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ABSTRACT

Premature ovarian insufficiency (POI) due to early depletion of ovarian follicles leads to primary amenorrhea or
premature menopause. The causes can be genetic or secondary to infection, metabolic disease, autoimmune disor-
ders, radiation, chemotherapy or physical damage to the ovary. Here in this paper we discuss the genetic causes of
POI. The causes could be chromosomal disorders such as Turner syndrome (45, X) or structural X chromosomal
abnormalities such as deletions/duplications/ring chromosome/X:autosome translocations. The causes could be
single gene disorders with various inheritance patterns being possible such as autosomal dominant, autosomal
recessive, X-linked dominant or X linked recessive We describe a panel of 157 genes which can be analysed on next
generation sequencing panel and FMR1 gene which can be analysed on triple primer polymerase chain reaction
method.
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GENETICS OF PREMATURE OVARIAN INSUFFICIENCY

Menopause signifies the end of the reproductive lifespan of a woman caused by an exhaustion of
ovarian reserve. The average age is around 50-52 years. Early depletion of ovarian follicles leads
to premature menopause. This phenomenon, also called premature ovarian failure or premature
ovarian insufficiency (POI), is defined by the onset of menopause before 40 years, characterised
by more than four months of amenorrhea, follicle-stimulating hormone (FSH) levels of more
than 40 mIU/L and low estrogen levels."! It affects 1% of all women and 0.1% of women below
30 years of age in Western studies.!"! In the Indian National Family Health Survey 2019-2021, the
prevalence of premature menopause (less than 40 years) was 2.2%, and that of early menopause
(between 40 and 44 years) was 16.2%.? As a result, there is infertility, risk of osteoporosis and risk
of cardiovascular disease. The causes can be genetic (50-90% cases) or secondary to infection,
metabolic disease, autoimmune disorders, radiation, chemotherapy or physical damage to the
ovary.!! Here, in this paper, we discuss the genetic causes of POL

Chromosomal causes: X chromosome abnormalities account for 12% of POI cases. These
abnormalities include monosomy, trisomy, deletions, duplications and X-autosome
translocations.®”! Turner syndrome (TS) occurs at an incidence of one in 2500 live births.
TS can be caused by monosomy X (50% cases), partial X chromosome deletions (15% cases),
isochromosome Xq (15% cases) (duplication of the q arm of X chromosome with deletion of p
arm), ring chromosome (5% cases) and mosaicism (20% cases). The retained X chromosome
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is maternally derived in two-thirds of cases. In non-mosaic
TS, the oocytes degenerate by birth. The TS ovaries show
immature follicles manifest by the arrest of oogenesis in the
diplotene stage leading to foetal follicular atresia. In one
study, the mechanism has been shown to accelerate apoptosis
or programmed cell death.! In another study, elevated
levels of reactive oxygen species producing oxidative stress
were thought to be the mechanism.” In mosaic ovaries,
however, this may not be the case, and spontaneous fertility
and, in some cases, ovarian cryopreservation leading to later
fertility can be possible. The other stigmata of TS are short
stature, webbed neck, multiple skin nevi, cardiac anomalies
(coarctation of aorta), susceptibility to hypothyroidism and
hypertension. Cytogenetic studies have identified the critical
regions on the X chromosome which can correlate with POI.
Deletions affecting Xq21.3-q27 or X-autosome translocations
in the region of Xq13.3-q21.1 have been associated with
POL." Deletion of the p arm of the X chromosome has also
been shown to be associated with POL® Y chromosome
mosaicism can predispose to gonadoblastoma and has been
found to occur in 18% of cases of TS in one study.”! Genes
mapped for POI on X chromosome after the discovery of
breakpoints in X: autosome translocations include COL4A6
(collagen alpha 6), DACH2 (Dachschund transcription
factor 2), DIAPH2 (diaphanous related formin 2), NXF5
(nuclear RNA export factor 5), PGRMCI1 (progesterone
receptor membrane component 1), POF1B (actin-binding
protein), and XPNPEP2 (prolyl aminopeptidase) (Franca
and Mendonca). Trisomy X usually does not lead to any
significant clinical abnormalities, but occasionally has been
described to lead to POL!!

Single gene causes: The Online Mendelian Inheritance in
Man (OMIM) (www.omim.org) identifies and classifies 22
chromosomal loci for POI.

POI type 1 locus includes the FMR1 gene. This encodes the
protein Fragile X mental retardation protein (FMRP). The
5’'untranslated region of the gene contains the CGG repeat
region. Normal individuals have up to 54 repeats. Premutation
carrier females have 55-199 repeats. Fragile X-affected males
and females have more than 200 CGG repeats (full mutation),
which leads to loss of FMRI1 protein production. Affected
males or females have physical dysmorphism and mental
retardation. Premutation females can transmit full mutation
(expansion of CGG repeats) to their progeny. A significant
proportion of FMRI premutation carriers have POL There
are two hypotheses: first, the FMRI1 protein, which is RNA-
binding protein having a suppressive effect on the translation
of a subset of mRNAs, may be overexpressed, leading to
oocyte development abnormality, and second, by the toxic
accumulation of FMR1I mRNA may lead to follicle atresia.
FMRI premutation accounts for 6% of POI cases overall.'!!
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In some studies from India, it was found to be an uncommon
cause in Indian females, especially in those without a family
history of X-linked mental retardation.!'" In yet another
Indian study, 4% of POI cases were found to bear premutation
allele." Genetic association studies have also shown the
association of POI with a length of the Cytosine, Adenine,
and Guanine (CAG) repeat region in exon 1 of the AR
(androgen receptor) gene. Chatterjee et al. (2009) showed the
biallelic mean CAG ranged from 11 to 30 in control women
compared to 16 to 30 in POI patients.!"”) However, Panda et
al. did not find any association with CAG repeat length rather
an association was found with the GGN repeat in AR gene.!"’!
However, mutations in the AR gene are an accepted cause
of androgen insensitivity syndrome (complete or partial) in
46 XY males and AR gene CAG repeat length analysis is not
presently considered for diagnosis of POI in females, neither
is included as one of POI loci in the OMIM database.

POI type 2A locus includes the DIAPH2 gene (chromosome
locus Xq21.33) which encodes diaphanous related formin 2.
This gene was identified in a family with mother and daughter
having X;12 translocation which disrupted this gene. The
daughter had secondary amenorrhea at 17 years, and the
mother had premature menopause at 32 years. No mechanism
is known. The inheritance is X-linked dominant (XLD).l'”)
POI type 2B locus includes the POF1B gene (chromosome
locus Xq21.1) which was mapped by Bione et al. in a patient
with X autosome translocation and a breakpoint in distal 4
kilobase of third intron of the gene.!"® The POF1B gene plays a
role in the organisation of epithelial monolayers by regulating
the actin cytoskeleton. This gene escapes X inactivation and
is critical for early ovary development. Later, in another
consanguineous Lebanese family having five affected
sisters, the homozygous mutation p.R329Q was identified,
which affects the protein kinase C domain, diminishing the
function of POFIB to bind nonmuscle actin filaments. This
suggested a role in germ cell division."” The inheritance of
this disease was X-linked recessive (XLR). POI type 3 locus
includes the FOXL2 gene (chromosome locus 3q22), which
encodes fork head box protein L2, a transcriptional regulator.
FOXL2 is a critical factor essential for ovary maintenance and
differentiation and prevents transdifferentiation of ovary to
testis through repression of the Sertoli cell promoting gene
(SOX9). Mutations in the FOXL2 gene are known to cause
BPES syndrome (blepharophimosis [small palpebral fissures],
ptosis [drooping eyelids], epicanthus inversus [epicanthic
skin fold running inward and upward from lower lid]). Type I
BPES includes eyelid anomalies and ovarian failure, while type
II BPES only includes eyelid anomalies. Genotype phenotype
correlation showed that before or within the fork head domain
of the protein led to BPES type I, and truncating mutations
distal to the fork head domain led to BPES type I or BPES type
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IT (mostly). Harris et al. found a heterozygous 30 basepair
deletion in the polyalanine tract (minus 10 alanine repeats) in
a Slovenian patient with isolated POI (primary amenorrhea at
17 years) and a heterozygous p.Y258N mutation in a patient
from New Zealand (menarche at 14 years, menopause at 36
years).!l Laissue et al. found mutation p.G187D in a patient
with isolated POI. The inheritance of BPES was autosomal
dominant (AD).?? Chatterjee et al. screened 80 Indian cases
of POI for variants in the FOXL2 gene and did not find any
pathogenic variants.*’!

