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ABSTRACT 

 

Despite its significance to reproduction, fertility, sexually transmitted infections and various pathologies, the 

Fallopian tube (FT) is relatively understudied. Strong evidence points to the FT as the tissue-of-origin of high 

grade serous ovarian cancer (HGSOC); the most fatal gynaecological malignancy. HGSOC precursor lesions 

arise specifically in the distal FT (fimbria) which is reported to be enriched in stem-like cells. The role of FT 

stem cells in HGSOC initiation could not be investigated as these cells have not been identified or functionally 

characterized due to lack of physiologically relevant models. Here, we surmount technical challenges to re-

construct the FT stem cell niche in vitro. Using functional approaches as well as bulk and single cell expression 

analyses, we show that a WNT7A-FZD5 signaling axis is critical for self-renewal of FT stem cells and is regulated 

by female sex hormones. Single cell expression profiling of reporter organoids identified Wnt/β-catenin Active 

cells (WβA cells) as a unique cluster of proliferative cells that is enriched in HGSOC markers, particularly 

CA125; a clinical marker of HGSOC progression and response to therapy. Remarkably, we find that the WNT7A-

FZD5 signaling axis is dispensable for mouse oviduct regeneration. Overall, we propose a first basic description 

of the nature of FT stem cells and their molecular requirements for self-renewal, paving the way for 

mechanistic work investigating the role of stem cells in FT health and disease. 
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ABBREVIATIONS 

 

hFT  human Fallopian tube 

mOV  mouse oviduct 

WβS  Wnt/β-catenin Signaling 

WβA  Wnt/β-catenin Active 

SCT  Single Cell Transcriptomics 

KO  Knockout 

HGSOC  High Grade Serous Ovarian Cancer   
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INTRODUCTION 

 

INTRODUCTION 
 
 

The human Fallopian tube (hFT) is lined with pseudo-stratified columnar epithelium composed of PAX8+ MYC+ 

secretory cells that nourish released eggs / zygotes, as well as TUBB4+ FOXJ1+ ciliated cells that beat 

rhythmically to facilitate ovum/zygote transport to the uterine cavity. Despite its significance to fertility, 

reproduction and women’s health and disease, little is known about the FT’s biology, cellular hierarchy and 

homeostasis which are critical for understanding infertility disorders, ectopic pregnancy, sexually transmitted 

infections and FT-derived cancers. A number of studies have attempted to bridge this knowledge gap, and 

reports indicate that the distal hFT/mouse oviduct (mOV) is enriched in stem-like cells possessing longevity 

and multipotency (Erickson et al., 2013; Ghosh et al., 2017; Xie et al., 2018; Wang et al., 2012; Zhu et al., 

2020). In mice, studies identified a population of label-retaining cells (LRCs) at the distal mOV (Snegovskikh et 

al., 2014) that are enhanced for differentiated spheroid formation (Wang et al., 2012; Xie et al., 2018). Strong 

evidence for the existence of mOV stem cells came from in vivo lineage tracing that employed doxycycline-

inducible labelling of secretory cells using a Pax8rtTA TetOCre YFPfl/fl mouse model. Here, ciliated cells were 

shown to emerge from secretory cells (Ghosh et al., 2017). Similarly, in the hFT putative stem cells were shown 

to be secretory in nature, using spheroid (Paik et al., 2012), air-liquid interface (Yamamoto et al., 2016) and 

organoid-based approaches (Kessler et al., 2015).  

 

However, using single cell transcriptomic (SCT) profiling on fresh hFT tissue, we and others have recently 

uncovered a previously unappreciated heterogeneity within the FT secretory compartment (Hu et al., 2020; 

Dinh et al., 2021). Therefore, although in vivo studies and human-based in vitro models refined the search for 

hFT/mOV stem cells, no studies have successfully pinpointed the secretory cell type driving FT renewal, due to 

limitations in model tractability and difficulty in cell biomarking and isolation. Wnt/β-catenin signaling 

(hereinafter WβS) is thought to be involved in hFT/mOV self-renewal (Kessler et al., 2015; Ghosh et al., 2017), 

but the precise molecular mechanisms remain unknown. Furthermore, humans and great apes possess FTs 

whereas the equivalent in mice is the oviduct. Due to major anatomical differences, biological differences are 

likely to exist, and no studies have scrutinized whether mOV biology is representative to the hFT. 

 

In addition to being a site where stem-like cells concentrate, mounting evidence from several clinical and in 

vivo studies point to the distal FT fimbria as the site of origin of high grade serous ovarian cancer or HGSOC 

(Labidi-Galy et al., 2017; Kuhn et al., 2012; Kim et al., 2018). HGSOC is the most fatal gynaecological 

malignancy with a dismal 5-year survival of 25% that remains persistently low for over four decades (Kroeger & 

Drapkin, 2017). Understanding FT renewal may shed light on HGSOC initiation mechanisms, which remain 

poorly understood, further reinforcing the urgency of this investigation. Here, we harness three-dimensional 

patient-derived FT organoids to reconstruct the FT stem cell niche in vitro. We genetically label, isolate and 
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INTRODUCTION 

characterize putative FT stem cells using functional approaches as well as bulk and SCT analyses, identifying a 

hormonally regulated WNT7A-FZD5 signaling axis that is critical for FT stem cell maintenance. 
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RESULTS 

 

RESULTS 
 

 

A serum-free culture method for robust regeneration of hFT organoids from 

single cells 

Multiple models of FT biology were previously reported but each model suffers from drawbacks limiting its 

utility in characterizing FT stem cells (Figure S1A). In particular, conventional 2D cultures of primary FT cells 

(Figure S1 B-D) were found to lack ciliated cells (Hu et al., 2020) and lose epithelial markers within 5-6 weeks 

of culture (Figure S1E). Organoid cultures were shown to be robust hFT/mOV models incorporating PAX8+ 

secretory and TUBB4+ ciliated cells (Kessler et al., 2015; Xie et al., 2018; Figure 1A), but a major limitation of 

the human organoid culture conditions is the lack of organoid regeneration after single cell dissociation of 

patient tissue or organoids; a pre-requisite for isolating and characterizing putative progenitor cells. TGF-β 

pathway promotes stem cell differentiation (Sakaki-Yumoto et al., 2013) and its inhibition is critical for 

regeneration of organoids from various organs (Sato et al., 2009; Bartfeld et al., 2015; Karthaus et al., 2014; 

Turco et al., 2017). We reasoned NOGGIN, which inhibits BMP-activated SMAD1/5/8-mediated signaling, and 

SB431542, a TGFβR1 / ALK5 inhibitor which blocks SMAD 2/3 TGF-mediated signaling, do not sufficiently 

inhibit TGF- β signaling to enable organoid regeneration. Thus, we employed A83.01 which has 10-fold higher 

potency compared to SB431542 (Tojo et al., 2005) and found it to restore organoid formation efficiency or OFE 

(Figure 1 B-C). Interestingly, we found that TGF-β suppression was not necessary for regeneration of mOV 

organoids from single cells (Figure S2 A-C).  

 

In addition, we excluded WNT3A (Figure S3A) as a WNT source which we show is not needed and has no 

activity in hFT organoids (see below). Undefined serum factors contained within Wnt3a conditioned medium 

(CM) negatively interfere with organoid regeneration (Figure S3B) and confound the analysis of stem cell self-

renewal requirements in vitro. Using this optimized medium, we confirmed that organoids emerge only from 

epithelial cells (Figure S3C), display invaginations characteristic of hFT tissue (Figure S3D), possess a spherical 

tube-like structure with a hollow interior (Supplementary Movie 1) and contain a rare population of KI-67+ 

proliferative cells (Figure S3E). Overall, the data above indicate that we have optimized serum-free culture 

conditions that robustly support the regeneration of hFT organoids from single cells.  

 

Wnt/β-catenin signaling is essential for renewal of hFT stem cells

FT organoids were previously shown to be monoclonal (Kessler et al., 2015). Using our optimised culture 

conditions, we sought to directly test organoid monoclonality by single cell culture. A small proportion of 

single cells cultured in single cells formed organoids containing differentiated progeny (Figure 1D), further 

confirming FT organoids as monoclonal structures emerging from single multipotent stem cells. We set out to 

characterize these putative stem cells using different approaches (Figure 1E). Our functional analyses above 
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RESULTS 

indicate WβS activation is essential for stem cell renewal in organoids (shown earlier, Figure 1 B-C). To confirm 

this, we treated organoids with the tankyrase 1/2 inhibitor XAV-939 (Huang et al., 2009) and β-catenin / CBP 

inhibitor PRI-724 (Okazaki et al., 2019); both inhibit WβS at midstream (cytoplasmic) and downstream 

(nuclear) nodes, respectively (Figure S3F). Both treatments completely abolish organoid regeneration (Figure 

S3G). Furthermore, in our optimized serum-free setting, RSPO1 is the only component that augments WβS 

(Figure S3H). RSPO1 withdrawal reduces OFE by more than 90% (shown earlier, Figure 1 B-C). Since our culture 

medium does not contain a WNT source, we reasoned that WβS is activated via an endogenously secreted 

WNT. Indeed, blocking endogenous WNT secretion in organoids using Porcupine inhibitors (Figure S3I) reduced 

OFE by over 90% (Figure 1 F-G), phenocopying the effect seen upon RSPO1 withdrawal (show earlier, Figure 1 

B-C). This suggested that RSPO1 cooperates with an endogenous WNT to drive hFT organoid regeneration. 

