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Abstract
Background  Premature ovarian insuffiency (POI) is one of the main cause behind infertility. The genetic analysis of 
POI should be part of the clinical diagnostics, as several genes have been implicated in the genetic background of it. 
The aim of our study was to analyse the genetic background of POI in a Hungarian cohort.

Methods  The age of onset was between 15 and 39 years. All patients had the 46,XX karyotype and they were 
prescreened for the most frequent POI associated FMR1 premutation. To identify genetic alterations next-generation 
sequencing (NGS) of 31 genes which were previously associated to POI were carried out in 48 unrelated patients from 
Hungary.

Results  Monogenic defect was identified in 16.7% (8 of 48) and a potential genetic risk factor was found in 29.2% (14 
of 48) and susceptible oligogenic effect was described in 12.5% (6 of 48) of women with POI using the customized 
targeted panel sequencing. The genetic analysis identified 8 heterozygous damaging and 4 potentially damaging 
variants in POI-associated genes. Further 10 potential genetic risk factors were detected in seven genes, from which 
EIF2B and GALT were the most frequent. These variants were related to 15 genes: AIRE, ATM, DACH2, DAZL, EIF2B2, 
EIF2B4, FMR1, GALT, GDF9, HS6ST2, LHCGR, NOBOX, POLG, USP9X and XPNPEP2. In six cases, two or three coexisting 
damaging mutations and risk variants were identified.

Conclusions  POI is characterized by heterogenous phenotypic features with complex genetic background that 
contains increasing number of genes. Deleterious variants, which were detected in our cohort, related to gonadal 
development (oogenesis and folliculogenesis), meiosis and DNA repair, hormonal signaling, immune function, and 
metabolism which were previously associated with the POI phenotype. This is the first genetic epidemiology study 
targeting POI associated genes in Hungary. The frequency of variants in different POI associated genes were similar to 
the literature, except EIF2B and GALT. Both of these genes potential risk factor were detected which could influence 
the phenotype, although it is unlikely that they can be responsible for the development of the disease by themselves. 
Advances of sequencing technologies make it possible to aid diagnostics of POI Since individual patients show high 
phenotypic variance because of the complex network controlling human folliculogenesis. Comprehensive NGS 
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Background
Premature ovarian insufficiency (POI) or premature 
ovarian failure (POF) is the cessation of ovarian func-
tion before 40 years of age. At the end of the 2000s years, 
the phrase primary ovarian insufficiency (POI) was con-
sidered to better describe this premature-ovarian-aging 
condition, highlighting that women with this dysfunc-
tion sometimes spontaneously have follicular develop-
ment and/or returned menses and/or conceive after the 
diagnosis is made [1, 2]. POI is defined by the deple-
tion of ovarian follicles, leading to infertility before the 
age of 40 years with a wide range of clinical phenotypes 
[3]. This condition is characterized by the cessation of 
menses (amenorrhea or oligomenorrhea) for at least 4 
months, increased gonadotropin levels (FSH > LH), and 
hypoestrogenism [4]. The first red flag can be the primary 
amenorrhea, which is usually diagnosed at a young age 
in individuals with delayed puberty and an absence of 
breast development and menarche. However, secondary 
amenorrhea is the most frequent POI phenotype which is 
manifested at an age from 20 to 40 years and is defined by 
normal pubertal development and an irregular menstrual 
cycle followed by amenorrhea [3]. Despite the incomplete 
epidemiological data, the prevalence of POI appears to 
related with ethnicity and increase with age (1:10 000 by 
age 20, 1:1000 by age 30, and 1:100 by age 40) [5].

POI can be caused by genetic defects, autoimmune 
diseases, iatrogenic factors (chemotherapy or radiation 
therapy), viral infections, toxins, or it can remain idio-
pathic despite exhaustive investigation [5]. However, the 
observation that many affected women have positive 
family history increase the probability of inherited POI 
[6]. Regarding genetic causatives, both chromosomal 
abnormalities and monogenic defects can result POI 
phenotype. After confirmation of POI clinical diagnosis, 
chromosomal analysis, fragile-X premutation (FMR1) 
analysis, adrenal (21-hydroxylase) and thyroid antibody 
assessment, as well as pelvic ultrasonography should be 
performed [3]. Frequency of chromosomal abnormalities 
is approximately 10–13% [7]. Evaluation of karyotypes 
for numerical changes can be performed by cytogenetic 
analysis, and different approaches, such as aCGH have 
evolved to identify copy number variations (CNVs) in 
the background of POI [8]. Moreover, syndromic POI 
may also be caused by the expansion of a CGG repeat in 
the 5’ regulatory region of the FMR1 gene, which causes 
Fragile-X syndrome. Thus, the presence of FMR1 premu-
tation should be investigated in women with POI, since 

this is associated with POI in approximately 20% of car-
rier women [9]. Further studies suggested that microde-
letions within FMR2 gene may also be a significant cause 
of POI [10]. This screening might be helpful for the iden-
tification of POI etiology, even so most POI cases remain 
without a clarified background. Thus, if the previously 
mentioned examinations have no positive results which 
can confirm POI diagnosis monogenic analysis should be 
the next step.

Since POI syndrome show high phenotypic variance 
with a heterogeneous genetic aetiology because of the 
complex network controlling human folliculogenesis 
NGS analysis may facilitate more accurate, quicker and 
cheaper genetic diagnoses for POI. Furthermore, an oli-
gogenic etiology for this disorder has been proposed 
which also highlight the necessity of multigene panel 
sequencing [11, 12]. Previous evidence suggested that 
these genes might be clustered on the female sex chromo-
some in the POF1 and POF2 loci [13]. There are several 
X and autosomal encoded genes which play a potential 
role in human folliculogenesis, thus they are suggested to 
be prominent POI candidate genes. By further investigat-
ing their functional contribution to the genetic etiology 
of POI in the clinic, a better diagnostic pipeline could be 
generated.

