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Abstract

The distal region of the uterine (Fallopian) tube is commonly associated with high-grade
serous carcinoma (HGSC), the predominant and most aggressive form of ovarian or
extra-uterine cancer. Specific cell states and lineage dynamics of the adult tubal
epithelium (TE) remain insufficiently understood, hindering efforts to determine the cell of
origin for HGSC. Here, we report a comprehensive census of cell types and states of the
mouse uterine tube. We show that distal TE cells expressing the stem/progenitor cell
marker Sic1a3 can differentiate into both secretory (Ovgp7+) and ciliated (Fam183b+)
cells. Inactivation of Trp53 and Rb1, whose pathways are commonly altered in HGSC,
leads to elimination of targeted Sic7a3+ cells by apoptosis, thereby preventing their
malignant transformation. In contrast, pre-ciliated cells (Krt5+, Prom1+, Trp73+) remain
cancer-prone and give rise to serous tubal intraepithelial carcinomas and overt HGSC.
These findings identify transitional pre-ciliated cells as a previously unrecognized cancer-
prone cell state and point to pre-ciliation mechanisms as novel diagnostic and therapeutic

targets.
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Background

Ovarian cancer is the fifth leading cause of death for women in the United States
1. High-grade serous carcinoma (HGSC) is the most common and aggressive type of
ovarian cancer %3. Over 80% of HGSC are detected at advanced stage and have limited
treatment options 2#°. This is attributed to latent progression of the disease with lack of
early symptoms and detection methods 2. Detection and treatment of HGSC at earlier
stages could be crucial to improving the prognosis of patients with this malignancy.
However, identification of new diagnostic markers and therapeutic targets is hindered by
our inadequate knowledge about the cells in which HGSC originates and the mechanisms

underlying disease initiation.

The location of HGSC initiation has long been debated, but the emerging
consensus is that both the ovarian surface epithelium (OSE) and the tubal epithelium (TE)
of the uterine tube, also known as the oviduct or Fallopian tube, have potential to progress
into HGSC 811, While cancer-prone stem/progenitor cells have been described for the
OSE 213, the cell of origin of HGSC arising from TE remains unclear. It has been shown
that the majority of familial HGSC cases may begin with the appearance of serous tubal
intraepithelial carcinomas (STIC)®. These lesions are found exclusively in the distal region
of the uterine tube 21415, STICs lack ciliation, express the transcriptional factor PAX8, and
harbor mutations in the TP53 gene (also known as Trp53 in the mouse), which encodes
for p53. TP53 mutations are the most frequent genetic alterations in HGSC, being present
in over 96% of cases 1617, Consistent with these observations, STICs can be induced by

inactivation of tumor suppressor genes commonly associated with human HGSC, such
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as Trpd3, Brcal, Brca2 and Rb1 in Pax8-expressing tubal epithelial cells of the mouse

uterine tube 8.

In both humans and rodents, uterine tubes consist of distal (infundibulum, ampulla
and ampullary-isthmic junction) and proximal regions (isthmus and intramuscular utero-
tubal junction). The uterine tube is formed by the simple pseudostratified TE surrounded
by a thin stromal layer, two circular smooth muscle layers and the mesothelium. Two main
cellular components of the TE are ciliated cells (also known as multi-ciliated cells),
predominantly located in the distal regions of the tube, and secretory cells, which are
more abundant in the proximal regions. Additionally, there are basal cells, representing
intraepithelial T-lymphocytes and peg cells. Peg cells have been described as either

exhausted secretory cells or CD44+ progenitor cells 1921,

Previous mouse lineage-tracing studies have reported that cells expressing Pax8
have the capacity to self-renew and differentiate into ciliated cells in both distal and
proximal regions after labeling during embryonic or prepubertal development 2. However,
recent studies based on immunophenotyping, lineage tracing, and limited single cell RNA-
sequencing (scRNA-seq) suggest presence of distinct cell lineages in the distal (Pax8+)

and the proximal (Pax2+) regions of the adult mouse uterine tube 23

It is well established that many types of cancer arise from stem cell niches 2426,
Previously, using a genetically defined mouse model, we have shown that ovarian surface
epithelium (OSE) stem/progenitor cells can be efficiently transformed after inactivation of
tumor suppressor genes Trp53 and Rb1 and lead to HGSC formation 2327 Notably,
tumors arising from non-stem OSE cells were slow-growing and non-metastatic.

However, in other cancer types, neoplasms may originate from differentiated or
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transitional state cells that have acquired some stem cell properties 27-2°, It has been
hypothesized that some ovarian carcinomas may arise from the ciliated cell lineage °.

However, no direct experimental data has been offered to support this idea.

