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Abstract

Premature ovarian insufficiency (POI) is charaetli by amenorrhea and elevated
levels of follicle-stimulating hormone (FSH, usya# 25 IU/L) before 40 years of
age.To identify the relationship between FSHR mutatiangl sporadic POI patients
of Han Chinese descent, we performed Sanger seiggent FSHR gene in 192
sporadic POI patients and 192 matched controls anh I€hinese descent. Two
heterozygous missense variants, ¢.793A>G (p.M26&W) c.1789C>A (p.L597I),
were identified exclusively in POI patients. Fuooil studies showed that both
mutants were expressed on the cell surface, whilb9Fl showed decreased
membrane localization compared with wild-type FSH®oreover, FSH-induced
CAMP production and ERK1/2 phosphorylation wereusl in the cells transfected
with p.L597] mutant, but not in the cells transéettwith p.M265V mutant. In
addition, two single-nucleotide polymorphisms (SNAs1394205 (c.-29G>A) and
rs140106399 (c.*111T>C), were identified in bothIR@up and control group with
significantly different genotypic and allelic digtutions. These results indicated that
dysfunctional FSHR due to mutation or SNPs mightl&x a fraction of sporadic
POI cases in Han Chinese population.

Key words. Premature ovarian insufficienclfSHR gene, mutation, polymorphism,

functional characterization
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I ntroduction

Premature ovarian insufficiency (POI), also terrmeexd premature ovarian failure
(POF), is characterized by amenorrhea and elevisesls of follicle-stimulating
hormone (FSH, usually > 25 |U/L) before 40 yearagé. It is a very heterogeneous
condition and a wide spectrum of causes includiegegjic defects, autoimmune
disorders, metabolic factors, iatrogenic intervamgi and environmental factors have
been reported (De Vos, et al.,, 2010). Through aatdi gene studies and whole
exome sequencing, many causal genes for POl su@M&45, NOBOX, FIGLA,
STAG3, MCM8, CSB-PGBD3 andMSH5, have been identified (AlAsiri, et al., 2015,
Caburet, et al., 2014, Guo, et al., 2017, Jiaa).eR018, Qin, et al., 2007, Qin, et al.,
2015). However, the etiology of POI is still poonyderstood in the majority of
sporadic cases.

The pituitary glycoprotein hormone FSH is criti¢at female reproduction and
acts through binding to its receptor (FSHR) whisheixpressed exclusively on
granulosa cells in the ovary (Simoni, et al., 199%7)the classical signaling pathway,
FSH-FSHR interaction activates the cAMP-proteinakm A cascade and then
increases the phosphorylation of ERK1/2 proteiadileg to steroid metabolism via
CYP19 induction (Ulloa-Aguirre, et al., 2007). Tatgd knockout of thEshr gene in
female mice led to a complete arrest of follicudavelopment at the preantral stage
(Abel, et al., 2000, Dierich, et al., 1998).

The FSHR gene has been identified as the first gene causingyndromic POI
(Aittomaki, et al., 1995). Diverse inactivating rations of theFSHR gene have been
described, most of which lead to a POI phenotypgh(ékar, et al., 2010, Bramble, et

al., 2016, Franca, et al.,, 2017, Katari, et al.13)0 and patients with different
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inactivating mutations in thESHR gene presented with variable phenotypes because
of their distinct loss of FSHR function. Those garg a partial loss-of-function
mutation displayed a mild phenotype with seconaarprimary amenorrhea, normal
puberty and normal-sized ovaries containing afitléitles (Beau, et al., 1998, Woad,
et al., 2013), while others with complete loss 8HR function showed a more severe
phenotype with primary amenorrhea, delayed pubany small ovaries containing
small follicles before the secondary stage (Allehal., 2003, Kuechler, et al., 2010,
Meduri, et al., 2003). Recently, we reported a hpygous nonsense mutation
c.175C>T (p.R59X) in theFSHR gene in a POI family in which the proband
presented with a complete POI phenotype, with ¢éev&SH level and very low
estrogen (Liu, et al., 2017).

