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A B S T R A C T

Objectives: Ovarian mesonephric-like adenocarcinoma (MLA) is a rare malignancy with limited understanding of 
its molecular features and therapeutic vulnerabilities. Although similar to uterine MLA, its unique characteristics 
remain undefined. This study aimed to characterize ovarian MLA using single-cell RNA sequencing (scRNA-seq) 
and compare it with high-grade serous ovarian cancer (HGSOC).
Methods: We analyzed the cellular and molecular heterogeneity of an ovarian MLA sample using scRNA-seq. 
Differential gene expression and pathway analyses were performed to identify unique molecular signatures 
and therapeutic targets. HGSOC scRNA-seq datasets were used for comparative analysis.
Results: Ovarian MLA demonstrated reduced heterogeneity, with a predominance of epithelial cells compared to 
HGSOC. Transcriptomic profiling revealed an upregulation of mitochondrial metabolism and lipid biosynthesis 
genes, indicating a metabolic shift toward oxidative phosphorylation. Gene enrichment and protein–protein 
interaction analyses identified distinct pathways, including mitochondrial biogenesis and dynamics, suggesting 
mitochondrial reprogramming.
Conclusions: This study provides the first scRNA-seq-based molecular characterization of ovarian MLA, differ-
entiating it from HGSOC. Findings suggest potential therapeutic avenues, with a proposed combination therapy 
targeting MAP kinase and PI3K/AKT/mTOR pathways. Validation in larger cohorts is necessary for clinical 
application.

1. Introduction

Mesonephric adenocarcinoma (MA), a rare malignant neoplasm 
originating from the mesonephric duct remnants, primarily affects the 
cervix (Mirkovic et al., 2023). These tumors are distinguished by diverse 
histological patterns, including ductal, tubular, papillary, cribriform, 
retiform, sex cord-like, glomeruloid, sieve-like, spindle, and solid forms 
(Mirkovic, Olkhov-Mitsel, 2023). Immunophenotypically, MAs exhibit 
variability but typically express paired box protein 8 (PAX8), GATA 

binding protein 3 (GATA3), thyroid transcription factor 1 (TTF1), and 
CD10 (luminal staining) and not estrogen receptor (ER) and progester-
one receptor (PR). They are also characterized by molecular features, 
such as KRAS and/or NRAS mutations and frequent gain of chromosome 
1q (Jia et al., 2019).

In 2016, the term “mesonephric-like adenocarcinoma” (MLA) was 
introduced for a previously undescribed type of MA arising in the uterine 
corpus, notably in the ovaries (McCluggage, 2022). MLAs exhibit both 
morphological and immunophenotypical similarities to MAs but are 
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distinct, especially because they occur in the ovary, which is extremely 
rare (Pors et al., 2021). Ovarian MLAs often present mixed growth 
patterns and luminal eosinophilic secretions. Their nuclei are hyper-
chromatic and pleomorphic and at times resemble those of papillary 
thyroid carcinomas. Molecularly, they share similarities with MAs but 
remain unexplored owing to their rarity (Jia, Sun, 2019).

The scarcity of data on ovarian MLAs and their recent inclusion in the 
2020 World Health Organization (WHO) classification of female genital 
tumors highlight the need for a more focused research (McCluggage 
et al., 2022). The potential for misdiagnosis is high as it can be mistaken 
for other Müllerian carcinomas with unusual morphologies and immu-
nophenotypes. Given the lack of detailed molecular understanding and 
limited number of cases with adequate clinical follow-up, predicting the 
overall prognosis of ovarian MLAs is difficult (McCluggage, 2022). The 
most common post-operative treatment involves a combination of car-
boplatin and paclitaxel; however, the clinical response to this regimen is 
variable and many patients show disease progression (McCluggage, 
2022).

