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Abstract

Purpose To identify the FSH receptor (FSHR) variant and efficacy of in vitro maturation (IVM) in a 28-year-old woman with
secondary amenorrhea, primary infertility, and ovarian resistance to FSH, and to analyze the genotype-to-phenotype relationship
in cases of FSHR mutation for the development of an IVM algorithm for use in patients with gonadotropin resistance syndrome
(GRS).

Methods Oocytes retrieved after menstruation induction with norethisterone, followed by daily estrogen and an ovulatory
trigger, underwent IVM, ICSI, and culture in a time-lapse (TL) incubator. Embryo transfers were performed on day 2, and after
thawing on day 5. Genes associated with disorders of sex development were sequenced for both the patient and her parents. All
reported cases of F'SHR mutation were analyzed to investigate genotype/phenotypic relationships.

Results After ovum pickup, seven of 16 oocytes matured and all fertilized. After unsuccessful day 2 transfer, our patient delivered
with a thawed day 5 blastocyst, the sole embryo without abnormal TL phenotypes. Genetic analysis revealed a new composite
heterozygous FSHR variant. Analysis of our patient case with published cases of GRS revealed associations among FSHR
variant genotype, location on the FSHR, functionality of tested variants, and type of amenorrhea. An algorithm for application of
IVM for GRS patients was developed.

Conclusions We report two novel variants of the FSHR. Although IVM successfully matured some oocytes, only one resulted in
an embryo with normal TL phenotypes. We recommend FSHR genetic testing in GRS patients, which will help guide their
suitability for [IVM.

Keywords FSH resistance syndrome - FSH receptor variant/mutation - IVM - Time lapse - ART

Introduction

Gonadotropin resistance syndrome (GRS) of the ovaries is a
rare pathology with an unknown prevalence, but its manage-
ment by reproductive endocrinologists represents a significant
medical challenge. This syndrome, which was first described
about 50 years ago [1], is often caused by a variant of the
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follicle-stimulating hormone receptor (FSHR). Abnormal
clinical and hormonal patient profiles typical of this syndrome
include amenorrhea, increased serum FSH levels, normal and/
or increased anti-Mullerian hormone (AMH) levels, and often
high antral follicle counts [1, 2].

The FSHR is exclusively present in the granulosa cells of
follicles [3]. The binding of FSH to its receptor induces stim-
ulation of the granulosa cells which results in the growth of
these cells, their secretion of estradiol, and the resumption of
oocyte maturation under the influence of the pre-ovulatory
luteinizing hormone (LH) surge [4, 5]. FSH receptors, like
LH or TSH receptors, are part of the large family of G
protein-coupled receptor family. Their protein structure com-
prises the extracellular (EC) ligand-binding domain, seven
transmembrane domains, three short intracellular (IC) loops,
three EC loops, and an IC domain [6] (see Fig. 1). A highly
conserved structure shared by the G protein-coupled receptor
family is the transmembrane domain. FSH binds to the EC
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Fig. 1 Structure of the FSH
receptor. The diagram shows the
extracellular N-terminal and
intracellular C-terminal domains
and the 7 transmembrane
domains, connected by
intracellular or extracellular
helices. The two amino acid
substitutions identified in our
patient are highlighted in green,
compared to all the receptor-
inactivating substitutions
previously described in women.
Adapted from Bramble et al. [7]

Arg283Tr

Cytosol

domain of FSHR, which triggers a conformational change in
FSHR and subsequently activates G protein and adenylyl cy-
clase, resulting in increased cyclic adenosine monophosphate
(cAMP) production [6].

The FSHR gene consists of 10 exons, the first nine encode
the EC domain, whereas the transmembrane and IC domains
are encoded by the terminal exon 10 [8, 9], which corresponds
to almost 50% of the protein sequence. Several mutations in
the FSHR have been described in women, all of whom expe-
rienced infertility.

