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ARTICLE INFO ABSTRACT

Keywords: Background: Ovarian cancer, as a highly malignant tumor, features the critical involvement of
Ovarian cancer tumor-associated fibroblasts in the ovarian cancer tissue microenvironment. However, due to the
Cancer associated fibroblasts apparent heterogeneity within fibroblast subpopulations, the specific functions of these sub-

Tumor micro-environment
scRNAseq
Mendel randomization

populations in the ovarian cancer tissue microenvironment remain insufficiently elucidated.
Methods: In this study, we integrated single-cell sequencing data from 32 ovarian cancer samples
derived from four distinct cohorts and 3226 bulk RNA-seq data from GEO and TCGA-OV cohorts.
Utilizing computational frameworks such as Seurat, Monocle 2, Cellchat, and others, we analyzed
the characteristics of the ovarian cancer tissue microenvironment, focusing particularly on
fibroblast subpopulations and their differentiation trajectories. Employing the CIBERSORTX
computational framework, we assessed various cellular components within the ovarian cancer
tissue microenvironment and evaluated their associations with ovarian cancer prognosis. Addi-
tionally, we conducted Mendelian randomization analysis based on cis-eQTL to investigate causal
relationships between gene expression and ovarian cancer.

Results: Through integrative analysis, we identified 13 major cell types present in ovarian cancer
tissues, including CD8" T cells, malignant cells, and fibroblasts. Analysis of the tumor microen-
vironment (TME) cell proportions revealed a significant increase in the proportion of CD8™ T cells
and CD4™ T cells in tumor tissues compared to normal tissues, while fibroblasts predominated in
normal tissues. Further subgroup analysis of fibroblasts identified seven subgroups, with the
MMP11+Fib subgroup showing the highest activity in the TGFp signaling pathway. Single-cell
analysis suggested that oxidative phosphorylation could be a key pathway driving fibroblast
differentiation, and the ATRNL1+KCN + Fib subgroup exhibited chromosomal copy number
variations. Prognostic analysis using a large sample size indicated that high infiltration of
MMP11+ fibroblasts was associated with poor prognosis in ovarian cancer. SMR analysis iden-
tified 132 fibroblast differentiation-related genes, which were linked to pathways such as plat-
inum drug resistance.

Conclusions: In the context of ovarian cancer, fibroblasts expressing MMP11 emerge as the pri-
mary drivers of the TGF-beta signaling pathway. Their presence correlates with an increased risk
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of adverse ovarian prognoses. Additionally, the genetic regulation governing the differentiation of
fibroblasts associated with ovarian cancer correlates with the emergence of drug resistance.

1. Introduction

Ovarian cancer, a prevalent gynecologic malignancy, remains a significant challenge in women’s health [1-3]. Its highly invasive
nature and propensity for metastasis contribute to poor prognosis and limited treatment options [4]. The disease’s diverse pathological
manifestations, coupled with a dearth of effective screening methods and the absence of clear clinical indicators, result in an alarming
75% of patients only being diagnosed at an advanced stage, casting a pall over prognosis [5]. The cornerstone of ovarian cancer
treatment currently lies in surgical cytoreduction to RO, with a chemotherapy cocktail of carboplatin and paclitaxel administered
subsequently [6]. Post first-line chemotherapy, maintenance therapies may be introduced, encompassing poly ADP-ribose polymerase
(PARP) inhibitors, anti-angiogenesis agents, or monoclonal antibodies [7]. While the initial treatment responsiveness is high, with
more than 80% of patients demonstrating sensitivity, a majority subsequently develop resistance to chemotherapy, culminating in
advanced recurrence and, ultimately, death [8]. The overall 5-year survival rate for patients in advanced stages hovers at a dismal
30%, with even resource-rich nations such as the United States reporting a slightly improved yet still bleak rate of about 47% [3]. These
disheartening statistics underscore the pressing need for a more nuanced understanding of the heterogeneity and biological un-
derpinnings of ovarian cancer. Such knowledge is crucial to develop or refine treatment stratagems and bolster the quality of life for
those affected by this malignancy.

Parallel to these advancements, another research sphere has surfaced in the form of the tumour microenvironment (TME), marking
an increasingly prominent role in ovarian cancer studies [9]. The ovarian cancer TME presents a sophisticated arrangement of diverse
cellular and non-cellular components that collaborate to establish a supportive scaffold for tumour proliferation and metastasis [10].
This complex environment, filled with immune cells, stromal fibroblasts, endothelial cells, and components of the extracellular matrix,
functions as a dynamic stage where ongoing interactions with tumor cells take place, greatly influencing the trajectory of disease
advancement [11].

Among the TME constituents, cancer-associated fibroblasts (CAFs) have ascended the stage as crucial actors in the biology of
ovarian cance [12]. CAFs are a heterogenous assembly of activated fibroblasts that champion tumour growth, angiogenesis, and
metastasis, via paracrine signalling and remodelling of the extracellular matrix [13]. Recent studies have shed light on the multifaceted
roles of CAFs, emphasising their capacity to modulate immune responses, facilitate tumour cell invasion, and harbour therapeutic
resistance [14-16]. Discerning the molecular characteristics and functional heterogeneity of CAFs holds the key to unveiling inno-
vative therapeutic targets and catalysing the development of pioneering treatment strategies. Quiescent or resting Cancer-Associated
Fibroblasts (CAFs) are typically characterized by their expression of Vimentin (VIM) [17]. These quiescent CAFs principally represent
normal fibroblasts and generally exhibit lower proliferative and metabolic capabilities compared to their activated counterparts [12].
Activated CAFs, on the other hand, demonstrate a diverse array of markers, which include a-smooth muscle actin (a«-SMA), fibroblast
activation protein (FAP), low caveolinl (CAV1), CD10, integrin 1 (CD29),and G protein-coupled receptor 77 (GPR77) [18]. The
transformation of resting CAFs into the active state can be initiated via several pathways. These include the Janus kinase/Signal
Transducer and Activator of Transcription (JAK/STAT) signaling pathway, the focal adhesion kinase (FAK) pathway [19], the
Hedgehog signaling pathway [20], and the platelet-derived growth factor signaling (PDGF) pathway [21].Several cytokines,
encompassing interleukins IL-1 and IL-6, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB), and Transforming
Growth Factor-beta (TGF-p), are also recognized as playing crucial roles in the CAF activation process [2]. Despite the significant
progress made in ovarian cancer research, several challenges and gaps remain. Limited access to well-annotated clinical specimens,
heterogeneity within tumor samples, and the lack of standardized research methodologies hinder comprehensive investigations into
the disease. Furthermore, the precise mechanisms by which CAFs interact with tumor cells and other components of the TME require
further elucidation. Moreover, there remains a paucity of comprehensive research on the differentiation mechanisms of these ovarian
cancer-associated fibroblasts. Additionally, the heterogeneity of CAFs within tumor tissues is further evidenced by their distinct
subtypes, the roles of which in the tumor microenvironment necessitate further investigation.

This study aims to address these knowledge gaps and achieve a comprehensive understanding of ovarian cancer and its intricate
tumor microenvironment (TME), with a particular emphasis on the pivotal role of cancer-associated fibroblasts (CAFs). By harnessing
integrated datasets from multiple single-cell sequencing experiments and leveraging extensive patient cohorts, our objective is to
unveil the intricate molecular mechanisms that regulate the interplay between CAFs and the tumor microenvironment. Additionally,
we are committed to exploring the regulatory patterns and heterogeneity of fibroblast differentiation, along with utilizing the drug-
targeting Mendelian randomization approach to explore potential therapeutic avenues for ovarian cancer. Through confronting the
current challenges and advancing our comprehension of ovarian cancer biology, our endeavors aspire to bring forth substantial im-
provements in patient care, ultimately enhancing the prognosis of those afflicted by this formidable ailment.

1.1. Data Source

In this comprehensive investigation, we harnessed a diverse array of datasets, encompassing both single-cell sequencing and bulk
RNA sequencing data, to delve into the intricate molecular attributes and underlying mechanisms of ovarian cancer. Our repertoire of
single-cell sequencing datasets comprised EMTAB8107 [22], GSE151214 [23], GSE154600 [24], and GSE184880 [25]. Among these,
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EMTAB8107 encompassed a collection of 7 samples, including 5 ovarian cancer specimens and 2 normal controls. Meanwhile,
GSE151214 encompassed 8 ovarian cancer samples, and GSE154600 encompassed 5. The GSE184880 dataset consisted of 12 ovarian
cancer samples and 5 matched normal control samples (Data Sourcel).

