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Abstract 

Background  Arthrogryposis multiplex congenita (AMC) is a congenital disorder characterized by multiple joint 
involvement, primarily affecting limb mobility and leading to various tissue contractures. Variations in the RIPK4 
gene may impact connective tissues, thereby resulting in a spectrum of malformations. This study aimed to identify 
the genetic etiologies of AMC patients and provide genetic testing information for further diagnosis and treatment 
of AMC.

Methods  We recruited a Chinese female patient with hand-related AMC and her family members. Whole-exome 
sequencing (WES) was employed to determine the genetic etiologies of the patient’s disease. The pathogenic mecha‑
nisms of the identified variations were analyzed using protein tolerance profiling and modeling.

Results  We identified two novel RIPK4 variants (c.1354G > A, p.E452K; c.1558A > T, p.T520S). Pathogenicity studies 
indicated that the c.1354G > A, p.E452K variant changed the charge from negative to positive and altered the chemi‑
cal properties from acidic to alkaline, potentially significantly affecting protein function.

Conclusions  We reported the discovery of two novel RIPK4 variants (c.1354G > A, p.E452K; c.1558A > T, p.T520S) 
in a Chinese AMC female patient’s family. Our study enhances the genetic repository for AMC and highlights the path‑
ogenicity of RIPK4 variants, underscoring the significance of comprehensive management for genetic-related diseases, 
particularly the critical roles of prenatal diagnosis and genetic counseling.

Trial registration  The research protocol received approval from the Ethics Review Committee of Xiangya Hospital 
of Central South University in China (approval number: 202103427), registered in March 2021, with all participants 
providing duly signed informed consent forms.
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Introduction
Arthrogryposis Multiplex Congenita (AMC) is a congen-
ital disorder characterized by the involvement of multiple 
joints across different parts of the body, predominantly 
affecting the upper and lower limbs. Clinically, it mani-
fests as a loss of joint mobility, restricted extension, 
or increased stiffness, often accompanied by varying 
degrees of deformity, pain, dislocation, and other compli-
cations [1]. Significantly, the disease exhibits pronounced 
heterogeneity, presenting a complex clinical profile with 
contractured tissues that include the skin, neurovascular 
structures, joint capsules, ligaments, tendons, muscles, 
and cartilage [2].

The incidence of AMC is estimated to be about 1 in 
every 3000 to 5000 live births [3]. Its etiology is multifac-
eted, encompassing a combination of maternal environ-
mental factors and fetal genetic elements. These factors 
collectively inhibit fetal intrauterine activity, thereby 
inducing congenital multiple joint contractures [4]. 
Abnormal uterine shapes, multiple pregnancies, specific 
viral infections during pregnancy [5] (including Newcas-
tle virus, Akabane virus, and Coxsackie virus), as well as 
the presence of multiple sclerosis [6, 7], are considered 
factors that restrict fetal movement within the womb, 
consequently increasing the risk of AMC.

Moreover, genetic factors play a significant role in the 
pathogenesis of arthrogryposis. The use of whole-genome 
sequencing in recent years has significantly advanced the 
identification of numerous genes associated with AMC. 
Gina Ravenscroft et al. [8] have demonstrated that 42% of 
cases of fetal akinesia and AMC received accurate genetic 
diagnoses through whole-exome sequencing, identifying 
genes such as CACNA1S, CHRNB1, GMPPB, and STAC3 
and describing phenotypic expansions associated with 
these genes. In a comprehensive study, Annie Laquer-
riere et  al. [2]  discovered nine newly identified genes: 
CNTNAP1, MAGEL2, ADGRG6, ADCY6, GLDN, LGI4, 
LMOD3, UNC50, and SCN1A, and also identified patho-
genic variants in ASXL3 and STAC3, expanding the phe-
notypes associated with these genes.

It is noteworthy that variants in more than 220 genes 
have been associated with arthrogryposis [9]. However, 
the molecular etiology remains unknown for a large 
number of cases. Nonetheless, the potential of whole-
exome studies in revealing the intricate nature of AMC is 
undeniable. For instance, exome sequencing studies have 
revealed key findings, such as MYH3 gene mutations 
leading to abnormal encoding of skeletal muscle contrac-
tile proteins and ECEL1 gene mutations interfering with 
the normal formation of neuromuscular junctions, both 
of which are associated with severe AMC [9]. Therefore, 
this study is committed to identifying new genetic vari-
ants in a family with AMC, contributing to the growing 

body of knowledge regarding the genetic underpinnings 
and potential pathways of AMC. This research expands 
the genetic mutation library and may deepen our under-
standing of its heterogeneity and complexity, also aims 
to provide patients with more precise prognostic assess-
ments and accurate genetic counseling, while laying the 
groundwork for the development of more precise diag-
nostic methods and innovative treatment strategies.

