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Abstract

Infertility, a global problem affecting up to 15% of couples, can have varied causes ranging
from natural aging to the pathological development or function of the reproductive organs.
One form of female infertility is premature ovarian insufficiency (POI), affecting up to 1 in
100 women and characterised by amenorrhea and elevated follicle stimulating hormone
before the age of 40. POl can have a genetic basis, with over 50 causative genes identified.
Non-obstructive azoospermia (NOA), a form of male infertility characterised by the absence
of sperm in semen, has an incidence of 1% and is similarly heterogeneous. The genetic basis
of male and female infertility is poorly understood with the majority of cases having no
known cause. Here, we study a case of familial infertility including a proband with POI and
her brother with NOA. We performed whole-exome sequencing (WES) and identified a
homozygous STAG3 missense variant that segregated with infertility. STAG3 encodes a
component of the meiosis cohesin complex required for sister chromatid separation. We
report the first pathogenic homozygous missense variant in STAG3 and the first STAG3
variant associated with both male and female infertility. We also demonstrate limitations of
WES for the analysis of homologous DNA sequences, with this variant being ambiguous or
missed by independent WES protocols and its homozygosity only being established via long-

range nested PCR.
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Introduction

Premature ovarian insufficiency (POI) represents one of the main causes of female infertility
with a prevalence of 1-3%, depending on population characteristics such as ethnicity. This
condition is characterised by the occurrence of menstrual disturbance (primary or
secondary amenorrhea or oligomenorrhea) for at least four months before the age of 40
with high follicle stimulating hormone (FSH) levels (> 25 Ul/l on two occasions > 4 weeks
apart) and low estradiol levels (European Society of Human Reproduction and Embryology

https://www.eshre.eu/). The mechanism leading to POl can be an impaired formation of

primordial follicles leading to a reduced number of their pool, an impaired recruitment
and/or an altered maturation of the follicles, and/or an increased follicular atresia (Laissue,
2015). POI can be caused by infections, medical treatments, or metabolic or autoimmune
diseases, but often has a genetic basis with over 50 causative genes reported, affecting
various processes such as gonadal development, meiosis, DNA repair, folliculogenesis,
hormonal signaling, steroidogenesis, metabolism, mitochondrial function and immune
regulation (Tucker et al., 2016). Such a genetic cause can be identified in 10-15% of the POI
patients (Caburet et al., 2014). Depending on the gene involved, POI can occur as part of a
syndromic disorder (e.g. AIRE, ATM, FOXL2) or as an isolated disease (non-syndromic POI:
e.g. NOBOX, GDF9). In order to decipher the genetic heterogeneity of POI, recent studies
using massive parallel sequencing (MPS) approaches (targeted panels and whole-exome
sequencing (WES)), mainly in individuals with non-syndromic POI, have reported single
nucleotide variants in novel dominant or recessive candidate genes such as MCM9
(Fauchereau et al., 2016), POLR2C (Moriwaki et al., 2017), NUP107 (Ren et al., 2018) or
TP63 (Tucker et al., 2019). STAG3 was first described as a POl gene in 2014 (Caburet et al.,

2014), and recessive high impact variants have since been described as a rare but recurrent
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cause of non-syndromic POI (Caburet et al., 2014; Le Quesne Stabej et al., 2016; Colombo et
al., 2017; He et al., 2018). STAG3 is a key gene essential for meiosis, and is required for
gametogenesis and fertility. Its implication in male infertility has also been strongly
suggested (Le Quesne Stabej et al., 2016), and two male patients with non-obstructive
azoospermia (NOA) and biallelic high impact variants in STAG3 have recently been reported
(Riera-Escamilla et al., 2019; van der Bijl et al., 2019). We report here the first description of
a homozygous missense STAG3 variant associated with both female and male infertility, in a
woman with POI (primary amenorrhea) and her infertile brother with NOA. This study
confirms the recent data expanding the phenotypic spectrum of variants within STAG3 to
include male infertility, and demonstrates the involvement of missense variants in contrast

to loss-of-function variants previously reported.

Materials and methods

Patients

The proband (Figure 1, 11-3), born in 1984, was first seen at 15 years old for delayed puberty.
At this time, her height was 164.1 cm, weight was 61.2 kg and secondary sex characteristics
were underdeveloped (Tanner I-Il for breast, | for pubic and axillary hair). Genitals were
normal and ultrasonographic examination showed a small uterus; the right ovary was
present with a cyst suggesting a residual retained function and the left ovary was not
visualised. Hormonal assessment evaluated growth factors (normal IGF-1 and IGFBP-3, sub-
normal GH stimulation test by ornithine), thyroid hormones (normal T4 and TSH, and TRH
stimulation test), prolactin (normal) and reproductive hormones. High levels were detected
for follicle stimulating hormone (FSH: 46.5 Ul/l) and luteinising hormone (LH: 24.5 Ul/I) with

peaks at 78.5 Ul/l and 87.7 Ul/I respectively after gonadotrophin releasing hormone (GnRH)
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stimulation. Decreased levels were noted for estradiol (33 pg/ml) and sex hormone-binding
globulin (SHBG: 23 nmol/l, N: 28-80 nmol/l). Bone age was 12 years old and three months.
Autoimmunity was discounted (negative thyroid antibodies, ovarian antibodies, ACA/21-OH
antibodies). Karyotype showed 46,XX constitution. Estrogen therapy was initiated, and the
patient was evaluated six months later. Development of the secondary sex characteristics
started (Tanner Il for breast, Il for pubic hair and | for axillary hair), bone age was 13 years
old, hormonal assessment showed FSH: 43.1 Ul/I, LH: 4.1 Ul/I, estradiol: 26 pg/ml, and
normal testosterone. Estrogen therapy was progressively increased and hormone
replacement therapy was initiated in 2002. Other medical history included appendectomy
and surgical treatment for inguinal hernia, and hysteroscopia which revealed endometrial
hypotrophy but no malformation. Repeat ultrasonographic assessments in 2004 and 2008
confirmed uterine hypoplasia, small sized right ovary with some small follicles, and atrophic
left ovary. She was enrolled in an oocyte donation program in 2013 and had a child in 2017.
At this time, height was 1.76 m and weight was 80 kg. When last seen in 2019, she was
pregnant following another oocyte donation from the same woman.

