Discover Oncology

Case Report

Molecular genetic analysis of pulmonary benign metastasizing
leiomyoma and intravenous leiomyomatosis: a comparative study
using whole exome sequencing

Jin Li'2 . Jiafei Zeng - Shuai Luo’ - Jinjing Wang'

Received: 13 January 2025 / Accepted: 2 May 2025
Published online: 28 May 2025

© The Author(s) 2025 OPEN

Abstract

Objective Benign Metastasizing Leiomyoma (BML) and Intravenous Leiomyomatosis (IVL) are rare uterine-derived smooth
muscle tumors. Although both exhibit histologically benign and similar features, they demonstrate aggressive biological
behaviors. Currently, molecular genetic studies on BML and IVL are limited, and no comparative research on their genetic
variations has been reported. To investigate the genetic basis underlying their shared aggressive phenotypes, this study
employs whole-exome sequencing (WES) to conduct a molecular genetic comparison between the two entities. The
aim is to explore potential genetic variations that may reveal common pathological pathways shared by these diseases,
thereby enhancing our understanding of the molecular mechanisms driving their invasiveness.

Methods A pulmonary BML case and an IVL case underwent analysis, with paraffin-embedded tumor tissues subjected
to WES. Mutant genes were screened and comparatively analyzed between the two cases.

Results WES revealed 15 single nucleotide polymorphism (SNP) genetic mutations in the BML case: HFM1, SCN10A, HEXA,
SLC7A14, TEP1, KCNJ12, KCNJ18, DNAJB12, ACOX3, ABCC2, RASA1, ALOX15B, TCIRG1, COL5A3, and MCCC2. In the IVL
case, 18 mutant genes were observed: CADPS2, GPSM2, REEP4, KCNJ12, KCNJ18, DUSP15, PDE11A, TCIRG1, KLHL33, PAH,
MYO18A, FBLN7, ATP7B, MYO7A, MLKL, LRP10, KRT15, and HEPH. The mutations were consistent across both samples in
this case. Shared mutations in BML and IVL cases included TCIRG1, KCNJ12, and KCNJ18.

Conclusion BML and IVL exhibit distinct gene mutations in tumor development, with certain shared mutations.

Keywords Benign metastasizing leiomyoma - Intravenous leiomyomatosis - Whole exome sequencing - Pathology -
Mutations in genes

Abbreviations

BML Benign metastasizing leiomyoma
IVL  Intravenous leiomyomatosis

SNP  Single nucleotide polymorphism
WES Whole exome sequencing

CT  Computed tomography

DWI Diffusion weighted imaging
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1 Background

BML and IVL, originating from uterine smooth muscle cells, present similar histomorphological features [1]. Although
BML is histomorphologically benign, it demonstrates distant metastasis, primarily affecting the lungs [2]. In contrast,
IVL proliferates within uterine veins, extending through venous blood flow to involve extrauterine vessels. Existing
molecular genetic research on BML and IVL is sparse, lacking comparative mutation analyses. This study employed WES
on paraffin-embedded tumor tissues from BML and IVL cases to explore their molecular genetic profiles. The analysis
observed 15 pathogenic single nucleotide polymorphism (SNP) genes in BML cases and 18 pathogenic mutations in IVL
cases. Notably, TCIRG1, KCNJ12, and KCNJ18 mutations were shared mutant genes in both BML and IVL cases.