The first description of a mutation in the FSHR gene was
reported by Aittomaki and colleagues [10] in 1995. A C566T
transition in exon 7 of FSHR was found, predicting an
alanine-to-valine substitution at residue 189 (p.Alal89Val)
in Finnish women, located in the EC domain of FSHR,
resulting in disruption of membrane targeting and marked
impairment of FSHR function in vitro.

To our knowledge, since this initial report, there have been
eleven other reports of patients with variants of the FSHR with
their associated amino acid substitutions and pathogenicity [7,
11-20]. Regardless of the mutation, all these patients lacked a
response to ovarian stimulation (OS). This condition, there-
fore, makes classical assisted reproductive treatment (ART)
with controlled ovarian stimulation with exogenous gonado-
tropins followed by in vitro fertilization (IVF) impossible.

In vitro maturation (IVM) of immature oocytes retrieved
without previous ovarian stimulation has been proposed for
these patients to obtain mature, developmentally competent
oocytes, and embryos capable of supporting viable pregnan-
cies [2]. Historically, IVM was proposed as an approach to
rescue immature oocytes the day of oocyte retrieval after ovar-
ian stimulation [21]. It was then proposed for patients with a
contraindication to ovarian stimulation such as severe ovarian
hyperstimulation syndrome in case of polycystic ovary syn-
drome (PCOS) [22, 23], in the absence of FSH stimulation or
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in conjunction with light FSH priming [24, 25]. More recent-
ly, IVM has been proposed for cases of hormone-sensitive
cancers before preserving fertility [26]. Some teams have also
proposed this as an alternative procedure for patients with low
ovarian reserve [27] or for patients with a low yield of mature
oocytes after conventional IVF [28, 29].

Here, we describe the case of a 28-year-old woman with
FSHR resistance syndrome in whom two variants, never de-
scribed previously, were identified. [VM was conducted, and
a live birth was obtained after a frozen-thawed blastocyst
transfer. In addition, as no previous study has reported embryo
development after IVM for this indication, we describe the
phenotypic and morphokinetic parameters of the embryos ob-
tained. Finally, with now thirteen FSHR variant cases of this
rare condition reported, we assess whether any relationship
exists between the genotype and phenotype of the women
involved.
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Materials and methods
Patient consent to publish and ethics approval

The patient consented to publication of her case. This case
report was approved by the Foch Hospital Ethics Committee,
IRB: IRB00012437 (Approval number: 21-05-02).

Patient presentation and work-up

A 28-year-old patient with secondary amenorrhea was re-
ferred to our center after 3 years of primary infertility. After
menarche at age 12, and menstrual cycles every 30 to 37 days
until she was 16 years of age, the patient experienced
spaniomenorrhea with menstruation every 6 months until
she was 20 years, followed by secondary amenorrhea. Her
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secondary sexual characteristics were normal, and she pre-
sented with no clinical hyperandrogenism and had no partic-
ular personal or family history of menstrual disorders. Her
karyotype and screening for FMRI gene premutation were
both normal, and no auto-antibodies (antithyroid peroxidase
and antithyroglobulin) were identified.

Ultrasonography showed a normal uterus size (63 x 34 x
38 mm), two normal sized ovaries (30 X 18 mm and 28 x 20
mm), and an antral follicle count (AFC) of 45. Hormonal
testing revealed elevated FSH, LH, and AMH, but all other
hormones were in the normal range.

The patient underwent two failed follicular stimulations
with exogenous gonadotropins and no ovarian response at
another IVF center. Due to this history and her physical and
hormone testing, we performed a genetic analysis to deter-
mine her karyotype and to investigate whether she carried a
FSHR mutation. The genetic composition of her FSHR was
characterized using a target sequencing approach of 59 genes
for which variants have been previously associated with dis-
orders of sex development. The analysis was performed using
next-generation sequencing (Supplemental Material).

