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Loss of constitutive activity of the
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The growth hormone (GH) secretagogue receptor (GHSR) was cloned as the target of a family of synthetic
molecules endowed with GH release properties. As shown recently through in vitro means, this receptor
displays a constitutive activity whose clinical relevance is unknown. Although pharmacological studies have
demonstrated that its endogenous ligand — ghrelin — stimulates, through the GHSR, GH secretion and
appetite, the physiological importance of the GHSR-dependent pathways remains an open question that
gives rise to much controversy. We report the identification of a GHSR missense mutation that segregates
with short stature within 2 unrelated families. This mutation, which results in decreased cell-surface expres-
sion of the receptor, selectively impairs the constitutive activity of the GHSR, while preserving its ability to
respond to ghrelin. This first description, to our knowledge, of a functionally significant GHSR mutation,
which unveils the critical importance of the GHSR-associated constitutive activity, discloses an unusual

pathogenic mechanism of growth failure in humans.

Introduction
The growth hormone secretagogue receptor (GHSR) (1), an orphan
7-transmembrane G protein-coupled receptor (GPCR), was cloned
as the target of a family of synthetic molecules named growth hor-
mone (GH) secretagogues endowed with GH release properties
(2). This receptor is highly expressed in the brain and in the pitu-
itary (1). The first endogenous ligand of this receptor, discovered
in 1999 and named ghrelin (3), is a hormone predominantly pro-
duced by the stomach (3) whose plasma levels fluctuate with food
intake (4). As shown in rodents and in humans, ghrelin stimulates
GH secretion (3, 5, 6) and increases food intake and body weight
(7-10). However, the study of genetically modified murine models
in which ghrelin signaling was disrupted has provided a number of
heterogeneous and sometimes conflicting findings regarding the
effect of these targeted mutations on the GH/IGF-1 axis (11-14).
In the human, the phenotype of individuals with mutations
in GHSR (MIM 601898) — if such defects indeed exist — is so far
unknown. To this end, we screened the GHSR coding sequence
for mutations in groups of individuals presenting with growth
defects. The results obtained prompted us to investigate the bio-
logical properties associated with one particular mutated GHSR
identified in several patients.

Nonstandard abbreviations used: CRE, cAMP-response element; GH, growth hor-
mone; GHSR, GH secretagogue receptor; GPCR, G protein-coupled receptor; IGHD,
isolated GH deficiency; ISS, idiopathic short stature; Luc, luciferase; SRE, serum-
response element.
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Results
Identification of a GHSR mutation. Sequencing of the PCR prod-
ucts spanning the 2 GHSR coding exons and flanking intronic
regions led to the identification of the same nucleotide varia-
tion in 2 unrelated patients belonging to the 2 groups defined in
Methods. This substitution, a C-to-A transversion located within
the first GHSR exon (c.611C—A), was found in the heterozygous
state in a patient from the isolated GH deficiency (IGHD) group,
whereas it was present in the homozygous state in a patient from
the idiopathic short stature (ISS) group (Figure 1A and Table 1).
Although the 2 patients were not known to be related, both of
them originated from Morocco. We, therefore, tested whether
this nucleotide variation, which generates a recognition site for
the restriction enzyme Mnll, would represent a frequent polymor-
phism. To this end, we looked for this sequence variation in a con-
trol group of unrelated individuals of normal stature originating
from Morocco (n = 100); as shown in Table 1, it was not observed
in this population sample, a result indicating that it is not a fre-
quent polymorphism. We also analyzed the coding sequence of
the GH-N and GHRH-R genes in the 2 probands and found no
gene abnormality. Conversely, none of the available DNA samples
carrying mutations in the GH-N (n = 6) or in the GHRH-R (n = 1)
gene was found to be mutated in GHSR.

This GHSR nucleotide substitution (p.A204E) predicts the
replacement of an apolar and neutral residue (alanine) by a polar
and charged amino acid (glutamate). At the protein level, this
missense mutation is located in the second extracellular loop of
the GHSR1a protein (Figure 1B) and involves a residue totally
conserved in all species studied so far (Figure 1C). Such a high
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Figure 1

Identification of a GHSR muta-
tion. (A) Electrophoregram
spanning the GHSR mutation
site from a proband present-
ing with ISS and a control. The
sequence variation, present
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degree of conservation of alanine 204, therefore, suggests that
amino acid substitutions at this position could be detrimental
to receptor function.

