
Reprod Med Biol. 2023;22:e12515.	 ﻿	   | 1 of 10
https://doi.org/10.1002/rmb2.12515

wileyonlinelibrary.com/journal/rmb

1  |  INTRODUC TION

G-protein-coupled receptors (GPCRs) are integral membrane pro-
teins that function as transmitters of extracellular stimuli to intra-
cellular signaling pathways.1–3 GPCRs consist of an extracellular 
N-terminus, seven transmembrane domains connected by intracel-
lular and extracellular loops, and an intracellular C-terminus.1,2 More 
than 800 GPCRs are encoded in the human genome.4,5 Natural 
ligands of GPCRs include small peptides, lipids, ions, odorants, 

and large glycoproteins.4 GPCRs play particularly important roles 
in the neurosensory and endocrine systems.3 For example, the 
hypothalamic–pituitary-gonadal (HPG) axis in humans includes at 
least six GPCRs, that is, gonadotropin-releasing hormone (GnRH) re-
ceptor [GNRHR; alias, luteinizing hormone (LH)-releasing hormone 
receptor], kisspeptin receptor (KISS1R; formally known as GPR54), 
tachykinin receptor 3 (TACR3; alias, neurokinin 3 receptor), prokine-
ticin receptor 2 (PROKR2; alias, GPR73b or GPR73L1), LH/chorionic 
gonadotropin receptor (LHCGR), and follicle-stimulating hormone 
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Abstract
Background: The human hypothalamic–pituitary-gonadal (HPG) axis is the regulatory 
center for pubertal development. This axis involves six G-protein coupled receptors 
(GPCRs) encoded by KISS1R, TACR3, PROKR2, GNRHR, LHCGR, and FSHR.
Methods: Previous studies have identified several rare variants of the six GPCR genes 
in patients with pubertal disorders. In vitro assays and animal studies have provided 
information on the function of wild-type and variant GPCRs.
Main Findings: Of the six GPCRs, those encoded by KISS1R and TACR3 are likely to re-
side at the top of the HPG axis. Several loss-of-function variants in the six genes were 
shown to cause late/absent puberty. In particular, variants in KISS1R, TACR3, PROKR2, 
and GNRHR lead to hypogonadotropic hypogonadism in autosomal dominant, reces-
sive, and oligogenic manners. Furthermore, a few gain-of-function variants of KISS1R, 
PROKR2, and LHCGR have been implicated in precocious puberty. The human HPG 
axis may contain additional GPCRs.
Conclusion: The six GPCRs in the HPG axis govern pubertal development through 
fine-tuning of hormone secretion. Rare sequence variants in these genes jointly ac-
count for a certain percentage of genetic causes of pubertal disorders. Still, much 
remains to be clarified about the molecular network involving the six GPCRs.
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(FSH) receptor (FSHR). Genetic defects in the six GPCRs, either 
alone or in combination with other gene variants, lead to pubertal 
disorders.6–11 This mini review summarizes the current understand-
ing of naturally occurring GPCR variants associated with pubertal 
disorders.

2  |  FUNC TIONS OF GPCRS

Upon binding to their ligands, GPCRs undergo conformational 
changes4 and bind to heterotrimeric G proteins consisting of α, β, and 
γ subunits, as well as to other intracellular proteins.5 This receptor-
protein binding stimulates the production of second messengers and 
thereby activates various signaling pathways.1,5 Subsequently, acti-
vated GPCRs are phosphorylated and undergo internalization and 
desensitization.5 The desensitization process is mediated through 
binding to β-arrestin and other proteins.12 Collectively, the function 
of GPCRs requires interactions with several other molecules.13 Since 
many GPCRs act as oligomers, oligomerization appears to be one of 
the regulatory mechanisms of receptor activity.4,14

To date, more than 2000 variants in 55 GPCR genes have been 
reported as the causes of 66 human disorders.15 Most of these vari-
ants are nucleotide substitutions or indels in the coding regions; 
however, other genetic abnormalities, such as copy-number varia-
tions of exons and mutations in the non-coding regions, were also 
reported.15 The majority of known pathogenic variants are loss-of-
function mutations in the germline that affect mRNA expression, 
ligand binding, signal transduction, or protein stability.16 In addition, 
a few gain-of-function variants in the germline or somatic cells have 
been documented as the cause of 14 disorders.6,15 These gain-of-
function variants were shown to induce constitutive activity, broad 
ligand specificity, or high ligand sensitivity.6,15 In addition, impaired 
desensitization and paradoxical activation of the co-existing wild-
type receptor were also reported as novel mechanisms of gain-of-
function of GPCRs.6,17

