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Objective: The aim of this study was to explore potential novel genes associated with Miillerian duct anomalies (MDAs) through
next-generation sequencing techniques.

Materials and Methods: Whole-exome sequencing (WES) was conducted for 5 unrelated patients of Chinese Han ethnicity
diagnosed with congenital absence of the uterus and vagina (CAUV), alongside 10 unaffected women. Genomic data were sourced
from a public database. Diagnosis and classification of the anomalies were based on findings from ultrasound imaging, hysterosal-
pingography, and hysteroscopy. A previously unreported candidate gene, CASKIN2, was identified. Subsequently, 120 unrelated
patients with MDAs, who sought infertility treatment at the Center for Reproductive Medicine, The First Affiliated Hospital of Anhui
Medical University between January 2008 and December 2011, were included for targeted analysis of candidate genes and variants
detected through WES.

Results: Two novel heterozygous missense variants in the CASKIN2 gene (NM_020753: c.969C>A, p.H323Q; c.1228G>A, p.
V410M) were identified in two unrelated patients with CAUV through WES. Further direct sequencing of all coding exons of
CASKIN? in the cohort of 120 patients with MDA revealed three additional missense variants (c.1128G>A, p.V410M; ¢.2816C>T, p.
T939M; ¢.3377G>A, p.R1126H). No pathogenic variants were detected among individuals in the control group.

Conclusion: The CASKIN2 gene, which is evolutionarily conserved across multiple species and known to interact with CASK, may
represent a novel candidate gene associated with MDAs in people of Chinese Han ethnicity. The CASKIN2—-CASK signaling axis
appears to play an evolutionarily conserved and indispensable role during human Miillerian-duct development.

Keywords: CASKIN2, congenital absence of uterus and vagina, infertility, Miillerian duct anomalies, mutation, whole-exome

sequencing

Introduction

Miillerian duct anomalies (MDAs) are the most prevalent congenital abnormalities of the female reproductive tract.
These anomalies result from abnormal formation, incomplete fusion, or failure of resorption of the Miillerian ducts
during embryologic development of the female genital tract.'" Among the various congenital abnormalities, uterine
anomalies such as didelphic, bicornuate, septate, and unicornuate configurations occur most frequently. Additionally,
malformations may affect the vagina, cervix, ovaries, or fallopian tubes, either in isolation or in combination.” Congenital
absence of the uterus and vagina (CAUV), also referred to as Mayer—Rokitansky—Kiister—Hauser (MRKH) syndrome,
represents the most severe form of MDAs. These anomalies are often associated with renal abnormalities (25%),
musculoskeletal malformations (10-12%), and, less frequently, cardiac or auditory defects.® Patients with MDAs are
typically asymptomatic until adolescence, when primary amenorrhea becomes apparent. Despite the anatomical anoma-
lies, affected individuals usually present with normal secondary sexual characteristics and a typical 46,XX karyotype.

International Journal of Women’s Health 2025:17 5559-5568 5559
Received: 11 July 2025 © 2025 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the

Accepted: 24 November 2025
Publighed‘ 20 December 2025 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For

permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wang et al

Graphical Abstract

KK _RRARK RAAR RRARAA.

Normal Control MDA Normal Control
CAUV(N=5) ’ N=10 } _
( ) ' Werification| (N=120) | | (N=250)
‘ i tset ’ l . l Data '
WES _ exons sequsencing analysis
l i \ ‘ l of CASKIN2 i
C969C>A  c1228G>A None CASKIN2 ‘ c1228G>A ¢.2816C>T ¢.3377G>A| None CASKIN2 |
¥ ¥~ mutation ) 'S ¥ ¥ mutation
MDD [IRRRRRRRRRRRNRNnnnn
CASKIN2 CASKIN2

The estimated prevalence of MDAs is approximately 7% in the general female population and may reach 18% among
women with recurrent pregnancy loss.**

MDAs carry significant clinical implications. Patients with these anomalies frequently present with menstrual
disorders, infertility, or adverse obstetric outcomes, including miscarriage, preterm labor, and fetal malpresentation.’
The etiology of MDAs is complex and heterogeneous. Contributing factors may include environmental exposures,
intrauterine infections, iatrogenic influences, and hormonal imbalances.” However, the exact pathogenesis remains
unclear, due in part to the condition’s complexity and the limited number of comprehensive studies and available patient
samples.