Technological advances have significantly improved gene expression 
analysis, enabling high-resolution studies at the single-cell level (Tang 
et al., 2009). Single-cell RNA sequencing (scRNA-seq) offers a profound 
understanding of cellular diversity and heterogeneity, crucial for 
uncovering the mechanisms of oncogenesis and paving the way for 
personalized therapies (Tang, Barbacioru, 2009). Therefore, in the 
present study, we applied scRNA-seq to investigate the unique molecular 
features of ovarian MLAs, compared with those of high-grade serous 
ovarian cancer (HGSOC). Our objectives are to: (i) delineate the cellular 
heterogeneity of ovarian MLAs, (ii) identify distinct molecular signa-
tures specific to ovarian MLAs, and (iii) explore potential therapeutic 
targets for ovarian MLAs. This comprehensive approach aimed to 
enhance our understanding of the pathogenesis of ovarian MLA and 
inform future clinical applications, potentially transforming the man-
agement and treatment of this rare and challenging malignancy.

2. Methods

2.1. Patient and tumor sample

We collected the ovarian MLA sample during debulking surgery at 
the Gangnam Severance Hospital, Seoul, Korea. Fresh tissues were 
immediately processed to ensure optimal preservation. The tissue was 
dissected into fractions for enzymatic digestion into single cells and 
fixed in 4 % paraformaldehyde solution, followed by paraffin 
embedding.

Ovarian MLA tissue was histologically confirmed by a gynecology 
specialized pathologist using the International Federation of Gynecology 
and Obstetrics (FIGO) and WHO grading systems. Clinical information, 
including chemotherapy history, was retrieved from the patient’s med-
ical records. Ethical compliance was ensured through approval by the 
Institutional Review Board of Gangnam Severance Hospital (IRB No. 3- 
2023-0138) and all methods were performed in accordance with rele-
vant guidelines and regulations. Due to the retrospective design of the 
study, informed consent was waived by the IRB.

2.2. Acquisition of public data

Public scRNA-seq data for HGSOC were obtained from the the Gene 
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) database, 
specifically from the datasets GSE 184880(Xu et al., 2022), GSE191301 
(Shen et al., 2022), and GSE154600(Wang et al., 2023). Further detailed 
information about each data were provided in Supplementary Data 1.

2.3. Immunohistochemical staining

Briefly, 4-μm-thick unstained sections obtained from formalin-fixed 
paraffin-embedded tissue from surgically resected ovary were 

subjected to hematoxylin and eosin staining using the Tissue-Tek Prisma 
Plus automated slide stainer (Sakura Finetek). Immunohistochemical 
staining for PAX8 (mouse monoclonal, 363 M− 16, 1:70, Cell marque, 
United States) and ER (mouse monoclonal, NCL-L-ER-6F11, 1:400, 
Novocastra, United Kingdom) was performed using the BOND-MAX 
fully automated staining system (Leica Biosystems), and that for 
GATA3 (mouse monoclonal, CM405A, 1:200, Biocare, United States) 
and TTF-1 (mouse monoclonal, M3575, 1:100, Dako, Denmark) was 
performed using the Ventana BenchMark XT automated platform 
(Ventana Medical Systems).

2.4. Tissue dissociation and single cell preparation

Fresh specimens were immediately stored in Tissue Storage Solution 
(Miltenyi Biotech, cat no. 130–100-008) at 4 ◦C. Prior to dissociation, 
tissues were washes with phosphate-buffered saline (PBS) and minced 
into 1–2-mm pieces. Tissues were dissociated using the Tumor Dissoci-
ation Kit, human (Miltenyi Biotech, cat no. 130–095-929) and gentle-
MACS™ Dissociator (Miltenyi Biotech), following the manufacturer’s 
instructions. The resulting cell suspension was filtered, centrifuged, and 
erythrocytes were lysed. Cells were washed counted and assessed for 
viability before dead cell removal. Detailed protocols were provided in 
Supplementary Data 2.