Patient index cycle
Cycle management for oocyte retrieval

To induce menstruation, 10 days of norethisterone (Primolut-
Nor 10 mg; Bayer HealthCare, Loos, France) was adminis-
tered and continuous treatment with 2 mg estrogen (E2) twice
a day was started the first day of menstruation (Provames 2
mg; Sanofi-Aventis, Paris, France). The first ultrasound, un-
dertaken on day 12 (D12) using a 5.0-9.0-MHz multifrequen-
cy transvaginal probe (Voluson™ S8 system, GE Healthcare),
showed the presence of 6 follicles of 4 mm and 6 follicles of
3 mm on the right ovary and 4 follicles of 5 mm and 5 follicles
of 3 mm on the left ovary. Endometrial thickness was mea-
sured at 7.5 mm. Three days later, on D15, an ultrasound was
performed and showed the same follicular count and sizes and
an endometrial thickness of 8.4 mm. Two days later, priming
with 250 IU of choriogonadotropin alfa was performed
(Ovitrelle®, Merck Pharmaceuticals) with egg retrieval 36 h
later using a 19-gauge needle (Cook Medical) linked to a
pump with a negative pressure at 80 mmHg.

In vitro maturation protocol

Collected cumulus-oocyte complexes (COCs) were placed in
4-mL IVM medium (MediCult IVM System; CooperSurgical,
France) supplemented with 20% heat-inactivated patient se-
rum and 10 IU/mL hMG (Menopur; Ferring Pharmaceuticals,
France), overlain with mineral oil (Ovoil®, Vitrolife). COCs
were incubated at 37 °C in an atmosphere of 6.5% CO, and
5.0% O, balanced with N in a humid atmosphere (Panasonic

MCOS5M, France). After 27 h, cumulus cells were removed
with hyaluronidase (Vitrolife, France) to assess oocyte
maturity.

Handling and culture of oocytes post-IVM

Mature oocytes were micro-injected with the partner’s sper-
matozoa. Immature oocytes were replaced in IVM medium
for an additional day, after which maturity was reassessed.

Oocytes exhibiting 2PN at the fertilization check were cul-
tured in a shared volume of 80 uL (filling the 16 micro-wells)
of one-step culture media (Sage OneStep®, CooperSurgical)
under mineral oil in a time-lapse imaging dish designed for
Geri® (Geri-dish®, Genea Biomedx) in a controlled atmo-
spheric condition (37 °C; 6.0% CO,, 5.0% O, balanced with
N, in a dry atmosphere).

Conventional embryo evaluation and analysis by time-lapse
imaging

Embryos were evaluated, and their developmental fate (trans-
fer, cryopreservation, or discard) was determined using con-
ventional morphology according to international morpholog-
ical criteria [30] and the Gardner classification [31].

Retrospective analysis of time-lapse videos was undertaken
to assess the morphokinetics and any phenotypic aberrations
of the embryos. Images, captured every 5 min through eleven
focal planes, were processed by the software (Geri
Connect®), with manual annotation of the images also per-
formed [32].

Vitrification and warming protocols

Those embryos kept in extended culture that met our criteria
for freezing (at least B3 expansion stage, with a minimum
quality of B for the trophectoderm or inner cell mass accord-
ing to Gardner’s classification [31]) were vitrified on day 5
(D5) in a closed system (HS straws, CBS®) using the manu-
facturer’s protocol (Freeze-Kit Irvine®, Biocare). Vitrified
embryos were warmed according to the manufacturer’s proto-
col (Thaw-Kit Irvine®, Biocare) and transferred 5 h post-
warming.

Uterine preparation and embryo transfer

For fresh embryo transfer on D2, the patient started 200 mg
vaginal progesterone (Utrogestan®; Besin Pharma, Paris,
France) and 25 mg/day subcutaneous injections of progester-
one (Progiron; IBSA, France) on the day of egg retrieval, in
combination with 2 mg E2 treatment twice a day until her
pregnancy test on day 14 post-embryo transfer.