Furthermore, our investigative efforts extended to bulk RNA sequencing data, encompassing specimens from the TCGA OV [26]
initiative, in addition to data curated from platforms: GPL96, GPL570, GPL2986, GPL6480, and GPL7759. This assemblage of bulk
RNA sequencing datasets was representative of 3226 samples, endowing us with an extensive gene expression landscape. For RNA-seq
data, we standardized the data using the voom’ function from the limma package. For data sourced from chip arrays, we utilized logp1
normalization. To address batch effects within datasets from the same platform, we applied the ’combat’ function from the sva package
[27]. This comprehensive approach ensures robust normalization and batch effect removal, facilitating accurate downstream analysis
and interpretation. The integrated analysis of these datasets was instrumental in providing a panoramic view of global gene expression
alterations and underlying biological processes in ovarian cancer (Data Source2).

Beyond the aforementioned datasets, we harnessed the power of Genome-Wide Association Studies (GWAS) through the ieu-b-4963
ovarian cancer cohort data (https://gwas.mrcieu.ac.uk/about) [28]. This repository encompasses an expansive collection of ovarian
cancer patient samples, offering a fertile ground for probing genetic variations and susceptibility genes linked to ovarian cancer.
Moreover, we harnessed cis-eQTL (cis-expression quantitative trait loci) data from the GTEx V8 database [29], specifically focusing on
tissue samples pertinent to the ovary. This facet of the analysis aimed to unravel the intricate genetic regulatory networks and factors
underpinning ovarian cancer.

Through the judicious integration of these heterogeneous datasets, we achieved a panoramic and precise portrayal of the ovarian
cancer molecular landscape. This integrative approach enabled the identification of pivotal biological features and latent therapeutic
targets. The holistic analysis of this data confluence serves as the bedrock for our study, augmenting our understanding of ovarian
cancer progression and providing crucial insights into therapeutic avenues.

1.2. Single-cell data preprocessing

In the scope of this study, we employed the SCTransformer module within Seurat.v4.1 [30] to undertake the standardization of
single-cell sequencing data. SCTransformer represents a widely used technique adept at mitigating the influence of sequencing batch
effects. This instrumental process enables robust comparisons and integrated analyses across diverse datasets and experimental
batches. By subjecting the data to standardization, we effectively mitigate batch effects stemming from experimental conditions and
technical disparities, thereby ensuring data consistency and reliability. Employing the RunPCA algorithm, we executed linear
dimensionality reduction on the amalgamated single-cell sequencing data. The first 30 principal components were selected to facilitate
subsequent non-linear dimensionality reduction and cluster analysis.

Moreover, the integration of single-cell data was accomplished through the utilization of the Harmony [31] algorithm. Harmony,
grounded in batch adjustment principles, proficiently eliminates batch effects across distinct data cohorts. This strategic employment
of the Harmony algorithm facilitated the integration of samples from disparate datasets, thereby yielding a more comprehensive and
harmonized single-cell dataset. This integration strategy markedly reduces technical biases, consequently enhancing the precision of
subsequent cell type identification and analytical endeavors.

The cell type annotation of single-cell data was performed employing the SingleR [32]. SingleR hinges upon reference gene
expression profiles, facilitating the comparison and annotation of individual cell gene expression patterns against a reference database
of cell types. Utilizing PTPRC as a marker for immune cells, EPCAM for epithelial/malignant cells, and PECAM1/CD31 for stromal
cells, we further annotated cell types using the CellMetainfo from the E-MTAB-8107 dataset in the TISCH2 [33] database. Our analysis
revealed 2211 B cells, 16,323 CD4 T cells, 33,616 CD8 T cells, 44,810 fibroblast cells, 5483 endothelial cells, 5900 epithelial cells, 12,
752 M1 macrophages, 26,293 malignant cells, 906 mast cells, 9163 monocytes, 5828 myofibroblasts, 14,148 NK cells, and 3834
plasma cells. Subsequent subtype analysis of fibroblast and malignant cells identified 7 and 3 subtypes, respectively. Leveraging the
FindAllMarkers function, we identified differentially expressed genes for each cell type using a one vs. others strategy, and assigned
names to these clustered cells based on marker genes. This comprehensive analysis sheds light on the intricate cellular landscape of the
studied tissue.

The amalgamation of Seurat’s SCTransformer, Harmony, and SingleR methodologies begets a robust and accurate analytical
framework for the analysis of single-cell sequencing data. Such an analytical arsenal serves to elucidate and juxtapose cell types and
states amongst various samples, unveiling the cellular heterogeneity and dynamic changes pivotal to ovarian cancer progression.
Ultimately, this analytical paradigm contributes vital cues for an in-depth comprehension of the molecular mechanisms underpinning
ovarian cancer and its disease trajectory.

1.3. Fibroblast differentiation assessment

In this study, we harnessed advanced tools, including Cytotrace [34] and Monocle2 [35], to illuminate the intricate process of
fibroblast differentiation within the context of ovarian cancer. Cytotrace, a sophisticated single-cell transcriptome analysis tool,
emerged as our cornerstone for deciphering and tracking the subtle cellular shifts occurring during development and differentiation.
With Cytotrace’s capabilities, we adeptly traced the metamorphic trajectory of fibroblasts within ovarian cancer tissues, thereby
elucidating their dynamic adaptations throughout the course of tumor evolution.

Monocle2, an acclaimed analytical apparatus tailored to single-cell RNA sequencing data, emerged as another invaluable asset in
our arsenal. Particularly designed to delve into cell differentiation and developmental processes, Monocle2 uncovered key
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transcriptional players and pivotal shifts in gene expression profiles intrinsic to fibroblast differentiation. This revelation served as a
gateway to unmasking the inherent functionality and distinctive attributes of these fibroblasts.

Synthesizing the insights harvested from Cytotrace and Monocle2, a comprehensive vista of fibroblast differentiation in the ovarian
cancer milieu emerged. The combined prowess of these analytical tools unveiled a systematic voyage through fibroblast differentia-
tion, chronicling their metamorphosis from a primitive undifferentiated state to a refined, specialized one. This voyage into the
labyrinth of fibroblast differentiation unlocked a profound comprehension of their roles and contributions within the tapestry of
ovarian cancer progression.

Incorporating the transformative power of these analytical instruments enabled us to plumb the depths of fibroblast differentiation
nuances in the realm of ovarian cancer. This, in turn, furnished us with the potent insights required to unravel their pivotal roles in
orchestrating ovarian cancer’s evolutionary dance. This endeavor assumes profound significance in the context of our comprehensive
understanding of the ovarian tumor microenvironment, shedding light on the intricate symphony between malignant cells and fi-
broblasts. As our knowledge matures, it also offers navigational guidance for pioneering novel therapeutic paradigms and refining
prognostic avenues for patients.

1.4. Deciphering the Co-expression landscape of fibroblasts

Within our study, we harnessed the Weighted Gene Co-expression Network Analysis (WGCNA) [36,37] methodology to meticu-
lously unravel the intricate fabric of regulatory networks governing fibroblast behavior. WGCNA, a well-regarded analytical tool in the
gene expression realm, emerged as the linchpin in decoding and exposing the underpinnings of co-expression patterns among genes.
These insights paved the way for the meticulous construction of co-expression networks grounded in these patterns.

Preliminarily, genes with a presence in a minimum of 5% of cells underwent judicious screening. Subsequent to this screening, cells
exhibiting akin expression profiles (with a minimum of 10 cells) were amalgamated into what we term "MetaCells." Our investigative
lens then focused on these amalgamated MetaCells, steering them through the WGCNA analysis.

Through the prism of WGCNA, genes showcasing intimately interwoven expression patterns within fibroblasts were adroitly
apportioned into distinct modules. This modular unraveling, akin to uncovering clusters of interconnected genes, not only laid bare
gene sets intrinsically linked to fibroblast differentiation and function, but also cast light on the intricate regulatory interplay threading
through different modules.

By delving into the labyrinthine co-expression regulatory network residing within fibroblasts, we cast a luminous glow on the
pivotal regulatory pathways and master regulators steering the course of ovarian cancer-associated fibroblasts. This network-centric
analysis method, akin to a navigator’s compass, guided us in identifying the latent target genes and intricacies of regulatory mech-
anisms, thereby unmasking the multifaceted functional tapestry and roles that fibroblasts assume within the context of ovarian cancer.

