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Distinct niche structures and intrinsic
programs of fallopian tube and ovarian
surface epithelial cells

Guyu Qin,1,2,4 Eun-Sil Park,1,2,4 Xueqing Chen,1,2,4 Sen Han,1,2 Dongxi Xiang,1,2 Fang Ren,1 Gang Liu,1

Huidong Chen,3 Guo-Cheng Yuan,3 and Zhe Li1,2,*

SUMMARY

Epithelial ovarian cancer (EOC) can originate from either fallopian tube epithelial
(FTE) or ovarian surface epithelial (OSE) cells, but with different latencies and dis-
ease outcomes. To address the basis of these differences, we performed single
cell RNA-sequencing of mouse cells isolated from the distal half of fallopian
tube (FT) and surface layer of ovary. We find at the molecular level, FTE secretory
stem/progenitor cells and OSE cells resemble mammary luminal progenitors and
basal cells, respectively. An FT stromal subpopulation, enriched with Pdgfra+ and
Esr1+ cells, expresses multiple secreted factor (e.g., IGF1) and Hedgehog
pathway genes andmay serve as a niche for FTE cells. In contrast, Lgr5+ OSE cells
express similar genes largely by themselves, raising a possibility that they serve
as their own niche. The differences in intrinsic expression programs and niche
organizations of FTE and OSE cells may contribute to their different courses
toward the development of EOCs.

INTRODUCTION

Epithelial ovarian cancer (EOC) is the most lethal malignancy of the female reproductive system, largely

because of the fact that most EOCs are diagnosed only after the cancer has metastasized into the perito-

neal space of patient.1,2 Although the overall survival rate 5 years after the diagnosis throughout the world

is around 46%, it is reduced to only �29% when the cancer is detected at the late stage.2 Thus, to improve

EOC patient outcome, a major challenge is to understand the early stage of the disease. EOCs are classi-

fied as several histologic subtypes,3,4 which resemble theMüllerian duct-derived fallopian tube (FT) (serous

EOC), endometrium (endometrioid EOC), endocervix (mucinous EOC), or vagina (clear cell EOC). Themost

common subtype is serous EOC, which is an aggressive type of EOC with high fatality, and typically carries

TP53 mutations4,5; this is also the EOC subtype often developed in BRCA1 and BRCA2 mutation carriers.

The cellular origin of EOCs has been a topic of long-standing debate.6 In one view, it is proposed that EOCs

are derived from transformation of ovarian surface epithelium, a layer of less differentiated epithelial cells

lining the ovarian surface (OS) and inclusion cysts within ovaries. The incompletely committed and multi-

potential nature of ovarian surface epithelial (OSE) cells potentially provides a cellular basis for the pheno-

typic diversity observed in EOCs. In a second view, it is proposed that EOCsmay originate from the fimbrial

epithelial cells of the FT that later metastasize to the OS. This view is mainly supported by the precursor

lesions [e.g., serous tubal intraepithelial carcinoma (STIC)7,8] detected in the fimbrial portion of the FT

observed in ovarian cancer patients, in particular in those with germline BRCA1 mutations. It is also sup-

ported by several genetically engineered mouse models in which transformation of fallopian tube epithe-

lial (FTE) cells led to development of EOCs.9–11 More recently, evidence frommouse models, largely based

on organoids derived from FTE and OSE cells, respectively, further supported the dual origins of EOCs;

specifically, it was shown that both FTE and OSE cells could serve as cells-of-origin of high-grade serous

ovarian cancers (HGSOCs).12,13

Of note, when the same genetic lesions commonly found in human HGSOCs were engineered into murine

FTE and OSE cells in vivo or in vitro (into their corresponding organoid cells), both types of mutated cells

could form HGSOCs in situ or on transplantation.12,13 However, the mutated FTE cells formed malignant

tumors with a shorter latency and higher penetrance than OSE cells; in addition, the mutated cells also
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exhibited distinct cellular origin-dependent chemosensitivities.12,13 These differences could be because of

intrinsic lineage-specific differences in FTE andOSE cells, particularly their corresponding stem/progenitor

cells, which often serve as cell-of-origin of cancer.14 OSE homeostasis and ovulatory regenerative repair are

maintained by LGR5+ OSE cells.15,16 FT epithelium is sustained by FTE stem/progenitor cells in the secre-

tory cell lineage.17 The difference could also be attributed to distinct regulations of OSE and FTE stem/

progenitor cells by their corresponding niches. The fate and homeostasis of epithelial cells are dominantly

controlled by their supporting cells, or niche, which produces secreted factors to regulate both stem cell

self-renewal and differentiation via signaling pathways.18–20 Loss of proper control of epithelial stem/

progenitor cell behaviors by their niche can facilitate malignant growth of epithelial cells.20

Currently, very little is known about any difference in the intrinsic programs and niches that regulate OSE

and FTE stem/progenitor cells. A better understanding of this is crucial for gaining insights into how

distinct cells-of-origin of EOCs contribute to different disease latencies and outcomes. To address this,

we performed single cell RNA-sequencing (scRNA-seq) of cells isolated from mouse FTs (i.e., oviducts)

and ovaries. Analyses and comparison of these data revealed that at the molecular level, FTE secretory

stem/progenitor cells and OSE cells resemble luminal progenitors (LPs) and basal cells in the mammary

gland, respectively. Furthermore, we identified a subset of FT stromal cells expressing Pdgfra and Esr1,

as well as multiple secreted factor (e.g., Igf1, Rspo1) and Hedgehog pathway (e.g., Smo) genes. We pro-

vided experimental evidence to support that FT stromal cells may serve as a niche for FTE cells. In contrast,

we found that Lgr5+ OSE cells express similar genes largely by themselves, thus raising a possibility that

they serve as their own niche. We conclude that the differences in intrinsic expression programs and niche

organizations of FTE and OSE cells may contribute to their different courses toward the development

of EOCs.

RESULTS

Summary of scRNA-seq data

Mouse and laying hen are commonly used animal models for studying human ovarian cancer.21,22 As

both FTE and OSE cells in mice have clearly been shown to serve as cells-of-origin of EOCs, we focused

on mouse as the model system here. To perform single cell expression analysis of FT and ovary and to

compare their transcriptomes, we isolated FT and ovarian tissues from two wild-type (WT) adult FVB

female mice. For FT, we cut each FT into two-halves and only subjected the distal half (i.e., the portion

close to ovary, thus including the fimbrial region, Figure 1A) to single cell preparation. For ovary, we

stripped the surface layer of each ovary (i.e., OS) via enzymatic digestion and prepared single cell sus-

pension, which is enriched with OSE cells (Figure 1A). We used the inDrop platform23 to barcode single

cells from FT and OS samples; the resulting expression libraries were then subjected to high throughput

sequencing. On resolution of various barcodes and generation of expression matrix for individual cells,

we utilized the Seurat single cell data analysis tool24 to integrate and analyze the expression dataset.

The estimated number of cells, total number of genes, median number of genes per cell, and median

UMI counts per cell for each sample are summarized in Figure S1A. We performed additional quality

control (QC) to filter out doublets or multiplets, as well as damaged or dead cells (Figure S1B). From

the remaining FT and OS single cells, we generated cell clusters by using the non-linear dimensional

reduction approach Uniform Manifold Approximation and Projection (UMAP). Because single cells

from the two biological replicates of each organ clustered together tightly (Figure S1C), we pooled

single cells from both FT (i.e., FT#1 and FT#2 as FT) or OS (i.e., OS#1 and OS#2 as OS) samples in

all subsequence analyses.

UMAP analysis of the all-in-one dataset revealed eight cell clusters (Figure 1B, marker genes enriched in

each cluster are shown in Table S1). Single cells from FT and OS samples only exhibited minimal overlap-

ping in the UMAP 2-Dimensional space (Figure 1C), suggesting distinct transcriptomes of cells from these

two organs. Among cell clusters, clusters #0, 3, 4, 6 and 7 mainly included cells from the FT samples, with

clusters #6 and 7 composed of only FT cells; clusters #1 and 5 mainly included cells from the OS samples,

with cluster #5 composed of only OS cells (Figures 1D and S1D). A quick examination of these cell clusters

based on well-known marker genes (e.g., based on The Human Protein Atlas25) revealed that clusters #0, 4

and 6 contained FTE secretory cells (based onOvgp1, Pax8), cluster #7 contained FTE ciliated cells (Foxj1),

cluster #5 contained OSE cells (Lgr5, Aldh1a2), and clusters #1 and 3 were probably enriched with various

stromal cells in the FT tissue (Col1a2, Spp1); of note, cluster #1 may also contain granulosa (Hsd17b1) and

stromal/theca (Cyp11a1) cells in the ovary (Figure 1E). Lastly, cluster #2 contained relatively equal number
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of cells from both FT and OS samples. Of note, we noticed top enriched genes of this cluster were mainly

hemoglobin (Hbb)-related genes (Figure S1E); violin plot further confirmed that many cells within this

cluster expressed high levels of Hbb genes (Figure S1F), suggesting cluster #2 was largely composed of

hematopoietic cells, particularly erythrocytes. We thus excluded this cluster in subsequent analyses.

