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SUMMARY

Epithelial ovarian cancer is a leading cause of death from gynecological malignancies.
Challenges in effectively treating patients with metastatic disease and preventing
chemo-resistance can be attributed to the insufficient understanding of the biology and
the mechanisms involved in ovarian cancer metastasis. Epithelial ovarian carcinoma
(EOC) metastasis is characterized by the shedding of malignant cells from the surface of
the primary tumor and their implantation onto the peritoneal surface lining the
abdominal cavity in addition to more distant sites. This shedding of malignant cells from
the primary site results as either single cells or free-floating multicellular aggregates,
known as spheroids, in the ascites. Although single cells and spheroids may potentially
seed metastases, considerable evidence now suggests that the aggregation of cells is
important for anchorage-independent cell survival and growth, and spheroid formation
may represent an important intermediate survival mechanism to facilitate EOC
dissemination. This project, thus, aimed to characterize CD44s in EOC spheroids and its

functional significance in epithelial ovarian carcinoma metastasis.

Recent studies have uncovered human transmembrane cell adhesion molecule CD44
standard (CD44s) isoform expression correlating with high grade and advance-stage
ovarian carcinoma. Moreover, it has also been suggested that CD44s may be an

important mediator of ovarian cancer cell implantation in the peritoneal cavity

Xiv



enhancing the metastatic potential of ovarian cancer cells. Therefore, we investigated
the functional significance of CD44 standard by means of in vitro culture experiments

with ovarian cancer spheroids.

After characterizing 8 EOC cell lines, a spectrum of CD44 expression was observed and
we chose two cell lines with high CD44s (ES-2 and SKOV-3) and two cell lines low in
CD44s (OVCAR-4 and OVSAHO) for further testing. Interestingly, the high CD44s-
expressing cell lines formed larger spheroids that adhered significantly faster to a
monolayer of primary mesothelial cells. Silencing of CD44 using CRISPR/Cas9 in these 2
cell lines reduced spheroid formation suggesting that differential expression of CD44s
plays a role in cell-cell adhesion. When we i.p. injected ES-2 CD447 cells into athymic
nude mice, decreased ascites production and mesentery tumor burden were observed
as well as increased overall survival. However, CD44 knockout also significantly
increased metastasis to the lung suggesting a suppressive role for CD44 in EOC distant
metastasis, as well. This data implies that CD44 enhances the metastatic potential in
ovarian cancer spheroids and regulates organ-specific dissemination of ovarian cancer
cells, favoring peritoneal dissemination. However, high CD44 expression prevents
metastatic dissemination to distant sites, including lungs, thereby limiting its use as a

therapeutic target for disease management.
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CHAPTER 1: REVIEW OF CURRENT LITERATURE & SCOPE OF THESIS

1.1 Epithelial Ovarian Cancer
1.1.1 Introduction
Epithelial ovarian carcinoma (EOC) is the leading cause of death from gynecologic
malignancies and the fifth leading cause of death in women (1). In the United States, an
estimated 22,440 new cases of ovarian cancer will be diagnosed in 2017 and an estimated
14,080 will succumb to the disease (1). Ovarian cancer is the 11" most common cancer in
women with a frequency of 2.6% and overall lifetime risk of 1 in 76 (2). However, it has the
fifth highest mortality rate accounting for 5% of all cancer related deaths in women (1).
Based on data collected from 2007-2013, five year survival of patients diagnosed with ovarian
cancer is 46.5% (2). The relative survival is influenced to a large extent by the stage of the
disease at the time of diagnosis. If the disease is diagnosed at an early stage and localized to
the primary site, the five-year survival is 92.5% (2). While, diagnosis at the metastatic stage,
when more than 60% of patients are diagnosed, leads to a five year survival rate of only

28.9% (2).

Ovarian cancer is diagnosed at an advanced stage primarily due to non-specific symptoms,
including abdominal discomfort, bloating, gas, nausea, and urinary urgency, ambiguous and
often mistaken for gastrointestinal problems (3) along with a lack in sensitive and reliable
screenings methods for early detection. Therefore, as patients are diagnosed at late
metastatic stages, there is minimal chance for long-term survival due to a lack of effective

treatments for metastatic disease. While current standard of care, a combination of surgery



and chemotherapy, is efficient as initial treatment, in most cases EOC recurs within a few
years and develops resistance to current therapy (4, 5). Prolonging patient remission is a
challenge in clinical management of EOC stemming in part from an insufficient understanding

of the biology and mechanisms supporting EOC metastasis.

1.1.2. Clinical Appearance and Management

Malignant tumors of the ovaries and fallopian tubes occur at all ages varying in histological
subtype by age. For example, in women younger than 20 years of age, germ cell tumors
predominate, while borderline tumors occur typically in 30 and 40 year old woman—10 or
more years younger than in women with invasive EOC occurring typically after age 50 (1, 6).
Risk factors established for EOC include many reproductive factors. Women who have never
had children are twice as likely to develop EOC. First pregnancy at an early age, early
menopause, and the use of oral contraceptives have also been associated with lower risks of

ovarian cancer (7, 8).

Moreover, hereditary factors are associated with approximately 10% of ovarian and fallopian
tube cancer. Women with germline mutations in BRCA1 and BRCA2, key proteins involved in
homologous repair (HR) of DNA, have a substantially increased risk of ovarian, tubal, and
peritoneal cancer—about 20%—-50% with BRCA1 and 10%—20% with BRCA2 (9-12). Patients
with a strong family history of epithelial ovarian, fallopian tube, or peritoneal cancers,
particularly if there is a documented germline BRCA1/2 mutation, are advised to have a

bilateral salpingo-oophorectomy at the completion of childbearing in order to reduce their



risk of developing cancer in these tissues (6). Otherwise, there are no other effective
screening methods that reduce the mortality of ovarian, fallopian tube, or peritoneal cancers.
Studies using CA-125, ultrasonography of the pelvis, and pelvic examination do not have an
acceptable level of sensitivity and specificity, but trials are still ongoing in women in the

general population aside from those in high-risk populations (13).

Roughly two thirds of all epithelial “ovarian” cancers are Stage Ill or Stage IV at diagnosis.
Woman often present with symptoms including vague abdominal pain or discomfort,
menstrual irregularities, or indigestion among other mild digestive disturbances, which may
have even been present for only a few weeks (14, 15). As the disease progresses, abdominal
distention and discomfort from ascites generally increase and may be associated with
respiratory symptoms from increased intra-abdominal pressure or from the leakage of fluid

into pleural cavities (6).

Current treatment strategies for advanced ovarian carcinoma consist of aggressive tumor
debulking or cytroreductive surgery to remove as much of the tumor as possible.
Postoperatively, all women, except those with early- stage disease, receive chemotherapy
with platinum (carboplatin, rarely cisplatin) and taxane (Taxol). Carboplatin, or cis-Diammine-
1,1-cyclobutane dicarboxylate platinum (ll), is a member of the platinum family of
chemotherapeutic drugs along with the earlier analogue, cisplatin. These compounds function
by binding to the purine bases in DNA creating DNA adducts that lead to irreparable DNA

damage and activation of apoptosis (16-18). Carboplatin is preferred over cisplatin in the



chemotherapeutic treatment of ovarian cancer, however, due to equivalent efficacy with
improved off-target toxicity (19). On the other hand, the taxane family of drugs, which
includes paclitaxel and docetaxel, are cytotoxic agents used to treat several different cancers
by causing stabilization of the cellular microtubules thereby preventing the de-polymerization
of cell microtubule assembly and arresting the cells in the metaphase of mitotic cell division
(20-22). Patients who have undergone optimal debulking would ideally receive
intraperitoneal (i.p.) delivery of these therapies as EOC is generally restricted to the
abdominal cavity and pharmacodynamic studies show i.p. chemotherapy can achieve very

high peritoneal drug concentrations (23).

Moreover, therapies including Bevacizumab, a humanized monoclonal antibody targeting
vascular endothelial growth factor, have recently been approved for first-line treatment of
advanced EOC in combination with standard chemotherapy and for platinum-sensitive as well
as platinum-resistant recurrent EOC (24), while olaparib, a poly(ADP-ribose) polymerase
(PARP) inhibitor received its 2017 approval as maintenance therapy in patients with platinum-
sensitive, relapsed EOC and a BRCA1/2 mutation following at least two lines of previous
chemotherapy (25). If disease returns in less than 6 months following platinum
chemotherapy, it is considered “platinum resistant,” and choice of chemotherapy is selected
from a variety of medications that have all shown similar ability to shrink cancer (liposomal
doxorubicin, gemcitabine, topoisomerase inhibitors) (26). The median interval to first

recurrence in EOC is 18 to 24 months, and after recurrence, generally 70% of advanced stage



EOC relapses becoming increasingly more difficult to treat with poor overall survival

prompting the need for new and better treatments for metastatic disease (27).

1.1.3 Histopathology

EOC is a highly heterogeneous disease classified by histological subtypes in 2 general groups,
Type | and Type ll, defined by distinct clinicopathological and molecular genetic features.
Type | tumors include endometriosis-related tumors, clear cell, seromucinous and mucinous
carcinomas, which are generally low grade and develop in a stepwise fashion from well-
established benign precursors—in most cases, borderline tumors (28). They are generally
confined to the ovary, progress slowly, and account for only 10% of deaths from ovarian
cancer (28). Moreover, they are relatively genetically stable, however, present with frequent
somatic mutations involved in the phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit a (PIK3CA)/phosphatase and tensin homolog (PTEN), catenin B1, Kirsten rat sarcoma
viral oncogene homolog (KRAS)/B-Raf proto-oncogene, serine/threonine kinase
(BRAF)/mitogen-activated protein (MAP) extracellular signal-related kinase (ERK), and AT-rich

interaction domain 1A (ARID1A) chromatin remodeling pathways (28).

Type Il tumors, on the other hand, are invariably high grade and composed, for the most part,
of high-grade serous carcinomas (HGSOC) that can be further divided into morphologic (usual
or solid pseudoendometrioid transitional (SET)) and molecular subtypes (immunoreactive,
proliferative, differentiated, and mesenchymal) (28). These tumors are currently thought to

develop rapidly from serous tubal intraepithelial carcinomas (STICs) of the fallopian tube



fimbriae (29) and are highly aggressive presenting in advanced stage in more than 75% of
cases (28). They display marked chromosomal instability, ubiquitous TP53 mutations, and
frequent abnormalities in homologous recombination repair, retinoblastoma protein, cyclin

E1, forkhead box M1 (FOXM1), and Notch3 pathways (Figure 1) (28).
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Figure 1. Sub classifications of ovarian cancer histologic subtypes (28).

The revised dualistic model in the pathogenesis of ovarian epithelial cancer. Type |
carcinomas comprise low-grade serous, clear cell, endometrioid, and mucinous carcinomas.
Seromucinous carcinomas and malignant Brenner tumors are rare and not shown. Type Il
carcinomas are largely composed of high-grade serous carcinomas. Carcinosarcoma and
undifferentiated carcinoma are relatively uncommon and not illustrated. The areas in
individual histotypes reflect their relative prevalence. The inner circle indicates the likely cell
of origin of the different type | and type Il neoplasms. The origin of mucinous carcinomas is
not well established and is discussed in the text. The molecular pathway alterations that
characterize each tumor subtype are summarized in the square boxes. Some of the pathway
abnormalities are shared by some tumor types and they are shown in two-color fill in boxes.
ARID1A, AT-rich interaction domain 1A; BRAF, B-Raf proto-oncogene, serine/threonine
kinase; CCNE1, cyclin E1; ERRB2, estrogen-related receptor f2; HR DDR, homologous



recombination-mediated DNA damage repair; KRAS, Kirsten rat sarcoma viral oncogene
homolog; MEK, mitogen-activated protein (MAP) extracellular signal-related kinase (ERK)
kinase; MMR, DNA mismatch repair; NF1, nuclear factor 1; PI3K, phosphatidylinositol 3-
kinase; PTEN, phosphatase and tensin homolog; Rb, retinoblastoma protein.

(Figure and caption originally published in Kurman, RJ, Shih, leM. The Dualistic Model of
Ovarian Carcinogenesis: Revisited, Revised, and Expanded. American Journal of Pathology.
2016;4:734-6. doi: 10.1016/j.ajpath.2015.11.011.)

In addition to classification of subtypes by clinicopathological and molecular genetic features,
EOC are classified based on degree of differentiation, or grade (30). The International
Federation of Gynecological and Obstetrics (FIGO) have defined the most common grading
system. The FIGO system is based on architectural criteria depending on the ratio of
glandular or papillary structures relative to areas of solid tumor growth with Grades 1, 2, and
3 correspond to <5%, 5-50%, and >50% solid growth, respectively (31). Finally, classification
of the disease by stage of tumor progression I-1V is used to determine therapeutic strategies.
In 2014, the Gynecologic Oncology Committee of FIGO revised tumor staging to incorporate
ovarian, fallopian tube, and peritoneal cancer in the same system due to the histologic,
molecular, and genetic evidence showing that the majority of tumors classified as high-grade

serous carcinomas of the ovary or peritoneum originate in the fimbrial end of the fallopian

tube (29, 32, 33).

1.2 EOC Tumor Progression
1.2.1 Metastatic Dissemination
The high mortality of EOC is largely explained by the fact that the majority of patients present

with advanced disease when the disease is widely metastatic within the peritoneal cavity.



Metastasis of EOC can occur via the transcoelomic, hematogenous, or lymphatic route. Of
these, however, transcoelomic metastasis is the most common, and is responsible for the
greatest morbidity and mortality in women with this disease because they occur so frequently
and have the capacity to affect multiple vital organs within the abdomen, including the
gastrointestinal and genitourinary systems (34). HGSOC is currently thought to spread form
the fallopian tube fimbrae to involve the ovaries first, and then metastasize either by direct
extension from the ovarian/fallopian tumor to neighboring organs (uterus, omentum, sigmoid
colon) or detachment of the cancer cells from the primary tumor mass and taken up by the
natural flow of peritoneal fluid within the abdominal cavity (34). The formation of this
malignant ascites, can result in raised intra-abdominal pressure and subsequent abdominal
distention and discomfort, early satiety leading to dietary deficiency, impaired circulation of
blood and lymphatic vessels, and respiratory dyspnea (34). Other common secondary sites
for regional metastasis are the peritoneum, which covers the entire abdominal cavity, the
right diaphragm, and the small bowel mesentery are preferentially colonized (23). Unlike
most other cancers, EOC rarely disseminates through the vasculature. However, pelvic and/or
para-aortic lymph nodes can be involved (35), a risk factor for development of distant
metastasis (pleura, lung, liver, bone) consistent with late stage disease in one third of ovarian

cancer patients (36).

1.2.2 Spheroids
The primary mode of distant metastasis involves the shedding of cells from the primary

tumor, which can then aggregate as spheroids within the abdominal cavity, then settle onto



the peritoneal surface followed by disaggregation and implantation in the mesothelial lining
where metastatic outgrowth can occur (37-39). In ascites, shed EOC cells can be found as
individual cells and/or multicellular spheroids (40, 41). Although both populations of cells may
potentially seed metastases, the aggregation of cells has been reported to be important for
anchorage-independent cell survival and growth (42), and, therefore, spheroid formation may
represent an important intermediate survival mechanism to facilitate EOC dissemination.
Therefore, understanding the role of cells, specifically in spheroids, in malignant ascites will
be integral for understanding EOC metastasis. While the function of multicellular spheroids in
metastatic disease remains to be fully elucidated, there is evidence to suggest that they play

an important role in metastatic disease (39).

The most important function of a multicellular tumor spheroid is to create an anchorage-
independent in vivo tumor microenvironment that can support mechanisms of cell survival
through cell—cell adhesion, depending largely on the expression and activity of certain cell—-
cell adhesion molecules (CAMs) N- and E-cadherin (43, 44), as well as upregulation or
expression of proteins associated with spheroid compaction, including vimentin (45). Cells
must express at least one CAM, otherwise they would not be able to aggregate or
subsequently compact (46, 47). Successful metastasis then requires the remodeling of these
CAMs, as the spheroids disaggregate on the mesothelium of the peritoneum, while
extracellular matrix (ECM) adhesion molecules (integrins) anchor the spheroid to the sub-
mesothelial ECM (48, 49). Invasion of tissues requires additional protease activation (matrix

metalloproteases (MMP)) for the degradation of the basement membrane and complete



establishment of a metastatic lesion (39). The microenvironment in situ appears capable of
supporting these functions through exposure to secreted growth factors and chemokines that
are found in the ascitic fluid (50). These mechanisms are potentially very complex and further
delineating them will be crucial for the development of new therapies that specifically target

spheroid-mediated metastasis (39).

Recently, it has become apparent that spheroids within malignant ascites represent a
significant impediment to efficacious treatment of late stage EOC. In vivo, spheroids are
present in the malignant ascites of EOC patients, while in vitro cultured spheroids are capable
of tumorigenesis in vivo and display a reduced response to chemotherapeutic drugs when
compared to monolayers (51, 52). A major problem associated with the current generation of
chemotherapy agents is that they do not address the anchorage- and vascular-independent
growth conditions associated with a 3-dimensional structure that has formed and/or grown in
suspension. Penetration of small molecule inhibitors that rely on diffusion through the plasma
membrane must pass through multiple layers of cells to reach the inner cells of these
compact multicellular structures. Thus, spheroid formation may represent a key component
of platinum/taxane- sensitive recurrence if cells in the core of the spheroids are less exposed
overall to drug. However, a better understanding of spheroid biology is necessary for the
identification of new treatment opportunities for the sustained treatment of metastatic EOC
(39). New methodologies that specifically target spheroid-mediated disease progression still
need to be developed, as well. New experimental therapies that utilize antibody-directed

therapy to focus treatment at the tumor site while minimizing systemic exposure to cytotoxic
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agents is ongoing (53), and will hopefully provide promising directions for the treatment of

spheroid-mediated EOC metastases.
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Figure 2. Model of ovarian cancer progression (39).

(A) Diagrammatic representation of our hypothesis of Ovarian Cancer progression
(reproduced with permission from [19]). (B) In vitro assays using HEY ovarian cancer
spheroids after 4 days of culture. Phase contrast image of a HEY spheroid (left panel,
magnification 200x), cryostat section of a HEY spheroid probed for Ki67 expression (middle
panel, arrows, magnification 400x) and Cell-Tracker labeled HEY spheroid (light cells)
disaggregating on a mesothelial monolayer (LY9, dark cells just visible in the background)
(right panel, magnification 400x). (C) Outline of how spheroids in ascites would be able to
establish metastatic lesions. Multicellular ascites spheroids attach to and disaggregate on the
mesothelial lining of the peritoneal cavity, facilitated by the action and/or remodeling of the
cadherins and integrins. Then through the activity of MMPs cells are able to infiltrate the
mesothelial lining and ECM. MMP — matrix-metalloprotease; ECM — extracellular matrix.
(Figure and caption originally published in Shield, K., et al. Multicellular spheroids in ovarian
cancer metastases: Biology and pathology. Gynecologic Oncology. 2009;113:143-8. doi:
10.1016/}.ygyno.2008.11.032.)

