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de Louvain, cliniques universitaires, Saint-Luc, Belgium

*Correspondence address. E-mail: jacques.young@aphp.fr

Submitted on December 23, 2015; resubmitted on February 27, 2016; accepted on March 11, 2016

study question: What is the exact prevalence of Kisspeptin Receptor (KISS1R) mutations in the population of patients with normosmic
congenital hypogonadotrophic hypogonadism (nCHH) by comparison with other genes, involved in gonadotrophin-releasing hormone
(GnRH) release or action?

summaryanswer: KISS1R mutants are responsible for the nCHH phenotype in only a small minority of cases and were less prevalent than
GnRH Receptor (GNRHR) mutations.

what is known already: The respective prevalence of each of the genetic causes of nCHH is unclear. Large series of patients are very
rare and suffer from heterogeneity of the population of CHH studied.

study design, size, duration: Patients with nCHH were consecutively enrolled in a single French referral centre and were gradually
tested for KISS1R between January 2006 and April 2015.

participants/materials, setting, methods: A total of 603 patients with nCHH (399 men and 204 women) were diagnosed
at the Bicêtre Hospital and underwent KISS1R analysis. The GNRHR, tachykinin receptor 3 (TACR3), gonadotrophin-releasing hormone 1
(GNRH1), tachykinin 3 (TAC3) and KISS1 genes were also sequenced. Functional characterization of KISS1R mutations included a study of
signal transduction using a reporter gene (serum response element-luciferase (SRE-Luc) involved in the mitogen-activated protein (MAP)
kinase pathway.

main results and the role of chance: We detected 15 KISS1R variants (10 novel), in 12 of the 603 patients (2.0%, 95% CI
[0.9–3.1]. KISS1R mutations were less prevalent than GNRHR (4.7%) and TACR3 (2.6%) mutations but more prevalent than GNRH1 (1.5%),
TAC3 (1.0%) and KISS1 (0%) mutations. KISS1R mutants were present in the biallelic state in 8 of the 12 patients concerned. Among 5 men

† These two senior authors contributed equally.

& The Author 2016. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Human Reproduction, Vol.0, No.0 pp. 1–12, 2016

doi:10.1093/humrep/dew073

 Hum. Reprod. Advance Access published April 19, 2016
 by guest on A

pril 19, 2016
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/


with biallelic KISS1R mutations, 4 had either micropenis or cryptorchidism. In vitro analysis of the 5 new variants present in the biallelic state
(C95W, Y103*, C115W, P176R and A287E) showed a loss of function.

limitations, reasons for caution: The prevalence of TACR3, GNRH1, TAC3 and KISS1 mutations was calculated from a smaller
number of nCHH patients than KISS1R and GNRHR. This should prompt caution concerning the reported prevalence of mutations in these
four genes.

wider implications of the findings: We show that KISS1R mutants are responsible for the nCHH phenotype in only a small
minority of cases. Together, the genes analysed here were mutated in fewer than 15% of patients, suggesting a role of other genes in nCHH.
The presence of cryptorchidism and/or micropenis in the majority of men with biallelic KISS1R mutations strongly suggests that this gene is
essential for prenatal GnRH secretion.

study funding, competing interest(s): This work was supported in part by grants from Paris-Sud University (Bonus Qualité
Recherche, and Attractivité grants) to J.B., French Ministry of Health, Hospital Clinical Research Program on Rare Diseases. Assistance Pub-
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student fellowships ‘Année Recherche’ from Agence Régionale de Santé Provence Alpes Côtes d’Azur. The authors have nothing to disclose.
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Introduction
Congenital hypogonadotrophic hypogonadism (CHH) is a group of
rare diseases (estimated prevalence about 1/8000) characterized by
deficient or absent pubertal development due to deficient or absent se-
cretion of the pituitary gonadotrophins LH and FSH (Brioude et al., 2010;
Young, 2012; Boehm et al., 2015). The many known genetic causes are
generally classified into two large, distinct nosological groups. One com-
prises abnormalities that affect the prenatal development or migration of
GnRH neurons, the paradigm of which is Kallmann syndrome (Boehm
et al., 2015). The other encompasses molecular abnormalities that
only affect hypothalamic gonadotrophin-releasing hormone (GnRH)
synthesis, release or signalling, without modifying the normal anatomical
position of GnRH neurons or their axon terminals in the hypophyseal
portal system (Brioude et al., 2010). Patients in the latter group are char-
acterized by the absence of neurological disorders; in particular, they
have a normal sense of smell (Brioude et al., 2010) and thus have normos-
mic CHH (nCHH). This latter group is subdivided into cases associated
with molecular defects causing abnormal pituitary responsiveness to
hypothalamic GnRH, such as loss-of-function mutations in the GnRH re-
ceptor (GNRHR) (de Roux et al., 1997; Layman et al., 1998), although
there is no deficit in hypothalamic GnRH secretion. Knowledge of the
genetic causes of nCHH has advanced rapidly over the past 20 years.
The first GNRHR mutations were discovered 18 years ago in a subgroup
of nCHH patients, while mutations of the gene that encodes its ligand,
GnRH, were described more recently (Bouligand et al., 2009; Chan
et al., 2009; Maione et al., 2013). Meanwhile, the discovery of unexpect-
ed genetic causes has revealed new molecules that play a crucial physio-
logical role in human hypothalamic GnRH secretion, namely the
neuropeptide kisspeptin (Topaloglu et al., 2012) and its receptor
KISS1R (Seminara et al., 2003; de Roux et al., 2003; Semple et al.,
2005; Lanfranco et al., 2005; Cerrato et al., 2006; Pallais et al., 2006;
Tenenbaum-Rakover et al., 2007; Teles et al., 2010; Nimri et al., 2011;
Breuer et al., 2012; Brioude et al., 2013; Chevrier et al., 2013; Miraoui
et al., 2013; Xu et al., 2015; Demirbilek et al., 2015), as well as neurokinin
B and its receptor tachykinin receptor 3 (TACR3) (Topaloglu et al., 2009;
Young et al., 2010; Gianetti et al., 2010; Francou et al., 2011).

