Journal of

%

Clinical Medicine

Article

The Role of MCMD in the Etiology of Sertoli Cell-Only
Syndrome and Premature Ovarian Insufficiency

Tulia Potorac *, Marie Laterre 2, Olivier Malaise 3(7, Vlad Nechifor , Corinne Fasquelle 2, Orphal Colleye °,
Nancy Detrembleur °, Hannah Verdin (7, Sofie Symoens 6, Elfride De Baere ¢(", Adrian F. Daly 10,

Vincent Bours 2, Patrick Pétrossians ! and Axelle Pintiaux

check for
updates

Citation: Potorac, I.; Laterre, M.;
Malaise, O.; Nechifor, V.; Fasquelle,
C.; Colleye, O.; Detrembleur, N.;
Verdin, H.; Symoens, S.; De Baere, E.;
et al. The Role of MCMJ9 in the
Etiology of Sertoli Cell-Only
Syndrome and Premature Ovarian
Insufficiency. J. Clin. Med. 2023, 12,
990. https://doi.org/10.3390/
jem12030990

Academic Editor: Jens Fedder

Received: 3 December 2022
Revised: 12 January 2023
Accepted: 25 January 2023
Published: 28 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

7,%

Department of Endocrinology, Centre Hospitalier Universitaire (CHU) de Liége, Domaine Universitaire
Sart-Tilman, 4000 Liége, Belgium

Department of Human Genetics, Centre Hospitalier Universitaire (CHU) de Liege, Domaine Universitaire
Sart-Tilman, 4000 Liége, Belgium

Department of Rheumatology, Centre Hospitalier Universitaire (CHU) de Liege, Domaine Universitaire
Sart-Tilman, 4000 Liége, Belgium

Department of Urology, Centre Hospitalier Universitaire (CHU) de Liége, Domaine Universitaire Sart-Tilman,
4000 Liege, Belgium

Department of Pathology, Centre Hospitalier Universitaire (CHU) de Liége, Domaine Universitaire
Sart-Tilman, 4000 Liége, Belgium

6 Center for Medical Genetics Ghent, Ghent University and Ghent University Hospital, 9000 Ghent, Belgium
Department of Gynecology, Centre Hospitalier Universitaire (CHU) de Liege, Domaine Universitaire
Sart-Tilman, 4000 Liege, Belgium

*  Correspondence: iulia.potorac@chuliege.be (I.P.); axelle.pintiaux@chuliege.be (A.P.)

Abstract: Infertility in couples is a common problem, with both female and male factors contributing
to similar extents. Severe, congenital disorders affecting fertility are, however, rare. While follicu-
logenesis and spermatogenesis are generally orchestrated via different mechanisms, some genetic
anomalies can impair both female and male gametogenesis. Minichromosome maintenance complex
component 9 (MCMD9) is involved in DNA repair and mutations of the MCMJ9 gene have been previ-
ously reported in females with premature ovarian insufficiency (POI). MCMO9 is also an emerging
cancer risk gene. We performed next-generation and Sanger sequencing of fertility and related
genes and hormonal and imaging studies in a kindred whose members had POI and disordered
spermatogenesis. We identified a homozygous pathogenic MCM9 variant, ¢.394C>T (p.Arg132*) in
three sisters affected by POI due to ovarian dysgenesis and their brother who had normal pubertal
development but suffered from non-obstructive azoospermia. Testicular biopsy revealed Sertoli
cell-only testicular histopathology. No evidence of early onset cancer was found in the homozygotic
family members, but they were all young (<30 years) at the time of the study. In the male patient the
homozygous MCM9 variant led to normal pubertal development and hormonal levels but caused a
Sertoli-cell-only syndrome with non-obstructive azoospermia. In the homozygous females studied,
the clinical, hormonal, and gonadal phenotypes revealed ovarian dysgenesis consistent with previous
reports. Active screening for potential colorectal and other cancer risks in the homozygotic MCM9
subjects has been instigated.

Keywords: azoospermia; non-obstructive; premature ovarian failure; MCM9; puberty; genetics;
Sertoli cell only syndrome

1. Introduction

Infertility affects around 15% of couples [1], and the causes can be complex and
multifactorial. Major strides have been made in recent years to identify the contribution of
genetic factors to both male and female causes of infertility [2,3]. In females, premature
ovarian insufficiency [POI], characterized by a decreased ovarian follicular reserve in those
aged <40 years, affects >1% of women [4,5]. Primary amenorrhea due to hypergonadotropic
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hypogonadism lies at the severe end of the POI spectrum and its causes include monogenic
diseases leading to anomalous follicular development or function [6]. Male causes are
solely responsible for 20-30% of cases of infertility and, according to recent studies, global
rates of male infertility range from 2.5 to 12% [7]. Non-obstructive azoospermia and
related conditions that have a severe impact on fertility affect nearly 1% of the male
population [8]. Whereas non-obstructive azoospermia was classically associated with
chromosomal aneuploidy [Klinefelter syndrome] and microdeletions of Y chromosomal
azoospermia factors, recent research has identified many novel genetic etiologies [9,10].

