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SUMMARY

Ovarian cancer is the deadliest gynecological malignancy due to the lack of
information regarding early events in cancer formation that would allow for effective
prevention and therapeutic strategies. One of the major confounding issues in the field
is that the epithelial subtype responsible for high-grade serous ovarian cancer (HGSC)
is not known and could either be the ovarian surface epithelium (OSE) or the fallopian
tube epithelium (FTE) or both. If investigators have been comparing biomarkers in
cancer patients to normal OSE and this was never the source of the cancer, then all the
current markers might be flawed. Developing robust models is therefore critical for
establishing early pathways that are responsible for disease pathogenesis and
understanding if specific targets are reflective of changes from the cell type where the
cancer originates.

Primary cell culture and animal models are necessary so manipulations can be
made that transition a normal cell into a transformed one, allowing the source epithelium
of the cancers to be determined. Three-dimensional (3D) primary culture is superior to
traditional two-dimensional (2D) systems because it recapitulates the in vivo physiology
more accurately and allows for the culture of separate epithelium to ensure the origin
can be uncovered.

“‘Regardless of organ site, the process of ovulation contributes to ovarian cancer
through three major mechanisms: wound induced proliferative repair, hormonal
stimulation from follicle stimulating hormone (FSH) and luteinizing hormone (LH), and
exposure to oxidative stress from inflammation. The gonadotropins, FSH and LH, have

been implicated as growth factors in ovarian cancer. The pathways activated by FSH
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SUMMARY (continued)

and LH in normal OSE grown in their microenvironment were investigated.
Gonadotropins increased proliferation in both 3D ovarian organ culture and in a 2D
normal mouse OSE cell line. A mouse cancer pathway qPCR array using mRNA
collected from 3D organ cultures identified Akt as a transcriptionally upregulated target
following stimulation with FSH, LH and the combination of FSH and LH. Activation of
additional pathways, such as Birc5, Cdk2, Cdk4, and Cdkn2a identified in the 3D organ
cultures, were also validated. Akt and epidermal growth factor receptor (EGFR)
inhibitors blocked gonadotropin-induced cell proliferation in 3D organ and 2D cell
culture. OSE isolated from 3D organ cultures stimulated with LH or hydrogen peroxide
initiated growth in soft agar. Hydrogen peroxide stimulated colonies were further
enhanced when supplemented with FSH. LH colony formation and FSH promotion were
blocked by Akt and EGFR inhibitors. These data suggested that the gonadotropins
stimulate some of the same proliferative pathways in normal OSE that are activated in
ovarian cancers.” 2

Rapid advances have been made in modeling serous pathogenesis from the
fallopian tube epithelium, which is proposed to be the source of origin of most serous
ovarian cancers. However, the existing models fail to recapitulate the molecular basis of
early precursor lesion development from the FTE. Loss of PAX2 is one of the earliest
reported changes identified in the FTE that may define the transition of the normal FT
epithelium into benign lesions. PAX2 is a transcription factor and an epigenetic modifier
and is lost in areas of secretory cell outgrowth (SCOUTSs), p53 signatures, serous tubal

intraepithelial carcinomas (STICs) and serous cancer. SCOUTs progress to p53
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SUMMARY (continued)
signatures, when p53 is mutated, and may ultimately progress to STICs and HGSC.
PAX2 expression remains undetectable in tumors. Little is known regarding what
regulates PAX2 loss in the fallopian tube, the functional significance of its loss, and
whether re-expression of PAX2 in HGSC may slow or halt tumor growth.

Combination of PAX2 loss and mutant TP53 in murine fallopian (oviductal)
epithelium (MOE) cells altered functional characteristics in vitro but was insufficient to
drive tumorigenesis in vivo. These models recapitulate early benign lesions and suggest
that a latency period exists between early lesions and tumor formation that may allow
for intervention of prevention. Stathmin, fut8 and mme were identified as possible novel
targets downstream of PAX2 in MOE cells and may play a role in progression from
benign to malignant lesions. Re-expression of PAX2 in PAX2-null human HGSC cells
reduced tumorigenic properties via apoptosis. While HGSC cells are of unknown origin,
MOE cells harboring PTEN silencing that produced peritoneal tumor explants were
derived from a known source; murine oviducts. Reduced levels of PTEN negatively
regulated PAX2 expression in MOE cells and stable re-expression of PAX2 reduced the
pro-proliferative and pro-migratory effects from PTEN silencing. PAX2 was determined
to be a direct transcriptional target of p53 whereas mutant TP53 inhibited p53-mediated
PAX2 transcriptional activation in MOE. A novel small molecule screen identified a
molecule that can activate PAX2 expression in MOE cells. This molecule has the
potential to be used as a preventive measure in women without genetic predisposition
to HGSC. In order to accurately model pelvic serous carcinogenesis, it is critical to

determine the mechanism of early precursor formation and the signals that are
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SUMMARY (continued)
downstream of key protein loss, such as PAX2. PAX2 re-expression holds potential use
for both prevention and therapy of fallopian tube derived serous tumors.

Irrespective of the cell of origin, developing targeted novel drug delivery
techniques are critical to ensure effective biological response to chemotherapeutic
agents. “Current treatment modalities include a combination of surgery and
chemotherapy, which often leads to loss of fertility in premenopausal women and a
myriad of systemic side effects. To address these issues, poly(amidoamine) (PAMAM)
dendrimers were designed to selectively target the follicle stimulating hormone receptor
(FSHR), which is overexpressed by tumorigenic ovarian cancer cells but not by
immature primordial follicles and other non-tumorigenic cells. Fluorescein-labeled
generation 5 (G5) PAMAM dendrimers were conjugated with the binding peptide
domain of FSH (FSH33) that has a high affinity to FSHR. The targeted dendrimers
exhibited high receptor selectivity to FSHR-expressing OVCAR-3 cells, resulting in
significant uptake, while showing minimal interactions with SKOV-3 cells that do not
express FSHR. The selectivity of the FSH33-targeted dendrimers was further validated
in 3D organ cultures of normal mouse ovaries. Immunostaining of the conjugates
revealed their selective binding and uptake by ovarian surface epithelium (OSE) cells
that express FSHR, while sparing the immature primordial follicles. An in vivo study
monitoring tissue accumulation following a single i.p. injection of the conjugates showed
significantly higher accumulation of FSH33-targeted dendrimers in the ovary and
oviduct compared to the non-targeted conjugates. These proof-of-concept findings

highlight the potential of these FSH33-targeted dendrimers to serve as a delivery
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SUMMARY (continued)

platform for anti-ovarian cancer drugs, while reducing their systemic side effects such
as preventing nonspecific uptake by the primordial follicles.” 8

Overall, we need to take advantage of the emerging evidence demonstrating a
series of pre-neoplastic lesions that precede HGSC in the fallopian tube. Serum
biomarkers for finding HGSC early have been elusive and once diagnosed, the disease
is typically metastatic and quickly becomes resistant to front line therapies.
Understanding the influence of gonadotropins, high levels of insulin and IGF on the FTE
cells in presence of genetic aberrations commonly observed in serous cancer will
generate new hypothesis and research direction as to how fallopian tube cells drive
serous cancer formation. A new approach that could block or reverse pre-neoplastic

lesions or replace key proteins lost during progression is needed, especially in this type

of tumor that is difficult to diagnose and detect early.
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I. INTRODUCTION

A. Ovarian Cancer Statistics

Ovarian cancer continues to be the fifth leading cause of cancer related
deaths among women in the world and the most lethal gynecological malignancy
with the highest mortality rate’. The American Cancer Society predicts 22,280 new
cases and 14,240 deaths from ovarian cancer in 2016". As per the Surveillance,
Epidemiology, and End Results (SEER) program statistics, the 5-year survival rates
from 1975 to 2012 have been fairly constant, with a modest improvement of 7%
When diagnosed at early stages (localized to reproductive tissues), the 5-year
survival rate is 92%, however, only 15% of cases are detected at this stage. The
majority of ovarian cancers (~61%) are diagnosed when the disease has
metastasized to the peritoneal cavity, when the 5-year survival rate sharply drops to
27%"%.  The high mortality rate can be attributed to ineffective early detection
strategies, ambiguous signs and symptoms, chemoresistance, and a lack of specific

biomarkers.

B. Ovarian Cancer Classification

Ovarian cancer is a heterogeneous disease that is comprised of three main
tumor types: i) germ cell, ii) sex cord stromal and iii) epithelial ovarian cancer (EOC),
with EOC being the most common type accounting for approximately 90% of all
ovarian tumors®. EOC is further classified into four histological subtypes based on
their morphological resemblance to tissues of the female reproductive tract. These
are: i) clear cell carcinomas (resembles the gestational endometrium), ii) mucinous

(resembles the endocervix), iii) endometrial (resembles the endometrium) and iv)



serous (resembles the fallopian tube epithelium). Based on recent histopathological
and genetic studies, EOC is divided into Type | and Type Il tumors®. Type | tumors
consist of low-grade serous, low-grade endometrioid, clear cell and mucinous
carcinomas and Brenner tumors. Type Il tumors include high-grade serous, high-
grade endometrioid, malignant mixed mesodermal tumors and undifferentiated
carcinomas®. Type | tumors are typically less aggressive than Type Il tumors,
however Type | tumors resist conventional chemotherapy. Type | tumors
demonstrate microsatellite instability and a series of mutations (KRAS, CTNNB1,
BRAF, PTEN, ARID1A, ERBB2, PIK3CA), but never present with TP53 mutations.
In contrast, Type Il tumors, almost always present with a mutation in TP53 and are
far more aggressive than Type | tumors. Type Il tumors typically respond well to
chemotherapy, however, their relapse rate is significantly high, in which case the
tumors are often resistant to standard chemotherapies.

High-grade serous ovarian cancer (HGSC) is the most common and the most
lethal histotype of EOC (Type Il). Morphologically, HGSC tumors resemble the
fallopian tube epithelium and genetically, about 96-100% tumors are characterized
by mutation in the TP53 gene. About 10-15% of serous cancer cases have a
germline mutation in BRCA1/2 genes®. Additionally, somatic mutations in BRCA1/2
genes are identified in about 7% of all ovarian cancers’. The risk reducing strategy
for this patient cohort involves prophylactic removal of ovaries and fallopian tubes
prior to disease onset.

Currently, most epithelial tumors are treated with the same frontline therapy.
And although, cytoreductive surgery followed by platinum-based chemotherapy and
paclitaxel agents leads to disease-free survival for a short period, the relapse rate for

patients with HGSC is significantly high. The difficulty in finding sufficient “normal”



tissue to work with and a low detection rate of early serous tumors has significantly
slowed down the overall understanding of disease etiology and pathogenesis. The
key factor, in addition to those listed previously that contributes to the high mortality,
is the uncertainty of cell of origin of HGSC, which could be the ovarian surface
epithelium (OSE) or the fallopian tube epithelium (FTE) or both. A probable
explanation for the lack of an early, specific biomarker could be that we were working
with the wrong tissue of origin. Therefore, determining the cell of HGSC origin is key
to discovering early tissue specific biomarkers, understanding disease pathogenesis

and etiology.

C. Risk Factors of Ovarian Cancer

Ovarian cancer is called the “silent killer” because it lacks specific signs and
symptoms that can identify the disease at an early stage. Although the majority of
EOCs go undetected, there are some known factors that increase the risk of

developing ovarian cancer.

i. Family History

The proportion of hereditary ovarian cancers is the highest familial cancer
among all cancer types®. Although majority cases of ovarian cancer are sporadic,
about 10-15% cases of high-grade serous cancer comprise of patients representing
germline BRCA1/2 mutations. The lifetime risk of developing ovarian cancer in
women harboring a mutation in BRCA1 or BRCAZ2 is 30-70% by the age of 70,

HGSC being the most common histotype® °.

BRCA genes are a part of the
homologous repair (HR) pathway that assists in repairing DNA strand breaks.

Mutations in BRCA or other members of the HR pathway lead to error-prone DNA



repair, predisposing the individual to genetic instability. The prevalence of these
germline mutations may also vary by geography and ethnicity. For example, the
Ashkenazi Jews have a substantially higher frequency of BRCA1/2 founder
mutations’'. Reports demonstrate that women from a few European countries
(France, Poland, Iceland) also harbor certain founder mutations in BRCA1/2 genes
that are region-specific and account for majority of familial ovarian cancer cases in

their region.

ii. Incessant Ovulation Theory

In 1971, Fathalla and colleagues were the first group of investigators to
suggest that the frequency of ovulations is directly proportional to the increased risk
of developing malignant ovarian cancer from the ovarian epithelium. Although the
exact mechanism of ovarian cancer formation due to ovulation is not well
understood, several investigators have demonstrated a plausible relationship
between the “tear-and-repair” function of the ovarian surface epithelium in response
to ovulation. It is fairly well established that ovulation is a highly inflammatory
process that results in the release of inflammatory molecules and leads to
accumulation of DNA mutations'®. This constant process of damage and repair is
believed to promote transformation of the OSE. Therefore, factors that increase
lifetime ovulations, such as early menarche, late menopause, nulliparity and infertility
are risk factors of ovarian cancer. The use of fertility treatments, such as hormone
replacement therapy, has been reported to increase the risk of ovarian cancer.
Events such as pregnancy, early menopause, and use of oral contraceptives that
reduce the number of lifetime ovulations are associated with decreasing a lifetime

risk of developing this disease'"".



Although the OSE was considered to be the source of origin for HGSC,
substantial evidence now supports the fallopian tube epithelium (FTE) to be the
primary source for most serous ovarian cancers. Unlike in the OSE, ovulation did
not affect FTE cells proliferation as measured by bromodeoxyuridine incorporation in
superovulated animals as compared to unstimulated animals'®. However, ovulation
did increase phospho- yH2AX staining indicating that these fallopian tube epithelial
cells are susceptible to DNA damage'®. Hypothetically, the close proximity of the
fimbriated end of the fallopian tube to the ovulation site might possibly increase the
ability of FTE cells to be transformed by inflammatory molecules that are released
during the process of ovulation. A study has shown that these FTE cells exfoliate to
the ovary, which consists of chemotactic factors that possess the ability to attract
pre-malignant and malignant FTE cells. These data might explain how ovulation can
influence the FTE cells to migrate to a habitable microenvironment that is conducive
to form serous cancer'. Further investigation is warranted to determine the
influence of ovulatory factors on the FTE cells and their putative role in serous

cancer formation.

iii. Inflammation-Induced Oxidative Stress Theory

Ovulation is a highly inflammatory process that generates molecules like
bradykinin, prostaglandins, and leukotrienes through the process of repairing the
wound on the OSE as well as through the recruitment of macrophages to the site of

ovulation'® 20

. The cells of the OSE are prone to repeated tear and repair process
during ovulation. These cells are often compromised by exposure to oxyradicals that
may lead to initiation of malignant transformation. Reactive oxygen species

generated by the inflammatory process results in potentially mutagenic lesions.



Studies have demonstrated that inflammatory molecules induce transformative
changes in both, the OSE and the FTE'. These data further indicate that
inflammatory molecules play a crucial role in promoting tumorigenic events
irrespective of the tissue of origin. Perhaps, the close proximity of the fallopian tube
fimbriae to the ovulatory site, possibly explains ovulation-induced DNA damage in
the FTE. Further studies are warranted to better understand the role of

prostaglandins and cytokines in promoting cancer initiation and progression.

iv. Gonadotropins Theory

A strong body of evidence exists that links high circulating levels of
gonadotropin hormones to increased risk of ovarian cancer. Several epidemiological
studies reconcile with research observations?. Gonadotropin hormone levels
undergo a significant increase at the onset of menopause, when the negative
feedback loop fails to keep them under check. As a result, there is a striking rise in
follicle stimulating hormone (FSH) and luteinizing hormone (LH) levels that occurs at
menopause, which averages at about 51 years. The incidence of ovarian cancer
considerably increases at menopausal age. About two years after menopause, FSH
and LH levels shoot up by 10-20 times (50-100 mlIU/ml) and 3-4 times (20-50
mlU/ml), respectively compared to the menstrual phase®’. Reports indicate that 85-
90% cases of ovarian cancer are detected in peri- or postmenopausal women, with
only 10-15% being detected at early stages. Investigators have shown that high
circulating levels of FSH and LH increase tumorigenic properties of OSE cells as well
as activate downstream signaling pathways commonly associated with ovarian
cancer?®. Our lab has shown that menopausal levels of FSH and LH activate the

same pathways as serous cancer such as Birc5, Cdk2, Cdk4, and Cdkn2a in



addition to epidermal growth factor receptor (EGFR) and AKT in the OSE?.
Interestingly, AKT and EGFR inhibitors blocked gonadotropin-induced cell
proliferation in 3D organ and 2D cell culture of the murine OSE?®. Several animal
studies have supported the relationship between high gonadotropin induction and
increased proliferation of the OSE?*?°.  The direct link between increased
gonadotropin levels and EOC initiation is yet to be established. In light of the FTE
being a potential source of origin of serous ovarian cancer, it is valuable to study the
effect of FSH and LH on the FTE cells.

Apart from factors listed above, a variety of environmental factors have
demonstrated a weak link between ovarian cancer and use of talc®’, obesity?,
tobacco smoke? and caffeine®®.  Also, prior incidence of PCOS*', pelvic
inflammatory disease® or endometriosis®® has been associated with increased risk
of ovarian cancer. Emerging literature strongly supports the distal end of the
fallopian tube as the primary source for most high-grade serous carcinomas.
Therefore, in search of a reliable precursor lesion for serous cancer, efforts are
focused towards identifying key factors and signaling mechanisms that influence

transformation of the fallopian tube epithelial cells.

D. Fallopian Tube and Ovary: Function

The main function of the fallopian tube is to capture the mature oocyte that is
released from the ovary during the process of ovulation and make it available for
fertilization. A distinct layer of epithelial cells lines the ovary and the fallopian tube.
The epithelial cells lining the ovary (OSE) are derived from the coelomic epithelium
that can switch between cuboidal and squamous epithelial subtypes and are

incompletely committed. In contrast, the epithelial cells lining the fallopian tube



(FTE) are completely differentiated and comprised of ciliated and secretory
subtype®. It is becoming apparent that the secretory subtype of the FTE may be the

progenitor of HGSC>>.

E. Fallopian Tube Epithelium: Source of Serous Ovarian Cancer

The origin and molecular pathogenesis of high-grade serous ovarian
carcinoma (HGSC) has perplexed the medical community for decades. HGSC was
conventionally thought to originate from the single layer of epithelial cells
surrounding the ovarian surface (OSE). Historically, investigators accumulated
evidence to lend support to the ovarian surface epithelium as the primary source of
origin for serous carcinoma. Investigators assumed that the OSE is the primary site
of tumor origin because during surgical debulking, a major tumor mass was typically
identified in close proximity to the ovary. However, in 2001, a team of Dutch
investigators proposed a new paradigm shift®. They reported that the fallopian
tubes from women with a genetic predisposition to HGSC harbored precursor lesions
that resembled those observed in serous cancer tumors®. These data provided
researchers with evidence of an alternative source of serous cancer origin — the
fallopian tube epithelium (FTE). Retrospectively, the failure to detect these lesions
previously, was attributed to the fact that they did not exist in the ovaries and that the
fallopian tubes were not extensively examined as compared to the ovaries.
Subsequent studies used Sectioning and Extensively Examining the FIMbriated End
(SEE-FIM) protocol to section the fallopian tubes in order to look for putative
precursors and malignant lesions®’. A few studies also hypothesized that malignant
cell populations from the fimbriated end of the fallopian tube colonized the ovary,

which provided a unique microenvironment for the tumor mass to grow and



eventually metastasize in the peritoneal cavity®® >°.

Several investigators carefully
examined the fallopian tubes from women with BRCA1/2 germline mutations and
those with sporadic ovarian cancer to reveal that these early lesions were always

confined to the distal end of the fallopian tube” 4°#7.

F. Serous Cancer Precursor Lesions from the Fallopian Tube Epithelium

The fallopian tube hypothesis has developed and been expanded over time.
It has started to define a series of precursor lesions that form in the fallopian tube
prior to development of serous ovarian cancer. These lesions have specific genetic
alterations and are primarily identified in the secretory epithelial cells located at distal
end of the fallopian tube. Putative progression of these lesions is outlined in Fig. 1.
Clinically, the three precursor lesions identified were the “secretory cell outgrowths
(SCOUTSs)”, “p53 signatures” and “serous tubal intraepithelial carcinomas (STICs)”.
Because pathologists have discovered these lesions in women predisposed to
getting HGSC and in serous tumor samples, there lacks conclusive evidence
whether they occur in a stepwise manner. Aligning the order of these lesions is
critical to understanding disease progression and pathogenesis. Further details

about each precursor is described below:

i SCOUT: Secretory Cell Outgrowths (SCOUTs) are benign precursors that
occur with significantly higher frequency in the fallopian tubes of women with serous
cancer (~30%) versus only ~5% in normal cycling women*®.  Development of
SCOUTs may be a natural phenomenon because of their detection in the fallopian
tubes of women without the malignancy. Pathological studies have shown that the

prevalence of SCOUTs is highest in the oviducts of women with serous cancer. The



fallopian tubes of women with benign hysterectomies had lower frequency of
SCOUTs as compared to those of serous cancer patients. SCOUTs are rarely
identified in the fallopian tubes of patients with post partum sterilization and in
pediatric autopsies. Investigators also showed that the frequency of SCOUTs
increased as a function of age but were independently associated with serous
tumor*®. SCOUTSs are fairly equally distributed between the proximal and distal end of
the fallopian tube®. It remains to be determined whether formation of SCOUTs
results in functional and genetic alterations that influence serous cancer progression
in the fallopian tube. It is important to point out that SCOUTSs are seen in the oviduct
of women with and without the malignancy, which begs the question whether it is a
true precursor lesion. Nevertheless, SCOUTs do harbor genetic aberrations like loss
of PAX2, which is linked to pelvic serous cancer. Chapter IV will address this
question by developing a murine oviductal cell model that mimics SCOUTs, revealing
the molecular abnormalities associated with SCOUT formation and how these

changes may be associated with initiation of high-grade serous cancer.

ii. p53 signature: Based on the TCGA, mutation in TP53 is the most common
genetic alteration seen in 96-100% HGSC cases™. Experimental evidence suggests
focal accumulation of p53 protein in cortical inclusion cysts (CICs), in the fallopian
tubes of women with serous cancer and those that were genetically at a high risk to
get ovarian cancer. These positive patches were noted to be non-proliferative, with
low Ki-67 index and were confined to the distal end of the fallopian tube®'. Lee et al*’,
designated this phenomenon as a “p53 signature”. A recent study® evaluated 75
ovaries and fallopian tubes from a population cohort with BRCA1/2 mutation and

revealed that clusters of secretory epithelial cells from 29 patients stained positive for
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p53 protein and in some cases, stained positive for the DNA damage marker, yH>AX.
However, only one p53 signature was detected in the OSE and none in CICs. These
data further strengthen the argument that p53 signatures preferentially arise in the
fallopian tube. However, these reports were not sufficient to establish p53 signatures
as a definitive precursor to HGSC. Although, p53 signatures were tightly associated
with serous cancer, two independent groups showed that frequencies of p53
signatures were 11 and 19%*” and 24 and 33%°? in women with BRCA mutation and
in control population respectively. These reports suggest that the prevalence of p53
signatures is equally common in women with and without BRCA mutation. However,
p53 signatures were often detected in association with malignant lesions in the
fallopian tubes where both the cell populations were shown to share a common
mutation in TP53°2. This paradoxical observation makes it difficult to assign the p53
signature as a confirmed precursor to serous cancer. However, it is logical to assume
that the mutation of TP53 is essential but not sufficient to drive tumorigenesis and
requires additional genetic and molecular alterations to progress to malignant

precursor lesion — STICs.

iii. STIC: Serous tubal intraepithelial carcinomas (STICs) are established
malignant precursors to high-grade serous ovarian cancer in the fallopian tube.
STICs are hypothesized to progress from p53 signatures when sufficient molecular
changes accumulate and are identified by high proliferative index, high nuclear atypia,
abnormal chromatin pattern and high expression of yH2AX, indicating extensive DNA

damage37, 40, 43, 44, 53

Immunohistochemically, they demonstrate intense staining for
p53 and Ki-67>*. Expression levels of several oncogenes and tumor suppressors are

comparable between STICs and serous tumor samples®. Some of them include
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overexpression of Cyclin E*°, p16, upregulation of the PI3K pathway®®, loss of
retinoblastoma protein and amplification of hTERT®’. Kindelberger and colleagues
followed the SEE-FIM protocol to extensively section and evaluate fallopian tubes
from 55 cases of serous carcinoma without germline BRCA mutation. They showed
that more than 70% of the cases involved the endosalpinx and about half harbored
STICs*. This study also confirmed that the serous tumors and STICs shared the
same TP53 mutations, further implying the fallopian tube as the source for HGSC. A
few more studies identified STICs in 47% of primary peritoneal serous carcinomas®®
and about 35% of high-grade fimbrial ovarian carcinomas®. Extensive molecular and
genetic characterization of STICs is necessary to understand disease progression.
The molecular events that precede formation of STICs are still unclear and are
termed serous tubal intraepithelial lesions (STILs). STILs are not well defined and
are essentially p53 signatures with a high proliferative index. Further studies are

warranted to establish the focal points that lead up to development of STICs.

