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GH insensitivity (GHI) presentsin childhood as growth failure and in its severe form is associated with dysmorphicand
metabolic abnormalities. GHI may be caused by genetic defects in the GH-IGF-I axis or by acquired states such as
chronic illness. This article discusses the former category. The field of GHI due to mutations affecting GH action has
evolved considerably since the original description of the extreme phenotype related to homozygous GH receptor
(GHR) mutations over 40 yr ago. A continuum of genetic, phenotypic, and biochemical abnormalities can be defined
associated with clinically relevant defects in linear growth. The role and mechanisms of the GH-IGF-I axis in
normal human growth is discussed, followed by descriptions of mutationsin GHR, STAT5B, PTPN11,IGF1,IGFALS,
IGF1R, and GHT defects causing bioinactive GH or anti-GH antibodies. These defects are associated with a range
of genetic, clinical, and hormonal characteristics. Geneticabnormalities causing growth failure that is less severe
than the extreme phenotype are emphasized, together with an analysis of height and serum IGF-I across the
spectrum of different types of GHR defects. An overall view of genotype and phenotype relationships is pre-
sented, together with an updated approach to the assessment of the patient with GHI, focusing on investigation
of the GH-IGF-I axis and relevant molecular studies contributing to this diagnosis. (Endocrine Reviews 32:
472-497, 2011)
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l. Introduction

Hinsensitivity (GHI) (OMIM no. 262500 and 245590)
was first described in a pediatric setting by Laron et al.
in 1966, with the description of three children with extreme
growth failure from a consanguineous Jewish family of Ye-
menite origin who had the phenotype of hypopituitarism
with high serum GH concentrations (1, 2). Although an
abnormal GH molecule was initially suspected, this dis-
order, which for many years was referred to as “Laron
syndrome,” was shown to be caused by a defect in the GH
receptor (GHR) resulting in the absence of binding of
1251.GH to GHR prepared from the patients’ liver mem-
branes (3). This striking but very rare phenotype, which
was also untreatable at that time, became synonymous
with the diagnosis of GHI, a perception that remained
unchallenged for over 20 yr. In the late 1980s, two pivotal
developments brought important changes to the field. The
first was the synthesis and availability of recombinant hu-
man (rh) IGF-I for therapy (4, 5), and the second was the
advent of molecular techniques, which led to the cloning
and characterization of the human GHR, thus initiating
the understanding of the pathophysiology of GHI (6, 7).
The subsequent study of genetic abnormalities in the GH-
IGF axis has provided invaluable information on the phys-
iology of human linear growth.

As may occur in medicine, scientific advances fre-
quently move more rapidly than the perceptions of clini-
cians, who may remain attached to the recognized and
trusted view of a certain disorder, particularly if it is rare.
This observation can be made in relation to GHI, which is
now known not to be a single entity, but rather to be a
broad diagnostic category comprising a range of molecu-
lar defects in the GH-IGF axis. These defects, which may
involve genes coding for proteins that regulate GH binding
or signal transduction and IGF-I synthesis, transport, or
action, are associated with an equally varied range of phe-
notypes and biochemical abnormalities. This review will
present and discuss evidence for a continuum of GH-IGF
axis abnormalities associated with a range of phenotypes
consistent with GHI.

Previous reviews have described the characteristics of
the extreme phenotype (2, 8, 9), so we concentrate on
defects illustrating the range of phenotypes. This article
discusses the genetic causes of GHI, also referred to as
“primary IGF deficiency,” rather than acquired states of
GHI related, for example, to chronic illness or malnutri-
tion. We aim also to update and orient clinicians in the
appropriate diagnostic approach to children with growth
failure. We challenge and hopefully lay to rest the view
that GHI is an excessively rare disorder associated with a
single historical phenotype.
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Il. The GH-IGF-I Axis in Human Growth

A. Physiology of GH and the IGF-I system in relation to
linear growth

The actions of GH are mediated by a combination of
components of the IGF system, including IGF-I, IGF-bind-
ing proteins (IGFBP), the IGF-I receptor (IGFIR), and IGF-
independent effects through direct GH action. The GH-
IGF-I axis is shown in Fig. 1 and discussed further in
Sections 11.A and I1.B. The original “somatomedin hy-
pothesis” proposed that GH binding to its receptor stim-
ulated IGF-I production, which independently affected
growth (10). However, the discovery that IGFs are ex-
pressed in most tissues questioned this original hypothesis.
Green et al. (11) proposed the “dual effector hypothesis”
in 19835, based on studies with adipocytes suggesting that
GH regulates the expression of locally produced IGF-1,
which then acts in an autocrine/paracrine manner. Ex-
pression of the IGF1 gene was found in multiple tissues
throughout embryonic and postnatal development (12,
13). In addition, injection of GH into hypophysectomized
rats increased IGFI mRNA in numerous nonhepatic tis-
sues (14, 15). Direct injection of GH into the cartilage
growth plate of hypophysectomized rats also resulted in
significantly increased longitudinal bone growth (16).
These and other studies suggested that GH has local ef-
fects, independent of those mediated by the increase in
circulating “endocrine” IGF-1. This hypothesis was then
extended by Isaksson and colleagues (17, 18), who dem-
onstrated that GH stimulated differentiation of preadi-
pocytes and chondrocytes in the growth plate, whereas
IGF-I stimulated their clonal expansion.

In a comprehensive review of the evolution of our un-
derstanding of the interrelated roles of GH and IGF-I,
LeRoith et al. (19) presented a revised somatomedin hy-
pothesis in 2001, taking account of gene-deletion exper-
iments in mice that questioned the role of liver IGF-I and
its circulating endocrine form in controlling postnatal
growth and development (20, 21). Liver-specific Igf1
knockout mice continued to grow normally despite a sig-
nificant reduction in circulating IGF-I, indicating that lo-
cally produced IGF-I was an important growth mediator
(19). However, LeRoith and colleagues (22) recently mod-
ified the conclusions on the role of hepatic IGF-I after data
showing that when the hepatic Igf1 transgene was inserted
into the IGF-I null mouse, it elevated serum IGF-I levels
and largely restored growth. In 2007, Kaplan and Cohen
(23) proposed a further modified somatomedin-IGF hy-
pothesis that considered the apparent paradox that GH
exerts its effects through IGF, some of which oppose the
known actions of GH. The so-called “augmentative/coun-
teractive hypothesis” proposed that the IGF are augmen-
tative hormones that amplify the anabolic actions of GH,
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phosphoinositide-3 kinase (PI3K) and
MAPK pathways. Initiation of signal
transduction through the STATSb path-

Cytokines
Growth factors

PI3K/AKT
Ras/MAPK
STAT1, 3, 5a

PIBK/AKT
Ras/MAPK
STAT

\ way requires STATSb to associate with
one of several JAK2-phosphorylated ty-
rosines located on the intracellular do-
main of GHR (27). In contrast, these
GHR intracellular tyrosines are not nec-
essary for activation of the STATI,
STAT3, MAPK, or PI3K pathways (27,
/ 28), but activation is likely to be still

JAK2 dependent (29), although the in-

N j\

Autocrine

volvement of other kinases such as Lyn

<TGFI> IGF:, Paracrine \IGF—I has been suggested (30, 31).
Endocrine @ dependent independent STATSD, recruited to GH-activated
CAs D “ GHR, is subsequently phosphorylated by
i JAK2, whereupon the tyrosyl-phosphor-
: e lated-STATSb forms a homodimer and
< PR > _____________________ [ crown translocates to the nucleus. The dimeric
phosphorylated STATSb binds to chromo-

FIG. 1. The GH-IGF-I axis in human growth. See Section /I.B for explanation. Solid arrows,
Activation processes; dashed arrows, translocation processes. AKT, v-akt murine thymoma
viral oncogene homolog, also known as PKB, or protein kinase B; P, phosphorylated residue;

Y, tyrosine.

while countering the potentially undesirable GH effects of
gluconeogenesis and lipolysis (23).

Studies using various Igf1 knockout mouse models have
shown that GH stimulates longitudinal bone growth by
both IGF-I-independent and IGF-I-dependent mechanisms.
About 75% of serum IGF-1 is liver-derived, whereas the re-
mainder originates from nonhepatic tissues (20, 21). In ad-
dition, serum levels of the acid-labile subunit (ALS) and
IGFBP-3 are important in maintaining circulating IGF-I (24).
The importance of ALS was clearly shown in the Igfals
knockout mouse model (25) and by Domené et al. (26), who
reported the first homozygous mutation in human IGFALS
causing severe IGF-I deficiency.

B. Mechanisms of GH and IGF-I actions

Pituitary-derived GH exerts its growth effects primarily
by regulating the expression of IGF-I in both hepatic and
nonhepatic tissues (Fig. 1). In nonhepatic tissues, other
growth factors and cytokines, in addition to GH, can exert
local growth effects by regulating IGF-I production and/or by
mechanisms independent of IGF-I expression. GH regulates
IGF-I production predominantly through the signal trans-
ducer and activator of transcription (STAT)-5b signaling sys-
tem. The binding of GH to the cell surface homodimeric
GHR (a cytokine receptor that lacks intrinsic kinase activity)
recruits and induces signal transduction through cytosolic
Janus kinase 2 (JAK2). The complex signaling pathways ac-
tivated include four STATs (STATT1,-3,-5a, and -5b) and the

somal GH-responsive elements (GHRE)
and drives transcriptional regulations of
STATSb-dependent genes, including
IGF1, IGFBP3, and IGFALS, encoding
for IGF-1, IGFBP-3, and ALS, respec-
tively. Surprisingly little is known regarding the human
GHRE recognized by STATSb. In the rat Igf1 gene locus,
seven GH-induced STATSb response elements located at
least 63 kb upstream of the Igf1 start site or within introns
were recently reported (32). It remains to be determined
whether similarly located GHRE in human IGF1 are used
by STATSD (32, 33).

IGF-I produced in the liver circulates in ternary complex
with liver-derived IGFBP-3 and ALS and is delivered to IGF-
I-responsive cells and tissues. The mitogenic and metabolic
effects of IGF-I are mediated through type I IGFIR, a cell-
surface tyrosine kinase receptor encoded by IGF1R. Synthe-
sized as a single polypeptide precursor, the IGF1R undergoes
posttranslational glycosylation and is proteolytically cleaved
into a- and B-chains. The mature, functional receptor is a
tetramer (a,[3,), with the extracellular dimeric a-subunits
involved in ligand binding, whereas intrinsic tyrosine kinase
activity is located within the B-subunits (34). The binding of
IGF-I to IGF1R leads to receptor autophosphorylation, re-
sulting in recruitment of cytoplasmic components of down-
stream signaling pathways, including the PI3K/Akt and
MAPK/Erk pathways, ultimately leading to cell proliferation
and other metabolic effects.

