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SUMM A R Y

Gonadotropin-dependent, or central, precocious puberty is caused by early matura-
tion of the hypothalamic–pituitary–gonadal axis. In girls, this condition is most 
often idiopathic. Recently, a G protein–coupled receptor, GPR54, and its ligand, 
kisspeptin, were described as an excitatory neuroregulator system for the secretion 
of gonadotropin-releasing hormone (GnRH). In this study, we have identified an 
autosomal dominant GPR54 mutation — the substitution of proline for arginine at 
codon 386 (Arg386Pro) — in an adopted girl with idiopathic central precocious 
puberty (whose biologic family was not available for genetic studies). In vitro stud-
ies have shown that this mutation leads to prolonged activation of intracellular 
signaling pathways in response to kisspeptin. The Arg386Pro mutant appears to be 
associated with central precocious puberty.

Puberty represents a complex biologic process of sexual develop-
ment that can be influenced by genetic, nutritional, environmental, and so-
cioeconomic factors.1 The activation of pulsatile hypothalamic GnRH secre-

tion is a key event in the onset of puberty.2 A network of hypothalamic neurons is 
critical for GnRH release and, consequently, pituitary gonadotropin secretion and 
gonadal steroid production during pubertal maturation.3

Precocious puberty is defined as the development of secondary sexual charac-
teristics before the age of 8 years in girls and 9 years in boys.4 There are several 
causes of precocious puberty, and it is of utmost importance to distinguish between 
central (gonadotropin-dependent) precocious puberty, which results from premature 
activation of the hypothalamic–pituitary–gonadal axis, and gonadotropin-indepen-
dent precocious puberty. Central precocious puberty has a striking predominance 
among girls, and most of these cases are considered idiopathic.1,4 However, it is known 
that genetic factors play a fundamental role in the timing of pubertal onset, as 
illustrated by the similar age at menarche among members of an ethnic group and 
in mother–daughter, monozygotic-twin, and sibling pairs.5 More recently, de Vries 
et al.6 reported a 27.5% prevalence of familial central precocious puberty; segrega-
tion analysis in these families suggested autosomal dominant transmission with 
incomplete sex-dependent penetrance.

The kisspeptin–GPR54 signaling complex has been proposed as a gatekeeper of 
pubertal activation of GnRH neurons and the reproductive axis.7-9 Loss-of-function 
point mutations and deletions in GPR54 have been identified in patients with famil-
ial or sporadic isolated hypogonadotropic hypogonadism.7-9 In addition, Gpr54-knock-
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out mice had a similar failure of sexual matura-
tion.8,10 In this study, we hypothesized that 
gain-of-function mutations of the human GPR54 
receptor might be associated with premature ac-
tivation of GnRH release, leading to central pre-
cocious puberty.

C a se R eport

An 8-year-old adopted girl was referred to the De-
velopmental Endocrinology Unit of Clinicas Hos-
pital, São Paulo, for evaluation of precocious pu-
berty. Premature breast development with slow 
progression had been observed since birth. At  
7 years of age, the development of breasts accel-
erated and pubic hair was noted. The patient’s med-
ical history was unremarkable. She had no expo-
sure to sex steroids, according to her family. She 
had no neurologic symptoms. Additional pubertal 
signs such as acne, oily skin, axillary hair, and 
menstrual bleeding were absent. There were no 
café au lait spots. At 8 years of age, her height 
was 131.5 cm and her weight 26.7 kg. The mid-
parental height was not available. Breast develop-
ment was Tanner stage 4 and pubic hair Tanner 
stage 2. Bone age was 11 years (according to the 
method of Greulich and Pyle11).

