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Background
In April, 2023, the World Health Organization reported 
that approximately 17.5% of couples of childbearing age 
worldwide experience infertility. Female factors account 
for 30–50% of these cases [1–4]. Premature Ovarian 
Insufficiency (POI) emerges as a significant cause of 
female infertility. POI is characterized by the cessation 
of ovarian function in women before the age of 40, lead-
ing to amenorrhea and infertility. Diagnostic criteria 
include a minimum of 4 months of amenorrhea, elevated 
Follicle-stimulating hormone (FSH) levels exceeding 25 
IU/L, and/or reduced estrogen levels persisting for at 
least 4 weeks, along with the absence of antral follicles 
in ovarian ultrasound examination [5, 6]. POI symptoms 
encompass hot flashes, sweating, tension, loss of libido, 
weakness, dry skin, mucous membrane dryness, reduced 
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Abstract
Premature Ovarian Insufficiency (POI) is a highly heterogeneous condition characterized by ovarian dysfunction 
in women occurring before the age of 40, representing a significant cause of female infertility. It manifests 
through primary or secondary amenorrhea. While more than half of POI cases are idiopathic, genetic factors play 
a pivotal role in all instances with known causes, contributing to approximately 20–25% of cases. This article 
comprehensively reviews the genetic factors associated with POI, delineating the primary candidate genes. The 
discussion delves into the intricate relationship between these genes and ovarian development, elucidating the 
functional consequences of diverse mutations to underscore the fundamental impact of genetic effects on POI. 
The identified genetic factors, encompassing gene mutations and chromosomal abnormalities, are systematically 
classified based on whether the resulting POI is syndromic or non-syndromic. Furthermore, this paper explores 
the genetic interplay between mitochondrial genes, such as Required for Meiotic Nuclear Division 1 homolog 
Gene (RMND1), Mitochondrial Ribosomal Protein S22 Gene (MRPS22), Leucine-rich Pentapeptide Repeat Gene 
(LRPPRC), and non-coding RNAs, including both microRNAs and Long non-coding RNAs, with POI. The insights 
provided serve to consolidate and enhance our understanding of the etiology of POI, contributing to establishing a 
theoretical foundation for diagnosing and treating POI patients, as well as for exploring the mechanisms underlying 
the disease.
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bone mineral density, and metabolic disorders, with 
infertility being the most profound manifestation [7].

As a heterogeneous condition, POI has various causes, 
including genetic factors (20–25%), autoimmune factors, 
iatrogenic influences (both contributing around 10%), 
and environmental factors (Fig. 1). Nevertheless, the eti-
ology for more than half of patients remains elusive [8].

In a recent study involving 1030 POI patients, 242 cases 
(23.5%) were identified as associated with the patho-
genicity and potential pathogenic mutations of POI-
related genes, both known and novel [9]. More than 50 
gene mutations associated with POI have been identified, 
impacting diverse processes, including gonadal develop-
ment, DNA replication/meiosis, DNA repair, transcrip-
tion processes, signal transduction, RNA metabolism 
and translation, and mitochondrial function [9]. Recent 
studies have unveiled a potential connection between 
non-coding RNAs (ncRNAs) and POI, such as miRNAs, 
lnc-RNAs [10–13]. In addition to non-syndrome-associ-
ated POI, there are gene variants with POI as a clinical 
phenotype, and some chromosomal abnormalities con-
tribute to 10–13% of POI cases [14]. Genetic research on 
these symptomatic POIs is progressively advancing.

This literature review aims to synthesize genetic fac-
tors and potential mechanisms related to POI across four 
dimensions: syndrome-associated POI, non-syndrome 
POI, mitochondrial dysfunction-associated POI, and 
non-coding RNA-associated POI. For non-syndrome-
associated POI, we categorize the genetic factors based 
on the roles played by different genes at various stages of 
follicular development and maturation. Specifically, two 
novel areas— related to mitochondrial dysfunction-asso-
ciated POI and non-coding RNA-associated POI— are 
highlighted to enhance our understanding of POI. This 
review seek to present current knowledge and hypoth-
eses, identify areas requiring further investigation, and 
outline future research directions.

The genetic etiology of syndrome-related POI
Chromosome abnormality
X chromosome aneuploidies
Turner Syndrome (TS) is a genetic disorder arising from 
the complete or partial absence of an X chromosome, 
typical ly discerned through a 45, X karyotype. It is char-
acterized by POI, hypogonadism, and short stature [15]. 
Prevalent in approximately 1 in 2500 live births [16], TS is 

Fig. 1  Pathogenic model of premature ovarian insufficiency (POI). Under the regulation of intraovarian factors and gonadotropins, primary follicles 
develop into preantral and early antral follicles, which are particularly susceptible to atresia, or follicle death. Subsequently, they progress to preovulatory 
follicles, leading to oocyte release and corpora lutea formation. Defects in folliculogenesis—such as a decrease in primordial follicles, an increase in atresia, 
and altered follicular maturation—cause POI. Diagnostic criteria for POI include a minimum of four months of amenorrhea, elevated follicle-stimulating 
hormone (FSH) levels exceeding 25 IU/L, and/or reduced estrogen levels persisting for at least four weeks, alongside the absence of antral follicles on 
ovarian ultrasound examination. The impact of POI on health is multifaceted, with female infertility primarily resulting from oocyte depletion and dysfunc-
tions in follicular development. The heterogeneity of POI is attributed to genetic causes, including karyotype abnormalities, nuclear genes, mitochondrial 
genes, and non-coding RNAs, as well as non-genetic causes, such as autoimmunity and environmental toxins
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a significant contributor to POI cases, constituting 4–5% 
of the total [17]. Female individuals with TS undergo fol-
licle loss during early ovarian development, leading to 
elevated FSH levels in infancy. This elevation can result in 
primary amenorrhea and ovarian dysplasia. The under-
lying mechanism involves the deletion of an X chromo-
some during meiosis or the loss of crucial X-linked genes, 
such as the Short-stature homeobox(SHOX) gene [18]. 
Normal ovarian function hinges on the presence of two 
copies of X-linked genes; the loss of one copy manifests 
as TS-related phenotypes. Recent research has addition-
ally implicated telomere function, length, and epigenetic 
modifications in TS-related POI [19].

Trisomy X Syndrome (TXS), identified by a 47, XXX 
karyotype, is a sex chromosome aneuploidy disorder 
impacting approximately 1 in 1000 women, with a diag-
nostic rate of merely 10% [20]. Despite limited research, 
a 2020 study revealed diminished Anti-Mullerian Hor-
mone (AMH) levels in TXS patients, suggesting an aug-
mented risk of POI [21]. TXS individuals may also exhibit 
elevated FSH and Luteinizing Hormone (LH), correlating 
with menstrual cycle disorders and POI. Earlier investi-
gations allude to a potential correlation between TXS 
and POI [22].

Structural chromosomal abnormality
In the realm of structural rearrangements involving the 
X chromosome, the isochromosome (46, Xi(X)(q10)) 
emerges as a prevalent occurrence, often associated with 
the TS phenotype, indistinguishable from 45, X patients. 
Deletions and translocations within the long arm of the 
X chromosome are also reported in cases of POI. Dele-
tions typically exhibit breakpoints in the Xq24–Xq27 
region, while translocation breakpoints predominantly 
occur from Xq13 to Xq21. These observations designate 
the Xq24–q27 and Xq13.1–q21.33 regions as POI critical 
regions 1 and 2, respectively [23].