Mutation in the BMP15 gene (locus Xpll), a transcription
factor, causes POI type 4. DiPasquale et al. identified
heterozygous mutation p.Y235C (tyrosine to cysteine) in two
sisters with POI (ovarian dysgenesis [ODG] and primary
amenorrhea) inherited from normal hemozygous father. In
sheep, heterozygous ewes had higher ovulation numbers,
whereas homozygous ewes had infertility due to the absence
of primary follicles in the ovary. The inheritance in humans is
thus XLD (limited to females) and in sheep, its XLR.1**! Dixit
et al. sequenced the BMP15 gene in 133 women with POI, 60
women with primary amenorrhea, 9 women with secondary
amenorrhea and 197 control women. They identified the
following variants of uncertain significance p.Arg76His,
p-Arg61Glu, p.Asnl196Lys, p.Arg206His and the following
pathogenic mutation p.Gln211Ter in patients with POL!
Heterozygous mutation in NOBOX gene (chromosome locus
7q35) encoding homeobox protein NOBOX leads to POI
type 5. Both primary amenorrhea and secondary amenorrhea
are reported. The p.R355H (arginine to histidine) mutation
acted in dominant negative fashion (disrupted binding of
normal protein to DNA), whereas the mutation p.R303X
(arginine to nonsense mutation) led to haploinsufficiency
(50% reduction in transcriptional activity). In a study by
Bouilly et al., NOBOX mutations were found in a significant
12 of 213 women with POI (5.6%).2*"! Heterozygous or
homozygous mutations in the FIGLA gene (chromosome
locus 2p13) (factor in germline alpha) lead to POI type
6. Mutations identified include heterozygous 22 basepair
deletion, heterozygous p.140delN (asparagine deletion) and
homozygous M1T (initiation codon mutation). Hence, both
AD and autosomal recessive (AR) phenotypes are possible.
Both primary and secondary amenorrhea are reported.?-3
Tosh et al. reported two heterozygous variants, p.Arg83Cys
and Ser141Thr, in theFIGLA gene in two unrelated patients
from a cohort of 219 Indian women with POLP!" Mutation
in the NR5A1 (chromosome locus 9q33), which encodes
steroidogenic factor 1, a key transcription factor essential for
sexual differentiation and formation of steroidogenic tissues,
leads to POI type 7. Other phenotypes reported with this
gene include sex reversal (male to female as well as female to
male) and adrenal insufficiency. Heterozygosity for mutation

c.666delC was identified in a mother with secondary
amenorrhea at 35 years old and her child at 17 years old with
46, XY complete gonadal dysgenesis (phenotype female with
primary amenorrhea). This showed variable expressivity for
the mutation. Homozygosity for p.D293N (aspartic acid to
asparagine) was seen in two sibs, one with 46, XY, complete
gonadal dysgenesis, and another with 46, XX, primary
amenorrhea. Hence, both AD and AR phenotypes are
possible.?

Homozygous or compound heterozygous mutations in the
STAG3 gene (AR) (locus 7q22) (encoding stromal antigen
3) can lead to POI type 8 in females and spermatogenic
failure type 61 in males. This is an important component
of the cohesin complex, which keeps the sister chromatids
together after DNA replication during meiosis. Mutations
described in females include ¢.968delC, c.1947_1948dupCT,
¢.1573+5G>A, c.dup291C and p.Y650X and those described
in males include c.dupl1762G, ¢.2394+1G>A, p.R438X and
p-L421R. The R321H was described in a 35-year-old female
with delayed puberty, elevated gonadotropins and having
developed one ovary with some follicles, and her brother with
azoospermia.**) Homozygous or compound heterozygous
mutations in the HFM1 gene (AR) (locus 1p22.2) (helicase for
meiosis 1 protein), which is required for crossover formation
and complete synapsis of homologous chromosomes during
meiosis, lead to POI type 9. It is exclusively expressed
in the ovary and testis. Mutations described are loss of
function (LOF) type p.I884S, c.1686-1G>C, p.G736S and
€.3929_3930delCCinsG. Mutations in the HFM1 gene have
recently been described in males with non-obstructive
azoospermia.!!' Homozygous mutations in MCMS8 gene
(minichromosome maintenance) (AR) (locus 20p12.3) lead
to primary gonadal failure (POI type 10 in females and
small testes and azoospermia in males). MCM8 knockout
mice are sterile. Association with cancer is also known.
One patient with Lynch syndrome and fertility problems
and two patients with breast cancer were identified with
biallelic mutations in the MCM8 gene. MCM8 gene knockout
cells have been shown to have DNA damage, microsatellite
instability and DNA mismatch repair (MMR) deficiency.
Mutations identified for POI include p.P149R, ¢.1954-1G>A
and c.1469_1470insTA.[*** Heterozygous loss of function
(LOF) mutations in ERCC6 gene (AD) (chromosome locus
10q11.23) have been identified in females with secondary
amenorrhea (POI type 11). Mutations identified include
p-G746D, p.E215X and p.V1056I. Homozygous LOF
mutations in the ERCC6 gene have been known to lead to
Cockayne syndrome, ultraviolet (UV) sensitive syndrome
type 1 and Cerebro-oculo-facio-skeletal syndrome type 1.
Risk for lung cancer has also been reported in heterozygous
carriers.”” Homozygous mutations in SYCEL gene (AR)
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(locus 10g26), a component of the synaptonemal complex
which mediates homologous chromosome synapsis and
crossover formation, have been identified in males with
spermatogenic failure type 15 and females with POI type 12.
Mutations are LOF type such as p.Q205X, c.197-2A>G and
¢,375-2A>G." Homozygous mutations in MSH5 gene (AR)
(locus 6p21.33), a component of DNA MMR mechanism and
meiotic recombination process, have been identified in POI
type 13 and azoospermia (spermatogenic failure type 74).
Mutations have been LOF type such as p.D487Y in females and
¢,75dup, c.1857del and p.R322C in males."**) Homozygous
mutation in GDF9 (AR), growth differentiation factor 9
(locus 5q31.1) leads to POI type 14. Mutations are LOF type
c.783delC. GDF9 is essential for ovarian folliculogenesis
and is expressed only in the oocyte. Heterozygous tandem
duplication in the GDF9 gene promoter region has also
been reported in a lady with secondary amenorrhea. Hence,
both AD and AR phenotypes are possible.***) Homozygous
LOF mutations in FANCM (AR), a DNA-dependent ATPase
component of the Fanconi anaemia core complex (locus
14q21.2), lead to POI type 15 in females and spermatogenic
failure type 28 in males. POI type 15 presents as secondary
amenorrhea in the third decade of life. The protein is related
to the Fanconi anaemia associated genes but does not lead to
Fanconi anaemia. However, they show a risk for breast cancer
and chemotherapy toxicity and may display chromosomal
fragility. Mutations described include p.Q1701X (in female
and male) and p.R1931X and c.1946_1958del in males."*"*?
Heterozygous LOF mutations in the BNCI gene (AD) which
encodes basonuclin 1, a transcriptional regulator (locus
15q25.2), were found in females with POI type 16. POI
16 affects females in the fourth decade, ovaries are smaller
than normal and show a solid echo pattern with no follicle.
Mutation described in large families with affected females
and unaffected carrier males is ¢.1065_1069del. Analysis
of 82 Chinese women with POI showed heterozygosity for
p.L532P in four unrelated women, indicating the possible
pathogenic nature of this variant.”® Homozygous mutations
in XRCC2 gene (AR) (locus 7q36.1), a protein involved in
the homologous recombination repair pathway of double-
stranded DNA, have been identified in females with POI type
17, which present as secondary amenorrhea and in males
as spermatogenic failure type 50. Mutation in the XRCC2
gene has also been described in cases with Fanconi anaemia.
Mutations in the XRCC2 gene have also been found to
increase susceptibility to breast cancer.* Homozygous LOF
mutation ¢.204_205del in C140rf39 (AR) (locus 14q23.1) has
been found in a female with POI type 18 and her two brothers
with spermatogenic failure type 52. The protein localises to
central element of the synaptonemal complex and is required
for chromosome synapsis during meiotic recombination.®!
Homozygous LOF mutation in HSF2BP (AR) (chromosome
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locus 21q22.3), a heat shock transcription factor, leads to
POI type 19. Knockout mice show infertility in males and
normal fertility in females. In the three sisters from an Arab
family with secondary amenorrhea in the third decade, the
p.S167L mutation was identified. Male and female mice
homozygous for p.S167L were able to reproduce, but females
showed reduced litter size.*® Homozygous mutation in
MSH4 gene (AR) (mutS protein homolog 4) (locus 1p13.1),
a protein involved in meiotic recombination and proper
segregation of chromosomes at meiosis, leads to POI type
20 in females and spermatogenic failure type 2 in males.
Mutations identified are ¢.2355+1G>A (females), p.Q518X,
p-S754L, ¢.805_812del, p.W650X, ¢,2179del, ¢.2220_2223del
and ¢.S733X (males)."7*1 Heterozygous LOF mutation
in the TP63 gene (AD) (locus 3q28) leads to POI type 21
in females. Mutations occur at the distal end of the protein.
Mutations identified include p.R594X, p.RW598X (in last
exon 14), mutations p.R97P and p.R647C (last exon) which
disrupt TP63 dimerisation Functional analysis suggested
that the variants in the C terminal transactivation inhibitory
domain disrupts the inactive TP63 conformation, generating
constitutively active Tp63 that increases expression of target
genes and induces apoptosis leading to exhaustion of oocytes
leading to POI. Mutations in the TP63 gene have also been
described to lead to other phenotypes: ADULT syndrome,
ectrodactyly, ectodermal dysplasia, cleft lip/palate syndrome,
Hay-Wells syndrome, limb-mammary syndrome, Rapp-
Hodgkin syndrome and split hand-foot malformation.>*
Homozygous mutations in KASH5 gene (CCDCI155 gene)
(AR) (chromosome locus 19933.33) have been identified in
females with POI type 22 and in males with spermatogenic
failure type 88. Females had secondary amenorrhea in
the third decade. Mutations identified include p.L535Q,
p-L197P, ¢.979_980delAG, exon2-exon9 del, p.Ala249Ala
and c.1270_1273del. The ¢.1270_1283del mutation was also
reported to lead to recurrent pregnancy loss phenotype in
the three sisters and POI in two sisters. The KASH5 protein
is a component of the linker of the nucleoskeleton and
cytoskeleton complex and is required for homolog pairing
during meiotic prophase in spermatocytes and oocytes. ¢!

OMIM classifies a second group that presents as
hypergonadotrophic ovarian failure, ovarian dysgenesis
(ODQG), which accounts for half the number of primary
amenorrhea cases. Ovarian dysgenesisODG manifests as
delayed puberty, primary amenorrhea, streak/ hypoplastic
ovaries, and an underdeveloped uterus. As per OMIM, ten
identified loci for ODG exist.

