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Abstract

Primary ovarian insufficiency (POI) affects ~ 1-3, 7% of women under forty and is a public health problem. Most causes
are unknown, but an increasing number of genetic causes have been identified recently. The identification of such causes
is essential for genetic and therapeutic counseling in patients and their families. We performed whole exome sequencing
in two Caucasian sisters displaying non syndromic POI and their unaffected mother. We identified two novel pathogenic
variants in STAG3 encoding a meiosis-specific subunit of the cohesin ring, which ensures correct sister chromatid cohesion:
a ¢.3052delC truncating mutation in exon 28 yielding p.Argl018Aspfs*14, and a c.659T > G substitution in exon seven
yielding p.Leu220Arg. Leu220, highly conserved throughout species, belongs to the STAG domain conserved with other
mitotic subunits of the cohesion complex STAG1 and 2. In silico analysis reveals that this substitution markedly impacts the
structure of this domain. The truncation removes the last 206 C-terminal residues, not conserved in STAGI and 2, support-
ing an important specific role in STAG3, especially meiosis. This is the first occurrence of STAG3 mutations in a Caucasian
family. Very little is known about the function of STAG proteins domains. The “knock out-like” phenotype described here
supports the crucial role of a single residue in the STAG domain and of the C-terminal region in STAG3 function. In conclu-
sion, this observation shows the necessity to perform the genetic study of POI worldwide including STAG3. This could lead
to appropriate genetic counseling and long term follow-up since these patients may develop ovarian tumors.

Keywords Primary ovarian insufficiency - STAG3 - Meiosis - STAG domain - Whole exome sequencing - Mutation -
Genetics

Introduction

Communicated by Stefan Hohmann.

Primary ovarian insufficiency (POI) is defined by amenor-
rhea or oligomenorrhea over 4 months with elevated fol-
licle stimulating hormone (FSH) > 25 U/l in women under
40 years (Huhtaniemi et al. 2018). A very recent meta-anal-
ysis revealed that the prevalence of POl is 3.7% worldwide
(Golezar et al. 2019). POI is associated with a significant
morbidity due in part to steroid hormones deficiency: an
increased risk of osteoporosis and fractures, overall cardio-
vascular diseases, type 2 diabetes and total mortality has
been described. A premature decline in cognitive function
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and mood disorders have also been described (Huhtaniemi
et al. 2018; Golezar et al. 2019). This makes this condition
a public health problem (Golezar et al. 2019). POI is often
diagnosed too late, generating severe irreversible conse-
quences for fertility and well-being of the affected women.
Other extra-ovarian morbidities are direct consequences of
specific causes of syndromic POI (Huhtaniemi et al. 2018).
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About one-third of POI is considered to be of genetic origin
and there is a high genetic heterogeneity. Most causes are
unknown but recently an increased number of genetic causes
have been identified especially by whole exome sequencing
(WES). The genetic diagnosis of POI is critical not only to
establish the cause of patients’ infertility and to perform
genetic and therapeutic counseling within the family but
also to search for co-morbidities associated with specific
gene defects. Recently, genes involved in DNA repair and
meiosis have been shown to cause POI (Smirin-Yosef et al.
2017; Huhtaniemi et al. 2018; Zhou et al. 2018; Zhang et al.
2018). It has been shown that tumor or cancer predisposi-
tions are associated with mutations of such genes (Caburet
et al. 2014; Wood-Trageser et al. 2014; AlAsiri et al. 2015;
Fouquet et al. 2017; Weinberg-Shukron et al. 2018).

Up to now, more than 60 genes have been reported to
cause POI (Huhtaniemi et al. 2018). However, they have
been found at most in one or two families, and in specific
populations. They require replication in independent stud-
ies (Smirin-Yosef et al. 2017; Huhtaniemi et al. 2018; Zhou
et al. 2018; Zhang et al. 2018). As mutations of meiosis/
DNA repair genes may also be implicated in tumor/cancer, it
is, therefore, very important to confirm their involvement in
the etiology of POI and to know the prerequisite that should
lead to their study.