The basal luteinizing hormone level was less 
than 0.6 IU per liter (normal prepubertal levels, 
<0.6 to 0.7 IU per liter), and the basal follicle-
stimulating hormone level was 2.6 IU per liter 
(normal prepubertal levels, <1.0 to 7.2 IU per liter). 
In addition, luteinizing hormone and follicle-
stimulating hormone levels after stimulation with 
GnRH were 6.4 IU per liter and 5.9 IU per liter, 
respectively (typical luteinizing hormone level af-
ter puberty, >6.9 IU per liter).12 The peak ratio of 
luteinizing hormone to follicle-stimulating hor-
mone after GnRH stimulation was 1.08.13 The 
luteinizing hormone level 2 hours after a depot 
injection of leuprolide acetate was 8.5 IU per li-
ter (typical level after puberty, >10 IU per liter).14 
The serum estradiol level was 22 pg per millili-
ter (80 pmol per liter) (normal prepubertal level, 
<13 pg per milliliter [47 pmol per liter]). Detailed 
methods for the hormonal assays are given in the 
Supplementary Appendix (available with the full 
text of this article at www.nejm.org).

Pelvic ultrasonography showed no masses. 
Ovarian and uterine volumes were enlarged in rela-
tion to the chronologic age (right ovary, 4.4 cm3; 

left ovary, 3.6 cm3; uterus, 5.4 cm3). The results of 
magnetic resonance imaging of the central ner-
vous system were normal.

Despite the fact that the basal luteinizing hor-
mone level was within the normal prepubertal 
range and the GnRH-stimulated level was not 
diagnostic of gonadotropin-dependent precocious 
puberty, the absence of either a primary ovarian 
disorder or a neurogenic cause of the patient’s 
symptoms favored the diagnosis of idiopathic 
central precocious puberty. Therefore, treatment 
with a GnRH analogue (3.75 mg per month of a 
depot suspension of leuprolide acetate) was initi-
ated and maintained for 4 years. The diagnosis 
of central precocious puberty was confirmed by a 
satisfactory response to the treatment, including 
partial regression of breast development (to Tan-
ner stage 3), decrease in growth velocity, arrest of 
bone maturation, reduction of ovarian size, and 
gonadotropin suppression along with a return to 
prepubertal estradiol levels. Spontaneous menarche 
occurred at age 12 and was followed by regular 
menses. The patient’s adult height is 152.2 cm.

Me thods

DNA Analysis

Approval of the DNA-analysis methods was pro-
vided by the ethics committee of Clinicas Hospi-
tal. Written informed consent was provided by the 
parents of our patient and those of 53 unrelated 
children with idiopathic central precocious pu-
berty, as well as by all 150 ethnically matched 
adult control subjects. All of the children provided 
oral assent. Genomic DNA was extracted from 
peripheral-blood leukocytes, and the entire cod-
ing region as well as the exon–intron boundaries 
of GPR54 (GenBank accession number, NM_032551) 
were amplified and sequenced on an automated 
sequencer.8

Generation of Arg386Pro GPR54 through 
Site-Directed Mutagenesis

The Arg386Pro GPR54 mutant was generated in 
vitro by means of site-directed mutagenesis with 
the QuikChange II Site-Directed Mutagenesis Kit 
(Stratagene) and the mammalian expression vec-
tor pCMVsport6, containing the full-length wild-
type human GPR54 as a template.8 We confirmed 
the presence of the mutation by using direct se-
quencing.
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Studies of GPR54 Signaling

Kidney-fibroblast cells from the African green 
monkey (COS-7 cells) were transiently transfected 
with 50 ng of wild-type GPR54, Arg386Pro GPR54, 
or an empty vector (pCMVsport6) using Gene-
PORTER Transfection Reagent (Gene Therapy Sys-
tems). Total inositol phosphate and phosphoryla-
tion of extracellular signal–regulated kinase were 
measured at various points after stimulation with 
increasing levels of kisspeptin.15 (For details, see 
the Methods section of the Supplementary Ap-
pendix.)