Phenotype/genotype relationships. The segregation of this sequence
variation with the short stature phenotype was subsequently ana-
lyzed within the 2 families. DNA samples of available individuals
were amplified with the use of primers bracketing the mutation
site, and the resulting PCR products were then digested by Mnlil
(Figure 2). In family 1 (Figure 2A), in which the proband with
ISS (individual I12) was found to carry the A204E mutation in
the homozygous state, both parents (individuals I1 and 12) are
heterozygous for this mutation, a result in keeping with the con-
sanguinity documented in that family; this analysis revealed that
all 3 siblings (individuals II1, II3, and I14) were also heterozygous
for the mutation. Both parents have a significant height reduc-
tion: the father and the mother reached a final height of 152 cm
and 148 cm (3.7 SD and 2.7 SD below the mean, respectively); the
2 heterozygous siblings II3 and 114 also have a reduced height
(2.0 and 2.2 SD below the mean, respectively), whereas the last
heterozygous sibling (II1) has a slight height reduction, albeit
within the normal range (1.1 SD below the mean). In family 2
(Figure 2B), in which the proband with IGHD (individual II1)
was found to carry the same mutation in the heterozygous state,
the father, who has a slight height reduction (2.0 SD below the
mean), is heterozygous, whereas 2 heterozygous siblings (II2 and
I113) have a normal stature. Altogether, these data show that all
individuals with a reduced height for age (n = 7) carry at least 1
A204E allele, in keeping with a dominant mode of inheritance of
the short stature phenotype associated with this allele. Conversely,
the 9 heterozygous individuals identified in this study do not all
have a short stature, an observation that is consistent with incom-
plete penetrance of this phenotype; as 3 heterozygous individuals
have a normal height, the penetrance of the short stature pheno-
type among heterozygous carriers is 66% in this sample.

Details of the clinical and biological phenotypes of the children
with short stature from these 2 families are presented in Table 2,
according to genotype. The sole homozygous patient (family 1-112)
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has a phenotype compatible with the diagnosis of ISS, whereas
heterozygous patients display phenotypic features compatible
with the diagnosis of either ISS (family 1-114) or IGHD (family
1-1I3 and family 2-II1). Serum levels of IGF-1 were found to be
low in the patient from family 2 (individual II1), whereas, in spite
of the documented growth delay, they were found to be within
the normal range in all 3 patients from family 1 (individuals 12,
113, and I14). Finally, among the children with short stature, the
3 who received a GH treatment increased their growth velocity
(data not shown). The growth curve of the homozygous patient
(family 1-112) shows that, although her length was normal at birth
(50 cm), a growth delay appeared within the first 2 years of life
and worsened with age until the beginning of GH therapy (3.7 SD
below the mean at the age of 13.8) (Figure 3). As for her weight,
it remained within 2 SD below the normal mean for age until
the age of 9 years and then increased continuously so that her
BMI reached the overweight limit for age after the age of 13 years
(Figure 3 and Table 2). Her parents, who carry the A204E muta-
tion in the heterozygous state, are obese, whereas her heterozygous
siblings display either a slight overweight (II1) or a trend to over-
weight (II3 and II4) (Table 2 and data not shown). In contrast,
heterozygous individuals from family 2 have a BMI within the
normal range, the proband (II1) even being rather lean.
Decreased cell-surface expression of GHSR1a A204E. To evaluate
the binding properties of ghrelin to the mutant GHSR1a, we
performed !25I-ghrelin binding experiments on whole HEK293
cells transiently overexpressing the WT or the A204E mutant
GHSRI1a. Specific binding of %5I-ghrelin to the mutant recep-

Table 1
Distribution of the A204E GHSR sequence variation among unre-
lated patients with short stature and controls

ISS (n=41)
1 homozygote

IGHD (n =51)
1 heterozygote

Controls (7 =100)

A204E 0
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Figure 2

Inheritance of the A204E GHSR mutation in families 1 and 2. (A) Family 1. (B) Family 2. Circles and squares denote female and male family
members, respectively. The SD to mean height for age is given below each symbol; height values are before GH treatment. Black symbols
denote a short stature. The probands are indicated by arrows. The segregation of the GHSR A204E allele within both families was carried out
by means of a specific restriction fragment length polymorphism (the A204E mutation creates an Mnll site).

tor was extremely low, as compared with that associated with
the WT GHSRI1a (Figure 4A), in the presence of similar amounts
of mutant and WT GHSR transcripts, as judged by means of
semiquantitative RT-PCR analysis (data not shown). Finally, to
assess the affinity of GHSR1a A204E for !25I-ghrelin — the low
levels of binding to this mutant receptor in transient transfec-
tion experiments precluding any affinity measurements — we
generated HEK293 cell lines stably expressing either the WT or
the A204E receptor. As shown in Figure 4B, 125I-ghrelin displace-
ment experiments performed on 2 representative cell lines (see
Methods) showed very similar results (ICso = 2.38 + 0.54 nM and
1.68 + 0.22 nM for the WT and the A204E receptor, respectively),
therefore indicating that the A204E mutation has no significant
effect on the affinity of the receptor for ghrelin.

