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Abstract 

Title of Dissertation:  The Role of Testisin and PAR-2 Signaling in Ovarian Cancer 

Metastasis 

Gregory D. Conway, Doctor of Philosophy, 2019 

Dissertation Directed by: Toni M. Antalis, PhD., Professor Department of Physiology 

 

Ovarian cancer is the leading cause of death among gynecological cancers in the United 

States. Ovarian cancer employs a unique mode of metastasis, as tumor cells disseminate 

within the peritoneal cavity, colonizing in several sites and driving the accumulation of 

ascites. Tumor recurrence and metastasis are significant factors contributing to poor 

prognosis. The membrane-anchored serine protease testisin is aberrantly expressed in 

ovarian tumors and it’s only known substrate, protease activated receptor-2 (PAR-2), is 

also overexpressed in ovarian tumors. In this study I have examined 1) the role of testisin 

and PAR-2 signaling in ovarian tumor metastasis and 2) determined whether testisin and 

other membrane-anchored serine proteases may be anti-cancer therapeutic targets. We 

generated human ovarian ES-2 tumor lines that express testisin or the catalytically 

inactive testisin mutant S238A and explored the role of constitutive testisin expression in 

late stage ovarian cancer. We show that testisin stimulates the activation and 

internalization of PAR-2 resulting in decreased expression of ANG2 and ANGPTL4. 

Using a preclinical xenograft model of late stage ovarian cancer, we find that testisin 

activity in ovarian cancer cells reduces intra-peritoneal tumor dissemination, tumor 

burden and ascites formation. Analyses of the tumors showed that testisin activity 

downregulates the expression of ANG2 and ANGPTL4 in vivo as well as in vitro. To 



examine membrane-anchored serine proteases as therapeutic targets in cancer, we utilized 

an engineered anthrax toxin pro-drug strategy requiring proteolytic cleavage of a 

protective antigen (PrAg) for activation.  We explored the efficacy of these engineered 

PrAg toxins in several intraperitoneal models of ovarian cancer metastasis and show 

PrAg treatment reduced tumor burden in both an intraperitoneal NCI/ADR-Res xenograft 

and an ES-2 minimal residual disease model, which replicates debulking surgery in 

ovarian cancer patients, but had no effect in a syngeneic ID-8-Luc xenograft model of 

ovarian cancer. Additionally, we found that engineered PrAg toxins are capable of 

inducing lung and pancreatic cancer cellular death in vitro. Data presented herein provide 

new insight into the potential role of testisin and PAR-2 signaling in ovarian cancer 

metastasis and suggests membrane-anchored serine proteases as a potential therapeutic 

target for metastatic ovarian cancer. 
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CHAPTER 1.  BACKGROUND AND SIGNIFICANCE 

 1.1  Ovarian Cancer 

 The majority of ovarian tumors develop from the malignant transformation of 

ovary surface epithelium (1). Tumors may also arise from the epithelium of the fallopian 

tubes and the mesothelial lining of the peritoneal cavity (2). Despite efforts to locate a 

common, clear etiologic process for the development of an initial ovarian tumor, none 

has been identified (1,3). However, there have been three prevailing theories as to how 

ovarian tumors are initiated. The earliest theory is known as the “incessant ovulation” 

theory in which ovarian surface epithelium becomes trapped in cortical inclusion cysts 

during the continuous breakdown and repair of the tissue during ovulation (2,3). This 

cycle would result in the accumulation of DNA damage and mutations to the ovarian 

tissue and result in the development of tumors. A second theory suggests that the 

transformation of normal ovarian epithelia to malignant tissue resembling papillary 

tumors could be driven by expression of the gene Hoxa9, which is not normally 

expressed in ovarian epithelium (4). The HOX genes are known to regulate the 

differentiation of the müllerian duct into the cervix, uterus and fallopian tubes (2,4). A 

study found that in addition to Hoxa9, other members of the Hox gene family are capable 

of transforming normal tissue into cancerous tissue resembling ovarian tumors (4). This 

study provides both evidence and a potential mechanism by which the normal ovarian 

surface epithelium could improperly differentiate and develop into ovarian tumors. The 

final proposed mechanism for ovarian tumorigenesis relates to the fallopian tubes as a 

potential initiating site for the cancer. A study of the fallopian tubes of patients with 

ovarian cancer showed that 37% of these patients had tumors present on the fallopian 
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tube; another study found that over half of patients showed intraepithelial carcinoma on 

the fallopian tubes (5-7). Further, an expression profile of ovarian tumors showed that, 

genetically, the tumors more closely resemble fallopian tube epithelia than ovarian 

epithelia (8).   

1.2  Epidemiology of Ovarian Cancer 

 In 2018, it is estimated that there will be 22,240 and 239,000 incident cases of 

ovarian cancer in the United States and worldwide, respectively (9,10). Ovarian cancer is 

the most lethal gynecological malignancy and annually results in about 14,000 deaths in 

the United States and 152,000 deaths worldwide (9-11). Among women, ovarian cancer 

accounts for about 2% of all cancers but is responsible for 5% of all cancer-related 

deaths, which makes it the 5
th

 most deadly cancer in women (10). Currently, the lifetime 

risk of a woman developing ovarian cancer is 1.3%, or 1 in 78 (12). The risk of 

developing ovarian cancer increases with age with the median age of onset around 63 

years of age (12,13). The incidence of ovarian cancer has declined about 30% between 

1985 and 2014 from 16.6 cases per 100,000 to 11.8 cases per 100,000 women (12). The 

incidence of ovarian cancer varies both by race and geographic region. Non-Hispanic 

whites have the lowest incidence while non-Hispanic blacks and Asians/Pacific Islanders 

have the highest (12). Correspondingly, the rates of ovarian cancer are highest in North 

America and Europe with lower rates observed across Africa and Asia where the 

incidence rate is less than 3 cases per 100,000 women (9). The greatest risk factor for a 

woman to develop ovarian cancer is a family history of either breast or ovarian cancer 

(12).  Having a close relative diagnosed with ovarian cancer or breast cancer increases 

the risk by 48% and 9%, respectively (14). Mutations to the genes BRCA1 and 2 are also 
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strong risk factors for the development of ovarian cancer. Those patients carrying 

BRCA1 show a 40% chance of developing ovarian cancer by the time they reach the age 

of 80 while those with a BRCA2 mutation have a 17% chance (1,12,15). Several other 

risk factors for ovarian cancer have been identified such as early menarche (earlier onset 

of menopause) and obesity (9). Factors that may reduce the risk for ovarian cancer 

include the use of oral contraceptives and pregnancy, where women who have given birth 

to a child have a 30 to 60% decrease in risk; additional pregnancies reduces risk of the 

disease even further (9,16).   

 The lifetime risk for any woman to die from ovarian cancer is about 1 in 100 with 

the 2015 mortality rate estimated at 6.7 deaths per 100,000 women (9,12). While the rate 

of mortality due to ovarian cancer has declined 33% from 10.0 deaths per 100,000 

women in 1976, the five year survival rate of women diagnosed with ovarian cancer 

remains only 47% (10,12,17). Improvement in survival for ovarian cancer patients has 

been slow with a 2.3% decline per year between 2006 and 2015 (18). Tumor histology 

impacts patient survival. A recent epidemiological study demonstrated that LGSC 

histology and endometrioid tumors were associated with the best survival rates (17). 

However, the most important factor in determining survival for ovarian cancer patients is 

whether or not the disease has metastasized. For patients in whose ovarian cancer is 

discovered at a localized site (disease is confined to the ovaries), the five year survival 

rate is 92.3% (18). Unfortunately, only about 15% of all ovarian tumors are discovered at 

this stage (18). In ovarian cancer, 59% of patients will present with disease that has 

already metastasized to distant site; the 5 year survival for these patients in only 29.2% 

(18). 
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1.3  Histology of Ovarian Cancers 

Histologically, ovarian cancers can be separated into five main types based upon 

the appearance of the tumor, the epithelial cell of origin and molecular characteristics. 

Tumor histology provides key information about the development and metastasis of these 

cancers.    

1.3.1  High Grade Serous Ovarian Carcinoma  

The most common histology is high grade serous carcinoma (HGSC), accounting 

for around 70% of all tumors (19). These tumors have a glandular or papillary 

appearance, similar to the surface of the fallopian tube, which suggests a potential site 

from which they originate (2). HGSC tumors are typically composed of large cells with 

prominent nuclei and are highly proliferative (19). Genetic mutations most commonly 

associated with HGSC include TP53, BRCA1/2 and the amplification of the PI3CKA 

gene (1,19). In a model first suggested by Bowtell, HGSC tumors are initiated by a 

combination of TP53 and BRCA mutations. This combination results in chromosomal 

instability and alterations to gene copy number, which leads to tumorigenesis (20). 

1.2.2  Low Grade Serous Ovarian Carcinoma  

 Low grade serous carcinomas (LGSC) are much more uncommon, occurring in 

only about 5% of all ovarian cancer patients. These tumors resemble the papillary 

structures of HGCS but are less invasive or borderline appearance (19,21). LGSC are less 

proliferative than HGCS and contain more uniform nuclei (19). Mutations associated 

with the development of LGCS are most commonly found in BRAF and KRAS (1,22). 



 

5 

 

1.3.3  Mucinous Ovarian Carcinoma  

 Mucinous ovarian tumors most closely resemble epithelium from the 

gastrointestinal tract and can be difficult to separate from tumors of gastrointestinal origin 

that metastasized to the ovary (2). Staining for cytokeratins, specifically CK7 and CK20, 

can be useful in separating a mucinous tumor of ovarian origin from those initiating in 

the gastrointestinal tract. Ovarian tumors most commonly express both CK7 and CK20 

while gastrointestinal tumors typically express only CK20 (2). Mucinous tumors account 

for about 10-15% of ovarian cancers and are often comprised of both borderline and 

invasive cells within the same tumor (19). Mutations in KRAS are common precursors to 

the development of a mucinous tumor, with one study showing that 68% of mucinous 

ovarian tumors have a mutation in KRAS (19,23). 

1.3.4  Endometrioid Ovarian Carcinoma  

 Comprising 10% of ovarian cancer cases, endometrioid carcinoma is largely 

thought to arise from cysts in individuals with endometriosis and atypical endometriosis 

(19,24). Ovarian endometrioid carcinomas are very close in appearance to uterine 

endometrioid carcinomas and co-occur in 10-15% of ovarian endometrioid tumors (2,19). 

These tumors contain endotmetrioid-like glands and areas of squamous cell 

differentiation but can appear morphologically similar to HGSCs (2,19). Ovarian 

endometrioid cancers are associated with several mutations, most commonly to the β-

catenin pathway and inactivating mutations in PTEN, driving increased PI3K signaling 

(25,26). Additionally, 30% of endometrioid carcinomas show alterations to the gene 

ARID1A, a member of the SWI/SNF chromatin remodeling complex. Mutations to 
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ARID1A drive the tumoirgenesis of endometrioid carcinomas through the activation of 

PI3KCA further increasing PI3K and AKT signaling in the tumors (27). 

1.3.5  Clear Cell Ovarian Carcinoma  

 Clear cell carcinoma shares several characteristics with endometrioid carcinoma 

including an association with endometriosis and frequent ARID1A mutations (19). Ten 

percent of ovarian tumors show clear cell histology—clear cells in a solid or tubular 

pattern containing complex papillae (28). These tumors have low levels of chromosomal 

instability and a low proliferative index (28,29).  In addition to mutations in ARID1A, 

over half of patients with clear cell carcinoma have mutations in the hepatocyte nuclear 

factor-1β (HNF1β) gene (30,31).    

1.3.6  New Classification System 

Recently, a new model of categorizing ovarian tumors has been proposed based 

on the pathways of tumor development and the genetic mutations present in the tumors 

(32).  Type I ovarian tumors include the LGSC, mucinous, clear cell and some 

endometrioid cancers and develop in a stepwise manner from precursor borderline lesions 

(1,32).  The Type I ovarian tumors tend to be slow growing and are often, when detected, 

confined to the ovary. These tumors are characterized as having little chromosomal 

instability and are often found with mutations in BRAF and KRAS but are wild type for 

TP53 (3,33). In contrast, Type II ovarian cancers are fast growing and aggressive tumors 

that quickly metastasize (32,33). This group of tumors is largely made up of those with 

HGSC histology and is thought to develop from de novo lesions on the epithelial surface 

of the ovary (1,32). Type II tumors typically demonstrate a high level of chromosomal 

instability, which results in the gain or loss of DNA copy number of several genes 
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including PI3CKA, Cyclin E1 and NOTCH3 (33). Unlike Type I tumors, mutations in 

TP53 and BRCA1/2 are commonly identified in Type II tumors (3).    

1.4  Screening for Staging of Ovarian Cancer 

 Patients with ovarian cancer typically present with non-specific symptoms such as 

abdominal pain and bloating, abnormal vaginal bleeding and fatigue. These non-specific 

symptoms results in the frequent discovery of ovarian cancer after metastasis has 

occurred (34,35). Furthermore, early diagnosis is limited by screening methods. There are 

two important methods that are used in the initial screening and diagnosis of ovarian 

cancer, expression of the biomarker cancer antigen-125 (CA125) and transvaginal 

ultrasonography (TUVS) (34). In a cohort of women with ovarian cancer, less than 8% of 

patients had a CA125 in the normal range (serum levels ≤35 U/mL), and the median 

expression of CA125 in the patients was 246 U/mL (36). However, their CA125 levels 

can be elevated due to other conditions (e.g., endometriosis). As a result, screening with 

CA125 in the general population may lead to false positives (34).  TUVS alone can detect 

small changes in the morphology of ovaries; however, it is not effective in identifying 

which tumors are malignant and likely to metastasize (37). In a study performed at the 

University of Kentucky combining TUVS screening with CA125 blood test as a follow 

up, 68% of ovarian tumors identified in the study were detected at an early stage of 

disease prior to metastasis (37).     

 Like other cancers, upon diagnosis, ovarian tumors are staged according to the 

progression of the disease. Staging provides valuable information in determining the most 

appropriate course of treatment as well as predicting patient outcomes (38). Ovarian 

cancer staging is determined by the International Federation of Gynecology and 
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Obstetrics (FIGO) and were most recently revised in 2014 (38,39). Stage I represents 

tumors that are confined to one (Stage IA) or both (Stage IB) of the ovaries or fallopian 

tubes (39). Of note, prior to 2014, any tumor that was found on the fallopian tube would 

be classified as Stage II disease (39). Although only occurring in about 17% of cases, 

tumors that remain confined to the ovaries or fallopian tubes but develop malignant 

ascites are labeled as Stage IC tumors (40). At Stage II, tumor cells are already 

metastatic, and localize to other sites on the peritoneum in the pelvic area, including the 

uterus and bladder (39).When tumors reach Stage III, tumors have spread to peritoneal 

sites outside of the pelvic brim such as the omentum and bowel. Tumors that have 

metastasized into the retroperiteoneal lymph nodes are also classified as Stage III tumors 

(39). Within Stage III, the size of the metastatic tumor masses determines the 

classification; tumors up to 10 mm are Stage IIIA, tumors between 10 mm and 2 cm are 

stage IIIB, and anything larger than 2 cm is Stage IIIC (38,39). Lastly, in Stage IV 

tumors, metastasis has now occurred to distant organs. Of note, some patients will 

develop a pleural effusion containing malignant ovarian cancer cells in the tissue 

enveloping the lungs. Patients presenting with this symptom are staged as IVA (39). In 

Stage IVB cancer, the tumors have spread to distal organs including the lung, liver and 

brain and patients have a poor prognosis (1,39).  

Therefore, given the high proportion of ovarian cancer patients presenting with 

metastatic disease and the dire effect this has on patient prognosis, there is a critical need 

for a better understanding of how ovarian tumors metastasize.  
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1.5  Ovarian Cancer Metastasis 

 The mechanism by which ovarian cancer metastasizes is unique among solid 

tumors; ovarian tumors are largely disseminated throughout the peritoneal cavity by 

peritoneal fluid rather than via blood vessels (2). Ovarian tumor metastasis is initiated by 

the shedding of the tumor from the ovary or fallopian tube into the peritoneal cavity (2). 

Ovarian cancer cells are capable of spontaneously detaching; this detachment can be 

enhanced in patients through the upregulation of the protease membrane type I matrix 

metalloproteinase (MT1-MMP) (41). Tumor cells are capable of detaching as either 

single cells or as multi-cellular spheroids. Recent evidence has shown that tumors 

preferentially form spheroids as this provides a survival advantage as they spread to 

distant sites (42) These spheroids are difficult to treat with standard ovarian cancer 

treatments as they show upregulation of the gene Bcl-xL, which confers chemoresistance. 

The ovarian tumor spheroids remain highly proliferative and maintain the heterogeneous 

expression of the epithelial marker E-cadherin, which is found in the initial tumor. Loss 

of E-cadherin expression promotes the ability of the spheroid to attach and form 

secondary tumors; ovarian tumors expressing low levels of E-cadherin have been 

demonstrated to be more invasive (42,43). 

 Ovarian tumors follow a distinct pattern of spread and metastasize to specific 

organs within the body, primarily the omentum, peritoneum, diaphragm and the 

mesentery arteries (44,45). The lining covering these organ is composed of mesothelial 

cells which are unique in that they have properties of both epithelial and mesenchymal 

cells (44). Underneath the layer of mesothelial cells on these organs is a basement 

membrane composed of the extracellular matrix (ECM) (2,46). The primary functions of 
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mesothelial cells are to provide a smooth surface for internal organs and serve as a 

protective barrier; however, these cells also play an important role in ovarian tumor 

metastasis (47,48).  

Early studies showed a potential pathway by which ovarian cancer cells shift the 

mesothelial cells in order to attach and invade the underlying ECM (48,49). Recently, it 

has been demonstrated that ovarian cancer cells are capable of inducing high expression 

of fibronectin by mesothelial cells surrounding metastatic tumors, thereby enhancing 

their ability to attach to organs (48). Conversely, the inhibition of fibronectin reduced the 

ability of ovarian tumors to adhere and invade in both an in vitro and in vivo model of 

ovarian cancer metastasis (48). To initiate attachment and invasion into the mesothelium, 

or the layer of mesothelial cells, ovarian cancer cells upregulate the expression and 

secretion of two matrix metalloproteinases (MMP), MMP2 and MMP9, upon contact 

with the mesothelium (50). Kenny and colleagues showed that inhibition or knockdown 

of MMP2 reduced the invasion and attachment of ovarian tumor cell lines to mesothelial 

cells indicating that MMP2 activity is vital for ovarian tumor metastasis (50). MMP2 is 

known to proteolytically target ECM proteins and in ovarian cancer metastasis cleaves 

both fibronectin and vitronectin, another ECM protein upregulated in mesothelial cells 

(50,51). Once fibronectin and vitronectin are cleaved, the ovarian tumor cells are able to 

adhere to the fragments of both fibronectin and vitronectin via interaction with integrins 

α5β1 and αvβ3 (50) enabling the establishment of metastatic tumors at new sites. 

1.5.1  Contribution of MMPs to Ovarian Cancer Metastasis  

 In addition to MMP2 and MMP9, several other MMPs play an important role in 

the regulation of ovarian cancer metastasis. The majority of these proteases act in ovarian 
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cancer metastasis through the degradation of the ECM (52). In a survey of MMP 

expression in tissues from 302 patients by tissue microarray, the expression of MMP8, 

which acts to degrade collagen, correlated with advanced, metastatic disease and poor 

prognosis (53).  In some cases, MMPs may act to regulate the activity of other MMPs via 

proteolytic cascades (52). Both MT1-MMP and MMP7 have been shown to increase the 

invasion of ovarian cancer cells in part due to their ability to proteolytically cleave the 

pro-form of MMP2, a major driver of ovarian cancer metastasis, to its active form 

(54,55). Besides ECM degradation and proteolytic cascades, MMPs have other roles in 

ovarian cancer. MMP10 was shown to enhance the migration of OVCAR3 ovarian cancer 

cells on uncoated transwell plates following activation by PKC signaling (56). Serum 

MMP11 is also elevated in ovarian cancer patients, compared to healthy controls. 

However, the role of this protease in ovarian metastasis has not been determined (57). In 

addition to the MMPs, another family of proteases, membrane-anchored serine proteases, 

have been shown to play a role in ovarian cancer progression and are discussed in 

Chapter 1.10.2. 

1.5.2  Cells of the Tumor Microenvironment 

 In addition to the ovarian cancer cells themselves and the mesothelial cells to 

which they adhere, several other cell types comprise the ovarian tumor and help generate 

the microenvironment that enables the proliferation and growth of the metastatic tumors. 

These cells include fibroblasts, adipocytes and macrophages (44,58). Each of these cell 

types provide important signals that enhance the progression of metastatic ovarian cancer.  

 The major pathway by which fibroblasts support the development and metastasis 

of ovarian cancer is through the secretion of several growth factors and inflammatory 
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signals (44,58). For example, in a coculture model mimicking the interaction between 

ovarian cancer cells and fibroblasts, fibroblasts enhanced the attachment and invasion of 

the ovarian cancer cells through the upregulation of both MMP2 and Hepatocyte Growth 

Factor (HGF) (59). Of these secreted factors, one of the most important is Transforming 

Growth Factor-α (TGF-α). TGF-α released by fibroblasts was shown to enhance both the 

colony formation and in vivo tumor growth of SKOV3 cells in an intraperitoneal model 

of ovarian cancer via the activation of Epidermal Growth Factor Receptor (EGFR) (60). 

Factors secreted by fibroblasts can also act to modulate inflammation in the peritoneal 

cavity including CXCL1, interleukin-8 (IL-8), granulocyte stimulating factor and 

versican (44,58). Increased expression of versican by fibroblasts increases the migration 

of several ovarian cancer cell lines and improves matrigel invasion by HeyA8 ovarian 

cancer cells (61).   

 The adipocytes that contribute to ovarian cancer metastasis are largely derived 

from the omentum, which is composed of mostly white adipocytes, and is a primary site 

of ovarian cancer metastasis (2,58). Using a coculture model with primary human 

adipocytes obtained from patients and SKOV3 ovarian cancer cells, it was shown that 

adipocytes promoted the migration and invasion of the cancer cells (62). In the same 

study, following intraperitoneal injection into mice, SKOV3 cells were shown to rapidly 

and preferentially locate to the omentum of the mice (62). Further, analysis of cocultured 

primary human adipocytes and SKOV3 ovarian cancer cells showed enhanced lipolysis 

by adipocytes combined with increased β-oxidation by tumor cells, indicating that 

adipocytes may be enhancing ovarian metastasis by providing nutrients to meet the 

increased energy needs of the tumor cells (44,62). Related to adipocytes, the adipose stem 
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cells are also found in the omentum and have been reported to enhance characteristics of 

ovarian cancer metastasis (63).   

 Tumor associated macrophages are involved in the metastasis of several types of 

cancer (44). Macrophages play an important role in the initial step of ovarian cancer 

metastasis—the generation of tumor cell spheroids in the intraperitoneal cavity. Co-

injection of ID-8 mouse ovarian tumor cells and tumor associated macrophages into the 

intraperitoneal cavity of mice resulted in a significant increase in the number of cells 

present in tumor spheroids and decreased mouse survival (64). This effect was inhibited 

when mice were treated with clodronate liposomes, which acts to deplete macrophages 

from the peritoneal cavity (64). Macrophages upregulate several signaling pathways and 

stimulate secretion of chemokines that promote the invasiveness of ovarian tumor cells. 

Following activation with Tissue Factor (TF) and Factor VIIA (FVIIA), macrophages 

collected from healthy female patients differentiated to an M2, or pro-tumorigenic 

phenotype, and increased the release of IL-8, MMP2, TGF-β and TNF-α (44,65). 

Treatment of ES-2 ovarian cancer cells with supernatants from these macrophages 

enhanced ES-2 invasion through Matrigel (65). A recent study examined the effect of 

tumor associated macrophage polarization on patient survival and found that the ratio of 

M1 to M2 tumor associated macrophages decreased in advanced stages of ovarian cancer, 

and patients with increased levels of M2 tumor associated macrophages showed 

decreased survival (66).  

1.6  Malignant Ascites 

 In addition to the spread of tumors to the peritoneal organs (i.e. omentum, 

mesentery, liver, colon and spleen), advanced ovarian tumors are also characterized by 
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the development of malignant ascites in the patient’s peritoneal cavity. Ascites are the 

accumulation of fluid containing cancer cells and other soluble factors in the peritoneal 

cavity (40,67). Under normal conditions, fluid is required to lubricate the peritoneal 

surfaces of organs; this fluid is subsequently reabsorbed into the lymphatic vessels of the 

diaphragm (67,68). However, in patients with ovarian cancer, this fluid accumulates due 

to ovarian tumor-driven changes in vascular permeability of the peritoneal 

microvasculature, increased peritoneal fluid production, and lymphatic drainage (69-72). 

Ascites are associated with later disease stage; 89% of patients with late stage disease 

display ascites, compared to only 17% in early Stage I disease (73). As a result, 

development of malignant ascites is likely to be an important driver of metastasis in 

ovarian cancer. 

 The primary cell type present in malignant ascites is multi-cellular spheroid 

ovarian tumor cells (67). The spread of these ovarian tumor spheroids throughout the 

peritoneal cavity is thought to be enhanced by the presence of ascites, which facilitate the 

ability of the tumor cells to attach at distant sites (67,74). In addition to the ovarian tumor 

cells, ascites have also been shown to contain a population of cells that behave as cancer 

stem cells (67). A single cell clone derived from a patient’s ascites was able to generate 

tumors in vivo when injected both intraperitoneally or subcutaneously into nude mice. 

These cells retained their tumorigenic abilities even in serial transplantations (75). 

Ascites also contain a number of undefined soluble factors that are important in the 

regulation of ovarian tumor metastasis. Several members of the interleukin family have 

been shown to be upregulated in ascites of ovarian cancer patients including Interleukin-6 

(IL-6), IL-8 and Interleukin-10 (IL-10) (67). Expression of both IL-6 and IL-8 is 
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associated with increased tumorigenic potential of ovarian tumors in vitro and in vivo 

(76,77). Additionally, the expression of IL-6 and IL-10 in patient ascites is correlated 

with increased expression of CD163, a marker of M2 pro-tumor macrophages, suggesting 

another pathway by which ascites could enhance ovarian tumor metastasis (44,78). HGF, 

a growth factor that is present in ovarian cancer patient ascites was able to stimulate the 

migration of SKOV3 cells (79). Vascular Endothelial Growth Factor (VEGF), an 

important driver of tumor metastasis, was found to be abundant in ascites collected from 

ovarian cancer patients (70). In a coculture of human umbilical vein endothelial cells 

(HUVEC) and OVCAR3 (an ovarian cancer cell line), VEGF in the ascites increased 

vascular permeability through the downregulation of claudin-5 (70). 

1.7  Angiogenesis in Ovarian Cancer 

 In general physiology, angiogenesis, or the development of new blood vessels, is 

largely limited to wound healing and in the female reproductive cycle (80). Following the 

stimulation of angiogenesis, endothelial cells secrete proteases in order to breakdown the 

ECM surrounding the existing vasculature, which clears space to allow for the sprouting, 

migration and proliferation of new endothelial cells. These endothelial cells then generate 

tube-like structures with a lumen to allow for the flow of blood. Finally, these new 

vessels undergo maturation in which a new basement membrane is generated and 

pericytes are recruited to surround and support the endothelial cells (81).  

 In most solid tumors, angiogenesis is required to supply nutrients and oxygen to 

tumors to promote growth and metastasis. In a classic study, Folkman demonstrated that 

tumors growth was dependent on angiogenesis. In the absence of blood vessels, tumors 

were limited to a size of 1-2 mm
3
 (82). Tumor angiogenesis is a complex process. Tumor 
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specific angiogenesis follows a similar process to that seen in normal physiology; 

however, the process is highly amplified with endothelial cells in tumors proliferating at 

rates of up to 50 times faster than the normal endothelium (83). Additionally, the blood 

vessels formed tend to be less structured and to have increased permeability to small 

molecules (vascular permeability). These differences are partially due to increased 

expression of growth factors and loss of pericyte coverage (84,85). These tumors have a 

strong dependence on the release of growth factors such as VEGF, Platelet Derived 

Growth Factor (PDGF), angiopoietin-1 (ANG1) and ANG2, to drive the development of 

blood vessels (84). 

 Solid tumor angiogenesis can be quantified by microvascular density (MVD). 

MVD is a measure of the number of microvessels/mm
2 

in areas of high vessel density, 

known as hot spots, within the tumor (86,87). MVD can be prognostic indicator in breast 

(87), colorectal (88) and ovarian (86) cancer. Specifically in ovarian cancer, MVD was 

associated with decreased disease free survival and decreased overall survival (86,89-91). 

MVD is significantly reduced in low-malignant-potential tumors, compared to invasive 

ovarian carcinomas (92). Recently, MVD has been introduced as a method to predict 

patient response to chemotherapy in ovarian cancer. In a secondary analysis of phase III 

clinical trial data, patients with high MVD receiving a combination of conventional 

chemotherapy and the anti-VEGF antibody bevacizumab showed increased progression-

free survival (93). Together, these data highlight a critical role for angiogenesis in the 

development and metastasis of ovarian tumors. Several different angiogenic factors play 

an important role in ovarian cancer angiogenesis including ANG2, ANGPTL4 and 

VEGF. 
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1.7.1  VEGF 

 The VEGF family consists of a family of five glycoproteins that have been 

recognized as key regulators in physiological and tumor angiogenesis (94). Following 

hypoxia, VEGF production in tumor cells is stimulated by HIF-1α. VEGF subsequently 

binds to its receptors, which are primarily expressed on endothelial cells, initiating 

downstream signaling (95,96). Following injection into tissues such as skin, fat and 

muscle, one of the isoforms of VEGF, VEGFA, is capable of independently initiating 

angiogenesis (97). Expression of VEGF has been associated with increased vascular 

permeability in several models (98-101). Further, tumors overexpressing VEGF have 

been increased metastatic potential following intravenous injection in part through the 

downregulation of VE-cadherin on endothelial cells (102). VEGF has been shown to be 

overexpressed in a multitude of tumors including ovarian cancer (103,104). 

 Given the important role of angiogenesis in the healthy ovary, it is unsurprising 

that VEGF signaling plays a critical role in ovarian cancer development and metastasis. 

Consequently, VEGF has emerged as one of the most important new therapeutic targets 

in ovarian cancer. VEGF is sufficient for the malignant transformation of the ovary (105). 

Injection of a normal rat ovarian surface epithelial cell line that overexpresses VEGF into 

nude mice resulted in the generation of both subcutaneous tumors and malignant ascites 

(106). Similar results were obtained using ID-8 mouse ovarian cancer cells transduced to 

express VEGF in a syngeneic subcutaneous model (107). VEGF stimulates the 

accumulation of ascites in ovarian cancer patients and high serum levels of VEGF are 

correlated with both increased mortality and disease recurrence (70).  
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1.7.2  Angiopoietin-1 and -2 

 ANG1 and ANG2 are two members of a family of secreted glycoproteins that are 

known to bind to TIE2/TEK, a surface receptor tyrosine kinase generally expressed by 

endothelial cells and involved in the regulation of vascular homeostasis (108). The 

structures of ANG1 and ANG2 are similar and consist of a N-terminal superclustering 

domain, a central coiled-coil domain that mediates the oligomerization of the protein 

necessary for activating TIE2, and a C-terminal fibrinogen related domain that is 

responsible for the binding of the angiopoietins to the TIE2 receptor (108). The binding 

of ANG1 to TIE2 results in rapid autophosphorylation of the receptor, but this effect is 

not seen upon the binding of ANG2. This latter finding indicates that ANG1 is a TIE2 

ligand with ANG2 serving as an antagonist to this interaction (109). However, evidence 

has shown ANG2 is capable of activating the TIE2 receptor in certain contexts such as in 

the presence of VEGFA (108-111).   