Although MDA are generally sporadic and considered multifactorial in origin, familial clustering observed in some
cases indicates a potential genetic basis. Earlier genetic investigations primarily focused on identifying mutations in
candidate genes based on phenotypically similar knockout animal models or chromosomal abnormalities. These
investigations were followed by validation efforts, typically using Sanger sequencing, in affected and control popula-
tions. Identified candidate genes have included members of the homeobox (Hox) gene family, the WNT signaling
pathway (WNT4, WNT5A, WNT7A, WNT9B), the paired-box gene family (PAX2, PAXS), as well as other genes such as
LHX1, EMX2, TP63, and TBX6.* '

Only a few of these candidate genes have yielded positive findings in validation experiments. For instance, mutations
in WNT4 have been implicated in MRKH syndrome, particularly in individuals presenting with elevated androgen

levels.”!?

WNT9B, which functions upstream of WNT4, has been demonstrated to play a role in genitourinary development.'®'*
The Hox gene family comprises conserved embryonic transcription factors responsible for axial patterning during
development. Specifically, HOXA9 is primarily expressed in the fallopian tubes, HOXA10 in the uterus, HOXAII in
the lower uterus and endocervix, and HOXA13 in the ectocervix and upper vagina. Mutations in HOXA10 have been
linked to disrupted female reproductive tract development, and HOXA13 mutations have been reported in individuals
with hand—foot—genital syndrome, which is characterized by urogenital malformations and limb deformities.'”
Previous approaches have provided only a partial understanding of the genes and pathways involved in female
reproductive tract development. Advances in next-generation sequencing (NGS) technologies, including whole-exome
sequencing (WES), have enabled more comprehensive and economical identification of rare, potentially causative genetic

variants. The present study employed WES to investigate novel candidate genes associated with MDAs.
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Materials and Methods

Participants

In the initial phase, data were analyzed from 5 unrelated patients of Chinese Han ethnicity diagnosed with CAUV and
from 10 unaffected women. Data were sourced from a public database. Diagnosis and classification of the anomaly were
conducted using ultrasound, hysterosalpingography, and hysteroscopy. WES was performed for all five patients and 10
controls.

For extended analysis, a cohort of 120 unrelated patients with MDAs was included. These patients sought infertility
treatment at the Center for Reproductive Medicine, The First Affiliated Hospital of Anhui Medical University, between
January 2008 and December 2011. The anomalies represented in this cohort included uterine agenesis and hypoplasia,
unicornuate uterus, bicornuate uterus, didelphys uterus, and septate uterus. All participants exhibited normal secondary
sexual characteristics and had a normal 46,XX karyotype.

The control group consisted of 250 women without MDAs, as confirmed by ultrasonography or hysterosalpingo-
graphy. These patients had infertility attributed to fallopian tubal obstruction or male factor infertility. Women diagnosed
with an arcuate uterus were excluded. All patients in the case group and the normal control group were excluded from
other systemic malformations and had a normal 46, XX karyotype.

This research received ethical approval from the Research Ethics Committee of Anhui Medical University, and all
experimental procedures adhered to the approved guidelines.

WES

Genomic DNA was extracted from peripheral blood samples using the QIAamp DNA Blood Mini Kit (Qiagen, Germany)
following standard protocols. WES was conducted on samples from five patients with CAUV and 10 unaffected controls.
Exon capture was carried out using the SureSelect Human All Exon V5 Enrichment Kit, and high-throughput sequencing
was performed using the Illumina HiSeq 4000 platform (Illumina, USA). Sequencing reads were aligned to the human
reference genome (UCSC Genome Browser, hgl9) using the Burrows—Wheeler Aligner (version 0.5.9). Detection of
single nucleotide variants and insertions/deletions was performed in accordance with best practices recommended by the
Genome Analysis Toolkit (GATK, USA)."® Variant annotation was completed using ANNOtate VARiants (ANNOVAR).
Variants with a minor allele frequency greater than 0.01 were excluded using public databases, including the 1000
Genomes Project (1000G), the NHLBI Exome Sequencing Project 6500 (NHLBI ESP6500), and the Exome Aggregation
Consortium (ExAC). The potential functional effects of the variants were evaluated using four in silico prediction tools:
PolyPhen2, SIFT, MutationTaster, and SNP&GO.

Variants Validation

Variants identified through WES were validated by Sanger sequencing of the peripheral blood samples in an expanded
cohort of 120 unrelated patients with MDAs and unaffected controls. Polymerase chain reaction (PCR) was used to
amplify all coding exons and exon—intron boundaries of the CASKIN2 gene, followed by direct sequencing using an
automated sequencer (ABI 3730XL; Applied Biosystems). Primers specific to CASKIN2 were designed using Primer
Premier version 5.0, based on the human CASKIN? reference sequence (GenBank accession number: NM_020753).
Primer sequence show in Table 1.

