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ABSTRACT

BACKGROUND

Puberty, a complex biologic process involving sexual development, accelerated linear
growth, and adrenal maturation, is initiated when gonadotropin-releasing hormone
begins to be secreted by the hypothalamus. We conducted studies in humans and mice
to identify the genetic factors that determine the onset of puberty.

METHODS

We used complementary genetic approaches in humans and in mice. A consanguineous
family with members who lacked pubertal development (idiopathic hypogonadotropic
hypogonadism) was examined for mutations in a candidate gene, GPR54, which encodes
a G protein—coupled receptor. Functional differences between wild-type and mutant
GPR54 were examined in vitro. In parallel, a Gpr54-deficient mouse model was created
and phenotyped. Responsiveness to exogenous gonadotropin-releasing hormone was
assessed in both the humans and the mice.

RESULTS

Affected patients in the index pedigree were homozygous for an L148S mutation in
GPR54, and an unrelated proband with idiopathic hypogonadotropic hypogonadism was
determined to have two separate mutations, R331X and X399R. The in vitro transfec-
tion of COS-7 cells with mutant constructs demonstrated a significantly decreased ac-
cumulation of inositol phosphate. The patient carrying the compound heterozygous
mutations (R331X and X399R) had attenuated secretion of endogenous gonadotropin-
releasing hormone and a left-shifted dose-response curve for gonadotropin-releasing
hormone as compared with six patients who had idiopathic hypogonadotropic hypo-
gonadism without GPR54 mutations. The Gpr54—deficient mice had isolated hypogo-
nadotropic hypogonadism (small testes in male mice and a delay in vaginal opening
and an absence of follicular maturation in female mice), but they showed responsive-
ness to both exogenous gonadotropins and gonadotropin-releasing hormone and had
normal levels of gonadotropin-releasing hormone in the hypothalamus.

CONCLUSIONS

Mutations in GPR54, a G protein—coupled receptor gene, cause autosomal recessive idio-
pathic hypogonadotropic hypogonadism in humans and mice, suggesting that this
receptor is essential for normal gonadotropin-releasing hormone physiology and for

puberty.
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HE NEUROENDOCRINE AND GENETIC

control of sexual maturation at puberty re-

mains one of the great mysteries of human
biology. The secretion of gonadotropin-releasing
hormone by the hypothalamus represents the first
known step in the reproductive cascade — initiat-
ing pulsatile release of gonadotropins, gonadal se-
cretion of sex steroids, pubertal development, and
gametogenesis. Although the central role of go-
nadotropin-releasing hormone in the reproductive
hierarchy of all mammals is undisputed, little is un-
derstood of the genetic factors that modulate its
secretion. The identification of such factors is crit-
ical for advancing the understanding of normal re-
production and for providing insight into disorders
of the pubertal process.

We used complementary genetic approaches
in humans and mice to study a gene involved in the
onset of puberty. Idiopathic hypogonadotropic hy-
pogonadism in humans is characterized by the ab-
sence of spontaneous sexual maturation in the face
of concentrations of gonadotropins in the low-
normal range. Affected patients have a complete or
partial absence of luteinizing hormone pulsations
induced by endogenous gonadotropin-releasing
hormone* and have normal responsiveness to phys-
iological replacement with exogenous gonadotro-
pin-releasing hormone. These observations localize
the defect to an abnormality of gonadotropin-releas-
ing hormone synthesis, secretion, or activity.?™

Using linkage analysis and candidate-gene
screening, we identified mutations in a G protein—
coupled receptor gene, GPR54, in a large, consan-
guineous Saudi Arabian family with idiopathic hypo-
gonadotropic hypogonadism and in one unrelated
black male proband in the United States. Through
a complementary approach, we generated Gpr54-
deficient mice with a phenotype that demonstrated
alack of adult sexual development and low circulat-
ing gonadotropin concentrations — features that
closely resemble their human counterparts.

METHODS

FAMILY HISTORY

Alarge Saudi Arabian family in which there had been
three marriages between first cousins sought med-
ical attention for infertility (Fig. 1). Six of the 19
offspring (4 men and 2 women) met the standard
diagnostic criteria for idiopathic hypogonadotropic
hypogonadism (inappropriately low gonadotropin
concentrations in the presence of prepubertal
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concentrations of sex steroids, normal anterior pi-
tuitary function, and normal findings on imaging
of the brain) and had responsiveness to exogenous,
pulsatile gonadotropin-releasing hormone, as pre-
viously reported.> The collection of blood samples
for genetic studies and the clinical protocols were
approved by the Subcommittee on Human Studies
of the Massachusetts General Hospital, and all par-
ticipants provided written informed consent.

