Novel inactivating
follicle-stimulating hormone
receptor mutations in a patient with
premature ovarian insufficiency
iIdentified by next-generation
sequencing gene panel analysis

Asma Sassi, M.D.,? Julie Désir, M.D., Ph.D.,® Véronique Janssens, B.Sc.,© Martina Marangoni, M.Sc.,P
Dorien Daneels, M.Sc.,%¢ Alexander Gheldof, Ph.D.,® Maryse Bonduelle, M.D., Ph.D.,¢
Sonia Van Dooren, Ph.D.,%¢ Sabine Costagliola, Ph.D.,“ and Anne Delbaere, M.D., Ph.D.?

2 Fertility Clinic, Department of Gynecology and Obstetrics, Erasme Hospital, Université Libre de Bruxelles; °® Department of
Genetics, Erasme Hospital, Université Libre de Bruxelles; © IRIBHM, Institute of Interdisciplinary Research in Human and
Molecular Biology, Université Libre de Bruxelles; ¢ Brussels Interuniversity Genomics High Throughput Core (Bright
Core); ¢ Centre for Medical Genetics, Reproduction and Genetics and Regenerative Medicine Research Cluster,
Reproduction and Genetics Research Group, Vrije Universiteit Brussel-UZ Brussel, Brussels, Belgium

Objective: To find the genetic etiology of premature ovarian insufficiency (POI) in a patient with primary amenorrhea and hypergo-
nadotropic hypogonadism.

Design: Case report.

Setting: University hospital.

Patient(s): A Belgian woman aged 32 years with POI at the age of 17, her parents, and her sister whose POI was diagnosed at age 29.
Intervention(s): Analysis of a panel of 31 genes implicated in POI (POIGP) using next-generation sequencing (NGS), Sanger
sequencing, and in vitro functional study.

Main Outcome Measure(s): Gene variants, family mutational segregation, and in vitro functional impact of the mutant proteins.
Result(s): The analysis of the gene panel using NGS identified the presence of two novel follicle-stimulating hormone receptor (FSHR)
missense mutations at a compound heterozygous state in the affected patient: c.646 G>A, p.Gly216Arg, and c.1313C>T, p.Thr438lle.
Sanger sequencing showed the presence of each mutation at heterozygous state in the patient’s parents and at heterozygous compound
state in the affected sister. Both substituted amino acids (Gly216 and Thr438) were conserved in FSHR of several vertebrate species as
well as in other glycoproteins receptors (TSHR and LHCGHR), suggesting a potentially important role in glycoprotein receptor function.
An in vitro functional study showed similar results for both variants with more than 90% reduction of their cell surface expression and a
550 reduction of their FSH-induced cyclic adenosine 3’:5' monophosphate (cAMP) production compared with the wild-type FSHR.
Conclusion(s): The analysis of a gene panel of 31 genes implicated in POI allowed us to identify two novel partially inactivating mu-
tations of FSHR that are likely responsible for the POI phenotype of the proband and of her affected sister. (Fertil Steril Rep® 2020;1:
193-201. ©2020 by American Society for Reproductive Medicine.)
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syndrome affecting around 1% of women at the age of

40 and 1 in 1,000 women at age 30 (1-3). According to
the Furopean Society of Human Reproduction and
Embryology (ESHRE) guidelines on POI, the diagnosis is
made based on the presence of menstrual disturbances
before the age of 40 years, consisting of primary
amenorrhea (PA), secondary amenorrhea, or
oligomenorrhea for at least 4 months, associated to
hypergonadotropic hypogonadism with FSH levels >25 IU/
L on two occasions more than 4 weeks apart (3). The
etiology of POl may be iatrogenic, autoimmune or genetic
but remains however undetermined in the large majority of
cases (2, 4, 5). Established genetic causes of POI involve
chromosomal abnormalities, mainly X chromosome
numerical and/or structural defects, FMRI premutations
and other much rarer gene mutations involved in the
follicular development and folliculogenesis process (2, 6).
Elucidating the genetic etiologies is crucial to gain more
insight in the physiopathology of POI and to provide an
appropriate genetic counseling and management to affected
patients and their relatives.

