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ABSTRACT

The GHR is the first key molecule mediating growth hormone (GH) action. In 2004 Dos
Santos et al. were the first to link a common GH receptor (GHR) polymorphism, the exon 3
deleted GHR (d3GHR), to increased responsiveness to recombinant human GH (thGH) treat-
ment in children with short stature. Since then, this polymorphism has been under extensive
investigation regarding its influence to the response on thGH therapy in different clinical
populations. This review focuses on studies evaluating the effect of the polymorphism on
respectively growth, GH-insulin-like growth factor I (IGF-I) axis, metabolism, cardiovascular
disease risk, and survival.

There are discrepant results on the effects of the d3GHR on the GH-IGF-T axis
between studies in GHD and acromegaly. However, some of the few studies investigating the
effect of this polymorphism on the GH-IGF-I axis indicate a positive effect of the GHR

genotype (GHR, ,or GHR ) on IGF-I concentrations. The GHR , genotype seems to

B-d3 weed3

affect metabolism, since in patients with type 1 and 2 diabetes mellitus (DM) and in patients
with impaired glucose tolerance (IGT) the frequency of the GHR , genotype is significantly
lower than in the normal population. In addition, in a cohort of healthy Caucasian children and
adolescents, higher insulin secretion in the presence of the dJ3GHR was demonstrated. These
findings suggest that increased bioactivity of this allele confers a protection function against

type 2 DM. The GHR

5.5 isoform is more frequently present in patients suffering from starva-
tion, indicating that both the elevated GH gene expression and increased GHR-mediated GH
responsiveness may constitute adaptive responses to the effects of persistent malnutrition, since
increased circulating GH appears to form part of a physiological response to nutrition depriva-
tion. The prevalence of the GHR , isoform in well-fed populations is currently unknown. But
in patients with type 2 DM and IGT, the GHR , isoform is associated with more severe obesity
than in patients with the other isoforms. In 2 cohorts studied, there was no association between
cardiovascular risk factors like hypertension and stroke and the dJ3GHR polymorphism.
We conclude that the effects of the d3GHR polymorphism are not limited to subtle

variations in growth parameters in (non)GHD children treated with thGH, but includes many

pathophysiological processes in which the GH-IGF-I axis is involved. The implications of these

genotype-phenotype relationships of the GHR for routine clinical practice seem to be limited.
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I. Introduction

Human growth hormone (GH) promotes post-natal growth of the skeleton and soft-tissue as
well as acts as an important regulator of bone turnover, muscle mass, and immune function. In
addition, the GH-insulin-like growth factor type I (IGF-I) axis is important for metabolic con-
trol'. GH has several effects via the growth hormone receptor (GHR) on metabolism. Some of
these effects are IGF-I-dependent, such as on glucose uptake and protein metabolism, whereas
other effects are IGF-I-independent, including stimulation of insulin secretion, lipolysis, and
gluconeogenesis'.

The biological actions of GH are mediated by the activation of its cell-surface recep-
tor, the GHR. The composition of this dimeric GHR depends on the assortments of coding
polymorphisms of the GHR gene. Three variants of the GHR, that differ in the presence or
absence of exon-3 (GHR __, GHR o and GHR

WE-We w-d.

15.45)» are commonly seen”. In mammals, the
variation causing the isoforms may occur at either the genomic® or mRNA splicing level®. The
function of exon 3 is unknown, although this exon, and thus the deletion, is in close proxi-
mity to the GH binding site®. The loss of exon 3 appears to have little effect on the receptor,
asGHR _, and GHR

are stable and functional receptors without apparent differences in

d. d3-d3

binding activity or internationalization compared with GHR _While either allele alone is
sufficient for normal growth?, the presence of at least one deleted allele is thought to confer an
increased growth response to GH therapy’.

The presently known functional consequences of the exon 3 deleted GHR polymor-

phism in various clinical conditions and physiological processes are the subjects of this review.

I A. The GHR gene structure

The GHR is a member of the class I hematopoietic cytokine receptor superfamily, which cur-
rently includes more than 40 members®. The GHR gene is located on the short arm of chromo-
some 5 (p13.1-p12) and has 9 exons that encode the receptor and several additional exons in
the S-prime untranslated region. The coding exons span at least 87kb. The GHR consists of an
extracellular domain of 246 amino acids (aa), a single transmembrane domain of 24 aa, and a

cytoplasmic domain of 350 aa’. Exon 2 encodes an 18-amino-acid signal sequence. Exons 3 to



7 encode the extracellular domain. Exon 8 encodes the transmembrane domain, and exon 9 and
10 encode the cytoplasmic, signal-transduction domain and the 3-prime untranslated region.
The active form of the GHR is a receptor homodimer®’. The first step in GHR activation is

the binding of GH to the GHR. GH binding to preformed dimers of GHRs located at the

cell membrane surface induces rotation of the intracytoplasmatic subunits of the dimerized
receptors, resulting in the activation of associated kinases like the Janus tyrosine kinase (JAK)

2, the mitogen-activated protein (MAP) kinase, and the phosphatidylinositol-3 (PI-3) kinase.
The pathways involving these three kinases are assumed to account for the most signaling events
triggered by the GHR! and are also referred to as the JAK/STAT (signal transducers and acti-
vators of transcription) pathway. Detailed description of the features of the receptor is beyond

the scope of this review article, but numerous reviews have been published on this subject'*'®.

I B. Impaired growth due to mutations of the GHR

In a small number of humans, growth defects result from rare mutations of the GHR. Muta-
tions have been found to alter various intrinsic features of the GHR that are required for proper
activation of the receptor itself, or of some components of the GHR signaling cascades. A clini-
cal consequence of inactivating mutations of the GHR is the GH insensitivity syndrome, first
described by Laron in 1966. Laron syndrome is an autosomal, fully penetrant recessive disease
resulting from GH resistance. Phenotypic characteristics are severe growth retardation, acro-
micria, small gonads and genitalia, abdominal adiposity, and high GH concentrations in combi-
nation with very low circulating IGF-I concentrations. The pathogenesis of this syndrome is
explained by various molecular defects mainly affecting the GHR, including exon deletion

and mutations (nonsence, frameshift, missense)'”. Most of these mutations affect the extracel-
lular domain of the receptor, which results in the absence of circulating GH binding protein
(GHBP). Normal or high GHBP levels in GH resistance syndromes denote that the mutation
resides within transmembrane or cytoplasmic domains of the GHR or affects post-receptor
components. At present three types of mutations of the GHR have been described, resulting in

different severities of the phenotypic consequences, i.e. expression failure’®, activation fai-

lure?!, and signaling failure*?*.
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I C. GH resistance syndromes caused by post-GHR defects

Recently, two mutations have been described in STATSB. First, a homozygous mutation in
STATSB was associated with GH insensitivity”. The mutated Stat5 was inactive and blocked
all cellular events downstream in the JAK2-STAT'S cascade, including IGF-I deficiency. Second,
a mutation was described leading to the total absence of detectable mature protein due to early
termination. This mutation combines severe GH insensitivity with immunodeficiency**”. In
addition, mutations of IGF-I*® or of the IGF-I receptor® leading to intrauterine and postnatal
growth retardation have also been documented as causes of GH resistance syndromes. Both the
post-growth hormone receptor mutations as the IGF-I (receptor) mutations are not the focus

of this review.