1.2.3 Extracellular Matrix in the Microenvironment

The extracellular matrix (ECM) is a highly organized three-dimensional structure with many
physiological and pathological roles. In addition to maintaining tissue integrity, ECM also
regulates cell migration, cellular differentiation, and proliferation and provides a reservoir of
cytokines and growth factors (54). ECM is an essential component of the tumor
microenvironment, and cancer development and progression are associated with increased
ECM deposition and crosslinking. The chemical and physical signals elicited from ECM are
necessary for cancer cell growth and invasion, and it has been shown that cancer cells are an
active and important component in ECM remodeling. These ECM functions are summarized
in Figure 3. ECM molecules, such as Periostin (POSTN), fibronectin, and hyaluronan, are
important components of the metastatic niche (55). The potential of ovarian cancer cells to

disseminate and metastasize into the peritoneal cavity is ruled by, among others, the ECM

composition (56). The ECM of epithelial ovarian tumors comprises a variety of molecules
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including the collagen superfamily and noncollagenous proteins such as glycoproteins,
proteoglycans, and hyaluronan. Elevated levels of laminin-y2, collagen types | and lll,
periostin, fibronectin, versican, hyaluronan (HA), and its receptor CD44 have all been
associated with a poor prognosis of ovarian cancers (57, 58). Periostin, for example, is
detected in the ascites of ovarian cancer patients (59) and associated with late-stage disease
and ovarian cancer relapse (60). Periostin has also been reported to increase the motility of
the ovarian cancer cells and their adhesion to the peritoneum via integrins avB3 and avp5
(59). Fibronectin, on the other hand, activates the a5p1-integrin/c-Met/FAK/Src dependent
signaling pathway, contributing to ovarian cancer invasion and metastasis (61). Moreover, we
have shown that versican regulates the development of peritoneal metastasis (62). While, it
has also been shown that HA to CD44 triggers direct cross-signaling between different
signaling pathways (63-68), and it is this function which is thought to be involved in increased
motility, adhesion, and invasion of cancer cells as well as tumor growth in ovarian cancer (69,

70).
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Figure 3. Mechanisms of ECM function. The versatile functions of the ECM depend on its
diverse physical, biochemical, and biomechanical properties. Anchorage to the basement
membrane is essential for various biological processes, including asymmetric cell division in
stem cell biology and maintenance of tissue polarity (stage 1). Depending on contexts, the
ECM may serve to block or facilitate cell migration (stages 2 and 3). In addition, by binding to
growth factor signaling molecules and preventing their otherwise free diffusion, the ECM acts
as a sink for these signals and helps shape a concentration gradient (stage 4). Certain ECM
components, including heparan sulfate proteoglycans and the hyaluronic acid receptor CD44,
can selectively bind to different growth factors and function as a signal coreceptor (stage 5) or
a presenter (stage 6) and help determine the direction of cell-cell communication (Lu et al.,
2011). The ECM also direct signals to the cell by using its endogenous growth factor domains
(not depicted) or functional fragment derivatives.

(Figure and caption originally published in Lu, P., et al. The extracellular matrix: A dynamic

niche in cancer progression. Journal of Cell Biology. 2012;196:395. Doi:
10.1083/jcb.201102147)
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1.3 CD44 in Cancer
1.3.1 Protein Structure
Members of the CD44 family of transmembrane glycoproteins (also referred to as HCAM,
Pgp-1, Hermes antigen, and lymphocyte homing receptor) belong to a class of cell adhesion
receptors involved in a variety of cellular processes including the regulation of growth,
survival, differentiation, and motility (71). The amino-terminal globular protein domain of
CDA44 is encoded by the first five non-variable exons of the CD44 gene and contains motifs
that function as docking sites for several components of the extracellular matrix including
hyaluronan (HA), which CD44 binds with a particularly high affinity, as well as collagen,
laminin, and fibronectin. Exons 6—15 encode variant exons vl1-v10, which are either
completely excluded in the smallest CD44 isoform, CD44s, or included in various
combinations in the extracellular domain leading to CD44 variant isoforms (Figure 3). Up to
ten different CD44 isoforms have been reported due to differential splicing of the 10 variant
exons (72, 73). The transmembrane region contains 23 hydrophobic amino acids and 1
cysteine residue, and is thought to be involved in CD44 oligomerization and association with
lipid rafts (74, 75). Finally, the c-terminus cytoplasmic-tail region contains motifs that direct
CDA44 basolateral localization or subdomain localization during cell migration, and it mediates
CDA44 interactions with intracellular binding partners. Although CD44 has no intrinsic kinase
activity, the cytoplasmic tail interacts with a variety of signaling mediators and contains
binding sites for the actin-cytoskeleton adaptor proteins, which facilitate association of CD44
with the cytoskeleton responsible for the associated phenotypes (76-79). Moreover, the

cytoplasmic tail contains 6 potential serine phosphorylation sites that are phosphorylated by
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protein kinase C and Rho kinase as a means of regulating association of intracellular proteins
to CD44 during signaling transduction (80). The CD44 family is further compounded by
several post-translation modifications including N- and O-glycosylation (81). There are many
reports about the physiological roles of CD44 and its activity in various diseases, but a

detailed understanding of molecular mechanisms is mostly lacking (82).
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Figure 4. Mouse CD44 gene and protein structure (83).

(A) Model structure of alternative splicing in CD44. CD44 pre-mRNA is encoded by 20 exons in
mice and 19 exons in humans. The common standard CD44s (hematopoietic) form contains
no extra exons, and the protein has a serine motif encoded in exon 5 that can initiate
synthesis of a chondroitin sulfate or dermatan sulfate chain. Alternative splicing of CD44
predominantly involves variable insertion of 10 extra exons with combinations of exons 6-15
and spliced in vl-v10 into the stem region, of which v3 encodes a substitution site for a
heparan sulfate chain. Variable numbers of the variant exons can be spliced in epithelial cells,
endothelial cells, and inflammatory monocytes and also are upregulated commonly on
neoplastic transformation depending on the tissue. (B) Model structure of alternatively
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spliced CD44 proteins. The CD44 protein is composed of an extracellular N-terminal domain, a
stem region in the extracellular domain close to the transmembrane region, where the
variant exon products (red/violet circles) are inserted, the transmembrane region, and the
carboxyl terminal cytoplasmic tail. There are multiple sites for N-glycosylation (purple circles)
and O-glycosylation (orange circles), and a sulfation domain. The N-terminal portion contains
highly conserved disulfide bonds as well as 2 BX7B motifs, both of which are essential for HA
binding. CD44 is subjected to extensive glycosylation, sulfation, and attachment of
glycosaminoglycans (GAG) that contribute to regulation of the HA-binding activity. The C-
terminal cytoplasmic tail contains several phosphorylation sites that regulate the interaction
of CD44 with the cytoskeletal linker proteins, as well as with SRC kinases.

(Figure and caption originally published in Misra, S., et al. Interactions between Hyaluronan
and Its Receptors (CD44, RHAMM) Regulate the Activities of Inflammation and Cancer.
Frontiers in immunology. 2015;6:16. doi: 10.1016/j.ajpath.2015.11.011.)

The non-sulfated glycosaminoglycan hyaluronic acid (HA) is the principle ligand of CD44. HA is
a polymer of repeating disaccharide units D-glucuronic acid and N-acetyl-D-glucosamine and
can range in size from small oligosaccharides to millions of Daltons. The size of the HA is
important for its physiological functions. HA of a high molecular weight (HMWHA) is typically
>500 kDa and can naturally bind multivalently to more surface receptors across a larger area
of the cell than low molecular weight (LMWHA) typically between 10 and 500 kDa. This
difference in the number of bound HA receptors allow different sizes of HA to have different
signaling effects (84). HA is synthesized in humans by HA-synthases HAS1, HAS2, and HAS3 on
the cytoplasmic side of the plasma membrane and then expelled into the extracellular space.
HA is synthesized by many cells, but mesenchymal cells are the major source of HA. It is

degraded by the hyaluronidase family of enzymes, HYAL1, HYAL2, HYAL3, and HYAL4 (85).
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1.3.2 Diagnostic and Prognostic Indictor

There is now substantial evidence that CD44 variant isoforms are aberrantly expressed in
many human tumors. In some instances, such as with colorectal carcinomas, the expression
of CD44 variants predict poor prognosis (86). Interestingly, the upregulation of CD44
expression seems to be an early event in colon carcinogenesis (87) and requires adenomatous
polyposis coli (APC) gene inactivation (88). There are some tumor types, however, including
neuroblastomas and prostate carcinomas, in which the absence of CD44 expression (including
CDA44 variants) correlates with transformation and poor prognosis (89, 90). Interestingly,
overexpression of CD44 in prostate carcinoma cells even suppressed metastatic behavior (91).
In most cancers, the misregulated expression of CD44 is not the result of CD44 mutations.
Instead, genes that are implicated in promoting carcinogenesis control the patterns of CD44
expression in cancer cells. Alternative splicing, for example, is under the control of mitogenic
signals including the Ras—MAP kinase cascade (92, 93). In addition, the loss of different
subunits of the SWI/SNF chromatin remodeling complex, which are mutated in numerous
cancers, results in the loss of CD44 transcription (94, 95). Aberrant CD44 expression is
therefore inextricably linked to genetic alterations that lead to tumor growth and metastasis

(71).

1.3.3 Cellular Functions
The diversity in cellular activity is a result of variable expression of CD44 variant isoforms,
post-translational modifications, and binding by a variety of ligands. CD44 signaling has been

shown to be important in cancer metastasis and tumor growth, but can be broken down into
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two primary areas: HA-dependent and HA-independent signaling. HA-independent signaling
relies on interactions between CD44’s intracellular domain and cytoskeletal proteins or
membrane-associated kinases. CD44 signaling that is HA independent is largely reliant on
CDA44’s position in lipid rafts. Association between CD44 and other signaling proteins is often
regulated through CD44’s interaction with members of the ezrin—radixin—-moesin (ERM)
protein family and merlin that initiate association with cytoskeletal elements and assemble
intracellular complexes that are important in signal transduction (84). The complexes that are
bound to CD44 differ depending on the extracellular conditions and can act as a molecular
switch that specifies cell growth arrest or proliferation (96). In other words, CD44 proteins
function as interpreters of the extracellular environment and direct the switch between
growth- and invasiveness-permissive and non-permissive states (71). Moreover, CD44 can
also act as a co-receptor for signal transduction, including with the ERBB receptor tyrosine
kinase family, in a complex involving interchain disulfide bonds (64). CD44 can be co-
immunoprecipitated with ERBB1 (also known as EGFR/HER1), ERBB2 (also known as
HER2/neu), ERBB3 (also known as HER3) and ERBB4 in several cell lines and primary cells (64,
97, 98). However, co-receptor, functions are exerted by CD44s or CD44 splice variants so one
might speculate that different CD44 splice variants function as co-receptors for different

receptor tyrosine kinases (71).

HA-dependent signaling relies on two CD44 molecules being cross-linked allowing other
CDA44-associated signaling proteins to interact with each other (84). The affinity of CD44 for

hyaluronan seems to be modulated from inside the cells, as its binding affinity is upregulated
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by mitogenic stimuli, influenced by glycosylation of the extracellular domains (99) and
possibly also by the phosphorylation of specific serine residues in the cytoplasmic tail of CD44
(71). However, the signaling pathways seen in HA-dependent CD44 signaling are almost
identical to those seen in HA-independent signaling. Thus, HA binding to CD44 may bring
CDA44 in close proximity to other signaling receptors allowing for direct association and
interaction between receptors and their signaling complexes in a tightly localized lipid raft
(100-102). Interestingly, the binding of hyaluronan to CD44 also triggers hyaluronan
metabolism (103). Hyaluronan can be taken up by cells in a CD44-dependent manner (104).
So, at least under some circumstances, CD44 might itself be involved in the regulation of the
pericellular hyaluronan matrix, thereby providing another mechanism by which CD44 could

influence adhesion and de-adhesion to the ECM (71).

1.3.4 Marker of Stemness

Cancer stem cells (CSCs) represent a unique subpopulation of self-renewing oncogenic cells
thought to be responsible for cancer initiation, progression, and metastasis (105, 106). The
stemness and subsequent expansion of CSCs are believed to be highly influenced by changes
in microenvironmental signals. Hyaluronan (HA), a major component of the extracellular
matrix, has been demonstrated to provide a favorable microenvironment for the self-renewal
and maintenance of stem cells (107), while interactions between HA and its receptor, CD44,
propagate the stemness of CSCs . HA—CD44 interactions evoke a wide range of signals
required for CSC self-renewal and maintenance and have become a prominent marker of CSCs

in several types of cancer (108-111). Increasing evidence suggests that HA plays a central role
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in epithelial-to-mesenchymal transition (EMT) during embryonic development and malignant
progression (112). Transcriptional networks that drive EMT (e.g., Snail, Twist, and Zeb1) have
also been found to dynamically change during HA-induced EMT. Importantly, HA binding with
CD44 was suggested to induce Twist expression following CD44 nuclear translocation (113)
thereby implicating CD44 as a key player in CSC signaling. Moreover, several studies have
highlighted the essentiality of CD44 in CSC self-renewal and maintenance. In head and neck
squamous cell carcinoma (HNSCC), ALDH"&"/CD44"e" cells exhibited similar self-renewal and
tumor-initiating properties as CSCs through the suppression of BMP signaling (114). Although
its precise mechanism remains undefined, CD44 may act as an intracellular scaffold protein
for Smad1, and their interactions may potentiate the long-term survival of CSCs by regulating

BMP/Smad signaling (115).

CDA44 also plays a critical role in the preservation and multidrug resistance (MDR) of CSCs by
transmitting survival and anti-apoptotic signals in both HA-dependent and HA-independent
manners (116). HA-CD44 interactions have not only been shown to induce MDR1 expression
in breast and ovarian cancer cells (117), but also upregulate multidrug resistance protein 2 in
non-small cell lung cancer cells, specifically through the CD44s isoform (118). Furthermore,
CSCs effectively gain a survival/growth advantage by adapting their metabolism and
maintaining cellular redox homeostasis. CD44 has been demonstrated to contribute to
antioxidant status in cancer cells (119) and also control reactive oxygen species (ROS) defense
by altering cellular glutathione (GSH) synthesis (120) suggesting CD44 can maintain low levels

of ROS and orchestrate protective mechanisms against oxidative stress-mediated damage.
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Therefore, growing evidence indicates CD44 is not only a common marker of CSCs, but plays a
leading role in maintaining their stemness by enhancing cell survival and conferring resistance

to chemotherapy and oxidative stress (116).

1.3.5 Therapeutic Development Efforts

In several types of tumors, CD44 together with other cell surface markers characterizes
cancer stem cell populations. Mechanistically, CD44 proteins act as receptors for hyaluronan,
co-receptors for receptor tyrosine kinases or G-protein-coupled receptors, or provide a target
for metalloproteinases (121). For all these reasons, targeting CD44 may be a successful
approach in cancer therapy. As CD44 is the main receptor for hyaluronan, and the
hyaluronan binding domain exists in all CD44 isoforms, much effort has focused in blocking
the CD44-HA interaction based on abundant evidence that the CD44-HA interaction is
involved in tumor progression (122, 123). It has been shown that the interference with the
binding of CD44 expressed on tumor cells to HA using either the soluble CD44 ectodomain as
a competitor or antibodies that specifically block the binding of HA to CD44, impaired tumor
growth and metastasis in breast cancer cells (124, 125), while HA oligosaccharides had similar
effects in inhibiting tumor growth in vivo (125). Pan-CD44 monoclonal antibodies have been
shown to reduce tumor growth, metastasis and post-radiation recurrence of pancreatic
xenograft tumors (126), while have also been reported to drastically decrease the leukemic
population in mice transplanted with human acute myeloid leukemic stem cells, as well (127).
Furthermore, isoform-specific antibodies have been reported, including those against

CD44v6, where a radiolabeled CD44v6 monoclonal antibody showed selective tumor
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targeting and high tumor uptake in a nude mouse squamous cell carcinoma xenograft (128).
In addition to antibody-based targeting of CD44, other strategies have been employed using
DNA aptamers targeting CD44v10 in breast cancer (129) and peptides mimicking CD44v6 for
blocking the coreceptor function of CD44v6 for c-Met and VEGFR-2 in endothelial cells
thereby impeding angiogenesis (130). In an effort to develop new and effective treatment
strategies for advanced-stage ovarian cancer patients, CD44 is also being explored as a
therapeutic target. Instead of interfering with the function of CD44 proteins, these studies
have aimed at inhibiting CD44 expression in tumor cells. One recent report tested a
dendrimer-based drug delivery system for carrying paclitaxel and siRNA targeted to CD44
MRNA while another constructed PLGA nanoparticles with short hairpin RNA (shRNA) against
focal adhesion kinase (FAK) and CD44 for enhancing antitumor effects in an ovarian cancer
mouse xenograph (131, 132). Both showed a high therapeutic potential for combinatorial
treatment of ovarian carcinoma using novel nanoscale drug delivery systems. These CD44
targeting approaches are summarized in Figure 5. Although only few approaches have made
it as far as clinical trials, the scientific progress in the last few years suggests strong prospects

for anti-CD44 therapies.
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Figure 5. Drug targeting approaches to exploit HA-CD44 interaction in cancer treatment. (A)
HMWHA-CD44v interaction induces inflammation and tumor growth; most common blocking
reagents against CD44 isoforms: (B) LMW HA inhibits the binding of HMWHA; (C) sol-CD44
competes with HMWHA to bind with CD44v; (D). CD44-blocking monoclonal antibody (CD44-
mAb); (E) antibodies against CD44v6; (F) peptides blocking binding of HA with CD44v6; (G)
enzymatic hydrolysis by hyaluronidase cleaves the HMWHA to small fragments and blocks the
HA-CD44v6 interaction; (H) targeting HA receptor with HA-drug conjugate; (1) targeting “HA
receptor” with “HA nanoparticles (83).

(Figure and caption originally published in Misra, S., et al. Interactions between Hyaluronan
and Its Receptors (CD44, RHAMM) Regulate the Activities of Inflammation and Cancer.
Frontiers in immunology. 2015;6:16. doi: 10.1016/j.ajpath.2015.11.011.)

NOTE:

Section 1.4.1 and 1.4.2 have been previously published by Sacks et al. in Sacks, JD and Barbolina,
MV. Expression and Function of CD44 in Epithelial Ovarian Carcinoma. Biomolecules, 2015. 5(4):
p. 3051-3066.
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1.4 CD44 in EOC
1.4.1 Expression Profile in EOC
CDA44 is expressed in the majority of epithelial ovarian carcinomas (133-135). Expression of
CDA44 and specific isoforms in epithelial ovarian carcinoma has remained a controversial topic,
as highlighted in a 2011 report, which reviewed some of the conflicting data on CD44
expression and its correlation with metastasis and survival outcome (54). The authors
pointed out that several studies have suggested that patients with CD44s positive tumors
have a significantly shorter disease-free survival than patients with CD44 negative tumors
(135-137), while in contrast, other studies have demonstrated that high CD44s expression is
associated with improved ovarian cancer outcome (138-140). Additionally, other studies have
found no association between CD44s or CD44 variant expression with ovarian cancer
metastasis or survival outcome (141-143). They concluded that differences between the
studies could be attributed to technical factors, including the use of different antibodies and
detection methods. Moreover, the cohorts of ovarian cancer patients examined in the
various studies were highly heterogeneous and composed of patients with variable tumor
types, stages, and courses of therapy. Recently published studies are in support of CD44
association with unfavorable prognosis in epithelial ovarian carcinoma (133, 134, 144-146).
Specifically, a recent study conducted using patient-matched primary tumor samples showed
higher expression levels of CD44 in metastatic and recurrent tumor tissues when compared
with its primary counterparts and a significant correlation between CD44 expression and
decreased disease-free, as well as overall survival (146). This group also reported

overexpression of CD44 in the recurrent tumors generated using a xenograft mouse model
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exposed to paclitaxel treatment, providing evidence that CD44 may directly participate in
chemoresistance; although, the underlying mechanisms were not MDR1-dependent. Similar
results were reported by Zhang, et al. showing that CD44 expression associated with high-
grade and advanced-stage ovarian carcinoma (147). In further support, another group
demonstrated that CD44 expression was also significantly increased in patients with
metastasis (144). However, no significant differences in CD44 expression was observed
between paired primary and peritoneal metastases (144). This contradiction to Gao et al.
could be attributed similarly to the highly heterogeneous collection of ovarian cancer patients

analyzed in these studies.