SCOouT
[Secretory Cell Outgrowth]
Benign pre-neoplastic lesion

? p53 signature
— Benign pre-neoplastic lesion
?1

STIC
[Serous Tubal
Intraepithelial Carcinomal

Malignant precursor to
serous ovarian cancer,

Fallopian tube (FT)

Figure 1: Proposed Progression of High-Grade Serous Cancer from the
Fallopian Tube Epithelium.
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G. Clinical Implication of Defining Precursor Lesions

A complete genetic profile of SCOUTSs, p53 signatures and STICs is essential
to draw comparisons with serous cancer samples. Teasing apart the molecular
events that influence progression of benign lesions to malignant counterparts is
essential to develop preventive therapies and to detect the disease at an early
stage. These lesions are identified in fixed tissues making it difficult to confirm the
molecular signaling and regulation of protein expression that occurs in lesion
development. To address these questions, researchers have developed several
animal and cell-based models as valuable resources to support the fallopian tube as
a source of serous cancer as well as understand the molecular basis of lesion

development.

H. Animal Models of FTE-Derived Serous Cancer

Investigators have developed murine and human FTE-cell derived serous
cancer models with a variety of oncogenes to validate that transformation of the
fallopian tube epithelium can indeed result in tumor formation that mimics human
disease® 02,

A study used PAX8-TetON-Cre promoter to drive deletion of PTEN, BRCA1/2,
and mutation of TP53 in combination as well as deletion of TP53 together with PTEN
in murine oviductal FTE cells. These genetic manipulations formed invasive
carcinomas that metastasized to the peritoneal cavity and immunohistochemical
analysis revealed high similarity with human high-grade serous markers®®. Because
70-80% HGSC cases are sporadic and do not harbor mutation in BRCA1/2%°, Eddie

et al. investigated the tumorigenic potential of oviductal cells harboring TP53

mutation and PTEN loss in the absence of BRCA mutation and showed that these
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cells are capable of forming high-grade carcinoma in vivo®. This was the first study
to show that knockdown of PTEN alone is sufficient to drive tumorigenesis from FTE
cells whereas the combination of PTEN loss with mutation of TP53 reduced the
extent of tumor spread®. Another study conditionally silenced Dicer and PTEN
using the MISRII promoter driving Cre-recombinase expression to demonstrate that
high-grade carcinomas develop in the FTE, with the primary epithelial tumors arising
in the fallopian tube stroma®*. Unfortunately, MISRII-Cre is not efficient in
specifically infecting the oviduct without affecting surrounding cell types, such as the
ovary and uterus, resulting in uncertainty of the cell types involved in tumor
formation. STIC lesions reported from OVGP1-SV40 mice are a result of the viral
oncoprotein, which renders Rb inactive, sequesters p53 and stabilizes expression of
wild-type p53%°. Recently, our lab serially passaged murine oviductal epithelial
(MOE) cells (MOE™'®") from CD1 mice®'. Subcutaneous injection of MOE™® cells in
mice resulted in undifferentiated high-grade carcinoma, but failed to metastasize and
form peritoneal tumors. This represents the first cellular spontaneous mouse model
of cancer derived from the oviductal cells®’. Quartuccio et al., demonstrated that
although TP53 is mutated in almost 100% HGSC cases, murine oviductal cells that
harbor TP53 mutation alone are not sufficient to drive tumorigenesis®®, unless
combined with secondary genetic alteration, such as overexpression of KRAS®'?Y or
knockdown of PTEN®. Several studies have demonstrated the formation of serous
and mucinous tumors derived from human FTE cells harboring overexpression of
KRAS mutant and c-Myc, however, these cells are often immortalized using SV-40 T

35, 62, 67

antigen, which sequesters p53 protein . This makes it impossible to evaluate

the impact of p53 mutation, which represents the majority of serous tumors.
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Although these models mimic human disease and affirm fallopian tube as the
source of origin, they have yet to address the multistep carcinogenesis pathway and
the events leading to serous cancer formation. Recently, several interesting reports
have emerged that show the downregulation of PAX2, a member of the Paired Box
gene family, in endometrial and serous carcinomas. Interestingly, pathologists
observed lack of PAX2 protein in SCOUTs and p53 signatures as well. These led
researchers to believe that sudden loss of PAX2 might be one of the earliest
changes occurring in the FTE prior to formation of p53 signatures. Therefore,
determining the regulation and function of PAX2 in the fallopian tube epithelium is

critical to improve our understanding about early serous carcinogenesis.

l. PAX genes

The name PAX stands for Paired Box family of transcription factors that play a
critical role in embryonic development and organogenesis. PAX genes were first
identified based on their sequence homology with Drosophila segmentation genes®.
All PAX proteins possess a 128-amino acid DNA binding domain, called “Paired
Domain (PD), that is conserved across several mammalian species. For all PAX
proteins, the C-terminal amino acid contains the transactivation domain (TD). As
demonstrated in Fig. 2, the PAX family consists of nine members (PAX1-9) that are
divided into four groups based on the genomic and the structural properties,
presence or absence of an octapeptide domain (OD), and either a homeodomain
(HD) or a partial homeodomain®®. Unlike several PAXs, PAX 3,4,6 and 7 possess
the additional DNA binding domain - homeodomain (HD). The octapeptide motif is a
highly conserved eight-amino-acid linker between PD and HD that exists in all PAX

genes except PAX4 and 6’°. Deletion of OD in some PAXs is associated with
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inhibitory transcriptional activity’’.  Protein-protein interactions with PAXs affect
transcriptional activation and repression and epigenetic regulation. The complexity
of structural and functional characteristics suggests multiple overlapping roles of

PAX proteins during early stages of development and in disease states.
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Figure 2: PAX family subgroups based on presence or absence of structural
domains. Figure adapted from Robson et al.”

J. PAX2: Expression and Function in the Female Reproductive Tract

PAX2 is the earliest expressed PAX gene during human embryonic
development, at day 7.5. PAX2 is expressed in a spatial and temporal fashion
during early developmental stages in the Mullerian duct, eye, brain, inner ear, kidney
and thyroid. In structures derived from the Mullerian duct - the fallopian tubes,
uterus, cervix and upper vagina, PAX2 expression continues throughout
development and persists at adult stages. In these tissues, the timely expression of
PAX2 is essential for efficient cell growth and migration. In contrast, the ovarian

surface epithelial (OSE) cells do not express PAX2 at any stage of development.
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Immunohistochemical studies showed positive PAX2 staining in the secretory
epithelial cells of the fallopian tube, endometrial and cervical glands. Intense PAX2
staining was observed in normal proliferative endometrium. Although PAX2 went
undetected in the OSE, it was present in the glands of endometriosis,
endosalpingiosis, and rete ovarii in the ovary. Interestingly, compared to what is
already known about PAX2 in renal development, the clinical significance and
function of PAX2 in the fallopian tube and uterus is relatively unexplored.

Analysis of PAX2 knockout mice revealed the importance of PAX2 in the

fallopian tube, eye, ear, midbrain and kidney’? .

Homozygous PAX2 deletion
results in the lack of Mullerian structures and kidneys, and the mice die perinatally.
Researchers have shown that heterozygous PAX2 deletion leads to underdeveloped

ureters, kidneys and these mice lack fallopian tubes’® ™.

K. PAX2 Expression in Ovarian Tumors: Pathological Evidence

Unlike the kidney, thyroid and prostate tissues, where PAX2 expression is
turned off after embryonic development, PAX2 persists even at adult stages in the
uterus and the fallopian tube epithelium, where it is essential to maintain cell
proliferation and growth. Several investigators have recently noted consistent loss of
the PAX2 protein in serous tumors that are thought to originate from tissues derived
from the Mdallerian duct. Some groups have reported histotype-specific PAX2
expression profiles in ovarian tumors. PAX2 protein was detected in mucinous and
clear cell tumors but was absent in most endometrioid and serous tumors. A study
reported that PAX2 is highly expressed in 59% of low malignant potential tumors,

63% of low-grade serous cancer and cortical inclusion cysts’>. In contrast,
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pathologists have extensively reported that serous tumor tissues consistently lack
PAX2 expression when analyzed by immunohistochemistry*® %8 7476,

The use of PAX2 as a diagnostic marker is context dependent. PAX2 is
widely expressed in endometrial tissues. Similar to serous cancer, PAX2 loss is
associated with endometrial malignancy and endometrial intraepithelial neoplasia
(EIN)".  Several groups have consistently reported inactivation of PTEN in
endometrial cancers. Analysis of normal proliferative endometria, premalignant EIN
and endometrial cancer tissues revealed that PAX2 and PTEN were jointly lost in an
increasing order of malignancy. Combined loss of PAX2 and PTEN was noted to
increase from 21% in normal endometrial tissue to 31% in premalignant to 55% in
endometrial carcinoma. Loss of PAX2 protein and mRNA was observed in about
77% of endometrial adenocarcinomas as compared to its abundant expression in

normal endometria’” "®

. Based on a recent analysis, the PTEN pathway is altered in
approximately 30% of serous cancer cases’®. Therefore, it will be interesting to
evaluate the association between PTEN and PAX2 in HGSC samples and determine
whether loss of PTEN influences PAX2 expression in fallopian tube epithelial cells.
However, exhaustive studies are required to determine the molecular genesis of
PTEN and PAX2 loss, their influence on downstream signaling pathways and define
the early events of serous cancer transformation.

A group of researchers revealed that downregulation of PAX2 might occur
much earlier in the serous carcinogenesis pathway. SCOUTs are proposed to be
the earliest precursors in progression of HGSC that are identified in the FTE that lack
PAX2 expression. A study reported that the frequency of SCOUTs was highest,

(~83%) in women with serous cancer, followed by women that are genetically

predisposed to getting HGSC (~18%) and was the lowest in control fallopian tube
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tissue (~12%)*. These data strongly suggest that aberration in the PAX2 protein
occurs at an early stage in serous carcinogenesis and that there are additional
alterations (such as mutation of TP53) necessary to promote tumorigenesis.
Experimental cell models of the FTE have recently emerged. Details about existing

and novel models, their utility in research and pitfalls will be explored in chapter IV.

L. PAX2 Expression in Ovarian Cancer Cell Models

A comprehensive panel of twenty-six ovarian cancer cell lines was screened
for PAX2 expression by gqPCR. PAX2 presence is highly tumor specific and differs
between the different histotypes. Pathological evidence convincingly demonstrates
that PAX2 overexpression is absent in serous tumor tissues. A lack of PAX2 protein
in serous cancer cell lines corroborated existing clinical data’®. A study evaluated
the functional significance of overexpressing PAX2 in HGSC cell line (OVCAR3) and
reported significant reduction in cell viability. These data (including data from
Chapter V) supports the role of PAX2 as a tumor suppressor in HGSC. In a murine
model of high-grade serous cancer derived from serially passaging murine OSE
cells, the effect of overexpressing PAX2 conferred protective properties®. In
contrast, PAX2 expression was detected in cell lines that represent clear cell
(RMUGL) and mucinous (TOV21G) histotypes’™. Knockdown of PAX2 in RMUGL
and TOV21G cell lines resulted in reduced proliferation and downregulation of cell
motility. Downregulation of PAX2 in these cell lines also enhanced apoptotic
signaling compared to those with intact PAX2 expression, suggesting that PAX2
might be oncogenic and crucial for these cancer cells to survive®.

The contrasting roles of PAX2 in serous versus non-serous histotypes of

epithelial ovarian cancer points to a dualistic regulation of PAX2 in this tumor type.
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There is a vast gap between pathological observations and experimental models
outlining the mechanistic regulation of PAX2 in each of these tumors. It is essential
to tease apart the role of PAX2 in serous cancer, not only because it is the most
common and the most lethal histotype of EOC, but because it could serve as a novel
target for therapeutic intervention. Further, these divergent roles could be explained

by different histotypes arising in the ovarian surface or the fallopian tube.

M. Role of PAX2 in Non-Ovarian Tumors

PAX2 is crucial at developmental stages in the kidney, thyroid, eye, inner ear
and CNS. Unlike in the Mullerian duct-derived tissues, PAX2 expression is switched
off in the kidney, thyroid, inner ear, eye and CNS at adult stages. Therefore,
aberrant expression of PAX2 in these tissues, at adult stages is often associated
with severe abnormalities. A immunohistochemical study by Muratovska and
colleagues demonstrated that 90% of 54 cancer cell lines and 25% of 406 tumors
were PAX2 positive®’. PAX2 expression was observed in 90% of clear cell renal cell
carcinoma (RCC), which is the most common type of renal neoplasm® #. Studies
have shown that PAX2 inactivation promotes cisplatin-induced cell death in renal

carcinoma cells®® 8.

Knockdown of PAX2 in prostate cancer cells resulted in
reduced cell invasion and proliferation suggesting the tumorigenic properties
conferred by PAX2%% ®_ |n Kaposi’s sarcoma cells, PAX2 expression is associated
with increased resistance to apoptosis®’. Mutations in one copy of PAX2 are

identified in at least 50% of the patients associated with diseases such as renal

hypoplasia, optic nerve coloboma and kidney agenesis®®.
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N. Differential PAX2 Expression in Serous Ovarian Cancer vs. Other

Tumors

Deregulation of PAX2 gene is linked to multiple cancer types; however, the
precise physiological role of PAX2 gene in initiation and progression of tumorigenic
events is not well characterized and is highly tissue specific. It is crucial to note that
PAX2 is expressed in all adult tissues derived from the Mullerian duct — the fallopian
tube, uterus, cervix and upper vagina. However, PAX2 expression is attenuated at
adult stages in all the remaining tissue types (example - prostate, breast, renal, colon
cancer). Because PAX2 is otherwise not expressed in these tissues, acquisition of
PAX2 is associated with tumorigenesis. Although significant progress is made in
understanding the role of PAX2 in renal and thyroid tumors, the tumorigenic
regulation of PAX2 is fundamentally opposite to serous ovarian tumors. In HGSC,
aberrant loss of PAX2 in the fallopian tube epithelium, which normally expresses
PAX2, is associated with cancer formation. Therefore, what is already known about
PAX2 regulation in other tumor types provides very little information about
pathogenesis of serous ovarian cancer. Although PAX2 has been extensively
studied in renal and thyroid carcinogenesis, information about its clinical significance
and regulation in the fallopian tube and serous ovarian cancer is very sparse. The
purpose of this project was to investigate the regulation and function of PAX2 in
normal fallopian tube tissue and in addition, determine the mechanism of PAX2 loss
in order to define the pathway of serous cancer progression.

Although there are several unanswered questions about PAX2 biology and
aberrant expression in serous ovarian cancers, it is clear that PAX2 is essential
during early developmental stages as well as in adult tissues and mounting evidence

supports its potential as a therapeutic target. Investigating the downstream targets
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of PAX2 genes in specific tissue types will reveal important information on signaling

molecules that can serve as targeted therapies.

0. Treating Serous Ovarian Cancer — Delivery Platforms and Challenges

Treating serous ovarian cancer is a challenge due to multiple factors —
difficulty in early diagnosis, a lack of symptoms that can detect the disease before
metastatic spread to the peritoneal cavity, a lack of biomarkers and efficient imaging
technologies. The traditional route of combating serous cancer is cytoreductive
surgery to remove the bulk of the tumor cells followed by chemotherapy.
Unfortunately, there fails to be any major breakthroughs in discovering novel
chemotherapeutic agents. Cytoreductive surgery and intraperitoneal administration
of carboplatin and paclitaxel are currently the standard of care. Although the
majority of serous cancers respond well to this combination, the relapse rate is
almost 70%. Unfortunately, the recurrent disease is often resistant to these drugs.
Several new drugs that can be combined with existing treatment are currently under
clinical trials.

A variety of these novel treatments include drugs that are designed to alter
specific pathways in serous cancer cells. One such example is the development of
PARP inhibitors. In December 2014, the U.S. FDA approved the first PARP inhibitor,
Olaparib (Lynparza®), marketed by Astra Zeneca. DNA is highly susceptible to
replication errors during increased stress, toxic metabolite buildup or a genetic insult,
which results in single stranded breaks (SSBs) that are recognized and repaired by
PARP enzymes. When a compound such as Olaparib inhibits PARP activity, the
SSBs convert to double stranded breaks (DSBs), which are repaired by the

homologous repair (HR) or the non-homologous end-joining (NHEJ) pathway.
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However, inability to repair the DSBs due to defects in the HR (example: BRCA1/2
mutation or methylation) or the NHEJ pathway results in cell death due to synthetic
lethality. More than 50% of serous tumors demonstrate aberration in the HR DNA
repair pathway. Therefore, PARP inhibitors, in combination with DNA alkylating
agents, are designed to inflict permanent damage to cancer cells by resulting in cell
cycle arrest.

The ability to specifically target tumor cells may provide a new way to improve
the treatment of ovarian cancers. Dose dense chemotherapy trials in Japan and IP
therapy both suggest that a higher concentration of local delivery is more effective
than traditional routes of administration. Serous ovarian cancer is unique in one
aspect that the metastatic spread is confined to the peritoneal spaces and does not
typically involve distant organs. Recent advances in drug delivery combines
chemistry with nanotechnology platforms. Some of these include self-assembling
multi-molecular complexes from lipids, conjugation of drugs with carrier molecules
like peptides, aptamers or antibodies and drugs absorbed onto or encapsulated
within the complex nanomaterials such as quantum dots or dendrimers. A variety of
factors determine successful biological effect of these novel targeted carriers — ease
of administration, bioavailability and clearance, mode of degradation. Chapter V
describes the biological validation of a dendrimer nanocarrier in effectively targeting
ovarian cancer cells expressing the follicle stimulating hormone receptor (FSHR).
The uniqueness about the model described in Chapter V is that it has the potential to
be used not only as a therapy, but also as a prophylactic treatment for high-risk
ovarian cancer patients who wish to preserve the option of fertility, and FSHR is

expressed in both the OSE and the FTE.
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Overall, this thesis seeks to define the significance of ovulation on the ovarian
surface epithelium versus the fallopian tube epithelium, both of which are putative
precursors of serous cancer. A significant portion of this project is focused on
investigating the molecular pathways that are associated with precursor lesion
development and pathogenesis of HGSC from the fallopian tube. The objective is to
develop in vitro models of early lesions of serous cancer because they will serve as
an important resource that could be utilized to better understand the underlying
mechanism of disease progression. The goal of these projects is to identify drugs
that can halt cancer progression or reduce tumor burden and also to develop a novel
delivery system that can transport these drugs to specific cell types while sparing the

healthy cells of off-target effects.

P. Specific Aims

Aim 1: To investigate the influence of gonadotropins on the ovarian surface
epithelium (OSE). Ovulation has been established as a potential contributor to
ovarian cancer through multiple mechanisms including stimulation from gonadotropin
hormones. It is unclear how these hormonal factors physiologically regulate the
OSE. We utilized the 3D ovarian organ culture and 2D murine OSE culture systems
to investigate the effects of follicle stimulating hormone (FSH) and luteinizing
hormone (LH). Effects of FSH and LH as single agents and as combination will be
evaluated at cycling and postmenopausal concentrations in 3D and 2D OSE culture
systems. The ability of the gonadotropin hormones to promote proliferation and
colony formation via the AKT and EGFR pathways will be investigated as a
mechanism for transformation.

Aim 2: To elucidate the regulators of PAX2 and functional significance of PAX2
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loss in the fallopian tube epithelium and high-grade serous ovarian cancer.
PAX2, a transcription factor regulated by p53, and expressed by normal FTE, is
completely lost in HGSC and putative precursor lesions of serous cancer in the tube.
Pathologists have identified sporadic occurrences of SCOUTs and p53 signatures in
FTE of women that are genetically predisposed to getting ovarian cancer. Murine
oviductal epithelium (MOE) cells stably expressing knockdown of PAX2 alone,
mutation in TP53 alone, and a combination of PAX2 loss and TP53 mutation will be
generated. Functional assays will determine the significance of PAX2 loss and TP53
mutation. PTEN loss is sufficient to drive fallopian-derived tumorigenesis in a murine
model created in our lab. We will determine whether reduced levels of PTEN
negatively regulate PAX2 expression in FTE cells and whether re-expression of
PAX2 reduces the pro-proliferative and pro-migratory effects from PTEN silencing.
We will determine if re-expression of PAX2 can block PTEN-mediated tumor
formation and metastatic colonization. Re-expressing PAX2 might present a novel
therapeutic strategy to reverse or stop cancer progression. However, mutation of
TP53, which occurs in 100% of HGSC, may repress the PAX2 promoter. We will use
ChIP and luciferase reporter assays to define this regulation. To provide additional
means of enhancing PAX2 expression, we will screen a library of FDA approved
drugs to determine if any of them can activate the PAX2-promoter in a novel high-
throughput assay developed in our lab. We will monitor mRNA and protein
expression as well as the ability of these compounds to activate PAX2 in normal
fallopian tube cells.

Aim 3: To develop a targeted nanocarrier system that delivers a therapeutic
drug to selectively kill cells expressing the follicle stimulating hormone

receptor (FSHR). FSHR is overexpressed in ovarian cancer cells and expressed by
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the OSE as well as the FTE cells. We will conjugate dendrimers to FITC imaging
agent and targeting molecules (amino acids 33-53 of the FSH 3 chain (FSH33)) that
allow a highly localized density of ligands to achieve the strong binding effect. The
targeting efficacy of the nanocarriers will be validated using 3D in vitro organ cultures
and 2D OSE cells. We will also perform an in vivo study to validate the preferential

uptake of targeted nanocarriers by the ovary and oviduct tissues.
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Il. MATERIALS AND METHODS

(Manufacturer’s details can be found in TABLE IlI).
A. Animals

Day 16 female CD1 mice were used for all organ culture experiments. The
Animal Care Committee approved the protocol A14-180. All xenograft experiments
in Chapter IV were performed as described previously®® . Animals were sacrificed
at humane endpoints and tissues were collected and analyzed as shown
previously®®. “Animals were not primed with eCG (Chapter IlI)’*. “Female BALB/c
mice (6-8 week old) were used for the in vivo efficacy experiment (Chapter V). “All
mice were acquired through in-house breeding, and all breeders were purchased
from Harlan laboratories. Animals were treated in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and the
established Institutional Animal Care and Use protocol at the University of lllinois at
Chicago. Animals were housed in a temperature and light-controlled environment

(12 h light: 12 h darkness) and were provided food and water ad libitum?® 91 723 89. 92

B. Cell Culture

In all chapters, Murine Oviductal Epithelium (MOE) cells and high-grade
serous cancer cell lines — OVCAR3, OVCAR4, KURAMOCHI and OVSAHO were
cultured as previously described® **. Cell lines were stably or transiently transfected
using Mirus TransIT LT1™ according to manufacturer’'s protocol with antibiotic
resistant plasmids containing the gene of interest (Table 1) as described previously®.
In Chapter Ill, “mouse ovarian surface epithelium cells (MOSE; Barbara
Vanderhyden, University of Ottawa, Ottawa, ON Canada) were grown in alpha-MEM

(Mediatech, INC), 1% L-glutamine, 10% fetal bovine serum (FBS; Gibco), epidermal
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growth factor (2 pg/mL; Roche), insulin/transferrin/selenium (insulin 5 pg/mL;
transferrin 5 pg/mL; selenite 5 ng/mL; Roche), gentamycin (1 pg/mL; Mediatech), and
penicillin-streptomycin (0.5 yL/mL). MOSE cells from passage numbers 7-13 were
used for all experiments in this paper. MK-2206 (Selleck Bio) or AG1478 (Cell
Signaling) were added to cultures to inhibit Akt or EGFR activation, respectively”®®. In
Chapter V, “SKOV-3 ovarian cancer cells were grown in McCoy’s 5A (Sigma Aldrich)
with 10% fetal bovine serum, and 1% penicillin-streptomycin and was purchased

from American Type Culture Collection and incubated at 37°C, 5% C02.”%°

TABLE |

PLASMIDS UTILIZED FOR STABLE AND TRANSIENT TRANSFECTIONS

Target Vector Manufacturer
Scrambled shRNA pMLP-GFP transOMIC
PAX2 shRNA-1 pMLP-GFP transOMIC
PAX2 shRNA-2 pMLP-GFP transOMIC
p53 R273H pCMV-Neo-Bam Addgene
NEO pCMV6 Origene*
PAX2 pCMV6-Myc Origene*
PAX2 Luciferase pGL3-Basic Promega*

* Indicates the plasmid was a gift

* NEO and PAX2 — Dr. Kwong Wong, M.D. Anderson Cancer Center, Houston, TX

* PAX2 Luciferase construct — Dr. Gregory Dressler, University of Michigan, Ann
Arbor, Ml
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C. Organ Culture

“‘Ovaries from pre-ovulatory day 16 mice were dissected as previously
described®™ %°. Briefly, ovaries were dissected in dissection media composed of
Liebovitz media with L-glutamine, 100 U penicillin (Gibco), and 100 pg/mL
streptomycin. The bursa was removed with forceps and ovaries were cut with a
scalpel into two pieces, termed organoids. The organoid was then placed in growth
media that consisted of alpha-MEM (Invitrogen), 100 U penicillin (Gibco) and 100
ug/mL  streptomycin.  In chapter V, to validate the targeting efficacy of the
dendrimers to ovarian cells expressing FSHR, the organoids were treated with 500
nM of G5-Ac-FITC-FSH and G5-Ac-FITC in serum-free media for 5 h. Another set
of organoids was pre-treated with100 yM FSH33 for 2 h, followed by 5 h incubation
with the dendrimer conjugates. Unlike previously described'® ®°, the organoids were
directly treated with the nanocarriers prior to alginate encapsulation to ensure
effective peptide and nanocarrier penetration to the ovarian tissue. At the end of the
incubation period, each organoid was placed into a 0.5% w/v alginate/PBS droplet
formed on mesh fiber. The alginate-encapsulated organoid was placed into 50 mM
CaCl, for 2 min to cross-link the alginate, forming a gel around the organoid”®. In
Appendix A, “the alginate-encapsulated organoid was cultured for 7 d in basal
medium composed of aMEM (Gibco), 100 U penicillin (Gibco), and 100 ug/ml
streptomycin. DMSO was added at a final concentration of 0.01% (v/v) as a solvent-
only negative control. Bovine insulin (Sigma-Aldrich, St. Louis, MO) or recombinant
human IGF-l (lpsen Biopharmaceuticals Inc.) was added to cultures at a
concentration of 5 pg/ml. AG1024 (Calbiochem) was dissolved in DMSO and added

at a final concentration of 10 uM. LY294002 (Cell Signaling) was dissolved in DMSO
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and added at a final concentration of 25 uM. U0126 (Cell Signaling) was dissolved

in DMSO and added at a final concentration of 10 pM.”%?

