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Abstract 

 

Title of Dissertation: Engineered Membrane-anchored Serine Protease-Activated Anthrax 

Toxins as a Potential Treatment Approach for Ovarian Cancer 

 

Erik William Martin, Doctor of Physiology, 2015 

 

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

 

The membrane-anchored serine proteases are a unique group of trypsin-like serine 

proteases that are tethered to the cell surface via transmembrane domains or GPI-anchors. 

Overexpressed in ovarian tumors, with pro-tumorigenic properties, they are attractive 

targets for protease-activated anti-tumor therapies. We sought to engineer anthrax toxin 

protective antigen (PrAg), which is typically proteolytically activated on the cell surface 

by the proprotein convertase furin, to instead be activated by tumor cell-expressed 

membrane-anchored serine proteases testisin, hepsin, and matriptase to function as a 

tumoricidal agent. PrAg’s native activation sequence was mutated to sequences reported 

to be cleaved by testisin, hepsin, and matriptase to generate novel PrAg proteins. The 

novel PrAg proteins were resistant to furin cleavage in vitro, yet able to be cleaved by 

testisin, hepsin, and matriptase in vitro and in cell culture to mediate increased killing of 

tumor cells. When combined with FP59, a chimeric lethal factor-Pseudomonas 

exotoxin fusion protein, the mutant PrAg toxins (PrAg proteins and FP59) were cytotoxic 

to multiple human tumor cell lines, including a panel of human ovarian tumor cells. 

Treatment with the novel PrAg toxins potently attenuated subcutaneous xenograft tumor 



 

 

growth, as well as intraperitoneal tumor growth in an orthotopic xenograft model of 

ovarian cancer. Moreover, treatment with one of the novel PrAg toxins effectively 

reduced established intraperitoneal ovarian tumor burden in the orthotopic xenograft 

model. The results from this study suggest that anthrax toxin PrAg can be engineered to 

target and become activated by tumor cell-expressed membrane-anchored serine 

proteases, and may potentially function as potent, protease-activated, tumor-targeted 

therapeutic(s) for the treatment of ovarian cancer.    
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Chapter 1. Introduction 

 

1.1 Cancer Therapy 

First-line therapies for treating individuals diagnosed with cancer have traditionally 

consisted of surgery with or without radiation, followed by treatment with 

chemotherapeutic drugs. Although this approach is often effective for treating patients 

diagnosed with early-stage cancers (stage I and II), the continued use of chemotherapy 

for treating individuals diagnosed with late-stage cancers (stage III and IV) is often 

hampered by serious complications, notably the development of chemotherapeutic-

resistant tumor cells, disease recurrence, and ultimately death. For this reason, new anti-

cancer therapeutics are urgently needed [1].  

New therapeutic strategies would be particularly beneficial for treating women 

diagnosed with ovarian cancer. Ovarian cancer is currently the fifth leading cause of 

cancer death amongst women in the United States, and the leading cause of death due to 

gynecological malignancy [2,3]. Although ovarian cancers make up less than 3% of 

newly diagnosed cancer cases, they account for approximately 5% of cancer deaths, 

effectively making ovarian cancer one of the most lethal cancers. Overall, approximately 

70% of women diagnosed with the disease will die from it due to the fact that the 

majority of women (> 75%) are diagnosed with late-stage ovarian cancer, which has 

metastasized locally or to distant tissues within the abdominal cavity [2,3]. While there is 

an urgent need for more effective detection of this cancer at an early stage, treatment of 

women that present with late-stage cancer is problematic. Despite initially high response 

rates to front-line therapy, late-stage tumors often become resistant to chemotherapeutics, 
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and the disease recurs, after which there is no effective treatment [2-4]. To overcome the 

limitations associated with traditional chemotherapeutics, alternative approaches have 

attracted significant attention. Immunotherapies, such as monoclonal antibodies, immune 

system modulators, and cancer vaccines, which recruit and promote the immune system 

to fight tumors, are increasingly being investigated as additions to first-line therapies. The 

monoclonal antibody Bevacizumab (Avastin), which targets tumor-associated 

vasculature, was recently approved for use in the treatment of chemotherapeutic-resistant 

ovarian cancers. Yet, it does not have the ability to reduce ovarian tumor burden. Rather, 

Avastin use is associated with modest extensions of progression-free survival and overall 

survival [5-7], when combined with chemotherapy.  

Our data suggest that a relatively new approach, which may hold promise for 

treating patients with recalcitrant ovarian tumors, is the use of tumor-targeted, protease-

activated prodrug-like anti-tumor therapies [8,9]. Prodrug therapeutics are a group of 

therapeutics that are initially administered to patients as inactive forms. They are 

designed in such a manner that they are converted to their active forms specifically when 

they are in a particular biological context or environment. When used as cancer therapies, 

prodrugs are designed to be activated only when inside a tumor, or in the vicinity of a 

tumor [9,10]. This thesis describes the development of serine protease-activated, anthrax 

toxin-based, prodrug-like anti-tumor therapeutics to target ovarian tumor cells and reduce 

ovarian tumor burden. 
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1.2 Serine proteases 

Proteases are catabolic enzymes that hydrolyze the peptide bonds that link amino acids 

together to form proteins. Proteases comprise approximately 2% of human protein coding 

genes and are categorized into six classes (serine, metallo, cysteine, aspartic, threonine, 

and glutamic) [11]. Each class is characterized by the conserved ‘reactive’ amino acid, or 

in the case of metalloproteases a divalent metal ion, located in their ‘active site.’ The 

active site of a protease is located in the core of a protease’s enzymatic domain, otherwise 

known as a catalytic domain. The reactive amino residue in each class is required for 

peptide bond hydrolysis. In general, the reactive amino acid residue functions in 

coordination with two or three additional amino acids that are in close proximity within 

the catalytic domain. Together, the two or three amino acids function as a charge-relay 

system, and are referred to as a catalytic dyad or a catalytic triad, respectively. Proteases 

in each class can be further subdivided into families and clans of related proteases based 

on their respective amino acid sequences and three-dimensional conformations [11-13]. 

Serine proteases are considered the most functionally diverse of the protease 

classes, and constitute more than 1/3 of all proteases. The majority of serine proteases are 

trypsin-like serine proteases belonging to the S1 family of the PA clan (Proteases of 

mixed nucleophile, superfamily A) [14]. As the name of the class suggests, serine 

proteases are characterized by a conserved reactive serine residue in the active sites of 

their catalytic domains. In trypsin-like serine proteases, the reactive serine residue is part 

of a catalytic triad consisting of the amino acids histidine, aspartic acid, and serine [12]. 

The trypsin-like serine protease mechanism of peptide bond hydrolysis is presented in 

Fig. 1.1.  
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Figure 1.1. Trypsin-like serine protease mechanism of peptide bond hydrolysis. The 

trypsin-like serine protease mechanism of peptide bond hydrolysis takes place in the 

active site of the protease catalytic domain when (1) the carbonyl carbon of the peptide 

bond is subject to a nucleophilic attack by the reactive serine residue hydroxyl (–OH) 

group. As a result, the nitrogen of the catalytic triad histidine residue accepts the 

hydrogen from the –OH group. The resulting (2) tetrahedral intermediate then undergoes 

electron rearrangement resulting in the (3) the nitrogen of the peptide bond accepting the 

hydrogen from the histidine residue, dissociation of the peptide bond, and formation of an 

acyl-enzyme intermediate. (4) The acyl-enzyme intermediate carbonyl is then subjected 

to a nucleophilic attack by a water molecule in the active site, which (5) ultimately 

regenerates the tetrahedral intermediate, and then (6) regenerates the histidine and 

reactive serine residues of the catalytic triad. The final products of the reaction are an 

active protease and two reaction products resulting from the cleaved substrate. Adapted 

from https://en.wikipedia.org/wiki/Serine_protease. 
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1.3 Protease and Substrate Nomenclature 

The peptide bond that is cleaved by a protease is known as the scissile bond. The four 

amino acids in the substrate protein that are amino-terminal (N-terminal) to the scissile 

bond are termed P4, P3, P2, and P1. The four amino acids that are carboxyl-terminal (C-

terminal) to the scissile bond are termed P1´, P2´, P3´, and P4´. The scissile bond is 

located between P1 and P1´. The P4-P4´ amino acids of a substrate interact with eight 

three-dimensional pockets located in a protease’s active site, termed the S4-S4´ 

interaction sites. Peptide bond hydrolysis is promoted if the three-dimensional 

conformation of the P4-P4´ residues ‘fits’ efficiently into the S4-S4´ sites [15]. Fig. 1.2 is 

a simplified illustration of the interaction between the P4-P4´ amino acids of a substrate 

and the S4-S4´ interaction sites of a protease’s active site.  

The active site of trypsin-like serine proteases contains a conserved negatively 

charged amino acid residue (aspartic acid or glutamic acid) in the S1 site. Due to the 

electrostatic nature of the negatively charged amino acid in the S1 site, trypsin-like serine 

proteases have specificity for cleaving amino acid sequences (P4-P4´) that have a 

positively charged amino acid residue (arginine or lysine) in the P1 position. The 

positively charged residue ‘fits’ efficiently and interacts stably with the negatively 

charged residue in the S1 site. Often, P1 arginine is preferred to P1 lysine [12,16].  
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Figure 1.2. Interacting regions of a protease and a protease substrate. The principle 

regions of a protease and a protease substrate that interact with each other during peptide 

bond hydrolysis are referred to in a universal nomenclature. The peptide bond within the 

substrate that is hydrolyzed is known as the scissile bond (indicated by a vertical arrow). 

The four amino acids amino-terminal (N-terminal) and carboxyl-terminal (C-terminal) to 

the scissile bond are termed P4, P3, P2, P1, and P1´, P2´, P3´, P4´, respectively. As 

illustrated, the scissile bond is located between the P1 and P1´ positions. In the protease, 

the eight sites in the protease catalytic domain active site that correspond to the P4-P4´ 

amino acid residue interaction sites are termed S4-S4´. Adapted from 

https://prosper.erc.monash.edu.au/methodology.html. 
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1.4 Serine protease functions 

Due to the three-dimensional architecture, and promiscuous accessibility of their S4-S4´ 

sites, as well as additional factors, certain proteases (such as trypsin) and protease 

complexes (such as the proteasome) cleave many substrates at multiple peptide bonds to 

catalyze protein degradation. Yet, the majority of proteases interact with substrates in a 

much more specific manner, in a process known as limited proteolysis [17]. Limited 

proteolysis refers to proteases cleaving one or more specific substrates, at precise peptide 

bonds within conserved amino acid sequences, in order to elicit very specific biological 

responses such as blood coagulation, fibrinolysis, homeostasis, and immune system 

function. In addition to these processes, trypsin-like serine proteases are also known to 

regulate physiological processes including reproduction, apoptosis, and development 

through limited proteolysis [12,14]. The enzymatic activities of trypsin-like serine 

proteases and the determinants for substrate cleavage are governed by multiple regulatory 

factors in addition to the S4-S4´ protease sites and the P4-P4´ substrate residues.   