Here, we conducted scRNA-seq to establish a comprehensive census of cell types
found in the mouse uterine tube. Proximal and distal sections were sequenced separately
to investigate characteristics underscoring the distal region's predisposition towards
cancer initiation. By using a combination of computational lineage trajectory projections
and genetic cell fate, we identified a TE stem/progenitor cell population and interrogated
unique epithelial cell states for their propensity for malignant transformation. These
studies revealed that pre-ciliated cells may serve as a specific cell state susceptible to

malignant transformation.
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Results
Census of cell types of the mouse uterine tube

The mouse uterine tube is divided along the distal and proximal axis (Figure 1a).
We collected 62 uterine tubes from 31 adult mice, separated distal and proximal regions,
and processed them for scRNA-seq (Supplementary Figures 1-3) by region. After
sequencing and data preprocessing of distal region samples, 16,583 high quality cells
remained. Following Harmony integration®!, we identified 18 clusters by Louvain
clustering contributing to epithelial, stromal, and immune compartments, which we
visualized using the uniform manifold approximation and projection (UMAP) (Figure 1b).
Features defining each cluster were found using general markers known to define each
subtype (Figure 1c). Epithelial cells were characterized by epithelial markers (Epcam and
Krt8), and further epithelial specificity was achieved with secretory (Ovgp1) and ciliated
(Foxj1) markers. Additional cell types were noted within our dataset to be mesothelial and

luteal cells.

Characterization of distal epithelial cell states

To further investigate the unique cell states of the tubal epithelium, we subset the
epithelial clusters of the uterine tube cell types. After processing the epithelial subset, we
identified 9 clusters consisting of ciliated, secretory, stem-like, and transitional cell states
(Figure 2a and Supplementary Figure 3a-c). General epithelial markers (Epcam, Krt8),
secretory markers (Ovgp1, Sox17), and ciliated markers (Fam183b, Foxj1) were used to

classify groups of epithelial cells that are known to reside in the tubal epithelium (Figure
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2b). Additional features were found using the Wilcoxon Rank Sum Test to determine
cluster-specific markers. In agreement with previous studies 2°32, ciliated cells and their
precursors were mainly located in the distal region (32% distal vs 10% proximal), while
secretory cells predominantly populated the proximal region (30% distal vs 65% proximal,
Supplementary Table 1). Correlation between the clusters identified in proximal and distal
regions only showed strong correlation between a subset of secretory cell states between
the two regions (Supplementary Figure 3d). In the distal region Pax8 expression was
mainly detected in stem/progenitor cell cluster (81% of cells) and transitional pre-
ciliogenic state cells (49%). Only 3% of ciliated cells and 28% of secretory cells were
Pax8+ (Figure 2b, Supplementary Figure 4 and Supplementary Table 1). In the proximal
region 67% of putative stem/progenitor cells expressed Pax8, while both secretory and

ciliated clusters contained about 29% of Pax8+ cells each.

General expression of stem-like markers indicated that S/lc7a3 might serve as a
potential marker for epithelial stem/progenitor cells that gives rise to both secretory and
ciliated cells (Figure 2b and Supplementary Figure 4). Slc1a3 was previously described
as a marker of cell population containing distinct skin epithelial stem cells 3334 We
employed PHATE (Potential of heat diffusion for affinity-based transition embedding) 35
to better visualize how tubal epithelial cells progress in a two-dimensional representation
similar to UMAP (Figure 3a). A pseudotime trajectory was calculated with Monocle3 6
and overlayed on the PHATE embedding (Figure 3b). In the PHATE representation,
Slc1a3 expression is located at the center with secretory and ciliated branches split by
the suspected stem/progenitor cell state (Figure 3c). Pax8 expression is present in

Slc1a3+ cells but also extends towards early cilia-forming cells (Figure 3d).
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Sic1a3+ epithelial cells are stem/progenitor cells for the TE

To test if Slc1a3+ epithelial cells are stem/progenitor cells of the TE, cell lineage-
tracing and organoid studies were conducted in Slc1a3-CreERT Ai9 mice. In these mice,
administration of tamoxifen allows for Cre-loxP mediated induction of tdTomato
expression in Slc1a3+ cells (Figure 4a). One day after tamoxifen induction tdTomato
expression was mainly detected in the distal TE (Figure 4b and c). Within 30 days after
tamoxifen injection, tdTomato+ cells expanded to form clusters and persisted for over one
year (Figure 4b and d). These cells showed expression of secretory (OVGP1) and ciliated

(FAM183B) cell markers (Figure 4b, e and f).

Consistent with previous studies of mouse and human TE 93738 organoids were
preferentially formed by mouse distal TE (Supplementary Figure 5a-d). Furthermore, the
organoid forming ability of tdTomato+ cells was significantly higher than tdTomato- cells

isolated from the distal region (Supplementary Figure 5e-g).

In sum, based on general expression of stem-like markers, computational lineage
trajectory projections, cell lineage tracing, and organoid assays, Slc71a3+ epithelial cells
represent stem/progenitor cells for the distal TE, and contribute to the long-term

maintenance of both ciliated and secretory epithelial cells within the uterine tube.

Sic1a3+ epithelial cells are not cancer-prone

To investigate the role of Slc1a3+ cells in malignant transformation we have
prepared Slc1a3-CreERT Trp53/oxP/ioxP Rp 1loxPlloxP A9 mice. However, no TE neoplastic

lesions were observed in these mice (n=19) by one year after tamoxifen administration
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(Figure 4a). Large clusters of TE cells expressed tdTomato at the time of collection. Cre-
mediated excision of Rb71 but not Trp53 was detected by microdissection-PCR assay in
all tested samples (Figure 4b). Evaluation of TE has shown increased apoptotic rate one
day after tamoxifen administration (Figure 4c and d). Thus, Trp53 inactivation leads to
elimination of targeted Sic1a3+ cells by apoptosis, thereby explaining their resistance to

malignant transformation.