D. Western Blot

(Antibody dilutions are listed in Table Il)

In Chapter Ill, MOSE cells were cultured in basal media, serum starved
overnight and treated with the gonadotropins for specified periods of time. In
Chapter V, “For FSHR expression, OVCAR-3 cells were treated for 24 h with FSH
(10 mlU/mL), G5-Ac-FITC-FSH (500 nM), or FSH in the presence of G5-Ac-FITC-
FSH (500 nM) before washing.” 8 In all western blot experiments, cells and
organoids were washed with ice cold PBS and lysed in RIPA buffer (25 mM Tris-HCI
pH 7.6, 150 mM NaCl, 1% (v/v) Triton-X, 1% (v/v) sodium deoxycholate, 0.1% SDS),
1X Complete Mini Protease Inhibitor Cocktail tablets (Roche), and 1X Phosphatase
Inhibitor Cocktail Il (Sigma). The bicinchonic acid assay (Pierce) was used to
determine protein concentration. Cell lysate (30 ug) was run on varying percentages
of SDS-PAGE gel under reducing conditions and transferred to a nitrocellulose
membrane. Membranes were blocked for 1 h at RT in blocking buffer. Primary
antibodies were incubated on blots overnight at 4 °C. After washing in TBS-Tween,
membranes were incubated with goat anti-rabbit or goat anti-mouse horseradish
peroxidase secondary antibody (Cell Signaling) at 1:1000 in blocking buffer for 1 h.
Membranes were washed and visualized using SuperSignal West Femto substrate
(Thermo Scientific) on a Protein Simple gel documentation system. All gels were run

in three individual experiments with the representative image shown?* 8°.
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E. Immunohistochemistry (IHC)

(Antibody dilutions are listed in Table Il)

Organoids were removed from culture media and fixed as previously
described®™ using reagents from Vector Labs Inc. unless otherwise noted.
Immunohistochemistry was performed as previously described'® * % Section
thickness for the all tissues was 5 microns. Sections were mounted on
Superfrost®Plus Microscope slides (Fisher scientific). Briefly, heat-induced antigen
retrieval was performed using 10 mM sodium citrate. Tissues being stained for BrdU
were treated with 4 M hydrochloric acid for 10 min followed by 10 min incubation with
0.1 M sodium tetraborate. Tissues were blocked with 3% H20,, avidin and biotin for
15 min each. Control slides received serum block instead of primary antibody. The
primary anti-bodies against PAX2, BrdU, cytokeratin 8 (CK8), FITC, WT-1, PAX8
and Fut8 were incubated overnight at 4 °C. Slides were washed and incubated with
biotinylated secondary antibody in 3%-BSA-TBS. Following three washes in TBS-
Tween, slides were incubated for 30 min in avidin/biotin complex (ABC). The
antigen-antibody-HRP complex was visualized using diaminobenzidine reagent for
3-5 min and counterstained with hematoxylin. All conditions that had a minimum of
5 organoids (Chapter Ill) or 3 organoids (Chapter V) and the experiments were

performed in triplicates® ®°.

“IHC images were acquired on a Nikon EG00
microscope using a DS-Ri1 digital camera and NIS Elements software (Nikon
Instruments). At least three random fields from at least two independent
experiments were imaged.”89 In Chapter IV, tissues were prepared for hematoxylin
and eosin stain as described in past publications®. In Chapter Ill and Appendix A,
“The percentage of proliferating OSE relative to the total number of OSE was

quantified using Image J software (NIH).”%
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TABLE Il
PRIMARY ANTIBODY CONCENTRATIONS FOR WESTERN BLOTTING AND

IMMUNOHISTOCHEMISTRY (IHC)

Antibody Western IHC Company Catalog
Blot Dilution Number
Dilution
Actin 1:1000 - Sigma Aldrich A2066
Fut8 1:1000 1:40 Proteintech 12560-1-AP
PAX2 1:500 1:50 Life 71-6000
Technologies
Mme 1:500 - Proteintech 18008-1-AP
p53 1:500 - Santa Cruz sc-6243
Biotechnology
Stathmin 1:500 - Cell Signaling 3352
WT-1 - 1:50 Abcam ab89901
PAXS8 - 1:100 Proteintech 10336-1-AP
Survivin 1:500 - Cell Signaling 2808
FSHR 1:1000 - Epitomics S0522
p-Akt 1:1000 - Cell Signaling 4060
p-ERK 1:1000 - Cell Signaling 4370
p-PTEN 1:1000 - Cell Signaling 9551
PTEN 1:1000 - Cell Signaling 9188
Akt (pan) 1:1000 - Cell Signaling 4691
Cdk2 1:500 - Cell Signaling 2546
Cdk4 1:1000 - Cell Signaling 2906
BrdU - 1:200 Abcam ab6326
TROMA-1 - 1:100 Developmental
(CK8) Studies
Hybridoma
Bank
FITC - 1:400 SIGMA B0287
Miillerian - 1:50 Santa Cruz sc-6886
inhibiting Biotechnology
substance (MIS)
pGSK3p e - 1:400 Cell Signaling 9323
total GSK3p - 1:100 Cell Signaling 9315
collagen IV - 1:100 EMD Millipore AB756P
Cdkn2a 1:500 - Abcam ab80
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F. Cell Viability Assay

Cells were seeded into 96 well plates at 1 x 10* cells/100 L (Chapter I11)* or
1.0 x 10%cells per well of media with serum (Chapter 1IV). “The next day cells were
treated with FSH, LH, or a combination of FSH and LH at 1, 10 and 100 mIU/mL.
The cells were allowed to grow for 8 days.”®® Proliferation was measured using
sulforhodamine B (SRB) colorimetric assay as described previously®®. Media was
aspirated and cellular proteins were fixed to the plate with 20% trichloroacetic acid
for 1 h. Cells were washed with water and stained for 30 min with sulforhodamine B.
Excess dye was washed with 1% (v/v) acetic acid. The protein-bound dye was re-
suspended in 10 mM Tris buffer. Spectrophotometric analysis was completed using
a Biotek Synergy 2 multi-mode microplate reader (Biotek). All conditions were tested

in three replicates in triplicate experiments.

G. Wound Healing (Scratch) Assay

In Chapter 1V, cells were seeded at 1.0 X 10° cells/ well and assay was

23,66 pictures were taken at 0 and 8 or 12 or 24

performed as described previously
hours after scratching using an AmScope MU900 with Toupview software

(AmScope).

H. Soft Agar Transformation Assay

Soft agar colony formation assay was performed as previously described®.
“‘OSE were collected from organoids cultured for 3 days in media containing FSH,
LH, or FSH+LH, followed by analysis of anchorage-independent growth as measured

by growth in soft agar. The base layer of the agar consisted of DMEM (Gibco), and
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0.5% agarose (Sigma). The top layer consisted of DMEM, 0.35% agarose and 15 x
10° cells/well in a 24 well plate. The agar was overlaid with DMEM, 4% FBS, and
penicillin-streptomycin. After 14 days, colonies were imaged on a Nikon Eclipse
TS100 using a DS-Ri1 digital camera and counted using NIS Elements software. All

conditions were tested in three replicates in triplicate experiments.”®

l. RNA isolation, cDNA synthesis and RT-qPCR

In Chapter IV, RNA extraction was performed using Trizol and chloroform with
isopropanol precipitation followed by ethanol washes and DNAse step as described
in®®. iScript™ cDNA synthesis kit (BioRad) and SYBR green (Roche) were used
according to manufacturer’s instructions to synthesize cDNA and quantify DNA,
respectively. All gPCR runs were performed on the ABI ViiA7 (Life Technologies).
In Appendix A, “organoids were cultured 3d in basal media, 5 yM insulin, or 5 yM
IGF-1'® % OSE were collected by treatment with collagenase'®, mRNA was
extracted, RNA (0.5 pg) was reverse transcribed using the RT? First Strand kit
(Qiagen), and cDNA was added to RT? Profiler PCR Cancer Pathway Finder Arrays
(Qiagen) according to manufacturer's recommendations. Gene expression changes
were analyzed on an iCycler real-time PCR detection system and normalized relative
to the average expression of f-actin, Gusb, Hprt, Hsp90ab1, and Gapdh according

to manufacturer's instructions (Bio-Rad).”%2

J. Flow Cytometry

In Chapter IV, OVCARA4 cells were transiently transfected with NEO (Control)
or PAX2 overexpression plasmid in a 6-well plate. After 48 hours, cells were

harvested using trypsin. Cell suspension was centrifuged at 800 g for 5 minutes at
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4°C. Pellet was re-suspended in Annexin V binding buffer (10 mM HEPES, 140 mm
NaCl, 2.5 mM CaCl2, pH 7.4). 200 pl from the “control” treated cells was divided into
two new centrifuge tubes. One served as “unstained” control and the second tube
was treated with, propidium iodide (Pl) and Annexin V as described below. 300 pl
from PAX2 treated cells was divided into three tubes. First tube was treated with PI
alone and second tube with Annexin V alone. Third tube was treated with both, PI
and Annexin V. PI (stock concentration: 1 mg/ml) was diluted 1:10 in Annexin V
binding buffer. 2 ul of 1:10 diluted PI, was added per tube (final Pl concentration — 2
pug/ml). Annexin V/APC conjugate (Life technologies) was diluted 1:60 in Annexin V
binding buffer. 1 yl was added per tube. Cells were incubated in dark for 15 minutes.
400 pl Annexin V binding buffer was added to each tube. Cell suspension was
allowed to pass through 5 ml polystyrene round-bottom tube with cell strainer cap
(Fisher). Tubes were placed on ice and transported to the Flow Cytometry Core
Facility at UIC. Samples were run on the Beckman Gallios 3 laser/10 color
cytometer. Quantitative analysis was performed using Summit 3.0 software.

In Chapter V, “OVCAR-3 cells were seeded in 12-well plates at a density of 1
x 105 cells/well and incubated in supplemented MEM media for 24 h. Cells were
treated with G5-Ac-FITC-FSH (500 nM) for 5 h, with or without pre-treatment with
FSH33 (100 puM) for 2 h, and G5-Ac-FITC (500 nM). Cells were then washed with
PBS and suspended with trypsin. Cell suspensions were centrifuged at 1000 rpm for
5 min. The pellet was resuspended in 500 pL of 1% paraformaldehyde, and
transferred to flow cytometry sample tubes. Fluorescence signal intensities from the
samples were measured using a Becton Dickinson Fortessa cell sorter (BD) and
data analysis was performed using FlowJo vX. The experiment was performed in

triplicates.”®
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K. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism software
(GraphPad). All conditions were tested in three replicates in at least triplicate
experiments.  Statistical significance between two groups was determined by
Student’s t -test, and one-way ANOVA followed by Dunnett’s post-hoc test was used
in case of more than two groups. * indicates p < 0.05, which was considered

significant.

L. Methods unique to Chapter IV

i. Chromatin Immunoprecipitation (ChiP)

Chromatin immunoprecipitation was performed as described previously®.
Briefly, for each pulldown, 30 uyl Dynabeads protein G (Life technologies) were
incubated with control and test antibodies overnight at 4°C. Antibodies: Normal
rabbit 1gG (Cell signaling, 1:100) and p53 (Santa Cruz, 1:100). Pulldowns were re-

suspended in 100 pl ChIP dilution buffer. Cell lysis and Cross-linking: Murine

Oviductal Epithelium (MOE) cells (10cm dish) were treated with 10 uM proteasome
inhibitor MG132 (Sigma) for 4 hours. Cells were fixed with 270 pl of 37%
formaldehyde (Sigma) for 15 minutes at room temperature. Reaction was quenched
by adding 1.28 ml of 1 M glycine (final concentration was 125 mM) for 5 minutes at
room temperature. Cells were washed twice with 2 ml of ice cold PBS + Pi (protease
inhibitor - 1 cOmplete™, Mini, EDTA-free tablet in 10 ml PBS, Roche). 1 ml of
PBS+Pi was added to each plate. Cells were scraped and centrifuged at 3000 rpm
for 5 minutes at 4°C. Pellet was re-suspended in 750 ul ChIP lysis buffer. Sonication
was carried out on ice using a Sonic Dismembrator (Branson, Model 500) as

described previously®’. Sonicated lysate was cleared by centrifuging at 14,000 rpm
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for 10 minutes at 4°C. 250 pl supernatant was saved as “input sample” at -20°C.
Cross-linking was done by combining 250 ul supernatant with 100ul of Protein G
bead slurry attached to IgG and p53 antibodies and incubated overnight at 4°C. De-
crosslinking: Beads were washed with following buffers, in the order listed: Low salt
buffer, High salt buffer, Lithium Chloride Complex and 1X TE buffer. 400-pl of elution
buffer was added to sample tubes and incubated for 15 minutes by 360° rotation at
room temperature. Eluate was collected and made up to 400 ul with elution buffer.
16uL of 5 M NaCl was added to each pull-down and input. Tubes were sealed with

parafilm and allowed to de-crosslink overnight at 65°C. DNA purification: 8 pl of 500

mM EDTA (pH 8.0), 16 ul of 1 M Tris-HCI (pH 6.5) and 0.1ug/mL RNAse A were
added to sample and input tubes followed by 1 hour incubation at 37°C. 1 ul of 20
mg/ml proteinase K was added and tubes were incubated at 45°C for 1 hour.
Lysates were carried forward for phenol chloroform extraction using UltraPure™
Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) as described by manufacturer’'s

protocol (Thermo Fisher Scientific). PCR Quantification and data analysis: Input

sample was diluted 1:100 prior to PCR setup. SYBR green master mix PCR was
carried out at final concentration of 10 ul (3.6 pl dH2O, 10 yM primer pair, 5 pl SYBR
green mix) in 96-well plates on ABI ViiA7 (default three-step method, 40 cycles).
The relative occupancy of the immunoprecipitated protein at a target gene promoter
was estimated using the following equation: 2°(Ct'9¢ — Ct**®), where Ct'9¢ and Ct*>*
are mean threshold cycles of PCR done in replicate on DNA samples precipitated

from 1gG and p53 subtracted from the input mean Ct.

37



ii. High Throughput Screen (HTS)

The UIC HTS core facility provided a library (Prestwick) of 1200 FDA
approved drugs for high throughput screen. Drugs that increased PAX2 promoter
activity more than 170% compared to DMSO control were selected for future

analysis. Primary HTS assay: MOE cells were transiently transfected with PAX2

promoter driving luciferase expression (PAX2-Luc, 100 ng/well) and B-Galactosidase
(B-Gal, 100 ng/well) for 18 hours. Cells were seeded in 96-well plates at 7.5 X 10°
cells/well. Drugs were added to the cells after 3 hours. 50 uM drug stock solutions
were prepared in MOE culture media and 20 pl was dispensed in each well (final
drug concentration was 10 uM). Cells were incubated for 10 hours at 37°C in a 5%
COgz incubator. To measure luciferase production, cells were lysed in 110 yl GME
buffer (25 mM glycylglycine (pH 7.8), 15 mM MgSO4, 4 mM EGTA, 1 mM
dithiothreitol, 1% Triton X-100), and 50 pl lysates were added to assay buffer (GME
buffer, 16.5 mM KPOQO,, 2.2 mM ATP, 1.1 mM dithiothreitol). Luciferase activity was
measured for 30 seconds on a Biotek Synergy 2 multi-mode plate reader (Biotek).
LacZ activity (remaining 50 pl lysate) was measured by cleavage of ONPG. The
sample results were normalized to (-galactosidase (internal control) to account for
transfection efficiency by dividing the luciferase activity by the B-galactosidase
activity. Fold change was calculated by taking the luciferase value, dividing by the [3-
galactosidase activity, and then dividing by the solvent (DMSO) control, which was
set equal to one ®. Each 96-well plate contained 16 wells treated with DMSO and
remaining 80 wells with drugs from PRESTWICK library. Top 2% drugs that
increased PAX2 promoter activity (more than 170% compared to DMSO) were re-
tested to confirm consistent activity and three drugs (hits) were selected for future

analysis. Secondary biological screen: MOE cells were treated with 10 uM of “hits”
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from the primary screen (incubation time was 10 hours). Cells were lysed either with
TRIZOL or RIPA lysis buffer to extract RNA or protein respectively. Amount of PAX2
mRNA (by gPCR) and protein (western blot analyses) was quantified and compared

between cells treated with “hits” and DMSO. Determination of z-factor: MOE cells

were transfected with PAX2-Luc, B-Gal and either GATA4 or mutant p537273H
plasmids. GATA4 significantly upregulates (positive control) whereas mutation in
TP53 reduces (negative control) PAX2 promoter activity as measured by luciferase

assay. Calculated z-factor for this assay was 0.6.

M. Methods unique to Chapter V

i Materials

‘G5 PAMAM dendrimer, acetic anhydride, triethanolamine (TEA), FITC,
dimethylsulfoxide (DMSQO), methanol, and deuterium oxide (D20) were obtained
from Sigma-Aldrich. Sulfo-SMCC was obtained from Thermo Fisher Scientific.
FSH33 peptide with the sequence YTRDLVYKDPARPKIQKTCTF was synthesized
at the University of lllinois at Chicago Research Resources Center (UIC RRC,
Chicago, IL). All other chemicals used in this study were obtained from Sigma-

Aldrich unless stated otherwise.”®®

ii.. Preparation of partially acetylated FITC- and Cy5.5-labeled G5 PAMAM

dendrimers (G5-Ac-FITC-NH2 and G5-Ac-Cy5.5-NH2)

“G5 PAMAM dendrimer was partially acetylated as previously described® "2,

Briefly, G5 PAMAM (20 mg, 7.0 x 10-4 mmol) was dissolved in 4 mL methanol, to
which acetic anhydride (6.4 pL, 6.8 x 10-2 mmol, 75% the number of primary amines
on G5) and TEA (11.4 pL, 8.2 x 10-2 mmol) was added under vigorous stirring at RT

for 24 h. The product was purified by ultrafiltration using an Amicon Ultra-15
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Centrifugal Filter Unit (MWCO 3000, Millipore) at 4000 rpm and 4 °C for 20 min, with
repeated washing with deionized distilled water (ddH,O) ten times. The product was
then re-dissolved in ddH20 and lyophilized, resulting in partially acetylated G5 (G5-
Ac-NH2). G5-Ac-NH2 was labeled by reaction with FITC and Cy5.5 as previously
described.’®®"%?, Briefly, G5-Ac-NH2 (10 mg, 3.5 x 10-4 mmol) was dissolved in
ddH20, to which either FITC (0.7 mg, 1.7 x 10-3 mmol) or Cy5.5 (0.9 mg, 0.8 x 10-3
mmol) dissolved in 100 yL DMSO was added under vigorous stirring at RT for 24 h.
Excess FITC was removed by ultrafiltration as described above. The product was
finally re-dissolved in ddH,O and lyophilized, resulting in G5-Ac-FITC-NH2. The
number of FITC molecules attached to the dendrimer was determined using UV/Vis
(DU800 UV/Vis Spectrophotometer, Beckman Coulter) based on a standard curve of

FITC in ddH,0 at 499 nm absorbance wavelength”®®.

iil. Preparation of FSH33-targeted dendrimers (G5-Ac-FITC-FSH-NH2 and

G5-Ac-Cy5.5-FSH-NH2)

“G5-Ac-FITC-NH2 and G5-Ac-Cy5.5-NH2 (5 mg, 1.7 x 10-4 mmol) was
dissolved in 2 mL of conjugation buffer, pH 7.8. Sulfo-SMCC (3.8 mg, 8.7 x 10-3
mmol) was dissolved in 100 yL of DMSO and 400 yL ddH20, and then added to the
dendrimer solution under vigorous stirring at RT for 2 h. Excess sulfo-SMCC was
removed by ultrafiltration (MWCO 3000, 4000 rpm, 20 min) and washing with ddH20
three times. The product was re-dissolved in 2 mL conjugation buffer, pH 7.2, and
FSH33 peptide (2.2 mg, 8.7 x 10-4 mmol, 5 molar equivalents to G5) dissolved in
500 pL ddH20 was added under vigorous stirring at RT for 24 h. Excess FSH33
was removed by dialysis against ddH20 using a 12000-14000 MWCO dialysis

membrane for two days with frequent changing of the water. The resulting G5-Ac-
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FITC-FSH-NH2 and G5-Ac-Cy5.5-FSH-NH2 was then lyophilized. The number of
FSH33 molecules attached to the dendrimer was determined using UV/Vis based on
a standard curve of FSH33 in ddH20 at 273 nm absorbance wavelength.

In order to minimize nonspecific interactions with biological membranes'® 1%,
the remaining primary amines on all the conjugates prepared were capped by full
acetylation. Five milligrams of each conjugate (1.7 x 10-4 mmol) was dissolved in 1
mL methanol, to which excess acetic anhydride (3.9 pL, 4.1 x 10-2 mmol) and TEA
(6.8 pL, 4.9 x 10-2 mmol) was added under vigorous stirring at RT for 24 h. Each
product was diluted with ddH20, purified by ultrafiltration as described above, re-
dissolved in ddH20 and lyophilized, resulting in the fully acetylated conjugates G5-
Ac-FITC, G5-Ac-FITC-FSH, G5-Ac-Cy5.5 and G5-Ac-Cy5.5-FSH. G5-Ac-Cy5.5 and
G5-Ac-Cy5.5-FSH were also characterized by 1H NMR as described in our earlier

publications®® 917 8

iv. Cytotoxicity of G5 PAMAM Dendrimers

‘OVCAR-3 cells (n = 4) were seeded into 96-well plates at 1 x 104 cells/well.
The next day, cells were treated with 0.5, 1 and 5 yM G5-Ac-FITC and G5-Ac-FITC-
FSH. The cells were allowed to grow for 24 h. Cell viability was measured using
sulforhodamine B (SRB) colorimetric assay. Media was aspirated and cellular
proteins were fixed to the plate with 20% trichloroacetic acid for 1 h. Cells were
washed with water and stained for 30 min with SRB. Excess dye was washed with
1% (v/v) acetic acid. The protein-bound dye was re-suspended in 10 mM Tris buffer.
Spectrophotometric analysis was completed using a Biotek Synergy 2 multi-mode

microplate reader (Biotek).”®
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V. Cellular Uptake Studies in 2D Cell Culture

‘OVCAR-3 and SKOV-3 cells were plated in 8-well chamber slides (Millipore)
at a density of 2 x 104 cells/well for 24 h. OVCAR-3 cells were then treated with 250
nM and 500 nM of G5-Ac-FITC-FSH for 5 h. Another set of OVCAR-3 cells was pre-
treated with 100 uM FSH33 for 2 h, before adding the different concentrations of G5-
Ac-FITC-FSH as above. OVCAR-3 cells were also treated with 250 nM and 500 nM
of G5-Ac-FITC for 5 h. SKOV-3 cells were treated with 500 nM of G5-Ac-FITC-FSH
for 5 h. At the end of each incubation period, cells were washed with PBS, fixed in
4% paraformaldehyde for 5 min, washed with PBS, and mounted with Vectashield

Mounting Medium with DAPI (Vector Laboratories).”®

Vi. Confocal Microscopy Observation

“Cells were visualized using a Zeiss LSM 510 Meta confocal laser-scanning
microscope (CLSM, Carl Zeiss). A 25 mW diode UV 405 nm laser was used for
excitation of DAPI, and the 488 nm line of a 30 mW tunable Ar laser was used for the
excitation of FITC. Emission was filtered at 420 nm and 505-530 nm for DAPI and
FITC, respectively. Images were captured using a 63x/1.2 Water DIC C-Apochromat

objective.”®®

vil. In Vivo Efficacy Study and Tissue Analysis

“Six- to eight-week-old female BALB/c mice (6 animals per group) were
injected i.p. with 15 mg/kg targeted (G5-Ac-Cy5.5-FSH) or nontargeted (G5-Ac-
Cy5.5) dendrimer conjugates in ~100 pL saline. At 6 h post-injection, animals were
euthanized using CO2, followed by cervical dislocation to ensure death. Organs

(ovary, oviduct, uterus, and kidney) were harvested for analysis. Each organ was
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weighed and transferred to a microcentrifuge tube containing 225 puL of ddH20. The
samples were homogenized on ice using a manual homogenizer. Tissue
homogenates were centrifuged at 13,200 rpm at 4 °C for 30 minutes. Supernatants
were collected in a fresh tube, and the fluorescence from the supernatants was
measured at 675 nm excitation and 694 nm emission wavelengths using a BioTek
Synergy 4 microplate spectrofluorometer. The fluorescence counts were normalized

to the weight of the tissue.”®
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TABLE IlI

MANUFACTURER’S INFORMATION

Company City State
Harlan Laboratories Indianapolis IN
Mirus Madison Wi
Mediatech, Inc. Manassas VA
Gibco Carlsbad CA
Roche Indianapolis IN
Selleck Bio Houston TX
Abcam Cambridge MA
Cell Signaling Beverly MA
Developmental Studies lowa City A
Hybridoma Bank
Sigma Aldrich St. Louis MO
American Type Culture Collection Manassas VA
Invitrogen Grand Island NY
Life Technologies San Diego CA
Ipsen Biopharmaceuticals, Inc. Basking Ridge NJ
Calbiochem Billerica MA
Pierce Rockford IL
Thermo Fisher Scientific Waltham MA
Protein Simple Santa Clara CA
Vector Labs, Inc. Burlingame CA
Fisher Scientific Pittsburgh PA
Nikon Instruments Melville NY
NIH Bethesda MD
EMD Millipore
ProteinTech Group, Inc. Chicago IL
Santa Cruz Biotechnology Santa Cruz CA
Biotek WinooskKi VT
AmScope Irvine CA
BioRad Hercules CA
Qiagen Valencia CA
Becton Dickinson (BD) Franklin Lakes NJ
GraphPad La Jolla CA
Millipore Billerica MA
Vector Laboratories Burlington CA
Carl Zeiss Germany
transOMIC Huntsville AL
Origene Rockville MD
Promega Madison WI
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lll. GONADOTROPINS ACTIVATE ONCOGENIC PATHWAYS TO ENHANCE
PROLIFERATION IN NORMAL MOUSE OVARIAN SURFACE EPITHELIUM

(Reprinted with permission from Int J Mol Sci, 14(3), 4762-4782,
doi:10.3390/ijms14034762)

A. INTRODUCTION

While the etiology of ovarian cancer is poorly understood, there are a number
of proposed hypotheses, all of which incorporate ovulation as a component in
ovarian cancer initiation and promotion. The gonadotropins, follicle stimulating
hormone (FSH) and luteinizing hormone (LH), are implicated in the etiology of
ovarian cancer primarily because the median age of onset of ovarian cancer typically
intersects with menopause and physiologically elevated levels of FSH and LH?* %,
High levels of gonadotropins during ovulation, loss of gonadal negative feedback
during menopause, and premature ovarian failure are all thought to play a role in

ovarian cancer'® %,

The gonadotropin hypothesis is supported by the decreased
risk of ovarian cancer from a reduction of exposure to FSH and LH by the use of oral
contraceptives, multiparity, and breast-feeding?’, and an increased risk of the
disease with early menarche, late menopause, nulliparity, and the use of fertility

105, 106

drugs However, the effects of gonadotropins on completely normal OSE
cultured in the ovarian microenvironment are not fully characterized.
The gonadotropins, FSH and LH, are glycoprotein hormones synthesized in

the anterior pituitary®® "%’

Both FSH and LH share a common a-subunit, but each
has a distinctive B-subunit, which confers the specificity of the two hormones'®.
FSH is responsible for the maturation of immature follicles to Graafian follicles™®.
LH triggers ovulation and development of the corpus luteum. The effects of FSH and

LH on granulosa and theca cells''® """ have been published, but the role of these

gonadotropins on normal OSE is less well characterized. FSH receptors (FSHR)
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and LH receptors (LHR) are expressed in normal OSE, normal fallopian tube

epithelium, and ovarian tumor samples®® % 13,

Several investigators have
attempted to address the possible role of the gonadotropins in OSE using
tumorigenic models as it pertains to EOC. In vivo studies demonstrate that FSH and

24-26

LH increase OSE proliferation In vitro studies have reported that FSH or LH

alone increases'® "%, decreases’'* '"°

, or has no effect on cellular proliferation of
OSE cells?* "% "7 Tubal epithelial cells express FSH and LH receptors, but normal
TECs do not proliferate in response to gonadotropins18. FSH and LH signal together
in vivo in post-menopausal women and during ovulation these hormones are almost
always found at the same time. However, very little has been published regarding
the combined effects of gonadotropins on signaling in OSE or ovarian cancer.