Cryoembryo transfer was undertaken on D6 of progester-
one (200 mg vaginal progesterone [Utrogestan®; Besin
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Pharma, Paris, France] and 25 mg/day subcutaneous injec-
tions of progesterone [Progiron; IBSA, France]) as previously
described [33]. Daily estrogen (2 mg twice a day) and proges-
terone administration was continued until the pregnancy test.
If pregnancy was achieved, the same estrogen/progesterone
regimen was continued until the expected luteo-placental
shift, at 8 weeks of gestation. Embryo transfer was performed
using a Frydman catheter (JCD, France).

Assessment of genotype-to-phenotype relationship in
cases of FSHR mutation

To assess the impact of variants on protein function, we com-
bined the prediction for pathogenicity obtained using
Varsome software (https://varsome.com/), Clinvar (https://
www.ncbi.nlm.nih.gov/clinvar/), gnomAD (https://gnomad.
broadinstitute.org/), and GERP (http://mendel.stanford.edu/
SidowLab/downloads/gerp/index.html) conservation scores.

Varsome combined the data obtained from 11 prediction
software (CADD, DANN, FATHMM-MKL, MVP,
MutationTaster, SIFT, BayesDel addAF, EIGEN, LIST-S2,
M-CAP, and PrimateAl). These software programs evaluate
the potential impact of missense variants. Variants are classi-
fied as pathological, likely pathological, variant of uncertain
significance (VUS), likely benign, or benign.

ClinVar software reports the clinical descriptions for mis-
sense variants and interpretation. Variant classification is sim-
ilar to that of Varsome, except that if a variant has never
previously been described and so is not in the database, the
classification is considered as unknown.

gnomAD software reports the frequency of a variant in the
general population. The lower the frequency, the higher the
probability of pathogenicity.

GERP compares a sequence among a large number of an-
imal species. The higher the conservation, the higher the prob-
ability for variants in this region to be pathologic.

Combining all these data and adding functional studies
when available, we propose an interpretation for all variants,
both those previously described and for our case.

Results
Patient diagnosis

As shown in Table 1, the patient had elevated levels of FSH
(34.75 mIU/mL), LH (20.0 mIU/mL), and AMH (6.5 ng/mL).
However, all other hormones assessed were within the normal
range.

The patient karyotype was normal, and auto-antibody test-
ing was negative, as also was her FMRI1 screening.
Investigation of the panel of genes revealed two FSHR mis-
sense variants, both of which were inherited from her parents
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with no associated phenotype. One variant, ¢.847C>T;
p.(Arg283Trp), was considered VUS, while the other,
c.1798C>A p.(Pro600Thr) was classified as pathological. As
the patient was compound heterozygous for FSHR gene var-
iants and her clinical profile was consistent with FSHR dys-
function, the diagnosis of GRS was confirmed.

IVF laboratory results

A total of 16 oocytes were retrieved. After 27 h in [IVM me-
dium, 7 oocytes were mature, 3 were at metaphase I, and 6
remained at the germinal vesicle stage. No additional oocytes
were mature the following day.

After ICSI, all seven mature oocytes fertilized normally,
exhibiting two pronuclei (100% fertilization rate). Table 2
shows the development, time-lapse morphokinetics, pheno-
types, and fate of each zygote.

Of the 7 zygotes, 6 underwent at least one cleavage divi-
sion, giving a cleavage rate of 85.7%. Two embryos were
transferred on D2 (E N° 1 and N° 4). After extended embryo
culture of the four remaining embryos, three blastocysts were
obtained on D5 (75% blastocyst rate/per cleaved embryo),
with one embryo arrested at the 5-cell stage (E N° 5). Of the
three blastocysts, one was discarded (E N° 2) because of its
low morphological grade (B4CC) and the other two were
frozen (E N° 3 and N° 7).