 

WNT3A is a widely employed WNT source in various tissue-derived organoid culture systems, including 

hFT/mOV organoids (Hoffmann et al., 2020; Kessler et al., 2015, 2019; Kopper et al., 2019; Lõhmussaar et al., 

2020). We expressed Wnt3a CM using L-Wnt3a cells and validated its activity using the Wnt reporter 

(TOPFlash) assay (shown earlier, Figure S3A). Contrary to the rescue of organoid regeneration seen in WNT-

blocked intestinal organoids (Sato et al., 2011), Wnt3a failed to rescue the regeneration of WNT-blocked hFT 

organoids (Figure 1 H-I), suggesting it cannot substitute for the endogenously secreted WNT ligand. In an 

unexpected contrast to hFT organoids, the regeneration of mOV organoids was unaffected by blocking 

endogenous WNTs (Figures 1 J-K), suggesting mouse organoids renew using other mechanisms.  

 

WβS-active cells drive organoid regeneration 

The results above indicate that Wnt/β-catenin active (WβA) cells drive FT organoid regeneration.  

To characterize WβA cells, we transduced organoids from benign non-HGSOC patients with the 7TGC lenti-

construct (Figure 2A). We expanded FACS-selected transduced cells using our optimized culture conditions, to 

generate stable WβS-reporter organoids (Figures 2B & S4A) from multiple patients. Confocal imaging of fixed 

(Figure 2C) and live (Figure S4B) organoids confirmed localized activation of WβS in organoids. 

Immunofluorescence staining confirmed that WβA cells are PAX8+ / secretory in lineage (Figure 2D) and 

constitute 1.5-5% of all cells (Figure 2E and Figure S4A for mOV and hFT organoids, respectively), mirroring the 

proportion of organoid-forming units in hFT organoids. Crucially, blocking endogenous WNT secretion 

abolished EGFP+ cells (Figure 2E) while WβS activation increased the proportion of EGFP+ cells over 10-fold 

(Figures 2E and S4C), suggesting EGFP faithfully marked WβA cells. AXIN2, a reliable marker of WβS activation 

in several organoid systems (Boonekamp et al., 2021) including hFT organoids (Figure S4D) was elevated in 

EGFP+ cells (Figure 2F), further validating EGFP+ cells as WβA cells in this setting. 

 

FACS-purified WβA cells displayed enhanced OFE relative to non-WβA cells (Figure 2 G-H). Whilst WβA cells 

were detected in all organoids within hFT organoid cultures, mOV organoids may or may not contain WβA cells 

(Figure 2I), and mOV WβA cells do not display enhanced OFE (Figure 2J) under a range of experimental 
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RESULTS 

conditions (Figure S4 F-I), consistent with WβS-independence seen in mOV organoids (shown earlier, Figure 1 

J-K).  

 

 

WNT7A is the driver of WβS and FT stem cell renewal 

To identify the WNT ligand driving stem cell-mediated expansion of hFT organoids, we isolated WβA (EGFP+) 

and non-WβA (EGFP-) cells from WβS-reporter organoids and profiled their transcriptomes at the single cell 

level using the SMART-seq2 protocol (Picelli et al., 2014). This identified WNT7A as the highest expressed WNT 

ligand and the only expressed canonical WNT in hFT organoids (Figure 3A). WNT7A expression was further 

validated using RNAScope FISH staining in hFT organoids (Figure 3B), hFT tissue (Figure S5 A-C), mOV organoids 

(Figure 3C) and mOV tissue (Figure S5 D-G), showing that WNT7A+ cells may or may not co-express WβS 

activation markers AXIN2/Axin2 and LGR5/Lgr5. Therefore, it is difficult to conclusively say whether WNT7A 

signals in an autocrine or paracrine manner. However, this data implicates WNT7A as the target of Porcupine 

inhibitors IWP-2 and LGK-974 which abolish organoid regeneration (shown earlier, Figure 1 F-I). In contrast, 

WNT5A is lowly expressed and is known to be a classic activator of non-canonical Wnt signaling that is β-

catenin and LRP5/6-independent (Qian et al., 2007). Of note, WNT3A expression is not detected in organoids 

(Figure 3A), suggesting hFT cells are not naturally primed to respond to WNT3A or activate WβS through it. 

This consistent with WNT3A’s failure to rescue growth of WNT-blocked organoids (shown earlier, Figure 1 H-I).  

 

While our data suggests endogenous WNT7A provides hFT organoids with independence from exogenously 

supplied WNTs, we find hFT tissue and organoids express RSPO1 (Figure 3D) which does not substitute for 

exogenously supplied RSPO1 in promoting organoid renewal (shown earlier, Figures 1 B-C & F-I). We reasoned 

another source of RSPOs could be involved in vivo. To address this, we surveyed our tissue SCT dataset, which 

showed that 10% of stromal cells robustly express RSPO3 (Figure 3E) which biochemical studies indicate is over 

20-fold more potent in augmenting WβS compared to RSPO1 (Park et al., 2018). Furthermore, 25% of stromal 

cells express WNT2 and 7.5% express WNT9A (Figure 3E), implying epithelial WNT7A may be a redundant WNT 

source in vivo. Notably, the WNT2+, WNT9A+ and RSPO3+ stromal cells are largely distinct, and we do not see 

robust WNT or R-Spondin contribution from the limited number of immune cells profiled (Figure 3E). 

 

Next, we sought to functionally confirm whether WNT7A is essential for renewal of FT stem cells in organoids. 

Direct genetic knockdown of WNT7A mRNA was unsuccessfully attempted using 10 lentiviral shRNA constructs 

from two commercial sources (data not shown). We also aimed to test whether WNT7A protein rescues OFE of 

WNT-blocked organoids. In line with the reported difficulties in generating functional WNTs for in vitro assays 

(Tüysüz et al., 2017), all generated WNT7A protein reagents were not functional (Figure S6H), including 

WNT7A CM derived from WNT7A-cDNA construct-transfected HEK293 cells (Figure S6 A-B), WNT7A CM from 

primary 2D-cultured FT cells (Figure S6C) which we find endogenously overexpress WNT7A (Figure S6 D-E), 

native WNT7A protein (Figure S6G) and recombinant WNT7A protein from two commercial sources (one 

shown in Figure S6H). Interestingly, the WNT7A cDNA expression construct robustly activates WβS but the CM 
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RESULTS 

derived from the same construct-transfected cells fails to activate WβS (Figure S6H), despite containing 

abundant WNT7A protein (shown earlier, Figure S6 A-B). We reasoned this could be due to a short signaling 

range as shown by biochemical and in vivo approaches for other WNT ligands (Farin et al., 2016; Goldstein et 

al., 2006; Alexandre et al., 2013). We confirmed this using a simple co-culture assay (Figure S6 I-J);  4E), which 

explained why our protein-based WNT7A reagents were not functional. 

 

FZD5 mediates WNT7A-driven maintenance of FT stem cells  

To overcome the above limitations and test the functional significance of WNT7A to organoid renewal, we 

attempted to identify and biochemically perturb the WNT7A receptor in organoids. SCT profiling identifies 

FZD3, FZD5 and FZD6 as the major FZDs expressed in hFT organoids (Figure 4A). This is also the case for hFT 

tissue (Figure S7A). The FZD family of receptors categorize into 4 subfamilies based on sequence and structural 

similarity: FZD5/8 subfamily, FZD4/9/10 subfamily, FZD1/2/7 subfamily and FZD3/6 subfamily. The FZD3/6 

subfamily is the divergent one from this receptor family (Figure S7B) and participates in non-canonical Wnt 

signaling (Dong et al., 2018). FZD5, and not FZDs 3/6, was reported to bind WNT7A and activate WβS as shown 

in in vitro WNT-FZD pair screens (Yu et al., 2012; Voloshanenko et al., 2017). To validate these findings, we 

utilized HEK293 cells which endogenously express these FZDs (Figure S7C). siRNA knockdown (Figure S7D) of 

FZD5, but not FZD3 or FZD6, inhibited WNT7A-induced TOPFlash (Figure S7E) while WNT7A induced the 

highest WβS/TOPFlash signal in a background of FZD5 overexpression compared to FZD3 or FZD6 

overexpression (Figure S7F). 

 

Although this data confirms WNT7A activates WβS through FZD5, direct functional evidence from hFT 

organoids is lacking. To address this, we utilized IgG-2919 and IgG-2921; two novel, selective, antibody-based 

inhibitors of FZD5 generated using an antibody phage-display system (Steinhart et al., 2017). Anti-FZD5 IgGs 

reduce TOPFlash signal in WNT7A and FZD5 overexpressing cells by more than 60% (Figure S7G). Consistent 

with WNT inhibition’s dual effect on abolishing WβA cells (shown earlier, Figure 2E) and OFE (shown earlier, 

Figure 1 F-I), FZD5 inhibition abolishes WβA cells (Figure 4B) and OFE (Figure 4C) by over 90% (Figure 4D). This 

phenocopies the effect of RSPO1 withdrawal (shown earlier, Figure 1 B-C & 1 F-I). The only other FZD that 

shows cross-reactivity with anti-FZD5 antibodies is FZD8 (Figures 3C & S5 in Steinhart et al., 2017) which is not 

expressed in hFT organoids (shown earlier, Figure 4A). Altogether, these data strongly suggest that FZD5 is the 

cognate receptor for WNT7A in the FT, and that a WNT7A-FZD5 signaling axis drives WβS activation and 

renewal of hFT organoids. 