MUTATION ANALYSIS

Linkage to a 1.06-Mb interval on chromosome
19p13.3 was previously demonstrated.® Mutation
analysis of candidate genes, beginning with GPR54,
was initiated with the use of DNA extracted from
whole blood. The sequence of GPR54 complemen-
tary DNA (cDNA) (GenBank accession number
AY253981) was aligned with the published genomic
sequence’ to identify the genomic structure. Details
of polymerase-chain-reaction (PCR) amplifications,
sequencing, control populations, transient trans-
fections, the targeting construct, and biochemical
assays are provided in Supplementary Appendix 1
(available with the full text of this article at http://
WWWw.nejm.org).

ADDITIONAL POPULATIONS

To determine whether the observed base-pair chang-
es in GPR54 were normal variants, control popu-
lations of 80 North American persons (primarily
anonymous blood donors), 50 Middle Eastern per-
sons, and 50 black persons from North America
were also screened. An additional 63 patients with
normosmic idiopathic hypogonadotropic hypogo-
nadism and 20 patients with anosmic idiopathic hy-
pogonadotropic hypogonadism (Kallmann’s syn-
drome) were also screened for coding-sequence
mutations in GPR54. Six patients with normosmic
idiopathic hypogonadotropic hypogonadism who
had participated in dose-response studies of exog-
enous, pulsatile gonadotropin-releasing hormone
and who were negative for GPR54 mutations on ge-
nomic screening were selected for comparisons of
genotypes and phenotypes.

ALLELE-SPECIFIC CLONING

To demonstrate that there were base-pair changes
on separate alleles, specific PCR products were
cloned into a pCRII-TOPO plasmid vector (Invit-
rogen). Colonies were grown, and their DNA se-
quenced.

OCTOBER 23, 2003

The New England Journal of Medicine

Downloaded from nejm.org at PARTNERS HEALTHCARE on July 24, 2014. For personal use only. No other uses without permission.

Copyright © 2003 Massachusetts Medical Society. All rights reserved.



The NEW ENGLAND JOURNAL of MEDICINE

1 2 4
s/L Nl S/L
5 6 7 8
s/L s/L s/L
. bbeddhmd
9 10 11 12 13 14 15 16 17
\ LL S/S LS L/L LL S/S S/L
1 2 3 4 5 6 7 8
L/L s/s L/s s/s s/s s/s S/L L/L

Figure 1. Pedigree of a Family with Idiopathic Hypogonadotropic Hypogonadism.

Squares represent male family members, circles female family members, diamonds multiple family members with the
number given within, and solid symbols affected family members; the proband is indicated with an arrow. L denotes leu-
cine, and S serine at position 148 of the GPR54 gene. Adapted with permission from Bo-Abbas et al.> and Acierno et al.6

REVERSE-TRANSCRIPTASE PCR

Subjects in whom coding sequence changes were
identified in GPR54 were further screened by means
of reverse-transcriptase (RT)-PCR to rule out cryp-
tic splicing events. Total RNA was extracted from
lymphoblastoid cell lines, and GPR54 cDNA was am-
plified and sequenced.

GENERATION OF MUTANT CONSTRUCTS

The sequence of the mammalian expression vector
pCMVsport 6 containing full-length wild-type
GPR54 (clone CSODE005YC17, Invitrogen) was con-
firmed by direct sequencing and found to contain
a polyA tail. Site-directed mutagenesis was per-
formed to introduce the three mutations (L148S,
R331X, and X399R) into this vector. In addition, a
stop codon was introduced immediately after the
polyA tail (the construct was called “X399R polyA
stop”).

STUDIES OF GPR54 SIGNALING
A natural ligand for GPR54, kisspeptin-1 (encoded
by the gene KISS1), has been identified by three
separate groups.®1° Its C-terminal decapeptide
kisspeptin-1112-121° was demonstrated to be the
minimal-length peptide required for the full stimu-
lation of GPR54 (the Gq class of G proteins, cou-
pled to phospholipase C). Stimulation of GPR54 by
kisspeptin-1 112-121 has been shown to increase
phosphatidylinositol turnover.*®

Kidney (COS-7) cells from African green mon-
keys were transiently transfected with 1.5 yg of each
GPR54 construct or empty vector (pPCMVsport6) per
well, were stimulated with varying doses of kisspep-
tin-1 112-121 for 45 minutes, and were subsequent-
ly extracted with 20 mM of formic acid. Superna-
tants were loaded onto anion-exchange columns,
and inositol phosphates were extracted.** Assays
were performed in triplicate.
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QUANTITATIVE RT-PCR

Quantitative RT-PCR was performed on RNA iso-
lated from immortalized lymphoblasts obtained
from patients (TagMan One-Step RT-PCR Master
Mix, Applied Biosystems). Different primers and
probes capable of specifically amplifying the R331X
and X399R alleles were used. Samples were run in
quadruplicate in a minimum of two independent
experiments. The B-actin gene was used as an en-
dogenous control to standardize the assays in terms
of expression levels.