1.4.2 Stemness Marker and Sphere-Forming Cells

While CD44 is low to absent in normal ovarian epithelial cells (138, 141), CD44 has been
identified as a potential marker for normal stem-like epithelial cells in the distal end of the
fallopian tube (148). However, CD44 is used as a marker for cancer stem cell (CSC) detection
in a variety of cancers,(84). The search for ovarian CSCs has largely been based on the
exploitation of properties that are associated with “stemness” in other systems, particularly
the expression of specific “stemness” markers on the cell surface. Studies on the properties
of these “stem” cells in ovarian cancer using an Aldefluor assay to isolate ALDH1-bright
(ALDH1br) cells from epithelial ovarian cancer cell lines, revealed greater stem-like properties,
enrichment in CD44, and association with chemoresistance and poor clinical outcome (149).
Other reports have showed that CD44" status along with CD117" is a marker of ovarian

cancer-initiating cells (150), while when CD44'CD117" cells were compared using two-
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dimensional (2D) culture versus a three-dimensional (3D) culture system, CD44°CD117" cells
possessed not only CSC properties, but also exhibited increased chemoresistance in 3D
compared to 2D culture, suggesting a more relevant model for studying CSC response to

anticancer drugs (151, 152).

Since sphere-forming ability is known to be one of the properties of CSCs, it was intriguing
that fresh primary high-grade serous ovarian carcinoma biopsies cultured under serum-free
conditions produced floating spheres, which overexpressed stem cell genes and CSC markers,
including CD44 (153). Moreover, spheroid cells from human ovarian cancer cell lines were
found to be enriched for cells with cancer stem cell-like characteristics such as upregulation of
stem cell genes, self-renewal, high proliferative and differentiation potential, and high
aldehyde dehydrogenase (ALDH) activity, and these cells were more aggressive in growth,
migration, invasion, scratch recovery, clonogenic survival, anchorage-independent growth,
and more resistant to chemotherapy in vitro (154). Furthermore, an anti-CD44 monoclonal
antibody A3D8 was employed to investigate its effects and mechanisms on the proliferation
and apoptosis of sphere-forming cells in the human ovarian cancer cell line SKOV-3. Results
showed that A3D8 inhibited proliferation of sphere-forming cells and induced apoptosis in
these cells causing S-phase arrest and deregulation of the cell cycle (155). Therefore, this
provides evidence that CD44 contributes to the aggressive properties of spheroid cells and

ovarian cancer pathogenesis, thus, requiring further investigation.
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1.4.3 Metastasis

Both CD44s and CD44 variants play complex roles in tumor progression and metastasis (65,
156, 157). Previous research has shown that human ovarian tumor cells can bind HA via
membrane CD44 (158). CD44 has also been shown to mediate ovarian carcinoma cell
adhesion to peritoneal mesothelial cells (69), while other in vivo studies have suggested that
CDA44s is required for human ovarian cancer cell adhesion to mesothelial cell surface HA (156).
Therefore, it has been established that ovarian cancer cell adhesion to mesothelial cell
monolayers is mediated, at least in part, by the interaction between HA and CD44 (159).
Moreover, dependence of CD44 on versican, a large HA-binding proteoglycan, has been
shown in ovarian cancer where HA and versican form a pericellular matrix around CD44-
expressing ovarian cancer cells that further promotes their motility and invasion in vitro (160).
Studies in our lab demonstrated that versican is involved in facilitating both ovarian cancer
cell and spheroid adhesion to mesothelial cell monolayers. Likewise, both spheroids and cells
with reduced expression of versican demonstrated significantly impaired ability to generate
peritoneal tumors suggesting that versican functions in regulating the development of
peritoneal metastasis originating from single cells and spheroids (62). This further supports a
role for CD44 together with HA and versican in a number of key steps needed for ovarian
cancer metastasis. However, mechanisms that induce expression of CD44 in ovarian cancer
are poorly understood. A recent study found that expression of CD44 was induced by the
transcription factor DLX4 via enhanced activity of NF-kB stimulated by inflammatory cytokine
IL-1B, a transcriptional target of DLX4. High expression of DLX4 is associated with reduced

survival of ovarian cancer patients and found to stimulate attachment of ovarian tumor cells
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to peritoneal mesothelial cells in vitro and increase the numbers of peritoneal implants in
xenograft models (161). DLX4, therefore, might contribute to poor outcomes in ovarian
cancer, in part, by promoting peritoneal implantation of tumor cells via enhanced CD44
expression and tumor-mesothelial cell interactions in an NF-kB-dependent manner. Further
investigation into the cross-talk between CD44 and inflammatory signaling in ovarian cancer
will hopefully lead to a better understanding of more effective focal points for therapeutic
intervention. Moreover, post-transcriptional regulation of CD44 by multiple non-coding RNAs
(ncRNA) including miRNAs and IncRNAs has been described in a variety of cancers (162-164).
Although miR-199a was reported to target CD44 in ovarian cancer (165), additional studies

are needed to further characterize these CD44 regulatory mechanisms in EOC.

1.5 Motivation

For quite some time, the role of CD44 in ovarian cancer progression and metastasis has
remained unclear. However, many lines of evidence indicate that CD44 organizes a signaling
platform by which cancer cells survive and grow in addition to seeding metastases. The
published reports highlighted in this review provide further evidence that CD44 is an important
player in ovarian tumor growth and metastasis. Greater understanding of the functions of CD44
isoforms at the molecular level and identification of specific CD44 isoforms on EOC cells will
allow new strategies to be directed more discerningly against tumor cells. Finally, there is a
hypothesis that CD44 function varies during different stages of tumor growth, from initiation to
formation of metastases in breast cancer (166), which has yet to be explored in the context of

EOC. Based on current understanding, CD44 remains promising as a therapeutic target in
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ovarian cancer and, thus, warrants further evaluation. Since spheroids have a suggested
important function in metastasis of EOC, we hypothesized that CD44s enhances cell-cell

adhesion and metastatic potential in ovarian cancer spheroids.

1.6 Scope and Organization of Thesis

The objective of this work was to characterize the functional role of CD44s in EOC spheroids in
the context of epithelial ovarian cancer metastasis. Several approaches were taken to
thoroughly explore the variety of functions of CD44s in EOC cells and spheroids. Experiments

performed are organized as follows:

Chapter 2 describes the observed patterns of CD44 expression in EOC tumor tissue

and cell lines.

J Chapter 3 examines the functional significance of CD44s in spheroid formation.

. Chapter 4 assesses the functional importance of CD44s in EOC cell adhesion.

J Chapter 5 evaluates the functional role of CD44s in EOC cell growth and proliferation.

. Chapter 6 assesses the functional significance of CD44s in EOC cell migration,
invasion, and EMT

. Chapter 7 examines the functional importance of CD44s in EOC metastasis.

J Chapter 8 summarizes the key findings of this thesis and outlines future directions of

research warranting further investigation based on the findings described here.
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CHAPTER 2: EXPRESSION PATTERNS OF CD44 IN EOC TUMORS AND CELL LINES

2.1 Introduction

In order to establish whether there was any correlation between CD44 expression in tumor
tissue and overall survival in patients we needed to analyze a large number of patients.
Therefore, accessing CD44 expression data along with a large set of matching patient
characteristics collected by TCGA from over 500 women was a suitable tool for identifying in
what population of individuals CD44 expression was most significant and how the
expression of CD44 might vary at different ages and stages of tumor development—both
from an overall total CD44 perspective, as well as through CD44s and variant isoform

pattern analysis.

Hence, raw CD44 expression data was obtained and re-analyzed yielding an intriguing
correlation between CD44 and overall survival in EOC patients. Importantly, however, that
data showed CD44 expression had greater significance in overall survival of late stage
disease. This was followed up by assessment of isoform expression differences in late stage
patients using a tissue cDNA array and pPCR with primers specific for variants 2, 6, and 8,
the standard isoform bridging the splice junction of standard exons 5 and 15, as well as
within standard exon 5, which is contained in all isoforms, for total CD44 expression
guantification. ldentification of CD44s as seemingly playing a more important role in late
stage EOC led to profiling CD44 isoform expression in EOC cell lines and their spheroids with

RT-gPCR as well as western blot for use in further functional studies on CD44s.
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Taken together, the data in this chapter demonstrates an important role for CD44 in the
progression of EOC with CD44s isoform as the more significant contributor in late stage

disease.

2.2 Materials & Methods
2.2.1 Cell Lines. Human ovarian carcinoma cell lines of serous histotype originating
from malignant cells in ascites, OVCAR4, and SKOV-3 were obtained from the NCI Tumor
Cell Repository (Detrick, MD). The human ovarian carcinoma cell line of serous histotype
originating from a surgical tumor specimen, ES-2, and another human ovarian carcinoma
cell line, CAOV3, originating from malignant cells in the ascites, were obtained from Dr.
M.S. Stack (University of Notre Dame, ID). The human ovarian carcinoma cell lines of
serous histotype originating from abdominal metastasis, OVSAHO, and malignant cells in
ascites, Kuramochi, were obtained from the Japanese Collection of Research
Bioresources Cell Bank (Osaka, Japan). SKOV-3, ES-2, and CAOV-3 were propagated in
minimal essential media (MEM) (Corning) supplemented with 10% fetal bovine serum
(FBS) (Sigma-Aldrich), 0.5% penicillin/streptomycin (Corning), 0.4% amphotericin B
(Corning), and 0.22% g/ml sodium bicarbonate (Santa Cruz Biotechnology) for no longer
than fifteen consecutive passages. OVCAR-4, OVSAHO, and Kuramochi were propagated
in Roswell Park Memorial Institute (RPMI) 1640 media supplemented with 10% FBS,
0.5% penicillin/streptomycin, 0.4% amphotericin B, and 0.2% g/ml sodium bicarbonate

for no longer than fifteen consecutive passages. All cells were kept at 37°C and 5% CO,
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in a humidified incubator, and were routinely tested for Mycoplasma, cellular
morphology and average doubling time. All cell lines were propagated from stocks
originally obtained from cell banks, authenticated using STR analysis, and stored in
aliquots for future use. SKOV-3 cell line revealed a 100% match to the DNA profile of
SKOV-3 from ATCC. Each aliquot was further propagated for no longer than 20

consecutive passages or 4 months, whichever came first.

2.2.2 CDA44 Expression Analyses of TCGA Datset. Data from The Cancer Genome Atlas
(TCGA) database for serous ovarian adenocarcinoma were downloaded from cbioportal
and plotted as CD44 expression LOga(median centered ratio) VS percent survival. Patients with
incomplete survival information as well as patients who died due to causes other than
ovarian carcinoma were excluded; total of 557 specimens were included in the analyses.
Based on the value of median CD44 expression, defined as CD44 expression LOga(median
centered ratio) at 50% survival, the data set was divided in two, including specimens with
CDA44 expression 22.6, termed “high CD44 expression” (n=157; red line), and specimens
with CD44 expression < 2.6, termed “low CD44 expression” (n=400; blue line). Overall
survival of patients expressing high and low levels of CD44 was plotted and analyzed
with Kaplan-Meier plot using Prism 7 software. Relationship between patients’ survival
and CD44 expression at different FIGO stages was analyzed by breaking down the
specimens into three groups: 1) Stage | and Il (n=32; green line), 2) Stage Il (n=430; blue
line), and 3) Stage IV (n=83; red line). Survival was plotted and analyzed with Kaplan-

Meier plot using Prism 7.0 software. Overall survival of patients with Stage Il or IV
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disease expressing high (n=139) and low (n=374) levels of CD44 was plotted and
analyzed with Kaplan-Meier plot using Prism 7 software. The relationship between
patients’ survival and CD44 expression at different menopausal status was analyzed by
dividing the specimens into pre- (<51 years old, n=130; blue line) and post-menopausal
(>51 years old, n=427; red line) groups. Median CD44 expression was found for each
group, and it equaled to 3.3 for pre- and 2.6 for post-menopausal patients. Survival was

plotted and analyzed with Kaplan-Meier plot using Prism software.

2.2.3 Quantitative Real-Time PCR (qRT-PCR). gRT-PCR was performed using MyiQ
(Bio-Rad) according to the manufacturer’s instructions. Primers were designed to be
specific for CD44 variants using IDT PrimerQuest Tool

(https://www.idtdna.com/primerquest). CD44s: forward primer 5'-

AAAGGAGCAGCACTTCAGGA-3’ (spanning splice junction of exons 5 and 15) and reverse
primer 5'-TGTGTCTTGGTCTCTGGTAGC-3' binds across exons 5 and 15 (spanning the
exon-exon junction); CD44v2: forward primer 5'- ACAGCAACCAAGAGGCAAGA-3' and
reverse primer 5- AGCCATTTGTGTTGTTGTGTGA-3’; CD44v3: forward primer 5'-
TGCAACTCACCACAACAGGT-3' and reverse primer 5'-GCCTGATCCAGAAAAACTGAGG-3;
CD44v4: forward primer 5- CAGTTTCAACCACACCACGG-3' and reverse primer 5'-
CCGGATTTGAATGGCTTGGG-3'; CD44v5: forward primer 5- CACACCCTCCCCTCATTCAC-3’
and reverse primer 5’- CGACCGCCATCTTGCTTACT-3’; CD44v6: forward primer 5’-
CTCACAGTCCAGGCAACTCC-3’ and reverse primer 5’- TTGGCGATATCCCTCATGCC-3’;

CD44v7: forward primer 5- CAGCTCATACCAGCCATCCA-3’ and reverse primer 5’-
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TGGGGTGTGAGATTGGGTTG-3’; CD44v8: forward primer 5’- ACGCTTCAGCCTACTGCAAA-
3’ and reverse primer 5- CGCGTTGTCATTGAAAGAGGT-3’; CD44v9: forward primer 5’-
CCTCATTGAAACAGAGCAGAGT-3’ and reverse primer 5’-
ACTGCTTGATGTCAGAGTAGAAGT-3’; CD44v10: forward primer 5’-
CAGGTGGAAGAAGAGACCCA-3’ and reverse primer 5’- GGTCCTGCTTTCCTTCGTGT-3’; All
CDA44: forward primer 5’- CCGCTATGTCCAGAAAGGA-3’ and reverse primer 5’-
CTGTCTGTGCTGTCGGTGAT-3’ (both bind exon 5 expressed in all isoforms); and a
housekeeping gene control Ribosomal Protein L19 (RPL19): forward primer 5’-
CAATGAAATCGCCAATGCCAACTC-3' and reverse primer 5'- TGGACCGTCACAGGCTTGC-3'.
Primer specificity was determined using serial dilutions of the template and by
examination of the product melting curves. Total RNA was isolated from cells using SV
Total RNA Isolation System (Promega) and first-stranded cDNAs were synthesized from
700 ng total RNA using iScript™ cDNA synthesis kit (Bio-Rad) in a 20 pL-reaction. 0.8 plL
of reverse transcription product was used for gPCR. SYBR Green was used for gPCR as a
double-stranded DNA-specific fluorophore. PCR was conducted by initial denaturation
for 10 min at 95°C followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min using the
PerfeCTa SYBR Green FastMix for iQ (Quanta Biosciences). To determine the specificity
of the PCR primers, the melting curves were collected by denaturing the products at

95°C, then cooling to 65°C, and then slowly melting at 0.5°/sec up to 95°C.
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2.2.4 Tissue Microarray

The expression profile of CD44 variant isoforms in patients tissues was determined by
performing qPCR as described above on a TissueScan™ Cancer Tissue array of cDNA
from 48 ovarian cancer patient tumor samples of all 4 stages obtained from Origene
(HORT101)—7 normal, 16 stage |, 3 stage Il, 19- stage lll, 3 stage IV. Briefly, PCR was
conducted by initial denaturation for 10 min at 95°C followed by 40 cycles of 95°C for 15
sec and 60°C for 1 min using Fast SYBR® Green (Thermo) and all CD44 primers as above

on a ViiA7 (Applied Biosystems, Inc.).

2.2.5 Western Blot. Cells were collected and lysed in RIPA lysis buffer (50mM Tris-HCI
(pH 7.4), 150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS (Thermo
Scientific, Rockford, IL) supplemented with Halt Protease Inhibitor Cocktail (Thermo)
and PhosStop phosphatase inhibitor cocktail tablets (Roche) according to
manufacturer’s guidelines. Cell lysates (20 ug) were electrophoresed on 10% SDS-
polyacrylamide gels under reducing conditions (167), electroblotted to a polyvinylidene
difluoride membrane (168), blocked with 10% goat serum in Tris buffered saline with
0.1% tween (TBST) for 1 h at room temperature (25°C). Membranes were incubated
overnight at 4 °C with 1:1000 anti-human CD44 monoclonal antibody (DF1485) from
Santa Cruz Biotechnologies (Dallas, TX) in 5% goat serum in TBST. Secondary antibody
was goat anti-mouse horseradish peroxidase (Santa Cruz Biotechnology) (1:2000).

Proteins were visualized using Amersham ECL Prime Detection Reagent (GE Healthcare)
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on a Bio-Rad gel documentation system. Blots were performed in triplicate and
densitometry analyses were determined using Quantity One software (Bio-Rad)

according to the manufacturer's instructions.

2.3 Analysis of CD44 Expression in Patient Tumor Samples

High vs low CD44 expression does not predict a difference in survival in patients with
epithelial ovarian carcinoma (Figure 6). Data from The Cancer Genome Atlas (TCGA)
database for serous ovarian adenocarcinoma were analyzed in Oncomine and plotted as
CDA44 expression LOg(median centered ratio) VS percent survival (Figure 6A, left panel). Based on
the value of median CD44 expression, defined as CD44 expression LOga(median centered ratio) at
50% survival, the data set was divided in two, including specimens with CD44 expression
>2.6, termed “high CD44 expression” (red line), and specimens with CD44 expression < 2.6,
termed “low CD44 expression” (blue line). Overall survival of patients expressing high and
low levels of CD44 was plotted and analyzed with Kaplan-Meier plot using Prism 7 software
(Figure 6A, center panel). Average overall survival of patients with high and low CD44
expression is indicated in the table (Figure 6A, right panel). CD44 expression has a more
profound affect on survival in advanced stage Il and IV EOC patients than in early Stage I/l
EOC patients (Figure 6B). Data from The Cancer Genome Atlas (TCGA) database for serous
ovarian adenocarcinoma were analyzed in Oncomine plotted as CD44 expression LOg;(median
centered ratio) VS percent survival (Figure 6B, left panel) subdivided by stages I/11, Ill, and IV.

High vs low CD44 expression does not predict a difference in survival in patients with serous
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ovarian carcinoma at FIGO Stages lll and IV. The specimens in groups containing Stage Il
and Stage IV samples (n=513) were combined into one group with “high” and “low” CD44
expression (red and blue lines, respectively) corresponding to cases with higher than
median CD44 expression and lower than median CD44 expression (2.05 for Stage lll and IV
only). Overall survival of patients with Stage Il or IV disease expressing high and low (Figure
6B, center panel) was not significantly different. Average overall survival of patients at Stage
Il and IV disease with high and low CD44 expression is indicated in the table (Figure 6B,

right panel).
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Figure 6. High vs low CD44 expression is not predictive of survival in EOC patients. B (left
panel), p<0.0001, Log-rank (Mantel-Cox) test, p<0.0002, Gehan-Breslow-Wilcoxon test. A
(center panel), B (center panel) and C (left and center panel), p=n.s., Log-rank (Mantel-Cox)
test, p=n.s., Gehan-Breslow-Wilcoxon test

High vs low CD44 expression does not predict a difference in survival in pre- or post-
menopausal patients with serous ovarian carcinoma (Figure 6C). Overall survival of patients
of pre-menopausal age with high (n=130) and low (n=90) CD44 expression was plotted and

analyzed (Figure 6C, left panel) revealing no significant difference, while analysis of overall
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survival of patients of post-menopausal age with high (n=117) and low (n=310) CD44
expression (Figure 6C, center panel) also revealed no significant difference. Average overall
survival of patients of both pre- and post-menopausal age with high and low CD44
expression is indicated in the table (Figure 6C, right panel). It is important to remember
that TCGA expression data on CD44 includes all variants of transcribed CD44 mRNA and
does not delineate between them. Due to the complex nature of CD44 signaling, it is
reasonable to assume that overall expression in EOC may not be as important as pre-mRNA

splicing and the resulting functional protein isoforms.

