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Abstract

Mutations in hormone receptors significantly influence infertility and the outcomes of

assisted reproductive technologies (ART). This review explores the functional interplay

among mutations in FSHR, LHCGR, AR, ESR1, and ESR2 hormone receptors and their

combined effects on hormonal regulation, ovarian response, and implantation. Rather

than analyzing receptor mutations in isolation, we explore how mutations in these genes

interact within a complex hormonal signaling network, shaping reproductive outcomes.

We detail the molecular mechanisms of receptor dysfunction, their associated clinical

phenotypes, and the role of genetic screening in guiding personalized ART protocols. A

comprehensive understanding of these interactions is crucial for optimizing treatment

strategies, improving reproductive success, and advancing targeted therapeutic approaches

in reproductive medicine.

Keywords: hormone receptors; genetic mutations; infertility; assisted reproductive

technology; personalized medicine

1. Introduction

Infertility is a complex and multifactorial condition that affects a significant propor-

tion of the population, with a growing number of couples seeking assisted reproductive

technology [ART] as a treatment. While these technologies have revolutionized the man-

agement of infertility, success rates can be variable, often influenced by underlying genetic

factors. One such factor involves mutations in the hormone receptors that regulate key

aspects of reproductive physiology. These include the follicle-stimulating hormone receptor

[FSHR], luteinizing hormone receptor [LHR], androgen receptor [AR], estrogen receptor

[ER], and progesterone receptor [PGR] [1]. These receptors play crucial roles in regulating

reproductive functions, including follicular development, ovulation, spermatogenesis, and

uterine receptivity. Alterations in hormone receptors’ structure and function, induced by

mutations, can significantly impair hormonal signaling pathways, leading to suboptimal

responses to infertility therapies [2].

The FSHR gene is critical in regulating ovarian response to follicle-stimulating hor-

mone [FSH], and mutations in this gene can disrupt ovarian reserve and response, influ-

encing ART outcomes [3]. Similarly, mutations in the LHR can affect ovulation induction,

testosterone production, and fertility in both males and females [4]. Mutations in the AR are

commonly associated with androgen insensitivity syndrome, impacting spermatogenesis
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and male fertility [5]. The ER, through its regulation of estrogen signaling, is pivotal in

follicular development, embryo implantation, and uterine receptivity, while mutations in

the PGR can impair progesterone signaling, essential for the maintenance of pregnancy.

The FSHR, AR, LHCGR, ESR1, and ESR2 genes encode receptors that mediate hormonal

signals essential for sexual differentiation, fertility, and endocrine regulation [6,7]. Mu-

tations in these genes can result in disrupted receptor function, leading to disorders of

sexual development, infertility, and metabolic dysfunctions. We aimed to analyze selected

receptors’ mutations type, functional domain involvement, and molecular implications,

impacting fundamentals of infertility conditions and their clinical management.

Despite the accumulated evidence on these mutations, their specific impact on ART

success remains underexplored [8]. Understanding the molecular mechanisms behind

receptor mutations and their influence on reproductive processes is essential for optimizing

infertility treatments. Genetic testing for these receptor mutations can offer valuable

insights, enabling clinicians to tailor ART protocols to individual patients, ultimately

improving treatment outcomes.

This review aims to synthesize the current knowledge on the genetic variations in

FSHR, LHR, AR, ER, and PGR receptors, emphasizing their implications for infertility

therapies and exploring future directions for personalized medicine in reproductive health.

2. Methodology

We have searched he ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/, ac-

cessed 10 January 2024) for FSHR, AR, LHCGR, ESR1, ESR2, and PGR pathogenic or likely

pathogenic mutations exclusively, affecting various aspects of infertility. There are in total

26 pathogenic/likely pathogenic mutations in the FSHR gene 248 in AR, 35 in LHCGR, five

in ESR1, one in ESR2 and none in PGR. In Figure 1, we emphasized the differences in the

number of mutations between the hormones, and in Table 1, we add detailed information

for each hormone of interest. The PGR gene was excluded from the scope of the analysis.

The reason for this is the disease-associated mutational co-occurrence of the PGR gene with

several other genes.

Figure 1. Chart of reproductive hormones and number of likely pathogenic/pathogenic mutations.

For visualization of the mutation locations within protein domains, we used the Mutation3D

(http://mutation3d.org, accessed 10 January 2024) [9] online tool and ALPHAFOLD (https:

//alphafold.com/, accessed 10 January 2024) [10,11] protein structure predictions. AlphaFold

works with pLDDT confidence scores (0–100) reflecting the reliability of the predicted 3D protein

structure, with 90–100 (blue) indicating very high confidence where atomic positions are very

likely correct, 70–90 (cyan–blue) high confidence with backbone accuracy but minor side-chain

uncertainty, 50–70 (yellow) low confidence in flexible or partly displayed regions, and <50 (orange–

red) very low confidence in likely chaotic or unreliable regions, serving as a trust score for each

https://www.ncbi.nlm.nih.gov/clinvar/
http://mutation3d.org
https://alphafold.com/
https://alphafold.com/
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part of the structure. These were used to illustrate how mutations are distributed across the

ligand-binding domains, DNA-binding domains, transmembrane domains, and intracellular

regions, depending on the specific receptor.

Table 1. Number of likely pathogenic/pathogenic mutations per referent gene.

Gene
Number of Pathogenic/Likely Pathogenic

Mutations

FSHR—follicle stimulating hormone receptor
Also known as FSHR1, FSHRO, LGR1, ODG1 Gene ID: 2492

https://www.ncbi.nlm.nih.gov/gene/2492 (accessed on 22 December 2024)
26

AR—androgen receptor
Also known as AIS, AR8, DHTR, HUMARA, HYSP1, KD, NR3C4, SBMA, SMAX1, TFM

Gene ID: 367
https://www.ncbi.nlm.nih.gov/gene/367 (accessed on 22 December 2024)

248

LHCGR—luteinizing hormone/choriogonadotropin receptor
Also known as HHG, LCGR, LGR2, LH/CG-R, LH/CGR, LHR, LHRHR, LSH-R, ULG5

Gene ID: 3973
https://www.ncbi.nlm.nih.gov/gene/3973 (accessed on 22 December 2024)

35

ESR1—estrogen receptor 1
Also known as ER, ESR, ESRA, ESTRR, Era, NR3A1

Gene ID: 2099
https://www.ncbi.nlm.nih.gov/gene/2099 (accessed on 22 December 2024)

9

ESR2—estrogen receptor 2
Also known as ER-BETA, ESR-BETA, ESRB, ESTRB, Erb, NR3A2, ODG8

Gene ID: 2100
https://www.ncbi.nlm.nih.gov/gene/2100 (accessed on 22 December 2024)

1

PGR—progesterone receptor
Also known as NR3C3, PR Gene ID: 5241

https://www.ncbi.nlm.nih.gov/gene/5241 (accessed on 22 December 2024)
0

A systematic literature search was later performed using the three referent data

bases, PUBMED (https://pmc.ncbi.nlm.nih.gov/ accessed 10 January 2024), Scopus

(https://www.scopus.com/, accessed 10 January 2024), and Google Scholar (https://

scholar.google.com/schhp?hl=en, accessed 10 January 2024), given the following combi-

nations of keywords: gene ∈ {FSHR, LHR, AR, ER}, hormone receptor, mutation_id|from

ClinVar database, effectiveness, infertility, therapy, assisted reproductive technology. A total

of 103 studies met our inclusion criteria, with no language or period limitation.

To provide a comprehensive and clinically meaningful overview of hormone receptor

mutations, we implemented a uniform structure for analyzing each receptor. Each hormone

receptor discussed in this review is presented using two dedicated subchapters: one

focused on the mutations and their molecular impact, and another on the clinical conditions

associated with these mutations and their management.

In each case, we begin by identifying pathogenic and likely pathogenic mutations reported

in ClinVar, prioritizing those with established associations to infertility-related phenotypes.

Variants of uncertain significance (VUS) were excluded, unless they were consistently described

in the literature in connection with reproductive dysfunction. Particular attention was given to

the protein domains affected, as disruptions in different structural regions (e.g., extracellular,

transmembrane, or intracellular) can lead to distinct alterations in receptor function.

By classifying mutations based on their molecular effect, such as loss of function or gain

of function, we relate genetic changes to specific disruptions in receptor behavior, including

impaired hormone binding, altered signal transduction, or constitutive activation. These

mechanistic insights are essential for predicting disease severity and guiding personalized

treatment strategies in assisted reproductive technology (ART).