Figure 1. scRNA-seq identified distinct cell populations in FT and OS tissues

(A) Schematic diagram showing the types of FT and OS tissues used for making single cell suspensions and subsequent

scRNA-seq.

(B) Eight distinct clusters were identified from FT and OS single cells by using UMAP clustering.

(C) UMAP clusters in (B) were labeled to show their FT or OS sample identity.

(D) Summary of eight cell clusters (0–7) and composition of FT and/or OS cells in each cluster; labels for FT or OS subsets

within each cluster (if any) are also shown.

(E) Heatmaps showing expression of representative marker genes in various cell clusters in the UMAP plot as in (B).

See also Figure S1 and Table S1.
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FTE cell clusters

Next, we further analyzed cell types in the distal half of the FT. Expression of epithelial cell marker Krt8 and

Epcam revealed that FTE cells were distributed among clusters #0, 4, 6 and 7 (Figure 2A). By using the well-

established markers for FTE secretory (e.g.,Ovgp1, Pax8) and ciliated (e.g., Foxj1) cells, we found that clus-

ters #0, 4, and 6 were mainly composed ofOvgp1+Pax8+ secretory cells, whereas cluster #7 was composed

of Foxj1+ ciliated cells (Figure 2A). To more systematically define the cell identities in each cluster, we

generated expression data for different subsets of cells in each cluster (if any) based on their tissue of origin

(Figure 1D; e.g., FT_1 or OS_1 represent cells in cluster #1 from FT or OS tissues, respectively). By gene set

enrichment analysis (GSEA),26 we confirmed significant enrichment of various cilia-related gene sets in FT_7

cells (Figure S2A). By comparing to gene expression signatures of various human FTE subpopulations from

a recent single cell study,27 we observed profound enrichment of gene sets for human ciliated cell subpop-

ulations 3, 4, 1, and to a lesser degree, subpopulation 2, in FT_7 cells (Figure S2B). This comparison sug-

gests that murine FT_7 ciliated cells from our study closely resemble human partially (ciliated_3) and fully

(ciliated_4) differentiated FTE ciliated cells.27

To determine the identities of various secretory cell subsets in clusters #0, 4, and 6, we performed cross-

species comparisons with FTE cell subsets in normal human FT tissues defined by scRNA-seq from two

recent studies.27,28 By GSEA, we found that FT_4 cells most closely resembled the human FTE C4 subtype

from the Hu et al. 2020 study (i.e., KRT17 cluster) (Figures 2B and S2C), which is a cluster highly expressing

MHC-II genes, KRT17/23, and ALDH genes, and may represent an FTE progenitor population.28

Consistently, we found multiple stem/progenitor cell genes [e.g., similar to those expressed in mammary

epithelial LPs,29 such as Lbp, Ctsc, Kit, Cxcr4, Cd14] were highly expressed in murine FTE cells in cluster #4

(Figure 2A). Furthermore, by GSEA, we found gene sets related to MHC-II/antigen presentation, mammary

LPs, and invasive EOCs were also significantly enriched in this cluster (FT_4, Figure 2B). At the pathway

level, we found that gene sets related to metabolism, transport, and infection were among top-enriched

gene sets (Figure S2D). The enrichment of infection-related gene sets may be because of higher expression

levels of immune-related genes (e.g., in sensing bacterial infection) in FTE cells in cluster #4. Lastly, GSEA

also revealed that FT_4 cells most closely resembled human FTE secretory clusters 2 and 3 from the Dinh

et al. 2021 study (Figure S2E), which may represent committed and early progenitor cells in the secretory

lineage, respectively.27 Lastly, FT_0 and FT_6 cells had low library complexity and exhibited positive enrich-

ment of human FTE C1 (Figure S2C), which together with human FTE C2 (both also exhibited low library

complexity), may represent quiescent populations because of cell senescence or loss of hormonal influ-

ence.28 A comparison to the Dinh et al. 2021 revealed that both FT_0 and FT_6 cells most closely resembled

human secretory cluster 1 (Figure S2E), which may represent the most differentiated secretory cells.27

Collectively, these expression analysis and cross-species comparisons suggest that: (1) FT_4 cells may

represent FTE stem/progenitor cells in the secretory lineage, whereas FT_0 and FT_6 cells, which appear

to include more than half of FTE cells, may represent quiescent/differentiated secretory cells; (2) major FTE

subpopulations are conserved between human and mouse. Of note, a recent study demonstrated that

mouse FTE (oviduct epithelial) cells constitute two developmental distinct lineages spatially separated

along the distal and proximal regions.30 As our scRNA-seq data was collected from the distal half of the

FT, FTE cells in our dataset likely reflect the distal FTE lineage, which could be uniquely susceptible to

EOC initiation.

FT stromal cell clusters

In the remaining two clusters (#1, #3) containing FT cells, we found FT_1 and FT_3 cells were largely nega-

tive for epithelial markers (e.g., Krt8, Epcam) and FTE markers (e.g., Ovgp1, Pax8, Foxj1) (Figure 2A),

suggesting they may represent two FT stromal cell subpopulations. Importantly, we found many genes en-

coding secreted growth factors and signaling molecules were expressed in FT stromal cells, particularly in

those from cluster #3 (Figure 2A). In FT_3 stromal cells, we found that many of them expressed R-spondin1

(encoded by Rspo1), a key agonist for Wnt signaling31; of note, stromal cells in FT_3 also appeared to be

the only cell population in the FT that expressed Rspo1 and Rspo1 was also the main Rspo gene expressed

Figure 2. Summary of FT epithelial and stromal cell clusters

(A) A heatmap showing expression of representative genes in clusters enriched with FTE cells (0, 4, 6, 7) and those enriched with FT stromal cells (1, 3).

(B) GSEA showing enrichment of representative gene sets in FTE secretory cells in the FT_4 sub-cluster. NES: normalized enrichment score.

(C) GSEA showing representative gene sets enriched in two FT stromal cell subsets (FT_3, FT_1).

See also Figures S2 and S3.
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in the FT. In addition, FT_3 stromal cells also expressed additional secreted factor genes that may regulate

homeostasis of the nearby FTE cells by various pathways (e.g., Wnt4/5a for Wnt signaling, Igf1 for IGF/

IGF1R signaling, Bmp4/7 for BMP signaling, Figure 2A), thus raising an intriguing possibility that they

may constitute a niche for maintaining the FT epithelium. Of note, we found that some FT stromal cells

in cluster #3 (but not in cluster #1) also express Esr1 (Figure 2A), suggesting that FT_3 stromal cells may

include a subpopulation of hormone receptor-positive (HR+) stromal cells. We stained FT tissue sections

for estrogen receptor alpha (ERa), and found that in addition to ERa+ FTE cells, many stromal cells with

flat nuclei were also ERa+, whereas those with round nuclei were typical ERa� (Figure S3A). Of note, human

FT sections (from BRCA1/2mutation carriers) also exhibited a similar stromal ERa staining pattern.32

At the pathway level, GSEA revealed gene sets related to extracellular matrix (ECM), collagens, and im-

mune response (e.g., complement) were among the top enriched ones in FT_3 cells, whereas gene sets

related to metabolism (e.g., PPAR signaling, steroid hormones, fatty acid biosynthesis) were enriched in

FT_1 cells (Figures 2C, S3B, and S3C). In addition, a direct comparison of FT_3 to FT_1 stromal cells re-

vealed that FT_3 stromal cells expressed multiple muscle contraction-related genes at higher levels than

those in FT_1 (Figure S3D), suggesting that many FT_3 cells may represent myofibroblasts. Of note,

myofibroblasts have been shown as niche cells for multiple epithelial stem cell types (e.g., intestinal,

lung alveolar type 2, gastric).33–36 Importantly, in a recent study of scRNA-seq analysis for human FTs,

among FT stromal cells, ESR1 is expressed at the highest level in a cluster of myofibroblasts,37 suggesting

that the ERa+ FT myofibroblasts are conserved between mouse and human.