R esult s

DNA Analysis

Automated sequencing of the patient’s genomic 
DNA for GPR54 revealed a heterozygous substitu-
tion of cytosine for guanine at nucleotide posi-
tion 1157 in exon 5, resulting in the substitution 
of proline for arginine at codon 386 (Arg386Pro) 
in the carboxy-terminal tail of the receptor (Fig. 1). 
The Arg386Pro mutation generates a restriction 
site recognized by SmaI; the mutation was screened 
in the 300 chromosomes from the 150 ethnically 
matched controls who had a history of normal 
pubertal development and in the 106 chromo-
somes from the 53 unrelated children (50 girls 
and 3 boys) who had idiopathic central precocious 
puberty. The Arg386Pro mutation was absent in 
all controls as well as in the unrelated patients 
with precocious puberty.

Functional Analysis of Arg386Pro GPR54

Binding studies performed in COS-7 cells trans-
fected with wild-type or Arg386Pro GPR54 and 
incubated with 125I-labeled kisspeptin revealed 
no significant effect of the amino acid substitution 
on the binding affinity of kisspeptin or the levels 
of expression of GPR54 (dissociation constant for 
wild-type GPR54, 4.4 nM; for Arg386Pro GPR54, 
7.0 nM; maximal binding capacity for both types 
of GPR54, 20 nmol per milligram of protein) 
(Fig. S1 in the Supplementary Appendix).

Basal inositol phosphate levels did not differ 
significantly in COS-7 cells transfected with wild-
type GPR54 and those transfected with Arg386Pro 
GPR54. In addition, there was no significant dif-
ference in the dose–response curves or in the 
maximal responses of wild-type GPR54 and Arg-
386Pro GPR54 to increasing concentrations of 
kisspeptin (10−11 to 10−7 M of kisspeptin-10) (Fig. 

2A). The concentration of kisspeptin that pro-
voked a response halfway between the baseline 
and maximum responses was 0.23 nM for wild-
type GPR54 and 0.28 for Arg386Pro GPR54, and 
the maximal activity of inositol phosphate was 
78.4 and 77.8 counts per minute per microgram 
of protein, respectively. However, a time-course 
study showed that inositol phosphate levels peaked 
at 2 hours for both wild-type and Arg386Pro 
GPR54, but the rate of the decline in inositol 
phosphate levels thereafter was slower in cells 
transfected with Arg386Pro GPR54, resulting in 
significantly higher inositol phosphate levels after 
18 hours of stimulation with kisspeptin (Fig. 2B). 
This effect was also evident when both wild-type 
and Arg386Pro GPR54 were transfected into COS-7 
cells (Fig. 2C).

To confirm this prolonged course of action as-
sociated with the mutant receptor, we measured 
the time course of the phosphorylation of extra-
cellular signal–regulated kinase, another down-
stream effector of the GPR54 signaling cascade, 
in response to kisspeptin. The levels of phosphory-
lated extracellular signal–regulated kinase in all 
cells peaked at 10 minutes, after which the levels 
declined. The rate of decrease of phosphorylated 
extracellular signal–regulated kinase levels was 
slower in cells transfected with Arg386Pro GPR54 
than in those transfected with wild-type GPR54, 
such that the levels in the Arg386Pro GPR54–
transfected cells remained significantly higher af-
ter 60 minutes of exposure to kisspeptin (Fig. 3). 
Kinetic studies of GPR54 binding similarly indi-
cated that Arg386Pro GPR54 remains in the cell-
surface plasma membranes for longer periods after 
kisspeptin stimulation than does the wild-type 
receptor (Fig. S2 in the Supplementary Appendix).