I D. Polymorphisms of the GHR
Most of the GHR polymorphisms are single nucleotide polymorphisms or microdeletions. The
functional role of most of these polymorphisms at the molecular level and the way they can
modify GHR function at the physiologic level have not been elucidated. Polymorphisms of the
GHR have been described in exon 3, 6 and 10%°. One of these polymorphisms, the deletion
of exon 3, has been studied more extensively because of its relatively high prevalence. The
expression of the different d3GHR isoforms is consistent with simple mendalian inheritance of
2 different alleles in which exon 3 is spliced in an ‘all or none’ fashion. The alternative splicing
of exon 3 in GHR transcripts is the result of an unusual polymorphism that significantly alters
splicing of the transcript. The relatively high prevalence (~ 40% and ~10% for heterozygosity
and homozygosity in the population, respectively) for the allele producing transcripts lacking
exon 3 suggests the possibility that it may play a role in polygenically determent events, i.e. may
have selective advantage under certain circumstances. A genetic polymorphism resulting in
deletion of an entire exon from mRNA without compromising structure or function of the
resultant protein is very unusual®’. It was initially thought that the isoform lacking exon 3 was
tissue dependent®*. However, it became apparent that the exon 3 deletion was not tissue
dependent but individual dependent®.

The effect of the deletion of exon 3 has been investigated in several clinical condi-
tions, some studies focusing on the single or double deletion of exon 3 as one genotype (GHR

vs. GHR ), and other studies regarding the single or double deletion of exon 3 as two different



genotypes (GHR _ »s. GHR

W d.

,and GHR, ,,).

II. Effects of d3GHR on GH/IGF-I axis

IT A. Pathogenesis

Biologically active GH binds its transmembrane receptor (GHR), which dimerizes to activate
an intracellular signal transduction pathway, resulting in complex effects including synthesis
and secretion of IGF-I. IGF-T is responsible for most anabolic and mitogenic actions of GH,
including growth promotion and development of organs and tissues during all growth stages™.
IGF binding protein 3 (IGFBP3) is the main of several proteins which increases IGF-I half-life,
transports it to the target cells and guides its interaction with membrane receptors. Serum IGF-
I and IGFBP3 are usually reduced in patients with GHD.

The prevalence of the different isoforms of the GHR is comparable between GHD,
acromegaly, and healthy subjects, which excludes a role of GH in regulating GHR isoform
expression patterns including the dJ3GHR. The question is whether the different dJ3GHR
isoforms explain some of the individual differences in GH and IGF-I concentrations in patients
with disturbances in the GH-IGF-I axis. For the purpose of this review we separately analyze
the effects of the d3GHR on diseases of the GH-IGF-I axis, i.e. in children with GHD, adults

with GHD, patients with active and controlled acromegaly.

II B. Growth hormone deficiency

GHD is a clinical condition in children, in whom GH production is insufficient for normal
height gain and development of bone and muscle. GHD is a clinical condition in adults, in
whom GH production is inadequate for the maintaining of muscle- and bone mass and other
GH dependent body functions. There are several causes for GHD including congenital and

acquired pituitary lesions.

II B1. Growth hormone deficiency in children
GHD in children is responsible for impaired height gain, bone and muscle development. The
effect of the GHD will only develop some months after birth and, if left unadjusted, is respon-

sible for late puberty. Clinical signs are impaired growth, immature face, and (a slightly) obese
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stature.

Five studies in GHD children have investigated the effects of d3GHR genotype on
the GH-IGF-I axis®”*!. The effect of d3GHR genotype on baseline IGF-I concentrations in
GHD was studied by Blum ez /., who reported lower IGF-I concentrations in GHR __ ¥7.
Another study demonstrated genotype specific differences in IGF-I concentrations in response
to (short-term) rhGH treatment, with the lowest response in GHR __despite equal GH and
IGFBP3 concentrations in the different genotypes®. This is in accordance with the theory pro-
posed by Dos Santos®, of enhanced growth in GHR , in children who are small for gestational
age (SGA) or have idiopathic short stature (ISS). In fact, they provided evidence for increased
bioactivity of GHR , #7 vitro in response to various GH concentrations compared with GHR
.- In addition, a slightly higher GH sensitivity regarding short-term IGF-I generation during
thGH therapy was seen in ISS patients with the GHR , genotype®. The three remaining stud-
ies in GHD children were unable to demonstrate any effect on IGF-I*¥44!, Studies in Turner’s
syndrome of Cushing’s disease did not observe any effect on IGF-I either®*.

In conclusion, two of the seven studies providing data on the effect of the d3GHR
genotype on the GH-IGF-I axis in GHD demonstrated a genotype specific difference. This
effect was uniform in both studies, indicating higher IGF-I concentrations in the GHR , geno-
type, compared with GHR __ ! There were no genotype-fenotype relationships with respect
to GH or IGFBP3 concentrations. Additional studies are required to establish whether the

subtle clinical effect of the GHR , genotype is reflected in circulating IGF-I concentrations.

II1 B2. Growth hormone deficiency in adults
The syndrome of GHD is different in adults compared with children. Although GH require-
ments decrease after puberty, the percentage of prepubertal GHD subjects who have insuffi-
cient GH reserve during retesting in adulthood, varies considerably among the different studies
with a frequency of persistence of GHD between 20 and 87%. In adulthood, the metabolic
actions of the GH/IGF-I axis take place at plasma levels which are markedly lower than those
needed to promote longitudinal growth. IGF-I concentrations in adults are positively related
to GH secretion patterns and are able to detect part of the adult patients with suspected GHD.
Although many adult patients with GHD have normal IGF-I levels, there is agreement that
IGF-Tis the best parameter during follow-up of thGH replacement therapy*.

Van der Klaauw ez al. showed that the GHR ; genotype was associated with differen-



ces in effects of rhGH during short-term, but not during long-term, individually adjusted thGH
replacement therapy in adults with GHD®Y. In accordance to children with GHD?*, a higher
increase in IGF-I levels in GHR  patients compared with GHR patients was demonstrated
after a comparable dose of thGH¥. Meyer ez a/. demonstrated in a German population of adult
GHD patients on 1 year of thGH therapy that GHR , patients required 25% less GH for the
same IGF-I levels compared with GHR _ patients®. Finally, Moyes ez 4/. studied a large cohort
of, at baseline comparable, adults with GHD on an identical dose of thGH for 1 year. After 1
demonstrated a significantly larger increase

However, when GHR

year of thGH treatment, patients with GHR

d3-d3

d

in IGF-I concentrations compared with patients with GHR

wt-wt”

d43-43 20

was not present®. In

GHR _,, patients were analyzed together this difference with GHR
contrast to these 3 studies, a Swedish study in GHD adults treated for 1 year with individually
titrated rhGH dose did not demonstrate any effect of the GHR , on IGF-I levels™.