1.5. Analysis of tumor cell copy number variations

In our investigation, we harnessed the InferCNV [38] method to delve into the copy number variations (CNVs) within tumor cells.
InferCNV, grounded in single-cell RNA sequencing data, serves as an analytical tool for deciphering alterations in gene copy numbers
within cells.

By employing InferCNV, we derived copy number information from single-cell RNA sequencing data, thereby discerning ampli-
fications or deletions in chromosomal segments present within tumor cells. This methodology aids in uncovering copy number
variation events intrinsic to tumor cells, thereby revealing pivotal genes and pathways entwined with tumor development and
progression.

The copy number variations inherent within tumor cells play a pivotal role in tumor development and progression. They have the
capacity to influence the expression levels of critical tumor suppressor genes and oncogenes, thereby impacting tumor cell prolifer-
ation, metastasis, and treatment resistance. Through the analysis of copy number variations within tumor cells, we can identify po-
tential oncogenes and tumor suppressor genes, thus shedding light on genetic variations and adaptive evolutionary processes within
tumor cells.

The copy number variation (CNV) score in the integrated scRNAseq data with fibroblast cells was calculated based on the single-cell
transcriptomic profiles using InferCNV (https://github.com/broadinstitute/inferCNV (version 1.10.1)) (accessed on August 20, 2021).
Stromal cells including immune cells and endothelial cells were selected as references. For the inferCNV analysis, the following pa-
rameters were used: “denoise,” default hidden markov model settings, and a value of 0.1 as the “cutoff” value. Finally, the subclusters
with relatively higher CNV scores were considered malignant cells.

1.6. Transcription factor activity analysis

In our investigation, we harnessed the potential of dorothea [39] tools to dissect transcription factors within single-cell tran-
scriptomic data. Dorothea serves as a transcription factor-centric gene expression regulatory network instrument, aiming to infer
transcription factor activity across diverse cellular types and states. By harnessing transcription factor binding site data and DNA
co-localization modification information, Dorothea constructs a model of transcription factor activity. Encompassing nearly 2000
distinct human and mouse tissue and cell type-specific transcription factors and regulatory elements, Dorothea empowers the analysis
of transcription factor activity within single-cell transcriptomic data, thereby revealing their latent roles in cellular type and state
regulation.
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By applying tools such as Dorothea, we unearth critical transcription factors from single-cell transcriptomic data, thereby deducing
their activity across a spectrum of cell types and states. This transcription factor enrichment analysis furnishes insights into the role of
transcriptional regulatory networks within ovarian cancer development, unveiling the biological functions and latent regulatory
mechanisms of transcription factors. Moreover, by amalgamating with other functional enrichment analysis methodologies such as
gene pathway enrichment analysis and transcription factor-target gene regulatory network analysis, we can delve even deeper into the
pivotal role of transcription factors in ovarian cancer, thereby affording critical insights for the development of novel therapeutic
strategies and prognostication of patient outcomes.

1.7. Bulk-RNAseq deconvolution analysis

In our study, we employed the CIBERSORTx [40] tool for deconvolution analysis of bulk-RNAseq data. CIBERSORTx is a widely
used tool in the field of bioinformatics, designed to infer the relative proportions of different cell types from mixed cell samples’ gene
expression data.

By utilizing CIBERSORTX, we were able to deconvolve the complex mixture of cell populations within Bulk-RNAseq data into
individual cell types and calculate their relative abundances within the samples. This deconvolution analysis method facilitated a
quantitative assessment of the presence of distinct cell types, enabling further exploration of their functions and interactions in the
context of ovarian cancer.

CIBERSORTX leverages machine learning algorithms and predefined reference gene expression profiles to perform deconvolution
calculations on bulk-RNAseq data. It accomplishes this by comparing the gene expression profiles of samples to reference profiles,
thereby inferring the relative proportions of different cell types. This approach, based on known gene expression patterns and pattern
recognition techniques, achieves highly accurate deconvolution of cell composition within Bulk-RNAseq data.

To begin our analysis, we selected 100 cells from each of the 21 cell types within the merged scRNAseq data, creating an expression
profile matrix. Subsequently, we constructed a signature matrix using the "Create Signature Matrix" module of CIBERSORTx (kappa =
999, g-value = 0.01, No.Barcode Genes = 300-500). Next, we conducted deconvolution of the bulk RNAseq data using the "Impute Cell
Fractions" module. We implemented the S-mode to mitigate batch effects between single-cell and bulk RNAseq data, setting permu-
tations to 500. Ultimately, this process yielded absolute scores for the 21 cell types present in the bulk RNAseq data from six sources.
Through deconvolution analysis, we obtained valuable information about the various cell types within ovarian cancer samples,
including immune cells, fibroblasts, and tumor cells. This quantitative analysis of cell types contributes to a deeper understanding of
the tumor microenvironment and cellular composition in ovarian cancer, revealing the interplay between changes in relative cell
proportions and the progression of the disease.

1.8. Cell-cell communication analysis

We employed the CellChat [41] algorithm (https://github.com/sqjin/CellChat, version 1.6.1) to elucidate cell-cell interactions
[22]. In accordance with the official workflow, we imported the normalized count data from Seurat into CellChat for further pro-
cessing. The built-in ligand-receptor database in CellChat was utilized to infer intercellular communication. Subsequently, the CellChat
algorithm was executed to compute probable interactions and pathways using the “computeCommunProb” and “computeCommun-
ProbPathway” functions. To enhance the robustness of our analysis, we filtered out interactions involving fewer than 10 cells per cell
type using the “filterCommunication” function.

1.9. SMR analysis

We implemented an eQTL-based Summary Mendelian Randomization (SMR) analysis, with cis-eQTL serving as the instrumental
variable (IV), gene expression as the exposure, and ovarian cancer as the outcome, as per the method delineated in the SMR software.
As detailed in prior literature [42], SMR employs the tenets of MR to analyze GWAS and eQTL summary statistics concurrently, thereby
testing for a pleiotropic association between gene expression and a trait, attributable to a shared, potentially causal variant at a locus.
The most significant cis-eQTL was utilized in SMR to estimate the gene expression impact on the outcome. The integrity of the genetic
variants as IVs is crucial for SMR to yield consistent estimates, necessitating the fulfillment of three assumptions: 1) association with
the risk factor (gene expression); 2) absence of association with any confounder of the risk factor-outcome relationship; 3) conditional
independence from the outcome given the risk factor and confounders. A P-value less than 1x10 > in a linear regression eQTL analysis
for each variant indicates a negligible weak instrument bias. In the SMR analysis, we adopted a default threshold of P eQTL = 5x10~®to
select the top associated cis-eQTL (within a default window size of 1000 Kb) for the SMR analysis, mitigating the risk of a weak IV. By
default, we eliminated SNPs with allele frequency differences >0.2 between any pairwise datasets, including the LD reference sample
data, the eQTL summary data, and the GWAS summary data. We also undertook a heterogeneity in dependent instruments (HEIDI)
[43] test to assess the presence of linkage in the observed association. The null hypothesis rejection (i.e., PHEIDI <0.05) implies that
the observed association might be attributable to two distinct genetic variants in high linkage disequilibrium. In the HEIDI test, we
adhered to default settings: removing SNPs in very strong linkage disequilibrium [LD, r2 > 0.9] with the top associated eQTL, and SNPs
in low LD or not in LD [r2 < 0.05] with the top associated eQTL; PeQTL<1.5x10~3; number of cis-SNPs>3 for a HEIDI as HEIDI test
loses power if cis-SNPs< 3; and maximum eQTLs in a HEIDI test = 20. Multiple testing was adjusted for using the false discovery rate
(FDR).

Subsequently, we conducted cis-eQTL and SMR analyses for genes related to 21 cell types and Fibroblast differentiation. For each
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cell type, eQTLs with a causal relationship with ovarian cancer were examined for gene-drug interaction relationships using The Drug
Gene Interaction Database (https://www.dgidb.org).

1.10. Statistical analysis

Statistical analysis and bioinformatical processing were carried out in R version 4.1.0 (https://www.r-project.org/), PLINK 1.9
(https://www.cog-genomics.org/plink/1.9/), and the SMR tool (https://cnsgenomics.com/software/smr/). Rstudio was chosen as the
primary working environment, and R packages such as ggplot2, ggpubr, and dittoSeq [44]]were used for the creation of statistical
graphs. For the differential expression analysis of single-cell sequencing data, the Wilcoxon test was utilized. Statistically, results with a
P-value less than 0.05 were considered significant.