Some emerging monogenic disorders can affect both follicular function and spermato-
genesis, such as biallelic mutations in the minichromosome maintenance complex component
8 [IMCMS] gene [11,12]. MCMS8 and MCM9 play important roles in DNA double-strand
repair mechanisms [13] and disordered function of these proteins has been associated with
primary gonadal failure and a potentially increased cancer risk [14-16]. Homozygous
pathogenic variants in MCM9 have previously been shown to lead to premature ovarian
failure [17], but their role in spermatogenesis remains unclear.

Here, we report the characteristics of subjects with POI and non-obstructive azoosper-
mia due to a homozygous pathogenic truncating MCM9 variant. This is—to our knowledge
—the first detailed clinical, hormonal, and gonadal description of a male individual with
azoospermia due to a pathogenic variant of the MCM9 gene.

2. Materials and Methods

Genomic DNA was extracted from blood leucocytes. It was enriched with the Surese-
lect All Exon v7 kit [Agilent Technologies] and was sequenced on a NovaSeq 6000 platform
[[llumina]. Read alignment and variant calling were performed using a custom-developed
bcbio-based pipeline. A minimum of 90% of all included genes have a coverage of at least
20x. Variants were interpreted and filtered using custom software. Data analysis of the
130 genes included in the ‘Disorders of sex development—Primary ovarian insufficiency—
Hypogonadotropic hypogonadism” gene panel version 5 [Center for Medical Genetics,
University of Ghent, Belgium] was performed in the first two sisters [IV-1 and IV-5]. The
pathogenic MCM9 variant was later sequenced using Sanger sequencing in the other family
members [IV-2, IV-3, and IV-6]. For IV-3, genomic DNA was enriched by the HyperCap
EZ Prime Choice Probes [Roche] and the 43 genes included in the ‘Osteogenesis imper-
fecta/Osteoporosis’ panel [Center for Medical Genetics, University of Ghent, Belgium]
were sequenced using Illumina’s sequencing by synthesis [SBS] technology. Variants re-
ported have been confirmed by Sanger sequencing. The COL1A?2 variant detected in IV-3
was sequenced using Sanger sequencing in the other family members [III-1, III-2, IV-1, IV-2,
IV-5, IV-6]. Primers used for MCM9 and COL1A2 Sanger sequencing and technical details
of next-generation sequencing panels are available on request. All subjects and/or parents
provided informed written consent for genetic studies and other examinations.

Clinical data on the included subjects were as follows: two sisters aged 24 [IV-1]
and 17 years [IV-5] were referred for investigation of primary amenorrhea. The sisters
belong to a consanguineous family of Middle Eastern origin, their parents being paternal
first-degree cousins. The parents had eight children [six daughters and two sons—Figure 1].
Patient IV-1 reported that in her late teens her breast development was absent, but she
had normal axillary and pubic hair. She received hormonal treatment [estradiol valerate
2 mg and norgestrel 0.5 mg] between the ages of 18 and 20 at another center. This led
to some breast development and the onset of menses but after stopping treatment, her
amenorrhea returned. On clinical examination when she presented to our center, she had
minor breast development, and normal axillary and pubic hair. The younger sister IV-5,
who was naive to hormonal treatment, had absent breast development, normal axillary and
pubic hair, and no other notable physical features on physical examination. A third sister,
IV-2 presented elsewhere with the same clinical phenotype [absent breast development and
primary amenorrhea] as IV-1 and IV-5. One other sister, IV-4, had a normal puberty and
had conceived naturally. The other two remaining sisters were still pre-pubertal at the time
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of presentation. Two brothers were 19 [IV-3] and 15 [IV-6] at the time of presentation, and
both had entered puberty normally and were clinically well virilised.
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Figure 1. Pedigree of a consanguineous kindred with MCM9 pathogenic variant. Males and females
are designated by squares and circles, respectively. In generation III, the numbers of offspring are
indicated by Roman numerals inside the squares/circles, the diamond refers to multiple offspring of
individual IV-4 Homozygotes for the MCM9 pathogenic variant are shown in black, heterozygotes in
black and white, untested subjects in grey and deceased individuals in white with a strikethrough.

Complete hormonal analyses were performed in the six post-pubertal subjects. When-
ever appropriate, imaging studies such as pelvic ultrasound and MRI, scrotal ultrasound,
and bone densitometry were performed. Genetic analyses were requested. As osteoporotic
values were found in the male index patient, an osteoporosis gene panel was requested.
An open testicular biopsy was performed on patient IV-3 and two testicular fragments
were sampled. Staining with hematoxylin-eosin, trichrome, orcein, placental alkaline phos-
phatase [PLAP], sal-like protein 4 [SALL4], inhibin, androgen receptor, actin, and calretinin
immunostaining were performed.