The respective prevalence of each of these genetic causes of nCHH is
unclear. Indeed, large series of patients are very rare (Bhagavath et al.,

2006; Sykiotis et al., 2010), and some suffer from a recruitment bias or
from a heterogeneity of the population of CHH studied. Inclusion of
different ethnic populations and patients of different geographic origin
are a further source of uncertainty. Hence, the importance of large inde-
pendent series including homogeneous and well-characterized patients.

The aim of this study was to determine the frequency of KISS1R muta-
tions, by comparison with GNRHR, TACR3, GNRH1, KISS1 and TAC3 muta-
tions, in a large homogeneous series of nCHH patients analysed at the
Bicêtre Hospital in France. Among the 10 new KISS1R mutations identified
here, 6 mutations were present in the biallelic state. Among the latter, we
functionally characterized missense and nonsense mutations.

Materials and Methods

Ethical approval
All the patients gave their written informed consent for clinical, hormonal and
genetic analyses, in keeping with French Bioethics Law and the Declaration of
Helsinki, and with the approval from the Bicêtre Hospital ethics committee
(Comité de protection des personnes Ile de France, Hôpital Bicêtre).

Patients
We studied 603 nCHH patients (399 males and 204 females) who were re-
ferred to the Reproductive Endocrinology Department at Bicêtre Hospital in
Paris, France, and were gradually tested for KISS1R mutations between
January 2006 and April 2015. In patients harbouring uncommon variants, eth-
nicity was specified. These patients’ isolated congenital gonadotrophin defi-
ciency was characterized by (i) absent or incomplete puberty at age 17
years; (ii) low serum testosterone (males) or oestradiol (females) levels with
low or normal serum gonadotrophin levels; (iii) normal basal and stimulated
levels of cortisol, growth hormone (GH), prolactin (PRL) and thyroid-
stimulating hormone (TSH) in response to insulin-induced hypoglycaemia or
thyrotropin-releasing hormone (TRH), with normal basal serum dehydroe-
piandrosterone sulfate (DHEAS) and thyroid hormone levels; (iv) normal
serum IGF-I levels for age, with normal iron and ferritin concentrations; and
(v) normal magnetic resonance imaging of the hypothalamic–pituitary region
(Young, 2012). We excluded all patients with Kallmann syndrome (CHH asso-
ciated with anosmia/hyposmia and/or olfactory bulbs/tracks anomalies on
MRI).

All the 603 nCHH included patients were tested for KISS1R, whereas
GNRHR was analysed in 594 of them (98.5%). From these 603 nCHH
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patients, 391 (65%) also underwent sequencing of both TAC3 and TACR3.
Finally, GNRH1 and KISS1 were, respectively, analysed in 460 (76.3%) and
307 (51%) of these 603 nCHH patients.

DNA analysis
Genomic DNA was extracted from white blood cells with standard proce-
dures (Bouligand et al., 2009). Sequencing was performed in both strands
by BigDye Terminator v1.1 (Applied Biosystems, Foster City, CA, USA)
and analysed on the Seqscape software (Applied Biosystems). All five
KISS1R (NM_032551.4) coding exons and intron–exon junctions were amp-
lified by PCR and sequenced as described previously (de Roux et al., 2003;
Brioude et al., 2013). Sequence variations were found on both strands and
confirmed in a separate PCR analysis.

All three coding exons and intron–exon junctions of GNRHR (Gonado-
trophin Releasing Hormone Receptor, NM_000406.2) were amplified by PCR
and sequenced as described previously (de Roux et al., 1997; Tello et al.,
2012). Sequence variations were found on both strands and confirmed in a
separate PCR analysis.

Coding exons 2–4 and intron–exon junctions of GNRH1 (Gonadotrophin
Releasing Hormone 1, NM_001083111.1) were amplified by PCR and
sequenced as described previously (Bouligand et al., 2009; Maione et al.,
2013). Sequence variations were found on both strands and confirmed in a
separate PCR analysis.

Coding exons 2–6 of TAC3 (Tachykinin 3, NM_013251.3), all exons of
TACR3 (Tachykinin receptor 3, NM_001059.2) and intron–exon junctions
were amplified by PCR and sequenced as described previously (Young
et al., 2010; Francou et al., 2011). Sequence variations were found on both
strands and confirmed in a separate PCR analysis.