Pre-ciliated cells are susceptible to malignant transformation

Consistent with previous reports '83° we have observed that TE can be transformed by
conditional inactivation of Trp53 and Rb1 in cells expressing Pax8 (Figure 6a and b,
Supplementary Table 2). STICs (6 out of 12 cases) and/or HGSC (3 out of 12) were
detected in 58% of mice by 400 days post induction (DPI). These data suggest that a
subset of Pax8+ cells is susceptible to malignant transformations, distinct from Sic1a3+

stem/progenitor cells that do not give rise to malignancies.

To define a unique population of Pax8-expressing cells implicated in malignant
transformation, we leveraged our scRNA-seq analysis to identify a group of cells
expressing Pax8 but not S/c7a3 in the distal region of the uterine tube. Strikingly, the only
cell state exhibiting Pax8 expression without concomitant S/c7a3 expression displayed
features consistent with pre-ciliated cells (Figure 6¢-e). We subset the branched trajectory
of secretory and ciliated cells from Slc71a3+ progenitors and formed 20 pseudotime bins
equally divided along the trajectory to total about 150 cells per bin (Figure 6¢c-d). We have

found that Pax8+, Slc1a3- cells are present as a transitional state along the ciliogenic
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lineage. Such cells are characterized by expression of Krt5, Prom1 and Trp73 (Figure 6d-
f). Notably, expression of these genes negatively correlates with Trp53 expression,
thereby suggesting reduced requirement for Trp53 during ciliogenesis (Figure 6d and
Supplementary Figure 6). At the same time, the majority of other putative driver genes
identified in human HGSC'349, including Rb71, Nf1, and Pten, are preferentially expressed
in stem/progenitor populations along the pre-ciliogenesis trajectory. Expression of Brca1,

Brca2 and Csmd3 is mainly present in cilia-forming cells (Supplementary Figure 6).

To test if pre-ciliated cells are susceptible to malignant transformation, we
prepared Krt5-CreERT Trp53/oxF/loxP Rp1loxPloxP Aj9 mice. By 200 days after induction
(DPI) 70% of mice developed STIC (10 out of 16) and/or HGSC (3 out of 16; Fig. 7a-d
and Supplementary Table 2). Notably, 7 out of 10 STIC lesions (70%) were located near
TE-mesothelial junctions, similar to previously described location of human STICs in close
vicinity to the tubal-peritoneal junction''5. The earliest atypical lesions were observed at
104 DPI as compared to 154 DPI in experiments with inactivation of Trp53 and Rb17 in
Pax8+ cells. Notably, according to tdTomato cell labeling at 1 DPI, the pool of targeted
Krt5+ cells (0.83%) was significantly smaller than that of Pax8+ cells (P=0.0007; Figure
7d and Supplementary Table 2). These observations support the notion that cells in a

transitional state along ciliogenesis are cancer-prone.

Discussion

Our single-cell transcriptomics allowed for unique cell states and cell lineage

hierarchy to be identified in the context of healthy adult mouse uterine tubes. Further
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experimentation has confirmed that Slc1a3+ cells give rise to both secretory (OVGP1+)
and ciliated (FAM183B+) cells in the distal region of the uterine tube. Notably, expression
of Pax8 was mainly detected in stem/progenitor cells and transitional cell states. These
findings confirm previous observations that Pax8+ cells can differentiate into ciliated cells

22_However, they also indicate that mature secretory cells do not give rise to ciliated cells.

We could not observe any significant contribution of Sic1a3+ cells to cells of the
proximal uterine tube. This can be explained by the existence of developmentally distinct

cell lineages forming the proximal region 23,

Our current study shows that unlike stem/progenitor cells of the ovarian surface
epithelium, Sic1a3+ TE stem/progenitor cells do not undergo malignant transformation
after Cre-mediated inactivation of Trp53 and Rb1. This was not due to the lack of Cre
activity in Slc1a3+ cells. Long-term contribution of tdTomato+ cells to the tubal epithelium
was observed in all uterine tubes by 360 days after induction of Cre expression.
Furthermore, all samples contained an excised Rb17 allele. However, we observed only
intact floxed Trp53 in tdTomato+ TE cells and increased apoptotic index one day after
induction of Cre expression, supporting the notion that inactivation of Trp53 is

incompatible with long-term survival Sic1a3+ cells.

By comparative evaluation of Pax8+ cells lacking concomitant S/c7a3 expression,
we identified a cancer-prone cell population along the ciliogenic lineage. This observation
is consistent with STIC prevalence in the distal, ciliated cell-rich, region of the uterine tube
21415 Furthermore, the majority of HGSC putative driver genes 340, either preferentially
expressed in stem/progenitor cells with a bias towards pre-ciliogenic trajectory (Rb1, Nf1

and Pten), or mainly detected in cilia-forming cells (Brca1, Brca2 and Csmd3). Thus,
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aberrations in these genes may have the most transformation potential in the context of

pre-ciliogenic cell state, as opposed to secretory differentiation.