3  |  GPCRS IN THE HPG A XIS

The HPG axis is the regulatory center for pubertal sexual 
maturation.18–20 This axis comprises at least six GPCRs and their li-
gands, together with several other molecules such as FGFR1, ANOS1 
(KAL1), and MKRN3.4,20–22 The six GPCRs are GNRHR, KISS1R, 
TACR3, PROKR2, LHCGR, and FSHR (Table 1, Figure 1).

The kisspeptin-KISS1R and tachykinin 3 (TAC3)-TAC3R sys-
tems are predicted to reside at the top of the signaling cascade in 
the HPG axis (Figure 1).10 In humans, kisspeptin neurons are pres-
ent in the preoptic area and infundibular nucleus of the hypothal-
amus.23 Kisspeptin neurons in the infundibular nucleus, which are 
designated as KNDy neurons, co-express TAC3 and dynorphin.23–25 
The kisspeptin-KISS1R and TAC3-TAC3R systems produce pulsatile 
secretion of GnRH into the portal circulation, which in turn stimu-
lates gonadotropin secretion from the pituitary.24 The prokineticin TA
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2 (PROK2)-PROKR2 system is also likely to be involved in the GnRH 
pulse generator.26 Gonadotropins secreted from the pituitary gland 
bind to their receptors in the gonads to stimulate sex hormone pro-
duction. There are positive and negative feedback loops of sex hor-
mones on gonadotropin secretion.25

4  |  PUBERTAL DISORDERS

Dysfunction of the HPG axis results in pubertal disorders, which 
are classified into gonadotropin deficiency (hypogonadotropic hy-
pogonadism), hypergonadotropic hypogonadism (primary gonadal 
dysfunction), central precocious puberty (CPP), and gonadotropin-
independent precocious puberty.27 Hypogonadism leads to impaired 
pubertal development in patients of both sexes and can be asso-
ciated with genital hypomasculinization in neonates with a 46,XY 
karyotype. Precocious puberty is characterized by early sexual mat-
uration in childhood. Pubertal disorders occur either as isolated en-
docrinopathies or in combination with other clinical abnormalities. 
In particular, hypogonadotropic hypogonadism frequently couples 
with additional clinical features such as anosmia and hearing loss.

Pubertal disorders are multifactorial conditions resulting from 
various genetic and environmental factors.28 In particular, CPP often 
arises from brain lesions.29 To date, more than 60 genes have been 
reported as the causative genes of late/absent puberty, whereas 
only a few genes have been implicated in precocious puberty.9,11,30,31 
Of these, FGFR1 and MKRN3 variants are the most common causes 
of hypogonadotropic hypogonadism and CPP, respectively.9,32–34 
Variants in KISS1R, TACR3, PROKR2, and GNRHR were shown to 
lead to hypogonadotropic hypogonadism as an autosomal domi-
nant, recessive, or oligogenic disorder (Table  2).9,30 Thus, hypogo-
nadotropic hypogonadism represents a typical oligogenic disorder.9 

Identification of pathogenic variants in a patient with pubertal dis-
order enables genetic counseling for the family.35 Moreover, such 
information is useful for predicting the prognosis and possible com-
plications of patients. Table  2 and Figure  2 summarize the known 
pathogenic variants of the six GPCR genes.

5  |  GENETIC VARIANTS OF GPCRS 
A SSOCIATED WITH PUBERTAL DISORDERS

5.1  |  KISS1R variants associated with pubertal 
disorders

KISS1R is expressed in various brain tissues including the hypothala-
mus and pituitary.36 The kisspeptin-KISS1R system is believed to 
act directly on GnRH neurons in the preoptic area and infundibular 
nucleus to produce pulsatile GnRH secretion.23,36 Animal studies 
confirmed that most GnRH neurons express KISS1R (Figure 1).36 In 
GnRH neurons, KISS1R is likely to act as a homodimer or a heterodi-
mer with GNRHR.37 The kisspeptin-KISS1R system plays a key role 
in the positive and negative feedback loops of sex steroids on gon-
adotropin secretion.38 Moreover, the system is likely to mediate the 
functional interaction between the HPG axis and the hypothalamic–
pituitary–adrenal axis.39

