [87]. However, GH
therapy may restore the impairment of growth rate at puberty (Figure 12).

In fact, height SDS and height velocity SDS significantly improved during three-year treatment
as compared with that before treatment and the improvement was much greater in HCH than
in ACH [53].

Pinto et al. [88] showed that the over three-year treatment with r-hGH of 19 HCH children (11
with confirmed FGFR3 mutations) showed an increase of height of 1.32 + -1.05 SDS compared
to untreated HCH individuals. However, Rothenbuhler et al. [89], evaluated HCH young
children with confirmed FGFR3 mutation treated with r-hGH over a six-year period. Their
mean height SDS increased by 1.9 SDS, and trunk/leg disproportion was improved.
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These results were confirmed by a meta-analysis involving 113 HCH children, administrated
with median 0.25 mg/kg/week of r-hGH. In these patients, the therapy progressively improved
the height and growth velocity with 12 months catch-up growth, and this improvement
resulted constant until 36 months, even if the stature remained subnormal. While bone age
chronologically progressed, no serious adverse events were reported [90].

Interestingly, using criteria based on the radiographic findings of decreased interpediculate
distance between L1 and L5, Mullis et al. [91] identified two restriction fragment length
polymorphisms (RFLP) within introns of IGF-1 (12q23) with a positive LOD score of 3.31 in
some families with hypochondroplasia. The HCH children whose response to r-hGH treatment
were characterized by a proportionate increase in both spinal and subischial leg length were
all heterozygous for two co-inherited IGF-I gene RFLP alleles, indicating that IGF-I gene may
be a candidate for explaining the variability in the response to r-hGH treatment [91].

In conclusion, patients with HCH seem to show a significative response to r-hGH therapy with
an increase in spinal length and stature, and reduced the impaired growth spurt during
puberty. It is important, therefore, to monitor all patients during childhood and give r-hGH
treatment to those patients who fail to develop a growth spurt at puberty or showing a severe
short stature.

8 & 3
TEEEE
—H_l

Target height

Height (em)
g

108 - Start of pubertal

. development
w ™

r-hGH
treatment

€ 7 8 9§ W M 12 13 W 15 % W 1B ®m »

Age (yrs)

Figure 12. Effect of r-hGH therapy (the beginning is specified with the black arrow) in a female patient with a severe
form of hypochondroplasia. The patients showed reduced IGF-1 and a blunted response after GH tests. You may no-
tice the significant improvement of their stature in the short and medium term. Pubertal development onset was deter-
mined at the time of the last survey reported. X axis corresponds to the age of the patients expressed in years.
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8.3. Type 1 trichorhinophalangeal syndrome

Type 1 trichorhinophalangeal syndrome (TRPS1), first described by Klingmuller in 1956 and
then named by Giedion in 1966, is a rare genetic condition characterized by typical craniofacial
and skeletal abnormalities with short stature [92]. The patients showed commonly sparse scalp
hair and lateral eyebrows, bulbous tip of the nose, long flat philtrum, thin upper vermilion
border and protruding ears. Skeletal abnormalities may include cone shaped epiphyses at the
phalanges, hip dysplasia and short stature [92].

In TRPS1, some patients with GH deficiency have been described. Marques et al. [74] reported
a 10-year-old girl with two heterozygous nonsense TRPSI mutations with significantly
reduced growth velocity and delayed bone age. The patient shows no response to the GH
stimulation tests, thus disclosed a GH deficiency, nevertheless, after r-hGH treatment catch-
up growth occurred. However, Naselli et al. [93] and Sohn et al. [94] reported four unrelated
patients with TRPS1 with diagnosis of GH deficiency failuring response to r-hGH treatment,
whereas Stagi et al. [95] and Sarafoglou et al. [96] reported that GH treatment was effective in
improving height velocity in 4 TRPS1 patients. Finally, Merjaneh et al. [97] report a TRPS1 a
family with a novel nonsense mutation in the TRPS1 gene. In this family, the eldest sibling had
anormal GH-IGF-1 axis, and bone mineral density (BMD), but he accelerated his linear growth
velocity over 2 years of r-hGH (0.28 mg/kg/week) increasing the height SDS score from -2.4 to
-1.4. Bone age advanced by 2.5 years during 2 years of r-hGH treatment. He remained
prepubertal during treatment.

The mechanism by which GH therapy could accelerate linear growth in TRPS1 is unknown.
It is interesting to note that in a cell culture model mimicking TRPS1 mutations, IGF-1
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Figure 13. Effect of r-hGH therapy (the beginning is specified with the black arrow) in a female patients with type 1
Trichorhinophalangeal syndrome without GH deficiency. X axis corresponds to the age of the patients expressed in
years.
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expression was reduced by blockade of TRPS1 expression. This may suggest that the increase
of IGF-1 concentrations, resulting from GH therapy, may have more effect in the growth plates
of TRPS1 patients (Figure 13).

On the contrary, only few cases of GHD were diagnosed: a 9-year-old boy and a 10-year-old
girl with TRPS2 [75, 98]. The male patient had also a TSH deficiency [99]. Treatment with r-
hGH was effective in both patients although their growth remained restricted. In conclusion,
these data suggest performing GH stimulation tests in patients with TRPS1 or TRPS2 exhibiting
a significantly reduced growth velocity and short stature. If the result is subnormal, then GH
therapy should be prescribed.

8.4. Cartilage-hair hypoplasia

Cartilage-hair hypoplasia (CHH) is an autosomal recessive metaphyseal chondrodysplasia
characterized by severe short-limb short stature and hypoplastic hair. The responsible gene
for CHH has been identified to be ribonuclease of mitochondrial RNA-processing (RMRP) gene
[99].

Bocca et al. [100] evaluated the effects of r-hGH on growth parameters and immune system in
four children with CHH. The effects of treatment are more evident in patients with more severe
growth retardation. However, the effects are temporary without gain in final height. However,
serum immunoglobulins did not change during r-hGH treatment. On the contrary, Harada et
al. [44] suggested that r-hGH treatment significantly improved the bone growth and height in
CHH patients, suggesting that GH may be considered an efficient treatment for CHH.
However, Obara-Moszynska et al. [101] describe another case of CHH, a girl, treated with r-
hGH with a significant effect on the height gain, with an improvement from —4. to -2.98 SDS
after 4 years 7 months of treatment.

In conclusion, the poor data available suggest a possible role of r-hGH in treating the severe
short stature in CHH patients. However, IGF-1 and IGFBP-3 concentrations should be closely
monitored during treatment, particularly because of the increased cancer risk in CHH.

8.5. Turner syndrome and short stature homeobox-containing (SHOX) gene deficiency

SHOX is the abbreviated designation for the Short stature Homeobox-containing gene and is
localized in the pseudoautosomal region of both X and Y chromosomes [102]. SHOX is one of
many genes that regulate longitudinal growth and SHOX deficiency, due to intragenic or
regulatory region defects, cause a phenotype ranging from normal stature to mesomelic
skeletal dysplasia [103].

In fact, many data showed that SHOX haploinsufficiency may be a cause of idiopathic short
stature (ISS; OMIM# 604271) and the short stature of Turner syndrome (TS) patients, or Léri-
Weill dyschondrosteosis (LWD; OMIM #127300), while homozygous loss of the SHOX gene
has been related to Langer type mesomelic dysplasia (OMIM; 249700) [102].

Since discovery of SHOX gene in 1997, r-hGH treatment was potentially reported for growth
promotion in these patients [104]. Because of SHOX deficiency represent the main cause of
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short stature in TS and the r-hGH acts as an efficient and safe treatment, the same therapy in
short children with SHOX mutation at the same dosage of TS displayed an excellent growth
spurt, suggesting that growth-promoting therapy with thGH was effective with regard to
height gain in short stature due to SHOX deletions [104]. In another 2-year prospective open-
label randomized study involving two cohorts of SHOX-deficient patients and a cohort of TS
patients, the untreated cohort grew with a normal height velocity and unchanged height SDS,
whereas the r-hGH-treated cohort grew faster and as fast as the girls with TS [105]. However,
retrospective data showed also that final heights in patients with SHOX deficiency treated for
more than 2 years, even if with low r-hGH dose, presented an overall gain in height of 7 cm,
not different from the mean gain in height in treated TS girls [106].

In conclusion, the growth-promoting effect of GH therapy, which has been approved for
growth promotion in individuals with SHOX mutations by FDA and EMEA, seems to be
equal to the effect reached in TS. In many patients with SHOX deficiency, an impaired GH
secretion is not uncommon. r-hGH therapy is effective in increasing height in most of these
patients independent of their GH secretory status, without causing any adverse events of
concern.

8.6. Osteogenesis imperfecta

Osteogenesis imperfecta (Ol or brittle bone disease) is a clinically and genetically heteroge-
neous group of heritable disorders of connective tissue [107]. The hallmark feature of OI is
represented by bone fragility with susceptibility to fracture from minimal trauma. As a
consequence, these patients showed bone deformity and growth deficiency [107]. However,
Ol patients may show other phenotypic features, as macrocephaly, blue sclerae, dentino-
genesis imperfecta, hearing loss, neurological defects and cardiopulmonary complications
[108].

In these patients, genetic counselling and study are essential components of complete care for
individuals with O, as are nonsurgical (e.g. rehabilitation, bracing and splinting), surgical and
pharmacological (bisphosphonates or r-hGH) management [108].

In general, many data suggest that -hGH may have a positive effect on bone growth and bone
turnover by stimulating osteoblasts, collagen synthesis and longitudinal bone growth [109];
however, in the first 6 months of r-hGH therapy in GH deficiency (GHD) patients, bone
resorption is usually greater than bone formation, and there are more resorption markers [110].
Besides these actions on bone GH may show a positive action on collagen metabolism [111,
112], stimulating the IGF-1 and IGFBP-3 expression, which in turn regulates the synthesis of
type I collagen [113, 114].

Besides this aspect, there is scarce data about r-hGH treatment in OI patients [115-118].
Nevertheless, in one of the first attempts to treat OI patients with r-hGH, the treated patients
showed, using a bone histomorphometry study, an increase in periosteal new bone formation
and intracortical bone resorption, with enhanced osteoblastic activity [119]. However, the
study of GH-somatomedin axis activity in OI showed that IGF-1 serum levels are frequently
in the low normal range in the most part of these patients [120, 121]. In fact, Marini et al. [115]
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found a hypoactivity of this axis (without a true GH deficit) in near the half of OI patients,
treating them with r-hGH or clonidine. However, some data suggest that the type IV Ol
children would benefit from r-hGH treatment in terms of linear growth, bone matrix synthesis
and bone histomorphometric parameters [122].

In a mouse model of OI, r-hGH injections [117] increased spine and femur length, produced
significant changes in densitometry parameters and ameliorated the biomechanical structural
properties of bone. Accordingly, similar results are obtained in human, since r-hGH treatment
seems to cause a positive effect on height growth and increase in skeletal volume and BMD,
with a possible subsequent reduction in fracture. However, the combined treatment with r-
hGH and neridronate positively increases BMD at the lumbar spine and wrist and significantly
increases the rate of linear growth velocity, with no BA advancement; and no influence in the
peripheral fracture rate [60].

8.7. Ellis-van Creveld syndrome

Ellis-van Creveld syndrome (EvC; OMIM # 225500) is a skeletal dysplasia first described in
1940 by Ellis and van Creveld [123]. EvC is characterized by ectodermal dysplasia affecting
mainly the teeth and nails, chondrodysplasia of the long bones, postaxial polydactyly and
congenital heart anomalies. In fact, 60% of affected individuals have a congenital cardiac
defect, most commonly an atrial septum defect [124]. The entity was mapped at chromosome
region 4p16 [125, 126] and subsequently the EVC gene was cloned [127]. A second gene
(EVC2) located in the same chromosomal region was found to harbour mutations in some
EvC patients [128].

In this syndrome, data on growth patterns are limited, but in general growth is markedly
impaired [51]. Growth in EvC is known to be impaired with an estimated deviation of —2.0 to
-4.5 from standard growth [51]. In most reports, only one measurement of the patient is
mentioned, and few follow-up data are published. In this syndrome, the GHD and the results
of GH treatment were rarely reported [129].

For example, Versteegh et al. described two subjects with EvC syndrome and GHD. In the first,
a mutation in the EVC2 gene was reported. Target height was 0.28 SDS. At age 4, a decline in
growth velocity was observed, and GH provocation tests disclosed a GHD. r-hGH treatment
started at 2 IU/m2 resulted in improved growth velocity. Skeletal age is approximately 1 year
behind at the start of r-hGH treatment, at 11 years of age exceeded the chronological age by
approximately 2 years. During therapeutic GH regimens for 11 years, patient’s height
increased from SDS -3.3 to —1.8. In the second patients, no mutation was detected. Target height
was 0.71 SDS. GHD was ruled out by an arginine stimulation test, even if, because of a severe
decline in growth velocity, treatment with e-hGH was started. During 7 months of therapy,
patient’s height increased from —6.0 to =5.6 SDS. Versteegh et al. [51] reported also that the
evaluation of the Pharmacia Growth DataBase KIGS permits to gather data on growth and GH
treatment in six other EvC patients. Four patients were diagnosed as GHD. All patients except
one were treated with GH according to standard protocols. A gain in height SDS was seen in
three of the four GHD patients. One GHD patient did not show an increased height SDS. Of
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the GH-sufficient, one showed a gain in height SDS. In conclusion, the available data suggest
that GHD can play a role in the retarded growth in at least some EvC patients.

9. General conclusions

Skeletal dysplasias are a wild and complex group of diseases due to several pathogenetic
mechanisms. Up to date, even because of their rarity, available knowledge is not so large and
most of this is about a very restricted number of dysplasias. Particularly, the specific aspect of
the linear growth in these patients has been analysed in a very small number of studies. No
specific therapy is available and supportive measures are the only helpful treatment. By the
way, data presented in literature allow us to evince that in some cases a pathological GH axis
can be associated to the dysplasia. So we suggest that in this patients could be useful to
investigate the function of GH axis and, if defective, to start a replacement therapy with r-hGH.
Clearly, GH therapy is not a target treatment for any of these dysplasias and further studies
are necessary, but it could have a supportive role in the management of the auxoendocrino-
logical growth in these disorders.
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Abstract

Short stature has been defined as a height below the 2 standard deviation for age, sex
and ethnicity. Growth hormone deficiency (GHD) represents a condition characterized
by reduced GH secretion, isolated or associated with other pituitary hormone
deficiencies. In a child with short stature and growth deceleration, after the exclusion
of other causes of growth failure, the diagnosis of GHD has to be confirmed by
measurement of GH secretion after at least two stimulation tests. Patients with GHD
should be treated with thGH as soon as possible, to obtain normalization of growth and
normal final height. The catch-up growth in response to rhGH therapy is maximal
during the first years and could be affected by many variables, such as birth-weight, age
and height at start of treatment and of puberty, and duration of treatment. Overall, thGH
is believed to be safe and significant side-effects in children are very rare, including
benign intracranial hypertension, hyperglycaemia, arthralgia and myalgia. Patients
with childhood onset GHD are usually retested in late adolescence to confirm the GHD
persistence and to continue of GH therapy. In conclusion, the present chapter provides
useful and updated information about the diagnosis, treatment and follow-up of
children with GHD.

Keywords: growth hormone, growth hormone deficiency, GH substitutive therapy,
children, multiple pituitary hormone deficiency

1. Introduction

Human height is regulated by interactions among different factors such as genetic predispo-
sition, nutritional status, hormonal secretion and environmental factors. Traditionally, short
stature has been defined as a height of two standard deviations (SD) below the mean of sex,

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) g
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age and ethnic-matched healthy controls, and is a frequent reason for referral to paediatric
endocrinologists [1, 2]. Growth hormone deficiency (GHD) is a rare but important cause of
short stature with a prevalence of approximately of one in 4000 during childhood [3]. Although
it is a rare condition, it is important to make a correct diagnosis in order to promptly start
substitutive recombinant human (rth) GH therapy and obtain a normalization of child growth.
In fact, missing a diagnosis will result in poor growth and short stature adults. On the other
hand, a false positive diagnosis will lead to many years of daily subcutaneous injections and
significant unnecessary expenditure.

2. Growth hormone deficiency

Growth hormone deficiency is classically defined as insufficient GH secretion that results in a
decrease in the production of GH-dependent hormones and growth factors, such as insulin-
like growth factor-I (IGF-I), IGF-II and their binding proteins (IGFBPs) [4].

Growth hormone deficiency may be isolated or combined with other pituitary hormone
deficiencies (CPHD, combined pituitary hormone deficiency) and may be congenital or
acquired [5]. Acquired GHD may be secondary to hypothalamic-pituitary damage at birth or
intracranial neoplasm (i.e. craniopharyngioma), infiltrative diseases (i.e. Langerhans cell
histiocytosis), infections (i.e. tuberculosis, HIV), trauma, cranial or total body irradiation (TBI)
and chemotherapy.

In most cases, GHD is idiopathic and only in 20% of patients an organic cause is identified.
Among idiopathic cases, abnormalities in magnetic resonance imaging (MRI) of hypothalamic-
pituitary region are frequent (pituitary hypoplesia, lack of pituitary stalk, ectopic posterior
pituitary) [6, 7]. In some cases of GHD, an autoimmune origin may be hypothesized based on
the detection of circulating anti-pituitary antibodies directed against GH-secreting cells. Anti-
pituitary antibodies have also been detected in some patients with idiopathic short stature,
who subsequently showed impaired GH secretion suggestive of a particular type of acquired
GHD [8].

2.1. Genetics defect in isolated GHD

Gene defects have been associated with GHD (Table 1). Mutations have been found in the
genes encoding for GH (GHI) or GH releasing hormone receptor (GHRHR). GHI mutations
can either lead to classic GHD (types IA, IB and II) or bio-inactive GH syndrome, a condition
characterized by normal or elevated circulating not active GH levels [9]. Homozygous GH1
deletions are a common cause of type IA GHD and patients can develop anti-GH antibodies
during GH therapy. Type IB GHD is a less severe form and is caused by mutations of GH1 or
GHRHR, while GHD type Il is a dominant form caused by skipping of exon 3 which results in
the secretion of a GH isoform (17.5 kDa) with a dominant negative effect [10]. Furthermore,
the X-linked type IIIl GHD is associated with agammaglobulinemia and has been associated
with mutations in BTK and SOX3 genes [11, 12]. Another cause of GHD could be mutations of
the gene encoding for the ghrelin receptor (GHSR), which decrease in GH secretion [13].
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Disorder’ Gene(s) Inheritance Clinical features/GH levels Response to References
GH therapy
Isolated GHD type GHRHR AR Low serum GH Positive [106, 107]
1B (612781)
Isolated GHD GHI1 AR No serum GH Often anti-GH  [106, 107]
type 1A (262400) antibodies
Isolated GHD GHI1 AR Low serum GH Positive [106, 107]
type IB (612781)
Isolated GHD GH1 AD Variable height deficit and pituitary Positive [106, 107]
type II (173100) size; low GH levels; other pituitary
deficits can develop

Isolated GHD BTK, XLR Low GH levels with Positive [106, 107]
type III (307200) SOX3 agammaglobulinaemia
Isolated partial GHSR AR, AD Variable serum GH and IGF-I No data [13, 108]
GHD(615925)
Almstrom syndrome ALMS1 AR 50% of cases are GHD No data [16]
(203800)

RNPC3 AR Severe GHD, hypoplasia anterior No data [14]

pituitary
IFT172 AR Functional GHD, retinopathy, Positive [15]

metaphyseal dysplasia,

hypertension

*Name (number) according to OMIM.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; XLR, X-linked recessive.

Table 1. Gene defects associated with isolated GHD.

Finally, many studies reported isolated GHD associated with congenital syndromes caused by
mutations and/or deletions of different genes not directly involved in growth (i.e. biallelic
mutations in RNPC3, compound heterozygosity for IFT172 or mutation of ALMST) [14-16].

2.2. Genetics of combined pituitary hormone deficiency

In childhood, some patients may show GHD associated with deficiency of other pituitary
hormones such as prolactin, thyroid stimulating hormone (TSH), luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), and, sometimes, adrenocorticotropic hormone

(ACTH) [4].
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Several genetic defects of transcription factors have been reported in CPHD (Table 2). Two
categories of patients with hypopituitarism are described according to the presence or absence
of extra-pituitary abnormalities and/or malformations, beside anterior pituitary hormone
deficiencies [17]. The phenotypes with heterogeneous extra-pituitary abnormalities are caused
by mutations in transcription factor genes early expressed in regions determining the forma-
tion of forebrain and related midline structures, such as hypothalamus and pituitary. Defects
have been found in SHH, FGFR1 and FGF8, LHX3 and LHX4, HESX1, SOX2 and SOX3, OTX2,
PROK?2 and PROKR2, PITX2 and many others [18]. On the other hand, phenotypes without
any extra-pituitary malformations are due to mutations of late-acting pituitary-specific
transcription factors. Mutations in transcription factors such as POU1F-1 and PROP-1 are
commonly linked to deficiency of GH, TSH, LH, FSH and sometimes ACTH [19]. Furthermore,
as recently described by Giordano et al., deletions of particular chromosome regions including
these genes lead to syndromes often associated with isolated GHD or CPHD [20].

Disorder Gene(s) Clinical features Inheritance References
CPHD-1 (613038) POUIF1 GH, PRL, variable TSH deficiency AR, AD [18, 109, 110]
CPHD-2 (262600) PROP1  GH, PRL, TSH, LH, FSH, variable ACTH AR [18, 109, 110]
deficiency
CPHD-3 (221750) LHX3 GH, PRL, TSH, LH, FSH deficiency AR [18, 109, 110]
CPHD-4 (262700) LHX4 GH, TSH, ACTH deficiency AD, AR [18, 109, 110]
Septo-optic dysplasia (CPHD-5) HESX1  Optic nerve and pituitary hypoplasia, AR, AD [18, 109, 110]
(182230) midline abnormalities of brain, TSH, GH,
PRL, LH, FSH and ACTH deficiency
CPHD-6 (613986) OTX2 GH, TSH, LH, FSH, variable ACTH and AD [18,109, 110]
PRL
Axenfeld-Rieger syndrome typel PITX2 Brain abnormalities, variable pituitary AD [109]
(180500) deficiency
Optic nerve hypoplasia and SOX2 Variable GHD, LH and FSH deficiency, AD [109, 110]
abnormalities of the central developmental delay

nervous system (206900)

X-linked panhypopituitarism SOX3 GHD or CPHD, mental retardation XLR [18, 109, 110]
(312000, 300123)
Pellister-Hall syndrome FGF8 Holoprosencephaly, septo-optic dysplasia, AR [18, 110]
(146510) Moebius syndrome

FGFR1  Pituitary and corpus callosum hypoplasia, AD [18, 111]

ocular defects

PROKR2 Variable pituitary hormone deficiency AD [111]

*Name (number) according to OMIM.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; XLR, X-linked recessive.

Table 2. Genetic defects reported in CPHD.



Growth Hormone Deficiency: Diagnosis and Therapy in Children
http://dx.doi.org/10.5772/64803

3. Diagnosis of GHD

The diagnosis of GHD in children should be based on clinical and auxological assessment, and
radiological evaluation, along with biochemical tests for the pituitary-IGF axis. In some cases,
genetic testing is requested.

3.1. Clinical and auxological assessment

Growth hormone deficiency can develop at any age (from the first few months of life to
adolescence) and signs may vary. Generally, the neonate with isolated GHD exhibits hypo-
glycemia, prolonged jaundice and microphallus and/or cryptorchidism in males [4].

In pre-pubertal short children, the most common symptoms of idiopathic GHD are short
stature and reduced growth velocity for age. The phenotypic characteristic features of severe
GHD are immature faces, prominent forehead, depressed midline development, single central
incisor, optic nerve hypoplasia, thin and sparse hair, slow nail growth, high-pitched voice, low
muscle bulk, increased subcutaneous fat and low-density lipoprotein cholesterol [4].

When GHD is suspected in a child with short stature, other causes of growth failure such as
hypothyroidism, chronic systemic diseases, Turner syndrome, malnutrition or skeletal
disorders should first be excluded before starting endocrinological evaluation.

As recommended by the Consensus Guidelines for Diagnosis and Treatment of GHD in
Childhood and Adolescence from the 2000 meeting of the GH Research Society [21], statement
criteria to start evaluation for GHD are as follows:

* Severe short stature (height <3 SD below the mean);
* Height less than -1.5 SD below the mid-parental height;

* Height less than -2 SD below mean and either height velocity less than -1 SD below mean
over the past year or decrease in height SD of more than 0.5 SD over the past year;

* In the absence of short stature, height velocity less than -2 SD below mean over 1 year or
less than -1.5 SD below mean over 2 years;

* Signs of intracranial lesion;
* Signs of combined pituitary hormone deficiency; and

* Neonatal signs and symptoms of GHD, including hypoglycaemia, prolonged jaundice,
microphallus and/or cryptorchidism, cranial midline abnormalities.

Generally, children with GHD do not show any metabolic abnormalities, notwithstanding the
biological effects of GH on the different metabolisms. Recently, we reported that lipid and
glucose metabolism are only slightly affected in GHD children but GH replacement therapy
affects the secretion of factors such as leptin and resistin by adipose tissue [22]. Growth-
hormone-deficient patients frequently show reduced bone mineralization with decreased bone
density for delayed skeletal maturation. However, a study by Hogler and collaborators
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demonstrated that, in GHD children, cortical and trabecular densities are normal and the risk
of fracture is not increased [23]. Similarly, inflammatory cytokines, such as TNF-a, IL-6 and
IL-12, are comparable between GHD children and age-matched healthy controls and are
slightly influenced by a short-term rhGH therapy [24, 25].

3.2. Radiological investigations

In the child over 1 year of age, bone age is routinely estimated from an x-ray of the left wrist
and hand [21]. Sometimes in 2- or 3-year-old children the results may not be accurate, bone
age can be evaluated more precisely from X-rays of the knee and foot, as in the neonate.
Generally, the severity and duration of GHD affects delayed bone maturation. Bone age is
usually assessed using the Greulich and Pyle radiological atlas [26] and/or the Tanner and
Whitehouse (the TW2) method [27].

Magnetic resonance imaging is the most frequently used technique to visualize hypothalamic-
pituitary anatomy. Neuroimaging in short children may rule out a tumour, in particular a
craniopharyngioma or optic nerve glioma. The most common radiological findings in GHD
children are an ectopic posterior pituitary gland, anterior pituitary hypoplasia and a thin
pituitary stalk, which may be also present in combination. Other abnormalities associated with
GHD may be septo-optic dysplasia, corpus callosum hypoplasia and presence of empty sella.
However, many idiopathic GHD children show no pituitary abnormalities and some authors
demonstrated that those GHD children with MRI abnormalities have more severe short stature
and younger age at diagnosis compared with those GHD patients with normal pituitary [28].

3.3. Provocative GH testing

The measurement of GH secretion and not of basal GH levels, which are normally low, is used
for confirming the diagnosis of GHD. Growth hormone secretion is pulsatile throughout the
24 hours, with peaks occurring at the time of slow-wave electroencephalographic rhythm and
is regulated by multiple peptides and neurotransmitters, in particular GHRH and somatosta-
tin. Furthermore, GH secretion significantly varies with gender, age, weight and pubertal
status: during puberty it markedly increases, due to increased sex steroid levels, and then it
decreases with age, especially in males [29].

Different cut-off values in children, adolescents and adults have been proposed by the GH
Research Society to confirm the diagnosis of GHD. However, a specific cut-off value based on
age, sex, weight and pubertal stage does not exist and should be established to improve the
interpretation of GH stimulation tests.

Therefore, in current clinical practice, the diagnosis of GHD relies on biochemical measure-
ment of GH secretion after stimulation tests. Various commercially available assays for
measuring GH exist and several studies have shown an inter-assay variability of GH values
[30, 31] that leads to a wide discrepancy in the results obtained in different analysis laborato-
ries. They remarkably depend on different factors, such as the assay methods and the different
calibrators used, the specificity of antibodies (monoclonal or polyclonal), the matrix difference
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between standards and samples and the interference with endogenous GH binding proteins
(GHBPs) [32].

Commercially available immunoassays may detect different GH variants present in serum,
since GH circulates in many isoforms due to alternative splicing, polymerisation and com-
plexing with other molecules [33]. Moreover, we recently reported that GH values may also
depend on different calibrators (i.e. IS 98/574, a recombinant 22 kDa molecule of more than
95% purity, and IS 80/505, of pituitary origin and resembling a variety of GH isoforms) used
in the same GH assay [34]. Variations in GHBP have been found to significantly affect the GH
concentration detected, since in serum up to 50% of GH is bound to GHBP [35]. According to
the most recent international recommendations on GH assay standardization, only the 22 kDa
recombinant IS 98/574 should be used and GH results should be expressed in mass units and,
since 2006, major clinical endocrinology journals accept only those manuscripts in which GH
data are expressed in micrograms per litre for IS 98/574 [36, 37].