Our previous studies have shown that ciliated Foxj71+ cells are not transformed by
inactivation of Trp53 and Rb1 3°. Hence cancer-susceptibility of TE cells deficient for
these genes is limited to a transitional pre-ciliated cell state marked by expression of Krt5,
Prom1 and Trp73. All three genes have been linked to human ovarian cancer. Expression
of both KRT5 and PROM1 are associated with HGSC progression 442, TP73, encoding
human p73, is upregulated in many cases of epithelial ovarian cancers and modulates

the sensitivity of ovarian cancers to chemotherapy (reviewed in 30).

Notably, Trp73 is a critical regulator of ciliogenesis and its inactivation results in
ciliopathies 4345, Among downstream targets of Trp73, are micro-RNAs of the miR-34
family 6. These micro-RNAs are also an essential component for ciliogenesis 47. At the
same time, inactivation of mir-34 family of genes is commonly observed in HGSC ¢,

suggesting a link between regulation of ciliogenesis and ovarian cancer.

p73 encoded by TP73/Trp73 is a homolog of the tumor suppressor transcriptional
factor p53. Some functions of p53 and p73 are redundant, as evident by the ability of p73
to activate p53-regulated genes in growth suppression and apoptosis induction. However,
other functions do remain unique to either p53 or p73, as evidenced by the lack of ciliation
abnormalities in mice null for Trp53 and rare mutations of TP73 in cancers *°. Consistent
with distinct functions of p53 and p73 in TE cells, we have observed that Trp73 expression

negatively correlates with Trp53 expression.
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Our studies show that Slc1a3+ stem/progenitor cells express Trp53 and its
inactivation is incompatible with their survival. Unlike Sic1a3+ cells, transitional pre-
ciliated cells express both Trp53 and Trp73. This suggests that Trp73 expression protects
cells from apoptosis but not from genomic instability triggered by Trp53, thereby leading
to the preferential transformation of pre-ciliated cells. Further studies are required to
understand how transition from p53-regulated programs in stem/progenitor cells to p73

controlled ciliogenesis programs may predispose to cancer.

We have observed preferential STICs location near the junction between TE and
mesothelium, in close similarity to human STICs''5, Junction areas (aka epithelial
transitional zones) are anatomically defined regions of organs where two different types
of epithelial tissue meet. Such junction areas are known to be predisposed to cancer in
many locations such as the ovarian hilum region, the gastric squamo-columnar junction,
the corneal limbus region, the anal canal, and the uterine cervix. They also contain stem
cell niches reviewed in 2. The existence of a cancer-prone cells in junction sites has been
demonstrated definitively in the ovarian hilum region and the gastric squamo-columnar
junction 121327 Qur current observation reinforces the notion that high cancer frequency
at the junction areas can be explained by the presence of cancer-prone stem cell niches.
Further studies should specifically evaluate the mechanisms facilitating preferential

transformation of pre-ciliogenic cells at the tubal-mesothelial junction.

In sum, our study establishes the cell hierarchy, cell lineage dynamics, and identity
of stem/progenitor cells in the distal tubal epithelium. Furthermore, we show resistance
of TE stem/progenitor cells to malignant transformation and provide direct experimental

evidence for cancer propensity of cells in the transitional pre-ciliated state. These findings
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explain the preferential appearance of neoplastic lesions in the distal region of the uterine

tube and point to the pre-ciliation state as a novel diagnostic and therapeutic target.
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Methods

Experimental animals

The Tg(Slc1a3-cre/ERT)1Nat/J (Slc1a3-CreERT, Stock number 012586), Tg(Pax8-
rntTA2S*M2)1Koes/J (Pax8-rtTA, stock number 007176), Tg(tetO-Cre)1Jaw/J (Tre-Cre,
stock number 006234), Tg(KRT5-cre/ERT2)2Ipc/Jeldj (K5-Cre-ERT2, Stock number
018394), Gt(ROSA)26Sorimd(CAG-tdTomato)Hze (Rosa-loxp-stop-loxp-tdTomato/Ai9, Stock
number 007909), and C57BL6 (Stock number 000664) mice were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). The Trp53/oxF/oxP and Rb 1/oxP/oxP mice, which
have Trp53 and Rb1 genes flanked by loxP alleles, respectively, were a gift from Dr.
Anton Berns. All the experiments and maintenance of the mice were following ethical
regulations for animal testing and research. They were approved by the Cornell University

Institutional Laboratory Animal Use and Care Committee.

Doxycycline and tamoxifen induction

For estimation of target cell frequency 6 to 8 week-old Pax8-rtTA Tre-Cre Ai9 mice
received a single dose (12 ul g! body weight) of doxycycline (6.7 mg ml-! in sterile PBS)
by intraperitoneal (i.p.) injection. Identical injection schedule was used for tumor induction
experiments with 6 to 10 week-old Pax8-rtTA Tre-Cre Trp53loxFlloxP Rp 1loxF/loxP AjQ mice
and control mice. In our cohort, about 10% of TRE-Cre Trp53/oxP/ioxP Rp 1loxP/oxP mice have
developed histiocytic sarcomas and have not been included in further analyzes. For
tamoxifen induction of Cre expression in cell lineage tracing experiments 6 to 8 week-old
Slc1a3-CreERT Ai9 mice received 1, 3 and 5 daily i.p. injections of tamoxifen (8 ul/ g body

weight, 12.5 mg/ml in corn oil; Sigma-Aldrich, T5648). In tumor induction experiments, 6
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to 10 week-old mice Slc1a3-CreERT Trp53'oxPlloxP Rp7loxPlloxP- Ajg mice received i.p.
injections every 24 hours for 3 days. K5-CreERT2 Trp53/oxF/loxP Rp 1loxP/loxP AjQ mice of the
same age received a single i.p. injection of tamoxifen. All mice were euthanized by CO2

and further analyses were carried out.

