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DEVELOPMENT OF A PATIENT-DERIVED XENOGRAFT MODEL OF OVARIAN
CANCER TO CHARACTERIZE THE CHEMOTHERAPY RESISTANT
POPULATION
ZACHARY C. DOBBIN
CANCER BIOLOGY
ABSTRACT

Ovarian cancer while the second most common gynecologic malignancy is the
most commons cause of death due to a gynecologic malignancy and the fifth most
common cause of death to cancer in women. In 2014, there will be an expected 21,980
cases and 14,270 deaths. Unfortunately, the five-year survival for ovarian cancer is only
40% and this has barely increased over the past 30 years. New approaches need to be
developed in order to study ovarian cancer and identify methods of overcoming
chemotherapy resistance. This dissertation presents the work conducted in the
development of a patient-derived xenograft model of ovarian cancer to characterize the
chemotherapy resistant population and identify novel methods of targeting ovarian
cancer. The ovarian cancer patient-derived xenograft model recapitulates the
heterogeneity of the patients’ tumor and has demonstrated clinical relevance in response
to primary therapy. Using RNA-seq, it was identified that ribosomal synthesis was up-
regulated and targeting RNA Polymerase 1 is a potential method of overcoming
chemotherapy resistance. Using a patient-derived xenograft model provides a novel

platform for understanding chemotherapy resistance and recurrence in ovarian cancer.
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GENERAL INTRODUCTION
Ovarian Cancer

Incidence, presentation, and standard of care

Ovarian cancer, while the second most common gynecologic malignancy, is the
most common cause of death due to a gynecologic malignancy and the fifth most com-
mon cause of death due to cancer [1]. In 2014, there will be an expected 21,980 cases
and 14,270 deaths [1]. While ovarian cancer encompasses multiple subtype such as epi-
thelial, stromal, and germ cell varieties, the most common and most deadly are the epi-
thelial. Along with primary peritoneal and fallopian tube cancer, this group accounts for
approximately 80% of “ovarian” malignancies[2, 3].

In women that are diagnosed with ovarian cancer, the average 5-year survival is
only 40% and this has barely increased over the past 30 years [4]. In patients that are di-
agnosed with localized disease or regional disease, S-year survival is 93.8% and 72.8%
respectively, while the 5-year survival of metastatic disease, the survival is ~28% [5].
Unfortunately, 70% of patients present with advanced disease. The high mortality rate of
ovarian cancer is primarily due to two factors: (1) the high incidence of patients present-
ing with advanced disease and (2) the high rate of recurrence, despite successful initial
therapy. Clinically, the symptoms of ovarian cancer are non-descript as a patient or phy-
sician is unlikely to palpate a mass when the disease is still localized. Clinical symptoms
of ovarian cancer are bloating, urinary urgency and frequency, difficulty eating or early
satiety, and pelvic or abdominal pain [6, 7]. These symptoms are typically sub-acute and
nonspecific, and so frequently are downplayed by patients or physicians, allowing for the

disease to develop to a more advanced stage. Acute symptoms of ovarian cancer can in-



clude a pleural effusion or bowel obstruction, though when patients present with these
symptoms they have advanced disease [8]. With these ambiguous symptoms, there have
been efforts to develop methods of early detection; such as following serum CA-125 lev-
els prior to diagnosis in combination with transvaginal ultrasound. Unfortunately, these
methods have not resulted in early detection of ovarian cancer [9].

After diagnosis of ovarian cancer, the primary treatment is a surgical tumor reduc-
tion surgery followed by chemotherapy treatment, although administration of chemother-
apy prior to surgery is become more common. The primary tumor reductive surgery
should consists of a thorough exploratory laparotomy with staging, a total abdominal hys-
terectomy, and bilateral salpingo-oophorectomy [3].The goal of surgery is to bring the
patient to no residual disease, as patients that have an optimal cytoreduction have a medi-
an survival of 39 months compared to patients with a suboptimal cytoreduction who
have a median survival of 17 months [10-12]. Following surgical management, patients
typically undergo six cycles of a platinum and taxane-based chemotherapy regimen. In-
terestingly, approximately 50% of patients treated with platinum/taxane-based therapy
will achieve a complete clinical response. However, if those patients undergo a second-
look laparotomy, 50% will be positive for residual disease, and the 50% with no detecta-
ble disease will eventually relapse [5]. This leads to the somber fact that 75% of patients
will eventually have a recurrence, and these recurrences become less and less responsive
to current chemotherapy regimens [13]. These features lead to the hypothesis that there is
a residual surviving population of cells that result in recurrence and eventual chemother-
apy resistance [14, 15]. For advances to be made in survival of ovarian cancer, new ther-

apies have to be developed that target the chemotherapy resistant population of cells.



Pathogenesis of Epithelial Ovarian Cancer

Despite its name, it is believed that all not ovarian cancers arise from the ovary.
Research suggests that many epithelial “ovarian” cancers arises from the ovary or the fal-
lopian tube and occasionally from the peritoneal lining of the abdominal and pelvic cavi-
ty [16]. Tumors that are believed to arise from the ovary proper tend to have the follow-
ing histologies: endometroid, mucinous, clear cell, borderline, and low grade serous. Tu-
mors arising from the fallopian tubes or the peritoneal lining are typically of a high-grade
serous histology. Traditionally, epithelial ovarian cancer was classified based on histolog-
ical subtype. However, with the advent of genomic sequencing, and the recently complete
Cancer Genome Atlas (TCGA) for ovarian cancer, it has been proposed that it is more
accurate to classify epithelial ovarian cancer into Type [ and Type II [17]. Type I is con-
sidered low-grade, and while relatively resistant to platinum-based therapy, it presents at
an early stage and is easily managed through surgical intervention [17, 18]. Type II en-
compasses high grade serous and undifferentiated cancers that present at more advanced
stages, and while more aggressive in growth tend to respond to platinum-based therapy
initially [18]. Analysis by the TCGA has indicated that high-grade serous ovarian cancer
(Type II) is defined predominately by 7P53 mutations in 96% of tumors [19]. In addition,
one heavily mutated pathway in epithelial ovarian cancer is the PI3K/Akt/mTOR path-
way which is described in Section 2: The importance of the PI3K/AKT/MTOR pathway in

the progression of ovarian cancer (pp 19 — pp. 46) of this dissertation.



Cancer Stem Cells
Definition of Cancer Stem Cells and the Cancer Stem Cell Hypothesis

As mentioned above, while most patients present with advanced disease, a majori-
ty of patients will have a complete clinical response to primary chemotherapy only to lat-
er develop recurrence and resistance. This scenario of high initial response, followed by
high recurrence and resistance indicates the presence of a cell population that survives
initial therapy and repopulates the tumor. This population of cells has been hypothesized
to be so-called tumor-initiating-cells (TICs), cancer stem cells (CSC), or therapy-resistant
cells, however for consistency, only CSC will be used in this section.

In the last two decades, there has been a resurgence of the CSC model when de-
scribing tumor growth as opposed to the clonal evolution model that precedes it. Clonal
evolution of cancer is the theory that each cell of a tumor possesses the ability to acquire
genetic changes that would give the cell the ability to form a tumor (Figure 1)[20, 21].
However evidence was found in the 1970s that only a limited sub-population of cells in a
tumor have the ability to form a tumor, self-renew, and differentiate (Figure 2)[22, 23],
at least in mouse xenograft models. It was theorized that CSC had the ability to self-
renew and undergo differentiation while their offspring had limited ability to self-renew
and proliferate. This hypothesis then led to speculation that this was also the population
most resistant to therapy. In the CSC hypothesis, it is accepted that there are two key ob-
servations that must be observed for defining a potential CSC population. First, only a
minority of cancer cells within the heterogeneous tumor have tumorigenic potential when

implanted into immunocompromised animals.
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Figure 1: Model of clonal evolution of a tumor. In the clonal evolution model, where all
cells are derived form a single cell and are divided into subpopulations resulting form
specific mutations and selection fitness. Each subclone population is able to divide and
form a new tumor.

Adapted from: O’Connor, ML. Cancer Stem Cells: A Contentious hypothesis now moving
forward. Cancer Letters, Volume 344, Issue 2, 180-187. Used with permission from
Elsevier Ireland, LTD.
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Figure 2: Initial model of the cancer stem cell theory. The original CSC model, a mirage
to the cellular hierarchy in normal tissue, with the exception of unregulated control of
CSC driving tumorigenesis.

Adapted from: O’Connor, ML. Cancer Stem Cells: A Contentious hypothesis now moving
forward. Cancer Letters, Volume 344, Issue 2, 180-187. Used with permission from
Elsevier Ireland, LTD.



This is investigated by injecting in serial dilutions isolated single cell populations of cells
into animals. CSCs are more tumorigenic and able to form tumors at much lower num-
bers than injecting non-CSC cells [20, 24, 25]. While this is considered the gold-standard
for functionally identifying CSC populations, some researchers argue that this method
just measures the ability of human tumors cells to grow in mice [26, 27]. The second fea-
ture of a CSC refers to its ability to differentiate into CSC and non-CSC populations. This
demonstrates enhanced differentiating capacity [28].

Evidence describing CSCs was first reported in 1994 by Lapidot ef a/ in an model
of human acute myeloid leukemia (AML). They were able to identify a subpopulation of
cells that were CD34" and CD38" and that were the only cells that were tumorigenic and
were able to fully re-capitulate the AML disease phenotype in mice [29]. In this study, a
malignant phenotype could be created with the injection of a single cell. With this dis-
covery, research quickly moved in the direction of identifying CSC in solid tumors.
However, studying CSC in solid tumors had the added complexity of having to reduce a
tumor mass to a single-cell population while also maintaining cell viability. CSCs were
identified in gliomas by the observation of the formation of “neurospheres” that had
properties of stem cells [30] which led to the identification of CD133" subpopulation in
glioblastoma meeting the definition of CSC [24, 31]. These studies showed that as few as
100 CD133" cells needed to be injected for a tumor that recapitulated the entire heteroge-
neity of a human glioblastoma [24]. Since these first studies, CSCs have been identified
in breast, colon, ovarian, and multiple other cancers using the same methods of serial di-
lution of a putative population and tumorsphere growth [32-35]. In cancer treatment, re-

sistance to available chemotherapies and even molecularly targeted therapies is a major



cause of treatment failure [36]. There have been studies that suggest CSCs are the reason
for tumor relapse and are the cause of chemotherapy resistance [20]. Reasons for CSC
resistance to chemotherapy include increased expression of drug transporters, up-
regulation of anti-apoptotic proteins, increased efficiency of DNA repair, and alterations
in cell cycle kinetics [37]. Current chemotherapy treatment options results in elimination
of the non-CSC population, therefore durable cures can only be completed if therapy tar-
gets both the CSC and non-CSC population. When comparing the CSC model to the
clonal evolution model and the evidence supporting both, it is entirely possible that the
actual evolution and development of cancer is a hybrid of the two models (Figure 3).
While CSC do make up a population of cells responsible for the recurrence and growth of
a tumor, it is equally likely that some differentiated tumor cells have the ability to de-

differentiate to a more CSC-like format in the face of evolutionary pressures.

Evidence of Cancer Stem Cells in Ovarian Cancer

While it is possible that the CSC hypothesis doesn’t fully apply to every solid
cancer, in ovarian cancer the CSC hypothesis fits well with the clinical progression over
the course of treatment. As mentioned above, in ovarian cancer, while approximately
70% of patients will have a complete clinical response to surgery and chemotherapy [5],
eventually 80% will have recurrence and a five-year survival rate of 40-50% [13]. This
type of clinical response isn’t observed in other cancers such as colorectal or prostate
when the patient presents with advanced disease [38]. This clinical course for ovarian
cancer indicates that there is a population of tumor cells that survived initial therapy to

later cause recurrence and eventual chemotherapy resistance. In addition to the clinical
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Figure 3: The fluid model of the CSC hypothesis. In the fluid CSC model, both progenitor
cells and differentiated cells are able to re-acquire self-renewal potential.

Adapted from: O’Connor, ML. Cancer Stem Cells: A Contentious hypothesis now moving
forward. Cancer Letters, Volume 344, Issue 2, 180-187. Used with permission from
Elsevier Ireland, LTD.



course of response, recurrence, diminished response, resistance, there is other evidence
that helps fit ovarian cancer pathogenesis within the CSC hypothesis. First, ovarian sur-
face epithelium is more mesenchymal in appearance and usually less differentiated then
other epithelial cells [38-40]. The CSC hypothesis becomes more applicable when con-
sidering the fallopian tubes as a source of ovarian cancer, as the cells in the fallopian tube
represent tissue with a high turnover and the presence of normal stem cells that give rise
to differentiated cells [41, 42].

While ovarian cancer histologically presents with multiple subtypes including pa-
pillary serous, endometriod, clear cell, and mucinous that could arise from different cells
of origins, it is the rate of “mixed histology” lesions that provides evidence that potential
ovarian CSC have the ability to be multipotent and differentiate. Ovarian cancer is ex-
tremely heterogeneous, and it is not known if the CSCs are present in the initial tumor or
induced by chemotherapy. There have been studies that have isolated putative CSC from
primary tumors that were therapy naive and demonstrated the properties of CSC such as
chemotherapy resistance, and ability to differentiate [38]. One group used lineage tracing
in colonic adenomas to provide support for the initial existence of CSC prior to therapeu-
tic intervention [43]. Humphries et al found that while initially in a quiescent state, the
CSC were activated and stochastically expand in response to stressors, such as chemo-
therapy after primary surgery. Some studies have shown that chemotherapy can induce a
stem-like quality to tumor cells, but it is unlikely that this is the sole method for genera-
tion of chemotherapy-resistant CSC [38]. Other gynecologic malignancies, such as gesta-
tional trophoblastic disease and ovarian germ cell tumors can have durable cures with the

same chemotherapy regimens that are used in ovarian cancer. While the origin of CSC
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can be debated for ovarian cancer, the reality is that there is a significant body of evi-
dence that CSC, in some form, do exist in ovarian cancer and they are likely the cell pop-
ulation responsible for recurrence and eventual chemotherapy resistance. Therefore, de-
veloping methods to target this population is necessary in order to combat recurrence and
improve outcomes for patients.

Markers of ovarian cancer stem cells.

Initial experiments that identified ovarian cancer stem cells focused on markers
that were used in other malignancies, such as CD133 in glioblastoma [24]. In ovarian
cancer, the primary markers that have been widely accepted as markers for CSC in ovari-
an cancer are CD133, CD44, ALHD1A1, and ABCG2. ALDHI1AL1 is aldehyde dehydro-
genase, which is responsible for processing toxic aldehydes produced in metabolic pro-
cesses. . It is identified using a functional assay called the ALDEFLUOR assay, which is
also used to isolate stem cells from bone marrow to be used in stem-cell transplantations
[44]. Outside of ovarian cancer, ALDHI1A1 has been used as a marker for CSC and is
usually an indicator of poor prognosis in head and neck cancer, breast cancer, and rectal
cancer [45-47]. ALDHI1A1 has been found to not only to be up-regulated in ovarian can-
cer cell lines that have developed chemoresistance, but targeting ALDH1A1 with siRNA
results in a restoration of sensitivity to cisplatin [48]. ALDH1A1 expression has also been
correlated with a poor prognosis, pluripotency, self-renewal, and increased tumorigenesis
[48-50].

CD44 is a receptor for the extracellular matrix component hyaluronic acid that has
been shown to activate several survival pathways via activation of ERBB2-ERBB3 and

via activation of survival aspects of the PI3K/Akt/mTOR pathway [51]. In addition, cells
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with CD44 expression have an increase in tumorigenesis, the ability to form spheroids,
and recapitulate the parental tumor [35, 52-54]. CD133 is an interesting marker because
while it has been identified in CSC for multiple malignancies, it is unknown what its ex-
act function is. While a surface marker, in some studies it has been associated with a poor
prognosis [48, 49, 55], and in other studies it has been correlated to a good prognosis
[56]. However, studies have shown that CD133 marks a population of cells that have an
increase in tumorigenicity and is related to chemotherapy resistance [57, 58]. While these
are the most common CSC markers for ovarian cancer, it takes multiple studies using
multiple methods to confirm a marker and even then the result can be contradictory. As
presented in Section 3 (pp. 47 — pp. 86), these markers do not represent the entire surviv-
ing population after chemotherapy treatment indicating that more markers need to be elu-
cidated.
Clinical significance of ovarian cancer stem cells

Traditionally the discovery and characterization of putative CSCs takes place in
the laboratory with techniques that result in the dissociation and separation of the tumor
[25]. Once a CSC is identified, it is imperative that it is validated using clinical speci-
mens. There have been studies that have shown CSC expression at diagnosis is correlated
with poor outcome in CD44[56], in CD133 [49, 59], or ALDHI1AT1 [48]. In addition, if
CSCs are mediating the development of recurrence and chemoresistance, they should be
more prevalent in recurrent and resistant tumors in patients. One study that examined the
ascites of patients after recurrence following first-line platinum therapy found they were
enriched for side-population cells [60]. When tumors are compared pre- and post-

treatment, CD133 was found to be more highly expressed in the post-treatment tumors
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and still expressed tumor-initiating properties [61]. In a study that looked at matched
primary, recurrent and resistant tumors, recurrent-chemoresistant tumors were signifi-
cantly more enriched in ALDH1A1 and CD133 [62]. Interestingly, the tumors at presen-
tation and first recurrence were remarkably similar in density of CSC, while tumors ana-
lyzed at the persistent stage and chemoresistant stage had a significant increase for at
least one CSC marker [62]. These data demonstrates that the cells surviving chemothera-
py after surgery are heavily enriched for CSC that must then divide and differentiate into
the heterogeneous mass that presents at first recurrence. The Steg et al study also identi-
fied pathways believed to be involved in “stemness” to be upregulated in the recurrent
samples including TGF-beta, Notch, Wnt, and Hedgehog. While currently accepted CSC
markers for ovarian cancer may not represent the definitive guide, it is important for re-
search to identify methods to target these populations in order for durable cures to be de-

veloped.