GENOTYPE—PHENOTYPE CORRELATIONS

The patient carrying mutations R331X and X399R
was admitted to the General Clinical Research Cen-
ter of the Massachusetts General Hospital. Blood
sampling was performed every 10 minutes for 12
hours. The patient then received gonadotropin-
releasing hormone subcutaneously every two hours,
and his dose was titrated while he was an outpa-
tient until his pituitary—gonadal axis had normal-
ized. After 11 months of treatment, the patient
underwent a dose—response study in which four
doses of gonadotropin-releasing hormone span-
ning 1.5 logarithmic orders (7.5 to 250 ng per kilo-
gram of body weight per bolus) were administered
intravenously in random order, and luteinizing hor-
mone was sampled frequently.*? Pulsatile hormone
secretion was assessed with the use of the modified
version of the method of Santen and Bardin.*34

STUDIES IN MICE

The transgenic mice (Gpr54tm1PTL) were maintained
as an inbred stock on a 129S6/SvEv genetic back-
ground. The gene-targeting strategy engineered a
germ-line deletion of transmembrane loops 1 and
2 and the encompassing domains (Fig. 2A). Correct
targeting was verified for the 3' and 5’ arms by
Southern blotting and PCR (Fig. 2B). The genera-
tion of a null Gpr54 allele was confirmed by RT-PCR
(Fig. 2C). Genotyping was performed by PCR (see
Supplementary Appendix 2, available with the full
text of this article at http://www.nejm.org). All ex-
periments were performed under the authority of
a U.K. Home Office Project License and were ap-
proved by a local ethics panel.

Gonadotropin-Releasing Hormone Injection

Wild-type female mice were staged with the use of
vaginal smears. Wild-type female mice at diestrus
and Gpr54 —/— female mice received four intraperi-

toneal injections of 25 ng of gonadotropin-releas-
ing hormone (Sigma) at 30-minute intervals.® The
mice were killed 30 minutes after the last injection.
Blood samples and pituitary specimens were treat-
ed as previously described,*® except that the pituitary
specimens were homogenized in 0.3 ml of phos-
phate-buffered saline.

Hormone Assays

The sensitivity of the immunoradiometric assay for
luteinizing hormone was 0.07 ng per milliliter (in-
traassay variation, 6.0 percent; interassay variation,
12.5 percent), and the sensitivity of the radioim-
munoassay for follicle-stimulating hormone was
2 ng per milliliter (intraassay variation, 10 percent;
interassay variation, 18 percent). Gonadotropin-
releasing hormone was measured by radioimmu-
noassay,° with a detection limit of 0.2 pg per tube
(0.83 pg per milliliter) and an intraassay variation
of 13 percent. Testosterone was measured by radio-
immunoassay, with a sensitivity of 0.2 nmol per li-
ter (intraassay variation, 6.0 percent; interassay vari-
ation, 18 percent). 173-estradiol was measured by
enzyme-linked immunosorbent assay (ELISA), with
a sensitivity of 10 pg per milliliter (intraassay varia-
tion, 3.9 percent; interassay variation, 10 percent).

Histologic Studies

Mouse tissues were dissected and fixed for four
hours in 4 percent formaldehyde and were then
washed three times in 0.01 percent phosphate-
buffered saline. Ovaries, testes, and adrenal glands
were wax-embedded and sectioned at 3 to 4 pm.
Tissue sections were stained with hematoxylin and
eosin. Mammary glands were dissected and fixed
for 2 to 4 hours at 23°C in fixative (six parts absolute
ethanol to three parts chloroform to one part glacial
acetic acid), washed in 70 percent ethanol for 15
minutes, rehydrated, and stained overnight in car-
mine alum stain that has been boiled for 20 minutes
in 500 ml of distilled water. Slides were washed in
increasing concentrations of ethanol (70 percent,
95 percent, and 100 percent) for 15 minutes each,
cleared in xylene for 30 minutes, and mounted.

