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STUDY QUESTION: Can a targeted whole exome sequencing (WES) on a cohort of women showing a primary ovarian insufficiency
(POI) phenotype at a young age, combined with a study of copy number variations, identify variants in candidate genes confirming their
deleterious effect on ovarian function?

SUMMARY ANSWER: This integrated approach has proved effective in identifying novel candidate genes unveiling mechanisms involved
in POI pathogenesis.

WHAT IS KNOWN ALREADY: POI, a condition occurring in 1% of women under 40 years of age, affects women’s fertility leading to a
premature loss of ovarian reserve. The genetic causes of POI are highly heterogeneous and several determinants contributing to its promi-
nent oligogenic inheritance pattern still need to be elucidated.

STUDY DESIGN, SIZE, DURATION: WES screening for pathogenic variants of 41 Italian women with non-syndromic primary and
early secondary amenorrhoea occurring before age 25 was replicated on another 60 POI patients, including 35 French and 25 American
women, to reveal statistically significant shared variants.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The Italian POI patients’ DNA were processed by targeted WES including
542 RefSeq genes expressed or functioning during distinct reproductive or ovarian processes (e.g. DNA repair, meiosis, oocyte maturation,
folliculogenesis and menopause). Extremely rare variants were filtered and selected by means of a Fisher Exact test using several publicly
available datasets. A case-control Burden test was applied to highlight the most significant genes using two ad-hoc control female cohorts.
To support the obtained data, the identified genes were screened on a novel cohort of 60 Caucasian POI patients and the same case-
control analysis was carried out. Comparative analysis of the human identified genes was performed on mouse and Drosophila melanogaster
by analysing the orthologous genes in their ovarian phenotype, and two of the selected genes were fruit fly modelled to explore their role
in fertility.
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MAIN RESULTS AND THE ROLE OF CHANCE: The filtering steps applied to search for extremely rare pathogenic variants in the
Italian cohort revealed 64 validated single-nucleotide variants/Indels in 59 genes in 30 out of 41 screened women. Burden test analysis
highlighted 13 ovarian genes as being the most enriched and significant. To validate these findings, filtering steps and Burden analysis on
the second cohort of Caucasian patients yielded 11 significantly enriched genes. Among them, AFP, DMRT3, MOV10, FYN and MYC
were significant in both patient cohorts and hence were considered strong candidates for POI. Mouse and Drosophila comparative analysis
evaluated a conserved role through the evolution of several candidates, and functional studies using a Drosophila model, when applicable,
supported the conserved role of the MOV10 armitage and DMRT3 dmrt93B orthologues in female fertility.

LARGE SCALE DATA: The datasets for the Italian cohort generated during the current study are publicly available at ClinVar database
(http://www.ncbi.nlm.nih.gov/clinvar/): accession numbers SCV001364312 to SCV001364375.

LIMITATIONS, REASONS FOR CAUTION: This is a targeted WES analysis hunting variants in candidate genes previously identified
by different genomic approaches. For most of the investigated sporadic cases, we could not track the parental inheritance, due to unavail-
ability of the parents’ DNA samples; in addition, we might have overlooked additional rare variants in novel candidate POI genes extracted
from the exome data. On the contrary, we might have considered some inherited variants whose clinical significance is uncertain and might
not be causative for the patients’ phenotype. Additionally, as regards the Drosophila model, it will be extremely important in the future to
have more mutants or RNAi strains available for each candidate gene in order to validate their role in POI pathogenesis.

WIDER IMPLICATIONS OF THE FINDINGS: The genomic, statistical, comparative and functional approaches integrated in our study
convincingly support the extremely heterogeneous oligogenic nature of POI, and confirm the maintenance across the evolution of some
key genes safeguarding fertility and successful reproduction. Two principal classes of genes were identified: (i) genes primarily involved in
meiosis, namely in synaptonemal complex formation, asymmetric division and oocyte maturation and (ii) genes safeguarding cell mainte-
nance (piRNA and DNA repair pathways).
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Introduction
Primary ovarian insufficiency (POI) is a heterogeneous condition occur-
ring in 1% of women under 40 years of age associated with both syn-
dromic and non-syndromic forms. The POI disorder affects women’s
fertility, leading to a premature loss of ovarian reserve, and is clinically
characterised by primary or secondary amenorrhoea and hypergona-
dotropic hypogonadism. Genetic defects at the basis of POI, which
cover at least half of POI aetiology, have been investigated and mainly
detected in genes with a role in meiosis, gonadal development, DNA
repair, hormonal signalling or transcriptional regulation, thus identifying
POI as a complex genetically heterogeneous disorder resulting from
defects in multiple complementary pathways (Bouilly et al., 2016). In
recent years, array-comparative genomic hybridisation (array-CGH) or
single-nucleotide polymorphism array (SNP-array) in cohorts of POI
patients (Aboura et al., 2009; Dudding et al., 2010; Ledig et al., 2010;
Quilter et al., 2010; Knauff et al., 2011; McGuire et al., 2011; Zhen
et al., 2013; Norling et al., 2014; Jaillard et al., 2016; T�suiko et al.,
2016; Bestetti et al., 2019) and next-generation sequencing targeted to
multigene panels or to the whole exome sequencing (WES) mainly
performed on familial cases have shed light on new candidate POI
genes (Caburet et al., 2014; de Vries et al., 2014; Qin et al., 2015;
Bramble et al., 2016; Fauchereau et al., 2016; Carlosama et al., 2017;
Moriwaki et al., 2017; He et al., 2019; Alvarez-Mora et al., 2020).
Furthermore, with the expanding application of gene panels and WES,
data from several cohorts of patients have been processed in a search
for pathogenic variants in genes known to be involved in POI

pathogenesis or in ovarian function (Fonseca et al., 2015; Laissue,
2015; Bouilly et al., 2016; Desai et al., 2017; Tucker et al., 2018).
However, only three of these studies have been performed on a large
number of genes in cohorts of unrelated (Pati~no et al., 2017; Jolly
et al., 2019) and related POI patients (Yang et al., 2019).

In several cases, POI genetic defects have been identified, but many
patients still lack a molecular diagnosis, suggesting that additional un-
known genes are implicated in POI aetiology. Thus, the combination
of the two types of genomic techniques might help to identify the mo-
lecular defects, as has been successfully proven (T�suiko et al., 2016).

Diverse animal models have been used to investigate the role in the
ovarian function of the genes identified by the above-mentioned
approaches (França and Mendonca, 2019). Indeed, the use of animal
models may be an important tool to gain insights into the POI condi-
tion as the basic mechanisms have not been completely elucidated. In
particular, Drosophila melanogaster is considered a good model for the
POI and many studies have documented the role of several genes in
ovary development and function by studying the variability of ovariole
number that has a direct role in the number of eggs produced (Lobell
et al., 2017).

Here, we report on the first WES study on a large cohort (n¼ 41)
of unrelated Italian POI patients (IPOI cohort) which enabled us to ap-
point potentially relevant variants in 542 selected genes, 48 of which
were identified by our previous array-CGH study (Bestetti et al.,
2019). Interestingly, a case-control study using publicly available data-
sets of controls and an ad-hoc cohort of Italian healthy females
revealed a statistically significant correlation between POI and a
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number of variants and genes, and these data were further corrobo-
rated by screening 60 additional Caucasian POI patients.