In this review, we consider the “key mutations” for each receptor. The term “key

mutation” refers to a pathogenic or likely pathogenic variant according to the current

https://www.ncbi.nlm.nih.gov/gene/2492
https://www.ncbi.nlm.nih.gov/gene/367
https://www.ncbi.nlm.nih.gov/gene/3973
https://www.ncbi.nlm.nih.gov/gene/2099
https://www.ncbi.nlm.nih.gov/gene/2100
https://www.ncbi.nlm.nih.gov/gene/5241
https://pmc.ncbi.nlm.nih.gov/
https://www.scopus.com/
https://scholar.google.com/schhp?hl=en
https://scholar.google.com/schhp?hl=en
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ClinVar database classification status, with available supporting evidence in the literature

(at least one reference) that associates the concrete mutation with well-defined infertility

phenotypes, based on the availability of functional or clinical characterization. They are

intended to serve as representative examples of mutation–phenotype relationships with

therapeutic significance.

3. Analysis of FSHR Gene Mutations: Detailed Overview and Clinical
Implications

The FSHR (follicle-stimulating hormone receptor) gene encodes a G protein-coupled

receptor (GPCR) that plays an essential role in mediating the actions of follicle-stimulating

hormone (FSH), which is critical for regulating follicular development, gametogenesis, and

overall reproductive hormone signaling [12]. This receptor is predominantly expressed

in the ovaries, testes, and uterus, regulating processes such as folliculogenesis in females

and spermatogenesis in males [13]. The FSHR gene is located on chromosome 2p21-

p16, spans approximately 54 kb, and consists of 10 exons and 9 introns. The encoded

receptor is a 75 kDa glycoprotein, consisting of 678 amino acids, with a 7-transmembrane

structure, extracellular leucine-rich repeats for high-affinity FSH binding, and intracellular

loops facilitating signal transduction through G proteins [14]. Upon FSH binding, the

receptor undergoes a conformational change that activates the cAMP signaling pathway,

ultimately leading to the activation of protein kinase A [PKA] and the regulation of gene

expression via cAMP response elements (CREs) [15]. Additionally, FSHR signaling is

modulated by prostaglandins and intracellular calcium, and receptor activation leads to

downstream activation of extracellular signal-regulated kinases (ERK), contributing to

further phosphorylation of the receptor [16].

In females, FSHR expression on granulosa cells is crucial for the development of

ovarian follicles, while in males, it is expressed in Sertoli cells, where it regulates sper-

matogenesis. FSHR is also expressed in other tissues such as the placenta, prostate, bone,

and ovarian epithelium, and its expression in tumor vasculature has been associated with

metastasis. Receptor expression is regulated by estrogen, which promotes receptor upreg-

ulation, and prolonged exposure to FSH contributes to desensitization through receptor

phosphorylation or uncoupling from the G protein, resulting in internalization and degra-

dation or recycling of the receptor [17]. Additionally, FSHR expression remains a topic

of debate, as Ponikwicka-Tyszko et al., 2016 [18], note, suggesting variations in its tissue

distribution and regulatory mechanisms.

We use ALPHAFOLD to visualize structural features of the wild-type FSHR protein to

better interpret the impact of pathogenic mutations (Figure 2).

Figure 2. AlphaFold model of the FSHR protein colored, showing the extracellular leucine-rich repeat

hormone-binding domain in blue, the seven-transmembrane helical domain in cyan–blue, and the

flexible intracellular and terminal regions in yellow to red.
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FSHR mutations impair follicular development and response to gonadotropins by alter-

ing receptor-ligand binding, affecting intracellular signaling cascades, and modifying ovarian

sensitivity to gonadotropins. The extracellular ligand-binding domain is critical for FSH

binding, while the transmembrane and intracellular domains mediate signal transduction.

Understanding FSHR mutagenicity paves the way towards better diagnosis and

personalized treatment options.

3.1. Mutations and Molecular Impact

We have identified 26 mutations in the ClinVar database that met our inclusion criteria:

24 missense, 1 nonsense, and 1 frameshift mutation (Table 2). Loss-of-function mutations

(e.g., nonsense or frameshift) typically result in receptor inactivation, compromising FSH

signaling and requiring higher exogenous hormone doses during ART. Gain-of-function

mutations (e.g., certain missense variants) may increase receptor sensitivity or cause consti-

tutive activation, leading to hormonal overstimulation and heightened OHSS risk.

Table 2. FSHR mutations’ types and molecular effects.

Variant Type Count Molecular Effect

Missense Variants 24
These amino acid substitutions affect ligand binding, protein folding, or signal transduction

within the receptor, altering its functionality.
Frameshift Variants 1 This mutation leads to premature truncation of the FSHR protein, rendering it nonfunctional.
Nonsense Variants 1 This mutation introduces a premature stop codon, resulting in a nonfunctional receptor.

These were classified as the following:

• Pathogenic: 12 mutations (46%)

• Likely Pathogenic: 12 mutations (46%)

• Pathogenic/Likely Pathogenic: 2 mutations (8%) *

The majority of these mutations affect receptor structure and function through disruption

of ligand binding, protein folding, or intracellular signaling. FSHR mutations are distributed

across three principal structural domains, each with distinct functional roles (Figure 3):

 

Figure 3. Schematic representation of FSHR structure. The receptor consists of an N-terminal extracellu-

lar domain (ECD), transmembrane domain (TMD), and intracellular domain (ICD). The ECD includes

the hormone-binding domain (HBD) with 10 leucine-rich repeats (LRRs) and a hinge region containing

two additional LRRs, a hairpin loop, and an α-helix. A sulfated tyrosine at position 335 is essential for

hormonal activation. The ICD, rich in serine and threonine residues, acts as a phosphorylation site in

signal transduction. LRRs are shown as blue arrows, the α-helix in green, and the TMD helices (1–7) as

pink boxes. FSH-α and FSH-β subunits are represented as orange ovoids. ECL: extracellular loop; ICL:

intracellular loop; HBD: hormone-binding domain; ICD: intracellular domain.

• Extracellular domain (ECD): This domain includes leucine-rich repeat (LRR) motifs and

is responsible for high-affinity binding to FSH. It plays a critical role in ligand recognition
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and initiation of receptor activation. Mutations such as p.Leu125Arg impair this binding,

leading to defective receptor activation and impaired follicular development [19].

• Transmembrane domain (TMD): Composed of seven α-helical segments, the TMD is

essential for conformational changes in the receptor that trigger intracellular signaling via G

protein interaction. Mutations such as p.Asp567Asn and p.Ala462Pro destabilize this domain,

altering signal transduction and in some cases causing constitutive receptor activation [20].

• Intracellular domain (ICD): This domain contains key phosphorylation sites in-

volved in downstream signaling, especially through the cAMP pathway. Variants like

p.Thr449Ile impair intracellular signaling, leading to disrupted granulosa cell activity

and compromised folliculogenesis [21].

Understanding the type and domain location of mutations is essential for predicting disease

severity and for guiding personalized treatment approaches in assisted reproductive technol-

ogy (ART). Loss-of-function mutations (e.g., nonsense or frameshift) typically cause receptor

inactivation, requiring higher exogenous hormone doses to achieve stimulation. Conversely,

gain-of-function mutations (e.g., specific missense variants) enhance receptor sensitivity or lead

to constitutive activity, increasing the risk for ovarian hyperstimulation syndrome (OHSS).

In Table 3, we summarize “FSHR key mutations” with information on pathogenicity,

molecular effect, and clinical associations of each variant and schematically represented the

locations of some mutations in the FSHR protein on the Figure 4 using Mutation3D.

Table 3. Key FSHR mutations and their clinical impact.

Mutation
[cDNA/Protein]

Condition Pathogenicity Variant Type Molecular Implications References

c.21T>C
(p.Met1Thr)

Amenorrhea Pathogenic
single nucleotide variant

missense vari-
ant|initiator_codon_variant

Disrupts protein trans lation
initiation, leading to loss of

functional receptor.

National Center for Biotechnology
Information. ClinVar;

[VCV000523337.3],
https://www.ncbi.nlm.nih.gov/

clinvar/variation/VCV000523337.3
(accessed 9 February 2025) *

1679_1685del
(p.Asn560fs)

POF Pathogenic deletion frameshift variant
Truncates the protein, resulting in

loss of function.

National Center for Biotechnology
Information. ClinVar;

[VCV001256040.1],
https://www.ncbi.nlm.nih.gov/

clinvar/variation/VCV001256040.1
(accessed 9 February 2025). *

c.349C>T
(p.Gln117Ter)

POF Pathogenic
single nucleotide non-sense

variant

Introduces a premature stop
codon, leading to a nonfunctional

receptor.