Cell surface markers for enriching FT cell subpopulations

Next, we wanted to define cell surface markers so that we could further sort and analyze different subpopu-

lations of cells in the FT by flow cytometry (FACS). To achieve this, we examined our scRNA-seq dataset for

differential expression of cell surface marker genes in different FT cell subsets. We found Cd24a (encoding

CD24) was expressed in most FTE cells in clusters #0, 4, 6, and 7, but not expressed in FT stromal cells in clus-

ters #1 and 3 (Figure 3A). Among FTE cells,Ceacam1 (encoding CD66a) was expressed in most secretory cells

in clusters #0, 4 and 6, but not expressed in ciliated cell-enriched cluster #7 (Figure 3A). Among FT stromal

cells in clusters #1 and 3, we found Pdgfra (encoding CD140a) was only expressed in many FT_3 cells, whereas

Itgb3 (encoding CD61) was mainly expressed in FT_1 cells (Figure 3A). Based on this expression pattern, we

developed a FACS analysis scheme (Figure 3B): we first gated for lineage-negative (Lin�, i.e., negative for

leukocyte marker CD45, endothelial cell marker CD31, and erythrocyte marker TER119) cells prepared from

the FT tissue; we then separated Lin� cells as CD24+ and CD24� subsets, representing FTE cells and FT

stromal cells, representatively. Among Lin�CD24+ FTE cells, we further separated them as the CD66a+ and

CD66a� subsets, which were enriched with secretory and ciliated cells, respectively. Among Lin�CD24�

stromal cells, we further separated them as the CD140a+CD61� and CD140a�CD61+ subsets, which repre-

sented two distinct stromal cell subpopulations (corresponding to FT_3 and FT_1 cells, respectively). As

CD140a and CD61 appeared to mark these two stromal cell subpopulations in a largely mutually exclusive

manner and as CD140a+ cells appeared to be the main stromal cell type (in FT_3 sub-cluster) that produces

many secreted factors (Figure 2A), we focused on CD140a and reasoned that the use of CD140a alone would

be sufficient to separate these two stromal cell subsets. We verified this scheme by FACS analysis of freshly

prepared single cell suspension from FT tissues (Figure 3C). We then sorted these distinct FT epithelial and

stromal cell subpopulations based on this FACS scheme and by qRT-PCR analysis, we confirmed higher

expression of secretory cell markers Pax8 andOvgp1 in the CD66a+ subset and higher expression of ciliated

cell marker Foxj1 in the CD66a� subset (Figure S4A and Table S2); we also confirmed higher expression levels

of Esr1, Rspo1, Lgr6,Wnt4,Wnt5a in CD140a+ stromal cells (Figure S4B and Table S2). To further validate the

FT stromal subpopulations, we took advantage of a Cre-expressing transgenic mouse line under the control

of the Pdgfra promoter38 and coupled it with a conditional Cre-reporter Rosa26-LSL-YFP (R26Y) 39; in the

resulting Pdgfra-Cre;R26Y female mice, we performed FACS analysis of their FT tissues and confirmed that

YFP+ cells largely stained positive for CD140a (Figure S4C).

A potential stromal niche for FTE cells

Our expression analysis of FT single cells suggested that FT stromal cells, particularly those from cluster #3,

may constitute a niche for maintaining the FT epithelium. To test this, we examined whether FT stromal

cells could support growth/survival of FTE cells ex vivo in an organoid culture setting. We previously estab-

lished an organoid culture system for FTE cells and defined the minimal factor requirement for maintaining

FTE organoids long-term (i.e., organoid culture minimal medium containing B27, EGF and TGFBR1 kinase
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inhibitor, referred to as BET medium).40 Utilizing this platform, we FACS-sorted Lin�CD24+ FTE cells and

Lin�CD24� stromal cells from FTs of WT adult female mice and subjected them to organoid culture

(technically, because of the small number of cells we could obtain from each FT, we sorted stromal cells

from the Lin�CD24� gate rather the Lin�CD24�CD140a+ subset). Next, we cultured the freshly sorted

Lin�CD24+ FTE cells in the BET medium (initially in the presence of ROCK inhibitor), either alone or

together with Lin�CD24� stromal cells. We found that co-culture with stromal cells led to formation of

significantly larger and more organoids from FTE cells than those from FTE cells alone (Figures 4A–4C).

Of note, we also confirmed that the sorted Lin�CD24� cell population (enriched with FT stromal cells)

did not form organoid (Figure 4A, right). Together, these data suggest that FT stromal cells support

growth/survival of primary FTE cells in the organoid culture setting (i.e., P0 organoids).

Figure 3. FACS analysis of FT cell populations based on cell surface markers defined by scRNA-seq

(A) A heatmap showing differential expression of several cell surface marker genes in clusters enriched with FTE cells

(0, 4, 6, 7) and those enriched with FT stromal cells (1, 3).

(B) Proposed FACS scheme showing analysis of FT epithelial and stromal cell subpopulations based on cell surface

markers defined in (A).

(C) FACS analysis of freshly prepared single cell suspension from FT tissues based on the scheme in (B).

See also Figure S4 and Table S2.
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Surprisingly, when we co-cultured established FTE organoid cells (i.e., via >5 serial passages in the BET

medium) with freshly sorted Lin�CD24� FT stromal cells, we only observed a slight increase in the organoid

size when compared to the FTE-only control, and the size difference did not reach statistical significance

(Figure S5A). To determine if this was because of a difference in the cell composition in the established

versus P0 organoids, we performed FACS analysis. We found that P0 organoids formed from freshly pre-

pared single cells from FT tissues contained both Lin�CD24+CD66a+ and Lin�CD24+CD66a� organoid

cells (Figure S5B), which are enriched with secretory and ciliated cells, respectively (Figure 3). However,

via serial passage in the BET medium, we found that the established organoids were composed of largely

Lin�CD24+CD66a+ secretory cells (Figure S5C). These data suggested that: (1) the factors in the minimal

BET medium were sufficient to sustain growth/survival of FTE secretory cells ex vivo so that factors pro-

duced by FT stromal cells had minimal effects on them; (2) in contrast, ciliated cells (which represent

more differentiated FTE cells17) were not maintained long-term in the BET medium and additional

factors from the FT stromal cells may be required to support their growth/survival (or to maintain their

differentiation state).

Among secreted factors that can be produced by FT stromal cells (e.g., by FT_3 cells, Figure 2A), BMP4 and

BMP7 are known factors required for epithelial stem cell differentiation.20 We reported previously that

addition of the Wnt agonist R-spondin1 to the BET medium led to formation of FTE organoids with

more differentiated ciliated cells.40 Of interest, we observed that addition of the Porcupine inhibitor

(e.g., LGK-974, IWP2), which inhibits Wnt signaling (by blocking processing and secretion of the endoge-

nous Wnt proteins),41 did not affect growth of established FTE organoids (mainly secretory cells) in the BET

medium, which is consistent with a recent study.12 In addition, we also found that IWP2 treatment did not

significantly affect size and number of organoids from the above-described FTE/stromal cell co-culture

(Figure S5D). These data suggest that Wnt signaling is not absolutely required for the maintenance of mu-

rine FTE cells, but activation of Wnt signaling can support differentiation of FTE cells toward the ciliated

lineage. Consistent with this notion, in a recent in vivo study, analysis of Wnt-responsive cells in mouse

oviducts supported the requirement of active Wnt signaling in FTE maturation and differentiation during

postnatal development.17 Together, these studies support a role of the FT stromal cells in regulating

differentiation of FTE cells, which is consistent with an emerging notion that the stromal niche not only

regulates self-renewal of epithelial stem cells, but also supports differentiation of epithelial cells.18–20

IGF1 supports FTE organoids

In addition to differentiation-inducing signals from the niche, we also wanted to identify secreted factors

from the FT stromal niche that can support proliferation (and survival) of FTE cells. For this purpose, we

focused on IGF1, a well-established growth factor that activates IGF/IGF1R signaling. Whereas Igf1 was

only expressed in FT stromal cells (mainly in FT_3 cells), its receptor gene Igf1r was expressed in both

FTE cells [mainly in FT_4 (secretory) and FT_7 (ciliated) cells] and some stromal cells (Figure 2A). We noticed

addition of IGF1 to the BETmedium slightly increased the size of organoids formed from freshly sorted Lin�

CD24+ FTE cells than the control treatment, but the difference did not reach statistical significance (Fig-

ure S5E). We reasoned that inclusion of EGF in the BET medium may activate growth-promoting pathways

Figure 4. FT stromal cells serve as a niche for FTE cells

(A) Representative pictures from organoid culture of sorted Lin�CD24+ cells (4,000, enriched with FTE cells), or Lin�CD24� cells (5,000, enriched with FT

stromal cells), or Lin�CD24+ cells (4,000) plus Lin�CD24� cells (5,000) (co-culture), scale bar = 100 mm.

(B) Quantification of sizes of organoids for (A); ****: p % 0.0001.

(C) Quantification of numbers of organoids (at different size ranges) formed from different cultures as in (A). Data are represented as meanG SEM from three

independent experiments; **: p % 0.01, *: p % 0.05, ns: not significant.

(D) Representative pictures from organoid culture of sorted Lin�CD24+ cells (4,000) in the BT medium in the absence (control) or presence of IGF1,

scale bar = 100 mm.

(E) Quantification of sizes of organoids for (D); ****: p % 0.0001.

(F) Representative pictures from organoid co-culture in the presence (or absence, or DMSO vehicle control) of different concentrations of the IGF1R inhibitor,

PPP, scale bar = 100 mm.