In the NGS era, our knowledge about the molecu-
lar basis of idiopathic POI had rapidly expanded. High-
throughput sequencing techniques have described 
several novel pathogenic variants of well-known genes 
(FSHR, GDF9, BMP15, FIGLA, and NOBOX) in associa-
tion with POI [3]. These genes were suggested to con-
tribute to POI etiology because of their roles in germ cell 
development, meiosis and DNA repair, oogenesis, fol-
liculogenesis and hormone signaling, metabolism, auto-
immune association, and sex chromosome remodelling. 
Furthermore, the large-scale genetic analysis paves the 
way to identify further variants in genes which are still 
unknown in the background of POI. The expansion of 
our knowledge could increase the positive findings dur-
ing the genetic analysis of POI patients and could pro-
vide new ways to find potential therapies for women with 
POI. To date, it has been the first comprehensive genetic 
study on Hungarian patients with POI that exploits the 
opportunities provided by the NGS method.

screening by widening the scope to genes which were previously linked to infertility may facilitate more accurate, 
quicker and cheaper genetic diagnoses for POI. The investigation of patient’s genotype could support clinical 
decision-making process and pave the way for future clinical trials and therapies.

Keywords  Premature ovarian insufficiency, POI, POF, Infertility, Hungarian, NGS, Next generation sequencing
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Methods
Subjects
We recruited 48 unrelated patients from Hungary, who 
were diagnosed with POI, presented with amenorrhea 
for at least 6 months before age 40 and had FSH plasma 
levels above 40 IU/L. The average age of the patients was 
35.98 ± 6.34 years, and menopause occurred at an average 
age of 33.06 ± 6.13 years (min. 15 years, max. 39 years). 
A total of 38/48 patients had menopause between the 
ages of 30 and 39 (79.17%), while 7/48 (14.58%) and 3/48 
(6.25%) cases were menopause between the ages of 20 
and 29 and up to the age of 20, respectively. All patients 
had the 46,XX karyotype and they were prescreened 
for the most frequent POI associated FMR1 premuta-
tion. Targeted panel sequencing was performed on 48 
POI patients (P01∼P48). Our work complies with the 
principles laid down in the Declaration of Helsinki. The 
work has been approved by the ethics committee Medical 
Research Council (No: 4288-0/2011-EKU). All patients 
gave informed written consent to participate.

Targeted panel sequencing
We have aimed to cover all the well-established POF risk 
loci. The list of the 31 investigated genes was compiled 
based on literature data.

Amplicon library was prepared using the Ion AmpliSeq 
Library Kit Plus combined with the (ThermoFisher, MA, 
USA). Briefly, 10 ng of genomic DNA was added to mul-
tiplexed primer pairs (2 pools) and amplified with the 
following PCR conditions: at 99  °C for 2  min; at 99  °C 
for 15  s and at 60  °C for 4  min (19 cycles) and holding 
at 10  °C. Primers were partially digested using a FuPa 
reagent, and then sequencing adapters and barcodes 
were ligated to the amplicons. The library was purified 
using the Agencourt AMPure XP Reagent (Beckmann 
Coulter, CA, USA). The concentration of the final library 
was determined by Ion Library TaqMan Quantitation Kit 
(ThermoFisher, MA, USA) on an ABI 7500 qPCR instru-
ment with absolute quantification method. Template 
preparation was performed with Ion 520 OT2 Kit (Ther-
moFisher, MA, USA) on semi-automated Ion OneTouch 
2 instrument using emPCR method. After breaking the 
emulsion, the non-templated beads were removed from 
the solution during the semiautomated enrichment pro-
cess on Ion OneTouch ES (ThermoFisher, MA, USA) 
machine. After adding the sequencing primer and poly-
merase, the fully prepared Ion Sphere Particles (ISPs) 
were loaded into an Ion 520 chip, and the sequencing 
runs were performed using the Ion S5 Sequencing kit 
(ThermoFisher, MA, USA) with 500 flows.

Sequence data from the Ion Torrent run were ana-
lyzed using the platform-specific pipeline software 
Torrent Suite v5.10 for base calling, trim adapter and 
primer sequences, filtering out poor quality reads, 

and demultiplex the reads according to the barcode 
sequences. Briefly, TMAP algorithm was used to align 
the reads to the hg19 human reference genome, and 
then, the variant caller plug-in was executed to search 
for germline variants in the targeted regions. Integrative 
Genomics Viewer (IGV) [14] was used for visualization 
of the mapped reads. Variants were annotated using the 
Ion Reporter (ThermoFisher, MA, USA) and Varsome 
[15] software. Variant classification followed the latest 
ACMG guideline.

Results
At Semmelweis University Department of Obstetrics and 
Gynecology Genetic testing for POI was performed in 
142 patients. In 12 cases we detected a cytogenetic dif-
ference 8.45%. FMR1 gene variation was detected in 17 
cases 11.97% (RP-PCR, CGG repeat). Additional genetic 
testing was performed in 48 patients, sequencing: Next-
generation sequencing (NGS), targeted panel sequencing.

To identify potential causative variants of POI by using 
targeted panel sequencing, we analyzed DNA samples of 
48 unrelated patients with POI. In our cohort two hetero-
zygous potentially pathogenic and 6 heterozygous prob-
ably pathogenic alterations, 4 heterozygous VUS (variant 
with unknown significance) and 10 potential genetic risk 
factors were identified in 15 POI related genes (Table 1. 
and Table 2., respectively). In addition, 6 patients carried 
VUS or risk factor in two different genes which suggested 
a potential oligogenic effect (Table 2.). Further two vari-
ants, similarly to a previous observation [16] were more 
frequent in our cohort than in the control population, 
such as EIF2B4 c.*1C > T in four patients and HS6ST2 
c.146 C > T in 3 patients. Clinical interpretation and indi-
cation for the detected variants were thoroughly classi-
fied by the aid of VarSome [15] and Franklin (Available 
online: https://franklin.genoox.com). The age at men-
arche, the age at POI diagnosis, hormone levels and 
identified genes carrying potential causative variants are 
shown in Table 3.