In addition, the correlation between X-autosomal 
translocation and POI cannot be ignored. Various genes 
on the X chromosome have been implicated through 
X-autosomal translocations, encompassing Diaphanous 
Related Formin 2, Premature Ovarian Failure, 1B, Pro-
gesterone receptor membrane component 1, among oth-
ers. Despite the rarity of such rearrangements (1:30,000), 
distinct patterns in the localization of X-chromosome 
breakpoints have been discerned – 80% of the break-
points fall within the Xq21 cytoband of the POI2 region 
[24]. The correlation between X-autosomal transloca-
tion and POI remains inconclusive, with three prevailing 
hypotheses: Gene disruption, Meiosis error, and Position 
effect hypothesis [25].

While evidence substantiates the role of X chromosome 
abnormalities in POI, recent research in this domain has 
been limited. Analysis of data from four studies reveals 

a prevalence of X-chromosomal structural abnormalities 
and X-autosomal translocations in POI ranging from 4.2 
to 12.0% [26]. This underscores the imperative for further 
exploration into the molecular and genetic mechanisms 
underpinning these abnormalities and their contribution 
to POI.

Apart from structural abnormalities in the X chromo-
some, Autosomal translocations, microdeletions, gene 
mutations, epistasis, and epigenetic changes linked to 
autosomal genes also constitute factors in POI. Previous 
studies have documented 28 cases of autosomal abnor-
malities associated with POI, encompassing 10 Rob-
ertsonian translocations, 10 reverse translocations, 5 
chromosome inversions, and 3 autosomal chromosome 
microdeletions. These abnormalities manifest across 
diverse races, including Chinese, Thai, and American 
populations [27, 28].

Gene mutation
Autoimmune disease-related POI
Autoimmune polyendocrine syndrome type 1 (APS-
1) arises from mutations in the Autoimmune regulator 
(AIRE) gene, situated on 21q22.3 [29]. The AIRE gene, 
responsible for encoding a protein with two zinc fingers, 
functions as a transcription factor crucial for autoim-
mune tolerance. Its primary role lies in facilitating the 
expression of specific autoantigens in thymic stromal 
cells. Approximately 50 mutations in the AIRE gene have 
been identified, inherited through autosomal recessive 
transmission [30]. Notably, around 41% of APS-1 patients 
experience complications related to POI. The primary 
association between APS-1 and POI is autoimmune lym-
phocytic ovarian inflammation [31].

Ataxia-telangiectasia (AT) is a rare autosomal recessive 
genetic disorder that predominantly affects the nerves, 
blood vessels, skin, mononuclear macrophage system, 
and endocrine system, resulting in primary immuno-
deficiency [32]. The causative gene for AT is the Ataxia 
Telangiectasia Mutated (ATM) gene, which plays a cru-
cial role in DNA damage repair, cell cycle regulation, and 
immune response, potentially influencing sexual matu-
rity. The pathology of AT arises from the loss of protein 
expression due to ATM gene mutation. Clinical mani-
festations encompass cerebellar ataxia, ocular motility 
disorders, telangiectasia, immunodeficiency, tumor sus-
ceptibility, chromosome instability, and gonadal dyspla-
sia. Female AT patients frequently present with ovarian 
hypoplasia and disorders in the development of primor-
dial germ cells [33, 34].

Metabolic disease-related POI
Galactosemia is an autosomal recessive hereditary disor-
der arising from the deficiency of Galactose-1-Phosphate 
Uridylyltransferase (GALT) gene. This condition can 
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result in severe complications in organs expressing high 
levels of GALT, including the liver, kidneys, ovaries, and 
heart [35]. POI manifests in 80-90% of female patients 
with homologous mutations in the GALT gene. GALT 
gene mutations can lead to the accumulation of galactose 
in the ovary, hindering its metabolism and inducing toxic 
effects, thereby fostering premature follicular atresia. The 
elevation of FSH in galactosemia patients initiates from 
birth to early adolescence, with varying onset times for 
ovarian function impairment [36]. However, primary 
amenorrhea predominates in most patients. Despite a 
minimal number of patients achieving natural concep-
tion, key biochemical indicators such as AMH, estradiol, 
and FSH consistently reflect ovarian failure [37].

Carbohydrate-Deficient Glycoprotein Syndrome is a 
congenital metabolic disorder stemming from impaired 
glycan binding to other complexes, such as proteins or 
lipids. The etiology of this syndrome is linked to a muta-
tion in the Phosphomannomutase 2 gene. The Phospho-
mannomutase gene encodes a phosphomannose mutase 
responsible for catalyzing the conversion of mannose-
6-phosphate to mannose-1-phosphate. A functional 
defect in this enzyme can disrupt ovarian glycoprotein 
glycosylation, potentially contributing to POI by affecting 
ovarian glucose metabolism [38].

Endocrine disease-related POI
Blepharophimosis-ptosis-epicanthus in-versus syn-
drome (BPES) is an autosomal dominant genetic disorder 
which manifests in two distinct types, with Type I com-
monly associated with POI, and its etiology correlated 
with mutations in the Forkhead transcription factor L2 
(FOXL2) [39]. Over 260 FOXL2 gene mutations have 
been found. These include changes in the polyalanine 
chain, leading to Type I or Type II BPES. FOXL2 muta-
tions can affect protein-protein or protein-DNA interac-
tions [40]. However, some mutations don’t fully match 
the ovarian phenotype, especially missense mutations in 
the Forkhead domain [41]. Therefore, individuals with 
Type II BPES mutations may still need ovarian function 
monitoring.

Pseudohypoparathyroidism is a rare disorder, patients 
may encounter gonadal issues, such as delayed or 
impaired sexual development, absence of menstrual 
periods, irregular menstruation, or infertility. Approxi-
mately 70-80% of individuals with pseudohypoparathy-
roidism type 1a have a clearly identifiable genetic cause, 
predominantly attributed to GNAS Complex Locus 
(GNAS) gene mutations or methylation changes [42]. 
The GNAS gene encodes the alpha subunit of the stimu-
latory heterotrimeric G protein, a critical component of 
the gonadotropin receptor signaling pathway. Individu-
als with gonadotropin resistance and POI may harbor 

mutant maternal GNAS alleles in the gonads, disrupting 
the gonadotropin receptor signaling pathway [43].

Nervous system disease-related POI
Ovarioleukodystrophy is a severe hereditary neurode-
generative disorder characterized by white matter loss 
and POI [44]. The condition is associated with mutations 
in the Eukaryotic initiation factor 2B (EIF2B) gene, a piv-
otal protein in the initiation of eukaryotic translation. 
EIF2B comprises five subunits: α, β, γ, δ, and ε. Mutations 
in any of these subunits can lead to the development of 
the disease. Individuals with mutations in the EIF2B gene 
often display progressive degenerative changes in the 
nervous system, and the severity of ovarian insufficiency 
is positively correlated with age [45]. However, in some 
cases, POI may manifest before the onset of neurological 
symptoms or during subclinical neurological lesions.

Progressive external ophthalmoplegia is character-
ized by a gradual onset of facial ptosis and restricted eye 
movement. Its pathogenesis is associated with muta-
tions in the DNA Polymerase Gamma, Catalytic Subunit 
(POLG) gene, which can manifest as either an autosomal 
dominant or recessive genetic disorder. This disorder falls 
within the category of mitochondrial diseases. Mutations 
in the POLG gene not only result in ocular symptoms but 
are also frequently accompanied by POI and Parkinson’s 
disease [46].