The inactivating mutations in tHeéSHR gene have been reported in sporadic POI
patients, such as c.566C>T (p.Alal89Val) has mob#gn reported in Finnish
(Conway, et al., 1999, de la Chesnaye, et al., R0hile the frequencies of such
mutations in Chinese population have remained wvknoThis study aimed to
determine whether variants in tR8HR gene are associated with sporadic POI in Han
Chinese population. Here, we identified two novetsanse variants as well as two

SNPs with significantly different genotypic andedilt distributions in thé&SHR gene.
Materialsand Methods

Ethics statement

The study procedures were approved by the Ingiitati Review Board of
Reproductive Medicine of Shandong University. Vénttinformed consent was
obtained from all subjects.

Study population
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A total of 192 patients with sporadic POI and 18atcol women were recruited from
Center for Reproductive Medicine of Shandong Ursitgr The POI recruitment
criteria included primary or secondary amenorrh@aat least 6 months before 40
years of age, serum FSH>40 IU/L, and no familydmsbf POI. Known causes, such
as autoimmune diseases, FMR1 premutation, pelvigesys and chemoradiotherapy
treatment were excluded. Among these 192 POI patidd presented with primary
amenorrhea and 147 presented with secondary arheaorThe mean serum FSH
level in POI group is (78.7£28.0) IU/L. The 192 agatched controls were known to
be menstruating regularly and had normal FSH leyél82+1.71 IU/L). All the
participants were of Han Chinese origin with norikeatyotype (46, XX).

Sanger sequencing

Genomic DNA was extracted from peripheral blood glaswith QlAamp DNA mini
kit (QIAGEN) according to the manufacturer’s pratbcAll exons and exon-intron
boundaries of the humdSHR gene (NM_000145) was PCR-amplified and directly
sequenced on an ABI 3730-Avant Genetic Analyzemp{#p Biosystems). The novel
variants were confirmed by three independent PG, riollowed by sequencing in
both forward and reverse directions, and verifiad 192 controls. Amino acid
sequences from other species were obtained from proini database
(http://www.uniprot.org/), and the conservation lggs was conducted by using
ClustalW2 website (http://www.ebi.ac.uk/Tools/msagtalw?2/).

Plasmid construction and mutagenesis

The wild-type vector was constructed by insertingnn FSHR cDNA directly into
pSG5 expression vector as described previously [@8 mutant expression vectors
for p.M265V and p.L5971 were prepared by using @iiknge Lightning

Site-Directed Mutagenesis Kit (Agilent) with wilgfgge construct as the template.
5
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DNA sequencing was conducted to confirm the desinediation and exclude other
mutations.

Cell culture and transfection

The human embryonic kidney 293T (HEK293T) cells eveultured in high glucose
DMEM medium (Hyclone) supplemented with 10% fetaliime serum (Hyclone), 1%
penicillin-streptomycin in a humidified incubatoritiv 5% CQ at 37°C. For
functional experiments, cells were transfected witle desired plasmids using
lipofectamine3000 reagent (Invitrogen) according to the manufaets instructions,
and all assays were carried out at 48 h post waneh. Cells transfected with mock
plasmid served as a negative control.

Immunofluorescence

Indirect immunofluorescence was performed as ptesho described with minor
modifications (Allen, et al., 2003). The FSHR andly (Proteintech) recognizes an
epitope located in the extracellular domain (ECDihe FSHR and enables detection
of receptor expression at the cell membratel8 h post transfection, cells grown on
cover slips in 24-well plates were chilled at 4°@daincubated for 1 h in PBS
containing 1% bovine serum albumin (BSA) and FSHRibady (1:50 dilution;
Proteintech). The cells were then fixed with 3%apamaldehyde (PFA) for 20 min
at room temperature. After blocking for 1 h with&Bontaining 1% BSA, cells were
incubated for 1 h with Alexa Fluor 488-goat antysd immunoglobulin G (1:100
dilution; ZSGB-BI). The cells were washed, courti@reed with DAPI, and finally
visualized under a fluorescence microscope (BX38mpus).