Coding exons 2 and 3 and intron–exon junctions of KISS1 (kisspeptin,
NM_002256.3) were amplified by PCR and sequenced as previously
described (Topaloglu et al., 2012), with minor modifications. Sequence var-
iations were found on both strands and confirmed in a separate PCR analysis.

Multiplex ligation-dependent probe
amplification assay
When segregation studies were not available, multiplex ligation-dependent
probe amplification assay (MLPA) was applied to genomic DNA to
exclude a KISS1R deletion and demonstrate the homozygous status of var-
iants. For that purpose, we use the SALSA P133-C1 Kallmann-2 MLPA kit
(MRC Holland, Amsterdam, the Netherlands) according to the manufac-
turer’s protocol. This kit contains probes for KISS1R (NM_032551.4,
exons 1, 4 and 5), among other genes. Analysis was based on the examination
of the capillary electrophoresis peak profiles generated by Genemapper v4.1
software (Applied Biosystems) and gene dosage using Coffalyser 9.0 software
(MRC Holland), by comparison with the control sample. Gene dosage quo-
tients between 0.8 and 1.2 were considered disomic.

Hormone assays
Immunoradiometric assay, enzyme-linked immunoabsorbent assay or radio-
immunoassay was used to measure serum levels of LH, FSH, inhibin B, plasma
testosterone and oestradiol, as described previously (Young et al., 2010;
Francou et al., 2011).

Functional studies
Plasmids and directed mutagenesis
KISS1R mutants were reproduced by site-directed mutagenesis, using the
pcDNA3.1+ plasmid encoding human KISS1R (Missouri S&T cDNA
Resource Center) and the QuickChange Stratagen II kit (Stratagen,
La Jolla, CA). KISS1R wild-type (WT) pcDNA3.1+ and the pCMV-HA-N
plasmid (Clontech Laboratories, Moutain View, CA, USA) were digested

with EcoRI and XhoI. The KISS1R WT insert was cloned into a pCMV-
HA-N plasmid. Site-directed mutagenesis was used to delete two nucleo-
tides in the hinge region between the haemagglutinin (HA) tag and KISS1R
insert, in order to place the two sequences in-frame, resulting in a new
vector pCMV-HA-KISS1R. This construct encodes the KISS1R cDNA
tagged with an N-terminal HA epitope. This new plasmid and the KISS1R
mutant pcDNA3.1+ plasmids were digested with DraIII and XhoI. KISS1R
mutant inserts were cloned into the new tagged vector. All plasmids were
checked by Sanger sequencing.

Luciferase reporter gene assay
After WT and KISS1R-mutated vectors transfection in HEK 293T cells,
luciferase reporter gene assay was performed as previously described
(Francou et al., 2011; Brioude et al., 2013). Kisspeptin protein-coupled
receptors signal through several second-messenger pathways, including
the phosphoinositide and MAP kinase pathways (ERK 1/2). We thus
used the luc2P/SRE/Hygro plasmid (Promega, Charbonnières Les Bains,
France), which induces luciferase production in response to MAP kinase
activation (Francou et al., 2011).

Immunocytochemistry and fluorescence
deconvolution microscopy
COS-7 cells were grown in 24-well plates containing 14-mm-diameter glass cov-
erslips and were chosen instead of HEK293T because of better performance in
terms of adhesion for immunocytochemistry studies. After 24 h of transfection
with the expression vector coding for HA-KISS1R, cells were processed as
described previously (Amazit et al., 2007; Francou et al., 2011). Briefly, cells
were fixed with 4% paraformaldehyde and permeabilized for 10 min with 0.2%
Triton X100 in PBS. Cells were then incubated overnight at 48C with an
anti-HA antibody (clone 3F10, Roche Applied Science, Mannheim, Germany),
followedby30-min incubationwithananti-ratAlexa555-coupledsecondaryanti-
body (Life Technologies SAS, Saint-Aubin, France). After primary and secondary
antibody labelling, cells were post-fixed for 10 min with 4% paraformaldehyde.
Nuclear counterstaining was performed with 0.5 mg/ml DAPI, and coverslips
were mounted on slides with ProLong Gold mounting medium (Life Technolo-
gies SAS).

For live-cell imaging of HA-KISS1R, transfected cells were incubated for 2 h
with the rat anti-HA antibody at 378C (dilution in cell culture medium), then
fixed with 4% paraformaldehyde and treated with the secondary antibody
and DAPI as described above. Fluorescence deconvolution microscopy
was performed using Image-Pro Plus AMS software (Media Cybernetics,
Inc., Marlow, UK) on a Mono Q Imaging Retiga 2000R Fast 1394 camera
(Q Imaging Inc., Surrey, BC, Canada). Cells were observed and acquired
with an automated upright BX61 microscope (Olympus, Rungis, France)
equipped with an ×100 objective (1.4 NA). A z-series of focal planes was
digitally imaged and deconvolved with the 3D blind iterative algorithm
(Image-Pro Plus AMS) to generate high-resolution images.

Results
The following results exclude frequent variants (minorallele frequency, MAF,
.1% in the corresponding ethnic group in the Exome Aggregation Consor-
tium (ExAC) database), which we considered to be polymorphisms (see
below and Supplementary Material). Only rare variants are therefore
described. MLPA excluded KISS1R microdeletions in probands 1 and 2.