3. Results
3.1. Clinical Characteristics in Females

Hormonal work-up in female subjects IV-1 and IV-5 revealed hypergonadotropic
hypogonadism [Table 1] and very low AMH levels. A pelvic MRI found a hypotrophic
uterus in subject IV-1, who had previously been treated with hormone replacement therapy.
No uterus and a hypoplastic vagina were identified in the younger, treatment naive sister
IV-5. The ovaries could not be visualised in either sister. Severe osteoporosis was present in
both patients, with Z-scores of —4.2 in the lumbar spine and 3.7 in the femoral neck for IV-1
and —4.8 in the lumbar spine, and —2.9 in the femoral neck in IV-V. Hormonal substitution
with transdermal oestradiol 1.5 mg daily, then 2.25 mg daily was started in both sisters
and after six months, dydrogesterone 10 mg daily, 10 days/month was added. At the last
follow-up 18 months later, bone mineral density had improved in both sisters with Z-scores
of —3.2 [from —4.2] in the lumbar spine and —2.9 [from —3.7] in the femoral neck in the
elder sister IV-1 and —3.0 [from —4.8] in the lumbar spine and —1.7 [from —2.9] in the
femoral neck in subject IV-5. Pelvic MRI in subject IV-5 showed her uterus had grown and
now measured 5 cm in length and the vagina was normal in appearance.
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Table 1. Clinical, hormonal, genetic, and bone characteristics in subjects with MCM9 pathogenic variant.

IvV1 IV.5 Iv.2  AVA) IV.6 I11.3 I11.4
Gender female female female male male male female
c.394C>T, ¢.394C>T, ¢.394C>T, €.394C>T, €.394C>T,
MCM9 status p-Argl32* p-Argl32* p-Argl32* p-Argl32* p-Argl32* NA NA
homozyg. homozyg. homozyg. homozyg. heterozyg.
Pubertal Normal; Normal;
Absent Absent Absent Normal Normal . .
status fertile fertile
FSH (U/L) 117 112 106 5 45 NA NA
LH (U/L) 41 24 56 4.8 3.8 NA NA
Estradiol
(ng/L) <24 <24 <24 31 NA NA NA
Testosterone 1.36 12 0.5 237 28.8 NA NA
(nmol/L)
L spine B/L 18 mo. B/L 18 mo
Z-score —42 -32 —48 3.0 —34 —31 -1 —30 -12
Fem neck B/L 18 mo. B/L 18 mo
Z-score -37 —-29 29 -17 —26 —17 —22 —23 —07
Sperm Non-
P . - - - obstructive ND ND -
analysis .
azoospermia
COL1A2 status c.106G/G c.106G/G c.106G/A c.106G/A c.106G/A c.106G/G c.106G/A

B/L = Baseline; Fem neck = femoral neck; heterozyg = heterozygous; homozyg = homozygous; L spine = lumbar
spine; mo = month; NA = not available; ND = not done.

3.2. Genetic Investigations

Genetic investigations revealed a normal karyotype and the absence of the fragile
X syndrome in subjects IV-1 and IV-5. Ovarian autoimmunity was absent. At that point,
a genetic panel analyzing genes involved in POI was completed. The results revealed a
previously described [17] homozygous pathogenic variant of the MCM9 gene, ¢.394C>T
[p.Argl132*] in both sisters. This rare variant has a total allele frequency of 0.0006573%
in gnomAD v3.1.2 and leads to a premature stop codon predicted to result in nonsense-
mediated decay (NMD). Upon establishing the family tree, a third sister, IV-2, aged 23
was also diagnosed with primary amenorrhea. Her clinical presentation, hormonal work-
up, and bone densitometry results were the same as in her two sisters. She was also
homozygous for the familial a gene variant, ¢.394C>T [p.Arg132*; Table 1].

3.3. Male Characteristics and Testicular Histopathology

The 19-year-old male subject IV-3 presented because of fertility concerns following
a spermogram that had revealed azoospermia. On examination, he had normal pubertal
development and a repeat sperm analysis confirmed azoospermia. His hormonal work-
up was normal with an inhibin B level in the low-normal range [117.4 ng/L, normal
range: 105-439]. Scrotal ultrasound revealed the presence of testes of small size [26-30 mm
maximum length] and of normal echogenicity. There were no anomalies suggestive of
obstructive azoospermia. On initial genetic analysis, his karyotype was 46, XY; Y chro-
mosome microdeletions were absent. He was found to be homozygous for the familial
MCM9 pathogenic variant. A testicular biopsy revealed Sertoli cell-only syndrome with a
complete absence of germ cells (Figure 2). The basement membranes surrounding the semi-
niferous tubules were slightly thickened. Staining for PLAP and SALL4 was completely
absent (Figure 2). Leydig cells and seminiferous tubules stained positively for androgen
receptors and inhibin, while Leydig cells were positive for calretinin. His younger brother,
subject IV-6, underwent clinical studies. His hormonal work-up was normal, and he was a
heterozygous carrier of the familial MCM9 variant.
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Figure 2. Histopathological analysis of testicular biopsy in subject IV-3. Seminiferous tubules with
slight thickening and hyalinization of the basement membrane [(a). hematoxylin and eosin staining,
%10, (b). trichrome staining, x20]; Absence of germ cells on immunohistochemistry for PLAP (with
positive placenta control sample in inset) (c) and SALL4 (with positive yolk sac tumor control in
inset) (d).