(G) Quantification of sizes of organoids for (F); **: p % 0.01, *: p % 0.05, ns: not significant.

(H and I) Quantification of sizes and numbers of organoids at different passages of the long-term culture, started from either established organoids (i.e.,

established via serial passages in the BET medium) (H) or P0 organoid co-culture (i.e., FTE cells + stromal cells from fresh FT tissues) (I), under either the BET,

or BT, or BT + IGF1 medium. During each passage, organoids in the BET or BT + IGF1 medium were split at a 1:2 ratio; under the BT medium, because of the

small cell number, all recovered single cells were passaged to the next round (1:1). Organoid cells were allowed to grow for 7 days and were then passaged.

***: p % 0.001, *: p % 0.05, ns: not significant.

See also Figure S5.
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in a way redundant to IGF/IGF1R signaling; we therefore removed EGF from the BET medium (i.e., BT

medium) and supplemented it with IGF1 (BT + IGF1). The use of BT + IGF1 medium indeed significantly

increased the sizes of organoids formed from the sorted Lin�CD24+ FTE cells than those in the BT medium

(Figures 4D and 4E). We showed above that co-culture of Lin�CD24+ FTE cells with Lin�CD24� stromal cells

enhanced their organoid formation (Figures 4A–4C). Because these stromal cells can produce IGF1 (Fig-

ure 2A), we treated the co-culture with an IGF1R inhibitor, Picropodophyllin (PPP),42 and found that this

treatment significantly inhibited the FTE organoid growth in a dose-dependent manner (Figures 4F and

4G). This data suggests that the enhancement of FTE organoid growth in the co-culture system is in part

because of the IGF/IGF1R signaling.

To study the effect of IGF/IGF1R signaling on the long-term growth of FTE organoid cells, we performed

serial passages of established organoids (i.e., enriched with secretory cells) under the BT + IGF1 medium,

and compared them to those under the BET or BT medium. We found that in each passage, significantly

larger and more organoids were formed under the BT + IGF1 medium or BET medium than the BT medium

(Figure 4H), suggesting that similar to EGF, IGF1 is capable of supporting FTE organoid growth long-term

as well. Of note, the organoids formed under the BT + IGF1 medium were slightly less in number and size

than those under the BETmedium (Figures 4H and S5F). This could be because of a potential role of IGF1 in

also supporting ciliated cell differentiation, as we observed acetylated tubulin (AcTUB)+ organoid cells (i.e.,

ciliated lineage) under the BT + IGF1 medium, but not the BET medium (Figure S5G).

We also performed a similar serial passage experiment for P0 organoids from the co-culture and observed

the same effect of IGF1 in supporting long-term growth of FTE organoids (Figure 4I). In addition, from this

experiment, we observed that removal of EGF from the BETmedium from this P0 co-culture system (i.e., BT

medium plus stromal cells) led to formation of smaller and less organoids than those under the BET

medium (with stromal cells, Figure 4I). However, the reduction was not as profound as that observed

from the established organoids (i.e., BT vs. BET, without stromal cells; compare Figures 4I–4H, left plots;

representative organoid pictures are shown in Figure S5H, compared to S5F). This difference could be

because of the presence of stromal cells in the P0 co-culture, which could produce IGF1. Nevertheless,

IGF1 produced from the co-cultured stromal cells under the BT medium still did not support organoid

growth from primary FTE cells to a level comparable to that stimulated by the exogenously added EGF

(BET) or IGF1 (BT + IGF1) (Figure 4I). This can be explained by a possibility that these stromal cells also

produce several IGF binding proteins (e.g., IGFBP7, 4, 6, 5, Figure S5I), which can negatively regulate

IGF/IGF1R signaling by reducing the local availability of IGF1 to its receptor.43 Overall, our data support

that IGF1 is a secreted factor from the FT stromal niche that can support long-term growth and possibly

also differentiation (to ciliated cells) of FTE cells.

OS cell types

In our single cell dataset, cells from the OS tissues were almost exclusively distributed in two clusters, clus-

ters #5 and #1 (Figures 1B–1D). Cluster #5 was composed of cells only from the OS tissues. We found that

the majority of OS_5 cells highly expressed Lgr5 (Figure 5A), suggesting they represent LGR5+ OSE stem/

progenitor cells described previously,15,16 and OS_5 is a cluster of OSE cells. Of interest, Amhr2, a well-

known gene encoding the receptor for the anti-Müllerian hormone and whose control region was utilized

to drive Cre expression in the commonly used Amhr2-Cremouse line,44 was highly expressed in most OS_5

OSE cells as well (Figure 5A). Of note, Amhr2 is a mesenchymal cell marker gene of the female reproductive

tract,45 suggesting OS_5OSE cells may have features of mesenchymal cells. About 80% of cells in cluster #1

were also from theOS tissues (Figures 5A and S1D). Of note, in the UMAP plot, these OS_1 cells formed two

sub-clusters, with one sub-cluster clustered more closely to cells from the FT and the other sub-cluster only

composed of OS cells (Figures 1B and 1C). By comparing to expression signatures of various cell popula-

tions in human ovarian cortex defined by scRNA-seq,46 we found that OS_1 cells exhibited a significant

Figure 5. Summary of OS cell clusters

(A) A heatmap showing expression of representative genes in clusters #5 (OSE cells) and #1. Cluster #1 can be further divided into three sub-clusters,

including FT_1 stromal cells, ovarian stromal/theca cells, and ovarian granulosa cells.

(B) GSEA showing enrichment of gene sets for MaSCs and mammary LPs in OS_5 OSE cells and FT_4 secretory cells, respectively.

(C) GSEA showing enrichment of gene sets for Wnt signaling and Notch signaling in OS_5 OSE cells and FT_4 secretory cells, respectively.

(D) GSEA showing enrichment of gene sets common for both OS_5 OSE cells (in relation to FT_4 secretory cells) and MaSCs (in relation to mammary LPs).

Gene expression data for murine MaSCs and LPs were based on GEO database accession #: GSE19446.

See also Figure S6.
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enrichment of the human ovarian granulosa cell signature (Figure S6A), suggesting a subset of OS_1 cells

may represent ovarian granulosa cells. By using select marker genes (e.g., based on The Human

Protein Atlas25), we could further divide the entire cluster #1 into three sub-clusters, including an ovarian

granulosa cell sub-cluster expressing high levels of Hsd17b1, Inha and Fst, an ovarian stromal/theca cell

sub-cluster expressing a high level of Cyp11a1 and intermediate levels of Inha and Fst, and the FT_1 stro-

mal cell sub-cluster expressing high levels of Spp1 and Cyp11a1 (Figure 5A; their locations in the UMAP

plot is shown in Figure S6B). Of note, outside of the OS_5 cluster, Amhr2 was only found expressed in a

small number of OS_1 cells, and was almost entirely negative in FT cells (both epithelial and stromal)

(Figures 5A and S6C).

Distinct programs in OSE versus FTE cells

Because bothOSE cells and FTE cells can serve as cells-of-origin of EOCs, we focused onOSE cells inOS_5.

By GSEA, we found that top enriched pathway gene sets in OS_5 cells (compared to the rest of single cells)

included those related to complement cascade, sex development, FZD regulation (related to Wnt

signaling), and cell adhesion/ECM (Figure S6D).

Recent studies demonstrated that as cells-of-origin of EOCs, OSE and FTE cells exhibited different courses

of EOC development and the resulting EOC cells had different drug sensitivities,12,13 raising a possibility

that their intrinsic gene expression programs may contribute to these differences (at least partially). We

therefore directly compared transcriptomes of OS_5 OSE cells to those of FT_4 FTE cells. Among gene

sets enriched in OS_5 cells, top enriched ones included complement cascade, and ECM/basement mem-

branes/collagens-related (Figure S6E). This expression signature further supports that OSE cells in OS_5

have many features of mesenchymal cells, even though they also express epithelial cell markers (e.g.,

Krt8, Epcam, Figure 5A). Among those enriched in FT_4 cells, top enriched ones were mainly those related

to metabolism (Figure S6E).

