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Identification and
characterization of novel
compound heterozygous
variants in FSHR causing primary
ovarian insufficiency with
resistant ovary syndrome
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People’s Hospital, Affiliated People’s Hospital, Hangzhou Medical College, Hangzhou, China,
2Department of Genetic and Genomic Medicine, Zhejiang Provincial People’s Hospital, Affiliated
People’s Hospital, Hangzhou Medical College, Hangzhou, China, 3School of Laboratory Medicine
and Bioengineering, Hangzhou Medical College, Hangzhou, China, 4The Second Clinical Medical
School of Wenzhou Medical University, Wenzhou, China, 5Reproductive Medicine Center, The First
Affiliated Hospital of Wenzhou Medical University, Wenzhou, China, 6Department of Cell Biology
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Primary ovarian insufficiency (POI) is among the foremost causes of women

infertility due to premature partial or total loss of ovarian function. Resistant

ovary syndrome (ROS) is a subtype of POI manifested as normal ovarian reserve

but insensitive to gonadotropin stimulation. Inactivating variants of follicle-

stimulating hormone receptor (FSHR), a class A G-protein coupled receptor,

have been associated with POI and are inherited via an autosomal recessive

pattern. In this study, we investigated the genetic causes of a primary infertility

patient manifested as POI with ROS, and elucidated the structural and

functional impact of variants of uncertain significance. Next-generation

sequencing (NGS) combined with Sanger sequencing revealed novel

compound heterozygous FSHR variants: c.1384G>C/p.Ala462Pro and

c.1862C>T/p.Ala621Val, inherited from her father and mother, respectively.

The two altered amino acid sequences, localized in the third and seventh

transmembrane helix of FSHR, were predicted as deleterious by in silico

prediction. In vitro experiments revealed that the p.Ala462Pro variant resulted

in barely detectable levels of intracellular signaling both in cAMP-dependent

CRE-reporter activity and ERK activation and displayed a severely reduced

plasma membrane receptor expression. In contrast, the p.Ala621Val variant
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resulted in partial loss of receptor activation without disruption of cell surface

expression. In conclusion, two unreported inactivating FSHR variants

potentially responsible for POI with ROS were first identified. This study

expands the current phenotypic and genotypic spectrum of POI.
KEYWORDS

primary ovarian insufficiency, resistant ovary syndrome, follicle-stimulating
hormone receptor, compound heterozygous variant, transmembrane helix
Introduction

Primary ovarian insufficiency (POI) is an etiologically and

clinically heterogeneous condition caused by the early loss or

complete absence of ovarian activity (1, 2). POI affects roughly

1%–2% of females <40 years old (3), making it among the

foremost causes of women infertility. Resistant ovary syndrome

(ROS) is a special form of POI characterized by the presence of

normal ovarian reserve and resistance to gonadotropin (GN)

stimulation (4–6). The etiopathogenesis of POI is multifactorial,

including genetic alterations, autoimmune and metabolic

disorders, viral infections, and environmental or iatrogenic

factors (7). Genetic factors represent the most commonly

identified causes; however, the current understanding of its

hereditary basis is incomplete (8, 9).

The follicle-stimulating hormone receptor (FSHR) is

expressed in granulosa cells from the primary follicle stage

onwards (10, 11) and rigidly controls follicle development in

response to cyclic pituitary FSH discharge (11, 12). FSHR

belongs to a highly conserved subfamily of G protein-coupled

receptors with a remarkably long amino-terminal extracellular

domain (ECD), an intracellular carboxyl-terminal tail (C-tail),

and a typical structural architecture comprising seven

transmembrane helixes (TMH) interconnected by three

extracellular loops (ECL) and three intracellular loops (ICL)

(13, 14). Upon FSH binding, the receptor adopts a

conformational change and subsequently couples to Gas
protein, which in turn activates the adenylyl cyclase, resulting

in increased cAMP signaling (15, 16). Variations in any of these

domains by alterations in primary DNA sequences may

potentially lead to receptor dysfunction and eventually to

disease (17).