2 Materials and methods
2.1 Case presentation
2.1.1 Caseone

A 52-year-old postmenopausal woman, who had a hysterectomy for a uterine tumor at age 29 and was pathologically
diagnosed with uterine leiomyoma, presented with left-sided chest pain of unknown cause and no other abnormal symp-
toms or signs on April 1, 2023. She was a non-smoker and non-drinker with no pre-existing conditions. After admission,
a chest X-ray revealed multiple nodules in both lungs, suggestive of metastatic tumors. Contrast-enhanced chest com-
puted tomography (CT) scans confirmed multiple nodules of varying sizes in both lungs, with the largest, approximately
18 mm in diameter, located in the right lower lobe with a well-defined boundary. Some nodules exhibited heterogeneous
enhancement, indicating bilateral metastatic lung tumors (Fig. 1). On May 11, 2023, a thoracoscopic wedge resection of
the left upper and lower lung lobes was performed. Biopsy and pathological examination revealed gray-white nodules in
the left lower and upper lobes, measuring approximately 1.0x0.5x 0.5 cm and 1.5x 1.0 1.0 cm, respectively, with well-
defined boundaries and a solid, gray-white, and tough nature. Histological analysis confirmed benign leiomyoma with
no malignant features (Fig. 2). Immunohistochemical staining showed tumor cells expressing Vimentin, h-Caldesmon,
Desmin, SMA, ER, and PR, with a Ki-67 positive rate of about 2% in the hotspot area (Fig. 3). CD10, CD34, and S-100 were
negative. The bronchoalveolar epithelium within the nodule was positive for TTF1 antibody. Given the patient’s history
of uterine leiomyoma, the final diagnosis was BML in the left upper and lower lung lobes. Postoperatively, the patient
recovered well without special treatment. A 13-month follow-up showed the disease remained well-controlled, with no
metastasis detected elsewhere.

2.1.2 Casetwo

A 60-year-old postmenopausal woman, who had a hysterectomy and bilateral adnexectomy at age 50 for uterine tumors,
was pathologically diagnosed with uterine leiomyoma post-surgery. She had no history of smoking, alcohol consumption, or
pre-existing conditions. A chest CT scan conducted approximately 10 years after surgery revealed small scattered pulmonary

Fig.1 A-C Contrast-
enhanced chest CT scan iden-
tified multiple nodules in both
lungs, some displaying het-
erogeneous enhancement(As
indicated by the green arrow)
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Fig. 2 Histological examination of left lung nodules revealed well-defined boundaries with surrounding tissues, comprising spindle cells
of uniform size and mild morphology, arranged in a woven pattern. The cells exhibited no significant atypia, infrequent nuclear divisions,
unapparent nucleoli, and an absence of necrosis. Scattered bronchial alveolar epithelial cells, morphologically normal, were present in the
nodules (A Hematoxylin and eosin H&E x 15; B H&E x 200
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Fig.3 A IHC staining revealed positive SMA expression in the cytoplasm of spindle cells, B ER positivity in the nuclei of spindle cells, C
h-Caldesmon positivity in the cytoplasm of spindle cells, D: nuclear Ki-67 positivity in approximately 2% of cells. EnVision, x 200

nodules, measuring between 3 and 11 mm in diameter. Contrast-enhanced CT of the abdomen and pelvis revealed a right
pelvic mass measuring approximately 81 x 58 x 10 mm (Fig. 4). The right internal iliac vein exhibited heterogeneous density,
thickening, and an indistinct boundary with the pelvic tumor. Pelvic magnetic resonance imaging (MRI) confirmed the
absence of the uterus, irregular soft tissue thickening at the stump, significant enhancement on contrast scans, and some
nodular enhancement. A right pelvic tumor with a homogeneous signal, approximately 8.9x5.1x9.9 cm, was observed. It
presented with irregularly lobular T1 equisignal and T2 slightly short signals, well-defined edges, restricted diffusion on dif-
fusion weighted imaging (DWI), and notable homogeneous enhancement on contrast scans; it was closely associated with
the vaginal stump. Imaging results, coupled with the patient’s medical history, indicated the recurrence of smooth muscle
tumors post-surgery (Fig. 5). The patient underwent pelvic tumor resection, during which the tumor was found in the right
iliac fossa retroperitoneal area, measuring approximately 9.5x 8.5 x 5 cm. It exhibited a tough nature, abundant blood supply,
and lobulated shape, with the base attached to the left wall of the vaginal stump (Fig. 6). Intraoperative exploration revealed
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Fig.4 The mass was in the
right pelvic cavity (As indi-
cated by the green arrow)

