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of Pax8+ cells revealed by a mouse
genetic mosaic model

Jianhao Zeng,1 Astrid Catalina Alvarez-Yela,2 Eli Casarez,1 Ying Jiang,1 Lixin Wang,2 Brianna E. Kelly,1

Taylor Jenkins,3 Eugene Ke,1 Kristen A. Atkins,3,4 Kevin A. Janes,2,4 Jill K. Slack-Davis,1,4,* and Hui Zong1,4,5,*

SUMMARY

Different cellular compartments within a tissue present distinct cancer-initiating
capacities. Current approaches to dissect such heterogeneity require cell-type-
specific genetic tools based on a well-understood lineage hierarchy, which are
lacking for many tissues. Here, we circumvented this hurdle and revealed the
dichotomous capacity of fallopian tube Pax8+ cells in initiating ovarian cancer,
utilizing a mouse genetic system that stochastically generates rare GFP-labeled
mutant cells. Through clonal analysis and spatial profiling, we determined that
only clones founded by rare, stem/progenitor-like Pax8+ cells can expand on
acquiring oncogenic mutations whereas vast majority of clones stall immediately.
Furthermore, expanded mutant clones undergo further attrition: many turn
quiescent shortly after the initial expansion, whereas others sustain proliferation
and manifest a bias toward Pax8+ fate, underlying early pathogenesis. Our study
showcases the power of genetic mosaic system-based clonal analysis for
revealing cellular heterogeneity of cancer-initiating capacity in tissues with
limited prior knowledge of lineage hierarchy.

INTRODUCTION

Cancer initiation is an intricate process. Although oncogenic mutations are key drivers for cancer initiation,

a permissive context within the cells where thesemutations occur is also indispensable. Therefore, different

cellular compartments within a tissue could manifest vastly different cancer-initiating capacities on

acquiring the same mutations.1–3 For example, APC deletion in mouse intestinal stem cells causes ade-

nomas in 3–5 weeks. However, when the same mutation occurs in the transit-amplifying cells, adenomas

fail to form.4 Therefore, revealing the heterogeneous cancer-initiating capacity of cells within a tissue is

crucial for pinpointing the cancer cell of origin, whose inherent signaling context contributes substantially

to tumor development and pathological transformation.2,3

Although mouse models can be used to rigorously interrogate the cellular heterogeneity in cancer-initi-

ating capacity if genetic targeting tools are available to introduce mutations into each cell type, this

approach is often hampered by our limited knowledge of tissue lineage hierarchy and consequently the

lack of precise genetic tools. To circumvent this problem, we deploy a mouse genetic system calledMosaic

Analysis with Double Markers (MADM) (Figure 1A1).
5,6 MADM contains a pair of knock-in cassettes of

chimeric GFP and RFP coding sequences separated by a loxP-containing intron, each of which is linked

with the wildtype or mutant alleles of a tumor suppressor gene residing on the same chromosome, respec-

tively, resulting in a heterozygous, unlabeled mouse. Through Cre/loxP-mediated inter-chromosomal

mitotic recombination that occurs at a low frequency (0.1%–1% or even lower), sporadic homozygous

mutant cells labeled with GFP are generated in the MADMmouse (Figure 1A1).
5,6 The rarity of mutant cells

and the unequivocal GFP labeling provide clonal resolution to trace the expansion of individual mutant

cells (Figure 1A2).
5,7,8 When the MADM recombination is catalyzed by a pan-tissue Cre transgene, it can

generate scattered GFP+ mutant cells in all cell types within that tissue. Via clonal tracing of individual

mutant cells, we can pinpoint cells with a high cancer-initiating potential based on the extent of clonal

expansion, allowing us to subsequently interrogate their identity, behavior, and molecular features using

multi-spectral immunostaining and spatial profiling technologies.
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Figure 1. Induction of sparse mutant cells in the fallopian tube through MADM

(A) A1: MADM mechanism: MADM contains a pair of knock-in cassettes of chimeric GFP and RFP (tdTomato, tdT) coding sequences, separated by a loxP-

containing intron. Cre-mediated inter-chromosomal recombination in mitotic cells followed by X segregation generates a single GFP+ cell (Green) that is a

homozygous mutant, and a sibling tdTomato+ cell (Red) that is wildtype, or by Z segregation which generates a GFP+ and tdTomato+ double-positive

heterozygous cell (Yellow) and a sibling colorless heterozygous cell. A2: MADM could be used to induce sporadic single GFP+ mutant cells in the tissue,

which allows the study of cancer initiation and early progression at the clonal level.

(B) Induction of sporadic GFP+ mutant cells in the mouse fallopian tube with MADM. Pax8-rtTA; TetO-Cre system was introduced to drive Cre expression in

the fallopian tube Pax8+ population (secretory cells) under the control of doxycycline. Cre-mediated recombination of MADM cassettes generates GFP+

cells with homozygous loss of Trp53, Brca1, and Nf1. See also Figure S1.

(C) Sparse and scattered GFP+ cells in the mouse fallopian tube after Cre induction. Four MADM-mutant mice were given doxycycline between post-natal

days 0–21 (P0-21). Fallopian tubes were harvested right after the doxycycline administration at P21 for cryo-sectioning and confocal imaging. Arrows indicate

GFP+ cells. Scale bar = 100 mm.
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Utilizing this paradigm, we sought to finely dissect the cancer-initiating capacity of the cellular compart-

ment within the fallopian tube (FT), which has emerged as an origin site for high-grade serous ovarian can-

cer (HGSOC). HGSOC is the most prevalent and aggressive ovarian cancer subtype, which causes about

14,000 deaths annually in the US.9,10 Although HGSOC was initially thought to arise solely from the ovarian

surface epithelium, an increasing body of epidemiologic, clinical, molecular, and mouse modeling studies

suggest the FT as an alternative origin site for a considerable portion of HGSOCs. In human studies, FT

precursor lesions such as serous tubal intraepithelial lesions (STILs) and serous tubal intraepithelial carci-

nomas (STICs) were frequently detected in HGSOC patients.11–15 These precursor lesions shared identical

TP53 mutations16–19 and similar transcriptomic profiles with the concurrent tumors in the same pa-

tients,20–23 implying their close lineage relationship. The FT is known to consist of ciliated cells (Acetyl-

Tubulin+) that facilitate gamete transportation and secretory cells (Pax8+/Ovgp1+) that produce

nutrient-rich fluid.24 Studies with genetically engineered mouse models showed that transforming oviduct

(analogous to the fallopian tubes in humans, referred to as fallopian tube hereafter) secretory cells with

clinically relevant mutations (TP53, BRCA1, RB1, PTEN,NF1, etc.) leads to FT precursor lesions and ovarian

tumors that resemble human disease.25–30 Therefore, the secretory cells are pinpointed as the cancer cell of

origin. Recent single-cell profiling revealed vast heterogeneity among FT Pax8+ cells,31–33 which corrobo-

rated well with their greatly varied organoid-forming potential in vitro.34,35 These findings raise the

question of whether all or only some FT Pax8+ cells possess the cancer-initiating capacity. Addressing

this question is critical for understanding early pathogenesis in the FT. However, such efforts have been

hindered by the lack of definitive markers that can separate FT Pax8+ cells into functional subsets.