Materials and methods
Subjects
The research protocol received approval from the Ethics 
Review Committee of Xiangya Hospital of Central South 
University in China (approval number: 202103427), with 
all participants providing duly signed informed consent 
forms. The focus of this study was a Chinese family with 
a history of Arthrogryposis Multiplex Congenita (AMC). 
The proband (II:1) sought medical consultation at the 
Orthopedics Department of Xiangya Hospital in 2021, 
accompanied by her parents (I:1 and I:2). Comprehen-
sive data encompassing family medical history, physical 
examination records, and blood samples of the subjects 
were meticulously collected for subsequent analysis.

DNA extraction
Blood samples were treated with an anticoagulant con-
taining EDTA to prevent coagulation. DNA was extracted 
from the peripheral blood lymphocytes of the patient and 
the patient’s parents using the using the DNeasy Blood 
and Tissue Kit (Qiagen, Valencia, California).

Whole exome sequencing and Sanger sequencing
The arthrogryposis-related genes are summarized in 
Table S1, and we adopted the WES technology to screen 
these variants listed in the table. The main part of WES 
was provided by the Berry Genomics Company Limited 
(Chengdu, China), as previously described [10]. All the 
exomes were captured by Agilent Sure Select Human 
All Exon V6 kits and sequenced by Illumina HiSeq X 
Ten platform. Conservation analysis of the amino acids 
at the detected mutation sites was conducted using 
Mutation Taster (https://​www.​mutat​ionta​ster.​org/). The 
detailed procedures for Whole Exome Sequencing and 
Sanger Sequencing are illustrated in Fig. 1. In this study, 
we employed several computational tools to predict the 
potential impact of genetic variants on protein func-
tion. Specifically, we utilized Polyphen-2 (http://​genet​ics.​
bwh.​harva​rd.​edu/​pph2/), SIFT (http://​prove​an.​jcvi.​org/​
index.​php), MutationTaster (https://​www.​mutat​ionta​ster.​
org/), and CADD (https://​cadd.​gs.​washi​ngton.​edu/​snv/). 
To determine the frequencies of these variants, we con-
sulted data from the GnomAD database (http://​gnomad.​
broad​insti​tule.​org) and the Chinese Millionome Database 

https://www.mutationtaster.org/
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/index.php
http://provean.jcvi.org/index.php
https://www.mutationtaster.org/
https://www.mutationtaster.org/
https://cadd.gs.washington.edu/snv/
http://gnomad.broadinstitule.org
http://gnomad.broadinstitule.org
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(CMDB; http://​cmdb.​bgi.​com/​cmdb/), excluding variants 
with a minor allele frequency (MAF) greater than 0.001 
in both databases. Our approach to annotating candi-
date genes with respect to their inheritance patterns and 
clinical phenotypes strictly adhered to the guidelines 
established by the Online Mendelian Inheritance in Man 
(OMIM) database (https://​www.​omim.​org). The classifi-
cation of variant pathogenicity was conducted in accord-
ance with the standards and guidelines set forth by the 
American College of Medical Genetics and Genomics 
(ACMG) [11].

The primer pairs employed for PCR amplification 
were meticulously designed using Primer Premier 5.0 
software, and the nucleotide sequences can be provided 
upon request (Forward Primer: 5’- CAC​AGA​CGT​CCA​
GAA​GAA​GAAG-3’, Reverse Primer: 5’- CTT​GGC​GTT​
GAC​ACT​GAT​CT-3’; Forward Primer: 5’-GCT​GCT​CAA​
CAA​TGC​CAA​C-3’, Reverse Primer: 5’-CAG​GAT​GCG​
CAC​GAT​ATT​CT-3’).