Results
1. Two novel heterozygous missense variants in the CASKIN2 gene (NM_020753)—c.969C>A and c¢.1228G>A—
were identified in two separate CAUV patients. The ¢.1228G>A variant exhibited a minor allele frequency of
0.002 in the 1000 Genomes Project database. Both variants were absent from the Exome Sequencing Project
(ESP6500), the EXAC, the internal sequencing database (comprising data from 98 patients with MDAs), and from
all controls. These variants resulted in amino acid substitutions that were located in evolutionarily conserved
regions across multiple species, including Rattus norvegicus, Mus musculus, Homo sapiens, and Bos taurus
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Table | The Forward and Reverse Primers Used for Sanger
Sequencing of CASKIN2

Gene Sequence (5'-3) Length (bp)
B2-F CTCTGCACTCCACTTCTGGG 660
B2-R TGCAGATCACAGTGACCCAC

B3-F ATAAACAAGCGGGACTGGGG 563
B3-R CCCCAAAGGAATCTGACCCC

B4-F GTATTTGCTGCGAGCTGTGG 838
B4-R TAGGAAGAGGTTCGGCTCGA

B5-6 F ATGATCCACAGTGGGCACAG 666

B5-6 R CTCCAGCAGTGCCACACATA

B7-8 F GAATTTGGCCGACTCAAGGTG 838

B7-8 R CACCCGATTCTCTCAGCTACC

B9-10 F TCCAGCGTGGTTTTTGCATG 809

B9-10 R | TAACAGCACTGCCTTCCCTG

BIIl F CATCAGAGGCCAGCTCCTTAG 539

BIl R CACTGCCCACACTATTCCTGT

B12-14 F | CAGACAGCCCAGGTACATCC 753

B12-14 R | CTTGCCTCTACCCTGCCCTA

BI15-17 F | AGAGCCTCTGTATGGACTGAA 830

B15-17 R | TCTTCTGATGCCCTGAGATGG

BI8 F CAAGAGAAGACAGTATGGGGCC 1645

BI8 R GCAGAGACAAAAAGGTTGGCTT

B19-20 F | CTGTGGGAGAGTCACTGCTG 877

B19-20 R | CAGGTTCTAAGGTGGGCTGC

(Figure 1). Functional impact predictions were conducted using four in silico algorithms—PolyPhen-2, SIFT,
MutationTaster, and SNP&GO—all of which indicated damaging effects (Table 2).

2. Additional variants were detected exclusively in the patient group and not in the control group. These included
a missense variant c.1228G>A (p.V410M) in exon 8, four instances of ¢.2816C>T (p.T939M) in exon 18, and one
¢.3377G>A (p.R1126H) variant in exon 18. All substitutions occurred in highly conserved regions across species
(Figure 2). The predicted pathogenicity of these variants, as determined by in silico analyses, is presented in
Table 3.

Discussion

The precise etiology and pathogenesis of MDAs remain largely undefined. Previous investigations have predominantly
employed candidate gene mutation screening and linkage analysis, with only a limited number of genes identified as
being associated with MDAs.
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Figure | Sequence alignments of CASKIN2 protein among different species. The two novel heterozygous missense variants of CASKIN2 (NM_020753) in two CAUYV patients
(c.969C>A/p.H323Q, c.1228G>A/p.V410M). The mutations indicated by the arrow are in the conserved region of all the species shown (rat, mouse, human and bobox).

A review of the literature revealed minimal research focused on CASKIN2. However, several studies have described
the biological functions of CASK, a multidomain scaffolding protein belonging to the membrane-associated guanylate
kinase (MAGUK) family. CASK has been implicated in neural development and gene regulation.'” In murine models,
altered CASK expression has been associated with cleft palate phenotypes, indicating a broader role in vertebrate
developmental processes.'® Moreover, CASK expression in mammalian epithelial cells has been linked to the establish-
ment of cell polarity."’