Here, taking advantage of MADM’s strengths in generating scattered single mutant cells to enable clonal

tracing, we interrogated the cellular heterogeneity of FT Pax8+ cells in their capacity to initiate precursor le-

sions. We found that only a rare subpopulation enriched in the distal FT provides the permissive context for

cancer initiation, which likely represents stem/progenitor-like cells in FT. We also delineated the process of

early pathogenesis froma successfully initiated cell to FT lesions, shedding lighton theearly cellular alterations.

In summary, this study showcases the power of genetic mosaic system-based clonal analysis for revealing stark

cellular heterogeneity of cancer-initiating capacity in tissues lacking a well-understood lineage hierarchy.

RESULTS

MADM generates GFP-labeled mutant cells at the clonal density within FT Pax8+ population

To generate and track individual mutant cells within the FT Pax8+ population usingMADM, two critical pre-

requisites need to be considered: 1) a Cre transgene that specifically targets the FT Pax8+ population, 2)

HGSOC-relevant tumor suppressor genes reside on the telomeric side of the MADM cassettes. We incor-

porated the Pax8-rtTA; TetO-Cre system to target the FT Pax8+ population under the control of doxycy-

cline (Dox).25,36 To select clinical-relevant tumor suppressor genes, we analyzed TCGA datasets of human

HGSOC patients. We found that the loss of TP53 (63%), BRCA1/2 (78%), and the mutations that activate the

Ras-MAPK pathway (37%, some through the loss of NF1) are among the most prevalent genetic alterations

and often co-occur (Figure S1A).37–41 Because Trp53, Brca1, and Nf1 in mice all reside on chromosome 11,

where theMADMcassettes had been knocked in (Figure S1B),42,43 we selected thesemutations to establish

the MADM model. After incorporating the Cre transgene and these mutations into two MADM stock lines

through multi-generational breeding (Figure S1C, see STAR Methods for details), we obtained MADM-

mutant mice in which rare GFP+ mutant cells could be generated within the FT Pax8+ population (Fig-

ure 1B). This breeding scheme also generated MADM-wildtype littermates as control (Figure S1C).

To assess whether the frequency of GFP-labeled cells is low enough for clonal tracing, we induced Cre ac-

tivity between post-natal days 0 and 21 (P0-21) with Dox in the drinking water. We chose this period for

Figure 1. Continued

(D) The abundance of GFP+ cells in the fallopian tube is low after P0-21 doxycycline administration. The fallopian tubes from four mice at P21 were cut

through continuously, and every fifth slide was used to quantify GFP+% versus total fallopian tube epithelial cells (counted by DAPI along the epithelium).

Each dot indicates data from one mouse (n = 4). Data are represented as mean G SEM.

(E) The MADM-labeled GFP+ cells were stained positive for Pax8. Fallopian tubes from three mice harvested at P21 were cryo-sectioned for

immunofluorescence staining of Pax8. The arrow indicates the same cell as the GFP+ cell shown, which presents Pax8+.Scale bar = 50 mm.

(F) Percentage of MADM-labeled GFP+ cells that were also Pax8+. Fallopian tubes from three mice harvested at P21 were cryo-sectioned for

immunofluorescence staining of Pax8. Pax8+% overall GFP+ cells were quantified (n =3). Data are represented as mean G SEM.

(G) Representative images of GFP+ mutant clones post-induction at the indicated ages. The fallopian tubes from MADM-mutant mice (n =3 for each age)

were sectioned for imaging. Scale bar = 100 mm. See also Figures S1–S3.
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Figure 2. Dichotomous expansion of fallopian tube mutant clones

(A) Approach for whole-fallopian-tube 3D imaging. The harvested reproductive tract, including the fallopian tube, was first fixed with 4% paraformaldehyde

(PFA) for 24 h (Day0–1), followed by shaking in CUBIC clearing reagent 1 (CUBIC-1) at 37�C,110rpm for three days (Day1–4). The tissues were then washed in

PBS for 6 h to remove the CUBIC-1 reagent and shaken in CUBIC clearing reagent 2 (CUBIC-2) until day 6. The whole fallopian tubes were imaged with light-

sheet microscopy.

(B) Distinct clonal size among GFP+mutant clones showed by 3D imaging of cleared whole FT from 5 months old MADMmutant mice (n = 4). The yellow box

shows a region with a non-expanded GFP+ clone (arrow), and the magenta box shows a highly expanded GFP+ clone. Scale bar = 50 mm.

(C) Violin plot of the clonal size distribution of mutant clones in four independent FTs from mice at 5 months of age, hinting at the existence of two density

peaks. The magenta line indicates the 75 percentiles.

(D) The clonal size does not fit into one group distribution, suggesting the existence of distinct groups. The observed clonal size of mutant clones (green bar)

from four mice at 5 months was first fitted into one negative binomial distribution (yellow dots), which predicts the observation of one clone >50 cells.

Because the observed number of clones >50 cells is 27, significantly higher than predicted, the one distribution hypothesis is rejected. Fisher Exact Test,

p < 10�8.

(E) At 1 and 2months old, the clonal size dichotomy also exists. FTs from 1-month-old or 2-month-old MADMmutant mice (n = 4 for each) were cleared for 3D

imaging. The yellow box shows a region with a non-expanded GFP+ clone (arrow), and the magenta box shows a highly expanded GFP+ clone. Scale bar =

50 mm.
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clone induction because this is themost proliferative period of FT development that satisfies the reliance of

MADM on mitotic recombination to generate mutant cells. When we assessed the labeling efficiency, we

found that around 0.15% of FT epithelial cells were GFP+, sparse enough for clonal tracing (Figures 1C and

1D, clonality is further discussed in Figure S4). RFP+ wildtype cells were generated at a similar frequency.

Notably, double-positive (yellow) heterozygous cells were also generated but rarely included in this study

because they do not share a lineage relationship with GFP+ and RFP+ cells (Figures 1A1,S1D, and S1E).

Finally, nearly all MADM-labeled cells were Pax8+ (Figures 1E and 1F), demonstrating the faithfulness of

Pax8-rtTA; TetO-Cre transgenes.

As mice aged, some of these isolated GFP+ mutant cells expanded into sizable clones, occupying contin-

uous regions of FT epithelium (Figure 1G). As clones increased in size, they gradually lost well-organized

epithelial structure and eventually formed serous tubal intraepithelial lesions (STILs), characterized by

nuclear enlargement, a partial loss of cilia, elevatedmitotic figures (Figure S2A), a high level of Pax8 expres-

sion, and a slightly increased proliferative index based on Ki67 staining (Figure S2B). In 10 MADM mutant

mice at 12 months of age, 7 out of 14 highly expanded mutant clones analyzed were diagnosed as STILs,

and another 4 displayed abnormal over-crowded cyto-architecture but slightly fell short of STIL diagnosis

(Figure S2C). It should be noted that aging these mice beyond one year for the onset of full-blown ovarian

tumors was not possible for this model because the animals succumbed to invasive tumors in the uterus,

which also contains Pax8+ cells with transforming potential44 (Figures S3A and S3B). Therefore, our model

is uniquely suitable for probing into unprecedented early phases of ovarian cancer initiation with clonal res-

olution before STIL formation but not for studying malignant ovarian tumors.

