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ABSTRACT
High-grade serous ovarian carcinoma (HGSOC) is a cancer with dismal prognosis
due to the limited effectiveness of existing chemo- and immunotherapies. To
elucidate mechanisms mediating sensitivity or resistance to these therapies, we
developed a fast and flexible autochthonous mouse model based on somatic
introduction of HGSOC-associated genetic alterations into the ovary of
immunocompetent mice using tissue electroporation. Tumors arising in these mice
recapitulate the metastatic patterns, histological, molecular, and treatment
response features of the human disease. By leveraging these models, we show
that the ability to undergo senescence underlies the clinically observed increase in
sensitivity of homologous recombination (HR) deficient HGSOC tumors to
platinum-based chemotherapy. In this context, cGas/STING-mediated activation
of a restricted senescence-associated secretory phenotype (SASP) was sufficient
to induce immune infiltration and sensitize HR-deficient tumors to immune
checkpoint blockade. This study identifies senescence propensity as a predictor of
therapy response and defines a limited SASP profile that appears sufficient to
confer added vulnerability to concurrent immunotherapy. In ongoing experiments,
we apply our model to investigate cholesterol metabolism as a potential
therapeutic vulnerability in HGSOC tumors with PI3K hyperactivation and analyze
the response of HGSOC to cellular immunotherapies. In sum, this work provides a
blueprint for the implementation of electroporation-based mouse models to reveal

mechanisms of oncogenesis and therapy response in HGSOG.
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INTRODUCTION

OVARIAN CANCER

Epidemiology of Human Ovarian Cancer

According to recently published cancer statistics, 21,750 new cases of ovarian
cancer occur annually with the projected number of deaths being 13,940 in 2020
(Siegel, Miller, and Jemal 2020). Minimal improvement in survival has been
observed over the past decades with overall survival being 45.6% (Jemal et al.
2011). However, stage at initial diagnosis greatly influences survival, which is more
than 90% for patients with stage | cancer but less than 25 % for stage Il and IV
cancer (Siegel, Miller, and Jemal 2020). Ovarian cancer represents a global health
problem. It is typically diagnosed at late stage and no effective screening strategies

exist (Matulonis 2018).

Subtypes of Human Ovarian Cancer

Ovarian cancer can be subdivided into different histological subtypes. 90%
of ovarian cancers are of epithelial origin and the remaining 10% are non-epithelial
ovarian cancers, which include germ-cell and sex cord stromal tumors. The
epithelial subtype can be further divided into serous, endometroid, clear cell and
mucinous carcinomas. Of these, high-grade serous ovarian carcinoma (HGSOC)
is the most common subtype (Matulonis 2018). Over 70% of women diagnosed
with high-grade serous ovarian carcinoma (HGSOC) succumb to their disease,

making it the deadliest gynecological disease (Bowtell et al. 2015).



Clinical Management of Human HGSOC

As there is no curative treatment for ovarian cancer, the primary aim of the
treatment is to ensure cancer control and palliate disease symptoms. The standard
of care for most patients consists of surgical debulking and platinum/taxane-based
chemotherapy, though responses are typically transient, and resistance invariably
emerges. Despite recent advances in targeted therapies such as Poly (ADP-
ribose) polymerase (PARP) inhibitors and anti-angiogenic therapies, survival has
only marginally improved in the past 30 years (Bowtell et al. 2015). Moreover,
immune checkpoint blockade (ICB), which has revolutionized the treatment of
several cancer types (Brahmer et al. 2015; Wolchok et al. 2017; Borghaei et al.
2015), shows only modest results in HGSOC (Liu and Zamarin 2018; Disis et al.
2016; Matulonis et al. 2019). Little is known about molecular mechanisms that

dictate response or resistance to any of these modalities.

Cell of origin of HGSOC

As the disease is usually diagnosed after metastasizing through the
peritoneal cavity (Peres et al. 2019), the identification of the cell of origin of HGSOC
remains controversial (Karnezis et al. 2017; Klotz and Wimberger 2017). While
initially the ovarian surface epithelium (OSE) was believed to be the tissue of origin
(Scully 1995), attention later turned to the fallopian tube epithelium (FTE). This is
supported by the presence of serous tubular intra-epithelial carcinomas (STICs) in
many patients, which were initially discovered in BRCA1/2-mutant patients

undergoing risk-reducing surgical removal of the reproductive tract (Jarboe et al.



2008) but were later found in more than half of sporadic HGSOC cases (Labidi-
Galy et al. 2017). Current evidence from clinical and pre-clinical studies suggest
that both the OSE and FTE could act as the cell of origin for HGSOC (D. Hao et
al. 2017; Shuang Zhang et al. 2019; Lawrenson et al. 2019). As the cell of origin
can impact cellular growth, metastatic patterns, transcriptional expression, and
chemotherapy response (Shuang Zhang et al. 2019), determining the correct cell

of origin is required for determining optimal treatment strategies.

Understanding of Ovarian Cancer from its Molecular Basis

The Cancer Genome Atlas and similar mapping projects have characterized
the molecular composition of HGSOC, which is a cancer of TP53 mutations,
genomic instability, DNA repair defects and copy number alterations (Patch et al.
2015; Cancer Genome Atlas Research Network 2011). The molecular complexity,
absence of druggable driver mutations and high rate of copy number alterations
complicate the development of effective therapies for HGSOC.

The disease is characterized by an almost universal appearance of TP53
mutations. The p53 protein is a transcription factor that responds to a variety of
cellular stress signals, including oncogenic stress and DNA damage. Upon
activation, p53 transcriptionally activates a large number of genes involved in
various tumor suppressive programs, including cellular senescence, cell cycle
arrest and cell death (Lane and Levine 2010). While inactivation of p53 function
contributes to tumorigenesis, the majority of cancer-associated alterations in the

TP53 gene are missense mutations, some of which endow p53 with gain-of-



function activities (Brosh and Rotter 2009). The rare proportion of patients without
a TP53 mutations often display copy number gains of negative regulators of p53,
including MDM2 or MDM4 (Ahmed et al. 2010).

Another defining feature of HGSOC is inactivating mutations in genes
important for homologous recombination (HR) DNA repair, which occur in around
one third of HGSOC patients (Shiyu Zhang et al. 2011). HR defects are associated
with either germline or somatic BRCA mutations, as well as mutations in other DNA
repair pathway genes, including genes of the Fanconi anaemia pathway (RAD51C,
RADS51D, BRIP1, PALB2 and BARD1) and the DNA mismatch repair pathway
(MSH2, MSH6, MLH1 and PMS2). BRCA1 is required for cell cycle checkpoint
control, chromatin remodeling, transcriptional regulation, and DNA repair. BRCA2
is involved in homologous recombination and DNA repair (O'Donovan and
Livingston 2010). In addition to mutation, promoter hypermethylation of the BRCA1
locus has been commonly detected in HGSOC patients, but does not influence
outcome (Cancer Genome Atlas Research Network 2011). HR-deficient tumors
display an even greater degree of genomic rearrangements than HR-proficient
tumors (Y. K. Wang et al. 2017). While HR deficiency appears to sensitize tumors
to platinum-based therapies and PARP inhibitors (Ashworth 2016), little is known
about the cellular and molecular mechanisms that contribute to these therapeutic
responses. HR mutations may also sensitize tumors to immune-modulating agents
in some cancers, butitis unclear to what extent this process plays a role in HGSOC

(Liu et al. 2020; Keenan, Burke, and Van Allen 2019).



Additional pathways that are recurrently altered in HGSOC by mutations or
more commonly copy number alterations include RAS—-MEK, phospho-inositide 3-
kinase (PI3K), Notch and forkhead box protein M1 (FOXM1) signaling pathways.
Moreover, HGSOC has been divided into four subtypes (proliferative,
differentiated, immunoreactive and mesenchymal) using gene expression data.
However, this subdivision has not been useful for clinical management (Verhaak

et al. 2013).

Tumor microenvironment of HGSOC

An emerging field of research in HGSOC pathogenesis is the influence of
the tumor microenvironment on tumor progression and treatment response.
Several studies have demonstrated that infiltration of cytotoxic T cells correlates
with improvement in overall survival (Hwang et al. 2012; Lin Zhang et al. 2003).
Ovarian cancer patients harbor various endogenous mechanisms that can
eradicate cancer cells. Tumor-reactive antibodies and T cells are detected in
ovarian cancer tissue, ascites and blood (Schlienger et al. 2003; Zsiros et al.
2014). However, these antitumor immune processes are often suppressed. T cell
function is dampened by negative regulators, like checkpoints cytotoxic T-
lymphocyte—associated antigen 4 (CTLA-4) and programmed death 1 (PD-1)
receptors (Odunsi 2017). While CTLA-4 inhibits the priming phase in lymphoid
organs, PD-1 inhibits the effector phase in the tumor tissue (Wolchok et al. 2013).
ICB exploits these mechanisms to treat cancer by re-activating the immune

system. While an early study of PD-1 blockade showed promising results in



ovarian cancer (Hamanishi et al. 2015), this could not be recapitulated in larger
phase Ib and Il trials, in which objective response rates ranged from 8 to 10% with
a small increase in median progression-free survival of just 2 months (Disis et al.
2019; Matulonis et al. 2019).

In addition to cellular immune mechanisms, angiogenesis plays a role in the
pathogenesis of ovarian cancer. Pro-angiogenic signals mediated by vascular
endothelial growth factor (VEGF) contribute to tumor growth and metastasis (X.

Yang et al. 2015).

MOUSE MODELS OF OVARIAN CANCER

Relating clinical observations to mechanisms requires the availability of accurate
and immune competent model systems. However, until recently, models that
faithfully recapitulate the heterogeneity of human HGSOC have been limited.
Figure 1 provides an overview of the advantages and disadvantages of different

HGSOC models systems.

Cell line models

Commonly used models of ovarian cancer include peritoneal xenografts of human
cells lines of uncertain origin or syngeneic murine transplantable models. Mouse
OSE cells were shown to spontaneously transform in vitro by serial passaging
(Roby et al. 2000). However, the most used spontaneously tumorigenic cell line,
ID8, does not resemble mutations found in human patients (Greenaway et al.

2008). More suitable transplantable murine models were generated by genetic



engineering of the ID8 model (Walton et al. 2016). The first mouse model of ovarian
cancer with defined genetic lesions was developed in 2002. This model required
the ex vivo manipulation of OSE cells derived from p53-null mice with oncogene-

overexpressing vectors (Orsulic et al. 2002).

Organoid models

More recently, both patient and murine HGSOC organoid models covering
a range of genomic configurations have been developed, which enable
perturbations in vitro or following orthotopic transplantation in vivo (Shuang Zhang
et al. 2020; Léhmussaar et al. 2020; Kopper et al. 2019; Hill et al. 2018; Maru et
al. 2019). While these systems are flexible, time- and cost-efficient, they have
limitations: the human models cannot be studied in the presence of the intact
immune system and the murine models that employ in vitro transformed cells do
not undergo immunoediting and lack other microenvironmental factors that shape
tumor development in vivo (Binnewies et al. 2018; Wellenstein and de Visser

2018).

In vivo models

Genetically engineered mouse models (GEMMs), which are generated by
intercrossing a series of tissue specific and/or conditional alleles and result in
production of autochthonous tumors, have been used to study the consequences
of cancer-associated mutations on HGSOC tumorigenesis (Morin and Weeraratna

2015). The first GEMM of epithelial ovarian cancer was developed in 2003 by



injecting Cre adenovirus into the ovarian bursa of mice with floxed p53 and Rb
alleles. (Flesken-Nikitin et al. 2003). SV40-mediated models confirmed p53 and
Rb being drivers of murine ovarian cancer (Szabova et al. 2012; Connolly et al.
2003; Sherman-Baust et al. 2014). To generate an FTE derived model, mice with
floxed p53, Rb and Brca1 or Brca2 alleles were crossed to mice carrying a Cre
recombinase driven by the fallopian tube specific Pax8 promoter (Perets et al.
2013). Recently, refined models that mimic the human ovarian tumor
microenvironment have been reported (Maniati et al. 2020).

While such autochthonous models are powerful, they are time consuming,
expensive, and the complex breeding programs and specific requirement for
female mice leads to substantial animal waste. Moreover, most models are on a
mixed background making them unsuitable for studies of tumor immunity.
Consequently, it is impractical to develop animal cohorts of sufficient size and
genotypic diversity to understand the behavior of different HGSOC subtypes in an

immune-competent setting.
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Figure 1: Overview of the advantages and disadvantages of HGSOC models

systems.

While GEMMs model relevant genetic alterations in an autochthonous and
immune-competent manner, they are very time- and cost-intensive and inflexible.
Cell lines or organoids provide more flexibility, but do not mimic autochthonous
tumor formation. The EPO-GEMM approach developed in this work overcomes the
limitations of currently existing models.



SENESCENCE

In the lifetime of a cell, endogenous and exogenous factors result in an
accumulation of DNA damage. Despite different layers of DNA damage repair, in
certain instances the damage can be too much to repair and persists. One
mechanism to prevent the negative impact of persistent damage on organ function
and to counteract tumor development is the induction of a non-proliferative, but
metabolically active state. This phenomenon, originally described in 1961 by
Hayflick and Moorhead (Hayflick and Moorhead 1961), is termed cellular
senescence. Senescence can be triggered by different intracellular stimuli,
including telomere attrition4 (Fumagalli et al. 2012), oxidative stress (Moiseeva et
al. 2009), endoplasmic reticulum stress (Pluquet, Pourtier, and Abbadie 2015) or
oncogene induction (Serrano et al. 1997), and external stimuli, like depletion of
nutrients (Carroll et al. 2017), pathogens (Lee et al. 2021) or DNA-damage

inducing therapies (Wyld et al. 2020).

Hallmarks of Senescence

Senescent cells acquire several unique characteristics that distinguish them from
normal cells (Hernandez-Segura, Nehme, and Demaria 2018). The most defining
feature is a stable proliferation arrest, which is mediated by the activation of the
cell cycle inhibitor genes CDKN2A, CDKN1A and TP53 and
heterochromatinization of proliferation genes. Further hallmarks include the
upregulation of pro-survival pathways that results in resistance to apoptotic cell

death, increased lysosomal activity, altered metabolism, loss of lamin B1 (a protein
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of the nuclear envelope) and endoplasmic reticulum stress (Gorgoulis et al. 2019).
A distinctive feature of senescent cells is that they secrete a plethora of soluble
factors, a process termed senescence-associated secretory phenotype (SASP)
(Coppé et al. 2008). The induction of senescence in vivo leads to the recruitment
of immune cells via the SASP that results in clearance of premalignant senescent
cells (Kang et al. 2011). The SASP can also reinforce the senescence phenotype
through both autocrine and paracrine manners (Ritschka et al. 2017; Di Mitri and
Alimonti 2016). A wide range of pro-inflammatory cytokines and chemokines,
growth factors and extracellular matrix (ECM) degrading enzymes are components
of the SASP (Coppé et al. 2008). Depending on the context, the SASP is activated
by different transcriptional activators, including nuclear factor kappa B (NF-xB),
CCAAT/enhancer-binding protein beta (CEBPB) (Kuilman et al. 2008; Chien et al.
2011) and the cyclic GMP-AMP synthase (cGas) / Stimulator of Interferon Genes

(STING) pathway (Dou et al. 2017; Gluck et al. 2017).

Biomarkers of Senescence

There is not one defined biomarker that characterizes a senescent cell (Sharpless
and Sherr 2015). Various markers, including phosphorylation of the cell cycle
regulator Rb, decrease of the proliferation marker Ki67, up-regulation of
senescence-associated p-galactosidase (SA-S-gal) or the up-regulation and
secretion of the SASP cytokines are common readouts to study senescence.
Recently, multigene transcriptional signatures have been developed to describe

the senescent cell state (Jochems et al. 2021). None of these markers are specific

11



or sufficient. For example, increased SA-f-gal activity is also found in non-
senescent macrophages (Hall et al. 2016) and some senescent cells do not
increase SA-f-gal activity (Kuilman et al. 2010). Similarly, the SASP shows
extensive heterogeneity depending on tissue type, senescence trigger and
microenvironmental context (Hoare et al. 2016; Hernandez-Segura et al. 2017)
and is not a universal feature of senescence, as senescence caused by p16
overexpression is not characterized by an altered SASP transcriptional program

(Coppé et al. 2011).

Senescence in cancer treatment

Beneficial role of senescence

Many conventional anticancer drugs, including chemo- and radiotherapy, are
potent inducers of senescence in cancer cells (Ewald et al. 2010; Chang et al.
1999; Gewirtz, Holt, and EImore 2008; Schmitt et al. 2002). For example, platinum-
based compounds trigger extensive DNA damage through DNA crosslinking that
causes a senescent state (Rottenberg, Disler, and Perego 2021; Dasari and
Tchounwou 2014). Given its growth limiting characteristic, senescence can act as
a barrier of tumorigenesis and cancer progression. In addition to the cell-intrinsic
feature of growth arrest, the SASP can also have antitumorigenic properties. It has
been demonstrated to recruit cancer-fighting immune cells and improve the
vasculature (Kuilman et al. 2008; Ruscetti et al. 2018; Ruscetti et al. 2020; Xue et

al. 2007; Krizhanovsky et al. 2008; Lujambio et al. 2013; Kang et al. 2011).
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Detrimental role of senescence

More recent results suggest that persistence of therapy-induced senescent cells
can be detrimental in the long term. Lingering senescent cells and the
accompanying secretion of SASP factors create a pro-inflammatory, but
immunosuppressive microenvironment. For example, the recruitment of
immunosuppressive immature myeloid cells inhibits T cells function in
premalignant prostate cancer lesions (Di Mitri et al. 2014). Secretion of ECM
remodeling factors increases cancer cell proliferation by increasing exposure to
nutrients and mitogens (Rodier et al. 2009). Moreover, the SASP can promote
angiogenesis that enhances cancer cell growth and an epithelial-to-mesenchymal
transition that promotes metastatic spread (L. Yang, Fang, and Chen 2017,

Ruhland et al. 2016; Rodier et al. 2009).

In sum, the role of senescence and SASP in tumorigenesis appears to be highly
context dependent. It varies depending on the timing and dynamic features of the
cellular response, the nature of the inducing stimuli, the cell types undergoing
senescence, and the surrounding in which it takes place (Faget, Ren, and Stewart
2019). Experimental evidence suggests that senescent cells play a beneficial role
in tumorigenesis in an acute setting but promote cancer progression and invasion
when persistently present. These results highlight the need to develop
immunocompetent models to study the senescence response in vivo in a flexible

and dynamic fashion.
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Selective elimination of senescent cells

While initially developed to fight age-related pathologies and improve health span
(Childs et al. 2015; Baker et al. 2011; Baker et al. 2016; van Deursen 2014),
senolytic therapeutics that selectively eliminate senescent cells could find
applications in the cancer therapy settings. For example, the genetic depletion of
p16-positive senescent cells decreases cancer relapse after chemotherapy-
induced senescence (Demaria et al. 2017). More translatable strategies to
eliminate lingering senescent cells include small molecule pharmacological
agents, called ‘senolytics’, or immune response-mediated senolysis harnessing
endogenous or synthetic immune components. Treatment of KRAS-mutant lung
cancer with the combination of CDK4/6 and MEK inhibitors triggers senescence
and a potent NK response that clears senescent tumor cells (Ruscetti et al. 2018).
In pancreatic cancer, the same combination of drugs promotes infiltration of
exhausted cytotoxic T cells. Combination with ICB reactivates the senolytic
properties of the infiltrated T cells (Ruscetti et al. 2020). Recently, chimeric antigen
receptor (CAR) T cells that target a surface molecule on senescent cells have been
engineered (Amor et al. 2020).

While these results are a proof of concept that the immune system can be re-
activated to clear senescent cells, the highly heterogeneous nature of senescence
warrants further research to determine whether these processes can be harnessed

in different contexts or tumor types.
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OBJECTIVES
Considering the urgent need for more accurate and facile autochthonous models,
we combined CRISPR  genome engineering approaches  with
transposon/transposase-based systems and in vivo organ electroporation (EPO-
GEMM) to model HGSOC in mice. The EPO-GEMM approach allows study of
autochthonous tumors in an immune competent background while overcoming the
logistical disadvantages of traditional GEMMs. Using this approach, we developed
genetically and histopathologically accurate models of HGSOC and used them to
gain mechanistic insights into genotype-dependent therapy responses to chemo-
and immune-therapies. A better understanding of the biological and molecular
mechanisms responsible for genotype-response patterns in human HGSOC are
needed to use existing therapies to their greatest effect and develop novel

strategies to overcome resistance.
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MATERIALS AND METHODS

PRODUCTION OF EPO-GEMM TUMORS

8-12 weeks old wild-type (WT) C57BL/6, or transgenic CK8-CreER;LSL-Cas9-
IRES-GFP female mice were anesthetized with isofluorane, and the surgical site
scrubbed with a povidone-iodine scrub (Betadine) and rinsed with 70% alcohol.
The target organ was accessed from the left flank, as this allowed for more readily
stabilization of the organ for electroporation than when accessing it from the back.
After opening the skin and peritoneum, the left ovary and oviduct were exteriorized.
25 pl of a plasmid mix (details in Table 1) were injected under the ovarian bursa
using a 27.5 gauge syringe, which led to the formation of a round, liquid-containing
bubble. Tweezer electrodes were tightly placed around this ‘injection bubble’. Two
poring pulses of electrical current (50 V) for 30 ms lengths at 450 ms intervals and
five transfer pulses (60 V, 50 ms length, 450 ms intervals) were then applied using
an in vivo electroporator (NEPAGENE NEPA21 Type |l electroporator). After
electroporation, the peritoneal cavity was rinsed with 0.5 ml of pre-warmed saline.
After the procedure, the peritoneal cavity was sutured, and the skin was closed
with skin staples. The mice were kept at 37 °C until they awoke, and post-surgery
pain management was done with injections of buprenorphine for the following three
days. Tumor formation was assessed by ultrasound imaging and abdominal

palpation, and tumors were isolated at a humane endpoint.