In her familial history (Figure 1), her parents (I-1 and I-2) are healthy and consanguineous
(her mother’s great grandfather and her father’s grandfather are brothers). Maternal
menopause occurred at 50-year-old. She has two brothers, and a third (lI-2) who died at
four months (sudden infant death). One of the brothers (ll-1) also has reproductive
problems with NOA, and had two children after assisted reproductive techniques using
donor sperm. Assessment included hormonal testing with normal FSH (11.13 UI/I),
testosterone (6.84 pg/l), prolactin (8.68 ng/ml) and thyroid stimulation g hormone (TSH)
(1.21 UI/1), and karyotype (46,XY). The other brother (lI-4) is fertile and had two children

following spontaneous pregnancies. No other history of infertility is noted in the family.
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Written informed consent was obtained from all participants. All procedures were in
accordance with the ethical standards of the Ethics Committee of Rennes University

Hospital and the French law.

Detection of the variants by sequencing

Whole-exome sequencing (WES)

e WES assays
DNA from the proband underwent WES at the Australian Genome Research Facility (AGRF).
Library preparation was performed with Agilent SureSelect Human All Exon V6 (Agilent
Technologies, Santa Clara, CA, USA) and sequencing was with the NovaSeq™ 6000
Sequencing System (lllumina Inc., San Diego, CA, USA). All WES data were processed using
the Cpipe pipeline (Sadedin et al., 2015) designed according to the GATK guidelines and

deposited into SeqgR for analysis (https://seqr.broadinstitute.org/).

The proband and her family were also previously tested by exome sequencing, which was
performed as described elsewhere (Murphy et al., 2015). Briefly, exon enrichment was
performed using Agilent SureSelect Human All Exon V4 (Agilent Technologies, Santa Clara,
CA, USA). Paired-end sequencing was performed on the lllumina HiSeq2000 platform
(IHumina Inc., San Diego, CA, USA) with an average sequencing coverage of x50. Read files
were generated from the sequencing platform via the manufacturer’s proprietary software.
Reads were mapped using the Burrows—Wheeler Aligner and local realignment of the
mapped reads around potential insertion/deletion (indel) sites was carried out with the
GATK version 1.6. SNP and indel variants were called using the GATK Unified Genotyper for
each sample. SNP novelty was determined against dbSNP138. Datasets were filtered for

novel or rare (MAF<0.01) variants.
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e WES analysis
We performed two phases of analysis for WES performed with Agilent SureSelect Human All
Exon V6, based on our previously described method (Tucker et al., 2019), with the first
focused on gene priority and the second focused on variant priority. For gene-centric

|ll

analysis, we considered the potential pathogenicity of all “moderate to high impact” coding
variants within diagnostic or candidate genes (gene list as per Tucker et al., 2019). For
variant-centric analysis, we considered the potential pathogenicity of “high impact” variants
in any gene, and “moderate to high impact” recessive-type variants in any gene. High
priority variants are rare (<0.01 MAF) variants affecting essential splice sites, introducing
frameshifts or premature stop codons, whereas moderate priority variants are rare (<0.01
MAF) missense variants and in-frame codon deletions/insertions. MAF and tolerance of

genes to missense and/or loss-of-function variation were assessed in the public databases

EXAC (http://exac.broadinstitute.org/) and gnomAD (https://gnomad.broadinstitute.org/).

STAG3 variants observed by sequencing were described based on the Genbank
NM_012447.3 cDNA reference sequence and NP_036579.2 protein reference sequence,
according to the Sequence Variant Nomenclature for the Human Genome (HGVS

nomenclature) (http://varnomen.hgvs.org/). For greater clarity, the variants are reported as

c. instead of NM_012447.3:c. and p. instead of NP_036579.2:p.

Sanger sequencing

Long-range PCR was performed to amplify specifically the genomic region of interest, with
the Expand Long Range, dNTPack kit (Roche Life Science, Penzberg, Germany). The PCR mix
included 10 ul of Expand Long Range Buffer with MgCl,, 2.5 ul of PCR Nucleotide Mix, 0.25
uM of forward primer (CACTCTTACCTAGGTTTCACTTCTGC), 0.25 uM of reverse primer

(AATCTATCTCCCTACCTTCTCCAAGC), 6% DMSO, 0.7 ul of Expand Long Range Enzyme mix
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and 150 ng of patient genomic DNA in a final volume of 50 ul. PCR conditions were an initial
denaturation at 94°C for 2 min, 35 cycles with denaturation at 92°C for 10 sec, annealing at
62°C for 15 sec, elongation at 68°C for 8 min, and a final elongation at 68°C for 7 min. The
PCR product was visualised by electrophoresis on a 1% agarose gel (size 4,387 bp). Samples
were analysed by direct sequencing using the ABI Prism Big Dye Terminator Cycle
Sequencing Ready Reaction kit and the ABI 3100 Genetic Analyser (Applied Biosystems, CA,
USA). Sanger sequencing was performed (AGRF) with primers surrounding a 327 bp region
including the variant (forward: TCCATGAGAGGGAGTTATCTGGT / reverse:
GGGTTCATCATTGGTCACTAGGT). DNA sequences were aligned using the Benchling tool

(https://benchling.com/).

Functional studies

In-silico analyses

The effects of the missense variant identified were assessed using HOPE database

(Venselaar et al., 2010) (https://www.cmbi.ru.nl/hope/).

Variant pathogenicity was predicted in silico using Polyphen-2

(http://genetics.bwh.harvard.edu/pph2/), Mutation Taster

(http://www.mutationtaster.org/), SIFT/Provean (http://provean.jcvi.org/), DANN

(Deleterious Annotation of genetic variants using Neural Networks) score (Quang et al.,
2015) and CADD (Combined Annotation-Dependent Depletion) score

(https://cadd.gs.washington.edu/snv). The conservation of affected nucleotides and

residues in mammals, birds and fish was also taken into account with GERP (Genomic
Evolutionary Rate Profiling) score and Multiz Alignments of 100 vertebrates (UCSC Genome

Browser https://genome.ucsc.edu/). Variants in known diagnostic genes were curated using
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the American College of Medical Genetics and Genomics (ACMG) criteria (Richards et al.,
2015).

