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By 2050, ovarian cancer deaths are projected to exceed 350,000 annually, a 70%
increase from 2022. Of these, 70% will be high-grade serous ovarian carcinoma (HGSC),
the most aggressive subtype. Understanding HGSC is crucial for improving patient
outcomes, but research has been hindered by a lack of recurrent mutations aside from
TP53 and challenges related to the homologous recombination deficiency of HGSC,
which can lead to significant genome loss. In my studies, I demonstrate that tubal
epithelial (TE) organoids from the mouse uterine tube can be used in combinatorial
screening to identify HGSC drivers and cell of origin. Using CRISPR knockout libraries,
we found that Map2k4 mutations primarily form papillary tumor phenotypes, while Nf7
mutations lead to mesenchymal phenotypes. Map2k4 mutations were more sensitive to
paclitaxel and resistant to trametinib. Additionally, TE organoid models closely reflect
their in vivo counterparts, with SLC1A3+ cells more likely to form organoids and exhibit
ciliation. These findings highlight the potential of TE organoid models for studying
HGSC genetic drivers and the cell of origin. Overall, I demonstrate the potential of this
system for use in future human studies, particularly in exploring spontaneous mutations
caused by tumor promoting environmental factors. These findings could lead to the
development of a more thorough diagnostic and prognostic pipeline and database that

help monitor and improve patient survival.
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1.1 Abstract

In 2025, gynecological cancers are projected to account for approximately 10% of
cancer-related deaths in women. High-grade serous ovarian carcinoma (HGSC) and
serous endometrial carcinoma (SEC) are the most lethal gynecological cancer subtypes.
Both malignancies commonly have 7P53 mutations, alterations of the RB1 pathway, and
numerous secondary mutations. Both carcinoma types consist of poorly differentiated and
highly heterogeneous cell populations at the time of detection. Latent development and
rapid progression of HGSC and SEC impede the identification of definitive cells of origin
and genetic drivers. Here, we review our current knowledge about cancer-prone cell
states and genetic drivers. We also discuss how emerging transcriptomic and genetic tools
applied to contemporary model systems may facilitate the identification of novel targets

for timely detection and therapeutic intervention.



1.2 Introduction

Cancers of the ovary and uterine corpus contribute to approximately 10% of cancer-
related deaths in women today (1). High-grade serous ovarian carcinoma (HGSC) and
serous endometrial carcinoma (SEC) are among the most aggressive forms of cancer
affecting women. They currently account for 80% of ovarian and 40% of uterine cancer-
related deaths, respectively (2,3). HGSC is the most aggressive and prevalent subtype of
ovarian cancer. Consequently, HGSC is most often detected in advanced stages with a 5-
year survival rate of 32%; however, patients diagnosed during early stages of HGSC have
a S-year survival rate of 71% (4). Furthermore, HGSC contributes to a significant
proportion of cancer-related deaths despite a relatively low incidence rate affecting only
1.3% of women(4). SEC is slightly more common than HGSC, as uterine cancers are the
fourth most common cancer among women in the US, and about 10% of those cases are
diagnosed as SEC (2,3). Similarly to HGSC, the overall five-year survival rate for SEC is
about 30-40%, but significantly improves when identified early to as high as 80% (5).
Furthermore, for poorly understood reasons, mortality rate increased in SEC patients over
past decade (6,7).

Improved understanding of the key molecular and cellular mechanisms involved in
the initiation and progression of these malignancies offers promise for the identification of
new diagnostic markers and targets for early treatment and prevention. Unfortunately,
HGSC progresses latently and commonly remain undetected until advanced stages of
neoplastic progression, after the disease has spread. Although SEC can be detected earlier
than HGSC due to abnormal bleeding, 30-50% of cases are nevertheless diagnosed at stage

III or 1V, specifically, when disease has spread to areas outside of the uterus (8—13). At


https://sciwheel.com/work/citation?ids=17407581&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=17602148,15724570&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6211228&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6211228&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=17602148,15724570&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11452029&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=17602162,13807722&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=15040127,1636731,6279059,17602341,11763965,17602346&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0

detection, these malignancies consist of poorly differentiated and highly heterogeneous cell
populations. Such cells are insufficiently reminiscent of their cell of origin and contain
numerous mutations of unproven importance for carcinogenesis. As a result, advancements
in early detection and intervention methods have been hindered.

During recent years some progress has been made in the identification of putative precursor
lesions of HGSC and SEC. However, further cell fate studies are required to definitively
link these lesions to overt carcinomas. Furthermore, modeling of early cancer stages is
complicated by our insufficient knowledge about normal cell lineages of target tissues and
genetic cancer drivers critical for the transformation of individual states of cell
differentiation.

In this review, we summarize current knowledge surrounding cancer-prone cell states and
genetic drivers. We also discuss how new interdisciplinary approaches may improve our
comparative understanding of early mechanisms of HGSC and SEC formation, thereby
unraveling new prognostic and diagnostic tools and therapeutic modalities.

1.3 Cancer-prone cell states

1.3.1 Precancerous lesions

There is substantial evidence that HGSC can originate from either the ovarian surface
epithelium (OSE) or the tubal epithelium (TE) of the uterine tube, also known as fallopian
tube in humans and oviduct in various animals (4,14—18). Historically, HGSC was believed
to originate from the ovarian inclusion cysts lined by OSE (18). However, studies of
familial HGSC cases discovered serous tubal intraepithelial carcinoma (STIC) lesions to
be a common neoplastic precursor (4,19-21). STICs exclusively form in the distal TE

where they present as lesions lacking ciliation and expressing PAX8 (22). These lesions
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are characterized by dysplastic epithelial cells with the loss of cell polarity, high
proliferative index, and 7P53 missense or null mutations presented as increased p53 (also
known as TP53 in humans and TRP53 in mice) accumulation or its total absence,
respectively. Thus, clinical identification of STICs relies on hematoxylin and eosin
staining, aberrant p53 immunostaining patterns, and increased number of Ki67" neoplastic
cells (23). It is possible that STICs are preceded by the formation of “p53 signatures”, areas
of a single layer of consecutive PAX8" cells that contain aberrant p53 expression but lack
cellular atypia and show a low proliferative index (20,22). The extent of STIC and p53
signature contributions to sporadic non-familiar cases remains debatable. Thus, it is
currently hypothesized that many cases originate in the TE, but both sites contribute to the
HGSC pathogenesis (17,18).

1.3.2 Ovarian surface epithelium

The OSE presents as a single layer of squamous epithelium capable of regeneration after
ovulation (24). The inactivation of 7rp53 (mouse homologue of human 7P53) and
accompanying genes, such as tumor suppressor Rb/, in 2D and 3D OSE cell cultures are
sufficient to drive tumor formation when reimplanted within mice (14,25). Similarly,
intravital inactivation of 7rp53 and RbI in OSE leads to the formation of HGSC (26).
Consistent with these observations, it has been reported that a gene signature indicative of
OSE origin is associated with poor outcomes, and such tumors are both more resistant to
chemotherapy and predisposed to a suboptimal debulking surgery as compared to TE-
derived HGSC (16). However, other studies claim that the mesenchymal subtype, typically
associated with a poor prognosis, could be connected to diverse cell states present in TE

cell lineages (15,27). Inconsistency between reported gene signatures and the course of


https://sciwheel.com/work/citation?ids=16233090&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8095531,1010814&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4692144,1011125&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=17602423&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7857515,8970702&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1010396&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7970537&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7927912,13329182&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

diseases in different studies suggests that the current stratifications of HGSC, according to
their molecular profiles alone, are imprecise.

Further studies have identified OSE stem/progenitor cells as the main source of long-term
OSE regeneration. Such cells are mainly located in the ovarian hilum region and are
characterized by the expression of Aldhl™, Lgr5*, Lefl*, Cd133", and Krt6b* (28,29)
(Figure 1). Compared to more differentiated OSE cells, stem/progenitor cells are more
easily transformed by the inactivation of 7rp53 and Rb1 and form HGSC (28-30). These
findings support the notion that OSE cells in a stem/progenitor state have a high propensity
for malignant transformation, similar to cancer-prone stem cells of the hematopoietic
system, intestinal tract, and skin (28,31,32). Further evaluation of specific differentiation
states of human OSE may shed more light on the potential contribution of OSE

subpopulations to HGSC formation.
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Figure 1. Cancer-prone cell states of the mouse ovarian surface epithelium (OSE) and

distal tubal epithelium (DTE). (A) The differentiation trajectory of Lgr5", ALDHI1"

stem/progenitor cells for the (OSE) begins in the hilum and encompasses the whole OSE.

Inactivation of Trp53 and Rb1 in Lgr5* cells lead to high-grade serous carcinoma (HGSC).

(B) The DTE has Slcla3" stem/progenitor cells that give rise to secretory (Upkla™) and

ciliated (Fam183b*) cell lineages. Sicla3* stem/progenitor cells do not transform and

undergo apoptosis, while Krt5* pre-ciliated cells do initiate HGSC after inactivation of

Trp53 and Rb1. Figure made by Coulter Q. Ralston.



1.3.3 Tubal epithelium

Identifying cells of origin within the TE is exacerbated by its cellular diversity as compared
to the OSE, which is composed of simple squamous epithelium. Immunophenotyping,
lineage tracing, and single-cell RNA-sequencing (scRNA-seq) experiments suggest that
regionally distinct cell lineages contribute to the distal and proximal uterine tube separately
(33,34). The distal TE is characterized by its abundance of ciliated cells, whereas the
proximal TE consists predominantly of secretory cells. Other cells described within the
distal TE are basal cells assumed to be intraepithelial lymphocytes and peg cells that either
serve as progenitors or exhausted secretory cells (35).

Genetic cell lineage tracing experiments in mice identified that Pax8" cells have the
capacity to differentiate into ciliated cells in both the distal and proximal TE (36).
Consequently, Pax8" progenitor cells have been shown to give rise to STICs and HGSC
upon inactivation of 7rp53 with Rb1 or with Brcal, Brca2, and Pten combinations within
mouse models (37,38) (Figure 1). Oviductal glycoprotein 1 (OVGP1) is a marker of
secretory cells within the TE, and inactivation of 7ip53, Brcal, Rb1, and NfI in Ovgpl-
expressing cells also lead to STIC and HGSC within mouse models (39). Recently, scRNA-
seq analysis of mouse uterine tubes revealed that Pax8 and Ovgpl were insufficiently
specific markers of epithelial cell states in the distal TE (40). Slc/a3 was found to be a
more distinct marker for stem/progenitors of the distal TE by scRNA-seq, organoid, and
mouse lineage tracing studies (40). Furthermore, inactivation of 7rp353 alone or together
with RbI in Slcla3" stem/progenitors led to apoptosis rather than HGSC, whereas Krt5*
pre-ciliated cells expressing PromI and Trp73 (mouse homologue of 7P73) did lead to

STIC formation and HGSC after inactivation (40). PromI* cells have also been reported
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by other lineage tracing studies in mice to be capable of rapid transition into ciliated cells
(41).

The characterization of human TE cell states remains incomplete due to a failure to reach
a consensus on the cell states present within the TE. Human scRNA-seq analyses have met
inconclusive results with discrepancies over lineage dynamics and transitional cell states
(42—-45). Specifically, RUNX3" cells were described as transitional pre-ciliated cells within
one study, while another study identified RUNX3" cells as basal cells (43,44). Further
debate exists among progenitor and lineage dynamics, where some claim that KRT17*
secretory cells are progenitors, while others believe there are two distinct lineages
contributing to ciliated and secretory cells separately (42—44). Among the scRNA-seq
analyses, mechanisms involved with ciliogenesis were revealed to share expression with
ovarian cancer risk genes, suggesting that ciliated cells are implicated in the origin of
HGSC in humans as well (45). Consistent with mouse data, there is further evidence that
the ciliated cell lineage is involved with HGSC as ciliogenesis-related 7P73 is upregulated
in epithelial ovarian cancers (46). However, more research is needed to identify cellular
origins of HGSC in the human TE. Mouse models point to a pre-ciliated cell state as a cell
of origin, and a conclusive cell state hierarchy within humans can enable direct comparison

of mouse studies to the discovery of a cell of origin in humans.