Retrospective evaluation of the time-lapse videos revealed
that embryos N° 1 and N° 4 both exhibited abnormal devel-
opmental progression, one showing direct cleavage and the
other having chaotic cleavage. Embryo N° 2, which produced
a low-grade blastocyst not eligible for freezing, exhibited vac-
uoles as early as the 15th hour post-insemination and also
showed a direct cleavage. Embryo No. 3, which produced a
moderate-grade blastocyst, was frozen. Embryo N° 5, which
showed a long S2 (t4-t3 cells) and two reverse cleavages,
became blocked in development. Embryo No. 6 failed to
cleave, and while E No. 7 showed delayed development in
the first three cleavage divisions (to 2, 3, and 4 cells); no
further remarkable qualitative morphokinetic or phenotypic
events were identified in this embryo (Table 2).

Embryo transfer outcomes and relationship to TL
findings

Embryo N° 1 and N° 4 were transferred together fresh on D2;
as noted above, both exhibited abnormal phenotypes and no
pregnancy resulted. A frozen blastocyst transfer (FBT) of E
N° 7 was performed 1 month later, which resulted in delivery
of a healthy, full-term baby. Of note, this embryo presented
with a cc2 (t3—t2 cells; 11.1 h) and so was considered as good
prognosis by Meseguer criteria [34]. A second FBT was per-
formed 2 years later with the same protocol, but no pregnancy
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Table 1 Patient hormone levels
with reference values Hormone testing Patient value Normal range
Follicle-stimulating hormone (FSH) 34.8 mIU/mL 1-7 mIU/mL
Luteinizing hormone (LH) 20.0 mIU/mL 3-10 mlU/mL
Anti-Mullerian hormone (AMH) AMH at 6.5 ng/mL N > 1.5 ng/mL
Thyroid-stimulating hormone (TSH) 1.5 mIU/mL 0.4-4.4 mlU/mL
Prolactin 6.2 ng/mL N <25 ng/mL
Estradiol (E2) 27 pg/mL N < 50 pg/mL
Testosterone 0.4 ng/mL 0.1-0.6 ng/mL
Inhibin B 55 pg/mL N/A
TEBG sex-binding protein SHBG 69.8 nmol/mL 32.4-128.0 nmol/mL
Androstenedione-delta 4 1.5 ng/mL 0.4-2.8 ng/mL
17-Alpha-hydroxy progesterone 0.9 ng/mL 0.3-1.5 ng/mL
Table 2 Time-lapse morphokinetic and phenotypic characteristics of embryos
Events times (h) EN°1 EN°2 EN°3 EN°4 EN°S5 EN°6 EN°7
PN appearance 10.6 8.6 7.3 7.6 13.8 8.75 9.3
PN disappearance 27.7 27.6 21.4 24.8 272 N/A 28.1
2 cells 32.1 N/A 24.0 N/A 309 37.0
3 cells 34.8 394 24.8 64.5 48.1
4 cells N/A 43.9 26.7 99.9 49.4
5 cells 46.5 51.8 29.5 100.2 62.3
8 cells 63.9 77.3 N/A N/A 82.3
Morula 77.8 N/ NI
compaction 83.8 84.5 82.6
B1 102.3 100.8 108.5
B2 116.8 102.3 111.3
B3 120.7 106.1 113.7
B4 138.5 115.1 114.1
Grade at the time of transfer/ B4CC B4BC B4BA
freezing
Direct cleavage Yes* 394 Yes* N/A NA
Chaotic cleavage N/A N/A N/A 29.5 N/A
Reverse cleavage N/A N/A N/A N/A 43.7
45.6
Vacuoles N/A 15.1 N/A N/A 16
Embryo fate Fresh D2 Discarded Frozen/thawed Fresh D5 Discarded Frozen/thawed
Transferred and transferred  Transferred and transferred
S2 =43 N/A 45 1.9 N/A 354 1.3
cc2 =32 2.8 N/A 0.8 N/A 33.6 11.1
Result after ET No pregnancy N/A No pregnancy No pregnancy N/A Live birth