2. Results
2.1. Comparative analysis of tumor microenvironment characteristics in ovarian cancer and adjacent normal tissue

By integrating 32 single-cell sequencing samples across four cohorts (Fig. 1A and B), we identified three primary cell types, namely
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Fig. 2. Annotation of cell subpopulations. (A) The tumor microenvironment of ovarian cancer primarily consists of 13 cell subpopulations. (B)
Distribution of the 13 cell subpopulations across the 32 single-cell sequencing samples. (C) Differentially expressed genes in the 13 subpopulations
(one vs. others, Wilcoxon Test). (D) Comparison of cell type markers’ expression between tumor tissue and normal tissue. (E) Comparison of single-
cell subpopulations between tumor tissue and normal tissue. (F) Comparison of differential transcription factor activity between tumor tissue and
normal tissue. (G) Comparison of transcription factor activity differences in the 13 cell subpopulations (one vs. others, Wilcoxon Test).
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Fig. 3. Analysis of fibroblast subpopulations. (A) Fibroblasts in ovarian cancer are primarily divided into seven subpopulations. (B) Distribution of
the seven fibroblast subpopulations in the single-cell sequencing samples. (C) Differentially expressed genes in the seven fibroblast subpopulations
(one vs. others, Wilcoxon Test). (D) Molecular markers of the fibroblast subpopulations. (E) Naming of fibroblast subpopulations based on molecular
markers. (F) Mapping of major molecular markers of fibroblast subpopulations in the fibroblast subpopulation UMAP dimensionality reduction plot.
(G) Functional enrichment analysis results (P.adjust <0.05) of highly expressed genes in fibroblast subpopulations. (H) Differential transcription
factor activity in fibroblast subpopulations.
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Immune cells, Malignant cells, and Stromal cells (Fig. 1A). We observed that the normal tissue was predominantly composed of
Stromal cells, with lesser proportions of Immune cells and Malignant cells (Fig. 1C). Differential expression analysis revealed that the
genes highly expressed in Immune cells mainly included GNLY, CCL5, CD7, KLRB1, and PTPRC. In Malignant cells, the highly
expressed genes were primarily CRISP3, OVGP1, MMP7, S100A1, and RHEX. Conversely, Stromal cells displayed high expression of
genes such as PLA2G2A, SFRR4, DCN, C7, and C110rf96 (Fig. 1D, E, F).

We further subdivided these three primary cell types and identified 23 single-cell subgroups (Fig. S1). Upon annotating these cell
subgroups, we discovered 13 major cell clusters, including CD8T, Malignant, Fibroblasts, CD4T, NK, M1, Monocyte, Epithelial,
Myofibroblast, Endothelial, Plasma, B, and Mast cells (Fig. 2A).

The tumor microenvironment of ovarian cancer tissue and adjacent normal tissue exhibit significant differences. Normal tissues
have a higher proportion of stromal cells, with Fibroblasts being the most numerous within this category. Fibroblasts are more
prevalent in normal tissues, while CD8+T and CD4+T cells are more common in tumor tissues (Fig. 2B). To compare the molecular
markers of tumor tissues and adjacent normal tissues, we first performed differential expression analysis on all single-cell sequencing
data to identify molecular markers for each cell type. We discovered high expression of CD8A, CD8B, IFNG, GZMK, and DUSP4 in
CD8+T cells. Malignant cells showed high expression of OVGP1, CRISP3, S100A1, RHEX, and MMP?7. Fibroblasts displayed high levels
of SFRP4, DCN, PLA2G2A, MEG3, and C7. CD4+T cells were characterized by high expression of IL7R, CCR6, CD40LG, LTB, and
C150rf53. NK cells revealed high expression of GNLY, KLRF1, FGFBP2, TRDC, and KRT81. M1 cells showed high expression of C1QA,
C1QB, C1QC, MS4A6A, and HLA-DQA1. Monocytes displayed high levels of ST00A8, S100A9, MT1H, FCN1, and EREG. Epithelial cells
had high expression of TMEM190, Clorf194, AGR3, FAM183A, and C200rf85. Myofibroblasts showed high levels of MYH11, PLN,
RGS5, RERGL, and ADIRF. Endothelial cells had high expression of CCL21, VWF, CLDN5, FABP4, and ACKR1. Plasma cells showed
high levels of IGLC3, IGHG3, IGHG1, IGLC2, and IGHA2. B cells revealed high expression of CD79A, MS4A1, BANK1, HBA1, and HBA2.
Mast cells exhibited high levels of TPSB2, TPSAB1, CPA3, HPGDS, and MS4A2 (Fig. 2C). These genes can serve as molecular markers
for these cell types. We compared the top molecular markers in tumor tissues and normal tissues (Fig. 2D and E). We found that
OVGP1, a molecular marker for malignant cells, is not expressed in normal cells. Additionally, TPSB2, a molecular marker for Mast
cells, is scarcely expressed in normal tissues. This indicates different states of Mast cells in normal and tumor tissues.

Next, we compared transcription factor activity across the 13 cell types (Fig. 2F and G). We found that the transcription factor ZEB1
was downregulated in Myofibroblasts, HHEX in Endothelial cells, FOXA2 in Plasma cells, and NFKB2 in Mast, Monocyte, and CD8T
cells. CD4+T cells showed downregulation of FOXA2, NFKB2, and NR3C1. NK cells showed downregulation of FOXA2 and NR3C1.
Furthermore, we found that WT1 was significantly upregulated in most cell types, while FOXA1 was significantly upregulated in
Epithelial, Myofibroblast, and Endothelial cells.

Finally, we compared the signaling pathway activity levels across the 13 cell types (Fig. S2). We found that Monocyte cells had high
NFkB and TNFa activity, regardless of whether they were in normal or tumor tissues. The TGFb signaling pathway activity in Fibroblast
cells was notably higher in tumor tissues than in normal tissues, whereas there was no significant difference in Myofibroblasts.
Additionally, we noted that Androgen pathway activity in Plasma and Mast cells in normal tissues was significantly higher than in
tumor tissues. Lastly, we found that the p53 signaling pathway in Epithelial cells was significantly activated in tumor tissues compared
to normal tissues. These findings highlight the distinct transcription factor and signaling pathway activities between the same cell
types in tumor and normal tissues.

In summary, Integrating data from 32 single-cell sequencing samples across four cohorts, our study identifies three primary cell
types in ovarian cancer: Immune cells, Malignant cells, and Stromal cells. Normal tissue is predominantly composed of Stromal cells,
with differential expression analysis revealing distinct molecular markers for each cell type. Subsequent subdivision of these primary
cell types unveils 13 major cell clusters, each characterized by specific gene expression profiles. Notably, differences in cell compo-
sition and molecular signatures between tumor and normal tissues underscore the complex tumor microenvironment. Moreover,
analysis of transcription factor activity and signaling pathway levels reveals dynamic regulatory mechanisms within different cell
types, highlighting potential targets for therapeutic intervention. Overall, our findings provide valuable insights into the cellular and
molecular landscape of ovarian cancer, shedding light on potential biomarkers and therapeutic targets for further investigation.

2.2. Subpopulation analysis of fibroblasts

Cancer-associated fibroblasts (CAFs) significantly influence the prognosis of ovarian cancer [45-47]. Consequently, we focused our
investigation on CAFs, identifying seven subgroups of fibroblasts, annotated by their gene markers (Fig. 3A). Notably, cluster0 was
primarily present in normal tissues, whereas clusters 1, 2, and 6 were predominantly in tumor tissues (Fig. 3B).

These subtypes are characterized as follows: ATRNL1+KCN + Fib (cluster0, 14,256 cells), MMP11+Fib (clusterl, 8520 cells),
SFRP4+Fib (cluster2, 8157 cells), GNB2L1+Fib (cluster3, 4731 cells), HP + PRG4-+Fib (cluster4, 3997 cells), GSN + Fib (cluster5,
3308 cells), and CXCR4+CCL5+Fib (cluster6, 1840 cells) (Fig. 3C, D, E, F). This detailed categorization provides insights into the
diverse fibroblast populations within the tissue, each potentially contributing distinct roles in the microenvironment.