Sequencing of genes previously related to POI resulted 
to identify 12 potentially damaging variants and 10 
potential risk factors, 12/48 (25%) and 17/48 (35.4%) sub-
jects, respectively. All of the identified variants were het-
erozygous. Most of the identified variants were missense 
(20 of 22, 90.9%), one was frameshift (1 of 22, 4.5%), and 
one was a splicing variant (1 of 22, 4.5%). Substitutions 
in AIRE (c.901G > A; p.Val301Met) and ATM (c.680 C > T; 
p.Ser227Leu, c.4424  A > G; Tyr1475Cys) were identified 
in 3 of 48 patients. Both ATM variants associated with 
potential risk factors in NOBOX genes (P24 and P26). 
P20 carried two coexisting alterations: the c.958G > A; 
p.Gly320Ser in GDF9 gene and the c.803G > C; 
p.Gly268Ala in POLG gene, which was also identified 
in P18. In association with ovarian development DAZL 

https://franklin.genoox.com
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(c.863G > A; p.Ser288Asn, c.380G > A; p.Arg127His), 
EIF2B2 (c.380  C > T; p.Ala127Val) and LHCGR 
(c.211G > C; p.Gly71Arg) variants were described. In 
addition, two substitutions were detected in XPN-
PEP2 gene (c.828delT; p.Phe276LeufsTer12, c.460G > A; 
p.Val154Met) in two unrelated patients. The second 
detected AIRE variant (c.1322  C > T; p.Thr441Met) was 
identified in P08 patient, which is considered as risk 
factor in case of POI. Two potential risk factors were 
detected in DACH2 gene (c.107  C > T; p.Pro36Leu, 
c.1245G > C; p.Glu415Asp). The previous variant was 
described in P03, who also carried a substitution in the 
USP9X gene (c.6722T > C; p.Val2241Ala). In two patients 
(P31 and P40) who carried EIF2B4 splice site variant also 
had a second risk factor (GALT c.940 A > G; Asn314Asp 
and NOBOX c.218  A > G; His73Arg, respectively). This 
variant in GALT gene was found in 7 other patients. A 
missense variant in FMR1 gene in P10 patient suggested 
to increase the susceptibility to develop POI phenotype.

All of the 15 affected genes previously associated with 
POI were playing a role in crucial biological processes, 
such as autoimmune association, meiosis, DNA repair, 
sex chromosome rearrangement, ovarian development 
and metabolism.

Discussion
POI is characterized by heterogenous phenotypic fea-
tures with a strong genetic background that contains 
increasing number of genes [3]. Deleterious variants in 
genes related to gonadal development (oogenesis and 
folliculogenesis), meiosis and DNA repair, hormonal sig-
naling, immune function, and metabolism are associated 
with the POI phenotype [3]. The majority of the defects 
we found in genes previously associated to different func-
tions were summarised in Fig. 1.

This is the first genetic epidemiology study target-
ing disease genes of POI in Hungary, in which several 
genetic alterations were identified in POI-associated 
genes. In our study, we recruited 48 Hungarian patients 
clinically diagnosed with POI who were prescreened to 
FMR1 pathogenic expansion. Targeted panel sequencing 
was performed to identify pathogenic variants that corre-
spond to the list of genes known to potentially cause POI.

A monogenic defect was identified in 16.7% (8 of 48) 
and a potential genetic risk factor was found in 29.2% (14 
of 48) and susceptible oligogenic effect was described in 
12.5% (6 of 48) of women with POI using the customized 
targeted panel sequencing. A total of two pathogenic and 
6 likely pathogenic variants were identified in 16.7% (8 of 
48) of POI patients and considered a molecular genetic 
diagnosis of POI. Further 4 potentially damaging vari-
ants and 10 risk factors were described in 42.7% (20 of 
48) of POI patients, which could potentially contribute to 
the disease mechanism. These variants are related to 15 

genes: AIRE (P08 and P42), ATM (P24 and P26), DACH2 
(P03 and P14), DAZL (P09 and P36), EIF2B2 (P22), 
EIF2B4 (P11, P12, P31 and P40), FMR1 (P10), GALT 
(P23, P26, P29, P32, P44, P45 and P48), GDF9 (P20), 
HS6ST2 (P37, P38 and P39), LHCGR (P05), NOBOX 
(P24, P26 and P40), POLG (P18 and P20), USP9X (P03) 
and XPNPEP2 (P04 and P19). These changes included 
20 missense, one frameshift and one splice site variants 
(Table  1. and 2.). The major concern with our results is 
the small sample size, which is scarce to represent the 
data characteristics of Hungarian population. Despite the 
average age of patients at the time of POI onset was 33 
years, POI is recognized relatively late in some patient in 
Hungary. The main reason behind this observation rely 
the general clinical practice: if a women at a younger age 
experience rare or absent menstrual cycle contraceptive 
medication is prescribed without further clinical evalu-
ation. Thus, amenorrhea or other hormonal problems 
only become apparent when the patient stops taking 
contraceptives and trying to conceive. According to the 
Hungarian Central Statistical Office (KSH), the average 
age at birth in Hungary is 30 years, which means that in 
the general population infertility problems only become 
apparent around the age of 30.

The frequency of variants in different POI associated 
genes were compared to their frequency of literature 
(Table 4.). Most of the observed frequencies were similar 
to the literature, except EIF2B and GALT. Both of these 
genes potential risk factor were detected which could 
influence the phenotype, although it is unlikely that they 
can be responsible for the development of the disease by 
themselves.

The p.Ser227Leu and p.Tyr1475Cys amino acid changes 
were identified in ATM (ataxia-telangiectasia mutated 
gene) gene, which is required for cell-cycle checkpoint 
signaling pathways. It was the first DNA repair gene 
associated with POI [25]. ATM contributed to ovar-
ian function and alterations of it results syndromic POI, 
characterized by primary amenorrhea. The gonads of 
patients with ATM defects are hypoplastic with germ cell 
deficiencies [26]. Evolutionary conservation and in silico 
predictive tools for both of these variants were unclear. In 
conclusion, data on these substitutions were insufficient 
for clear phenotype classification. Thus, the clinical sig-
nificance of these aminoacid changes were uncertain.