Moreover, some of the identified genes were subject to compara-
tive analysis in mouse and Drosophila and two of the most interesting
orthologues were modelled in the fruit fly to test their effect on ovary
structure and function. The armitage gene, the human MOV10 ortho-
logue, coding for an RNA helicase and acting in germline and follicular
cells, was identified by testing female fertility in very rare homozygous
or trans-heterozygous armi mutants displaying complete sterility (Cook
et al., 2004) and DMRT3 was recently identified as a candidate ovariole
number gene (Lobell et al., 2017).

Finally, the combined genomic and functional approaches allowed us
to confirm the maintenance across the evolution of some key genes
safeguarding fertility and successful reproduction.

The overall study confirms that multiple genetic determinants con-
tribute to POI. The extremely heterogeneous oligogenic basis of POI
also emerges from the finding that a small number of patients from
our Italian cohort were positive for both rare single-nucleotide variants
(SNVs or Indels) and ovary-related copy number variants (CNVs;
Bestetti et al., 2019). The identification of rare significant variants in
patients negative for known CNVs points to the need for multiple ge-
nome-wide approaches to discover the molecular defects in POI
patients and to enhance the definition of the molecular basis of POI.

Materials and methods

Study design
An Italian cohort of patients affected by early secondary amenorrhoea
was collected and screened for pathogenic variants using a targeted-
WES approach. As shown in Fig. 1, filtering steps were adopted to
select the most promising variants. A Fisher Exact test was used to se-
lect the extremely rare variants comparing their frequency in several
publicly available datasets. A Burden test was applied to highlight
the most significant genes in two ad-hoc control female cohorts.
To corroborate the obtained data, genes harbouring the validated and
significant rare variants identified in the initial Italian cohort were
sought in a novel cohort of POI patients to identify other pathogenic
alterations. Genes identified as being significant by the Burden test in
both patients’ cohorts were considered strong candidate genes
for POI (Fig. 1), and their mouse and Drosophila orthologues were ana-
lysed in their ovarian phenotype. When applicable, a few were also
functionally modelled in Drosophila to explore their role in fertility.

Ethical approval and consent to participate
Written informed consent to the research investigation, approved by
the Ethical Clinical Research Committee of the San Raffaele Research
Institute, was obtained from either the adult patients or the parents of
underage patients.

Patients and controls
A total of 41 unrelated Italian Caucasian patients affected by non-
syndromic POI were referred to the Division of Genetics and Cell
Biology of the San Raffaele Research Institute in Milan and each gave
their informed consent to the study. The patients (mean age

35§ 8 years) presented with physiological primary (PA, n¼ 17) or
early secondary (SA, n¼ 24) amenorrhoea occurring before age 25.
The mean age at diagnosis was 20§ 6 years and the hormone levels in
the analysed patients were in the postmenopausal range (FSH >40
UI/l and/or estradiol <30 pg/ml). All patients were considered idio-
pathic because they did not have any POI-related conditions such as
ovarian surgery or previous chemo- or radio-therapy. Of the 41

Figure 1. Flowchart of the study design: filtering steps of
the targeted-WES analysis. The genes with significant and
Sanger validated SNVs/Indels identified in the Italian cohort (IPOI)
were screened using the same approach in a second cohort of
French American POI patients (FPOI, PPOI, BPOI). The genes
appointed in both cohorts were subject to Burden test analysis and
the shared genes were selected as candidates for POI. POI, primary
ovarian insufficiency; SNV, single-nucleotide variant; WES, whole
exome sequencing.

New variants in POI candidate genes by targeted WES 2977
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patients, 36 had 46,XX karyotype and/or were negative for FMR1
pre-mutation, while data were not available for 5 patients. The 17 pri-
mary amenorrhoea patients had previously been screened by array-
CGH analysis (Bestetti et al., 2019). Clinical details of all patients are
reported in Supplementary Table SI. WES data of an additional 60
POI patients, including 35 French women (FPOI; Yang et al., 2019)
and 25 American women (19 in the PPOI and 6 in the BPOI cohorts),
were collected at the Magee-Womens Research Institute of
Pittsburgh, PA, USA and sent for targeted gene screening to have a
replica of the Italian POI data.

For the case-control analysis, available databases of 1000 Genomes
Project phase 3 (1000GP3, IGSR: The International Genome Sample
Resource. https://www.internationalgenome.org/home, accessed 14
December 2018), Exome Aggregation Consortium (ExAC, Cambridge,
MA) and Genome Aggregation Database (gnomAD, https://gnomad.
broadinstitute.org, accessed 10 October 2019) were used (1000
Genomes Project Consortium, 2015; Lek et al., 2016; IGSR, 2018;
Karczewski et al., 2020). Both the total and the European (or non-
Finnish) population frequencies were consulted for statistical analysis.
In addition, because males of unknown age are also included, sequenc-
ing data and frequencies of 263 European females were extracted
from 1000GP3 and WES data (except for X chromosome) of 589
Italian healthy females from genetically isolated populations (Val
Borbera, Friuli Venezia Giulia, Carlantino) and from Tuscany
(1000GP3; Colonna et al., 2013) were also considered to have the
best control cohorts for POI.

WES on Italian POI patients
Patients’ DNA was collected at the Division of Genetics and Cell
Biology of the San Raffaele Research Institute. WES was performed on
a HiSeq 2500 (Illumina, San Diego, CA, USA) at Magee Clinical
Genomics Laboratory, Pittsburgh, PA, USA. Agilent SureSelect Human
All Exon V5þUTRs Capture Kit (Agilent Technologies, Santa Clara,
CA, USA) was used for exome capture. The average coverage of
WES was 100� reads on the target regions of the capture kit (the
quality scores of each sample are available upon request). Fastq data
were aligned to the reference genome assembly GRCh37/hg19 using
Burrows–Wheeler Aligner (Li and Durbin, 2009). For variant calling,
GATK Haplotype Caller (Broad Institute, Cambridge, MA, USA) was
used. VCF files were filtered based on 542 RefSeq genomic location of
(i) genes known to be previously associated with female infertility,
(ii) candidate genes identified by our previous array-CGH analysis on
early-onset POI patients (Bestetti et al., 2019), (iii) known interactors
of the strongest candidate array-CGH genes, (iv) genes with a role in
ovary and (v) menopausal genes (Day et al., 2017; Supplementary
Table SII). Variants in the target genomic regions were annotated using
variant effect predictor (McLaren et al., 2016).

Variants filtering
A schematic view of the filtering step is shown in Fig. 1. In detail, var-
iants with a coverage of total reads <20� were excluded. A filter for
seven functional variant categories (missense, splice donor, splice ac-
ceptor, stop gained, stop lost, frameshift, initiator codon variant) con-
sidering an effect on the canonical gene transcripts was applied.
Missense variants with a ‘possibly damaging’ or ‘probably damaging’
prediction based on PolyPhen-2 and SIFT were included. Searching for

rare variants, a minor allele frequency (MAF) <0.5% in 1000GP3,
ExAC and gnomAD was considered and variants never reported in
these data sets were included. To select extremely rare variants, a
case-control Fisher Exact test was performed using R.3.1.0 software.
In detail, the frequency of the variants detected in the IPOI cohort
was compared to the frequency of variants in the three publicly avail-
able databases of controls, i.e. 1000GP3, ExAC (both total and
European/non-Finnish frequencies) and gnomAD (both exome and ge-
nome). In addition, the European females (n¼ 263, 1000GP3) and
healthy females of Italian genetic isolates (n¼ 589) were also consid-
ered as control populations and their frequencies were determined
according to the allele number of each population (i.e. 526 for 1000G
European female, and 1178 for Italian females). The odds ratio (OR)
with the 95% confidence interval and the adjusted P-value using
Benjamini and Hochberg’s method were calculated for each variant. A
P-value <0.05 assigned a statistically significant test. Only never
reported and rare variants with a statistically significant frequency com-
pared to each control population were considered.