 

1.5 Serine protease regulation  

1.5.1 Expression 

The most basic level of protease regulation is protease expression, whether or not a given 

protease is expressed or not expressed in a particular biological setting. Many serine 

proteases have evolved to be expressed in very particular cell types, tissues, and organs, 

while being expressed at low levels, or even absent, in other locations in the body. 

Specific expression patterns facilitate the productive interactions between serine 

proteases and their preferred substrates, while reducing non-productive or detrimental 
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interactions. Protease-substrate interactions can further be promoted through regulating 

the temporal and sub-cellular localization of proteases with their substrates. Some critical 

physiological processes such as coagulation and immune system activation, which 

require near instantaneous action, are not conducive to the protracted process of de novo 

protein expression. Therefore, serine proteases are generally expressed as inactive 

precursors called zymogens and are prepositioned in the immediate vicinity of their 

substrates, or even in complexes with their substrates, in cells or tissues [18].  

 

1.5.2 Zymogen activation 

Zymogens have little to no enzymatic activity. When their enzymatic activities are 

required, zymogens are proteolytically activated. In signaling pathways that require fine-

tuning and near-instantaneous amplification of a biological response, such as coagulation 

and digestion, serine protease zymogens are not only prepositioned in the vicinity of their 

substrates, they are often arranged in what are known as zymogen-activation cascades. 

Zymogen-activation cascades are composed of a number of zymogens arranged in a 

hierarchical manner. When a zymogen at the top of the hierarchy is activated, it in turn 

activates downstream zymogens to greatly amplify the initial biological signal through a 

burst of proteolytic activity [19]. Zymogen activation is an irreversible process. 

Proteolytic activation of a zymogen occurs at a conserved region called an activation site. 

The P4-P4´ amino acid residues within the activation site of a protease are located 

between a region called the prodomain and the region containing the protease catalytic 

domain. Following proteolytic cleavage at the activation site, a single chain zymogen is 

converted to a two-chain activated serine protease, consisting of the prodomain linked to 
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the catalytic domain via a disulfide bond [18]. The process of zymogen activation is 

illustrated in Fig. 1.3.  

 

1.5.3 Inhibition 

Because protease enzymatic activities must not only be initiated, but also tuned and/or 

halted, to coordinate biological processes, proteases are also regulated by inhibition. 

Active trypsin-like serine proteases are subject to inhibition via multiple mechanisms, 

including by proteins that function as reversible (Kunitz-type, Kazal-type) and 

irreversible serine protease inhibitors (serpins). Reversible inhibitors interact with the 

catalytic domain of trypsin-like serine proteases to prevent cleavage of substrate proteins, 

yet they are not cleaved themselves [20]. Evidence suggests that reversible inhibitors, 

such as hepatocyte growth factor activator inhibitor-1 (HAI-1) and potentially HAI-2, can 

not only function as inhibitors but also as necessary co-factors or chaperones that are 

required to transport certain trypsin-like serine proteases through the cell, thus preventing 

premature activation, and may also stabilize active proteases on the cell surface [21,22]. 

Irreversible inhibitors (serpins) also interact with the catalytic domain of trypsin-like 

serine proteases through a region of the serpin known as the reactive center loop (RCL). 

The RCL is the loop of the serpin that contains the P4-P4´ amino acid sequence that is 

cleaved by a serine protease. Yet, rather than function as a typical substrate, the RCL 

functions as a pseudo-substrate. It is subject to a cleavage reaction that frequently results 

in the formation of an inhibitory complex that consists of the serpin being covalently 

bound to the subsequently inactivated trypsin-like serine protease [23,24]. Yet, serpins 

can also be cleaved by serine proteases to lower molecular weight forms. An illustration 
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of serpin-mediated trypsin-like serine protease inhibition is presented in Fig. 1.4. In 

addition to inhibiting trypsin-like serine proteases, the formation of protease-inhibitor 

complexes is an important regulatory mechanism for clearance of trypsin-like serine 

proteases from biological contexts, as well as their turnover and degradation [20].  
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Figure 1.3. Trypsin-like serine protease testisin zymogen activation. Trypsin-like 

serine proteases are typically expressed as inactive, single chain precursors called 

zymogens. A zymogen is converted to an active protease through irreversible proteolytic 

cleavage of the scissile bond following the P1 residue in the activation site, which 

functionally separates the prodomain from the catalytic domain. Cleavage of the scissile 

bond between the P1-P1´ amino acid residues in the activation site results in the single 

chain zymogen being converted to a two-chain form, consisting of the prodomain linked 

to the catalytic domain via a disulfide bond (S-S). Illustrated is the zymogen activation of 

the membrane-anchored trypsin-like serine protease testisin. R: arginine in the testisin 

activation site P1 position. I: isoleucine in the testisin activation site P1´ position. H, D, 

S: testisin’s catalytic triad (amino acids histidine, aspartic acid, serine).   
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Figure 1.4. Serpin-mediated trypsin-like serine protease inhibition. Inhibition of a 

trypsin-like serine protease by a serpin begins (a) when an active trypsin-like serine 

protease docks with the exposed flexible loop of a serpin, called the reactive center loop 

(RCL). The protease then interacts with the P4-P4´ residues of the serpin RCL as it would 

a typical substrate, and the trypsin-like serine protease mechanism of peptide bond 

hydrolysis ensues. As the mechanism of peptide bond hydrolysis proceeds, the serpin 

undergoes a conformational change. The RCL is displaced in a ‘mouse-trap’ like 

mechanism. The reaction can then proceed according to two pathways. (b) The protease-

RCL cleavage reaction can be interrupted (at the stage of the acyl-intermediate) to result 

in the serine protease being bound to the P1 residue of the RCL by a covalent bond, to 

effectively inhibit the serine protease’s enzymatic activity. (c) Alternatively, cleavage of 

the peptide bond in the serpin RCL can reach completion and result in the formation of a 

cleaved, inactivated serpin and the regeneration of the active protease. Adapted from 

[25].  
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1.6 Dysregulated proteases in cancer 

Disruption of the mechanisms regulating protease expression, localization, activation, 

and/or inhibition can ultimately promote many pathophysiological conditions, including 

cancer. Dysregulation of proteases and their regulatory networks is a hallmark of cancer 

[26]. Malignant tumor cells, of various tissue origins, often express proteases of each 

class at levels that are many fold higher than their typical expression levels in non-tumor 

tissues. Moreover, the cell- and tissue-specific expression patterns of many tumor-

expressed proteases are often lost. Proteases are often expressed in cancers derived from 

tissues where they are normally absent, or they can be lost in tumors derived from tissues 

where they are typically present [27]. Ultimately, due to increased protease abundance, in 

addition to aberrant tissue expression and mislocalization, zymogen activation can be 

increased by tumor cells and in the tumor microenvironment [28]. As a result, tumor cells 

utilize highly-expressed and hyperactive proteases to support their persistent survival, 

growth, and dissemination [27]. The molecular mechanisms by which aberrant protease 

activities in the tumor microenvironment promote tumorigenesis include activation of 

latent cytokines and growth factors, activation of cell surface receptors, activation of 

protease-activated G-coupled protein receptors (GPCRs) such as protease-activated 

receptor-2 (PAR-2), cleavage of cell- and substrate-adherence proteins, and cleavage of 

extracellular matrix (ECM) proteins. Protease-mediated activation and cleavage of these 

proteins has been demonstrated to increase growth factor and cytokine signaling, tumor 

cell survival, migration, invasion, metastasis, and resistance to chemotherapeutics 

[27,29,30].  
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Because they are dysregulated by tumor cells, overactive in the tumor 

microenvironment, and promote tumor growth and metastasis, proteases are considered 

potentially promising targets for anti-cancer therapeutics, notably protease-activated, 

prodrug-like anti-tumor therapies [9,31]. This project aimed to explore whether a group of 

proteases known as the membrane-anchored serine proteases may be effective anti-tumor 

antigens that can be targeted with protease-activated anti-tumor therapies to treat ovarian 

cancer.  

 

1.7 Membrane-anchored serine proteases 

Around the turn of the century, genomic analyses unveiled the existence of a unique 

family of trypsin-like serine proteases, known the membrane-anchored serine proteases, 

which possess either amino- or carboxyl-terminal membrane anchors or transmembrane 

domains that tether them directly to the surface of the plasma membrane [32,33]. With 

their catalytic serine protease domains localized on the cell surface, these proteases 

appear to be in prime positions to interact directly with other cell-surface proteins, as well 

as constituents of the extracellular space, to regulate processes at the interface between 

cells and their environments. Comprised of 21 known members in humans, the 

membrane-anchored serine protease family has emerged as being not only structurally 

unique but also functionally different from secreted serine proteases. Several members of 

this protease family have restricted cell- and tissue-type specific expression patterns, and 

loss-of-function studies in mice have revealed that many possess either limited or 

redundant roles in normal physiology [34-36]. Many members of the membrane-

anchored serine protease family are also synthesized with various accessory domains 
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arranged in a modular fashion in addition to the serine protease catalytic domain. The 

accessory domains include SRCR, CUB, SEA, LDLa, and Frizzled domains. The 

functions of the accessory domains are not well understood but they are hypothesized to 

facilitate interactions between membrane-anchored serine proteases and other cell-surface 

and extracellular secreted proteins [33,34,36,37]. Fig. 1.5 is a representation of the 

membrane-anchored serine protease family.  

Of significance, many of these enzymes are consistently overexpressed in a wide 

variety of tumors and functionally contribute to the oncogenic properties of tumor cells 

[38-56]. Three particular membrane-anchored serine proteases that are overexpressed by 

ovarian tumor cells are testisin, hepsin, and matriptase [43,46,54,57-64].  
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Figure 1.5. The membrane-anchored serine protease family. The catalytic domains of 

the family of membrane-anchored serine proteases are tethered to the extracellular 

surface of the plasma membrane via transmembrane domains or GPI anchors. The Type I 

transmembrane serine protease tryptase γ1 is tethered to the surface via a C-terminal 

transmembrane domain. Testisin and prostasin are each tethered to the surface via a C-

terminal GPI-moiety. Proteases of the largest subgroup (in terms of number of different 

members), which is the Type II transmembrane serine proteases, are tethered to the cell 

surface via N-terminal transmembrane domains. In addition to their catalytic domains and 

membrane anchors, some membrane-anchored serine proteases also possess various 

accessory domains, arranged in a modular fashion, in the stem region connecting the 

serine protease domain to the membrane tether. TMPRSS: transmembrane protease, 

serine; HAT: human airway trypsin-like protease; HAT-L: HAT-like; DESC: 

differentially expressed in squamous cell carcinoma gene 1; SRCR: Group A scavenger 

receptor cysteine-rich; CUB: complement C1r/C1s, Uegf, Bmp1; SEA: sperm protein, 

enterokinase and agrin; LDLa: low-density lipoprotein receptor domain class A. Pictured 

are the mouse and human members of the membrane-anchored serine protease family. 