National Center for Biotechnology
Information. ClinVar;

[VCV001256023.1],
https://www.ncbi.nlm.nih.gov/

clinvar/variation/VCV001256023.1
(accessed 9 February 2025). *

c.374T>G
(p.Leu125Arg)

POF
Likely

Pathogenic
single nucleotide missense

variant
Disrupts ligand binding and

receptor activation.
[19]

c.383C>A
(p.Ser128Tyr),

c.1699G>A
(p.Asp567Asn)

c.1384G>C
(p.Ala462Pro)

c.1346C>T
(p.Thr449Ile)

OHSS

Pathogenic
Pathogenic

Likely
patogenic

Pathogenic

single nucleotide variant
missense variant

Reduces ligand binding and signal
transduction.

Disrupts G protein coupling and
cAMP production, impairing FSH

signal transduction essential
for folliculogenesis.

Disruption in protein structure,
impairing the receptor’s ability to

activate downstream signaling
pathways like cAMP production.

Damages signal transduction,
leading to reduced cAMP
production in response to

FSH stimulation.

[22–27]

c.1255G>A
(p.Ala419Thr),

c.1555C>A
(p.Pro519Thr)

c.1043C>G
(p.Pro348Arg)

Ovarian
Dysgene-

sis 1

Pathogenic,
Patogenic,

Likely
Pathogenic

single nucleotide variant
missense variant

Disrupts receptor structural
stability. Alters intracellular

signaling, impairing downstream
folliculogenesis.

[28–30]

* There are no citations for germline classification of this variant in ClinVar.

https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000523337.3
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000523337.3
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001256040.1
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001256040.1
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001256023.1
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001256023.1
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Figure 4. Schematic representation of the locations of some mutations in FSHR according to Mutation3D.

3.2. Clinical Conditions and Management

FSHR mutations are associated with four major infertility phenotypes. Table 4 provides

information on the distribution of FSHR mutations per clinical condition and the most

common mutations, including their molecular implications.

Table 4. Distribution of FSHR mutations per clinical condition.

Condition Notes
Number of
Mutations

References

Ovarian Dysgenesis 1
Mutations that typically affect receptor signaling

and protein folding, leading to ovarian
dysfunction.

13 [28,29]

Genetic Non-Acquired POF
Mutations that often result in truncated

receptors or loss
of function, leading to premature ovarian failure.

7 [19]

Ovarian
Hyperstimulation Syndrome

Mutations that cause receptor hyperactivation,
leading to exaggerated ovarian response during

fertility treatments.
5 [22–25]

Amenorrhea

Mutation that disrupts the translation initiation
codon, leading to the absence of a functional
follicle-stimulating hormone receptor, which

impairs ovarian follicle development

1

[National Center for Biotechnology
Information. ClinVar; [VCV000523337.3],
https://www.ncbi.nlm.nih.gov/clinvar/

variation/VCV000523337.3 (accessed
9 February 2025).] *

* There are no citations for germline classification of this variant in ClinVar.

Below is a summary of the underlying mechanisms, diagnostic criteria, and treatment

options for each condition.

o Ovarian Dysgenesis 1 is caused by mutations in the FSH receptor (FSHR) gene

that result in receptor misfolding or structural instability, such as p.Leu125Arg and

p.Pro348Arg [28–31]. Affected individuals typically present with delayed puberty,

primary amenorrhea, and underdeveloped ovaries. Hormonal evaluation reveals

elevated FSH and LH with low estrogen, and genetic confirmation through FSHR

sequencing is crucial. Management includes hormone replacement therapy (HRT)

to induce and sustain secondary sexual characteristics while preserving bone and

cardiovascular health. Fertility preservation is not feasible due to the absence of

functional ovarian follicles. Psychological support and genetic counseling are integral

to patient care.

o Genetic Non-Acquired Premature Ovarian Failure (POF) results from truncating

mutations that inactivate the FSHR, such as p.Gln117Ter and p.Asn560fs [19,32].

Clinically, it manifests as menstrual irregularities or amenorrhea before the age of 40,

accompanied by hypergonadotropic hypogonadism and diminished ovarian reserve.

Genetic testing for FSHR mutations can confirm the diagnosis. Management may

https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000523337.3
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000523337.3
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involve assisted reproductive technologies (ART) using high-dose gonadotropins

if residual ovarian function exists, though oocyte donation is often the preferred

option. Long-term HRT is necessary to manage hypoestrogenism and support overall

systemic health.

o Ovarian Hyperstimulation Syndrome (OHSS) is linked to gain-of-function FSHR

mutations, such as p.Asp567Asn and p.Ala462Pro [20–25,32], which increase ovarian

sensitivity to FSH. It commonly arises during ART cycles and is characterized by an

exaggerated ovarian response, ascites, and elevated estradiol levels. It leads to an

exaggerated response to follicle-stimulating hormone (FSH), which is the primary

cause of OHSS [26]. Diagnosis is typically clinical, with genetic testing used to confirm

predisposition. Management includes using low-dose gonadotropin regimens and

GnRH antagonists and replacing hCG with GnRH agonists to trigger ovulation.

Preventive strategies may involve cycle segmentation, coasting, or elective embryo

freezing. Preconception genetic screening is recommended in patients with a history

of OHSS.

o Amenorrhea due to FSHR mutations, such as the p.Met1Thr variant [ClinVar;

VCV000523337.3], is caused by a complete loss of receptor translation. This con-

dition presents as primary amenorrhea with elevated FSH, low estrogen, and absent

follicular activity. Diagnosis involves hormonal profiling and imaging, with genetic

testing confirming FSHR dysfunction. Lifelong HRT is required for the development

of secondary sexual characteristics and maintenance of endometrial health. Fertility

treatment typically relies on oocyte donation and assisted reproductive techniques,

and patients benefit from comprehensive reproductive and psychological support.

Identification of pathogenic FSHR variants enables genotype-based risk stratification

and supports the optimization of gonadotropin stimulation protocols in controlled ovarian

hyperstimulation (COH), thereby facilitating individualized ART strategies, preventing

complications such as OHSS, and improving overall fertility outcomes [27].

4. Analysis of AR Gene Mutations: Detailed Overview and
Clinical Implications

The androgen receptor (AR), shown in Figure 5, according to ALPHAFOLD, also

known as NR3C4, is a nuclear receptor activated by binding to androgens like testosterone

and dihydrotestosterone in the cytoplasm, after which it translocates to the nucleus [33].

The AR, closely related to the progesterone receptor, can be inhibited by high doses of

progestins [34]. It functions primarily as a DNA-binding transcription factor that regulates

gene expression and plays an important role in developing and maintaining male sexual

characteristics. In development, testosterone can directly bind to AR or be converted to

dihydrotestosterone (DHT) via 5-alpha-reductase, a more potent activator of the receptor.

Testosterone regulates primary male sexual characteristics, while DHT is responsible for

secondary characteristics. Androgens also influence bone maturation, partly through estro-

gen produced via aromatization, and can impact growth, as seen in androgen or estrogen

insensitivity syndromes. Studies indicate that AR is essential for female fertility, aiding

ovarian follicle development and ovulation through intra-ovarian and neuroendocrine

mechanisms [35,36]. The receptor also plays a role in skeletal integrity in males, affecting

both osteoblasts and osteocytes, and regulates various functions in females, including

cardiac and bone growth [37]. Disruptions in AR signaling can lead to conditions like

androgen insensitivity syndrome (AIS).
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Figure 5. AlphaFold model of the AR (androgen receptor) protein colored, showing the well-

structured ligand-binding and DNA-binding domains in blue, connecting α-helices in cyan–blue,

and the flexible N- and C-terminal regions in yellow to red.

The primary mechanism of AR involves direct gene transcription regulation. When

androgens bind to AR in the cytoplasm, the receptor translocates to the nucleus, where

it dimerizes and binds androgen-responsive elements on DNA, regulating genes such

as the insulin-like growth factor 1 receptor (IGF-1R), which is involved in altering cell

behavior [38]. Following androgen binding, AR undergoes conformational changes that

release heat shock proteins and associates with hormone response elements, recruiting

co-regulators for rapid gene regulation. AR can also influence cellular processes indepen-

dent of DNA binding by interacting with other DNA-binding proteins, promoting muscle

growth [39]. Post-translational modifications, such as acetylation, enhance AR transac-

tivation and cancer cell proliferation, with regulation by histone deacetylases and long

non-coding RNAs. Recently, AR has demonstrated non-genomic actions, where cytoplas-

mic ARs influence signal transduction proteins, leading to rapid cellular responses that can

indirectly affect gene transcription by phosphorylating transcription factors. The AR gene

is located on the X chromosome at Xq11–12, with numerous disease-causing mutations

identified [40]. Androgen insensitivity syndrome results from AR gene mutations and

affects neuron physiology, linking to conditions such as Kennedy’s disease [41]. Point

mutations and polymorphisms in the AR gene have been also associated with trinucleotide

repeat disorders. For instance, variations in CAG repeats may potentially influence recep-

tor sensitivity and prostate cancer incidence and mortality, particularly noted in studies

comparing African Americans and non-Hispanic whites [42,43].