2.5. Single cell 5′ gene expression library construction and sequencing

According to the 10x Chromium Single Cell 5′ v2 protocol (10x Ge-
nomics, document no. CG000331_ChromiumNextGEMSingleCell5- 
v2_UserGuide_RevE), single cell RNA-seq library was prepared using 
the 10x Chromium controller and Next Gem Single cell 5′ Reagent v2 kits 
(10x genomics, PN-1000264). The detailed information on the library 
construction and sequencing were provided in supplementary Data 3.

2.6. Single-cell RNA data processing and identification of cell types

scRNA-seq datasets were analyzed using the Seurat package in R 
4.2.2 (Stuart et al., 2019). We filtered cells based on RNA content and 
mitochondrial RNA (<50000 of the nCount_RNA, <7500 of the nFea-
ture_RNA, and < 20 % of the mitochondrial genes expressed), annotated 
cell types by well-established marker genes list provided in supple-
mentary Data 2, alongside established marker genes from prior studies 
and further details were provided in supplementary Data 4 (Xu, Fang, 
2022; Shen, Ren, 2022; Ren et al., 2022; Wan et al., 2021; Nath et al., 
2021; Shih et al., 2018).

2.7. Pathway analysis

Using the FindAllMarkers function in the Seurat package, we 
analyzed the log2 fold changes in differentially expressed genes (DEGs) 
between HGSOC and ovarian MLA cells, applying thresholds of (i) LogFC 
> 0.3, (ii) P < 0.05, and (iii) min.PCT > 0.25. The identified DEGs were 
then visualized on a UMAP and further scrutinized using violin and 
feature plots for expression patterns. Protein–protein interaction (PPI) 
was explored using the STRING database to understand the DEGs’ bio-
logical implications and Gene Set Enrichment Analysis (GSEA) with 
gProfiler was conducted on the genes presented in the PPI network (Rath 
et al., 2021; Szklarczyk et al., 2015; Kolberg et al., 2023; Korotkevich 
et al., 2021). A focus on mitochondrial genes from MitoCarta3.0 pro-
vided insights into the affected biological pathways, applying GSEA with 
Fast Gene Set Enrichment Analysis (FGSEA). To ensure enough DEGs for 
downstream analyses, DEGs were selected based on the P-value rather 
than the adjusted P-value, given the significant discrepancies between 
the two.
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2.8. Statistical analysis

Student’s t test was used to analyze continuous variables. The 
Kruskal–Wallis test was used for comparisons among three or more 
groups. Statistical analyses were conducted using R version 4.2.2, and P 
< 0.05 was considered statistically significant.

3. Results

3.1. Case presentation and histopathology results

A 71-year-old female with an incidental finding of a right ovarian 
cyst during a routine health checkup was evaluated at our hospital. 
Imaging studies included the following: abdominal computed tomog-
raphy (CT) scan, which identified a 7.4-cm cystic mass in the right ovary 
(Fig. 1a); magnetic resonance imaging with T2-weighted sequences, 
which characterized the mass as an 8.4-cm mixed cystic and solid lesion 
suggesting epithelial ovarian cancer (Fig. 1b and 1c); and positron 
emission tomography-computed tomography (PET-CT) scanning, which 
demonstrated increased fluorodeoxyglucose uptake in the solid portion 
of the ovarian mass, indicating malignancy, with no significant uptake in 
the lymph nodes or distal sites (Fig. 1d). The levels of tumor markers 
were notably elevated, with a CA 125 level of 105 U/ml (normal range: 
0–35 U/ml) and CA19-9 level of 1380 U/ml (normal range: 0–37 U/ml), 
further supporting the diagnosis of the malignancy. The patient under-
went a total abdominal hysterectomy, bilateral salpingo-oophorectomy, 
pelvic lymphadenectomy, infracolic omentectomy, and peritoneal 
cytology. Pathological examination post-surgery classified the tumor as 
stage IA based on the 2014 FIGO classification. Following the surgery, 
she completed cycles of taxane- and platinum-based chemotherapy 
regimens. At the 12-month follow-up, the patient exhibited no signs of 
disease, confirming a period of disease-free survival.