Homozygous LOF mutations in the FSHR gene (AR) (locus
2pl6.3) (follicle stimulating hormone receptor) (locus
chromosome 2p16) lead to ODG type 1. The p.A189V is a
founder mutation in Finnish women with ODG who present
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with hypoplastic ovaries (low number of follicles) due to
residual FSHR activity. Males homozygous for FSHR gene
mutation had variable degrees of spermatogenic failure but
did not show azoospermia or infertility demonstrating that
FSH is more important for female than for male infertility.
Other mutations identified include p.J160T, p.A419T and
p.R573C. Achrekar et al. identified a novel homozygous variant
p-A575V in an Indian woman with primary amenorrhea out of
a cohort of 86 women with primary/secondary amenorrhea.
Heterozygous gain of function mutation in FSHR gene is
known to lead to ovarian hyperstimulation syndrome.6*-¢")
Achrekar et al. showed that Indian females with homozygous
p-T307A polymorphic variant require lower amounts of FSH
for ovarian stimulation in assisted reproductive cycles and are
at increased risk of ovarian hyperstimulation syndrome.!**!
Achrekar et al. also showed that the AA genotype at position
-29 in the 5 untranslated region of the FSH receptor gene is
associated with impaired transcriptional activity and may
be associated with poor ovarian response to FSH during the
assisted reproductive cycle.”! Heterozygous mutation in the
BMP15 gene (AD) leads to ODG type 2, already discussed in
POI type 4. Homozygous mutations in PSMC3IP gene (HOP2
gene) (chromosome locus 17q21.2) (AR) lead to ODG type 3.
This protein has a role in meiotic recombination and also in the
nuclear hormone receptor-mediated transcription process.
In a large Arab family, p.Glu201del mutation was identified,
which abolished PSMC3IP activation of estrogen-driven
transcription.” Homozygous mutation in the MCM9 gene
(AR) (locus 6q22.31) leads to ODG type 4. Minichromosome
maintenance proteins such as MCM9 have a role in eukaryotic
DNA replication initiation and the early stage of elongation.
Mutations identified include p.R132X (Kurdish family)
and p.E495X (Arab family).""”l Homozygous mutation in
SOHLHI gene (AR) (chromosome locus 9q34.3) leads to
ODG type 5 in females whereas heterozygous mutation in
SOHLHI gene can lead to spermatogenic failure type 32
in males. SOHLHI is involved in early folliculogenesis and
also in early testis development. Mutations identified for
ODGS5 phenotype include ¢.705delT and p.Y9X, whereas, for
spermatogenic failure, it is ¢.346-1G>A.*’) Homozygous
mutation in NUP107 gene (AR) (chromosome locus 12q15)
leads to ODG type 6 phenotype. Mutations in this gene
are also reported to cause unrelated phenotypes: Galloway
Mowat syndrome and nephrotic syndrome type 11.
Mutations for the ODG 6 phenotype include p.D447N and
p-R355C. The nucleoporin 107 protein is a component of the
nuclear pore complex, which mediates nucleocytoplasmic
transport.”>”* Homozygous mutation in MRPS22 gene (AR)
(chromosome locus 3q23) leads to ODG type 7 phenotype.
The gene encodes chromosome 3 open reading frame protein
(C3orf5). Mutation in this gene has also been associated with
another phenotype combined with mitochondrial oxidative

phosphorylation deficiency type 5. Mutations identified for
ODG?7 phenotype include p.R202H (Arab) and p.R135Q
(Turkey). Primordial germ cell dependence on high levels of
oxidative phosphorylation for its metabolism could be the
possible mechanism behind the oocyte-specific phenotype,
whereas the mutation spares other tissues.”” Heterozygous
mutation in the ESR2 gene (AD) (estrogen receptor beta)
(a nuclear receptor for transducing estrogen signals into the
transcriptional response) (locus 14q23.2-q23.3) can lead to
ODG type 8 phenotype. The mutation identified was p.K314R,
which acts via a dominant negative mechanism. Heterozygous
mutations in the ESR2 gene have also been identified in 46 XY
disorder of sex development cases (phenotype female with
no visible gonads).” Homozygous mutation in the SPIDR
gene (locus 8q11.21) (AR) leads to ODG type 9. SPIDR is a
nuclear scaffolding protein that functions in the DNA repair
pathway via homologous recombination. Patient cells show
chromosome instability. Hence, cancer susceptibility is a
possibility. Mutations identified include p.W280X (Arab)
and p.R272X (Indian).”* Homozygous LOF mutations in
ZSWIM?7 (AR) (locus 17p12) have been identified in females
with ODG type 10 and males with spermatogenic failure
type 71. ZSWIM?7 functions in DNA repair via homologous
recombination. Mutations identified include p.S58X (Turkey)
in females, ¢.201+1G>T and c¢.231_232del (Arab) in males.
Genomic instability leads to chromosome instability. 8-

In addition, several genes are known for syndromic POI
(ovarian sufficiency with additional system involvement).
Examples are AIRE gene (Autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy syndrome, APECED),
BLM (Bloom syndrome), ATM (ataxia telangiectasia), WRN
(Werner syndrome) and RECQL4 (Rothmund Thomson
syndrome). Bloom syndrome is a chromosomal breakage
leading to early onset of ageing, short stature and elevated
rates of most cancers. Ataxia telangiectasia is characterised
by progressive cerebellar degeneration, telangiectasias,
immunodeficiency, recurrent infections, insulin-resistant
diabetes, premature ageing, radiosensitivity, and high risk
for epithelial cancers in surviving adults. Werner syndrome
is characterised by premature ageing of the skin, vasculature
and bone and elevated rates of certain cancers, particularly
sarcomas. Rothmund Thomson syndrome is characterised
by skin rash, sparse hair, small stature, skeletal and dental
abnormalities, cataracts, premature ageing and an increased
risk for cancer, especially malignancies originating from
bone and skin tissue.***”) Another example of syndromic
POI is ovario leukodystrophy caused due to mutations in
EIF2B1, EIF2B2, EIF2B3, EIF2B4 and EIF2B5 (eukaryotic
initiation factor 2B complex) genes; leukoencephalopathy
can occur at variable age and patients and carrier females
are at risk of POL™! Ciliopathies such as DNAH6 can lead
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to recurrent respiratory tract infections, situs inversus
and azoospermia in males and POI in females.™ Perrault
syndrome is characterised by deafness in both males and
females and POI in females (males are fertile). Causative
genes for this syndrome are HSD17B4 (Hydroxysteroid [17-
beta] dehydrogenase 4), HARS2 (histidyl-tRNA synthetase
2), CLPP (caseinolytic matrix peptidase proteolytic subunit),
LARS2 (leucyl-tRNA synthetase), TWNK (Twinkle mtDNA
helicase) and ERALI (ERA G-protein-like 1) (corresponding
to Perrault syndrome loci 1-6, respectively).” In a similar
syndrome, progressive leukoencephalopathy with ovarian
failure linked to the AARS2 gene, POI was observed
in females along with neurologic dysfunction. Patients
may also have mental retardation, neuropathy, cerebellar
dysfunction and spasticity. In surviving females with Leigh
syndrome (French Canadian variety), linked to mutations
in gene LRPPRC (leucine rich protein), a mitochondrial
disease, POI was observed.” Classical galactosaemia is an
inherited inborn error of the major galactose assimilation
pathway caused by galactose-1-phosphate uridyltransferase
(GALT) deficiency leading to liver failure. Newborns
present with a life-threatening, acute toxic syndrome that
rapidly regresses under a galactose-restricted diet. However,
long-term complications, particularly cognitive and motor
abnormalities, as well as hypergonadotrophic hypogonadism/
ovarian failure in female patients, are still unavoidable.”?
Kumar et al. sequenced the GALT gene in Indian females with
premature ovarian failure (n = 108), primary amenorrhoea (n
=37) and secondary amenorrhoea (n = 9) and could not find
any significant variant.”” Ataxia with oculomotor apraxia
type 2 (AOA2) is an AR disorder associated with mutations
in the Senataxin (SETX) gene. Clinical manifestations (ataxia,
peripheral neuropathy, oculomotor apraxia) of this disease
have previously been limited to the nervous system. Lynch
et al. described a patient homozygous for a novel mutation
of SETX who manifested not only ataxia but also ovarian
failure.®" Kinkar et al. identified an Indian patient with a
heterozygous deletion in exon 6 of the SETX gene causing
ataxia with oculomotor apraxia type 2 (AOA-2) with ovarian
failure.”

Homozygous inactivating/LOF (AR) mutations in the LHCGR
gene lead to luteinising hormone resistance and ovarian
failure in females and Leydig cell hypoplasia in males. Female
patients have oligomenorrhea/amenorrhea and structurally
normal ovaries, whereas males have pseudohermaphroditism.
Heterozygous-activating mutations (AD) in the LHCGR gene
lead to limited male precocious puberty.*

Beyond these OMIM database-reported phenotypes, several
new genes have been identified in recent publications.