The purpose of this study was to identify the pathways downstream of the
gonadotropins in normal OSE and their contribution towards proliferation and
oncogenesis. Many in vitro studies using SV40T immortalized OSE cells or in vivo
studies using animal models have been reported to evaluate the role of FSH and LH,
but these systems fail to separate ovulation and the effects of gonadotropins, do not
use completely normal cells, or separate the cells from their microenvironment®® %>
7 This study used two different model systems to evaluate the actions of
gonadotropins on normal OSE function. A three-dimensional (3D) organ culture
system was employed to study the role of gonadotropins in normal cells grown within
their microenvironment in the absence of ovulation®. Simultaneously, the effects of
gonadotropins on the OSE alone were studied using a normal mouse OSE cell line.
FSH, LH and the combination of FSH and LH (FSH+LH) enhanced -cellular

proliferation by activating Akt signaling and upregulating pro-proliferative cyclin

dependent kinases and anti-apoptotic Birc5.
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B. RESULTS

Gonadotropins enhance proliferation of normal OSE

Gonadotropins have been reported to have widely variable growth stimulatory
properties on OSE in vitro'"®'?° but in vivo they seem to enhance proliferation®* 2°.
Therefore, to further characterize the contribution of the gonadotropins to OSE
proliferation, a 3D organ culture system that propagates normal OSE in an alginate
hydrogel was employed. Ovarian organoids were cultured for 8 days with FSH, LH
and the FSH+LH at a dose of 1, 10 or 100 mlU/ml, representing a range of
physiologically relevant concentrations. To determine the percentage of proliferating
cells, BrdU was incorporated into the culture media 24h prior to fixation. FSH at all
three doses in 3D significantly increased proliferation of OSE as compared to basal
media, while LH and the combination of FSH and LH only significantly increased
proliferation at 10 and 100 mlU/ml (Fig. 3A). In order to compare the effects of FSH,
LH and FSH+LH on OSE proliferation in vitro, 2D mouse ovarian surface epithelial
cells (MOSE) were analyzed for proliferation after stimulation with gonadotropins for
8 days'®'. FSH at 1, 10 and 100 mIU/ml increased proliferation above basal levels,

LH increased proliferation at 1 and 10 mlU/ml, and FSH+LH increased proliferation

at 10 and 100 mlU/ml (Fig. 3B).
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Figure 3: Gonadotropins increase OSE proliferation in 3D organoids and
MOSE cell line. A) Using BrdU as a marker of DNA synthesis, the gonadotropins
increased proliferation of OSE in organoids after 8 days. B) Proliferation of MOSE
cells in response to gonadotropin stimulation was measured by SRB assay after 8

days. [(*) different than basal p<0.05].
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Gonadotropins requlate oncogenic signal transduction pathways in normal

mouse OSE cultured in 3D

To investigate the signal transduction pathways altered in normal mouse OSE
cultured in 3D that may be involved in the proliferative response observed following
culture with the gonadotropins, organoids were cultured for 3 days in basal media
followed by 24h incubation with 10 mlU/ml FSH, LH or FSH+LH. The organoids
were incubated with collagenase to collect an enriched OSE cell preparation and the
MRNA was subjected to a Cancer Pathway Finder qPCR array. The array identified
several signal transduction pathways in OSE that were altered in response to FSH,
LH and FSH+LH as compared to OSE from organoids cultured in basal media. The
gonadotropins increased gene expression of some pro-proliferative factors, including
Akt. Although both FSH and LH significantly amplified the Akt pathway, LH and
FSH+LH amplified both Akt1 and Akt2 isoforms, while FSH only amplified the Akt2
isoform.  The pro-proliferative epidermal growth factor receptor (EGFR) was
upregulated more by FSH and FSH+LH than LH alone. FSH and FSH+LH treated
OSE amplified cyclin-dependent kinase 2 (Cdk2) as well as Cdk4 mRNA expression
when compared to basal cultured OSE. The anti-apoptotic factor, Birc5, was
amplified more when treated with FSH and FSH+LH than LH alone (Table IV). The
gonadotropins alone and combined also upregulated expression of angiopoietin 1,
which is involved in vascularization, and reduced the expression of pro-apoptotic
caspase 8. Expression of mMRNA for cyclin-dependent kinase inhibitor 2A (Cdkn2a),
which slows progression through the cell cycle, was increased in response to FSH,

LH and FSH+LH.
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TABLE IV

ONCOGENIC PATHWAYS MODULATED BY GONADOTROPINS

Proliferation/ Cell Cycle Control

Gene FSH LH FSH+LH
Akt1 3.5 61 55
Akt2 58 58 37
Cdk2 3.7 1.0 2.6
Cdk4 22 0.9 175
Cdkn2a 38 25 17
Chek 2 1.6 0.7 1.0
Cyclin D1 1.4 0.6 1.3
EGFR 5.8 1.8 5.3
Mdm2 3.0 1.0 2.1
Myc 1.7 0.7 1.4
Trp53 2.5 1.0 2.0
Angiogenesis/ Metastasis/ Adhesion

Angpt1 32 16 4.9
Mcam 3.0 1.2 20
c-Met 2.1 0.70 24
S$100a4 3.2 0.6 2.2
Vegfc 3.5 1.1 2.4

Apoptosis
Birc5 2.2 1.2 2.6
Casp8 0.92 0.1 0.45

The OSE from FSH, LH or FSH+LH treated organoids was removed using
collagenase and mRNA was isolated. cDNA was reverse transcribed and added to a
RT? Profiler PCR Mouse Cancer Pathway Finder Array. Numbers represent fold
change compared to basal cultured organoids of pathways regulated by the
gonadotropins.
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Gonadotropins enhance Akt expression in normal OSE

In order to evaluate the effects of gonadotropins on Akt expression in the
OSE, MOSE cells were employed'?’. MOSE cells were treated with FSH, LH or
FSH+LH at 100 mIU/ml each for 5min, 15min, 1h, and 24h. A significant increase in
the expression of phosphorylated Akt (p-Akt) was noted after 5 minutes when
stimulated with FSH or LH (Fig. 4). FSH and FSH+LH also enhanced p-Akt
expression after 24h. Gonadotropin treatment did not affect the expression of total
Akt in any of the treatment groups. The phosphatase PTEN inactivates Akt, and loss
of homozygosity or mutation of this gene has been noted in ovarian cancer and

endometrioid ovarian cancer, respectively'* 1%

. Therefore, PTEN expression was
analyzed to determine if its loss contributed to the activation of Akt. Levels of PTEN
and p-PTEN were not altered upon stimulation with FSH, LH or FSH+LH (Fig. 4).
Because p-ERK expression has previously been noted downstream of FSH and LH
in human immortalized OSE and in human ovarian cancer cells, the activation of p-

ERK was investigated''®. Expression of p-ERK in all three groups was elevated after

5 minutes, but did not persist after 24h (Fig. 4).
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Figure 4: Gonadotropins upregulate pAkt and pERK expression in MOSE cells.
Activated pAkt and pERK expression was observed in MOSE after treatment with
100 mlU/ml of A) FSH, B) LH or C) FSH+LH. Activated p-PTEN and total PTEN
levels were similarly probed. Protein was normalized to actin.
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The gonadotropins increased proliferation of the OSE in 3D organ culture (Fig.
3). To determine if proliferation of the OSE induced by the gonadotropins could be
blocked by inhibiting the Akt pathway, organoids or MOSE cells were cultured with
gonadotropins in the presence of MK-2206, a chemical inhibitor of Akt
phosphorylation. First, 5 yM MK-2206 was added to the MOSE culture media for
5min in the presence of 100 mlU/ml of FSH or LH to validate that MK-2206
decreased p-Akt expression (Fig. 5). Next, proliferation of OSE in 3D organ culture
and 2D MOSE cells was monitored in the presence of gonadotropins combined with
MK-2206. MK-2206 significantly decreased 3D OSE proliferation induced by FSH,
LH or FSH+LH (Fig. 6A). MOSE cells treated with the gonadotropins in the
presence of MK-2206 exhibited a decreased rate of proliferation as compared to
MOSE cells treated with the gonadotropins alone (Fig. 6B). Inhibition of Akt also

blocked basal levels of proliferation.
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Figure 5: Gonadotropin induced p-Akt protein expression in MOSE cells was
blocked in presence of an Akt inhibitor, MK-2206 at 5 min
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Figure 6: Inhibition of Akt signaling decreases gonadotropin regulated OSE
proliferation. An Akt specific inhibitor MK-2206 significantly decreased
gonadotropin induced OSE proliferation in A) 3D organoids (10 uM) and B) a MOSE
cell line (2 uM). [‘a’ is different than ‘b’; p<0.05, ‘c’ is different than groups treated

with gonadotropins in absence of the inhibitor; p < 0.05].
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The transcription pathway array indicated that EGFR mRNA was upregulated
by gonadotropins, which has been observed in other studies using human ovarian
cancer and normal OSE cells''®. First, 100 nM AG1478 was added to the MOSE
culture media for 5min in the presence of 100 mlU/ml of FSH or LH to validate that
AG1478 decreased p-ERK expression, which is downstream of EGFR (Fig. 7). To
determine if inhibition of EGFR signaling blocked OSE proliferation, organoids were
cultured for 8 days with FSH, LH or FSH+LH alone or with AG1478. AG1478
decreased OSE proliferation stimulated by FSH, LH, or FSH+LH in 3D organ

cultures (Fig. 8A) and in MOSE cells treated with the gonadotropins (Fig. 8B).
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Figure 7: Gonadotropin induced p-Erk protein expression was
suppressed in presence of EGFR inhibitor, AG1478 at 5 min.
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Figure 8: Inhibition of EGFR signaling repressed OSE proliferation in A) 3D and
B) MOSE cells. Proliferation of the OSE caused by the gonadotropins is blocked
after 8 days of culture in the presence of EGFR inhibitor AG1478 (100 nM) in both
3D cultured organoids and 2D cultured MOSE cells. [‘a’ is different than ‘b’; p<0.05,
‘c’ is different than groups treated with gonadotropins in absence of the inhibitor; p <

0.05].
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Gonadotropins increase expression of proliferative and anti-apoptotic proteins

in normal OSE

To determine if the mRNA expression levels identified from the transcription
array correlated with protein expression, western blot analyses were performed for
Birc5, Cdk2, Ckd4 and Cdkn2a. MOSE cells were treated with serum-free basal
media or the gonadotropins for 15min, 1h and 24h. Birc5, also known as survivin, is
an anti-apoptotic protein that could modulate the total number of cells as measured
in the growth assays. Birc5 protein was upregulated by FSH, LH and FSH+LH at 24h
when compared with basal conditions (Fig. 9). Incubation with the Akt inhibitor MK-
2206 was able to block Birc5 induction by FSH, LH and FSH+LH. The EGFR
inhibitor AG1478 did not antagonize gonadotropin induction of Birc5, indicating that
FSH and LH regulate Birc5 expression through an Akt-dependent pathway. Despite
the fact that DMSO enhanced basal levels of protein expression, the Akt and EGFR
inhibitors were able to block DMSO and gonadotropin induced expression of
proteins ',

Cdk2 protein was increased by FSH, LH and FSH+LH at 24h (Fig. 9). Both
the Akt inhibitor MK-2206 and the EGFR inhibitor AG1478 mitigated the induction of
Cdk2 by FSH and FSH+LH. However, only MK-2206 reduced the expression of
Cdk2 in LH treated MOSE cells. Cdk4 was induced by FSH, LH and FSH+LH (Fig.
9). MK-2206 and AG1478 mitigated the gonadotropin induced Cdk4 expression
suggesting that Cdk4 is located downstream of Akt and EGFR. Protein expression
for cyclin-dependent kinase inhibitor 2A (Cdkn2a) was elevated at shorter time
points, but was repressed after 24h when treated with FSH and LH, despite the

increase in MRNA expression identified by the transcription array. In the presence of
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FSH and LH alone, MK-2206 and AG1478 failed to relieve this repression of Cdkn2a

at 24h. FSH+LH failed to repress Cdkn2a expression at 24h.
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Figure 9: Gonadotropins regulate proliferative and anti-apoptotic signaling
pathways in normal OSE downstream of Akt and EGFR. MOSE cells treated for
15min, 1h and 24h with A) FSH 100 mlU/mL, B) LH 100 mlU/mL and C) FSH+LH
100 mIU/mL and protein was analyzed for Birc5, cdk2, cdk4, and Cdkn2a. MOSE
cells were treated for 24h with gonadotropins supplemented with the Akt inhibitor
MK-2206 5 uM and AG1478 100 nM.
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Gonadotropins enhance soft agar colony formation

To determine if the gonadotropins enhanced growth of colonies in soft agar,
OSE from 3D organoids were cultured in 10 and 100 mlU/ml FSH, LH or FSH+LH for
3 days. Following stimulation with gonadotropins, the OSE from the organoids was
collected using collagenase as previously described®. Only OSE from the organoids
cultured in 100 mlU/ml LH demonstrated a significant increase in the number of
colonies compared to those cultured in basal medium (Fig. 10A). FSH and the
combination of FSH+LH did not enhance colony formation. In order to investigate if
the LH-induced increase in colony formation was dependent on Akt and EGFR
signaling pathways, MK-2206 and AG1478 were added to 3D organoids cultured
with LH. Both the inhibitors significantly reduced the number of colonies compared
to those cultured without the inhibitors. To determine if gonadotropins promoted
colony formation, organoids were cultured in 1mM H,O, for 3 days, a condition that
previously supported soft agar colony formation®® followed by addition of OSE to soft
agar overlaid with FSH, LH or FSH+LH medium. H,O»-induced OSE colonies in soft
agar overlaid with 100 mlU/ml FSH showed a significant increase in number of
colonies compared to those cultured in basal overlay media (Fig. 10B). MK-2206
and AG1478 in presence of FSH in the media overlay significantly reduced the
number of colonies formed compared to those formed by the OSE cultured with FSH

alone.
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Figure 10: LH treated OSE increased anchorage independent growth. A) OSE
from 3D organoids cultured in 100 mlU/ml LH demonstrated an increase in colony
formation when compared to basal cultured organoids that could be blocked with
MK-2206 and AG1478 whereas B) OSE cultured in 1mM H20, and overlaid with
FSH showed an increase in colony formation compared to OSE overlaid with basal
medium that could be blocked with MK-2206 and AG1478. [(*) different than basal; p
< 0.05, ‘# is different than (*); p < 0.05]
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C. DISCUSSION

Ovarian cancer is commonly diagnosed in post-menopausal women, when the
levels of FSH and LH are elevated'””. The intersection between high levels of
gonadotropins and the average age of incidence of ovarian cancer is the basis of a
hypothesis suggesting a relationship between gonadotropins and an increased risk
and incidence of ovarian cancer. Gonadotropins induced OSE proliferation in an in
vitro 3D mouse model of primary OSE cells and in a normal mouse OSE cell line.
Elevated levels of cell cycle regulatory and anti-apoptotic proteins that regulate
proliferation were observed in MOSE cells treated with gonadotropins. LH
stimulated colony formation of 3D cultured OSE in soft agar. FSH+LH was not able
to completely mimic either hormone alone and reduced colony formation as
compared to LH. Proliferation and colony formation could be blocked with both Akt
and EGFR inhibitors indicating that these are important regulators of growth in
normal OSE. FSH, LH, and the combination of FSH+LH induced Birc5, which was
blocked when Akt was inhibited. FSH and FSH+LH induced Cdk2, which was
reduced by Akt and EGFR inhibition. Overall these data indicate that the
gonadotropins individually and in combination regulate proliferation, but the
mechanisms of regulation by each hormone are different.

Proliferation of the OSE and its association with ovulation has been suggested
to play a role in OSE transformation and cancer progression24. The results from this
study are similar to in vivo findings of increased OSE proliferation in response to the

gonadotropins in different animal models®*2 '2°

. When comparing the 2D and 3D
systems, OSE grown in 2D, stimulated with gonadotropins, began to proliferate
much faster (day 2-data not shown) than in 3D (day 8). However, both 2D and 3D

systems displayed enhanced proliferation after 8 days. The discrepancy between
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model systems implies that the architecture of the ovarian microenvironment likely
impacts the proliferation of normal OSE. This report did not evaluate estrogen
receptor (ER) signaling in the ovarian surface, which potentially could occur if the
gonadotropins are stimulating the follicles to secrete estrogen in the organoid'® "%,
Further, the 2D proliferation assay and the CK8/BrdU labeled immunohistochemistry
on 3D organ culture did not account for the ERa induced OSE signaling that could
have occurred in addition to proliferation.

Investigating pathways involved in carcinogenesis allowed for the detection of
a series of specific genes regulated in the OSE by FSH, LH and FSH+LH. Akt is a
serine/threonine kinase that is activated in roughly 68% of ovarian cancers'??. Akt1
is activated in ovarian cancer, Akt2 is overexpressed in primary tumors as well as

human ovarian carcinoma cell lines'?’-'%

, and Akt3 expression is elevated in 20% of
ovarian cancers™'. The qPCR array identified transcriptional upregulation of Akt1
and Akt2 by LH and FSH+LH, while FSH increased expression of only Akt2. The
transcription array data indicated that total Akt expression was enhanced but it did
not correlate with the 2D MOSE cell line data likely because the mRNA was from an
enriched OSE preparation that contained some underlying stromal cells. In addition
to stromal cells, the OSE preparation is likely to be contaminated with a small
percentage of theca and granulosa cells that express gonadotropin and EGF
receptors'™® 32, FSH and LH signaling via these receptors could account for the
discrepancy in the fold change observed in Akt1 and Cdk4 in response to FSH, LH
and FSH+LH. Immunohistochemistry indicated that the stroma had abundant
expression of Akt after stimulation with gonadotropins (data not shown). However,

the 2D cell line data does support that Akt is phosphorylated by the gonadotropins.

The Cancer Genome Atlas Network did not identify mutation of Akt as the primary

62



mechanism for its activation, suggesting that perhaps stimulation by gonadotropins,
is one possible mechanism for the elevated p-Akt levels observed in ovarian cancer.

Epidermal growth factor receptor (EGFR) is a transmembrane glycoprotein
that contains an external binding domain and an intracellular tyrosine kinase

133, 134

domain EGFR has been implicated in growth and progression of ovarian

cancer, and may represent a prognostic indicator or potential therapeutic target'**.
EGFR overexpression has been shown to correlate with poor survival outcomes in
women that have advanced ovarian cancer and have undergone cytoreductive
surgery and combined therapy' '3* '3 |nhibition of EGFR signaling by AG1478 in
organ culture and MOSE cells significantly decreased OSE proliferation likely due to
reduced expression of Cdk2 and Cdk4.

A soft agar assay demonstrated that post-menopausal concentrations of LH
induced growth of OSE in soft agar. Initiation of anchorage—independent growth was
recently demonstrated in non-tumorigenic ovarian epithelial cells that overexpressed

B-hCG, which is a ligand that also activates LHR'®’. Overexpression of the hormone

specific B-subunit of hCG induced cell cycle progression through elevated cyclin D1
expression and Cdk2 and Cdk4, similar to the results reported by this study'’.
Interestingly, when LH was combined with FSH it was no longer capable of inducing
transformation, suggesting that FSH may somehow block LH induced
transformation. Furthermore, when colony formation was initiated by exposure to
oxidative stress, LH did not further enhance colony growth. However, FSH
increased the formation of colonies that were derived from oxidative stress. We
have recently demonstrated that oxidative stress transforms OSE by activating Akt,

damaging DNA, and stimulating secretion of an ovarian stromal factor®®. An

interesting future direction will be to determine if FSH functions similarly to the
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stromal factor to enhance colony formation downstream of DNA damage and Akt
activation.

While the gonadotropins are typically studied as individual hormones, the
current study attempted to monitor OSE proliferation when exposed to both
hormones simultaneously. In postmenopausal women as well as during ovulation,
FSH and LH are almost always circulating at the same time. Since the circulating
levels of FSH and LH fluctuate periodically during the month, it is challenging to
recapitulate the exact ratio of FSH and LH experimentally. Western blot analysis
revealed that FSH+LH regulated the expression of proliferative proteins differently
than the individual treatments of FSH or LH. FSH, LH, and FSH+LH were all able to
stimulate the anti-apoptotic protein Birc5, which possibly accounts for the overall
increase in survival at day 8. BircS was blocked by MK-2206, but not AG1478,
indicating that Birc5 is more heavily regulated by Akt compared to EGFR.
Intriguingly, average proliferation of OSE cultured in both 2D and 3D was lower when
the gonadotropins were given simultaneously as compared to FSH alone.
Furthermore, the combination of FSH and LH led to growth of fewer colonies in soft
agar than LH alone. This may be reflective of the observation that the combination
of gonadotropins reduced p-Akt expression after 5 minutes as compared to FSH
alone. Interestingly, FSH and LH alone repressed the cell cycle inhibitor Cdkn2a
expression at 24h, which was not seen with the combination of FSH+LH. Taken
together, these findings support the hypothesis that gonadotropins affect specific

oncogenic signaling pathways that enhance proliferation in normal mouse OSE.

64



D. CONCLUSION

Our study supports that gonadotropins induce proliferation in normal OSE
cells of ovarian organ culture as well as MOSE cells. Gonadotropins regulate
proliferation, cell cycle progression, apoptosis, and growth in soft agar. An improved
understanding of molecular signaling mechanisms in normal OSE may help to
identify novel targeted therapeutic approaches to slowing the growth of ovarian

cancers derived from this cell type.
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IV. INVESTIGATING PAX2 AS A NOVEL TARGET IN FALLOPIAN TUBE-
DERIVED HIGH GRADE SEROUS OVARIAN CANCER

A. INTRODUCTION

Increasing evidence from high-risk population demonstrates that specific
changes might represent a step-wise progression of serous cancer from the distal

end of the fallopian tube®® 3" 44,

Pathologists have suggested that a SCOUT
(secretory cell outgrowth) may be one of the earliest changes observed in the
fallopian tube epithelium in the progression to serous cancer. SCOUTs are clusters
of > 30 secretory cells that lack expression of the PAX2 protein*®. SCOUTs are
thought to progress into “p53 signatures” after the TP53 gene is mutated, which
often stabilizes expression of the p53 protein. SCOUTs and p53 signatures are
benign, but p53 signatures are hypothesized to progress into serous tubal
intraepithelial carcinomas (STICs), which are malignant precursors to serous
carcinoma'®. These lesions are identified in fixed tissues making it difficult to
confirm the molecular signaling and regulation of protein expression that occurs in
lesion development. In order to accurately model pelvic serous carcinogenesis, it is
critical to determine the mechanism of precursor formation, and the signals that are
downstream of key protein loss and gene mutation.