Adapted from [34]. 
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1.8 Testisin  

The membrane-anchored serine protease testisin is synthesized with a 17-amino acid 

carboxyl-terminal hydrophobic extension that is post-translationally modified with a 

glycosyl-phosphatidylinositol (GPI) linkage that serves to anchor the protease to the 

extracellular side of the plasma membrane [65-68]. In contrast to many other members of 

the membrane-anchored serine protease family, testisin contains no accessory domains 

[34]. Testisin has remarkably specific tissue distribution, being expressed in abundance 

only in spermatocytes, where it has a specific role in male fertility [69-71]. Mice lacking 

testisin expression, while fertile, possess spermatocytes that display reduced motility, 

deformed tails, fragile necks, increased decapitation, and reduced ability to respond to 

osmotic stress [71]. Moreover, in vitro, spermatocytes from mice lacking testisin 

expression have reduced capacity to penetrate the egg zona pellucida, a defective 

acrosome reaction, and reduced ability to fuse with the egg [69,70]. Yet, these inabilities 

of the spermatocytes lacking testisin are rescued by exposure to uterine fluids, suggesting 

that testisin has an important physiological role, but not a required one, in transport of 

spermatocytes through the uterus [69,70]. The in vivo physiological substrates of testisin 

have yet to be identified and little is known about possible testisin substrates in vitro. To 

date, testisin has only been reported to proteolytically activate PAR-2 [72], and cleave 

PCI (in press) [73]. Testisin has not been reported to be inhibited by any specific serine 

protease inhibitors (expressed by human cells), nor has the protease(s) that activates the 

testisin zymogen been identified. The cleavage specificity of testisin is discussed in 

section 3.2.1. 
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Testisin possesses the characteristics of a Cancer/Testis Antigen (CTA), a group 

of proteins whose expression is normally restricted to testis, but which are frequently 

aberrantly activated in tumors [74,75]. Their expression is widely characterized as being 

regulated by epigenetic mechanisms, i.e. DNA methylation and histone modifications 

[74,76]. While DNA hypermethylation silences CTA expression and is responsible for 

reduced testisin expression in testicular germ cell tumors [77], hypomethylation results in 

increased CTA expression in a variety of cancers [74,76], such as advanced stage ovarian 

cancer [75,78,79].  CTAs serve as targetable biomarkers because they are typically 

restricted to the testis, yet can be abundantly expressed in multiple cancers [75]. 

Expression of testisin has been found to be strongly upregulated in human epithelial 

ovarian cancer. By Northern blot, Shigamasa et al [57] found testisin mRNA abundantly 

expressed in ovarian cancer but not in normal ovary. Moreover, in a semi-quantitative 

RT-PCR study of 34 ovarian tumors and 7 normal ovaries, they found testisin to be 

present in 80-90% of stage 2 or 3 disease (e.g. tumor growth with pelvic extension or 

with intraperitoneal metastases outside the pelvis) and associated with 55% of stage 1 

disease (e.g. tumor growth limited to the ovaries) [57]. Bignotti et al also found testisin 

expressed in primary and metastatic ovarian tumors [58], in an unpaired microarray study 

comparing gene expression in 14 ovarian serous primary carcinoma samples versus 17 

omental metastatic tumor samples. Yet, it may have been down-regulated approximately 

2 fold in the metastatic samples. Unfortunately, their results were not validated by 

quantitative RT-PCR. While the role of testisin in human ovarian tumors in vivo is not 

known, in vitro cell culture studies suggest it is pro-oncogenic [59]. Tang et al showed 

that over-expression of testisin in human ovarian tumor cells results in increased tumor 
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growth in severe combined immunodeficient (SCID) mice, and increased colony 

formation in soft agar compared to untransfected cells [59]. Reduction of endogenous 

testisin expression via siRNA-knockdown in ovarian tumor cells leads to decreased 

tumor cell survival, and reduced colony formation [59].  

 

1.9 Hepsin  

The membrane-anchored serine proteases hepsin is synthesized with an amino-terminal 

hydrophobic region, which functions as a transmembrane domain and anchors the 

protease to the cell surface. In addition to its catalytic domain and transmembrane 

domain, hepsin also contains a SRCR domain [34]. While hepsin expression is not 

localized primarily to one tissue, like testisin, hepsin is expressed with a degree of tissue 

specificity. Hepsin is expressed abundantly in the liver and kidneys, moderately in the 

pancreas and the stomach, and at low to absent levels in other tissues [80]. While 

hepsin’s physiological roles in these tissues have not been elucidated, hepsin reportedly is 

involved in regulating hepatocyte size [81]. Mice in which the hepsin gene has been 

ablated display no gross organ abnormalities [82]. However, they have been found to 

have a ~two-fold increased level of bone-derived alkaline phosphatase in their serum 

[82], as well as significantly reduced levels of free plasma thyroxine [83], defects in 

cochleae structure and auditory nerve development [83], and a resultant deafness 

phenotype [83]. The in vivo physiological substrates of hepsin have not been identified, 

yet in vitro and in cell culture hepsin is able to proteolytically activate pro-macrophage-

stimulating protein (pro-MSP) [84] and pro-hepatocyte growth factor (HGF) [85,86], as 

well as the zymogen forms of the proteases uPA [87], prostasin [88], matriptase [89], 

factor VII [90], and liver microsomal glutathione transferase [91]. Hepsin has also been 
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found to cleave extracellular growth factor receptor (EGFR) [88] and laminin-332 [92]. 

Hepsin has been reported to be inhibited in vitro by Kunitz-type inhibitors HAI-1 and 

HAI-2 [85], and the serpin Protein C Inhibitor (PCI) (in press). In addition to functioning 

as a reversible inhibitor of hepsin, HAI-2 likely also functions as a chaperone protein that 

enhances the stability of the hepsin protein (in press). The zymogen form of hepsin is 

reported to ‘self-activate’ [34]. There are no other known in vitro or physiological 

activators of hepsin to date. The cleavage specificity of hepsin is discussed in section 

3.2.1. 

 Similar to testisin, hepsin is overexpressed in human ovarian tumor cells [46], as 

well as primary and metastatic ovarian tumor tissues [58]. Compared to normal ovary 

tissue, hepsin mRNA was found to be overexpressed in approximately 60% (7/12) of low 

grade ovarian tumors, and 80% of ovarian carcinoma samples (27/32) [60]. Investigations 

into the tumorigenic properties of hepsin revealed that anti-hepsin monoclonal antibodies 

that inhibit hepsin enzymatic activity can reduce matrigel-invasion of ovarian tumor cells 

in cell culture [61]. In a murine xenograft tumor model, hepsin localized to desmosomes 

and promoted subcutaneous ovarian tumor growth [46], likely through its excessive 

activation of HGF and disruption to cell-cell contacts, in a manner that depends on its 

enzymatic activity [46].  

 

1.10 Matriptase 

The membrane-anchored serine protease matriptase, like hepsin, is also synthesized with 

an amino-terminal transmembrane domain that anchors the protease to the cell surface. 

The stem region of matriptase is composed of SEA, CUB, and multiple LDLa domains 
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[34]. In contrast to testisin and hepsin, which are expressed in specific tissues, matriptase 

appears to be expressed in abundance in a specific cell-type, epithelial cells [93-95], as 

well as other cell types such as macrophages, monocytes, and neural stem/progenitor 

cells, to lesser extent [96-98]. Mice lacking matriptase expression, via gene disruption, 

are not viable due to defects in epithelial barrier formation, particularly epidermis, 

succumbing to rapid dehydration [94,95,99]. Investigations have revealed that this 

phenotype likely results from matriptase’s role in establishing and/or maintaining the 

integrity of epithelial barriers [100]. Although the physiological substrates of matriptase 

have not been identified, in vitro matriptase can proteolytically activate pro-HGF 

[86,101,102], pro-uPA [101,103], pro-prostasin [104,105], pro-kallikreins [106], and pro-

stromelysin (MMP-3) [24]. Matriptase can also proteolytically activate pro-macrophage-

stimulating protein (pro-MSP) [107], the epithelial sodium channel (ENaC) [108,109], 

human acid-sensing ion channel-1 (ASIC-1) [110], and PAR-2 [89,97,103,111,112]. It 

has also been shown to cleave laminin-332 [113], as well as the src-associated 

transmembrane protein SIMA135/CDCP1 [114,115], and the desmosome protein 

desmoglein-2 [116]. Matriptase has been reported to be inhibited in vitro by Kunitz-type 

inhibitors HAI-1 [21,117] and HAI-2 [118,119], as well as the serpins Protein C Inhibitor 

(PCI) (in press), antithrombin III [120-123], alpha1-antitrypsin [120], and alpha2-

antiplasmin [120]. In addition to functioning as a reversible inhibitor of matriptase, 

matriptase expression is promoted by (but does not necessarily require) co-expression 

with hepatocyte growth factor activator inhibitor-1, which enhances matriptase 

trafficking to the cell surface and stability [21,117]. The zymogen form of matriptase is 
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reported to ‘self-activate’ [34], as well as be activated by prostasin [81,105] and hepsin 

[89]. The cleavage specificity of matriptase is discussed in section 3.2.1. 

Like testisin and hepsin, the expression of matriptase is increased in human 

ovarian tumor cells and ovarian tumor tissues [43,54,62]. Microarray analysis has 

revealed that matriptase expression is significantly upregulated in primary ovarian 

carcinoma, relative to normal ovary tissue [64]. Immunohistochemical analysis identified 

matriptase as being expressed in 72% of ovarian tumors tested (of 54 samples), 

representing both primary and metastatic samples [63]. Matriptase was found expressed 

in 55% (11 of 20) of stage III/IV tumors, while being found expressed in 82% (28 of 34) 

stage I/II tumors [63]. Notably, only one of the stage III/IV tumors expressing matriptase 

co-expressed HAI-1, while 29% of the stage I/II tumors co-expressed matriptase and 

HAI-1 [63], suggesting that although matriptase may not be present in as many late stage 

tumors as it is in early stage tumors, it is likely to be more active in late stage tumors due 

to the reduced expression of its cognate inhibitor, HAI-1. In another study, matriptase 

expression was found to be increased in 56% (50 of 89) of ovarian tumors, while being 

found in 72% (24 of 33) of stage I tumors, relative to 46% (26 of 56) of stage II/III/IV 

tumors [43]. A Kaplan-Meier survival curve performed in the same study indicated that 

patients with matriptase-positive tumors lived longer than patients without matriptase 

tumor expression [43]. An additional immunohistochemical analysis of multiple subtypes 

of ovarian tumors revealed similar findings regarding matriptase expression in ovarian 

cancer [54]. Of 164 ovarian tumor tissues, including subtypes: 84 serous, 23 mucinous, 

10 endometroid, six yolk sac, 12 clear cell, six dysgerminomas, eight granulosa cell, four 

transitional cell, five fibromas, and six Brenner tumors, all were found to have significant 
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expression of matriptase, except fibromas and Brenner tumors, relative to 164 non-tumor 

tissues [54]. Additionally, for serous adenocarcinoma, matriptase immunoreactivity was 

positively correlated with TNM stage and FIGO stage [54].   

The overexpression of testisin, hepsin, and matriptase by ovarian tumors suggests 

that they may be promising tumor antigens whose hyperactive-enzymatic activities, 

relative to normal tissues, can be potentially targeted via enzyme-activated therapies to 

kill ovarian tumor cells. An exciting area of research that focuses on targeting, and 

exploiting the hyper-enzymatic activities of tumor-expressed proteases to achieve tumor 

cell killing is the engineering of bacterial toxins to function as protease-activated, tumor-

targeted therapeutics [8,31]. The bacterial toxin at the forefront of engineering into a 

protease-activated, tumor-targeted cytotoxin is anthrax toxin. 