16



Animal studies

Mice were maintained under specific pathogen-free conditions, and food and water
were provided ad libitum. Mice were purchased from Jackson laboratory. CK8-
CreER (Van Keymeulen et al. 2011) male mice were crossed with LSL-Cas9-
IRES-GFP female mice to produce CK8-CreER;LSL-Cas9-IRES-GFP female mice
for the generation of EPO-GEMMSs. All mouse experiments were approved by the
Memorial Sloan-Kettering Cancer Center (MSKCC) Internal Animal Care and Use

Committee.

DNA constructs for electroporation

The Sleeping Beauty transposase (SB13) and the pT3 transposon vector were a
generous gift of Dr. Xin Chen, UCSF San Francisco. The pX330 vector was a gift
from Feng Zhang (Addgene plasmid # 42230). Table 2 provides the sgRNA

sequences used in this study.

Ultrasound and bioluminescence imaging

High-contrast ultrasound imaging was performed on a Vevo 2100 System with a
MS250 13- to 24-MHz scanhead (VisualSonics) to stage and quantify ovarian
EPO-GEMM tumor burden. Tumor volume was analyzed using Vevo LAB
software.

For visualizing ovarian tumor cells with luciferase, luciferase-blasticidin (Luc-Blast)
constructs were cloned into MSCV-based vectors, and retroviruses were

packaged by co-transfection of Gag-Pol expressing 293 T cells with expression
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constructs and envelope vectors (VSV-G) using the Lipofectamine method
(Thermo Fisher). Following transduction, cells were selected with Blasticidin S (10
pg/ml; Life Technologies) for 5 days. Bioluminescence imaging was used to track
luciferase expression in tumor cells expressing the Luc-Blast reporter. Mice were
injected intraperitoneally (ip) with luciferin (5 mg/mouse; Gold Technologies) and
then imaged on a Xenogen IVIS Spectrum imager (PerkinElmer) 10 minutes later
for 30 s. Quantification of luciferase signaling was analyzed using Living Image

software (Caliper Life Sciences).

PRECLINICAL DRUG STUDIES

For preclinical treatment studies, EPO-GEMM mice were monitored for tumor
development by palpation or ultrasound and randomized into treatment groups.
For subcutaneous studies, EPO-GEMM derived cell lines were resuspended in
Matrigel (BD Biosciences) and injected in the subcutaneous space. Following
inoculation, mice were monitored three times a week. Caliper measurements
began when tumors became visible. Tumor volume was calculated using the
following formula: tumor volume = (D x d?)/2, in which D and d refer to the long and
short tumor diameter, respectively. When tumors reached a size of 100-150 mm?,
mice were randomized based on starting tumor volume and enrolled into treatment
groups. Tumor size and mouse weights were recorded three times weekly.
Experimental endpoints were achieved when tumors reached 2000 mm?® or
became ulcerated. For ip studies, 1 to 2.5 million cells of EPO-GEMM derived cell

lines carrying a luciferase reporter were resuspended in PBS and injected into the

18



ip space in a volume of 200 pl. Tumor volume was monitored using VIS imaging
and mice were randomized based on starting tumor signal.

Mice were treated with vehicle or cisplatin (3 mg/kg body weight) by ip injection
once a week. Anti-PD-1 antibody (200mg/mouse; RMP1-14, BioXCell) was given
3 times per week ip alone or in combination with cisplatin. No obvious toxicities
were observed in vehicle- or drug-treated animals as assessed by changes in body
weight. Upon sacrifice, ovarian tumor tissue was allocated to either 10% formalin
fixation, flow cytometry analysis on fresh tissue or snap frozen for DNA/RNA

analysis.

CHARACTERIZATION OF EPO-GEMM TUMORS

Histopathological features of EPO-GEMM primary tumors and metastases were
assessed by a trained veterinary pathologist (J. Wilkinson) and their relationship
to human HGSOC was determined by immunohistochemistry for relevant markers
and through bulk RNA-sequencing of tumor tissue. Tumors were shown to harbor
intended lesions using Sanger Sequencing of the CRISPR-Cas9 induced scar and
immunoblotting for MYC. Tumor clonality was analyzed using next-generation
DNA sequencing of the p53 amplicon and sparse whole genome sequencing was
used to characterize CNA (Baslan et al. 2012; Baslan et al. 2015). Flow cytometry

was performed to evaluate tumor immune infiltration.
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Clonality analysis of EPO-GEMM tumors

Genomic DNA was isolated from EPO-GEMM tumors using QIAGEN DNeasy
Blood and Tissue kit following manufacturer’s instructions. The p53 locus was
amplified using a 50 pl reaction following standard Q5 High Fidelity Master Mix
(NEB) protocol (forward primer: CAGAAGATATCCTGGTAAGG, reverse primer:
CTACAGGCTGAAGAGGAACC). Amplicons were confirmed on a 2% agarose gel
and PCR purified using QIAGEN QIAquick PCR purification kit. DNA concentration
were measured using Nanodrop and samples were normalized to 20 ng/pl and
sequenced using EZ-amplicon sequencing (MiSeq, 2 x 250 bp by GENEWIZ, Inc,

South Plainfield, NJ, USA).

CNA inference

1 ug of bulk genomic DNA (gDNA) was extracted from ovarian tumors and tissue
using the DNeasy Blood & Tissue Kit (Qiagen) and sonicated using the Covaris
instrument. Sonicated DNA was subsequently end-repaired/A-tailed, followed by
ligation of TruSeq dual indexed adaptors. Indexed libraries were enriched via PCR
and sequenced in multiplex fashion using the Illlumina HiSeg2500 instrument to
achieve roughly 1 million uniquely mappable reads per sample — a read count
sufficient to allow copy number inference to a resolution of approximately 400kb.
For data analysis, uniquely mapped reads were counted in genomic bins corrected
for mappability. Read counts were subsequently corrected for GC content,

normalized, and segmented using Circular Binary Segmentation (CBS).
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Segmented copy number calls are illustrated as relative gains and losses to the

median copy number of the entire genome.

Tumor RNA-sequencing (RNA-seq)

For RNA-seq analysis of the transcriptional profiles of EPO-GEMM ovarian tumors,
as well as normal ovaries of WT C57BL/6 mice, total RNA was extracted from bulk
tissue using the RNeasy Mini Kit (Qiagen). Purified polyA mRNA was subsequently
fragmented, and first and second strand cDNA synthesis performed using standard
lllumina mMRNA TruSeq library preparation protocols. Double stranded cDNA was
subsequently processed for TruSeq dual-index lllumina library generation. For
sequencing, pooled multiplexed libraries were run on a HiSeq 2500 machine on
RAPID mode. Approximately 10 million 76bp single-end reads were retrieved per
replicate condition. Resulting RNA-seq data was analyzed by removing adaptor
sequences using Trimmomatic (Bolger, Lohse, and Usadel 2014), aligning
sequencing data to GRCm38.91(mm10) with STAR (Dobin et al. 2012), and
genome wide transcript counting using featureCounts (Anders, Pyl, and Huber
2015) to generate a TPM matrix of transcript counts. Genes were identified as
differentially expressed using R package DESeq2 with a cutoff of absolute
log2(fold change) = 1 and adjusted p-value < 0.05 between experimental

conditions (Love, Huber, and Anders 2014).

21



Clustering and Gene Set Enrichment Analysis (GSEA)

Principal component analysis was performed using the DESeq2 package in R.
Gene expressions of RNA-seq data were clustered using hierarchical clustering
based on one minus pearson correlation test. For pathway enrichment analysis,
the weighted GSEA Preranked mode was used on a set of curated signatures in
the molecular signatures database (http://www.broadinstitute.org/gsea/msigdb/
index. jsp, MSigDB v7.0). From 22,596 signatures, signatures with 15-500 genes
were considered for further analyses. From the results, enriched signatures with
an adjusted p-value less than 0.05 were considered as statistically significant.
Hallmark and Kegg pathways were used to run GSEA on our murine EPO-GEMM
models and human patient data (Pearce et al. 2018), and -log1o(FDR) values were

plotted in the XY plot.

Immunohistochemistry and immunofluorescence

Tissues were fixed overnight in 10% formalin, embedded in paraffin, and cut into
5 pm sections. Haematoxylin and eosin (H&E), immunohistochemical and
immunofluorescence stainings were performed using standard protocols. Sections
were de-paraffinized, rehydrated, and boiled in a microwave for 15 minutes in 10
mM citrate buffer (pH 6.0) for antigen retrieval. Antibodies were incubated
overnight at 4°C. Primary antibodies are listed in Table 3. HRP-conjugated
secondary antibodies (Vectastain Elite ABC HRP Kits) were applied for 30 minutes
and visualized with DAB (Vector Laboratories; SK-4100), or secondary Alexa Fluor

488 or 594 dye-conjugated antibodies (Life Technologies) applied for 1 hour at
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room temperature. Fluorescence antibody-labeled slides were mounted with
Prolong Gold Antifade mountant (Prolong Molecular Probes; P36934) after

counterstaining with DAPI.

Flow Cytometry

To prepare single cell suspensions for flow cytometry analysis, tumors were
minced with a razorblade into small pieces and placed in 5 ml of pre-warmed
collagenase buffer (1x HBSS with calcium and magnesium (GIBCO), 2 mg/ml
Collagenase D (11088858001; Sigma), 0.1 mg/ml DNase | (DN25; Sigma)).
Samples were then transferred to C tubes and processed using program
37C_m_TDK1_1 on a gentleMACSC Octo dissociator with heater (Miltenyi Biotec).
Dissociated tissue was filtered through a 70 ym cell strainer and centrifuged at
1500 rpm for 5 minutes. Samples were resuspended in FACS buffer (1x PBS, 2%
FBS, 2 mM EDTA) and 3 x 10° cells were seeded in a U-bottom 96-well plate.
Samples were blocked with anti-CD16/32 (FC block, BD Pharmigen) for 10
minutes and then incubated with antibodies for 30 minutes on ice. In each
experiment, a myeloid and a lymphoid panel were set up. The antibodies used for
flow cytometry are provided in Table 4 and 5. Gates were set using fluorescence
minus one (FMO) controls. Flow cytometry was performed on a LSR Fortessa or

LSR Il flow cytometer, and data were analyzed using FlowdJo (TreeStar).
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EPO-GEMM CELL LINE GENERATION

For cell line generation, a tumor piece was minced with a razorblade into small
pieces, placed in 5 ml of pre-warmed collagenase V buffer (1 pg/ml, Sigma-Aldrich)
and incubated at 37°C for 30 minutes. Dissociated tissue was washed once with
PBS, filtered through a 70 um cell strainer and centrifuged at 1500 rpm for 5
minutes. Cells were plated on 10-cm culture dishes coated with 100 ug/mL
collagen (PureCol; 5005; Advanced Biomatrix). Primary cultures were passaged
at least three times to remove fibroblast contamination. All ovarian cancer cell lines
were maintained in a humidified incubator at 37°C with 5% CO> and grown in
DMEM supplemented with 10% FBS and 100 IU/mL penicillin/streptomycin. All cell
lines used in this study tested negative for Mycoplasma. Cell lines were validated
to carry the correct genotype, and to have tumor initiating capabilities following
subcutaneous and ip injection. Multiple tumor-derived cell lines were confirmed to

produce consistent treatment response patterns in vitro.

CHARACTERIZATION OF CELLULAR SENESCENCE AND CGAS/STING
RESPONSE

Assays to evaluate cellular senescence involved senescence-associated beta-
galactosidase (SA-B-gal) staining (Krizhanovsky et al. 2008) and replating assays
after drug withdrawal. SASP profiles were assessed using murine cytokine arrays
(Eve Technologies) and RT-gPCR. Micronuclei were visualized and quantified by
nuclear DAPI staining. The DNA damage response was determined using

immunofluorescence for 53BP1, yH2AX, and Rad51 (Hill et al. 2018). The role of
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the cGas/STING pathway was assessed by transducing cells with two independent
cGas shRNAs validated for knockdown and compared to a well-established control

shRNA.

Senescence-associated beta-galactosidase staining

Senescence-associated beta-galactosidase (SA-B-gal) staining was performed as
previously described at pH 5.5 for mouse cells and tissue and pH 6 for human cells
(Krizhanovsky et al. 2008). Fresh frozen ovarian tumor sections, or adherent cells
plated in 6-well plates, were fixed with 0.5% glutaraldehyde in PBS for 15 minutes,
washed with PBS supplemented with 1TmM MgCl2, and stained for 18-24 hours in
PBS containing 1 mM MgCI2, 1 mg/ml X-Gal, and 5 mM each of potassium
ferricyanide and potassium ferrocyanide. Tumor tissue sections were
counterstained with eosin. For the fluorescent SA-B-gal labelling, frozen sections
were incubated in 300 uyM chloroquine solution for 30 minutes at 37°C followed by
exposure to the C12RG substrate (ImaGene Red C12RG /acZ Gene Expression
Kit, Molecular Probes, 12906) for 2 hours at 37°C. The reaction was stopped by
addition of 1 yM PETG. Slides were fixed with 4% PFA for 10 minutes at room
temperature. 5 high power fields per well/section were counted and averaged to

quantify the percentage of SA-B-gal* cells.

Cytokine array

EPO-GEMM derived ovarian cancer cell lines were plated in 6-well plates and

treated for 48h with vehicle or cisplatin at IC50 concentrations. Conditioned media
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was collected, and the cells were trypsinized and counted using a cellometer
(Nexcelom Biosciences). Conditioned media samples were normalized based on
cell number by diluting with complete DMEM. 50 ul aliquots of the conditioned
media were analyzed using multiplex immunoassays (Mouse Cytokine/Chemokine
Array 31-Plex) from Eve Technologies. Biological replicates were averaged to

determine cytokine levels.

Micronuclei quantification

Cells were seeded on chamber slides. Following vehicle or cisplatin treatment, the
cells were washed and fixed in 4% formaldehyde/PBS for 10 minutes at room
temperature. For confocal microscopy, cells were mounted on coverslips using
ProLong Gold antifade reagent with DAPI counterstaining (#P36935, Life

Technologies). Images were analyzed using ImageJ/Fiji software.

IN VITRO CELL ASSAYS

For knockdown studies, two independent MiRE-based shRNAs targeting cGas
(shcGas1: CGAAGAAGTTAAAGAAATCAAA, shcGas2: CTCGAAGAAAATT
GAATATGAA) were cloned into MSCV-based vectors as described previously
(Chicas et al. 2010). An shRNA targeting Renilla was used as a control
(Saborowski et al. 2014). Following transduction with shRNA retroviral constructs,
cell selection was performed with 4 ug/mL puromycin for 3 days. Knockdown

efficiency was evaluated by RT-gPCR.
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For cell viability assays, two thousand cells were plated in 100 ul of media per well
of a black-walled 96-well plate (Perkin EImer). The next day, media was changed,
and cells were treated with drugs for 72 hours. Following treatment, cell viability
was assessed using the CellTiter-Glo Viability Assay (Promega) according to the
manufacturer’s protocol. ICsp calculations were made using Prism 6 Software
(GraphPad Software). Drugs for in vitro studies were dissolved in DMSO. Growth
medium with vehicle or drugs was changed every 3 days.

For drug withdrawal assays, cells were pretreated for 5-7 days with vehicle
(DMSO) or cisplatin, and then replated (5 x 103 cells per well of 6-well plate) in the
absence of drugs for 5 to 7 days. Relative growth was quantified with Crystal Violet

staining.

Rad51 assay

Cells were irradiated with a 10 Gy dose of ionizing radiation (IR) and allowed to
recover for 4 hr. Cells were fixed with 4% solution of formaldehyde in PBS for 30
min and permeabilized in 0.2% Triton X-100 in PBS*™ (PBS solution containing 1
mM CaClz2 and 0.5 mM MgCl2) for 20 min. For blocking, cells were incubated for
30 min in staining buffer (1% BSA, 0.15% glycine and 0.1% Triton X-100 in PBS*™).
Cells were incubated with primary RADS51 antibody (70-001, BioAcademia,
1:5000) in staining buffer for 2h at room temperature followed by incubation of
fluorophore-conjugated secondary antibody for 1h at room temperature. Samples

were mounted with Prolong Gold Antifade mountant (Prolong Molecular Probes;
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P36934) after counterstaining with DAPI. RAD51 foci were quantified with

ImageJ/Fiji software.

RT-gPCR

Total RNA was extracted from cell lines treated with vehicle or cisplatin for 48h
using the RNeasy Mini Kit (QIAGEN). Complementary DNA (cDNA) was obtained
using the TagMan reverse transcription reagents (Applied Biosystems). Real-time
quantitative PCR was performed in duplicate or triplicate using SYBR Green PCR
Master Mix (Applied Biosystems) on the ViiA 7 Real-Time PCR System
(Invitrogen). Expression was calculated using the AACt method, Gapdh served as
an endogenous normalization control. Table 6 indicates the primer sequences

used for RT-gPCR.

HUMAN CELL LINE AND TUMOR ANALYSES

UWB1.289, UWB.289+BRCA1, MDA-MB-231 and MDA-MB-436 cell lines were
purchased from ATCC and cultured according to instructions. CBioPortal.org was
used to plot the frequency of mutations, amplifications, and/or deletions in genes
of interest in HGSOC patients from various datasets. To evaluate senescence
signatures in human tumor samples, senescence signatures were derived from
KEGG and previously published works (Tasdemir et al. 2016; Ruscetti et al. 2018).
TPM (Transcripts Per Million) normalized expression data were used to calculate

geometric mean score as the senescence signature scores.
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STATISTICS

Statistical analyses were performed as described in the figure legend for each
experiment. Group size was determined based on the results of preliminary
experiments and no statistical method was used to predetermine sample size. The
indicated sample size (n) represents biological replicates unless otherwise stated.
Group allocation and outcome assessment were not performed in a blinded
manner. All samples that met proper experimental conditions were included in the
analysis. Survival was measured using the Kaplan—Meier method. Statistical
significance was determined by one-way ANOVA, Student’s t test, log-rank test,
Pearson’s correlation, or Wilcoxon signed-rank test using Prism 6 software

(GraphPad Software) as indicated. Significance was set at P<0.05.