Perrault syndrome is a pleiotropic autosomal reces-
sive disorder characterized by ovarian failure in females, 
sensorineural hearing loss in both genders, and neuro-
logical manifestations in select patients. In a European 
mixed-race family comprising two sisters, researchers 
detected compound heterozygous variants of HSD17B4 
c.1704  A > G and c.17T > A [47]. Subsequent investiga-
tions revealed mutations in Histidyl-TRNA Synthetase 
2, Mitochondrial (HARS2), Leucyl-TRNA Synthetase 
2, Mitochondrial (LARS2), Caseinolytic Mitochondrial 
Matrix Peptidase Proteolytic Subunit (CLPP), and 
Twinkle mtDNA Helicase (TWNK) within the Perrault 
syndrome framework, utilizing similar genomic meth-
odologies such as linkage analysis or NGS, all crucial for 
maintaining normal mitochondrial function [48].

Other diseases-related POI
Premature aging syndromes, such as Bloom, Werner, 
and GAPO, are frequently associated with both female 
POI and male asthenospermia. These syndromes arise 
from specific gene mutations leading to autosomal reces-
sive inheritance. Bloom syndrome, stemming from BLM 
RecQ Like Helicase gene mutations affecting DNA heli-
case, is characterized by short stature, a photosensi-
tive rash, immunodeficiency, an elevated risk of tumors, 
and hypogonadism [49]; Werner syndrome, a typical 
human premature aging syndrome, results from WRN 
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RecQ Like Helicase gene mutations. Symptoms encom-
pass skin aging, scleroderma, cataracts, arteriosclerosis, 
a heightened risk of tumors, and gonadal dysplasia [50]; 
GAPO syndrome, caused by mutations in the ANTXR 
Cell Adhesion Molecule 1 gene involved in cell adhesion 
and migration, exhibits features such as growth retarda-
tion, alopecia, impacted teeth, optic nerve atrophy, and 
ovarian abnormalities in women [51]; Epidemiological 
research indicates a robust association between POI and 
premature aging syndromes. This suggests that POI can 
be considered a form of accelerated ovarian aging, even 
without obvious syndromic features.

Fragile X syndrome arises from a mutation in the Frag-
ile X Messenger Ribonucleoprotein 1 (FMR1) gene on 
the X chromosome. The FMR1 gene possesses a variable 
CGG repeat sequence, with a normal range of 6 to 44. 
When the repeats increase to 55 to 200, it is referred to 
as a premutation. Approximately 1 in 250 women carry 
the FMR1 gene premutation, and 15–24% of them expe-
rience POI, known as Fragile X-related ovarian insuf-
ficiency (FXPOI). Studies indicate that about 11.5% of 
familial POI and 3.2% of sporadic POI patients harbor 
FMR1 gene premutations. Therefore, FMR1 gene premu-
tations represent a primary genetic cause of POI [52]. The 
mechanism of FXPOI remains unclear, but it is suggested 
that an increased number of premutant CGG repeats 
hinder the normal binding of the FMR1 gene product to 
the ribosome 40 S subunit. This affects the translation of 
the protein FMRP, leading to reduced FMRP expression 
and a subsequent rise in transcription factors, resulting 
in elevated FMR1 gene mRNA levels [52]. FMRP protein 
is prominently expressed in germ cells and fetal ovaries, 
regulating the growth of oogonia and the initial ovarian 
size. Interestingly, FMRP expression is observed in gran-
ulosa cells (GCs) of mature follicles but not in primordial 
and primary follicles. This shift in expression highlights 
the role of FMRP in regulating follicular maturation. 
Abnormal FMRP expression directly impacts follicle and 
egg development. Moreover, the increase in CGG repeats 
can have a toxic effect on GCs, leading to increased fol-
licular death [53].

Genetic etiology of non-syndromic POI
Numerous genes are intimately associated with non-
syndromic POI, implicating diverse biological processes. 
The involved processes and related genes are as fol-
lowed. Homologous recombination and DNA damage 
repair: helicase for meiosis (HFM1), synaptonemal com-
plex central element protein 1 (SYCE1), stromal antigen 
3 (STAG3), mutS homolog 4 (MSH4), mutS homolog 
5 (MSH5), etc. Follicle development and maturation: 
growth differentiation factor 9 (GDF9), FOXL2, FSHR, 
etc. Mitosis: nanos C2HC-type zinc finger 3 (NANOS3). 
Follicle assembly: folliculogenesis specific basic 

Helix-Loop-Helix gene A (FIGLA), SF-1. Follicle activa-
tion: LIM homeobox 8 (LHX8), neonatal ovarian homol-
ogous box (NOBOX), spermatogenesis and oogenesis 
specific basic Helix-Loop-Helix 1(SOHLH1), and oogen-
esis specific basic Helix-Loop-Helix 1 (SOHLH2). As well 
as cell death pathways: FMR1, and eukaryotic translation 
initiation factor 4E nuclear import factor 1 (EIF4ENIF1) 
(Table  1). These POI-associated genes exert their influ-
ence across all stages of oocyte and follicular develop-
ment (Fig. 2).

Meiosis and DNA damage repair factors
An adequate oocyte reserve is imperative for women 
of reproductive age in ensuring the birth of healthy off-
spring. Nonetheless, gene mutations involved in meiosis, 
DNA replication, or DNA repair can result oogenesis 
abnormality and consequent infertility. Hence, a compre-
hensive investigation into the genes governing these key 
processes, is essential for an enhanced comprehension of 
POI.

Meiosis and DNA replication related-genes
HFM1 plays a pivotal role in homologous chromosome 
crossover and synapsis completion during meiosis. A 
specific HFM1 mutation (c.3470G > A) was identified 
in a Chinese family with POI, with bioinformatics tools 
suggesting its potential association with mRNA splicing 
[54]. Hfm1 knockout mice exhibit decreased follicular 
reserve and fertility. Subsequent investigations suggest 
that HFM1 may contribute to the pathogenesis of POI by 
influencing spindle assembly and division [55].

Another key gene is SYCE1 which encodes a constitu-
ent of the synaptonemal complex that mediates homol-
ogous chromosomes synapsis and promotes crossover 
formation [56]. In 2014, the first POI-associated SYCE1 
variant (c.613  C > T) was reported [57]. Mouse models 
carrying this variant exhibit infertility and significantly 
reduce Syce1 translation levels [58]. In POI patients, 
SYCE1 mutations have been revealed can disrupt the 
interfaces formed between SYCE1 and synaptonemal 
complex component six6 opposite strand transcript 1 
[59].

STAG3 as another member of the Synaptonemal 
Complex, facilitates the nuclear localization of meiotic 
recombination protein REC8 through direct interaction. 
Meiotic recombination protein REC8-STAG3-containing 
cohesin regulates chromosomal topology and maintains 
sister chromatid cohesion [60]. In 2019, whole-exome 
sequencing of a Caucasian family with POI identified a 
truncation mutation (c.3052delC) and a missense muta-
tion (c.659T > G), both predicted to significantly affect 
domain structural integrity [61].

Co-expressed with STAG3, minichromosome mainte-
nance 8 (MCM8) and minichromosome maintenance 9 
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(MCM9) likely share similar functions. MCM8/9 facili-
tates normal replication fork progression and protects 
stalled forks from excessive degradation [62]. In 2016 a 
patient with heterozygous mutations in both MCM8 
and MCM9 was identified [63]. Knockout experiments 
in mice revealed Mcm8 and Mcm9 are crucial for game-
togenesis and genomic stability [64]. Cells with homo-
zygous MCM8 mutations exhibited significantly higher 
chromosomal breakage compared to controls when 
exposed to mitomycin C [65]. Recent research indicates 
that MCM9 mutations reduce double-strand break (DSB) 
repair functionality [66].