Fig. 5 The enhanced scan of
the pelvic mass demonstrated
significant enhancement,
closely associated with the
vaginal stump

thickening of the right internal iliac vein, which contained a stripe-like tumor measuring approximately 15x5x2 cm, with
a tough nature and pale color, which was excised. Postoperatively, biopsy specimens from the left wall of the vaginal stump
and the right internal iliac vein mass underwent histopathological examination. Both lesions exhibited identical histological
features, characterized by the morphological hallmarks of benign smooth muscle tumors, with no malignant morphologi-
cal characteristics observed (Fig. 7). Immunohistochemical staining showed positive expressions of Vimentin, SMA, Desmin,
H-caldesmon, ER, and PR, with a Ki-67 positive rate of approximately 3% in the hotspot area (Fig. 8). Markers such as CD10,
CD34, and CD117 were unexpressed. The final diagnosis was intravascular and vaginal stump leiomyomatosis. The patient
received no additional treatment post-surgery and recovered well, with no recurrence observed after 10 months of follow-up.
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Fig.6 The tumor was located
in the retroperitoneum and
exhibited lobular morphology

Fig.7 The tumor in the left wall of the vaginal stump displayed well-defined boundaries, consisting of spindle cell bundles with mild cyto-
logical atypia. Features included eosinophilic cytoplasm, cigar-shaped nuclei, rare nuclear divisions, unapparent nucleoli, abundant local
blood vessels, and richness in fat cells, with no necrosis or high-grade morphological features observed. (A-B correspond to H&E staining
atx 10 and x 200 magnification, respectively

Fig.8 A IHC showed positive SMA expression in the cytoplasm of spindle cells. B IHC indicated ER expressions in the nuclei of spindle cells.
C IHC revealed positive CD34 expression in the single layer of squamous epithelium covering the tumor surface, D h-Caldesmon positivity in
the cytoplasm of spindle cells, E nuclear Ki-67 positivity in approximately 3% of cells. EnVision, x 200
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3 Materials and methods
3.1 Sample collection and processing

This study collected formalin-fixed paraffin-embedded (FFPE) tumor specimens from patients with pulmonary BML
and IVL. Three distinct samples were included: tumor tissue from pulmonary BML, intravascular tumor from IVL, and
vaginal stump tumor. Following deparaffinization, genomic DNA was extracted from FFPE tissues and subjected to
rigorous quality control to ensure suitability for downstream sequencing.

3.2 Library preparation and WES

DNA was fragmented into 180-280 bp fragments using a Covaris ultrasonicator. Fragments underwent end-repair,
3'-adenylation (A-tailing), and lllumina adapter ligation with T4 DNA ligase. Libraries were amplified using high-fidel-
ity polymerase and size-selected with Agencourt SPRIselect beads. Exome regions were enriched using the Agilent
SureSelect Human All Exon V6 kit for hybridization capture. Captured libraries were further amplified, quantified
via the Agilent 5400 system and gPCR, and sequenced on the lllumina NovaSeq platform with 150 bp paired-end
(PE150) reads.

3.3 Bioinformatics analysis

Raw sequencing data underwent quality control, alignment to the reference genome (GRCh37/hg19) using BWA, and
duplicate read marking with Sambamba. Variant calling for SNPs and InDels was performed using SAMtools, while
copy number variations (CNVs) were detected with CoNIFER. Functional annotation of variants was conducted using
ANNOVAR, integrated with databases such as RefSeq, dbSNP, COSMIC, Gene Ontology (GO), and KEGG. A multi-tool
filtering strategy (SIFT, Polyphen-2, MutationTaster, CADD, etc.) was applied with stringent thresholds (e.g., CADD > 20,
Polyphen-2 HDIV > 0.957/HVAR > 0.909, FATHMM < - 1.5, REVEL > 0.5) to identify high-confidence functionally relevant
variants. Comparative molecular profiling was performed across samples (pulmonary BML, IVL intravascular tumor, and
vaginal stump tumor).