Variant clinical classification and validation
SNVs/Indels not present in the 1000GP3, ExAC, gnomAD or the sin-
gle-nucleotide polymorphism database (dbSNP; Sherry et al., 1999)
were considered novel variants. Each gene variant was classified as be-
nign, likely benign, of uncertain significance (VUS), likely pathogenic (LP)
or pathogenic (P), according to the standards and guidelines of the
American College of Medical Genetics and Genomics (ACMG/AMP;
Richards et al., 2015) and the related InterVar and Varsome software
were consulted for variant classification (Li and Wang, 2017; Kopanos
et al., 2019). Nonsense and frameshift variants in a gene where the loss
of function is a known mechanism of disease (with caution for variants
at the 30 end of the gene) were recognised as very strong evidence for
pathogenicity (PSV1). Very rare variants where the case-control study
(Fisher Exact test) reached statistical significance, relative OR was >5.0
and the confidence interval around the OR did not include 1.0, were
strongly recognised as evidence for pathogenicity (PS4) and the clinical
classification was manually adjusted. Novel VUS, likely pathogenic or
pathogenic variants in IPOI patients were selected for validation by
Sanger sequencing. PCR reactions were performed using the AmpliTaq
GoldVR kit (Thermo Fisher Scientific) and the amplicons were purified
and sequenced using the BigDyeVR Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific). Electropherograms were analysed using
ChromasPro 1.5 software (Technelysium Pty Ltd., Tewantin, QLD,
Australia). A full list of primers is available upon request.

Statistical analysis with Burden test
Association between rare variants and POI phenotype was investigated
by a gene-based Burden test using Rvtest (Morris and Zeggini, 2010;
Zhan et al., 2016). The analysis confers a P-value to each gene tested
by comparing the number and frequency of rare variants between
cases and controls. In detail, only the genes with likely pathogenic,
pathogenic or never reported VUS variants were considered for
Burden tests. As control populations, the two ad-hoc female cohorts
of 1000GP3 European and Italian isolates were selected for statistical
testing. Each variant in the control populations was selected and fil-
tered as previously performed for the IPOI patients sequencing data,
searching for rare possibly pathogenic SNVs/Indels in the target genes.
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For Burden test analysis, a merged file between patients and control
groups was built up. In the event that a variant was rare in a group
but common (MAF >0.5%) in the other, both frequencies were in-
cluded in the lists. The Bonferroni level of significance was applied.

Evaluation of IPOI identified genes on an
independent Caucasian cohort of POI
patients
The genes identified in IPOI patients with never reported VUS and
likely pathogenic or pathogenic rare variants statistically significant for
Fisher test were sought in the WES reads of 60 other POI patients to
replicate our findings. VCF files were annotated and variants were fil-
tered and classified as previously described. Rare variants present in
more than four individuals were filtered out as probably being caused
by polymorphic reads alignment. A Fisher exact test to select ex-
tremely rare variants and a gene-based Burden test were performed
as mentioned above.

Comparative analysis between human,
mouse and Drosophila orthologues
The presence of mouse or Drosophila orthologues among the 59 genes
identified in the IPOI cohort was assessed using the MGI database
(http://www.informatics.jax.org, accessed February 2021), FlyBase data-
base (https://flybase.org, accessed June 2020) and literature data.

Drosophila strains and rearing conditions
Drosophila strains used in this work are listed below.

‘armi1/TM3’: the flies in this strain exhibit a mutation in the armitage
gene on the third chromosome balanced with TM3, Sb chromosome.
The stock number is BL8513 coming from Bloomington Center.

‘armiKG04664/TM3’: the flies of this strain exhibit a mutation in the armit-
age gene on the third chromosome balanced with TM3, Sb chromo-
some. The stock number is BL13979 coming from Bloomington Center.

‘dmrt93b-RNAi’: the flies of this strain express dsRNA for RNAi of
dmrt93B (FBgn0038851) under UAS control. The RNAi construct is
localised on the third chromosome and the stock number is BL27657.

‘C135-Gal4’: the flies in this strain express Gal4 protein (that binds
UAS sequences) in specific follicle cells and in other tissues (larval
brain, eye disc, gut, fat body, adult ovarian squamous, male access
glands, seminal vesicles, ejaculatory duct, cyst cells and spermatocytes).
The construct is localised on the third chromosome and the stock
number is BL6978.

‘nanos-Gal4’: the flies in this strain express Gal4 in germ cells. The
construct is localised on the third chromosome and the stock number
is BL32563.

Flies were reared in plastic vials containing standard cornmeal food
(100 g corn flour, 100 g sugar, 8 g agar, 100 g dried yeast powder, 3%
Methyl para hydroxy benzoate in ethanol, for 1 l). All the fly stocks
were maintained at 25�C.

Female fertility test
A total of 20 mutant females and controls were tested to control males.
One individual female was mated with two males in each vial. After
4 days, the crosses were transferred to a fresh vial. The parental flies

were removed from the last vial after an additional 4 days. The number
of adult progeny from each vial was counted. A Student’s t-test was ap-
plied to evaluate differences between the two groups of data.

Drosophila ovary staining
Drosophila gonads were dissected in PBS 1X and fixed with 4% para-
formaldehyde for 20 min, washed with PBT (1 � PBS with 0.5% Triton
X-100), blocked with 5% Normal Goat Serum for 1 h and incubated
with DAPI (100 ng/ml) for DNA labelling. Samples were examined at
40� magnification and captured using a laser-scanning confocal micro-
scope (Zeiss LSM 700 on Axio imager M2).

Results

Targeted WES and statistical analyses on
Italian POI patients
A targeted approach analysis of the WES data was adopted since no
parental information was available to filter out inherited variants.

In the subset of 542 selected genes, 136 350 variants were identified
in 41 POI Italian patients. Quality filtration revealed a total of 58 067
variants and 428 variations that satisfied the functional categories.
Among them, 189 had either an MAF <0.5% or were never reported
in 1000GP3, ExAC and gnomAD. Based on the Fisher Exact test and
ACMG/AMP guidelines pathogenic, likely pathogenic and never
reported variants were selected (n¼ 75) and 64 were validated by
Sanger sequencing and submitted to the ClinVar database (http://
www.ncbi.nlm.nih.gov/clinvar, accessed June 2020. Accession numbers
SCV001364312 to SCV001364375; ClinVar database).

Out of the validated variants identified in 30 IPOI patients and in-
volving 59 genes, 21 were novel and 43 were reported with a statisti-
cally significant Fisher test. There were 7 variants classified as
pathogenic, 37 classified as likely pathogenic (1 novel in RAD54L), and
20 (all novel) classified as VUS (Fig. 2A). Regarding the functional im-
pact on the protein, 1 frameshift, 2 stop-gain and 61 missense variants
were identified. All SNVs/Indels were found in a heterozygous state
except for a compound heterozygous state for REC8 (missense/dele-
tion) and a homozygous condition for BMP6 in IPOI-02 and IPOI-34,
respectively. Two SNVs in the NOS3 gene were identified whereas
three variations were detected in RAD54L and RYR3. The remaining
53 genes presented only one rare variant each (Table I and
Supplementary Table SIII).