The excised specimen was a complex cystic and solid mass with 
friable and segmented tissues (Fig. 1e). Histopathological assessment at 
varying magnifications depicted a predominantly tubular architecture 
with eosinophilic colloid-like material within the tubular lumen, align-
ing with the characteristics of ovarian MLA (Fig. 1f, 1 g and 1 h). 
Moreover, immunohistochemical analysis revealed diffuse and strong 
positive immunoreactivity for PAX8 (Fig. 1i) and GATA3 (Fig. 1j), focal 
positivity for TTF-1 (Fig. 1k), and negativity for ER (Fig. 1l).

3.2. Comparative cellular heterogeneity analysis of ovarian mesonephric- 
like adenocarcinomas and HGSOC

In our comparative analysis using scRNA-seq dataset (GSE184880, 
GSE191301, and GSE154600), we observed a distinct cellular compo-
sition in ovarian MLA compared to that in HGSOC, the most common 
subtype of ovarian malignancy (Webb and Jordan, 2017). Initial ob-
servations using UMAP clustering suggested that ovarian MLA displayed 
a lesser degree of cellular heterogeneity compared than HGSOCs 
(Fig. 2a). After subsequent annotation of cell phenotypes, we observed a 
notably higher proportion of cancer epithelia l cells in ovarian MLA (78 
%) than in HGSOCs, in which the proportion of cancer epithelial cells 
ranged from 14.6 % to 31.4 % across datasets (Fig. 2b and c). Moreover, 
the cellular composition of ovarian MLA was characterized by the 
presence of six distinct cell types, cancer epithelial cells, endothelial 
cells, fibroblast/stromal cells, monocytes/macrophages, NK/T cells, and 
myeloid cells, with a conspicuous absence of B cells. In contrast, B cells 
were quantified at 2.0 %, 5.6 %, and 6.2 % within HGSOCs (Fig. 2d). The 
differential expression profiles of B cell marker genes in both ovarian 
MLA and HGSOCs are shown in Fig. 2e. Our findings provide a granular 
understanding of the cellular heterogeneity that distinguishes ovarian 
MLA from HGSOCs. The notable preponderance of cancer epithelial cells 
and absence of B cells in ovarian MLA underscore the potential patho-
physiological mechanisms unique to this subtype, which may have 
substantive implications for the development of targeted treatment 

modalities.

3.3. Comparative gene expression patterns in epithelial, fibroblast/ 
stromal, and immune cells across ovarian MLA and HGSOC: Focused gene 
expression profiling

Considering that ovarian MLA are relatively less heterogeneous than 
HGSOCs from a cell-type perspective, we searched for ovarian MLA- 
specific gene expression profiles to identify certain groups of genes 
that are directly or indirectly associated with ovarian MLA. As shown in 
Fig. 3a, the expression levels of selected gene group were notably higher 
in the cancer epithelial cells of ovarian MLA but barely detectable in 
HGSOC. To further validate the specificity of these for ovarian MLA, we 
compared expression levels across other cell types, such as fibroblast/ 
stromal cells and immune cells. This comparison highlights that the 
selected genes are predominantly expressed in the epithelial cells of 
ovarian MLA, reinforcing their specificity to this cell type. To delve 
deeper into differential gene expression within epithelial cells, we 
analyzed the gene expression patterns using violin plots, as shown in 
Fig. 3b. Notably, the overexpression of KRAS was detected in ovarian 
MLA epithelial cells, which is recognized as a key oncogenic driver in 
this cancer type, independent of its cellular origin, when to HGSOC(Lin 
et al., 2020). In contrast, NRAS was not overexpressed in ovarian MLA 
compared to HGSOC. Additionally, several other genes, including 3-hy-
droxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), chromogranin A 
(CHGA), and phosphatidylinositol-4-phosphate 3-kinase catalytic sub-
unit type 2 gamma (PIK3C2G), exhibited pronounced association with 
ovarian MLA (Supplementary Table 1).