The ATRNL1+KCNIP4+Fib subtype was characterized by 268 highly expressed marker genes, primarily regulating the ErbB
signaling pathway, aldosterone synthesis and secretion, and growth hormone synthesis, secretion, and action. The MMP11+Fib
subtype, with 40 high-expression marker genes, was notably enriched in pathways such as asthma, allograft rejection, Staphylococcus
aureus infection, and Th1 and Th2 cell differentiation. The SFRP4+ Fib subtype, with 37 marker genes, primarily regulated the IL-17
signaling pathway, legionellosis, and the TNF signaling pathway. The HP + PRG4-+Fib subtype, with 28 marker genes, was chiefly
enriched in the complement and coagulation cascades signaling pathway. Lastly, the CXCR4+CCL5+Fib subtype, with 64 highly
expressed markers, was primarily enriched in the T cell receptor signaling pathway, Th1l and Th2 cell differentiation, and primary
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Fig. 4. Fibroblast differentiation. (A) Identification of the initial fibroblast subpopulation for differentiation using Cytotrace. (B) Genes associated
with fibroblast differentiation identified by Cytotrace. (C) Gene Set Enrichment Analysis (GSEA) for enrichment of pathways related to fibroblast
differentiation. A total of 186 pathways from the KEGG database in MSIGDB were analyzed. Gene expression correlation with the differentiation
trajectory was used as the ranking statistic. (D) Fibroblast differentiation trajectory obtained using Monocle2. Branch point 1 represents a key point
in fibroblast differentiation. (E) Positioning of the seven fibroblast subtypes on the trajectory differentiation plot. (F) Identification of five fibroblast
states based on the trajectory differentiation plot (DDRTree dimensionality reduction). (G) Relationship between the five fibroblast states and
fibroblast subtypes. State 1 is mainly composed of ATRNL1+KCNIP4+Fib (cluster 0). (H) Fibroblast fate during differentiation. Fibroblasts at branch
point 1 have two cell fates. ATRNL1+KCNIP4+Fib differentiates into SFRP4+-Fib as Cell fate 1. ATRNL1+KCNIP4+Fib undergoes HP + PRG4+Fib
and ultimately differentiates into MMP11+Fib as Cell fate 2. (I) Functional enrichment analysis results for the main modules regulating fibroblast
(lifferentiation. (J) Expression levels of genes associated with fibroblast differentiation in relation to pseudotime.

immunodeficiency (Fig. 3G).

In the subsequent transcription factor activity evaluation of the seven fibroblast subgroups (Fig. 3H), we found that transcription
factors ZNF683 and SNAI3 were significantly activated in the ATRNL1+KCNIP4-+Fib subtype. For the MMP11+ Fib subtype, MSC,
WT1, NKX3-1, and FOXN4 were significantly activated. Transcription factors KLF2, NFATC2, FLI1, and DMRT2 showed significant
activation within the SFRP4+ Fib subtype. POU2AF1, FOXN4, NKX3-1, and KLF2 were significantly activated in the GNB2L1+Fib
subtype. GATA1, FOXN4, and KLF2 were significantly activated in the HP + PRG4+Fib subtype. The GSN + Fib subtype showed
significant activation of FOXN4, FLI1, and DMRT2. The CXCR4+CCL5+Fib subtype demonstrated significant activation of WT1, IRF7,
and FOXN4. Interestingly, FOXN4 was not activated in the ATRNL1-+KCNIP4-+Fib subtype, but it was significantly activated in the
other fibroblast subtypes, suggesting a possible association between FOXN4 and CAF activation.

Through the screening of transcription factor activity markers, we found that the ATRNL1+KCNIP4+Fib subtype’s transcription
factor activity markers are ZNF683 and SNAI3. The MMP11+ Fib subtype’s transcription factor activity marker is MSC. The
SFRP4+-Fib subtype’s transcription factor activity markers are KLF2 and NFATC2. The GNB2L1+Fib subtype’s transcription factor
activity marker is NKX3-1. The HP + PRG4+Fib subtype’s transcription factor activity marker is GATA1. The GSN + Fib subtype does
not have a specific transcription factor activity marker. The CXCR4+CCL5+Fib subtype’s transcription factor activity markers are
POU2AF1, IRF7, and WT1. In addition, the results of signalling pathway activity analysis by Progeny [48] showed that TGFb signalling
pathway activity was the most active in MMP11+Fib(Fig. S3A, B). As the TGFb signalling pathway plays an important role in the
remodelling of the tumour microenvironment, cancer development and metastasis [49], this suggests an important role for
MMP11+Fib in the tumour microenvironment.

Next, to elucidate the relationships among these fibroblasts, we embarked on an exploration into the cellular differentiation of
fibroblasts within ovarian cancer tissue. Harnessing the analytical power of Cytotrace, we discerned that the ATRNL1+KCN -+ Fib
(cluster0) delineates the earliest differentiated fibroblast cohort (Fig. 4A). This intriguing finding posits ATRNL1+KCN + Fib as being
primarily dispersed within normal fibroblasts neighboring the cancerous cells, which have not yet embarked on the path of differ-
entiation into cancer-associated fibroblasts. This insight into the initial stages of fibroblast differentiation underlines the dynamic
interplay between normal and neoplastic cellular states within the ovarian cancer microenvironment.

We identified the top 20 genes related to cell differentiation (Fig. 4B). Genes such as TMSB4X, B2M, FTL, ACTB, TPT1, and EIF1
exhibit high positive correlations (Pearson corr. >0.7) with the differentiation of fibroblasts. By correlating these genes with the
differentiation time obtained from CytoTRACE, we then ranked them. Subsequent GSEA (Gene Set Enrichment Analysis) of these
ranked genes (using KEGG gene sets) indicated that KEGG PROTEASOME, KEGG SPLICEOSOME, and KEGG OXIDATIVE PHOS-
PHORYLATION pathways are significantly associated with the differentiation of fibroblasts (Fig. 4C). Although CytoTRACE can
determine the degree of cell differentiation based on gene expression profiles, it cannot provide a precise depiction of the details during
cell differentiation. An integrated analysis of fibroblasts revealed seven subgroups. To further disclose the differentiation character-
istics of these subgroups, we investigated the gene expression features of these cell subgroups during pseudo-temporal differentiation
using Monocle2.

Through Monocle2, we identified the first branching point in Fibroblast differentiation (Fig. 4D, E, F, G). Fibroblasts primarily
differentiate towards two directions (Cell fate1, Cell fate2), transitioning from ATRNL1+KCNIP4+Fib (Statel) to SFRP4+Fib (State2),
that is, Cell fatel. The other differentiation pathway goes through HP + PRG4+Fib(state3) and eventually differentiates into
MMP11+Fib (State4,5), that is, Cell fate2 (Fig. 4H). These two differentiation routes underscore the heterogeneity of fibroblast dif-
ferentiation within tumor tissues, which may be associated with the tumor microenvironment where the fibroblasts reside.

By clustering the genes that regulate cell differentiation, we identified five gene regulatory modules. For example, Pseudo_Cluster1,
with minimal fluctuation during fibroblast differentiation, mainly participates in Ovarian steroidogenesis, HIF-1 signaling pathway,
PI3K-Akt signaling pathway (Fig. 4I). We selected 10 genes each to represent the gene expression regulation status of these five
regulatory modules (Fig. 4J).

To unearth the key regulatory factors governing fibroblast differentiation, we employed Weighted Gene Co-expression Network
Analysis (WGCNA) to discern the principal co-expression regulatory modules within the fibroblast population. To ensure the gene
expression regulatory network conformed to the scale-free distribution characteristics, a soft threshold of 4 was chosen (Fig. 5A). We
identified five co-expression modules (blue, turquoise, green, yellow, brown, red), among which the turquoise module showed a
significant negative correlation with other modules (Fig. 5B and C). We selected hub genes from each module for functional
enrichment and module scoring (GSVA [50]) (Fig. 5D). Functional enrichment analyses revealed that the blue module (16 hub genes)
was primarily involved in transcriptional misregulation in cancer, TNF signaling pathway, and Hepatitis C signaling pathway. The
green module (13 hub genes) was largely enriched in antigen processing and presentation, allograft rejection, and graft-versus-host
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Fig. 5. Co-expression analysis of fibroblast subtypes. (A) Selection of an appropriate soft threshold to ensure that the regulatory network follows a
scale-free distribution assumption. (B) Through hdWGCNA, six co-expression regulatory modules were identified in fibroblast subtypes. (C) Cor-
relation between the regulatory modules. Turquoise module shows significant negative correlation with other regulatory modules (brown, blue,
green, yellow) (Pearson, P < 0.05). (D) Functional enrichment analysis of the regulatory modules. (E) Mapping of GSVA scores of hub genes in the
regulatory modules onto the UMAP scatter plot. (F) Correlation (Pearson) between module eigengenes (ME) and pseudotime, as well as tissue (tissue
represented as binary values, 0 and 1, indicating normal and cancerous tissues, respectively). *P < 0.05, **P < 0.01, ***P < 0.001. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