Several in vitro and in vivo animal models have been developed that further
validate that neoplastic transformation from the FTE can result in tumor formation

60-63  Several FTE-derived cellular models of murine and

resembling human disease
human origin have been engineered with a variety of oncogenes to form tumors in
mice® %% ®2 A study using PAX8-TetON-Cre promoter to drive deletion of BRCA1
and 2, PTEN and mutation of TP53 in combination as well as deletion of TP53

together with PTEN in murine oviductal FTE cells formed invasive carcinomas that
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metastasized to the peritoneal cavity and immunohistochemical analysis revealed
high similarity with human disease markers®. Another study conditionally silenced
Dicer and PTEN using Amhr2-Cre to demonstrate that high-grade carcinomas
develop in the FTE, with the primary epithelial tumors arising in the fallopian tube
stroma®. STIC lesions reported from OVGP1-SV40 mice are a result of the viral
oncoprotein, which sequesters p53 and inhibits the activity of wild-type p53%°. Most
of these in vitro human models do not accurately recapitulate the important changes
that occur with TP53 mutations since p53 is either silenced or sequestered by SV40.
Therefore, a recently published murine oviductal epithelium (MOE) cell line that
harbors mutation in TP53 and is not immortalized by SV40, will serve as a valuable
resource in evaluating early transformative events associated with HGSC®.
Although these models mimic human disease and affirm fallopian tube as the source
of origin, they fail to recapitulate the early transformative events and molecular
pathways influencing precursor lesion development, such as loss of PAX2.

PAX2 belongs to the paired homeobox domain family and plays an important

role during embryonic development'®.

PAX2 is critical for the development of the
urogenital tract, thyroid, kidney, inner ear, eye and central nervous system”o. PAX2
is also reported to interact with a nuclear protein containing BRCT domains, called

41 Studies have shown that

PTIP (Pax transactivation-domain interacting protein)
PTIP is responsible for methylation of histone H3 at lysine 4 (H3K4)"? and also
plays a critical role in DNA damage repair'. Recruitment of co-repressor Grg4
displaced PTIP and H3K4Me complex in HEK293 cells™*. Interestingly, studies
have shown that wild-type p53 directly binds to multiple sites on the PAX2 promoter

and stimulates PAX2 transcriptional activity in embryonic kidney cells'®. PAX2 is

expressed in Mullerian derived tissues such as the fallopian tube epithelium, but it is
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not expressed in the OSE. Multiple studies have reported that PAX2 is absent in

49, 76, 138, 146

human HGSC cell lines as well as in serous tumor samples Forced

PAX2 expression in some HGSC cells reduced proliferation’® &,

Recent study
reported that forced PAX2 expression induced tumorigenicity in murine OSE
whereas in a murine model of high-grade serous ovarian cancer, PAX2 expression
improved survival®.  Therefore, understanding regulation of PAX2 and the
mechanism of its loss in the fallopian tube epithelium might assist in clinical
diagnosis of HGSC at an earlier stage.

The goal of this study was to determine functional significance of PAX2 loss in
the fallopian tube cells, alone and in combination with a mutation in TP53. In
addition, this study sought to determine whether re-expression of PAX2 was able to
reduce serous tumor formation and growth. In order to develop a strategy for
increasing PAX2, a small molecule screen was performed to look for molecules that

activated a PAX2 promoter driving luciferase. PAX2 expression holds potential use

for both prevention and therapy of fallopian tube derived serous tumors.
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B. RESULTS

PAX2 expression in human serous tumor samples is associated with

increased overall survival

Currently, several tools are available to perform prognostic analysis from
publicly accessible databases. Microarray data from a Gene Expression Omnibus
(GEO) database, with the accession number GSEG69429 was retrospectively
analyzed for comparing PAX2 expression between samples that represented normal

fallopian tubes, STICs and serous cancer (n=6 per group)'*’ 148

. PAX2 expression
progressively declined from STICs to HGSC when compared to normal FTE (Fig.
11A). A Kaplan-Meier survival analysis software (www.kmplot.com) allows for meta-
analysis of several published ovarian cancer microarray datasets to identify
biomarkers associated with survival'*®. When the patient population was stratified to
include data only from stage Ill or IV serous tumor samples (n=956), high PAX2
expression significantly correlated with increased overall survival (Fig. 11B).
Similarly, the TCGA dataset demonstrated that a small subset of patients whose
tumors had amplification in the PAX2 gene, survived longer than those without any

alteration in PAX2 (Fig. 11C). The TCGA also reports that the locus is not

methylated or mutated, but rather the reduction is due to loss of mMRNA.
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Figure 11: PAX2
expression in serous
tumors is associated
with increased
survival. A) PAX2
MRNA expression in
normal FTE, STIC and
HGSC (n=6) samples,
analyzed using the
GSE69429 microarray
data. Human HGSC
data mined from B) the
kmplot.com and C) the
TCGA, indicate tumors
with high PAX2 (red
line) are associated
with improved survival
compared to other
HGSC (black line).



Silencing PAX2 does not alter functional characteristics of murine fallopian

tube epithelial cells

The earliest precursor of fallopian-derived high grade serous tumors is termed
as a SCOUT, which is marked by a series of 30 or more secretory fallopian tube
epithelial cells that lack the PAX2 protein. PAX2 is expressed by the human
fallopian tube epithelial cells but not by the ovarian surface epithelium. Murine
fallopian tube or oviductal epithelial (MOE) and murine ovarian surface epithelial
(MOSE) cells were tested for PAX2 mRNA and protein expression by qPCR and
western blot analysis. PAX2 was abundantly expressed in the MOE cells; however,
both mRNA and protein were absent in the MOSE cells (Fig. 12A, 12B). In order to
mimic SCOUTs, MOE cells were stably transfected with two unique sequences of
shRNA directed against PAX2 (PAX25"RNAT pAX2S"RNA2Y and a scrambled control
shRNA (SCR®"™N%) The cells were validated to express less transcript and PAX2
protein (61% and 78% protein reduction in PAX2""NA" and PAX25"RNA2 respectively)
(Fig. 12C, 12D). MOE: PAX2*"™™A' and MOE: PAX2°"™NA2 proliferation was
compared to the MOE: SCR®"™™* and was not statistically different after 1, 2, 3, 4 or
5 days (Fig. 14A). PAX2 knockdown had no significant effect on migration of MOE
cells compared to MOE: SCR®"™A when analyzed by scratch assay over 8 hours
(Fig. 14B). At 14 days, there was no significant increase in colony formation
observed in MOE: PAX2°"™NA1 and MOE: PAX25"RNA2 cells compared to control
shRNA (Fig. 14C). Therefore, proliferation, migration, and anchorage independent
assays determined that loss of PAX2 by itself did not alter functional characteristics
in vitro of MOE cells, which is consistent with their classification as benign lesions
and suggests that additional molecular aberrations are necessary to drive

tumorigenesis.
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DNA binding mutation of TP53 combined with loss of PAX2 in fallopian tube

cells results in increased proliferation, migration and colony formation

SCOUTs are suggested to progress to p53 signatures when TP53 is mutated.

In order to mimic p53 signatures, MOE: PAX2°"RNA!

cells were stably transfected
with human mutant TP53 (p53™") harboring a R273H mutation. This is the most
frequently identified mutation in serous cancers and is located in the DNA binding
domain. We previously reported that MOE cells stably expressing mutant TP53
display enhanced migration but did not enhance proliferation or soft agar colony
formation®°. Overexpression of mutant TP53 and consistent knockdown of PAX2 in
MOE: PAX25"RNA14p53M was validated by gqPCR and western blot (Fig. 13A, 13B).
MOE: PAX25"RNA1+p53™ ! cells proliferated more than the control (SCR®"™™A) over a
period of 5 days (Fig. 14A). The addition of p53™' to MOE: PAX2""N*" cells
increased migration compared to control (SCR*"™*) over 8 hours (Fig. 14B).
However, this increase was comparable to the previously observed effect in MOE
cells harboring the mutant TP53 alone, suggesting that PAX2 was not contributing to
this change®. Anchorage independence was measured by soft agar colony
formation. MOE: PAX25"RNA14+p53™t cells formed significantly more colonies
compared to scrambled shRNA control MOE cells (Fig. 14C). These results
suggested that mutation of TP53 when combined with loss of PAX2 enhanced tumor

like behavior such as proliferation and anchorage independence, while changes in

motility are largely related to only mutant TP53.
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Figure 12: Validation of PAX2 knockdown in MOE cells. PAX2 is expressed in
oviductal cells (MOE) but not in the ovarian surface epithelial (MOSE) cells based on
A) mRNA and B) protein. Validation of PAX2 knockdown in MOE cells by C) gPCR
and D) western blot.
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Figure 13: Validation of TP53 overexpression in MOE cells with PAX2
knockdown. Reduced PAX2 protein and stabilized p53 expression in MOE:
PAX2*"""A1+p53™ and MOE: PAX2*""A'+p53™ " high cell lines were confirmed by
A) gPCR (PAX2 mRNA) and B) western blot.
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Serial passaging of MOE cells harboring mutation of TP53 and loss of PAX2

enhance in vitro growth and migration but was insufficient to drive

tumorigenesis in vivo

Not all p53 signatures progress to malignant lesions, suggesting that a series
of events occur that stimulates the benign lesions to progress into malignant ones.
The events that define these changes are unknown. To determine the molecular
changes necessary to drive MOE cells to form malignant serous tubal intraepithelial
carcinomas (STIC) from p53 signatures, MOE: PAX25"RNA1+p53™ ! cells (passages
18-30) were serially passaged to generate an “aged” model called MOE: PAX25"RNA-
'+p53™Lhigh (passages 80-120). These “aged” cells showed significantly increased
proliferation (Fig. 14D), migration (Fig. 14E) and colony formation (Fig. 14F)
compared to MOE: PAX2S"RNAT11p53Mt cells.  To investigate the tumorigenic
potential in vivo, these genetically engineered MOE lines were xenografted
subcutaneously (s.c.) and intraperitoneally (i.p.) into athymic mice and tumor
formation was monitored over a period of six months (n=5). Mice xenografted with
MOE: PAX25"RNA1 " MOE: PAX25"RNA14+p53™t and MOE: SCR®"™™* did not display
any evidence of tumor formation after six months (Fig. 14G). Mice grafted with
MOE: PAX25"NA11553M high cells did not form peritoneal disease, however, these
animals developed hyperplastic glands in the uteri (data not shown). H&E staining
revealed extensive tumor necrosis that was not epithelial in origin. These data
strongly suggest that multiple additional molecular events are critical for benign early
lesions to progress to malignant STICs. These models recapitulate the benign

characteristics of these lesions that are currently known to form in the fallopian tube

epithelium prior to progressing to serous cancer.
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Figure 14: Combination of PAX2 loss and TP53 mutation alters functional
characteristics of MOE cells in vitro but is insufficient to drive tumorigenesis
in vivo. A-C) Proliferation (day 5), migration (8 hours) and anchoraqﬂe independent
growth (day 14) (respectively) of MOE: SCRS™NA MOE: PAX2°"NA1 and MOE:
PAX25"RNAT1p53MU  D.F) Proliferation (day 6), migration (8 hours) and anchorage
independent growth (day 14) (respectively) of MOE: PAX25""NA1+p53™ and MOE:
PAX25"""A1+p53™ L high. G) Athymic nude mice injected with MOE: PAX2°"RNAT)
MOE: PAX2°""NA14p53™ and MOE: PAX2°" A +p53™high cells demonstrated no

tumorigenic growth in vivo at 6 months (n=5 mice per group).
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Serially passaged MOE: PAX25"RNA14553Mt and human Type Il SCOUTs share

similar gene expression

A recent study compared human SCOUTs to HGSC using cDNA microarrays
and validated that a subset of SCOUTS (termed Type IlI) had similar expression
profiles to serous tumors'®. MOE cells harboring mutation of TP53 or PAX25"RNA-
or both, including the “aged” model represent a system with much less heterogeneity
compared to human tissue samples for studying regulation of downstream targets of
PAX2 and p53 that may contribute to tumor promotion. Gene expression profiles in
cell line models was compared with expression data reported in the literature from
human signatures’*®. A set of nine targets (stmn1, fut8, mme, lef1, ezh2, runx2,
ren1, coxba, ctnnb1) was selected from the published cDNA microarray data that
compared human FTE vs. Type Il SCOUTs and tumor samples'®. These targets
were validated by qPCR in MOE: p53™! MOE: PAX25"NA1 MOE: PAX2ShRNA-
'+p53™" and MOE: PAX2""NA14p53™thigh cells (Fig. 15). Based on the
preliminary validation, three targets were chosen for further investigation — Stathmin,
fut8 and mme. Stathmin protein expression was reduced from PAX2 silencing,
upregulated by mutation of TP53, and highly upregulated by the combination as well
as in the “aged” line (Fig. 16B). Fut8 was upregulated by loss of PAX2, and was lost
as the cells were serially passaged (Fig. 16D). Mme was upregulated by PAX2 loss,
and highly expressed in the cells that model p53 signatures and the cells that were
“aged” (Fig. 16F). Mme and fut8 are novel genes with very little information on their
role in serous tumor progression or PAX2 regulation. Interestingly, a recently
published undifferentiated high-grade carcinoma mouse model that expressed PAX2
and a p53 splice variant ®', failed to express fut8. In contrast, MOE cells harboring

G12v
S

mutation of TP53 and overexpression of KRA , that formed poorly differentiated
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carcinomas in vivo %, did not express PAX2, but expressed fut8 (Fig. 17A). These
data further support that loss of PAX2 influences fut8 expression in fallopian tube
cells. Several studies have reported the role of stathmin in high-grade serous

carcinoma®® 1%

. To investigate the functional role of stathmin in the fallopian tube
cells and its regulation by PAX2, stathmin was transiently knocked down in MOE
cells harboring both, PAX2 loss and mutant TP53 and the aged model (Fig. 17B).
Post 24-hour transfections with stathmin®"** MOE cell models were subjected to
scratch assays to measure wound closure over 12 hours. Downregulation of
stathmin in MOE: PAX2°"™NA14p53™t including the aged model, demonstrated
significant reduction in migration compared to cells transfected with control shRNA

(Fig. 17C). These results suggest that stathmin could be downstream of PAX2 and

may contribute to migration of fallopian tube epithelial cells.
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Figure 15: Loss of PAX2 and mutation of TP53 in MOE cells alters candidate
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Figure 16: Comparison of gene signatures between human SCOUTs and MOE
cells harboring PAX2 loss and mutant TP53 suggests stathmin, fut8 and mme
as downstream targets of PAX2 in the FTE. gqPCR analysis of A) stmn1, C) fut8
and E) mme mRNA expression and western blot analysis of B) stathmin, D) fut8 and
F) mme protein expression in MOE: p53™", MOE: PAX25"RNA1  MOE: PAX2S"RNA-
'+p53™" and MOE: PAX25""NA14+p53™ high cells.
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'+p53™high cells transfected with SCR®"™* and stathmin®"""A.
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Loss of PTEN requlates PAX2 and re-expression of PAX2 is sufficient to block

tumorigenesis

Currently, there are no known mechanisms for how PAX2 would be lost in
fallopian tube cells. Joint loss of PAX2 and PTEN has been reported in endometrial
carcinomas’’. PTEN silencing in MOE cells increases proliferation and migration in
vitro without affecting anchorage independent growth in soft agar assay®.
PTEN®"”MA cells formed high-grade Miillerian cancer in nude mice when xenografted
i.p. indicating that loss of PTEN in fallopian tube cells is sufficient to drive
tumorigenesis in vivo. Analysis of PAX2 expression in the fallopian tube cells with
PTEN silencing revealed a significant reduction of PAX2 mRNA (Fig. 18A) and
protein (Fig. 18B) compared to scrambled shRNA control. To investigate the
functional significance of PAX2 re-expression in PTEN silenced fallopian tube cells,
MOE: PTENS"™*were stably transfected with a PAX2 overexpression plasmid. Two
clones (MOE: PTEN*""™*+PAX2 (Clone 1) and MOE: PTEN*""™NA+PAX2 (Clone 2))
were generated and validated for PAX2 overexpression and PTEN knockdown (Fig.
18C). Functional assays revealed that re-expression of PAX2 in PTEN silenced
MOE cells significantly reduced PTEN*"™Ainduced proliferation (Fig. 18D) and
migration (Fig. 18E). MOE: PTEN*""N*+PAX2 (Clone 1) and MOE: PTENS""NA+PAX2
(Clone 2) cells were i.p. xenografted into nude mice. Fallopian tube cells with PTEN
silencing formed metastatic disease at 153 + 24 days. One out of the three mice
xenografted with MOE: PTEN®""NA+PAX2 (Clone 1) cells developed metastatic

disease on day 169 that had a similar presentation to PTENS"RNA,

The remaining
mice xenografted with MOE: PTEN*""™A+PAX2 (Clone 1) cells were disease free. All
of the mice in the third group xenografted with MOE: PTENS"""A+PAX2 (Clone 2)

cells appeared to be disease free with no tumor formation (Fig. 19A).
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Representative images of the gross tumor morphology of MOE: PTENS"""A grafted
mice that formed disseminated peritoneal disease are shown in Fig. 19B. H&E
staining determined the tumors to be histologically similar to the previous study'*.
Gross tumor morphology of one of the animals xenografted with MOE:
PTENS""NA+PAX2 (Clone 1) was similar to MOE: PTEN*""™ (Fig. 19B). PAX2,
PAX8 and WT-1 staining determined the PTEN*""Y*+PAX2 (Clone 1) tumors to be of
a similar pathological grade as previously noted in MOE: PTEN®"""A (Fig. 19B). The
remaining animals xenografted with PTEN*""NA+PAX2 clones, presented with normal
internal morphology (Fig. 19C). Representative H&E staining of reproductive tracts
from each clone expressing PAX2 in PTEN silenced MOE cells, demonstrated
normal architecture of the uteri, oviduct and ovaries (data not shown). These results

show that re-expressing PAX2 in PTEN silenced MOE cells attenuated and/or

eliminated PTENS""A.induced tumors and increased survival.
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Figure 18: Loss of PTEN regulates PAX2 and re-expression of PAX2 is
sufficient to reduce PTEN*""““.induced proliferation and migration. MOE:
PTENS"RM cells expressed significantly lower PAX2 at the A) mRNA and B) protein
level compared to MOE: SCR®™™* control. C) Validation of stable PAX2
overexpression (Clone 1 and Clone 2) and consistent PTEN knockdown in MOE:
PTEN®""N* as compared to MOE: SCR®" ™ by western blot. MOE: PTENS""N*+PAX2
(Clone 1 and 2) reduced MOE: PTEN*"*A.induced D) proliferation (day 5) and E)
migration (hour 8).
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Figure 19: Re-expression of PAX2 is sufficient to block PTEN*""™A.induced
tumorigenesis in MOE cells. A) Kaplan-Meier survival plot showing that syngeneic
PTENS""MA+PAX2 xenorafts survive longer. B) Tumors from a PTEN"""A+PAX2
(Clone 1) xenografted animal (n=1 out of 6) were similar in morphology to those of
MOE: PTEN""™A 35 determined via H&E staining and expression of PAX8, WT1 and
PAX2 staining. Scale bars equal 50 microns. C) Gross morphology of disease-free
mice xenografted with MOE: PTEN*"""A+PAX2 (Clone 1 and 2).
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PAX2 overexpression in human high-grade serous cancer cell lines reduces

proliferation and migration via apoptosis

PAX2 expression is absent in benign precursors such as SCOUTs, p53
signatures and malignant STICs as well as in HGSC tissues'®. PAX2 is also absent
in human serous cancer cell lines’®. A panel of HGSC cell lines (OVCARS3,
OVCAR4, KURAMOCHI and OVSAHO) failed to express PAX2 protein (Fig. 20A).
Attempts to stably express PAX2 in HGSC cells resulted in cell death. Therefore, to
determine the impact of re-introducing PAX2, HGSC cells were transiently
transfected with PAX2 or NEO (control) plasmid for 48 hours. PAX2 protein
expression was confirmed by western blot (Fig. 20B). Forced PAX2 expression in
these HGSC cells resulted in significantly lower proliferation on day 3 (Fig. 21A) and
reduced migration over 24 hours (Fig. 21B) compared to those transfected with
NEO. To determine the effect of PAX2 on cell viability, apoptosis and necrosis in
OVCAR4 cells, transiently transfected cells were subjected to Annexin V/APC and PI
staining. Flow cytometry analyses revealed that PAX2 transfected cells had
significantly more cells in early and late stages of apoptosis (Fig. 21C). These data

suggest that PAX2 re-expression in human cell lines may increase rate of apoptosis.
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Figure 20: PAX2 expression in human high-grade serous cancer cell lines. A)
Lack of PAX2 expression in human HGSC cells validated by western blot. B)
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KURAMOCHI cells by western blot. NEO serves as empty vector control.
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Figure 21: PAX2 re-expression in human HGSC cell lines reduced proliferation
and migration via increased apoptosis. Forced PAX2 transient expression in
PAX2-null serous cancer cell lines resulted in significant reduction in A) proliferation
(day 3) and B) migration (hour 8). C) PAX2 expression in OVCARA4 cells significantly
increased early and late apoptosis compared to OVCAR4 cells treated with NEO
(measured by flow cytometry) at hour 48.
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Identification of small molecules that can re-activate PAX2 expression in

fallopian tube epithelial cells

Bioinformatics analysis of the TCGA data indicates that PAX2 is not
methylated as a mechanism for repression in HGSC and that PAX2 is rarely
mutated®®. Therefore, transcriptional repression or lack of activation could be one
mechanism responsible for the loss of PAX2. Identifying molecules that can re-
activate PAX2 expression could provide therapeutic avenues to slow progression of
pre-neoplastic lesions to malignant neoplasms. A high throughput-screening assay
with the 4.1 kb murine PAX2 promoter driving luciferase construct was used to
perform the screen. The murine and human PAX2 promoters share 80% sequence
homology'®*. Prestwick library compounds (10 uM) were incubated for 10 hours to
find molecules that stimulate PAX2 expression'®®. The primary assay revealed that
the top 2% of the compounds increased PAX2 promoter activity by 193% + 23%
(Mean + SD) compared to cells treated with DMSO control (Fig. 22A). Upon re-
testing, 12 out of the 24 compounds (top 2%) showed consistent activity (Fig. 22B).
A secondary biological screen (endogenous PAX2 mRNA activation in MOE cells)
identified the top 3 hits, luteolin, sulfasalazine and captopril (Fig. 22C). In response
to these data and published reports, future investigations focused on determining the
effect of luteolin on FTE cells. Luteolin increased PAX2 protein and mRNA
expression in MOE cells at 10 hours post incubation (Fig. 23A, 23B). Luteolin
significantly reduced proliferation (Fig. 23C) and migration in fallopian tube cells
(Fig. 23D). Future investigations will focus on evaluating the biological effect of

luteolin in combination with existing treatments as well as in serous cancer cell lines.
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Figure 22: Biological screen to identify drug candidates that can increase
PAX2 transcriptional activity in MOE cells. A) Primary biological screen
investigating PAX2 promoter activation by 1200 compounds from the PRESTWICK
library. B) Top 12 compounds that consistently activated PAX2 promoter activity
upon re-testing. C) A secondary biological assay investigating endogenous PAX2
mRNA activation in MOE cells.
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Wild-type p53 directly binds to and activates PAX2 promoter whereas mutation

in TP53 significantly reduces p53 occupancy on PAX2 promoter in fallopian

tube epithelial cells

Mutant p53 is a hallmark of HGSC, and mutant TP53 may repress the PAX2
promoter (Fig. 24A). Therefore, eliminating the p53 mutant protein may directly
increase PAX2 or a combination of molecules that both refold p53 and enhance
PAX2 expression may be required to fully activate PAX2 in HGSC. To investigate
whether p53 regulates the PAX2 promoter in fallopian tube cells and whether
mutation of TP53 has any effect on promoter regulation, chromatin
immunoprecipitation (ChIP) was performed in MOE cells. In silico analysis revealed
two putative binding sites of p53 on the murine PAX2 promoter. Chromatin from
MOE cells and MOE: p53™! cells were prepared for immunoprecipitation assays.
Isolated chromatin was precipitated using IgG and p53 antibodies. PCR primer sets
were designed against p53-PAX2 promoter binding region, a non-target region (Fig.
24B), MDM2 (positive control for p53 occupancy (Fig. 24C) and ATF (positive
control for mutant p53 occupancy, Fig. 24D) and. The p53 occupancy on GAPDH
promoter vs. PAX2 promoter was used to compare degree of enrichment relative to
input. ChlP data demonstrated that wild-type p53 had a higher occupancy on the
PAX2 promoter compared to IgG indicating that p53 can directly bind to and has the
ability to regulate PAX2 transcriptional activity (Fig. 24E). Mutation of TP53
significantly abrogated occupancy on the PAX2 promoter as seen in Fig. 24E.
These data suggest that mutant p53 represses whereas wild-type p53 activates
PAX2 transcriptional activity by directly regulating the promoter. These results

suggest, that combining molecules that inhibit TP53 mutant along with molecules
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such as luteolin, that activate PAX2 promoter might have the potential to stop tumor

progression at early stages.
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Figure 24: PAX2 is a direct transcriptional target of wild-type p53 and mutant
p53 represses the p53-induced PAX2 transcription in MOE cells. A) Wild-type
p53 activates whereas p53™" represses PAX2 transcriptional activity as measured
by luciferase assay. Chromatin Immunoprecipitation (ChlP) analysis demonstrates
wild-type p53 occupancy on B) Non-target control and C) MDM2, mutant p53
occupancy on the D) ATF promoter. E) ChIP analysis revealed that wild-type p53
enhanced whereas p53™" significantly reduced p53 occupancy on the PAX2
promoter. Statistical differences (p<0.05) are between groups labeled a and b.