Watkins et al. (2006) reported FOXO1A and FOXO3A gene
variants in patients with POI; however, follow-up studies are
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lacking. These two genes are transcription factors related to
the FOXL2 gene.”” Mansouri et al. (2008) identified t(X;11)
(924;q13) in a mother and daughter with POI with a
breakpoint in the progesterone receptor membrane
component-1 gene (PGRMCI1). The missense variant p.
H165R was found in another case with POI. Haploinsufficiency
of PGRMC1 was shown to lead to impaired activation of
microsomal cytochrome P450 and increased apoptosis of
ovarian cells.” Qin et al. (2012) reported variants in ESR1
(estrogen receptor 1), HK3 (hexokinase 3) and BRSK1 gene
(serine-threonine kinase) in patients with POI, but definitive
studies are lacking.” In a family with AD-inherited POI,
Kasippillai et al. (2013) identified a heterozygous stop codon
(Ser429X) (AD) in the eukaryotic translation initiation factor
4E nuclear import factor 1 (eIF4ENIF1), which highlights the
importance of translation initiation factors and their
regulators in ovarian function. Santos et al. (2013)
identified homozygous LOF variant p.Glul20Lys in the
NANOS3 gene in two sisters with POI. Functional analysis
showed that this variant prevented the NANOS3 protein
(RNA-binding protein) function of repressing apoptosis.'*!
Qin et al. (2014) identified AMHR?2 (anti-mullerian hormone
receptor 2) gene missense variants in patients with POL!%
Wang et al. (2015) identified WT1 gene (transcription factor)
heterozygous missense variants in patients with POLN®I
Hyon et al. (2016) identified a heterozygous microdeletion at
15925.2 locus disrupting the CPEB1 gene in three unrelated
patients with POI. CPEBI1 is an RNA-binding protein
important for oocyte maturation."™ In a patient with POI,
Faridi et al. (2017) identified a homozygous variant p.
Glu485Lysfs*5 in the SGO2 gene encoding shugoshin 2,
which is necessary during meiosis in both sexes to maintain
the integrity of the cohesin complex that tethers sister
chromatids.'"  Moriwaki et al. (2017) identified a
heterozygous nonsense mutation in the POLR2C gene (RNA
polymerase II) in a family with four generations of women
affected with POL! Wang et al. (2017) showed that
heterozygous mutations in the KHDRBS1 gene can lead to
POl by affecting the mRNA alternative splicing mechanism.!""”!
Patino et al. (2017) identified 55 coding variants in 49 genes
in 48% of patients after WES. They identified new genes for
POI: GREM1 gene (TGF beta signalling pathway) p.R169T,
HK3 (hexokinase family) p.G97E, NOTCH2 (cell-cell
signaling) p.Q1811H, p.L2408H and p.S1804L, GATA4
(transcription factor) p.D425N, INHBC (TGF beta signalling)
p-L170Q, MLH3 (MMR) p.T145A, PCSK5 (anterior-posterior
patterning in embryo) p.Y679H, ATG7 (autophagy) p.F403L,
UMODL1 (uromodulin) pJI1330N, HTRA3 (serine
peptidase) p.R336C, NBL1 (transcription factor) p.L38E
UBR2 (N-end rule pathway) p.P215L, PCSK1 (serine
endoprotease) p.T608M, BMP6 (TGF beta pathway) p.
R385H, CXCR4 (chemokine receptor) p.V139I, FGFR2
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(tyrosine kinase) p.R22W, MEI1 (chromosome synapsis in
meiosis) p.P41H, GJA4 (gap junction protein) p.R322H,
IPO4 (nuclear import receptor signal activity) p.D1069H,
ADAMTS16 (zinc dependent protease) p.R789C and p.
R100W, PDE3A (phosphodiesterase) p.R459Q, TSCl
(hamartin) p.R651G, PTCHI (transmembrane protein) p.
V1131A, BMPRI1B (serine threonine kinase) p.R254H and
p-F272L, TSC2 (tuberin) p.R1796C, BMPRI1A (serine
threonine kinase) p.Y425C and p.R442H, LAMC1 (laminin
gamma 1) p.P321S, PTX3 (pentraxin 3) p.P303R, FANCG
(DNA repair) p.G59E, SEBOX (homeodomain protein) p.
S116Afs*7, FANCL (DNA repair) p.T372Nfs*11, ZPI
(protease inhibitor precursor) p.D107N, BMPER (BMP
binding endothelial regulator) p.P222S, CYP26BI
(cytochrome P450 family) p.V181M, PRDMI1 (transcription
repressor) p.R679H, PADI6 (post-translational protein
processing) p.L37E KIT (tyrosine kinase receptor) p.WS8S,
THBS1 (thrombospondin) p.Q96R, MTHFR (folate
metabolism) p.S605P, BRD2 (nuclear kinase) p,A2C, SOX15
(transcription factor) p.P45L, LEPR (leptin receptor) p.S292Y,
PCSKG6 (serine endoprotease) p.T964M, SAPCD]1 (suppressor
APC domain containing protein) p.Q76X, BMP5 (TGF beta
pathway) p.P78X and C3orf77 (expressed only in testis and
ovary) p.K117N and p.E118V.'"! Several of these novel gene
associations need further functional characterisation for the
definitive pathogenesis of POL He et al. (2018) identified a
homozygous mutation in the DMC1 gene, viz p.D36N,
leading to spermatogenic failure and POI in the same
family.'*? Caburet et al. (2019) reported homozygous LOF
(truncating) mutation in the MEIOB gene, which is a
chromatin-associated protein that is required for meiotic
recombination and synapsis in a family with POL™ Franca
et al. (2019) reported a novel biallelic missense mutation
(c.149A>G:p.Asp50Gly) in POLR3H in two unrelated families
with POI and generated two mouse lines using the CRISPR/
Cas9 method to evaluate the intrinsic mechanisms of
POLR3H-p.Asp50Gly mutation. Early embryonic lethality
was observed in mice harbouring a loss-of-function Polr3h
D50G mutation.""! Bestetti et al. (2019) performed
microarray analysis on 67 cases of POI and identified variants
in novel and known genes for POIL They identified copy
number variants in known genes (e.g. BMP15, DIAPH2,
CPEB1, BNCI, TP63) and in new genes (VLDLR, gene
involved in steroidogenesis)."? Delcour et al. (2019) found
heterozygous variants p.F403L (ATG7 gene) and p.R758C
(ATGY9A gene) in two unrelated patients with POIL Both
genes are implicated in the autophagy pathway."'¥ Oral et al.
(2019) performed cytogenetic analysis followed by FMRI1
repeat analysis, followed by sequencing test for 9 genes in 86
patients and found X chromosome abnormalities in four
patients, two patients with FMR1 premutation alleles, and
variants of uncertain significance in following genes FSHR,

NR5A1, PDPK1 and POIIB. A novel finding was the
postulation of the PDPKI1 gene as a candidate gene for POL
The PDPK1 gene is important for PI3K/PTEN/Akt signalling
which affects the developmental steps of the primordial
follicles, including their activation, survival and death.!"'* He
et al. (2021) identified two homozygous variants in SYCP2L
gene (synaptonemal complex gene involved in meiosis) in
two unrelated families with POL" Heddar et al. (2022)
identified mutations in 29.3% cases in 70 families using a
whole exome sequencing (WES) approach.® Mutations
were identified in novel genes not known to previously be
linked to Mendelian phenotypes: ELAVL2 (AR), NLRP11
(AR), CENPE (AD), SPATA33 (AR), CCDC150 (AR),
CCDC185 (AR), C170RF53 (AR), HELQ (AR) and SWI5
(AR). They also identified variants in BRCA2, FANCM,
BNC1, ERCC6, MSH4, BMPR1A, BMPR1B, BMPR2, ESR2,
CAV1, SPIDR, RCBTBI1 and ATG7 genes. ELAVL2 encodes
RNA-binding protein expressed in ovaries, testis and neurons.
Mutations identified included p.R150C and p.L105F. NLRP11
or nod-like receptor protein 11 regulates immune response
through NF-KB and type I interferon signalling pathway. A
heterozygous p.Q675X variant in the CENPE gene, was
identified in three sisters. This gene is important for correct
chromosome segregation in meiosis and mitosis and is highly
expressed in germ cells. A homozygous c.34dup variant was
identified in an Algerian patient in the SPATA33 gene (AR),
which is exclusively localised in the localised mitochondria of
germ cells and is involved in mitophagy. Heterozygous variant
c.63_94del was identified in the XPNPEP2 gene (AD) of a
French patient; the XPNPEP2 gene regulates collagen
formation. Two genes of the coiled-coiled family were
identified in unrelated cases. Homozygous p.C97X in
CCDCI150 (Moroccan patient) and homozygous p.Q392X
(Turkish patient) in CCDC185 were seen in unrelated cases.
Both genes are highly expressed in the testes. A homozygous
¢.502delG variant in the C170RF53 gene was found in the
Turkish family, a homozygous c.3095delA variant was found
in HELQ (DNA helicase) gene in a Moroccan patient, and a
homozygous ¢.261-1G>C variant was found in SWI5 gene in
a Moroccan patient. All three genes are involved in DNA
repair pathways; hence patients showed chromosome
instability in mitomycin-induced chromosome breakage
studies as in Fanconi anaemia. One patient had homozygous
GALT gene variant p.G188Q, which is associated with
galactosemia, a metabolic disease associated with liver
disease. However, the patient had POI and a cataract requiring
surgery but no metabolic disease. Eight unrelated patients
had variantsin genes causing pulmonary arterial hypertension,
namely CAV1, BMPR2, BMPRIB and BMPR2. Seven
unrelated patients had variants in the POLG gene (DNA
polymerase gene), which usually presents with neurological,
ophthalmological, and myopathy features; however, the

Fertility Science and Research « 2024« 11(6) | 7



Tambhankar, et al.: Genetics of Premature Ovarian Insufficiency

patient had POI without syndromic features.!'*! Gorsi et al.
(2022) performed WES in a large cohort of POI patients and
identified 7 new genes for POI, namely USP36 (ubiquitin-
specific protease), VCP (valosin-containing protein), WDR33
(WD repeat-containing protein), PIWIL3 (argonaute family),
NPM2 (nucleoplasmin family), LLGL1 (polarity complex
component protein) and BOD1L1 (replication fork protection
pathway component).™” Ke et al. (2023) performed WES in
1030 POI cases and identified mutations in 59 known genes
in 193 cases (18.7%). They further identified 20 novel genes
indicating their involvement in ovarian development and
function. These genes are involved in gonadogenesis - LGR4
(G protein coupled receptor) and PRDMI1 (DNA binding
transcriptional repressor), meiosis (CPEB1, KASHS5,
MCMDC2; minichromosome maintenance domain
containing protein 2), MEIOSIN (meiosis initiator), NUP43
(nucleoporin 43), RFWD3 (Fanconi anaemia
complementation group W protein), SHOC1 (shortage in
chiasmata 1), SLX4 (Fanconi anemia complementation group
P protein) and STRAS (stimulated by transcription factor 8, a
transcription factor) — and folliculogenesis and ovulation -
ALOX12 (arachidonate oxidoreductase)) BMP6 (bone
morphogenetic protein), H1-8 (linker histone), HMMR
(hyaluronan-mediated motility receptor), HSD17B1 (17-beta-
hydroxysteroid dehydrogenase), MSTIR (macrophage
stimulating receptor), PPMIB (magnesium/manganese-
dependent protein phosphatase), ZARI1 (zygote arrest 1) and
ZP3 (zona pellucida glycoprotein).!"'®!