In conclusion, four studies focused on the effect of d3GHR on the GH-IGF-I axis in
response to thGH in GHD adults, with contrasting short-term results. However, the diffe-

rences between the genotypes in effect on the GH-IGF-I axis were subtle, or only demonstrable

in GHR, . vs. GHR  When patients with GHR . and GHR

$3-d3 are analyzed together,

d: d3-d3

the effect vanished. Moreover, most of the above mentioned studies included relatively low
numbers of patients, resulting in low statistical power. Only prospective and large studies with
large numbers of all genotypes will have the required statistical power to identify a potential,
additional contribution of dJ3GHR polymorphism to the GH-IGF-I axis in response to GH
therapy.

IT C. Active and controlled acromegaly
Acromegaly is a chronic, slowly progressive disease caused by a growth hormone-secreting
pituitary adenoma leading to increased circulating GH levels and increased IGF-I secretion by
peripheral tissues, especially the liver. The GHR , genotype has been associated with increased
IGF-I levels®*%. Several studies assessed the effects of the dJ3GHR polymorphism on the
disease course in acromegaly. An underlying concept was that the dJ3GHR polymorphism may
have caused a stimulation of the GH-IGF-I axis and therefore rendered acromegalic patients
with the GHR , genotype more susceptible for the effects of GH.

Only a few studies have focused on the effect on biochemical parameters of the

d3GHR genotype in active acromegaly patients. One study in patients with newly diagnosed
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active acromegaly revealed that patients carryinga GHR , allele had lower GH concentrations,
but comparable serum IGF-I concentrations, than patients without this genotype, in accor-
dance with the notion of a more active GH signal®. However, Kamenicky ez 4/. was not able to
show an effect of the GHR , genotype on GH-IGF-I relationships in 105 patients with active
acromegaly®’. Another study, studied 152 patients at baseline and 1 to 5 years post-treatment.
Although these authors observed no effects on GH and IGF-I concentrations at baseline in
GHR , patients, these patients were less likely to achieve normal IGF-I concentrations during
treatment for acomegaly'®. However, the pathophysiological mechanism behind these uncon-
firmed observations is not completely understood.

Circulating lymphoid cells express GHR variants, and, therefore, peripheral lympho-
cytes may be useful for evaluating GHR physiology. Ochao ez al. compared expression patterns
of the GHR isoforms in lymphocytes between healthy individuals and patients with active acro-
megaly>. In healthy subjects a predominance of the GHR _ isoform was demonstrated. This
is in accordance with the theory that the absence of exon 3 does not impair GHR physiology™.
In addition, GHR _  was negatively correlated with IGF-I levels in healthy individuals. In con-
trast, acromegalic patients demonstrated similar amounts of the GHR _ and GHR , isoforms,
and these isoforms neither correlated with circulating GH levels nor with IGF-I levels. This
suggests that the interaction between GH and its receptor may be altered in acromegaly.

In conclusion, there are large discrepancies between the results of the few studies in
acromegaly on the effect of the dJ3GHR isoforms on the GH-IGF-I axis. However, since the
main objectives of these three studies were different, additional larger studies are required in
both active and (long-term) controlled acromegalic patients to clarify the effects of the J3GHR
genotypes on the GH-IGF-T axis in acromegaly and to confirm the interesting observation that

the d3GHR polymorphism may be associated with an adverse biochemical treatment result.

IID. Conclusion

There are discrepancies between the studies in both GHD and acromegaly on the effect of the
d3GHR on the GH-IGF-I axis. Nonetheless, the majority of these studies indicate a positive
effect of the GHR , genotype on IGF-I concentrations®***"52, However, considering the rela-
tively small number of studies, which in general include relatively low numbers of subjects, it is

hard to draw firm conclusions at present.



III. Effect of d3GHR on growth

III A. Pathogenesis

Under normal physiological circumstances, linear growth is a variable trait, individually diffe-
rent and dependent on numerous factors, both genetical and environmental. Just as spontane-
ous linear growth, stimulated growth in response to thGH treatment varies extensively amongst
individuals, also resulting from both genetic and non-genetic effects. One of the genetic factors
considered responsible for this variation in stimulated growth is the expression of exon 3 of

the GHR. The loss or retention of exon 3 is thought to affect receptor expression or function,
specifically by affecting the binding of human growth hormone, receptor processing, transport,
stability, binding to other ligands, dimerization of GHR monomers, or signal transduction

as described by Dos Santos ez 4/. in 2004°. They demonstrated that GHRdA3 induced a higher
transcriptional activity of the reporter construct in response to various GH concentrations
than GHR _ °. Potential physiological variations in GH sensitivity due to GHR differences in
short children with an otherwise normal GH-IGF-I axis can be compensated by adaptations of
endogenous pituitary GH secretion, which might mask the effect of the GHR polymorphism
on basal growth rate. In addition, there is no evidence that the d3GHR influences normal adult
height variation®*. However, in patients with GHD this compensatory effect of the GH-IGF-I

axis is deficient.

III B. Children with short stature due to growth hormone deficiency
GHD is a condition of inadequate production of GH. Deficiency of GH produces significantly
different problems at various ages. GHD can be congenital or acquired in childhood or adult
life. It can be partial or complete. It is usually permanent, but sometimes transient. It may be
an isolated deficiency or occur in association with deficiencies of other pituitary hormones. In
newborn infants the primary manifestations may be hypoglycemia. In later infancy and child-
hood, growth failure may be the major effect.

GH deficiency is treated by rhGH. A fixed rhGH dose, calculated according to weight
and body surface area, accelerates growth from a pre-treatment rate of 3-4 cm/year to 6-12 cm/
year in the first year of therapy in children®. This therapeutic effect can be further improved by

carlier treatment, larger rhGH doses, individualized doses based on IGF-I concentrations, and
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more frequent administrations of thGH?®. Since this therapeutic efficacy of thGH shows high
inter-individual variation, there is possibly a role for the complex cascade of numerous genes by
which GH regulates growth velocity, including the dJ3GHR polymorphism.

Several studies have been published on the effect of the exon 3 deleted GHR polymor-
phism with some reporting positive and others negative results with respect to the influence of
this polymorphism on growth parameters in GHD children. It is important to note that those
studies were performed in different populations, harboring variations in their responses to GH
therapy. In addition, there are differences between studies in growth parameters, the dosages of
rhGH, and durations of follow-up. These studies are summarized below in Tzble 1. Jorge et al.
were the first to extend the findings, described by Dos Santos ez 4l., of altered GHR function
by the deletion of exon 3 in GHD children®. Both increased growth velocity in the first year
of treatment with rhGH and increased final height were achieved in children with non-isolated
GHD with the GHR , genotype. In addition, Riz ez 4/. also demonstrated an increased first
and second year growth velocity for both the GHR _,,and GHR

genotypes in comparison

d: d3-d3

with the GHR _ in children with isolated GHD, but they were unable to replicate the finding
of Jorge et al. on increased final height*'*%7.