Prevalence of KISS1R rare variants
KISS1R was analysed in 603 patients, and at least one mutation was
found in 12 patients, for a prevalence of 2.0% (95%CI [0.9–3.1]).
Fifteen different KISS1R rare variants were found (Table I), comprising

Prevalence of KISS1R mutations in nCHH 3
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2 nonsense mutations, 11 missense mutations, 1 splice-site mutation,
and 1 mutation that abolished the natural stop codon (Table I). Ten of
these mutations were new, four were recurrent (Seminara et al., 2003;
Pallais et al., 2006; Tenenbaum-Rakover et al., 2007) and one already
reported (Brioude et al., 2013). Eight of these 12 patients harboured
KISS1R rare variants in the biallelic (homozygous or compound heterozy-
gous) state (Table II).

Prevalence of rare variants of other genes
implicated in nCHH
As stated above, in all the 603 nCHH patients included, a KISS1R se-
quencing was carried out. Among these 603 patients, 594 also had a

GNRHR sequencing and 391 also had both a TAC3 and a TACR3 se-
quencing. Similarly, molecular analysis of GNRH1 and KISS1 were, re-
spectively, performed in 460 and 307 of the 603 nCHH patients. We
found rare variants of these analysed genes in 53 nCHH patients. The
genotypes of these patients are described in Supplementary data,
Table SI.

In brief, (i) GNRHR mutations were sought in 594 nCHH patients,
revealing variants in 28 patients (prevalence 4.7%, 95%CI [3.0–6.4%]).
In 64% of cases (18/28), the rare variants were present in the biallelic
(homozygous or compound heterozygous) state (Supplementary data,
Table SI). (ii) TACR3 variants were found in 14 patients (6 in the biallelic
state) among the 391 patients analysed, for a prevalence of 3.6% (95%CI
[1.7–5.4%]). Only 4 patients (2 in the biallelic state) harboured TAC3

.............................................................................................................................................................................................

Table I Fifteen KISS1R rare variants identified in 603 normosmic CHH patients.

Protein
mutation

cDNA
mutation

Protein
localization

ExAC (%):
All - Subclass

Bioinformatic
prediction

Functional analysis References

Found in biallelic state

p.? c.244+5G.A – ALL:A ¼ 0.00% –
NFE:0.0023%

MES 215%, SSF
215%

ND Novel – present
study

p.Cys95Trp c.285C.G TM2 ALL:G ¼ 0.01% –
NFE:0.00%

S: D ¼ 0, PP2:
PbD ¼ 1.000

No response in luciferase assays Novel – present
study(1)

p.Leu102Pro c.305T.C TM2 Absent S: D ¼ 0, PP2:
PD ¼ 0.949

decrease of IP accumulation (2, 3)

p.Tyr103* c.309C.A ECL1 Absent – No response in luciferase assays Novel – present
study(1)

p.Cys115Trp c.345C.G ECL1 Absent S: D ¼ 0, PP2:
PbD ¼ 1.000

No response in luciferase assays Novel – present
study(1)

p.Leu148Ser c.443T.C ICL1 Absent S: D ¼ 0, PP2:
PbD ¼ 0.998

decrease of IP accumulation (4, 5)

p.Pro176Arg c.527C.G TM4 Absent S: T ¼ 0.06, PP2:
PbD ¼ 1.000

No response in luciferase assays Novel – present
study(1)

p.Ala287Glu c.860C.A ECL3 Absent S: D ¼ 0,
PP2:B ¼ 0.221

Shifted response in luciferase
assays

Novel – present
study(1)

p.Tyr313His c.937T.C TM7 ALL: C ¼ 0.00%–
NFE: 0.003214%

S: D ¼ 0,
PP2:PbD ¼ 1.000

no phosphorylation of ERK1/2,
Ca+ mobilization: low activity,
No response in luciferase
assays.

(2)

p.Arg331* c.991C.T C-Ter Absent – No response in luciferase
assays, decrease of IP
accumulation.

(4, 5)

p.*399Argext*161 c.1195T.A C-Ter ALL:A ¼ 0.04%–
NFE:0.06766%

– decrease of IP accumulation (2, 4)

Found in monoallelic state

p.Arg38Pro c.113G.C N-ter Absent S: D ¼ 0, PP2:
B ¼ 0.000

ND Novel – present
study

p.Pro46Gln c.137C.A N-ter/TM1 Absent S: D ¼ 0, PP2:
PbD ¼ 1.000

ND Novel – present
study

p.Ser125Leu c.374C.T TM3 Absent S: D ¼ 0, PP2:
PbD ¼ 0.995

ND Novel – present
study

p.Arg198Gly c.592C.G ECL2 Absent S: T ¼ 0.19, PP2:
B ¼ 0.152

ND Novel – present
study

ExAC ALL, global frequency among subclass; AFR, African; AMR, Latino; EAS, East Asian; SAS, South Asian; NFE, European (non-Finnish) FIN’, European (Finnish); OTH, others; TM,
transmembrane domain; ECL, extracellular loop; ICL, intracellular loop; N-Ter extracellular N-terminal domain; C-Ter, cytoplasmic carboxy terminal domain; ND, not determined;
Prediction for missense: S, SIFT; D, deleterious; T, tolerated, ¼ score/PP2, Polyphen 2; PbD, probably damaging; PB, possibly damaging; B, benign, ¼ score; Prediction for splice site: MES
MaxEnt Scan, SSF SpliceSite Finder.
(1) See also Fig. 3; (2) Brioude et al. (2013); (3) Tenenbaum-Rakover et al. (2007); (4) Seminara et al. (2003); (5) Pallais et al. (2006).
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Table II Characteristics of 12 nCHH patients with KISS1R mutations.