Genetic variants that inactivate protein-coding genes,

collectively known as loss-of-function variants, are often

single-nucleotide variants that disrupt the structure and

function of the protein. FSHR inactivating variants, one of the

rare causes of POI, are inherited recessively and require

homozygous or compound heterozygous status to develop the

clinical phenotype (18). After the first POI-causative FSHR
02
variant-p.Ala189Val in the ECD was reported (19), diverse

inactivating variants have been identified in different FSHR

domains, including the ECD (20–29); the second, fourth, and

sixth TMH (26, 29–34); the first, second, and third ECL (22, 28,

35, 36); second and third ICL (21, 37); and the C-tail (27).

However, pathogenic inactivating variants in the third and

seventh TMH of FSHR have not been reported so far in

patients with POI.

Numerous ev idence indicates that the c l in ica l

manifestations of FSHR variants are not uniform, ranging

from primary amenorrhea with puberty disorders to

secondary amenorrhea, oligomenorrhea, and premature

menopause, depending on the specific domain and type of

variant and the degree of inactivation. Thus, expanding the

POI-causing variant spectrum of FSHR is crucial to understand

the etiopathogenesis of POI and for better clinical diagnosis that

involves patients and their offspring. Herein, we reported two

novel FSHR variants (c.1862C>T/p.Ala621Val and c.1384G>C/

p.Ala462Pro) in a compound heterozygous state in a Chinese

infert i le woman who manifests hypergonadotropic

hypogonadism (HH) with oligomenorrhea, presence of

normal ovarian reserve, and resistance to exogenous GNs:

three clinical characteristics of POI with ROS. Using in vitro

functional experiments, we characterized the molecular features

underlying this disease phenotype, thereby providing new

insights into POI with ROS. To our knowledge, this is the

first study identifying pathogenic variants in the TMH3 and

TMH7 of FSHR as causative variants for POI.
Materials and methods

Ethical compliance and
informed consent

The study procedures were reviewed and approved by the

Institutional Ethics Committee of Zhejiang provincial People’s

Hospital (Approval number: 2019KY205). Written informed

consent was obtained from all participants. All genetic
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materials were handled in accordance with the National

Regulation on Human Genetic Resources.
Case presentation and medical history

A 29-year-old Chinese female was referred to our outpatient

center for 5 years of primary infertility. The female patient

reached menarche at age 15 and had experienced irregular

menstrual cycles (15 - 180 days) in a progressively prolonged

manner. At the age of 21 years, she consulted a local hospital for

irregular periods, and after sex hormonal evaluation, she was

diagnosed with ovarian dysfunction and began to intermittently

take exogenous hormone replacement therapy to induce

artificial menstrual cycles. After the age of 21 years, her

menstrual cycle never appeared again without hormone

therapy. A dominant follicle was detected during an occasional

ultrasound examination when she was 26-year-old. She was

otherwise healthy and had an unexceptional past clinical

history. No family history of consanguinity, reproductive

anomaly or infertility was documented.
Fertility investigations and ROS diagnosis

Upon examination, the patient’s height and weight were

found to be 160 cm and 62.5 kg, respectively. Physical

examination of secondary sex characteristics revealed normal

breast development, normal appearance of female external

genitalia, and normal armpit and pubic hair. Hormonal assays

were carried out in the presence of low doses of estrogen

(Estradiol Valerate Tablets 1-2mg/d, Delpharm Lille S.A.S.,

Lys-lez-Lannoy, France). The repeated basal hormonal

evaluations in our department revealed elevated serum FSH

(35.98 and 37.73 IU/L) and luteinizing hormone (LH) (21.23

and 21 IU/L) (Table 1). The patient’s thyroid stimulating

hormone (TSH) level was normal (2.34 mIU/L), as was her

prolactin (PRL) (10.03 ng/mL) (Table 1). Despite the increase in

GNs, the patient’s anti-Müllerian hormone (AMH) level was

2.89 ng/mL (Table 1), suggesting a normal ovarian reserve.