Putative homologs of MCM8 found in other organisms 
include meiosis-specific with OB domain (MEIOB), a 
single-strand DNA-binding protein necessary for main-
taining the appropriate number of RAD51 recombinase 
(RAD51) and DNA meiotic recombinase 1 (DMC1) foci 
after the zygotene stage. MEIOB forms a heterodimer 
with spermatogenesis associated 22 (SPATA22), inter-
acting with the RPA heterotrimer, the primary com-
plex in DNA metabolism [67]. In 2019, Caburet et al. 
reported the first POI-associated MEIOB mutation: 
c.1218G > A [68]. Recently, Wang et al. discovered two 
novel homozygous frameshift mutations (c.258_259del, 
c.1072_1073del) and a new homozygous nonsense 
mutation (c.814 C > T) in MEIOB [69]. These mutations 

disrupt theMEIOB-SPATA22 interaction [68, 69]. More-
over, Meiob-deficient mouse exhibit meiotic failure and 
infertility in both sexes [67].

Taken together, genes involved in meiosis and DNA 
replication related POI include HFM1, SYCE1, STAG3, 
MCM8, MCM9, MEIOB. HFM1mutations may cause 
POI by affecting spindle assembly and division [55]. As 
members of the synaptonemal complex, SYCE1 and 
STAG3 mutations might lead to POI [57, 61, 70]. Poten-
tial links between mutations in other complex compo-
nents and POI require further exploration. MCM8 and 
MCM9, as members of the minichromosome mainte-
nance family, regulate cell division, and mutations have 
been related with POI [63]. MEIOB forms a heterodimer 
with SPATA22 for proper homologous recombination, 
and experimental evidence demonstrates that POI-asso-
ciated MEIOB mutations disrupt this interaction [68, 69]. 
Another gene such as PSMC3IP, its mutations have found 
in POI patients, but the pathogenic mechanisms remain 
unclear.

DNA repair related-genes
Mismatch repair systems, ubiquitous across organisms, 
are crucial for genomic stability. By rectifying base pair 
mismatches and small nucleotide indels during DNA 
replication and recombination, mismatch repair system 

Fig. 2  POI causative genes associated with oogenesis and folliculogenesis. The figure illustrates the correlation between pathogenic genes linked to POI 
and the developmental processes of oocytes and follicles. Initially, primordial germ cells undergo mitosis to differentiate into oogonia. These oogonia 
then enter meiosis, forming primary oocytes that pause at the diploid stage during early meiosis. Pregranulosa cells surround the oocytes during this 
phase, creating primordial follicles, which represent the dormant follicular reserve within the ovary. Oocytes lacking the encapsulation of primordial 
follicles may undergo apoptosis, resulting in their loss. The majority of primordial follicles remain quiescent, with only a minority undergoing activation. 
Once activated, these follicles undergo continuous growth, eventually either persisting in an atretic state or being released through ovulation in the later 
stages of follicular development. It is noteworthy that pathogenic genes associated with POI exert their influence across all stages of oocyte and follicular 
development, extending beyond the aforementioned developmental stages
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ensures replication and recombination fidelity. MSH4 
and MSH5, as members of the DNA mismatch repair 
mutS family, encode meiosis-specific proteins. MSH4 
and MSH5 heterodimers uniquely bind Holliday Junc-
tions, stabilizing and preserving meiotic DSB repair 
intermediates [71]. Carlosama et al. identified a homo-
zygous donor splicing site mutation (c.2355 + 1G > A) 
in MSH4 in Colombian families with POI, predicted to 
inactivate the highly conserved Walker B motif in the 
ATP binding domain [72]. A recent study has suggested 
a correlation between MSH4 variants and reduced oocyte 
quality by identifying biallelic MSH4 variants in a dimin-
ished ovarian reserve patient [73]. For MSH5, Guo et al. 
reported a homozygous missense mutation (c.1459G > T) 
in Chinese sisters with POI, confirming its deleterious 
effects on DNA homologous recombination repair [74]. 
In 2020, Wang et al. proposed that through YB1, MSH5 
and DNA damage repair transcriptionally regulated by 
the long non-coding RNA HCP5, implicating MSH5 in 
the etiology of POI [75].

RAD51 and DMC1 play a pivotal role in DSB repair by 
facilitating the nucleoprotein filament to search for and 
invade its homologous chromosome [76]. Heat shock 
transcription factor 2 binding protein (HSF2BP) regu-
lates RAD51/DMC1 localization at meiotic DSB sites 
through interaction with breast cancer type 2 susceptibil-
ity protein [77]. Felipe-Medina et al. reported a candidate 
missense variant of HSF2BP (c.500 C > T) in three fami-
lies with POI. Further investigation revealed that 19 open 
reading frame 57 and MEIOB associated 1 (BRME1) 
serves as a potent interaction agent and stabilizer of 
HSF2BP. In meiotic cells carrying this mutation, staining 
of both HSF2BP and BRME1 reduced, along with fewer 
RAD51/DMC1 foci, suggesting a potential mechanism by 
which HSF2BP contributes to POI development [78].

During replication the Shu complex can regulate 
RAD51 recruitment to DNA repair foci. As a member of 
Shu complex, SPIDR plays a pivotal role in diverse pro-
cesses, including homologous recombination regulation 
and RAD51 foci formation [79]. In 2017, a study reported 
a biallelic mutation in SPIDR associated with ovarian dys-
genesis, altering SPIDR activity in homologous recombi-
nation [80]. Female mice lacking Spidr exhibit decreased 
fertility, while some Spidr−/− oocytes still complete meio-
sis [81].

As mentioned above, MSH4, MSH5, HSF2BP and 
SPIDR are involved in DNA damage repair, participat-
ing in POI. MSH4 and MSH5 are key genes in DNA 
damage repair. In 2020, the pathogenic mechanism of 
POI-associated MSH5 mutations was proposed [75], 
while the mechanism of POI-related MSH4 mutations 
requires further study. HSF2BP regulates the localiza-
tion of RAD51/DMC1 [77], and recent studies suggest 
that its gene mutations, through interactor chromosome 

19 open reading frame 57/BRME1, may lead to POI [78]. 
SPIDR and another member of Shu complex, zinc finger 
SWIM type containing 7, both of which have been found 
associated with POI [80, 82, 83]. Meiosis and DNA dam-
age repair are critical processes during oogenesis, and 
genetic variations affecting these processes could lead 
to female reproductive abnormalities. In addition to the 
aforementioned genes, many other genes that potentially 
associated with POI, warrant further investigation.

Transcription factor related-factors
Although transcription factors cannot directly partici-
pate in many important biological processes, they play a 
crucial role in regulating body activity by controlling var-
ious target genes. In female reproduction, they regulate 
the expression time, location, and level of reproductive 
genes to ensure the smooth progress of each reproduc-
tive process.

SF-1 and Neonatal Ovarian Homologous Box 
(NOBOX) gene have been identified as the earliest tran-
scription factor specifically involved in gonadotropin 
cells [84–86]. They play an important role in early ovar-
ian development, including follicle assembly and growth 
maintaining the primordial follicle (PF) pool and oocyte-
specific gene expression during early follicular develop-
ment [84, 85]. In ovaries with SF-1 deficiency, multiple 
key follicular related mechanisms are impaired. These 
damaged pathways lead to increased oocyte death and a 
significant decrease in ovarian reserve [84]. The absence 
of SF-1 in the pituitary and GCs before and after ovula-
tion indicates that this nuclear receptor plays an impor-
tant role in the pituitary gonadal axis [85, 87].