FIGURE PREPARATION
Figures were prepared using BioRender.com for scientific illustrations and

lllustrator CC 2020 (Adobe).
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Table 1: Overview of electroporation plasmid mixes

Cas9-IRES-GFP

5 ug MYC transposon vector
20 pg sgTrpb53 vector

Mouse Strain Plasmid Mix Genotype
WT C57BL/6 20 ug sgTrp53/sgPten Cas9 pX330 vector | PPtRb
20 ug sgRb Cas9 pX330 vector
WT C57BL/6 20 ug sgTrp53/Pten Cas9 pX330 vector PPt
WT C57BL/6 20 ug sgTrp53 Cas9 pX330 vector p53_only
WT C57BL/6 1 ug SB13 transposase MP
5 ug MYC transposon vector
20 ug sgTrp53 Cas9 pX330 vector
WT C57BL/6 1 ug SB13 transposase MPB1
5 ug MYC transposon vector
20 ug sgTrp53/Brcat1 Cas9 pX330 vector
CK8-CreER;LSL- | 1 ug SB13 CK8-MP
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Table 2: sgRNA sequences

Gene sgRNA sequence

p53 ACCCTGTCACCGAGACCCC
Pten GTTTGTGGTCTGCCAGCTAA
Rb TGCGCGGGGTCGTCCTCCCG
Brcal_1 TGTTATCCAAGGAACATCGG
Brcal_2 GCAGCAGGAAATGGCTCACC

31




Table 3: Primary antibodies for IHC and IF

Manufacturer and catalogue

125

Antigen

number
MYC Abcam AB32072
Wilms-Tumor 1 Abcam AB89901
Cytokeratin-7 Abcam AB181598
Granzyme B Abcam AB4059
Ki67 Abcam AB16667
Cancer antigen

Abbiotec 250566

Pax8

Proteintech 10336

CD8

Ebioscience 4SM15

Cleaved Caspase3d

Cell Signaling 9664

yH2AX

Millipore JBW301

53BP1

Novus Biologicals NB100-305
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Table 4: Antibodies used for flow cytometry analysis (myeloid panel)

Antigen | Fluorophore | Company Clone # :atalogue
CD45 AF700 Biolegend 30-F11 103128
CD3 BUV737 BD 17A2 612803
Ly6G BV605 BD 1A8 563005
SIGLECF | PerCp-Cy5.5 | BD E50-2440 565526
LY6C APC-C7 Biolegend HK1.4 128026
CD11b BUV395 BD M1/70 563553
CD11c BV785 Biolegend N418 117335
MHCII AF488 Biolegend M5/114.15.2 | 107616
F4/80 PE ThermoFisher | BM8 61-4801-82
eFluor610
CD19 BV650 BD 1D3 563235
CD103 PE Biolegend 2E7 121405
PD-L1 APC Biolegend 10F.9G2 124312
CD80 BV421 Biolegend 16-10A1 104725
CD206 BV711 Biolegend C068C2 141727
Viability eFluor506 ThermoFisher | - 65-0866-18
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Table 5: Antibodies used for flow cytometry analysis (lymphoid panel)

Catalogue
Antigen | Fluorophore | Company Clone # #
CD45 AF700 Biolegend 30-F11 103128
CD3 AF488 Biolegend 17A2 100210
CD4 BUV395 BD GK1.5 563790
CD8 PECy7 Biolegend 53-6.7 100722
CD25 BV605 Biolegend PC61 102035
CD69 Percp-Cy5.5 | Biolegend H1.2F3 104522
CD62L BV421 BD MEL-14 562910
CD44 ApC-Cy7 BD IM7 560568
PD1 PE Biolegend 29F.1A12 135206
NK1.1 APC Biolegend PK136 108710
TIM3 BV711 Biolegend RMT3-23 119727
LAG3 BV650 Biolegend CI9B7W 125227
KLRG1 BV785 Biolegend 2F1 138429
Viability eFluor506 ThermoFisher | - 65-0866-18
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Table 6: Primer sequences used for RT-gPCR

cGas_Fw | GAGGCGCGGAAAGTCGTAA
cGas_Rv | TTGTCCGGTTCCTTCCTGGA
Ccl5_Fw ATATGGCTCGGACACCACTC
Ccl5_Rv TCCTTCGAGTGACAAACACG
Cxcl10_Fw | CCCACGTGTTGAGATCATTG
Cxcl10_Rv | GTGTGTGCGTGGCTTCACT
IL6_Fw ACCAGAGGAAATTTTCAATAGGC
IL6_Rv TGATGCACTTGCAGAAAACA
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RESULTS

SOMATIC INTRODUCTION OF ONCOGENIC LESIONS GENERATES HIGH-
GRADE SEROUS OVARIAN CARCINOMA

To develop murine models of HGSOC that recapitulate the genetic heterogeneity
observed in human disease, we optimized methods to introduce genetic elements
into the ovary by direct tissue electroporation. Briefly, the ovary is surgically
exposed and injected with plasmid DNA encoding CRISPR-Cas9 constructs
and/or a transposon vector and a Sleeping Beauty transposase, followed by
electroporation of the surrounding ovarian and fallopian tube tissue (Fig. 2A).
Since more than 95% of HGSOC patients harbor tumors with mutations in the
TP53 tumor suppressor gene (Cancer Genome Atlas Research Network 2011), all
genotypic configurations included vectors co-expressing Cas9 and a single-guide
RNA (sgRNA) targeting Trp53 that was previously validated in vivo (Leibold et al.
2020). In addition, various combinations of oncogene-expressing transposon
vectors or sgRNAs targeting additional tumor suppressor genes that co-occur in
human patients were included (Fig. 2B). Following electroporation, mice were
monitored for tumor onset and progression by ultrasound imaging and abdominal
palpation. To determine the extent to which our model recapitulates human
HGSOC, murine tumor material was analyzed histologically for clinically relevant
HGSOC biomarkers, and molecularly for CRISPR-Cas9-engineered somatic

mutations, acquired copy number alterations and transcriptional profiles.
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Our initial efforts to produce ovarian cancer in mice involved combining validated
sgRNAs targeting Trp53 with additional sgRNAs capable of inactivating Pten
and/or Rb — two commonly disrupted tumor suppressors in HGSOC (Fig. 2B).
Since MYC gain or amplification often co-occurs with Tp53 mutations in human
HGSOC and can be oncogenic in transplantation models (Karst, Levanon, and
Drapkin 2011; Orsulic et al. 2002), we also combined Trp53 sgRNAs together with
a transposon vector overexpressing MYC. While Trp53 disruption alone did not
produce tumors over the time course of these experiments, focal tumors arose
following electroporation of sgRNAs targeting Trp53 and Pten, or Trp53, Pten, and
Rb1 produced tumors with 40% and 90% penetrance, respectively, with the latter
configuration displaying a median survival of 214 days. Traditional GEMMs with
comparable genetic configurations develop tumors with similar penetrance and
latency (McCool et al. 2020; Perets et al. 2013; Zhai et al. 2017; Maniati et al.
2020). MYC overexpression was particularly potent, cooperating with Trp53 loss
to produce tumors in 100% of the recipients and vastly accelerate the disease (Fig.

2C, median survival 61 days).

Most mice developed metastatic disease to the omentum and peritoneum, which
are the most common sites of metastatic spread in patients (Lengyel 2010). While
tumors arising through the disruption of tumor suppressors only generated micro-
metastatic nodules in the omentum (Fig. 2D), the addition of MYC resulted in
macro-metastatic disease and ascites formation (Fig. 2E). As occurs in human

HGSOC tumors (Kurman et al. 2014), EPO-GEMM tumors exhibited a solid
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architecture with some glandular areas, necrosis in solid areas, large hyper-
chromatic nuclei and abundant, often atypical, mitotic figures (Fig. 2D-E).
Histologically, we never observed sarcomas or lymphomas arising in
electroporated animals and, accordingly, all tumors analyzed expressed molecular
hallmarks of human HGSOC, including Cytokeratin-7 (CK7), Wilms Tumor 1
(WT1), Cancer Antigen 125 (CA-125), Paired box 8 (Pax-8) and high Ki67 (Fig. 2F
and 2.1A). These markers were mostly retained in metastases (Fig. 2.1B), with
the exception of CK7 whose reduced expression at metastatic sites has been
linked to poor prognosis in patients (Elloul et al. 2005). As expected, MYC-driven

tumors showed high levels of MYC protein expression (Fig. 2F).

At the molecular level, Sanger sequencing analysis of the resulting tumors at
terminal stage confirmed the presence of insertions and deletion mutations (indels)
at the Trp53, Pten and Rb1 loci, consistent with their disruption through CRISPR-
Cas9 (Fig. 2.1C). Deep sequencing of the CRISPR-Cas9-induced p53 scar
revealed that tumors were multiclonal and that the dominant clones were shared
between ovarian tumors and paired omentum metastases, confirming that the
disseminated cells arose from the primary tumor site (Fig. 2.1D). Analysis of copy
number alterations using sparse whole-genome sequencing (WGS) (Baslan et al.
2015) of primary EPO-GEMM tumors revealed the presence of widespread
aneuploidies that are characteristic of the human disease (Macintyre et al. 2018).
Recurrent changes included loss of mouse chromosomes 10 and 12 and gains of

chromosomes 1 and 2. Interestingly, some tumors generated by tumor suppressor
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gene inactivation without MYC overexpression showed gain or amplification of the
Myc locus on mouse chromosome 15 (Fig. 2.1E) and MYC protein expression
(Fig. 2.1F), a genetic event also arising in a traditional GEMM with
Brca1;Trp53;Rb1;Nf1 genotype (McCool et al. 2020). These data underscore the
importance of MYC in driving HGSOC and support the rationale for using MYC as

a driver in our EPO-GEMM platform.

Analysis of RNA sequencing (RNA-seq) data derived from tumors demonstrated
that the MYC;p53 (MP) EPO-GEMM system faithfully recapitulates the
transcriptional states characteristic of human disease (Fig. 2G). When compared
to normal tissue, the top upregulated pathways in both the Hallmark and KEGG
database were related to proliferation (Hallmark: E2F targets, Myc targets, G2M
checkpoint; KEGG: Ribosome, spliceosome, oxidative phosphorylation) and DNA
repair (Hallmark: DNA repair;, KEGG: Base excision repair) and the top
downregulated pathways were related to an active immune response (Hallmark:
TNFa signaling via NFkB, inflammatory response; KEGG: Neuroactive ligand
receptor interaction, cytokine receptor interaction). In line with the almost
ubiquitous p53 inactivation in HGSOC, the p53 pathway was among the top
downregulated pathways in the Hallmark gene sets. Collectively, these results
validate the EPO-GEMM approach as a flexible platform to model HGSOC tumors
of varying genotypes that resemble the metastatic, histological, genomic, and

transcriptomic properties of the human disease.
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The similarity of EPO-GEMM ovarian cancers to human HGSOC was striking,
particularly given that our electroporation method does not discriminate between
cell types within the targeted tissue.

To confirm that the tumors were, in fact, of epithelial origin, we took advantage of
the flexibility of the EPO-GEMM approach to perform direct mutagenesis of
Cytokeratin-8 (CK8)-expressing epithelial cells, a cell type that can serve as a
tumor-initiating cell in the absence of p53 (Motohara et al. 2011) and is also
retained in traditional GEMMs arising in Brca1;Trp53;Pten deficient mice (Perets
et al. 2013). Double transgenic mice harboring a CRE-estrogen receptor fusion
transgene (CreER) under the control of the CK8 promoter and a Lox-Stop-Lox
(LSL) Cas9-IRES-GFP transgene were treated with tamoxifen and electroporated
with vectors expressing a MYC transposon, a transposase and a p53 sgRNA. In
this setting, only CK8-positive epithelial cells are capable of CRISPR-Cas9-
mediated editing upon tamoxifen addition. (Fig. 2.1G). Tamoxifen treatment
triggered expression of GFP in CK8-positive epithelial cells (Fig. 2.1H) and led to
the formation of GFP-positive ovarian tumors with similar histological and
transcriptional features observed in wild-type mice harboring tumors of the same
genotype (Fig. 2.11-K). These data confirm the epithelial origin of the EPO-GEMM
tumors and imply that relevant epithelial populations in the ovary are most sensitive

to the genetic alterations that co-occur in the human disease.
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Figure 2. Somatic introduction of oncogenic lesions generates high-grade
serous ovarian carcinoma.

(A) Schematic of the EPO-GEMM approach to generate ovarian cancer. A
CRISPR-Cas9 vector targeting Trp53 is co-delivered with additional sgRNAs
targeting tumor suppressor genes (TSGs) or an oncogene (onc) transposon vector
in combination with a Sleeping Beauty transposase (SB) into the ovary and
fallopian tube by direct in vivo electroporation. (B) Oncoprint displaying the
genomic status of Trp53, Rb, Pten and MYC in HGSOC (TCGA, Pan-cancer
dataset). (C) Kaplan-Meier survival curve of C57BL/6 mice electroporated with the
indicated combinations of plasmids. (D) Representative hematoxylin and eosin
(H&E) staining of a PPtRb EPO-GEMM primary tumor (left) and omentum with a
micrometastasis (right). Scale bar 5 mm (top left), 200 ym (top right), 50 ym
(bottom left), 25 um (bottom right). The spleen is labeled with an asterisk. (E)
Macroscopic bright-field (BF) pictures (top) and H&E sections (bottom) of genital
tracts, peritoneum and omentum of a mouse bearing a MP EPO-GEMM tumor.
Scale bar 50 pm (bottom left), 500 ym (bottom middle and right). (F)
Representative immunohistochemical staining of a MP EPO-GEMM ovarian tumor
for MYC, the proliferation marker Ki67 and the HGSOC markers Wilms Tumor 1
(WT1) and Cancer Antigen 125 (CA-125) in representative sections. Scale bar 20
pum. (G) Correlation of GSEA normalized enrichment scores (NES) derived from
RNA-seq data for Hallmark (left) or Kegg (right) pathways enriched in human
ovarian cancer samples (y-axis) and murine EPO-GEMM ovarian cancer (x-axis)
compared to normal tissue. Highlighted are key pathways, circle size represents
the adjusted p-value.
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Figure 2.1: EPO-GEMM approach generates high-grade serous ovarian
cancer that is of epithelial origin.

(A-B) Representative immunohistochemical staining of a Trp53;Pten;Rb EPO-
GEMM ovarian tumor (A) and a corresponding micrometastasis in the omentum
(B) for the HGSOC markers CK7, WT1, Pax8 and Ki67. Scale bar 20 um. (C)
Sanger sequencing confirming editing of the respective gene loci targeted by the
indicated CRISPR-Cas9-sgRNAs in a Trp53;Pten;Rb EPO-GEMM ovarian tumor
compared to an unmodified wild-type (WT) tissue. (D) Clonality analysis of two
representative paired primary tumors (OV) and omentum metastasis (Met).
Percentage of reads of the dominant clones was derived by deep sequencing of
the Trp53 amplicon. (E) Frequency plot of CNA analysis of Trp53;Pten;Rb (PPtRb,
n=3) and Trp53;Pten (PPt, n=2) EPO-GEMM ovarian tumors. (F) Representative
immunohistochemical staining of a Trp53;Pten;Rb EPO-GEMM ovarian tumor for
MYC. Scale bar 20 ym. (G) Schematic of the EPO-GEMM approach in CK8-
CreER;LSL-Cas9-IRES-GFP mice. Tamoxifen is given to excise the Stop-cassette
to drive Cas9 expression in Ck8-positive cells. A MYC transposon vector, a
transposon vector harboring a sgRNA targeting Trp53 (sgp53), and a Sleeping
Beauty transposase (SB) are delivered into the ovary of CK8-CreER-Cas9 mice
by direct in vivo electroporation. (H) Representative immunofluorescence staining
of the oviduct of a CK8-CreER;LSL-Cas9-IRES-GFP mouse one week after
Tamoxifen treatment. (I) Macroscopic GFP expression in MP tumors generated by
in vivo tissue electroporation of a WT mouse (left) or a CK8-CreER;LSL-Cas9-
IRES-GFP mouse (right). (J) Representative immunohistochemical staining of MP
EPO-GEMM ovarian tumors generated in CK8-CreER,;LSL-Cas9-IRES-GFP mice.
Scale bar 20 ym. (K) Comparison of top enriched (left, red) and depleted (right,
blue) Hallmark genesets derived from RNA-seq data in MP and CK8-MP EPO-
GEMM tumors compared to normal tissue. Star indicates p-value < 0.05.
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HR-DEFICIENT TUMORS HAVE UNIQUE GENOMIC, IMMUNE, AND THERAPY
RESPONSE FEATURES

More than one third of ovarian cancer patients are classified as HR-deficient
(Cancer Genome Atlas Research Network 2011). To model tumors arising in this
large fraction of patients, we incorporated sgRNAs targeting Brca1 into the MP
combination described above using a vector that co-expresses Trp53 and Brca1
sgRNAs (MYC;p53;Brca1, MPB1) (Fig. 3.1A). Tumors arising in these animals
displayed an onset and histology that was similar to those harboring MYC and
Trp53 alterations alone (Fig. 3.1B-C). Despite the similar latency, tumors produced
with the plasmid cocktail that included the Brca1 sgRNA invariably displayed indels
at the Brcal sgRNA target site (Fig. 3.1D), implying that Brca? inactivation
produced a selective advantage during tumorigenesis. Accordingly, as is
characteristic of HR-deficient cells (Hill et al. 2018), MPB1 tumor cells isolated from
EPO-GEMM tumors (but not MP controls) showed reduced induction of Rad51-
containing nuclear foci following irradiation compared to MP tumor cells with intact

Brca1 (Fig. 3A).

Compared to HR-proficient tumors, HR-deficient human ovarian cancers acquire
even more genomic rearrangements (Y. K. Wang et al. 2017), display substantial
T cell infiltration (Strickland et al. 2016; Wieser et al. 2018; Ovarian Tumor Tissue
Analysis (OTTA) Consortium et al. 2017), and are more responsive to platinum-
based chemotherapy (Naumann et al. 2018; Bolton et al. 2012). Similarly, murine

MPB1 ovarian EPO-GEMM tumors harbored more copy number alterations (Fig.
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3B) and a greater proportion of CD4* and CD8* T-cells expressing both activation
and exhaustion markers relative to Brca1-proficient counterparts (Fig. 3C-D, Fig.
3.1E). Furthermore, mice harboring primary MPB1 tumors showed significantly
improved survival following cisplatin therapy (Fig. 3E), a result that was
recapitulated in mice harboring tumors derived following subcutaneous or
intraperitoneal (ip) injection of primary EPO-GEMM tumor-derived cell lines (Fig.
3.1F-H). Therefore, Brca1-deficient EPO-GEMM tumors recapitulate key biological

and clinical features of human HR-deficient tumors.
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Figure 3. HR-deficient tumors have unique genomic, immune, and therapy
response features.

(A) Representative images showing immunofluorescence staining of RAD51 (left)
and the quantification of the number of RADS51 foci per nuclei (right). Cell nuclei
were stained with DAPI (blue). Scale bar 5 uym. (B) Frequency plot of CNV analysis
of MP (n = 10) and MPB1 (n = 11) EPO-GEMM ovarian tumors. (C-D) Immune cell
analysis subtyping by flow cytometric analysis of representative EPO-GEMM
tumors of the indicated genotypes (n = 5-8 mice per group). (E) Kaplan-Meier
survival curve of C57BL/6 mice electroporated with the indicated combinations of
plasmids and treated with vehicle (veh) or cisplatin (cis). Treatment was initiated
after tumors were palpable (n = 4-13 mice per group). *p < 0.05, **p < 0.01, ***p <
0.001; Mean + SEM; Analyses performed using unpaired t test (A, C-D) and log-
rank test (E).
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Figure 3.1: HR deficiency drives tumors with increased T-cell infiltration and
improved therapy response.

(A) Plasmid combination used to induce HR-deficient EPO-GEMM tumors. (B)
Kaplan-Meier survival curve of C57BL/6 mice electroporated with the indicated
combinations of plasmids. (C) Representative H&E staining of a MPB1 EPO-
GEMM tumor. Scale bar 5000 um (top), 100 um (bottom). (D) Sanger sequencing
confirming editing of the Trp53 and Brca? gene loci targeted by the indicated
CRISPR-Cas9 sgRNAs in a MPB1 EPO-GEMM ovarian tumor. (E) Analysis of the
T cell infiltrate of representative EPO-GEMM tumors of the indicated genotypes by
flow cytometry (n=5-8 mice per group). (F) Schematic of transplantation approach
of EPO-GEMM derived cell lines. (G) Relative tumor size of subcutaneously
transplanted MP or MPB1 tumor cell lines treated with vehicle or cisplatin (n=5
mice per group). (H) Kaplan-Meier survival curve of mice after ip transplantation of
MP or MPB1 tumor cell lines and treatment with vehicle or cisplatin (n=5 mice per
group). Mice were randomized according to luciferase signal before treatment
initiation.

*p < 0.05, **p < 0.01, **p < 0.001, ns: not significant; Mean £ SEM; Analyses
performed using unpaired t test (E, G) and log-rank test (H).
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CISPLATIN TREATMENT PREFERENTIALLY INDUCES TUMOR CELL
SENESCENCE AND ALTERS IMMUNE INFILTRATES IN HR-DEFICIENT
HGSOC

As a first step towards assessing mechanisms leading to genotypic differences in
intrinsic cisplatin sensitivity, we analyzed the biological responses to cisplatin
treatment in vitro and in vivo. Cultured cells established from MP and MPB1 tumors
showed similar levels of growth inhibition and apoptosis induction following
cisplatin treatment in vitro (Fig. 4.1A-B) and in vivo (Fig. 4.1C). In contrast, Brca1-
deficient cells showed a much greater proclivity for senescence, displaying an
increase in senescence-associated p-galactosidase (SA-B-gal) activity and a
decrease in colony forming potential following cisplatin treatment compared to the
Brca1-proficient MP counterparts (Fig. 4.1D-E). Similar results were observed in
vivo, with MPB1-derived tumors showing more SA-R-gal activity as measured by
the fluorogenic substrate C12RG (Debacqg-Chainiaux et al. 2009), reduced
phosphorylated Rb, and a concomitant decrease in Ki67 staining compared to MP
controls after short-term cisplatin treatment (Fig. 4A). Apparently, Brca1 mutations

sensitize ovarian tumor cells to cisplatin-induced senescence.

Senescence is a potent tumor suppressive mechanism that involves a stable
proliferative arrest coupled to a secretory program known as the senescence-
associated secretory phenotype (SASP) (Sharpless and Sherr 2015). The SASP
alters the tumor microenvironment, where it can modulate ECM, tumor

vasculature, and the functionality of immune cells (Krizhanovsky et al. 2008; Kang
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et al. 2011) that, in some instances, produces an inflammatory tumor
microenvironment (Ruscetti et al. 2018; Ruscetti et al. 2020). To assess the
presence and nature of SASP in our system, we performed cytokine array analysis
on a series of cisplatin-treated MP and MPB1 cell lines. Out of the 44 factors
assessed in this panel, Ccl5, Cxcl10 and Il6 were the most significantly increased
in the Brca1-deficient cells (Fig. 4B) and this difference could also be confirmed
on mMRNA expression levels in several MPB1 cell lines (Fig. 4.1F) as well as in an
isogenic setting in which Brca? was disrupted in MP tumor cells following in vitro
establishment (Fig. 4.1G). Similar cytokine induction was observed upon taxol
treatment, implying the effects were not unique to cisplatin (Fig. 4.1H).
Interestingly, the number of SASP factors detected in MPB1 cells following
chemotherapy treatment appears much more restricted than those observed in
other contexts (Ruscetti et al. 2018; Ruscetti et al. 2020), showing predominant
secretion of immune modulatory cytokines and no endothelial cell regulatory
factors. Accordingly, we did not detect obvious changes in tumor vasculature as

assessed by CD31 immunofluorescence following cisplatin treatment (Fig. 4.11).

