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Abstract

Ovarian cancer, primarily diagnosed at advanced stages of the disease, is the most lethal of all
gynaecological malignancies, with a 5-year survival of only 45%. Increasing age and number of ovulations
are the primary non-hereditary risk factors, with the median age of onset being 63 years. Considering that
risk peaks upon onset of menopause and that 50% of all cases of ovarian cancer have non-ovarian origins,
it is believed that the physiological aging of the ovary renders it an appealing pre-metastatic niche.
Mutations in the tumor suppressor genes BRCAL and BRCA2 are the primary hereditary risk factors,
accounting for 20-25% of all cases. We have preliminary data showing that BRCA1 mutation carriers tend
to develop ovarian fibrosis, a phenomenon that naturally accompanies ovarian aging, at premenopausal
ages, whereas age-associated fibrosis becomes evident after menopause in non-carriers. Consistently,
BRCA1/2 mutation carriers are at elevated risk for premature cessation of ovarian function. With the median
age of cancer onset decreasing from 63 to 50 years of age in BRCAL mutation carriers, these data
collectively suggest accelerated ovarian aging in these women and highlights an association between
ovarian aging and increased risk for cancer. As such, we hypothesized that loss of Brcal in murine ovarian
fibroblasts (MOFs) may accelerate the onset of ovarian fibrosis through fibroblast hyperactivation,
contributing to ovarian aging. Using primary MOFs isolated from Brcal LoxP/LoxP mice and adenoviral
cre mediated recombination, we generated Brcal deficient MOFs. RNA sequencing was used to
characterize the transcriptomic changes associated with the loss of Brcal. Our findings suggest that Brcal
deficiency in MOFs induces cellular senescence and enhances their myofibroblastic function, likely
yielding increased stiffness of the ovarian extracellular matrix due to the dysregulated synthesis and

degradation of its constitutive components, contributing to accelerated ovarian aging.
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Chapter 1: Introduction

1.1 Ovarian cancer: An overview

1.1.1 Ovarian cancer today

Ovarian cancer (OC) is a group of gynecological malignancies that either arise by
tumorigenesis of specific cell types in the ovary or lead to tumorigenesis on the ovary. It is the
fifth leading cause of cancer-related deaths in women worldwide and is the most lethal form of all
gynecological malignancies. In Canada, nearly 3000 women are diagnosed with OC, and 1950 die
from it, each year®. Diagnosis in early stages of disease, prior to metastasis is associated with a 5-
year survival rate of 90%72, however, only approximately 16% of OC patients are diagnosed with
early disease®. Due to the lack of specific screening methods and diagnostic tests, along with few
specific symptoms, most cases of OC are diagnosed at advanced stages, following metastasis and
onset of severe symptoms. This causes most patients to face a dispiriting 5-year survival rate of

45%*,

1.1.2 Classification of ovarian cancer
Depending on the cellular origins of OC, the disease is either classified as non-epithelial
OC or as epithelial OC. Both, non-epithelial and epithelial OC, can be further classified into

subtypes, primarily based on histopathology of the cancerous mass.

1.1.2.1 Non-epithelial ovarian cancer

Non-epithelial OC (NEOC) are rarer forms of ovarian cancer and account for only 10-15%
of all cases of ovarian cancer®. NEOC primarily includes germ cell and sex-cord-stromal tumors.
Both germ cell tumors and sex-cord-stromal tumors are true intra-ovarian cancers in that they

originate and arise from cells that are native to the ovary®. Germ cell cancers originate from



oocytes, while sex-cord-stromal cancers originate from somatic ovarian cells such as granulosa
and theca cells. Most NEOC are diagnosed at early stages, and the tumors typically remain

confined to the ovary, with a 5-year survival rate of 90-100% with early diagnosis’®.

1.1.2.2 Epithelial ovarian cancer

Epithelial OC (EOC) accounts for the majority (90%) of all cases of OC® and represents
diverse subtypes that are believed to be of epithelial origin. High-grade serous carcinomas
(HGSC), a fast-growing, aggressive subtype of EOC, accounts for 75% of all cases of EOC, and
are typically (70% of all cases) diagnosed at advanced stages of disease (stages I11-1V)°, once the
disease has metastasized to the peritoneum, the inner lining of the abdominopelvic cavity. HGSC
is associated with poor prognosis, high probability (70-90%) of recurrence®®, and is responsible
for 50% of all OC related deaths!!. Other EOC include low-grade serous, endometrioid, mucinous

and clear-cell carcinomas, that collectively account for 25-30% of all cases of EOC*2.

1.2 The aging ovary as a pre-metastatic niche

HGSC were once thought to originate solely from transformed cells of the ovarian surface
epithelium (OSE), which is the outermost layer of cells encasing the ovary?3. In 1971 Fathalla et
al. attributed the onset of EOC to incessant ovulations, suggesting that the repeated exposure of
OSE cells to inflammation and minor trauma requiring wound repair may increase the risk of
accumulating genetic aberrations, driving the transformation of OSE, and resulting in EOC with
age'*. However, unlike NEOC tumors, not all occurrences of EOC originate from cells native to
the ovary. Recent evidence suggests that HGSC, among other EOC, such as clear cell and

endometrioid carcinomas, can arise from cells that are not normally present in the ovarian tissue®.



A growing body of research has identified serous tubal intra-epithelial carcinoma (STIC)
lesions from the epithelium of the distal fallopian tube to be another source of HGSC*>'7| the most
common and aggressive form of OC. STIC lesions originate in the fallopian tubes, and then
migrate to the ovary, where implantation is followed with the development of a primary HGSC
tumor, facilitated by the ovarian microenvironment (Figure 1). STIC lesions are identifiable as
precursors to HGSC in approximately 50% of all advanced stages of disease’®. Moreover, while
endometriosis is non-neoplastic, the presence of endometrial tissue on the ovary is a known risk
factor for clear cell and endometrioid EOC'®. Additionally, the ovary has been identified as a site
of frequent metastasis?®2? from a variety of primary cancers, such as gastrointestinal, breast,
endometrial/uterine, colorectal and stomach cancers®:2%, The formation of primary and metastatic
ovarian tumors from non-ovarian sources is indicative of a “fertile” ovarian microenvironment that

facilitates the growth of precancerous and cancerous lesions.

The median age of onset of ovarian cancer is 63 years of age. As such, more frequently
than not, ovarian cancer patients at the time of diagnosis are primarily post-menopausal women.
Without any predisposition to the disease, the onset of ovarian cancer at pre-menopausal ages is
uncommon?4%, However, the risk for OC dramatically increases around peri-menopausal ages®®
(40-45 year of age), peaking after menopause, with most patients being diagnosed between the

ages of 55-64, and gradually decreases until the age of 802,

Pre-cancerous lesions originating from non-ovarian tissues are able to induce the formation
of primary ovarian tumors, as is seen with STIC lesions and HGSC. While implantation and
development of non-gynaecological metastasis to the ovary may result in secondary ovarian
tumours. Taken together with increasing risk of ovarian cancer with age, this collectively suggests

that the aging ovary offers an appealing pre-metastatic niche, facilitating the growth of and organ



invasion by disseminated cancer cells, leading to the formation of primary and/or secondary
tumors. It is currently unclear why or how the aging ovary transforms into an appealing pre-

metastatic niche.
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Figure 1: The aging ovary as a pre-metastatic niche. Approximately fifty percent of all cases of
high-grade serous carcinoma arise from serous tubal intraepithelial carcinoma (STIC) lesions
that originate in the fallopian tube epithelium (FTE) of the fimbria and migrate to the ovary, where
they implant into the aging ovary. The aging ovary functions as optimal “soil” for STIC lesion

“seeds”, supporting tumorigenesis. Figure created with BioRender.com.

1.3 Symptoms and screening for ovarian cancer
According to the Ovarian Cancer Research Alliance, increased occurrence and persistence

of any of the following for more than 2 weeks are considered common symptoms for ovarian



cancer: (a) bloating or abdominal distention, (b) pelvic or abdominal pain, (c) difficulty breathing
or eating (feeling full quickly), and (d) urinary frequency?’. Due to the subtle, non-specific nature
of these symptoms, they are either often dismissed or easily mistaken for other more common
causes and, as such, diagnosis is not made until the onset of severe symptoms, at which point
disease progression is advanced. Fatigue, indigestion, back pain, constipation and menstrual
abnormalities have also been found to be common symptoms among OC patients, however, these

symptoms are experienced by both OC patients and healthy age-matched (no OC) women.

Ovarian cancer is only screened routinely in those at high risk of the disease (BRCA1 or
BRCA2 mutation carriers or family history), not the general population?®2°, Due to the lack of
physical accessibility to the ovaries, screening of OC is limited to a bimanual pelvic exam, blood
test for CA-125 and a transvaginal ultrasound®. Serum levels of CA-125, a tumor-associated
antigen, have been reported to differentiate between malignant and benign tumors and to correlate
with the progression of OC3L. However, clinical evidence indicates CA-125 as a biomarker for OC
has low specificity, as a variety of conditions associated with the female reproductive system, both
normal and pathological, can result in elevated serum levels of CA-125, such as pregnancy,
menstruation, endometriosis, benign ovarian tumors and cysts, yielding a high-false positive
rate?®32-34 Additionally, while 90% of patients at advanced stages of OC were found to have high
serum levels of CA-125, only about 50% of patients at early stages were found to have elevated
serum CA-125%, rendering blood tests for CA-125 ineffective for early detection. As such, CA-
125 is not a reliable marker for OC screening. While the use of transvaginal ultrasound along with
the CA-125 blood test rules out false-positive results, it cannot be used to reliably distinguish

between benign and malignant tumors.



Currently, the most successful screening program aimed at early detection of OC requires
major abdominal surgery, a highly invasive procedure to merely test for the presence of cancer®.
The use of CA-125, in combination with other biomarkers, and transvaginal ultrasound to screen

for OC is currently being investigated clinically; it is however not yet standard procedure.

The “silent” nature of early disease in combination with the lack of reliable screening
methods results in the majority of patients being diagnosed at advanced stages of the disease. Late-
stage diagnosis is associated with high recurrence rates, resistance to chemotherapy, and overall
poor prognosis that results in dismal 5-year survival rates. This highlights the dire need for
improved prevention for the disease. Hence, a better understanding of risk factors is required in

order to develop better preventative strategies to combat the onset of disease.

1.4 Risk factors for ovarian cancer

Several risk factors collectively govern the likelihood for development of OC, and can
primarily be classified into two categories, non-hereditary risk factors and hereditary risk factors.
Non-hereditary risk factors include environmental factors, ovulation and age, while hereditary risk

factors include genetic predisposition to the disease, all of which will be addressed here.

1.4.1 Non-hereditary risk factors

Approximately 75-80% of all cases of OC have no hereditary tendencies for the disease.
Total lifetime number of ovulations and an increase in age are the primary non-hereditary risk
factors for ovarian cancer. Certain environmental factors can also increase the risk for ovarian
cancer, including some aspects of lifestyle, specifically the use of hormonal replacement therapy

(HRT) after menopause*®. Smoking, obesity and poor diet may play minor roles in contributing to



increased risk of OC. As for modifiable environmental factors, exposure to pesticides, herbicides

and talc are believed to increase the risk of OC%’.

1.4.1.1 Ovulation as a risk factor for ovarian cancer

The total number of life-time ovulations is the primary non-hereditary risk factor for OC®8,
Decreased risk for the development of OC has been clinically observed with (5 or more years) use
of oral contraceptives that function by blocking ovulation, suggesting an association between total

lifetime ovulations and risk of OC onset3%2,

Ovulation is a physiologic process that is characterized by rupture of the ovarian surface
epithelium and release of a mature oocyte from a dominant follicle®. It is a highly inflammatory
event that is initiated by a surge of luteinizing hormone (LH), and is mediated by stromal
fibroblasts and immune cells*4’. Owulation is the end result of folliculogenesis, which is the
development of ovarian follicles through various stages to release a mature oocyte for
fertilization*®. Ovarian function (folliculogenesis) is dependent on and is tightly regulated by the
timely production and release of various hormones through the hypothalamus-pituitary-ovarian
axis®®. The LH surge that is required for ovulation is produced by the anterior pituitary in response
to high-frequency pulsatile release of gonadotropin-releasing hormone by the hypothalamus,
which is in turn primed by the sustained release of estrogens by granulosa cells of the growing
antral follicles****. Following release of the oocyte, LH and follicle stimulating hormone (FSH),
released by the anterior pituitary, facilitate the transformation of the remnants of the ruptured
follicle (luteinized granulosa cells and theca cells) into the corpus luteum that is then responsible
for progesterone and estrogen production to support implantation and early pregnancy. Formation
of the corpus luteum marks the beginning of the luteal phase, lasting between 12-14 days. Estrogen

and progesterone released by the corpus luteum in turn act on the anterior pituitary to suppress the



production of LH and FSH. Dropping levels of LH and FSH in turn lead to eventual atrophy of the
corpus luteum. Implantation of an embryo rescues the corpus luteum and thereby prevents the
beginning of the next ovarian cycle. However, in the absence of pregnancy, the corpus luteum is
degraded, marking the end of the luteal phase, which is followed by menstruation. Starting during
the last few days of menstruation, the levels of FSH begin to rise, marking the start of the follicular
phase, during which tertiary follicles recruited by rising FSH mature. FSH promotes proliferation
of granulosa cells and induces the expression of LH receptors. As follicles continue to grow
throughout the follicular phase, granulosa cells of these follicles secrete increasingly higher levels
of estrogen that are necessary for the formation of a new endometrial layer, in preparation for the
next ovulation**°°, The follicular phase comes to an end as estrogen levels peak, inducing LH
production and consequent surge leading to ovulation®. Starting during puberty, the human ovary
repeatedly goes through the above-mentioned ovarian cycle for approximately the next 30 years,
with ovulation happening every 28-30 days. A typical woman will have > 360 ovulations before

reaching menopause®.

Folliculogenesis takes places in the ovarian cortex* (shown below in Figure 2), just
underneath the OSE, separated by a layer of connective tissue called the tunica albuginea®®. The
central zone of the ovary is referred to as the medulla'® and is comprised of loose connective tissue,
blood and lymphatic vessels, as well as nerves®. The ovarian stroma includes tissue resident
fibroblasts, immune cells®® and the extracellular matrix (ECM) that is crucial for providing
structural and biochemical support. Components of the stroma support all aspects of
folliculogenesis and are as such indispensable for proper ovarian function. For example, mouse

models of ovary specific depletion of macrophages and myeloid cells resulted in hemorrhagic



ovaries, impaired corpus luteum formation, and hence reduced progesterone production and

infertility, suggesting that ovarian macrophages are crucial for proper ovarian function®°3,
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proliferating granulosa cells release estrogen, with estrogen levels peaking right before ovulation.
With levels of LH rising during the ovulatory phase, levels of estrogen sharply drop as LH spikes
and induces ovulation. During the luteal phase, the corpus luteum produces estrogen and
progesterone to support pregnancy. In the absence of a viable pregnancy, the corpus luteum
atrophies to become a corpus albicans. (B) Hematoxylin and eosin-stained section of a murine
ovary showing follicular structure associated with different stages of follicular development and
anatomical regions of the ovary: ovarian surface epithelium (OSE)- a single layer of epithelial
cells that ruptures during ovulation (ovulation wound), ovarian cortex- region underlying the OSE
and the site for folliculogenesis, and ovarian medulla- where dormant follicles reside. Figure 2(A)
was created with BioRender.com; Hematoxylin and eosin-stained section of murine ovary in 2(B)

was generated as part of a supporting study for this project.

Each ovulatory cycle is accompanied by substantial tissue remodelling®. Throughout the
cycle, follicles move from the rigid ovarian cortex to the softer medulla as they develop and then
back to the ovarian periphery for ovulation. Follicles and other cells of the ovarian stroma secrete
various matrix remodelling enzymes, such as matrix metalloproteinases (MMPs) and tissue
inhibitors of MMPs (TIMPs) to soften the surrounding ECM, allowing for follicular growth and
expansion®*. As antral follicles reach pre-ovulatory stages, the ovarian ECM undergoes substantial
proteoglycan degradation and remodelling that is mediated by the pre-ovulatory follicle as well as
tissue resident fibroblasts and macrophages®-*°. Furthermore, stimulation of the pre-ovulatory
follicle by the LH surge induces the production of various remodelling enzymes that mediate
degradation of the ECM surrounding the apical region of the follicle and facilitates weakening of
the OSE layer in preparation for ovulation. The rise in LH levels has been shown to increase blood
flow to the ovary, specifically to the pre-ovulatory follicle, causing it to become edematous. This
increase in blood circulation close to ovulation sites has been associated with increased immune
migration to the ovary, specifically basophils, macrophages, thrombocytes among other leukocytes

4456 The subsequent rupture of the OSE imparts substantial inflammation and requires extensive
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wound healing. While the process of ovulation includes series of events distinct from that of
inflammation, due to the commonalities and similarities between events associated with both- such
as, vasodilation, hyperemia, edema, collagenolysis, and cell proliferation®’, as well as the ability
if ovulatory events to evoke an immune response, ovulation is regarded as an inflammatory
event*°®, This is supported by the finding that the follicular fluid released by the erupting follicle
that bathes the OSE contains proteins involved in the positive regulation of immune responses,
such as CCL4 and TGF-p°8. Post-ovulatory wound healing is a collaborative effort mediated by a
variety of different cell types, including the OSE cells themselves. Pro-inflammatory cytokines
such as TGF-B and TNF-a, that are released in the follicular fluid, and produced by tissue resident
macrophages along with other immune cells are known to activate myofibroblasts and induce the
expression of a-smooth muscle actin (a-SMA), an actin isoform essential for proper wound
healing. Myofibroblast activation has also been associated with increased deposition of collagen
fibers and other structural proteins and remodelling of the ECM, that collectively act to facilitate

the repair of ovulation induced tissue injury®®.

Throughout the reproductive period (spanning approximately 40 years), the ovaries
consistently undergo cycles of extensive and dynamic tissue remodelling, persistent inflammation
and wound repair, through repeated folliculogenesis and ovulation, that render the ovarian surface
uneven and lead to age-associated onset of ovarian fibrosis®®-¢3, While the mechanisms leading to
age-associated ovarian fibrosis remain to be elucidated, it is possible that with age (and therefore,
increased number of ovulatory cycles) and persistent inflammation (and consequent activation of
myofibroblasts) that accompanies ovulation, the homeostasis between the synthesis and
degradation of the ECM is altered, resulting in the excessive accumulation of structural ECM

proteins, such as various collagens and fibronectin, consequently, resulting in age-associated
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ovarian fibrosis. Pathological fibrosis, which is considered to be a response to over-exuberant
wound healing response, often to repeated inflammatory injury®*®, such as owvulation.
Furthermore, consistent with this possibility is the finding that persistent myofibroblast activation

has been associated with the development of pathological fibrosis and tissue stiffening®-8,

It can therefore be hypothesized that an increase in the number of life-time ovulations poses

as a risk factor for ovarian cancer through the onset of age-associated ovarian fibrosis.

1.4.1.2 Age-associated ovarian fibrosis as a risk factor for OC

Tissue fibrosis results from the excessive accumulation of ordered components of the
ECM, primarily fibers of various collagens. Of note is the structure, arrangement and overall
organization of collagen fibrils, for fibrosis is not simply the excessive accumulation of ECM
components. As tissues age, they lose their elasticity and become increasingly stiff and rigid due
to excessive accumulation of anisotropic collagen fibrils®®'°, a defining pathogenic feature of

fibrosis.

The ovarian stroma is known to become fibrotic with age®®%. Age-associated ovarian
fibrosis in the murine ovary has been shown by increased alignment and thickness of collagen
fibers®1%2 which is reflective of increased tissue stiffness’*. Increased tissue stiffness is indicative
of tumor-promoting stroma and has been correlated with increased invasion of cancer cells’>"4. In
the case of breast cancer, the presence of aligned fibers of collagen 111 in perpendicular orientation
to the tumor boundary was associated with poor prognosis and decreased disease-free survival,
suggesting that the presence of pathological fibrosis not only increases risk for cancer onset but

contributes to poor disease prognoses’.
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In addition to age-associated fibrosis, Briley et al. documented increased expression of
genes involved in immune recruitment and production of pro-inflammatory cytokines within the
aging ovary®. Several age-associated conditions have been associated with chronic inflammation,
suggesting the highly pathogenic nature of inflammatory tissue. The presence of inflammatory
cytokines and chemokines can foster tumor promoting environments and facilitate tissue
invasion’®"8, Additionally, the presence of pathological fibrosis in the lungs and liver increases
the ability of metastasized cancer cells to colonize and grow in these fibrotic niches’®, and fibrotic
breast and lung conditions are associated with increased pre-disposition to their respective
cancers®®. Furthermore, it has been proposed that treatment of underlying fibrosis leads to
improved cancer prognosis® . Given the strong links of tissue fibrosis to tumorigenesis, the seed
and soil hypothesis of metastases, along with the increased risk of ovarian cancer with age, and
the fact that at least 50% of all cases of EOC can be identified to have STIC origins are all highly

indicative that ovarian fibrosis is the link between ovarian aging and risk for OC.

Taken together, it is likely that age-associated ovarian fibrosis, in combination with the
inflammatory microenvironment of the aging ovary, are collectively responsible for the
transformation of the aging ovary into an appealing pre-metastatic niche, thereby posing a risk
factor for the onset of OC. The recent findings that ovaries from post-menopausal type 2 diabetic
women being treated with metformin have isotropic collagen structure, similar to that of pre-
menopausal women®® and a lower incidence of OC8 support the association of ovarian fibrosis as

a risk factor for ovarian cancer (Figure 3).
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Figure 3: Model for age-associated ovarian fibrosis as a risk factor for ovarian cancer. It is
hypothesized that ordered arrangement of structural ECM protein such as collagens and
fibronectin will trap a variety of immune cells that release the perfect milieu of pro-inflammatory
cytokines that facilitate proliferation, dissemination, metastatic invasion and colonization by
cancer cells, thereby posing a risk factor for cancer. The development of age-associated ovarian
fibrosis may render the aging ovary an appealing pre-metastatic niche. Figure created using

BioRender.com.