To determine the subcellular localization of the mutant
receptor, COS-7 cells transiently transfected with the WT
or the HA-GHSR-A204E plasmid were examined by indirect
immunofluorescence microscopy with an anti-HA tag antibody
(Figure 4C). These experiments revealed a peripheral plasma
membrane staining on nonpermeabilized cells expressing the WT
or the mutant receptor, and after plasma membrane permeabi-
lization, both transfectants exhibited intense cytoplasmic stain-
ing. Most importantly, the number of nonpermeabilized cells
showing plasma membrane staining after transfection of the
HA-GHSR-A204E plasmid was only 22% of the number showing
plasma membrane staining after transfection of the HA-GHSR-
WT plasmid, a result further confirming the decreased cell-sur-
face expression of the mutant receptor. Consistent with this
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hypothesis, the number of stained cells examined after transfec-
tion of HA-GHSR-A204E and plasma membrane permeabiliza-
tion was slightly higher than that of cells expressing the WT plas-
mid. Overall, these observations support the fact that the A204E
mutant is efficiently translated into a protein, but with only a
small fraction properly expressed at the cell surface, this plasma
membrane fraction displaying a normal affinity for ghrelin.
Loss of constitutive activity of GHSR1a A204E. It was recently
shown that the WT GHSR1a exhibits high constitutive activity
(15). To test whether the A204E mutant GHSR1a displays the
same property, given its decreased cell-surface expression, we
monitored the constitutive activity of the WT and the mutant
GHSR1a as a function of their own cell-surface expression. To
this end, we studied the signal transduction triggered by the
WT or the mutant receptor transiently expressed in HEK293
cells grown in the absence of ligand, using a POUIF1-luciferase
(POUIFI-Luc) reporter assay that reflects the cAMP-response
element (CRE) pathway (16). Both the WT and the mutant
receptors were tagged at their N-terminus with an HA epitope,
in order to assess their basal activity relative to their cell-surface
expression. This experiment, shown in Figure SA, disclosed the
following features. Firstly, the cell-surface expression of GHSR1a
A204E was severely impaired, close to 20% of that of the WT
receptor, a result in agreement with our previous data (Figure
4A). Secondly, increasing the expression of the WT receptor was
associated with an increase in the luciferase signal in a dose-
dependent manner (slope = 33,103; 72 = 0.97), in keeping with a
previous study (15). In contrast, a similar experiment performed
Volume 116
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Table 2
Clinical and biological phenotypes of the children with short stature
from families 1 and 2 before GH treatment, according to genotype

Family 1 Family 2
112 113 14 n
Clinical data
Sex F M F F
Age (years) 138 106 7.7 11.5
Height (cm) 137 128 112 125
SD for age? =37 20 22 -3.2
Weight (kg) 49 32 22 20
BMI (kg/m2) 26.28 197 174 12.8
Puberty (Tanner stage) P5 P1 P1 P1
GH treatment Yes Yes No Yes
Biological data
Basal IGF-1 (ng/ml) 37 173 103 28
GH peak (ulU/ml)¢ 29;48 14,9 43 35
Total ghrelin (pg/ml)P 1,598 1,708 1,858 2,027
Active ghrelin (pg/ml)E 201 252 353 539
Diagnosis ISS IGHD ISS IGHD
GHSR genotypeF M/M  M/N  M/N M/N

AHeight SDs according to French reference values (38). BOverweight for
age according to ref. 39. °Normal range >20 wlU/ml. PNormal range for
prepubertal individuals: 336—3,320 pg/ml. ENormal range for prepuber-
tal individuals: 22—-889 pg/ml. FN and M represent the normal and the
mutated A204E GHSR alleles, respectively.

with the A204E receptor showed a much lower increase in basal
activity (Figure SA). Taken together, these data, which reflect the
degree of ligand-independent signaling activity of the GHSR1a,
therefore, demonstrate that the A204E mutation leads to a loss
of constitutive activity of the receptor, which results from both
its intrinsic inability to signal constitutively and its decreased
cell-surface expression.

To investigate the molecular mechanism underlying the domi-
nant mode of inheritance of the short stature phenotype, we
assayed transcription from the same POUIFI-Luc reporter gene
in the presence of both WT and mutant GHSR proteins. As shown
in Figure 5B, cotransfection of equal amounts of the plasmids
encoding these 2 receptors did not inhibit the constitutive activity
associated with the WT receptor, thereby suggesting the absence
of a dominant-negative effect of the mutant A204E over the WT
GHSRI1a, at least in that system.

Maintained ghrelin-mediated signal transduction of GHSR1a A204E.
To further characterize the biological properties of this partic-
ular mutant, we assessed its ability to activate the CRE path-
way in response to different ligands. To this end, we incubated
HEK?293 cells expressing the WT or the mutated receptor in the
presence of ghrelin or of [D-Arg!, D-Phe’, D-Trp”?, Leu!!]-sub-
stance P, a molecule that had been shown to act as an inverse
agonist for the constitutive signaling of the human GHSR1a
(15). The results confirmed that the basal activity of the mutant
receptor — assayed in the absence of any ligand — was unde-
tectable (Figure 6A). Most importantly, they also revealed
that ghrelin was able to stimulate the CRE pathway not only
through the WT receptor, but also through the mutant one, in
spite of its decreased cell-surface expression; furthermore, the
response to ghrelin with respect to basal conditions was even
more pronounced for the mutant receptor than for the WT
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GHSR (270% and 130%, respectively). Finally, whereas, as previ-
ously demonstrated (15), the GHSR inverse agonist decreased
the basal activity of the WT receptor to background levels, this
was not the case for the mutant GHSR1a, on which [D-Arg!,
D-Phe’, D-Trp”?, Leu!!]-substance P had no significant effect.
Indeed, as shown in Figure 6A, this molecule did not change the
basal activity of the mutant receptor, which remained within
background levels.