Transvaginal ultrasonography examination displayed a

normal-sized uterus and normal-sized bilateral ovaries,

consisting of 3–5 small antral follicles 3–5 mm in diameter

(Supplemental Figure). The patient had no autoimmune
Frontiers in Endocrinology 03
condition, including absence of anti-nuclear and anti-

cardiolipin antibodies. Immunoglobulin and natural killer cell

levels were within normal ranges. Chromosome analysis and

Fragile X DNA test were normal. No other relevant clinical

features were observed.

After failing to observe follicle development in the natural

cycle, an initial attempt of controlled ovarian stimulation (COS)

was performed by a daily combination of 50 mg clomiphene and

150 IU human menopausal gonadotropins (hMG). However, the

stimulation was cancelled after 8 days of treatment with a total

dose of 1,200 IU FSH, as no ovarian follicle development was

observed (peak serum estradiol level, 39 pg/mL). To exclude the

possibility that the ovarian unresponsiveness to exogenous GNs

was due to stimulation insufficiency, another COS cycle with

increased daily hMG dose and prolonged stimulation was

conducted. Despite increasing the daily dose of exogenous

GNs up to 375 IU per day, growth of immature follicles

remained unresponsive even after 15 days of stimulation with

total FSH dose of 4,350 IU. Thus, the patient was clinically

diagnosed with ROS according to previously described criteria

(6, 38).
Endocrine assays and
follicular monitoring

The FSH, LH, estrogen (E2), PRL, and TSH concentrations

were tested by a set of commercial enzyme immunoassay kits

(7K72-78 & 2P13-40, Abbott, Chicago, USA). The ovarian

reserve was measured by an AMH detection kit (C86002,

YHLO, Shenzhen, China). Monitoring of follicle growth and

development was conducted by transvaginal ultrasonography

(Hitachi, Tokyo, Japan).
Massively parallel sequencing

Whole-exome sequencing was conducted on DNA samples

isolated from the patient’s peripheral blood leukocytes,

according to the manufacturer ’ s manual (Agi lent

Technologies, Santa Clara, USA; Illumina, San Diego, USA).

In brief, genomic DNA was fragmented, barcoded, purified,

and hybridized with capture probes during library preparation

for massively parallel sequencing. The captured sequences were
TABLE 1 Clinical characteristics of the proband.

Age at
presentation
(years)

Age at menar-
che (years)

Second sex
characteristics

Ovary
size

Follicle
count a

Follicle size
(mm) a

FSH
(IU/L) a

LH (IU/L)
a

E2
(pg/ml)

a

PRL
(ng/ml)

a

TSH
(mIU/L)

a

AMH
(ng/m 1)

Autoimmune
screening

Karyotype and
Fragile X screening

29 15 Normal Normal 3-5 each Up to 5 35.98 and

37.73b

21.23

and

21.0b

45.0 and

41.9b

10.03 2.34 2.89 Normal Normal

a, Measurements were conducted at follicle stage; b, Repeated test with 4 weeks apart; Reference values for follicle phase: FSH: 3.03-8.08 IU/L; LH: 1.80-11.78 IU/L; E: 21.00-251.00 pg/
ml; PRL: 5.18-26.53 ng/ml; TSH: 0.4-4 mIU/L.
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then enriched with streptavidin-conjugated paramagnetic

beads and further amplified before being subjected to NGS.

Clusters were generated and sequenced on the Illumina

NextSeq 550 system using the Illumina Nextseq High Output

Kit (20024908) to obtain approximately 90 million reads per

sample (2 × 151 cycles). After quality assessment, the resulting

paired-end reads were mapped to the GRCh37 assembly (hg19)

of the human genome. All called variants were annotated based

on public databases, including the 1KGB (39), ExAC (39),

gnomAD (40), dbSNP (41), OMIM (42), ClinVar (43), and

LOVD (44). Major focus of the analysis was on the 4 relevant

disease-causing genes (FSHB, FSHR, LHB and LHCGR).