 

1.11 Anthrax toxin 

Anthrax toxin is a cytotoxic pore-forming exotoxin secreted by Bacillus anthracis. 

Consisting of protective antigen (PrAg), lethal factor (LF), and edema factor (EF), the 

toxin (the combination of PrAg and LF and/or EF) causes cellular cytotoxicity through a 

well-characterized mechanism [124]. PrAg binds to either of two host proteins that it 

utilizes as cell-surface receptors, tumor endothelial marker-8 and capillary 

morphogenesis gene-2, of which CMG2 is expressed on nearly all human cell types, and 

is the major anthrax toxin receptor [125,126]. PrAg (83 kDa), inactive and bound to its 

cell-surface receptor(s), is proteolytically cleaved and activated by the proprotein 

convertase furin in an exposed flexible loop to generate an active C-terminal 63-kDa 

PrAg fragment. The newly-generated, active 63-kDa fragment remains receptor-bound 
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and catalyzes the formation of a PrAg/receptor oligomer (activated PrAg can form a 

heptamer or an octamer) that presents docking sites to enable up to 4 molecules of LF or 

EF to bind to the complex and translocate into the cytosol, through an endosomal PrAg-

formed pore, where they have potent cytotoxic effects [127]. Lethal factor is a zinc-

dependent metalloproteinase that functions by cleaving and inactivating mitogen-

activated protein kinase kinases 1-4, 6 and 7 (MAPKKs or MEKs), preventing them from 

phosphorylating their substrates and activating the ERK, p38, and JNK mitogen-activated 

kinase pathways [127]. Edema factor functions as an adenylate-cyclase, which converts 

ATP to cAMP to increase cellular cAMP concentrations [127]. Its activity may also 

deplete cellular ATP resources [127] to ultimately affect cellular physiology through both 

increased cAMP and reduced ATP. The activity of both LF and EF can cause substantial 

disruption to essential cellular signaling pathways in specific cell types to compromise 

cell and tissue function, as well as organismal physiology [127]. Investigations into the 

cell and tissue targets of anthrax LF- and EF-mediated pathogenesis (in combination with 

PrAg) have revealed that the toxins exert their effects by targeting two biological 

systems, the cardiovascular system and the liver [124]. Lethal toxin primarily acts 

through its ability to target the physiology of cardiomyocytes and vascular smooth 

muscle cells, while EF primarily acts through targeting hepatocytes [124]. Yet, how the 

toxins impinge upon the signaling of these cell types is not fully understood [124]. The 

mechanism of anthrax toxin activation and cell entry is illustrated in Fig. 1.6. 
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Figure 1.6. Anthrax toxin mechanism. The mechanism of anthrax toxin cell entry 

begins when the inactive, full-length 83-kDa protective antigen (PrAg) complexes with 

the anthrax toxin cell surface receptor(s) CMG2 and/or TEM8. Cell-surface receptor-

bound PrAg is then proteolytically cleaved and activated by the cell-surface proprotein 

convertase furin to an activated 63-kDa protein that remains receptor bound, and a 

released 20-kDa protein. The activated-PrAg/receptor complex then undergoes 

oligomerization. Oligomerization generates docking sites that allow binding of cargo 

proteins (here depicted as LF, EF, and/or FP59) to the complex, which is subsequently 

endocytosed. Upon exposure to reduced endosomal pH, the oligomer undergoes a 

conformational change that results in the formation of an endosomal pore, dissipation of 

the pH gradient, and diffusion of LF, EF, and/or FP59 into the cytosol. In the cytosol, LF, 

EF, and FP59 exert their effects on cell signaling and/or protein translation. Adapted 

from [128]. 
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1.12 Engineered anthrax toxins as anti-tumor cytotoxins 

By taking advantage of the requirement for anthrax toxin PrAg to be proteolytically 

activated on the cell surface by furin, PrAg has been engineered to be activated by 

proteases other than furin, specifically MMP2, MMP9, and uPA, which are 

overexpressed and overactive on tumor cells. Replacing the furin-cleaved activation site 

with MMP2/9- and uPA-activated sites converts PrAg from being activated in multiple 

non-tumor tissues and results in significant and widespread cytotoxicity in vivo to a 

cytotoxin that is activated preferentially in tumor tissues. Urokinase-type plasminogen 

activator (uPA) is a secreted trypsin-like serine protease that activates plasminogen 

(which cleaves fibrin), to initiate fibrinolysis [129]. Matrix metalloprotease-2 (MMP2) 

and matrix metalloprotease-9 (MMP9) cleave ECM proteins, such as collagen, to 

rearrange the ECM [130,131]. uPA, MMP2, and MMP9 were among the first tumor-

expressed proteases demonstrated to promote tumor cell survival, growth, and metastasis 

through irreversible cleavage of both ECM and non-ECM proteins [132]. PrAg has been 

engineered into three unique tumor-targeting cytotoxins that are activated by uPA [133], 

MMP2 and MMP9 [134], or activated by both  uPA and MMP2/MMP9 [135,136], 

termed PrAg-U2, PrAg-L1, and PrAg-IC (intercomplementing), respectively.  

Anthrax toxin has also been engineered to deliver different protein payloads such 

as FP59, a chimeric anthrax toxin LF-Pseudomonas exotoxin fusion protein, into the 

cytosol in addition to LF and EF [137-143]. When translocated into the cytoplasm by 

activated 63-kDa PrAg, FP59 induces cytotoxicity by ADP-ribosylation and inhibition of 

translation elongation factor-2, resulting in inhibition of protein synthesis and the 

induction of cell death [144-146]. The uPA- and MMP2/9 activated cytotoxins 
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(engineered PrAg proteins in combination with LF or FP59) have been shown to 

effectively kill tumor cells that overexpress any of these proteases in cell culture and/or in 

vivo, including cell lines representing lung, pancreatic, colon, prostate, breast [147], 

melanoma, fibrosarcoma, cervical [133,134], renal, central nervous system [148], thyroid 

[149], and head and neck cancers [135,136,148,150-155]. Although uPA and MMP 

proteases have been implicated in promoting ovarian tumorigenesis [131,156], these 

engineered anthrax toxins have not been investigated for their abilities to function as anti-

tumor therapeutics for the treatment of human ovarian cancer. 

These engineered anthrax toxins may have some limitations. Although uPA and 

MMPs are overexpressed by various tumor types, including ovarian cancer, the uPA and 

MMP protease systems have multiple physiological functions, in many tissues and cell 

types, and have leading roles in immune regulation and physiological tissue remodeling 

[157,158]. Should the uPA- and MMP2/9-activated anthrax toxins be used to target 

ovarian tumors, it is possible that paracrine association of the tumor-secreted proteases 

with other non-tumor cells in or near the tumor microenvironment could contribute to 

off-target effects of these toxins. Moreover, uPA and MMPs, being tumor-secreted 

proteases, do not directly localize on tumor cell-surfaces with anthrax toxin receptor-

bound PrAg toxins initially, but instead require return to the cell surface and autocrine 

binding to receptors to proteolytically activate PrAg. In the case of the uPA-activated 

anthrax toxin, additional host co-factors are also required for uPA activity, such as 

plasminogen [150]. For these reasons, targeting of tumor-expressed membrane-anchored 

serine proteases, such as testisin, hepsin, and matriptase, which are tethered to the tumor 

cell surface, and have relatively limited expression patterns and less ubiquitous roles in 
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physiology, could enable a highly-specific, more efficient approach for directed tumor 

cell killing by engineered anthrax toxins.  

 

1.13 Hypothesis, goal, and aims 

Accordingly, the goal of this project was to engineer membrane-anchored serine 

protease-activated anthrax toxins and investigate their ability to target ovarian tumor cells 

to reduce ovarian tumor burden. Given that the membrane-anchored serine proteases 

testisin, hepsin, and matriptase are aberrantly upregulated on the surface of ovarian tumor 

cells, and that anthrax toxin PrAg requires cell-surface proteolytic activation, we 

hypothesized that we could engineer anthrax toxins to be activated by testisin, hepsin, 

and matriptase to target and kill ovarian tumor cells. This hypothesis was tested in three 

specific aims: 1) To engineer mutant anthrax toxin protective antigens to be activated by 

membrane-anchored serine proteases. 2) To investigate whether the mutant anthrax 

toxins can target testisin to kill tumor cells and reduce tumor burden in vivo. 3) To 

investigate whether the mutant anthrax toxins can target testisin, hepsin, and matriptase to 

kill ovarian tumor cells, ovarian tumor spheroids, and effectively reduce ovarian tumor 

burden in vivo using preclinical mouse xenograft tumor models.  
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Chapter 2. Materials and Methods 

 

The following information presents the materials and experimental methods used to 

perform this study. Any deviations from these materials and methods, as well as 

additional information, are explained within the subsequent chapters and/or the figure 

legends.    

 

2.1 Chemical and protein reagents 

All chemicals reagents used were reagent grade. The identity and source of the protein 

reagents are discussed in applicable sections and listed in Appendix 1: Table of Reagents. 

Each protease was activated according to the manufacturer’s instructions. Recombinant 

human PCI was provided by Dr. Yolanda Fortenberry and prepared as previously 

described [159,160]. Briefly, recombinant PCI was prepared in Escherichia coli and 

purified using Ni
2+

-chelate and heparin-sepharose affinity chromatography, as in [160]. 

Recombinant human furin was provided by Dr. Iris Lindberg (University of Maryland 

School of Medicine, Baltimore, MD) [161]. Recombinant human matriptase was 

provided by Dr. Richard Leduc (Universite de Sherbrooke, Quebec, Canada) [162].  

 

2.2 Purification of plasmid DNA  

Plasmid DNA was purified using Endotoxin-free Maxiprep kits (Qiagen), according to 

manufacturer’s instructions. Expression plasmids were verified by DNA sequencing 

(done by the Biopolymer/Genomics Core Facility, University of Maryland School of 

Medicine) for their intended expression products, where applicable. Expression plasmids 

used in this study are found in Appendix 2: Table of Expression Plasmids.  
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2.3 Antibodies 

Primary and secondary antibodies were used for immunoblotting and 

immunohistochemistry. Antibodies used in this study are found in Appendix 3: Table of 

Antibodies. Mouse anti-PCI antibody was provided by Dr. Yolanda Fortenberry and 

prepared as previously described [159,160]. Rabbit anti-PrAg antibody (no. 5308) was 

provided by Dr. Stephen Leppla and prepared as previously described [134]. Mouse 

Pro1.4.C25.1 anti-testisin antibody was prepared by standard procedures from a 

hybridoma cell line (PTA-6076) (ATCC). 

 

2.4 Primers 

Nucleotide primers used in this study to clone expression plasmids and perform site-

directed mutagenesis were purchased from IDT Technologies or Sigma-Aldrich and 

desalted or purified by high performance liquid chromatography (HPLC). Primer 

sequences are found in Appendix 4: Table of Primers.  