The effect of the assay variability can lead to significant differences in the diagnosis of GHD
among laboratories, since different cut-off values are used. In fact, the serum GH cut-off value
for GH secretion depends on the method used for determining serum GH [38]. Different
immunoassays (RIA, IRMA, ELISA, chemiluminescent and immunofunctional assays) are
widely used in clinical laboratories because of speed, sensitivity and convenience. However,
cut-off limits of GH stimulation tests to diagnose GHD in childhood and adolescence are not
sufficiently validated by clinical studies. In the last years, in clinical practice, the traditional
cut-off value of 10 ng/ml, which had been validated in the 1960s and 1970s, using developed
radioimmunoassay, was widely used [21]. Recently, a study by Wagner et al. established new
method-specific clinical evidence-based GH cut-off limits, showing that those limits varied
from 4.32 to 7.77 ng/ml for seven hGH assays [39]. Thus, the cut-off level for the diagnosis of
GHD has been revised and 8 ng/ml is accepted as the cut-off limit using Immulite 2000 assay.
A GH peak concentration below 4 ng/ml defines complete GHD and a peak between 4 and 8
ng/ml indicates partial GHD.

Furthermore, different cut-off points have been proposed based on children BMI and in
response to GHRH+arginine test: for lean children a peak cut-off value of 11.5 ng/ml, for
overweight children a peak cut-off value of 8 ng/ml and for obese children a peak cut-off value
of 4.2 ng/ml [31]. However, these cut-off points have not yet been validated.

The consensus guidelines of the Growth Hormone Research Society for diagnosis and
treatment of GHD in children have established that in a child with suspected isolated GHD,
two stimulation tests are required, since there are large numbers of false positive diagnoses
from single stimulation test in normal children [21]. On the contrary, in a child with central
nervous system pathology, cranial irradiation or genetic defects only one GH stimulation test
isneeded [21]. Due to the lack of reproducibility and accuracy of these tests, the clinician should
remember that the diagnosis of GHD is mainly based on clinical and auxological findings and
that the results of the stimulation tests are only confirmatory [40].

Many different stimuli are currently used to induce GH secretion, since they act through
different mechanisms. Indeed, no stimulation test is completely reliable, although for clinical
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practice the Insulin Tolerance Test (ITT) is the gold standard [29]. As summarized in Table 3,
different pharmacological stimuli are used to measure GH secretion [41]. Sometimes, to
improve specificity of the test, pharmacological stimuli may be combined, for example, the
combination of GHRH and arginine. These tests should be carefully monitored by an experi-
enced team.

Stimulus Dosage Time samples (minutes)
Insulin tolerance test i.v. 0.05-0.01 U/kg 0, 15, 30, 45, 60 and 90
Arginine HCl i.v. 0.5 g/kg (max 40 g) 0, 30, 60, 90 and 120
Clonidine i.v. 0.15 mg/m? 0, 30, 60 and 90

Glucagon i.m. 0.03 mg/kg (max 1 mg) 0, 30, 60, 90, 120, 150 and 180

GHRH i.v.+arginine HCliv. 1 ug/kg GHRH, arginine 0.5 g/kg (maximum of 40 g) 0, 15, 30, 45, 60, 90 and 120

i.v,, intravenously; i.m., intramuscularly; p.o., per os.

Table 3. Currently used GH stimulation tests.

Insulin tolerance test is considered the best stimulation test, although it is risky because of the
hypoglycaemia induced by insulin administration. GH secretion is stimulated by the response
to insulin-induced hypoglycaemia. Usually, 0.1 unit/kg of insulin is administered intrave-
nously (i.v.) in children over 4 years of age and 0.05 unit/kg in younger children. Blood samples
for GH analysis and glucose levels should be obtained at 0, 15, 30, 45, 60 and 90 minutes after
administering the insulin dose. The test is considered valid if the blood glucose level decreases
by 40-50% of the initial value or reaches less than 40 mg/dl (i.e. 2.22 mmol/l). The GH peak
occurs 15-30 minutes after the glucose nadir. Children with GHD frequently have an enhanced
response to insulin that results in severe hypoglycaemia.

Arginine stimulates GH secretion by inhibition of somatostatin release. Arginine HCI (0.5
g/kg to a maximum of 40 g) is administered i.v. over a 30-minute period. Blood samples for
GH determination should be taken at 0 (baseline), 30, 60, 90 and 120 minutes. The maximum
GH peak is expected to occur at 60 minutes after starting arginine infusion. Nausea and
vomiting are frequently observed side effects.

Clonidine, an alpha 2-adrenergic agonist, increases GHRH secretion and inhibits somatostatin
release. Clonidine is administered at a dose of 0.15 mg/m? [42]. Samples for this GH assay
should be obtained at 0 (baseline), 30, 60 and 90 minutes. GH peak is usually recorded 60
minutes after clonidine administration and is usually greater than in tests with other stimuli.
After clonidine administration, blood pressure may fall, and young children may show
drowsiness for several hours.
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Glucagone is another very used stimuli for GH secretion, which is stimulated by endogenous
insulin glucagon-induced to compensate for elevated serum glucose levels. Glucagon is
administered intramuscularly (i.m.) or subcutaneously (s.c.) at a dose of 0.03 mg/kg to a
maximum of 1 mg. Serum samples are obtained at 0, 30, 60, 90, 120, 150 and 180 minutes after
administration. The maximal GH peak can occur 2 hours after glucagon injection. After
glucagon administration young children may develop nausea and vomit.

Growth hormone releasing hormone is the endogenous stimulating factor of GH and the
administration of GHRH can directly assess the capacity of the pituitary to secrete GH.
Somatostatin inhibitors, pyridostigmine and arginine are used to enhance the GH response
and to reduce the intra- and inter-individual variability, due to fluctuations in somatostatin
secretion. The GHRH test, in combination with arginine, is a very useful tool to identify defects
at the hypothalamic level, especially in children with CPHD. The GHRH+arginine test
stimulates GH to a greater extent than the GHRH test alone. Growth hormone releasing
hormoneis giveni.v. at a dose of 1 ug/kg at time 0 and arginine, at a dose of 0.5 g/kg (maximum
of 40 g), i.v. infusion is given from time 0 to time 30. Serum samples for the GH analysis are
obtained at 0, 15, 30, 45, 60, 90 and 120 minutes. The cut-off for this test is 20 ng/ml for the GH
peak in childhood and 19.0 ng/ml in late adolescent and early adulthood [43]. Furthermore,
the GHRH plus arginine test is useful for identifying false positive GHD in children showing
a blunted GH response to classic stimuli in contrast with a normal growth rate [44]. Finally,
GHRH+arginine test is particularly used in the re-testing of GH secretion at the end of GH
therapy in childhood-onset GHD patients.

Growth hormone secretion may be evaluated by more physiologic tests, such as the exercise
test, 24-h GH profiling and urinary GH estimation. Although they show minimal side effects
for the patient and are less expensive than pharmacological tests, these tests are no longer used
for the diagnosis of GHD in clinical practice, but they are still useful for research investigation.

GH testing in children in the peri-pubertal period and in those with delayed puberty frequently
yields subnormal results due to a diagnosis of constitutional delay or, more probably, a sex
steroid deficiency, since circulating levels of sex steroids increase during puberty, resulting in
an increase in pulse amplitude of GH secretion, IGF-I concentration and anterior pituitary size.
Therefore, the use of oestrogen or testosterone to prime the GH axis prior to pharmacological
stimulation tests may facilitate GH release in pre-pubertal children and reduce false positive
rates. Priming may be performed with oral oestrogen (10-20 pg ethinyloestradiol) for 3 days
prior to GH stimulation test in girls or intramuscular injection of testosterone enanthate (100
mg) 7-10 days prior to stimulation test in boys [3]. However, not all paediatric endocrinologists
agree that sex-hormone priming is required [45], since it only briefly augments the GH
response which then returns to suboptimal concentrations and this may lead to under-
diagnosis of peri-pubertal children that could have benefited from GH treatment. Some
authors recommend that priming may be considered only in adolescents with pubertal delay
(girls aged >11.5-12 years and boys aged >13-13.5 years) with no signs of puberty or only initial
ones [46]. Therefore, at present there is no agreement on the use of priming.
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3.4. Measurement of IGF-I and IGFBP-3

Because of the low reliability of the pharmacological tests, in the last years newer diagnostic
procedures such as assay of IGF-I and IGFBP-3 serum levels, genetic testing and neuroimaging
have been considered for confirming the diagnosis of GHD in children [47]. However, in many
European countries it is yet mandatory to show a reduced GH secretion to at least two
stimulation tests in order to start substitutive rhGH therapy in children.

The IGFs are GH-dependent peptides that mediate many of the anabolic and mitogenic actions
of GH. The levels of IGF-I and its major binding protein IGFBP-3 greatly depend on GH
secretion. Since serum levels of IGF-I are stable during the day, it should be possible to assess
GH status by measuring IGF-I levels. However, most of the assays for IGF-I measurements do
not show good sensitivity and specificity and are used in the diagnosis of GHD in children [48].
Furthermore, since IGF-I levels are influenced by age and pubertal development, an overlap
between IGF-I values for normal and GHD children still exists, particularly in children younger
than 5 years. Most investigators use cut-offs of either the fifth percentile or <-2 SD score to
define subnormal levels of IGF-I [47]. Moreover, reduced IGF-I levels may occur in children
with malnutrition, hypothyroidism, hepatic disease or diabetes mellitus.

Insulin-like growth factor binding protein-3 levels have also been considered for the detection
of GHD and were thought to be potentially superior to measurement of IGF-I alone as IGFBP-
3 is less nutritionally sensitive than IGF-1. However, many studies found no differences in
IGFBP-3 levels between GHD and non-GHD subjects [49].

In conclusion, although reduced IGF-I and IGFBP-3 levels may suggest a condition of severe
GHD, normal serum IGF-I and IGFBP-3 values may not allow to exclude GHD. Therefore, GH
stimulation tests are widely used for confirming GHD diagnosis in children.

3.5. Genetic investigation

Genetic testing is not routinely performed in the diagnosis of GHD. However, numerous
mutations leading to GHD have been identified and with the development of new genetic
technologies, such as whole exome and whole genome sequencing, screening for mutations in
the diagnosis of GHD may play a critical role in the coming years.

Generally, signs of GHD of genetic origin are particularly evident and may include: early onset
of growth failure, positive family history, height more than 3 SD below the mean, extremely
low GH response to provocation tests, very low IGF-I and IGFBP-3 levels. In these cases, genetic
analysis is strongly suggested.

The most common mutations in patients with isolated GHD have been identified in GH1,
GHRHR and RNPC3 genes and may be associated with a normal MRI scan (Table 1). Other
gene mutations (i.e. POU1F1, PROP1, LHX3, LHX4, HESX1, SOX2, SOX3, etc.) present in GHD,
along with other pituitary deficiency, are associated with clinical and radiological features
(Table 2).
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4, Treatment of GHD children

As recommended by the GH Research Society [21], patients with proven GHD should be
treated with thGH as soon as possible after the diagnosis is made, for normalizing height
during childhood and obtaining normal adult height. The response to GH therapy could be
affected by variables such as birth-weight, age and height at start of treatment and at start of
puberty, extent of the GHD and duration of treatment [50, 51]. The pattern of catch-up growth
in GHD infants during GH therapy indicates a sustained and significant effect during the first
years of treatment, followed by a progressive decrease in growth velocity, known as “waning
effect” in the subsequent years [52]. Nevertheless, the growth rate is always higher than it was
before starting the therapy, suggesting that GH therapy may still be advantageous for patients.

Growth hormone treatment in childhood also normalizes body composition, reducing body
fat, generating a reversible insulin insensitivity, increasing the ratio of high-density lipoprotein
to total cholesterol and accelerating bone remodelling with the increase of bone mineral mass
[22].

Until 1985, for more than 30 years, GHD was treated by pituitary-derived GH. Then, rhGH
was introduced into clinical practice and now the presently available rhGH brands for
registered clinical indications are obtained by expression either in Escherichia coli bacteria or
in mammalian cell lines, such as mouse C127. Recently, identical recombinant DNA-derived
proteins have been expressed in other biological systems (i.e. Saccharomyces cerevisiae); these
proteins have the same structure and similar profiles in terms of quality, safety and efficacy
and are termed “biosimilars.”

Growth hormone should be administered s.c. in the evening on a daily basis, and the rhGH
dosage should be expressed in milligrams per kilogram of body weight per day. The recom-
mended starting dosage for thGH is 0.025-0.05 mg/kg/day, according to a 6-day per week
schedule. An increment in the dose from 0.03 to 0.07 mg/kg per day is suggested during
puberty, to maximize longitudinal growth during this period of life. An alternative approach
to the fixed dose is auxology-based dosing. This approach consists of starting treatment with
the lowest accepted dose and then titrating upwards based on weight, growth velocity and
IGF-I concentrations, still keeping the GH dose within the dose range [53]. IGF-I titration
consists in adjusting the GH dose to a target IGF-I concentration irrespective of growth rate
and the usual range of GH dose. This leads to the use of very high GH doses (i.e. 0.091 mg/kg/
day) in order to find an improvement in growth rate in comparison with patients treated with
a fixed dose [54]. Since there are very few safety data on the use of GH at such high doses, this
approach cannot be recommended at the present time. Actually, the major current alternative
strategy is prediction model-based dosing. Prediction models may lead to a more evidence-
based approach to determine the GH dose regimen and may reduce the response variability
and drug costs for GH treatment. Three types of prediction models have been described, all
using auxological data. It is uncertain whether adding biochemical, genetic or proteomic
markers may improve the accuracy of the prediction [55].

Subcutaneous injection (s.c.) has become the standard administration route for GH because of
its ease of administration and patient acceptance. Among experimental studies on possible
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other ways of delivery of GH, a multi-centre study focused its attention on the inhalator route
[56]. The authors showed that GH delivered by inhalation was well tolerated and resulted in
a dose-dependent increase in serum GH and IGF-I levels, suggesting that the delivery of GH
via the deep lung is feasible in children and should deserve attention.

Furthermore, in order to obtain a better compliance of patients to years of daily treatment,
long-acting forms of GH have been developed, utilizing different techniques: depot GH
formulations, pegylated formulations, pro-drug formulations and GH fusion protein technol-
ogy [57]. These formulations show different pharmacodynamic and pharmacokinetic profiles,
all being effective in extending GH action and prolonging increase IGF-I concentrations.
Clinical data in humans are still very limited and short-term studies showed that treatment
with long-acting GH preparation is effective and safe in GHD children and adults. Many of
these formulations frequently showed injection-site reactions with erythema, induration or
lipoatrophy. Long-term studies are needed to confirm the value and safety of these agents [58].

The routine follow-up of GHD children should be performed by a paediatric endocrinologist
on a 3- to 6-month basis. The determination of the increase in height and change in height
velocity during rhGH treatment is useful in assessing the response to GH. A study from the
International Growth Study database (KIGS) showed that during GH therapy it is important
to monitor IGF-I levels to check the compliance of the patients and ensure that IGF-I values do
not exceed the normal range, since high levels of IGF-I have been linked to the development
of tumours [59]. Therefore, supra-physiological concentrations of IGF-I should be avoided [60].

If GHD is part of a combined pituitary insufficiency, it is necessary to address each endocrine
deficiency. Thyroid stimulating hormone deficiency is often unmasked during the initial phase
of rhGH therapy. During the follow-up of GH therapy, every 6 months, FT4 and TSH should
be evaluated and, if a decrease is observed, a TRH stimulation test should be performed.
Patients with a deficit of ACTH should be placed on the lowest safe maintenance dose of
glucocorticoids, no more than 10 mg/m? per day of hydrocortisone, since higher doses may
impair the growth response to thGH therapy. Gonadotropin deficiency may be evident in
infancy in a child with microphallus. In patients with CPHD, it is appropriate to begin sex
steroid replacement at an appropriate age, since physical and psychological benefits of
normalizing sexual maturation must be balanced against the risk of epiphyseal fusion.
Assessment of skeletal maturation is useful to prevent rapid epiphyseal closure and loss in
adult height. In males, this can be done by beginning at 13-14 years of age with 50 mg
testosterone enanthate i.m. every month for about 12 months. Over the next 3—4 years, the dose
should gradually be increased to the adult replacement dose of 250 mg every 2-3 weeks.
Transdermal testosterone patches and gels have recently become available, which may
produce consistent serum levels of testosterone in older adolescents on a stable replacement
dose. In girls, therapy involves the use of conjugated oestrogens or ethynil estradiol: low doses
of ethinyl estradiol (20 pg) increased over the next 1-2 years, after which a progestin is added
to thelast 5-7 days of the cycle to induce bleeding. Once cycling has been induced, itis generally
more convenient to use one of the oestrogen-progestin combination oral contraceptive pills
[61]. In these patients, fertility is possible with the use of chorionic gonadotropin, human
menotropins, GnRH agonist and other fertility medications. Patients also need to understand
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that gonadal steroid replacement therapy is necessary for the greater part of their adult life to
maintain bone mineral density.

4.1. GH treatment of children after bone marrow transplantation (BMT) for acute
leukaemia

Growth impairment and GHD have been frequently observed in children after BMT with TBI
and those previously undergoing central nervous system irradiation to treat acute leukaemia
[62]. These therapies may compromise growth pubertal development, and consequently final
height. However, since the diagnosis of GHD in such patients is made shortly after the end of
the irradiation, their growth rate may not be as decreased and their bone age as delayed as in
idiopathic GHD children. In our previous paper [63], we showed growth rate impairment both
in children who have received TBI and chemotherapy as a preparative regimen and in children
receiving prophylactic cranial irradiation before being conditioned with TBI and chemother-
apy (Figure 1). On the other hand, patients transplanted after a busulfan-containing myeloa-
blative therapy did not experience significant problems in terms of growth velocity [63]. With
the increasing number of survivors and duration of follow-up, patients may experience a
significant loss of height potential and GH treatment may have beneficial effects. In our GH-
treated patients, a successful response was observed with increase in growth rate during the
first 2 years of therapy [63]. More recently, other authors found a measurable catch-up growth
and a normalization of final height in patients timely treated with GH, thus reducing the
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Figure 1. Mean growth rate SDS before and after BMT in the three groups of children with different conditioning regi-
mens before transplantation [63]. Data are expressed as mean + standard deviation.
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negative impact of the acute leukaemia-related treatment on the growth of paediatric patients
[64]. The dosages of GH used in these studies are not different from those used in idiopathic
GHD children, ranging from 0.020 to 0.033 mg/kg body weight/day. However, clinicians should
be aware that children with prior malignancies show an increase in oncologic risk, especially
if treatment of the primary malignancy involved radiation therapy [65].

We therefore propose that all children treated with haematopoietic stem cell transplantation,
TBI or central irradiation should routinely undergo, once a year, testing of GH secretion and
endocrine evaluation. When GHD is biochemically proven, GH replacement therapy should
be considered in order to ameliorate the final growth. However, patients with an active
malignancy should not receive GH, and patients whose tumour is no longer active should be
carefully monitored for any evidence of progression or recurrence.

4.2. Variability in the response to rhGH therapy

The catch-up growth in response to rhGH therapy is maximal during the first year and typically
attenuates during the following years. However, growth velocity is still comparable to healthy
age-matched children.

The first-year growth response depends on several factors including dose and frequency of
administration and age at the start of thGH treatment. The first-year growth response is
inversely correlated with GH peak during stimulation test and age at the start of replacement
therapy and is positively correlated with rhGH dose, weight at the start of replacement therapy
and weight at birth. We recently reported that birth size is an important factor affecting the
response to GH therapy in GHD children during the first 5 years of treatment. In fact, when
GHD children showed small size for their gestational age a blunted response to GH therapy
is observed, in comparison to GHD children born with an adequate size and weight for
gestational age [66].

Furthermore, the first year growth response to GH may predict up to 7 years of pre-pubertal
growth in GHD children and can be used as an aid-in-treatment decision making [67]. Patients
with severe GHD show a better growth response in the first year of replacement therapy than
those with moderate GHD. For the second, third and fourth years, growth responses are
positively correlated with height velocity during the preceding year, weight and weekly rhGH
dose, and negatively correlated with chronological age [68]. Recently, the authors of KIGS
concluded that IGF-I monitoring during GH therapy is a valuable tool for evaluating compli-
ance and may help clinicians change GH doses to achieve normal serum IGF-I and normal
growth [69, 70].

Pharmacogenomic studies have showed that GH receptor (GHR) is the key molecule mediating
GH action and that a GHR gene polymorphism (absence of exon 3, d3-GHR) has an influence
on the response to rhGH therapy. However, the results of the numerous studies on this issue
are still contradictory. Some studies demonstrated that GHD patients carrying the d3-GHR
allele had a better response to substitutive GH therapy than patients with the normal allele [71-
73], while other studies did not. This may be due to confounding factors such as small sample
size, differences in experimental design and severity of GHD [74-78]. In fact, more recent
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results from the PREDICT Study demonstrated that response to rhGH depends on the
interaction between GHD severity and d3-GHR carriage [79].

Although this d3-GHR genotype was the first identified genetic factor found to modulate the
individual response to thGH therapy, recently, other studies have shown that other polymor-
phisms of the GHR and of other molecules involved in GH/IGF-I axis (i.e. IGFBP-3 and SOCS2)
could have a role in determining the response to thGH therapy in GHD children [80-82]. These
studies may better define the use of GHR polymorphism analysis in clinical practice, moving
from pharmacogenetics to routine application and allowing individualization of rhGH doses
to optimize final outcome.

4.3. Adherence to GH therapy

Since GH treatment requires regular, daily subcutaneous injections for very long periods, one
of the primary causes of GH therapy failure is patient non-adherence to the prescribed drug
therapy (daily injections missed or duration of the prescribed regimen not followed), especially
in adolescents. No general consensus on the definition of good adherence has been reported
and, therefore, the rate of non-adherence to paediatric GH therapy varies between 36% and
49% [83], depending on the detection methods and the definitions used. There is no gold
standard method for measuring adherence; the methods most used are direct evaluation of
drug levels or its metabolites (urinary GH or serum IGF-I), or indirect evaluation of prescrip-
tion refills, clinical response, electronic devices or questionnaires completed by patients
and/or their parents [84, 85]. Most of these methods are inconvenient for patients or imprecise,
underscoring the difficulty for physicians to accurately assess the degree of adherence [86,
87]. The causes of non-adherence are often unknown and may be due to the different lifestyles
of the patients, including socio-economic status, level of understanding and type of relation-
ship with the child's physician. Other factors influencing adherence include the complexity of
treatment regimens, the long-term nature of the therapy and the discomfort or pain associated
with injections [83, 88]. In order to efficaciously improve adherence in GHD patients, appro-
priate pre-intervention discussion is essential, and should include a clear statement of the
short- and long-term treatment targets. Carefully constructed healthcare plans are the key and
should include educational programmes, home support and regular reinforcement. Further-
more, itis mandatory to regularly interview patients with a non-aggressive approach to ensure
effective communication with patients and their parents [89].

4.4. Side effects of GH therapy

Opverall, significant side effects of rhGH therapy in children and adolescents are very rare and
include benign intracranial hypertension (frequency between 1/10,000 and 1/1000) and
paraesthesia (between 1/1000 and 1/100), arthralgia and myalgia (between 1/100 and 1/10).
Recombinant hGH treatment may represent a risk factor for type 2 diabetes in predisposed
patients (frequency between 1/10,000 and 1/1000). In general, these events are exaggerated
physiologic effects of rhGH (i.e. sodium and water retention, growth rate acceleration) or are
due to underlying conditions in treated patients. Management of these side effects may include
either a transient reduction of dosage or temporary discontinuation of GH therapy.
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In conclusion, the side effects of GH treatment are uncommon in children and the treatment
can be considered safe. Only in children with Prader-Willi syndrome treated with GH, have
some cases of sudden death been reported due to obstructive sleep apnoea. In any case, these
patients deserve particular attention and polysomnography monitoring and otorhinolaryng-
oiatric video endoscopy should be performed before and after beginning GH therapy [90].

The development of growth-inhibiting GH antibodies is extremely rare and limited to the
IGHD IA form, although anti-GH antibodies without blocking activity have recently also been
detected in a girl with idiopathic GHD [91]. Finally, there is no evidence that thGH replacement
needs to be discontinued during inter-current illness.

Considering the potential for side effects in the use of a growth promoting agent as GH, the
community of physicians and pharmaceutical manufacturers have developed systematic
methods to survey for short- and long-term effects. Recently, the Safety and Appropriateness
of Growth Hormone treatments in Europe (SAGhE) study assembled the largest cohort of GH-
treated patients with the longest follow-up for investigating cancer and mortality risks.
Interestingly, the analysis was independent of industry. The preliminary results are, however,
contrasting [92]. In fact, the French SAGhE has raised concerns of increased mortality risk due
to bone tumours or cerebral haemorrhage during follow-up into adulthood, especially in
patients who had received high GH doses during childhood [93]. On the contrary, a study on
the cohorts from Sweden, Belgium and The Netherlands of the SAGhE reported no increased
mortality. The authors showed that the majority of deaths (76%) were caused by accidents or
suicides and, more importantly, none of the patients died from cancer or from a cardiovascular
disease [94]. More recently, a sponsored observational study (The Hypopituitary Control and
Complications Study, HypoCCS) confirmed no increased risk of mortality or incidence of
cancer, stroke or myocardial infarction in adult GH-deficient patients who had previously
received paediatric GH treatment [95]. These results stress the importance of studies of long-
term outcomes after childhood treatments and highlight the need for similar studies to be
performed elsewhere.

5. GH therapy in transition age

Growth hormone deficiency may or may not persist into adult life. Patients with childhood
onset GHD are usually retested in late adolescence or young adulthood in order to confirm
the GHD diagnosis. The 2007 Consensus guidelines for the diagnosis and treatment of GHD
adults and its update in 2011 stated that in idiopathic GHD children a re-evaluation by GH
stimulation tests is required, unless there is a proven genetic/structural lesion persistent from
childhood [96, 97]. At this time, it is important to measure also IGF-I levels and secretion of
other pituitary hormones. Re-evaluation of the GH status has shown that GHD is permanent
in patients with CPHD, acquired hypothalamic-pituitary lesions, pituitary hypoplasia,
pituitary stalk agenesis and posterior pituitary ectopia. On the contrary, a high proportion of
children with isolated GHD and no pituitary abnormalities show a different percentage of
normalization of GH secretion, ranging from 12.5% to 95% [98-101]. Our recently unpublished
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results showed that, at the time of re-testing, 82.1% of severe GHD and 82.4% of partial GHD
patients showed transient GHD. This may be due to low reproducibility and high intra-
individual variability of the stimulation tests used at the time of diagnosis. Furthermore, there
are no clear data on normal GH values after GH stimulation and standardized cut-off levels
available in adolescents and young adults. The Consensus guidelines recommended the use
of the insulin tolerance test or GHRH+arginine test as provocative tests [97] for re-testing.
However, these recommendations are based on limited existing evidence [102, 103] and should
be further validated. Growth hormone therapy should be stopped at least 1 month before
retesting, although a range of 1-3 months stop has been reported [104].

In the period from late adolescence to early adulthood, GH plays an important role in body
composition regulation, muscle mass maturation, full skeletal mineralization and reproductive
maturation, as well as in the prevention of metabolic and cardiovascular risk. Therefore, GH
replacement should be restarted if a blunted GH secretion is still present [105]. The transition
to adult rhGH replacement therapy should be arranged as a close collaboration between the
paediatric and adult endocrinologists in order to determine the timing of the patient care
transition and to minimize the interruption of GH therapy during the transition period.

Acknowledgements

The authors are grateful to Susan West for revising the English language of the paper.

Author details

Mauro Bozzola® and Cristina Meazza
*Address all correspondence to: mauro.bozzola@unipv.it

Internal Medicine and Therapeutics Department, Pediatrics and Adolescentology Unit,
University of Pavia, Pavia, Italy

References

[1] Rogol AD, Hayden GF. Etiologies and early diagnosis of short stature and growth
failure in children and adolescents. ] Pediatr. 2014164:51-S14.e6. DOI: 10.1016/j.jpeds.
2014.02.027

[2] Allen DB, Cuttler L. Clinical practice. Short stature in childhood —challenges and
choices. N Engl ] Med. 2013;368:1220-1228. DOI: 10.1056/NEJMcp1213178

61



62

Restricted Growth - Clinical, Genetic and Molecular Aspects

(3]

(4]

[5]

[6]

[7]

8]

(%]

(10]

(11]

(12]

[13]

[14]

Murray PG, Dattani MT, Clayton PE. Controviersies in the diagnosis and management
of growth hormone deficiency in childhood and adolescence. Arch Dis Child.
2016;101:96-100. DOI: 10.1136/archdischild-2014-307228

Reiter EO, Rosenfeld RG. Normal and aberrant growth. In: Kronenberg HM, Melmed
S, Polonsky KS, Larsen PR, editors. Williams Textbook of Endocrinology (11th Edition).
Philadelphia, USA: Saunders Elsevier, 2008; p. 849-968.

Rappaport R, Bowlby DA. Clinical aspects of growth and growth disorders. In:
Pescovitz OH and Eugster EA, editors. Pediatric Endocrinology. Mechanisms, Mani-
festations, and Management. Philadelphia, USA: Lippincott Williams & Wilkins, 2004;
p- 178.

Argente ]. Challenges in the management of short stature. Horm Res Paediatr.
2016;85:2-10. DOI: 10.1159/000442350

Bozzola M, Mengarda F, Sartirana P, Tatdo L, Chaussain JL. Long-term follow-up
evaluation of magnetic resonance imaging in the prognosis of permanent GH deficien-
cy. Eur ] Endocrinol. 2000;143:493-496. DOI: 10.1530/eje.0.1430493

De Bellis A, Colao A, Tirelli G Ruocco G, Di Somma C, Battaglia M, Pane E, Bellastella
G, Dello Iacovo A, Sinisi AA, Bizzarro A, Bellastella A. Autoimmunity as a possible
cause of growth hormone deficiency. ] Endocrinol Invest. 2008;1:1132-1134.

