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SUMMARY
Tumor neovascularization mediated by endothelial cells (ECs) is essential for ovarian cancer (OC) progres-
sion, but interactions between epithelial cells and ECs are not well understood. Here, we analyze single-
cell transcriptome of 87,847 epithelial cells and 11,696 ECs from fallopian tubes, primary and metastatic
ovarian tumors. Cell differentiation trajectory analysis reveals that fallopian tube cells exhibit a potential
development trend toward primary OC epithelial cells. We identify a sub-population of fallopian tube epithe-
lial cells (FTSEC3), which highly express tumor cell markers and are enriched in vascular endothelial growth
factor production. Two neovascularization-related EC phenotypes (MKI67+ proliferating ECs and ESM1+ tip
cells) are specially found in ovarium tumors, which exhibit strong interactions with FTSEC3. We validate that
genetic disruption of LAMININ and TGF-b with CRISPR in ECs inhibits sprouting angiogenesis. In summary,
this study reveals a reciprocal evolution and interaction between epithelial and ECs in OC development and
progression.
INTRODUCTION

Ovarian cancer (OC) is one of the most common forms of repro-

ductive tumor and leading-cause of cancer death in women. A

widely accepted hypothesis proposes that OC (epithelial) cells

originate from the fallopian tube epithelial cells. Triggered by a

continuous inflammatory environment, fallopian tube epithelial

cells undergo malignant transformations, leading to their migra-

tion onto the ovarian surface and subsequent formation of malig-

nant tumors. Hence, the fallopian tube is recognized as a poten-

tial origin for OC.1 The epithelial-mesenchymal transition (EMT)

state is recognized as a crucial process necessary for themetas-

tasis of cancer stem cells (CSCs).2With the rapid development of

single-cell RNA sequencing (scRNA-seq) technologies,3 single-

cell studies focusing on epithelial cells from normal fallopian

tube have revealed the presence of normal epithelial cells under

partially EMT state.4–7 Recent studies have shown that the EMT

status of fallopian tube epithelial cells may be closely associated

with disease conditions and OC risk. Furthermore, multiple EMT

states of fallopian tube epithelium contribute to the phenotypic
iScience 27, 111417, Decem
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heterogeneity of OC.5 Additionally, in individuals at high risk for

OC, they were found to exhibit the presence of fallopian tube

secretory epithelial cells expressing EMT markers, which were

recognized as progenitor cells for OC.7 Furthermore, the transi-

tion process from normal fallopian tube ciliated epithelial cells to

secretory epithelial cells may represent an early step in tumori-

genesis.6 These findings provide important clues for further

investigating the mechanisms underlying the development and

progression of OC from fallopian tube. However, further interpre-

tation is still required to comprehend the relationship between

EMT state cells and tumor cells. Therefore, we aim to integrate

the vast amount of single-cell transcriptome data from normal

fallopian tube epithelial cells and tumor cells to gain more in-

sights into somatic evolution in the development of OC. Through

subpopulation analysis, we seek to elucidate the potential sub

clusters of fallopian tube epithelial cells that may serve as the

origin of OC.

Another important cell type in the development and progres-

sion of OC is vascular endothelial cells, which play essential roles

in shaping the tumor microenvironment and serve as crucial
ber 20, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Heterogeneity and evolution of epithelial cells in OC

(A) Pseudo-time analysis of OC epithelial cells inferred by Monocle2. Each data point corresponds to a single cell. The colors of the points represent different

tissue types. M: malignant, N: normal.

(B) The cell proportion of epithelial cells of ovarium tumor, normal fallopian tube and ovarium on the pseudo-time trajectory.

(C) UMAP plot with cells colored according to tissue origin.

(D) UMAP plot with epithelial cells colored according to molecular clusters.

(E) Pseudo-time analysis of OC epithelial cells inferred by Monocle2. Each data point corresponds to a single cell. The colors of the data points represent OC

epithelial cell subtypes.

(F) Proportion of cells in cluster Epi1, Epi2, Epi3 on the pseudo-time trajectory.

(G) Heat maps show the GSVA scores of cancer-related function gene sets for module1 and module3.

(H) The differentially expressed genes (rows) along the pseudo-time (columns) in OC epithelial cells.

(I) GO enrichment result of pseudo-time variable gene clusters.
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contributors to tumor progression through neoangiogenesis.

Endothelial cells are functionally heterogeneous. Previously,

we have applied scRNA-seq to unravel the functionally diverse

endothelial cell phenotypes in several malignant tumors.8–10

Angiogenic tip cells possess the ability to modulate the meta-

bolism of tumor cells by regulating glycolysis and oxidative

phosphorylation. These tip cells are predominantly found in tu-

mor tissues, including colorectal cancer (CRC), gastric cancer
2 iScience 27, 111417, December 20, 2024
(GC), lung cancer (LC), OC, pancreatic ductal adenocarcinoma

(PDAC), and renal cell carcinoma (RCC), while they are nearly ab-

sent in normal tissues.11 Tumor endothelial cells exhibit immuno-

modulatory functions, which can influence tumor progression by

decreasing antigen presentation and regulating immune cell

recruitment. In OC, activated endothelial cells (VCAM1+) may

contribute to lymphocyte infiltration and participate in antigen

processing and presentation, thereby enhancing chemotherapy
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Figure 2. FTSEC3 resembles OC epithelial cell signatures and functions

(A) UMAP plot of fallopian tube epithelial cells sub clusters.

(B) Expression of classic marker genes in secretory epithelial cells and ciliated epithelial cells within the fallopian tube epithelial subgroups.

(C) Heatmap of top-rankingmarker genes expression in different fallopian tube epithelial cell sub clusters. In this and all further heatmaps depictingmarker genes,

colors indicate row-wise scaled gene expression, with a mean of 0 and an SD of 1 (Z scores).

(D) Sankey diagram to visualize fallopian tube epithelial cell subtype projection. The number represents the number of cells (k = *1000).