The number of cells in fibroblast/stromal cells, immune cells, and 
epithelial cells of Ovarian MLA were 2,154, 1,186, and 17,179. In 
GSE154600 samples, there were 5,056 cells in fibroblast/stromal cells, 
27,879 in immune cells, and 15,406 in epithelial cells. In GSE191301 
samples, there were 300 cells in fibroblast/stromal cells, 13,871 cells in 
immune cells, and 2,435 cells in epithelial cells. Lastly, in GSE184600, 
there were 2,236 cells in fibroblast/stromal cells, 20,400 cells in im-
mune cells, and 4,676 cells in epithelial cells. (b) Violin plots displaying 
the gene expression levels in epithelial cells in both ovarian 
mesonephric-like adenocarcinoma and high-grade serous ovarian can-
cer. HGSOC: High-grade serous ovarian cancer; Ovarian MLA: Ovarian 
mesonephric-like adenocarcinoma.

3.4. Network pathway analysis and mitochondrial function divergence in 
ovarian MLA versus HGSOC: Gene interaction, enriched pathways, and 
metabolic profiling

Having found the transcriptomic profiles of the ovarian MLA-specific 
gene group and recognizing that none of the genes were functionally 
associated with each other as a whole, we examined their association 
through PPIs, as shown in Fig. 4a (Supplementary Table 2). Two PPI- 
based clusters were identified with relatively high confidence levels, 
where four and two proteins were strongly correlated. One included 
GATA3, transforming growth factor beta1, CHGA, and POU class 3 ho-
meobox 3, and the other included HMGCS2 and cytochrome P450 family 
51 subfamily A member 1. The larger cluster revealed associations with 
known functions, such as HMG box domain binding, positive regulation 
of epithelial morphogenesis, cell migration, macrophage differentiation, 
ureteric bud morphogenesis, mammary gland epithelium development, 
cellular response to ionizing radiation, cell motility, mesonephric tubule 
morphogenesis, and regulation of epithelial morphogenesis. Based on 
previous studies, it is probable that the HMG box domain may have a 
potential link with ovarian MLA-specific functional mechanisms (Grimm 
et al., 2020; Castillo et al., 2012). The other cluster presented enriched 
functions, such as sterol 14-demethylase activity, cholesterol biosyn-
thetic/metabolic processes, steroid biosynthetic processes, sterol meta-
bolic processes, alcohol biosynthetic processes, and secondary alcohol 
biosynthetic/metabolic processes. Additionally, we performed GSEA 
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Fig. 1. Imaging, gross and histological image of ovarian mesonephric-like adenocarcinoma. (a) Axial T1-weighted pelvic magnetic resonance image of right adnexa. 
(b) Coronal T2-weighted magnetic resonance image of right adnexa. (c) Sagittal T2-weighted magnetic resonance image of right adnexa. (d) Positron emission 
tomography-computed tomography scan with increased metabolic activity in right adnexa. (e) Gross pathology specimen exhibiting the resected mass. (f–h) His-
tological sections of mass stained with hematoxylin and eosin showing different magnifications (100 × to 400 × ). Immunostaining of (i) PAX-8, (j) GATA-3, (k) TTF- 
1, and (l) ER.
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using FGSEA to compute the up/down regulation patterns of 
mitochondria-associated pathways that can indirectly estimate alter-
ations in mitochondrial energy metabolism (Fig. 4b, Supplementary 
Table 3). Ovarian MLA displayed a significantly higher positive 

enrichment in the mitochondrial metabolism, dynamics and surveil-
lance than HGSOCs. Mt-tRNA synthetases for the mitochondrial energy 
metabolism and MICOS complex for mitochondrial dynamics and sur-
veillance were specifically upregulated in ovarian MLA. Regarding 