In Caenorhabditis elegans, the CASK homolog LIN-2 is essential for the membrane localization of the sole epidermal
growth factor receptor (EGFR) ortholog, LET-23 receptor tyrosine kinase. LET-23 responds to the LIN-3/EGF-like
ligand and activates the FGF/RAS/MAPK signaling pathway. Consistent with prior findings, early Miillerian duct
morphogenesis is regulated by various cytokines, including fibroblast growth factor (FGF) and bone morphogenetic
protein (BMP). These cytokines function through complex signaling networks that influence gene expression, cellular
development, and disease pathogenesis. Specifically, the FGF/RAS/ERK (extracellular signal-regulated kinase, also

known as MAP kinase or MAPK) signaling cascade plays a central role in regulating LimI expression, which is critical

Table 2 Silico Analysis of Two CASKIN2 Mutations in the WES of Five CAUV Patients

Variants MAF? | AA Change PolyPhen® SIFT® MutationTaster® SNP&GO*®
c.969C>A 0 H323Q Probably damaging (0.913) | Tolerate (0.358) | Disease causing (0.999) | Neutral (0.182)
c.1228G>A | 0.002 V410M Benign (0.191) Tolerate (0.063) | Disease causing (0.664) | Neutral (0.033)

Notes: *Minor allele frequency in 1000Genomes. ®Polyphen2 (http://genetics.bwh.harvard.edu/pph2/). Prediction Scores range from 0 to | with high scores indicating
probably or possibly damaging. When the HumDiv score is greater than 0.908, it is considered harmful. “SIFT, ie, Sorting Intolerant From Tolerant (http://sift.jcvi.org/).
Scores vary between 0 and |. Variants with scores close or equal to 0 are predicted to be deleterious. When the score is less than 0.05, it is considered harmful.
9Mutation Taster (http://www.mutationtaster.org/). The probability value is the probability of the prediction, ie, a value close to | indicates a high “security” of the
prediction. When the probability of disease onset is greater than 0.5, it is considered harmful. *“SNPs&GO (http://snps.biofold.org/snps-and-go/). Reliability Index (RI)
has a range from 0 to 10. When the predicted result and reliability index are greater than 5, it is considered harmful.

Abbreviations: WES, Whole-exome sequencing; CAUV, congenital absence of the uterus and vagina.
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Figure 2 Sequence alignments of CASKIN2 protein among different species. The three novel heterozygous missense variants of CASKIN2 (NM_020753) in 120 unrelated
patients with MDAs (c.1228G>A/p.V410M, c.2816C>T/p.T939M, c.3377G>A/p.R1126H). The mutations indicated by the arrow are in the conserved region of all the species
shown (rat, mouse, human and bobox).

for Miillerian duct invagination and apical constriction, processes required for epithelial cell induction and vulval
development.?’

During vulval development in C. elegans, LIN-2 functions in close coordination with LIN-7 and LIN-10. Mutations
in any of these genes produce a comparable vulvaless (Vul) phenotype.?' The LIN-2/LIN-7/LIN-10 protein complex has
been demonstrated to mediate EGFR localization to the basolateral membrane of vulval precursor cells. LIN-2 recruits
EGFR substrate protein 8 (EPS-8) into this receptor localization complex, which serves as a novel component regulating
LET-23 trafficking and the specification of anchor cell fate. EPS-8 expression has been observed to contribute to
a positive feedback loop that sustains activation of the EGFR/RAS/MAPK signaling pathway.*?

Additional evidence indicates that LIN-7 may also function independently of the complex by directly interacting with
EGEFR at the plasma membrane. Overexpression of LIN-7 has been demonstrated to partially rescue the vulval phenotype
in LIN-2 and LIN-10 mutants.*® LIN-7 interacts directly with LET-23 EGFR and colocalizes with LET-23 EGFR on
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Table 3 Silico Analysis of Three CASKIN2 Mutations in the Validation MDAs Patients

Variants MAF® | AA Change PolyPhen® SIFT® MutationTaster? SNP&GO*®

c.1228G>A | 0.002 V410M Benign (0.191) | Tolerate (0.063) | Disease causing (0.664) | Neutral (0.033)
c2816C>T 0 T939M Benign (0.266) | Tolerate (0.596) | Polymorphism (0.990) | Neutral (0.049)
c.3377G>A 0 RI1126H Benign (0.008) | Tolerate (0.271) | Disease causing (0.532) | Neutral (0.030)

Notes: *Minor allele frequency in 1000Genomes. ®Polyphen2 (http://genetics.bwh.harvard.edu/pph2/). Prediction Scores range from 0 to |
with high scores indicating probably or possibly damaging. When the HumDiv score is greater than 0.908, it is considered harmful. “SIFT, ie,
Sorting Intolerant From Tolerant (http://sift.jcvi.org/). Scores vary between 0 and |. Variants with scores close or equal to 0 are predicted to
be deleterious. When the score is less than 0.05, it is considered harmful. “Mutation Taster (http://www.mutationtaster.org/). The probability
value is the probability of the prediction, ie, a value close to | indicates a high “security” of the prediction. When the probability of disease
onset is greater than 0.5, it is considered harmful. *SNPs&GO (http://snps.biofold.org/snps-and-go/). Reliability Index (RI) has a range from 0 to
10. When the predicted result and reliability index are greater than 5, it is considered harmful.