In the last decades, different genomic approaches have
contributed to uncovering several genes implicated in the
development of POI. Sanger sequencing of candidate genes,
largely used in the past, appeared to be time consuming and
hardly efficient when used as a first line for the search of ge-
netic etiologies of nonsyndromic POI (6-8). More recently,
next-generation sequencing (NGS) techniques, including
whole exome sequencing (WES) or gene panels (GP) allowing
massive parallel sequencing of targeted causal and candidate
genes of POIL, have turned out to be powerful genetic tools and
have contributed to a large expansion of the identification of
novel causal or candidate gene variants in affected patients
(2, 9-17). These genes have been shown to be implicated
directly or indirectly in gonadal and follicular development
through very different mechanisms involving mitochondrial
and immune function, metabolism, apoptosis, DNA
replication and repair, mRNA processing, cell cycle
progression, meiosis, and hormonal signaling (2, 5). We
present here two novel FSH receptor (FSHR) inactivating
mutations identified in two sisters with hypergonadotropic
hypogonadism by using a POI gene panel of 31 genes.

P remature ovarian insufficiency (POI) is a heterogeneous

MATERIALS AND METHODS
Patients

The proband is a Belgian patient who presented PA with
normal breast development, whose POI was diagnosed when
she was 17 years old. She came to our fertility clinic for a
consultation regarding assisted reproduction with oocyte
donation when she was 32 years old. Before consulting our
center, she had a diagnostic laparoscopy showing a normal
pelvic state with small ovaries. After unsuccessful attempts
at ovulation induction with clomiphene citrate, she under-
went controlled ovarian stimulation (COS) for in vitro fertil-
ization (IVF) with increasing doses of human menopausal
gonadotropins (hMG; Menopur) up to 300 IU per day. The cy-
cle was canceled after 13 days of ovarian stimulation because

no ovarian response was obtained (the maximal estradiol
level was of 72 ng/L, and no follicular growth >10 mm
was observed).

The family history revealed that POI had been diagnosed
after hormone contraception arrest in the proband’s sister at
the age of 29 years. Her sister had been taking contraceptive
pills since the age of 18 years because she had experienced
very irregular menstruation throughout the 2 years after
spontaneous menarche (at the age of 16). The sister became
pregnant via oocyte donation; ovarian stimulation with
clomiphene citrate and COS for IVF with increasing doses of
hMG (Menopur) for 18 days up to 300 IU per day had yielded
no ovarian response. The patient’s mother was menopaused at
50 years old. There was no consanguinity in the family, and
no other history of delayed puberty, abnormal sexual differ-
entiation, infertility, or POL

The study was approved by the ethics committee of
Erasme Hospital (study registration number: P2016/196/
CCB B406201628264). The patient and her relatives gave their
written informed consent to be tested for a genetic etiology of
POL

POI evaluation

At the time of the study, the proband was 163 cm tall with a
body mass index of 29 kg/m?% No dysmorphic features were
noted. A transvaginal pelvic ultrasound showed a normal
uterus and bilateral small ovaries with the presence of 4 +
5 small antral follicles. Biological analysis showed FSH levels
of 74 IU/L and antimiillerian hormone (AMH) levels of 1.4 ug/
L (AMH Gen II Elisa; Beckman Coulter). The patient’s conven-
tional and molecular (array-based comparative genomic hy-
bridization) karyotype were normal, and no fragile X
premutation was found. Autoimmunity was assessed by the
measurement of antiadrenal, antiovarian, and anti-thyroid
peroxidase antibodies which turned out to be in the normal
range.

The proband’s sister was 162 cm tall. Hormone tests that
had been performed for secondary amenorrhea evaluation at
the age of 29 showed FSH levels of 76 IU/L and AMH levels of
5.8 ug/L (AMH Gen II Elisa; Beckman Coulter).

Massive parallel sequencing targeted for POI
(gene panel)

The POI gene panel (POIGP) was developed in 2016 for diag-
nostic purposes in the assessment of genetic etiologies of non-
iatrogenic POI with normal karyotype and no FMRI
premutation. This panel encompasses the coding regions
and 11 base pairs (bp) flanking intronic sequences of 31 POI
candidate and causal genes (Supplemental Table 1, available
online), and it is reimbursed by the Belgian health insurance
for this indication. It was performed at the Brussels Interuni-
versity Genomics High Throughput Core (http://www.
brightcore.be/).