 ANG1 is largely constitutively expressed by cells surrounding the vasculature 

such as fibroblasts and pericytes, but ANG1 expression is modulated by several factors 

including VEGF and hypoxia (108,109,112). In a transgenic mouse model, co-expression 

of ANG1 and VEGF showed increased vascular permeability compared to VEGF alone 

(113). Several studies have shown activation of TIE2 by ANG1 enhances pericyte 

coverage of endothelial cells resulting in a more quiescent and less permeable vasculature 

(114-116). 

 ANG2 has been shown to be mostly expressed by endothelial cells, where it is 

rapidly released from stores in Weibel–Palade bodies in response to angiogenic stimuli 

but is largely absent in the normal vasculature (108,109,117). ANG2 expression has been 
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shown to be enhanced in endothelial cells by several pathways including hypoxia, 

VEGFA and PI3K (108,118,119). ANG2 acts a potent driver of vascular permeability, 

inducing vascular leak and increasing edema formation following injection into a mouse 

paw (120). ANG2 enhances vascular permeability through two mechanisms, the 

displacement of ANG1 from TIE2 resulting in decreased pericyte coverage of blood 

vessels and by directly disrupting endothelial cell junctions via the activation of β1 

integrins (121,122). By altering vascular permeability, ANG2 creates a more permissive 

vasculature that in the presence of VEGF drives neoangiogenesis (108,110). As a result 

the ratio of ANG1 to ANG2 expression is vital in the homeostasis of blood vessels. 

 Several recent studies have identified ANG2 as being highly expressed in both 

ovarian tumor samples and serum obtained from ovarian cancer patients prior to surgery 

(123-125). The level of ANG1 was found to be elevated in the serum of pre-operative 

ovarian cancer patients, although at a lower level than ANG2 (124,126). ANG2 has 

emerged as a potential biomarker in ovarian cancer as patients with elevated serum levels 

of either ANG2 alone or in combination with soluble VEGFR2 showed decreased overall 

survival and shorter recurrence free survival; serum levels also correlated with advanced 

tumor stage (124,125). In addition to their roles in regulating tumor angiogenesis, 

overexpression of ANG1 and ANG2 in the ovarian cancer cells, SKOV3 and OVCAR3, 

enhances tumor growth and decreases survival in mice following intraperitoneal injection 

into nude mice (127). Further, ANG2 increased the metastatic ability of these tumor cells 

to invade into the liver and peritoneum (127). However, despite the emergence of ANG2 

as a therapeutic target, the specific molecular mechanisms regulating its expression in 

ovarian cancer remain largely unknown and merit further mechanistic study. 
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1.7.3  Angiopoietin-Like 4  

 The angiopoietin-like (ANGPTL) family of proteins is a group of eight 

glycoproteins similar in structure to both ANG1 and ANG2; however, the ANGPTL 

proteins are not capable of binding to TIE2 or the related TIE1 receptor (128). This group 

of proteins has emerged as an important regulator of both angiogenesis and the 

development of a broad range of tumors, with ANGPTL4 being one of the most well 

studied (128,129). Similar to ANG1 and ANG2, ANGPTL4 contains an N-terminal 

coiled-coil domain required for oligomerization of the protein and a C-terminal 

fibrinogen-like domain, but unlike the other angiopoietins, ANGPTL4 can undergo 

proteolytic cleavage in a tissue dependent manner by proprotein convertases. This 

cleavage generates an N and C terminal fragment (130). The full-length, N-terminal 

ANGPTL4 (nANGPTL4) and C-terminal ANGPTL4 (cANGPTL4) can all activate 

signaling with nANGPTL4 mostly involved in lipid metabolism (128,129). The effect of 

ANGPTL4 remains somewhat controversial as there is evidence that ANGPTL4 can both 

enhance and inhibit angiogenesis and vascular permeability (130). ANGPTL4 alone was 

shown to be necessary and sufficient to promote angiogenesis since recombinant human 

ANGPTL4 both stimulates tubule development in vitro using human microvascular 

endothelial cells and in vivo using a corneal neovascularization assay (131). Further, 

several studies have shown ANGPTL4 enhances vascular permeability through reduction 

in pericyte coverage and the disruption of endothelial cell junctions. This change in 

permeability occurs via the activation of β1 integrin followed by the declustering of VE-

cadherin and claudin-5, similar to ANG2 (132,133). 
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 ANGPTL4 expression has been shown to be elevated in several tumor types 

including colorectal, breast and gastric cancers (129,134-136). ANGPTL4 is also thought 

to drive either tumorigenesis or metastasis (134-136). Several studies have reported that 

ANGPTL4 contributes to the metastatic potential of tumors to travel to the lung through 

the activation of β1 integrins (132,136-138). In gastric cancer, ANGPTL4, stimulated by 

hypoxia, provides pro-survival signals to avoid anoikis (139). Compared to the normal 

ovary, ANGPTL4 is also upregulated in ovarian adenocarcinomas; however, the specific 

role it plays in ovarian cancer remains unknown. Further studies are needed to identify 

the molecular mechanisms regulating ANGPTL4 expression in ovarian cancer metastasis 

and the role of ANGPTL4 in regulating vascular permeability.   

1.8  Treatments for Ovarian Cancer 

 The standard therapy for advanced ovarian cancer has remained relatively 

unchanged over the past 15 years. The treatment consists of cytoreductive surgery to 

remove all visible tumors, and any residual microscopic disease is treated with 

chemotherapy consisting of carboplatin and paclitaxel (1,140). In addition to the first line 

therapy, several lines of secondary treatment for recurrent or platinum resistant tumors 

are currently being investigated including drugs targeting angiogenesis, DNA repair, and 

growth factor signaling (141).  

1.8.1  Cytoreductive Surgery 

 Following the diagnosis of ovarian cancer, patients will undergo cytoreductive 

surgery or maximum debulking surgery to remove as much of the tumor as possible with 

the goal to leave remaining tumors (residual disease) of less than 1 cm (1,142). In a study 
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of 6,885 patients with advanced ovarian cancer (Stage III or IV), every 10% increase in 

cytoreduction of tumor increased the median patient survival time by 5.5% (142).  

 In early stage I disease, surgery may only require the removal of one ovary and/or 

fallopian tube with a uni-lateral salpingo-oophorectomy (1). Normal surgical therapy for 

patients with advanced, metastasized ovarian cancer consists of a total abdominal 

hysterectomy and bilateral salpingo-oophorectomy followed by the removal of any 

tumors present on the peritoneal surface or other areas of the abdomen (1). Debulking 

surgery can be highly complex, thus one of the best predictors of surgical survival benefit 

is whether the surgery is performed by a trained gynecological oncologist. In examining 

studies published between 1991 and 2006, Vernooij and colleagues found that 

gynecological oncologists were more proficient at staging disease and performing 

debulking surgery, which translated into a five to eight month median survival benefit to 

patients (143).    

1.8.2  Front Line Chemotherapy 

 In addition to successful debulking surgery, front line therapy for ovarian cancer 

includes a systemic treatment with chemotherapy. The current front line systemic 

treatment of advanced ovarian cancer is intravenous injection of the platinum based drug 

carboplatin, which results in DNA crosslinking in dividing cells (144), and paclitaxel, a  

taxane that targets microtubules (145), with the current standard of care being six cycles 

of both drugs given every 21 days (1). In 2003, two independent clinical trials performed 

in North America and Europe demonstrated superiority of this regimen at 6.5 years of 

follow up, as patients treated with carboplatin and paclitaxel showed an 11% gain in the 

probability of survival and 25-30% reduction in the rate of death, compared to those 
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treated with a previously utilized front line combination of cisplatin and 

cyclophosphamide (146). One recent change to front line therapy is the emergence of 

neoadjuvant chemotherapy prior to debulking surgery (147). A recent meta-analysis 

found no benefit of neoadjuvant chemotherapy to overall survival but did find a reduction 

in adverse events during surgery and improved cytoreduction of the tumors (147). 

Despite efforts to improve the effectiveness of front line chemotherapy through the 

addition of new drugs such as topotecan, which blocks cell division by inhibiting the 

function of topoisomerase I, or gemcitabine, which reduces DNA synthesis, to the 

carboplatin/paclitaxel combination, several phase III clinical trials have found no 

significant benefits (140,148,149). Unfortunately, between 20 and 40% of women with 

ovarian cancer will not respond to front line platinum based chemotherapy (1). 

Consequently, these patients will be moved to second line chemotherapeutics in an effort 

to improve their survival.   

1.8.3  Second Line Chemotherapy 

 Second line chemotherapy can be divided into two subgroups based on the 

patient’s response to platinum based drugs; tumors are characterized as either platinum 

sensitive or platinum resistant. A patient with platinum sensitive tumor(s) will not have 

disease recurrence less than 6 months after the last platinum based therapy (1). A Phase 

III clinical trial investigating the effect of the combination of gemcitabine and carboplatin 

compared with carboplatin alone demonstrated that gemcitabine enhanced progression 

free survival in patients with recurrent platinum sensitive tumors to 8.6 months, 

compared to 5.7 months in the control arm (150). Pegylated liposomal doxorubicin (PLD) 

has also been investigated as a potential second line therapy in recurrent platinum 
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sensitive ovarian cancer. During a Phase III clinical trial patients treated with the 

combination of carboplatin and PLD had significantly improved the progression free 

survival compared to those receiving only conventional first line chemotherapy but had 

showed no benefit to overall patient survival (151,152). 

 In the case of platinum resistant ovarian tumors, the options for second line 

chemotherapy are more limited. One potential option is to increase treatment of patients 

with paclitaxel from once every three weeks to a weekly treatment (153). This regimen 

was recently demonstrated to be effective as a front line therapy, and it significantly 

increased overall survival of patients, compared to conventional treatment timing (100.2 

months vs. 62.2 months) (154). Several other drugs including gemcitabine, PLD and 

topotecan have been shown to have a small effect on the progression free survival of 

patients with platinum resistant ovarian cancer, but these improvements are only about 3-

4 months (1,153). Further, in the platinum resistant setting, no benefit to the patient was 

gained by treating patients with combinations of the non-platinum based drugs (1,153). 

Given the rate of recurrence and problems with chemoresistance, there is a clear need for 

novel targeted therapeutics that function through alternative molecular pathways.  

1.9  Targeted Therapies for Ovarian Cancer 

1.9.1  Anti-Angiogenesis Therapies 

  As a result of the importance of angiogenesis in ovarian tumor 

development and progression, intense research efforts are directed toward developing 

new, anti-angiogenic drugs. As of 2017, there were 15 separate clinical trials initiated to 

study the effect of these anti-angiogenic therapies in ovarian cancer, with many trials still 
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ongoing (155). The most well studied of these anti-angiogenic agents is the humanized 

monoclonal antibody against VEGF known as bevacizumab (156).  

 Despite having limited effectiveness in treating other solid tumors, bevacizumab 

was approved by the Food and Drug Administration in 2014 as the first targeted therapy 

for use in advanced epithelial ovarian cancer (156,157). Bevacizumab neutralizes 

circulating VEGF and prevents the binding of the growth factor to its receptor Vascular 

Endothelial Growth Factor Receptor 2 (VEGFR2). This neutralization results in several 

changes to the vasculature such as the blockade of neoangiogenesis, reduction in 

previously established blood vessels and reduction in vascular functions such as 

permeability (158,159). As in other tumors, bevacizumab has shown little efficacy as 

monotherapy but is efficacious in several settings when used in combination with other 

chemotherapies (157). Two phase III clinical trials examined the effect of bevacizumab 

in combination with frontline carboplatinum and paclitaxel in patients that were newly 

diagnosed with ovarian cancer. In both trials, patients treated with bevacizumab in 

combination with the other drugs showed an increase in progression free survival; 

however, no difference in overall survival was detected between treatment and control 

groups (160,161). Interestingly, patients most at risk for progression of disease, those 

with disease stage III or higher or tumors greater than once centimeter following 

debulking surgery, showed improved overall survival when treated with bevacizumab in 

combination with chemotherapy, compared to those treated with chemotherapy alone 

(156). However, while bevacizumab did show some benefit in these high risk patients, 

66% of those enrolled in the study still died as a result of their cancer whether or not they 

were treated with chemotherapy alone or in combination with bevacizumab (160). In 
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addition to its potential role as frontline therapy in ovarian cancer, bevacizumab has also 

shown clinical benefit in patients that have developed chemoresistance to the platinum 

based drugs (162). In this trial in patients with chemoresistance, median progression free 

survival in the group treated with bevacizumab and chemotherapy was nearly doubled to 

6.7 months, compared to 3.4 months in those treated with chemotherapy alone (162).  

 Although bevacizumab does appear to have a therapeutic benefit in ovarian 

cancer patients, resistance to the drug will eventually develops in patients. The most 

likely source of resistance to bevacizumab is the upregulation of other pro-angiogenic 

pathways in the tumor cells such as hypoxia, growth factors such as Fibroblast Growth 

Factor-2 or the angiopoietins (160,161). To help overcome resistance to bevacizumab, 

several new drugs are being combined with bevacizumab to try and improve patient 

outcomes. These drugs include vascular disrupting agents, which are capable of targeting 

existing tumor vasculature, PARP inhibitors and immune checkpoint inhibitors (160). 

The identification of biomarkers for response to bevacizumab are being investigated to 

best identify the population that will benefit most from treatment. During one of the early 

clinical trials of bevacizumab, high plasma protein levels of ANG1 and low serum TIE2 

were associated with improved progression free survival in response to bevacizumab 

treatment (163). Combining information on plasma concentrations of TIE2 with those of 

the ovarian cancer biomarker CA125 further improved the ability to predict which 

patients would respond to bevacizumab, allowing accurate prediction of 74.1% of cases 

that would experience progression of their ovarian tumor (164). Further study of 

signaling pathways in ovarian cancer angiogenesis are vital to help identify markers that 

can be used to better direct treatment for the disease. In addition to resistance, there are 
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also toxicities associated with bevacizumab treatment that impact its use in the clinic. The 

most common side effect of bevacizumab treatment is perforation of the bowel, which in 

one clinical trial occurred in about 11% of patients and necessited the end of the clinical 

trial (161,165). Therefore, bevacizumab treatment is not recommended for patients in 

whom the tumor has metastasized to the colon nor those with clinical symptoms of bowel 

obstruction (156).  

 In addition, to targeting VEGF directly with antibodies, another mechanism of 

inhibiting VEGF and angiogenic signaling in ovarian tumors is through the use of 

tyrosine kinase inhibitors (TKI) to block the signaling activated by the receptor of VEGF, 

VEGFR2. VEGFR2 is a tyrosine kinase receptor that is autophosphorylated on its 

cytoplasmic domains following the binding of VEGF. Once phosphorylated, VEGFR2 

can activate numerous downstream signaling pathways to regulate endothelial cell 

survival, migration and proliferation (166). Three different TKI drugs that can inhibit 

VEGFR2 (nintedanib, pazopanib and cediranib) have been tested clinically as a treatment 

in ovarian cancer (160,162). Nintedanib has mostly been examined as a frontline therapy 

to be used in combination with chemotherapy and in a phase III clinical trial was able to 

significantly improve patient progression free survival, compared to chemotherapy alone 

(160). In contrast, both pazopanib and cediranib have been investigated for their use as a 

maintenance therapy following first line chemotherapy. Treatment with either drug 

increased the time to progression of ovarian cancer patients by five and three months, 

respectively (156). Beyond progression free survival, the use of cediranib as a 

maintenance therapy was able to enhance overall survival by 2.7 months (160). Despite 

some clinical success in utilizing these TKI drugs in ovarian cancer, some problems still 
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remain. For both nintedanib and pazopanib there may be off target effects as they can 

inhibit several other tyrosine kinase receptors including platelet-derived growth factor 

receptor and fibroblast growth factor receptor (160). Additionally, all three drugs result in 

increases in significant side effects such as hypertension, neutropenia, liver toxicity and 

diarrhea (156,162). A recent study has identified a new method for targeting both 

VEGFR2 and TIE2 more specifically than by TKIs. This method utilizes soluble 

receptors that lack their transmembrane and intracellular domains. Consequently, the 

receptors can bind their ligands but are incapable of downstream signaling of VEGFR2 

and TIE2 (167). In an intraperitoneal model of ovarian cancer, injection of the soluble 

receptors resulted in a significant decrease in tumor burden as well as reduced the 

presence of ascites in the mice (167). Interestingly, the level of both ANG2 and VEGF 

was increased in the ascites of these mice following treatment (167). Together these data 

demonstrate that VEGFR2 is a promising target in ovarian cancer but additional work is 

needed to better understand the signaling pathways affected by these drugs.  

 Given their prominent role in the regulation of angiogenesis and their presence in 

the serum of ovarian cancer patients, targeting of ANG1 and ANG2 has recently emerged 

as a potential therapeutic target in ovarian cancer. The first therapeutic to target both 

ANG1 and ANG2 was a peptide antibody fusion, trebananib, which blocks the interaction 

of both proteins with their receptor TIE2 (168). Early studies with trebananib showed that 

the drug was able to reduce tumor burden along or in combination with bevacizumab in a 

xenograft model utilizing a colon cancer cell line initially isolated from ascites (168). 

Importantly, endothelial cells from mice treated with trebananib showed reduced 

proliferation, compared to controls, indicating the drug could successfully reduce 
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angiogenesis (168). On the basis of these results, a clinical trial was started to look at the 

efficacy of trebananib in patients. The initial results from the clinical trial showed that 

when used in combination with paclitaxel, patients receiving trebananib showed a 

significant increase in progression free survival of 7.2 months, compared to 5.4 months 

for those treated with paclitaxel alone. In addition to its effect on progression free 

survival, the overall adverse effects from trebananib were reduced compared to those 

seen in previous anti-angiogenic therapies (169). Unfortunately, while trebananib was 

able to extend the time for patients to their second progression of ovarian cancer it did not 

have any effect on the overall survival of patients receiving the drug (170). Currently, the 

targeting of ANG2 alone is beginning to emerge as a potential therapy in ovarian cancer. 

Even in the early studies of trebananib, the investigators demonstrated that the inhibition 

of ANG2 and not ANG1 was responsible for the effect on endothelial cell proliferation 

(168). Treatment with a monoclonal antibody against ANG2 was able to reduce tumor 

growth and metastasis in a genetic model of metastatic breast cancer; this anti-tumor 

effect was shown to be correlated with reduced endothelial cells as well as a reduction in 

the number of pericytes surrounding these vessels (171). The use of monoclonal 

antibodies against ANG2 is currently being tested for its safety for potential clinical use. 

The results of a phase I clinical trial of the ANG2 targeted antibody nesvacumab were 

published in 2016 showing a good safety profile with few side effects and antitumor 

activity in several solid tumors (172). Based on this data, the targeting of ANG2 in 

ovarian cancer holds much promise for new therapies. Currently little is known regarding 

the molecular mechanisms involved in the regulation of the ANG2 expression in ovarian 
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cancer and will require future studies in order to improve our ability to target this protein 

in patients. 

1.9.2  Other Targeted Therapies in Ovarian Cancer 

 While a majority of studies attempting to identify targeted therapies in ovarian 

cancer have focused on angiogenesis, several other drugs targeting other pathways have 

been tested for their potential efficacy in the treatment of advanced ovarian cancer. PARP 

inhibitors, three of which are approved for use in ovarian cancer, are one such emerging 

class of drugs (173). PARP inhibitors take advantage of defective homologous 

recombination (HR) in cancer cells. These inhibitors induce increased numbers of double 

strand DNA breaks resulting in synthetic lethality of the cells (153,174).  

 Another modality of treatment that has been investigated for potential use in 

ovarian cancer is the inhibition of various signaling cascades. EGFR has been shown to 

be overexpressed in ovarian cancer (141,175). Four different inhibitors of EGFR have 

been tested for their efficacy in ovarian cancer including gefitinib and erlotinib however, 

little benefit from any of the drugs has been observed in patients (175). Multikinase 

inhibitors, which target Mitogen-activated protein kinase (MAPK) pathways in patients 

with recurrent ovarian cancer, have also shown minimal effect (175). PDGFR inhibitors 

sucha as imatinib have also shown little benefit in platinum resistant ovarian cancer 

(175). 

 Overall, these results highlight the progress that has been made towards the 

identification of novel and effective targeted therapies in ovarian cancer. While several of 

these drugs, especially those targeting angiogenesis, have shown promise in the treatment 

of patients, there remains obstacles that need to be addressed. A better understanding of 
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the molecular mechanisms involved in ovarian cancer progression and metastasis is vital 

to improve our ability to improve the efficacy of these drugs and prolong patient lives. 

1.10  Membrane-Anchored Serine Proteases 

 Accounting for approximately 2% of the proteome, proteases are integral to a 

large, diverse range of biological functions (176). One of the largest and most well 

studied families of proteases are the S1 family of serine proteases, which includes 

enzymes such trypsin and chymotrypsin (177). Although a majority of these proteases are 

released from secretory vesicles upon stimulation, a newer subclass of these proteases has 

been identified that have their proteolytic domain tethered at the plasma membrane via 

their N- or C-terminal (176,177). This family of approximately 20 proteases derives their 

catalytic activity from a triad of histidine, aspartate and the nucleophilic serine. This triad 

forms an acyl intermediate with a carbonyl peptide bond (177,178). Membrane-anchored 

serine proteases can be grouped, based their attachment to the membrane, into either type 

1, glycosylphosphatidylinositol (GPI) anchored or type II proteases (Fig. 1.1). There is 

currently only one known type I membrane-anchored serine protease, tryptase γ1, which 

is anchored via its C-terminal to the membrane (177). The GPI proteases are testisin and 

prostasin, both of which are post translationally modified at their C-terminus to contain a 

GPI anchor. This anchor affixes these proteases at the plasma membrane and localizes the 

proteases into lipid rafts (179,180). The largest group of membrane-anchored serine 

proteases is the type II transmembrane serine proteases (TTSP). These proteases are 

modified with a N-terminal signal anchor that serves as a transmembrane domain to 

attach their protease domain to the cell surface (177). The TTSP proteases are subdivided 

into four families based on the structural similarities in their stem regions, which are 
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located between the site of attachment and the protease domain: HAT/DESC, Matriptase, 

TMPRSS and Corin (181).  

 Activation of each of these proteases is tightly regulated and highly specific. In 

order to regulate their proteolytic activity physiologically, the membrane-anchored serine 

proteases, like most proteases, are synthesized in an inactive form known as a zymogen 

(177). Activation of the zymogen requires proteolytic cleavage at a highly conserved 

lysine or arginine residue within the activation domain, or pro-domain, of the proteases 

(176). Once cleaved, the pro-domain remains attached to the catalytic domain of the 

protease via a disulfide bridge creating a two-chain protease. Unfortunately, the direct 

activators of very few of the membrane-anchored serine proteases are currently known 

(177). In some cases, there is evidence that membrane-anchored serine proteases are 

capable of activating other members of the family. For example, the TTSP matriptase is 

capable of activating the prostasin (GPI anchored) zymogen to an active form that was 

capable of forming a stable complex with a known protease inhibitor (182). In some 

cases there is evidence that certain TTSPs (including matriptase, hepsin, TMPRSS2, 

TMPRSS3 and TMPRSS4) are capable of performing auto-activation in vitro; however, 

the specific mechanism by which this occurs is not clear (177). Despite the tight 

regulation of protease activity, there has been recent evidence that even the zymogen 

form of the membrane-anchored serine proteases may still retain some function. 

Matriptase knockout mice are not viable in part because they do not develop a normal 

epithelial barrier; however, mice expressing a matriptase protein that cannot be converted 

from its zymogen form are still viable and had a normal epithelial barrier (183). 
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 The catalytic domain of the membrane-anchored serine proteases is highly 

conserved; however, some variations do exist and include changes in amino acids in the 

substrate binding pocket, changes in the structure of loop regions surrounding the binding 

pocket, and the presence of other extracellular domains in the stem region (177). The 

structure of the catalytic domain in these membrane-anchored serine proteases consists of 

two β-barrel structures connected by transdomain segments as well as a catalytic triad 

present at the junction of the barrel structures (176,177). A specific nomenclature is used 

when discussing interactions between substrates and proteases. Amino acids on the 

substrate peptide on the N-terminal side of peptide cleavage are designated as P1 to Pn, 

while on C-terminal side the designation is P1’ to Pn’. Proteolytic cleavage of the peptide 

occurs between P1 and P1’(184). The corresponding residues on the serine protease are 

labeled Sn to Sn’ with the amino acids present at the S4-S2’ sites having a major influence 

on the specificity of the protease (176). The membrane-anchored serine proteases 

preferentially cleave peptides with basic amino acids (lysine or arginine) at the P1 site due 

to a conserved aspartate that is present at S1 (177). The substrate cleavage specificities 

between P4 to P4’ for many some of these membrane anchored serine proteases, including 

matriptase and hepsin, have been determined through the use of a recombinant catalytic 

serine protease domain (177). Many of these early studies into substrate cleavage 

specificity were performed with either cellular libraries of peptide substrates or in vitro 

cell culture systems (185-187). There is still much work required in this field as in vitro 

studies do not take into account some of the complex interactions and other factors 

present in the in vivo environment which may dictate their physiological substrates.  
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Figure 1. 1 Structure of Membrane associated serine proteases 

A subclass of the S1 family of serine proteases, the membrane-anchored serine proteases 

consist of a group of approximately 20 proteases which have their catalytic domains 

tethered to the plasma membrane. Tryptase γ1 is the only known type I membrane-

anchored serine protease and is anchored at its C-terminal to the membrane. The GPI 

proteases are testisin and prostasin, both of which are post translationally modified at 

their C-terminus to contain a GPI anchor. A majority of membrane-anchored serine 

proteases are classified type II transmembrane serine proteases (TTSP) which are 

anchored at the N-terminal via a signal that serves as a transmembrane domain. The 

TTSP proteases can be further subdivided into four families based on the presence of 

variable domain in their stem regions, which are located between the site of attachment 

and the protease domain: Matriptase, TMPRSS, Corin and HAT/DESC. Bolded proteases 

have been studied for a potential role in ovarian cancer. Belonging to the S8 subtilisin-

like family of proteases, furin is another example of a membrane associated protease. 

Furin, classified as a pro-protein convertase, is anchored to the membrane via its c-

terminal and contains both a cysteine rich and P domains in its stem region.  All of these 

membrane associated proteases derive their catalytic activity from the catalytic triad of 

histidine, aspartate and a nucleophilic serine. 
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Membrane-anchored serine proteases are able to cleave several different classes 

of proteins in vitro and in vivo. Membrane-anchored serine protease substrates include a 

family of G-protein coupled receptors (Protease-activated receptors [PARs]) (188,189), 

growth factors (e.g., HGF) (186,190) and sodium channels (191). This variety of 

proteolytic targets highlights the diverse and important physiological functions regulated 

by membrane-anchored serine proteases. 

 Much of the known information on the membrane-anchored serine protease’s 

roles in normal physiology was defined utilizing knockout or transgenic mice (177). The 

majority of research on membrane-anchored serine proteases is focused on Matriptase. 

Matriptase has a well-established role in the regulation of the epithelial barrier in the skin 

and intestine (192). Hepsin is another membrane-anchored serine protease. Initially 

identified as being expressed in hepatocytes, the only identifiable defect in hepsin 

knockout mice is a severe loss of hearing; however, the specific molecular mechanisms 

underlying this effect is unknown as the mice show only minor structural changes within 

the tectorial membrane of the ear (193,194). Hepsin has also been hypothesized to play a 

role in the blood coagulation cascade. Baby hamster kidney cells transfected with hepsin 

were capable of activating Factor VII to Factor VIIa; these factors were then able to 

stimulate the coagulation by activation of both Factor X and pro-thrombin (195). This 

effect was blocked when cells were incubated with a Factor VII with a mutated zymogen 

activation site (195). In addition to maintenance of the intestinal epithelial barriers and 

regulation of the coagulation cascade, other important physiological roles of membrane-

anchored serine proteases include regulation of iron homeostasis (matriptase-2), blood 

pressure (corin), epidermal barrier (prostasin) and sperm fertilization (testisin) (177). In 
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addition to their important roles in human physiology, recent evidence has also suggested 

an important role for membrane-anchored serine proteases in the development and 

metastasis of cancer. 

 1.10.1  Membrane-Anchored Serine Proteases in Cancer 

 Membrane-anchored serine protease expression is dysregulated in several types of 

cancer including breast, prostate, lung, pancreatic and ovarian (196). Matriptase has been 

shown to be overexpressed in breast cancer; matriptase overexpression increased the 

number and growth rate of mammary tumors, compared to transgenic mice with 

matiptase expression reduced via reduction in HGF and c-Met signaling (197,198).  

Matriptase expression is also elevated in pancreatic adenocarcinoma. Treatment of AsPc-

1 pancreatic cancer cells with the matriptase inhibitor CU-1807 and CU-1804 reduced 

cellular invasion through matrigel (199). Elevated hepsin expression is present in several 

tumor types, including sarcoma, lung and ovarian cancer (200). Expression of hepsin 

enhances the metastasis of prostate cancer to the lung, liver and bone through the 

disruption of the basement membrane of mice (201).  

 Several membrane-anchored serine proteases have also been shown to be negative 

regulators of tumor development. Prostasin was shown to have reduced expression by 

immunohistochemistry in advanced prostate tumors compared to benign tumors (202). 

Overexpression of prostasin in two human prostate cancer cell lines with no endogenous 

prostasin resulted in decreased in vitro matrigel invasion (202). Other examples of tumors 

in which the expression of membrane-anchored serine protease expression is lost are 

breast cancer (matriptase-2) and squamous cell carcinoma (DESC1) (177). While the role 

of membrane-anchored serine proteases have been extensively studied in many types of 
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cancer, their role in ovarian cancer is of particular interest given the elevated expression 

of these proteases in ovarian cancer and the unique mechanisms of ovarian tumor 

development and metastasis. 

1.10.2  Membrane Anchored Serine Proteases in Ovarian Cancer 

 Based on qPCR of patient samples, hepsin (a TTSP), is expressed in 

approximately 60% of low malignant potential ovarian tumors and 84% of ovarian 

carcinomas (203). Importantly, northern blot analysis had demonstrated no expression in 

the normal ovary (203). Limited studies have shown evidence that hepsin may promote 

ovarian tumorigenesis. Subcutaneous injection of SKOV3 cells that overexpress hepsin 

into nude mice resulted in increased tumor growth. This increase was blocked in mice 

injected with SKOV3 cells expressing a proteolytically inactive hepsin mutant (204). It is 

hypothesized that hepsin may impact tumor growth through the stimulation of metastasis; 

treatment of CaOV3 ovarian cancer cells with a hepsin neutralizing antibody resulted in 

decreased cellular invasion through matrigel (205). Recently, another TTSP, matriptase, 

was found to be overexpressed in ovarian adenocarcinoma patient specimens (206). 