Abbreviation: MDA, Miillerian duct anomaly.

basolateral membranes of vulva precursor cells. Furthermore, LIN-7 basolateral localization was not dependent on the
LET-23 EGFR PDZ interaction motif. LIN-7 can promote signaling independently without the interaction of LET-23
EGFR. When lacking LIN-2 or LIN-10, LIN-7 can promote the recycling and reuse of a small amount of LET-23 EGFR.

The mammalian homologs of LIN-7 and LIN-10 are referred to as Velis/Mals/LIN-7 and Mintl/APBAI, respectively.
The CASK/LIN-7/APBA1 complex has been demonstrated to regulate the synaptic localization of the NMDA receptor
subunit NR2B and maintain synaptic adhesion in mammalian neurons.?**> Mammalian LIN-7 encodes an adaptor protein
that interacts with both B-catenin and cadherin, forming a complex that plays a role in the structural organization of
epithelial and neuronal junctions. The presence of B-catenin enhances the localization of LIN-7 at cadherin-mediated
junctions. Additionally, in the cytoplasm, LIN-7 binds to B-catenin and contributes to the regulation of cytoplasmic f-
catenin, which functions as a coactivator of gene transcription.”®

The B-catenin is a multifunctional protein and a key signaling molecule in the canonical WNT signaling pathway,
which is essential for regulating gene expression. The WNT/B-catenin pathway, in particular, has been demonstrated to
be critical for the development of the female reproductive tract.>’ In the absence of WNT signaling, cytoplasmic p-
catenin undergoes phosphorylation by a degradation complex composed of axin, adenomatous polyposis coli, casein
kinase I, and glycogen synthase kinase 3 (GSK3p). This process leads to B-catenin ubiquitylation and subsequent
degradation via the proteasome. Upon activation of WNT signaling, the degradation complex is disrupted, enabling -
catenin to translocate into the nucleus, where it regulates the transcription of target genes.”® Based on these molecular
interactions, a potential link between the CASK (LIN-2)/LIN-7 (LIN-7)/APBA1 (LIN-10) complex and the WNT/B-
catenin signaling pathway is hypothesized to contribute to reproductive tract development. However, the precise
mechanisms underlying this association are yet to be elucidated.

CASKIN1 and CASKIN2 are known ligands of CASK. CASKIN1 expression has been reported to be restricted to the
brain in vertebrates, whereas CASKIN2 is broadly expressed across various adult tissues.”” Previous investigations
primarily examined the role of CASKIN2 in neuronal cells, with limited evidence regarding its localization, interaction
partners, and biological functions in non-neuronal contexts. Recent findings indicated that CASKIN2 functions as
a scaffold protein that promotes cell migration by interacting with talin- and Abil-binding proteins.*° In endothelial
cells, CASKIN2 has been identified as a novel regulatory factor, and its downregulation has been linked to endothelial
cell activation.>' Given its function as a CASK ligand, CASKIN2 may be involved in the CASK/Velis/Mint]l complex,
potentially contributing to Miillerian duct development. However, functional experiments were not performed in the
present study to elucidate the specific mechanism of action of CASKIN?2. Further research is necessary to investigate its
molecular interactions and clarify its role in reproductive tract development, for this purpose, we have created
a schematic diagram to show the relevant signaling pathways and possible mechanisms of action (Figure 3). In the
present study, whole-exome sequencing revealed two rare functional missense mutations in the CASKIN2 gene among
patients diagnosed with CAUV. Subsequent mutation screening in a broader cohort of patients with sporadic MDAs
identified additional rare missense mutations in the same gene. This represents the first investigation of CASKIN2

mutations in the context of human MDAs. These findings support the possibility that CASKIN2 may regulate epithelial

International Journal of Women’s Health 2025:17 https:

5565


http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://www.mutationtaster.org/
http://snps.biofold.org/snps-and-go/

Wang et al

LET23 Lim1 gene expression
_’ EGFR FGF/RAS/MAPK —— MDA inragiation

signaling pathwa
Raise T 2 fiB L aptical constriction
LIN-2 -
LIN-7 L]N1N
{ LET-23 ) IN-3/EGF
_ RTK likeligand