(legend continued on next page)
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sensitivity.12 Interaction between extracellular matrix (ECM) re-

modeling and tumor endothelial cells can regulate tumor cell

adhesion and migration.13 Lymphatic endothelial cells have

been shown to promote lymph node metastasis in high-grade

serous tubo-ovarian cancer.14

Here, we conducted an extensive analysis of 87,847 single-

cell transcriptome of epithelial cells and 11,696 endothelial cells

from OC to investigate the origin of this malignancy. We identi-

fied a secretory fallopian tube epithelial cells sub-population

(FTSEC3), which are positioned at the late differentiation trajec-

tory of fallopian tube epithelial cells, express ovarium tumor

epithelial cell signatures. In addition, we deciphered the EC het-

erogeneity in OC and identified ESM1+ endothelial tip cells,

which interact with FTSEC3 and drive the OV evolution. Through

single-cell transcriptome-based pan-cancer ligand-receptor

analysis, we further discovered and validated that the ECM re-

modeling pathways LAMININ and TGF-b are involving in modu-

lating vascular neoangiogenesis, adding more biological and

cellular insights into the somatic cell evolution and tumorigenesis

of OV.

RESULTS

Heterogeneity and evolution of epithelial cells in OC
To provide deeper insights into the heterogeneity and evolution

of OC cells, we conducted comprehensive single-cell transcrip-

tome analysis of epithelial cells, which were generated using the

10X Genomics technology.5,6,14–25 In total, we obtained 87,847

epithelial cells from both normal tissues and various sites of

ovarian tumor tissues, including malignant ascites, and ovarian

tumors located on the surface of the ovaries, omentum, perito-

neum, and mesentery. Normal tissues included the fallopian

tubes, ovaries, peritoneum, and omentum (Table S1).

To study the potential evolution trends of OC cells, we per-

formed pseudotime trajectory analysis of epithelial cells derived

from different tissue group. Pseudotime analysis revealed that

epithelial cells follow one differentiation trajectory (Figures 1A

and S1A). The cells from different tissue sources were differen-

tially distributed along the trajectory. Cells derived from normal

fallopian tube and ovarium were located at the beginning of the

trajectory, while cells from malignant tissues were positioned

at the later trajectory as compared to cells from normal tissues.

Cell from relapse tumors were positioned at the terminal of tra-

jectory, illustrating the epithelial cell evolution in OC at the sin-

gle-cell levels (Figures 1B and S1B). Compared with cells derive

from normal ovarium, fallopian tube cells exhibit continuous dis-

tribution at pseudotime trajectory. Besides, the ovarium tumor

epithelial cells and normal fallopian tube epithelial cells partially

co-localize at an earlier position along the pseudo time trajectory

(Figure 1B), implying the presence of fallopian tube epithelial cell

subtypes with a developmental degree resembling early ovary

tumor epithelial cells.
(E) Pseudo-time analysis of fallopian tube epithelial cells inferred by Monocle2. T

along the fallopian tube epithelial cell pseudotime trajectory (bottom).

(F) Bubble plots showing the expression of selected marker genes in fallopian tu

(G) The differentially expressed genes (rows) along the pseudo-time (columns) in

(H) GO enrichment result of pseudo-time variable gene cluster 4.

4 iScience 27, 111417, December 20, 2024
To reduce the noises from epithelial cells of other tissues, we

selected epithelial cells derived from normal fallopian tubes and

ovarian tumors for further analysis. The epithelial cells from

normal fallopian tubes and ovarian tumors were separated into

12 distinct clusters (Epi0-Epi11) with strong transcriptional sig-

natures of tissue origin (Figures 1C and 1D). Cluster Epi2 repre-

sents a mixed cell population that includes epithelial cells from

both normal fallopian tube and ovarium tumor. In the UMAP

plot, Cluster Epi3, Epi2, and Epi1 exhibit a linear distribution,

suggesting a potential evolutionary relationship among these

three epithelial cell clusters (Figure 1D). Pseudotime trajectory

analysis suggested that Epi2 cells were situated between Epi3

(early) and Epi1 (late) (Figures 1E, 1F, and S1C). Additionally,

the Epi2 cluster exhibits functional characteristics of both an

inflammation gene module (module3) and an invasion and EMT

gene module (module1), indicating that Epi2 might undergo ma-

lignant transformation from normal tubal epithelial cells under the

influence of chronic inflammation (Figures 1G and S1D;

Table S2). The co-appearance of tumor cells and normal cells

over the pseudotime trajectory coincides with the location of

cluster Epi2 (Figures 1B–1F), implying that the fallopian tube

epithelial cells presented in cluster Epi2 shares similar transcrip-

tomic signatures with OC epithelial cells.

To decipher the functional alterations during the process of

epithelial cell transition, we analyzed the variable genes (differen-

tially expressed) in cluster Epi3, Epi2, and Epi1 along the pseu-

dotime progression (Figure 1H). The significantly altered genes

along the pseudotime trajectory were categorized into five

distinct gene clusters, among which gene cluster 2 consisted

of genes highly expressed in early trajectory (Epi3 and partially

Epi2). These genes are functionally associated with cilium orga-

nization. Genes within cluster 4 were highly expressed in Epi2,

with functions enriched in blood vessel development. On the

other hand, genes within clusters 1, 3, and 5 were highly ex-

pressed in Epi1, and enriched in functions related to tumor

migration and basal metabolism, suggesting after malignant

transition, cancer cell clusters play a role in promoting tumor sur-

vival and invasion (Figure 1I and Table S3). Our analysis of

epithelial cell evolution suggests that fallopian tube epithelial

cell is involved in OC development.

FTSEC3 resembles OC epithelial cell signatures and
functions
Fallopian tube epithelium is highly heterogeneous across pa-

tients. To identify the specific epithelial cell subtype resembling

OC signatures, we used the consensus non-negative matrix

factorization (cNMF) method26 to reduce dimension and cluster

the cells. Fallopian tube epithelial cells were divided into 8 clus-

ters based on 8 gene modules (Figures 2A and S2A). Based on

the expression of functional marker genes in fallopian tube

epithelial cells and the contribution of specific gene modules,

we identified three distinct cell types: fallopian tube ciliated
he colors of the data points represent pseudo time (top). Position of FTSEC3

be epithelial cell sub cluster.

fallopian tube epithelial cells.
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epithelial cells (FTCEC) (FTE2 and FTE5) expressing FOXJ1,

CCDC17, and CCDC78; fallopian tube secretory epithelial cells

(FTSEC) (FTE0-1, 3–4, and 6) expressing KRT7 and PAX8; and

fallopian tube peg epithelial cells (FTPEC) (FTE7, CD44+PAX8-)

(Figures 2B–2D and S2B). In addition to the known CD44 and

RUNX3,5,27 we also found that FTPEC, located in the basal layer

of the fallopian tube epithelium, specifically expressed marker

genes such as SRGN (Figure S2C and Table S4).