disease. The yellow module was chiefly enriched in Salmonella infection, tight junction, and motor proteins signaling pathways.
Intriguingly, the turquoise module was mainly enriched in ATRNL1+KCN + Fib cells, while the blue module was predominantly found
in MMP11+Fib. The green and brown modules were mainly found in SFRP4+Fib, and the red and yellow modules were widely
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distributed in all fibroblasts (Fig. 5E). Among these, the turquoise module showed a significant negative correlation with both
Pseudotime and tumorigenesis (P < 0.001), while all other modules showed a positive correlation with Pseudotime and tumorigenesis
(P < 0.001). Considering the turquoise module’s enrichment in ATRNL1+KCNIP4+Fib and its significant positive correlation with
Pseudotime in these fibroblasts, it suggests that the turquoise module regulates the differentiation of these fibroblasts, marking an
early event in the differentiation of fibroblasts into cancer-associated fibroblasts. The green and brown modules, although enriched in
SFRP4+Fib, showed a negative correlation with Pseudotime in these fibroblasts, indicating that these modules may not participate in
the differentiation of SFRP4+Fib, but rather maintain their state. Finally, while the red and yellow modules were widely distributed
among all fibroblasts, they showed a significant positive correlation with Pseudotime in all fibroblasts except for GSN + Fib (P < 0.01),
suggesting these modules may play a crucial regulatory role in fibroblast differentiation (Fig. 5F). We constructed co-expression
regulatory networks for the genes in these modules, which were used to demonstrate the regulatory relationships of the core genes
in these modules (Fig. S4).

To encapsulate, we constructed a gene co-expression regulatory network of the hub genes from these six modules, reflecting the
specific co-expression relationships of these regulatory modules. These findings shed light on the complex regulatory network un-
derlying fibroblast differentiation in the ovarian cancer microenvironment.

A B C

Fig. 6. Cell communication analysis between fibroblasts and multiple cell types in the tumor microenvironment. (A) Cell-Cell Contact analysis of
interactions between non-fibroblast cells (sender) and fibroblasts (receiver). (B) Cell-Cell Contact analysis of interactions between fibroblasts
(sender) and non-fibroblast cells (receiver). (C) Cell-Cell Contact analysis of interactions between fibroblasts (sender) and other fibroblasts
(receiver). (D) ECM-Receptor analysis of interactions between non-fibroblast cells (sender) and fibroblasts (receiver). (E) ECM-Receptor analysis of
interactions between fibroblasts (sender) and non-fibroblast cells (receiver). (F) ECM-Receptor analysis of interactions between fibroblasts (sender)
and other fibroblasts (receiver). (G) Secreted Signaling analysis of interactions between non-fibroblast cells (sender) and fibroblasts (receiver). (H)
Secreted Signaling analysis of interactions between fibroblasts (sender) and non-fibroblast cells (receiver). (I) Secreted Signaling analysis of in-
teractions between fibroblasts (sender) and other fibroblasts (receiver).
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The cell-cell communication analysis using CellChat revealed that Endo interacts with Fib in tumor tissues via APP-CD74, while the
interaction with ATRNL1-+KCNIP4+Fib enriched in normal tissues is not conspicuous. On the other hand, ATRNL1+KCNIP4+Fib
interacts with various immune cells such as B, M1, and Monocytes via APP-CD74. Our analysis of Secreted Signaling showed that CD8T
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Fig. 7. Analysis of malignant cell subtypes. (A) Differential expression analysis (one vs. others, Wilcoxon test) of malignant cell subtypes (Ma-
lignant_1, Malignant_2, Malignant_3). (B) Molecular markers of malignant cell subtypes. (C) Tumor stemness index of malignant cell subtypes.
Malignant_3 exhibits the highest tumor stemness. (D) Gene set enrichment analysis of highly expressed genes in malignant cell subtypes. (E) Copy
number variation analysis of malignant cells and fibroblasts. It can be observed from the figure that Malignant_1 has a relatively lower degree of
copy number variation compared to the other two malignant cell subtypes. Additionally, ATRNL1+KCNIP4+Fib exhibits abnormal copy number
variations compared to other normal cells.
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and NK cells act on ATRNL1+KCNIP4+Fib via GZMA-PARD3. Malignant cells act on various Fibroblasts via MDK-NCL and MDK-LRP1,
and fibroblasts also mainly regulate each other via MDK-NCL, MDK-LRP1 (Fig. 6A, B, C).

Finally, the analysis of ECM-Receptor interaction revealed that MMP11+Fib regulates CD4+T, CD8T, Mast, Monocytes, and
CXCR4+CCL5+Fib via ligand-receptor pairs COL1A1-CD44, COL1A2-CD44. These findings provide a comprehensive understanding of
fibroblasts’ differentiation and interaction within the tumor microenvironment, offering potential therapeutic targets for cancer
treatment.

In summary, our investigation focuses on Cancer-associated fibroblasts (CAFs) in ovarian cancer, identifying seven subgroups
annotated by their gene markers. Notably, these subgroups exhibit distinct distribution patterns between tumor and normal tissues,
with implications for the tumor microenvironment. Differential expression analysis reveals specific pathways enriched in each
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Fig. 8. Relationship between tumor microenvironment and ovarian cancer prognosis. (A) CIBERSORTx scores of tumor microenvironment in the
GPL96 cohort. (B) Association between fibroblast subtypes (7 fibroblast subtypes) and malignant cell subtypes (3 malignant cell subtypes) with
ovarian cancer prognosis in the GPL96 cohort. (C) CIBERSORTx scores of tumor microenvironment in the GPL570 cohort. (D) Association between
fibroblast subtypes (7 fibroblast subtypes) and malignant cell subtypes (3 malignant cell subtypes) with ovarian cancer prognosis in the GPL570
cohort. (E) CIBERSORTx scores of tumor microenvironment in the GPL7759 cohort. (F) Association between fibroblast subtypes (7 fibroblast
subtypes) and malignant cell subtypes (3 malignant cell subtypes) with ovarian cancer prognosis in the GPL7759 cohort. The cutoff values for KM
curves were determined using the "surv_cutoff" function from the R package "survminer".
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fibroblast subtype, shedding light on their functional roles within the tissue. Transcription factor activity analysis highlights key
regulatory factors associated with each fibroblast subgroup, providing insights into their activation mechanisms. Additionally,
exploration into fibroblast differentiation using CytoTRACE and Monocle2 reveals dynamic trajectories and regulatory modules
governing this process. Weighted Gene Co-expression Network Analysis (WGCNA) uncovers co-expression modules associated with
fibroblast differentiation and their functional enrichment. Cell-cell communication and secreted signaling analyses elucidate in-
teractions between fibroblasts, immune cells, and malignant cells within the tumor microenvironment. Finally, ECM-Receptor
interaction analysis unveils potential therapeutic targets for cancer treatment. Overall, our findings provide a comprehensive un-
derstanding of fibroblast differentiation and interactions in ovarian cancer, offering insights into therapeutic strategies targeting the
tumor microenvironment.

2.3. Copy number variation analysis of fibroblasts and tumor cells

To further investigate the relationship between fibroblasts and malignant tumor cells, we conducted a study on tumor heteroge-
neity within the malignant cell cluster (designated as malignant). From this cluster, we identified three subgroups of malignant cells
(Malignant_1, Malignant_ 2, Malignant_3). In Malignant_1, the highly expressed marker genes were LCN2, TACSTD2, and MMP?7.
Malignant_2 exhibited high expression of the marker genes IGLC3, IGKC, and HES1. In Malignant_3, the highly expressed marker genes
included TOP2A, UBE2C, and CENPF (Fig. 7A and B).

Through stemness analysis of tumor cells, we found that Malignant_3 exhibited significantly higher tumor stemness than Malig-
nant_1 and Malignant_2, suggesting that Malignant_3 represents the most aggressive tumor cell subgroup (Fig. 7C).

Functional enrichment analysis revealed that the highly expressed genes in Malignant_1 (75 genes in total) were primarily enriched
in pathways such as antigen processing and presentation, tight junction, and pathogenic Escherichia coli infection. The highly expressed
genes in Malignant_2 (114 genes) and Malignant_3 (142 genes), on the other hand, were mainly enriched in pathways like spliceosome,
amyotrophic lateral sclerosis, and prion disease (Fig. 7D).