No of
proband

Gender Ethnicity Sporadic
(S) or
familial
(F)

Age at
diagnosis
(years)

Current
age
(years)

Reproductive
phenotype at
diagnosis

Baseline
LH/FSH
(IU/L)

GnRH
stimulation
test (peak
LH/FSH)

Ostradiol (E2)
pg/mL
Testosterone
(T) ng/ml

Inhibin
B (pg/
ml)

RMI
brain/
pituitary

Olfactometry/
olfactory bulbs
(OB)

Genotype

Patients with biallelic variants

1 Male Caucasian S 16 32 VT: 2 ml
cryptorchidism

0.2/0.5 NA –/T: 0.6 11 nl/nl nl/nl OB c.[244+5G.A];[244+5G.A]

2 Female Caucasian S 16 32 B2/P3
PA

0.1/0.7 0.8/0.2 E2: 7.0/– 7 nl/nl nl/nl OB c.[285C.G];[285C.G]

3* Male Caucasian S 19 22 VT: 2 ml
micropenis

0.15/0.2 1.3/1.1 –/T: 0.25 25 nl/nl nl/nl OB c.[305T.C];[1195T.A]

4 Male Caucasian S 18 25 VT: 4 ml
micropenis

1.2/1.0 NA –/T: 0.6 92 nl/nl nl/nl OB c.[309C.A];[860C.A]

5 Male Caucasian S 33 41 VT: 2.2 ml
cryptorchidism
left
micropenis

0.6/0.8 NA –/T: 0.5 NA nl/nl nl/nl OB c.[345C.G];[991C.T]

6 Female Caucasian F 17 25 B1/P2
PA

0.7/0.9 NA E2: 12/– NA nl/nl nl/nl OB c.[443T.C];[443T.C]

7 Female Caucasian S 17 23 B2/P2
PA

0.7/3.5 10.5/11 E2:7.0/– 5 nl/nl nl/nl OB c.[527C.G];[527C.G]

8* Male Caucasian F 55 58 VT: 2.5 ml
micropenis

0.2/0.1 5.1/4.1 –/T: 0.2 17 nl/nl nl/nl OB c.[937T.C];[937T.C]

Patients with monoallelic variants

9 Female Caucasian S 17 50 B1/P1
PA

0.5/0.9 8.0/9.0 E2:16/– NA nl/nl nl/nl OB c.[113G.C];[¼]

10 Female Caucasian S 17 37 B2/P2
PA

4.1/5.2 NA E2:10/– 10 nl/nl nl/PSI OB c.[137C.A];[¼]

11 Female Caucasian S 16 23 B3/P4
PA

0.2/0.4 5.4/21 E2:14/– 8 nl/nl nl/nl OB c.[374C.T];[¼]

12 Male Caucasian S 48 73 VT: 6 ml
micropenis

0.3/0.4 NA –/T: 0.22 NA nl/nl nl/nl OB c.[592C.G];[¼]

VT, mean testicular volume; B, breast development (Tanner); P, pubic hair development; nl, normal; NA, not available; PA, primary amenorrhoea; PSI, pituitary stalk interruption; E2, oestradiol normal range female: 12–41 pg/ml; T, testosterone
normal range men: 3.2–8.9 ng/ml.
aTwo patients previously reported in Brioude et al.

Prevalence
ofKISS1R

m
utations
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nC

H
H
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variants (1.0%, 95%CI [0.0–2.0%]). (iii) The GNRH1 gene was analysed
in 460 patients, revealing variants in 7 patients (1 in the biallelic state)
(prevalence 1.5%, 95%CI [0.4–2.6]). (iv) KISS1 was analysed in 307
patients and no rare variants were found.

Prevalence of KISS1R rare variants versus
GNRH1/GNRHR, TAC3/TACR3 and KISS1 rare
variants in nCHH patients (Fig. 1)
Overall, 10.3% of the patients analysed carried at least one rare variant of
one of the six genes analysed. The prevalence of rare KISS1R variants was
less than half that of GNRHR variants (12/603 versus 28/594), slightly
lower than that of TACR3 variants (10/391), and higher than that of
the genes encoding the neuropeptide ligands of these receptors:
GNRH1: 7/460, TAC3: 4/391, KISS1: 0/307.

Characterization of the new KISS1R mutants
Among the 15 KISS1R rare variants identified here (Table I), 4 were in the
monoallelic state and 11 in the biallelic state (Table II). Ten of these 15
variants were novel (Fig. 2).

Probands’ pedigrees described in Table II are shown in Fig. 3 and
Supplementary data, Figure S1.