Wit JM, Oostdijk W, Losekoot M, van Duyvenvoorde HA, Ruivenkamp
CA, Kant SG. Mechanisms in endocrinology: novel genetic causes of short
stature. Eur ] Endocrinol. 2016;174:R145-R173. DOI: 10.1530/EJE-15-0937

PetkovicV, GodiM, Pandey AV, Lochmatter D, Buchanan CR, Dattani MT, Eble A, Fluck
CE, Mullis PE. Growth hormone (GH) deficiency type II: a novel GH-1 gene mutation
(GH-R178H) affecting secretion and action. ] Clin Endocrinol Metab. 2010;95:731-739.
DOI: 10.1210/jc.2009-1247

Duriez B, Duquesnoy P, Dastot F, Bougneres P, Amselem S, Goossens M.
An exon-skipping mutation in the btk gene of a patient with X-linked
agammaglobulinemia and isolated growth hormone deficiency. FEBS Lett.
1994;346:165-170. DOL:  10.1016/0014-5793(94)00457-9

Burkitt WEM, Perveen R, Clayton PE, Hall CM, Costa T, Procter AM,
Giblin CA, Donnai D, Black GC. X-linked isolated growth hormone
deficiency: expanding the phenotypic spectrum of SOX3 polyalanine tract
expansions. Clin Dysmorphol. 2009;720:218-221. DOI: 10.1097/MCD.
0b013e32832d06f0

Wit JM, Oostdijk W, Losekoot M. Spectrum of insulin-like growth factor deficiency.
Endocr Dev. 2012;23:30-41. DOI: 10.1159/000341739

Argente ], Flores R, Gutierrez-Arumi A, Verma B, Martos-Moreno GA,
Cusco I, Oghabian A, Chowen JA, Frilander M], Perez-Jurado LA. Defective



[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

Growth Hormone Deficiency: Diagnosis and Therapy in Children
http://dx.doi.org/10.5772/64803

minor spliccosome mRNA processing results in isolated familial growth
hormone deficiency. EMBO Mol Med. 2014;6:299-306. DOI: 10.1002/emmm.
201303573

Lucas-Herald AK, Kinning E, lida A, Wang Z, Miyake N, Ikegawa S, McNeilly ], Ahmed
SE. A case of functional growth hormone deficiency and early growth retardation in a
child with IFT172 mutations. J Clin Endocrinol Metab. 2015;100:1221-1224. DOI:
10.1210/jc.2014-3852

Romano S, Maffei P, Bettini V, Milan G, Favaretto F, Gardiman M, Marshall JD, Greggio
NA, Pozzan GB, Collin GB, Naggert JK, Bronson R, Vettor R. Alstrom syndrome is
associated with short stature and reduced GH reserve. Clin Endocrinol (Oxf).
2013;79:529-536. DOI: 10.1111/cen.12180

Castinetti F, Reynaud R, Quentien MH, Jullien N, Marquant E, Rochette C, Herman JP,
Saveanu A, Barlier A, Enjalbert A, Brue T. Combined pituitary hormone deficiency:
current and future status. ] Endocrinol Invest. 2015;38:1-12. DOI: 10.1007/s40618-014-
0141-2

Dauber A, Rosenfeld RG, Hirschhorn JN. Genetic evaluation of short stature.
J Clin Endocrinol Metab. 2014;99:3080-3092. DOI: 10.1210/jc.2014-1506

Pféffle RW, Parks JS, Brown MR, Heimann G. Pit-1 and pituitary function. ] Pediatr
Endocrinol. 1993;6:229-233.

Giordano M, Gertosio C, Pagani S, Meazza C, Fusco I, Bozzola E, Bozzola
M. A 58 Mb interstitial deletion on chromosome Xq21.1 in a boy with
intellectual disability, cleft palate, hearing impairment and combined growth
hormone deficiency. BMC Med Genet. 2015;16:74. DOIL: 10.1186/5s12881-015-
0220-z

GH Research Society. Consensus guidelines for the diagnosis and treatment
of growth hormone (GH) deficiency in childhood and adolescence: summary
statement of the GH Research Society. ] Clin Endocrinol Metab. 2000;85:3990-
3993. DOL: http://dx.doi.org/10.1210/jcem.85.11.6984

Meazza C, Elsedfy HH, Pagani S, Bozzola E, El Kholy M, Bozzola M. Metabolic
parameters and adipokine profile in growth hormone deficient (GHD) children before
and after 12-month GH treatment. Horm Metab Res. 2014;46:219-223. DOI: 10.1055/s-
0033-1358730

Hogler W, Shaw N. Childhood growth hormone deficiency, bone density, structures
and fractures: scrutinizing the evidence. Clin Endocrinol (Oxf). 2010;72:281-289. DOI:
10.1111/j.1365-2265.2009.03686.x

Pagani S, Meazza C, Travaglino P, Moretta A, Bozzola M. Effect of growth hormone
therapy on the proinflammatory cytokine profile in growth hormone-deficient chil-
dren. Eur Cytokine Netw. 2005;16:65-69.

63



64  Restricted Growth - Clinical, Genetic and Molecular Aspects

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

[35]

[36]

Pagani S, Meazza C, Travaglino P, De Benedetti F, Tinelli C, Bozzola M. Serum cytokine
levels in GH-deficient children during substitutive GH therapy. Eur ] Endocrinol.
2005;152:207-210. DOL: 10.1530/eje.1.01827

Greulich WW, Pyle SI. Radiographic Atlas of Skeletal Development of the Hand and
Wrist (2nd Edition). Stanford, USA: Stanford University Press, 1959.

Tanner JM, Whitehouse RH, Cameron N, Marshall WA, Healy MJR, Godstein H.
Assessment of Skeletal Maturation and Prediction of Adult Height (TW2 Method). New
York, USA: New York Academic Press, 1983.

Coutant R, Rouleau S, Despert F, Magontier N, Loisel D, Limal JM. Growth and adult
height in GH-treated children with nonacquired GH deficiency and idiopathic short
stature: the influence of pituitary magnetic resonance imaging findings. ] Clin Endo-
crinol Metab. 2001;86:4649-4654.

Richmond EJ, Rogol AD. Growth hormone deficiency in children. Pituitary.
2008;11:115-120. DOI: 10.1007/s11102-008-0105-7

Chaler EA, Rivarola MA, Guerci B Ciaccio M, Costanzo M, Travaglino P, Maceiras M,
Pagani S, Meazza C, Bozzola E, Barberi S, Bozzola M, Belgorosky A. Differences in
serum GH cut-off values for pharmacological tests of GH secretion depend on the
serum GH method. Clinical validation from the growth velocity score during the first
year of treatment. Horm Res. 2006;66:231-235. DOI: 10.1159/000095005

Corneli G, Di Somma C, Baldelli R, Rovere S, Gasco V, Croce CG, Grottoli S, Maccario
M, Colao A, Lombardi G, Ghigo E, Camanni F, Aimaretti G. The cut-off limits of the
GH response to GH-releasing hormone-arginine test related to body mass index. Eur ]
Endocrinol. 2005;153:257-264. DOI: 10.1530/eje.1.01967

Clemmons DR. Consensus statement on the standardization and evaluation of growth
hormone and insulin-like growth factor assays. Clin Chem 2011;57:555-559. DOI:
10.1373/clinchem.2010

Baumann G. Growth hormone heterogeneity: genes, isohormones, variants and
binding proteins. Endocr Rev. 1991;12:424-429. DOI: http://dx.doi.org/10.1210/edrv-12-
4-424#sthash.GGOTtloU.dpuf

Meazza C, Albertini R, Pagani S, Sessa N, Laarej K, Falcone R, Bozzola E, Calcaterra V,
Bozzola M. Diagnosis of growth hormone deficiency is affected by calibrators used in
GH immunoassays. Horm Metab Res. 2012;44:900-903. DOI: 10.1055/s-0032-1314855

Ebdrup L, Fisker S, Serensen HH, Ranke MB, Orskov H. Variety in growth hormone
determinations due to use of different immunoassays and to the interference of growth
hormone-binding protein. Horm Res. 1999;51:20-26. DOI:10.1159/000053131

Trainer PJ, Barth J, Sturgeon C, Wieringaon G. Consensus statement on the standardi-
sation of GH assays. Eur ] Endocrinol. 2006;155:1-2. DOI: 10.1530/eje.1.02186



[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Growth Hormone Deficiency: Diagnosis and Therapy in Children
http://dx.doi.org/10.5772/64803

Sheppard MC. Growth hormone assay standardization: an important clinical advance.
Clin Endocrinol (Oxf). 2007;66:157-161. DOI: 10.1111/j.1365-2265.2007.02703.x

Popii V, Baumann G. Laboratory measurement of growth hormone. Clin Chim Acta.
2004;350:1-16. DOI: 10.1016/j.cccn.2004.06.007

Wagner IV, Paetzold C, Gausche R, Vogel M, Koerner A, Thiery ], Arsene CG, Henrion
A, Guettler B, Keller E, Kiess W, Pfaeffle R, Kratzsch J. Clinical evidence-based cutoff
limits for GH stimulation tests in children with a backup of results with reference to
mass spectrometry. Eur ] Endocrinol. 2014;171:389-397. DOI: 10.1530/EJE-14-0165

Hilczer M, Smyczynska ], Stawerska R, Lewinski A. Stability of IGF-I concentration
despite divergent results of repeated GH stimulating tests indicates poor reproduci-
bility of test results. Endocr Regul. 2006;40:37-45.

Bozzola M, Meazza C. Growth hormone deficiency: diagnosis and therapy in children.
Expert Rev Endocrinol Metab. 2010;2:273-284. DOI: 10.1586/eem.09.69

Gil-Ad I, Topper E, Laron Z. Oral clonidine as a growth hormone stimulation test.
Lancet. 1979;2:278-279. DOI: 10.1016/50140-6736(79)90293-9

Gasco V, Corneli G, Beccuti G, Prodam F, Rovere S, Bellone ], Grottoli S, Aimaretti G,
Ghigo E. Retesting the childhood-onset GH-deficient patient. Eur J Endocrinol.
2008;159:545-552. DOI: 10.1530/EJE-08-0293

Mazzola A, Meazza C, Travaglino P, Pagani S, Frattini D, Bozzola E, Corneli G, Aimaretti
G, Bozzola M. Unreliability of classic provocative tests for the diagnosis of growth
hormone deficiency. ] Endocrinol Invest. 2008;31:159-162. DOI: 10.1007/BF03345583

Molina S, Paoli M, Camacho N, Arata-Bellabarba G, Lanes R. Is testosterone and
estrogen priming prior to clonidine useful in the evaluation of the growth hormone
status of short peripubertal children? ] Pediatr Endocrinol Metab. 2008;21:257-266. DOL:
10.1515/JPEM.2008.21.3.257

Lazar L, Phillip M. Is sex hormone priming in peripubertal children prior to growth
hormone stimulation tests still appropriate? Horm Res Paediatr. 2010,73:299-302. DOI:
10.1159/000284396

Badaru A, Wilson DM. Alternatives to growth hormone stimulation testing in children.
Trends Endocrinol Metab. 2004;15:252-258. DOI: 10.1016/j.tem.2004.06.004

Obara-Moszynska M, Kedzia A, Korman E, Niedziela M. Usefulness of growth
hormone (GH) stimulation tests and IGF-I concentration measurement in GH deficien-
cy diagnosis. ] Pediatr Endocrinol Metab. 2008;21:569-579.

Phillip M, Chalew SA, Kowarski AA, Stene MA. Plasma IGFBP-3 and its relationship
with quantitative growth hormone secretion in short children. Clin Endocrinol (Oxf).
1993,39:427-432. DOI: 10.1111/j.1365-2265.1993.tb02389.x

65



66 Restricted Growth - Clinical, Genetic and Molecular Aspects

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Blethen SL, Baptista J, Kuntze ], Foley T, LaFranchi S, Johanson A. Adult height in
growth hormone (GH)-deficient children treated with biosynthetic GH. The Genentech
Growth Study Group. ] Clin Endocrinol Metab. 1997;82:418-420.

Rappaport R, Mugnier E, Limoni C, Crosnier H, Czernichow P, Leger ], Limal JM,
Rochiccioli P, Soskin S. A 5-year prospective study of growth hormone (GH)-deficient
children treated with GH before the age of 3 years. ] Clin Endocrinol Metab.
1997;82:452-456. DOI: http://dx.doi.org/10.1210/jcem.82.2.3756

Frasier SD. Human pituitary growth hormone (hGH) therapy in growth hormone
deficiency. Endocr Rev. 1983;4:155-170. DOI: http://dx.doi.org/10.1210/edrv-4-2-155

Cutfield WS, Lundgren F. Insulin-like growth factor I and growth responses during the
first year of growth hormone treatment in KIGS patients with idiopathic growth
hormone deficiency, acquired growth hormone deficiency, turner syndrome and born
small for gestational age. Horm Res. 2009;71:39-45. DOI: 10.1159/000178036

Cohen P, Germak ], Rogol AD, Weng W, Kappelgaard AM, Rosenfeld RG; American
Norditropin Study Group. Variable degree of growth hormone (GH) and insulin-like
growth factor (IGF) sensitivity in children with idiopathic short stature compared with
GH-deficient patients: evidence from an IGF-based dosing study of short children. ]
Clin Endocrinol Metab. 2010;95:2089-2098. DOI: 10.1210/jc.2009-2139

Wit JM, Ranke MB, Albertsson-Wikland K, Carrascosa A, Rosenfeld RG, Van Buuren
S, Kristrom B, Schoenau E, Audi L, Hokken-Koelega AC, Bang P, Jung H, Blum WF,
Silverman LA, Cohen P, Cianfarani S, Deal C, Clayton PE, de Graaff L, Dahlgren ],
Kleintjens J, Roelants M. Personalized approach to growth hormone treatment: clinical
use of growth prediction models. Horm Res Paediatr. 2013;79:257-270. DOI:
10.1159/000351025

Walvoord EC, de la Pefia A, Park S, Silverman B, Cuttler L, Rose SR, Cutler G, Drop S,
Chipman ]J. Inhaled growth hormone (GH) compared with subcutaneous GH in

children with GH deficiency: pharmacokinetics, pharmacodynamics, and safety. ] Clin
Endocrinol Metab. 2009;94:2052-2059. DOI: 10.1210/jc.2008-1897

Hoybye C, Cohen P, Hoffman AR, Ross R, Biller BM, Christiansen JS; Growth Hormone
Research Society. Status of long-acting-growth hormone preparations--2015. Growth
Horm IGF Res. 2015;25:201-206. DOI: 10.1016/j.ghir.2015.07.004

Doknic M, Stojanovic M, Popovic V. Novel long-acting GH preparations. Pediatr
Endocrinol Rev. 2014;12:206-212.

Park P, Cohen P. The role of insulin-like growth factor I monitoring in growth hormone-
treated children. Horm Res. 2004;62:59-65. DOI: 10.1159/000080760

Hoybye C, Christiansen JS. Growth hormone replacement in adults —current standards
and new perspectives. Best Pract Res Clin Endocrinol Metab. 2015;29:115-123. DOI:
10.1016/j.beem.2014.09.006



Growth Hormone Deficiency: Diagnosis and Therapy in Children 67
http://dx.doi.org/10.5772/64803

[61] Styne DM, Grumbach M. Puberty: ontogeny, neuroendocrinology, and disorders. In:
Kronenberg HM, Melmed S, Polonsky KS and Larsen PR, editors. Williams Textbook
of Endocrinology (11th Edition). Philadelphia, USA: Saunders Elsevier, 2008; p. 1066.

[62] Sanders JE. Growth and development after hematopoietic cell transplant in children.
Bone Marrow Transplant. 2008;41:223-227. DOI: 10.1038/sj.bmt.1705875

[63] Giorgiani G, Bozzola M, Locatelli F, Picco P, Zecca M, Cisternino M, Dallorso S, Bonetti
F, Dini G, Borrone C, Regazzi MB, De Stefano P, Severi F. Role of busulfan and total
body irradiation on growth of prepubertal children receiving bone marrow transplan-
tation and results of treatment with recombinant human growth hormone. Blood.
1995;86:825-831.

[64] Isfan F, Kanold J, Merlin E, Contet A, Sirvent N, Rochette E, Poiree M, Terral D, Carla-
Malpuech H, Reynaud R, Pereira B, Chastagner P, Simeoni MC, Auquier P, Michel G,
Deméocq F. Growth hormone treatment impact on growth rate and final height of
patients who received HSCT with TBI or/and cranial irradiation in childhood: a report
from the French Leukaemia Long-Term Follow-Up Study (LEA). Bone Marrow
Transplant. 2012;47:684-693. DOI: 10.1038/bmt.2011.139

[65] Bell], Parker KL, Swinford RD, Hoffman AR, Maneatis T, Lippe B. Long-term safety of
recombinant human growth hormone in children. J Clin Endocrinol Metab.
2010;95:167-177. DOI: 10.1210/jc.2009-0178

[66] Meazza C, Pagani S, Pietra B, Tinelli C, Calcaterra V, Bozzola E, Bozzola M. Different
long-term response to growth hormone therapy in small- versus appropriate-for-
gestational-age children with growth hormone deficiency. Horm Res Paediatr.
2013;79:214-219. DOI: 10.1159/000350239

[67] Kristrom B, Dahlgren J, Niklasson A, Nierop AF, Albertsson-Wikland K. The first-year
& P Y/
growth response to growth hormone treatment predicts the long-term prepubertal
growth response in children. BMC Med Inform Decis Mak. 2009;9:1. DOI: 10.1186/1472-
6947-9-1

[68] Ranke MB, Lindberg A, Chatelain P, Wilton P, Cutfield W, Albertsson-Wikland K, Price
DA. Derivation and validation of a mathematical model for predicting the response to
exogenous recombinant human growth hormone (GH) in prepubertal children with
idiopathic GH deficiency. KIGS International Board. Kabi Pharmacia International
Growth Study. ] Clin Endocrinol Metab. 1999;84:1174-1183.

[69] Cuttler L, Silvers JB, Singh ], Tsai AC, Radcliffe D. Physician decisions to discontinue
long-term medications using a two-stage framework: the case of growth hormone
therapy. Med Care. 2005;43:1185-1193.

[70] Hardin DS, Kemp SF, Allen DB. Twenty years of recombinant human growth hormone
in children: relevance to pediatric care providers. Clin Pediatr (Phila). 2007;46:279-286.
DOI: 10.1177/0009922806293924



68 Restricted Growth - Clinical, Genetic and Molecular Aspects

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

Jorge AA, Marchisotti FG, Montenegro LR, Carvalho LR, Mendonca BB, Arnhold IJ.
Growth hormone (GH) pharmacogenetics: influence of GH receptor exon 3 retention
or deletion on first-year growth response and final height in patients with severe GH
deficiency. ] Clin Endocrinol Metab. 2006;91:1076-1080. DOI: http://dx.doi.org/10.1210/
jc.2005-2005

Dos Santos C, Essioux L, Teinturier C, Tauber M, Goffin V, Bougnéres P. A common
polymorphism of the growth hormone receptor is associated with increased respon-
siveness to growth hormone. Nat Genet. 2004;36:720-724. DOI: 10.1038/ng1379

Raz B, Janner M, Petkovic V, Lochmatter D, Eblé A, Dattani MT, Hindmarsh PC, Fliick
CE, Mullis PE. Influence of growth hormone (GH) receptor deletion of exon 3 and full-
length isoforms on GH response and final height in patients with severe GH deficiency.
J Clin Endocrinol Metab. 2008;93:974-980. DOI: http://dx.doi.org/10.1210/jc.2007-
1382#sthash.t73ih4HP.dpuf

Pilotta A, Mella P, Filisetti M, Felappi B, Prandi E, Parrinello G, Notarangelo
LD, Buzi F. Common polymorphisms of the growth hormone (GH) receptor
do not correlate with the growth response to exogenous recombinant human
GH in GH-deficient children. J Clin Endocrinol Metab. 2006;91:1178-1180.
DOLI:  http://dx.doi.org/10.1210/jc.2005-1308#sthash.roEyDGce.dpuf

Blum WF, Machinis K, Shavrikova EP, Keller A, Stobbe H, Pfaeffle RW, Amselem S. The
growth response to growth hormone (GH) treatment in children with isolated GH
deficiency is independent of the presence of the exon 3-minus isoform of the GH
receptor. ] Clin Endocrinol Metab. 2006;91:4171-4174. DOI: http://dx.doi.org/
10.1210/jc.2006-0063

de Graaff LC, Meyer S, Els C, Hokken-Koelega AC. GH receptor d3 polymorphism in
Dutch patients with MPHD and IGHD born small or appropriate for gestational age.
Clin Endocrinol (Oxf). 2008;68:930-934. DOI:10.1111/j.1365-2265.2007.03140.x

Marchisotti FG, Jorge AA, Montenegro LR, Berger K, de Carvalho LR,
Mendonca BB, Arnhold IJ. Comparison between weight-based and IGF1-
based growth hormone (GH) dosing in the treatment of children with
GH deficiency and influence of exon 3 deleted GH receptor variant. Growth
Horm IGF Res. 2009;19:179-186. DOI:10.1016/j.ghir.2008.10.001

Moyes V], Walker DM, Owusu-Antwi S, Maher KT, Metherell L, Akker SA, Monson JP,
Clark AJ, Drake WM. d3-GHR genotype does not explain heterogeneity in GH
responsiveness in hypopituitary adults. Clin Endocrinol (Oxf). 2010;72:807-813. DOI:
10.1111/j.1365-2265.2009.03768.x

Valsesia A, Chatelain P, Stevens A, Peterkova VA, Belgorosky A, Maghnie M, Antoniazzi
F KoledovaE, Wojcik ], Farmer P, Destenaves B, Clayton P; PREDICT Investigator group.
GH deficiency status combined with GH receptor polymorphism affects response to GH
in children. EurJ Endocrinol. 2015;173:777-789. DOI: 10.1530/EJE-15-0474



(80]

(81]

(82]

[83]

[84]

[85]

(86]

(87]

(88]

(89]

[90]

[91]

Growth Hormone Deficiency: Diagnosis and Therapy in Children
http://dx.doi.org/10.5772/64803

Wan L, Chen WC, Tsai Y, Kao YT, Hsieh YY, Lee CC, Tsai CH, Chen CP, Tsai FJ. Growth
hormone (GH) receptor C.1319 G>T polymorphism, but not exon 3 retention or deletion
is associated with better first-year growth response to GH therapy in patients with GH
deficiency. Pediatr Res. 2007;62:735-740. DOI: 10.1203/01.pdr.0000290803.86985.61

BuziF, Mella P, Pilotta A, Prandi E, Lanfranchi F, Carapella T. Growth hormone receptor
polymorphisms. In: Lorini R, Maghnie M, D'Annunzio G, Loche S and Savage MO,
editors. Congenital Endocrinopathies. New Insights into Endocrine Diseases and
Diabetes. Endocrine Development. Basel, Switzerland: Karger, 2007; 11: p. 28-35. DOI:
10.1159/000111055

Braz AF, Costalonga EF, Trarbach EB, Scalco RC, Malaquias AC, Guerra-Junior G,
Antonini SR, Mendonca BB, Arnhold IJ, Jorge AA. Genetic predictors of long-term
response to growth hormone (GH) therapy in children with GH deficiency and Turner
syndrome: the influence of a SOCS2 polymorphism. J Clin Endocrinol Metab.
2014;99:E1808-E1813. DOI: 10.1210/jc.2014-1744

Haverkamp F, Johansson L, Dumas H, Langham S, Tauber M, Veimo D, Chiarelli F.
Observations of nonadherence to recombinant human growth hormone therapy in
clinical practice. Clin Ther. 2008;30:307-316. DOI: 10.1016/j.clinthera.2008.02.017

Fisher BG, Acerini CL. Understanding the growth hormone therapy adherence
paradigm: a systematic review. Horm Res Paediatr. 2013;79:189-196. DOIL
10.1159/000350251

Hindmarsh PC, Brook CG. Compliance with growth hormone treatment-is it a
problem? Horm Res. 1999;51:104-108. DOI: 10.1159/000053170

Stephenson BJ, Rowe BH, Haynes RB, Macharia WM, Leon G. The rational clinical
examination. Is this patient taking the treatment as prescribed? JAMA. 1993;269:2779—
2781. DOI: 10.1001/jama.1993.03500210079036

Ingersoll KS, Cohen J. The impact of medication regimen factors on adherence to
chronic treatment: a review of literature. ] Behav Med. 2008;31:213-224. DOI: 10.1007/
s10865-007-9147-y

Cromer BA, Tarnowski KJ. Noncompliance in adolescents: a review. ] Dev Behav
Pediatr. 1989;10:207-215.

Bozzola M, Pagani S, Iughetti L, Maffeis C, Bozzola E, Meazza C. Adherence to growth
hormone therapy: a practical approach. Horm Res Paediatr. 2014;81:331-335. DOI:
10.1159/000357975

Fillion M, Deal C, Van Vliet G. Retrospective study of the potential benefits and adverse
events during growth hormone treatment in children with Prader-Willi syndrome. ]
Pediatr. 2009;154:230-233. DOI: 10.1016/j.jpeds.2008.07.058

Meazza C, Schaab M, Pagani S, Calcaterra V, Bozzola E, Kratzsch ], Bozzola M. Devel-
opment of antibodies against growth hormone (GH) during rhGH therapy in a girl with

69



70 Restricted Growth - Clinical, Genetic and Molecular Aspects

[92]

(93]

[94]

[95]

[96]

[97]

[98]

idiopathic GH deficiency: a case report. ] Pediatr Endocrinol Metab. 2013;26:785-788.
DOI: 10.1515/jpem-2013-0064

Swerdlow A], Cooke R, Albertsson-Wikland K, Borgstrom B, Butler G, Cianfarani S,
Clayton P, Coste ], Deodati A, Ecosse E, Gausche R, Giacomozzi C, Kiess W, Hokken-
Koelega AC, Kuehni CE, Landier F, Maes M, Mullis PE, Pfaffle R, Savendahl L, Sommer
G, Thomas M, Tollerfield S, Zandwijken GR, Carel JC. Description of the SAGhE Cohort:
a large European study of mortality and cancer incidence risks after childhood

treatment with recombinant growth hormone. Horm Res Paediatr. 2015;84:172-183.
DOI: 10.1159/000435856

Carel JC, Ecosse E, Landier F, Meguellati-Hakkas D, Kaguelidou F, Rey G, Coste
J. Long-term mortality after recombinant growth hormone treatment for isolated
growth hormone deficiency or childhood short stature: preliminary report of the
French SAGhE study. ] Clin Endocrinol Metab. 2012;97:416-425. DOI: 10.1210/jc.
2011-1995

Savendahl L, Maes M, Albertsson-Wikland K, Borgstrém B, Carel JC, Henrard
S, Speybroeck N, Thomas M, Zandwijken G, Hokken-Koelega A. Long-term
mortality and causes of death in isolated GHD, ISS, and SGA patients treated
with recombinant growth hormone during childhood in Belgium, The
Netherlands, and Sweden: preliminary report of 3 countries participating in
the EU SAGhE study. J Clin Endocrinol Metab. 2012;97:E213-E217. DOI:
10.1210/jc.2011-2882

Mo D, Hardin DS, Erfurth EM, Melmed S. Adult mortality or morbidity is
not increased in childhood-onset growth hormone deficient patients who
received pediatric GH treatment: an analysis of the Hypopituitary Control
and Complications Study (HypoCCS). Pituitary. 2014;17:477-485. DOI: 10.1007/
s11102-013-0529-6

Ho KK, 2007 GH Deficiency Consensus Workshop Participants. Consensus guidelines
for the diagnosis and treatment of adults with GH deficiency II: a statement of the GH
Research Society in association with the European Society for Paediatric Endocrinology,
Lawson Wilkins Society, European Society of Endocrinology, Japan Endocrine Society,
and Endocrine Society of Australia. Eur ] Endocrinol. 2007;157:695-700. DOI: 10.1530/
EJE-07-0631

Molitch ME, Clemmons DR, Malozowski S, Merriam GR, Vance ML, Endocrine Society.
Evaluation and treatment of adult growth hormone deficiency: an Endocrine Society
clinical practice guideline. ] Clin Endocrinol Metab. 2011;96:1587-1609. DOI
10.1210/jc.2011-0179

Attanasio AF, Howell S, Bates PC, Blum WEF, Frewer P, Quigley C, Shalet SM. Confir-
mation of severe GH deficiency after final height in patients diagnosed as GH deficient
during childhood. Clin Endocrinol. 2002;56:503-507. DOI: 10.1046/j.1365-
2265.2002.01515.x



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Growth Hormone Deficiency: Diagnosis and Therapy in Children
http://dx.doi.org/10.5772/64803

Smyczynska ], Stawerska R, Lewinski A, Hilczer M. Incidence and predictors of
persistent growth hormone deficiency (GHD) in patients with isolated, childhood-
onset GHD. Endokrynol Pol. 2014;65:334-341. DOI: 10.5603/EP.2014.0046

Deillon E, Hauschild M, Faouzi M, Stoppa-Vaucher S, Elowe-Gruau E, Dwyer A,
Theintz GE, Dubuis JM, Mullis PE, Pitteloud N, Phan-Hug F. Natural history of growth
hormone deficiency in a pediatric cohort. Horm Res Paediatr. 2015;83:252-261. DOI:
10.1159/000369392

Bizzarri C, Pedicelli S, Boscherini B, Bedogni G, Cappa M, Cianfarani S. Early retesting
by GHRH+arginine test shows normal GH response in most children with idiopathic
GH deficiency. ] Endocrinol Invest. 2015;38:429-436. DOI: 10.1007/s40618-014-0205-3

Maghnie M, Aimaretti G, Bellone S, Bona G, Bellone ], Baldelli R, de Sanctis C, Gar-
gantini L, Gastaldi R, Ghizzoni L, Secco A, Tinelli C, Ghigo E. Diagnosis of GH
deficiency in the transition period: accuracy of insulin tolerance test and insulin-like
growth factor-I measurement. Eur ] Endocrinol. 2005;152:589-196. DOI: 10.1530/eje.
1.01873

Secco A, di lorgi N, Napoli F, Calandra E, Calcagno A, Ghezzi M, Frassinetti C,
Fratangeli N, Parodi S, Benassai M, Leitner Y, Gastaldi R, Lorini R, Maghnie M, Radetti
G. Reassessment of the growth hormone status in young adults with childhood-onset
growth hormone deficiency: reappraisal of insulin tolerance testing. ] Clin Endocrinol
Metab. 2009;94:4195-4204. DOI: 10.1210/jc.2009-0602

Chesover AD, Dattani MT. Evaluation of Growth Hormone Stimulation Testing in
Children. Clin Endocrinol (Oxf). 2016;84:708-714. DOI: 10.1111/cen.13035.