Testis biopsy staining

Immunohistochemistry (IHC) was performed using the Benchmark XT Ventana Roche system
with the XT ultraView DAB v3 revelation kit (Roche Life Science, Penzberg, Germany). First, 4
um sections of each testis block were made using a microtome to obtain fine paraffin
ribbons. These ribbons were deposited on IHC slides (SuperFrost Plus type 25x75x1.0 mm,
Thermo Fisher Scientific, Waltham, MA, USA). The slides were then dried at 56°C for 24
hours to ensure good adhesion of the tissue to the slide before staining. After inhibition of
endogenous peroxidases, sections of testicular tissue from a fertile control and from the
infertile brother were incubated with the primary STAG3 antibody (1:20 dilution of rabbit
polyclonal antibody) (PA5-63556, Invitrogen, Carlsbad, CA, USA) for 40 min. The primary
antibody was detected with a biotinylated secondary antibody. Staining was visualised with
the use of 3,3’-diaminobenzidine and hematoxylin as a counterstain. The slides were then
dehydrated in successive alcohol baths and xylene so as to be covered with a coverslip stuck

with pertex, a mounting medium.

Results

The filtering pipeline identified a total of 558 “moderate to high impact” variants in any
gene. For gene-centric analysis, eight “moderate to high impact” variants were within
diagnostic genes, and seven were within candidate genes. For variant-centric analysis, we
identified 46 “high impact” variants in any gene, and 184 “moderate to high impact”

recessive-type variants in any gene.
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The most relevant variants within diagnostic genes included (Table 1): a heterozygous
missense variant in HS65T1 (OMIM 604846, hypogonadotropic hypogonadism 15 with or
without anosmia), a homozygous missense variant in STAG3 (OMIM 608489, autosomal
recessive premature ovarian failure 8), a heterozygous missense variant in RECQL4 (OMIM
603780, Baller-Gerold / Rothmund-Thomson / RAPADILINO syndromes), compound
heterozygous missense variants in ATM (OMIM 607585, autosomal recessive ataxia-
telangiectasia), a heterozygous variant in RCBTB1 (OMIM 607867, autosomal recessive
retinal dystrophy with or without extraocular anomalies), a heterozygous splice site variant
in RSPH1 (OMIM 609314, autosomal recessive primary ciliary dyskinesia 24), and a
heterozygous missense variant in AIRE (OMIM 607358, autosomal dominant or recessive
autoimmune polyendocrinopathy syndrome type |, with or without reversible metaphyseal
dysplasia). Six genes were ruled out because they were unlikely to be causal for the
phenotype based on their inheritance (heterozygous variant involved in recessive disease:
RECQL4, RCBTB1, RSPH1 or inheritance from one parent), and/or the absence of phenotypic
match due to their association with syndromic POl (ATM, AIRE, RECQL4, RCBTB1) or with a
discordant phenotype (HS6ST1), and/or their unlikely pathogenic prediction (HS6STI,
RECQL4,). For ATM variants, a compound heterozygous status was observed with one
variant inherited from each parent, but both variants were curated as benign and the
phenotype was not an exact match so they are not further discussed. Further interesting
variants in candidate genes are listed in Table 1.

A homozygous missense variant in STAG3 NM_012447.3:c.962G>A  /
NP_036579.2:p.(Arg321His) (NC_000007.13:8.99794799G>A, GRCh37) was predicted to be
“likely pathogenic” after variant curation using ACMG-based criteria. This variant was

submitted to ClinVar (ClinVar accession SCV000995939). A deletion on one allele making

10

http://molehr.oxfordjournals.org/



the STAG3 variant appear homozygous was discounted with microarray and manual
inspection of the sequencing coverage with Integrative Genomics Viewer (IGV). It is a rare
variant not present in EXAC or in gnomAD and not referenced in ClinVar. At the protein
level, the variant lies within a highly conserved region and is thus probably damaging, which
is in accordance with the in-silico predictions (probably damaging in PolyPhen-2, disease
causing in Mutation Taster, damaging in SIFT/Provean, and DANN, pathogenic CADD score).
The STAG3 protein contains a STAG domain and a stromalin conservative domain (SCD) (86
amino acid motif present in all proteins of the family). Two armadillo repeats (ARM),
consisting of superhelical structures, are suitable for binding large substrates such as
proteins and nucleic acids. One of the ARM repeats is located in the SCD (Figure 2). The
variant introduces a smaller amino acid with neutral charge in place of the positively
charged wild-type amino acid within the ARM repeat of the SCD. This can disturb the
domain with loss of interaction with other molecules, abolishing the protein’s function
(HOPE database with the UniProtKB Q9UJ98 entry).

Interestingly, on IGV, many sequencing reads across this variant did not uniquely align to the
genome, with a number of sequencing reads aligning non-specifically, thereby indicating a
low mapping quality corresponding to highly repetitive and homologous genomic region
(Supp Figure 1B). In fact, the family was studied independently by two groups, with WES
performed in two different centres and data being analysed using two different
bioinformatics pipelines. One group failed to detect the variant due to a capture with no
baits targeting this exon of STAG3 (Supp Figure 1A, C). Initial attempts at sanger validation
cast further doubt on the variant being a true variant. Initial sanger sequencing indicated a
heterozygous variant at this site (Supp. Figure 2). However, this erroneous sequencing was

due to poor specificity of the sequencing primers. Persisting, we attempted a long-range

11
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nested PCR. The first PCR was performed with primers that captured a very large but
specific region of genomic DNA, followed by nested PCR closely flanking the variant site.
There were no common/reported SNPs affecting the binding site of any of the primers,
making allele-specific drop-out unlikely. Allele-specific drop-out was also discounted by
sequencing parental DNA and demonstrating heterozygosity, indicating successful
amplification of both alleles. This long-range nested PCR validated that the patient was truly
homozygous for the STAG3 missense variant (Supp. Figure 2). The difficulty in validating the
variant and the repeated transient belief that the variant was a false positive indicates the
need to carefully investigate and persist when reads do not align uniquely to the genome.
Familial studies targeting STAG3 showed that the variant was present in a heterozygous
state in the parents and the healthy brother whereas it was present in a homozygous state
in the infertile brother (Figure 1). This familial segregation with infertility adds weight to the
argument that this variant is causative.