Patient-Derived Xenograft Models

The primary method of pre-clinical research for drug discovery has been the use
of clonal cell lines. While cell lines provide many benefits including the ability to repli-
cate experiments, identify and interrogate individual genes and proteins in a pathway,
they have limitations as well. Cancer cell lines lack the heterogeneity of the patients’ tu-
mors, and some cases have been maintained in plastic for over 30 years with little resem-
blance to the original tumor [63]. With the advent of full genomic sequencing, there have
been examples of ovarian cancer cell lines having more in common to other cell lines of

other tumor types than primary ovarian cancer tumor cells [64]. More recently after the
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publishing of the TCGA for ovarian cancer, the most commonly used ovarian cancer cell
lines were found to be very dissimilar from papillary serous carcinoma, the disease re-
sponsible for most ovarian cancer deaths [65]. These problems have led to a high rate of
failure for drugs in the clinical trial setting after seeing success in pre-clinical experi-
ments [66].

Attempts to solve the problems of cancer cell lines have led to the development of
genetic-engineered mouse models that develop spontaneous tumors and the patient-
derived xenograft model (PDX). Genetically engineered mice are useful for studying the
origins and biology of disease; they still pose the problem of having to understand the
genetic initiating events of a cancer and furthermore are still murine tumors and not com-
prised of human cells. PDX models on the other hand are established by the direct im-
plantation of a patient’s tumor into immunodeficient mice [67]. When a tumor is implant-
ed into the mice, it can either be in a heterotopic location or an orthotopic location. Het-
erotopic, such as the flank of the animal, allows for technical ease in terms of implanta-
tion and following tumor growth [68]. Orthotopic, while more complex depending on lo-
cation implanted allows for the tumor to grow in its “natural” environment [69]. Unfor-
tunately, PDX models have some limitations that have made them used sparingly in large
scale pre-clinical studies. First, PDX models are very time intensive, with the first gen-
eration of tumor growth after implantation not occurring from anywhere from two to
twelve months [70-73]. Another problem with the PDX model is that engraftment rates
varies widely with cancers, and historically has been reported to be anywhere from 23%
to 75% depending on tumor type. Interestingly, higher engraftment rates are typically

seen with more aggressive tumors [74]. However, the advantages of the PDX model can-
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not be ignored. PDX models, when established, allow for a tumor that recapitulates the
original patient’s tumor heterogeneity. This recapitulation of the various cellular compo-
nents of a tumor have resulted in many PDX models having a high correlation to drug
response as the patients do in the clinic [75-77]. In theory, this would allow for accurate
pre-clinical trials regarding therapeutics and perhaps more importantly, the ability to
study the natural progression of a cancer as it is treated and re-treated with various
chemotherapeutics. Using the PDX model in this capacity could allow for the unearthing
of mechanisms of chemotherapy resistance that have been elusive to identify in clonal

cell lines.

Goals of Dissertation

To date, ovarian cancer is in desperate need of novel therapeutics and a greater
understanding of the eventual development of chemotherapy resistance. The use of PDX
models in ovarian cancer to date has been limited to a few models established with either
characterization of the genetics of the tumor or response to a pre-clinical drug target. Re-
cently, there was a published cohort of 168 ovarian PDX models engrafted in the intra-
peritoneal cavity with the primary goal of testing novel therapeutics [71]. For this disser-
tation, the goal was to establish a PDX model of ovarian cancer that could be used to
study the development of chemotherapy resistance in order to gain a better understanding
of the pathways involved in chemotherapy resistance.

In Section 2 (pp. 19 — pp. 45), a thorough review of the potential role of the
PI3K/Akt/mTOR pathway’s role in ovarian cancer is described. The recent release of the

Cancer Genome Atlas for ovarian cancer showed that the PI3K/Akt/mTOR pathway was
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one of the most frequently mutated or altered pathway in patient’s tumors. In this section,
a review of the normal role of the PI3K/Akt/mTOR pathway is discussed. The
PI3K/Akt/mTOR pathway has been implicated in the tumorigenesis of ovarian cancer,
with many members of the pathway, such as PTEN, being shown to be key initial driver
mutations. In addition to tumorigenesis, the PI3K/Akt/mTOR pathway has active roles in
tumor progression and proliferation.

Section 3 (pp. 46 — pp. 85) focuses on research in the development of the ovarian
cancer PDX model and its use to identify potential pathways involved in survival of
chemotherapy. The ovarian PDX model was established by first comparing the optimal
growth site: subcutaneous (SQ), mammary fat pad (MFP), intraperitoneal (IP), and sub-
renal capsule (SRC). The SQ and MFP sites were used in initial studies as they represent
heterotopic sites that could be easily followed using caliper measurements. In addition,
growth of tumor in these locations caused minimal complications for the animal during
tumor growth and development. IP was tested as this would represent the orthotopic site
and could potentially provide a more appropriate environment for tumor development.
Finally the SRC was tested as previous reports in the literature found an engraftment rate
of greater than 90% in this location [78]. After establishment of the model, the ovarian
cancer PDX mice were subjected to a combination therapy of carboplatin and paclitaxel
to simulate what the patient would receive in the clinic (Figure 4). This was done to allow
for clinical relevance of the model to be established. In addition PDX tumors were pro-
filed using RNA-Seq and oncogene cancer panels to show genetic similarities to the pa-
tient tumor and gain a global understanding of what pathways are being activated in re-

sponse to chemotherapy treatment. The prevalence of CSCs was also assessed in the PDX
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Figure 4: Ovarian Cancer Patient-Derived Xenograft Model. The ovarian cancer PDX
model is established by first implanting tumors into mice. After the tumor develops, PDX
mice are stratified into two groups: (1) Chemotherapy treatment with carboplatin and
paclitaxel for 4 weeks or (2) No treatment for 4 weeks. At the end of treatment, tumor is
collected for analysis.
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model to determine if they are the cells responsible for chemotherapy resistance.

In Section 4 (pp. 86- pp. 106), data from the RNA-Seq on the chemotherapy ovar-
ian cancer PDX models indicated the prevalence of ribosomal machinery up-regulation in
response to chemotherapy. Specifically, there was an increase in gene expression that was
related to RNA Polymerase I (Pol I) in the treated ovarian cancer PDX samples. This led
to an investigation into the use of a Pol I inhibitor, CX-5461, to evaluate its usefulness in
chemotherapy resistant ovarian cancer and the potential use in ovarian cancer patients. In
cancer, an increase in the size and number of nucleoli is a marker of an aggressive tumor
[79, 80]. An enlarged nucleolus correlates with accelerated ribosomal RNA synthesis.
Our studies confirmed that after chemotherapy treatment there was an increase in the to-
tal number of ribosomes, chemotherapy resistant ovarian cancer cell lines were more sen-
sitive to Pol I inhibition, and that there is potential utility in targeting ribosomal transla-
tion in patients with ovarian cancer as responses were noted in the ovarian cancer PDX
model. Finally in Section 5 (Page 107-121), general conclusions and potential future di-

rections are explored.
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ABSTRACT

Ovarian cancer is the fifth most common cause of death due to cancer in women
despite being the tenth in incidence. Unfortunately the five-year survival rate is only
45%, which has not improved much in the past 30 years. The reason for such a low rate
of survival is even though the majority of women have successful initial therapy; eventu-
ally they develop recurrence and succumb to their disease. With the recent release of the
Cancer Genome Atlas for ovarian cancer, it was shown that the PI3K/AKT/mTOR path-
way was one of the most frequently mutated or altered pathways in patients’ tumors. Re-
searching how the PI3K/AKT/mTOR pathway affects the progression and tumorigenesis
of ovarian cancer will hopefully lead to new therapies that will increase the survival for
women. This review focuses on recent research on the PI3K/AKT/mTOR pathway and its
role in the progression and tumorigenesis of ovarian cancer.

INTRODUCTION

Ovarian cancer is the fifth most common cause of death due to cancer in women,
despite ranking tenth in incidence [1]. In ovarian cancer, primary treatment is surgical
resection of visible disease followed by adjuvant chemotherapy usually consisting of a
combination of platinum-based and taxane-based chemotherapy. Currently the five-year
survival rate for ovarian cancer is only 45% [1]. This high mortality rate is due to the
high incidence of patients presenting with advanced stage disease and the high rate of re-
currence despite successful initial therapy. Approximately 50% of all patients treated

with 1¥-line chemotherapy will achieve a complete clinical response; however, if those

20



patients undergo a secondary laparotomy 50% of the complete clinical response patients
will be positive for residual disease, and rarely ever be disease free[2]. Importantly, even
among patients who have no visible or pathologically-detected disease, 50% of those
will eventually relapse. This leads to the somber fact that more than 70% of patients will
ultimately develop recurrent disease [2].

In order to reduce the high mortality rate seen in ovarian cancer, research is being
conducted in early detection [3-5] and in development of new therapeutics to treat recur-
rence and chemoresistance in ovarian cancer. In terms of treatment of ovarian cancer,
many clinical trials have focused on changing the dosing, scheduling, and combination of
available chemotherapies in order to improve survival. While there have been moderate
improvements, such as using intraperitoneal delivery of chemotherapy, or dose-dense
Taxol regimens, cure rates have not changed significantly. Therefore, in order to im-
prove survival, new therapeutics need to be developed that will target the chemoresistant
population of ovarian cancers.

In ovarian cancer, numerous targeted therapies have been developed and tested
with limited success. This indicates that identification of an advanced ovarian cancer de-
pending on a single gene or on oncogene addiction that can be targeted by a single agent
is rare [6]. Furthermore, there is prevailing evidence that ovarian cancers can be broadly
classified into two groups, Type I and Type II. Type I ovarian cancer is considered low-
grade that will more often present in an early stage but still have relative resistance to
platinum-based therapy. Type II ovarian cancers are represented by high grade serous and
undifferentiated cancers that present at a late stage and while aggressive, normally initial-

ly respond to platinum-based therapy [6].
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The Cancer Genome Atlas has identified numerous activating mutations, DNA
copy number changes and inactivating mutations in ovarian cancer that demonstrate the
complex heterogeneity seen in ovarian cancer. While this complexity indicates that there
will likely never be one molecular-targeted therapy that will cure all ovarian cancer, sev-
eral pathways are frequently abnormal. One such pathway is the PI3K/AKT/mTOR
pathway, with mutations or amplifications in 34% of samples analyzed [7]. These include
mutations in PIK3CA, deletion in PTEN, amplification of AKT1, AKT2, and AKT3, which
all lead to an aberrant functioning PI3K/AKT/mTOR pathway. In this review, the focus
will be on recent research implicating the PI3K/AKT/mTOR pathway in ovarian cancer
progression and tumorigenesis.

OVERVIEW OF THE PI3K/AKT/MTOR PATHWAY

The PI3K/Akt/mTOR pathway is a central regulator in both normal cell physiolo-
gy and in cancer proliferation, tumorigenesis, and metastasis. The pathway is comprised
of three main driving molecules: PI3 kinase (PI3K), AKT, and mammalian Target of Ra-
pamycin (mTOR).

The PI3K are a family of lipid kinases that phosphorylate the 3-hydroxyl group of
phosphoionositides [8]. There are three classes that make up the PI3K family: Class I,
Class II, and Class III [9]. Class I are heterodimers of PI3K consisting of a catalytic p110
subunit and a regulatory p85 subunit. The p110 has 3 isoforms (a, B, and d). A combina-
tion of the p85 subunit and the p110 (a, B, or 8) make up the group known as Class 1A
PI3K. Class IB is made up of a p101 and 110-y subunit [8]. Together, the role of Class 1
PI3K is involved in cell proliferation, insulin signaling, immune function and inflamma-

tion[8, 9]. Class II PI3Ks are monomeric catalytic isoforms involved in the regulation of

22



membrane trafficking, while Class 111, solely made up of Vps34, has a role in autophagy
[10] It is primarily Class IA PI3K that has been implicated in cancer and have numerous
targeted pharmaceuticals being developed or currently in clinical trials.

After PI3K is fully activated, the kinase converts the substrate phosphatidylinosi-
tol 4,5-bisphosphate (PI(4,5)-P2) into PIP(3,4,5)3. This conversion of PIP2 to PIP3 al-
lows for AKT and PDK1 to be brought together near the inside of the cell membrane.
This results in AKT, a serine/threonine kinase, being phosphorylated at threonine-308 in
its kinase domain. AKT can also be activated by phosphorylation at serine-473 by
mTOR-Rictor (MTORC?2) which is in the helical domain of AKT [11]. AKT is the cen-
tral molecule in the PI3K/AKT/mTOR pathway, activating and modulating numerous
downstream targets. AKT can stimulate protein synthesis and cell growth by activating
mTOR though inhibition of the TSC1/2 complex and modulating cell proliferation by in-
activating cell cycle inhibitors [9, 12, 13].

TOR1 and TOR2 were originally discovered in the yeast Saccharomyces cervisiae
by the observation that this protein was inhibited by the macrolide rapamycin [14]. Later
a structurally and functional conserved mammalian version was discovered and designat-
ed mTOR [15, 16]. mTOR is a 289 kDA serine/threonine kinase that actually belongs to
the PI3K-related protein kinase family as its C-terminus shares strong homology to the
catalytic domain of PI3K [16]. In the mammalian cell it was discovered that mTOR actu-
ally exists in two complexes, mMTORC1 and mTORC2 [17, 18]. mTORCI1 is made up of
Raptor, mTOR, PRAS40, mLST8/GBL, and deptor, while mTORC2 contains Rictor,
mTOR, mLST8/GBL, Sinl, protor-1, and deptor [17, 19]. mTORC?2 is unique from

mTORCI not only because of the slight difference in molecules that make up the com-
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plex but because it is not sensitive to rapamycin. [17] mTORCI is sensitive to growth
factor stimulation, oxygen levels, or nutrient availability and functions by regulating the
phosphorylation of rS6K and 4E-BP1, two proteins involved in the control of protein syn-
thesis, translation initiation , and cell mass. mTORC?2 participates in cell survival and
proliferation in part through its ability to control AKT activity by phosphorylation of
AKT at serine-473 [11].

The role of the PI3K/Akt/mTOR pathway in ovarian cancer is foreshadowed by
its role in protecting the primordial follicles from destruction during normal oocyte matu-
ration. Polycyclic aromatic hydrocarbons, which are environmental toxins, are known
reproductive toxins that results in primordial follicle atresia causing premature ovarian
failure [20]. One polycyclic aromatic hydrocarbon that has been shown to induce ovotox-
icity is 3-methylcholanthrene (3MC) [20, 21]. However, until recently the mechanism
was not well understood. When murine ovaries are treated with 3MC, follicular atresia is
documented, [22] that can be prevented with treatment LY294002, a PI3K inhibitor. In
the face of insult by an ovotoxin, the follicles attempt cell survival via up-regulation of
the PI3K/AKT/mTOR pathway that paradoxically leads to an increase in follicular prolif-
eration, depleting the reserve of primordial ovarian follicles [22]. This results in the phe-
notype of premature ovarian failure in 3MC treatment. As in cancer, the PI3K/Akt/mTOR
pathway has a key role in promoting cell survival in the normal ovary.

The role of the PI3K/AKT/mTOR pathway in ovarian cancer is extremely com-
plex, arising from two main sources: (1) the diverse alterations found with
PI3K/AKT/mTOR pathway itself and (2) the diverse alterations in inputs into the

PI3K/AKT/mTOR pathway. Through these various changes, the PI3K/AKT/mTOR
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pathway has demonstrated to play a key role in ovarian cancer tumorigenesis, progres-
sion, and chemotherapy resistance.
TUMORIGENESIS OF OVARIAN CANCER AND PI3K/AKT/MTOR PATHWAY

Historically, the subtypes of epithelial ovarian cancer have been defined by his-
tology and are primarily classified into papillary serous, endometrioid, mucinous, and
clear cell [23, 24]. Recent evidence is leading to the idea that the disease of epithelial
ovarian cancer is actually comprised of a spectrum of cancer types that originate from
different pelvic organs, most notably form the fallopian tube [6, 25], [26].