C. Effects of human GH-IGF-I axis mutations on
linear growth

Normal GH secretion and the functional integrity of the
IGF system are essential for normal linear growth. Defects
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TABLE 1. Classification of GHI disorders with short
stature

Defects of the GH-IGF-I axis
1. GHR defects
a. Extracellular mutations
b. Transmembrane mutations
¢. Intracellular mutations
. GH signal transduction defects (STAT5b)
. Mutations of SHP-2 (encoded by PTPN17), K-RAS, H-RAS
. IGF1 gene mutations or deletions
a. Defects causing IGF-I deficiency
b. Bioinactive IGF-I
5. ALS defects
6. IGF-I receptor (/GFIR) gene mutations
7. GH-neutralizing antibodies in patients with GH gene deletion
Acquired disorders causing GH resistance
1. Malnutrition, parenchymal liver disease, type 1 diabetes mellitus
2. Chronic inflammatory and nutritional disorders (e.g. juvenile
chronic arthritis, Crohn'’s disease, celiac disease)

B wWN

thathave been identified to cause impaired growth are shown
in Table 1. A summary of phenotypic and biochemical fea-
tures in the range of GH-IGF-I axis defects is given in Table
2. Human prenatal growth is regulated principally by nutri-
tional supplies, which influence fetal IGF-I and, perhaps,
IGF-11(35). Targeted disruption of either Igf1 or Igf2 in mice
led to a 40% reduction in fetal growth (36). The importance
of normal IGF-I production in humans was confirmed by the
prenatal growth failure reported in patients with IGF1 mu-
tations (37, 38). IGF-I action is also essential, as demon-
strated by IGFIR rodent knockout studies (Igf17~'~), which
resulted in a 55% reduction in fetal size (36), an effect also
present in humans with mutations of IGF1R (39). Postnatal
growth may be disrupted by mutations that disturb the func-
tional integrity of the cascade of GH-GHR interaction, GH
signal transduction, and IGF-I production, transport, and
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action (8, 9). In states of GHI resulting from impaired GH-
GHR function, IGF-I deficiency is the cardinal biochemical
feature. In mutations specifically involving the IGFI or
IGF1R, GHR function remains intact, resulting in possible
accentuation of IGF-I-independent GH effects (38). We next
discuss the key molecular defects that have been identified as
causes of clinically relevant impairment of linear growth.

I1l. Molecular Defects Causing GH Insensitivity

A. The GH receptor (GHR)

The GHR protein mediates the effects of GH on linear
growth and metabolism. It is present ubiquitously, being
most abundantly expressed in the liver (40). It is composed of
a large extracellular domain involved in GH binding and
GHR dimerization, a single transmembrane domain that an-
chors the receptor to the cell surface, and an intracellular
domain involved in GH signaling. GH binding activates its
receptor by inducing a conformational change in a preexist-
ing GHR dimer (41, 42), which promotes the binding of
JAK2 to a proline-rich box 1 region located in the proximal
intracellular portion of the GHR (43) and initiates intracel-
lular signaling.

B. GHR mutations associated with a range
of phenotypes

Since 1966, more than 250 patients with genetic GHI
have been identified worldwide (9, 44). The reported
GHR mutations causing GHI are shown in Tables 3, 4,
and 5. The most severe phenotype was described by Laron
etal. (1,2)in 1966 (OMIM no. 262500). Most GHI cases

TABLE 2. Summary of phenotypic and biochemical features in the range of GH-IGF-I axis defects

GH1 with anti-GH

Gene defect/phenotype GHR STAT5b PTPN11 IGF1 IGFALS IGFIR Bioinactive GH antibodies
Severe growth failure +/— + - + - - _ +
Mild growth failure —/+ - + - + + + _
Mid-face hypoplasia +/— +/— - - - - — +
Other facial dysmorphism - - + + — + _ _
Deafness - - - +/— — _ _ _
Microcephaly - — — + — + _ _
Intellectual delay — - —/+ + — 1/— _ _
Puberty delay +/— +/—- +/— - + _ _ _
Immune deficiency - + — — — _ _
Hypoglycemia + —/+ — — — — _ _
Hyperinsulinemia — - — +/— + _ _ _
IGF-I deficiency + + —/+ +/— + - + +
IGFBP-3 deficiency + + —/+ - + - + +
ALS deficiency + + —/+ - + - + T
GH excess + + - +/— + - _ _
GHBP deficiency +/— - - — - — — _
Homozygous or compound + + - + + - —/+ 4
heterozygous mutations
Heterozygous mutations - - + —/+ + +/—

+, Positive; —, negative; +/—, predominantly positive; —/+, predominantly negative.
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TABLE 3. Nonsense mutations identified in the GHR of patients with GHI

cDNA position and

Protein change

First author,

Mutation Exon nucleotide change  (mRNA change) Phenotype Ethnic origin year (Ref.)
Nonsense 2 c.11G>A p.Trp-15X LS Jewish-Iraqi Shevah, 2003 (136)

3 c.102G>A p.Trp16X LS German Pantel, 2003 (137)

4 C.168C>A p.Cys38X LS Mediterranean Amselem, 1991 (138);
Amselem, 1993 (139)

4 c.181C>T p.Arg43Xx LS Ecuadorian, Greek-Anatolian Amselem, 1991 (138);
Berg, 1993 (140);
Putzolu, 1997 (141)

4 c.247C>T p.GIn65X LS Indian Sobrier, 1997 (142)

5 C.293G>A p.Trp80X LS German Sobrier, 1997 (142)

5 c.303C>A? p.Cys83X LS Not reported Tiulpakov, 2005 (143)

5 €.338dupA p.Tyr95X LS Brazilian Diniz, 2008 (44)

5 C.420T>A p.Cys122X ISS Not reported Goddard, 1995 (144)

6 c.476T>A p.Leu141X LS Italian Shevah, 2003 (136)

6 c.525G>A p.Trp157X LS Turkish Sobrier, 1997 (142)

6 ¢.592G>T p.Glu180X LS Italian, Inuit Fassone, 2007 (145);
Fang, 2008 (146)

6 c.601G>T p.Glu183X LS Ecuadorian, Jewish Berg, 1994 (147)

7 c.703C>T p.Arg217Xx LS Jewish-Yemenite, Palestinian-Arab ~ Amselem, 1993 (139);
Berg, 1993 (140)

7 C.724G>T p.Glu224X LS Not reported Kaji, 1997 (148)

Protein nomenclature is based on mature GHR peptide numbering, which does not include the 18 amino acid residues of the signal peptide. ¢, Coding DNA sequence

where nucleotide 1 is the A of the ATG-translation initiation codon and the transcript includes exon 3; ISS, idiopathic short stature; LS, Laron syndrome; p, protein

sequence; X, stop codon.
2 This mutation was reported using the old GHR numbering as 346C>A.

have autosomal recessive inheritance, and in the vast ma-
jority, a molecular defect has been identified involving
either homozygous or compound heterozygous mutations
(44). Because previous reviews have focused on those mu-
tations that cause the most severe GHI phenotypes (2, 8,
9), we will emphasize GHR mutations causing milder phe-
notypes that support the concept of a continuum.

More than 70 mutations of GHR have been identified
to date, ranging from deletions to point mutations includ-
ing missense, nonsense, and splice mutations (9, 44, 45).
Splice mutations represent approximately 20% of GHR
defects and usually disrupt major regulatory elements such
as the donor and acceptor splice sites. Among the defects
causing aberrant GHR splicing, an intronic base change
leading to the activation of a pseudoexon sequence and
insertion of 36 new amino acids within the receptor ex-
tracellular domain was first reported in a consanguineous
Pakistani family with mild GHI (46). This mutation leads
to recognition of the pseudoexon and inclusion of an ad-
ditional 108 bases between exons 6 and 7, leading to im-
paired function of the mutant protein (47). Intronic mu-
tations resulting in pseudoexon activation are rare in
genetic diseases (48). The phenotypes (see Section IV.A)
occurring with this mutation range from severe to mild
growth failure (49). A mild phenotype of GHI is also as-
sociated with heterozygous GHR mutations causing a
dominant negative effect (50, 51). These splice site muta-
tions (c.876—1G>C) and (c.945+1G>A) form het-

erodimers with the wild-type GHR and exert a dominant
negative effect on the normal protein.

Differing phenotypes within the same family may also
occur, as reported with one sibling having extreme growth
failure [adult height, —8.7 sp score (SDS)] and a second
sibling having a milder phenotype (adult height, —6.0
SDS) (28). Both siblings had the same homozygous 22-bp
deletion in the cytoplasmic domain of the GHR, resulting
in a frameshift and premature stop codon. The resultant
GHR was truncated at amino acid 449 (GHR 1-449) after
box 1, the JAK2 binding domain of the receptor, and func-
tional studies in HEK293 and Chinese hamster ovary cells
showed a selective loss of STATS signaling in cells ex-
pressing GHR1-449 (28).