Matriptase levels were higher in stage I/II tumors, compared to more advanced tumors. 

Higher matriptase levels were also associated with increased overall survival of the 

patients (206). However, the loss of matriptase in advanced ovarian tumors correlated 

with a loss of expression of hepatocyte growth factor activator inhibitor type 1 (HAI-1), a 

matriptase inhibitor. Consequently, matriptase proteolytic activity may be increased in 

more aggressive ovarian tumors, compared to early stage disease (207). While these 

TTSPs have shown a potential role in the development and spread of ovarian cancer, one 

other membrane-anchored serine protease has been identified with a potential role in 
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ovarian tumorigenesis, the GPI linked protease testisin; however, its specific role in 

ovarian tumorigenesis has yet to be elucidated.  

 1.11  Testisin 

 Testisin is encoded by the gene PRSS21 and was originally identified as a serine 

protease through homology cloning from the cDNA of the cervical carcinoma cell line 

HeLa with primers directed around the conserved catalytic region (179). Testisin is a 314 

amino acid protein that is expressed in cells as a zymogen, containing a 22 amino acid 

pro-domain and a 273 amino acid catalytic domain (179,208). Activation of testisin in 

both mouse and humans occurs at a classic serine protease activation sequence, which is 

localized to exon III in the human gene (179,209). As with other members of the serine 

protease family, testisin contains the catalytic triad of histidine, aspartate and serine 

encoded in exons III, IV and VI, respectively (208). A distinct feature of testisin is a 

second hydrophobic region of 20 amino acids located at the carboxyl terminus of the 

protein. This hydrophobic region is post translationally modified to attach the protease to 

the membrane with a GPI anchor (179,209). The GPI anchor of testisin helps localize the 

protease to lipid rafts in the membrane and can be cleaved by Phosphoinositide-

Phosopholipase C but has not been shown to be shed from the cell surface in vivo (209).  

 Testisin expression is highly restricted to only a few tissues under physiological 

conditions. Testisin mRNA expression was first identified in eosinophils (210). Early 

studies in mouse, rat and humans looked at total mRNA expression in a broad range of 

tissues and identified the testis as the only location where testisin was highly expressed. 

Further studies also revealed the presence of testisin within the sperm of all three species 

(179,209,211). Interestingly, testisin was one of six serine proteases found to be 
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expressed during the growth of human dermal microvascular endothelial cells (HMVEC) 

by homology cloning and real time PCR. However, testisin was not expressed in 

HUVEC, indicating that testisin may have a specific role in the microvasculature (212).  

 The physiological functions of testisin, much like its localization, are limited. 

Testisin knockout mice show a decrease in viable spermatozoa (213). Additionally, the 

testisin deficient spermatozoa display decreased motility and decreased fertilization 

capability, compared to wild type (213). These results indicate that testisin plays a vital 

role in spermatozoa development and fertilization. Given its expression in growing 

HMVEC cells, testisin may also play a role in the development of microvasculature, 

which could impact tumor angiogenesis and growth.   

 Little is known about the proteolytic targets of testisin; only two proteins are 

known to be cleaved by testisin. Protein C inhibitor, an inhibitor of serine proteases, has 

been shown to be cleaved by recombinant testisin in vitro (214). Our laboratory has 

recently demonstrated that testisin is a potent activator of the seven transmembrane G-

protein coupled receptor protease activated receptor-2 (PAR-2) (188). 

1.11.1  Testisin in Cancer 

 Testisin is now beginning to emerge as a potentially important molecule in tumor 

growth and development. While most other members of the membrane-anchored serine 

protease family have either an oncogenic or tumor suppressor function, evidence suggests 

that testisin can act as both a tumor promoter and suppressor. However, the mechanism 

by which testisin is able to act in both capacities remains to be elucidated. Testisin is 

expressed in multiple cancer cell lines including cervical (HeLa), melanoma (253-3D), 

lymphoma (U937) and ovarian (CaOV3) (208,215). The oncogenic functions of testisin 
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have been examined in several studies focusing on the effect of testisin on cell survival, 

proliferation and migration. 

 Increased cell survival and decreased apoptosis are important hallmarks for the 

development of cancer (216). HeLa cells deficient in testisin showed increased activity of 

caspase-3 and 7, important activators of apoptosis, and higher rates of apoptosis, 

compared to control cells (215). Testisin was able to block increases in cell death induced 

by the protease inhibitor maspin, a known tumor suppressor, in cervical cancer cells 

(217). The ability of doxorubicin to kill HeLa cells was significantly improved when 

testisin was silenced by siRNA, indicating that testisin provided a survival signal to the 

tumor cells, even in the presence of cytotoxic drugs (215,217). Therefore testisin activity 

may be anti-apoptotoic in some cancer types.  

 Oncogenes drive sustained cellular proliferation and promote tumor invasion 

(216). Testisin proteolytic activity promoted the malignant transformation of the rat 

kidney cell line R3KE and allowed these cells to form tumors in a subcutaneous 

xenograft model. Importantly, this effect was inhibited in R3KE cells expressing 

catalytically inactive testisin (215). Invasion of cancer cells through matrigel could also 

be modulated by the expression of testisin. Overexpression of testisin in CaSki cervical 

cancer cells resulted in a significant increase in cell invasion (217). Invasion was 

inhibited by testisin siRNA knockdown in HeLa cells (217). These data support a role for 

testisin in the development of several different types of cancer. 

 In opposition to other membrane-anchored serine proteases, testisin has been 

shown to act as a tumor suppressor as well as a tumor promoter. The first evidence that 

testisin could act as a tumor suppressor was provided by the localization of the testisin 
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gene within the genome. Testisin has been fine-mapped to human chromosome 16p13.3, 

which is located on the short arm of chromosome 16 (208). Multiple studies have 

demonstrated that the loss of heterozygosity in chromosome region 16p is associated with 

the development of testicular germ cell tumors (218,219). Expression of testisin has been 

examined in testicular tumor cell lines and testicular tumors from patients. In both cases, 

testisin is abundantly expressed in the normal testis; however, expression is lost in both 

the testicular cancer cell lines and in patient tumor samples (179,208).  

 Epigenetic regulation through hypermethylation of gene promoters has emerged 

as an important mechanism for turning off the activity of tumor suppressors in cancer 

(220). The testisin gene contains a potential site for methylation, an 849 base pair CpG 

island located in its promoter near the transcriptional initiation site (208). 

Hypermethylation of the testisin promoter has been demonstrated in multiple testicular 

tumor cell lines (Tera-1, Tera-2 & GCT27C-4) but not in other tumor cells such as HeLa 

(221,222). Furthermore, the promoter region of the testisin gene of testicular cancer 

patients were found to be consistently hypermethylated while matched normal tissue 

displayed no promoter hypermethylation (222). Expression of testisin in the testiticular 

tumors could be restored by treatment with the demethylating agent 5-aza-2’-

deoxycytidine (221). Therefore, this data demonstrates that the regulation of testisin is 

consistent with that of a tumor suppressor. Testisin has been shown to act as a classical 

tumor suppressor, reducing the ability of testicular tumors to proliferate and grow. 

Testicular tumor cells induced to express testisin showed decreased colony formation in 

vitro and decreased growth in an orthotopic mouse model compared to vector controls 

(221).   
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 Together, these data demonstrate that testisin is capable of both oncogenic and 

tumor suppressor activity. The effect of testisin in cancer appears to be cancer and tissue 

type specific; however, cellular mechanisms downstream of testisin are largely unknown 

and are under investigation.   

  1.11.2  Testisin in Ovarian Cancer 

Testisin expression is not detected in the normal ovary or fallopian tubes; 

however, testisin mRNA expression is found in human ovarian carcinomas (223). In one 

study, expression of testisin correlates with more advanced disease with higher testisin 

expression observed in samples from stage II or III tumors compared to stage I (223). 

However, the specific functions of testisin in ovarian cancer tumorigenesis and metastasis 

is still under investigation. An early study of testisin in ovarian cancer showed testisin 

could enhance ovarian tumor development (215). In that study, testisin had a role in 

blocking caspase mediated cell death; knockdown of endogenous testisin in the ovarian 

cancer cell line CaOV3 induced cell apoptosis and enhanced caspase activity in the cells 

(215). Further, overexpression of testisin in another ovarian cancer cell line, SKOV3, was 

able to promote tumor growth in a subcutaneous xenograft model in nude mice (215). As 

in other cancers, testisin has also been shown to potentially act as a tumor suppressor in 

ovarian cancer. Using microarray analysis, Bignotti et al, (2007) found that testisin was 

downregulated in omental metastatic tumors when compared to primary ovarian tumors 

(224). This result suggests that testisin may be regulating the metastasis of ovarian 

tumors. Together, these data highlight a critical need for a better understanding of the role 

of testisin in the development and spread of ovarian tumors. 
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1.12  Protease Activated Receptors and PAR-2 

 The PARs are a group of four unique G-protein coupled receptors (GPCR) that 

are activated by proteolytic cleavage rather than the binding of a soluble ligand 

(225,226). Activation of these receptors has been reported to play an important role in a 

diverse range of physiological responses, including hemostasis and inflammation, as well 

as tumorigenesis and metastasis (227). This family of proteins are encoded by genes 

located on chromosome 5q13 in humans, including F2RI (PAR-1), F2RL1 (PAR-2), and 

F2RL2 (PAR-3) (228). One exception is the gene for PAR-4 (F2RL3), which is located 

on chromosome 19p12 (227) The protein structure of the PARs consists of seven 

transmembrane helices and an extracellular amino terminal domain containing both a 

masked signal peptide and a pro-domain, and an intracellular carboxy terminus. The latter 

is involved in downstream signaling (225,227,229). For all members of the PAR family, 

activating cleavage results in the release of the N-terminal pro-domain revealing a 

tethered ligand that interacts with the extracellular loop 2 of the receptor to initiate 

downstream signaling (227,230). PAR-1, PAR-3 and PAR-4 are all primarily activated 

by the protease thrombin (226,227,231,232).  PAR-2 is unique in that is not directly 

activated by thrombin but, instead, is activated primarily by trypsin and trypsin-like 

serine proteases (227,233). The PARs can also be activated with synthetic molecules, 

known as activating peptides, that mimic the structure and sequence of the tethered ligand 

of the protease (226). Lastly, the formation of heterodimers between the family members 

can activate the PARs and elicit downstream signaling (227). In endothelial cells, the 

presence of PAR-3 was demonstrated to alter the activation of PAR-1 by thrombin and 

result in changes to the permeability of the endothelial cells (234). Additionally, there is 
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evidence that PAR-2 and PAR-1 can heterodimerize in COS-7 and human endothelial 

cells but the specific function of this interaction has yet to be fully elucidated (235,236). 

1.12.1  PAR-2 Localization, Activation and Signaling 

 PAR-2 is expressed in multiple normal tissues, including the liver, pancreas, small 

intestine, colon, ovary and at low levels in the testis (237,238). Further, several cell lines 

have been shown to express PAR-2 (237). Early studies identified trypsin as an activator 

of PAR-2 in vitro (233). Further studies have identified several other proteases as capable 

of activating PAR-2 including tryptase, acrosin, matriptase and TMPRSS2 (227). 

Recently, our laboratory showed that testisin was capable of cleaving PAR-2 and 

actvating downstream signaling (188).  The PAR-2 cleavage site is located at Arg36 in 

the amino terminal domain that releases a pro-peptide revealing the tethered ligand 

sequence of SLIGKV in humans (227,238). Following activating cleavage, 

phosphorylation of the C-terminal tail through a dynamin dependent mechanism results 

in the rapid internalization of PAR-2 into the cell (188,239). Phosphorylation of PAR-2 

C-terminal tail is the initial step in the desensitization of PAR-2 receptor. 

Phosphorylation results in the recruitment of β-arrestin 1 and 2, which helps direct the 

PAR-2 receptor to the endosome and then to the lysosome for receptor degradation, 

which terminates signaling (239,240). Lysosomal targeting of PAR-2 is in part mediated 

by the ubiquitin ligase c-Cbl, as PAR-2 remains stuck in the early endosome when co-

expressed with a catalytically inactive form of c-Cbl (241). In order to restore PAR-2 

signaling, PAR-2 receptors stored in the Golgi needs to be trafficked to the cell surface 

through a GTPase dependent process that is enhanced by rab11a in KNRK cells (242). 
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 Downstream signaling of PAR-2 is mostly mediated in a manner similar to other 

GPCRs, and signaling is dependent on the interaction of PAR-2 with various Gα proteins 

such as Gαq, Gαi and Gα12/13 (227,243). PAR-2, through its interaction with G proteins, 

has been shown to activate a number of important signaling molecules (227,244). 

Although mostly studied using activating peptides and recombinant proteases, signaling 

by extracellular signal-regulated kinase (ERK) (244), p38 (245), RhoA (246) and nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) (247) have all been 

demonstrated to be downstream of PAR-2 signaling via G proteins. Importantly, the 

specific downstream signaling activated by PAR-2 appears to be protease, cell type and 

context dependent as a result of biased agonism of the receptor (227). In addition to 

signaling via the G-proteins, PAR-2 can stimulate ERK1/2 signaling through the 

formation of a complex with β-arrestins, raf-1, and activated ERK in endosomes, which 

allows for the sustained activation of this pathway (248). Activation of PAR-2 by testisin 

results in the internalization of the PAR-2 receptor and activates several downstream 

signaling pathways in HeLa cells including ERK, interleukins and calcium (188). 

However, the specific roles of PAR-2 signaling pathways activated by testisin have yet to 

be investigated. Using the testisin expressing ADR-Res ovarian cancer cell line, we 

further demonstrated that endogenous testisin in a cell could cleave PAR-2 (188). Given 

the wide range of tissues in which PAR-2 is expressed and the signaling pathways that it 

has been shown to regulate, PAR-2 is emerging as an important regulator of tumor 

development and metastasis. 
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1.12.2  PAR-2 in Cancer 

 Upregulation of PAR-2 in patient tumors, compared to corresponding normal 

patient tissues, has been shown in a diverse set of cancers including breast, prostate and 

gastric cancer (249-251). For example, patients with increased PAR-2 mRNA expression 

display decreased recurrence free survival in prostate cancer (250).  This suggests PAR-2 

may play an important role in the development of cancer. 

The effect of PAR-2 signaling on the properties of cancer cells has been 

investigated in multiple tumor types. Several studies have indicated a potential role for 

PAR-2 in promoting cell survival. In colon cancer cells, activation of PAR2 by either an 

activating peptide or TF/FVIIa complex resulted in both improved cellular viability and 

decreased apoptosis, which was shown by decreased levels of caspase 3 activity 

(252,253). PAR-2 activation had a similar effect in a lung cancer cell line, in which PAR-

2 activation by tryptase altered the ration of Bax/Bcl-xL in the cells, thus reducing 

apoptosis (254).  

 Blockade of PAR-2 activation in HT29 colon cancer cells resulted in a reduced 

ability of the cancer cells to form colonies (255). In vivo xenograft models in both breast 

and colon tumors showed that knockdown of PAR-2 in the tumor cells reduces tumor 

burden, when compared to cells expressing wild type PAR-2. This finding indicates that 

PAR-2 promotes cellular hyperplasia (255,256). PAR-2 activation also elevates the 

invasive potential of both colon and breast cancer cells (249,257,258). In breast cancer, 

treatment of cells with a PAR-2 activating peptide stimulates cell migration through 

transwell plates, while siRNA knockdown of PAR-2 reduces the migration and invasion 

of both MDA-MB-231 and BT549 cell lines (249,258).  Similarly, in a colon cancer line, 
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PAR-2 activation by an activating peptide led to increased migratory cells through 

Boyden chambers (257). Of note, in both cancer types, PAR2 induced increased  

migration and invasion were also associated with increased phosphorylation of ERK1/2. 

(249,257). PAR-2 has further been demonstrated to reduce metastatic potential of 

melanoma cells, as increased metastasis of B16 tumor cells was observed in a PAR-2 

knockout mouse (259).  

Stimulation of PAR-2 has also been shown to promote angiogenesis in multiple 

tumor types. In two separate glioblastoma cell lines, U87-MG and A172, activation of 

PAR-2 with activating peptide resulted in an increased release of VEGF from the cancer 

cells (260). This effect could be ablated in the glioblastoma cells when they were treated 

with the MAPK inhibitor PD98059 (260). VEGF secretion was also stimulated in MD-

MBA-231 breast cancer cells following stimulation with either activating peptides or 

recombinant FVIIa and was inhibited with PAR-2 blocking antibodies (261). In 

hepatocellular carcinoma cells (HCC), tumors show reduced tumor size and CD31 

staining when tumors were co-injected with stromal cells in which PAR-2 was silenced 

when compared to controls (262).  

In contrast, loss of PAR-2 is also associated with tumor growth. In gastric 

adenocarcinoma, PAR-2 expression was shown to be tightly correlated with the 

expression of the zymogen form of trypsin, trypsinogen (263). Increased invasion into the 

peritoneum was shown in tumors with little to no expression of either trypsinogen or 

PAR-2 (263).  PAR-2 can also restrict tumor growth. In multiple melanoma studies, 

larger and more numerous tumors were shown to develop in mice deficient in PAR-2 

expression (259,264). Importantly, in both studies, tumors were found on all mice and 
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little difference in the tumor expression of keratinocyte markers was observed by 

immunohistochemistry (259,264). This indicates that PAR-2 does not regulate the 

formation of tumors but instead is able to limit cellular proliferation. PAR-2 signaling 

therefore can both promote and suppress tumor growth. However, further study of the 

proteases activating the receptor is needed to understand how PAR-2 will alter tumor 

progression. 

1.12.3  PAR-2 in Ovarian Cancer 

 While the activation of PAR-2 and its downstream signaling have been well 

studied in cancer, few studies have examined the role of PAR-2 in ovarian cancer. Using 

publicly available expression data derived from human patient samples, PAR-2 was the 

most highly expressed PAR in ovarian cancer (265). In a screen of tumor samples 

collected from ovarian cancer patients, mRNA quantitation and immunohistochemistry 

demonstrated elevated PAR-2 expression in the ovarian tumors but minimal expression in 

the surrounding stromal tissues (266). PAR-2 mRNA expression increased with the stage 

of ovarian tumors, with the highest expression in stage IV tumors (266). Patients with 

tumors expressing reduced levels of PAR-2 were shown to have significantly improved 

survival at 36 months post-surgery (266). PAR-2 expression in these ovarian tumors was 

correlated with both increased MVD and proliferation of the tumor, suggesting PAR-2 

may be acting to enhance angiogenesis in ovarian cancer to promote tumorigenesis (266). 

PAR-2 expression was detected in 20% of the early stage surgically removed tumors and 

58% of the advanced ovarian clear cell surgically removed tumors (267). As in the 

previous study, patients expressing low PAR-2 in clear cell carcinoma showed 

significantly increased survival of up to 120 months post-surgery (267). Treatment of the 
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human ovarian cancer cell lines OVCAR3, SKOV3 and CaOV3 with FVIIa resulted in 

increased secretion of VEGFA and increased migration though a transwell assay. Both of 

these effects could be significantly reduced by treatment of the cells with the PAR-2 

inhibitor ENMD-1068, suggesting both processes were PAR-2 dependent (265). These 

results provide some evidence for a potential role for PAR-2 in ovarian cancer. However, 

as PAR-2signaling following activation is altered both by cell context and the activating 

protease, additional studies are required to determine the role of PAR-2 in ovarian cancer 

following cleavage by proteases, such as testisin, that are expressed in the tumor.  Given 

the strikingly aberrant expression of testisin in ovarian cancer and our previous studies 

identifying PAR-2 as the only known substrate of testisin, examining a potential testisin-

PAR-2 signaling pathway in ovarian cancer could provide important insights into ovarian 

tumorigenesis and identify potential new therapeutic targets in the treatment of ovarian 

cancer.  

1.13  Targeting Membrane-Anchored Serine Proteases 

 As discussed previously, a key challenge in the treatment of ovarian cancer is that 

most patients respond to initial treatment but later suffer a recurrence of the disease; 

therefore, identification of novel therapies is critically important (11). A new class of 

prodrug that utilizes engineered anthrax toxins activated by proteases on the cell surface 

has recently shown the ability to kill tumor cells across several cancer types (268-270). 

Given the high expression of testisin and other proteases, such as hepsin and matriptase, 

on the surface of ovarian tumor cells, these anthrax toxins could be utilized to target 

testisin and thus potentially treat ovarian cancer. 



 

50 

 

1.13.1 Anthrax Toxin Design 

 The anthrax toxin is actually a three component endotoxin that is released by the 

bacteria Bacillus anthracis, composed of the protective antigen (PrAg), lethal factor (LF) 

and edema factor (EF) (271). For the toxin to function, the PrAg first binds to its cell 

surface receptors, tumor endothelium marker 8 and capillary morphogenesis protein-2, 

which are also known as anthrax toxin receptor-1 (ANTXR1) and -2 (ANTXR2) 

(272,273). Once bound to the anthrax receptor, the PrAg undergoes an activating 

proteolytic cleavage at a conserved RKKR sequence by the protease furin or other furin-

like proteases (274). Following activating cleavage, PrAg heptamerizes to form a 

complex. This complex enables the binding of three to four molecules of either LF or EF 

that is then endocytosed into the cell (272,275). Once internalized in the endosome, 

changes to pH allow the PrAg heptamer to form a pore that releases the LF or EF into the 

cell, resulting in cytotoxicity in the cell (272,276). Of the anthrax toxin cargos LF and 

EF, LF is more highly expressed by anthrax and functions as a metalloprotease that 

reduces MAPK signaling in the cell through the direct cleavage of MAP-Kinase-Kinase, 

resulting in cell death (277). In addition to the endogenous cargos of LF and EF, anthrax 

toxins have been shown to also transport additional cargos that may be better at targeting 

and killing tumor cells. FP59 is a fusion protein combining the N-terminal region of LF, 

which is responsible for binding to PrAg with the catalytic domain of the Pseudomonas 

aeruginosa exotoxin A (278). FP59 shuts down protein synthesis in cells via inhibition of 

the eukaryotic elongation factor 2 (278). The treatment of several cancer cell lines in 

vitro has shown that FP59 is highly effective at killing tumor cells (214,278). The furin 

cleavage site of PrAg has been well characterized, and recently, it has been shown that 
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PrAg can be mutated at this site to match the preferred P4-P4’ substrate sequences of other 

proteases. This mutation allows for PrAg targeting by other proteases. A number of these 

recombinant PrAg have been generated and successfully demonstrated to be cleaved in 

vitro and in vivo by a wide variety of proteases including MMPs, urokinase plasminogen 

activator (uPA), hepsin, matriptase and testisin in the treatment of cancer (214,268-

270,272,279).  

1.13.2  Engineered Anthrax Toxins as Effective Treatment of Tumors 

 Given both their potent activity and their ability to be specifically activated on 

tumor cells, engineered anthrax toxins have emerged as potential therapeutic options in 

several tumor types including, breast, lung, acute myeloid leukemia, and head and neck 

squamous cell carcinoma (HNSCC) (270,272,280,281). One of the earliest studies of 

engineered anthrax toxins was designed to be cleaved by MMP2 and MMP9, which are 

commonly overexpressed in cancer (282). In this study, the engineered PrAg was 

demonstrated to be cleaved by recombinant MMPs but was unable to be cleaved by the 

endogenous anthrax activator, furin. When combined with FP59 cargo, these anthrax 

toxins were shown to be cytotoxic to several tumor cell lines. This effect was MMP 

dependent as treatment with TIMP-2, an MMP inhibitor, blocked the killing of the 

anthrax toxin (270). Similar results were obtained when the PrAg toxin was mutated to be 

preferentially targeted by uPA. UPA can significantly reduce cellular viability of HeLa 

cells in vitro in a protease dependent manner (283). In addition to mutating the activation 

site of PrAg, specificity can be created in the anthrax toxins through the generation of 

intermolecular complementing (IC) toxins. Through mutations in the LF binding site, 

these toxins require the products of two PrAg cleaved by separate proteases to form a 
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functional heptamer (284). One set of these IC toxins, which requires cleavage by both 

uPA and MMP, showed significant ability to reduce tumor size of several human HNSCC 

lines in a intradermal xenograft model in nude (281). Interestingly, the specific 

mechanisms by which the anthrax toxins reduce tumor burden are not fully understood. 

In the case of HNSCC, two different mechanisms of cell death were observed. In one cell 

line, tumors showed significant increases in only tumor necrosis; however, in another 

line, anthrax toxin treatment reduced tumor angiogenesis and proliferation as well as 

enhanced tumor necrosis (281). Following subcutaneous injection into mice, the IC toxin 

targeting MMP and uPA was unable to reduce tumor burden in B16 melanoma tumors in 

mice with an endothelial cell knockout of ANTXR1 but was still effective in wild type 

mice (272). These results provide evidence anthrax toxins are targeting tumor endothelial 

cells.  

  In order to target these membrane-anchored serine proteases in ovarian cancer, 

several engineered PrAg have been generated based on known targets of testisin and the 

other membrane-anchored serine proteases such as hepsin and matriptase. Of these, 

PrAg-PCIS, based on the cleavage site of protease inhibitor Protein C inhibitor, and 

PrAg-PAS, based on the prostasin zymogen activation site, have been designed and 

investigated in our lab. Both PrAg-PCIS and PrAg-PAS have been shown to be cleaved 

in vitro by testisin, hepsin and matriptase but not furin, which indicates that they are 

specifically activated by membrane-anchored serine proteases (214,285). Both PrAg-

PCIS and PrAg-PAS in combination with the cargo protein FP59 was demonstrated to 

effectively kill a panel of ovarian cancer cells in vitro; this effect could be blocked 

through the use of serine protease inhibitors (214,285). Further, in a subcutaneous 
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xenograft model utilizing HeLa cells, three injections of PrAg-PCIS and LF was shown 

to significantly reduce tumor burden in a dose dependent manner (214,285). The 

reduction of tumor burden in this model occurred by increasing necrosis and reducing 

proliferation of the tumor cells and not by effecting angiogenesis (214). Using an 

intraperitoneal xenograft model of ovarian cancer with ES-2-Luc cells, we have recently 

shown that PrAg-PAS in combination with LF was able to significantly reduce tumor 

burden in nude mice. This reduction in tumor burden was dependent on proteolytic 

activity; mice treated with a non-cleavable form of PrAg showed no reduction in tumor 

burden (285). These results demonstrate that engineered anthrax toxins are capable of 

targeting ovarian tumor cells; however, in order to progress these toxins to clinical trials 

further studies are needed utilizing models designed to replicate human patients in order 

to better understand the treatment capabilities of the toxins and identify potential side 

effects. 

1.13.3 Next Steps for Engineered Anthrax Toxins  

 As discussed previously, a major predictor of patient outcomes in ovarian cancer 

is the proportion of tumor removed via surgical debulking (142). However, recurrence 

can stem from undetectable, or small, tumors that remain after debulking (minimal 

residual disease) (286). Newer treatments aim to directly treat the abdominal cavity in 

conjunction with surgery with the goal of eliminating minimal residual disease in patients 

(287). One example of this is hyperthermic intraperitoneal chemotherapy (HIPEC), in 

which debulking surgery is combined with intraoperative treatment with chemotherapy. 

The chemotherapy is directly introduced into the intraperitoneal cavity to increase the 

accumulation of the drugs into the tumors and enhance their cytotoxic effects (287). 



 

54 

 

Engineered anthrax toxin, like HIPEC, is a potential treatment that could be used in 

conjunction with debulking surgery to improve patient outcomes. One hurdle that exists 

to studying engineered anthrax toxin in this context is that an in vivo model of minimal 

residual disease does not exist. A second concern is regarding immune response, since a 

previous study of the IC anthrax toxin in a syngeneic model of Lewis lung carcinoma 

cells in C57Bl/6 mice showed detection of neutralizing antibodies against the PrAg 

within 10 days of treatment, resulting in the IC toxin losing its efficacy (272). This effect 

was overcome with treatment by immune suppressive drugs, pentostatin and 

cyclophosphamide (272). This immune resposnse to the engineered anthrax toxin 

targeting membrane-anchored serine proteases has not yet been explored, and will require 

further study before these toxins could become a viable therapy in ovarian cancer.   

1.14  Goals, Hypothesis and Aims    

The membrane-anchored serine protease testisin has been shown to be highly 

expressed in ovarian tumors; however, little was known regarding its role in ovarian 

tumor development and metastasis. PAR-2 is the only known substrate of testisin and has 

also been demonstrated to have altered expression in ovarian tumors. Given the strikingly 

aberrant expression of testisin in ovarian cancer and the importance of angiogenesis and 

angiogenic factors in promoting ovarian cancer metastasis, the goal of this research was 

to investigate the mechanistic relationships between testisin, PAR-2 and angiogenic 

signaling in ovarian cancer (Fig. 1.2). Additionally, as the targeting of proteases with 

engineered anthrax are emerging as potentially important therapeutic agents, we wanted 

to investigate the potential use of these drugs to target membrane-anchored serine 

proteases in the treatment of ovarian cancer. We tested the following hypotheses 1) 
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constitutive expression of testisin by epithelial ovarian tumors induces altered PAR-2 

signaling to regulate angiogenic responses associated with ovarian tumor growth, 

metastasis and ascites formation and 2) Treatment of cancer cells with anthrax toxins 

engineered to be proteolytically activated by membrane-anchored serine proteases will 

result in cell death both in vitro and in vivo in ovarian and other tumor types. These 

hypotheses were tested via the following aims:  

1) Determine the role of aberrant testisin expression and contribution of PAR-2 

signaling in ovarian tumor metastasis and development. 

2) Determine the ability of engineered anthrax toxins to target and cause cell death in  a 

new model of minimal residual disease and syngeneic models of ovarian cancer and 

identify other potential cancers which could be targeted using this strategy. 
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Figure 1. 2 Hypothesized model of the role of testisin in ovarian cancer 
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CHAPTER 2.   MATERIALS AND METHODS 

 The following information presents the materials and methods used to perform 

these studies. Any deviations from these materials and methods, and any additional 

information, are explained within the subsequent chapters and figure legends. 

2.1  Experimental Reagents 

  All reagents used in these experiments were reagent grade. The identity and use of 

all reagents are described in methods and are listed in Appendix Table 1. Recombinant 

PrAg proteins were prepared as described or provided by Dr. Stephen Leppla (National 

Institute of Health, Bethesda, MD). 

2.2  Plasmid DNA Preparation 

 All DNA expression plasmids were purified using an endotoxin-free Maxi-prep 

kit (Qiagen). Dr. Stuart Martin (University of Maryland School of Medicine) generously 

provided the pMSCV-Luciferase PGK-Hygro luciferase plasmid. All expression plasmid 

sequences were verified by DNA sequencing (Biopolymer/Genomics Core Facility, 

University of Maryland School of Medicine) to ensure correct expression products. 

Expression plasmids utilized in this study are listed in Appendix Table 2. 