Since there are few reliable antibodies commercially available for looking at CD44 variant
isoforms specifically, we used PCR to profile the expression of CD44 in patient samples using
an array of cDNA from 35 serous EOC tissues of normal (n=7), stage | (n=7), stage Il (n=1),
stage lll (n=17), and stage IV (n=3) (Figure 7). Among these samples, total overall CD44
expression remained unchanged between early EOC (stage I/11) and late EOC (stage IlI/IV).
However, the ratios of CD44v2, v4, and v6 to the CD44s isoform are significantly decreased
in late stage EOC compared to early stage indicating that in the entire tumor cell population,
expression of the standard isoform gains greater importance in late stage ovarian cancer

and suggest the relevance of variant expression to be substantially reduced.
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Figure 7. Reduction in CD44v isoforms compared to CD44s in advanced stage serous EOC
tissue. CD44v2 to CD44s expression ratio (upper right panel) (*p=0.02, Mann-Whitney U);
CD44v6 to CD44s expression ratio (lower left panel) (p=n.s.); CD44v8 to CD44s expression
ratio (lower right panel) (*p=0.02, Mann-Whitney U).

2.4 Quantifying CD44 Isoform Expression in EOC Cell Lines

Moving forward, the goal of the following experiments was to establish the patterns of
expression of CD44 standard and variants in serous ovarian carcinoma cell lines and their

spheroids. These experiments were performed using ES-2, SKOV-3, OVCAR-4, and OVSAHO
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with an initial assessment in OAW28, Kuramochi, OVKATE, and CAOV-3. We found 2
general groupings of CD44 isoform expression in our cell lines. Standard CD44 (CD44s)-high
compared to overall variant and standard CD44 (CD44s)-low compared to overall variant
expression. The highest total CD44 expressing cell lines were ES-2, SKOV-3, and CAOV-3.
However, ES-2 (Figure 8, row 1, left) and SKOV-3 (Figure 8, row 1, right) have very high
CDA44s expression compared to all the variants, while CAOV-3 expressed similar CD44s
compared to many of the different variants—V3, V5, V9. As CAOV-3 does not form true
spheroids, this cell line was excluded from further study. OVCAR-4 and OAW?28 expressed
moderate levels of total CD44, however OAW28 expressed predominately variant isoforms
(Figure 8, row 3, left), while OVCAR-4 expressed similar levels of CD44s as CD44 variants
(Figure 8, row 2, left). Lower expressers of total CD44 include OVSAHO (Figure 8, row 2,
right) and Kuramochi (Figure 8, row 3, right), however, CD44s expression appears lower
than variants in OVSAHO, while Kuramochi has higher CD44s expression compared to
variants. This was further observed at the protein level using Western blot where ES-2 and
SKOV-3 expressed high standard CD44, which appears at 80-95kDa, variant CD44 isoforms
at higher molecular weights (Figure 9). On the other hand, OVCAR-4 and OVSAHO
expressed low CD44s compared to variant expression. Therefore, ES-2 and SKOV-3 were
selected for further study as predominately CD44s expressing cell lines (CD44s-hi) and
OVCAR-4 and OVSAHO for CD44s moderate to low-expressing cell lines (CD44s-lo), which

exhibit similar levels of CD44s compared to the variants.

42



ES-2 SKOV-3

ACy RpL19)
A p o
ACy RpL19)

All Std v2 v3 v4 v5 v6 v7 v8 v9 v10

OVCAR-4 OVSAHO

ACy RpL19)

ACy RpL19)
o o A N O

10
12
14
All Std v2 v3 v4 v5 v6 v7 v8 v9 v10 All Std v2 v3 v4 v5 v6 v7 v8 v9 v10

OAW28 Kuramochi

ACy RpL19)

ACq RpL1g)

All Std V2 V3 V4 V5 V6 V7 V8 V9 V10 All Std v2 v3 v4 v5 v6 v7 v8 v9 v10

OVKATE CAOV-3

ACy RpL19)
ACy RpL19)
TN
A NO ® O A
1 1 1 1 1 1

All Std v2 V3 V4 V5 V6 V7 All Std V2 V3 V4 V5 V6 V7 V8 V9 V10

Figure 8. CD44 messenger RNA expression in human EOC cell lines. CD44 mRNA was
determined by reverse transcription-polymerase chain reaction using 11 sets of primers.
Primer set 1 detected all isoforms of CD44, while primer set 2 specifically detected CD44s
and sets 3-11 specifically detected CD44v2, v3, v4, v5, v6, v7, v8, v9, and v10, respectively.
Top 4 cell lines, N=4; Bottom 4 cell lines, N=1.
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Figure 9. CD44 protein expression in human EOC cell lines. Pan-CD44 was determined by
western blot analysis. CD44s, CD44 standard isoform; CD44yv, variant CD44 isoforms. B-actin
was used as a loading control for protein. Figure representative of 4 individual replicates.
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CHAPTER 3: CD44S IN SPHEROID FORMATION

3.1 Introduction

While the previous experiments identified the advanced stage of patient at which CD44
seems most influential in survival and CD44s isoform is more highly expressed in these
patients, it provides no real insight into the functional role CD44s may play in EOC. Since
the development of peritoneal metastases in EOC is regulated, to a large extent, by the
ability of shed ovarian tumor cells to survive and subsequently attach to and infiltrate the
mesothelial lining of the abdominal cavity, and spheroid formation may represent an
important intermediate survival mechanism that facilitates this dissemination, it was

important, to next, assess the role of CD44s in formation of spheroids.

As described in chapter 1, section 1.4.2, CD44 is an important player in sphere-forming cells.
Spheroid-forming cells of a gastric cancer cell line had upregulated CD44 expression (169).
CD44°CD117cells isolated from SKOV-3 ovarian cancer cell line formed non-adherent
spherical clusters (151), and treatment with a CD44 antibody reduced sphere-forming cell
proliferation and significantly increased apoptosis in sphere-forming cells isolated from
ascites, bulk tumor, and the SKOV-3 cell line (155). Thus, given the relevance of CD44 in
sphere-forming cells, spheroids were chosen as the model to study the functional

significance of CD44s in EOC.

We needed to first determine the CD44 expression and localization using

immunofluorescence within our cell lines throughout spheroid formation—from single cells
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in suspension at time of seeding all the way through complete spheroid formation. But
since spheroids are a three-dimensional entity, we had to develop a methodology for
immunohistochemical staining where their structure could be preserved. This was achieved
by suspending fixed spheroids in an agarose pellet that could be paraffin-embedded in

blocks similar to fixed tissue samples.

Finally, in order to study its affect on spheroid formation, we needed to knockdown CD44
expression. We chose to use CRISPR/Cas9 for gene knockout as this method results in
permanent changes at the genomic level and loss-of-function. Moreover, it has a higher
efficiency at performing bi-allelic gene modifications, as well. Thus, we could establish
stable CD44 knockdown clones in high CD44s-expressing cell lines as a useful tool for

functional studies in EOC cells.

3.2 Materials & Methods
3.2.1 Spheroid Formation Assay. Spheroids were generated using an agarose overlay
method described previously (170). Briefly, non-adhesive agarose plates were prepared
by solidifying agarose solution (0.5% in complete culture media) in cell culture plates.
EOC cells were released from the monolayers with 0.05% trypsin/EDTA solution,
suspended in media containing 2% fetal bovine serum at a concentration of 1x10°
cells/mL. 1 mL of this solution was added atop of the solidified agarose, supplemented
with the addition of 2 mL of 2% serum containing media, and incubated for 24-72 h at

37°C and 5% CO,. Spheroids were defined as having a diameter greater than 30 um and
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were visualized using bright field microscopy with their diameters measured using
AxioVision software (Zeiss). Spheroids were collected from the media with gentle
centrifugation for 1 min at 100 x g to separate any single cells and cell debris from the
spheroids. Cells were released from the spheroids with 0.05% trypsin/EDTA for manual

counting.

3.2.2 Immunohistochemistry of Spheroids. Single cells and spheroids were fixed in
suspension in 4% paraformaldehyde for 15 minutes, centrifuged for 2 mins at 100 x g,
resuspended in 100% ethanol wash for 30 minutes, centrifuged as before, and then
stored in suspension in 70% ethanol overnight. The next day, spheroids were pelleted
and resuspended in liquefied 0.5% agarose in PBS and allowed to solidify briefly at 4°C in
an eppendorf tube. The solidified pellet was then carefully removed from the tube and
placed in a cassette for paraffin-embedding as described previously (171). Slides
containing 0.3 um sections of paraffin-preserved single cells or spheroids were
rehydrated by incubation in xylenes and graded ethanol solutions followed by blocking
of peroxidase activity with 3% H,0, for 10 min. Antigen retrieval was achieved through
incubation at 95°C for 15-min in sodium citrate buffer, pH 6.0. After cooling to room
temperature, sections were blocked with 10% goat serum in PBS. Primary mouse anti-
human CD44 antibody clone MEM-263 was obtained from Novus (Littleton, CO) and
mouse anti-human CD44 antibody clone DF1485 were obtained from Santa Cruz
Biotechnology (Dallas, TX), diluted 1:1000 in 1% goat serum in PBS, and incubated

overnight at 4°C. Secondary anti-mouse IgG-Alexafluor 488 (Invitrogen) was diluted
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1:2000 in 1% goat serum in PBS, and incubated 20 min at RT. Cell were counterstain
with diamidino-2-phenylindole (DAPI) for 15 minutes at a concentration of 10 pg/ml.
Slides were washed and mounted using ProlongGold (Invitrogen, Carlsbad, CA).
Fluorescent imaging was performed using a Zeiss AxioObserverD.1 fluorescent

microscope

3.2.3 Generation of CD44 Knockout Cell Lines. CRISPR/CAS9 plasmids were designed
and created by the UIC Genome Editing Core using the pX330 vector backbone
(Addgene) inserted with a guide RNA (gRNA) sequence directed towards exon 1 of CD44
immediately downstream of the start codon. One vector, Guide 1, coded for gRNA
against CD44 DNA sequence 5'- AGTTTTGGTGGCACGCAGCC -3’ while a second vector,
Guide 2, coded for gRNA against CD44 DNA sequence 5'- TGGACAAGTTTTGGTGGCAC -3'.
100ng of CRISPR plasmid DNA (Guide 1) and 100ng of CRISPR plasmid DNA (Guide 2)
were co-transfected with 400ng pPGKpuro plasmid DNA (Addgene) using
Lipofectamine™ 3000 (ThermoFisher) according to manufacturer’s instructions. Cells
were selected with 2ug/mL puromycin for 4 days and then seeded for single cell clones.
Confirmation of protein knockdown was confirmed using western blot for CD44 as
described above followed by detection of genomic mutation in CD44 gene using both
Surveyor® Mutation Detection from IDT (Coralville, IA) according to manufacturer’s
instructions as well as Sanger sequencing through the UIC DNA Services Core. Briefly,
the kit uses Surveyor Nuclease to recognize and cleave mismatches in DNA due to the

presence of small insertions or deletions in one or more copies of the gene.
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3.2.4 Scanning Electron Microscopy (SEM). Spheroids were transferred to fine porous
holders (Falcon) that were soaked in a container containing 4% glutaraldehyde/PBS and
fixed for 2 hr. The holders were immersed in 0.1 M PBS for 30 min. The spheroids were
then dehydrated by placing the holder in serial concentrations of ethanol (25%, 50%,
75%, 95%/water for 30 min each, and then absolute ethanol for 1 hour). The spheroids
were dried using hexamethyldisilazane (HMDS) (Sigma), mounted on aluminum stubs
with carbon tape as an adhesive, and sputter-coated with 8.0nm of Platinum/Palladium
using a Cressington 208 HR Resolution Coater. Exterior surfaces were imaged using a
Secondary Electron detector (SE) with a Hitachi S-3000N Variable Pressure Scanning
Electron Microscope (VPSEM) at the University of lllinois Chicago, Electron Microscopy

Service Facility.

3.2.5 Particle Exclusion Assay. In culture, cells with large amounts of surface-
associated HA often exhibit prominent pericellular coats which can be visualized on
living cells by their ability to exclude particles (172-174). The outline of the coat is
revealed as a halo around individual cells (175). The particles used in this study were
horse red bloods cells (Lampire) after fixation in 1.5% paraformaldehyde overnight. ES-
2 cells were plated at 1 x10° cells/ 2mL in complete media in uncoated glass bottom P35
plates and allowed to adhere overnight. The medium was removed and replaced with
750 pL of a suspension of fixed red blood cells (5x10 cells/ml) in PBS. The particles

were allowed to settle for approximately 15 min, and then observed and photographed
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using a Zeiss Laser Scanning Microscope (LSM) 710 outfitted with a 63x/1.46 QOil alpha

Plan-Apochromat objective.

3.3 CD44 Expression During Spheroid Formation in EOC Cell Lines

As spheroid formation may represent an important intermediate survival mechanism that
facilitates EOC dissemination, we assessed the role of CD44s in formation of spheroids. We
observed quite significant CD44 staining in the cell membrane of cells throughout the whole
spheroid in ES-2 and SKOV-3, very minimal CD44 in OVCAR-4, and almost none in OVSAHO
(Figure 14). In 24 hours, ES-2 cells was able to form spheroids of around 100 microns in
diameter that continued to grow over time reaching >300 uM in 7 days of continued culture
(Figure 10). While SKOV-3 took 2 days longer to form spheroids of 100 microns in diameter,
they successfully did so, like ES-2, also continued to grow over time, as well, though not
quite to the same extent as ES-2 (Figure 11). However, at 3 days in suspension culture,
OVCAR-4 (Figure 12) and OVSAHO (Figure 13) formed spheroids of only 60-75 microns,
which never grew much larger and maintained a size less than 100 microns throughout

continued culture.
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9 hrs
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Figure 10. CD44 expression in ES-2 spheroids over 7 days. ES-2 spheroids collected at each
time point were paraffin-embedded and cut into 3 um sections. Expression of CD44 was
examined with immunofluorescence staining. Nuclear DNA was stained using 4',6-
diamidino-2-phenylindole (DAPI). Images superimposed on blue and green channels are
shown. Bar, 50 micron (0 — 4 days) or 100 micron (5 — 7 days).
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Figure 11. CD44 expression in SKOV-3 spheroids over 5 days. SKOV-3 spheroids collected at
each time point were paraffin-embedded and cut into 3 um sections. Expression of CD44
was examined with immunofluorescence staining. Nuclear DNA was stained using 4',6-
diamidino-2-phenylindole (DAPI). Images superimposed on blue and green channels are
shown. Bar, 100 micron.

3 days

Figure 12. CD44 expression in OVACR-4 spheroids over 5 days. OVCAR-4 spheroids collected
at each time point were paraffin-embedded and cut into 3 um sections. Expression of CD44



was examined with immunofluorescence staining. Nuclear DNA was stained using 4',6-
diamidino-2-phenylindole (DAPI). Images superimposed on blue and green channels are

shown. Bar, 50 micron.

Figure 13. CD44 expression in OVSAHO spheroids over 5 days. OVSAHO spheroids collected
at each time point were paraffin-embedded and cut into 3 um sections. Expression of CD44
was examined with immunofluorescence staining. Nuclear DNA was stained using 4',6-
diamidino-2-phenylindole (DAPI). Images superimposed on blue and green channels are

shown. Bar, 100 micron.
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Figure 14. CD44 expression in CD44s-high spheroids vs CD44-low spheroids. ES-2, SKOV-3,
OVCAR-4, and OVSAHO spheroids were paraffin-embedded and cut into 3 um sections.
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Expression of CD44 was examined with immunofluorescence staining. Nuclear DNA was
stained using 4',6-diamidino-2-phenylindole (DAPI). Images superimposed on blue and
green channels are shown. Bar, 50 micron.

Furthermore, 100% of ES-2 and SKOV-3 cells seeded form spheroids whereas only 60-75% of
OVCAR-4 and only about 50% of OVSAHO cells seeded go into spheroids (Figure 15, right
panel). Therefore, in large spheroids we observed a very high intensity of CD44 expression,
which we know is predominately the CD44s isoform. Since many more of the cells highly
expressing CD44s can actually form spheroids, this suggests a strong correlation between

increased CD44s expression and the capability of forming spheroids in EOC.