To test whether the properties of the mutant GHSR depicted
here are specific to the POU1F1/CRE pathway or affect other
GHSR signaling cascades, we performed similar experiments using
a serum-response element-Luc (SRE-Luc) reporter assay that
reflects the recently described SRE pathway activated by the GHSR
(17). As shown in Figure 6B, this system also revealed a lack of con-
stitutive activity of the mutant GHSR, in spite of a clear response
of this receptor to ghrelin. The response to ghrelin with respect to
basal conditions was indeed of 1,300% and 170% for the mutant
and the WT receptor, respectively. Overall, our data on GHSR sig-
naling strongly suggest that the A204E mutation results in a loss
of constitutive activity and in a high response to ghrelin, atleastin
the 2 pathways studied above.

At last, to check more directly the ghrelin response of the A204E
mutant receptor (i.e., at the second-messenger level of this Gq-
coupled receptor; ref. 2), we analyzed, by means of an appropriate
fluorescent reporter, the Ca?* response in HEK293 cell lines sta-
bly transfected with GHSR. As shown in Figure 7, dose-response
curves indicated, first, that the A204E receptor displayed a poten-
cy similar to that of the WT receptor (ECso = 5.4 nM and 4.3 nM
for A204E and WT, respectively), and second, that the A204E
receptor displayed an efficiency slightly higher than that of the
WT receptor (maximum effect = 55% and 42%, respectively).
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Figure 3

Height (cm) and weight (kg) curves of the proband (family 1, patient 112).
The GH treatment is shown by the gray area.
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Figure 4

Expression of the A204E mutant GHSR1a at the cellular level. (A) Specific binding of 125I-ghrelin to HEK293
cells transiently transfected with empty vector (mock), or HA-GHSR-WT (WT) or HA-GHSR-A204E (A204E),
as determined on whole cells. Transfected cells were incubated over 4 hours at 4°C with 25]-ghrelin (30 pM).
The specific binding, which represents the difference between total binding and nonspecific binding, is
expressed as a percentage of the binding associated with the WT GHSR1a receptor. A representative experi-
ment of 3 independent experiments (each performed in triplicate) is shown. (B) Displacement curves for
125]-ghrelin binding to whole HEK293 cells stably expressing the A204E mutant or the WT GHSR1a. The
binding of 30 pM of '25|-ghrelin was displaced by increasing concentrations of cold ghrelin. A representative
experiment of 3 independent experiments (each performed in triplicate) is shown. (C) Immunolocalization of
HA-tagged WT and A204E mutant receptors transiently expressed in COS-7 cells (x40). The immunostaining
of HA-tagged GHSR1a receptors was performed by means of an anti-HA monoclonal primary antibody incu-
bated in the absence or in the presence of a permeabilizing reagent in order to visualize the receptors located
at the cell surface or at both the cell surface and the intracellular level, respectively. Anti-HA mAb labeling
was revealed by an Alexa Fluor 568 goat anti-mouse secondary antibody. Merge pictures show the anti-HA
Alexa Fluor 568 staining (red) together with the staining of nuclei with DAPI (blue).

A204E

mutation predicts changes in
the amino acid polarity and
charge at a position invari-
ant among species. Thirdly,
we show that, while respond-
ing well to ghrelin, this par-
ticular GHSR mutant has
lost its constitutive activity, a
result that, in turn, points to
the functional importance of
this lacter property recently
attributed to the WT recep-
tor, and whose clinical rel-
evance was unknown (15).
Intrafamilial segregation
analysis of the mutant GHSR
allele and phenotype/geno-
type correlation studies dis-
close the following features
associated with this muta-
tion. As shown in Figure 2,
the short stature segregates
in a dominant manner.
Although the height of indi-
viduals who carry the A204E
mutation in the heterozygous
state is clearly abnormal
(from -2.7 SD to -3.7 SD)
in several cases (family 1-I1,
family 1-12, and family 2-1I1),
this is not always the case: 3
individuals (family 1-II3,
family 1-114, and family 2-12)
have a mild phenotype, while
3 others (family 1-1I1, family
2-112, and family 2-I13) have
a height within the normal
range. One patient (fam-
ily 1-112), who was born to a
consanguineous union, was
shown to carry the GHSR
defect in the homozygous

Discussion

In this study, we describe the molecular basis of a familial short stat-
ure, linked in 2 independent families to the same missense mutation
in the GH secretagogue receptor (GHSR), which selectively impairs
its constitutive activity, while preserving its ability to respond to
ghrelin, its physiological ligand. This first description, to our knowl-
edge, of a functionally significant GHSR mutation, which sheds new
light on the current controversy about the physiological importance
of normal secretagogue signaling in humans, unveils a novel and
unusual pathogenic mechanism of growth failure.