A mild phenotype was also reported in two patients
with compound heterozygous mutations (52). Both had
undisputed GHI, but functional studies suggested incom-
plete GHR defects that determined the phenotype by an
additive effect of each heterozygous mutation. Recently, a
further case of mild GHI was reported in a child with a
height of —4.0 SDS associated with intracellular com-
pound heterozygous mutations consisting of a p.R211H
mutation and a novel duplication of a nucleotide in exon
9 (¢.899dupC), the latter resulting in a frameshift and a
premature stop codon (53). A recent report of a child and
his mother with short stature and elevated GH binding
protein (GHBP) levels associated with a novel heterozy-
gous C— A transversion at position ¢.785-3 at the accep-
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TABLE 4. Missense mutations identified in the GHR of patients with GHI

cDNA position and Protein change

First author,

Mutation Exon nucleotide change (mRNA change) Phenotype Ethnic origin year (Ref.)
Missense 2 C1A>T p.Met-18Leu LS Not reported Quinteiro, 2002 (149)
4 Cc.166T>A p.Cys38Ser LS Algerian Sobrier, 1997 (142)
4 c173C>T p.Ser40Leu LS Turkish Sobrier, 1997 (142)
4 c.178G>A p.Glud2Lys LS Chinese Chen, 2003 (150)
4 c.184G>A p.Glud4lys ISS Not reported Goddard, 1995 (144)
4 ¢.193T>C p.Ser47Pro? LS Chinese Ying, 2007 (151)
4 €.202T>C p.Trp50Arg LS German Sobrier, 1997 (142)
4 C.266G>A p.Arg71Lys LS Mediterranean Amselem, 1993 (139)
5 ¢.310T>G p.Tyr86Asp LS Iranian Shevah, 2004 (152)
5 C.335G>C p.Cys94Ser LS Austrian-Caucasian Fang, 2007 (52)
5 c.3417>C p.Phe96Ser LS Mediterranean Amselem, 1989 (7)
5 €.3647>G p.Trp104Arg LS Turkish Arman, 2010 (153)
5 c.428T>C p.Val125Ala LS European Amselem, 1993 (139)
6 c.446C>A p.Pro131GIn LS Vietnamese Walker, 1998 (154)
6 C.485T>A p.Val144Asp LS Mediterranean Amselem, 1993 (139)
6 c.485G>A p.Val144lle ISS Cuban (White) Sanchez, 1998 (155)
6 c.504T>G p.His150GIn LS Austrian-Caucasian Fang, 2007 (52)
6 ¢.508G>C p.Asp152His LS Indian, Pakistani Duquesnoy, 1994 (156)
6 c.509A>G p.Asp152Gly LS Taiwanese Yang, 2004 (157)
6 c.512T7>C p.lle153Thr LS Caucasian Wojcik, 1998 (158)
6 ¢.515A>C p.GIn154Pro LS Hispanic Wojcik, 1998 (158)
6 c.518T>G p.Val155Gly LS Saudi Arabian Wojcik, 1998 (158)
6 c.535C>T p.Arg161Cys LS, ISS Middle-Eastern Amselem, 1993 (139);
Goddard, 1995 (144)
6 c.587A>C p.Tyr178Ser LS Korean Oh, 1999 (159)
7 C.677A>G p.Tyr208Cys LS Swedish Enberg, 2000 (160)
7 .685C>G p.Arg211Gly LS Mediterranean Amselem, 1993 (139)
7 c.686G>A p.Arg211His ISS Iragi Jewish Goddard, 1995 (144)
7 c.718T>C p.Tyr222His LS Not reported Tauber, 1998 (161)
7 €.726G>C p.Glu224Asp ISS Not reported Goddard, 1995 (144)
7 c.731G>T p.Ser226lle LS Not reported Jorge, 2004 (162)
7 c.784G>A p.Asp244Asn LS Swedish Enberg, 2000 (160)
10 c.1319G>T p.Cys422Phe? LS Japanese Kou, 1993 (163);
lida, 1999 (164)
10 Cc.1486G>A p.Alad78Thr LS, ISS Not reported Goddard, 1997 (165);
Saenger, 1999 (166)
10 c.1735C>A p.Pro561Thr? LS Japanese Kou, 1993 (163);

Chujo, 1996 (167)

Protein nomenclature is based on mature GHR peptide numbering, which does not include the 18 amino acid residues of the signal peptide. ¢, Coding DNA sequence
where nucleotide 1 is the A of the ATG-translation initiation codon and the transcript includes exon 3; ISS, idiopathic short stature; LS, Laron syndrome; p, protein

sequence; X, stop codon.
2 This mutation was reported as Ser65His.
® This amino acid change has also been described in the normal population.

tor site of intron 7 is worthy of mention (54). The effect of
the mutation was to impair the anchoring of the variant
GHR to the cell membrane. Thus, its continual secretion
explained the elevated GHBP, and it is likely that the mu-
tation contributed to the growth disturbance of both child
and mother.

C. STAT5B mutations

STATSB mutations present a characteristic pheno-
type combining GHI and immunodeficiency (OMIM
no. 245590). The binding of GH to the GHR activates
signaling cascades that include a number of the STAT
pathways (STAT1, STAT3, STATSa, and STATSb).
Molecular defects in GH signal transduction pathways

appearto be very rare. However, recent identification of
human STATSB mutations causing severe growth fail-
ure, as well as marked IGF-I deficiency and GHI, demon-
strated that STATSDb signaling is critical for GH-induced
IGF-I production and normal linear growth in humans
(55). Characteristics of human STATS5B mutations are
shown in Table 6.

In 2003, the first STATSB mutation was identified in a
16-yr-old female from a consanguineous Argentine family
(56). Subsequent reports confirmed that birth weight in
affected patients is generally normal but is followed by
severe postnatal growth failure with resistance to GH ther-
apy (57-60). The biochemical profile shows normal or
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TABLE 5. Splice mutations and insertions/deletions reported in the GHR of patients with GHI

cDNA position and

Protein change

First author,

Mutation Exon nucleotide change (mRNA change) Phenotype Ethnic origin year (Ref.)
Splice site 2 c70+1G>A p.? (exon 2 skipping) LS Turkish Sobrier, 1997 (142)
2 c.70+1dupG p.AlabGlyfsX7 LS Turkish Arman, 2008 (168)
4 C266+1G>A p.Asn28ArgfsX41 (exon LS European, Japanese Amselem, 1993 (139);
4 skipping) Otsuka, 1997 (169)
6  c.440-1G>C p.Val129AspfsX18 (exon LS Mediterranean Amselem, 1993 (139)
6 skipping)
6  C.594A>G p.Val181_Met188del LS Ecuadorian Amselem, 1993 (139);
(aka E180 splice) Berg, 1992 (170)
6 C618+792A>G p.Met188_Met189ins36 LS Pakistani Metherell, 2001 (46)
(aka pseudoexon activation)
7 c619-1G>T p.Met189llefsX8 (exon LS Not reported Berg, 1993 (140)
7 skipping)
7 c.723C>T p.Gly223_Glu243del LS Spanish, Bahamian  Sobrier, 1997 (142);
Baumbach, 1997 (171)
8  C.785-6T>A p.Asp244GlyfsX5 (exon LS Bangladeshi David, 2010 (172)
8 skipping)
8 ¢.785-3C>A p.Asp244GlyfsX5 (exon ISS Not reported Aalbers, 2009 (54)
8 skipping)
8 c.785-1G>T p.Asp244GlyfsX5 (exon LS Druse, Peruvian Shevah, 2004 (152);
8 skipping) Shevah, 2002 (173)
8 .875-1G>C p.Asp244GlyfsX5 (exon LS Pakistani Woods, 1996 (174)
8 skipping)
9 ¢876-1G>C p.lle275LysfsX4 (exon ISS Caucasian Ayling, 1997 (50)
9 skipping)
9  C945+1G>A p.lle275LysfsX4 (exon LS Japanese lida, 1998 (51)
9 skipping)
Gross deletions 5  €.267_439del p.Arg71SerfsX47 (exon LS Sri Lankan Besson, 2004 (175)
5 skipping)
3,5,6 ¢.71_136del, 267_618del p.Ala6_Asn28delins Asp, LS Jewish-Oriental Meacham, 1993 (176)
Asn72TrpfsX5 (exons
3, 5, 6 missing)
5  ¢.267_439del Arg71SerfsX47 (exon LS Cambodian Gastier, 2000 (177)
5 skipping)
5,6 ¢267_618del Asn72TrpfsX5 (exons LS Oriental Iraqi/ Godowski, 1989 (6)
5, 6 missing) Iranian Jewish
4-10 ¢.137_1917del p.? p.28_638del LS Japanese Yamamoto, 2008 (178)
(exons 4—10 missing)
Small deletions/ 4 c.161-162delC p.Lys37SerfsX25 LS Slovenian Sobrier, 1997 (142)
insertions
4 ¢.189-193delTT p.Serd7MetfsX6 LS Spanish Berg, 1993 (140)
5  ¢422insTT p.Val125LeufsX5 LS Not reported Gennero, 2007 (179)
7 c.742-744del2 p.Tyr230CysfsX12 LS South African black Berg, 1993 (140)
7 c.744delT p.Tyr230X LS Jewish-Iranian Shevah, 2004 (152)
9  ¢.895-899dupC Val283SerfsX7 LS Pakistani Aisenberg, 2010 (53)
9  ¢.899-911del13 p.Pro282GInfsX16 LS Caucasian Gastier, 2000 (177)
10 ¢.981-982delC p.lle310PhefsX21 LS Not reported Kaji, 1997 (148)
10 ¢.1323-1344del22 p.Alad24Serfsx27 LS Spanish Milward, 2004 (28)
10 ¢.1733_1734delG? p.Arg560SerfsX23 LS Not reported Tiulpakov, 2005 (143)

Protein nomenclature is based on mature GHR peptide numbering, which does not include the 18 amino acid residues of the signal peptide. ¢, Coding DNA sequence
where nucleotide 1 is the A of the ATG-translation initiation codon and the transcript includes exon 3; fs, frameshift; ISS, idiopathic short stature; LS, Laron syndrome;

p, protein sequence; p.0? or p.?, the consequences of the mutation at protein level are unknown; X, stop codon.

@ This mutation was reported as 1776delG in codon 560 according to the old GHR numbering.