4 Results

This study identified unique and shared missense mutations in BML and IVL cases (Table 1). In the BML case, 15 SNP
mutant genes were observed: HFM1, SCN10A, HEXA, SLC7A14, TEP1, KCNJ12, KCNJ18, DNAJB12, ACOX3, ABCC2, RASAT,
ALOX15B, TCIRG1, COL5A3, and MCCC2.The IVL case presented 18 SNP mutant genes: CADPS2, GPSM2, REEP4, KCNJ12,
KCNJ18, DUSP15, PDE11A, TCIRG1, KLHL33, PAH, MYO18A, FBLN7, ATP7B, MYO7A, MLKL, LRP10, KRT15, and HEPH, with
mutations consistently found in both samples. Shared mutations between BML and IVL cases included TCIRG1, KCNJ12,
and KCNJ18. No InDel mutations met the screening criteria.

5 Discussion

Uterine leiomyoma stands as the most common tumor in premenopausal women. Although benign, it can sometimes
metastasize or implant at extrauterine locations, resulting in uncommon variants like BML, IVL, and diffuse peritoneal
leiomyomatosis [3]. BML typically manifests in patients with pre-existing uterine leiomyoma and is frequently linked to
distant metastasis to extrauterine sites [1]. The lungs constitute the primary metastatic site, with secondary involvement
of bone, spine, lymph nodes, retroperitoneum, blood vessels, skin, and the central nervous system [4, 5]. The age at diag-
nosis of BML is between 22 and 77 years, averaging 47.3 years [6]. IVL, marked by its proliferation along venous vessels,
extends within veins, frequently reaching the uterine veins, internal iliac veins, common iliac veins, inferior vena cava,
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and occasionally the right atrium and pulmonary artery, following venous return pathways, typically without venous
wall invasion [7]. In some cases, it progresses to the inferior vena cava via the ovarian vein.

5.1 Clinical manifestations

Pulmonary BML exhibits a slow progression, with most patients remaining asymptomatic, often incidentally identified
during routine physical examinations. Symptoms, if present, may include shortness of breath, cough, and recurrent res-
piratory infections, though chest pain is rare [3]. IVLs clinical presentation varies with the extent of involvement. In its
initial stage, confined to the uterus, symptoms mimic those of uterine leiomyoma [8]. However, when the disease extends
to extrapelvic veins, particularly the inferior vena cava, it may induce congestive heart failure syndrome, accompanied
by abnormal venous return, chest pain, peripheral edema, syncope, and pulmonary embolism [3].

5.2 Imaging studies

Chest CT of pulmonary BML typically manifests as multiple scattered solid nodules in both lungs, varying from a few
millimeters to several centimeters in diameter, with well-defined boundaries, smooth edges, and homogeneous central
density, devoid of lobulation [9]. In some cases, a single solitary nodule may be present in one lung. Imaging techniques
offer limited diagnostic utility for IVL. When involving extrauterine blood vessels, IVL may appear as widening of the
iliac vein and inferior vena cava, characterized by smooth walls and relatively free, worm-like or string-beaded masses
[10]. Detection of beaded, strip-like, worm-like, or solid masses with abundant blood supply in the pelvic blood vessels
through imaging or surgery should prompt suspicion of IVL, which must be confirmed via pathological examination.