While Kim et al identified a role for PI3K/AKT/mTOR in the tumorigenesis of
Type II ovarian cancer arising from the fallopian tube, other groups have implicated the
pathway in the tumorigenesis of Type I ovarian cancer arising from the ovarian bursa.
Type I ovarian cancer is considered lower grade than Type II and typically less respon-
sive to traditional chemotherapy [27]. In addition, Type I has frequent cell signaling
pathway mutations in KRAS, BRAF, CTNNBI, and PTEN and comprises most endome-
trioid, clear cell, and mucinous histologies [28] [29]. When 4Apc and Pten are conditional-
ly inactivated in the ovarian bursa of a mouse, an endometrioid ovarian carcinoma devel-
ops that has nuclear expression of B-catenin and absence of PTEN expression [27].

While the above models required one mutation in PI3K/Akt/mTOR coupled with
a mutation in another pathway, if a double knock-out is present with alterations to two
members of the PI3K/AKT/mTOR pathway, ovarian tumorigenesis can occur. Using a

HI R .
047R mutation

genetically engineered mouse that was bred to have an activating PIK3CA
and be Pren” " Kinross et al noticed that the mice only had hyperplasia of the ovarian

surface epithelium [30]. However, when a second deletion of Pten was introduced direct-
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ly into the ovarian bursa, the mice developed ovarian serous adenocarcinomas and granu-
losa cell tumors. This indicates that a secondary defect in a co-regulator of PI3K activity
1s sufficient in conjunction with a mutant PIK3CA for tumorigenesis to occur [30]. Muta-
tions in the PI3K/AKT/mTOR pathway clearly result in the generation of ovarian tumors;
however, what type they relate to clinically depends on the type of the genetic loss and
the combination of genetic mutations.
PI3K/AKT/MTOR IN THE PROLIFERATION AND PROGRESSION OF OVARIAN
CANCER

The role of the PI3K/AKT/mTOR pathway in terms of proliferation and progres-
sion of ovarian cancer is extremely complex. Many perturbations have been shown to
contribute to carcinogenesis, with the endpoint the same: activation of the pathway re-
sults in an increase in cell proliferation, migration, invasion, and chemotherapy re-
sistance.

The complexity begins with how deregulation of PI3K/AKT/mTOR can occur as
a result of over-activation, mutations in the catalytic domains, mutations in the regulatory
domain, or modifications to the downstream targets of PI3K. As demonstrated by the
TCGA, the most prevalent mutational alterations are those affecting PIK3CA and PTEN
[7]. PTEN is located on chromosome 10923 and functional loss of PTEN impairs its lipid
phosphatase activity, which is critical for tumor suppressor activity [31]. For PIK3CA, its
dysfunction arises as a mutation on chromosome 3 that is predominately observed in en-
dometrial, breast, and colorectal cancers or by gene amplification in ovarian cancer [32].

Robust pre-clinical models have been established for studying the

PI3K/AKT/mTOR pathway in ovarian cancer. For example, SKOV3 has an activating
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mutation in PIK3CA [33] and the A2780 cell line has deletion of PTEN [34]. By targeting
the individual members of the PI3K/AKT/mTOR pathway with siRNA, the role of each
component can be easily elucidated.

If the p100 subunit of PI3K, which is encoded for by PIK3C4, is targeted with
siRNA in OVCAR-3 cells, there is a decrease in migration, decreased invasion, and a de-
crease in proliferation [35]. The decrease in proliferation has also been replicated in
OVCAR-8 (AKT2 copy number gain), UPN251 (PIK3CA DNA copy number gain) and
A2008 (PIK3CA mutation) cell lines that are treated with siRNA against PIK3CA [36].
However, one report was not able to reduce proliferation in OVCAR-3 cells treated with
the PI3K inhibitor LY29400 [37]. The difference might be accounted for given molecular
targeted therapies require the over-activation of the target in order for the therapy to have
a target. While OVCAR-3 may have low basal AKT activity, targeting it via siRNA will
still knock-out any expression [35, 37]. This leads to the complexity in designing treat-
ments that take advantage of the pathway in ovarian cancer. Overall targeting of PIK3CA
results in the decrease of proliferation markers CyclinD1, CDK4, CyclinE, CDK2 and
p21 and an increase in expression of p27. As G1 cell cycle progression is regulated by the
CDK inhibitor p27, the release from its inhibition seems to account for the decrease in
cell proliferation [35].

Proliferation and invasion is also affected when AKT is directly targeted as well.
SiRNA against the AKT1 isoform of reduces proliferation of OVCAR-3 cells, but to a
lesser degree then inhibition of PIK3CA [35]. Targeting the AKT2 isoform has been
shown to increase the activation of apoptosis [36]. This increase in apoptosis activation is

not seen when PIK3CA is targeted. Invasion of ovarian cancer cells is reduced with
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AKT1 knockout but to a lesser extent then PIK3CA knockout [35, 36]. When p110-a or
AKTTlare targeted with siRNA, there is also a decrease in the downstream molecule
p70S6K 1. Directly targeting p70S6K1 also reduces proliferation and invasion in ovarian

KIPL that is

cancer cells, though there is no rescue of expression of the CDK-inhibitor p27
seen in targeting p100-a or AKT1 [35]. This indicates the cell cycle is not being inhibited
as strongly as when molecules higher in the PI3K/AKT/mTOR pathway are targeted.
Targeting mTOR directly can also decrease ovarian cancer cell proliferation and
migration. However, the complexity of mTOR in the pathway contributes to the difficulty
in elucidating mTOR’s exact role in proliferation. As mentioned earlier, mTOR can be
found in two complexes: mMTORCI1 and mTORC?2 [17-19] It is important to study each
complex independently as treating with rapamycin shows a differential response in each
complex. When mTORC1 was targeted using siRNA against Raptor, there was a decrease
in pS6 and p4E-BP1 levels [17]. Raptor knockdown also provokes an increase in pS*’*-
AKT indicating compensatory activation of AKT by mTORC?2 in response to loss of
mTORC] signaling. Conversely, Rictor knockdown decreases pS*”>-AKT and pS6 levels.
In terms of proliferation, knockdown of Raptor has a greater inhibitory effect then
knockdown of Rictor. Raptor has a similar effect on proliferation as mTOR siRNA
knockdown indicating that mMTORC1 is more important in cell proliferation for ovarian
cancer [17]. Though mTORCI signaling has the more important role in ovarian cancer
cell proliferation than mTORC?2, therapeutically, both molecules will need to be targeted

to prevent the compensatory activation of AKT via mTORC2 when mTORCI is inhibited

alone [17, 38].
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While the activation of PI3K/AKT/mTOR leads to an increase in proliferation,
invasion, and migration, the mechanism of how this occurs appears to be regulated
through essential matrix metalloproteinase (MMPs). MMPs are zinc dependent endopep-
tidases with the ability to degrade various extracellular matrix proteins. They are in-
volved in cleavage of cell surface receptors and releasing apoptotic signals and by target-
ing Collagen IV in the basement help allow a cell to migrate [39, 40]. Tissue inhibitor of
matrix metalloproteinases (TIMP) are naturally occurring inhibitors of MMPs, except for
TIMP1 and TIMP2 which help activate MMP-2 and MMP-9, [41]thereby playing a role
in migration and invasion in ovarian cancer [42]. Research in other malignancies has
identified that activation of PI3K leads to an increase in MMP-2 activity and an increase
in cell motility [43, 44]. Treating ovarian cancer cell lines SKOV3, OVCARS and
IGROV1 with a PI3K inhibitor, LY294002, there is a reduction in gondatropin induced
MMP-2 activity with little change in MMP-9 activity [42]. However migration and inva-
sion are significantly decreased when cells are treated with LY294002 and cisplatin. This
can be occurring due to TIMP1 and TIMP2 expression decreased by LY294002 hence
preventing migration through a decrease in MMP-2 activity [42].

Other studies have found that MMP-9 activity and not MMP-2 activity is respon-
sible for migration and invasion. The flavonoid apigenin, which can inhibit tumor growth
[45], is able to reduce the amount of metastases in the abdominal organs of a orthotopic
xenograft model [46]. Mechanistically the reduction in metastases is due to apigenin in-
hibiting AKT phosphorylation and subsequently caused a decrease in MMP-9 activity
though not MMP-2. While these results are opposite of what Karam et al [42] who saw a

decrease in MMP-2 activity in the presence of a decrease in AKT phosphorylation, over-
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all the observed phenotype is identical. Whether through a decrease in MMP-2 or MMP-9
activity, inhibiting AKT phosphorylation results in a decrease in invasion, migration, and
metastasis of ovarian cancer cells.

When brought together, a picture begins to emerge on how the PI3K/AKT/mTOR
pathway is playing a key role in invasion for ovarian cancer. PI3K activation leads to the
phosphorylation of AKT, which in turn activates p70S6K1. This downstream activation
results in TIMP1 and TIMP2 expression activating MMP-2 or MMP-9 allowing for inva-
sion and migration.

OUTSIDE INFLUENCES ON THE PI3K/AKT/MTOR PATHWAY

Numerous different inputs into the PI3K/AKT/mTOR pathway add to the com-
plexity of the picture. One input involves the normal stress response pathway. The AMP-
activated protein kinase (AMPK) is a metabolic stress-related and energy censor kinase
that plays a role in monitoring the AMP/ATP ratio. Activation of AMPK ultimately re-
sults in downstream signals that control processes important for regulation of metabolism
including fatty acid oxidation and mRNA translation/protein synthesis [47]. AMPK can
suppress the activation of the mTOR pathway via indirect inhibitory effects on the
mTORCI1 complex by the phosphorylation and activation of the TSC2-TSC1 complex
[47]. Normally AMPK physiologically inhibits mTOR in the context of decreased energy
sources to the cell. However in cancer, there is evidence that AMPK signaling is reduced
allowing the cancer cell to escape normal proliferation controls. [47] While AMPK sig-
naling is reduced in ovarian cancer cells, it can be restored though the use of metformin.
Metformin is used in therapy for diabetes and can modulate AMPK activation [48]. With

metformin treatment, AMPK activation inhibits protein biosynthesis and decrease phos-
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phorylation of mTOR [48]. This results in a modulation of p21, p27, and Cyclin D1, re-
ducing proliferation [48].

Alternatively, PI3K/AKT/mTOR can be activated by the loss of SMEK1 without
affecting individual members of the PI3K/AKT/mTOR pathway. sMEK1 is a tumor sup-
pressor of the protein phosphatase 4 regulatory subunit 3 (PP4R3) and the PP2A subfami-
ly, which are conserved serine/threonine phosphatase [49]. Interestingly, SMEK1 is down
regulated in ovarian and cervical tumor tissue [49]. However, re-expression of SsMEK1 in
the OVCAR-3 cell line results in a suppression of cell proliferation by inducing cell cycle
arrest at G1/Gy phase with an increase in CDK inhibitor p16, and p27 [49]. In addition,
sMEK1 expression induces PI3K and AKT dephosphorylation and reduction of expres-
sion of the mTOR/p70S6K proteins [49].

The PI3K/AKT/mTOR pathway can also be activated via alternative phosphoryla-
tion of AKT. PI3K will activate AKT through phosphorylation on a Threonine-308 resi-
due. However, EGFR can phosphorylate AKT independent of PI3K change at the Serine-
473 residue resulting in AKT over-activation [50] and an increase in angiogenesis, metas-
tasis and anti-apoptosis properties. Reduction of EGFR phosphorylation and AKT phos-
phorylation results in apoptosis induction and the dissociation of Rictor and Raptor from
mTOR, causing a decrease in proliferation [50].The activation of the EGFR-AKT axis
may also be further upstream involving G protein-coupled receptor 30 (GPR30). GPR30,
a 7-transmembrane estrogen receptor, is widely expressed in cancer cell lines [51, 52]
and is strongly associated with proliferation, invasion, metastasis, and drug resistance of

various cancer cell lines [53-55]. GPR30 can phosphorylate EGFR and thus activate AKT
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in ovarian cancer cell [56], and at least one study has demonstrated a poor prognosis
with high GPR30 expression.[57]

Another example of mutations outside the pathway impacting mTOR is hyper
activation of fatty acid synthase (FASN). FASN is an enzyme responsible for de novo
synthesis of lipids from sugars, is overexpressed in 80% of ovarian carcinomas [58], and
has been shown to be a predictor of poor survival [59]. Inhibition of FASN results in
PI3K and downstream mediators to be targeted for degradation by ubiquitination, leading
to cytoreduction and growth arrest in A2780, SKOV3, OVCAR-3 ovarian cancer cell
lines [60]. This is unique, as pathway inhibitors usually result in a reduction of phosphor-
ylation and not an actual decrease in measureable protein.

These outside pathways that result in activation of the PI3K/AKT/mTOR pathway
will make it difficult to identify which patients would benefit the most from target thera-
py. If only the mutation status of PI3K/AKT/mTOR members is analyzed, potential can-
didates for treatment would be missed if their pathway aberration is the result of an out-
side influence.

MICRORNA, OVARIAN CANCER, AND THE PI3K/AKT/MTOR PATHWAY

The discovery of miRNAs in 1993 and later in functional roles in cancer as tumor
suppressors or oncogenes opened up a new understanding of tumorigenesis and possible
therapeutic options [61, 62]. Work by Zhang et al in 2008 [63] brought some of the first
research implicating miRNA in the pathogenesis and tumorigenicity of epithelial ovarian
cancer. miRNA in ovarian cancer play both oncogenic and tumor suppressive roles.
miRNA-93 has been identified as a regulator of PTEN/AKT signaling with expression of

miRNA-93 inversely correlating with PTEN expression [64]. In addition miRNA-93 has
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been shown to decrease cisplatin chemosensitivity in ovarian cancer cells. miRNA-21
also acts on ovarian cancer via the PI3K/AKT/mTOR pathway by suppressing PTEN,
and is even activated by AKT in hypoxic conditions to induce survival [65, 66]. Another
oncogenic miRNA in ovarian cancer is miRNA-182, which has been shown to promote
cell growth, invasion and chemoresistance by targeting programmed cell death 4
(PDCD4) and was able to reduce chemosensitivity of ovarian cancer cells to Taxol [67].

The role of miRNA in epithelial ovarian cancer is not always oncogenic. miRNA-
152 and miRNA-185 co-contribute to cisplatin sensitivity in ovarian cancer cells [68].
Overexpressing miRNA-152 and miRNA-185 in cisplatin-resistant ovarian cancer cell
lines results in restoring of chemosensitivity through suppressing DNA methytransferase
1 [68]. Research has indicated that miR-204 has an important role in tumorigenesis [69,
70], and high-resolution custom miRNA comparative genomic hybridization has shown
that there is frequent genomic loss in the chromosome containing miR-204 [71]. miR-204
is lost in 44.63% of ovarian tumors analyzed and its overexpression in SKOV3 ovarian
cancer cells reduces colony forming capacity. It appears that miR-204 is targeting genes
associated with tumorigenesis [71] by reducing p-AKT, p-4E-BP1 and p-S6. However,
the regulation of p-AKT is outside of the known phosphorylated residues associated with
the PI3K/AKT/mTOR pathway [71]. This indicates miR-204 is down regulating p-AKT
outside of the two phosphorylated residues known in to be activated in the
PI3K/AKT/mTOR pathway.

CLINICAL RELEVANCE OF THE PI3K/AKT/MTOR PATHWAY
While preclinical studies have contributed invaluable knowledge about the pro-

gression and tumorigenesis of ovarian cancer, the final step is finding a correlation in the
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clinic. Not only are genetic alterations identified and observed in preclinical models pre-
sent in clinical samples, but there is also prognostic and potential therapeutic value in un-
derstanding how a patient’s tumor has a modified PI3K/AKT/mTOR pathway. Analyses
of clinical samples have ranged from looking at mutational status of the regulator mole-
cules of the pathway, changes in the activity of the downstream molecules, and the effect
these changes have on survival and therapy options.

One molecule that is frequently mutated in ovarian cancer is PIK3CA. A muta-
tional change here can result in over activation of PI3K kinase-activity. When there is a
PIK3CA™"® mutation, which is in the kinase domain, it results in enhanced lipid kinase
activity [30]. If an inactivating mutation occurs in PIK3R1, the p85 regulatory subunit of
PI3K, PI3K/AKT/mTOR over activation occurs. In patients with a PIK3CA activating
mutation, 40% also had an inactivating mutation in the regulatory genes PIK3R] or
PTEN [30]. Mutations and alterations also occur in AKT resulting in an increased amount
of activated AKT. Typically, ovarian cancer will have AKT amplification and at a lower
frequency due to a missense mutation in AKT [35, 72].