1.4.1.3 Ovarian aging as a risk factor for ovarian fibrosis

Aging is defined as time-dependent gradual and progressive loss of physiological function
and integrity through accumulation of DNA damage, oxidative stress and mitochondrial
dysfunction, ultimately leading to chronic inflammation®-¢78 The hallmarks of aging can be
classified into three categories: 1) Primary factors, which are responsible for age-associated
cellular damage, such as increased production of reactive oxygen species (ROS) or DNA damage;
2) Antagonistic markers, which are responses to cellular damage, such as cellular senescence; 3)
Integrative markers, the onset of which is due to age-associated damaged and directly contributes

to tissue aging (example: stem-cell exhaustion and altered intercellular communication)8®°,
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Though multiple factors contribute to cellular and tissue aging, cellular senescence is considered
to be a key hallmark of aging®. It can be defined as a protective program, a state of stable arrest
of the cell cycle that is coupled with characteristic phenotypic alterations, metabolic changes, and
is triggered by stressors that induce genomic instability®”891, Telomere attrition, oxidative stress,
mitochondrial dysfunction, among others, threaten the integrity of the genome, and are as such
considered to be primary hallmarks of aging. The onset of senescence is mediated by two key
tumor suppressive pathways, p53/p21 and p16/pRb®" #9293 and results in a senescence associated

secretory phenotype (SASP), a hallmark feature of senescent cells.

The composition of SASP is highly variable and depends on the cell type and circumstances
of senescence onset®®®!, but often includes pro-inflammatory cytokines, chemokines, interleukins,
growth factors and ECM remodelling proteases®. While senescence associated cell cycle arrest is
a powerful mechanism in preventing tumorigenesis by hindering the propagation of cells with
compromised genomes, it has a multifaceted nature®®. The induction of SASP alters the tissue
microenvironment. The expression of pro-inflammatory SASP components activates and recruits
a variety of adaptive and innate immune cells and results in a chronic low-level inflammation,
referred to as inflammaging, that has been implicated in the pathogenesis of age-associated
ailments®"8%94% Inflammaging induced by the SASP is the major extrinsic aspect of cellular
senescence, however the role of SASP is far more diverse®®. Altered expression of ECM
remodelling enzymes, growth factors and structural components of the ECM in response to cellular
senescence may either have positive (elimination of fibrotic niches) or negative (onset of fibrotic
niches) consequences, again, dependent on the means of induction of senescence. In healthy adult
tissue, a key feature of SASP is immune recruitment to eliminate senescent (damaged) cells, and

consequently prevent the negative consequences of both damaged cells and SASP®. In the liver,
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the recruitment of various immune cells to senescent cells during tumor initiation has tumor
suppressing effects®®®” and the recruitment of macrophages can limit fibrosis®®. While the effects
of SASP induction are largely positive, the recruitment of immature myeloid cells is
immunosuppressive in prostate and liver cancers®>!®, and the expression of angiogenic factors

stimulates tumorigenesis®:192,

However, with age, the accumulation of damaged, senescent cells and declining immune
monitoring capabilities may reduce the clearance of senescent cells, thereby resulting in persistent
chronic inflammation, that is known to accelerate the process of tissue fibrosis®l87.103.104
Immunocompromised mice have accelerated onset of ovarian fibrosis, as compared to healthy
mice®! and the interaction between stromal fibroblasts and macrophages appear to be important in
the development of aforementioned age-associated ovarian fibrosis®®, highlighting the importance

of immune involvement in regulating the development of tissue fibrosis.

While wound repair is mediated by tissue-resident fibroblasts, it is also accompanied by
active proliferation of tissue-specific cells. It can be speculated that over time this response is
dysregulated, resulting in accumulation of senescence cells (replicative senescence) and fibrotic
niches (aberrant myofibroblast activation), both of which are well-known precursors for
malignancies. Single cell RNA-seq analysis has revealed the increased presence of SASP
expressing fibroblasts in aged, fibrotic murine ovaries, as compared to younger ovaries®,
suggesting the presence of a pro-inflammatory ovarian microenvironment in the aging ovary, and
thereby linking senescence to fibrosis and aging. Furthermore, metformin treatment prevented the
formation of age-associated ovarian fibrosis, and these ovaries had fewer SASP fibroblasts,
suggesting a possible positive feedback loop between presence of pathological fibrosis and

expression of SASP by fibroblasts.
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Organ aging is accompanied by change, perhaps none as dramatically as the ovary which
is among the first organs to show signs of aging. Ovarian aging is defined as the cessation of
folliculogenesis and hence, menstruation, resulting from the depletion of follicles and is
accompanied morphological changes, such as an uneven ovarian surface and ovarian fibrosis!>1%,
The presence of a-SMA positive cells, indicative of myofibroblasts, in the aging murine ovary®?,
links the presence of age-associated ovarian fibrosis to myofibroblast activation. Since ovarian
function is heavily reliant on ovarian structure, structural abnormalities with aging are known to
negatively impact ovarian function'®. This is best exemplified by impaired ovulation, ovarian
wound healing and formation of the corpus luteum with advanced reproductive age (that is
accompanied by fibrosis), of the murine ovary®. It can therefore be speculated that at advanced
ages accumulation of senescent cells in the ovary may be responsible for an inflammatory
microenvironment and the development of age-associated fibrosis, that is likely to transforming

the aging ovary into an appealing pre-metastatic niche.

1.4.2 Hereditary risk factors

Approximately 20-25% of all cases of OC have hereditary predisposition to the
disease®1%81% of which 65-75% are attributed to germline mutations in the tumor suppressor
genes BRCA1 and BRCA2'%0 and 10-15% to Lynch syndrome!'®!, Li-Fraumeni syndrome- an
autosomal dominant condition associated with heterozygous germline mutations in the tumor
suppressor gene P53, along with Peutz-Jeghers syndrome, and Cowden syndrome also increase
the life-time risk of developing epithelial and non-epithelial subtypes of OC, however to a lesser
extent!'!, Somatic or germline Mutations in DNA repair proteins such as PTEN, CHEK2, RAD51,
BRIP1, BARD1, and PALB2 comprise approximately 10% of all cases of hereditary OC and are

associated with a 2-4-fold increased risk of developing OC. Mutations in P53 are the most
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frequently acquired among cancer-associated mutations, with 97% of all HGSC bearing
pathogenic P53 mutations'!2, The median age of onset of OC decreases from 63 to 39.5 years

among women with germline mutations in P53 (Li-Fraumeni syndrome)!*3,

1.4.2.1 Lynch syndrome

Lynch syndrome, also known as hereditary non-polyposis colorectal cancer is autosomal
dominant in nature. It is characterized by germline mutations in the DNA mismatch repair genes,
MLH1, MSH2, MSH3, MSH6, PMS1 and PMS2, however mutations in MLH1 and MSH2 account
for 90% of all cases of Lynch syndrome. Though individuals with Lynch syndrome have the
highest risks of developing colorectal (43-48% life-time risk) and uterine cancers (40-62% life-

time risk), it is associated with 8-10% life-time risk of developing OC*4,

1.4.2.2 Germline BRCA1/BRCA2 mutations

Autosomal dominant mutations in the tumor suppressor genes BRCA1/BRCA2 account
for the majority of cases of hereditary OC and are responsible for familial Hereditary Breast and
Ovarian Cancer (HBOC) syndrome!'>11®_ As compared to 1-2% life-time risk of developing OC
in the general population®4!1"118 BRCA1 mutation carriers have a life-time risk of 35-68%,
while BRCA2 mutations have a life-time risk of 10-30%%®1°, OC is considerably more common
(4x) and tends to develop at an earlier age in women with germline BRCA1 as compared to

BRCA2 mutations!'>2°, As such, BRCA1 mutations will be the primary focus of this work.

1.4.2.2.1 Structure and function of BRCA1

The human BRCAL gene maps to chromosome 17921 and consists of 24 exons that yield a
220kD protein, consisting of 1863 amino acids'?*!%, The murine Brcal gene is located on

chromosome 11D 65.18cM and is comprised of 25 exons that encode for a 199kDa protein
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consisting of 1812 amino acids'?>!%6, Murine BRCAL1 is 60% identical and 72% similar to the
human BRCA1 protein, with N- and C-terminals having high homology (>80%)'?"1%, The

BRCAL1 protein can be divided into 3 main domains, based on functionality'?® (Figure 4):

1) The N-terminal, encoded by exons 2-7, houses a nuclear exit site and the RING
domain, that is characterized by two a-helices that coordinate 2 Zn*2 ions, enabling it to interact
with other RING domain bearing proteins, specifically BARD1. BRCA1/BARD1 interact via their
ring domains to collectively function as an E3 ubiquitin ligase.

2) Exons 11-13 encode for the majority of the BRCAL protein, and includes 2 nuclear
localization sequences (NLS), a coiled-coil domain, and a serine cluster domain (SCD) as
structural features. This region encodes for binding sites for pPRB, RAD50, MYC, RAD51, PALB2
and BRCAZ2. Proteins interacting with exons 11-13 of BRCAL are involved in various cellular
functions, such as cell cycle suppression, transcriptional regulation, and DNA repair pathways,
suggesting the wide-spread involvement of BRCAL in cellular homeostasis.

3) The C-terminal of BRCAL (amino acids 1650-1863) contains two BRCAL C-terminal
(BRCT) domains, a conserved sequence found in many other DNA repair proteins. BRCT domains
mediate interactions with various phosphorylated proteins involved in DNA repair. The BRCT
domain of BRCAL can also mediate DNA binding and interactions with non-phosphorylated

proteins, such as P53. (Figure 4)

The majority of clinically significant mutations in BRCAL either render the protein non-
functional or with limited function and have been identified in the BRCT domain (exons 17-23),
RING domain and in exons 11-13, in descending order (shown in Figure 4). This suggests that

functions associated with these regions of BRCA1 are crucial to cellular homeostasis?,
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Figure 4: Brcal encodes for an 1863 amino acid protein with diverse cellular functions. Brcal
protein has three key domains- N-terminal RING, coiled-coil, serine cluster domain (SCD) and C-
terminal BRCT, two nuclear localization and one exit signal. Mutations are most common in the
BRCT domain, RING and coiled-coil/SCD domain, depicted using maroon stars. Figure created

using BioRender.com.

BRCAL1 is best known for its role as a tumor suppressor. Tumor suppressor genes are those
that encode for proteins that in the normal, homeostatic state function to inhibit and regulate cell
proliferation to prevent tumorigenesis. While BRCAL participates in a diverse range of cellular
processes, such as regulating metabolism, antioxidant response, and autophagy, it plays a crucial
role in maintaining genomic integrity through its function as: (a) a DNA damage recognition and
repair protein, (b) a regulator of the cell cycle (c) an E3 ubiquitin ligase'?®. The role of BRCAL in

maintaining genomic stability will be the primary focus of this work.

(A) DNA damage recognition and repair
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BRCAL1 associates with various DNA repair proteins, such as MSH2, MSH6, ATM, BLM
and RAD50-MRE11-NBS1 (MRN) protein complex, and DNA replication factor C to form a large
protein complex referred to as BRCAZl-associated genome surveillance complex (BASC) that
functions to monitor and sense DNA damage®*°. BRCAL1 is believed to act as a scaffolding/docking
site for the components of BASC, and thereby plays an essential role in mediating the assembly of
the BASC and in orchestrating the process of DNA repair 3135 upon the sensing of DNA damage.

Different types of DNA damage trigger different DNA damage repair pathways. BRCA1
is known to participate in the repair of double stranded DNA (dsDNA) repair through homologous
recombination (HR)'%6-13, DsDNA breaks typically result from errors in normal DNA replication,
among other triggers such as damage by ROS, and are either repaired by non-homologous end
joining (NHEJ) or by HR**°. NHEJ is an error prone mechanism employed mostly in the G1 phase
of the cell cycle prior to DNA replication'?. While NHEJ protects the integrity of the genome by
re-joining broken DNA, this process of DNA repair has high frequencies of insertions and
deletions at the repaired junction'*. Unlike NHEJ, HR is an extremely accurate pathway that
repairs DNA breaks through the use a template. Due its high level of precision, it is essential in
maintaining genomic stability. It is employed only after DNA replication (late S, G2 and M phases)
due to its reliance on sister chromatids as a template?3°14,

Detection of dsDNA breaks recruits the assembly of the MRN complex onto broken DNA,
which in turn recruits ATR/ATM to the site of damage and promotes activation via
autophosphorylation. Phosphorylated ATR/ATM mediates the S139 phosphorylation of H2AX (y-
H2AX), which is a key signal in recruiting HR machinery, specifically BRCA1842_ CtIP, in
coordination with the MRN complex, catalyzes end resection of damaged DNA in a 5’-3°

orientation, generating sSDNA that binds to replication protein A (RPA). End excision is a key
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step in promoting HR and suppressing NHEJ**3, BRCAL is believed to facilitate end excision via
interaction with CtIP, as well as by antagonizing P53 at sites of damage. The absence of BRCA1
and therefore lack of P53 inhibition promotes NHEJ!#2144 and arrest in G1 phase. The next step in
HR is the loading of RAD51 onto ssDNA (RAD51 filament), which mediates strand exchange
with the intact sister chromatid. BRCAL plays an indirect, yet essential role in the formation of
RADS51 filaments through its interaction with PALB2 via its coiled-coil domain. Interaction of
BRCA1 with PALB2 in turn facilitates the interaction of PALB2 with BRCAZ2, creating the
BRCA1-PALB2-BRCA2 complex, which is crucial in the formation of RAD51 filament®.
Interaction of BRCA2 with PALB2 is crucial for its recruitment to the dsDNA break site and
renders it capable of loading RAD51 onto replication protein A coated ssSDNA%4  Interaction
of BRCA1 with PALB2 acts as a molecular switch to enable the activation of BRCA1-PALB2-
BRCAZ2 loading complex!42144145 The disruption of BRCAL diminishes PALB2, BRCA2 and
RAD51 foci at sites of DNA damage, impairing HR mediated repair of dsDNA breaks!*.
Furthermore, recent evidence suggests that interaction of BRCAL1 with BARD1 through the N-
terminal RING domain recruits BRCA1-PALB2 complex to sites of DNA damage, further
assisting in HR.} Strand exchange is followed by DNA synthesis and then ligation of damaged
strands, thereby repairing the dsDNA break!38142144145 (Eijgure 5). Given the important role
BRCAL1 plays in the execution of HR, the loss of BRCAL can impair proper HR, resulting in
compromised genomic integrity.
(B) Cell cycle regulation

The cell cycle is divided into 4 phases. As cells prepare to proliferate, they firstly prepare

for DNA replication in the first growth (G1) phase, which is followed by DNA synthesis in the

synthesis (S) phase. Upon complete replication of the genome, cells undergo a second growth (G2)
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phase to prepare for mitosis, that is followed by cell division in the mitosis (M) phase. Each phase
of the cell cycle is associated with its own checkpoint criteria that must be fulfilled prior to
progression into the next phase. Cyclin dependent kinases (CDKSs) couple with their respective
cyclins to form cyclin-CDK complexes that govern cell cycle progression and transition between
phases by regulating the transcriptional activation and repression of phase specific genes.

The cyclin A-CDK2 and cyclin B-CDK1 complexes restrict HR to late S and G2 phases
and drive the expression of several genes and phosphorylation of proteins required for G2/M phase
DNA damage checkpoints, such as CtIP, PALB2, BRCA2'® The expression of BRCAL is
regulated by the cell cycle. While barely detectable in G1, the expression of BRCA1 steadily
increases as the cell transitions from G1 to S-phase, peaks during S phase and continues to remain
high throughout G2 and M phases'?, suggesting that the expression of BRCA1 is coupled with
genome replication. This highlights its function in maintaining genomic integrity throughout DNA
replication. Cyclin D-CDKA4/6 and cyclin E/A-CDK2 complexes, responsible for G1 progression,
G1/S transition and S-phase progression, respectively'*® phosphorylate BRCA1 starting mid-G1
and continue to do so through S phase'?*, likely to sense for replication mediated DNA damage.
Upon DNA damage, phosphorylation of BRCA1 (via ATM/ATR kinases) negatively regulates the
activity of cyclin B-CDK1 complex, that is required for G2/M transition, through the activation of
CHK1 kinase!®, and interaction with CtIP and PALB2 to promote end resection and DNA repair
via HR. Due to its ability to inhibit the activity of cyclin B-CDK1 complex, BRCAL is believed to
be a key component of the G2/M checkpoint that prevents pre-mature entry into the M phase in
the presence of DNA damage. As such, the loss of BRCAL function would impair the functioning
of G2/M checkpoint.

(C)BRCAL/BARDL1 E3 ubiquitin ligase
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While BRCA1/BARD1 E3 ubiquitin ligase is one of several E3 ligases involved in DNA
damage repair and cell cycle arrest, it is believed to be the most versatile in terms of its functions.
It is known to mono- and poly-ubiquitinate substrates not only for proteasomal degradation, but
also as a means of signalling. BRCA1-BARD1 heterodimer is known to facilitate the role of
BRCAL1 in recruiting appropriate protein machinery to sites of DNA damage and in regulating the
cell cycle. BRCA1-BARDL1 heterodimer has been shown to mono-ubiquitinate a wide range of
substrates, including H2A, in vitro and in vivo and H2AX in vitro'*°. Ubiquitination of H2A is
believed to regulate DNA damage response®®®%, Additionally, BRCA1/BARD1 heterodimer
regulates cell cycle progression via poly-ubiquitination of cyclin B and CDC25c, a phosphatase
that is essential for the activation of the cyclin B/CDK1 complex, thereby marking them for
proteasomal degradation and preventing entry into the M-phase!®. In addition to regulating the
cell cycle, E3 ligase activity mediates transcriptional regulation via mono-ubiquitination of various
histone proteins to induce heterochromatin silencing and by poly-ubiquitination of transcriptional

machinery such as RPB1, RPB8, TFIIE®31%4,
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Figure 5: Brcal protein facilitates DNA damage
repair via homologous recombination. Sites of
double stranded DNA breaks flagged by S139
phosphorylation of histone H2AX (y-H2AX) are
detected by BASC, which then recruits the HR
machinery, including the BRCA1-CtIP complex and
the MRN complex (MRE11, RAD50, and NBS1) that
collaborate to perform end resection and generate
sSDNA that is stabilized by replication protein A
(RPA). BRCA1-BARD1 complex recruits PALB2-
BRCA2 complex to site of double stranded break,
while BRCAL indirectly facilitates displacement of
RPA for the formation of RAD51 filaments by
functioning as scaffolding for the PALB2-BRCA2-
RAD51 complex. This is followed by strand
exchange and DNA synthesis to repair the double
stranded  break.  Figure  created  using

BioRender.com.

1.4.2.2.2 Germline BRCA1 mutations and hereditary ovarian cancer

HBOC syndrome, driven by mutations in the tumor suppressor genes BRCA1 and BRCA2,

is characterized by increased risk of male and female breast and ovarian cancer''®. Founder BRCA1

mutations responsible for HBOC, believed to have originated thousands of years ago, may be

carried by up to 1% of the general population'®. Both BRCA1 and BRCA2 mutations are more

prevalent in people of Ashkenazi Jewish ancestry among other ancestries. The majority of BRCAL

mutations are either nonsense or frameshift mutations that create insertions and deletions, often

resulting in a truncated protein’®®. Germline BRCA1 mutations are inherited in an autosomal
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dominant manner, with carriers being heterozygous for an aberrant BRCA1 allele at birth and
eventual somatic loss of heterozygosity of BRCA1, that has been observed in hereditary cases of

OC157.

Compared to non-carriers, BRCA1 mutations carriers have a narrower reproductive
window!®8, characterized by an earlier age of onset of menopause*®1%°, fewer ovarian follicles and
oocytes!®®16! reduced serum levels of AMH- that is reflective of a decreased ovarian reservel®?-
184 ‘reduced response to ovarian stimulation®1%* and lower numbers of mature oocytes available
for cryopreservation!®. Collectively these features suggest the onset of primary ovarian
insufficiency (PO1)!1184 defined as a premature (before the age 40) decline in ovarian function®®-
188 In the case of BRCAL mutation carriers, follicle depletion that is believed to result in POI, has
been shown to be caused by an inadequate initial pool of primordial follicles, and pathologic

destruction of follicles due to impaired dsDNA repair pathways*6316,

In a preliminary study in the Vanderhyden lab, natural ovarian aging in non-mutation
carriers was accompanied by the development of age-associated ovarian fibrosis that becomes
evident during or after menopause, whereas BRCAL1 mutations carriers tended to develop fibrosis
at pre-menopausal ages (Table 1; Curtis McCloskey, unpublished data). Such accelerated onset of
ovarian fibrosis in combination with increased incidence of POl among BRCAL mutation carriers
collectively suggests the possibility of premature ovarian aging in BRCA1 mutation carriers. In
support of this, Brcal null mice (Brcal®'V 2! Trp53*") displayed signs of systemic premature
aging, characterized by reduced life-span (6-12 months), early onset of kyphosis and osteoporosis,
substantial muscle atrophy, reduced adipose tissue, dermal thickness, and decreased wound
healing as well as hair regeneration capacity, suggesting progressive decline of functions of multi-

organ systems, as compared to Brcal**; Trp53* mice'®®. Given the role of BRCA1 as a DNA
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repair protein, mutations that render the protein non-functional impair the efficiency of DNA
repair, a characteristic that has been identified to play a central role in human ovarian aging®3.
Furthermore, targeted mutations in DNA repair related genes in mice have also exhibited signs of
pre-mature systemic aging, highlighting the importance of DNA damage repair in aging and in
determining life-span'’®172, Since cancer is well known to be a disease of age!”>*", decrease in

the median age of onset of OC from 63 to 42 years for BRCAL mutation carriers, suggests an

association between BRCA1 mutations, and accelerated ovarian aging.

While impaired ovarian function with advanced age is attributed to declining quality and
quantity of oocytes, it is likely that aging somatic cells in the ovary may be responsible for the
concomitant age-associated changes in ovarian structure. Ovarian fibroblasts residing in the stroma
normally regulate the structure of the ovarian extracellular matrix to facilitate ovarian function.
Though the mechanisms underlying age-associated ovarian fibrosis remain unknown, it is possible
that aging ovarian fibroblasts may drive the development of ovarian fibrosis with persistent

activation.