 

Regeneration of FZD5-inhibited or WNT-blocked organoids is rescued by WβS activation downstream of ligand-

receptor interactions using the selective GSK-3β inhibitor CHIR99021 (Figure 4 C-D). Partial rescue is also 

observed when WβS is activated at the ligand-receptor level using Surrogate Wnt (Figure 4 C-D), which 

competes with anti-FZD5 IgG’s for binding to FZD’s cysteine-rich domain (Janda et al., 2017; Steinhart et al., 

2017). Surrogate Wnt has broad-spectrum activity against FZDs 1/2/5/7/8 but not FZDs 3/6 (Janda et al., 
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2017), further demonstrating that FZD5 is the FZD receptor associated with WβS and organoid regeneration. 

FZD receptors are subject to constant turnover and proteasomal degradation by the action of the 

RNF43/ZNRF3 ubiquitin ligases (Hao et al., 2012), which are inhibited by R-Spondins (Carmon et al., 2011; 

Glinka et al., 2011; de Lau et al., 2011). As such, withdrawal of RSPO1 from Surrogate Wnt-treated organoids 

reduces OFE by 75-90% (Figure 4E), indicating that the reduced OFE seen upon RSPO1 withdrawal (shown 

earlier, Figures 1 B-C & 1 F-I) is due to FZD5 turnover.  

 

Intriguingly, while organoids from all tested patients in this study showed sensitivity to WβS inhibition, 

organoids from one patient were resistant to WNT and FZD5 inhibition (Figure S8 A-B) as well as to RSPO1 

withdrawal (Figure S8C). Patient 5 organoids were, however, sensitive to downstream WβS inhibition (Figure 

S8 A-B) as seen in other patients (shown earlier, Figure S3G). Tested under selective conditions of WNT-

blocking for four passages, Patient 5 organoids show ectopic and robust growth that leads to large organoid 

sizes not typical of normal FT organoids (Figure S8D). Although Patient 5 was diagnosed with serous ovarian 

cancer, which is thought to derive from the FT (Kuhn et al., 2012; Kim et al., 2018), Patient 5 organoids do not 

carry TP53 mutations, which are known to be the initiating event of serous ovarian cancer (Labidi-Galy et al., 

2017). While further characterization and more patient replicates are required to reproduce this finding, these 

WNT/FZD5-resistant organoids may represent purified mutant clones with early genetic changes that confer 

selective growth advantage and independence from stem cell niche requirements.  

 

Finally, FZD5 inhibition has no effect on mOV organoids (Figure 4 F-G) consistent with the lack of effect seen 

upon blocking WNT secretion (shown earlier, Figure 1 J-K) and lack of OFE enrichment in isolated WβA mOV 

cells (shown earlier, Figure 2J). This is despite WNT blocking and FZD5 inhibition abolishing WβA cells in mOV 

WβS-reporter organoids (shown earlier, Figure 4B), suggesting that a WNT-FZD5 signaling axis also regulates 

WβS in mOV organoids, but unlike in hFT organoids, WβS is not essential for stem cell renewal in the mOV 

organoids.  

 

Estrogen downregulates WNT7A and triggers ciliogenesis 

Female Reproductive Tract (FRT) organs, including the hFT/mOV, are subject to cyclic hormonal influences. 

Estrogen acts as a ligand that dimerizes Estrogen receptors (ER) expressed in cells within hormone-responsive 

tissues (Björnström & Sjöberg, 2005). Little is known about Estrogen’s influence on WβS in the hFT, and studies 

indicate Estrogen activates WβS in the FRT (Hideyuki et al., 1999; Kouzmenko et al., 2004; Hou et al., 2004) 

although other reports document Estrogen to exert an inhibitory influence on WNT7A (McLachlan et al., 1980; 

Couse et al., 2001; Wagner & Lehmann, 2006). Based on this, it can be hypothesized that Estrogen may 

uncouple the synonymous and proportional relationship we see between WβS and WNT7A in the FT. 

 

To evaluate this hypothesis, Estrogen’s and Progesterone’s effects on WβS were tested in the presence of 

Estrogen Receptor (ERα) and Progesterone Receptor (PRβ), respectively. Interestingly, Estrogen robustly 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.02.502319doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.02.502319
http://creativecommons.org/licenses/by-nc/4.0/


 
RESULTS 

activates transcription from WβS Reporter Elements (or WβS-RE) in the TOPFlash assay (Figure S9A), 

independently of WNT ligands (Figure S9B). Estrogen’s activation of transcription at WβS-RE elements is 

unaffected by WβS inhibitors at midstream (XAV-939) and downstream (PRI-724) levels (Figure S9B). Estrogen 

also attenuates ligand-dependent and ligand-independent hyperactivation of WβS (Figure S9C) to levels seen 

in Estrogen-treated samples (Figure S9A), indicating that the E2-ERα complex may compete or cooperate with 

β-catenin for binding and activation at WβS-REs. To test this, we investigated the effect of Estrogen on 

TOPFlash signal upon β-catenin knockdown. β-catenin siRNAs were validated to effectively abolish β-catenin 

protein levels (Figure S9D) and activity (Figure S9 E-F). In this setting, liganded ERα activates transcription at 

WβS-RE elements independently of β-catenin (Figure S9G) and induces WβS target gene transcription 45-88% 

higher in the absence of β-catenin, suggesting the pair compete for binding at WβS-RE promoter elements. 

Next, we sought to delineate the effect of Estrogen on WNT7A. Interestingly, Estrogen (as well as 

Progesterone) causes degradation of intracellular and secreted WNT7A protein (Figure 5A), and dramatically 

reduces WNT7A activity (Figure 5B) without independently activating WβS (as shown earlier; Figure S9A). 

Overall, these data suggest that Estrogen can activate WβS target gene expression in hormone-responsive 

tissues, but specifically suppresses WNT7A and WNT7A-induced WβS in the FT setting. 

 

Estrogen’s differential effects on WβS and WNT7A are interesting. They were confirmed here using the 

TOPFlash assay which, although useful, is not physiologically relevant to the FT. Organoids offer a superior 

model to understand hormonal control of WβS and WNT7A, and SCT data confirms that our optimized 

organoid culture conditions successfully maintain hormone receptor-expressing cells (Figure 5C) as seen in 

human tissue (Figure 5D). In both settings, ERα is the predominant hormone receptor expressed, and we 

harnessed this model to understand Estrogen’s influence on the FT. Estrogen treatment of hFT organoids 

triggers a phenotype of crippled, deeply staining organoids with extensive internal folding and invaginations 

(Figure 5 E-F), reminiscent of differentiation signs that appear in long-term cultured organoids (shown earlier, 

Figure 1D) and in differentiated organoids of other tissues (Yin et al., 2013). However, Estrogen triggers these 

changes within 72 hrs, and characterisation of Estrogen-treated organoids reveals Estrogen downregulates 

WNT7A expression, WβS and the proliferation marker Ki-67 (Figure 5 G-H). Furthermore, we detect 

upregulation of FOXJ1, an established master regulator and marker of ciliated cells (You et al., 2004), as well as 

upregulation of CAPS, CCDC17, CCDC78 (Figure 5I) and CCDC78 (Figure S9H); all novel ciliated cell markers we 

previously identified in a tissue-based SCT study (Hu et al., 2020).  

 

Finally, WβS was recently shown to regulate the expression of DNA double-strand break repair genes, 

including BRCA1, BRCA2, RAD51 and the FANC gene family, in various tissues (Kaur et al., 2021; Angers, 2021). 

Along with inhibiting WβS, we note Estrogen suppresses BRCA1 and BRCA2 expression in hFT organoids, 

possibly through MYBL2 (Figure S9I) as reported (Kaur et al., 2021). This is phenocopied by Estrogen-

independent WNT inhibition (Figure S9I), suggesting Estrogen regulates BRCA1/2 expression, at least in part, 
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through regulating WβS. Collectively, the data indicates that Estrogen suppresses WNT7A and WβS, and 

robustly induces a transcriptional ciliogenesis programme in hFT organoids. 

 

Transcriptomic characterization of WβA cells 

Our data thus far reveal a hormonally-regulated WNT7A-FZD5 signaling axis that activates WβA cells which 

drive FT organoid regeneration. WβA cells are therefore candidate FT stem cells, which we sought to further 

characterize using our expression dataset which profiled WβA and non-WβA cells at the single cell level. 

Among the four transcriptomic clusters identified (Figure 6A) WβA cells concentrate in cluster 1 (Figure 6B; p-

values for pairwise WβA cell enrichment in cluster 1 relative other clusters is < 0.0002; see Figure 6C). Cluster 1 

cells are enriched in the expression of cell cycle and mitosis-related genes (Figure 6D), and a full list of cluster-

based DEGs is available (Table S1). We also compared WβA with non-WβA cells irrespective of cluster position. 

Table S2 provides a full list of WβS status-based DEGs. Interestingly, WNT7A expression is enriched in the 

proliferative WβA cells (Figure 6E; p-value < 10-6). In hFT tissue, we also find WNT7A+ cells to be proliferative 

(data not shown) and transcriptionally unique (Figure 6F). Next, we aimed to identify the RSPO1 receptor 

which is responsible for the obligate RSPO1 requirement for hFT organoid regeneration (shown earlier, Figure 

1 B-C & F-I). Since our organoid SCT data does not capture the expression of R-Spondin receptors (LGRs 4-6) 

possibly due to dropout of low abundance mRNAs, we carried out bulk RNA-seq of WβS-reporter organoids. 

This further confirmed upregulation of WβS in WβA cells (Table S3) and identified LGR6 as the only R-Spondin 

receptor enriched in WβA cells (Figure 6G). 

