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Background: Idiopathic hypogonadotropic hypogonadism (IHH) is a rare genetic disease attributed to
the disorder of hypothalamic-pituitary-gonadal axis. Mutations in the GNRHR gene are one of the most
common genetic causes of IHH. Herein, we aimed to investigate GNRHR variants in a Chinese cohort with
THH, and to characterize them at the molecular level.

Methods: A total of 153 ITHH patients were recruited, and variants were detected using a tailored next-
generation sequencing panel. GNRHR rare sequencing variant (RSV) was verified using Sanger sequencing.
Phenotypic features and therapeutic outcomes of patients were followed up. In order to examine the
pathogenicity of the GNRHR RSV, we performed conservative analysis, crystal structure prediction,
expression analysis as well as the assessment of ERK1/2 activation and TP3/Ca’* response.

Results: The same heterozygous RSV (p.R240Q) in GNRHR was identified in four sporadic IHH patients.
These patients exhibited different severity of testicular development and hormone profile. hCG treatment
was effective in improving gonadal development, serum testosterone, and semen quality. The GNRHR RSV
has no effect on the expression of mRNA and protein, whereas damaged ERK1/2 activation and inositol
triphosphate/calcium signaling.

Conclusions: The study expands GNRHR mutation spectrum in [HH patients, and reveals that the
GNRHR RSV is a partial loss-of-function mutation. Although this heterozygous RSV may not have a
significant influence on the pathogenesis of IHH, but its homozygous/ compound status should be paid

attention in this research field.
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Introduction diagnosed in their late adolescence or in early adulthood.

Patients with idiopathic hypogonadotropic hypogonadism IHH is a rare genetically heterogeneous disorder caused by

(IHH) present with incomplete puberty development, the deficient development and migration of gonadotropin-

low gonadotropin levels, and infertility. Most patients are releasing hormone (GnRH) neurons and deficient GnRH
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secretion and action (1). The impaired hypothalamic-
pituitary-gonadal axis further leads to steroidogenic
and gametogenic disorders. The prevalence of IHH is
approximately 1:10,000 in males and 1:50,000 in females (2).
IHH has high phenotypic and genetic heterogeneity. IHH
with olfactory disorder (50-60% of IHH) is known as
Kallmann syndrome (KS), while IHH with a normal sense
of smell is described as normosmic IHH (nIHH) (3). There
are multiple inheritance mode of causal genes, including
autosomal dominant, autosomal recessive, X-linked
recessive, as well as digenic and oligogenic transmission (4).

To date, approximately >30 genes has been discovered to
be implicated in IHH, including ANOSI, GNRH1/GNRHR,
FGF8/FGFRI1, PROK2/PROKR2, SEMA3A/PLXNAI,
KISS1/KISSIR, SEMA3E, NSMF, HS6ST1, WDR11, SOX10,
etc. (5). GNRHR (GnRH receptor) is the first gene identified
as a monogenic cause of nIHH (6). GNRHR is located in
chromosome 4q21.2, and encodes a seven-transmembrane
G protein coupled receptor (7). GNRHR and its ligand,
GnRH, play a crucial role in the secretion of anterior
pituitary gonadotropes (8). Their binding facilitates an
increase in inositol trisphosphate and calcium mobilization,
and ultimately triggers the synthesis and secretion of the
follicle-stimulating and luteinizing hormones (9). So far, at
least fifty-five variants in the GNRHR gene have been found
among nIHH patients, and the homozygous and compound
heterozygous mutations are very common (10). However, it is
noteworthy that heterozygous GNRHR mutations were often
identified among IHH patients (11,12). A genetic study on
a large IHH cohort showed that frequency of heterozygous
GNRHR RSVs reached 2.5% (22/863), significantly higher
than the healthy control population (12). An recent study also
revealed that this heterozygous RSV was found in the three
sporadic IHH patients, without carrying other common
IHH gene mutations (11). Therefore, researchers speculated
that monoallelic GNRHR RSVs are associated with THH,
but there was limited literature regarding their functional
implications.