Impaired DNA damage response due to somatic loss of heterozygosity of BRCAL is known
to compromise the integrity of the genome, which, in ovarian epithelial cells is believed enhance
the likelihood of malignant transformation of epithelial cells to promote carcinogenesis, and in
oocytes may result in POI, which, in combination with early onset of ovarian fibrosis encompasses
functional and structural changes associated with ovarian aging. Though the underlying cause for
accelerated ovarian fibrosis observed in BRCAL mutation carriers is currently unknown, human
dermal fibroblasts with BRCA1 epimutation overexpressed genes encoding for structural and
enzymatic components of the ECM and display characteristics of activated myofibroblasts that are

primarily implicated with fibrotic matrix deposition and organ fibrosis.
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Total fibrotic

BRCA Other risk Fibrosis )
ovaries by

Case no. Age

status factors (0 =no, 1 =yes)
group
19 45 wit no 0 1/3 (33%)
20 42 wt no 0
21 41 wt no 1
22 42 wt Lynch Syndrome 1 2/3 (66%)
Pre- 23 43 wt Family History 1
24 43 wt Lynch Syndrome 0
G A 25 35 BRCA+ 1o 1 3/5 (60%)
26 45 BRCA1+ no 1
27 38 BRCA2+ no 0
28 36 BRCA1+ no 0
29 35 BRCA2+ no 1
30 68 wt no 1 5/6 (83%)
31 82 wt no 0
32 66 wit no 1
33 63 wt no 1
34 63 wt no 1
35 71 wit no 1
Post-
36 75 BRCA+ no 0 6/7 (86%)
GG ENE] 37 63 BRCA+ no 1
38 68 BRCA2+ no 1
39 71 BRCA2+ no 1
40 61 BRCA+ no 1
41 67 BRCA2+ no 1
42 63 BRCA2+ no 1

Table 1: BRCAL mutation carriers (BRCA+) tend to have fibrotic ovaries at premenopausal age.
Unpublished data from the Vanderhyden Lab (Curtis McCloskey, unpublished).

1.5 Rationale, Hypothesis and Aims

1.5.1 Rationale

Evidence from the current literature suggests that age-associated ovarian fibrosis, in
combination with the inflammatory microenvironment of the aging ovary, are collectively
responsible for the transformation of the ovary into an appealing pre-metastatic niche, thereby
contributing to the risk for the onset of OC. The acceleration in the onset of fibrosis at pre-
menopausal ages for BRCA1 mutation carriers seen in our preliminary study, and the known
earlier onset of OC in these women offer a possible mechanism for the association between aging

and cancer risk. It can therefore be hypothesized that BRCAL1 mutations may contribute to the risk
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for OC through the development of premature ovarian aging, that is characterized by an accelerated

onset of ovarian fibrosis and an inflammatory microenvironment.

Tissue fibrosis is defined as excessive accumulation of ordered components of the ECM,
such as collagens and fibronectin fibers. The presence of activated fibroblasts in the aging, fibrotic
murine ovary suggests involvement of fibroblasts in the development of age-associated ovarian
fibrosis. Stromal fibroblasts play a central role in the synthesis, degradation and remodelling of
the ECM to facilitate ovarian function and mediate wound healing. Activated myofibroblasts play
an indispensable role in mediating wound healing and are characterized by the expression of a-
SMA and are known to secrete structural components of the ECM, specifically collagen fibers. It
is therefore possible that BRCA1 mutations in ovarian fibroblasts may enhance their activation in
response to pre-existing inflammatory conditions present in the ovary, resulting in the accelerated
development of fibrosis. There is evidence suggesting BRCA1 mutations promote fibroblast
activation as mutation carriers have more frequent ovarian stromal hyperplasia, as compared to
non-carrierst’®. Another study showed that human dermal fibroblasts carrying BRCA1
epimutations have increased expression of markers of activated fibroblasts, such as ACTA2, FAP,
TNC, and also displayed differential expression of ECM-related genes, compared to wild type
dermal fibroblasts*”. Collectively, this evidence suggests that loss of BRCAL function in
fibroblasts may result in fibroblast hyperactivity, contributing to accelerated onset of ovarian

fibrosis.

1.5.2 Hypothesis

We hypothesize that loss of Brcal expression in murine ovarian fibroblasts (MOFs)

accelerates the onset of ovarian fibrosis through fibroblast hyperactivation.
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1.5.3 Objectives and Aims
As such, we outlined three objectives to study the effect of Brcal deficiency in ovarian

fibroblasts.

1. Establishment of viable cultures of primary murine ovarian fibroblasts through
optimization of isolation technique and culture conditions.
2. Characterize TGF-p mediated activation of primary murine ovarian fibroblasts.

3. Characterize the effects of Brcal deficiency in primary murine ovarian fibroblasts.
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Chapter 2: Methods and Materials

2.1 Experimental animals

Brcal->PLox® EYFP [FVB;129-Brcal™®™EYFP] conditional knockout mice, bearing
LoxP sites in introns 4 and 13 of the Brcal gene, were generated by breeding Brcal™®™ mice to
B6.129X1-Gt(ROSA)26Sor™ EYFPICos/3 mice. The resulting mice bear a LoxP-flanked STOP
sequence followed by the Enhanced Yellow Fluorescent Protein (EYFP) gene and its associated
polyA tail (Figure 6). Brcal-®®->* EYFP were intercrossed with FVB/N mice to generate
Brcal->®t EYFP mice (Figure 7). All experiments described were performed according to the
Guidelines for the Care and Use of Animals established by the Canadian Council on Animal Care

using protocols approved by the University of Ottawa Animal Care Committee.

Brcal "o**o**_EYFP mice

Conditional homozygous Brcal knockout

LoxP site LoxP site

LoxP flanked

Brcal gene
— > <+ —> <+—
(a) Brcal_Intron 4_F  Breal_Intron 4_R (b) Breai_Intron 13_F  Brcal_Intron 13_R
Rosa26-EYFP
locus EYFP
start stop PolyA
sequence sequence

Figure 6: Genomic modification in conditional homozygous Brcal knockout (BrcalloxP/LoxP
EYFP) mice. These mice bear LoxP sites in introns 4 and 13 of the Brcal gene, on both alleles.
The Rosa26 locus is modified by the insertion of the enhanced yellow fluorescent protein (EYFP)
gene and a bovine growth hormone polyadenylated sequence (polyA tail). The EYFP gene is
preceded by a LoxP flanked stop sequence. Vertical orange bands indicate LoxP sites, triangles
indicate start and stop sequences; Red oval indicates polyA tail. Small black arrows (a) and (b)

indicate primers for Brcal_intron4d F&R (forward and reverse) and Brcal_intronl3 _F&R that
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were used to detect the presence of LoxP sites in the Brcal gene. Figure created using

BioRender.com.

X

Brcal ">’ _EYFP FVB wt

Experimental
mouse model

Brcal =" EYEP

Figure 7: Brcal'>PL>® EYFP mice were used to generate Brcal->"“t EYFP mice with
conditional heterozygous expression of Brcal. Breeding scheme used to create Brcal->"-
EYFP mice. Female Brcal->"->® EYFP mice were crossed with male wild type FVB/N mice to
create female Brcal->""-EYFP mice. Animals were genotyped to ensure the presence of LoxP

sites on just one allele of Brcal. Figure created using BioRender.com.

2.2 Genomic DNA extraction

Ear punches from mice were incubated in the DNA extraction solution, consisting of Tissue
prep solution mixture (4:1 ratio of Sigma E7526-24ML and T3073-30ML) for 10-15 minutes
(mins) at room temperature (RT), and then incubated at 95°C for 3 mins. 50 yL of neutralization
solution B (50uL per reaction; Sigma N3910-24ML) was added to the enzymatic mixture and

vortexed briefly to mix. Extracted genomic DNA (gDNA) was then used for genotyping.

2.3 Genotyping
Genomic DNA extracted from ear punches, collected at weaning, was subjected to
polymerase chain reactions (PCR) to identify the mice as wild type or LoxP flanked (floxed).
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Primers were obtained from Invitrogen as lyophilized powder and were resuspended in TE buffer
(InM EDTA (pH 8.0), 10mM Tris-Cl (pH 8.0), H20) at 100 uM to create the stock. Working
solutions were prepared at 10 uM. Each PCR reaction was prepared using mgH-O to have a final
volume of 10 pL, with 1x concentration of Extract-N-Amp (stock at 2x; Sigma XNAT2R), 0.40-
0.5 uM of each primer (stock at 10 uM) in the reaction, and 2 L. of gDNA. All PCR amplifications
were carried out in a Bio-Rad T100™ thermal cycler and PCR samples were separated on 1.2-

1.5% agarose gels in Tris acetate-EDTA (TAE buffer) for 45 mins at 110 volts.

Floxed sequence was detected using primers Brcal_intron4_F and Brcal_intron4 R, or
Brcal _intron13F and Brcal intronl3_Rinintrons 4 and 13, respectively (Table 3). Amplification
using intron4_F&R primers yields 461bp and 391bp amplicons for floxed and wild type (wt)
sequences, respectively. Amplification using primers for intron13_F&R yielded 562bp and 492bp
amplicons for floxed and wt sequence, respectively. Heterozygous animals yielded both 461bp
and 391bp amplicons (intron 4) and 563bp and 492bp (intron 13). PCR reactions were performed

as described above and conducted as indicated in Table 4. Finished PCR products were stored at

4°C, and then separated using gel electrophoresis as indicated above.

Ge_notypmg Detection St SeqETE (- A A_mpllcon
primer pair of size (bp)
Brcal intron4_  LoxP site F: TATCACCACTGAATCTCTACCG Floxed: 461

F&R in intron 4 R: GACCTCAAACTCTGAGATCCAC wit: 391
Brcal intronl3  LoxP site F: TATTCTTACTTCGTGGCACATC Floxed: 562

_F&R in intron 13 R: TCCATAGCATCTCCTTCTAAAC wit: 492
Brcal _intron4 Recombina
F&R and e F: TATCACCACTGAATCTCTACCG 600

Brcal_intronl3 R: TCCATAGCATCTCCTTCTAAAC

FQR Brcal
Brcal exonll Wt Breal F: ATCAGTAGTAGAAATCCAAGCCCACC 592

F&R R: TGCCTCTCCCAGCATTGTTAG

Table 2: List of primers for genotyping experimental animals. All primers were reconstituted in
TE buffer (ImM EDTA + 10mM Tris-Cl in mgH20) to be at 10uM for PCR.
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Brcal_intron4 F &

PCR amplification Brcal__intron4_F&R Breal introni3 R
steps Brcal intronl3 F&R Brcal_?axon 11_F:?LR
?jtsr?a%l;rlantiigﬁl 94°C for 5 mins 94°C for 3 mins
Step 2: Denaturation 94°C for 30 sec 94°C for 30 sec
Step 3: Annealing 60°C for 30 sec 56°C for 30 sec
Step 4: Extension 72°C for 60 sec 72°C for 30 sec
# of cycles (steps 2-4) 30 30
Denaturation NA NA
Annealing NA NA
Extension NA NA
# of cycles (steps 6-8) NA NA
Final extension 72°C for 10 mins 72°C for 10 mins
Store 4°C 0O 4°C 0O

Table 3: PCR conditions used for genotyping using primers from Table 3. All PCRs for
genotyping were performed using the Bio-Rad T100™ thermal cycler, separated on 1.2-1.5%

agarose gels (1% SafeRed) for 45 mins at 110 volts.

2.4 Primary murine ovarian fibroblast (MOF) isolation and culture

Brcal->Po® EYFP or Brcal-®®" EYFP mice (between ages of 6-10 weeks) were
euthanized via CO> asphyxiation and dissected to collect both ovaries. Seven to ten mice were
used for each isolation experiment. Freshly collected ovaries were stored in cold phosphate-
buffered saline (PBS; Gibco™; #14190-144) on ice during collection. Using a stereomicroscope
(Leica WILD M3C), any remaining adipose tissue, as well as the ovarian bursa were removed.
Each ovary was then washed with cold sterile PBS to remove any exogenous non-ovarian tissue.
Using 26- and 27-gauge needles, under a stereo microscope, each ovary was punctured to release
the contents of growing follicles, such as oocytes and granulosa cells. While this method ensures
the removal of larger follicles, it is unlikely to remove the smaller primordial follicles. Ovaries

were punctured until no visible granulosa cells layers were released when they were patted flat
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using a blunt surgical probe, to ensure the elimination of as many granulosa cells as possible.
Ovarian tissue was rinsed with fresh sterile PBS several times during the process of removing
granulosa cells to minimize granulosa cell contamination. Next, the remaining ovarian tissue was
transferred to enzymatic cocktail I [Bmg/mL collagenase 111 (StemCell technologies; #07423) and
1500 kunitz units DNase | (Qiagen; #79256) in Hank’s balanced salt solution (HBSS,
Gibco™:14170-112); 1mL enzymatic cocktail | for 2 ovaries] and minced using sterile dissection
scissors to aid the digestion of the ECM proteins that trap tissue resident fibroblasts and hold the
tissue together. Ovarian tissue was incubated in enzymatic cocktail 1 at 37°C for 15 mins on a
rotary shaker. To avoid the formation of clumps and promote proper digestion, the enzymatic
cocktail mixture was gently mixed every 5 mins. Following incubation in enzymatic cocktail I,
tissue was centrifuged at 0.4g for 5 mins and resuspended in enzymatic cocktail 11 [1500 kunitz
units DNase | in 0.25% Trypsin (Gibco™: #25200-056); 1mL enzymatic cocktail Il for 2 ovaries]
to further promote the breakdown of connective tissue proteins. Following a 10-minute incubation
at 37°C on a rotary shaker, trypsin was inactivated by the addition of warm MOF media [filtered
1XDMEM (Corning; #10-013-CV) containing 10% FBS, 1% PenStrep (Gibco™: # 15140-122)
and 4 ng/mL of FGF (R&D system; #3139-FB)]. Inactive enzymatic-tissue mixture was passed
through a 40 um nylon mesh cell strainer (ThermoFisher Scientific; #22363547) to remove any
oocytes and tissue debris. Filtered cell suspension was then centrifuged at 0.4g for 5 mins and
resuspended in 1mL of warm MOF media. Cell suspension was immediately plated onto a pre-
warmed fibronectin coated T25 flask. MOFs were passaged 7-10 days later, upon reaching
confluence. MOFs were cultured in MOF media at 37 °C in hypoxic conditions (5% O, 5% CO>)
on fibronectin coated tissue culture plates to mimic their native environment (fibronectin to

stimulate ECM structure and hypoxic conditions to stimulate relatively lower blood oxygen levels

36



in the ovary), in order to minimize transition shock from in vivo to in vitro growth conditions and

promote cell survival and growth.

2.5 Fibronectin coated plates.

In order to best mimic the native environment of fibroblasts, all tissue culture flasks and
plates were coated with fibronectin to facilitate growth. Human plasma fibronectin (Sigma-
Aldrich; #F0895-1MG) was diluted in 1x serum-free Hank’s Balanced Salt Solution (HBSS;
Gibco™, #14170-112) at 20pg/mL. Tissue culture plates were coated with human plasma
fibronectin at a concentration of 2ug/cm? and kept at RT in a biosafety cabinet (to maintain sterile
conditions) for an hour. Excess fibronectin was removed by rinsing the plates with sterile PBS.
Plates were allowed to dry for 2-3h at RT in a biosafety cabinet. Dried plates were sealed and
stored at 4°C until use. Coverslips used for immunofluorescence were coated with fibronectin

using the same protocol.

2.6 Transduction of cells with adenovirus

Primary Brcal->">® EYFP or Brcal-®™ EYFP MOFs were either transduced with
recombinant adenovirus expressing cre recombinase, ADSCMVCre (AdCre; Vector Development
Laboratory) or recombinant empty adenovirus, ADSCMVEmpty (AdEmpty; Vector Development
Laboratory) or no virus (control) at passage 1 (p1), to create Brcal (-/- or -/wt) deficient MOFs
(Figure 8). MOFs at confluence were washed with PBS and detached using 0.05% trypsin
(Gibco™:; #25300-054). Freshly detached cells were centrifuged at 0.4g for 5 mins at RT,
resuspended in 2ml of warm serum starved MOF media (filtered 1XDMEM containing 1%
PenStrep) and counted using Cell Countess® II (Life technologies; #AMQAX1000). Double the
number of MOFs were transduced with AdCre than with AAEmpty to account for substantially

reduced cell count following Brcal KO induced cytotoxicity. Three hundred thousand cells (for
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no virus control and AdEmpty treatment), and six hundred thousand cells (for AdCre treatment)
were incubated in poly-L-lysine (PLL at 1pg/mL; Sigma Aldrich; #P9155) for 15 mins at RT prior
to exposure to adenovirus. Cells were coated with PLL, a positively charged molecule to promote
electrostatic interactions with the negatively charged surface of adenoviruses, thereby increasing
the efficiency of virus transduction. MOFs were transduced with either AdCre or AdEmpty in
suspension at 50 multiplicity of infection (MOI) for 3.5-4 hours at 37°C in 5% O and 5% CO..
Transduced and control cells were then plated on fibronectin coated 6-well plates. Four hours later,
adenovirus containing media was gently removed once MOFs had attached and was replaced with
warm MOF media. Cells were then allowed to recover from transduction for 14 days at 37°C in

5% O and COa.
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Figure 8: Expression of cre recombinase creates Brcal knockout that is coupled with EYFP
expression. Transduction of adenoviral cre recombinase leads to the excision of nucleotides
enclosed by LoxP sites, that is (A) exons 5-13 of Brcal and (B) stop sequence in the Rosa26-EYFP
locus, creating either a homozygous or heterozygous Brcal knockout and expression of EYFP.
Vertical orange bands indicate LoxP sites, triangles indicate start and stop sequences; Red oval
indicates polyA tail. Small black arrows (a), (b) and (c) indicate sites of amplification for primers;
Primers labelled as (c) Brcal_intron4_F & Brcal_intron13_R were used to detect cre mediated
recombination of Brcal. Lack of Brcal recombination would not support amplification using this
set of primers, as introns 4 and introns 13 are spatially separated in the wild type Brcal sequence.
Figure created using BioRender.com.
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2.7 Detection of recombination at LoxP sites

Genomic DNA was either extracted from MOFs (isolated from Brcal->®->® EYFP or
Brcal-®®" EYFP mice) in culture, as described above in section 2.2, to detect cre mediated
excision of exons 5-13 of Brcal, henceforth referred to as Brcal KO. When recombination has
occurred, introns 4 and 13 are in close proximity to one another, allowing primers intron4_F and
intron13_R to detect the amplification of a 600bp amplicon (Figure 8A). However, when
recombination has not taken place, introns 4 and 13 are spatially separated, preventing
amplification using these primers. Additionally, primers Brcal exonll F and Brcal exonll R,
which produce a 592bp amplicon, were used to detect the presence of wt Brcal. PCR reactions
were prepared, performed (Table 3), and separated using gel electrophoresis, as described in

section 2.3.

2.8 TGF-p treatment
MOFs and NIH3T3 cells were treated with TGF-p at 10ng/mL (R&D systems; #240-B) for
48h. Cells were washed with 1xPBS and flash frozen. RNA was collected as described in section

2.12.

2.8.1 TGF-4 treatment of MOFs

MOFs were plated at 3.0 x 10° cells/well and serum starved for 48h. Control (wt), AdCre
and AdEmpty MOFs were serum starved for 12h and then treated with TGF-B, 14 days after
infection. Cells were treated with TGF-B in serum-free medium for 48h at 37°C under hypoxic

conditions.
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2.8.2 TGF-p treatment of NIH3T3 cells

NIH3T3 cells were plated at 3.0 x 10° cells/well 36h prior to treatment. At 12h prior to
treatment, conditioned media was replaced with NIH3T3 starving media [IXDMEM + 2.5%
newborn calf serum]. Cells were treated with TGF-f in NIH3T3 starving media for 48h at 37°C

under normoxic conditions.

2.9 Immunofluorescence

Control and transduced (AdEmpty and AdCre) MOFs were plated at a seeding density of 3
x 10° control and AdEmpty cells and 6 x 10° AdCre cells/well (per 2mL media) on fibronectin
coated coverslips. Double the number of MOFs were transduced with AdCre than with AdEmpty to
account for substantially reduced cell count following Brcal KO induced cytotoxicity. Day 14 after
infection, conditioned media was removed from wt, AdEmpty and AdCre treated Brcal->*-> and
Brcalt®>®t MOFs and cells were then washed with PBS. MOFs were fixed using 4%
paraformaldehyde for 20 mins at RT, then permeabilized and blocked using 0.2% Triton x-100 (15
mins) and 10% goat serum (1h). Permeabilized and blocked cells were incubated with primary
antibodies for either 1h at RT or overnight at 4°C. Primary antibodies were diluted in 10% goat
serum at the following concentrations: rabbit anti-vimentin (Abcam; ab45939; used at 1 pg/mL),
mouse anti-pan-keratin (Abcam; ab8068; used at 1 pg/mL), rabbit anti-inhibin (Biorbyt; orb157692;
used 1:100), mouse anti-o smooth muscle actin (Invitrogen; #14-9760-82; used at 1 pg/mL).
Following three 5-minute washes with PBS, cells were stained with either anti-mouse or anti-rabbit
secondary antibodies (diluted in 10% goat serum) for 1h at RT, at the following concentrations:
Alexa Fluor™ 647 Donkey anti-mouse (ThermoFisher Scientific; #A-31571), at 1:1000; Alexa
Fluor™ 488 donkey anti-mouse (ThermoFisher Scientific; # A-21202) at 0.2 pug/mL; Alexa Fluor™

594 goat anti-rabbit (ThermoFisher Scientific; A-11012) at 1:1000; Alexa Flour™ 647 goat anti-

41



rabbit (ThermoFisher Scientific; A-21244). Nuclei were then stained using Hoechst (1:250) in PBS,
followed by three 5-minute washes with PBS to remove excess secondary antibodies. Cell-
containing coverslips were mounted onto Superfrost plus microscope slides (ThermoFisher
Scientific; #12-550-15), using either Immu-Mount™ (ThermoFisher) or ProLong™ diamond
antifade mountant with DAPI (ThermoFisher Scientific; #P36971). Images were acquired using

Axioskop2 MOT fluorescence microscope.

2.10 Apoptosis assay

RealTime-Glo™ Apoptosis Assay (Promega; JA1000) was used to measure apoptosis in
control, AdEmpty and AdCre treated Brcal->"->" and Brcal->®"t MOFs over a span of 14 days,
starting 3.5 hours after exposure to virus. 10,000 MOFs (control and AdEmpty) and 12,000 MOFs
(AdCre) were plated and transduced in flat, clear bottom 96 well ImageLock plates (Sartorius,
#4379). Apoptosis assay kit components were added to the cell culture media at 1x concentration,
as per the manufacturer’s protocol at the end of virus infection (4h). Luminescence produced by
functional luciferase, upon the binding of Annexin V fusion proteins to phosphatidylserine on the
outer leaflet of the plasma membrane during early apoptosis, was measured every 24 hours using
Biotek cytation 5 imaging reader at a gain of 100, 150 and 200. Raw data was normalized using
mean of negative control (no cells with kit). Mean luminescence was compared by statistical

analysis using Quadratic mixed effect regression performed using R-studio.

2.11 EYFP monitoring
EYFP expression by the Rosa26 locus was used to track Brcal deletion (Figure
8B), as well as to ensure that the cell population prior to RNA/DNA/protein extraction

comprised of Brcal negative cells (i.e., EYFP positive cells). EYFP expression was
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monitored in AdEmpty and AdCre treated Brcal->"x* and Brcal->"t MOFs for 14
days, starting at 48h. Fluorescence was detected using excitation and emission spectra of

500nm and 539nm, respectively, using a Biotek cytation 5 imaging reader.