In a more comprehensive analysis of 93 primary ovarian tumors, Comparative
Genomic Hybridization (aCGH) was used to identify copy number changes. When look-
ing at 9 canonical signaling pathways (PI3K/AKT/mTOR, MAPK, TGF-B, p38/MAPK,
INK, JAK/STAT, WNT/B-Catenin, and NF«xB) and copy number variation in terms of
patient survival, the PI3K/AKT/mTOR pathway was the most frequently altered cancer
related pathway [36]. Similar to Kinross et al, 40% of patients had genetic aberrations in
PIK3CA, with the most copy number gains seen in all the patient samples [36]. The se-

cond most copy number gains were seen in PIK3CB (27%) and Cyclin-D2 (27%), which
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would account for uncontrolled cell cycle progression in ovarian cancer [36]. Also
PIK3R4 and PIK3R1, genes for the regulatory subunit for PI3K, showed a decrease in
copy number in 20% and 22% of patients respectively [36]. Importantly, the copy num-
ber variations identified in the PI3K/AKT/mTOR pathway were directionally concordant
with the expected oncogenic activity. This was not the case in the other pathways exam-
ined. In the other pathways that showed a copy number variation, it was “non-
directional” or against the observed oncogenic activation [36].

These data implicates that copy number variation is a feasible method for identi-
fying alterations in the PI3K/AKT/mTOR pathway in patients. The copy number varia-
tions observed in the PI3K/AKT/mTOR pathway also correlated with survival. Patients
with 2 copies of wild-type PIK3CA vs. patients with a copy number gain or mutation in
PIK3CA survived 59.3 months versus 28 months [36]. If a patient does not have any copy
number variation or mutation in PIK3CA, PIK3CB, or PIK3R4 median survival was 80.4
months compared to patients who have two or more alterations in different genes had a
median survival of 18.2 months. The findings of this study indicate that not only can
changes in the PI3K/AKT/mTOR pathway provide prognostic factors about survival, but
also genetic activation of the PI3K/AKT/mTOR pathway is an important characteristic of
ovarian cancer.

Increasingly, clinicians and researchers believe that while genetic information is
informative regarding the genetic background of a patient’s tumor, functional read-outs
of alterations in a patient’s tumor can provide more information in directing future thera-

pies. Identifying which patients are expected to respond to first-line chemotherapy treat-
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ment and future treatment can help guide therapy, avoiding therapies that will not benefit
the patient.

In a study that analyzed the ascites fluid of eighty-eight patients with advanced
ovarian cancer, the mutational status and phosphorylation status of members of the
PI3K/AKT/mTOR pathway was analyzed. In patients that were chemotherapy naive,
there was a statistically significant increase in the level of phospho-p70S6K and p-AKT
in the ascites fluid of patients who were classified as non-responders as compared to pa-
tients who had either a partial- or complete-response to first-line chemotherapy [73].
However, this increase in phosphorylated p70S6K and phosphorylated AKT did not cor-
relate with corresponding mutations or amplifications in PIK3CA, mutations in AKT2, or
loss of PTEN. While the study admits the lack of correlation could be the result of small
sample size, it is also possible that there are other factors leading to over activation of the
p70S6K and AKT. Interestingly, in patients that did not respond to subsequent chemo-
therapy compared to patients who did, only phosphorylated p70S6K was significantly
elevated [73].

While there is no doubt that genetic alterations in PIK3CA, and AKT, or the loss
of PTEN contribute to the role of the PI3K/AKT/mTOR pathway in the progression of
ovarian cancer, this study suggests that that there are additional important factors that
drive the PI3K pathway [73]. Furthermore, it is important to look at functional readouts
of pathway activation, as elevated phosphorylated p70S6K levels may be indicative of
chemoresistance.

Further studies are highly warranted in identifying the best scenarios for adminis-

tering PI3K/AKT/mTOR pathway inhibitors. While PI3K/AKT/mTOR inhibitors are in
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trials for breast cancer and endometrial cancer, there have been limited clinical uses thus
far in ovarian cancer. One of the first reports on clinical use of a PI3K/AKT/mTOR in-
hibitor in ovarian cancer looked at the utility of the dual-targeting strategy involving
PI3K/AKT/mTOR and RAF/MEK/ERK pathways.[74] The PI3K/AKT/mTOR and
RAF/MEK/ERK pathways are both heavily implicated in cancer progression. Also, both
pathways have the ability to be activated by the RAS proteins and recent data have shown
that when downstream AKT and mTOR are inhibited by pharmacologic agents, PI3K can
activate mitogen-activation protein kinase (MAPK) via RAS [75]. There is concern that
targeting one pathway will lead to quick resistance to that therapy as the other pathway
will compensate and take over activation [76] In this study of 236 patients, 32.2% re-
ceived a combination of PI3K-pathway inhibitor and MAPK-pathway inhibitor, where
52.5% received just a PI3K-pathway inhibitor and 15.3% received a MAPK-pathway in-
hibitor [74]. In patients that had co-activation of both PI3K/AKT/mTOR and
RAS/MEK/ERK that were treated with dual-inhibitors, all patients showed regression of
the tumors varying between 2% to 64%. However, if the patients had a PI3K(CA mutation
with KRAS activation and only received an inhibitor to one of the two pathways, there
was no response to therapy[74]. Considering the complexities of the PI3K/AKT/mTOR

pathway, single-agent treatment is unlikely to be successful.

CONCLUSION
In the development and progression of ovarian cancer, it is clear that the
PI3K/AKT/mTOR pathway plays an instrumental role. This role manifests itself in many

unique ways presenting a complex picture for ovarian cancer. Alterations in the pathway

37



can be the initializing event in aggressive high grade serous cancers or for low grade en-
dometrioid type ovarian carcinoma. Mutations in the pathway can contribute to cellular
proliferation, invasion and migration through modification of cell cycle inhibitors and
MMPs. Additionally, changes in outside inputs, such as AMPK, sMEK, or FASN can
result in pathway changes without initiating genetic alterations in PI3K/AKT/mTOR fam-
ily members. Multiple miRNA’s can suppress or promote pathway activation in the same
way as outside molecules.

Clinically, expression of p70S6K can help determine if a patient will respond to
chemotherapy and copy-number alterations can be prognostic for a patient’s survival. The
PI3K/AKT/mTOR is a diverse pathway that affects equally diverse aspects of tumor de-
velopment, progression, and patient survival. While targeting of PI3K/AKT/mTOR for
treatment would seem to be an ideal strategy due to its importance, it will be difficult.
Therapies will have to be given in combination and specifically tailored to each patient in
order to have the most effect.
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ABSTRACT

A cornerstone of preclinical cancer research has been the use of clonal cell lines.
However, this resource has underperformed in its ability to effectively identify novel
therapeutics and evaluate the heterogeneity in a patient’s tumor. The patient-derived xen-
ograft (PDX) model retains the heterogeneity of patient tumors, allowing a means to not
only examine efficacy of a therapy, but also basic tenets of cancer biology in response to
treatment. Herein we describe the development and characterization of an ovarian-PDX
model in order to study the development of chemoresistance. We demonstrate that PDX
tumors are not simply composed of tumor-initiating cells, but recapitulate the original
tumor’s heterogeneity, oncogene expression profiles, and clinical response to chemother-
apy. Combined carboplatin/paclitaxel treatment of PDX tumors enriches the cancer stem
cell populations, but persistent tumors are not entirely composed of these populations.
RNA-Seq analysis of six pairs of treated PDX tumors compared to untreated tumors
demonstrates a consistently contrasting genetic profile after therapy, suggesting similar,
but few, pathways are mediating chemoresistance. Pathways and genes identified by this
methodology represent novel approaches to targeting the chemoresistant population in

ovarian cancer.

INTRODUCTION
Although most ovarian cancer patients present with advanced-stage disease, re-
sponse to front-line platinum-based chemotherapy is high, on the order of 75%. The
combination of surgery and adjuvant chemotherapy will allow remission in most patients,

and about 40% of advanced stage patients will live at least 5 years [1]. However, absolute
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cures are uncommon, with 80% of patients eventually having a recurrence [2]. The clini-
cal profile of high rates of positive responses yet high recurrence rates suggests the pres-
ence of a subpopulation of cells within the heterogeneous tumor that survives initial
chemotherapy, to lie dormant and eventually regrow with chemoresistant disease. Only
by targeting this subpopulation can we achieve durable cures [3, 4].

Pre-clinical models used in drug discovery have predominately used clonal ovari-
an cancer cell lines, which cannot account for tumor heterogeneity, and evolve though
selective growth and time to become very different from tumors growing in patients. Re-
cently some of the most commonly used ovarian cell lines used were reported to have
profiles more like endometrioid than papillary serous carcinoma, as defined by TCGA
expression profiling[5]. Studying tumors preclinically that more closely resemble human
tumors may increase the likelithood that medications effective in preclinical studies are
effective in clinical trials. The patient-derived xenograft (PDX) model, whereby tumors
are collected from patients and immediately implanted into mice, has recently been char-
acterized and may allow such an advantage [6-8].

We set out to further characterize the PDX model and determine whether the het-
erogeneity seen in ovarian cancer is recapitulated, in order to explore the cell populations
responsible for chemoresistance. One potential subpopulation with chemotherapy re-
sistance is the cancer stem cell (CSC) population. CSCs have been shown to have in-
creased tumorigenicity in mice, chemotherapy resistance, and are enriched in recurrent
ovarian cancer [9-11]. In developing and characterizing the PDX model our goals were to
1) optimize methods to allow a high success rate of implantation, 2) examine retention of

heterogeneity, 3) determine if PDX tumors respond to chemotherapy similarly to patient
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tumors, 4) assess whether treatment with chemotherapy results in survival of just CSC
populations, and 5) identify pathways that are amplified in resistant tumors. We demon-
strate that the PDX model can be established with a high success rate, have similar ex-
pression profiles and biologic activities as patient tumors, and can be used as a model to
identify the chemoresistant population.
RESULTS
Implantation Success Rate and Establishment of the Ovarian PDX Model

Here we report outcomes on the first 34 patient samples implanted into SCID
mice. Demographics for patients from whom tumors were collected are presented in Ta-
ble 1. All patients had stage IIIC or IV high-grade epithelial ovarian cancers, and tumors
were collected prior to any chemotherapy. Tumor collected and implanted into mice was
either from an omental metastasis or peritoneal implant, since they are plentiful, com-
posed of grossly-identifiable tumor, and most relevant to recurrent disease.

Different sites of implantation in the mouse were tested to identify the best loca-
tion for growth. Subcutaneous (SQ) and mammary fat pat (MFP) sites were tested as their
location allows for tumor growth to be monitored with caliper-measurements. Intraperi-
toneal (IP) injection was examined, to provide an orthotopic location for model estab-
lishment. The subrenal capsule (SRC) was evaluated given previous reports of high take
rates in this site [12]. Implantation for all 4 sites was conducted as described in the meth-
ods. Therefore both site and method of processing were controlled for each patient. The
rates for PDX tumor development in each site, including individual implants are present-
ed in Figure 1A. In the first 34 patients, a PDX line was established in 85% of SQ im-

plants. This is compared to 64% in the MFP, 22% IP, and 8% in the SRC. SQ xenografts
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almost always visually disappeared in the weeks after implantation before regrowing and
being detectable at a mean of 78.4 days after implantation (range 17-174 days, Figure 1C)
compared to 77.3 days for the MFP (range 29 to 129 days, NS). The success of a PDX
being established is highest in the SQ site in part due to the increased number of implants
per patient sample. Based on these data, and subsequent studies showing similar expres-
sion profiles in tumors from the SQ site and original patient tumors (described below),
continued development of the PDX model was done in the SQ site. PDX tumors were
examined for histologic characteristics by a gynecologic pathologist. In all cases and in
up to six generations of re-implantation, the original histology was maintained (Figure
1D). Interestingly, in the few cases where a mixed epithelial-type ovarian cancer was im-
planted, both histologies were present in each of the subsequent PDX generations.
Heterogeneity of PDX Tumors

One potential advantage of the PDX model is that it may maintain patient hetero-
geneity, as opposed to the clonality that ultimately characterizes cell lines. However, a
growing body of evidence suggests that certain cell subpopulations have enhanced ability
to initiate tumors, often termed tumor-initiating cells (TIC’s) or sometimes CSCs if addi-
tional attributes are demonstrated [10]. We examined whether resulting PDX tumors
maintained tumor heterogeneity from a tumor-initiating cell standpoint. PDX tumors and
original patient tumors were subjected to IHC for the TIC markers ALDH1A1 [11, 13,
14], CD133 [15-17], and CD44 [18, 19]. For ALDH1A1, CD44, and CD133, the patient
samples averaged expression of 19.95%, 5.56%, and 3.27% respectively. The PDX tu-
mors had similar expression of ALDHIAT and CD133 at 17.4%, and 7.1% respectively

(p=0.80 and 0.49, Figure 2A, 2B). There was a significant change in expression of CD44,
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but it was actually a decrease, from 5.54% to 2.36% (p=0.014). If TICs in ovarian cancer
are indeed the cells mediating xenograft formation, these data suggests that they subse-
quently differentiate into marker-positive and -negative cells and recapitulate tumor het-
erogeneity, in keeping with the CSC hypothesis[10, 20].

Related to heterogeneity, the human/murine component of PDX tumor would
have implications to the biologic relevance of this model. IHC for human HLA antigen
was conducted to identify the species-specific composition of the PDX tumor. Interest-
ingly, all stromal cells in the PDX tumors were of murine origin (Figure 2C). This was
consistent across 100% of the tumor specimen, and in all of the first 15 PDX tumors es-
tablished.

Biological and Clinical Characterization of PDX tumors

To begin to evaluate the biologic characteristics of PDX tumors compared to orig-
inal patient tumors, we examined oncogenic expression, proliferation, and response to
chemotherapy. Weroha et al have previously demonstrated similar amplification and de-
letion patterns between PDX and patient tumors using aCGH [6]. To characterize wheth-
er expression of key oncogenes are similarly expressed in PDX tumors, an RT> PCR array
on four pairs of patient samples and matched PDX tumors was used. This array quantifies
mRNA levels of 84 genes that are recognized targetable oncogenes[21]. There was a
strong correlation of expression in 79 of the cancer drug targets, with an overall R*-value
of .744 (Figure 3A). This correlation was also present in individual samples (Supple-
mental Figure 1). The five genes that exhibited the poorest correlation had expression in
the patient with near-zero mRNA expression in the PDX. These genes were platelet-

derived growth factor receptor, alpha and beta polypeptide (PDGFRA, PDGFRB) and
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vascular endothelial growth factor receptor one, two, and three (VEGFR1, VEGFR2,
VEGF3). These genes were expected to be decreased in the PDX tumor, since they are
produced by the host, and the primers are human-specific. Therefore, there is strong con-
sistency in expression of targetable oncogenes intrinsic to malignant cells, despite the fact
that these tumors are growing in the subcutaneous compartment. In addition, we profiled
the genetic difference of oncogene expression using the RT> PCR array comparing PDX
tumors from the IP location versus the SQ implant. There was a strong correlation of ex-
pression among the 84 genes in the oncogene drug target array, with an overall R*-value
of .8895 (Figure 3B). This indicates that the SQ tumor has similar expression to a tumor
growing in the orthotopic location.

While expression at the single-gene level is important, biologic similarity regard-
ing response to treatment is equally important. Mice with measurable tumors from 19
PDX models were treated with IP carboplatin (90 mg/kg/week) and paclitaxel (20
mg/kg/week) in combination for 4 weeks. After 4 weeks, percent-reduction in tumor vol-
ume was calculated and compared to the patient’s response to therapy, categorized as
complete (CR, no evidence of disease at completion of 6 cycles of primary chemothera-
py) or partial (PR, residual disease present at completion of 6 cycles of primary therapy).
Patients that had a CR to therapy had an average reduction in volume of 63.73% (range
95.04% to 24.87%) compared to an average reduction of just 1.53% (range 57.77% re-
duction to 107.9% increase) in patients that had a PR (p = 0.0009, Figure 3C). There was
also a differential, but not significant, response between patients who had an optimal or

suboptimal tumor reductive surgery (Figure 3D). While not definitive, this suggests that
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patients presenting with disease unable to be optimally debulked are more aggressive and
resistant to chemotherapy.
Biologic Mediators of Chemotherapy Resistance in the PDX

With evidence showing that the PDX model accurately replicates the biology and
clinical properties of the original patient tumor, we sought to explore differences between
matched untreated and treated tumors. Mice were treated as described above, with tumors
harvested 6 days after the 4™ weekly dose, to minimize acute tumoral effects that might
occur after chemotherapy administration. Ki-67 was examined to measure proliferation,
and was not significantly different in untreated PDX tumors compared to the original pa-
tient tumor (Figure 4A,B). However, treated tumors had significant decrease in Ki-67
positivity (33.6% compared to 64.9% in untreated tumors p=0.0013). Examining the
trend of each tumor individually (Figure 4C), two pairs actually showed an increase in
Ki-67, one of which had a 107% increase in tumor size on therapy, but the other with a
70.9% reduction. Despite these aberrations, the overall decrease in proliferating fraction
suggests that dormancy is either being induced by chemotherapy, or some cells are al-
ready in a dormant state at presentation, and have intrinsic resistance to chemotherapy.