In contrast, other studies reported negative results on these pharmacogenetic effects
of thGH. Blum ez 4/. were unable to confirm a stimulating effect of the GHR |, genotype on
growth parameters in 107 children with severe GH deficiency after 1 year of treatment with
thGH in a study in which GHR _,, and GHR, ,, patients were pooled (GHR ,)*”. This was in
keeping with de Graaff ez a/. and Pilotta ez 4l., although the latter published not enough data to
be represented in Zable 1°**. Higher IGF-I levels have been attributed to the GHR , genotype,
although this did not result in increased height gain or growth velocity®”.

Most studies focussed on the short-term results of thGH treatment, i.e. growth
velocity or height gain in the first 1 or 2 years of treatment. To date, only 2 studies reported
on the effect of d3GHR on final height after treatment with thGH. Jorge ¢# /. demonstrated

isoform, which could not

a stimulating effect for both the GHR , isoform as for the GHR, .
be explained by pre-treatment characteristics or differences in thGH dose®”. Raz ef a/. demon-
strated a stimulating effect of the GHR , isoform in the short-term after thGH treatment in
a large cohort of GHD children, but were unable to demonstrate this effect on final height*.

Of all studies on the effect of the dJ3GHR on growth in GHD children, Raz ez al. were able

to report a difference in basal growth rates prior to treatment as reflected by a difference in



baseline height between the different genotypes*'. However, in a recent meta-analysis of studies
reporting baseline height, we showed that there is indeed a subtle difference between GHR,,
and GHR _ genotypes in children with GHD** The discrepancies in the effect of the d3GHR
polymorphism on the response to (all individualized) doses of thGH treatment seen in studies
on GHD in children can possibly be explained by variations in underlying conditions, indivi-
dual conditions of the patients studied, severity of GHD, stringency on the criteria used for
diagnosis of GHD, duration of thGH treatment, and the relatively small numbers of subjects
included in the studies. In addition, Herishanu et 4/. were unable to demonstrate differences

in growth delay in children with Cushing’s disease according to the different variants of the
d3GHR*.

In conclusion, in most individual studies and in a recent meta-analysis, the growth
response during the first year of thGH treatment, both expressed as height SDS gain and as
growth velocity, is slightly, but significantly increased in pre-pubertal short children with
the GHR , genotype, albeit with a small increase of approximately 0.5cm/yr, in comparison
with the GHR _ genotype®. This polymorphism therefore explains only a small part of the
relatively large inter-individual differences in linear growth response. Therefore, there may be
other, up till now unknown, genetic factors including the GHR ¢.1319 G>T polymorphism*,

that influence growth velocity in GHD patients after GH therapy.

III C. Children with short stature not due to growth hormone deficiency

The cause of growth failure in the majority of short children who do not have GHD is un-
known. These otherwise normal children with idiopathic short stature (ISS) or born small for
gestational age (SGA) secrete normal amounts of GH in response to pharmacologic stimula-
tion®. The importance of the GHR in modulating the growth promoting action of GH is
demonstrated by the abnormal growth of children with complete insensitivity to GH due to
inactivating mutations in the gene for the GHR (Laron dwarfism)*. These non-GHD short
children may secrete GH normally and yet have defects in the ability of target cells to respond
to GH. Such defects could occur cither at the GHR or the intracellular mediators of GH sig-
naling. In addition, serum concentrations of the GHBP in children with ISS have shown to be

low, suggestive for abnormalities in the GHR gene®!.

Since 2001 and 2003, the US Food and drug Administration (US FDA) and the

European regulatory agency, respectively, allowed the treatment of short children born SGA
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with thGH. In 2003, thGH was approved by the US FDA to stimulate growth in children with
ISS, and soon after it was also approved in Europe. Children with a height of 2.25-3.00 SD
below the mean for their ages are now eligible for hGH prescription. Although most children
with SGA/ISS respond to treatment with rhGH with increases in their linear growth rates,
their responses are more limited than those of children with GHD who are treated similarly. In
accordance to the observations in GHD, in non-GHD children there are relatively large intra-
individual variations in response to rhGH treatment. Indicators for a good response on thGH
treatment in this non-GHD patient group include young age, low baseline height, low baseline
IGF-Ilevels, and high thGH dose. The GHR , genotype is thought to influence the growth
response in non-GHD children, since Dos Santos ez al. reported on increased growth velo-
city in SGA and ISS children with the GHR , genotype and treated with thGH?. They further
demonstrated that the GHR , genotype was not primary related to the genesis of short stature
and it had no effect on growth rates or hormonal parameters before start of thGH therapy’. In
addition, GHR isoforms are not involved in the etiology of short stature®. For the purpose of

this review, SGA and ISS are discussed separately.

III C1. Small for gestational age
Children SGA have a birth weight below the 10th percentile for that gestational age, usually
due to intrauterine growth restriction (IUGR). The status of being born SGA can be a con-
sequence of fetal, maternal, or environmental factors, but the exact (multifactorial) etiology
remains usually unknown. The majority of infants born SGA (85%) experience spontaneous
catch-up growth in the first few months and up to 2 years, followed by a normal pattern of
development. Those 15% failing to experience catch-up growth do not reach their target height
and remain short throughout life®**. The mechanisms involved in catch-up growth remain
unclear. The finding of higher basal GH levels suggest GH hypersecretion as a factor for ecarly
catch-up growth®. On the other hand, birth weight, birth length, gestational age, and mid-
parental height have also been identified as factors influencing catch-up growth®*. Although
the majority of these children is non-GHD, rhGH treatment improves average linear growth in
these children®. This effect is largest during the first 2 years of treatment and diminishes after
4-6 years of continuation of thGH®. When rhGH is discontinued catch-down in growth velo-
city may occur®.

Dos Santos et al. treated pre-pubertal patients born SGA with normal GH secre-



tion with supraphysiological rhGH replacement doses and demonstrated a strong relationship
between GHR , genotype and growth velocity. Shortly after, these findings were confirmed by
two other groups®® despite the fact that SGA children are heterogencous regarding the origin
of the short stature®. In accordance, increased spontaneous post-natal growth velocity in the
GHR , genotype compared with the GHR _ genotype was reported by Jensen ez /7. In addi-
tion, de Graaff ez a/. demonstrated a higher frequency of GHR , in children with GHD born
SGA compared with GHD born appropriate for gestational age?.