2.12 Incucyte® live-cell analysis

The Incucyte® live-cell analysis system was used to measure the rate of proliferation of
control, TGF-B treated, AdEmpty and AdCre MOFs in MOF media and under serum starved
conditions, for 112 hours (4.6 days). MOFs were plated at a seeding density of 10,000 cells/well
(2mL media) for control, AdEmpty and TGF-f treatments and at 12,000 cells/well for AdCre
treated MOFs in either MOF media, or in starving media. Cells were allowed to grow under
normoxic conditions at 37°C and 5% CO; in the Incucyte® live-cell analysis system and cell
confluence was measured every 2 hours. Mean confluence was compared by statistical analysis

using non-linear regression analysis performed using R-studio.

2.13 RNA, gDNA and protein extraction

Depending on the experimental design, time frame and cell type, RNA, gDNA and protein
were collected at different time points (control and TGF-p treated MOFs and NIH3T3 cells: 48h;
control, AdEmpty and AdCre: 14 days). RNA, gDNA and protein were extracted using Allprep
DNA/RNA/protein mini kit (Qiagen; # 80004) as per the manufacturer’s protocol. Extracted RNA
was used for RNA-sequencing and to synthesize cDNA using iScript™ Reverse Transcription
Supermix, as per manufacturer’s protocol (Bio-rad; #1708841). A Bio-Rad T100™ thermal cycler
was used to perform reverse transcription and cDNA was then used for quantitative polymerase
chain reaction and PCR arrays as described below. Extracted gDNA was used to confirm cre-

mediated recombination of Brcal, as described in section 2.7.
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2.14 Quantitative polymerase chain reaction (qPCR)

Changes in mRNA expression of Brcal and of key genes involved in TGF-B mediated
fibroblast activation were accessed using gPCR, after TGF-p and AdEmpty and AdCre treatment
of MOFs. All primers used for gPCR were designed and validated using pooled cDNA from
MOFs, by the Vanderhyden lab. Extensive screening for specificity and efficiency of amplification
during validation ensured reliable results. Samples for qPCR were prepared using SsoAdvanced
Universal SYBR® green (Bio-Rad, #1725274), as per the manufacturer’s protocol. Gapdh, Hrptl
and Act- were used as housekeeping genes to normalize raw data collected using an ABI 5700
Fast Real-Time PCR system. Data was analyzed using the delta-delta-CT (AACT) method to
compare gene expression in all samples relative to a control (control MOFs/NIH3T3 cells for TGF-
B treatments and AdEmpty treated MOFs for the effects of Brcal deletion). Depending on the
analysis, either two-way ANOVA, three-way ANOVA or students T-test was performed, using

GraphPad Prism 9. A list of the primers used is shown in Table 4.

Annealing

" o Amplicon
temperature SEEEnE (52 |

size (bp)

Target gene ‘

Brcal 59°C F: GAAGCGGGGAGAATGGACTC 139
R: CTCTCAAATCGTCCCTCTGTCA

. F: CAGTCGCTTCACCTACAGCA
Collal 59°C R: CGGGAGGTCTTGGTGGTTTT 99

. F: TGGTGTTCGTGGTTCTCAGG
Colla2 59°C R: AAAGTCATAGCCACCTCCGC 100

. F: CGGCTATTCCTTCGTGATGC
Coldal 59°C R: GATGGCGTGGGCTTCTTGA 207

. F: GAACATCACATCGCACAGCC
ol e R: CGGTCACCTCATAGTCCGTG 176

Postn 60°C F: GAAGTGATCCACGGAGAGCC 116
R: GCAGGTGTGTCTGTAATGATTCG
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. F: CCTTCCTTCTTGGGTATGGA
Acth 60°C R: ACGGATGTCAACGTCACACT 81

. F: ACAACTTTGGCATTGTGGAA
Gapdh 59°C R: GATGCAGGGATGATGTTCTG 133

. F: AGGACCTCTCGAAGTGTTGG
g 60°C R: CGTGATTCAAATCCCTGAAG 115

Table 4: List of validated qPCR primers. All primers were designed using the NCBI primer design
tool, reconstituted in TE buffer and validated using pooled cDNA from MOFs. Three housekeeping
genes, Act-f8, Gapdh and Hrptl were used to normalize qPCR data.

2.15 RT? profiler PCR array

A fibrosis PCR array (Qiagen; #330231) was performed to determine the effects of Brcal
KO on the expression of genes involved in fibrosis. MOFs were plated at 3.0 x 10° (AdEmpty) and
6.0 x 10° cells (AdCre) and transduced as described in section 2.6. RNA was extracted 14 days
post-transduction using AllPrep DNA/RNA/Protein mini kit (Qiagen). RT? first strand kit (Qiagen;
#330404) was used to synthesize cDNA, as per the manufacturer’s protocol. Master mixes for each
sample were prepared using diluted cDNA and RT? SYBR® green ROX gPCR master mix
(Qiagen; #330539), as per the manufacturer’s protocol. The array was run in triplicate (n=3). An
ABI 5700 Fast Real-Time PCR system was used to perform thermal cycling, as well as collect raw
data, which was normalized to a set of housekeeping genes specific to the array. Relative
quantification method (2° #2<Y) was used to determine changes in gene expression, relative to

AdEmpty treated MOFs. An unpaired student’s T test was performed using Microsoft Excel.

2.16 RNA sequencing
As previously described, MOFs isolated on three independent occasions were each
transduced with AdEmpty or AdCre to create Brcal KO (n=3). RNA was extracted 2 weeks after

transduction (AllPrep DNA/RNA/Protein minikit, Qiagen) and quantified using a Nanodrop
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Spectrophotometer ND-100 (Nanodrop Technologies Inc.). RNA integrity was assessed using a
Bioanalyzer (Agilent technologies). Each sample containing at least 500ng of RNA was submitted
to Genome Québec to be sequenced on a NovaSeq6000 sequencer. RNA-seq data was aligned
using Kallisto and differential expression analysis was performed using DESeq2 (R Project),
Genesets were either acquired from MSigDb or adapted from literature or custom designed and
scored using Singscore (R Project), which applies a scoring method proposed by Foroutan et al.
(2018)*8 and Bhuva et al. (2020)'#2, to generate a gene module score using rank-based statistics
to analyze each sample’s gene expression profile and scores the expression activities of genesets
at a single-sample level. As such, the gene module score for a given geneset is a rank-based average
of all genes within that geneset. Geneset acquired from MSigDb: “G2/M DNA damage
checkpoint” (Figure 20A), “DNA double strand break repair” (Figure 20B), “DNA double strand
break response” (Figure 20C), “Inhibition of replication initiation via Rb-E2f1” (Figure 21A),
“Cellular protein ubiquitination” (Figure 22A) and “Cellular E3 ubiquitin ligase function” (Figure
22B). Gene lists for “Senescence core genes” (Figure 23), “Senescence effector genes” (Figure
25) and “SASP signature” (Figure 29A) were acquired from Landry et al. 2022%%. Datasets
generated by Knight and colleagues 20068 and Sturmlechner and colleagues 20224 were used
to custom build the following gene list: “Genes regulated (activated and repressed) by Trp53-Ac”
(Figure 27B) and “Senescence-associated p21 activated secretory phenotype (SA-PASP)” (Figure
29B), respectively. Gene lists “Trp53 SASP” and “NFkB SASP” were acquired from Lopes-
Paciencia et al 2019'%. Gene list “Markers of apCAFs” was custom built using Friedman et al.
2020, Genes differentially expressed in Brcal KO MOFs, as compared to AdEmpty (wt) MOFs

with Log2 fold change >1 for upregulation and Log2FC<-1 for downregulation were the only ones
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considered biologically relevant (Figure 18). Normal student’s T-test was used for all statistical

analyses (R Project). Genes with p-value> 0.05 were not considered in this study.

2.17 Acidic senescence associated-p-galactosidase activity staining

To access cellular senescence in Brcal KO in MOFs, AdCre and AdEmpty treated
Brcal->PLEYFP MOFs were stained using the senescence associated p-galactosidase activity
assay (SA-B-Gal stain). Sixteen days post-transduction AdCre and AdEmpty treated MOFs were
washed with PBS and fixed with 0.5% glutaraldehyde in PBS (ThermoFisher Scientific, #BP2548-
1) for 15 mins at RT. Fixed MOFs were rinsed and stored at 4°C overnight in PBS. The following
day, cells were washed with ImM MgCl> in PBS at pH5.5 for 10 mins, twice, at RT. Next, cells
were incubated in pre-heated (37 °C) X-gal staining solution, comprised of 1X KC (composition
in Table 6) and 1X X-Gal solution (Bioshop, #XGA001) in MgCl; (pH 5.5) at 37°C, in the dark
for 35-45 minutes. X-gal is a chromogenic substrate for -galactosidase, thus the interaction of X-
gal with B-galactosidase renders the senescent cells detectable by a cyan pigment. The cells were
then washed with 100mM Tris at pH 8.0 for 1 min at RT three times to stop the reaction. Cells
were imaged in 100mM Tris, using an EVOS™ core AMEX-1200 transmitted-light inverted

imaging system (Invitrogen; #12-563-649).

SA-B-gal staining

Components Storage conditions/ Important details

solutions
Made fresh, 15 mins prior to use. First, KC
5% 20X KC solution, 2.5% 40X solution is added to 1mM magnesium chloride
X-gal solution in ImM solution, followed by x-gal solution. Staining
magnesium (pH 5.5) solution was heated at 37°C in the dark for 10
mins and filtered with 0.2 um filter prior to use.

X-gal staining
solution

100mM Potassium Ferricyanide,
20X KC solution 100mM Potassium Ferrocyanide RT, in the dark
trihydrate, in 1x PBS

Img/mL x-gal in N,N-

SO ealiien Dimethylformamide

-20°C, in the dark
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Table 5: List of solutions used for SA-#-Gal Staining. X-Gal staining solution was prepared
immediately before use, while 20X KC and 40X X-Gal stocks were prepared ahead of time. All
reagents (unless otherwise stated) were purchased from ThermoFisher Scientific.

48



Chapter 3: Results

3.1 MOF isolation technique yields cultures that have little to no epithelial cell
contamination.

In order to confirm the identity of isolated cells as fibroblasts and to check for potential
contamination from other ovarian cell types (epithelial and granulosa cells primarily), MOF cultures were
co-stained to detect the presence of vimentin, a type Il intermediate filament, that is expressed in cells of
mesenchymal origin, such as fibroblasts; Keratin, a type I/ll intermediate filament abundantly present in
cells of epithelial origin; and inhibin o, a protein secreted by granulosa cells. Immunofluorescence revealed
MOFs in cultures to be abundantly expressing vimentin, and little to no keratin (Figure 9A), confirming
their mesenchymal origin, and indicating minimal epithelial contamination. Little to no inhibin a was

detected using immunofluorescence (Figure 9B) in MOF cultures.
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A) MOF PEO

MOF MOF

Figure 9: Immunofluorescence and RNA-seq reveal that MOF isolation technique yields
cultures that are enriched in fibroblasts, have minimal epithelial or granulosa cell
contamination. (A) Cells in culture stain positively for vimentin (green) but show little to no
cytokeratin staining (red). PEO1 cells were used as a positive control for cytokeratin staining. (B)
MOF cultures show no inhibin staining, using immunofluorescence. Immunofluorescence was
performed on freshly isolated MOFs as described in sections 2.9. Nuclei are visualized in blue,
either using DAPI or Hoechst. Images were taken at 20x using an Axioskop2 MOT fluorescence

microscope.
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3.2 TGF-B mediated activation of MOFs is associated with typical gene expression of
markers of myofibroblasts.

NIH3T3 cells (embryonic fibroblasts from NIH/Swiss mice were used to establish controls
for TGF-P mediated activation of myofibroblasts. Activation of myofibroblasts is associated with
increased expression of Acta2, which encodes for a-smooth muscle actin, an isoform of actin that
is essential to mediate wound healing, as well as cell adhesion molecules and ECM proteins,

187 Markers of

particularly collagen fibers, and enzymes required for their synthesis and assembly
TGF-B mediated myofibroblast activation were identified using RNA-sequencing data from
Yeung et al. (2013) that highlighted transcriptomic changes associated with TGF-f treated
telomerase-immortalized normal ovarian fibroblasts (NOF151-hTERT)'. Using gPCR, we
assessed differential gene expression among control and TGF-p treated NIH3T3 fibroblasts and
MOFs. TGF-p treatment of NIH3T3 significantly upregulated mRNA expression of Acta2 and
Col7al and significantly decreased the expression of Postn, and Colla2 (Figures 10A-D). While
TGF-B treatment of MOFs significantly increased mRNA expression of Acta2 and Col7al
(Figures 10A, B), it did not alter the expression of Postn or Colla2 (Figure 10C, D). Observed
changes in the expression of the latter two genes were unexpected as both periostin (Postn) and
collagen 1 (Col1a2) are known to be upregulated with TGF-p treatment in fibroblasts'®’; however,

the significant increase in expression of Acta2 and Col7al is suggestive of TGF- mediated

activation of MOFs.
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Figure 10: Markers of activated fibroblasts are expressed upon TGF-g treatment of MOFs.
NIH3T3 fibroblasts and MOFs were treated with TGF-8 at 10ng/mL for 48h in 37°C at 5% CO>
under normoxic and hypoxic conditions, respectively. In both types of fibroblasts TGF-f induced
upregulation of (A) Acta2 and (B) Col7al, however, had differential effects on the expression of
Postn and Colla2. The expression of both (C) Postn and (D) Colla2 was downregulated in
NIH3T3 fibroblasts and was unaltered in MOFs in response to TGF-5. MOFs were isolated as
described in section 2.4. Both, MOFs and NIH3T3 fibroblasts were treated with TGF-4 as
described in sections 2.8.1 and 2.8.2, respectively. RNA was assessed using gPCR analysis and
results are presented as Log?2 fold change (Relative fold change). ABI 5700 Fast Real-Time PCR
system was used to perform thermal cycling. Gene expression was normalized using housekeeping
genes Act-8, Gapdh and Hrptl, analyzed using the relative quantification (244<") method and is

presented as log2 fold change. Experiment was performed in triplicate (n=3); Error bars indicate
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standard error of mean (SEM). Unpaired T-test was applied using GraphPad Prism, * = p < 0.05;

** = p < 0.01; ***=p< 0.001; ns= not significant.
3.3 Loss of Brcal expression reduces cell survival and changes morphology.

3.3.1 Adenoviral Cre mediated loss of Brcal in MOFs is coupled with EYFP expression.
EYFP expression, through the Rosa26 locus, was tracked as a reporter of cells in which cre
mediated recombination of Brcal likely occurred, and apoptosis was measured to monitor
recovery of MOFs from adenoviral transduction. EYFP expression was detected in AdCre infected
MOFs (called AdCre MOFs hereon) at 48 hours post-infection, but not in AdEmpty MOFs (Figure
11A), thereby confirming the expression and subsequent activity of adenoviral cre recombinase.
Prior to 48 hours, EYFP was undetectable in both, AdCre and AdEmpty MOFs. Consistent with
48h post-infection, EYFP expression was detected in AdCre MOFs at 144h (6 days) post-infection,
but not in AdEmpty MOFs (Figure 11B), suggesting successful cre mediated recombination of

Brcal in MOFs.

| (A) 2 days post-transduction | (B) 6 days post-transduction

EYFP channel Phase contrast EYFP channel Phase contrast

AdCre

AdEmpty

200 pm - . 200 pm

200 pm

Figure 11: AdCre mediated deletion of Brcal is coupled with EYFP expression. (A) EYFP
expression is first detected in AdCre, but not AAdEmpty MOFs 2 days (48h) post-infection. At this
time, both AdCre and AdEmpty MOFs display wt morphology; (B) EYFP expression is enhanced
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in AdCre MOFs 6 days (144h) post-transduction, while EYFP remains undetected in AdEmpty
MOFs; AdCre MOFs display altered morphology while AdEmpty MOFs retain their wt
morphology. MOFs were isolated and transduced with adenovirus as described in sections 2.4
and 2.6, and were cultured in MOF media, at 37°C in 5% O>. Biotek cytation 5 imaging reader

was used to visualize EYFP and capture images at 10x.

3.3.2 Adenoviral cre mediated recombination successfully creates Brcal KO

Day 14 post-transduction, mMRNA and gDNA were extracted from Brcal KO MOFs to
confirm Brcal KO. Recombination of Brcal as well as wildtype Brcal products were detected in
gDNA collected from AdCre infected MOFs, with the latter to a much lower extent (Figure 12A).
Only wildtype Brcal was detected in gDNA from AdEmpty MOFs (Figure 12A). QPCR analysis
revealed a significant decrease in the mRNA expression of Brcal with AdCre transduction,

compared to AdEmpty infected MOFs (Figure 12B), suggesting a successful Brcal KO in most

cells.
(A) Recombination of Brcal (B) Brcal mRNA expression
% %k
AdEmpty AdEmpty AdCre AdCre
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Figure 12: Transduction of MOFs with AdCre successfully created Brcal KO. MOFs in culture
were collected at day 14 for gDNA and RNA extraction to check for genomic recombination and
relative mRNA expression of Brcal. (A) PCR using gDNA from AdCre MOFs produced two
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amplicons, a 592bp product from wt Brcal (primer set targets exon 11), and a 600bp product from
cre-mediated recombination of Brcal (primer set targets intron4-13 junction), while PCR using
gDNA from AdEmpty MOFs resulted in amplification of a 592bp wt product but not a 600bp
recombination product. (B) QPCR revealed significantly decreased mRNA expression of Brcal in
AdCre MOFs as compared to AdEmpty MOFs. MOFs were isolated and transduced with
adenovirus as described in sections 2.4 and 2.6. RNA and gDNA were extracted as described in
2.16. Brcal_intron4_F and Brcal_intron13_R were used to check for recombination of Brcal and
Brcal exon 11_F&R was used to detect wt Brcal. PCR reactions were prepared as described in
section 2.4 and performed as outlined in Table 3 using the BioRad TM100 thermal cycler. 1.5%
agarose gel in TAE was used to separate PCR products, which were then visualized using UV
spectra. ABI 5700 Fast Real-Time PCR system was used to perform thermal cycling. Raw data
normalized using housekeeping genes Act-p, Gapdh and Hrptl, analyzed using the relative
quantification (2-44Ct) method and presented as Log2 fold change (L0g2FC; relative fold
change). Experiment was performed in triplicate (n=3); Error bars indicate standard error of

mean (SEM). Unpaired student’s T-test was applied using GraphPad Prism; **= p-value < 0.01.

3.3.3 Sudden loss of Brcal is cytotoxic and leads to cell death via apoptosis.

Using a luminescence-based apoptosis assay, a significant increase in apoptosis was
observed in Brcal KO MOFs compared to AdEmpty MOFs from days 2-6 post transduction, after
which no significant differences were observed between the two groups, suggesting that the sudden
loss of BRCA1 function induces apoptosis in MOFs (Figure 13). For both, Brcal KO and
AdEmpty MOFs, apoptosis was found to peak at 48 hours, and then decreased gradually, reaching

a plateau at day 14, suggesting recovery from virus transduction (Figure 13).
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Sudden loss of Brcal is cytotoxic and induces apoptosis in MOFs
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Figure 13: Sudden loss of Brcal induces apoptosis in MOFs. At all time points, apoptosis was
recorded to be highest in AdCre MOFs, as compared to AdEmpty or control MOFs. Apoptosis in
all groups gradually decreased with time, tapering off at approximately day 14 post-transduction,
indicating recovery from virus transduction. MOFs were isolated and transduced with adenovirus
as described in sections 2.4 and 2.6. Cell death was measured using RealTime-Glo™ Apoptosis
Assay, starting at the end of virus transduction up until day 14. Biotek Cytation 5 imaging reader
was used to measure luminescence every 24h, with timepoint Oh representing 4h post-transduction.
Experiment was performed in triplicate (n=3). Error bars indicate SEM. Two-way ANOVA was

applied using GraphPad Prism. *= p-value < 0.05.

3.3.4 MOFs surviving initial loss of Brcal adopt a flattened morphology.
AdCre transduced MOFs in culture at day 14 expressed EYFP (Figure 14) and had adopted
a unique morphology characterized by enlarged, flattened cytoplasm, while AdEmpty MOFs had

retained their wildtype morphology post-transduction (Figures 11A-B, 14). This suggests that

56



cells that were able to withstand the sudden loss of Brcal survived but adopted a unique enlarged

and flattened morphology over a span of 14 days.

14 days post-transduction

EYFP channel Phase contrqt

AdCre

200 pm

AdEmpty

200 pm

Figure 14: Brcal KO MOFs display unique enlarged and flattened morphology. 14 days (336h)
post-transduction AdCre MOFs strongly express EYFP and display a unique flattened
morphology, while ADEmpty MOFs retain their wt morphology and do not express EYFP. MOFs
were cultured in MOF media, at 37°C in 5% O.. Biotek cytation 5 imaging reader was used to

visualize EYFP and capture images at 10x.
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3.4 Loss of Brcal in MOFs does not result in transcriptional activation of markers of fibrosis.
3.4.1 Brcal KO in MOFs downregulates genes involved in TGF-f signalling.

Given the hypothesis that loss of BRCAL may be associated with the development
of fibrosis, a fibrosis PCR array was used to compare the differential expression of various
pro-fibrotic genes and members of the TGF-p signalling pathway in AdEmpty (wt
Brcal->®LoxPy and AdCre MOFs (Brcal®>%3, i.e., Brcal KO). Brcal KO in MOFs did not
significantly upregulate any pro-fibrotic markers, however, the mRNA expression of
several components of TGF-p signalling, such as Smad4, Smad6, Tgfbrl, Cebpb, Jun, Myc,
and Stat6 was significantly decreased (Figure 15; highlighted in blue).
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Figure 15: Brcal KO in MOFs results in downregulation of transcripts for several TGF-f
signalling components. Genes significantly up and down regulated with loss of Brcal were
identified using the RT2 profiler fibrosis PCR array. Adenovirus transduction and RNA extraction
were performed as described in sections 2.6 and 2.13. ABI 5700 Fast Real-Time PCR system was
used to perform thermal cycling for RT2-profiler fibrosis PCR array. Raw data was normalized to
a set of housekeeping genes and analyzed using the relative quantification method (2 44¢") and is
presented as log2 fold change (Relative fold change) in Brcal KO MOFs as compared to AAEmpty
MOFs. Experiment was performed in triplicate (n=3). Error bars indicate SEM. Unpaired T-test
was applied using MS-Excel; * = p-value < 0.05; ** = p-value < 0.01; p-values > 0.05 are

indicated in figures.