Out of 30 POI patients with candidate variants, 12 carried only 1
SNV, while the remaining 18 had multiple variants. No differences be-
tween PA and SA in the number of variants (one or >1), were ob-
served. Seven patients were identified with predicted pathogenic
variants: IPOI-1 had a frameshift in the ovary-related gene BRDT
(rs1188709614); IPOI-13 and IPOI-20 had missense variants in the
menopausal genes RAD54L (rs150138364) and CHEK2 (rs200928781),
respectively; IPOI-26, IPOI-35 and IPOI-45 presented with non-synon-
ymous SNVs in the ovary-related genes GALT (rs111033750), PMM2
(rs200503569) and JAK2 (rs1299892808); and IPOI-36 was a carrier of
a stop gain in the POI-OMIM STAG3 gene (rs774733445; Fig. 2A).

In the present cohort, 17 primary amenorrhoea patients were previ-
ously screened by array-CGH (Bestetti et al., 2019). In this group,
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seven PA patients presented both rare selected SNVs/Indels (1–3)
and ovary-related CNVs, whereas seven and three PA patients pre-
sented only rare selected SNVs/Indels and ovary-related CNVs, re-
spectively (Supplementary Fig. S1).

The selected 64 variants identified in the Italian POI cohort were
not present in the two investigated ad-hoc female control cohorts, sup-
porting their actual rarity and consistent with the Fisher Exact test that
showed a significantly rare frequency compared to the publicly
accessed databases (Table I and Supplementary Table SIII).

To further validate the results obtained from the Italian POI cohort,
a second cohort of 60 POI patients with early secondary amenorrhoea
was screened to search for pathogenic variants in the selected 59

genes identified in IPOI. We used the same flowchart and revealed in
32 patients 56 variants: 31 were never reported and for 25 of them a
significance for the Fisher test was obtained. The 56 variants were
identified in 31 out of the selected 59 genes: 6 classified as pathogenic,
21 classified as likely pathogenic and 29 classified as VUS (Fig. 2B).
With a single exception, variants were found in a heterozygous state
and included 52 missense, 2 frameshift, 1 splicing and 1 stop-gain.
None of the alterations were shared with the IPOI cohort
(Supplementary Table SIII).

As rare variants can be also identified in control populations, to
evaluate the frequency of the SNVs/Indels in the selected genes, and
pick out the most constrained/candidate genes, we applied a Burden

Figure 2. Flowchart of the results. (A) The Italian cohort (IPOI) of 41 individuals was analysed by means of a targeted (542 genes) WES. The
upper left horizontal bars show the number of variants identified in IPOI according to the ACMG/AMP classification. The genes bearing the selected
alterations (n¼ 59) are listed inside the bars. (B) The same approach was applied to a second cohort of French and American patients (FPOI, BPOI,
PPOI) starting from the 59 genes identified in the Italian cohort. The bottom left histograms show the number of variants identified in FPOI, BPOI
and PPOI according to the ACMG/AMP classification. The genes harbouring the selected alterations and shared with the Italian cohort (n¼ 31)
are listed inside the bars. (C) Burden test analysis performed on the genes identified through targeted-WES in both cohorts of patients revealed
significant genes in each cohort, which are shown in the Venn diagram. The shared significant genes are in bold and upper case letters inside the
intersection. Genes identified by array-CGH analysis (Bestetti et al., 2019) and the genes encoding for interactors of the main array-CGH candidates,
are shown underlined. ACMG/AMP, American College of Medical Genetics and Genomics; CGH comparative genomic hybridisation; POI, primary
ovarian insufficiency; WES, whole exome sequencing.
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Table I List of variants selected in the Italian POI cohort through targeted-WES.