The androgen receptor (AR) gene encodes a nuclear receptor that mediates the actions

of androgens [e.g., testosterone and dihydrotestosterone], playing a key role in male sexual

differentiation, development of secondary sexual characteristics, and fertility. AR gene

mutations can lead to a spectrum of disorders, based on the type of mutation and its location

in the gene. These include Complete Androgen Insensitivity Syndrome [CAIS], Partial

Androgen Insensitivity Syndrome [PAIS], Spinal and Bulbar Muscular Atrophy [SBMA],

Androgen-Related Infertility, Prostate Cancer Susceptibility, and other androgen-related

conditions. AR mutations disrupt androgen receptor signaling, leading to a variety of
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clinical manifestations ranging from androgen insensitivity syndromes [AIS] to disorders

affecting muscles, cognition, and fertility. ALPHAFOLD modeling (Figure 5) was used to

assess structural impacts.

4.1. Mutations and Molecular Impact

The AR gene encodes the androgen receptor, a ligand-dependent nuclear transcription

factor that mediates the biological effects of androgens such as testosterone and dihy-

drotestosterone. It plays a key role in male sexual differentiation, spermatogenesis, prostate

development, and neuromuscular function. The AR protein contains several critical do-

mains: the N-terminal trans activation domain (NTD), DNA-binding domain (DBD), hinge

region, and ligand-binding domain (LBD). It also includes a polyglutamine (polyQ) tract

encoded by a polymorphic CAG repeat.

Reported AR mutations are primarily of single nucleotide variant (181), deletion (39),

and duplication (19) and three indels, insertions, and microsatellites, as seen in Figure 6.

Most of the AR gene mutations are missense variants, with a smaller portion of frameshift

and nonsense mutations. These variations contribute to different molecular implications,

impacting the receptor’s structure and function, as seen in Table 5.

Figure 6. AR gene mutation types.

Table 5. AR gene mutations’ molecular effects.

Variant Type Count Molecular Effect

Missense Variants 131 Substitutions of a single amino acid, affecting receptor binding, activity, or stability.
Nonsense Variants 43 Introduce premature stop codons, resulting in truncated, nonfunctional receptors.
Frameshift Variants 40 Shift in the reading frame, producing truncated or misfolded AR proteins.
Splice-Site Mutations 13 Alter splicing patterns, resulting in truncated receptors or misprocessed AR mRNA.
Insertion/Deletion
Variants

4 Removal or addition of nucleotides, affecting the AR structure or function.

The AR protein consists of several key domains, each playing a critical role in its

function, as seen in Figure 7.

 

Figure 7. Schematic representation of the human androgen receptor (AR) structure, showing its key

domains: NTD (N-terminal domain), DBD (DNA-binding domain), LBD (ligand-binding domain),

CTE (C-terminal extension), and CTD (C-terminal domain). It also includes the activation function

regions: AF-1 (activation function-1) and AF-2 (activation function-2).
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Mutations in these regions may drive different functional impairments:

• Ligand-Binding Domain (LBD): Mutations here can impair androgen binding or

receptor activation, leading to conditions such as Complete Androgen Insensitivity

Syndrome (CAIS) Such is the p.Val904Leu mutation [44].

• DNA-Binding Domain (DBD): Essential for AR-DNA interaction; mutations such as

p.Cys580Phe reduce transcriptional activity [45].

• N-Terminal Domain (NTD): Critical for transcriptional activation; premature stop

mutations such as p.Ter921Arg truncate the receptor, disabling activation [46].

• PolyQ Region (CAG repeats): Expansion mutations (e.g., c.172_174 CAG (38_68))

result in toxic gain-of-function effects and can cause Spinal and Bulbar Muscular

Atrophy (SBMA) [47].

Pathogenic classification (ClinVar):

• Pathogenic: 162 mutations (65%)

• Likely pathogenic: 62 mutations (25%)

• Pathogenic/likely pathogenic: 24 mutations (10%)

* Mutations that in different protein changes have different pathogenic status.

Approximately 65% of the total number of AR gene mutations are already classi-

fied as pathogenic, which underlines their clinical relevance, contributing directly to the

phenotypic expression of androgen insensitivity and other associated disorders.

Functional implications of AR pathogenic gene mutations range from receptor loss-of-

function, resulting in androgen insensitivity, to gain-of-function effects, which can enhance

AR activity and contribute to disease phenotypes such as prostate cancer or SBMA. In

clinical contexts, understanding the molecular behavior of these mutations is crucial for

interpreting disease mechanisms and designing personalized treatment protocols.

In Table 6 we summarize the “AR key mutations,” the associated clinical conditions,

the current ClinVar classification status, mutations’ type, and molecular implications:

Table 6. Key AR gene mutations and their clinical impact.

Mutation
[cDNA/Protein]

Condition Pathogenicity Variant Type
Molecular

Consequence
References

c.1846C>T
(p.Arg616Cys)

CAIS Pathogenic
single nucleotide variant missense

variant|3 prime UTR variant

Impairs androgen binding, preventing
virilization despite XY

chromosomes.
[48]

c.2710G>T
(p.Val904Leu)

PAIS Pathogenic
single nucleotide
missense variant

Prevents effective androgen binding,
leading

to a female phenotype.
[44]

c.1739G>T
(p.Cys580Phe)

PAIS Pathogenic
single nucleotide
missense variant

Affects the ligand-binding domain,
impairing
androgen

[45]

binding and signal
transduction

c.2761T>C
(p.Ter921Arg)

PAIS
Likely

Pathogenic
single nucleotide stop

lost variant

Replaces the stop codon with arginine,
resulting in prolonged translation and

extended
receptor

[46]

c.2673_2675dup
(p.Phe892_Pro893insP he)

Androgen-
Related

Infertility

Likely
Pathogenic

duplication inframe_insertio n
Truncates the protein, impairing

transactivation and
spermatogenesis.

[47]

c.2708A>G
(p.Gln903Arg)

Prostate Cancer
Susceptibility

Pathogenic
single nucleotide variant

missense variant

Enhances AR activity and responsiveness
to ligands, increasing prostate cancer

risk.
[49]

c.172_174CAG(38_68)
(p.Gln80_Glu81insGln[38_68])

c.344_345insCAGATG
AGGAACAGCA
(p.Gln115delinsHisAr gTer)
(CAG repeat
expansion)

Kennedy
Disease

Pathogenic

Trinucleotide Expansion
Insertion nonsense|5 prime

UTR variant/frame-shift
variant

Causes neurodegenerative toxicity in
motor neurons, leading to muscle

weakness and atrophy.
[47,50,51]
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4.2. Clinical Conditions and Management

Table 7 provides information on the distribution of AR mutations per clinical condition

and the most common key mutations, including their molecular implications.

Table 7. Distribution of AR gene mutations per clinical condition.

Condition Notes
Number of
Mutations

References

Androgen Insensitivity
Syndrome [PAIS][CAIS]

Mutations that lead to complete androgen resistance,
resulting in a female phenotype despite XY chromosomes or

varying degrees of androgen resistance, leading to
ambiguous genitalia or partial virilization.

198 [44,48]

Spinal and Bulbar
Muscular Atrophy
[SBMA]

Trinucleotide repeat expansions that lead to
neurodegenerative effects, with motor neuron

dysfunction and muscle atrophy.
21 [50,51]

Androgen-Related
Infertility

Mutations affecting spermatogenesis and fertility, often
associated with azoospermia or impaired spermatogenesis.

11 [52]

Prostate Cancer
Susceptibility

Mutations that increase AR activity or sensitivity,
contributing to prostate cancer risk and progression.

11 [49]

Other Androgen-
Related Disorders

Mutations related to sexual differentiation disorders or
neurological effects.