To provide deeper insights into the functional characteristics

of the fallopian tube epithelial cell subtypes, we performed

gene ontology (GO) enrichment analysis based on the gene

modules and cell markers (Figures S2D and S2E). The enrich-

ment results reveal that the two subgroups of ciliated cells:

FTCEC1 (TFF3+) and FTCEC2 (SOD1+) share similar enrichment

in cilium functions, but FTCEC2 exhibits marker genes for both

FTCECs and FTSECs (Figure S2B). In FTPEC, the majority of

differentially expressed genes (DEGs) are immune-related

genes. The enriched signaling pathways and dominant gene

modules of these DEGs further support this finding

(Figures S2D and S2E; Tables S5 and S6). The subgroups of

FTSECs show comparable tumor signaling patterns (Figure S2F

and Table S7), however, they display notable distinctions in

terms of DEGs and corresponding gene modules. The functional

characteristics of FTSEC1 and FTSEC2 predominantly involve

terms of cytoplasmic translation and protein secretion. On the

other hand, FTSEC3 and FTSEC4 are enriched in functions asso-

ciated with angiogenesis, ECM synthesis and promoting cell

migration. FTSEC3 and FTSEC4 demonstrate functions more

closely linked to tumor-related processes compared to the other

two FTSEC subgroups. Based on these findings, we speculate

that these two cell types represent distinct subtypes of epithelial

cells that may be involved in OC development.

To validate this, we performed pseudotime analysis and

confirmed temporal ordering of these cell types along the trajec-

tory. The FTCECs are located at the early stage of the pseudo-

time trajectory, FTPECs occupy the intermediate position of

the trajectory, and FTSECs are positioned relatively toward the

end of the trajectory (Figures 2E and S2G). FTSEC3 and

FTSEC4 are indeed positioned toward the very end of the pseu-

dotime trajectory. Notably, FTSEC3 exhibits higher expression of

CSC marker genes (VEGFA, CD44, CD24, and ALDH1A1)

compared to other FTSEC sub clusters23,25 (Figure 2F), indi-

cating that the presence of FTSEC3 is associated with OC devel-

opment. Several sex hormone receptors (AR, ESR1, and PGR)

(Figure 2F), which aligns with the functional characteristics asso-

ciated with FTSEC3, were highly expressed in FTSEC3. We

analyzed the expression of signatures genes along the pseudo-

time trajectory and revealed that genes (cluster 4) predominantly

expressed in FTSEC3 were located at the end of the pseudotime

trajectory (Figure 2G). The genes within cluster 4 exhibit signifi-

cant enrichment in cytokine production, cell migration, epithelial

cell morphogenesis, and protein translation (Figure 2H and

Table S8). Furthermore, it is noteworthy to mention that genes

in the late stage of pseudotime exhibit an enrichment of vascular

endothelial growth factor (VEGF) related signaling pathways

(Figures 2H and S2E), is consistent with the functional character-

istics of FTSEC3, implying FTSEC3 may potentially contribute to

tumor progression, through its regulation of tumor angiogenesis.
Endothelial cell heterogeneity and evolution in OC
Tumor endothelial cells are highly heterogeneous and play

essential role in tumor progression.8,28 Our previous analyses

suggested that fallopian tube epithelial cells (FTSEC3) positively

regulate VEGF production, which reciprocally promotes tumor

neoangiogenesis andOCprogression. To unravel the endothelial

cell heterogeneity, evolution, interaction with epithelial cells, and

roles in OC progression, we carried out a comprehensive inves-

tigation focusing on endothelial cells in OC. Initially, we per-

formed a rigorous annotation of 11,696 OC endothelial cells

and identified 11 distinct endothelial cell phenotypes (subtypes)

(Figures 3A, S3A, and S3B). Based on the expression profiles of

classical endothelial cell marker genes, we have identified

distinct subtypes of endothelial cells, including typical vascular

bed endothelial cells, such as arterial endothelial cells (EC2,

positively expressing GJA5+), venous endothelial cells (EC1,

ACKR1+), capillary endothelial cells (EC5, CA4+), and lymphatic

endothelial cells (EC4, PROX1+) (Figures S3A and S3B,

Table S9). We also identify several functionally distinct endothe-

lial cell subtypes based on expression ofmarker genes, GO func-

tional enrichment analysis and gene set enrichment analysis

(Figures 3B and S3C). These include the tip cells (EC3,

ESM1+), proliferating endothelial cells (EC6, MKI67+), immune

activated endothelial cells (EC10, IGKC+), pericytes (not endo-

thelial cells but annotated as EC7 to be consistent, RGS5+),

and an intermediate phenotype of endothelial cells transitioning

into mesenchymal cells (fibroblasts)29 (EC8, COL1A1+) (Fig-

ure S3D and Table S10). Two endothelial cells phenotypes:

one (EC9) exhibiting proangiogenic (WFDC2) and immune sup-

pressive signatures (leukocyte peptidase inhibitor SLPI) and

the other (EC11) expressing strong ciliated cell markers (CAPS

and TPPP3) were mainly found detected in normal fallopian

tubes.

We further quantified the proportions of endothelial cell sub-

types in the fallopian tube, normal ovarium, and OC tissue. Our

results showed that angiogenic tip cells (EC3), proliferating

endothelial cells (EC6), and immune activated endothelial cells

(EC10) were profoundly detected in OC tissues. Themucosal cili-

ated endothelial cells were only detected in the fallopian tubes

(Figures 3C and 3D). We confirmed our finding of increase in

tip and proliferating endothelial cells by deconvolved bulk tran-

scriptome data for normal fallopian tubes, normal ovarium, and

OC tumor (Figure 3E).

Endothelial tip cells exhibit strong TGF-b signaling and
are associated with poor outcome
Since tip cells are leading the tumor neoangiogenesis, we first

sought to validate the finding of increase ESM1+ tip cell in OC.

We measured ESM1 expression at the RNA level in 40 OC sam-

ples and 10 normal ovary control. Indeed, the ESM1 expression

was significantly increased in OC compared to control (p value =

0.0001, un-pair t test, Figure 4A). We further confirmed that

expression of ESM1 was specific to endothelial cells based on

immunofluorescent assay (Figure 4B). To obtain deeper insights

into tip cell functions, we performed GO enrichment analysis and

found that endothelial tip cells were significantly enriched in

terms related to epithelial and endothelial cell migration (Fig-

ure 4C), suggesting that the endothelial tip cells promote the
iScience 27, 111417, December 20, 2024 5
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Figure 3. Endothelial cell heterogeneity and evolution in OC

(A) UMAP plot of endothelial cell sub clusters.