3.4. Bone Phenotype and Investigations

Due to the severe osteoporosis in his sisters, patient I[V-3 underwent bone densitometry.
Bone mass was also low with Z-scores of —3.1 in the lumbar spine and —1.7 in the femoral
neck. As the patient had normal androgen levels, a genetic panel for osteoporosis was
requested. The results did not reveal any pathogenic or likely pathogenic [class 4-5] variants
in the genes studied. A heterozygous variant of uncertain significance in the COL1A2 gene
[c.106G>A, p.Gly36Arg] was found; COL1A2 codes for the alpha2 chain of type I collagen.
In light of the early onset familial osteoporosis and the results of the genetic analyses, bone
densitometries were also performed in the parents and in the younger brother, subject IV-6.
The father, aged 48, also had osteoporosis [lumbar spine T-score —3.0, femoral neck T-score
—2.3]. He had lost 5.5 cm in height [based on his reported adult height]. The mother, aged
42, had minor lumbar spine osteopenia [Z-score —1.2] with a normal femoral neck bone
mass. The COL1A2 variant did not fully segregate with the bone pathology: the father
was wild-type and the mother was a heterozygous carrier. Subject IV-6 had lumbar spine
and femoral neck Z-scores of —1.1 and —2.2, respectively; he was heterozygous for the
COL1A2 variant.

4. Discussion

The number of known genetic causes of POI has grown progressively in recent
years [18]. While the most common genetic anomalies responsible for POI remain Turner
syndrome and fragile X syndrome, several other genes with roles in ovarian development
and function are now known to be involved. Ovarian dysgenesis, which lies at the severe
end of the POI spectrum, is often monogenic in origin [19]. The genes responsible for this
phenotype play important roles in primordial follicle formation, activation, development,
and maturation or in premature apoptosis of the follicular reserve [19]. We report a family
with a homozygous pathogenic MCM9 variant consisting of three sisters with ovarian
dysgenesis and their brother, who is the first male patient with this pathogenic variant
and non-obstructive azoospermia due to Sertoli cell-only syndrome that was proven on
testicular biopsy.

Non-obstructive azoospermia can be due to Sertoli cell-only syndrome, maturation
arrest, or severely limited spermatogenesis [20]. In Sertoli cell-only syndrome, germ cells
are absent and Sertoli cells are found lining the seminiferous tubules. Testicular volume is
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lower than in patients with obstructive azoospermia or maturation arrest, the basement
membranes are thicker and the tubular lumina are narrower [21]. All of these features were
found in the male patient with the homozygous MCM9 variant. As he had normal FSH
values and a low normal inhibin B, some limited focal spermatogenesis cannot be excluded.

So far, less than a dozen cases of POl in relation to MCMJ9 pathogenic variants have
been reported [16,17,22,23]. The first cases were found to have short stature [17], but this
was not confirmed in other cases, and short stature was not seen in the current family. In
fact, the height of one of our female patients surpassed her target height as calculated based
on the mid-parental heights. The MCM9 variant found in the current family [c.394C>T,
p-Argl132*] is the same as the one reported by Wood-Trageser et al. [17]. Subsequently,
another POI case with this pathogenic variant was reported by Jolly et al. [24]. These various
families have a similar geographic origin, so they may be members of an extended family
or there may be a founder effect in their local sub-population. The genetic modification
leads to a truncated protein, which is most likely dysfunctional.

MCMO9 forms a complex with MCMS8 and plays an important role in DNA mismatch
repair mechanisms [25]. Genetic anomalies in these genes negatively impact homologous
recombination-mediated DNA repair both during meiosis and during mitosis [15]. As the
former occurs during the formation of gametes, it is likely that gametogenesis is impaired
by MCM9 variants, thus explaining the ovarian dysgenesis and the Sertoli cell-only syn-
drome. Two whole-exome sequencing studies analysing the genetic causes of azoospermia
or severe oligospermia reported homozygous variants of the MCM9 gene [9,10]. In one of
these studies, the same MCMO9 variant as in the currently reported family was found. Addi-
tionally, a case of severe oligo-terato-astheno-zoospermia has been reported in a patient
carrying a heterozygous pathogenic MCMO9 variant [16]. However, the histopathological
basis of the non-obstructive azoospermia has never been reported previously in MCM9
mutated subjects.