7 [53]

AR mutations are associated with several androgen-related disorders:

o Androgen Insensitivity Syndrome (AIS) is caused by loss-of-function mutations

in the androgen receptor (AR) gene that impair receptor binding or downstream

signaling. The condition presents along a spectrum: in complete AIS (CAIS) [48],

individuals with an XY karyotype exhibiting a typical female phenotype [54], while in

partial AIS (PAIS), the phenotype ranges from ambiguous genitalia to varying degrees

of undervirilization [55]. Clinical signs include primary amenorrhea, absence of

Müllerian structures, or underdeveloped genitalia. Hormonal analysis typically shows

elevated testosterone levels with minimal androgenic effects. Confirmation requires

sequencing of the AR gene. Management of CAIS involves bilateral gonadectomy to

mitigate malignancy risk, followed by lifelong estrogen replacement for feminization.

PAIS management includes surgical correction of genital ambiguity, androgen therapy,

and psychological support.

o Spinal and Bulbar Muscular Atrophy (SBMA), also known as Kennedy’s disease,

results from a CAG trinucleotide repeat expansion in the AR gene, leading to a

toxic gain of function [50,51]. It typically manifests in adulthood with progressive

muscle weakness, bulbar symptoms, gynecomastia, and infertility [56]. Diagnosis

is confirmed by genetic testing showing CAG repeat expansion in the AR gene.

Management is primarily supportive and includes physical therapy, speech and

swallowing interventions, and participation in clinical trials exploring treatments

aimed at reducing AR expression or preventing protein aggregation.

o Androgen-Related Infertility is attributed to AR mutations that disrupt androgen-

mediated gene regulation in Sertoli cells, impairing spermatogenesis [52,53]. Clinically,

it presents as azoospermia or oligospermia despite normal hormone levels, indicating

defective AR function [57]. Diagnosis involves gene sequencing of the AR gene.

Management strategies include assisted reproductive technologies such as in vitro

fertilization (IVF) or intracytoplasmic sperm injection (ICSI), often in combination

with testicular sperm extraction (TESE). Hormonal modulation may be explored in

select cases.

o Prostate Cancer Susceptibility is linked to gain-of-function mutations or amplification

of the AR gene, which result in increased AR activity and tumor progression [49,58].
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Diagnosis relies on elevated PSA levels, prostate biopsy, and molecular profiling, with

AR mutation analysis contributing to risk stratification. Treatment options include

androgen deprivation therapy (ADT), use of second-generation AR antagonists like

enzalutamide, and precision medicine approaches targeting AR signaling pathways.

o Other Androgen-Related Disorders may involve disruptions in the neurodevelop-

mental, metabolic, or endocrine functions of AR due to various mutations [59,60]. The

clinical presentation is diverse and depends on the affected system. Diagnosis requires

a multidisciplinary approach and may include neurological, endocrine, and genetic

evaluations. Management is individualized and can involve hormone replacement

therapy, metabolic or neurologic monitoring, and targeted endocrine interventions

based on the specific manifestations.

Recognition of AR mutations helps diagnosis of AIS subtypes, infertility, or neuromuscular

disorders, guiding androgen therapy, surgical management, and fertility preservation strategies.

5. Analysis of LHCGR Gene Mutations: Detailed Overview and
Clinical Implications

The LHCGR gene encodes the luteinizing hormone/choriogonadotropin receptor, an

important G protein-coupled receptor (GPCR) responsible for mediating the biological effects

of luteinizing hormone (LH) and human chorionic gonadotropin (hCG), Figure 8. Located on

chromosome 2p21, the LHCGR gene spans approximately 70 kilobases and produces a recep-

tor comprising 674 amino acids [61,62]. Structurally, the receptor includes three critical regions:

a highly glycosylated extracellular domain for hormone binding, a seven-transmembrane

α-helical region characteristic of GPCRs, and a cytoplasmic tail enriched with serine and

threonine residues, which facilitates phosphorylation and downstream signaling [63].

Figure 8. AlphaFold model of the LHCGR (luteinizing hormone/choriogonadotropin receptor)

protein colored, showing the extracellular leucine-rich repeat hormone-binding domain in blue, the

seven-transmembrane helical domain in cyan–blue, and the flexible N- and C-terminal regions in

yellow to red.

The activation of LHCGR by LH or hCG induces a conformational change that triggers

the adenylate cyclase-cAMP signaling pathway, subsequently activating protein kinase

A (PKA). This signaling cascade regulates steroidogenic enzyme activity, enabling the

conversion of cholesterol into androgen and estrogen precursors essential for gonadal
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steroidogenesis [64]. In females, LHCGR controls ovarian follicle maturation, ovulation,

and maintenance of the luteal phase. In males, it is expressed in Leydig cells, which

support testosterone production and spermatogenesis [65]. During pregnancy, hCG binds

to LHCGR to prolong luteal function, supporting early gestation. Extragonadal expression

of LHCGR has been detected in tissues such as the uterus and breast, although its roles in

these sites remain less well-defined [66]. LHCGR expression is regulated by estrogen and

follicle-stimulating hormone (FSH). Upregulation enhances receptor sensitivity, whereas

prolonged LH exposure induces desensitization via phosphorylation and clathrin-mediated

endocytosis. Following internalization, the receptor is either recycled to the membrane

or targeted for lysosomal degradation [67]. Pharmacological advances have enabled the

development of selective LHCGR agonists and antagonists, offering therapeutic potential

in fertility treatments and hormonal regulation [64].

Mutations in LHCGR result in a spectrum of reproductive disorders. Gain-of-function

mutations lead to Gonadotropin-Independent Familial Sexual Precocity (GDFSP) by consti-

tutively activating the receptor. Conversely, loss-of-function mutations are associated with

Leydig Cell Agenesis and LH Resistance Syndromes, resulting in gonadal dysfunction and

impaired sexual development [68]. These mutations highlight the receptor’s critical role in

reproductive physiology and hormone-dependent processes.

In addition, we provide detailed analysis of LHCGR mutations, the associated clin-

ical conditions, the affected receptor domains, and their molecular implications, further

elucidating its indispensable role in reproductive health.

5.1. Mutations and Molecular Impact

There are 35 pathogenic/likely pathogenic mutations of the LHCGR gene available on

ClinVar (Table 1). These mutations are associated with diverse phenotypes, primarily re-

lated to sexual development and gonadal function. They are classified based on the variant

type, molecular consequences, and pathogenicity. Several types of LHCGR mutations have

been reported to ClinVar, Table 8.

Table 8. LHCGR gene mutations and their molecular effect.

Variant Type Count Molecular Effect

Missense Variants 22 Amino acid substitutions that affect ligand binding, signal transduction, or receptor conformation.
Nonsense Variants 6 Introduce premature stop codons, leading to truncated, nonfunctional proteins.
Frameshift Variant 1 Result in altered reading frames, leading to truncated proteins and loss of function.
Intronic Variants 4 Affect splicing, potentially altering receptor structure or function.
In-frame Deletions 1 Removal of specific amino acids, disrupting receptor structure and functionality.

Following data distribution in Table 8, missense variants are the most frequent, ac-

counting for 65% of the total number of mutations. In addition, we provide statistics on

their pathogenic status:

• Pathogenic: 22 mutations (65%)

• Likely Pathogenic: 8 mutations (24%)

• Pathogenic/Likely pathogenic: 4 mutations (11%) *

* Mutations that in different protein changes have different pathogenic status.

The predominance of pathogenic mutations highlights the necessity of fundamental

understanding of the molecular implications of LHCGR gene mutations and their impact

on reproductive function.

LHCGR mutations are distributed across key protein domains:

• Extracellular domain (ligand-binding): Mutations such as p.Leu457Arg and p.Ala568Val

impair ligand recognition and binding, altering signal initiation [69,70].
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• Transmembrane domain: Variants such as p.Val144Phe and p.Ser616Tyr compromise

signal transduction or cause constitutive receptor activity [71,72].

• Intracellular domain: Mutations like p.Cys131Arg impair G protein interaction, block-

ing downstream signaling [73].

• Hinge region: Structural changes from mutations like p.Cys343Ser disrupt receptor

stability and folding [74].

The location of the mutation on specific protein domains is shown in Figure 9. accord-

ing to Mutation3D.

 

Figure 9. Location of some LHCGR mutation in (A) extracellular domain (B) transmembrane domain.

In Table 9, we summarize the “key LHCGR mutations,” the associated clinical manifes-

tations, the current ClinVar pathogenic status, mutations’ type, and molecular implications.

Table 9. Key LHCGR gene mutations and their clinical impact.

Mutation
[cDNA/Protein]

Condition Pathogenicity Variant Type Molecular Implications Reference

c.1370T>G
(p.Leu457Arg)

GDFSP Pathogenic
Single nucleotide
Missense Variant

Constitutive receptor activation, causing
precocious puberty.