Variant interpretation was based on the gene clinical and

pathogenic relevance according to ACMG guidelines (45).
Sanger sequencing

Validation of NGS results was conducted by Sanger

sequencing. The primers used to amplify target region of the

human FSHR gene were des igned as fo l lows : 5 ′-
C AAACTGGGGCAGGCTGTGATG - 3 ′ a n d 5 ′ -
CTTGCATTTCATAGCAGCCACAC-3′. All the PCRs were

carried out at 50 ml reaction volume using 100 ng genomic

DNA on an ABI GeneAmp 9700 PCR system (Applied

Biosystems, Bedford, USA), and the amplified fragments were

subsequently extracted from the agarose gel, purified, and

directly sequenced by Big Dye Direct Cycle Sequencing

(4458688, ThermoFisher Scientific, Waltham, USA) on an ABI

3730 Genetic Analyzer (Applied Biosystems, Bedford, USA).

The nucleotide sequences were blasted with the published

sequence of human FSHR gene (http://www.ncbi.nlm.nih.gov).
Protein topology and function prediction

Protein topology prediction of FSHR variants was conducted

using the TMHMM architecture (46). Variant pathogenicity

prediction was performed using three online tools: PolyPhen-2

(47), SIFT (48), and MutationTaster (49). Evolutionary

conservation analysis was performed based on multiple-

alignment of the amino acids across multispecies from the

HomoloGene database.
Construction of plasmid vectors

The wild-type (WT) FSHR plasmid was constructed by

subcloning human FSHR cDNA from pCR-BluntII-TOPO-

FSHR (P19532, Miaolingbio, Wuhan, China). The obtained

polymerase chain reaction products were then cloned into

pcDNA3.1 and pEGFP-N1 with the Seamless Cloning Kit

(D7010, Beyotime, Shanghai, China). Point mutations were
Frontiers in Endocrinology 04
performed by using the QuickMutation Kit (Beyotime,

Shanghai, China). The sequences of primers used for plasmid

construction were provided in Supplemental Table. The pCRE-

luciferase vector was kindly provided by Dr. Naiming Zhou

(50). All vectors were thoroughly sequenced to confirm

sequence integrity.
Cell maintenance and transfection

The HEK293 cell line was routinely cultured in Dulbecco’s

modified Eagle’s medium (Gibco, Waltham, USA) containing

10% heat-inactivated fetal bovine serum (SV30087, Hyclone,

Logan, China) as described previously (51). Transfection of

plasmid constructs into cells was conducted using lipofectamine

3000 reagent (L3000-015, Invitrogen, Carlsbad, USA). Variants

were transfected alone (3 mg) to mimic the homozygous state, or

together in equimolar concentration (1.5 mg each) to mimic the

compound heterozygous state.
cAMP-dependent CRE-reporter assay

Cells pre-seeded in a 96-well plate were co-transfected with

either an expression vector (pWT-cDNA or variants) and

reporter vector (pCRE-Luc). At 48 h after transfection, cells

were incubated with the DMEM containing various

concentrations of recombinant FSH (S20150007, Jinsai,

Changchun, China) for 4 h at 37°C. cAMP-dependent CRE-

luciferase activity was measured using the firefly luciferase assay

system (RG042S, Beyotime, Shanghai, China) with a multiple

function microplate reader (Tecan, Männedorf, Switzerland).

Briefly, the culture medium in the plate was removed, and 50 mL
per well reporter lysis buffer was added immediately. The plate

was then placed on a horizontal shaker for complete lysis. The

cell lysate was collected and centrifuged in 10,000 × g for 5 min.