Basal lamina

LIN-7 s eee 4 P Vulval precursor
Encode
wnt)
Frizzied
Adaptor PP~ -
protein P

N
/ Gene exprssioN
J

\3odox,

Figure 3 In Caenorhabditis elegans, LIN-2, LIN-7 and LIN- 10 interact to regulate the membrane localization of LET-23 receptor tyrosine kinase on the basement membrane,
thereby inducing the FGF/RAS/MAPK signaling pathway and regulating the expression of downstream genes.
Abbreviation: MDA, Miillerian duct anomaly.

cell function and gene expression through interaction with other proteins involved in key developmental signaling
cascades, such as the WNT/B-catenin pathway. However, one limitation of the present study is that all enrolled cases
were sporadic. Miillerian-duct anomalies—especially the severe CAUV/MRKH phenotype—almost invariably present as
isolated cases in the general population, most likely owing to de-novo mutation or incomplete penetrance. Although our
case—control design revealed a significant association, validation of CASKIN2 in multiplex families or direct demonstra-

tion of pathogenicity through functional assays will be required to consolidate our conclusions.

Conclusions

CASKIN2 is evolutionarily conserved across species. Whole-exome sequencing of five patients with congenital absence
of the uterus and vagina identified CASKIN2 as a differentially expressed candidate; subsequent large-scale targeted
sequencing detected CASKIN2 variants exclusively in affected individuals, implicating the gene as a potential causative
factor. Cross-species interrogation further revealed that the CASK ligand—its Caenorhabditis elegans ortholog LIN-2—
governs reproductive-tract development in worms, prompting the hypothesis that the CASKIN2—-CASK axis performs an
ancient and central role in reproductive-tract morphogenesis from lower to higher organisms. This study provides the first
investigation of CASKIN2 in human Miillerian-duct anomalies and, through comparative biology, offers mechanistic
insight that will guide future in vitro and in vivo functional analyses and downstream pathway discovery.

Abbreviations
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5566 https: International Journal of Women’s Health 2025:17



Wang et al

Data Sharing Statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.

Ethics Approval and Consent to Participate

The investigation was sanctioned by the the Research Ethics Committee of Anhui Medical University (Approval No. PJ
2015-04-08). This study was conducted in accordance with the declaration of Helsinki. Written informed consent was
obtained from all patients.

Acknowledgments
We would like to acknowledge the hard and dedicated work of all the staff that implemented the intervention and
evaluation components of the study.

Funding
This work was supported by the National Key Research and Development Program of China (2016YFC1000307).

Disclosure
The authors declare that they have no competing interests.