Flow cytometry

Flow cytometry was performed as previously descrivgh minor modifications (22).

Cells were seeded in a 6-cm dish for 24 h to grow3~80% confluence prior to
6
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transfection with desired plasmids (mock plasmidlditype or mutant FSHR
plasmids). The cells transfected with mock veqp@G&5) served as a negative control.
The transfected cells were maintained for 24 h doeh digested into single cell
suspensions before staining. Each of the three (WZ65V, L597I) single cell
suspensions were split into two groups, one for-pemeabilized membrane FSHR
staining, and the other for internal FSHR stainirgr. the surface FSHR staining, the
FSHR antibody (1:50 dilution, Proteintech) was alltte single cell suspension and
incubated for 1 h with the addition of 1% BSA fdot¢king. The cells were then fixed
with 4% PFA for 20 min at room temperature, andibated in DPBS containing 1%
BSA and anti-rabbit Alexa Fluor 488-conjugated Ig&condary antibody (1:100
dilution; Proteintech) for 45 min. Finally the celMvere washed and stored in DPBS
for flow cytometry analysis. For intracellular FSHfRaining, the second portion of
cell groups were firstly fixed with 4% PFA for 20mat room temperature, and then
permeabilized with 0.3% Triton X-100 for 10 minrito incubating with the FSHR
antibody (1:50 dilution, Proteintech) for 1 h. Toiber steps were the same as surface
staining. Fluorescence signal was measured usin@3cAalibur (BD Biosciences).
The surface FSHR signal was normalized to thenalefSHR signal for each group,
and then the relative FSHR membrane localizatiothef mutants was obtained by
comparing with the value of the wild-type recep(®00%). The experiments were
carried out in triplicate.

cAM P Assay

FSH-induced cAMP production was measured by usilusénsor cAMP Assay kit
(Promega) according to the manufacturer’s instomsti Cells were seeded in a 6-well
plate for 24 h to grow to 75~80% confluence andnthieansfected with lug

GloSensor 22-F plasmid andug desired plasmid (mock vector, wild-type or mutant
7
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plasmids). At 24 h post transfection, cells weredgel into a 96-well plate at a density
of 2.0x1d cells/well and incubated for another 24 h. Thea ¢AMP levels were
measured in unstimulated cells (basal level) anl$ séimulated with human FSH
(100 IU/L) for 45 min by using a luminescence c@un(PE). In another set of
experiments, the cAMP level was measured in célisutated with different doses of
FSH (0~200 IU/L) for 20 min. Three independent expents were conducted.
Western blotting

HEK293T cells were seeded in 6-well platasd transfected with g desired
plasmids (mock, wild-type or mutant plasmids) at+8%% confluence. Fourty-eight
hours post transfection, cells were serum-stareedsfh and incubated with human

FSH (100 IU/L) for different time (0, 5, 30 and 6fin) at 37C. Cells were lysed in

RIPA buffer (Beyotime) with 1 mM PMSF (Beyotime) caphosphatase inhibitors
(Roche). Equivalent amounts of protein were sepdrhy SDS-PAGE. Samples were
transferred onto PVDF membranes (Millipore), blatkéth 5% nonfat milk and then
incubated with a rabbit monoclonal antibody agaipgRK1/2 (1:5000 dilution,
Abcam). The protein levels were measured using diemiluminescence reader
(Bio-Rad), and analyzed by ImageJ software (USdwali Institutes of Health). To
normalize pERK1/2 to total ERK1/2 levels, the sasamples were also probed with a
rabbit monoclonal antibody against ERK1/2 (1:10@00tion, Abcam) after stripping
the membranes. To compare the change of pERK1/8l, leve quantified the
grayscale of western blot bands using Image J softwThe grayscale score of
pPERK1/2 was divided by that of ERK1/2 in each gretigpecific timepoint to obtain
the ratio. The ratio of wild-type group at 0 minsa@nsidered as 1, then other groups

were compared with it. Independent experiments wenelucted three times.
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Dominant negative effect assay