Our results indicate that azoospermia is probably due to the nearly complete absence of
germ cells, which corresponds to results in animal models. Knock-out or gene-trap murine
models for MCM8 and MCMS9 have been studied [15,26]. These mice models exhibit defects
in homologous recombination-mediated DNA double-strand break repair and mismatch
repair. In terms of fertility, both male and female MCMS8 KO mice are sterile [15]. In
male mice, spermatogenesis is blocked in meiotic prophase I, while female mice have
arrested primary follicles. In gene trap mice lacking MCMJY, females are sterile with ovaries
devoid of oocytes or markedly depleted in terms of primordial follicles [15,26]. Males
maintain some reproductive capacity with much lower production of spermatozoa [15]
and have progressive, severe germ cell loss [25]. Testicular histology in mice reveals some
seminiferous tubules with relatively normal spermatogenesis and some with a Sertoli
cell-only aspect [27]. The mechanism underlying the reproductive phenotype appears to
be the reduced primordial germ cell proliferation, as a way to protect genome integrity in
germ cells [27].

Murine MCMJ9-deficient models exhibit genome instability and are predisposed to the
development of different types of cancers [hepatocellular carcinoma, ovarian tumors] [26].
Moreover, MCMS8 and MCM9 KO mice are predisposed to hematopoietic proliferation
anomalies with the development with the age of myeloid tumors that are similar to
myelodysplastic syndromes in humans [14]. In humans, pathogenic MCM9 variants appear
to be associated with hereditary mixed polyposis and early onset colorectal cancer, causing
a Lynch-like syndrome [16,28]. A case of clear cell cervical cancer and a germ cell tumor
has also been reported [16]. Increased colorectal polyp and cancer risk at a young age
appears to be associated mainly with bi-allelic [homozygous] pathogenic MCM9 variants,
while mono-allelic individuals carrying MCMJ9 variants have a wider age range or variable
penetrance, as noted by Goldberg et al. [16]. In the current family, there was no established
history of cancer in the heterozygotic parents. As the homozygotic MCMJ9 variant subjects
are all <30 years of age, they may have been too young to have developed cancers at the
time of the study. In the absence of any validated screening guideline for patients with
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MCMS8/MCMSI pathogenic variants, we propose a program of regular colorectal and cervical
screening and vigilance for the onset of other tumors for these patients.

Osteoporosis in female POI patients is most likely secondary to severe and prolonged
hypogonadism, as a direct role for MCM9 pathogenic variants in the bone has not been
described. Furthermore, after 18 months of hormonal treatment and calcium and vitamin D
supplementation, the bone mass in two patients improved significantly, both at the lumbar
spine and at the femoral neck. However, the osteoporosis in the brother with Sertoli cell-
only syndrome remains unexplained, as his hormonal profiles at presentation were normal.
A genetic panel for over 40 genes involved in osteoporosis was analysed in the family,
revealing a VUS in COL1A2. As variants in this gene have previously been reported in
relation to early onset osteoporosis without an osteogenesis imperfecta phenotype [29,30],
we considered this as a potential candidate to explain the bone phenotype. However, this
COL1A2 VUS was inherited from the mother who had relatively unremarkable bone mineral
density and the father with osteoporosis was wild-type, indicating a lack of segregation of
the COL1A?2 variant with the bone phenotype. There is little information in the literature
linking non-obstructive azoospermia to bone disease. However, one group found that
the expression of vitamin D 25-hydroxylase was lower in the testicular samples from
azoospermic men compared to normal controls [31]. These patients were also found to
exhibit osteopenia and osteoporosis more frequently than controls despite a seemingly
normal testosterone production [31]. However, as osteoporosis was also found in the
younger brother and the father, who were heterozygous for the MCM9 pathogenic variant,
this argues against a mechanism via homozygous MCM9 pathogenic variants leading
to loss of bone mass in the family. Further assessments of the bone phenotype in the
family during long-term follow-up may reveal other risk factors as new genetic causes of
osteoporosis are identified.

5. Conclusions

Homozygous pathogenic MCMJ9 variant in the human male is associated with normal
pubertal development and hormonal levels but leads to a Sertoli cell-only syndrome causing
non-obstructive azoospermia. Larger studies are required to confirm this link and to define
the penetrance of the phenotype in these patients. In three homozygous female the clinical,
hormonal, and gonadal phenotypes were severe and consistent with previous reports of
PQI, albeit that short stature was not seen. At this time no colorectal or other cancerous
lesions have become apparent, but specific screening will continue.