1.4 Genetic drivers
Genomic sequencing of HGSC and SEC tumor samples has been instrumental in
identifying genetic drivers of theses cancers (47,48). Genetic alterations induce

transformation and malignant characteristics such as a loss of cell cycle control (RB1
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pathways), increased cellular proliferation (RAS and PI3K pathways), and DNA repair
deficiencies (HRD pathways).

The tumor suppressor gene 7P53 is mutated in most HGSC and SEC (Figure 2). p53 has
a critical role in cell cycle progression, apoptosis, genomic stability and senescence.
Supporting the critical role of p53 alterations in the early stages of carcinogenesis, almost
all STIC and SEIC lesions carry 7P53 mutations (3,47—49). Other mutations in p53
pathway, such as the amplification of MDM?2 (a negative regulator of p53) (50) or
dysregulation of mir-34 (a microRNA regulated by p53), also promote ovarian, prostate,
and breast cancers (51-53). However, previous studies have demonstrated that 7¥p53 loss
in mice and organoid models is necessary but insufficient for initiating HGSC

(14,25,26,29,50).
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Figure 2. Comparison of genetically altered gene frequency between high-grade serous

carcinoma (HGSC) and serous endometrial carcinoma (SEC). Genetic alterations are

defined as gene mutations, amplifications and deep deletion events. 316 HGSC (47)

samples and 44 SEC (48) samples were analyzed (TCGA datasets extracted via the

cBioPortal interface) and plotted on a logarithmic scale. Note lack of MDM?2, CDKH4,
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The RB1 pathway is also commonly dysfunctional in HGSC and SEC (54-56) (Figure
2). This pathway includes the tumor suppressor genes RB/ and CDKN2A and the
oncogenes CCNDI, CCNEI, CDK2, CDK4, CDK6 and E2F]. Together they control cell
cycle progression, chromatin remodeling and senescence (57,58). Genetically altered RB/
is observed in 10.13% of HGSC (47) and 4.55% of SEC (48,59), respectively. CDKN2A
is also genetically altered at a frequency of 2.53% in HGSC and 4.55% in SEC. Overall
the RB1 pathway gene alterations are observed in 35.76% of HGSC and 45.45% of SEC.
Concurrent loss of 7rp53 and RB1 pathway-related genes in genetically modified mice
result in HGSC (14,28) and SEC (37,60). These data suggest that loss of 7P53 and
alterations in RB1-related pathway are essential for both HGSC and SEC.

In addition to alterations in 7rp53 and RB1 pathway-related genes, HGSC and SEC
contain a number of other concurrent alterations that may further facilitate carcinogenesis
(29). By using CRISPR-Cas9 mutagenesis in TE and OSE, the combinations of key gene
drivers for HGSC development have been identified (25,29,61).

Disruption of the RTK-RAS-MEK pathway allows transformed cells to undergo rapid
and uncontrolled proliferation and is common across many cancers, including HGSC and
SEC (Figure 2). NfI mutations have been shown to drive HGSC and other cancers
(25,59,61). However, KRAS mutations have been associated with low-grade serous
ovarian carcinomas (62,63). Both HGSC and SEC have similar rates of genetic
perturbations of RAS pathway related genes (47). MYC, a downstream factor of this
pathway, is often overexpressed in HGSC and SEC. Overexpression of MYC in
combination with other mutations have been validated in mouse models as drivers of

HGSC (14). Loss of NfI in Trp53 deficient TE cells also results in HGSC-like phenotype
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(61,64). The impact of MYC and NF1 alterations on SEC formation in mice remains to
be clarified.

Both HGSC and SEC also have alterations in the PI3K pathway regulating cell
proliferation and survival (Figure 2). However, their contributions significantly differ for
some genes. For example, amplified PIK3CA is detected in 17.08% of HGSC and
27.27% of SEC. PTEN mutations are more common in endometrioid types of ovarian and
endometrial carcinomas, but also observed in advanced stages HGSC (47) and SEC (65).
PTEN deletion is observed in 6.65% HGSC and 2.27% of SEC. PTEN loss also causes
PARP inhibitor sensitivity reversion (25). PTEN mutations have been validated as a
driver of transformation in mouse models. However, secondary mutations are necessary
for the most efficient transformation in such models (61).

Mutations causing homologous recombination deficiency (HRD) occur in over 50% of
epithelial ovarian and 22% of endometrial carcinomas manifesting HRD respectively
(56). HRD supports the accumulation of mutations aiding cell survival in an
everchanging tumor microenvironment and in response to common therapeutics. Pan
cancer studies have identified Brcal, Brca2, Bripl, Rad51C, and Palb2 as the most
commonly mutated genes related to HRD (66—68) (Figure 2). Additionally, patients with
BRCA I mutations are more likely to be long-term survivors and have a higher mutational
burden compared to patients lacking BRCA I mutations (56,69). Surprisingly, loss of
BRCA1/2 in a Trp53 deficient background in mouse OSE and TE cells were insufficient
to transform both cell types and did not have tumorigenic potential, suggesting that
further mutations are necessary for tumorigenic potential (25,29,61). There is some

evidence that BRCA1/BRCA2 mutations play a role in endometrial cancers (70,71).
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Patients subjected to salpingo-oophorectomy due to germline Brcal/Brca2 mutations
have an increased risk for the development of SEC (72). However, the causative role of
Brcal/Breca2 mutations in SEC remains to be clarified.

In summary, a loss of cell cycle control, increased cellular proliferation, and DNA repair
deficiencies aid in the initiation and progression of HGSC and SEC. Various mutational
combinations yield similarities and differences among the requirements for a
transformation within TE and OSE. Many of the genes identified in HGSC have been
well studied and characterized. However, their combinations driving SEC remain to be
elucidated. Further work is necessary to determine whether LE and GE in the

endometrium share the same combinations of drivers as TE and/or OSE.

1.5 Future directions

Discovering cancer-prone cell states is limited by the model systems necessary to
approach this area of research. Identification of new cell state-specific promoters and cell
fate tracing systems should facilitate advancements in studying what cell states can
initiate the disease (73). Another important experimental aspect is the development of
animal models that better accommodate the differences between human and mouse
reproductive systems. Such improvements may involve using aged and oophorectomized
mice to better model the postmenopausal age of most HGSC and SEC patients. Another
promising approach is to use menstruating spiny mice, which better mimic the native
mechanisms of cell turnover in the human reproductive tract (74).

Organoids serve as ex vivo models that better recapitulate the architecture and cellular

diversity of native human tissue than 2D cultures. However, organoid models may lack
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the complexity necessary to study additional factors contributing to carcinogenesis.
Assembloid models incorporate multiple cell types to more accurately model human
tissue, and these models could provide sufficient complexity to evaluate how additional
cell types interact with transformed cell states (73,75).

Additionally, rapidly advancing research efforts in computational approaches are at the
forefront of tissue characterization and biomarker identification (76—78). The increased
resolution, approaching sub-micrometer, within spatial transcriptomic platforms can
allow for direct comparison among the epithelial layers of the reproductive tract (79,80).
Combinatorial approaches with genomic, transcriptomic, and epigenomic data applied to
a subcellular spatial context at early stages of disease development will be pivotal for the
discovery of diagnostic and therapeutic targets. Further development of new
computational approaches to compare data among mouse and human tissues should
facilitate direct translation of findings from mouse models to humans, while leveraging
the flexibility of early disease detection only possible in model systems. Current
examples of this include analysis tools such as self-assembling manifold (SAM)
algorithm, which uses BLAST to map homology between datasets of distinct species to
identify shared expression programs (81). New methods combining lineage tracing and
single-cell and spatial RNA sequencing data could provide insight into cell lineage
trajectories, susceptible cell states, and tumor evolution by actively tracking
differentiation patterns and accumulated mutations (82). Higher-resolution of spatial
transcriptomics applied to STIC/SEIC lesions could inform the cell states implicated in
both the formation and progression of early HGSC and SEC. The identification of new

markers and epigenetic modifications associated with developing tumors could be
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leveraged with early detection technologies that analyze methylation patterns of
circulating DNA (83), such as the GRAIL’s Galleri test (84). The continued advancement
in biomedical research technology could allow for the identification of early markers
within cancer-prone cell states necessary for disease prevention and early intervention of
serous carcinomas.

Unbiased CRISPR combinatorial screens have revealed genetic perturbations that are
critical for biological processes (85). Much effort has been made to understand how
combinations of genes result in the transformation of healthy cells into malignant cells in
HGSC (29). Such screening approaches have yet to be performed in SEC. These studies
will show whether the same combinations of genetic drivers in HGSC are also shared in
SEC. Additionally, they would determine whether unique sets of combinations specific to
SEC suggest differences in cell of origin. This may explain why the development of SEC
in women with BRCA /2 mutations are only seen following salpingectomy. Many
combinatorial screening approaches have been performed in mouse models; therefore, the
use of human cells for similar screens may better reflect the minimum transformation
requirements of these cell types.

Transformation of healthy cells is driven not only by loss of gene functions, but also by
amplification/and gene overexpression or gain of function mutations events. Using
CRISPR-based activation (CRISPRa) (86), gene overexpression can be studied to
identify the combinations of amplified genes required for transformation. Additionally,
screens to test the minimum transformation requirement have only been performed,
however utilizing such strategies to identify the most chemotherapy-resistant

combinations may help to improve patient outcomes. Development of new approaches
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combining genetic perturbation approaches with computational analysis (77,87) will
further facilitate our understanding of tumor suppressor and oncogene networks, thereby
improving our understanding of both serous carcinoma biology and patient survivability.
Taken together, it is increasingly clear that not only cell type but also state of cell
differentiation in conjunction with specific genetic alterations define resulting cancer
types, their biological behavior, and their response to treatment. Further work in this
direction should greatly benefit the progress towards the curing aggressive serous

carcinomas of the female reproductive system.
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2.1 Abstract

High-grade serous ovarian carcinoma (HGSC) is the sixth leading cause of female death
from cancer. The majority of HGSC cases are likely to arise from the Fallopian tubal
epithelium (TE), while some carcinomas may originate from the ovarian surface
epithelium (OSE). Individual tumors bear numerous mutations with uncertain roles in
carcinogenesis. To identify mutation combinations that drive transformation and
pathological phenotypes, we used a TE-derived organoid platform to screen, en masse, 20
candidate HGSC driver genes via combinatorial CRISPR mutagenesis (>7 per clonal
organoid). In addition to known drivers (Brcal, Brca2, Nfl, Rb1, Trp53, and Pten),
mutations of Cdkn2a and Map2k4 were identified as being critical for TE transformation.
Brca?2 and Map2k4 mutations were not identified in previous OSE screens. Despite both
Map2k4 and NfI being part of the MAPK pathway, they led to distinct tumor types:
Map2k4 mutations gave rise to papillary carcinomas that more closely resemble typical
HGSC, while NfI mutations resulted in poorly differentiated mesenchymal-like
neoplasms. Additionally, different combinations of mutations affected the sensitivity or
resistance of transformed organoid cells to drugs commonly used to treat HGSC, with
varying responses depending on the presence or absence of the Rho kinase inhibitor,
ROCK:i. Our findings support the notion that specific HGSC gene disruptions reflect the
cell of origin, drive pathological subtypes, and influence differential cancer drug

responsiveness.

27



2.2 Introduction

The transformation of normal cells into cancer cells is driven by multiple genetic
events. However, pinpointing the exact combination of mutations that fuel cancer
progression and which influence treatment responses is challenging. High-grade serous
carcinoma (HGSC) accounts for over 70% of ovarian cancer deaths (1), and TCGA data
(available at cBioportal.org) reveal an average of 46 mutations per HGSC sample.
Chromosomal rearrangements that disrupt key tumor suppressors like RBI, NF1, RAD51B,
and PTEN have been valuable for identifying key drivers of HGSC (1-8). Furthermore,
combinations of somatic and germline mutations play a critical role in determining patient
outcomes, tumor characteristics, and immune responses, highlighting why sequencing
individual tumors is key to personalized treatment (1,5). Although 7P53 mutations are
present in >90% of HGSCs, Trp53 ablation alone is insufficient for HGSC induction in
mice; alterations of 1-3 additional genes are necessary (8—11).