(B) Bubble plot showing differentially enriched GO terms in each endothelial cell sub cluster.

(C) UMAP plots of the distribution of endothelial cell sub cluster in three tissue types.

(D) Bar plot shows the proportion of different endothelial cell sub clusters in each tissue.

(E) The fractions of four endothelial cell sub clusters between fallopian tube, normal ovarium and OC tissues in OC bulk RNA-seq (GSE223426). Comparisons of

cellular proportions between fallopian tube and ovarian tumor tissues for each endothelial cell sub cluster were performed using Student’s t test.

*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001. Data are represented as median with 25% and 75% percentile.
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epithelial cell migration and angiogenesis, thereby playing a crit-

ical role in the progression of OC. We further analyzed the DEGs

in tip cells as compared to other subtypes of endothelial cells

(Figure 4D and Table S11), as well as 14 signaling pathways in

the endothelial cell subtypes. Our results showed that in addition

to VEGF signaling, tip cells also exhibited high TGF-b signaling

(Figure 4E). The TGF-b pathway has been reported to enhance
6 iScience 27, 111417, December 20, 2024
cell invasion and migration and induce EMT in various can-

cers.30–34 We analyzed the intersection of the TGF-b signaling

pathway genes and the DEGs related to epithelial cell migration,

and identified 5 key genes including PTK2, ACVRL1, CDH5,

TGFB1, and ITGB1 (Figure 4F). All these genes have been re-

ported promoting cancer cell migration and metastasis.34–38

Notably, we observed high expression levels of these five genes
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Figure 4. Endothelial tip cells exhibit strong TGF-b signaling and are associated with worse prognosis outcome

(A) Quantification of ESM1 expression in 40 OC samples and 10 control specimens using quantitative PCR. Values were represented as the mean ± SD of minus

delta CT value between ESM1 and ACTIN. p value = 0.0001, un-pair t test.

(B) Representative immunofluorescence staining images from three OC patient tumor tissues with antibodies against human CD31 and ESM1.

(C) Bubble diagram representation of top 10 significantly enriched GO terms for EC3_Endo_ESM1.

(D) Volcano plot of DEGs in EC3_Endo_ESM1 compared with other endothelial cell sub clusters. The epithelial cell migration genes are labeled.

(E) Mean pathway activity scores of endothelial cell sub cluster.

(F) The Venn diagram shows the intersection of TGF-b signaling pathway genes and DEGs related to epithelial cell migration.

(G) Gene expression levels of TGFB1, PTK2, ITGB1, ACVRL1 and CDH5 in fallopian tube and OC tissues at bulk transcriptome.

(H) Survival analysis with Cox-PH regression model of patients with TCGA-OV grouped by the top10 marker gene of EC3_Endo_ESM1. p values were calculated

by Wald test. p value = 0.022.
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within the endothelial tip cells (Figure 4G), as well as proliferating

endothelial cells. To identify the regulons in OC endothelial tip

cells, we performed gene regulatory network analysis and iden-

tified the specific expression of the transcriptional repressor

Blimp-1 (PRDM1) (Figure S4A). Blimp-1 plays a crucial role in

TGF-b1-induced EMT by inhibiting BMP-5 in breast cancer.39

Furthermore, we examined the association between tip cell sig-

natures and the long-term prognosis of OC patients using data

from The Cancer Genome Atlas (TCGA). We found that patients

with high expression of the top 10 tip cell signature genes had a

significantly lower overall survival rate (Wald test, p value =

0.022) (Figure 4H and Table S12), further confirming their func-

tions in tumor angiogenesis and progression. We also fit a multi-

variate Cox-PH regression model, after adjusting for other cova-

riates in the Cox-PH model, EC3_Endo_ESM1 remained

significantly correlated with the survival rate of OC patients

(Wald test, p value <0.001) (Figure S4B). In summary, our study

highlights the important role of endothelial tip cells in OC pro-

gression, in part through the TGF-b pathway, providing impor-

tant insights into the underlying molecular mechanisms.

Endothelial tip cells interact with FTSEC3 in promoting
OC progression
To further investigate the specific interaction between tip endo-

thelial cells and FTSECs, which resemble ovarian tumor epithe-

lial phenotype, we conducted cell-cell communication between

tip cells and FTSEC3 using ligand-receptor pairs analysis. Firstly,

we studied the output signaling pathways from endothelial tip

cells (EC3) and found that FTSEC3 is the epithelial cell type

receiving the most signals (Figure 5A). Among the various

ligand-receptor pairs identified, the LAMININ, EGF, EPHA,

HSPG, SEMA4, and TRAIL signaling pathways exhibited the

highest signal strength in FTSEC3. We further calculated the

specific strengths of communication between these signaling

pathways and their corresponding ligand-receptor pairs

(Figures 5A and S5A). Notably, FTSEC3 displayed a higher spec-

ificity in receiving HSPG and TRAIL signals. Notably, both HSPG

and TRAIL have been reported to promote tumor cell migration

and EMT,40–42 suggesting that endothelial tip cells promotes

the EMT of FTSEC3 and migration.

Conserved endothelial signaling pathways across tumor
types
To investigate the specificity of these pathways in promoting OC

cell migration and EMT, we identified endothelial tip cells within a

pan-cancer cohort of endothelial cells43 (Figures 5B and S5C).

Subsequently, we examined the expression patterns of the

ligand genes associated with these pathways in five different

types of cancers, including BC, GC, ICC, LC, and PDAC (Fig-

ure 5C). Our findings revealed that EPHA, HSPG, TGF b, and

LAMININ signaling pathways were conserved across all five

types of cancers, while SEMA4 is specific in OC and TRAIL

signaling was minimal in BCs. In addition, our analysis revealed

the presence of the TGF-b pathway, which interestingly, was

exclusively received by FTSEC3 among the various fallopian

tube epithelial subtypes (Figures 5A and 5D). To gain further in-

sights into this interaction, we examined the expression patterns

of TGF-b receptor genes and found that the receptor genes
8 iScience 27, 111417, December 20, 2024
TGFBR1 and TGFBR2 were specifically expressed in FTSEC3

(Figure 5E). At the protein level, we also observed the expression

of TGFB1 in vascular endothelium and TGFBR1 in fallopian tube

epithelium (Figure S5D). We explored the signaling pathway of

FTSEC3 as the signal sender and identified that the strongest

signal received by tip cells via VEGF signaling pathway (Fig-

ure S5E). To further validate the effect of TGF-b, and LAMININ

pathway on EC angiogenesis, we applied CRISPR-Cas9 to KO

the LAMA4, TGFB1, and TGFBR1 genes in cultured primary hu-

man umbilical vein endothelial cells (HUVECs). We obtained over

70% gene KO efficiency for all three genes (Figure 5F). To study

the effect on angiogenesis, we performed spheroid-based

in vitro angiogenesis and validated that the genetic disruption

of LAMA4, TGFB1, and TGFBR1 significantly impairs the angio-

genic capacity of HUVECs (Figure 5G). These results collectively

suggest that endothelial tip cells (EC3) and FTSEC3 exhibit

strong signaling communications, in part through the ECM

modeling pathway, which reciprocally promote OCdevelopment

and progression.