The EIF2B (eukaryotic translation initiation factor 
2B) genes encode the five subunits of the eukaryotic 
translation initiation factor 2B (EIF2B alpha to epsilon), 
which plays a role in the first step of protein synthesis. 
The dysfunctional EIF2B may be responsible for the 
increased apoptosis of ovarian follicles leading to POI 
[27]. Recently three of the five EIF2B genes (EIF2B1, 2, 
3, 4 and 5) were reportedly involved in patients who pre-
sented with POI and white matter abnormalities on MRI 
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(ovarioleukodystrophy) [28]. The Ala127Val substitution 
in EIF2B2 gene predicted to be VUS with minor patho-
genic evidences which could potentially contribute to 
the POI phenotype even in heterozygous state, although 
none of the functional analysis of this residue led to cer-
tain results [18]. Thus, in women of childbearing age with 
mutations in EIF2B family genes, special attention should 
be paid to the possibility of POI [29].

Moreover, several other factors play crucial roles in 
the recruitment, development, and maturation of fol-
licles and oocytes and mutations in genes involved in 
this process, such as DAZL (deleted in azoospermia like), 
may lead to the POI phenotype. DAZL gene is originally 
expressed in germ cells and essential in the beginning 
of meiosis and in ovarian development [13, 30]. In this 
study two potentially damaging variants were identified 
from which p.Ser288Asn was firstly described in our Ta
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Table 3  Clinical characteristics and molecular findings of POI 
patients carrying potential causative variants
Patients 
ID

Men-
arche 
age 
(year)

POI 
onset 
age 
(year)

Hormone values Gene
FSH 
(lU/L)

LH (ng/mL)

P03 13 34 89,53 0,010 USP9X, 
DACH2

P04 12 34 98,19 0,016 XPNPEP2
P05 14 16 44,23 0,674 LHCGR
P08 13 15 139,25 0,041 AIRE
P09 11 39 51,48 0,092 DAZL
P10 16 24 63,57 1,212 FMR1
P11 11 25 106,59 0,144 EIF2B4
P12 17 33 45,10 0,169 EIF2B4
P14 12 39 72,46 0,010 DACH2
P18 12 37 76,40 0,016 POLG
P19 14 39 70,86 0,169 XPNPEP2
P20 14 39 48,30 0,092 GDF9, POLG
P22 13 34 51,12 1,285 EIF2B2
P23 11 39 140,93 0,169 GALT
P24 12 36 133,90 0,041 ATM, NOBOX
P26 12 39 44,04 0,092 ATM, GALT, 

NOBOX
P29 15 36 43,10 0,169 GALT
P31 11 28 55,20 0,373 EIF2B4, GALT
P32 11 37 65,10 0,041 GALT
P36 13 29 59,68 0,100 DAZL
P37 11 33 60,27 0,900 HS6ST2
P38 17 24 44,28 0,050 HS6ST2
P39 14 30 47,53 0,850 HS6ST2
P40 13 31 59,19 0,145 EIF2B4, 

NOBOX
P42 14 38 80,70 0,592 AIRE
P44 10 27 61,86 1,230 GALT
P45 12 30 80,00 0,900 GALT
P48 14 32 63,20 0,530 GALT
FSH/LH levels were measured at time of POI diagnosis.
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cohort. Both detected variants had controversial predic-
tion scores without functional data, thus we classified 
them as VUS. However, heterozygous and homozygous 
missense substitutions in DAZL gene were previously 
identified in infertile woman associated with secondary 
amenorrhea [31]. Therefore, pathogenic variants were 
suggested to be a rare cause of male and female infertility 
[11]. Further studies focusing on DAZL function in mei-
otic pathway could elucidate the molecular background 
of human meiosis and would reveal new ways to regener-
ate oocytes [32].

Mutations in genes encoding fertility associated hor-
mone receptors, such as FSHR and LHCGR, are pos-
sible contributors of ovarian functional impairment 
causing heterogenous clinical phenotypes [33]. The 
LHCGR (luteinizing hormone/choriogonadotropin 
receptor) gene, which encodes the luteinizing hormone 
(LH) and human chorionic gonadotropin (hCG) hor-
mone receptors, is transcribed in granulosa cells during 
the last stages of the preovulatory follicles [34]. Approxi-
mately 300 polymorphisms have been reported in the 
LHCGR gene [35]. Some studies have determined that 
inactivating alterations in LHCGR gene are associated 
with increased LH level, enlarged ovaries, oligomenor-
rhea, resistance to LH or hCG hormones, and infertility 
[36]. On the contrary, activating mutations in affected 
women produce hyperandrogenism [37]. The p.Gly71Arg 
substitution in the luteinizing hormone receptor (LHR) 
ectodomain, which was detected in our cohort, was con-
sidered as an inactivating misfolding mutation. Given the 
unusual observation that p.Gly71Arg substitution was 
associated with decreased cell surface receptor expres-
sion due to intracellular retention, followed by increased 
efficacy for hormone stimulation [19, 20]. Because of the 
previous observations, p.Gly71Arg variant considered as 
a potential pathogenic mutation in the background of our 
patient’s phenotypes.

In addition, growth factors such as TGFβ family mem-
bers are essential in ovarian functions [38]. The GDF9 
(Growth Differentiation Factor 9) encoded protein is 
a member of this previous family, which plays a crucial 

Table 4  Frequency of variants in different POI associated genes 
both in the literature and our cohort

Frequency
In the 
literature

In our 
cohort

X chromosome aberrations
Turner syndrome and related defaults 4–5% 0%
Triple X syndrome 1–4% 0%
Fragile X syndrome (FMR1 premutation) 3–15% 0%
Gene variants (BMP15, PGRMC1, USP9X, XNPEP2, 
DACH2, HS6ST2)

3–13.5% 16.7%

Autosomal aberrations
Complex disorders
Galactosemia (GALT) Rare 16.7%
BPES (FOXL2) -
APECED (AIRE) 4.2%
Mitochondrial diseases (POLG) 4.2%
Demirhan syndrome (BMPR1B) 0%
PHP1a (GNAS) 0%
Ovarioleucodystrophy (EIF2B) 10.4%
Ataxia telangiectasia (ATM) 4.2%
Perrault syndrome (HSD17B4, HARS2, CLPP, 
LARS2, C10ORF2)