For analysis of which subpopulations have enhanced survival with chemotherapy,
we assessed the density of the CSC populations expressing ALDHIA1, CD44, and
CD133. If these populations were important to survival in the presence of chemotherapy,
they should be more densely present after treatment, as noted in human specimens [11].
Treatment resulted in the significant enrichment of ALDH1A 1-positive cells (increased
from 16.2 to 36.1%, p=0.002) and CD133-positive cells (increased from 9.5% to 33.8%,

p=0.011) (Figure 4D). Mean CD44 expression increased, but this was driven by two
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samples, and was not significant. These data suggests treated tumors are enriched in CSC
populations.
Differential Expression of Genes Due to Chemotherapy Treatment

Although cells with CSC properties were increased in treated specimens, they did
not make up the entirety of the tumor. To globally examine which other genes and path-
ways are significantly altered during chemotherapy treatment, RNA-Seq was conducted
on 6 pairs of treated and untreated PDX tumors. Across all six pairs, 299 genes were
found to be significantly differentially expressed in the treated PDX samples compared to
untreated (Supplementary Table 1), 137 of which have known roles in cancer. The top
up-regulated and down-regulated genes are listed in Table 2. When Principal Component
Analysis was performed, an interesting trend emerged. Four of the samples clustered to-
gether, and the remaining two were separated in the 3D space. All the treated samples
showed a shift in the same direction away from their untreated PDX pair (Figure 5). This
indicates that while the majority of genes are similar before and after treatment, all six
tumors were affected similarly by therapy. Ingenuity Pathway Analysis identified 5 major
pathways that were significantly altered with treatment and key changes in molecular and
cellular function (Table 2). Changes in these biological functions and pathways are con-
sistent with the visualized phenotype of tumors responding to chemotherapy and reorgan-
izing cellular function to adapt for survival.

DICUSSION

We demonstrated the feasibility of an ovarian PDX model that closely models the

heterogeneity of the original patient’s tumor and maintains clinical relevance. Ovarian

PDX tumors form at a high rate when placed in the subcutaneous location. Growing tu-
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mors recapitulate the heterogeneity of the original patient tumor, and are not composed of
just TICs, though the stromal component is murine. The PDX tumors have similar onco-
gene expression as the patient tumor, and respond to chemotherapy in a similar manner as
the patients from which they were harvested. These similarities make the PDX model an
attractive platform for pre-clinical testing of therapies that will hopefully correlate with a
clinical response better than noted in cell lines. Finally, using this model has allowed
identification of pathways mediating survival after chemotherapy that are attractive tar-
gets for future study.

In most malignancies, preclinical studies have primarily utilized cell lines to as-
sess novel therapies and biologic processes. Cell lines are still ideal for carefully con-
trolled studies on mechanisms and pathways. However, in terms of translating results to
the clinic, these models have underperformed [22]. The clonal nature of cell lines limits
the ability to study both intratumoral and interpatient heterogeneity [8, 23]. In addition,
new genomic studies indicate that commonly-used ovarian cancer cell lines do not accu-
rately represent high-grade serous ovarian cancers when compared to profiling performed
on the TCGA dataset[5 ].

Development of PDX models have been demonstrated in a few malignancies, in-
cluding ovarian, colorectal, medulloblastoma, pancreatic, breast, and non-small cell lung
cancers [6, 24-29], and have consistently been found to be similar to patient samples. One
well-established program in pediatric malignancies has demonstrated prediction of re-
sponse in the clinic is higher when the PDX model is used [30]. However, there are
drawbacks to the model. The time for PDX tumors to grow is variable, but usually on the

order of months, making experiments slow and expensive. Historically, rates for success
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of PDX establishment have been low, with the most successful models having 37% estab-
lishment rate [28, 31, 32], until Weroha’s recent report of 74% overall success in ovarian
cancer[6]. In this study, we had 85.29% success rate of establishing a PDX in the first 34
patients we implanted in the SQ. We believe the higher success rate is due to several fac-
tors. Given similar success of Weroha’s report, this may be disease-specific. Strong
working relationships with clinicians and pathologists allow for implantation within one
hour of removal. We used two different processing methods that could be directly com-
pared - one where solid tumors were implanted (SQ and SRC), and one where tumors
were dissociated (MFP and IP). With both methods, the take rate was more dependent on
the site implanted than the processing method. A crucial factor is the starting material.
Other groups have reported that higher engraftment rates are associated with more ag-
gressive tumors [6, 8, 29]. Instead of using the primary tumor from the ovary, we have
implanted omental or peritoneal metastatic implants. The reasons for this are both biolog-
ic and practical. From a practical standpoint, omental implants are easily distinguished
from normal tissue, reducing the risk of implanting normal tissue. A portion of “tumor”
taken from the ovary, a complex tissue with normal solid components, may more likely
be misinterpreted grossly as tumor, when in fact was benign. Because the omentum is
well-vascularized, tumors are very “healthy”, giving additional confidence that the por-
tion implanted is not necrotic. Finally, it has been demonstrated that other factors pro-
duced in the omental microenvironment are pro-tumorigenic, and are likely implanted
with these tumors[33]. The biologic rationale for using metastatic implants is that these
sites are more relevant to the portions of tumors that recur. Therefore it may be more

clinically relevant to characterize the metastatic site.
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The site of implantation is an important consideration as there are benefits and
drawbacks from using an orthotopic or heterotopic site. Heterotopic locations allows for
easier monitoring of the tumor while orthotopic preserves the appropriate microenviron-
ment [24]. However, in developing this model, use of the intraperitoneal orthotopic loca-
tion had practical limitations of lower engraftment rates and difficulty in assessment of
growth. In several instances mice become moribund with ascites before there was appre-
ciable tumor volume, even when following with micro-CT imaging. This limits the abil-
ity to measure response to a therapy, and provides less tissue for analysis and propagation
into the next generation of PDX. However, the Weroha study demonstrated an ability for
high take rate using the intraperitoneal injection with large volumes of tumor-cells [6].
Like our study, their mice also demonstrated development of ascites but by using ultra-
sound, were able to more accurately follow tumor progression then using a micro-CT.

By using the heterotopic location, tumor growth can be easily monitored for establish-
ment, growth, and response to therapy [8]. However, biologic relevance has to be demon-
strated. With our findings that subcutaneous tumors have similar oncogene expression
profiles to patient tumors and the orthotopic intraperitoneal PDX tumors, and respond to
chemotherapy similarly, the subcutaneous model appears relevant. This information helps
alleviate the primary concern of not using the orthotopic location and provides a mecha-
nism for decreasing the technical complexity of establishing and using a PDX model.
While in our hands, not enough intraperitoneal tumors developed to evaluate their corre-
lation to the clinical response, based on our oncogene data comparing SQ and IP tumors
and the Weroha study, it appears both models are equivalent. Not enough intraperitoneal

tumors developed to demonstrate whether they would be equivalent, or superior, to the
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subcutaneous model. While previous groups have reported a high rate of success using
the subrenal-capsule for tumor establishment [12], we did not see these successes. The
ultimate proof of the importance of location in the PDX model will require testing nu-
merous compounds, and relating the response in PDX tumors to responses in patients.
PDX models in other malignancies have demonstrated a similar response rate between
mice and the corresponding clinical trial [34-36]. Such studies in ovarian cancer are on-
going. But our analysis of the oncogene expression profiles, and their consistent similari-
ty to patient tumors (Figure 3A), suggest that differences in targetable oncogenes be-
tween orthotopic PDX tumors and patient tumors are minimal.

We also demonstrate that the ovarian PDX model maintains the heterogeneity of
the original patient tumor, at least from a TIC standpoint. Studies of CSC and TIC popu-
lations have shown that some cells are more capable of forming xenograft tumors than
other[37]. Our analysis of density of ALDHI1A1, CD44, and CD133 cells, the most con-
sistent markers of TICs in ovarian cancer, demonstrates that PDX tumors are not only
composed of these subpopulations (Figure 2B). It is possible that these subpopulations
are the drivers of tumor formation, but as they grow they produce differentiated tumors
with both CSC and non-CSC populations. This in fact would be predicted by the CSC
model.

Potential limitations to the PDX model in ovarian cancer have been identified
through our analysis. We saw that of 84 oncogenes examined, 5 were under-expressed in
PDX tumors: receptors for platelet-derived growth factors and VEGF receptors. Analysis
of the species making up tumor stroma showed it to be composed purely of murine

origin. The fact that all members of these receptor families rely on tumor-stromal signal-
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ing strengthens the validity of the association. The reduced content of human stromal
genes 1s expected [38] as a result of the replacement of the human stroma with mouse
stromal cells after implantation. Prior reports in pancreatic cancer have suggested that
human stromal cells are maintained for several generations[39], although Weroha ef al
also found that IP ovarian PDX tumors had murine stroma. Whether murine stroma im-
pacts the validity of the model will depend on the specific agent and pathway targeted.
The heterogeneity demonstrated in ovarian PDX tumors makes it uniquely posi-
tioned to investigate the key clinical problem of chemoresistance and recurrence. Ovarian
cancer has a high rate of response to primary chemotherapy followed by an equally high
rate of recurrence. One hypothesis is that this population is the same as the tumorigenic
CSC population. While we have seen an increase in CSC density in the treated PDX tu-
mors, and previously in treated patients[11], the persistent/recurrent tumors were by no
means completely composed of these populations. Either the CSC populations had al-
ready begun to give rise to repopulating daughter cells negative for the CSC marker, or
(more likely) other chemoresistant populations exist that cannot be identified by
ALDHI1A1, CD44, or CD133 alone. Going beyond CSCs, we have shown that surviving
tumors have more cells in dormancy, decreasing from a baseline of 65% to 34%. RNA-
seq analysis resulted in 299 genes being significantly different between the treated and
untreated tumors with principal component analysis indicating that the changes in gene
expression represent a small subset of the entire genetic makeup of the tumor (Figure 5,
Supplementary Table 1). Most remarkable and encouraging is that the changes were simi-
lar in all pairs tested, providing hope that there may be common pathways to be targeted

in most patients. One of the top up-regulated genes was ABCG1 (BCRP1), a member of
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the White family of ATP-Binding cassette (ABC) transporters. Expression of ABCGI1 has
been shown to identify a side population of cancer cells that demonstrate CSC properties
and chemoresistance [40]. Interestingly, one of the top activated pathways identified by
Ingenuity Pathway Analysis was Sphingosine-1-phosphate signaling. This pathway has
been shown to protect oocytes from apoptosis induced by chemotherapeutic agents in
vitro and in vivo [41, 42]. Taken together, the enrichment of CSC markers in the treated
population, decrease in cell proliferation, and increase in genes and signaling pathways
predicted to play a role in chemoresistance, it appears that treatment of the ovarian PDX
results in the survival of a cell population that is chemoresistant to primary therapy. The
global analysis by RN Aseq provides a snapshot of possible pathways that are responsible
for the development of chemoresistance. These will be important targets for therapy in
future studies. With the development of an ovarian PDX model that recapitulates the clin-
ical response and the heterogeneity of ovarian cancer, investigators are positioned to
more effectively evaluate novel therapeutics and use the model to improve our under-
standing of the mechanisms of chemotherapy resistance. Hopefully targeting these path-
ways will sensitize cells to chemotherapy and lead to more durable cures.
CONCLUSION
Development of an ovarian PDX model to study de novo chemotherapy resistance pro-
vides a unique use of the xenograft model beyond testing pre-clinical compounds, allow-
ing for possible novel understandings of tumoral responses to therapy that may lead to

new strategies for targeting the residual survival population after primary therapy.
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MATERIALS AND METHODS
Collection and Implantation of Tumor Specimens
Under IRB and IACUC approval, patients with suspected ovarian cancer that

were being treated by the Division of Gynecologic Oncology at UAB were consented for
this study. At the time of primary tumor reductive surgery, a specimen from an omental
metastasis or peritoneal implant that was not required for pathologic diagnosis was col-
lected and transported to the laboratory for processing. Specimens were sectioned and a
portion submitted for formalin-fixed-paraffin embedding; placed in RNAlater (Qiagen,

Frederick, MD); snap frozen in liquid nitrogen , and slow freezing in Optimal Cutting

Temperature (OCT) Medium, and stored at -80°C. Remaining tumor was isolated for im-

plantation into SCID mice (NCI-Frederick, Frederick MD) into four sites: subcutaneous
(SQ), subrenal capsule (SRC), intraperitoneally (IP), and mammary fat pad (MFP). To
discover the optimal site for tumor growth, of the first 22 patients, 22 were implanted SQ
and MFP, 18 IP, and 12 SRC. When enough tumor was available, all four sites were im-
planted to allow direct comparison of growth rates. After it was evident that the subcuta-
neous implantation site was optimal, an additional 11 patients had tumors implanted only
SQ.

For SQ implants, 5mm? tumor pieces (n=20 per patient) adjacent to the slice used
for confirmation of histology were sectioned. 5 mice were implanted with four tumors
each. The dorsal surface of the mouse was shaved and prepped with betadine solution. A
lcm midline incision was made and with blunt dissection, four pockets were created in
four quadrants of the flank of the SCID mouse. One 5mm? tumor implant was placed in

each quadrant and the incision was closed with staples.

61



For SRC implantation, five 3mm? tumor sections were prepared for implantation
into five mice, one kidney per mouse. An incision was made in the body wall along the
long axis of the kidney. The kidney was gently exposed through the incision, a 4 mm in-
cision was made in the renal capsule, and an implant was inserted.. The kidney was gen-
tly placed back into the body cavity and incision was closed with chromic gut sutures.
For both SQ and SRC implantation, mice were anesthetized using isoflorane with 5% for
induction of anesthesia and 1.5% for maintenance. Mice were administered carprofen
(7mg/kg, Pfizer) prior to incision to reduce post-operative pain.

For injection into the MFP and IP sties, an adjacent portion of tumor was manual-
ly dissociated until fine enough to pass through a 21g needle. Prior to injection, the sus-
pension was added to an equal volume of BD Matrigel (BD Biosciences, Cat#356234),
mixed, and injected intraperitoneally (500,000 cells) or into bilateral MFPs (250,000
cells). Five mice were injected IP, and five mice had cells injected into the left and right
MFP.

Treatment of PDX Lines With Chemotherapy

Once SQ or MFP tumors reached 500 mm? in volume, chemotherapy treatment
was initiated in mice from 21 patients. Mice were injected IP with 90 mg/kg of car-
boplatin and 20 mg/kg of paclitaxel weekly or with vehicle, doses which approximate the
maximal tolerated dose used in weekly dose-dense schedule of carboplatin and paclitaxel
in patients. Tumors were measured biweekly using calipers. Volume of tumor was calcu-
lated using the formula (Length x Width?)/2. After 5 weeks of treatment (4 weekly doses,
then one week after last chemotherapy dose in order to minimize acute tumor effects of

chemotherapy), mice were euthanized by CO, asphyxiation and cervical dislocation.
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Samples of treated and mice treated with vehicle were stored for future analysis. Any
remaining tumor was reimplanted for maintenance of the PDX.

Immunohistochemistry of Patient Samples and Tumors From PDX tumors

Samples in FFPE were cut into 5 um sections and placed on positively-charged
slides. Hematoxylin and eosin stained tissue was analyzed by a gynecologic pathologist
to confirm histology. For IHC of ALDHI1AT1, CD133, CD44, Ki-67 and human-HLA,
slides were deparaffinized and rehydrated. Antigen retrieval was with 10 mM sodium
citrate at pH 6.0 under pressure. Slides were washed in PBS. Endogenous peroxidases
were blocked with 3% H,0O, in methanol. For ALDH1, CD133, and CD44, slides were
blocked with Ctyo-Q immune-diluent (Innovex Biosciences Cat#NB307) followed by
primary antibody incubation in Ctyo-Q immune diluent. Antibody concentrations were as
follows: ALDH1A — 1:500 (BD Biosciences, Cat#611195) CD133 — 1:500 (Cell Signal-
ing, Cat#3663S), CD44 — 1:500 (Cell Signaling, Cat# 3570S). After primary antibody,
slides were washed in PBS. Primary antibody detection was achieved with Mach 4 HRP
polymer (Biocare Medical), followed by 3,3’-diaminobenzidine incubation. Slides were
counterstained with Gill’s Hematoxylin then washed in water and PBS. Slides were
sealed with Universal Mount (Open Biosystems, Cat#MBI1232). For Ki-67 (Abgent cat#
AJ1427b) and human HLA (Proteintech Group Cat#15240-1), primary antibodies were
used at concentrations of 1:200 in 10% normal goat serum. After incubation, slides were
washed and blocked with 5% goat serum in 1X PBS. Primary antibody detection was
visualized using an anti-rabbit HRP secondary at 1:500 in 5% goat serum (Vector Labs,

Cat# PI-1000) and DAB substrate. Slides were counterstained as described above.
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Scoring of IHC for TIC Makers and Ki67

Two examiners (AK and CNL) visually estimated the percent of cancer cells
staining for ALDH1A1, CD133, CD44, and Ki-67. A 3" examiner (MGC) was included
if there was a >20% discrepancy. The examiners were blinded to the experimental condi-
tion for each slide, and a 4™ investigator (ZCD) averaged the scores for each specimen
and decoded samples for analysis. To be consistent with prior identification of CSCs with
flow cytometry, for CD133 and CD44 only expression at the surface membrane was con-
sidered. The average number of positive tumor cells for each marker was compared be-
tween the untreated PDX tumor and the patient’s tumor, and between the treated and un-
treated PDX, with Student’s t-test.