Cappa M, Caruso M, Saggese G, Salerno MC, Tonini G. GH therapy in transition age:
state of the art and future perspectives. Minerva Endocrinol. 2015;40:23-35.

Mullis PE. Genetics of GHRH, GHRH-receptor, GH and GH-receptor: its impact on
pharmacogenetics. Best Pract Res Clin Endocrinol Metab. 2011;25:25-41. DOI: 10.1016/
j-beem.2010.06.006

Alatzoglou KS, Webb EA, Le Tissier P, Dattani MT. Isolated growth hormone deficiency
(GHD) in childhood and adolescence: recent advances. Endocr Rev. 2014;35:376-432.
DOI: 10.1210/er.2013-1067

Inoue H, Kangawa N, Kinouchi A, Sakamoto Y, Kimura C, Horikawa R, Shigematsu Y,
Itakura M, Ogata T, Fujieda K; Japan Growth Genome Consortium. Identification and
functional analysis of novel human growth hormone secretagogue receptor (GHSR)
gene mutations in Japanese subjects with short stature. ] Clin Endocrinol Metab.
2011;96:E373-E378. DOI: 10.1210/jc.2010-1570

Alatzoglou KS, Dattani MT. Genetic forms of hypopituitarism and their manifestation
in the neonatal period. Early Hum Dev. 2009;85:705-712. DOI: 10.1016/j.earlhumdev.
2009.08.057

71



72

Restricted Growth - Clinical, Genetic and Molecular Aspects

[110]

[111]

Pfaffle R, Klammt J. Pituitary transcription factors in the aetiology of combined
pituitary hormone deficiency. Best Pract Res Clin Endocrinol Metab. 2011;25:43-60.
DOI: 10.1016/j.beem.2010.10.014

Correa FA, Trarbach EB, Tusset C, Latronico AC, Montenegro LR, Carvalho LR, Franca
MM, Otto AP, Costalonga EF, Brito VN, Abreu AP, Nishi MY, Jorge AA, Arnhold IJ,
Sidis Y, Pitteloud N, Mendonca BB. FGFR1 and PROKR2 rare variants found in patients
with combined pituitary hormone deficiencies. Endocr Connect. 2015;4:100-107. DOI:
10.1530/EC-15-0015



Chapter 3

Genetic Determinants of Short Stature

Diana Miclea

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64561

Abstract

Growth in height is a multifactorial process in which 80-90% of the contributing factors
are genetic. The genes that determine the appropriate morphology and function of the
skeletal and endocrinal system are the most being involved. Short stature is a clinical
sign noted in conditions that intrinsically affect the growth plate, such as skeletal
dysplasia, or in genetic syndromes such as Turner's, Silver-Russell, Noonan's, Cornelia
de Lange's, Rubinstein-Taybi and Prader-Willi syndrome. Also, some endocrine
diseases or chronic disorders can lead to change growth in the plate physiology, leading
to short stature; the endocrine disorders are often genetically determined. Another
category is idiopathic short stature, which is the most important in terms of frequency,
and even though in this case, the aetiology is not proven; it seems that the genetic factors
have the main role. In this chapter, the genetic syndromes with primary effect on growth
are presented and the principal aim is to highlight the main clinical signs associated
with short stature, which can lead to an easier clinical diagnosis of a genetic disease that
mainly influence growth, thus facilitating the selection of the genetic test needed for the
etiologic diagnosis in short stature.

Keywords: short stature, skeletal dysplasia, genetic syndromes, genetic testing

1. Introduction

Growth is defined as elongation and maturation of the bones and is a multifactorial process;
more than 80% of growth is contributed by coordination of genetic factors [1]. Genetic
influence is argued by the height difference observed in different ethnic populations or in
different families. An argument for the role of environmental factors is done by the secular
trend of growth observed in the last 150 years and is usually correlated with a better socio-
economic status [2].
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In order to understand the effect of genes on processes of growth, it is important to know about
‘major genes’ and ‘minor genes’ [3]. “The major genes’ have a critical role on growth, and single
mutations in them usually results in growth pathology (monogenic disorders) [3]. Mutations
of “the minor genes’ only provide a susceptibility for growth abnormalities (multifactorial
disorders) [3] whose effect being validated as a disease when multiple genetic and environ-
mental factors act together.

A mutation of a ‘“major gene’ (monogenic disease) is usually considered, when the short stature
is severe, under -3DS or when the short stature is associated with malformative syndrome or/
and dysmorphic features or/and intellectual disability or there is an evidence for skeletal
dysplasia or microcephaly or small for gestational age (SGA) without catch-up growth or
severe growth hormone (GH) deficiency or multiple pituitary hormones deficits [4]. The
mutations of ‘minor genes’ are usually conducted to a growth phenotype that is only slightly
affected (familial or constitutional short stature), this effect being multifactorial determined.

Concerning ‘the minor genes’, the genome-wide association studies (GWAS) demonstrated
that there are more than 180 genetic variants correlated with growth, on autosomes, with
independent, additional effect of 0.2-0.6 cm for every allele [5, 6]. Also, it was also observed
that there are two types of genes: ‘height genes’, having the main role in adult height, and
‘tempo genes’ , important for the starting moment of the different processes of growth [6, 7].
Genetic factors act mainly through skeletal and endocrine systems.

Short stature represents a height under -2DS for the average of general population of the same
age, sex and ethnicity. A useful classification of the aetiology in short stature divides it into
primary, secondary and idiopathic short statures.

Primary short stature includes intrinsic conditions of the growth plate (15-20% of cases) [8],
such as skeletal dysplasia, genetic syndromes (Turner, Down, DiGeorge, Silver-Russell,
Noonan, Cornelia de Lange, Rubenstein-Taybi, Prader-Willi and neurofibromatosis type I) and
SGA with failure of catch-up growth.

Secondary short stature refers to conditions that change growth plate physiology (30-35% of
cases) [8], such as endocrine disorders, chronic disorders in different organ and systems,
insufficient nutrient intake (malnutrition) and metabolic or psychosocial disorders.

Idiopathic short stature (50% of cases) [8] includes familial short stature, non-familial short
stature and constitutional growth and puberty delay.

In every category, the genetic aetiology is obvious for a great number of disorders, especially
in primary short stature and endocrine disorders. Even in idiopathic short stature, it was
observed that in more than 20% of cases, there is a subtle skeletal dysplasia that is also
genetically determined [9], 4% of them were demonstrated to have short stature homeobox
(SHOX) gene deletion [10]. Also in familial idiopathic short stature, the genetic background is
evident.

In this chapter, the disorders included in the category primary short stature, where genetic
factors have a clearer contribution and where usually one major gene is implicated in the
processes of abnormal growth, will be mainly presented. In the genetic evaluation of a child
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with short stature, ‘the major genes’ are usually searched, the others, such as ‘minor genes’,
give only a predisposition and are considered only after the exclusion of the major factors. An
adequate genetic evaluation usually facilitates decisions about therapeutic intervention and
gives clues about the prognosis.

2. Genetic disorders with primary effect on growth

2.1. Skeletal dysplasia

The specific clinical trait of the skeletal dysplasia is a disproportionate short stature, with
associated signs such as shorter and bowed long bones, shorter ribs, polydactyly, impaired
bone density and bone modelling, disorganized development of growth cartilage and
ossification defects. Growth retardation is seen in some skeletal dysplasia beginning with
intrauterine life or, for others, has a post-natal onset in the first year of life or even later in some
cases. The diagnosis is usually established by clinical and radiological signs. Molecular
analysis for confirmation is required particularly in the situation of genetic counselling in order
to evaluate a future pregnancy by pre-natal diagnosis. Otherwise, sometimes a skeletal
dysplasia can be diagnosed even for a patient with isolated short stature, apparently propor-
tionate, whom only a radiological assessment may show the signs of dysplasia [9].

Skeletal dysplasia is a group of disorders, and is very heterogeneous; clinically and molecu-
larly, more than 400 syndromes have been described, the more recent classification dividing
them into 40 principal groups [11]. Skeletal dysplasia without identified molecular bases is
also identified. In the following section, the most common and molecularly well-characterized
skeletal dysplasia are presented.

2.1.1. The FGFR3-related chondrodysplasias

The FGFR gene (4p16.3) encodes for fibroblast growth factor receptor 3 that has a main effect in
the regulation of chondrocyte proliferation, differentiation and apoptosis [12, 13]. FGFR3
regulates osteogenesis and post-natal bone mineralization by osteoblasts, the main role being
in endochondral ossification [12, 13]. It has an extracellular region with three immunoglobulin-
like domains, a transmembrane domain and an intracellular region with tyrosine kinase
domains. Mutations in FGFR3 gene lead to several syndromes with a phenotype more or less
severe according to the affected region of the receptor, such as achondroplasia, hypochondro-
plasia, SADDAN syndrome (Severe Achondroplasia with Developmental Delay and Acan-
thosis Nigricans) and thanatophoric dysplasia. The FGFR3 mutations responsible for these
syndromes are mutations with gain of function, inducing an activation of the receptor.

2.1.1.1. Achondroplasia

It is the most known form of disproportionate short stature and has a frequency of 1:25,000
births. In achondroplasia, FGFR3 gene mutations affect the transmembrane region of the
receptor [14]. Note that 98% of cases show G1138A mutation, an additional 1% of cases
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presenting the G1138C mutation [15, 16]. Achondroplasia is an autosomal dominant disorder
with complete penetrance. About 80% of cases occur as a result of de novo mutations, often
produced in paternal gametes, usually in case of an advanced paternal age at procreation [17].
These mutations are activating ones and affect mainly the endochondral ossification, with
impact on hypertrophic cellular compartment, chondrocyte proliferation in growth cartilages
and cartilage formation [12, 13].

Disproportionate short stature is a characteristic of the disease, adult height usually not
exceeding 125-130 cm. The clinical picture is represented by the specific skeletal features: short
rhizomelic limbs, relative macrocephaly, frontal bossing with mid-face hypoplasia, trident
hands and hyperlordosis. The patients had associated with hypotonia (at young age) and
obesity (often in adults).

2.1.1.2. Hypochondroplasia

Hypochondroplasia is a pathology often produced by FGFR3 mutations in the extracellular or
intracellular region in the proximal tyrosine kinase domain [16]. In 70% of cases, FGFR3
mutations are described [18]. Some authors have noticed, in some cases, the association of
hypochondroplasia with IGF1 mutations [19]. There are some cases for which genetic deter-
minant is not yet identified. Thus, unlike the achondroplasia, the hypochondroplasia is
characterised by genetic heterogeneity.

The clinical picture is that of a mild achondroplasia and is represented by disproportionate
short stature with short limbs but without an obvious rhizomelia, brachydactyly affected spine
by narrowing the interpediculate distance at the lumbar level [20]. Final height is not as
severely affected as in achondroplasia and is usually in the range 130-165 cm.

2.1.1.3. SADDAN syndrome

SADDAN syndrome is a severe form of achondroplasia associated with developmental
delay and acanthosis nigricans, the name of syndrome being an acronym of the main clinical
signs. In these disorders, a FGFR3 missense mutation Lys650Met was described, located at the
distal tyrosine kinase domain [21]. This mutation is located in the same codon as the specific
mutations that produce thanatophoric dysplasia.

Patients have bone dysplasia as described in achondroplasia, but more severe are important
short stature, micromelia, macrocephaly, frontal bossing, wide anterior fontanelle, mid-face
hypoplasia, bowed tibia and narrow thorax [22]. In addition, they also have progressive
acanthosis nigricans, CNS abnormalities, epilepsy and severe developmental delay [21].
SADDAN syndrome clinically overlaps with thanatophoric dysplasia, but survival in the first
one is beyond the neo-natal period, cases with this pathology are even reported in young
adulthood.

2.1.1.4. Thanatophoric dysplasia

It is the most common lethal skeletal dysplasia in the neo-natal period. Two subtypes have
been described: thanatophoric dysplasia type I, caused by mutations in the extracellular or



Genetic Determinants of Short Stature
http://dx.doi.org/10.5772/64561

intracellular region of FGFR3 gene, and thanatophoric dysplasia type II, which is produced by
mutations at the distal tyrosine kinase domain [23, 24]. The most common mutation in type I
is R248C, confirmed in about 50% of the patients [24]. In type II, the K650E mutation is the only
one reported, which is present in more than 99% of the patients [23, 24].

The two forms of thanatophoric dysplasia were divided according to the clinical picture. In
type L, the clinical characteristics are the short and bowed long bones with skull normal
appearance [25, 26]. In type I, the traits are represented by the cloverleaf skull with short and
straight long bones [25]. Other associated signs, common to the two types are: platyspondyly,
narrow and short thorax, ventriculomegaly and polyhydramnios [25].

2.1.2. Disorders produced by abnormalities of collagen and other extracellular structural protein

2.1.2.1. Osteogenesis imperfecta

It occurs in 95% of cases due to COL1A1 (17q21.33) and COL1A2 (7q21.3) mutations, genes
encoding al and a2 polypeptide chains of type I collagen [27]. Type I collagen is the most
abundant collagen found in extracellular matrix protein and it is mainly present in cartilage,
bone, ligaments, tegument, dentin and sclera [28, 29]. Its role is structural, which interacts with
other matrix proteins (proteoglycans or fibronectins) and with the cells by anchoring them into
the matrix. A functional role was also described in signalling receptors on surface cells to
regulate cell growth, motility and differentiation [28-30].

The mutations of the chains of type I collagen lead to quantitative or qualitative impairment
and the clinical picture will be represented by the signs of the organs more abundant in type
I collagen: bones, articulations, dentin and sclera. These signs are multiple fractures arisen
usually after minor traumatisms, bone deformities, short stature, osteoporosis, joint hyper-
laxity, dentinogenesis imperfecta, blues sclera, deafness and wormian bones. The skeletal
impairment is secondary to osseous fragility and osteopenia. Short stature is observed usually
secondary to the pathologic bone and its deformities. There are several clinical forms of
osteogenesis imperfecta, with different degree of severity. In 1979, Sillence and colleagues
described the four classical types of osteogenesis [31]. The actual classification includes fifteen
types, the first four being the known ones, produced by type I collagen mutations, the others
being the result of different gene mutations. Type I is a mild non-deforming form of osteo-
genesis imperfecta, with a blue sclera and a little or absent effect on growth. Type Il is the most
severe form, lethal in the peri-natal period. The clinical picture is represented by an important
osteopenia that leads to multiple fractures, secondary deformities and very short length from
the intrauterine period. Type III has also a severe phenotype, but less than the type II, repre-
sented by very short stature, deformities, dentinogenesis imperfecta and blue sclera. Type IV has
an intermediate severity with a mild short stature, moderate deformities after recurrent
fractures, dentinogenesis imperfecta and normal sclera. If the chains of typeI collagen are affected,
the transmission is autosomal dominant. In 5% of cases, osteogenesis imperfecta is secondary
to mutations of different genes, such as SERPINF1 (17p13.3), LEPRE1 (1p34.1), CRTAP (3p22),
PPIB (15q21-q22), SERPINH1 (11q13.5), FKBP10 (17q21.2), SP7 (12q13.13), BMP1 (8p21.3),
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TMEM38B (9q31.2) and WNT1 (12q13.12); these disorders having an autosomal recessive
transmission, usually with a severe clinical phenotype [27].

2.1.2.2. Skeletal dysplasia in type 1I collagen abnormalities

TypeIl collagen is mostly found in cartilage, intervertebral disc and eye, and various mutations
lead to a group of diseases that have in common the abnormalities of epiphysis, spine and eyes,
which can easily be recognized by the signs in these structures [32]. The disorders of this group
of pathologies are specifically produced by different mutations of the same gene COL2A1
(12q13.11) that encodes for a1 chain of type II collagen [32]. The majority of COL2A1 mutations
were observed in the triple-helical region of alpha 1 chain [33]. These disorders have an
autosomal dominant transmission. However, they are often produced by de novo mutations
and show a great variability of clinical expression.

2.1.2.2.1. Achondrogenesis

Achondrogenesis is one of the most severe skeletal dysplasia, with an important lethality, in
foetal life or in the neo-natal period. There are two forms that differ by the type of transmission
(type I, recessive, and type II, dominant) and by the length and structure of long bones. The
clinical picture is characterized by very small length, extreme micromelia, very short trunk,
vertebral, skull and pelvis ossification defects, cupping metaphysis, cystic hygroma and
polyhydramnios [34]. Type II is secondary to neo-mutations in type II collagen and is less
severe than achondrogenesis type I that is produced by TRIP11 or DTDST mutations. Achon-
drogenesis type Il is the most severe pathology of type II collagen group of disorders. Hypo-
chondrogenesis represents a mild form of achondrogenesis type II and is also produced by
mutations in type II collagen [35].

2.1.2.2.2. Spondyloepiphyseal dysplasia congenita

It is characterized by poor somatic growth since intrauterine life. An important associated sign
is vertebral dysplasia, usually seen as platyspondyly. Other abnormalities often seen in this
disorder are cleft palate, ophthalmologic abnormalities (myopia, nystagmus, cataracts and
retinal detachment) and deafness. Short stature is also an important sign in the post-natal
period, the height not exceeding 130 cm, other signs of skeletal dysplasia being deformation
of femoral head with a secondary coxa vara, scoliosis and impaired cervical spine [36]. There
is a significant clinical variability, the clinical spectrum including various forms of severity. The
responsible mutations that occur are missense mutations that substitute bulky amino acids for
glycine residues in the triple-helical region of al chain of type II collagen [33].

2.1.2.2.3. Kniest dysplasia

Kniest dysplasia is characterized by extreme short stature, prominent joints, especially in knee,
and mid-face hypoplasia. Itis also associated with myopia, deafness or cleft palate. At vertebral
region, platyspondyly can be seen with vertical clefts, kyphoscoliosis or hyperlordosis [37].
Epiphysis is generally large, especially in the knee. The femoral head is often absent due to a
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developmental defect of the femoral epiphysis and the iliac bones are characteristically
shaped [37]. In Kniest dysplasia, the a1 chain of type II collagen is modified by exon skipping
due to splice-site mutations in the region encoding the triple-helical region [33].

2.1.2.2.4. Stickler dysplasia type I

Stickler dysplasia is characterized by genetic heterogeneity, the mutations in type II collagen
or type XI collagen being responsible for this pathology. The abnormalities of type II collagen
lead to Stickler dysplasia type I. The haploinsufficiency of truncation mutations that occur in
the triple-helical region of a1 chain of type II collagen is responsible for the phenotype [33].
This syndrome also presents a clinical variability. The main clinical signs are represented by
skeletal and ophthalmologic disorders (high myopia and retinal detachment), auditory
abnormalities (deafness) and craniofacial dysmorphia (mid-face hypoplasia, micrognathia,
midline cleft of the face and Pierre Robin sequence) [38, 39]. The patients usually present a
short stature associated with a moderate spondyloepiphyseal dysplasia [39]. Radiologic signs
are often minor, such as discreet flattening and irregularities at the epiphyseal region or a
minimum platyspondyly, especially in the dorsal region. Patients associate widening joints,
especially in the knee, and osteoarthritis with early onset [39].

2.1.2.3. Skeletal dysplasia in type IX collagen, cartilage oligomeric matrix protein (COMP) and matrilin
3 (MATN3) abnormalities

Type IX collagen, cartilage oligomeric matrix protein and matrilin 3 are components of the cartilage
extracellular matrix that strongly interacts to maintain cartilage assembly and integrity [40,
41]. A mutation of one of these components modifies the secretion of the others and the
common pathology produced for each gene mutation is multiple epiphyseal dysplasia (MED)
[41]. The pathogenesis is represented by the impairment of endochondral ossification due to
cartilage abnormalities.

There are six types of MED produced by mutations of COMP (19p13.1) (MED type I), COL9A2
(1p32.2-33) (MED type II), COL9A3 (20q13.3) (MED type III), DTDST (5q32-33) (MED type
IV), MATN3 (2p23-24) (MED type V) and COL9A1 (6q13) (MED type VI) [11]. With the
exception of MED type IV, all these disorders are transmitted in autosomal dominant manner.
All these types share a common clinical picture; some particularities being observed in each
type. The most specific signs of these disorders are short stature and precocious osteoarthritis.
Characteristically, the patients present pain and precocious fatigability when a physical
activity is initiated. The phenotypic signs are observed only post-natally, after an apparently
normal initial development. Even if the skeletal impairment is generalized, the bones of inferior
limbs are more frequently involved, being often observed an angular deformation at this level,
such as coxa vara, genu varum, genu valgum and valgum deformities at the distal tibia.

The mutations of al, a2 or a3 chain of type IX collagen (COL9A1, COL9A2, COLIA3) are
associated with a preponderant impairment of the knee [42].

In COMP mutations, the impairment of proximal femur and acetabulum is particularly
observed [43].
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In MATN3 mutations, the clinical picture is similar with that observed in COMP mutations,
but less severe [44].

2.1.2.4. Skeletal dysplasia in type X collagen abnormalities

Type X collagen also has an important role in endochondral ossification, influencing the
compartmentations of different matrix components and also the regulation of the mineraliza-
tion [45].

2.1.2.4.1. Metaphyseal chondrodysplasia, Schmid type

It is produced by mutations of al chain of type X of collagen gene (COL1A10) (6q21-22.3), and
the transmission of the disorder is autosomal dominant. It is characterized by moderately short
stature with post-natal onset, the size at birth being within normal limits. Radiography showed
irregularities in the metaphysis of long bones. The consequence of COL10A1 mutations is the
bowing and the shortening of the long bones, coxa vara being usually observed. Often, the
patients may develop the spine impairment, such as mild platyspondyly or other abnormalities
of the vertebral body.

2.1.2.5. Skeletal dysplasia in type XI collagen abnormalities

Type XI collagen has an important interaction with type II collagen, helping in maintaining
the spacing and the architecture of the type II collagen. Two polypeptide chains, al and a2,
contribute to the formation of type XI collagen; the genes that encode these chains being
COL11A1 (1p21) and COL11A2 (6p21.3). The mutations in these genes lead to a clinical
phenotype of skeletal dysplasia overlapping with that produced by type II collagen abnor-
malities.

2.1.2.5.1. Stickler dysplasia type II

It is the consequence of COL11A1 mutations. These mutations lead to a clinical picture similar
to that described in Stickler syndrome type I (see Section 2.1.2.2.4), the main clinical signs being
the consequence of skeletal, ophthalmologic and auditory impairments. However, the clinical
severity is higher in terms of ophthalmologic (severe myopia, bilateral retinal detachment) and
auditory (deafness) phenotypes [46]. The craniofacial dysmorphic features that are specific for
Stickler syndrome type I or II are as follows: mid-facial hypoplasia, midline clefting and
retromicrognatia (Pierre Robin syndrome). The short stature is also seen associated with hip
abnormalities, such as slipped capital femoral epiphysis and mild thoracolumbar spinal
abnormalities that often lead to scoliosis [47, 48]. The disease has an autosomal dominant
transmission.

2.1.2.5.2. Otospondylomegaepiphyseal dysplasia (OSMED syndrome)

This dysplasia is the consequence of COL11A2 mutations and is also called non-ocular Stickler
dysplasia. The disease has an autosomal recessive transmission. Skeletal similarities with
Kniest dysplasia is noticed, but without ophthalmologic involvement. However, the hearing
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impairment is much more important. Thus, the clinical picture is represented by sensorineural
hearing loss, disproportionate short stature with micromelia, enlarged epiphyses and spine
abnormalities, and dysmorphic facial features [49].

2.1.2.6. Sulfation disorders group

In this group of disorders, the main gene mutated is DTDST (5q32-33) that encodes for sul-
phate transporter SLC26A2 that influences the sulfation of proteoglycans in cartilage matrix
[50]. The pathologies of this group are autosomal recessives, in contrast to the previously
presented anomalies that are characterized by autosomal dominant inheritance. The disor-
ders produced by DTDST mutations are diastrophic dysplasia, achondrogenesis type IB,
atelosteogenesis type II and MED type IV [11].

2.1.2.6.1. Diastrophic dysplasia

It is characterized by disproportionate growth retardation with micromelia, debuted in pre-
natal period [51]. Progressively, after birth, multiple joint contractures occur, especially in the
shoulders, elbows, hip and interphalangeal joints [52]. At birth, the congenital club foot, the
hypoplasia of the first metacarpal, thumb subluxation or cervical subluxation is also noted.
Long bones are short and large [52]. There is a progressive scoliosis. Other specific features are
the cysts observed at the ear pavilion [52]. Radiographic findings are metaphyseal widening
and epiphyseal dysplasia.

2.1.2.7. Skeletal dysplasia in perlecan disorders

The perlecan is a heparan sulphate proteoglycan that acts as a co-receptor for FGF2, thus having
a role in intercellular adhesion and in promoting cells proliferation and angiogenesis. The
mutations of gene encoding perlecan (PLC, 1q36-34) induce different skeletal disorders
transmitted by autosomal recessive mode: dyssegmental dysplasia, Silverman-Handmaker
type; dyssegmental dysplasia, Rolland-Desbuquois type; and Schwartz-Jampel syndrome [11].

2.1.2.7.1. Dyssegmental dysplasias

They are represented by two disorders, Silverman-Handmaker and Rolland-Desbuquois,
which are the forms of neo-natal short-limbed dwarfism. Both are produced by different
mutations of the same gene, PLC. The Silverman-Handmaker type is the most severe, being
lethal in peri-natal period, compared to Rolland-Desbuquois, which is less severe [53]. The
skeletal abnormalities are represented by vertebral segmentation associated with long bones
impairments that are shorter, larger and bowed [54]. The vertebral segmentation is observed
as marked differences in size and shape of vertebral bodies. A reduced joint mobility is often
associated. A cleft palate as well as the encephalocele was described.

2.1.2.7.2. Schwartz-Jampel syndrome

It is characterized by short stature, myotonic myopathy, joint contractures, pectus carinatum,
kyphosis, coxa valga, myopia and blepharophimosis [55, 56]. Radiological abnormalities
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include platyspondyly, short long bones with metaphyseal widening, wide epiphysis of the
distal femur and tibia, and fragmented capital femoral epiphysis.

2.1.2.8. Skeletal dysplasia in aggrecan disorders

The aggrecan, also known as cartilage-specific proteoglycan core protein (CSPCP), is a
chondroitin sulphate proteoglycan, the most abundant structural component in the cartilage.
It leads to a normal chondroskeletal morphogenesis and it also provides a hydrated gel
structure in articular cartilage that is important for its resistance [57]. Different mutations of
the gene that encodes for aggrecan, AGC1 (15q26), are responsible for different diseases:
spondyloepiphyseal dysplasia, Kimberley type; spondyloepimetaphyseal and metaphyseal
dysplasia, aggrecan type; and familial osteochondritis dissecans [11].

2.1.2.8.1. Spondyloepiphyseal dysplasia, Kimberley type

It leads to a proportionate short stature, osteoarthritis with early onset and sometimes to a
craniofacial dysmorphia [58]. It is also defined by platyspondyly, vertebral cleft, metaphyseal
widening, epiphyseal irregularities and flattening of femoral epiphysis. It is an autosomal
dominant pathology.

2.1.2.9. Skeletal disorders in transient receptor potential vanilloid 4 (TRPV4) abnormalities

Transient receptor potential vanilloid 4 (12q24.1) mediates calcium influx, late in osteoclast
differentiation, thus influencing bone resorption [59]. TRPV4 mutations produce not only
skeletal pathologies but also non-skeletal (such as spinal muscular atrophy, Charcot-Marie-
Tooth disease). The skeletal disorders are transmitted in autosomal dominant mode and
include metatropic dysplasia; spondyloepimetaphyseal dysplasia, Maroteaux type; spondy-
lometaphyseal dysplasia, Kozlowski type; brachyolmia; and familial digital arthropathy with
brachydactyly [11].

2.1.2.9.1. Metatropic dysplasia

Itis a severe form of skeletal dysplasia, often lethal in the neo-natal period, and is characterized
by important disproportionate short length in newborn with micromelia, wide metaphyses,
platyspondyly, severe kyphoscoliosis, iliac areas in halberd, and limitations and enlargements
of the joints [60].