  

2.5 Expression plasmid mutagenesis  

PrAg mutants: A two-step overlap PCR strategy was employed to mutate the cDNA 

bases encoding the furin cleavage site in the PrAg expression plasmid pYS5-PA33 [163]. 

pYS5-PA33 served as the template for the first round of PCR using the primers denoted 

‘A’ (Appendix 4). The resulting PCR reaction products were digested with Dpn I and the 

mutant plasmids cloned by standard techniques. The cloned plasmids were used as the 

templates for the second round of PCR using primers denoted 'B' (Appendix 4). The 

resulting PCR reaction products were digested with Dpn I and the final mutant plasmids 
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cloned and verified by DNA sequencing. For PrAg-UAS, only one round of PCR was 

required. The product of the first round of PCR resulting from use of the PrAg-PAS 

primer set ‘A’ produced the template for PCR using the PrAg-UAS ‘B’ primers. 

Mutagenesis was analyzed and verified to be correct by DNA sequencing (done by the 

Biopolymer/Genomics Core Facility, University of Maryland School of Medicine). 

Protease expression mutants: cDNA encoding human testisin (GPI-testisin) [67], 

cloned into pcDNA 3.1 expression plasmid (Life Technologies), was mutated by site-

directed mutagenesis using the R41A-testisin (to create an arginine to alanine mutation in 

the testisin zymogen activation site, thus maintaining testisin in a ‘zymogen-locked’ 

conformation) or S238A-testisin primers (to create a serine to alanine mutation in 

testisin’s catalytic triad, which abrogates testisin’s ability to catalyze peptide bond 

hydrolysis)  (Appendix 4), and a QuikChange Mutagenesis kit (Stratagene), according to 

manufacturer’s instructions, to create ‘zymogen-locked’ activation site (R41A-testisin) 

and catalytic triad (S238A-testisin) mutants of testisin. Similarly, cDNA encoding human 

hepsin (WT-hepsin) [61], cloned into pcDNA 3.1, was mutated with the S353A-hepsin 

primers (Appendix 4) to create a catalytic triad (S353A-hepsin) mutant. Cloning and 

mutagenesis accuracy was verified by DNA sequencing.   

 

2.6 Expression and purification of recombinant PrAg proteins 

Recombinant anthrax toxin protective antigens (PrAg-WT, PrAg-PCIS, PrAg-PAS, 

PrAg-UAS, PrAg-TAS) were expressed from the respective expression plasmids 

(generated in section 2.5) and purified by the laboratory of Dr. Stephen Leppla (National 

Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, 
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MD), as described [134,164]. Briefly, expression plasmids containing PrAg sequences 

contained in the E. coli-Bacillus expression plasmids pYS5 or pYS5-PA33, were 

transformed into the non-virulent B. anthracis strain BH460. The proteins were secreted 

into the culture supernatants and purified by ammonium sulfate precipitation and 

chromatography on a Mono-Q column to high yield and purity, as described [164]. The 

recombinant proteins LF and FP59 used herein were provided by Dr. Leppla, and 

produced as previously described [165,166]. 

 

2.7 Recombinant PrAg protein cleavage assays 

Recombinant PrAg proteins (1 μM) were incubated with recombinant proteases (50 nM) 

for 2.5 hours, or indicated intervals, at 30
º
C, in 50 mM HEPES (pH 7.3), 10 mM CaCl2, 

150 mM NaCl, and 0.05% (v/v) Brij-35. Reactions were stopped by the addition of 

Laemmli sample buffer containing 10% beta-mercaptoethanol to the samples. PrAg 

cleavage was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) followed by 

immunoblotting using 1:20,000 dilutions of polyclonal anti-PrAg antibody.  

 

2.8 Cell culture 

Human tumor cell lines (HEK293T, HeLa, PC3, DU-145, LnCAP, T47D, MDA-MB-

468, SKOV-3, CaOV-3, OVCAR-3, ES-2) were purchased from American Type Culture 

Collection (ATCC). A2780 cells were purchased from Sigma-Aldrich. NCI/ADR-Res 

cells were purchased from the National Cancer Institute Division of Cancer Treatment 

and Diagnosis (NCI-DCTD) repository. SKOV-3-luc cells were purchased from Cell 

Biolabs. MCF-10A-luc cells were obtained from the laboratory of Dr. Stuart Martin 
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(University of Maryland School of Medicine, Baltimore, MD). Cell lines were cultured 

and maintained at 37
º
C in a 5% CO2/95% air environment in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) and 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. 

MCF-10A-luc cells were grown in DMEM/F12 supplemented with 5% horse serum, 20 

ng/mL EGF, 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin, 10 μg/mL insulin, and 

100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. All cells were 

routinely tested and confirmed to be free of mycoplasma contamination.  

 

2.9 Cell lysis and immunoblotting  

Cells were lysed in cell lysis buffer (150 mM NaCl, 10 mM CaCl2, 50 mM HEPES (pH 

7.3), 0.5% Triton X-100, 0.5% NP-40, Complete Mini-EDTA Protease Inhibitor Cocktail 

(Roche)), and protein concentrations determined by Bradford assay. Samples containing 

equal protein were heated at 95
º
C for 5 minutes in Laemmli sample buffer containing 

10% beta-mercaptoethanol and analyzed by SDS-PAGE, using 4-12% or 10% NuPage 

Bis-Tris pre-cast gels (Life Technologies), followed by immunoblotting using PVDF 

membranes (Life Technologies). Membranes were blocked for 30 minutes in 5% (w/v) 

non-fat milk and then sequentially incubated with indicated primary (1:500-1:1000) and 

HRP-conjugated secondary (1:2500) antibodies. HRP activity was detected using 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). For 

densitometry of PrAg processing, all values were measured using Image J software and 

normalized to GAPDH expression. Individual PrAg 83-kDa and 63-kDa values for each 
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timepoint are calculated relative to the sum value of PrAg 83-kDa and 63-kDa at that 

timepoint, which was set equal to 1. 

 

2.10 Transient HeLa and ES-2 transfections 

HeLa and ES-2 cells were transiently transfected or co-transfected, when ~90% 

confluent, with expression plasmids encoding matriptase (WT-matriptase), prostasin, 

hepsin (WT-hepsin), S353A-hepsin catalytic triad mutant (S353A-hepsin), HAI-1, HAI-

2, or vector alone (vector) using Lipofectamine 2000, according to manufacturer’s 

recommendations. After 48 hours, transfected cells were then used for immunoblot or 

MTT cytotoxicity assays.  

 

2.11 Generation of 293T cell lines expressing testisin and testisin mutants 

HEK293T cells were transfected with expression plasmids encoding full-length human 

GPI-anchored  testisin (HEK/GPI-testisin), S238A-testisin catalytic triad mutant 

(HEK/S238A-testisin), R41A-testisin ‘zymogen-locked’ activation site mutant 

(HEK/R41A-testisin), or vector alone (HEK/vector) using Lipofectamine 2000 (Life 

Technologies). Two stably-transfected pools of each transfection were obtained by 

selection in hygromycin. Testisin protein expression was analyzed by SDS-PAGE and 

immunoblot and appeared to be stable over time. 

 

2.12 Generation of human testisin lentiviral expression plasmids 

Testisin cDNAs (wild-type, S238A-testisin, R41A-testisin) were amplified by PCR using 

the GPI-testisin or HA-GPI-testisin primers (Appendix 4) from expression plasmids 

containing GPI-testisin (pcDNA 3.1-testisin) or HA-GPI-testisin (pDisplay-GPI-HA-
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testisin) [72]. PCR-amplified products were analyzed by agarose gel electrophoresis, and 

were purified using a QiaQuick Gel Extraction kit (Qiagen), according to manufacturer’s 

instructions. The purified testisin PCR fragments and the pCDH-EF1-MCS-IRES-Puro 

lentiviral vector were digested with the restriction enzymes Xba I and Nhe I. The 

digested DNA was analyzed by agarose gel electrophoresis and the testisin and lentiviral 

vectors again purified by gel extraction, as above. The testisin cDNA was ligated into the 

lentiviral vector using a Rapid DNA Ligation kit (Roche), according to manufacturer’s 

instructions. The ligated lentiviral expression plasmids were then transformed into DH5α 

competent cells (Life Technologies). Transformed colonies were isolated on LB plates 

with ampicillin and further cultured in LB broth containing ampicillin. DNA from 

ampicillin resistant colonies was isolated and purified using a Mini-prep kit (Qiagen), 

according to manufacturer’s instructions.  The lentiviral vector DNA was digested with 

Xba I and Nhe I and analyzed by gel electrophoresis to verify testisin incorporation into 

the vector. Lentiviral vector preparations positive for inserted testisin were subjected to 

DNA sequencing (done by the Biopolymer/Genomics Core Facility, University of 

Maryland School of Medicine) to ensure mutations were not introduced into the testisin 

transcript.  

 

2.13 Generation of ovarian tumor cell lines expressing luciferase 

Retroviral particles were produced by transfecting Phoenix-AMPHO cells (~80% 

confluent) with a retroviral luciferase expression plasmid (pMSCV-Luciferase PGK-

hygro), using Lipofectamine 2000, according to manufacturer’s recommendations. The 

retroviral containing media was cleared by centrifugation at 2,000 g for 10 minutes, 
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passed through a pre-wetted 0.45 µm filter, mixed with 6 µg/mL Polybrene (American 

Bioanalytical), and applied to ES-2 or NCI/ADR-Res cells. Pools of stably transfected 

cells were obtained via selection in hygromycin. Pools of stably transfected cells were 

subcloned by limiting dilution in 96-well plates to isolate single cell clones. Single cell-

derived colonies, seeded in a white-walled clear bottom plate, were analyzed for 

luciferase activity levels by adding 250 µg/mL D-luciferin and detecting luminescence 

with a Berthold Technologies Centro LB-960 plate reader. Luciferase activity levels in 

the single cell clone-derived colonies (relative to cell numbers present for each clone at 

the time of activity measurement) were compared to luciferase activity levels in a 

positive control tumor cell line (MCF-10A-luc) expressing luciferase (also normalized to 

cell number present at the time of activity measurement).  

 

2.14 Generation of ES-2-luc and SKOV-3-luc cells expressing testisin 

Lentiviral particles were produced by co-transfecting HEK293T cells (~80% confluent) 

with pCDH-EF1-MCS-IRES-Puro lentiviral expression plasmids containing GPI-testisin 

or GPI-HA-testisin variants (wild-type, S238A, R41A) or vector control, pCMV-R8.2 

packaging plasmid, and pCMV-VSVg envelope plasmid, using Lipofectamine 2000, 

according to manufacturer’s recommendations. Conditioned media containing lentiviral 

particles were cleared and filtered (as in 2.13), mixed with 6 µg/mL Polybrene (American 

Bioanalytical), and applied to ES-2-luc or SKOV-3-luc cells. Pools of stably transfected 

cells were obtained via selection in puromycin. Testisin protein expression was 

determined by SDS-PAGE and immunoblot (using 1:500 anti-testisin antibody; 1:5000 

anti-HA antibody; 1:2500 secondary antibody). Immunoblots of pools SKOV-3-luc cells 
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stably expressing testisin (untagged and HA-tagged), testisin R41A, testisin S238A, or 

stably transduced with vector are not discussed further in this thesis, but can be found in 

Appendix 5. 