 

Further analysis of our organoid SCT data revealed Dipeptidyl peptidase 4 (DPP4) expression is enriched in 

WβA cells (Figure 6H; p-value < 10-9). DPP4 is a transmembrane enzyme involved in glucose and insulin 

metabolism (Ghorpade et al., 2018; Röhrborn et al., 2015) and was recently shown to mark WβA cells in vivo in 

the endometrium (Syed et al., 2020), which shares an embryonic origin and a developmental continuum with 

the mOV, corroborating our findings. Interestingly, WβA cells are enriched in MUC16 expression (Figure 6H; p-

value 0.0017). MUC16, also called CA125, is highly overexpressed in HGSOC tumours (Bast et al., 1983) and is a 

clinically established biomarker for patient diagnosis, disease progression and response to therapy (Partridge 

et al., 2009). WβA cells are also marked by GPX3 (Figure 6H, p-value < 10-8), an extracellular glutathione 

peroxidase that protects cells against oxidative damage and was shown to support ovarian cancer invasion and 

survival (Worley et al., 2019). Finally, Claudin-3, a tight junction protein highly overexpressed in ovarian cancer 

(Rangel et al., 2003) and proposed to better diagnose  CA125low ovarian cancers (Rosen et al., 2005) also marks 

the WβA cluster (Figure 6H; p-value < 10-7). Collectively, our organoid SCT data suggests that WβA cells are 

unique, and their proliferative capacity is consistent with progenitor cell character. The observation that WβA 

cells are marked by CA125 and other HGSOC markers may implicate these cells in HGSOC initiation, 

representing an attractive future research direction that warrants investigation.   
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DISCUSSION 
 

 

The first organotypic culture techniques for human Fallopian tube (hFT) and mouse oviduct (mOV) tissues 

were described relatively recently (Xie et al., 2018; Kessler et al., 2015), and a number of studies have utilized 

this to make important progress in understanding FT and HGSOC biology (Zhang et al., 2019; Lõhmussaar et 

al., 2020; Kessler et al., 2019; Kopper et al., 2019; Hoffmann et al., 2020; Hill et al., 2018; de Witte et al., 

2020). Organoids emerge from single multipotent cells in bulk and single cell culture, and we find ciliated cells 

appear several days after organoid passage (data not shown), consistent with in vitro (Kessler et al., 2015) and 

in vivo (Ghosh et al., 2017) studies showing ciliated cells emerge from secretory cells. Although this strongly 

points to the presence of a stem cell, no studies have thus far harnessed hFT organoids for stem cell expansion 

and characterization. This is due to limitations in published protocols in which culture conditions are poorly 

defined and in their current format are not amenable to single cell isolation and culture.  

 

In this study, we develop serum-free culture conditions enabling stem cell expansion from single cells. We 

confirm that organoids grown under these conditions recapitulate basic features of hFT tissue, and have 

recently extended this to detect, in organoids, novel cell types and markers identified by the first single cell 

transcriptomic (SCT) study on hFT tissue (Hu et al., 2020). We harness our optimized culture conditions to 

conduct functional analyses on molecular determinants of stem cell renewal, and devise a strategy for 

marking, isolation and transcriptomic characterization of these cells, generating the first SCT dataset of hFT 

organoids.   

 

WNT7A, FZD5 and RSPOs in the hFT: Our work implicates WNT7A in FT homeostasis and maintenance. This is 

consistent with in vivo studies that reported Wnt7a knockout (KO) mice to contain no or severely 

compromised mOV with diminished invaginations, as well as global abnormalities in the correct patterning of 

the neonatal female reproductive tract or FRT (Miller & Sassoon, 1998). Although viable, Wnt7a KO mice are 

reproductively sterile and the Mullerian duct fails to regress in male mice (Parr & McMahon, 1998). WNT7A is 

known to play an intimate role in patterning and differentiation of other tissue types, including limb, cardiac 

and neuronal synapses (Bond et al., 2003; Ingaramo et al., 2016; Hwang et al., 2004; Hall et al., 2000).  

 

Our data shows strict concordance between the proportion of Wnt/β-catenin Active (WβA) cells and organoid 

renewal capacity, both in the range of 1.5-5% of cells. We note non-WβA cells may also generate 

differentiated organoids, consistent with regenerative plasticity seen in organoids derived from FRT organs (Ali 

et al., 2020; Syed et al., 2020) and other tissues (Serra et al., 2019; Huch, Bonfanti, et al., 2013; Sato et al., 

2009; Cao et al., 2020). Our data shows that LGR6, and not FZD5, is enriched in WβA cells, and we hypothesize 

that LGR6 is the limiting factor in dictating multipotency of WβA FZD5+ LGR6+ cells. A limitation of our work is 
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the lack of functional analyses to evidence this. Furthermore, our tissue SCT data indicates epithelial WNT7A 

could be made redundant by mesenchymal-derived WNTs, offering an explanation as to why conditional 

Wnt7a loss does not disrupt mOV homeostasis in vivo (Dunlap et al., 2011). As FZDs 3/6 are largely non-

canonical Wnt signaling mediators (Dong et al., 2018), we propose mesenchymal-derived WNT2 also signals 

through FZD5, consistent with in vitro WNT-FZD pair screens showing WNT2 activates WβS through FZD5 but 

not FZDs 3/6 (Yu et al., 2012). Unlike epithelial-derived WNT7A, we hypothesize epithelial-derived RSPO1 is 

not sufficient for hFT homeostasis, and our patient stroma SCT data hints at the possibility that the FT 

epithelium relies on the mesenchyme as an essential source of RSPO3 necessary for epithelial homeostasis. 

Another limitation of our work is the absence of WNT2 and RSPO3 in our functional analyses.  

 

Overall, we propose a first description of the FT stem cell niche (Figure 7A). Our transcriptomic and RNA FISH 

data suggest WNT7A expression overlaps (but not completely) with WβA cells, so it is possible that WNT7A 

signals in an autocrine manner (Figure 7B). Further biochemical work is required to conclusively establish the 

mechanism of WNT7A signaling in the FT.  

 

WβA cells and mouse models: WβS is recognized as a major driver of tissue regeneration under homeostatic 

and injury conditions (Clevers, 2006). Amongst various WβS reporters, AXIN2 and LGR5 are the most faithful 

(Boonekamp et al., 2021) and as such, AXIN2 and LGR5-based mouse models have been employed in 

biomarking and lineage tracing of WβA stem cells in various tissues  (Clevers, Loh & Nusse, 2014; Van Camp et 

al., 2014). To this end, Lgr5+ cells were shown to contribute to mOV development, but Lgr5 expression 

disappears by day 7 after birth (Seishima et al., 2019) and in adult mice lineage tracing studies have shown 

that Lgr5+ cells do not contribute to mOV homeostasis (Ng et al., 2014). This is consistent with our bulk 

transcriptomic analysis showing that WβA cells are not enriched in LGR5 expression. 

 

Although Lgr5 specifically markers homeostatic WβA-ASCs in various tissues (Barker & Clevers, 2010), 

including the pyloric stomach (Barker et al., 2010) in which Axin2+ Lgr5- cells are facultative ASCs mobilized 

upon injury (Sigal et al., 2017), the opposite trend is seen in other tissue systems in which AXIN2 is a better 

marker of homeostatic WβA-ASCs. This was shown in the liver (Wang et al., 2015; Huch et al., 2013), stomach 

(corpus) region (Stange et al., 2013; Leushacke et al., 2017) and adult vagina (Ali et al., 2020; Ng et al., 2014). 

In the endometrium, which shares embryonic origins and a developmental continuum with the mOV, Lgr5+ 

cells contribute to development but not adult tissue homeostasis (Seishima et al., 2019), and in vivo lineage 

tracing has demonstrated Axin2+ cells to be long-lived multipotent stem cells that replenish glandular and 

luminal epithelia in the adult endometrium (Syed et al., 2020). This, coupled with our transcriptomic analyses 

showing AXIN2 and LGR6 are preferentially enriched in WβA cells, as well as our human and mouse RNA FISH 

data suggesting that AXIN2+/Axin2+ and LGR5+/Lgr5+ cells are largely distinct, suggests that alternative WβA 

tracing strategies should be investigated before conclusively ruling out a role for WβA cells in hFT/mOV 
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homeostasis. In this regard, we propose Axin2 as a strong candidate for marking putative multipotent mOV 

progenitors, as well as Lgr6 which we find to be the only RSPO receptor enriched in WβA cells. 

 

These proposed in vivo investigations are conditional on resolving inter-species differences highlighted in this 

study. It was previously shown that regeneration of mOV organoids is WβS-independent (Lõhmussaar et al., 

2020). We extend this observation to show that a WNT-FZD5 signaling axis also regulates WβS in mOV 

organoids, and RNA FISH staining confirms presence of Wnt7a+ cells in mOV tissue and organoids. However, 

unlike in the human setting, inhibition of this signaling axis (which depletes the WβA cell compartment) has no 

effect on mOV organoid regeneration, and isolated WβA cells do not display enhanced OFE under a range of 

tested conditions. Similarly, TGF-β signaling inhibition, which is essential for hFT organoid renewal, is 

dispensable for mOV organoid regeneration. We find these differences to be striking and warrant further 

investigation, particularly to address whether these deviations represent a biological inter-species difference 

or are the result of in vitro culture conditions. 