HGSC originates from both ovarian surface epithelium (OSE) and tubal epithelium
(TE) cells (7,12-15), but whether they share the same genetic drivers for malignant
transformation is unclear. Studies show up to 60% of HGSCs are linked to serous tubal
intraepithelial carcinoma (STIC) lesions (16-20), with STICs found in 8% of patients with
BRCAI1/2 mutations undergoing risk-reducing salpingo-oophorectomy (18,21-25).
Although HGSC was originally believed to only be of OSE origin, mounting evidence
suggests that the preponderance of cases arise from the TE (2,20,26).

Arguably, organoids are a more biologically relevant model than traditional 2-D cell

cultures for studying cancer biology. Mouse OSE and TE organoids have been used to
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identify HGSC cell origins and to validate key genetic drivers like 7rp53 and RbI
(10,11,27). For example, TE organoids with 7rp53, Brcal, and NfI mutations showed
higher tumorigenic potential than OSE organoids with the same mutations (10), supporting
the notion that tumors arising from different cell types are driven by distinct mutational
landscapes and cell interactions (3,28). The complexity of mutational load in different
HGSCs challenges the practical use of predefined gene combinations, especially in
genetically engineered mouse models that acquire secondary mutations similar to those in
humans (29). Organoids offer a platform to explore additional genes, mutation
combinations, and drug sensitivities in HGSC.

HGSC is classified into four molecular subtypes associated with tumor progression
- immunoreactive, proliferative, mesenchymal, and differentiated - though their prognostic
value for patient survival remains unclear (30-35). Pathologically, HGSC can present in
various patterns the most common of which are papillary, glandular, solid, or SET (solid,
pseudoendometrioid, transitional) (31,36,37). Brcal mutations are often associated with
SET tumors and the immunoreactive subtype (38—40). However, over 70% of HGSC cases
are diagnosed at advanced stages, complicating the identification of early genetic drivers
and their impact on subtypes and histology (41-43).

To identify genetic drivers of TE transformation, we coupled an organoid platform
with random combinatorial mutagenesis. This approach allowed us to induce mutations in
seven or more HGSC-associated genes simultaneously. Remarkably, different mutational
combinations led to phenotypic variation at the organoid level and resulted in diverse
cancer pathologies when transplanted into mice. For example, Map2k4 mutations drove

papillary carcinoma phenotypes that closely resemble the growth patterns of HGSC - a
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hitherto unreported feature in mouse organoid derived tumor models. Additionally,
Map2k4-mutated cells were sensitive to paclitaxel but resistant to trametinib, which is
surprising given that most studies link Map2k4 mutations to trametinib sensitivity (44,45).
Our findings, which reveal a preferential mesenchymal phenotype associated with Nf1
mutations and a papillary-glandular phenotype driven by Map2k4 mutations, underscore
the importance of studying specific mutation combinations to unravel the mechanisms of

carcinogenesis and to evaluate targeted therapeutic strategies.
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2.3 Results

2.3.1 Approach for screening candidate HGSC suppressors in a TE organoid model
We leveraged a combinatorial CRISPR/Cas9 mutagenesis screen in TE organoids
as a high-throughput platform for identifying mutation combinations that drive HGSC. TE
organoids have several important properties for the task: they can form from single cells
(Sup. Fig. 1A, B), express key differentiation markers (acetylated alpha-tubulin/FOXJ1 for
ciliated cells, OVGP1 for secretory cells, and PAXS8 for immature cells) (Sup. Fig. 1C)
(10,11,15,46), and if genetically transformed they exhibit morphological changes linked to
increased tumorigenic potential in mice (10,11,46). The mutagenesis screen involved
infecting individual TE organoid-derived cells (derived from the uterine tube) with a
lentiviral library at high multiplicity of infection (MOI), then allowing them to form new
organoids. Those with abnormal morphologies were selected, and the gRNAs borne by
each were detected (Fig. 1). Prior to screening, the gRNA distribution of the library was
determined as a baseline for identification of enriched targeting vectors in aberrant
organoid clones (Sup. Fig. 1D, E). We confirmed that secondary organoids were clonal,
since cells independently infected with GFP or mCherry reporters, then mixed, formed

organoids without dual reporter expression (Sup. Fig. 1B).
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Figure 1. Schematic of screening strategy. Tubal epithelial cells (TE) are from the uterine

tube. Created with help from biorender.com.
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2.3.2 Identification of target genes enriched in aberrant organoids

We designed the screen to target 20 genes, 18 of which are commonly mutated in
HGSC (based on TCGA data) and two others, Fancm and Apc, that are also cancer-related
(33,47). A lentiviral library consisted of three gRNAs per gene was cloned into a plasmid
vector (lentiCRISPRv2) designed to express both the gRNA and Cas9, packaged as
lentiviruses, and used to infect TE organoid-forming cells at an estimated multiplicity of
infection (MOI) of 7 (Fig. 1). Given that 7P53 mutations are found in over 90% of HGSC
cases, the organoids were grown in Nutlin-3a to select for 7Trp53-deficient cells (Fig. 1)
(47). After 14 days, we visually screened for abnormal organoids - those with folds,
grapelike structures, protrusions, solid formations, or larger sizes compared to controls
lacking only 7ip53 (Fig. 2A). The fraction of aberrant organoids was 0.28% + SD = 0.0311
(n=5 independent library infections). We then picked and expanded these organoids,
extracted DNA to sequence vector amplicons, and found that individual organoids had an
average of 8 gRNAs (Fig. 2B). Although we expected that all the clones would contain a
gRNA targeting 7rp53 due to Nutlin-3A selection, 11 of 95 did not; it is possible that the
lentivirus did not stably integrate in these clones (yet they survived short term puromycin
selection), or that 7rp53 was poorly expressed or inactivated by other means in these

organoids.

After adjusting for vector representation in the plasmid library used to package
lentivirus, the most dramatically enriched gRNAs corresponded to Map2k4 and Brcal (Fig.
2C), whereas several were highly underrepresented, notably Brca2. The

underrepresentation of other vectors may reflect either a compromise to viability or a
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dependency of co-mutation with certain other genes in order to confer abnormal organoid
phenotypes. For example, NfI and Cdkn2a, which were not enriched when considering
their overall normalized representation (Fig. 2C), were amongst the most statistically
enriched in pairwise combinations (Fig. 2D). The most enriched triple mutant combinations
(all including Trp53, abbreviated “T”) involved NfI (N), Map2k4 (M), Cdkn2a (C), Rbl
(R), Pten (P), Brca2 (B2) and Brcal (B1) and will henceforth be abbreviated as indicated

when in combinations (Fig. 2D, E).
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Figure 2. Mutation combinations in transformed TE organoids. A) Phenotypes of
mutant organoids. Scale bar = 100pm. B) gRNA vectors identified in each aberrant
organoid clone. C) Enrichment of targeting vectors in aberrant clones. The fold change was
calculated based on % representation in clonal organoids over % representation in library.
The red horizontal line represents no representation difference between gRNA frequency
found in library and screen. (Bottom) Frequency of co-mutations in organoids. Numbers

are percentages. D) c2 analysis of significant TE double mutations, DF, 19, P<0.05%, S=
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Significant, NS= not significant. E) Number of clones that contain gRNA’s targeting genes
in triple mutations containing the top 9 overrepresented genes in the screen. (Bottom) c2
analysis of significant TE triple mutations, DF, 19, P<0.05%. S= Significant, NS= Not

Significant.
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2.3.3 Key mutation combinations driving TE transformation

To validate the combinatorial contribution of gene disruptions to transformation,
we infected organoid-forming TE cells with specific pairs or trios of lentiviral vectors. Co-
mutations of NfI or Pten with Trp53 increased the fraction of aberrant organoids (Fig. 3A,
B), consistent with previous findings that loss of NfI and Pten drives HGSC (46). NfI
mutations resulted in larger organoids with fold structures and intact lumens, while Pten
mutations caused blob-like protrusions with denser cores (Fig. 3E). In contrast, other
double mutations reduced organoid diameter and formation rate (Fig. 3A-D). The TB1
combination, showing poor organoid growth, aligns with previous data suggesting

homozygous Brcal loss is rare in rapidly growing organoid systems (10).

Trp53 mutations with homozygous NfI and Pten deletions are present in 1.26% of
human HGSCs (Firehose legacy data in cBioPortal), and TE organoids with these
mutations form HGSC-like tumors upon transplantation (46). We generated specific triple
mutant organoid combinations to validate the bulk (Fig. 2E) screen results. Disruption of
genes besides Pfen enhanced transformation with TN deficiency, particularly mutations in
Map2k4, Cdkn2a, Rbl, or Brca2, which increased transformation compared to 7rp53
alone. However, only Pfen or Brca2 mutation markedly enhanced transformation in TN-
deficient organoids (Fig. 3A, B). The TNB1 combination resulted in poor growth ex vivo
(10) (Fig. 3C). Our data (Fig. 3A, B) supports previous findings showing that TNP
disruption increased aberrant organoid formation rate (46). Interestingly, the phenotype of
these organoids was a hybrid of those with TN and TP mutation combinations, exhibiting

less overall folding but more ruffled edges and smaller blob-like protrusions (Fig. 3E).
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The most overrepresented targeted gene in the screen was Map2k4, which acts in
the JNK pathway and is considered a potential HGSC tumor suppressor (48,49) but hasn't
been functionally studied in mice or organoids for involvement in ovarian cancer. In TCGA
data, MAP2K4 mutations and homozygous deletions are found in 0.32% and 4.2% of
HGSC cases, respectively (50). Mutation of the RAS suppressor NfI enhanced TE organoid
transformation as described previously (Fig. 3A) in triple mutation combinations compared
to double mutants (Fig. 3B, E). Map2k4 mutations also increased transformation with
additional mutations except for Brca2 but had less impact on organoid diameter than Nf7
(Fig. 3C, F). Interestingly, TMB1 mutants showed increased transformation, while TMB2
did not - opposite to the patterns seen in TNB1 and TNB2 (Fig. 3A, B). This aligns with
the screen’s overrepresentation of Map2k4 and Brcal (Fig. 2C).

We next investigated the role of Cdkn2a, as it was the third most co-mutated gene
in triple mutation combinations with 7¥p53 in the screen (Fig. 3E). Cdkn2a encodes p14
and pl6 proteins, which are involved in the RB pathway and often used to distinguish
HGSC from other ovarian cancers (51). Co-mutating Cdkn2a with Tip53 reduced
transformation potential, organoid size, and formation rate compared to 7rp53 alone (Fig.
3A-D). Adding RbI to TC only slightly improved these parameters, while Brcal/2
additions restored them to levels similar to 7rp53 alone. Only NfI, Map2k4, or Pten co-
mutations further improved transformation (Fig. 3A-D). TCP organoids resembled TMP in
phenotype (Fig. 3E).