To further assess the potential dominant negatffecte the wild-type vector, the
p.L5971 mutant vector, or the p.L5971 mutant veatoth wild-type vector (in a 1:1
ratio), were transfected into HEK293T cells. Heaig, appropriate amount of mock
vector was co-transfected to keep a constant &otedunt of DNA transfected into
each well. At 48 h post transfection, the cAMP lsva response to FSH (100 IU/L)
for 45 min, and ERK1/2 phosphorylation in respottssESH (100 IU/L) at 5 min post
stimulation were measured by cAMP assay and Webtetting, respectively.
Statistical analysis

SPSS version 21.0 (Armonk, NY, IBM Corp.) was uded statistical analysis.
Chi-squared test or Fisher's exact test was usedrtpare the genotype distribution
and allele frequency between patients and contwdien appropriate. One-way
analysis of variance (ANOVA) followed by Tukey testas applied to compare the
surface signal of FSHR between groups in flow cytmsn Two-way ANOVA with
Bonferroni post-hoc test was performed to complaeecAMP activities and ERK1/2
phosphorylation levels between groudd. < 0.05 was considered statistically
significant.

Results

The novel mutations and polymor phismsidentified in the FSHR gene

Sequencing analysis revealed three novel variarttaee patients with POI (Table 1),
all of which were absent in the 192 controls. Thevplence of novel variants in the
FSHR gene was 1.56% (3 of 192). The phenotype of thematarrying the missense
variant ¢.1789C>A (p.L5971) was primary amenorrhiba; patient with the missense

variant c.793A>G (p.M265V) or the synonymous varierd821C>T presented with
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secondary amenorrhea. Clinical features of theseetliPOl patients wittFSHR
mutations are shown in Table 2. Mutation p.M265\éxon 9 was located at the ECD,
whereas p.L5971 in exon 10 resided at the sixtmstreembrane domain (TMD;
Fig.1A). Leucine at site 597 was highly conserveibss species, whereas methionine
at site 265 was not (Fig.1B).

In addition, six known SNPs of tHeSHR gene were identified (Table 1), two of
which (rs115030945 and rs75552966) were only foumdPOl cases. Among the
known SNPs, three were nonsynonymous (rs11503094%an 1, rs6165 in exonl10
and rs6166 in exonl0), one was synonymous (rs7%&b2Bexon 8), and two were
located in untranslated region (UTR) including @4305 and rs140106399.
Remarkably, the two SNPs in UTR showed a signitigadifferent genotypic and
allelic distribution between patients and controls.

FSHR membrane localization

Immunofluorescence confirmed that both of the mutaneptors were expressed on
cell membrane (Fig.2A). However, the results ofrgitative flow cytometry showed
that there was 22.0% (> 0.05) and 39.5%HF(< 0.05) reduction of surface signal in
the cells expressing the mutant p.M265V and p.L5858pectively, compared to the
cells expressing wild-type receptor (Fig.2B), swsjopg that the mutation p.L597I
caused a significant reduction in membrane locttinaof the FSHR protein.
FSH-induced cAMP production