The identification of the more GNRHR RSVs is not
only beneficial to the early genetic diagnosis of IHH,
but also conducive to the development of individualized
treatment for patients. For example, if the IHH patients
with pathogenic GNRHR RSVs receive pulsatile GnRH
treatment, it is predicted that their therapeutic response
would not be very good. Gonadotropin treatment will help
these patients achieve better therapeutic results. In addition,
GnRH agonists (GnRH-a) are widely used in the treatment
of prostate cancer, endometriosis and uterus adenomyosis.
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It is reasonable to speculate that the GNRHR RSVs have a
negative effect on the response to GnRH-a in these diseases.
The aim of this study was to investigate GNRHR mutation
profile in a Chinese IHH cohort, and to characterize the
clinical manifestation and therapeutic outcome. In vitro
functional analysis of GNRHR rare sequencing variants
(RSVs) was also performed. We present the following
article in accordance with the MDAR checklist (available at
http://dx.doi.org/10.21037/tau-20-1390).

Methods
Patients

From 2005 to 2013, a total of 153 male patients were
recruited at the Urology Clinic of Tongji Hospital,
Wauhan, China. IHH was diagnosed according to standard
diagnostic criteria (1), and adult-onset IHH (AOIHH) was
diagnosed based on previous published criteria (13). The
study protocol (IRB ID: 20150302) (including collection
of blood samples) was approved by the Ethics Committee
of Huazhong University of Science and Technology in
compliance with the Declaration of Helsinki (as revised in
2013). Informed consent was signed with each patient.

Panel sequencing and frequency analysis

Genomic DNA was extracted from peripheral blood
lymphocytes in all patients. To focus on the genetic
variations in IHH-associated genes, we designed a tailored
next-generation panel which included 31 causal genes and
52 candidate genes, as described in our previous study (14).
The detected gene loci included exon and proximal intron
DNA sequences <15 bp from splice site. Non-synonymous
rare sequencing variants (RSVs) with minor allele frequency
<1% (ESP6500, 1000genome, gnomAD databases) were
included in our study. Sanger sequencing was performed
to confirm all variants by using an ABI PRISM 3130
genetic analyzer (Applied Biosystems, Foster City, CA,
USA). The primers were as follows: GNRHR-forward:
5'-GACAGCTCTGGACAGACAAA-3'; GNRHR-reverse:
5'-ACACTAACTCTAAGGAATACATACCG-3'". Variants
were reported in agreement with Human Genome Variation
Society nomenclature (15).

Clinical evaluation

At first hospital visit, we performed detailed phenotyping
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and collected the medical history for each patient.
Olfactory function was assessed by the olfactory testing
or self-reporting. Tanner stage was evaluated by a senior
physician according to Five Tanner stages of pubertal
development (16). We defined testicular volume (TV) as
the mean value of bilateral testicular volume measured by
a Prader orchidometer. Serum hormone level [including
follicle-stimulating hormone (FSH), luteinizing hormone
(LH), total testosterone (T)] was determined before 9 a.m.
Our patients were administered with human chorionic
gonadotropin (hCG, Livzon Pharmaceutical Co., Zhuhai,
China) due to financial reasons and/litter fertility desire.
The dosage of hCG injection was 2,000 IU, twice per
week. It would be adjusted according to serum T in the
first 6 months. After 6 months, follow-up interval ranged
from 3-6 months. Their Tanner stage, TV, serum T were
recorded. Semen examination was recommended if patients
were capable of masturbating. Semen examination complied
to the rules of the World Health Organization laboratory
manual for the examination and processing of human semen
(fifth version) (17).

Conservative analysis and crystal structure prediction

The conservativeness of residue p.R240 in GNRHR
protein was evaluated by sequence alignment in different
vertebrates (Homo sapiens, Mus musculus, Rattus
norvegicus, Bos taurus, Ovis aries, Cairina moschata and
Danio rerio). By using a classic bioinformatic online tool,
I-TASSER modeling (https://zhanglab.ccmb.med.umich.
edu/I-TASSER/), we predicted crystal structure of GNRHR
protein (both wild type and mutant type). Pattern diagram
was supported by VMD software (the Beckman Institute,
Illinios, USA).