Dichotomous expansion of individual mutant cells revealed by clonal analysis

Next, to determine whether all Pax8+ cells share similar cancer-initiating capacities, we evaluated the

extent of clonal expansion of individual mutant cells. We induced GFP+ mutant clones (which all start

from one cell according to the MADM design) with four MADM-mutant mice through P0-21 Dox adminis-

tration. We then analyzed the clonal expansion of mutant cells at fivemonths of age whenmutant cells have

expanded but not yet formed pathologically manifested lesions. To gain a comprehensive view of all

mutant clones, we optically cleared the FTs with the CUBIC method,45 imaged the entire FT in 3D with

light-sheet microscopy, and then assessed the size of each mutant clone by reconstructing the image

stacks (Figure 2A). Of interest, the sizes of mutant clones were highly divergent: �70% of the clones con-

tained <10 cells (mostly one cell), yet a small fraction of clones expanded to hundreds of cells or more

(Figures 2B and 2C). To exclude the possibility that the dichotomy resulted from stochastic fluctuations,

we implemented a mathematical analysis that evaluates whether the observed clonal size distribution

can be explained by one single stochastic group. We estimated the clonal size distribution from the major-

ity clones and asked whether the frequency of observed outlier large clones is within that predicted by the

majority distribution. The observed clonal sizes were best fit by a negative binomial model for clones below

50 cells (KS test, pvalue<0.1, see STAR Methods for details.46 Under the null hypothesis, this one-group

model predicts one clone larger than 50 cells. In contrast, we observed more than 30 clones larger than

50 cells, suggesting the existence of an outlier group (Figure 2D) (p< 10�8, Fisher Exact Test) that has a

higher expansion potential than most clones. Recognizing that an alternative interpretation for the large

clones is the merge of multiple smaller clones, we estimated the minimal clonal size required for two clones

to merge. Based on the average distance between two mutant cells right after clonal induction and the

cellular diameter (Figures S4A–S4C) for two spherically expanding clones to merge, each of the two clones

needs to grow to more than 10,000 cells (Figure S4D), which is never observed in our clonal size quantifi-

cation. Therefore, the chance for clonal merging is minimal.

To determine when these outlier large clones first emerged, we repeated the clonal size measurement with

MADM-mutant mice at one and two months of age. To our surprise, greatly expanded clones already

existed among minute ones shortly after Cre induction (Figures 2E and 2F). We ruled out the trivial expla-

nation that such clonal size dichotomy simply reflects their differential birth date (Figure S5A) over the

21 days of Dox administration by showing a large variance of clonal sizes among age-synchronized clones

Figure 2. Continued

(F) Violin plot of the clonal size distribution of mutant clones at 1 and 2 months. Data were pooled from 4 mice for each indicated age. A total of 129 GFP+

mutant clones from 1-month-old mice and 233 clones from 2-month-old mice were analyzed for plotting.

(G) The portion of outlier large clones at the indicated age. Each dot indicates data from onemouse (n = 4 for each age). Data are represented asmeanG SD.

Mann-Whitney U test was used.See also Figures S4–S6.
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Figure 3. The large clones originate from a stem/progenitor-like FT population

(A) Co-existence of small and large clones in wildtype fallopian tubes. Fallopian tubes from MADM-wildtype mice at the indicated ages (n =3 for each age)

were cleared for whole tissue 3D imaging. The yellow box shows non-expanded small clones, and the magenta box shows expanded large clones. Scale

bar = 25 mm.

(B) Violin plot of the clonal size distribution of wildtype clones at 1, 2, and 5 months indicates similar clonal size dichotomy as the mutant clones. Data were

pooled from 3 mice for each age. A total of 211 clones from 1-month-old mice, 310 clones from 2-month-old mice, and 284 clones from 5-month-old mice

were assessed for plotting.
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(Figures S5B and S5C). We then compared the frequency of expanded large clones from 1, 2, and 5 months

of age. Because the variance of clonal sizes at younger ages was smaller overall, a Poisson model was used

to calculate the portion of outlier large clones for all ages (see STAR Methods for details). We found the

proportion of the outlier large clones are comparable across the ages (Figure 2G), suggesting that the

expansion potential of initiated Pax8+ cells was determined early.

In addition to the temporal pattern, we also noted a spatial pattern of clonal expansion. The FT comprises

three distinct segments based on their relative distance to the ovary and uterus (Figure S6 Aupper panel).

The distal end close to the ovary is found to be the hotspot for FT lesions in humans.14,47 To ask whether the

highly expanded mutant clones demonstrate similar spatial preference toward the distal end, we stretched

the FTs from 2-month-old MADM-mutant mice, performed whole-mount imaging, and found that large

clones almost exclusively reside in the distal FTs, whereas small ones are distributed in all three FT seg-

ments (Figures S6A and S6B). Such spatial preference was not caused by the biased generation of more

clones in the distal FT because the initial labeling frequency was similar throughout FT segments (Fig-

ure S6C). Such spatial preference of highly clonogenic cells was maintained in adult FT, as when we induce

single-cell clones between 5 and 6 weeks of age48 (Figure S6D upper panel), expanded large clones

emerged weeks after in the distal FT (Figure S6Dlower panel).

Collectively, these data indicate that on acquiring oncogenic mutations, initiated FT Pax8+ cells present

dichotomous expansion potential: the majority immediately stall while a small, distally enriched fraction

profoundly expand.

The large clones likely originate from a stem/progenitor-like population

The nearly immediate divergence of clonal size prompted us to ask if the initial oncogenic mutations are

required or if it is rooted in the intrinsic heterogeneity of the clonogenic potential of Pax8+ cells. To

address this question, we induced clones in the MADM-wildtype mice, in which clones of all colors are

free of initial oncogenic mutations. When we examined the size of these wildtype clones at 1, 2, and

5 months of age, we observed evident clonal size divergence as early as one month of age (Figures 3A

and 3B), indicating that the divergence of clonal expansion does not depend on the oncogenic mutations

and is likely caused by intrinsic heterogeneity of the clonogenic potential of Pax8+ cells. Because the high

clonogenic potential is reminiscent of stem/progenitor cells,49,50 we further asked whether the large clones

originate from a stem/progenitor-like founder cell.

Speculating that a portion of the cells within the large clones might retain the stem/progenitor-like prop-

erty of their founders that are absent in small clones, we isolated large clones and small clones by fluores-

cence-guided laser capture microdissection and performed RNA-sequencing. We purposefully chose FTs

from 1-month-old MADM-wildtype mice for this experiment, with the following considerations: 1) large

clones are readily distinguishable from small clones by size but have not yet overly expanded to the extent

that signatures of the stem/progenitor-like cells would be completely overshadowed by differentiated cells

within clones51; 2) a young age to minimize compound effects caused by ovulation; 3) wildtype clones to

avoid the additional impact of oncogenic mutations. From each of the six mice, we micro-dissected small

clones and large clones to collect �200 cells each (Figure 3C). These six pairs of samples underwent RNA

extraction, cDNA preparation, and linear amplification followed by RNA sequencing at a depth of �4

million aligned reads per sample52,53(see STAR Methods for details). We found small and large clones

are readily distinguishable based on differential expression patterns (Figure 3D, see Table S1 for the list

of differentially expressed genes). Through gene set enrichment analysis, we found the upregulation of

multiple ciliated-cell-related signatures in the small clones, indicating their highly differentiated status,

which is further supported by an upregulation of the Ezh2 signature that is known for transcriptional repres-

sion54,55 and a down-regulation of the stem-cell signature (Figure 3E). In contrast, the large clones showed

Figure 3. Continued

(C) The experimental scheme of fluorescence-guided laser-capture microdissection of small and large clones from 1-month-old MADM-wildtypemice (n = 6)

and cDNA library preparation for sequencing. The arrow indicates small clones and the dashed circle outlines a large clone.