2.1.3. Defects in intracellular structural proteins

2.1.3.1. Filamin group

Although these intracellular structural proteins are expressed in all cells, it has been observed
that their mutations often induce a very severe skeletal pathologic phenotype. The filamin A
and B are cytoskeleton proteins, their role being structural, in signal transduction, in transport
or in intracellular and extracellular communication. Their mutations lead to the absence of
some bones or to joint dislocations.
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2.1.3.1.1. Filamin A disorders

Mutations of filamin A gene (FLNA, Xq28) lead to dominant X-linked disorders. These are:
frontometaphyseal dysplasia, otopalatodigital syndromes type I and type I, Melnick-Needles
syndrome and terminal osseous dysplasia with pigmentary defects [11].

Frontometaphyseal dysplasia is characterized by skeletal dysplasia, urogenital abnormalities
and deafness. Otopalatodigital syndrome type I is characterized by auricular impairment, cleft
palate and mild skeletal damage. Type II shows a more pronounced skeletal clinical picture
associated with multiple internal malformations (brain, heart and digestive). The Melnick-
Needles syndrome is the most severe disorder of filamin A group, being lethal, most often for
intrauterine life.

2.1.3.1.2. Filamin B disorders

Mutations of filamin B gene (FLNB, 3p14.3) lead to different disorders transmitted in autosomal
dominant (the majority) and recessive mode (spondylo-carpal-tarsal dysplasia). These
disorders are atelosteogenesis type I, atelosteogenesis type III, Larsen syndrome and spondy-
locarpotarsal syndrome [11].

Many of these diseases are lethal in the early neo-natal period. In spondylocarpotarsal
syndrome, spine fusions were observed. The fusions also implied the carpal and tarsal bones.
On the other hand, a hyperlaxity was observed in some joints.

2.1.4. Disorders associated with SHOX gene mutations

Short stature homeobox gene belongs to the paired homeobox family and is localized in the
pseudoautosomal region 1 (PARI) of X (Xp22) and Y (Yp11.3) chromosomes. SHOX gene is
expressed in hypertrophic chondrocytes of the growth plate, having a role in regulating
chondrocyte differentiation [61, 62]. The diseases associated with SHOX gene abnormalities
are Leri-Weill dyschondrosteosis (heterozygous mutations and deletions) and Langer meso-
melic dysplasia (homozygous mutations). The skeletal features of Turner syndrome are also a
consequence of SHOX gene haploinsufficiency. Otherwise, SHOX gene mutations were
observed at 2-5% of patients with idiopathic isolated short stature [63-65].

SHOX gene is an important determinant of growth, SHOX deletions being associated with
short stature and SHOX duplications with tall stature. SHOX gene is expressed in the first and
second pharyngeal arches and also in elbow, radius, ulna, and wrist and in the equivalent bones
of inferior limbs [66]. Thus, the clinical picture in SHOX deficiency is represented by short
stature, mesomelia with shortening and bowing of the forearms and tibia, cubitus valgus,
Madelung deformity of the wrist, brachymetacarpia, brachymetatarsia, high-arched palate,
micrognathia and short neck [67]. SHOX gene deficiency leads to a marked phenotypic
variability, even for the same mutation or in the same family. The clinical picture is more
expressed in females and is usually more evident in the beginning of the puberty [68].
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2.1.4.1. Leri-Weill dyschondrosteosis

It is the most common form of mesomelic dysplasia and is characterized by disproportionate
short stature (145-155 cm) with mesomelia and Madelung deformity [67]. There is an impor-
tant clinical variability, even in the same family, the females often being more affected. Short
stature is observed from the childhood, even from the first year and usually the amplitude of
the growth deficiency is correlated with the degree of wrist deformity [67]. The causes of Leri-
Weill dyschondrosteosis are heterozygous mutations or deletions of SHOX gene.

2.1.4.2. Langer mesomelic dysplasia

Itis secondary to homozygous mutations of SHOX gene and the clinical picture is represented
by severe short stature (-6DS and -7DS) with severe abnormalities of the limbs: hypoplasia and
aplasia of the ulna and fibula [67].

2.2. Genetic syndromes with primary effect on growth

2.2.1. Turner syndrome

The Turner syndrome is due to complete or partial loss of one of the two sex chromosomes,
homogeneous or in mosaic, in a female patient. Only 50% of the cases present the classical
homogeneous monosomy 45,X, the other half having X chromosome mosaicism, X chromo-
some structural abnormalities (deletions, ring chromosome and isochromosome) or Y chro-
mosome abnormalities (2-5%). The phenotypic features are represented by short stature,
dysmorphic syndrome, gonadal dysgenesis and internal malformations. There is a great
variability of phenotypic traits, clinical spectrum including complete forms and more often
partial forms, represented sometimes only by short stature.

Short stature is the most constant clinical sign, observed in up to 98% of patients [69, 70]. It is
secondary to SHOX gene haploinsulfficiency. The growth retardation might be seen in about
half of patients beginning with pre-natal life [70]. In the others, the short stature will be
developed usually after the age of 3—4 years, due to a diminished velocity of growth. The
growth worsens progressively until 10 years and the lack of puberty growth spurt will
accentuate the deficit. Finally, height will be usually between the interval 122-147 cm [71].

The dysmorphias include triangular face, epicanthus, down-slanted palpebral fissure,
macrostomy, high-arched palate, dental abnormalities, micrognathia, low posterior hair
insertion line ‘in trident’, pterygium colli, large thorax, cubitus valgus, short IV and/or V
metacarpals, genu valgum, extremities lymphedema at birth, multiple pigmented nevi and
dysplastic nails [70].

The puberty delay is one of the most common signs being observed in up to 95% of cases [70].

Most patients with Turner syndrome show a normal intellectual development, excepting those
presenting ring X chromosome, who often present intellectual disability [72].

Cardiovascular malformations are particularly important in terms of evolution and prognosis,
being found in 25-40% of cases [69, 70]. The most specific cardiac abnormalities are bicuspid
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aortic valve and aortic coarctation. Reno-urinary malformations are observed in 40-60% of the
cases, the most representative being horseshoe kidney, polycystic kidney, renal agenesis and
duplicated collecting system [71].

Bone abnormalities, affecting more than 60% of patients, have a significant contribution to the
external phenotype of the Turner syndrome. Typically, these patients present a lower value for
upper segment/lower segment ratio, short neck, large thorax, scoliosis, kyphosis, cubitus
valgus, Madelung deformity, congenital hip dislocation, genu valgum, and short IV and/or V
metacarpal and metatarsal [63, 70].

2.2.2. Russell-Silver syndrome

It represents a genetic pathology in which the short stature is the most specific sign. It is very
heterogeneous in terms of genetic aetiology and in many cases (about 50%) with typical clinical
picture, the aetiology is unknown. Note that 40% of patients present hypomethylation of
imprinting centre 1 (IC1) (H19, 11p15) [73, 74]. This hypomethylation could occur by epigenetic
mechanisms or by duplications of maternal chromosome in 11p15 region. About 10% of
patients present maternal uniparental disomy of chromosome 7 [73]. There were reported cases
with 17g25 translocations, ring chromosome 2 or other structural abnormalities of 1, 15 or X
chromosomes that also had a clinical phenotype of Russell-Silver syndrome [75-77].

The clinical picture is specifically represented by intrauterine growth retardation without
catch-up growth in the first year of life [78]. This deficit is maintained or it gets even worse
over time, the adult height being lower than -3DS for average height. At birth, the weight is
more impaired than height. The head circumference is normal for age, being in contrast with
a lower height, thus the patient has an appearance of macrocephaly. The craniofacial dysmor-
phias include triangular face, high forehead, micrognathia and down-slanted oral commis-
sures. The limbs are often asymmetrical and a clinodactyly or a camptodactyly of one (fifth
finger) or more fingers can be frequently observed. Eating difficulties in infancy, fasting
hypoglycemia in infancy and childhood, global developmental delay and cognitive impair-
ments (at about 50% of patients) were also observed. Bone age is retarded, and the radiography
also shows a hypoplasia of middle phalanx of fifth finger, which give the appearance of
clinodactyly (observed in up to 80% of patients). Sometimes, the patients associate urogenital
(hypospadias) or cardiovascular malformations.

2.2.3. Noonan syndrome

This syndrome is very heterogeneous as aetiology, and usually, all the gene mutations
described are acting on the signal transduction pathway RAS/RAF/MEK/ERK that has a role
in regulating cell growth. About 50% of patients have mutations in PTPN11 gene [79]. An
additional percentage of 30% shows mutations in SOS1 gene and RAF1 gene. Other gene
mutations that lead to Noonan syndrome phenotype are KRAS, NRAS, BRAF and MAP2K1
[79].

The characteristic features of Noonan syndrome are short stature, craniofacial dysmorphic
features, cardiac malformation and thoracic deformity. Short stature has a post-natal onset.
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The dysmorphias are represented by triangular face, down-slanted palpebral fissure, hyper-
telorism, low-set ears and pterygium colli. Note that 80% of patients have cardiovascular
malformations. The most frequent is pulmonary artery stenosis. About 30% of patients may
present hypertrophic cardiomyopathy. Thorax deformation can be pectus excavatum or pectus
carinatum. The patients can associate cryptorchidism (50% of male patients), kidney abnor-
malities, bleeding disorders, articular hyperlaxity, lymphedema, multiple nevi, hypotonia and
epilepsy. The intellectual disability is observed in about 25% of cases.

2.2.4. Cornelia de Lange syndrome

About 50% of patients with Cornelia de Lange syndrome show mutations in NIPBL gene [80].
Rarer mutations have been described for SMC1L1, SMC3 and RAD21 genes [80].

It is characterized by pre- and post-natal growth retardation, characteristic craniofacial
dysmorphic features (narrow forehead with low hair insertion line, synophrys, nostrils
anteversion, prognathism, long philtrum, thin lips and down-slanted oral commissures)
intellectual disability, upper limbs abnormalities and hypertrichosis. Male patients often
present hypospadias and cryptorchidism. Cardiovascular malformations, ophthalmologic
abnormalities, deafness, behaviour disorders, global developmental delay, epilepsy and
ophthalmologic abnormalities were described. There is a wide phenotypic variability of the
syndrome, even some cases with normal IQ have been described.

2.2.5. Rubinstein-Taybi syndrome

This syndrome is also characterized by genetic heterogeneity: CREBBP mutation (30-50% of
cases), CREBBP deletion/ duplication (10-20%), 16p13.3 deletions (including CREBBP) (below
10%) and EP300 mutation (5%) [81].

Clinically, it is characterized by short stature with post-natal onset, intellectual deficiency,
characteristic craniofacial dysmorphia (prominent beaked nose, downslanted palpebral
fissures, upper jaw hypoplasia, high arched palate, low-set ears, thin superior lip, microce-
phaly), and broad thumb with radial angulation, broad hallux, syndactyly, eating difficulties
and respiratory disorders in infancy. These patients associate language retardation, hypotonia,
cardiac malformations or cryptorchidism.

2.2.6. Prader-Willi syndrome

The Prader-Willi syndrome is the result of paternal loss of imprinted 15q11.2-13 region. This
is produced through deletions (70% of cases), uniparental maternal disomy (28%), unbalanced
translocations (1%) or mutations in imprinting centre (1%) [82]. Several genes are located in
this region, whose function has been already associated with various phenotypic traits of
Prader-Willi syndrome (SNRPN gene with brain expression, P gene with oculocutaneous
albinism and NDN gene with brain expression) [83].

Most of the clinical specific signs are due to hypothalamic impairment. The clinical presenta-
tion is variable, depending on age. Infants with Prader-Willi syndrome show generalized



Genetic Determinants of Short Stature
http://dx.doi.org/10.5772/64561

hypotonia, eating difficulties, males with genital abnormalities (cryptorchidism and scrotal
hypoplasia) and motor acquisition delays. After the age of 2, children progressively develop
obesity due to hyperphagia. A gradually slowdown in growth, the short stature being often
installed before pubertal age and accentuated thereafter by the lack of pubertal growth spurt
were also noticed. Most patients also have a deficiency of GH, for which a hormonal treatment
is proposed, which also ameliorate the associated metabolic abnormalities. The hypothalamic
involvement also induces a hypogonadotropic hypogonadism manifested by cryptorchidism
and hypospadias in males or delayed puberty in both sexes, which requires hormonal
substitution therapy. Often, the intellectual deficiency is mild. Lifespan is usually influenced
by the complications of morbid obesity, often seen in the patients with sleep apnoea, diabetes,
atherosclerosis and cardiovascular complications.

2.2.7. Kabuki syndrome

The genes involved in Kabuki syndrome are KDM6A (Xp11.3) and KMT2D (12q13.12) [84].

Clinically, it is characterized by short stature with post-natal onset, global developmental
delay/intellectual disability, specific craniofacial dysmorphia (long palpebral fissures, ectro-
pion in the third external region of the upper eyelid, sparse eyebrow in third external region,
flattening of the nasal pyramid, large and prominent ears, high arched palate and cleft palate),
scoliosis, fifth finger brachydactyly and persistence of finger pads. The associated skeletal
abnormalities are spine anomalies, often with vertebral cleft, hip joint abnormalities and fifth
finger brachydactyly. Cardiovascular malformations are associated in 50% of cases (Tetralogy
of Fallot, atrial septum defects or ventricular septum defects). The characteristic craniofacial
dysmorphias, post-natal growth retardation and intellectual disability are among the cardinal
manifestations of the disease.

2.2.8. Williams syndrome

Williams syndrome is secondary to recurrent deletion in 7q11.23 region comprising elastin
gene (ELN).

The specific features are craniofacial dysmorphias, cardiovascular malformation, short stature,
neuropsychiatric and behavioural disorders, and idiopathic hypercalcemia [85]. Growth
retardation is observed in both pre-natal and post-natal periods. The patients often present a
delayed bone age and low levels of IGF1. Craniofacial phenotype is represented by stellate iris,
periorbital oedema, flattening of nasal pyramid, short nose with anteverted nostrils, long
philtrum, macrostomy, thick lips, microdontia, multiple diastema, dental malocclusion and
micrognathia. The specific cardiovascular malformation is represented by supravalvular aortic
stenosis, seen in more than 80% of patients. Other major arteries stenosis could also be seen.
Other frequent signs are hyperacusis, thick voice, articular hyperlaxity, kyphoscoliosis and
lordosis. Usually the intellectual disability is moderate, although sometimes, it can be very
severe and there are also cases described with IQ in the normal range. These children are
hypersociable and hyperactive with attention deficit, often characterized as having a “cocktail
party’ personality.
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3. Clinical and genetic evaluation in genetic short stature

3.1. Anamnestic data

3.1.1. Personal data

In face of a case with short stature, the anamnesis should be conducted in order to obtain the
personal information, normal and pathologic, related to

* Pre-natal period: pre-natal echography and data on pregnancy (possible incidents and
teratogen exposure).

* Peri-natal period: data on birth (possible incidents, type of birth), auxology at birth (weight,
length, head circumference), gestational age and data on neo-natal period.

* Infancy period: data on nutrition, auxology, psychomotor development and others inci-
dents.

* Childhood period until the moment of evaluation: data on growth - previous growth data
and growth charts (height, weight, head circumference, body mass index); puberty; age at
start of pubertal signs and development of these signs; psychosocial development—school
performance, or data on intellectual performance, psychologic and affective status, social
environment; nutrition: quantity and quality of different nutriments, particularly vitamin
D and calcium intake; and level of physical activities.

¢ Data on different diseases or treatment.

* History of short stature: time of onset (pre-natal or post-natal), data on evolution and
associated signs.

3.1.2. Familial data

The familial history is also very important, and the evaluation should obtain the data on
ethnicity, consanguinity, parental height, tempo of height and puberty for the parents,
reproductive history of parents and family, family history on growth disorders, familial short
stature, skeletal disorders, endocrine disorders and autoimmunity.

3.2. Physical exam

3.2.1. Growth data

In every evaluation of a patient with short stature, the information on actual auxology are
essential and include height, weight, head circumference, body mass index (also in standard
deviation to the average) and mid-parental height. These values are put on the growth charts
to evaluate the growth pattern that is also compared to midparental height.

To evaluate if the short stature is proportionate or not, the upper-to-lower segment ratio and
the arm span will be evaluated. In order to see a possible Madelung deformation, the forearm
will also be analysed.
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3.2.2. Other associated signs

A detailed clinical exam, general and on different organs and systems, is necessary to be
associated with auxologic evaluation. At adolescence, the evaluation of the puberty signs
should always be attentively assessed.

There are some specific signs associated with short stature, which could give arapid suggestion
for the aetiology and diagnosis (Table 1) [86].

Clinical signs Genetic syndromes

Craniofacial dysmorphy

Midline face abnormalities: hypotelorism, -Hypophysis abnormalities and GH deficiency

midline clefting, single median incisor
Facial asimetry -Russell Silver syndrome, 22q11.2 deletion
Elf face -Williams syndrome

Moon face -Hypercorticism

Synophrys and hypertrichosis -Cornelia de Lange syndrome
Short nose and anteverted nostrils -Smith-Lemli-Opitz syndrome
High arched palate -SHOX deletion, Turner syndrome, 22q11.2 deletion
Pterygium colli -Turner syndrome, Noonan syndrome

Tegument and adipose tissue abnormalities

Multiple nevi

Morbid obesity

Skeletal signs

Disproportionate short stature
Limbs asymmetry

Cubitus valgum

Madelung deformity

4th and/or 5th brachymetacarpia
Broad thumb

5th finger clinodactyly
Cardio-vascular malformation
Bicuspid aortic valve, aortic coarctation
Supravalvulary aortic stenosis
Pulmonary stenosis

Urogenital malformation

Cryptorchidism

Micropenis

Shawl scrotum

-Turner syndrome, Noonan syndrome

-Prader Willi syndrome

-Skeletal dysplasia
-Russell-Silver syndrome
-Turner syndrome

-SHOX deletion, Turner syndrome

-SHOX deletion, Turner syndrome, pseudohypoparathyroidism

-Rubinstein-Taybi syndrome

-Russell Silver syndrome

-Turner syndrome
-Williams syndrome

-Noonan syndrome

-Prader Willi syndrome, Noonan syndrome, Rubinstein Taybi

syndrome
-Prader Willi syndrome, congenital GH deficiency

-Aarskog syndrome

Table 1. Clinical signs indicating different genetic syndromes in patients with short stature [86].
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Clinical feature Skeletal dysplasia

Limbs

Rhizomelic shortening -achondroplasia, thanatophoric dysplasia, diastrophic dysplasia, spondyloepiphyseal
dysplasia (SED)

Mesomelic shortening -Langer mesomelic dysplasia

Acromelic shortening -acrodysostosis

Micromelia -achondrogenesis, Kniest dysplasia, dyssegmental dysplasia

Short trunk -Kniest syndrome, metatropic dysplasia, SED

Thorax/ribs

Long or narrow thorax -Metatropic dysplasia

Pear-shaped chest -Thanatophoric dysplasia, short-rib polydactyly syndrome

Radial ray defects -Cornelia de Lange syndrome

Polydactyly -Chondroectodermal dysplasia, short-rib polydactyly

Hands and feet

Hitchhiker thumb -Diastrophic dysplasia

Clubfoot -Diastrophic dysplasia, Kniest dysplasia, Ol

Nails

Hypoplastic nails -Chondroectodermal dysplasia

Joints

Multiple joint dislocations -Larsen and otopalatodigital syndrome

Long bone fractures -OI, hypophosphatasia, achondrogenesis type I

Skull

Macrocephaly -Achondroplasia, achondrogenesis, thanatophoric dysplasia

Craniosynostosis -Craniosynostosis syndromes, hypophosphatasia

Cloverleaf skull -Thanatophoric dysplasia, craniosynostosis

Caput membranaceum -Hypophosphatasia, osteogenesis imperfecta (OI)

Multiple wormian bones -Cleidocranial dysplasia, osteogenesis imperfecta

Eyes

Congenital cataract -Chondrodysplasia punctata

Myopia -Kniest dysplasia and spondyloepiphiseal dysplasia

Mouth

High arched/cleft palate -Kniest dysplasia, diastrophic dysplasia, metatropic dysplasia

Ears

Acute swelling of the pinnae -Diastrophic dysplasia

Heart
Atrial septal defect -Chondroectodermal dysplasia
Patent ductus arteriosus -Lethal short-limbed skeletal dysplasias

Mental retardation
-Genetic syndromes —Rubinstein-Taybi syndrome
-Cranium pathology — craniostenosis

-Metabolic disorders—lysosomal storage diseases

Table 2. Clinical signs indicating different skeletal dysplasias in patients with short stature [87].
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If the patient presents skeletal dysplasia, some clinical signs could orient to the aetiology
(Table 2) [87].

3.3. Investigations

3.3.1. Imagistic investigations

When evaluating a child with short stature, an X-ray of hand and fist is needed to assess bone
age and growth potential. In primary short stature, the bone age is usually not delayed,
compared to secondary or idiopathic short stature where a retarded bone age is observed. The
bone age is necessary to obtain the predicted height for one patient. This examination is also
indicated in parents, if they also have short stature and bone deformities.

If the patient shows clinical signs of skeletal dysplasia, supplementary radiographs are needed
to assess long bones, spine and skull, in particular, the forearm (AP), pelvic radiographs (AP),
radiographs of the knee (AP) and spine (AP, lateral). Thus, in disproportionate short stature,
the radiographs could bring important indicators to establish the diagnosis of the type of
skeletal dysplasia, according to the affected area.

Sometimes, at radiography, there are not significant skeletal changes, but even so it cannot rule
out skeletal dysplasia, radiological monitoring being required, with repeated radiographs,
which may change over time.

3.3.2. Laboratory analysis

Represent the first-line tests indicated in patients with short stature, particularly not elucidated
by clinical signs. These analyses must always evaluate the most common causes responsible
for somatic developmental delay: anaemic syndrome (erythrocytes, haemoglobin, haematoc-
rit, iron); inflammatory syndrome (erythrocyte sedimentation rate, leucocytes); kidney
function and bone metabolism abnormalities (creatinine, urea, sodium, potassium, calcium,
magnesium, phosphor and alkaline phosphatase); renal tubular acidosis (acid-base balance);
other renal disorders (urinalysis); malabsorption syndrome (iron, ferritin, total protein and
albumin); celiac disease (IgA anti-endomysium and anti-transglutaminase, total IgA); hypo-
thyroidism (TSH, T4 free); and growth hormone deficiency (IGF1).

3.4. Genetic testing

Genetic testing follows to the routine non-specific laboratory analysis. It should be performed
after an informed consent for genetic testing is obtained. If all the routine tests are negative
and clinical examination is not suggestive for certain pathology, a karyotype to any female
patient with short stature is routinely indicated. For a male patient with isolated short stature,
there is no consensus on routine testing by karyotype; however, an argument in performing
the karyotype being to detect a possible syndrome 45,X/46,XY.

If there are no clinical, imagistic or laboratory suggestions for a specific disease, a whole
genome analysis of copy number variants by CGH array (array based comparative genomic
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hybridization) or SNP array (array based single nucleotide polymorphism genotyping) will
be indicated. When there is the possibility, an analysis based on massive parallel sequencing
technology that will evaluate the whole exome or a panel of genes well known to be implicated
in short stature will be proposed. The algorithm of a genetic evaluation in short stature is

described in Figure 1.

Shert Stature

Associated to other clinical signs (genetic syndrome)?|
- TT— yes

known s);ndrome?

no

yes |

small fcrgeitational age? |
-~ T _no

e

Russell Silver syndrome
IGF1 deficiency and resistance 7

3M syndrome

intrauterine growth retardation ~
no___,/-"

Skeletal survey

yes _— —ho
ynd ati Proportionated short stature?

"----...\g_,r_es

[ Endocrine assessement ‘
| GH, IGF1, TSH, T4free, cortisol

~ |

specific genetic testin;'
y
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Kenny Caffey syndrome
Smith Lemli-Opitz syndrome etc.
~ known skeletal dysplasia?

negative pasitive
k !

e

T
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e _/ ""-..__\‘ . - - -
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M S ) - GH resistance {

negative negative negative negative | myitiple pituitary deficienes {

\ f

B Mg |
chromosomal microarray/massive paralel sequencing for a panel of genes or for whole exome

Figure 1. Algorithm for genetic testing in short stature [4, 88].
In a patient with isolated proportioned short stature, the most common causes are numeric
abnormalities of X chromosome, SHOX gene mutations, discrete skeletal dysplasia, endocrine
disorders, SGA without catch-up growth, constitutional growth retardation and familial short
stature. Thus, the genetic testing should take into consideration these aspects.
The patients with SGA without catch-up growth are a special category of patients with short
stature, usually proportioned. The majority of patients with SGA (90%) recuperate the deficit
by the age of 1, maximum 2 years. Still about 10% of these patients remain with somatic deficit.

Often, these patients present associated dysmorphic signs. The main syndromes that have to
be taken into consideration in this situation are Russell-Silver syndrome, Bloom syndrome,

Nijmegan breakage syndrome, Cockayne syndrome, Dubowitz syndrome, deficit in IGF1,
resistance to IGF1, Kenny-Caffey syndrome, Schimke dysplasia or Smith-Lemli-Opitz syn-

drome [88].

4. Conclusions
Short stature is a strongly genetically determined pathology. The group of genetic disorders

with primary effect on growth is very heterogeneous and comprises two important categories
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of pathologies: skeletal dysplasia and different genetic syndromes with primary effect on
growth. Their diagnosis is often difficult, thus, knowledge of the main clinical signs of each
syndrome and the algorithm for clinical diagnosis and genetic testing will practically lead to
an easier clinical and etiologic diagnosis.
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Abstract

Restricted growth (RG) or dwarfism is a varied phenotype ascribable to many different
causes, most of which are genetic. Conditions associated with disproportionate short
stature (DSS) are usually caused by de novo dominant mutations in genes coding for
proteins involved in cartilage/bone development. Rarer conditions, which may occur in
inbred families, show an autosomal recessive inheritance. Causative mutations,
consequent to cellular dysfunctions, genotype-to-phenotype correlations in RG
conditions such as achondroplasia, hypochondroplasia, thanatophoric dysplasia, severe
achondroplasia with delay in development and acanthosis nigricans, pseudoachondro-
plasia, multiple epiphyseal dysplasia, diastrophic dysplasia, achondrogenesis, and
osteogenesis imperfecta, are discussed in this chapter.

Keywords: dwarfism, cartilage, bone, chondrocyte, osteoblast

1. Introduction

Human height is a genetically complex phenotype. In recent years, several genome-wide
association studies (GWAS) have collectively identified hundreds of common variants with a
putative effect on determining adult height [1]. The variability between individuals has a
normal distribution; extremes in height are often caused by monogenic mutations in genes
involved in growth control. Gain in height in children is determined by the rate of endochon-
dral ossification, i.e. the rate of proliferation of chondrocytes at the growth plate, a thin layer
of cartilage that is found in most bones, other than skull and facial bones. Newly generated
cartilage tissue is remodeled into bone tissue; as new bone is progressively created at the
growth plate, bones grow longer and children grow taller. At puberty increasing levels of
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estrogen, in both females and males, lead to increased apoptosis of chondrocytes in the growth
plate; growth slows down and later stops when the entire cartilage has become replaced by
bone, leaving only a thin epiphyseal scar. Systemic factors such as growth and thyroid
hormones provide important signals for the regulation of cartilage/bone growth by modulat-
ing expression of locally produced factors, such as tissue-specific transcription factors (e.g.
short stature homeobox-containing factor, SHOX), multiple fibroblast growth factors (FGFs),
bone morphogenetic proteins (BMPs), secreted signaling factors such as Wnts, and many
others. Cartilage extracellular matrix components, secreted by chondrocytes, also play a
crucial role in regulating growth plate activity. Dysfunctions in any of the multiple players in
this complex process may cause genetic growth disorders. Gene mutations affecting various
stages of the bone formation process, e.g. osteoblast differentiation, bone extracellular matrix
deposition and mineralization, may as well result in substantial growth deficiency, a hallmark
feature of osteogenesis imperfecta, a molecularly heterogeneous group of connective tissue
disorders.

In this chapter, we will describe some paradigmatic conditions of restricted growth from the
cell biologist’s perspective. We will first consider various cartilage disorders and then some bone
disorders. Our approach will start from the description of gene defects, the cellular dysfunctions
they cause, their consequences on the extracellular matrix, and finally we will describe briefly
the associated phenotypes, trying to compare, whenever possible, similar conditions.

2. Cartilage disorders associated with impaired height

Chondrodysplasias causing dwarfism comprise a group of skeletal disorders associated with
improper regulation of cartilage growth during endochondral ossification (see Figure 1 for a
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Figure 1. Endochondral ossification. Bone elongation is a tightly regulated process leading to the formation of a carti-
lage template subsequently replaced by bone. During the process, resting chondrocytes of the growth plates mature
into proliferating chondrocytes, which in turn differentiate into prehypertrophic and then hypertrophic chondrocytes.
The latter die by apoptosis and are replaced by trabecular bone, as a result of the following vascularization and ossifi-
cation processes. FGFR3 plays a key role as negative regulator of chondrocytes proliferation and differentiation.
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simplified sketch of the process). Although this notion had been widely accepted for a long
time, the idea that morphological assessment of the growth plate could be used to distinguish
among the different disorders was successfully proposed only in the 1970s [2]. This brought
to the concept of "chondrodysplasia families" formulated in the 1980s and the hypothesis that
chondrodysplasias that look similar could be pathogenetically related. But it was only in the
1990s, with the advent of molecular genetics identifying the mutated genes associated with
different chondrodysplasias, that in many instances chondrodysplasia family disorders turned
out to be caused by mutations within the same gene, indeed [3].