[69]

c.1188C>T
(p.Ala373Val)

GDFSP Pathogenic
Single nucleotide
Missense
Variant

Affects receptor conformation and ligand
binding.

[75]

c.1703C>T
(p.Ala568Val)

GDFSP Pathogenic
Single nucleotide
Missense Variant

Altering receptor conformation and
impairing G protein coupling. This leads to
reduced cAMP signaling, which disrupts
luteinizing hormone-mediated
functions.

[70]

c.1847C>A
(p.Ser616Tyr)

Leydig Cell Agenesis Pathogenic
Single nucleotide
Missense Variant

Disrupts receptor conformation and
function, impairing luteinizing hormone
signaling through reduced G protein
coupling or altered ligand binding.

[72]

c.391T>C
(p.Cys131Arg)

Leydig cell hypoplasia,
type II

Pathogenic
Single nucleotide
Missense Variant

Disrupting disulfide bond formation
essential for maintaining receptor structure.
This structural alteration impairs ligand
binding and proper receptor activation.

[73]

c.1635C>A
(p.Cys545Ter)

Leydig cell hypoplasia
Pathogenic/Likely
pathogenic

Nonsense/Intron
variant

Premature stop codon, leading to truncated
receptor.

[76]
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Table 9. Cont.

Mutation
[cDNA/Protein]

Condition Pathogenicity Variant Type Molecular Implications Reference

c.537-1G>T Leydig Cell Agenesis Pathogenic
Intron
variant/Splice
acceptor variant

Impairs splicing, affecting receptor
expression.

National Center
for
Biotechnology
Information.
ClinVar;
[VCV000996742.1],
https://www.
ncbi.nlm.nih.
gov/clinvar/
variation/VCV0
00996742.1/
(accessed 11
February 2025).

c.1193T>C
(p.Met398Thr)

GDFSP
Likely
Pathogenic

Missense Variant Alters ligand-binding affinity. [77]

c.442G>T
(p.Glu148Ter)

Leydig Cell Agenesis Pathogenic
Nonsense/Intron
variant

Loss of receptor function due to
truncation.

[78]

c.430G>T
(p.Val144Phe)

Leydig Cell Agenesis Pathogenic
Missense Variant
/Intron variant

Disrupts transmembrane domain,
impairing signal transduction.

[75]

5.2. Clinical Conditions and Management

LHCGR mutations are associated with several well-defined clinical conditions, with

distinct molecular mechanisms and therapeutic approaches. Table 10 provides information

on the distribution of LHCGR mutations per clinical condition and the most common key

mutations, including their molecular implications.

Table 10. Distribution of LHCGR mutations per clinical condition.

Condition Notes Number of Mutations References

Gonadotropin- Independent
Familial Sexual Precocity
[GDFSP]:

This condition results from gain-of-function mutations that
cause constitutive receptor activation, leading to early sexual
development in males without elevated gonadotropin levels

12 [79]

Leydig Cell Agenesis
Loss-of-function mutations impair receptor signaling, leading
to defects in Leydig cell function, testosterone production, and

male sexual differentiation.
12 [80]

Luteinizing
Hormone Resistance

Mutations that reduce receptor responsiveness to LH, causing
a spectrum of disorders, including infertility and

ambiguous genitalia.
2 [81]

Leydig Cell Hypoplasia
Severe receptor dysfunction prevents Leydig cell

development, leading to androgen deficiency and male sexual
differentiation anomalies.

5 [76]

Leydig cell
adenoma, somatic, with
male-limited precocious puberty

Constitutive luteinizing hormone receptor activation and
excessive testosterone production independent of hormonal
regulation. This results in early-onset puberty and potential

testicular enlargement due to Leydig cell hyperplasia or
adenomas. Male limited precocious puberty: genotype does

not always correlate with phenotype.

1 [82]

Mosaic trisomy 2

If the abnormal cell line is present in the gonads, it may impair
gamete production, leading to infertility or reproductive issues

such as recurrent pregnancy loss or developmental
abnormalities in offspring.

1 [83]

Pseudohermaphro ditism
Individual’s chromosomal sex does not align with their

external genitalia due to disruptions in hormone production,
sensitivity, or exposure during development.

1 [84]

o Gonadotropin-Independent Familial Sexual Precocity (GDFSP) Gain-of-function

mutations in the LHCGR gene result in constitutive receptor activation, leading to

autonomous testosterone production without necessity for LH stimulation. Clini-

cally, this condition manifests as gonadotropin-independent familial sexual precocity

(GDFSP), where affected boys present with early-onset puberty, accelerated growth,

https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000996742.1/
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000996742.1/
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000996742.1/
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000996742.1/
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000996742.1/
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advanced bone age, and macroorchidism, despite prepubertal gonadotropin levels.

Diagnosis is based on clinical features, biochemical findings (elevated testosterone

with suppressed LH and FSH), and molecular confirmation of activating LHCGR

mutations [75,77,79]. Management strategies include the use of GnRH analogs to sup-

press the hypothalamic-pituitary axis, anti-androgens to block androgen receptors, or

aromatase inhibitors to reduce estrogen conversion, all aimed at mitigating the effects

of premature androgen exposure and minimizing psychosocial consequences [75,79].

o Leydig Cell Agenesis Conversely, loss-of-function mutations in the LHCGR gene lead

to Leydig cell agenesis or hypoplasia, depending on the extent of receptor dysfunction.

These mutations impair LH signaling and disrupt the development and function of

Leydig cells, resulting in androgen deficiency. Clinically, the phenotype may range

from ambiguous genitalia and pseudohermaphroditism in 46, XY individuals to com-

plete gonadal dysgenesis and delayed or absent puberty. Laboratory findings often

reveal low testosterone levels with elevated LH concentrations. Molecular diagnosis is

confirmed by identifying biallelic inactivating mutations in LHCGR [76,78,80]. Man-

agement protocol includes testosterone replacement therapy for pubertal induction

and maintenance, surgical correction of genital anomalies when necessary, and fertility

counseling in adolescence or adulthood.

o Luteinizing Hormone (LH) Resistance represents a partial loss-of-function spec-

trum, where receptor mutations reduce sensitivity to LH or impair surface receptor

expression. Affected individuals may present with primary or secondary infertility,

menstrual irregularities in females, or undermasculinized genitalia in males. Biochem-

ical findings include high LH with normal or low sex steroid levels, and the condition

can be confirmed via genetic testing [81]. Treatment involves hormone replacement

therapy (HRT) in females to induce or maintain secondary sexual characteristics, while

in males, individualized ART strategies may be employed depending on residual

Leydig cell function.

o Leydig Cell Hypoplasia is associated with severe receptor dysfunction, preventing

normal Leydig cell development [76]. Individuals with 46,XY karyotype may show

signs of undervirilization. Genetic confirmation and endocrine evaluation are essential.

Management includes lifelong HRT, surgical correction, and fertility counseling.

o Leydig Cell Adenoma with Male-Limited Precocious Puberty is associated with

Somatic gain-of-function mutations in LHCGR. These mutations cause autonomous

activation of the receptor within localized testicular tissue, leading to excessive testos-

terone production and precocious puberty in affected males. Patients may present

with testicular enlargement, early secondary sexual characteristics, and suppressed

gonadotropins [82]. Management is based on clinical presentation and may include

observation, hormonal suppression, or surgical intervention in cases with significant

mass effect or uncontrolled androgen excess.

o Mosaic Trisomy 2 can affect the gonads, disrupting gamete production and leading

to infertility or recurrent pregnancy loss [83]. Diagnosis is made through cytogenetic

testing. Management includes fertility preservation and genetic counseling.

o Pseudohermaphroditism is a disorder in which chromosomal and phenotypic sex do not

align, often due to LHCGR-related hormonal disruptions [84]. Diagnosis requires a multi-

disciplinary workup including karyotyping, hormone profiling, and genetic sequencing.

Treatment involves individualized endocrine, surgical, and psychological care.

The identification of pathogenic LHCGR mutations aids in distinguishing between

gain- and loss-of-function conditions, enabling precision in managing early puberty, go-

nadal dysfunction, and infertility through hormonal modulation or ART protocols.
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6. Analysis of ERs Gene Mutation: Detailed Overview and
Clinical Implications

Estrogen receptors [ERs] are essential mediators of the biological effects of estrogen,

particularly 17β-estradiol, throughout the body. They are classified into nuclear receptors

[ERα and ERβ] and membrane-bound receptors, such as the G protein-coupled estrogen

receptor [GPER] and ER-X. Upon estrogen binding, the nuclear receptors translocate to

the nucleus, where they bind to estrogen response elements [EREs] on DNA and act as

transcription factors, regulating gene expression. ERα and ERβ exhibit distinct tissue-

specific distributions: ERα is primarily expressed in the breast tissue, the hypothalamus,

and the endometrium, while ERβ is abundant in the ovaries, prostate, kidneys, lungs, and

bone. These receptors can form homodimers or heterodimers, enabling complex cellular

responses to estrogen [85].