Fig. 2. UMAP of ovarian mesonephric-like adenocarcinoma and high-grade serous ovarian cancer and cell type proportions (a) UMAP of the integrated epithelial 
cells in ovarian mesonephric-like adenocarcinoma and three high-grade serous ovarian cancer datasets. (b) UMAP of ovarian mesonephric-like adenocarcinoma. (c) 
UMAP of high-grade serous ovarian cancer separately (GSE184880, GSE191301, and GSE154600). (d) Pie charts showing the proportions of cell types in ovarian 
mesonephric-like adenocarcinoma and three high-grade serous ovarian cancer revealing high expression of cancer epithelial cells in ovarian mesonephric-like 
adenocarcinoma. (e) Gene expression levels of B cell markers across different datasets, including GSE184880, GSE191301, and GSE154600 and ovarian MLA. 
HGSOC: High-grade serous ovarian cancer; Ovarian MLA: Ovarian mesonephric-like adenocarcinoma.
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Fig. 3. Expression of the selected genes. (a) Expression of the selected genes in epithelial cells, fibroblast/stromal cells, and immune cells.
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Fig. 4. Protein interaction network and mitochondrial analysis in ovarian mesonephric-like and high-grade serous ovarian cancer (a) Protein–protein interaction 
network of proteins encoded by the selected genes, along with enriched pathways identified by GSEA utilizing gProfiler within high confidence clusters. (b) Enriched 
pathways of mitochondrial central dogma, oxidative Phosphorylation (OxPhos), metabolism, and mitochondrial dynamics and surveillance, comparing ovarian 
mesonephric-like adenocarcinoma and high-grade serous ovarian cancer by MitoCarta3.0. Blue lollipop indicates upregulation in ovarian MLA, and pink indicates 
upregulation in HGSOC. HGSOC: High-grade serous ovarian cancer; Ovarian MLA: Ovarian mesonephric-like adenocarcinoma.
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metabolic alterations, several upregulations in ovarian MLA were esti-
mated for fatty acid oxidation, amidoxime-reducing complex, xenobiotic 
metabolism, catechol metabolism, propanoate metabolism, vitamin B12 
metabolism, selenoproteins, and detoxification pathways. Oxidative 
phosphorylation also showed a dominant elevation of pathways (i.e., CI 
subunits, complex I, and complex II).

4. Discussion

In the present study, we present the first scRNA-seq analysis of 
ovarian MLA, uncovering their unique molecular characteristics, which 
are distinct from those of HGSOC. Our investigation of the tumor 
microenvironment at the single-cell level revealed a distinct metabolic 
phenotype in ovarian MLA characterized by increased mitochondrial 
activity, marking a departure from established cancer metabolism par-
adigms, such as the Warburg effect. Research regarding these unex-
plored aspects will aid the identification of several potential therapeutic 
targets, which, in turn, will offer novel insights into the pathogenesis of 
ovarian MLA and aid the development of future treatment approaches.