In addition to several MMR genes included above, some
MMR genes such as MSH6, BRCA1 and BRCA2 are also
reported to affect menopause, but definitive association is
lacking."*”! Variants in Inhibin A (INHA) gene, which has
a role in regulating the pituitary secretion of FSH (gonadal
glycoprotein hormone) was reported to be associated with
POL[I Prakash et al. sequenced the INHA gene in 100
Indian women with POI and identified ¢.769G>A missense
variant and three novel variants, c.734C>A/ p.A245D,
c.755C>A/p.P252H and c¢.777C>A/p.H259Q, which were
absent in controls.!'?!! However, definitive evidence is lacking.

To summarise considering the above mechanisms, the
following clinical features should be looked for in a patient
with POIL: short stature, wide carrying angle, shield chest,
delayed secondary sexual characters, primary/secondary
amenorrhea, susceptibility to hypothyroidism, hypertension
(TS phenotype), history of X-linked mental retardation in
males in family (Fragile X syndrome), blepharophimosis,
ptosis, epicanthus inversus (BPES), skin hyperpigmentation,
radial ray abnormalities, history of cancer or aplastic anaemia
in self or family (Fanconi anaemia/Rothmund Thomson
syndrome), ataxia (SETX, ATM gene abnormality), jaundice,
cataracts (galactosemia), photosensitivity (Bloom syndrome),
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microcephaly (NUP107), endocrine disorders, ectodermal
dystrophy (APECED), deafness (Perrault syndrome) and
Leucoencephalopathy (neurological deterioration) (AARS2
gene, LRPPRC). The following panel of investigations can
be considered for a patient with POI: karyotype, FMRI1 gene
triple primer polymerase chain reaction for CGG repeat
analysis and next generation sequencing panel, including
the following genes: AARS2, ADAMTS16, AIRE, ALOX12,
AMHR2, ATG7, ATM, BLM, BMP5, BMP6, BMPI15,
BMPER, BMPR1A, BMPR1B, BMPR2, BNC1, BODILI,
BRD2, BRSK1, C30RF77, C170RF53, CAV1, CCDCI150,
CCDC185, CENPE, CLPP, COL4A6, CPEB1, CXCR4,
CYP26B1, DACH2, DIAPH2, DMC1, DNAH6, EIF2BI,
EIF2B2, EIF2B3, EIF2B4, EIF2B5, EIF4ENIF1, ELAVL2,
ERALI1, ERCC6, ESRI, ESR2, FANCG, FANCL, FANCM,
FGFR2, FIGLA, FOXL2, FOXO1A, FOXO3A, FSHR, GALT,
GATA4, GDF9, GJA4, GREM1, H1-8, HARS2, HELQ, HFM1,
HK3, HMMR, HSD17B1, HSD17B4, HSF2BP, HTRA3,
INHBC, IPO4, KASH5, KHDRBSI, KIT, LAMCI, LARS2,
LEPR, LGR4, LHCGR, LLGL1, LRPPRC, MCM8, MCMJ9,
MCMDC2, MEI1, MEIOB, MEIOSIN, MLH3, MRPS22,
MSH4, MSH5, MST1R, MTHFR, NANOS3, NBL1, NLRP11,
NOBOX, NOTCH2, NPM2, NR5A1, NUP43, NUPI107,
NXF5, PADI6, PCSK1, PCSK5, PCSK6, PDE3A, PDPKI,
PGRMC1, PIWIL3, POF1B, POLG, POLR2C, POLR3H,
PPM1B, PRDMI1, PSMC3IP, PTCHI, PTX3, RCBTBI,
RECQL4, RFWD3, SAPCD1, SEBOX, SETX, SGO2, SHOC1,
SLX4, SOHLH1, SOX15, SPATA33, SPIDR, STAG3, STRAS,
SWI5, SYCE1L, SYCP2L, THBSI1, TP63, TSC1, TSC2, TWNK,
UBR2, UMODLI1, USP36, VCP, VLDLR, WDR33, WRN,
WT1, XPNPEP2, XRCC2, ZAR1, ZP3, ZPI and ZSWIM?7.
Females who wish to conceive can avail of donor egg in vitro
fertilisation, provided they do not have syndromic POI with
multisystem involvement, particularly neurological affection.

CONCLUSION

Current research in patients with POI has revealed exciting
novel pathways which will be helpful in planning diagnostic
and therapeutic strategies for these patients. However,
a diagnostic yield of 20-30% by whole exome in these
patients suggests that several pathways and genes have yet
to be identified and will require a combination of proteomic,
genomic and cellular/animal modelling studies or approaches.

Ethical approval

Institutional Review Board approval is not required.

Declaration of patient consent

Patient’s consent not required as patients identity is not
disclosed or compromised.



Tambhankar, et al.: Genetics of Premature Ovarian Insufficiency

Financial support and sponsorship

Nil.

Conflicts of interest

There are no conflicts of interest.

Use of artificial intelligence (AI)-assisted technology for
manuscript preparation

The authors confirm that there was no use of Al-assisted
technology for assisting in the writing or editing of the
manuscript and no images were manipulated using Al

REFERENCES

1.

10.

11.

12.

13.

Jankowska K. Premature Ovarian Failure. Prz Menopauzalny
2017;16:51-6.

Kundu S, Acharya SS. Exploring the Triggers of Premature
and Early Menopause in India: A Comprehensive Analysis
based on National Family Health Survey, 2019-2021. Sci Rep
2024;14:3040.

Simpson JL. Gonadal Dysgenesis and Abnormalities of the
Human Sex Chromosomes: Current Status of Phenotypic-
Karyotypic Correlations. Birth Defects Orig Artic Ser
1975;11:23-59

Modi DN, Sane S, Bhartiya D. Accelerated Germ Cell Apoptosis
in Sex Chromosome Aneuploid Fetal Human Gonads. Mol
Hum Reprod 2003;9:219-25.

Kumar M, Pathak D, Venkatesh S, Kriplani A, Ammini AC,
Dada R. Chromosomal Abnormalities & Oxidative Stress in
Women with Premature Ovarian Failure (POF). Indian ] Med
Res 2012;135:92-7

Persani L, Rossetti R, Cacciatore C. Genes involved in Human
Premature Ovarian Failure. ] Mol Endocrinol 2010;45:257-79.
Saranya B, Kavitha Devi D, Chandra RS, Jayashankar M,
Santhiya ST. Translocation t(X;11)(q22;q25) in a Woman with
Premature Ovarian Failure. Sex Dev 2013;7:216-21

Rao L, Babu A, Padmalatha V, Kanakavalli M, Deenadayal
M, Singh L. Novel X-chromosomal Defect Associated with
Abnormal Ovarian Function. ] Obstet Gynaecol Res 2005;31:
12-5

Modi D, Bhartiya D. Y Chromosome Mosaicism and
Occurrence of Gonadoblastoma in Cases of Turner Syndrome
and Amenorrhoea. Reprod Biomed Online 2007;15:547-53.
Fortuio C, Labarta E. Genetics of Primary Ovarian
Insufficiency: A Review. ] Assist Reprod Genet 2014;31:1573—
85

Murray A, Webb J, Grimley S, et al. Studies of FRAXA and
FRAXE in Women with Premature Ovarian Failure. ] Med
Genet 1998;35:637-40

Tosh D, Rao KL, Rani HS, Deenadayal DA, Murty US, Grover
P. Association Between Fragile X Premutation and Premature
Ovarian Failure: A Case-control Study and Meta-analysis. Arch
Gynecol Obstet 2014;289:1255-62.

Chatterjee S, Maitra A, Kadam S, Patel Z, Gokral ], Meherji
P. CGG Repeat Sizing in the FMR1 Gene in Indian Women

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

with Premature Ovarian Failure. Reprod Biomed Online
2009;19:281-6

Muthuswamy S, Dean DD, Agarwal S. Molecular Screening
of Intellectually Disabled Patients and those with Premature
Ovarian Failure for CGG Repeat Expansion at FMRI Locus:
Implication of Combined Triplet Repeat Primed Polymerase
Chain Reaction and Methylation-specific Polymerase Chain
Reaction Analysis. Neurol India 2016;64:1175-9.

Chatterjee S, Singh R, Kadam S, Maitra A, Thangaraj K,
Meherji P, et al. Longer CAG Repeat Length in the Androgen
Receptor Gene is Associated with Premature Ovarian Failure.
Hum Reprod 2009;24:3230-5

Panda B, Rao L, Tosh D, Dixit H, Padmalatha V, Kanakavalli
M, et al. Germline Study of AR Gene of Indian Women with
Ovarian Failure. Gynecol Endocrinol 2011;27:572-8.