Variants protein tolerance profiling and modeling
The landscape of tolerance to amino acid substitutions in 
the RIPK4 protein was generated using the MetaDome 
web tool (https://​stuart.​radbo​udumc.​nl/​metad​ome/​
dashb​oard). RIPK4 coding sequence was analyzed for 
tolerance to variation, and the visualization was created 
based on a combination of multiple sequence alignment 
and population genetic data. A color-coded represen-
tation was utilized, with blue indicating regions of the 
protein that are tolerant to substitutions and red indi-
cating regions where substitutions are likely deleterious. 
P.E452K and p.T520S, were annotated on the landscape 
to investigate their potential impact on protein func-
tion. The full-length human RIPK4 protein structure 
(amino acids 784) was predicted using AlphaFold2. The 
forecasted conformation was visualized and analyzed for 
interactions using ChimeraX. Layout and annotation of 
the predicted structure were executed with Adobe Illus-
trator for presentation purposes.

Fig. 1  Workflow diagram depicting the processes of WES and Sanger sequencing. WES, whole-exome sequencing

http://cmdb.bgi.com/cmdb/
https://www.omim.org
https://stuart.radboudumc.nl/metadome/dashboard
https://stuart.radboudumc.nl/metadome/dashboard
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Results
Case description
A 9-year-old female presented at the Orthopedic Outpa-
tient Clinic of Xiangya Hospital, Central South Univer-
sity, with a history of restricted hand movements since 
infancy (Fig.  2A). Physical examination revealed sym-
metrical contractures of the fingers joints in both hands. 
The fingers appeared curved, with the thumbs flexed 
and adducted across the palms. There was slight muscu-
lar atrophy in the hands, and the metacarpophalangeal, 
interphalangeal, and distal interphalangeal joints were 
rigid in a flexed position. Both active and passive flex-
ion and extension were limited, and passive movements 
elicited pain. The skin over the joints showed dimin-
ished normal texture, appeared mildly shiny, and was 
taut; these alterations impeded daily activities such as 
grasping and writing, although the sensory function of 
the hand skin remained intact. Multidisciplinary consul-
tation revealed that the patient had curly hair (Fig.  2B), 
normal growth and development, no narrow forehead 
or microcephaly, normal neurodevelopment, no strabis-
mus or ptosis, and good bilateral visual acuity, without 
scapular winging. The first child of healthy, non-con-
sanguineous parents, she was born at term via a natural 
delivery without prenatal diagnosis. Joint contractures 
were noted several months postnatally, leading to a 

diagnosis of congenital multiple joint contractures. Nota-
bly, there was no similar medical history in the family, 
making her the first in the family to exhibit these symp-
toms (Fig. 2C). Following consultation and in alignment 
with patient preferences, comprehensive exome sequenc-
ing was recommended to identify the etiology and assess 
genetic likelihood, accompanied by a six-month regi-
men of orthotic traction therapy and regular follow-up 
evaluations.

Genetic analysis
Whole Exome Sequencing (WES) generated a substan-
tial 13.44 Gb of data, achieving an extensive 99.9% cov-
erage of the designated target region, and 98.6% of this 
target region was covered at a depth exceeding 10 × . 
Subsequent genetic analysis, which focused on genes 
implicated in arthrogryposis (Table S1), was employed to 
refine the selection from the 15 remaining variants iden-
tified in the proband, leading to the identification of a set 
of 3 variants across 3 different genes. Notably, two novel 
variants (c.1354G > A, p.E452K; c.1558A > T, p.T520S) in 
the RIPK4 gene, associated with Arthrogryposis Multi-
plex Congenita (AMC), were unearthed (Table 1). Sanger 
sequencing was used to confirm the presence of the 
RIPK4 variant in the proband and to determine the geno-
types of other family members, revealing a significant 

Fig. 2  A Clinical assessment of the patient’s hands showing restricted mobility. B The patient’s phenotype presenting curly hair. C Family history 
chart. Both parents are carriers of an autosomal recessive variant, and the patient is a homozygous individual for this condition

Table 1  Variant identified in the patient with AMC by WES

D disease causing, AR Autosomal recessive

Gene OMIM clinical phenotype Variant Allele Frequency Pathogenicity prediction American College 
of Medical Genetics 
classification

RIPK4 AR: CHAND syndrome, Pop‑
liteal pterygium syndrome, 
Bartsocas-Papas type 1

NM_020639.3:exon8:c.1354G > A:p.
E452K

Unknown variant MutationTaster: D
SIFT: D
Polyphen-2: D

Likely pathogenic (PM1, 
PM2, PP1, PP3)