-

Premature aging syndromes:
Bloom syndrome (BLM)
Werner syndrome (WRN)
GAPO disease (ANTXR1)

-

Isolated diseases
FSH/LH resistency (FSHR and LHCGR) 0–1% 2.1%
INHA variants 0–11% -
GDF9 variants 1.4% 2.1%
FOXO3 variants 2.2% -
NOBOX variants 0–6% 6.3%
FIGLA variants 1–2% -
NR5A1 variants 1.6% -
LHX8 variants Rare -
DNA replication, repair and meiosis gene 
variants (DAZL, DMC1, MSH4, MSH5, SPO11, 
STAG3, SMC1B, REC8, POF1B, HFM1, MCM8, 
MCM9, SYCE1, PSMC3IP, NUP107, FANCA, FANCC, 
FANCG, ATM)

N/A 8.4%

Fig. 1  POI associated genes and their function. Genes in bold indicated that potential damaging variants or risk factors were identified in our cohort
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role in folliculogenesis [39]. Mutations of it follow auto-
somal dominant inheritance pattern [40]. Decreased 
expression and/or altered activity of the protein have 
been determined for most of these variants [41]. Hetero-
zygous variants of GDF9 have been associated with POI, 
decreased ovarian reserved (DOR), polycystic ovarian 
syndrome (PCOS) and mothers of dizygotic twins (DZT) 
suggesting the involvement of GDF9 in multiple aspects 
of ovarian function [42]. Despite the described asso-
ciation of heterozygous variants with ovarian pathology, 
heterozygous GDF9 variants have also been observed in 
healthy women [43], casting doubt on haploinsufficiency 
of GDF9 causing POI. The heterozygous GDF9 variants 
may be associated with a less severe phenotype (i.e. POI 
with secondary amenorrhea) whereas biallelic variants 
may lead to a more severe phenotype, such as primary 
amenorrhea [41]. Although, in our patient the detected 
p.Gly320Ser heterozygous variant with the p.Gly268Ala 
heterozygous substitution in POLG gene could deterio-
rate the phenotype.

In the past two decades some transcription factors, 
such as NOBOX protein, associated with postnatal 
oocyte differentiation [44]. The NOBOX gene (newborn 
ovary homeobox) is expressed in primordial germ cells, 
oocytes and granulosa cells [45]. NOBOX directly con-
trols several ovarian genes, including the previously 
mentioned GDF9 [46]. These data highlight that NOBOX 
plays a cardinal role in folliculogenesis [47]. Initially, het-
erozygous variants with dominant negative effects were 
identified [44], and loss-of-function mutations were 
reported with a 6.2% prevalence in a POI cohort [48]. All 
of the three detected variants associated with a second 
mutation in a different gene, which underline the poten-
tial oligogenic effects in the background of POI pheno-
type. We suppose a potential modifying effects of these 
variants, but further functional studies are needed to 
clarify them.

Both DACH2 (Dachshung homolog 2) and XPNPEP2 
(X-prolyl aminopeptidase 2) genes were previously 
associated with POI phenotypes [23]. These genes may 
be required in double dose throughout the life of the 
oocytes, when the presence of two active X chromo-
somes is a rule. Moreover, previous results suggested that 
XPNPEP2 gene, which encodes an Xaa-Pro aminopep-
tidase with an unknown substrate, at least partially res-
cues from X inactivation [49]. Recent studies indicated 
that variants of DACH2 gene might serve as a genetic 
risk factor for POI by modifying the normal differentia-
tion of ovarian follicle [23]. Previous data suggested that 
p.Pro36Leu missense mutation in DACH2 gene (P03) 
were more frequent in POI patients than in controls, but 
no significant association with POI was confirmed [23]. 
However, DACH2 mutations may be extremely rare, they 
should be involved in the diagnostic pipeline with other 

risk factors, such as FMR1 premutation analysis [23]. 
The USP9X (Ubiquitin-Specific Protease 9, X-linked) 
gene also rescues X inactivation and is found in a region 
(Xp11.4) dedicated to ovarian development [50]. USP9X 
catalyze the deubiquination of specific substrates and 
previous studies referred an essential conserved function 
of USP9X manifested in human folliculogenesis [13].

The FMR1 gene, member of the fragile X-related gene 
family, is responsible for fragile X syndrome (FXS). An 
in silico prediction analysis suggested that 31.66% of the 
FMR1 gene SNVs were disease related and that 50% of 
SNVs had a pathogenic effect [24]. The results of a pre-
vious structural and functional analysis revealed that 
p.Lys273Arg substitution did not seem to have a dam-
aging effect on the protein, although the contribution to 
the disease phenotype could not be ruled out [24]. A bio-
informatic analysis of the breakpoint regions identified 
putative candidate gene, HS6ST2 for ovarian failure that 
were involved in the translocation event and its function 
with a literature review revealed a potential connection 
to the POI phenotype [51]. The detected p. Ser49Leu 
SNV was firstly described in our article.

Recently, mutations in the catalytic subunit of mito-
chondrial DNA polymerase gamma (POLG) were shown 
to segregate with POI in families with progressive exter-
nal ophthalmoplegia (PEO) and multiple large-scale rear-
rangements of mitochondrial DNA (mtDNA) [52]. The 
detected p.Gly268Ala substitution was previously identi-
fied in patients with PEO with conflicting interpretation 
of pathogenicity [53]. Further studies are needed to con-
firm the connection between these variants and the POI 
phenotype.