Patients with POI may have primary amenorrhea (PA) in
combination with delayed puberty, or secondary amenorrhea
(SA) occurring after regular menarche for a variable period
of time. Although many iatrogenic (chemotherapy, surgery,
or irradiation), autoimmune, or viral factors can cause POI,
more than 70% of cases remain idiopathic (Huhtaniemi et al.
2018).

Mutations of STAG3 (stromal antigen 3), which encodes
a meiosis-specific subunit of the cohesin complex involved
in sister chromatids pairing, were identified in rare Middle-
eastern and Asian POI (Caburet et al. 2014; Le Quesne Sta-
bej et al. 2016; Colombo et al. 2017; He et al. 2018). Here,
we report the first Caucasian family with two sisters present-
ing a severe phenotype of non-syndromic POI including PA,
lack of puberty and streak ovaries, with novel biallelic muta-
tions in STAG3. This observation further supports the crucial
role of meiotic genes in ovarian pathophysiology. STAG3 has
to be studied in all unexplained POI with PA worldwide for
genetic diagnosis and appropriate monitoring in the long
term since such patients could also develop ovarian tumors,
as shown by a previous POI case and by the rodent knock out
model. The novel mutations identified highlight for the first
time the crucial role of a residue within the STAG domain
and of the C-terminus in STAG3 function.
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Patients and methods
Medical history and clinical data

Informed consent was obtained from the patients and all
institutions involved in the study. The pedigree of this
Caucasian family is presented in Fig. 1. The proposita
was referred at 13 years for PA and lack of pubertal devel-
opment. She measured 1 m 46 (— 1.5 DS) and weighed
35 kg (—2 DS). Her body mass index (BMI) was 16.4 kg/
m?. Physical examination revealed an absence of breast
development and no other clinical sign. Hormonal assays
confirmed POI with high FSH (86 Ul/l) and luteinizing
hormone (LH) (27.5 UI/1) and low estradiol (E2) (<3 pg/
ml) plasma levels. Ovarian antibodies were undetectable,
and karyotype was 46, XX. FMR] premutation screening
was negative. Pelvic ultrasonography (US) showed a small
uterus with streak ovaries. Hormone replacement therapy
was started. The last clinical examination at 29 years
old in another center confirmed POI without any other
clinical sign. She measured 1 m 68 and weighted 49 kg
(BMI = 17.6 kg/m?).

Her younger sister was seen at 17 years of age in
another center for lack of pubertal development and PA.
Hormonal assays confirmed the diagnosis of POI. Hor-
mone replacement therapy was started. The last clinical
examination at the age 25 years does not reveal any par-
ticular complication. She measured 1.66 cm and weighted
55 kg (BMI=19.9 kg/m?). There was no familial history
of POI, autoimmune, or cancer diseases especially ovarian
tumors. The mother had menopause at the age of 51 years.

Exome and sanger sequencing

Exome sequencing was performed on genomic DNA
extracted from the peripheral blood of patients 1.2 (mother),
II.1 (proposita), and II1.2 (sister) (Fig. 1b). Library prepara-
tion, exome capture, sequencing, and data processing were
performed by IntegraGen SA (Evry, France) according to
their in-house procedures. Data analysis was performed as
described in (Fouquet et al. 2017). Briefly, exon enrichment
was performed on 600 ng of DNA, using the Agilent Sure-
Select Human All Exons kit version CRE (Agilent Technolo-
gies, Santa Clara, USA). Exon-enriched libraries were sub-
jected to a 75 bp paired-end sequencing on an HiSeq2500,
according to the manufacturer’s protocol. Reads alignment
to the human reference genome (GRCh38) and variant call-
ing were performed using the Illumina pipeline (CASAVA
1.8.2). Variant annotation was performed using variant effect
predictor tools. The variants were filtered using SIRIUS, an
IntegraGen in-house pipeline platform.
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Fig. 1 Pedigree of the family
and molecular analysis. a Pedi-
gree of the family with two POI
sisters and electropherograms of
sanger sequencing. WES whole
exome sequencing. b Visu-
alization of exome data in IGV
(integrative genomics viewer).
The coverage for each variant