Germline loss-of-function variants of KISS1R typically result 
in normosmic hypogonadotropic hypogonadism and occasionally 
cause Kallmann syndrome (hypogonadotropic hypogonadism with 
anosmia).26 KISS1R variants are relatively rare among the genetic 
causes of hypogonadotropic hypogonadism.9 Usually, KISS1R vari-
ants cause the disease phenotype when they are combined with 
loss-of-function variants in other genes (oligogenicity).9 However, in 
some cases, biallelic and monoallelic KISS1R variants were identified 

F I G U R E  1 Schematic of the human 
hypothalamic–pituitary-gonadal axis. 
The six G-protein coupled receptors, 
that is, gonadotropin-releasing 
hormone receptor (GNRHR), kisspeptin 
receptor (KISS1R), tachykinin receptor 
3 (TACR3), prokineticin receptor 2 
(PROKR2), luteinizing hormone/chorionic 
gonadotropin receptor (LHCGR), and 
follicle-stimulating hormone receptor 
(FSHR), and their ligands are shown.
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Pituitary

Gonadotroph
GNRHR

Kisspeptin

z

LH FSH

Kisspeptin neuron KNDy neuron

TAC3 TACR3
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expressing neuron

PROK2

PROKR2-
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FSHRLHCGR

Leydig cell Sertoli cell

Testis

FSHRLHCGR

Theca cell Granulosa cell

Ovary

GNRHR



4 of 10  |     SUZUKI et al.

TA
B

LE
 2
 
Re
pr
es
en
ta
tiv
e 
va
ria
nt
s 
in
 th
e 
si
x 
G
PC
R 
ge
ne
s 
in
vo
lv
ed
 in
 h
um
an
 d
is
or
de
rs
.

N
am

e

G
er

m
lin

e 
lo

ss
-o

f-
fu

nc
tio

n 
va

ria
nt

s
G

er
m

lin
e 

ga
in

-o
f-

fu
nc

tio
n 

va
ria

nt
s

So
m

at
ic

 g
ai

n-
of

-f
un

ct
io

n 
va

ria
nt

s

M
aj

or
 p

he
no

ty
pe

M
od

e 
of

 
in

he
rit

an
ce

a
Re

pr
es

en
ta

tiv
e 

va
ria

nt
sb

Ph
en

ot
yp

e
M

od
e 

of
 

in
he

rit
an

ce
Re

pr
es

en
ta

tiv
e 

va
ria

nt
sb

Pr
ed

ic
te

d 
m

ec
ha

ni
sm

Ph
en

ot
yp

e
Re

pr
es

en
ta

tiv
e 

va
ria

nt
sb

Pr
ed

ic
te

d 
m

ec
ha

ni
sm

KI
SS

1R
N

or
m

os
m

ic
 H

H
, 

K
al

lm
an

n 
sy

nd
ro

m
e

O
lig

og
en

ic
, 

(b
ia

lle
lic

, 
m

on
oa

lle
lic

)

L1
02
P,
 L
14
8S
, 1
50
 b
p 

de
le

tio
n,

 Y
31

3H
, R

33
1*

, 
*3

99
R

C
PP

M
on

oa
lle

lic
R3

86
P

Im
pa

ire
d 

de
se

ns
iti

za
tio

n
N

o 
re

po
rt

TA
CR

3
N

or
m

os
m

ic
 H

H
M

on
oa

lle
lic

, 
bi

al
le

lic
, 

ol
ig

og
en

ic

G
93

D
, W

20
8*

, Y
25

6H
, 

W
27

5*
, P

35
3S

, 
c.
73
7 

+
 1G
 >
 A

N
o 

re
po

rt
N

o 
re

po
rt

PR
O

KR
2

K
al

lm
an

n 
sy

nd
ro

m
e 

(n
or

m
os

m
ic

 H
H

)
M

on
oa

lle
lic

, 
(o

lig
og

en
ic

)
H

20
fs

*4
3,

 R
85

H
, M

85
C

, 
V1

15
M

, R
16

4Q
, S

18
8L

, 
Q

21
0R

, G
22

9R
, M

32
3I

, 
T3

40
S,

 R
35

3H

C
PP

M
on

oa
lle

lic
C

24
2f

s*
30

5
Pa

ra
do

xi
ca

l 
ac

tiv
at

io
n 

of
 

co
ex

is
tin

g 
w

ild
-

ty
pe

 re
ce

pt
or

N
o 

re
po

rt

G
N

RH
R

N
or

m
os

m
ic

 H
H

 
(K

al
lm

an
n 

sy
nd

ro
m

e)