2.3  Antibodies 

 Primary and secondary antibodies utilized in this study for immunoblots, 

immunohistochemistry and flow cytometry are listed in Appendix Table 3. Mouse anti-

testisin primary antibody D9.1 was purified from supernatants of the PTA-6077 

hybridoma cell line (Pro104.D9.1; ATCC) according to standard methods. 
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2.4  DNA Primers 

 Primers used for DNA sequencing, mutagenesis, or for Sybr Green qPCR were 

purchased from either IDT or Sigma-Aldrich and the DNA sequences are listed in 

Appendix Table 4. Primers were purified by the manufacturer using either desalting or 

High Performance Liquid Chromatography.   

2.5  Generation of HA-tagged Testisin Expression Plasmids 

 To generate expression plasmids encoding the full length GPI-anchored testisin 

containing a hemagglutinin (HA) tag at the N-terminus, testisin cDNA was amplified by 

PCR using the primers: Forward 5’-GCGCGGAGATCTAAGCCGGAGTCGCAG-3’; 

Reverse 5’-GCGGCGTATGTCGACTATCAGACCGGCCCCAG-3’. PCR products 

were analyzed by gel electrophoresis and purified using the QiaQuick Gel Extraction Kit 

(Qiagen).  The extracted testisin PCR products were restriction digested with enzymes 

Bg1I and SalI (New England Bio) along with the pDisplay expression vector. Testisin 

DNA was ligated into the pDisplay vector using the Rapid DNA Ligation Kit (Roche). 

The resulting plasmid (pDisplay-HA-Testisin) contained an N-terminal HA tag in frame 

with the full length testisin sequence and contains a mammalian IgK leader sequence 

which helps to target testisin to the cell surface. The pDisplay-HA-Testisin vector was 

transformed into DH5α competent cells (Life Technologies) and grown on LB plates 

containing ampicillin. DNA from resistant colonies was isolated by Mini-Prep kit 

(Qiagen) and subjected to restriction digestion by Bg1I and SalI and gel electrophoresis 

to ensure testisin DNA was inserted in the vector. To generate an expression plasmid 

encoding the catalytically inactive testisin (pDisplay-HA-Testisin-S238A), the 

QuickChange Site Directed Mutagenesis Kit was utilized. Using the pDisplay-HA-
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Testisin plasmid as a template, Ser
238

 was mutated to Ala
238 

using the HA-tagged S238A 

testisin mutagenesis primers. DNA sequencing (Biopolymer/Genomics Core Facility, 

University of Maryland School of Medicine) of the resulting testisin plasmids was 

performed to ensure no other mutations were present in either the pDisplay-HA-Testisin 

or the pDisplay-HA-Testisin-S238A expression plasmids.   

2.6  Cell Culture 

 Human ovarian clear cell carcinoma ES-2 (CRL-1978) and the ovarian 

adenocarcinoma cell lines OVCAR3 (HTB-161), SKOV3 (HTB-77) and CaOV3 (HTB-

75) were purchased from American Type Culture Collection (ATCC, Manassas, VA). 

The human ovarian carcinoma cell line NCI/ADR-Res was purchased from the National 

Cancer Institute Division of Cancer Treatment and Diagnosis. These cells were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-

inactivated fetal bovine serum (FBS). The human pancreatic adenocarcinoma cell lines 

Capan-1 (HTB-79) and AsPC-1 (CRL-1682) were purchase from ATCC. Capan-1 cells 

were cultured in Isocove’s Modified Dulnecco’s Medium with 20% FBS while AsPC-1 

cells were cultured in RPMI-1640 medium supplemented with 10% FBS. The human 

pancreatic carcinoma cell line miaPACA2 and the lung carcinoma cell line A549 were 

supplied by the University of Maryland Translational Shared Services. A549 cells were 

maintained in DMEM and miaPACA2 in RPMI-1640, both of which were supplemented 

with 10% FBS. ID-8-Luc cells were provided by John B. Liao (University of 

Washington), and cultured in DMEM supplemented with 4% FBS and 1X 

Insulin/Transferrin/Selenium. All cell lines were cultured in media containing 100 

units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. Cells were all 
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maintained at 37
º
C in a 5% CO2/95% air environment and were mycoplasma negative by 

routine testing.  

2.7  Generation of Luciferase Expressing ES-2 (ES-2-Luc) and ADR-Res (ADR-Res-

Luc) Cells 

 To generate retroviral particles expressing luciferase, Phoenix-AMPHO cells 

were transfected by Lipofectamine 2000 with the expression plasmid pMSCV-Luciferase 

PGK-hygro. Conditioned supernatants from the cells were collected and centrifuged at 

2,000 x g for 10 minutes and run through a pre-wet 0.45μm filter. Transduction of ES-2 

and ADR-Res cells was performed by application of cleared retroviral supernatants 

mixed with 6μg/mL Polybrene (American Bioanalytical) to the cells. Cells stably 

expressing luciferase were obtained by selection with hygromycin. Single cell colonies of 

each of the cell lines were generated by limiting dilution assay in a 96 well plate and 

analyzed for luciferase activity following treatment with 250μg/mL D-luciferin on a 

Centro LB-960 plate reader (Berthold Technologies). Results were normalized to the 

number of cells present at the time of measurement and compared to MCF-10A-luc cells, 

which served as a positive control. Luciferase RNA expression in the ES-2-Luc cells was 

measured by qPCR. 

2.8  Stable Expression of Testisin in ES-2-Luc Cells  

 ES-2-Luc cells stably expressing WT testisin or catalytically inactive mutant 

S238A were generated by lentiviral transduction. Lentiviral expression plasmids were 

created by amplifying testisin cDNA by PCR from the pDisplay-HA-Testisin or 

pDisplay-HA-Testisin-S238A expression plasmids generated previously. The Primers 

utilized for PCR were the Testisin PCR Amplification and Testisin S238A Amplification 
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primers. PCR products were analyzed by gel electrophoresis and purified using the 

QiaQuick Gel Extraction Kit (Qiagen). The extracted testisin PCR products were 

restriction digested by enzymes XbaI and NHEI along with the pCDH-EF1-MCS-IRES-

Puro lentiviral vector. Following purification as described above, testisin DNA was 

ligated into the lentiviral vector using the Rapid DNA Ligation Kit (Roche). Lentiviral 

expression vectors were transformed into DH5α competent cells (Life Technologies) and 

grown on LB plates with ampicillin to generate the lentiviral expression plasmids. DNA 

from resistant colonies was isolated by Mini-Prep kit (Qiagen) and subjected to 

restriction digestion by XbaI and NHEI and gel electrophoresis to ensure testisin DNA 

was inserted into the lentiviral vectors pCDH-EF1-HA-Testisin and pCDH-EF1-HA-

Testisin-S238A. DNA sequencing (Biopolymer/Genomics Core Facility, University of 

Maryland School of Medicine) of the lentiviral testisin vectors was performed to ensure 

no mutations were inserted into the testisin DNA during transformation. HEK293T cells 

were transfected by Lipofectamine 2000 with pCMV-R8.2 packaging plasmid, pCMV-

VSVg envelope plasmid and the generated pCDH-EF1-MCS-IRES-Puro vectors 

containing vector, WT testisin or S238A and conditioned supernatants containing 

lentiviral particles were collected. Conditioned supernatants were purified and filtered as 

described above and applied with 6 µg/mL Polybrene to the ES-2-Luc cells. Pools of 

stably transduced cell lines expressing wild type testisin (ES-2-Luc-TsWT), the 

catalytically inactive S238 mutant (ES-2-Luc-TsMut) and vector alone (ES-2-Luc-Ctl) 

were obtained by selection in puromycin. Testisin expression in the ES-2-Luc cells was 

determined by both immunoblot and qPCR. 
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2.9  Transient Transfection of Testisin into OVCAR3 Cells 

 Transient transfection of testisin into OVCAR3 cells was performed using the 

NEON transfection system (ThermoFisher). Cells were collected by trypsin, spun down 

and resuspended at 1x10
7 

cells/mL in Resuspension Buffer R. Cells were mixed with 5μg 

of pDisplay, pDisplay-HA-Testisin or pDisplay-HA-Testisin S238A. For electroporation, 

the cell and DNA mixture were collected into a 100μL NEON tip and inserted into the 

NEON tube filled with 3mL Electrolytic buffer. Cells were electroporated using the 

following conditions: 1050 volts for 30ms with 2 pulses. Electroporated cells were plated 

into antibiotic-free DMEM overnight after which, media was changed to complete 

DMEM. Cells transfected with a 5μg of an eGFP vector served as a control for 

transfection efficiency and were monitored daily with the Evos FL Auto Cell Imaging 

System (Life Technologies). Lysates of OVCAR3 transfections were prepared for 

analysis after 72 hours. Testisin expression in the OVCAR3 cells was determined at the 

level of protein by western blot and RNA by qPCR. 

2.10   Generation of Expression Plasmids for Mutant PrAg Proteins 

 The general protocol for the generation of mutated expression plasmids for PrAg 

proteins was described in (214). A two-step overlapping PCR mutagenesis strategy was 

utilized to mutate the furin cleavage site on the PrAg expression plasmid pYS5-PA33 

(274).  PYS5-PA33 was amplified by PCR with the designated “A” primers (Appendix 

Table 4) in order to induce mutation at the furin cleavage site. The resulting PCR product 

was digested with DpnI (New England Bio) and was cloned by standard techniques. 

Further mutations were obtained by amplifying the newly generated plasmids with the 

designated “B” primers (Appendix Table 4) which were then digested with DpnI and 
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cloned by standard cloning methods. For PrAg-UAS, only one round of mutagenesis was 

required with the “B” primers utilized with the PrAg-PAS “A” PCR product serving as 

the template DNA. DNA sequencing (Biopolymer/Genomics Core Facility, University of 

Maryland School of Medicine) of the resulting expression plasmids was performed to 

ensure correct mutations were inserted into the DNA. 

2.11    Expression and Purification of Recombinant Mutant PrAg Proteins 

 The recombinant mutant PrAg proteins were expressed and purified from the 

mutated pYS5-PA33 expression plasmids generated in 2.7 by the laboratory of Dr. 

Stephen Leppla (National Institute of Allergy and Infectious Diseases, National Institute 

of Health, Bethesda, MD) and has been previously described (214,288). The generated 

pYS5-PA33 expression plasmids were transformed into a non-virulent Bacillus anthracis 

BH460 and the proteins were collected in bacterial culture supernatants. Purification of 

the recombinant proteins was carried out by both ammonium sulfate and Mono-Q column 

chromatography as described previously (288). Additional PrAg proteins PrAg-WT, 

which contains the furin activation site, and PrAg-U7, in which the furin cleavage 

sequence has been removed (289), along with the recombinant anthrax cargo proteins LF 

and FP59 were generously provided by Dr. Stephen Leppla.  

2.12  Murine Xenograft Model of Ovarian Cancer Metastasis  

2.12.1  ES-2-Luc Metastasis Model 

 ES-2-Luc-TsWT, ES-2-Luc-TsMut and ES-2-Luc-Ctl cell lines (5x10
6
 cells in 

200µL PBS) were injected into the peritoneal cavity (i.p.) of groups of female athymic 

nude mice (Nu/Nu) (7 mice/group; 6-8 weeks old) (Envigo). Tumor seeding was 

monitored four days post injection by in vivo bioluminescent imaging (IVIS) in real time 
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using the Xenogen IVIS-200. Mice showing equal average tumor burden (such that the 

mean photon intensity was similar) constituted each cohort of 5 mice and the groups were 

monitored for tumor progression thereafter. Body weight was recorded daily throughout 

the course of the experiments. Mice were monitored by Body Condition Score (BCS) 

index and clinical evaluations, and euthanized if they showed either a >10% increase in 

body weight compared to pre-injection body weight or if their activity level decreased 

due to accumulation of ascites and tumor burden. All animal care and experimental 

procedures were approved by the University of Maryland School of Medicine 

Institutional Animal Care and Use Committee (IACUC). Tumor cell injections were 

performed by the Translational Laboratory Shared Services, University of Maryland 

School of Medicine (Eun Yong Choi, M.D. and Rena Lapidus, Ph.D.) 

2.12.2 Establishment of ADR-Res-Luc Metastasis Model  

 ADR-Res-Luc cells (5x10
6
 cells in 200µL PBS) were injected i.p into female 

athymic nude mice (Nu/Nu) (5 mice; 6-8 weeks old) (Envigo). Tumor seeding was 

monitored 10 days post injection by IVIS in real time and continued weekly thereafter. 

Body weight was recorded daily throughout the course of the experiments. Mice were 

monitored by Body Condition Score (BCS) index and clinical evaluations, and 

euthanized if they showed either a >10% increase in body weight compared to pre-

injection body weight or if their activity level decreased due to accumulation of ascites 

and tumor burden. 

2.12.3  Treatment of ADR-Res-Luc Metastasis Model with Engineered Anthrax Toxins 

 Female athymic nude mice (Nu/Nu) (7 mice/group; 6-8 weeks old) (Envigo) were 

injected with ADR-Res-Luc cells as described above. On day 10 following tumor cell 
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injections, mice were sorted into 3 cohort of 5 mice with equal average tumor burden as 

determined by IVIS.  Mice were treated i.p. with 400 μL of PrAg-PAS and LF (15 μg 

PrAg-PAS/5 μg LF or 45 μg μg PrAg-PAS/15 μg LF) or LF alone (5 μg) every other day 

on a Monday, Wednesday, Friday (MWF) schedule for three weeks, receiving nine total 

toxin injections. Tumor burden was monitored weekly by IVIS. Mice were monitored by 

Body Condition Score (BCS) index and clinical evaluations, and euthanized if they 

showed either a >10% increase in body weight compared to pre-injection body weight or 

if their activity level decreased due to accumulation of ascites and tumor burden.  

2.12.4  Treatment of Minimal Residual Disease in ES-2-Luc Metastasis Model 

 Female athymic nude mice that had undergone an ovariectomy, representing 

women following debulking surgery, were purchased from Envigo (6-8 weeks old). Mice 

were injected i.p. with ES-2-Luc cells (5x10
6
 cells in 200µL PBS), tumor seeding was 

monitored the next day by IVIS and mice sorted into 3 cohorts with equal tumor burden 

as described above. Mice were treated with i.p. with 5 μg LF alone or 15 μg PrAg-PAS/5 

μg LF three times/week for 2 weeks on a MWF schedule. A third group of mice received 

the combined PrAg-PAS/ LF treatment as described but continued to receive biweekly 

maintenance injections with PrAg-PAS/ LF. Tumor burden was monitored weekly by 

bioluminescent imaging, and mice were removed from the study and euthanized 

whenever they reached the pre-determined IACUC approved endpoints.  

2.12.5 Generation of a Syngeneic ID-8-Luc Model of Ovarian Cancer Metastasis 

 To establish the growth curve of ID-8-Luc cells in vivo, C57BL/6 mice were 

injected i.p. with varying densities of cells (5x10
6
, 1.0x10

7
, and 1.5x10

7
 cell in 200 μL 

PBS) into cohorts of 3 mice each. Tumor burden was monitored by bioluminescent 
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imaging starting 2 days following tumor injection and continued weekly for up to 8 

weeks. Starting after the fourth week of bioluminescent imaging, mice abdomens were 

shaved prior to the start of imaging. Mice were monitored by Body Condition Score 

(BCS) index and clinical evaluations throughout the experiment and euthanized if they 

showed either a >10% increase in body weight compared to pre-injection body weight or 

if their activity level decreased due to accumulation of ascites and tumor burden 

2.12.6  Treatment of Syngeneic ID-8-Luc Model of Ovarian Cancer Metastasis with 

Engineered Anthrax Toxins 

 ID-8-Luc cells were injected i.p. (1.0x10
7
 cells in 200µL PBS) into female 

C57BL/6 (8 mice/group; 6-8 weeks old) and tumor development was monitored by 

weekly IVIS imaging. On day 21 post injection mice were divided into 2 cohorts of 5 

mice each such that the groups had equal average tumor burden by IVIS. Mice were 

treated i.p. with 5 μg LF or 15 μg PrAg-PAS/5 μg LF three times/week for 2 weeks on a 

MWF schedule and treatment was continued every other week on the same schedule. 

Monitoring of tumor burden was performed weekly until mice reached pre-determined 

IACUC approved endpoints. For the detection of antibodies against the PrAg proteins, 

whole blood was collected from each mouse at the time of euthanasia by cardiac 

puncture, allowed to clot for 1 hour at room temperature and centrifuged at 1000 x g for 

10 minutes in a refrigerated centrifuge to purify serum. Necropsy of each mouse was then 

performed as described below; however, prior to fixation the weight of each mouse’s 

spleen was recorded. As a control for tumor immune response in the mice, a cohort of 

mice not carrying ID-8-Luc tumors were treated as described as above. Mice were 

monitored by BCS index and clinical evaluations throughout the experiment 
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2.12.7   Imaging of Intraperitoneal Tumors 

 For IVIS, 150 mg/kg D-Luciferin was injected into the peritoneal cavity, and mice 

were returned to their cage to move freely for three minutes prior to imaging to ensure 

proper biodistribution of D-luciferin. Mice were anesthetized using isoflurane and 

anesthesia was maintained after placement in the Xenogen IVIS-200 chamber. Photon 

intensity was measured every 5 minutes, for up to 30 minutes, after luciferin injection. 

Peak total photon flux (photons/seconds) was determined and corrected for tissue depth 

by spectral imaging using Living Image 3.0 software (Xenogen). Imaging of 

intraperitoneal tumors was performed by Eun Yong Choi M.D. (Translational Laboratory 

Shared Services, University of Maryland School of Medicine). 

2.12.8  Necropsy of Intraperitoneal Tumor Models 

 Necropsies were performed on each mouse following euthanasia. Blood from 

each mouse was collected via heart puncture and transferred to a heparinized tube. 

Plasma was isolated from the blood by centrifugation at 2000xg for 10 minutes in a 

refrigerated centrifuge. Plasma was transferred to a clean microcentrifuge tube and stored 

at -80° C for future analysis. The peritoneal cavity of each mouse was opened by a small 

incision and ascites collected by pipet. Volume of ascites from each mouse was measured 

using graduated vials. Ascites samples were centrifuged at 1000 x g for 5 minutes to 

separate the tumor cells and ascites fluid. Ascites fluids were frozen at -80° C for future 

analysis by ELISA. The cells collected from ascites were resuspended in ACK lysis 

buffer (Quality Biologicals) to lyse any red blood cells, and then snap-frozen for RNA 

and protein analyses. The peritoneal cavity was fully opened and pictures of tumors 

attached to organs including the diaphragm, mesentery arteries, liver, kidney and spleen 
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were taken using the Leica M80 stereo microscope and DMC4500 microscope camera. 

Tumor samples for RNA and protein were collected by scraping from organs with 

forceps and then frozen on dry ice. Organs collected from mice were fixed in 4% 

paraformaldehyde and processed for paraffin embedding for histological analysis. In 

some cases, tumor tissues were scraped from organs with forceps and snap-frozen for 

RNA and protein analyses. 

2.13  Immunohistochemistry 

 Tissues fixed in 4% paraformaldehyde were embedded in paraffin and 5 μm-thick 

sections were cut, deparaffinized, and stained with hematoxylin and eosin (H&E) using 

standard procedures, or subjected to immunohistochemical analysis. Briefly, formalin-

fixed sections were deparaffinized in xylene, rehydrated in a graded series of ethanol and 

washed in 1X tris-buffered saline (TBS). Antigen retrieval was performed on all sections 

using citrate buffer pH 6.0. After antigen retrieval, sections were washed twice in 1X 

TBS, blocked for 1 hour at room temperature with 10% goat serum+1% bovine serum 

albumin (BSA) in 1X TBS and incubated overnight at 4
°
C with a primary antibody 

specific for CD31 (1:50, Abcam) diluted in 1% BSA in 1X TBS. Hydrogen peroxidase 

blocking with 0.3% H2O2 in 1X TBS was performed after primary antibody incubation. 

Sections were washed twice and incubated with biotinylated secondary antibody for 1 

hour at room temperature. Detection of specific antigens was performed by development 

with Vectastain Elite ABC Kit (Vector Laboratories). Sections were incubated with 

diaminobenzidine substrate-chromogen solution for 4.5 minutes. Slides were 

counterstained with hematoxylin prior to being dehydrated and mounted with 
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PermaMount. Images of slides were obtained by the Evos FL Auto Cell Imaging System 

(Life Technologies). All tissues were completed in a single run to ensure consistency. 

2.14  Quantification of CD31 Immunohistochemistry 

 To determine CD31
+
 Vessels/mm

2
, 2-6 areas of tumor from each mouse with the 

highest vessel density were selected in low power images and were counted at 40x using 

“Weidner’s Vascular Hot Spot Method” (290,291). Results are the averaged counts per 

area from 2 researchers blinded to the sample identities. 

2.15  Real-time Quantitative PCR (qPCR) 

 RNA was isolated from tumor cell lines or tumor tissues using the PureLink RNA 

mini kit (ThermoFisher) or RNeasy mini kit (Qiagen) and cDNA generated by reverse 

transcription with the High Capacity Reverse Transcription kit (ThermoFisher). qPCR 

was performed utilizing TaqMan Master Mix and run on either the QuantStudio 3 

(ThermoFisher) or 7900HT PCR system (Applied Biosystems). TaqMan Primers were 

purchased from ThermoFisher and are listed in Appendix Table 5. For ANGPTL2, qPCR 

was performed with SYBR Green reagents on QuantStudio 3 using the designed 

ANGPTL2 primers (Appendix Table 4). The Human Angiogenesis TaqMan array 

(ThermoFisher) was probed by qPCR using RNA isolated from ES-2-Luc-TsWT and ES-

2-Luc-Ctl cell lines. mRNA expression was normalized to GAPDH.  

 The TissueScan Ovarian Cancer cDNA Array II ((Origene) containing 48 samples 

covering four disease stages of varying histopathologies, and normal tissues was screened 

for testisin and PAR-2 mRNA gene expression using TaqMan Master Mix and the 

primers listed above. 
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2.16  Cell Lysis and Immunoblotting 

 Cell lines and tumor tissues were lysed in cell lysis buffer (0.5% Triton X-100, 

0.5% NP40, 60 mM HEPES (pH 7.3), 150 mM NaCl, Complete Mini Protease Inhibitor 

Cocktail & PhosSTOP Phosphatase Inhibitor Cocktail (Roche) or in 2X LDS Sample 

buffer (ThermoFisher). Protein concentrations were determined by Bradford assay 

utilizing Protein Assay Dye (Bio-Rad) and samples containing equal protein were 

prepared with 1X LDS sample buffer containing 7% β-mercaptoethanol and heated at 

either 95°C for 3 minutes or for PAR-2, 70°C for 10 minutes. Samples were separated by 

SDS-polyacrylamide gel electrophoresis on either a 4-12% or 12% Bis Tris NuPage Gel 

(ThermoFisher). Samples were transferred by immunoblot to 0.45μm PVDF membrane 

(EMD Millipore) and blocked in either 5% milk or bovine serum albumin (w/v). 

Membranes were probed with primary antibodies overnight at 4°C and then HRP 

conjugated secondary antibodies for one hour at room temperature. HRP activity was 

detected by SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher). 

Densitometry analysis of immunoblots was performed using ImageJ software and results 

were normalized to β-tubulin 

2.17  ELISA 

 Cells were seeded overnight, the following day the media was replaced, and 

conditioned media collected from the cells after 24 or 48 hours The conditioned media 

and ascites fluid from mice were centrifuged at 1000xg for 5 minutes to remove any 

remaining cells or debris and analyzed using the human ANG2 Quantikine ELISA kit 

(R&D Systems) or human ANGPTL4 ELISA kit (ThermoFisher) according to 

manufacturers’ instructions. A pilot study with both conditioned media and supernatants 
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was preformed to ensure the assays were within the detectable range of the ELISA kits. 

Signals were measured by absorbance at 450nm using a FlexStation 3 Multi-Mode 

Microplate Reader (Molecular Devices) and the concentration of samples interpolated 

using a generated standard curve from included standards in the kits.  

2.18  Fluorogenic Peptide Cleavage Assay 

 Ovarian tumor cell lines grown overnight in 96-well, black-walled, clear-bottom 

plates were incubated with 100µM BOC-QAR-AMC peptide (R&D Systems) in the 

presence or absence of 100µM AEBSF (Sigma) in Opti-MEM media. Proteolytic 

cleavage of the peptide and release of the AMC group was assayed by the change in 

fluorescence measured over time up to 24 hours after the addition of the peptide using the 

FlexStation 3 (Excitation: 380nm; Emission: 460nm). Wells containing BOC-QAR-AMC 

alone or BOC-QAR-AMC and AEBSF alone were included as controls and subtracted 

from results as background. 

2.19  PAR-2 Inhibition Studies 

 For silencing of PAR-2 by siRNA, three Silencer Select siRNAs (Appendix Table 

1) (ThermoFisher) targeted against PAR-2 were tested for their abilities to specifically 

knockdown PAR-2 expression levels. Two specific siRNAs (s223507 and S4296) were 

pooled for cell transfections. The PAR-2 siRNAs (50nM each) and the nonspecific 

control (Appendix Table 1) (ThermoFisher) (100nM) were transfected into cells with 

DharmaFECT 1 transfection reagent (Dharmacon). Effective knockdown of PAR-2 in 

each of the cell lines was achieved after 72 hours and confirmed at the level of protein by 

western blot and RNA by qPCR. Pharmacological inhibition of PAR-2 was performed by 
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treating cells with 50μM of the reversible PAR-2 antagonist GB83 (Axon Medchem) for 

24 hours prior to analysis by qPCR.  

2.20  Cell Signaling Inhibitor Studies 

 ES-2-Luc cell lines were plated overnight at 2x10
5
 to achieve ~70% cell 

confluence the next day. Cell culture media was changed to complete DMEM 

supplemented with 10μM U0126, 10μM SB202190, 50μM LY2940002 or DMSO vehicle 

for 24 hours. Following treatment, cell lysates were prepared and analysis of results 

performed by qPCR. 

2.21  Flow cytometry 

 ES-2-Luc-TsWT, ES-2-Luc-TsMut, and ES-2-Luc-Ctl cells were washed in PBS 

and then lifted from plates by treatment with Versene (ThermoFisher). For the detection 

of total PAR-2, cells were fixed in 4% paraformaldehyde for 10 minutes at room 

temperature and permeabilized using 0.5% Triton X-100. For the detection of cell surface 

PAR-2, cells were maintained in ice cold FACS buffer (PBS pH 7.4, 0.5% FBS and 

0.025% sodium azide). Cells were then washed twice in ice cold FACS buffer and 

incubated with an anti-PAR-2 antibody (SAM11) on ice for 30 minutes. Cells were again 

washed in FACS buffer and incubated with AlexaFluor 488 secondary antibody 

(ThermoFisher) for 15 minutes on ice. To evaluate cell surface PAR-2, following 

secondary antibody incubation, cells were stained with propidium iodide (PI) (Roche) 

and PI positive cells were excluded by negative gating. Single cells were identified by 

light scatter profile and analyzed for PAR-2 expression. Flow cytometry data were 

acquired using a LSR Fortessa (BD Biosciences) and analyzed with FlowJo software 

(FlowJo).  
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2.22  xCELLigence Attachment and Proliferation Assays 

 To measure the proliferation and attachment of ES-2-Luc cells the xCELLigence 

RCTA system (ACEA Biosciences) was utilized with 16 well E-plates (ACEA 

Biosciences). To measure cell proliferation ES-2-Luc cells (2x10
3
cells/well) were plated 

on the E-plate and cell impedance, a measure of the number of cells and cell spreading, 

was measured every 30 minutes for up to 72 hours per manufacturer instructions. Cell 

doubling time was calculated using RTCA 2.1.0 Software (ACEA Biosciences). For 

attachment assays, ES-2-Luc cells were seeded at 2x10
4
 cells/well onto an E-plate and 

cell impedance was measured every three minutes for three hours to generate a cell 

attachment curve. The rate of attachment was measured by calculating the slope of the 

generated curve during the linear phase. Cells were maintained at 37
º
C in a 5% CO2/95% 

air environment throughout both experiments. 

2.23  xCELLigence Migration and Chemotaxis Assays 

 Migration and chemotaxis of the ES-2-Luc cells was measured with 16 well CIM-

Plates transwell system (ACEA Biosciences) in the xCELLigence RCTA system. To 

assess the migration of ES-2-Luc cells, 8x10
4
 cells were plated onto the upper chamber of 

the CIM-Plate transwell in serum-free DMEM. The upper chamber was then attached to 

the lower chamber of the plate containing serum-free medium. Cell impedance was 

measured every 30 minutes over 24 hours to generate a Cell Index curve and the rate of 

undirected cellular migration was determined by the slope of the generated curve during 

the linear phase. To measure chemotaxis in the ES-2-Luc cells, cells were plated onto the 

upper chamber of the CIM-Plate as for the migration assay. Prior to being connected to 

the upper chamber, 10% FBS was added to the media in the lower chamber to serve as a 
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chemoattractant. Cell impedance was measured every 30 minutes over 24 hours to 

generate a Cell Index curve and the rate of chemotaxis was determined by the slope of the 

generated curve during the linear phase. Cells were maintained at 37
º
C in a 5% CO2/95% 

air environment throughout both experiments. 

2.24  ES-2-Luc Subcutaneous Xenograft Tumor Model  

 Female athymic nude mice (Nu/Nu) (5-7 mice/group; 6-8 weeks old) (Envigo) 

were injected subcutaneously in the right hind flank region with 2x10
6
 ES-2-Luc-Ctl or 

ES-2-Luc-TsWT cells in 200μL PBS. Mouse body weight was monitored daily and 

tumor dimensions were measured every other day by calipers by an investigator blinded 

to cell injection. Tumor volume was calculated by the formula 0.5 x length x width
2
. 

Experiments were ended when mice reached pre-determined endpoints (tumor volume > 

1 cm, tumor ulceration or a 10% change in mouse body weight). Experiments were 

carried out for 25 days at which point mice were euthanized; tumors were excised and 

weighed in a blinded manner. Following measurement, tumors were fixed in 10% zinc 

buffer and were stored in 70% ethanol for future analysis by histology and 

immunohistochemistry. All animal care and experimental procedures were approved by 

the University of Maryland School of Medicine IACUC. 

2.25  MTT Assay 

 Cancer cell lines were plated overnight to achieve a confluence of 25 to 40% the 

following day. Cells were washed twice in Opti-Mem and incubated with increasing 

dosages of engineered PrAg proteins (1-500 ng/mL) in combination with 50 ng/mL FP59 

for 48 hours. Cells treated with FP59 alone served as negative controls for the 

experiment. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
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(EMD Millipore) solution was prepared at a concentration of 2.5 mg/mL in Opti-MEM 

and filtered through 0.22 μm filter syringe. MTT solution was added to each well to a 

final concentration of 1.25 mg/mL and incubated for 1-4 hours, depending on cellular 

metabolic rate, at 37°C. To develop the MTT assay, 100 μL of MTT solubilization buffer 

(0.5% (w/v) SDS, 25 mM HCl in 90% (v/v) isoproponal is added to each well and mixed 

by pipette. To ensure a homogenous mixture 50 μL DMSO was added to each well. 

Absorbance was measured using the FlexStation3 spectrophotometer at 540nm and 

620nm (reference wavelength). Values obtained from treatment with the engineered PrAg 

proteins were normalized to those incubated with FP59.   