Size of EOC Spheroids Percentage of Seeded Cells Recovered from
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Figure 15. CD44s expression correlates with size and number of EOC spheroids formed. EOC
spheroid size (left panel) and percent of seeded cells forming spheroids (right panel) after
24-72 hours for CD44s-high (ES-2, SKOV3) and CD44s-low (OVCAR-4, OVSAHO) expressing
cell lines. Left panel N=12, *p<0.005, **p<0.0001, One-Way ANOVA, Tukey’s Post-Hoc test.
Right panel N=4, *p=0.0121, **p=0.025, One-Way ANOVA, Tukey’s Post-Hoc test.
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3.4 Spheroid Formation of SKOV-3 cD44™" Cells

SKOV-3 CRISPR-generated CD44" clones were characterized for protein knockdown using
western blot (Figure 16, left panel). 3 clones (C2, C5, and C6) were chosen for CD44 gene
mutation confirmation using Surveyor endonuclease. A bp region of exon 1 in the CD44
gene surrounding the CRISPR gRNA target site was amplified using PCR. The resulting
product was mixed with parental wildtype CD44 PCR product, denatured, re-hybridized, and
treated with Surveyor nuclease creating 2 cleavage products for every bp insertion or
deletion present in the sample. Clone 2 and clone 6 displayed 2 cleavage bands below the
full-length amplicon indicative of a single mutation at the same, or roughly the same,
location in each gene allele (Figure 16, right panel). On the other hand, clone 5 exhibited 3
cleavage bands indicative of 2 mutations. Clone 6 was submitted for sequencing and
confirmed to have 1 adenosine deletion 2bp after the start codon on one copy of the CD44
gene and the other copy of the gene with a guanine insetion 2 bp after the start codon. ES-
2 clone 7 was also confirmed for CD44 gene mutation using Surveyor. Similar to SKOV-3
clones 2 and 6, the only ES-2 clone initially isolated with CD44 protein reduction (Figure 19,
left panel), clone 7, displayed 2 cleavage bands below the full-length amplicon indicative of
a single mutation at the same, or roughly the same, location in each gene allele (Figure 19,
right panel). Sequencing confirmed one copy with an adenosine and guanine inserted in
place of cytosine immediately following the start codon, while the other copy of the gene
has a cytosine deleted 2 bp downstream of the start codon. These are indicative of
frameshift mutations resulting in loss-of-functional protein. All clones were seeded in non-

adherent culture conditions for 3 days and measured for the number of cells in spheroids
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out of 1 million cells seeded. All clones were tested against the parental cell line as well as a
scrambled vector clone and vector only clone averaged together as controls. CD44 stable
knockdown cells exhibited significantly reduced spheroid formation as determined through
the reduced number of cells forming spheroids after 72 hours (Figure 17). Furthermore,
using brightfield microscopy we observed a reduction in the size of the spheroids that do

form (Figure 18).
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Figure 16. CD44 protein and genomic DNA characterization of SKOV-3 cD44” isogenic
clones. Pan-CD44 was determined by western blot analysis for clones 1-7 (left panel).
CDA44s, CD44 standard isoform. Parental SKOV-3 cell lysate was used as a positive control
for CD44s protein expression. a-tubulin was used as a loading control for protein. Mutation
in exon 1 of CD44 gene was determined by Surveyor® Mutation Detection Kit and DNA
visualized using agarose gel electrophoresis (right panel). Top MW band=full length
amplified CD44 DNA flanking CRISPR target site. Lower MW bands=DNA cleavage products
from base pair mismatching after hybridization of clone mutant DNA with parental wildtype
DNA and exposure to Surveyor nuclease.
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Figure 17. CD44s expression reduces SKOV-3 spheroid formation. % of seeded SKOV-3 cells
recovered from spheroids after 72 hours. N=7, **p<0.0001, Mann-Whitney U
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Figure 18. SKOV-3 spheroid size reduction in cD44” isogenic cell lines. SKOV-3 cp44a’
clones in spheroids after 72 hours visualized using brightfield microscopy (left panel).
SKOV-3 parental spheroids were used as a control. Average spheroid diameter is shown
(right panel). N=20, *p=0.0118, **p=0.0360, student’s t-test.
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3.5 Spheroid Formation of ES-2 cD44”

CD44s : il
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Figure 19. CD44 protein and genomic DNA characterization of ES-2 cD44” isogenic cell
lines. Pan-CD44 was determined by western blot analysis for clones 7 and 8 (left panel).
CDA44s, CD44 standard isoform. Parental ES-2 cell lysate was used as a positive control for
CDA44s protein expression. a-tubulin was used as a loading control for protein. Mutation in
exon 1 of CD44 gene was determined by Surveyor® Mutation Detection Kit and DNA
visualized using agarose gel electrophoresis (right panel). Top MW band=full length
amplified CD44 DNA flanking CRISPR target site. Lower MW bands=DNA cleavage products
from base pair mismatching after hybridization of clone mutant DNA with parental wildtype
DNA and exposure to Surveyor nuclease.
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Figure 20. CD44 protein in newly generated ES-2 cD44’” isogenic cell lines. Pan-CD44 was
determined by western blot analysis for a second round of CRISPR-generated CD447 clones
7A — 11A. CD44s, CD44 standard isoform. Parental ES-2 cell lysate was used as a positive
control for CD44s protein expression. ES-2 clone 7 generated and validated previously was
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used as a negative control for CD44s expression. B-actin was used as a loading control for
protein.
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Figure 21. Silencing CD44s expression eliminates ES-2 spheroid formation. % of seeded ES-2
CD44™ clone 7 cells recovered from spheroids after 24 hours. N=5, **p<0.0001, Mann-
Whitney U.
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Figure 22. CD44™ cells form multicellular aggregates that easily disaggregate upon
mechanical disruption. Bright-field images of 24hr ES-2 parental spheroids before and after
gentle pipetting compared to multicellular aggregates of ES-2 cD44” cells, which disperse
into single cells with gentle pipetting.

In order to better understand the structural changes that occur in these cells after CD44
knockdown, we viewed these cells using scanning electron microcopy. Parental ES-2
spheroids have an extensive network of tight intercellular connections (Figure 23, upper left
panel), while the CD44-silenced cell aggregates exhibit only loose intercellular connections
(Figure 23, upper right panel). Furthermore, not only is the tightness of these connections
reduced, but there is also a significant reduction in the number of intercellular connections
these cells make with each other when CD44 expression is silenced seen at higher
magnification, 3500X (Figure 23, lower panels). This shows visually that when CD44 is
knockdown in ES-2 cells, they are unable to form the same number of intercellular
connections, and those connections that they are able to form are very loose, appearing

flimsy and unstable.
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Figure 23. SEM images of ES-2 parental spheroids and CD44” multicellular aggregates. Bar,
20 micron (top panel), 10 micron (bottom panel); 1500X magnification (top) 3500X
magnification (bottom).

Finally, CD44 plays and important role in the formation of pericellular matrix (PCM), also
termed pericellular sheath or glycocalyx—an area that is both biochemically and
biomechanically distinct from the extracellular matrix (ECM) (176). This sheath is dependent
on hyaluronan retention at the cell surface through binding to its receptor CD44. Now, this

coat has multiple important roles, from serving structural and mechanochemical functions,
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to the regulation of cell division and motility, as well as cancer progression and metastasis,
and has previously been reported as necessary for sphere formation in rabdhomyosarcoma
(176). Since this coat is highly hydrated, it appears in ES-2 parental spheroids as a collapsed
sheath surrounding the cells due to the dehydration process necessary for electron
microscopy (Figure 24). Importantly, however, the CD44 knockout clone has no evidence of

pericellular sheath formation in cell aggregates as we saw in the parental spheroids.

>
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Figure 24. CD44 gene silencing may reduce pericellular sheath formation on ES-2 spheroids.
SEM images of an ES-2 parental spheroid and a CD44”" multicellular aggregate. Arrow,
pericellular matrix. Bar, 50 micron (left panel), 20 micron (right panel); 700X magnification (left)
1500X magnification (right).

However, to more definitively assess the presence of a PCM, a particle exclusion assay was
employed, but no apparent pericellular matrix was observed in two-dimensional monolayer
culture (Figure 25). This, does not rule out, however, the formation of PCM during spheroid

formation in 3D. Though, we did not have the tools to visualize PCM in fixed hydrated
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spheroids —known as wet-SEM (177) or environmental SEM (ESEM) (178)—with the

technology available at the UIC electron microscopy core.

Figure 25. Lack of pericellular matrix in 2D cultured ES-2 cells observed by particle (red

blood cell) exclusion assay. Red blood cells diameter =7 um
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CHAPTER 4: CD44S IN CELL ADHESION

4.1 Introduction

Metastasis of ovarian cancer is distinguishable from that of many other types of cancers in
that after detaching from the primary tumor site, cancer cells adhere and implant around
the peritoneal cavity and organs, which are covered by a continuous monolayer of
mesothelial cells (179) (180). Previous research in understanding this process has
implicated a role for CD44 in adhesion of ovarian cancer cells to mesothelial cells, a crucial

step in peritoneal metastasis.

One study linked CD44 with B1-integrin in mediating ovarian cancer cell adhesion to
peritoneal mesothelial cells (181), and this binding was shown to be associated with
expression of CD44s isoform in another study (156). Moreover, inhibition of CD44 using an
antibody in vivo was reported to limit intra-abdominal implantation in a human ovarian
cancer xenograft, and interestingly, the cell line they used in their studies was shown to
predominately express the standard isoform of CD44. Therefore, all of these reports point to
an important functional role for CD44 in the progression of peritoneal metastasis through
enhanced mesothelial adhesion, with evidence for a specific CD44s isoform association as

depicted in Figure 26.

Since the experiments in Chapters 2 and 3 identified CD44s gaining importance in late stage

EOC and implicated CD44s as an important component for spheroid formation, the next set
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of experiments sought to determine the role of CD44s in spheroid adhesion to mesothelial
cells in vitro. By testing their adhesion capability in the presence and absence of functional
CDA44 to a monolayer of mesothelial cells, we could get an idea of the metastatic phenotype

of these cells and the role of CD44s in contributing to that.
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Figure 26. Schematic representation of proposed EOC spheroid adhesion to peritoneal
mesothelial cells via CD44s binding to hyaluronan in the ECM.

4.2 Materials & Methods
4.2.1 Mesothelial Cell Adhesion. The human immortalized peritoneal mesothelial cell
line LP-3 was obtained from the Coriell Aging Cell Repository (Camden, NJ) and cultured
in a 1:1 mixture of medium 199 (Sigma-Aldrich) and MCDB 105 (Sigma-Aldrich)
supplemented with 15% fetal bovine serum, 10 ng/mL epidermal growth factor, 0.4
ug/mL hydrocortisone, 10 mL/L sodium pyruvate, 5 mL/L nonessential amino acids, and
2 mM glutamine in a humidified incubator with 5% CO, at 37°C for 5-7 passages. For the

assay, LP-3 was cultured in 6-well plates to confluence. To study adhesion of spheroids,
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ES-2 cells were released from monolayers with 0.05% trypsin/EDTA solution,
resuspended in serum-free cell culture media, and fluorescently labeled with 8 uL
Vybrant DiO (Invitrogen) per 1 x 10° cells for 30 mins at 37°C. Cells were then cultured
for spheroid formation as described above followed by incubation with 10 ug/mL of
function-neutralizing mouse anti-CD44 (BU75) from Ancell (Bayport, MN), which blocks
binding of HA to CD44, or normal mouse IgG in serum-free media for 30 mins at 37°C.
Then, the spheroids were plated over the confluent monolayer of LP-3 cells (in triplicate
per condition) in serum-free media. The fluorescently labeled spheroids were allowed to
adhere to the mesothelial monolayer for 30 mins, 1 hours, 2 hours, and 4 hours.
Subsequently, at each time point the monolayers were washed twice with PBS and fixed
with 4% paraformaldehyde. Adherent cells were visualized by green fluorescent signals
using a Zeiss AxioObserverD.1 fluorescent microscope. The six well plates were divided
into 20 individual grids to enable manual counting of adherent DiO-labeled spheroids by
fluorescent microscope and averaged. The experiments were performed three times for
statistical analysis using GraphPad Prism 7.0. Spheroids smaller than 30 um or larger

than 275 um were not used in statistical analysis.

Additional experiments were performed to evaluate the degree of adhesion of ES-2
CD447 MCA and single cells compared to parental spheroids and single cells,
respectively, on a monolayer of LP-3 mesothelial cells in six well plates. As before, ES-2
cells were fluorescently labeled with Vybrant DiO and immediately plated over the LP-3

monolayer (in triplicate per condition) as single cells or seeded for 24hr spheroid
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formation as described previously followed by plating over the LP-3 monolayer. To the
LP-3 cells were added 10,000 fluorescently labeled ES-2 cells or spheroids/MCAs of 1.5 x
10°cells. The degree of adhesion was represented by percent of adhering cells, which
was determined by taking the number of adherent cells divided by the number of cells
seeded initially. With spheroids/MCA, the number of adherent spheroids is relative to
the number of anti-IgG pre-treated or ES-2 parental adherent spheroids at 4 hours. The
percent of adhesion was examined at 30 min, 1 hour, 2 hours, and 4 hours by gently
removing non-adhering cells with a PBS rinse. The six well plates were divided into 20
individual grids to enable manual counting of adherent DiO-labeled spheroids by
fluorescent microscope and averaged. The experiments were performed three times for

statistical analysis using GraphPad Prism 7.0.

4.3 CD44 Function-Neutralizing in CD44s-hi EOC Cell to Mesothelial Cell Adhesion

In order to model in vitro the initial process of ovarian cancers cell metastasis, we used a co-
culture system of human LP-3 peritoneal mesothelial cells with ES-2 cells. Primary
mesothelial cells were seeded until 100% confluence, and ES-2 cells stained with DiO were
seeded as single cells, spheroids, or multicellular aggregates on the mesothelial cell
monolayer. We assessed the adhesion of ES-2 spheroids to an LP-3 mesothelial monolayer
following pre-treatment of the spheroids with either a CD44 function-neutralizing antibody
or 1gG control. The CD44 antibody recognizes the hyaluronan-binding domain effectively

blocking binding of hyaluronan to the CD44 expressed on the cell surface of these spheroids.
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We saw that ES-2 spheroids showed significantly faster adhesion to the LP-3 cells, overall,

and this adhesion was reduced by 50% on average at each time point for spheroids treated

with CD44 antibody (Figure 27).
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Figure 27. CD44 function-neutralizing antibody reduced ES-2 spheroid adhesion to
mesothelial cells. Percent adhesion of anti-CD44 pre-treated compared to mouse IgG pre-
treated ES-2 spheroids on LP-3 mesothelial cell monolayers. Spheroids shown in green.

N=3, *p<0.005; student’s t-test.
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4.4 CD44 Expression-Silenced in CD44s-hi EOC Cell to Mesothelial Cell Adhesion

Moreover, when we silenced CD44 in ES-2 cells, we observed a similar 2-fold reduction in
single cell adhesion (Figure 29) and multi-cell aggregate adhesion to mesothelial cells
compared to the parental CD44s-expressing spheroids (Figure 28). This agrees with
previously reported findings that binding of ovarian cancer cells to peritoneal mesothelium
in vitro is mediated by standard CD44 (156). Therefore, we conclude that adhesion of

ovarian cancer single cells and spheroids to mesothelial cells depends on the presence of

standard CD44 expression.
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Figure 28. CD44 gene silencing reduced ES-2 MCA adhesion to mesothelial cells. Percent
adhesion of ES-2 CD44”" MCAs compared to parental spheroids on LP-3 mesothelial cell

69



monolayers (top panel). LP-3 cells with attached ES-2 spheroids (bottom left panel) and
CD447 MCAs (bottom right panel), Green — spheroids. N=3,*p<0.005,**p<0.0001; student’s

t-test.
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Figure 29. CD44 gene silencing reduced ES-2 single cell adhesion to mesothelial cells.
Percent adhesion of ES-2 CD44'/'singIe cells compared to parental single cells on LP-3
mesothelial cell monolayers (top panel). LP-3 cells with attached ES-2 single cells (bottom
left panel) and CD44'/'singIe cells (bottom right panel), Green — ES-2 cell. *p<0.0001; N=3,

Sidak’s post- hoc test.
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CHAPTER 5: CD44S IN CELL GROWTH AND PROLIFERATION

5.1 Introduction

When the CD44 knockout clones were first isolated, it was observed that they grew slower
compared to their parental counterparts as more days passed before the need to passage
cells to larger culture dishes. Moreover, co-localization of CD44 with the nuclear
proliferation marker Ki-67 in vivo and in vitro has been described in meningioma (182) and
numerous other studies have reported a decrease in cell growth associated with reduction
or neutralization of CD44. CD44 knockdown with shRNA decreased cell proliferation in
colon cancer cells (183) and breast cancer cells (184) while antibody ligation of CD44 in
acute myeloid leukemia (AML) cells (185, 186) as well as ovarian cancer cells also reduced
their proliferation (155). These provide evidence for an important functional role for CD44

in cell proliferation.

Since the experiments in the previous chapters implicated CD44s as an important
component for spheroid formation, we hypothesized that CD44s may enhance EOC cell
growth and proliferation, and the next set of experiments sought to quantify the difference
in cell growth rate that had been observed during clone establishment. This was achieved
using two assays. WST-1 reagent produces a highly water soluble formazan upon uptake by
metabolically active cells, allowing a direct and user-friendly colorimetric measurement of
cell viability and proliferation (187). The clonogenic (or colony forming) assay enables an

assessment of the differences in reproductive viability (capacity of cells to produce progeny;
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i.e. a single cell to form a colony of 50 or more cells) between parental cells and genetically

manipulated cells (188).

5.2 Material & Methods
5.2.1 Cell Proliferation Assay. The effect of CD44 expression knockdown on
proliferative activity was determined using a WST-1 assay kit (Takara Bio) by plating
5,000 ES-2 parental control cells and cD44™ cells in a 96-well plate and incubating for 24
hours. Viability was then evaluated according to manufacturer’s instructions by
incubating WST-1 reagent with cells for 1 hour followed by measurement of ODg440 as a

readout. Values are shown relative to parental control cells.

5.2.2 Clonogenic Assay. 700 ES-2 parental and CD44™ cells were plated into p60
culture dishes and incubated in complete media for 10 days. Cells were fixed in 4%
paraformaldehyde for 5 mins and then incubated with 0.2% crystal violet for 30 mins at
RT. Excess crystal violet was washed off using diH,O and allowed to air dry.
Quantitation of crystal violet staining was performed by extracting dye using 100%
methanol for 1 hr with agitation and absorbance read at 600nm using a Promega Plate

Reader.

5.3 Cell Proliferation

We also investigated the effect of suppressing the expression of standard CD44 on

proliferation in ES-2 cells. With standard CD44 expression eliminated, cell growth was
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inhibited by 58.47 + 13.2% compared to parental control cells in WST-1 assay (P<0.01;
Figure 30). Thus, knockout of CD44 expression resulted in approximately 2.5- to 3-fold

reduction in cell growth.
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Figure 30. CD44s expression regulates proliferation in ES-2 cells. Relative proliferation rate
of ES-2 CD447 cells compared to parental in 2D culture quantified by WST-1 assay.
N=9,*p<0.0001; Mann-Whitney U.

5.4 Colony Formation

Similar to WST-1 assay results, clonogenic assay showed a decrease in colony density of ES-2
cD44™" cells compared with parental control cells (Figure 31, left panel) and 69.5 + 2%
inhibition of cell growth (P<0.001; Figure 31, right panel). This is similar to other reported

cancer models, which observed reduced proliferation with CD44 knockdown (183, 184), or
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with anti-CD44 antibody treatment in SKOV-3 ovarian cancer cells (189) suggesting that

ovarian tumor formation and growth, as well, may be affected by CD44s expression.
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Figure 31. CD44s regulates colony cell growth. Images of ES-2 cells subjected to clonogenic
assay (left panel) and quantitation of colony formation (right panel) by solubilizing crystal
violet cell staining and measuring absorbance at 590nm. ***p<0.0001; student’s t-test,
N=3
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CHAPTER 6: CD44S IN CELL MIGRATION, INVASION, AND EMT

6.1 Introduction

Metastasis requires tumor cell dissemination to different organs from the primary tumor.
Dissemination is a complex cell motility phenomenon that requires the molecular
coordination of the protrusion, chemotaxis, invasion and contractility activities of tumor
cells to achieve directed cell migration (190). Invasiveness is one of the key attributes of
aggressive cancers. Epithelial-Mesenchymal transition (EMT) is a complex biological process
in which an epithelial cell undergoes multiple changes to acquire mesenchymal features
associated with enhanced invasiveness. While invasion is dependent on migration, invasion
requires different mechanics—enhanced migration is not a phenotypic requirement of EMT,

and migration and invasion can be uncoupled during carcinoma-associated EMT (191).

One group reported that CD44s, but not CD44v, is localized in invadopodia, and shRNA-
mediated depletion of CD44s abolished invadopodia activity, preventing matrix degradation
and decreasing tumor cell invasiveness (192). CD44s-mediated c-Src kinase signaling has
also been shown to play a pivotal role in regulating cortactin-cytoskeleton function and HA-
mediated tumor cell migration during ovarian cancer progression (63). Moreover, another
study showed that treatment with CD44 antibody did not inhibit ovarian cancer cell
invasion, but inhibited motility (193). Moreover, it has been shown that CD44 splicing
isoform switches from variant isoforms (CD44v) to the standard isoform (CD44s) when

breast cancer cells undergo EMT (194). Importantly, though, are the most recently
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published findings in ovarian cancer that CD44s was upregulated upon TGFB1-induced EMT,
and overexpression of this isoform in ovarian cancer cells induced EMT and invasion (195).
Therefore, enhanced expression of CD44s appears to have the potential to confer both
stemness and intractable properties upon cancer cells. Hence, the following experiments
explored the impact of CD44s expression in ES-2 cells on migration, invasion, and EMT gene

expression.