We also examined cisplatin responses in human cancer cells and patients. We
analyzed the BRCA7-mutant UWB1.289 cell line along with its isogenic
counterpart with forced expression of the BRCA1 wild-type gene (DelloRusso et
al. 2007). Cisplatin treatment led to induction of CCL-5 and CXCL-10 in the
BRCA1-mutant cells, which was dampened by forced expression of BRCA71-WT

(Fig. 4C). The BRCA7-mutant cells showed a more pronounced senescence
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response, as evaluated by increased SA-B-gal activity and a decreased colony
forming potential following cisplatin treatment (Fig. 4D-E). Additionally, a well-
characterized BRCA1-deficient breast cancer cell line (Elstrodt et al. 2006) was
also more prone to cisplatin-induced senescence than a BRCAT17-proficient
counterpart (Fig. 4.1J-K). In patients, a retrospective analysis of RNA-seq data
from matched pre- and post-treatment samples (Jiménez-Sanchez et al. 2020)
showed an enrichment for gene signatures linked to senescence and SASP post
therapy (Fig. 4.1L) with CCL-5 and IL-6 being among the most enriched genes in
these signatures. Furthermore, in a dataset where outcomes are known (Ahmed
et al. 2007; Ingemarsdotter et al. 2015) (GSE15622), expression of senescence
signatures was higher in the sensitive tumors (Fig. 4F). We also observed higher
expression of the cytosolic DNA sensing pathway in sensitive tumors, which has
previously been associated with senescence (Dou et al. 2017). While this dataset
did not allow for classification of patients based on BRCA or HR status, it is
consistent with the notion that senescence induction improves outcomes in
HGSOC patients. Together, our data suggest that loss of Brca in ovarian cancer
cells is sufficient to predispose these cells to induction of a chemotherapy-induced
senescence program characterized by cell cycle arrest and a defined secretory

program, both of which are associated with improved outcomes in patients.
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Figure 4. Cisplatin treatment preferentially induces tumor cell senescence
and alters immune infiltrates in HR-deficient HGSOC.

(A) Immunohistochemical staining of phospho-Rb (pRb) and Ki67 and staining of
C12RG, a fluorogenic substrate for SA-R-gal activity, of subcutaneously
transplanted tumors treated with vehicle or cisplatin. Scale bar 20 pm.
Quantification of SA-R-gal activity is shown on the right (n = 3). (B) Cytokine
expression in MP (x-axis) or MPB1 (y-axis) cell lines treated with cisplatin relative
to vehicle (n = 2 independent cell lines per genotype). (C) RT-gPCR analysis of
Ccl5 and Cxcl10 in cisplatin-treated BRCA1-proficient (UWB1+BRCA1) or -
deficient (UWB1) human ovarian cancer cells (n = 3). (D) SA-R-gal staining (left)
and quantification (right) of either BRCA1-proficient (UWB1+BRCA1) or -deficient
(UWB1) human ovarian cancer cell lines after treatment with vehicle or 100 nM
cisplatin for 6 days (n = 3). (E) Clonogenic crystal violet (CV) assay of human
ovarian cancer cells replated in the absence of drugs after 6-day pretreatment as
in (D) (n = 3). (F) Expression of senescence and SASP signatures in patient
samples isolated pre-treatment and after 3 cycles of chemotherapy during the
CTCR-OVO01 clinical trial (Ahmed et al. 2007; Ingemarsdotter et al. 2015)
(GSE15622). Post-treatment samples are sub-divided into resistant and sensitive
cases. *p <0.05, **p <0.01, ***p < 0.001; Mean £ SEM; Analyses performed using
unpaired t-test (A, C-E) and Wilcoxon signed-rank test (F).
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Figure 4.1: Chemotherapy treatment induces senescence and SASP in HR-
deficient HGSOC.

(A) IC50 values of MP or MPB1 cell lines treated with cisplatin. Cell viability was
calculated relative to vehicle-treated control cells, measured with CellTiter-Glo
assay 72h after treatment (n = 4-5). (B) Quantification of live (Annexin-V-, PI"),
apoptotic (Annexin-V*, PI") or dead (Annexin-V*, PI*) cells in MP or MPB1 cell lines
after 24, 48 or 72 h of cisplatin treatment (n = 3). (C) Representative
immunohistochemical staining and quantification of cleaved caspase-3 (CC3)
signal in subcutaneously transplanted MP or MPB1 ovarian tumors after two cycles
of cisplatin treatment (n = 3). Scale bar 40 um. (D) SA-R-gal staining of cell lines
treated with vehicle or 1 uM cisplatin for 6 days (n = 2 independent cell lines per
genotype with n = 3 technical replicates). Scale bar 50 um. (E) Clonogenic crystal
violet (CV) assay of MP or MPB1 cells replated in the absence of drugs after 6-day
pretreatment as in (D) (n = 3 independent cell lines per genotype). (F) RT-qPCR
analysis of Ccl5, Cxcl10 and Il6 in MP or MPB1 cell lines. Expression ratio of
cisplatin-treated relative to untreated is shown. Each point represents a cell line
derived from a different mouse tumor (n = 3). (G) RT-qPCR analysis of Ccl5,
Cxcl10 and /16 in MP cell lines transfected with control or Brca1-targeting sgRNA.
Expression ratio of cisplatin-treated relative to untreated is shown. The different
patterns represent a cell line derived from a different MP mouse tumor, in which
Brca1 was knocked-out after cell line establishment (n = 3 technical replicates per
independent line). (H) RT-gPCR analysis of Ccl5 and Cxc/10 in MP or MPB1 cell
lines treated with 50 nM Taxol. Expression ratio of treated relative to untreated is
shown (n = 3). () IF staining and quantification of CD31" blood vessels of
transplanted tumors after two cycles of cisplatin treatment (n = 3). Scale bar 20
pum. (J) SA-R-gal staining (left) and quantification (right) of either BRCA 1 wild-type
(WT) (MDA-MB-231) or -mutant (MDA-MB-436) human breast cancer cell lines
after treatment with vehicle or cisplatin for 6 days (n = 3). Scale bar 50 ym. (K)
Clonogenic crystal violet (CV) assay of human BRCA-WT or -mutant breast cancer
cells replated in the absence of drugs after 6-day pretreatment as in (J) (n = 3). (L)
Gene set enrichment analysis (GSEA) comparing expression of senescence and
SASP signatures in patients after and before chemotherapy treatment in a human
ovarian cancer dataset (Jiménez-Sanchez et al. 2020).

*p < 0.05, **p < 0.01, **p < 0.001, ns: not significant; Mean £ SEM; Analyses
performed using unpaired t-test (A, C, E-K), one-way ANOVA (D) and Wilcoxon
signed-rank test (L).
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CISPLATIN TREATMENT LEADS TO A CGAS/STING-DEPENDENT
INFILTRATION OF T- AND NK CELLS IN HR-DEFICIENT TUMORS.

Ccl5, Cxcl10 and 16 are immune modulatory cytokines and members of the
Interferon Stimulated Genes (ISG) family that act downstream of cGAS/STING
signaling (Li and Chen 2018) and are often associated with the SASP (Gllck et al.
2017; H. Yang et al. 2017). cGAS is an intracellular innate immune sensor of
cytosolic double-stranded DNA (Wu and Chen 2014) that can be activated by
nucleic acids present in micronuclei and can increase in cells with rampant
genome instability (Mackenzie et al. 2017). Breast and ovarian cancers harboring
BRCA mutations have been shown to harbor high levels of micronuclei and
cGas/STING activity (Parkes et al. 2017; Heijink et al. 2019). In agreement,
cultured MPB1 tumor cells displayed a trend towards more micronuclei than MP
tumor cells, a difference that was exacerbated following cisplatin treatment (Fig.
5A). A similar increase was seen in DNA damage as evaluated by yH2AX staining
(Fig. 5B). These effects correlated with a genotype specific difference in immune
infiltrates of transplanted tumors following cisplatin therapy. Specifically, MPB1
tumors showed a substantial increase in T and NK cells (Fig. 5C-D), and a marked

reduction of M2-like macrophages (Fig. 5.1A-C), compared to MP controls.

To test whether the cGas/STING pathway contributed to the observed genotype-
specific effects on drug responses, we generated two independent shRNAs
capable of suppressing cGas expression (Fig. 5.1D), transduced these into MPB1

tumor cells, and examined their impact on senescence and tumor phenotypes
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following cisplatin treatment. While cGAS suppression did not prevent drug-
induced proliferative arrest or the appearance of senescence markers (Fig. 5.1E-
G), it substantially reduced Ccl5 and Cxcl10 expression (Fig. 5E, 5.1H). In vivo,
cGas/STING suppression blunted the therapy-induced accumulation of T- and NK
cells in transplanted MPB1 tumors (Fig. 5F-G), while having no effect on myeloid
cell infiltration (Fig. 5.11-K). These data are consistent with a model whereby
preferential induction of cisplatin-induced senescence in Brca7-deficient tumor
cells contributes to cGas/STING activation and the establishment of a pro-

inflammatory tumor microenvironment.
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Figure 5. Cisplatin treatment leads to a cGas/STING-dependent infiltration of
T- and NK cells in HR-deficient tumors.

(A) Micronuclei staining of MP or MPB1 cell lines treated with cisplatin. Cell nuclei
were stained with DAPI (grey) (n = 3 independent cell lines per genotype). (B)
yH2AX staining (green) of MP or MPB1 cell lines treated with cisplatin. Cell nuclei
were stained with DAPI (blue) (n = 5). (C-D) Representative flow cytometry plots
(left) and quantification (right) of T-cell (C) or NK-cell (D) infiltration in
subcutaneously transplanted ovarian tumors after treatment with 2 cycles of
cisplatin (n = 5-6 mice per group). (E) RT-gPCR analysis of Ccl5, Cxcl10 and /I6
in cell lines containing control Renilla (shRen) or cGas shRNAs (shcGas).
Expression ratio of cisplatin-treated relative to vehicle-treated is shown (n = 3). (F-
G) Flow cytometry analysis of T- (F) and NK cell (G) infiltration in subcutaneously
transplanted MPB1 ovarian tumors containing control Renilla or cGas shRNAs
after treatment with 2 cycles of cisplatin (n=8-12 mice per group). *p < 0.05, **p <
0.01, ***p <0.001; Mean £ SEM; Analyses performed using unpaired t-test (A-G).
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Figure 5.1: cGas knockdown does not alter the myeloid immune
compartment or cell-intrinsic senescence response.

(A-C) Infiltration of macrophages (A) and percentages of M1-like (CD206-, CD80+)
(B) and M2-like (CD206+, CD80-) (C) macrophages in subcutaneously
transplanted MP or MPB1 ovarian tumors after treatment with 2 cycles of cisplatin
(n = 5-6 mice per group). (D) RT-gPCR analysis of cGas in MPB1 cell lines
containing control Renilla (shRen) or cGas shRNAs (shcGas) shRNAs targeting (n
= 3). (E) Clonogenic assay of MPB1 cell lines containing control Renilla (shRen)
or cGas (shcGas) shRNAs (n = 3). (F) SA-l3-gal staining of MPB1 cell lines
containing control Renilla (shRen) or cGas (shcGas) shRNAs after treatment with
vehicle or cisplatin for 6 days (n = 3). Scale bar 20 ym. (G) Clonogenic crystal
violet (CV) assay of MP or MPB1 cells replated in the absence of drugs after 6-day
pretreatment as in (F) (n = 3). (H) RT-gPCR analysis of Ccl5, Cxcl10 and /I6 in
MPB1 cell lines containing control Renilla (shRen) or cGas (shcGas) shRNAs.
Expression ratio of cisplatin-treated relative to untreated is shown (n = 3). (I-K)
Infiltration of macrophages (1) and percentages of M1 (J) and M2 (K) macrophages
in transplanted shRen or shcGas MPB1 ovarian tumors after treatment with 2
cycles of cisplatin (n = 4-5 mice per group).

*p < 0.05, **p < 0.01, **p < 0.001, ns: not significant; Mean £ SEM; Analyses
performed using unpaired t-test (A-C, E-K) or one-way ANOVA (D).
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BRCA1 LOSS SENSITIZES TUMORS TO CHEMO AND ICB COMBINATION
THERAPY

Tumors displaying an inflamed microenvironment often upregulate molecules that
blunt anti-tumor immunity, a phenomenon that can also occur following cisplatin
treatment (Fournel et al. 2019; Tran et al. 2017). Accordingly, cisplatin treatment
induced cell surface expression of the immune checkpoint molecule PD-L1 in
MBP1 (but not MP) tumor cells (Fig. 6.1A-B). In patients and in a range of
preclinical models, such a scenario often predicts increased tumor sensitivity to
ICB (Herbst et al. 2014). To test this in our system, treatment outcomes were
examined in MP or MPB1 EPO-GEMMs or mice harboring syngeneic
subcutaneous or ip tumors generated by transplantation of explanted cells. Of
note, the ip context mimics the clinically relevant context of disseminated disease

after surgical resection of the primary tumor.

In line with recent findings showing HGSOC patients receive little, if any, clinical
benefit from ICB monotherapy (Liu et al. 2020), neither MP nor MPB1 tumors
showed appreciable responses to anti-PD-1 therapy. In contrast, MPB1 tumors
responded more effectively to cisplatin and anti-PD-1 combination therapy
compared to MP tumors in all three tumor settings (Fig. 6A-B, 6.1C-F). This
increased responsiveness was associated with an increase in the number of
tumor-infiltrating CD8" T-cells that expressed the activation marker Granzyme B
(Fig. 6C). Interestingly, cGas suppression in Brca1-deficient tumors curtailed the

responsiveness to combination therapy, but not single chemotherapy treatment,
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resulting in reduced clearance of senescent cells after combination therapy (Fig.
6D-E). These data demonstrate that chemo- and immunotherapy uniquely
synergize in Brca1-deficient tumors, whereas cGas/STING activation plays an
important role in immune cell recruitment and clearance of senescent cells but is

not necessarily required for primary chemotherapy response.

While many ovarian cancer patients initially respond to treatment, most patients
eventually develop resistance. To study the process of disease relapse in
previously responding tumors, we generated a cell line from a Brca1-mutant EPO-
GEMM tumor that progressed following treatment with cisplatin and anti-PD-1
antibody and tested responsiveness to cisplatin therapy in vitro and to cisplatin
and anti-PD-1 combination therapy in vivo following subcutaneous injection into
syngeneic recipients. Interestingly, tumors formed by these cells did not respond
to the combination of cisplatin and ICB in vivo (Fig. 6F), an effect that correlated
with a reduced propensity to undergo senescence (Fig. 6G) and induce SASP
(Fig. 6H). While loss of 53BP1 can restore error-free DNA repair in Brca7-mutant
cells (Bunting et al. 2010), this mechanism is not responsible for the observed
therapy resistance in our system, as 53BP1 foci could be still detected upon
cisplatin treatment (Fig. 6.1G). Together, these data underscore the role of
therapy-induced senescence as a crucial mediator of response and resistance to
platinum-based chemotherapy in HR-deficient ovarian cancer and its ability to

sensitize these tumors to ICB.
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Figure 6. Brca1 loss sensitizes tumors to chemo and ICB combination
therapy.

(A+B) Kaplan-Meier survival curve of MP (A) or MPB1 (B) EPO-GEMM mice
treated with the indicated drugs. Treatment was initiated after tumors were
detected by abdominal palpation (n = 4-9 mice per group). (C) Representative IF
staining and quantification (mean number of cells per field £+ SEM, p < 0.05) of
subcutaneously transplanted MPB1 ovarian tumors treated with indicated
treatments (n = 5 fields for two independent tumors). Scale bar 20 ym. (D) Tumor
growth over time of transplanted MPB1 cell lines containing control Renilla (shRen,
top) or cGas shRNAs (shcGas, bottom) with vehicle, cisplatin or cisplatin + ICB (n
= 5-6 mice per group). (E) Staining and quantification of C12RG, a fluorogenic
substrate for SA-3-gal activity, in tumors treated as in (D) (n = 3). Scale bar 20 ym.
(F) Tumor growth of transplanted MPB1 or resistant MPB1 (MPB1_res) cell lines
treated with vehicle or cisplatin + ICB (n = 5-6 mice per group). (G) SA-R-gal
staining (left) and quantification (right) of MPB1 or MPB1_res cell lines treated with
vehicle or cisplatin for 6 days. (n = 3). (H) RT-qPCR analysis of Ccl/5 and Cxc/10
in MPB1 or MPB1_res cell lines (n = 3). Expression ratio of cisplatin-treated relative
to vehicle-treated is shown. *p < 0.05, **p < 0.01, ***p < 0.001; Mean = SEM,;
Analyses performed using log-rank test (A, B), unpaired t-test (C, E-H) and one-
way ANOVA (D).
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Figure 6.1: Treatment response of HR-proficient and -deficient HGSOC after
treatment with chemotherapy and ICB.

(A+B) Representative MFI plot (left) and quantification (right) of PD-L1 expression
on tumor cells (CD45-negative) (A) or immune cells (CD45-positive) (B) from
subcutaneously transplanted MPB1 ovarian tumors treated with vehicle or cisplatin
(n = 5-6 mice per group). (C+D) Tumor growth of subcutaneously transplanted MP
(C) or MPB1 (D) tumors treated with vehicle, ICB, cisplatin or cisplatin + ICB (n =
5 mice per group). (E+F) Kaplan-Meier survival curve of MP (E) or MPB1 (F)
tumors generated by ip injection (n = 4-6 mice per group). Mice were randomized
according to luciferase signal before treatment initiation. (G) Immunofluorescence
staining of 53BP1 foci in MP and MPB1 cell lines treated with vehicle or cisplatin
for 72h. Scale bar 10 ym.

*p < 0.05, **p < 0.01, **p < 0.001, ns: not significant; Mean £ SEM; Analyses
performed using unpaired t-test (A-B), one-way ANOVA (C-D) and log-rank test
(E-F).
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DISCUSSION
HGSOC is a genetically unique tumor type that almost uniformly develops
resistance to conventional, targeted, and immune therapies. In this study, we
produced a flexible non-germline-based mouse model that recapitulates the
genetic, histological, and molecular features of human HGSOC. We illustrate its
use for studying genetic interactions during tumorigenesis and exploring molecular
mechanisms that dictate treatment response. Our results add to previous work
showing that HR defects can produce distinct tumor phenotypes and vulnerabilities
(Farmer et al. 2005; Chapman and Verma 1996), and link a chemotherapy-induced

senescence program to therapeutic outcome (Fig. 7).
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Figure 7: EPO-GEMMs recapitulate genetic features of human HGSOC and
provide insights into human biology and treatment response
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Until recently, the study of HGSOC has been limited by the paucity of model
systems that reflect hallmark genetic or physiological features of the human
disease. We believe that the EPO-GEMM platform will revolutionize preclinical
HGSOC research. While traditional germline models offer similar capabilities to the
EPO-GEMM models described herein, they are simply too time consuming and
asynchronous to be a workhorse system. By contrast, the EPO-GEMM approach
enables the production of autochthonous tumors in immunocompetent mice that
naturally disseminate, enabling the relatively synchronous production of cohorts of
tumor-bearing mice simply from a set of plasmids and readily available
immunocompetent wild-type mice. While the use of lineage-specific Cas9 or CRE
transgenes can be used to control the cell of origin, electroporation of the ovary
and fallopian tube of wild-type mice produces epithelial tumors that resemble
human HGSOC, similar to what was observed in cell line studies (Orsulic et al.
2002). As such, the approach can be applied to any strain of recipient mice, making
it straightforward to study how host factors influence tumor trajectories.

The cell of origin of HGSOC remains controversial. The EPO-GEMM approach
offers an opportunity to compare the role of different cell of origins in a living
animal. While our study demonstrated that the tumors likely originate from the
Cytokeratin-8 positive epithelial compartment, one could imagine similar studies to
delineate the role of the OSE compared to the FTE. These results might enable
the choice of optimal treatment strategies, as the cell of origin has been described

to impact response patterns to cytotoxic drugs (Shuang Zhang et al. 2019).
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Our study is complementary to a recent report that also used tissue electroporation
to generate immune competent ovarian cancer models (Teng et al. 2021). While
the methods used in both settings are conceptually similar, they differ in the choice
of oncogenic lesions, latency, and spontaneous metastatic spread in wild-type
hosts. Furthermore, we implement transgene vectors for oncogene expression,
confirm the epithelial origin of the resulting tumors and the human relevance of the
disease. By incorporating MYC overexpression and Brca1 disruption into the
platform, we substantially accelerate tumor onset and enable modeling of clinically
important HR-deficient tumors. Collectively, these approaches provide a powerful
orthogonal system to ovarian cancer models produced from tumor-derived cell or
organoid lines (Lohmussaar et al. 2020; Shuang Zhang et al. 2020; lyer et al. 2020;
Walton et al. 2016; Kopper et al. 2019; Hill et al. 2018; Maru et al. 2019; Xing and
Orsulic 2006). Other recent reports to model prostate (Leibold et al. 2020; Choi et
al. 2018) and pancreatic cancer (Maresch et al. 2016; J.-S. Park et al. 2014) using
tissue electroporation support the broad utility of the approach. In theory, the
approach is expandable to any organ of interest that is amenable to a survival
surgery. Choosing which genetic alterations to model should be informed by
human genomic sequencing data to ensure that the models are relevant to study

the human disease.

Our results implicate a cellular senescence program as an important component

of response and resistance in HGSOC. Previous work suggests that senescence-

inducing therapeutics can stimulate a SASP-dependent remodeling of the tumor
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microenvironment that, in some instances, leads to senescent cell clearance or
sensitizes tumor cells to immune recognition following checkpoint blockade
(Ruscetti et al. 2018; Ruscetti et al. 2020). By contrast, in other settings, treatment-
associated SASP programs can stimulate tumor relapse and dissemination
(Demaria et al. 2017). Herein, we show that the ability of cisplatin to induce
senescence in ovarian cancer cells depends on tumor genotype, being
substantially more pronounced following treatment of Brca7-deficient (compared
to Brcat-proficient) ovarian tumors. The genotype-specific induction of
senescence has been observed previously: For example, by screening of panel of
cancer cell lines that carry different cancer-relevant mutations, it was
demonstrated that senescence phenotypes can be induced in a context-
dependent manner that varies among different genetic backgrounds (Cairney et
al. 2017). In our context one could hypothesize that the increased genomic
instability caused by the mutation of Brca1 leads in turn to an increase in
micronuclei and a cGas-Sting mediated SASP. The SASP alters immune cell
infiltrates and sensitizes the Brca1-deficient tumors to ICB. Consistent with the
importance of the senescence program in therapy response, senescence
signatures can be detected in post treatment samples from HGSOC patients.
Moreover, tumors derived from a Brca7-deficient cancer that progressed on
treatment lost their ability to induce senescence and SASP upon cisplatin

treatment, leading to resistance to cisplatin in combination with ICB.
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Interestingly, the increased propensity of Brca7-deficient tumors to undergo
senescence and/or activate the cGas/STING pathway appears to extend to other
agents beyond cisplatin treatment. In our experiments, similar observations were
made after treating ovarian cancer cell lines with taxol. Brca7-deficient models of
breast and ovarian cancer treated with PARP inhibitors show similar behaviors
(Ding et al. 2018; Grabosch et al. 2019; Pantelidou et al. 2019; Bruand et al. 2021;
Fleury et al. 2019). As such, senescence induction may underlie the improved

response of HR-deficient tumors to genome destabilizing therapies in the clinic.