The FSH-induced signaling was assessed in the cAdBIs in HEK293T cells
transfected with the desired plasmids (mock, wyget or mutant plasmids). cAMP
response was firstly induced using 100 IU/L of hankSH. Both of the mutants
displayed low basal cAMP level similar to wild-typeceptor. Cells transfected with

mock plasmid showed no response to FSH stimulatiothe cAMP level, whereas
10
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cells transfected with wild-type or mutant plasmdisplayed a dynamic response to
FSH. Compared with wild-type construct, cells tfanged with p.L5971 mutant
showed a significantly decreased cAMP level at etwle point, whereas cells
transfected with p.M265V mutant showed a slightreéase in the cAMP level
(Fig.3A). At 20 min post FSH stimulation, cells risdiected with p.L5971 mutant
showed a 44.58% decrease in the CAMP level withaetsto wild-type receptoP(<
0.01); while p.M265V mutant only exhibited 9.12%cteEase in cAMP level with
respect to wild-type receptdP & 0.05, Fig.3A).

After stimulation with different doses of FSH (2®RIU/L), the level of cCAMP
produced in cells transfected with p.L5971 mutardswdecreased with respect to
wild-type receptor R < 0.05); whereas the level of cAMP produced inlscel
transfected with p.M265V mutant was slightly desexh with respect to wild-type
receptor P > 0.05, Fig.3B).

FSH induced ERK 1/2 phosphorylation

Next, the two mutants were evaluated for their @ffeon FSH-induced ERK1/2
phosphorylation which occurred downstream of cAM&Ractivation. For wild-type
receptor, ERK1/2 phosphorylation reached its paapproximately 5 min post FSH
stimulation and then gradually decreased. For p/L59nutant, ERK1/2
phosphorylation was significantly lower than thattlee wild-type receptor at each
time point; whereas p.M265V mutant showed a simiksponse as the wild-type
receptor (Fig.3C-D)

No dominant negative effect of p.L5971 mutant

Finally, the dominant negative effect of p.L5971tamt was assessed in CAMP/ PKA
signaling pathway. After co-transfection of equalaqtities of the wild-type and

mutant construct, the response to FSH in both tABIR levels and ERK1/2
11
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phosphorylation were even higher than that of tiild-type construct alone (Fig.4).
Therefore, no dominant negative effect was obsefwed.L5971 mutant.

Discussion

We screened all 10 exons of tR&8HR gene in 192 sporadic POI patients of Han
Chinese descent, and three novel variants wer¢ifiden all of which were absent in
the 192 controls. Among the three novel heterozgg@riants, one was synonymous
(c.1821C>T), while the other two, ¢.793A>G (p.M2§3hd ¢.1789C>A (p.L597I),
were missense mutations that were located respéctia the ECD and the sixth
TMD of FSHR.

When tested for functionality, mutation p.L5971 wiasind to cause decreased
membrane localization and impairment of receptgnaling as measured by the
CcAMP level and ERK1/2 phosphorylation, while no Isweffects were observed for
p.M265V mutation. These results suggested the itapoe of leucine at this site,
which was also implied by its high conservation amgpecies. Mutation p.M265V
did not significantly affect cell surface expressif FSHR or the signaling pathway
as measured by cAMP level and ERK1/2 phosphorylalibiese results indicated that
the p.M265V substitution was not detrimental, whighs consistent with the poor
conservation at this site.

In our study, the patient carrying p.M265V mutatexperienced her menarche at
the age of 15 and amenorrhea at the age of 31 eatdhe p.L597I carrier suffered
from primary amenorrhea and established menstiuatiby exogenous
estrogen-progesterone therapy at the age of 1taBriamenorrhea in the patient
with p.L597I indicated a severe diminishment in aa function compared with

secondary amenorrhea in the p.M265V carrier.