6.2 Material & Methods
6.2.1 Wound Healing Assay. The spreading and migration abilities of ES-2 parental and
ES-2 CD44™" cells were assessed using the scratch wound healing assay. Cells were
seeded into six well tissue culture plates and grown to 100% confluency. Prior to
scratching with a P100 pipette tip, cells were incubated overnight with serum free
media. After wounding, cellular debris was removed by washing with PBS, and then
incubated in 2.5% fetal bovine serum. Wound closure was monitored at 12, 24, and 55
hours and calculated using AxioVision software on the Zeiss AxioObserverD.1 inverted
microscope. The wound closure area that was used for measurements was carefully
marked, so as to be identifiable at every time point. The difference between the total
area of the scratch at any given time period was determined using TScratch analysis

software (196) downloaded here: http://www.cse-lab.ethz.ch/software/, and then

divided by the original area multiplied by 100 to represent the percent of wound
closure. The experiments were repeated three times with three fields of measurements

per well.
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6.2.2 Transwell Cell Migration. Corning 24-well plate inserts with an 8 micron
diameter pore size were bottom surface-coated with Matrigel by adding 500uL of a
1:100 Matrigel (BD Biosciences) solution in PBS to 24 well tissue culture plates followed
by addition of inserts to the well. The inserts were incubated for 6 hours at 37°C,
washed twice with PBS, and placed at 4°C for storage overnight. To each well, 500puL of
serum free media was added and then the modified insert returned to the well. 10,000
ES-2 cells in serum free media were dispensed into the inner chamber of the transwell
insert (in triplicate). The plates were incubated for 5 hours in 5% CO, at 37°C. The
insert was then removed and any non-migrated cells collected by gently swabbing the
inner chamber with a Q-tip and rinsing twice with PBS. Inserts were then submerged in
0.2% crystal violet for 15 mins, washed 3 times with deionized water to remove any
residual stain, and allowed to air dry. Cells with migratory abilities able to navigate into
the matrigel underlayer were counted under a light microscope. The membranes were
carefully divided into a numbered grid to aid in manually counting. The experiment was

performed twice and analyzed using GraphPad Prism 7.0.

6.2.3 Transwell Cell Invasion. Corning 24-well plate inserts with an 8 micron diameter
pore size were bottom surface-coated with matrigel as described above. 40 ul of
matrigel was then dispensed into the inner chamber of the insert and incubated at 37°C
for 1 hour to solidify. To each well, 500uL of serum free media was added and then the
modified insert returned to the well. 100,000 ES-2 cells in serum free media were gently

dispensed into the inner chamber of the transwell insert (in triplicate) so as not to
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disrupt the matrigel layer. The plates were incubated for 36 hours in 5% CO, at 37°C.
The insert was then removed and any non-migrated cells collected by aspiration and
gently swabbing the inner chamber with a Q-tip and rinsing twice with PBS. Inserts
were then submerged in 0.2% crystal violet for 15 mins, washed 3 times with deionized
water to remove any residual stain, and allowed to air dry. Cells with invasive abilities
able to navigate through the dense matrigel upperlayer were counted under a light
microscope. The membranes were carefully divided into a numbered grid to aid in
manual counting. The experiment was performed twice and analyzed using GraphPad

Prism 7.0.

6.2.4 Quantitative Real-Time PCR.

gRT-PCR was performed by isolating total RNA and generating cDNA as described
previously. PCR was conducted by initial denaturation for 10 min at 95°C followed by 40
cycles of 95°C for 15 sec and 60°C for 1 min using the Fast SYBR® Green (Thermo) with

primers designed using IDT PrimerQuest Tool (https://www.idtdna.com/primerquest)

for Fibronectin 1 Fwd: 5" — CTGGCCAGTCCTACAACCAG - 3/, Fibronectin 1 Rev: 5’ —
CGGGAATCTTCTCTGTCAGCC — 3’, B6-Integrin Fwd: 5" — CAGCGTTGGTCTTGTAACGC - 3/,
B6-Integrin Rev: 5" — AGTTCTTGCTGTGCAGACCG — 3’, ETS-1 Fwd: 5’ —
TGAGGTGCTGAGAGCAGAATG — 3’, ETS-1 Rev: 5" = TAGGTCCTTGCCTCACCACT - 3’,
Vimentin Fwd: 5’ — GTCCGCACATTCGAGCAAAG - 3/, Vimentin Rev: 5’ —
CGCTGCTAGTTCTCAGTGCT - 3’, ZEB2 Fwd: 5" — AACACCCCTGGCACAACAAC -3, and

ZEB2 Rev: 5’ — AATTGCGGTCTGGATCGTGG — 3’ on a ViiA7 (Applied Biosystems, Inc.). To
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determine the specificity of the PCR primers, the melting curves were collected by
denaturing the products at 95°C, then cooling to 65°C, and then slowly melting at

0.5°/sec up to 95°C.

6.2.5 Western Blot. Cells were collected and lysed in RIPA lysis buffer as described
previously. Cell lysates (20 ug) were electrophoresed on 10% SDS-polyacrylamide gels
under reducing conditions (167), electroblotted to a polyvinylidene difluoride
membrane (168), and blocked with 5% bovine serum albumin (BSA) in Tris buffered
saline with 0.1% tween (TBST) for 1 h at room temperature (25°C). Membranes were
incubated overnight at 4 °C with 1:1000 anti-human FN1 rabbit polyclonal antibody,
anti-human ETS-1 rabbit polyclonal antibody, or anti-human ZEB2 rabbit polyclonal
antibody from NeoBiolab (Cambridge, MA) in 5% BSA in TBST. 3% BSA block was used
for 1:500 anti-human Vimentin mouse monoclonal antibody from SCBT (Dallas, TX).
Secondary antibody was goat anti-rabbit horseradish peroxidase (SCBT) at 1:2000
dilution. Proteins were visualized using Amersham ECL Prime Detection Reagent (GE
Healthcare) on a Bio-Rad gel documentation system. Blots were performed in triplicate
and densitometry analyses were determined using Quantity One software (Bio-Rad)

according to the manufacturer's instructions.

6.3 Cell Migration
Since others have reported CD44 regulating motility in ovarian cancer cells (63, 193), we
performed scratch wound healing assays as well as modified Boyden chamber assays to

assess migration. The bottoms of the transwell inserts were coated with Matrigel to trap

79



migrating cells as described in the methods section. The principle behind this assay is that
more motile cells will be able to migrate through the filter pores into the Matrigel layer.
Thus, based upon previous literature that reduced cell migration was associated with
induction of epithelial variant CD44 isoform (197), we expected to see an observable
decrease in the number of migratory cells with CD44s silencing. However, we did not
observe any significant difference in the migratory ability of ES-2 cells with or without CD44
expression either in wound healing (Figure 32) or transwell (Figure 33) assays. Therefore,
we concluded that CD44s does not play a role in the migration of EOC cells in the ES-2 cell

culture model.
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Figure 32. CD44s does not regulate migration in ES-2 cells in wound healing assay. ES-2 cells
were plated and grown to confluency, serum starved overnight, and then scratched with a
p1000 pipette tip. % of open wound area was measured at 12, 24, and 55 hours. N=3,
p=n.s. student’s t-test, CD44kd=CD44”" clone 7.
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Figure 33. CD44s does not regulate migration in ES-2 cells in transwell migration assay. ES-2
cells were seeded in a modified Boyden chamber and allowed to migrate for 5 hours. % of
seeded cells that had migrated through the permeable membrane were stained and
counted. N=3, p=n.s. student’s t-test.

6.4 Cell Invasion

As mentioned already, decades of research have shown that CD44 participates in major
oncogenic signaling networks and complexes with oncogenes that promote and regulate
every aspect of tumor progression including critical aspects of metastatic disease. However,
it is emerging that CD44 may function differently at different stages of cancer progression
and may regulate migration and invasion independently. Invasive disease requires
epithelial cell penetration of the basement membrane followed by movement through the
interstitial ECM. Thus, we sought to do an in vitro invasion assay that could simulate cellular
movement through such layers. We developed a three-dimensional invasion assay based on

a modified Boyden chamber assay. Briefly, a thin layer of undiluted Matrigel was cast over
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an 8-um pore transwell filter. The chamber above the filter was then seeded with ES-2 cells
suspended in serum-free medium. In this system, cells must both invade through the gel
matrix and migrate through the filter pores as well, a process similar to invasive disease.
After 36 hours, the filters were removed and cells that had invaded into the matrix were
guantified. However, ES-2 cD44™ cells displayed similar invasive capacity as parental
control cells (Figure 34). Therefore, using ES-2 as a model for epithelial ovarian cancer did

not identify a role for CD44s in invasion of EOC cells.

ES-2 36hr Matrigel Invasion
Transwell Assay
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Figure 34. CD44s does not regulate invasion in Matrigel transwell assay. ES-2 cells were
seeded in a modified Boyden chamber with a thin layer of Matrigel on top of the permeable
membrane. Cells were allowed to invade through the Matrigel for 36 hours. % of seeded
cells that had migrated through the permeable membrane were stained and counted. N=3,
p=n.s., student’s t-test.

6.5 EMT
EMT is involved in the acquisition of stemness of epithelial tumor cells, which confers cells

with aggressive traits and an invasive phenotype that may result in tumor recurrence and
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metastasis. Since CD44 has been shown to promote EMT in many cancer types including
ovarian cancer (197), and high CD44s expression in hepatocellular carcinoma was
significantly associated with an EMT expression profile (198), we questioned whether CD44s
expression might regulate known proteins associated with EMT. We first compared CD44
expression to protein expression of an extensive list of EMT-associate proteins using the
TCGA dataset. A subset of 5 proteins exhibiting the highest Pearson and Spearman
correlation scores for CD44 co-expression (Table 1) were selected for assessment in ES-2
and SKOV-3 cells. No difference in ETS1 mRNA or protein expression was observed in either
ES-2 or SKOV-3 models when CD44 was silenced (Figures 35 and 36). Interestingly,
fibronectin, Vimentin, and ZEB2 mRNA levels appear significantly reduced in ES-2 cD44”
cells (Figure 35, left panel). On the hand, fibronectin and ZEB2 mRNA levels appear
significantly increased in SKOV-3 cD44” (Figure 25, right panel). However, these apparent
changes at the transcriptional level of Vimentin and ZEB2 do not appear to translate into
differences in protein amounts of these genes (Figure 36, lower panels). Moreover, the
increase in fibronectin mRNA in SKOV-3 did not correspond with an increase in fibronectin
protein, and, in fact, SKOV-3 CD44™ cells exhibited decreased fibronectin protein similar to
ES-2 CD44 " cells (Figure 36, upper left panel). Thus, due to a lack of inconsistency between
mMRNA and protein changes amongst the two models when CD44 was silenced, it made
interpretation of a role for CD44s expression in EMT unmanageable and requiring a more

detailed investigation.
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Fibronectin 1 0.0001
Integrin-B6 0.37 0.35 0.001
ETS1 0.4 0.39 0.057
Vimentin 0.24 0.26 0.053
ZEB2 0.46 0.48 0.661

Table 1. CD44 co-expression correlation scores for top-scoring known EMT genes
In TCGA patient samples.
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Figure 35. qPCR Analysis for top-scoring EMT proteins co-expressed with CD44. mRNA
expression quantified using gRT-PCR for 6 EMT genes in ES-2 (left panel) and SKOV-3 (right
panel) cell lines identified as highly co-expressed with CD44 in TCGA patients samples as
listed in Table 1. Left panel *p<0.0001, **p=0.0012, ***p=0.0002; Right panel *p=0.0310,
**p<0.0001, student’s t-test, N=3.

84



_SKOV-3 ES-2

A .
X2 A A A\
Y p @ Y
i @ @ ES-2
SKOV-3 -
Fibronectin 1 @ v @ a
Q N ¥
250 250 (263 kDo) o o @

130 . . 130 -n . L IS

T (3-actin GNP G S ooctin

- —_——
SKOV-3 _ ES2 ES-2 SKOV-3
& &
Q¢ o™ N o> @ l @ o
& b e N
(_,0 Q A (,0

o — — T
s — B — 7 B)
“ ' B-actin — T S— w— [3-actin

Figure 36. Reduction in fibronectin protein expression in ES-2 CD447 EOC cells. Fibronectin
1 (upper left), ETS1 (upper right), vimentin (lower left), and ZEB2 (lower right) protein
expression in ES-2 and SKOV-3 cell lines and their CD44" clones were determined by
western blot analysis. B-actin was used as a loading control for protein. Figure

representative of 3 individual replicates.
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CHAPTER 7: CD44S IN METASTASIS FORMATION

7.1 Introduction

The previous studies described above provided evidence that silencing CD44s expression
decreases proliferation, inhibits spheroid formation, and reduces spheroid adhesion to
mesothelial cells in vitro. Since these characteristics are associated with tumor formation
and metastasis, we questioned whether these effects could impair the ability of cells to
develop tumors in vivo. Moreover, CD44s-mediated promotion of tumor growth was
reported in a melanoma xenograft using an Infusion of soluble recombinant CD44 to
compete with endogenous CD44 blocking tumor development (199). Interestingly, siRNA
downregulation of CD44 expression suppressed tumor growth and peritoneal dissemination
of a human ovarian cancer xenograft in nude mice (200), whereas mice treated with anti-
CDA44 antibody showed a decrease in the number of total peritoneal ovarian cancer
metastases (70). Therefore, because out previous experiments showed that CD44s is
required for spheroid formation in ES-2 and cell adhesion to mesothelial cells in vitro, we
hypothesized that CD44s expression plays a role in the formation of metastases in vivo, as

well.

The ES-2 line chosen for the present study is derived from a reported clear cell ovarian
carcinoma (201), however, has recently been identified to have a genetic profile more
closely related to high grade serous carcinoma (HGSOC) (202, 203), the majority of ovarian

cancer cases. The reason for using this cell line was that it lends itself easier to transfection
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and isogenic clone selection than other ovarian cancer cell lines we have assessed in vitro
and rapidly forms tumors in vivo. Moreover, ES-2 cells generate multifocal peritoneal
disease in the same manner HGSOC does thereby justifying its use as a model for
carcinoma—mesothelium interactions and disease progression in this disease. We set up a
nude mouse xenograft with 4 groups containing 6 mice each injected i.p. with either single
cells or spheroids of parental ES-2 and single cells or MCAs of CD44-silenced ES-2. We set up
the experiment this way to pursue several goals and answer a few different questions—
what is the metastatic potential of single cells versus spheroids of ES-2, and what is the role
of CD44s in metastatic formation for both single cells and spheroids by measuring for

overall survival and tumor burden.

7.2 Materials & Methods
7.2.1 Animal Study Design. Athymic nude FOXN1/NU mice were obtained from Harlan
Laboratories (Madison, WI). All experimental procedures were performed according to
the Institutional Animal Care and Use Committee protocol (#15-252) approved by the
Animal Care Committee of UIC. Animals were fed ad libitum and maintained in
Association for Assessment and Accreditation of Laboratory Animal Care International
approved facilities on a 12 h light 12 h dark cycle. For generation of intraperitoneal
tumors, 1x10° cells/mouse of parental ES-2 and ES-2 CRISPR-generated CD44 knockout
clone were used to generate spheroids or multicellular aggregates (MCA), respectively.

Spheroids/MCA were injected intraperitoneally (i.p.) into athymic nude mice (n = 6) and

87



animals were monitored three times weekly for tumor formation, ascites development,
and survival up to 27 days. To generate intraperitoneal tumors from individual cells,
1x10° ES-2/mouse were i.p. injected into athymic nude mice (n = 6) and animals were
monitored three times weekly for tumor formation, ascites development, and survival
up to 24 days. When animals reached humane endpoints, they were sacrificed,
dissected, ascites aspirated, and the abdominal region examined for tumors. Tumors
were excised, weighed, fixed in paraformaldehyde, and paraffin-preserved as described

previously (171) for examination by immunohistochemistry.

7.2.2 Hematoxylin and Eosin Staining. Slides containing paraffin-preserved human
tissue sections were rehydrated by incubation in xylenes and graded ethanol solutions
followed by incubation in Gill 2 hematoxylin (Thermo Fisher) for 2 mins. Slides were
washed in deionized water and then placed in eosin (Sigma-Aldrich) for 30 seconds
followed by dehydration in graded ethanols, cleared with xylenes, and mounted with
Permount. Stained tissues were evaluated for percent of tumor versus normal tissue
and averaged from 3 different 10X fields of view by Andre Kajdacsy-Balla, Osama Elfituri
and Hao-Liang Xu (UIC Pathologists), who were blinded to the experimental outcomes of

the study.

7.2.3 Western Blot. Cells were collected and lysed in RIPA lysis buffer as described

previously. Cell lysates (20 ug) were electrophoresed on 10% SDS-polyacrylamide gels
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under reducing conditions (167), electroblotted to a polyvinylidene difluoride
membrane (168), and blocked with 10% goat serum in Tris buffered saline with 0.1%
tween (TBST) for 1 h at room temperature (25°C). Membranes were incubated overnight
at 4 °C with 1:500 anti-human RARRES3 rabbit polyclonal antibody or anti-human
RhoGDI2 rabbit polyclonal antibody from Aviva Systems Biology (San Diego, CA) or anti-
human CD95 mouse monoclonal antibody from SCBT (Dallas, TX) in 10% goat serum in
TBST. Secondary antibody was goat anti-rabbit or anti-mouse horseradish peroxidase
(SCBT) at 1:1000 dilution. Proteins were visualized using Amersham ECL Prime
Detection Reagent (GE Healthcare) on a Bio-Rad gel documentation system. Blots were
performed in triplicate and densitometry analyses were determined using Quantity One

software (Bio-Rad) according to the manufacturer's instructions.

7.2.4 Immunohistochemistry. Slides containing paraffin-preserved human tissue
sections were rehydrated by incubation in xylenes and graded ethanol solutions
followed by blocking of peroxidase activity with 3% H,0, for 10 min. Antigen retrieval
was achieved through incubation at 95°C for 15-min in sodium citrate buffer, pH 6.0.
After cooling to room temperature, sections were blocked with 10% goat serum in PBS.
Primary rabbit anti-human RhoGDI2 antibody and rabbit anti-human-RARRES3 antibody
from Aviva Systems Biology (San Diego, CA) was used at 10 ug/ml overnight at 4°C.
Primary mouse anti-human CD95 antibody (clone B-10) from Santa Cruz Biotechnology
(Dallas, TX) was used at 1:50 dilution overnight at 4°C. Biotin-conjugated goat anti-rabbit

or goat anti-mouse secondary antibody was used at a dilution of 1:200 for 20 min at
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room temperature. Vectashield avidin-biotin complex and 3,3’-diaminobenzidine
reagents were prepared and used as suggested by the manufacturer. Slides were

counterstained with hematoxylin, dehydrated and mounted with Permount

7.3 Animal Survival and Tumor Burden

Athymic nude mice were injected intraperitoneally with single cells, spheroids, or
multicellular aggregates of ES-2 cD44” or parental cells (Figure 37) and monitored for

indications of tumor formation and/or ascites production.

... ES-2 Parental 6 animals / group
Single Cells ES-2 CD44 -/- -
(Cells grown in adherent monolayers) IP injection
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Figure 37. Schematic representation of FOXN1/nu mouse xenograft study design.

There was no difference in overall survival between single cell or spheroid ES-2 parental
animals (Figure 38, top left panel) neither was there a difference in survival between CD44
silenced single cells and multi cell aggregate animals either (Figure 38, top right panel),
indicating that single cells and spheroids are equally as aggressive in leading to morbidity in
these animals. But, when CD44 was silenced, overall survival significantly increased

compared to parental regardless of whether they were single cells or spheroid animals
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(Figure 38 lower panels). The median survival differences are displayed in Table 2. Since no
statistical difference in survival exists between the 2 parental groups nor between the 2
CD44-silenced groups, the single cell and spheroid/MCA groups were combined for further

analyses between parental and knockout cells.
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Figure 38. Loss of CD44 increases overall survival in vivo. Kaplan-Meier survival curves for ES-
2 xenografted mice. Top: Animals with single cells compared to spheroids/MCA in parental
or CD44'/'; Bottom: CD44"" compared to parental in single cells or spheroids/MCA.