DISCUSSION

In conclusion, we have provided a deep investigation of epithelial

cells and endothelial cell evolution in OC based on single-cell

transcriptome analysis. A number of single-cell RNA sequencing

studies have been conducted on fallopian tube epithelial cells,4–7

which have unveiled the existence of diverse functional subtypes

within normal fallopian tube epithelial cells. These distinct func-

tional subtypes are hypothesized to potentially serve as the

origin cells for OC. The reduction in the abundance of ciliated

cells significantly related with OC risk and disease progres-

sion.44–46 The process of reciprocal transformation between cili-

ated and secretory cells may be one of the potential causes in

FTCEC loss.45,47 In line with these, our analysis identified

SOD3+ FTCEC2, which expresses both markers of ciliated cell

and secretory cells (Figure S2B). The SOD3+ FTCEC2 cells

were located at both early and late stages of pseudo-time trajec-

tory, suggesting that SOD3+ FTCEC cells may be undergoing a

transition to secretory cells. Nevertheless, the mechanisms of

ciliated cell loss and their relationship with tumor progression re-

quires further investigation.

It has been suggested that fallopian tube secretory cells, espe-

cially those under an EMT state, may represent a potential

cellular origin for OC.4–7,45 Gene modules associated with EMT

functions were found to be enriched in FTSEC3. Furthermore,

FTSEC3 expresses multiple tumor stem cell marker genes23,25

and sexual hormone receptor genes,48 lacking the expression

of stromal fibroblast transcription factor PRRX1 gene.5 The evo-

lution of fallopian tube epithelial cells may be associated with the

progression of OC, with FTSEC3 representing the terminal stage

of fallopian tube epithelium evolution. Additionally, the DEGs of

FTSEC3 are also enriched in VEGF-related signaling pathways,

indicating that FTSEC3 plays an important role in tumor angio-

genesis via VEGF signaling. However, it should be noted that a

limitation of our study is the lack of paired fallopian tube and tu-

mor tissues from the same patients, as well as the absence of

follow-up information on the fallopian tube donors. Therefore, it

is currently not possible to establish a direct cause-and-effect
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Figure 5. Cell-cell interactions between tip endothelial cells and FTSEC3

(A) EC3_Endo_ESM1 output signal pathway intensity. Left side indicates outgoing signaling patterns, right side represents incoming signaling patterns. Color

represents relative cell communication strength, with darker colors indicating greater intensity.

(B) UMAP plot showing pan-cancer endothelial cells clusters by color.

(C) The violin plots show the expression of indicated genes in tip endothelial cells of 5 different cancer types.

(D) The circle plot shows the TGF-b signal pathway network. Colors represent different clusters of epithelial and endothelial cells. The thickness of the lines

indicates the strength of cell communication. Thicker lines indicate greater communication intensity.

(E) The violin diagram shows the distribution of ligand-receptor gene expression in the TGF-b signaling pathway in different epithelial and endothelial clusters.

(F) Quantification of CRISPR knockout (KO) efficiency (indel %) in HUVECs (mean ± SD, n = 5).

(G) Quantification of spheroid-based in vitro sprouting angiogenesis (n = 10 spheroid per group, mean ± SD). *, adjusted p value <0.05; ***, adjusted p value

<0.001; ****, adjusted p value <0.0001, one-way ANOVA.
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relationship between fallopian tube epithelial cells in an EMT

state and the transformation into cancer cells. Additional

research and analysis are necessary to provide more compre-

hensive insights. Unfortunately, most of the tumor cell data in

Epi2 did not include information on the International Federation

of Gynecology andObstetrics (FIGO) stage,making it impossible

to determine the potential connection between OC precursor

cells and cancer stage.

Vascular endothelial cells play a crucial role in the develop-

ment and progression of tumors. It has been reported that tip

and proliferating endothelial cells are detectable only in tumor

tissues.8 Our findings indicate that a certain population of tip

endothelial cells also exists in normal fallopian tube tissues,

which might play a role in fallopian tube epithelial cells migration

and OC formation. Furthermore, our results suggest that tip

endothelial cells are highly likely to facilitate the process of

EMT in fallopian tube epithelial cells through LAMININ and

TGF-b signaling. This molecular cascade ultimately enhances

the invasive and migratory capacities of the fallopian tube

epithelium, thereby contributing to the onset and progression

of OC.

Through cell-cell communication analysis between endothelial

cells and fallopian tube epithelial cells, we discovered that

FTSEC3 is the epithelial cell subtype receiving the most output

signals from tip endothelial cells. Previous studies have also indi-

cated that the interaction between secretory epithelial cells and

endothelial cells in the fallopian tubes is more prominent

compared to that with ciliated epithelial cells.48 Moreover, we

found that HSPG and TRAIL are more specifically received by

FTSEC3, suggesting that tip endothelial cells might regulate

the EMT of OC-initiating cells, FTSEC3, through the ligand-re-

ceptor pairs of HSPG and TRAIL, thereby promoting the occur-

rence of OC. Meanwhile, FTSEC3 regulates tip endothelial cells

through the VEGF ligand-receptor pair to promote angiogenesis.

Tip endothelial cells respond to various angiogenic signals, guid-

ing and navigating vascular sprouting, and providing the neces-

sary nutrients and oxygen for tumor growth.13 Finally, we identi-

fied tip endothelial cells in the pan-cancer dataset and examined

the expression of ligand genes involved in the EMT signaling and

ECM modeling pathways. And our findings provide evidence of

the widespread presence of the EPHA, HSPG, TRAIL, TGF-b,

LAMININ pathways in cancer.