(D) Small and large clones show different expression patterns. log2 +1 transformed TMPs of 132 differentially expressed genes were subjected to Zscore

normalization, and clustering was performed using Euclidian distance and the Ward.D method. See also Table S1 for the list of differentially expressed

genes.

(E) Gene set enrichment assay showing upregulation of cilia-related gene sets in small clones.

(F) Gene set enrichment assay showing upregulation of proliferation and stem cell-related gene sets in large clones. See also Figures S7 and S8 and Table S1.
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slightly upregulated proliferative and stem cell signature56(Figure 3F). However, we noted that the p values

are borderline, likely because of both the intra-clonal heterogeneity (most cells within the large clones have

differentiated while only a small fraction retains stem/progenitor-like properties) and inter-clonal hetero-

geneity (not all large clones continue to progress). Nevertheless, it appears that large clones are more

proliferative and less differentiated compared to small clones. Reasoning that multi-potency is another

hallmark of stem/progenitor cells, we assessed the cell composition in large clones: the presence of

both AcTUB+ ciliated cells and Pax8+ ‘‘secretory’’ cells (Figure S7)furthersupports the stem/progenitor

nature of the clone founders. Finally, as stem/progenitor cells often serve as the cancer cell of origin,3

we performed principal component analysis57 by projecting our data onto normal mouse fallopian tube

and ovarian tumor datasets from the literature,30 and indeed found that the large clones lean significantly

closer toward the tumors (Figure S8). In summary, our data indicate that the large clones likely originate

from a stem/progenitor-like Pax8+ subset.

Oncogenic mutations prolonged the expansion and persistence of large clones

To understand how oncogenic mutations alter the clonal behavior of those FT Pax8+ cells with high clono-

genic potential, we compared the proliferative activity of large clones with or without oncogenic mutations

in a time course. To label proliferating cells, we treated the MADM-mutant and MADM-wildtype mice with

EdU in the drinking water for seven days before harvest at 1, 2, or 5months of age. The wildtype large clones

showed peak proliferative rate at one month (EdU+:27.6G 2.8%), which then dropped precipitously at two

months (1.9G 0.6%) and stayed low at fivemonths (2.0G 0.5%). (Figures 4A, 4C, and4D), suggesting that the

initial expansion capacity diminished quickly at the end of FT development.51 For mutant clones, although

the overall diminishing trend is similar to wildtype ones, we noted two important differences. First, the over-

all proliferation of mutant clones was maintained at a higher level than the wildtype ones at 2 and 5 months

(Figures 4B and 4C). Second, the proliferative rate of largemutant clones at 2 and 5months of age showed a

notably great variance: Although some clones were nearly as proliferative as one month, others almost

completely stopped (Figures 4B–4D). A closer examination of 27 large clones from seven 5-month-old

mice revealed that 10mutant clonesmaintaining active proliferationmanifested an abnormal nodular orga-

nization, in contrast to a single-layer organization of 17 quiescent clones (Figure S9). Thesedata indicate that

oncogenicmutations could prolongproliferation in the large clones after the developmental window, albeit

not at full penetrance. Consequently, although mutant and wildtype large clones are comparable in size at

onemonth, a portion of themutant clones becamemuch larger thanwildtype ones at older ages (Figure 4E).

One of the unique strengths of genetic mosaic with MADM is that GFP+ mutant cells and RFP+ wildtype

sibling cells are simultaneously generated in the same MADM-mutant animal (known as twin spots,

Figure 4. Large mutant clones show prolonged expansion and advantageous long-term survival

(A) Wildtype large clones lost their proliferation potential post fallopian tube development. Three mice at each indicated age were treated with 0.5 mg/ml

EdU in their drinking water for 7 days before harvest. Fallopian tubes were continuously sectioned for staining of EdU and confocal imaging. The dashed

circle outlines a wildtype large clone. Scale bar = 20 mm.

(B) A fraction of the mutant large clones maintained their proliferation potential post fallopian tube development. Three MADM-mutant mice at each

indicated age were treated with 0.5 mg/ml EdU in their drinking water for 7 days before harvest. Fallopian tubes were continuously sectioned for staining of

EdU and confocal imaging. The dashed circle outlines a GFP+ large mutant clone. Scale bar = 20 mm.

(C) EdU+% in large wildtype and mutant clones at the indicated ages. Each dot represents one large clone. Clones from three mice of each age were pooled

for plotting.

(D) Number of EdU+ cells in each individual large wildtype and mutant clone at the indicated ages. Each dot represents one large clone. Clones from three

mice of each age were pooled for plotting.

(E) The size of large mutant clones was similar to that of wildtype clones at one month, whereas mutant large clones become significantly larger at 2 and

5 months. Three fallopian tubes of each indicated age were continuously cut and imaged to quantify the clonal size. Each dot represents one large clone.

Clones from three fallopian tubes were pooled for plotting. Data are represented as mean GSD. Mann-Whitney U test was used, **<0.01****<0.0001.

(F) F1: GFP+ large clones co-exist with sibling RFP+ large clones in 1-, 2-, and 5-month-oldMADM-wildtypemice. F2: Although theGFP+ largemutant clones

co-exist with sibling RFP+ large clones at one month, only the GFP+mutant clones survived at 2 and 5 months, whereas the RFP+ wildtype large clones were

lost. Four MADM-wildtype/MADM-mutant mice at each indicated age were harvested, and the fallopian tubes were cut for imaging. The arrowheads

indicate GFP+ large clones. The arrows indicate RFP+ large wildtype clones. Scale bar = 50 mm.

(G) A comparable number of GFP+ and RFP+ large wildtype clones co-exist in fallopian tubes from MADM-wildtype mice at 1, 2, and 5 months. Fallopian

tubes from four mice at each indicated age were harvested for continuous cutting to quantify the number of GFP/RFP+ large clones. Data are represented as

mean GSEM.

(H) GFP+ large mutant clones persisted, whereas sibling RFP+ large wildtype clones were lost in fallopian tubes fromMADM-mutant mice at 2 and 5 months.

Fallopian tubes from four mice at each indicated age were harvested for continuous cutting to quantify the number of GFP/RFP+ large clones. Data are

represented as mean GSEM.See also Figure S9.
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Figure 5. Large mutant clones show unbalanced differentiation along their progression

(A) The Pax8 status of small and largemutant clones in an age cohort. Fallopian tubes from four MADM-mutant mice at each indicated age were continuously

cut for Pax8 staining. Representative images of 23 small mutant clones, 8 large mutant clones at 2 months, 24 small mutant clones, 15 large mutant clones at

5 months, 15 small mutant clones, 11 large mutant clones at 12 months. The dashed circle indicates a small/large GFP+ mutant clone. Scale bar = 50 mm.