Gene RefSeq Coding cDNA Protein dbSNP ACMG/AMP guidelines ID IPOI

ACKR3d NM_020311 c.T1003G p.S335A NA VUS IPOI28

ADAMTS1d NM_006988 c.C1304A p.S435Y rs375553171 LP IPOI37

ADAMTS5d NM_007038 c.G2176A p.G726R NA VUS IPOI03

ADAMTS6d NM_197941 c.G2840A p.R947Q rs1272612301 LP IPOI36

AFF2c NM_001170628 c.C2126G p.S709W rs188208167 LP IPOI24

AFPd NM_001134 c.G1822A p.G608R rs146692547 LP IPOI22

ARNTLd NM_001030272 c.G18C p.M6I NA VUS IPOI14

ATG2Ad NM_015104 c.C1954A p.L652M NA VUS IPOI40

ATG7d NM_001144912 c.C1144T p.L382F NA VUS IPOI07

ATG9Bd NM_001317056.1 c.1480G>T p.E494X rs996929151f LP IPOI04

BMP6d NM_001718 c.C409Af p.L137M rs747427445 LP IPOI34

BNC1a NM_001301206 c.C2252T p.T751I rs760137127 LP IPOI34

BRD3d NM_007371 c.G1149A p.M383I NA VUS IPOI06

BRDTd NM_001242807 c.1400delA p.D467fs rs1188709614 P IPOI01

BRWD1d NM_018963 c.G656A p.R219H rs372595428 LP IPOI08

CHEK2b,e NM_007194 c.A1169C p.Y390S rs200928781 P IPOI20

CYP17A1c NM_000102 c.T644G p.V215G rs1428700861 LP IPOI37

CYP19A1c NM_001347256 c.A383G p.H128R rs375975652 LP IPOI22

DMRT3d NM_021240 c.C1327T p.P443S rs764103256 LP IPOI40

DPPA2d NM_138815 c.T833C p.L278S rs1353278679f LP IPOI19

FANCAd NM_000135 c.C3665T p.P1222L rs374537936 LP IPOI19

FANCCd NM_000136 c.T1027G p.Y343D NA VUS IPOI10

FYNe NM_153047 c.C206G p.S69C NA VUS IPOI36

GALTd NM_001258332 c.C340T p.R114C rs111033750 P IPOI26

GLI1d NM_001160045 c.T1843C p.Y615H NA VUS IPOI19

IGF2Rd NM_000876 c.C451T p.H151Y rs756631085 LP IPOI36

JAK2d NM_004972 c.G436A p.D146N rs1299892808 P IPOI45

KDRd NM_002253 c.C724T p.L242F rs587778428 LP IPOI25

KHDRBS1d NM_001271878 c.C1145T p.P382L rs750291697 LP IPOI02

LARS2d NM_015340 c.A326G p.D109G NA VUS IPOI36

LEPRd NM_001198687 c.C709T p.P237S NA VUS IPOI28

MECOMd NM_001163999 c.G2431A p.G811S rs767306816 LP IPOI37

MLH3d NM_001040108 c.A1387C p.S463R rs138974583 LP IPOI33

MOV10a NM_001130079 c.A2831G p.Y944C NA VUS IPOI09

MYCd NM_002467 c.G478A p.V160I NA VUS IPOI04

NOBOXc NM_001080413 c.G1440C p.K480N rs1006463439 LP IPOI37

NOS3d NM_001160109 c.G505A p.E169K rs765854160 LP IPOI25

NOS3d NM_001160109 c.C172T p.P58S rs752309888 LP IPOI26

NOTCH2d NM_024408 c.G5105A p.R1702Q rs999822357 LP IPOI33

NR5A2d NM_001276464 c.T465G p.H155Q rs749896579 LP IPOI10

NTRK1d NM_001012331 c.G2101A p.E701K rs747855434 LP IPOI47

PARD3a NM_001184791 c.C2854G p.Q952E NA VUS IPOI03

PMM2cd NM_000303 c.C323T p.A108V rs200503569 P IPOI35

POLGbc NM_001126131 c.G1685A p.R562Q rs781168350 LP IPOI14

PORd NM_000941 c.C1588T p.P530S rs375387233 LP IPOI03

PRIM1b NM_000946 c.G873T p.W291C NA VUS IPOI40

PRLRd NM_001204314 c.T548G p.L183W rs748942718 LP IPOI21

RAD51Cd NM_058216 c.A1090G p.S364G rs587782565 LP IPOI26

(continued)
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..test for rare variants. The analysis performed using two ad-hoc selected
female populations (1000GP3 and Italian Isolates), revealed 13 and 9
significant genes in the IPOI cohort and FPOI-BPOI-PPOI, respectively.
Five genes (AFP, DMRT3, MOV10, FYN and MYC) were significant in
both cohorts and were thus considered the most significant candidate
genes (Fig. 2C and Supplementary Table SIV). AFP encodes alpha feto-
protein, a plasma protein mainly expressed during foetal life in the yolk
sack and liver, and high levels of AFP are present in pregnant women
to stop follicular growth (Zong et al., 2019). Concerning DMRT3, dou-
ble sex and mab-3-related transcription factor 3, its involvement in
sexual development is known, but there is scarce knowledge of its
specific role in the ovary, whereas MOV10 gene, encoding an RNA
helicase phosphorylated after DNA damage, exerts a role in RNA sta-
bility and regulation of the network of mammalian germ cells (Fu et al.,
2019). Finally, FYN, a proto-oncogene belonging to the membrane-
associated Src-like kinase family, encodes a VLDLR interactor (Bestetti
et al., 2019) in the Reelin pathway, and the well-known MYC proto-
oncogene encodes a transcription factor binding E-box elements in-
volved in cellular proliferation.

Comparative analysis in Mus musculus and
D. melanogaster of the human identified
POI genes
We outlined the mouse and Drosophila genes homologous to those
identified in the POI patients to trace the maintenance of their fertility-

related function. Among the 59 validated and significant genes dis-
closed in the Italian cohort, 45 and 25 have a mouse and Drosophila
orthologue, respectively, that plays a role during ovarian development,
oocyte maturation or DNA repair, hence confirming a conserved func-
tion between the three species. Indeed 40 out of 59 orthologue
mutants present infertile or sub-fertile phenotypes; the Venn diagram
in Fig. 3 shows the 33 mice and the 16 Drosophila orthologous with 9
genes shared by the two species (Supplementary Table SV).

Functional studies of MOV10 and DMRT3
in D. melanogaster
In order to support the role of MOV10 and DMRT3 in female fertility
and during ovary development, we performed an analysis of the be-
haviour of D. melanogaster mutants for armitage and in RNAi strains
for doublesex-Mab-related 93B, the orthologues of the mammalian
MOV10 and DMRT3, respectively.

The armi1 and armiKG04664 mutations are ‘loss of function’ mutant
alleles characterised by a reduced amount of armitage mRNA. We
tested armi1/TM3, armiKG04664/TM3 heterozygote females, and armi1/
armiKG04664 trans-heterozygotes. The results of the fertility tests of
armi alleles are shown in Fig. 4A where a significant reduction in female
fertility is evident in armi1 (51.5% of the control: 27.5 progeny in armi1

heterozygote females vs. 53.4 progeny in control females;
P¼ 0.000013), in armiKG04664 heterozygote females (70.5% of the con-
trol: 37.7 progeny in armiKG04664 heterozygote females vs. 53.4

............................................................................................................................................................................................................................

Table I Continued

Gene RefSeq Coding cDNA Protein dbSNP ACMG/AMP guidelines ID IPOI

RAD54Lb NM_003579 c.C1138T p.R380W rs150138364 P IPOI13

RAD54Lb NM_003579 c.A1883C p.E628A NA LP IPOI13

RAD54Lb NM_003579 c.C1900T p.R634C rs368491231 LP IPOI40

REC8d NM_001048205 c.A1057Cf p.T353P NA VUS IPOI02

RICTORd NM_001285439 c.A1325G p.H442R rs1329438711 LP IPOI30

RYR3a NM_001036 c.C2567G p.T856S NA VUS IPOI02

RYR3a NM_001036 c.A3092T p.K1031M rs753104655 LP IPOI03

RYR3a NM_001036 c.G6604A p.A2202T NA VUS IPOI21

SH2B1d NM_015503 c.T1846C p.S616P rs142515048 LP IPOI12

SIRT6a NM_001321058 c.G146A p.R49H rs771714154 LP IPOI44

STAG3c NM_001282718 c.C895T p.R299X rs774733445 P IPOI36

THBS1d NM_003246 c.C1060T p.P354S rs142519614 LP IPOI01

WHAMMa NM_001080435 c.C734T p.P245L NA VUS IPOI01

WT1d NM_000378 c.A970G p.S324G rs121907908g LP IPOI36

XPNPEP2d NM_003399 c.G1081A p.E361K NA VUS IPOI03

ZNF462d NM_021224 c.C3515G p.P1172R rs1469441260 LP IPOI21

All variants reported had frequencies significant for Fisher Exact Test or were never reported in the population databases investigated (1000G, ExAC and gnomAD).
aGenes identified through array-CGH analysis of primary amenorrhoea patients (Bestetti et al., 2019).
bMenopausal genes (Colonna et al., 2013).
cOMIM POI genes or genes previously associated to POI.
dOther ovary-related genes(Colonna et al., 2013; Pati~no et al., 2017).
eInteractor of the most promising candidates from previous array-CGH analysis (Bestetti et al., 2019).
fBMP6: homozygous variant; REC8: compound heterozygous variant.
gFrequency reported in dbSNP with <0.00001 MAF.
dbSNP, single-nucleotide polymorphism database; LP, likley pathogenic; MAF, minor allele frequency; NA, not available; P, pathogenic; POI, primary ovarian insufficiency; VUS, variant
of uncertain significance.

2982 Bestetti et al.

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab192#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab192#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..progeny in control females; P¼ 0.0022) and in armi1/armiKG04664

trans-heterozygotes (37.6% of the control: 21.2 progeny in armi1/
armiKG04664 vs. 53.4 progeny in control females; P¼ 0.00038). We
were also interested in investigating the structure of the ovaries in armi
alleles armi1, armiKG04664 in heterozygote females and in armi1/
armiKG04664 trans-heterozygotes, in order to investigate for alterations
and possible cause of failure events during oogenesis. For this purpose,
dissected ovaries from heterozygote and trans-heterozygotes mutant
females were labelled with DAPI to highlight egg chamber organisation.
The analysis demonstrated that the number and structure of ovarioles
are apparently the same as in the control, but some of the egg cham-
bers are defective in the number of nurse cells that are fewer (<13)
compared to the control (40% in armi1/TM3; 35% in armiKG04664/
TM3; 55% in armi1/armiKG04664 trans-heterozygotes) with respect to
the control egg chambers (Fig. 4B). In order to count the nurse cells,
the images that we analysed report the sum of all the planes through-
out the egg chambers.