In summary, our research has identified FTSEC3 cells are

positioned at the late differentiation trajectory of fallopian tube

epithelial cells, express ovarium tumor epithelial cell signatures,

and are enriched in VEGF production. Additionally, ESM1+ tip

endothelial cells play a significant role in promoting the occur-

rence of OC. Therefore, understanding and intervening in the

functions and regulatory mechanisms of tip endothelial cells

can enhance our understanding of tumor growth and metastasis

mechanisms, and provide new targets and strategies for cancer

therapy.

Limitations of the study
We integrated single-cell transcriptome data that had been con-

ducted over 14 studies. Although we have used bioinformatic

tools to carefully correct any batch effect, the integrated nature

of these single-cell transcriptome data from 84 subjects remains
10 iScience 27, 111417, December 20, 2024
as a potential caveat of the work. Endothelial cells are function-

ally heterogeneous. Due to the technical difficulties in establish-

ing endothelial cell cultures from OC tissues, we have used

normal human umbilical vein endothelial cells (HUVECs) to vali-

date the effect of LAMININ and TGF-b connectomes on cancer

endothelial cell functions, which represents another limitation

of the study.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD31/PECAM-1 antibody (H-3) Santa Cruz Biotechnology sc-376764

anti-ESM1 Abcam ab235966

goat anti-mouse Alexa Fluor 488 Invitrogen A-11001

donkey anti-rabbit Alexa Fluor 647 Invitrogen A-31573

Chemicals, peptides, and recombinant proteins

M199 medium Gibco Cat#22350-029

L-glutamine Gibco Cat#35050-061

Endothelial Cell Growth Supplement (ECGS)/Heparin PromoCell Cat#C-30120

fetal bovine serum Sigma Cat#F7524

SpCas9 IDT Cat#1081059

Opti-MEM Thermo Scientific Cat#31985062

AccuPrime PFX Reaction Mix Invitrogen Cat#92008

methylcellulose Merck Cat#M05129

Collagen-type I solution Merck Cat#08-115

4% paraformaldehyde AH Diagnostics Cat#SC-281692

Critical commercial assays

NucleoSpin Gel and PCR Clean-up kit Macherey Cat#2006/001

Mix2Seq Kit Eurofins Genomics N/A

Experimental models: Cell lines

Human umbilical vein endothelial cells (HUVECs) Isolated from human umbilical vein, this study N/A

Oligonucleotides

LAMA4 gRNA (spacer sequences):

TGACATTGAAGGGAGCTCAG

Synthego, US N/A

TGFB1 gRNA (spacer sequences):

GGCACCTCCCCCTGGCTCG

Synthego, US N/A

TGFBR1 gRNA (spacer sequences):

TTGACTTAATTCCTCGAGAT

Synthego, US N/A

Software and algorithms

Seurat https://satijalab.org/seurat/ version 4.1.0

cNMF https://github.com/dylkot/cNMF version 1.3.5

Monocle2 https://cole-trapnell-lab.github.io/monocle-release/ version 2.22.0

harmony https://github.com/immunogenomics/harmony version 0.1.0

org.Hs.eg.db https://bioconductor.org/packages/release/data/

annotation/html/org.Hs.eg.db.html

version 3.16.0

clusterProfiler https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

version 4.6.0

ggplot2 https://ggplot2.tidyverse.org/ version 3.3.5

GSVA https://bioconductor.org/packages/

release/bioc/html/GSVA.html

version 1.46.0

pheatmap https://www.rdocumentation.org/packages/

pheatmap/versions/1.0.12/topics/pheatmap

version 1.0.12

PROGENy https://github.com/saezlab/progeny version 1.16.0

pyscenic https://github.com/aertslab/pySCENIC version 0.11.2

CellChat https://github.com/sqjin/CellChat version 1.5.0

CIBERSORTx https://cibersortx.stanford.edu/ version 0.1.0

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ImageJ https://imagej.net/ij/ version 2.9.0

Code availability https://github.com/lianglangchao/ovarian_cancer_llc_V2 N/A

Ovarian cancer single cell RNA

expression database

https://dreamapp.biomed.au.dk/OvaryCancer_DB/ N/A

Integrated OC scRNA-seq data https://lambrechtslab.sites.vib.be/en/pan-cancer-

blueprint-tumor-microenvironment-0

N/A

Integrated OC scRNA-seq data https://lambrechtslab.sites.vib.be/en/high-grade-serous-

tubo-ovarian-cancer-refined-single-cell-rna-sequencing-

specific-cell-subtypes

N/A

Integrated OC scRNA-seq data https://github.com/vicDRC/CCR_CD39study/tree/master/data N/A

Integrated OC scRNA-seq data Gene Expression Omnibus (GEO) GSE140819

GSE173682

GSE165897

GSE178101

GSE151214

GSE150443

GSE151316

GSE184880

GSE160755

GSE193371

GSE194105

GSE154600

GSE130000

GSE158937

Other

Nikon laser confocal microscope Japan A1 HD25
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Primary human umbilical vein endothelial cells (HUVEC, less than passage 3) were used for CRISPR KO experiment. HUVECs were

authenticated by evaluating the expression of CD31.

Human samples
Three achieved ovarian tumor tissues (age 52; 56; 69) were used for immunofluorescence staining of ESM1 and CD31 (ethical

approval number of the sample achieve: IRB-2023-978).

METHOD DETAILS

Data collection and processing
All published human OC scRNA-seq data generated using the 10X genomics platforms were selected for our analysis. We filtered the

data according to the quality control criteria described in the original study. If the specific quality control conditions were not

mentioned by the original article, cells with the number of expressed genes <500 (low quality) or >7000 (doublets), or MT% tran-

script > 25% (dead cells), were removed. For more details regarding the data source, patient clinical information, and data process-

ing, please refer to our previous study.49

Consensus Non-negative matrix factorization (cNMF) analysis for single cell data matrix
The cNMF analysis was performed with the following parameters: numiter=200, numhvgenes=3000, and components=np.ar-

ange(2,30). From the resulting decomposition of 8 genemodules out of the range of 2 to 30, we proceededwith dimensionality reduc-

tion and clustering. The ‘‘RunUMAP’’ function from the Seurat package was used for dimensionality reduction, with the reduction

parameter set to ’nmf’ and dims parameter set to 1:8. To identify cell clusters, the ‘‘FindNeighbors’’ and ‘‘FindClusters’’ functions

were applied with default parameters and a resolution parameter of 0.1.
iScience 27, 111417, December 20, 2024 e2
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Pseudotime analysis
Monocle2 (version 2.22.0) was used to explore the underlying changes in epithelial cell function and identify potential lineage differ-

entiation.50 Original UMI count, gene and cell matrix were used as input using the ‘‘newCellDataSet’’ function to create a Monocle

object with lowerDetectionLimit = 0.1, expressionFamily = negbinomial.size(). ‘‘reduceDimension’’ was then used to reduce the

data dimension with method = ‘‘DDRTree’’ and max_components = 2. We performed ‘‘diferentialGeneTest’’ to identify genes that

differed significantly over time.