Indeed, several lines of evidence support the involvement
of the GHSR A204E mutation in the short stature phenotype.
Firstly, in the 2 families of Moroccan origin in which short stat-
ure is transmitted over at least 2 generations, all the patients
were shown to carry this mutation, whereas this defect was
not found in an appropriate control population. Secondly, the
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state; the fact that she had
the most severe height reduc-
tion when compared with her heterozygous siblings is consistent
with a semidominant mode of inheritance of the short stature
phenotype. Altogether, these observations reflect an incomplete
penetrance and a variable expressivity of the short stature phe-
notype, 2 common features of autosomal dominant traits; they
also suggest the existence of other genetic and/or environmental
factors that may contribute to the height of each individual.
Given the documented pharmacological effects of ghrelin on GH
release (5, 6), it is particularly tempting to speculate that the short
stature of these patients results from abnormal regulation of the
GH/IGF-1 axis. In keeping with this hypothesis, 2 of the 4 children
with short stature (i.e., family 1-II3 and family 2-I11) are indeed GH-
deficient (IGHD), a feature that is not systematically associated
with low IGF-1 values (family 1-I13). However, the 2 other children
(family 1-II12 and family 1-1I4) displayed a normal GH response to
provocative tests and serum IGF-1 values within the normal range.
March 2006
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Figure 5

A204E GHSR1a agonist-independent signal transduction via the CRE pathway in transiently transfected
HEK293 cells. (A) Constitutive activity of GHSR1a as a function of its own cell-surface expression. The
constitutive activity associated with increasing concentrations of WT or A204E GHSR1a vectors was
assessed in cotransfection experiments with an HA-tagged GHSR1a plasmid (HA-GHSR-WT or HA-
GHSR-A204E) and a CRE-containing reporter plasmid (pPOU1F1-Luc). The corresponding luminometric
(RLU) signal was normalized to protein concentration (RLU/ug proteins). The HA-GHSR1a cell-surface
expression detected by means of an anti-HA epitope antibody (ELISA) is expressed in OD units. Signals
associated with cells transfected with the mock plasmid have been subtracted, so that plotted signals rep-
resent specific RLU. Values are the mean + SD of 1 representative experiment performed in 4 replicates
among 3 independent experiments. (B) Evaluation of a putative dominant-negative effect of the A204E
mutant on the WT GHSR1a. Constitutive activity in cells expressing the GHSR1a WT, the GHSR1a
A204E mutant, or both isoforms is expressed as a percentage of the basal activity of the WT GHSR1a
receptor. Values are the mean + SD of 3 independent experiments, each performed in triplicate.

Nevertheless, one should keep in mind that the tests routinely used
to establish the diagnosis of IGHD show considerable interindivid-
ual variations (18) and are far from being physiologically relevant,
since they are based on the ability of the pituitary to release GH in
response to high doses of various pharmacological stimuli. In such
conditions, it is reasonable to assume that any subtle alteration in
GH secretion could not be easily identified. Overall, the short stature
identified in several patients with a GHSR mutation from 2 families,
together with the abnormal findings on the GH/IGF-1 axis, there-
fore supports the hypothesis that GHSR signaling plays a signifi-
cant role in controlling growth in the human, and that the underly-
ing mechanism may involve a fine regulation of the somatotropic
axis. In this regard, it is worth mentioning that the Gh/Igf-1 axis
of 4 different murine models carrying mutations expected to alter
ghrelin signaling has been shown to be either normal or subnormal

Figure 6

Ligand-mediated signal transduction of the A204E GHSR1a in tran-
siently transfected HEK293 cells. Cells expressing WT GHSR1a,
GHSR1a A204E, or mock-transfected cells were incubated either in
the absence or in the presence of an agonist (ghrelin at 10-¢ M), or of
an inverse agonist ([D-Arg', D-Phe?, D-Trp”9, Leu'']-substance P, or
SPA, at 10~ M). The transcriptional activity in each condition (RLU/ug
proteins) is expressed as a percentage of the basal activity of the WT
GHSR1a receptor. Values are the mean + SD of 1 representative
experiment performed in triplicate among 6 independent experiments.
*P < 0.05 and **P < 0.01 (ligand-induced signal versus basal level). (A)
CRE-mediated transcriptional activity. Cells were cotransfected with
100 ng of each expression plasmid and 250 ng of the pPOU1F1-Luc
reporter plasmid. (B) SRE-mediated transcriptional activity. Cells were
cotransfected with 10 ng of each expression plasmid and 500 ng of the
pSRE-Luc reporter plasmid.
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(11-14). Indeed, whereas the nor-
mal phenotype of ghrelin”/~ mice
suggested that ghrelin itself does
not seem to be critically required
for growth (12, 14), ghsr/~ mice
display a modest but significant
decrease in body weight and Igf-1
levels, compared with WT animals
(13). Interestingly, transgenic rats
expressing an antisense GHSR
mRNA in the arcuate nucleus of
the hypothalamus showed a more
obvious phenotype (11). How-
ever, although both males and
females were reported to be sig-
nificantly smaller than controls,
only females had biological alter-
ations of the Gh/Igf-1 axis, with
a decrease in Gh secretion and
plasma Igf-1 levels. Therefore, in
spite of the heterogeneity of find-
ings regarding the effect on the
Gh/Igf-1 axis of ghrelin signaling
disruption, several data — includ-
ing those from the current study
— support the debated view that
ghrelin and the GH/IGF-1 axis are
interrelated in a physiologically
important way (19-21).