Conflicting findings were reported by four Spanish studies of the same group who
were unable to demonstrate an effect of the GHR ; genotype on pre- or post-pubertal growth
after thGH treatment in varying doses”""* or without thGH treatment’. These contrasting
observations can be caused by the relatively heterogeneous age distribution of the cohorts stu-
died (large proportions post-pubertal children), the genotype assignment techniques used, and/
or the exclusion of patients with a minor increase in height (<0.5 SDS)"™.

A single unconfirmed study studied the effect of the GHR , genotype in pre-natal
growth in SGA and showed decreased fetal growth velocity in this genotype”. However, fetal
growth is generally considered independent of fetal GH levels, whereas fetal IGF-I levels are
associated with fetal size”7.

Only one study assessed the long-term effect of dJ3GHR polymorphism on near final

height (adolescence), demonstrating increased height in patients with the GHR , isoform*'.

III C2. Idiopathic short stature
ISS refers to extreme short stature (<3 SD below the mean), despite minimal 2 of the follow-
ing: normal size for gestational age at birth, normal body proportion, no evidence for endocrine
dysfunction, no chronic organic or psychiatric disease, no emotional disturbances, and normal
food intake. In ISS the short stature is due to decreased growth rate without a diagnostic expla-
nation after an ordinary growth evaluation®. Only 5-9% of ISS children reach an adult height
lower than 2 SD below the mean® and rhGH treatment is recommended to increase height in
these non-GHD children.

In accordance to SGA children, Dos Santos ez al. reproduced their finding of a strong
relationship between GHR , genotype and growth velocity in pre-pubertal children with ISS,
treated with supraphysiological thGH replacement doses®. Toyoshima ez 2. demonstrated that

children with ISS carrying the GHR , allele presented higher GH sensitivity regarding short-
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term IGF-I generation during thGH treatment®. This finding supports the thGH pharmaco-
genetic findings in relation to GHR , genotype, described by Dos Santos ez 4/°. In addition,
although the GHR , genotype was less frequent in Japanese (20%)*' and Koreans (17-22%)%
than in Caucasians (25-44%), in Korean pre-pubertal ISS children the GHR , genotype signifi-
cantly affected growth velocity in short-term thGH treatment. In contrast, the Spanish study
by Carrascosa et al., like in SGA, was unable to demonstrate an effect of dJ3GHR genotypes on
height gain or height velocity during 1 to 2 years of thGH treatment in a large cohort of pre-
pubertal Spanish children with ISS7. Again, these authors excluded patients with poor growth
response (<0.5 SD in 2 years) to rule out the main genotype abnormalities of the GH-IGF-I
axis®?. This could have created a selection bias and possibly they were therefore not able to
show a stimulating effect of GHR |, genotype on growth velocity. At present, there are no data
are available on the effect of the d3GHR polymorphism on final height in ISS.

In conclusion, 13 studies have been published on the effect of dJ3GHR on stimulated
growth in non-GHD. Although the different studies are conflicting, a meta-analysis of the data
in prepubertal children with short stature indicates that GHR , is associated with increased
baseline height in GHD, but not in non-GHD?. Furthermore, GHR , stimulates growth ve-
locity by an additional effect of ~0.5 cm during the first year of thGH treatment and this effect

is more pronounced at lower doses of thGH and higher age®.

III D. Turner syndrome

Turner syndrome is a chromosomal disorder affecting females in whom all or part of one of the
X-chromosome is absent. Short stature, a prominent feature of patients with Turner’s syndrome,
occurs in 100% of patients with 45,X0 karyotype and in 95.2% of patients with non-45, X
karyotype. The cause of growth failure in Turner’s syndrome is currently unknown, but theories
exist about a dysfunctional GH response resulting in partial GH insensitivity on the one hand
and a primary bone defect on the other hand®. Treatment during childhood consists of early
GH therapy in supraphysiological doses and estrogen replacement around the normal age of
puberty. An average gain of 10 cm (range 3.9-24.8 cm) in final height may be achieved by the
early introduction of growth-promoting therapies®. Inter-individual variations in response on
rhGH treatment are possibly explained by differences in parental height, age at start of GH
treatment, and dose of thGH®.

Turner syndrome is a more specific and homogenous disorder of linear growth failure



and of different severity and origin than short stature due to GHD, SGA, or ISS. Girls with

Turner syndrome with the GHR , . genotype on a high dose of thGH for 1 year demonstrated

d3-d3

a significantly higher growth velocity than their GHR _ and GHR

4 counterparts and

exceeded their growth prediction by far**®. Accordingly, the GHR _ Turner girls failed to

reach their height prediction, and GHR . showed intermediate responsiveness to thGH. The

d

effect of the GHR , genotype was far more evident in Turner girls than in patients born SGA®".

When the total period of (a low dose of ) thGH administered in Turner girls was taken into

account, GHR

.45 genotypes were associated with enhanced growth velocity for a longer time
period and a height gain almost twice as great when compared with the other two genotypes,
despite comparable levels of thGH admitted and independent of an effect on serum levels
IGF-I*. In a Korean population with a known relatively low allelic prevalence of the dJ3GHR,
there was no effect of this polymorphism on linear growth in 115 prepubertal patients with
Turner’s syndrome*.

In conclusion, only three studies have focused on the effect of the dJ3GHR polymor-
phism on stimulated growth in Turner syndrome, two of them (both of the same group) repor-
ting increased height gain and growth velocity in the short term and increased final height in

favor of GHR ;, when compared with GHR _ This clear effect of the GHR , genotype is pos-

sibly due to the homogeneity of the population studied.

III E. The effect of dJ3GHR genotypes on basal height

Data on the effect of the dJ3GHR polymorphism on spontaneous growth in non-GHD chil-
dren are scarce, but conflicting. Only 2 studies were performed both in SGA™. Jensen ez 4l.
demonstrated a positive effect of the GHR,, isoform, whereas Audi et 4/ could not find an
effect of the GHR , isoform on spontaneous growth®, We meta-analyzed these findings and

we were unable to demonstrate a difference in baseline growth between the different genotypes

in non-GHD children®.

IIT F. Conclusion

The different studies on growth in response to thGH treatment in different clinical conditions
demonstrate a variety of results regardless of the cause of shortness (GHD or non-GHD). In
addition to the factors held responsible for intra-study variation (vide supra), it is likely that

differences between studies are at least in part caused by small sample sizes and heterogeneous
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characteristics of the patients studied. False-positive findings are more likely with small sample
sizes and for quantitative trait loci phenotypical variations tend to be overestimated with small
sample sizes*!. A recent meta-analysis in prepubertal children with short stature supports this
finding, indicating that GHR  is associated with increased baseline height in GHD, but not in
non-GHD children.

The GHR , genotype is not expected to be associated with physiologic variations in
human growth or to be a primary cause of short-stature in humans, since potential variations
in growth hormone sensitivity due to the GHR differences in non-GHD short children can be
compensated by endogenous pituitary growth hormone secretion, which masks the effects of
GHR polymorphisms on basal growth rate’>. When this compensation is impossible, however,
like in GHD children, the d3GHR genotype affects the growth response (spontancous or
stimulated). We demonstrated this hypothesis in a recent meta-analysis, indicating that the

baseline growth in GHD children with de GHR  isoform is significantly increased®.