Embryos were obtained after microinjection of in vitro matured oocytes and culture in the time-lapse incubator. Retrospective annotation was manually
performed. t3, t4, t5, and t8 indicate the appearance time of the 3rd, 4th, Sth, and 8th cells, respectively. The time of 5 cells (stage and (t5) formulae for S2
and cc2 are those described by Meseguer et al. [34] to predict implantation (good prognosis when: t5 = [48.8-56.6 h], s2 < 0.76 h, cc2 < 11.9 h).
Blastocysts were graded according to Gardner’s classification [31]

N/A not applicable due to either the absence of cell stage because of abnormal cleavage or the arrest or termination of culture, N// stage not identifiable

*Direct cleavage was defined as t3-t2 <5 h
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was achieved after transfer of the remaining blastocyst (E N°
3), despite it having good prognosis based on the t5 (51.8 h).

Discussion
Our patient case

We report here the case of a woman presenting with secondary
amenorrhea associated with high plasma levels of gonadotro-
pins (especially FSH), elevated AMH level, but normal sized
ovaries with numerous small antral follicles. Although the
diagnosis of premature ovarian failure (POF) was initially
suspected, the discordance between her hormonal profiles (in-
creased FSH in favor of POF, and the AFC and AMH in favor
of PCOS) and the absence of response to exogenous FSH
stimulation led to the diagnosis of GRS. After karyotype anal-
ysis, a genetic test with a panel of genes was performed, which
revealed 2 missense FSHR variants, never previously de-
scribed. These variants, both of which were inherited from
her parents, led to the substitution of two amino acids in the
EC domain (Arg283Trp) and in the third EC loop
(Pro600Thr) of the FSHR. Collectively, these findings likely
explain the GRS and the patient’s FSHR deficiency.

Following this diagnosis and with her history of failed re-
sponse to ovarian stimulation with FSH, we concluded that a
third cycle of conventional IVF would be futile. We therefore
opted to use IVM of retrieved immature oocytes, a proven
protocol for cycle management of patients with GRS [2, 19,
28, 35].

Although less than 50% (7/16) of the patient’s oocytes
matured after IVM, all mature oocytes fertilized and one
achieved full developmental competency after transfer of a
blastocyst, as evidenced by live birth. Nevertheless, the re-
maining 6 mature oocytes of our patient were all associated
with embryos exhibiting abnormal time-lapse morphokinetics
and/or phenotypes.

Only a few previous studies have reported TL morphome-
try of embryos resulting from IVM, and results are conflicting.
While some have shown that the atypical phenotypes de-
scribed in TL were more frequently observed with IVM em-
bryos [36], others found no difference [37]. However, these
studies differ from our case because they used [IVM with FSH
priming and the clinical reason to perform IVM was not GRS
but hyperstimulation syndrome risk. When evaluating retro-
spectively the atypical embryo phenotypes events in our pa-
tient cohort, we found that all three transferred embryos failing
to achieve a pregnancy (N° 1, N° 3, and N° 4) showed events
of poor prognosis. These events included direct cleavage (de-
fined as the division of a blastomere into 3 daughter cells or
the time between 3 and 2 cell stages of less than 5 h) or chaotic
cleavage (appearance of a disordered cleavage between the
zygote stage and the 4-cell stage). All these abnormal events
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have been associated with decreased implantation rates
[38—40]. In contrast, the embryo that resulted in a live birth
(N° 7) exhibited no abnormal phenotype.

Whether embryos derived from IVM in patients with GRS
typically exhibit a similarly high incidence of abnormal devel-
opmental events as found in our patient remains to be deter-
mined. Furthermore, the possibility exists that the most recent
advances in [IVM technology, using a biphasic approach [41],
may result in a higher yield of developmentally competent
mature oocytes in this unusual population of patients.

Assessment of genotype-to-phenotype relationship in
cases of FSHR mutation

Table 3 summarizes the FSHR variants with associated amino
acid substitutions, pathogenicity, and phenotypes in the
twelve published reports and in our patient. As shown, aside
from the two novel variants we reported for our patient, 14
variants have been described [7, 10-20].