Plasmids and GNRH decapeptide constructs

Plasmid (pEnter vector) of GNRHR-wild type (WT)
expressing open reading frame of GNRHR (NM_000406.2)
was obtained from Vigene Biosciences (Jinan, China).
GNRHR-WT was fused with a C terminal Flag tag. We
utilized the Quikchange II Site-Directed Mutagenesis
kit (Stratagene, San Diego, CA, USA) to generate a
plasmid of GNRHR-mutant type (MUT) (containing the
GNRHR rare sequencing variant, c.719G>A, p.R240Q)
based on the template plasmid. Given that function of
decapeptide EHWSYGLRPG was identical to native GnRH
sequence (18), we used the decapeptide obtained from
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Qiangyao Biosciences (Shanghai, China) to perform
functional analysis.

Cell culture and transfection

Due to deficiency of endogenous GNRHR expression,
Simian virus 40 (SV40)-infected CV1 (COS-7) cells (African
green monkey kidney fibroblast-like cell line, ATCC,
CRL-1651) was chosen as cell model in our study (19-
21). COS-7 cells were seeded at standard 6 well dishes and
cultured with complete media (10% fetal bovine serum).
Two microgram vector was transfected into COS-7 cells
using Lipofectamine® 3000 Reagent (Invitrogen, Shanghai,
China) at 70-80% confluency. To exclude influence of
transfection, we also transfected an empty plasmid as the

MOCK group.

Real-time PCR

Total RNA from transfected COS-7 cells (the GNRHR-
WT, GNRHR-MUT and MOCK groups) was extracted
and used for cDNA synthesis by using Rever Tra Ace®
qPCR RT kit (Toyobo, Osaka, Japan). We performed
Real-time PCR based on an MX3000P quantitative PCR
system (Agilent, Santa Clara, CA, USA) by using SYBR®
Green Realtime PCR Master Mix (Toyobo, Osaka, Japan).
We performed 40 cycles of denaturing at 95 °C for 15 s,
followed by annealing at 60 °C for 15 s and extension at
72 °Cfor 45 s. GAPDH was used as an endogenous reference.
Primer sequences were as follows: GNRHR-forward:
5'-GCACGGCTGAAGACTCTAAA-3'; GNRHR-reverse:
5'-AGGCAAAGAGAAAGAAGAAGTGA-3"; GAPDH-
forward: 5'-CCATCTTCCAGGAACGAGAT-3"; GAPDH-
reverse: 5'-GTTGCTGACGATCTTGAGGC-3". 2-AACt
analysis was conducted to calculate the mRNA level of
GNRHR.

Western blots

After 24 h of transfection, protein samples were collected
from the GNRHR-WT, GNRHR-MUT and MOCK
groups. Cells were lysed and centrifuged at 12,000 rpm for
S mins, and protein concentration was measured. Protein
samples (25 microgram) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (10%), and then
transferred to nitrocellulose membranes. After blocking for
1 h, membranes were incubated with primary antibodies
at 4 °C overnight. Herein, we used rabbit polyclonal Flag
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(Signalway Antibody, 20543-1-AP, Baltimore, MD, USA) to
specifically detect GNRHR fused with Flag-tag (expressed
from plasmid constructs). Other primary antibodies
included rabbit monoclonal ERK1/2 (Cell Signaling
Technology, 137F5, Danvers, MA, USA), rabbit monoclonal
p—ERKI/ZTl"zOZ/ryr204 (Cell Signaling Technology, 197G2),
mouse monoclonal GAPDH (Proteintech, 60004-1-
Ig, Wuhan, China). Membranes were washed and then
incubated with secondary antibodies, goat anti-rabbit
(Boster, BA1055, Wuhan, China) or goat anti-mouse (Boster,
BA1051), for 1 h at room temperature. Band Density was
analyzed by Image-Pro plus software (Media Cybernetics,
Rockville, MD, USA) with the corresponding GAPDH as

control.

ERK1/2 activation analysis

We first examined ERK1/2 activation after GnRH
decapeptide (1 pM) stimulation (5 mins, 10 mins, 15 mins,
30 mins) in the GNRHR-W'T group. The maximal
response, defined as the highest level of p-ERK1/2/ERK1/2,
was obtained at 5 mins, This time point was therefore
chosen to perform further analysis of ERK1/2 activation.
Transfected COS-7 cells were treated with GNRH
decapeptide for 5 mins in the GNRHR-W'T, GNRHR-
MUT and MOCK groups. Protein samples were collected
as previously described, and then expression of ERK1/2 and
p-ERK1/2 was assessed by Western blots.