Then, 20 ml supernatant was mixed with 100 ml luciferase

substrate and incubated for 5 min. Finally, the mixture was

transferred into a 96-well plate, and luminance was read on

Tecan luminometer 1 s/per well at the 470 nM. Efficacy and

potency were determined by a three-parameter nonlinear

logistic regression using GraphPad Prism 7.0 (Graph Pad

Software, San Diego, USA).
Western blot analysis of ERK activation

Cells transiently expressing wild-type receptor or variants

were stimulated with the FSHR agonist (S20150007, Jinsai,

Changchun, China) for the indicated durations. Drug

incubation was terminated by washing the cells with ice-cold

phosphate buffered saline followed by the addition of lysis buffer

containing complete protease inhibitor (P1010, Beyotime,
frontiersin.org
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Shanghai, China) and phosphatase inhibitors cocktail (P1082,

Beyotime, Shanghai, China). Equal protein amounts from cell

lysates were electrophoresed on a 10% SDS-polyacrylamide gel,

and then transferred to a PVDF membrane and incubated with

rabbit monoclonal anti-phospho-ERK1/2 antibody (4370, Cell

Signaling, Danvers, USA) followed by stripping and reprobing

with anti-total ERK antibody (4695, Cell Signaling, Danvers, USA)

according to manufacturers’ protocols. Chemiluminescence was

detected using an ECL substrate (FD8000, Fdbio science,

Hangzhou, China) with ChemiDoc Touch Imaging System

(Bio-Rad, Hercules). All immunoblots were semi-quantified

using the Adobe Photoshop CC software, and ERK1/2

activation was calculated as the level of phosphor-ERK1/2

normalized by the total-ERK.
Cell-surface receptor expression

Cells pre-seeded in a coverslip-covered 12-well plate were

transiently transfected with pWT-EGFP, pA462P-EGFP, or

pA621V-EGFP. At 48 h after transfection, the coverslip seeded

with transfected cells was invertedly placed on a microscope

slide and observed immediately under a confocal laser-scanning

microscope (Leica, Wetzlar, Germany). The transfection

efficiency was determined by counting number of cells that

express fluorescence divided by the total number of observed

cells. Quantification of the FSHR level on cell membrane by their

mean fluorescent signal intensity was measured using ImageJ

(NIH, Bethesda, USA); moreover, the plugin of MorphoLibJ in

ImageJ was used to create segmentation borders. Furthermore, a

region of interest area was created for a final measure.
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Statistical analyses

Statistical analysis of in vitro experimentation was performed

with GraphPad Prism software using data derived from ≥3

different biological replicates. Collected data were examined for

normality of distribution using Shapiro–Wilk normality test.

Comparisons between groups were carried out using one-way

analysis of variance followed by Tukey’s multiple comparisons

tests for post-hoc analysis. Differences between groups were

considered statistically significant at P < 0.05.
Results

Genetic analysis and functional
prediction of FSHR variants

Bioinformatics analysis following NGS revealed two missense

variants. The first variant was a transition of guanine to cytosine at

nucleotide position 1384 in Exon 10 producing an Alanine to

Proline replacement at position 462 (FSHR_ex10 c.1384G>C/

p.Ala462Pro). The second variant was a transition of cytosine to

thymine at nucleotide position 1862 in Exon 10 of FSHR gene

resulting in an amino acid substitution of Alanine to Valine at

position 621 (FSHR_ex10 c.1862C>T/p.Ala621Val). Sanger

sequencing confirmed the suspected variants and showed that the

patient’s parents were heterozygous carriers; the father and mother

being a heterozygous carrier of c.1384G>C/p.Ala462Pro and

c.1862C>T/p.Ala621Val variants, respectively (Figures 1A-C).