We mechanically fragmented 1 ug of genomic DNA to an
average length of 220 bp with a Covaris M2200 machine. The
DNA libraries were prepared using the kappa hyper Prep Kit
according to the manufacturer’s instructions and captured
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together with Roche Nimblegen SeqCap EZ Choice XL enrich-
ment probes. The captured fragments were then amplified on
an [llumina cBOT machine and sequenced in 2 times 125-bp
paired-end mode on an [llumina Hiseq 1500 sequencer.

After demultiplexing, the quality of reads was determined
with FastQC (version 0.010.1; Babraham Bioinformatics).
Reads were aligned to the human reference genome hg19
(ucsc.hg19.fasta) with BWA-MEM (version 0.7.10; Burrows-
Wheeler Aligner). Aligned reads were sorted and quality
controlled with SAMtools (version 0.1.9-44428cd). Duplicate
reads were marked with Picard (version 1.97; Broad Institute).
The reads were further optimized by GATK (version 2.7; Broad
Institute) and underwent quality control with Picard (version
1.97). The coverage in the sequenced regions was determined
with SAMtools (version 19-44428cd) and the in-house devel-
oped software Rscrip (Rv2.15.1). Variant calling was per-
formed with GATK (version 2.7). Variants were annotated
and analyzed with Highlander (version 14.9; Helaers and Vik-
kula). Variants of unknown significance (CL3), possibly path-
ogenic (CL4) and pathogenic (CL5) were further evaluated
through different in silico predictions tools integrated in
Highlander (FATHMM, LRT, Mutation Assessor, Mutation
Taster, PolyPhen-2, SIFT) (18).

Sanger sequencing

Sanger sequencing was performed to validate the NGS results
in the affected sisters and their parents. We amplified DNA us-
ing a standard polymerase chain reaction (PCR). The PCR
products were purified with BigDye XTerminator Purification
Kit (Applied Biosystems/Thermo Fischer Scientific) and
analyzed on a 3130XL Genetic Analyzer (Applied
Biosystems).

Functional characterization of FSHR mutations

Plasmid construction. We introduced FSHR gene variants
into complementary DNA (cDNA) of human wild-type FSHR
inserted in an expression vector (pSVL; Pharmacia) by the
QuickChange site mutagenesis method (Stratagene) as
described elsewhere (19). The mutagenic primers for FSHR point
mutations were designed for each mutation as follows: for
¢.1313C>T (T438I), forward primer 5-GGCTGTGATGCTG-
CAGGCTTTTTCACTGTCTTTGCCAG-3' and reverse primer 5'-
AAGCCTGCAGCATCACAGCCTGCCCCAATTTGCCAGTC-3'; for
€.646 G>A (G216R), forward primer 5'-GAAGAATTGCCTAAT-
GATGTTTTCCACAGAGCCTCTGG-3" and reverse primer 5-AA-
CATCATTAGGCAATTCTTCTAGATTATTATTATCGC-3'. The
success of mutagenesis was confirmed with Sanger
sequencing.

FSHR membrane localization assay. We seeded COS-7 cells
(ATCC CRL-1651) at a density of 250,000 in 3 x 3 cm culture
wells and incubated them for 3 days in a 5% CO, atmosphere
at 37°C with 3 mL of culture medium containing Dulbecco’s
modified Eagle’s medium supplemented with fetal bovine
serum 10%, sodium pyruvate solution 1%, penicillin 4 strep-
tomycin 1% 4 Fungizone 1%. Plasmids encoding human
wild-type FSHR, empty vector (pSVL), G216R, and T438I mu-
tations were transfected (12 ug/well) into COS-7 cells using
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Lipofectamine 2000 (27 uL/well) at day 2. The mutants were
transfected separately and cotransfected at similar propor-
tions (6 + 6 ug/well), mimicking the compound heterozygous
state of the two affected patients. The effectiveness of trans-
fection was assessed by the detection of fluorescence from
green fluorescent protein 24 hours after transfection at day
3. Triplicates were used for each assay.