12
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In general, the FSHR mutations located in the E@Rehbeen shown to disturb
trafficking and cell surface expression of the mog but mutations located in the
TMD were characterized by the impaired signal tdaicion without the change in
subcellular location of FSHR (Desali, et al., 203&gel, et al., 2013). Interestingly,
our study showed that p.L5971 mutation caused aedsed membrane expression of
FSHR in spite of its location in the sixth TMD. Anslar case was the inactivating
mutation p.A575V which was also located in the IsiXtMD but led to very weak
membrane expression of FSHR (Desai, et al.,, 20kb)addition, another two
mutations in the sixth TMD, p.P587H and p.F591Silted in the complete lack of
signal transduction (Kotlar, et al., 1997, Kuechidral., 2010). Taken together, these
results suggest that the sixth TMD is importanttfeer FSHR function and mutations
in this domain very likely affect receptor traffiok and subsequent signaling.

Until now, most of the causal mutations of #8HR gene have been reported in
homozygotes or compound heterozygotes and the dzgtgrtes seem to be
unaffected for many mutations (Siegel, et al., 20¥3though dominant negative
effects have been reported for FSHR mutations BR%d p.R618A (Zarinan, et al.,
2010), our results showed that the p.L5971 mutaat ho dominant negative effect.
However, it has been reported that FSHR haploifgeffcy in mice accelerates
oocyte loss, resulting in early reproductive seapse (Danilovich and Sairam, 2002,
Yang, et al., 2003), suggesting that the heterozygoutation might also be involved
in the pathogenesis of POI. Similarly, a heteronygmutation p.vV221G was found in
a POI patient with primary amenorrhea (Nakamuraalet 2008) and functional
studies indicated that the impaired receptor flmctdue to this mutation might
underlie the clinical manifestation (Banerjee, let2017, Li, et al., 2017). Therefore,

the decreased cAMP production and diminished ERKb@sphorylation caused by
13
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the p.L5971 mutation might, at least partially, &p the POI phenotype in our
patient.

Recently, two homozygous FSHR mutations, p.LI40R&>and p.P504S, were
identified in the Chinese patients presenting waistant ovary syndrome (ROS) (Li,
et al., 2017). The presence of the normal-sizedieva&ontaining an age-appropriate
number of antral follicles as well as the normai-Mtillerian hormone (AMH) level
indicated that both patients were affected by R&Ber than POI phenotype. Genetic
and bioinformatic analysis suggested that both timts were pathogenic, but
functional studies were not performed. In additidine first homozygousFSHR
mutation, ¢.566C>T (p.A189V), which is prevalent the Finnish population
(Aittomaki, et al., 1995), was not identified inrd@Ol cohort nor in another Chinese
POI cohort (Chen, et al.,, 2006). Together with tleports from many other
populations, our findings further suggested thast tmutation displayed distinct
ethnic specificity within Finland.

Additionally, six known SNPs of thESHR gene were identified in our study.
Among them, rs115030945 (c.24G>T, p.L8F) was a migsense SNP with high
conservation at this site, and bioinformatic analyshowed the mutation might not
affect the protein function. Moreover, rs1394205-2@G>A) and rs140106399
(c.*111T>C) were identified in both groups with sificantly different genotypic and
allelic distributions. While the A allele at rs13®6 was positively correlated with
POI risk, the C allele at rs140106399 was negativabrrelated with genetic
susceptibility of POI. These two SNPs located ire t8-UTR and 3-UTR,
respectively.

Although the genotypic and allelic distribution d@he rs140106399 was

significantly different between the two groups, piedictive value for POI risk is
14
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limited considering the low minor allele frequer(®&y7% in controls and 1.6% in POI,
respectively). Future studies in larger cohorts rageessary to establish the role of
rs140106399 in POI.

The SNP rs1394205 has been reported to be assbwidteelevated FSH levels
and poor ovarian response (Achrekar, et al., 2889¥ell as with diminished ovarian
reserve (Ghezelayagh, et al., 2018). Another stodgd that the expression of FSHR
protein on granulosa cells was decreased in carwigh AA genotype of rs1394205
(Desai, et al.,, 2011). Therefore, the rs1394205 ra#gct ovarian function by
regulating FSHR expression. In addition, there wevesignificant differences in the
distribution of genotypes and alleles of rs6165A80.7T) or rs6166 (p.S680N)
between the two groups in this study, which is @aat with the previous studies in
Chinese POl patients (Du, et al., 2010).