The doublesex-Mab-related 93B gene, encoding a transcription factor,
might, as recently suggested, be a good candidate for the correct de-
velopment of female gonads (Lobell et al., 2017). In order to test if
dmrt93B gene may be implicated in female fertility, we also analysed
dmrt93B-RNAi after crossing the flies with two different Gal4 drivers,
the C135-Gal4 and the nanos-Gal4, expressing Gal4 protein in follicle
cells and in germ cells, respectively, activating the RNAi construct in
these tissues specifically. The results of the fertility tests are shown in
Fig. 4A, where a slight reduction of the fertility is evident in C135-
Gal4/dmrt93B-RNAi flies (71.5% compared to control females: 38.2
progeny C135/dmrt93B-RNAi vs. 53.4 of the control; P¼ 0.012)
whereas the effect on the fertility of nanos-Gal4/dmrt93B-RNAi females

is not evident (92.6% compared to control females: 49.5 vs. 53.4 of
the control; P¼ 0.41). Due to the reduction in fertility reported above,
we also analysed the structure of the ovaries of females in which the
dmrt93B gene was silenced in somatic cells of the gonads by the C135-
Gal4 driver. Interestingly, some (almost 30%) of the developing egg
chambers at stage 10 exhibit defects compared to the control
(Fig. 4C). The main defect was in the anterior part of the oocyte,
where a specific small group of follicle cells, the border cells (arrowed
in Fig. 4C which shows a normal egg chamber at stage 10), localises af-
ter migration during the earlier stages of development contributing to
define the anterior identity to the developing oocyte. We analysed the
images throughout all plans of the egg chambers, even though, only a
single plan is reported in the figures in order to see the region in which
the border cells localise in the wild type.

Discussion

Targeted WES and Drosophila comparative
analysis
Integrated genome-wide approaches such as array-CGH and WES
have been recently used for POI diagnosis and molecular research
(T�suiko et al., 2016), improving our knowledge of the molecular basis
of POI. Furthermore, 17 out of the 41 IPOI patients analysed in this
study by means of targeted-WES were previously screened by array-
CGH (Bestetti et al., 2019). The combined approach revealed in some
cases the co-occurrence of both rare CNVs and SNVs/Indels, con-
firming the oligogenic inheritance and high genetic heterogeneity of

Figure 3. Diagrams showing the IPOI positive genes with a mouse and/or Drosophila orthologue whose mutants present an
infertile/sub-fertile phenotype (n 5 40). The shared genes among the two species are shown in bold in the Venn intersection. POI, primary
ovarian insufficiency.
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..POI disorder, and highlighting the need for complementary genome-
wide approaches to identify the molecular basis of POI
(Supplementary Fig. S1).

In this framework, our previous array-CGH study turned out to be
a valid tool to identify new POI genes in patients with a severe pheno-
type. Indeed, 44 candidate genes disclosed by array-CGH and 18

genes encoding for interactors of the most significant candidates were
included in the gene list used for targeted-WES with the aim of detect-
ing other pathogenic variants and supporting their involvement in se-
vere POI. There were 26 SNVs identified in array-CGH genes among
the patients analysed, highlighting a significant enrichment in rare var-
iants in five of them. This approach fostered the research of additional

Figure 4. Fertility tests and analysis of the egg chambers of armitage mutants and dmrt93B-RNAi. (A) Female fertility in Oregon-R con-
trol females, and in armi1/TM3, armiKG04664/TM3, armi1/armiKG04664 trans-heterozygotes, dmrt93B-RNAi/C135-Gal4 and dmrt93B-RNAi/nanos-Gal4
females (data are represented as a mean § standard deviation, n¼ 20 females; ***P< 0.001, *P< 0.05: armi1/TM3 P¼ 0.000013; armiKG04664/TM3
P¼ 0.0022; armi1/armiKG04664 P¼ 0.00038; dmrt93B-RNAi/C135-Gal4 P¼ 0.012; dmrt93B-RNAi/nanos-Gal4 P¼ 0.41). (B) wild type and armi
mutants DAPI stained egg chambers, 40� magnification (images correspond to the sum of all planes that guarantees the possibility to count the nurse
cells, whose position is indicated by white arrows); (C) wild type and dmrt93B-RNAi/C135-Gal4 DAPI stained egg chambers, 40� magnification
(images correspond to a single plan, in order to show the border cells, whose position is indicated by white arrows, at stage 10). The zoom of the
egg chamber is showed in the white panel.
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.
genes that had never previously been investigated, leading to an overall
detection rate of 73%, which is significantly higher than those reported
in recent studies, 48% (Pati~no et al., 2017) and 30% (Yang et al., 2019).

Besides the identification of pathogenic or likely pathogenic variants
in OMIM disease genes for POI (GALT, NOBOX, POLG and STAG3) and
in genes already POI-associated thus further proving their pathogenetic
contribution (AFF2, ATG7, CYP17A1, CYP19A1, NOTCH2, PMM2, WT1
and XPNPEP2), 10 extremely rare SNVs (13%), were detected in 8
array-CGH disclosed genes, namely BNC1, MOV10, PARD3, RYR3,
SIRT6, WHAMM plus CHEK2 and FYN which code interactors of the
candidate TP63 and VLDLR genes, respectively (Bestetti et al., 2019).
Interestingly, out of these genes, BNC1 and WHAMM are in the
15q25.2 POI-specific region that also contains CPEB1, which is involved
in synaptonemal complex formation during oocyte maturation (Tay
and Richter, 2001) and has been already associated with POI
(McGuire et al., 2011; Hyon et al., 2016; T�suiko et al., 2016; Bestetti
et al., 2019). BNC1 (basonuclin1) is a recently confirmed POI causative
gene (MIM#618723, POF16) whose haploinsufficiency inhibits human
oocyte meiosis by a higher oocyte degradation percentage (Zhang
et al., 2018a). Little is known about the ovarian function of WHAMM
(WAS protein homologue associated with actin, golgi membranes and
microtubules), however, in mouse oocytes, it is important for meiotic
spindle migration and asymmetric cytokinesis (Huang et al., 2013).

A special focus should be given to the MOV10 gene, which was
found disrupted or altered in two POI patients (IPOI-09 and POI-25;
Bestetti et al., 2019). In mouse testis its orthologue, Mov10, is highly
expressed in spermatogonia and acts in the maintenance of gene ex-
pression by regulating splicing and mRNA processing of spermatogonia
progenitor cells (Fu et al., 2019). The function of MOV10 in germ cells
is highly conserved, as inferred by validation of its mutant effect in the
fruit fly. During germline development Piwi-interacting RNAs (piRNAs)
lead a host safeguarding system that transcriptionally and post-
transcriptionally silences transposons. Transposons can activate and
prompt mutations, DNA breaks and chromosome rearrangements
and their silencing is fundamental in the germline, which is dedicated
to the transmission of the inherited genome. The Drosophila ortho-
logue, armitage (armi; Cook et al., 2004) is involved in the RNAi path-
way, required for genome stability in the ovary, where silencing is
needed to establish the oocyte cytoskeleton polarity during early oo-
genesis. The main role of Armi is in the biogenesis of primary piRNAs
in the somatic cells of the gonads (Lim and Kai, 2007; Olivieri et al.,
2010), where it interacts with several components of the piRNA path-
way, thus being crucial for the genome stability and fertility of both
sexes (Megosh et al., 2006; Saito et al., 2010; Bozzetti et al., 2015;
Specchia et al., 2017; Cusumano et al., 2019; Durdevic and Ephrussi,
2019; Ge et al., 2019a; Ishizu et al., 2019; Specchia et al., 2019).
Indeed, armitage mutants support the early stages in the RNAi path-
way but fail in the production of active RNA-induced silencing complex
(RISC), which mediates target RNA destruction in RNAi (Tomari
et al., 2004). It is also known that mutations affecting piRNA pathways
in Drosophila cause infertility/subfertility in both females and males
(Atikukke et al., 2014). In addition to literature data, our analysis of
two heterozygote alleles of armitage (armi1, armiKG04664) and of trans-
heterozigote armi1/armiKG04664 flies support the role of the gene in fe-
male gonads function. The Drosophila ovary is composed of strings of
developing egg chambers and each egg chamber contains an oocyte
and 15 nurse cells. The analysed mutant armi alleles, both

heterozygotes and trans-heterozygote, display defects in the number
of nurse cells in the egg chambers and a consequent significant reduc-
tion of female fertility, supporting the role of genes involved in the
piRNA pathway and in DNA repair in the POI phenotype in humans.