5.3 Pathology

BML, IVL, and conventional uterine leiomyoma share nearly identical histological features. All three entities present as
well-circumscribed solid masses composed of intersecting fascicles of spindle-shaped smooth muscle cells demon-
strating uniform cellularity, well-differentiated morphology with evenly distributed chromatin, typically exhibiting<5
mitoses/10 HPF, and lacking significant nuclear atypia or tumor necrosis—features that collectively exclude malignancy.
Immunohistochemically, they consistently express desmin, SMA, h-caldesmon, ER, and PR [11]. However, their biologi-
cal behaviors diverge markedly. Uterine leiomyoma demonstrates purely localized uterine growth without invasive or
metastatic potential. In contrast, BML, while histologically indistinguishable from primary uterine leiomyoma, exhibits
distant metastases (particularly to lungs and lymph nodes) where tumor deposits grow as multiple well-demarcated
nodules [2, 12]. IVL characteristically shows intravascular worm-like or cord-like tumor projections lined by CD31/CD34-
positive endothelial cells, frequently accompanied by myxoid or hyaline degeneration but maintaining benign cytological
features. The tumor cells of IVL exhibit worm-like or cord-like growth patterns along venous channels, with the tumor
surface characteristically lined by CD31/CD34-positive vascular endothelial cells. These lesions frequently demonstrate
myxoid or hyaline degeneration but maintain benign cytological features and lack distant metastatic potential [13].
Additional differential diagnostic features between BML and IVL are summarized in Tables 2 and 3.

5.4 Treatments

Currently, no standard treatment regimen exists for BML. Treatment strategies vary based on clinical manifestations and
symptom severity. Effective options reported include observation, surgical resection, hysterectomy, bilateral oophorec-
tomy, progestin, aromatase inhibitors, and luteinizing hormone-releasing hormone analogs for medical castration [14,
15]. Asymptomatic or stable patients may be managed with observation. Surgical intervention is typically preferred for
larger solitary tumors [3]. Endocrine therapy may be considered for multiple tumors that are not amenable to complete
resection [16]. Radical surgery remains the most effective treatment for IVL, with no recurrence reported following
complete resection of circulatory system tumors combined with total hysterectomy and bilateral adnexectomy [17].

BML and IVL in this report corresponded with documented clinical manifestations, imaging results, intraoperative
findings, and pathological outcomes. Treatment predominantly involved surgical tumor excision and endocrine therapy.
BML typically manifests as rare, unexplained chest pain. In the IVL case, tumor growth extended into the vaginal stump,
in addition to venous involvement. However, multiple pulmonary nodules observed in the IVL case were not pathologi-
cally confirmed as IVL dissemination.
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Table 5 Shared Mutation Types in BML and IVL

Sample Name GeneName Func ExonicFunc AAChange cytoBand
$1,52,S3 KCNJ12 exonic missense SNV NM_021012:exon3:c.C467T:p.P156L 17p11.2
S1,52,S3 KCNJ18 exonic missense SNV NM_001194958:exon3:c.C467T:p.P156L 17p11.2
S1 TCIRG1 exonic missense SNV NM_006053:exon14:c.T1616C:p.V539A, 11q13.2

NM_001351059:exon18:c.T1370C:p.V457A,
NM_006019:exon19:c.T2264C:p.V755A
S2,S3 TCIRG1 exonic missense SNV NM_006053:exon10:c.G1096A:p.G366S, 11913.2

NM_001351059:exon14:c.G850A:p.G284S,
NM_006019:exon15:c.G1744A:p.G582S

S1is the name of the pulmonary tumor sample from a BML patient, while S2 and S3 represent the intravascular tumor sample and the vagi-
nal stump tumor sample names from IVL patients, respectively

5.5 Genetics and spread mechanism

The pathogenesis of BML remains uncertain, with prevailing hypotheses encompassing lymphatic and vascular dis-
semination of uterine leiomyoma, peritoneal seeding, and coelomic metaplasia [18]. The predominant theory posits
that tumor cells enter the bloodstream during uterine surgery and subsequently disseminate via blood vessels [19].
Genetic alterations linked to BML have been documented in various studies (Table 4). Nucci et al. [20] found genetic
similarities between BML and uterine leiomyoma, such as deletions on chromosomes 19q and 22q deletions, sug-
gesting a common origin. A study demonstrated heterozygous mutations in the BMP8B gene (c.1139A > G, Tyr380Cys)
specifically in pulmonary BML but not in blood or uterine leiomyoma, indicating a potential role in BML metastasis
[21]. Despite immunohistochemical staining revealing ER and PR expression, a patient with confirmed BML experi-
enced progressive metastatic lesions following tamoxifen treatment. WES revealed simultaneous missense mutations
in BLMH, LRP2, MED12, SMAD2, and UGT1AS8 in both primary uterine leiomyoma and pulmonary BML, along with
a PTEN mutation (c.492+ 1G> A) in the pulmonary BML tumor [22]. PTEN, a tumor suppressor [23], when underex-
pressed, can activate the PI3K pathway, leading to endocrine resistance in ER-positive breast cancer [24]. The PTEN
mutation likely contributes to BML metastasis and resistance to endocrine therapy.