elevated GH secretion, normal GHBP values, and severe
deficiencies of IGF-I, IGFBP-3, and ALS that fail to in-
crease on GH stimulation (57-60). A key feature in all but
one reported case (60) was immune dysfunction. In several
patients, repeated pulmonary infections occurred from in-
fancy, including episodes of lymphoid interstitial pneu-
monia (56, 57), a condition associated with autoimmune

disease (61). In support of the i1 vivo observations, studies
employing both primary fibroblasts from an affected pa-
tient (56) and reconstitution systems demonstrated that
GH activated STATSb preferentially over the STATSa
protein, and this specific activation correlated with the
induction of IGF-I and IGFBP-3 expression (62). Interest-
ingly, interferon-vy, a cytokine that signals predominantly
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TABLE 6. Phenotypes of patients with STAT5b deficiency
Hwa, Pugliese-Pires,
Kofoed, Hwa, Bernasconi, Boyanovsky, Vidarsdottir, 2007 (57) Martinez, 2010 (69)
Observation 2003 (56) 2005 (59) 2006 (58) 2009 (71) 2006 (60) Sibling 1 Sibling 2 2007 (70) Sibling 1 Sibling 2
Consanguinity Yes Yes NA Adopted NA Yes Yes Adopted NA NA
Paternal height SDS -0.3 -09 —-2.2 NA -0.8 —-1.28 —1.28 NA -1.5 -15
Maternal height SDS -1.2 -0.6 -33 NA -2.8 -0.6 -0.6 NA -1.0 -1.0
Sex of proband F F F F M F F F M M
Age (yr) 16.5 16.4 15.3 12 31 2 4 14.8 6 2
Height SDS -75 -7.8 -9.9 —-53 -59 -58 -5.6 —5.95 —-56 -3
Puberty Delayed Delayed Delayed Delayed Delayed NA NA Normal Delayed NA
CPD Yes Yes Yes Yes No Yes Yes Yes Yes Yes
Atopy Eczema Eczema Eczema Eczema Ichthyosis Eczema Atopic Atopic
Other Bleeding Thyroiditis Sickle cell JIA Thyroiditis Thrombocytopenic
diathesis anemia purpura
Hormonal evaluation
GH basal (ng/ml) 9.4 14.2 6.6 1.8 0.13 17.7 5.7 NA 1.7 1.0
GH stimulated 53.8 NA NA 12.5 14.2 NA NA 271 20.6 14
(ng/ml)
IGF-I (ng/ml)? 38 7.0 <10 0.8 14-17 <5 <5 <5 34 <25
IGF-I, 55 NA NA 0.8 78P NA NA 12 48 <25
GH-stimulated
(ng/ml)?
IGFBP-3 0.87 0.54 NA 0.5 0.18 0.7 0.8 0.84 0.52 0.75
(mg/liter)?
ALS (mg/liter)? 2.9 1.2 NA 0.7 0.7 0.4 0.8 NA NA NA
Prolactin >102 (H) NA 169 (H) 13-15 110 (H) NA NA 83 (H) 61.1 (H) 76.6 (H)
(ug/liter)
Molecular defect p.A630P c.11917insG ~ p.R152X p.R152X c.1102insC c.1680delG  c.1680del G p.F646S C.424_427del  c.424_427del

Homozygous STAT5B mutations were identified in 10 case reports. Birth weight and length (data not shown) were normal for gestation. Height SDS (of probands) is at
first observation or as reported. Molecular defects encompass missense and nonsense mutations (nomenclature, protein designation) and frameshifts due to insertion
or deletion of exonic nucleotides (nomenclature, in italics, based on cDNA). ¢, Coding DNA sequence where nucleotide 1 is the A of the ATG-translation initiation
codon; F, female; M, male; H, high, above normal of 20 pg/liter; CPD, chronic pulmonary disease; JIA, juvenile idiopathic arthritis; NA, not available; p, protein

sequence; X, stop codon.

2 All reported values are significantly below the normal range (methodology varied from site to site).

b Value determined after 7 d of daily GH injections (at 50 wg/kg body weight).

through the STAT1 pathway, could also up-regulate IGF-I
expression, but only if STATSb was present and fully func-
tional (62). The resulting STAT5b deficiency not only ab-
rogated GH-induced regulation of IGF-I production (63),
but IL-2-induced expression of CD25"8" was also dem-
onstrated to be aberrant (64).

The unusual combination of GHI and features of im-
mune dysfunction in the patient from Argentina led to the
identification of a homozygous, missense mutation in
exon 15 of STATSB (56). The single G to C transversion
at nucleotide 1888 of the STATSB mRNA resulted in an
Ala630 (GCT) to Pro (CCT) substitution. Homology
modeling with the solved structure of STAT1 (65) showed
that this mutation was within the critical src-homology 2
(SH2) domain, a well-characterized, conserved, regula-
tory module that functions by interacting with high affin-
ity to phosphotyrosine-containing target peptides. The
Ala630Pro (p.A630P) substitution was predicted to cause
loss of thermodynamic stability as well as aberrant folding
and aggregation of the mutant STATSb protein (66). It is
of note that pathogenic mutations in the SH2 domain of a
number of cytoplasmic signaling peptides, including
STAT1 (67), have been associated with immunodeficien-

cies (68), butexcept for STATSb, none has been associated
with severe growth retardation and IGF-I deficiency. De-
tails of the human STATSB mutations reported to date are
shown in Fig. 2.

Since the first report, six other human STATSB gene
mutations have been documented, with two of the muta-
tions, ¢.1680delG (57) and c.424_427del (69), found in
siblings. In contrast to children who carry mutations in
IGF1 (see Section I11.E), brain development and cognitive
functions appeared to be normal. The seven STATSB mu-
tations, located in different domains of the STATSb protein,
comprise two missense mutations, p.A630P (56) and
p.F646S (70); anonsense mutation, p.R152X (58, 71); single
nucleotide insertions, ¢.1191insG (59) and ¢.1103insC (60);
and nucleotide deletions, ¢.1680delG (57) and c.424_
427del (69). The insertion/deletion mutations result in
frameshifts and truncation of the STATSb protein. All
reported mutations were homozygous and autosomal re-
cessive, suggesting that haploinsufficiency of STATSB has
minimal impact on IGF-I expression and on growth. The
phenotype of STATSb-deficient patients includes pro-
found short stature and delayed puberty in older subjects.
The only patient without obvious immune deficiency, the
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TAD viral oncogene homolog (RAS)-MAPK

signaling pathway. In NS, heterozygous

5— 2 [3faf5feli7}slofofinf2]1al1alf15] 1617 18 |

19 Lo .
mutations in four genes of this pathway

R152X AB30P F646S

424_427del 1103insC 1191insG  1680delG

FIG. 2. Homozygous STAT5B mutations identified in patients who were GH insensitive, IGF-I
deficient, severely growth retarded, and immune compromised. Schematic of the STAT5b
protein modular structure encoded by corresponding exons is as indicated. CCD, Coiled-
coiled domain; DBD, DNA binding domain; L, linker; ND, N-terminal domain; TAD,

transactivation domain.

firstreported male proband in the cohort, contracted hem-
orrhagic varicella at 16 yr of age and had congenital ich-
thyosis and erythema, but otherwise he appeared rela-
tively healthy (60). One other patient was diagnosed with
juvenile idiopathic arthritis at an unusually young age of
2 yr (57). Immunological evaluations reported for one of
the patients carrying the p.R152X mutation (58) indicated
lymphopenia and abnormally low regulatory T cells, sim-
ilar to the proband carrying the p.A630P mutation (56,
64). It is also of note that STATSb deficiency was associ-
ated with abnormally high levels of circulating prolactin in
six of the cases (Table 6). It remains unclear whether the
hyperprolactinemia is a direct or indirect consequence of
STATSB mutations.

D. Mutations of SHP-2 (encoded by PTPN11)

Noonan syndrome (NS) (OMIM no. 163950) and
Noonan-like syndromes, which are associated with short
stature, are disorders of dysregulation of the rat sarcoma

(PTPN11,SOS1, RAF1, and KRAS) are
responsible for approximately 70% of
cases (72,73). The commonest mutation,
present in approximately 50% of cases, is
in protein tyrosine phosphatase, nonre-
ceptor type 11 (PTPN11), which codes
for the cytoplasmic tyrosine phosphatase
SH2 domain phosphatase-2 (SHP-2),
which regulates GH signaling (74) by de-
phosphorylating STATS5b, causing down-regulation of its
activity (75). SHP-2 binds to and dephosphorylates signaling
molecules that are positive regulators of the cellular response
to GH. Therefore, gain-of-function mutations of PTPN11
may negatively regulate GH action and thus induce some
degree of GHI at a post-GHR level. In support of GHI, serum
IGF-I levels were decreased in subjects with NS carrying
PTPN11 mutations (76, 77). There are also data suggesting
that PTPN11 mutation-positive subjects show decreased
growth responses to human GH therapy compared with
mutation-negative subjects (78).

E. IGF1 mutations

The first human IGF1 gene defect was described in
1996 by Woods et al. (37) (OMIM no. 608747). Charac-
teristics of patients with IGF1 defects are shown in Table
7. The first patient, a male, was born by cesarean section
because of poor fetal growth. Placental weight was dimin-

TABLE 7. Characteristics of six cases with /IGF1 defects

van van
Woods, Bonapace, Walenkamp, Netchine, Duyvenvoorde, Duyvenvoorde,
Observation 1996 (37) 2003 (81) 2005 (82) 2009 (83) 2010 (87) 2010 (87)
Sex M M M M F M
Consanguinity Yes Yes Yes Yes No No
Birth weight (SDS/g) —3.9/1400 —4.0/1480 —2.5/1420 —2.5/2350 —2.9/2300 —1.2/3300
Birth length (SDS/cm) —5.4/37.8 —6.5/41.0 —3/39.0 —3.7/44.0 —3.8/44.0 —1.0/50.0
Cranial circumference —4.9/27.0 —7.5/26.5 —8.0/44.2 —2.5/32.0 —2.4/47.8 —1.6/49.0
(SDS/cm)
Growth (SDS) —-6.9at16yr —6.2at1.6yr —9at55yr —4.5at3yr —4.1at82yr —4.6at6.2yr
Microcephaly Yes Yes Yes Yes Yes Mild
Development delay Yes Yes Yes Mild Yes No
Deafness Yes Yes Yes No No No
Adiposity Yes No Yes No No No
Hormonal evaluation
IGF-I levels Undetectable 1.0 ng/ml +7.3 SDS Variable —2.3SDS —2.6 SDS
IGFBP-3 levels 3.3 mg/liter 3.6 mg/liter 1.98 mg/liter 4.3 mg/liter +1.2 SDS +0.1 SDS
(+0.1 SDS)
Molecular defect Hom p.? Hom p.?¢ Hom p.V44M Hom p.R36Q Het c.243- Het c.243-
(Del ex 4-5) 246dupCAGC 246dupCAGC
IGF1R affinity Zero Not studied Extremely low Partially reduced Not studied Not studied

F, Female; M, male; Het, single heterozygous defect; Hom, homozygous defect; p.0? or p.?, the consequences of the mutation at protein level are unknown.