The AIRE (autoimmune regulator) gene encoded pro-
tein main function is to regulate the clonal deletion of 
autoreactive T-cells. The loss of function mutations of 
it are responsible for polyendocrinopathies (APS I–III) 
[54], although variants of this gene also could cause POI 
associated syndromes [17]. Interestingly, both muta-
tions are located in functional regions of the protein 
(p.Thr441Met in the PHD2 domain that is essential for 
transcriptional activation and p.Val301Met in the PHD1 
domain which is involved in protein–protein interaction 
such as assembling the transcription-activating machin-
ery) [55]. Basically all missense alterations in the PHD1 
domain, including p.Val301Met, displayed a dominant-
negative effect on AIRE-dependent genes and this variant 
is associated with POI phenotype in heterozygous state 
[56]. Further studies revealed that p.Val301Met alteration 
strongly reduced AIRE target gene activation in vivo gen-
erating clear differences in AIRE interactome compared 
to the wild-type protein [57]. The detected p.Thr441Met 
missense variant was suggested to be probably damaging 
by a previous functional study [22].
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One of the four enzymes involved in the main galac-
tose metabolism pathway (known as the Leloir pathway) 
is the GALT (galactose-1-phosphate uridylyltransferase) 
gene encoded protein. Deficiency in GALT causes clas-
sical galactosaemia Type 1 in autosomal dominant form, 
which resulted POI as the most common long-term com-
plication [58]. Although, the possible effects of single het-
erozygous variants is still a question of debate as several 
examples exist in the literature that even a heterozygous 
variant could be considered as a risk factor for developing 
certain phenotypes in an autosomal recessively inherited 
gene. One of the most common variants in GALT gene 
with a frequency ranging from 1 to 13% is p.N314D such 
as in our cohort [59].

Conclusions
High-throughput techniques have been crucial for 
revealing new variants both in genes which were previ-
ously associated to POI and in new candidate genes. The 
encoded proteins mainly play roles in gonadal devel-
opment (oogenesis and folliculogenesis), meiosis and 
DNA repair, hormonal signaling, immune function, and 
metabolism. Due to the resting state of oocytes, altera-
tions in genes involved in meiosis and DNA repair may 
induce different phenotypes of ovarian insufficiency, as 
demonstrated in various animal models [60]. POI is a 
very heterogeneous disorder that can be caused by a vari-
ety of factors suggesting an unknown number of variants 
in the background of the phenotype. Increasing num-
ber of researches using NGS pave the way to discover 
several disease-specific genes and variants which pre-
sented a potential association with POI features. Thus, 
NGS approach was recommended as a powerful tool for 
identifying the genetic cause of POI and can contribute 
to understanding the disease etiology for future diag-
nostic/prognostic purposes. In order to further eluci-
date the genetic background of POI, efforts are needed 
to understand the complex mechanisms by using inte-
grated databases and approaches to predict the combina-
tion of disease-associated variants. Thus, in the future it 
is essential to integrate and systematically manage and 
verify data collected from a number of NGS studies spe-
cialized to POI patients.

Abbreviations
AA	� amino acid change
aCGH	� Array Comparative Genomic Hybridization
ACMG	� American College of Medical Genetics
CADD	� Combined Annotation Dependent Depletion
cDNA	� complementary DNA
CNV	� copy number variations
DNA	� Deoxyribonucleic acid
emPCR	� Emulsion polymerase chain reaction
FSH	� Follicle-stimulating hormone
FXS	� fragile X syndrome
GERP	� Genomic Evolutionary Rate Profilin
IGV	� Integrative Genomics Viewer

ISPs	� Ion Sphere Particles
LH	� Luteinizing hormone
MAF	� minor allele frequency
mtDNA	� mitochondrial DNA
NGS	� next-generation sequencing
P/B	� pathogenic/benign prediction
PCR	� polymerase chain reaction
PEO	� progressive external ophthalmoplegia
PHRED	� Phil’s Read Editor (University of Washington Genome Center)
POF	� premature ovarian failure
POI	� Premature ovarian insuffiency
RP-PCR	� repeat-primed polymerase chain reaction
SIFT	� Scale Invariant Feature Transform
SNV	� single nucleotide variant
VEST	� variant effect scoring tool
VUS	� variant with unknown significance

Acknowledgements
The authors thank the participants and their families, whose help and 
participation made this work possible. The authors wish to thank Éva 
Berényi and Margit Czimbalmos for their expert technical assistance. We 
thank Bernadett Balla and Dóra Csabán who provided language editing of 
the manuscript. The study was supported by Research Grant of Hungarian 
Scientific Research, Development and Innovation / OTKA: National Science 
Foundation Research Project / (K 109640). The funding supported the 
purchase of laboratory reagents.

Author contributions
AI and AB conceived and designed the study. HP, VD, OSz and AB acquired 
and analyzed the clinical data. AI and KA performed the genetic data. AI, KA, 
LP and JK performed the bioinformatics analysis and interpreted the genetic 
data. AI wrote the draft of the manuscript and HP, KA, JK, LP and AB provided 
critical comments on the draft of the manuscript. All authors read and 
approved the final version of the manuscript.

Funding
Not applicable.
Open access funding provided by Semmelweis University.

Data availability
The raw data supporting the conclusions of this manuscript will be made 
available by the authors, without undue reservation, to any qualified 
researcher.

Declarations

Ethics approval and consent to participate
Our work complies with the principles laid down in the Declaration of Helsinki. 
The work has been approved by the ethics committee Medical Research 
Council (No: 4288-0/2011-EKU). All patients gave informed written consent to 
participate.

Consent for publication
Not applicable.

Competing interests
The authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
conflict of interest.

Author details
1Department of Internal Medicine and Oncology, Semmelweis University, 
Budapest, Hungary
2Department of Obstetrics and Gynecology, Semmelweis University, 
Budapest, Hungary

Received: 11 October 2023 / Accepted: 10 April 2024



Page 10 of 11Illés et al. BMC Medical Genomics           (2024) 17:98 

References
1.	 Rebar RW, Connolly HV. Clinical features of young women with hypergo-

nadotropic amenorrhea. Fertil Steril. 1990;53:804–10.
2.	 Nelson LM, Anasti JN, Kimzey LM, et al. Development of luteinized graafian 

follicles in patients with karyotypically normal spontaneous premature ovar-
ian failure. J Clin Endocrinol Metab. 1994;79:1470–5.

3.	 França MM, Mendonca BB. Genetics of primary ovarian insufficiency in the 
next-generation sequencing era. J Endocr Soc 2019; 4.

4.	 Webber L, Davies M, Anderson R, et al. ESHRE Guideline: management of 
women with premature ovarian insufficiency. Hum Reprod. 2016;31:926–37.