 

2.15 Alkaline phosphatase activity assay 

Release of alkaline phosphatase (AlkPhos), as a measure of PAR-2 N-terminal cleavage 

on the cell surface, was performed as previously described [72,167]. Briefly, ES-2-luc or 

SKOV-3-luc cells stably expressing testisin (GPI-testisin or GPI-HA-testisin) or stably 

transduced with vector alone were transiently transfected with pCMV.SEAP.PAR-2. 

After 48 hours, cells were washed, and then incubated in OPTI-MEM I for 4 hours. The 

conditioned medium from each of the cell lines was then cleared of cells by 

centrifugation and assayed, in a 96-well white-walled and white bottom plate, for 

AlkPhos activity using the Applied Biosystems Phospha-light detection system. 

Chemiluminescence was measured on a Dynatech Laboratories plate reader. Data 

regarding the increased protease activity on SKOV-3-luc cells stably transfected with 

testisin (untagged and HA-tagged) are not discussed further in this thesis, but can be 

found in Appendix 6.  

 

2.16 Real-time Quantitative PCR (qPCR)  

RNA was isolated from cell lines using RNeasy kits (Qiagen), according to 

manufacturer’s instructions. Reverse transcription was performed using Taqman Reverse 

Transcription Reagents (Applied Biosystems) and 2 µg RNA. qPCR was performed using 

testisin (Hs00199035_m1), hepsin (Hs01056332_m1), matriptase (Hs00222707_m1), 
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prostasin (Hs00173606_m1), HAT (Hs00975370_m1), TMPRSS2 (Hs01120965_m1), 

TMPRSS6 (Hs00542184_m1), TMPRSS13 (Hs00361060_m1), HAI-1 

(Hs00173678_m1), HAI-2 (Hs01070442_m1), PAI-1 (Hs01126606_m1), PAI-2 

(Hs01010736_m1), PCI (Hs04333915_m1), ANTXR1 (Hs00216777_m1), ANTXR2 

(Hs00292467_m1), GAPDH (Hs02758991_g1), or beta-actin (β-actin) (Hs99999903) 

primers (Applied Biosystems) along with Taqman RT-PCR reagents (Applied 

Biosystems). mRNA expression levels (in an equivalent of 40-80 ng cDNA per reaction) 

were normalized to GAPDH or β-actin expression levels.   

 

2.17 Knockdown by RNA interference 

HeLa cells were transfected with 20 nM testisin-specific STEALTH siRNAs 

(HSS116894; HSS173992) (Life Technologies) or 20 nM luciferase-specific negative 

control (Luc-siRNA) (Life Technologies) using Dharmafect 1 (Dharmacon), for 6-8 

hours, according to manufacturer’s recommendations. After 48 hours, cells were 

harvested for analysis of testisin mRNA and protein expression, or used in MTT 

cytotoxicity assays. The efficiency of testisin knockdown was analyzed by qPCR for 

mRNA (using primers in 2.16), and immunoblotting for protein.    

 

2.18 Cleavage of recombinant PrAg-PCIS by cell-expressed testisin  

HEK293T cells stably expressing wild-type testisin (HEK/GPI-testisin) or vector alone 

(HEK/vector) were incubated for up to 6 hours with 500 ng/mL of either PrAg-PCIS or 

PrAg-WT, in growth media. At each time point, cells were washed in PBS to remove 

non-bound proteins, lysed, and immunoblotted using anti-PrAg antibodies to investigate 
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PrAg cleavage. The blot was reprobed with anti-GAPDH antibody to assess protein 

loading.  

 

2.19 MTT cytotoxicity assays  

Cells were incubated with various concentrations of mutant PrAg or PrAg-WT proteins 

(as indicated in figure legends) and FP59 (50 ng/mL) in growth media for indicated 

times. Media was replaced with fresh media and cell viability was assayed from 24-48 

hours later (as indicated in the figure legends) by adding MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) (Millipore) to a final concentration of 1.25 mg/mL, 

and incubating for 45 minutes to one hour at 37
º
C. MTT was dissolved in growth media 

and filtered through a 0.22 µm syringe filter prior to use. The formed pigment was 

solubilized with 0.5% (w/v) SDS, 25 mM HCl, in 90% (v/v) isopropanol. Absorbance 

was measured using a spectrophotometer (TECAN) at 550 nm and 620 nm (reference 

wavelength). Values obtained for incubation of cells with PrAg toxins were normalized 

to those obtained for the cells incubated with FP59 alone (100%). EC50 is defined as the 

concentration (derived from the viability plots) of PrAg toxin required to kill 50% of the 

cells. 

 

2.20 Spheroid assays 

Ovarian tumor cell spheroids were formed by seeding 5x10
4
 ovarian tumor cells (SKOV-

3, CaOV-3, A2780, OVCAR-3, ES-2, NCI/ADR-Res) in 96-well, round-bottom, ultra-

low attachment plates (#7007, Corning), centrifuging the plates at 1.5x10
4
 rpm for 10 

minutes, and then allowing the spheroids to aggregate and grow for 4 days. On day 4, the 

spheroids were treated with PrAg-PAS toxin and viability was analyzed by MTT assay. 
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The spheroids were imaged with a 10X objective and the EVOS FL Auto Cell Imaging 

System (Life Technologies).  

Ex-vivo spheroids: ES-2-luc ovarian tumor cell spheroids were removed from the 

ascites of the cohort of ES-2-luc tumor-bearing mice treated with vehicle (PBS) in the 

experiment in Chapter 5, section 2.5. The spheroids were plated in 96-well, round-

bottom, ultra-low attachment plates (Corning), and cultured in non-adherent conditions 

for 72 hours in growth media (DMEM supplemented with 10% heat-inactivated FBS, and 

100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine). The 

spheroids were then incubated with increasing doses (0, 10, 100, 1000 ng/mL) of PrAg-

PAS in combination with LF (100 ng/mL) or FP59 (100 ng/mL). As controls, spheroids 

were also incubated with 1000 ng/mL PrAg-PAS, 1000 ng/mL PrAg-WT, 100 ng/mL LF, 

or 100ng/mL FP59 alone, or were treated with vehicle (growth media). Spheroids were 

treated twice, at intervals of 48 hours (Day 0, Day 2), and assayed for spheroid viability 

after 96 hours (Day 4). Spheroid viability was assayed using a LIVE/DEAD Cell Imaging 

Kit 488/570 (#INV-R37601, Life Technologies), according to the manufacturer’s 

instructions. Images were obtained using an EVOS FL Auto Cell Imaging System (Life 

Technologies) with the 4X objective. 

 

2.21 Fluorogenic peptide cleavage assay 

Ovarian tumor cell lines grown to either ~40% or ~95% confluence in a 96-well, black-

walled, clear-bottom plate, were incubated with 100 µM Boc-QAR-AMC peptide (R&D 

Systems), in OPTI-MEM I and 0.05% FBS, in the presence or absence of the serine 

protease inhibitor AEBSF (100 µM). Tumor-cell mediated cleavage of the peptide and 
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release of the AMC group was assayed using excitation 380 nm and emission 460 nm 

wavelengths, using a FlexStation fluorometer (Molecular Devices), at times indicated in 

the figure legend. The AEBSF-sensitive changes in fluorescence units are relative to the 

fluorescence of the peptide measured in the absence of tumor cells.  

 

2.22 In vivo HeLa xenograft tumor model  

All mouse studies were approved by the UMB IACUC under protocol #0313001. Female 

athymic nude mice (NU/NU) (6-8 weeks old) (Charles River Laboratories) were housed 

and monitored according to Institutional Animal Care and Use Committee guidelines, 

given free access to food and water, and maintained in a 12 hour dark/light environment. 

2.5x10
6
 HeLa tumor cells were injected subcutaneously into the right hind flanks of the 

mice. Upon measurable tumor growth (~50-200 mm
3
), mice were distributed into cohorts 

containing mice bearing approximately equal individual tumor volumes and 

approximately equal average tumor volumes. Each mouse received a 100 μL intratumoral 

injection of treatments indicated in figure legend, injected into multiple spots in the 

tumor, every three days for a total of three injections. Tumor dimensions were measured 

with calipers at indicated timepoints in a blinded manner with respect to tumor treatment. 

Tumor volume was calculated using the formula 0.5 x length x width
2
. Experiments were 

concluded when one or more mice reached predetermined endpoints (weight gain > 10%, 

tumor diameter > 1 cm, tumor ulceration). Mice were then euthanized and tumors were 

removed, weighed (in a treatment-blinded manner), fixed in 1X zinc fixative (BD 

Pharmingen, #552658) according to manufacturer’s instructions, and stored in 70% 

ethanol for histology and immunohistochemical analysis.  
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2.23 Establishing a well-tolerated dose for mutant PrAg toxin treatment 

Cohorts of female athymic nude mice (NU/NU) (6-8 weeks old) (Charles River 

Laboratories) were injected intraperitoneally (i.p.) with 400 μL of vehicle (PBS) or 

various concentrations of mutant PrAg-toxins (PrAg-PCIS, PrAg-PAS in combination 

with LF) (concentrations provided in the figure legend). Mice received a total of six 

injections over the course of two weeks, on a M, W, F dosing protocol. The health and 

body weight of the mice were monitored at least every other day throughout the study. 

The mice were euthanized if they exhibited weight loss > 20%, or significantly decreased 

physical activity resulting from treatment with the PrAg toxins.  

 

2.24 ES-2-luc and NCI/ADR-Res-luc xenograft tumor models  

Establishment of xenograft tumor models: To establish the growth curves of the ES-2-luc 

and NCI/ADR-Res-luc ovarian tumor cells, different cellular densities (as indicated in the 

figure legends) of the cell lines (in 100 μL of serum-free media), were injected (day 0) 

i.p. into female athymic nude (NU/NU) mice (6-8 weeks old) (Harlan Laboratories). 

Bioluminescent imaging, using the IVIS-200 system (Xenogen) (Chapter 5, Figs. 5.2, 5.3, 

5.4, 5.6, 5.8, and 5.12 (not shown)), was conducted on day 1 to monitor tumor seeding 

(see 2.25). The health and body weight of the mice were monitored throughout each 

study.  

Investigating whether PrAg-PAS treatment reduces ovarian tumor burden: female 

athymic nude mice were injected with 5x10
6
 ES-2-luc tumor cells, as above. 

Bioluminescent imaging was conducted as above. On day 4, or day 10 (treating 
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established ovarian tumor burden), mice were grouped into cohorts with equal average 

tumor burden so that mean photon intensity was similar between groups. Mice were then 

injected (on that day or the following day) i.p. with 400 µL of vehicle, mutant PrAg 

toxins (PrAg-PAS, PrAg-U7, PrAg-IC in combination with LF), or vehicle (PBS) at the 

concentrations provided in the figure legends. Mice were treated every other day on a M, 

W, F schedule, and received 2, 4, or 6 total injections (as indicated in figure legends). 

The daily activity and body weight of the mice were monitored throughout the study.  