In contrast to other settings of therapy-induced senescence examined to date
(Gluck et al. 2017; Dou et al. 2017; H. Yang et al. 2017), the SASP program
triggered by cisplatin therapy in Brca1-deficient ovarian tumors was limited to Ccl/5,
Cxcl10, and 16 of the factors examined. It has been previously observed that the
outcomes of senescence-inducing therapies are context-dependent, complex, and
often unpredictable. The unpredictability is accounted to the effect of the SASP
that is highly dependent on cell type, context and differs between different stages
of tumor progression (Faget, Ren, and Stewart 2019; Coppé et al. 2010; Jochems
et al. 2021). How Brca1 deficiency results in the secretion of the defined set of
SASP factors remains to be further studied, but it is likely that the increased
genomic instability and micronuclei formation play a driving force. These are then
sensed by the cGas/STING machinery. cGas suppression efficiently suppressed
SASP induction and sensitization to ICB following cisplatin treatment yet had no

effect on treatment outcomes following cisplatin monotherapy. This implies that
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SASP is sufficient to sensitize tumor cells to ICB and, in agreement, injection of
SASP activated tumor cells sensitizes an immunologically cold murine ovarian
models to ICB (X. Hao et al. 2021) whereas CCL5 suppression in another model
attenuates T-cell inflammation (Bruand et al. 2021). While it remains possible that
senescence and cGas/STING-dependent cytokine induction are parallel
processes, they imply that potent anti-tumor responses require both cell-intrinsic
senescence induction and TME modulation. Deeper analysis of senescence
biomarkers in the context of cGas deficiency could help to delineate whether
senescence and cGas/STING-dependent cytokine induction are parallel or linear

processes.

Although HR deficiency can increase tumor immunogenicity (Dai et al. 2018),
BRCA1/2 mutations have no effect on the response to ICB monotherapy in
HGSOC patients (Liu et al. 2020; Disis et al. 2016; Matulonis et al. 2019). Our
model recapitulates these findings: Brca1-deficient tumors display an increase in
immune infiltration pre-treatment yet are non-responsive to ICB. Our results imply
that frontline chemotherapy or PARP inhibitors should sensitize HR-deficient
tumors to checkpoint blockade, yet clinical trials to date suggest that these
mechanisms are not universally operative in patients (Moore et al. 2020; Pujade-
Lauraine et al. 2021; Konstantinopoulos et al. 2015; Ledermann et al. 2020).
Instead, these trials identify tumor positivity for PD-L1 and CD8 expression —
features of the Brca7-deficient tumors studied herein — as biomarkers of a

combinatorial response (Farkkila et al. 2020). It seems likely that the disparate
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outcomes between the human and animal studies reflect the longer course of
tumor evolution in patients, which may inactivate components of the senescence
machinery. Accordingly, we see that Brca7-deficient tumor cells that acquire
senescence defects are non-responsive to the chemotherapy/ICB combination. To
better mimic the longer course tumor evolution that occurs in patients in a murine
model system, approaches like serial transplantation of EPO-GEMM tumor cells
could be used. Every passage into a new host with a competent immune system

would require the tumor cells to find new ways to evade immunity.

In sum, future studies incorporating the flexible features of the EPO-GEMM
approach will enable the further dissection of mechanisms that dictate ovarian
cancer response and resistance and, more broadly, expediate investigation of

other clinically relevant aspects of this disease.
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APPENDIX

CHOLESTEROL METABOLISM AS A THERAPEUTIC VULNERABILITY IN PI3K
HYPER-ACTIVATED HGSOC TUMORS

Here, | will briefly discuss the ongoing work evaluating therapeutic vulnerabilities
in HGSOC tumors with hyper-activated PI3K signaling. As alterations of the
PI3K/AKT pathway are common events in HGSOC and have been linked to poor
prognosis (Network et al. 2017; Martins et al. 2014), we leveraged the flexibility of
the EPO-GEMM approach to evaluate loss of the tumor suppressor Pten (Fig. 8A).
This approach led to hyperactivation of the PI3K pathways in the resulting tumors,
as measured by phosphorylated Akt (Fig. 8B). Mice carrying Myc;p53;Pten (MPP?)
tumors had vastly accelerated onset of disease compared to MP tumors (Fig. 8C)
and all MPPt mice presented with metastasis (Fig. 8D). We validated this
phenotype in an isogenic system by transducing a Pten-WT EPO-GEMM derived
cell line with an shRNA targeting Pten or Renilla as a control (Fig. 8E-F). While
downregulation of Pten did not affect in vitro cell proliferation (Fig. 8G), the mice
succumbed earlier to their disease if Pten was downregulated in the transplanted
tumor cells (Fig. 8H). These results suggest that a hyperactivated PI3K pathway

provides tumor cells with a survival advantage in vivo.

77



A B
— - pAkt
W W Ak
08 g 08P Y G -
+ - - Pten
CW>(SB) (TR = b4  Trp53
e e e e s s e Vinculin
MP MPPt
primary ~~ met
C 100 — MP D 100+
S
N —— MPPt - 80
2] 2
T 2 60
< 50 I
€
(?) 5 404
| Kkk '§
8 20
0 * I * I * I ] E o
0 50 100 150 200 MP  MPPt
Time (days)
E F QO &
‘\5») cell line i.p. Q" ¥ shRNA
derivation
; transplant A o Bten
EPO-GEMM Myc;p53 shRen or
tumor shPten — — Actin
G 15 ns ns H 100
[0
=~
T X 1.0 1
S (_U 504 *%
2 =
7] g 0.5 s
> =
o ® | —— shRen
0.0- —— shPten
shRen shPten shRen shPten 0
: P | S S
Cell line 1 Cell line 2 0 50 100 150 200
Time (days)

78



Figure 8. Pten loss in EPO-GEMM tumors accelerates onset and severity of
disease

(A) Vector combination used to generate EPO-GEMM tumors with loss of Pten.
(B) Western Blot analyzing members of the PI3K pathway in MP and MPPten
tumors. (C) Kaplan-Meier survival curve of C57BL/6 mice electroporated with the
indicated combinations of plasmid (n=10 for MP, n=20 for MPPt) (D) Percentage
of mice presenting with metastasis at end-stage of disease (n=17 for MP, n=8 for
MPPt) (E) Schematic of the system to evaluate loss of Pten in an isogenic system.
(F) Western Blot evaluating knockdown of Pten in cell lines that were transduced
with shRNAs targeting Renilla or Pten. (G) Clonogenic crystal violet (CV) assay of
EPO-GEMM derived MP cell lines transduced with the indicated shRNA (n=3
technical replicates per independent cell line). (H) Kaplan-Meier survival curve of
C57BL/6 mice transplanted with EPO-GEMM derived MP cell lines transduced with
the indicated shRNA (n=5 per cell line).
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To elucidate the mechanisms by which hyperactivation of the PI3K pathway drives
disease aggressiveness, we performed RNA-seq on MP and MPPt EPO-GEMM
tumors. In contrast to MP tumors, MPPt tumors showed transcriptional
upregulation of the cholesterol biosynthesis pathway (Fig. 9A). Cholesterol
metabolism has been previously described to contribute to cancer progression,
including cell proliferation, migration and invasion (Huang, Song, and Xu 2020)
and the cholesterol biosynthesis pathway can be activated by PI3K-AKT signaling
(Mullen et al. 2016). To determine, if our results are relevant in human patients,
we assessed the expression of the cholesterol biosynthesis pathway in TCGA
HGSOC patients. Tumors with a PI3K or PTEN alteration showed higher
expression of the cholesterol biosynthesis pathway than WT patients (Fig. 9B). In
the EPO-GEMM model, up-regulation of the cholesterol biosynthesis pathway led
to increased cholesterol production, as we observed more cholesterol in the
ascites of mice with MP than MPPt tumors (Fig. 9C). Cholesterol has been
previously described to dampen anti-tumor immunity by causing dysfunction of
cytotoxic T-cells (Ma et al. 2019; S. Xu et al. 2021) and dendritic cells (F. Xu et al.
2021; Villablanca et al. 2009) in the tumor microenvironment. In the future, we plan
to explore the effect of the increased cholesterol levels on the tumor
microenvironment by performing flow cytometry and co-culture assays.

To assess the functional role of increased cholesterol biosynthesis in tumor cells,
EPO-GEMM derived cell lines were grown in delipidated medium. While MP cell
lines were unable to grow in medium that does not contain cholesterol and lipids,

MPPt cell lines were able to expand (Fig. 9D). Genetic screening for factors that
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prevent growth of MPPt cells in delipidated medium can provide mechanistic
insights in the future.

Clinically, cholesterol levels can be lowered using statins, inhibitors of the rate-
limiting enzyme of the cholesterol biosynthesis pathway HMG-CoA reductase
(HMGCR). Statin use is associated with lower risk of PTEN-null, but not PTEN
intact prostate cancer (Allott et al. 2020). However, statin treatment of mice
carrying PTEN-mutant EPO-GEMM tumors did not prolong survival (Fig. 9E).
While statin treatment reduced cholesterol level in the serum, it did not result in
decreased cholesterol level in the ascites (Fig. 9F) indicating that the drug might
not be delivered to the tumor cells effectively or that the tumor finds compensatory
pathways to upregulate cholesterol production. To overcome drug delivery
hurdles, we performed tumor-cell specific knockdown of Hmgcr in EPO-GEMM
derived cell lines using 2 independent shRNAs (Fig. 9G), which significantly
increased survival after re-transplantation of Hgmcr shRNA-carrying cell lines
compared to control shRNAs.

Given the urgent need for better treatment options for HGSOC, we will keep
exploring the role of cholesterol metabolism in genotype-specific ovarian cancer

aggressiveness and different ways to target the pathway.
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Figure 9. Loss of Pten promotes upregulation of cholesterol biosynthesis.
(A) GSEA of MPPt vs MP EPO-GEMM tumors reveals an enrichment for
cholesterol biosynthesis in MPPt tumors. (B) Expression of cholesterol signature
in patients with HGSOC with WT or altered PIK3CA or PTEN status from the TCGA
dataset. (C) Measurement of free cholesterol in the ascites of EPO-GEMM bearing
mice (n = 9-10 mice per group). (D) Growth of MP or MPPten EPO-GEMM derived
cell lines in de-lipidated culture medium over 48 hours (n=4 independent cell lines
per genotype). (E) Kaplan-Meier survival curve of C57BL/6 mice with MPPt EPO-
GEMM tumors treated with either vehicle or Statin (n=10 mice per group). (F)
Measurement of free cholesterol in the plasma (left) or ascites (right) of mice as in
E (n=5 mice per group). (G) RT-qPCR analysis of Hmgcr expression in MPP1 cell
lines transduced with control Renilla (shRen) or 2 independent Hmgcr shRNAs (n
= 3). (H) Kaplan-Meier survival curve of mice transplanted with MPPt cell lines
containing Renilla or Hmgcr shRNAs (n=9-10 mice per group).
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TREATMENT OF OVARIAN CANCER WITH CELLULAR IMMUNOTHERAPIES

Here, | will briefly discuss the ongoing efforts to evaluate the treatment of ovarian
cancer with cellular immunotherapies. Being notoriously hard to treat, there is an
urgent need to evaluate innovative treatment modalities for HGSOC. Chimeric
antigen receptor (CAR) T cells have recently emerged as a potentially curative
cancer treatment. CARs are synthetic receptors that redirect T cell effector
potential, specificity and additional functions (Sadelain, Riviere, and Riddell 2017).
CD19-directed CAR T cells have demonstrated remarkable efficacy for treatment
of refractory B cell malignancies (J. H. Park et al. 2018). One hurdle for CAR T cell
therapy is the identification of a target protein that is uniformly expressed on cancer
but not normal tissue (Srivastava and Riddell 2018). Here, we explore the use of
CAR T cells targeting urokinase plasminogen activator receptor (UPAR) for the
treatment of ovarian cancer. uPAR is a multifunctional receptor that has previously
been described to be involved in tumor cell processes, including metastasis (Blasi
and Carmeliet 2002; Mazar 2008). It is widely expressed in ovarian carcinomas
(Kenny et al. 2011; L. Wang et al. 2009) and correlates with a more aggressive
phenotype (Borgfeldt et al. 2001). Previous approaches to target uPAR in ovarian
cancer with either antisense (Kook et al. 1994) or cellular therapies (L. Wang et al.
2019) indicate that uPAR plays a functional role in ovarian cancer metastasis. Our
lab has recently described uPAR-targeting CAR T for the elimination of senescent
cells (Amor et al. 2020).

uPAR is highly expressed on EPO-GEMM derived ovarian cancer cell lines (Fig.

10A) and primary tumor tissue (Fig. 10B). We performed cytotoxicity assays by
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co-culturing uPAR CAR T cells with EPO-GEMM derived ovarian cancer cell lines
of the MP or MPB genotype. Well-characterized CAR T cells directed against
CD19 were used as a negative control (Brentjens et al. 2003). uPAR but not CD19
targeting CAR T cells efficiently eliminated ovarian cancer cells of either genotype
(Fig. 10C). To study whether uPAR CAR T cells can eliminate ovarian cancer cells
in vivo, we intraperitoneally transplanted EPO-GEMM derived cell lines into WT
C57BL/6 mice and after tumor establishment 1.5 million uPAR CAR T cells or
untransduced (UT) T cells as controls were administered. As regional ip infusion
of CAR T cells has shown superior protection against peritoneal tumors compared
to systemically infused CAR T cells (Katz et al. 2019), we compared intravenous
(iv) and ip application of uPAR CAR T cells. While iv infusion did not translate to a
survival advantage, mice receiving uPAR CAR T cells ip lived significantly longer
than those receiving UT CAR T cells (Fig. 10D). This result was repeated in a
larger cohort of mice that were injected ip with either UT or uPAR CAR T cells (Fig.
10E). The treated mice remained highly active and did not display any toxicities as
evaluated by changes in temperature or weight (Fig. 10F). A part of uPAR is
proteolytically cleaved upon ligand binding, which generates soluble uPAR
(suPAR) that can be detected in the blood. Mice receiving uPAR CAR T treatment
showed reduced levels of suPAR in their blood (Fig. 10G) and end-stage tumors
expressed lower levels of uPAR (Fig. 10H).

In the future, we plan to further characterize the response of ovarian cancer to
uPAR CAR T cells and explore synergistic approaches with established

chemotherapies.

85



Normalized to mode

80-

Survival (%)

N
° o

-
N
N

Temperature (°C)

w
N

w
N

o))
e

IS
?

IS
o

w
oo

w
]

"UPAR expressioh

[ Unstained
[1Cell line 1

Cell line 2
["ICell line 3

—UTiv
—uPAR iv
~UuPAR ip

]]

20

o

40 60 80
Time (days)

N
a

{=-UT(T)
~uPAR (T

i
“*@-

0
()] o
(6) 1ybrapy

N
o

&

s —UTW) ]ns
~UuPAR (W)

QS X O N O O
P P B S

100+
80+
60+

40

Survival (%)

20+

—UuT }

1—-uPAR

~ mM.uPAR (MP)
~ m.uPAR (MPB)
~ h.19 (MP)

~ h.19 (MPB)

s
(‘l/\QQ) '\Q’\

Q
Effector/Target ratio

suPAR levels (pg/ml)

86

T
20

T
40
Time (days)

60 80




Figure 10. Targeting of murine ovarian cancer with uPAR CAR-T cells.

(A) Representative MFI plot of uPAR expression on EPO-GEMM derived ovarian
cancer cell lines. (B) Representative immunohistochemical staining of a MPB
EPO-GEMM ovarian tumor for the HGSOC marker WT1 and murine uPAR. Scale
bar 200 uym. (C) Cytotoxic T cell activity as determined by an 18-h bioluminescence
assay using luciferase-expressing MP or MPB ovarian cancer cells as targets that
were co-culture with CAR-T cells targeting murine uPAR (mMUPAR) or human
CD19 (h19) as a control. Experiment was performed in triplicates. (D) Kaplan-
Meier survival curve of C57BL/6 mice transplanted with a MPB cell line and treated
with untransduced (UT) or uPAR CAR-T cells. CAR-T cell injection was performed
7 days after tumor cell transplantation and either intraveneously (iv) or
intraperitoneally (ip) (n=3-4 mice per group). (E) Kaplan-Meier survival curve of
C57BL/6 mice transplanted with a MPB cell line and treated with untransduced
(UT) or uPAR CAR-T cells. CAR-T cell injection was performed ip 7 days after
tumor cell transplantation (n=12-14 mice per group). (F) Temperature (T) and
weight (W) measured 24 h before and at different time points after CAR T cell
infusion. P values (ns, not significant) refer to the comparison between
untransduced (UT) and mouse uPAR (uPAR) CAR-T injected mice at 10 d (n=10
mice per group). (G) Soluble uPAR (suPAR) in the blood of mice treated as in (E).
Blood was taken 16 days after CAR-T cell injection (n=8-9 mice per group). (H)
Representative immunohistochemical uPAR staining of tumor sections treated as
in (E). Scale bar 200 pm.
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High-grade serous ovarian carcinoma (HGSOC) is a cancer with
dismal prognosis due to the limited effectiveness of existing
chemo- and immunotherapies. To elucidate mechanisms mediating
sensitivity or resistance to these therapies, we developed a fast
and flexible autochthonous mouse model based on somatic intro-
duction of HGSOC-associated genetic alterations into the ovary of
immunocompetent mice using tissue electroporation. Tumors aris-
ing in these mice recapitulate the metastatic patterns and histolog-
ical, molecular, and treatment response features of the human
disease. By leveraging these models, we show that the ability to
undergo senescence underlies the clinically observed increase in
sensitivity of homologous recombination (HR)-deficient HGSOC
tumors to platinum-based chemotherapy. Further, cGas/STING-
mediated activation of a restricted senescence-associated secretory
phenotype (SASP) was sufficient to induce immune infiltration and
sensitize HR-deficient tumors to immune checkpoint blockade. In
sum, our study identifies senescence propensity as a predictor of
therapy response and defines a limited SASP profile that appears
sufficient to confer added vulnerability to concurrent immunother-
apy and, more broadly, provides a blueprint for the implementa-
tion of electroporation-based mouse models to reveal mechanisms
of oncogenesis and therapy response in HGSOC.

mouse models | ovarian cancer | cancer immunotherapy | senescence

o ver 70% of women diagnosed with high-grade serous ovar-
ian carcinoma (HGSOC) succumb to their disease, mak-
ing it the deadliest gynecological cancer (1). The standard of
care for most patients consists of surgical debulking and plati-
num/taxane-based chemotherapy, though responses are typi-
cally transient, and resistance invariably emerges. Despite
recent advances in targeted therapies such as poly (adenosine
diphosphate [ADP]-ribose) polymerase (PARP) inhibitors and
antiangiogenic therapies, survival has only marginally improved
in the past 30 y (1). Moreover, immune checkpoint blockade
(ICB), which has revolutionized the treatment of several cancer
types (2-4), shows only modest results in HGSOC (5-7). Yet,
little is known about molecular mechanisms that dictate
response or resistance to any of these modalities.

HGSOC can be divided into specific subtypes that exhibit
distinct clinical behaviors (8). The disease is characterized by
an almost universal appearance of TP53 mutations and an
unusually high rate of copy number alterations (CNAs) (9) that
target a range of known oncogenic events such as gains of the
oncogene MYC. Moreover, tumors also harbor inactivating
mutations in genes important for homologous recombination

PNAS 2022 Vol. 119 No. 5 e2117754119

(HR) DNA repair, most commonly in BRCAI and BRCA2 (9),
which display an even greater degree of genomic rearrange-
ments than HR-proficient tumors (10). HR deficiency sensitizes
ovarian tumors to platinum-based therapies and PARP inhibi-
tors (11) and, in other cancers, appears to sensitize tumors to
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immune-modulating agents, but it is unclear to what extent this
process plays a role in HGSOC (12, 13). Clearly, a better
understanding of the biological and molecular mechanisms
responsible for genotype-response patterns would enable exist-
ing therapies to be used more effectively and facilitate develop-
ment of novel strategies to overcome resistance.

Relating clinical observations to mechanisms requires the
availability of accurate model systems. However, until recently,
models that faithfully recapitulate the heterogeneity of human
HGSOC have been limited. Genetically engineered mouse
models (GEMMs), which are generated by intercrossing a
series of tissue-specific and/or conditional alleles and result in
production of autochthonous tumors, have helped elucidate the
consequences of cancer-associated mutations on HGSOC
tumorigenesis (14). While such autochthonous models are pow-
erful, they are time consuming, expensive, and the specific
requirement for female mice leads to substantial animal waste.
Consequently, it is impractical to develop animal cohorts of suf-
ficient size and genotypic diversity for rapid and rigorous mech-
anistic and preclinical studies. Recently, both patient and
murine HGSOC organoid models covering a range of genomic
configurations have been developed, which enable perturba-
tions in vitro or following orthotopic transplantation in vivo
(15-19). However, these systems also have limitations: the
human models cannot be studied in the presence of the intact
immune system and the murine models that employ in vitro
transformed cells do not undergo immunoediting and lack
other microenvironmental factors that shape tumor develop-
ment in vivo (20, 21).