5.	 Goswami D, Conway GS. Premature ovarian failure. Hum Reprod Update. 
2005;11:391–410.

6.	 Conway GS. Premature ovarian failure. Curr Opin Obstet Gynecol. 
1997;9:202–6.

7.	 Qin Y, Jiao X, Simpson JL, Chen ZJ. Genetics of primary ovarian insuf-
ficiency: new developments and opportunities. Hum Reprod Update. 
2015;21:787–808.

8.	 Bestetti I, Castronovo C, Sironi A, et al. High-resolution array-CGH analysis on 
46,XX patients affected by early onset primary ovarian insufficiency discloses 
new genes involved in ovarian function. Hum Reprod. 2019;34:574–83.

9.	 Sullivan SD, Welt C, Sherman S. FMR1 and the continuum of primary ovarian 
insufficiency. Semin Reprod Med. 2011;29:299–307.

10.	 Murray A, Webb J, Dennis N, Conway G, Morton N. Microdeletions in FMR2 
may be a significant cause of premature ovarian failure. J Med Genet. 
1999;36:767.

11.	 França MM, Funari MFA, Lerario AM, et al. Screening of targeted panel 
genes in Brazilian patients with primary ovarian insufficiency. PLoS ONE. 
2020;15:e0240795.

12.	 Fonseca DJ, Patiño LC, Suárez YC, et al. Next generation sequencing in 
women affected by nonsyndromic premature ovarian failure displays new 
potential causative genes and mutations. Fertil Steril. 2015;104:154–e1622.

13.	 Fassnacht W, Mempel A, Strowitzki T, Vogt P. Premature ovarian failure (POF) 
syndrome: towards the Molecular Clinical Analysis of its genetic complexity. 
Curr Med Chem. 2006;13:1397–410.

14.	 Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer 
(IGV): high-performance genomics data visualization and exploration. Brief 
Bioinform. 2013;14:178–92.

15.	 Kopanos C, Tsiolkas V, Kouris A, et al. VarSome: the human genomic variant 
search engine. Bioinformatics. 2019;35:1978–80.

16.	 Jin H, Ahn JW, Park YJ, et al. Identification of potential causal variants for 
premature ovarian failure by whole exome sequencing. BMC Med Genomics. 
2020;13:1–8.

17.	 Cervato S, Mariniello B, Lazzarotto F, et al. Evaluation of the autoimmune 
regulator (AIRE) gene mutations in a cohort of Italian patients with autoim-
mune-polyendocrinopathy-candidiasis-ectodermal-dystrophy (APECED) and 
in their relatives. Clin Endocrinol (Oxf ). 2009;70:421–8.

18.	 Slynko I, Nguyen S, Hamilton EMC, et al. Vanishing white matter: eukaryotic 
initiation factor 2B model and the impact of missense mutations. Mol Genet 
Genomic Med. 2021;9:e1593.

19.	 Charmandari E, Guan R, Zhang M, et al. Misfolding ectodomain mutations of 
the lutropin receptor increase efficacy of hormone stimulation. Mol Endocri-
nol. 2016;30:62.

20.	 Matsushima N, Takatsuka S, Miyashita H, Kretsinger RH. Leucine rich repeat 
proteins: sequences, mutations, structures and diseases. Protein Pept Lett. 
2018;26:108–31.

21.	 Di Fonzo A, Bordoni A, Crimi M, et al. POLG mutations in sporadic mitochon-
drial disorders with multiple mtDNA deletions. Hum Mutat. 2003;22:498–9.

22.	 Weiler FG, Dias-da-Silva MR, Lazaretti-Castro M. Autoimmune polyendocrine 
syndrome type 1: case report and review of literature. Arq Bras Endocrinol 
Metabol. 2012;56:54–66.

23.	 Bione S, Rizzolio F, Sala C, et al. Mutation analysis of two candidate genes for 
premature ovarian failure, DACH2 and POF1B. Hum Reprod. 2004;19:2759–66.

24.	 Tekcan A. Silico Analysis of FMR1 gene missense SNPs. Cell Biochem Biophys. 
2016;74:109–27.

25.	 Awasthi P, Foiani M, Kumar A. ATM and ATR signaling at a glance. J Cell Sci. 
2015;128:4255–62.

26.	 Miller ME, Chatten J. Ovarian changes in Ataxia Telangiectasia. Acta Paediatr. 
1967;56:559–61.

27.	 Fogli A, Gauthier-Barichard F, Schiffmann R, et al. Screening for known 
mutations in EIF2B genes in a large panel of patients with premature ovarian 
failure. BMC Womens Health. 2004;4:8–8.

28.	 Fogli A, Rodriguez D, Eymard-Pierre E, et al. Ovarian failure related to eukary-
otic initiation factor 2B mutations. Am J Hum Genet. 2003;72:1544–50.

29.	 Liu H, Wei X, Sha Y et al. Whole-exome sequencing in patients with prema-
ture ovarian insufficiency: early detection and early intervention. J Ovarian 
Res 2020; 13.

30.	 Jung D, Xiong J, Ye M, et al. In vitro differentiation of human embryonic stem 
cells into ovarian follicle-like cells. Nat Commun. 2017;8:15680–15680.

31.	 Tung JY, Rosen MP, Nelson LM, et al. Novel missense mutations of the 
deleted-in-AZoospermia-Like (DAZL) gene in infertile women and men. 
Reprod Biol Endocrinol. 2006;4:1–6.

32.	 Kawashima I, Kawamura K. Disorganization of the germ cell pool leads to 
primary ovarian insufficiency. Reproduction. 2017;153:R205–13.

33.	 Francą MM, Lerario AM, Funari MFA, et al. A Novel homozygous missense 
FSHR variant Associated with Hypergonadotropic Hypogonadism in two 
siblings from a Brazilian family. Sex Dev. 2017;11:137–42.

34.	 Wang X, Wang W, Li L, Perry G, Lee H, Zhu X. Oxidative stress and mitochon-
drial dysfunction in Alzheimer’s disease. Biochim Biophys Acta - Mol Basis Dis. 
2014;1842:1240–7.