We analyzed HGSC samples with 7P53 mutations and identified the most
significant triple mutations as Map2k4/Cdkn2a and Nfl/Pten (Sup. Fig. 4A, B). For

transformed organoids, additional overrepresented mutations included [Nf1, Pten, Brca?2,
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Crebbp, Rad51, Wwox] and [Map2k4, Cdkn2a, Brcal, Lrplb, Crebbp] (Sup. Fig. 4A, B).
Quadruple mutant combinations TNPRad5/C and TMCP enhanced transformation (Sup.
Fig. 4C, D). Organoid formation frequency increased with co-mutation of Map2k4,
Cdkn2a, Brcal, Lrplb, or Csmd3 in a TNP deficient background, and RbI or Csmd3
increased formation with TMC (Sup. Fig. 4C, D). Our findings suggest that while a fourth
mutation does not significantly enhance transformation in most cases, it does not rule out
roles in cell growth, survival, metastasis, and chemoresistance, warranting further

exploration of novel triple combinations.
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assess significance, n=6 per condition. P-value < * = 0.05, <** = (0.01, <*** = (0.001,

<##xE=0.0001.
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2.3.4 Mutation combinations influence responses to common HGSC therapeutics

Modern precision cancer treatment has been revolutionized by considering the key
genes involved in a person’s cancer. When cancer cells survive and gain mutations that
promote resistance following first-line treatments, patient survival is often poor. For
example, platinum-based therapeutics are initially highly effective but become less
successful with each round of treatment (52). Therefore, integrating genetics with treatment
modalities is integral for improving patient outcomes. The organoid platform enables facile
screening of anticancer agents that are most effective against transformed cells bearing
various mutant combinations. To test how TE organoids bearing different genetic
combinations respond to common HGSC treatments, we performed dose-response
survivability assays with carboplatin (a cisplatin analog causing DNA crosslinks),
gemcitabine (a base analog that inhibits DNA replication), niraparib (PARP inhibitor),
paclitaxel (a microtubule inhibitor that blocks mitosis), and trametinib (MEK inhibitor),
with or without ROCK (Rho-associated protein kinase) inhibitor (ROCKi; a disruptor of
cytoskeletal function).

Removing ROCKi from the culture media increased resistance (increased in the
inhibitory concentration) of transformed organoids to carboplatin (180%), gemcitabine
(122%), and niraparib (133%), while paclitaxel sensitivity remained unchanged and
trametinib became more effective (64%) (Sup. Fig. 5A). In the presence of ROCKi, NfI-
deficient organoids were 24% more resistant to carboplatin than other combinations (Fig.
4A), likely due to rapid proliferation allowing platinum-resistant organoids to regrow.

Without ROCKi, RbI/Cdkn2a mutant organoids showed no change in gemcitabine
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response, but ROCKI increased resistance of mutants by 28% (Fig. 4B). Map2k4 mutants
were generally more sensitive to paclitaxel (Fig. 4C). Trametinib, a treatment for
neurofibromatosis, had a similar impact on cells regardless of NfI status when ROCKi was
absent, but ROCKi conferred resistance in NfI mutants (Fig. 4E). Interestingly, TNM cells
were unaffected by trametinib, contrary to expectations, as we expected Map2k4 mutations
to act similarly to NfI mutations (Fig. 4E), and that inhibition of both the RAS/ERK and
JNK arms of the MAPK signaling pathways are effective in inhibiting cancer cell growth
(44,45,53). These differences could be due to differences in p53 status or the culture
conditions that prevent apoptosis. Removal of ROCKi increased resistance in Map2k4
mutants, while no correlation between Map2k4 mutations and trametinib sensitivity was
seen with ROCKi (Fig. 4E), suggesting that ROCKi may play a role in promoting cell
survival. There were differences between treatments with and without ROCKi, with some
mutations becoming more sensitive while others becoming more resistant (Fig. 4F). These
results, particularly the high resistance in TNM combinations, demonstrate the need to

study specific mutational perturbations.
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Figure 4. Impacts of mutations on drug responses. Dose response curves were

performed and combinations representing most of the genes were graphed. A)
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One-way anova, Brown-Forsythe and Welch Tests were performed to assess differences
in sensitivity and resistance. Two independent experiments were conducted per mutation
combination in triplicate. One-way anova was used to assess significance. P-value < * =

0.05, <**=0.01, <*** =0.001, <****=(0.0001.
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2.3.5 Mutation combinations drive differences in tumorigenic potential, gene
expression and tumor pathology

To assess whether mutation combinations linked to aberrant organoid formation
and morphology reflect in vivo tumorigenic potential, we performed subcutaneous flank
injections of organoid derived cells into immunodeficient (NSG) female mice and
monitored them for up to 200 days. Loss of 7rp353 alone did not result in tumor formation,
consistent with prior studies (2,5,7). Among the combinations tested, TNP led to the
shortest survival, with tumors reaching 1 cm within an average of 70 days post-injection
(Fig. 5A). In contrast, survival times were longer for TN (138 days) and TP (172 days)
combinations (Fig. 5A). Adding Brca? (136 days) or Map2k4 (124 days) to the TN
background had minimal impact on survival (Fig. 5A).

In the context of TP deficiency, additional mutations in Map2k4 or Cdkn2a reduced
survival by 46 and 28 days, respectively, but tumor size doubling times increased to 62 and
48 days compared to 27 days for TP alone (Fig. 5SA). Tumor latency mirrored these
findings, with TPM and TPC averaging 96 and 95 days, respectively, compared to 138 days
for TP (though this lacked statistical significance due to small sample size; Fig. 5B).
Notably, organoids with TM co-mutations and additional losses in Cdkn2a, Rb1, or Brcal
failed to efficiently form tumors within 200 days. Collectively, these results suggest that
Trp53 loss combined with either NfI or Pten constitutes a minimal requirement for tumor
formation, and additional losses of Map2k4, Cdkn2a, or Brca2 enhance tumor growth and
formation rates.

We next assessed whether organoid metrics - formation, transformation, and

diameter (Figs. 3E-G) - predicted mouse survival after tumor induction via organoid-
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derived cell injections. In general, larger organoid diameter and faster transformation rate,
but not formation efficiency, correlated with reduced survival (Fig SA, C-E). Only the TNP
mutations had a significantly higher tumor formation rate and growth than TN or TP,
leaving open the possibility that certain mutation combinations might impact tumor

presentation.
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After subcutaneous transplantation, neoplasms arising from genetically altered TE
organoids could be stratified into 3 groups (Figure 6., Sup. Table 1). Organoids containing
NfI mutations, such as TN, commonly resulted in poorly differentiated mesenchymal-like
neoplasms (Figure 6A). Such neoplasms were largely composed of tightly arranged spindle
cells, contained low to moderate of amount of cytoplasmic KRT8 and nuclear PAX8, and
were marked by a medium to high proliferation index according to nuclear Ki67
immunostaining, and a high number of mitotic figures. Organoids with Map2k4 mutations
predominantly formed carcinomas with slit-like spaces forming labyrinthine patterns
typical for HGSC (7/16 vs 3/37 for other mutations Fisher's P=0.0078). Cells of such
neoplasms consistently expressed KRT8 and PAXS8, and they had regionally variable
proliferative indices and high-grade nuclear atypia. Mixed neoplasms contained
mesenchymal and glandular-papillary patterns of growth. All neoplasms invited underlying
striated muscles and upper levels of dermis at the place of organoid transplantation.
Additionally, we noticed that NfI mutation-containing tumors exhibiting spindle cells were
derived from organoids with well-defined lumens, while tumors with glandular patterns
arose from organoids with more blob-like structures (Fig. 3H). These findings relate

specific genetic alterations to distinct features of HGSC.
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Figure 6. Characterization of neoplasms arising from genetically altered TE organoid
cells transplanted subcutaneously. A) Spindle-cell (Mesenchymal) neoplasm with
monotonous tight growth pattern, TN. B) Papillary carcinoma (Papillary) with slit-like
spaces forming complex labyrinthine pattern (arrow), TP. C) Neoplasm with mixed
spindle-cell (arrowhead) and glandular (arrow) patterns of growth (Mixed), TMP.

Hematoxylin and eosin (HE; A-C). D-L) Expression (brown color) of KRTS8 (D-F), PAXS8
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(G-I), and Ki67 (J-L) in neoplastic cells. Counterstaining with hematoxylin (D-L). Scale

bar, all panels 60 pm.
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2.4 Discussion

High-grade serous ovarian carcinoma presents as a heterogeneous solid tumor that
is genetically unstable with multiple clonal lineages (54,55). These aspects have made
treating HGSC especially challenging in stage I1I-IV HGSC, where 70% of patients relapse
within 3 years (56). Early evidence suggests that HGSC does not follow a typical tumor
growth trajectory; instead, dissemination occurs as a single rapid wave late in the tumor's
evolutionary trajectory (57). Therefore, affect tumor initiation, progress, and presentation
will be pivotal for developing diagnostic tools at earlier stages and improving patient
outcomes. Our finding that tumors containing Map2k4 genetic alterations have more
differentiated papillary phenotypes typical for HGSC, provides a potentially useful target
for intervention. It also opens a possibility for designing more accurate mouse models of
HGSC involving inactivation of Map2k4.

Whereas HGSC can originate from both OSE and TE cells it is unknown if they
utilize the same driver combinations. In our TE organoid screen, we used the same CRISPR
KO mini library and infection conditions as we used in a prior screen of OSE (47). The
transformation rates were similar: 0.28% for TE and 0.21% for OSE (47). Both OSE and
TE transformation involved key HGSC drivers (7ip53, Cdkn2a, Rb1, Pten) (Sup. Fig. 7A)
(8,9,11,12,15,47), but TE transformation was further enhanced by NfI, Map2k4, Brca?2,
and Brcal ablation, while OSE transformation was enhanced by Fancd2, Wwox, Gabra6,
and Fat3 mutations (Sup. Fig. 7B). Notably, combinations like TNP+Fancd2 or
TMC+Wwox did not increase TE organoid transformation beyond their core triple mutant
counterparts (Sup. Fig. 4C, D). Pathway analysis suggests that genes like Wwox, Gabraé,

and Fat3 may regulate the MAPK and AKT pathways, while Fancd? is involved in DNA
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repair and interacts with BRCA1/2 (Fig. 7) (58-68). Despite some gene-specific
differences, there may be shared altered pathways during malignant transformation. Other
studies have compared the transformation potential of OSE and TE cells in organoid
models and found differential results with respect to tumorigenic potential (10,11).
However, OSE cells are flat cuboidal cells that exist as a single monolayer surrounding the
ovary whereas TE cells exist in a pseudo-stratified structure that requires a 3D space. To
this extent, our screening methods to assess transformation potential by adherence-
independent growth (OSE) and aberrant morphology (TE) are more suitable approaches
for maintaining cells in their native state. In summary, Fancd2, Wwox, Gabra6, and Fat3
appear OSE-specific, while NfI, Map2k4, Brca2, and Brcal are TE-specific, though these

findings need further validation in direct comparisons.
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Figure 7. Summary of pathways of gene drivers identified in OSE and TE screens.
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Of the seven transformation driver genes identified in our screen, Map2k4 was the
most intriguing. Encoding MKK4 in the JNK pathway, Map2k4 phosphorylates JNK or
p38 in a context-dependent manner (44,45,48,69). Evolutionary analyses of human HGSC
suggest that aberrant MAPK signaling is associated with an early evolutionary state,
marked by fewer subclones, diploid cancers, and better therapy response (70). Further
tumor trajectory analysis implicates MAP2K4 mutations in metastasis, particularly in the
dissemination from the ovary to the omentum and ascites (57). While Map2k4
overexpression can reduce tumor metastasis (71,72), our data show enhanced organoid
transformation when co-mutated with NfI, Cdkn2a, Rb1, Pten, or Brcal, though not all
combinations formed tumors within 200 days (Sup. Table 1). This suggests that aberrant
organoid formation may reflect metastatic potential or tumor subtype presentation, rather
than just carcinogenesis (72).

Recent research on HGSC treatment has focused on how genetic perturbations
influence responses to common therapies (carboplatin, gemcitabine, niraparib, paclitaxel,
trametinib). Other studies have shown that differences in cell of origin and chemoresponse
exist (10,11). For instance, WT OSE and TE organoids exhibited differential responses to
HGSC treatments, highlighting the impact of culture conditions on drug efficacy. One
group has shown that genes regulating similar pathways, such as RAS, have differences in
response to common therapeutics that are gene context-dependent, such as MYCYE,
KRASCE, or NFI7-(46). We observed that Rb1/Cdkn2a mutant cells responded similarly to
gemcitabine regardless of ROCKi addition, though there were two subgroups: one more
sensitive in the presence of ROCKIi, the other less so. Generally, Pten and Map2k4

mutations increased sensitivity, while Nf/ mutations contributed to resistance in the
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presence of ROCKi. Previous studies have shown that overexpression of Ccnel enhances
gemcitabine sensitivity (46), and we found 7rp53/RbI mutants to be among the most
resistant, with Nf/ mutations maintaining resistance and Map2k4 mutations increasing
sensitivity.