Inositol triphosphate determination

Transfected COS-7 cells were stimulated with GNRH
decapeptide at concentration of 10” M, 10° M, 107 M,
10° M, 10° M for 1 h. Cell lysate was collected, and
then supernatant was obtained after centrifugation at
12,000 rpm for 5 mins. We measured total inositol
triphosphate (IP3) concentration by using the general IP3
ELISA kit (MyBioSource, San Diego, CA, USA) according
to the standard protocol. Absorbance at 450 nm was
examined with a microplate reader.

Intracellular calcium measurement

We treated transfected COS-7 cells with GnRH
decapeptide (1 pM) for 1 h as previously described (21).
Medium containing GnRH decapeptide was removed,
and cells were washed three times with HBSS solution
(HyClone, Shanghai, China). Cells were then incubated in
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4 pM Fluo-4 AM solution (Yeasen, Shanghai, China) for 30
mins at 37 °C. Afterwards, cells were washed three times,
and then incubated in HBSS solution for another 30 mins.
Nuclear was stained with 6-diamidino-2-phenylindole
(DAPI, Boster). Five microscopic images were randomly
collected using a BX51 microscope (Olympus, Tokyo,
Japan). Positive area of calcium was calculated using
Image-Pro plus software.

Statistical analysis

Data analysis was performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA). All the
biological experiments were repeated three times
independently. Chi-Square or Fisher’s Exact test was used
to compare the allele frequencies of variants in different
cohorts. Student's #-tests or one-way analysis of variance
was used for normally distributed data, while nonparametric
tests were used for nonnormally distributed data. normally
distributed data were presented as mean = standard
deviation (SD), and nonnormally distributed data were
presented as range or interquartile range. P values <0.05
were considered statistically significant.

Results
Mutation profile in IHH patients

Of the cohort of 153 THH patients, four sporadic patients
were identified to have the same heterozygous p.R240Q rare
sequencing variant (RSV, MAF <1%) in GNRHR gene (14)
(Figure 1A). The prevalence of this RSV was 2.6% (4/153),
while no other GNRHR RSVs were found in this cohort.
Additionally, these four patients also harbored additional
variants of IHH causal or candidate genes. We found
PROKR?2 and CNTN2 RSVs in Patient 1, SEMA74 RSV
in Patient 2, TYRO3 RSV in Patient 3, as well as AXL and
PLXNBI RSVs in Patient 4. All RSVs were missense and
heterozygous variants. Taking into account the patient's
ethnicity (East Asian), we compared variant frequency
between our patient cohort and the East Asian cohort by
using the gnomAD database. The results indicated that
allele frequencies of the GNRHR, PROKR2, and PLXNB1
RSVs were significantly higher in our patient cohort
compared with East Asian cohort (P<0.001). However,
no remarkable differences were found in frequencies of
CNTN2, SEMA7A, TYRO3, and AXL RSVs (Table 1).
These results suggest that the GNRHR RSV occurred more

Transl Androl Urol 2021;10(4):1676-1687 | http://dx.doi.org/10.21037/tau-20-1390



1680

A Patient 1 Patient 2

"N o EHs_ E_ _EEE=E®N u
T G A C c GG GTCCT T

ot sl

HE Ve .
T G A CAC/

Patient 4

. o E Em =
Cc T c Cc TG

- . - -
CAC GG G

[}
T

el |

- - - .
G G T C

Homo sapiens
Mus musculus F
Rattus norvegicus |[F A
Bos taurus

Ovis aries
Cairina moschata

Danio rerio

GNRHR-WT

Chen et al. GNRHR variants in IHH

Extracellular

N ter
E2 E3

i N F Wb
1|12 \TSL}T4 JTS”TG 7
M

Transmembrane
|J ‘ M >
C1 C2 .03
C ter
p.R240Q
Cytoplasmic

GNRHR-MUT

Figure 1 Sanger sequencing, prediction of structural model, conservative analysis of GNRHR RSV. (A) Four IHH patients harboring the
GNRHR RSV (c.719G>A, p.R240Q) in heterozygous status. (B) Schematic representation of human GNRHR protein. The GNRHR RSV
(purple dot) was located in the third cytoplasmic loop of GNRHR. E1-E3, T1-T7, and C1-C3 refer to the three extracellular loops, seven

transmembrane domains, and three cytoplasmic loops of GNRHR, respectively. (C) Conservative analysis of GNRHR protein sequences

between different seven vertebrates. The amino acid residue of p.R240 was highlighted by the asterisk. (D) Predicted structural model of
GNRHR protein (WT and MUT). The amino acid residue of p.R240 (GNRHR-WT) and p.Q240 (GNRHR-MUT) was highlighted.
Basic amino acid showed blue, and polar and neutral amino acid showed green. IHH, idiopathic hypogonadotropic hypogonadism; RSV,
rare sequencing variant; W'T, wild type; MUT, mutant type (containing the GNRHR RSV).