RT2-qPCR Arrays

RNA extracted from stored samples was converted to cDNA and amplified using
the RT? First Strand cDNA Synthesis Kit (SABiosciences). Gene expression was then
analyzed using the Cancer Drug Targets RT? Profiler PCR Array (SABiosciences), which
profiles the expression of 84 genes that are potential oncogenic targets for anticancer
therapeutics [21]. PCR amplification was conducted on an ABI Prism 7900HT and gene
expression was calculated using the comparative Cr method as previously described [43].

High Throughput Sequencing of Untreated and Treated PDX Tumors

Sample preparation, raw data processing, quality control were conducted in UAB
Genomics Core and preliminary analysis was conducted in the UAB Biostatics Core. For
RNA-seq, total RNA quality was assessed and the rRNA depleted and concentrated. The
RNA-Seq libraries were prepared, validated and quantified. The raw fastq files were

aligned to human genome hg19 of a local instance of Partek Flow software package
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(Saint Louis, MO). Pre-alignment was conducted to determine if trimming is needed
based on reads quality score. Aligner STAR was used for best recovery[44]. The BAM
files were loaded into Partek Genomics Suite 6.6 (Saint Louis, MO) for further analysis
[45]. The reads per kilobase of exon model per million mapped reads (RPKM)-
normalized reads were calculated and the expression levels of genes were estimated [46].
Additional filter was applied to exclude genes of low expression. The differential expres-
sions were determined by using paired t-test [47]. Further functional analysis was con-
ducted by using Ingenuity Pathway Analysis (IPA, Redwood City, CA).
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Table 1: Patient demographics of implanted and growing patient-derived xenograft
(PDX) lines

Percent or Aver-

Characteristic age (range)
Age at diagnosis 61.7 (47-87)
Stage
Stage I1IC 83%
Stage IV 17%
Race
Caucasian 76%
African American 24%
Procedure
Tumor Reductive
Surgery Optimal TRS 52%
Suboptimal TRS 45%
Laparoscopic Biopsy prior to neoadjuvant
chemotherapy 3%
Histology
Papillary Serous Adenocarci-
noma 79%
Endometroid 3%
Mixed Epithelial 9%
Mucinous 3%
Extra-ovarian in origin 6%
Chemotherapy
Treatment
Carboplatin 4%
Carboplatin/Avastin 4%
Carboplatin/Paclitaxel 56%
Carboplatin/Paclitaxel/Avastin 7%
Carboplatin/Taxotere 19%
Cisplatin/Docetaxel 4%
Cisplatin/Paclitaxel 4%
Cisplatin/Taxotere 4%
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Table 2: RNAseq analysis on PDX comparing 6 pairs of treated versus untreated samples.

Top Canonical Pathways P-Value
Protein Kinase A Signaling 3.58E-05
GNRH Signaling 2.74E-04
Sphingosine-1-phosphate signaling 5.4E-04
a-Adrenergic signaling 9.39E-04
Cholecystokinin/Gastrin-mediated signal-
ing 1.91E-03

Molecular and Cellular Functions

1.33E-04 to 3.80E-

Lipid Metabolism 02
1.33E-04 to 3.80E-
Molecular Transport 02
1.33E-04 to 3.80E-
Small Molecule Biochemistry 02
1.64E-04 to 3.80E-
Cell Morphology 02
1.64E-04 to 3.75E-
Cellular Assembly and Organization 02
Fold-Change Ex-
Top Up-Regulated Molecules pression
ZNF750 2.441
ACP5 2.294
HIST2H2BE 2.141
CPEB3 2.117
DNM3 2.028
MPCI1 1.980
ABCGI1 1.938
MGLL 1.924
TLRS 1.884
Fold-Change Ex-
Top Down-Regulated Molecules pression
APOCI -2.488
GPHA2 -2.262
POLR3G -1.862
TES -1.759
PLCEl -1.738
PUS7 -1.618
ARNT2 -1.607
MECOM -1.570
CKAP4 -1.564
KLF5 -1.554
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Figure 1: Take rates of different sites for implantation and maintenance PDX histology .
(A) Tumors were implanted subcutaneously (SQ), in the mammary fat pad (MFP), intra-
peritoneal (IP), or sub-renal capsule. The success of implantation was similar comparing
SQ to MFP, however more PDX lines were established from SQ implant due to number
of implants. [P and SRC implants are not effective for establishing a PDX line.
(B)Representative pictures of implanted tumors at either SQ, MFP, IP, or SRC. (C) After
implantation, tumor volume decreased to an undetectable size then re-grew after a dor-
mancy period. This implicate the small population of tumorigenic cells survive and re-
capitulate the tumor after implantation. Representative growth chart showed of 4 different
PDX lines after implantation. (D) Histology of the original tumor is maintained through-
out subsequent generations. Patient 127 had a histology of papillary serous adenocarci-
noma that has been maintained for 6 generations in the corresponding PDX.
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Figure 2: Establishment of the PDX line does not enrich for the tumorigenic cell popula-
tion and human stroma is replaced in the implanted PDX. (A) Representative staining for
ALDHIAT1, CD133, and CD44 on the patient sample and untreated PDX. (B) Quantifica-
tion of change in expression of ALDH1A1, CD133, and CD44 between the patient sam-
ple and the untreated PDX. Only CD44 had a significant decrease in expression (p-value
<0.05). ALDH1A1 and CD133 had no significant change in expression. (C) Human HLA
expression in patient and untreated PDX tumors, demonstrating replacement of human
stroma with murine cells.
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Figure 3: Cancer drug targets are maintained in the PDX line and the PDX response to
treatment correlates to the patient’s response to primary chemotherapy. (A) The SABio-
ciences RT? qPCR array for cancer drug targets was run on the patient’s tumor and their
matched untreated PDX tumor. Differences in relative gene expression for each target
was calculated and the 2°' value was determined. Most of the 84 cancer drug target
genes had similar expression in the PDX and the original patient sample. 5 gene were
down-regulated in the PDX sample, though all 5 are related to VEGF and PDGF signal-
ing (circled in grey). (B) The SABiosciences RT* qPCR array for cancer drug targets was
run on matched subcutaneous PDX tumors and intraperitoneal PDX tumors. Differences
in relative gene expression for each target was calculated and the 2°“ value was deter-
mined. All 84 cancer drug target genes showed a strong correlation between the IP and
SQ PDX tumors(C) PDX lines were treated with combination carboplatin and paclitaxel
IP weekly. The percent change in tumor volume at 30 days was compared to the patient’s
response to primary therapy. PDX lines with the greatest decrease in volume significantly
correlated to patients with a complete response to therapy (p=0.0009) (D) Classifying re-
duction in tumor volume by outcome of tumor reductive surgery (optimal debulking vs
suboptimal) shows a trend towards PDX with the greatest reduction in volume correlating
to optimal debulking for the patient (p-value = NS).
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Figure 4: Chemotherapy treatment reduces proliferation and enriches the PDX for cancer
stem cells. Tumor cell proliferation was quantified using the Ki67 marker on original pa-
tient samples, untreated PDX samples, and chemotherapy treated PDX samples. Change
in cancer stem cell marker expression was analyzed after chemotherapy treatment. (A)
Representative IHC of Ki67 staining in the patient sample, untreated PDX, and treated
PDX. (B) On average, proliferation decreases with chemotherapy treatment in all PDX
lines tested. There is no significant change in proliferation between the patient and the
untreated PDX. (C) Proliferation rates for each treated and matched untreated pair show
that the majority of tumors have a reduced proliferation rate after chemotherapy treatment
(D) Representative IHC of CSC markers ALDH1A1, CD133, and CD44 of PDX treated
with carboplatin and paclitaxel for 4 weeks. (E) In the treated PDX, expression of
ALDHI1A1 and CD133 are significantly increased (p-value = 0.0023 and p-value = 0.011
respectively).
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Figure 5: RNAseq comparing the treated PDX lines to the untreated PDX lines. Principal
component analysis of genes expression in the treated and untreated PDX tumors. While
matched treated and untreated PDX tumors clustered together, most treated PDX tumors
had change of expression in the same direction indicating a small subset of genes re-
sponding to chemotherapy.
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Supplementary Table 1: RNAseq revealed 299 genes that had significantly (p<0.05)
higher expression in the treated PDX samples versus the untreated PDX samples.

Gene Chromosome Stal;tiol;loca- Stolt)i;;)ca- Strand Cll:;::gge
VSTM4 10 50222290 50323578 - 2.88385
ZNF750 17 80787310 80797932 - 2.44072

RP11-193H5.1 1 238025475 238091620 + 2.38723
ACPS5 19 11685475 11689802 - 2.29376
HISTIH2BC 6 26123695 26124133 - 2.14114
CPEB3 10 93808397 94050876 - 2.11674
DNM3 1 171810618 172381858 + 2.02791

MPC1 6 166778408 166796502 - 1.97979

PRPH 12 49688909 49692482 + 1.95466
ABCGI1 21 43619799 43717355 + 1.93807
MGLL 3 127407905 127542094 - 1.92425

TLRS5 1 223282748 223316625 - 1.88421
MMP14 14 23305742 23316809 + 1.87184

GPC4 X 132435064 132549206 - 1.86717

ITGB2 21 46305868 46348754 - 1.8659

EME2 16 1823229 1826240 + 1.80979

PTK2B 8 27168999 27316909 + 1.77717
FAM219A 9 34398182 34458569 - 1.7753
NMNAT?2 1 183217372 183387635 - 1.73956

MOCOS 18 33767480 33848686 + 1.737

PLCB2 15 40580098 40600175 - 1.73671

GCLM 1 94352590 94375013 - 1.73021

ADSSLI1 14 105190534 105213648 + 1.72613
LINCO00957 7 44078648 44083896 + 1.71886
MKRN9P 12 88176663 88178489 - 1.70392

VAMP2 17 8062465 8066294 - 1.70315

CHST11 12 104850692 105155793 + 1.68861
PTPLAD?2 9 21006365 21031636 - 1.68735

ADCY9 16 4012650 4166187 - 1.67735

ZNF727 7 63505821 63538928 + 1.676

PREX1 20 47240793 47444421 - 1.67126

MTSS1 8 125563011 125740749 - 1.66101
HERC2P3 15 20613650 20711434 - 1.65423

NAAA 4 76831808 76862167 - 1.64314

SCNS5SA 3 38589553 38691165 - 1.63118

MCEE 2 71336806 71357395 - 1.62541

FLCN 17 17115527 17140503 - 1.60288

HNRNPUIL2- 11 62457734 62494857 - 1.59257
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Supplementary Figure 1: The SABiociences RT? qPCR array for cancer drug targets
was run on the patient’s tumor and their matched untreated PDX tumor. Differences in
relative gene expression for each target was calculated and the 2°“' value was determined.
Correlation of expression is seen in each of the 4 pairs analyzed.
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ABSTRACT
Transcription of ribosomal RNA genes by RNA polymerase I and subsequent
processing of the ribosomal RNA are fundamental control steps in the synthesis of func-
tional ribosomes. Aberrant regulation of ribosomal RNA transcription by RNA polymer-
ase I and ribosome biogenesis is associated with the etiology of a broad range of human
diseases and especially is pervasive in cancer. Using a patient-derived xenograft model of
ovarian cancer we discovered an increase in ribosome number after chemotherapy treat-
ment. Using CX-5461, a selective inhibitor for ribosomal RNA synthesis, we determined
the potential of Pol I inhibition as a therapeutic strategy for ovarian cancer. Chemothera-
py resistant ovarian cancer cell lines SKOV3TR and HeyA8MDR were more sensitive to
Pol I inhibition as compared to their sensitive parental lines. Also, CX-5461 has activity
as a single agent in 3 out of 5 PDX models tested indicating a role for targeting Pol I as a
treatment option for ovarian cancer.
INTRODUCTION
Ovarian cancer represents the greatest clinical challenge of all the gynecologic
malignancies because it has highest mortality rate. [1] The optimal treatment for ovarian
cancer is debulking surgery followed by platinum-based combination chemotherapy [1] .
Although response rates to adjuvant chemotherapy with carboplatin and paclitaxel in ad-
vanced disease are higher) as many as 80% of patients will ultimately develop tumor re-
currence [2]. Most of these recurrent tumors are resistant to or eventually become re-
sistant to all available chemotherapy drugs. [1, 3]. Although in recent years evaluation of

multiple chemotherapeutic and target agents alone or in combination has yielded modest
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improvement in survival, drug resistance remains the major cause of death of ovarian
cancer patients. [3, 4]

Increase in size and number of nucleoli is the prominent marker of aggressive tu-
mor. The nucleolus is site of ribosomal RNA synthesis and enlarged nucleolus correlates
with accelerated ribosomal RNA synthesis by RNA polymerases [5, 6]. RNA polymerase
I (Pol I) transcribes multiple copies of genes encoding the pre-rRNA precursor that is
processed into 18S, 5.8S and 28S rRNAs. RNA polymerase II ( pol II) transcribes
mRNAs which encode protein synthesis. RNA polymerase III (pol III) transcribes re-
maining non-coding proteins for ribosomal synthesis. Together pol I and pol III contrib-
ute to 80 % of nuclear transcription [6]. An increase of ribosomal RNA transcription in
the nucleolus by RNA polymerase I correlates with an adverse prognosis in cancer [7].

A number of clinically approved chemotherapeutic drugs act, at least in part,
through inhibition of ribosomal RNA synthesis [8]. However, none of these drugs direct-
ly target the ribosomal RNA polymerase I [8-10]. Recently, small molecule inhibitors
such as CX-3543 and CX-5461, which target preferentially ribosomal RNA polymerase |
transcription, were developed [9]. Especially, CX-5461 is potent and selective inhibitor
for ribosomal RNA synthesis by RNA polymerase I in nucleolus of cancer cells. But,
CX-5461 does not inhibit mRNA synthesis by RNA polymerase Il and does not inhibit
DNA replication or protein synthesis [11]. Interestingly, Bywater et al. showed that small
molecule CX-5461 exhibits inhibition of ribosomal DNA transcription dependent on p53
mutational status and induces p53-dependent apoptotic cell death of hematologic malig-

nancies, while maintaining normal cells [12].
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In our study, we investigated the effects of CX-5461 on the viability of ovarian
cancer cells, both alone and in combination with chemotherapy. We show that CX-5461
has activity alone on ovarian cancer cells and more effectively can kill taxane-resistant
ovarian cancer cells independent of p53 mutational status. In addition, we found that
while ovarian PDXs show an increase in RNA Polymerase I genes after chemotherapy
treatment they have a variable response to Pol I inhibition. These findings suggest that
targeting Pol I might be a viable option in treating ovarian cancer.

MATERIALS AND METHODS
Reagents and Cell Culture

CX-5461 was purchased from ChemScene and dissolved in 50 mmol/L NaH2PO4
(pH 4.5) to make 10mmol/L stock solution. The ovarian cancer cell lines A2780ip2,
A2780cp20, HeyA8, HeyASMDR, SKOV3ipl, and SKOV3TRip2 [13-18] were main-
tained in RPMI-1640 medium supplemented with 10% FBS (Hyclone). A2780cp20 (plat-
inum resistant), HeyASMDR (paclitaxel resistant), and SKOV3TRip2 (paclitaxel re-
sistant, a kind gift of Dr. Michael Seiden; [19] were generated by sequential exposure to
increasing concentrations of chemotherapy. HeyASMDR and SKOV3TRip2 were main-
tained with the addition of 150 ng/mL of paclitaxel in RPMI-1640 medium. All ovarian
cancer cell lines were routinely screened for Mycoplasma species (GenProbe Detection
Kit; Fisher) with experiments carry out at 70% to 80% confluent cultures. Purity of cell
lines was confirmed with short tandem repeat genomic analysis, and all cell lines were

used within 20 passages from stocks.
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Ovarian Cancer Patient Derived Xenograft Model

An ovarian cancer PDX model was developed and characterized by our group
[20]. Briefly, established models of ovarian cancer PDX were subjected to 4 weeks of
carboplatin (90 mg/kg) and paclitaxel (20 mg/kg). This comprised a treated and untreated
cohort of matched PDX tumors. Tumors were collected and analyzed for expression of
RNA polymerase I genes comparing matched PDX models before and after treatment. A
further 5 ovarian cancer PDX models were treated with single-agent CX-5461 (50 mg/kg
q3d) and response was followed using caliper measurements. Tumor volume was calcu-
lated using the formula (Length x Width?)/2.
Assessment of cell viability and cell cycle analysis

2,000 cells/well were plated on 96-well plates and treated the next day with in-
creasing concentrations of CX-5461, alone or in combination with carboplatin or
paclitaxel, in triplicate. Viability was assessed by 2-hour incubation with 0.15% MTT
(Sigma) and spectrophotometric analysis at OD570 (optical density at 570 nm). IC50 of
the agent of CX-5461 was determined by finding the dose at which the drug had 50% of
its effect, calculated by the equation [(OD570pmax — OD570Mmin)/2) + OD570min]. For
cell-cycle analysis, cells were treated with vehicle alone or CX-5461 at the IC50 and
IC90 dose for 48 hours, trypsinized ,and fixed in 100% ethanol overnight. Cells were
then centrifuged, washed in PBS, and suspended in PBS containing 0.1% Tritton X-100
(v/v) 200 pg/ml DNase-free RNase A, and 20 pg/mL propidium iodide (PI). PI fluores-
cence was assessed by flow cytometry and the percentage of cells in sub-Gy, Go-Gy, S-,
and G,-M phases was calculated by the cell-cycle analysis module for Flow Cytometry

Analysis Software (FlowJo v7.6.1).
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RNA Extraction and Reverse Transcription

Total RNA was extracted from the ovarian cancer cell lines and ovarian cancer
PDX using the RNeasy Mini kit per the manufacturer’s instructions (Qiagen, Frederick
MD). The concentrations of all RNA samples were quantified using spectrophotometric
absorbance at 260/280 nm. cDNA was prepared using the High Capacity Reverse Tran-
scription Kit (Applied Biosystems, Foster City, CA). The resulting cDNA samples were
analyzed using quantitative PCR.
Quantitative PCR

Primer and probe sets for UBTF (Hs01115792 g1), 18S (Hs99999901 s1),
RNA28S (Hs03654441 sl), p-Actin (Hs01060665 g1, Housekeeping Gene), POLRIB
(Hs00219263 ml), and RRN3 (Hs01592557 m1) were obtained from Applied Biosys-
tems and used according to manufacturer’s instructions. /751, pre-rRNA, was custom or-
dered from Applied Biosystems (Forward Primer: CCGCGCTCTACCTTACCTACCT,
3’-Primer: GCATGGCTTAATCTTTGAGACAAG, Probe: TTGATCCTGCCAGTAGC)
[21] PCR amplification was performed on an ABI Prism 7900HT and gene expression
was calculated using the comparative Cr method as previously described [22].