For the infertile brother bearing the homozygous STAG3 variant, testis biopsy showed the
conservation of the testicular tissue architecture. On the right and on the left, the presence
of germ cells was noted in the seminiferous tubules, but no spermatozoa were identified,
indicating incomplete spermatogenesis, not beyond the spermatocyte stage and
corresponding to a spermatogenic arrest. IHC staining performed on testis biopsies (Figure
3) showed that in the control testis, STAG3 protein was present in the seminiferous tubules
in the nucleus of spermatogonia and spermatocytes. In the testicular biopsies from the NOA

brother, STAG3 expression was undetectable in the seminiferous tubules.

Discussion

Homozygous STAG3 missense variant associated with POI

12
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In our study, we identified the first likely pathogenic homozygous missense variant in STAG3
in a patient presenting with isolated POl and her brother with NOA in a consanguineous
family. STAG3 encodes a meiosis-specific component of the cohesion ring. Other meiosis-
specific subunits include, SMC1B, RAD21L, and REC8. The meiotic cohesion complex, wraps
around the centromeres and arms of chromosomes and ensures sister chromatid cohesion.
After cohesion cleavage, it plays a key role in proper chromosomal segregation during
meiosis. Several distinct cohesion complexes are thought to exist, showing differences in
spatiotemporal distribution throughout the meiotic divisions (Brooker and Berkowitz, 2014).
Variants in genes involved in the cohesin network have been associated with developmental
conditions known as cohesinopathies (e.g. Roberts syndrome, Cornelia de Lange syndrome).
Recent studies by whole-exome sequencing in patients with POl have identified putative
causative variants in SMC16 and REC8 (Bouilly et al.,, 2016), and established causative
variants in STAG3.

STAG3 causative variants include a homozygous 1 bp deletion (Caburet et al., 2014), a
homozygous 2 bp duplication (Le Quesne Stabej et al., 2016), a homozygous nonsense
variant (Colombo et al., 2017), a homozygous splice site variant (He et al., 2018), and two
homozygous in-frame variants (Xiao et al., 2019), which have been described in five
different consanguineous pedigrees affected by POl (OMIM: Premature ovarian failure 8,
#615723). Furthermore, compound heterozygous variants (missense and 1 bp deletion)
have recently been identified in two sisters of a non-consanguineous family (Heddar et al.,
2019). Two additional loss-of-function variants have been identified in an adopted woman
with POI, although compound heterozygosity was not confirmed (Franga et al., 2019), and
three other STAG3 variants associated with POI are reported in the ClinVar database: one

nonsense variant and two canonical splice-site variants without complete information on

13
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their homozygous or heterozygous status (Table 2). In contrast to the STAG3 variants
previously reported in association with POI, our patient is the first case of a homozygous
missense variant. We provide evidence that this STAG3 variant impacts protein function by
aberrant STAG3 expression in testicular tissue from the affected brother. Furthermore, the
strong phenotypic match between reported patients with STAG3 biallelic variants (Table 3)
strengthened the hypothesis of the involvement of the homozygous missense variant in POI.
All patients bearing biallelic STAG3 variants had indeed a severe POl phenotype with
especially early onset POI, primary amenorrhea, undeveloped secondary sex characteristics,
and streak gonads. The presence of streak gonads has been proposed to be a major feature
in POI patients bearing a deleterious variant with high impact on protein. The patient of our
study, similarly presented with primary amenorrhea and undeveloped secondary sex
characteristics. However, she had development of at least one ovary albeit non-functioning,
and had evidence of estrogen albeit at a low level, indicating that the missense variant may
result in some residual STAG3 activity and a slightly less severe phenotype. One of the 13
reported patients with confirmed or supposed biallelic STAG3 variant had a germ-cell
tumour (Caburet et al., 2014), although there is not enough evidence to suggest a
statistically significant increased risk. Additional monitoring for germ-cell tumour
development in patients with STAG3 variants may be warranted, and could improve patient
prognosis. Functional studies involving inactivation of Stag3 in a murine model were
performed by Caburet et al (Caburet et al., 2014). Female Stag3”’  mice had ovarian
dysgenesis and were sterile, with fetal oocytes showing an arrest at early prophase | due to
defects in synapsis, and in centromeric sister chromatid cohesion. Stag3 was therefore
proposed to be essential for the assembly of the meiotic cohesin ring and the synaptonemal

complex. For the homozygous splicing variant identified by He et al. in two sisters with POI,
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a truncated STAG3 transcript was identified in mRNA extracted from patient’s blood,
confirming the deleterious impact of the variant (He et al., 2018). Recently Xiao et al.
confirmed the deleterious impact of two homozygous in-frame variants with aberrant REC8
localisation and loss of interactions with REC8 or SMC1A as a consequence the variants (Xiao

etal., 2019).

STAG3 variants in male infertility

Furthermore, male Stag3~~ mice were also infertile (Caburet et al., 2014). Male mice lacking
Stag3 showed a meiotic arrest with shortening of their chromosome axial element and loss
of centromeric cohesion, and arrest of spermatogenesis at the first spermatocyte level,
leading to NOA (Pezzi et al., 2000; Llano et al., 2014). STAG3 loss-of-function is thus
postulated to lead to infertility, not only in women, but also in men (Llano et al., 2014). At
the time of WES analysis, there had been no report of STAG3 variants associated with
human male infertility, however, two biallelic variants in STAG3 leading to NOA have since
been described (Riera-Escamilla et al., 2019; van der Bijl et al., 2019). In the first report, the
patient was affected by complete bilateral meiotic arrest and carried two loss-of-function
variants in STAG3 (Figure 2). Further analyses performed on the patient’s testis biopsy
showed that meiotic entry occurred with normal frequency but was followed by a failure to
complete chromosome pairing. Thus, spermatocytes were lost before they reached meiotic
metaphase I. In the second report, the patient presented drastic aberrations in chromosome
architecture, with a meiotic arrest during prophase |, and no cells developing beyond late
zygotene (corresponding to spermatocyte | stage). This patient carried compound
heterozygous variants in STAG3 with one loss-of-function and one missense (van der Bijl et

al., 2019) (Figure 2). Interestingly, the proband of our study had an infertile brother with
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NOA also bearing the STAG3 variant in a homozygous state, with testis biopsy staining
confirming reduced STAG3 stability and an early meiotic arrest. This is the third male patient
described, and the first with a homozygous missense variant, confirming the involvement of
STAG3 in male infertility manifesting as NOA. According to the classification established for
meiotic arrest in human male meiosis (Jan et al., 2018), STAG3 biallelic variants are
associated with type | meiotic arrest where severe asynapsis of the homologous
chromosomes is a major feature, as observed in our patient . We report for the first time a
STAG3 variant leading to POI and NOA in a single pedigree, strengthening the existence of

shared genetic factors causing both these infertility conditions.