RESULTS

MUTATION ANALYSIS

Linkage in a consanguineous Saudi Arabian fami-
ly was previously demonstrated on chromosome
19p13.3 with a maximal two-point lod score of
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Figure 2. Targeted Deletion in the Gpr54 Locus in Mice.
Panel A shows a schematic representation of the allele of Gpr54 that was targeted for deletion (Panel A). Blue boxes represent exons, and pur-
ple boxes resistance cassettes and markers. Key restriction sites, primers, and probes are shown above the loci. Panel B shows the correct tar-
geting of the 5' and 3' arms as demonstrated by Southern blotting. The arrows indicate the mutant and wild-type bands detected by diagnos-
tic restriction digestion and probing. The sizes are given in numbers of base pairs. Southern blots show the expected pattern in heterozygous,
wild-type, and mutant mice. In mice that are homozygous for the Gpr54 deletion (Panel C), transcription 3' of the locus has been ablated. RT-
PCR analysis of the segment spanning exons 4 and 5 shows that a detectable transcript is absent. IRES denotes internal ribosome entry site,
B-Gal beta-galactosidase gene, MC MC promoter, Neo neomycin resistance gene, and Ex exon.
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5.17.% The candidate region on chromosome 19
contained 23 known genes,” including GPR54,
which is expressed in the human brain, pituitary
gland, and placenta, as assessed with the use of
RT-PCR.%*° GPR54 has five exons and contains an
open reading frame of 1197 bp that encodes a 398-
amino-acid protein.

A homozygous single-nucleotide variant
(443T>C) in exon 3, which substitutes a serine for
the normal leucine at position 148 (L148S) in the
second intracellular loop, was found in all six affect-
ed persons in the Saudi pedigree and did not occur
in a homozygous state in any unaffected family
members (all references to base-pair positions are
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GPR54 AS A REGULATOR OF PUBERTY

reported according to standard numbering and
nomenclature’”) (see Supplementary Appendix 3,
available with the full text of this article at http://
www.nejm.org). This variant does not appear to
be a polymorphism, since it occurs only in affect-
ed family members; is absent in 160 chromosomes
from unrelated, unaffected controls from the Unit-
ed States and 100 chromosomes from controls
from the Middle East; is present in an amino acid
residue that is conserved among species includ-
ing mouse, rat, amphioxus, and pufferfish (Gen-
Bank accession numbers AF343726, BAB55447,
and AAM18884, and Fugu Genome Server*® acces-
sion number SINFRUP00000071513,° respective-
ly); and changes the polarity of the encoded amino
acid from hydrophobic to neutral.

Of the 63 unrelated patients with normosmic
idiopathic hypogonadotropic hypogonadism and
the 20 patients with Kallmann’s syndrome, one
black man with idiopathic hypogonadotropic hypo-
gonadism was discovered to have a heterozygous
C-to-T transition at nucleotide 991 in exon 5, in
which an arginine at residue 331 was replaced with
a premature stop codon (991C>T [R331X]). In addi-
tion, a heterozygous T-to-A transversion was iden-
tified at nucleotide 1195 in exon 5, which replaced
the stop codon at residue 399 with an arginine
(1195T>A [X399R]) (Supplementary Appendix 3).
This nonstop mutation results in the continuation
of the open reading frame to the polyA signal, with
no intervening stop codon. Neither change was
identified in the 160 chromosomes from North
American controls or the 100 chromosomes from
black controls.

To confirm that the nonsense and nonstop mu-
tations are found on separate chromosomes, allele-
specific cloning was performed. Seventeen clones
contained either R331X or X399R, and no clones
contained both, confirming that the two variants
occur on separate alleles (making the patienta com-
pound heterozygote) (data not shown).

RT-PCR
RT-PCR products generated from the Saudi Arabi-
an proband and the compound heterozygote were
of the expected size for all segments. Sequence
analysis of these products revealed that the newly
identified mutations did not result in cryptic splic-
ing (data not shown).

FUNCTIONAL ASSAYS
To determine whether the identified changes in
GPR54 affect the function of the receptor, inositol

phosphate production was measured in COS-7 cells
in response to Kisspeptin-1112-121. The maximal
inositol phosphate response of the cells that were
transfected with the mutant L148S and R331X con-
structs was decreased by 65 percent and 67 percent,
respectively, as compared with the cells that were
transfected with the wild-type gene (Fig. 3A and 3B).
RT-PCR of COS-7 cells transfected with the X399R
construct revealed a transcript that contained 3’ un-
translated region, polyA tail, and expression-vec-
tor sequence (data not shown). In the absence of
the physiologic stop codon at position 399 (but with
a stop codon in the vector sequence), the in vitro
transcript resulted in an elongated receptor pro-
tein. Because this in vitro construct did not accu-
rately mimic in vivo physiology, it was not used in
the functional studies. The X399R polyA stop con-
struct, which makes a protein identical to that en-
coded by the nonstop transcript, stimulates inosi-
tol phosphate production thatis 61 percent of that
of wild-type GPR54 (Fig. 3C). No inositol phos-
phate stimulation was observed with pCMVsport 6.