In addition, it is important to bear in mind that all the muta-

- - - 0 20 10
20 10 - 10 - -

tions that have been introduced in mice or rats are expected to
result in a complete loss of function of the targeted protein, i.e.,
ghrelin or its receptor. This is, however, obviously not the case
for the mutation identified in these 2 families. Indeed, as shown
by the study of different GHSR1a signaling cascades (i.e., CRE,
SRE, and phospholipase C pathways), the GHSR A204E muta-
tion, which has no major impact on the affinity of the recep-
tor for ghrelin, does not prevent the ability of the GHSR1a to
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Figure 7

Calcium response to ghrelin of the WT and A204E GHSR1a receptors
stably expressed in HEK293 cells. The HEK293 clones expressing
the WT or the mutant receptor were selected on their similar GHSR1a
expression pattern. GHSR1a-expressing cells and untransfected con-
trol cells were stimulated with increasing concentrations of ghrelin.
The intracellular Ca2+ release was monitored by means of the Fluo-4
AM fluorescent probe. Each signal, which represents the mean of
triplicates, is expressed as the percentage of total calcium release
after ghrelin injection; total calcium release within a well corresponds
to the peak obtained after cell lysis in the presence of 0.2% Triton. A
representative experiment of 3 independent experiments (each per-
formed in triplicate) is shown.

respond to ghrelin. This mutation is actually detrimental to the
particularly high degree of constitutive activity of the GHSR1a
(15), a property of a number of G protein-coupled receptors
(GPCRs) (22, 23). A cluster of aromatic residues located on the
inner side of transmembrane segments VI and VII is critical for
GHSR1a constitutive activity (17). Alanine 204, which is located
within the second exoloop of the GHSR1a, is distant from the
residues known to participate in the ligand-binding pocket (24),
an observation that is in keeping with the absence of effect of the
A204E mutation on the binding affinity of the receptor. How-
ever, alanine 204 is also located away from the cluster of aromatic
residues located on the inner side of transmembrane segments
VI and VII that is reported to be critical for GHSR constitutive
activity (17), thereby raising the question of the mechanism by
which the A204E mutation impairs the constitutive activity of
the receptor. Although, as mentioned above, the A204E mutation
has no effect on ghrelin binding, we cannot rule out the possibil-
ity that it induces selective conformational modifications that, in
turn, impair constitutive activity. Altogether, these observations
are consistent with a rather localized effect of the A204E muta-
tion that selectively impairs both the cell-surface expression and
the constitutive activity of the receptor, without altering its abil-
ity to bind ghrelin and subsequently activate at least the down-
stream signaling cascades studied above.

The mechanism by which this GHSR mutation exerts its del-
eterious effect is, therefore, quite unusual. Indeed, the muta-
tions commonly found in other GPCRs result either in a gain
of function (25), or in a partial or complete loss of function
explained by the inability of the mutant receptor to be activated
by its physiological ligand acting as an agonist (26-28). Such
loss-of-function mutations have been identified in numerous
receptors, including the melanocortin-4 receptor (MC4R), in
which they have been shown to be associated with obesity (29,
30). As for the implication of MC4R in obesity, just recently,
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Vaisse and colleagues showed that a subset of mutations located
in the extracellular domain of the receptor selectively impair its
constitutive activity, without affecting the signal transduction
elicited by its ligand a-melanocyte-stimulating hormone (31).
From a more general viewpoint, this latter situation, which is,
therefore, reminiscent of our data, underscores the functional
importance of the constitutive activity of GPCRs in vivo, while
raising the possibility that, depending on the involved GPCR, its
selective loss could represent a molecular mechanism underly-
ing other disease phenotypes.

Besides the short stature, it is noteworthy that several members
of family 1 are overweight or obese. The same A204E mutation
has recently been reported in one young obese patient within
the framework of a study designed to screen the GHSR gene for
sequence variations in a large population sample consisting of
patients who presented with obesity or short stature (32). Howev-
er, according to this study, no conclusive evidence for the involve-
ment of the GHSR in body weight regulation or in short stature
could be provided. Such an obese phenotype is rather unexpected,
given both the pharmacological effects of ghrelin on food intake
and fat deposition (7-9, 33) and the phenotypic studies of geneti-
cally modified murine models (11, 13). One should also keep in
mind that 1 of these patients (family 1-1I3) is clearly GH-deficient
— a condition known to be associated with increased adiposity —
while he displays only a trend to overweight; on the other hand, no
GH deficiency could be documented in patient 112, who displays
a clear overweight. These observations, together with the fact that
the nonobese patient II1 from family 2 is GH-deficient, strongly
argue against the hypothesis that the increased adiposity of several
patients with the A204E GHSR allele results from GH deficiency.
Therefore, these data raise the question of whether the overweight
observed in several members of family 1 reflects a direct effect of
this particular GHSR mutation on energy homeostasis through a
mechanism that is still to be elucidated, or a consequence of other
genetic and/or environmental factors involved in energy homeo-
stasis (34, 35). The recent report of genetic linkage and association
of GHSR with obesity in the human (36) would rather support the
former hypothesis; however, given the normal weight of patients
from family 2, the latter cannot be excluded.