Impact of disturbance of the stromalin conservative domain (SCD)

STAG genes (STAG1, STAG2 and STAG3) encode members of the highly conserved family of
stromalin nuclear proteins harbouring particular structural elements: 1) the stromalin
conservative domain or SCD, an 86 amino acid region highly conserved from yeast to
humans, 2) the STAG domain present in Schizosaccharomyces pombe mitotic cohesin Psc3,
and the meiosis specific cohesin Recl11 (Ellermeier and Smith, 2005), 3) the amino-terminal
and carboxyl-terminal domains, and 4) the armadillo-type fold corresponding to a
superhelical structure adapted for binding large substrates such as proteins and nucleic
acids. It is noteworthy that inconsistency was observed for the reported STAG3 variants
when collecting the molecular data of the literature, with some misleading information (e.g.
the study of Colombo et al. describes a nonsense variant whereas a missense variant is
indicated in the title of the article). We have amended the description of variants in the
literature using HGVS nomenclature, as indicated in Table 2. Previous STAG3 homozygous or

compound heterozygous variants reported are located in the amino-terminal domain, the
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STAG domain, the carboxyl-terminal domain or the ARM-type fold. It is also interesting to
note a recurrence of the affected amino acid position 650 p.(Tyr650*) with two different
loss-of-function substitutions resulting in the same protein damage (Le Quesne Stabej et al.,
2016; Franca et al., 2019). All but four variants were predicted to generate nonsense-
mediated decay, leading to STAG3 loss-of-function. Of the remaining variants, functional
experiments performed for two demonstrated also a complete loss of function, with
absence of any binding to interacting proteins (Xiao et al., 2019). The two missense reported
variants were both associated with a severe variant in a compound heterozygous state
(Heddar et al., 2019; van der Bijl et al., 2019). We report the first homozygous missense
variant in the SCD. The strong conservation of this domain among the STAG proteins, and
the pathogenic in-silico predictions, suggest that a missense variant at this position can

deleteriously impact protein function.

STAG3-like genes lead to difficulties in identification of STAG3 variants by massive parallel
sequencing

STAG3 is a meiosis-specific gene which consists of 34 exons and encompasses more than 30
kb of the genomic DNA. The STAG3 gene is the precursor of a family of truncated genes or
STAG3-like (STAGL) genes (STAG3L1 to STAG3L6), all on chromosome 7, displaying 90-98%
identity. These paralogs correspond to truncated copies of STAG3 that have originated
through genomic duplications from the ancestral STAG3 gene, with most of them
transcribed normally although the production of a functional protein is not demonstrated.
For some of the STAG3L genes, 85% similarity to the middle part of STAG3, including the
entire SCD, is predicted (Pezzi et al., 2000). These data are in line with the difficulty in

detecting the STAG3 variants, which introduce a change in the ARM repeat of the SCD of the
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protein. We can deduce that the variant identified in our patient is located in the similar
region of STAG3/STAG3L1-2-3. The 124bp exon of STAG3 in which the variant falls, has 100%
identity with regions of STAG3L1, STAG3L2 and STAG3L3. This led to failure of variant
detection by one WES protocol and ambiguous results with another WES protocol as well as
subsequent sanger sequencing. We solved the ambiguity by the development of a long-
range nested PCR. For variants in multi-mapping regions such as these, the most conclusive
data comes from long-range nested PCR, and not WES. Allele-specific dropout due to SNVs
in primer-binding sites remains a theoretical possibility, however, in this case is unlikely
given the lack of common/reported SNPs at primer-binding sites, the fact that both alleles
successfully amplified in each heterozygous parent, the strong gene:phenotype match and
the lack of STAG3 in patient biopsy, providing functional evidence to support the

involvement of this gene.

Conclusion

This study reports for the first time a STAG3 missense variant leading to POl and NOA,
strengthening the existence of shared genetic factors causing both these infertility
conditions. Furthermore, this study highlights the role of meiosis-specific genes of the
cohesion complex in POl pathogenesis but also in male infertility, particularly NOA.
Interpretation of STAG3 variants can be challenging due to a lack of uniformity of variant
nomenclature in the literature, as well as the limitations of WES for detecting variants in
repetitive regions of the genome. Exome sequencing is now a major tool allowing the
elucidation of key genetic factors leading to infertility, however, it requires careful analysis

when considering genes within homologous regions of DNA, such as STAG3. In such cases,
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manual inspection of aligned sequences and complementary techniques such as long-range

PCR should be performed to establish variant inheritance and pathogenicity.
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Figure Legends

Figure 1: Familial pedigree and STAG3 genotype

The female proband (arrow, II-3) is homozygous for the STAG3 missense variant, as is her
infertile brother (ll-1). Both affected individuals conceived children (llI-1, 111-2, 11I-3, 11I-4)
using assisted reproduction with donor gametes. Year of birth is indicated for the siblings
(generation Il). Familial segregation of the variant was assessed with long-range nested PCR
and sanger sequencing.

Figure 2: STAG3 variants identified in infertile patients and/or reported in ClinVar
(NP_036579.2)

Variants reported in POI patients are in black with single line, variants reported in the NOA
patient are in bold with double line, variants observed in ClinVar are in grey with dotted line,
variant observed in our study is underlined and indicated by an arrow. Reported variants are
either homozygous (hom.) or heterozygous (het.). ARM-type fold: armadillo-type fold. N:
amino-terminal domain, STAG: STAG domain, SCD: stromalin conservative domain, C:

carboxyl-terminal domain.