(B) Increased Pax8+% in large mutant clones from older mice. Each dot represents one large mutant clone. 8 large mutant clones were plotted at 2 months,

15 at 5 months, and 11 at 12 months from four mice at each age. See also Figure S9A.Data are represented as meanGSEM. Mann-Whitney U test, ***<0.001.
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Figure 1A1), providing the opportunity to directly compare their clonal behaviors. Meanwhile, the MADM-

mutant animals also have MADM-wildtype littermates (Figure S1C). Both types of animals contain wildtype

clones, but one is surrounded by heterozygous/homozygous-mutant cells, whereas the other is surrounded

by wildtype cells, allowing us to dissect how different surroundings affect the wildtype clones. In MADM-

wildtype animals, we found the large wildtype clones persisted (Figure 4F1) as the number of GFP+ and

RFP+ large wildtype clones are comparable at 1, 2, and 5 months. The total number of GFP+/RFP+ large

clones also didn’t significantly change over time (Figure 4G). In stark contrast, in MADM-mutant animals,

although RFP+ large wildtype clones were present initially at one month of age, they were seldom found

in 2- and 5-month-old mice when we examined more than 20 animals (Figures 4F2 and 4H), suggesting that

wildtype large clones are not able to persist for the long-termwhen accompanied bymutant clones. Collec-

tively, these results suggest that the oncogenic mutations prolong the proliferation of large clones and pro-

vide advantages over their sibling wildtype clones for long-term persistence.

Large mutant clones show unbalanced differentiation during their progression

The epithelium of the normal FT at the distal end, where large clones locate, consists of interspersed secretory

cells (Pax8+,�30%) and ciliated cells (Ac-Tubulin+,�70%) (Figures S10A and S10B).58 Abnormal expansion of

secretory cells has been found in both benign FT epithelial hyperplasia (e.g., ‘‘secretory-cell-outgrowths’’,

SCOUTs) and FT precursor lesions (e.g., STILs and STICs).51,59,60 Therefore, we asked whether the expanded

mutant clones, as aprobable intermediatebetweennormal anddisease, couldmanifest this drift of cell compo-

sition, which we assessed along a time course at 2, 5, and 12 months of age with immunostaining of Pax8 and

ciliated cell marker (Ac-TUB).We found that although the small clones comprise very few Pax8+ cells at all ages

(Figure 5A upper panel, Figure S10C), the Pax8+% within large mutant clones significantly increased from 2 to

5months of age, which persisted at 12months of age (Figure 5A lower panel, B). The Pax8+ cell in largemutant

clones often formed continuous stretches, contrasting with the interspersed Pax8+ and Pax8-cells in the adja-

cent non-mutant regions (Figure 5C). Naturally, the percentage of Pax8+ cells in the large mutant clones is

significantly higher than their adjacent non-mutant regions (Figure 5D). In summary, large clones appear to

be at a premalignant stage preceding clinically identifiable lesions.

We further asked whether the elevated Pax8+% in largemutant clones reflects a biased propensity of prolif-

erating mutant cells to differentiate toward a non-ciliated fate. To test this hypothesis, we performed an

EdU pulse-chase experiment to determine the fate of the newly born cells within large mutant clones (Fig-

ure 5E). First, wemapped the length of EdU pulse and found that 3-day administration led to clonal labeling

of proliferating cells (Figures S11A–S11E). After a 4-day chase, the initial EdU-labeled cells within mutant

clones were able to divide further and form EdU+ subclones as large as 7 cells (Figures S11F–S11H).

When we examined the cell composition of the EdU+ subclones, we found that, whereas 70% of cells in

wildtype EdU+ subclones had cilia, substantially fewer cells in mutant EdU+ subclones were ciliated

(Figures 5F and 5G), suggesting a higher propensity of mutant cells to adopt a non-ciliated cell fate.

This biased cell differentiation may underscore the progression of some mutant clones toward FT lesions.

DISCUSSION

Precisely identifying the cancer cell of origin in a tissue type with limited knowledge of normal lineage hi-

erarchy is challenging. Although FT Pax8+ cells have been identified as the cell of origin of HGSOC;

Figure 5. Continued

(C) The mutant clones showed a continuous stretch of Pax8+ cells (lower panel), whereas Pax8+ and Pax8-cells were interspersed in non-mutant adjacent

regions (upper panel). Fallopian tubes from three MADM-mutant mice at 5 months old were harvested and sectioned for Pax8 staining. The dashed lines

outline regions of interspersed Pax8+ and Pax8-cells (upper panel) or continuous stretches of Pax8+ cells (lower panel). Scale bar = 20 mm.

(D) Themutant clones contained a higher portion of Pax8+ cells than adjacent non-mutant regions. Threemutant/adjacent non-mutant pairs were quantified

from each MADM-mutant mouse at 5 months old, and three mice were assessed in total. Mann-Whitney U test, **<0.01.

(E) The scheme to perform clonal tracing of proliferating cells within large mutant clones through EdU pulse-chase assay and the potential outcomes.

(F) EdU+ subclones within large mutant clones mainly consist of non-ciliated cells. The upper panel shows a four-cell subclone with non-ciliated cells only.

The lower panel shows a subclone with one ciliated cell (+) and three non-ciliated cells (�). Fallopian tubes were harvested from six 5-month-old MADM-

mutant mice that were treated with the EdU pulse-chase scheme, shown in Figure 5E. These fallopian tubes were cut continuously and stained for EdU and

cilia and imaged to quantify the ciliated and non-ciliated cell number in each EdU+ subclone. Representative images from a total of 18 EdU+ subclones from

six mice were shown. The arrow indicates positive cilia staining. The dashed circle indicates an EdU+ subclone. Scale bar = 25 mm.

(G) The EdU+ subclones (>2 cells) within the largemutant clonesmainly consist of non-ciliated cells. In contrast, in wildtype distal FT, ciliated cells account for

�70% (See also Figures S9B and S9C). A total of 18 EdU+ subclones from six MADM-mutant mice at 5 months old. C1 in the yaxis is short for Clone 1. See also

Figures S10, and S11.
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accumulating evidence point out the cellular heterogeneity among the Pax8+ cells. It is unknown whether

all or only a specific subset of FT Pax8+ cells holds cancer-initiating potential. In this study, to investigate

the possible heterogeneity of cancer-initiating potential among FT Pax8+ cells, we used a mouse genetic

mosaic system called MADM to sparsely induce Pax8+mutant cells and then followed their clonal progres-

sion. We found that individual mutant cells went through dichotomous clonal expansion—only a rare sub-

set of clones progressed, whereas others stalled immediately on acquiring oncogenic mutations. Further

spatial profiling and marker staining revealed that the expanded clones are less differentiated, more pro-

liferative, and bipotential, indicative of stem/progenitor-like cells as their founders. Finally, we found that

oncogenic mutations conferred cells in the expanded clones sustained proliferation and biased differen-

tiation toward the Pax8 cell fate that led to long-term clonal persistence, representing premalignant pro-

gression toward FT precursor lesions such as STILs.