ERs mediate both genomic and non-genomic effects. The genomic effects involve

direct regulation of transcription through DNA binding, whereas non-genomic effects

occur via rapid signaling cascades initiated at the cell membrane, activating pathways

such as MAPK/ERK and PI3K/AKT. These mechanisms influence various physiological

processes, including those in reproductive tissues, the brain, cardiovascular system, bones,

and immune cells [86].

Estrogen receptors (ERs) play a pivotal role in cancer biology, notably in ER-positive

breast cancers, where estrogen signaling promotes tumor growth. Therapeutic interven-

tions, such as selective estrogen receptor modulators (SERMs) like tamoxifen, function

by blocking estrogen receptors on breast cancer cells, thereby inhibiting estrogen from

stimulating cancer cell proliferation [87]. ERα, in particular, is crucial for fat distribution

and bone maintenance. Studies have shown that variations in the estrogen receptor alpha

gene are related to differences in bone mineral density and fat distribution, underscoring

its therapeutic potential in addressing metabolic and skeletal disorders [88]. Beyond cancer,

ERs are implicated in other malignancies, including ovarian and prostate cancers, as well

as in metabolic and skeletal disorders such as obesity and osteoporosis. Estrogen defi-

ciency, especially post-menopause, is associated with increased adiposity and metabolic

dysfunction, predisposing individuals to conditions like type 2 diabetes and cardiovascular

diseases [89].

A comprehensive understanding of the diverse roles and mechanisms of ERs mutations

is essential for developing targeted treatments across a range of estrogen-related conditions.

This knowledge facilitates the design of therapies that can modulate ER activity, offering

potential benefits in cancer treatment, metabolic regulation, and bone health.

6.1. ESR1 [Estrogen Receptor 1]

The ESR1 [estrogen receptor 1] gene encodes the estrogen receptor alpha, a nuclear

receptor that mediates the effects estrogen, Figure 10. This receptor regulates key physi-

ological processes, including reproductive development, bone density maintenance, car-

diovascular health, and cellular proliferation. Mutations in the ESR1 gene disrupt these

key functions, leading to a spectrum of clinical disorders such as Estrogen Resistance

Syndrome and temperature-sensitive estrogen receptor variants. These conditions arise

due to impaired estrogen binding, disrupted signal transduction, or receptor instability,

significantly impacting patient outcomes.

6.1.1. Mutations and Molecular Impact

The ClinVar database tracks 10 distinct mutations of the ESR1 gene. These mutations

impact the receptor’s ability to bind estrogen or mediate downstream signaling, leading to

a variety of estrogen-related dysfunctions.
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Figure 10. AlphaFold model of the ESR1 (estrogen receptor α) protein, showing the well-structured

ligand-binding and DNA-binding domains in blue, the connecting α-helices in cyan–blue, and the

intrinsically disordered N- and C-terminal regions in yellow to red.

Three types of ESR1 mutations, with diverse molecular implications, have been re-

ported so far, as seen in Table 11.

Table 11. ESR1 mutations’ types and molecular effects.

Variant Type Count Molecular Effect

Missense Variants 7 Amino acid substitutions that impair ligand binding, protein folding, or receptor structural integrity.
Nonsense
Variants

1 Introduces a premature stop codon, resulting in truncated and nonfunctional receptor proteins.

Indel Variants 1 Alters protein structure through insertion-deletion, leading to conformational instability.

Missense variants are the most prevalent, comprising 80% of the total number of muta-

tions, which highlights the sensitivity of the ESR1 protein to even subtle amino acid changes.

The following numbers are based on pathogenic classification:

• Pathogenic: seven mutations (70%)

• Likely pathogenic: one mutation (10%)

• Pathogenic/likely pathogenic: one mutation (10%)

The ESR1 protein consists of three structural domains, crucial for its function and activ-

ity. The identified mutations impact the following domains, and Mutation3D visualization

(Figure 11) illustrates their domain-specific distribution:

• DNA-Binding Domain [DBD]: Mutations, such as R394H and R396H (Table 12),

impair the receptor’s ability to interact with DNA at estrogen response elements

[EREs], leading to a failure in gene transcription regulation.

• Ligand-Binding Domain [LBD]: This domain is essential for binding estrogen and

initiating receptor activation. Mutations, such as Q375H and Q377H (Table 12), reduce

the receptor’s estrogen-binding affinity, rendering it inactive.

• Hinge Region: The hinge region facilitates receptor flexibility and its interaction with

co-regulatory proteins. Mutations like C447A (Table 12) may destabilize the receptor,

particularly under temperature fluctuations, contributing to temperature-sensitive

estrogen resistance.
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Figure 11. Locations of the key ESR1 mutations (visualized in Mutation3D).

Table 12. List of key ESR1 mutations and molecular implications.

Mutation [Protein
Change]

Condition Pathogenicity Variant Type Molecular Implications Reference

R394H, R393H, R221H,
R396H

ERS
Pathogenic/Likely
pathogenic

Single nucleotide
missense variant

Disrupts ligand binding, impairing receptor
function and causing severe estrogen resistance.

[90]

Q375H, Q202H, Q374H,
Q377H

ERS Pathogenic
Single nucleotide
missense variant

Reduces estrogen-binding affinity, severely
impairing receptor activation.

[91]

R157 * ERS Pathogenic
Single nucleotide variant
nonsense; 5 prime
UTR variant

Introduces a stop codon, leading to truncated,
nonfunctional proteins and complete loss of
receptor
activity

[92]

Breast Neoplasm Pathogenic
Single nucleotide missense
variant/3 prime

in the ligand-binding domain of
ERα leading to ligand-independent
receptor activation, dysregulated

[93]

L536R, L538R, L535R UTR variant/Intron variant
estrogen signaling, and resistance to endocrine
therapies in breast cancer.

V534E, V536E, V533E Breast Neoplasm Pathogenic
Single nucleotide missense
variant|3 prime UTR
variant/Intron variant

In ligand-binding domain of ERα causing
structural changes that result in
ligand-independent activation of the receptor,
altered estrogen signaling, and resistance to
endocrine therapies

[94]

S463P, S465P, S462P Breast Neoplasm Pathogenic
Single nucleotide missense
variant/Intron variant

In the hinge region of the estrogen receptor alpha
(ERα). This change likely disrupts receptor
flexibility and nuclear localization, impairing
DNA binding and transcriptional activity, which
could contribute to altered estrogen signaling
and potential endocrine resistance in
breast cancer.

[95]

E380Q, E207Q, E382Q,
E379Q

Breast Neoplasm
Likely
pathogenic

Single nucleotide missense
variant/Intron variant

Located in the ligand-binding domain of ERα.
This alteration may impact receptor
conformation, estrogen binding, and
transcriptional activity, potentially contributing
to dysregulated estrogen signaling and resistance
to
endocrine therapies in breast cancer.

[95]

P535H, P534H, P537H Breast Neoplasm
Likely
pathogenic

Single nucleotide missense
variant|3 prime UTR
variant/Intron variant

In the ligand-binding domain of estrogen
receptor alpha (ERα). This mutation can alter the
receptor’s structure, potentially leading to
ligand-independent activation, disrupted
estrogen signaling, and resistance to endocrine
therapies,
particularly in hormone-driven therapies.

[95]

C447A, C449A, C274A,
C446A

Estrogen
Receptor Mutant,
Temperatur
e-Sensitive

Pathogenic Indel missense variant

The altered structure may cause ERα to exhibit
dysfunctional estrogen binding and
transcriptional activity at certain temperatures,
contributing to altered estrogen signaling and
potentially influencing the development of
resistance to endocrine therapies in hormone-
sensitive cancers like breast cancer.

[96]

* indicates a stop codon resulting in premature termination of the protein.
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The ESR1 mutations lead to impaired estrogen signaling via two major mechanisms:

• Loss-of-Function Mutations [e.g., R157*, R394H]: These mutations impair receptor

binding to estrogen or disrupt downstream signal transduction pathways. The func-

tional absence of a receptor working properly leads to conditions such as estrogen

resistance syndrome, with symptoms including delayed puberty, infertility, and poor

bone health.