We found that in general there was no difference between paclitaxel treated samples
with ROCKi or not. We made the novel finding that Map2k4 mutants were particularly
sensitive to paclitaxel treatment, providing a potentially new avenue of treatment when
considering JNK pathway altered cancers, primarily those implicating Map2k4 and its
downstream targets. Other groups have also shown that Pren mutations tend to drive
resistances when compared to NfI (46), but we found the opposite in our system.
Altogether this may be due to differences in culture conditions or assay design. Nonetheless
this implores the need to consider the whole tumor and identifying dominant mutations that
are important for diagnosis and treatment of patients.

ROCK:i (e.g., Fasudil) is emerging as a promising tool in combination therapy due
to its roles in cytoskeletal regulation, cell migration, proliferation, survival, and metastasis
(73,74). Previous studies have shown its potential to enhance chemo-sensitivity in resistant
cancers, such as pancreatic cancer when combined with gemcitabine (75). Our data support
this, showing that ROCKi treatment with gemcitabine significantly reduced transformed
organoid survival compared to untreated controls (Sup. Fig. 6A). ROCKi also increased
sensitivity to carboplatin and niraparib but conferred resistance to trametinib (Sup. Fig.
6A). Notably, transformed TE cells with Nf/ mutations showed more resistance to
paclitaxel than those with Map2k4 mutations, with no significant difference between

ROCKi -treated and untreated conditions. However, Map2k4 mutations were more resistant
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to trametinib without ROCKi. While other groups have shown that RAS-driven cancers
containing Map2k4 mutations are more sensitive to trametinib treatment, our data shows
the opposite and our most resistant combination was TNM (44,45,53). These findings
suggest that ROCKi could enhance treatment efficacy for specific mutations, offering new
therapeutic possibilities.

Here, we present a comprehensive study demonstrating the tumorigenic potential
of transformed TE organoids, confirming their utility as a model for studying tumor
growth. While previous groups have shown that 7NP mutations readily form tumors (46),
our study goes further by detailing the specific impact of these mutations on tumor
progression (Fig. 5). We also show that organoid metrics of transformation and diameter
correlate with patient survival, a previously unreported correlation. Additionally, we report
that NfI mutations preferentially form mesenchymal tumors while Map2k4 mutations
preferentially form papillary tumors (Fig. 6). This observation drives the need to develop
new mouse models focused on Map2k4 mutations.

HGSC is characterized by numerous mutations, which makes identifying driver
genes challenging. Our studies highlight the potential of rapidly screening genetic
manipulations to explore the cell of origin and genetic drivers in HGSC. For example, our
previous OSE screen showed that stem cells are more prone to transformation than non-
stem cells (47). Recently we described TE cell lineage hierarchy and reported that
inactivation of 7rp53 and Rb! in pre-ciliated cells leads to HGSC formation in the mouse
(15). Future organoid studies should facilitate pinpointing cells most vulnerable to cancer
cell states and their genetic drivers. Our KO screen also confirmed Map2k4 as a key driver

of TE cell transformation, revealing its sensitivity to paclitaxel and resistance to trametinib.
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Additionally, our platform is amenable to modeling of amplification/overexpression events
using CRISPRa (76) and assessing how gene combinations respond to therapies. The high
throughput and speed of our platform allowed us to identify novel genetic drivers and
optimal treatment strategies and can be further translated into human models to quickly

assess patients for the most beneficial treatment outcomes.
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2.5 Methods

Experimental animals. NOD.Cg-Prkdc*d [12rg™"iSz] (NSG) mice (Stock number
005557 were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). The number
of animals used in every experiment is indicated as biological replicates in Fig. legends
and supplementary tables. Animals were euthanized if they became moribund or developed
tumors over 1 cm in diameter. All the experiments and maintenance of the mice were
conducted under protocols approved by the Cornell University Institutional Laboratory
Animal Use and Care Committee (protocols numbers 2000-0116, 2001-0072 and 2004-
0038). Mice were housed within a 10/14 light cycle. The lights came on at 5 a.m. and went
off at 7 p.m., the humidity ranged from 30 — 70 %, and the ambient temperature was kept

at 72°F +/- 2°F.

TE organoid derivation and culture. TE Organoids were cultured and derived as
previously described (15). TE cells were isolated and cultured into organoids from 2-3
month old Gt(ROSA)26Sor™9(CAG-tdTomato)tize ( Rosq-loxp-stop-loxp-tdTomato/Ai9, Stock
number 007909 Jackson Laboratory) were sacrificed, oviducts isolated and dispersed into
single cells with collagenase/dispase. Cells were rescued with 20% FBS containing media
and plated as rims with matrigel (Corning #356231) at a density of 10kcells/100uL of
matrigel per well in a 24w plate. Organoids were then expanded and cultured for at least 5
passages before experiments were performed. Organoids were passaged on day 7 unless
otherwise specified. To passage organoids, media was aspirated from the wells, 300uL of
cultrex organoid harvesting solution (R&D 3700-100-01) was added to each well and

vigorously pipeted to disrupt matrigel. Dissolved matrigel was then transferred to a 15mL
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conical and allowed to rest on ice for 1hour. Organoids were then spun down at 600xg for
5 minutes at 4C. If matrigel is still present, more cultrex organoid harvesting media was
added and incubated for 30 minutes followed by centrifugation as described above. Once
all matrigel is gone, supernatant was removed and 1mL of Trypsin EDTA 0.25% (Gibco
25200072) was added and incubated at 37C. Every 5 minutes organoids were disrupted
into single cells with a P1000 pipet (vigorous pipetting at least 50 times up and down). This
step was repeated 3 times for a total of 15 minutes. 20% FBS containing media was then
added and cells were pelleted as described above. Cells were then resuspended in TE media

and counted to be passaged as described above.

Lentiviral production and transduction. Lentivirus were produced in 293T cells and titer
determined via limiting dilutions of virus in TE organoid cells as previously described (47).
Briefly, 293T cells were seeded into 10cm dishes before LentiCRISPRv2 (Addgene
#52961), PMD.2G (Addgene #12259) and PSPAX2 (Addgene #12260) were transfected
using Transit-LT1 transfection reagent (Mirus bio, MIR2306) via manufacturer
instructions. Virus was collected at 48 and 72 hours post transfection. Lenti-X Concentrator
(Takara, 631231) was used as instructed to concentrate virus. Virus was then resuspended
in TE organoid media with polybrene (Sigma, TR-1003-G) and frozen at -80C until use.
LentiCRISPRv2-GFP (Addgene #82416) reporter plasmid was used to evaluate the quality
of virus produced. To titer the virus, SK TE organoid cells were subjected to limiting
dilutions of virus in a 96 well plate and spinoculated at 600xg for lhour at 37C as
previously described (46). Lentiviral transduction continued for 6 hours at 37C in a cell

incubator before cells were collected, mixed with matrigel and plated. After 48 hours
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2ug/mL of puromycin was used to select for properly infected cells. Infection percent was
evaluated by determining the number of surviving cells in treated versus non treated
samples. The multiplicity of infection was calculated by using a survival percent below
30% to exclude double infection events. These values were then multiplied and averaged

to determine an MOI of 7 (47).

Screen and validation. Day 7 TE organoids were broken into single cell suspensions as
described above and infected with the minilibrary at an MOI of 7 and plated at a density of
5K cells per 25ul Matrigel droplet. 48 hours post infection, cells were treated with
puromycin (2ug/mL, Sigma, A1113803) and at 96 hours media was changed to contain
10uM Nutlin-3A (SelleckChem, S8059). Media was changed every 2-3 days containing
10uM Nutlin-3A until day 14 where organoid transformation was assessed. Mutant
organoids were then released from Matrigel with a P1000 wide bore tip in cultrex organoid
harvesting media and allowed to settle by gravity. Supernatent was aspirated and replaced
with more cultrex organoid harvesting media and allowed to settle by gravity. Organoids
were then released onto a poly-hema (Sigma, P3932) coated tissue culture plate, picked as
whole organoids, expanded in 2D culture, genomic DNA harvested with GeneJET
Genomic DNA Purification Kit (Thermo Fisher, K0722), and PCR amplification with the
following primers: CTTGGCTTTATATATCTTGTGGAAAGG and
CGACTCGGTGCCACTTT was performed with Illumina overhangs also added to each
primer. Indexing reactions were performed to barcode each individual colony and pooled.
300bp paired end sequencing was performed using Illumina Miseq to detect gRNA

presence in a particular clone at a read depth of 4 million. Each sequenced clone was
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aligned with a custom built library containing each of the gRNA’s in the screen to identify
“hits,” where genome integration had taken place as described previously (47,75).

After identification of key combinations that result in TE organoid transformation,
targeted lentiviral libraries were prepared and single cell suspensions from TE organoids
were infected with the libraries at a minimum MOI of 7. Cells were then plated, treated
with both puromycin and Nutlin-3A as described above. Organoid transformation rate was
determined by counting the total number of aberrant organoids and dividing that by the
total number of organoids formed after 14 days of culture. Images were acquired on a Zeiss

Axiovert microscope.

Organoid preparation for histological evaluation. Organoids were released with
organoid harvesting solution as described above. Organoids were placed on ice for 1 hour
to release and allowed to settle to the tube bottom before aspirating the media without
disturbing the pellet. Organoids were then washed with 10mL of ice cold 1X PBS to remove
any residual Matrigel. Organoids were allowed to settle by gravity, the PBS was aspirated,
then fixed in 4% PFA (diluted in PBS) on ice for 1 hour. Organoids were then washed twice
with ice cold 1X PBS, then mixed with an equal volume of HistoGel (Epredia,
HG4000012) preheated to 65°C and dispensed into dome-shaped molds for embedding.
HistoGel molds set for 10 minutes prior to standard tissue processing, paraffin embedding,

and preparation of 4-um-thick tissue sections followed by immunohistochemistry (15,76).

Mouse tumorigenic studies. According to previous results (10), frequency of tumor

formation by mutant TE organoids was not impacted by site (s.c. vs, orthotopic) of organoid
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transplantation. Targeted library preparation and TE organoid infections were performed
as described above. After passaging to expand cells, day 14 organoids were then disrupted
into single cells and 5x10° cells were mixed with 100uL of 1X PBS (Gibco 10010023) and
Matrigel (Corning #356231) at a 1:1 ratio and injected subcutaneously in the flanks of NSG
mice. All mice received bilateral injections and were monitored weekly for tumor
formation, and growth of tumors. Mice were sacrificed when tumors reached 1 cm in

diameter.

Drug Assays. Organoids were grown and dispersed into single cells as described above.
Cells were diluted to a concentration of 100 cells per uL of Matrigel. 10uL of Matrigel
containing cells were then seeded per well into the bottom of a black walled clear bottom
96 well plate (Corning #3603) and 100uL of media was added. 1 day after plating, cells
were treated with the concentrations of drugs, media was changed on day 3 and on day 5
media was removed and 100uL of 3D Cell titer glo (Promega # G9683) was added for 1hr
at room temperature and read on a biotek plate reader (10). Prism 10 was used to fit graphs
and interpret IC50 values with the “[inhibitor] vs. response- variable slope (normalized)”

option.

Immunohistochemistry and image analysis. For paraffin embedding, organoids and
tissues were fixed in 4% paraformaldehyde overnight at 4°C followed by standard tissue
processing, paraffin embedding and preparation of 4 pm-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

63


https://sciwheel.com/work/citation?ids=8970702&pre=&suf=&sa=0&dbf=0

minutes. The primary antibodies were incubated either at 4°C for overnight or at room
temperature for 2 hours, followed by incubation with secondary biotinylated antibodies
(dilution 1:200, 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 and secondary antibodies used for immunostaining are listed in Supplementary
Table 2. For quantitative studies, sections were scanned by ScanScope CS2 or FL (Leica
Biosystems, Vista, CA) with a 40x objective, followed by the analysis with the ImageJ

software (National Institutes of Health, Bethesda, MD, USA).