 

Hormonal regulation of the FT stem cell niche: Estrogen has been reported to promote WβS and proliferation 

in FRT tissues (Kouzmenko et al., 2004; Hou et al., 2004; Gunin et al., 2004; Polotsky et al., 2009) but the 

molecular details of this mechanism remain poorly defined. We report novel findings that suggest Estrogen-

ERα surpasses the cellular WβS machinery to activate transcription of WβS target genes. In the presence of 

WNT7A, however, we note Estrogen signaling negatively regulates WNT7A protein and WNT7A-induced WβS, 

and in hFT organoids Estrogen downregulates WNT7A at the mRNA level. This is consistent with reports 

showing that WNT7A/Wnt7a expression drops in the endometrium during the Estrogenic phase of the 

menstrual cycle in humans (Bui et al., 1997) and mice (Miller et al., 1998). Our data is also consistent with in 

vivo studies in which treatment of mice with Diethylstilboestrol (DES; an Estrogen analogue) phenocopies the 

above-described Wnt7a KO phenotypes (McLachlan et al., 1980) and downregulates Wnt7a mRNA levels in the 

neonatal FRTs (Miller et al., 1998). This downregulation is absent in ERα KO mice (Couse et al., 2001) further 

confirming this is an estrogenic effect. Clinically, human patients exposed in utero to DES showed similar 

phenotypes to Wnt7a KO mice, including FT abnormalities, lack of tubal coiling, withered Fimbria and infertility 

(DeCherney et al., 1981).  

 

The molecular mechanism of Estrogen’s suppression of WNT7A remains unclear. However, in vivo studies of 

the endometrium suggest mesenchymal WNT5A, activated by ER+ fibroblasts, mediate Estrogen’s suppression 

of Wnt7a, either by DES treatment or during the Estrogen-dominated phase of the estrous cycle (Mericskay, 

Kitajewski, & Sassoon, 2004). As WNT5A is a documented inhibitor of WβS via non-canonical Wnt signaling (He 

et al., 2008; Olson & Gibo, 1998; Topol et al., 2003), we propose it exerts its influence through epithelial FZDs 

3/6. Although we do not detect ER+ WNT5A+ cells in our patient stroma SCT dataset, it is plausible that aged 

patients (which constitute the bulk of our patient cohort) do not activate mesenchymal WNT5A expression 

due to menopausal absence of Estrogen, and further investigation of samples from premenopausal hormone-
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exposed cohorts is required to ascertain this. Overall, we propose a working model for hormonal regulation of 

the proposed FT stem cell niche (Figure 7C).  

 

An inherent limitation of this model is the notion of modelling Estrogen’s complex interactions in vitro. Cells 

are known to elicit differential responses to Estrogen depending on its local concentration, and the cyclic 

nature and physiological doses of Estrogen in vivo are difficult to recapitulate in vitro. The phenotypes 

observed in Estrogen-supplemented organoids, therefore, while providing a preliminary understanding of 

Estrogenic molecular changes, are likely not to capture the full spectrum of molecular and phenotypic changes 

induced by Estrogen in vivo. Another limitation of our work is the absence of the stroma in our organoid 

model, precluding the study of estrogenic stromal changes that regulate mesenchymal-to-epithelial signaling. 

To address this, we propose the optimization of complex FT organoid co-cultures methods incorporating 

stromal and other microenvironmental components to dissect these changes as well as study the effect of 

mesenchymal-derived factors such as WNT2, RSPO3 and TGF-β inhibitors, and their influence on the FT stem 

cell niche. 

 

WβA cells & HGSOC: High Grade Serous Ovarian Cancer (HGSOC) is a public health burden and the main driver 

of high mortality in ovarian cancer. Serous Tubal Intraepithelial Carcinomas (or STICs) are thought to be 

HGSOC’s precursor lesion, and were documented in sporadic HGSOC (Howitt et al., 2015; Chen et al., 2017) 

and germline BRCA-associated HGSOC (Howitt et al., 2015; Finch et al., 2006). STICs display an unusually 

specific localization to the distal FT (Crum, 2009); a region enriched in stem-like cells (Wang et al., 2012; Zhu et 

al., 2020; Erickson et al., 2013; Xie et al., 2018) and active WβS (Ghosh et al., 2017). Interrogation of the role of 

these cells in HGSOC initiation has been hampered by lack of knowledge about FT stem cells, and lack of 

reliable FT models.  

 

In this work, we report that WβA FT cells from non-HGSOC patients possess unique transcriptomes featuring a 

number of established HGSOC markers. WβA FT cells are also marked by WNT7A, which was shown using 

orthotopic and subcutaneous xenograft models to drive HGSOC proliferation, invasion and metastatic 

dissemination throughout the peritoneal cavity (Yoshioka et al., 2012; King et al., 2015). High WNT7A 

expression was correlated with high CA125 expression in HGSOC samples (Zhang et al., 2010), consistent with 

our transcriptomic analysis showing co-enrichment of WNT7A and CA125 in WβA cells. In this regard, one 

hypothesis we propose is that WβA cells possess enhanced self-renewal capacity and may be primed to be the 

targets of early HGSOC-initiating mutations that produce precursor STIC lesions, which subsequently progress 

to advanced HGSOCs that retain the expression of these markers. Furthermore, recent studies show that WβS 

regulates expression of DNA double-strand break repair genes via a WβS/MYBL2 signaling axis (Kaur et al., 

2021; Angers, 2021). This includes BRCA1 and BRCA2 genes, which are of clinical relevance to HGSOC initiation. 

Our work is a first report suggesting applicability of this regulation axis to the hFT setting. It is tempting to 

speculate, based on these findings, that WβA cells are enriched in BRCA1/2 expression, and that BRCA1/2 loss 
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preferentially targets WβA cells in HGSOC initiation. Notably, although we see robust reduction of BRCA1/2 

expression upon WNT inhibition, we do not observe enhanced BRCA1/2 levels in WβA cells isolated from our 

WβS-reporter organoids. This could be due to endogenous WβS levels, which are higher in vivo compared to 

our organoid setting (Figure S4E), possibly due to contribution from mesenchymal WNTs and RSPOs in vivo. 

Overall, FT WβA cells may be preferential targets of BRCA1/2 mutation and possibly HGSOC initiation, and 

more detailed molecular investigation is needed to conclusively establish this. 

 

In conclusion, we propose a first basic description of the character of FT stem cells and their molecular niche 

requirements for homeostasis. Our work lays the foundation for subsequent functional and in vivo studies on 

FT homeostasis, disease, hormonal regulation and epithelial-mesenchymal crosstalk. Our findings provide a 

basis for mechanistic work investigating the role of FT stem cells in ovarian cancer initiation. 
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MATERIALS & METHODS 
 

 

Human FT clinical samples 

Fallopian tube tissue samples were obtained from patients undergoing cancer surgery at the Department of 

Gynaecological Oncology, Churchill Hospital, Oxford University Hospitals, United Kingdom. Patients were 

appropriately informed and consented, and cases were recruited as part of the Gynaecological Oncology 

Targeted Therapy Study 01 (GO-Target-01, Research Ethics Approval #11-SC-0014, Berkshire NRES Committee), 

as well as under the Oxford Centre for Histopathology Research (OCHRe) / Oxford Radcliffe Biobank (ORB) 

research tissue bank ethics reference 19/SC/0173.  

 

Mouse Tissue samples 

All mouse tissue samples were harvested and provided by the Biomedical Sciences Facility, University of 

Oxford. Mouse colonies were maintained in certified and licensed animal facilities and in accordance with the 

United Kingdom’s Home Office Animals (Scientific Procedures) Act 1986. All personnel handling animals hold 

Home Office-issued Personal Licenses. Tissues were obtained from female mice, strain C57BL/6 and aged 7-12 

weeks.  

 

Tissue Dissociation & Primary Culture 

Primary tissue was washed and cut longitudinally to expose the epithelium. Tissue was dissociated using pre-

warmed Digestion medium containing 2 mg/ml Trypsin (Sigma), 0.5 mg/ml DNase I (Sigma) and 100 U/ml 

Collagenase Type I (Invitrogen) for 45 min to 1 hour at 37 0C in constant rotation. Cells were passed through a 

70, 100 or 250 μm cell strainer and pelleted by centrifugation at 300 g / 5 min / 4 0C, washed with cold DPBS 

and used for downstream analysis. For standard 2D culture, isolated cells were resuspended in BM2 culture 

medium containing Advanced DMEM/F12 (ThermoFisher), 12 mM HEPES (ThermoFisher), 5% FBS (GIBCO), 1% 

Penicillin/Streptomycin (GIBCO), 100 ng/ml EGF (ThermoFisher) and 10 μM Y-27632 (ROCK inhibitor, Sigma), as 

described (Kessler et al., 2015). For patient tumour samples, the processing protocol was similar but utilized 

the Tumour Digestion Kit (Miltenyi Biotech), and digestion was performed for 2 hrs at 37 0C.  

 

Human FT Organoid Culture 

To establish human FT organoids, processed cell pellet was resuspended in Extracellular Matrix (ECM, 

Matrigel, Corning), plated as 50 μl drops on pre-warmed culture plates and incubated at 37 0C for 20-30 min to 

allow Matrigel polymerization. After that, cells were overlaid with pre-warmed Organoid Medium containing 

BM2 medium above (no FBS), supplemented with 100 ng/ml human Noggin (Peprotech), 100 ng/ml human 

Fibroblast Growth Factor-10 (FGF-10, Peprotech), 1% N2 supplement (ThermoFisher), 2% B27 supplemented 

(ThermoFisher), 1 mM Nicotinamide (Sigma), 1 mM N-acetyl L-cysteine (Sigma), 5 μM A83-01 (Tocris), 10 μM 
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Forskolin (Tocris) and R-Spondin 1, which was obtained either commercially (Peprotech) or produced in-house 

using a HA-RSPO1-Fc 293T cell line. Surrogate Wnt (ImmunoPrecise) was used wherever indicated. 10 μM Y-

27632 (Tocris) was added for the first 2-3 days of organoid culture and removed in the first medium change, 

until the next passage. WNT3A conditioned medium was generated using L-WNT3A cells (ATCC), validated 

using the TOPFlash assay and used in the indicated experiments. 