Bi
al

le
lic

, 
(m

on
oa

lle
lic

, 
ol

ig
og

en
ic

)

N
10

K
, Q

11
K

, T
32

A
, E

90
K

, 
Q

10
6R

, L
11

7R
, A

12
9D

, 
M

13
1T

, R
13

9H
, S

16
8R

, 
A
17
1T
, c
.5
23
-1
G
 >
 A
, 

S2
17

R,
 R

26
2Q

, T
26

9M
, 

T2
81

I, 
Y2

84
C

, L
31

4*
, 

P3
20

L

N
o 

re
po

rt
N

o 
re

po
rt

LH
CG

R
H

yp
er

go
na

do
tr

op
ic

 
hy

po
go

na
di

sm
Bi

al
le

lic
Q

18
_P

19
in

sL
LK

LL
LL

LQ
LQ

, 
R1

24
*, 

C1
31

R,
 V

14
4F

, 
E1

48
*, 

F1
94

V,
 C

34
3S

, 
E3

54
K

, L
50

2P
, Q

52
5*

, 
C

54
3R

, C
54

5*
, R

55
4*

, 
A

59
3P

, V
60

9_
L6

10
de

l, 
S6

16
Y,

 I6
25

K

M
al

e-
lim

ite
d 

pr
ec

oc
io

us
 

pu
be

rt
y

M
on

oa
lle

lic
L3

68
P,

 A
37

3V
, M

39
8T

, 
L4

57
R,

 I5
42

L,
 

D
56

4G
, A

56
8V

, 
M

57
1I

, A
57

2V
, 

I5
75

L,
 T

57
7I

, 
D

57
8G

, D
57

8Y

In
cr

ea
se

d 
co

ns
tit

ut
iv

e 
ac

tiv
ity

Le
yd

ig
 c

el
l 

ad
en

om
a

D
57

8H
In

cr
ea

se
d 

co
ns

tit
ut

iv
e 

ac
tiv

ity

FS
H

R
Sp

er
m

at
og

en
ic

 
fa

ilu
re

, o
va

ria
n 

dy
sg

en
es

is

Bi
al

le
lic

I1
60

T,
 A

18
9V

, V
22

1G
, 

D
22

4V
, P

34
8R

, A
41

9T
, 

P5
19

T,
 R

57
3C

, A
57

5V
, 

P5
87

H
, L

60
1V

O
va

ria
n 

hy
pe

r-


st
im

ul
at

io
n

M
on

oa
lle

lic
S1

28
Y,

 T
44

9I
, T

44
9A

, 
I5

45
T,

 D
56

7N
In

cr
ea

se
d 

co
ns

tit
ut

iv
e 

ac
tiv

ity
, 

br
oa

de
ne

d 
lig

an
d 

se
ns

iti
vi

ty

N
o 

re
po

rt

A
bb

re
vi

at
io

ns
: C

PP
, c

en
tr

al
 p

re
co

ci
ou

s 
pu

be
rt

y;
 G

PC
R,

 G
-p

ro
te

in
 c

ou
pl

ed
 re

ce
pt

or
; H

H
, h

yp
og

on
ad

ot
ro

pi
c 

hy
po

go
na

di
sm

.
* 

in
di

ca
te

s 
th

e 
st

op
 c

od
on

.
a  R

el
at

iv
el

y 
m

in
or

 fo
rm

s 
ar

e 
sh

ow
n 

in
 p

ar
en

th
es

es
.