Figure 3: Immunohistochemistry on testis biopsy (magnification x10, x20, x40 from left to
right)

3a: Normal testis. STAG3 protein is present in the seminiferous tubules in the nucleus of
spermatogonia and spermatocytes (arrows).

3b: Testis from brother with NOA. STAG3 protein is absent from the seminiferous tubules

(arrows).
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Table 1. Relevant variants within diagnostic and candidate genes in the proband.
‘Conc.iltlon Ch.romosomal Variant Typ.e of Amino acid MAF (gnomAD) Prediction Previous description Inheritance ACM.G-bf':\sed
Gene (inheritance) variant GRCh37 variant change criteria
Hypogonadotropi . MT: polymorphism
Hsgs77 | € ypogonadism N%gggggé'llcl; NM_004807.2 :'Seterozygo NP_004798.3: |T:0.0008421 |PP-2: benign dbSNP: rs61732021 | Father Likelv benian
(susceptibility, & 1¢.1121G>A ) p.(Ser374Asn) | EP:0.001439 SIFT: tolerated ClinVar: benign heterozygous y &
T Missense
AD)
Premature MT: disease causing
ovarian NC_000007.13: | \\1 012447, |HOMOZYEOU | \p 036579.2: PP-2: probably dbSNP: NR Father and Likely
STAG3 |. L. 8.99794799G> . 0 . > mother .
insufficiency (AR) 3:¢c.962G>A . p.(Arg321His) damaging Clinvar: NR pathogenic
A Missense . heterozygous
SIFT: damaging
Baller-Gerold, PP-2: benign dbSNP: rs61755066
RAPADILINO, NC_000008.10: NM_004260.3 Heterozygo |NP_004251.3 1:0.002964 SIFT: tolerated (;Ianar: b.enlgn / Father . -
RECQL4 |Rothmund- g.145737131C> | c3435G>C | US (LRG_277p1): EP: 0.004466 likely benign heterozveous Likely benign
Thomson G T Missense p.(GIn1145His) o ve
syndromes (AR)
Ataxia- NC_000011.9: Heterozygo |NP_000042.3 MT: disease causing | dbSNP: 1s2227922 1\ o g
telangiectasia NM_000051.3 T:0.003179 PP-2: possibly ClinVar: Benign(5) / . .
ATM g.108123551C> us (LRG_135p1): . . . : brother II-1 Likely benign
(AR) T :¢.1810C>T Missense (Pro604Ser) EP: 0.001549 damaging / benign | Likely benign(7) / heterozveous
P- SIFT: tolerated VUS(1) ¥e
Ataxia- NC_000011.9: Heterozygo |NP_000042.3 MT: disease causing | dbSNP: rs1801673 o
telangiectasia NM_000051.3 T:0.004883 PP-2: possibly ClinVar: Benign(5) / . .
ATM g.108175463A> us (LRG_135p1): . . . . brother II-1 Likely benign
(AR) T : ¢.5558A>T Missense (Asp1853Val) EP:0.007144 damaging / benign | Likely benign(7) / heterozveous
P-AAsP SIFT: damaging VUS(1) ve
Retinal dystrophy Heterozveo MT: disease causing | dbSNP: rs146955596 Mother and
RCBTBI with or without | NC_000013.10: |NM_018191.3 us ¥e NP_060661.3: |[T:0.00009192 |PP-2: benign ClinVar : NR brother II-1 VUS
extraocular g.50115874T>A |: c.1262A>T . p.(Tyr421Phe) |EP:0.0004800 |SIFT: tolerated
. Missense heterozygous
anomalies (AR)
RSPH1 Zrlsmkfnr;/sic;thrK) NC_000021.8: | NM_080860.3 Eseterozygo NF;_543136‘1: T: 0.0003535 Loss of function gltiji\N/:r:'rsi’?(}OZ:iiz Mother Pathogenic
¥ £.43906573T>G | : ¢.275-2A>C A Bt EP: 0.0006736 - pathog heterozygous &
Splice site
Autoimmune
polyendocrinopat |NC_000021.8; | \V-000383.3| Heterozygo |\ p 55437, 1 | T:0-000004002 . | dbsNP: rss56919503 | Father and . .
AIRE hv svndrome 45710692G>A |- ¢.880- us (LRG. 18p1):p.? EP: MT: disease causing ClinVar : NR brother II-1 Likely pathogenic
y sy & 286G>A Missense —+SPLP7 1 5 000008884 ' heterozygous
(AD, AR)
Heterozveo MT: disease causing
HTRA3 NC_000004.11: |NM_053044.4 us ve NP_444272.1: |T:0.0002940 PP-2: probably dbSNP: rs151074010 | Father VUS
g.8295839C>T |:c.962C>T . p.(Thr321Met) |EP: 0.0005521 |damaging ClinVar : NR heterozygous
Missense .
SIFT: damaging
NC_000006.11: |NM_0011683 |Heterozygo MT: disease causing
- [V Y89 NP 001161860.|T:0.001576  |PP-2: possibly dbSNP: rs111814036 | Mother
CITED2 8.139694603T> | 88.2: us 1:p.(His160Leu) | EP: 0.002906 | damagin ClinVar : NR e |
A C.479A>T Missense i N &ing ' ve
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NC_000006.11: | \\\1 5n0g76.3 | Heterozveo |NP_000867.2 1. 0y 6gq | MT:polymorphism | o o, 97699060 |Mother . )
IGF2R g.160493009C> . ca511C>T  |YS (LRG_1036p1): EP: 0.001525 PP-2: benign ClinVar : NR heterozveous Likely benign
T o Missense p.(Thr1504lle) T SIFT: tolerated ) s
Heterozygo Wl CIREEACE TR Mother and
ADGRAZ NC_000008.10: | NM_032777.9| ¢ YEO NP 116166.9: |T:0.00001990 |PP-2: possibly dbSNP: rs370919357 |/ 1T A% Us
g.37693106C>T |:c.1868C>T . p.(Pro623Leu) |EP:0.00002640 |damaging / benign ClinVar : NR
Missense ) heterozygous
SIFT: damaging
TNFRSF1 NC_000012.11: |NM_001065.3 | Heterozveo | NP_001056.1 MT: polymorphism | 4 o\ 1656279759 | Father
A 6438570G>A |[:c.1276C>T us (UHELACEIpE ) 223 9CIn ClinVar : NR heterozygous vus
& o Missense p.(Arg426Cys) SIFT: tolerated \ ve
NC_000013.10; | WM-0011272 | Heterozygo | NP_001120689. | . ) 55,5, | MT: disease causing |\ cnp. 149015682 |Father
SMADS 37427805G>C | - /% us 1(LRG_703p1): | e noosaga | PP-2: benign ClinVar: VUS s
= c.1011C>G Missense p.(His337GIn) T SIFT: tolerated ) i
NC_000014.8: |NM_014381.2 |10V | \p 055106.2: |T:0.001864 | M- POlvmOrphism b, 61752722 | FAther, mother, )
MLH3 75513934T>C |: c.2425A5G | (Met809Val) |EP:0.002765 |F7.2 Penign e iy ey | C 2redner I=L |y e
& T Missense P: T SIFT: tolerated ' y & heterozygous