3.4.2 Timp3 and Mmp13 appears to be upregulated with Brcal KO in MOFs.

The mRNA expression of Acta2 appears to be upregulated, however this did not quite reach
statistical significance (Figure 16A). Additionally, mRNA expression of structural extracellular
matrix proteins that are known to be upregulated with fibroblast activation and in fibrotic niches,
such as Colla2 and Col3al (Figure 16B, C) were unaltered in Brcal KO MOFs. However, two
matrix remodelling enzymes, Timp3 and Mmp13 (p-value= 0.06) were found to be upregulated
with Brcal loss in MOFs (Figures 16D, E). These changes in gene expression were confirmed
using RNA-sequencing which showed that expression of Acta2, Timp3 and Mmpl3 was
significantly upregulated, and the expression of Collal and Col3al was unaffected (Figure 16F).
Collectively, these findings suggest that the loss of Brcal in MOFs may result in fibroblast

activation, however this might be independent of TGF-f signalling.
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PCR Array RNA-Sequencing

(A) Acta2 (B) Colla2 (C) Col3al (¥ Breal KO has no cffect on expression of
Collal and Col3al

2.57 0.0682 2.0 e 1.0- ns -
=
(=] *
£ 2.0 - "|' = o
g 0 T £ 1.5 & 4 ns ns
e 5 1o 5 0s £ ? —
- = U g Rk =
2 1.5 & £ = 4 ﬁ' ?. f
S 2 059 = = Pl
1.0+ = = &s "
S o 00 % 00 B
) g 3 =
= 0.5 = 0.5 E 2
g @ sacre
0.0 ! ’ L VST o0 A saEnpy
AdEmpty AdCre AdEmpty AdCre AdEmpty AdCre j -
, (U T T T T
(D) Timp3 (E} Mmpl13 3 5 N % 3
R\ R O P
1.5 ok s W & > o o8
- 2.0 0.0635 ¢ ¢ 4 ﬁ\\
7 T S
=4 %
£ 1.0+ E 157
© o
5 2 1.0+
r@ =
= =
e 0.5 ~
§ E‘* 0.5 T
0.0 T T 0.0 ! -
AdEmpty AdCre AdEmpty AdCre

Figure 16: Loss of Brcal induced myofibroblast activation of MOFs. RT2- profiler PCR array
indicates that Brcal KO in MOFs appears to (A) upregulate Acta2 (p=0.068), (B, C) has no effect
on the expression of Colla2 and Col3al, key structural components of the ECM, but does (D)
significantly upregulate matrix remodelling enzyme, Timp3 and (E) trends towards upregulation
of Mmp13 (p=0.064). (F) Differential expression of these ECM associated genes was confirmed
using RNA-seq. Adenovirus transduction and RNA extraction were performed as described in
sections 2.6 and 2.13. ABI 5700 Fast Real-Time PCR system was used to perform thermal cycling
for RT2-profiler fibrosis PCR array. Raw data was normalized to a set of housekeeping genes and
analyzed using the relative quantification method (2 44"y and is presented as log2 fold change
(Relative fold change). RNA-seq data was analyzed using DESeq2 (R project) to access differential
expression of genes (A), which is presented as Log2FC in Brcal KO MOFs as compared to
AdEmpty MOFs. Experiment was performed in triplicate (n=3). Error bars indicate SEM.
Differential gene expression from RNA-sequencing is shown as log normalized expression between
AdCre and AdEmpty (F). Unpaired T-test was either applied using GraphPad Prism (A-E) or

performed in R (F); * = p-value < 0.05; ** = p-value < 0.01; ns= not significant.
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3.5 Loss of Brcal in MOFs is associated with myofibroblast activation and alterations in

ECM homeostasis and immune regulation.

3.5.1 Brcal KO increases genome organization & immune regulation pathways in MOFs.

RNA-seq was used to assess global transcriptomic changes associated with the loss of
Brcal in MOFs; Transduction of MOFs with AdCre decreased the mRNA expression of Brcal,
relative to that of AdEmpty MOFs, thereby confirming Brcal KO and indicating that the observed
transcriptomic effects are likely due to loss of Brcal (Figure 17A). However, in contradiction to
immunofluorescence staining, RNA-seq revealed the expression of Inha, a gene encoding for the
alpha subunit of inhibin, a marker of granulosa cells (Figure 17B), indicating the presence of
granulosa cells in MOFs cultures. Suggesting that while our isolation technique avoids epithelial
cell contamination, it does not yield cultures free of granulosa cells. As such, MOF cultures contain
at least two types of ovarian cells, stromal fibroblasts and granulosa cells. Gene Ontology
pathways from GSEA revealed significant increases in processes and pathways involving genomic
reorganization, assembly, and disassembly of the organizational units of the genome, as well as
processes mediating immune regulation, and revealed a significant decrease in the processing of
non-coding mMRNA (Figure 17C). Given the known role of BRCAL in DNA repair and
maintenance of genomic integrity, the upregulation of pathways involved in genome
reorganization and chromatin assembly/disassembly with loss of BRCAL function consolidates

the role of BRCAL as an essential player in the maintenance of genomic integrity in MOFs.
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Figure 17: Gene ontology pathways identify genome organization and immune regulation
pathways to be most significantly upregulated with loss of Brcal in MOFs. Relative abundance
of Brcal mRNA in each group is shown as (A) transcripts per million (TPM) and log2 fold change.
AdCre treatment significantly decreased Brcal mRNA expression relative to ADEmpty treated
cells, confirming Brcal KO in MOFs. (B) The mRNA expression of Inha, a gene encoding for the
alpha subunit of inhibin, a marker of granulosa cells was expressed by MOFs, while relative
expression of keratin mRNAs (marker of epithelial cells) was relatively low. mRNA expression is
presented as TPM. (C) Gene Ontology (GO) pathways from GSEA reveal increased reorganization
of genome, along with pathways involved in mediating immune responses, while the processing of
non-coding RNA was downregulated. Adenovirus transduction and RNA extraction were
performed as described in sections 2.6 and 2.13; RNA was sequenced on a NovaSeq 6000
sequencer by Genome Quebec; RNA-seq data was aligned and analyzed as described in section
2.16; RNA-seq data was analyzed using DESeqg2 (R project) to access differential expression of
genes (A), which is presented as Log2FC in Brcal KO MOFs as compared to AdEmpty MOFs.
Experiment was performed in triplicate (n=3). Error bars indicate SEM. Unpaired student’s T-

test was performed using R;*= p-value < 0.05.
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3.5.2 Brcal KO is likely associated with altered homeostasis of the ECM.

Since fibrosis is ordered arrangement of structural proteins of the ECM, genes that encode
for proteins required for the homeostatic organization of the ECM are of particular importance.
Volcano plot showing differential gene expression of AdCre MOFs, as compared to AdEmpty
MOFs revealed significantly decreased expression of Dcn, Adamts9, and Igfbp5 (highlighted in
amber; Figure 18). These genes encode for proteins that are necessary in maintaining the structure
of the ECM, and Igfbp5 is also involved in the regulation of cell proliferation. The gene product
of Dcn, decorin is especially important for matrix organization. Additionally, the mRNA
expression of H2-Aa, a gene encoding for one of the MHC-II complex subunits, was upregulated
with loss of Brcal (highlighted in purple; Figure 18), suggesting altered immune modulation and
communication in Brcal KO MOFs. Log2 fold change threshold for biologically relevant
differences in gene expression is defined by dashed blue line (Log2 fold change=1) and lie on
either side of dashed blue line, and represent differentially expressed genes with log2 fold change

greater and less than 1, for upregulation and downregulation, respectively.
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Figure 18: Volcano plot showing significant differential gene expression between AdCre and
AdEmpty MOFs. RNA-seq revealed decreased expression (to the left) of various regulatory
components of the ECM, namely Igfbp5, Dcn and Adamts9 (highlighted in amber) and upregulated
(to the right) MHC-11 component H2-Aa (highlighted in purple). X-axis represents Log2 Fold
Change (Log2FC), and Y-axis represents -Log(padj). RNA-seq data was analyzed using DESeq2
(R project) to access differential expression of genes. Differentially expressed genes (DEGS)
enclosed by dashed blue lines represent increases < Log2FC of 1, and decreases > Log2FC of -

1, and were not taken into account.
3.5.3 Brcal KO induces myofibroblast activation of MOFs.

Brcal KO MOFs significantly upregulated the expression of Acta2, MyoD1, a critical transcription
for differentiation of myofibroblasts and genes encoding the structural components of the ECM, such as
Colllal, Col18al, Col8al, Coll4al, Coldal, Col2al and Eln (log2FC > 1.5; p-value < 0.05), relative to
AdEmpty MOFs (Figure 19A), suggesting that loss of Brcal in MOFs mimics myofibroblast activation.

Immunofluorescence revealed the formation of a-smooth muscle actin (a-SMA,; encoded by Acta2) stress
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fibers in Brcal KO MOFs, but not AdEmpty MOFs (Figure 19B), further confirming MOF activation.
However, no significant changes in the mRNA expression of Dpp4 or Fap, key markers associated with
fibrosis, were observed with Brcal loss. Myofibroblast activation and consequent increased synthesis of
ECM proteins along with decreased expression of genes encoding for organizational glycoproteins (Dcn)
and remodelling enzymes (Mmp13, Timp3, Adamts9) (Figures 16, and 18) when taken together suggests

the possibility that Brcal loss may result in dysregulated homeostasis of the ECM.

(A) Brcal KO MOFs express markers of activated fibroblasts
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Figure 19: Deletion of Brcal in MOFs induces myofibroblast activation. (A) Brcal KO MOFs
upregulate Acta2, a known marker of myofibroblasts (activated fibroblasts), along with Colllal,
Col18a1, Col8al, Coll4al, Col2al, EIn and downregulated Col12al. (B) a-SMA stress fibers in
Brcal KO MOFs. Immunofluorescence was performed on Brcal KO MOFs 14 days post-AdCre
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transduction. Nuclei are visualized in blue, using Hoechst. Images were taken at 20x using
Axioskop2 MOT fluorescence microscope. RNA-seq data was analyzed using DESeq?2 (R project)
to access differential expression of genes, which is presented as Log2FC in Brcal KO MOFs as
compared to AdEmpty MOFs. Experiment was performed in triplicate (n=3). Unpaired student’s

T-test was performed using R; * = p-value < 0.05; ** = p-value < 0.01; ***= p-value < 0.001.

3.6 Brcal KO MOFs exhibit impaired dsDNA damage repair, G2/M DNA damage

checkpoint, and ubiquitination, that likely impedes cell cycle progression.

3.6.1 Brcal function is required for proper dsDNA repair and for the G2/M checkpoint.
The role of BRCAL in maintaining genomic integrity and in orchestrating DNA repair
pathways has been previously established, with Brcal mutant cells exhibiting impaired dsDNA
repair. As such we sought to assess the consequences of loss of BRCAL on dsDNA repair processes
in MOFs. Data was compared to established gene sets from MSigDb associated with various DNA
repair processes. Consistent to literature findings, the loss of Brcal significantly impaired the
overall average gene expression (gene module score) of proteins required for the G2/M DNA
damage checkpoint (Figure 20A), which acts to prevent cell cycle progression and allows cells to
repair any DNA damage from genome replication, prior to mitosis. Additionally, the gene
expression profile of Brcal KO MOFs revealed impaired dsDNA break repair and cellular response
to dsDNA damage (Figures 20B, C). Collectively, these results suggest impaired dsSDNA damage
repair in MOFs, thereby indicating that, as in other cell types, BRCA1 in MOFs functions as a key
mediator in the assembly and function of DNA repair complexes, as well as in DNA damage

surveillance.
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(A) G2/M DNA damage checkpoint  (B) DNA double strand break repair  (C) DNA double strand break response
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Figure 20: Loss of Brcal function impairs expression of DNA damage checkpoints, DNA
damage repair pathways. Brcal KO decreased the expression of genes involved in (A) G2/M DNA
damage checkpoint regulation, as well as (B) double stranded DNA break repair pathways and
(C) cellular response to dsDNA damage. RNA-seq data was analyzed using DESeqg2 (R project) to
access differential expression of genes, which is presented as gene module score. Experiment was
performed in triplicate (n=3); All genesets were acquired from MSigDb and scored as described

in section 2.15; Error bars indicate SEM; Unpaired student’s T-test was applied using R.

3.6.2 Impaired dsDNA damage repair likely halts the cell cycle to promote DNA repair.
Members of the E2f family of transcription factors control the transcription of genes
involved in DNA replication and cell cycle progression into the next phase, making them critical
regulators of the cell cycle!®. Transcriptional activity of E2f is regulated by pRb. As such, when
E2f is a part of the pRDb-E2f complex, initiation of DNA replication is inhibited.
Hyperphosphorylation of pRb by the cyclinD-CDK4/6 complex promotes release of E2f, rendering
it transcriptionally active, enabling DNA replication and cell cycle progression. Brcal KO MOFs
were found to have increased expression of genes involved in inhibition of DNA replication

mediated via the pRb-E2f complex (Figure 21A), suggesting inhibition of cell cycle progression.
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This was found to be consistent with decreased expression of Pold1 and Pold4, both of which encode
for subunits of replicative DNA polymerase 6, as well as increased expression of Polk, which
encodes for DNA polymerase «, a specialized error-prone polymerase that is equipped to bypass
dsDNA damage to continue strand extension (highlighted in green; Figure 21B). Additionally, the
expression of genes encoding for DNA repair proteins Xrcc2, Rad51c and Gadd45a was also
significantly decreased with Brcal KO (highlighted in purple; Figure 21B). Loss of function
mutations in Xrcc2 and Rad51c are associated with increased genomic instability and have been
identified in various cancers*®®. Gadd45a encodes for a nucleotide excision repair protein that is
essential in mediating cellular stress responses. As such, these data suggest the possibility that
BRCA1 may be responsible for the transcriptional regulation of various DNA repair proteins. It is
however unclear whether Brcal does so directly or indirectly via intracellular signal transduction.
Nonetheless reduced expression of DNA repair proteins, and replication machinery, as well as
increased expression of translesion synthesis polymerases suggests reduced DNA repair efficiency

and accumulation of dsSDNA damage, which are associated with cell cycle arrest.
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Figure 21: Brcal likely functions as an important transcriptional regulator for DNA repair
machinery. Loss of Brcal in MOFs (A) increased expression of genes encoding proteins that
inhibit initiation of replication (mediated by Rb1-E2f1 complex), relative to AAEmpty infected
cells. (B) Genes encoding for components of DNA repair machinery were downregulated
(highlighted in red box), while genes encoding for translesion synthesis, DNA replication
machinery (highlighted in green box) were upregulated in Brcal KO in MOFs. RNA-seq data was
analyzed using DESeq?2 (R project) to access differential expression of genes, which is presented
as gene module score (A) and as log normalized expression in Brcal KO MOFs as compared to
AdEmpty MOFs (B). Experiment was performed in triplicate (n=3). Geneset (A) was acquired
from MSigDb and scored as described in section 2.16. All differentially expressed genes exceed
10g2FC>0.55. Unpaired student’s T-test was applied using R.*= p-value <0.05; **= p-value <
0.01; ***= p-value < 0.001; ****= p-value < 0.0001.

3.6.3 BRCA1/BARD1 E3 ubiquitin ligase function appears to regulate cellular
ubiquitination.

Apart from its role as an integral orchestrator of DNA damage surveillance and repair,
BRCAL interacts with BARDL1 via its RING domain to enzymatically function as an E3 ubiquitin
(Ubq) ligase that is known to mediate various aspects of DNA damage surveillance and repair, cell-
cycle regulation and transcriptional regulation of cellular pathways through ubiquitination of a
myriad of substrates®!. Given that the loss of Brcal impaired DNA repair pathways and the G2/M
checkpoint in MOFs, we sought to access whether the E3 ubiquitination function of Brcal too was
impaired. The expression of several cellular E3 Ubq conjugating enzymes was decreased with loss
of Brcal which led to a decreased module score for gene sets associated with cellular protein
ubiquitination and ubiquitin ligase function (Figure 22A, B). It is possible that impaired E3
Ubiquitin ligase activity of BRCA1/BARD1 may partly contribute to impaired DNA repair

pathways and cell cycle checkpoint.
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Figure 22: Deletion of Brcal decreases the expression of cellular E3 ubiquitin ligases. Brcal
KO MOFs exhibit reductions in (A) global cellular ubiquitination and (B) E3 ubiquitin ligase
functionality, which represents the final step in protein ubiquitination whereby E3 ubiquitin ligases
(such as Brcal/Bardl complex) transfer ubiquitin to target proteins. RNA-seq data was analyzed
using DESeq2 (R project) to access differential expression of genes, which is presented as gene
module score. Experiment was performed in triplicate (n=3). Both gene sets were acquired from
MSigDb and scored as described in section 2.16; Error bars indicate SEM, Unpaired student’s T-

test was applied using R.
3.7 The loss of Brcal in MOFs is associated with reduced proliferation and induction of

cellular senescence.

3.7.1 Loss of Brcal is likely associated with increased expression of core senescence
initiators.

Next, we sought to determine if loss of BRCAL function and subsequent impairment of
DNA repair pathways and DNA damage checkpoints lead to disruption of genes associated with
cell cycle arrest. The gene module score of senescence core genes was significantly upregulated
with loss of Brcal expression (Figure 23A). Brcal KO MOFs significantly increased the
expression of three core senescence initiators: Cdknla (p21; log2FC=1.00), Cdkn2a (pl6;
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log2FC=1.83) and Tnfrsf10b (TRAILZ2; log2FC=0.88), identifying them as core genes, which are
responsible for the initiation of cellular senescence following the loss of Brcal in MOFs (Figure
23B). Cell cycle arrest and as well as enlarged and flattened cellular morphology are primary

indicators of cellular senescence®®?.
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Figure 23: Brcal KO MOFs upregulate mRNA expression of core senescence initiators cellular
senescence. (A) Gene module score of core senescence initiators was significantly upregulated in
Brcal KO MOFs. (B) The expression of core senescence genes- Cdknla, Cdkn2a and Tnfrsf10b
was significantly upregulated by Brcal KO MOFs. RNA-seq data was analyzed using DESeg2 (R
project) to access differential expression of genes, which is presented as gene module score (A)
and log normalized expression in Brcal KO MOFs as compared to AdEmpty MOFs (B).
Experiment was performed in triplicate (n=3). List of Core senescence genes was adopted from
Landry et al. 2022 and scored as described in 2.16. Error bars indicate SEM. Unpaired student s
T-test was applied. *= p-value <0.05; **= p-value < 0.01; ***= p-value < 0.001; ****= p-value
< 0.0001. Cdknla, and Cdkn2a meet Log2FC threshold defined in Figure 18, while Tnfrsf10b does
not (Log2FC= 0.88).
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3.7.2 Loss of Brcal in MOFs inhibits cell cycle progression & alters cellular morphology.

Since cellular senescence is a stress response that elicits a permanent arrest in cell cycle
progression and triggers profound phenotypic changes, we accessed the expression of genes
associated with cell cycle progression and arrest, in Brcal KO and wt (AdEmpty) MOFs and
visualized the accompanying change in morphology. Our findings revealed that the loss of Brcal
in MOFs is associated with decreased expression of Pold2 and E2f5, both of which genes
associated with DNA replication and cell cycle progression (Figure 24A; highlighted in green), as
well as increased expression of genes encoding for inhibitors of the cell cycle, specifically,
Cdknla, Cdkn2a, which encode inhibitors of cyclin dependent kinases, p21 and p16, respectively;
Rb1 encodes for pRDb, an inhibitor of E2F family of cell cycle progression transcription factors
(Figure 24A; highlighted in red). The decrease in the expression of cell cycle promoting genes
and concurrent increase in the expression of inhibitors of cell cycle progression may collectively
be indicative of cell cycle arrest. Brcal KO MOFs were observed to adopt an enlarged, flattened
morphology that is characteristic of senescent cells. Brcal KO (EYFP+) MOFs (Figure 24B; top)
show enlarged and flattened morphology, as compared AdEmpty MOFs (auto-fluorescent; Figure
24B; bottom) that retain their wt morphology. Vimentin (intermediate cytoskeletal filament)

staining of MOFs also shows spread out, flatted cellular morphology (Figure 24B).
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Figure 24: Brcal KO MOFs increase the expression of negative cell cycle regulators and
develop senescence-like morphology. Loss of Brcal expression in MOFs led to (A) a concurrent
increase in expression of inhibitors of cell cycle (highlighted in blue) and a decrease in the
expression of genes required for cell cycle progression (highlighted in green). All genes meet the
Log2FC threshold defined in Figure 19. (B) Loss of Brcal expression also led to the development
of senescence-like cell morphology, characterized by increased cell size, enlarged flatten
cytoplasm, and abnormal nuclei. AdEmpty MOFss retain their wt fibroblast morphology and do not
express EYFP. Immunofluorescence was performed on AdCre MOFs using vimentin to visualize
cytoplasmic structure and nuclei were stained using Hoechst. MOFs exhibit auto-fluorescence and
as such can be visualized without any staining when excited using wavelength of 488nm (as is the
case for AdEmpty MOFs in (B)). RNA-seq data was analyzed using DESeq2 (R project) to access
differential expression of genes, which is presented as log normalized expression in Brcal KO
MOFs as compared to ADEmpty MOFs. Experiment was performed in triplicate (n=3),; Unpaired
student s T-test was applied using R; *= p-value <0.05; **= p-value <0.01; ***= p-value <0.001;
****=p-value < 0.0001. All images in B were captured at 40x using Axioskop 2 MOT fluorescence

microscope.
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3.7.3 Senescence effector signature of Brcal KO MOFs is characterized by upregulation
of Map2k6 and downregulation of Tgfblil.

Upon initiation of senescence (by core genes), the induction of cellular senescence is then
mediated by senescence effector genes, which not only enable cells to acquire senescence but are
also responsible for the senescence associated secretory phenotype (SASP), a hallmark feature of
cellular senescence. Using a pre-established list of senescence effector genes outlined in Landry
et al 2022, we accessed differential expression of various senescence effector genes in Brcal KO
MOFs. The senescence effector gene signature of Brcal KO MOFs was characterized by
decreased expression of Brfl, and Map2k6 and increased expression of Tgfblil (highlighted in

purple; Figure 25).
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Figure 25: Brcal KO MOFs exhibit differential expression of senescence effector genes
Map2k6 and Tgfblil. Gene signature of senescence effectors is characterized by downregulation
of Map2k6 and upregulation of Tgfblil. Experiment was performed in triplicate (n=3);
Senescence effector gene set was adopted from Landry et al. 2022); RNA-seq data was analyzed
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using DESeq?2 (R project) to access differential expression of genes, which is presented as log
normalized expression in Brcal KO MOFs as compared to AAEmpty MOFs. Map2k6 and Tgfblil
meet the Log2FC threshold defined in Figure 18, while Brfl does not. Unpaired student’s T-test
was applied using R; *= p-value <0.05; **= p-value < 0.01; ***= p-value < 0.001; ****= p-
value < 0.0001.