QUANTITATIVE RT-PCR

Expression analysis of the GPR54 alleles was per-
formed by means of real-time PCR, with the use of
lymphoblastic messenger RNA (mRNA) as a tem-
plate. The mutant alleles were expressed at concen-
trations correlated with concentrations of control
lymphoblasts. When compared with the standard-
ized control mRNA, the mean (+SE) total concen-
tration of GPR54 mRNA in the compound-hetero-
zygous patientwas 17.6+1.6 percent of the normal
concentration (P<0.001 by Student’s t-test); the ex-
pression concentration of the R331X allele was
17.9+1.9 percent of the normal concentration, and
the expression concentration of the X399R allele
was 2.5%0.3 percent of the normal concentration
(Fig. 3D).

ENDOCRINOLOGIC PHENOTYPING

A base-line profile of luteinizing hormone in the
proband carrying the heterozygous mutations R331X
and X399R is shown in Figure 4A. The patient had
low concentrations of luteinizing hormone and low
testosterone concentrations, particularly as com-
pared with the mean (+2 SD) luteinizing hormone
level measured in 20 normal men.?*** Nonethe-
less, nine low-amplitude pulses of luteinizing hor-
mone are present, as determined by formal pulse
analysis. The responses to four doses of intravenous
gonadotropin-releasing hormone are compared
with the mean amplitude of luteinizing hormone
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Figure 3. Dose—Response Curves for the Ligand-Stimulated Production of Inositol Phosphate in Mutant Constructs,

The data points represent the means of multiple replicates, each measured in triplicate. Cotransfection with beta-galac-
tosidase revealed no differences in the efficiency of transfection; quantitative RT-PCR and Western blotting revealed
equivalent transcript and protein expression (data not shown). Panel A shows the curve for the L148S mutation (three
independent experiments, each performed in triplicate), Panel B the curve for the R331X mutation (two independent
experiments, each performed in triplicate), and Panel C the curve for the X399R polyA stop mutation (two independent ex-
periments, each performed in triplicate); the percentages on the y axis represent the percentages of the maximal stimu-
lation for each GPR54 construct. Panel D shows the relative quantification of the wild-type and mutant GPR54 allele
expression in lymphoblastoid cell lines as measured by quantitative RT-PCR. I bars represent standard errors.

pulses in six other patients with idiopathic hypo-
gonadotropic hypogonadism who were treated
with the same regimen (Fig. 4B and 4C). The dose—
response curve for the proband is shifted leftward
as compared with the 95 percent confidence inter-
vals around the mean responses in men with idio-
pathic hypogonadotropic hypogonadism who did
not have any GPR54 mutations.

PATHOPHYSIOLOGY, ANATOMY, AND BEHAVIOR
OF HOMOZYGOUS GPR54-DEFICIENT MICE
Homozygous mutant mice (Gpr54 —/-) (Fig. 2A
and 2B) were viable and obtained at the expected
mendelian frequency from heterozygous breeding
pairs (Fig. 2B and Supplementary Appendix 2).
RT-PCR analysis of transcripts showed no detect-
able transcription in the 3' end of the homozygous

Gpr54tmIPIL gllele (Fig. 2C). Gpr54 +|— mice were
phenotypically normal and were fertile. Gpr54 —|—
mice did not display any of the physiologic changes
associated with sexual maturation. The testes of
male Gpr54 —/— mice were significantly smaller
than those of age-matched controls (Fig. 5A) (mean
weight in nine Gpr54 —/— mice, 0.05£0.00 g; mean
weight in eight age-matched controls, 0.18+0.01 g;
P<0.001 by the unpaired Mann-Whitney U test)
and did not contain spermatozoa in the lumen of
the seminiferous tubules or the epididymis (Fig. 5C,
5D, 5E, and 5F). Primary spermatocytes were pres-
ent, but there were very few haploid spermatids,
which suggests that spermatogenesis had been ini-
tiated but had stopped before the meiotic-division
stage.

Male mice also lacked development of second-
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Figure 4. Biochemical Phenotyping in a Patient Carrying the GPR54 Mutations R331X and X399R.