Investigating whether PrAg-PAS treatment extends survival: Female athymic 

nude mice were injected with 5x10
6
 ES-2-luc tumor cells, bioluminescent imaging was 

conducted, and mice were grouped into cohorts containing equal average tumor burden, 

as above. Mice were then treated i.p. with 400 µL of vehicle (PBS), or various 

concentrations of PrAg-PAS toxin (PrAg-PAS and LF) (concentrations indicated in 

figure legend). Mice were treated every other day, on a M, W, F schedule, and received a 

total of 9 injections. The daily activity and body weight of the mice were monitored 

throughout the study.  

 For each of the above experiments, the mice were euthanized if they gained body 

weight > 10%, relative to before tumor cell injection, or if they displayed significantly 

decreased physical activity resulting from accumulated tumor burden. Injections of tumor 

cells and toxins were performed by Rena Lapidus, Ph.D., and Eun Yong Choi, M.D. 

(Translational Laboratory Shared Service, University of Maryland School of Medicine).  
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2.25 Bioluminescence imaging of tumors 

Mice were injected i.p. with 150 mg/kg of D-luciferin and allowed to move freely for 1 

minute to promote D-luciferin biodistribution. Mice were then anesthetized using 

isoflurane and placed in the IVIS-200 instrument chamber. Photon intensity was 

measured every 5 minutes, 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). This work was performed by Eun Yong 

Choi (Translational Laboratory Shared Service, University of Maryland School of 

Medicine).  

 

2.26 Histopathological analysis 

Zinc-fixed tumor specimens were embedded in paraffin and 5 μm-thick sections were cut, 

deparafinized, and stained with hematoxylin and eosin (H&E) using standard procedures, 

or subjected to immunohistochemical analysis. For immunohistochemistry, samples were 

rehydrated, endogenous peroxidase activity blocked with 3% hydrogen peroxide in 

methanol, subjected to antigen retrieval in boiling sodium citrate, and then non-specific 

binding sites blocked with 5% goat serum. Sections were incubated overnight at 4
º
C with 

1:100 dilutions of rabbit anti-Ki67 (Abcam), rabbit anti-human activated caspase-3 (Cell 

Signaling Technology), or rat anti-mouse CD31 (BD Pharmingen), followed by 

incubation for 30 minutes with 1:200 anti-rat or anti-rabbit biotinylated secondary 

antibodies. Antibody binding was detected using a Vectastain ABC kit (Vector 

Laboratories), according to manufacturer’s instructions. Sections were counterstained 

with hematoxylin, dehydrated, and mounted. Control slides were incubated with primary 
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or secondary antibodies only. Images were obtained using an EVOS FL Auto Cell 

Imaging System (Life Technologies). Composite images of the whole tumor sections 

were obtained with a 10X objective and stitched together using the EVOS software, while 

individual fields were taken using 20X (H&E, Ki67, activated caspase-3) or 40X (CD31) 

objectives, respectively. Staining was quantified using Image J software (H&E, Ki67, 

activated caspase-3) and Photoshop (Adobe) (CD31). Quantification, performed in a 

treatment-blinded manner, was performed by outlining the tumors in the composite 

images and analyzing the tumor sections for % viable area (H&E) or % positive staining 

for the immunostained sections. Percentages were calculated by determining the ratio of 

viable area or stained area of the tumor relative to the total tumor area (areas determined 

by pixel count or outlined necrotic areas), as described in [168]. The staining and 

immunohistochemical preparation was performed by Grazyna Zaidel (Research Service 

Laboratory Resource, VA Maryland Healthcare System, Baltimore, MD).  

 

2.27 Statistical analysis 

Quantitative data are represented as mean values with their respective standard errors 

(SEM). Significance of results was tested using unpaired two-tailed Student’s t test, 

which was calculated using GraphPad software. The Kaplan-Meier plot was generated 

using GraphPad Prism software and significance was tested by Log-rank (Mantel-Cox) 

Test. Significance of treatment group comparisons were adjusted for by the Bonferroni 

method. The p value of < 0.05 (typically considered statistically significant) was divided 

by the number of comparisons, K, to be made amongst the treatment groups (K=6 
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comparisons). The adjusted p value of < 0.008 was then considered the threshold of 

statistical significance.  
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Chapter 3. Engineering mutant anthrax toxin protective antigens to be activated by 

membrane anchored serine proteases 

 

3.1 Introduction 

Knowing that ovarian tumor cells overexpress testisin, hepsin, and matriptase, and that 

anthrax toxin protective antigen (PrAg) has been engineered into uPA- and 

MMP2/MMP9-activated tumor targeting cytotoxins that can be used to kill cells and 

reduce tumor burden, we predicted that novel testisin-, hepsin-, and/or matriptase-

activated anthrax toxins could be engineered and used to kill ovarian tumor cells.   

The aim of the experiments described in this chapter was to generate mutant 

anthrax toxin protective antigen (PrAg) proteins that could be cleaved to activated forms 

by testisin, hepsin, and/or matriptase, and determine whether, when in combination with 

FP59 (the chimeric anthrax toxin lethal factor-Pseudomonas exotoxin fusion protein that 

inhibits protein synthesis after delivery into the cytosol via activated PrAg), the mutant 

PrAg toxins could be used to increase killing of ovarian tumor cells expressing full-

length testisin, hepsin, and/or matriptase.   

 Our approach was to mutate the furin-cleaved PrAg activation site to three 

independent amino acid sequences that have been reported to be cleaved by either 

testisin, hepsin, and/or matriptase, to generate mutant PrAg proteins containing these 

sequences, determine whether the mutant PrAg proteins were able to be cleaved by 

testisin, hepsin, and matriptase in vitro, and whether the mutant PrAg proteins were able 

to kill ovarian tumor cells expressing testisin, hepsin, and/or matriptase.   

In vitro, the mutant PrAg proteins were cleaved, to varying degrees, from full-

length inactive forms to lower molecular weight activated forms by the recombinant 



48 

 

catalytic domains of testisin, hepsin, and matriptase. The mutant PrAg proteins were 

resistant to cleavage by furin. When cells expressing full-length testisin, hepsin, and/or 

matriptase were incubated with the mutant PrAg proteins, and with FP59 (to form PrAg 

toxins), and cytotoxicity assays were performed, the mutant PrAg toxins were found to 

produce increased killing of ovarian tumor cells expressing testisin, hepsin, or matriptase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this work have a United States patent pending, 62/207,100, filed August 19, 

2015. 
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3.2 Results 

3.2.1 Selection of amino acid sequences to create mutant anthrax toxin protective antigen 

(PrAg) proteins 

Previously, anthrax toxin has been engineered to be activated by MMP2 and MMP9 by 

mutating the P4-P4´ amino acid sequence that corresponds to the furin-cleaved activation 

site in wild-type PrAg (PrAg-WT) (Table 3.1) to the amino acid sequence GPLGMLSQ 

(Table 3.1). This sequence, found within engineered anthrax toxin PrAg-L1, was 

modeled after the amino acid sequence in the α1 chain of type I collagen, and is an 

optimized MMP2 and MMP9 substrate that was identified by screening more than 50 

oligopeptides [134,169,170]. Anthrax toxin has also been engineered to be activated by 

uPA by mutating the P4-P4´ PrAg furin-cleaved activation site to the amino acid 

sequence GSGRSAST (Table 3.1) [133]. This sequence is found within engineered 

anthrax toxin PrAg-U2, and contains the sequence SGRSA that has been identified as the 

minimized optimal cleavage sequence for uPA, as determined by phage display [171].  

Instead of mutating the P4-P4´ furin-cleaved activation site in PrAg to amino acid 

sequences that were identified, through in vitro or phage screening experiments, to be 

optimal substrates of testisin, hepsin, and matriptase, we chose to mutate the site to P4-

P4´ sequences derived directly from proteins that are cleaved by these proteases. We 

chose sequences in this manner, rather than through in vitro peptide cleavage and phage-

based experiments largely because in vitro and phage-based experiments lack the 

restraints that proteases encounter (due to tertiary and quaternary protein structures) in 

more complex biological systems. Thus, non-optimal protease cleavage sites may be 

indicated to be preferentially cleaved, when in fact alternative sequences might be 
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preferentially cleaved were additional constraints included in the system. The sequences 

are presented in Table 3.1.  

As a trypsin-like membrane-anchored serine protease, testisin possesses trypsin-

like specificity and preferentially cleaves P4-P4´ amino acid sequences that contain an 

arginine or lysine residue in the P1 position [72]. To date, the substrate specificity for 

testisin with regards to particular amino acids in the P4-P2 positions, or the P2-P4 

positions has not been well investigated. Therefore, in order to generate an engineered 

anthrax toxin that might be cleaved by testisin, the activation site in PrAg was mutated to 

an amino acid sequence containing a P1 arginine residue (Table 3.1). The sequence 

FTFRSARL was derived from the reactive center loop (RCL) of the serpin Protein C 

Inhibitor (PCI) and chosen because it was the only amino acid sequence known to be 

cleaved by testisin at the time this work was conducted [73]. As the PCI RCL-derived 

sequence is also known to be cleaved by additional membrane-anchored and pericellular 

serine proteases [172-174], it was understood that the mutant PrAg containing the PCI 

RCL-derived sequence might also be cleaved by membrane-anchored serine proteases 

besides testisin.  

Hepsin and matriptase are also trypsin-like membrane-anchored serine proteases, 

with trypsin-like specificity, that preferentially cleave P4-P4´ amino acid sequences that 

contain an arginine or lysine residue in the P1 position [175,176]. Similar to testisin, their 

substrate specificity with regards to preferring particular amino acids in the P4-P2 

positions, or the P2-P4 positions has not been fully elucidated [175,176]. Conflicting 

results from the same lab indicate that depending on the library used to probe the 

substrate specificities of hepsin and matriptase, they may prefer arginine residues in the 
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P4 position, or have no distinct preference [175,176]. For our purposes, P4-P4 sequences 

containing both P4 and P1 arginine residues would not be useful, as the sequence RXXR 

(where X is any amino acid) is a canonical furin cleavage sequence that is found in PrAg-

WT [134]. To generate engineered anthrax toxins that might be cleaved by hepsin and 

matriptase, the amino acid sequence comprising the activation site in PrAg-WT was 

mutated to two different P4-P4´ amino acid sequences, each containing a P1 arginine 

residue (Table 3.1). One sequence, PQARITGG, was derived from the zymogen 

activation site of prostasin, and the other, PRFRITGG, was derived from the zymogen 

activation site of uPA. The two amino acid sequences were chosen because they both are 

reported to be cleaved by hepsin and matriptase to result in activation of the zymogen 

forms of prostasin and uPA [87,88,101,103-105]. They were chosen amongst other 

potential hepsin- and matriptase-cleaved sequences because few, if any, other membrane-

anchored serine proteases, or soluble serine proteases, besides hepsin and matriptase have 

been reported to activate the zymogen forms of prostasin or uPA. Moreover, they were 

chosen because proteolytic activation of zymogens, and zymogen cascades, is considered 

a highly-specific process where a single zymogen may be activated by potentially only 

one other protease, or relatively few proteases. These characteristics were considered 

beneficial, as they might limit excessive off-target proteolytic activation of the mutant 

PrAg toxins containing these sequences. The lysine in the P1 position of the native uPA 

zymogen activation site was substituted with an arginine residue in order to make the 

sequence a better substrate for hepsin and matriptase.  