is reported. Both variants have
coverage of at least 50x for the
three individuals. ¢ Structure of
the STAG3 gene and protein,
and position of the causal vari-
ants. STAG3 stromal antigen 3.
STAG domain is represented in
green and the armadillo (ARM)-
type domain, which is predicted
to interact with a nucleic acid or
another protein, in purple. The
diagrams of STAG proteins are
adapted from (Pezzi et al. 2000)
and from PFAM (http://pfam.
xfam.org/family/PF08514). WT
wild type

Each exome was processed using the following bioin-
formatic filters: (i) variants with a read coverage of less
than 5 and a Qscore of below 20 were filtered out; (ii) we
filtered the variations against the 1000 Genomes Project
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data set (May 2011, 20101123 release, http://www.1000g
enomes.org), the ESP cohort data set (ESP6500, http://
evs.gs.washington.edu/EVS/) and GnomAD (exome and
genome; http://gnomad.broadinstitute.org/) using an allelic
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frequency filter of 0.01. In the absence of consanguin-
ity in this Caucasian family, we tested the hypothesis of
compound heterozygous mutations transmitted in a reces-
sive model. Two pathogenic heterozygous variants in the
same gene, transmitted by both parents, would be present
in the POI patients. For missense variants, we used the fol-
lowing in silico prediction tools: SIFT, Polyphen, CADD
and FATHMM-MKL throw Varsome website (https://
varsome.com/) and M-CAP (http://bejerano.stanford.edu/
mcap/). The latter is a variant pathogenicity classifier of
rare missense variants that combines previous pathogenic-
ity scores with higher sensitivity (Jagadeesh et al. 2016).

Relevant pathogenic variants detected were confirmed by
direct genomic sanger sequencing of STAG3 using the fol-
lowings primers pairs:

5" = GACTACCCTCTCATAGCTCCAG - 3’ and
5" — GGAAGAAGCAGGGAACACTC - 3’

5" — CCAACCAAGGGAAGGCATC - 3’ and
5’ = TCTCTATCCACCCACCAACT - 3

In silico protein 3D structure analysis

For structural analysis of the missense variant, we used
MODELLER (v9.19) software to build a 3D model of
STAG3 wild-type and mutant as described (Sali and Blun-
dell 1993; Webb and Sali 2014). This software is based on
the satisfaction of spatial restraints of atoms and the compar-
ison between a given protein sequence (as target) with one
or more related proteins with known structures (templates).
It requires first alignments of target to templates sequences.
In our case, since the 3D model of STAG3 is not known,
we first performed the sequence alignment of STAG3 and
STAG2 using EMBOSS program based on Smith and Water-
man algorithm (Rice et al. 2000). STAG?2 has two known
3D structures (PDB: 4PJU and 4PK7). Regions 154-1048
in STAG2 and 112-998 in STAG3 shared 56.8% identity
(75.2% similarity). Then, we generated the STAG3 3D
model for the wild-type and the mutant proteins using the
STAG?2 PDB structure 4PJU as a template (Hara et al. 2014).
The ten best models were selected according to the DOPE
score (Shen and Sali 2006). Results for the wild-type and the
mutant STAG3 proteins are shown in Fig. 3.

Results

Exome sequencing allowed to detect two exonic vari-
ants shared between patient II.1 and patient I1.2 (Supple-
mentary Tables 1 and 2). The first missense variant, also
found in the mother, is located in exon seven of STAG3
(NM_001282716.1: ¢.659T > G; p.Leu220Arg) (Fig. 1b).
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This residue is located in the conserved domain among
all stromalin antigen (STAG) proteins (STAGI1, 2 and 3)
(Figs. 1c, 3) (Pezzi et al. 2000, p. 3). This residue is remark-
ably conserved in all species throughout the evolution in all
STAG proteins (Fig. 3). The change is predicted pathogenic
by different predicting softwares (Table 3 in Supplemen-
tary data). The second pathogenic variant is a 1 bp-deletion
in exon 28 of STAG3 (c.3052delC; p.Argl018AspfsTer14)
yielding a truncated protein (Fig. 1c) devoid of the last 206
C-terminal residues.