Panel A shows the base-line pattern of luteinizing hormone secretion, with measurements of the gonadotropin at 10-minute
intervals over a 24-hour period. The pooled luteinizing hormone concentration was 2.0 U per liter, the pooled follicle-
stimulating hormone concentration 3.9 IU per liter, and the pooled testosterone concentration 1.22 nmol per liter (nor-
mal range, 11.42 to 33.6); the testicular volume was 1 ml for each testis. The shaded areas in Panels A and B represent
the mean concentration (+2 SD) of secretion of luteinizing hormone among 20 normal men. Arrowheads represent puls-
es. Panel B shows the luteinizing hormone response to exogenous pulsatile gonadotropin-releasing hormone adminis-
tered intravenously in a range of doses. The doses were administered in random order. The pooled testosterone concen-
trations ranged from 20.90 to 23.65 nmol per liter; the testicular volume was 6 ml for the right testis and 8 ml for the left
testis. The patient received exogenous pulsatile gonadotropin-releasing hormone subcutaneously every two hours on an
outpatient basis for 11 months before the study began. Panel C shows the dose-response curve for the patient, drawn
with a regression line. The data for the patient fall to the left of the 95 percent confidence intervals around the mean am-
plitudes of the luteinizing hormone response in six other men with idiopathic hypogonadotropic hypogonadism who
were receiving the same regimen.
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ary sex glands, including the preputial gland (Fig.
5G and 5H), the seminal vesicles, and the prostate
(not shown). In the adrenal glands of the mutant
animals, the innermost region of the cortex, which
normally regresses at puberty, was still present (Fig.
5Iand 5J). Sexual mounting behavior was also not
observed among the male mice. No gross morpho-
logic abnormalities were found in the central nerv-
ous system of Gpr54 —|— mice, and the mutant mice
thrived, apart from the reproductive defect.
Female mutant mice also had defective sexual
development; they had small vaginal openings and
did not become pregnant after appropriate mating
exposure. Vaginal smears consisted of nonkerati-
nized epithelia and mucus strands similar to those
observed in immature female mice, indicating the
lack of an estrus cycle. The uterine horns in female
Gpr54 —|— mice were threadlike, and the ovaries were
significantly smaller than normal (mean weight in
nine wild-type mice, 5.7+0.7 mg; mean weight in
eight mutant mice, 1.0£0.1 mg; P<0.001 by the
unpaired Mann-Whitney U test) (Fig. 5B). Mam-
mary tissue showed no postpubertal maturation
of branched epithelial ducts (Fig. 5K and 5L). The
ovaries contained primary and secondary follicles
and occasionally an early antral follicle but no large
graafian follicles or corpora lutea (Fig. 5M and 5N).

ENDOCRINOLOGIC PHENOTYPES
IN GPR54-DEFICIENT MICE
Male Gpr54 —/— mice had significantly lower blood
testosterone concentrations than age-matched +/+
controls (mean among 12 mutant mice, 0.1£0.02
pg per milliliter; mean among 11 wild-type mice,
4.611.6 pg per milliliter; P<0.001 by the unpaired
Mann-Whitney U test). The testosterone concen-
trations in male Gpr54 —/— mice were similar to
those observed in female Gpr54 +/+ mice (mean
among eight female mice, 0.2+0.02 pg per millili-
ter) (Fig. 6A). The 17B-estradiol concentrations in
female Gpr54 —|— mice were similar to those in
Gpr54 +/+ females at nonestrus stages of the repro-
ductive cycle (Fig. 6B) and to the base-line serum
estradiol concentrations in male Gpr54 +/+ mice
(data not shown). No Gpr54 —/— females were iden-
tified that had a 17B-estradiol concentration sim-
ilar to that found at estrus (mean concentration
among five wild-type females, 96.5£16.3 pg per
milliliter) (Fig. 6B).

The lack of an estrus cycle in female mice was not
caused by an inability of gonadal tissue to respond
to gonadotropins. Female Gpr54 —/— mice could be

induced to ovulate after sequential injection of the
gonadotropins pregnant mares serum and human
chorionic gonadotropin (data not shown). The lack
of an estrus cycle and the failure to produce sperm
in Gpr54 —/— mice were caused by a significant re-
duction in the serum follicle-stimulating hormone
concentration (P=0.009) and a more moderate de-
crease in the luteinizing hormone concentration
(Fig. 6C and 6D). Possible explanations of the re-
duced concentrations of circulating gonadotropins
include an absence of pituitary gonadotropes, an
inability of existing gonadotropes to respond to
stimulation by gonadotropin-releasing hormone,
and a lack of gonadotropin-releasing hormone
production. This last possibility was ruled out be-
cause there was no significant difference between
normal and mutant mice in the concentration of
gonadotropin-releasing hormone in hypothalamic
extracts (Fig. GE).

In addition, measurements of pituitary lutein-
izing hormone and follicle-stimulating hormone
showed that although the total amount of each hor-
mone was lower in Gpr54 —/— mice than in wild-
type mice, significant quantities of each hormone
were found, indicating that the pituitary gonado-
tropes are present in Gpr54 —/— mice and are capa-
ble of synthesizing luteinizing hormone and folli-
cle-stimulating hormone. Furthermore, in adult
female Gpr54 —/— mice, luteinizing hormone was
secreted into the bloodstream in response to the in-
jection of gonadotropin-releasing hormone (Fig.
G6F), and there was a corresponding depletion in pi-
tuitary luteinizing hormone (Fig. 6G). Studies of
the secretion of follicle-stimulating hormone in re-
sponse to the injection of gonadotropin-releasing
hormone had similar results (data not shown). Al-
though the absolute concentration of serum lutein-
izing hormone after the injection of gonadotropin-
releasing hormone was lower in Gpr54 —/— mice
than in +/+ mice, the proportional increase in the
luteinizing hormone concentration was similar (an
increase by a factor of five from base line). These
responses are consistent with a first exposure to
gonadotropin-releasing hormone.?*?3