2 This mutation is localized within the polyadenylation site and alters mRNA splicing. The 3’ end of the resulting aberrant IGF-I transcript contains a partial sequence
from the downstream gene KIAA0537.
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TABLE 8. Phenotypes of patients with homozygous or compound heterozygous /GFALS mutations
Domené, Hwa, Domené, 2007 (94)

Observation 2004 (26) 2006 (180) Sib 1 Sib 2 Sib 3 Heath, 2008 (97)
Consanguinity NA Yes No No No No No No
Paternal height SDS NA -2.0 +1.5 +1.5 +1.5 -0.1 -2.0 -0.4
Maternal height SDS NA —-2.8 -0.9 -0.9 -0.9 +0.7 —-0.6 -0.4
Sex of proband M M M M F M M M
Age (yr) 14.6 13.9 15.3 19.6 15.4 4.5 4.6 15.0
Height SDS =21 —-2.0 -2.0 -0.5 -1.0 —2.4 -3.9 —-2.6
Puberty (yr) 15.7 13.0 16.0 16.9 13.0 12.4 13.5 14.5
Adult height SDS -1.6 NA -0.5 -0.5 NA —-2.5 NA —-1.3
Hormonal evaluation

GH basal (ng/ml) 4.5 1.2 0.2 6.8 NA 3.2 3.9 NA
GH stimulated (ng/ml) 31.0 234 10.0 NA NA 20.7 27.0 6.7
IGF-I (ng/ml)? 31 25 8 10 14 15 11 40
IGF-I, GH-stimulated (ng/ml)® 39 NA 10 NA NA NA NA NA
IGFBP-3 (mg/liter)? 0.22 0.49 0.38 0.39 0.43 0.70 0.75 0.50
ALS (mg/liter)? <0.5 <0.4 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fasting insulin (wlU/ml) (NR for age) NA NA NA NA NA 26.5(4-11) 403 (4-11) 18.7 (4-16)
HOMA (NR <2.6) NA NA NA NA NA 4.4 6.2 NA
Mutation c.103delG  p.D440ON p.C540R/p.S195_  p.C540R/p.5195_  p.C540R/p.5195_  p.N2765 p.N2765 p.Q320X
197Rdup 197Rdup 197Rdup

Height SDS (of probands) is at first observation or as reported. Molecular defects encompass missense and nonsense mutations (nomenclature, protein designation) and
frameshifts due to insertion or deletion of exonic nucleotides (nomenclature, in italics, is based on coding cDNA). F, Female; M, male; SGA, small for gestational age;
Sib, sibling; NA, not available; p, protein sequence; X, stop codon; HOMA, homeostasis model of assessment; NR, normal range. Puberty is expressed as onset in males

or menarche in females.

2 All reported values are significantly below the normal range (methodology varied from site to site).

ished (350 g), and he had severe intrauterine growth re-
tardation (IUGR) with a birth weight of 1.4 kg (—3.9
SDS), birth length of 37.8 cm (— 5.4 SDS), and microceph-
aly (head circumference, 27 cm; —4.9 SDS). His growth
failure worsened postnatally; at 15.8 yr, his height was
119.1 cm (—6.9 SDS), and his weight was 23.0 kg (—6.5
SDS). He had delayed psychomotor development and sen-
sorineural deafness. During adolescence, he became insu-
lin resistant. No IGF-I was detected in the serum, even
after 4 d of stimulation with GH in an IGF-I generation test
(IGFGT). Spontaneous 12-h GH secretion showed abnor-
mally elevated baseline and peaks. ALS and IGFBP-3 val-
ues were normal. Molecular analysis revealed a homozy-
gous deletion of exons 4 and § of the IGF1 gene. If
translated, the resulting protein would be severely trun-
cated, lacking 45 of the 70 IGF-Iamino acids (37). At 16.1
yr (bone age, 14.2 yr), thIGF-I therapy was initiated and
resulted in beneficial effects on insulin sensitivity, body
composition, bone size, and linear growth (79, 80).
Features of IUGR, microcephaly, retarded intellectual
development, and severe postnatal growth failure were
present in the other cases with homozygous IGF1 muta-
tions (81-83). Deafness was present in all the cases except
the child with the mildest phenotype (83). The microceph-
aly that these patients had is a cardinal feature of the phe-
notype and allows a distinction with patients with Russell-
Silver syndrome also born with a severe IUGR, but who
have a relative macrocephaly (84). There has been some
variation of serum IGF-I levels in the reported IGF1 mu-
tation cases. The third case to be described (82) shared an
identical clinical phenotype with the index case (37) and

had a younger brother with similar features who died in
childhood (85). This patient had a serum IGF-I level that
was significantly increased (+7.3 SDS), which was ex-
plained by the fact that the patient’s homozygous missense
mutation of IGF1, a G— A nucleotide substitution at po-
sition 274, changing valine at position 44 in the A domain
of the mature IGF-I protein to methionine (p.V44M), re-
sulted in a recombinant protein (IGF-I V44M) that al-
lowed normal binding to IGFBP-3 but decreased affinity
(90-fold) for its receptor, IGF1R (82). This patient there-
fore had bioinactive IGF-I caused by an IGF1 mutation.
The family members who were heterozygous carriers of
this mutation were shorter and had lower head circum-
ferences than the noncarrier family members. Serum IGF-I
levels in the fourth patient, who had a relatively mild phe-
notype, were also variable and not severely decreased (83).
In all reported subjects, serum IGFBP-3 and ALS levels
have been normal or elevated.

Genetic analyses of IGF1 in the second case (81) showed
ahomozygous T— A transversion in exon 6 that would result
if translated into an altered E domain of the IGF-I precursor.
It has been argued that this variant may be a polymorphism
and thus not causative of the patient’s phenotype, which was
nevertheless strikingly similar to the other cases (86). In the
patient with the mild phenotype, sequencing of IGF1 re-
vealed a homozygous missense mutation resulting in the
change of a highly conserved arginine located in the C do-
main of the protein into a glutamine (p.R36Q). Affinity for
the IGF1R decreased 2- to 3-fold, resulting in decreased
IGF1R autophosphorylation. This partially diminished
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van Duyvenvoorde, 2008 (181)

Gallego-Gomez,

Sib 1 Sib 2 Sib 3 Fofanova-Gambetti, 2009 (182) Bang, 2009 (183) 2009 (184) David, 2010 (96)

Yes Yes Yes NA No No No No No No Yes
-3.2 -32 -3.2 NA +0.3 -1.4 +0.8 NA NA NA 0.0 -1.8
-3.4 -34 -34 NA -2.1 -0.1 -1.7 NA NA NA -2.0 -1.8

M M M M F M M F M M M
14.6 6.8 4.2 6.7 4.1 15.2 12.5 1.5 4.1 10.6 13.4
—4.2 -3.0 -32 -2.8 —2.1 -32 -29 2.4 -2.5 -2.1 -2.8 -32
14.0 13.0 13.0 10.5 NA NA NA NA NA NA 14.0
—4.2 -3.6 NA NA NA NA NA NA NA NA -3.8

NA NA NA NA NA NA NA NA 69.0 NA NA
21.0 NA 393 25.5 16.2 64.5 63.0 27.0 19.4 <25.0 NA NA
16 13 44 49 13 374 23 —5.00 —6.3 0 NA 33 40
60 NA 52 NA NA 38.2 45 NA NA <0.5 NA NA

0.09 0.09 0.10 0.39 0.30 0.50 0.40 —12.7 s0 —13.5s0 NA 0.20 0.40
<0.07 <0.07 <0.07 <0.1 <0.1 NA NA NA NA 0.3 <0.5
12 17 14 NA NA NA NA NA NA NA NA

NA NA NA NA NA NA NA NA NA NA NA

C.1490dupT  ¢.1490dupT  ¢.1490dupT p.L437_ p.C60S/ p.L134Q p.P73l/ p.L172F/p.S195- p.L172F  p.N276S/c.184- p.L134Q/c.546- p.P73L
L439dup p.L244F p.L241P 197Rdup 185insG 548delGGCinsAG

IGF-T activity had marked consequences for fetal growth and
development (83).

A recent publication has reported a definite short stat-
ure phenotype associated with a novel heterozygous mu-
tation of the IGF1 gene (87) (Table 7). Two children, their
mother, and their maternal grandfather carried the same
mutation—a heterozygous duplication of four nucleo-
tides, resulting in a frameshift and a premature termina-
tion codon. The two index cases had severe short stature
(height SDS, —4.1 and —4.6), microcephaly, and low
IGF-I levels. Adult height of carriers of the maternally
transmitted mutation was —2.5 SDS and of the family
noncarriers, —1.6 SDS. These data support the hypothe-
sis, previously suggested from larger family studies (82),
that heterozygosity for certain IGF1 mutations may lead
to significant short stature. The possibility of the abnor-
mal peptide acting in a dominant negative manner by in-
terfering with IGF1R signal transduction has recently been
discounted because the synthetic mutant IGF-I peptide did
not bind to the IGFIR or antagonize the growth-promot-
ing effect of IGF-I (88). The spectrum of IGF1 defects was
recently further broadened by the report of a child with
short stature (height, —4.0 SDS) and a dominant pattern
of inheritance who had IGF-I deficiency and a novel
heterozygous donor splice site mutation at the exon 4-
intron 4 junction of IGF1 (89).

F. IGFALS mutations

IGFALS mutations are associated with GHI and severe
ALS and IGF-I deficiencies (OMIM no. 601489). Char-
acteristics of patients with IGFALS mutations are shown

in Table 8. The ALS is a soluble protein and a member of
the leucine-rich repeat family, and it is expressed by hepa-
tocytes and secreted into the bloodstream (90). GH is the
main inducer of ALS synthesis (91), and in the circulation
ALS can be found free or bound to IGF-I or -II and
IGFBP-3 or -5 to form a ternary complex (92), which pre-
vents IGF, free or bound to IGFBPs, from leaving the cir-
culation, thus prolonging their half-lives and decreasing
their availability at a tissue level (93). ALS is encoded by
the IGFALS, located on chromosome 16p13.3 and span-
ning 3.3 kb. Inactivation of the Igfals gene in mice results
in the absence of circulating ALS but only modest growth
failure, despite marked reduction of serum IGF-I and
IGFBP-3 levels (25).