 

For maintenance of hFT organoids, organoids were passaged at a ratio of 1:3 to 1:5 every 10-14 days. Briefly, 

organoids were released from Matrigel by incubation with Organoid Harvesting Solution (Culturex) at 4 0C in 

rotation, for 45-90 min. Organoids were then collected into a 15 mL or 50 mL falcon tube, pelleted by 

centrifugation at 300 g / 10 min / 4 0C, washed with cold PBS once and used for passage or flow/FACS-related 

downstream analysis. For passage, dissociation was performed by mechanically shearing organoids using a 

p200 pipette. For flow analysis or FACS sorting, single cell dissociation was performed by resuspending 

organoids in pre-warmed 7.5X TrypLE Express (ThermoFisher) diluted in Organoid Wash Buffer (OWB), for 5-10 

min. OWB buffer is composed of complete organoid medium + Y26632 but lacking growth factors (EGF, FGF-

10, Noggin and RSPO1). Organoids (now single cells) were then washed twice with cold PBS and utilized for 

FACS or single cell culture. For cryopreservation, pelleted organoids were mechanically fragmented, 

embedded in Recovery Cell Culture Freezing Medium (ThermoFisher), transferred to -80 oC freezer overnight 

and finally transferred to Liquid Nitrogen for long-term storage. For culture re-establishment after 

cryopreservation, thawed organoids were resuspended in 9 ml OWB buffer, pelleted, washed and cultured in a 

well of a 24-well plate, as described. 

 

Mouse Oviduct Organoid Culture and passage 

Mouse Oviduct, mammary or epidermal organoids were established from primary tissue as described above 

for hFT organoids. Culture medium for mouse organoids was the same as hFT organoids, excluding A83.01 and 

Forskolin. Mouse organoids were passaged as reported (Xie et al., 2018).  

 

Organoid Formation Efficiency assay  

OFE analysis was performed on single cell dissociated tissue or organoids. Single cells were derived as 

described above. After quantifying cell number, cells were resuspended in Matrigel and plated as Matrigel 

drops in wells of a 24-well plate. Different wells were subjected to different treatments for 7-12 days. OFE was 

estimated as number of organoids emerging from the total number of cultured cells per well. For experiments 

requiring FACS isolation of FT cells, cells were prepared for FACS by cold PBS washing followed by blocking 

non-specific antibody staining using FcR Blocking Reagent (Miltenyi) for 10 min in the dark in a fridge. Further 

antibody incubation was performed using CD45-FTIC and EpCAM-APC (Biolegend), in a total volume of 100 μl 

volume. WβS-reporter organoids (see below) were FACS isolated using mCherry gating, and non-transduced 

parental organoid lines were used here as negative controls. FACS isolated cells were sorted directly into 

Matrigel, cultured for 10-14 days and OFE quantified as described.  
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Generation of Wnt/β-catenin signaling reporter organoids 

To generate WβS-reporter organoids, viral lenti-particles were generated by transfecting HEK293 cells in a T25 

flask with 15 μg of the lentiviral WβS-reporter construct (7TGC; Addgene #24304), 15 μg envelope plasmid 

(pMD2.G, Addgene #12259) and 15 μg packaging plasmid (psPAX2, Addgene #12260) using the Lipofectamine 

3000 protocol (ThermoFisher). WβS-reporter construct was a gift from Roel Nusse (Fuerer & Nusse, 2010; see 

Figure 2C for map). Envelope and packaging plasmids were gifts from Didier Trono. Viral supernatant was 

concentrated using the Lenti-X Concentrator (Takara). Target cells were transduced in complete culture 

medium containing 8 ug/ml polybrene, for 72 hrs. Upon FACS selection, organoid culture was established and 

expanded from transduced cells, for 6-12 weeks. WβS-reporter organoids can be made available upon request. 

 

Single cell RNA-sequencing of Wnt/β-catenin reporter organoids 

Single cell RNA sequencing (scRNA-seq) was performed on low passage hFT WβS-reporter organoid lines. 

Organoids were harvested on days 8-11 as described above (including RNasin Plus RNase inhibitor, Promega). 

Single cell dissociation was performed as described above (including RNase inhibitor) and organoids (now 

single cells) were resuspended in OWB buffer containing RNase inhibitor, 2 mM EDTA and 1% RNase-free BSA 

(Sigma). Cells were passed through a 30 μm cell strainer and single cell FACS sorting performed using the 

MA900 Sony Sorter. Isolated WβA or non-WβA cells were sorted into 96-well plates containing 4 μl lysis buffer 

supplemented with 0.1 μl RNase inhibitor (Clonetech), 1.9 μl 0.4% Triton X-100, 1 μl 10 μM 5‘-biotinylated 

oligo-dT30VN (IDT) and 1 μl 10 mM dNTP (Thermo Scientific). Cells were sorted at one cell per well, with bulk 

controls (10 cells) and empty well controls (0 cells) included for each plate. Plates were snap frozen on dry ice 

and stored at - 80 0C for less than 4 weeks.  

 

Single cell cDNA synthesis and library generation were performed according to the SMART-seq2 protocol 

(Picelli et al., 2014), as described (Hu et al., 2020). Briefly, cells were lysed by removing plates from - 80 0C and 

heating at 72 0C for 3 min. Plates were then placed at 4 0C before adding the reverse transcription mix 

containing 5’-biotinylated TSO (Qiagen). PCR products were cleaned up using 0.8:1 Ampure XP beads 

(Beckman Coulter) with Biomek FxP Laboratory Automation Workstation (Biomek). Quality of single-cell cDNA 

was tested using TapeStation, as well as by single cell qPCR for GAPDH or ACTB using the QuantiNova SYBR 

Green PCR Kit (Qiagen). cDNA concentration was measured using Quant-iTTM PicoGreenTM dsDNA Assay Kit 

(Invitrogen) on the CLARIOstar Plate Reader (BMG Labtech). Wells with CT values of GAPDH or ACTB below 20 

were selected as wells with a good quality cDNA. Libraries from single cell cDNA were generated using 

miniaturized Nextera XT (Illumina) protocol (Mora-Castilla et al., 2016) with Mosquito HTS (TTP LabTech), in 

384-well Endure plate (Life Technology). Library sequencing was performed by Novogene.  

 

Bulk RNA-seq of Wnt/β-catenin signaling reporter organoids 

hFT WβS-reporter organoids were generated and dissociated as described above. RNA extraction and DNase 

digestion were performed using the RNAqueous-Micro Total RNA Isolation Kit (Thermo Fisher Scientific) 
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according to the manufacturer’s protocol. RNA integrity was evaluated using the 2200 TapeStation system 

(Agilent). The SMARTer Stranded Total RNA-seq kit v2 — Pico Input (Takara) was used to prepare sequencing 

libraries, which were then assessed with TapeStation (Agilent) and quantified by Qubit (Thermo Fisher 

Scientific). Library sequencing was performed by Novogene. 

 

Organoid RNA extraction & RT-qPCR 

For RNA extraction, organoids were harvested as described above. Pelleted organoids were washed, 

mechanically fragmented in cold DPBS, pelleted, resuspended in 350 μl RLT buffer (Qiagen) and transferred 

into a 1.5 ml Eppendorf tube. The tube was incubated for 15 min at room temperature in rotation and then 

vortexed for 1 min. RNA extraction was performed according to the Qiagen RNeasy Plus Micro Kit. Extracted 

RNA was tested for concentration (using NanoDrop) and, if required, for quality (using TapeStation). Up to 2 ug 

of extracted RNA was used to generate cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) or TaqMan™ Reverse Transcription Reagents (Invitrogen). RT-qPCR was set up using the SYBR 

Green PCR Master Mix (ThermoFisher) and conducted using the StepOnePlus RT-PCR machine (ThermoFisher). 

 

RNA In Situ Hybridization (RNAScope) 

A small piece of primary human or mouse tissue was resected and embedded in Fisher Healthcare Tissue-Plus 

Optimum Cutting Temperature (OCT, ThermoFisher). This was frozen at -80 0C, sectioned into 10 μm sections 

using the CryoStar NX50 (Thermo Scientific) cryostat, mounted on regular glass slides (SuperFrost Plus, VWR 

International) and immediately stored at - 80 0C. RNA In situ Hybridization was performed using the 

RNAScope® Multiplex Fluorescent v2 kit (ACD) as described (Wang et al., 2012) for fresh frozen human or 

mouse tissue. Organoid sections were derived by dissociating organoids, washing and Cytospining 

(FisherScientific) to attach dissociated cells on a glass slide. Slides were immediately fixed in 4% PFA. RNA FISH 

staining was performed as per the RNAScope protocol (ACD). 

 

Organoid Immunofluorescence Staining 

Organoids were prepared for antibody staining by culture for 7-12 days on an 8-well microscopy chamber slide 

(Thistle Scientific). Once ready, whole-mount staining was performed on organoids within Matrigel. Briefly, 

organoids were washed and fixed for 15-20 min using 2% methanol-free Paraformaldehyde diluted in DPBS 

(ThermoFisher). To reduce background staining, samples were washed three times (10 min each) with PBS 

containing 0.4M Glycine (Sigma). Permeabilization was performed for 10 min using 0.5% Triton X-100 in PBS. 