In human gonads, NOBOX is preferentially expressed 
in primordial follicles and metaphase II oocytes [88]. A 
study of 96 white women with premature ovarian fail-
ure found two mutations c.1064G > A and c.1079G > A 
in the NOBOX gene that disrupted its DNA binding 
activity, leading to ovarian dysfunction [88]. Addition-
ally, sumoylation has been shown to have an inhibitory 
effect on NOBOX transcriptional activation using Gdf9 
as the promoter [89]. The function of Spermatogenesis 
and SOHLH1 and SOHLH2 is to coordinate oocyte dif-
ferentiation without affecting meiosis and regulate the 
co expression of oocyte specific transcription regulatory 
factors. The function of SOHLH1 and SOHLH2 is similar 
to NOBOX [90]. A study suggests that ubiquitination can 
directly regulate SOHLH1 or serve as an indirect regula-
tory factor in SOHLH2 localization [89]. A 2020 study 
explored FIGLA, LHX8 and SOHLH1, showing that they 
are jointly involved in a multi-functional network, which 
plays an important role in regulating the maintenance 
and differentiation of germ cells during early mouse 
oogenesis [90].
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LHX8 is expressed in germ cells and is crucial for early 
oogenesis. The global knockout and conditional knockout 
of LHX8 leads to the primary follicle death and reduced 
reserve of secondary follicle pools; Another study found 
that LHX8 ablation leads to DNA damage in oocytes, 
leading to a significant increase in autophagy and prema-
ture depletion of ovarian reserves. A study based on gene 
load testing identified LOF mutations in LHX8, charac-
terized by delayed oocyte maturation, suggesting haploid 
dysfunction effects [91].

A study on Chinese patients with premature ovarian 
failure found three different FIGLA mutations c.11 C > A, 
c.625G > A and c.84  C > A in four patients. These muta-
tions in FIGLA may affect the transcription of zona pel-
lucida genes and cause ovarian dysfunction [92]. FIGLA 
is a key gene that influences the balance of other tran-
scription factors. Without FIGLA, the expression of mei-
otic related genes (such as SYCP3, RAD51, YBX2) and 
oocyte growth/differentiation genes (like NOBOX, LHX8, 
TAF4B, SOHLH1, SOHLH2, GDF9) becomes imbalanced. 
The imbalance significantly affects meiosis, leading to 
DNA damage and oocyte apoptosis [90].

Transcription factors are pivotal in orchestrating vari-
ous biological processes by controlling the expression 
of target genes. In female reproduction, they govern the 
timing, location, and levels of reproductive genes crucial 
for the smooth progression of reproductive processes. 
These findings of SF-1, NOBOX, SOHLH1, SOHLH2 and 
FIGLA highlight the intricate regulatory network orches-
trated by transcription factors in female reproductive 
health.

Signal pathway
Signal molecules, such as hormones, have the ability to 
transmit information between cells and regulate cell 
activity by binding to receptors both inside and outside 
the cell. Multiple hormones and receptors are involved 
in many important processes related to female repro-
duction and fertility, and their expression levels in the 
human body can serve as indicators of female reproduc-
tive status.

FSHR, Anti-Müllerian Hormone Receptor Type II 
(AMHR2), Bone Morphogenetic Protein Receptor Type 
1 A (BMPR1A) and Bone Morphogenetic Protein Recep-
tor Type 1B (BMPR1B) are expressed in ovarian granu-
losa [93–95]. They play a crucial role in normal gonadal 
function, regulating follicle growth, estrogen produc-
tion, and oocyte maturation. In patients with primary 
ovarian insufficiency and partial loss of FSHR function, 
folliculogenesis can proceed only up to the small antral 
stages. In addition, the complete inactivation of the FSHR 
in women may be caused by the absence of follicular 
recruitment during the reproductive life of these patients 
due to the inactive FSHR [94]. A 2020 study reported a 

novel missense mutation c.1268T > C in the FSHR gene in 
a female with normal puberty but primary amenorrhea, 
which severely affected cAMP/PKA signaling [96].

AMHR2 is mainly expressed in GCs that grow fol-
licles, and in the cumulus of large antral follicles. AMHR2 
mutations can trigger persistent Müllerian disorder syn-
drome in humans, characterized by the persistence of 
Müllerian tube derivatives and early failure of ovarian 
follicle banks. Other residues of AMHR2 are also crucial 
for AMH signaling [97, 98]. Two new missense AMHR2 
variants (c.627T > A and c.1060  C > T) were found in a 
Chinese POI cohort. Mutations located in the intracellu-
lar domain, for instance c.627T > A, which is thought to 
disrupt the substrate-binding site of the kinase domain, 
migrate normally to the cell surface but are unable to 
transduce the AMH signal [99, 100].

BMPR1A or ALK3 is serine threonine kinase type I 
receptors expressed in many tissues. BMPR1B plays 
an important role in cumulus cell expansion, ovulation 
cycle, and skeletal system development. Ovarian specific 
Bmpr1a−/− mice become infertile within 6 months after 
reproduction due to the cessation of follicular develop-
ment. For Bmpr1b−/− mice, the mutant exhibits cumulus 
expansion damage and endometrial development defects 
[95, 101].

GDF9 and Bone Morphogenetic Protein 15 (BMP15) 
play a crucial role in follicle formation and development 
before the ovarian cycle. They form heterodimers or 
homodimers to activate primary follicles and participate 
in follicular development, ultimately mediating germ cell 
formation and ovulation processes [102, 103]. In 2014, 
high-resolution array comparative genomic hybridization 
(CGH) analysis revealed the first POI-related mutation 
that may affect the GDF9 regulatory region [103]. A study 
found BMP15 mutations c.791G > A and c.1076  C > T 
in two sisters with POI that affect the water molecules 
around the protein and the thermal stability [104]. Sci-
entists also conducted in vitro cell line experiments and 
found that BMP15 function was impaired. Two other 
studies also found harmful heterozygous BMP15 variants 
c.309T > G, c.551T > C, and c.406G > C in POI patients 
[105, 106].

Linker for Activation of T Cells (LAT) and Vascular 
Endothelial Growth Factor A (VEGFA) gene mutation 
may be potential mechanisms for POI development. It 
is reported that a novel single compound heterozygous 
pathogenic variant of the LAT gene (c.245  C > T and 
c.181 C > G) has been discovered in a POI family, and for 
the first time, it has been reported that LAT, which was 
initially expressed in T cells, exists in ovarian GCs. These 
two variants reduce the expression of LAT, inhibit the 
proliferation of GCs, and promote GCs apoptosis, which 
may be related to the etiology of POI [107].
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A study showed that VEGFA − 1154G > A and 936 C > T 
variants are linked to the susceptibility of Chinese Han 
women to primary ovarian insufficiency [108]. VEGFA 
essentially affects the ovarian folliculogenesis as well as 
the normal reproductive function. It has been found to 
lead to the extravasation of protein-rich fluid in ovarian 
follicles [109]. Hence, VEGFA genetic variants may be 
capable of modulating its expression and affecting POI.