Lastly, we employed infercnv to analyze the copy number variations (CNVs) among tumor cells and fibroblast subgroups (Fig. 7E).
The results indicated that the CNVs in the ATRNL1+KCNIP4+Fib subgroup of fibroblasts were more abnormal compared to other
fibroblast types, with low copy number regions on chromosomes 1 and 3, and high copy number regions on chromosomes 2, 4, 16, 17,
18, 21, and 22. Malignant_1 exhibited a completely different pattern of copy number variations compared to Malignant_2 and Ma-
lignant_3, with higher copy number variations on chromosome 1 in Malignant_2 and Malignant_3, and lower copy number variations
on chromosomes 5, 6, 7, 17, 21, and 22.

These findings suggest that chromosomal copy number abnormalities were already present in the ATRNL1+KCNIP4+Fib in per-
itumoral tissues. Furthermore, the degree of chromosomal variations was lower in the Malignant_1 subgroup within the malignant cell
cluster.

2.4. Ovarian cancer tumor microenvironment analysis

Next, we used CIBERSORTx to deconvolute 3226 samples from the TCGA-OV (374 samples) and other GPL570(738 samples),
GSE140082(380 samples), GPL96(438 samples), GPL2986(204 samples), GPL6480(677 samples), GPL7759(415 samples) cohorts.
Through deconvolution, we obtained the Absolute scores for 21 cell subgroups (ATRNL1+KCNIP4-+Fib, B, CD4T, CDS8T,
CXCR4-+CCL5+Fib, Endothelial, Epithelial, GNB2L1+Fib, GSN + Fib, HP + PRG4+Fib, M1, Malignant 1, Malignant 2, Malignant 3,
Mast, MMP11+Fib, Monocyte, Myofibroblasts, NK, Plasma, SFRP4+Fib) in these samples (Fig. 8A-C, E).

In the TCGA-OV cohort, univariate Cox regression analysis revealed that Plasma (beta<0, HR < 1, P < 0.01) is a favorable
prognostic factor in ovarian cancer, while SFRP4+Fib, GSN + Fib, and MMP11+Fib are unfavorable prognostic factors (beta>0, HR >
1, P < 0.05). In the GPL570 cohort, we found that GSN + Fib, MMP11+Fib, and Myofibroblasts are unfavorable prognostic factors for
ovarian cancer (beta>0, HR > 1, P < 0.01) (CellTypeRisk.xlsx).

Subsequently, we compared the prognosis of ovarian cancer with high and low infiltration of seven fibroblast subgroups using KM
curves in six large cohorts (GPL96, GPL570, GPL2986, GPL7759, GPL140082, TCGA OV). The cut-off value was calculated using the
surv_cutoff function in the survminer package (Fig. 8B-D, F; Fig. S5). In the GPL96 cohort, high infiltration of GNB2L1+Fib and
MMP11-+Fib was associated with unfavorable prognosis in ovarian cancer, while a higher infiltration score of HP + PRG4+Fib was a
favorable prognostic factor (P < 0.01) (Fig. 8A and B). In the GPL570 cohort, patients with ovarian cancer who had higher infiltration
of ATRNL1+KCNIP4-+Fib and GNB2L1+Fib had better outcomes (P < 0.05). High infiltration of CXCR4+CCL5+Fib, GSN + Fib, and
MMP11-+Fib was an unfavorable prognostic factor in ovarian cancer patients (P < 0.05) (Fig. 8C and D). In the GPL2986 cohort,
ATRNL1+KCNIP4+Fib, GSN + Fib, HP + PRG4+Fib, and MMP11+Fib high infiltration was an unfavorable prognostic factor in
ovarian cancer (P < 0.05) (Figs. S5A and B). In the GPL7759 cohort, high infiltration of GNB2L1+Fib, GSN + Fib, MMP11+Fib, and
SFRP4+Fib was associated with an unfavorable prognosis in ovarian cancer (P < 0.05), while HP + PRG4+Fib and ATRNL1+KC-
NIP4+Fib were favorable factors (P < 0.05) (Fig. 8E and F). In the GPL140082 cohort, high infiltration of CXCR4+CCL5+Fib and HP +
PRG4+Fib were favorable prognostic factors in ovarian cancer (P < 0.05). High infiltration of GNB2L1-+Fib, GSN + Fib, MMP11+Fib,
and SFRP4+Fib were unfavorable factors in ovarian cancer (P < 0.05) (Fig. S5 C, D). In the TCGA OV cohort, high infiltration of
ATRNL1+KCNIP4+Fib was a favorable prognostic factor in ovarian cancer (P < 0.05), while GSN + Fib, MMP11+Fib, and SFRP4-+Fib
were unfavorable prognostic factors (Fig. S5 E, F).

In summary, although the results differ among cohorts, high infiltration of MMP11+Fib, GSN + Fib, and SFRP4+Fib are consis-
tently unfavorable prognostic factors in ovarian cancer. Conversely, ATRNL1+KCNIP4+Fib and HP + PRG4+Fib may convey a
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favorable prognosis for ovarian cancer patients. Combining the above analysis, we found that MMP11+Fib represents a high-risk factor
for ovarian cancer prognosis.

2.5. SMR analysis identifies EQTLs associated with fibroblast differentiation

Through Summary data-based Mendelian Randomization (SMR) analysis integrating EQTL data from GTex v8 ovary tissue and the
ovarian cancer dataset from the GWAS catalog, we identified 2419 genes with EQTLs (Fig. 9A). We charted the distribution of these
genes across chromosomes, with the highest number found on chromosome 1 (212 genes, 9%), and the lowest on chromosome 2 (30
genes, 1%) (Fig. 9B). Among these, 132 genes were associated with fibroblast differentiation. These genes are implicated in pathways
related to drug metabolism-other enzymes, platinum drug resistance, glutathione metabolism, and one carbon pool by folate. Gene
Ontology (GO) analysis revealed associations with mismatch repair and metabolic pathways. These findings underscore a potential
critical link between genes related to fibroblast differentiation and drug resistance in ovarian cancer (Fig. 9C and D).

EQTLs (expression quantitative trait loci) are genomic loci that explain a portion of the genetic variance of a gene’s expression
level. They can provide insights into the mechanisms of complex diseases and traits. In our analysis, we found 132 genes with EQTLs
associated with fibroblast differentiation. These genes are involved in pathways related to platinum drug resistance and glutathione
metabolism, among others. Platinum-based chemotherapy drugs, such as cisplatin and carboplatin, are standard treatments for ovarian
cancer. However, many patients eventually develop resistance to these drugs, which limits their effectiveness. One of the identified
pathways, "platinum drug resistance," likely involves mechanisms that protect cancer cells from platinum-induced DNA damage. Our
results also indicate that genes involved in the "glutathione metabolism" pathway could be associated with chemoresistance in ovarian
cancer. Glutathione is an antioxidant that protects cells from damage. However, in cancer cells, it can confer resistance to chemo-
therapeutic drugs by neutralizing their effects.
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2.6. Cell-specific eQTLs in the ovarian cancer tumor microenvironment

Next, we performed an eQTL analysis on the highly expressed genes of 21 types of cell populations present within the tumor
microenvironment (Data Supplement.x1sx).

In the malignant cell population 1 (Malignant1), we identified seven genes associated with ovarian cancer exhibiting eQTL effects.
Using the DGIdb database (http://www.dgidb.org), PAX8, PPA1, and NDUFC2 were found to have 69 drug-gene interaction hits (see
Supplementary Information). In the malignant cell population 2 (Malignant2), we detected 14 genes associated with ovarian cancer
demonstrating eQTL effects. Similarly, PPA1, NME1, and MIF were discovered to have 6 drug-gene interaction hits. In the malignant
cell population 3 (Malignant3), we revealed three genes associated with ovarian cancer with eQTL effects. Among these genes, only
DHFR had 15 drug-gene interaction hits.

Furthermore, in the analysis of fibroblast subtypes, a total of 66 genes with eQTL effects were found in the ATRNL1+KCNIP4+Fib
subtype. Among these genes, GSTM3, ACYP2, ANXA5, ASPH, HEBP1, MARK3, ENOSF1, APOE, ERCC1 had a total of 67 drug-gene
interaction hits.

Notably, the MMP11+Fib subtype had five genes associated with ovarian cancer showing eQTL effects (FAM114A1, CPE, PPIC,
TMED9, RAB31). Although no drugs associated with these genes were found in the DGIdb database, drugs targeting these genes could
serve as potential avenues for future development.