DISCUSSION

In primates, the hypothalamic—pituitary—gonadal
axis is fully active during neonatal life, followed by
amysterious period of dormancy during childhood.
The triggers of the onset of gonadotropin-releas-
ing hormone secretion at puberty are as unclear as
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GPR54 AS A REGULATOR OF PUBERTY

Figure 5. Gonadal Anatomy and Secondary Sexual Char-
acteristics of Gpr54 —[— Mice.

Panel A shows the reduction in the size of the testes (wild-
type as compared with mutant male mice), and Panel B
shows the small ovaries and uteri found in female
Gpr54 - /- mice; the scale bars represent 0.5 cm. In Pan-
els C through N, the wild-type mouse is represented by
the left-hand column and the mutant mouse is repre-
sented by the right-hand column. Panel D shows the
reduction in the number of spermatozoa in the semi-
niferous tubules, as compared with Panel C; the scale bars
represent 50 ym. Panels E and F show the presence and
absence, respectively, of sperm in the epididymis; the
scale bars represent 100 ym. Panel H shows reduced de-
velopment of the preputial gland, as compared with Panel
G; the scale bars represent 1 cm. Panels | and ) show the
absence and presence, respectively, of the prepubescent
zone X in the adrenal gland; the scale bars represent

20 ym. Panel L shows reduced mammary-duct formation,
as compared with Panel K (the dark mass is lymph node);
the scale bars represent 0.5 cm. Panels M and N show
the presence and absence, respectively, of graafian fol-
licles and corpora lutea; CL denotes corpus luteum; the
scale bars represent 300 ym.

those that halt its secretion at the end of the neona-
tal period. Insight into this process has been gained
through the study of various diseases in humans and
animal models in which genetic defects cause ab-
normalities of sexual maturation. Mutations in both
GPR54 in humans and Gpr54 in mice cause hypo-
gonadotropic hypogonadism, pubertal delay, and
sexual infantilism that can be corrected by the ad-
ministration of exogenous gonadotropin-releas-
ing hormone. Taken together, these observations
establish that the effect of GPR54 on gonadotropin-
releasing hormone secretion is conserved in multi-
ple mammalian species and is a genetic determinant
of sexual maturation.

GPR54 is a member of the rhodopsin family
of G protein—coupled receptors whose sequences
are most similar to those of members of the galanin-
receptor family (35 to 40 percent identity).o Al-
though galanin and galanin-like peptide appear not
to bind to GPR54,%** endogenous peptides derived
from a precursor protein, kisspeptin-1, have recent-
ly been identified that do display agonist activity.2°
The longest of these peptides is kisspeptin-1 68—
121, or metastin, so called because of its ability to
suppress metastatic potential in melanoma and
breast-cancer cell lines.?>>” Metastin is secreted
into the circulation by the placenta in relatively
large quantities throughout gestation, although its
physiologic role in pregnancy remains unknown.?®
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GPR54 AS A REGULATOR OF PUBERTY

In this study, a variety of mutations in GPR54 were
identified in patients with idiopathic hypogonad-
otropic hypogonadism. The index family was found
to carry a homozygous L148S substitution. When
expressed in cell lines, the L148S mutant construct
markedly reduced inositol phosphate production
as compared with the wild-type construct. A male
patient with sporadic idiopathic hypogonadotropic
hypogonadism was also found to be a compound
heterozygote for the mutations R331X and X399R,
which gave rise to nonsense and nonstop tran-
scripts. It has been shown that mRNAs with pre-
mature termination codons can be targeted to non-
sense-mediated decay,?® whereas mRNAs without
an in-frame termination codon can be subject to
nonstop decay, a recently identified degradation
pathway that is initiated when the ribosome reach-
es the 3' terminal of the mRNA.3:31

We hypothesized that this combination of non-
stop and nonsense mutations in GPR54 in the pa-
tient with sporadic idiopathic hypogonadotropic
hypogonadism would result in the absence of a
functional receptor. Quantitative RT-PCR confirmed
the presence of dramatically reduced concentra-
tions of GPR54 mRNA in the patient with the
R331X and X399R alleles. Moreover, this total con-
centration appeared to be composed almost exclu-
sively of the nonsense transcript. These results indi-
cate that the contribution of the nonstop transcript
was almost negligible, supporting the hypothesis
of nonstop decay. In the unlikely event that a pro-
tein were produced by the X399R transcript, our
findings regarding the X399R polyA stop construct
suggest that it would function poorly.