Pathological evaluation

All mice in carcinogenesis experiments were subjected to gross pathology evaluation
during necropsy. Particular attention was paid to potential sites of ovarian carcinoma
spreading, such as the omentum, regional lymph nodes, uterus, liver, lung and
mesentery. In addition to the ovary, pathologically altered organs, as well as
representative specimens of the brain, lung, liver, kidney, spleen, pancreas and intestine,
intra-abdominal lymph nodes, omentum and uterus were fixed in 4% PBS buffered
paraformaldehyde. They were then evaluated by microscopic analysis of paraffin sections
stained with hematoxylin and eosin and subjected to necessary immunostainings. All
early atypical lesions were diagnosed based on their morphology, staining for PAX8 and
detection of deleted (floxed-out) Trp53 and Rb1 as described earlier®®. The locations of
all lesions were determined by three-dimensional reconstruction of 4-mm-thick serial

sections as described previously®'.

Immunohistochemistry, apoptosis detection and image analysis
For lineage tracing experiments, Slc1a3-CreERT Ai9 induced mouse tissues were fixed
with 4% paraformaldehyde for 1.5 hours on ice. After fixation tissues were washed three

times 5 min with PBS at room temperature, embedded in Tissue-Tek O.C.T. compound
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(ThermoFisherScientific), and frozen on dry ice for 10 min. Immunofluorescent detection
of FAM183B and OVGP1 was performed in 7 pym-thick frozen sections according to
standard protocols. For paraffin embedding, tissues were fixed in 4% paraformaldehyde
overnight at 4°C followed by standard tissue processing, paraffin embedding and
preparation of 4 uym-thick tissue sections. For immunohistochemistry, antigen retrieval
was performed by incubation of deparaffinized and rehydrated tissue sections in boiling
10 mM sodium citrate buffer (pH 6.0) for 10 minutes. The primary antibodies against
PAX8, and tdTomato/RFP were incubated at 4°C for overnight, followed by incubation
with secondary biotinylated antibodies (45 minutes, at room temperature, RT). Modified
Elite avidin-biotin peroxidase (ABC) technique (Vector Laboratories, Burlingame, CA,
USA,; pk-6100) was performed at room temperature for 30 minutes. Hematoxylin was
used as the counterstain. All primary antibodies used for immunostaining are listed in
Supplementary Table 3.

Apoptosis detection was performed on paraffin sections with TUNEL assay
following manufacturer instructions (abcam, ab206386), All stained cells were additionally
confirmed by morphological recognition of apoptotic bodies, featuring nuclear
fragmentation, cytoplasmic shrinkage and blebbing as described earlier 5'-52. More than
1,200 cells per sample were scored to estimate the apoptotic index.

For quantitative studies, sections were scanned with a ScanScope CS2 (Leica
Biosystems, Vista, CA), 40x objective, or Leica TCS SP5 Confocal Microscope, 20x
objective, followed by the analysis with Fiji software (National Institutes of Health,

Bethesda, MD, USA).
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Microdissection-PCR

Four uym thick paraffin sections were placed on glass slides, stained with H&E and parallel
sections stained for tdTomato were evaluated under microdissection microscope. Cells
from HE stained sections were collected using a 25G1/2 needle, into 0.6 ml Eppendorf
tubes filled with lysis buffer, digested in proteinase K, and processed as described

previously 12:50.51,53,

TE organoid preparation

Mouse tubal epithelial cells (TE) were isolated from Slc1a3-CreERT Ai9 positive and
negative littermates. Single cell suspensions for organoids were adapted from previously
described methods 71954, Briefly, mouse uterine tubes were collected, washed with wash
buffer (Phosphate buffered saline pH 7.4, Thermo Fisher 10010023, 10,000 U/ml
Penicillin-Streptomycin, Thermo Fisher 15140122) and digested with digestion buffer
(Gibco DMEM/F12, Fisher 11320033; 4 pg/ml Roche Collagenase/Dispase, Sigma
10269638001; 10 pg/ml DNasel, Sigma 1128459638001) for two rounds (45 min each)
at 37°C. Between rounds, previous digestion buffer was collected and neutralized with
20% FBS containing media in a new tube. New digestion buffer was added to the tissue
and mixed vigorously, and digestion allowed to continue. After neutralization, cells were
spun down at 600xg for 5 minutes at 4°C and mixed with Matrigel. For every 2 mice (4
uterine tubes), 100 pl of Matrigel would be used and plated along the rim of a 24 well
tissue culture plate. Plates were then be incubated in a 37°C cell incubator for 60 minutes,

after which Matrigel would be set and organoid media (Gibco Advanced DMEM/F12,
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Thermo Fisher 12634010; 25% L-WRN Conditioned Medium, ATCC CRL-3276; 12mM
HEPES, Thermo Fisher 15630080; 1% GlutaMax, Thermo Fisher 35050079; 2% B27,
Thermo Fisher 17504044; 1% N2, Thermo Fisher 17502048; 10 ng/ml hEGF, Sigma
E9644; 100 ng/ml Human FGF-10, 1 mM Nicotinamide, Sigma N0636; 10 yM ROCKi,

Millipore 688000; 2.5 uM TGF-B RI Kinase Inhibitor VI, Millipore 616464) was added.