NM_020639.3:exon8:c.1558A > T:p.
T520S

Unknown variant MutationTaster: D
SIFT: D
Polyphen-2: D

Likely pathogenic (PM1, 
PM2, PP1, PP3)
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variant in the father’s RIPK4 gene (c.1354G > A:p.E452K) 
and a different variant in the mother’s RIPK4 gene at 
another locus (c.1558A > T:p.T520S) (Fig.  3A). These 
findings indicate that the proband inherited one variant 
from each parent, leading to pathogenic symptoms in an 
autosomal recessive manner when both variants are pre-
sent. Mutation taster analysis indicated that both variants 
are highly conserved (Fig. 3B).

The MetaDome analysis of the RIPK4 protein revealed 
a variable tolerance landscape for amino acid substitu-
tions along its sequence (Fig.  4A). The majority of the 
protein sequence exhibited regions that are neutral to 
tolerant towards substitutions. However, several peaks 
of intolerance (red) indicate regions that are likely criti-
cal for the protein’s function, as they are less tolerant to 
variation. Notably, the mutation p.E452K is located in a 
moderately intolerant region, suggesting a potential dele-
terious effect on RIPK4 function. Contrarily, the p.T520S 
mutation is found in a highly intolerant region, indicating 
a significant functional impact and a strong likelihood of 
being deleterious.

As shown in Fig.  4B, in the wild-type human RIPK4 
protein, the threonine at position 520 (T520) engaged in 
hydrophobic interactions with the neighboring residues 
L508, A512, L524, and I552. The substitution of this resi-
due to serine (S) as a variant did not substantially alter 
the pre-existing hydrophobic environment. However, the 
side chain of glutamic acid at position 452 (E452) was 
oriented towards the exterior of the protein, not engaging 
in interactions with adjacent amino acids such as T419 
and K455. Nonetheless, the variant resulting in lysine (K) 
at this position converted the charge from negative to 

positive, thereby affecting the original hydrophilic envi-
ronment. Thus, we considered the two RIPK4 variants 
(c.1354G > A:p.E452K; c.1558A > T:p.T520S) to be likely 
pathogenic for the proband.

Discussion
In our research, we utilized Whole Exome Sequenc-
ing (WES) and Sanger sequencing to investigate poten-
tial genetic abnormalities in a patient diagnosed with 
Arthrogryposis Multiplex Congenita (AMC). This exami-
nation led to the identification of two novel variants in 
the RIPK4 gene, designated as c.1354G > A:p.E452K and 
c.1558A > T:p.T520S. Notably, these newly discovered 
RIPK4 variants (c.1354G > A:p.E452K; c.1558A > T:p.
T520S) were not present in the Genome Aggregation 
Database (GnomAD) or the China Metabolic Disease 
Database (CMDB).

In accordance with the American College of Medical 
Genetics and Genomics (ACMG) guidelines, we deter-
mined the pathogenicity of the RIPK4 variants as “likely 
pathogenic.” This classification was based on two mod-
erate pieces of evidence (PM1 and PM2) and two sup-
porting pieces of evidence (PP1 and PP3), as outlined in 
Table 1: (1) Both RIPK4 variants were located in regions 
known for frequent mutations (PM1); (2)these vari-
ants were absent in control datasets from GnomAD and 
CMDB (PM2); (3)these variants co-segregated with the 
disease in family studies (PP1); (4)Multiple prediction 
software tools, including MutationTaster, SIFT, and Poly-
phen-2, indicated that these variants were likely to have 
deleterious impacts on the gene or its products (PP3).

Fig. 3  A Sanger sequencing results for the family’s RIPK4 gene. The panel shows the presence of a significant variant in the father’s RIPK4 
gene (c.1354G > A:p.E452K) and a distinct variant in the mother’s RIPK4 gene at a different locus (c.1558A > T:p.T520S). These findings confirm 
that the identified variants in the proband follow an autosomal recessive inheritance pattern, leading to pathogenic symptoms when both variants 
are present. B Conservation analysis of the RIPK4 variants. The image demonstrates the high degree of conservation for both variants (c.1354G > A:p.
E452K and c.1558A > T:p.T520S) across different species, as indicated by Mutation Taster analysis
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Following our tolerance profiling (Fig. 3) and modeling 
analyses (Fig. 4) of the two RIPK4 variants (c.1354G > A:p.
E452K and c.1558A > T:p.T520S), we considered them 
likely to be pathogenic. The T520S variant has a minor 
impact on the protein’s hydrophobic environment, 
whereas the E452K variant, due to the change in charge, 
alters the chemical nature of the site from acidic to basic, 
potentially exerting a more significant effect on protein 
function. Further experimental or clinical correlation 
analyses are needed in the future to ascertain the patho-
genicity of these variants in relation to Arthrogryposis 
Multiplex Congenita (AMC).