The primary approach to identify cancer cell-of-origin is using genetically engineered conditional knockout

mouse models to examine the transforming potential of each cell lineage in a tissue of interest. Unfortu-

nately, this approach is feasible only when a well-established tissue lineage hierarchy and lineage-specific

Cre transgenes are available. Considering the absence of such knowledge and tools in many tissues, here

we demonstrated an alternative approach to tackle this problem, deploying amouse genetic system called

Mosaic Analysis with Double Markers (MADM). With MADM, one could induce sparsely scattered single

GFP+mutant cells in all cell types within a tissue, then track clonal progression to pinpoint highly expanded

clones, and finally use multi-spectral immunostaining and spatial profiling to thoroughly interrogate the

identity, cellular behavior, and molecular features of the founder cells in these clones.61

It should be noted that, although clonal level labeling can also be achieved with inducible Cre systems (e.g.,

CreER or tetracycline-inducible Cre),62 theMADM system has unique advantages. First, using inducible Cre

systems, the mutant cells are often visualized by a separate Cre reporter transgene.63,64 The stochastic na-

ture of two independent recombination events (the excision of the floxed gene and the excision of the

floxed ‘‘stop signal’’ in the Cre reporter) leads to unreliable coupling, especially when the induction of

Cre activity is tuned down to ensure clonality.6,65 In contrast, MADM achieves simultaneous gene knockout

and reporter expression in a single mitotic recombination event, guaranteeing a faithful coupling of mutant

genotype and fluorescence labeling. Furthermore, the analytical power of MADM is enhanced by the inter-

nal control, i.e., RFP-labeled wildtype sibling cells, which provide the opportunity to directly compare the

clonal behavior of mutant cells with their wildtype siblings side by side, allowing one to detect even the

subtlest abnormality.66,67 Taking advantage of this unique feature, we were able to find that mutations

confer an advantage for long-term clonal persistence, as large RFP+ wildtype sibling clones that co-existed

with mutant ones at the beginning disappeared at older ages (Figures 4F2 and 4H). Finally, as a modular

system, MADM-based clonal analysis of premalignant progression can be applied to all cancer types, as

a genome-wide library of MADM mice has recently been made available68 that allows one to study almost

all genes.

Although FT Pax8+ cells have been identified as a cancer cell-of-origin for HGSOC, several questions

remain to be answered. First, the Pax8+ cells account for more than 50% of the FT epithelium, could all

or only a subset of them initiate cancer? Through the MADM-based clonal tracing of individual mutant

Pax8+ cells, we found a dichotomous progression of mutant cells: Only a small subset of Pax8+ cells

was capable of clonal expansion whereas others barely expanded on acquiring oncogenic mutations,

providing in vivo evidence of the heterogeneous cancer-initiating potential of the FT Pax8+ cells. Second,

our study added to the understanding of the distal-biased presentation of FT lesions. Although repeated

exposure to ovulation-induced inflammatory cytokines has been the main proposed explanation for this

distal-bias,69,70 our data show that the highly expanded clones are already enriched in the distal FT before

the puberty age (Figure S6). Therefore, as a complementary explanation to the ovulation hypothesis, the

distal FT may be inherently enriched for cells uniquely susceptible to cancer initiation, such as FT stem/pro-

genitor-like cells.34,71,72 The presence of dichotomous clonal size among wildtype clones, the histological

data showing the bipotency, and the LCM/RNAseq data showing the less-differentiated status of large

clones further support the existence of a subset of stem/progenitor-like cells within the Pax8+ population.

Admittedly, although we strived to pinpoint specific signatures of these elusive stem cells, the tremendous

intra- and inter-clonal heterogeneity made it extremely difficult. This is actually expected based on recent

single-cell profiling studies of the human fallopian tube: although these studies inferred the existence of a

stem/progenitor-like subset,31,33,73 putative stem/progenitor-like signatures from these studies had very
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limited concordance likely because of the rarity of these cells. In the future, our model may provide an

excellent opportunity to solve this problem because these stem/progenitor-like cells are most likely en-

riched in large clones, especially mutant ones. Focused single-cell spatial profiling of these clones may

enable us to pinpoint their definitive signatures.

It is known that oncogenic mutations co-opt the inherent properties of the cell of origin for successful can-

cer initiation.3,74,75 We reported that oncogenic mutations prolonged the proliferation of the highly clono-

genic cells: Although the wildtype ones halted proliferation after the normal developmental window,

mutant ones were able to maintain proliferation, thus, grew significantly larger than wildtype ones at older

ages. Besides cell proliferation, the oncogenic mutations also confer an advantage for long-term persis-

tence: Although sibling pairs of large GFP+ mutant clones and large RFP+ wildtype clones initially co-ex-

isted in young MADM-mutant mice, only the mutant ones were observed in older mice. This advantage of

long-term persistence might have enabled the accumulation of more genetic/epigenetic changes for

further progression. Finally, the large mutant clones also manifested biased differentiation toward the

Pax8+ fate, resulting in stretches of uninterrupted Pax8+ cells and a significantly increased proportion of

Pax8+ cells, a tendency also found in human FT precursor lesions (i.e., STICs).51,59,76 Because the previous

lineage tracing studies showed that the Pax8+ population contains FT stem/progenitor-like cells,51 this

biased cell fate might reflect a tendency to preserve stemness, a feature often found during the progres-

sion of many cancer types, such as esophageal cancer and skin cancer.75,77,78 These observations warrant

further investigations into the molecular mechanisms of how oncogenic mutations extend proliferation,

augment survival, and bias differentiation, for further delineating the process of premalignant progression

of ovarian cancer in the FT.

In summary, our study demonstrates an application of a mouse genetic mosaic system to dissect cellular

heterogeneity of cancer-initiating capacity in tissues with limited prior knowledge of their lineage hierar-

chy. For fallopian tube-derived ovarian cancer, our work shed light on the cancer cell of origin and revealed

critical cellular events underlying early pathogenesis. Follow-up studies on stem/progenitor-like cells in FT

should deepen our understanding of ovarian cancer initiation and progression, paving the way for the

development of early detection and prevention strategies.

Limitations of the study

The MADM model used here is uniquely applicable for studying the initiation and early pathogenesis of

cancer in the fallopian tube but not for malignant ovarian tumors. Because the Pax8 promoter also ex-

presses in the uterine epithelium, mice always succumb to invasive uterine tumors before the onset of

full-blown ovarian tumors. In the future, switching to a more specific promoter should make our mouse

model applicable for studying the entire tumorigenic process, from initiation to the full-blown tumor stage.