The pathogenesis of IVL remains uncertain, with the leading hypothesis proposing hematogenous dissemina-
tion of uterine leiomyoma. Tumor extension typically follows venous return through two primary pathways [3]: one
involving the uterine, internal iliac, common iliac veins, and inferior vena cava; the other involving the ovarian and
renal veins, and inferior vena cava. This progression can eventually reach the right atrium and potentially extend to
the pulmonary artery. Molecular studies on IVL are currently limited (Table 4). One study revealed common chro-
mosomal abnormalities in IVL, including deletions in the 22q11.23-q13.31 and 22g12.3-q13.1 regions [25]. FISH
analysis consistently detects 12q14.3 rearrangements and HMGA2 overexpression, with karyotype analysis reveal-
ing chromosome 22 deletions in two out of three cases [26]. Additional research reports upregulation of GATA2, LIF,
CXCL8, SH2D2A, and ADAM8 in IVL tumors, which enhances angiogenesis and tumor dissemination [27]. Beyond its
role as a pro-angiogenic factor, ADAMS8 also promotes tumor spread and metastasis in breast cancer [28]. This study
identified ADAMS8 missense mutations in all three paraffin-embedded samples, while no HMGA2 missense mutations
were detected. These data suggest a significant role for ADAMS8 in the development and progression of IVL and BML.

WES analysis found 15 SNP genes in the BML case meeting further screening criteria: HFM1, SCN10A, HEXA,
SLC7A14,TEP1, KCNJ12, KCNJ18, DNAJB12, ACOX3, ABCC2, RASA1, ALOX15B, TCIRG1, COL5A3, and MCCC2. In the IVL
case, 18 mutant genes were observed: CADPS2, GPSM2, REEP4, KCNJ12, KCNJ18, DUSP15, PDE11A, TCIRG1, KLHL33,
PAH, MYO18A, FBLN7, ATP7B, MYO7A, MLKL, LRP10, KRT15, and HEPH. Consistent mutations across both samples
provide strong evidence of source consistency. The distinct deleterious mutant genes in the two cases may offer
new insights into the molecular mechanisms distinguishing BML from IVL. Additionally, TCIRG1, KCNJ12,and KCNJ18
(Table 5) were identified as shared mutant genes in both BML and IVL cases.

TCIRGT, also known as V-ATPase-a3, plays a critical role in cell metabolism, membrane transport, and intracellular sig-
nal transduction through acidification. Elevated TCIRG1 expression is associated with increased invasion and metastasis
in various tumors. For instance, In highly metastatic B16-F10 melanoma cells, the high expression and plasma mem-
brane localization of TCIRGT1 are closely associated with metastatic potential. TCIRG1 creates an acidic microenvironment
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through its proton pump activity, which activates matrix metalloproteinases (e.g., MMP-2 and MMP-9) to degrade the
extracellular matrix (ECM), thereby enhancing cellular invasiveness and migratory capacity. In contrast, TCIRG1 knock-
down or treatment with specific inhibitors (e.g., FR167356) significantly suppresses invasion, migration, and distant
metastasis without affecting primary tumor growth, indicating that TCIRG1 primarily functions during the metastatic
stage [29]. Similarly, In invasive breast cancer cells, TCIRG1 is highly expressed on the plasma membrane and promotes
microenvironment acidification by secreting protons. This process activates MMP-2/MMP-9 to accelerate extracellular
matrix (ECM) degradation, thereby enhancing cellular invasion and migration. Genetic knockdown of TCIRG1 suppresses
these aggressive phenotypes, whereas overexpression amplifies metastatic potential [30]. In hepatocellular carcinoma,
TCIRG1 impedes tumor cell growth and proliferation, induces cell death, and promotes migration via epithelial-mesen-
chymal transition (EMT) [31]. In the mesenchymal subtype of glioblastoma multiforme (GBM), TCIRG1 is highly expressed
and acidifies the tumor microenvironment through V-ATPase activity. This activates factors such as cathepsins and VEGF,
promoting extracellular matrix (ECM) degradation and tumor angiogenesis, thereby enhancing invasive and migratory
capabilities [32]. Elevated TCIRG1 expression is correlated with malignant progression and poor prognosis in ccRCC
patients [33] and shows a positive association with immunosuppressants PDCD1 and CTLA4 [34].