frequently in this Chinese IHH patient cohort than in the
general population.

Clinical characteristics and outcomes

IHH is generally diagnosed during adolescence or early
adulthood (1). As shown in Tuble 2, three of our four
patients were diagnosed between the ages of 16 to 26 years.
However, Patient 1 (43 years) was diagnosed with adult-
onset IHH, since he exhibited symptoms of GnRH
deficiency after sexual maturity. After detailed phenotyping,
we found that Patient 2 showed anosmia but no additional
phenotypes (including cryptorchidism, micropenis, cleft lip/
palate, dental agenesis, optic nerve hypoplasia, sensorineural

© Translational Andrology and Urology. All rights reserved.

hearing loss, etc.). With exception of Patient 2, all patients
in our cohort showed testicular volume (TV) >4 mL, which
suggested partial puberty development. hCG treatment
significantly improved their Tanner stage, TV, serum T
levels. Additionally, all patients reported the resumption
of morning erections after hCG treatment. Two patients
exhibited seminal spermatozoa appearance after follow-
up of more than two years. No side effects (acne and
gynecomastia) were observed among these patients.

Bioinformatic and expression analysis of GNRHR RSV

GNRHR is a member of the seven-transmembrane,
G protein coupled receptor (GPCR) family in the cell

Transl Androl Urol 2021;10(4):1676-1687 | http://dx.doi.org/10.21037/tau-20-1390
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Table 1 Mutation profile in IHH patients
Patient . . . Nucleotide Ami.no Variant . gnomAD Egz-lr:t)zg:n Eir:t)r:g:n
number Gene Location Zygosity  Transcript change . ::rl]z . ;:g::r;?; (l)nrt frec:;:a)ncy frequency Homozygotes
(%) Number
1 GNRHR chr4:68610309 Ht  NM_000406.2 c.719G>A p.R240Q 0.013 (4/306) 0.040 0.466 0 0.000
PROKR2 chr20:5283308 Ht  NM_144773.2 ¢.533G>C p.W178S 0.052 (16/306) 0.018 0.260 0 0.000
CNTN2 chr1:205031094 Ht NM_005076.3 c.1075C>A p.R359S 0.003 (1/306) 0.067 0.075 0 0.594
2 GNRHR chr4:68610309 Ht  NM_000406.2 c.719G>A p.R240Q 0.013 (4/306) 0.040 0.466 0 0.000
SEMAT7A chr15:74710241  Ht  NM_003612.3 c¢.442C>T p.R148W 0.003 (1/306) 0.036 0.400 0 1.000
3 GNRHR chr4:68610309 Ht  NM_000406.2 c.719G>A p.R240Q 0.013 (4/306) 0.040 0.466 0 0.000
TYRO3 chr15:41865595 Ht  NM_006293.3 ¢.2075C>G p.S692C 0.003 (1/306) 0.002 0.035 0 0.275
4 GNRHR chr4:68610309 Ht  NM_000406.2 c.719G>A p.R240Q 0.013 (4/306) 0.040 0.466 0 0.000
AXL  chr19:41748818 Ht NM_021913.4 c.1343G>T p.W448L 0.003 (1/306) 0.057 0.779 4 0.570
PLXNB1 chr3:48460742 Ht  NM_002673.5 ¢.2743T>C p.C915R 0.003 (1/306) 0 0 0 NA

Variant frequency refers to the allele frequency of variant. P refers to the statistical significance of difference in variant frequency between
the patient cohort and the East Asian cohort from the gnomAD database. IHH, idiopathic hypogonadotropic hypogonadism; Hm,

Homozygous; Ht, Heterozygous; NA, not available.