Conclusions

In the study, we identified two novel missense riots c.793A>G (p.M265V)
and c.1789C>A (p.L5971) in thESHR gene in two Chinese patients with sporadic
POI, and revealed that dysfunctional FSHR due ttatiman or SNP might explain a
fraction of sporadic POI cases in Han Chinese padjmul.
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Figure Legends

Figure 1. The novel variants in the FSHR gene in patients with POI. (A)
Schematic presentation of the FSHR protein andctstre. The novel variants,
p.M265V and p.L5971, were marked by a red triangéspectively. (B) Sequence
alignment of FSHR among orthologs with arrow headBcating conservation of
amino acid 265 and 597 in mammals. ECD, extra@llullomain; TMD,

transmembrane domain; ICD, intracellular domain.

A s
M265V l
ECD NH2
 essssrcsese SELPERBEVDE
TMD
| ootoooe00ese FPPEPDOIDES®
ICD I
COOH
L5971
B Homo KLVALMEASLT ATSAS[LKVPLI
Macaca KLVALMEASLT AITSAS|LIKVPLI
Bos KFEVTLIVIEASLT AITSAS|LIKVPLI
Sus KFVTLMEASLT AISASILIKVPLI
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Mus KFVMLIIIEASLT AISASILIKVPLI
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Figure 2. FSHR membrane localization. (A) Immunofluorescence shows both of
the mutant FSHR were expressed on cell membranavedls as the wildtype.
(Bar=2Qum). (B) FSHR membrane localization detected by foytometry. The cells
were transfected with wild-type receptor or mutdots48 h before flow cytometry.
The surface FSHR signal was normalized to thenaledfSHR signal for each group.
The histogram represents the mean + SD of threepmmbent experiments and
depicts the relative intensity of the mutants irmparison to wild-type receptor

(100%). One-way analysis of variance (ANOVA) folled by Tukey tests was used,

*P<0.05.
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Figure 3. The cAMP production and ERK1/2 phosphorylation stimulated by
FSH in HEK293T cells. (A) The cells transfected with mock vector, wiighe
receptor or mutants were stimulated with human K$60 IU/L) for 45 min and
cAMP was measured at each time point. The arroicated the start point of FSH
stimulation. (B) The maximal cAMP levels stimulateg different doses of FSH
(0~200 IU/L). Data expressed are the mean = S[hiaet independent experiments.
Two-way ANOVA with Bonferroni post-hoc test was fgmed to compare the
CcAMP activities, P<0.05; **P<0.01. (C) ERK1/2 phosphorylation was detected in
cells transfected with mock vector, wild-type retgmr mutants and then stimulated
with human FSH (100 IU/L) for different time (0O~®0in). (D) The relative level of
phosphorylated ERK1/2 compared with ERK1/2 acca@dm the results of western

blot. *P<0.05.
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Figure 4. No dominant negative effect of p.L5971 mutant. (A) No dominant
negative effect at the cAMP level for p.L5971 mutebata expressed are the mean +
SD of three independent experiments. Two-way ANOW#h Bonferroni post-hoc
test was performed to compare the cAMP activitid®3<0.05. (B) No dominant
negative effect at the level of ERK1/2 phosphorglatfor p.L5971 mutant. ERK1/2
phosphorylation was detected in cells transfectétd wild-type receptor, p.L5971
mutant or equal quantities of the wild type and59.X1 mutant and then stimulated
with human FSH (100 IU/L) for different time (0O~®0in). (C) The relative level of
phosphorylated ERK1/2 compared with ERK1/2 accaydim the results of western

blot. *P<0.05, *P<0.01.
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Table 1. Variantsidentified in the FSHR gene in Chinese women with premature ovarian insufficiency.