3.7.4 Loss of Brcal in MOFs reduces cell proliferation.

To determine whether the changes in expression of genes associated with the cell cycle
reflect the predicated inhibition of cell proliferation, the confluence of cells over time was
determined. We observed significantly reduced proliferation of Brcal KO (AdCre) MOFs, as
compared to wt (AdEmpty) MOFs (Figure 26). This data is consistent with findings from RNA-seq
showing transcriptional activation of CDK inhibitors and repression of cell cycle enhancers (Figure

24), suggesting the possibility that the loss of Brcal resulted in inhibition of the cell cycle in MOFs.
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Figure 26: Loss of Brcal limits proliferation of MOFs. Confluency was measured for 4.5 days
using Incucyte® live-cell analysis to determine the growth rate of MOFs under each condition,
which was defined as a function of time and is represented by condition specific solid lines. Loss
of Brcal, adenovirus transduction, serum starvation and TGF-p treatment reduced proliferation

of MOF's. Non-linear regression analysis was performed using R-studio.
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3.7.5 Brcal*- KO MOFs exhibit senescence-associated p-galactosidase activity.

Acidic B-galactosidase activity is a defining feature of senescence and distinguishes
senescent cells from quiescent cells and those in temporary cell cycle arrest. To determine whether
MOFs become senescent upon loss of BRCAL, as predicted by the RNA-seq data, MOFs were
stained for senescence-associated p-galactosidase (SA-B-Gal) activity. Brcal->®"-EYFP MOFs
transduced with AdCre (Brcal”™ MOFs) stained positively (cyan) for SA-p-Gal activity 14 days
post-transduction, while AdEmpty transduced Brcal->®".EYFP MOFs showed minimal to no SA-
B-Gal staining (Figure 27A), confirming cellular senescence occurs in response to (heterozygous)
loss of Brcal in MOFs and ruling out the possibility of virus transduction inducing senescence.
Cellular senescence is a stress response that has been attributed to acetylation of lysine 320 of p53,
which promotes cell survival under stressful cellular conditions through transcriptional activation
of genes associated with cell cycle arrest, and repression of genes associated with apoptosis.
Consistent with the presence of SA-B-Gal staining, Brcal KO MOFs showed increased expression
of genes activated by acetylation of lysine 320 on p53, namely, Cdknla, Cdkn2a, Fosl and Tnfrsf21
and showed decreased expression of those repressed, such as, Mki67, Btg2, Sema4d, Casp6, Casp?2
and Cap9 (Figure 27B). Given the increased expression of CDK inhibitors, p21 and p16 that are
encoded by Cdknla and Cdkn2a, respectively, we sought to access the expression of various other
CDK inhibitors. We observed significantly increased expression of two other CDK inhibitor
encoding genes, namely, Cdknlc and Cdkn2b, which encode for p57 and p15 (Figure 27C).
Upregulation of CDK inhibitors, and positive SA-B-gal staining in combination with flattened,
enlarged morphology and reduced proliferation of Brcal KO MOFs suggests the induction of

cellular senescence and cell cycle arrest.
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Figure 27: Heterozygous loss of Brcal renders MOFs senescent. (A) Brcal”* (AdCre) MOFs
(top panel), but not Brcal“>®" EYFP (AdEmpty) MOFs (bottom panel) stain positively for acidic
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senescence associated-g-galactosidase (SA-S-Gal) activity. (B)Brcal”MOFs upregulate genes
activated by pro-survival p53 K320-Ac and downregulate those that repressed by the same. p53
K320-Ac activated genes are shown pink and those repressed in blue. (C)Brcal KO MOFs
upregulate CDK inhibitors Cdknlc and Cdkn2b. Images w ere captured at 10, 20 and 40x using
EVOS™ core AMEX-1200 transmitted-light inverted imaging system. RNA-seq data was analyzed
using DESeq2 (R project) to access differential expression of genes, which is presented as Log2FC
in Brcal KO MOFs as compared to AdEmpty MOFs. Experiment was performed in triplicate
(n=3). Datasets generated by Knight and colleagues 2006 were used to custom build gene list
used in figure (B). Log2FC for all genes meets the threshold described in figure 18. Statistical
significance of differentially expressed genes was accessed uUsing an unpaired student’s T-test,
which was applied using R. * = p-value < 0.05; ** = p-value <0.01; ***= p-value <0.001,; ****=
p-value < 0.0001.

3.8 SASP of Brcal KO MOFs is rich in adhesion molecules, matrix remodelling
enzymes, and immunomodulatory molecules that may facilitate the formation of an

Immunosuppressive niche.

3.8.1 Brcal KO induced SASP is rich in adhesion molecules and ECM enzymes.

The SASP is a dynamic phenomenon that varies in composition, and with time as well as is
biased by cell type and mode of senescence induction. Traditionally, SASP is composed of
inflammatory cytokines, growth factors, modulators of the ECM, and angiogenic factors. However,
composition of SASP is governed by the activity of Trp53, which can either positively regulate
NF«B activity to produce a strongly inflammatory SASP (referred to as NFkB SASP), or negatively
regulate it to induce a unique non-inflammatory SASP (referred to as Trp53 SASP) that is rich in
growth factors and modulators of the ECM?*85. Additionally, p21 is also known to contribute to the
secretory phenotype of senescent cells (referred to as SA- p21 activated secretory phenotype), SA-
PASP, and is independent to SASP that is regulated by Trp53 and NF«xB*®*. While NFxB- and

Trp53- mediated SASP exist in a mutually exclusive manner, SA-PASP may co-exist with either
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type of SASP. RNA-seq identified the SASP signature of Brcal KO induced senescence in MOFs
to be enriched in adhesion molecules, matrix remodelling enzymes, their inhibitors, growth factors
and immunomodulatory molecules (Figures 28A-B). We observed significantly increased gene
module score for SASP regulated by p53 but did not observe any significant changes in the gene
module score among AdEmpty and Brcal KO MOFs for SASP mediated by NFxB (Figure 28C).
Consistently, we did not observe any significant increased in the expression of genes encoding for
pro-inflammatory cytokines 11-6 and Il-1a, that are associated with NFkB SASP (Figure 28D).
These data suggest that the secretory phenotype of senescent Brcal KO MOFs is due to the
activation of SASP regulator p53 and p21, while NFkB does not appear to contribute to the SASP

of Brcal KO MOFs.

Closer assessment of the secretome of Brcal KO MOFs, revealed significant increases in
the expression of diverse components of the ECM, such as cell adhesion molecules (CAMSs) (Figure
29A), including structural proteins (Figure 19A), remodelling enzymes (Figure 29B), potent
mitogens (Figure 29C) as well as numerous components associated with increased stiffness of the
ECM, such as cross-linking enzymes, glycosaminoglycans, and various enzymatic and non-
enzymatic components required for the synthesis of collagen and elastic fibers, which are known
constituents of fibrotic niches (Figure 30). This suggests that loss of Brcal in ovarian fibroblasts
may lead to dysregulation in the composition and structure of the surrounding extracellular matrix.
It is however unclear if the observed changes in gene expression are due to the direct consequences

of loss of Brcal or to indirect effectors (senescence or myofibroblast activation).
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Figure 28: SASP of Brcal KO MOFs is enriched with components of the ECM and appears to
be driven by p53 and p21. (A) SASP of Brcal KO MOFs is enriched in cell adhesion molecules and
matrix remodelling components. (B) Senescence dependent p21 activated secretory phenotype (SA-
PASP) of Brcal KO MOFs is enriched in components of the ECM including, membrane
glycoproteins, protease inhibitors and immunomodulatory molecules. (C) Overall SASP expression
prolife of Brcal KO MOFs is aligned with that driven by p53 but not NFx-B. RNA-seq data was
analyzed using DESeq2 (R project) to access differential expression of genes, which is presented as
log normalized expression in Brcal KO MOFs as compared to AdEmpty MOFs (A, B, D) and as
gene module score (C). Experiment was performed in triplicate (n=3). Error bars indicate SEM;
Custom gene set for “traditional SASP” (A) was adapted from Landry et al. (2022)%; SA-PASP
gene list (B) was custom designed using datasets generated by Sturmlechner and colleagues
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(2022)'8: Trp53 and NFx-B SASP genesets (C) were adapted from Lopes-Paciencia et al. 20198,
and scored as described in section 2.16. All genes in (A and B) meet the log2FC threshold described
in figure 18. Statistical significance of differentially expressed genes was accessed using an
unpaired student’s T-test, which was applied using R. * = p-value < 0.05; ** = p-value < 0.01;

***= p-value < 0.001; ****= p-value < 0.0001.
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Reactome of Brcal KO MOFs is enriched with diverse components of the extracellular matrix
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Figure 29: Brcal KO MOFs enhances expression of ECM components. Loss of Brcal in MOFs
results in upregulation of genes encoding for many secreted molecules/components of the ECM,
including (A) numerous cell adhesion molecules and structural proteins, and (B) matrix remodelling
and crosslinking enzymes, families of protease inhibitors, as well as (C) potent mitogenic molecules.
RNA-seq data was analyzed using DESeq2 (R project) to access differential expression of genes,
which is presented as Log2FC in Brcal KO MOFs as compared to AdEmpty MOFs (A-C) and as log
normalized expression in Brcal KO MOFs as compared to AdEmpty MOFs (C). Error bars (C)
indicate SEM. Experiment was performed in triplicate (n=3). Log2FC for all genes meets the
threshold described in figure 18. Statistical significance of differentially expressed genes was
accessed using an unpaired student’s T-test, which was applied using R. * = p-value < 0.05; ** = p-
value < 0.01; ***= p-value < 0.001, ****= p-value < 0.0001.
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Brcal KO MOFs upregulate secreted components associated with
increased stiffness of the extracellular matrix
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Figure 30: Brcal KO MOFs enhances expression of ECM components. Loss of Brcal in MOFs
results in upregulation of genes encoding for various enzymatic and non-enzymatic secreted
components of the extracellular matrix that are associated with increased stiffness of the ECM and
fibrotic niches, including proteins required for the synthesis of collagen and elastic fibers, which
are known constituents of fibrotic niches. Experiment was performed in triplicate (n=3); RNA-seq
data was analyzed using DESeq2 (R project) to access differential expression of genes, which is

presented as Log2FC in Brcal KO MOFs as compared to AdEmpty MOFs. All genes other than
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ones highlighted in orange meet the log2FC threshold described in figure 18; Statistical
significance of differentially expressed genes was accessed using an unpaired student’s 7-test,
which was applied using R; * = p-value < 0.05; ** = p-value < 0.01; ***= p-value < 0.001;
****=p-value < 0.0001.

3.8.2 Brcal KO upregulates expression of immune modulators.

Given that inflammation and immune regulation are key features of the SASP, we sought to
access the expression of immune modulators in Brcal KO MOFs. Transcriptomic analyses revealed
significant increases in the expression of various true and decoy death receptors, chemokines,
interleukins, and their cell surface receptors (Figure 31) that are largely associated with the anti-
inflammatory type Il immune response (highlighted in purple), that is known to facilitate wound
healing and tissue repair through resolution of inflammation and dampens adaptive immune
responses!®1%, Though it is unclear if the observed increases in gene expression of
immunomodulatory molecules is due to the development of senescence or due to the direct loss of
Brcal, itis evident that increased expression of anti-inflammatory molecules impart Brcal-deficient

MOFs the ability to communicate with the immune, allowing them to modulate immune responses.
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Brcal KO MOFs upregulate anti-inflammatory immune molecules
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Figure 31: Loss of Brcal in MOFs is associated with increased expression of anti-inflammatory
immune modulators. The expression of genes encoding for immunomodulatory molecules such as
cytokines, chemokines, true and decoy death receptors, interleukins, and receptors was enhanced
in MOFs after deletion of Brcal. Genes encoding for immune modulators associated with type Il
immune response are highlighted in purple. RNA-seq data was analyzed using DESeq2 (R project)
to access differential expression of genes, which is presented as log normalized expression in
Brcal KO MOFs as compared to AdEmpty MOFs. Experiment was performed in triplicate (n=3).
All differentially expressed genes meet the threshold described in figure 18; Unpaired student’s
T-test was applied using R; * = p-value < 0.05; ** = p-value < 0.01; ***= p-value <0.001; ****=
p-value <0.0001.

3.8.3 Brcal KO MOFs may mimic antigen presenting cancer associated fibroblasts.

Since Brcal KO MOFs upregulated various anti-inflammatory cytokines and interleukins,
we sought to access the expression of other immune modulatory molecules. Interestingly, the gene
expression of several components of the major histocompatibility complex (MHC) I and 11, as well
as that of markers of antigen-presenting cancer associated fibroblasts (apCAFs), such as Ly6cl and

Lgals3 among others, was found to be significantly upregulated in Brcal KO MOFs (Figure 32A,
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B). Increased expression of components of MHC-I and II, especially in combination with the

upregulation of anti-inflammatory immune modulators, provides Brcal KO MOFs an additional

means of communicating with the immune system, specifically CD4+, CD8+ T and NK cells.

Dysregulation of the ECM via increased expression and secretion of CAMSs, matrix proteins,

remodelling components, in combination with apCAF-mimicking ability of Brcal KO MOFs might

further suggest that loss of Brcal function in MOFs could contribute to the formation of an

immunosuppressive niche in the murine ovary, rendering it an appealing pre-metastatic niche.

Log normalized expression

Log normalized expression

(A) Brcal KO MOFs upregulate several
MHC-I/II genes
49 ’ @ sicre
ok ’5 A AdEmpty
A .
ISP Ol WD Q¢ ¢ O J
J Qﬂ*’@ Pl PR gAY &

Log normalized expression

MHC-I/TI component genes

©)

co-inhibitory molecules

* kK
EEE TS
4=

4

%k k *

/7

Brcal KO MOFs expression various

* %k

s

T T T T
Lgals3 Lgals9 Cd80 Fgll

I
Cd276

Co-inhibitory molecules associated with immune exhaustion

88

(B) Brcal KO MOFs may mimic apCAFs
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Figure 32: The loss of Brcal in MOFs may facilitate the formation of an immunosuppressive
niche. Genes encoding for (A) components of the MHC-1/I1 complex (MHC-I associated genes
highlighted in green and MHC-I1 associated genes highlighted in pink) and (B) markers of antigen
presenting CAFs (apCAFs) were substantially upregulated by Brcal KO. RNA-seq data was
analyzed using DESeq?2 (R project) to access differential expression of genes, which is presented
as log normalized expression in Brcal KO MOFs as compared to AdEmpty MOFs. Experiment
was performed in triplicate (n=3). Gene list for “Markers of antigen presenting CAFs” was
custom built using data generated by Friedman et al. 2020'%. All differentially expressed genes
meet the threshold described in figure 18. Unpaired student’s T-test was applied using R; * = p-

value < 0.05; ** = p-value < 0.01; ***= p-value < 0.001,; ****= p-value <0.0001.
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Chapter 4: Discussion

The homozygous deletion of Brcal from primary MOFs induced a myofibroblastic
phenotype that was characterized by increased expression of Acta2, formation of a-smooth muscle
actin stress fibers and increased expression of genes encoding for structural ECM proteins such as
Colllal, Col18al, Col8al, Coll4al, Coldal, Col2al and EIn. This was accompanied by the
development of cellular senescence, which was confirmed by reduced proliferation, enlarged and
flattened morphology, increased expression of cell cycle inhibitors, and positive staining for SA-
B-gal activity. These changes resulted in a mildly-inflammatory SASP that appears to be enriched
with immune modulators, components of the MHC-I/11 complex and various components of the
ECM, specifically CAMs, matricellular proteins, and remodelling and cross-linking enzymes.
While there have been numerous studies to investigate the consequences of loss of BRCAL in the
transformation of epithelial cells, our results suggest that loss of BRCA1 function in ovarian
fibroblasts has the potential to create a pro-fibrotic microenvironment, which we hypothesize may

also be a contributing to the earlier onset of ovarian cancer in BRCA1 mutation carriers.

4.1 Induction of senescence in Brcal KO MOFs is likely associated with post-
translational modification of p53 at lysine 320.

Cellular senescence is defined as irreversible growth arrest in response to a variety of
stressors, such as DNA damage, oxidative stress, mitochondrial dysfunction, all of which are
primary hallmarks of cellular aging®. Our findings that the loss of Brcal in ovarian fibroblasts is
associated with the development of cellular senescence are consistent with those documented in
literature. Mouse embryonic fibroblasts isolated from Brcal4//#!! mice exhibited flattened and
enlarged morphology, reduced proliferation, and strong SA-B-gal staining as compared to wt
mouse embryonic fibroblasts in culture®®. Given the integral role of BRCAL as orchestrator of
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dsDNA damage repair, the loss of BRCAL was associated with impaired dSDNA damage repair,
genomic instability, and accumulation of DNA damage'®®. Cao and colleagues proposed that the
accumulation of DNA damage due to the loss of BRCAL function was likely to evoke a
physiological response through the activation of p53, initially resulting in cell cycle arrest,
followed either by apoptotic clearance of genetically compromised cells or survival through the
onset of cellular senescence. In response to DNA damage, p53 is acetylated at one of two C-
terminal lysine residues, K320 and K373, in a mutually exclusive manner®319.197  Acetylation at
K373 (K373-Ac) is associated with immediate response to severe DNA damage, and leads to
apoptotic clearance of compromised cells, while acetylation at K320 (K320-Ac) is associated with
persistent DNA damage and promotes survival through the induction of cellular senescence!®1%,
It can therefore be speculated that the induction of apoptosis, peaking at 48h after AdCre
transduction, in response to sudden loss of Brcal in MOFs, (Figure 13) may be attributed to p53
K373-Ac in response to abrupt impairment of dsDNA damage repair (Figures 20 B, C) and
subsequent accumulation of damaged DNA. However, as apoptosis started to taper off at day 11,
surviving Brcal KO MOFs adopted a flattened, enlarged morphology (Figure 24), which may be
attributed to p53 K320-Ac, promoting survival of Brcal KO MOFs through the induction of
senescence. This is consistent with increased expression of genes activated and decreased
expression of those repressed by p53 K320-Ac (Figure 27B). Interestingly, we observed
significantly decreased expression of Mki67, a gene encoding for Ki67, a marker of cell
proliferation, that is transcriptionally activated by p53 K320-Ac. In support of our findings,
senescence-associated cell cycle arrest and lack of proliferation are characterized by decreased
expression of MKi67. It has been shown that the acetyltransferase P300/Chbp-associated factor is

responsible for K320-Ac on p53, and is known to do so to a greater extent under hypoxic

91



conditions!®1%°_ It may be possible that preferential K320-Ac of p53 and consequent onset of
senescence in Brcal KO MOFs is due, at least in part, to being cultured in hypoxic conditions to
mimic relatively low blood oxygenation levels in the ovary. This collectively suggests that the
sudden and extended loss of Brcal is likely stabilized by distinct acetylation patterns of p53
acetylation, initially via apoptotic clearance (K373-Ac) and then through cell cycle arrest (K320-

Ac) and subsequent onset of senescence in Brcal KO MOFs (Figure 33).
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Figure 33: Onset of senescence in Brcal KO MOFs may be attributed to the induction of p53
K320-Ac in response to sustained DNA damage. Deletion of Brcal and hence loss of BRCAl
function, specifically as a mediator of DNA repair, poses as a stressor and induces cellular stress
responses. The sudden (short-term) loss of Brcal likely promotes acetylation at lysine 373 of p53
(p53 K373-Ac), a post-translational modification that results in hyperphosphorylation of the N-

terminal of p53, leading to increased stability and nuclear retention, thereby enhancing its
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interaction with low-affinity promoters for pro-apoptotic genes, potentially explaining the sudden
increase in apoptosis with loss of Brcal. Prolonged impairment of DNA repair, however,
preferences acetylation of lysine 320 of p53 (p53 K320-Ac), a post-translational modification that
blocks hyperphosphorylation at the N-terminal and consequently promotes nuclear export,
rendering p53 capable of binding only to high-affinity promoters such as that for p21. The
expression of p21 and pl16 (triggered directly by DNA damage), inhibitors of cyclin-dependent
kinase/cyclin complexes prevent hyperphosphorylation of the protein retinoblastoma (Rb), thereby
preventing release of the transcription factor E2f, that is responsible for the transcription of DNA

replication machinery required for the S phase to prepare for mitosis.

4.2 SASP of Brcal KO MOFs is associated with immune evasion and may facilitate the
formation of an immunosuppressive microenvironment.