membrane, and the GNRHR RSV is located in the third
cytoplasmic loop of GNRHR (Figure 1B). Conservative
analysis revealed that residue of p.R240 was highly
conserved across seven different vertebrates (Figure 1C).
In crystal structure prediction, replacement of arginine
(strongly basic) with glutamine (neutral) changed the
polarity of residue. The structure of this site has changed
from alpha helix to curl. Glutamine has four fewer
hydrogen atoms and two fewer nitrogen atoms (Figure 1D),
which means that the replacement likely altered interactions
with amino acids at other sites, and may further impair their
function. Expression analysis showed that mRNA level of
GNRHR in the GNRHR-WT group was mildly higher
than that in GNRHR-MUT group (containing the GNRHR
RSV), but the difference was not significant. Similarly, no
significant difference was observed in protein comparison

(Figure 24,B,C).

GNRHR RSV affected ERK1/2 activation

One of the major signal transduction pathways of GNRHR
is the MAPK cascade (9,22,23). To figure out the effect of
GNRHR RSV on ERK1/2 activation, we first set different
time points to find the optimal time of activation in the
GNRHR-WT group. As shown in Figure 2D,E, the level

© Translational Andrology and Urology. All rights reserved.

of p-ERK1/2/ERK1/2 was highest at 5 min relative to 10
min, 15 min and 30 min. The level of p-ERK1/2/ERK1/2
gradually decreased as time elapsed. We subsequently used
5 mins for the duration of stimulation. Compared with
the GNRHR-WT group, the level of p-ERK1/2/ERK1/2
was markedly lower in the GNRHR-MUT group (P<0.05,
Figure 2E,G). The data thereby indicate that the GNRHR
RSV impaires ERK1/2 activation to some extent.

GNRHR RSV affected IP3/calcium pathway

Because of IP3-mediated calcium mobilization in
downstream of GNRHR (9,21), we examined IP3
accumulation and calcium mobilization to analyze
the downstream effects of GNRHR RSV. As for IP3
accumulation, there was a remarkable difference between
the GNRHR-WT and GNRHR-MUT groups (P<0.001),
with the concentration of the GnRH decapeptide
ranging from 10° M to 10° M (Figure 3A). For calcium
mobilization, the highest calcium level was shown in
the GNRHR-W'T group. Calcium level partially, but
significantly decreased in the GNRHR-MUT group than
the GNRHR-W'T group (P<0.05) (Figure 3B,C). Therefore,
our result suggests that the GNRHR RSV partly damages
1P3/calcium signal.
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Table 2 Clinical characteristics of IHH patients harboring the GNRHR RSV.

Patient 1 Patient 2 Patient 3 Patient 4
At baseline
Age at diagnose (year) 43 26 21 16
Sex Male Male Male Male
BMI (kg/m?) 24.677 24.419 22.039 21.718
Diagnose AOIHH KS nlHH nlHH
Olfactory disorder - Anosmia - -
Cryptorchidism or cryptorchidism history - - - -
Previous testosterone/gonadotropin treatment - - - -
Pubic hair Tanner stage 5 1 1 1
Genital Tanner stage 5 2 3 3
Testicular volume' (mL) 12 2 45 12
Basal FSH (mlU/mL) 0.81 2.27 2.61 0.19
Basal LH (mIU/mL) 1.06 0.25 0.54 0.00
Basal T (mlU/mL) 0.41 0.54 0.15 0.01
After treatment
Follow-up time (month) 25 41 12 2
Drug injection dose (U/per week) hCG 4000 hCG 4000 hCG 4000 hCG 4000
Morning erection + + + +
IIEF-5 score 21 NA NA NA
Pubic hair Tanner stage 5 5 4 1
Genital Tanner stage 5 4 3 3
Testicular volume (mL) 20 12 10 12
Therapeutic T (ng/mL) 2.71 4.25 3.16 1.82
Sperm concentration (10°/mL) 13.56 4.01 NA NA
Sperm forward progression (%) 46.55 1.34 NA NA

Mesticular volume refers to the mean value of bilateral testicular volume. IHH, idiopathic hypogonadotropic hypogonadism; AOIHH,
adult-onset idiopathic hypogonadotropic hypogonadism; KS, Kallmann syndrome; nlHH, normosmic idiopathic hypogonadotropic
hypogonadism; RSV, rare sequencing variant; BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; T,
testosterone; IIEF, International index of erectile function; NA, not applicable.