2.1. FGFR signaling defects

Dwarf-associated chondrodysplasias are caused by genetic alterations in the Fibroblast Growth
Factor (FGF) Receptor 3 (FGFR3) gene and include achondroplasia (ACH), hypochondroplasia
(HCH), thanatophoric dysplasia types I and II (TDI and TDII), and SADDAN [4]. A summary
of the most recurrent mutations is shown in Figure 2. FGFR3 is a tyrosine kinase highly
expressed in the resting and proliferating chondrocyte zones, where it plays key roles in
controlling chondrocyte proliferation and/or subsequent cell cycle exit leading to differentia-
tion into prehypertrophic chondrocytes. The transient pool of prehypertrophic chondrocytes
will progress into hypertrophy generating an expansive strength required for bone elongation.
Hypertrophic chondrocytes will eventually die by apoptosis or differentiate into trabecular
osteoblasts allowing bone formation. Several signaling effectors fine-tune the transition from
resting to hypertrophic chondrocytes, among which are FGFs. FGF family comprises secreted

FGFR3 mutations| | Receptor domains |
lgG-like |
Acidic box
lgG-like I
TDI Arg248Cys —>
IgG-like IN
: Extracellular
ACH Gly380Arg —» | |  Transmembrane
Intracellular

HCH Asn540Lys —» Tyrosine kinase 1

TDH Lys650Giu ~s R
SADDAN Lys650Met —> Tyrosine kinase 2

Figure 2. Recurrent FGFR3 mutations in chondrodysplasia. FGFR3 is a tyrosine kinase receptor composed by three
IgG-like domains and an acidic box in the extracellular space, a transmembrane domain and two intracellular tyrosine
kinase domains. TDI, ACH, HCH, TDII, and SADDAN diseases are caused by point mutations affecting different pro-
tein domains. Red arrows indicate where the most recurrent mutations associated with each different chondrodyspla-
sia fall in FGFR3 molecule.
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proteins that bind and activate FGFR3 as specific ligands and key roles in endochondral
ossification have been attributed to FGF9 and FGF18 [5]. In the presence of heparin or heparan
sulfates, FGFs bind to FGFR3 inducing receptor dimerization and subsequent autophosphor-
ylation, which represent the activated state of FGFR3. Once stimulated, FGFR3 molecules
trigger the activation of the RAS-MAPK and PLCy intracellular signaling pathway or—
depending on the cell type—of the PI3K or STAT pathways [3]. The mentioned signaling
pathways have been shown to regulate several processes including cell proliferation and
differentiation and can be activated by other members of the FGFR family (FGFR1, FGFR2,
and FGFR4). However, unlike FGFR1, -2, and -4, FGFR3 uses those pathways to negatively
regulate bone elongation, as proved by gene ablation in a mouse model resulting in extra-long
bones [6]. Further supporting this notion is the recent identification of a missense impairing
mutation (Arg621His) in FGFR3 that causes CATSHL (Online Mendelian Inheritance in Man,
OMIM #610474) syndrome in humans, also characterized by extra-long bones [7]. A critical
step in FGFR function is represented by receptor activity attenuation, a process required to
avoid excessive signaling duration. Dwarfism-associated chondrodysplasias are all character-
ized by gain-of-function mutations that render FGFR3 constitutively active, but with graded
levels of signaling potential [4].

Achondroplasia (ACH, OMIM #100800) is the most common among human chondrodysplasias
and occurs with an incidence of 1:10-30,000 live births. Average adult male height is 131 cm,
while average adult female height is 123 cm. Affected newborn infants present with dispro-
portionate shortening of the limbs, a long and narrow trunk, a large skull with frontal bossing,
a hypoplastic midface and exaggerated lumbar lordosis, as major clinical features [8]. Skeletal
X-rays reveal characteristic abnormalities in the long bones of the limbs, which appear short.
This form of dwarfism is caused by point mutations in FGFR3 characterized by autosomal
dominant inheritance, as first discovered in the 1990s when heterozygous mutations were
mapped to FGFR3 locus on chromosome 4. Almost all patients with typical achondroplasia
features bear a glycine-to-arginine substitution at position 380 (Gly380Arg) in FGFR3, resulting
from a spontaneous mutation to non achondroplastic parents (primarily fathers), in more than
80% of cases. This conversion shows the highest rate of occurrence among the known genetic
germline substitutions, and a correlation with paternal age had been made [9]. FGFR3 protein
is composed by an extracellular ligand-binding domain, a transmembrane domain, and an
intracellular split tyrosine kinase domain (Figure 2). The Gly380Arg mutation falls in the
transmembrane region causing a gain in receptor function, which reduces growth plate
activity. Transgenic mice models for ACH (see Section Methods) allowed the characterization
of FGFR3 function during skeletal development and postnatal growth, via analysis of the
consequences derived from the mutation. Cartilage overexpression of FGFR3 bearing the
achondroplasia mutation produced small mice with short bones resembling those seen in
human achondroplasia. Studies coming from these mice led to postulate a defect in chondro-
cyte proliferation and/or differentiation, histologically giving rise to a disorganized growth
plate [10].

FGFR3 is highly expressed in both proliferating and prehypertrophic chondrocytes where it
normally limits their growth rate (Figure 1). At the molecular level, the FGFR3-Gly380Arg
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mutant showed ligand-independent activation and a specific defect in receptor down-
regulation resulting in prolonged signaling activity [11]. Interestingly, cartilage targeted
overexpression of a ligand (FGF9) that activates FGFR3 also generated a dwarf mouse [12].
These evidences established that FGFR3 signaling negatively regulates bone growth. Among
the signaling effectors downstream to FGFR3 activation, STAT and MAPK signals have been
the most studied in relation to skeletal development (a scheme of major FGFR3 signaling
pathways is presented in Figure 3). FGFR3 is thought to inhibit chondrocyte proliferation
through the cyclin-dependent kinase inhibitor p21 (WAF1/CIP1), where the latter controls
chondrocyte proliferation and terminal differentiation through the recruitment of p38 and ERK
effectors [8, 13]. Biochemically, replacement of glycine 380 with arginine causes ligand-
independent activation of FGFR3, which increases the constitutive level of phosphotyrosine
on FGFR3 [14]. The consequent unregulated signal transduction through FGFR3 impacts
growth plate function and therefore long bone development. Several approaches to reduce
FGFR3 signaling by blocking receptor activation or inhibiting downstream signals have been
proposed. The most promising utilizes an analog of C-type natriuretic peptide (CNP), which
antagonizes the mitogen-activated protein (MAP) kinase pathway downstream of the FGFR3
receptor [15].

PLCy PI3K MAPK

Figure 3. Signaling pathways downstream to FGFR3. Upon binding to specific FGF ligands and heparan sulfates (HS),
FGFR3 undergoes dimerization, which causes conformational changes leading to tyrosine autophosphorylation. In this
state, the receptor is active and engenders intracellular signal transduction by recruiting specific downstream effectors.
STATs and MAPK signaling pathways play key roles in regulating the growth plate function.

Hypochondroplasia (HCH, OMIM #146000) shows skeletal features similar to but milder than
those seen in ACH, whose differences can be distinguished on clinical and radiographic
grounds. Key features are short-limbed dwarfism, lumbar lordosis, stocky build, short and
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broad bones, and macrocephaly. Adult height ranges between 128 and 165 cm; 2.3 SD below
the mean in children, but in some cases stature appears normal. The incidence of HCH is not
precisely known, but it is believed to be about as common as ACH. Based on the clinical report
of a peculiar case, allelism of HCH and ACH genes was suggested [16]. Subsequent genetic
analyses indicated the Asn540Lys substitution in FGFR3, as the most recurrent mutation in
HCH patients. The Asn540Lys mutation is inherited in an autosomal dominant manner and
accounts for about 60-65% of cases, according to the clinical heterogeneity observed for this
disease [17]. Although the amino acid change is semi-conservative, it occurs in a very conserved
region of the tyrosine kinase 1 domain. The Asn540Lys mutation favors FGFR3 dimerization
determining a gain of function associated with a mild but constitutive autophosphorylation.
The lower degree of tyrosine phosphorylation of FGFR3-HCH compared to FGFR3-ACH was
correlated with a milder clinical phenotype.

Thanatophoric dysplasia (TDI, OMIM #187600) and TDII (OMIM #187601). TDI is a severe
autosomal dominant skeletal disorder that is lethal in the neonatal period of life. Two clinically
defined TD subtypes have been classified: type I (TDI), characterized by micromelia with
bowed femurs and, occasionally, by the presence of cloverleaf skull deformity of varying
severity, and type II (TDII) characterized by micromelia with straight femurs and a moderate-
to-severe cloverleaf skull deformity. TDI, which is more common, originates from several
amino acid substitutions in extracellular and intracellular domains of FGFR3 protein, such as
Arg248Cys, Tyr373Cys, and diverse substitutions of the natural stop codon in sense codons,
such as X807Gly, X807Arg, and X807Cys, which result in the elongation of FGFR3 protein at
the C-terminus by 141 amino acids. Conversely, only the Lys650Glu mutation located in
activation loop of the kinase domain of FGFR3 has been associated with TDII [18]. The
estimated birth incidence is approximately 1/20,000-1/50,000 being more frequent for TDI than
for TDIIL. Most individuals with TD die within the first few hours or days of life by respiratory
insufficiency secondary to reduced thoracic capacity or compression of the brainstem. Several
mutations causing TDI lead to constitutive dimerization of FGFR3 due to the introduction of
novel cysteines as it is the case for the Arg248Cys mutation, one of the most recurrent ones.
Differently, TDII-associated Lys650Glu mutation induces a strong and constitutive ligand-
independent tyrosine phosphorylation of FGFR3. This causes the recruitment and activation
of several downstream key signaling effectors, among which are members of the STAT family,
as shown in cell culture systems, human fetuses, and in a mouse model [19]. Moreover, the
constitutive tyrosine phosphorylation acquired by the FGFR3-TDII receptor causes its
accumulation within the endoplasmic reticulum (ER)/Golgi compartments impairing receptor
trafficking toward the plasma membrane [20].

Severe achondroplasia with delay in development and acanthosis nigricans (SADDAN, OMIM
#616482). SADDAN is a very rare skeletal disease: only few cases have been described. It
clinically resembles TDI, but most of the SADDAN patients survive the perinatal period. This
syndrome is additionally characterized by severe neurologic impairments, especially in long
survivors and by the development of extensive areas of acanthosis nigricans [21]. SADDAN is
caused by a heterozygous mutation in FGFR3 changing lysine 650 in methionine (Lys650Met).
Of interest is the observation that the same lysine, when mutated into glutamic acid, gives rise



Molecular Defects and Cellular Dysfunctions in Restricted Growth Conditions
http://dx.doi.org/10.5772/64560

to TDII. A mouse model for the SADDAN disease (see the methods section) highlighted milder
long bone abnormalities than in the TDII mouse model, and overgrowth of the cartilaginous
tissues was observed in the rib cartilage, trachea, and nasal septum. The presence of the
Lys650Met mutation causes the highest constitutive tyrosine phosphorylation among the
ligand-independently activated mutant FGFR3 associated with chondrodysplasia. Analogous-
ly to FGFR3-TDII, in cell culture models, the SADDAN mutant triggers the activation of several
signal transduction effectors from the ER/Golgi, where it is kept due to its premature tyrosine
kinase activation [22]. Although all FGFR3-related skeletal dyplasias manifest with profound
shortening of the long bones, the phenotypic severity ranges from relatively mild HCH to
neonatal lethal TD, where the degree of severity correlates with the degree of activated FGFR3.
The different mutations activate FGFR3 and correspondingly inhibit chondrocyte proliferation
to different levels when compared to wild-type (wt) FGFR3, with a relative strength being [4]:

wt < Arg540Lys(HCH) < Gly380Arg (ACH) < Arg248Cys(TDI) =Tyr373Cys < Lys650Glu (TDII).

2.2. COMP defects

Thrombospondin-5, better known as cartilage oligomeric protein (COMP), is a pentameric
extracellular matrix (ECM) protein primarily expressed in chondrocytes and musculoskeletal
tissues [23]. Each monomer comprises four domains (Figure 4). COMP interacts with several
ECM proteins, including collagen I, collagen IX, matrilins, proteoglycans, and others. Through
these interactions, COMP plays an important role in matrix assembly. Gene mutations affecting
the structure of COMP pentamers cause two different skeletal dysplasias with autosomal
dominant inheritance: pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia
type 1 (EDM1)

PSACH (OMIM #177170) is a disproportionate dwarfing condition with involvement of the
long bones, spine, and joints (incidence=1:20.000). Unlike ACH, it is not recognizable at birth:
PSACH newborns are normal. Growth retardation is seldom recognized until the second year
of life or later, at which time the body proportions resemble those of persons with achondro-
plasia, but the head circumference and facies are normal. Average adult male height is 120 cm;
average adult female height is 116 cm. Radiographic findings of PSACH are distinctive, and
another distinctive finding consists of significantly low COMP plasma levels. Scoliosis and
lumbar lordosis are common spine abnormalities; osteoarthritis develops by the second/third
decade of life affecting all joints. Molecular pathology—In vitro studies on human cells and
analysis of mouse PSACH models demonstrated that pseudoachondroplasia is an endoplas-
mic reticulum storage disease, caused by improper folding of mutant COMP. Many causative
mutations have been described: they produce either single amino acid substitutions or
deletions and cluster in the highly conserved type 3 (Calcium binding) repeat domain TSP 3
(depicted in color pink in the diagram; Figure 4). A recurrent mutation in which aspartic acid
469 is deleted (D469 del) accounts for 30% of PSACH cases. All PSACH mutations exert a
dominant-negative effect: pentamers composed of both structurally abnormal and normal
subunits are retained within the endoplasmic reticulum (ER), promoting an excessive ER stress
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response and ultimately premature chondrocyte death [24]. The growth failure of patients with
PSACH may be explained by an increased death rate of growth-plate chondrocytes. The
observation that COMP-deficient mice are not dwarfed and show a normal skeletal phenotype
suggested that loss of COMP in the cartilage ECM per se is not the primary defect in PSACH
[25].

& L odlsgen hibwils
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Figure 4. COMP structure and function in the ECM. (a) Schematic representation of COMP monomer, which comprises
four domains: An N-terminal pentamerization domain (blue), an EGF-like domain (orange), a highly conserved TSP3
(calcium binding) domain (pink), a C-terminal globular domain (green). (b) COMP oligomer made of five identical
disulfide-linked monomers. (c) Schematic representation of COMP interactions with collagens II and IX in cartilage
ECM (Open-i nlm.nih.gov).

Epiphyseal dysplasia multiple 1 (EDM1, OMIM #132400) is a skeletal dysplasia characterized by
mildly impaired height and early onset osteoarthrosis. Due to genetic heterogeneity (defects
in other genes may cause similar phenotypes), only 38% of multiple epiphyseal dysplasia
(MED) spectrum can be ascribed to COMP mutations. MED patients with COMP mutations
can be recognized because of significantly low COMP plasma levels. Causative mutations are
amino acid substitutions clustered in TSP3 domain; therefore, a phenotypic overlap between
PSACH and EDM1 can be observed. However, missense mutations resulting in MED or mild
PSACH phenotypes have been described also in the C-terminal domain of COMP (depicted
in color green in the diagram; Figure 4).

2.3. Sulfate transporter defects

A group of chondrodysplasias showing moderate to lethal phenotypes have been associated
with mutations in SLC26A2 gene, which codes for a sulfate-chloride transmembrane exchang-
er, DTSTD. This protein is predominantly present in chondrocytes, and it ensures proper
sulfation of proteoglycans, essential components of the cartilage extracellular matrix. The
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highly organized structure of cartilage ECM is of crucial importance for the endochondral
ossification process. Furthermore, sulfated proteoglycans are important for transmission of
FGF signaling [26]. In humans, as well as in animal models, impaired sulfation of proteoglycans
due to DTDST gene defects causes a continuous phenotypic spectrum of skeletal dysplasia.
The clinical phenotype is modulated by the degree of residual protein activity, as shown in
Figure 5. All conditions are recessively inherited; heterozygous carriers appear to be asymp-
tomatic [27].

Predicted protein AA substitution reduced levels WO protein
Change e

lethal
Type of mutation  ™Mild | R279W IVS1+2T>C wthn
Clinical phenotype rMED DTD ACG1B

Figure 5. Schematic representation of genotype-to-phenotype correlations along the spectrum of SLC26A2 gene muta-
tions.

Missense mutations such as R279W cause an amino acid substitution (arginine to tryptophan),
which alters but does not abolish the sulfate transporter activity. This is a recurrent mutation
found in the Finnish population as well as in other Europeans; at the homozygous state, it
results in recessive multiple epiphyseal dysplasia (rMED, OMIM #226900) with mildly shortened
or normal stature. Exact data about its prevalence are not available. An example of “inter-
mediate” mutation is IVS1+2T>C, a splicing mutation which in homozygosity leads to reduced
levels of mRNA and related product. It is common in the Finnish population, probably because
of a founder effect, but it has been found in Central Europe too. Homozygous individuals have
anintermediate clinical phenotype, diastrophic dysplasia (DTD, OMIM #222600), associated with
short stature (adult height 135-150 cm for males; 100-120 cm for females), joint contractures,
and other characteristic clinical signs. Finally, mutations that produce null alleles, such as the
above-cited R178X, lead to no detectable DTDST protein activity within chondrocytes, and in
homozygous individuals result in an extremely severe skeletal dysplasia, achondrogenesis
type 1B (ACG1B, OMIM #600972). This condition is characterized by extremely short limbs,
severe hypodysplasia of the spine and the rib cage, and is invariably lethal [28]. No data on
the prevalence of ACG1B are available.

3. Bone disorders featuring short stature: osteogenesis imperfecta

Osteogenesis imperfecta (Ol) is a chondro-osseous dysplasia characterized by fragile, deformed
bones, short stature, and low bone mass (incidence: 1:15-20,000 births). Traditionally, it has
been considered a bone disorder due to defects in type I collagen, the most abundant protein
of bone, skin, and tendon extracellular matrices. In fact, 85-90% of OI cases are caused by
dominant mutations in either of two genes, COL1A1 and COL1A2, causing both quantitative
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and structural defects in collagen [29]. Within the past decade, the discovery of new disease
genes has exceeded the idea of Ol as a collagen-related disorder. Recessively inherited forms
of OI with lethal to moderately severe phenotypes may be caused by defects in genes whose
products are involved in post-translational modifications and/or folding of type I collagen [30-
32]. Finally, recent molecular findings of causative mutations for both dominant and recessive
forms of OI in non-collagenous genes have enlightened new perspectives [33]. OI at present
appears as amolecularly and phenotypically heterogenous disorder characterized by defective
bone mineralization; moreover, since the recessive types of OI are caused by deficiency of
proteins found in both cartilage and bone, a new concept of OI as chondro-osseous dysplasia
is arising. The classification has evolved with the new genetic discoveries. The original
classification of Sillence et al. (1979), divided Ol in four types, from mild to lethal, on the basis
of clinical and radiographic features [34]. Table 1 summarizes an updated classification of
different OI forms along with their causative genes and their effect on growth deficiency. The
disease genes list will almost certainly become longer with time, thanks to the whole exome
new sequencing approaches. From the biologist’s perspective, a logical and “user-friendly”
classification pools the genetic types on the basis of altered intracellular or extracellular
metabolic pathways.

3.1. Defects in collagen

Type I collagen is a heterotrimer made of two a1(I) and one a2(I) chains. It is synthesized as a
procollagen molecule, with N-terminal and C-terminal globular domains flanking the helical
domain. N-terminal and C-terminal propeptides are removed after secretion by specific
proteases in the extracellular matrix. After processing, the collagen helices are capable of
spontaneous assembly into fibrils, to be further stabilized by crosslinks. The helical domain is
characterized by uninterrupted G-X-Y triplets since just the small glycine side chain fits the
internal helical space. The most common genetic defects in dominant OI are missense muta-
tions causing glycine substitutions within the helical domain and consequently structural
defects in collagen heterotrimers. Gly substitutions delay helical folding and, in this way,
promote post-translational overmodifications. Misfolded chains disturb intracellular metab-
olism, delay collagen secretion, and affect extracellular matrix deposition and mineralization.
Phenotypic consequences vary depending on the nature of substituting amino acid, helical
position, and chain type. In the a1(I) chain, substitutions with charged or branched side chains
disrupt helix stability and are mostly lethal. In the a2(I) chain, substitutions are mainly non-
lethal. Heterozygous COL1A1l loss-of-function mutations result in synthesis of reduced
amount (about 50%) of structurally normal collagen and cause the mildest form of OI (type I).
Heterozygous COL1A2 loss-of-function mutations in COL1A2 do not cause any apparent OI
phenotype. Examples of COL1A1 and COL1A2 mutations and corresponding phenotypes are
listed in Table 2.

3.2. Defects in collagen post-translational modifications

Procollagen undergoes several post-translational modifications, most of which occur in the
endoplasmic reticulum. Such modifications are required for its correct folding, secretion, and
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extracellular matrix assembly. A complex of three proteinsin a 1:1:1 ratio (CRTAP, P3H1, CyPB)
called the 3-hydroxylation complex post-translationally modifies selected prolines in type I
collagen chains in osteoblasts and type II collagen chains in chondrocytes. Deficiency of any
of the three partners of the 3-hydroxylation complex, caused by loss-of-function mutations in
both alleles of the corresponding gene, results in clinically distinct forms of moderate to lethal
recessive OI (types VII, VIII, and IX, respectively, see Table 1). Common features are very low
BMD, rhizomelia, bone fragility, and moderate to very severe growth deficiency. These
recessive forms of OI are much rarer than the dominant forms (they account for 2-5% of OI
cases detected in North America and Europe) and occur prevalently in inbred families.

Mode of Inheritance ~ OI type/ Defective Defective Cellular disturbance Short
OMIM # gene protein stature*
Autosomal dominant  1/#166200 COL1A1 Collagen I Collagen quantitative No
(85-90% of OI cases) defect
1I/#166210 ~ COL1Al or COL1A2  Collagen I Collagen qualitative/ Lethal
structural defect
111/4259420  COL1A1 or COL1A2  Collagen I Qualitative/structural ++
defect
IV/#166220 COL1A1 or COL1A2  Collagen I Qualitative/structural +
defect
V/#610967  IFITM5 BRIL Bone matrix +
mineralization
Autosomal recessive  VI/#613982  SERPINF1 PEDF Bone matrix ++
(10-15% of Ol cases) mineralization
VII/#610682 CRTAP CRTAP Collagen ++
hydroxylation
VIII/#610915 LEPRE1 P3H1 Collagen +H+
hydroxylation
IX/#259440  PPIB CyPB Collagen +/++
hydroxylation
X/#613848  SERPINHI1 HSP47 Collagen chaperoning +H
XI/#610968  FKBP10 FKBP65 Collagen chaperoning +
AR—very rare XI1/#613849  SP7/0X OSTERIX Osteoblast differentiation ~ +++
XIII/#614856 BMP1 PICP Abnormal procollagen +H
endopeptidase I C-terminal
propeptide processing
XIV/#615066 TMEM38B TRIC-B Intracellular [Ca] +
modulation
XV/#615220 WNT1 WNT1 Wnt signaling ++
pathway (bone
formation)
XVI/#616229 CREB3L1 OASIS Bone formation +H

+=~-18D; ++=~-2 SD; +++=>-2 SD.

Table 1. Ol types and related gene/protein defects.
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Ol'type Gene Mutation Phenotypic defect Reference

1AD COL1A1 757 C>T Haploinsufficiency (decreased amount [35]
p. R253 stop of structurally normal collagen)

IIAD COL1A2  cl1874G>A Structurally abnormal collagen chains  [35]
p.G625D

IITAD COL1Al  c.2461 G>A Structurally abnormal collagen chains  [35]
p.G821S

IVAD COL1A2  c577 G>A Structurally abnormal collagen chains  [35]
p.G193S

VAD  IFITM5 c-14 CT Functionally abnormal IFITM5 protein  [36]
p- tMALQP (gain of function)

VIAR  SERPINF1 c.423delG + c.423delG Lack of PEDF protein [37]
p.11425fs*9

VIIAR CRTAP (c.118_133del16insTACCC)+ (c. Severe impairment of prolyl 3- [38]
118_133del16insTACCC) hydroxylation complex activity
p-Q40Yfs*117 (collagen post translational

modification)
XIAR  FKBP10 ¢.1399+1G>A + ¢.1399+1G>A aberrant Lack of FKBP65 protein [32]

splicing

Table 2. Examples of causative mutations in different types of OI found at the Verona molecular diagnostic center.

wsﬂrl U DIFW‘“

I I
FeopeEnile j——— matum hpe | collagen ————» Fropeplide

1 I
] I
— ol ““'P%. e

— ollagEn-i a2 PIHL

Figure 6. Type I collagen chains synthesis, post-translational modification and folding. Schematic representation of
rough endoplasmic reticulum (rER) within an osteoblast. Several rER resident enzymes perform post-translational
modifications on alpha 1 (blue) and alpha 2 (red) chains, before and during their folding. In particular, the prolyl 3-
hydroxylation complex (P3H1 + CyPB + CRTAP) is shown. FKBP65 and HSP47 proteins are involved in subsequent
maturation steps, such as folding and cross-linking, before secretion occurs. Defects, due to mutations in the corre-
sponding genes, in any of the proteins shown in the figure, are responsible for several types of osteogenesis imperfecta
(see text for details).
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3.3. Defects in collagen folding and secretion

Folding of post-translationally modified a chains is assisted by ER-resident collagen-specific
chaperones. Absence or dysfunction of two collagen chaperones, HSP47 and FKBP65, due to
mutations in both alleles of the corresponding genes (SERPINH1 and FKBP10, respectively)
have been reported to cause very rare recessive Ol. A single patient has been reported so far
with HSP47 deficiency and a severe OI phenotype (fype X) with considerable growth defi-
ciency [39]. Several patients with a milder form of OI (type XI) due to FKBP65 dysfunction
have been reported, showing long bone fractures, short stature, and ligamentous laxity [40].
Common cellular features in these two clinically distinct forms are intracellular aggregation
and delayed secretion of collagen, normally post-translationally modified, but unstable (in-
creased sensitivity to protease digestion was demonstrated in vitro). These observations cor-
roborate the idea that specific chaperones are necessary to monitor collagen helix folding
and stabilization during transit through the secretory pathway. Figure 6 schematically illus-
trates the role of gene products mentioned in Steps 3.1, 3.2, and 3.3.

3.4. Defects in bone mineralization

Autosomal-dominant type V OI and autosomal-recessive type VI OI were first described as
distinctive forms of brittle bone disorder in 2000 and 2002, respectively, by Glorieux et al.
on the basis of peculiar histological features revealing defects in the mineralization proc-
ess [41, 42]. All patients with type V OI have distinctive mesh-like lamellation on bone
histology; an osteoporotic phenotype associates paradoxically with exuberant bone forma-
tion in hypertrophic callus, affecting periosteal bone. As it was discovered in 2012, all

Figure 7. Defects in bone mineralization in OI type VI. (A) Goldner-stained iliac bone section of a OI type VI patient.
Resorption lacunae and a large quantity of unmineralized osteoid (in red) are visible. (B) Bone section under polarized
light. Arrows point to anomalies in the orientation of lamellae, reminiscent of a “fish-scale” pattern (magnification
200x). (Reproduced from J Bone Miner Res 2012; 50: 343-9 with permission of the American Society for Bone and Min-
eral Research).
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patients with type V OI share the same heterozygous mutation (c.-14C>T) in the 5UTR
(untranslated transcribed region) of IFITM5 gene [43]. The mutation creates a novel start
codon, thus adding five amino acids to the N-terminus of the protein, named BRIL, with
a gain-of-function effect. BRIL is a transmembrane protein highly expressed in osteoblasts
during mineralization. In the case of type VI OI, the causative gene is SERPINF1, which
encodes for PEDF, a ubiquitously expressed multifunctional secreted protein. Patients af-
fected by type VI OI, as well as the murine knockout model, do not produce PEDF be-
cause of different loss-of-function mutations in both SERPINF1 alleles [37, 44, 45]. Type VI
OI children do not show skeletal abnormalities at birth, fractures do not occur until the
age of 8-12 months, but a severe progressively deforming bone dysplasia with frequent
long bone fractures develops thereafter. Various studies have demonstrated that PEDF,
which is produced both by chondrocytes and osteoblasts, is necessary for osteoblast de-
velopment, favoring the expression of osteogenic genes and mineral deposition. It stimu-
lates the production of osteoprotegerin, thus inhibiting osteoclast maturation. The absence
of PEDF is detrimental for bone homeostasis and osteoid mineralization. Type VI patients
bone histology, in fact, reveals an increased amount of unmineralized osteoid and a pe-
culiar fish-scale pattern under polarized light (Figure 7). Although mutations in IFITM5
and SERPINF1 seem to have opposite effects on mineralization-increased ectopic ossifica-
tion in type V and reduced bone mineralization in type VI, further findings have demon-
strated that the two gene products, BRIL and PEDEF, do interplay in the process of bone
mineralization [46].