Discussion

In humans, the onset of puberty requires an in-
crease in the pulsatile release of GnRH from the 
hypothalamus.16 An excitatory neuronal system 
predominantly involved in the activation of GnRH 
secretion appears to be the kisspeptin–GPR54 sig-
naling complex.7,8,10 Indeed, mammalian models 
suggest an important role of kisspeptin, since in-
termittent infusion of this protein results in early 
sexual maturation in rats and early GnRH release 
in monkeys.17,18

In our study, we identified a heterozygous 
GPR54 mutation, Arg386Pro, in a girl with idio-
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pathic central precocious puberty. She had thelar-
che from birth, but with slow progression, sug-
gesting an early, persistent, and mild increase in 
estrogen secretion. Isolated thelarche was ruled 

out on the basis of progressive secondary sexual 
development and accelerated growth and skeletal 
maturation.13 Although during her initial evalu-
ation the patient showed borderline-pubertal lu-

Figure 1. Sequences of Wild-Type and Mutant GPR54.

The wild-type cytosine–guanine–cytosine (CGC) sequence in GPR54 exon 5 encodes arginine (R) at codon 386 
(R386). The heterozygous substitution of C for G (shown for our patient with an arrow) results in the substitution of 
proline (P) for R (R386P) in the carboxy-terminal tail of the protein (shown embedded in a cellular membrane). In 
the nucleotide sequences (shown immediately under the two plots), T denotes the nucleotide thymidine. 
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teinizing hormone levels after GnRH stimulation, 
approximately 8% of girls with gonadotropin-
dependent precocious puberty have prepubertal 
luteinizing hormone levels after GnRH stimula-
tion.12 The suppressive effects of using a depot 
suspension of GnRH agonist on the pituitary–
gonadal axis in our patient confirmed the pres-
ence of central activation of the GnRH axis. Segre-
gation analysis was not feasible in this adopted 
girl, because her biologic family was not available 

for genetic studies. Nonetheless, the absence of 
the Arg386Pro mutation in an ethnically matched 
population, as well as in American and European 
populations, suggests that the Arg386Pro mutation 
is not a GPR54 polymorphism.7,9,19

In vitro studies revealed no significant differ-
ences in the activity of Arg386Pro GPR54 and 
wild-type GPR54 in transfected cells under basal 
conditions, indicating that the Arg386Pro muta-
tion does not generate a constitutively active 
receptor. Nor did cells transfected with mutant 
GPR54 and those transfected with wild-type 
GPR54 and incubated with kisspeptin differ sig-
nificantly in the dissociation constant for kiss-
peptin binding, the response halfway between the 
baseline and maximum responses on the dose–
response curve, or in the maximal binding capac-
ity or responsiveness to kisspeptin, indicating that 
the affinity of mutant GPR54 for its ligand and 
the expression levels of the receptor on the surface 
of the transfected cells were not altered.

Nevertheless, in repeated time-course studies, 
the rate of decline in inositol-phosphate accumu-
lation after kisspeptin stimulation was slower in 
cells transfected with Arg386Pro GPR54 than in 
cells transfected with wild-type GPR54, resulting 
in significantly higher inositol phosphate levels 
for as long as 18 hours. Similarly, the phosphory-
lation of extracellular signal–regulated kinase was 
prolonged, confirming the extended activation of 
intracellular signaling pathways by the mutant 
GPR54 in response to kisspeptin. These find-
ings indicate a significant reduction in the rate 
of desensitization of the mutant GPR54. Kinetic 
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Figure 2. Kisspeptin-Stimulated Production of Inositol 
Phosphate in COS-7 Cells Transfected with Wild-Type 
GPR54 or Arg386Pro GPR54.