Both variants were neither found in public population databases

(1KGB, ExAC, gnomAD, and dbSNP) nor in disease databases
B

C

D E

A

FIGURE 1

Identification of novel compound heterozygous variants in FSHR. (A) Schematic representation of the hFSHR gene and localization of newly
identified variants. Size of exons is drawn to scale. (B) Validation of NGS by Sanger sequencing. (C) Pedigree of the family examined in the
present study. (D) Multiple amino acid sequences alignment of FSHR target sites and their two flanks across different species. (E) Schematic
representation of hFSHR and localization of newly identified variants.
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(OMIM, ClinVar, and LOVD) (Table 2). Multiple sequence

alignments were performed for FSHR proteins form different

species; both A462 and A621 were highly evolutionarily

conserved over multiple species (Figure 1D and Table 2). Protein

topology prediction of the variants revealed that p.Ala462Pro and

p.Ala621Val were localized in the third and seventh TMH of FSHR,

respectively (Figure 1E). Furthermore, the two variants were

predicted to be “Probably damaging” by PolyPhen-2, “Disease

causing” by MutationTaster, and “Intolerated” by SIFT, indicating

potential pathogenic effects of these two variants (Table 2). Thus,

both p.Ala621Val and p.Ala462Pro were ranked as variants of

uncertain significance according to ACMG pathogenicity assessing

criteria (Table 2).
Frontiers in Endocrinology 06
A462P and A621V variants were
significantly impaired in cAMP-
dependent CRE-luciferase activity

Examination of FSHR-mediated cAMP-dependent CRE-

promoter transcription activity was conducted by co-

transfection of HEK293 cells with the variants and CRE-

luciferase reporter. In the presence of FSH, a dose-dependent

increase in luciferase activity (EC50 = 11.98 IU) was recorded in

cells harboring WT FSHR (Figure 2A). However, both FSH

efficacy and potency to elicit cAMP-dependent CRE-reporter

activity were significantly impaired in cells transfected with

p.A621V variant as demonstrated by decreased maximal
B

C

D E

A

FIGURE 2

Functional evaluation of variants. (A) Dose-dependent curve of cAMP-dependent CRE-luciferase activity for FSHR variants upon FSH treatment.
Variant transfected HEK293 cells were incubated with various FSH concentrations for 4 h. Data are expressed as percentage of WT maximal
stimulation and represent the mean ± SEM of six independent experiments. (B) Time course of FSH-stimulated phosphorylation of ERK1/2 in
cells expressing variants. Data are expressed as percentage of WT maximal stimulation and represent the mean ± SEM of three independent
experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. WT FSHR. (C) Representative images of immunoblots using antibody against
phosphorylated ERK1/2. Transfected cells were incubated with 500 IU FSH for the indicated time. (D) Bar plots showing quantitative
fluorescence microscopy analysis of cell surface expression for all variants. Data are expressed as percentage of WT FSHR and represent the
mean ± SEM of six independent experiments. *** P < 0.001 vs. WT FSHR, n.s. not significant. (E) Representative fluorescence microscopy images
of the receptor cellular localization. Bar = 20 µm.
TABLE 2 Bioinformatic prediction of the FSHR variants.

Variant 1KGB ExAC gnomAD dbSNP ClinVar OMIM LOVD PolyPhen-2 SIFT Mutation
Taster

Conservation ACMG
classification

c.1384G>C
(p.Ala462Pro)

N/F N/F N/F N/F N/F N/F N/F D/C D/C D/C H/C VUS

c.1862C>T
(p.Ala621Val)

N/F N/F N/F N/F N/F N/F N/F D/C D/C D/C H/C VUS

N/F, Not found; D/C, Disease causing; H/C, Highly conserved; VUS, Variants of uncertain significance.
f
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stimulation (59.72% of WT) and increased EC50 (81 IU)

(Figure 2A). The most deteriorating impact in cAMP-

dependent CRE-promoter activity was observed in cells

expressing the p.A462P variant, whose luciferase activity was

barely detectable (maximal stimulation = 4.24% of WT FSHR;

EC50 = 32.3 IU) even in the presence 10,000 IU FSH, the highest

concentration in our study (Figure 2A). When a blend of A462P

and A621V was transfected together in equimolar concentration

to mimic the compound heterozygous state found in the

proband, there was a significant reduction either in the

potency (EC50 = 62.16 IU) or in the efficacy (maximal

stimulation = 44.95% of WT) as compared to those observed

with the wild-type receptor.
A462P and A621V variants were
significantly impaired in ERK activation