Author Contributions: Conceptualization, LP., AED., P.P. and A.P; investigation, I.P,, M.L.,, O.M,,
VN, CEFE,O0.C,ND,HYV,SS,ED.B, AED., VB, PP. and A.P; writing—original draft preparation,
LP, AED., AP; writing—review and editing, LP, M.L., ED.B., AED., VB, PP. and A.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fonds d’Investissment pour la Recherche (FIRS) of the
Centre Hospitalier Universitaire de Liege (FIRS 2020-2021).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the CHU-University of Liege, Belgium.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data reported in this study can be made available upon reasonable
request to the authors.

Conflicts of Interest: The authors declare no conflict of interest.

1. Boivin, J.; Bunting, L.; Collins, ].A.; Nygren, K.G. International Estimates of Infertility Prevalence and Treatment-Seeking: Potential
Need and Demand for Infertility Medical Care. Hum. Reprod. 2007, 22, 1506-1512. [CrossRef]

2. Volozonoka, L.; Miskova, A.; Kornejeva, L.; Kempa, I; Bargatina, V.; Gailite, L. A Systematic Review and Standardized Clinical
Validity Assessment of Genes Involved in Female Reproductive Failure. Reproduction 2022, 163, 351-363. [CrossRef]


http://doi.org/10.1093/humrep/dem046
http://doi.org/10.1530/REP-21-0486

J. Clin. Med. 2023, 12, 990 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Patel, D.P; Jenkins, T.G.; Aston, K.I.; Guo, J.; Pastuszak, A.W.; Hanson, H.A.; Hotaling, ]. M. Harnessing the Full Potential of
Reproductive Genetics and Epigenetics for Male Infertility in the Era of “Big Data”. Fertil. Steril. 2020, 113, 478-488. [CrossRef]
[PubMed]

Vogt, E.C.; Real, EG.; Husebye, E.S.; Bjornsdottir, S.; Benediktsdottir, B.; Bertelsen, R.J.; Demoly, P.; Franklin, K.A.; Gallastegui,
L.S.d.A.; Gonzalez, FJ.C,; et al. Premature Menopause and Autoimmune Primary Ovarian Insufficiency in Two International
Multi-Center Cohorts. Endocr. Connect. 2022, 11, €220024. [CrossRef]

Webber, L.; Davies, M.; Anderson, R.; Bartlett, J.; Braat, D.; Cartwright, B.; Cifkova, R.; De Muinck Keizer-Schrama, S.; Hogervorst,
E.; Janse, E; et al. ESHRE Guideline: Management of Women with Premature Ovarian Insufficiency. Hum. Reprod. 2016, 31,
926-937. [CrossRef]

Yang, Q.; Mumusoglu, S.; Qin, Y.; Sun, Y.; Hsueh, A.J. A Kaleidoscopic View of Ovarian Genes Associated with Premature
Ovarian Insufficiency and Senescence. FASEB |. 2021, 35, €21753. [CrossRef]

Agarwal, A.; Mulgund, A.; Hamada, A.; Chyatte, M.R. A Unique View on Male Infertility around the Globe. Reprod. Biol.
Endocrinol. 2015, 13, 37. [CrossRef]

Krausz, C.; Cioppi, F. Genetic Factors of Non-Obstructive Azoospermia: Consequences on Patients” and Offspring Health. J. Clin.
Med. 2021, 10, 4009. [CrossRef]

Chen, S.; Wang, G.; Zheng, X.; Ge, S.; Dai, Y.; Ping, P.; Chen, X; Liu, G.; Zhang, J.; Yang, Y.; et al. Whole-Exome Sequencing of a
Large Chinese Azoospermia and Severe Oligospermia Cohort Identifies Novel Infertility Causative Variants and Genes. Hum.
Mol. Genet. 2020, 29, 2451-2459. [CrossRef]

Wyrwoll, M.].; Kockerling, N.; Vockel, M.; Dicke, A.K.; Rotte, N.; Pohl, E.; Emich, J.; Woste, M.; Ruckert, C.; Wabschke, R.; et al.
Genetic Architecture of Azoospermia—Time to Advance the Standard of Care. Eur. Urol. 2022. [CrossRef]

Bouali, N.; Francou, B.; Bouligand, J.; Imanci, D.; Dimassi, S.; Tosca, L.; Zaouali, M.; Mougou, S.; Young, J.; Saad, A.; et al. New
MCMS8 Mutation Associated with Premature Ovarian Insufficiency and Chromosomal Instability in a Highly Consanguineous
Tunisian Family. Fertil. Steril. 2017, 108, 694-702. [CrossRef]

Kherraf, Z.E.; Cazin, C.; Bouker, A.; Fourati Ben Mustapha, S.; Hennebicq, S.; Septier, A.; Coutton, C.; Raymond, L.; Nouchy, M;
Thierry-Mieg, N.; et al. Whole-Exome Sequencing Improves the Diagnosis and Care of Men with Non-Obstructive Azoospermia.
Am. |. Hum. Genet. 2022, 109, 508-517. [CrossRef]