For passaging, organoids were released from Matrigel with organoid harvesting
media (R&D 3700-100-01) by pipetting around the rim of the plate. Released cells were
transferred to a 15 ml falcon tube and allowed to chill on ice for 1 hour. Cells were then
spun down in a refrigerated centrifuge at 600xg for 5 minutes at 4°C. Supernatant was
aspirated and 1 ml of TrypLE (Thermo Fisher 12604013) was added. Cells were then
incubated at 37°C for 10 minutes and vigorously pipetted. Cells were then recovered with
20% FBS containing media and spun down at 600xg for 5 minutes at 4°C. Supernatant
was aspirated, organoid media was added, and cells were counted. Typically, cells were
plated at 500 cells/pl of Matrigel for expansion. To induce Slc1a3-Cre-ERT mediated
recombination, 1 yM 4-Hydroxytamoxifen (Selleck Chem S7827) was supplemented to

the media.

FACS preparation and analysis

Organoid cells were prepared as described above in organoid preparation. After rescuing
cells from digestion, cells were washed in 1X PBS + 1% BSA three times. After the last
wash, cells were suspended in 1X PBS + 1% BSA. FACS was performed on a Sony

MA900 in two separate experiments with single replicates. Sytox blue was used to sort
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for live cells and Slc1a3-CreERT negative littermates were used as negative controls.
Cells were then plated in Matrigel for assessment of organoid forming potential by
counting the number of organoids formed against the number of cells sorted. Each

replicate contained uterine tubes pooled from at least 5 mice.

Single-cell RNA-sequencing library preparation

For TE single cell expression and transcriptome analysis we isolated TE from C57BL6
adult estrous female mice. In 3 independent experiments a total of 62 uterine tubes were
collected. Each uterine tube was placed in sterile PBS containing 100 IU mlI-" of penicillin
and 100 ug ml' streptomycin (Corning, 30-002-Cl), and separated in distal and proximal
regions. Tissues from the same region were combined in a 40 pl drop of the same PBS
solution, cut open lengthwise, and minced into 1.5-2.5 mm pieces with 25G needles.
Minced tissues were transferred with help of a sterile wide bore 200 ul pipette tip into a
1.8 ml cryo vial containing 1.2 ml A-mTE-D1 (300 IU ml' collagenase IV mixed with 100
IU mI'" hyaluronidase; Stem Cell Technologies, 07912, in DMEM Ham’s F12, Hyclone,
SH30023.FS). Tissues were incubated with loose cap for 1 h at 37°C in a 5% COz2
incubator. During the incubation tubes were taken out 4 times and tissues suspended
with a wide bore 200 pl pipette tip. At the end of incubation, the tissue-cell suspension
from each tube was transferred into 1 ml TrypLE (Invitrogen, 12604013) pre-warmed to
37°C, suspended 70 times with a 1000 pl pipette tip, 5 ml A-SM [DMEM Ham’s F12
containing 2% fetal bovine serum (FBS)] were added to the mix, and TE cells were
pelleted by centrifugation 300x g for 10 minutes at 25°C. Pellets were then suspended

with 1 ml pre-warmed to 37°C A-mTE-D2 (7 mg ml-! Dispase I, Worthington NPRO2, and
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10 ug ml"' Deoxyribonuclease |, Stem Cell Technologies, 07900), and mixed 70 times
with a 1000 pl pipette tip. 5 ml A-mTE-D2 was added and samples were passed through
a 40 ym cell strainer, and pelleted by centrifugation at 300x g for 7 minutes at +4°C.
Pellets were suspended in 100 yl microbeads per 107 total cells or fewer, and dead cells
were removed with the Dead Cell Removal Kit (Miltenyi Biotec, 130-090-101) according
to the manufacturer’s protocol. Pelleted live cell fractions were collected in 1.5 ml low
binding centrifuge tubes, kept on ice, and suspended in ice cold 50 ul A-Ri-Buffer (5%
FBS, 1% GlutaMAX-I, Invitrogen, 35050-079, 9 uM Y-27632, Millipore, 688000, and 100
IU mI"" penicillin 100 pug ml! streptomycin in DMEM Ham’s F12). Cell aliquots were
stained with trypan blue for live and dead cell calculation. Live cell preparations with a
target cell recovery of 5,000-6,000 were loaded on Chromium controller (10X Genomics,
Single Cell 3' v2 chemistry) to perform single cell partitioning and barcoding using the
microfluidic platform device. After preparation of barcoded, next-generation sequencing

cDNA libraries samples were sequenced on lllumina NextSeq500 System.