Six of these 10 novel rare variants were not present in the ExAC
database (Exome Aggregation Consortium, Cambridge, MA, USA,
http://exac.broadinstitute.org [July 2015]), showing that they are ex-
tremely rare. The other four were present in the ExAC database but at
frequencies below 0.07% (Table I).

The novel rare variants included a nonsense mutation, Y103*, located
in the first extracellular loop, completely altering the structure of the
receptor (Table I) by deleting five transmembrane domains (Fig. 2).
We describe, for the first time, a c.244+5G.C mutant, predicted
with high probability by both MaxEntScan and SpliceSiteFinder

Figure 1 The number of patients with monoallelic and biallelic rare
protein-altering variant in each nCHH gene. Bars are ordered decreas-
ingly based on the number of patients carrying biallelic rare variants for
each indicated gene: GNRHR: 18; KISS1R: 8; TACR3: 6; TAC3: 2; GNRH1:
1; KISS1: 0. Numbers below bars indicate the number of patients
screened for the corresponding gene. Numbers above bars are the fre-
quency of rare variants in patients screened for the gene.

Figure 2 Schematic KISS1R with novel and published mutations identified in CHH patients. Coloured in red for original variants and in black for previously
described mutations. Underlined in red are mutations found in our series but already reported by us and others (recurrent) (Seminara et al., 2003; Pallais
et al., 2006; Tenenbaum-Rakover et al., 2007; Brioude et al., 2013). Squares stand for nonsense mutations, triangles stand for missense mutations. All these
mutations are indicated in accordance with Human Genome Variation Society (HGVS) nomenclature. The four mutations listed below are also indicated as
initially published (shown in brackets). R349_P351dup (PRR repeat, Chevrier et al., 2013) ; c.1003dup (c.1001_1002insC, Lanfranco et al., 2005) ; c.739–
6_887del (155 bp deletion, de Roux et al., 2003) ; c.370-4_370-2delinsACCGGCT (IVS2 -2_-4 delGCA insACCGGCT, Teles et al., 2010).
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Figure 3 Family pedigrees with corresponding KISS1R mutations and functional analyses. Solid symbols indicate affected subjects and half-shaded
symbols indicate unaffected heterozygotes. Circles represent female family members and squares male family members. Asterisks (*) in y axes indicate
the relative luciferase activity calculated as the ratio of luciferase values in the presence of ligand compared with the values obtained in the absence of
ligand. (A) The proband, subject II-4 (see also Table II, patient 2), is homozygous for a mutation affecting a conserved amino acid in the second transmem-
brane domain (C95W). (B) The proband, subject II-3 (Table II, patient 4), is homozygous and the unaffected mother (I-2) was heterozygous for a substi-
tution affecting a conserved amino acid in the fourth transmembrane domain (P176R). (C) The proband, subject II-1 (Table II, patient 5), was compound
heterozygous for KISS1R mutations Y103*/A287E. The unaffected father (I-1) was heterozygous for the A287E mutation and the unaffected mother was
heterozygous for the Y103* mutation. The Y103* produces a stop codon in the first extracellular loop of KISS1R. The A287E substitution affects an amino
acid in the third extracellular loop. (D) The proband, subject II-1 (Table II, patient 6), was compound heterozygous for C115W/ R331* KISS1R mutations.
The unaffected father (I-1) was heterozygous for the C115W mutation and the unaffected mother was heterozygous for the R331* mutation. The C115W
substitution affects an amino acid in the first extracellular loop. The R331* substitution produces a stop codon in the C-terminal intracellular tail of KISS1R. In
the lower part of (A–D) are shown Kisspeptin-10 (Kp10) dose–responses of the reporter luc2P/SRE. Increasing concentrations of Kp10 led to an increase
in the luciferase activity of WT KISS1R (black diamonds). The KISS1R mutants showed a dramatic decrease in luciferase activities (squares and triangles).
Open circles indicate the empty vector.
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(Table I) to affect splicing. To specify the in vivo consequences of this
mutation, a splicing analysis from patient’s cells would have been
necessary (Young et al., 2010). Unfortunately, the patient refused the
additional sample required to perform this study.

We also discovered eight missense variants; four of which (P46Q,
C95W, C115W and S125L) are predicted to be detrimental by SIFT
and Polyphen2 (Table I). In particular, the C115W variant prevents
the formation of a disulfide bond in the extracellular portion of the

receptor. Bioinformatic analyses gave conflicting predictions for three
other missense mutations (R38P, P176R and A287E). Finally, another
very rare variant (Arg198Gly) was predicted by both programs to be
‘tolerated.’

Among the 11 variants found in the biallelic state, we conducted in vitro
analyses of the five novel point mutations (C95W, Y103*, C115W,
P176R and A287E) (Table I). As shown in Fig. 3, these five mutations
were effectively found to alter the receptor signalling. The A287E

Figure 4 Subcellular localization of WT, A287E and R331* KISS1R mutants. COS-7 cells were transfected with the expression vector indicated and the
immunodetection was performed using anti-HA antibody as described in the Materials and Methods section. The nuclei are counterstained by DAPI (blue)
and immunofluorescence of the HA-conjugated receptor is shown in red. z-Series of the focal plane projection of KISS1R distribution in non-permeabilized
(A) and permeabilized (B) cells were acquired and deconvolved to generate high-resolution images as detailed in methods section.
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mutant was particularly interesting: despite discordant bioinformatic
predictions, in vitro characterization showed a clear loss of function
(Fig. 3C). This novel mutant leads to the substitution of a single amino
acid at the beginning of the third extracellular loop of the receptor; the
function and structure of which are unclear.