Statistical analyses

Statistical comparisons were performed using a two-tailed Fisher's exact test with InStat 3
and Prism 6 software (GraphPad Software Inc., La Jolla, CA, USA). Prism 10 software
was used to perform one-way anova, IC50 calculations, welch’s two tailed t-test.

Cbioportal was used to perform analysis of human data. ¢c? analysis was performed in excel.
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CDKN2A BRCA2 240 12 19 2 0.293 0.88 CcO
NF1 MAP2K4 229 33 11 0 0.371 0.973 ME
NF1 BRCA1 226 30 14 3 0.442 1 CcO

MAP2K4 PTEN 242 10 20 1 0.593 1 CcO

CDKN2A BRCA1 243 13 16 1 0.603 1 CcO
NF1 CDKN2A 228 31 12 2 0.68 1 CO
RB1 BRCA2 220 32 19 2 1 1 ME

MAP2K4 BRCA2 241 1" 21 0 1 1 ME

PTEN BRCA1 236 20 16 1 1 1 ME
BRCA2 BRCA1 236 20 16 1 1 1 ME

CDKN2A PTEN 239 13 20 1 1 1 ME

CDKN2A RB1 226 13 33 1 1 1 ME

MAP2K4 RB1 229 10 33 1 1 1 ME
NF1 BRCA2 221 31 19 2 1 1 ME

MAP2K4 BRCA1 245 11 17 0 1 1 ME

Supplementary Figure 3. Analysis of genetic alterations in human HGSC. A)
OncoPrint (from cBio Portal; Firehose legacy) of human HGSC genetic alterations of
selected tumor suppressor genes. B) Co-occurrence of gene drivers identified in screen as
seen in human HGSC (only samples containing a 7P53 mutation were assessed). CO = Co-

occurrence, ME = Mutual Exclusivity.
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Supplementary Figure 4. Analysis and validation of quadruple mutant combinations.

A) Starting with the most overrepresented triple combinations, the most significant

quadruple mutations are plotted. B) ¢? analysis of significant TE triple quadruple mutants,

DF, 19, P<0.05%. S = Significant, NS = Not Significant C) Transformed organoids in a

Trp537-NfI"“'Pten™ deficient background, D) Organoid formation, E) Organoid size. F)

Transformed organoids in a Trp33” Map2k4™Cdkn2a™" deficient background G)

77



Organoid formation H) Organoid size. n=6 was analyzed per condition, with organoid size
measuring n=20 organoids per condition. One-way anova was performed to assess

significance. P-value < * = 0.05, <** = 0.01, <*** = 0.001, <****=(.0001.

78



0.03

e @
o ©o
N
o

0.02—

g e
o o
= =
=) o

0.01+

Carboplatin IC50 (uM)
Gemcitabine IC50 (uM)
Niraparib IC50 (uM)

Paclitaxel IC50 (uM)

Trametinib IC50 (uM)

e 9o
o o
S o
e a

Supplementary Figure 5. IC50 calculations and dose response curves to common
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two tailed t-test P-value < * = 0.05, <** = (.01, <*** = (0.001, <****=(.0001.
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Supplementary Figure 6. Unique and shared drivers of transformation in OSE cells
A) Frequency of co-mutations in OSE colonies, (Right) ¢? analysis of significant OSE

double mutations, DF, 19, P<0.05%. S = Significant, NS = Not Significant
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Supplementary Table 1 Organoid combinations tested in mouse models and

histological analysis

Combination Tumors

formed (#) | Mesenchymal | Papillary | Mixed
Trp53 0/6
Trp53/Nf1 5/6 4 1
Trp53/Pten 4/6 4
Trp53/Rbl 1/6 1
Trp53/Nfl/Map2k4 6/6 3 3
Trp53/Nf1/Cdkn2a 5/6 4 1
Trp53/Nf1/Rb1 5/6 5
Trp53/Nf1/Pten 6/6 3 3
Trp53/Nf1/Brca2 6/6 5 1
Trp53/Map2k4/Cdkn2a | 0/6
Trp53/Map2k4/Rb1 4/6 1 3
Trp53/Map2k4/Pten 6/6 2 4
Trp53/Map2k4/Brcal 0/6
Trp53/Cdkn2a/Pten 5/6 2 3
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Supplementary Table 2. Antibodies used for immunostaining.

Antigen, Antibody source, Retrieval,

. . Clone Host N
conjugation catalogue number Dilution
Acetylated a- Sigma-Aldrich, Citrate,
Tubulin T7451 6-11B-1 Mouse 1 500 (&1F)

Novus  Biologicals, Citrate,
Foxi AF3619-SP PC Goat 1,600 (IF)
) Invitrogen, Citrate,
Ki67 14-5698-82 SolAl3 Rat 1:4000 (*IHC)
Developmental
Cytokeratin 8, Studies Hybridoma Citrate,
CKS8 Bank, AB 531826 [ROMA-T - Rat 1:50 (IHC)
(20ug mL)
) Citrate,
OVGP1 Abcam, ab118590 PC Rabbit 1:600 (IF)
Citrate,
P16 Abcam, ab241543 PABLO33B Rat 1:500 (IHC)
) Citrate,
Pax8 Troemech PC Rabbit  1:4000 (IHC),
1:200 (IF)
Wilm’s  Tumor EPR23963- . Citrate,
Antigen, WT1  /rbcam,ab267377 ¢ Rabbit 550 (1HC)
Rockland N trieval
tdTomato/RFP Immunochemicals PC Rabbit ° relieval,

Inc., 600-401-379S 1:4000 (IHC)

Anti-rabbit IgG, Vector Labs,

biotinylated BA-1000-1.5 PC Goat  1:200
Anti-rat IgG, Vector Labs, . .
biotinylated BA-4000-1.5 PC Rabbit  1:200

*PC, polyclonal
&F, immunofluorescence
*IHC, immunoperoxidase-ABC Elite method
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Chapter 3: Organoid validation of SLC1A3 expression as a stem/progenitor cell

marker

This chapter was adapted from a manuscript published in Nature Communications
(PMID: 39366996 PMCID: PMC11452611 DOI: 10.1038/s41467-024-52984-1)

A.F.N. and A.Y.N. designed experiments; C.Q.R., D.J.F., D.J.P,, B.A.H., C.S.A., A.P.A,,
and S.G. performed experiments; C.Q.R., A.J.D.M., D.W.M., and B.D.C. carried our
bioinformatics analyses; D.J.F., L.H.E., and A.Y.N. performed pathological evaluations;

J.C.S., and B.D.C. provided resources; A.F.N., C.Q.R. and A.Y.N. wrote the paper.

Authors: Andrea Flesken-Nikitin, Coulter Q. Ralston, Dah-Jiun Fu, Andrea J. De Micheli,
Daryl J. Phuong, Blaine A. Harlan, Christopher S. Ashe, Amanda P. Armstrong, David W.
McKellar, Sangeeta Ghuwalewala, Lora H. Ellenson, John C. Schimenti, Benjamin D.

Cosgrove & Alexander Yu. Nikitin.
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3.1 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 Slc/a3 can differentiate into both secretory (OvgpI+) and ciliated (acetyl o.-
tubulin+) cells. These findings identify transitional pre-ciliated cells as a cancer-prone

cell state and point to pre-ciliation mechanisms as diagnostic and therapeutic targets.

84



3.2 Introduction

Ovarian cancer is the sixth 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 (2,3). Over 80% of HGSC are detected at advanced stage and have limited
treatment options(2,4,5). 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(6—11). While cancer-prone stem/progenitor cells have been
described for the OSE(12,13), 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 early dysplastic lesions, 7P53 signatures, and serous tubal intraepithelial
carcinomas (STICs)(6,14). These lesions are found exclusively in the distal region of the
uterine tube(2,14,15). Both TP53 signatures and STICs lack ciliation, express the
transcriptional factor PAX8, and harbor mutations in the 7P53 gene (also known
as Trp53 in the mouse), which encodes for p53. 7P53 mutations are the most frequent
genetic alterations in HGSC, being present in over 96% of cases(16,17). Consistent with

these observations, early dysplastic lesions can be induced by inactivation of tumor
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suppressor genes commonly associated with human HGSC, such as Trp53, Brcal, Breca?2,
Pten, and Rb1 in Pax8-expressing tubal epithelial cells of the mouse uterine tube(18,19).
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 (20-22).

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 (23). 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(24).

It is well established that many types of cancer arise from stem cell niches(25—
27). Previously, using a genetically defined mouse model, we have shown that OSE
stem/progenitor cells can be efficiently transformed after inactivation of tumor suppressor
genes Trp53 and RbI and lead to HGSC formation (12,13,28). Notably, tumors arising

from non-stem OSE cells were slow-growing and non-metastatic. However, in other
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cancer types, neoplasms may originate from differentiated or transitional state cells that
have acquired some stem cell properties (28—30). It has been hypothesized that some
ovarian carcinomas may arise from the ciliated cell lineage (31). However, no direct
experimental data has been offered to support this idea.

Here, we conduct scRNA-seq to establish a comprehensive census of cell types
found in the mouse uterine tube. Proximal and distal sections are 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 identify a TE stem/progenitor cell population and interrogate unique
epithelial cell states for their propensity for malignant transformation. We found that
Slcla3+ epithelial cells are stem/progenitor cells of the distal TE, form ciliated organoids
with high efficiency, and are not cancer prone. These studies reveal that pre-ciliated cells

may serve as a specific cell state susceptible to malignant transformation.

3.3 Results

3.3.1 Sicla3+ epithelial cells are stem/progenitor cells for the TE

Within this study, scRNA-seq was performed on 62 uterine tubes from 31 mice
and divided into both distal and proximal regions. After processing of the data, clusters
were identified, and epithelial cells were categorized into subpopulations of secretory,
ciliated and stem-like epithelial cells. Further investigation of the distal epithelial clusters
via PHATE analysis found that ciliated cells and their precursors were more likely to be
found in the distal region while secretory cells were more prevalent in the proximal

region. While Pax§ expression has primarily thought to be secretory related, our data
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suggests that Pax8 expression are detected in stem/progenitor cells and transitional pre-

ciliogenic cells.
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Figure 1. Tubal epithelium (TE) organoid formation. (a-b) Organoid
formation by distal TE cells isolated from Slc1a3-CreERT Ai9 mice and treated with
tamoxifen. Phase contrast (a) and tdTomato fluorescence (red, b). (c) Representative

histogram of tdTomato+ TE cells separated by FACS 36 hours after tamoxifen
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administration. (d) Quantification of organoid formation rate of TE cells separated for
tdTomato expression by FACS. Biological replicates n=2. (e) Representative histogram of
SLC1A3+ TE cells separated by MACS. (f) Organoid size measured 7 days and 14 days
between SLC1A3+ and SLC1A3- cells from two MACS experiments (n=19). (g)
Representative images of SLC1A3+ and SLC1A3- organoids 2, 5, 7, and 14 days after
isolation from a single MACS experiment. Scale bar represents 170 um (a and b) and 500

um (g). Source data are provided as a Source Data file.
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3.3.2 SLC1A3+ stem/progenitor cells form ciliated organoids with high efficiency

Consistent with previous studies of mouse and human TE (20,32,33), organoids
were formed by harvesting the mouse distal TE. The organoid-forming ability of
tdTomato+ cells from Slc1a3-CreERT Ai9 mice was confirmed with isolation from the
distal region after separation by fluorescence-activated cell sorting (FACS) (Fig. 1a—d).
To further distinguish the SLC1A3+ stem/progenitor cells from others within the TE, we
completed magnetic-activated cell sorting (MACS) to split pure epithelial cell pools into
SLC1A3+ and SLC1A3- groups (Fig. le and Table 1). Consistent with previous FACS
experiments, organoids derived from SLC1A3+ epithelial cells formed organoids at a
significantly higher rate as compared to organoids formed by SLC1A3- cells (Fig. 2a).
After 14 days of culture, organoids grew to similar sizes (Fig. 1f, g) and contained
OVGP1+ cells in both groups (Fig. 2b). However, organoids formed from SLC1A3+
cells were marked by a significantly larger population of ciliated cells (Fig. 2c—e),

thereby supporting bidirectional differentiation potential of SLC1A3+ cells.
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Figure. 2. Organoid formation by SLC1A3+ and SLC1A3- cells. Organoid formation
rate of distal tubal epithelial cells isolated for SLC1A3 expression by MACS

(n=28). b Organoid sections of day 14 SLC1A3+ and SLC1A3- cell derived organoids
stained for secretory marker OVGP1 (red, arrows). Counterstaining with DAPI

(blue). ¢ Hematoxylin and Eosin (HE) staining of SLC1A3+ and SLC1A3- cell derived
organoids after 14 days of culture. Arrow denotes cilia. d Representative images of

ciliation (green, acetylated a-Tubulin) between SLC1A3+ and SLC1A3- cell derived
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organoids. Counterstaining with DAPI (blue). b—d Scale bar all images
200 um. e Quantification of ciliated cells between SLC1A3+ (n=71) and SLC1A3-
(n=40) cell derived organoids. a, e ***P=0.0002, ****P =(0.0005, two-tailed

unpaired #-tests. Data are presented as mean values + SD.
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3.4 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 experimentation
has confirmed that Slc/a3+ cells are long living and give rise to both secretory and
ciliated cells in the distal region of the uterine tube.