Signal molecules, including hormones, orchestrate cell 
activity by binding to receptors, both inside and outside 
the cell. In female reproduction and fertility, numerous 
hormones and receptors are pivotal, serving as indicators 
of reproductive status. These findings of FSHR, AMHR2, 
BMPR1A, BMPR1B ,GDF9, BMP15, LAT and VEGFA 
underscore the intricate interplay between signaling mol-
ecules and receptors in regulating female reproductive 
processes and highlight their significance in POI.

RNA metabolism and translation related-factors
RNA is closely related to DNA and proteins. Therefore, 
damaged RNA activity, including metabolism and trans-
lation, has adverse effects on proteins. These proteins 
may play important roles in various biological processes, 
such as follicle formation, steroid production, cell prolif-
eration, and apoptosis.

In 2013, a study demonstrated that the c.457 C > T sub-
stitution decreases the stability of NANOS3, potentially 
resulting in a hypomorph. Furthermore, an investigation 
of the relationship between the number of primordial 
germ cells (PGCs) and the dosage of NANOS3 in mouse 
models showed that the population of PGCs is con-
trolled by the level of NANOS3 protein [110]. There are 
three homologues: NANOS1, NANOS2, and NANOS3. 
Destroying NANOS1 in mice does not affect germ cell 
development, but knocking out NANOS2 or NANOS3 
can lead to infertility, resulting in a decrease in gonadal 
size due to the loss of PGCs [26].

In a large French Canadian family, 7 women with 
POI had heterozygous premature termination codons 
c.1286  C > A in EIF4ENIF1, which were not present in 
the unaffected members, indicating a dominant genetic 
pattern of POI leading to EIF4ENIF1 mutations [111]. In 
addition, a study found a rare mutation in the EIF4ENIF1 
gene in a family with POI. This mutation may lead to 
mutations around the site α- Damage to the spiral struc-
ture or α- Reduction in spiral length. This mutation is the 
second new EIF4ENIF1 mutation found in POI patients 
[112]. EIF4ENIF1 is a factor that transports the transla-
tion initiation factor eIF4E. It competitively blocks the 
effective binding of eIF4E and eIF4G, thereby regulating 
ribosomal delay and reducing protein synthesis by inter-
fering with their interaction [112].

RNA is intricately linked to DNA and proteins, and 
disruptions in RNA activity, including metabolism and 

translation, can have detrimental effects on protein func-
tion. These proteins are integral to various biological pro-
cesses such as follicle formation, steroid production, cell 
proliferation, and apoptosis. These findings NANOS3 and 
EIF4ENIF1 highlight the critical role of RNA in regulat-
ing protein funtion and its implications for POI.

Mitochondrial dysfunction-associated POI
Several genes associated with POI, whether in isolated 
instances or as part of syndromes, function within the 
mitochondria. These genes include Required for Meiotic 
Nuclear Division 1 homolog Gene (RMND1), Mitochon-
drial Ribosomal Protein S22 Gene (MRPS22), POLG, 
DNA Polymerase Gamma 2, Accessory Subunit (POLG2), 
Transcription Factor A, Mitochondrial (TFAM), Leu-
cine-rich Pentapeptide Repeat Gene (LRPPRC), ClpB 
Family Mitochondrial Disaggregase (CLPB), CLPP, 
TWNK, Tu Translation Elongation Factor, Mitochondrial 
(TUFM), LARS2, Mitochondrial Alanyl-tRNA synthetase 
2 (AARS2), and HARS2 (Table 2). Broadly, their functions 
encompass mtDNA replication, transcription, translation 
as well as protein degradation (Fig. 3).

mtDNA replication-related factors
The p140 catalytic subunit, PolγA (encoded by POLG), is 
a crucial component of DNA polymerase gamma (Polγ), 
responsible for replicating the mitochondrial genome. 
Mutations in POLG can lead to various mitochondrial 
diseases, including mitochondrial epilepsy, polyneuropa-
thy, ataxia, and progressive external ophthalmoplegia 
[113]. Additionally, POI is an important clinical symptom 
resulting from POLG mutation. Previous studies typically 
describe POI caused by POLG mutations as part of a syn-
drome rather than isolated [114, 115]. However, in 2018, 
Chen et al. identified the first homozygous pathogenic 
POLG mutation, c.2890  C > T, causing non-syndromic 
POI through Whole exome sequencing (WES) [116]. 
Therefore, further studies are needed to establish a clear 
POLG genotype-phenotype correlation.

The genes encoding the four core components of 
mtDNA replicators are POLG, POLG2, TWNK, and 
SSBP1. Studies have confirmed that mutations in POLG, 
POLG2, and TWNK are associated with POI (Table  2). 
However, no mutations related to POI have been 
reported in the SSBP1 gene, highlighting a need for fur-
ther research in this area.

mtDNA transcription-related factors
Mitochondrial RNA polymerase is primarily respon-
sible for mtDNA transcription, requiring TFAM and 
mitochondrial transcription factor B2 (TFB2M) to initi-
ate mtDNA transcription. TFAM plays a pivotal role in 
mtDNA transcription, maintenance, and replication. 
During transcription initiation, TFAM binds to mtDNA, 
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bending it into a U-turn to activate transcription [117]. 
Mutations in TFAM are primarily associated with neu-
rodegenerative diseases such as Alzheimer’s disease and 
Parkinson’s disease [118]. In 2020, Tucker et al. identified 
the most promising candidate mutation as a homozygous 
missense mutation, c.694 C > T, in TFAM while studying 
a patient with POI in Pakistan [119]. Subsequently, in 
2021, Farid Ullah et al. confirmed the mutation’s pathoge-
nicity through in vivo complementation studies in zebraf-
ish [120].

Despite TFAM being identified as a strong candidate 
pathogenic gene for POI, its pathogenic mechanism 
remains unclear. Additionally, other genes involved 
in mtDNA transcription, particularly TFB2M, which 
shares functional similarities with TFAM, have not 
been reported to be associated with POI. Hence, further 
research in this area is warranted.

Mitochondrial translation-related factors
Mammalian mitochondrial protein translation is a highly 
complex process divided into initiation, extension, 

Fig. 3  Schematic diagram of mitochondrial genes associated with POI. This figure illustrates the diverse molecular functions of proteins within mito-
chondria, which have been thoroughly characterized, establishing that mutations in these genes can lead to POI. The DNA polymerase γ (Polγ) consists 
of PolγA, encoded by the POLG gene, and PolγB, encoded by the POLG2 gene. Additionally, TWNK encodes a mitochondrial helicase crucial for mtDNA 
replication processes. Together, they form the core machinery for mitochondrial DNA (mtDNA) replication. During transcription initiation, TFAM binds to 
mtDNA, activating transcription. MRPS22 is essential for the translation of mtDNA-encoded peptides and maintaining mitochondrial ribosomal complex 
stability. LRPPRC, an RNA-binding protein, enhances mRNA structure, translation accuracy, and stability, impacting the expression of both mitochondrial 
and nuclear genes. RMND1 contributes to mitochondrial translation, particularly in the synthesis of mtDNA-encoded peptides. The genes HARS2, LARS2, 
and AARS2 encode aminoacyl-tRNA synthetases (aaRS), pivotal for translating mitochondrial-encoded genes. TUFM, a nuclear-encoded mitochondrial 
translation elongation factor, is crucial for mitochondrial protein synthesis. Moreover, CLpP and CLpB are involved in degrading damaged or misfolded 
mitochondrial proteins, maintaining mitochondrial health and function
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termination, and circulation stages. It encompasses mito-
chondrial ribosome assembly, mRNA stability, and ami-
noacylation of amino acids with corresponding tRNA. 
Mutations in genes governing these processes impact 
translation, potentially causing various diseases [121]. 
Below, we discuss some gene mutations related to POI 
within this translation process.