2.26  Statistical Analysis 

 Data are presented as means with standard error (SEM). Comparison of 

experimental groups was performed by either one-sample t test or Student’s two-tailed t 

test when comparing two groups. For comparisons between multiple groups, one-way 

repeated measure analysis of variance (ANOVA) followed by a post-hoc Tukey’s 

multiple comparison test was utilized. Mouse survival was calculated utilizing a Kaplan-

Meier curve and were compared using a Log-rank (Mantel-Cox) test between groups. 

Statistical analysis was performed utilizing GraphPad software (GraphPad Prism 5.01). 

For all experiments p values < 0.05 were considered statistically significant. 
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CHAPTER 3.  TESTISIN SUPPRESSES ANG2 AND ANGPTL4 EXPRESSION 

THROUGH PAR-2 AND REDUCES OVARIAN TUMOR METASTASIS 

3.1  Introduction 

 Testisin and it’s only known substrate, PAR-2, have been demonstrated to be 

aberrantly expressed in ovarian tumors. However, the specific molecular mechanisms 

regulated by both testisin and PAR-2 in ovarian tumor development and metastasis are 

largely unknown. As a result we investigated the impact of testisin proteolytic activity on 

ovarian cancer progression and the involvement of PAR-2 signaling in ovarian cancer 

metastasis. 

 The aim of the experiments described in this chapter was to determine the role of 

aberrant testisin expression and contribution of PAR-2 signaling in ovarian tumor 

metastasis and development. Our approach was to generate a luciferase expressing 

ovarian cancer cell line (ES-2-Luc) and transduce these cells to express either wild type 

testisin or a catalytically inactive testisin mutant. These cells were utilized to determine 

the effect of testisin on ovarian tumor angiogenic signaling, including expression of the 

angiopoietins in vitro and to determine the role of testisin in an in vivo intraperitoneal 

model of ovarian cancer metastasis. 

 We find that testisin on the surface of the ovarian cancer cells stimulates 

activation and internalization of PAR-2 resulting in decreased expression of the pro-

angiogenic proteins ANG2 and ANGPTL4. In vivo, testisin proteolytic activity resulted 

in decreased ovarian tumor intraperitoneal dissemination, tumor burden and the 

accumulation of ascites. Analysis of the tumors collected from mice demonstrated testisin 

activity reduced the expression of both ANG2 and ANGPTL4 in vivo similar to what was 
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observed in vitro, therefore identifying a novel protease dependent pathway regulating 

the expression of the angiopoietins. 

3.2  Results 

3.2.1  Testisin and PAR-2 are upregulated in human ovarian cancers  

 Gene expression profiling of testisin in human ovarian cancer patient tissues 

showed that testisin is significantly up-regulated in ovarian cancer tissue specimens at all 

stages of ovarian cancer progression regardless of histopathological type, while not being 

detected in normal ovarian samples (Fig. 3.1A) consistent with the reports of others 

(223). Gene expression profiling of PAR-2 in the same human ovarian cancer patient 

tissues showed that PAR-2 is also significantly upegulated in ovarian cancer tissues, 

relative to low levels detected in normal ovarian samples. Similar to testisin, increased 

PAR-2 expression spans all stages of human ovarian cancers (Fig. 3.1B). This data is 

consistent with reports of others showing that elevated PAR-2 expression is observed in 

early and advanced FIGO stage tumors and is correlated with shorter overall survival 

(267). Interestingly, the patterns of gene expression indicate that both testisin and PAR-2 

may be down-regulated in advanced stage tumors (FIGO Stages III and IV) compared 

with early stage disease (FIGO Stages I and II). Previously, testisin has been reported to 

be down-regulated in metastatic serous papillary ovarian carcinomas when compared 

with primary ovarian serious carcinomas (224). Together, these data confirm the 

dysregulation of both testisin and PAR-2 in ovarian cancers.  
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Figure 3. 1.  Testisin and PAR-2 mRNA are up-regulated in human ovarian cancers 

qPCR analysis of (A) testisin mRNA and (B) PAR-2 mRNA expression in 40 human 

ovarian cancer patient tissues compared with 8 normal human ovarian tissues across all 

stages of the disease using the TissueScan RealTime Ovarian Cancer Panel II. Tissue 

samples are normalized to one another using the house-keeping gene, β-actin. 
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3.2.2  Selection of an ovarian tumor cell model 

 To determine the most appropriate ovarian cancer cell line in which to study the 

role of testisin signaling in ovarian cancer, several ovarian cancer cell lines were screened 

for expression of both testisin and PAR-2. The cell lines examined included the human 

clear cell ovarian carcinoma ES-2, the human ovarian adenocarcinoma cell lines 

OVCAR3, SKOV3 and CaOV3 and the human ovarian carcinoma NCI/ADR-Res.  

Expression of testisin mRNA was detected in all five cell lines, with the highest 

expression in the NCI/ADR-Res and minimal testisin mRNA present in ES-2 cells, 45-

fold less than the NCI/ADR-Res cells (Fig. 3.2A). Further, western blot analysis of the 

cell lines revealed that only NCI/ADR-Res and CaOV3 cells express endogenous testisin 

protein with no detectable protein present in the ES-2, OVCAR3 or SKOV3 cell lines 

(Fig. 3.2B).  As we wanted to investigate the mechanistic relationships between testisin 

and PAR-2 in ovarian cancer signaling, the ovarian cancer cell lines were also screened 

for expression of PAR-2 mRNA by qPCR. Like testisin, mRNA expression of PAR-2 

was detected in all five of the ovarian cancer cell lines (Fig. 3.2C). Interestingly, cell 

lines which endogenously express testisin, CaOV3 and NCI/ADR-Res, have the lowest 

expression of PAR-2 mRNA indicating potential cross-regulation of these proteins in 

ovarian cancer. On the basis of these results, we selected ES-2 as our ovarian cancer cell 

model as they expressed minimal endogenous testisin with the median level of PAR-2 

expression. To facilitate imaging of ovarian tumor metastasis in vivo, the ES-2 cells were 

stably transduced to express luciferase and single cell clones of the highest expressing 

cells were generated (ES-2-Luc-Ctl). 
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Figure 3. 2.  Selection of an ovarian tumor cell model 

(A) Total RNA from five ovarian cancer cell lines (ES-2, OVCAR3, SKOV3, NCI/ADR-

Res and CaOV3) was isolated and analyzed by qPCR for testisin expression. mRNA 

expression levels are relative to GAPDH expression. Results are from technical replicates 

performed in triplicate. (B) Immunoblot analysis of cell lysates prepared from the ovarian 

cancer cell lines. Lysates were probed with antibodies against testisin. (C) qPCR analysis 

of RNA encoding PAR-2 in the ovarian cancer cell lines. mRNA expression levels are 

relative to GAPDH expression. Results are from technical replicates performed in 

triplicate.    
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3.2.3 MEK1/2, p38 and PI3K signaling pathways contribute to ANG2 and ANGPTL4 

gene expression 

 Since testisin and PAR-2 may play functional roles in ovarian cancer, we 

investigated whether oncogenic signaling pathways that can be activated by PAR-2 (292) 

might contribute to the regulation of the angiopoietins, ANG1, ANG2 and ANGPTL4 in 

human ovarian cancers. Activation of PAR-2 in protease rich environments stimulates 

downstream pathways associated with invasion and metastasis, cell proliferation and 

angiogenesis including the MEK/p38 and PI3K signaling pathways (292). Exposure of 

the ES-2-Luc-Ctl cells to inhibitors of the MAPK pathways, MEK1/2 (U0126) (293) and 

p38 (SB202190) (294), resulted in significant decreases in the expression of both ANG2 

and ANGPTL4 (Figs. 3.3A and 3.3B). Inhibition of a second major signaling pathway, 

the phosphoinositide 3-kinase (PI3K) pathway, using LY294002 (295), significantly 

decreased the expression of ANG2, without having a significant effect on the expression 

of ANGPTL4 (Fig. 3.3C). ANG1 expression was not significantly affected by any of 

these pathway inhibitors. Together these data implicate MEK/p38 signaling pathways in 

the expression of ANG2 and ANGPTL4, and in addition, the PI3K pathway in the 

regulation of ANG2 expression. 
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Figure 3. 3.  MEK1/2, p38 MAPK, PI3K signaling pathways contribute to ANG2 

and ANGPTL4 gene expression in ovarian cancer cells. 

qPCR analysis of RNA encoding ANG1, ANG2 and ANGPTL4  in ES-2-Luc-Ctl cells 

following treatment with 10μM U0126 (A), 10μM SB202190 (B), 50μM LY294002 (C) 

or vehicle alone for 24 hours. qPCR signals are shown relative to vehicle alone (DMSO) 

and are normalized to GAPDH. Results represent the mean +/- SEM from the average of 

2-3 independent experiments * p<0.05; ** p<0.01, *** p<0.001, one-sample t-test. 
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3.2.4 ANG2 and ANGPTL4 gene expression is suppressed by knockdown or 

pharmacological inhibition of PAR-2 

 Given the involvement of the MEK/p38 and/or PI3K signaling pathways in the 

expression of ANG2 and ANGPTL4, we next investigated whether PAR-2 can regulate 

the expression of these proteins in the ovarian cancer cells. We used siRNA silencing to 

knockdown PAR-2 in the ES-2-Luc-Ctl cells. Effective PAR-2 knockdown was 

demonstrated by qPCR at the mRNA level and by immunoblotting at the protein level 

(Fig. 3.4A). The silencing of PAR-2 in ES-2-Luc-Ctl cells resulted in significant 

decreases in ANG2 and ANGPTL4 mRNA levels (Fig. 3.4B), demonstrating that PAR-2 

likely contributes to the expression of ANG2 and ANGPTL4 in these cells. Further, 

pharmacological inhibition of PAR-2 using the PAR-2 antagonist GB83 (296), 

significantly reduced ANG2 and ANGPTL4 expression, by 35% and 44% respectively 

(Fig. 3.4C). Together these data demonstrate a novel role for PAR-2 signaling in ANG2 

and ANGPTL4 expression in these ovarian cancer cells.  

3.2.5  Overexpression of testisin in ES-2-Luc tumor cells 

 To investigate the functional role of testisin, we generated a panel of ES-2-Luc 

cell lines expressing 1) HA-tagged wild type testisin (ES-2-Luc-TsWT), 2) a catalytically 

inactive mutant form of testisin (ES-2-Luc-TsMut) or 3) vector alone (ES-2-Luc-Ctl), 

which does not express testisin. The S238A mutation replaces the nucleophile Ser
238

 of 

the testisin catalytic triad with Ala, abrogating the ability of the protease to cleave a 

peptide substrate (188). Several independent lines were generated and characterized to 

avoid any possibility of artifacts. The HA-tag is positioned at the N-terminus of the 

expressed testisin for ease of detection, and the insertion of this tag has been shown not to 
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affect testisin activity or cell surface expression (188). The expression of testisin in the 

cell lines was confirmed at the mRNA level by qPCR (Fig. 3.5A) and at the protein level 

by immunoblot (Fig. 3.5B).The data show that both ES-2-Luc-TsWT and ES-2-Luc-

TsMut lines overexpress similar levels of testisin and mutant testisin, respectively, 

compared with ES-2-Luc-Ctl, which has little to no detectable endogenous testisin 

protein expression. The baseline luciferase mRNA expression levels were maintained in 

each of the 3 cell lines (Fig. 3.5C). Comparison of the cell surface proteolytic activity of 

each of the cell lines by fluorogenic peptide assay showed that testisin expressing ES-2-

Luc-TsWT displayed ~7-fold increased proteolytic activity over cells expressing mutant 

testisin (ES-2-Luc-TsMut) or vector alone (ES-2-Luc-Ctl) (Fig. 3.5D). This increased 

peptide cleavage activity was blocked in the presence of the serine protease inhibitor 

AEBSF, indicating dependence on expressed testisin proteolytic activity. 
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Figure 3. 4.  ANG2 and ANGPTL4 gene expression is suppressed by knockdown or 

pharmacological inhibition of PAR-2 

(A) Knockdown of PAR-2 in ES-2-Luc-Ctl cells using 2 specific PAR-2 siRNAs (siPAR-

2) or a control (siCont) siRNA for 72 hours. PAR-2 mRNA was analyzed by qPCR and 

PAR-2 protein by western blotting. β-tubulin represents a control for protein loading. 

Graph represents the mean +/- SEM from the average of 4 independent experiments. (B) 

qPCR analysis of ANG2 and ANGPTL4 gene expression following PAR-2 knockdown, 

showing a significant loss of both ANG2 and ANGPTL4 mRNA. Graphs represent the 

mean +/- SEM from four independent experiments. (C) qPCR analysis of ANG2 and 

ANGPTL4 mRNA expression after treatment with PAR-2 antagonist, GB83 (50µM) or 

vehicle alone (DMSO) for 24 hours. Graphs represent the mean +/- SEM from the 

average of two independent experiments. * p<0.05; ** p<0.01, *** p<0.001, one-sample 

t-test. 
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Figure 3. 5.  Overexpression of testisin in ES-2-Luc tumor cells 

(A) qPCR analysis of mRNA isolated from ES-2-Luc-TsWT, ES-2-Luc-TsMut or ES-2-

Luc-Ctl The graph represents the mean +/- SEM from 2 independent experiments. ** 

p<0.01, *** p<0.001, unpaired t-test. (B) Immunoblot analysis of cell lysates prepared 

from ES-2-Luc-TsWT, ES-2-Luc-TsMut or ES-2-Luc-Ctl cell lines probed with 

antibodies against testisin, HA and β-tubulin. The data is representative of two 

independent experiments. (C) qPCR analysis of luciferase mRNA expression in ES-2-

Luc-TsWT, ES-2-Luc-TsMut and ES-2-Luc-Ctl cells showing that luciferase expression 

is equally retained across all of the transduced cell lines. Signals are normalized to 

GAPDH and expressed relative to ES-2-Luc-Ctl cells. The data is representative of at 

least 2 independent experiments. * p<0.05; ** p<0.01, *** p<0.001, unpaired t-test. (D) 

ES-2-Luc-TsWT cells show significantly increased cell surface proteolytic activity as 

measured using the fluorogenic peptide BOC-QAR-AMC in the presence or absence of 

the serine protease inhibitor AEBSF. Graph shows mean +/- SEM and is representative of 

3 independent experiments. * p<0.05; ** p<0.01; *** p<0.001, one-way ANOVA with 

post hoc Tukey’s test.  
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3.2.6  Constitutive expression of testisin does not alter ES-2-Luc cell proliferation or 

attachment 

 To study if constitutive testisin proteolytic activity may alter functional pathways 

in the ES-2-Luc cells associated with ovarian tumor progression, such as proliferation 

and attachment (216), ES-2-Luc cells were assayed utilizing the xCELLigence system. 

No differences in cellular proliferation rate, as measured by cell doubling time, were 

observed as a result of testisin proteolytic activity with all three of the cell lines tested 

having a cell doubling time of around 30 hours (Fig. 3.6A). Comparison of the ability of 

the ES-2-Luc cells to adhere to an uncoated xCELLigence E-plate was measured over the 

course of 3 hours and reveals that ES-2-Luc-TsWT cells show no differences in their rate 

of adherence compared to either the ES-2-Luc-Ctl or the ES-2-Luc-TsMut cells (Fig. 

3.6B). These results indicate that testisin proteolytic activity in ovarian cancer cells does 

not alter tumor proliferation or the ability of the cells to attach to surfaces.   
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Figure 3. 6. Constitutive expression of testisin does not alter ES-2-Luc cell 

proliferation or attachment 

 (A) Cell proliferation of the ES-2-Luc-TsWT, ES-2-Luc-TsMut and ES-2-Luc-Ctl cells 

was measured over 72 hours using the xCELLigence system. No significant differences 

in cell doubling time were observed for any of the cell lines. (B) Attachment of the ES-2-

Luc cells was measured over 3 hours on the xCELLigence system and the rate of 

attachment determined from the slope of the generated cell index curve during linear 

phase. No difference in rate of attachment between any of the ES-2-Luc cell lines was 

observed. Graphs show mean +/- SEM and are representative of 3 independent 

experiments. 
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3.2.7  Testisin proteolytic activity enhances ES-2-Luc Chemotaxis 

 To investigate the role of testisin proteolytic activity in the cellular migration of 

ES-2-Luc cells, we utilized the xCELLigence transwell system to measure ES-2-Luc 

performance in an undirected cellular migration assay and in response to a 

chemoattractant. In the presence of a serum chemoattractant, ES-2-Luc-TsWT cells 

showed a significant 3 fold higher rate of migration towards serum when compared to the 

ES-2-Luc-Ctl cells (Fig 3.7A). This increased rate of chemotaxis was shown to be 

dependent on testisin proteolytic activity as ES-2-Luc-TsMut cells showed a nearly 

identical rate of chemotaxis compared to the ES-2-Luc-Ctl cells. When the assay was 

performed in the absence of serum to examine undirected migration, no significant 

differences in rate of migration was observed between any of the cell lines (Fig. 3.7B). 

These data suggest a potential role for testisin proteolytic activity in directing ovarian 

tumor cell migration toward a chemoattractant.       
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Figure 3. 7. Testisin proteolytic activity enhances ES-2-Luc Chemotaxis 

(A) Chemotaxis of the ES-2-Luc-TsWT, ES-2-Luc-TsMut and ES-2-Luc-Ctl cells was 

measured using a transwell CIM-plate in the xCelliegence system for 24 hours. 10% FBS 

was included in the lower chamber of the plate to serve as a chemoattractant. Cellular rate 

of chemotaxis was determined from the slope of the generated cell index curve during the 

linear phase. ES-2-Luc-TsWT cells have significantly higher rate of chemotaxis 

compared to ES-2-Luc-TsMut and ES-2-Luc-Ctl. (B) Undirected migration of the ES-2-

Luc cells was measured over 24 hours on transwell CIM-plates in serum-free medium. 

No difference in the rate of migration was shown for any of the ES-2-Luc cell lines. 

Graphs shows mean +/- SEM from three independent experiments, *** p<0.001; 

unpaired t-test. 
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3.2.8  Testisin alters the angiogenic signaling of ES-2-Luc ovarian cancer cells 

 Given the findings that PAR-2 can regulate ANG2 and ANGPTL4 expression, we 

investigated the effect of constitutively expressed testisin on the regulation of expression 

of ANG2 and ANGPTL4, and potentially other angiogenesis associated genes. An 

analysis of 92 angiogenesis-related genes was performed using the TaqMan human 

angiogenesis signature array. All genes whose expression was altered by at least 2-fold in 

the ES-2-Luc-TsWT line compared to ES-2-Luc-Ctl are listed in Table 3.1. Several 

genes were upregulated in response to testisin in the ES-2-Luc cells including PECAM1 

(CD31), which was upregulated about 4-fold. CD31 is recognized as an important 

regulator of vascular permeability and is commonly utilized as a marker for blood vessels 

in tumors (297). The gene most downregulated by the presence of testisin was 

ANGPTL4, which was reduced by 7.7-fold in ES-2-Luc-TsWT cells. Additionally, 

several other member of the angiopoietin and angiopoietin-like family were differentially 

downregulated by testisin expression in ES-2-Luc-TsWT cells including ANGPTL2 (4-

fold) and ANG2 (2-fold). The orphan receptor TIE1, which is structurally similar to the 

angiopoietin receptor TIE2 and may act to modulate the interaction of ANG2/TIE2 (298), 

was also identified as being downregulated in ES-2-Luc cells expressing testisin. 

Together this data supports a role for testisin in regulating ovarian cancer angiogenic 

signaling and implicates testisin as an important regulator of angiopoietin signaling in 

these cells. 

3.2.9  Expressed testisin activity reduces ANG2 and ANGPTL4 RNA expression 

 Validation of the array results by qPCR confirmed the significant decrease in 

expression of both ANG2 and ANGPTL4 mRNAs, by 5-fold and 3-fold, respectively, in 
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testisin expressing ES-2-Luc-TsWT cells compared with ES-2-Luc-Ctl or ES-2-Luc-

TsMut cells (Fig. 3.8). PECAM1 mRNA was also differentially up-regulated by ~2-fold 

in ES-2-Luc-TsWT cells compared with both ES-2-Luc-Ctl and ES-2-Luc-TsMut cells. 

Other genes that were identified by the array including ANGPTL2 and PDGFB showed 

no significant differences in expression by qPCR between the ES-2-Luc cell lines. 

Amongst other angiopoietin related genes, ANG1 and the ANG1/2 receptor TIE2 were 

not demonstrated by qPCR as being differentially regulated by constitutively expressed 

testisin (Fig. 3.8). As VEGFA is an important regulator of tumor angiogenesis, we 

examined if testisin regulated VEGFA expression in ovarian cancer cells and found no 

significant differences in expression amongst the ES-2-Luc cell lines. Together, these 

data indicate testisin expression and proteolytic activity act to suppress ANG2 and 

ANGPTL4 gene expression in the ES-2-Luc ovarian cancer cells. 
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Table 3. 1  Angiogenic genes altered by constitutive testisin expression in ES-2-Luc-

TsWT cells compared to ES-2-Luc-Ctl Cells 

Total RNA was isolated from ES-2-Luc-TsWT and ES-2-Luc-Ctl and analyzed by 

TaqMan Angiogenesis Signature Array (ThermoFisher) according to the manufacturer’s 

instructions. 
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Figure 3. 8.  Expressed testisin activity reduces ANG2 and ANGPTL4 mRNA 

expression 

qPCR validation of genes identified to be up- or down regulated at least 2-fold by the 

TaqMan Angiogenesis Array: (A) ANG1, ANG2, ANGPTL4, PECAM1/CD31, 

ANGPTL2, PDGFB, VEGFA, and TIE2. mRNA expression was normalized to GAPDH 

and expressed relative to ES-2-Luc-Ctl cells. All graphs show mean +/- SEM and are the 

average of at least two independent experiments from triplicate wells, * p<0.05; ** 

p<0.01; *** p<0.001, unpaired t-test. 
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3.2.10  Testisin expression regulates expression of ANG2 and ANGPTL4 in OVCAR3 

cells 

To ensure that testisin regulation of ANG2 and ANGPTL4 was not unique to the 

ES-2-Luc cell line we investigated the effect of testisin expression in a second ovarian 

cancer cell line. For these studies we selected the human ovarian adenocarcinoma 

OVCAR3, which, like ES-2 cells, has minimal endogenous expression of testisin but had 

the highest expression of PAR-2 (Figure 3.2). Wild type full length testisin (OVCAR3-

TsWT), catalytically inactive testisin (OVCAR3-TsMut) or vector alone (OVCAR3-Ctl) 

were transiently transfected into OVCAR3 cells using the NEON system for 72 hours. 

The expression of testisin in the cell lines was confirmed at the mRNA level by qPCR 

and at the protein level by immunoblot (Fig. 3.9A). The data show that both OVCAR3-

TsWT and OVCAR3-TsMut lines both significantly overexpress testisin mRNA and 

protein compared to the OVCAR3-Ctl, which has little to no detectable testisin protein 

expression. Expression of the angiopoietins was measured in the OVCAR3 cells by 

qPCR and the results show that testisin significantly downregulates the expression of 

both ANG2 (~50%) and ANGPTL4 (~25%) (Fig. 3.9B). PECAM1 up-regulation was not 

reproduced in testisin expressing OVCAR3 cells (Fig. 3.9C), and was not studied further. 

These data demonstrate that testisin expression and proteolytic activity acts to suppress 

ANG2 and ANGPTL4 gene expression in these models of ovarian cancer. 
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Figure 3. 9.  Testisin expression regulates expression of ANG2 and ANGPTL4 in 

OVCAR3 cells 

(A) Expression of testisin was determined by immunoblot and qPCR in samples isolated 

from OVCAR3-Ctl, OVCAR3-TsWT and OVCAR3-TsMut 72 hours after transfection. 

Both OVCAR3-TsWT and OVCAR3-TsMut cells show significantly increased Testisin 

protein and mRNA expression compared to ES-2-Luc-Ctl cells. RNA isolated from the 

OVCAR3 Cell lines was analyzed by qPCR for expression of ANGPTL4, ANG2 (B) and 

PECAM1 (C) OVCAR3-TsWT cells show significantly reduced expression of ANG2 

and ANGPTL4 mRNA compared to OVCAR3-Ctl cells. No significant difference in 

PECAM1 expression was detected amongst the cells. mRNA for all genes was 

normalized to GAPDH and expressed relative to vector expressing cells. Graph shows 

mean +/- SEM, data represents the average of three independent experiments * p<0.05; 

** p<0.01 unpaired t-test. 
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3.2.11  Testisin proteolytic activity decreases secretion ANG2 and ANGPTL4 from ES-2-

Luc Cells 

Having demonstrated down-regulation of ANG2 and ANGPTL4 at the mRNA 

level, we determined whether protein expression and secretion was affected by 

constitutive testisin activity. Conditioned supernatants from ES-2-Luc cells were 

collected following 24 or 48 hours of cell growth and protein levels of ANG2 and 

ANGPTL4 were determined by ELISA. ANG2 protein levels measured in conditioned 

media were significantly decreased by ~3-fold in ES-2-Luc-TsWT cells compared ES-2-

Luc-Ctl cells (Fig. 3.10). No difference in ANG2 secretion was detected between ES-2-

Luc-TsMut and ES-2-Luc-Ctl indicating testisin proteolytic activity regulates ANG2 

secretion.  ANGPTL4 protein levels were also significantly decreased in ES-2-Luc-

TsWT cells compared to controls although to a lesser extent than ANG2 (Fig. 3.10). 

These results demonstrate a novel activity for testisin in suppressing the synthesis and 

secretion of both ANG2 and ANGPTL4.  
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Figure 3. 10.  Testisin proteolytic activity decreases ANG2 and ANGPTL4 secretion 

from ES-2-Luc Cells 

Measurement by ELISA of ANG2 and ANGPTL4 protein levels in conditioned media 

collected at 24 and 48 hours, respectively from ES-2-Luc-Ctl, ES-2-Luc-TsWT and ES-

2-Luc-TsMut Cells. Graphs show mean +/- SEM and values are the average of at least 2 

independent experiments. * p<0.05; ** p<0.01; *** p<0.001, unpaired t-test. 
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3.2.12  Constitutive activity of testisin induces loss of PAR-2 from the surface of ES-2-

Luc cells 

  Since PAR-2 is a target of testisin proteolytic activity, we sought to determine 

whether PAR-2 is involved in a testisin-induced pathway resulting in the down-regulation 

of ANG2 and ANGPTL4. Cleavage of the PAR-2 activation site by constitutive 

expression of testisin has been shown previously to induce PAR-2 internalization and 

prolonged loss of PAR-2 from the cell surface of HeLa cells (188). To determine if 

testisin expressed in ES-2-Luc cells has a similar effect, cell surface and total expression 

of PAR-2 on ES-2-Luc-TsWT, ES-2-Luc-Ctl and ES-2-Luc-TsMut cell lines were 

determined by flow cytometry (Fig. 3.11A). Surface PAR-2 expression was reduced by 

85% in testisin expressing ES-2-Luc-TsWT cells, compared to ES-2-Luc-Ctl and ES-2-

Luc-TsMut cells, indicating that constitutive testisin expression and activity facilitates 

PAR-2 internalization in the ES-2-Luc cells (Fig. 3.11B). To determine total PAR-2 

expression in the ES-2-Luc cells, flow cytometry was performed on permeabilized ES-2-

Luc cells. Total PAR-2 levels were unaffected by testisin expression or activity (Fig. 

3.11B). These data show that constitutive testisin expression induces loss of PAR-2 from 

the cell surface and provide support for the involvement of PAR-2 in testisin-mediated 

functional effects on ES-2-Luc cells. 
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Figure 3. 11.  Constitutive activity of testisin induces loss of PAR-2 from the surface 

of ES-2-Luc cells 

(A) Representative flow cytometry of non-permeabilized ES-2-Luc-TsWT, ES-2-TsMut 

and ES-2-Luc-Ctl cells stained for surface PAR-2 expression using the SAM11 antibody. 

Unstained cells or those stained with secondary alone served as negative controls. The 

surface PAR-2 expression in the presence of testisin was similar to the negative control 

cells stained with secondary antibody alone, indicating a significant loss of PAR-2 cell 

surface expression accompanies constitutive testisin expression in the ES-2-Luc cells. (B) 

Quantification of fluorescent signals show the significant loss of PAR-2 from the surface 

of ES-2-Luc-TsWT cells compared to ES-2-Luc-Ctl or ES-2-Luc-TsMut. Total PAR-2 

expression, measured in permeabilized cells by flow cytometry, was similar for ES-2-

Luc-TsWT cells, ES-2-Luc-Ctl and ES-2-Luc-TsMut cells. Graphs are mean +/- SEM 

from two independent experiments, * p<0.05 unpaired t-test. 
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3.2.13  Knockdown of PAR-2 mimics testisin constitutive activity in ES-2-Luc cells 

To further investigate whether the testisin induced decreases in ANG2 and 

ANGPTL4 expression are dependent on testisin induced PAR-2 activation, PAR-2 was 

silenced by siRNA knockdown in the testisin expressing ES-2-Luc cell lines. siRNA 

knockdown effectively reduced both PAR-2 protein and mRNA in ES-2-Luc-TsWT and 

ES-2-Luc-TsMut cell lines (Fig. 3.12A). Interestingly, PAR-2 mRNA expression was 

significantly downregulated in the control siRNA treated ES-2-Luc-TsWT cells but this 

change was not observed at the protein level (Fig. 3.12A). The knockdown of PAR-2 was 

found to significantly reduce the expression of ANG2 and ANGPTL4 in ES-2-Luc-

TsMut cells, whereas in cells expressing testisin (ES-2-Luc-TsWT), PAR-2 knockdown 

did not affect ANGPTL4 expression and had only a minor effect on ANG2 expression 

(Fig. 3.12B). Together these data show that constitutively expressed testisin induces 

PAR-2 activation and internalization that is dependent on testisin proteolytic activity, 

leading to the down regulation of ANG2 and ANGPTL4 in these ovarian cancer cells.   

3.2.14  Testisin reduces downstream PAR-2 signaling in ES-2-Luc cells 

 We showed that expression of ANG2 and ANGPTL4 in these ovarian cancer cells 

was dependent on the activation of the MEK1/2 signaling pathway (Fig. 3.3). To further 

explore the effect of constitutive testisin proteolytic activity on this pathway and on 

ANG2 and ANGPTL4 expression, we investigated the phosphorylation status of ERK1/2, 

a known target of MEK1/2 kinase activity, in testisin-expressing ES-2-Luc-TsWT cells. 