3.5. Defects in osteoblast development

Mutations in two genes involved in osteoblast differentiation have been recently associated
with recessive OI phenotypes: SP7 (type XII) and WNT1 (type XV). SP7 codes for a transcription
regulator factor, OSTERIX, which plays an essential role in regulating the differentiation of
preosteoblasts to osteoblasts. The unique type XII patient so far described [47], born to first-
grade Egyptian cousins, harbors a homozygous frameshift mutation in SP7 gene which most
likely leads to a dysfunctional OSTERIX protein. WNT1, a member of the Wnt family of
secreted glycoproteins, is the activator of a complex intracellular signaling pathway. It plays
an important role in bone formation and maintenance; the above-cited SP7 master gene and
ALPL gene (which encode alkaline phosphatase, a key enzyme for bone mineralization) are
among the downstream targets of Wnt signaling. Heterozygous WNT1 mutations may cause
early-onset osteoporosis, while homozygous mutations impairing Wnt protein occur in
patients with severe Ol with short stature, frequent fractures, and vertebral compressions [48].
Figure 8 illustrates schematically the role of gene products mentioned in Steps 3.4 and 3.5.

Schematic and simplified representation of the differentiation steps from bone marrow
mesenchymal stem cell to mature osteoblast. The transcription factors with an inductive effect
(RUNX2, OSTERIX) are indicated in red as well as the osteoblast-specific proteins PEDF and
BRIL, as cited in the text. The WNT signaling pathway plays a crucial role in osteoblast
differentiation, proliferation, and bone matrix formation/mineralization. Defects, due to
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mutations in the corresponding genes, in any of the proteins shown in the figure, are respon-
sible for various types of osteogenesis imperfecta (see the text for details).

Mesenchymal
stem cell

RUNX2

l
S oFe

OSTERIX

Osteoblast
PEDF
BRIL

Figure 8. Osteoblast development.

3.6. Restricted growth in Ol

Short stature is the most prevalent secondary feature of OI [49]. Only in the mildest form, OI
type I, affected individuals have minimal bone deformities and normal stature. In all other
types of OI, mild/moderate (+/++) to very severe (+++) growth deficiency is to be found (see
Table 1). Short stature in Ol is not caused by premature closure of growth plates; it can be the
consequence of compromised extracellular matrix structure and mineralization, which impact
on bone properties, leading to repeated long bones fractures, deformities, and bowing.
Severely affected patients may be short because of vertebral compression fractures, severe
scoliosis, lower limb deformities, and disruption of growth plates. However, growth can also
be delayed in the absence of these abnormalities. The mean standing height of patients with
Ol is lower than that of their unaffected first-degree family members, regardless of severity.
Truncal height is reduced, and head size increased in one-third of the patients with moderate
or severe OL

During childhood, there appears to be no difference between the standing heights of girls and
boys, but women have lower height z-scores than men. The reduction in arm span z-score
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generally follows the same pattern as for height: individuals with moderate or severe OI tend
to have lower z-scores than individuals with mild OI. The arm span/height ratio appears to be
increased in children with moderate or severe OI, but not in those with mild OI. Mean
concentrations of insulin-like growth factor (IGF)-I and IGF-binding protein (IGFBP)-3 are
generally normal, in the low range of age-specific reference values. Growth hormone (GH)
deficiency is very rare in patients with OI [50]. The etiology of the growth restriction in children
with moderate and severe Ol is not entirely clear. It has been suggested that it could be viewed
as a self-protective mechanism: a given mechanical load creates smaller stresses in a short bone
than in a long bone; thus, a short bone will break less easily [51]. People with severe OI have
a typical deformity of the growth cartilage, defined as “popcorn” appearance of the metaphy-
sis. Microfractures of the growth cartilage may play a role in the growth problems experienced
by these patients. There are no reports on the effects of puberty and hormonal changes on
growth in children with OL

3.7. Conclusions

The intent of this chapter was to give a molecular and cellular overview of selected condi-
tions associated with impaired height, focusing on growth plate misregulation, cartilage ex-
tracellular matrix dysfunctions, osteoblast differentiation, and mineralization process
impairments.

4. Methods

Most of the experimental data described in this chapter come from either in vitro studies
performed on cultured cells or from in vivo studies performed on animal models.

4.1. In vitro cell cultures

Cell culture studies on mutated FGFR3 were mostly performed in chondrosarcoma RCS
cells from rat, ATDC5 from mouse, or in heterologous cell lines as Hek293 or PC12. Single-
codon substitutions were introduced into the cDNA encoding FGFR3 by site-directed mu-
tagenesis, and the plasmids carrying different mutant molecules were transfected into
cultured cells to allow protein expression. To address questions related to the biochemistry
of mutant FGFR3 molecules, which is assessing the degree of receptor activation, FGFR3
proteins were isolated from cell lysates by immunoprecipitation techniques and analyzed
by Western blot using specific antibodies directed to phosphorylated tyrosine. Intracellular
receptor localization was visualized by immunofluorescence [22].

Studies in the field of O.I. are mostly based on cultivation of fibroblasts obtained (upon
informed consent) from patients’ skin biopsies. Fibroblasts are grown in DMEM medium
supplemented with 10% fetal bovine serum (FBS), 2 mM 1-glutamine, and antibiotics (peni-
cillin and streptomycin) at standard concentration. Proteins, DNA, and mRNA are extracted
and purified from cells for subsequent analyses. Detailed description of methods can be found
in Refs [31, 38].
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4.2. Animal models

Transgenic mice described in the chapter were generated by targeting the specific genes of
interest in murine embryonic stem cells with the homologous recombination technique,
originally described by Thomas AND Capecchi [52]. Several mouse models orthologous to
human skeletal dysplasia have been generated where gene expression was targeted to
chondrocytes. The list includes ACH, TDI, TDII, and SADDAN [53, 54]). Histochemical
analyses were performed on tissues isolated from proximal tibial growth plate tissue, generally
prepared from 1-week-old mice.

4.3. Gene sequencing

The search of causative mutations described in the text was performed by sequencing exons
and exon/intron boundaries of the candidate genes. Typically, single exons are amplified by
PCR using appropriate primers and then subjected to automated sequencing according to
standard protocols. When analysis of known established disease genes failed to identify the
causative mutations, whole exome sequencing strategies were employed in order to identify
novel loci [55, 56].

4.4. Growth plate histology

For analyses on human samples, tibial and/or femoral cartilage fragments were obtained from
medically aborted fetuses upon informed parental consent. Pregnancies were legally termi-
nated after ultrasonographic and X-ray detection of severe dwarfism.

4.5. Bone histology

Biopsies obtained from iliac crest (upon informed consent) are fixed in 70% ethanol and
embedded undecalcified in methylmethacrylate resin. Bone sections are cut by microtome,
stained by Goldner’s stain, and mounted on microscope slides.
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Abstract

Growth hormone (GH) is a critical regulator of linear body growth during childhood
but continues to have important metabolic actions throughout life. The GH receptor
(GHR) is ubiquitously expressed, and deficiency of GHR signaling causes a dramatic
impact on normal physiology during somatic development, adulthood, and aging. GHR
belongs to a family of receptors without intrinsic kinase activity. However, GH binding
to homodimers of GHR results in a conformational change in the receptors and the
associated tyrosine kinase Janus kinase 2 (JAK2) molecules. Activated JAK2 phosphor-
ylates the GHR cytoplasmic domain on tyrosine residues, and subsequent JAK2-
dependent and JAK2-independent intracellular signal transduction pathways evoke cell
responses including changes in gene transcription, proliferation, cytoskeletal reorgan-
ization, and lipid and glucose metabolism. JAK2 phosphorylates STAT5b, which is a key
transcription factor in GH regulation of target genes associated with body growth,
intermediate metabolism, and gender dimorphism; although STAT1, 3, and 5a have also
been shown to be recruited by the GHR. In addition, many transcripts are regulated
independently of STAT5b as a result of GHR activation of Src, ERK, and PI3K-mTOR
signaling pathways. The analysis of molecular mechanisms involved in inactivation of
GHR-dependent signaling pathway is also imperative for understanding GH physiol-
ogy. This is clearly illustrated in the case of hepatic GHR-JAK2-STAT5b activation where
signal duration regulates gender differences in liver gene expression. An early step in
the termination of GH-dependent signaling is removal of GHRs by endocytosis and
ubiquitination. The level of ubiquitin ligase SOCS2 is constitutively low, but its
expression is rapidly induced by GH. SOCS2 binding to GHR complex promotes their
ubiquitination and subsequent proteasomal degradation, contributing to the termina-
tion of the GH intracellular signaling. Clinically relevant, SOCS2 is a key negative
regulator of GH-dependent body growth and lipid and glucose homeostasis. Further-
more, several cytokines, growth factors, xenobiotics, and sex hormones can regulate
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SOCS2 protein level, which provides a mechanism for cross-talking where multiple
factors can regulate GHR signaling during somatic development. A better understand-
ing of this complex regulation in physiological and pathological states will contribute
to prevent health damage and improve clinical management of patients with growth
and metabolic disorders.

Keywords: GHR, SOCS2, Growth, Metabolism, sexual dimorphism

1. Introduction

Growth hormone (GH) is the main regulator of somatic growth through pleiotropic actions
on systemic metabolism and local actions on the bone growth plate [1-4]. GH is predominantly
linked to linear growth during childhood but continues to have important metabolic actions
throughout life. Secreted from the pituitary gland, GH binds to its receptor (GHR) on the
surface of the cells of the target tissues triggering a rapid cascade of intracellular signaling
events, which leads to the expression of GH-regulated genes. This set of genes includes positive
regulators of GH actions such as the one coding for the growth factor IGF-I, and also genes
involved in the negative feedback mechanism responsible for the termination of the GHR
intracellular signal, such as the suppressor of cytokine signaling 2 (SOCS2). In this chapter,
we will review the current knowledge about the intracellular GH signaling as well as the role
of SOCS2 in this regulation and discuss the implications on body growth.

2. Intracellular GH signaling

GH exerts its intracellular actions via the GHR that is ubiquitously expressed (e.g., liver, fat,
muscle, bone, and lymphocytes). The GHR belongs to a family of transmembrane cytokine
receptors that lack intrinsic enzymatic activity [5]. Instead, in order to activate intracellular
signaling, the GHR cytosolic domain associates to the tyrosine kinase Janus kinase 2 (JAK2)
[5]. Upon binding, GH promotes the dimerization of two GHR proteins, which results in a
conformational change that triggers the activation of the associated tyrosine kinase JAK2 due
to the unmasking of their kinase domain [5]. JAK2 activation triggers cross-phosphorylation
event on the two adjacent JAK2 proteins and the phosphorylation of tyrosine residues on the
cytosolic domain of the GHR. Signal transducer and activator of transcription (STAT) proteins
are then recruited to these phosphorylated tyrosines (pY), where they themselves become
substrates of JAK2. Although STAT1, STAT3, and STAT5a can also be recruited to the GHR,
STATS5b is the main mediator of GH signaling [1, 3, 6]. Phosphorylation by JAK2 releases
STAT5b from the receptor and promotes the formation of STAT5b dimer complexes. STAT5b
homodimers translocate to the nucleus, bind to their response elements (TTCNNNGAA) on
the DNA, and regulate the transcription of GH target genes (e.g., IGF-1, SOCS2, CYP2C12, and
HNF6 [7-10]). Studies of human subjects carrying rare inactivation mutations in the GHR,
STATS5b, and IGF-1 genes have demonstrated the essentiality of this pathway for normal human
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growth. Individuals carrying these mutations exhibit severe dwarfisms with very similar
growth curves [11-15]. Although STAT proteins are critical for many actions of GH [6], GH
activation of JAK2 can initiate signaling pathways in addition to the STAT transcription factors
as a result of GHR activation of: (1) the MAPK (Mitogen Activated Protein Kinase) pathway;
(2) insulin receptor substrate (IRS) proteins implicated in the activation of the phosphatidyli-
nositol-3-kinase (PI3K) and Akt pathway; (3) signal regulatory protein a (SIRPa), a trans-
membrane scaffold protein that recruits proteins including the tyrosine phosphatase SHP2;
and (4) SH2B1, a scaffold protein that can activate JAK2 and enhance GH regulation of the
actin cytoskeleton [6].

3. SOCS2 mediates GHR turnover

The analysis of molecular mechanisms involved in the inactivation of the GHR-dependent
signaling pathway is also imperative for understanding GH physiology. This is clearly
illustrated in the case of hepatic GHR-JAK2-STATS5b activation where signal duration regulates
gender differences in liver gene expression [10]. Studies on primary hepatocytes and several
cell lines have shown that GH-induced activation of JAK2-STAT5Db is transient, with maximal
activation achieved within the first 30 min of stimulation, followed by a period of inactivation.
This period is characterized by an inability to achieve maximal JAK2-STAT5b activation by GH
in the following 3—4 h, unless GH is withdrawn from the media [16]. Similarly, the male pattern
of pituitary GH secretion in rats is episodic with peaks every 3-4 h with unmeasurable basal
levels. Consequently, intracellular activation of STAT5b is also episodic and periods with low
GH circulating levels are required to achieve maximal activation of STAT5b. On the other hand,
female rats, which exhibit a more continuous GH secretion pattern with higher basal levels
and smaller, irregular, and intermittent peaks, show reduced STAT5b activation compared
with their males counterparts [17].

An early and important step in the termination of GH-dependent signaling is the removal of
GHRs from the cell surface by mechanisms of endocytosis, which are dependent on ubiquiti-
nation [18]. SOCS2 is part of an E3 ubiquitin ligase complex with a key role in the negative
regulation of GHR-JAK2-STAT5b signaling pathway, acting in a classical negative feedback
loop manner [19-22]. The transcription of SOCS2 is induced by STAT5b in response to GH
stimulation —which leads to elevated SOCS2 protein levels [16] —consistent with the critical
role of STATS5D for growth [7] (Figure 1). SOCS2 binds to phosphorylated tyrosines at the GHR
cytosolic domain through its SH2 domain while recruits Elongin B and C, the scaffold protein
Cullin5, and the ring finger protein Rbx2 through its SOCS box domain to assemble an E3
ubiquitin ligase complex that ubiquitinates the GHR and promotes its internalization [23, 24]
(Figure 2). These GHR-containing early endosomes are later fused to the lysosomes leading
to GHR degradation [24]. In addition to SOCS2, the ubiquitin ligase 3-TRCP has also been
shown to mediate GHR ubiquitination and internalization with the key difference that this
process is not GH dependent and the mechanism seems to act independently from SOCS2 [25].
Therefore, the current evidence would suggest that GHR membrane content is controlled by
ubiquitin driven endocytosis [18]. The constitutive internalization of GHR is mediated by f3-
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TRCP, which is further enhanced upon GH induction of SOCS2 expression and function.
Furthermore, the SH2 domain of SOCS2 can also bind to other components of the signaling
cascade interfering with the propagation of the signal. Particularly, SOCS2 binds the GHR at
Tyr487 and Tyr595 to prevent GHR signaling [21, 22]. The activation loop of JAK2 is also a
target of SOCS2 that prevents JAK2 tyrosine phosphorylation and activation of STATs [16].

AN, * W X
Wamaaan N A ARARARASSAAE

e,
Nucleus Ow
Transcription MGan:'h
of tarcet cenes etabolism
e Gender dimorphism

Figure 1. Negative regulation of GHR-STAT5b signaling pathway by SOCS2: The JAK2-STATS5b signal transduction
pathway requires an exquisite cellular control and loss of its regulation can promote alterations in body growth. Intra-
cellular activation of GHR-JAK2-STATS5b signaling pathway is transient and it is followed by a period of inactivation
that is characterized by an inability to achieve maximal JAK2-STAT5b activation by GH. GHR-STAT5b activity induces
the transcription of SOCS2 that acts as part of an E3 ubiquitin ligase complex that plays a key role in the negative regu-
lation of GHR-JAK2-STAT5b signaling pathway.

The physiological role of SOCS2 as negative regulator of GH signaling was clearly demon-
strated after the engineering of SOCS2-/- mice that are 40% larger than their wild-type (WT)
mates. This phenotype of enlarged growth is not observed in mice lacking other members of
the SOCS family such as SOCS1 or CIS (Cytokine-inducible SH2-containing protein), which
strengthen the role of SOCS2 as key negative regulator of GH signaling. These in vivo studies
highlight the role of SOCS2 as a key negative regulator of GH-dependent signaling and its role
in the control of lipid and glucose homeostasis [26]. High SOCS2 expression levels have been
found in the liver and the heart [16, 27], and, importantly, SOCS2 actions may not be confined
to regulating GH signaling. There is evidence that SOCS2 can directly bind the IGF-IR, and,
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therefore, it is possible that SOCS2 also regulates IGF-I signaling, although IGF-I does not
induce SOCS2 expression [28, 29]. In addition, SOCS2 has been shown to inhibit signaling by
IL-6, LIF, IGF-I, and prolactin (Prl) [19].
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Figure 2. E3 ligase activity of SOCS2 and GHR degradation by proteasome: SOCS2 is part of an E3 ubiquitin ligase
complex with a key role in the negative regulation of GHR-JAK2-STATS5b signaling pathway. SOCS2 binds to phos-
phorylated tyrosines (pY) at GHR cytosolic domain while recruits Elongin B and C, the scaffold protein Cullin5, and
the ring finger protein Rbx2 to assemble an E3 ubiquitin ligase complex that mediates ubiquitination of target proteins
(e.g., GHR) and their subsequent proteasomal degradation. The activation loop of JAK2 is also a target of SOCS2 that
prevents JAK2 tyrosine phosphorylation and activation of STATs.

4. Other mechanisms of GHR signaling inhibition

In addition to SOCS2, GHR signaling induces the expression of other SOCS family members
(SOCS-1, -3, and CIS) in a transient fashion. In vitro studies shown that SOCS1, SOCS3, and to
a lesser extent CIS, are able to inhibit GHR signaling [30, 31]. Both SOCS1 and SOCS3 can
directly bind phosphorylated JAK proteins via their SH2 domains inhibiting the kinase activity
through the N-terminal kinase inhibitory region (KIR) [32]. Knockouts (-/-) of SOCS1 and
SOCS3 genes are incompatible with life. SOCS1-/- mice died soon after birth due to hyperac-
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tivation of INFy signaling. Combination of SOCS1 deletion with genetic depletion of INFy or
treatment with anti-INFy antibodies ameliorates this phenotype [33]. Under these conditions,
no changes in body growth have been reported, suggesting that SOCS1 may not play a major
role in GHR signaling inhibition in vivo. On the other hand, CIS-/- mice exhibit no obvious
phenotype, although overexpression of CIS results in restricted growth [16, 34]. Despite certain
degree of redundancy within the SOCS family, the results obtained from mouse models suggest
that SOCS2 is a major negative regulator of GH signaling in vivo. In addition to SOCS, the level
of cell surface GHRs can be influenced by transcriptional, translational, and posttranslational
factors (e.g., nutritional status, endocrine context, developmental stage, and sex steroids),
which thereby regulate cell sensitivity to GH actions [16]. GHR translocation is also directly
inhibited by IGF-I, likely contributing to a local feedback loop to hamper GH sensitivity [35].
As mutations in the GHR [15] and STAT5b genes [11] result in growth deficiencies, activating
mutations of the tyrosine phosphatase SHP2 (PTPN11) also generates growth retardation
linked to the Noonan syndrome [36]. PTPN11 is involved in the negative regulation of GH
signaling, rendering lower IGF-I production after GH stimulation through regulation of the
RAS/ERK1/2 pathway. Noonan syndrome driving PTPN11 mutants hyperactivates the
RAS/ERK pathway in response to GH in vitro and in vivo, suggesting that GH-induced ERK1/2
activation could contribute to GHR signaling inactivation [36]. In the future, it will be inter-
esting to study whether hyperactivation of ERK1/2 inhibit GHR through induction of SOCS
expression [37]. Other protein phosphatases such as SHP1 and PTP1b (encoded by the PTPN6
and PTN1 genes, respectively) also play a role in controlling intracellular GH signaling. Upon
GH stimulation, SHP1 translocates into the nucleus, where it binds to STAT5b inhibiting its
activity [38]. SHP1 also interacts with phosphorylated JAK2 after GH stimulation, inhibiting
the propagation of the signal, accordingly, SHP1-/- mice show prolonged GH signaling [39].
On the other hand, PTP1b is able to dephosphorylate GH-activated GHR and JAK2 [16, 40, 41].

5. GH regulation of body growth

Currently, it is accepted that GH is predominantly linked with postnatal growth, whereas IGF-
Iis linked with both pre and postnatal growth [42, 43]. The original somatomedin hypothesis,
which proposed that pituitary GH increases tissue growth by stimulating production of
hepatic IGF-I, has developed gradually, from a simple to a more complex form, by studies
showing that (1) GH and IGF-I have both dual and overlapping functions on growth plate [44,
45]. However, there are still unanswered questions about the independent and combined
relationships of GH and IGF-I on the growth plate and bone growth, including whether or not
GH mediates any IGF-I independent effects on bone growth [46] and (2) conditional liver-
specific IGF-I null mice exhibited body weights that were indistinguishable from wild-type
littermates [47, 48]. These studies showed that, although the liver is the main source of
circulating IGF-L, it is local IGF-I that is important for regulating postnatal growth [47]. Indeed,
stimulation of hepatic IGF-I production in IGF-I null mice demonstrated that liver derived
endocrine IGF-I contributes to 30% of adult body size and sustains postnatal development [49,
50]. In addition, GH is more effective than IGF-I because GH exerts additional growth-
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promoting actions independent of IGF-I. Previous studies have nicely demonstrated that
STATS5b is important for sexual dimorphism of body growth (male-specific body growth) and
liver gene expression [51]. Indeed, GH-dependent transcription of IGF-I is directly regulated
by STATS5 [3], and the mode of GH administration (i.e., continuous vs. intermittent) influences
GH actions on body growth rate, IGF-I expression, and STAT5b activity, which might be
clinically relevant. Intermittent (male-like pattern) GH administration to rodents is a more
potent stimulus of body growth rate, IGF-I expression, and STAT5b activity in liver than is
continuous (female-like pattern) administration [17]. Global disruption of STAT5b in mice
caused loss of sexually dimorphic growth characteristics, so that the affected males reduced
their size to female size while female mice appeared unaffected. In addition, circulating IGF-
I is reduced by 30-50% in affected male but not in female mice. In addition to STAT5b, other
transcriptions factors are related with body growth. This is exemplified by the glucocorticoid
receptor (GR), which is a critical coactivator of STATSb in liver [52], or by interactions between
estradiol (E2)/estrogen receptor alpha (ERa) signaling and STATS5 [53]. In addition to endocrine
actions, paracrine involvement of STAT5a/b in the effects of GH on muscle is also evident in
the loss of muscle IGF-I transcripts and mass seen with muscle-specific deletion of STAT5a/b
[54].

6. SOCS2 and body growth

The importance of SOCS2 in the negative regulation of body growth through inhibition of
GHR-JAK2-STAT5b signaling was further demonstrated using genetically modified mice.
Thus, the SOCS2-/- overgrowth phenotype is fully dependent on GH and can be rescued by
inhibiting GH expression in these mice by crossing them with Ghrhr!** mice that have no
circulating GH. Both the double-knockout mice and the Ghrhr'*!* mice exhibited a similar 60%
growth retardation. Furthermore, administration of GH to these knockout mice caused an
increase of growth to a size indistinguishable from SOCS2-/- mice [21, 55]. Similarly, mice
resulting from crossing SOCS2-/- with STAT5b-/- mice show growth rates close to wild-type
mice [56]. Similar phenotypes to the SOCS2-/- mice have been observed in high-growth (hg)
mice, a phenotype that occurs following spontaneous mutation in mouse chromosome 10 [57].
However, in contrast to SOCS2-/-, hg mice have higher plasma IGF-I levels [57]. Surprisingly,
overexpression of SOCS2 results in a similar phenotype to SOCS2-/- mice [34, 58], which
suggests that the effects of SOCS2 on GH signaling are dose-dependent, with dual effects [16,
58]. It has been proposed that at physiological levels, SOCS2 inhibits GH signaling, by
promoting GHR degradation, but at higher doses, it inhibits signaling of other, more potent
GH inhibiting SOCS (i.e., SOCS1 and 3) [34, 58]. This could be through association with SOCS3
binding sites on the GHR, thus blocking SOCS3 action, or by binding the other SOCS them-
selves and suppressing them through proteasomal degradation [22]. The validity of these
mechanisms has been questioned [59] and their physiological relevance remains uncertain. A
more likely explanation of the effects created by SOCS2 overexpression would be a disruption
of its E3 ligase activity by sequestering components of the multimeric E3 ligase away from the
GHR.
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Several studies have demonstrated that polymorphisms in the GH/IGF-1/SOCS2 system can
also modulate the efficacy of GH treatment in humans. In humans with GH insensitivity due
to a GHR defects, growth retardation, and reduced bone density, which are the result of IGF-
I deficiency, are observed [60]. More recently, abnormalities of STAT5b, the IGF-IR gene itself,
and the binding proteins that influence IGF-I bioavailability at the tissue level have all been
reported to be associated with a variable extent of short stature in humans [12]. The effects of
GH treatment on growth can also be influenced by polymorphisms on GHR or IGFBP3 genes
and by their interactions among polymorphisms [61-64]. Genetic polymorphisms in the SOCS2
gene have been associated with adult height variation in healthy individuals [13, 14, 65].
Recently, Braz et al. observed that SOCS2 polymorphism and its interaction with polymor-
phisms in GHR and IGFBP3 loci influenced the adult height of children with Turner syndrome
and GHD (Growth Hormone Deficiency) after GH therapy [66]. Moreover, a SNP (Single
Nucleotide Polymorphism) in the SOCS2 gene was reported associated to increased pubertal
height in a Finnish cohort, supporting the role of SOCS2 in body growth in humans [67].

7. SOCS2 actions in bone and skeletal muscle

The overgrowth phenotype of the SOCS2 null (SOCS2-/-) mice [68] led to the confirmation that
SOCS2 is a key effector of GH/IGF-I axis, in line with the anabolic role of GH on the skeleton
[69, 70]. An interaction between SOCS2 and GH signaling in regulating body growth is
consistent with the temporal increased expression of the GHR and the overgrowth of SOCS2-/-
mice [68], with both occurring at around 3 weeks of age [68, 71]. Adult male SOCS2-/- mice are
40% heavier than their WT littermates while adult females reach the same size as the WT males
[68]. Notably, the increased body weight of SOCS2-/- is not a result of any increase in fatty
tissue but rather a proportional increase in size of most internal organs, muscle, and bone.
SOCS2-/- mice have increased body length with longer longitudinal bones (femur, tibia, radius,
and humerus) [68, 72]. No alterations to the growth plate were noted in the first description of
SOCS2-/- mice [68]. Later investigations, however, found that epiphyseal chondrocytes express
SOCS2 and growth plates from SOCS2-/- mice were enlarged with wider proliferative and
hypertrophic zones. These findings were associated with an increased long bone length [72].
Recently, microtomography (uCT) analysis at 7 weeks of age showed that SOCS2-/- mice have
increased bone mass (i.e., increased bone volume, trabecular number, and trabecular thick-
ness), although these mice exhibit no difference in bone mineral density (BMD) compared to
WT littermates [72]. In contrast, others authors have described lower trabecular and cortical
bone mineral density in SOCS2-/- mice (at 4 and 15 weeks of age) as well as reduced cortical
cross-sectional area and cortical thickness (at 4 weeks of age) [73]. Interestingly, these studies
found elevated serum levels of osteocalcin (a marker of bone growth) [72, 73] and TRAP5 (a
marker of osteoclast number) [72], which would indicate increased bone turnover in SOCS2-/-
mice [68, 72]. Although circulating IGF-I levels are normal in SOCS2-/- mice [68, 72], they have
elevated IGF-I mRNA in some tissues (heart, lung, and spleen but not liver, bone, fat, and
muscle). Therefore, it is likely that the increased bone growth and observed structural
differences within SOCS2-/- growth plates are a direct consequence of altered SOCS2-mediated
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GH signaling at the growth plate [33, 72]. Recent studies of Dobie and coworkers support this
hypothesis. Using ex vivo metatarsal cultures, they showed that GH was able to induce linear
growth only in the absence of SOCS2 [74] via a mechanism that is independent of IGF-L

In addition to increased bone length, enhanced GHR signaling by GH treatment or SOCS2
deficiency causes skeletal muscle enlargement [68]. The molecular effects of GH and SOCS2
on skeletal muscles are uncertain. GH actions on skeletal muscles are a consequence of its
systemic metabolic effects but also in part mediated by hormone-induced changes in gene
expression within the muscle, as demonstrated by studies that show GH-induced changes in
gene expression, including SOCS2, in human [75, 76] and murine [77] skeletal muscles. SOCS2
also modulates signaling pathways in the muscle independently from GH. Using C2C12
mesenchymal precursor cells, Ouyang et al. have shown that SOCS2 interferes with myotube
formation and favors the differentiation into osteoblast in a process that, although not fully
understood, would require the regulation of JunB [78]. In line with these observations, SOCS2
would also suppress myotube formation by inhibiting mitochondria biogenesis by interfering
with the p38/ATF2 pathway [79]. Overall, these investigations highlight the importance of
SOCS2 actions on bone and muscle development and growth through the modulation of
multiple pathways, not restricted to GH signaling. Moreover, SOCS2 plays a key role as
mediator of the interplay between sex steroids and GH signaling in these tissues.