Our study provides insights into the molecular characteristics of 
ovarian MLA. Koh et al. suggested that the aggressive phenotype is 
characterized by mitotic activity and tumor necrosis (Koh et al., 2022). 
In the present study, we unveiled a notable enrichment of tumor 
epithelial cell clusters, demonstrating enhanced mitochondrial func-
tionality within ovarian MLAs and providing novel insights into their 
metabolic adaptability, a hallmark of an aggressive cancer phenotype. 
We observed more dominant enrichment of epithelial cell clusters in 
ovarian MLA than in HGSOCs. Using focused GSEA, we identified key 
DEGs within the epithelial cluster, including KRAS, HMGCS2, PIK3C2G, 
and CHGA, to shed light on the metabolic programming of ovarian MLA 
(Qiu et al., 2024). Of particular importance, our findings revealed 
abnormal KRAS expression in ovarian MLA, corroborating its role as a 
pivotal oncogenic driver in mesonephric-like carcinomas originating 
from ovarian, endometrial, or cervical tissues. This is consistent with 
previous studies that have documented the molecular underpinning of 
MLAs (Mirkovic et al., 2015; Na and Kim, 2019; Deolet et al., 2021). The 
clinical significance of this discovery is underscored by the recent ad-
vances in KRAS-targeted therapies offering potential therapeutic ave-
nues for patients with ovarian MLA, particularly those exhibiting KRAS- 
driven tumorigenesis (Garlich et al., 2008; Ray-Coquard et al., 2023). 
HMGCS2, a rate-limiting enzyme in ketone body synthesis and a crucial 
mitochondrial enzyme, has been implicated in various diseases, 
including colorectal cancer and hepatocellular carcinoma, and it plays a 
pivotal role in mitochondrial metabolic reprogramming (Li et al., 2021; 
Fang et al., 2021). CHGA, which is associated with poor prognosis in 
various cancers, including breast and ovarian cancers, contributes to the 
regulation of tumor vascular biology and mitochondrial biogenesis, 
thereby affecting tumor cell proliferation, invasion, trafficking, and 
metastasis (Crippa et al., 2013; Belloni et al., 2007). PIK3C2G, a gene 
that is upregulated in ovarian MLA, is also known for its role in regu-
lating glycolysis and ATP production; it has been linked to the recur-
rence and overall survival of colorectal cancer patients, with mutations 
identified in uterine MLA (Kim et al., 2022). These findings suggest the 
potential involvement of PI3K family members in ovarian MLA. In 
summary, our study underscores the significance of epithelial cell 
clusters associated with cell proliferation and energy metabolism in 
ovarian MLA that exhibit elevated mitochondrial activation; this is 
consistent with our finding regarding the enrichment of pathways 
related to mitochondrial activity. This heightened energy demand is 
evident through upregulated oxidative phosphorylation and the tricar-
boxylic acid cycle, which is consistent with the metabolic profile of 
HGSOCs. Additionally, ovarian MLA showed positive enrichment in 
lipid metabolism, with an intriguing increase in mitochondrial RNA 
metabolism, mt-tRNA synthesis, and the numbers of mt-rRNA and mr- 
mRNA modifications and enhancement of mitophagy and autophagy, 
possibly indicating a recovery from mitochondrial degradation in 

ovarian MLA epithelial cells. Consistent with these findings, previous 
studies on non-small-cell lung cancer have identified a distinct epithelial 
cell subset with a high differentiation potential that is enriched in bio-
logical processes related to cell proliferation and energy metabolism. 
Most importantly, recent findings focusing on the Warburg effect 
explain that active mitochondrial function and cell differentiation can 
reduce cell-type evaluation, which is consistent with the findings of our 
study; however, the constitutive activation of intracellular kinase 
signaling may promote disease progression (Jia et al., 2018). These in-
sights have enhanced our understanding of the unique biology of 
ovarian MLA.