The development of cellular senescence is bipartite in nature. Primary senescence, which
is the early, reversible state of cell cycle arrest that is dominated by p53 activity, is followed by
late senescence that is primarily mediated by p16/Rb pathway. Late senescence is characterized
by irreversible cell cycle arrest, elevated expression of p21 and p16, presence of SA-B-gal activity,
decreased expression of Ki67 (Mki67)!%, and production of SASP?®, all of which appears to be
exhibited by Brcal KO MOFs. The production of SASP is a key pathogenic feature of senescent
cells. Though the components and functions of SASP are diverse, production of inflammatory
cytokines, chemokines and interleukins is a marked feature that is often associated with
recognition and clearance of senescent cells by the immune system, to restore tissue
homeostasis?. While the transcription factor NFkB is responsible for the production of a pro-
inflammatory SASP, the components of SASP are to a large extent modulated by the activity of
p53, with inactivation of p53 in human fibroblasts being associated with the production of strongly
inflammatory SASP, thereby suggesting an inhibitory role of p53 in modulating the inflammatory

nature of SASP. In the case of Brcal KO MOFs, we did not observe any significant changes in the
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expression of pro-inflammatory cytokines associated with immune clearance, such as, IL-6, IL-
la, IL-8, and TNF-a, suggesting that the production of SASP in response to the loss of Brcal is
not dependent on NFxB (Figure 28D). Given that pro-inflammatory SASP is associated with
immune recognition and clearance of senescent cells, Brcal deficient ovarian fibroblasts may be
subject to reduced recognition and clearance by the immune system, allowing them to persist in
the ovary. The expression of Cdknla, the p21 encoding gene, in response to stress induced
activation of p53 hinders cell cycle progression at G1/S and G2/M phases of the cell cycle by
inhibiting the activity of cyclin D/E-CDK2/4/6 complexes?%22%% while simultaneously inhibiting
apoptosis by binding to apoptotic agents, such as caspases®®?, thereby preventing apoptotic
clearance of Brcal KO MOFs, which is believed to be a hallmark characteristic of senescent

cells?%4,

Recent evidence has shown that the expression of the non-classical MHC class 1b
molecule, H2-q, on senescent cells allows them to evade immune clearance by inhibiting the
activity of NK and CD8" T-cells?®. H2-q binds to stimulatory NKG2c and inhibitory NKG2a
receptors to regulate the cytotoxic activity of NK and CD8* T-cells?®. However, the binding
affinity of H2-q for NKG2a is greater than that for NKG2c. Therefore, when the two receptors are
co-expressed on a single effector cell, inhibitory signals override activation signals, rendering NK
and CD8* T-cells functionally exhausted?®. This suggests an additional mechanism by which
Brcal KO MOFs may evade immune clearance and persist. Consistent with this, we observed
upregulation of genes encoding for subunits (Serpinb9 -b, -c, -d, -e, -f, -g, -h) of SERPINb9
(Figure 29B), a protease inhibitor that blocks the activity of granzyme B, a mediator of
cytotoxicity imparted by NK and T-cells, thereby allowing Brcal deficient MOFs to persist by

resisting immune clearance?”’.
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The ability to evade immune clearance is further supported by increased expression of
markers of antigen-presenting cancer associated fibroblasts (apCAFs), which includes the MHC-
Il related genes H2-Aa, H2-Abl and Cd74, as well as S100a4, Slpi, and Ly6cl. As the name
suggests, apCAFs modulate immune activity and have been identified to be immunosuppressive
in models of breast and pancreatic cancers, and tumor suppressive in a model of non-small cell
lung cancer 186208209 \Whijle increased expression of MHC-I and -1l molecules allow CAFs to
interact with cells of the innate (NK cells) and adaptive immune system, it is the co-expression of
stimulatory and inhibitory molecules that dictate the outcome of antigen presentation, which is the
activation or exhaustion of immune cells. Specifically, co-expression of antigen presenting
machinery with stimulatory molecules results in NK/ T-cell activation, while that with inhibitory
molecules results in NK/T-cell exhaustion. In murine and human models of breast and pancreatic
cancers, apCAFs are believed to confer immunosuppression by preventing the activation of T-cells

due to the absence of co-stimulatory molecules?®,

Much like apCAFs observed in models of
breast and pancreatic cancer, Brcal KO MOFs exhibited upregulation of various MHC-II genes
(Figure 32). In support of our findings, Friedman et al. (2020) reported that in cases of triple
negative breast cancer, patients with BRCA1/2 mutations had significantly higher proportions of
S100a4* apCAFs as compared to BRCAL wt patients, suggesting an association between the loss
of BRCA1 and expression of antigen presenting machinery genes*®®. However unlike apCAFs
described in models of breast and pancreatic cancers, we detected significantly increased
expression of genes encoding for co-inhibitory molecules, such as Lgals3, Fgll, Cd80, Lgals9,
Cd276 as well as for various components of MHC-I complex- H2-d1, H2-g4, H2-96, H2-q7

(Figure 32), which may convey upon Brcal deficient MOFs the ability to not only interact with,

but also negatively modulate the activity of NK as well as, CD4" and CD8" T-cells.
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Lgals3 and Fgll encode for galectin 3 (GAL3) and fibrinogen-like protein 1 (FGL1),
respectively, both of which are ligands for LAG-3, a potent inhibitory receptor expressed by
previously activated CD4" and CD8" T and NK cells. As such, binding of GAL3 and FGL1 to
LAG-3 renders CD4*, CD8* T and NK cells functionally exhausted, thereby negatively regulating
innate and adaptive immune responses?%24 Additionally, GAL3 is known to inhibit T-cell
activation in a LAG-3 independent manner by hampering the formation of an immunological
synapse, and its expression has been correlated to apoptosis of T-cells in primary and metastatic
melanomas, thereby highlighting the role of GAL3 in mediating immunosuppression through
inhibition of T-cell activtiy?*>?'®, CD74, an accessory molecule for MHC-II, is also upregulated
by Brcal KO MOFs and is known to support slow processing, peptide loading, and assembly,
resulting in the surface expression of a highly stable peptide-MHC-I1 complex (pMHC-I1), a high
affinity ligand for LAG-32Y. Binding of CD4 to MHC-I1 in the presence of TCR/MHC-II complex
stimulates the activation of T helper cells, promoting proliferation and cytokine production, while
binding of LAG-3 to pMHC-II inhibits signalling through the TCR, rendering T-cells functionally
exhausted?'®2%%, The interaction of pMHC-11/CD4 is mutually exclusive to that of pMHC-1I/LAG-
3, with pMHC-II complex binding to LAG-3 with significantly higher affinity than to CD4.
Belonging to the same family of proteins as GAL3, galectin-9 (GAL9) encoded by Lgals9 has
been shown to interact with and facilitate crosslinking and aggregation of Tim-3, an inhibitory
receptor highly expressed on CD4* T helper cells to induce apoptosis, thereby limiting T-cell
activity. Additionally, binding of GAL9 to checkpoint receptor, PD-1 attenuates TIM-3/GAL9
mediated apoptosis, while promoting T-cell exhaustion??%?2!, Upregulation of genes encoding for
co-inhibitory molecules, such as Lgals3 and Fgll along with pMHC-11 renders Brcal KO MOFs

capable of inhibiting immune responses through direct exhaustion of CD4" T-cells, thus limiting
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immune surveillance and contributing to the formation of an immunosuppressive

microenvironment.

It can therefore be speculated that the concurrent surface expression of stable H2-g, a non-
classical MHC class Ib molecule, MHC-II (pMHC-11), and co-inhibitory molecules (GAL3, FGL1
and GALD9) by Brcal deficient MOFs confers them with the ability to evade immune responses,
allowing for the accumulation of senescent myofibroblasts that are able to render NK, cytotoxic
(CD8") and effector (CD4") T-cells functionally exhausted, thereby facilitating the formation of
immunosuppressive microenvironment (Figure 34). We recently identified a population of
fibroblasts expressing components of SASP as well as non-classical MHCI/II molecules, namely,
H2-Aa, H2-Abl, H2-Eb1, H2-D1 and H2-K1 (SASP fibroblasts) in fibrotic aged murine ovaries
that were absent in young counterparts, suggesting a possible association between aged/senescent
cells and immunosuppression®®. The expression of non-classical MHC-1/-11 genes by non-immune
cells has been described as a gene signature for aging and cellular senescence and has been
previously observed in aging hepatocytes and now in aging ovarian fibroblasts®®. Increased
expression of genes associated aging and cellular senescence by Brcal KO MOFs suggests an

association between Brcal and aging.

Impaired immune clearance leads to accumulation of senescent cells and as such,
components of SASP in tissues, which are known to exacerbate pathology and accelerate
aging??2223, Comprised of remodelling enzymes such as MMPs/ TIMPs and inflammatory
cytokines, SASP can induce chronic low-grade inflammation and promote abnormal fibrotic
remodelling of the ECM, yielding the formation of a pathogenic microenvironment that facilitates
migration, survival, and proliferation of disseminated cancer cells. The loss of Brcal in MOFs

enhanced the expression of various secretory components, such as structural and matricellular
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proteins (Figures 19, 30) cell adhesion molecules (Figure 29A) and remodelling enzymes (Figure
29B), and immunomodulatory cytokines and chemokines (Figure 31), the accumulation of which

may collectively render the ovarian ECM an optimal niche for metastatic invasion.

4.3 Myofibroblastic senescent Brcal KO MOFs likely resist apoptotic clearance.
Activation of myofibroblasts in response to wound healing is essential for tissue repair and
function. Just as important is the elimination myofibroblastic phenotype, either through de-
differentiation of myofibroblasts into fibroblasts or through apoptotic clearance, to retain the
normal physiologic state. Accumulation of activated myofibroblasts due to impaired de-
differentiation of myofibroblasts or resistance to apoptosis has been implicated in the pathology
of fibrotic disorders??. In this study we showed that the loss of Brcal in MOFs in vitro triggers
the development of a myofibroblastic phenotype that is characterized by increased expression of
Acta2 and various collagen encoding genes. Increased mMRNA expression of Acta2 was consistent
with the formation of stress fibers in Brcal KO MOFs, but not wt (AdEmpty) MOFs. The
transcription factor myoblast determination protein 1 (MyoD) is a critical switch for the
differentiation and de-differentiation of myofibroblasts, with sustained upregulation of MyoD
preceding that of Acta2 during myofibroblast differentiation, and declining levels of MyoD
preceding those of a-SMA as myofibroblasts de-differentiate into fibroblasts?2#225, Additionally,
declining levels of MyoD correlate with susceptibility of apoptosis in myofibroblasts, resulting in
elimination of myofibroblast activity??®. Senescent myofibroblasts with elevated MyoD expression
fail to undergo de-differentiation and display resistance to apoptosis, while genetic silencing of
MyoD restores susceptibility of these myofibroblasts to apoptosis and partially reversed age-
associated pulmonary fibrosis in vivo®®, thereby highlighting the contribution of MyoD to the

persistence of the myofibroblastic phenotype and its contribution of age-associated fibrosis.

98



Additionally, growing evidence attributes age-associated tissue fibrosis to the accumulation of
senescent myofibroblasts??6228, Consistently, we observed substantial upregulation of MyoD
encoding gene, Myod1 (Figure 19A), suggesting that the development of senescence and elevated
expression of MyoD likely renders Brcal deficient MOFs resistant to apoptotic clearance. Should
this accumulation of myofibroblastic senescent cells occur in the ovary, it could contribute to
accelerated aging and onset of ovarian fibrosis, through enhanced expression of structural proteins,
cross-linking and remodelling enzymes. In addition to expression of H2-q, pMHC-II, co-inhibitory
molecules and Serpinb9 that collectively facilitate immune evasion of myofibroblastic senescent
Brcal KO MOFs, we observed upregulation of Lgalsl, Mcam, Igfbp3, Sphkl, S100b and
downregulation of Casp6, Casp2, Casp9 and Caspl2, all of which have been implicated in
inhibition of apoptosis. Specifically, extracellular interaction of GAL1 with CD146, and IGFBP3
induced expression of Sphk1 have been shown to inhibit apoptosis??°2%. Expression of S100b in
mesenchymal cells and inhibited expression of initiating and executioner caspases can prevent
apoptosis independently, and can be hypothesized to synergistically resist apoptosis (Figure
34)?3L. Mechanisms that confer resistance to apoptosis or prevent immune clearance are likely to
facilitate the accumulation of “pro-fibrotic” myofibroblastic senescence in tissues, which has been
implicated with aging, and fibrosis, both of which confer increased risk for cancers!’®232-2%7,
Additionally, senescent normal ovarian fibroblasts can induce neoplastic transformation,
proliferation, and migration of pre-malignant immortalized OSE cells in vitro, while senescent
peritoneal mesothelial cells supported the proliferation, migration, and invasion of ovarian cancer
cells in vitro, and enhanced peritoneal metastases in vivo, likely through the activity of the SASP
and direct cell-cell interactions?#2%°. Moreover, identification of senescent fibroblasts with tumor

promoting potential adjacent to ovarian cancer cells suggests a positive correlation between
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presence of senescent cells and tumorigenesis®*. It can therefore be speculated that the
accumulation of Brcal deficient senescent myofibroblasts in the ovary may facilitate ovarian aging
through the accumulation of SASP, the components of which may result in dysregulated structure
and composition of the ECM, resulting in impaired tissue function. The accumulation of senescent
myofibroblasts may also prime malignant transformation of compromised epithelial cells, thereby

posing increased risk for the onset of cancer.
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Figure 34: Deletion of Brcal renders senescent MOFs resistant to apoptotic and immune
mediated clearance. Several factors/mechanisms likely contribute to impaired clearance of these
Brcal deficient cells: (i) The onset of cellular senescence that is accompanied by upregulation of
non-classical MHC-II, that binds to Nkg2a on NK and aging populations of CD8* T-cells to
inactivate their cytotoxic activity; (ii) Upregulation of serpinb9, an inhibitor of granzyme B
mediated apoptosis; (iii) Myofibroblast activation- Upregulation of MyoD blocks de-
differentiation of apoptosis resistant myofibroblasts into resting fibroblasts that are sensitive to
apoptosis; (iv) GAL1 secreted by Brcal KO MOFs may act into an autocrine manner to inhibit
apoptosis in a CD146 dependent manner; (v) Expression of p21 directly blocks transcription of
various caspases to reduce apoptotic clearance; (vi) IGFBP3 mediated upregulation of Sphk1 has

100



been shown to block apoptosis; (vii) Co-expression of MHC-1I and co-inhibitory molecules may
render CD4+ T cells functionally exhausted, thus preventing immune clearance. Collectively, all
of the above-mentioned mechanisms may confer protection against apoptotic clearance of Brcal
KO MOFs.

4.4 Accumulation of senescent Brcal deficient myofibroblasts in the ovary likely
facilitates the development of an immunosuppressive, pathogenic microenvironment
capable of supporting metastatic colonization.

Impaired mechanical homeostasis of the ECM is believed to drive the onset and
progression of tissue fibrosis. While myofibroblasts are key mediators of fibrotic tissue
remodelling®*2%2, components of SASP can also contribute to age-associated tissue fibrosis, as is
observed in models of lung, kidney, and heart fibrosis?**24. Myofibroblast mediated
overproduction, disordered arrangement and extensive cross-linking of collagens and elastic
fibers, as well as accumulation of mucopolysaccharides, such as hyaluronan, have been observed

and demonstrated to result in pathological lung fibrosis?4-20,

4.4.1 Collagen microarchitecture as a driver of ECM stiffness

Collagens are the most abundant proteins in vertebrates and serve as structural scaffolding
for virtually all organs, holding together various tissues and constituent cells that cooperate to
confer functionality to organs. Tissue resident fibroblasts deposit monomeric collagen a chains
into the interstitial ECM, where they interact with one and other to assemble into various
supramolecular structures through a process termed fibrillogenesis. Alpha chains of fibrillar
collagens (types I, 11, 111, V, and XI) assemble into homo/heterotrimers, referred to as collagen
microfibrils. Other types of collagens, such types XII and XIV associate with the surface of

collagen fibrils, to regulate fibril diameter, fibrillogenesis, and mediate interactions with various
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components of the ECM?1:%2, The a chains of fibrillar collagens are synthesized as N- and C-
terminal telopeptide containing procollagens, that associate with Sparc, a molecular chaperone that
promotes intracellular cleavage of telopeptides by various members of ADAMTS/ADAMTS-like
proteinases and facilitates proper deposition in the ECM?>3, The loss of Brcal in MOFs resulted
in significant upregulation of Col2al, Colllal, Coll4al, Col8al, Col18al, Sparc, and AdamtsI5
and downregulation of Coll2al (Figure 20). Microfibrils of collagens Il and XI are known to
associate with each other to form dense supramolecular collagen fibrils that provide cartilage with
its characteristic semi-rigid structure®®*. Collagen XIV is known to bridge fibrillar collagens and
is present in areas of mechanical stress, such as in bleomycin induced fibrotic lesions in the
lungs?®. Increased expression of genes associated with molecular chaperones, collagen maturation
enzymes and cartilage specific fibrillar collagens by Brcal deficient MOFs likely suggests

enhanced deposition of fibrillar collagens into the surrounding ovarian extracellular matrix.

Decorin, a small leucine-rich proteoglycan bearing multiple collagen binding sites, has
been deemed a structural spacer?® that simultaneously interacts with various collagens (type I, |1,
I, 1V, VI, XIl and XIV) to limit the anisotropic assembly of collagen fibers®72%, As such,
substantially decreased expression of the decorin encoding gene, Dcn, by Brcal KO MOFs may
promote anisotropic arrangement of collagen fibrils, a defining characteristic of tissue fibrosis. In
support of our findings, Dcn null animals displayed enhanced experimental hepatic fibrosis, as

compared to wt animals?>°.

Fibrillar collagens that form the frame-work of tissues greatly contribute to the molecular
architecture and provide mechanical properties for tissue function. Proteoglycans (PGs) interact
with collagen fibrils in a non-covalent manner to create a network of collagens, which is then

reinforced via cross-linking for stability?®%261, Cross-linking of collagens, catalyzed by families of
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cross-linking enzymes, such as Lysyl hydroxylases (LH) and oxidases (Lox; encoded by Lox), its
paralogs, Lox-like enzymes (Loxl; encoded by Loxl1-4) and transglutaminases (TG)?*2. Cross-
linking of collagens occurs among side chain residues of (i) collagen a chains, (ii) triple helical
microfibrils and (ii) supramolecular collagen fibers. In each case, formation of a covalent link
reinforces the overall structure, that is a disulphide bond between residues of an a chain strengthen
the triple helix structure, while covalent bonds linking microfibrils and supramolecular fibers
reinforce the arrangement of the collagen network, thereby stabilizing the structure of the ECM by
limiting flexibility?®22%3, As such excessive cross-linking is a major driving force of age- and
fibrosis-associated tissue stiffness and mechanical stress?®42%. This is illustrated by increased
expression of transglutaminase 2 (Tgm2), Lox and Loxl enzymes in idiopathic pulmonary
fibrosis?®”-?%8 which was then ameliorated in murine models of bleomycin induced pulmonary
fibrosis by inhibition or absence of these cross-linking enzymes?%2¢°, Moreover, TGF-p mediated
activation of lung fibroblasts was accompanied with the production of cross-linking enzyme Lox|4,
thereby linking myofibroblast activation to LoxI4 mediated fibrotic remodeling?’. Additionally,
inhibition of Loxl4 antagonized fibrogenic hallmarks in vitro and similar phenotypes in murine
models of systemic sclerosis®’®. Lox| enzymes secreted into the matrix as zymogens are activated
by proprotein convertases through proteolytic cleavage?’. In the case of Brcal KO MOFs, we
observed significant upregulation of cross-linking enzyme encoding genes, Loxl4 and Tgm2, that
are responsible for crosslinking fibrils of collagens 11/11, 11/XI and XI/XI, respectively, as well as

proprotein convertase encoding genes, Pcsk-6 and Pcsk-1 (Figures 29B and 30).

Hyaluronan, also known as hyaluronic acid (HA), a unique glycosaminoglycan (GAG)
composed of repeated disaccharides, plays a vital role in maintaining tissue structure and providing

adequate hydration through its ability to interact with water molecules. HAS2, the primary HA
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synthase, is known to be upregulated by TGF-B mediated myofibroblast activation, and the
enhanced synthesis of HA is believed to indirectly contribute to tissue fibrosis?’?. In a previous
separate study, expression of Has2 rendered myofibroblasts resistant to apoptotic clearance,
thereby promoting survival and persistant activation, which was directly associated with

pathological fibrosis?’®

. Moreover, the development of lung fibrosis is dependent on the expression
of HAS2 and CD44 in fibroblasts?™#. Interestingly, transcripts for Has2, Has3 and pro-fibrotic cell
surface HA receptor, Cd44 were upregulated in Brcal deficient MOFs (Figure 30), suggesting
increased production of HA. Moreover, due to its ability to interact with and trap water molecules,
excessive accumulation of HA is accompanied by edema that contributes to tissue stiffness and
frequently impairs organ function®*>2>, It may therefore be speculated that the accumulation of

HA and possible pro-fibrotic signalling through CD44, Brcal deficient MOFs may contribute to

increased stiffness of the ovarian ECM.

HA is known to bind to and interact with hyalectans, a family of large chondroitin sulfate
proteoglycans, such as versican (encoded by Vcan) and aggrecan (encoded by Acan) through
hyaluronan and proteoglycan link proteins (HAPLN) to form large stable aggregates in the
ECM?2%6:276277 - According to the human protein atlas, while versican is universally expressed in
most tissues, including ovaries, aggrecan is exclusively expressed in the brain and in soft
connective tissues, particularly cartilage, but not in ovaries. The interaction between aggrecan and
HA mediated by HAPLN proteins is crucial in maintain cell-ECM interactions, with
overexpression of aggrecan and HAPLN by NIH3T3 fibroblasts yielding destabilized cell-ECM
interactions, likely due to restricted motility imparted by aggrecans?’6278. As is the case with HA,
high concentration of aggrecans in the ECM can draw water into tissues, causing edema, which,

as previously mentioned is a driver of ECM stiffness and impaired organ function. While aggrecan
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can interact with various collagen fibrils, aggrecan/collagen Il interaction, unique to cartilage,
produces a network that is especially stiff, dense, resistant to deformation and equips cartilage with
its characteristic viscosity and mechanical properties, allowing it to behave as a stiff elastic
polymer?’®278_ Consistent with increased expression of cartilage specific fibrillar collagens 11 and
X1, we observed significant upregulation of Acan & Haplnl, but downregulated expression of
Vcan by Brcal deficient MOFs (Figure 30). It can therefore be speculated that the formation of
stiff cartilage specific supramolecular structures, such as Collagen 11/XI1 fibrils, aggrecan/Collagen
Il networks, and HA-Haplnl-Aggrecan aggregates within the ovarian ECM may impair proper
ovarian function due to increased stiffness and rigidity of the ovarian matrix. Decreased expression
of aggrecanase-1 encoding gene, Adamts4 is likely to facilitate the deposition of aggrecan
aggregates, which contribute to increased stiffness of the ECM. Additionally, we observed
significantly increased expression of Fbnl and EIn, which encode for fibrillin and elastin
monomers that polymerize to form the backbone and core of elastic fibers, respectively. While
elastic fibers confer tissues with recoil ability and flexibility, active synthesis and accumulation of
elastic fibers has been shown to increase stiffness and is associated with fibrosis?¢24°, Specifically,
in human models of idiopathic pulmonary fibrosis, increased proportions of elastic fibers

negatively correlated with lung function due to increased stiffness?.

It can therefore be speculated that through enhanced expression of fibrillar collagens,
glycoproteins (HA and Aggrecan), impaired organizational units (reduced decorin), and enhanced
cross-linking of matrix proteins (Tgm2 & Loxl4), the accumulation of myofibroblastic senescent
Brcal deficient MOFs in the ovary may prime the onset of ovarian fibrosis through increased

stiffness of the ovarian extracellular matrix2*2.
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4.4.2 Immunomodulatory elements associated with activation of Type Il immunity may
facilitate fibrotic remodelling of the ECM.

The expression of mildly inflammatory chemokines and cytokines, such as Cxcl13, Csf-1,
11-25, 1I-1302, Tnfsf10, as well as various death, Tnfrsf21, and decoy death receptors, Tnfrsf1lb,
Tnfrsf22 and Tnfrsf23 was found to significantly increase with the loss of Brcal in MOFs (Figure

31).