White: variants in diagnosis genes, bold: variants in STAG3, light grey: variants in candidate genes
T: total, EP: European population, MT: Mutation Taster, PP-2: PolyPhen-2, SIFT: Sorting Intolerant From Tolerant, VUS: variant of uncertain significance, NR: not reported, ACMG: American College
of Medical Genetics and Genomics.
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Chromosomal Variant Amino acid change Exon/Intro Human
variant GRCh37 Type of variant Expectation Functional studies
NC_000007.13 NM_012447.3 NP_036579.2 n phenotype
Homozygous
Caburet c.[562delC];[562delC] Frameshift by p.[(GIn188Argfs*8)];[(GIn188Argfs*8 | Truncated Stag3”’ mouse (POI
etal, g.99786486del ENST00000426455: deletion )| protein or Exon 7/34 | female and infertile POI
2014 c.968delC? 2 premature stop p.Phe187fs*7 NMD (LoF) male)
codons
Le Homozygous
Quesne g.99798478 99798 c:[1947_1948dupCT];[19 Frameshlft by p.[(Tyr650Serfs*22)];[(Tyr650Serfs* Trunc.ated Exon
Stabei et | 479 du 47_ duplication 22)] protein or 19/34 NP POI
) P 1948dupCT] 2 premature stop NMD (LoF)
al., 2016
codons
Homozygous Truncated mRNA
. Frameshift by splice Truncated identified from
;'gle; 3l | 5 99796995G>A '[:1[5175373;2331 site p? protein or |1n5t;§; patients by RT-PCR | POI
2 premature stop NMD (LoF) (p.Leud490Thrfs*10
codons predicted)
Homozygous
Colombo 11 « Truncated
etal,, £.99786601C>G c.[677C>G];[677C>G] 20':?“”:fure o p.([gs;;zzii)z)],[(Serzzs ) proteinor | Exon7/34 | NP POI
2017 P P - NMD (LoF)
codons
Compound
heterozygous?
Frameshift by Truncated Exon 4/34
:ag%algt g'ggézg;igig‘i”p €.291dupC(;)1950C>A | duplication + p.(Asn98GInfs*2)(;)(Tyr650*) proteinor | Exon NP POI
Y & nonsense NMD (LoF) 19/34
2 premature stop
codons
Loy Impaired
heterozygous protein
Heddar Missense + . " . Exon 7/34
etal,, ggg;gg;i:g:f ¢.[659T>G;3052delC] Frameshift by ;"[(LeUZZOArg"'[(ArglomASPfs 14) :‘r’:rfz'aotz(?”d Exon NP POI
2019 & deletion . 28/34
1 premature stop protein or
P NMD (LoF)
codon
2.99792941 99797 | &-[877_885del;c.891_89 p.[(His293_Glu295del;lle297_Glu298 Aberrant REC8
. 3dup Two homozygous . Loss of o
Xiao et 949 del TGAJ; variants insAsp)]; rotein Exon 9/34 localization and loss PO
al.,, 2019 | g.99792955_99792 y [(His293_Glu295del;lle297_Glu298in P . of interactions with
957 du [877_885del;c.891_893 Inframe sAsp)] function RECS or SMC1A
P dupTGA] P
Our Homozygous  http://molehr.oxfordjournals.org/. Impaired Exon Spermatogenic arrest | POl and
. . >A]; > . ;
study §.99794799G>A c.[962G>A];[962G>A] Missense P-[(Arg321His)];[(Arg321His)] protein 10/34 in male patient, NOA
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function aberrant STAG3
protein expression in
patient testicular
biopsy
Compound
Riera- heterozygous Exon
J1 ;[2 1 ) T .
Escamilla | g.99798467dup ¢.[1936dupG];[2394+1G Frameshift by p.[(Ala646Glyfs*9)];[?] runc-ated 17/34 Spermatogenic arrest
>A] . . Lo protein or . . NOA
etal., g.99799665G>A  1759dUpG insertion + splice site | p.(Ala586fs)3 NMD (LoF) Intron in patient
2019 ' P 2 premature stop 23/33
codons
Compound Impaired Spermatogenic arrest
Van der heterozygous protein in patient,
- g.99796115T>G . Missense + . * function and | Exon aberrations in
Sgllgt al, g.99796165C>T ¢.[1262T>G];[1312C>T] Nonsense p-[(Leud21Arg)];[(Arga38%)] truncated 13/34 chromosome NOA
1 premature stop protein or architecture
codon NMD (LoF)
. ND allelic status Likely Intron
. .337-2A> .2
Clinvar £.99783821A>C c.337-2A>C 11296715259 p pathogenic 4/33 NP ND
. ND allelic status Likely Intron
. . +1G> .?
Clinvar £.99794903G>C ¢.1065+1G>C r$1554406947 p pathogenic 10/33 NP ND
. ND allelic status " Likely Exon
Clinvar g.99801719C>T c.2776C>T rs764841861 p.(Arg926%*) pathogenic 26/34 NP POI