In the case of ovarian MLAs, for which definitive treatment strategies 
are yet to be established owing to limited clinical insights and an 
incomplete understanding of their molecular underpinnings, our 
research offers a preliminary understanding that may inform future 
studies. By investigating the molecular landscape of ovarian MLA, we 
suggest a novel dual inhibitory strategy that combines cobimetinib, a 
MAP kinase pathway inhibitor, with SF1126, a vascular targeted pan 
PI3K inhibitor prodrug with antitumor and antiangiogenic activity 
(Garlich et al., 2008; Ray-Coquard, Pignata, 2023). We drew our hy-
pothesis from previous studies, which reported the MAPK pathway as a 
well-known pathway involved in tumorigenesis, tumor progression, and 
drug resistance, especially in rare epithelial ovarian cancers (Ray- 
Coquard, Pignata, 2023). In addition, compelling clinical evidence from 
the BOUQUET trial has indicated that cobimenitib, a selective MEK1/ 
MEK2 inhibitor, showed promising activity against ovarian MLA, with a 
disease control rate of 89 % in patients with recurrent ovarian MLA 
compared with that in patients with other rare types of epithelial 
ovarian cancer, such as clear-cell ovarian cancer or carcinosarcoma 
(ORR 16 %) (Ray-Coquard, Pignata, 2023). Furthermore, our findings 
on the overexpression of genes associated with the PI3K/AKT/mTOR 
pathway are related to mitochondrial metabolism and the ability of 
SF1126 to interfere with this pathway, thereby reducing glycolytic flux 
and tumor progression in various solid cancers. This represents a 
mechanism that is complementary to that underlying the action of 
cobimenitib action (van der Mijn et al., 2016; Qin et al., 2019). We 
propose that co-targeting these pathways could potentially disrupt the 
survival and proliferation of ovarian MLAs; this requires further exper-
imental validation. The promise of this combination therapy should be 
underpinned by the preclinical evidence that the simultaneous inhibi-
tion of the activities of MEK and PI3K may yield enhanced antitumor 
effects. Thus, we advocate for clinical trials tailored to evaluate the ef-
ficacy and safety of the combination of cobimenitib and SF1126 in pa-
tients with ovarian MLAs, with the potential to substantially shift the 
current treatment paradigm toward a more personalized and effective 
approach.

Our findings also indicate a notable depletion of B cells in ovarian 
MLA compared to the case for HGSOCs. B cells, typically abundant in 
HGSOCs, play key roles in immunity and their function in cancer is 
debated (Macpherson et al., 2020). In some cancers, B cells may promote 
tumor growth and angiogenesis, while in others, their depletion has 
been associated with reduced tumor progression (Lundgren et al., 2016). 
Given the complexity of B cell roles in cancer, further research is 
essential to understand their specific impact on ovarian MLAs.

Our study has a few limitations. Due to the scarcity of archived tissue 
samples, owing to the extreme rarity of ovarian MLAs, which comprise 
less than 1 % of all gynecological malignancies, our analysis was limited 
to a single sample. This also means that the molecular characteristics of 
ovarian MLAs have not yet been fully classified. Future research should 
involve larger cohorts of ovarian MLA samples to validate these obser-
vations and employ comprehensive analytical methods. This includes 
inferring copy number variations and examining mutations in genes 
such as KRAS or NRAS from scRNA-seq data to obtain results with sig-
nificant statistical power. In addition, the focus of the GSEA analysis on 
mitochondrial pathways and metabolism arises from their critical role in 
cancer drug research.
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Despite the availability of various anticancer strategies, inhibiting 
the energy supply to cancer cells remains one of the most common ap-
proaches. This study hypothesized that the increased aggressiveness of 
MLA cancer cells compared to the Serous type may be due to a relatively 
greater or different type of energy supply. Consequently, the analysis 
concentrated on mitochondrial-associated pathways, which are pivotal 
in energy provision. However, this focus also presents a limitation as it 
does not provide a comprehensive overview of all potential pathways.

Despite these limitations, our study holds significant value as to the 
best of our knowledge, it represents the first scRNA-seq analysis of 
ovarian MLA, providing novel insights into its unique molecular char-
acteristics, compared with those of HGSOC. This groundbreaking 
research highlights the potential for future studies to build upon our 
findings and advance the understanding of ovarian MLA. Therefore, 
future studies including large cohorts of ovarian MLA samples could 
enhance the statistical power and robustness of the findings. Integrating 
multi-omics approaches, such as proteomics and epigenomics ap-
proaches, also could provide a more comprehensive understanding of 
the molecular mechanisms underlying the occurrence of ovarian MLAs; 
this would enable the translation of such approaches and information 
into clinical practice and ultimately, drive a shift towards the develop-
ment of more personalized and effective treatments for ovarian MLAs.
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