Brcal KO MOFs also upregulated the expression of a unique member of the IL-17 family
of cytokines, 11-25 (Figure 31). IL-25 is an initiator of type-11 immune response that facilitates
wound healing and tissue repair through resolution of inflammation and dampens adaptive immune
responses®®1%, Binding of IL25 to its heterodimeric receptor, composed of IL-17RA and IL-
17RB, drives the differentiation of T-helper (Th) cells, innate lymphoid cells (ILC) into Th2 cells
and type 2 ILC, respectively, to induce the production of characteristic type-11 cytokines- IL-4, IL-
5, IL-9, IL-13, IL-25, and IL-33, that elicit anti-inflammatory effects associated with type Il
immunity?89-282_ persistent activation of type Il immune response, however, has been documented
to drive pathological fibrosis and tumor progression?33-28_11-4, 11-5 and 1-13 secreted by Th2 cells
and type 2 ILC induce eosinophil proliferation and activation to yield in eosinophilic inflammation
that has been associated with fibrotic remodelling of tissues?®’-2%°. Additionally, 11-25 may also act
directly on eosinophils to promote Th2 differentiation through the activation of their secondary
antigen presenting function®. While 11-4 and 11-13 function to suppress inflammation, they have
been identified as potent mediators of fibrosis. 11-13 has been observed to promote fibrosis through
activation of TGF-f signalling in fibroblasts and through TGF-p independent mechanisms that are
yet to be characterized?®*-2%, Fibrotic activity of I1-13 is regulated by the relative expression of Il-

13ral, the signalling receptor that promotes fibrosis and I1-13ra2, the decoy receptor that is
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believed to ameliorate fibrosis. Activation of type Il immune response and development of hepatic
fibrosis resulted in the expression of IlI-13ra2, that was absent prior to the onset of fibrosis.
Interestingly, mice deficient of Il-13ra2 showed exacerbated fibrosis as compared to I1-13ro2
expressing mice, suggesting that onset the onset of 11-13 induced fibrosis triggers the expression
of 11-13ra2, which in turn functions to limit the progression of fibrosis?®. Similarly, it is possible
that increased expression of Il-13ra2 by Brcal deficient MOFs (Figure 31) may be indicative of
active fibrotic signalling and may prevent exacerbation of fibrosis by limiting fibrotic tendencies
of 11-13. Moreover, II-4 and 11-13 also promote alternate (M2a) activation of resident macrophages
that are mediators of type Il inflammation and are characterized by increased expression of antigen
presenting machinery, co-inhibitory molecules and anti-inflammatory cytokines®®2%. It can
therefore be speculated that persistent production of IL-25 may result in activation of type Il
immune responses that have been implicated in the development of organ fibrosis through
activation of eosinophils and M2a macrophage polarization, the latter of which may also be primed
by Csf12%, a growth factor encoded by the gene Csfl upregulated by Brcal KO MOFs (Figure

31).

4.5 Accumulation of Brcal deficient ovarian fibroblasts may confer increased risk for the
onset of cancer through accelerated development of an immunosuppressive pre-
metastatic niche.

Tissue fibrosis that naturally accompanies aging has been observed to enhance the
metastatic potential of tissues. The association between fibrosis and cancer risk is well established.
The presence of pathological fibrosis in lungs and liver has been positively correlated to increased
arrival and growth of disseminated cancer cells in fibrotic niches due to lysyl oxidase mediated

cross-linking of collagens™?%°. Given that the risk of cancer increases with age and that age-
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associated fibrotic remodelling has been linked to increased risk for cancer, it is unsurprising that
the ECM associated with a potent premetastatic niche shares substantial resemblance to fibrosis®®.
Dense anisotropic fibers of the matrix, such as those characteristic of fibrotic niches, provide
migratory tracks for cancer cells, thereby promoting invasion and colonization”. Due to the
commonalities between fibrotic and pre-metastatic matrices, it can be suggested that the presence
of pathological fibrosis may facilitate metastatic invasion through the formation of a pre-metastatic
niche. The pre-metastatic ECM is characterized by increased rigidity and stiffness due to extensive
deposition of structural proteins, proteoglycans, enhanced expression and activity of cross-linking
and remodelling enzymes, such as lysyl oxidases and MMPs, that are produced by resident
/myofibroblasts®®. It is as such rich in anisotropic, highly cross-linked collagens, HA, its cell

surface receptor CD44, and numerous CAMs that interact with cancer cells to facilitate invasion.

Our findings collectively suggest that the loss of Brcal may trigger reprogramming of
ovarian fibroblasts into a unique subtype of senescent CAFs with myofibroblastic and antigen
presenting activity and employ mechanisms to resist apoptosis and evade immune clearance,
resulting in the accumulation of myofibroblastic senescent Brcal deficient MOFs, that may
facilitate the formation of a pre-metastatic niche, a pathogenic microenvironment characterized by
fibrotic remodelling of the matrix, and immunosuppressive reprogramming of stromal cells to
support metastatic progression of malignancies (Figure 35). Marked increase in risk for cancer

beyond middle age may as such be attributed to the accumulation of senescent cells in tissues3%?-
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Figure 35: Accumulation of Brcal KO MOFs facilitate metastatic invasion and colonization.
Brcal KO MOFs that resist apoptotic clearance develop a senescence-like morphology that is
accompanied by (i) myofibroblastic and antigen presenting CAF phenotype, the former of which
(if) increases the deposition of GAG-Aggrecan and HA that increase water retention, as well as

structural proteins (collagens and elastin) that collectively result in increased stiffness and
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dysregulation of the ovarian ECM, thereby contributing to the pre-mature development of ovarian
fibrosis, which may in turn negatively impact ovarian function; (iii) SASP of Brcal KO MOFs is
composed of potent chemokines, namely IL-25, among others such as S100a2, S100a4 and
CXCL13, all of which have been documented to recruit a variety of immune cells including
eosinophils, B and T lymphocytes; IL-25 can prime Th2 activation of CD4+ T-cells and
macrophages, which in turn is known to drive tissue fibrosis; Upregulation of CAM, mitogens,
along with fibrosis-like ovarian ECM collectively facilitates metastatic invasion (iv) through
enhanced migration and adhesion of infiltrating cancer cells, (v) while growth factor binding
proteins that retain mitogenic molecules like EGF in the ECM likely induce proliferation of
infiltrating cancer cells. This is further supported by (vi) apCAF-like immunosuppressive activity
of MOFs that is through the upregulation of antigen presenting machinery, and co-inhibitory
molecules such as H2-Q, Gal3, Fgll, pMHC-I11, CD80 and CD276 that render CD4+, CD8+ T
and NK cells functionally exhausted. Collectively, this creates a microenvironment permissive of

cancer by limiting anti-tumor activity.

4.6 The accumulation of senescent Brcal deficient ovarian myofibroblasts may
accelerate ovarian aging.

Mechanical properties of tissues, such as stiffness and elasticity have evolved to support
organ function. For example, the dense and non-elastic nature of the ECM of bones allows them
to provide structural support and weight bearing ability, while the dense, yet elastic nature of
cartilage ECM allows them to resist compressive forces and provide flexibility to joints. Ovarian
function, defined as repetitive folliculogenesis and atresia, ovulation, formation, and regression of
the CL, is largely compartmentalized to medulla and is heavily dependent on the loose organization
of the medullar ECM that must undergo robust and dynamic changes throughout the ovarian cycle
to facilitate intracellular communication required for proper ovarian function®%3%, Such reliance
of organ function on the structure of the ECM is best exemplified by vastly different organization

and arrangement of medullar and cortical ECM. Quiescent primordial follicles reside in the ovarian
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cortex, which is a region of functional dormancy, and is characterized by a tightly packed, stiff
ECM, which in turn maintains the quiescent nature of primordial follicles®®. Increased stiffness
of the ECM promotes quiescence of primordial follicles and impaired follicular development and
growth, while enzymatic loosening of the ovarian ECM triggers the activation of follicular
development. Methods that physically loosen tissues are used in clinical settings to relieve
inhibited follicular growth in women with POl and PCQOS, thereby highlighting the importance of
ECM structure, organization and stiffness on ovarian function®"3%_ |t is therefore unsurprising
that tissue fibrosis, characterized by increased stiffness and reduced elasticity of the ECM, can
have detrimental effects on tissue function and may contribute to aging. As previously mentioned,
gene expression associated with SASP and myofibroblastic phenotype of Brcal deficient MOFs
is likely to result in increased stiffness and dysregulated organization of the ovarian extracellular

309

matrix3%, possibility impairing ovarian function®.

Stromal fibroblasts dynamically remodel the ECM to accommodate growing follicles,
permit ovulation and mediate ovulatory wound healing. As such, stromal fibroblasts are
indispensable for proper ovarian function. Inflammatory post-ovulatory conditions prime the
activation of myofibroblasts that undergo proliferation and produce a matrix to promote wound
healing of the OSE. Formation of the progesterone secreting corpus luteum (CL) from remnants
of the ovulatory follicle requires rapid remodelling, growth and differentiation®\ that is largely
mediated by stromal fibroblasts, that undergo rapid proliferative expansion as the CL continues to
grow during the ovine estrous cycle3!!. Given the heavy involvement of stromal fibroblasts in
mediating proper ovarian function, the accumulation of myofibroblastic senescent Brcal KO

ovarian fibroblasts in the ovary may lead to increased stiffness of the ovarian ECM and impede all
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aspects of ovarian function requiring proliferative stromal fibroblasts, leading to pre-maturely

diminished ovarian function, and thereby contributing to accelerated ovarian aging.

4.7 Functionality of the gene expression profile of Brcal KO MOFs mirrors
characteristics of ovarian aging.

In healthy tissue, the onset of cellular senescence counteracts cancer and aging to reinforce
tissue homeostasis. However, under conditions of perpetual damage and reduced repair (aging),
the onset of cellular senescence has robust pro-aging outcomes at the tissue level through the
induction of excessive inflammation, reduced tissue function and exhaustion of stem cells, and is
regarded as a driver of organismal aging®®*312313, The gene expression profile of Brcal KO MOFs
indicates impaired DNA damage repair (Figure 20B, C), which is a primary hallmark of aging.
Consistently, we observed decreased expression of Rad51c, a protein essential for DNA damage
repair that confers high risk for breast and ovarian cancers with loss-of-function mutations.
Impaired DNA damage repair is a potent inducer of inflammation, compromises the integrity of
the genome, likely triggering the onset of senescence®’. As such, it can be speculated that loss of
Brcal in MOFs may mimic characteristics of cellular aging, ultimately leading to p53 and p16
induced cellular senescence (Figure 36). While the activation of p53 and p16 confers protection
from potentially malignant transformation of genetically compromised cells, the accumulation of

senescent cells in tissue has been positively correlated to physiological aging®’.
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Figure 36: Loss of Brcal likely mimics cellular aging through the induction of hallmarks of
aging. Loss of Brcal appears to impair DNA repair, resulting in accumulation of damaged DNA,
which is a hallmark of cellular aging, and a known triggers for the onset of cellular senescence
through the activation of p53 and p16 pathways. The loss of Brcal and onset of cellular senescence

in ovarian fibroblasts may consequently facilitate pre-mature ovarian aging.

The accumulation of senescent cells and presentation of progeroid syndromes in mutant
mice with extensive and persistant DNA damage was ameliorated by the elimination of Trp53 or
p16169314315 These findings highlight the role of p53 and p16 mediated onset of senescence in
aging. The levels of p16 have been positively correlated to ovarian aging, with p16 positive cells
being localized to the stroma in aged murine ovaries®!®. Additionally, the levels of insulin-like
growth factor binding protein 3 (IGFBP3) were found to be increased in the plasma of aged rats
and have been directly associated with cellular aging and senescence in vitro®l’. We observed a
3.5-fold increase in expression of the p16 encoding gene Cdkn2a and a 4.5-fold increase in Igfbp3
expression in Brcal KO MOFs as compared to Brcal wt MOFs, suggesting that Brcal deficiency

in MOFs may mimic a state reflective of physiological aging.
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The ovarian stroma is composed of various components, such as blood and lymphatic
vessels, nerves, and immune cells as well as the OSE, ECM, and tissue-resident fibroblasts®. The
ovarian immune population consists of a variety of cells, namely eosinophils, macrophages, B and
T lymphocytes, NK cells, dendritic cells, neutrophils and mast cells, with macrophages being the
predominant immune cell type within the ovary. Both tissue-resident fibroblasts and macrophages
are responsible for the dynamic reorganization of the ECM, as well as for priming and mediating
inflammatory and wound healing responses to facilitate folliculogenesis, ovulation and
reproductive homeostasis®*3, Cross-talk among stromal fibroblasts and macrophages can alter
the activity of the other and is essential for maintaining tissue homeostasis. While both classically
activated inflammatory M1 macrophages and alternatively activated tissue remodelling M2
macrophages are normally present in the ovary, aging murine ovaries were found to have increased
proportions of M2 macrophages®?®°. The polarization and infiltration of M2 macrophages in
murine models of lung and kidney disease lead to the accumulation of a-SMA positive cells and
promote tissue fibrosis*?%32!, While a variety of stimuli promote M2 polarization, one stimulus is
CSF-1 (encoded by Csf1), a growth factor that primarily regulates differentiation, proliferation and
survival of macrophages and may be produced by both immune and non-immune cells?®. We
report a 3-fold increase in the mRNA expression of Csfl in Brcal KO MOFs, as compared to
Brcal wt (AdEmpty) MOFs (Figure 31), suggesting a possible means by which fibroblasts may
facilitate organ aging in a paracrine manner. It can therefore be speculated that fibroblast derived
CSF-1 may act on macrophages to promote the activation of pro-fibrotic M2 macrophages that are
found in increased proportions in the aging ovary. This is supported by the finding that fibroblast-
macrophage interaction via the CSF-1/CSF-1r axis has been implicated with onset of lung

fibrosis®?2. Additionally, M2 macrophages can promote myofibroblast differentiation, leading to
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excessive deposition of ECM proteins, which then act to provide survival signals in macrophages,

thereby creating a positive feedback loop, eventually resulting in tissue fibrosis®%,

Currently, the fibrotic nature and inflammatory microenvironment of the aged murine
ovary are yet to be linked to the accumulation of senescent cells. Age-associated lung fibrosis has
been linked to the accumulation of senescent cells and production of SASP3%, so the identification
of SASP fibroblasts in aged murine ovaries may potentially bridge this gap®!. Brcal KO MOFs
were found to increase the expression of components of SASP, such as chemoattractants,
interleukins and immunomodulatory cell surface receptors and upregulate genes encodings for
CAMs, ECM proteins, as well as remodelling and cross-linking enzymes, suggesting that the onset
of senescence in Brcal deficient MOFs is accompanied by the production of SASP and may yield
in dysregulation of the matrix, which is believed to drive the progression of fibrosis. This
highlights the striking resemblance of Brcal deficiency in ovarian fibroblasts to characteristics

observed in aged ovaries.

For most organs, tissue stiffness increases with age due to the accumulation of fibrosis®®®.
Activated myofibroblasts that are responsible for mediating tissue repair are characterized by
increased expression of a-SMA and various ECM proteins such as fibrillar collagen, fibronectin,
and elastin, which are the primary culprits for the onset of fibrosis. Specifically, the accumulation
of senescent myofibroblasts is believed to drive the progression of lung fibrosis and were found to
be prevalent in age-related fibrotic conditions®?.This is consistent with the presence of p16* cells
in the stroma, and SASP- and a-SMA*- fibroblast populations in the fibrotic murine aging

ovary61'62'316.

Parallels observed between the functionality of the gene expression prolife of Brcal
deficient ovarian fibroblasts and characteristics of ovarian aging collectively suggest the

115



i

possibility that Brcal deficiency in MOFs mimics a cellular state that mirrors aging conditions

and may thereby contribute to accelerated ovarian aging, likely through the onset of senescence,

its associated inflammatory secretome, myofibroblast activation, matrix dysregulation and

paracrine priming of pro-fibrotic M2 macrophage, likely resulting in the accelerated onset of

ovarian fibrosis (Figure 37).
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Figure 37: Brcal KO MOFs have a transcriptome that reflects a cellular state of similar to that

observed in aging ovaries. Similarities among gene expression profile of MOFs and aspects of

aging ovaries include: Myofibroblast activation (responsible for production of ECM) as well as

induction of cellular senescence that is associated with increased expression of p16, non-classical

MHC components, as well as SASP, enriched in cytokines such as CSF-1, that may act on ovarian

macrophages to promote alternative M2 activation, predominantly observed in the aging ovary.
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4.8 Limitations

The results of this study provide a fundamental understanding of mechanisms through
which Brcal KO MOFs may contribute to the development of a pre-metastatic niche, which in
turn increases the risk for OC. While experimental conditions were optimized to stimulate a native
tissue environment as best as possible, in vitro experiments are unable to account for the complex
multifactorial nature of physiological phenomena. As such, the findings and conclusions drawn
from these in-vitro experiments represent a singular aspect that may contribute to a complex
physiological outcome, namely the accelerated development of an age-associated pre-metastatic
microenvironment in the ovaries of BRCA1 mutation carriers. The majority of the experiments in
this study have assessed mMRNA expression (qQPCR and RNA-seq), as such all interpretations and
speculations have been drawn with the assumption that altered transcription results in altered
protein expression. Any discrepancies between transcription and translation are limiting factors of

this study.

4.9 Future directions: Confirming the role of Brcal deficient ovarian stromal fibroblasts
in accelerating ovarian aging, fibrosis, and cancer risk.

Given the in-vitro nature and transcriptomic reliance of our study, it is pertinent to assess the
relevance of our findings at a proteomic level. As such, while we have confirmed reduced mMRNA
expression of Brcal using qPCR/RNA-seq, the lack of BRCAL protein and, consequently, BRCAL1
activity would truly confirm loss of Brcal in MOFs. Our data suggest that Brcal KO induced
accumulation of DNA damage activates stress-response pathways involving p53, p16 and p21,
which ultimately result in the onset of senescence, and its associated secretory phenotype. As such,
we plan on confirming the onset of cellular senescence through detection of markers of senescence,

namely p16 and p21, and K320-Ac of p53 using SDS-PAGE and immunoblotting. Additionally,
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senescence associated-growth arrest of Brcal deficient MOFs could be assessed using the BrdU
cell proliferation assay. In combination with positive staining for acidic SA-B-galactosidase
activity, detection of p16, p21, K320-Ac p53 and inhibited cell proliferation of Brcal deficient
MOFs would confirm the onset of cellular senescence. Given that Brcal deficient fibroblasts
appear to facilitate premature ovarian aging and establishment of a (pre)metastatic niche through
their SASP, it will therefore be necessary to characterize the nature and functionality of SASP.
This can be achieved with a targeted cytokine array/ELISA to confirm the secretion of 1I-25,
Cxcl13, Egf, Fgf, Gal3, Gall, Fgll, Csf-1, S100a4 and HA, all of which are components that
contribute towards the establishment of a (pre)metastatic niche. Given that ovarian fibrosis
physiologically accompanies ovarian aging and that fibroblasts are the primary cell type
responsible for the synthesis and degradation of the ECM, it will be important to explore the
contribution of Brcal KO ovarian fibroblasts to accelerating ovarian fibrosis using
immunofluorescence to visualize the deposition of structural matrix proteins such as collagens
2/11 and matricellular proteins such as IGFBP3. As previously mentioned, organ fibrosis has been
positively correlated with increased risk of cancer; as such, increased deposition and ordered
arrangement of the surrounding matrix (examined in vitro using immunofluorescence) by Brcal
deficient MOFs would potentially provide insight into enhanced risk for OC in Brcal mutation
carriers. As such, a Transwell matrigel invasion assay could be used to assess whether colorectal
and breast cancer cell lines (most common non-gynaecological metastases to the ovary) are
attracted to Brcal deficient MOFs. In a separate experiment, treating these cancer cell lines with
conditioned media from Brcal KO MOFs could assess the proliferative effects of their SASP.
Extensive literature evidence suggests that not only do senescent mesenchymal cells facilitate

metastatic invasion of cancer cells by creating a cancer favouring niche, but the interaction of
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senescent fibroblasts with genetically compromised epithelial cells promotes transformation and
growth of these epithelial cells02238.239326-328 Tq stydy the contribution of Brcal deficient MOFs
in promoting transformation of genetically compromised epithelial cells, we propose to co-culture
Brcal MOFs with Brcal deficient murine OSE cells (mOSE cells). Should senescent Brcal
deficient MOFs successfully promote invasion, stimulate proliferation of cancer cells, as well as
facilitate malignant transformation of the mOSE cells, this would suggest a potential mechanism
to explain early onset of ovarian cancer in Brcal mutation carriers. Last but not least, flow
cytometry could be used to detect surface expression of components of MHC-I/11 to provide insight

into the potential mechanisms by which Brcal deficient MOFs may confer immunosuppression.
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Conclusion

We had originally hypothesized that the loss of Brcal in MOFs may accelerate the onset
of ovarian fibrosis and consequently accelerate ovarian aging through myofibroblast
hyperactivation. Using primary murine ovarian fibroblasts as a model system to study the effects
of Brcal deficiency, we discovered that the sudden loss of Brcal in MOFs immediately induced
cell death via apoptosis. However, MOFs surviving the loss of Brcal adopted a flat morphology
and were identified to be senescent. The gene expression profile of these cells was found to align
with that of myofibroblasts, thereby confirming our hypothesis that the loss of Brcal renders
ovarian fibroblasts hyperactive. We speculate the onset of senescence to be attributed to the
expression of the cyclin-CDK inhibitors, p16 and p21 in response to accumulation of damaged
DNA due to impaired dsDNA repair pathways. Using RNA-sequencing, the gene expression
prolife of Brcal KO ovarian myofibroblasts were found to mimic characteristics of aged ovarian
fibroblasts (increased expression of p16 and non-classical MHC-1), as well as matrix producing
myofibroblasts (increased expression of collagens and matrix remodelling enzymes. Additionally,
the gene expression profile of these Brcal deficient MOFs may function to prime characteristics
of premature ovarian aging in vivo. Collectively, we speculate that the loss of Brcal in ovarian
fibroblasts mimics characteristics of cellular aging and may facilitate premature ovarian aging
through diminished proliferation and increased stiffness of the ovarian ECM, that not only hampers
ovarian function but may render the ovary an appealing niche for metastatic cancer cells. In support
of this, Brcal KO MOFs were found to upregulate components that support different aspects of
metastatic invasion, including chemokines, cell adhesion molecules (integrins, galectins, CAMS),

mitogens (EGF, FGF), and inhibitory antigen presenting machinery (MHC-I/11, GAL3, GALJ9,
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CD80, CD276), that collectively facilitate the recruitment, adhesion, and proliferation of

metastatic cancer cells, and enhance tumorigenesis through reduced adaptive immune activity.
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