This functionally significant GHSR mutation — the first to our
knowledge — found in patients with a short stature, therefore,
identifies a new etiology of growth failure in humans. The current
data also demonstrate the critical importance of the constitutive
activity of the GHSR, which has been described recently by in vitro
means and, as shown here, represents a key physiological compo-
nent of the GHSR axis.

Methods
Subjects. Two groups of patients presenting with IGHD (n = 51) or with ISS
(n = 41) were studied. The ISS group is composed of patients followed in
France; as for patients with IGHD, 26 of them are followed in France, where-
as 25 are followed in Morocco. The diagnosis of ISS was made according to
established criteria (37), whereas that of IGHD was based on GH peak values
below 20 ulU/ml in response to 2 pharmacological stimulation tests. Written
informed consent was obtained from individuals participating in this study,
which was approved by the Comité Consultatif de Protection de Personnes
dans la Recherche Biomédicale de Créteil-Henri Mondor (Créteil, France).
GHSR mutation analysis. The 2 GHSR coding exons and their flanking
intronic regions were amplified by PCR from genomic DNA extracted
from whole blood. The following primer sets were used: P1 (5'-CAGTCAC-
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GTCCCAGAGCCT-3') and P3 (5'-CACAGGGAGAGGATAGGACC-3")
for exon 1, and P2 (5'-CTGTGACATTTCTTGAGCTGAC-3') and P4 (5'-
GTTCTGCTGTGCTATGTCTTCC-3') for exon 2. Amplified products were
subsequently directly sequenced on a PerkinElmer 3100 DNA sequencer
(Applied Biosystems). Segregation analysis of the identified GHSR A204E
point mutation within affected families and screening for this sequence
variation in a control population were accomplished by MnlI digestion of
the PCR products spanning the mutation site and generated with primers
P5 (5'-GCCCATCTTCGTGCTAGTCG-3') and P6 (5'-AAGATGCTGGA-
CACCCACAC-3'). Digestion products were analyzed by electrophoresis on
a 6% acrylamide gel stained with ethidium bromide.

GHSRI1a plasmid constructs. The WT GHSR 1la isoform (1) cDNA was
amplified by PCR using human adult pituitary cDNA as template (Clon-
tech Laboratories Inc.) and the couple of primers P1/P2. The resulting
PCR product was subsequently cloned into the pcDNA3.1/V5-His Topo
TA expression vector (Invitrogen Corp.) to generate the WT cDNA GHSR
plasmid (GHSR-WT). This plasmid was subjected to site-directed muta-
genesis by the QuikChange kit (Stratagene) by means of oligonucleotides
designed to introduce an HA epitope (YPYDVPDYA) at the N-terminus of
the receptor (plasmid HA-GHSR-WT). Finally, these 2 WT GHSR plasmids
were subjected to site-directed mutagenesis by means of oligonucleotides
designed to introduce the C-to-A substitution found in the patients; the
resulting plasmids were designated GHSR-A204E and HA-GHSR-A204E.

HEK293 GHSR1a stable clones. To generate clones stably expressing the
WT GHSR1a or the A204E mutant GHSR1a, HEK293 cells were transfect-
ed with the GHSR-WT or the GHSR-A204E plasmid by the Lipofectamine
method (Invitrogen Corp.); individual clones were selected upon geneticin
treatment (500 pug/ml). Among these clones selected on the basis of their
GHSR transcript expression pattern — as determined by Northern blotting
— 2 were retained for further functional studies.

125L-ghrelin binding studies. Whole cells expressing the GHSR (transiently
transfected COS-7 or HEK293 cells, or HEK293 cells stably expressing the
receptor) were incubated with 30 pM ['2°I-His?|ghrelin 1-28 at 2,000 Ci/mmol
(Amersham Biosciences) for 1 hour at 37°C or over 4 hours at 4°C with-
in 1% BSA binding buffer. The specific binding (>80% of total binding)
equaled the difference between total and nonspecific binding obtained in
the presence of 50 nM of cold ghrelin. The estimate of the ICso values was
performed using Prism 3 software (GraphPad Software).

Immunocytochemistry. COS-7 transfectants expressing HA-GHSR-WT,
HA-GHSR-A204E, or mock (pcDNA3.1 empty vector) were plated onto
glass coverslips and fixed in 4% (vol/vol) paraformaldehyde/PBS and then
washed in PBS. Intact cells were washed with 1% BSA/PBS prior to incuba-
tion with a 1:100 dilution of anti-HA 6E2 mAb (Cell Signaling Technology)
for 1 hour at room temperature followed by a 30-minute washing step in
1% BSA/PBS. Cells were then incubated with a 1:500 dilution of secondary
Alexa Fluor 568 goat anti-mouse antibody (Invitrogen Corp.) for 1 hour
at room temperature and subsequently washed with 1% BSA/PBS before
mounting. To work on permeabilized cells, the above-mentioned steps were
performed in 0.1% Triton X-100/PBS. Finally, intact and permeabilized
stained cells were examined with a Leica DMR fluorescence microscope.