The assessment of the COS-7 cells’ surface expression of FSHR
wild type, mutant and empty vector (pSVL) was performed at day 4
by FACScan flow cytofluorometer (Becton Dickinson) as described
elsewhere (20-22). Briefly, the COS-7 cells were detached from
each well with 1 mL of phosphate-buffered saline (PBS) containing
5 mM ethylenediaminetetraacetic acid (EDTA) and transferred into
Falcon 2052 tubes. Each tube was supplemented by 2 mL of PBS/
0.1% bovine serum albumin (BSA), then the cells were centrifuged
at 560 x g, at 4°C for 3 minutes, and the supernatant was removed
by inversion. The cells were then incubated for 30 minutes at room
temperature with 100 uL PBS/0.1% BSA containing mouse mono-
clonal antibodies (5B2) 10X diluted, which recognize an epitope
located in the extracellular domain (ECD) of the FSHR. The cells
were washed again with 2 mL PBS/0.1% BSA and centrifuged
as previously, then incubated for 30 minutes on ice in the dark
with 100 uL PBS/BSA containing fluorescein-conjugated +y-
chain-specific goat anti-mouse IgG 100X diluted (Sigma-Aldrich)
and propidium iodide (0.3 ug/mL). The cells were washed and
centrifuged once again and resuspended in 250 ul. PBS/0.1%
BSA. The fluorescence of 10,000 cells was then assayed by FACS-
can flow cytofluorometer. The results are expressed by the mean of
fluorescence in arbitrary units (AU).

Cyclic AMP production assay. The cAMP production quanti-
fication was performed as described by Costagliola et al. (21)
and was adapted for our experiment. The culture medium was
removed on day 4 (48 hours after transfection) and replaced
by 1 mL of Krebs-Ringer-HEPES buffer (KRH) for 30 minutes
at 37°C. Transfected COS-7 cells were then incubated for 30
minutes in 1 mL of fresh KRH followed by 1 hour in 1 mL
of fresh KRH supplemented with 25 uM phosphodiesterase in-
hibitor (Rolipram; Laboratory Logeais) with and without two
different concentrations (1 and 0.01 IU/mL) of recombinant
FSH (Ovaleap 900 IU/1.5 mL) (Theramex). The choice of the
FSH concentration was based on previously published exper-
iments (19) showing that in a similar setting cAMP production
by FSHR reached its maximal level at 1 IU/mL (saturating
concentration) and approximately half of it at 0.01 IU/mL
(nonsaturating concentration).

For COS-7 cells cotransfected with both mutant FSHRs,
the experiments were only performed with the saturating con-
centration of FSH (1 IU/mL). After 1 hour of incubation, the
medium was discarded and replaced with 1 mL of 0.1 M HCI
to release cAMP produced from cells in the supernatant. The
cell extracts were dried in a vacuum concentrator, resus-
pended in water, and diluted appropriately for cAMP mea-
surement. The results are expressed as picomoles of cAMP
per milliliter. All experiments were performed in triplicate.

Statistical analysis

Statistical analyses were performed by STATA 15 software
(Stata Corporation). The results of triplicate experiments are
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Next generation sequencing (NGS) of the proband, and Sanger sequencing of the proband’s parents and sister.

/\N\WMA/\/\MM\/Y\A

A) NGS performed in the affected

proband (POI) identified two nonsynonymous mutations in the FSHR gene: c.646G>A (exon 8), p.Gly216Arg (ECD) and c.1313C>T (exon 10),
p.Thr438lle (ECL1). (B) Sanger sequencing showed paternal inheritance of ¢.1313C>T variant and maternal inheritance of c.646G>A. Both
parents were unaffected heterozygous carriers; the affected sister carried both mutations at the heterozygous compound state.

Sassi. FSHR inactivating mutations in POI. Fertil Steril Rep 2020.

expressed as mean = standard deviation. Analysis of variance
(ANOVA) was used to compare the means between different
groups (FSHRwt, pSVL, T438I, G216R, and T438+G216R) in
each of the three experiments (FACS, AMPc production at
0.1 IU/mL, and 1 IU/mL of FSH). Bonferroni correction was
used as post hoc test of ANOVA to adjust the P value between
two means (23). P<.05 was considered statistically
significant.