b  R
ep

re
se

nt
at

iv
e 

va
ria

nt
s 

th
at

 h
av

e 
be

en
 s

ub
m

itt
ed

 to
 O

M
IM

 (O
nl

in
e 

M
en

de
lia

n 
In

he
rit

an
ce

 in
 M

an
, h

tt
ps

://
w

w
w

.o
m

im
.o

rg
/)

 a
nd

 H
G

M
D

 (H
um

an
 G

en
e 

M
ut

at
io

n 
D

at
ab

as
e,

 h
tt

ps
://

w
w

w
.h

gm
d.

cf
.a

c.
uk

/
ac

/a
ll.

ph
p)

 d
at

ab
as

es
 a

s 
pa

th
og

en
ic

 o
r l

ik
el

y_
pa

th
og

en
ic

 a
re

 s
ho

w
n.

https://www.omim.org/
https://www.hgmd.cf.ac.uk/ac/all.php
https://www.hgmd.cf.ac.uk/ac/all.php


    |  5 of 10SUZUKI et al.

as the sole genetic abnormalities.9 Known loss-of-function variants 
were detected in various exons of KISS1R (Figure 2). Furthermore, 
loss-of-function variants of KISS1 encoding the ligand of KISS1R 
have been reported as a rare cause of normosmic hypogonadotropic 
hypogonadism.40

A germline gain-of-function variant of KISS1R has been linked 
to CPP. In 2008, the heterozygous p.R386P variant of KISS1R 
was identified in a girl who presented with slowly progressive 
breast development from birth.41 Her sexual maturation further 
accelerated from 7 years of age. In vitro assays showed that the 
KISS1R variant decreased receptor degradation, and thereby ex-
tended ligand-induced signaling. Subsequent studies identified a 
few additional rare variants of KISS1R in patients with CPP; how-
ever, the pathogenicity of these variants remains unknown.42 
Considering that only one variant was definitely linked to CPP, the 
role of KISS1R variants in the etiology of CPP appears to be small. 
Likewise, although some rare variants of KISS1 have been identi-
fied in patients with CPP, the association between these variants 
and the phenotype is uncertain.34,43

5.2  |  TACR3 variants associated with 
pubertal disorders

TACR3 is expressed in the hypothalamus and other brain tissues.10 
Particularly strong expression of TACR3 is detected in KNDy neu-
rons.10 TACR3 binds to TAC3 (also known as neurokinin B or neurok-
inin 3), and to a lesser extent, to neurokinin A and substance P.44 The 
TAC3-TACR3 system is an integral part of the GnRH pulse genera-
tor.10 Since the administration of exogenous kisspeptin was shown 
to increase LH secretion in patients with TACR3 abnormalities, the 
TAC3-TACR3 system may reside upstream of the kisspeptin-KISS1R 
system.24 However, the precise interaction between these two sys-
tems has yet to be clarified.

Germline loss-of-function variants of TACR3 account for a cer-
tain percentage of the genetic causes of normosmic hypogonado-
tropic hypogonadism.9,30 Autosomal dominant inheritance due to 
monoallelic variants appears to be the most common form of TACR3 
deficiency, although biallelic and oligogenic variants were also re-
ported.9 Known pathogenic TACR3 variants are widely distributed 

F I G U R E  2 Representative pathogenic variants in the six G-protein coupled receptor genes. The “pathogenic” and “likely-pathogenic” 
variants submitted to Online Mendelian Inheritance in Man (https://www.omim.org/) and Human Gene Mutation Database (https://www.
hgmd.cf.ac.uk/ac/all.php) are shown. The p.W178S variant in PROKR2, a founder mutation in China, is indicated. The black and white boxes 
depict the non-coding and coding regions, respectively. The sizes of the exons and introns are not drawn to scale.

TACR3
NM_001059.3

LHCGR
NM_000233.4

GNRHR
NM_000406.3

FSHR
NM_000145.4 

PROKR2
NM_144773.4

Exon 1 32

Exon 2 3

KISS1R
NM_032551.5 Exon 1 52 3 4

Exon 1 52 3 4

Exon 1 86 75 9 104

Exon 1 5 1174
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https://www.omim.org/
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across the gene (Figure 2). Interestingly, spontaneous improvement 
of reproductive function was documented in several male patients 
with pathogenic TACR3 variants.24 These findings may reflect the 
functional redundancy of tachykinin receptors. In addition, oligo-
genic loss-of-function variants of TAC3 encoding the TACR3 ligand 
were identified in a few patients with hypogonadotropic hypogo-
nadism.9 The phenotype of patients with TAC3 variants tended to 
be milder than that of patients with TACR3 variants,24 indicating 
compensatory roles of TAC1, TAC2, and TAC3. To date, there are no 
reports of gain-of-function variants of TACR3 or TAC3.