IV Effect of d3GHR on other endocrine disorders

IV A. Pathogenesis

Deficient or excessive GH secretion induces typical clinical syndromes, with changes in many
tissues, organs and organ functions, and altered body composition. In addition to physical
symptoms and co-morbid diseases, patients with GH discases experience a large range of
complaints, i.c. functional limitations, diminished work-related productivity, social isolation,
fatigue, poor health-related quality of life, etcetera®™”". However, there are major individual
differences in the expression and severity of (co-)morbidity. Even after (long-term) control
of the altered GH status (in acromegaly) strong individual differences in clinical outcome are
reported®. We discuss several studies suggesting a possible effect of the dJ3GHR polymorphism
on disease presentation in patients with active or biochemically well-controlled GHD or GH
excess, respectively. In these patients natural feedback regulation within the GH-IGF-I axis

is absent, implying that a possible effect of the different d3GHR isoforms should be demon-

strable.



IV B. Growth hormone deficiency in adults

In adult patients with GHD, three groups of GHD can be identified: 1) childhood onset GHD
with GH replacement in childhood and with normal stature, 2) GHD without GH replace-
ment in adulthood with short stature, and 3) patients with adult-onset GHD due to different
causes but mainly related to (treatment for) pituitary adenomas. Other causes for adult onset
GHD are traumatic brain injury, sub-arachnoidal hemorrhage, or subdural haematoma. There-
fore, GHD in adults is a heterogeneous syndrome. In contrast to the clear cut efficacy para-
meters of thGH treatment in children (height gain, growth velocity, and final height), the
effects of thGH treatment in GHD adults are more subtle, like improvement in quality of life,
muscle strength, lipid metabolism, body composition, and bone mineral density”*. Several
studies have assessed whether the large inter-individual variability in response to thGH replace-
ment therapy in GHD adults might be partly attributed to the dJ3GHR polymorphism in addi-
tion to more obvious causes such as differences in cause and severity of GHD.

GH and IGF-I affect lipogenesis and HDL cholesterol expression’”. Van der Klaauw
et al. demonstrated that the GHR , genotype contributed to the beneficial changes induced by
rhGH in lipid metabolism*. However, there was no significant effect of the polymorphism on
clinical parameters including BMI, total cholesterol, LDL cholesterol, and blood pressure. In
accordance, a recent Swedish study did not find a pharmacogenetic difference in response to
rhGH between the genotypes in body composition®.

In conclusion, two studies focused on the effect of d3GHR on clinical outcome in
GHD adults after thGH treatment, with contrasting short-term results. The number of
participating patients, age, thGH dose, and distribution of d3GHR isoforms were comparable
in both studies. In contrast to short children, in whom the primary efficacy of GH therapy is
casily evaluated by growth velocity and final height, the end-points to define responsiveness to
thGH therapy in adults are more subtle and diverse. Larger prospective studies with appropriate
statistical power are necessary to clarify the additional contribution of dJ3GHR in the responses

to thGH therapy.

IV C. Acromegaly
The clinical severity of acromegaly varies considerably between individuals both during active
disease and after long-term remission of acromegaly, most likely related to the severity and

duration of active disease. However, since the GHR , genotype has been reported to increase
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growth velocity in children with GHD during thGH therapy**”*” and since in GHD the
GHR , genotype has been associated with increased IGF-I levels®”***, assumptions have been
made regarding an effect of the dJ3GHR polymorphism on the disease course in acromegaly. It
has been hard to prove the theory that the dJ3GHR polymorphism may have caused a change in
the GH-IGF-T axis and therefore rendered acromegalic patients with the GHR , genotype more
susceptible for the effects of GH, since only few studies on this topic have been conducted
showing different results (vide supra). However, On the other hand, the limited pharmacoge-

netic effect of enhanced signal transduction in GHR ., patients can also be overruled by the

aE
excess of GH. We therefore discuss studies in active and controlled acromegaly focusing on the

clinical consequences of the disease.

IV C1. Active acromegaly
Several studies focused on the effect of clinical parameters in patients with active acromegaly.
Mercado ez al. observed that GHR , patients with active acromegaly had an increased preva-
lence of type 2 DM (odds ratio 2.0). However, this was not confirmed by others**19%, In
addition, Mercado ez al. could not demonstrate an effect of the dJ3GHR polymorphism on gen-
der, height, BMI, percentage of macroadenomas, and arterial hypertension between the GHR
genotypes in active acromegaly, although patients with the GHR , genotype were younger at
diagnosis®'. The late clinical outcome of acromegalic patients after successful treatment in rela-
tion to these GHR isoforms needs to be confirmed. Montefusco ez /. studied 76 patients with
active acromegaly retrospectively and reported a significantly lower BMI in GHR |, compared
with GHR _ and equal prevalences of type 2 DM and hypertension in all genotypes, although
GHR , carriers had more frequently a normal glucose tolerance”. Thus, these data indicate that
the GHRd3 genotype is associated with glucose metabolism and body weight in patients with

active acromegaly.

IV C2. Controlled acromegaly
Recently, our group reported the late clinical outcome of patients with acromegaly in relation
to the different GHR genotypes'®. In 86 patients, the GHR , genotype was associated with
adverse clinical outcome with respect to osteoarthritis, dolichocolon, and adenomatous colonic
polyps but not with other co-morbidities such as cardiovascular risk factors. These observations

await confirmation by other groups.



IV C3. Response to treatment
With respect to treatment response, Bianchi ez al. recently demonstrated that in acromegalic
patients with active disease after unsuccessful neurosurgery and somatostatin anolog treatment,
GHR , patients required significantly lower doses of Pegvisomant for a shorter period of
time to achieve normalized IGF-I levels, when compared with GHR _ patients'®. This is
compatible with a higher sensitivity of the GHR ;, genotype. However, the exact mechanism
underlying this observation is not yet understood. This might include more efficient binding
of Pegvisomant to the receptor in GHR , patients, or increased affinity for pegvisomant of the
GHR . Bernabeu ez 4/. confirmed these results showing that the GHR , genotype predicted an
improved response to pegvisomant therapy in acromegaly'®.

In conclusion, in acromegalic patients the GHR ;, genotype has shown to positively
affect glucose metabolism and body weight and negatively affect osteoarthritis, dolichocolon,
and adenomatous polyps. The therapeutic response to somatostatin analogs or pervisomant
was better in the GHR , variant. However, this is based on few studies with varying inclusion

criteria and different study outcomes.