Bione S, Sala C, Manzini C, Arrigo G, Zuffardi O, Banfi S,
et al. A Human Homologue of the Drosophila Melanogaster
Diaphanous Gene is Disrupted in a Patient with Premature
Ovarian Failure: Evidence for Conserved Function in
Oogenesis and Implications for Human Sterility. Am ] Hum
Genet 1998;62:533-41.

Bione S, Rizzolio E Sala C, Ricotti R, Goegan M, Manzini
MC, et al. Mutation analysis of two candidate genes for
premature ovarian failure, DACH2 and POF1B. Hum Reprod
2004;19:2759-66

Lacombe A, Lee H, Zahed L, Choucair M, Muller JM, Nelson
SE, et al. Disruption of POF1B Binding to Nonmuscle Actin
Filaments is Associated with Premature Ovarian Failure. Am J
Hum Genet 2006;79:113-9

De Baere E, Dixon MJ, Small KW, Jabs EW, Leroy BP,
Devriendt K, et al. Spectrum of FOXL2 Gene Mutations in
Blepharophimosis-ptosis-epicanthus Inversus (BPES) Families
Demonstrates a Genotype--phenotype Correlation. Hum Mol
Genet 2001;10:1591-600

Harris SE, Chand AL, Winship IM, Gersak K, Aittomaki K,
Shelling AN, et al. Identification of Novel Mutations in FOXL2
Associated with Premature Ovarian Failure. Mol Hum Reprod
2002;8:729-33

Laissue P, Lakhal B, Benayoun BA, Dipietromaria A, Braham
R, Elghezal H, et al. Functional Evidence Implicating FOXL2
in Non-syndromic Premature Ovarian Failure and in the
Regulation of the Transcription Factor OSR2. ] Med Genet
2009;46:455-7.

Chatterjee S, Modi D, Maitra A, Kadam S, Patel Z, Gokrall J,
et al. Screening for FOXL2 Gene Mutations in Women with
Premature Ovarian Failure: An Indian Experience. Reprod
Biomed Online 2007;15:554-60.

Di Pasquale E, Beck-Peccoz P, Persani L. Hypergonadotropic
Ovarian Failure Associated with an Inherited Mutation of
Human Bone Morphogenetic Protein-15 (BMP15) Gene. Am ]
Hum Genet 2004;75:106-11

Dixit H, Rao LK, Padmalatha VV, Kanakavalli M, Deenadayal
M, Gupta N, et al. Missense Mutations in the BMP15 Gene are
Associated with Ovarian Failure. Hum Genet 2006;119:408-15
Qin 'Y, Choi Y, Zhao H, Simpson JL, Chen ZJ, Rajkovic A, et al.
NOBOX Homeobox Mutation Causes Premature Ovarian
Failure. Am ] Hum Genet 2007;81:576-81.

Bouilly J, Bachelot A, Broutin I, Touraine P, Binart N. Novel
NOBOX Loss-of-function Mutations Account for 6.2% of

Fertility Science and Research « 2024« 11(6) | 9



Tambhankar, et al.: Genetics of Premature Ovarian Insufficiency

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cases in a Large Primary Ovarian Insufficiency Cohort. Hum
Mutat 2011;32:1108-13

Zhao H, Chen ZJ, Qin Y, Shi Y, Wang S, Choi Y, et al.
Transcription Factor FIGLA is Mutated in Patients with
Premature Ovarian Failure. Am ] Hum Genet 2008;82:1342-8.
Chen B, Li L, Wang J, Li T, Pan H, Liu B, et al. Consanguineous
Familial Study Revealed Biallelic FIGLA Mutation Associated
with Premature Ovarian Insufficiency. J Ovarian Res
2018;11:48.

Yuan P, He Z, Sun S, Li Y, Wang W, Liang X, et al. Bi-allelic
Recessive Loss-of-function Mutations in FIGLA Cause
Premature Ovarian Insufficiency with Short Stature. Clin
Genet 2019;95:409-414

Tosh D, Rani HS, Murty US, Deenadayal A, Grover P, et al.
Mutational Analysis of the FIGLA Gene in Women with
Idiopathic Premature Ovarian Failure. Menopause 2015;22:
520-6.

Louren¢o D, Brauner R, Lin L, De Perdigo A, Weryha G,
Muresan M, et al. Mutations in NR5A1 Associated with
Ovarian Insufficiency. N Engl ] Med 2009;360:1200-10.
Caburet S, Arboleda VA, Llano E, Overbeek PA, Barbero JL,
Oka K, et al. Mutant Cohesin in Premature Ovarian Failure. N
Engl ] Med 2014;370:943-9

Le Quesne Stabej P, Williams HJ, James C, James C, Tekman
M, Stanescu HC, et al. STAG3 Truncating Variant as the Cause
of Primary Ovarian Insufficiency. Eur ] Hum Genet 2016;24:
135-8

He WB, Banerjee S, Meng LL, Du J, Gong F, Huang H, et al.
Whole-exome Sequencing Identifies a Homozygous Donor
Splice-site Mutation in STAG3 that Causes Primary Ovarian
Insufficiency. Clin Genet 2018;93:340-4

Franca MM, Nishi MY, Funari MFA, Lerario AM, Baracat EC,
Hayashida SAY, et al. Two Rare Loss-of-function Variants in
the STAG3 Gene Leading to Primary Ovarian Insufficiency.
Eur ] Med Genet 2019;62:186-9.

Riera-Escamilla A, Enguita-Marruedo A, Moreno-Mendoza D,
Chianese C, Sleddens-Linkels E, Contini E, et al. Sequencing
of a ‘Mouse Azoospermia’ Gene Panel in Azoospermic Men:
Identification of RNF212 and STAG3 Mutations as Novel
Genetic Causes of Meiotic Arrest. Hum Reprod 2019;34:
978-88.

van der Bijl N, Ropke A, Biswas U, Woste M, Jessberger R,
Kliesch S, et al. Mutations in the Stromal Antigen 3 (STAG3)
Gene Cause Male Infertility Due to Meiotic Arrest. Hum
Reprod 2019;34:2112-9.

Jaillard S, McElreavy K, Robevska G, Akloul L, Ghieh E
Sreenivasan R, et al. STAG3 Homozygous Missense Variant
Causes Primary Ovarian Insufficiency and Male Non-
obstructive Azoospermia. Mol Hum Reprod 2020;26:665-77.
Mellone S, Zavattaro M, Vurchio D, Ronzani S, Caputo M,
Leone I, et al. A Long Contiguous Stretch of Homozygosity
Disclosed a Novel STAG3 Biallelic Pathogenic Variant Causing
Primary Ovarian Insufficiency: A Case Report and Review of
the Literature. Genes (Basel) 2021;12:1709.

Wang J, Zhang W, Jiang H, Wu BL. Primary Ovarian
Insufficiency Collaboration. Mutations in HFM1 in Recessive
Primary Ovarian Insufficiency. N Engl J Med 2014;370:
972-4.

Fertility Science and Research « 2024« 11(6) | 10

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

AlAsiri S, Basit S, Wood-Trageser MA, Yatsenko SA, Jeffries
EP, Surti U, et al. Exome Sequencing Reveals MCM8 Mutation
Underlies Ovarian Failure and Chromosomal Instability. J Clin
Invest 2015;125:258-62.

Tenenbaum-Rakover Y, Weinberg-Shukron A, Renbaum
P, Lobel O, Eideh H, Gulsuner S, et al. Minichromosome
Maintenance Complex Component 8 (MCM8) Gene Mutations
Result in Primary Gonadal Failure. ] Med Genet 2015;52:
391-9.

Golubicki M, Bonjoch L, Acufia-Ochoa JG, Diaz-Gay M,
Muiioz J, Cuatrecasas M, et al. Germline Biallelic Mcm$8
Variants are Associated with Early-onset Lynch-like Syndrome.
JCI Insight 2020;5:140698.

Qin Y, Guo T, Li G, Tang TS, Zhao S, Jiao X, et al. CSB-PGBD3
Mutations Cause Premature Ovarian Failure. PLoS Genet
2015;11:e1005419.

de Vries L, Behar DM, Smirin-Yosef P, Lagovsky I, Tzur S, Basel-
Vanagaite L, et al. Exome Sequencing Reveals SYCE1 Mutation
Associated with Autosomal Recessive Primary Ovarian
Insufficiency. ] Clin Endocrinol Metab 2014;99:E2129-32.
Guo T, Zhao S, Zhao S, Chen M, Li G, Jiao X, et al. Mutations
in MSH5 in Primary Ovarian Insufficiency. Hum Mol Genet
2017;26:1452-7.

Wyrwoll MJ, van Walree ES, Hamer G, Rotte N, Motazacker
MM, Meijers-Heijboer H, et al. Bi-allelic Variants in DNA
Mismatch Repair Proteins MutS Homolog MSH4 and MSH5
Cause Infertility in both Sexes. Hum Reprod 2021;37:178-89.
Norling A, Hirschberg AL, Rodriguez-Wallberg KA, Iwarsson
E, Wedell A, Barbaro M, et al. Identification of a Duplication
within the GDF9 Gene and Novel Candidate Genes for Primary
Ovarian Insufficiency (POI) by a Customized High-resolution
Array Comparative Genomic Hybridization Platform. Hum
Reprod 2014;29:1818-27.

Bouilly ], Beau I, Barraud S, Bernard V, Azibi K, Fagart ], et al.
Identification of Multiple Gene Mutations Accounts for a New
Genetic Architecture of Primary Ovarian Insufficiency. J Clin
Endocrinol Metab 2016;101:4541-50.

Fouquet B, Pawlikowska P, Caburet S, Guigon C, Mikinen
M, Tanner L, et al. A Homozygous FANCM Mutation
Underlies a Familial Case of Non-syndromic Primary Ovarian
Insufficiency. Elife 2017;6:¢30490.