The proband’s parents each carried a single variant in 
the RIPK4 gene, exhibiting no pathological phenotypes. 
Indeed, these variants were inherited by the proband in 
an autosomal recessive manner, leading to symptoms 
when both variants are present in the homozygous state. 
Colin Campbel et al. [12] highlights that pathogenic vari-
ants often occur in evolutionarily conserved areas. While 
a single variant might not impact these areas significantly, 
multiple variants can lead to notable functional changes 
and disease​​. Yuki Saito’s [13] research supports this by 
suggesting that the combination of multiple variants 
can increase disease penetrance​​. Similarly, Hong Sun’s 
[14] study on predicting pathogenicity of single or mul-
tiple nsSNPs in genes like WFS1 shows how interactions 

between these variants can exacerbate diseases​​. These 
findings collectively suggest that while individual variants 
in RIPK4 may not cause significant protein dysfunction 
or disease, their combination can be pathogenic due to 
cumulative effects in key conserved regions.

Table  2 summarizes the pathogenic and likely path-
ogenic mutations of the RIPK4 gene that have been 
reported in recent years, primarily associated with 
Bartsocas-Papas syndrome and CHANDS (Curly Hair-
Ankyloblepharon-Nail Dysplasia Syndrome). Bartso-
cas-Papas syndrome is characterized by developmental 
anomalies such as cleft palate, limb deformities, and skin 
defects, while CHANDS features include abnormal 
hair, eyelid fusion (ankyloblepharon), and nail dyspla-
sia. Kalay et al. [15]  reported a major pathogenic muta-
tion in the RIPK4 gene that leads to Bartsocas-Papas 
syndrome: c.362  T > A, resulting in the amino acid at 
position 121 changing from isoleucine to asparagine 
(p.Ile121Asn), indicating an impact on RIPK4’s stability 
and kinase activity, and leading to severe multiple mal-
formations. Similarly, in a Kuwaiti family also reported 
to have Bartsocas-Papas syndrome, Gollasch et  al. [16] 
identified a RIPK4 mutation: c.850G > A, causing the 
amino acid at position 284 to change from glutamic acid 
to lysine (p.Glu284Lys). This mutation, located outside 
the kinase domain, differs from typical mutation sites 

Fig. 4  A Tolerance landscape of RIPK4 protein variants. The color-coded gradient represents the degree of predicted tolerance to amino acid 
substitutions along the RIPK4 protein sequence, with blue indicating high tolerance and red indicating low tolerance. Notable substitutions, 
p.E452K and p.T520S, are highlighted, demonstrating regions of potential functional impact. The gradient scale on the left denotes the transition 
from tolerant (top) to intolerant (bottom) regions. B Comparison of protein structures at the mutation site between the wild type and mutant type
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in Bartsocas-Papas syndrome, suggesting that differ-
ent locations of RIPK4 mutations may lead to varying 
degrees of phenotype severity. De Groote et al. [17] dis-
cussed the mechanism of action of RIPK4, emphasizing 
its interaction with IRF6 in regulating epidermal fusion, a 
common feature in Bartsocas-Papas syndrome, suggest-
ing a crucial role through a common molecular pathway 
in epidermal fusion. The consistency of these findings 
confirms the critical role of the RIPK4 gene in skin and 
organ formation.

The Receptor-Interacting Protein Kinase 4 (RIPK4) 
plays a crucial role in various biological processes, par-
ticularly in epidermal development and maintenance. 
It is a member of the RIPK family, initially identified as 
an interacting partner of protein kinase C (PKC) β and 
PKCδ. RIPK4 is known to regulate several signaling path-
ways, including NF-κB, Wnt/β-catenin, and RAF/MEK/
ERK ones, which are vital for keratinocyte differentiation, 
cutaneous inflammation, and wound repair [18]. The 
mutations in RIPK4 might disrupt these critical signal-
ing pathways, potentially affecting keratinocyte differen-
tiation and skin development. Since skin and connective 
tissues play a role in joint mobility and integrity, distur-
bances in these pathways could feasibly contribute to the 
development of joint contractures seen in AMC. How-
ever, the exact mechanisms by which RIPK4 mutations 
might lead to AMC are not fully elucidated and would 
require further investigation.