The clinical phenotype of the patient carrying the
R331X and X399R mutations was associated with
a neuroendocrine profile involving low-amplitude
pulses of luteinizing hormone, suggesting reduced
secretion of gonadotropin-releasing hormone. This
notion is supported by the leftward-shifted dose—
response curve as compared with those for other
patients with idiopathic hypogonadotropic hypogo-
nadism who were undergoing the same therapy,
suggesting that this patient was more sensitive to
exogenous gonadotropin-releasing hormone. Since
these studies were performed, deletions in GPR54
have been described in a separate family with idio-
pathic hypogonadotropic hypogonadism, although
the phenotypic features of this family were not de-
tailed.32 Although the investigators in that case
agree with our conclusion that the frequency of
GPR54 mutations as a cause of idiopathic hypogo-

nadotropic hypogonadism is low (4 of 113 total cas-
es), GPR54 reveals a new direction for the explora-
tion of other genes that are essential for the secretion
of gonadotropin-releasing hormone.

The Gpr54-deficient mice had striking physio-
logical similarities to the patients with idiopathic
hypogonadotropic hypogonadism, including a lack
of sexual maturation associated with low concentra-
tions of gonadotropins. In addition, their gonads re-
mained sensitive to exogenous gonadotropins, and
their pituitary gonadotropes remained responsive
to stimulation by gonadotropin-releasing hormone.
This strong similarity between the findings in the
patients and those in the mouse model establishes
a central role for GPR54 in gonadotropin-releasing
hormone secretion and the onset of sexual matura-
tion among mammalian species. Moreover, the use
of Gpr54-deficient mice permitted the quantitation
of their hypothalamic gonadotropin-releasing hor-
mone concentrations, which were normal in the
face of their hypogonadotropism. The presence of
normal concentrations of gonadotropin-releasing
hormone in the hypothalamus of Gpr54-deficient,
sexually immature mice is reminiscent of prepuber-
tal rats and monkeys who have normal numbers of
gonadotropin-releasing hormone—containing neu-
rons, normal mRNA concentrations, and normal
concentrations of gonadotropin-releasing hormone
in the hypothalamus.33-3# Extrapolation from the
Gpr54-deficient mice to nonhuman primates and
humans suggests that GPR54 may have a substan-
tial effect on the processing or secretion of gonad-
otropin-releasing hormone.

There are three possible mechanisms that may
allow abnormalities in GPR54 to cause pubertal
delay. The first possibility is that defects in the
metastin-GPR54 system perturb gonadotropin-
releasing hormone neuronal migration that is anal-
ogous to the abnormal axonal targeting that oc-
curs in the X-linked form of Kallmann’s syndrome
(idiopathic hypogonadotropic hypogonadism with
anosmia).3>7 In vitro, the metastin~-GPR54 sys-
tem induces an “adhesive phenotype” with inhibi-
tion of chemotaxis, focal adhesions and stress fi-
bers, and phosphorylation of focal adhesion kinase
and paxillin.® However, the normal content of go-
nadotropin-releasing hormone in the hypothala-
mus of Gpr54-deficient mice argues that there has
been an appropriate migration of the neurons con-
taining gonadotropin-releasing hormone from their
origin in the olfactory placode to their destination
in the hypothalamus. The possibility remains, how-
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ever, that there is a subtle defect in the terminal mi-
gration or differentiation of these neurons within
the hypothalamus.

The second possibility is that GPR54 modulates
the activity of gonadotropin-releasing hormone at
the level of the pituitary. The presence of small but
detectable pulses of luteinizing hormone induced
by gonadotropin-releasing hormone in the patient
with the R331X and X399R mutations and his left-
ward-shifted dose-response curve suggest that
pituitary responsiveness in the GPR54-deficient pa-
tientis, if anything, enhanced, suggesting that loss-
of-function mutations in GPR54 do not diminish
the sensitivity of gonadotropes to gonadotropin-
releasing hormone.

The third possibility is that GPR54 regulates
the release of gonadotropin-releasing hormone at
the level of the hypothalamus. This hypothesis is
supported by three observations: the low-ampli-
tude pulses of luteinizing hormone in the patient
carrying the R331X and X399R mutations, his left-
ward-shifted dose-response curve, and the normal
content of gonadotropin-releasing hormone in the
hypothalamus of Gpr54-deficient mice. Further stud-
ies will be required to determine the precise mech-
anisms of action within the hypothalamus as well
as the physiological functions of the peptide lig-
ands for GPR54.

Currently, it appears that the frequency of GPR54
mutations as a cause of idiopathic hypogonado-
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