Discussion

In this study, we described a RSV in GNRHR gene and
associated clinical manifestation. We identified four
sporadic patients carrying the same heterozygous GNRHR
RSV (p.R240Q). The prevalence of this GNRHR RSV was
2.6%. Its allele frequency was found to be exceptionally
higher than that in general population. Functional analysis
has demonstrated that this RSV caused loss of function

© Translational Andrology and Urology. All rights reserved.

(LOF) to GNRHR protein. It is of value to investigate the
effect of the RSV, although the heterozygous state may be a
non-functional factor in human, it homozygous/compound
state could possibly have a pathogenic effect.

Heterozygous changes in GNRHR gene were enriched
in IHH patients compared with controls. A large genetic
screening for 863 probands with different forms of
GnRH deficiency found that, 24 patients with monoallelic
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Figure 2 Analysis of GNRHR expression and ERK1/2 activation under stimulation of GnRH decapeptide. (A) Quantitative analysis of
GNRHR mRNA level in the GNRHR-WT, GNRHR-MUT, and MOCK groups. (B) Representative western blot results of GNRHR
expression in the GNRHR-WT, GNRHR-MUT, and MOCK groups. (C) GNRHR expression with GAPDH as the loading control in the
GNRHR-WT, GNRHR-MUT, and MOCK groups. (D) Representative western blot results of p-ERK1/2 and ERK1/2 in the GNRHR-
WT group under the stimulation of GnRH decapeptide at different time points. (E) Relative protein level of p-ERK1/ERK1 and p-ERK2/
ERK? in the GNRHR-WT group at different time points. (F) Representative western blot results of p-ERK1/2 and ERK1/2 in the
GNRHR-WT, GNRHR-MUT, and MOCK groups under stimulation for 5 min. (G) Relative protein level of p-ERK1/ERK1 and p-ERK2/
ERK2 in the GNRHR-WT, GNRHR-MUT, and MOCK groups. *P<0.05, **P<0.01, ***P<0.001. RSV, rare sequencing variant; W'T, wild
type; MUT, mutant type (containing the GNRHR RSV); ns, not significant. The data were obtained from three biological replicates.

GNRHR mutations featured a broad phenotypic spectrum, associated gene variants (11). Therefore, these evidence
ranging from Kallmann syndrome/nIHH, to attenuated indicates that heterozygous changes in GNRHR are not
GnRH deficiency (AOIHH, hypothalamic amenorrhea, just a non-functional factor, but may lead to reproductive
or constitutional delay of puberty) (12). Intriguingly, pathogenicity (11). Given the autosomal recessive

researchers revealed that the heterozygous p.Q106R and inheritance, our study carefully suggests that the p.R240Q
R262Q RSVs were verified to be partial loss-of-function, RSV found in four IHH patients may play a limited role

and the heterozygous R139H RSV was complete loss- in the process of morbidity. One possibility is that other
of-function (6,12). A recent study showed that two KS mutations with unknown function on these patients caused
patients and one nIHH patient carried this heterozygous the disease to occur. An additional possibility is that

p-QL06R RSV, and they did not carry any other 36 IHH- decreased gene dosage caused by monoallelic GNRHR
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Figure 3 GNRHR RSV negatively affected intracellular IP3 and calcium level. (A) The intracellular IP3 concentration under stimulation of
different concentrations of GnRH decapeptide [LOG (GnRH decapeptide), M =-9, -8, -7, -6, -5] in the GNRHR-W'T; GNRHR-MUT,
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(stained with Fluo-4 AM and DAPI) (magnification x100, Scale bars =100 pm). (C) Semiquantitative analysis of positive area of intracellular
calcium in the GNRHR-WT, GNRHR-MUT, and MOCK groups. *P<0.05, **P<0.01, ***P<0.001. RSV, rare sequencing variant; W'T,
wild type; MUT, mutant type (containing the GNRHR RSV); IP3, Inositol trisphosphate. The data were obtained from three biological

replicates.

mutation, makes individuals susceptible to environmental,
behavioral, or psychosocial burdens on GnRH secretion
(11,24).