RESULTS
NGS and Sanger sequencing

The analysis of the gene panel showed the presence of two
novel nonsynonymous FSHR gene mutations in the proband.
The first mutation is a substitution of guanine by alanine at
position 646 in exon 8, predicted to result in a glycine to argi-
nine substitution at the residue 216 of the ECD of the FSHR
(c.646G>A, p.Gly216Arg). The second mutation is a substitu-
tion of cytosine by thymine at position 1313 in exon 10, pre-
dicted to induce a threonine to isoleucine substitution at the
residue 438 located at the first extracellular loop (ECL1) of
the transmembrane domain (TMD) (c.1313C>T, p.Thr438lle)
(Fig. 1A). The frequency of c.646G>A variant was 0.0008%
in the Exome Aggregation Consortium (ExAC; http://exac.
broadinstitute.org). The ¢.1313C>T variant was not reported

in ExAC database, nor was found in the Genome Aggregation
database  (gnomAD;  http://gnomad.broadinstitute.org).
Neither variant was found in our in-house database
(including more than 2,000 individuals), nor were they re-
ported in the human gene mutation database (HGMD;
http://www.hgmd.cf.ac.uk/ac/index.php). Different in silico
predictive algorithms predicted the two mutations to be
damaging or probably damaging (Supplemental Table 2,
available online).

The UCSC Genome Browser on human Feb.2009
(GRCh37/hg19) assembly showed the conservation of both
residues (Gly216 and Thr438) in the FSHR of several verte-
brate species. The assessment of the sequencing alignment
of the three glycoprotein receptors using BLAST (https://
blast.nchi.nlm.nih.gov/Blast.cgi) showed that both amino
acid residues were conserved in thyroid-stimulating hormone
receptor (TSHR) and luteinizing hormone/ choriogonadotro-
pin receptor (LHCGR). In addition, the Thr438 residue belongs
to a sequence of seven amino acids present in the three glyco-
protein hormone receptors and is also well conserved in
several vertebrate species, supporting its potential functional
importance. Sanger sequencing confirmed the c.1313C>T
variant inheritance from the father and the c.646 G>A
variant from the mother. The sister carried both mutations
at the compound heterozygous state (Fig. 1B).
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In vitro functional study

Flow cytometry analysis showed a drastic reduction of cell
surface expression of mutated FSHRs compared with the
wild type. This reduction was of 89.4%, 93%, and 92 % for
Gly216Arg, Thr438lle, and Gly216Arg + Thr438lle, respec-
tively (Fig. 2A). The production of cAMP at baseline was
similar among the cells transfected by plasmids containing
the empty vector (pSVL), FSHR WT, Gly216Arg variant,
Thr438lle variant, and Gly216Arg + Thr438lle variants. Re-
combinant FSH induced a dose-dependent stimulation of
cAMP production in COS-7 cells transfected with expression
vectors encoding the wild-type or the mutated receptors.

At nonsaturating concentrations of FSH (0.01 IU/mL), the
cAMP production was 58% lower in COS-7 cells transfected
with G216R and T438I variants compared with cells transfected
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with the wild-type receptor. At saturating concentrations of FSH
(1 TU/mL), the cAMP production was, respectively, 50% and
549 lower in COS-7 cells transfected with G216R and T438I var-
iants compared with cells transfected with the wild-type receptor
(Fig. 2B). The cAMP production by COS-7 cells cotransfected by
both variants (Gly216Arg + Thr438lle) was evaluated after incu-
bation with saturating FSH concentration (1 IU/mL) and was com-
parable with the cAMP produced by COS-7 cells transfected by
each of the variants at the same concentration of FSH, showing
55% reduction compared with cells transfected with the wild-
type receptor (Fig. 2B).

DISCUSSION

We report here two novel mutations of the FSHR gene in two
sisters presenting with hypergonadotropic hypogonadism.
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Functional testing of the mutated FSHR. Functional testing of the FSHR variants was performed using Cos-7 cells transiently transfected with cDNA
encoding the wild-type FSHR (FSHR WT), the Gly216Arg variant, the Thr438lle variant, the Gly216RArg+Thr438lle variants (mimicking the
compound heterozygous state in the affected patients), or the empty plasmid (PSVL). Data of two representative experiments are presented
(mean + standard deviation). Each experiment was performed two times in triplicate. (A) Cell surface expression of the FSHR variants
quantified by flow cytometry (A.U.: arbitrary units of fluorescence). The cell surface expression was statistically significantly reduced for both
variants compared to FSHR WT (P<.0001). Cells cotransfected with both variants (Gly216Arg + Thr438lle) showed results similar to those
obtained in cells transfected by either Thr438lle or Gly216Arg. (B) FSH-induced cAMP production measured in the cell culture medium after cell
incubation with two different FSH concentrations: 0.01 IU/mL (nonsaturating concentration) and 1 IU/mL (saturating concentration). A
statistically significant decrease in cAMP production was observed for both variants compared with FSHR WT at both FSH concentrations
(P<.0001 and P<.001 for FSH 0.01 IU/mL and 1 IU/mL, respectively). The cAMP produced by cells cotransfected with both variants showed
results similar to those obtained in cells transfected by either Thr438lle or Gly216Arg at saturating FSH concentration.