In the following discussion, we first address the relation-
ship between the location of the variant in the FSHR and the
functionality of the receptor. We then consider any association
between the variant genotype and the patient phenotype.
Finally, we assess the potential application of IVM in cases
of FSHR mutations, specifically considering the results of
tests that give insight into the severity of the pathology.

Relationship between the variant location in the FSHR
and the functionality of the receptor

Excluding our patient case, six of the 14 reported variants are
in the EC domain of which five have been tested for function-
ality (Alal89Val, Asnl1911le, Ile160Thr, Asp224Val,
Pro348Arg) [10-13, 16]. All five showed absent or decreased
signal transduction, 3 showed altered ligand binding
(Ile160Thr, Asp224Val, Pro348Arg), and 3 showed altered
receptor expression at the membrane level (Alal89Val,
Ile160Thr, Pro348Arg). Collectively, these observations dem-
onstrate that EC location is associated with severe down-
stream effects, as evident from the phenotypes of the patients
involved, all of which we classified as pathological.

The EC variant that was not tested was Val221Gly as re-
ported by Nakamura et al. [20]. This variant resulted from a
heterozygous mutation and was present with the polymor-
phism variants Ala307Thr and Ser680Asn, which are known
to be non-deleterious and sometimes associated with the
PCOS phenotype [42, 43].

The second types of variant are those present on the EC
loop and IC loop or in the transmembrane region, of which
eight have been reported (Arg573Cys, Leu601Val,
Ala419Thr, Pro519Thr, Pro587His, Ile418Ser, Asp408Tyr,
Asn558His) [7, 12—15, 17-19]. Given these locations, it is
logical to suggest that these variants may impact signal
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transduction, and not ligand binding since the binding site of
the FSHR to its ligand is in the EC domain [6]. This sugges-
tion is supported by the observation that signal transduction
was altered for 6 of the 7 variants tested (Arg573Cys,
Leu601Val, Alad419Thr, Pro519Thr, Pro587His,
Asp408Tyr), the exception being the Asn558His variant [7,
12—15, 17]. Receptor expression was normal for 4 of the 6
tested (Arg573Cys, Leu601Val, Ala419Thr, Asn558His), and
ligand affinity was normal for 3 out of the 4 tested
(Arg573Cys, Leu601Val, Ala419Thr). The abnormal ligand
binding in one of the four variants tested (Pro519Thr) was not
due to altered affinity, but rather to alteration of cell surface
targeting of the mutated receptor, such that the receptor
remained trapped intracellularly [15]. Overall, the functional-
ity of the 7 variants tested showed an alteration.

Association between the variant genotype and the patient
phenotype

To simplify this analysis, we included only those patients
either homozygous or heterozygous composite for FSHR var-
iants or with neither classified as benign. Accordingly, two
cases were excluded [11, 20]. In the case reported by
Gromoll et al. [11], only one heterozygous variant was found
(Asn1911le); in the case reported by Nakamura et al. [20], one
variant (Val221Gly) was classified as VUS and the other two
(Ala307Thr and Ser680Asn) as benign.

Of note, the Ala307Thr and Ser680Asn variants in the case
reported by Nakamura et al. are considered to be in genetic
disequilibrium, frequently in cis, and on the same allele and
are conserved at high frequency (under 0.2%) in the general
population. It is therefore unlikely that this patient’s primary
infertility is associated with the combination of all 3 variants.
However, a possible negative impact of a pathogenic
Val221Gly variant on the wild-type allele cannot be ruled
out, which led us to classify this variant as VUS, and which
raises the question whether a homozygous mutation involving
Val221Gly substitution may result in a more severe phenotype
of GRS.