As described above, FT_4 cells exhibited features ofmammary LPs (Figures 2A and2B). Of interest, a direct com-

parison of OS_5 cells and FT_4 cells not only confirmed enrichment of the mammary LP gene set in FT_4 cells,

but also enrichment of themammary stem cell (MaSC, i.e., basal cell) gene set inOS_5 cells (Figure 5B). Inmam-

mary epithelial cells (MECs), Wnt signaling plays an important role in self-renewal of MaSCs/basal MECs,47–49

whereas Notch signaling plays key roles in specification of MaSCs to luminal MECs and in maintaining luminal

cells (mainly LPs).47,50–52 Consistent with these, we found that gene sets for Wnt and Notch signaling pathways

were upregulated in OS_5 OSE and FT_4 FTE cells (Figure 5C), respectively, suggesting differential activities of

these twopathways in twodifferent cellular origins of EOCs. Furthermore, inbothOSE cells and theirMEC-coun-

terpart, MaSCs, in addition to Wnt signaling, gene sets related to BMP signaling, Hedgehog signaling, TGFb

signaling, DNp63 pathway, ECM receptor interaction, and focal adhesion were commonly upregulated in

both (Figure 5D). Thus, the similarities of these two cell types are attributed to their common pathway activities

and mesenchymal-like expression programs. Lastly, in both FTE secretory cells and their MEC-counterpart,

mammary LPs, in addition to Notch signaling, metabolism-related gene sets (e.g., glycolysis/gluconeogenesis,

pentose phosphate pathway) were commonly upregulated in both as well (Figure S6F). Of note, even though a

gene set related to steroid hormone biosynthesis was enriched in FT_4 cells (Figure S6E), this should not be

because of the presence of any OS cells in cluster #4, as FT_4 is a subset of this cluster only containing cells

from FT tissues (Figure 1D). Overall, we conclude that the intrinsic difference in gene expression programs of

OSE versus FTE cells, in a way similar to the difference between MaSCs and mammary LPs, may provide one

explanation for different courses of EOC development from them.12,13

Similar programs in OSE cells and FT_3 stromal cells

When examining top-enriched genes in each cell cluster (Figure S1E), we noticed that among various cell

clusters, cluster #3 (mainly FT_3 stromal cells) was the only cluster that also exhibited expression of many

top-enriched genes of cluster #5 (OS_5 OSE cells), and vice versa. This observation raised a possibility that

OS_5 OSE cells might more closely resemble FT_3 stromal cells (than FTE cells, e.g., those in FT_4) at the

molecular level. In fact, at the pathway level, by GSEA, we found that multiple developmental (e.g., Wnt,

Hedgehog/SMO), growth factor (e.g., FGF, IGF) and immune (e.g., complement, antigen processing

and presentation) pathway-related gene sets, as well as matrisome/matrisome-associated gene sets,

were highly enriched in both OS_5 and FT_3 groups (Figures 6A–6D). This similarity suggests that these

two cell types may have shared functional roles.
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OS_5 OSE cells may serve as their now niche

Recent organoid culture study of OSE cells demonstrated their strong dependency on active Wnt

signaling.12 As epithelial stem cell niche often produces R-spondins to support high levels of Wnt signaling

activity in epithelial stem cells, we examined ‘‘location’’ of Rspo gene expression in OS single cells. We

found that Rspo1 was the only Rspo gene expressed and its expression was almost exclusively found in

Lgr5+ OSE cells in the OS_5 cluster (Figure 6E). This expression pattern raises a possibility that Lgr5+

OSE stem/progenitor cells serve as their own niche by producing R-spondin1 as well as other factors.

Previously, the hilum region of the mouse ovary was proposed as the stem cell niche for OSE cells.15 As

this region is enriched with LGR5+ OSE cells, our notion that LGR5+ OSE cells may serve as their own niche

is not inconsistent with this study.

Matrisome is the ensemble of genes encoding ECM and ECM-associated proteins; the latter includes

ECM-affiliated proteins, ECM regulators and secreted factors.53 The significant enrichment of matri-

some-associated gene set (which includes secreted factor genes) in both OS_5 and FT_3 clusters (Fig-

ure 6D) raised a possibility that OS_5 OSE cells might exhibit a similarity in their expression of niche

secreted factor genes to that in FT_3 stromal cells (which serve as a stromal niche for FTE cells, Figures 2

and 4). In fact, among secreted factors, we found that Wnt signaling-related Rspo1 and Wnt4 were ex-

pressed in many cells in both clusters; Bmp4 and Bmp7, involved in BMP signaling that supports epithelial

differentiation, were also expressed in cells from both clusters (Figure 6E). Although Igf1 was only ex-

pressed in FT_3 stromal cells, Igf2, which can also activate IGF/IGF1R signaling,54 was highly expressed

in OS_5 OSE cells, which highly expressed its receptor gene Igf1r as well (Figure 6E). A comparison of

secreted factors revealed expression of additional factors (either identical or in the same family) in cells

from both clusters, such as Tgfb (TGFb signaling), Fgf (FGF/FGFR signaling), S100a10,Angptl2, and Scube2

(Hedgehog signaling) (Figure S7A). This data further supports that OS_5 OSE cells may serve as their own

niche, by producing these secreted factors themselves.

Among developmental pathways upregulated in both OS_5 and FT_3 cells, related to Wnt signaling, we

found that although Wnt pathway marker Lgr5 was only expressed in OSE cells in OS_5, the related LGR

factor Lgr6 was expressed in both OS_5 OSE cells and FT_3 stromal cells (Figure 6E). Related to Hedgehog

signaling, in support of its involvement in both clusters, we found that its key receptor (i.e., Smoothened)

gene Smo and downstream effector genes Gli2 and Gli3 (which encode for key transcription factors that

mediate Sonic hedgehog signals in the mouse55), were expressed in both clusters (Figure 6E). To validate

this, we performed co-immunofluorescence staining of FT and ovary sections for Smoothened and the

epithelial marker Keratin 8 (K8) (Figure 6F). We found that in the FT, the staining patterns of these two

markers were largely mutually exclusive; themajority of the Smoothened signal was observed in K8- stromal

cells and only few K8+ FTE cells were positive for Smoothened. In contrast, in the ovary, K8+ OSE cells were

mostly positive for Smoothened. In addition to these two clusters, Hedgehog signaling should also be

active in FT_7, which is composed of FT ciliated cells and Hedgehog signaling is active in ciliated cells.56

In fact, by GSEA, we observed that gene sets related to Hedgehog signaling were enriched not only in

OS_5 and FT_3 cells, but also in FT_7 cells (e.g., Figure S7B). However, although top-enriched Hedgehog

signaling-related genes were similar in OS_5 and FT_3 cells (e.g., those encoding Hedgehog pathway co-

receptors GAS1 and CDON, as well as the key transmembrane signaling protein SMO), they were different

in FT_7 cells (Figure S7B), raising a possibility that the Hedgehog signaling activity in OS_5 and FT_3 cells

may be related to its role in niche regulation,20 whereas the Hedgehog pathway in FT_7 cells is related to its

role in ciliated cell biology.56

DISCUSSION

Our integrated single cell expression analysis of FT and OS tissues has revealed three important cell pop-

ulations related to EOC initiation and development, including FTE secretory cells in FT_4, FT stromal cells

Figure 6. Similarities in expression programs of OS_5 OSE cells and FT_3 stromal cells

(A–D) GSEA showing developmental pathway (A), growth factor pathway (B), immune pathway (C), and matrisome (D)-related gene sets were significantly

enriched in both OS_5 OSE cells and FT_3 stromal cells, when compared to the rest of single cells (from the entire FT + OS dataset).

(E) A heatmap showing genes encoding secreted factors and signaling molecules were expressed in Lgr5+ OSE cells in OS_5, with many of such genes

exhibiting a similar expression pattern to FT_3 stromal cells (cell clusters highlighted).

(F) Co-immunofluorescence staining of FT and ovary (OS) sections for cytokeratin 8 (K8) and Smoothened (SMO); white and yellow arrows indicate FT stromal

cells (K8-) and OSE cells (K8+) positive for Smoothened, white arrowhead indicates rare K8+ FTE cells positive for Smoothened. Scale bars = 50 mm.

See also Figure S7.
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in FT_3, and OSE cells in OS_5. Both FT_4 FTE cells andOS_5OSE cells are enriched with their correspond-

ing stem/progenitor cell populations and may serve as cells-of-origin of EOCs. We provided experimental

evidence to support that the FT stromal cells may serve as a niche for FTE cells, by regulating both differ-

entiation (toward the ciliated cell lineage) and proliferation/survival of FTE cells (particularly ciliated cells).

We showed that even though both FTE and OSE cells can serve as cells-of-origin of EOCs, their intrinsic

lineage-specific expression programs are very different. In contrast, OSE cells exhibit an intriguing similar-

ity (in terms of niche factor expression and pathway activities) to FT_3 stromal cells at the molecular level,

raising a possibility that these Lgr5+ OSE cells may be largely regulated by themselves (as their own niche).