Genotype frequency Allelefrequency
Location dbSNPID Variation Genotype Pvalue Allele Pvalue
POI (%) Contral (%) POI (%) Control (%)
Exon 9 Novel C.793A>G AA 191 (99.5) - - A 383(9p.7 - -
p.M265V AG 1(0.5) - G 1(0.3) -
GG 0(0.0) -
Exon 10 Novel c.1789C>A CcC 191(99.5) - - C 383199. - -
p.L597I AC 1(0.5) - A 1(0.3) -
AA 0(0.0) -
Exon 10 Novel €.1821C>T CcC 191(99.5) - - C 383(99. - -
Synonymous CT 1(0.5) - T 1(0.3) -
TT 0(0.0) -
5"UTR rs1394205 C.-29G>A GG 40(20.8) 54(28.6) 0.02 G 174(45.3) 210(54.7) 0.01
AG 94(49.0) 102(53.1) A 210(54.7) 174(45.3)
AA 58(30.2) 36(18.8)
Exon 1 rs115030945 c.24G>T GG 190(99.5) 192(100) 250. G 382(99.5) 384(100) 0.25
p.L8F GT 2(1.0) 0(0.0) T 2(0.5) 0(0.0)
TT 0(0.0) 0(0.0)
Exon 8 rs75552966 €.603C>T cC 191(99.5) 192(100) 490. C 383(99.7) 384(100) 0.49
Synonymous CT 1(0.5) 0(0.0) T 1(0.3) 0(0.0)
TT 0(0.0) 0(0.0)
Exon 10 rs6165 C.919G>A GG 13(6.8) 20(10.4) 0.40 G 109(28.4) 124(32.3) 0.24
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p.A307T AG 83(43.2)
AA 96(50.0)
Exon 10 rs6166 €.2039G>A GG 15(7.8)
p.S680N AG 86(44.8)
AA 91(47.4)
3'UTR rs140106399 c. *111T>C TT 186(96.9)
CT 6(3.1)
CcC 0(0.0)

84(43.8) A 275(71.6)  260{7.
88(45.9)
16(8.3) 0.77 G 116(30.2)  111(28.9) 0.69
79(41.1) A 268(69.8)  273(J1.
97(50.5)
170(98.5 0.002 T  378(98.4)  362(94.3) 0.002
22(11.5) C  6(16) 22(5.7)
0(0.0)

Note: POI, premature ovarian insufficiency; -, applicable.
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Table 2. Clinical features of POI patientswith FSHR mutation.

Patient FSHR

Amenorrhea

Ageof Ageof FSH Uterus L eft Right Folliclesby Breast Pubic BMI Délivery
No. mutation type menarche amenorrhea (IU/L) (cmxcm) ovary ovary ultrasound stage hair history
(v) (v) (cmxcm) (cmxcm)
Case 1l c.793A>G SA 15 31 82.34 3.5x2.8 Invisible Invieib No Tanner IV Thick 29.13 No
p.M265V
Heterozygous
Case 2 ¢.1789C>A PA - - 50.69 2.7x1.6 Invisible Isibile No Tanner Il Thin 21.83 No
p.L597I
Heterozygous
Case 3 ¢.1821C>T SA 12 21 59.39 3.5x3.0 0.9x1  1.9x0. Yes Tanner IV Thick 20.8 No
Synonymous
Heterozygous
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Highlights
Etiology of premature ovarian insufficiency is heterogenous.

The signa pathway of follicle stimulation hormone plays a crucia role in follicle
development by regulating steroid metabolism.

Two novel missense mutations of follicle stimulation hormone receptor were
identified in Chinese sporadic patients with premature ovarian insufficiency, which
interrupted the activation of cCAMP and phosphorylation of ERK1/2 protein.

Dysfunctional follicle stimulation hormone receptor due to mutation or SNPs might
explain a fraction of cases diagnosed with premature ovarian insufficiency in Han
Chinese population.