To further explore whether ERK activation is altered by the

variants, we performed Western immunoblot using a

monoclonal antibody against phosphorylated ERK1/2. As

shown in Figures 2B, C, FSHR-related ERK activation was

time-dependent with a maximal activation at 5 min and a

subsequent reduction to 42.14% of maximal levels at 10 min in

WT receptor transfected HEK293 cells after stimulation with

500 IU FSH. We found that receptors homozygous for either

variant exhibited significantly reduced ERK activation

compared to the WT receptor (Figures 2B, C). The

homozygous A462P variant receptor almost completely

abolished ERK activation at both treatment periods, whereas

homozygous A621V variant receptors carried 45.79% and

33.21% of maximal ERK activation at 5 and 10 min,

respectively. When both A462P and A621V variants were

expressed together to mimic the compound heterozygous

state of the patient, the magnitude of ERK activation in

response to 5 and 10 min of FSH stimulation was severely

impaired compared with the WT FSHR (Figures 2B, C).
Cell surface expression of the A462P
variant was significantly impaired

Examination of the cell surface expression of p.A462P and

p.A621V was conducted by transfection of HEK293 cells with

these variants fused with EGFP. As shown in Figures 2D, E, the

p.A621V variant and WT receptor exhibited comparable cell

surface expression levels, but the p.A462P variant lost 50% of cell

surface expression and was trapped intracellularly, suggesting
Frontiers in Endocrinology 07
that the nearly total loss of function in this variant might be due

to reduced membrane receptor expression.
Discussion

In this study, we investigated a case of primary infertility in a

woman previously diagnosed with ovarian dysfunction who in fact

had POI with ROS; we identified two novel missense variants in the

FSHR gene, c.1384G>C/p.Ala462Pro and c.1862C>T/p.Ala621Val,

inherited from her father and mother, respectively. These two

variants were predicted to be disease causing by bioinformatics

analysis. In vitro functional studies confirmed that these two

variants are both pathogenic inactivating variants

FSHR variants are functionally distinct with respect to their

ligand binding, membrane expression, cAMP production, and

other intracellular signaling characteristics (17, 52). The

complexity of these variants is further amplified by the fact that

causative variant of POI can be either homozygous or compound

heterozygous (19, 21, 30, 53, 54). As a consequence, in a single

FSHR gene, genetic alteration can result in various clinical

manifestations, leading to the broad phenotypic spectrum of

conditions arising from these variants. Thus, correlation of novel

FSHR variants with a new case of POI characterized by

endogenous HH, normal ovarian reserve, and hypo-

responsiveness to hyper-physiological exogenous GN stimulation

testifies to the phenotypic and etiological complexity of POI.

Patients with partially inactivating FSHR variants have

displayed a range of clinical manifestations such as primary

amenorrhea, secondary amenorrhea, and oligomenorrhea,

which is in contrast to completely inactivating FSHR variants

that cause fully absence of sexual development (55). The patient

in our study displayed normal puberty and secondary sex

characteristics, and presented with secondary amenorrhea and

normal-sized bilateral ovaries, in which developing follicles were

detected by ultrasonography. This phenotype is notably differed

from patients with severe variants (19, 36, 56). The term ROS

has been used to describe this special form of POI, which is

caused by FSH resistance rather than follicular depletion (21, 22,

26, 27, 33, 54). Although most ROS patients presented with

developing antral follicles (2-8 mm) on ultrasonography and

follicular arrest at the early antral stage on ovarian biopsies,

further maturation of follicle is usually blocked in these patients

(21, 22, 24–27). The patient’s follicles seemed incapable of

proceeding through the later stages of follicular maturation,

but likely produced adequate sex hormones at puberty to drive

development of comparable secondary sex characteristics which

accords with other studies with less severe variants (21, 22, 26,

27). The above surmise was supported by the normal AMH level

detected in our case, which is consistent with previous studies
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that ROS patients have age-matched AMH values while patients

with common POI have low or undetectable levels of AMH (25–

27, 31, 54). These observations suggest that POI caused by

inactivating FSHR variants could have wide-range effects on

clinical manifestations, with disturbance severity likely varying

with the severity of inactivation and the resultant stage of

follicular block.