ERK1/2 phosphorylation was significantly reduced in testisin-expressing ES-2-Luc-

TsWT by 42%, compared to ES-2-Ctl and ES-2-Luc-TsMut cells (Fig. 3.13A), while 

total ERK remained constant, suggesting that constitutive testisin proteolytic activity 
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induces suppression of ERK1/2 activation that may contribute to the down-regulation of 

ANG2 and ANGPTL4 gene expression. Interleukin signaling has also been shown to be 

differentially regulated by PAR-2 following activation by testisin in HeLa cells (188). IL-

6 and IL-8 mRNA expression in the ES-2-Luc cells was determined by qPCR. The 

expression of IL-8 was significantly reduced by 2-fold in ES-2-Luc-TsWT cell compared 

to ES-2-Luc-Ctl cells (Fig. 3.13B), which was the opposite of our previous observation in 

HeLa cells and may be a result of the biased agonism of PAR-2 (188). A similar 

reduction in IL-6 expression was observed in the ES-2-Luc-TsWT cells; however, this 

result did not achieve statistical significance (Fig. 3.13B). These results demonstrate that 

testisin proteolytic activity can activate and alter downstream PAR-2 signaling in ES-2-

Luc cells. 
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Figure 3. 12.  Knockdown of PAR-2 mimics testisin constitutive activity in ES-2-Luc 

cells 

(A) qPCR and immunoblot analysis for PAR-2 expression in ES-2-Luc-TsWT and ES-2-

LucMut cells following treatment with PAR-2 siRNA showing knockdown of PAR-2 

mRNA and protein, respectively. (B) ANG2 and ANGPTL4 mRNA expression in ES-2-

Luc-TsWT and ES-2-Luc-TsMut after PAR-2 siRNA knockdown, compared with control 

siRNA treated cells. Signals were normalized to GAPDH and expressed relative to ES-2-

Luc-TsMut cells. Graphs are mean +/- SEM from four independent experiments, * 

p<0.05, *** p<0.001 unpaired or one-sample t-test. 
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Figure 3. 13.  Testisin reduces downstream PAR-2 signaling in ES-2-Luc cells 

(A) Western blot analysis of ERK1/2 activation in ES-2-Luc-TsWT, ES-2-Luc-TsMut 

and ES-2-Luc-Ctl cell lines. Blots were probed with antibodies against phosphorylated-

ERK1/2 and total ERK1/2. Graph shows densitometric analysis of phosphorylated 

ERK1/2 protein relative to total ERK1/2 after normalizing to β-tubulin. (B) qPCR 

analysis of IL-8 and IL-6 expression in ES-2-Luc-TsWT, ES-2-Luc-TsMut and ES-2-

Luc-Ctl cell lines. Signals were normalized to GAPDH and expressed relative to ES-2-

Luc-Ctl cells. Graphs show mean +/- SEM and are the average of at least two 

independent experiments. * p<0.05, unpaired t-test. 
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3.2.15 Testisin proteolytic activity does not alter ES-2-Luc tumor growth in a 

subcutaneous xenograft model. 

To investigate the role of testisin signaling in ovarian tumor growth in vivo, we first 

utilized a subcutaneous xenograft model in nude mice. Previous experiments using a 

similar model found testisin could enhance the growth of SKOV3 tumors (215). To 

evaluate the effect of testisin proteolytic activity on ES-2-Luc tumor growth, ES-2-Luc-

TsWt and ES-2-Luc-Ctl cells were injected subcutaneously into the right hind flank of 

nude mice and tumor development was monitored by caliper measurements. 

Measurements throughout the experiment detected no significant difference in tumor 

volume or rate of tumor growth between mice carrying ES-2-Luc-Ctl and ES-2-Luc-

TsWT tumors (Fig 3.14A). At the conclusion of the experiment, tumors were excised 

from each mouse and weighed. Average weights of tumors from ES-2-Luc-Ctl mice and 

ES-2-Luc-TsWT mice showed no significant difference (Fig. 3.14B). These results 

indicate that testisin proteolytic activity did not alter tumor growth in a subcutaneous 

xenograft model and suggest that testisin may play a role in another aspect of ovarian 

tumor development and progression.  
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Figure 3. 14.  Testisin proteolytic activity does not alter ES-2-Luc tumor growth in a 

subcutaneous xenograft model 

(A) Cohorts of mice bearing ES-2-Luc-TsWT (n=7) or ES-2-Luc-Ctl (n=5) were injected 

subcutaneously in the right hind flank and tumor volume was monitored over 25 days by 

caliper. Measurements reveal no significant difference in tumor growth between mice 

carrying ES-2-Luc-TsWT tumor compared to those carrying ES-2-Luc-Ctl tumors. (B) At 

the conclusion of the experiment, tumors from each mouse were removed and weighed 

and show no differences in tumor weight between mice carrying ES-2-Luc-TsWT or ES-

2-Luc-Ctl tumors.  
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3.2.16  Testisin proteolytic activity reduces tumor burden and development of ascites in a 

xenograft model of ovarian tumor metastasis.  

 As ovarian cancer metastasizes mainly by direct extension and shedding from the 

primary tumor and seeding into the peritoneal cavity, an i.p. ES-2-Luc xenograft model 

was established to determine the effects of testisin on metastatic dissemination and 

colonization in vivo. The ES-2-Luc model reproduces key events of late stage ovarian 

cancer metastasis including peritoneal adhesion, sub-mesothelial anchoring, proliferation 

and invasion (299). To evaluate the effect of testisin activity, the ES-2-Luc-TsWT, ES-2-

Luc-TsMut, and ES-2-Luc-Ctl cell lines were injected i.p into nude mice and tumor 

seeding and progression were monitored by luminescence using IVIS imaging for up to 

12 days (Fig. 3.15A). Two independent experiments showed that mice injected with ES-

2-Luc-TsWT cells displayed decreased tumor burden by IVIS imaging compared with 

mice injected with the control cell lines (Fig. 3.15A). Quantification of the IVIS imaging 

results shows that compared to mice injected with ES-2-Luc-Ctl cells, those injected with 

ES-2-Luc-TsWT cells had a 47% reduction in tumor burden at day 7 and a 67% reduction 

on day 12 (Fig. 3.15B). Tumor burden in mice carrying ES-2-Luc-TsWT cells was also 

significantly reduced when compared to mice carrying ES-2-Luc-TsMut cells, indicating 

that testisin proteolytic activity was responsible for the reduction in tumor burden. 

Molecular analyses of testisin and luciferase mRNA expression in tumor tissues 

recovered from the mouse diaphragm confirmed that ES-2-Luc-TsWT and ES-2-Luc-

TsMut had retained similar levels of testisin expression, as well as the parental luciferase 

expression (Fig. 3.15C), showing that the observed decrease in tumor burden was due to 

testisin activity and not a loss of testisin or luciferase in the tumor xenografts. These 

https://www.sciencedirect.com/topics/medicine-and-dentistry/primary-tumor
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results suggest a tumor suppressor role for testisin activity in late stages of ovarian cancer 

metastasis.  

 3.2.17  Analysis of tumor burden in the xenograft model of ovarian tumor metastasis 

Ovarian tumors have a characteristic path, driven by peritoneal fluid, by which 

they are spread throughout the peritoneal cavity resulting in common areas of tumor 

metastasis in patients, including the diaphragm, the mesenteric arteries, the omentum and 

the surface of the stomach, colon and spleen (2). Upon performing necropsies, tumor 

burden was widespread in mice carrying ES-2-Luc-Ctl tumors. Tumor cells covered the 

diaphragm, the mesenteric arteries and multiple tumor nodules were dispersed throughout 

the abdominal cavity with additional metastatic foci observed attached to organs and the 

walls of the peritoneal cavity. These outcomes frequently occur in relapsed and advanced 

human ovarian cancers, indicating that this ES-2-Luc model, at least in part, reflects the 

biological behavior of a late-stage ovarian cancer. Mice carrying ES-2-Luc-TsWT tumors 

showed significantly reduced size and number of metastatic foci compared to mice 

carrying ES-2-Luc-Ctl tumors (Fig. 3.16A and B), consistent with the signals detected by 

IVIS imaging.   

 Visual inspection of peritoneal organs at necropsy showed that mice carrying ES-

2-Luc-TsWT tumors showed markedly reduced metastatic foci around the mesenteric 

arteries (Fig 3.16A) and on the diaphragm (Fig. 3.16B) compared to ES-2-Luc-Ctl 

tumors. There were also fewer visible metastatic foci present on the liver surrounding the 

gall bladders, which were enlarged in mice carrying ES-2-Luc-Ctl and ES-2-Luc-TsMut 

(Fig 3.16B, arrows), and on the peritoneal cavity wall. This reduction in tumor burden 

was dependent on testisin activity, since mice carrying ES-2-Luc-TsMut tumors showed 
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substantial metastatic foci indistinguishable from mice carrying ES-2-Luc-Ctl tumors, 

with metastatic foci coating the diaphragm, mesenteric arteries and other organs (Fig. 

3.16A and B). While ES-2-Luc-TsWT tumors show significantly reduced tumor burden, 

histologic analysis of remaining tumors present on the diaphragm showed that the 

microscopic appearance of tumors and tumor invasion to the diaphragm muscle was 

similar between all three tumor groups (Fig. 3.16C). 
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Figure 3. 15.  Testisin proteolytic activity reduces tumor burden and development of 

ascites in a xenograft model of ovarian tumor metastasis 

(A) Cohorts of mice (n=5) bearing ES-2-Luc-TsWT, ES-2-Luc-TsMut, or ES-2-Luc-Ctl 

i.p. xenograft tumors were monitored at days 4, 7 and 12 by in vivo bioluminescence 

imaging. Images represent the peak luciferase activity levels in the individual mice. (B) 

Quantification of photon intensities reveal significantly decreased signal intensity in mice 

carrying ES-2-Luc-TsWT tumors compared to mice carrying ES-2-Luc-TsMut or ES-2-

Luc-Ctl tumors. Results are representative of 2 independent experiments n=5 mice per 

group; * p<0.05; ** p<0.01; *** p<0.001, one-way ANOVA with post hoc Tukey’s test. 

(C) Testisin expression is retained in in vivo ES-2-Luc-TsWT and ES-2-Luc-TsMut 

tumors. Tumor tissue samples collected from mouse diaphragms at necropsy were 

analyzed by qPCR for testisin mRNA relative to GAPDH. Signals were normalized to 

luciferase mRNA expression in the tissue samples to normalize for tumor only, separate 

from non-tumor cells present in the xenograft tissues. Mice: n=5 per group. * p<0.05; ** 

p<0.01; *** p<0.001,one-way ANOVA with post-hoc Tukey’s test. 
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Figure 3. 16.  Analysis of tumor burden in the xenograft model of ovarian tumor 

metastasis 

Representative photographs of peritoneal organs taken at necropsy showing widespread, 

multiple tumor nodules attached to major sites of ES-2-Luc metastasis, the (A) 

mesenteric arteries and (B) diaphragm (outlined by dotted line). Substantially fewer 

tumor cells and tumor nodules were observed in mice carrying ES-2-Luc-TsWT 

compared to the ES-2-Luc-TsMut and ES-2-Luc-Ctl tumors, consistent with the in vivo 

bioluminescence imaging. Tumors appear as opalescent white plaques covering the lining 

of the organs. Arrows indicate tumor foci on the liver surrounding the gall bladder. Gall 

bladders were also enlarged in mice carrying ES-2-Luc-Ctl tumors compared to mice 

carrying ES-2-Luc-TsWT tumors. Necropsy images are representative of the tumor 

burden in each of the respective cohorts of mice. Scale bar equals 2 mm. (C) Histologic 

analyses of tumors on diaphragms. Representative H&E staining of diaphragm tissues 

show tumor foci that have invaded into the diaphragm muscle (indicated by d), with no 

obvious difference in the microscopic appearance between the three tumor lines. H&E 

staining was performed with the assistance of Tierra Johnson and Dr. Marguerite Buzza. 
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3.2.18  Testisin proteolytic activity does not alter CD31
+
 blood vessels in ES-2-Luc 

tumors 

 Immunohistochemical staining of tumor tissues for the endothelial cell marker 

CD31 was performed in order to determine if testisin proteolytic activity altered the 

development of blood vessels in the ES-2-Luc tumors in vivo. The results indicate that 

the tumors are vascularized with vessels penetrating the tumor tissues and surrounding 

tumor cell clusters in ES-2-Luc-TsWT cells, as well as ES-2-Luc-Ctl or ES-2-Luc-TsMut 

tumors (Fig. 3.17A). Quantification of the vessel density (CD31
+
 Vessels/mm

2
) in the 

tumors was performed using “Weidner’s Vascular Hot Spot Method.” Results show no 

difference in vessel density between any of the tumor groups (Fig. 3.17B). The lack of 

obvious morphological differences between the three ES-2-Luc tumors may suggest the 

few colonized ES-2-Luc-TsWT tumors were able to overcome the effect of testisin 

expression to metastasize to peritoneal organs. Together, the data suggest that testisin 

activity delays the propensity of ES-2-Luc cells to metastasize, an early event that may 

not be captured in the collected tumor samples. 
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Figure 3. 17.  Testisin proteolytic activity does not alter CD31+ blood vessels in ES-

2-Luc tumors   

(A) Immunohistochemical staining for the endothelial cell marker CD31 (brown) in the 

ES-2-Luc tumors, shows the presence of endothelial networks surrounding tumor tissue. 

(d) indicates areas of diaphramic muscle. Images captured at 40X, scale bars equal 100 

µm. (B) To determine CD31
+
 Vessels/mm

2
, 2-6 areas of tumor with the highest vessel 

density where examined at 40x using “Weidner’s Vascular Hot Spot Method.” Results 

are the averaged counts per area from 2 researchers blinded to the sample identifies. No 

difference in vessel density was detected between any of the tumors from mice carrying 

ES-2-Luc cells. n=3, ES-2-Luc-Ctl, n=5 ES-2-Luc-TsWT and n=2 ES-2-Luc-TsMut. 

These experiments were performed with the assistance of Nisha Pawar and Dr. Nadire 

Duru. 
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3.2.19  Testisin proteolytic activity reduces pro-angiogenic ANG2 and ANGPTL4 

expression during ovarian tumor metastasis 

 These in vivo data suggest a potential suppressive role for testisin activity in late 

stage ovarian cancer progression. While testisin activity enhanced chemotaxis to a serum 

stimulant in vitro (Fig. 3.7), this functional activity is not likely to lead to reduced tumor 

burden. Correlating with reduced tumor burden, the accumulated ascites fluid volume 

collected from mice carrying ES-2-Luc-TsWT tumors was reduced by 86% compared to 

mice carrying ES-2-Luc-Ctl tumors (Fig. 3.18A). Mice carrying ES-2-Luc-TsMut tumors 

showed similar ascites production as mice carrying ES-2-Luc-Ctl tumors, indicating that 

expressed testisin proteolytic activity was required to diminish the development of ascites 

in this model.  

 Analysis of clarified ascites fluid for ANG2 and ANGPTL4 expression by ELISA 

showed that ascites from mice carrying ES-2-Luc-TsWT tumors contained dramatically 

reduced levels of both ANG2 and ANGPTL4 proteins compared to mice carrying ES-2-

Luc-Ctl or ES-2-Luc-TsMut tumors (Fig. 3.18B).  Analysis of ANG2 and ANGPTL4 

mRNA expression in tumor tissues scraped from the diaphragm also showed significantly 

reduced expression of ANG2 and ANGPTL4 mRNA transcripts in the ES-2-Luc-TsWT 

tumors compared to the ES-2-Luc-Ctl or ES-2-Luc-TsMut tumors, consistent with the 

protein expression (Fig. 3.18C). These data show that the effect of testisin proteolytic 

activity in ovarian cancer cells on the expression and secretion of both ANG2 and 

ANGPTL4 is maintained in vivo. This data also suggests that the reduced accumulated 

ascites in mice bearing ES-2-Luc-TsWT tumors is likely to be related to the decreased 

expression of ANG2 and ANGPTL4, which are recognized to increase vascular 
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permeability. Together with the in vitro analyses, these data also suggest a potential 

suppressive role for testisin activity in ovarian cancer. 
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Figure 3. 18.  Testisin proteolytic activity reduces ascites volume and pro-angiogenic 

ANG2 and ANGPTL4 expression during ovarian tumor metastasis 

(A) Volume of ascites recovered from the intraperitoneal cavities of mice carrying ES-2-

Luc-TsWT, ES-2-Luc-TsMut and ES-2-Luc-Ctl tumors. (B) ANG2 and ANGPTL4 

protein levels in clarified ascites collected from mice as measured by ELISAs. Ascites 

from ES-2-Luc-TsWT carrying mice had significantly reduced ANG2 and ANGPTL4 

proteins and this reduction was dependent on testisin proteolytic activity. Mean +/- SEM, 

n=5 mice per group, ** p<0.01; *** p<0.001, one-way ANOVA with post hoc Tukey’s 

test (C) ANG2 and ANGPTL4 mRNA levels in tumor tissues removed from the 

diaphragms of ES-2-Luc tumor bearing mice, analyzed by qPCR. RNA expression is 

normalized to GAPDH. n=5 mice per group. Graphs show mean +/- SEM, * p<0.05; ** 

p<0.01, one-way ANOVA with post-hoc Tukey’s test. 
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3.3  Summary of Results 

 Ovarian cancer has a poor prognosis due to its detection at a late stage after the 

cancer has already disseminated to the peritoneal cavity. There is a need to better 

understand underlying mechanisms of ovarian cancer peritoneal metastasis to be able to 

pursue molecular therapies in order to achieve better patient outcomes. The goal of the 

experiments described in this Chapter was to understand how the elevated expression of 

testisin and PAR-2 may contribute to the progression of ovarian cancer. 

 Using human ovarian ES-2 tumor cells we showed that catalytically active testisin 

induces the activation and internalization of PAR-2 causing a decrease in the expression 

of ANG2 and ANGPTL4 in vitro. Further, PAR-2 signaling was demonstrated to play an 

important role in the regulation of both ANG2 and ANGPTL4 expression as both the 

knockdown and pharmacological suppression of PAR-2 resulted in a similar 

downregulation of angiopoietin expression in the ES-2-Luc cells. Our data indicate that 

the MAPK pathway participates in facilitating expression of these angiopoietins in 

ovarian cancer as we found constitutive testisin expression reduced ERK1/2 expression 

and pharmacological inhibition of MAPK reduced expression of ANG2 and ANGPTL4. 

 Our results also demonstrated that testisin proteolytic activity reduces ovarian 

tumor metastasis and intra-peritoneal tumor dissemination in a preclinical xenograft 

model of late stage ovarian cancer. This reduction in ovarian tumor burden correlates 

with decreased expression of both ANG2 and ANGPTL4 in vivo similar to our 

observations in vitro. In addition to reduced tumor burden, mice carrying ES-2-Luc-

TsWT tumors were also shown to have reduced accumulation of ascites in the 

intraperitoneal cavity. Given that both ANG2 and ANGPTL4 are known to be important 
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regulators of vascular permeability (121,132), this highlights the possibility that testisin’s 

function in ovarian cancer may be in the regulation of vascular permeability. 

 Overall, the results presented in this chapter provide new insight into the potential 

role of testisin and PAR-2 signaling in late stages of epithelial ovarian cancer metastasis. 

Furthermore, we identify a previously unrecognized pathway that suppresses ANG2 and 

ANGPTL4 expression which may open new therapeutics targets for treatment. 
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CHAPTER 4:  TARGETING THE MEMBRANE-ANCHORED SERINE 

PROTEASES ON THE SURFACE OF CANCER CELLS WITH ENGINEERED 

ANTHRAX TOXINS 

4.1  Introduction 

 One difficulty in the treatment of ovarian cancer is that most patients respond to 

initial treatment but later suffer a recurrence of the disease; therefore, identification of 

novel therapies is critically important (1). A new class of pro-drug that utilizes 

engineered anthrax toxins activated by proteases on the cell surface has recently shown 

the ability to kill tumor cells across several cancer types including melanoma, lung, and 

more recently, ovarian tumors (214,268,272). Given the high expression of testisin and 

other proteases on the surface of ovarian tumor cells, these anthrax toxins offer a 

potentially powerful new therapy in ovarian cancer; however, more research is required  

before they could be utilized clinically. 

 The aim of the experiments described in this Chapter were to determine the ability 

of engineered anthrax toxins to target the membrane-anchored serine proteases and cause 

cell death in minimal residual disease and syngeneic models of ovarian cancer and 

identify other potential cancers which could be targeted using this strategy. To this end, 

we generated several models of ovarian cancer to further replicate ovarian tumors in 

patients including an ID-8-Luc syngeneic model to investigate immune responses and an 

ES-2-Luc minimal residual disease model replicating disease remaining in ovarian cancer 

patients following debulking surgery. The efficacy of our engineered anthrax toxins to 

reduce tumor burden was examined in each of these models and also those agents were 

tested for their ability to target lung and prostate tumor cells in vitro. 
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 Our results show that several different engineered anthrax toxins targeted against 

membrane-anchored serine proteases were capable of killing ovarian, lung and pancreatic 

cancer cells in vitro. Analysis of the engineered anthrax toxin PrAg-PAS showed that it 

could reduce tumor burden in an intraperitoneal minimal residual disease model however 

PrAg-PAS treatment was unable to alter tumor growth when utilized in a syngeneic 

model of ovarian cancer. 

4.2  Results 

4.2.1  Design and sequence of engineered anthrax toxins targeting membrane-anchored 

serine proteases  

 The use of engineered anthrax toxins is emerging as a potent new therapeutic 

option for the treatment of several cancer types. In these anthrax toxins, the wild type 

furin cleavage site (Table 4.1) is mutated to match the amino acid sequences which are 

predicted proteolytic targets of other proteases. Some of the first engineered anthrax 

toxins were designed to be activated by MMP2, MMP9 and uPA and have all been shown 

to be effective in killing tumor cells in vitro and in several tumor models including breast 

cancer and HNSCC (270,281,283). 

 To test the ability of engineered anthrax toxins to target membrane-anchored 

serine proteases, our lab designed several PrAg proteins in which the activating cleavage 

sequence was mutated to match predicted targets of membrane-anchored serine proteases. 

The activation sequences for each of these mutated PrAg proteins are displayed in Table 

4.1. The mutant PrAg encoding expression plasmids were generated by Dr. Erik Martin 

and Dr. Sarah Netzel-Arnett. The detailed rationale for each design has been previously 

reviewed in the Martin dissertation (285). As the membrane-anchored serine proteases 
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preferentially cleave peptides following lysine or arginine, all of the engineered PrAg 

proteins were designed to include an Arg residue in the P1 position (Table 4.1) (177).  

 PrAg-PCIS was designed to match the reactive center loop of protein C inhibitor, 

which is a known proteolytic target of testisin (300). Treatment with PrAg-PCIS resulted 

in decreased cell viability of several cancer cell lines and a reduction in tumor burden in a 

HeLa subcutaneous xenograft model (214) . Testisin, matriptase and hepsin but not furin 

have all been shown to activate PrAg-PCIS in vitro (214).   

 The PrAg-PAS toxin was designed to match the zymogen activation site of 

prostasin which has been shown to be a cleavage target of both hepsin and matriptase, 

enabling this toxin to be activated by several members of the membrane-anchored serine 

protease family (301,302). We have recently shown that PrAg-PAS can kill ovarian 

tumor cells in vitro and reduce ovarian tumor burden and extend survival of mice bearing 

ES-2-Luc tumors in an intraperitoneal xenograft tumor model (285).      

 Two additional PrAg proteins were designed based on the zymogen activation site 

of uPA (PrAg-UAS) and testisin (PrAg-TAS). The zymogen activation sequences of 

these proteases were selected as zymogen activation is tightly regulated allowing for the 

activation of these PrAg proteins to be highly specific and with fewer off target effects 

from other activators (177). PrAg-U7, a PrAg in which the furin activation site is deleted 

(Table 4.1), was also included in these studies to serve as a negative control as this PrAg 

cannot be proteolytically activated (289). 
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Table 4. 1.  Design and proteolytic cleavage site sequences of engineered anthrax 

toxins 

The name, cleavage site sequence, protein derivation and predicted proteolytic activators 

are displayed for each of the PrAg proteins utilized in this study. Names for each of the 

engineered PrAg proteins are from the protein the sequences are derived from (Prostasin 

zymogen Activation site Sequence: PrAg-PAS, Protein C Inhibitor Sequence: PrAg-

PCIS, uPA zymogen Activation site Sequence: PrAg-UAS, Testisin zymogen Activation 

site Sequence: PrAg-TAS). For each of the engineered anthrax toxins the eight amino 

acid sequence of the PrAg-WT furin cleavage site was mutated to match the known 

proteolytic target of a membrane-anchored serine protease. Cleavage of the PrAg by 

proteases occurs between the P1 and P1’ site in the cleavage site sequene, which is 

designated by a dash in the table. All engineered anthrax toxin designed by Sarah Netzel-

Arnett, Ph.D. and mutations were performed by Erik Martin, Ph.D. 
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4.2.2  Generation of an NCI/ADR-Res-Luc intraperitoneal xenograft model of ovarian 

cancer metastasis  

 Having previously demonstrated that PrAg-PAS was capable of reducing tumor 

burden and extending life in an ES-2-Luc i.p. xenograft model (285), we wanted to 

ensure the PrAg-PAS toxin would retain efficacy in a second tumor model. Currently, 

there are limited models which replicate the metastatic process of ovarian cancer and 

therefore we established a second intraperitoneal model of ovarian cancer metastasis. For 

these studies we selected the human ovarian carcinoma cell line NCI/ADR-Res, which 

endogenously expresses testisin (Fig. 3.2) and can be killed in vitro utilizing PrAg-PAS 

in combination with FP59. To facilitate imaging of ovarian tumor metastasis in vivo, the 

NCI/ADR-Res cells were stably transduced to express luciferase (NCI/ADR-Res-Luc) 

and single cell colonies of the cells with highest luciferase activity were generated by 

limiting dilution assay. To evaluate the ability of the NCI/ADR-Res-Luc cells to form 

intraperitoneal tumors, a cohort of 5 nude mice were injected i.p with 5x10
6
 NCI/ADR-

Res-Luc cells, the number of cells previously utilized in the ES-2-Luc intraperitoneal 

model, and tumor seeding and progression were monitored weekly by luminescence 

using IVIS for up to 66 days (Fig. 4.1A). The results demonstrate that NCI/ADR-Res-

Luc cells were able to form intraperitoneal tumors; however, they grew more slowly than 

ES-2-Luc tumors, requiring up to 66 days to reach the size of ES-2-Luc tumors. 

Importantly, upon performing necropsies, mice carrying NCI/ADR-Res-Luc tumors 

showed widespread tumors coating the diaphragm, mesenteric arteries and several other 

sites dispersed throughout the peritoneal cavity (Fig. 4.1B). These data show that 

NCI/ADR-Res-Luc cells form i.p. tumors and reflect the metastatic pattern observed in 
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late-stage ovarian cancer, similar to ES-2-Luc cells. Therefore, the NCI/ADR-Res-Luc 

intraperitoneal model of ovarian cancer offers a new method for studying ovarian tumor 

metastasis and testing the efficacy of potential therapeutics. 
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Figure 4. 1.  NCI/ADR-Res-Luc cells can form tumors in an intraperitoneal model 

of ovarian cancer metastasis 

(A) A cohort of mice (n=5) bearing NCI/ADR-Res-Luc i.p. xenograft tumors were 

monitored at days 18, 46 and 66 by IVIS imaging to determine in vivo growth 

characteristics of the cell line. Images represent the peak luciferase activity levels in the 

individual mice. (B) Representative photographs of peritoneal organs taken at necropsy 

showing widespread, multiple tumor nodules attached to major sites of metastasis, 

including the diaphragm, mesenteric arteries, on the liver surrounding the gall bladder 

and throughout the peritoneal cavity. As with the previous ES-2-Luc models, NCI/ADR-

Res-Luc tumors appear as opalescent white plaques covering the organs or as white 

tumor foci in the peritoneal cavity. Necropsy images are representative of the tumor 

burden in each of the respective mice in the cohort. 
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4.2.3 PrAg-PAS engineered toxin reduces tumor burden in an intraperitoneal NCI/ADR-

Res-Luc model of ovarian cancer metastasis 

 To determine the ability of PrAg-PAS toxin to reduce NCI/ADR-Res-Luc tumor 

burden in vivo, female athymic nude mice were injected i.p. with 5x10
6
 NCI/ADR-Res-

Luc cells. Once tumors reached detectable size on day 10, mice were divided into three 

cohorts with equal average tumor burden as determined by IVIS imaging. Each cohort 

received three i.p. injections every week (MWF) for three weeks containing either 5 μg 

LF alone, 15 μg PrAg-PAS with 5μg LF or 45 μg PrAg-PAS with 15μg LF; these 

dosages of anthrax toxin were previously utilized in the ES-2-Luc intraperitoneal model 

and showed no off target toxicity in the mice (Fig. 4.2A). Results of the experiment show 

that mice treated with either dose of PrAg-PAS/LF toxin show reduced tumor burden by 

IVIS imaging compared to the mice that were treated with LF alone (Fig. 4.2B). One 

mouse in the 45 μg PrAg-PAS with 15μg LF group did have to be euthanized due to loss 

of body weight following day 11 of the study. Quantification of the results of the IVIS 

imaging reveals that treatment with PrAg-PAS/LF toxin results in significant reduction in 

tumor burden starting on day 25 (Fig. 4.2C). On day 25, treatment with PrAg-PAS/LF 

toxin resulted in a 67% reduction in tumor burden at the lower dose tested and a 74% 

reduction when the higher dose of toxin was injected compared to LF control. Similar 

results were obtained at both day 32 and day 39 following tumor injection. The maximal 

reduction in tumor burden was achieved by treatment with 45 μg PrAg-PAS with 15μg 

LF at day 39, in which mice showed an almost 90% reduction in tumor compared to 

those receiving LF alone (Fig. 4.2C). These results show that the PrAg-PAS protein in 

combination with LF is highly effective in the reduction of NCI/ADR-Res-Luc i.p. 
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tumors and that PrAg-PAS toxin is efficacious in several models of ovarian cancer 

metastasis. 
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Figure 4. 2.  Treatment with PrAg-PAS reduces tumor burden in a NCI/ADR-Res-

Luc intraperitoneal model of ovarian cancer metastasis 

(A) NCI/ADR-Res-Luc cells were injected i.p. into female athymic nude mice and 10 

days post injection sorted into 3 cohorts with equal tumor burden as measured by IVIS 

imaging (n=5 mice/group). Mice received 3 i.p. injections weekly for 3 weeks consisting 

of either 5 μg LF alone, 15 μg PrAg-PAS/5 μg LF toxin or 45 μg PrAg-PAS/15 μg LF 

toxin. (B) Tumor burden in each cohort of mice bearing NCI/ADR-Res-Luc i.p. 

xenograft tumors were monitored at days 11, 25 and 39 post tumor injection by IVIS 

imaging. Images represent the peak luciferase activity levels in the individual mice. (C) 

Quantification of photon intensities reveal significantly decreased signal intensity in mice 

treated with either 15 μg PrAg-PAS/5 μg LF toxin or 45 μg PrAg-PAS/15 μg LF toxin 

compared to mice treated with LF control. n=5 mice per group, graphs show mean +/- 

SEM; * p<0.05; ** p<0.01, one-way ANOVA with post hoc Tukey’s test. 
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4.2.4 PrAg-PAS treatment reduces tumor burden in an ES-2-Luc minimal residual 

disease model of ovarian cancer. 