Park, J.; Long, D.T.; Lee, K.Y.; Abbas, T.; Shibata, E.; Negishi, M.; Luo, Y.; Schimenti, ].C.; Gambus, A.; Walter, ].C.; et al. The
MCMS8-MCM?9 Complex Promotes RAD51 Recruitment at DNA Damage Sites To Facilitate Homologous Recombination. Mol.
Cell. Biol. 2013, 33, 1632-1644. [CrossRef]

Lutzmann, M.; Bernex, E.; da Costa de Jesus, C.; Hodroj, D.; Marty, C.; Plo, I.; Vainchenker, W.; Tosolini, M.; Forichon, L.; Bret,
C.; et al. MCMS8- and MCM9 Deficiencies Cause Lifelong Increased Hematopoietic DNA Damage Driving P53-Dependent
Myeloid Tumors. Cell Rep. 2019, 28, 2851-2865.e4. [CrossRef]

Lutzmann, M.; Grey, C.; Traver, S.; Ganier, O.; Maya-Mendoza, A.; Ranisavljevic, N.; Bernex, F.; Nishiyama, A.; Montel, N.;
Gavois, E.; et al. MCMS8- and MCM9-Deficient Mice Reveal Gametogenesis Defects and Genome Instability Due to Impaired
Homologous Recombination. Mol. Cell 2012, 47, 523-534. [CrossRef] [PubMed]

Goldberg, Y.; Aleme, O.; Peled-Perets, L.; Castellvi-Bel, S.; Nielsen, M.; Shalev, S.A. MCM9 Is Associated with Germline
Predisposition to Early-Onset Cancer—Clinical Evidence. Npj Genomic Med. 2021, 6, 78. [CrossRef]

Wood-Trageser, M.A.; Gurbuz, F,; Yatsenko, S.A; Jeffries, E.P,; Kotan, L.D.; Surti, U.; Ketterer, D.M.; Matic, J.; Chipkin, J.; Jiang,
H.; et al. MCM9 Mutations Are Associated with Ovarian Failure, Short Stature, and Chromosomal Instability. Am. J. Hum. Genet.
2014, 95, 754-762. [CrossRef]

Rossetti, R.; Moleri, S.; Guizzardi, F.; Gentilini, D.; Libera, L.; Marozzi, A.; Moretti, C.; Brancati, F.; Bonomi, M.; Persani, L.
Targeted Next-Generation Sequencing Indicates a Frequent Oligogenic Involvement in Primary Ovarian Insufficiency Onset.
Front. Endocrinol. 2021, 12, 664645. [CrossRef]

Desai, S.; Rajkovic, A. Genetics of Reproductive Aging from Gonadal Dysgenesis through Menopause. Semin. Reprod. Med. 2017,
35,147-159. [CrossRef]

McLachlan, R.I.; Rajpert-De Meyts, E.; Hoei-Hansen, C.E.; de Kretser, D.M.; Skakkebaek, N.E. Histological Evaluation of the
Human Testis—Approaches to Optimizing the Clinical Value of the Assessment: Mini Review. Hum. Reprod. 2007, 22, 2-16.
[CrossRef]

Ooba, T.; Ishikawa, T.; Yamaguchi, K.; Kondo, Y.; Sakamoto, Y.; Fujisawa, M. Expression and Distribution of Laminin Chains in
the Testis for Patients with Azoospermia. J. Androl. 2008, 29, 147-152. [CrossRef] [PubMed]

Fauchereau, F,; Shalev, S.; Chervinsky, E.; Beck-Fruchter, R.; Legois, B.; Fellous, M.; Caburet, S.; Veitia, R.A. A Non-Sense MCM9
Mutation in a Familial Case of Primary Ovarian Insufficiency. Clin. Genet. 2016, 89, 603—-607. [CrossRef] [PubMed]

Yang, X.; Touraine, P; Desai, S.; Humphreys, G.; Jiang, H.; Yatsenko, A.; Rajkovic, A. Gene Variants Identified by Whole-Exome
Sequencing in 33 French Women with Premature Ovarian Insufficiency. |. Assist. Reprod. Genet. 2019, 36, 39—45. [CrossRef]
[PubMed]

Jolly, A.; Bayram, Y.; Turan, S.; Aycan, Z.; Tos, T.; Abali, Z.Y.; Hacihamdioglu, B.; Coban Akdemir, Z.H.; Hijazi, H.; Bas, S.; et al.
Exome Sequencing of a Primary Ovarian Insufficiency Cohort Reveals Common Molecular Etiologies for a Spectrum of Disease.
J. Clin. Endocrinol. Metab. 2019, 104, 3049-3067. [CrossRef] [PubMed]