IV D. Conclusion

In the different studies on the effect of the dJ3GHR on the GH-IGF-I axis in both GHD and
acromegalic subjects effects of the dJ3GHR were cither absent or rather subtle. In prepubertal
children with short stature the GHR , is associated with increased baseline height in GHD, but
not in non-GHD. Furthermore, GHR , stimulates growth velocity by an additional effect of
approximately 0.5 cm during the first year of thGH treatment. In acromegaly, there may be an
effect of the dJ3GHR on clinical outcome, i.c. osteoarthritis, dolichocolon, and adenomatous
polyps. Moreover, the therapeutic responses to somatostatin analogs or pervisomant were better
in the GHR , variant in the patients with active acromegaly. Up till now we can not simply
explain these findings by the theory that GHR , patients are more susceptible to the effects of
GH, based on the finding of Dos Santos ez 4/. that there is an increased bioactivity of GHR , i
vitro in response to various GH concentrations. Large, prospective studies are needed to con-

firm these differences in clinical outcome in GHR  patients compared with GHR _ patients.
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V. Effect of d3GHR on metabolism

V A. Pathogenesis
Blood glucose levels are closely regulated in health. The principal organ of glucose homeostasis
is the liver, which absorbs and stores glucose (as glycogen) in the post-absorptive state and re-
leases it into the circulation between meals to match the rate of glucose utilization by peripheral
tissues.

The GH-IGF-I axis is important for metabolic control'***. GH has many metabolic
effects, including IGF-I dependent effects, such as glucose uptake and protein metabolism, and
IGF-I independent effects such as the stimulation of insulin secretion and pancreatic beta cell

proliferation'®

and the decrease of pheripheral insulin sensitivity through inhibition of glucose
disposal in skeletal muscle'™. The question rises whether the increased bioactivity of the GHR

genotype affects metabolism.

V B. Diabetes Mellitus

V B1. Type 1diabetes mellitus
Type 1 DM is a disease resulting from insulin deficiency. Diabetic nephropathy is one of the
complications associated with DM. Recent evidence has suggested that the glomerular podo-
cyte is a target for GH action, and, therefore, the GH-IGF-I axis may play a role in the deve-
lopment of diabetic nephropathy'®%. Another recent study has demonstrated that deficiency
of GHR in mice causes a reduction in systolic blood pressure and plasma renine levels, as
well as an increase in aortic endothelial NO synthase levels!?”. Gu ez 4/. therefore investigated
whether the d3GHR polymorphism was involved in the pathogenesis of diabetic nephropathy
in patients with type 1 DM!®. However, they were unable to associate the dJ3GHR genotypes
and diabetic nephropathy in these patients, although the allele frequency of GHR , was low,
and not in Hardy Weinberg equilibrium, and comparable to the frequency found in Swedish
patients with type 2 DM (vide infra)'®.

In conclusion, in patients with type I DM, the allele frequency of the dJ3GHR is not
in accordance to HWE. No effect of the d3GHR was demonstrable on diabetic nephropathy.



V B2. Type 2 diabetes mellitus
Type 2 DM is a multi-genetic disease and an increasing problem worldwide. The disease may
be present in the sub-clinical form for years before diagnosis, demonstrable by impaired glucose
tolerance (IGT) (vide infra). Since the GH-IGF-I axis is important for metabolic control',
there might be an effect of the d3GHR polymorphism on metabolic diseases. It was recently
reported that a polymorphism of the IGF-I promoter caused lower IGF-I levels and a increased
risk of type 2 DM,

The question was raised whether the GHR . .. genotype with increased GHR sensiti-

B-d3
vity potentially leading to increased IGF-I levels would protect against type 2 DM. Strawbridge
et al. demonstrated that the allele frequencies of the dJ3GHR in type 2 DM patients disagrees

with the Hardy Weinberg equilibrium, due to a lower proportion of GHR . ... These findings

B3-d3°
suggest that increased bioactivity of this allele confers a protection function against type 2
DM'” due to increased IGF-I levels as a result of increased GH sensitivity which promotes

glucose uptake!®

and decreased insulin sensitivity. This effect has also been demonstrated in
centenarians''?, However, if other factors outweigh this protective effect of GHR, ,, genotype,
the resulting type 2 DM in subjects with GHR , .. genotype seems to have a more severe pheno-
type associated with increased age-adjusted IGF-I and BMI'??, which is possibly due to an
increase in GHR  activity.

In conclusion, the only study focusing on the effect of the d3GHR genotype on type
2 DM shows a lower allele frequency of GHR , in patients with type 2 DM'?. This was in

accordance to the allele frequency demonstrated in type 1 DM'®. However, in GHR , patients

with type 2 DM, the disease seems to be more severe than in the other genotype.

V C. Impaired glucose tolerance

IGT is a pre-diabetic state, which is associated with insulin resistance and increased risk of
cardiovascular pathology. IGT may preceed type 2 DM by many years. IGT is also a risk factor
for mortality. Obesity and a lack of exercise make progression to overt DM more likely.

In accordance with the findings in patients with type 1 and 2 DM, the dJ3GHR
genotype does not meet the Hardy Weinberg equilibrium in patients with IGT'®. In addition, a
recent study in 145 healthy Caucasian children and adolescents higher insulin secretion during
an oral glucose tolerance test was found in children who carry at least one dJ3GHR allele, when

adjusted for the degree of insulin sensitivity'*.
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In conclusion, the GHR , .. genotype may positively influence pancreatic beta cell
compensatory capacity and therefore protects against IGT. This effect is comparable to patients

with type 2 DM.

V D. Conclusion

There are discrepancies between the several studies in GHD and acromegaly on the effect of
the d3GHR on the GH-IGF-I axis. However, the majority of studies indicate a positive effect
of the GHR ;, genotype on the IGF-I concentrations®***2, but regarding the small number of
studies it is hard to draw firm conclusions. Moreover, since GH and IGFBP3 concentrations are
not different for the different genotypes, one might assume that an increase in IGF-I secretion
is caused by enhanced receptor expression or function, like binding of GH, receptor processing,
transport, stability, and signal transduction, resulting in an increase in IGF-I concentrations.
Uncovering the mechanism will promote our understanding of the GH-IGF-I axis. Therefore

prospective studies are needed.

VI. Effect of d3GHR on cardiovascular diseases

VI A. Pathogenesis

Genetic factors are known to play a major role in hypertension'%. A combination of genome
wide linkage scans and candidate gene analysis has identified a variety of genetic loci that con-
tribute to blood pressure variation and risk of hypertension'"®. Arterial hypertension itself is an
important risk factor for stroke, largely because hypertension itself is associated with the forma-
tion of atheromatous deposits, which can narrow or obstruct cerebral arteries. The etiology of
cerebrovascular stoke is heterogenous, however, with a strong genetic component''®.

Short stature has long been known to be associated with an increased risk of arthero-

sclerosis'!”

and coronary heart disease''®. Short stature is also associated with elevated pulse
pressure, a surrogate marker of arterial stiffness'"’. Since the risk of both hypertension and
stroke appears to be inversely correlated with adult height, individual variation in the genes
encoding GH and its receptor (GHR) might be associated with hypertension and stroke. The

question rises whether the dJ3GHR polymorphism is one of the genetical factors influencing the

risk on hypertension and stroke.