To better understand the mechanism by which this A287E mutant
causes a lossof receptor function, we compared itsmembrane distribution
and intracellular retention with that of the WT receptor, using immunocy-
tofluorescence to detect HA-tagged receptors. Receptors located on the
membrane were immunodetected with an anti-HA antibody in living, non-
permeabilized cells, while the intracellular portion of the receptor was
identified with the same antibody in permeabilized cells. In living cells,
the A287E mutant receptor was not detected at the plasma membrane,
whereas the WTreceptor was abundant (Fig. 4A). The same experiments
carried out with permeabilized cells showed that the WT and mutant
receptors were both expressed and that they localized in the perinuclear
region as well as in a cross-linked interconnected cytosolic network corre-
sponding to the endoplasmic reticulum (polygonal tubules and cisternae)
(Fig. 4B). As a pathological control, we performed the same experiment
with the recurrent R331* mutant (Seminara et al., 2003; Pallais et al.,
2006), the subcellular localization of which has already been described
by Pampillo et al. (2009) and which was also found in our series
(Table I). Like these latter authors, we found that membrane trafficking
of this mutant was defective.

Phenotype of patients with biallelic mutations
All the patients with biallelic mutations had normal olfaction and no clinical
manifestationsother than their gonadal abnormalities (Brioudeetal., 2010).
Their pituitary MRI was normal (Brioude et al., 2010) and their hormonal
findings were typical of CHH (Young, 2012; Boehm et al., 2015).

Interestingly, two of the three men with biallelic KISS1R mutations
had cryptorchidism and one had micropenis. If we include our two
previously reported male cases (Brioude et al., 2013), four out of five
men with biallelic KISS1R mutations had either micropenis or crypt-
orchidism, representing a very high prevalence (80%) of these clinical
manifestations.

The three women with biallelic KISS1R mutations had either absent or
subnormal breast development. Genetic and phenotypic data on these
new cases of biallelic KISS1R mutation are shown in Table II.

Discussion
We studied the prevalence of mutations in the six genes involved specific-
ally in isolated non-syndromic CHH (Brioude et al., 2010), in a population
of nCHH patients living in France and evaluated in our referral centre. To
our knowledge, this is the largest such studyof nCHH patients. Overall, we
found that rare variants of these genes were present in 10% of patients.
Most of the patients with KISS1R and GNRHR mutations carried them in
the biallelic state, in keeping with autosomal-recessive transmission of
both genetic forms (Seminara et al., 2003). In the minority of patients
with monoallelic rare variants of these genes, other mutated genes likely
contribute to the phenotype, within a context of oligogenism (Sykiotis
et al., 2010; Miraoui et al., 2013). The proportion of patients with biallelic
KISS1R mutations found here was significantly higher than that reported
by Sykiotis et al. (2010). This difference may be related to the fact that
we studied patients only with normal sense of smell. Our exclusion of
Kallmann patients (representing 50% of patients in Sykiotis’ series)

(Sykiotis et al., 2010) may have reduced the number of subjects with
monoallelic rare variants in a context of oligogenism.

Relatively few KISS1R rare variants were found here, although their fre-
quency was higher than that was reported by Sykiotis et al. (2010). This
indicates that KISS1R mutations contribute to the nCHH phenotype in a
minority of patients. Indeed, only 19 different KISS1R loss-of-function
mutations have been identified because this receptor was first implicated
in neuroendocrine control of GnRH secretion (Seminara et al., 2003; de
Roux et al., 2003; Semple et al., 2005; Lanfranco et al., 2005; Cerrato
et al., 2006; Pallais et al., 2006; Tenenbaum-Rakover et al., 2007; Teles
et al., 2010; Nimri et al., 2011; Breuer et al., 2012; Brioude et al., 2013;
Chevrier et al., 2013; Miraoui et al., 2013; Xu et al., 2015; Demirbilek
et al., 2015). The 10 new KISS1R mutations described here will significantly
help to understand the structure–function relationships of this receptor.

The most frequently mutated gene in this series was GNRHR, followed
by KISS1R and TACR3. The relative frequencies of identified KISS1R and
GNRHR mutations seem even more reliable since the analyses of these
two genes were performed, with a few exceptions, in the same patients.
The prevalence of GNRHR mutations was higher than that was reported
by Sykiotis et al. (2010). However, the same team subsequently
observed a higher frequency in a study that probably included many of
the same patients as well as patients with other disorders such as func-
tional hypothalamic amenorrhoea, constitutional delay of puberty and
adult onset (Gianetti et al., 2012). The frequency of GNRHR mutations
was relatively high in two other independent series (Bhagavath et al.,
2006; Beneduzzi et al., 2014), suggesting that GNRHR is the first gene
that should be analysed in patients with nCHH.