The spectrum of diseases associated with MRPS22 
mutations ranges from isolated POI to severe mito-
chondrial disorders in infants [122]. MRPS22, a cru-
cial component of the mitochondrial ribosomal 28  S 
small subunit, plays a key role in translating mtDNA-
encoded peptides and maintaining mitochondrial ribo-
some complex stability [123]. A study by Chen et al. 
identified homozygous missense variants (c.404G > A 
and c.605G > A) in independent families and confirmed 
MRPS22 mutations as an autosomal recessive cause of 
POI [124]. Isolated POI cases with MRPS22 mutations do 
not typically exhibit other neurological or syndromic fea-
tures, and the loss of MRPS22 does not affect oxidative 
phosphorylation (OXPHOS), suggesting a non-energy-
related mitochondrial function in POI [125].

LRPPRC, an RNA-binding protein, collaborating with 
SLIRP, it enhances mRNA structure, accuracy of transla-
tion, and stability, with distinct roles in mRNA polyad-
enylation and ribosomal guidance [126]. LRPPRC also 
interacts with eIF4e in the nucleus, impacting nuclear 
export and translation [127]. Mutations in LRPPRC lead 
to a rare disease known as Leigh syndrome, prevalent in 
the Saguenay-Lac-Saint-Jean region of Quebec and col-
loquially referred to as the French Canadian syndrome. 
Individuals with Leigh syndrome face a heightened risk 
of death due to neurological or acidosis crises triggered 
by factors such as infection, stress, diet, disease, or exer-
cise. The average lifespan is less than 5 years, though 
some individuals may live longer. Female survivors may 
experience POI after puberty, characterized by elevated 
FSH levels, small ovaries with few follicles, and absence 
of menstrual periods [122]. Given LRPPRC’s impact on 
both mitochondrial and nuclear gene expression, fur-
ther investigation is essential when considering its role in 
mitochondrial dysfunction-related POI.

In addition to MRPS22 and LRPPRC, mutations in 
other genes that play a role in mitochondrial transla-
tion, including RMND1, HARS2, LARS2, AARS2, and 
TUFM, have also been shown to be associated with POI 
(Table  2)., emphasizing the importance of mitochon-
drial translation process for ovarian function. However, 
several unresolved issues persist: (i) the specific molec-
ular mechanism underlying POI due to these gene muta-
tions remains unclear; (ii) MRPS22 mutations have been 
reported in both isolated and symptomatic POI cases, 
establishing the genotype-phenotype relationship of 
MRPS22 is a key challenge; (iii) LRPPRC impacts both 

mitochondrial and nuclear gene expression. Whether its 
mutation causes POI by causing mitochondrial dysfunc-
tion remains to be confirmed.

Protein degradation-related factors
Mammalian mitochondrial protein translation is a highly 
intricate process, categorized into four stages. One cru-
cial protein is ClpB, also known as Suppressor of potas-
sium transport defect 3 (SKD3), encoded by the CLPB 
gene and belonging to the AAA + family of ATPases. 
Located within mitochondria, ClpB plays a pivotal role 
in various activities, particularly in protein folding and 
the degradation of misfolded proteins. Despite its sig-
nificance, its role in ovarian function remains unclear 
[128]. A study in 2022 revealed that female carriers of 
dominant ClpB pathogenic variants often experienced 
POI after puberty [129]. Another essential protein, ClpP, 
shares a similar function in degrading damaged or mis-
folded proteins. Encoded by the CLPP gene in humans, 
ClpP is a crucial component in forming endopeptidase 
Clp protein complexes [130]. In a study in 2013, reces-
sive mutations of CLPP were identified in patients with 
Perrault syndrome, correlated with POI and sensori-
neural hearing loss, along with growth retardation. The 
disease’s pathological causes may involve insufficient 
clearance of mitochondrial components and inflamma-
tory tissue damage [131]. Additionally, a novel variant 
of CLPP c.628G > A was discovered in a Chinese POI 
patient in 2023. Researchers also confirmed that CLPP 
deficiency impaired oxidative respiratory chain IV func-
tion by affecting COX5A, leading to reactive oxygen spe-
cies (ROS) accumulation. This, in turn, is speculated to 
be the potential mechanism behind CLPP abnormalities 
accelerating ovarian follicular atresia, ultimately resulting 
in POI [132]. However, this hypothesis requires further 
investigation for validation.

In conclusion, the ClpB protein encoded by the CLPB 
gene and the ClpP protein encoded by the CLPP gene 
both contribute to protein degradation. Mutations in 
both the CLPB and CLPP genes have been linked to 
POI, although the exact pathogenic mechanism of CLPB 
mutations remains unclear. CLPP mutation may lead to 
POI by damaging the function of oxidative respiratory 
chain IV, leading to ROS accumulation, activating the 
intrinsic apoptotic pathway, and ultimately affecting the 
apoptosis of GCs. However, the hypothesis needs further 
verification.

ncRNAs abnormalities in POI
Up to now, the pathogenic genes of POI have been exten-
sively and deeply studied in the coding region. However, 
it is estimated that human protein coding sequences 
account for only 1.5% of the entire genome. ncRNA 
serves as an epigenetic marker regulating gene expression 
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through interactions with DNA or RNA sequences and 
proteins. The primary categories of ncRNA include miR-
NAs and lncRNAs, both playing crucial roles in a diverse 
array of physiological and pathological processes. In 
recent years, more and more studies have shown that 
they are an important part of the genetic etiology of POI.

Role of miRNAs in POI
MicroRNAs (miRNAs) have been implicated in an array 
of reproductive disorders, including POI, through the 
regulation of fertility-related genes. Despite this, the 
exact pathogenic mechanisms underlying their involve-
ment remain poorly understood. Recent studies have 
shed light on the role of aberrantly expressed miRNAs in 
influencing GCs by modulating apoptosis and prolifera-
tion via specific signaling pathways.

Zhang and colleagues performed a comparative 
miRNA profiling analysis across multiple mammalian 
species, which highlighted the critical roles played by 
certain miRNA families and clusters in GCs apopto-
sis and follicular atresia. These include the let-7 fam-
ily, miR-23-27-24 cluster, miR-183-96-182 cluster, and 
miR-17-92 cluster along with their corresponding path-
ways [133]. In findings from both Zhang et al. and Dang 
et al., it was reported that miR-127-5p and miR-379-5p 
exhibit significantly elevated expression levels in women 
with biochemically diagnosed POI. Overexpression of 
these miRNAs is correlated with suppressed prolifera-
tion of mouse GCs and a decline in DNA repair mech-
anisms, achieved by targeting key genes such as high 
mobility group box 2 (Hmgb2), poly ADP-ribose poly-
merase 1 (Parp1), and X-ray repair cross-complementing 
6 (Xrcc6) [134, 135]. Separately, Chen et al. conducted 
a study where they identified a set of differentially 
expressed miRNAs in the plasma of POI patients. This 
set comprised ten upregulated miRNAs (miR-202, miR-
146a, miR-125b-2*, miR-139-3p, miR-654-5p, miR-27a, 
miR-765, miR-23a, miR-342-3p, and miR-126) and two 
downregulated miRNAs (let-7c and miR-144). Nota-
bly, miR-146a was found to facilitate GCs apoptosis 
by directly targeting interleukin-1 receptor-associated 
kinase 1 (IRAK1) and tumor necrosis factor receptor-
associated factor 6 (TRAF6), thus activating the caspase 
cascade pathway [136]. In another investigation by Yang 
et al., miR-23a was shown to induce apoptosis in human 
GCs by suppressing the expression of the anti-apoptotic 
protein XIAP and upregulating the cleaved, pro-apop-
totic form of caspase-3 [137]. Furthermore, miR-23a also 
reduced the expression of SIRT1 and augmented apopto-
sis through the extracellular signal-regulated kinase 1/2 
(ERK1/2) pathway [138].