The missense mutation was reported in dbSNP as
rs1289429589 with minor allele frequency (MAF) of 3.23e-
05 in the GnomAD genome database, which includes 15.496
whole genome sequences, and is absent from the 123,136
exome sequences of this database. The truncating mutation
has a MAF of 4.06e-06 in the Exome GnomAD database and
is absent from all other human variants databases.

Sanger sequencing confirmed the presence of the mis-
sense mutation in both patients and their mother (Fig. 1a).
The truncated mutation was transmitted from the father. The
brother inherited the two reference alleles (Fig. 1a).

In silico analysis revealed that STAG3 adopts a conforma-
tion very close to that of the dragon-shaped crystal structure
of STAG2 (Hara et al. 2014) (Fig. 2A). Leu 220 localized
on helix nine at the N-terminal region is mainly involved
in hydrophobic interactions. The ten best models built with
MODELLER are superimposed in Fig. 2 (B and C). For the
wild-type STAG3 models, the positions of the Leu 220 side
chain are conserved in the ten models and this side chain
is in close contact with Leu 216 and Leu 242. When Leu
220 is substituted by an Arginine, disruption of interaction
with other hydrophobic residues in the vicinity is observed.
Indeed, according to the ten models, either Arg 220 side
chain is excluded from the helix loop and the two Leu 216
and 242 stay nearby (Fig. 2C-a) or the side chain points to
the two leucines that deviate (Fig. 2C-b).

Discussion

STAG3 encodes the meiosis-specific subunit of the cohesin
complex that also contain SMC1la/SMC1f and SMC3 in
addition to RAD21/RECS8 or RAD21L (Nishiyama 2018).
The multiprotein cohesin complex forms a ring around sis-
ter chromatids to hold them together during mitosis and
meiosis. Whereas SMCla and RAD21 are ubiquitous,
SMC1p, RECS8, and RAD21L are present only in meiotic
cells (Ward et al. 2016). STAG1/2 are present in mitotic cells
(Carramolino et al. 1997) whereas STAG3 is present only
in ovaries and testes (Pezzi et al. 2000; Caburet et al. 2014).
It is worth noting that the impact of STAG proteins muta-
tions is different in meiotic and mitotic cells. Indeed, while
mono-allelic inactivation of STAG3 appears to be tolerated
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Fig.2 Models of wild-type and mutant STAG3 proteins. A Car-
toon diagram of the wild-type (WT) STAG3 model on the left and
the same view at 180° on the right. The N-terminal region is circled
in blue. Leu 220 is labelled and represented in green sticks. B-C
Zoomed-in view of the N-terminal region of the WT STAG3 model
(left) and the mutant (Mut) STAG3 model (right). In B, the ten best
models for WT (left) and Mut (right) are superimposed. Leu 220 and

by meiotic cells, heterozygous loss of function mutations of
STAG1/2 have been linked to cohesinopathies characterized
by syndromic developmental delay (Mullegama et al. 2017
Lehalle et al. 2017).

Until now, only two consanguineous Asian and two Mid-
dle-eastern families (Caburet et al. 2014; Le Quesne Stabej
et al. 2016; Colombo et al. 2017; He et al. 2018) with STAG3
defects have been reported. All these patients display iso-
lated POI with PA, lack of pubertal development, infantile
uterus and streak gonads as in our patient. This phenotype is
in line with that observed in the mouse model. Histological
analysis revealed that stag3-/- mice lack ovarian follicles
(Caburet et al. 2014). Our observation of the first Caucasian
family supports the study of STAG3 in all unexplained POI
with PA worldwide for genetic diagnosis and counselling.
Stag3-/- mouse females developed ovarian tumors (Caburet
et al. 2014; Fukuda et al. 2014; Hopkins et al. 2014). Caburet
et al. reported the presence of an ovarian tumor in relation