The frequency of TACR3 mutations was lower than that was reported
by Gianetti and co-workers, who studied 345 nCHH patients of North
American or Brazilian origin (Gianetti et al., 2010; Tusset et al., 2012).

Our work also suggests that the frequency of KISS1R mutations was
lower than of TACR3. However, the number of patients analysed for
TACR3 was lower than that of patients who underwent KISS1R sequen-
cing. This is a weakness of our work because we cannot exclude that
TACR3 analysis in a larger number of patients from this series could
change the prevalence of mutations of this gene.

Finally, the prevalence of mutations in the genes thatencode ligands for
these receptors (GNRH1, KISS1 and TAC3) was lower, below 1.5% in
each case. This difference between the receptors and their ligands may
be due simply to the larger size of the coding regions in the receptor
genes. Yet, here again, the lower number of patients tested could limit
the accuracy of the reported frequencies.

We decided to test the mutated receptors detected in the biallelic
state in our patients, regardless of the results of bioinformatic prediction,
given the strong presumption that these variants contribute to the nCHH
phenotype. Indeed, although predictive software is valuable, it is known
to give many false positives (i.e. to predict a deleterious effect of receptor
mutations that do not result in functional impairment in vitro) and even
more false negatives (Min et al., 2015). Hence the importance of func-
tional analysis in prevalence studies. We found that two mutants led to
loss of function in vitro, whereas one of the two software programs pre-
dicted no functional consequences. We therefore agree fully with Min
et al. (2015), who recommend functional tests to confirm or rule out
pathogenicity.

Concerning the biallelic c.244+5G.C splicing mutation, although
bioinformatics predictions of canonical splice sites are usually reliable,
a formal demonstration by analysis of patient’s transcripts (Young
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et al., 2010) would have been necessary. Unfortunately, the patient
refused the additional sample required to perform this demonstration.

We found that a new A287E KISS1R mutant led to defective membrane
trafficking. Classically, the loss of function due to this point mutation might
involve defective ligand binding, coupling (Ahow et al., 2014) or membrane
trafficking. The resulting aminoacid substitution occurs in the third extracel-
lular loop, which is not, a priori, located in a region critical for correct recep-
tor folding, contrary to the transmembrane domains (TMD). The alpha
helices of these TDM are highly constrained, and the predictions made
by programs such as SIFT and Polyphen2 for missense mutations in trans-
membrane domains are usually in line with the results of functional tests.
We obtained conflicting predictions for the A287E mutant, meaning that
the trafficking defect observed in vitro was unexpected.

No olfactory abnormalities have been reported in KISS1R knockout
mice (Funes et al., 2003; Seminara et al., 2003; Dungan et al., 2007),
and all eight nCHH patients with biallelic KISS1R mutations reported
here had a normal sense of smell. This is in keeping with the literature,
as all patients described to date with biallelic KISS1R mutations have
had normal olfaction. All these data support the notion that KISS1R is
not involved in the development of the mammalian olfactory system.
Likewise, the only clinical abnormalities found in these patients con-
cerned the reproductive system.

One particularly interesting finding is that four of the five men with bial-
lelic KISS1R mutations had micropenis and two had cryptorchidism.
These clinical manifestations indicate the existence of a gonadotrophin
deficiency that started in foetal and neonatal life (Bouvattier et al.,
2011). Other KISS1R-mutated patients with cryptorchidism and/or
micropenis have been described (Lanfranco et al., 2005; Semple et al.,
2005; Nimri et al., 2011; Demirbilek et al., 2015). Together, these data
show that KISS1R plays a key role in the activation of the gonadotrophic
axis during early development, and not only at the time of puberty (Bou-
vattier et al., 2011). Thus, contrary to some previous reports (Seminara
et al., 2003), KISS1R would not be specifically involved in pubertal devel-
opment but would simply have a key role in regulating GnRH secretion at
all stages of pre- and post-natal development.

Eight of the patients with biallelic KISS1R mutations reported here
were aged over 30 years and had received sex-steroid replacement
therapy. Our clinical and hormonal monitoring has so far failed to identify
any reversible forms. This is in keeping with the literature, as no cases of
reversible CHH have been reported in patients with biallelic KISS1R
mutations (Quinton et al., 1999; Raivio et al., 2007; Sinisi et al., 2008;
Laitinen et al., 2012; Sidhoum et al., 2014). Thus, KISS1R integrity
would be necessary to maintain GnRH secretion during adulthood.
However, given the scarcity of reversible forms of CHH, it would be
interesting to study a larger population of nCHH patients with biallelic
KISS1R mutations to ensure that the gonadotrophin deficiency is
indeed irreversible.

In conclusion, in the largest series of nCHH patients reported to date,
we found that the prevalence of KISS1R mutations was only 2.0% (95%CI
[0.9–3.1]). We identified 10 new KISS1R mutations, which will help to
understand the structure–function relationships of this protein. We
observed a high prevalence of cryptorchidism and micropenis, support-
ing the role of KISS1R in gonadotropic function during the prenatal
period. Among the genes involved in the secretion and action of
GnRH tested here, we found that mutations were more frequent in
those encoding receptors than in those encoding the corresponding
neuropeptides.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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