92



C. DISCUSSION

The aim of this study was to identify the functional and mechanistic role of
PAX2 in normal fallopian tube epithelium and high-grade serous ovarian cancer.

Studies published so far have shown divergent roles of PAX2 depending on the

49, 59, 76, 80 49, 59, 77

tumor histotype . PAX2 is lost in HGSC and endometrial carcinomas
whereas it is overexpressed in mucinous and clear cell histotype of epithelial ovarian
cancer’®. Consistent with pathological observations, published microarray data
showed that PAX2 was significantly downregulated in STIC and HGSC tumor tissues
compared to tissues from normal fallopian tube epithelium'® (Fig. 11A). These data
corroborated with another microarray study that showed significantly increased
overall survival in HGSC patients that had high PAX2 expression compared to those
with lower PAX2 (Fig. 11B). Interestingly, in the TCGA database, a small subset of
patients that presented with amplification in the PAX2 gene, had a longer disease-
free interval before relapse, compared to patients that did not have an alteration in
PAX2 (Fig. 11C). The present study has utilized murine fallopian tube (oviductal)
epithelial (MOE) cells that were genetically altered to knockdown PAX2 and express
mutation of TP53. Although, PAX2 loss alone did not have a significant effect on
MOE characteristics, combining it with mutation of TP53 resulted in functional
changes in vitro. Re-expression of PAX2 in HGSC models reduced tumor burden
suggesting that PAX2 has the potential to be exploited as a therapeutic target.
Several studies have convincingly demonstrated that the fallopian tube is one

of the sources of origin of majority HGSC>® 60-62 64. 156

However, most of these
models use SV40 to stabilize p53, therefore making it difficult to tease apart the
effect of TP53 mutation on FTE* %2, Additionally, no models of SCOUTs or of

fallopian tube cells lacking PAX2 have been reported. Loss of PAX2 by itself did not
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have any effect on fallopian tube cells, however, when combined with TP53
mutation, led to significant functional changes in vitro. The lack of tumorigenicity in
vivo resonated with their benign pathological designation. = Combining PAX2
knockdown with TP53 mutation increased proliferation, migration and colony
formation; however the effect on migration was likely due to mutation in TP53
alone®®. Serial passaging (aging) of the MOE cells harboring both the alterations
resulted in further increase in all functional characteristics. These data are
consistent with previous study performed in serially passaged fallopian tube cells
that indicate that aging is sufficient to induce changes that can result in functional
alterations®’. In contrast to the tumorigenic model of serially passaging MOE cells
on a CD1 background®!, the current model with PAX2 knocked down and p53
mutated did not form tumors after serial passaging. These data suggest that the loss
of PAX2 and mutation of TP53 are not sufficient to drive tumorigenesis but instead
they present us with valuable models that recapitulate early benign lesions that
warrant further investigation. In addition, it suggests that a latency period exists
between SCOUTs and p53 signatures and tumor formation that may allow for
intervention of prevention.

Gene expression analysis of MOE cells harboring altered PAX2 and TP53
expression revealed stathmin, fut8 and mme to be likely targets downstream of
PAX2 in the fallopian tube epithelium. A recent publication identified that a subset of
human SCOUTSs (Type Il) share expression profile that is similar to HGSC'®. Our
results suggest that serially passaged MOE cells with PAX2 knockdown and TP53
mutation resemble Type Il SCOUTs. The similarity between the present models and
benign SCOUTs may further explain the lack of tumorigenicity seen in vivo. Stathmin

is a microtubule destabilizing protein that is overexpressed in HGSC®®. Consistent
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with stathmin’s established role in influencing migration in other tumor types,
knockdown of stathmin in MOE cells with PAX2 loss + mutant TP53 and it's “aged”

variant, significantly reduced migration™” %,

Investigators have shown that
stathmin knockdown has significant anti-tumorigenic effects in animal models,
making it a favorable drug target in several tumor types'® '®°. As per the TCGA,
patients with STMN1 gene amplification demonstrated a significantly lower overall
survival compared to patients without the alteration'. Very little is known about
fut8'®? and mme'®® in HGSC. In agreement with the TCGA data, mme and fut8 are
amplified in serially passaged MOE: PAX25"NA14p53™t  Fut8 protein is highly
expressed in MOE: Pax2*""*" cells and this increased expression is progressively
inhibited when combined with TP53 mutation. Further investigation of aberrant
pathway modulation downstream of PAX2 can assist to inform upon benign to
malignant transformation.

Re-expression of PAX2 in murine and human tumorigenic models showed
decrease in tumor burden. Joint loss of PAX2 and PTEN has been reported in
endometrial carcinomas’’. Consistent with published study, MOE cells harboring
PTEN loss formed high-grade carcinomas® and expressed significantly lower PAX2.
Stable re-expression of PAX2 in PTEN-lacking MOE cells not only reduced
proliferation and migration in vitro, but also reduced tumor burden that is otherwise
induced by PTEN loss. One study has reported that re-introduction of PAX2 in
OVCA432 and OVCARS3 cells reduced cell viability’®, similar to what is shown in our
study using OVCAR4, OVSAHO, OVCARS cells. Interestingly, multiple attempts to
create a stable HGSC cell line with PAX2 overexpression led to cell death indicating
that PAX2 could be inducing apoptosis in these cells. Intriguingly, the ability to

successfully develop stable PAX2 variants in MOE cell line harboring PTEN loss in
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contrast to HGSC cell line, suggests that additional mutations that occur in human
tumors contribute to the toxic effects when PAX2 is re-expressed or there is a
species difference. Transient PAX2 overexpression in HGSC cells confirmed that
PAX2 expression induces apoptosis, which has not been reported so far in HGSC.
Future studies may focus on whether strategies to restore PTEN may contribute to
reduced tumor burden partially through enhanced expression of PAX2.

If early putative lesions of FTE-derived HGSC lose PAX2, and PAX2
continues to be lost in many tumor samples, then re-expression of PAX2 might result
in cell death or other mechanisms that block tumor growth. Bioinformatics analysis
of the TCGA data indicates that PAX2 is not methylated as a mechanism for
repression in HGSC and that it is rarely mutated®®. Using a cell-based screening
assay and an FDA-approved compound library, luteolin was identified to be a
potential “hit” that can stimulate PAX2 expression in MOE cells. Luteolin is a
flavonoid that has anti-cancer properties and reduces proliferation of several
tumorigenic cell lines as well as has the potential to slow tumor growth in vivo'®* 1%,
The ability of luteolin to increase PAX2 mRNA and protein expression as well as
decrease migration and proliferation in fallopian tube epithelial cells provides
preliminary evidence for it's potential. Mechanistically, luteolin is known to inhibit
NFkB transcription and activate c-Jun'®. NFkB has putative binding sites on the
PAX2 promoter whereas c-Jun phosphorylates PAX2 and is shown to increase
PAX2-dependent transcription™®”.

Co-transfection of wild type or mutant p53 along with the PAX2 promoter
construct in MOE cells revealed that wild-type p53 was able to activate whereas
mutant p53 repressed PAX2 promoter activity. Similar results were reported in

mouse embryonic kidney cells where a ChlP-Seq analysis revealed multiple peaks of
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p53 occupancy on the PAX2 promoter'. In light of these results, what is unclear is
whether elimination of repression from mutant p53 is critical to enhance PAX2. It
may be particularly interesting to combine luteolin with a mutant p53-repressing
and/or wild-type p53 restoring molecule (e.g. NSC59984)'®® to observe its additive
effect on PAX2 activation. Future studies will be focused on developing a robust and
efficient high-throughput screening strategy that can assay large compound libraries

for targets that are known to be deregulated at benign stages.

D. CONCLUSION

In summary, this is the first study to outline the molecular and genetic
regulation of PAX2 in the fallopian tube epithelium and HGSC. Combining mutant
p53 with PAX2 loss was critical to observe functional changes, which could explain
how early lesions form in the FTE before progressing to serous tumors. Our data
also revealed that PTEN loss contributes to loss of PAX2. These data suggest a
dynamic feedback between PTEN, PAX2 and p53 manifested in the fixed tissue
staining. These findings also imply that strategies to restore PTEN may contribute to
reduced tumor burden partially through enhanced expression of PAX2. To detect
the disease at a benign stage, significant progress must be made in terms of
development of novel serum biomarkers as well as powerful distal tube imaging
technologies. A novel proof-of-concept small molecule screen, that could block pre-
neoplastic lesions or replace key proteins lost during progression, such as PAX2, is
presented here. Overall, understanding the molecular basis of precursor lesion
development is critical to detect the disease at benign stages and halt serous cancer

progression.
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V. TARGETING OF FOLLICLE STIMULATING HORMONE PEPTIDE-
CONJUGATED DENDRIMERS TO OVARIAN CANCER CELLS

(Reprinted with permission from Nanoscale, 6(5), 2812-2820,
doi:10.1039/c3nr05042d, in collaboration with Dr. Seungpyo Hong'’s group)

A. INTRODUCTION

A combination of cytoreductive surgery and chemotherapy are the
conventional methods to treat patients that present with advanced-stage disease.
Despite an initial response to the first line of drug therapy, most cases present with a
recurrent disease. Additionally, as it is often the case with chemotherapeutic drugs,
those indicated for ovarian cancer such as paclitaxel and cisplatin are frequently
associated with severe side effects due to nonspecific biodistribution to healthy
tissues. A patient diagnosed with ovarian cancer undergoing standard
intraperitoneal (i.p.) injection of carboplatin/paclitaxel may not tolerate the full-
recommended dose as a result of the toxic side effects experienced due to high local

concentrations of chemotherapy'®® 7°.

Therefore, it is highly desirable to design
effective therapies that selectively target tumor cells, which can greatly reduce the
systemic side effects and improve the therapeutic index of most chemotherapeutic
agents.

Follicle stimulating hormone (FSH) is synthesized by the anterior pituitary
gland and serves as a ligand that binds to and activates the follicle stimulating
hormone receptor (FSHR). In the ovary, FSH plays a significant role in maturation of
immature follicles to Graafian follicles'®. The primordial follicles are the most
immature follicles in the ovary and do not express FSHR'®" """ 172 Therefore, a drug
carrier that selectively targets the FSHR should spare a cohort of follicles from the

toxic effects of chemotherapy and potentially allow for fertility preservation in

younger women diagnosed with ovarian cancer. The tissue of origin of ovarian
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cancer is not known, but the potential progenitor cells are the ovarian surface
epithelium (OSE) and fallopian tubal epithelium (FTE), which both express FSHR*.
In addition, several investigators have demonstrated elevated expression of FSHR in

171, 173

ovarian cancers Some reports have shown that FSHR also stimulates

proliferation of cancer cells and its overexpression is considered oncogenic?* %% 174

'S Therefore antagonists of this receptor have the potential to reduce cancer
proliferation and improve survival.

Targeting the FSHR can be achieved using peptide sequences modeled after
the binding domains of FSH. Among those, the peptide derived from amino acids 33-
53 (FSH33) exhibits the strongest binding affinity to FSHR'®. This peptide has
recently been employed as a targeting ligand to ovarian tumor tissue using
paclitaxel-encapsulated polymeric nanoparticles (NPs) of polyethylene glycol-b-
polylactide (PEG-PLA)""". These NPs and other types of nanocarriers such as
liposomes and micelles have been widely investigated for targeted drug delivery to

tumors'"8182,

Their controlled particle size (typically 50-200 nm) enables them to
passively accumulate in tumor tissues through the enhanced permeability and
retention (EPR) effect that is characteristic of tumor biology'®®. However, some of
the limitations associated with the use of polymeric NPs include their limited
diffusivity, which leads to inefficient distribution of drug payloads within the tumor
mass'®. Several studies have shown that efficient tumor penetration is largely
dependent on size, with nanocarriers smaller than 20 nm having superior tissue
diffusivity and penetration properties'®* 1¢°.

Dendrimers are nanometer-sized, hyperbranched, highly monodisperse,
multifunctional macromolecules that have been widely explored for a variety of

186-188

biomedical applications Polyamidoamine (PAMAM) dendrimers are among
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the most widely investigated family of dendrimers for targeted drug delivery'®®. The
primary amine groups on their surface enable functionalization with targeting ligands
as well as drug molecules and imaging agents, resulting in multifunctional
nanodevices that have shown promising preclinical targeted drug delivery
potential’®®'%. Due to their hyperbranched structure, along with high molecular
flexibility and deformability, conjugation of multiple targeting moieties to the outer
surface of the dendrimers has been shown to enhance their targeting efficacy due to
the multivalent binding effect'®®. More importantly, their molecular flexibility
combined with the small size (5-10 nm) imparts favorable tissue penetration and
diffusivity properties compared to the more rigid structure of polymeric NPs®" 194195,
For these reasons, a novel FSH33-targeted dendrimer-based nanocarrier was
designed as a potential delivery platform targeted to ovarian cells expressing FSHR.
Using generation 5 (G5) PAMAM dendrimers labeled with fluorescein, we
hypothesized that conjugation with FSH33 peptide would produce a multifunctional
dendritic nanocarrier that selectively targets FSHR-expressing ovarian cancer cells,
while sparing immature primordial follicles. The receptor selectivity of the FSH33-
targeted dendrimers was validated in 2D cell culture using two ovarian cancer cell
lines, the OVCAR-3 cells that express FSHR (FSHR") and the SKOV-3 cells that are
FSHR negative (FSHR’). In addition, the receptor antagonistic effect of FSH33-
targeted dendrimers was investigated in OVCAR-3 cells by measuring survivin
expression. Survivin, an anti-apoptotic protein, is known to be downstream of FSH

signaling in the OSE? and is overexpressed in serous cancer'®

. We also employed
normal mouse 3D ovarian organ cultures grown in an alginate hydrogel, which has
been previously reported to allow the successful growth of OSE cells while retaining

their normal architecture and biomarkers®™. The in vitro 3D organ culture system
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serves as a tool for investigating the effects of the nanocarrier on ovarian cells, such
as the OSE and ovarian follicles, cultured within a microenvironment that mimics
physiological conditions. The targeting efficacy of the nanocarrier was further
validated in vivo following an i.p. injection of the conjugates. This paper represents a
proof-of-concept study validating the design of a novel FSH33-targeted dendritic
nanocarrier with high selectivity to ovarian cancer cells and normal cells expressing

FSHR, which also has the potential to provide an option for fertility preservation.
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B. RESULTS

Preparation and characterization of FSH33-targeted G5 PAMAM dendrimer

conjugates

A general overview of the preparation of the dendrimer conjugates is
illustrated in Fig. 25. FITC-labeled, FSH33-targeted G5 PAMAM dendrimers were
prepared by sequential conjugation with FITC and FSH33, using sulfo-SMCC as a
linker, followed by full acetylation of the remaining primary amine groups, resulting in
G5-Ac-FITC-FSH.  Conjugation of FITC and FSH33 to the dendrimers and
successful end-capping of the amine groups was confirmed using UV/Vis. The
numbers of FITC and FSH33 molecules per dendrimer were calculated to be
approximately 5.5 and 10.3 FITC and FSH33 molecules per dendrimer, respectively.
Similarly, '"H NMR characterization of G5-Ac-Cy5.5-FSH revealed 2.1 and 2.3, Cy5.5

and FSH molecules per dendrimer, respectively.
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Figure 25: Overview of the preparation of FSH33-targeted G5 PAMAM
dendrimer conjugates. (Data and figure generated by Dr. Suhair Sunoqrot)
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G5-Ac-FITC-FSH specifically targets ovarian cancer cells expressing FSHR in

2D cell culture

Receptor selectivity of the FSH33-targeted dendrimer conjugates was
investigated in OVCAR-3 and SKOV-3 cells. Western blot analysis of FSHR
expression in the OVCAR-3 and SKOV-3 cell lines used in this study confirmed that
OVCAR-3 cells express the receptor, while SKOV-3 cells do not, consistent with

previous reports (Fig. 26A)""> """

. The SKOV-3 cell line thus served as a negative
control in the 2D cell culture experiments (Fig. 26B). Receptor selectivity of the
FSH33-targeted conjugates was further validated by pre-treating OVCAR-3 cells with
an excess amount of free FSH33, which should block the FSHR and prevent binding
and uptake of the FSH33-targeted dendrimers'”’. As shown in Fig. 27A, the
targeted G5-Ac-FITC-FSH conjugates demonstrated significant uptake by OVCAR-3
cells, as indicated by the green fluorescence signals coming from inside the cytosol.
This interaction was highly selective, as evidenced by the lack of FITC fluorescence
in OVCAR-3 cells following pre-treatment with free FSH33, which blocked the FSHR
binding sites. The lack of positive green fluorescence signal from inside OVCAR-3
cells following treatment with the control conjugate, G5-Ac-FITC, further confirmed
the selectivity of the FSH33-targeted conjugates. SKOV-3 cells treated with
equivalent concentrations of G5-Ac-FITC-FSH conjugates did not exhibit any
significant uptake, providing further evidence of FSHR selectivity of the G5-Ac-FITC-
FSH.

Flow cytometry analysis was performed to quantify the selective uptake of G5-
Ac-FITC-FSH by OVCAR-3 cells. Consistent with confocal observations, cells

incubated with G5-FITC-FSH demonstrated a significantly higher fluorescence count

compared to untreated cells (~8-fold increase, Fig. 27B), which was diminished by
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pre-treating the cells with free FSH33 peptide and upon treatment with G5-Ac-FITC.
Overall, these results indicate that G5-Ac-FITC-FSH selectively interacted with the
OVCAR-3 (FSHR") cells, but not SKOV-3 (FSHR') cells, and could be competed
away from the receptors when incubated with an excess amount of free FSH33
peptide. Additionally, OVCAR-3 cells treated with the dendrimer conjugates up to 5
MM for 24 h did not demonstrate significant cytotoxicity when compared to the

untreated cells (Fig. 28).
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Figure 26: Receptor selectivity of the FSH33-targeted conjugates in OVCAR-3
cells. A) Expression of FSHR protein in human ovarian cancer cell lines; OVCAR-3
and SKOV-3 by western blot. Size of FSHR is ~78 kDa. B) Uptake of G5-Ac-FITC-
FSH (i. 250 nM and ii. 500 nM) and iii. 500 nM G5-Ac-FITC in SKOV-3 cells (FSHR-)
after 5 h incubation, showing minimal cellular interaction compared to OVCAR-3
cells (Fig. 27A). Blue: cell nuclei stained by DAPI, green: FITC-labeled dendrimers,

scale bar: 20 ym.
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Figure 27: G5-Ac-FITC-FSH specifically targets ovarian cancer cells expressing
FSHR in 2D cell culture. A) Confocal microscopy images of OVCAR-3 cells
following treatment with 250 and 500 nM of G5-Ac-FITC-FSH for 5 h, with or without
pre-treatment with 100 uM free FSH33 for 2 h, blue: cell nuclei stained by DAPI,
green: FITC-labeled dendrimers, scale bar: 20 ym. FSHR selectivity of G5-Ac-FITC-
FSH is demonstrated by the strong, concentration-dependent green fluorescence
signals from OVCAR-3 cells, which were diminished by pre-treatment with free
FSH33. No significant uptake was observed in OVCAR-3 cells following incubation
with the control conjugate, G5-Ac-FITC, and in SKOV-3 cells. B) Normalized
fluorescence count of OVCAR-3 measured by flow cytometry following treatment
with 500 nM of the conjugates. Cells treated with G5-Ac-FITC-FSH showed
significantly higher cell-associated fluorescence than the control groups, further
supporting FSHR selectivity.
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Figure 28: Cytotoxicity of the dendrimer conjugates prepared in this study in
OVCAR-3 cells after 24 h incubation. The conjugates were well tolerated and did
not show any cytotoxicity up to micromolar concentrations. (Data and figure
generated by Dr. Suhair Sunoqrot)
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FSHR antagonistic activity of G5-Ac-FITC-FSH revealed by survivin

downregulation

In order to identify whether G5-Ac-FITC-FSH was an agonist or an antagonist
to the FSHR, western blot analysis was performed to determine the effect of
dendrimers on survivin expression. Birc5, also known as survivin, is an anti-
apoptotic protein that is previously demonstrated to be a downstream target of FSH
when bound to FSHR'"®. OVCAR-3 cells incubated with FSH hormone (10 mIU/mL,
24 h) demonstrated elevated levels of survivin. Whereas G5-Ac-FITC-FSH (500 nM)
with and without FSH hormone, significantly downregulated survivin expression in

OVCAR-3 cells (Fig. 29).
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Figure 29: FSHR antagonistic activity of G5-Ac-FITC-FSH revealed by survivin
downregulation A) Expression of survivin in OVCAR-3 cells when after incubation
for 24 h with G5-Ac-FITC-FSH (500 nM), FSH hormone (10 mlU/mL), and FSH
hormone in the presence of G5-Ac-FITC-FSH. B) Survivin expression relative to
actin. Survivin expression is upregulated upon treatment with FSH, but is
downregulated following G5-Ac-FITC-FSH treatment, revealing a potential
antagonistic effect for FSH33-targeted dendrimers.
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G5-Ac-FITC-FSH selectively binds to OSE cells in 3D mouse ovarian organ

cultures

To validate if the targeted nanocarrier, G5-Ac-FITC-FSH, specifically binds to
OSE cells expressing the FSHR, a mouse ovarian 3D organ culture system was
employed to more closely mimic in vivo conditions®. This is particularly important
since OSE cells are known to give rise to ovarian cancers, and if the progenitor cells
could be targeted without negatively impacting ovarian follicles, then it might be
possible to use such nanocarriers for cancer prevention as well. Ovarian organoids
were cultured with the nanocarriers prior to encapsulation in alginate hydrogel.
Control organoids were cultured in basal media (Fig. 30b). Upon incubation of the
organoids with G5-Ac-FITC-FSH (500 nM for 5 h), the ovarian surface cells stained
positive for FITC, indicating successful targeting of G5-Ac-FITC-FSH to the OSE

cells, which are known to express FSHR (Fig. 30c)'”’

. A second set of organoids
was pre-treated with 100 uM FSH33 for 2 h, followed by adding 500 nM G5-Ac-FITC-
FSH for 5 h. Immunostaining against FITC revealed that FSH33 was successful in
competitively blocking G5-Ac-FITC-FSH from accumulating in FSHR-expressing
OSE?. As a result, G5-Ac-FITC-FSH was unable to target the OSE (Fig. 30d). A
third set of organoids was incubated with G5-Ac-FITC for 5 h (Fig. 30e). Organoids
were also treated for 2 h with 100 yM FSH33, followed by 5 h incubation with 500 nM
G5-Ac-FITC (Fig. 30f). Regardless of FSH33 pre-treatment, anti-FITC positive
staining was seen on the OSE as well as in the stroma and some granulosa cells of
the organoids (Fig. 30e and 30f), demonstrating its lack of specificity. Taken
together, these results suggest that the targeted G5-Ac-FITC-FSH conjugates

selectively bound to cells expressing FSHR on the ovarian surface, validating their

use as a targeted nanocarrier to ovarian cells expressing FSHR.

110



Figure 30: Uptake of G5-Ac-FITC-FSH in 3D normal mouse ovarian organ
culture revealed by IHC staining. Ovarian organoids were stained with anti-FITC
antibody following treatment with: a) OSE labeled by CK8 stain, b) basal media (5 h),
c) G5-Ac-FITC-FSH (500 nM, 5 h), d) FSH33 (100 uM, 2 h) followed by G5-Ac-FITC-
FSH (500 nM, 5 h), e) G5-Ac-FITC (500 nM, 5 h) f) FSH33 (100 uM, 2 h) followed by
G5-Ac-FITC (500 nM, 5 h). Scale bar: 50 pm.
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G5-Ac-Cy5.5-FSH selectively accumulates in the mouse ovary and oviduct in

vivo

To investigate whether the targeted dendrimer, G5-Ac-Cy5.5-FSH, selectively
accumulates in tissues that express the FSHR as compared to its non-targeted
counterpart, an in vivo efficacy study was performed using female BALB/c mice.
This study is particularly critical in assessing the ability of the proposed system to
deliver drugs to specific sites with minimal off-target effects. Note that Cy5.5 was
employed for this in vivo study as it is known to exhibit enhanced photostability and

tissue penetration of its fluorescence signal'®’

. Mice (n = 6/group) were given an i.p
dose of either G5-Ac-Cy5.5-FSH or the non-targeted control, G5-Ac-Cy5.5. As
shown in Fig. 31, the targeted conjugate, G5-Ac-Cy5.5-FSH, achieved significantly
higher fluorescence intensities in the ovary and oviduct compared to the group
treated with G5-Ac-Cy5.5, which are the tissues with the highest FSHR expression
levels. The fluorescence count was also significantly higher than the levels
measured in the uterus and kidney in both groups. Overall, these preliminary results

demonstrate successful accumulation of the FSH33-targeted dendrimers in the ovary

and oviduct that are the two putative sites of origin of serous ovarian cancer.
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Figure 31: Accumulation of G5-Ac-Cy5.5-FSH and G5-Ac-Cy5.5 dendrimers in
ovary, oviduct, uterus and kidney tissue homogenates of 6-8 week old female
BALB/c mice. Six animals per group were injected IP with 15 mg/kg dendrimer
solutions. At 6 h post-injection, organs were harvested, weighed, homogenized and
fluorescence was measured. * indicates p < 0.05.
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C. DISCUSSION

About 95% of the newly developed potential therapeutics have poor
pharmacokinetic and biopharmaceutical properties'®. Therefore, there is an urgent
need to develop effective drug delivery systems that specifically target the active site
without affecting the surrounding healthy tissues. This is particularly important in
diseases such as ovarian cancer, which require rigorous treatment regimens with
drugs that have low therapeutic indices and are toxic to normal tissues. In addition,
development of resistance to the existing chemotherapeutic drugs occurs in most
cases. As a result, treating recurring cases of ovarian cancer is challenging’®®. Over
the past few decades, nanotechnology has provided a plethora of platforms that
have enabled the selective delivery of payloads to target tissues and organs through
passive and active targeting’®. PAMAM dendrimers, having proven to be highly
effective active targeting mediators, were chosen in this study as a potential delivery
platform to selectively target ovarian cancer cells through the FSHR.