Another interesting observation from our scRNA-seq analysis is the shared gene expression programs be-

tween FTE secretory cells in FT_4 and mammary LPs, as well as between OSE cells in OS_5 and MaSCs

(basal MECs), respectively. Similar to the debate on the cellular origin of EOC, the cellular origin of breast

cancer, particularly basal-like breast cancer (BLBC), has also been a topic of long-standing debate. Because

of the basal differentiation nature of BLBC, the classic view is that BLBC is derived from transformation of

MECs in the basal lineage, which possess themultipotentMaSC activity.57,58 However, more recent studies,

largely based on BRCA1-associated BLBC, suggested that cells-of-origin of BLBC are in the luminal line-

age, specifically, mammary LPs.59–61 Nevertheless, at least in experimental models, it has been shown

that both basal and luminal MECs could serve as cellular origins of mammary tumors with diverse pheno-

types.62–64 Developmentally, both basal MECs/MaSCs and luminal MECs/LPs are derived from common

fetal MaSCs (fMaSCs).65–67 Of note, even though OSE and FTE cells are from two different organs, they

also have a common ancestor. OSE cells are mesothelial cells, whereas FTE cells areMüllerian duct-derived

epithelial cells, and both are developed from the coelomic epithelium of the early embryo.68 Our single cell

data suggests that: (1) similar developmental programsmay be utilized to generate adult cell types in these

two systems from their corresponding common ancestors; (2) cancer development in these two systems

from distinct cellular origins (e.g., basal versus luminal MECs, OSE versus FTE cells) may on one hand,

converge to the cell state of their common embryonic origin, but on the other hand, also partially retain

their original (adult) identity. Of interest, genomic studies of HGSOCs and BLBCs revealed many molecular

commonalities of these two diverse cancer types (e.g., both associated with BRCA1 mutation).69 The sim-

ilarity in expression profiling of FT_4 cells and mammary LPs not only supports that FTE cells in this cluster

may represent FTE stem/progenitor cells to serve as the cellular origin of HGSOCs, but also provides an

explanation for the molecular similarities of these two cancer types.

An emerging theme of the epithelial stem cell niche is that it not only maintains the stemness of an epithe-

lial stem cell, but also contributes factors (e.g., BMPs) required for stem cell differentiation, and the latter is

orchestrated by Hedgehog signaling activity in the niche.20 The expression patterns of Hedgehog

signaling-related genes described above (Figures 6E, 6F, and S7B) suggest that the Hedgehog pathway

is involved in both OS_5 and FT_3 cells and the activity of this pathway may be related to their roles in niche

regulation. In the mammary gland, it was shown that the Hedgehog pathway activity in mammary stromal

cells regulates stromal Esr1 expression, and that the activity of its downstream effector Gli2 coordinates a

hormone-responsive niche signaling program for MaSCs.70 Our single cell data suggests that in the FT and

OS tissues, Hedgehog signaling may play a similar role in regulating expression of secreted factors and

Esr1 in FT stromal cells andOSE cells, whichmay serve as niches to regulate self-renewal and differentiation

of FTE andOSE stem/progenitor cells, respectively. In support of this, it has been reported that constitutive

activation of Hedgehog signaling in themesenchyme ofMüllerian duct led to increased expression of niche

factors (e.g., Wnt4 and Wnt5a) in the FT and aberrant development of the reproductive tract.71 Of note,

estrogen exposure is a risk factor for EOC.32 The concept of the hormone-responsive niche described

here may help understand how estrogen exposure may increase the potential of developing EOC, possibly

via perturbing regulation of FTE or OSE stem/progenitor cells by their corresponding niches.

Recent comprehensive whole-exome sequence and copy number analyses of laser capture microdissected

FT lesions (i.e., p53 signatures, STICs, and FT carcinomas), EOCs, andmetastases from the same individuals

demonstrated the lineage continuity between FTE cells and ovarian tumors.72 A multi-center integrated

genomic analysis of advanced stage ovarian tumors also showed that HGSOCs with and without associated

STICs hadmolecular profiles more similar to normal FTE cells thanOSE cells.73 Although these comprehen-

sive genomic studies do not rule out the possibility of an OSE origin for some EOCs, both clinical and

mouse modeling studies strongly support the FTE origin for HGSOCs.74 The difference in niche organiza-

tions of FTE and OSE cells may provide mechanistic insights into why FTE cells are the preferred origin of
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HGSOCs. It may also provide an explanation for the recently observed shorter latency and higher pene-

trance of development of HGSOCs from FTE cells than OSE cells.12,13 FTE cells, on acquisition of initiating

oncogenic events, may on one hand, become independent from their stromal niche-mediated growth/sur-

vival support, on the other hand, also escape their stromal niche-induced differentiation (Figure S7C). In

contrast, if OSE cells are largely regulated by their own niche, even on acquisition of the same initiating

oncogenic events, they may be still under the regulation of differentiation-inducing signals from them-

selves (e.g., BMP/TGFb pathways, Figure 5D), which may explain why they are more resistant to transfor-

mation than FTE cells (Figure S7C). Further studies are warranted to test these possibilities.

Limitations of the study

Because of the small number of single cells in our dataset, only major epithelial and stromal cell popula-

tions in FT and OS tissues were studied. We did not investigate other cell types (e.g., immune cells, endo-

thelial cells) in these two organs. In addition, we also cannot rule out the existence of rare epithelial and

stromal cell populations in them. In the co-culture experiment, because of a technical difficulty, we only

presented data from the co-culture of FTE cells with Lin�CD24� FT stromal cells. We have not definitively

demonstrated whether it is the CD140a+ subset of the FT stromal cells that serves as the niche to support

homeostasis of FTE cells.
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74. Bowtell, D.D., Böhm, S., Ahmed, A.A.,
Aspuria, P.J., Bast, R.C., Jr., Beral, V., Berek,
J.S., Birrer, M.J., Blagden, S., Bookman, M.A.,
et al. (2015). Rethinking ovarian cancer II:
reducing mortality from high-grade serous
ovarian cancer. Nat. Rev. Cancer 15, 668–679.
https://doi.org/10.1038/nrc4019.

ll
OPEN ACCESS

iScience 26, 105861, January 20, 2023 19

iScience
Article

https://doi.org/10.1016/j.stem.2010.12.007
https://doi.org/10.1016/j.stem.2010.12.007
https://doi.org/10.1016/j.stem.2010.07.010
https://doi.org/10.1016/j.stem.2010.07.010
https://doi.org/10.1038/nature14669
https://doi.org/10.1038/nature14669
https://doi.org/10.1038/nature15742
https://doi.org/10.1038/nature15742
https://doi.org/10.1038/nature14665
https://doi.org/10.1038/nature14665
https://doi.org/10.1038/s41556-018-0108-1
https://doi.org/10.1038/s41556-018-0108-1
https://doi.org/10.1016/j.stem.2011.12.018
https://doi.org/10.1016/j.stem.2011.12.018
https://doi.org/10.1038/s41556-018-0095-2
https://doi.org/10.1038/s41556-018-0095-2
https://doi.org/10.1097/PGP.0b013e3181f45f3e
https://doi.org/10.1097/PGP.0b013e3181f45f3e
https://doi.org/10.1038/nature11412
https://doi.org/10.1038/nature11412
https://doi.org/10.1126/science.aal3485
https://doi.org/10.1002/dvg.20786
https://doi.org/10.1038/s41467-017-00962-1
https://doi.org/10.1038/s41467-017-00962-1
https://doi.org/10.1038/s41467-017-01217-9
https://doi.org/10.1038/s41467-017-01217-9
https://doi.org/10.1038/nrc4019


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor� 700 Rat Anti-Mouse CD24 BD Biosciences 564237; RRID: AB_2738691

CD24 Monoclonal Antibody (M1/69), Biotin eBioscience 13-0242-82; RRID: AB_466397

PerCP Streptavidin BD Biosciences 554064

APC/Fire� 750 anti-mouse CD66a

(CEACAM1a)

Biolegend 134519; RRID: AB_2632806

FITC anti-mouse CD66a (CEACAM1a)

Antibody

Biolegend 134517; RRID: AB_2632804

CD140a (PDGFRA) Monoclonal Antibody

(APA5), PE-Cyanine7

eBioscience 25-1401-80; RRID: AB_2573399

CD61 (Integrin beta 3) Monoclonal Antibody

(2C9.G3), PE

eBioscience 12-0611-83; RRID: AB_465719

Biotinylated CD31 (PECAM-1) Monoclonal

Antibody (390)

eBioscience 13-0311-85; RRID: AB_466421

Biotinylated CD45 Monoclonal Antibody

(30-F11)

eBioscience 13-0451-81; RRID: AB_466445

Biotinylated TER-119 Monoclonal Antibody

(TER-119)

eBioscience 13-5921-85; RRID: AB_466798

CD31 (PECAM-1) Monoclonal Antibody

(390), APC

eBioscience 17-0311-82; RRID: AB_657735

CD45 Monoclonal Antibody (30-F11), APC eBioscience 17-0451-83; RRID: AB_469393

TER-119 Monoclonal Antibody (TER-119), APC eBioscience 17-5921-83; RRID: AB_469474

Anti-ERa Antibody (MC-20) Santa Cruz sc-542; RRID: AB_631470

Anti-Cytokeratin 8 Antibody, clone TROMA-1 Millipore Sigma MABT329

Anti-SMO/Smoothened Antibody (E�5) Santa Cruz sc-166685; RRID: AB_2239686

Rabbit anti-PAX8 Antibody Proteintech 10336-1-AP; RRID: AB_2236705

Mouse anti-Acetylated Tubulin Antibody Millipore Sigma T7451; RRID: AB_609894

Goat anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen A-11037; RRID: AB_2534095