References

. Sugi MD, Penna R, Jha P, et al. Miillerian duct anomalies: role in fertility and pregnancy. Radiographics. 2021;41(6):1857-1875. PMID: 34597219.
doi:10.1148/rg.2021210022
2. Bhagavath B, Ellie G, Griffiths KM, et al. Uterine malformations: an update of diagnosis, management, and outcomes. Obstet Gynecol Surv.
2017;72(6):377-392. PMID: 28661551. doi:10.1097/0GX.0000000000000444
. Herlin MK, Petersen MB, Brinnstrém M. Mayer-Rokitansky-Kiister-Hauser (MRKH) syndrome: a comprehensive update. Orphanet J Rare Dis.
2020;15(1):214. PMID: 32819397; PMCID: PMC7439721. doi:10.1186/s13023-020-01491-9
4. Santana Gonzalez L, Artibani M, Ahmed AA. Studying Miillerian duct anomalies - from cataloguing phenotypes to discovering causation. Dis
Model Mech. 2021;14(6):dmm047977. PMID: 34160006; PMCID: PMC8246269. doi:10.1242/dmm.047977
. Saravelos SH, Cocksedge KA, Li TC. Prevalence and diagnosis of congenital uterine anomalies in women with reproductive failure: a critical
appraisal. Hum Reprod Update. 2008;14(5):415-429. PMID: 18539641. doi:10.1093/humupd/dmn018
6. Acién P, Acién MI. The history of female genital tract malformation classifications and proposal of an updated system. Hum Reprod Update.
2011;17(5):693—705. PMID: 21727142. doi:10.1093/humupd/dmr021
7. Mammoto T, Ingber DE. Mechanical control of tissue and organ development. Development. 2010;137(9):1407-1420. PMID: 20388652; PMCID:
PMC2853843. doi:10.1242/dev.024166
. Lalwani S, Wu HH, Reindollar RH, Gray MR. HOXA 10 mutations in congenital absence of uterus and vagina. Fertil Steril. 2008;89(2):325-330.
PMID: 17482600. doi:10.1016/j.fertnstert.2007.03.033
9. Biason-Lauber A, Konrad D, Navratil F, Schoenle EJ. A WNT4 mutation associated with Miillerian-duct regression and virilization in a 46,XX
woman. N Engl J Med. 2004;351(8):792—-798. PMID: 15317892. doi:10.1056/NEJM0a040533
10. Waschk DE, Tewes AC, Romer T, et al. Mutations in WNT9B are associated with Mayer-Rokitansky-Kiister-Hauser syndrome. Clin Genet.
2016;89(5):590-596. PMID: 26610373. doi:10.1111/cge.12701
11. Xu Z, Wu S, Xing Q, et al. Genetic association between PAX2 and mullerian duct anomalies in Han Chinese females. J Assist Reprod Genet.
2017;34(1):125-129. PMID: 27722936; PMCID: PMC5330971. doi:10.1007/s10815-016-0807-0
12. Wang X, Zhang X, Liu S, et al. Novel mutations in the TP63 gene are potentially associated with Miillerian duct anomalies. Hum Reprod. 2016;31
(12):2865-2871. PMID: 27798044. doi:10.1093/humrep/dew259
13. Philibert P, Biason-Lauber A, Rouzier R, et al. Identification and functional analysis of a new WNT4 gene mutation among 28 adolescent girls with
primary amenorrhea and miillerian duct abnormalities: a French collaborative study. J Clin Endocrinol Metab. 2008;93(3):895-900. PMID:
18182450. doi:10.1210/jc.2007-2023
14. Wang M, Li Y, Ma W, et al. Analysis of WNT9B mutations in Chinese women with Mayer-Rokitansky-Kiister-Hauser syndrome. Reprod Biomed
Online. 2014;28(1):80-85. PMID: 24268733. doi:10.1016/j.rbmo.2013.09.022
15. Goodman FR, Bacchelli C, Brady AF, et al. Novel HOXA13 mutations and the phenotypic spectrum of hand-foot-genital syndrome. 4m J Hum
Genet. 2000;67(1):197-202. PMID: 10839976, PMCID: PMC1287077. doi:10.1086/302961
16. McKenna A, Hanna M, Banks E, et al. The genome analysis toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010;20(9):1297-1303. PMID: 20644199; PMCID: PM(C2928508. doi:10.1101/gr.107524.110
17. Hsueh YP. The role of the MAGUK protein CASK in neural development and synaptic function. Curr Med Chem. 2006;13(16):1915-1927. PMID:
16842202. doi:10.2174/092986706777585040
18. Laverty HG, Wilson JB. Murine CASK is disrupted in a sex-linked cleft palate mouse mutant. Genomics. 1998;53(1):29-41. PMID: 9787075.
doi:10.1006/geno.1998.5479
19. Caruana G. Genetic studies define MAGUK proteins as regulators of epithelial cell polarity. Int J Dev Biol. 2002;46(4):511-518. PMID: 12141438.

—_

W

W

o]

International Journal of Women’s Health 2025:17 hetps: 5567


https://doi.org/10.1148/rg.2021210022
https://doi.org/10.1097/OGX.0000000000000444
https://doi.org/10.1186/s13023-020-01491-9
https://doi.org/10.1242/dmm.047977
https://doi.org/10.1093/humupd/dmn018
https://doi.org/10.1093/humupd/dmr021
https://doi.org/10.1242/dev.024166
https://doi.org/10.1016/j.fertnstert.2007.03.033
https://doi.org/10.1056/NEJMoa040533
https://doi.org/10.1111/cge.12701
https://doi.org/10.1007/s10815-016-0807-0
https://doi.org/10.1093/humrep/dew259
https://doi.org/10.1210/jc.2007-2023
https://doi.org/10.1016/j.rbmo.2013.09.022
https://doi.org/10.1086/302961
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.2174/092986706777585040
https://doi.org/10.1006/geno.1998.5479

Wang et al

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Atsuta Y, Takahashi Y. Early formation of the Miillerian duct is regulated by sequential actions of BMP/Pax2 and FGF/Liml signaling.
Development. 2016;143(19):3549-3559. PMID: 27578782. doi:10.1242/dev.137067

Hoskins R, Hajnal AF, Harp SA, Kim SK. The C. elegans vulval induction gene lin-2 encodes a member of the MAGUK family of cell junction
proteins. Development. 1996;122(1):97-111. PMID: 8565857. doi:10.1242/dev.122.1.97