**p<0.001, *p<0.05; log-rank (Mantel Cox) test.

Median Survival

(days)
Parental SC 16
Parental Sph 20
CD44/-SC 225
CD447- MCA 21

Table 2. Median overall survival of each animal group.
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Next, it was important to try and determine what the underlying factors are which CD44s
seems to be playing a role in, in the increased survival of these animals. ES-2 tumor growth
and ascites development were observed rapidly, and animals were sacrificed when they
appeared clearly morbid. Interestingly, though, we saw that loss of CD44 reduced the
amount of ascites produced in these mice (Figure 39, top row, center panel). So although
the CD447 animals lived 25% longer than parental animals, they exhibited a much lower
average volume of ascites production and may, in part, be one of the reasons these animals
survived longer as severe abdominal distension in these animals due to ascites build up was
a primary reason for euthanasia. However, bowel obstruction by metastatic tumors is the
predominant cause of ovarian cancer-related mortality, and tumor burden is often
predictive of survival. Nevertheless, no significant difference between total tumor burden

was observed between CD44-silenced and parental (Figure 39, top row, left panel).

During metastatic progression, once tumor cells adhere, they need to invade and expand in
number in order to establish secondary tumors at metastatic sites. When cancer cells find
themselves in the microenvironment of host cell tissues, different tissue types affect them
differently so we would expect that growth of secondary lesions that form in each tissue to
be different. Since previous findings using a CD44s-expressing cell line showed that in the
presence of neutralizing CD44 antibody, implantation of ovarian cancer cells was
differentially reduced between the diaphragm and other peritoneal surfaces (70), we

hypothesized that CD44s plays a role in metastasis to different secondary sites. We
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assessed organ specific tumor burden and observed a significant reduction in mesentery
tumor burden with silenced CD44 expression (Figure 39, row 1, right panel). Moreover,
although only a subset of animals in each group developed peritoneal wall tumors, the
weight of those tumors, which formed, were dramatically reduced with CD44 silencing
though not quite reaching statistical significance due to the reduced sample size (Figure 39,
row 2, left panel). Interestingly, tumor mass was significantly larger in a number of
abdominal organs including the omentum, stomach, and liver (Figure 39). This suggests a
growth repressive function for CD44 at these organ sites. No difference was observed in
tumor mass in the diaphragm, pancreas, and inguinal lymph nodes (Figure 39). This leads to
the conclusion that CD44 expression enhances metastatic tumor growth in the parietal
peritoneum (mesentery and peritoneal wall), while suppressing metastatic tumor growth at
visceral peritoneum-lined organs (omentum, stomach, and liver). Retroperitoneal
metastases (pancreas, kidney, and retroperitoneal fat) appear to be uninfluenced by CD44
expression (Figure 39). Although average kidney tumor weight without CD44 expression
was significantly different, standard deviation was relatively high and may not reflect a true
significant difference. Finally, extraperitoneal abdominal metastases (diaphragm and
inguinal lymph nodes) were also unchanged with CD44 silencing implicating CD44
expression as a key regulator of intraperitoneal metastases—enhancing some and

repressing others.
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Figure 39. CD44 expression differentially regulates metastasis to peritoneal and thoracic
cavity organs. Total tumor burden, volume of ascites removed, and tumor burden at
individual sites. N=12; *p<0.05, **p<0.001, ***p<0.0001; Mann-Whitney U.

When we took a closer look at the locations of metastases, we noticed that all, but one
animal, with CD44 knockout xenografts, whether single cell or multicellular aggregates, had

large tumors growing in the central compartment of the thoracic cavity behind the sternum.
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Pathologist Dr. Andre Kajdacsy-Balla, identified them to be tumors of the superior
mediastinum (Figure 39, row 3, right panel). Therefore, although parental ES-2 cells seem
to be confined to the peritoneal cavity at humane endpoints, these cells appear to now be
able to infiltrate the thoracic cavity when expression of CD44 is silenced. What’s more is
that suppression of CD44s significantly increased the presence of lung metastases as well,
both as single cells, but also, and to a greater extent, as multi-cell aggregates (Figure 40).
Clinically, HGSOC tumors grow quickly and disseminate widely within the mesothelial cell-
covered peritoneal cavity, but also disseminate as an effusion in the mesothelial cell
covered pleural space, as well. Thus, CD44s expression acts a suppressor of lung metastases
in this model. Therefore, although suppression of CD44s in spheroids reduces peritoneal
metastases to a large extent, silencing CD44s enhances metastasis to the lung thereby

playing a dual role in metastatic regulation.
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Figure 40. Loss of CD44 increases metastasis to the lungs. Percent area of lung tissue
sections displaced by tumor cells (upper panel). H&E staining of mouse lungs
representative of each animal group (lower panel). Dotted line indicates tumor areas.

7.4 Putative Lung Metastasis Mechanism
In an effort to understand more mechanistically how CD44s may regulate lung metastasis in
EOQC, a literature search was completed and a list of 12 reported lung metastases

suppressors in cancer was compiled. These proteins were queried for co-expression
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correlation in the same TCGA data set described previously. 2 were identified as highly co-
expressed with CD44—RhoGDI2 and RARRES3 (Figure 41). The correlation scores and p-
values are listed in Table 3. Previous studies found that truncated Rho GDP-dissociation
inhibitor 2 (RhoGDI2), a cytoplasmic cell signaling regulator, induced pulmonary metastasis,
whereas full-length protein did not (204). When RhoGDI2 was transferred back into cells
with metastatic ability that lacked its expression, it suppressed experimental lung
metastasis (205). Moreover, macrophage-secreted glycoprotein osteopontin in the tumor
microenvironment binds to CD44s on bladder cancer cells promoting invasion and clonal
growth through CD44s cytoplasmic tail-binding to TIAM1, a Rac guanine nucleotide
exchange factor (206). Interestingly, osteopontin, TIAM1, and RhoGDI2 have all been
reported to be upregulated in ovarian carcinoma compared to benign tumors (207-209).
Thus, this made RhoGDI2 a lead candidate in the signaling of CD44s-regulated lung
metastasis in ES-2 mouse xenograft. However, western blot for RhoGDI2 was unchanged in
ES-2 CD44 ™" cells compared to parental control (Figure 42). Likewise,
immunohistochemistry of omental tumors revealed similar intensity of RhoGDI2 protein

expression in cD44™ as parental (Figure 43).
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Figure 41. CD44 co-expression correlation plots for top-scoring lung metastasis-related
genes. Correlation between expression of CD44 mRNA and Rho Dissociation Inhibitor 2
(RhoGDI2, ARHGDIB) mRNA (left panel) and retinoic acid receptor responder 3 (RARRES3)
(right panel) in specimens of serous ovarian adenocarcinoma analyzed using cBioportal
database and TCGA, Nature 2011, dataset (n=557).

RhoGDI2 0.576 0.581 <0.001

RARRES3  0.388 0.352 0.018

Table 3. CD44 co-expression correlation scores for top-scoring lung metastasis-related genes.
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Figure 42. RhoGDI2 protein in ES-2 cells. Expression of RhoGDI2 in ES-2 cells. ACTB was
used as a loading control. Images were quantified with digital densitometry using BIO-RAD
Chemidoc software. The results of three independent experiments were averaged and
plotted.
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Figure 43. RhoGDI2 protein in omental tumors from ES-2 xenograft. Immunohistochemical
staining for RhoGDI2 in omental tumors of cD44” compared to parental.

Retinoic Acid Receptor Responder 3 (RARRES3), a small protein responsible for producing
signaling lipid secondary messengers (210), but whose function is still widely unknown. It
has, however, also been implicated in the regulation of lung metastasis in cancer. RARRES3
downregulation in breast cancer cells facilitated adhesion of tumor cells to the lung
parenchyma and formation of lung metastasis (211). Interestingly, western blot for

RARRES3 in ES-2 CD447 revealed a 36% reduction in expression compared to parental
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control (Figure 44). Furthermore, immunohistochemistry in omental tumors similarly
displayed reduction in RARRES3 expression (Figure 45, top panels). Importantly, though,
the small area of lung tumor we were able to find from ES-2 parental animals exhibited high
RARRES3 expression, while CD447 tumors in the lung displayed reduced expression of
RARRES3 (Figure 45, bottom panels). Thus, CD44s may regulate metastases to the lung in
a RARRES3-dependent manner. Though, further studies are needed to better understand a

CD44s-RARRES3 signaling axis in EOC.
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Figure 44. RARRES3 protein in ES-2 cells. Expression of RARRES3 in ES-2 cells. ACTB was
used as a loading control. Images were quantified with digital densitometry using BIO-RAD
Chemidoc software. The results of six independent experiments were averaged and plotted;
**p=0.0006, student’s t-test.
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Figure 45. RARRES3 protein in omental and lung tumors from ES-2 xenograft.
Immunohistochemical staining for RARRES3 in omental (top) and lung (bottom) tumors of
cD44” compared to parental.

7.5 Putative Liver Metastasis Mechanism

In an effort to understand more mechanistically how CD44s may regulate liver metastasis in
EOC, a literature search was completed and a list of 9 reported liver metastases regulators
in cancer was compiled. These proteins were queried for co-expression correlation in the
same TCGA data set described previously. One was identified as highly co-expressed with

CD44—CD95 (Figure 46). The correlation scores and p-value are listed in adjoining table.
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Figure 46. CD44 co-expression correlation plot for top-scoring liver metastasis-related
gene—CD95. Correlation between expression of CD44 mRNA and CD95 (Fas, APO-1) mRNA
in specimens of serous ovarian adenocarcinoma analyzed using cBioportal database and
TCGA, Nature 2011, dataset (n=557).

Cluster of Differentiation CD95 (CD95/Apo-1/Fas) receptor-ligand system is one of the key
regulators of apoptosis (212) and has also been implicated in the regulation of liver
metastasis in cancer (213). Interestingly, western blot for CD95 in ES-2 CD447 revealed a
41% reduction in expression compared to parental control (Figure 47). Furthermore,
immunohistochemistry in omental tumors similarly displayed reduction in CD95 expression
(Figure 48, top panels). Importantly, though, liver metastases present in ES-2 parental
animals exhibited high CD95 expression, while CD44™ tumors in the liver displayed reduced
expression of CD95 (Figure 48, bottom panels). Thus, CD44s may regulate metastases to
the liver in a CD95-dependent manner. Though, further studies are needed to better

understand a CD44s-CD95 signaling axis in EOC.
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Figure 47. CD95 protein in ES-2 cells. Expression of CD95 in ES-2 cells. ACTB was used as a
loading control. Images were quantified with digital densitometry using BIO-RAD Chemidoc
software. The results of three independent experiments were averaged and plotted.
**p=0.0072, student’s t-test
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Figure 48. CD95 protein in omental and liver tumors from ES-2 xenograft.
Immunohistochemical staining for CD95 in omental (top) and liver (bottom) tumors of
cD44” compared to parental.
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CHAPTER 8: CONCLUSIONS & DISCUSSION

8.1 Summary of results

Multicellular tumor spheroids are excellent in vitro models of avascular tumors for
understanding cancer biology and metastatic progression. As more evidence continues to
implicate CD44s in EOC progression, this work aimed at further characterizing the functional
role of CD44s in EOC spheroids and metastatic potential. The concept of CD44 as a cell
surface marker for cells with stem-like qualities is largely driven by its association with
growth-regulating and metastatic-promoting proteins. The experimental design of this
study sought to utilize multiple assays for assessing the role of CD44 in the metastatic
cascade. Moreover, use of isoform specific primers provided further evidence for the

specific isoform responsible for the observed phenotype in this model of EOC.

Data presented in chapter 3 assessed spheroid formation capacity in cell lines with varying
expression of CD44s and variant isoforms, which suggested a potential correlation between
CDA44s expression with larger spheroids and a higher number of cells forming spheroids.
Silencing CD44 expression using CRISPR/CAS9 reduced spheroid formation in SKOV-3 cells
and entirely eliminated spheroid formation in ES-2 cells—both primarily CD44s-expressing
cell lines. Moreover, although expression of CD44 seemed to promote formation of a
pericellular sheath in SEM images of ES-2 parental spheroids, this was unable to be
confirmed using available technology or with a 2D culture assay. Nonetheless, whether
through a decrease in cell-cell adhesions, loss of pericellular sheath formation, or both,

silencing CD44 in ES-2 cells prohibited them from forming the compact multicellular
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spheroid structure. This lack in ability to form spheroids was hypothesized, then, to alter

either EOC cancer cell survival or metastatic regulation in vivo.

While adhesion of cancer cells to each other is certainly important for formation of the
spheroid and, ultimately, cell survival, CD44 can also function as an adhesion molecule for
cancer cells to other cells types encountered at different steps of the metastatic cascade.
The experimental set up in chapter 4 aimed at evaluating the affect on adhesion of CD44s in
ES-2 cells to a monolayer of primary mesothelial cells of the peritoneum. These studies in
ES-2 cells and spheroids revealed significant reductions in adhesion to LP-3 mesothelial
monolayers when CD44 was either function-neutralized with an antibody or silenced in
cD44™ cells. Further clonogenic and proliferation studies described in chapter 5 also

revealed a substantial reduction in cell proliferation when expression of CD44 was silenced.

Other known functions of CD44 were examined to comprehensively assess the function of
CDA44s in EOC cells. As a transmembrane protein recognized for relaying extracellular
signals to intracellular signal transducers directing cytoskeletal changes for motility and
invasion, it was crucial to characterize the role of CD44s in migration, invasion, and EMT, as
well. Chapter 6 experimental design sought to evaluate CD44s in migrating and invading ES-
2 cells, while also evaluating expression changes in EMT proteins upon CD44 knockout.
However, no significant differences were observed in migration or invasion through
Matrigel of ES-2 cells with or without CD44 expression. Moreover, the only EMT-associated

protein altered with knockout of CD44s expression was fibronectin (FN). A reduction in
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fibronectin with silencing of CD44 may suggest a less mesenchymal phenotype in ES-2 cells
lacking CD44s expression, but it is inconclusive on its own without other apparent
mesenchymal protein alterations. It’s been shown in several cell types that fibronectin
interaction with B1-integrin is required for spheroid formation (170, 214). Studies in
ovarian cancer have suggested that reduced expression of B1-integrin co-receptors
contributes to decreased capacity for spheroid formation by influencing FN matrix assembly
and contractile capacity (215). Thus, CD44s-regulated fibronectin expression may have an
important role in spheroid formation in conjunction with CD44. It is known, also, that loss
of cell surface FN is correlated with the acquisition of metastatic potentials (216).
Interestingly, a breast cancer model highly metastatic to the lung showed little FN
expression (217) in the tumor ECM compared to the less metastatic variant from which it
was derived (218, 219). Therefore, CD44s-downregulation of fibronectin expression may

also play a role in enhancing the observed metastasis to the lungs.

Characterization of CD44s function in vitro led to the understanding that it predominately
functions in enhancing growth and proliferation and in the adhesion of cancer cells to one
another in three-dimensional spheroids. Yet, its affect on the formation of metastases and
overall survival in vivo was critical for fully elucidating the functional role of CD44s in the
metastatic potential of EOC cells. Chapter 7 evaluated CD44s expression in a mouse
xenograft of EOC, where cells and spheroids expressing CD44s and with CD44s silenced
were injected intraperitoneally and animals monitored for tumor development and ascites

formation along with overall survival. It was evident that CD44s enhanced metastases to

106



certain peritoneal sites including the mesentery, while suppressing metastases to other
peritoneal sites including the omentum and liver. This may be due to different extracellular
matrix compositions, including amount and size of hyaluronan, at each tissue site where
CD44 my promote tumor cell adhesion and growth at some sites while preventing it at
other sites. The reduction in metastasis to the mesentery with CD44 knockout observed in
vivo correlates with the reduction in adhesion to LP-3 monolayer observed in vitro as this
organ is a continuation of the visceral and parietal peritoneum in the abdominal cavity
consisting only of a double layer of mesothelium. The omentum, on the other hand, is a
much more complex organ composed of two mesothelial sheets enclosing predominantly
adipocytes as well as a variety of different immune cells embedded in a loose connective
tissue (220). Therefore, the omentum may provide a better tissue microenvironment for
metastatic ovarian cancer cells lacking CD44s expression to proliferate and grow once

initially adhered to the mesothelium.

Furthermore, our in vivo data showed an increase in metastasis to the liver, as well, with
CD44 knockout. Additional experiments suggested a CD44-dependent role for CD95/Fas
expression in the regulation of liver metastases in this model where silencing CD44s
consequently reduced CD95 expression, a pathway with a known role in suppression of
metastasis to the liver in other cancer types, as well (213). The CD95 (Apo-1/Fas) receptor-
ligand system is one of the key regulators of apoptosis (212). During cancer progression
CD95 is frequently downregulated or cells are rendered apoptosis resistant (221, 222)

raising the possibility that loss of CD95 is part of a mechanism for tumor evasion (223).
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Moreover, it has been reported that loss of CD95 and gain of CD95L expression vary as a
function of the degree of dedifferentiation in malignant cells (224), and loss of CD95
expression during dedifferentiation resulted in loss of sensitivity to apoptosis in
dedifferentiated breast cancer cells (225). It was reported in a mouse model of melanoma
that loss of Fas function was both necessary and sufficient for metastatic development
(226), while CD95 ligand (CD95L/FASL) expression at the margin of colorectal liver
metastases induces apoptosis in surrounding CD95" hepatocytes, facilitating the invasion of
the tumor into the surrounding liver parenchyma (213). Based on these reports and our
data presented here, one mechanism by which ovarian cancer cells may metastasize to the
liver involves CD44-dependent downregulation of CD95 so as to reduce sensitivity to FASL

and apoptosis during invasion of the tumor into liver parenchyma.

Additionally, loss of CD44s expression had a profound impact on the formation of distant
metastases to the lungs and superior mediastinum, while reducing ascites production.
Increased metastasis to the superior mediastinum could be due to the enhanced binding of
tumor cells lacking CD44 expression with the visceral pleural mesothelium lining the lung
(227). Additional experiments suggested a CD44-dependent role for RARRES3 in the
regulation of lung metastases in this model where silencing CD44s consequently reduced
RARRES3 expression, whose expression is known to suppress pulmonary metastases in
other cancer types (228, 229). RARRES3 is a small protein with phospholipase A1/, (PLA1/2)
activity, responsible for producing signaling lipid secondary messengers in the form of

arachidonic and eicosanoid derivatives (210). Interestingly, RARRES3 has also been
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identified as a retinoic acid responder gene, and its expression was proposed to cause Gg
growth arrest in breast cancer cells (230). However, it has also been shown that RARRES3
protein inhibits breast cancer metastasis to the lung by blocking adhesion to the lung
parenchyma and by stimulating differentiation attributes through its phospholipase activity,
thereby blunting metastasis-initiating functions at the lung required to establish a lesion
(211). Other studies in breast cancer have provided evidence that RARRES3 targets and
modulates acylation of Wnt proteins resulting in suppression of EMT and cancer stem cell
properties (231). Studies in colorectal cancer (CRC) revealed an interaction between
RARRES3 and metadherin (MTDH) in an opposite way so as to convert CRC cells from a
mesenchymal to an epithelial state for suppressing metastasis to the lung (229). Moreover,
RARRES3 (alternatively known as RIG1 or TIG3) was demonstrated to downregulate p185
and its downstream PI3K/Akt/mTOR/ VEGF-signaling pathway in ovarian cancer (232). Thus,
one could speculate from these reports that reduced RARRES3 expression in this model of
ovarian cancer may drive a less differentiated or more mesenchymal phenotype through
either regulation of Wnt signaling, metadherin, or mTOR pathways thereby modulating the
ability of metastatic tumor cells to specifically attach to the lung parenchyma, which may
explain the specific differences observed in lung extravasation capacity. Reduction of
RARRES3 expression favored the adhesion of CD447 EOC cells to extracellular matrix
proteins of the lung. The dense vascular surface area of the lung makes it a particularly
attractive microenvironment for supporting the outgrowth of metastases. While the lung
parenchyma is composed mainly of Types | and Il collagen, elastin, fibronectin,

proteoglycans, and glycosaminoglycans (233, 234), the brain extracellular matrix, for

109



example, has a unique composition, and matrix proteins common in other tissues are
virtually absent in the brain (235). In addition to extravasation and homing through an
endothelial cellular layer and to a specific matrix, the blood—brain barrier (BBB) may be a
limiting step for cell colonization of the brain (236). Thus, CD44-dependent RARRES3
expression may preclude metastasis to the lung in EOC by sustaining some level of

differentiation and lack of lung extravasation capacity.