We did not observe any significant contribution of Slc/a3+ cells to cells of the proximal
uterine tube and saw few if any organoids formed from the proximal region. This can be
explained by the existence of developmentally distinct cell lineages forming the proximal
region (24).

By comparative evaluation of Pax8+ cells lacking concomitant Slc/a3 expression, we
identified a cancer-prone cell population along the ciliogenic lineage. This observation is
consistent with prevalence of early dysplastic lesions, 7P53 signatures and STICs in the
distal, ciliated cell-rich, region of the uterine tube(2,14,15). Furthermore, the majority of
HGSC putative driver genes(13,34), either preferentially expressed in stem/progenitor
cells with a bias towards pre-ciliogenic trajectory (Rb1, NfI and Pten), or mainly detected
in cilia-forming cells (Brcal, Brca2 and Csmd3). Thus, aberrations in these genes may
have the most transformation potential in the context of pre-ciliogenic cell state, as
opposed to secretory differentiation (Figure 3).

There are potential limitations within this study. The use of scRNA-seq may be limited by
its low capture efficiency and high level of noise. While scRNA-seq may fail to capture
all transcripts in each cell, the technique was sufficient for identifying markers of cell
states within the distal TE. Furthermore, organoids were generated from pools of

epithelial cells split by their SLC1A3 expression. However, there may be other epithelial

94


https://sciwheel.com/work/citation?ids=11666702&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=17603069,8095531,8095535&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9679105,68181&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

cell states that are less likely to form organoids among the SLC1A3+ and SLC1A3-
populations, which may impact the organoid formation rate. Finally, we explore cancer-
prone cell states by inactivating 7rp53 and Rb!. Inactivation of these genes leads to
HGSC arising from pre-ciliated TE cells. However, other combinations of driver
mutations may transform other cell states and/or produce different types of ovarian
carcinoma.

In summary, our study establishes the cell hierarchy, cell lineage dynamics, and identity
of stem/progenitor cells in the distal TE. 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
explain the preferential appearance of neoplastic lesions in the distal region of the uterine

tube and point to the pre-ciliation state as a diagnostic and therapeutic target.
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Figure 3. Expression of putative HGSC driver genes along inferred

pseudotime trajectories of secretory and ciliated epithelial cell lineages. The average
zscored expression was calculated for each gene. Each pseudotime bin is equally sized
and consists of about 150 cells. Driver genes were derived from the Cancer Genome
Atlas Research Network. Most genes, except for FANCM and APC were found to be
significantly mutated or deleted in HGSC tumors by TCGA1, 2. Source data are provided

as a Source Data file. Figure created by Coulter Q. Ralston.
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Figure 4. Gating strategy for tdTomato+ TE cells. (a) Forward scatter (FSC) and side
scatter (SSC) gating strategy for removal of debris within distal TE cells isolated from
Slc1a3-CreERT Ai9 mice after tamoxifen treatment. (b) FSC gating for single cell
purification. (¢) SYTOX Blue dead cell staining to remove positively stained dead cells.
(d) Counts for tdTomato+ distal TE cells isolated from Ai9H mice after tamoxifen

treatment as a negative control.
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Supplementary Table 1.

Magnetic-activated cell sorting (MACS) for organoid-forming SLC1A3+ and SLC1A3- cells.
Fractions* Total cells (+s.d.) Fraction of total cells (%)
After primary isolation 5.66x10 °+1.47x10 ° 100
After stromal removal 2.76x10 °+0.65x10 ° 48.8
SLC1A3+ cells 0.20x10 * £0.13x10 ° 35
SLC1A3- cells 2.55x10 >+0.49x10 3 45.1

*Total cells and percentages were determined by cell counts made from cell fractions at different
stages of MACS preparation.
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3.5 Methods

Experimental animals

The Tg(Slcla3-cre/ERT)1Nat/J (Slc1a3-CreERT, Stock number

012586), Gt(ROSA)26Sor™?(CAG-tdTomato)Hze (Rosq-[oxp-stop-loxp-tdTomato/Ai9, Stock
number 007909), and C57BL6 (Stock number 000664) mice were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). Only females were used for our studies of
the female reproductive tract. The number of animals used in every experiment is
indicated as biological replicates in figure legends and supplementary tables. All the
experiments and maintenance of the mice followed ethical regulations for animal testing
and research. They were approved by the Cornell University Institutional Laboratory
Animal Use and Care Committee (protocols numbers 2000-0116 and 2001-0072). Mice
were housed within a 10/14 light cycle. The lights came on at 5 a.m. and went off at

7 p.m., the humidity ranged from 30-70 %, and the ambient temperature was kept at

72 °F £ 2 °F.

Doxycycline and tamoxifen induction

For organoid assays after FACS, 5 Slc1a3-CreERT Ai9 mice 6—12 week-old mice per
experiment received a single 36 h tamoxifen pulse (100 pg/g body weight as described
above). All mice were euthanized by CO, and further analyses were carried out.
Anatomical nomenclature

“Uterine tube”, “Fallopian tube”, and “oviduct” are terms commonly used by different
groups of investigators. The term “uterine tube” precisely describes its location and
function as a tube leading from the ovary to the uterus. “Fallopian tube,” named after the

16th-century Italian anatomist Gabriele Falloppio, is a more traditional term, but it’s less
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descriptive anatomically. “Oviduct” is anatomically descriptive, indicating a duct for the
ovum (egg), but it is less specific to human anatomy and is often used in the context of
various animals. We use the term “uterine tube” as the most anatomically accurate name
for this structure. The “uterine tube” is also the most unifying term allowing to be

efficiently used for comparative human/mouse studies common in experimental research.

Immunohistochemistry, apoptosis detection, and image analysis

Immunofluorescent detection of FAM183B (IF, dilution 1:150) and OVGP1 (IF, dilution
1:600, 1:800, THC, 1:800, 1:2000-8000) was performed in 7 um-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 pm-thick tissue sections. All primary and secondary
antibodies used for immunostaining are listed in the paper.

For quantitative studies, sections were scanned with a ScanScope CS2 (Leica
Biosystems, Vista, CA), 40x objective, a Zeiss LSM 710 Confocal Microscope for tile
scans with a pixel dwell of 1.58 psec and an averaging of 2 using the ZEN (blue edition,
Zeiss) software, or a Leica TCS SP5 Confocal Microscope, 20x and 40x objective,
followed by the analysis with Fiji software (National Institutes of Health, Bethesda, MD,
USA).

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 methods7:10:56. Briefly, mouse uterine tubes were collected, washed with wash
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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 ng/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 600 x g for 5 min at 4 °C and mixed with Matrigel. For every 2 mice (4 uterine
tubes), 100 ul of Matrigel would be used and plated along the rim of a 24 well tissue
culture plate. Plates were then be incubated in 5% CO- cell incubator at 37 °C for 60 min,
after which Matrigel would be set and organoid media (Gibco Advanced DMEM/F12,
Thermo Fisher 12634010; 25% L-WRN Conditioned Medium, ATCC CRL-3276; 12 mM
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 uM Y-27632
(ROCK:i), 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 h. Cells were then spun
down in a refrigerated centrifuge at 600 x g for 5 min 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 min and vigorously pipetted. Cells were then recovered with 20% FBS
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containing media and spun down at 600xg for 5 min at 4 °C. Supernatant was aspirated,
organoid media was added, and cells were counted. Typically, cells were plated at 500
cells/ul of Matrigel for expansion. To induce Slc1a3-Cre-ERT mediated recombination,
1 uM 4-Hydroxytamoxifen (Selleck Chem S7827) was supplemented to the media for
48 h.

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
MAO900 in two separate experiments with single replicates. Data was acquired using Sony
MA-900 complementary software. Analysis was performed using FlowJo software (BD
Biosciences). Post FACS, organoids were visualized under a microscope to check for
tdTomato expression. Slc1a3-CreERT negative littermates were used to gate negative
controls (Fig. 4). After gating single cells, Sytox Blue was used to gate for live or dead
populations (Fig. 4). From the live cell population, tdTomato+ cells were determined by
using Slc1a3-CreERT negative litter mates (Fig. 4). Cells were then plated in Matrigel at
a density of 1000 cells per 10 ul. 1000 SLC1A3+ cells and 30,000 SLC1A3- cells were
plated. Assessment of organoid forming potential was calculated by counting the number
of organoids formed against the number of cells sorted. Each replicate contained uterine
tubes pooled from at least 5 mice.

MACS preparation and analysis

Single cell suspensions from the distal mouse uterine tube were prepared as described

above from 10 C57BL6 adult female mice aged 6—12 weeks. Magnetic activated cell
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sorting was performed following the manufacturer protocol (Invitrogen 11533D).
Negative selection was first performed to remove stromal cells by incubating cells with
biotinylated antibodies against CD45 (Biolegend, 103103, 0.5 pg per million cells), TER-
119 (Biolegend, 116203, 0.5 pug per million cells), CD140a (Biolegend, 135910, 0.5 pg
per million cells), CD31 (Biolegend, 102503, 0.5 pg per million cells). Positive selection
was then performed on the unbound fraction of cells by incubating with a biotinylated
antibody against SLC1A3 (Novus biologicals, NB100-1869B, 0.5 ug per million cells).
After removal of the unbound fraction, bound cells were released with 200U of DNase I
(Sigma, 1128459638001). Cells were counted and equal numbers of cells were plated for
both the SLC1A3+ and SLC1A3- populations (100 cells/ul Matrigel). 5000 cells were
plated per Matrigel droplet in a 24 well plate. Representative images were taken every
few days from plating to day 14. Day 14 organoids were counted for organoid formation
rate, organoid size, and sections prepared to assess for expression of organoid markers.
Organoid histological preparation and analysis

Organoids were released from Matrigel with Cultrex Organoid Harvesting Solution and
chilled on ice for 1 h as per the passaging protocol. Organoids were then centrifuged in a
refrigerated centrifuge at 100 x g for 30 s at 4 °C. Organoids were fixed on ice in 5 ml of
4% PBS-buffered paraformaldehyde while avoiding exposure to light. Organoids were
spun down at 100 x g for 30 s and replaced with 1x PBS to rinse. Organoids were spun
down once more at 100 x g for 30 s to aspirate the remaining PBS. Organoids were then
mixed in 200 pl of HistoGel (Epredia, HG4000012) preheated to 65 °C and dispensed

into dome-shaped molds for embedding. HistoGel molds set for 10 min prior to standard
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tissue processing, paraffin embedding, and preparation of 4-um-thick tissue sections

followed by immunohistochemistry (37).
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Chapter 4: Fine tuning a TE organoid platform to enhance HGSC modeling and

improve prognostic value in HGSC

This chapter is focused on briefly summarizing previous studies, future directions for the

platform and a discussion on moving the platform into human studies.
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4.1 Understanding and identifying new drivers are essential for finding new
treatment options of HGSC.