Kasak L, Punab M, Nagirnaja L, Grigorova M, Minajeva A,
Lopes AM, et al. Bi-allelic Recessive Loss-of-function Variants
in FANCM Cause Non-obstructive Azoospermia. Am ] Hum
Genet 2018;103:200-12.

Zhang D, Liu Y, Zhang Z, Lv P, Liu Y, Li J, et al.. Basonuclin 1
Deficiency is a Cause of Primary Ovarian Insufficiency. Hum
Mol Genet 2018;27:3787-800.

Zhang YX, Li HY, He WB, Tu C, Du J, Li W, et al. XRCC2
Mutation Causes Premature Ovarian Insufficiency as well as
Non-obstructive Azoospermia in Humans. Clin Genet 2019;95:
442-3.

Fan S, Jiao Y, Khan R, Jiang X, Javed AR, Ali A, et al.
Homozygous Mutations in C140rf39/SIX60S1 Cause Non-
Obstructive Azoospermia and Premature Ovarian Insufficiency
in Humans. Am ] Hum Genet 2021;108:324-36.
Felipe-Medina N, Caburet S, Sanchez-Saez F, Condezo YB, de
Rooij DG, Gémez-H L, et al. A Missense in HSF2BP Causing



Tambhankar, et al.: Genetics of Premature Ovarian Insufficiency

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Primary Ovarian Insufficiency Affects Meiotic Recombination
by its Novel Interactor C1I9ORF57/BRMEL. Elife 2020;9:€56996.
Carlosama C, Elzaiat M, Patifio LC, Mateus HE, Veitia RA,
Laissue P, et al. A Homozygous Donor Splice-site Mutation in
the Meiotic Gene MSH4 Causes Primary Ovarian Insufficiency.
Hum Mol Genet 2017;26:3161-6.

Akbari A, Padidar K, Salehi N, Mashayekhi M, Almadani N,
Sadighi Gilani MA, et al. Rare Missense Variant in MSH4
Associated with Primary Gonadal Failure in both 46, XX and
46, XY Individuals. Hum Reprod 2021;36:1134-45.

Tucker EJ, Jaillard S, Grover SR, van den Bergen ], Robevska
G, Bell KM, et al. TP63-truncating Variants Cause Isolated
Premature Ovarian Insufficiency. Hum Mutat 2019;40:886-92
Tucker EJ, Gutfreund N, Belaud-Rotureau MA, Gilot D, Brun
T, Kline BL, et al. Dominant TP63 Missense Variants lead to
Constitutive Activation and Premature Ovarian Insufficiency.
Hum Mutat 2022;43:1443-53.

Wu H, Zhang X, Hua R, Li Y, Cheng L, Li K, et al. Homozygous
Missense Mutation in CCDC155 Disrupts the Transmembrane
Distribution of CCDC155 and SUNI, Resulting in Non-
Obstructive Azoospermia and Premature Ovarian Insufficiency
in Humans. Hum Genet 2022;141:1795-809.

Zhang Q, Tao C, Gao S, Li S, Xu B, Ke H, et al. Homozygous
Variant in KASH5 Causes Premature Ovarian Insufficiency by
Disordered Meiotic Homologous Pairing. J Clin Endocrinol
Metab 2022;107:2589-97

Aittomaki K, Lucena JL, Pakarinen P, Sistonen P, Tapanainen J,
Gromoll J, et al. Mutation in the Follicle-stimulating Hormone
Receptor Gene Causes Hereditary Hypergonadotropic Ovarian
Failure. Cell 1995;82:959-68.

Vasseur C, Rodien P, Beau I, Desroches A, Gérard C, de
Poncheville L, et al. A Chorionic Gonadotropin-sensitive
Mutation in the Follicle-stimulating Hormone Receptor
as a Cause of Familial Gestational Spontaneous Ovarian
Hyperstimulation Syndrome. N Engl ] Med 2003;349:753-9.
Beau I, Touraine P, Meduri G, Gougeon A, Desroches A,
Matuchansky C, et al. A Novel Phenotype related to Partial Loss
of Function Mutations of the Follicle Stimulating Hormone
Receptor. J Clin Invest 1998;102:1352-9.

Doherty E, Pakarinen P, Tiitinen A, Kiilavuori A, Huhtaniemi
I, Forrest S, et al A Novel Mutation in the FSH Receptor
Inhibiting Signal Transduction and Causing Primary Ovarian
Failure. J Clin Endocrinol Metab 2002;87:1151-5.

Achrekar SK, Modi DN, Meherji PK, Patel ZM, Mahale SD.
Follicle Stimulating Hormone Receptor Gene Variants in
Women with Primary and Secondary Amenorrhea. J Assist
Reprod Genet 2010;27:317-26.

Achrekar SK, Modi DN, Desai SK, Mangoli VS, Mangoli
RV, Mahale SD. Follicle-stimulating Hormone Receptor
Polymorphism (Thr307Ala) is Associated with Variable
Ovarian Response and Ovarian Hyperstimulation Syndrome
in Indian Women. Fertil Steril 2009;91:432-9.

Achrekar SK, Modi DN, Desai SK, Mangoli VS, Mangoli
RV, Mahale SD. Poor Ovarian Response to Gonadotrophin
Stimulation is Associated with FSH receptor Polymorphism.
Reprod Biomed Online 2009;18:509-15.

Zangen D, Kaufman Y, Zeligson S, Perlberg S, Fridman H,
Kanaan M, et al. XX Ovarian Dysgenesis is Caused by a

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

PSMC3IP/HOP2 Mutation that Abolishes Coactivation of
Estrogen-driven Transcription. Am ] Hum Genet 2011;89:572-
9.

Wood-Trageser MA, Gurbuz E, Yatsenko SA, Jeffries EP, Kotan
LD, Surti U, et al. MCM9 Mutations are Associated with
Ovarian Failure, Short Stature, and Chromosomal Instability.
Am ] Hum Genet 2014;95:754-62

Fauchereau F, Shalev S, Chervinsky E, Beck-Fruchter R,
Legois B, Fellous M, et al. A Non-sense MCM9 Mutation in
a Familial Case of Primary Ovarian Insufficiency. Clin Genet
2016;89:603-7.

Bayram Y, Gulsuner S, Guran T, Abaci A, Yesil G, Gulsuner
HU, et al. Homozygous Loss-of-function Mutations in
SOHLHI in Patients with Nonsyndromic Hypergonadotropic
Hypogonadism. J Clin Endocrinol Metab 2015;100:E808-14.
Choi Y, Jeon S, Choi M, Lee MH, Park M, Lee DR, et al.
Mutations in SOHLH1 Gene Associate with Nonobstructive
Azoospermia. Hum Mutat 2010;31:788-93.
Weinberg-Shukron A, Renbaum P, Kalifa R, Zeligson S, Ben-
Neriah Z, Dreifuss A, et al. A Mutation in the Nucleoporin-107
Gene Causes XX Gonadal Dysgenesis. ] Clin Invest 2015;125
4295-304.

Ren Y, Diao E Katari S, Yatsenko S, Jiang H, Wood-Trageser
MA, et al. Functional Study of a Novel Missense Single-
Nucleotide Variant of NUP107 in Two Daughters of Mexican
Origin with Premature Ovarian Insufficiency. Mol Genet
Genomic Med 2018;6:276-81.

Chen A, Tiosano D, Guran T, Baris HN, Bayram Y, Mory A,
et al. Mutations in the Mitochondrial Ribosomal Protein
MRPS22 Lead to Primary Ovarian Insufficiency. Hum Mol
Genet 2018;27:1913-26.

Lang-Muritano M, Sproll P, Wyss S, Kolly A, Hiirlimann R,
Konrad D, et al. Early-onset Complete Ovarian Failure and
Lack of Puberty in a Woman with Mutated Estrogen Receptor
B (ESR2). J Clin Endocrinol Metab 2018;103:3748-56.
Smirin-Yosef P, Zuckerman-Levin N, Tzur S, Granot Y, Cohen
L, Sachsenweger J, et al. A Biallelic Mutation in the Homologous
Recombination Repair Gene SPIDR is Associated with Human
Gonadal Dysgenesis. ] Clin Endocrinol Metab 2017;102:681-8.
Heddar A, Guichoux N, Auger N, Misrahi M. A SPIDR
Homozygous Nonsense Pathogenic Variant in Isolated Primary
Ovarian Insufficiency with Chromosomal Instability. Clin
Genet 2022;101:242-6.

Alhathal N, Maddirevula S, Coskun S, Alali H, Assoum M,
Morris T, Deek HA, et al. A Genomics Approach to Male
Infertility. Genet Med 2020;22:1967-75.

LiY, WuY, Zhou J, Zhang H, Zhang Y, Ma H, et al. A Recurrent
ZSWIM7 Mutation Causes Male Infertility Resulting
from Decreased Meiotic Recombination. Hum Reprod
2021;36:1436-45.

McGlacken-Byrne SM, Le Quesne Stabej P, Del Valle I, Ocaka
L, Gagunashvili A, Crespo B, et al. ZSWIM?7 is Associated
with Human Female Meiosis and Familial Primary Ovarian
Insufficiency. ] Clin Endocrinol Metab 2022;107:e254-€263.

Li D, Streeten EA, Chan A, Lwin W, Tian L, Pellegrino da
Silva R, et al. Exome Sequencing Reveals Mutations in AIRE
as a Cause of Isolated Hypoparathyroidism. J Clin Endocrinol
Metab 2017;102:1726-33.

Fertility Science and Research « 2024 « 11(6) | 11



Tambhankar, et al.: Genetics of Premature Ovarian Insufficiency

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Huang C, Guo T, Qin Y. Meiotic Recombination Defects
and Premature Ovarian Insufficiency. Front Cell Dev Biol
2021;9:652407.