Goat anti-Rat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 594

Invitrogen A-11007; RRID: AB_141374

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor� Plus 647

Invitrogen A-21235; RRID: AB_2535804

Goat anti-Rabbit IgG (H + L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor�
647

Invitrogen A-32733; RRID: AB_2633282

Goat anti-Mouse IgG (H + L) Highly Cross-

Adsorbed Secondary Antibody, Alexa FluorTM

594

Invitrogen A-11005; RRID: AB_2534073

Chemicals, peptides, and recombinant proteins

B27 Thermo Fisher Scientific 17504044

Human EGF PeproTech AF-100-15

TGF-b RI Kinase Inhibitor IV (SB431542) Millipore Sigma 616464

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Y-27632 Rock Inhibitor Sigma Aldrich Y0503

Murine IGF1 PeproTech 250–19

Collagenase IV Worthington Biochemical Ls004188

Trypsin-EDTA Signa-Aldrich T4049

Matrigel Corning 356231

Advanced DMEM/F-12 medium Thermo Fisher Scientific 12634010

HEPES Thermo Fisher Scientific 15630–80

GlutaMAX Thermo Fisher Scientific 35050–061

TRIzol Thermo Fisher Scientific 15596026

DNase I Roche 10104159001

TrypLE Express Thermo Fisher Scientific 12604013

DAPI Sigma-Aldrich D9542

Critical commercial assays

iScript cDNA synthesis kit Bio-RAD 170–8891

FastStart SYBR Green Master Roche 04913850001

M.O.M.(TM) Basic Immunodetection Kit Vector Laboratories BMK-2202

Deposited data

scRNA-seq data GEO database GSE194274

Experimental models: Organisms/strains

FVB wild-type mouse The Jackson Laboratory Strain #001800; RRID: IMSR_JAX:001800

Rosa26-LSL-YFP (R26Y) reporter mouse The Jackson Laboratory Strain #006148; RRID: IMSR_JAX:006148

Pdgfra-Cre mouse The Jackson Laboratory Strain #013148; RRID: IMSR_JAX:013148

Oligonucleotides

Ovgp1 forward:

50 GCCCTTTCCCTCTTGTTCATA -30
Xie et al.40 PMID: 30176443

Ovgp1 reverse:

50 CCTGAGGCATTCACAGAAGAT -30
Xie et al.40 PMID: 30176443

Pax8 forward:

50 CCACCCTGACATCTTCCAATAC-30
Xie et al.40 PMID: 30176443

Pax8 reverse:

50 GTTTCCTGCTTTATGGCGAAG -30
Xie et al.40 PMID: 30176443

Foxj1 forward:

50 CTTCTTCCAGAACCTTCCTCTG -30
Xie et al.40 PMID: 30176443

Foxj1 reverse:

50 CCAGAACACTCACTTCCATTCT-30
Xie et al.40 PMID: 30176443

Esr1 forward:

50 CCTCCCGCCTTCTACAGGT-30
Xie et al.40 PMID: 30176443

Esr1 reverse:

50 CACACGGCACAGTAGCGAG -30
Xie et al.40 PMID: 30176443

Lgr6 forward:

50 GTCTTGTGGTGCTGCATCTA -30
Xie et al.40 PMID: 30176443

Lgr6 reverse:

50 GGAACTCCTGC AGCTCATTAT -30
Xie et al.40 PMID: 30176443

Rspo1 forward:

50 GGGATCAAGGGCAAGAGACAG-30
This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for the resources and reagents should be directed to and will be fulfilled

by the Lead Contact, Zhe Li (zli4@rics.bwh.harvard.edu).

Materials availability

Further requests for resources and reagents should be directed to and will be fulfilled by the lead contact,

Zhe Li (zli4@rics.bwh.harvard.edu). This study did not generate new unique reagents.

Data and code availability

d The scRNA-seq dataset generated during this study has been deposited to Gene Expression Omnibus

(GEO) repository (https://www.ncbi.nlm.nih.gov/geo/) with the dataset identifier GSE194274.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines

All experimental procedures reported herein were reviewed and approved by our institutional animal care

and use committee (IACUC), and performed in accordance with the relevant protocols (2016N000363 and

2020N000122). FVB stock mice [from The Jackson Laboratory (JAX) Strain #001800] were used as wild-type

mice for scRNA-seq, flow cytometry, immunofluorescence, and real-time qRT-PCR. Mice entered the

experiment between 8 and 12 weeks of age. No mice were excluded from the research. The Rosa26-

LSL-YFP (R26Y) reporter mouse was acquired from JAX (#006148). The Pdgfra-Cre mouse was purchased

from JAX (#013148). Since we study fallopian tube and ovary, only female mice were used as experimental

mice.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rspo1 reverse:

50 CTGGCGGATGTCGTTCCTC -30
This paper N/A

Wnt4 forward:

50 AGACGTGCGAGAAACTCAAAG-30
This paper N/A

Wnt4 reverse:

50 GGAACTGGTATTGGCACTCCT -30
This paper N/A

Wnt5a forward:

50 CAACTGGCAGGACTTTCTCAA-30
This paper N/A

Wnt5a reverse:

50 CATCTCCGATGCCGGAACT -30
This paper N/A

Software and algorithms

Seurat single cell data analysis tool Butler et al.24 https://satijalab.org/seurat/

Prism v9 Graphpad https://www.graphpad.com/

scientific-software/prism/

FlowJo 10.6.0 FlowJo LLC https://www.flowjo.com/solutions/flowjo

CFX Maestro Software BioRad https://www.bio-rad.com/en-us/product/

cfx-maestro-software-for-cfx-real-time-

pcr-instruments?ID=OKZP7E15
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METHOD DETAILS

Mouse FT and OS sample preparation for scRNA-seq

To perform single cell expression analysis of FT and ovary and to compare their transcriptomes, we isolated

FT and ovarian tissues from WT adult FVB female mice. For FT, we cut each FT into two-halves and only

subjected the distal half (i.e., the portion close to ovary) to single cell preparation. To isolate FT cells, FT

tissues were dissected in dissection solution [PBS containing 2% fetal bovine serum (FBS) and 100 IU/mL

of penicillin and 100 mg/mL Streptomycin]. After removing excessive connective and vascular tissues, the

dissected FT tissues were minced into 1-2 mm pieces with an iris scissor or forceps, and then digested

in 3.3 mg/mL collagenase IV (Worthington Biochemical #Ls004188) in DMEM/F12 medium for 1 h and

15 min at 37�C on a Nutating shaker. At the end of incubation, tissues were centrifuged at �200–300 g

for 5 min, and the pellets were then incubated with Trypsin-EDTA (Signa-Aldrich #T4049) and 1 mg/mL

DNase I (Roche # 10104159001) sequentially, each for 5 min in a 37�C water bath. Cells were then passed

through a 40 mm cell strainer to achieve a single cell suspension. FT cells were pelleted by centrifugation at

�200–300 g for 5 min at 4�C.

To isolate OS cells, ovaries were dissected and incubated with pre-warmed 0.25% Trypsin-EDTA

(Signa-Aldrich #T4049) for 30 min at 37�C in a 5% CO2 incubator. Care was taken not to agitate the ovaries.

At the end of incubation, the supernatant containing stripped OS cells were transferred to a fresh tube,

cells were triturated by gentle agitation by hand, and trypsin was inactivated by DMEM/F12 medium sup-

plemented with 10% FBS. Stripped OS cells (enriched with OSE cells) were passed through a 100 mm cell

strainer, followed by a 40 mm cell strainer to achieve a single cell suspension. OS cells were pelleted by

centrifugation at �200–300 g for 5 min at 4�C.

Generation of single-cell cDNA libraries and sequencing

We used the inDrop platform23 to barcode single cells from FT and OS samples and to prepare expression

libraries at the ICCB-L Single Cell Core, Harvard Medical School. After preparation of single cell suspen-

sions, cells were encapsulated right away. Libraries were prepared with primers that includes 8-base (V3)

long library index. Read 1 adaptor was on the 5’/cDNA (reads gene), and Read 2 adaptor was on the 30 bar-
coded end (reads BC/UMI). V3 libraries were sequenced on Illumina NextSeq500 at the Dana-Farber

Cancer Institute Molecular Biology Core Facilities. Raw sequencing data for each sample was converted

to matrices of expression counts, after sample demultiplexing and barcode processing, by the Harvard

Chan Bioinformatics Core.

scRNA-seq data analysis

The resulting UMI count matrix (genes x cells) were then provided as input to Seurat.24 Quality control (QC)

was performed to filter out the cells that have feature counts over 12,500 (doublets or multiplets), as well as

feature counts less than 200 (dead/dying cells or an empty droplets). Cells that have more than 20% mito-

chondrial counts (damaged or dead cells) were also filtered out (Figure S1B). Single cells from both FT (i.e.,

FT#1 and FT#2 as FT) or OS (i.e., OS#1 and OS#2 as OS) samples were pooled. There were a total of 525

cells for FT samples and a total of 412 cells for OS samples; after QC, 372 cells for FT samples and 182 cells

for OS samples were used in all subsequence analyses.