Our target of choice, FSHR, has a number of advantages. First, FSHR is
expressed by the OSE and the FTE as well as overexpressed in ovarian cancer
cells'" 2% Second, FSH33 is available as an FSHR-specific ligand that exhibits low
immunogenicity and high affinity to the FSHR'’. Third, the FSHR-targeting
nanocarrier system could potentially block the cascade of oncogenic signaling
pathways that are activated by FSHR upon FSH ligand binding® '*.  Forth,
primordial follicles do not express the FSHR, which would potentially allow for fertility
preservation while providing effective therapy. Other ovarian cancer targets such as
the folic acid receptor (FAR) and the epithelial growth factor receptor (EGFR) have

201, 202

been explored for targeted drug delivery to ovarian cancer cells However,

these receptors can also be expressed by nonmalignant ovarian tissues and other
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healthy tissues, which may result in nonspecific uptake and potential side effects?®

204 The FSHR is uniquely overexpressed by ovarian cancer cells, making it an
excellent target for selective delivery of chemotherapeutic agents to ovarian tumors.

Preliminary validation studies in 2D cell culture using the FSHR® OVCAR-3
cell line confirmed that the FSH33-targeted dendrimers are highly selective to cells
expressing FSHR and may demonstrate minimal off-target effects. Survivin is known
to be upregulated in serous ovarian cancer''®. OVCAR-3 cells incubated with FSH
hormone demonstrated elevated survivin levels, supporting the potential role of
hormonal influence in early events of ovarian cancer formation. However,
downregulation of survivin expression when incubated with FSH hormone in
presence of the G5-Ac-FITC-FSH peptide suggests that the dendrimer may be
acting as an antagonist to the FSHR. In addition to selective delivery of
chemotherapeutic drugs to the ovarian tissue, FSH33-targeted dendrimers thus have
the potential to block the cascade of FSH signaling pathways, potentially augmenting
their therapeutic effect.

Investigations into therapies that preserve fertility and selectively kill the
epithelium that causes cancer are usually performed in vivo. The 3D ex vivo organ
culture system offers the advantage to examine several incubation times and
concentrations, while maintaining the architecture of the ovary. The targeting
efficiency of the dendrimer conjugates was thus validated in a 3D organ culture
system. G5-Ac-FITC-FSH targeted the FSHR on the ovarian surface epithelium and
spared the primordial follicles that do not express the FSHR, as revealed by IHC.
Interestingly, the non-targeted conjugate, G5-Ac-FITC, did not bind to OSE, but was
able to penetrate through the ovarian surface into the stroma and the follicles, while

the targeted conjugate did not. This could be attributed to the high affinity binding of
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G5-Ac-FITC-FSH to OSE, which prevented its penetration into the organoids. The
neutral charge and lack of targeting ligand on G5-Ac-FITC may have promoted its
diffusion through the interstitium, resulting in deeper penetration’”.  These
observations necessitate suitable optimization of FSH33 density on the surface of
the dendrimer conjugates, to maintain receptor selectivity without hindering their
tissue penetration ability, which will be the subject of our future investigations.

A preliminary in vivo efficacy study performed in female mice demonstrated
successful targeting of FSH33-targeted dendrimers to tissues that express the
FSHR. Significantly higher fluorescence counts were observed in the ovary and
oviduct homogenates from the G5-Ac-Cy5.5-FSH-treated animals, compared to the
group treated with non-targeted conjugates. While both dendrimer conjugates were
detected in the uterus, the selective accumulation of the targeted nanocarrier was
not higher than the non-targeted control, likely because the uterus does not express
FSHR. Similarly, both conjugates were likely eliminated through the kidney and
showed no significant difference in accumulation, due to the lack of FSHR in this
negative control tissue. These findings demonstrate a strong potential for the
dendrimer-based platform to deliver chemotherapeutic drugs that can effectively
target ovarian cancer cells.

Taken together, the specific binding of G5-Ac-FITC-FSH to the ovarian
surface, along with the lack of nonspecific uptake of G5-Ac-FITC by OSE, strongly
suggest that the dendrimer-based FSH33-targeted nanocarrier can efficiently bind to
cells expressing FSHR. Additionally, increased accumulation of G5-Ac-Cy5.5-FSH
in mouse ovary and oviduct suggests targeted uptake in cells expressing FSHR in
vivo. These proof-of-concept results, both in vitro and in vivo systems, provide

evidence that this novel system can potentially be employed to deliver
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chemotherapeutic agents to malignant cells in the ovary, while sparing healthy ones
and thus allowing fertility preservation. Although FSH-targeted polymeric NPs have
been previously reported'’. The current system has the advantage of combining
high receptor selectivity with the small size scale (one order of magnitude smaller
than the reported NPs), which imparts superior tissue penetration and distribution

properties compared to the larger more rigid NPs '8 194195

D. CONCLUSION

The current study reports on a novel dendrimer-based nanocarrier delivery
system that targets to ovarian cancer cells and OSE cells expressing FSHR with
high receptor selectivity. FSH33-targeted dendrimers demonstrated efficient uptake
by OVCAR-3 cells in 2D cell culture, and OSE cells in 3D organ culture, sparing the
primordial follicles and allowing for fertility preservation. In vivo, FSHR-specific
nanocarriers demonstrated significant accumulation in the mouse ovary and oviduct,
suggesting its potential for use in therapeutic drug targeting. This delivery system
has the potential to be employed for targeted delivery of chemotherapeutic drugs

used in ovarian cancer, which warrants further investigation.
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VI. DISCUSSION AND FUTURE DIRECTIONS
Overall, this project helped to i) inform upon the influence of gonadotropins on
ovarian cancer initiation and progression. ii) This thesis developed in vitro models
that mimic the early precursor lesions identified in the fallopian tubes of women that
were genetically predisposed to getting high-grade serous cancer identical to those
found in serous tumors. iii) Lastly, efforts were focused on identifying nanocarriers
that can be used for therapeutic intervention or as preventive measures while

protecting women from serous cancer initiation.

Implication of our findings and scope of study

A. Gonadotropins and Ovarian Cancer

Even though most serous cancers are predicted to originate in the fallopian
tube, the bulk of the tumor is often found on or surrounding the ovary. In most
cases, the ovary is involved. Blocking ovulation is associated with reducing the risk
of ovarian cancers. Therefore it is critical to investigate the effects of wound repair
and ovulation on the OSE cells. The physiological mechanism of FSH and LH
signaling in normal cells that gives rise to ovarian tumors was not well characterized.
A unique aspect to our study was the use of a three-dimensional (3D) organ culture
system, which is superior to the traditionally used 2D in vitro cell culture because it
can retain the original architecture of the organ and more effectively simulate
physiological conditions as many cellular processes are occurring in vivo®®. Our
data illustrates that gonadotropins regulate proliferative properties, migration and
colony formation in the OSE cells®®. FSH and LH alter several key pathways in the
OSE that are commonly known to be regulated in serous cancer®® *°. Some of those

molecular pathways include the EGFR, Akt, PI3K and the cyclin-dependent kinases.
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Most studies demonstrate the effect of FSH or LH on the OSE cells, but this was the
first study to evaluate the biological effects of administering both at the same time.
During ovulation and in post-menopausal women, FSH and LH are almost always
circulating together, at different levels depending on the menstrual cycle. It may be
beneficial to understand the effects of FSH and LH at specific time points but it is
challenging to mimic the exact ratio experimentally.

Mounting evidence convincingly demonstrates that most serous cancers
originate from the FTE® 3% 46.51.52.54.63.138. 207 " Thgrefore, it is important to evaluate
the insults of ovulation on the FTE cells as well. The normal FTE cells did not
respond to FSH and LH. Possibly, the role of FSH and LH concentrations in
postmenopausal women that coincide with the time when most women are
diagnosed with ovarian cancer is due to specific genetic changes like TP53 mutation
or deletion of PAX2 and PTEN in the FTE. Although FSH and LH do not activate the
same oncogenic pathways in the FTE as they do in the OSE, they might regulate
PAX2 expression by affecting phosphorylation of PTEN or GATA4, both of which are
known to regulate PAX2 expression in the FTE. In the ovary, FSH is known to
increase GATA4 phosphorylation and rapidly activate the PISK/AKT pathway, which
is negatively regulated by PTEN?®®, It remains to be determined if FSH and LH have
additional proliferative or transformative properties in the FTE cells after oxidative
stress to mimic spontaneous transformation and when TP53 is mutated and/or PTEN
is functionally eliminated. An interesting approach to circumvent the issue about the
cell of origin would be to exploit a polymer nanocarrier system that delivers a
therapeutic drug to selectively Kill cells overexpressing a specific receptor, such as
the FSHR. FSHR is overexpressed in ovarian cancer cells. The nanocarrier will be

designed such that it could be used as a therapeutic agent, irrespective of the tissue
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of origin of serous cancer.

B. Modeling Early Precursor Lesions of Serous Cancer

One of the major challenges in ovarian cancer is that most tumors are
detected at late stage and there are currently no reliable serum biomarkers or
imaging strategies for early detection. In addition, there are very few prevention
options with the exception of salpingo-oophorectomy or birth control pills. Our
project was therefore focused on defining specific precursor lesions that can identify
the disease at an early stage and unraveling new mechanistic pathways to reverse
or prevent progression. We addressed this proposed progression by generating
murine oviductal cell lines with specific genetic alterations as demonstrated in the
human FTE tissue samples. We demonstrated a possible mechanism of PAX2 loss,
which is reported in all precursors and serous tumors. Based on fixed tissue
samples it appears that SCOUTs precedes p53 signatures (where p53 is stabilized).
Our data revealed that mutation in TP53 and PTEN loss contributes to loss of PAX2
in FTE cells. PTEN loss and mutation in TP53 are commonly observed genetic
alterations in serous tumors. Loss of PTEN is sufficient to drive tumorigenesis in
vivo. These data suggest a dynamic feedback between PTEN, PAX2 and p53
manifested in the fixed tissue staining. Re-expression of PAX2 in PTEN silenced
cells reduced tumorigenicity in vivo. In the future, RNA-sequencing experiment will
compare gene expression profile between FTE cells with scrambled shRNA,
PTENS"NA and PTENS"NA with PAX2 overexpression. These data will identify the
pathways activated by PAX2 expression when PTEN is lost that contributes to
slower migration and proliferation. In addition, these data suggest that strategies to

restore PTEN and/or reverse mutation of TP53 may contribute to reduced tumor
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burden partially through enhanced expression of PAX2.

A series of events occur that stimulates the benign lesions to progress into
malignant ones that are widely disseminated into the peritoneal cavity. The events
that define these changes are unknown. Preliminary comparative analysis of gene
signature profiles between human SCOUTs '*® and our in vitro models of SCOUTs
and p53 signatures revealed stathmin, mme and fut8 as the target genes regulated
by PAX2 in the FTE. It would be interesting to study their functional significance in
driving tumorigenesis, by silencing or overexpressing the target genes, in presence
or absence of mutant TP53 combined with PAX2 loss. Since we have developed a
model system, with much less heterogeneity and with only PAX2 silenced or mutant
TP53, we plan to follow up by performing an RNA-sequencing experiment to
compare global changes in transcription between PAX2 loss, TP53 mutation, and the
combination.

PAX2, being a developmental regulatory protein provides the locus for
epigenetic modifications during development. PAX2 can modify methylation through
interaction with PTIP. PTIP is also involved in the DNA damage response pathway.
In the present study, we demonstrate that wild-type p53 directly regulates
transcriptional activity of PAX2 whereas mutant p53 represses p53-mediated
activation of the PAX2 promoter. Researchers have shown that WT-1 inversely
regulates PAX2 activity in kidney cells. Future experiments will aim at performing a
Chromatin Immunoprecipitation (ChlP) — Sequencing experiment to validate PAX2
occupancy on the genome and also profile changes in the RNA Polymerase Il (Pol II)
occupancy in fallopian tube epithelial cells. Overlapping data from both the ChlP-Seq
experiments (PAX2 interacting sites and Pol Il occupancy) will reveal important direct

downstream targets of PAX2 in the fallopian tube epithelium. Modulating expression
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of those targets might improve our understanding about early precursor lesion
formation from the FTE.

Development of in vitro models (Chapter IV) that mimic early precursors of
HGSC are a valuable resource to the scientific community because these can lead to
improved understanding of the molecular changes required for disease initiation and
progression. Evidence shows that SCOUTs and p53 signatures are present in
women without genetic predisposition to serous cancer, which brings into question
the reliability of these lesions as true “precursors”. Molecular and genetic studies
have revealed several pathways that are deregulated in serous tumors, mutation in
TP53 being the most frequently reported alteration. Previous reports have
demonstrated that mutant TP53 is insufficient to drive tumorigenesis unless
combined with a second genetic insult. Combination of PAX2 loss and mutation in
TP53 altered in vitro characteristics but was insufficient to drive tumorigenicity.
Therefore, further investigation is warranted to determine the fundamental molecular
aberrations that are essential for formation of benign lesions and those that are
required for progression to malignant cancer. The TCGA shows that 51% HGSC
cases had a defect in the homologous recombination pathway, 33% cases had a
mutation or methylation in BRCA1/2 whereas altered PI3K/RAS signaling was
reported in 47% cases™. A few additional genes that are known to be associated
with serous cancer are Cyclin E, c-Myc and ARID1A. Future studies will be focused
on combining some of these with PAX2 loss and mutant TP53 to find the genes that
increase tumor potential. The key to unraveling these drivers of tumorigenesis is
developing robust genetically engineered mouse models. These specific markers

can eventually serve as cancer therapeutic targets.
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C. Prevention Strategies

Currently, women that are genetically predisposed to getting HGSC are
offered the most effective method of prevention and early detection — risk-reducing
salpingo-oophorectomy. High-grade serous ovarian cancer is often detected at late
stages when the disease has spread to the peritoneal cavity and therefore, when
diagnosed, the 5-year survival rate is extremely low. Emerging data from research
studies implies that early detection of precursor lesions rather than serous cancer
may be a more realistic goal for screening, but the clinical feasibility of this strategy
is yet to be determined.

Early putative lesions of FTE-derived HGSC lose PAX2, and PAX2 continues
to be lost in many tumor samples. Re-expression of PAX2 resulted in cell death and
inhibited proliferation and migration of serous cancer cells. An important
translational question in HGSC is whether a small molecule can be identified that
would allow for transcriptional re-expression of PAX2. To address this question, we
developed and validated a new bioassay to screen for molecules that can activate
PAX2 in normal FTE cells. Identifying molecules that amplify the PAX2 promoter
activity in normal FTE cells will help define mechanisms for re-expressing PAX2 and
could potentially be modified or studied as a novel prevention strategy. After multiple
biological screens, luteolin was found to increase PAX2 mRNA and protein levels in
the FTE cells.

Luteolin is a flavonoid with anticancer properties that is naturally present in
some fruits and vegetables such as celery, parsley, artichoke and carrots. Luteolin
has both, anti- and pro-oxidant properties. Reports suggest that luteolin’s oxidation
behavior is highly dependent on the concentration and source of free radicals®®.

Flavonoids are reported to possess poor oral bioavailability. Structurally, the
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flavonoids rapidly metabolized to a quinoine, which significantly reduces their
bioavailability.

OH
OH
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Figure 32: Chemical structure of luteolin®'.

A prospective epidemiological study demonstrated that dietary intake of
luteolin, significantly reduced incidence of epithelial ovarian cancer?''. Although
luteolin has previously been shown to inhibit cell growth and reduce tumor burden in
multiple cancer models?'? 23| the precise molecular mechanism is unclear. In a
hepatocarcinoma model, luteolin decreased tumor burden by increasing AMPK
activation via inhibition of NFKkB?'*. Interestingly, NFkB has a putative binding site on
the PAX2 promoter. Luteolin is also known to inhibit pro-inflammatory mediators
such as iINOS and TNFa®"®. Researchers have shown that luteolin activates
phosphorylation of JNK, which activates the PAX2 promoter. Whether this
mechanism of PAX2 activation is true in the fallopian tube epithelium, is yet to be
experimentally validated.

As luteolin is already approved by the FDA, future studies will be focused on
combining luteolin with standard chemotherapy to test for cytotoxicity. Since loss of
PTEN and mutant TP53 can negatively regulate the promoter in normal fallopian
tube cells, experimental studies will target the PTEN and p53 pathway in
combination with molecules that re-activate PAX2 to explore the anti-cancer potential

of luteolin. Even though the PAX2 promoter is not methylated in cancer, it will be
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interesting to combine luteolin with strategies to change the genome, such as
methylation inhibitors and HDAC inhibitors. Long-term goal is to generate photo-
activateable probes that crosslink with protein targets. These complexes can be
pulled down with a biotin-avidin complex and subjected to proteomics analysis to
identify targets in the cell. Robust preclinical investigation is necessary to determine
the exact mechanism of luteolin induced PAX2 expression and its anti-tumor effects

in high-grade serous cancer.

D. Targeted Delivery

The lack of effective prevention options and the frequent chemoresistance of
tumors have contributed to the high rate of mortality for women with serous ovarian
cancer. Our research aimed at designing, synthesizing and biologically validating a
novel dendron-based nanocarrier system that will potentially provide both prevention
and treatment for ovarian cancer. We demonstrated that the targeted nanocarrier
killed only the cells that expressed a specific receptor, often overexpressed in serous
cancer, while sparing the other cells of the “off-target” effects. Continued
investigation is warranted to determine whether the nanocarrier can effectively
encapsulate chemotherapeutic drugs and specifically target the cancer cells while
sparing the healthy cells. Experimental studies are required to determine if cancer
cells become resistant to the nanocarrier as they do to the standard
chemotherapeutic agents that are currently being used in the clinic. Our study
showed accumulation of the nanocarrier in the ovary and oviduct as opposed to
other organs re-enforcing the targeted nature of this delivery system. Our in vitro
and 3D organ culture experiments involved the ovary but not the FTE. In light of

recent evidence that most serous cancers originate from the FTE, it will be valuable
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in determining whether the nanocarrier can effectively target the fallopian tube cells.
If so, the existing polymer nanocarrier presents us with a novel system where
modifications can be introduced to improve the targeting efficiency, especially as it
becomes clear what genetic players are frequently altered in serous cancer
compared to normal FTE cells.

Interestingly, a recent report encapsulated luteolin in a dendrimer-based
polymer nanocarrier system to circumvent the problem of poor solubility and
bioavailability of this naturally occurring flavone?'®. The nano-luteolin demonstrated
superior in vivo anti-tumor activity in a lung cancer and squamous cell carcinoma
head and neck cancer xenograft model compared to pure luteolin. Long-term goal is
to encapsulate luteolin in the FSHR-targeted nanocarrier system to determine
whether the polymer complex has better targeting and anti-cancer activity compared
to pure luteolin in an ovarian cancer xenograft model. The dendrimer complex has
the potential to act as a therapeutic agent by specifically targeting cancer cells,
which presents a unique system to re-activate PAX2 in cancer cells.

High-grade serous cancer is a complex and deadly disease, with significant
cellular and molecular diversity. There is a large unmet need to discover the key
players involved in serous tumor initiation and progression. Tremendous amount of
efforts are focused on improving the rate of diagnosis, reducing incidence and
increasing the overall survival. Each of our findings contributes by advancing our
knowledge about the pathogenesis of this deadly disease. Currently, the key focus
areas of the research community includes developing efficient animal models,
identifying key players in precursor lesion development, exploiting immune
responses and interactions with the microenvironment, understanding clonal

diversity, utilizing known genetic information and applying it to stratify clinical trials of
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serous cancer subsets. Therefore, it is important to strategically prioritize

experimental approaches for improving outcomes in HGSC.
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APPENDIX A

INSULIN AND INSULIN-LIKE GROWTH FACTOR SIGNALING INCREASES
PROLIFERATION AND HYPERPLASIA OF THE OVARIAN SURFACE
EPITHELIUM AND DECREASES FOLLICULAR INTEGRITY THROUGH
UPREGULATION OF THE PI3-KINASE PATHWAY

(Reprinted with permission from J Ovarian Res, 6(1), 12, doi:10.1186/1757-2215-6-
12)

A. INTRODUCTION

The ovarian surface epithelium (OSE) is a single layer of squamous-to-
cuboidal cells surrounding the ovary that exhibits both epithelial and mesenchymal
characteristics?’’.  During monthly ovulations, the primary function of the OSE is to
remodel the ovarian surface and underlying extracellular matrix to allow for rupture of
a mature follicle. Following oocyte extrusion, the OSE proliferates to heal the wound
in the surface of the ovary'>. OSE have receptors for steroid hormones and growth
factors, both of which are found in abundance in follicular fluid released during
ovulation?®. In particular, the OSE has been shown to express insulin receptor (IR)
and insulin-like growth factor receptors (IGF1Rs); additionally, at high concentrations
insulin can signal through IGF1R or through hybrid receptors of IR and IGF1R?'® %%,
Activation of IR or IGF1R by ligand binding activates downstream signaling pathways
including the phosphatidylinositiol 3-kinase (PI3K) and mitogen-activated protein
kinase (MAPK) pathways. In turn, proliferative and anti-apoptotic pathways are
activated, including Akt, glycogen synthase kinase 3 p (GSK3p), Bcl2, and Bad®*'.

In immortalized OSE cell lines and many primary cell cultures, insulin is a
critical component of the culture medium required for propagation of the cells;
however, the ovary is not a classically insulin-responsive tissue®**??*. Crosstalk can
occur between IR and IGF1R signaling when high concentrations of insulin initiate
signaling through IGF1R?*. Interestingly, IGF-I is secreted into follicular fluid by
granulosa cells, providing a local source for this cytokine?®. While it is known that
insulin and IGF are proliferative in immortalized OSE cell lines®"’, it is unknown
whether these growth factors may exhibit additional changes in cell growth when the
ovary is cultured in three dimensions (3D). By growing normal OSE as a component
of ovarian organoids cultured within alginate hydrogels®™ ?°®, the effects of insulin
and IGF on tissue architecture can be determined. The use of alginate hydrogels for
organ culture permits growth of tissues in their normal three-dimensional architecture
without disruption of signaling pathways downstream of extracellular matrix, as can
be observed with other culture materials such as Matrigel*?.