GHSR1a transcriptional activity. To study the transcriptional activity
of GHSR1a, HEK293 cells (grown in the absence or the presence of a
ligand) transiently expressing the A204E mutant or the WT GHSR (with
or without an HA tag) were transfected with a GHSR promoter signal-
ing target coupled to a luciferase reporter gene. The 2 following targets
were used in these assays: (a) a CRE-containing 837-bp POUIFI promoter
sequence (16) inserted upstream from the Luc coding sequence within
the pGL3 basic vector (Promega) — the resulting plasmid was designated
pPOU1F1-Luc; and (b) an SRE consensus from a commercially avail-

able vector named pSRE-Luc (Stratagene). Various concentrations of
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the GHSR or mock expression plasmids were cotransfected alternatively
with 250 ng/well of pPOU1F1-Luc or 500 ng/well of pSRE-Luc. These
cotransfection experiments were performed in triplicate in 12-well plates
according to the Lipofectamine method (Invitrogen Corp.). Lumines-
cence was measured using the Lumat LB 9507 luminometer (Berthold
Technologies) by means of the luciferase assay system (Promega), and the
data were normalized to protein concentration.

To compare the constitutive activity of the A204E mutant with that of
the WT GHSR1a, each construct was expressed at increasing amounts
(range 10-160 ng plasmid per well). The 2 constructs were also expressed
simultaneously, in order to study the effect of the A204E mutant GHSR1a
on the constitutive activity associated with the WT GHSR1a. To compare
the ligand-mediated response of the A204E mutant with that of the WT
GHSRI1a, 24 hours after transfection, transfected cells were incubated in
the presence either of ghrelin (10-¢ M) (NeoMPS) or of a GHSR1a-inverse
agonist ([D-Arg!, D-Phe’, D-Trp”?, Leu!!]-substance P) (10-°M) (NeoMPS),
or in the absence of any ligand (basal conditions). These experiments were
performed for 6 hours at 37°C in DMEM with 2.5% FCS.

GHSRI1a cell-surface expression (ELISA). To quantify the cell-surface expres-
sion of GHSR1a, additional wells of HEK293 cells transiently cotransfected
with each of the HA-tagged GHSRIa expression plasmids and pPOU1F1-
Luc (see above) were processed as follows. Transfectants were fixed in 4%
paraformaldehyde for 10 minutes; washed; saturated in PBS, 5% goat
serum, and 1% BSA for 30 minutes at 4°C; and incubated over 1 hour at
room temperature with an HRP-conjugated anti-HA goat polyclonal anti-
body (Bethyl Laboratories Inc.). After 3 PBS washes, the immunoreactivity
was revealed by 30 minutes’ incubation with o-phenylenediamine solution
(Sigma-Aldrich); the reaction was stopped by addition of sulfuric acid. Each
sample was transferred into a 96-well plate for quantification at 490 nM
in a microplate spectrophotometer.

Calcium mobilization assays. To evaluate the GHSR1a ligand-mediated acti-
vation via the phospholipase C pathway, the intracellular Ca?* release was
measured by means of a Ca?*-sensitive fluorescent reporter (Fluo-4 AM;
Invitrogen Corp.), on HEK293 clones stably overexpressing the A204E
mutant or the WT GHSR1a. Stable clones and control HEK cells were
incubated with 4 uM of Fluo-4 AM for 1 hour at 37°C in loading buffer
with 2 mM of probenecid. Once washed, loaded cells distributed within 96-
well black microplaques were stimulated with increasing concentrations
of ghrelin. For each well, fluorescence (excitation 494 nm, emission at 516
nm) was recorded on a microplaque fluorometer to determine 3 values:
base line, ligand peak, and total calcium release. Results are expressed as
the percentage of total calcium release after ligand injection; total calcium
release within a well corresponds to the peak obtained after cell lysis by
means of 0.2% Triton injection. All values are the mean of triplicates.

Ghrelin assays. Plasma ghrelin isoforms were assayed by enzyme immu-
noassay using 2 rabbit polyclonal antibodies raised against the 15-28
C-terminus fragment for total ghrelin (gift from C. Tomasetto, INSERM,
Strasbourg, France) and the n-octanoylated 1-11 N-terminus fragment
for acylated ghrelin (gift from M. Kojima, Kurume University, Fukuoka,
Japan). Human n-octanoyled ghrelin was used as standard (Phoenix Phar-
maceuticals) and coupled to acetylcholinesterase as tracer (SPI-BIO). Anti-
bodies were used at a final dilution of 1:6.10° for C-terminus and 1:107
for N-terminus. Their limit of detection was 50 pg/ml (50-4,000) and
10 pg/ml (10-400), respectively. Out of 8 consecutive assays, intra-assay
and interassay variabilities were 4% and 7% for C-terminus assay and 5%
and 6% for N-terminus assay, respectively.

Statistics. Data are expressed as mean + SD. Comparison of means was
carried out using 2-tailed Student’s ¢ test. P < 0.05 was considered statisti-
cally significant. In immunocytochemistry experiments, comparisons of’
the number of stained cells were performed by means of y? test.
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