Our spatial profiling of the highly expanded clones indicates stem/progenitor-like cells as their origin, but

failed to pinpoint definitive markers or signatures. Further spatial profiling at single-cell resolution would

be required to identify candidate markers of these elusive clonal founder cells.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Pax8 Proteintech Cat#10336-1-AP; RRID: AB_2236705

Anti-Acetylated Tubulin Sigma-Aldrich Cat# T7451; RRID: AB_609894

Anti-Ki67 Abcam Cat# ab15580; RRID: AB_443209

Alexa-555 Donkey Anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat#A31572; RRID: AB_162543

Alexa-647 Donkey Anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat#A31571; RRID: AB-162542

Alexa 488 Donkey Anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat#A21202; RRID: Ab_141607

Alexa-647 Donkey Anti- Rabbit IgG (H+L) Thermo Fisher Scientific Cat#711-605-152; RRID: AB_2492288

Chemicals, peptides, and recombinant proteins

Doxycycline Sigma-Aldrich D9891

Sucrose Fisher Scientific BP220-10

Paraformaldehyde Sigma-Aldrich 158127

Hematoxylin Vector Laborotories ZH1027

Cytoseal 60 Fisher Scientific 23-244257

Urea Sigma-Aldrich U5128

N,N,N’,N’-Tetrakis(2-hydroxypropyl)

ethylenediamine

Alfa Aesar L16280

Triethanolamine Sigma-Aldrich T58300

a-Thioglycerol TCI T0905

Agarose Lonza 50011

DAPI (40,6-Diamidino-2-phenylindole

dihydrochloride)

Sigma-Aldrich 32670

LCM caps Applied Biosystems LCM0214

Proteinase K Sigma P2308

SuperScript III Invitrogen 18080-044

Streptavidin Magnetic Beads Thermo Fisher 88816

SuperMagnet Plate Alpaqua A001322

Terminal transferase Roche 3333575001

5x terminal transferase buffer Invitrogen 16314-015

dNTP Roche 11277049001

High Fidelity PCR system Roche 11732650001

AMPure XP beads Beckman Coulter A63881

EdU (5-ethynyl-20-deoxyuridine) Thermo Fisher A10044

Alexa Fluor� 647 Azide Thermo Fisher A10277

Critical commercial assays

Qubit� dsDNA HS and BR Assay Kits Thermo Fisher Q32850

Nextera XT DNA Library Preparation Kit illumina FC-131-1024

NextSeq 500/550 v2.5 Kits illumina 20024907

Deposited data

All code necessary to define the dichotomy of

clonal size distribution and the cutoff size of

small and large clones

This study https://github.com/JanesLab/

ZengJ_MADMovarian/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

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

the lead contact, Dr. Hui Zong (hz9s@virginia.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d RNA sequencing data of small and large clones have been deposited to the GEO database: (GSE210409,

PRJNA865696) and are publicly available as of the date of publication.

d All code necessary to define the dichotomy of clonal size distribution and the cutoff size of small and

large clones can be found at https://github.com/JanesLab/ZengJ_MADMovarian/

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

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The following mouse lines were crossed to establish the MADM-mutant and MADM-wildtype mice:

TG11ML (stock NO. 022976; JAX), GT11ML (stock NO. 022977; JAX), Brca1flox (strain NO. 01XC8; NCI),

Nf1flox (strain no. 01XM4; NCI), Trp53KO (stock no. 002101; JAX), Pax8-rtTA (stock NO. 007176; JAX),36

TetO-Cre (stock NO. 006234; JAX).79 The breeding scheme is shown in Figure S1. Female mice were

used for all experiments. Age-matched mice were chosen randomly for control and experimental groups.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LCM small and large fallopian tube

clones_RNAseq

This study PRJNA865696; GEO: GSE210409

Mouse normal fallopian tube and ovarian

tumor_RNAseq

McCool et al.,202030 GEO: GSE135590

Experimental models: Organisms/strains

GT11ML The Jackson Laboratory Jax#002976

TG11ML The Jackson Laboratory Jax#002977

p53-KO The Jackson Laboratory Jax#002101

Brca1flox NCI Mouse Repository Strain#01XC8

Nf1flox NCI Mouse Repository Strain#01XM4

Pax8-rtTA The Jackson Laboratory Jax#007176

TetO-Cre The Jackson Laboratory Jax#006234

Oligonucleotides

See Table S2 This study N/A

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/

FIJI Open resource https://imagej.net/software/fiji/

R software R CRAN https://cran.r-project.org/

RStudio Open resource https://www.rstudio.com/

GSEA Broad Institute https://www.broadinstitute.org/gsea/index.

jsp

Biorender Biorender https://biorender.com
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Mice were maintained under specific pathogen-free conditions at the animal facility of the University of Vir-

ginia. All animal procedures are approved by the Institutional Animal Care and Use Committee (IACUC) at

the University of Virginia in accordance with national guidelines to ensure the humanity of all animal

experiments.

METHOD DETAILS

Doxycycline administration

To induce fallopian tube clones, doxycycline was dissolved at 2 mg/ml in sterile water with 30 mg/ml su-

crose added. The doxycycline-containing water was used as the drinking water for the nursing mother,

which transmits to pups through the milk and induces Cre expression in the pulps. Doxycycline was given

between post-natal days 0–21 of the pulps.

Immunostaining

Mouse reproductive tracts were fixed overnight in 4% paraformaldehyde (PFA) at 4�C. For immunofluores-

cence staining, tissues were then washed with PBS to remove recessive PFA, soaked with 30% sucrose,

embedded in optimal cutting temperature (OCT), and sectioned at 18 mm thickness. Tissue slides were

incubated in Permeabilization/blocking buffer (0.3% Triton-X 100 in PBS [PBST] plus 5% normal donkey

serum) for 20 min, then primary antibodies (Pax8,1:50,10336-1-AP, Proteintech; AcTUB,1:500, T7451,

Sigma) diluted in Permeabilization/block buffer were added and incubated at 4�C overnight. Secondary

antibody incubation was performed for 1 hour at RT in PBT. To stain nuclei, slides were incubated in

DAPI solution (1ug/mL in PBST, 28718-90-3, Sigma-Aldrich) for 5 mins before mounting with 70% glycerol

and covered.

For immunohistochemistry (IHC) staining of Ki67, PFA fixed tissues were embedded in paraffin and

sectioned at 4 mm thickness. The slides were deparaffinized with xylene and gradually rehydrated with

ethanol and water. Antigen retrieval was performed in citrate buffer (0.01M sodium citrate, 0.05%

Tween-20, pH 6.0). Slides were boiled for 20 mins in buffer with a pressure cooker, then cooled down at

room temperature. Endogenous peroxidase was blocked by 3% hydrogen peroxide through incubating

for 15 mins. Slides were then washed with PBST, blocked in 5% serum for 20 mins, and incubated with

anti-Ki67 (1:250, Abcam, ab15580) diluted in PBST overnight at 4�C. The Ki67 signal was developed using

Anti-Rabbit HRP-DAB Cell & Tissue Staining Kit (R&D systems, CST005) following the manufacturer’s pro-

tocol. Slides were counterstained with hematoxylin (Vector Laboratories, ZH1027), air dried, and mounted

with Cytoseal 60 (Fisher Scientific, 23-244257).

Tissue slides were imaged with Zeiss LSM 700/710 confocal microscope and Nikon Eclipse Ni-U micro-

scope. Images were processed with Zeiss Zen (Blue Edition) and Fiji.

Tissue clearing with the CUBIC method and 3D imaging

The PFA fixed ovary and fallopian tube were cleared for large-scale 3D imaging with the standard CUBIC

method.45 Tissues were first immersed in 50% reagent-1 and shaken at 110 rpm, 37�C for 6h, and then trans-

ferred to 100% reagent-1 with DAPI (1ug/ml) to shake for 2–3 days until becoming transparent. After

reagent-1, tissues were washed three times with PBS, 30 mins each, with shaking to remove the

reagent-1. Tissues were immersed in 50% reagent-2 for 6h with shaking at 37�C; after that, the buffer

was exchanged for 100% reagent-2 with shaking for 24h. The Zeiss Z.1 light-sheet microscopy system

was used to acquire images. Tissues were embedded in 2% (w/w) agarose gel; the agarose was dissolved

in a modified reagent-2 (10% urea, 50% sucrose, 30% H2O, hot stir at 80�C until fully dissolved, then add

10% Tri-ethanolamine). The warm agarose gel solution, together with tissue, was aspirated into a 1 ml sy-

ringe with the neck cut off, and then the syringe was placed on ice for quick solidification. The syringe was

placed on the holder of the light-sheet microscope, and the tissue was pushed out for imaging.