All washing, blocking and antibody staining steps were performed in wash buffer comprising 0.2% Triton X-100 

and 0.05% Tween-20 in PBS. Blocking was done in 5-10% Normal Donkey Serum (Sigma) for 2-3 hrs. Primary 

antibody incubation was performed overnight at 4 0C in motion. Secondary antibody incubation was done at 2-

3 hrs at room temperature. Samples were mounted in Vectashield Mounting Medium (Vector Laboratories). 

Images were obtained using the Zeiss LSM 780 Inverted Confocal Microscope. 
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Cell Culture & Protein Expression / Validation 

RSPO1 protein expression and isolation was performed using the HEK293T HA-R-Spondin1-Fc cell line, 

according to the manufacturer’s protocol (Culturex). WNT3A protein expression was performed using the L-

WNT3A cell line according to the manufacturer’s protocol (ATCC). WNT7A protein was expressed and 

harvested in HEK293 cells using the pcDNA.Wnt7A construct, a gift from Marian Waterman (Addgene plasmid 

#35914) and the pcDNA.WNT7A-V5 construct, a gift from Xi He (Addgene plasmid #43816). Other constructs 

used in this work include pRK5-mFzd3-1D4 (Addgene #42265), pRK5-mFzd5-1D4 (Addgene #42267) and pRK5-

mFzd6-1D4 (Addgene #42268), all gifts from Chris Garcia & Jeremy Nathans. All generated proteins, constructs 

and small molecule inhibitors modulating Wnt signaling were functionally validated with the TOPFlash assay, 

using the M50 Super 8x TOPFlash (Addgene #12456) and M51 Super 8x FOPFlash (Addgene #12457) 

constructs, both gifts from Randall Moon (Veeman et al., 2003). For hormone-stimulation experiments, pCMV-

hERα (Addgene #101141) and pcDNA3-PRβ (Addgene #89130) constructs were used, both gifts from Elizabeth 

Wilson. 

 

Key Resources / Materials table 

 

REAGENT SOURCE and IDENTIFIER  

CULTURE MEDIUMS AND REAGENTS 

Fetal Bovine Serum, qualified, heat inactivated, E ThermoFisher (#10500064) 

Penicillin Streptomycin (Pen Strep) ThermoFisher (#15070063) 

Lipofectamine 3000 Transfection Reagent ThermoFisehr (#L3000008) 

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher (#13778030) 

Pierce 16% Formaldehyde (w/v) ThermoFisher (#28908) 

Microscope slide, Superfrost plus VWR (#631-0108) 

VECTASHIELD anti-fade mounting medium Vector Laboratories (#H-1000) 

Immedge Hydrophobic Pen Vector Laboratories (#H-4000) 

Dual-Luciferase Reporter Assay System Promega (#E1910) 

Brefeldin A (BFA) ThermoFisher (#00-4506-51) 

Monensin ThermoFisher (#00-4505-51) 

Lambda Protein Phosphatase New England Biolabs (#P0753S) 

PNGase F New England Biolabs (#P0704S) 

Lenti-X Concentrator Takari Bio (#631231) 

Polybrene Reagent Millipore UK (#TR-1003-G) 

Lithium Chloride Sigma-Aldrich (#203637-10G)  

RECOMBINANT PROTEINS & SMALL MOLECULE INHIBITORS 

CHIR99021 (3 μM) Bio-Techne (#4423/10) 

IWP-2 (2 μM) Bio-Techne (#3533/10) 

LGK-974 (2 μM) Stratech Scientific (#S7143-SEL)  
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REAGENT SOURCE and IDENTIFIER  

XAV-939 (5 μM) 
Stratech Scientific  
(#S1180-SEL-10 mg) 

PRI-724 (10 μM) Abcam (#ab229168-5mg) 

Surrogate Wnt (0.5 nM) UProtein Express (#N001 - 0.025 mg) 

IgG 2919 (FZD5 inhibitor) 
Gift from The Sidhu Lab,  
University of Toronto 

IgG 2921 (FZD5 inhibitor) 
Gift from The Sidhu Lab,  
University of Toronto 

Wnt3a (conditioned medium) In-house generated 

WNT7A (conditioned medium) In-house generated 

Valproic Acid (1 mM) Bio-Techne (#2815/100) 

DAPT (10 μM) Bio-Techne (#2634/10) 

Estrogen (100 nM) Bio-Techne (#2824/100) 

Progesterone (1 μM) Bio-Techne (#2835/100) 

Wnt3a Protein, human, recombinant Bio-Techne (#5036-WN-010) 

Wnt3a Protein, human, recombinant  AMSbio (#AMS.rhW3aL-002-stab) 

Wnt7a Protein, human, recombinant  Abcam (#ab129138) 

REAGENTS FOR DISSOCIATION OF PRIMARY TISSUE 

Trypsin from Bovine pancreas Sigma-Aldrich (#T9935) 

Collagenase, Type I ThermoFisher (#17018029) 

Dnase I grade II Sigma-Aldrich (#000000010104159001) 

Red blood Cell Lysis Solution Miltenyi Biotech (#130-094-183) 

ORGANOID CULTURE 

Advanced DMEM/F-12, no phenol red ThermoFisher (#21041033) 

HEPES ThermoFisher (#15630056) 

Penicillin Streptomycin (Pen Strep) ThermoFisher (#15070063) 

Epidermal Growth Factor (EGF), human, 
recombinant 

ThermoFisher (#PHG0311) 

Noggin, human, recombinant Peprotech (#120-10C) 

Fibroblast Growth Factor-10 (FGF-10), human, 
recombinant 

Peprotech (#100-26) 

Human RSPO1 Peprotech (#120-38-100) 

Purified mouse Rspo1 In-house generated 

N-2 Supplement  ThermoFisher (#17502048) 

B-27 Supplement ThermoFisher (#12587010) 

Nicotinamide Sigma-Aldrich (#N0636-100G) 

N-Acetyl L-Cysteine Sigma-Aldrich (#A9165-5G) 

Forskolin (FSK) Bio-Techne (#1099/10) 

A83.01 Stemcell Technologies (#72022) 

Y-27632 (ROCK inhibitor) Bio-Techne (#1254/10) 

Cultrex Organoid Harvesting Solution Bio-Techne (#3700-100-01) 
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REAGENT SOURCE and IDENTIFIER  

Matrigel (phenol red-free) Corning, supplier SLS (#356237) 

SINGLE CELL RNA-SEQUENCING 

AMPure XP Beckman Coulter (#A63881) 

KAPA HIFI HotStart ReadyMix PCR kit Roche Diagnostics (#07958935001) 

SuperScript II Reverse Transcriptase ThermoFisher (#18064071) 

Bovine Serum Albumin (BSA, nuclease and protease-
free) 

Merck Chemicals Ltd (#126609-5GM) 

Sequencing generated libraries Novogene 

PROTEIN EXPRESSION AND PURIFICATION 

L Wnt3a cell line ATCC (#CRL-2647) 

HA-R-Spondin1-Fc 293T Cells AMSbio (#3710-001-01) 

CD293 medium ThermoFisher (#11913019) 

GlutaMAX-1 (100X) ThermoFisher (#35050-061) 

RNA EXTRATION AND QPCR 

RNeasy Plus Micro Kit Qiagen (#74034) 

High-Capacity cDNA Reverse Transcription Ki ThermoFisher (#4368814) 

PowerUp SYBR Green Master Mix ThermoFisher (#A25780) 

MicroAmp Fast Optical 96-Well Reaction Plate, 0.1 ThermoFisher (#4346907) 

StepOnePlus™ RT PCR System ThermoFisher (#4376600) 

RNA IN SITU HYBRIDIZATION (RNAScope) 

Multiplex Fluorescent Detection Kit v2 Bio-Techne (#323110) 

SSC solution (20X) ThermoFisher (#AM9763) 

ACD HybEZ™ II Hybridization System  Bio-Techne (#321720) 

Rnase A Qiagen (#19101) 

Probe (3-plex human Positive Control) Bio-Techne (#320861) 

Probe (3-plex mouse Positive Control) Bio-Techne (#320881) 

Probe (3-plex Negative Control) Bio-Techne (#320871) 

Probe (human WNT7A) Bio-Techne (#408231) 

Probe (human AXIN2) Bio-Techne (#400241-C2) 

Probe (human LGR5) Bio-Techne (#311021-C3) 

Probe (mouse Wnt7a) Bio-Techne (#401121) 

Probe (mouse Axin2) Bio-Techne (#400331-C2) 

Probe (mouse Lgr5) Bio-Techne (#312171-C3) 

TSA Plus Fluorescein System PerkinElmer (#NEL741001KT) 

TSA Plus Cyanine 3 System PerkinElmer (#NEL744001KT) 

TSA Plus Cyanine 5 System PerkinElmer (#NEL745001KT) 
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Figure 1: WβS is essential for organoid regeneration and is driven by unidentified WNT(s). 
 
(A) Validation of hFT organoid culture and its relevance to hFT tissue.  
 
(B) WβS activation (RSPO1) and suppression of TGF-β signaling (A83.01) are essential for stem cell renewal in 
organoids. EpCAM+ CD45- cells were FACS isolated from dissociated patient-derived FT tissue and cultured 
under the conditions shown. Images taken on day 12.  
 