My studies led to two key findings. First, Map2k4 as a driver of HGSC (high-
grade serous ovarian carcinoma) transformation in mouse organoid models. We further
found that Map2k4 mutations preferentially elicit papillary phenotypes in HGSC. Although
both NfI and Map2k4 are part of the MAPK signaling pathway, cells with Map2k4
mutations showed resistance to trametinib (a MEK inhibitor), but increased sensitivity to
paclitaxel (a chemotherapy drug for HGSC treatment). Second, SLC1A3 expressing cells
are stem cells. We found that SLC1A3 expressing cells function as a stem cell with
organoid forming capacity. These organoids could differentiate into both the ciliated
lineage and are predominantly located in the distal region of the mouse oviduct. Notably,
these cells are not prone to developing cancer while KRTS5 expressing cells are.

Despite progress, there are still gaps in our understanding of the cellular drivers and
origins of cancer. For example, in our screen, we observed that certain organoid phenotypes
might be predictive of tumor characteristics. Previous studies have suggested that the
presentation of organoids can reflect the tumor characteristics in mouse models and
patients (1-6). In our screen, we identified five different organoid phenotypes, but only
two or three of these were consistently present during our validation studies. To gain deeper
insights into how tumor subtypes are linked to specific organoid morphologies, I propose
conducting a screen with the goal of separating different phenotypes and identifying the
most common genetic alterations associated with each phenotype. This approach would
allow us to correlate distinct organoid morphologies and behaviors with specific tumor

types, providing a better understanding of how these features relate to HGSC progression.
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Furthermore, different tumor presentations might reflect different stages of malignant
transformation, which we would need to explore further. Ultimately, by using patient
biopsy samples, this approach could help us study organoid transformation and identify
potential biomarkers that predict cancer progression.

Through our SLC1A3 organoid lineage tracing experiments, we observed that not
only did SLC1A3 expressing cells form organoids, but other cell types were also capable
of doing so. In our initial screen, we utilized the heterogeneous population of cells that
could form organoids. As shown in our organoid stains, TE organoids consist of a range of
differentiated markers. To gain deeper insight into the mechanisms behind cell state and
specific drivers, it might be valuable to target each individual organoid forming cell
population. Doing so could help us determine if there are specific combinations of drivers
within each cell type that might explain the absence of actionable recurrent point mutations
in HGSC.

Although we have identified Map2k4 mutations as important for high-grade serous
carcinoma (HGSC), the role of this gene remains unclear. Map2k4 is generally considered
an oncogene due to its involvement in MAPK signaling and combination of MAP2K4
inhibitors with RAS inhibitors show great promise for treatment modalities (7,8) .
However, studies in certain cancers, such as ovarian, prostate, and lung carcinomas, have
suggested that Map2k4 may act as a tumor suppressor gene in these contexts (8—12). This
discrepancy could be due to cell-specific factors, and further research is needed to
understand the conditions that determine whether Map2k4 functions as an oncogene or as

a tumor suppressor in different types of cancer. Additionally, these studies were conducted
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in mouse models, and further investigation into human models may be valuable to fully
elucidate the role of Map2k4 in HGSC.
4.2 Correlating molecular subtypes and tumor characteristics

Previous organoid studies have reported various combinations of genes that result
in the transformation of TE organoids into different tumor types. However, these studies
have not investigated how different gene combinations lead to distinct tumor presentations.
In the case of HGSC, known pathological tumor phenotypes include papillary, glandular,
solid, and SET (solid, pseudoendometrioid, transitional). Molecularly, HGSC human
samples have been classified into four subtypes: mesenchymal, immunoreactive,
proliferative, and differentiated. While differentially expressed genes have been identified
for each of these subtypes, the key gene drivers that initiate the formation of these subtypes
are still unclear. Additionally, while organoid models have been employed to study HGSC,
they have not fully explored how distinct gene drivers may lead to different tumor
phenotypes. Though some studies have begun to examine the variations between these
tumor subtypes, there is still inconclusive data on how these subtypes impact survival and
response to common therapies. Our study focuses on a model involving Map2k4 mutations,
which preferentially form papillary tumors. This provides a unique opportunity to compare
the impact of Map2k4 mutations with that of NfI mutations, which tend to form
mesenchymal tumors. By combining these models with transcriptomic datasets, we can
explore the molecular mechanisms driving the differences between these two tumor
presentations. These insights could shed light on how early genetic mutations influence
tumor transformation, offering new opportunities for prognostic tools and revealing

potential targetable pathways at earlier stages of disease.
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4.3 Identifying the minimal combinations of oncogenic drivers of HGSC

The transformation of a healthy cell into a malignant one typically involves both
the loss of function of tumor suppressor genes and the gain of function of oncogenes. Our
CRISPR knockout (KO) approach has primarily been used to study the role of tumor
suppressor genes in malignancy. However, we have not yet explored the role of gene
amplification events in high-grade serous carcinoma (HGSC). While our studies have
shown that the loss of Trp53/NfI or Trp53/Pten can lead to the transformation of organoids
and are tumorigenic, further analysis reveals that these genes are involved in regulating
MYC expression. When we looked at the most amplified genes in HGSC, MYC was the top
hit (Table 1). This suggests that MYC amplification—either directly or via the loss of tumor
suppressor genes—could be a key factor in the transformation into HGSC. However, MYC
amplification is found in only 42% of HGSC cases, indicating that other gene amplification
events may also contribute to transformation. We also find that PIK3CA4 and CCNE] to be
in the list of top amplified genes and are associated with PTEN and RBI related genes
respectively. Therefore, understanding what other amplification events compare to tumor
suppressors in our screen are of utmost importance.

To further explore amplification events, we propose conducting a combinatorial
CRISPR activation (CRISPRa) screen. This approach would help us identify the key
oncogene drivers necessary for tumor transformation. Additionally, research has shown
that overexpressing an oncogene or losing tumor suppressor genes in the same pathway
can lead to varying chemoresponse profiles. This underscores the complexity of cancer

transformation and treatment response, highlighting the need to consider both oncogene
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activation and tumor suppressor loss in understanding cancer behavior and therapy

outcomes.

4.4 Comparing Serous Carcinomas in the Ovary and Uterine Tube

Serous carcinomas are not limited to the ovary—they may also arise in the uterine
tube. Studies suggest that serous endometrial carcinomas share many characteristics with
HGSC, including mutations and gene drivers and pathological features. However,
important differences exist, such as the absence of BRCA mutations and MDM2 mutations
in endometrial carcinomas. These differences may point at various factors such as
differences in cell of origin, specific genetic drivers to each cell type, as well as differences
in the function and hostility of the tumor microenvironment. This highlights the need for

further studies to understand these nuances in cancer origin and progression.
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Table 1. Analysis of amplified genes
in human HGSC (Firehose legacy

dataset)

Gene Amplification (%)
MYC 42.00%
NDRG1 38.00%
MECOM 36.40%
TERC 35.20%
AGO2 34.90%
RECQL4 34.00%
TONSL 34.00%
PRKCI 32.80%
MAL2 31.10%
EXT1 30.90%
RAD21 29.00%
PIK3CA 28.80%
TBL1XR1 28.70%
SOX2 26.90%
KLHL6 26.80%
DCUNIDI1 26.60%
MAP3K13 26.40%
ETVS 25.60%
EIF4A2 24.50%
TFRC 24.20%
FGF12 23.80%
LPP 23.80%
BCL6 23.30%
EIF3E 23.10%
RSPO2 22.80%
TP63 22.60%
CCNE1 21.60%
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4.5 The tumor microenvironment impacts HGSC initiation and progression

High-grade serous carcinoma (HGSC) begins with a specific cell of origin, but
various factors such as immune cells, fibroblasts, and follicular fluid (FF) work both
independently and synergistically to create a hostile, tumor-promoting environment
(Figure 1).

Follicular fluid (FF) is a complex mixture that includes hormones, growth factors,
cytokines, immune cells, and metabolites. These components can create an environment
conducive to cellular transformation. FF is secreted by granulosa cells in the ovary, with
additional contributions from theca cells, oocytes, and cumulus cells (12—-16). In HGSC,
estrogen, progesterone, and androgen receptor expressions vary. Estrogen receptors are
most highly expressed (80-95% of HGSC cases) and have been associated with poorer
survival outcomes (17-19). This may be due to the cyclic nature of estrogen exposure,
which induces inflammation and increases DNA damage in the fallopian tube(19). In
contrast, progesterone and androgen receptors are expressed in 20-50% of HGSC cases,
with their presence correlating with better survival and chemotherapy response (18).
Understanding how FF components transform healthy cells into malignant cells such as
driving specific genetic alterations at recurrent sites will aid in more prognostic tools at

earlier stages.
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Figure 1. Tumor microenvironment that influences HGSC initiation and progression.

Created with help from biorender.com.
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Immune cells play a critical role in the evolution of HGSC and its response to
chemotherapy. Immature dendritic cells, M2 macrophages, regulatory T cells (Tregs), and
myeloid-derived suppressor cells (MDSCs) all contribute to immune tolerance and
therapeutic resistance in HGSC (20). Specifically, M2 macrophages secrete TH2 cytokines
that promote angiogenesis and tumor invasion (21), while Tregs suppress effector T cells,
creating an immunosuppressive environment (21). MDSCs also impair T cell activation
and the function of other immune cells (21). Additionally, environmental factors like
hypoxia, inflammation, and elevated TGF-B levels can compromise dendritic cell function
and T cell activity (21). Moreover, the N-MYC gene, amplified in HGSC, has been shown
to inhibit innate immune signaling, contributing to poor responses to immunotherapy (22).

Cancer-associated fibroblasts (CAFs) represent a significant stromal cell
population in HGSC tumors and their metastases (23,24). CAFs secrete growth factors,
inflammatory cytokines, and extracellular matrix (ECM) proteins, promoting angiogenesis,
tumor invasion, and chemoresistance through ECM remodeling (23,25-27). Together, FF,
immune cells, and CAFs play vital roles in the HGSC tumor microenvironment,
contributing to both initiation and progression. Despite their importance, studies modeling
these factors and their tumorigenic potential are still in the early stages.

To study these factors more effectively, we can use co-culture methods that
combine immune cells and CAFs or recreate FF-like conditions in vitro. These models will
enable us to better understand how different insults impact genome vulnerability and cause
changes in the genome landscape. This approach offers a high-throughput way to explore

the tumor microenvironment’s influence on cell transformation.
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4.6 Developing a Human Organoid Screening Platform for Early HGSC Events

While most studies have focused on mouse models, the establishment of human
organoid platforms has now been achieved. However, their application to study early
transformation events has not been fully explored. Our platform could serve as a pre-
screening tool, allowing us to characterize organoid phenotypes and standardize their
malignant potential. Additionally, human-derived tubal organoids could be used to study
early initiation events and improve our understanding of targeted therapies.

The development of a platform that combines genetic perturbations with
phenotypic analysis could lead to improved screening technologies for HGSC. Historically,
studying genetic drivers in HGSC has been challenging, but early detection can
significantly improve patient survival outcomes. By isolating cells from patient biopsies,
deriving organoids, and performing histological evaluations, disease progression models,
treatment response analyses, and multi-omic assessments, we could build more accurate
models of HGSC initiation and progression. Traditional PDX-1 models lack the scalability
and high throughput capacity of organoid models (29). Organoid approaches could help
identify the most effective treatments for individual patients and ultimately improve patient
survival. Furthermore, this system could be expanded into a pan-cancer repository,
allowing us to compare similarities and differences across various pre-cancerous

conditions.
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Figure 2. Comprehensive platform for assessing human organoids. Created with
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