RESULTS

Increase in expression of ribosomal proteins by chemotherapy

Previously, 6 matched pairs of ovarian cancer PDX were treated with a combina-
tion of carboplatin and paclitaxel and subjected to RNA-seq [20]. IPA pathway analysis
when comparing matched treated and untreated PDX in each pair found an increase in

genes related to ribosomal synthesis. Specifically, the up regulation of RPS6 indicates an
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increase in ribosomal synthesis by Pol I. To confirm the RNA-seq data, gPCR was con-
ducted on the matched treated-untreated ovarian cancer PDX for UBTF, POLRIB, and
RRN3. These 3 genes are part of the complex that makes up Pol 1 and are a measure of
Pol I abundance [12]. In addition, the amount of 18S rRNA and 28s rRNA was deter-
mined. In the 6 pairs of ovarian cancer PDX that were subjected to RNA-seq, the majori-
ty showed an increase of expression of UBTF and POLRIB of at least 2-fold in the treat-
ed PDX compared to untreated PDX (Figure 1A,B). RRN3 was increased in PDX 115 and
PDX 121 at least two-fold as well (Figure 1C).

When the total amount of 18S and 28S rRNA was measured, there was a surpris-
ing increase in the amount of ribosomes after chemotherapy treatment. 18S levels in-
creased 37.9-fold (p=0.010) and 28S levels increased 39.0-fold (p=0.19) (Figure 1D).
The reliance of the surviving cell populations after chemotherapy treatment to be express-
ing high levels of ribosomal content led to the hypothesis that inhibiting ribosomal syn-
thesis may be a method for targeting ovarian cancer and specifically the cell populations
surviving primary chemotherapy.

CX-5461 diminish cell viability in ovarian cancer cell lines

CX-5461 has recently been reported as a selective inhibitor of Pol 1 with the abil-
ity to inhibit solid tumor growth [11, 12] however it is more effective in cells with wild-
type TP53. In high-grade serous ovarian cancer, 7P53 mutations have been identified in
96% of tumors [23]. However, based on the RNA-seq and follow up qPCR data, we en-
deavored to examine the response of 3 ovarian cancer cell lines with their matched
chemoresistant variants. A2780ip/A2780cp20, SKOV3ipl/SKOV3TR, and

HeyA8/HeyASMDR were treated with CX-5461 in a single agent setting in vitro.
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A2780ip2 had an ICsy of 22 nM compared to 92 nM in A2780cp20 (Table 1, Figure 2A).
SKOV3iplhad an ICsp of 510 nM compared to 48 nM in SKOV3TR (Table 1, Figure
2B). Also HeyA&8 had an ICsy of 1900 nM that dropped to 67 nM in the chemoresistant
HeyA8MDR (Table 1, Figure 2C). The increase in resistance in A2780cp20 follows what
has been previously reported as A2780ip2 is wild-type for T7P53 while A2780cp20 has a
mutation in 7P53 [24, 25]. However, both SKOV3ipl and SKOV3TR have a mutated
TP53 and HeyA8 and HeyASMDR are wild-type for 7P53 (Table 1). This potentially in-
dicates that the mechanism of action for CX-5461 in these later cell lines is independent
of TP53 status. A2780cp20, HeyASMDR, and SKOV3TRip2 cells were exposed to ei-
ther NaH,POj, (vehicle control) or CX-5461 (10, 50, 100 nmol/L) in combination with
increasing concentrations of carboplatin or paclitaxel. But, they did not show synergic
effect between CX-5461 and carboplatin or paclitaxel (data not shown).
CX-5461 causes cell cycle arrest in G2/S

All six cell lines were treated with either vehicle control, the ICsg, or ICyy of CX-
5461 for 48 hours. Cells were fixed, stained with PI and sorted to determine where in the
cell cycle the drug was having an effect. The ICqyy dose did cause an increase in the
amount of cell death for A27801p2, A2780cp20, SKOV3ipl, SKOV3TRip2, and HeyA8
compared to control treatment (Figure 2D-F). In addition, there was pronounced G2/S
arrest in both SKOV3 cell lines with the ICyo dose, from 24.48% to 37.89% in
SKOV3ipl, and 36.45% to 56.16% in SKOV3TRip2 (Figure 2E). This was also observed
with the ICyy dose in A2780cp20 (38.86% to 69.61%), HeyASMDR (31.75% to 51.49%)
and the ICsy dose in A2780ip2 (26.31% to 42.71%) (Figure 2D,F). An arrest in G2/S

makes sense as Pol I activity is the highest in the G2/S phase [26].
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Ovarian Cancer PDXs have variable response to Pol I inhibition

Based on the activity of CX-5461 in vitro even in the presence of 7P53 mutations,
and the RNA-seq data, the response of five different ovarian cancer PDXs were treated
with single-agent CX-5461 at 50mg/kg q3d for 45 days. Response was varied with PDX
208 and 182 growing on treatment, PDX 127 having stable disease, and PDX 153 and
225 showing response, with PDX 225 having a complete regression of tumor (Figure
3A). Untreated PDX 208, 182, 127, 153, and 225 were analyzed using qPCR for the
genes POLRIB, RRN3, and UBTF. RRN3 is an essential Pol I initiation factor, POLR1B
is the second largest subunit of Pol 1, and UBTF is a factor involved in the pre-initiation
complex formation and chromatin remodeling [12]. The ACt was graphed against the
percent change in tumor volume. There was a positive correlation between RRN3 and
POLR 1B expression and percent change in tumor volume. As RRN3 and POLRIB mRNA
expression increase, there is a greater reduction of tumor volume (R=0.7562 and
R=0.7696, respectively)(Figure 3B-D). This correlation was not observed in UBTF ex-
pression (Figure 3E). These data suggests that sensitivity to Pol I inhibition is dependent
on the level of expression of the factors comprising initiation complex of Pol I and its re-
lated transcription factors.

Next, qPCR was conducted on the treated PDXs 208, 182, 127, and 153 for /751,
POLRIB, RRN3, and UBTF. Since PDX 225 had a complete response to CX-5461, there
was no tumor to analyze and compare to the untreated sample. For PDX 208, 182, and
153, the expression of /7S] decreased in the treated as compared to control, with no de-
tectable expression in PDX 153 (Figure 4A). ITS1 is a read-out of pre-rRNA. The de-

crease of /7S] indicates that CX-5461 prevents the translation of rRNA [12, 21]. Interest-
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ingly, PDX 127 had no change in /7S expression even though the tumor neither grew
nor regressed on treatment. This possibly indicates that CX-5461 had a mechanism of
action of PDX 127 unrelated to ribosome translation, and future studies are needed to
evaluate these potential alternatives. Except in PDX 153, which should a decrease of
POLRIB and RRN3 with CX-5461 treatment, there were only minor differences in ex-
pression levels of the initiation factors of Pol I after CX-5461 treatment (Figure 4B, C).
These leads support to the idea that CX-5461 is acting on Pol I after the recruitment of
initiation factors.
DISCUSSION

Ovarian cancer unfortunately has limited chemotherapeutic options after patients
develop resistant to the standard regiment of platinum- and taxane-based therapy. There-
fore it is imperative to identify novel targets that could be used in conjunction with stand-
ard therapy to hopefully improve patient outcomes. Previously, our group has developed
and characterized an ovarian cancer PDX model that recapitulates the complexity of a
patient’s tumor in terms of heterogeneity and biological activity [20]. In addition, when
we conducted RNA-seq comparing matched chemotherapy treated and untreated PDXs,
we found that genes related to ribosomal synthesis were significantly up-regulated in the
tumor cells surviving a platinum and taxane based therapy. This led us to the hypothesis
that targeting ribosomal synthesis maybe be a potential strategy for treatment in ovarian
cancer in addition to standard chemotherapy.

Transcription of ribosomal RNA genes by RNA polymerase I and subsequent
processing of the ribosomal RNA are fundamental control steps in the synthesis of func-

tional ribosomes [6, 8, 9]. If ribosomal RNA synthesis is upregulated, cell proliferation
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rate is increased [8]. If ribosomal RNA transcription in the nucleolus is inhibited, cells
undergo cell cycle arrest associated with apoptosis, senescence or autophagy [8]. Aber-
rant regulation of ribosomal RNA transcription by RNA Polymerase I and ribosome bio-
genesis (the complex and highly coordinated cellular process leading to the production of
ribosomes) is associated with the etiology of a broad range of human diseases and espe-
cially is pervasive in cancer [8, 27, 28].

There have been numerous chemotherapeutic drugs developed with an impact on
disrupting ribosome biogenesis including cisplatin, actinomycin D, camptothecin (iri-
notecan/topotecan), mitomycin C, 5-fluorouracil, and doxorubicin [8-10]. However, none
of these chemotherapeutic drugs are selective enough for ribosomal RNA transcription by
RNA polymerase I to allow definitive conclusions on what degree their therapeutic effect
1s mediated through ribosome biogenesis [29]. But, CX-5461 which was developed by
Cylene Pharmaceuticals, is an oral small molecule targeting RNA polymerase I that se-
lectively inhibits RNA polymerase I transcription [8, 29]. CX-5461 impairs initiation of
RNA polymerase I transcription by disrupting the binding of the RNA polymerase I tran-
scription initiation factor SL-1 to the ribosomal DNA promoter [11, 12, 29]. CX-5461
selectively inhibits a 300-400 fold more RNA polymerase I than RNA polymerase II or
RNA polymerase III [11].

Bywater et al. demonstrated that human hematologic cancer cells (leukemia and
lymphoma) with p53 wild type are more sensitive to CX-5461 than p53 mutant cells in
vitro and in vivo. As the result, they suggested that CX-5461 has therapeutic effect for
hematologic malignancies by p53 mutational status dependent apoptosis [12]. But, in sol-

id tumor cell lines, CX-5461 inhibits the initiation stage of rRNA synthesis by RNA pol-
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ymerase [ and induces both senescence and autophagy by a p53-independent process
[11]. These differential responses between the nucleolar stress and cell death according to
different types of cancer may mean that hematological malignancies have unique nucleo-
lar biology susceptible to activation of p53 dependent apoptosis following acute perturba-
tions of ribosome biogenesis [12]. However, we showed that CX-5461 is more sensitive
in A27801p2 with 7P53 wild type than in A2780cp20 with a 7P53 mutation. This finding
may mean that CX-5461 may have a therapeutic effect for ovarian cancer through p53
activation. Conversely, we found that the taxane resistant lines SKOV3TRip2 and
HeyA8MDR were more sensitive to Pol I inhibition then their parental lines, even though
SKOV3 has a mutation in 7P53 in both lines, while HeyAS8 is wild-type for 7P53 in both
lines.

Based on our RNAseq data and the in vitro cell line data, we moved forward with
treating 5 PDX lines with CX-5461 in a single agent setting. If up-regulation of riboso-
mal synthesis is a hallmark of aggressive cancer and is required for cellular proliferation,
inhibition may lead to a novel treatment approach. In a single agent setting, we found a
variable response to CX-5461 treatment with each PDX having a different level of re-
sponse to treatment. In our investigation the only unifying feature is that higher basal lev-
els of Pol I initiation factors RRN3 and POLR B correlated with a greater response to
therapy.

However, the data are too preliminary to be able to identify a level of expression
of these factors that would predict CX-5461 response. More importantly, two out of five
of the PDX models had regression of tumor, with 1 having a complete clinical response.

One PDX had stable disease, while two PDXs grew. While preliminary, this would indi-
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cate a 40-60% response rate to CX-5461 in a single agent setting. The ovarian PDX mod-
el more accurately replicates the biology of the original patients’ tumor and this level of
response provides strong evidence for moving CX-5461 into a more expansive pre-

clinical trials and potentially clinical trials.
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Table 1: Mutational status and ICsy of CX-5461 in the ovarian cancer cell lines tested.
A27801p2, SKOV3ipl, and HeyAS are the chemotherapy sensitive ovarian cancer cell
lines. A2780cp20, SKOV3TRip2, and HeyASMDR are the corresponding chemotherapy
resistant lines, respectively. P53 mutation status was determined for each line based and
compared to the ICs, of CX-5461.

Cell lines P53 state CX-5461 IC50
A2780ip2 WT 22nM
A2780cp20 MT 92nM
SKOV3ipl MT 510nM
SKOV3TRip2 MT 48nM
HeyAS WT 1900nM
HeyA8MDR WT 67nM
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Figure 1: Expression of RNA Polymerase I initiation factors in ovarian cancer PDX
models. (A,B,C) gPCR was conducted on 6 pairs of ovarian cancer PDX treated with
carboplatin and paclitaxel or control for UBTF, POLRIB, and RRN3 and gene expression
was compared to the untreated matched PDX. The tumor cell population surviving initial
chemotherapy generally had a greater expression of UBTF, POLRIB, and RRN3. (D) To-
tal level of ribosomal subunits 18S and 28S was determined. Treated ovarian cancer
PDXs had a 37.9-fold increase of 18S (p=0.010) and a 39.0-fold increase of 28S
(p=0.019).
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Figure 2: Response of ovarian cancer cell lines to CX-5461. Cell viability and cell cy-
cle analysis was conducted on 6 pairs of chemo-sensitive and chemo-resistant ovarian
cancer cell lines. (A) MTT assay of A2780ip2 and chemoresisatant A2780cp20 and
A2780cp55 showed that the TP53 wild-type A2780ip2 was more sensitive then
A2780cp20 and A2780cp55 to CX-5461. (B) MTT assay of SKOV3ipl and
SKOV3TRip2 after treatment with CX-5461 indicates that SKOV3TRip2 has a lower
ICs, for CX-5461. (C) MTT assay of HeyA8 and HeyASMDR after treatment with CX-
5461. HeyASMDR was more sensitive than chemo-sensitive HeyAS. (D-F) Cell cycle
analysis of A2780ip2, A2780cp20, SKOV3ipl, SKOV3TRip2, HeyAS8, and HeyASMDR
using propidium iodide after 48 hr treatment with the control, ICsg, or ICyy dose of CX-
5461. In general, treatment with CX-5461 resulted in an increase in in sub-Gy fraction
and a portion of cells in the S/G2 phase.
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Figure 3: Treatment of ovarian cancer PDX with CX-5461. (A) Waterfall plot dis-
playing percent change of tumor volume in PDXs 208, 182, 127, 153, and 225 after 45
days of treatment with 50mg/kg CX-5461 q3D. (B) qPCR of Pol I initiation factors
RRN3, POLRIB, and UBTF. ACrwas calculated. There was an increase in expression of
RRN3, POLRIB, and UBTF in PDX models that had a greater response to CX-5461.
(C,D,E) ACrof RRN3, POLRIB, and UBTF was plotted against the percent change in
tumor volume. There was a strong positive correlation of RRN3 (R=0.7562) and POLRIB
(R=0.7696) expression and reduction in tumor volume. UBTF expression did not corre-

late with tumor reduction.
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Figure 4: Response of ribosomal translation factors after CX-5461 treatment. (A)
ITS1 expression was measured using qPCR and relative gene-expression was determined.
In PDX 208, 182, and 153 there was a decrease in expression of /7S5 after CX-5461
treatment. However, PDX 127 did not show a decrease but had a stable tumor size on
CX-5461. (B-D) Relative gene expression of POLRIB, RRN3, and UBTF using qPCR in
PDX treated with CX-5461 compared to untreated PDXs. There was no significant pat-
tern of response indicating CX-5461 is acting downstream of Pol I initiation factors act
but before ribosomal translation begins.
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GENERAL DISCUSSION
Summary of Key Findings

In this dissertation, works were presented on the establishment of an ovarian can-
cer PDX model for the purposes of attempting to identify the population of cells respon-
sible for chemotherapy resistance. In Section 2 (pp. 19 — 45), a description of the role of
the PI3K/AKT/MTOR pathway in not only the tumorigenesis of ovarian cancer, but its
progression, proliferation, and potential roles in survival after chemotherapy.
PI3K/AKT/MTOR alterations can be initializing events for high-grade serous ovarian
carcinoma. Additionally, changes to outside inputs in the PI3K/AKT/MTOR pathway,
such as AMPK, sMEK, or FASN can result in deregulation of this pathway resulting in
an increase in tumor cell survival, invasion and migration. While there has been clinical
correlation of members of the PI3K/AKT/mTOR pathway predicting patient response to
chemotherapy, targeting the pathway is difficult due to the numerous inputs and outputs
that can be altered. However, there has been promise with the use of some
PI3K/AKT/MTOR pathway inhibitors in recent clinical studies [81].