5.3  |  PROKR2 variants associated with 
pubertal disorders

PROKR2 is strongly expressed in the central nervous system and 
weakly expressed in other tissues.26 Particularly strong expression 
of PROKR2 and PROK2 was observed in hypothalamic areas where 
GnRH neurons accumulated.26 PROKR2 is also expressed in the neu-
ral precursor of the olfactory bulb.26 These expression patterns are 
consistent with the significant roles of PROKR2 and PROK2 in the 
migration of GnRH neurons and the formation of olfactory bulbs. 
Notably, however, PROKR2 expression is absent in mature GnRH 
neurons.26 Hence, it remains unknown how the PROK2-PROKR2 
system governs pulsatile GnRH secretion during puberty and re-
productive ages. Moreover, the functional interactions among the 
PROK2-PROKR2, kisspeptin-KISS1R, and TAC3-TACR3 systems in 
the hypothalamus have yet to be elucidated.

Germline loss-of-function variants of PROKR2 typically result in 
Kallmann syndrome and less frequently in normosmic hypogonado-
tropic hypogonadism.9 Monoallelic variants of PROKR2 appear to be 
sufficient to cause these phenotypes, although oligogenic variants 
were reported in some cases.9 Pathogenic PROKR2 variants account 
for a substantial fraction of the genetic causes of hypogonadotropic 
hypogonadism.9,30 Reportedly, the frequency of PROKR2 variants 
in patients with hypogonadotropic hypogonadism is particularly 
high in China, Japan, and Taiwan.33 Of these, the p.W178S variant 
is regarded as a founder mutation in China.33 Furthermore, loss-
of-function variants of PROK2 encoding the PROKR2 ligand cause 
hypogonadotropic hypogonadism in autosomal dominant, recessive, 
and oligogenic manners.9 Notably, patients carrying pathogenic 
variants in PROK2 or PROKR2 frequently exhibit additional clini-
cal features such as hearing loss, synkinesia, and obesity, suggest-
ing multiple roles of the PROK2-PROKR2 system in the brain.26,45 
Moreover, gonadal dysfunction was frequently described in pa-
tients with PROKR2 abnormalities.26 Indeed, PROKR2 is strongly 
expressed in the testis and is likely to be involved in gonadal func-
tion.26,45 Notably, some patients with pathogenic PROKR2 variants 
exhibited a reversal of GnRH deficiency during sex hormone treat-
ment.26 However, the mechanism of this recovery remains unknown.

In 2017, we identified a heterozygous p.C242fs*305 variant 
in PROKR2 in a girl with CPP.17 She manifested early breast bud-
ding and accelerated growth at 3.5 years of age. Blood examination 

showed increased responses of gonadotropins to GnRH stimulation. 
The mutant PROKR2 lacked the last two transmembrane domains 
and the C-terminal domain. In vitro assays revealed that, although 
the mutant PROKR2 had no signal transduction activity, cells co-
transfected with the mutant and wild-type proteins exhibited higher 
ligand-induced signal activity than cells transfected with the wild-
type protein alone. These data suggest that the mutant PROKR2 
caused aberrant gonadotropin secretion through paradoxical acti-
vation of the co-existing wild-type protein. These findings suggest a 
novel gain-of-function mechanism of GPCRs. However, because the 
p.C242fs*305 variant was shared by the patient's mother who had 
no history of CPP, its pathogenicity needs to be confirmed in future 
studies. Thus far, no further gain-of-function variants of PROKR2 
have been identified in patients with CPP.