Download and alignment of single-cell RNA sequencing data

For sequence alignment, a custom reference for mm39 was built using the cellranger
(v6.1.2, 10x Genomics) mkref function. The mm39.fa soft-masked assembly sequence
and the mm39.ncbiRefSeq.gtf (release 109) genome annotation last updated 2020-10-27
were used to form the custom reference. The raw sequencing reads were aligned to the

custom reference and quantified using the cellranger count function.
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Preprocessing and batch correction

All preprocessing and data analysis was conducted in R (v.4.1.1 (2021-08-10)). The
cellranger count outs were first modified with the autoEstCont and adjustCounts functions
from SoupX (v.1.6.1) to output a corrected matrix with the ambient RNA signal (soup)

removed (https://github.com/constantAmateur/SoupX). To preprocess the corrected

matrices, the Seurat (v.4.1.1) NormalizeData, FindVariableFeatures, ScaleData,
RunPCA, FindNeighbors, and RunUMAP functions were used to create a Seurat object
for each sample (https://github.com/satijalab/seurat). The number of principal
components used to construct a shared nearest-neighbor graph were chosen to account
for 95% of the total variance. To detect possible doublets, we used the package
DoubletFinder (v.2.0.3) with inputs specific to each Seurat object. DoubletFinder creates
artificial doublets and calculates the proportion of artificial k nearest neighbors (pANN) for
each cell from a merged dataset of the artificial and actual data. To maximize
DoubletFinder's predictive power, mean-variance normalized bimodality coefficient
(BCwmvN) was used to determine the optimal pK value for each dataset. To establish a
threshold for pANN values to distinguish between singlets and doublets, the estimated
multiplet rates for each sample were calculated by interpolating between the target cell
recovery values according to the 10x Chromium user manual. Homotypic doublets were
identified using unannotated Seurat clusters in each dataset with the modelHomotypic
function. After doublets were identified, all distal and proximal samples were merged
separately. Cells with greater than 30% mitochondrial genes, cells with fewer than 750

nCount RNA, and cells with fewer than 200 nFeature RNA were removed from the merged
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datasets. To correct for any batch defects between sample runs, we used the harmony

(v.0.1.0) integration method (github.com/immunogenomics/harmony).

Clustering parameters and annotations

After merging the datasets and batch-correction, the dimensions reflecting 95% of the
total variance were input into Seurat’s FindNeighbors function with a k.param of 70.
Louvain clustering was then conducted using Seurat’s FindClusters with a resolution of
0.7. The resulting 19 clusters were annotated based on the expression of canonical
genes and the results of differential gene expression (Wilcoxon Rank Sum test) analysis.
One cluster expressing lymphatic and epithelial markers was omitted from later analysis
as it only contained 2 cells suspected to be doublets. To better understand the epithelial
populations, we reclustered 6 epithelial populations and reapplied harmony batch
correction. The clustering parameters from FindNeighbors was a k.param of 50, and a
resolution of 0.7 was used for FindClusters. The resulting 9 clusters within the epithelial
subset were further annotated using differential expression analysis and canonical

markers.

Pseudotime analysis

Potential of heat diffusion for affinity-based transition embedding (PHATE) is dimensional
reduction method to more accurately visualize continual progressions found in biological
data 35. A modified version of Seurat (v4.1.1) was developed to include the ‘RunPHATE’

function for converting a Seurat Object to a PHATE embedding. This was built on the
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phateR package (v.1.0.7) (https://github.com/scottgigante/seurat/tree/patch/add-PHATE-

again). In addition to PHATE, pseudotime values were calculated with Monocle3 (v.1.2.7),
which computes trajectories with an origin set by the user 36:5557_ The origin was set to be

a progenitor cell state confirmed with lineage tracing experiments.

Statistical analyses

Statistical comparisons were performed using a two-tailed unpaired ¢ test and Analysis of
Variance (ANOVA) with Tukey-Kramer Multiple Comparisons Test with InStat 3 and Prism

6 software (GraphPad Software Inc., La Jolla, CA, USA).
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Data Availability

The single-cell RNA-seq data reported in this paper is deposited in Gene Expression
Omnibus (GEO); accession number (in process). The Source Data provides data for all
results requiring quantification. Any additional data supporting the findings of this study

are available from the corresponding author upon reasonable request.

Code Availability

The fully integrated Seurat objects for the distal and proximal uterine tubes will be
available via download on Dryad upon publication. Epithelial subsets of the respective
datasets will also be available through the same platform. All code for data preprocessing