Leu 242

|

Arg 220 are represented in sticks, respectively, in green for WT and
in red for Mut. In C hydrophobic residues Leu 216 and Leu 242 are
shown in sticks and are in close contact with Leu 220 in WT models.
These contacts are disrupted in the presence of Arg 220 whose side
chain can adopt two distinct conformations: a directed to the other
side of the two leucines that remain close or b directed to the two leu-
cines that deviate (in Mut models)

with this biallelic inactivation of STAG3 in a Palestinian
family (Caburet et al. 2014). A regular ovarian monitoring
by the US should be recommended for these patients.

All previous mutations of STAG3 were large homozy-
gous truncating mutations. Therefore, no information
on the structure—function correlation of STAG3 could be
established. Here, using WES, we identified compound het-
erozygous mutations in STAG3. The first mutation resulted
in the replacement of a hydrophobic leucine (L), by a basic
arginine (R), at position 220 (L220R). This residue is highly
conserved in STAG3 during the evolution and between
STAGI, 2. This conservation, together with the “knock out-
like” phenotype observed in our patients, supports the func-
tional importance of this residue in all meiotic STAG3 and
also mitotic STAG proteins.

The second pathogenic variant was a 1 bp deletion
p-Argl018Aspfs*14 resulting in a premature stop codon
with a deduced truncated protein devoid of the last 206

@ Springer
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Fig.3 Comparison between STAG3 and STAGY2. a Comparison
between STAG3 and STAGI and 2. respectively. STAG3 is shown
in the middle, STAG2 on top and STAGI1 below. The two muta-
tions are indicated by a red line. Between STAG3 and STAG 1 and
2, respectively, the identity percentages of the sliding window of 11
AA are represented between white (0%) and black (100%). STAG
stromal antigene. STAG domain is represented in green and armadillo
(ARM)-type domain, which is predicted to interact with a nucleic

C-terminal residues (Fig. 1c). This region of STAGS3 is not
conserved with STAG 1 and 2 (Fig. 3). This supports an
important specific functional role of this region in STAG3,
especially meiosis.

Recently, two truncating mutations of STAG3 were
reported in a Brazilian POI (Franca et al. 2018). However,
the authors were unable to confirm the compound heterozy-
gous status of these variants in the absence of parent’s DNA.
Therefore, they could not demonstrate the implication of
STAG3 in the pathogenesis of the POI.

All Stag3-/- male mice described to date are infertile
(Caburet et al. 2014; Fukuda et al. 2014; Llano et al. 2014).
Very recently the first mutation of STAG3 was described in
a man with azoospermia (Riera-Escamilla et al. 2019). This
observation is consistent with the mouse model and high-
lights the role of STAG3 in meiosis in both sexes.

In conclusion, we report the first implication of STAG3
in a Caucasian family with POI. This observation has
wide impact in the genetic counseling and management of
patients with POI; (i) Screening of this gene and all meio-
sis/DNA repair genes involved in POI should be performed
in all unexplained POI worldwide with PA. (ii) Prolonged
monitoring of patients with STAG3 mutations should be
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acid or another protein, in purple. The diagrams of STAG are adapted
from (Pezzi et al. 2000) and from PFAM (http://pfam.xfam.org/famil
y/PF08514). b Alignment of the three STAG (1, 2, 3) (on top) and
of STAG3 proteins in different species (below) focused in the STAG
domain using SeaView software (Gouy et al. 2010). The position of
the amino acid (Leu 220) mutated in our patients is showed by an
arrow

performed considering the risk of ovarian tumors. Further-
more, the two novel mutations of STAGS3 identified here
support the critical role of Leu220 and of the C-terminal
part of STAG3 in cohesion function. Altogether, our work
supports the crucial role of the cohesin complex in ovar-
ian physiology and female reproduction worldwide. Larger
studies and long term follow-up of POI patients harboring
biallelic mutations of STAG3 will allow us to better evalu-
ate the risk of tumors in these patients.
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