We have included the genes from other cell types exhibiting eQTL effects associated with ovarian cancer in the Supplementary
Information. Further research into these findings could provide new insights into the cellular dynamics of the ovarian cancer tumor
microenvironment and lead to the development of new therapeutic strategies.

3. Discussion

Ovarian cancer-associated fibroblasts (CAFs) have been identified as pivotal contributors to tumor cell proliferation, invasion, and
metastasis [51]. Cancer-associated fibroblasts play an important role in the tumour microenvironment, while studies related to their
differentiation patterns and their subpopulation composition remain scarce.

Our significant contributions to this research have been the deep analysis of the tumor microenvironment in ovarian cancer. We
identified 13 primary cell populations within ovarian cancer tissue, including CD8T, Malignant, Fibroblasts, CD4T, NK, M1, Monocyte,
Epithelial, Myofibroblast, Endothelial, Plasma, B, and Mast cells. By contrasting the tissue microenvironments of ovarian cancer and
normal ovarian tissue, we observed marked discrepancies. Normal tissue displayed a higher proportion of stromal cells, with fibro-
blasts being predominant. Fibroblast cells play a key physiological role in normal tissue, synthesizing and secreting collagen, elastin,
and other matrix molecules to maintain tissue structural integrity and participate in growth, repair, and regeneration processes. The
higher infiltration of CD8+T and CD4+T cells in tumor tissue aligns with previous studies and is generally considered a crucial in-
dicator of tumor immune response, as these cells are the main executors of the tumor immune response, promoting tumor cell
clearance and immune surveillance [52,53].

Our comprehensive study scrutinised the transcription factor (TF) activity of 13 cellular populations within ovarian cancer tissue
and normal ovarian tissue. Our findings shine light on the underexplored role of the activated transcription factor FOXA2 in cancer-
associated mast cells, with its activity significantly higher in tumor tissue compared to normal tissue. Despite FOXA2 being known for
its crucial role in Th2 immune response activation [54], the biological implications of its heightened activity in mast cells within tumor
tissue warrant further investigation.

Intriguingly, we also observed a significant increase in the activity of FOXA1 in several cell types within tumor tissues. Endothelial
cells, myofibroblasts, epithelial cells, and fibroblasts all exhibited heightened FOXA1 activity compared to their counterparts in normal
tissue. This transcription factor was also notably activated in malignant cells. Previous studies have established FOXA1 as a serum
biomarker for ovarian cancer, with overexpression evident in ovarian tumor tissue [55]. Its role in influencing the progression and
prognosis of breast and prostate cancer has also been documented, suggesting a notable influence on cancer biology [56,57].

Continuing, our analysis of signalling pathway activity across the 13 cell types revealed distinct patterns. For instance, the TGF-beta
pathway in fibroblasts was significantly more active in tumor tissue compared to normal tissue, while no discernible difference was
observed in myofibroblasts. This aligns with previous findings that cancer-associated fibroblasts drive CXCL13 production in activated
T cells via TGF-beta [58]. Key molecules regulating CAFs in hypoxia include TGF-beta and hypoxia-inducible factors (HIFs), which
modulate several mechanisms inducing cancer malignancy, such as extracellular matrix (ECM) remodelling, immune evasion,
metabolic reprogramming, angiogenesis, metastasis, and drug resistance [59].

Lastly, the p53 pathway in epithelial cells was markedly more active in tumor tissue than in normal tissue. The TP53 signaling
pathway plays a vital role in cellular stress response, stimulating cell cycle arrest, DNA repair, and apoptosis in response to various
stresses and damages to maintain cellular homeostasis and overall genomic stability [60]. Many tumor cells harbor TP53 mutations or
functional defects, resulting in a reduced response to DNA damage and other stress factors, thereby increasing the survival and
proliferation ability of tumor cells [61]. This ultimately contributes to malignancy and cancer development. Thus, alterations in the
TP53 signaling pathway are often intimately linked with the onset, progression, and treatment resistance of tumors [62]. Our study
uncovers distinctive transcriptional and pathway dynamics within ovarian cancer, underlining the potential significance of FOXA1 and
FOXA2 in different cell types, and highlighting the role of key signaling pathways, such as TGF-beta and TP53. These findings provide a
solid foundation for future investigations into the complex molecular mechanisms underlying ovarian cancer progression.

Given the pivotal role of cancer-associated fibroblasts (CAFs) in the microenvironment of ovarian cancer, we embarked on a
detailed investigation of the heterogeneity of fibroblasts in ovarian cancer tissues. We identified seven subgroups of fibroblasts:
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ATRNL1-+KCN + Fib (cluster0), MMP11-+Fib (cluster1l), SFRP4+Fib (cluster2), GNB2L1+Fib (cluster3), HP + PRG4+Fib (cluster4),
GSN + Fib (cluster5), and CXCR4+CCL5+Fib(cluster6). Each fibroblast subgroup exhibits unique transcription factors and activated
signaling pathways. Single-cell pseudo-time analysis revealed that ATRNL1+KCN + Fib, predominantly present in peritumoral tissues,
represents the earliest differentiation stage of fibroblasts. Gene Set Enrichment Analysis (GSEA) of genes driving fibroblast differen-
tiation identified Proteasome, Spliceosome, and Oxidative Phosphorylation as the principal signaling pathways. Oxidative Phos-
phorylation is a significant feature of metabolic reprogramming, as supported by studies showing that TRAP1 suppresses the
progression of oral squamous cell carcinoma by reducing oxidative phosphorylation metabolism of cancer-associated fibroblasts [63].

Moreover, we discovered that fibroblasts can terminally differentiate from the initial state of ATRNL1+KCN + Fib into two states:
SFRP4-+Fib and MMP11-+Fib. This indicates that the formation of cancer-associated fibroblasts (CAFs) is not a singular pathway but
differentiates into various CAF types depending on the tumor microenvironment state. CAFs differentiating towards MMP11+Fib are
primarily regulated by Cytokine-cytokine receptor interaction, Legionellosis, and NF-kappa B signaling pathway. MMP11 plays a
crucial role in tumor development and progression [25,64]. Matrix metalloproteinases (MMPs), a family of zinc-dependent endo-
peptidases, degrade almost all ECM proteins to remodel the extracellular matrix (ECM), playing a vital role in the invasion and
metastasis of solid malignancies [65]. High expression of MMP11 in fibroblasts is associated with cancer cell proliferation and co-
incides with activation of the TGFp signaling pathway [66].

To further explore the role of fibroblasts in the tumor microenvironment, we used CellChat to analyze cellular communication
between fibroblasts and other cells in the tumor microenvironment. We found that MMP11+Fib regulated CD4+T, CD8T, Mast,
Monocyte via the receptor-ligand pairs COL1A1-CD44, COL1A2-CD44. CD44 plays vital roles in cell-cell and cell-matrix interactions,
particularly under pathophysiologic conditions. In vitro studies have shown that CD44 is critical for MMP-dependent transforming
growth factor-beta (TGF-p) activation and directional fibroblast migration [67].

Next, we investigated the relationship between the ovarian cancer tumor microenvironment and prognosis using a large sample
size across six platforms. Using Kaplan-Meier curves to compare the infiltration levels of the seven fibroblast subgroups with the
prognosis of ovarian cancer in six large cohorts (GPL96, GPL570, GPL2986, GPL7759, GPL140082, TCGA OV), we found that high
infiltration of MMP11-+Fib, GSN + Fib, SFRP4+Fib was a negative prognostic factor for ovarian cancer. ATRNL1+KCNIP4+Fib and
HP + PRG4+Fib might be beneficial for the prognosis of ovarian cancer patients.

In summary, this study provides valuable insights into the crucial role and complexity of fibroblasts in ovarian cancer. Through
single-cell analysis, we have unveiled the diversity of fibroblasts in ovarian cancer tissues, identified multiple subgroups, and delved
into their function and regulatory mechanisms. This research offers new potential for drug development and therapeutic strategy
design by applying Mendelian randomization to explore the causal relationship of the tumor microenvironment and analyzing genes
with potential drug targets. Our findings provide beneficial guidance for future clinical practice and research. Nonetheless, many
questions remain to be explored, such as the interaction between different fibroblast subgroups, validation of potential drug targets,
which will be one of the future research directions. However, the results of these studies are built on large-scale histological sequencing
technology and require more biological experiments to prove them.
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