Counting clone size

The whole FT was cleared and imaged at 5-um intervals with light-sheet microscopy at single-cell resolution

through the entire tissue. Three-dimensional reconstruction of clones was performed; labeled cells found

at the exact location through multiple image stacks were counted as one clone. The size of clones was

measured manually by counting the DAPI-stained nuclei.
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Mathematical detection of outlier clones

The clonal size distribution along the fallopian tube was evaluated in terms of cell division events. With n as

the number of cells per clone, there will be n-1 cell divisions. For clonal size distribution at five months, we

fitted with a negative binomial distribution, which captures the behavior of the over-dispersed data

observed in our mouse models by allowing the mean and variance to be different. Clonal size distribution

at 1 and 2 months, which showed a smaller range, were fitted with a Poisson distribution. To estimate the

statistical significance of our fitting, we generated null distributions for the Kolmogorov-Smirnov (KS) sta-

tistic between an ideal probability mass function and a random negative binomial/Poisson distribution over

1.000 iterations. The parameters used for generating the null distributions were obtained by merging all

datasets and taking a maximum of 44/8-9-10, which showed significance in our first general screening.

Then, the empirical nominal p-value of the observed KS for the merged data was calculated relative to

the null distribution until a cutoff with significance was observed. Our final cutoff was set as the maximum

number of divisions for which the probability of observing our KS was p >= 0.1. The validity of this cutoff was

confirmed by evaluating the individual datasets over the null distributions. Then, the maximum expected

clonal sizes (n) in the fallopian tube were calculated, and any clone larger than n was taken as the outlier.

Subsequently, we computed the expected clone sizes for all the models, and we tested their significance

against the observed values in our datasets using Fisher exact/Chi-square tests. Finally, we defined over-

proliferative clones (Expected - observed outliers) for the size distributions observed under the Poisson

model and tested their significance between 1, 2, and 5 months by an Anova with Tukey’s Honest Signifi-

cant Difference test.

Fluorescence-guided laser-capture micro-dissection of fallopian tube epithelial cells

Cryo-embedded fresh FTs were sectioned at 8 mm thickness and were then dehydrated with 70% ethanol

(30 sec), 95% ethanol (30 sec), and 100% ethanol for 1 min, followed by clearing with xylene (2 min). After air

drying, slides weremicro-dissected with Arcturus XT LCM instrument (Applied Biosystems) and Capsule HS

LCM caps. The typical instrument settings of�50mWpower and�2 ms duration with the smallest spot size

were used.

RNA extraction, reverse transcription, and amplification

The procedures were described before.52 In brief, RNA from the micro-dissected cells was extracted

through enzymatic digestion with proteinase K, then reverse transcribed with 50-biotin modified oli-

go(dT)24 (IDT) and SuperScript III (50�C, 30 min; then heat inactivation at 70�C for 15 min). The first-strand

products were purified with Streptavidin magnetic beads and SuperMagnet Plate to remove genomic

DNA. Then the cDNA was poly(A)-tailed and amplified with 25 cycles of PCR with AL1 primer.

RNA sequencing and analysis

For sequencing, the cDNA samples were re-amplified following protocols described before.52 100 ml PCR

reactions were set up for each sample: 1) 5 mg AL1 primer, 2) 1x High-Fidelity buffer (Roche), 3.5 mMMgCl2,

200 mMdNTPs, 100 mg/ml BSA, 3) 1 ml cDNA template and 4) 1 ml Expand High Fidelity polymerase (Sigma).

The following PCR program was used: 1minat 94�C, 2minat 42�C, and 3minat 72�C. 10 cycles were run to

keep an exponential phase of re-amplification.53 The products were purified with AMPure XP beads (Beck-

man Coulter) according to the manufacturer’s protocol to remove excessive primers. The concentration of

purified cDNA libraries was measured with the Qubit dsDNA BR Assay Kit (Thermo Fisher). Libraries were

diluted to 0.2 ng/ml for tagmentation with the NXTR XT DNA SMP Prep Kit (Illumina). Libraries were

multiplexed at an equimolar ratio, and 1.3 pM of the multiplexed pool was sequenced on a NextSeq

500 instrument with a NextSeq 500/550 Mid/High Output v2.5 kit (Illumina) to obtain 75-bp paired-end

reads and an average of 3.6 million alignments per sample. From the sequencing reads, adapters were

trimmed using fastq-mcf in the ea-utils package (version ea-utils.1.04.636), and with the following op-

tions:-q 10-t 0.01-k 0 (quality threshold 10, 0.01% occurrence frequency, no nucleotide skew causing cycle

removal). Datasets were aligned to the mouse transcriptome (GRCm38.95), using RSEM80 (version 1.3.0)

with the following options:–bowtie2–single-cell-prior–paired-end (Bowtie2 transcriptome aligner, single-

cell prior to account for dropouts, paired-end reads). RSEM read counts were converted to transcripts

per million (TPM) by dividing each value by the total read count for each sample and multiplying by 106.

DESeq281 (version 1.37.0) was used to identify differentially expressed transcripts between the small and

large clone groups. Genes with an Padj <0.1 were considered significantly up- or downregulated between
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the two groups. To generate a heatmap for the differentially expressed genes between small and large

clones, their TPMs were transformed with log2 +1 and then were subjected to Z-score normalization.

Clustering was performed using Euclidian distance and the Ward.D method.

Gene-Set Enrichment Analysis (GSEA)82 was implemented to determine molecular signatures for the dif-

ferential expressed transcripts ("h.all.v7.4.symbols.gmt"). Sequencing data were deposited to the GEO

database: GSE210409.

Principal component analysis57 was performed in R (version 4.1.1) using the prcomp package. We used 16

transcriptomic datasets (TPMs data) representing 4 normal fallopian tubes and 12 ovarian tumors from

mice downloaded from the GEO database (GSE135590). PCA was performed on the 48526 genes for which

reads were identified in all the GEO samples and separately on the 129 genes found to be differentially ex-

pressed in our samples Finally, we projected our sample data into the PC1 and PC2 obtained from the GEO

subset to identify clustering patterns associated with the large- and small-clones relative to the normal

fallopian tubes and ovarian tumors. Centroids were calculated, and the Euclidean distances to these

centroids were computed for individual small- and large-clone samples using R (dist function).

EdU assay of cell proliferation

5-ethynyl-20–deoxyuridine (EdU, Invitrogen, Cat# A10044) was administered through drinking water

(0.5 mg/ml). EdU staining was performed following standard procedures.83

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism software. Data were presented as the mean G SD

or mean G standard error of the mean (SEM) as indicated in the figure legends. Statistical significance is

noted by *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant. The tests used are indicated

in the figure legends.
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