The first patient with a homozygous mutation of
IGFALS was reported by Domené et al. (26) in 2004 and
presented a new combination of genetic, biochemical, and
phenotypic data. The most striking feature of this genetic
defect causing GHI was a mismatch between extreme de-
ficiencies of circulating IGF-I, IGFBP-3, and ALS and rel-
atively mild growth failure, even leading to a normal adult
height in some patients (94). A recent review of published
cases confirms these features (95). Sixteen different mu-
tations of the human IGFALS gene (Fig. 3) have been
identified in 21 cases (95). Eleven were homozygous, six
were compound heterozygous, and family studies con-
firmed autosomal recessive inheritance. IGFALS muta-
tions have included missense and nonsense mutations,
deletions, duplications, and insertions resulting in
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21 patients with homozygous or com-

pound heterozygous IGFALS mutations

' and their family members who were ei-

ther heterozygous carriers or homozy-

Leucine rich repeats (LRR) Cys-rich
Signal NH2I w C-terminus
R [ T T T T T T T T T T T T T T T T T T T VA
2
| 1
103delC Q320X 1490dupT C540R
C60S L134Q N276S D440N
P73L L172F L244F L437_L439dup
546-547insA L241P
546-548delGGCinsAG

$195_R197dup

FIG. 3. Schematic representation of the ALS protein indicating the location of identified
human /GFALS mutations. The IGFALS gene is composed of two exons, with five amino
residues of the ALS signal peptide encoded by exon 1 and the remainder of the ALS protein

encoded by exon 2. NH,, N-terminal region.

frameshift and premature stop codons and in-frame du-
plication mutations leading to insertion of extra amino
acid residues (935). In all cases, there was extreme defi-
ciency of circulating ALS, with inability to form the ternary
complex (95, 96). Whereas circulating levels of IGF-I and
IGFBP-3 are severely reduced due to their rapid clearance,
local production of IGF-I in peripheral tissues, notably the
growth plate, appears to be preserved or even increased due
to up-regulation of GH secretion (26). Insulin resistance,
with hyperinsulinemia and low IGFBP-1, has also been de-
scribed in these patients (95, 97).

Recently, attention has focused on the possible effect of
heterozygous IGFALS mutations on growth. An analysis of

gous wild-type normal has recently been
published (98). Mean height SDS was
—2.31 = 0.87 in patients with the ho-
mozygous IGFALS mutation. Analyses
within individual families showed
that heterozygosity for IGFALS mu-
tations resulted in approximately 1.0
SDS height loss in comparison with wild-
type, whereas homozygosity or compound
heterozygosity resulted in a further height
loss of 1.0-1.5 SDS, suggestive of a gene—
dosage effect.

G. IGFIR mutations

IGFIR mutations are characterized by IGF-I resis-
tance causing impaired fetal and postnatal growth
(OMIM no. 270450). Characteristics of patients with
heterozygous IGFIR mutations are shown in Table 9.
The IGF1R is a transmembrane receptor and belongs to
the insulin receptor family, which includes the IGF2R
and insulin receptor. The IGFIR is expressed widely and
binds IGF-I and -II with high affinity, mediating their
biological actions by activating a complex intracellular
signaling cascade leading to the transcription of IGF
target genes. The IGF1R geneislocated on chromosome
15q26.3 and spans 315 kb.

TABLE 9. Phenotypes of patients with heterozygous or compound heterozygous /GFIR mutations

Abuzzahab, 2003 (99)

Kawashima, 2005 (100) Walenkamp, 2006 (39)

Observation Index case Mother Step-brother Index case Mother Daughter Mother
Consanguinity No No No No No No No No
Paternal height SDS 0.1 -2.4 -0.3 -2.8 -2.2 NA NA -1
Maternal height SDS —2.6 -0.8 2.6 -1.6 -29 NA —4 -1.3
Sex of proband M F M F F F F F
Age (yr) 5.3 NA NA 45 6 35 1 31
Birth weight (sp) 2000 g (—3.5) 2400 g(—2.4) 2100g(—2.7) 1400 g (-3.5) 2686 g (—1.5) 2500 g (—1.6) 2100 g (—3.3) 2600 g (—2.1)
Height SDS -2.6 -2.6 NA <-4.0 —-2.1 -2.9 <-2.0 —4.0
Adult height SDS NA -2.6 NA —4.8 NA -2.9 NA -4.0
Puberty NA NA NA NA NA Normal NA Delayed
Microcephaly Yes NA NA NA No NA Yes Yes
Intellectual delay Yes NA NA NA Yes NA NA No
Other Facial and body NA NA NA Facial dysmorphism,  Failure to thrive in

dysmorphisms failure to thrive infancy
in infancy
Hormonal evaluation
GH basal (ng/ml) NA NA NA NA NA NA NA NA
GH stimulated (ng/ml) 5.7 NA NA 51 NA NA 70.4 20.67
IGF-I (NR or sp) (ng/ 12110222 (+1.1to NA NA 1130 (191 to 462) 208 (+1.5 sp) 255 (+0.5 sp) 145 (+2.9 sp) 239 (+1.6 sD)

ml) +2.3 D)

IGF-I, GH-stimulated NA NA NA NA NA NA NA NA

(ng/ml)

IGFBP-3 (NR/sp) (mg/ 2.1103.7(-0.7 to NA NA 5.6(2.1t06.2) 2.22 (=1.0sp) 2.05 (—0.4 sp) 1.9(+1.0) 2.63 (+0.1s0)
liter) +1.85D)
ALS (NR) (mg/liter) NA NA NA 28 (5.6 t0 16.0) NA NA NA NA
Molecular defect Het p.R59X Het p.R59X Het p.R59X p.R108Q/p.K115N Het p.R709Q Het p.R709Q Het p.E1050K Het p.E1050K

Height SDS (of proband) is at first observation or as recorded. F, Female; M, male; NA, not available; NR, normal range; p.0? or p.?, the consequences of the mutation
at protein level are unknown.
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Mutations in IGF1R were first reported in 2003 by
Abuzzahab et al. (99) after analyses of DNA from cohorts
of children with short stature and unexplained [UGR. The
first child was a compound heterozygote for point muta-
tions in exon 2 of the IGFIR gene that altered the amino
acid sequence to p.R108Q in one allele and p.K115N in
the other. She had a birth weight of —3.5 SDS with child-
hood short stature and an adult height of —4.8 SDS. The
second patient, a boy, had a heterozygous nonsense mu-
tation (p.R59X) that reduced the number of IGF1R on
fibroblasts. He also had low birth weight (—3.5 SDS) and
birth length (—5.8 SDS) with microcephaly and postnatal
growth failure (height, —3.8 SDS) at age 14 months and
some additional dysmorphic features. Serum IGF-I levels
were normal or elevated in both patients, and GH secre-
tion was within normal limits.

There have been several reports of familial short stature
due to IGF1R mutations. A heterozygous mutation in the
cleavage site of the proreceptor of IGF1R was reported in
a 6-yr-old Japanese girl and her mother (100), and the
research team of Wit and colleagues (39) in Leiden de-
scribed a mother and daughter with a heterozygous mis-
sense mutation in the intracellular part of the IGFIR. A
9-yr-old male patient (height, —3.6 SDS), his sister (height,
—1.94 SDS; and IUGR), and his mother (height, —4.6
SDS) carried the same IGF1R mutation, which was a novel
heterozygous 19-nucleotide duplication in exon 18 (101).
Functional studies in primary dermal fibroblasts derived
from the patient and family members indicated that
IGF1R mRNA expressed from the mutant allele was de-
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graded through the nonsense-mediated mRNA decay
pathway, resulting in a reduced amount of wild-type
IGF1R protein and, subsequently, diminished activation
of the IGF1R pathway. Another female child was reported
with a heterozygous missense mutation in the highly con-
served N-terminal fibronectin type-IIl domain of IGFIR,
with functional studies demonstrating impaired postre-
ceptor IGF-I signaling (102).

Recently, a new mechanism of IGF-I resistance has been
proposed from the study of a patient with a p.V599E
IGF1R mutation, which interfered with receptor traf-
ficking, thereby abolishing proreceptor processing and
plasma membrane localization and leading to insufficient
IGF-I signaling (103). In another case with a p.G1125A
mutation, cotransfection of wild-type and mutant IGF1R
resulted in reduced autophosphorylation of 36 *+ 10% of
wild-type levels, leading to a kinase-deficient IGF1R
(104). It was hypothesized that this partial dominant neg-
ative effect would be likely to cause the phenotype of
IUGR and postnatal growth retardation. A recent review
of the literature demonstrated that small birth size, child-
hood short stature, small head size, relatively high IGF-I
levels, developmental delay, and micrognathia are the
main predictors for the diagnosis of an IGFIR deletion
(105).

H. GH1 mutations causing biologically inactive GH
Certain GH1 mutations cause biologically inactive

GH, resulting in a form of GHI (OMIM no. 262650). A

syndrome of biologically inactive GH causing GHI and

Inagaki, 2007 Wallborn, 2010
(102) Fang, 2009 (101) Ester, 2009 (105) (103) Kruis, 2010 (104)
No No Yes No No No
=22 1.7 0.4 +0.8 178 cm NA
—5.7 —-4.6 1.3 -0.5 —-33 NA
F M F M F F
13.6 9.5 2.3 3 9 7.5
2100 g (-3.1) 2366 g (NA) 2890 g (—1.3) 2600 g (—1.9) 2250 g (—2.3) 2450 g (—1.8)
-5.0 -3.6 -35 -3.8 =21 -3.4
NA NA NA NA NA NA
Normal NA NA NA NA NA
No Yes Yes Yes
No No Yes Yes No
Same mutation also reported in Facial dysmorphism, limb Facial dysmorphism, limb
mother (height —4.6 sp) and deformity, hearing deformity
sister (height —1.95 sp) loss
0.4 0.42 NA NA NA 0.9
10.6 9.1 6.4 232 NA >40.0
404 (165 to 300) 164 (123 to 275) 34 (—2.78 sp) 208 (+1.25 sp) 285 (+1.83 sp) 200 (+0.76 sp)
354.2 402 197 (+1.91 sp) 356 (+2.28 sp) 357 NA
73.1(3.5t035.0) 2.34(2.0t04.8) 1.35(—1.33 D) 2.99 (+1.24 sp) 4.3 NA
NA NA NA NA NA NA
Het p.R481Q Het ¢.3348_3366dup Het p0.0 (deletion of all Het p.? (deletion Het p.V599E Het p.G1125A

exons)

including exons 3-21)
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short stature was first described by Kowarski et al. (106)
in 1978. The molecular basis of this apparently rare cause
of GHI was clarified by Takahashi ez al. (107, 108), who
reported two cases with heterozygous mutations in the
GHI1 gene. The first case was a boy with severe short
stature (height, —6.1 SDS) who had increased immuno-
assayable GH and IGF-I deficiency, which responded as
did his growth to exogenous human GH therapy. The
mutation was single-base missense substitution (p.R77G)
in exon 4 of the GH1 gene. However, his normal-stature
father had the same mutation. Functional studies demon-
strated that the mutant GH molecule had higher binding
affinity for the GHR and inhibited its activation by wild-
type GH in a dominant negative fashion, thus impairing
GH bioactivity. The second case was a girl with similar
endocrine features and short stature associated with a
heterozygous single-base change (A—G) causing a
p-D112G substitutionin GH1. More recently, a child with
short stature (height at age 9 yr, —3.6 SDS) from a con-
sanguineous Serbian family was reported to have a ho-
mozygous missense mutation, Cys53Ser, of GH1 leading
to the absence of the disulfide bridge Cys-53 to Cys-165 in
the GH molecule (109). Functional studies demonstrated
that GH binding and JAK2/STATS signaling pathway ac-
tivation were significantly reduced in the mutant GH-
C53S compared with wild-type-GH. Both growth and se-
rum IGF-I responded well to GH therapy.