Besides investigating pathogenic mechanisms, the pre-
vention and diagnosis of genetic-related diseases should 
also be emphasized. This concept of full-course manage-
ment not only improves the current condition of patients 
but also reduces the overall incidence of genetic diseases 
through prevention and early diagnosis. Prenatal diag-
nostic techniques, such as non-invasive prenatal testing 
(NIPT), amniocentesis, and chorionic villus sampling, 
can detect if a fetus carries specific genetic disorders early 
[19]. This is a crucial decision-making tool for prospec-
tive parents, aiding them in making informed pregnancy 

choices. Genetic counseling plays a key role in this pro-
cess, helping families understand the risks of genetic 
diseases and assess risks based on their genetic back-
ground and family history [20]. The phenotypic diver-
sity of genetic diseases presents diagnostic challenges, 
but prenatal genetic testing plays a crucial role in early 
diagnosis, helping parents better understand their fetus’ 
health [21]. Additionally, high-throughput sequencing 
technologies, such as whole-genome sequencing, can 
detect large-scale structural variations in the genome, 
including deletions, duplications, and other types of 
copy number variations; whole-exome sequencing makes 
it possible to identify specific gene mutations within a 
relatively short time [22]. The application of these tech-
nologies greatly facilitates the diagnosis of rare genetic 
diseases and the discovery of new pathogenic genes [19, 
23]. The patient currently shows hand contracture and 
curly hair, with no disorders in the eyes, growth, or nerv-
ous system, partially consistent with previous studies. In 
addition to the current treatment plans for hand contrac-
ture, multidisciplinary regular follow-ups should be con-
ducted [24], focusing on monitoring the child’s growth 
and development, and the nervous and respiratory sys-
tems to identify potential symptoms early [25]. Although 
the proband’s parents did not undergo prenatal testing, 
we have identified the child’s genotype through whole-
exome sequencing and can offer genetic counseling and 
prenatal diagnostic recommendations in the future.

Conclusion
Our study reported a case of Arthrogryposis Multiplex 
Congenita (AMC) and identified two novel RIPK4 variants 
(c.1354G > A:p.E452K and c.1558A > T:p.T520S) through 
Whole Exome Sequencing (WES) and Sanger sequenc-
ing. Bioinformatics analysis of the patient’s phenotypic 
and functional changes indicated the pathogenic nature 
of these RIPK4 variants and their association with AMC. 
Our findings contribute to the expanding spectrum of 
RIPK4 variants, uncovering the pathogenicity related to 

Table 2  List of pathogenic variants reported in RIPK4 

The * in the genetic notation indicates that the position is replaced by a stop codon

Number Mutation Clinical Phenotype Classification

1 c.121del p. H41fs not provided Likely pathogenic

2 c.242 T > A p. I81N Bartsocas-Papas syndrome 1dup Pathogenic

3 c.362 T > A p. I121N Bartsocas-Papas syndrome 1dup Pathogenic

4 c.722G > A p. R241H Bartsocas-Papas syndrome 1dup Likely pathogenic

5 c.777dup p. R260fs Bartsocas-Papas syndrome 1dup Pathogenic

6 c.850G > A p. E284K Curly hair, ankyloblepharon, nail dysplasia 
syndrome

Pathogenic

7 c.1074dup p. E359* Bartsocas-Papas syndrome 1dup Pathogenic

8 c.1127C > A p. S376* Bartsocas-Papas syndrome 1dup Pathogenic
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alterations in the acidity and basicity at specific sites within 
RIPK4 that affect protein structural stability. This research 
further strengthens the correlation between the pheno-
typic expression and genetic mutations of AMC, laying a 
solid foundation for future exploration of the consequences 
associated with AMC-related variants. In light of these 
genetic insights, we particularly emphasized the impor-
tance of comprehensive management of genetic-related 
diseases, where prenatal diagnosis and genetic counseling 
play a crucial role.
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