VI B. Hypertension

Hypertension can be classified either essential (primary) or secondary. Essential hypertension
indicates that no specific medical cause can be found to explain a patient’s condition. Secon-
dary hypertension indicates that the high blood pressure is a result of (i.e., secondary to)
another condition, such as kidney disease or tumours (pheochromocytoma and paragan-
glioma). Persistent hypertension is one of the risk factors for strokes, heart attacks, heart failure
and arterial aneurysm, and is a leading cause of chronic renal failure. Even moderate elevation of
arterial blood pressure leads to shortened life expectancy.

Only one study has been performed regarding the effect of J3GHR on the risk for
development of hypertension. A borderline non-significant association between females with
hypertension and the GHR , phenotype was demonstrated, however the population studied
was small'?’.

In conclusion, with regard to the current literature, no relationship exists between
d3GHR genotype and the risk for development of hypertension. More research in larger popu-

lations is required.

VI C. Stroke

Stroke is the rapid loss of brain functions due to a disturbance in the blood vessels supplying the
brain. This can be due to ischemia caused by thrombosis or embolism or due to a hemorrhage.
As a result, the affected area of the brain is unable to function, leading to inability to move one
or more limbs on one side of the body, inability to understand or formulate speech, or inability
to see one side of the visual field. A stroke can cause permanent neurological damage, complica-
tions, and death. It is the number two cause of death worldwide and may soon become the lea-
ding cause of death worldwide. Risk factors for stroke include advanced age, hypertension (high
blood pressure), previous stroke or transient ischemic attack (TTA), diabetes, high cholesterol,
cigarette smoking, and atrial fibrillation. High blood pressure is the most important modifiable
risk factor of stroke.

The same authors investigating the effect of d3GHR on developing hypertension,
investigated the effect of dJ3GHR on the risk for stroke, but failed to demonstrate any effect'*.

In conclusion, no effect of the d3GHR genotype on the risk for stroke was demon-

strable. However, more studies in larger populations are needed.
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VI D. Conclusion

Hypertension and stroke are major causes of morbidity and mortality. The risk for both hyper-
tension and stroke appears inversely related with adult height, but the inter-individual variation
in the d3GHR is not associated with stroke and hypertension. The association between stature
and hypertension and stroke could not be exerted solely via a genetic influence upon stature. In
addition, final height in the normal population, in contrast to GHD of small patients treated
with thGH, is not determined by variation in the dJ3GHR, but by other genetic and environ-
mental factors like adult height, nutrition, etc. The risk on hypertension and stroke seems not
to be mediated by the dJ3GHR polymorphism. However, only 2 populations have been studied,
so it is hard to draw firm conclusions. Studies in other genetic populations might add new

information to this topic.

VII. Effect of d3GHR on survival

VII A. Pathogenesis

The deletion of exon 3 was shown to be a genomic event that occurred in the several steps
during the evolutionary lineage from Old World monkeys genome to Pongina and Hominima
genomes 2121, Following the long-lived integration of proviral sequences in the vicinity of exon
3 of the GHR gene, a homologues recombination seems to have occurred in humans, resulting
in the excision of exon 3 in one of our ancestors. It is unknown how this polymorphism has
become as frequent as up to 50% of Caucasian people. Because of its current frequency it is
clear that the homologues recombination is a very ancient event. Is it thought that the exon 3
deletion had played a favorable role, fitting with the Darwinian evolution of our species and
favoring its propagation in given human subgroups '*, but up till now, no functional role could
have been identified that substantiates this speculation. Focusing on extreme populations might

contribute to the identification of the role of the GHR , genotype.

VII B. Obesity and starvation
Obese patients are at risk of early death, mainly from diabetes, coronary heart disease and cere-
brovascular disease. The greater the obesity; the higher the morbidity and mortality rates.

In contrast, in many areas of the world, people are on the verge of malnutrition. Al-



though the basic condition of protein-energy metabolism (PEM) is the same in all parts of the
world from whatever cause, malnutrition resulting from long periods of near-total starvation
produces unique clinical appearances in children virtually never seen in the West.

Only few studies have investigated the role of the d3GHR polymorphism in obesity
or starvation. Strawbridge e a/. demonstrated that in patients with type 2 DM and IGT the

prevalence of the GHR , . isoform was significantly lower in a non-diabetic control popula-

d3-d3

tion'”. In addition, in this small proportion of type 2 DM and IGT patients with the GHR

d3-d3

genotype the phenotype was associated more with severe obesity and increased IGF-I levels'®.

In contrast, in a West-African population with persistent under-nutrition a high
prevalence (70%) of GHR ;, genotypes was reported'*. Starvation increases GH pulse frequen-
cy and amplitude resulting in an increase in circulating GH levels'*“. Coupled with reduced
insulin secretion, this leads to increased lipolysis and ketogenesis, insulin resistance and conser-
vation of glucose and protein'®. The maintenance of a high level of circulating GH in malnou-
rished individuals may therefore have been of selective value. However, increased lipolysis gives
rise to elevated levels of circulating free fatty acids which have been shown, at least iz vitro, to

126, Decreased amounts of GHR on the

decrease the expression of GHR by approximately 50%
cell surface would be expected to lead to reduced secretion of IGE-I. The presence of at least
one GHR ; allele, demonstrated in 70% of the West-African population, may serve to amelio-

rate these effects of decreased expression of the GHR by virtue of its increased responsiveness

to GH, and IGF-I levels may consequently be near normal.

VII C. Conclusion

In conclusion, the GHR . isoform is more frequent in patients suffering from starvation,

d3-d3
indicating that both the elevated GH gene expression and increased GHR-mediated GH
responsiveness may constitute adaptive responses to the effects of persistent malnutrition, since
increased circulating GH appears to form part of a physiological response to nutrition depriva-
tion. The prevalence of the GHR , isoform in well-fed populations is currently unknown. But
in patients with type I DM and IGT, with the scarcely prevalent GHR  isoform, this isoform

is associated with more severe obesity than in patients with the other isoforms. Further research

on this interesting topic is required.
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VIII. Summary and Conclusions

This review focused on the presently known functional consequences of the exon 3 deleted
GHR polymorphism in various clinical conditions and physiological processes. We conclude
that the effects of the dJ3GHR polymorphism are not limited to subtle variations in growth
parameters in (non) GHD children with short stature treated with thGH and to phenotype-
genotype correlations and pharmacogenetic responses to therapy in patients with acromegaly.
The effects also seems to affect many pathophysiological processes in which the GH-IGF-I axis
is involved.

Two major implications of this review emerge. First, most studies included relatively
low numbers of subjects, resulting in a low statistical power and explaining at least in part
conflicting results between studies. In addition, most studies did not included independent
additional cohorts for confirmation of their results. Second, the implications of these genotype-

phenotype relationships of the GHR for routine clinical practice seem to be limited.
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