http://doi.org/10.1016/j.fertnstert.2020.01.001
http://www.ncbi.nlm.nih.gov/pubmed/32089255
http://doi.org/10.1530/EC-22-0024
http://doi.org/10.18370/2309-4117.2017.37.41-48
http://doi.org/10.1096/fj.202100756R
http://doi.org/10.1186/s12958-015-0032-1
http://doi.org/10.3390/jcm10174009
http://doi.org/10.1093/hmg/ddaa101
http://doi.org/10.1016/j.eururo.2022.05.011
http://doi.org/10.1016/j.fertnstert.2017.07.015
http://doi.org/10.1016/j.ajhg.2022.01.011
http://doi.org/10.1128/MCB.01503-12
http://doi.org/10.1016/j.celrep.2019.07.095
http://doi.org/10.1016/j.molcel.2012.05.048
http://www.ncbi.nlm.nih.gov/pubmed/22771120
http://doi.org/10.1038/s41525-021-00242-4
http://doi.org/10.1016/j.ajhg.2014.11.002
http://doi.org/10.3389/fendo.2021.664645
http://doi.org/10.1055/s-0037-1599086
http://doi.org/10.1093/humrep/del279
http://doi.org/10.2164/jandrol.107.003210
http://www.ncbi.nlm.nih.gov/pubmed/17804866
http://doi.org/10.1111/cge.12736
http://www.ncbi.nlm.nih.gov/pubmed/26771056
http://doi.org/10.1007/s10815-018-1349-4
http://www.ncbi.nlm.nih.gov/pubmed/30406445
http://doi.org/10.1210/jc.2019-00248
http://www.ncbi.nlm.nih.gov/pubmed/31042289

J. Clin. Med. 2023, 12, 990 10 of 10

25.

26.

27.

28.

29.

30.

31.

Traver, S.; Coulombe, P.; Peiffer, I.; Hutchins, ].R.A.; Kitzmann, M.; Latreille, D.; Méchali, M. MCMO9 Is Required for Mammalian
DNA Mismatch Repair. Mol. Cell 2015, 59, 831-839. [CrossRef]

Hartford, S.A.; Luo, Y.; Southard, T.L.; Min, LM.; Lis, ].T.; Schimenti, J.C. Minichromosome Maintenance Helicase Paralog MCM9
Is Dispensible for DNA Replication but Functions in Germ-Line Stem Cells and Tumor Suppression. Proc. Natl. Acad. Sci. USA
2011, 108, 17702-17707. [CrossRef]

Luo, Y.; Schimenti, ].C. MCMO9 Deficiency Delays Primordial Germ Cell Proliferation Independent of the ATM Pathway. Genesis
2015, 53, 678-684. [CrossRef]

Golubicki, M.; Bonjoch, L.; Acufia-Ochoa, ].G.; Diaz-Gay, M.; Mufoz, J.; Cuatrecasas, M.; Ocafia, T.; Iseas, S.; Mendez, G.; Cisterna,
D.; et al. Germline Biallelic Mcm8 Variants Are Associated with Early-Onset Lynch-like Syndrome. JCI Insight 2020, 5. [CrossRef]
Collet, C.; Ostertag, A.; Ricquebourg, M.; Delecourt, M.; Tueur, G.; Isidor, B.; Guillot, P; Schaefer, E.; Javier, R.M.; Funck-Brentano,
T.; et al. Primary Osteoporosis in Young Adults: Genetic Basis and Identification of Novel Variants in Causal Genes. [BMR Plus
2018, 2, 12-21. [CrossRef]

Rocha-Braz, M.G.M.; Fran¢a, M.M.; Fernandes, A.M.; Lerario, A.M.; Zanardo, E.A.; de Santana, L.S.; Kulikowski, L.D.; Martin,
R.M.; Mendonca, B.B.; Ferraz-De-Souza, B. Comprehensive Genetic Analysis of 128 Candidate Genes in a Cohort with Idiopathic,
Severe, or Familial Osteoporosis. J. Endocr. Soc. 2020, 4, bvaa148. [CrossRef]

Foresta, C.; Strapazzon, G.; De Toni, L.; Perilli, L.; Di Mambro, A.; Muciaccia, B.; Sartori, L.; Selice, R. Bone Mineral Density
and Testicular Failure: Evidence for a Role of Vitamin D 25-Hydroxylase in Human Testis. J. Clin. Endocrinol. Metab. 2011, 96,
E646-E652. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.molcel.2015.07.010
http://doi.org/10.1073/pnas.1113524108
http://doi.org/10.1002/dvg.22901
http://doi.org/10.1172/jci.insight.140698
http://doi.org/10.1002/jbm4.10020
http://doi.org/10.1210/jendso/bvaa148
http://doi.org/10.1210/jc.2010-1628
http://www.ncbi.nlm.nih.gov/pubmed/21270327

	Introduction 
	Materials and Methods 
	Results 
	Clinical Characteristics in Females 
	Genetic Investigations 
	Male Characteristics and Testicular Histopathology 
	Bone Phenotype and Investigations 

	Discussion 
	Conclusions 
	References