These findings collectively suggest that miRNAs may 
serve as potential biomarkers and therapeutic targets for 
understanding and treating reproductive disorders like 

POI, given their regulatory influence on GCs function via 
modulation of apoptosis and proliferation pathways.

Role of lncRNAs in POI
Two distinct mechanisms have been proposed to eluci-
date the role of long non-coding RNAs (lncRNAs) in POI. 
Firstly, the interaction between lncRNAs and miRNAs 
may contribute to the induction of apoptosis in ovar-
ian GCs. For instance, Duan et al.‘s study revealed that 
the lncRNA DDGC stabilizes RAD51 mRNA through 
competitive binding to miR-589-5p, thus preventing 
ubiquitin-mediated degradation of the WT1 protein 
via interaction with heat shock protein 90 (HSP90),this 
mechanism impacts the DNA damage repair capability 
and differentiation of GCs [139]. Luo et al.‘s study dem-
onstrated that the lncRNA HOTAIR acts as a molecu-
lar sponge for miR-148b-3p, relieving the inhibition of 
ATG14 and promoting autophagy activity and cell prolif-
eration in GCs. Under normal physiological conditions, 
HOTAIR maintains appropriate levels of autophagy and 
GCs proliferation by regulating the miR-148b-3p/ATG14 
axis. However, in the case of POI, down-regulation of 
HOTAIR may lead to autophagy disorders and impaired 
GCs function [140]. Another study by Zhang et al. 
observed a decreased expression of translation regulatory 
long non-coding RNA 1 (TRERNA1) in POI patients, 
suggesting its potential to sponge miR-23a and suppress 
GCs apoptosis [141].

Secondly, certain lncRNAs are implicated in regulat-
ing critical proteins and signaling pathways. For example, 
Wang et al.‘s study revealed that the lncRNA HCP5 plays 
a crucial role in stabilizing the binding of YB1 to the pro-
moter region of the MSH5 gene, consequently enhancing 
the transcription and expression of MSH5. Additionally, 
HCP5 acts as an RNA scaffold, facilitating the interaction 
between YB1 and ILF2, which promotes the transport of 
YB1 into the nucleus. This timely regulation effectively 
modulates the function of MSH5 at DNA damage sites. 
Notably, the down-regulation of HCP5 expression in fol-
licular GCs of POI patients impairs DNA damage repair 
mechanisms and increases GCs apoptosis [75]. Duan et 
al.‘s study found that lncRNA ZNF674-AS1 was down-
regulated in follicular GCs of patients with biochemical 
ovarian insufficiency and was associated with serum lev-
els of clinical ovarian reserve indicators. Further stud-
ies revealed that decreased expression of ZNF674-AS1 
reduces aldolase A (ALDOA) enzyme activity and pro-
motes the interaction between ALDOA and the proton 
pump (v-ATPase), thereby activating lysosomal-located 
adenylate-activated protein kinase (AMPK) and regulat-
ing glycolysis and GCs proliferation [142]. Another study 
by Duan et al. showed that lncRNA GCAT1 regulates 
CDKN1B (p27) translation by competitively binding to 
polypyrimidine tract-binding protein 1 (PTBP1) in GCs. 
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In POI patients, down-regulation of GCAT1 inhibits 
G1/S cell cycle progression in GCs, thereby inhibiting 
GCs proliferation [143].

In conclusion, the above studies highlight the intricate 
roles of various lncRNAs in regulating key processes such 
as apoptosis, autophagy, DNA damage repair, and cell 
cycle progression in GCs, shedding light on underlying 
molecular mechanisms of POI.

Conclusions, discussions, and perspectives
Currently, research on POI has identified numerous rel-
evant genetic factors. This literature review synthesizes 
genetic factors and potential mechanisms related to 
POI across four dimensions: syndrome-associated POI, 
non-syndrome-associated POI (Table  1), mitochondrial 
dysfunction-associated POI (Table  2), and non-coding 
RNA-associated POI. The discussion delves into the 
intricate relationship between these genes and ovarian 
development, elucidating the functional consequences of 
diverse mutations to underscore the fundamental impact 
of genetic effects on POI. These insights serve to con-
solidate and enhance our comprehension of POI’s etiol-
ogy, providing a theoretical basis for the diagnosis and 
treatment of POI patients and exploration of the disease 
mechanism.

However, several challenges persist in genetic research 
on POI patients. Firstly, the detailed mechanisms of 
action of many pathogenic genes and the specific interac-
tions between different genes in the context of POI are 
not yet fully elucidated. Moreover, the specific mecha-
nisms of pathways related to meiosis, such as DNA dam-
age repair pathways, and their role in the development 
of POI remain unclear. It is also uncertain whether other 
genes involved in meiotic pathways can contribute to 
the development of POI. Transcription factor genes are 
known to play critical roles in early ovarian develop-
ment, with their balance regulated by FIGLA. However, 
the precise interactions among these genes are not com-
pletely understood. The binding of signaling molecules 
to receptors is crucial for guiding follicle development. 
For instance, genes like BMP15 and GDF9 exhibit mod-
erate expression levels in primary and early follicular 
populations, but their expression dramatically increases 
in mid-follicles. Nevertheless, the exact mechanism of 
interaction between BMP15 and GDF9 remains elusive 
[102].

Secondly, findings from animal experiments may 
not directly translate to humans. The differences in the 
gonadotropin-dependent stage between humans and 
rodents suggest that results obtained from animal models 
may not be directly applicable to humans due to genetic 
and physiological differences [94]. Furthermore, mouse 
models may not fully replicate the intricate interactions 

between molecules, cells, organs, organisms, and the 
environment.

There are several unresolved issues in current research 
on mitochondria and POI. For example, while certain 
gene mutations can lead to POI as mentioned in the text, 
mutations in other mitochondria genes with similar func-
tions do not seem to have the same effect. The underlying 
reasons for this discrepancy remain unclear. Further-
more, the mechanism by which mutations in mitochon-
dria genes can lead to a spectrum of diseases, ranging 
from isolated POI to multi-organ syndrome diseases, is 
not well understood. Additionally, there is a question of 
whether we can predict genotype-phenotype correlations 
in these cases.

Lastly, due to the heterogeneity of POI and the vari-
ous modes of mutation transmission, the prevalence and 
types of genetic mutations vary significantly across differ-
ent regions and races. Therefore, future genetic research 
should consider population stratification to accurately 
analyze genetic changes. It is crucial to involve different 
ethnic groups and larger sample sizes in future studies. 
Clinically, caution should be exercised when applying 
data from different racial groups in consultations.

In conclusion, genetic factors primarily affect ovar-
ian development and follicle formation in POI, but the 
specific mechanisms of many gene variations and their 
effects are still unclear. Future research could focus on 
investigating ovarian development, follicle formation 
processes, and the functions of various genes at different 
stages of follicle development. Additionally, the associa-
tion between POI and mitochondria, as well as non-cod-
ing RNAs, is a promising research area that will require 
further attention. These efforts aim to enhance clinical 
understanding and diagnostic approaches for POI.
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