1. Caburet et al. describes the STAG3 variant in terms of the ENST00000426455 Ensembl reference transcript, and does not begin numbering with “c.1” at the A of the ATG start codon as per
HGVS guidelines. The protein nomenclature has also been amended because the protein is encoded normally up to and including p.Phe187. The first altered amino acid is the substitution
of p.GIn188Arg and there are a total of 8 altered codons, including the new stop codon (Caburet et al., 2014).
2. Colombo et al. describe the c.677C>G variant as a missense variant affecting codon number 227, whereas it is in fact a nonsense variant affecting codon 226 (Colombo et al., 2017).

variant is in fact NM_001282718:c.1762dupG, which is the equivalent to NM_012447.3:¢.1936dupG:p.(Ala646Glyfs*9).
DNA variant numbering is based on GenBank reference DNA sequence NM_012447.3, with the A of the ATG initiation codon designated +1. Chromosomal variants are described according to the
nucleotide sequence NC_000007.13 (GRCh37). Predicted protein annotations are based on NP_036579.2.
In variant and amino acid change columns, correct nomenclature with reference to NM_012447.3 and NP_036579.2 is provided in bold. Erroneous nomenclature or variants described using a

different transcript in the literature are indicated underneath.

NMD: nonsense mediated decay, POI: premature ovarian insufficiency, NOA: non-obstructive azoospermia, ND: not determined, NP: not performed.

http://molehr.oxfordjournals.org/

Riera-Escamilla et al. describe a NM_001282718:¢c.1759dupG variant, however position c.1759 is not a G. Elecropherograms were provided by the authors upon request, which clarified the
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20
21  Table 3. Clinical data of the reported POI patients with STAG3 variants.
Caburetetal, | Le Quesne Stabejetal., Franca et
He et al., 2017 Colombo et al., 2017 Heddar et al., 2019 Xiao et al., 2019 Our stud
2014 2016 : / al., 2018 : : Y
Age at . 1.7—20 (four 1 1‘1 (younger 19 ND (younger )8 3~1 (elder 21 13 1‘7 (younger 18 2.1 (elder 15
diagnosis sisters) sister) sister) sister) sister) sister)
PA PA PA PA PA PA PA PA PA PA PA PA PA
Menses Menarche Menarche Menarche
with ET with ET with ET
Undeveloped No No Undeveloped Undeveloped Breast Tanner | Delayed Development No No Breast Tanner | ND Delayed
breast spontaneous spontaneous breast breast /0 puberty with ET spontaneous spontaneous | puberty
Secondary puberty puberty Sparse pubic / Sparse pubic Development Breast Tanner | puberty puberty Breast Tanner I-
sex Undeveloped Development | axillary hair hair with ET n 1]
characters breast with ET Pubic hair Pubic and
Development Tanner Il axillary hairs
with ET Tanner |
Height N N N ND N -1.2 SD -0.9SD N -1.5 SD N N ND +1SD
Weight ND ND ND ND ND +0.6 SD +0.4 SD N -2SD N N ND +1 SD
Small uterus
Streak gonads Small uterus Uterus and small rlght
Normal uterus | Small uterus Small uterus ! . Small uterus . Small uterus ovary with small
us Streak gonads Streak gonads | (fibrous ND Ovaries not ND ovaries not . .
Streak gonads | Streak gonads | Streak gonads X Streak gonads Small ovaries follicles,
tissue) seen seen .
atrophic left
ovary (not seen)
FSH 1U/I > 45 136 130 48.69 48.38 48 Similar 89 86 ND (POl level) | 51 72.19 46.5
LH 1U/I > 18 31 62 26 25.51 23 Similar 37 27.5 ND (POl level) | 11.08 18.58 24.5
E iol
pzt/r;?w <22 <10 <10 N N 19 Similar <13 <3 ND (POl level) | <10 <10 33
AMH: 0.03
ng/ml
. . Testosterone
Other INHB INHB Prolactin N Prolactin N N Similar to that AMH SHBG: 23
hormonal Thyroid Progesterone X INHB low ND ND ND
undetectable undetectable INHB of sister undetectable nmol/l (low)
levels hormone N N undetectable
INHB
undetectable
Karyotype | 46,XX 46,XX 46,XX 46,XX 46,XX 46,XX 46,XX 46,XX 46,XX ND 46,XX 46,XX 46,XX
Ovarian auto- Ovarian auto- Ovarian auto- | Ovarian auto- Adrenal or Ovarian auto- Adrenal or Adrenal or
Auto-Ab Auto-Ab -ve Auto-Ab -ve ND thyroid auto- ND thyroid auto- thyroid auto- Auto-Ab -ve
Ab -ve Ab -ve Ab -ve Ab -ve Ab -ve
Ab -ve Ab -ve Ab -ve
FMR1 N ND ND N ND ND ND N N ND N N N
. . Consanguineous
Consanguineous Consanguineous parents
) . - Adopted parents
parents Consanguineous parents Het. carriers with premature ) )
. R woman . . One infertile
Other Gonadoblastoma, | Consanguineous parents Unaffected parents and menopause or irregular Non-consanguineous parents Consanguineous parents
. . X Parental DNA brother (non-
complex tumor in brother het. carriers menstruation / . .
. . non-available obstructive
one of the sisters oligoamenorrhea R
azoospermia)
22 PA: primary amenorrhea, POIl: primary ovarian insufficiency, US: ultrasonographic examination, FSH: follicle stimulating hormone, LH: luteinising hormone, INHB: inhibin beta, AMH: anti-millerian hormone, SHBG: sex
23 hormone-binding globulin Ab: antibodies, ET: estrogen therapy, N: normal, SD: standard deviation, ND: not determined/described, het.: heterozygous
24 Hormonal levels were converted to a unique unit of measure.
25
26

http://molehr.oxfordjournals.org/
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Figure 1

Figure 1. Familial pedigree and STAG3 genotype
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Figure 2

Figure 2. STAG3 variants identified in infertile patients and/or reported in ClinVar (NP_036579.2)
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Figure 4

Immunohistochemistry on testis biopsy (magnification x10, x20, x40 from left to right)
3a: normal testis. STAG3 protein is present in the seminiferous tubules in the nucleus of spermatogonia and
spermatocytes (arrows).
3b: Testis from brother with NOA. STAG3 protein is absent from the seminiferous tubules (arrows).
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