Considering the need for more accurate and facile autoch-
thonous models, we combined CRISPR genome engineering
approaches with transposon/transposase-based systems and
in vivo organ electroporation (EPO-GEMM) to model
HGSOC in mice. The EPO-GEMM approach allows the study
of autochthonous tumors in an immune-competent background
while overcoming the logistical disadvantages of traditional
GEMMs. Using this approach, we developed genetically and
histopathologically accurate models of HGSOC and use them
to gain mechanistic insights into genotype-dependent therapy
responses to chemo- and immunotherapies.

Results
Somatic Introduction of Oncogenic Lesions Generates High-Grade
Serous Ovarian Carcinoma. To develop murine genotypically
diverse models of HGSOC, we optimized methods to introduce
genetic elements into the ovary by direct tissue electroporation.
Briefly, the ovary is surgically exposed and injected with plas-
mid DNA encoding CRISPR-Cas9 constructs and/or a transpo-
son vector and a Sleeping Beauty transposase, followed by
electroporation of the surrounding ovarian and fallopian tube
tissue (Fig. 14). Since more than 95% of HGSOC patients har-
bor tumors with mutations in the 7P53 tumor suppressor gene
(9), all genotypic configurations included vectors coexpressing
Cas9 and a single-guide RNA (sgRNA) targeting Tip53 that
was previously validated in vivo (22). In addition, various
combinations of oncogene-expressing transposon vectors or
sgRNAs targeting additional tumor suppressor genes that
co-occur in human patients were included (Fig. 1B). Following
electroporation, mice were monitored for tumor onset and pro-
gression by ultrasound imaging and abdominal palpation. To
determine the extent to which our model recapitulates human
HGSOC, murine tumor material was analyzed histologically for
clinically relevant HGSOC biomarkers and molecularly for
CRISPR-Cas9—engineered somatic mutations, acquired CNAs,
and transcriptional profiles.

Disruption of Tip53 alone did not produce tumors over the
time course of these experiments. Focal tumors arose following
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electroporation of sgRNAs targeting 7ip53 and Pten, or Tip53,
Pten, and RbI with 40% and 90% penetrance, respectively, with
the latter configuration displaying a median survival of 214 d.
Traditional GEMMs with analogous genetic configurations
develop tumors with similar penetrance and latency (23-26).
Since MYC gain or amplification often co-occurs with 7P53
mutations in human HGSOC and can be oncogenic in transplan-
tation models (27, 28), we also combined 7ip53 sgRNAs
together with a transposon vector overexpressing MYC. The
combination of MYC overexpression with CRISPR-Cas9-
induced loss of 7ip53 was particularly potent to produce tumors
in 100% of the recipients and vastly accelerate the disease (Fig.
1C, median survival 61 d).

Most mice developed metastatic disease to the omentum and
peritoneum, which are the most common sites of metastatic
spread in patients (29). While tumors arising through the dis-
ruption of tumor suppressors only generated micrometastatic
nodules in the omentum (Fig. 1D), the addition of MYC
resulted in macrometastatic disease and ascites formation (Fig.
1E). As occurs in human HGSOC tumors (30), EPO-GEMM
tumors exhibited a solid architecture with some glandular areas,
necrosis in solid areas, large hyperchromatic nuclei, and abun-
dant, often atypical, mitotic figures (Fig. 1 D and E). Histologi-
cally, we never observed sarcomas or lymphomas arising in
electroporated animals and, accordingly, all tumors analyzed
expressed molecular hallmarks of human HGSOC, including
Cytokeratin-7 (CK7), Wilms Tumor 1 (WT1), Cancer Antigen
125 (CA-125), Paired box 8 (Pax-8), and high Ki67 (Fig. 1F and
SI Appendix, Fig. S14). These markers were retained in metas-
tases (SI Appendix, Fig. S1B), with the exception of CK7 whose
reduced expression at metastatic sites correlates with poor
prognosis in patients (31). As expected, MYC-driven tumors
showed high levels of MYC protein expression (Fig. 1F).

At the molecular level, Sanger sequencing analysis of the
resulting tumors at terminal stage confirmed the presence of
insertion and deletion mutations (indels) at the 7ip53, Pten,
and Rb1 loci, consistent with their disruption through CRISPR-
Cas9 (SI Appendix, Fig. S1C). Deep sequencing of the
CRISPR-Cas9-induced 7ip53 scar revealed that tumors were
oligoclonal and that the dominant clones were shared between
ovarian tumors and paired omentum metastases, confirming
that the disseminated cells arose from the primary tumor site
(SI Appendix, Fig. S1D). Analysis of CNAs using sparse whole-
genome sequencing (32) of primary EPO-GEMM tumors
revealed widespread aneuploidies as occurs in human disease
(33). Recurrent changes included loss of mouse chromosomes
10 and 12 and gains of chromosomes 1 and 2. As occurs in a
traditional GEMM with Brcal;Tip53;RbI;NfI genotype (23),
some tumors generated by tumor suppressor gene inactivation
without MYC overexpression showed gain or amplification of
the Myc locus on mouse chromosome 15 (SI Appendix, Fig.
S1E) together with MYC protein expression (SI Appendix, Fig.
S1F). These data underscore the importance of MYC in driving
HGSOC and support the rationale for using MYC as a driver in
our EPO-GEMM platform.

Analysis of RNA-sequencing (RNA-seq) data derived from
tumors demonstrated that the MYC;Tip53 (MP) EPO-GEMM
system faithfully recapitulates the transcriptional states charac-
teristic of human disease (Fig. 1G). When compared to normal
tissue, the top up-regulated pathways in both the Hallmark and
Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
bases were related to proliferation (Hallmark: E2F targets,
MYC targets, and G2M checkpoint; KEGG: ribosome, spliceo-
some, and oxidative phosphorylation) and DNA repair (Hall-
mark: DNA repair; KEGG: base excision repair) and the top
down-regulated pathways were related to an active immune
response (Hallmark: TNFa signaling via NF-xB and inflamma-
tory response; KEGG: neuroactive ligand receptor interaction
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Fig. 1. Somatic introduction of oncogenic lesions generates high-grade serous ovarian carcinoma. (A) Schematic of the EPO-GEMM approach to generate
ovarian cancer. A CRISPR-Cas9 vector targeting Trp53 is codelivered with additional sgRNAs targeting tumor suppressor genes (TSGs) or an oncogene (Onc)
containing transposon vector in combination with a Sleeping Beauty (SB) transposase into the ovary and fallopian tube by direct in vivo electroporation. (B)
Oncoprint displaying the genomic status of TP53, RB1, PTEN, and MYC in HGSOC (The Cancer Genome Atlas [TCGA], Pan-cancer dataset). (C) Kaplan-Meier
survival curve of C57BL/6 mice electroporated with the indicated combinations of plasmids. (D) Representative hematoxylin and eosin (H&E) staining of a
Trp53;Pten;Rb EPO-GEMM primary tumor (Left) and omentum with a micrometastasis (Right). (Scale bar, 5 mm [Top Left], 200 pm [Top Right], 50 pm [Bottom
Left], 25 pm [Bottom Right].) The spleen is labeled with an asterisk. (E) Macroscopic bright-field (BF) images (Top) and H&E sections (Bottom) of genital tracts,
peritoneum, and omentum of a mouse bearing a MP EPO-GEMM tumor. (Scale bar, 50 pm [Bottom Left], 500 pm [Bottom Middle and Right].) (F) Representa-
tive immunohistochemical staining of a MP EPO-GEMM ovarian tumor for MYC, the proliferation marker Ki67, and the HGSOC markers Wilms Tumor 1 (WT1)
and Cancer Antigen 125 (CA-125) in representative sections. (Scale bar, 20 pm.) (G) Correlation of gene set enrichment analysis normalized enrichment scores
(NES) derived from RNA-seq data for Hallmark (Left) or KEGG (Right) pathways enriched in human ovarian cancer samples (y axis) and murine EPO-GEMM
ovarian cancer (x axis) compared to normal tissue. Highlighted are key pathways; circle size represents the adjusted P value.
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and cytokine receptor interaction). In line with the almost ubig-
uitous 7P53 inactivation in HGSOC, the p53 pathway was
among the top down-regulated pathways in the Hallmark gene
sets. These results validate the EPO-GEMM approach as a
flexible platform to model HGSOC tumors of varying geno-
types that resemble the metastatic, histological, genomic, and
transcriptomic properties of the human disease.

The similarity of EPO-GEMM ovarian cancers to human
HGSOC was striking, given that our electroporation method
does not discriminate between cell types within the targeted tis-
sue. To confirm that the tumors originated from epithelial cells,
we harnessed the flexibility of the EPO-GEMM approach to
directly mutagenize Cytokeratin-8 (CK8)-expressing epithelial
cells, a cell type that can serve as a tumor-initiating cell in the
absence of Tip53 (34), and is also retained in traditional
GEMMs arising in Brcal; Tip53;Pten-deficient mice (24). Dou-
ble transgenic mice harboring a CRE-estrogen receptor fusion
transgene (CreER) under the control of the CK8 promoter and
a Lox-Stop-Lox (LSL) Cas9-IRES-GFP transgene were treated
with tamoxifen and electroporated with vectors expressing a
MYC transposon, a transposase, and a Tip53 sgRNA. In this
setting, only CKS8-positive epithelial cells are capable of
CRISPR-Cas9-mediated editing upon tamoxifen addition (S7
Appendix, Fig. S1G). Tamoxifen treatment triggered expression
of GFP in CK8-positive epithelial cells (ST Appendix, Fig. S1H)
and led to the formation of GFP-positive ovarian tumors with
similar histological and transcriptional features as observed in
wild-type (WT) mice harboring tumors of the same genotype
(SI Appendix, Fig. S1 I-K). These data confirm the epithelial

origin of the EPO-GEMM tumors and imply that relevant epi-
thelial populations in the ovary are most sensitive to the genetic
alterations that co-occur in the human disease.

HR-Deficient Tumors Have Unique Genomic, Immune, and Therapy
Response Features. More than one-third of ovarian cancer
patients are classified as HR deficient (9). To model tumors
arising in this important tumor subtype, we incorporated
sgRNAs targeting Brcal into the MP combination described
above using a vector that coexpresses 7ip53 and Brcal sgRNAs
(MYC;Trp53;Brcal, MPB1) (SI Appendix, Fig. S2A4). The result-
ing tumors displayed an onset and histology that was similar to
those harboring MYC and Tip53 alterations alone (SI Appendix,
Fig. S2 B and C). Despite similar latencies, tumors produced
with a plasmid mixture including the Brcal sgRNA invariably
displayed indels at the Brcal sgRNA target site (SI Appendix,
Fig. S2D), implying that Brcal inactivation produced a selective
advantage during tumorigenesis. Accordingly, as is characteris-
tic of HR-deficient cells (18), MPB1 tumor cells isolated from
EPO-GEMM tumors showed reduced induction of Rad51-
containing nuclear foci following irradiation compared to MP
tumor cells with intact Brcal (Fig. 24).

Compared to HR-proficient tumors, HR-deficient human
ovarian cancers acquire even more genomic rearrangements
(10), display substantial T cell infiltration (35-37), and are more
responsive to platinum-based chemotherapy (38, 39). Similarly,
murine MPB1 ovarian EPO-GEMM tumors harbored more
CNAs (Fig. 2B) and a greater proportion of CD4* and CD8* T
cells expressing both activation and exhaustion markers relative
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Fig. 2. HR-deficient tumors have unique genomic, immune, and therapy response features. (A) Representative images showing IF staining of RAD51
(Left) and the quantification of the number of RAD51 foci per nuclei (Right). Cell nuclei were stained with DAPI (blue). (Scale bar, 5 pm.) (B) Frequency plot
of CNA analysis of MP (n = 10) and MPB1 (n = 11) EPO-GEMM ovarian tumors. (C and D) Immune cell analysis by flow cytometric analysis of representative
EPO-GEMM tumors of the indicated genotypes (n = 5 to 8 mice per group). (E) Kaplan-Meier survival curve of C57BL/6 mice electroporated with the indicated
combinations of plasmids and treated with vehicle (veh) or cisplatin (cis). Treatment was initiated after tumors were palpable (n = 4 to 13 mice per group).
*P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant; mean + SEM; analyses performed using unpaired t test (A, C, and D) and log-rank test (E).
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to Brcal-proficient counterparts (Fig. 2 C and D and SI
Appendix, Fig. S2E). Furthermore, mice harboring primary
MPBI1 tumors showed significantly improved survival following
cisplatin therapy (Fig. 2E), a result that was recapitulated in
mice following subcutaneous or intraperitoneal (i.p.) injection
of primary EPO-GEMM tumor-derived cell lines (SI Appendix,
Fig. S2 F-H). Therefore, MPB1 EPO-GEMM tumors recapitu-
late key biological and clinical features of human HR-deficient

tumors.

Cisplatin Treatment Preferentially Induces Tumor Cell Senescence
and Alters Immune Infiltrates in HR-Deficient HGSOC. As a first step
toward assessing mechanisms leading to genotypic differences in

intrinsic cisplatin sensitivity, we analyzed the biological responses
to cisplatin treatment. Cultured cells established from MP and
MPBI1 tumors showed similar levels of growth inhibition and apo-
ptosis induction following cisplatin treatment in vitro (SI Appendix,
Fig. S3 4 and B) and in vivo (SI Appendix, Fig. S3C). In contrast,
Brcal-deficient cells showed a much greater proclivity for senes-
cence, displaying an increase in senescence-associated f3-galactosi-
dase (SA-B-gal) activity and a decrease in colony-forming potential
following cisplatin treatment compared to the Brcal-proficient
MP counterparts (SI Appendix, Fig. S3 D and E). Similar results
were observed in vivo, with MPB1-derived tumors showing more
SA-p-gal activity as measured by the fluorogenic substrate C12RG
(40), reduced phosphorylated Rb, and a concomitant decrease in

A MP MPB B
o CXCL10+
ns N gy
120 E CCL-5. IL-6¢
= £
5% -~ 5
D 4 >
9 . 2 2
2 k)
N . o od
© 0 1 2
Veh Cis Veh Cis Cis vs Veh in MP (FC)
C Lo D E
_ #1004 FH
3 . o UWB1 30 < 8
~ 304 3 >
2 S °
8 5 2, o 60
5 207 el e 8 E
2 —< =3 + < 40
g A ] 3 s
g 10+ ol @ c 20
< Py #7447, . P (<)
w (&) 7 LI 2
0 L e | 0 3 0 S &
- -+ - + Cis v
Ccl5 Cxcl10 0%9 S
2
F Cell Cycle Senescence SASP Cytosolic DNA sensing
(KEGG) (Tasdemir et al.) (Ruscetti et al.) (KEGG)
7.2 ns ns ns _ns $ Pre-treat
ns ns 8.0 ns 7.2 ns ' )
7.00 . . $ Resistant
. ©78) S 70 K £&] Sensitive

Score

) N
M o . . 3
°le %] L O 6.8
R == o
T ? g : 6.6 .

. . 6.5 - .
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(y axis) cell lines treated with cisplatin relative to vehicle (n = 2 independent cell lines per genotype). (C) RT-gPCR analysis of Cc/5 and Cxc/10 in cisplatin-
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Ki67 staining compared to MP controls after short-term cisplatin
treatment (Fig. 34). Apparently, Brcal mutations sensitize ovarian
tumor cells to cisplatin-induced senescence.

Senescence is a potent tumor suppressive mechanism that
involves a stable proliferative arrest coupled to a secretory program
known as the senescence-associated secretory phenotype (SASP)
(41). The SASP alters the tumor microenvironment (TME),
where it can modulate extracellular matrix, tumor vasculature,
and the functionality of immune cells (42, 43) that, in some
instances, produces an inflammatory TME (44, 45). To examine
SASP in our system, we performed cytokine array analysis on a
series of cisplatin-treated MP and MPBI cell lines. Out of the 44
factors assessed in this panel, Ccl5, Cxcl10, and Il6 were the most
significantly increased in the Brcal-deficient cells (Fig. 3B) and
this correlated with increased mRNA expression in several
MPBI cell lines (SI Appendix, Fig. S3F) and in an isogenic setting
in which Breal was disrupted in MP tumor cells following in vitro
establishment (SI Appendix, Fig. S3G). Taxol, another frontline
chemotherapy used for HGSOC treatment, also induced a simi-
lar cytokine profile in MPB1 tumor cells (SI Appendix, Fig. S3H).
Interestingly, the SASP profile detected in MPBI cells following
chemotherapy treatment was more restricted than has been
observed in other contexts (44, 45), showing predominant secre-
tion of immune modulatory cytokines and no endothelial cell
regulatory factors. Accordingly, we did not detect obvious
changes in tumor vasculature as assessed by CD31 immunofluo-
rescence (IF) following cisplatin treatment (SI Appendix, Fig.
S3I).

We also examined cisplatin responses in human cancer cells
and patients. We analyzed the BRCAI-mutant UWB1.289 cell
line along with its isogenic counterpart with forced expression of
the BRCAI WT gene (46). Cisplatin treatment led to induction
of CCL-5 and CXCL-10 in the BRCAI-mutant cells, which was
dampened by forced expression of BRCAI-WT (Fig. 3C). The
BRCAI-mutant cells showed a more pronounced senescence
response, as evaluated by increased SA-f-gal activity and a
decreased colony-forming potential following cisplatin treat-
ment (Fig. 3 D and E). Additionally, a well-characterized
BRCAI-deficient breast cancer cell line (47) was also more
prone to cisplatin-induced senescence than a BRCAI-proficient
counterpart (SI Appendix, Fig. S3 J and K). In patients, a
retrospective analysis of RNA-seq data from matched pre- and
posttreatment samples (48) showed an enrichment for gene sig-
natures linked to senescence and SASP posttherapy (S/
Appendix, Fig. S3L) with CCL-5 and IL-6 being among the most
enriched genes in these signatures. Furthermore, in a dataset
where outcomes were known (49, 50) (GSE15622), expression
of senescence signatures was higher in the sensitive tumors (Fig.
3F). We also observed higher expression of transcripts linked to
the cytosolic DNA-sensing pathway in sensitive tumors, which
has previously been associated with senescence (51). While this
dataset did not allow for classification of patients based on
BRCA or HR status, it is consistent with the notion that senes-
cence induction improves outcomes in HGSOC patients. Thus,
Brcal loss is sufficient to predispose ovarian cancer cells to
induction of a chemotherapy-induced senescence program that
appears associated with improved outcomes in patients.

Cisplatin Treatment Leads to a cGas/STING-Dependent Infiltration
of T and Natural Killer (NK) Cells in HR-Deficient Tumors. Ccl5,
Cxcl10, and 116 are immune modulatory cytokines and members
of the Interferon Stimulated Genes (ISG) family that act down-
stream of cGAS/STING signaling (52) and are often associated
with the SASP (53, 54). cGAS is an intracellular innate immune
sensor of cytosolic double-stranded DNA (55) that can be acti-
vated by nucleic acids present in micronuclei and can increase in
cells with rampant genome instability (56). Breast and ovarian
cancers harboring BRCA mutations have been shown to harbor
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high levels of micronuclei and cGas/STING activity (57, 58). In
agreement, cultured MPB1 tumor cells displayed a trend toward
more micronuclei than MP tumor cells, a difference that was
exacerbated following cisplatin treatment (Fig. 44). A similar
increase was seen in DNA damage as evaluated by yH2AX
staining (Fig. 4B). These effects correlated with a genotype-
specific difference in immune infiltrates of transplanted tumors
following cisplatin therapy. Specifically, MPB1 tumors showed a
substantial increase in T and NK cells (Fig. 4 C and D) and a
marked reduction of M2-like macrophages compared to MP
controls (SI Appendix, Fig. S4 A-C).

To test whether the ¢cGas/STING pathway contributed to the
observed genotype-specific effects on drug responses, we gener-
ated two independent ShRNAs capable of suppressing cGas
expression (SI Appendix, Fig. S4D), transduced these into MPB1
tumor cells, and examined their impact on senescence and
tumor phenotypes following cisplatin treatment. While cGAS
suppression did not prevent drug-induced proliferative arrest or
the appearance of senescence markers (SI Appendix, Fig. S4
E-G), it substantially reduced Ccl5, CxclI0, and II6 expression
(Fig. 4E and SI Appendix, Fig. S4H). In vivo, cGas/STING sup-
pression blunted the therapy-induced accumulation of Tand NK
cells in transplanted MPB1 tumors (Fig. 4 F and G), while hav-
ing no effect on myeloid cell infiltration (SI Appendix, Fig. S4
I-K). These data are consistent with a model whereby preferen-
tial induction of cisplatin-induced senescence in Brcal-deficient
tumor cells contributes to cGas/STING activation and the estab-
lishment of a proinflammatory TME.

Brcal Loss Sensitizes Tumors to Chemo and ICB Combination
Therapy. Tumors displaying an inflamed microenvironment
often up-regulate molecules that blunt antitumor immunity, a
phenomenon that can also occur following cisplatin treatment
(59, 60). Accordingly, cisplatin treatment induced cell surface
expression of the immune checkpoint molecule PD-L1 on
immune and tumor cells in MBP1 (but not MP) tumors (S/
Appendix, Fig. S5 A and B). In patients and in a range of pre-
clinical models, such a scenario often predicts increased tumor
sensitivity to ICB (61). Accordingly, treatment outcomes were
examined in MP or MPB1 EPO-GEMMs or mice harboring
syngeneic subcutaneous or i.p. tumors generated by transplan-
tation of EPO-GEMM-—derived tumor cells. Of note, the i.p.
context mimics the clinically relevant context of disseminated
disease after surgical resection of the primary tumor.