Although GNRHR mutations were reported in
normosmic IHH patients (25), we have demonstrated that
the four patients showed phenotypic diversity. Patient 1, 3
and 4 had normal sense of smell, whereas Patient 2 were
diagnosed with KS (containing olfactory disorder). Patient
1 displayed GnRH deficiency in adulthood, while the other
three patients displayed that in pubertal development.
At baseline, there were different levels of testicular
development and hormone profiles. Testicular volume of
Patient 3 and 4 were both above >4 mL, suggesting partial
spontaneous puberty development (26), whereas TV of

© Translational Andrology and Urology. All rights reserved.

Patient 2 was 2 ml. Moreover, serum FSH levels of Patient
2 and 3 were at the lower level of normal range, but the
rest two patients did not showed that. Consistently, other
studies also proved this phenotypic diversity in patients
with GNRHR mutations, ranging from complete IHH to
constitutional delay of puberty (7,12,21).

Digenic and oligogenic inheritance are commonly
observed in IHH (14,27). Herein, four patients with the
GNRHR RSV harbored additional genetic abnormalities,
including known IHH causal genes PROKR2, SEMA7A,
AXL RSVs, and candidate genes CNTN2, TYRO3, and
PLXNBI RSVs. Except for the defined pathogenicity of
PROKR2 RSV (p.W178S) (28,29), the role of remaining
RSVs are currently not well understood. Of note, all
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four patients in our cohort showed good responses to
hCG treatment. After follow-up of over 2 years, fertility
outcomes of two patients were improved, with sperm
concentration of 13.56 and 4.01x10°/mL, respectively. Early
studies indicated that TV >4 mL was a positive predictive
factor for sperm production after receiving gonadotropin
treatment (1,30,31). Given that the rest two patients also
had TV >4 mL, it is plausible that hCG treatment may
induce spermatogenesis in further follow-up.

It is well established that GnRH receptor is a member
of the G protein coupled receptors (GPCRs), and highly
expressed in the anterior pituitary gland, breast, ovary,
and prostate (32). Mutations in GPCRs disrupt a variety
of physiological processes, including protein biosynthesis,
folding and transport, ligand binding, receptor activation,
and interaction with G protein (10,33). Seventy-five
percent of GNRHR variants reside in transmembrane
domains (10). Our genetic analysis found that the RSV
(p-R240Q) was located in the third cytoplasmic loop of
GNRHR. As described in earlier studies (6,10,34-36), there
are two more GNRHR variants (p.R262Q and p.L266R)
reported in this loop. These variants both disrupted normal
GNRHR expression and downstream signals. However, in
our study, the p.R240QQ RSV had no effect on expression,
but negatively affected downstream signals, strongly
suggesting that pathogenicity of this RSV may be milder
than that of p.R262Q and p.L266R for the GNRHR
protein.

According to severity of impaired function, we
divided GNRHR variants into two subtypes. Complete
loss-of-function (cLOF) is defined as no measurable in
vitro signaling, while partial loss-of-function (pLOF) is
defined when maximal signaling intensity is at least 10%
of wild-type signaling (10). Protein analysis showed that
the level of ERK1/2 phosphorylation in the GNRHR-
MUT group was about 36-50% of that in the GNRHR-
WT group. IP3 accumulation and calcium mobilization
of GNRHR-MUT was approximately 20-54% of
GNRHR-WT. Therefore, the GNRHR RSV is classified
as a pLOF mutation. Moreover, our finding suggests that
pLOF mutation may be associated with mild phenotypic
forms, such as partial testicular development and normal
FSH levels.

There are several limitations in this study. First, due
to the geographic and economic reasons, it is difficult to
obtain blood samples from patients’ family and ascertain
their genotypes. Second, each patient harbored other gene
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mutations, we could not exclude the role of other possible
pathogenic variants in the pathogenesis of IHH. Third, the
intervals of follow-up review ranged from 3 to 6 months.
A shorter and more consistent follow-up would be better
for clinical management. Additionally, knowledge of IHH
genes is rapidly progressing, our panel sequencing needs to
be updated and more new causal genes should to be added
into the panel.

Conclusions

In conclusion, the present study supports the loss of
function of the GNRHR RSV (p.R240Q), and further
expands its mutation and phenotypic spectrum. Monoallelic

defects in GNRHR was found in Chinese IHH cohort, and
it should be paid attention in this research field.
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