(C) Quantification of images in (B). Red arrow points to culture conditions of the reported method for 
culturing FT organoids. 
 
(D) hFT and mOV organoids emerge from a single multipotent stem cell. Sorted EpCAM+ CD45- cells were 
cultured as single cells in single wells of 96-well plates. 0.5-1% of cells formed organoids that gradually 
increased in size and complexity, as shown. Formed organoids contained PAX8+ secretory cells and TUBB4+ 
ciliated cells, evidencing multipotency of the organoid-forming cell.  
 

(E) Graphical summary of the experimental approaches employed to biomark and characterize putative FT 
stem cells.  
 

(F) RSPO1 cooperates with an endogenous WNT to drive organoid regeneration. Treatments done on passage 
1 organoids from plating day. The CHIR99021 + IWP-2/LGK-974 samples show that lack of organoid 
regeneration in LGK-974 / IWP-2-treated samples is due to WNT inhibition and not inhibitor toxicity. 
 
(G) Quantification of images in (F), shown for three patient replicates. 19K cells, 12K cells or 7K cells were 
plated per sample for patients 1, 2 or 3, respectively.  
 

(H) WNT3A fails to rescue inhibition of WNT-blocked organoids. Treatments done on passage 1 organoids.  
 
(I) Quantification of images in (H), shown for two patient replicates. CM is conditioned medium. Activity of 
WNT3A CM was confirmed by the Wnt reporter (TOPFlash) assay (Figure S3A).  
 

(J) mOV organoids regenerate independently of mouse WNTs. 
 
(K) Quantification of OFE (left panel) and organoid size (right panel) of images shown in (J).  
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Figure 2: WβA cells drive organoid regeneration. 
 
(A) Organoids were transduced with viral lenti-particles generated using the 7TGC construct (see Methods for 
details), which enables mCherry expression under a general (SV40) promoter and EGFP under TCF/LEF 
elements, also called WβS-Reporter Elements (WβS-RE).  
 

(B) Transduced cells were selected by FACS and expanded using the optimised organoid culture conditions. 
Left panel shows FACS plots. Right panel shows images of organoids after 1 week of culture. Data 
representative of 4 patient replicates. 
 
(C) Confocal imaging of WβS-reporter organoids post-fixation, showing WβA (EGFP+) cells. 
 

(D) WβA (EGFP+) cells co-localize with PAX8, indicating WβA cells have a secretory cell lineage. 
 

(E) Proportion of WβA cells increases upon WβS activation (CHIR99021) and is abolished upon WβS inhibition 
(LGK-974). 
 

(F) WβA (EGFP+) cells express elevated levels of endogenous AXIN2, a marker of WβS activation.  
 

(G) WβA cells are enriched in organoid formation ability. EGFP+ and EGFP- cells were FACS isolated and 
cultured for 10-13 days. 
 

(H) Quantification of images in (I). OM + RSPO1 + SWNT treatments shown for two biological replicates. OFE 
is organoid formation efficiency.  
 

(I) Live imaging of mOV WβS-reporter organoids. In contrast to hFT WβS-reporter organoids, mouse organoid 
culture is composed of organoids that contain (left panel) or lack (right panel) WβA cells. 
 

(J) Quantification of OFE in mOV WβA vs non-WβA cells. mOV WβA cells are not enriched in organoid 
formation ability. 
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Figure 3: WNT7A is the WNT ligand that cooperates with RSPO1 to drive WβS and renewal of hFT 
organoids.  
 
(A) Single cell expression profile of the WNT family of ligands in hFT organoids. Based on SCT data, the 
frequency of WNT7A+ cells is ~ 5% in hFT tissue and ~20% in hFT organoids. 
 
(B) Confirmation of WNT7A+ cells in hFT organoids. WNT7A+ cells may or may not co-express markers of 
WβS activation AXIN2 and LGR5. AXIN2+ cells and LGR5+ cells are largely distinct. Organoids were 
dissociated, cytospinned and fixed prior to RNA FISH staining. 
 
(C) Confirmation of Wnt7a+ cells in mOV organoids. As in the human setting, Axin2+ cells here are distinct 
from Lgr5+ cells. Organoids were dissociated, cytospinned and fixed prior to RNA FISH staining. 
 

(D) Heatmap showing the single cell expression profile of the R-Spondin family of proteins in hFT tissue and 
organoids. Every row represents a single cell. 
 
(E) Heatmap showing the single cell expression profile of the WNT & R-Spondin family of ligands in the non-
epithelial compartments of hFT tissue. Stromal and immune cells were FACS isolated using the antibodies 
shown. 
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Figure 4: FZD5 is the WNT7A receptor. 
 
(A) Single cell expression profile of the FZD family of receptors in hFT organoids. 
 
(B) Anti-FZD5 IgG-2921 depletes % of WβA cells in WβS-reporter organoids, phenocopying the effect of 
blocking WNT secretion. Organoids used here were mOV. 
 
(C) Anti-FZD5 antibodies (IgG-2921 and IgG-2919) reduce OFE by 80-90%, phenocopying the effect seen in 
WNT-blocked organoids (LGK-974). Treatments done on passage 1 organoids.. Images taken on day 12. 
 
(D) Quantification of images shown in (D) as well as for other patient replicates. Red arrows point to organoid 
inhibition due to FZD5 blocking.  
 
(E) Surrogate Wnt drives organoid regeneration in a FZD-specific, RSPO1-sensitive manner. Treatments done 
on passage 1 organoids. 
 
(F) mOV organoids are unaffected by blocking FZD5 receptor. Representative images shown on day 10. 
 
(G) Quantification of images shown in (F, left panel) as well as for another replicate using a different anti-
FZD5 IgG (IgG-2921). 
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Figure 5: Estrogen suppresses WNT7A and promotes differentiation of hFT organoids.  
 
(A) Estrogen & Progesterone downregulate WNT7A protein. HEK293 cells were transfected with 1 μg of the 
indicated constructs. Cells were treated with 17β-estradiol (E2), progesterone (P4) or both for 72 hrs, at 100 
nM (E2) or 1μM (P4). Western Blot shows cytoplasmic (lysate) and secreted (conditioned medium, CM) 
WNT7A protein levels.  
 

(B) Estrogen & Progesterone downregulate WNT7A activity. All samples were transfected with WNT7A 
construct. WNT7A-induced TOPFlash signal is reduced by 90% upon Estrogen treatment in HEK293 cells. ERα 
and PRβ were transfected at 200 ng per well. E2 and P4 were administered at the concentrations indicated in 
(A). Data is representative of two biological replicates. 
 
(C) Single cell transcriptomic profile of hormone receptor expression in hFT organoids. ERα is the 
predominant Estrogen receptor expressed. As expected, Progesterone Receptor (PR) is not expressed, as its 
expression is regulated by Estrogen. Organoids were not treated with Estrogen prior to scRNA sequencing. 
  
(D) Single cell transcriptomic profile of hormone receptor expression in hFT tissue. This mirrors expression 
seen in organoids. 
  
(E) Estrogen treatment of organoids triggers pronounced morphological changes within 72 hours, producing 
dark staining, crippled organoids with extensive internal folding and invaginations. 
 
(F) Quantification of images in (E).  
 
(G) Estrogen treatment of hFT organoids induces PR expression, a classic E2-ER target gene.  
 
(H) Estrogen suppresses WNT7A transcription in organoids. This is accompanied by a reduction in WβS 
activation marker AXIN2. Progesterone does not antagonize these changes.  
 
(I) Estrogen promotes differentiation of hFT organoids, triggering a reduction in secretory cell marker (PAX8) 
and an increase in ciliated cell markers. CCDC17, a ciliated cell marker recently identified using scRNA-seq of 
fresh hFT tissue (Hu et al., 2020), is activated in long-term but not short-term Estrogen-treated organoids. 
Data in (E-I) are for the same samples, and E2 (1 week) treatment is normalized to Unt (1 week) control 
sample not shown for simplicity. 
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Figure 6: Single cell transcriptomic analysis of WβA cells. 
 
(A) De novo clustering of cells after cell cycle correction, showing hFT organoids are composed of 4 
transcriptomic clusters of cells.  
 
(B) Majority of WβA cells concentrate in Cluster 1.  
 

(C) P-values from pairwise Fisher’s test comparisons between all clusters, showing enrichment of WβA cells 
in Cluster 1 is statistically significant.  
 
(D) The WβA cluster is proliferative and enriched in various G2-to-M cell cycle transition regulators.  
 

(E) WNT7A expression is enriched in WβA cells. 

 
(F) WNT7A+ cells have unique transcriptomes. The figure shows the number of differentially expressed genes 
(DEGs) obtained by comparing the transcriptomes of WNT7A+ cells versus WNT7A- cells. To ensure the 
number of DEG’s between WNT7A+ and WNT7A- cells is not due to stochastic cell-to-cell differences, multiple 
control analyses were performed between two randomly selected groups of WNT7A- cells, each containing 
the same number of cells as the WNT7A+ group.  
 

(G) Selected DEGs from bulk transcriptomic analysis of WβA versus non-WβA cells. 
 

(H) Heatmap showing marker genes for each cluster. The WβA cluster is marked by CA125 (red arrow), a 
clinical marker of HGSOC diagnosis, progression and response to therapy. 
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Figure 7: Working model on the molecular maintenance and hormonal regulation of the FT 
stem cell niche. 
 

A B 

C 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 5, 2022. ; https://doi.org/10.1101/2022.08.02.502319doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.02.502319
http://creativecommons.org/licenses/by-nc/4.0/