Based on this information, one could conclude that the CD44s isoform functions distinctly
from variant isoforms in ovarian cancer metastasis by not only regulating growth and
proliferation of EOC cells, but also formation of tumor cell spheroids. As cell growth and
anchorage-independent survival are prerequisites for successful formation of distant
metastases, this implies an important role for CD44s in disease progression. Loss of CD44s
may contribute to reduced cell-cell adhesion as well as adhesion of cell to basement
membrane, facilitating detachment of tumor cells from primary sites and penetration into
lymph—vascular spaces (237). Moreover, CD44s-regulation of fibronectin, RARRES3, and
CD95 expression uncovers suggestive mechanisms for promoting metastasis to distinct sites

including the lung and liver.

In conclusion, this dissertation is an account of the novel mechanism for CD44s in epithelial

ovarian cancer spheroids highlighting specific functions in spheroid formation, cell

proliferation, and suppression of lung and liver metastasis.
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8.2 Significance of findings

Disruption of key initial steps of EOC dissemination in the peritoneum, such as peritoneal
adhesion, is required to prevent metastatic spread and recolonization. The acquired data,
however, shows that CD44s has an important, yet dual, function in promoting metastasis to
certain peritoneal organs while suppressing metastasis to others, including distant thoracic
sites. Compared with other gynecologic malignancies, the rate of thoracic metastases in
ovarian cancer is high and the reported rates of pulmonary metastases in ovarian cancer
vary from 1% to 34% (238). Most patients having pulmonary metastases initially present
with advanced stage disease. Since nearly all patients also have intra-abdominal disease,
the presence of pulmonary metastases indicates that the spread of ovarian cancer into the
systemic circulation most likely occurs after intra-abdominal disease has been established
(238). Therefore, if CD44s is used as a target for therapeutic management of peritoneal
disease in EOC, the findings presented here suggest inevitable development of lung
metastases and disease progression. This study supplements the evidence that reduced
CDA44 expression facilitates formation of pulmonary metastases previously shown in an
osteosarcoma xenograft (239) and a transgenic mouse model of breast cancer (240), but
now in the EOC xenograft study reported here. Moreover, data presented here also
provides evidence that reduced CD44s expression facilitates formation of liver metastases
in EOC previously reported, also, in colorectal (241, 242) and breast cancer (243). Thus,
therapeutically targeting CD44s would appear to be a promising target for managing
ovarian cancer abdominal metastasis, but a poor target for inhibiting distant lung

metastases. This raises further questions regarding the underlying mechanisms and the
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relevance of CD44 as a therapeutic target in EOC, as well as the likelihood of controlling
clinically relevant phenomena of metastasis and resistance to treatment. Better
understanding of the signaling pathways involved in CD44s regulation of peritoneal and lung

metastases in EOC may lead to development of more rational treatment approaches.

8.3 Recommendations for future work

Having identified a significant role for CD44s in EOC cells and spheroids by regulating
spheroid formation, proliferation, mesothelial adhesion, and formation of lung metastases,

this work could serve as a starting point for several follow-up studies.

* ESRP1 Overexpression: mRNA splicing factor ESRP1 is known to directly regulate
expression of CD44 splice variants, favoring the expression of the epithelial isoforms
along with the downregulation of CD44s isoform during lung metastasis in breast
cancer (244). Whether isoform switching from CD44s to CD44v via ESRP1 protein
overexpression would also reduce spheroid formation and enhance lung metastasis

of CD44s-high expressing cell lines would be worth exploring.

* Chemosensitivity Characterization: Cells in spheroids are known for having increased
chemoresistance and others have showed CD44s-overexpressing cells to upregulate
efflux transporters (195). It would be interesting to assess any role of CD44s in
chemosensitivity of EOC cells and whether changes in CD44s isoform expression

might affect drug toxicity.
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Other Significant Expression Changes: It is quite likely that there are more proteins
with altered expression from CD44 silencing similar to RARRES3. A broad profiling
analysis of altered gene expression in cD44™ cells may provide additional
understanding on phenotypic changes when CD44s expression is silenced besides

those explored in this study.
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APPENDIX |

Cell line Authentication

Cell Line Authentication (STR)

Name: Hilal Gurler
Request number: 13439
Date initiated: 06/08/2016
Date finalized: 06/08/2016

Quality Controls

QC Qubit
Sample Name Cell Line Concentration (ng/ul)
1 SKOV-3 111
2 OVCAR-4 312
3 CAOV-3 208
4 ES-2 214
5 OAW-28 540
6 Kuramochi 51.4
7 Ovsaho 768
STR Results
Sample 1.SKOV-3
Marker | THo1 | THo1 [ p21si1 [ pa1sit [ p2asit | psssis | pi3s3i7 | p13ss1z | o7se20 | D7ss20 | piess3e | cseapo | amer [ vwa [ wwa [ teox [ Trox
Allele o a3 30 | 31 | s 11 | 13 | 14 12 11| x 7| 1| s n
Sample 2.0VCAR-4
Marker | THO1 | D21511 | D21s11 | Dsse1s | D135317 | D75820 | D7ss20 | p1ess3s | csrapo | AmEL | wvwa | wwa | TPox
Allele o | 28 | 31 13 | | 10 | 11 | 11 | 10 [ x [ 14 | 18] s

Page 1 of 2
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Sample 3.CAOV-3

Marker | THO1 | D21s11 | psseis | p13s317 | D7se20 | piess3s | csrwo | csepo [ amer | wwa | wwa | Teox | TPox

Allele 7 30 12 12 10 s | 10 | 13 [ x | 16 | 18 | s 10

sample 4 ES-2

Marker | THO1 | D21511 [ D21511 | psssis [ psssis | p13s317 | orss20 [ pisssso [ pisssas [ csrpo [ csrwro [ amer [ wwa [wwa [ reox [ teox

Allele 93| 322 332 11 | 13 | 11 | 11 | 11 | 13 | 10 | 15 [ x | 6] v ] 1
Sample 5.0AW-28

Marker | THO1 | D21511 [ Dsssis [ p13s3s7 [ o7ss20 | piessse [ csrpo [amer  [wwa  [wwa [ eox

Allele o | 29 | 12 | 11 | 11 | 13 | 11 | x 17 | 19 | s

Sample 6.Kuramochi

Marker | THO1 | D21511 | D21s11 | Dsse1s | D135317 | D135317 | D7ss20 | p7ss20 | piess3s | csFapo | csFapo | amEL | wwa TPOX | TPOX

Allele o 0| 322 12 ) 12 10 1 10 1 2 [x 16| 10 N
sample 7.0vsaho

marker | THO1 | D21511 | Dsssis | psssis | p13s317 | o7ss20 | o7ss20 [ pisssse [ csrpo [ cskiro [ amer [ wa [ teox [ teox

Allele 3 31 12 13 s ) 10 o | 10 | 12 [ x 1] s u

sample PTC

Marker | THO1 | THo1 | D21si1 | p21s11 | Dsse1s | D135317 | D13s317 | D75820 | D75820 | D165539 | D165539 | CSF1PO | AMEL | AMEL | vwa | wwa | TPOX
Allele 6| 93] 29 | 312 | 12 | s | 11 | s | 11 | s | 13 | 2 x [y | 1] 18] n

Page 2 of 2
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Cell Line Authentication (STR)

Name: Joelle Sacks
Request number: 14712
Date initiated: 9/6/2016
Date finalized: 9/12/2016

uality Controls

QC Qubit
Sampl Concentration [ng/ul]
1. Skov3-C2 16.2
2. Skov3-C6 5.84
STR Results
Sample 1.SKOV3-C2
Marker | THO1 ‘ THO1 | D21511 l D21S11 l D55818 ] D135317 | D135317 | D75820 ‘ D165539 | CSF1PO | AMEL | VWA l TPOX
Allele 9] o3 30| 312 1 | s | 1 | 14 12 | 1 | x | 18 | 11
Sample 2.SKOV3-C6
Marker | THO1 | THO1 | D21s11 [ D21s11 | D21s11 [ DSS818 | D135317 | D135317 | D75820 | D75820 | D75820 | D165539 | CSF1PO | CSF1PO | AMEL | wWA | wwa | TPOX | TPOX
Allele 9| 93] 30] 31| 312 11 | s | 10 | 12 | 13 | 14 | 12 | 1 | 2|x | 17| 18] s8] n
Sample PTC
Marker | THO1 | THO1 | D21511 | D21S11 | D5S818 | D135317 | D135317 | D75820 | D75820 | D165539 | D165539 | CSFIPO | AMEL | AMEL | wwA | vwA | TPOX
Allele 6| 93| 29| 312| 12 9| 1 | s | 11 | 9| 13 | 12 | x [y | 16 19| 1
Page 1 of 1
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Sample Comparison
Table 3A: STR Profile Results

Test Sample Reference Sample
ZZI.I demzejé%ngélél?og number ES-2 ES-2
fﬁf} ;;Z}p’e collected 6/8/2016 NCBI data
Passage or Population Doubling
(if known)
Zzzfzg%eeiiﬁltlif used) UIC RRC
D5S818 11,13 11,13
D13S317 1 11
D7S820 11 11
D16S539 11,13 11,13
VWA 16,17 16,17
THO1 9.3 9.3
Amelogenin X X
TPOX 8,12 8,12
CSF1PO 10,15 10,15

Table 3B: Percent Match Calculations

TOTAL ALLELES in the Test Sample 14
TOTAL ALLELES in the Reference Sample 14
SHARED ALLELES, Test and Reference Samples 14
Percent Match for Test and Reference Samples 100%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm =

SHARED ALLELES x 2

TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/
Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/
Is the percent match result in the range 80-100 %?

L J y YESNo

This result is consistent with the two samples being related (same donor)

Match Criteria Worksheet
Version 1.3
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Sample Comparison
Table 3A: STR Profile Results

Test Sample Reference Sample
ZZI.I demzejé%ngélél?og number SKOV-3 SKOV-3
fﬁf} ;;Z}p’e collected 6/8/2016 ATCC Data
Passage or Population Doubling
(if known)
fegzafzzzlvee’?;ﬁltlif used) UIC RRC
D5S818 11 11
D13S317 8,11 8,11
D7S820 13,14 13,14
D16S539 12 12
VWA 17,18 17,18
THoO1 9,93 9,9.3
Amelogenin X X
TPOX 8,11 8,11
CSF1PO 11 11

Table 3B: Percent Match Calculations

TOTAL ALLELES in the Test Sample 14
TOTAL ALLELES in the Reference Sample 14
SHARED ALLELES, Test and Reference Samples 14
Percent Match for Test and Reference Samples 100%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm =

SHARED ALLELES x 2

TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/
Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/
Is the percent match result in the range 80-100 %?

L J y YESNo

This result is consistent with the two samples being related (same donor)

Match Criteria Worksheet
Version 1.3
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Sample Comparison
Table 3A: STR Profile Results

Test Sample Reference Sample
ZZI.I demze:rl;%ngég;]og number OVCAR-4 OVCAR-4
Z’fé‘; ;;Z}P’e collected 6/8/2016 NIH/NCI
Passage or Population Doubling
(if known)
fegzafzzzlvee’?;ﬁltlif used) UICRRC
D5S818 13 13
D13S317 9 9
D7S820 10,11 10,11
D16S539 1 "
VWA 14,18 14,18
THoO1 9 9
Amelogenin X X
TPOX 8 8
CSF1PO 10 10

Table 3B: Percent Match Calculations

TOTAL ALLELES in the Test Sample

11

TOTAL ALLELES in the Reference Sample

11

SHARED ALLELES, Test and Reference Samples

11

Percent Match for Test and Reference Samples

100%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm =

SHARED ALLELES x 2

TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/
Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/
Is the percent match result in the range 80-100 %?

L J y YESNo

This result is consistent with the two samples being related (same donor)

Match Criteria Worksheet
Version 1.3
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Sample Comparison
Table 3A: STR Profile Results

Test Sample Reference Sample
ZZI.I demze:rl;%ngég;]og number OVSAHO OVSAHO
fﬁi ;;Z}p’e collected 6/8/2016 NCBI
Passage or Population Doubling
(if known)
Zzzfzg%eeiiﬁltlif used) UIC RRC
D5S818 12,13 12,13
D13S317 8 8
D7S820 8,10 8,10
D16S539 9 9
VWA 14 14
THO1 6 6
Amelogenin X X
TPOX 8,11 8,11
CSF1PO 10,12 10,12

Table 3B: Percent Match Calculations

TOTAL ALLELES in the Test Sample 13
TOTAL ALLELES in the Reference Sample 13
SHARED ALLELES, Test and Reference Samples 13
Percent Match for Test and Reference Samples 100%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm =

SHARED ALLELES x 2

TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/
Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/
Is the percent match result in the range 80-100 %?

i’ J y YESNo

This result is consistent with the two samples being related (same donor)

Match Criteria Worksheet
Version 1.3
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Sample Comparison
Table 3A: STR Profile Results

ICLAC

Test Sample Reference Sample
Cell line designation ES-2 CD44™ ES-2
e.g. name and catalog number G1+2 Clone 7
fﬁi ;;Z}p’e collected 6/8/2016 NCBI
Passage or Population Doubling
(if known)
fegzafzzzlvee’?;ﬁltlif used) UIC RRC
D5S818 11,13 11,13
D13S317 1 11
D7S820 11 11
D16S539 11,13 11,13
VWA 16,17 16,17
THO1 9.3 9.3
Amelogenin X X
TPOX 8,12 8,12
CSF1PO 10,15 10,15
Table 3B: Percent Match Calculations
TOTAL ALLELES in the Test Sample 14
TOTAL ALLELES in the Reference Sample 14
SHARED ALLELES, Test and Reference Samples 14
Percent Match for Test and Reference Samples 100%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm = SHARED ALLELES x 2
TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/

Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/

Is the percent match result in the range 80-100 %? YES
This result is consistent with the two samples being related (same donor) INO

Match Criteria Worksheet
Version 1.3
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Sample Comparison
Table 3A: STR Profile Results

Test Sample Reference Sample
Cell line designation SKOV-3 CD44™ SKOV-3
e.g. name and catalog number G1+2 Clone 2
fﬁi ;;Z}p’e collected 6/8/2016 ATCC
Passage or Population Doubling
(if known)
fegzafzzzlvee’?;ﬁltlif used) UIC RRC
D5S818 11 11
D13S317 8,11 8,11
D7S820 14 13,14
D16S539 12 12
VWA 18 17,18
THO1 9,93 9,9.3
Amelogenin X X
TPOX 11 8,11
CSF1PO 11 11
Table 3B: Percent Match Calculations
TOTAL ALLELES in the Test Sample 11
TOTAL ALLELES in the Reference Sample 14
SHARED ALLELES, Test and Reference Samples 11
Percent Match for Test and Reference Samples 88%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm =

SHARED ALLELES x 2

TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/
Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/
Is the percent match result in the range 80-100 %?

L J y YESNo

This result is consistent with the two samples being related (same donor)

Match Criteria Worksheet
Version 1.3

9 February 2018
Page 2 of 3

136




International Cell Line Authentication Committee | ICLAC

Sample Comparison
Table 3A: STR Profile Results

Test Sample Reference Sample
Cell line designation SKOV-3 CD44™ SKOV-3
e.g. name and catalog number G1+2 Clone 6
fﬁi ;;Z}p’e collected 6/8/2016 ATCC
Passage or Population Doubling
(if known)
fegzafzzzlvee’?;ﬁltlif used) UIC RRC
D5S818 11 11
D13S317 8,10 8,11
D7S820 12,13,14 13,14
D16S539 12 12
VWA 17,18 17,18
THO1 9,93 9,9.3
Amelogenin X X
TPOX 8,11 8,11
CSF1PO 11,12 11
Table 3B: Percent Match Calculations
TOTAL ALLELES in the Test Sample 16
TOTAL ALLELES in the Reference Sample 14
SHARED ALLELES, Test and Reference Samples 13
Percent Match for Test and Reference Samples 87%

Percent Match can be calculated using an appropriate Match Algorithm (2,3). For this Worksheet:

Match Algorithm =

SHARED ALLELES x 2

TOTAL ALLELES in the Test Sample + TOTAL ALLELES in the Reference Sample

Percent Match = Match Algorithm result x 100

Table 3C: Interpretation of Results

Are there multiple peaks that would be consistent with a mixture? YES/NO
Is the percent match result in the range 0-55 %? NO
This result is consistent with the two samples being unrelated (different donors) YES/
Is the percent match result in the range 56-79 %? NO
This result is indeterminant and may need further testing YES/
Is the percent match result in the range 80-100 %?

L J y YESNo

This result is consistent with the two samples being related (same donor)

Match Criteria Worksheet
Version 1.3
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Approved animal use protocol

u l UNIVERSITY OF ILLINOIS
AT CHICAGO

Office of Animal Care and
Institutional Biosafety Committees (MC 672)
Office of the Vice Chancellor for Research

February 10, 2016 206 Administrative Office Building
1737 West Polk Street

Maria Barbolina Chicago, Illinois 60612-7227

Biopharmaceutical Sciences

M/C 865

Dear Dr. Barbolina:

The protocol indicated below was reviewed at a convened ACC meeting in accordance with the
Animal Care Policies of the University of Illinois at Chicago on 1/19/2016. The protocol was
not initiated until final clarifications were reviewed and approved on 2/9/2016. The
protocol is approved for a period of 3 years with annual continuation.

Title of Application: Molecular Mechanisms of Metastasis Formation and Survival in
Ovarian Carcinoma

ACC Number: 15-252
Initial Approval Period: 2/9/2016 to 1/19/2017

Current Funding: Currently protocol NOT matched to specific funding source. Modification
will need to be submitted prior to Just in time or acceptance of award to match protocol to
external funding source. All animal work proposed in the funding application must be covered
by an approved protocol. UIC is the only performance site currently approved for this protocol.

This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of
Laboratory Animal Welfare (OLAW), NIH. This letter may only be provided as proof of
TACUC approval for those specific funding sources listed above in which all portions of the
funding proposal are matched to this ACC protocol.

In addition, all investigators are responsible for ensuring compliance with all federal and
institutional policies and regulations related to use of animals under this protocol and the funding
sources listed on this protocol. Please use OLAW’s “What Investigators Need to Know about the

Use of Animals”™ (http:/grants.nih.gov/grants/olaw/InvestigatorsNeed2Know.pdf) as a reference
guide. Thank you for complying with the Animal Care Policies and Procedures of UIC.

Sincerely yours,

Sl A ok

pae B

,{%,

J

John P. O’Bryan, PhD

Chair, Animal Care Committee
JPO /mbb

cc: BRL, ACC File

Phone (312) 996-1972 « Fax (312) 996-9088 ° www.research.uic.edu
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