Stetak A, Hoier EF, Croce A, Cassata G, Di Fiore PP, Hajnal A. Cell fate-specific regulation of EGF receptor trafficking during Caenorhabditis
elegans vulval development. EMBO J. 2006;25(11):2347-2357. PMID: 16688213; PMCID: PMC1478196. doi:10.1038/sj.emboj.7601137
Gauthier KD, Rocheleau CE. LIN-10 can promote LET-23 EGFR signaling and trafficking independently of LIN-2 and LIN-7. Mol Biol Cell.
2021;32(8):788-799. PMID: 33566630; PMCID: PMC8108513. doi:10.1091/mbc.E20-07-0490

Jeyifous O, Waites CL, Specht CG, et al. SAP97 and CASK mediate sorting of NMDA receptors through a previously unknown secretory pathway.
Nat Neurosci. 2009;12(8):1011-1019. PMID: 19620977, PMCID: PMC2779056. doi:10.1038/nn.2362

Fairless R, Masius H, Rohlmann A, et al. Polarized targeting of neurexins to synapses is regulated by their C-terminal sequences. J Neurosci.
2008;28(48):12969-12981. PMID: 19036990; PMCID: PMC6671796. doi:10.1523/JNEUROSCI.5294-07.2008

Perego C, Vanoni C, Massari S, Longhi R, Pietrini G. Mammalian LIN-7 PDZ proteins associate with beta-catenin at the cell-cell junctions of
epithelia and neurons. EMBO J. 2000;19(15):3978-3989. PMID: 10921879; PMCID: PMC306606. doi:10.1093/emboj/19.15.3978

Halt K, Vainio S. Coordination of kidney organogenesis by Wnt signaling. Pediatr Nephrol. 2014;29(4):737-744. PMID: 24445433; PMCID:
PMC3928513. doi:10.1007/s00467-013-2733-z

Hsieh JC. Specificity of WNT-receptor interactions. Front Biosci. 2004;9:1333—1338. PMID: 14977548. doi:10.2741/1321

Tabuchi K, Biederer T, Butz S, Sudhof TC. CASK participates in alternative tripartite complexes in which Mint 1 competes for binding with caskin
1, a novel CASK-binding protein. J Neurosci. 2002;22(11):4264-4273. PMID: 12040031; PMCID: PMC6758797. doi:10.1523/JNEUROSCI.22-
11-04264.2002

Wang W, Atherton P, Kreft M, et al. Caskin2 is a novel talin- and Abil-binding protein that promotes cell motility. J Cell Sci. 2024;137(9):
jcs262116. PMID: 38587458; PMCID: PMC11166458. doi:10.1242/jcs.262116

Gao J, Liu S, Zhang Y, et al. Effects of 17 a-methyltestosterone on transcriptome, gonadal histology and sex steroid hormones in rare minnow
Gobiocypris rarus. Comp Biochem Physiol Part D Genomics Proteomics. 2015;15:20-27. PMID: 26070167. doi:10.1016/j.cbd.2015.05.001

International Journal of Women’s Health Dovepress
Taylor & Francis Group

Publish your work in this journal
The International Journal of Women’s Health is an international, peer-reviewed open-access journal publishing original research, reports,
editorials, reviews and commentaries on all aspects of women’s healthcare including gynecology, obstetrics, and breast cancer. The manuscript

management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.
dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-womens-health-journal

. International Journal of Women’s Health 2025:17
5568 1 X in O J


https://doi.org/10.1242/dev.137067
https://doi.org/10.1242/dev.122.1.97
https://doi.org/10.1038/sj.emboj.7601137
https://doi.org/10.1091/mbc.E20-07-0490
https://doi.org/10.1038/nn.2362
https://doi.org/10.1523/JNEUROSCI.5294-07.2008
https://doi.org/10.1093/emboj/19.15.3978
https://doi.org/10.1007/s00467-013-2733-z
https://doi.org/10.2741/1321
https://doi.org/10.1523/JNEUROSCI.22-11-04264.2002
https://doi.org/10.1523/JNEUROSCI.22-11-04264.2002
https://doi.org/10.1242/jcs.262116
https://doi.org/10.1016/j.cbd.2015.05.001
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Participants
	WES
	Variants Validation

	Results
	Discussion
	Conclusions
	Abbreviations
	Data Sharing Statement
	Ethics Approval and Consent to Participate
	Acknowledgments
	Funding
	Disclosure