I. GHI deletions (type IA GH deficiency) with
anti-GH antibodies

A rare form of GHI occurs due to acquired GH-inhib-
iting antibodies in a category of children with familial
isolated GH deficiency (IGHD) (OMIM no. 262400)
(110). Autosomal recessive IGHD, caused by gross dele-
tions of the GHT gene, result in severe IGHD (type IA)
with undetectable GH secretion (111). Such patients have
severe postnatal growth failure with height usually less
than —4.5 SDS. Most of the GH1 deletions are 6.7, 7.0, or
7.6 kb in length, although several of 45 kb have been
reported (112). Microdeletions and frameshift mutations
have also been reported (45, 110, 113). Patients with
IGHD and homozygous deletions of the GH1 gene fre-
quently develop anti-GH antibodies during treatment
with GH due to immunological intolerance. However,
variability of both antibody formation and response to
GH therapy may occur, even within families (112). Rare
homozygous microdeletions and single base-pair substi-
tutions in the GH1 coding region have also resulted in
anti-GH antibody formation during GH therapy. How-
ever, patients who are heterozygous for a GH1 deletion
but whose other GH1 allele is not deleted and produces a
nontruncated product usually do not develop anti-GH an-
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tibodies (110). The formation of anti-GH antibodies neu-
tralizes the growth response to GH therapy, resulting in a
state of GHI associated with severe short stature. Such
patients may respond to therapy with rhIGF-1, which be-
comes the only effective management for their growth fail-
ure (114).

IV. The Continuum of Phenotypic Features

The concept of genotype:phenotype relationships in en-
docrinology evolved from evidence that a range of genetic
defects can influence phenotypic expression based on the
degree of disturbance of key endocrine mechanisms. For
example, it is well established in congenital adrenal hy-
perplasia that certain CYP21 mutations cause different
degrees of steroidogenic disruption resulting in a range of
clinical phenotypes (115).

This hypothesis can be applied to defects of the GH-
IGF axis causing GHI. Since populations of children with
GHI were first reported, a range of phenotypes has been
described. This was very noticeable in the series of 82
patients, mainly of European origin, who were identified
in the early 1990s for rhIGF-I therapy (116). There was a
gradation of severity of short stature, with height SDS
ranging from —2.2 to —10.4 and a strong positive corre-
lation (r* = 0.45; P = 0.001) between height SDS and
IGFBP-3 SDS. A further variable in the same population
related to phenotype was the serum GHBP level, which
when very low or absent was associated with more severe
short stature (height SDS, —6.45), whereas normal GHBP
values were associated with milder short stature (height
SDS, —4.89) (116). A study of craniofacial phenotype in
the same group of subjects identified that those with
normal facial appearance, as opposed to the dysmor-
phic features of Laron syndrome, had milder short stat-
ure and could present as idiopathic short stature (117).
However, in this series of GH-resistant patients, there
was no clear relationship between GHR mutation and
phenotype (116).

In populations of patients from Ecuador with the ho-
mozygous E180 splice GHR mutation, heterogeneity of
statural phenotype was also seen with height SDS values
ranging from —5.3 to —11.5, and height SDS correlated
positively (P < 0.01) with both IGF-I SDS and IGFBP-3
SDS values (8, 118).

A. GHR mutations

Thirty-eight patients fulfilling the criteria of GHI (119)
were studied in the Centre for Endocrinology at Barts and
the London School of Medicine and Dentistry (London,
UK) and were identified to have homozygous, compound
heterozygous, or heterozygous dominant negative GHR
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FIG. 4. Height SDS values in 70 children with GHI and GHR mutations
divided according to the type of mutation. Each boxplot depicts the
median and the 25th and 75th percentiles. Whiskers depict minimum
and maximum observed values. Statistical analyses were performed
using R version 2.6.2 (R Development Core Team, 2008, R Foundation
for Statistical Computing, Vienna, Austria). Numerical variables were
expressed as median (range). Comparison between continuous
variables was performed using the Student’s t test. A two-sided P value
<0.05 was considered indicative of statistical significance. Bonferroni
adjustment was performed to reduce the likelihood of type I error.
Dom. neg, Dominant negative.

mutations. To perform an assessment of height SDS and
type of GHR mutation, these 38 subjects were analyzed
together with 32 subjects, also fulfilling the same GHI
criteria, who were added from the literature (9). Relation-
ships between GHR mutation type and height SDS are
shown in Fig. 4. It is of interest that, for the first time,
dominant negative GHR mutations (50, 51) and GHR
intronic pseudoexon mutations (49) were shown to be
associated with significantly less severe growth pheno-
types (P < 0.05) than GHR missense and nonsense mu-
tations. The probable explanation is that in the case of the
dominant negative mutations there will still be a propor-
tion of normally functioning receptor dimerized with a
second normally functioning receptor, resulting in effec-
tive GH signal transduction. In the case of the pseudoexon
mutation, there is a small residue of normally spliced re-
ceptor that will result in a degree of normal GH signaling.

B. STAT5B and IGFALS mutations

Patients with homozygous STATSB mutations have a
range of phenotypic characteristics, which are shown in
Tables 2 and 6. With respect to their growth, height SDS
values ranged from —5.6 to —9.9. It must be remembered
that the majority of these patients had serious immuno-
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logical abnormalities, frequently requiring immuno-
suppressive or steroid therapy, which almost certainly
contributed to their growth failure. In a recent review of
17 cases with homozygous IGFALS mutations, height
SDS values in prepubertal subjects (n = 15) ranged from
—1.1to —3.9 (mean, —2.6), in adolescent subjects (n =
10) from —1.0 to —4.4 (mean, —2.8), and in adult sub-
jects (n = 8) from —0.5 to —4.4 (mean, —2.2) (95)
(Table 8). These data emphasize the mildness of the
growth defectin IGFALS mutation subjects, albeit with
variability, and a trend showing improvement in height
SDS as age advances.

C. IGF1 and IGF1R mutations

The key feature of IGF1 and IGFIR mutations, not
present with other genetic causes of GHI, is their associ-
ation with impaired fetal growth. Consequently, the com-
bination of fetal and postnatal growth failure is suggestive
of these mutations. Key additional phenotypic features of
IGF1 defects are microcephaly, deafness, and some degree
of intellectual retardation (38) (Table 7). However, as
more cases are diagnosed, the phenotype is likely to evolve.
A recent review of the literature of IGF1 R mutations dem-
onstrated that small head size, relatively high IGF-1levels,
developmental delay, and micrognathia were the main
predictors for this diagnosis (Table 9) (105).

V. The Continuum of Biochemical Changes

Disturbance of the GH-IGF-I axis is present by definition
in all patients with GHI, and their biochemical abnormal-
ities reflect this (9). The cardinal biochemical features of
GHlI states are deficiency of IGF-I and normal or increased
GH concentrations. An exception to IGF-I deficiency is
seen with IGF1R mutations where IGF-I is usually normal
or elevated. In GHR mutations, IGF-I, IGFBP-3, and ALS
levels are usually severely decreased, although the degree
of the deficiencies is variable, supporting the evidence for
a continuum. Most homozygous GHR mutations cause
extreme deficiency of all GH-dependent peptides, associ-
ated with increase in basal and stimulated GH secretion (8,
116, 120, 121). However, a range of IGF-I and IGFBP-3
deficiencies was present, particularly in some of the less
homogeneous populations such as the European GHI se-
ries where subtle differences, particularly in IGFBP-3, be-
ing less sensitive to GH, was noticeable (116). A range of
IGF-I deficiency was also present in the severely affected
patients from Ecuador (118).

Some GHR mutations result in detectable, albeit low,
IGF-I levels. Patients with dominant negative, splice site,
and the pseudoexon 6W¥ mutations have milder IGF-I de-
ficiency compared with GHI subjects with nonsense and
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missense mutations. The milder phenotype could be ex-
plained by the three possible combinations of GHR
dimerization, which can occur in these patients. The pres-
ence of the wild-type GHR transcript has, in fact, been
documented in subjects with GHI caused by a homozy-
gous pseudoexon 6V mutation (46). For reasons as yet
unknown, a splice mutation may not always be 100%
efficient in causing aberrant splicing, and the coexistence
of normal and mutant transcripts may occur. Therefore,
the wild-type/wild-type GHR dimer can be present along-
side the nonfunctional wild-type/mutant-type heterodi-
mer and the nonfunctional mutant-type/mutant-type ho-
modimer. The presence of different ratios of mutant to
wild-type receptor can also explain the occurrence of dif-
ferent phenotypes within patients with the same splice mu-
tation, as is known to occur when the genetic defect causes
aberrant mRNA splicing (122, 123). Another possible rea-
son for the IGF-I variability observed in patients with se-
vere GHI due to different GHR mutations can be the in-
fluence of puberty and sex steroids. The increased
production of estrogen and testosterone during puberty
and the resulting increase in GH levels may induce a rise,
albeit modest, of IGF-I levels, particularly in patients with
the milder phenotype caused by dominant negative, pseu-
doexon 6V, and splice GHR mutations.