Endothelial cell single cell data integration and clustering
We extracted the cluster of endothelial cells from the total cells. After applying the criteria: positive for the endothelial cell marker

PECAM1 < 0 and negative for immune cell marker PTPRC=0, we obtained a total of 11,696 endothelial cells. Subsequently, we

applied the ‘‘NormalizeData’’ and ‘‘ScaleData’’ functions on the Seurat object to perform data normalization and scaling. The ‘‘Find-

VariableFeatures’’ function was used to identify variable genes. We then performed Principal Component Analysis (PCA) using the

‘‘RunPCA’’ function.51 After PCA, we used R package harmony (version 0.1.0) to remove batch effects between samples, using pa-

rameters assay.use = ‘‘RNA’’, max.iter.harmony = 15.52 Finally, we performed clustering using the ‘‘FindNeighbors’’ and ‘‘FindClus-

ters’’ functions with a resolution of 0.8.We utilized 30 principal components for the analysis. Subsequently, we applied UniformMani-

fold Approximation and Projection (UMAP) to visualize the cellular landscape.

Gene ontology (GO) enrichment analysis
We employed the R package org.Hs.eg.db (version 3.16.0) for the conversion of symbols and ENTREZIDs. The subsequent GO

enrichment analysis was conducted utilizing the "enrichGO" function of clusterProfiler (version 4.6.0) with the parameters ont="BP"

and pvalueCutoff=0.05.53 The results were visualized using ggplot2 (version 3.3.5).

Identification of differentially expressed genes (DEGs)
To identify markers (DEGs) for identity classes, we utilized the ‘‘FindMarkers’’ function from the R package Seurat. The analysis was

conducted with the following parameters: logfc.threshold = 0.25, min.pct = 0.25, only.pos = T, and return.thresh = 0.05.

Gene Set Variation Analysis (GSVA)
We used the GSVA package (version 1.46.0) for gene set enrichment analysis.54 Specifically, we used single sample gene set enrich-

ment analysis (ssGSEA) to identify enrichment pathways for 50 hallmark gene sets in the Molecular Signature Database (MSigDB) of

each endothelial cell phenotype. The pheatmap (version 1.0.12) was used for data visualization.

Inference of tumor-related signaling pathway activity
We used the PROGENy package (version 1.16.0) to infer the activity of tumor-associated signaling pathways.55 Inference of pathway

activity is based on the gene set of the first 500most responsive genes after the corresponding pathway perturbation. Subsequently,

we computed the Progeny activity scores and added them to our Seurat object. The Progeny scores were then summarized by cell

population, and the results were visualized using pheatmap (version 1.0.12).

Gene regulatory network analysis
SCENIC (version 0.11.2) was used to construct regulatory networks from scRNA-seq data of endothelial cell sub cluster.56 To identify

specific TF regulons for endothelial cell sub cluster, SCENIC analysis was performed on all endothelial cells. We used the pyscenic

(version 0.11.2) and hg38__refseq-r80__10kb_up_and_down_tss.mc9nr.genes_vs_motifs.rankings.feather databases for

GRNboost, RcisTarget, and AUCell. The input matrix was the raw expression matrix that was from Seurat object.

Survival analysis
The Cancer Genome Atlas (TCGA) ovarian cancer data (TCGA, Nature 2011), which consists of clinical information and mRNA

expression matrix, were downloaded from the cBioPortal database (http://www.cbioportal.org/). We calculated the average gene

expression levels of the top 10 genes for EC3_Endo_ESM1 and determined the optimal cutpoint of this variable using ‘‘surv_cutpoint’’

function. Following this, we conducted univariable Cox-PH survival analysis on seven factors: Fraction Genome Altered, Neoplasm

Histologic Grade, Mutation Count, Platinum Status, TMB (nonsynonymous), Tumor Stage 2009, and EC3_Endo_ESM1 (Table S12),

identifying 5 factors significantly associated with survival. Subsequently, we used these five significant factors to fit a multivariate

Cox-PH regression model. Finally, we visualized the results using ‘‘ggsurvplot’’ and ‘‘ggforest’’ functions.

Cell-cell communication analysis
Intercellular interaction analysis was performed using CellChat (version 1.5.0) based on the expression of known ligand-receptor

pairs in different cell clusters.57 The normalized scRNA-seq gene expression matrix was used as the input data. The reference data-

base used for ligand-receptor pairs was ‘‘CellChatDB.human’’. The ‘‘computeCommunProb’’ was used to infer the probability and
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strength of intercellular communication. After that, we used ‘‘netAnalysis_computeCentrality’’ to calculate and visualize the network

centrality scores. Lastly, we used ‘‘netAnalysis_signalingRole_network’’, ‘‘netVisual_bubble’’ and ‘‘netVisual_aggregate’’ for

visualization.

Cell composition deconvolution
Cell composition deconvolution was performed using CIBERSORTx.58 Firstly, a feature gene expression matrix was constructed

based on the marker gene of endothelial cell subtype from the scRNA-seq dataset. Secondly, org.Hs.eg.db was used to convert

ENTREZID of bulk RNA-seq data to gene names. Subsequently, CIBERSORT was employed to estimate the cellular proportions

of bulk RNA-seq samples based on bulk RNA-seq dataset, with parameters set as ‘‘perm = 1000’’ and ‘‘QN = T’’.

Human clinical specimens used for validation experiments
Forty primary ovarian tumors and ten normal ovary tissues as described previously59 were used for quantification of ESM1 expres-

sion at the RNA levels. Three ovarian tumor tissues were collected for multiple immunofluorescence staining. Informed consent was

obtained from all patients for the collection and use of clinical samples, and the study was approved by the Scientific Ethics Com-

mittee of Zhejiang Cancer Hospital (IRB-2023-978).