The FSHR protein is encoded by the FSHR gene positioned

at chromosome 2p21 (57). The two variants herein are both

positioned at exon 10, which is the largest exon, mainly

responsible for encoding the non-ECD domains. The p.A462P

and p.A621V variants are positioned at the TMH3 and TMH7 of

the receptor, respectively, where no mutation had formerly been

observed in patients. Our in vitro functional study demonstrated

that the p.A462P variant causes the intracellular retention of the

receptor, leading to impaired FSHR cell membrane expression.

Several previous studies have reported the association of lower

membrane expression of FSHR variants with impaired

intracellular signaling of the receptor (19, 21, 22, 25, 29, 31,

54, 56). In our study, the lower membrane expression of the

p.A462P variant was linked with an approximately 96%

reduction in the maximal response elicited by the FSH.

However, FSHR cell surface localization was not affected by

the p.A621V variant, but its intracellular signaling was

significantly impaired. Consistent with these results, three

previously identified inactivating variants of FSHR showing

intact cell surface expression displayed a dramatic reduction in

cAMP signaling (21, 22, 27). Partially functional impaired FSHR

caused by variants affects the further development of follicular

growth (21, 28, 31, 55), indicating that the partial functional

impairment of FSHR mediated by these two novel variants

might explain the follicles advanced to the small antral phase

and normal AMH levels found in this patient.

Even after receiving a maximal daily FSH dose (375 IU), the

patient’s ovaries still remained unresponsive, which was

consistent with several previous studies where partial or

complete inactivating FSHR variants could not respond to

intense and continual FSH stimulation (21, 22, 27, 28, 34, 36,

54, 58). It is worth noting that only one study has reported

successful FSH treatment for ovarian stimulation in patient with

ROS (24). The patient with successful treatment carried one

heterozygous variant and two heterozygous SNPs. These clinical

findings demonstrate that the differences in the ovarian

responses to FSH stimulation noted between the successful

and failed cases likely depend on the FSHR genotype. Patients

who failed to react to follicular stimulation following an in vitro

fertilization cycle could consider in vitro maturation (IVM) of

the oocytes isolated from the blocked follicles. Successful IVM of

oocytes was found in a primary infertility patient who carried

compound heterozygous FSHR variants and had no response to

FSH stimulation (54). Recently, Benammar et al. also reported a

successful case of IVM live birth in a woman with primary
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infertility and ovarian resistance to FSH cause by compound

heterozygous FSHR variants (58).

The lack of ovarian response to excessive FSH stimulation

seems contradictory with the residual intracellular signaling

observed in vitro. However, although in vitro functional data

can be used as reference for in vivo scenarios, the selection of

functional assay model may affect in vitro FSHR functionality

(28). Moreover, receptor expression levels resulting from in vitro

overexpression are far higher than in in vivo physiological

environments, indicating that the real intracellular signaling of

these variants in response to FSH stimulation would be probably

poor in vivo. This observation suggests that in the presence of

adequate FSH stimulation, partially functional but impaired

FSHR might be critical for follicular growth.

In conclusion, we uncovered two novel FSHR variants,

c.1384G>C/p.A462P and c.1862C>T/p.A621V, in a primary

infertility patient affected by POI with ROS. To the best of our

knowledge, these variants represent the first pathogenic

inactivating variants found in the third and seventh TMH of

FSHR. This study offers novel insights into the molecular basis of

POI, expands the current knowledge of genotype–phenotype

correlations and genetic variant spectrum of POI, and promotes

the clinical diagnosis of patients with POI.
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