 The extent of debulking surgery is a major predictor of outcomes in ovarian 

cancer patients with the ultimate goal of the surgery to reduce tumor size below 1 cm 

(142). Unfortunately, disease recurrence can stem from this minimal residual disease left 

following surgery (286). To determine if the PrAg-PAS toxins are effective in reducing 

residual tumors post-surgery we established a minimal residual disease model using 

female nude mice that had undergone an ovariectomy to represent women following 

debulking surgery. For this model, ES-2-Luc cells were utilized as these cells rapidly 

develop tumors in vivo. Mice were injected i.p. with 5x10
6
 ES-2-Luc cells and the 

following day mice were imaged using IVIS and divided into three cohorts of five mice 

with approximately equal tumor burden. To replicate the minimal disease following 

debulking surgery, toxin treatment was initiated one day post tumor injection. Each group 

of mice received three i.p injections per week for two weeks containing either 5 μg LF 

alone or 15 μg PrAg-PAS with 5 μg LF. The third group received an additional weekly 

injection of 15 μg PrAg-PAS/ 5 μg LF toxin once weekly to test PrAg-PAS as a potential 

maintenance drug (Fig. 4.3A). Tumor burden was monitored in the mice throughout the 

experiment using IVIS imaging and we found that treatment with PrAg-PAS toxin did 

reduce the minimal residual disease in the mice compared to those treated with LF alone 

(Fig, 4.3B). As a result of advanced tumor present in the mice, those treated with LF 

alone had to be euthanized shortly after imaging on day 11, consistent with our previous 

ES-2-Luc intraperitoneal model (285), indicating treatment with PrAg-PAS toxin could 

extend mouse survival (Fig. 4.3B). Mice from each group were euthanized whenever 
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they showed > 10% weight indicating extensive accumulation of ascites or significant 

decrease in activity due to tumor burden. 

 Quantification of the IVIS imaging results reveals that treatment with PrAg-PAS 

toxin resulted in a rapid and significant decrease in tumor burden by day 5, with mice 

treated with PrAg-PAS toxin showing a 97% reduction in tumor burden compared to 

those treated with LF control (Fig 4.4A). PrAg-PAS produced similar reductions in tumor 

burden at day 11 of the experiment, where tumor burden was reduced by 98% compared 

to LF control treated mice (Fig. 4.4A). On day 20, treatment of mice with a weekly 

maintenance dose of 15 μg PrAg-PAS with 5 μg LF did result in a significant reduction 

in tumor burden; however, despite continued treatment no further benefit from 

maintenance therapy was observed at day 26 (Fig. 4.4A). Survival analysis of the study 

showed that treatment with PrAg-PAS toxin resulted in a significant survival benefit to 

the mice compared to those receiving LF control (Fig. 4.4B). While one mouse in the 

PrAg-PAS maintenance cohort did survive until day 59 of the study, no additional 

survival benefit was found from the use of PrAg-PAS maintenance therapy when 

compared to those who were treated for only two weeks with the PrAg-PAS toxin (Fig. 

4.4B). This data demonstrates that PrAg-PAS toxins are capable of reducing tumor 

burden and extending survival in a minimal residual disease model of ovarian cancer. 

Under the tested conditions, this study also showed that the PrAg-PAS toxin was unable 

to eradicate the minimal residual disease as once treatments were stopped, tumors in the 

mice did recur. Further, a weekly maintenance therapy with PrAg-PAS toxin was found 

to be ineffective at the currently examined dosage at further extending survival of the 

mice or preventing disease recurrence.  
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Figure 4. 3.  Generation of an intraperitoneal ES-2-Luc minimal residual disease 

model of ovarian cancer 

(A) ES-2-Luc cells were injected i.p. into female athymic nude mice that had previously 

undergone an ovariectomy and the following day were sorted into 3 cohorts with equal 

tumor burden as measured by IVIS imaging (n=5 mice/group). Mice received three i.p. 

injections weekly for 2 weeks of either 5 μg LF alone or 15 μg PrAg-PAS/5 μg LF toxin. 

One cohort of the mice continued to receive weekly i.p. injections of 15 μg PrAg-PAS/5 

μg LF toxin as a maintenance dose. (B) Tumor burden in mice bearing ES-2-Luc i.p. 

xenograft tumors treated with LF control, 15 μg PrAg-PAS/5 μg LF toxin or 15 μg PrAg-

PAS/5 μg LF toxin plus maintenance doses were monitored at days 1, 11 and 26 by IVIS 

imaging. Images represent the peak luciferase activity levels in the individual mice. Due 

to advanced tumor burden and accumulation of ascites all mice in the LF control group 

had to be euthanized following imaging on day 11. Images show treatment with PrAg-

PAS toxin is able to initially reduce tumor burden in the minimal residual disease model 

compared to those treated with LF control. 
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Figure 4. 4.  Treatment with PrAg-PAS engineered anthrax toxin reduces tumor 

burden and extends survival in an ES-2-Luc minimal residual disease model of 

ovarian cancer 

(A) Quantification of IVIS imaging photon intensities of the mice in the ES-2-Luc 

minimal residual disease model reveals significantly decreased luciferase activity in mice 

treated with 15 μg PrAg-PAS/5 μg LF compared to mice treated with LF control only at 

both day 5 and day 11. Continued treatment with weekly maintenance doses of PrAg-

PAS toxin resulted in significantly reduced tumor burden at day 20 post tumor injection. 

n=5 mice per group, graphs show mean +/- SEM; ** p<0.01; *** p<0.001, one-way 

ANOVA with post hoc Tukey’s test. (B) Survival analysis of the cohorts of mice carrying 

ES-2-Luc i.p. xenograft tumors by Kaplan-Meier curve shows that treatment with PrAg-

PAS toxin increased survival of mice compared to those treated with LF control alone. 

No further survival benefit was gained through continued maintenance treatment with 

PrAg-PAS. n=5 mice per group, Log-rank (Mantel-Cox) test. 
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4.2.5  Tumors from minimal residual disease model of ovarian cancer reflect late stage 

ovarian tumor metastasis       

 Following euthanasia, necropsies were performed on each mouse in the minimal 

residual disease study to determine if this model generated metastatic tumors similar to 

our previous ES-2-Luc i.p. models. As the study was performed as a survival experiment, 

significant tumor was present in all mice at the time of their necropsy. Representative 

images of tumor burden present in three mice from the minimal residual disease 

experiment are presented in Fig. 4.5. As in our previous ES-2-Luc i.p. model, significant 

tumor plaques were found to be coating the entirety of the diaphragm and the lining of 

the mesenteric arteries (Fig. 4.5). Metastatic tumor foci were also found to be present on 

the liver especially surrounding the enlarged gall bladders. Additional metastatic tumor 

foci were present throughout the peritoneal cavity and attached to the peritoneal lining. 

Therefore, tumors in the minimal residual disease model are capable of recapitulating the 

biological behavior of late-stage metastatic ovarian cancer.   
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Figure 4. 5.  Tumors from minimal residual disease model of ovarian cancer 

resemble late stage ovarian tumor metastasis 

At the time of necropsy, all cohorts of mice in the ES-2-Luc i.p. minimal residual disease 

model showed wide spread tumor burden similar to our previous ES-2-Luc i.p. xenograft 

model of ovarian cancer metastasis. Representative photographs of peritoneal organs 

show white opalescent plaque of tumors lining the diaphragm and mesenteric arteries as 

well as metastatic tumor foci on the liver surrounding the gall bladder. 
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4.2.6 Engineered anthrax toxins can kill the mouse ovarian cancer cell line ID-8 in vitro 

 Having demonstrated that engineered anthrax toxins are capable of targeting and 

killing ovarian cancer cells in two different xenograft models, we next sought to explore 

the ability of these toxins to function in a syngeneic model. Given that the anthrax toxins 

are derived from bacteria it is expected that they will produce an immune response in 

human patients. Previous studies with engineered PrAg proteins in C57BL/6 mice have 

shown mice develop antibodies direct against PrAg within as few as 10 days of the 

initiation of treatment (272). To determine the ability of the membrane-anchored serine 

protease targeted anthrax toxins to function in a syngeneic model, we received the mouse 

ovarian cancer cell line ID-8-Luc from John B. Liao (University of Washington). These 

cells have been shown to successfully engraft and grow in C57BL/6 mice without 

altering the immune microenvironment of the tumor (303). Our initial attempts to 

generate a syngeneic i.p. ID-8-Luc model of ovarian cancer showed low levels of 

luciferase activity and as a result we re-selected the ID-8-Luc cells in puromycin and 

performed a limiting dilution assay to generate single cell clones. Generated clones of the 

ID-8-Luc cells were screened for luciferase activity (Fig. 4.6A). Several ID-8-Luc clones 

were shown to have high levels of luciferase activity with clone 1 showing the highest 

luciferase activity per cell, ~40 fold higher than was detected in ES-2-Luc cells. This 

increased activity suggests that ID-8-Luc clone 1 cells are advantageous to use for future 

experiments and were utilized in all subsequent ID-8-Luc experiments.  

 To determine if engineered PrAg protein could kill ID-8-Luc cells in vitro, ID-8-

Luc cells were treated with increasing concentrations of PrAg-PAS or PrAg-PCIS, which 

have previously been well characterized by our lab (214,285), and PrAg-WT along with 
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50 ng/ mL of the cargo protein FP59 for 48 hours and cell death measured by cytotoxicity 

assay (Fig. 4.6B). Treatment of the ID-8-Luc cells with all doses of PrAg-WT toxin 

resulted in nearly complete killing of the tumor cell line showing the cells express the 

required receptors and machinery required for anthrax toxins to function. Both PrAg-

PCIS and PrAg-PAS were also able to induce cell death in the ID-8-Luc cells in a dose 

dependent manner with PrAg-PCIS treatment resulting in increased cell death at all doses 

tested compared to PrAg-PAS (Fig. 4.6B). Together, these results demonstrate that ID-8-

Luc cells can be effectively targeted and killed by engineered anthrax toxins. 

4.2.7  Generation of a syngeneic ID-8-Luc intraperitoneal model of ovarian cancer 

metastasis 

 We next sought to establish a syngeneic intraperitoneal model of ovarian cancer 

using the ID-8-Luc cell line. To determine the optimal conditions for generating i.p. ID-

8-Luc tumors, cohorts of three mice each were injected i.p. with ID-8-Luc cells at 

increasing concentrations (5x10
6
, 1.0x10

7
 and 1.5x10

7
) and tumor burden was monitored 

by IVIS imaging (Figure 4.7). Results from the IVIS imaging show that all mice injected 

with ID-8-Luc cells developed tumors; however, tumors developed very slowly requiring 

up to 8 weeks to reach the luciferase activity observed with ES-2-Luc i.p. tumors. The 

number of cells injected into the mice had little effect on tumor burden, as IVIS imaging 

was similar across all groups in the study. 

 Quantification of the IVIS imaging confirmed that the number of ID-8-Luc cells 

injected had no significant effect on the extent of tumor burden present in the mice (Fig. 

4.8A). No difference in mean photo intensity was observed between cell injections on 

any day of the study. Following day 38 of the study there appears to be a sharp increase 
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in tumor burden in mice as measured by IVIS; however, this was a result of the abdomen 

of the mice being shaved prior to imaging rather than an increase in tumor burden.   

 Following eight weeks of tumor growth, each mouse injected with ID-8-Luc cells 

was euthanized and a necropsy performed to visualize and characterize the spread and 

extent of tumor burden in the C57BL/6 mice. As in our other models of ovarian cancer, 

ID-8-Luc tumors formed small metastatic foci throughout the peritoneal cavity. The most 

common sites of tumor development were the diaphragm and mesenteric arteries (Fig, 

4.8B). ID-8-Luc tumors remained small compared to the ES-2-Luc tumors, remaining as 

small discrete tumor foci rather than plaques of tumors on the diaphragm. ID-8-Luc 

tumors were also visualized on the liver around the gall bladders of the mice, which were 

enlarged (Fig. 4.8B). One unique feature of the ID-8-Luc intraperitoneal model was the 

development of bloody ascites. All nine mice in the study presented with swollen 

abdomens and upon opening of the peritoneal cavity were found to contain large volumes 

(up to 15 mL) of ascites that were filled with blood. The cause of the bloody ascites is 

unclear and could be related to an immune response in the mice to the tumors or signaling 

by the ID-8-Luc cells which could alter vascular permeability and warrants future studies. 

As we observed no significant differences in growth characteristics and pattern of tumor 

metastasis between mice injected with 1.0x10
7
 or 1.5x10

7
 ID-8-Luc cells, we selected an 

injection of the lower concentration of 1.0x10
7
 ID-8-Luc cells as optimal for a syngeneic 

intraperitoneal model of ovarian cancer metastasis in C57BL/6 mice. 
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Figure 4. 6.  Engineered anthrax toxins can kill the mouse ovarian cancer cell line 

ID-8 in vitro 

(A) ID-8-Luc cells showed low luciferase activity in initial studies. To improve luciferase 

activity, cells were selected in puromycin and single cell colonies were generated. 

Luciferase activity from each colony was measured per cell and compared to ES-2-Luc 

cells. (B) To determine ID-8-Luc sensitivity to engineered anthrax toxins, ID-8-Luc cells 

were incubated with PrAg-WT, PrAg-PAS or PrAg-PCIS (0-500 ng/mL) and 50 ng/mL 

FP59 for 48 hours and cell viability measured by MTT assay. MTT assays show ID-8-

Luc cell are susceptible to PrAg toxins in a dose dependent manner. Graphs show the 

mean +/- SEM and are the average of three independent experiments. 
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Figure 4. 7.  Generation of a syngeneic ID-8-Luc intraperitoneal model of ovarian 

cancer metastasis 

To develop a syngeneic model of ovarian cancer metastasis, three cohorts of C57BL/6 

mice (n=5 mice/group), were injected i.p. with 5x10
6
, 1.0x10

7
 or 1.5x10

7
 ID-8-Luc cells. 

Growth characteristics of the tumor cells in vivo were monitored at days 9, 38 and 65 by 

IVIS imaging and show that at all 3 cellular densities tested. ID-8-Luc tumors develop 

slowly in the peritoneal cavity of the mice. Images represent the peak luciferase activity 

levels in the individual mice. 
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Figure 4. 8.  ID-8-Luc tumors follow characteristic path of ovarian tumor metastasis 

in a syngeneic model 

(A) Quantification of IVIS imaging from the cohorts of mice in the ID-8-Luc syngeneic 

model of ovarian cancer metastasis show the number of cells injected i.p. in the C57BL/6 

mice had no significant on either time or extent of tumor burden in the mice. Increases in 

luciferase activity after day 38 are a result of the shaving of mouse abdomens prior to 

imaging. Graphs represent the mean +/- SEM, n=5 mice per group. (B) Representative 

photographs of necropsies performed on each cohort of mice show ID-8-Luc i.p. tumors 

are less aggressive than ES-2-Luc i.p. xenograft tumors. Small metastatic tumor foci 

(arrows) present on the diaphragm and on the liver of each of the cohorts of C57BL/6 

mice bearing ID-8-Luc i.p tumors. Additional small tumors are present on the lining of 

the mesenteric arteries. 
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4.2.8  Treatment with PrAg-PAS toxin is ineffective in a syngeneic ID-8 model of ovarian 

cancer metastasis 

 To determine the ability of PrAg-PAS toxin to reduce ID-8-Luc tumor burden in 

vivo, female C57BL/6 mice were injected i.p. with 1.0x10
7
 ID-8-Luc cells. Tumors were 

allowed to grow for 21 days until they had reached detectable size by IVIS imaging and 

were divided into two cohorts of five mice each with equal average tumor burden. One 

cohort of mice received i.p. injection of 15 μg PrAg-PAS and 5 μg LF three times per 

week on a MWF schedule for two weeks and then MWF injections every other week 

until the conclusion of the experiment (Fig. 4.9A). The second cohort of mice received 

treatment on the same schedule as the first group, but only received 5 μg LF in each 

injection (Fig. 4.9A). IVIS imaging results from the experiments show that at day 1 small 

tumors are visible on the abdomen of all mice in both experimental groups (Fig. 4.9B). 

On day 26, following the first two weeks of treatment, IVIS imaging shows no apparent 

differences in tumor burden in the PrAg-PAS toxin compared to the LF only treated mice 

with similar tumor burden present in all but one mouse in the LF control group (Fig. 

4.9B). Continued treatment with PrAg-PAS toxin showed no benefit by IVIS imaging at 

day 52 post start of treatment, with tumors visible on the abdomen of all mice. Two mice 

in the LF control group and four mice in the PrAg-PAS toxin treated group display 

distended abdomens due to the accumulation of ascites further indicating the PrAg-PAS 

treatment was unable to reduce the ability of the ID-8-Luc cells to metastasize (Fig. 

4.9B). 

 Quantification of the IVIS imaging results reveal there are no significant 

difference in tumor burden in the PrAg-PAS toxin treated mice compared to the LF 
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control group on any day of the experiment (Fig. 4.10A). Further, treatment with PrAg-

PAS toxin was unable to reduce tumor burden in the C57BL/6 mice except on day 52, on 

which PrAg-PAS treated mice showed a nearly 50% reduction in tumor compared to the 

same mice on day 1 (Fig. 4.10A). However, this reduction is not likely to be a result of 

toxin treatment as the LF control treated mice showed a similar reduction in tumor 

burden (Fig. 4.10A). Survival analysis of the experiment by Kaplan-Meier curve shows 

that treatment with PrAg-PAS toxin provided no survival benefit compared to mice 

treated with LF control alone (Fig. 4.10B). Overall, these results demonstrate that PrAg-

PAS toxin was not able to reduce tumor burden or extend mouse survival in an ID-8-Luc 

syngeneic model of ovarian cancer metastasis.   
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Figure 4. 9.  Treatment of an ID-8-Luc syngeneic model of ovarian cancer 

metastasis with the engineered PrAg-PAS toxin 

(A) ID-8-Luc cells were injected i.p. into female C57BL/6 mice and tumors allowed to 

grow for 21 days until they were detectable by IVIS imaging. Mice were sorted into two 

cohorts with equal tumor burden as measured by IVIS imaging (n=5 mice/group). Each 

cohort of mice was treated with three i.p. injections (MWF) weekly for two weeks and 

continuing every other week consisting of either 15 μg PrAg-PAS/5 μg LF toxin or 5 μg 

LF alone. (B) Tumor burden in each cohort of mice bearing ID-8-Luc i.p. xenograft 

tumors was monitored at days 1, 26 and 52 following initiation of treatment by IVIS 

imaging. Results from IVIS imaging show little difference between PrAg-PAS toxin 

treated mice and those treated with LF control. Images represent the peak luciferase 

activity levels in the individual mice. 
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Figure 4. 10.  PrAg-PAS engineered anthrax toxin does not reduce tumor burden or 

improve survival in an ID-8-Luc syngeneic model of ovarian cancer metastasis 

(A) Quantification of the IVIS imaging results from the ID-8-Luc syngeneic model of 

ovarian cancer metastasis reveals that treatment of the C57BL/6 mice carrying ID-8-Luc 

tumors with PrAg-PAS engineered anthrax toxin results in no significant reduction in 

tumor burden compared to LF control treated mice. n=5 mice per group, graphs represent 

the mean +/- SEM, one-way ANOVA with post hoc Tukey’s test. (B) Kaplan-Meier 

analysis of the cohorts of C57BL/6 mice demonstrates that treatment with PrAg-PAS 

toxin had no significant benefit on mouse survival compared to those treated with LF 

alone. n=5 mice per group, Log-rank (Mantel-Cox) test. 
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4.2.9  Presence of ID-8-Luc tumors is associated with increased spleen weight in 

C57BL/6 mice     

 At the conclusion of the treatments, necropsies were performed on mice bearing 

ID-8-Luc tumor in order to visualize tumor burden in the mice. As in the previously 

described ES-2-Luc and NCI/ADR-Res-Luc i.p. tumor models, mice carrying ID-8-Luc 

tumors show tumors largely attached to the diaphragm and mesenteric arteries (Fig. 

4.11A). Representative images of tumors on the diaphragm show that treatment with 

PrAg-PAS toxin show no reduction in attached tumors compared to those treated with LF 

control alone, reflective of the results of IVIS imaging (Fig. 4.11A, arrowheads). Mice 

in both the LF control and PrAg-PAS toxin treated groups show the presence of small 

metastatic foci of tumor covering the lining of the mesenteric arteries (Fig. 4.11A). In the 

ID-8-Luc model tumors were also found on the liver, attached to the lining of the 

peritoneal cavity and in some cases on the kidney (Fig. 4.11A). One unique feature of the 

ID-8-Luc intraperitoneal model compared to the previous ovarian cancer metastasis 

model was the presence of an enlarged spleen in several of the mice in both the PrAg-

PAS toxin and LF control treated mice (Fig 4.11A, arrows). As the spleen is the second 

largest immune organ in mice, storing a quarter of lymphocytes and initiating immune 

responses to blood borne antigens (304), we wanted to investigate if PrAg-PAS treatment 

may result in changes to spleen size. Treatment of the C57BL/6 mice with PrAg-PAS 

toxin resulted in no significant changes to spleen weight (0.58% of total body weight) 

compared to mice receiving LF alone (0.49% of total body weight) (Fig 4.11B). 

Interestingly, compared to C57BL/6 mice that do not carry ID-8-Luc tumors both the 

PrAg-PAS toxin and LF control treated mice show an increase in spleen weight that is 
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not statistically significant (Fig. 4.11B). Taken together, this data shows that in the ID-8-

Luc syngeneic model of ovarian cancer metastasis treatment with PrAg-PAS toxin was 

ineffective in reducing tumor dissemination to either the diaphragm or mesenteric 

arteries. Further, as mice bearing ID-8-Luc tumors do show a small increase in spleen 

weight, the ID-8-Luc tumors may be causing an immune response in the C57BL/6 mice 

that merits further investigation, since immune suppression approaches could then be 

utilized. 
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Figure 4. 11.  Presence of ID-8-Luc tumors is associated with increased spleen 

weight in C57BL/6 mice 

(A) Representative photographs of peritoneal organs of the cohorts of C57BL/6 mice 

carrying ID-8-Luc tumors shows the presence of small metastatic tumor foci present on 

the diaphragm (arrowheads) and mesentery of all mice in the study. No difference in 

tumor burden between mice treated with PrAg-PAS toxin and LF control was observed 

reflecting the results of the IVIS imaging, n=5 mice per group. One additional phenotype 

of the ID-8-Luc syngeneic model was the presence of enlarged spleens (arrows) in 

several of the mice of both cohorts (A). To determine potential immune responses in the 

mice due to the presence of ID-8-Luc tumors and anthrax toxin treatment, the spleen 

from each mouse was collected during necropsy and weighed (B). As a control, two 

additional cohorts of C57BL/6 mice not bearing tumors were included that received 

either LF control or PrAg-PAS toxin treatment on the same schedule. No difference in 

spleen weight as a result of PrAg-PAS toxin was observed in either mice carrying ID-8-

Luc tumors or the non-tumor carrying mice. Spleen weights were elevated in mice 

carrying ID-8-Luc tumors compared to the non-tumor bearing mice but this result was 

not statistically significant. n=4-5 mice per group, graphs show mean +/- SEM, one-way 

ANOVA with post hoc Tukey’s test. 

 

 

 

 

 

 

 

 

 



 

149 

 

4.2.10  Screen of membrane-anchored serine protease expression in cancer cell lines 

 Having shown that engineered anthrax could be utilized to induce cytotoxicity in 

ovarian cancer cells, we next wanted to see if the same treatment could be extended and 

utilized to target additional cancer types. Pancreatic cancer has been shown to undergo 

peritoneal metastasis similar to ovarian cancer in approximately 50% of all tumors and 

although more rare, lung cancer patients also show peritoneal metastasis in up to 16% of 

cases (305,306). To determine the level of protease expression in each tumor type, 

several cancer cell lines including ES-2-Luc (ovarian) (Fig. 4.12A), the human lung 

cancer cells A549 (Fig. 4.12B) and the pancreatic cancer cells AsPC-1, CAPAN-1 and 

miaPACA2 (Fig. 4.12C) were screened by qPCR for their expression of the membrane-

anchored serine proteases. The results of the screen show that all five of the tested cell 

lines do express several of the membrane-anchored serine proteases; however, there is 

great diversity in expression levels of proteases between and within various cancer cell 

types. In general, the pancreatic cancer cells have higher expression of the membrane-

anchored serine proteases compared to ovarian and lung cancer lines tested with AsPc-1 

cells having the greatest protease expression (Fig. 4.12C). The lung cancer cell A549 was 

found to express the fewest members of the membrane-anchored serine protease family 

and those that are present are expressed at low levels (Fig. 4.12B). As testisin, hepsin and 

matriptase have been shown to activate the engineered anthrax toxins in vitro we 

examined the expression of these three proteases in each of the tumor cell lines. For 

testisin, the AsPC-1 cells have the highest expression, ~6-fold higher than the next 

highest expressing cells (CAPAN-1) (Fig. 4.12C). The other three cell lines all show 

similar levels of testisin expression which is ~60,000 fold less than that in AsPc-1. 
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Similar results were found for matriptase expression in which both the pancreatic cells, 

AsPc-1 and CAPAN-1, are the highest expressing cell lines and have ~8000 fold higher 

expression than the A549 cells followed by miaPACA2 and finally ES-2-Luc. Hepsin 

expression was found to be highest in the CAPAN-1 cells followed by AsPc-1 cells (~2.5 

fold less) with similar levels of expression present in the miaPACA2, ES-2-Luc and 

A549 cells. These results indicate that engineered anthrax toxins should be capable of 

being activated by membrane-anchored serine proteases on the surface of these cancer 

cell lines resulting in cell death. 

4.2.11  Pancreatic and lung cancer cell lines express anthrax toxin receptors 

 As the anthrax toxin requires the binding of the PrAg to the anthrax receptor prior 

to proteolytic cleavage we next screened the cancer cell lines for their mRNA expression 

of ANTXR1 (Fig. 4.13A) and ANTXR2 (Fig. 4.13B) by qPCR. Interestingly, expression 

of ANTXR1 was found to be the highest in the cells with the lowest protease expression. 

A549 lung cancer cells were found to have 3.4-fold higher expression of ANTXR1 

compared to the next highest expressing cell line CAPAN-1 (Fig. 4.13A). AsPc-1 cells, 

which had the highest expression of the membrane-anchored serine proteases, show the 

lowest ANTXR1 expression, ~28,000 fold less than the A549 cells. Expression of 

ANTXR2 was found to be nearly opposite of ANTXR1 in the tested cell lines. AsPc-1 

showed the highest expression of ANTXR2 and A549 cells the lowest, ~350 fold less 

(Fig. 4.13B). Most importantly, expression of the anthrax toxin receptors was detected in 

all cell lines examined and therefore, all of the cell lines could be targeted by the 

engineered anthrax toxins. 
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Figure 4. 12.  Screen of membrane-anchored serine protease expression in lung and 

pancreatic cancer cell lines 

(A) Ovarian cancer cells (ES-2-Luc), (B) human lung cancer cells (A549) and (C) human 

pancreatic cancer cell lines (AsPc-1, CAPAN-1 and miaPACA2) were subject to qPCR 

analysis to measure their relative expression levels of membrane-anchored serine 

proteases including type I (TPSG1), GPI-anchored (testisin and prostasin), and several 

members of the type II serine proteases (including hepsin, matriptase and corin). mRNA 

expression was normalized to GAPDH, and are expressed relative to the mRNA levels of 

GAPDH within each cell line. Graphs show mean of technical replicates performed in 

triplicate for each cell line. 
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Figure 4. 13.  Pancreatic and lung cancer cell lines express the anthrax toxin 

receptors ANTXR1 and ANTXR2 

Lung (A549), pancreatic (AsPc-1, miaPACA2 and CAPAN-1) and ovarian (ES-2-Luc) 

cancer cell were subjected to qPCR to measure relative mRNA levels of (A) ANTXR1 

and (B) ANTXR2. All cell lines tested were found to express both anthrax toxin 

receptors. mRNA was normalized to GAPDH and expressed relative GAPDH mRNA 

expression in each cell line. Graphs show mean of technical replicates performed in 

triplicate.  
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4.2.12  Engineered anthrax toxins can target and kill pancreatic and lung cancer cell 

lines in vitro 

 To test the ability of the engineered anthrax toxins to target other cancer types, the 

lung and pancreatic cancer cell lines were treated with increasing concentrations of the 

PrAg proteins (0-500 ng/mL) in combination with 50 ng/mL of the cargo protein FP59 

for 48 hours and cell viability measured by MTT assay. As the cancer cell lines expressed 

a wide range and levels of the serine proteases, we tested the efficacy of all generated 

engineered anthrax toxins for their ability to target lung and pancreatic cancer cells. The 

results show that A549 lung cancer cells (Fig 4.14A) and all three pancreatic cancer cell 

lines (Fig. 4.14B) were sensitive to treatment with all of the PrAg proteins in a dose 

dependent manner except for PrAg-U7. As expected, the non-cleavable PrAg protein 

PrAg-U7 had no effect on cell viability of any of the cancer cell lines tested (Fig. 4.14). 

Of the engineered anthrax toxins tested, all five cell lines were most sensitive to 

treatment with PrAg-PCIS, which was designed to target Protein C Inhibitor, which was 

either equally effective, or in the case of CAPAN-1 cells, was more effective, at killing 

than treatment with PrAg-WT (Fig. 4.14). PrAg-PAS, which mimics the prostasin 

zymogen activation site, and PrAg-UAS, matching the uPA zymogen activation site, 

showed similar tumor killing ability at all doses tested in the five cell lines included in the 

study (Fig. 4.14). PrAg-TAS, which matches the sequence of the testisin zymogen 

activation site, was the least effective of the engineered anthrax toxins, having only minor 

tumor killing abilities except in the miaPACA2 cells, indicating these cells may express a 

potent activator of testisin that has yet to be identified (Fig. 4.14B). Of note, the two cell 

lines which showed the greatest sensitivity to treatment with engineered PrAg proteins, 
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miaPACA2 and A549, are the two cell lines which had the lowest mRNA expression of 

the membrane-anchored serine proteases (Fig 4.12 & Fig. 4.14). This result may indicate 

that an additional protease that was not included in our screen is expressed on the surface 

of these cells and is capable of potently activating the PrAg proteins. Taken together, 

these results demonstrate that engineered anthrax toxins are capable of targeting and 

killing lung and pancreatic cancer cells in vitro. Further, these results suggest that the 

strategy of engineered anthrax toxins could potentially be useful as a therapeutic in the 

treatment of cancers in addition to ovarian cancer. 
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Figure 4. 14.  Engineered PrAg proteins can target human pancreatic and lung 

cancer cells to induce cytotoxicity 

The human lung cancer cell line A549 (A) and the human pancreatic cancer cell lines 

AsPc-1, CAPAN-1 and miaPACA2 (B) were incubated with 0-1000 ng/mL of PrAg-WT, 

PrAgPAS, PrAg-PCIS, PrAg-UAS, PrAg-TAS or PrAg-U7 and FP59 (50 ng/mL) for 48 

hours and cell viability was assayed by MTT assay. Cells were normalized to those 

treated with FP59 alone. Graphs represent the mean +/- SEM and are the average of three 

independent experiments. 
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4.3  Summary of Results 

 In the treatment of ovarian cancer, a majority of patients respond to front line 

therapy; unfortunately, 80% of these patients will ultimately relapse with chemotherapy 

resistant or refractory disease (153). While several second line and targeted therapy 

options are available, the effectiveness of these treatments remains limited. As a result, 

patients have a poor prognosis and there is an urgent need to develop novel second line 

therapies. The goal of this chapter was to determine the ability of a novel engineered 

anthrax pro-drug to effectively target ovarian cancer in several disease models and to 

examine if the drugs could also be effective in other cancer types.  