Total inositol phosphate accumulation was measured 
in counts per minute (cpm) 45 minutes after stimula-
tion with 10−11 to 10−7 M of kisspeptin-10 (Panel A). In 
a separate experiment, cells were stimulated with 10−9 
M of kisspeptin-10 for 0, 2, 4, or 18 hours; the resulting 
inositol phosphate levels are expressed as the percent-
age of the maximal level (at 2 hours) (Panel B). Each 
point is the mean of five independent experiments, 
each performed in duplicate or triplicate. Finally, cells 
were transfected with 50 ng of wild-type GPR54 only, 
50 ng of Arg386Pro GPR54 only, or 25 ng of wild-type 
GPR54 and 25 ng of Arg386Pro GPR54. The total inosi-
tol phosphate accumulation was measured after stimu-
lation with 10−8 M of kisspeptin-10 for 0, 1, 2, or 4 
hours (Panel C). I bars represent the standard errors.
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studies of ligand binding revealed that the Arg-
386Pro GPR54 remained on the plasma mem-
brane of the cell surface after kisspeptin stimu-
lation for longer periods than did the wild-type 
receptor, suggesting a reduced rate of internal-
ization or degradation of the mutant receptor.

Desensitization of G protein–coupled recep-
tors can occur through receptor phosphorylation, 
frequently on the carboxy-terminal tail, by intra-
cellular kinases, leading to the uncoupling of the 
receptor from G proteins and other intracellular 
signaling pathways. Such phosphorylation may 
enhance the binding of arrestin, triggering recep-
tor internalization.20 A similar mechanism of 
receptor activation involving impaired desensiti-
zation has been reported in a patient with adre-
nocorticotropic hormone–independent Cushing’s 
syndrome; the activation is due to a mutation in 
the carboxy-terminal tail of the melanocortin 2 
receptor, a G-protein–coupled receptor affecting 
the signaling pathways of the G-protein alpha sub-
unit Gs rather than Gq.21

Gain-of-function mutations in G protein–
coupled receptors have been identified only in a 
few inherited disorders.22 Most of these mutations 
result in constitutive activation of the receptor 
and downstream cellular responses. However, con-
stitutive activation of GPR54 might be expected to 
disrupt pulsatile GnRH release, thereby resulting 

in delayed — rather than precocious — puberty, 
since coordinated pulsatile GnRH release is criti-
cal for the onset of puberty. Indeed, continuous 
infusion of kisspeptin has been shown to decrease 
luteinizing hormone levels in agonadal juvenile 
male monkeys.23 In contrast, we describe a model 
of nonconstitutive receptor activation character-
ized by a reduction of the rate of GPR54 desen-
sitization. This mechanism would result in an in-
creased, prolonged cellular response and hence the 
release of an increased-amplitude pulse of GnRH 
in response to kisspeptin stimulation.

The increase in hypothalamic kisspeptin ex-
pression at puberty is believed to contribute to 
the maturation of the reproductive axis.24,25 We 
speculate that the decreased GPR54 desensitiza-
tion seen for the Arg386Pro mutant might increase 
the stimulatory effects of kisspeptin on GnRH se-
cretion, thus accelerating the maturation of the 
reproductive axis. Furthermore, the presence of 
breast development during the neonatal period 
in our patient might be consistent with neonatal 
activity of the kisspeptin–GPR54 system, as in-
ferred from the presence of cryptorchidism and 
micropenis in a male infant with idiopathic hy-
pogonadotropic hypogonadism due to a loss-of-
function mutation in GPR54.26

In conclusion, we have identified an autosomal 
dominant Arg386Pro GPR54 mutation that pro-
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Figure 3. Time Course of Kisspeptin-Stimulated Phosphorylation of Extracellular Signal–Regulated Kinase (ERK)  
in COS-7 Cells Transfected with Wild-Type GPR54 or Arg386Pro GPR54.

Phosphorylated ERK (pERK) levels were measured by means of Western-blot analysis after stimulation with 
3×10−9 M kisspeptin-10 for 0, 5, 10, 15, 30, or 60 minutes. Panel A shows representative Western blots. The inten-
sity of the pERK bands was normalized to that of total ERK bands. Panel B shows the ratio of pERK to total ERK, 
expressed as percentage of the maximal level (at 10 minutes). Each point is the mean of five independent experi-
ments; I bars represent the standard errors.
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longs intracellular GPR54 signaling in response 
to kisspeptin, which appears to be associated with 
a central precocious puberty phenotype.
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