• Structural Instability Mutations [e.g., C447A]: Mutations which destabilize receptor

conformation, rendering it temperature-sensitive or prone to functional loss under

specific physiological conditions. These mechanisms contribute to variable clinical

manifestations depending on environmental factors.

6.1.2. Clinical Conditions and Management

o Estrogen Resistance Syndrome (ERS) is caused by loss-of-function ESR1 mutations

that impair receptor function. Mutations, such as R394H, Q375H, and R157*, reduce

ligand binding or disrupt downstream signaling. Affected individuals often exhibit

delayed puberty, infertility, and metabolic disturbances despite high serum estro-

gen levels [90–92]. Diagnosis involves hormone testing and confirmation via ESR1

gene sequencing. Management includes high-dose estrogen therapy to overcome

receptor insensitivity and hormone replacement therapy (HRT) to mitigate long-term

consequences such as osteoporosis and infertility. Genetic testing can aid in the

identification of atypical cases and guide personalized treatment.

o Breast Neoplasm is associated with somatic ESR1 mutations, particularly within

the ligand-binding domain. Mutations like L536R, V534E, and E380Q confer ligand-

independent activation of ERα, contributing to estrogen receptor-positive breast

cancer and resistance to endocrine therapies such as aromatase inhibitors [93–95].

Diagnosis is achieved through molecular profiling of tumor samples. Treatment

strategies involve the use of selective estrogen receptor degraders (SERDs), estrogen

receptor modulators, or investigational drugs targeting mutant ERα. These mutations

may also impact reproductive function by impairing folliculogenesis, endometrial

development, and ovulation—factors essential for fertility.

o Temperature-Sensitive Estrogen Receptor Mutants involve structural instability

under physiological conditions. Mutations, such as C447A in the LBD, render the

receptor thermosensitive, impairing estrogen binding and transcriptional activity at

normal body temperatures [96]. Clinical features may include estrogen resistance

and infertility. Diagnosis requires molecular confirmation, and the treatment focuses

on customized hormone therapy and potential use of ligand stabilizers to restore

receptor function.

Characterizing ESR1 mutations supports targeted endocrine therapy in cancer and

estrogen resistance syndromes, with implications for bone health, puberty induction, and

fertility preservation.

6.2. ESR2 [Estrogen Receptor 2]

The ESR2 [estrogen receptor beta] (Figure 12) gene encodes a receptor that mediates the

effects of estrogen in a variety of tissues, including reproductive organs, the cardiovascular

system, and the central nervous system. Mutations in this gene are linked to conditions

such as ovarian dysgenesis, infertility, and other estrogen-related dysfunctions. There is

one available pathogenic, missense ESR2 mutation available on ClinVar, shown in Table 13.
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Figure 12. AlphaFold model of the ESR2 (estrogen receptor β) protein colored, showing the ligand-

binding and DNA-binding domains in blue, the connecting α-helices in cyan–blue, and the flexible

N- and C-terminal regions in yellow to red.

Table 13. ESR2 SNV associated clinical condition.

Name Condition Variant Type
Molecular

Consequence
Classification References

c.941A>G
(p.Lys314Arg)

Ovarian
Dysgenesis 8

Single nucleotide
variant

Missense variant,
non-coding

transcript variant
Pathogenic [97]

This mutation involves the substitution of lysine [K] with arginine [R] at position

314, altering protein’s structure and disrupting estrogen signaling, Figure 13. K314R

is associated with Ovarian Dysgenesis 8, a condition marked by the failure of ovarian

development, primary amenorrhea, infertility, and low estrogen levels. The mutation

is likely to impair the receptor’s ability to bind estrogen or interact with co-regulatory

proteins, leading to insufficient estrogenic signaling [97].

 

Figure 13. Location of K314R mutation in ESR2 (visualized in Mutation3D).
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Genetic testing for ESR2 mutations should be considered in individuals presenting

with suspected ovarian dysgenesis or other estrogen-related disorders, as they can signifi-

cantly impact estrogen signaling and reproductive health. In particular, K314R mutation is

associated with impaired receptor function. Functional assays can provide further insight

into its effect on estrogen binding and interaction with co-regulatory proteins, thereby

confirming mutation’s pathogenicity.

Management of affected individuals often requires a multi-faceted approach. Hor-

mone Replacement Therapy (HRT) is commonly prescribed to address estrogen deficiency,

which helps to facilitate the development of secondary sexual characteristics, alleviate

symptoms of estrogen insufficiency, and mitigate long-term risks such as osteoporosis

and cardiovascular issues. Additionally, fertility preservation strategies may be necessary,

particularly for individuals with impaired ovarian function or infertility. Assisted repro-

ductive technologies (ART), including in vitro fertilization (IVF) or egg freezing, could

be considered to support reproductive goals in patients facing fertility challenges due to

estrogen signaling defects.

Although rare, ESR2 mutations, such as K314R, underscore the importance of receptor

testing in unexplained ovarian failure, guiding HRT and fertility intervention decisions.

7. Discussion

Infertility remains a significant challenge in reproductive medicine [98], and the

genetic basis underlying infertility has become a key area of focus in improving treatment

outcomes [99]. Mutations in the hormone receptors that mediate critical reproductive

processes, including follicle-stimulating hormone receptor [FSHR], luteinizing hormone

receptor [LHR], androgen receptor [AR], estrogen receptor [ER], and progesterone receptor

[PGR], can greatly influence the success of infertility therapies.

The complex interaction between FSHR, LHR, AR, ER, and PGR mutations is crucial

in determining ART success, as these receptors do not function in isolation but rather

in an integrated hormonal network. While previous sections have described individual

receptor mutations, their combined impact shapes reproductive outcomes. FSHR and LHR

mutations disrupt ovarian follicular development, with FSHR primarily regulating early

follicular growth and LHR being crucial for ovulation induction [100,101]. Mutations in

FSHR that lower follicular sensitivity to FSH can lead to suboptimal LH response, as the

FSH prime effect on LHR expression is reduced. Conversely, LHR mutations that impair

hCG-mediated signaling can affect corpus luteum function, altering progesterone levels

and impacting implantation success. AR mutations influence ovarian steroidogenesis by

modulating FSHR and LHR sensitivity to gonadotropins [57]. Reduced AR function leads

to altered testosterone conversion to estrogen, affecting FSHR-driven follicular recruit-

ment [57]. In males, AR mutations disrupt LH-stimulated Leydig cell function, leading

to testosterone deficiency, which can impair spermatogenesis and ART outcomes [102].

Estrogen receptor (ER) and progesterone receptor (PGR) mutations impact endometrial

receptivity, crucial for implantation success in ART cycles. FSHR and LHR mutations that

alter estrogen and progesterone secretion indirectly affect ER and PGR activity, leading to

failed implantation despite successful fertilization. Recent studies highlight the role of ER

and PGR mutations in conditions such as adenomyosis and endometriosis, which further

contribute to implantation failure and ART resistance [103]. Cross-talk between ER, AR, and

FSHR is crucial in coordinating follicular growth, ovulation, and luteal phase support, illus-

trating the need for a comprehensive approach in ART treatment strategies. Understanding

the interplay between hormone receptor mutations enables personalized ART protocols.

For patients with FSHR mutations, adjusting FSH dosage while considering LHR function

can optimize ovarian response. Patients with AR mutations affecting androgen-mediated
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FSHR sensitization may benefit from testosterone priming before ovarian stimulation. PGR

mutations that impair progesterone responsiveness might require enhanced luteal phase

support to improve implantation rates in ART cycles.

Future studies should focus on integrating multi-receptor genetic profiling into ART

workflows and validating mutation-specific treatment responses to develop standardized,

mutation-guided fertility protocols.

8. Conclusions

The complex interplay between hormone receptors’ variations is a crucial determinant

of infertility and ART success. Understanding how mutations in FSHR, LHCGR, AR,

ESR1, and PGR disrupt hormonal signaling pathways enables clinicians to assess treatment

resistance more accurately and develop optimized therapeutic strategies. These mutations

exert diverse structural and functional effects, resulting in distinct clinical phenotypes that

require personalized ART protocols. Genetic screening plays a crucial role in identifying

patients who may benefit from tailored interventions, such as modified gonadotropin

stimulation, testosterone priming, or enhanced luteal support.

Further research into receptor-specific therapies and their integration into ART work-

flows will be essential to improve reproductive outcomes. Continued exploration of the

molecular mechanisms underlying hormone receptor dysfunctions will advance the ap-

plication of precision medicine in reproductive health and refine clinical approaches to

infertility management.
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