KCNJ12 and KCNJ18 are potassium channel-related genes. Kir2.2, encoded by KCNJ12, is an inwardly rectifying potas-
sium channel protein belonging to the potassium channel family. In prostate, gastric, and breast cancers, gain-of-function
mutations in KCNJ12 may accelerate tumor progression or metastasis in p53/p16-deficient breast cancer by suppressing
p27 expression through ROS reduction (thereby releasing cell cycle arrest) and maintaining mitochondrial homeostasis
to sustain high-energy metabolism, ultimately bypassing senescence pathways [35]. In multiple cancers, gain-of-function
mutations in KCNJ12 drive tumor proliferation, angiogenesis, and metastasis by binding to NF-kB p65/RelA to pro-
mote its phosphorylation and nuclear translocation, thereby upregulating the expression of cyclin D1, MMP9, and VEGF.
Concurrently, these mutations stabilize mitochondrial function to sustain high-energy metabolism [36]. In esophageal
squamous cell carcinoma (ESCC), mutations in KCNJ12 may influence disease progression by altering the function of the
potassium channel protein Kir2.2. Studies have shown that its dysfunction can regulate cancer cell behavior through
the RelA signaling pathway—for example, enhanced Ser536 phosphorylation of RelA induced by Kir2.2 overexpression
promotes cancer cell proliferation [37]. Overexpression of KCNJ12 promotes bladder cancer cell proliferation, migration,
invasion, differentiation, and xenograft tumor formation in vivo by activating the GSK3p/AKT signaling pathway and
inducing the epithelial-mesenchymal transition (EMT) process, characterized by upregulation of N-Cadherin, Vimentin,
and MMP-7. Conversely, KCNJ12 knockdown partially reverses these effects and suppresses tumor metastasis-driving
mechanisms [38].

Previous research has identified TCIRG1, KCNJ12, and KCNJ18 as significant in the proliferation, invasion, migration,
and metastasis of various tumors [30, 31, 34, 36]. This study detected mutations in these genes in both BML and IVL
cases, with multiple predictive software classifying these mutations as harmful. This indicates that these shared mutant
genes may play a key role in the pathological mechanisms underlying BML and IVL, especially in extrauterine invasion,
enhancing the understanding of the relationship between these diseases and potential therapeutic targets.

Although this study revealed potential pathogenic genetic variants associated with BML and IVL through WES, the
small sample size limited the statistical generalizability and accuracy of the results. Additionally, while missense mutations
in genes such as TCIRG1, KCNJ12, and KCNJ18 were identified, their precise biological effects require further experi-
mental validation. Future work should focus on expanding the sample size and conducting functional studies to better
elucidate the roles of these variants in disease pathogenesis, thereby advancing therapeutic strategies. This approach will
ensure more representative and reliable findings while providing a robust scientific foundation for clinical applications.

6 Conclusion

Expanding on these findings, this study identified several potential pathogenic genes in BML and IVL through whole
genome sequencing and related analyses, offering valuable insights into their pathogenesis. Further investigation into
the roles and mechanisms of these genes is expected to advance understanding of BML and IVL development, potentially
leading to novel diagnostic, management, and preventive strategies for related conditions.
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