In America, 64% of adult women are considered obese, and this negatively
influences reproductive health and fertility227. High circulating levels of insulin and
IGFs are associated with obesity and diabetes; in the female reproductive system,
increased levels of these growth factors are associated with polycystic ovary
syndrome (PCOS) and ovarian cancer®'. For example, PCOS is a leading cause of
infertility that affects 5-10% of reproductive-aged women and is diagnosed when
patients exhibit at least two of the three following symptoms: anovulation,
hyperinsulinemia, and hyperandrogenism?®.  Ovarian cancer is the deadliest
gynecological malignancy affecting American women, and obesity and diabetes are
associated with a worse prognosis due in part to the effects of elevated levels of
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APPENDIX A (continued)
insulin and IGF on cancer cells?®*® ?®°. Primary cell lines established from ovarian
carcinomas demonstrate that the components of the IGF pathway are present in
ovarian cancer, including secreted IGF-l and IGF-ll, IGFR-I and IGFR-Il, and
IGFBPs**" 2%2_ |GF-Il is overexpressed in ovarian cancer cells compared to normal
OSE?*. IGF signaling exerts a pro-proliferative, anti-apoptotic effect on ovarian
cancer cells and has also been shown to play a role in mediating cisplatin
resistance®®* 2%

The current study examines the effects of high insulin and IGF levels on the
OSE and ovarian follicles using an alginate hydrogel culture system. High
proliferation rates in the OSE foIIowing culture with insulin or IGF were observed as
described in previous studies''® #'® #%: however, by utilizing a 3D organ culture
system, the present study demonstrates that high levels of insulin and IGF induce
hyperplasia and formation of multiple cell layers in the OSE. Treatment of organ
cultures with the IR/IGF1R inhibitor tyrphostin AG1024 restored the OSE to a single
layer of epithelium and reduced proliferation to basal rates. Both the MAPK and
PI3K pathways were involved in OSE hyperplasia, as small molecule inhibitors for
these pathways inhibited insulin or IGF-induced hyperplasia and proliferation. Upon
further examination of ovarian organ cultures, insulin and IGF reduced proliferation
of granulosa cells, decreased Mullerian inhibiting substance (MIS) expression, and
altered collagen deposition, which were restored upon blockage of IR/IGF1R function
with tyrphostin AG1024. In summary, this study highlights the use of a 3D tissue
culture system in demonstrating the differential effects that insulin and IGF signaling
have on the ovarian surface and follicles.
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B. RESULTS

Insulin and IGF-l induce OSE hyperplasia and multilayering

Culture of ovarian organoids in alginate hydrogels permits analysis of normal
OSE growth in the context of its normal microenvironment without the requirement
for immortalization with viral antigens®. To analyze the effects of specific growth
factors on different cell types in the tissue, the culture medium can be supplemented
with growth factors, cytokines, steroid hormones, or other factors which are able to
diffuse freely across the alginate gel®®’. Organoids were cultured for 7d in basal
medium (no serum or growth factors) or medium supplemented with 5 pg/ml insulin
or IGF-I, a concentration which was functionally active for both insulin and IGF-1
(Fig. 34A, 34B) and which is comparable to insulin supplementation in standard cell
culture media. Morphology of the OSE was analyzed by hematoxylin and eosin
(H&E) staining or immunohistochemistry for cytokeratin 8 (CK8). To measure
proliferation, 5-bromodeoxyuridine (BrdU) was added to the cultures 24h prior to
fixation. Organoids cultured in basal medium exhibited a single layer of squamous
OSE with few proliferating OSE (Fig. 33A). Inclusion of insulin (Fig. 33B) or IGF-I
(Fig. 33C) in the culture medium resulted in formation of a hyperplastic layer of OSE,
approximately 4-6 cell layers thick around the outer surface of the ovary. Primordial
and primary follicles were frequently observed trapped within this layer of OSE (Fig.
33B, 33C, arrow).
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Figure 33: Insulin and IGF-l induce OSE hyperplasia and proliferation. Ovarian
organoids were cultured in alginate hydrogels in basal media (A) or media
supplemented with 5 pg/ml insulin (B) or IGF-I for 7d (C). BrdU was added 24h prior
to fixation to label dividing cells. Tissues were stained with hematoxylin and eosin
(H&E) to evaluate morphology. Arrow indicates primordial follicle. Dashed line is
representative of the field of OSE expansion. Alginate hydrogel stains lightly with
hematoxylin and is marked by G. Serial sections were stained with antibodies
against cytokeratin 8 (CK8) to mark OSE or antibodies against BrdU to mark dividing
cells. All images are 400X.
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Insulin and IGF-l induce OSE proliferation in a dose- and time-dependent
manner

To quantify the proliferative effects of insulin and IGF and determine the
relative potency of each ligand in the OSE, organoids were cultured for 7d with
increasing concentrations of insulin (Fig. 34A) or IGF-I (Fig. 34B). BrdU was added
24h prior to fixation, and serial sections stained for CK8 and BrdU were analyzed to
determine the percentage of proliferating OSE (labeled with BrdU and CK8) relative
to the total number of OSE (labeled only with CK8). By d7 of culture, only about 8%
of OSE cultured in basal medium were proliferating. Addition of 5 pg/ml insulin or 1
pug/ml IGF-I to the culture medium increased the percentage of proliferating OSE to
approximately 41% or 47% respectively, demonstrating that a higher dose of insulin
was required to achieve the same proliferative effects of IGF-l. Unless otherwise
noted, experiments were completed using the 5 uyg/ml dose to reflect commonly used
media supplements and the dose that significantly increased proliferation for both
insulin and IGF-I.

The percentage of proliferating OSE was highest at d1 for all treatment
groups, with 44% of OSE from organoids cultured in basal media exhibiting
proliferation as measured by BrdU incorporation following a 24h label (Fig. 34C).
Addition of insulin to the media increased this percentage to 74%, and IGF-|
increased the percent of proliferating OSE to 83%. The percent of proliferating OSE
declined over 14d in culture, but at d3 and d7, OSE cultured with insulin or IGF
exhibited increased percentages of proliferating OSE as compared to OSE cultured
in basal media. By d14, 34% of OSE cultured with insulin were still proliferating,
compared to 8% of OSE cultured with IGF and 6% of OSE cultured in basal medium
(Fig. 34C).
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Figure 34: Insulin and IGF-l increase OSE proliferation in a dose- and time-
dependent manner. Ovarian organoids were cultured for 7d with increasing
concentrations of insulin (A) or IGF-I (B) and analyzed for CK8 and BrdU expression.
The percentage of OSE with BrdU incorporation was determined by dividing the
number of cells positive for CK8 and BrdU by the total number of CK8-positive cells.
C, Organoids were cultured for 1, 3, 7, or 14d in basal media (black line), media with
5 pg/ml insulin (blue line), or 5 pg/ml IGF-1 (red line) and assessed for the
percentage of OSE with BrdU incorporation as described above. All images are
400X. Data shown represent SEM. * indicates P<0.05.
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Inhibition of IR/IGF1R function restores OSE morphology

To validate that signaling through IR or IGF1R mediated OSE hyperplasia and
proliferation, the receptor tyrosine kinase inhibitor tyrphostin AG1024, which is a
small molecule inhibitor of IR and IGF1R phosphorylation, was incubated with the
organ cultures®®. Culture of ovarian organoids with 10 uM AG1024 alone resulted in
a single layer of OSE with 6% of OSE proliferating, which was not statistically
different from organoids cultured in basal medium (Fig. 35A, 35B). Addition of
AG1024 to media containing 5 ug/ml insulin or IGF-I reduced OSE hyperplasia to a
single layer of cells as determined by CK8 staining, which marks the OSE (Fig.
35A). AG1024 also reduced insulin-mediated or IGF-mediated proliferation to 4% or
3% respectively (Fig. 35B), indicating that the increased proliferation of OSE
following culture with insulin or IGF was due to signaling through IR and IGF1R.
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Figure 35: Inhibition of IR/IGF1R function restores OSE morphology. Ovarian
organoids were cultured 7d with 10 yM AG1024, 10 uM AG1024 plus 5 pg/ml insulin,
or 10 uM AG1024 plus 5 ug/ml IGF-I. Tissues were stained with antibodies against
CK8 and BrdU (A) and the percentage of proliferating OSE was quantified (B) All

images are 400X. Data shown represent SEM. Statistical differences (P<0.05) are
between groups labeled a and b.
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Transcription changes in the OSE in response to insulin or IGF

Few studies have investigated the transcriptional targets downstream of
IR/IGF1R signaling in normal OSE. To evaluate changes in gene expression in the
OSE following culture with insulin or IGF-I, OSE were collected from organoids after
3d in culture to maximize the possibility of monitoring gene changes occurring as the
OSE were undergoing high rates of proliferation and cell growth. Insulin increased
expression of insulin-receptor associated proteins, including insulin-like 1 (Insl1;
2.31-fold increase relative to basal) and insulin-like 3 (Insl3; 4.38-fold increase)
(Table V). As evidence of a negative feedback loop, insulin repressed expression of
lgfr1 (-2.00) and Igf2 (-2.37). IGF also increased expression of insulin-receptor
associated proteins, with a 2.73-fold increase in growth factor receptor-bound protein
10 (Grb10) and a 4.01-fold decrease in Igf2 expression (Table V). As expected,
insulin and IGF both regulated genes involved in metabolism, including an increase
in low-density lipoprotein receptor (LDLR: 2.67-fold increase for insulin and 3.81-fold
increase for IGF) (Table V). Gene expression changes downstream of the mitogenic
PI3K and MAPK pathways were also evaluated. At the level of transcriptional
changes, insulin and IGF repressed subunits of PI3K as well as Akt1 and Akt2
(Table V). Overall, components of the Ras/Raf pathway downstream of MAPK/Erk
were repressed as well by insulin and IGF (Table V); however, this likely represents
negative feedback regulation of the pathway and is not reflective of activated
phosphorylated proteins in the signaling cascade.
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TABLE V
CHANGES IN GENE EXPRESSION IN THE OSE INDUCED BY 5 MG/ML INSULIN
OR 5 MG/ML IGF-I

Gene symbol Insulin IGF Gene symbol Insulin IGF
Insulin-Receptor associated proteins MAPK Pathway
Dok1 -1.24 -4.22 Braf -1.24 -376
Dok2 -217 -1.13 Fos -122 236
Dok3 -1.79 —-14.41 Hras1 -1.04 -226
Eifdebp1 163 221 Kras -1.85 309
Gab1 -1.17 =271 Nos2 =211 -21.53
Gib10 144 273 Rps6kal -1.55 —444
lgfir -2.00 -2.08 Rras 207 265
Igf2 =237 -401 Rras2 -1.58 255
lgfbp1 1.01 =213 Sos1 -1.09 280
Insl1 231 118
Insi3 438 -2.89 Metabolism
Irs2 -173 -7.06 Cebpa 125 -508
Nck1 -141 =215 Cebpb 121 248
Ppplca -1.18 -2.83 Fbp1 -2.08 110
Ptpn1 -1.05 -325 Gpd1 -1.03 -632
PI3K Pathway Gsk3b 1.19 259
Akt1 -1.26 -465 Ldlr 267 381
Akt2 -1.16 -3.19 Lep 214 109
Dusp14 -193 =31 Pparg 1.26 225
Gbpc 231 1.18 Slc2734 -1.14 —455
Hk2 175 238
Mtor -1.38 -362 Other Pathways
Pik3ca -1.21 —-2.66 Cfd 1.02 310
Pik3r1 -149 -3.16 Retn 1.14 -20.16
Pik3r2 -1.16 -323 Npy -152 -298
Serpinel 3.02 266
Ucpl 231 118

Organoids were cultured for 3d in basal media or supplemented with insulin or IGF.
RNA was isolated from collected OSE and reverse transcribed for analysis by cDNA
transcription array. Data shown represent fold changes relative to insulin (n=2) after
normalization to housekeeping genes.
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IGF-l increases pGSK3p signaling in the OSE

To validate that changes in PI3K or MAPK signaling occurred along with
proliferative changes in the OSE, organ cultures treated with insulin or IGF-I were
assessed for phospho-glycogen synthase kinase 3 beta (pGSK3p) and total GSK3p
expression by immunohistochemistry. Akt activation induces phosphorylation of
GSK3p at serine 9, leading to inhibition of the kinase function of the protein,
progression through the cell cycle, and inhibition of apoptotic pathways®°. From
gene expression data, IGF-I induced a 2.59-fold increase in Gsk3b, while insulin
induced a 1.19-fold change in Gsk3b (Table V). Expression of pGSK3p(Ser9) was
increased in the OSE of organ cultures treated with IGF-I relative to basal cultures, in
agreement with the gene expression data (Fig. 36A). This increase in pGSK3pwas
redistributed with the AG1024 IR/IGF1R inhibitor into a punctate diffuse pattern;
additionally, AG1024 reduced expression of total GSK3p (Fig. 36A, 36B).
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Figure 36: IGF-l increases pGSK3B signaling in the OSE. Organoids were
cultured 7d in basal media or media containing 5 pg/ml insulin or IGF-I, with or
without the addition of 10 uM AG1024. Tissues were stained for expression of
GSK3pB phosphorylated at Ser9 (A) or total GSK3p protein (B) All images are 400X.
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Inhibition of MAPK/Erk signaling reduces insulin-induced OSE hyperplasia

Activation of the MAPK pathway is known to occur downstream of IR/IGF1R
signaling, leading to increased transcription and cell proliferation?®. Components of
the MAPK pathway were regulated by insulin and IGF in the OSE by transcription
array (Table V). To determine if this signaling pathway was involved in OSE
hyperplasia and proliferation, ovarian organoids were cultured with the MEK1/2
inhibitor UO126. When organoids were cultured with UO126 alone, a single layer of
OSE was observed with 8% of OSE proliferating, which was similar to organoids
cultured in basal media (Fig. 37A, 37B). To determine if inhibition of MAPK
signaling by UO126 could reduce the OSE hyperplasia and proliferation induced by
insulin, organoids were cultured with both UO126 and insulin. A single layer of OSE
was observed, with 13% of OSE proliferating, which was not significantly different
from basal rates (Fig. 37B). However, organoids cultured with UO126 and IGF-I
exhibited several layers of OSE, although the thickness of the OSE was reduced as
compared to that induced by IGF-I alone (Fig. 37A, 33C). Addition of UO126 to the
culture media reduced the percentage of proliferating OSE to 7%, as compared to
41% for IGF-I alone (Fig. 37B).
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Figure 37: Inhibition of MAPKI/Erk signaling reduces insulin-induced OSE
hyperplasia. Organoids were cultured 7d in media containing the MEK1/2 inhibitor
10 uM UO126, 10 pM UO126 plus 5 ug/ml insulin, or 10 yM UO126 plus 5 ug/ml
IGF-I. Tissues were stained for expression of CK8 and BrdU (A) and the percentage
of proliferating OSE was quantified (B) All images are 400X. Data shown represent
SEM. Statistical differences (P<0.05) are between groups labeled a and b.
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Insulin- and IGF-induced OSE hyperplasia and proliferation requires PI3K
signaling

Another pathway downstream of IR/IGF1R is the PI3K pathway, which plays a
role in cell proliferation, regulation of apoptosis, and directional cell growthm.
Activation of the PI3K pathway alters orientation of the cytoskeleton through the
Rho/Rac/Cdc42 GTPases, as well as affecting other components required for cell
polarity and migration®®. Targets of the PI3K pathway were altered in response to
insulin and IGF (Table V) and the OSE exhibited altered morphology, hyperplasia,
and multilayering in response to insulin and IGF, indicating that activation of the PI3K
pathway may be involved in this phenotype. Organoids cultured with 10 yM
LY294002, a PI3K inhibitor, exhibited a single layer of OSE with only 1% of OSE
proliferating (Fig. 38A, 38B). To determine if LY294002 could effectively block
insulin- or IGF-induced hyperplasia and proliferation, organoids were cultured with
LY294002 and insulin or IGF. Culture of organoids with insulin plus LY294002 or
IGF-I plus LY294002 resulted in growth of a single layer of OSE (Fig. 38A), unlike
organoids cultured with UO126, which only completely blocked insulin-induced OSE
hyperplasia (Fig. 37A). LY294002 reduced insulin-induced OSE proliferation from
41% to 10%, and reduced |IGF-induced OSE proliferation from 41% to 4% (Fig.
38B).
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Figure 38: Insulin- and IGF-induced OSE hyperplasia and proliferation requires
PI3K signaling. Organoids were cultured 7d in media containing the PI3K inhibitor
10 uM LY294002, 10 uM LY294002 plus 5 pg/ml insulin, or 10 yM LY294002 plus 5
ug/ml IGF-1. Tissues were stained for expression of CK8 and BrdU (A) and the
percentage of proliferating OSE was quantified (B) All images are 400X. Data shown
represent SEM. Statistical differences (P<0.05) are between groups labeled a and b.
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High levels of insulin and IGF-l decrease secondary follicle MIS expression

In the mouse ovary, immature primordial and primary follicles are located in
the cortex close to the surface of the ovary, with maturing follicles found in the
medulla and perimedullary zone?*'. As follicles become activated and begin to
mature into secondary and preantral follicles, granulosa cells proliferate to form
multiple cell layers around the oocyte and begin to secrete Mullerian Inhibiting
Substance (MIS)**'. IGF secreted by granulosa cells is required for follicle
maturation beyond the antral stage®°; however, high levels of insulin or IGF can be
detrimental to follicle development, resulting in polyovular follicles, ovarian cysts, and
poor oocyte quality**?>?**. To determine if insulin or IGF affected the follicles as well
as the OSE, the expression of MIS by the secondary follicles was analyzed. All
organoids exhibited localization of MIS to the ovarian surface as expected, with
organoids cultured with insulin or IGF exhibiting several cell layers of OSE
expressing MIS, providing a second marker indicating expansion of this cell type in
response to insulin and IGF signaling (Fig. 39). Secondary follicles were classified
morphologically based on the appearance of at least 2 layers of granulosa cells
surrounding the oocyte. In basal-cultured organoids, most secondary follicles
exhibited MIS expression; however, addition of insulin or IGF to the culture media
resulted in reduced expression of MIS in secondary follicles, which could be rescued
by addition of tyrphostin AG1024 to the media to block IR and IGF1R signaling (Fig.
39). Inhibitors of the MAPK and PI3K pathway did not equivalently restore MIS
expression following treatment with insulin or IGF-I, as culture of organoids with
UO126 restored MIS expression when organoids were cultured with insulin, but
LY294002 restored expression of MIS when organoids were cultured with IGF-I.
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Figure 39: High levels of insulin and IGF-l decrease secondary follicle MIS
expression. Organoids were cultured for 7d in the indicated media. Tissues were
stained for expression of MIS. All images are 100X.
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Culture of organoids with insulin or IGF-l disorders collagen-lV organization

Inclusion of high levels of insulin or IGF-I in ovarian organoid culture medium
resulted in hyperplastic OSE and reduced follicle MIS expression (Figure 1 and
Figure 7). Recent work suggests that the mechanical forces within the ovary may be
involved in follicle maturation and ovulation®*®. Expression of extracellular matrix
proteins (ECM) in the ovary has been well characterized, with collagen IV expressed
abundantly in the OSE and theca cells, with very low levels in the granulosa cells
and stroma®*®. To determine if culture of organoids with insulin or IGF-I resulted in
altered ECM deposition or organization, organoids were analyzed for localization of
collagen IV. Organoids cultured in basal medium exhibited strong expression of
collagen IV in the OSE and theca, but collagen IV was also detected in the granulosa
cells (Fig. 40). Addition of insulin to the medium resulted in a dramatic increase in
collagen IV expression in the granulosa cells, with little expression observed in the
theca. Organoids cultured with IGF-I exhibited a similar expression pattern as basal-
cultured organoids, with collagen IV expressed primarily in the OSE and theca, with
low expression in the granulosa cells. Abrogation of IR and IGF1R signaling
byAG1024 alone altered the deposition of collagen such that the follicles were
surrounded with collagen and very little expression was detected in the granulosa
cells which was a phenotype that resembled uncultured ovaries and was different
than basal organs. The resulting phenotype from AG1024 alone suggested
antagonizing endogenous IGF resulted in collagen deposition more similar to
uncultured ovaries. AG1024 in combination with insulin also resulted in collagen IV
expression restricted to the OSE and theca, resembling normal, uncultured
ovaries®*®. However, addition of AG1024 to organoids cultured with exogenous IGF
did not alter the collagen IV distribution back to resembling uncultured ovaries,
suggesting that 10 uM of the inhibitor could not effectively block all the endogenous
and exogenous IGF. Although inhibition of MAPK by UO126 did not rescue collagen
IV localization (data not shown), inhibition of the PI3K pathway by LY294002
reduced granulosa cell expression of collagen IV to those of organoids cultured with
AG1024 alone, indicating that the PI3K pathway may play a central role in altered
collagen synthesis and deposition downstream of insulin and IGF signaling (Fig. 40).
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Figure 40: Culture of organoids with insulin or IGF-l disorders collagen-IV
organization. Organoids were cultured for 7d in the indicated media. Tissues were
stained for expression of collagen IV. All images are 100X.
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C. DISCUSSION

In vitro culture of primary human or mouse OSE often requires inclusion of
insulin in the media to induce proliferation'?" 2?2, Although insulin and the related
growth factor IGF-1 have been shown to alter epithelial polarity and directional cell
growth??®, little is known about how these growth factors may affect directional
growth of the OSE. Normal OSE grows on the outer surface of the ovary as a single
layer of squamous-to-cuboidal epithelium; however, at concentrations routinely used
for culture of primary cells, insulin and IGF-I induced formation of hyperplastic OSE
4-6 cell layers thick likely due to a dramatic increase in the percentage of OSE
undergoing proliferation (Fig. 33, 34). Importantly, the concentrations used in the
present study and in typical cell culture media are higher than circulating levels or
levels found in follicular fluid. Physiological concentrations in the ovary range from
0.5-10 ng/mL insulin and 100-500ng/mL IGF?*’. Previously IGF1 at 100 ng/mL was
reported to increase OSE proliferation®'® #*®. The signaling pathway primarily
responsible for this hyperplasia was the PI3K pathway, as inclusion of the PI3K
inhibitor LY294002 restored growth of the OSE to a single cell layer (Fig. 39). The
PI3K pathway plays an important role in cell polarity through regulation of the actin
cytoskeleton. Activation of PI3K at the plasma membrane in turn leads to activation
of Akt, which plays a critical role in chemotaxis and migration of many normal as well
as cancerous cell types?*®. Activation of this pathway may also repress expression
of E-cadherin, a component of the epithelial cell tight junction that functions to
establish and maintain cell polarity that is often altered in ovarian cancer cells to
permit increased metastasis®®. While no universally accepted precursor lesion
exists for ovarian cancer originating in the OSE, menopausal ovaries and some
mouse models of ovarian cancer exhibit hyperplasia of the OSE, formation of
papillary structures, and inclusion cysts?®®" 2*°. Insulin and IGF-I did not induce
transformative changes in OSE as measured by growth in soft agar (data not
shown); however, it is possible that if levels of insulin and IGF accumulate enough
locally in disease they might act on early stages of ovarian cancer to increase
proliferation and alter cell polarity to encourage hyperplasia.

The OSE is able to secrete its own ECM, which may play a role in wound
healing following ovulation®*. In particular, OSE express collagen | and collagen IV
in the basement membrane that delineates the OSE from the stroma®*®. Since
insulin and IGF-I induced formation of hyperplastic OSE (Fig. 33), the effects of
insulin and IGF-l1 on collagen IV expression and localization were analyzed to
determine if the hyperplasia included changes in cell polarity. Organoids cultured in
basal media exhibited strong collagen expression in the OSE and theca cells as
expected, with low levels observed in the granulosa cells (Fig. 40). However, insulin
dramatically increased collagen IV expression in the granulosa cells, which may
correlate with reduced expression of MIS in secondary follicles (Fig. 39). Inhibition
of IR/IGF1R function with tyrphostin AG1024 resulted in collagen IV expression
restricted to the OSE and theca as well as increased MIS expression in granulosa
cells (Fig. 39, 40). Studies from the Woodruff lab have demonstrated that altered
cortical rigidity can disrupt folliculogenesis, as a more rigid environment favors
androgen secretion and
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reduced follicle growth?®”:2%°_ As high levels of insulin cause hyperplastic OSE and
increased collagen deposition in the OSE and granulosa cells, this may possibly
increase cortical tension on the ovarian follicles to restrict their growth and reduce
MIS expression. The detrimental effects of high levels of insulin or IGF on follicle
growth may be also be mediated directly by increased MAPK and PI3K signaling.

The MAPK and PI3K pathways are canonical signaling pathways downstream
of IR and IGF1R activation®'. Ovarian organoids cultured with inhibitors of the
insulin/IGF pathway appeared to have more MIS expression in the granulosa cells
indicating that the ovary has endogenous production of IGF that in ex vivo 3D culture
is detrimental to the tissue. In the current study, inhibition of the MAPK pathway
more effectively blocked insulin-induced OSE hyperplasia and follicular degeneration
and was less effective at attenuating the effects of IGF-I. When the MAPK inhibitor
UO126 was included along with insulin in the culture medium, the OSE grew as a
single layer of cells and the secondary follicles produced MIS (Fig. 37, 39). However,
collagen IV expression was still detected in the granulosa cells (data not shown),
indicating that additional signaling pathways may be involved in the process of
altered ECM deposition in response to insulin. The PI3K inhibitor LY294002
effectively reduced OSE multilayering and proliferation induced by either insulin or
IGF-I (Fig. 38) as well as restoring MIS expression (Fig. 39). This correlated with
expression of collagen IV being restricted to the OSE and theca cells similar to when
organoids were cultured with the IR/IGF1R inhibitor AG1024 (Fig. 40), indicating that
PI3K signaling may control collagen IV synthesis or deposition in the ovary, although
future work is necessary to delineate the role of each of these pathways in the OSE.

Use of an alginate hydrogel 3D culture system facilitates observation of how
different cell types in the ovary interact with one another when stimulated with insulin
or IGF-I. As an example, IGF-I is produced locally from the granulosa cells #*°> and
may be responsible for the low levels of collagen IV observed in basal-cultured
organoids (Fig. 40) while inhibition of endogenous IGF signaling by AG1024 was
able to restore collagen to the appearance of uncultured ovaries. It is unknown
whether high levels of insulin and IGF directly or indirectly affect follicle health
through expansion of the OSE, resulting in a restricted growth environment as all
conditions that enhanced MIS expression also reduced OSE multilayering.
Increased collagen deposition has been observed in the stroma of PCOS patients®*
and although PCOS is a complex syndrome involving many different tissues type,
this culture system provides an interesting new model of chronic exposure to insulin
and IGF that resulted in a thickened ovarian surface layer and aberrant collagen
deposition that could impede follicular rupture.
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APPENDIX A (continued)

D. CONCLUSIONS

In this study, an alginate hydrogel culture system was used to investigate the
effects of high levels of insulin and IGF-I on normal ovarian surface epithelium.
Insulin and IGF-I induced OSE proliferation and hyperplasia resulting in formation of
multiple cell layers of OSE, which could be reversed by inhibition of the PI3K
pathway. Granulosa cell health as assessed by MIS expression was reduced
following culture of organoids with insulin or IGF-I. Inhibition of the MAPK pathway
effectively restored MIS expression in organoids cultured with insulin, while inhibition
of PI3K signaling restored increased MIS expression in organoids cultured with IGF-
|. Therefore, the OSE responds to insulin and IGF-I by proliferating and altering the
deposition of collagen, which cannot be discerned in traditional 2D systems. By
culturing the ovarian surface in three-dimensions with the stroma and ovarian
follicles intact, a new phenotype was discovered suggesting that high levels of insulin
and IGF signaling promote hyperplasia of the ovarian surface and encourage
changes in collagen deposition that impair granulosa cell function.
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University of lllinois at Chicago, Chicago, IL, USA
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2009 - 2011 M.S., Pharmaceutical Sciences

University of Southern California, Los Angeles, CA, USA
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2009 - 2011 Graduate Research Assistant
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June — August 2010 Neurophysiology Intern
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Modi DA, Tagare RD, Davis D, Lantvit DD, Burdette JE: Investigating PAX2 as a
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