Of the eleven cases retained for our primary analysis of any
association between FSHR variant genotype and phenotype,
eight of them presented with primary amenorrhea, with absent
or small follicles as the most frequent phenotype [7, 10,
13-18]. Six of these are homozygote [7, 10, 15, 18] or con-
sidered as homozygote because the other variant involved a
FSHR gene deletion [16, 17]. The other two patients with
primary amenorrhea [13, 14] exhibited two heterozygote com-
posite variants considered to be pathologic, as largely predict-
ed by ClinVar and by Varsome, which made this prediction
from 10 of the 11 software programs used.

For the three patients without primary amenorrhea, all carry
a FSHR heterozygote composite mutation ([12, 19] and our
case). In both the cases reported by Beau et al. [12] and

Flageole et al. [19], the same variant classified as pathologic
was present (Ile160Thr), although this was associated with a
different variant (Arg573Cys and Asn558His, respectively).
However, in the case reported by Beau et al. [12], FSHR
signal transduction for the Arg573Cys variant was identified
as lower, but not absent, and with normal membrane expres-
sion and ligand-binding affinity. Thus, despite this variant
being considered pathologic, these collective observations
may explain the presentation of the patient with secondary
oligomenorrhea. In the case reported by Flageole et al. [19],
the Asn558His variant showed normal receptor activity and
was classified as VUS, which is consistent with her clinical
profile of spaniomenorrhea and abnormally large follicles.
Similarly, in our patient case, one of her two variants
(Arg283Trp) was classified as VUS, which may also explain
her presentation of secondary amenorrhea.

Possible application of IVM

Based on our analyses above, we propose an algorithm for
identifying patients with the various FSHR variants and phe-
notypes who are suitable candidates for use of IVM (Table 4).
For patients with primary amenorrhea and a homozygote or
heterozygote composite for a pathologic or likely pathologic
variant, [IVM in the management of their primary infertility is
unlikely to be successful. In contrast, for patients with second-
ary amenorrhea or spaniomenorrhea [19] and/or a FSHR het-
erozygote composite mutation for at least one VUS (our pa-
tient case and [44]) and/or the presence of partial FSHR signal
transduction [19], even if very low [12], IVM should be
attempted. Furthermore, in patients with primary amenorrhea
with gonadotropin levels in the menopausal range but AMH
and AFC values both in the normal range and who are unre-
sponsive to exogenous gonadotropin stimulation, IVM may
be beneficial even when no FSHR variant is identified [2].
Similarly, IVM may be beneficial in the setting of secondary
amenorrhea and normal AMH and AFC in combination with
failure to respond to follicular stimulation, when either no
FSHR genetic analysis is performed or when no variant is
identified [28].

Conclusion

In conclusion, our case report describes a composite hetero-
zygous variant of the FSHR that has not previously been de-
scribed, which was associated with GRS. Our management
strategy including IVM and the transfer of a frozen-thawed
blastocyst in a hormonal replacement therapy cycle led to the
birth of a healthy baby. That this embryo was the only one of
seven not exhibiting abnormal phenotypes raises the possibil-
ity that IVM in this patient population may require further
advancements, perhaps including a biphasic approach or other
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Table 4 Proposed decision algorithm for use of IVM in the management of infertile patients with GRS

Type of amenorrhea FSHR genotype Interpretation of variant IVM candidate
Primary Homozygous Pathologic or likely pathologic No
Heterozygous composite Pathologic or likely pathologic
Heterozygous composite Pathologic or likely pathologic, but with Yes
presence of residual FSHR signal transduction
Homozygous VUS or benign
Heterozygous composite At least 1 VUS or benign
No variant found N/A
Unknown N/A
Secondary Any Any
Spaniomenorrhea Any Any
N/A not applicable

fine-tuning. Analysis of our patient case with the twelve cases
of GRS reported in the literature has allowed us to associate
FSHR variant genotype with location on the FSHR, function-
ality of the tested variants, and their association with the type
of amenorrhea. We propose an algorithm for application of
IVM for patients exhibiting GRS. Further research is required
to confirm the utility of this [IVM algorithm in cases of this rare
pathology.
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