35.	 Lubis HP, Siregar MFG, Adenin I, Halim B, Siregar HS, Oky Prabudi M. Associa-
tion between luteinizing Hormone/Choriogonadotropin receptor Ins18LQ 
gene polymorphism and polycystic ovary syndrome. Open Access Maced J 
Med Sci. 2020;8:517–20.

36.	 Chen ZJ, Zhao H, He L, et al. Genome-wide association study identifies sus-
ceptibility loci for polycystic ovary syndrome on chromosome 2p16.3, 2p21 
and 9q33.3. Nat Genet. 2010;43:55–9.

37.	 Castillo-Higuera T, Alarcón-Granados MC, Marin-Suarez J et al. A Compre-
hensive Overview of Common Polymorphic Variants in Genes Related to 
Polycystic Ovary Syndrome. Reprod Sci. 2020 289 2020; 28: 2399–412.

38.	 Peng J, Li Q, Wigglesworth K, et al. Growth differentiation factor 9:bone 
morphogenetic protein 15 heterodimers are potent regulators of ovarian 
functions. Proc Natl Acad Sci U S A. 2013;110:E776.

39.	 Chang H, Brown CW, Matzuk MM. Genetic analysis of the mammalian trans-
forming growth Factor-β superfamily. Endocr Rev. 2002;23:787–823.

40.	 Kovanci E, Rohozinski J, Simpson JL, Heard MJ, Bishop CE, Carson SA. Growth 
differentiating factor-9 mutations may be associated with premature ovarian 
failure. Fertil Steril. 2007;87:143–6.

41.	 Jaillard S, Bell K, Akloul L, et al. New insights into the genetic basis of pre-
mature ovarian insufficiency: novel causative variants and candidate genes 
revealed by genomic sequencing. Maturitas. 2020;141:9–19.

42.	 Belli M, Shimasaki S. Molecular aspects and clinical relevance of GDF9 and 
BMP15 in ovarian function. Vitam Horm. 2018;107:317–48.

43.	 França MM, Funari MFA, Nishi MY, et al. Identification of the first homozygous 
1-bp deletion in GDF9 gene leading to primary ovarian insufficiency by using 
targeted massively parallel sequencing. Clin Genet. 2018;93:408–11.

44.	 Qin Y, Choi Y, Zhao H, Simpson JL, Chen ZJ, Rajkovic A. NOBOX Homeobox 
Mutation causes premature ovarian failure. Am J Hum Genet. 2007;81:576.

45.	 Bouilly J, Veitia RA, Binart N. NOBOX is a key FOXL2 partner involved in ovar-
ian folliculogenesis. J Mol Cell Biol. 2014;6:175–7.

46.	 Choi Y, Rajkovic A. Characterization of NOBOX DNA binding specificity and its 
regulation of Gdf9 and Pou5f1 promoters. J Biol Chem. 2006;281:35747–56.

47.	 Bouilly J, Roucher-Boulez F, Gompel A, et al. New NOBOX mutations identified 
in a large cohort of women with primary ovarian insufficiency decrease KIT-L 
expression. J Clin Endocrinol Metab. 2015;100:994–1001.

48.	 Bouilly J, Bachelot A, Broutin I, Touraine P, Binart N. Novel NOBOX loss-of-
function mutations account for 6.2% of cases in a large primary ovarian 
insufficiency cohort. Hum Mutat. 2011;32:1108–13.

49.	 Prueitt RL, Ross JL, Zinn AR. Physical mapping of nine xq translocation 
breakpoints and identification of XPNPEP2 as a premature ovarian failure 
candidate gene. Cytogenet Cell Genet. 2000;89:44–50.

50.	 D’Andréa A, Pellman D. Deubiquitinating Enzymes: A New Class of Biological 
Regulators. https://doi.org/10.1080/10409239891204251 2008; 33: 337–52.

51.	 Baronchelli S, Villa N, Redaelli S, et al. Investigating the role of X chromosome 
breakpoints in premature ovarian failure. Mol Cytogenet. 2012;5:32.

52.	 Pagnamenta AT, Taanman JW, Wilson CJ, et al. Dominant inheritance of 
premature ovarian failure associated with mutant mitochondrial DNA poly-
merase gamma. Hum Reprod. 2006;21:2467–73.

53.	 Wong LJC, Naviaux RK, Brunetti-Pierri N, et al. Molecular and Clinical Genetics 
of mitochondrial diseases due to POLG mutations. Hum Mutat. 2008;29:E150.

54.	 Vujovic S. Aetiology of premature ovarian failure. Menopause Int. 
2009;15:72–5.

https://doi.org/10.1080/10409239891204251


Page 11 of 11Illés et al. BMC Medical Genomics           (2024) 17:98 

55.	 Ferrera F, Rizzi M, Sprecacenere B, et al. AIRE gene polymorphisms in 
systemic sclerosis associated with autoimmune thyroiditis. Clin Immunol. 
2007;122:13–7.

56.	 Al Dhanhani H, Al Shehri T, Lilic D, et al. Double trouble? CMC with a mutation 
in both AIRE and STAT1. J Clin Immunol. 2018;38:635–7.

57.	 Gaetani M, Matafora V, Saare M, et al. AIRE-PHD fingers are structural hubs to 
maintain the integrity of chromatin-associated interactome. Nucleic Acids 
Res. 2012;40:11756.

58.	 Abidin Z, Treacy EP. Insights into the pathophysiology of infertility in females 
with classical Galactosaemia. Int J Mol Sci 2019; 20.

59.	 Viggiano E, Marabotti A, Burlina AP, et al. Clinical and molecular spectra 
in galactosemic patients from neonatal screening in northeastern Italy: 

structural and functional characterization of new variations in the galactose-
1-phosphate uridyltransferase (GALT) gene. Gene. 2015;559:112–8.

60.	 Huhtaniemi I, Hovatta O, La Marca A, et al. Advances in the Molecular Patho-
physiology, Genetics, and treatment of primary ovarian insufficiency. Trends 
Endocrinol Metab. 2018;29:400–19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Screening of premature ovarian insufficiency associated genes in Hungarian patients with next generation sequencing
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Subjects
	﻿Targeted panel sequencing

	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