Interestingly, one of the genetic interactors of armitage in Drosophila
is the loki gene (lok) coding for the orthologue of the human CHEK2,
known to be an interactor of the previously identified TP63 array gene
(Bestetti et al., 2019) and found mutated in a new familial case of POI
(Mathorne et al., 2020). CHEK2, defined as a guardian of female germ-
line integrity (Amelio et al., 2012; Xian and McKeon, 2018), is a multi-
functional kinase involved in cell cycle checkpoint regulation, DNA repair
and apoptosis (Gebel et al., 2020). After DNA double-stranded breaks
(DSBs), it is required to phosphorylate TP63 leading to its activation
through the formation of a tetrameric complex that triggers pro-
apoptotic factors to induce oocyte apoptosis. Thus, in the context of
POI, it is hypothesised that a super active CHEK2 might lead to a pre-
mature loss of oocytes thus explaining the effect of secondary POI
(Tuppi et al., 2018). Our IPOI-20 patient carries a reported missense
variant in CHEK2 (rs200928781, c.A1169C, p.Y390S) classified as patho-
genic according to the computational analysis and ACMG/AMP guide-
lines. This variant localises in exon 10 within the t-loop activation
segment in the protein kinase domain, where phosphorylation takes
place to trigger its functional activity and currently it appears more likely
to inhibit the function of CHEK2 than to make it super active. A possible
explanation could be that CHEK2 is also important for inducing DNA
repair (Zannini et al., 2014). If this repair mechanism is less efficient, due
to the lower activity of CHEK2, more DNA DSBs might persist, likely
resulting in TP63-dependent elimination of the oocytes. In this regard,
IPOI-20 might have a smaller pool of oocytes to start with, which will
be exhausted earlier in life. The mutant females of the Drosophila ortho-
logue, lok, further support its role in ovarian function since they display a
reduced fertility. Moreover, in addition to armitage, lok interacts with
other piRNA and DNA repair genes (Klattenhoff et al., 2009; Orsi et al.,
2010; Specchia et al., 2017), suggesting a link between the piRNA and
the DNA repair pathways in both females and males.

Another gene identified in the screening reported in our study is
DMRT3 (Doublesex and Mab-3 Related Transcription Factor 3). This is
a not surprising finding because in Drosophila other genes involved in
sex determination like doublesex affect female fertility. Thus, we also
tested flies in which the dmrt93B gene was silenced in the somatic cells
of the ovary and demonstrated that female fertility is slightly reduced.
Intriguingly these flies show specific defects in the structure of some
egg chambers at stage 10, in the region where the border cells nor-
mally localise. Border cells are a group of follicular cells that detach
from the anterior part of the egg chamber in the early stages of devel-
opment and migrate towards the anterior boundary of the oocyte,
playing an important role in the specification of the antero-posterior
axis of the oocyte (He et al., 2011).

The array-CGH appointed gene, FYN, encoding a VLDLR interactor
(Bestetti et al., 2019) acts in the Reelin pathway. Reelin is highly
expressed in the ovary, mainly in the granulosa cells of growing follicles
(Meseke et al., 2018), and the identification of significant unreported
variants in POI patients in more than one gene of this pathway (FYN
and VLDLR) highlights the contribution of FYN to POI aetiology, sup-
porting its involvement in ovarian maturation. The FYN protein is a ty-
rosine kinase that, by the way of the Ras pathway and ERK activation,
triggers the PI3K pathway in granulosa cells to ensure good quality and
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maturation of the oocytes. In mammalian oocytes, a role of Fyn in the
first meiotic division, in particular at the metaphase checkpoint, has
been highlighted (Levi et al., 2010a,b) and Fyn pivotal function in mei-
otic resumption has recently been demonstrated (Grossman et al.,
2017). Furthermore, the male mouse model presents oligospermia
and abnormalities of the genital apparatus, while knock-out female
mice were found to be sub-fertile due to the quality of their oocytes
(Luo et al., 2010): they failed to mature, were small, less competent
and did not perform a correct asymmetric division. In addition,
Drosophila females mutant for Src64B, the orthologue of FYN, are
semi-sterile with oogenesis disruption due to a compromised interac-
tion between nurse cells and the oocyte (Djagaeva et al., 2005).

Among the ovary-related genes herein investigated, special attention
should be given to the variants identified in BMP6 and REC8 genes.
BMP6 encodes a secreted ligand of the TGF-beta (transforming growth
factor-beta) superfamily of proteins, similarly to the OMIM POI gene
BMP15, and has a critical role in the regulation of follicular develop-
ment (Zhang et al., 2018b). The identified variant in exon 1 encodes
for the protein segment that needs to be cleaved to perform its
proper activity. Several pathogenic prediction tools have classified this
variant as damaging and its homozygous state, never previously
reported, is strongly suggestive of a pathogenic effect impairing the
correct activation of the protein. Dysfunctional BMP6 might be at the
basis of the patient phenotype but further studies are needed to con-
firm this assumption. Mutations of BMP6 in Drosophila are lethal and
some studies have revealed that the BMP signal is required for main-
taining male and females germ stem cells (Kawase et al., 2004).

A never reported SNV in exon 13 of REC8, a gene involved in mei-
osis encoding for a member of the cohesin complex (Ishiguro and
Watanabe, 2016), and a deletion on the other allele (also never
reported) were identified in IPOI-02. Until now only two REC8 het-
erozygous missense variants have been reported in three patients with
POI (Bouilly et al., 2016). Among them, two affected sisters presented
with a maternally inherited REC8 variant and a paternal mutation in
the OMIM POI gene GDF9. Our compound heterozygous patient, to-
gether with the reported data, allow us to speculate that an REC8 sin-
gle hit might not be sufficient to produce the overt phenotype, which
requires an additional hit. Our case is the first evidence of a double-hit
event in the gene and further studies are warranted to clarify the path-
ogenic role of REC8 in POI. As in humans, the Drosophila REC8 ortho-
logue, verthandi (vtd), encoding a subunit of the cohesin complex, has a
role during meiosis. In addition, it is also involved in the repair of DSBs
(Gaudet et al., 2011) but no specific information regarding the effect of
mutant alleles on the female fertility is reported.

Functional classification of the identified
genes
As recently postulated (França and Mendonca, 2019), genes involved
in meiosis and DNA repair play key roles in POI development and
our functional classification of the identified genes is consistent with
this assumption. Indeed, the above-mentioned genes BNC1, WHAMM,
FYN, MOV10, BMP6 and REC8 can be assigned to the first class as be-
ing primarily involved in meiosis, namely in synaptonemal complex for-
mation, asymmetric division and oocyte maturation. PARD3, another
array-CGH disclosed gene, can be added to this class as it encodes a
member of the PARD protein family involved in the asymmetrical cell

division to direct polarised cell growth (Bultje et al., 2009; Chen et al.,
2017). In mouse ovaries, Pard3 was found to surround the condensing
chromosomes and to associate with the meiotic spindles defining the
future site of polar body emission (Duncan et al., 2005). RYR3 can be
also assigned to this group of genes as it contributes to the Ca2þ re-
lease which is crucial for meiosis resumption and oocyte maturation
(Dı́az-Mu~noz et al., 2008; Toranzo et al., 2014).