and figure generation will be made available through GitHub upon publication.
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Figure 1. Census of cell types of the mouse uterine tube. (a) Diagram of a partially uncoiled
mouse uterine tube. The proximal region contains few ciliated cells and extends from the
intratubal junction to the ampulla. The distal region consists of the ampulla and the infundibulum
where ciliated cells are abundant. (b) UMAP visualization of the cell types identified in a pool of
16,583 distal cells from which high quality sequence data was obtained. Visualization of a UMAP
embedding (c) Dot plot representation of genes associated with various tissue types to validate
cell type identification.
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Figure 2. Characterization of distal epithelial cell states. (a) Epithelial cells were identified by
their Epcam and Krt8 expression and the subset was represented within the UMAP embedding.
(b) Dot plot reflecting highly expressed, specific markers of each identified epithelial cell cluster.
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of Slc1a3 (c) and Pax8 (d) visualized over the PHATE embedding.
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Figure 4. Lineage tracing of Sic1a3+ stem/progenitor cells. (a) Experimental design. Mice
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containing Slc1a3-CreERT and Ai9 reporter are injected with tamoxifen to induce expression of
modified red fluorescent protein (tdTomato) in cells expression Sic1a3. (b) Top row, tdTomato
expression (red, arrows) 1, 30 and 360 days post induction (DPI) with tamoxifen. tdTomato+
progeny of Slc1a3+ cells express differentiation markers for ciliated (FAM183B, middle row,
arrows) and secretory (OVGP1, bottom row, arrows) cells. Counterstaining with DAPI. Scale bar
represents 100 um (top row), and 50 um (middle and bottom row). (c) Quantification of cells
expressing tdTomato in the distal and proximal regions of the uterine tube 1 and 30 DPI. (d)
Frequency of clusters containing at least 3 adjacent tdTomato+ cells. (e and f) Quantification of
cells expressing tdTomato with either ciliated (FAM183B) or secretory (OVGP1) cells 1 and 30
DPI. **P < 0.001, ****P < 0.0001, two-tailed unpaired t-tests. All error bars denote s.d. n=3 or
more in each group.
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Figure 5. SIc1a3+ epithelial cells are not cancer-prone. (a) tdTomato+ tubal epithelial cells in
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mice containing Slc1a3-CreERT with floxed Trp53 and Rb1 genes, and an Ai9 reporter 1 and 360
days post induction (DPI) with tamoxifen. Hematoxylin and Eosin (HE) staining (left column) and
immunostaining for tdTomato (arrows, brown color), Elite ABC method, hematoxylin
counterstaining. (right column). Bar, all images 200 um. (b) PCR analysis of Trp53 and Rb1 gene
structure in the same samples of microdissected cells from the tubal epithelium (TE, lanes 5-9)
and lung neoplasm (LT, lane 4) of Slc1a3-CreERT Trp53/xF Rp1/oF1oxP Aj9 mice collected one
year after tamoxifen induction. Samples with known gene structure (wild-type, WT, lane 1, floxed
gene, L, lane 2, and recombinant gene in gastric cancer of
L gr5eCFP-ires-CreERT2 Ty 5 3loxPloxP ppy 1loxPIoxP A9 mice?’, R, lane 3). 316-, 198-, and 163-bp fragments
are diagnostic for floxed, excised, and wild-type alleles of the Trp53 gene, respectively. 295-, 269,
and 247-bp fragments are diagnostic for floxed, excised, and wild-type alleles of the Rb71 gene,
respectively. B, blank control (lane 10), M, DNA marker (Lane 11), (c) Apoptotic cells (arrows) in
the tubal epithelium one day after tamoxifen induction of Cre-mediated inactivation of Trp53 and
Rb1 in Slc1a3-CreERT Trp53°F" Rp1oxF1oxP Ajg mice (MUT TAM) and littermates without
Slc1a3-CreERT (WT TAM). Dot-line rectangle indicates respective location of cells shown in the
inset in the top image. TUNEL assay, methyl green counterstaining. Bar, 50 ym and 21 ym, inset.
(d) Quantification of apoptotic cells one day after administration of tamoxifen (TAM+, n>3) or
vehicle (TAM-, n=4) in Slc1a3-CreERT Trp53°oxF Rp1°x1oxP Aj9 mice (MUT) or littermates
without Slc1a3-CreERT (WT). (d) One way ANOVA P=0.0024, Error bars denote s.d.
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Figure 6. Identification of cancer-prone cell states. (a and b) Early (a) and advanced (b)
neoplastic lesions (arrows) in Pax8-rtTA Tre-Cre Trp53F Rp1'oF1xP Aj9 mice. Hematoxylin
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and Eosin (HE) staining (left column) and immunostaining for tdTomato (middle column, brown
color), and PAX8 (right column, brown color). Elite ABC method, hematoxylin counterstaining.
Bar, 60 um. (¢) Pseudotime binning along the PHATE embedding to visualize how bins are
assigned. (d) Inferred pseudotime trajectories of secretory and ciliated epithelial cell lineages.
The lineages extend from S1 and C1 to S20 and C20 respectively, where S20 and C20 are
presumed to be a more differentiated cell state. The percent abundance of each cell type
contributing to each pseudotime bin is reflected in black. The average z-scored expression was
calculated for each gene to identify genes that best represent smaller transitional states within
each lineage. Each pseudotime bin is equally sized and consists of about 150 cells. (e) Log-
normalized expression of Slc1a3, Pax8, Trp53 and Prom1 visualized in a violin plot of epithelial
cell clusters. (f) Dot plot of Krt5 expression among epithelial cell populations.
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Figure 7. Transitional pre-ciliated Krt5+ cells are highly susceptible to malignant
transformation. (a and b) Early (a, arrows) and advanced (b) neoplastic lesions in Krt5-CreERT
Trp53°FoxP Rp1loxF1oxP i mice. Arrowheads, TE-mesothelial junctions. Hematoxylin and Eosin
(HE) staining (left column) and immunostaining for tdTomato (middle column, brown color), and
PAX8 (right column, brown color), Elite ABC method, hematoxylin counterstaining. Bar, 60 um.
(c and d) Frequency of neoplastic lesions (c) and target cells (d) in Sic1a3-CreERT (SIc1a3),
Pax8-rtTA Tre-Cre (Pax8) and Krt5-CreERT (Krt5) mice carrying floxed Trp53 and Rb71 genes. d,
ANOVA with Tukey-Kramer Multiple Comparisons P value < 0.0001 ** Error bar denotes s.d.
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