In line with recent findings showing HGSOC patients receive
little if any clinical benefit from ICB monotherapy (12), neither
MP nor MPBI tumors showed appreciable responses to
anti-PD-1 therapy. In contrast, MPB1 tumors responded more
effectively to cisplatin and anti-PD-1 combination therapy com-
pared to MP tumors, in all three tumor settings (Fig. 54 and B
and SI Appendix, Fig. S5 C-F). This increased responsiveness
was associated with an increase in the number of tumor-
infiltrating CD8* T cells that expressed the activation marker
Granzyme B (Fig. 5C). Interestingly, cGas suppression in Brcal-
deficient tumors curtailed the responsiveness to combination
therapy, but not single chemotherapy treatment, resulting in
reduced clearance of senescent cells (Fig. 5 D and E). These
data demonstrate that chemo- and immunotherapy uniquely
synergize in Brcal-deficient EPO-GEMM tumors, whereas
cGas/STING activation plays an important role in immune cell
recruitment and clearance of senescent cells but is not necessar-
ily required for primary chemotherapy response.

While many ovarian cancer patients initially respond to
treatment, most patients eventually develop resistance. To study
the process of disease relapse in previously responding tumors,
we generated a cell line from a Brcal-mutant EPO-GEMM
tumor that progressed following treatment with cisplatin and
anti-PD-1 antibody and tested responsiveness to cisplatin
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(n = 8 to 12 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant; mean + SEM; analyses performed using unpaired t test (A-G).

therapy in vitro and to cisplatin and anti-PD-1 combination
therapy in vivo following subcutaneous injection into syngeneic
recipients. Interestingly, tumors formed by these cells did not
respond to the combination of cisplatin and ICB in vivo (Fig.
SF), an effect that correlated with a reduced propensity to
undergo senescence (Fig. 5G) and induce SASP (Fig. 5H).
While loss of 53BP1 can restore error-free DNA repair in
Brcal-mutant cells (62), 53BP1 foci were still induced upon cis-
platin treatment (S/ Appendix, Fig. S5G) implying that this
mechanism is not responsible for therapy resistance in our
system. These data underscore the role of therapy-induced
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senescence as a mediator of response and resistance to
platinum-based chemotherapy in HR-deficient ovarian cancer
and its potential to sensitize these tumors to ICB.

Discussion

HGSOC is a genetically unique tumor type that almost uniformly
develops resistance to conventional, targeted, and immune thera-
pies. In this study, we produced a flexible nongermline-based
mouse model that recapitulates the genetic, histological, and
molecular features of human HGSOC. We illustrate its use for
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Fig. 5. Brcal loss sensitizes tumors to chemo and ICB combination therapy. (A and B) Kaplan-Meier survival curve of MP (A) or MPB1 (B) EPO-GEMM
mice treated with the indicated drugs. Treatment was initiated after tumors were detected by abdominal palpation (n = 4 to 9 mice per group). (C) Rep-
resentative IF staining and quantification (mean number of cells per field + SEM, P < 0.05) of subcutaneously transplanted MPB1 ovarian tumors treated
with indicated treatments (n = 5 fields for two independent tumors). (Scale bar, 20 um.) (D) Tumor growth over time of transplanted MPB1 cell lines con-
taining control Renilla (shRen, Top) or cGas shRNAs (shcGas, Bottom) with vehicle, cisplatin, or cisplatin + ICB (n = 5 to 6 mice per group). (E) Staining and
quantification of C12RG, a fluorogenic substrate for SA-p-gal activity, in tumors treated as in D (n = 3). (Scale bar, 20 pm.) (F) Tumor growth of trans-
planted MPB1 or resistant MPB1 (MPB1_res) cell lines treated with vehicle or cisplatin + ICB (n = 5 to 6 mice per group). (G) SA-p-gal staining (Left) and
quantification (Right) of MPB1 or MPB1_res cell lines treated with vehicle or cisplatin for 6 d (n = 3). (Scale bar, 50 pm.) (H) RT-gPCR analysis of Cc/5 and Cxc/10 in
MPB1 or MPB1_res cell lines (n = 3 technical replicates). Expression ratio of cisplatin treated relative to vehicle treated is shown. *P < 0.05, **P < 0.01, ***P < 0.001,
ns: not significant; mean + SEM; analyses performed using log-rank test (A and B), unpaired t test (C and £-H), and one-way ANOVA (D).
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studying genetic interactions during tumorigenesis and exploring
molecular mechanisms that dictate treatment response. Our
results add to previous work showing that HR defects can produce
distinct tumor phenotypes and vulnerabilities (63, 64), and
link a chemotherapy-induced senescence program to thera-
peutic outcome.

We believe that the EPO-GEMM approach described herein
provides a platform that will revolutionize preclinical HGSOC
research. While traditional germline models offer similar capabil-
ities, they are simply too time consuming and asynchronous to be
a workhorse system. By contrast, the EPO-GEMM approach
enables the production of autochthonous tumors in immunocom-
petent mice that naturally disseminate, enabling the relatively
synchronous production of cohorts of tumor-bearing mice simply
from a set of plasmids and commercially available immunocom-
petent WT mice. While the use of lineage-specific Cas9 or CRE
transgenes allows for the control of the cell of origin, electropora-
tion of the ovary and fallopian tube of WT mice produces epithe-
lial tumors that resemble human HGSOC, similar to what was
observed in cell line studies (28). As such, the approach can be
applied to any strain of recipient mice, enabling the study of the
influence of host factors on tumor trajectories.

Our study is complementary to a recent report that also used
tissue electroporation to generate immune-competent ovarian
cancer models (65). While the methods used in both studies
are conceptually similar, they differ in the choice of oncogenic
lesions, latency, and spontaneous metastatic spread in WT
hosts. Furthermore, our study incorporates transgene vectors
for oncogene expression and confirms that the resulting tumors
are of epithelial origin and display molecular similarities to the
human disease. By incorporating MYC overexpression and
Breal disruption into the platform, we substantially accelerate
tumor onset and enable modeling of clinically important
HR-deficient tumors. Collectively, these approaches provide a
powerful orthogonal system to ovarian cancer models produced
from tumor-derived cell or organoid lines (15-19, 66-68).

Our results implicate a cellular senescence program as an
important component of response and resistance in HGSOC.
Previous work suggests that senescence-inducing therapeutics can
stimulate a SASP-dependent remodeling of the TME that, in
some instances, leads to senescent cell clearance or sensitizes
tumor cells to immune recognition following checkpoint blockade
(44, 45). By contrast, in other settings, treatment-associated
SASP programs can stimulate tumor relapse and dissemination
(69). Herein, we show that the ability of cisplatin or taxol to
induce senescence in ovarian cancer cells depends on tumor
genotype, being substantially more pronounced following treat-
ment of Brcal-deficient (compared to Brcal-proficient) ovarian
tumors. In turn, this leads to an increase in micronuclei and a
cGas/STING-mediated SASP that alters immune cell infiltrates
and sensitizes the Brcal-deficient tumors to ICB.

Consistent with the importance of the senescence program
in therapy response, senescence signatures can be detected in
posttreatment samples from HGSOC patients. Moreover,
tumors derived from a Brcal-deficient cancer that progressed
on treatment lose their ability to induce senescence and SASP
upon cisplatin treatment, leading to resistance to cisplatin in
combination with ICB. Interestingly, the increased propensity
of Brcal-deficient tumors to undergo senescence and/or acti-
vate the cGas/STING pathway appears to extend to other
agents, as Brcal-deficient models of breast and ovarian cancer
treated with PARP inhibitors or, as shown here, taxol show sim-
ilar behaviors (70-74). As such, senescence induction may
underlie the improved response of HR-deficient tumors to
genome destabilizing therapies in the clinic.

In our system, the SASP program triggered by cisplatin ther-
apy in Brcal-deficient ovarian tumors was limited to Ccl5,
Cxcll0, and 116 of the factors examined. cGas suppression
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efficiently suppressed SASP induction and sensitization to ICB
following cisplatin treatment yet had no effect on treatment
outcomes following cisplatin monotherapy. This implies that
SASP is sufficient to sensitize tumor cells to ICB and, in agree-
ment, injection of SASP-activated tumor cells sensitizes an
immunologically cold murine ovarian model to ICB (75),
whereas CCLS suppression in another model attenuates T cell
inflammation (73). While it remains possible that senescence
and cGas/STING-dependent cytokine induction are parallel
processes, they imply that potent antitumor responses require
both cell-intrinsic senescence induction and TME modulation.

Although HR deficiency can increase tumor immunogenicity
(76), BRCA1/2 mutations have no effect on the response to ICB
monotherapy in HGSOC patients (6, 7, 12). Our model recapitu-
lates these findings: Brcal-deficient tumors displayed an increase
in immune infiltration pretreatment yet are nonresponsive to
ICB. By contrast, our results imply that frontline chemotherapy
or PARP inhibitors should sensitize HR-deficient tumors to
checkpoint blockade, yet clinical trials to date fail to validate
such hypersensitivities as universally operative in patients
(77-80). Instead, these trials identify tumor positivity for PD-L1
and CD8 expression—features of the Brcal-deficient tumors
studied herein—as biomarkers of a combinatorial response (81).
It seems likely that the disparate outcomes between the human
and animal studies reflect the longer course of tumor evolution
in patients, which may further degrade components of the senes-
cence machinery. Accordingly, we see that Brcal-deficient tumor
cells that acquire senescence defects are nonresponsive to the
chemotherapy/ICB combination. Future studies incorporating
the flexible features of the EPO-GEMM approach will enable
the further dissection of mechanisms that dictate ovarian cancer
response and resistance and, more broadly, expedite investiga-
tion of other clinically relevant aspects of this disease.

Materials and Methods

Below is an abbreviated summary of the materials and methods used. More
details can be found in S/ Appendix, Supplementary Methods.

Generation of EPO-GEMMs. The 8- to 12-wk-old WT C57BL/6, or transgenic
CK8-CreER;LSL-Cas9-IRES-GFP female mice, were anesthetized with isofluor-
ane, and the surgical site was scrubbed with a povidone-iodine scrub (Beta-
dine) and rinsed with 70% alcohol. The target organ was accessed from the
left flank, as this allowed for the more readily stabilization of the organ for
electroporation than accessing it from the back. After opening the skin and
peritoneum, the left ovary and oviduct were exteriorized. A total of 25 pL of a
plasmid mix (details in S/ Appendlix, Table S1) was injected under the ovarian
bursa using a 30-gauge syringe, which led to the formation of a round, liquid-
containing bubble. Tweezer electrodes were tightly placed around this
“injection bubble.” Two poring pulses of electrical current (50 V) given for
30-ms lengths at 450-ms intervals and five transfer pulses (60 V, 50-ms length,
450-ms intervals) were then applied using an in vivo electroporator (NEPA-
GENE NEPA21 type Il electroporator) (22). After successful electroporation,
the peritoneal cavity was rinsed with 500 pL of prewarmed saline. Then, the
peritoneal cavity was sutured, and skin staples were used to close the skin.
Until they awoke, mice were kept at 37 °C, and postsurgery pain management
was done with buprenorphine injections for 3 d. Tumor formation was
assessed by abdominal palpation and ultrasound imaging. Tumors were iso-
lated at a humane endpoint.

Characterization of EPO-GEMM Tumors. Histopathological features of EPO-
GEMM primary tumors and metastases were assessed by a trained veterinary
pathologist (J.E.W.) and their relationship to human HGSOC was determined
by immunohistochemistry for relevant markers and through bulk RNA
sequencing of tumor tissue. Tumors were shown to harbor intended lesions
using Sanger sequencing of the CRISPR-Cas9-induced scar and immunoblot-
ting for MYC. Tumor clonality was analyzed using next-generation DNA
sequencing of the Trp53 amplicon and sparse whole-genome sequencing was
used to characterize CNAs (32, 82). Flow cytometry was performed to evaluate
tumor immune infiltration.
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EPO-GEMM Cell Line Generation. For cell line generation, a tumor piece was
minced with a razorblade into small pieces, placed in 5 mL of prewarmed col-
lagenase V buffer (1 pg/mL, Sigma-Aldrich), and incubated at 37 °C for 30 min.
Dissociated tissue was washed once with phosphate buffered saline, filtered
through a 70-um cell strainer and centrifuged at 1,500 rpm for 5 min. Cells
were plated on 10-cm culture dishes coated with 100 pg/mL collagen (PureCol
5005; Advanced Biomatrix). Primary cultures were passaged at least three
times to remove fibroblast contamination. All ovarian cancer cell lines were
maintained in a humidified incubator at 37 °C with 5% CO, and grown in
Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine
serum and 100 1U/mL penicillin/streptomycin. All cell lines used in this study
tested negative for Mycoplasma. Cell lines were validated to carry the correct
genotype and to have tumor-initiating capabilities following subcutaneous
and i.p. injection. Multiple tumor-derived cell lines were confirmed to produce
consistent treatment response patterns in vitro.

Characterization of Cellular Senescence and cGas/STING Response. Assays to
evaluate cellular senescence involved SA-p-gal staining (42) and replating
assays after drug withdrawal. SASP profiles were assessed using murine cyto-
kine arrays (Eve Technologies) and RT-gPCR. Micronuclei were visualized and
quantified by nuclear DAPI staining. The DNA-damage response was deter-
mined using IF for 53BP1, yH2AX, and Rad51 (18). The role of the cGas/STING
pathway was assessed by transducing cells with two independent cGas shRNAs
validated for knockdown and compared to a well-established control shRNA.

Human Cell Line and Tumor Analyses. UWB1.289, UWB.289 + BRCA1, MDA-
MB-231, and MDA-MB-436 cell lines were purchased from American Type Cul-
ture Collection and cultured according to instructions. CBioPortal.org was
used to plot the frequency of mutations, amplifications, and/or deletions in
genes of interest in HGSOC patients from various datasets. To evaluate senes-
cence signatures in human tumor samples, senescence signatures were
derived from KEGG and previously published works (44, 83). TPMs (transcripts
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per million) normalized expression data were used to calculate geometric
mean score as the senescence signature scores.

Statistics. Statistical analyses were performed using Prism 6 software (GraphPad
Software) as described in the figure legends. Statistically significant differences
(P < 0.05) are indicated with asterisks, accompanied by P values in the legends.
Statistical significance was determined by Student's t test, one-way ANOVA, log-
rank test, Pearson’s correlation, or Wilcoxon signed-rank test. Survival was mea-
sured using the Kaplan-Meier method. Error bars indicate SEM. Unless otherwise
stated, the indicated sample size (n) represents biological replicates. All samples
that met proper experimental conditions were included in the analysis.

Data Availability. RNA-sequencing data have been deposited in Gene Expres-
sion Omnibus (GSE181651).
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Figure S1: EPO-GEMM approach generates high-grade serous ovarian cancer that is of
epithelial origin. (A-B) Representative immunohistochemical staining of a Trp53;Pten;Rb EPO-
GEMM ovarian tumor (A) and a corresponding micrometastasis in the omentum (B) for the HGSOC
markers CK7, WT1, Pax8 and Ki67. Scale bar 20 um. (C) Sanger sequencing confirming editing of
the respective gene loci targeted by the indicated CRISPR-Cas9-sgRNAs in a Trp53;Pten;Rb EPO-
GEMM ovarian tumor compared to an unmodified wild-type (WT) tissue. (D) Clonality analysis of
two representative paired primary tumors (OV) and omentum metastasis (Met). Percentage of
reads of the dominant clones was derived by deep sequencing of the Trp53 amplicon. (E)
Frequency plot of CNA analysis of Trp53;Pten;Rb (PPtRb, n=3) and Trp53;Pten (PPt, n=2) EPO-
GEMM ovarian tumors. (F) Representative immunohistochemical staining of a Trp53;Pten;Rb
EPO-GEMM ovarian tumor for MYC. Scale bar 20 uym. (G) Schematic of the EPO-GEMM approach
in CK8-CreER;LSL-Cas9-IRES-GFP mice. Tamoxifen is given to excise the Stop-cassette to drive
Cas9 expression in Ck8-positive cells. A MYC transposon vector, a transposon vector harboring a
sgRNA targeting Trp53 (sgp53), and a Sleeping Beauty transposase (SB) are delivered into the
ovary of CK8-CreER-Cas9 mice by direct in vivo electroporation. (H) Representative
immunofluorescence staining of the oviduct of a CK8-CreER;LSL-Cas9-IRES-GFP mouse one
week after Tamoxifen treatment. (I) Macroscopic GFP expression in MP tumors generated by in
vivo tissue electroporation of a WT mouse (left) or a CK8-CreER;LSL-Cas9-IRES-GFP mouse
(right). (J) Representative immunohistochemical staining of MP EPO-GEMM ovarian tumors
generated in CK8-CreER;LSL-Cas9-IRES-GFP mice. Scale bar 20 ym. (K) Comparison of top
enriched (left, red) and depleted (right, blue) Hallmark genesets derived from RNA-seq data in MP

and CK8-MP EPO-GEMM tumors compared to normal tissue. Star indicates p-value < 0.05.
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Figure S2: HR deficiency drives tumors with increased T-cell infiltration and improved
therapy response. (A) Plasmid combination used to induce HR-deficient EPO-GEMM tumors. (B)
Kaplan-Meier survival curve of C57BL/6 mice electroporated with the indicated combinations of
plasmids. (C) Representative H&E staining of a MPB1 EPO-GEMM tumor. Scale bar 5000 pm
(top), 100 um (bottom). (D) Sanger sequencing confirming editing of the Trp53 and Brca1 gene loci
targeted by the indicated CRISPR-Cas9 sgRNAs in a MPB1 EPO-GEMM ovarian tumor. (E)
Analysis of the T cell infiltrate of representative EPO-GEMM tumors of the indicated genotypes by
flow cytometry (n=5-8 mice per group). (F) Schematic of transplantation approach of EPO-GEMM
derived cell lines. (G) Relative tumor size of subcutaneously transplanted MP or MPB1 tumor cell
lines treated with vehicle or cisplatin (n=5 mice per group). (H) Kaplan-Meier survival curve of mice
after i.p. transplantation of MP or MPB1 tumor cell lines and treatment with vehicle or cisplatin (n=5
mice per group). Mice were randomized according to luciferase signal before treatment initiation.

*p < 0.05, **p < 0.01, **p =< 0.001, ns: not significant; Mean + SEM; Analyses performed using

unpaired t test (E, G) and log-rank test (H).
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Figure $3: Chemotherapy treatment induces senescence and SASP in HR-deficient HGSOC.
(A) IC50 values of MP or MPB1 cell lines treated with cisplatin. Cell viability was calculated relative
to vehicle-treated control cells, measured with CellTiter-Glo assay 72h after treatment (n = 4-5).
(B) Quantification of live (Annexin-V-, PI), apoptotic (Annexin-V*, PI') or dead (Annexin-V*, PI¥)
cells in MP or MPB1 cell lines after 24, 48 or 72 h of cisplatin treatment (n = 3). (C) Representative
immunohistochemical staining and quantification of cleaved caspase-3 (CC3) signal in
subcutaneously transplanted MP or MPB1 ovarian tumors after two cycles of cisplatin treatment (n
= 3). Scale bar 40 ym. (D) SA-3-gal staining of cell lines treated with vehicle or 1 uM cisplatin for 6
days (n = 2 independent cell lines per genotype with n = 3 technical replicates). Scale bar 50 ym.
(E) Clonogenic crystal violet (CV) assay of MP or MPB1 cells replated in the absence of drugs after
6-day pretreatment as in (D) (n = 3 independent cell lines per genotype). (F) RT-gPCR analysis of
Ccl5, Cxcl10 and /16 in MP or MPB1 cell lines. Expression ratio of cisplatin-treated relative to
untreated is shown. Each point represents a cell line derived from a different mouse tumor (n = 3).
(G) RT-gPCR analysis of Ccl5, Cxcl10 and /16 in MP cell lines transfected with control or Brca1-
targeting sgRNA. Expression ratio of cisplatin-treated relative to untreated is shown. The different
patterns represent a cell line derived from a different MP mouse tumor, in which Brcal was
knocked-out after cell line establishment (n = 3 technical replicates per independent line). (H) RT-
gPCR analysis of Ccl5 and Cxc/10 in MP or MPB1 cell lines treated with 50 nM Taxol. Expression
ratio of treated relative to untreated is shown (n = 3). (I) IF staining and quantification of CD31*
blood vessels of transplanted tumors after two cycles of cisplatin treatment (n = 3). Scale bar 20
um. (J) SA-B-gal staining (left) and quantification (right) of either BRCA1 wild-type (WT) (MDA-MB-
231) or -mutant (MDA-MB-436) human breast cancer cell lines after treatment with vehicle or
cisplatin for 6 days (n = 3). Scale bar 50 ym. (K) Clonogenic crystal violet (CV) assay of human
BRCA-WT or -mutant breast cancer cells replated in the absence of drugs after 6-day pretreatment
as in (J) (n = 3). (L) Gene set enrichment analysis (GSEA) comparing expression of senescence
and SASP signatures in patients after and before chemotherapy treatment in a human ovarian

cancer dataset (Jiménez-Sanchez et al. 2020).
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*p < 0.05, **p < 0.01, **p =< 0.001, ns: not significant; Mean + SEM; Analyses performed using

unpaired t-test (A, C, E-K), one-way ANOVA (D) and Wilcoxon signed-rank test (L).
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Figure S4: cGas knockdown does not alter the myeloid immune compartment or cell-
intrinsic senescence response. (A-C) Infiltration of macrophages (A) and percentages of M1-like
(CD206-, CD80+) (B) and M2-like (CD206+, CD80-) (C) macrophages in subcutaneously
transplanted MP or MPB1 ovarian tumors after treatment with 2 cycles of cisplatin (n = 5-6 mice
per group). (D) RT-gPCR analysis of cGas in MPB1 cell lines containing control Renilla (shRen) or
cGas shRNAs (shcGas) shRNAs targeting (n = 3). (E) Clonogenic assay of MPB1 cell lines
containing control Renilla (shRen) or cGas (shcGas) shRNAs (n = 3). (F) SA-R-gal staining of MPB1
cell lines containing control Renilla (shRen) or cGas (shcGas) shRNAs after treatment with vehicle
or cisplatin for 6 days (n = 3). Scale bar 20 um. (G) Clonogenic crystal violet (CV) assay of MP or
MPB1 cells replated in the absence of drugs after 6-day pretreatment as in (F) (n = 3). (H) RT-
gPCR analysis of Ccl5, Cxcl10 and /6 in MPB1 cell lines containing control Renilla (shRen) or cGas
(shcGas) shRNAs. Expression ratio of cisplatin-treated relative to untreated is shown (n = 3). (I-K)
Infiltration of macrophages () and percentages of M1 (J) and M2 (K) macrophages in transplanted
shRen or shcGas MPB1 ovarian tumors after treatment with 2 cycles of cisplatin (n = 4-5 mice per
group).