Sassi. FSHR inactivating mutations in POI. Fertil Steril Rep 2020.
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Both sisters were compound heterozygotes, having inherited a
different mutated allele from each parent.

Both FSH and its receptor (FSHR) play crucial roles in fe-
male fertility, especially for follicular growth beyond the pri-
mary stage in humans and preantral stage in rodents (24-26).
A glycoprotein hormone receptor, FSHR belongs to the
rhodopsin-like G protein-coupled receptors (GPCRs). Glyco-
protein hormone receptors include two other receptors
LHCGR and TSHR and are characterized by a complex struc-
ture including a seven-helical transmembrane as well as a
hinge region containing sulfated tyrosine residues important
for ligand recognition and signal transduction (22, 27).

The FSHR biallelic inactivating mutations are one of the
well-established, very rare causes of POL The first homozy-
gous FSHR inactivating mutation (c.566C>T, p.Ala189Val)
was identified by linkage studies in six Finnish families of
affected women presenting hypergonadotropic hypogonad-
ism, primary amenorrhea, delayed puberty, and hypoplastic
ovaries (28). Histologic examination of the ovaries showed
primordial and primary follicles without any further follicular
development, indicating that the first steps of folliculogenesis
were independent of FSH action (29) in accordance with the
block in folliculogenesis observed in mice with targeted
disruption of the FSHR gene (25).

Twenty inactivating mutations have been reported so far,
located in the ECD or TMD of the receptor associated with
different clinical phenotypes (Fig. 3) (17, 26, 28-46). Of
note, six of these mutations were recently identified by
WES (39, 41, 42, 45). Patients’ phenotypes have been
related to the level of inactivation of the receptor. Most
patients carrying FSHR inactivating mutations associated
with complete loss of cAMP production have displayed PA
with delayed pubertal development and streak ovaries (26,
28, 35, 37, 38, 45, 46). Conversely, in the presence of
partially inactivating FSHR mutations, the patients’
phenotype can vary from PA with partial or normal breast
development to secondary amenorrhea and normal-sized
ovaries containing preantral and even small antral follicles
(32, 33, 41, 46).

In our study, both sisters had a normal development of
secondary sex characteristics, and small antral follicles were
identified by transvaginal ultrasound in the ovaries of the
proband concordant with the partial inactivation of the two
FSHR variants. Both sisters had AMH levels within the normal
range, in accordance with previously reported AMH levels in a
series of patients homozygous for the Ala189Val inactivating
mutation of FSHR (47). In contrast to most other forms of POI
characterized by a follicular depletion and undetectable levels
of AMH, women with POI related to inactivating mutations of
FSHR are rather considered as FSH resistant; they have early
growing follicles, but their development is arrested at the
small antral stage (29, 47). In those patients, AMH secreted
by the granulosa cells of the small growing follicles remains
detectable.

Both sisters failed to respond to 300 IU of hMG during
COS for IVF. The daily dose of 300 IU FSH is generally recog-
nized as the maximal efficient daily dose of FSH during COS.
In addition, increased doses of exogenous FSH up to 600 IU/
day have not been proven to be efficient in patients with other

FSHR partial and complete inactivating mutations (17, 26, 32,
33). The absence of ovarian response to COS contrasts with
the residual in vitro production of 50% cAMP by the mutant
FSHRs. Although in vivo and in vitro situations cannot be
directly compared, it should be emphasized that the in vitro
saturating concentration of FSH (1 IU/mL) very likely exceeds
the in vivo FSH concentration delivered to the follicular gran-
ulosa cells with a daily dose of 300 IU of exogenous hMG. The
choice of the in vitro model used could also have an impact on
the in vitro assessment of the functional characteristics of the
FSHRs. Other FSHR mutations with comparable residual ac-
tivities in vitro were associated with even more severe clinical
phenotypes (delayed puberty with primary amenorrhea and
incomplete breast development) (41). Moreover, additional
impaired downstream signaling pathways such as ERK1/2
could also be involved (46). Eventually, the severity of
FSHR inactivation could also be modulated by other genetic
factors inherent to the genetic characteristics of each patient.