 Having previously demonstrated the effectiveness of the PrAg-PAS anthrax toxin 

at reducing ovarian tumor burden in an ES-2-Luc i.p. model of ovarian cancer metastasis, 

we wanted to see if this toxin could be utilized to target another ovarian tumor line in 

vivo. Using the human ovarian cancer cell line NCI/ADR-Res-Luc, we generated a 

second i.p. model of ovarian cancer metastasis which showed a similar metastatic pattern 

to our previous ES-2-Luc model. Treatment of mice carrying NCI/ADR-Res-Luc tumors 

resulted in significant decreases in tumor burden. Further, using ES-2-Luc cells and 

ovariectomized athymic nude mice we created an i.p. minimal residual disease model of 

ovarian cancer that represents patients following initial debulking surgery. Our data 

indicate that treatment of mice carrying ES-2-Luc minimal residual tumors with PrAg-

PAS toxin could reduce tumor burden and extend survival of the mice. Together, these 

studies demonstrate that PrAg-PAS is an effective treatment that is capable of reducing 

ovarian tumor growth and metastasis in vivo. 
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 To move towards utilizing the PrAg protein in human patients, we developed a 

syngeneic model of ovarian cancer metastasis using ID-8-Luc mouse ovarian tumor cells 

in C57BL/6 mice. Our results demonstrate that ID-8-Luc cells form tumors in the 

intraperitoneal cavities of C57BL/6 mice with metastasis occurring to sites commonly 

seen in human ovarian cancer patients including the diaphragm and mesenteric arteries. 

The data from our initial in vivo experiment shows that treatment with PrAg-PAS toxin 

had no effect on either tumor burden or mouse survival in the ID-8-Luc syngeneic model. 

However, PrAg-PAS toxin was able to successfully target and kill ID-8-Luc cells in vitro. 

These data suggest the ineffectiveness of PrAg-PAS in vivo may be due to an immune 

response in the mice. The immune response in the C57BL6 mice was further shown by 

the mice slight increases in spleen weight in mice carrying ID-8-Luc tumors. In order for 

engineered anthrax toxins to ever be an effective therapy in human patients future studies 

will need to identify either a treatment modality, such as the use of HIPEC, or and 

effective immune suppression regimen to overcome the immune response generated to 

the anthrax toxins. 

 Finally, our results show that both lung and pancreatic cancers express members 

of membrane-anchored serine protease family, including hepsin, matriptase and testisin, 

as well as the anthrax toxin receptors. Importantly we demonstrate that several PrAg 

proteins are capable of being targeted by proteases on the surface of these cancer cell 

lines and can induce cytotoxicity in both pancreatic and lung cancer. As a result, 

engineered PrAg proteins may be a novel therapeutic option in lung and pancreatic 

cancers in addition to ovarian cancer.  
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 Overall, the results presented in this chapter provide evidence that engineered 

anthrax toxins are a potential novel therapeutic option in the treatment of ovarian cancer 

and further research should be pursued to enable their use in human patients. 
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CHAPTER 5.  DISCUSSION AND FUTURE DIRECTIONS 

Ovarian cancer has a poor prognosis because it is typically detected at a late stage 

where the cancer has already disseminated to the peritoneal cavity. To be able to pursue 

molecular therapies aimed at improving patient outcomes, there is a need to better 

understand the underlying mechanisms of ovarian cancer peritoneal metastasis. For a 

long time, the lack of a well-established, representative experimental model of ovarian 

tumor metastasis presented a challenge to the identification of the key molecules 

promoting ovarian cancer metastasis in vivo. Here, using human ovarian ES-2 tumor cells 

and a preclinical xenograft model of late stage ovarian cancer, we showed that 

catalytically active testisin induces the activation and internalization of PAR-2 causing a 

decrease in the expression of ANG2 and ANGPTL4 in vitro. Moreover, our results 

demonstrate that testisin proteolytic activity reduces ovarian tumor metastasis, intra-

peritoneal tumor dissemination and ascites formation with decreased ANG2 and 

ANGPTL4 expression in vivo.  

Constitutive testisin expression by ES-2-Luc ovarian cancer cells was found to 

decrease tumor dissemination and colonization of the peritoneal cavity through a process 

that was dependent on testisin proteolytic activity. This finding was surprising since 

several hallmarks of aggressive cancer are a direct result of proteolytic activity, including 

tumor cell invasion into the stroma, angiogenesis and metastasis (2), with the roles of 

proteases traditionally focused on protein degradation and extracellular matrix 

remodeling. We investigated a role for testisin in driving ovarian tumor proliferation and 

development using an ES-2-Luc subcutaneous xenograft model and found that testisin 

activity did not alter the growth of ovarian tumors in this model. While the use of a 
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subcutaneous tumor model does not accurately reflect the microenvironment of an 

ovarian tumor, our result suggests testisin is not likely to play a role in proliferation of 

ovarian tumors but instead in a later process of ovarian tumor progression. Testisin gene 

expression was originally reported to be increased in advanced stage ovarian tumors 

(223); however, a systematic analysis of a large gene expression microarray dataset 

revealed that testisin expression is decreased in metastatic serous papillary ovarian 

tumors compared to primary ovarian serous carcinomas (224). The increased expression 

of testisin in primary ovarian tumors may suggest that testisin has the potential to 

promote initial tumor development but is downregulated at later stages, possibly by 

hypermethylation of a 5’ CpG island in the promoter region that has been shown to 

suppress testisin expression in testicular tumorigenesis (221). Our data suggest that the 

dampening of testisin expression at later stages of ovarian tumor metastasis may 

contribute to poor patient outcomes by conferring an advantage to peritoneal ovarian 

tumor metastatic processes. 

Constitutive testisin proteolytic activity induced internalization of PAR-2, which 

led to a decrease in the expression of both ANG2 and ANGPTL4 in vitro. Silencing of 

PAR-2 expression or exposure to a pharmacological PAR-2 antagonist similarly 

suppressed ANG2 and ANGPTL4 expression. In our in vivo metastatic model, testisin 

proteolytic activity resulted in decreased tumor burden associated with decreased ascites 

formation and suppression of the synthesis and secretion of the proangiogenic factors, 

ANG2 and ANGPTL4. ANG2 and ANGPTL4 are both known to be upregulated in 

ovarian cancer (126,307) and ascites accumulation is common in patients with advanced 

metastatic ovarian cancer with its presence associated with poor prognosis (69). 
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Expression of ANG2 has been identified as being upregulated in serum collected from 

ovarian cancer patients and associated with increased frequency of ascites while 

ANGPTL4 expression was upregulated in monocyte derived macrophages by treatment 

with patient derived ascites samples (124,308). ANG2 and ANGPTL4 are reported to 

enhance the permeability of blood vessels with the injection of ANG2 into a mouse paw 

capable of inducing vascular leak and increased edema formation (120,121,132). 

Previous studies have demonstrated that both ANG2 and ANGPTL4 destabilize blood 

vessels by disrupting endothelial cell junctions via activation of β1-integrins (121,132). 

Following activation of β1-integrin, treatment of ANGPTL4 further resulted in de-

clustering of VE-Cadherin in human microvascular endothelial cells (132). As the 

development of ascites has been shown to be largely dependent on hyperpermeability of 

the peritoneal microvasculature (71) the testisin-induced reduction in ANG2 and 

ANGPTL4 supports a potential role for testisin in the regulation of vascular permeability 

in the ovarian tumors. Further, our findings that testisin activity did not alter the number 

of CD31
+
 blood vessels suggests testisin is not directly reducing the number of blood 

vessels in the tumor but instead altering endothelial cell function. Future studies could 

examine the role of testisin in regulating vascular permeability in ovarian tumors more 

directly through the use of FITC-labeled albumin to quantify vascular leak in mice 

carrying ES-2-Luc-TsWt tumors. Given the role of ANG2 and ANGPTL4 in the 

regulation of pericyte coverage of endothelial cells (122,133), another intriguing 

possibility for the role of testisin in the ovarian tumors would be the recruitment of 

pericytes to tumor blood vessels. This recruitment could be investigated through 

immunohistochemistry for smooth muscle actin in the tumors collected from the mice 
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carrying ES-2-Luc-TsWT tumors. Overall, these data demonstrate testisin induces 

reduction in the expression of both ANG2 and ANGPTL4 which is consistent the 

reduction in ascites development and tumor burden observed in mice carrying ES-2-Luc-

TsWT tumors. 

Although mechanisms involved in the regulation of ANG2 and ANGPTL4 

expression in cancer cells are poorly understood, the MAPK pathway has been implicated 

in other cell contexts (309,310). Our data indicate that the MAPK pathway participates in 

facilitating expression of both ANG2 and ANGPTL4 in this ovarian cancer model as 

inhibition of MAPK signaling resulted directly in the reduction of both ANG2 and 

ANGPTL4 signaling. Upon activation, PAR-2 has been shown to signal via MAPK1/2, 

p38, PI3K and ERK1/2 signaling cascades in cells from different tissue origins (311-

313), predominantly through the formation of a complex with β-arrestins, Raf-1, and 

activated ERK in endosomes (248). Further study is required to determine the specific 

signaling pathway linking PAR-2 and the regulation of ANG2 and ANGPTL4 in our 

model. Reduction in ERK1/2 signaling was shown to be a result of constitutive testisin 

activity in the ES-2-Luc cells but was not examined in the tumors collected from mice. 

Future studies could evaluate the levels of phosphorylated ERK1/2 in the tumors from 

mice carrying ES-2-Luc-TsWT tumors to determine if testisin similarly regulated ERK 

activation in vivo as it had in vitro resulting in the downregulation of the angiopoietins. 

Most studies of PAR-2 downstream signaling activate PAR-2 using activating peptides or 

soluble protease agonists. As opposed to a transient signal that occurs following cleavage 

of PAR-2 by a soluble agonist, PAR-2 activation by a co-expressed membrane-localized 

activating protease such as testisin on the cell surface may be important for inducing a 
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sustained pattern of cellular signaling that promotes an alternative signaling bias. The 

direct interaction between testisin and PAR-2 on the surface of the ovarian tumor cells 

has yet to be demonstrated. The results of our study could potentially suggest an 

alternative pathway by which testisin removes PAR-2 from the surface of the cell 

preventing PAR-2 activation by another protease such as matriptase. However, given the 

requirement of testisin proteolytic activity in the regulation of the angiopoietins and that 

internalization of the PAR-2 receptor is induced following activation, this is unlikely to 

be the case. We found constitutive testisin expression, such as occurs in human ovarian 

cancers, suppressed ERK1/2 activation and decreased expression of both ANG2 and 

ANGPTL4, implicating an alternative downstream signaling mechanism associated with 

continuous PAR-2 activation by co-expressed testisin. 

The targeting of ANG2 alone is being tested for its potential as an anti-angiogenic 

therapy. Treatment with a monoclonal antibody against ANG2 reduced tumor size and 

metastasis in a metastatic model of breast cancer, and in 2016, a Phase I clinical trial was 

initiated to study its safety in patients (171,172). The targeting of ANG2 alone or in 

combination with drugs targeting the VEGF axis have shown promise in cancers, 

including ovarian, in part through the normalization of blood vessels and the reduction of 

ascites in mice (167,171,172). The results from our study support the targeting of ANG2 

as effective biologic therapy for reducing ovarian cancer metastases.  

The targeting of ANGPTL4 is emerging as a potential therapy in several diseases 

including proliferative diabetic retinopathy and cardiovascular disease (131,314). While 

not yet being investigated as a potential therapeutic in the treatment of cancer, our results 

suggest that the targeting of ANGPTL4 could be effective in advanced ovarian tumors. 
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 Cell-type specific inhibition or activation of PAR-2 signaling (315), may 

represent effective alternate or adjunct biologic therapies for metastatic ovarian cancer 

and future studies could investigate effectiveness of the PAR-2 blocking antibody 

SAM11 in the intraperitoneal ES-2-Luc xenograft model of ovarian cancer metastasis. 

Given the increased expression of testisin and other membrane-anchored serine proteases 

such as hepsin on ovarian tumor cells compared to normal ovarian tumor, targeting of 

membrane-anchored serine proteases is another intriguing therapeutic option for ovarian 

cancer. 

The treatment of ovarian cancer is unique due to both the course of the disease 

and the high rate of tumor recurrence. Despite recent advances in second line therapy, the 

identification of novel therapeutic targets for the treatment of ovarian cancer remains a 

critical and unmet need. A new class of anthrax toxin based pro-drugs activated 

specifically by proteolytic activity on cells has recently been shown to kill several types 

of tumor cells. Here, using an intraperitoneal NCI/ADR-Res-Luc xenograft model and an 

ES-2-Luc minimal residual disease model, we showed that the engineered anthrax toxin 

PrAg-PAS, which targets several membrane-anchored serine proteases, can reduce tumor 

burden and extend survival of nude mice. Moreover, we show that engineered anthrax 

toxins can kill the mouse ovarian cancer cell line ID-8-Luc in vitro but are not effective 

in an in vivo syngeneic model of ovarian cancer. Our results further demonstrated that use 

of these engineered anthrax toxins targeted against membrane-anchored serine proteases 

could be extended to the treatment of both lung and pancreatic cells in vitro.  

 One of the limitations in studying ovarian cancer metastasis and the identification 

of novel therapeutics is the difficulty in modeling ovarian cancer due to the lack of 
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appropriate models. Having previously established an ES-2-Luc intraperitoneal model of 

ovarian cancer, we found that NCI/ADR-Res-Luc cells also reproduced key events in 

ovarian cancer metastasis and showed similar locations of tumor metastasis including the 

diaphragm and mesenteric arteries. Consistent with our previous findings in the ES-2-Luc 

i.p xenograft model, treatment of mice carrying NCI/ADR-Res-Luc tumors with PrAg-

PAS resulted in rapid and significant decreases in tumor burden (285). The use of the 

NCI/ADR-Res-Luc model is of particular interest as we have shown that these cells 

endogenously express testisin protein where as many of the other ovarian cancer cells, 

including ES-2, lack testisin expression. Since the PrAg-PAS protein has been shown to 

be activated in vitro by recombinant testisin (285), this suggest that testisin may be a 

major activator of the toxin in vivo and provides evidence that testisin on the surface of 

ovarian tumor cells could be targeted by engineered anthrax toxins. Future studies are 

required to further establish the direct contribution of testisin activation of PrAg-PAS as 

NCI/ADR-Res cells also express both hepsin and matriptase, although at lower levels 

then testisin (285). Our results provide a second model of ovarian cancer metastasis that 

is useful for the testing of potential novel therapeutics and further suggest that the 

targeting of membrane-anchored serine proteases could be beneficial in the treatment of 

ovarian cancer.   

 Tumor recurrence is a major problem in ovarian cancer, with most patients 

presenting with recurrent disease within 12 to 18 months of initial therapy (316). One 

mechanism of resistance is the spreading of tumors that remain in the patients following 

debulking surgery. Utilizing nude mice that had undergone ovariectomies and ES-2-Luc 

cells, we generated a new model of minimal residual disease in ovarian cancer patients. 
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Our data shows that treatment of mice bearing these minimal residual disease tumors 

with PrAg-PAS resulted in both significant loss of tumor burden and increased survival 

of the mice. Unfortunately, following the discontinuation of anthrax toxin treatment in 

this model, all mice developed recurrent disease and ultimately had to be euthanized. 

This result suggests that while the PrAg-PAS toxin is an effective therapeutic at killing 

ovarian tumors it is not capable of eradicating the tumor completely, allowing for tumor 

relapse. This result is consistent with our previous findings that ES-2-Luc i.p. xenograft 

tumors return upon termination of PrAg-PAS treatment (285). In order to improve the 

ability of PrAg-PAS to target the tumor cells a new modality of treatment beyond 

intraperitoneal injection may be required. HIPEC therapy in which chemotherapy is 

applied directly to the peritoneal cavity following the debulking surgery is being 

investigated as a potential treatment in ovarian cancer (317). Several clinical trials have 

examined the benefit of HIPEC using cisplatin and paclitaxel in patients with recurrent 

ovarian cancer, with one trial showing HIPEC enhanced median survival by 2-fold from 

13 months for those receiving standard debulking surgery to 26 months for those also 

receiving HIPEC (318,319). As HIPEC allows for more direct targeting of the ovarian 

tumors on all peritoneal surfaces, combining this method with the use of engineered 

anthrax toxin could allow for the complete eradication of tumors but will require future 

studies to generate appropriate tumor models and establish treatment regimens.   

 Maintenance therapies, in which treatments are not designed to cure the disease 

but instead prolong the time between disease recurrences while improving overall patient 

quality of life, have also been implemented as a strategy in the treatment of ovarian 

cancer. Early studies showed monthly treatments with single agent paclitaxel improved 



 

167 

 

patients progression free survival and more recently the PARP inhibitor niraparib 

received FDA approval as a maintenance drug for patients with recurrent ovarian cancer 

(320,321). The results from our study, however, show that PrAg-PAS is ineffective in use 

as a weekly maintenance dose, showing no significant benefit in survival beyond what 

was achieved with the initial two weeks of PrAg-PAS treatment. This suggests that PrAg-

PAS needs to be given more regularly to patients in order to retain efficacy in tumor 

targeting and may be of better use in consolidation therapy, where the goal is to cure 

patients of disease. Further evaluation of engineered anthrax toxin dosing schedule is 

necessary in order to maximize the ability of these toxins to kill tumors. Overall, these 

results further support the idea that PrAg-PAS is a potentially useful therapeutic in the 

treatment and reduction of metastatic ovarian tumors. 

 In moving towards the ultimate goal of utilizing the engineered anthrax toxins in 

the treatment of human patients, the ability of the toxins to function in an immune 

competent model must be studied. Given that the PrAg proteins are derived from the 

Bacillus anthracis bacteria it is expected their use will illicit an immune response. To this 

end, we generated a syngeneic model of ovarian cancer utilizing the mouse ovarian 

cancer cells ID-8-Luc and C57BL/6 mice and show that the metastatic process of these 

ID-8-Luc tumors replicates late stage ovarian cancer. Unfortunately, treatment with 

PrAg-PAS toxin was shown to have no effect on ID-8-Luc tumor burden in this model. 

Further, our results do show some evidence of an immune response in the mice, due to 

increased spleen size, which may explain the lack of PrAg-PAS efficacy. Previous studies 

have shown that antibodies develop against PrAg proteins within 10 days of the initiation 

of treatment using the IC anthrax toxin in an immune competent model of lung cancer 
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(272) which suggest a similar response may be occurring in our model. To study if 

antibodies were generated in the ID-8-Luc syngeneic model of ovarian cancer, serum was 

collected from each mouse at necropsy. The ability of serum to block in vitro cell killing 

by PrAg-PAS toxin will be examined by MTT assay to determine the presence of 

antibodies in each sample as was previously performed (272). Should antibodies develop 

in response to the PrAg-PAS toxin in the syngeneic model there are potentially several 

mechanisms to overcome this inhibition which could be utilized. Previously, a 

combination of cyclophosphamide and pentostatin (PC) was shown to inhibit the 

production of antibodies against PrAg and enable the IC anthrax toxin to continue to 

reduce tumor burden in an immune competent model through multiple cycles of therapy 

(272). A potentially more specific mechanism to block the development of antibodies 

would be through inhibition of B-cells, which are responsible for the production of 

antibodies. This could be accomplished through the use of either rituximab, an antibody 

directly targeting CD20 on B-cells, or the proteasome inhibitor bortezomib, which blocks 

B-cell function by reducing secretion of IgM and IgG (322,323). These drugs potentially 

offer more specific inhibition of antibody development than the PC regimen and have the 

added benefit of being approved for the treatment of cancer (324,325). A final option to 

try and avoid an immune response would be using the anthrax toxins in combination with 

HIPEC. As this method allows for the most direct targeting of the tumors and can be 

carried out in as few as 90 minutes and then removed from the peritoneal cavity by saline 

solution, it may reduce the time available for a patient to mount an immune response 

(326). Future studies will need to examine the varying strategies for immune suppression 

in the syngeneic mouse model in order to determine the best strategy to maximize the 
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tumor targeting abilities of the engineered anthrax toxins and allow their further 

development as a therapeutic in ovarian cancer. 

 In addition to their use in the treatment of ovarian cancer cells, PrAg toxins were 

shown to be proteolytically activated by membrane-anchored serine proteases on the 

surface of lung and pancreatic cells in vitro. This result is not surprising as serine 

proteases are known to play important roles in lung and pancreatic physiology and tumor 

development and our RNA screen revealed expression of many of the membrane-

anchored serine proteases in these tumors (327,328). In order to continue to study the 

efficacy of our engineered anthrax toxins in the treatment of pancreatic and lung cancer, 

the next step would require the generation of appropriate mouse models of lung and 

pancreatic cancer development and metastasis to study the toxins efficacy in vivo. While 

our results show treatment with most of the engineered PrAg proteins resulted in efficient 

tumor killing, tumor targeting may be improved through the use of other cargo proteins. 

Several cargo proteins have been fused to LF for use with engineered PrAg proteins 

including those based on shiga toxin and diphtheria A toxin as well as an affibody 

targeted against HER2 (329). Each of these cargo proteins work via a different cellular 

mechanism and therefore depending on the mutations or alterations in cellular signaling 

of the cancer cells, altering the cargo protein may enhance the ability of our anthrax 

toxins to target cancer cells. Additionally, further testing of additional cargo proteins may 

identify a more potent cargo which could enhance the ability of the anthrax toxins to 

target the ovarian tumors in vivo and potentially allow for the complete eradication of 

tumor burden in our mouse models of ovarian cancer metastasis. Given that proteolytic 

activity has been recognized as commonly upregulated in many tumors, the results from 
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this study as well as the previously published studies demonstrate that targeting of 

proteases with engineered anthrax toxins is an effective and safe treatment that should 

continue to pursued and refined for the eventual treatment of human patients. 

 In conclusion, in this study we identified a novel role for testisin in ovarian cancer 

as a metastasis suppressor, acting to reduce the intraperitoneal spread of tumors and the 

accumulation of ascites. Our results show testisin proteolytically activates PAR-2 on the 

cell surface of ovarian cancer cells to induce the down regulation of the angiopoietins, 

ANG2 and ANGPTL4. Further, we provide evidence that the use of engineered anthrax 

pro-drugs targeted against both testisin and other membrane-anchored serine proteases 

are capable of targeting and reducing tumor burden in models of ovarian cancer 

metastasis. The results of our study highlight a critical role for testisin in ovarian cancer 

metastasis and suggest a potential use of testisin as a biomarker in the progression of 

ovarian cancer. Future research in this area has the potential to impact treatment and care 

of women with ovarian cancer in the future.  
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Appendix 

Table 1 

Reagent Company Catalog # 

BOC-QAR-AMC R & D ES014 

AEBSF Sigma A8456 

Lipofectamine 2000 ThermoFisher 11668027 

Polybrene AmericanBio AB01643-00001 

D-Luciferin Perkin-Elmer 122799 

DH5α Competent Cells Sigma 18265017 

XbaI New England Bio R0145S 

NHEI New England Bio R0131S 

DpnI New England Bio R0176S 

Bg1I New England Bio R0143S 

SalI New England Bio R0138S 

ACK Lysis Buffer Quality Biologicals 118-156-101 

Vectastain Kits Vector Laboratories PK-6101 

PureLink RNA Mini Kit ThermoFisher 12183025 

Rneasy Mini Kit Qiagen 74106 

High Capacity Reverse 

Transcription Kit 

ThermonFisher 4368814 

Angiogenesis Array ThermoFisher 4414071 

Protease Inhibitor Cocktail Roche 11697498001 

Phosphotase Inhib. Cocktail Roche 4906845001 

4-12% Bis Tris Gel ThermoFisher NP0322B 

12% Bis Tris Gel ThermoFisher NP0342B 

0.45μm PVDF EMD Millipore IPVH00010 

SuperSignal West Pico 

PLUS 

ThermoFisher 34577 

Dharmafect 1 Dharmcacon T-2001-02 

Versene ThermoFisher 15040066 

ANG2 ELISA R&D DANG20 

ANGPTL4 ELISA ThermoFisher EHANGPTL4 

U0126 Calbiochem 662005 

LY294002 Calbiochem 559397 

SB202190 Calbiochem 440204 

GB83 Axon MedChem 1622 

PAR-2 Silencer Select 

siRNA 1 

ThermoFisher s223507 

PAR-2 Silencer Select 

siRNA 2 

ThermoFisher s4295 

PAR-2 Silencer Select 

siRNA 3 

ThermoFisher s4296 

Luciferase Stealth Control ThermoFisher 12935146 
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siRNA 

Propidium Iodide Roche 11358639001 

MTT EMD Millipore 475989 

 

Table 2 

Plasmid Expression Product Source 

pCDH-EF1-MCS-IRES-

Puro 

Vector Systems Biosciences 

(CD532A-2) 

pCDH-EF1-HA-Testisin HA-tagged human testisin Antalis Lab, E. Martin 

pCDH-EF1-HA-Testisin-

S238A 

HA-tagged catalytically 

inactive human testisin 

Antalis Lab, E. Martin 

pCMV-R8.2 Lentiviral Packaging 

Proteins 

Addgene (12263) 

pCMV-VSVg Lentiviral Envelope 

Proteins 

Addgene (8454) 

pMSCV-Luciferase PGK-

Hygro 

Luciferase Dr. Stuart Martin, 

University of Maryland 

School of Medicine, 

Baltimore, MD 

pDisplay Vector Invitrogen (V66020) 

pDisplay-HA-Testisin HA-tagged human testisin Antalis Lab, K. Driebaugh 

pDisplay-HA-Testisin-

S238A 

HA-tagged catalytically 

inactive human testisin 

Antalis Lab, K. Driebaugh 

pYS5-PA33 PrAg (RAAR) Cleavage 

Site 

Dr. Stephen Leppla, 

National Institute of Allergy 

and Infectious Diseases, 

National Institute of Health, 

Bethesda, MD 
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Table 3 

Antibody Species Company Catalog # 

Primary Antibodies 

anti-human influenza 

hemagglutinin (HA) 

Rabbit Abcam ab9110 

anti-PAR-2 (SAM11) Mouse EMD Millipore MABF243 

anti-β-tubulin Rabbit Santa Cruz Biotechnology H-235 

anti-phospho-ERK1/2 Rabbit Cell Signaling 

Technologies 

9101 

anti-Total ERK1/2 Rabbit Cell Signaling 

Technologies 

9102 

anti-CD31 Rabbit Abcam ab28364 

anti-Testisin Mouse ATCC from hybridoma 

cell line PTA-6077 

Pro104.D9.1 

Conjugated Secondary Antibodies 

anti-Mouse AlexaFluor 488 Goat ThermoFisher A11029 

anti-Mouse HRP Conjugated Goat Jackson ImmunoResearch 

Laboratories 

115-035-146 

anti-Rabbit HRP Conjugated Mouse Jackson ImmunoResearch 

Laboratories 

211-035-109 
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Table 4 

Name Sequence  5’ to 3’ 

Cloning 

Testisin PCR 

Amplification Forward 

GCGCGGAGATCTAAGCCGGAGTCGCAG 

Testisin PCR 

Amplification Reverse 

GCGGCGTATGTCGACTATCAGACCGGCCCCAG 

Testisin S238A 

Amplification Forward 

CCTGCTTCGGTGACGCAGGCGGACC 

Testisin S238A 

Amplification Reverse 

CAGGCCAAGGGTCCGCCTGCGTCAC 

 

Mutagenesis 

HA-Tagged S238A 

Testisin Forward 

CCTGCTTCGGTGACGCAGGCGGACC 

HA-Tagged S238A 

Testisin Reverse 

CAGGCCAAGGGTCCGCCTGCGTCAC 

PrAg-PAS 'A' Forward GAGCTGCTAGAATCACGGGTGGAGGACCTACGGTTCC 

PrAg-PAS 'A' Reverse GGAACCGTAGGTCCTCCACCCGTGATTCTAGCAGCTC 

PrAg-PAS 'B' Forward CTTCGAATTCACCACAGGCTAGAATCACGGGTGGA 

PrAg-PAS 'B' Reverse TCCACCCGTGATTCTAGCCTGTGGTGAATTCGAAG 

PrAg-PCIS 'A' Forward GCTGCTAGATCGGCGCGTCTAGGACCTACGG 

PrAg-PCIS 'A' Reverse CCGTAGGTCCTAGACGCGCCGATCTAGCAGC 

PrAg-PCIS 'B' Forward CTTCGAATTCATTCACGTTTAGATCGGCGCGTCTAGG 

PrAg-PCIS 'B' Reverse CCTAGACGCGCCGATCTAAACGTGAATGAATTCGAAG 

PrAg-TAS 'A' Forward CGAATTCAAGAGCTTCTAGAATCGTGGGTGGAGGACC 

PrAg-TAS 'A' Reverse GGTCCTCCACCCACGATTCTAGAAGCTCTTGAATTCG 

PrAg-TAS 'B' Forward CTTCGAATTCAATACCTTCTAGAATCGTGGGTGG 

PrAg-TAS 'B' Reverse CCACCCACGATTCTAGAAGGTATTGAATTCGAAG 

PrAg-UAS 'B' Forward CTTCGAATTCACCACGTTTTAGAATCACGGGTGG 

PrAg-UAS 'B' Reverse CCACCCGTGATTCTAAAACGTGGTGAATTCGAAG 

 

SYBR Green Primers 

ANGPTL2 Forward GCCACCAAGTGTCAGCCTCA 

ANGPTL2 Reverse TGGACAGTACCAAACATCCAACATC 
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Table 5 

Gene Identification  # 

Testisin Hs00199035_m1 

PAR-2 Hs00608346_m1 

ANG1 Hs00375823_m1 

ANG2 Hs01048042_m1 

ANGPTL4 Hs01101127_m1 

PECAM1/CD31 Hs01065279_m1 

VEGFA Hs00900055_m1 

PDGFB Hs00966522_m1 

TIE2 Hs00945150_m1 

IL-6 Hs00985641_m1 

IL-8 Hs00174103_m1 

TPSG1 Hs00202948_m1 

Prostasin Hs00173606_m1 

HAT Hs00975370_m1 

DESC1 Hs01070166_m1 

TMPRSS11A Hs00699550_m1 

TMPRSS11B Hs00699332_m1 

TMPRSS11F Hs01592083_m1 

Matriptase Hs00222707_m1 

Matritase-2 Hs00542184_m1 

TMPRSS7 Hs00894389_m1 

TMPRSS9 Hs00419005_m1 

Hepsin Hs01056332_m1 

TMPRSS2 Hs01120965_m1 

TMPRSS3 Hs00225161_m1 

TMPRSS5 Hs00893588_m1 

TMPRSS12 Hs00699449_m1 

TMPRSS13 Hs00361060_m1 

TMPRSS15 Hs00160491_m1 

Corin Hs00198141_m1 

ANTXR1 Hs00216777_m1 

ANTXR2 Hs00292467_m1 

GAPDH 4325792 

Luciferase Mr03987587_mr 
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