A. GHR mutations

In the recent study of GHI cases with identified GHR
mutations performed at St. Bartholomew’s Hospital, se-
rum IGF-I levels were available in 41 subjects. A range of
IGF-I deficiency was demonstrated in association with dif-
ferent GHR mutations. Relationships between type of mu-
tation and IGF-1 SDS values are shown in Fig. 5. IGF-1SDS
values were significantly lower (P < 0.05) in subjects with
missense and nonsense GHR mutations than in those with
the pseudoexon mutations, as previously described (49).
Patients with GHR splice site mutations and dominant
negative defects had significantly higher (P < 0.05) IGF-I
levels than subjects with missense mutations. These find-
ings show that a continuum of IGF-I levels, the key bio-
chemical abnormality of GHI, exists across the spectrum
of GHR mutations, linked to the type of mutation and thus
reflecting the degree of receptor dysfunction. A similar
analysis has not been performed for IGFBP-3 and ALS, but
GHBP concentrations were available in 58 of the GHI
subjects. GHBP levels, which may be normal depending on
the site of the mutationin GHR (8, 116), were categorized
as undetectable, low, normal, or high, and they varied
considerably according to the mutation responsible for the
GHI (Fig. 6). They demonstrate another example of a bio-
chemical continuum across the GHI spectrum.
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FIG. 5. IGF-I SDS values in 41 children with GHI and GHR mutations
divided according to the type of mutation. Each boxplot depicts the
median and the 25th and 75th percentiles. Whiskers depict minimum
and maximum observed values. Statistical analyses were performed as
in Fig. 4. Serum IGF-I levels were measured from venous blood samples
using ELISA kit (Diagnostic System Laboratories, Inc., Webster, TX) by
Dr. F. Miraki-Moud in the laboratories of Dr. C. Camacho-Hubner at
Barts and the London School of Medicine and Dentistry (London, UK).
For IGF-I, the assay sensitivity was 0.03 ng/ml. The intra- and interassay
coefficients of variation were 8.6 and 6.8% for mean serum
concentrations of 104 and 90 ng/ml, respectively. Normal values for
IGF-I were obtained from Diagnostic System Laboratories and were
used to calculate SDS. IGF-I levels are not normally distributed, so
values were converted to their normal logarithm. For the purpose of
the analysis, undetectable values were arbitrarily substituted for the
values immediately below the assay sensitivity (e.g. undetectable IGF-I
levels were considered = 0.01 ng/ml). Dom. neg, Dominant negative.
B. STAT5B and IGFALS mutations

STATSB mutations are associated with severe GHI,
which is reflected in marked deficiencies of all GH-depen-
dent peptides and increase in GH secretion (55). This is
summarized in Table 6. In subjects with homozygous
IGFALS mutations, serum ALS levels are almost univer-
sally undetectable, and failure to form the circulating ter-
nary complex results in rapid clearance and extreme de-
ficiency of IGF-Tand ALS, as described in the first reported
patient (26) and in subsequent case reports (95) (Table 8).
In the recent review by Domené et al. (95), serum IGF-I
SDS values ranged from —3.2 to —11.2 and IGFBP-3 SDS
values from —3.6 to —18.5 (95). GH secretion was in-
creased in the majority of subjects, which may contribute

to some degree of insulin resistance.

C. IGF1 and IGF1R mutations
In the four cases with homozygous IGF1 defects and the
patients with a heterozygous mutation causing a definite

20z Iudy 2| U0 1s8nB AQ L€/ ¥SEZ/ZLb/IZE/R10ME/AIPS/WO00"dNO"0ILISPEOE//:SARY W) PAPEOUMOQ



488 David et al. Continuum of Abnormalities in GH Insensitivity

High oJe) n=>58

@ No known defects
A O GHR defects

A\ STAT5D defects
° [ IGFALS defects

Normal O

GHBP levels

Low O 8 %

Undetect OO 5

Height SDS

FIG. 6. Serum GHBP concentrations in 58 children with GHI. GHBP values were
categorized as: above the normal range, in the normal range, below the normal range,
or undetectable, and were plotted according to the height SDS values of the subjects.
Subjects with GHR, STAT5B, and IGFALS mutations or no known defects are shown by

different symbols. Undetect, Undetectable.

growth phenotype, serum IGF-1levels varied according to
the nature of the mutation. IGFBP-3 and ALS levels were
notably normal, and GH secretion was usually normal or
increased (Table 7) (38). The biochemical characteristics
of children with heterozygous IGF1R mutations were re-
cently reviewed (105). Essentially, serum IGF-I may be
increased or normal, and IGFBP-3 is usually within the
normal range.

VI. An Updated Approach to the Investigation
of GH Insensitivity

The evaluation of a child with short stature and possible
GHI should comply with the classical paradigm of clin-
ical assessment followed by general (i.e. nonendocrine)
investigations, hormonal assessment, and possible ge-

Child with height <-2 SD

History enquiry for consanguinity, family history of short stature, motor,
intellectual milestones, hypoglycemia, birth weight/length, deafness, immune deficiency

Normal birth weight/length

Low birth weight/length,
intellectual delay, deafness

Microcephaly, facial
dysmorphism

Physical examination for auxology
assessment, facial dysmorphism,
immune deficiency
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netic analyses. An algorithm showing key
steps in the investigation of genetic GH-
IGF-I axis defects is indicated in Fig. 7. As
advances in molecular endocrinology re-
lated to growth disorders progress, the
crucial importance of detailed phenotypic
evaluation and documentation becomes in-
creasingly appreciated. The urge to obtain a
possible molecular diagnosis at the onset of
the investigations should be resisted until
detailed clinical and endocrine evaluation
has been performed. Clinical assessment
should include inquiries about family his-
tory of growth disturbance, consanguinity,
birth weight and length, and recurrent in-
fections (124). Examination should specif-
ically assess the presence of possible facial
dysmorphic features and microcephaly in addition to an-
thropometric evaluation (125).

A. Investigations of the GH-IGF-I axis

Investigations of the GH-IGF-I axis consist of deter-
mination of GH secretion and exploration of the IGF
system. A GH provocation test is recommended unless
the child has normal auxology or a basal IGF-I level
above the mean for age (125). In a child with clinical
criteria of GH deficiency, a peak GH level below 10
ng/ml has traditionally been used to support this diag-
nosis (126). Basal IGF-I levels should also be deter-
mined, although these may be influenced by factors such
as age, nutrition, chronic illness, and puberty. In the
initial assessment, IGFBP-3 adds little, except in chil-
dren under 3 yr of age, where low IGFBP-3 is helpful in
the diagnosis of GH deficiency (127).
Reliable assay performance and ap-
propriate normative data (128, 129)
are essential for the use of IGF-I and
IGFBP-3 in clinical practice, and ad-
justment for sex, age, puberty, and
nutritional status is recommended.

A diagnosis of GHI follows from the
demonstration of abnormal auxology,

PTPN11
mutation

Severe growth failure

Mild growth failure Noonan syndrome
phenotype

normal GH secretion, and IGF-I defi-

ciency. However, the pathogenesis will

Immune
deficiency

not have been elucidated from these in-
vestigations. The nature of the defect

IGF-! deficiency, Normal or GH deficiency, Normal GH, | | |GF-1, IGFBP-3, | | IGF-1.IGFBP3, | | \6F.), GFBP-3 f; i iti

, ( ) , . , , can often be defined by additional mea-
normal IGFBP-3, increased IGF-I, | | IGF-l deficiency, || IGF-| deficiency, | | ALS deficiency, | | ALS deficiency, | | s eficiency, y
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FIG. 7. Algorithm showing key steps in the investigation of genetic GH-IGF-I axis defects.

the type of mutation, which also influ-
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ences GHBP levels. GH secretion is elevated in most pa-
tients with severe IGF-I deficiency.

B. The IGF-I1 generation test

The principle behind the design of the IGFGT was that
repeated injections of human GH induce measurable in-
creases of IGF-1, IGFBP-3, and ALS secretion. However, in
GH-deficient patients, the degree of IGF-I response did not
convincingly predict the growth response to GH therapy
(130). Normative data were not established, and the test
is not used for this purpose. Interest in the IGFGT was
renewed when molecular evidence of GHI was demon-
strated and subjects were selected for rhIGF-I therapy.
Criteria for diagnosis of GHI were defined as: failure to
increase IGF-I and IGFBP-3 by more than 15 and 400
ng/ml, respectively (116, 119). However, because the spec-
trum of GHI disorders expanded, these criteria now ap-
pear to be too strict for more mildly affected subjects and
even in patients with severe GHI, post-GH increases of
IGF-I ranged from below 20 to 58 ng/ml, and of IGFBP-3
from 95 to 1762 ng/ml (131). Attempts to refine the
IGFGT for the diagnosis of milder GHI have demon-
strated that patients with idiopathic short stature pro-
duced a subnormal response (132), and subjects with
IGF-I deficiency and normal GH secretion also had sub-
normal ability to generate IGF-I (133). However, addi-
tional sensitivity for the diagnosis of GH resistance was
not seen with a low-dose GH protocol (134). A lack of
reproducibility of IGF-I and IGFBP-3 responses in the IG-
FGT has also been reported (135). For this reason, genetic
analysis and assessment of the growth response to GH
therapy, especially in patients without the classical GHI
phenotype, should be performed to confirm GH resis-
tance. The principal value of the IGFGT is the confirma-
tion of extreme or severe GHI (8, 116).

C. Genetic investigations

The discussions above have indicated that genetic mu-
tations in the GH-IGF-I axis make a major contribution to
the pathogenesis of GHI. After clinical and biochemical
assessment and where a genetic cause of short stature is
expected from the family history, DNA analysis for key
candidate genes can confirm a genetic diagnosis. A hier-
archy and priority of molecular tests can be defined after
careful clinical and biochemical assessment. Testing for
molecular defects in the GH-IGF-I axis is not commer-
cially available at the present time. However, there is a
number of academic laboratories that perform DNA se-
quencing studies of the relevant candidate genes. In vitro
functional studies may also be necessary to quantitate the
degree of protein dysfunction, particularly in cases with a
milder phenotype. There are many components of the GH
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and IGF signaling cascades that remain poorly understood
and are legitimate candidates for harboring significant
mutations and/or deletions. Thus, the absence of identi-
fiable mutations in the candidate genes described above
cannot exclude the possibility of a molecular abnormality
of the GH-IGF axis.

Ideally, family members should also be tested. It is now
clear that members of the same family with the same mu-
tations may have differing phenotypes (28). Additionally,
for many of the autosomal recessive disorders described
above, the issue of heterozygous expression remains of
great interest and is worthy of further study (87, 98).

VII. Conclusions and Future Perspectives

From the fundamental importance of the GH-IGF axis in
human linear growth, it follows that defects at many
points in this axis will result in growth impairment leading
to childhood and adult short stature. The key defects lead-
ing to GHI have been described, and the range of genetic,
clinical, and biochemical abnormalities, both within each
genetic disorder and within the spectrum of GHI disorders
as a whole, has been emphasized. GHI can no longer be
considered to be a single clinical entity, as it was envisaged
nearly 50 yr ago.

As new genetic defects leading to an expansion of the
field of GHI are described, each new mutation will itself
contribute to the genetic and phenotypic continuum. Al-
though the precise etiology in many children with short
stature remains uncertain, the investigation of patients
with abnormal growth should be encouraged to improve
diagnosis and contribute to science. We suggest that the
concept of a continuum of defects causing GHI, many with
overlapping phenotypes, may help the clinician to con-
sider appropriate investigation and management options.
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