Nissenkorn A, Levy-Shraga Y, Banet-Levi Y, Lahad A, Sarouk
I, Modan-Moses D, et al. Endocrine Abnormalities in Ataxia
Telangiectasia: Findings from a National Cohort. Pediatr Res
2016;79:889-94.

Rossetti R, Ferrari I, Bonomi M, Persani L. Genetics of Primary
Ovarian Insufficiency. Clin Genet 2017;91:183-98.

Ibitoye RT, Renowden SA, Faulkner HJ, Scolding NJ, Rice CM.
Ovarioleukodystrophy due to EIF2B5 Mutations Practical
Neurology 2016;16:496-9.

Gershoni M, Hauser R, Yogev L, Lehavi O, Azem E Yavetz H,
et al. A Familial Study of Azoospermic Men Identifies Three
Novel Causative Mutations in Three New Human Azoospermia
Genes. Genet Med 2017;19:998-1006.

Newman WG, Friedman TB, Conway GS. Perrault Syndrome.
2014 Sep 25 [Updated 2018 Sep 6]. In: Adam MP, Feldman
J, Mirzaa GM, et al., editors. GeneReviews®. Seattle (WA):
University of Washington, Seattle; 1993-2023.

Ghaddhab C, Morin C, Brunel-Guitton C, Mitchell GA, Van
Vliet G, Huot C, et al. Premature Ovarian Failure in French
Canadian Leigh Syndrome. J Pediatr 2017;184:227-9.el.
Forges T, Monnier-Barbarino P, Leheup B, Jouvet P.
Pathophysiology ~of Impaired Ovarian Function in
Galactosaemia. Hum Reprod Update 2006;12:573-84.

Kumar KA, Rao KL, Vedula SV, Kanakavalli MK, Vaddamani
PV, Deendayal M, et al. Screening of the Galactose-1-phosphate
Uridyltransferase Gene in Indian Women with Ovarian Failure.
Reprod Biomed Online 2005;11:444-8.

Lynch DR, Braastad CD, Nagan N. Ovarian Failure in Ataxia
with Oculomotor Apraxia Type 2. Am ] Med Genet A
2007;143A:1775-7.

Kinkar JS, Jameel PZ, Kumawat BL, Kalbhor P. Heterozygous
Deletion in Exon 6 of STEX Gene Causing Ataxia with
Oculomotor Apraxia Type 2 (AOA-2) with Ovarian Failure.
BM]J Case Rep 2021;14:e241767.

Zielen AC, Khan M]J, Pollock N, Jiang H, Ahmed J, Nazli R,
et al. A Novel Homozygous Frame-shift Variant in the LHCGR
Gene is Associated with Primary Ovarian Insufficiency in a
Pakistani Family. Clin Genet 2018;94:396-7.

Watkins W], Umbers AJ, Woad K], Harris SE, Winship
IM, Gersak K, et al. Mutational Screening of FOXO3A and
FOXO1A in Women with Premature Ovarian Failure. Fertil
Steril 2006;86:1518-21.

Mansouri MR, Schuster ], Badhai J, Stattin EL, Losel R,
Wehling M, et al. Alterations in the Expression, Structure and
Function of Progesterone Receptor Membrane Component-1
(PGRMCI1) in Premature Ovarian Failure. Hum Mol Genet
2008;17:3776-83.

Qin Y, Sun M, You L, Wei D, Sun J, Liang X, et al. ESR1, HK3
and BRSK1 Gene Variants are Associated with both Age at
Natural Menopause and Premature Ovarian Failure. Orphanet
] Rare Dis 2012;7:5.

Kasippillai T, MacArthur DG, Kirby A, Thomas B, Lambalk
CB, Daly MJ, et al. Mutations in eIF4ENIF1 are Associated
with Primary Ovarian Insufficiency. J Clin Endocrinol Metab
2013;98:E1534-9.

Fertility Science and Research « 2024 « 11(6) | 12

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Santos MG, Machado AZ, Martins CN, Domenice S, Costa
EM, Nishi MY, et al. Homozygous Inactivating Mutation in
NANOS3 in Two Sisters with Primary Ovarian Insufficiency.
Biomed Res Int 2014;2014:787465.

Qin G, Yuan Z, Yao J, Zhu W, Wu W, Xie J. AMH and AMHR2
Genetic Variants in Chinese Women with Primary Ovarian
Insufficiency and Normal Age at Natural Menopause. Reprod
Biomed Online 2014;29:311-8.

Wang H, Li G, Zhang J, Gao E Li W, Qin Y, et al. Novel WT1
Missense Mutations in Han Chinese Women with Premature
Ovarian Failure. Sci Rep 2015;5:13983.

Hyon C, Mansour-Hendili L, Chantot-Bastaraud S, Donadille
B, Kerlan V, Dodé C, et al. Deletion of CPEB1 Gene: A Rare
but Recurrent Cause of Premature Ovarian Insufficiency. J Clin
Endocrinol Metab 2016;101:2099-104.

Faridi R, Rehman AU, Morell R], Friedman PL, Demain L,
Zahra S, et al. Mutations of SGO2 and CLDN14 Collectively
Cause Coincidental Perrault Syndrome. Clin Genet 2017;91:
328-32

Moriwaki M, Moore B, Mosbruger T, Neklason DW, Yandell M,
Jorde LB, et al. POLR2C Mutations are Associated with Primary
Ovarian Insufficiency in Women. ] Endocr Soc 2017;1:162-73.
Wang B, Li L, Zhu Y, Zhang W, Wang X, Chen B, et al. Sequence
Variants of KHDRBS]1 as High Penetrance Susceptibility Risks
for Primary Ovarian Insufficiency by Mis-regulating mRNA
Alternative Splicing. Hum Reprod 2017;32:2138-46.

Patifio LC, Beau I, Carlosama C, Buitrago JC, Gonzalez R,
Sudrez CF, et al. New Mutations in Non-syndromic Primary
Ovarian Insufficiency Patients Identified via Whole-exome
Sequencing. Hum Reprod 2017;32:1512-20.

He WB, Tu CF, Liu Q, Meng LL, Yuan SM, Luo AX, et al. DMC1
Mutation that Causes Human Non-obstructive Azoospermia
and Premature Ovarian Insufficiency Identified by Whole-
exome Sequencing. ] Med Genet 2018;55:198-204.

Caburet S, Todeschini AL, Petrillo C, Martini E, Farran ND,
Legois B, et al. A Truncating MEIOB Mutation Responsible
for Familial Primary Ovarian Insufficiency Abolishes its
Interaction with its Partner SPATA22 and their Recruitment to
DNA Double-strand Breaks. EBioMedicine 2019;42:524-31.
Franca MM, Han X, Funari MFA, Lerario AM, Nishi MY,
Fontenele EGP, et al. Exome Sequencing Reveals the POLR3H
Gene as a Novel Cause of Primary Ovarian Insufficiency. ] Clin
Endocrinol Metab 2019;104:2827-41.

Bestetti I, Castronovo C, Sironi A, Caslini C, Sala C, Rossetti R,
et al. High-resolution Array-CGH Analysis on 46,XX Patients
Affected by Early Onset Primary Ovarian Insufficiency
Discloses New Genes Involved in Ovarian Function. Hum
Reprod 2019;34:574-83.

Delcour C, Amazit L, Patino LC, Magnin F, Fagart ], Delemer
B, et al. ATG7 and ATG9A Loss-of-function Variants Trigger
Autophagy Impairment and Ovarian Failure. Genet Med
2019;21:930-8.

Oral E, Toksoy G, Sofiyeva N, Celik HG, Karaman B, Basaran S,
et al. Clinical and Genetic Investigation of Premature Ovarian
Insufficiency Cases from Turkey. J Gynecol Obstet Hum
Reprod 2019;48:817-23.

He WB, Tan C, Zhang YX, Meng LL, Gong F, Lu GX, et al.
Homozygous Variants in SYCP2L Cause Premature Ovarian
Insufficiency. ] Med Genet 2021;58:168-72.



Tambhankar, et al.: Genetics of Premature Ovarian Insufficiency

116.

117.

118.

119.

Heddar A, Ogur C, Da Costa S, Braham I, Billaud-Rist L,
Findikli N, et al. Genetic Landscape of a Large Cohort of
Primary Ovarian Insufficiency: New Genes and Pathways
and Implications for Personalized Medicine. EBioMedicine
2022;84:104246.

Gorsi B, Hernandez E, Moore MB, Moriwaki M, Chow CY,
Coelho E, et al. Causal and Candidate Gene Variants in a Large
Cohort of Women with Primary Ovarian Insufficiency. J Clin
Endocrinol Metab 2022;107:685-714.

Ke H, Tang S, Guo T, Hou D, Jiao X, Li S, et al. Landscape of
Pathogenic Mutations in Premature Ovarian Insufficiency. Nat
Med 2023;29:483-92.

Perry JR, Hsu YH, Chasman DI, Johnson AD, Elks C, Albrecht
E, et al. DNA Mismatch Repair Gene MSH6 Implicated in

120.

121.

Determining Age at Natural Menopause. Hum Mol Genet
2014;23:2490-7.

Chand AL, Harrison CA, Shelling AN. Inhibin and Premature
Ovarian Failure. Hum Reprod Update 2010;16:39-50.

Prakash GJ, Ravi Kanth VV, Shelling AN, Rozati R, Sujatha M.
Mutational Analysis of Inhibin Alpha Gene Revealed Three
Novel Variations in Indian Women with Premature Ovarian
Failure. Fertil Steril 2010;94:90-8.

How to cite this article: Tamhankar PM, Tamhankar VP, Vaniawala S.
Genetics of Premature Ovarian Insufficiency. Fertil Sci Res. 2024;11:6. doi:

10.25259/fsr_42_23

Fertility Science and Research « 2024« 11(6) | 13