8. Other functions of GH in the regulation of body weight

Disruption of GHR-STAT5-SOCS2 signaling pathway is also associated with metabolic
disorders [17, 26, 51, 80-84]. An inefficient GHR-JAK2-STAT5b signaling pathway results in
fatty liver and adiposity in rodents and humans due to enhanced lipogenesis and reduced
triglyceride secretion as well as reduced lipolysis [4, 80, 81]. This is supported by original
findings showing that STAT5b null male mice become obese in later life [51] and that STAT5b
deletion in a mature human was associated with obesity [85]. Therefore, GHR activated STAT5b
plays a critical role in regulation of key enzymes involved in lipid and energy balance. Liver-
specific GHR ablation leads to fatty liver because of reduced STATS5 activation despite normal
plasma free fatty acid and minimal adiposity. Relevant to this review, agonists of liver X
receptor (LXR), which cause hepatic steatosis [86], inhibit GH-STAT5b signaling [87]. This
inhibition is mediated by SREBP1, a LXR target gene, through the downregulation of STAT5b
gene transcription and stimulation of STAT5b protein degradation [87]. In contrast, ablation
of SOCS2 in mice, which increased STAT5 signaling, protects them from high-fat diet-induced
liver steatosis by increasing hepatic triglyceride secretion. As a result, these mice have
increased peripheral fat accumulation both in adipose and muscle tissues. Although this is not
associated with changes in systemic insulin sensitivity when mice are fed on a normal chow
diet, under high-fat diet conditions, SOCS2-/- mice are glucose intolerant and insulin resistant
and show increased expression of inflammatory cytokines [26]. The latter has been suggested
to be a consequence of increased sensitivity of SOCS2-/- macrophages to lipopolysaccharide
(LPS), leading to increased NFkB activation and inflammatory signaling in the liver despite
reduced steatosis [26]. In contrast, SOCS2 deletion protected against streptozotocin-induced
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type I diabetes in adult male mice presumably by enhancing antiapoptotic actions of STAT5b
[88]. Notably, SOCS2 can regulate inflammation by modulating the actions of other inflam-
matory cytokines [89]. The role of SOCS2 in the regulation of the inflammatory response seems
to be independent of GH signaling. Furthermore, the effects of inflammatory cytokines on
SOCS2 have been poorly investigated, with evidence that some interleukins induce SOCS2
gene expression only in specific cell types [89]. Thus, it has recently reported that in a sheep
model, a point mutation in the SOCS2 gene not only resulted in higher body weight and size
but also elevated leukocytes count in the milk as a sign of enhanced inflammatory response
[90]. In addition, altered SOCS2 expression has also been associated with malignancies [84, 91—
93]. Therefore, how to target SOCS2-regulated pathways without causing negative side effects
that systemic and chronic reduction in SOCS2 protein might cause is still a challenge.

9. SOCS2 mediates the cross-talk between steroids and GH

Until recently, most studies concerning the interaction among GH and steroids have been
focused on the influence of sex steroids on gender-specific pituitary GH secretion that has a
great impact on hepatic transcriptional regulation [17, 94]. However, a direct target of steroids
may also occur because interaction with androgen receptor (AR), estrogen receptor alpha or
GR, and the signaling pathways linked to these receptors are connected with lipid and glucose
homeostasis [95] and tissue growth [96, 97]. The relationship between GH and sex steroids
relative to body growth has been extensively studied, butitis not fully understood. Sex steroids
can directly modulate pituitary GH secretion [94, 98] in a process that in men seems to require
prior aromatization of testosterone into estrogen [99] but also indirectly through regulating
liver IGF-1 production. Thus, hypogonadal children have reduced GH secretion [100, 101] and
girls with precocious puberty show increased levels [102]. Additionally, sex steroids also exert
GH-independent effects on growth [103, 104]. During puberty, children experience a growth
spurt concomitant with increasing levels of gonadal steroids and GH secretions [98, 103]. This
pubertal growth spurt has been attributed primarily to the actions of estrogens [105], acting
directly on the growth plate cartilage inducing proliferation and finally promoting epiphyseal
fusion [106]. Thus, in girls with Turner syndrome, hormone replacement therapy results in
growth spurt [107]. Due to these effects on bone maturation, pharmacological doses of sex
steroids have been used in prepubertal children with the nonpathological condition of
constitutionally tall stature to limit their final height since 1950s [108, 109].

At the molecular level, increasing amount of evidences suggests that SOCS2 as a key mediator
of the interplay between GH and steroid hormones. Both androgens and estrogens are able to
induce the expression of SOCS2, which in turn limits GH signaling in cells from different tissue
origins such as liver, breast, and prostate [84, 110]. Transcriptional induction of SOCS2
expression by sex steroids is mediated by the steroid receptors, AR, for androgens, and ERa,
in the case of estrogens. This activation seems to be mediated by STAT5 [84] in a similar fashion
to what happened with another steroid receptor, the GR, which acts as cofactor for STAT5-
mediated transcription of SOCS2 after glucocorticoid stimulation [27]. Thus, direct upregula-
tion of SOCS2 expression by steroid hormones would limit GH actions on target tissues. The
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liver, a major target tissue of GH, expresses both AR and ERa. Therefore, SOCS2 might play
a central role in the modulation of GH signaling by androgens and estrogens, which defines
the gender dimorphism in response to GH. In good agreement to the role of SOCS2 as mediator
of sex steroids and GH signaling, SOCS2 KO mice show a less pronounced growth reduction
after E2 treatment than their WT mates (unpublished observations). Recently, Bolamperti and
colleagues described a novel SOCS2 regulation by estradiol in human osteoblasts [111]. Here,
E2 induces GH signaling (STAT5 phosphorylation after treatment with GH) by inhibiting
SOCS2 expression through a mechanism that involves proteasomal degradation of the protein
but not genomic actions. The molecular characterization of this regulation, e.g., whether these
effects are ER mediated, as well as the elucidation of this regulation as a general mechanism
or whether it is restricted to osteoblast cells deserve further investigation. Overall, steroids in
general and sex steroids in particular can modulate GH actions by controlling SOCS2 expres-
sion in several ways and in a tissue-specific manner. In the liver, SOCS2 induction by steroids
would modulate central metabolism as well as influence IGF-I secretion that in turn affects GH
secretion. In the bone, however, estrogens would potentiate GH actions by reducing the
expression of SOCS2.

10. General conclusions

GH is the main regulator of somatic growth through pleiotropic actions on systemic metabo-
lism and local actions on the bone growth plate. Relevant is the critical role of SOCS2 for the
negative regulation of body growth. However, many aspects on the actions of SOCS2 in
physiological and pathological models have yet to be understood. Particularly, more studies
investigating the mechanisms by which SOCS2 regulates metabolism (e.g., lipid metabolism),
insulin actions, malignancies, or GHR signaling at the growth plate are certainly needed.
Notably, how to target the elements of the SOCS2-regulated pathways without causing
negative side effects that systemic and chronic reduction in SOCS2 protein might cause is still
a challenge. Finally, the consequences of long-term exposition to steroid compounds (partic-
ularly, sex hormones-related compounds) on normal development, as a consequence of their
influence on GHR signaling, are largely unknown. Understanding this complex interaction in
physiological and pathological states could contribute to prevent health damage and improve
clinical management of patients with somatic growth disorders.
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Abstract

This work aims to summarize the current knowledge about Mannose-6- Phosphate/
Insulin-like Growth Factor 2 Receptor (M6P/IGF2-R) in the regulation of growth and
development, and its involvement in tumor progression. M6P/IGF2-R binds both
molecules sharing M6P signals and IGF2. The studies showed that M6P/IGF2-R is
involved in the trafficking of mannnose-6-phosphorylated enzymes from the Trans-
Golgi Network (TGN) to lysosomes and the uptake of secreted proenzymes from the
plasma membrane to the lysosomes via clathrin-coated vesicles for their maturation.
The M6P/IGF2-R acts as a scavenger that binds IGF2 and transports it to lysosomes for
its degradation since IGF2 exerts its biological effects on cell proliferation and
development by binding with lower affinity on IGF1 receptor, which is structurally
similar to insulin receptor and different from the M6P/IGF2-R. The M6P/IGF2-R has also
been studied in human cancer, and frequent losses of heterozygosity (LOH) at the
6q25-27 gene region with mutations in the remaining allele have been described. These
results led to consider M6P/IGF2-R gene as a putative tumor suppressor and its potential
prognostic value has been suggested.

Keywords: M6P/IGF2-R, genomic imprinting, cell growth and development, loss of
heterozygosity (LOH), human cancer, tumor suppressor

1. Introduction

Two mannose-6-phosphate receptors (M6PRs) have been described: the mannose-6-phos-
phate/insulin-like growth factor 2 receptor (M6P/IGF2-R) binds both M6P ligands and IGF2
[1, 2] and the cation-dependent mannose-6-phosphate receptor (CD-M6PR), which needs
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divalent cations to bind M6P ligands but does not bind insulin-like growth factor 2 [3]. The
M6P/IGF2-R is also called cation-independent M6P receptor (CI-M6PR) because it does not
need ions to bind its ligands. In comparison to their molecular weight, the CD-M6PR (46 kDa)
and the CI-M6PR (250 kDa) are, respectively, called “Small” and “Big” M6P receptor.

Historically, the insulin-like growth factors have been predicted by studying the action of the
pituitary growth hormone (GH) on the growth. GH is a pleiotropic hormone secreted by the
pituitary gland, which acts as a growth factor on bone and muscle tissues, or as a differentiation
factor and a metabolic regulator in liver, fat, and muscle tissues. GH has been historically
proposed to act by using intermediates, the somatomedins, which were able to exert growth
hormone-like effects on the skeletal cartilage and other tissues [4]. Further analyses revealed
two molecules sharing high homology with proinsulin that were consequently called IGF1 and
IGF2 [5, 6].

The insulin-like growth factors 1 and 2 have similar biological effects, but there are never-
theless differences in their expression. In mammals, IGF1 is preferentially expressed after
birth and is almost exclusively produced in the liver, whereas IGF2 is preferentially ex-
pressed in early stages of embryonic and fetal development in many tissues. In adults,
IGF2 is expressed not only in liver but also in other tissues such as the brain (essentially
the meninges) and choroid plexus [7]. IGFs play an important role in the regulation of nor-
mal cell growth and proliferation, or in malignant transformation [8, 9].

The growth hormone’s receptor is a single transmembrane protein sharing similarities with
the prolactin receptor and, to a lesser extent, with some members of cytokine receptor family.
The binding of GH to its receptor induces signaling pathways in most target cells to transduce
hormonal message to the nucleus, which results to activate the transcription of a variety of
genes coding for IGFs or several other proteins such as transcription factors, hormones,
hormone receptors, prolactin receptor, c-fos, cytochrome P450 IIC, and various enzymes.
Several studies reported that M6P/IGF2-R is involved in tumor development in human [9].

This chapter discusses the role of the M6P/IGF2-R in the regulation of growth and its involve-
ment in tumor progression.

2. Structure of the M6P/IGF2-R

The mannose-6-phosphate/insulin-like growth factor 2 is a single-chain transmembrane
protein, of 250-300 kDa that functions as a multifunctional receptor by binding molecules
sharing M6P signals and IGF2 [1, 2]. The M6P/IGF2-R contains 2451 amino acids with a large
extracellular domain made of 2264 residues, a short transmembrane domain of 23 residues,
and a small cytoplasmic domain of 164 residues. The extracellular domain of M6P/IGF2-R
consists of a 40-residue amino acid signal sequence and 15 conserved repeat domains. Each
repeat contains an average length of 150 residues and 13-37% amino acids identity rich in
cysteine residues, which make it highly conserved throughout species, with 60-90% homolo-
gy (Table 1). The repeat number 13 contains a 43-amino acid sequence homologous to the
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collagen-binding domain type 2-region of fibronectin. The mannose-6-phoshate signals bind
to repeats 3 and 9, whereas IGF2 binds to repeat 11 [10-12]. The M6P signals bind to residues
R*5 and R™* localized, respectively, in domains 3 and 9 [10], and the residues (Q%?-5*!-E*-
Y*?) localized in repeat 3 and (Q'*?-HP#-E"**-Y!3%) Jocalized in repeat 9 play an essential role
in M6P recognition [13] (Figure 1). Further studies showed that domain 5 also steps in
mannose-6-phosphate signal binding. The amino acid residues 1508-1566 localized in repeat
11 are needed for IGF2 binding [14]. Moreover, the affinity of IGF2 binding is enhanced by the
fibronectin type 2-like insert of domain 13, though the biochemical mechanisms of that
enhancement are unknown [9]. However, mannose-6-phosphate receptor does not bind to
IGF2 in oviparous [15].

Human Bovine Chicken Mouse
Human 100 90 60 89
Bovine 90 100 60 87
Chicken 60 60 100 -
Mouse 89 87 = 100

The M6P/IGF2-R amino acid sequences have been compared. Results, expressed in percentage, showed high homology
throughout species including human and varies from 60 to 90%.

Table 1. Sequence homology of M6P/IGF2-R in animals.

M6P signals recognition (Q-S-E-Y and Q-H-E-Y)
and binding sites (*3°R and 1334R)

| T

IGF2 binding site

(Adaptor Protein AP2)
(+19RVGL
L (Adaptor Protein AP1)

bronectin type Il

a35R 1334R
302Q §431 | pas0 yaes 1292 {1329 | E1354y1360 i
MN[ L [ 2 | 3 [ 4] 516 [ 78 |9 [ 1o | Naa 12 13][[ 4] 15 |cooH
Exons 14 48 811 1144 1447 1720 2023  23-26 2629 20-32 3234 3537 3738 4043 4346 47-48
Extracellular domain Cytoplasmic domain

Figure 1. Structure and gene organization of mouse M6P/IGF2 receptor. Numbers in boxes (1-15) symbolize the re-
peat domains. Binding sites are indicated in repeats 3 and 9 (for M6P signals) and in repeat 11 (for IGF2). M6P/IGF2-R
gene consists of 48 exons encoding for the full-length receptor. Amino acid sequences of cytoplasmic domain have
been suggested to interact with adaptor or G proteins.

The M6P/IGF2-R has been shown to be shed from the cell surface and secreted in the culture
medium in Michigan Cancer Foundation 7 (MCF7) cancer cell lines [16] Moreover, other
studies described the M6P/IGF2-R as a circulating protein in rat [17] or in human serum and
urine [18]. Subsequent studies showed that the serum form of M6P/IGF2-R is truncated or
altered in its cytoplasmic domain with a molecular weight of less than 230 kDa [19].
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2.1. Genomic organization and gene imprinting

In mice, M6P/IGF2-R is coded by chromosome 17 [20]. The gene contains 48 exons (Figure 1)
and spreads on 93 kb [21]. M6P/IGF2-R is imprinted in mice. Genomic imprinting is a devel-
opmental gene regulation whereby only one of the parental alleles is expressed [9].

In mice, the M6P/IGF2-R is exclusively expressed from the allele inherited from the mother,
while IGF2 is expressed from the allele inherited from the father [9]. The imprinting of M6P/
IGF2-R is regulated by the intron 2-region in paternal allele, which contains an antisense
transcript mediating the silencing of the paternal M6P/IGF2-R allele. Deletion of that intron 2-
region disrupts the silencing and leads to biallelic expression of M6P/IGF2-R inherited from
the father [22]. Mice inherited from a disrupted M6P/IGF2-R gene from their mother do not
express the receptor in tissues and show malformations in lungs and cardiac muscle. By
contrast, when the same gene is inherited from the father, no abnormality was observed in the
development confirming the paternal imprinting of the M6P/IGF2-R gene [23].

The oppositely imprinting of IGF2 and M6P/IGF2-R genes supposes that M6P/IGF2-R pro-
duced from the mother acts as a scavenger, which neutralizes IGF2 produced from the fa-
ther before it reaches the signaling from IGF1 or insulin receptors to exert its biological
effects [9].

In human, the M6P/IGF2-R gene was previously described to map on chromosome 6q25-27
[20]. Kalscheuer et al. [24] reported that M6P/IGF2-R is not imprinted in human. Others
hypothesized that such an imprinting has been probably lost during evolution [25]. Studies
reporting M6P/IGF2-R imprinting as being polymorphic in human are controversial as the 3'-
untranslated region (3’'UTR) polymorphisms used are difficult to amplify and are subject to
misinterpretation.

The consensus retained is that the receptor expression is biallelic in most humans and only
less than 10% of individuals exhibit imprinting of M6P/IGF2-R [26].

3. Functions of the M6P/IGF2-R

The M6P/IGF2-R mainly and continuously circulates and cycles between endomembrane
compartments and cell surface. At a steady state, it is majorly localized in trans-Golgi network
(TGN) and endosomal compartments and poorly present on the plasma membrane.

3.1. Mannose-6-phosphorylated ligand binding and lysosomal enzyme routing

The mannose-6-phosphate signals bind to domains 3 and 9 [10, 12], whereas IGF2 binds to
domain 11 [10, 14]. The binding affinity of M6P/IGF2-R for M6P ligands varies from Kd =10
to 10° M and depends on phosphorylated ligand structures [27, 28]. The arginine residues
#5R and R, respectively, localized on repeats 3 and 9 are needed for M6P signal binding.

The M6P/IGF2-R is involved in the intracellular trafficking of newly synthesized mannose-6-
phosphorylated lysosomal enzymes from the trans-Golgi network to the late endosomes [29,



Mannose-6-Phosphate/Insulin-Like Growth Factor 2 Receptor (M6P/IGF2-R) in Growth and Disease: A Review
http://dx.doi.org/10.5772/64810

30] and cellular uptake of secreted lysosomal enzyme precursors [31]. Lysosomal enzymes are
recognized by their M6P signals and bind to M6P/IGF2-R. Adaptor proteins AP1 interact with
guanosine triphosphate (GTP)ase adenosine diphosphate (ADP) ribosylation factor (ARF) and
a specific sequence DDSDEDLL localized in the cytoplasmic domain of the M6P/IGF2-R [32,
33]. GTP hydrolysis-released energy is used for clathrin molecule recruitment. Lysosomal
enzymes are then transported, via clathrin-coated vesicles, to acidified endosomal compart-
ments where the low pH (3-5) leads to the dissociation of the enzyme from the receptor [29].
Enzymes are then released to their lysosomal final destination, the lysosomes, whereas the
M6P/IGF2-R are recycled to the cell membrane or headed back to the trans-Golgi network to
accomplish other transport cycles (Figure 2) [29].

A
Cit hedian

Figure 2. Endocytosis and lysosomal enzymes trafficking by the M6P/IGF2-R. Lysosomal enzymes are synthesized in
endoplasmic reticulum and transported in the Golgi where they acquire M6P signals (==). Mannose-6-phosphorylated
enzymes bind to the M6P/IGF2-R (#) in the trans-Golgi network and are routed to the late or earlier endosomes. The

receptors bound to secreted enzymes and to IGF2 (..) at the cell membrane level (ﬁ) are endocytosed and directed to
endosomes. Enzymes and IGF2 are directed to the lysosomes and the receptors (=) are recycled to the cell membrane.

3.2. Endocytosis of receptors and secreted proenzymes

About 10% of M6P/IGF2-R are found at the plasma membrane level and they can be inter-
nalized and recycled independently of the binding of ligand [34], whereas most of mem-
brane receptors are internalized after the binding of their specific ligand. Secreted
proenzymes are uptaken by the membrane M6P/IGF2-R and the proenzymes/M6P/IGF2-R
complexes are internalized in clathrin-coated vesicles via an interaction between the recep-
tor and adaptor proteins AP2 [33], which recognize cytosolic signals 2YSKV? of M6P/IGF2-
R [35, 36]. Enzyme/receptor complexes are transported to early endosomes, the enzymes
are then released and transported to late endosomes, then to lysosomes for their matura-
tion into active enzymes, whereas the M6P/IGF2-R are recycled to cell membrane or to the
trans-Golgi network [29].
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3.3. Binding and regulation of IGF2 mitogenic effects

M6P/IGF2-R binds to IGF2 with higher affinity, Kd = 0.1-1 nM [37, 38] and has a lower affinity
for IGF1 [39]. By contrast, it does not bind to insulin [40].

The mitogenic effects of IGF2 are exerted by its binding with lower affinity to the signaling
receptors such as the IGF1 receptor or insulin receptor isoform A [9]. M6P/IGF2-R acts as a
scavenger by mediating internalization and degradation of IGF2 as described previously in
cell cultures including rat adipocytes [41] mouse L-cells [42]. In vivo, studies provide evidence
that M6P/IGF2-R regulates IGF2 circulating and tissue amounts, as shown by gene deletion
experiments in mice [43, 44]. These studies reported that in mice-deficient M6P/IGF2-R, IGF2
levels were two- to threefold increased than wild type. Moreover, the lack of M6P/IGF2-R
increased levels and induces tissue proliferation and hypertrophy that is produced by IGF2
acting on the IGF1 receptor [45].

3.4. Binding to mannose-6-phosphorylated molecules

3.4.1. Transforming growth factor f1

The M6P/IGF2-R is involved in proteolytic activation of the transforming growth factor 31
(TGFp1), a potent growth inhibitor, that regulates the differentiation and growth in most cell
types [46]. TGFB1 is a mannose-6-phosphorylated protein synthesized as a single inactive
propreprotein, which is secreted and stored in extracellular matrix. Inactive TGFf binds to
M6P/IGF2-R and it is then cleaved in mature and active form by extracellular plasmin [47].
This activation mechanism of TGFf by M6P/IGF2-R has been described in cell culture model
but not in vivo [46, 30]. Moreover, several studies suggested a role of plasmin-mediated
activation of inactive TGFp following its binding to the M6P/IGF2-R [46, 48, 49].

M6P/IGF2-R is known to bind to domains DII and DII of urokinase receptor [50]. So, other
studies suggest the binding of plasminogen to the complex M6P/IGF2-R/urokinase plasmino-
gen activator receptor, leading to the generation of active plasmin that activates receptor-
bound latent TGFg [51, 52].

3.4.2. Retinoic acid

Retinoic acid plays an important role in development, cellular metabolism, and regulation of
cell proliferation. The retinoic acid binds to a specific signaling nuclear receptor. Kang et al.
[53] reported that the retinoic acid binds to the cytoplasmic domain of M6P/IGF2-R. Retinoic
acid has been shown to stimulate M6P/IGF2 receptor-mediated internalization of IGF2 and to
increase lysosomal enzymes sorting [30]. M6P/IGF2-R has been proposed to play a role in
mediating retinoid-induced apoptosis/growth inhibition [29].

3.4.3. Leukemia inhibitory factor

M6P/IGF2-R is involved in the internalization and degradation of the cytokine leukemia
inhibitory factor (LIF) leading to its regulation [54].
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3.4.4. Proliferin

Proliferin is a paracrine factor related to prolactin glycoprotein involved in endothelial cells,
angiogenesis during fetal development [55, 56], and a mitogen-regulated protein previously
described in mouse 313 fibroblasts [57, 58]. Its signaling pathway suggests a G protein-coupled
receptor [59] but remains unclear.

3.4.5. Prorenin

The prorenin is a proenzyme secreted by juxtaglomerular cells of kidney. The renin catalyzes
the activation of angiotensin I into angiotensin II that regulates blood pressure and extracel-
lular fluid volume [60]. Mannose-6-phosphorylated prorenin [61] binding to M6P/IGF2-R leads
to its internalization and proteolytic activation into renin.

3.4.6. Thyroglobulin

Studies showed that radiolabeled thyroglobulin binds to M6P/IGF2-R [62]. Moreover, thyro-
globulin can be endocytosed by the M6P/IGF2-R but the receptor fails to direct it to the
lysosomes for its degradation in the thyroid gland [63].

4. Does the M6P/IGF2-R interact with G-proteins?

The function of M6P/IGF2-R as a signaling receptor is poorly understood and controversial.
Several studies reported that M6P/IGF2-R lacks intrinsic kinase activity, contrarily to insulin
and IGF1 receptors. The authors suggested that M6P/IGF2-R is coupled to G-protein via a 14-
amino acids sequence (*"RVGLVRGEKARKGK?*?) localized in the cytoplasmic domain of the
MB6P/IGF2-R (Figure 1) that is similar to the third cytoplasmicloop of G-protein-coupled seven
transmembrane region receptors [64]. Nishimoto et al. [65] showed that IGF2 binds to M6P/
IGF2-R and stimulated calcium channel in mouse Balb/c3T3 cells. Moreover, this action of IGF2
on calcium influx was abolished by Bordetella pertussis toxin or by using antibodies directed
against M6P/IGF2-R, suggesting a G protein-mediated biological effect of M6P/IGF2-R [66].
By contrast, others showed that mice L-cells expressing wild or mutated M6P/IGF2-R and
treated to B. pertussis toxin were capable to block toxin-inhibiting activity. These last results
showed an absence of coupling between M6P/IGF2-R and G-protein [67]. Recent studies using
HEK293 cells suggested a novel mechanism of IGF2-mediated G-protein activation. In that
model, IGF2 binding to M6P/IGF2-R leads to activation of sphingosine kinase and production
of extracellular sphingosine 1-phosphate (S1P), the ligand for G protein-coupled S1P recep-
tors [68]. Others suggested that mannose-6-phosphorylated ligands of M6P/IGF2-R also used
that pathway [59]. However, there is no direct evidence involving the binding of these ligands
and sphingosine kinase activation. Most of biological effects of IGF2 are mediated by IGF1
receptor and insulin receptor [30]. This pathway probably occurs in chicken since IGF2
stimulates protein synthesis and fibroblast mitosis in that species, whereas mannose-6-
phosphate receptor does not bind to IGF2 [15].
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5. Role in human cancers

The study of M6P/IGF2-R in the targeting of newly synthesized mannose-6-phosphorylated
lysosomal enzymes, such as cathepsin D, in human breast cancer lines showed that pro-
cathepsin D is secreted from cancer cell lines, suggesting a possible alteration of M6P/IGF2-R
[69].

Studies on M6P/IGF2-R gene localized on 6q chromosome (6q25-27 region) in human mam-
mary cancers showed losses of heterozygosity (LOH) in 48% of tumors [70, 71].

Further studies showed that M6P/IGF2-R gene exhibited LOH in 30% of breast cancer with
informative mutations in 2/5 of the remaining allele [72]. The LOH phenomenon has been
confirmed in mammary cancers [73] and also described in other human cancers such as
hepatocarcinoma [74] and ovarian cancers [75]. Studies at the protein level in mammary cancer
showed that M6P/IGF2-R levels were significantly lower in cancer cells than in normal cells in
50% of tumors in which the peritumoral normal glands could be quantified in parallel, agreeing
the hypothesis of a tumor suppressor gene for the M6P/IGF2-R [76]. Most of further studies
led on M6P/IGF2-R suggested M6P/IGF2-R as being coded by a tumor suppressor gene [72,
77,78] and its role as a putative prognostic marker in breast cancers has been hypothesized [76].

6. Conclusion

The M6P/IGF2-R is a multifunctional receptor that is known as binding molecules sharing M6P
signals and IGF2. Further studies showed that it also binds to many other mannose-6-
phosphorylated molecules such as TGFf3, retinoic acid, and so on. The M6P/IGF2-R is a single-
chain membrane receptor consisting of a large extracellular domain of 2264 amino acids
residues organized in 15 repeats, a short transmembrane of 23 amino acids residues, and a
small intracellular domain of 164 residues. The receptor targets newly synthesized mannose-6-
phosphorylated lysosomal enzymes by binding M6P signals on specific sites localized in
repeats 3 and 9 of extracellular domain and transports them from the trans-Golgi network to
lysosomal compartment. The secreted enzymes precursors are internalized by the M6P/IGF2-
Rlocalized on the cell membrane and routed to lysosomes for their maturation. IGF2 binds to
repeat 11 of the receptor and is transported, after internalization, to the lysosomes for its
degradation. IGF2 effects on growth and development are mediated by IGF1 or insulin
receptors, although these receptors bind IGF2 with lower affinity. Consequently, M6P/IGF2-R
is considered as a scavenger that regulates IGF2 levels before it reaches IGF1 receptor to exert
its biological effects on cell proliferation and growth. M6P/IGF2-R would be considered as a
“Garbage Receptor,” since it does not lead to a known biochemical pathway of signal trans-
duction but transports its ligands to lysosomes for degradation, in opposition to “Signaling
Receptor” that induces signal transduction after ligand binding.

The M6P/IGF2-R gene maps on chromosome 6q region and is imprinted in rodents, whereas
its expression is mostly biallelic in human. M6P/IGF2-R gene has been suggested as acting as
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a tumor suppressor since losses of heterozygosity and mutations in the remaining allele have
been frequently described in many human tumors such as mammary, ovarian, and liver
cancers. These previous results are supported by the measures of M6P/IGF2-R at the protein
level showing significant decrease of receptor levels in cancer cells than in normal cells in about
50% of breast tumors, which led to suggest its potential value as a cancer prognostic marker.

Insulin-like growth factor axis has a critical role in mediating fetal and postnatal growth; thus,
alterations in this pathway including changes in the expression of the M6P/IGF2-receptor and
impairments in its function could impact somatic growth. Moreover, genetic evidence clearly
supports a role for IGF2/M6P receptors in organ development and growth.
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Restricted growth conditions are a group of genetic disorders with primary effect on
growth (short stature); it is very heterogeneous and comprises two important categories:
skeletal dysplasia and different genetic syndromes with primary effect on growth. It
could also be caused by a medical condition. The book contains chapters regarding
different aspects of the study of restricted growth that are divided into three broad
sections. Section I: Defining Restricted Growth, Section II: Genetics and Diagnosis of
Restricted Growth, and Section III: Signaling Pathways and Molecular Mechanisms
of Restricted Growth. The book presents comprehensive reviews of each topic written
by experts in the field. It will be the most valuable tool for physicians and life science
researchers and students. We hope that the book will motivate discussion and research
in this important health problem, setting the path for better therapeutic approaches.
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