Among the DNA repair genes, CHEK2 is definitely to be included, as
its defect may also impact on oocyte apoptosis by means of the per-
turbed interaction with TP63. Moreover, its phosphorylation is facili-
tated by RAD51C, an early player in DNA repair, thereby leading to
the protection of genomic integrity by cell cycle arrest and homologous
recombination activation (Badie et al., 2009). Similarly, the MLH3 gene
is also implicated in maintaining genomic integrity during DNA replica-
tion and after meiotic recombination (Manhart et al., 2017). In addition,
the array-CGH SIRT6 gene clusters to this class as it has been recently
identified to be a sensor of DSBs activating the DNA damage response
to prevent genomic instability (Onn et al., 2020). In particular, it has a
role in modulating telomere function in ovaries during oocyte matura-
tion, ensuring a good quality control of oocytes (Ge et al., 2019b) and
preventing both spindle morphology defects and chromosome misalign-
ment in mouse oocytes during meiosis (Han et al., 2015). FANCA and
FANCC are also well-known to be involved in this process (Niedzwiedz
et al., 2004; Benitez et al., 2018); moreover, recent studies have
highlighted the implication of JAK2 activating mutations in the develop-
ment of DNA damage (Karantanos and Moliterno, 2018).

Burden test identification of POI candidate
genes
To make further progress in the validation and ranking of the genes
identified by the integrated array-CGH and WES approaches on the
Italian cohort, we processed a wider French-American POI cohort by
targeted WES analysis. We confirmed the presence of significant and
new variants in 31 shared genes, highlighting that there are common
deregulated pathways in the two cohorts. To identify the most con-
strained candidate genes, a Burden test was performed and showed
five significant genes shared by the two cohorts: FYN, AFP, MYC,
DMRT3 and MOV10 (Fig. 2C and Supplementary Table SIV). We have
discussed the pre-eminent ovarian roles of FYN, MOV10 and DMRT3
above and have underlined that their function is maintained through
evolution, in mammals (Levi et al., 2010a,b; Grossman et al., 2017; Fu
et al., 2019) and also in Drosophila (Cook et al., 2004; Djagaeva et al.,
2005; Ge et al., 2019a).

As regards the other significant genes, according to the literature,
AFP is involved in oocyte maturation as Afp knock-out mice present
defects in the reproductive tract, with no ovulation, infertility and
anomalies in oocyte morphology, with hyperplasia of the endometrium
(MGI: 2450139; Gabant et al., 2002). Indeed, AFP has been shown to
be relevant for female fertility being involved in estrogen uptake thus
inhibiting the estrogen response and exerting an anti-estrogenic role.
In mice, the perinatal excessive exposure to estrogens leads to sterility
in the adult without ovulation (De Mees et al., 2007). Accordingly, a
defective AFP protein might not properly sequestrate estrogens, lead-
ing to poor feminisation in humans too.

Concerning the well-known MYC proto-oncogene, its animal models
had already highlighted its role in ovarian fertility. The myc mouse
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.
model displays reduced female fertility and abnormality of the ovary
(MGI: 2182124; Davis et al., 1993); a similar scenario is observed in
the Drosophila model where a loss of activity of the orthologue Myc,
with its key role in oogenesis, delays oocyte maturation, growth and
DNA replication with size reduction (Maines et al., 2004). Likewise, it
may be assumed that in female patients, MYC defects lead to a reduc-
tion of ovarian reserve, with oocyte loss and premature ageing.

Due to the heterogeneity of the POI disorder, other genes were
found, as expected, to be significant in individual Burden analyses of
the two cohorts (Fig. 2C). Among them CYP19A1, involved in the pro-
duction of estrogens (Kim et al., 2011), BNC1 (T�suiko et al., 2016;
Bestetti et al., 2019), RAD54L and PRIM1, the latter two implicated in
menopause, hence linking the onset and end of the reproductive life-
span (Day et al., 2017), and STAG3, encoding a subunit of the cohesin
complex essential for proper pairing and segregation of chromosomes
during meiosis, which is responsible for Premature Ovarian Failure 8
(MIM#615723). All these genes safeguard oocyte maturation, including
RAD54L and PRIM1, which act in basic pathways of DNA repair (Stolk
et al., 2012; Ghamrasni et al., 2016).

Conclusions
In conclusion, defects in multiple genes involved in common cell main-
tenance pathways could lead to the POI phenotype, making it crucial
to elucidate the molecular networks involved in ovarian and follicular
growth. The omics approaches used in this study and the analysis of
some of the genes altered in POI patients in the Drosophila model led
to the discovery of new candidate genes and new pathways (piRNA
and DNA repair pathways) that affect female fertility and may be
strongly implicated in the oligogenic origin of POI. However, further
functional studies are needed to clarify and prove the involvement of
the identified variants on POI phenotype. Likewise, the contribution of
each of the discussed genes to POI, and their epidemiological preva-
lence require additional studies on larger patient cohorts to be
assessed and defined. Hopefully, further research on mammal gonadal
defects and human POI should validate these data and elucidate the
molecular basis of female fertility.
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Todeschini AL, Veitia RA, Beldjord C et al. Identification of multi-
ple gene mutations accounts for a new genetic architecture of pri-
mary ovarian insufficiency. J Clin Endocrinol Metab 2016;101:
4541–4550.

Bozzetti MP, Specchia V, Cattenoz PB, Laneve P, Geusa A, Sahin HB,
Di Tommaso S, Friscini A, Massari S, Diebold C et al. The
Drosophila fragile X mental retardation protein participates in the
piRNA pathway. J Cell Sci 2015;128:2070–2084.

Bramble MS, Goldstein EH, Lipson A, Ngun T, Eskin A, Gosschalk JE,
Roach L, Vashist N, Barseghyan H, Lee E et al. A novel follicle-
stimulating hormone receptor mutation causing primary ovarian
failure: a fertility application of whole exome sequencing. Hum
Reprod 2016;31:905–914.

Bultje RS, Castaneda-Castellanos DR, Jan LY, Jan YN, Kriegstein AR,
Shi SH. Mammalian Par3 regulates progenitor cell asymmetric divi-
sion via notch signaling in the developing neocortex. Neuron 2009;
63:189–202.

Caburet S, Arboleda VA, Llano E, Overbeek PA, Barbero JL, Oka K,
Harrison W, Vaiman D, Ben-Neriah Z, Garcı́a-Tu~nón I et al.
Mutant cohesin in premature ovarian failure. N Engl J Med 2014;
370:943–949.

Carlosama C, Elzaiat M, Pati~no LC, Mateus HE, Veitia RA, Laissue P.
A homozygous donor splice-site mutation in the meiotic gene
MSH4 causes primary ovarian insufficiency. Hum Mol Genet 2017;
26:3161–3166.

Chen X, An Y, Gao Y, Guo L, Rui L, Xie H, Sun M, Lam Hung S,
Sheng X, Zou J et al. Rare deleterious PARD3 variants in the
aPKC-binding region are implicated in the pathogenesis of human
cranial neural tube defects via disrupting apical tight junction for-
mation. Hum Mutat 2017;38:378–389.

Colonna V, Pistis G, Bomba L, Mona S, Matullo G, Boano R, Sala C,
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