*p < 0.05, **p < 0.01, **p < 0.001, ns: not significant; Mean + SEM; Analyses performed using

unpaired t-test (A-C, E-K) or one-way ANOVA (D).
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Figure S5: Treatment response of HR-proficient and -deficient HGSOC after treatment with
chemotherapy and ICB. (A+B) Representative MFI plot (left) and quantification (right) of PD-L1
expression on tumor cells (CD45-negative) (A) or immune cells (CD45-positive) (B) from
subcutaneously transplanted MPB1 ovarian tumors treated with vehicle or cisplatin (n = 5-6 mice
per group). (C+D) Tumor growth of subcutaneously transplanted MP (C) or MPB1 (D) tumors
treated with vehicle, ICB, cisplatin or cisplatin + ICB (n = 5 mice per group). (E+F) Kaplan-Meier
survival curve of MP (E) or MPB1 (F) tumors generated by i.p. injection (n = 4-6 mice per group).
Mice were randomized according to luciferase signal before treatment initiation. (G)
Immunofluorescence staining of 53BP1 foci in MP and MPB1 cell lines treated with vehicle or
cisplatin for 72h. Scale bar 10 um.

*p < 0.05, **p < 0.01, **p < 0.001, ns: not significant; Mean + SEM; Analyses performed using

unpaired t-test (A-B), one-way ANOVA (C-D) and log-rank test (E-F).
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Supplementary Methods

Animal studies

Mice were maintained under specific pathogen-free conditions, and food and water were provided
ad libitum. Mice were purchased from Jackson laboratory. CK8-CreER (Van Keymeulen et al. 2011)
male mice were crossed with LSL-Cas9-IRES-GFP female mice to produce CK8-CreER;LSL-
Cas9-IRES-GFP female mice for generation of EPO-GEMMs. All mouse experiments were
approved by the Memorial Sloan-Kettering Cancer Center (MSKCC) Internal Animal Care and Use

Committee.

Ultrasound and bioluminescence imaging

High-contrast ultrasound imaging was performed on a Vevo 2100 System with a MS250 13- to 24-
MHz scanhead (VisualSonics) to stage and quantify ovarian EPO-GEMM tumor burden. Tumor
volume was analyzed using Vevo LAB software.

For visualizing ovarian tumor cells with luciferase, luciferase-blasticidin (Luc-Blast) constructs were
cloned into MSCV-based vectors and retroviruses were packaged by co-transfection of Gag-Pol
expressing 293 T cells with expression constructs and envelope vectors (VSV-G) using the
Lipofectamine method (Thermo Fisher). Following transduction, cells were selected with Blasticidin
S (10 pg/ml; Life Technologies) for 5 days. Bioluminescence imaging was used to track luciferase
expression in tumor cells expressing the Luc-Blast reporter. Mice were injected i.p. with luciferin (5
mg/mouse; Gold Technologies) and then imaged on a Xenogen IVIS Spectrum imager
(PerkinElmer) 10 minutes later for 30 s. Quantification of luciferase signaling was analyzed using

Living Image software (Caliper Life Sciences).

Preclinical drug studies

For preclinical treatment studies, EPO-GEMM mice were monitored for tumor development by
palpation or ultrasound and randomized into treatment groups. For subcutaneous studies, EPO-
GEMM derived cell lines were resuspended in Matrigel (BD Biosciences) and injected in the

subcutaneous space. Following inoculation, mice were monitored three times a week. Caliper
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measurements began when tumors became visible. Tumor volume was calculated using the
following formula: tumor volume = (D x d?)/2, in which D and d refer to the long and short tumor
diameter, respectively. When tumors reached a size of 100-150 mm?3, mice were randomized based
on starting tumor volume and enrolled into treatment groups. Tumor size and mouse weights were
recorded three times weekly. Experimental endpoints were achieved when tumors reached 2000
mm?3 or became ulcerated. For i.p. studies, 1 to 2.5 million cells of EPO-GEMM derived cell lines
carrying a luciferase reporter were resuspended in PBS and injected into the i.p. space in a volume
of 200 ul. Tumor volume was monitored using IVIS imaging and mice were randomized based on
starting tumor signal.

Mice were treated with vehicle or cisplatin (3 mg/kg body weight) by i.p. injection once a week. Anti-
PD-1 antibody (200mg/mouse; RMP1-14, BioXCell) was given 3 times per week i.p. alone or in
combination with cisplatin. No obvious toxicities were observed in vehicle- or drug-treated animals
as assessed by changes in body weight. Upon sacrifice, ovarian tumor tissue was allocated to
either 10% formalin fixation, flow cytometry analysis on fresh tissue or snap frozen for DNA/RNA

analysis.

DNA constructs for electroporation
The Sleeping Beauty transposase (SB13) and the pT3 transposon vector were a generous gift of
Dr. Xin Chen, UCSF San Francisco. The pX330 vector was a gift from Feng Zhang (Addgene

plasmid # 42230). Table S2 provides the sgRNA sequences used in this study.

Clonality analysis of EPO-GEMM tumors

Genomic DNA was isolated from EPO-GEMM tumors using QIAGEN DNeasy Blood and Tissue kit
following manufacturer’s instructions. The p53 locus was amplified using a 50 pl reaction following
standard Q5 High Fidelity Master Mix (NEB) protocol (forward primer:
CAGAAGATATCCTGGTAAGG, reverse primer: CTACAGGCTGAAGAGGAACC). Amplicons
were confirmed on a 2% agarose gel and PCR purified using QIAGEN QIAquick PCR purification

kit. DNA concentration were measured using Nanodrop and samples were normalized to 20 ng/ul

129



and sequenced using EZ-amplicon sequencing (MiSeq, 2 x 250 bp by GENEWIZ, Inc, South

Plainfield, NJ, USA).

CNA inference

1 ug of bulk genomic DNA (gDNA) was extracted from ovarian tumors and tissue using the DNeasy
Blood & Tissue Kit (Qiagen) and sonicated using the Covaris instrument. Sonicated DNA was
subsequently end-repaired/A-tailed, followed by ligation of TruSeq dual indexed adaptors. Indexed
libraries were enriched via PCR and sequenced in multiplex fashion using the lllumina HiSeq2500
instrument to achieve roughly 1 million uniquely mappable reads per sample — a read count
sufficient to allow copy number inference to a resolution of approximately 400kb. For data analysis,
uniquely mapped reads were counted in genomic bins corrected for mappability. Read counts
where subsequently corrected for GC content, normalized, and segmented using Circular Binary
Segmentation (CBS). Segmented copy number calls are illustrated as relative gains and losses to

the median copy number of the entire genome.

Tumor RNA-sequencing (RNA-seq)

For RNA-seq analysis of the transcriptional profiles of EPO-GEMM ovarian tumors, as well as
normal ovaries of WT C57BL/6 mice, total RNA was extracted from bulk tissue using the RNeasy
Mini Kit (Qiagen). Purified polyA mRNA was subsequently fragmented, and first and second strand
cDNA synthesis performed using standard Illumina mRNA TruSeq library preparation protocols.
Double stranded cDNA was subsequently processed for TruSeq dual-index lllumina library
generation. For sequencing, pooled multiplexed libraries were run on a HiSeq 2500 machine on
RAPID mode. Approximately 10 million 76bp single-end reads were retrieved per replicate
condition. Resulting RNA-seq data was analyzed by removing adaptor sequences using
Trimmomatic (Bolger, Lohse, and Usadel 2014), aligning sequencing data to GRCm38.91(mm10)
with STAR (Dobin et al. 2012), and genome wide transcript counting using featureCounts (Anders,

Pyl, and Huber 2015) to generate a TPM matrix of transcript counts. Genes were identified as
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differentially expressed using R package DESeq2 with a cutoff of absolute log2(fold change) = 1
and adjusted p-value < 0.05 between experimental conditions (Love, Huber, and Anders 2014).
Clustering and Gene Set Enrichment Analysis (GSEA)

Principal component analysis was performed using the DESeq2 package in R. Gene expressions
of RNA-seq data were clustered using hierarchical clustering based on one minus pearson
correlation test. For pathway enrichment analysis, the weighted GSEA Preranked mode was used
on a set of curated signatures in the molecular signatures database
(http://www.broadinstitute.org/gsea/msigdb/index.jsp, MSigDB v7.0). From 22,596 signatures,
signatures with 15-500 genes were considered for further analyses. From the results, enriched
signatures with an adjusted p-value less than 0.05 were considered as statistically significant.
Hallmark and Kegg pathways were used to run GSEA on our murine EPO-GEMM models and

human patient data (Pearce et al. 2018), and -log1o(FDR) values were plotted in the XY plot.

Immunohistochemistry and immunofluorescence

Tissues were fixed overnight in 10% formalin, embedded in paraffin, and cut into 5 pym sections.
Haematoxylin and eosin (H&E), immunohistochemical and immunofluorescence stainings were
performed using standard protocols. Sections were de-paraffinized, rehydrated, and boiled in a
microwave for 15 minutes in 10 mM citrate buffer (pH 6.0) for antigen retrieval. Antibodies were
incubated overnight at 4°C. Primary antibodies are listed in Table S3. HRP-conjugated secondary
antibodies (Vectastain Elite ABC HRP Kits) were applied for 30 minutes and visualized with DAB
(Vector Laboratories; SK-4100), or secondary Alexa Fluor 488 or 594 dye-conjugated antibodies
(Life Technologies) applied for 1 hour at room temperature. Fluorescence antibody-labeled slides
were mounted with Prolong Gold Antifade mountant (Prolong Molecular Probes; P36934) after

counterstaining with DAPI.

In vitro cell assays

For knockdown studies, two independent MiRE-based shRNAs targeting cGas (shcGas1:

CGAAGAAGTTAAAGAAATCAAA, shcGas2: CTCGAAGAAAATTGAATATGAA) were cloned into
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MSCV-based vectors as described previously (Chicas et al. 2010). An shRNA targeting Renilla was
used as a control (Saborowski et al. 2014). Following transduction with shRNA retroviral constructs,
cell selection was performed with 4 ug/mL puromycin for 3 days. Knockdown efficiency was
evaluated by RT-qgPCR.

For cell viability assays, two thousand cells were plated in 100 pl of media per well of a black-walled
96-well plate (Perkin Elmer). The next day, media was changed, and cells were treated with drugs
for 72 hours. Following treatment, cell viability was assessed using the CellTiter-Glo Viability Assay
(Promega) according to the manufacturer’s protocol. ICso calculations were made using Prism 6
Software (GraphPad Software). Drugs for in vitro studies were dissolved in DMSO. Growth medium
with vehicle or drugs was changed every 3 days.

For drug withdrawal assays, cells were pretreated for 5-7 days with vehicle (DMSQO) or cisplatin,
and then replated (5 x 10° cells per well of 6-well plate) in the absence of drugs for 5 to 7 days.

Relative growth was quantified with Crystal Violet staining.

Senescence-associated beta-galactosidase staining

Senescence-associated beta-galactosidase (SA-B-gal) staining was performed as previously
described at pH 5.5 for mouse cells and tissue and pH 6 for human cells (Krizhanovsky et al. 2008).
Fresh frozen ovarian tumor sections, or adherent cells plated in 6-well plates, were fixed with 0.5%
glutaraldehyde in PBS for 15 minutes, washed with PBS supplemented with 1mM MgCI2, and
stained for 18-24 hours in PBS containing 1 mM MgCI2, 1 mg/ml X-Gal, and 5 mM each of
potassium ferricyanide and potassium ferrocyanide. Tumor tissue sections were counterstained
with eosin. For the fluorescent SA-B-gal labelling, frozen sections were incubated in 300 uM
chloroquine solution for 30 minutes at 37°C followed by exposure to the C12RG substrate
(ImaGene Red C12RG /acZ Gene Expression Kit, Molecular Probes, 12906) for 2 hours at 37°C.
The reaction was stopped by addition of 1 uM PETG. Slides were fixed with 4% PFA for 10 minutes
at room temperature. 5 high power fields per well/section were counted and averaged to quantify

the percentage of SA-B-gal* cells.
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Cytokine array

EPO-GEMM derived ovarian cancer cell lines were plated in 6-well plates and treated for 48h with
vehicle or cisplatin at IC50 concentrations. Conditioned media was collected, and the cells were
trypsinized and counted using a cellometer (Nexcelom Biosciences). Conditioned media samples
were normalized based on cell number by diluting with complete DMEM. 50 pl aliquots of the
conditioned media were analyzed using multiplex immunoassays (Mouse Cytokine/Chemokine
Array 31-Plex) from Eve Technologies. Biological replicates were averaged to determine cytokine

levels.

Micronuclei quantification

Cells were seeded on chamber slides. Following vehicle or cisplatin treatment, the cells were
washed and fixed in 4% formaldehyde/PBS for 10 minutes at room temperature. For confocal
microscopy, cells were mounted on coverslips using ProLong Gold antifade reagent with DAPI

counterstaining (#P36935, Life Technologies). Images were analyzed using ImageJ/Fiji software.

Rad51 assay

Cells were irradiated with a 10 Gy dose of ionizing radiation (IR) and allowed to recover for 4 hr.
Cells were fixed with 4% solution of formaldehyde in PBS for 30 min and permeabilized in 0.2%
Triton X-100 in PBS** (PBS solution containing 1 mM CaCl2 and 0.5 mM MgCl2) for 20 min. For
blocking, cells were incubated for 30 min in staining buffer (1% BSA, 0.15% glycine and 0.1% Triton
X-100 in PBS*™). Cells were incubated with primary RAD51 antibody (70-001, BioAcademia,
1:5000) in staining buffer for 2h at room temperature followed by incubation of fluorophore-
conjugated secondary antibody for 1h at room temperature. Samples were mounted with Prolong
Gold Antifade mountant (Prolong Molecular Probes; P36934) after counterstaining with DAPI.

RAD51 foci were quantified with ImageJ/Fiji software.

Flow Cytometry
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To prepare single cell suspensions for flow cytometry analysis, tumors were minced with a
razorblade into small pieces and placed in 5 ml of pre-warmed collagenase buffer (1x HBSS with
calcium and magnesium (GIBCO), 2 mg/ml Collagenase D (11088858001; Sigma), 0.1 mg/ml
DNase | (DN25; Sigma)). Samples were then transferred to C tubes and processed using program
37C_m_TDK1_1 on a gentleMACSC Octo dissociator with heater (Miltenyi Biotec). Dissociated
tissue was filtered through a 70 um cell strainer and centrifuged at 1500 rpm for 5 minutes. Samples
were resuspended in FACS buffer (1x PBS, 2% FBS, 2 mM EDTA) and 3 x 10° cells were seeded
in a U-bottom 96-well plate. Samples were blocked with anti-CD16/32 (FC block, BD Pharmigen)
for 10 minutes and then incubated with antibodies for 30 minutes on ice. In each experiment, a
myeloid and a lymphoid panel were set up. The antibodies used for flow cytometry are provided in
Table S4 and S5. Gates were set using fluorescence minus one (FMO) controls. Flow cytometry
was performed on a LSR Fortessa or LSR |l flow cytometer, and data were analyzed using FlowJo

(TreeStar).

RT-qPCR

Total RNA was extracted from cell lines treated with vehicle or cisplatin for 48h using the RNeasy
Mini Kit (QIAGEN). Complementary DNA (cDNA) was obtained using the TagMan reverse
transcription reagents (Applied Biosystems). Real-time quantitative PCR was performed in
duplicate or triplicate using SYBR Green PCR Master Mix (Applied Biosystems) on the ViiA 7 Real-
Time PCR System (Invitrogen). Expression was calculated using the AACt method, Gapdh served
as an endogenous normalization control. Table S6 indicates the primer sequences used for RT-

qPCR.

Figure Preparation

Figures were prepared using BioRender.com for scientific illustrations and lllustrator CC 2020

(Adobe).
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Supplementary Table S1: Overview of electroporation plasmid mixes

Mouse Strain Plasmid Mix Genotype
WT C57BL/6 20 ug sgTrp53/sgPten Cas9 pX330 vector PPtRb
20 ug sgRb Cas9 pX330 vector
WT C57BL/6 20 ug sgTrp53/Pten Cas9 pX330 vector PPt
WT C57BL/6 20 ug sgTrp53 Cas9 pX330 vector p53_only
WT C57BL/6 1 ug SB13 transposase MP
5 ug MYC transposon vector
20 ug sgTrp53 Cas9 pX330 vector
WT C57BL/6 1 ug SB13 transposase MPB1
5 ug MYC transposon vector
20 ug sgTrp53/Brcat Cas9 pX330 vector
CK8-CreER;LSL-Cas9- 1 pg SB13 CK8-MP

IRES-GFP

5 ug MYC transposon vector
20 ug sgTrp53 vector

Supplementary Table S2: sgRNA sequences

Gene sgRNA sequence

p53 ACCCTGTCACCGAGACCCC
Pten GTTTGTGGTCTGCCAGCTAA
Rb TGCGCGGGGTCGTCCTCCCG
Brcal_1 TGTTATCCAAGGAACATCGG
Brcal_2 GCAGCAGGAAATGGCTCACC
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Supplementary Table S3: Primary antibodies for IHC and IF

Antigen Manufacturer and catalogue number
MYC Abcam AB32072

Wilms-Tumor 1 Abcam AB89901

Cytokeratin-7 Abcam AB181598

Granzyme B Abcam AB4059

Ki67 Abcam AB16667

Cancer antigen 125 Abbiotec 250566

Pax8 Proteintech 10336

CD8 Ebioscience 4SM15

Cleaved Caspase3

Cell Signaling 9664

yH2AX

Millipore JBW301

53BP1

Novus Biologicals NB100-305

Supplementary Table S4: Antibodies used for flow cytometry analysis (myeloid panel)

Antigen Fluorophore Company Clone # Catalogue #
CD45 AF700 Biolegend 30-F11 103128
CD3 BUV737 BD 17A2 612803
Ly6G BV605 BD 1A8 563005
SIGLECF PerCp-Cy5.5 BD E50-2440 565526
LY6éC APC-C7 Biolegend HK1.4 128026
CD11b BUV395 BD M1/70 563553
CD11c BV785 Biolegend N418 117335
MHCII AF488 Biolegend M5/114.15.2 107616
F4/80 PE-eFluor610 ThermoFisher | BM8 61-4801-82
CD19 BV650 BD 1D3 563235
CD103 PE Biolegend 2E7 121405
PD-L1 APC Biolegend 10F.9G2 124312
CD80 BV421 Biolegend 16-10A1 104725
CD206 BV711 Biolegend C068C2 141727
Viability eFluor506 ThermoFisher | - 65-0866-18
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Supplementary Table S5: Antibodies used for flow cytometry analysis (lymphoid panel)

Antigen Fluorophore | Company Clone # Catalogue #
CD45 AF700 Biolegend 30-F11 103128
CD3 AF488 Biolegend 17A2 100210
CD4 BUV395 BD GK1.5 563790
CD8 PECy7 Biolegend 53-6.7 100722
CD25 BV605 Biolegend PC61 102035
CcD69 Percp-Cy5.5 Biolegend H1.2F3 104522
CD62L BV421 BD MEL-14 562910
CD44 ApC-Cy7 BD IM7 560568
PD1 PE Biolegend 29F.1A12 135206
NK1.1 APC Biolegend PK136 108710
TIM3 BV711 Biolegend RMT3-23 119727
LAG3 BV650 Biolegend Co9B7W 125227
KLRG1 BV785 Biolegend 2F1 138429
Viability eFluor506 ThermoFisher | - 65-0866-18

Supplementary Table S6: Primer sequences used for RT-qPCR

cGas_Fw GAGGCGCGGAAAGTCGTAA
cGas_Rv TTGTCCGGTTCCTTCCTGGA
Ccl5_Fw ATATGGCTCGGACACCACTC
Ccl5_Rv TCCTTCGAGTGACAAACACG
Cxcl10_Fw CCCACGTGTTGAGATCATTG
Cxcl10_Rv GTGTGTGCGTGGCTTCACT
IL6_Fw ACCAGAGGAAATTTTCAATAGGC
IL6_Rv TGATGCACTTGCAGAAAACA
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