5.4  |  GNRHR variants associated with 
pubertal disorders

GNRHR is a unique GPCR that lacks the intracellular carboxyl termi-
nus.10 GNRHR is strongly expressed in pituitary gonadotrophs and 
modulates the synthesis and secretion of LH and FSH.10,37 Since 
continuous administration of GnRH reduces gonadotropin secre-
tion,46 pulsatile stimulation of GNRHR appears to be critical for pu-
bertal development. GNRHR is also expressed in GnRH neurons in 
the hypothalamus.37 In these neurons, GNRNR can heterodimerize 
with KISS1R.37 Thus, the autocrine action of GnRH is assumed to 
contribute to pulsatile GnRH secretion.37

Germline loss-of-function variants of GNRHR are relatively com-
mon causes of normosmic hypogonadotropic hypogonadism.9,33 In 
particular, GNRHR is the most frequently mutated gene in patients 
with normosmic hypogonadotropic hypogonadism in India.33 GNRHR 
variants typically cause the phenotype as an autosomal recessive 
disorder, although autosomal dominant and oligogenic inheritances 
were observed in some cases.9 GNRHR variants are associated with 
variable degrees of gonadotropin deficiency, and have also been 
identified in some cases with Kallmann syndrome.10,30 Known patho-
genic variants are widely distributed in exons (Figure 2). In vitro as-
says confirmed the impaired function of several mutant proteins. 
Interestingly, recent studies have suggested that more than half of 
the mutant variants of GNRHR cause protein misfolding and endo-
plasmic reticulum retention.2 Genetic defects of GNRH1 encoding 
the ligand of GNRHR were also reported to cause hypogonadotropic 
hypogonadism in some cases.47 On the other hand, gain-of-function 
variants of GNRHR have not yet been reported.

5.5  |  LHCGR variants associated with 
pubertal disorders

LHCGR is characterized by a large N-terminal extracellular domain 
containing several leucine-rich repeats.48 LHCGR is expressed only in 
limited tissues, including the gonad.49 The gene is clearly expressed 
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in Leydig cells of the testis, and theca, stromal, late-stage granulosa, 
and luteal cells of the ovary. LHCGR binds to both LH and human 
chorionic gonadotropin (hCG).50

Biallelic loss-of-function variants in LHCGR in the germline cause 
hypergonadotropic hypogonadism due to Leydig cell hypoplasia in 
men.51,52 Usually, 46,XY patients with these variants exhibit hypo-
masculinization of the external genitalia at birth and impaired sex-
ual maturation during puberty.51 Hence, LHCGR represents one of 
the causative genes of 46,XY disorders of sex development.52 The 
variant-positive patients exhibited markedly elevated blood LH lev-
els indicative of LH resistance. Known loss-of-function variants in 
LHCGR include various nucleotide substitutions and indels widely 
distributed in the gene (Figure 2).52 Women with such variants man-
ifest normal female-type external genitalia and experience normal 
development of breast and pubic hair, although they frequently 
show amenorrhea or menstrual irregularity.53,54 These clinical fea-
tures are indicative of partial hypogonadism. Some LHCGR variants 
were identified in female individuals clinically diagnosed with empty 
follicle syndrome.55

Germline gain-of-function variants of LHCGR are known to cause 
early puberty in male individuals.56 The characteristic symptom of 
boys with these variants is autosomal dominant male-limited pre-
cocious puberty due to Leydig cell hyperplasia.57 This condition is 
designated as “testotoxicosis.”57 These patients usually develop 
pubertal signs from 3 or 4 years of age.58,59 Most known gain-of-
function variants of LHCGR are missense substitutions in exon 11 
(Figure  2).49 These variants are likely to cause ligand-independent 
activation of the receptor, by altering the secondary structure of 
the third cytoplasmic loop and the sixth transmembrane domain.58 
Such variants are assumed to increase the risk of malignant tes-
ticular germ cell tumor.60 Furthermore, a specific gain-of-function 
variant of LHCGR. p.D578H was identified as a somatic mutation in 
Leydig cell adenoma.61,62 This tumor causes male-limited precocious 
puberty. In female individuals, LHCGR gain-of-function variants do 
not lead to salient clinical abnormalities.55 Indeed, mutation screen-
ing of LHCGR for girls with CPP detected no apparent pathogenic 
variants.63

5.6  |  FSHR variants associated with 
pubertal disorders

FSHR is almost exclusively expressed in the ovary and testis and 
binds to FSH.64 Particularly strong expression is observed in granu-
losa and Sertoli cells.64 FSH signaling mediated by FSHR regulates 
the development and function of both the ovaries and testes.65