After removing unwanted cells from the dataset, LogNormalize method was utilized to normalize the data.

Then the highly variable features were calculated using FindVariableFeature function, followed by a linear

scaling transformation prior to downstream analysis, PCA. Clustering was performed using the

FindClusters function with 0.5 resolution and integrated non-linear dimensional reduction (UMAP) visual-

ization for all cells. Cluster-specific gene markers were identified using FindMarkers function with cutoffs

avg-logFC>0.25. Doheatmap function was applied to generate expression heatmaps for given cells and

features. Gene Set Enrichment Analysis (GSEA) for each cell cluster was conducted using the Molecular

Signatures Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb), using the c2.cp or c2.cpg

gene set collections, or using gene sets extracted from their corresponding publications.

Flow cytometry

Single cell suspensions from mouse FT tissues were analyzed by fluorescence-activated cell sorting (FACS)

using BD FACSymphony (BD Biosciences) or FACS-sorted using BD FACSAria sorter (BD Biosciences). The

cells were labeled with 1:100 antibodies and with DAPI for 15 min on ice. The antibodies used included
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CD24 [Alexa Fluor� 700 Rat Anti-Mouse CD24 (BD Biosciences #564237), or CD24 Monoclonal Antibody

(M1/69), Biotin (eBioscience #13-0242-82, followed by incubation with PerCP Streptavidin, BD Biosciences

#554064)], CD66a [APC/Fire� 750 anti-mouse CD66a (CEACAM1a) (Biolegend #134519), or FITC anti-

mouse CD66a (CEACAM1a) Antibody (Biolegend #134517)], CD140a [CD140a (PDGFRA) Monoclonal

Antibody (APA5), PE-Cyanine7 (eBioscience #25-1401-80)], CD61 [CD61 (Integrin beta 3) Monoclonal Anti-

body (2C9.G3), PE (eBioscience #12-0611-83)], and lineage markers including CD31 [CD31 (PECAM-1)

Monoclonal Antibody (390), APC (eBioscience #17-0311-82)], CD45 [CD45 Monoclonal Antibody

(30-F11), APC (eBioscience #17-0451-83)] and TER119 [TER-119 Monoclonal Antibody (TER-119), APC

(eBioscience #17-5921-83)]. Data analyses were performed using FlowJo 10.6.0 (FlowJo LLC).

Organoid culture and co-culture

Single cell suspensions were embedded in 20 mL Matrigel (Corning #356231), resuspended, and allowed to

solidify. The mixture was then overlaid with 250 mL pre-warmed BET or BETY organoid culture medium in

one well of 48-well plate. BET medium refers to Advanced DMEM/F-12 medium (Thermo Fisher Scientific

#12634010) with 10 mM HEPES (Gibco� #15630-80), 1x GlutaMAX (GibcoTM #35050-061), 100 IU/mL of

penicillin and 100 mg/mL Streptomycin, 1x B27 (Thermo Fisher Scientific #17504044), 0.1 mg/mL human

EGF (PeproTech #AF-100-15), 0.5 mM TGF-b RI Kinase Inhibitor IV (SB431542) (Millipore Sigma #616464).

BETY medium refers to BET medium supplemented with 10 mM Y-27632 Rock Inhibitor (Sigma Aldrich

#Y0503), which is only necessary when organoids are first prepared (from fresh tissues) or thawed.

Organoids were grown at 37�C in a humidified atmosphere with 5% CO2. The medium was changed

once every 2–4 days, and the organoids were passaged at a ratio of 1:6 once every 10–14 days (or at a ratio

of 1:2 once every 7 days). For passaging, the Matrigel containing the organoids was incubated in 1 mL

TrypLE Express (Thermo Fisher Scientific #12604013) for 30 min, and then the single cell suspension was

centrifuged for 5minat 1500rpmat 4�C. Appropriate number of cells from the resulting pellet was resus-

pended in cold Matrigel and reseeded in the 48-well tissue culture plate.

The organoid/stromal cell co-culture was established by seeding 4,000 FACS-sorted Lin�CD24+ FTE cells

and 5,000 Lin�CD24� stromal cells from FT tissues of WT adult female mice. The freshly sorted Lin�CD24+

FTE cells either alone (4,000) or mixed together with Lin�CD24� stromal cells (5,000) and Matrigel were

mixed using a pipette in a total volume of 15 mL. The mixture was added to the middle of the well to

form a dome-like 3-dimentional structure and the plate was kept in the 37�C incubator for 10 min to solidify

the Matrigel. After the mixture was solidified, 250 mL pre-warmed BET medium (initially in the presence of

ROCK inhibitor) was added to each well. The resulting organoids were counted andmeasured 10 days after

seeding.

To study the role of IGF1 in supporting the growth of FTE cells, FACS-sorted Lin�CD24+ FTE cells (4,000)

were seeded in the BTY medium (i.e., removingEGF from the BETY medium) at the beginning, then

changed to theBT medium (i.e., removingEGF from the BET medium) supplemented with 1 mg/mL

Recombinant Murine IGF-I (PeproTech #250-19). Before changing the medium, 250 mL PBS was used to

wash the surface of the Matrigel dome. The medium was changed once every 2–4 days.

Immunofluorescence

The dissected FT or ovary tissues were fixed in 10% formalin and embedded in paraffin. Immunofluorescent

labeling was carried out by following standard procedures, by incubating tissue section with primary anti-

body for ERa (Santa Cruz #SC542, 1:50) diluted in PBS with 0.2% Tween and 0.5% Triton X-100, at 4�C over-

night, or by incubating tissue section with primary antibodies for Smoothened (Santa Cruz #sc-166685,

1:100) and Cytokeratin 8 diluted in M.O.M reagent; the section was then washed with PBS-T (PBS with

0.1% Tween 20) or PBS (when M.O.M reagent was used), and incubated with the secondary antibody

[Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (Invitrogen

A11037)] (for ERa primary antibody), or incubated with the secondary antibodies [Goat anti-Rat IgG (H +

L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (Invitrogen A-11007) and Goat anti-Mouse

IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 647 (Invitrogen A-21235)] (for Smooth-

ened and Cytokeratin 8 primary antibodies), for 1 h at room temperature. After washing with PBS-T or PBS

again, the sections were stained with DAPI.

For immunofluorescence staining on organoid section, the FT organoids with Matrigel were transferred to

Histogel (Richard-Allan Scientific #HG-4000-012) and fixed in 10% formalin and embedded in paraffin.
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Immunofluorescent labeling was carried out by following standard procedures, by incubating organoid

sections with primary antibodies for PAX8 (Proteintech #10336-1-AP, 1:100) and Acetylated Tubulin

(AcTUB) (Millipore Sigma #T7451, 1:1000) diluted in M.O.M diluent buffer (Vector Laboratories #BMK-

2202), at room temperature for 30 min; the section was then washed with PBS, and incubated with the

secondary antibodies [Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa

Fluor 647 (Invitrogen A32733)] (for PAX8 primary antibody) and Goat anti-Mouse IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (Invitrogen A-11005) (for AcTUB primary antibody)],

for 30 min at room temperature. After washing with PBS again, the sections were stained with DAPI.

RNA quantification and real-time PCR

FT epithelial and stromal cell subpopulations were sorted based on FACS. The RNA was isolated with TRI-

zol (Thermo Fisher Scientific #15596026) according to the supplier’s protocol. The amount and purify

(based on the A260/280 ratio) were measured by NanoDrop Spectrophotometer (Thermo Fisher Scientific).

Complete cDNAwas synthesized from the isolated RNA by using iScript cDNA synthesis kit (Bio-RAD #170–

8891). Real-time PCR was performed using the FastStart SYBR Green Master (Roche #04913850001). PCR

reaction was performed in triplicate. The amplification plots obtained from the qRT-PCR were analyzed

with CFX Maestro Software (BioRAD); expression levels were quantified by applying the comparative C

(threshold cycle) method and calculating DDCt. Relative expression levels of the target genes were normal-

ized to the expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh gene) in each individual

sample; in addition, the relative expression value of a target gene in each subpopulation of FT cells was

calculated by normalizing to that in the CD66a+ subpopulation (i.e., expression = 1).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were independently replicated at least three times. Statistical analysis was performed

using Prism9, by Student’s t test (for data with two treatment groups) or by ANOVA followed by a Tukey’s

analysis (for data with more than two treatment groups). Data were reported as MeanG SEM unless other-

wise indicated. Qualitative images presented are representative of the outcomes obtained in the replicate

experiments.
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