RT-qPCR
TRIzol reagent was utilized for total RNA extraction. To assess mRNA levels, cDNA synthesis was performed utilizing Hiscript II Q RT

SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech, Nanjing, China), followed by PCR amplification using ChamQ Universal SYBR

qPCR Master Mix (Vazyme). b-actin mRNA served as a reference. The qPCR primer sequences are listed in Table S13.

Immunofluorescence
Paraffin sections (4 mm) from clinical specimens underwent a series of dewaxing and hydration steps. Antigen retrieval was then

executed using 0.01M citrate buffer (pH 6.0), employing microwave treatment for 25 min, followed by gradual cooling to room tem-

perature and thorough washing with PBST. Tissue permeabilization was achieved by treating the sections with 0.1% Triton X-100 for

10 min. Subsequently, endogenous peroxidase activity and non-specific antigens were blocked, followed by incubation with the pri-

mary antibodies anti-CD31/PECAM-1 antibody (H-3) (1:500; sc-376764, Santa Cruz Biotechnology) and anti-ESM1 (1:500,

ab235966, Abcam), overnight at 4�C. After washing, the sections were incubated with the appropriate Alexa Fluor-conjugated sec-

ondary antibodies [goat anti-mouse Alexa Fluor 488 (1:2000; A-11001, Invitrogen) and donkey anti-rabbit Alexa Fluor 647 (1:20000;

A-31573, Invitrogen)] at room temperature for 40 min. Finally, the sections were incubated with DAPI for 10 minutes before image

acquisition using a Nikon laser confocal microscope (A1 HD25, Japan).

Human umbilical vein endothelial cells (HUVEC)
Primary HUVECs were cultured in M199 medium (Gibco, #22350-029) supplemented with 2 mM L-glutamine (Gibco, #35050-061),

0.4% Endothelial Cell Growth Supplement (ECGS)/Heparin (PromoCell, #C-30120), and 20% fetal bovine serum (FBS) (Sigma,

#F7524).

CRISPR-Cas9 based gene editing of HUVECs
CRISPRon60 was used to design and evaluate the guide RNAs for LAMA4, TGFB1, and TGFBR1 knockout (KO). The designed gRNAs

were then purchased from Synthego, US. For nucleofection, ribonucleoprotein (RNP) complex required was prepared by mixing

2.4 ml nuclease free water with 1.2 ml of gRNA (3.2 mg/ml) and 1.2 ml of SpCas9 (10 mg/ml) (IDT, #1081059), and placed in room tem-

perature between 10 to 60 minutes. HUVEC cells (2 3 105) were resuspended in 36.2 ml Opti-MEM (Thermo Scientific, #31985062)

and 4.8 ml RNP complex for the gene KO. Nucleofection was performed using the 4D-Nucleofector X Unit (Lonza, CH) under the pro-

gram termedCM138. Immediately after nucleofection, 150 mL prewarmedM199mediumwith supplements was added to eachwell in

the nucelocuvette. The nucleofected HUVECswere then seeded in the 0.1%gelatin coated 24-well plate with a total volume of 500 mL

culturing medium and incubated for 24 h in 5% CO2 at 37
�C. CRISPR KO cells were harvested for KO efficiency quantification and

sprouting angiogenesis 48 hours after nucleofection.

KO efficiency quantification with ICE assay
PCR was carried out using the AccuPrime PFX Reaction Mix (Invitrogen, Waltham, MA, USA, #92008) and gene specific primers

(Table S14). The PCR product was purified using a NucleoSpin Gel and PCR Clean-up kit (Macherey, #2006/001) for Sanger

sequencing at Eurofins Genomics with a Mix2Seq Kit (Eurofins Genomics, Germany). The Sanger sequencing data were analyzed

with the web tool ‘‘ICE’’, a KO analysis tool by Synthego, to calculate the overall CRISPR gene editing efficiency.

Spheroid assay
53 105 HUVECs cells were resuspended in 12.5ml of EGM2mediumwith 20%methylcellulose (Merck, #M05129) solution. Thewell-

mixed cell suspension was transferred to multichannel pipette reservoir. Cell suspensions were evenly transferred to non-adherent

plastic dishes, with 25 ml per droplet. The plates with individual cell droplets were cultured upside down and incubated for 24 hours at
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5% CO2 at 37
�C. Evenly form and rounded spheroids were observed on the succeeding day. 10 ml of DPBS with 10% FBS solution

was spread on the non-adherent plate to harvest spheroids in a 50 ml conical tube and sedimented by centrifuging at 300 g for 5mi-

nutes and then at 500 g for 3 minutes. The centrifuge was set to no brake mode for this sedimentation process. The supernatant was

carefully aspirated, and the pellet obtained was gently loosened by inverting the tubes. The pellet was then overlayed with polymer-

ization solution (made on ice) constituting of 375 ml of Collagen-type I solution (Merck, #08-115), 475 ml of methyl cellulose with 40%

FBS, 150 ml of Sodium Bicarbonate (15.6 mg/ml), and 10 ml of 1 M Sodium Hydroxide respectively per unit volume of polymerization

reagent required. The required volume of polymerization solution was calculated as 1 ml per 60 spheroids. 500 ml of the polymeriza-

tion solution containing spheroids was transferred to 24 well plates and incubated with an incubator for polymerization. After 20 mi-

nutes, we added 500 ml of EGM2media and incubate it at 37�C and 5%CO2. Sprouts were visible within 6 hours and the media was

removed and replaced with 500 ml 4% paraformaldehyde (AH Diagnostics, #SC-281692) solution for fixation. Sprouts were imaged

using ZOE fluorescent Cell Imager system. The images were then analyzed using Fiji (ImageJ) v. 2.9.0 analysis tool and sprout length

were quantified. The graph obtained were plotted using the Graphpad Prism 9 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using the ggpubr R package (version 0.4.0) and Graphpad Prism 9. The significance of the ratio

of endothelial cell subtypes was evaluated by Student’s t test. Statistical significance was defined as p < 0.05 (*p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; ns, not significant). To determine the statistical significance of differences between survival curves in

Cox-PH regression model, we performed Wald test using the implementation provided in the survival package. One-way ANOVA

with multiple comparison was used for statistical analysis of sprouting between different cell lines. Pooled data are represented

as mean +/- SD. Box plot data are presented as median with 25% and 75% percentile.

ADDITIONAL RESOURCES

The integrated ovarian cancer single cell expression database can be accessed through this url: https://dreamapp.biomed.au.dk/

OvaryCancer_DB/.
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