Biallelic loss-of-function variants of FSHR in the germline lead to 
ovarian dysgenesis in genetic females and spermatogenic failure in 
genetic males.50 These variants are assumed to affect protein ex-
pression, ligand binding, and/or ligand-induced cAMP activation.66 
Women with these variants exhibit primary or secondary amenor-
rhea with elevated blood levels of gonadotropins.67,68 Delayed pu-
berty was reported in some cases.69 Histological analyses showed 

streak gonads or hypoplastic ovaries with a reduced number of fol-
licles.70 Clinical severities of female patients are likely to correlate 
with the residual activity of the mutant proteins.71 Male individuals 
with FSHR loss-of-function variants were reported to have small tes-
tes and various degrees of spermatogenic failure.72 Since azoosper-
mia and complete infertility are rarely seen in these male patients, 
FSHR function appears to be more important in the development of 
the ovary than that of the testis.72

Germline gain-of-function variants of FSHR do not result in pre-
cocious puberty. Instead, such variants lead to spontaneous ovarian 
hyperstimulation syndrome during pregnancy.73,74 This condition 
is characterized by the development of multiple serous and hem-
orrhagic follicular cysts in the ovary. Known gain-of-function vari-
ants of FSHR reside in the transmembrane or extracellular domains 
(Figure  2) and are predicted to increase basal activity and sensi-
tivity to hCG and/or thyroid-stimulating hormone.75 A germline 
gain-of-function variant was identified in a man, who was hypophy-
sectomized because of a pituitary tumor. The patient showed normal 
spermatogenesis despite low FSH levels.76,77

6  |  OTHER GPCRS POSSIBLY INVOLVED 
IN THE HPG A XIS

The HPG axis may contain additional GPCRs. In particular, GPR147 
encoded by NPFFR1 has been reported as the receptor of RFamide-
related peptide-3 (RFRP-3), which is designated as gonadotropin 
inhibitory hormone (GnIH) in birds.78 Orthologs of RFRP-3 were 
shown to suppress gonadotropin secretion in quail and several 
mammalian species.78 Since mRNA expression of NPFFR1 is de-
tected in the hypothalamus and pituitary gonadotrophs of hu-
mans,79 the RFRP-3-GPR147 system may also play a role in the 
regulation of the human HPG axis.80 However, mutation screening 
for 78 patients with CPP and 51 patients with hypogonadotropic 
hypogonadism failed to identify apparently pathogenic genetic 
variants in RFRP-3 or GPR147.79 Thus, the contribution of these 
gene variants to the development of pubertal disorders appears to 
be limited. Lima et al. proposed that the RFRP-3-GPR147 system 
may play a secondary and modulatory role in the regulation of pu-
bertal development.79

7  |  FUTURE PERSPEC TIVES

Multiple questions regarding GPCRs in the HPG axis remain un-
answered. First, the trigger for normal pubertal onset is still 
unknown.24 The first event of pubertal onset appears to be the acti-
vation of KNDy neurons by an unknown factor.81 Second, although 
KISS1R, TACR3, and PROKR2 are known to constitute a major part 
of the GnRH pulse generator, functional interactions among these 
GPCRs remain largely unknown. Moreover, the signal network in-
volving these GPCRs and other puberty-associated molecules such 
as FGFR1, ANOS1, and MKRN3, needs to be clarified in the future. 
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Conceptual modeling approaches and multicellular systems biology 
may be useful for addressing these issues.82 Lastly, not only patho-
genic variants, but also common single-nucleotide polymorphisms 
(SNPs) of the six GPCR genes may be of biological importance. For 
example, common SNPs in KISS1R or KISS1 were linked to the risk of 
early puberty.34 It is necessary to clarify the contribution of SNPs in 
each GPCR gene to the inter-individual variations in pubertal timing 
and reproductive activity.

8  |  CONCLUSIONS

Genetic variants in the six GPCRs involved in the HPG axis are im-
portant causes of pubertal disorders. Several loss-of-function vari-
ants of the six GPCR genes were shown to cause absent/delayed 
puberty as autosomal dominant, recessive, or oligogenic disorders. 
In addition, a few specific variants of KISS1R, PROKR2, and LHCGR 
have been implicated in precocious puberty. The identification of 
pathogenic variants enables genetic counseling for patients with 
pubertal disorders. More importantly, the functional characteriza-
tion of these GPCRs serves to understand the molecular network 
involved in the regulation of normal sexual maturation.
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