Section 3 (pp. 46 — pp. 85) focused on the development and characterization of
the ovarian cancer PDX model. We showed that the ovarian PDX model can be estab-
lished with a high engraftment of 85% when using the subcutaneous compartment. This
rate is the highest reported in a large cohort of ovarian cancer PDX, with the Werhoa et a/
group reporting 74% with the IP model [71, 73]. While there were concerns about using

the heterotopic site versus the orthotopic site, our PDX model showed a strong correla-
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tion of oncogene expression between matched SQ PDX tumors and IP PDX tumors, in-
cluding a strong correlation between the SQ PDX tumors and the original patient sample.
This indicates, that at least in ovarian cancer, the use of the heterotopic location does not
dramatically affect the key genetic make up of the tumor [73]. Our results were con-
firmed in the IP ovarian PDX model where Werhoa ef al also saw a strong correlation of
gene expression between the PDX and the original patient [71]. In addition to genetic ex-
pression, our model demonstrated a statistically significant correlation in response to
primary combination therapy of carboplatin and paclitaxel. Patients that had a complete
response to primary therapy corresponded to PDX models that had the greatest reduction
in volume. These findings indicate that our PDX model has biological and clinical rele-
vance to the disease afflicting the patient population, allowing for a platform that can po-
tentially investigate ovarian cancer with greater fidelity then the use of clonal cells.
When the PDX model was interrogated for expression of CSC cells, we saw that while
the treated tumor was enriched for expression of CD133 and ALDH1A1, like what is
seen in persistent disease in the patients, they did not make up the majority of the surviv-
ing tumor. When RNAseq was conducted on the treated and untreated PDX models, we
discovered that chemotherapy induces the expression of ribosomal synthesis genes (ex-
plored in Section 4) and one of the top altered pathways was the Sphingosine-1-
phosphate pathway.

One of the interesting findings from the RN Aseq conducted on the ovarian cancer
PDX models was the upregulation of ribosomal synthesis genes. In Section 4 (pp. 86 —
pp- 106) we tested the effect of inhibiting Pol I on the survival of ovarian cancer cells and

in the ovarian cancer PDX model. When examining the chemotherapy treated ovarian
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cancer PDX models, we found that there was an ~30-fold increase in expression of rRNA
18S and 288, indicating a higher amount of ribosomes after chemotherapy treatment.
Coupled with the RNAseq data, this led to the hypothesis that if Pol I was targeted, the
polymerase responsible for synthesizing ribosomes, ovarian cancer cells could be killed.
The Pol I inhibitor CX-5461 was used as it has been shown to be selective for Pol I and
had the ability to kill ovarian cancer cell lines [82]. Interestingly, we found that our
chemotherapy resistant cell lines SKOV3TR and HeyASMDR were more sensitive to Pol
I inhibition compared to their chemotherapy sensitive parental lines SKOV3ip1 and
HeyA&8. When treating the ovarian cancer PDX models, we found a variable response
with some models showing complete regression on single agent and some growing.
While a 100% response rate was not expected, we conclude that further studies using
CX-5461 in a treatment regimen for ovarian cancer needs to be explored.
Current and Future Directions

Development of a Fully Chemotherapy Resistant Ovarian Cancer PDX

The work presented in Section 3 (pp. 47 — pp. 86) focused on the initial character-
ization and response to chemotherapy of the ovarian PDX model. What the PDX models
provides is a platform for the development of chemotherapy resistant phenotype there a
“natural” evolution. The PDX models were treated with a combination of carboplatin and
paclitaxel until the original tumor regressed to no evidence of disease (NED). In the first
study of the PDX model, chemotherapy treatment was stopped at 4 weeks to allow for a
sample to analyze. After the PDX model reached NED, the model was placed on observa-
tion until recurrence of tumor (Figure 1). Due to the age of the animal at the time of re-

currence, the tumor was harvested and re-implanted into new mice to allow for continued
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Figure 1: Model of development for a chemotherapy-resistant PDX. In the original study
design, after 4 weeks of chemotherapy treatment in the PDX, tumors were harvested and
examined. In order to develop a chemotherapy resistant PDX, treatment was continued
until the mouse had no evidence of disease or stopped responding to therapy. At that
point, the PDX was placed on observation and once tumor recurred, it was extracted and
expanded into new mice and re-challenged with chemotherapy until resistant.
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development. Once the new generation of PDX tumor grew, it was challenged with
chemotherapy to demonstrate resistance (Figure 2). Typically, chemotherapy resistance
developed after the first recurrence, though in PDX 208, resistance development has re-
quired multiple exposures to chemotherapy. The advantage of developing resistance in
this method is it replicates the clinical process. It is our hypothesis that the mechanism
the PDX tumor uses to gain chemotherapy resistance will be similar to the mechanisms in
the patient’s tumor. This would allow for novel targets and therapeutics interventions to
be developed to target the resistant population.
Targeting Cancer Stem Cells in the Chemotherapy Resistant PDX

As work by Steg et al showed, chemotherapy resistant ovarian cancer clinical
specimens were significantly enriched for at least one of the CSC markers ALDH1A1 or
CD133 [48]. If CSC are responsible for recurrence and chemotherapy resistance, target-
ing this population is necessary to improve survival [20, 38]. Methods for targeting CSC
include targeting the CSC marker directly, targeting the pathways involved in “stemness”
or conjugating standard chemotherapy to an aptamer that targets CSC resulting in both
the non-CSC and CSC population being targeted [20, 83]. In conjunction with our col-
laborators at the University of Michigan, we used a small molecule to target
ALDH+/CD133+ populations. 673A was identified by Dr. Ronald Buckanovich’s group
by screening a library of compounds that had confirmed or potential anti-ALDH activity
based on molecular homology to the ALDH inhibitor DEAB [84]. 673 A was found to
deplete ovarian cancer cell line A2780 of ALDH activity as measured by the ALDE-

FLUOR assay and also depleted the CD133" population. In our hands, we took the
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Figure 2: Comparison between chemotherpy sensitive and resistant PDX. (A) PDX 136
was initially chemosensitive and showed complete regression of the tumor after approxi-
mately 40 days of chemotherapy. After the tumor recurred and was expanded into new
mice, PDX 136 was re-treated with chemotherapy. (B) PDX-136-Resistant grows on
chemotherapy demonstrating the development of complete resistance to carboplatin and
paclitaxael as compared to PDX-136-Sensitive.
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chemotherapy-resistant PDX 136R and the corresponding sensitive line PDX 136S. Both
lines were treated with vehicle, carboplatin, or carboplatin + 673A. Carboplatin was ad-
ministered at 90 mg/kg injection IP weekly while 673 A was injected daily IP at 2.23
mg/kg. In PDX-136R, tumor volume increased on vehicle treatment and carboplatin,
while carboplatin plus 673 A resulted in stable disease that started regressing (Figure 3).
The difference in tumor volume was significantly reduced in the carboplatin + 673 A
treatment group (p<0.05). However, in the chemosensitive PDX-136S, vehicle treatment
resulted in tumor growth, but carboplatin and carboplatin + 673 A had similar regression
(Figure 4).

The responses seen in PDX 136S make sense, as the ALDH+/CD133+ population
is in the minority therefore the majority of the tumor volume is comprised of the chemo-
therapy sensitive cells. In PDX 136R it needs to be evaluated what was the composition
of the tumor before and after treatment with 673A in terms of the CSC markers
ALDHI1A1 and CD133. In addition, future experiments need to be conducted in the other
PDX models to make sure this response isn’t limited to the one PDX. However, these
preliminary results are promising in that directly targeting the CSC with a molecular tar-
get could reverse chemotherapy resistance.

Identifying novel pathways to target chemotherapy resistance in ovarian cancer

By subjecting the ovarian cancer PDX tumors to a combination of paclitaxel and
carboplatin, we were able to recreate the clinical regimen patients undergo. This created a
cohort of treated with matched untreated PDX tumors that could be examined for mo-
lecular changes that could provide insight into how the tumor cells are surviving chemo-

therapy. One of the first methods that were used was Ki-67 staining to understand
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Figure 3: Treatment of PDX-136-Resistant with 6734 and Chemotherapy. 673A is a
compound that specifically depletes tumors of the ALDHIA1 and CD133 positive CSC
populations. When used in combination with chemotherapy in the chemotherapy resistant
PDX-136, there was a significant decrease in volume of the tumor at the end of treatment
as compared to chemotherapy alone, which grew similar to the untreated PDX.
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Figure 4: Treatment of PDX-136 Sensitive with 6734 and Chemotherapy. When the orig-
inal chemosensitive PDX 136 was treated with the CSC-targeting 673 A and chemothera-
py, there was no difference in reduction of tumor volume as compared to chemotherapy
alone. This is expected as the CSC should be a minority of the tumor population in the
sensitive model as compared to the resistive, with the bulk of the tumor being killed by
the chemotherapy.
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how proliferation was changing due to chemotherapy. Interestingly, a significant decrease
in proliferation was noted in the treated PDX tumors compared to the untreated PDX.
However, on histological examination, there were still normal looking tumor cells in ap-
pearance. This led to the idea that a dormancy phenotype was being deployed to allow the
cells to survive.
Autophagy in ovarian cancer PDX

Chemotherapy treated and untreated ovarian cancer PDX models were stained for
microtubulue-associated protein 1 light change 3 (LC3) using immunohistochemistry.
LC3, a mammalian orthologue of yeast ATGS is a marker for autophagosome formation
[85, 86]. In autophagy, the cytosolic precursor, LC3-I undergoes proteolytic cleavage at
the C-terminal end followed by the lipidation of the exposed glycine residue with a phos-
phatidylethanolamine group, called LC3-II [85]. LC3-II, which is incorporated into the
autophagosome membrane and is in combination with p62, which is degraded in autoph-
agy, 1s a measure of autophagosome activity [85, 87, 88]. After determining intensity of
staining by scoring for percent expression of LC3 on the specimens (Figure 5A), the
treated specimens had an average staining of 64 % while the untreated PDX had an aver-
age of 58% expression (p-value = 0.640) (Figure 5B) While the change in expression of
LC3 was not significant when all PDX models were combined, there were some pairs of
PDX samples that did show an increase in LC3 expression. For example, PDX 108 in-
creased from 22.5% to 95% and PDX 135 increased from 20% to 85%. Analysis of the
conversion of LC3-I to LC3-II using Western Blot showed similar results, with the
amount of LC3-II, a marker of autophagosomes, increasing in a few PDX samples, but

unchanged in others (Figure 5C). This indicates that autophagy does occur
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Figure 5: Analysis of autophagy induction in treated PDX tumors. (A) Using IHC for

LC3-I1, some PDX models showed an increase in expression of LC3-II after treatment
with chemotherapy. (B) However, quantification of LC3-II expression was not signifi-
cantly different between the treated and untreated PDX models. (C) On Western Blot,

there was variable induction of autophagy as measured by an increase in the LC3-II vs
LC3-I fragment and decrease in p62 levels. T =treated, N = no treatment.
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in some specimens in response to therapy, it is not a universal response. A key question
that requires further study is if the autophagy seen in some of the PDX samples is an ex-
ample of pro-tumorigenic autophagy, where the cells are using the dormancy of autopha-
gy for survival. In ovarian cancer, the gene ARHI has been shown to induce autophagic
cell death in vitro, however, in an in vivo setting, ARHI expression results in the cells
surviving as dormant cells that are able to regrow tumors [89]. In addition, these ARHI-
expressing dormant cells can only be killed when the autophagy inhibitor chloroquine is
used [89]. This provides evidence that autophagy can induce a protective dormant pheno-
type for ovarian cancer allowing the tumor to recur at a later date.

In addition, the RNAseq data showed that 3™ most altered pathway was Sphingo-
sine-1-phosphate signaling (S1P). This pathway has a role in the initiation of autophagy
that appears to be protective for cells undergoing stress through the inhibition of mTOR
singaling pathway [90]. In two studies, it was shown that S1P pathway induction of au-
tophagy resulted in protecting normal oocytes from chemotherapy/radiation used in
treatment of other non-ovarian malignancies [91, 92]. In ovarian cancer, one group found
that by treating with a sphingosine analog, FTY-720, resulted in protective autophagy,
antagonizing the activity of cisplatin [93]. This information, including the fact that some
of the PDX models did show an increase in autophagy, provides the groundwork for ex-
ploring the role of the Sphingosine-1-phosphate pathway in ovarian cancer chemotherapy
resistance.

Conflict between induction of autophagy and ribosome translation
In the initial analysis of the data, it appeared that we were observing both a global

increase in the amount of autophagy and the amount of ribosome translation. These func-
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tions are normally considered to be on the opposite side of physiological activities for
cells. In addition, one of the frequent roles of autophagy is to degrade mature ribosomes
[94]. However, there is a possible connection between the autophagy and increase in ri-
bosomal synthesis that was observed. The gene MYC is mutated in approximately 25% of
epithelial ovarian cancers [19, 95]. MYC is an interesting oncogene that after chromoso-
mal translocation and gene amplification can cause both increased proliferation and apop-
tosis depending on the cellular context [96-99]. c-Myc functions as a transcription factor
that induces proliferations and importantly ribosome biogenesis, which is associated with
an increased rate of protein synthesis [96, 100]. This sets the stage for MYC alteration
causing an increase in ribosome biogenesis, especially under states of stress, as the cell is
trying to manufacture proteins needed for survival.

In normal cells, there is the unfolded protein response (UPR), which is a homeo-
stasis program initiated by an excess of unfolded/misfolded proteins [96]. When the UPR
is activated by microenvironmental conditions, such as lack of nutrients or hypoxia, the
process of autophagy is activated in order for the cell to dispose of misfolded/uneeded
proteins and generate the nutrients needed for survival. However in cancer, the UBF re-
sponse is frequently found to be with the concurrent activation of pro-survival pathways,
including MYC activation [101, 102]. A recent study has shown that c-Myc activation in a
lymphoma model causes an increase in protein synthesis, such as ribosomal synthesis,
that triggers the UPR to induce ER-autophagy as noticed by an increase in LC3-II and
p62 degradation [96]. The increase in autophagy results in cell survival by avoiding apop-
totic pathways and when autophagy was inhibited by using a Perk”” mutant and by au-

tophagy inhibitors, cell viability decreased with a correlative increase in apoptosis activi-
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ty [96]. Therefore, c-Myc activation by causing an increase in proliferation of proteins
induces a protective autophagy for tumor cells.

Therefore it is the hypothesis that in the ovarian cancer PDX, treatment is causing
cellular stress that is inducing c-Myc activity to increase protein proliferation. This in-
crease in cellular proliferation is increasing ribosome biogenesis, as noted by the ob-
served increase in total ribosomes, while also inducing the UPR to cause a protective au-
tophagy for the surviving cells. This potential pathway activation needs to be explored to
determine to what level the PDX models tested have MYC amplification or mutation, in-
cluding examining the levels of ULK1 and Atg5 as the mediators of this protective au-
tophagy.

Final Conclusions
This dissertation described the development and characterization of an ovarian cancer
PDX model that recapitulates the heterogeneity of the patients’ tumor and has biological
and clinical relevance to the patient’s tumor. The generation of the PDX creates a plat-
form that can be used to delve into the mechanisms and pathways that ovarian cancer
employs to survive primary chemotherapy and eventually develop chemotherapy re-
sistance. While the generation and characterization of the fully chemotherapeutic re-
sistant PDX models are in the infancy, preliminary data have identified a few interesting
strategies for overcoming chemotherapy resistance. The most promising seems to be the
direct targeting of the CSC ALDH1A1 and CD133, though this needs further exploration.
Also, this dissertation work has demonstrated that targeting ribosome synthesis by Pol I
inhibition is a therapeutic strategy that could have potential benefit for ovarian cancer

patients. The generation, characterization, and maintenance of a PDX model is both a la-
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bor and financial intensive process, however the benefits are immense for the advance-
ment of understanding chemotherapy resistance. It is a resource that should be a priority

for UAB to further develop and expand for all cancer types.
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