The proband received a POI diagnosis at age 17 because of
PA. Her sister’s menarche occurred at age 16 with very irreg-
ular cycles up to the age of 18; she took oral contraceptives
onward, with the diagnosis of POI made at contraception ar-
rest at age 29. It is difficult to draw definitive conclusions
about phenotypical differences between the two sisters
because the proband started hormone treatment at age 17
while in PA, and her sister presented early signs of ovarian
dysfunction with a late onset of menarche and hormonal
contraception begun at 18 years after few episodes of
bleeding.

Performing gene panel analysis allowed us to exclude
simultaneously the potential contribution of 31 genes impli-
cated in POI because no variant was identified in any of the
tested genes (Supplemental Table 1). Although it might be
informative to perform WES to further investigate the poten-
tial implication of additional genes that might modify the
timing and progress of POI, the identification of two novel
partially inactivating mutations of FSHR at a compound het-
erozygous state in the two affected patients provides a very
likely causative explanation for the development of POL

The two FSHR variants were located respectively in the
ECD (Gly216Arg) and the first ECL (ECL1) of the TMD
(Thr438lle) of the receptor. Both implicated residues were pre-
served in several vertebrate species as well as in LHCGR and
TSHR. For both mutations, flow cytometry showed a reduc-
tion of approximately 90% in the fluorescence intensity de-
tected on the cell surface, suggesting an important
reduction in cell surface expression of the mutated receptor
compared with the wild type. Six previously identified inacti-
vating mutations of FSHR inducing amino acid changes in
the ECD were associated with an alteration in the cell surface
expression of the receptor (17, 28, 32, 33, 44, 46). The
Thr438lle mutation is located in the first ECL of the TMD.
Another FSHR mutation in ECL1 [c.1298C>A (Exon 10);
p.Ala433Asp] has been recently identified by WES in a Brazil-
ian patient with POI but was not tested in vitro (42).

It is interesting that both Thr438 and Ala433 residues are
included in the same stretch of seven amino acids (Ala433,
Ile434, Asp435, Trp436, Gln437, Thr438, and Gly439) and
are well conserved in the three glycoprotein receptors as
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FIGURE 3
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Inactivating mutations in FSHR. The gene encoding FSHR receptor contains 10 exons that encode a protein of 695 amino acids (aa). Exons 1 to 9
encode the extracellular domain (ECD); exon 10 encodes a C-terminal part of the ECD, the transmembrane domain (TMD), and the intracellular
domain (ICD). The ECD contains 349 aa -+ signal peptide of 17 aa; the TMD contains 264 aa including seven transmembrane a-helices, three
intracellular loop (ICLs), and three extracellular loop (ECLs); the ICD contains 65aa (24, 48). Twenty previously inactivating mutations of FSHR as
well as the two mutations identified in our two patients () are presented in this figure. *Mutations inducing a total loss of FSHR function.

W

Sassi. FSHR inactivating mutations in POI. Fertil Steril Rep 2020.

well as in several vertebrate species. In our experiments the
reduction of cell surface expression of each of the two
mutated receptors was associated with an approximately
55% reduction in FSH-induced cAMP production. The coex-
pression of both mutated FSHR did not show any change in
FSH-induced cAMP production at saturating FSH concentra-
tion compared with the one observed for each mutated FSHR,
suggesting that no synergistic effect occurred between the
two FSHR variants for this FSH concentration. The setting
of the present study does not permit evaluating the implica-

Mutations inducing an alteration of FSHR cell surface expression based on functional studies.

tions of other potential molecular mechanisms related to the
partial inactivation of the mutant FSHRs such as receptor
internalization or desensitization, which would be interesting
to further explore in future studies.

In conclusion, we identified two novel mutations of FSHR
present at compound heterozygous state in two sisters with
hypergonadotropic hypogonadism. The functional character-
ization of both mutations showed reduced cell surface expres-
sion and FSH-induced cAMP production of the mutant
receptors compared with the wild-type FSHR, demonstrating
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their causative role in the phenotype of the affected sisters.
These findings enlarge the mutational spectrum of FSHR
and expand its contribution to the development of POL
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