In addition to the three sequences discussed, an additional amino acid sequence, 

derived from the zymogen activation site of testisin, was also chosen to replace the furin-
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cleaved activation site in PrAg-WT. Unlike hepsin and matriptase, which are capable of 

cleaving their own activation sites to ‘self-activate’ [33,34], testisin reportedly does not 

self-activate [34]. Therefore, a testisin sequence was chosen in order to create a PrAg 

protein that could potentially be activated by, and target, the protease that activates 

testisin on ovarian tumor cells.  

 

3.2.2 PrAg expression plasmid mutagenesis 

A two-step PCR mutagenesis strategy was performed, as illustrated in Fig. 3.1, to mutate 

the cDNA bases encoding the P4-P4´ amino acid residues 164-171 that contain the 

protease activation site in mature wild-type PrAg protein (PrAg-WT). The activation site 

sequence was mutated to cDNA bases encoding the three amino acid sequences in Table 

3.1, which are cleaved by testisin, hepsin, and/or matriptase, as well as the sequence 

derived from testisin’s zymogen activation site (Table 3.1).  
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Table 1.1. Cleavage site sequences within the wild-type and mutant PrAg proteins. 

Four amino acid sequences were chosen to replace the native furin-cleaved activation site 

sequence in mature wild-type PrAg (PrAg-WT), to generate four mutant PrAg proteins. 

The names of the PrAg proteins were designated according to the derivation of the 

sequence in the cleavage site (Protein C Inhibitor Sequence: PrAg-PCIS; Prostasin 

zymogen Activation site Sequence: PrAg-PAS; uPA zymogen Activation site Sequence: 

PrAg-UAS; Testisin zymogen Activation site Sequence: PrAg-TAS). The peptide bond 

that is cleaved within each of the sequences follows the arginine residue in the P1 

position and is designated by a dash and the vertical arrow. The engineered anthrax 

toxins (PrAg-L1, PrAg-U2, PrAg-IC), and their activation site sequences, which have 

previously been demonstrated to target MMP2, MMP9, and uPA are also included. 
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Figure 3.1. A two-step mutagenesis strategy was used to generate the mutant PrAg 

protein expression plasmids. Depicted is a representation of the procedure used to 

generate the PrAg-PCIS expression plasmid. The other plasmids were generated in the 

same manner. A) To mutate the cleavage sequence in PrAg to the intended sequence 

derived from PCI’s RCL, the first set of primers, denoted ‘a’, was used to mutate ~half of 

the necessary bases coding the cleavage sequence. The mutated expression plasmid 

resulting from the first round of PCR, after cloning, was used as the template for the 

second round of PCR, where the second set of primers denoted ‘b’ was used to 

accomplish the remaining mutations, as in B). PrAg-PA33, containing the PrAg cleavage 

site sequence presented in A) was used as an initial template because it required less 

single base mutations, relative to pYS5 (containing the PrAg-WT sequence presented in 

Table 3.1), to achieve the desired sequences presented in Table 3.1. 
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3.2.3 Expression and purification of recombinant mutant PrAg proteins 

Protein expression and purification were performed in the laboratory of Dr. Stephen 

Leppla. The mutant PrAg cDNA’s contained within the E. coli-Bacillus expression 

plasmid pYS5-PA33, as well as PrAg-WT cDNA contained within the E. coli-

Bacillus expression plasmid pYS5, were expressed in the non-virulent B. anthracis strain 

BH460. The secreted PrAg proteins were purified in high yield using established 

protocols [164]. As presented in Table 3.1, four novel mutant PrAg proteins, designated 

PrAg-PCIS, PrAg-PAS, PrAg-UAS, and PrAg-TAS, were created.  

 

3.2.4 The mutant PrAg proteins are not cleaved by furin 

To our knowledge, the amino acid sequences used to replace the native furin-cleaved 

activation site in PrAg have not been reported to be cleaved by furin. To investigate the 

susceptibility of the four mutant PrAg proteins to cleavage by furin, they were incubated 

with recombinant human furin in vitro. PrAg-WT was incubated with recombinant furin 

as a positive control for PrAg cleavage from the inactive full-length 83-kDa form to the 

activated 63-kDa form. Incubation of the PrAg proteins with recombinant furin revealed 

that the mutations to the furin-cleaved activation site resulted in furin not being able to 

cleave the mutant PrAg proteins, as evidenced by the failure of furin to convert the 83-

kDa mutant PrAg proteins to 63-kDa (Fig. 3.2). PrAg-WT was cleaved to the 63-kDa 

activated form by furin, as expected (Fig. 3.2).  
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Figure 3.2. The mutant PrAg proteins are not cleaved by furin. The mutant or wild-

type PrAg proteins (1 µM) were incubated with recombinant furin (50 nM) for 2.5 hours. 

Reactions were immunoblotted using anti-PrAg antibody to detect the inactive full-length 

PrAg (83 kDa) and the cleaved PrAg-activated form (63 kDa). The blot is representative 

of at least two independent experiments and contains 15 µg of PrAg protein loaded into 

each lane of the gel (after dilution).   
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3.2.5 The mutant PrAg proteins are cleaved by membrane-anchored serine proteases 

Specificity of protease cleavage cannot be predicted; it is subject to multiple variables. 

Although testisin, hepsin, and matriptase have been reported to cleave the amino acid 

sequences that were incorporated into the mutant PrAg proteins when the sequences are 

found in their native contexts, they have not been reported to cleave them in the context 

of PrAg. To investigate the susceptibility of the mutant PrAg proteins to proteolytic 

cleavage by testisin, hepsin, and matriptase in vitro, the mutant PrAg proteins were 

incubated with the recombinant catalytic domains of mouse testisin, human hepsin, and 

human matriptase and cleavage was assessed after 2.5 hours. Mouse testisin was used for 

this experiment because recombinant human testisin is not commercially available. 

Recombinant human prostasin (a GPI-tethered membrane-anchored serine protease and 

testisin’s closest homologue) was also included in the assay to serve as a potential gauge 

of cleavage selectivity. Like testisin, prostasin is reportedly unable to self-activate [34], 

and has not been reported to activate the zymogen forms of uPA or testisin, or to cleave 

PCI. Therefore, it was not predicted to cleave the activation sequences within the mutant 

PrAg proteins.  

PrAg-PCIS, designed to be activated by testisin, was cleaved to its activated 63-

kDa form by testisin (Fig. 3.3A). PrAg-PCIS was also cleaved to a 63-kDa protein by 

hepsin and by matriptase, as was PrAg-PAS, which was predicted to be cleaved to an 

active form by both hepsin and matriptase (Fig. 3.3A). PrAg-UAS, also designed to be 

cleaved by hepsin and matriptase, was cleaved to its activated form by hepsin, but was 

not cleaved by matriptase (Fig. 3.3A). Unexpectedly, PrAg-PAS and PrAg-UAS were 

also cleaved to 63-kDa by testisin (Fig. 3.3A). PrAg-TAS was not cleaved by any of the 
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proteases tested (Fig. 3.3A). Prostasin did not cleave PrAg-PAS, as expected, or any of 

the other mutant PrAg proteins (Fig. 3.3A). These results show that the mutant PrAg 

proteins (PrAg-PCIS, PrAg-PAS, PrAg-UAS) can be cleaved by testisin, hepsin, and 

matriptase, to varying degrees, and with a degree of specificity, as prostasin and furin 

were unable to cleave them. Cleavage of the mutant PrAg proteins by each of the three 

proteases generated 63-kDa products, expected to be the activated forms of PrAg, similar 

to cleavage of PrAg-WT by furin (Fig. 3.2). 

To investigate cleavage of the mutant PrAg proteins by testisin, hepsin, and 

matriptase over time, the mutant PrAg proteins were incubated with the respective serine 

protease domains for various intervals of time up to 2.5 hours. In order to compare the 

cleavage of the mutant PrAg proteins to cleavage of PrAg-WT by furin, PrAg-WT was 

incubated with furin, as well as testisin, hepsin, and matriptase. Since PrAg-TAS was not 

cleaved over 2.5 hours (Fig. 3.3A), it was not included in this analysis. Similarly, since 

prostasin was unable to cleave the mutant PrAg proteins (Fig. 3.3A), it was not included 

in this analysis. The results of the cleavage time-course assay mirrored those of the 2.5 

hour assay presented in Fig. 3.3A, and provided additional insight into the cleavage of the 

mutant PrAg proteins over time.  

Testisin and hepsin showed complete cleavage of PrAg-PCIS within 15 minutes, 

whereas matriptase appeared to cleave PrAg-PCIS less efficiently (Fig. 3.3B). PrAg-PAS 

showed complete cleavage by hepsin within 15 minutes, while cleavage by testisin was 

not evident until 15 minutes, and did not reach completion over the 2.5 hours (Fig. 3.3B). 

Cleavage of PrAg-PAS by matriptase was not evident until 30 minutes, and like testisin-

mediated cleavage, did not reach completion over the course of the experiment (Fig. 
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3.3B). PrAg-UAS showed nearly complete cleavage by both testisin and hepsin by 30 

minutes (Fig. 3.3B). Yet, as observed in Fig. 3.3A, matriptase appeared unable to cleave 

PrAg-UAS (Fig. 3.3B). As expected, furin cleaved PrAg-WT to its 63-kDa activated 

form very efficiently, the reaction being complete in 15 minutes (Fig. 3.3B). 

Unexpectedly, PrAg-WT was also susceptible to cleavage by testisin, hepsin, and 

matriptase (Fig. 3.3B), suggesting a possible role for these membrane-anchored serine 

proteases in facilitating native PrAg-WT activation and subsequent anthrax toxicity in 

vivo.  
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Figure 3.3. The mutant PrAg proteins are cleaved by testisin, hepsin, and 

matriptase. Testisin, hepsin, and matriptase cleave the mutant PrAg and wild-type PrAg 

proteins to activated forms. A) The mutant or wild-type PrAg proteins (1 µM) were 

incubated with recombinant testisin, hepsin, matriptase, or prostasin (50 nM) for 2.5 

hours. Reactions were immunoblotted using anti-PrAg antibody. Each blot is 

representative of at least two independent experiments. B) The mutant or wild-type PrAg 

proteins (1 µM) were incubated with recombinant testisin, hepsin, matriptase, or furin (50 

nM) for various intervals of time up to 2.5 hours. Reactions were immunoblotted using 

anti-PrAg antibody to detect the inactive full-length PrAg (83 kDa) and the cleaved PrAg 

activated form (63 kDa). Each blot is representative of at least two independent 

experiments and contains 15 µg of each PrAg protein loaded into each lane of the gel 

(after dilution).    
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3.2.6 PrAg-PCIS cleavage is increased specifically in cells expressing full-length GPI-

anchored testisin  

After demonstrating that testisin could cleave PrAg-PCIS to an activated form in vitro 

(Figs. 3.3A,B), we next sought to determine whether PrAg-PCIS could be cleaved and 

activated by full-length, cell-expressed testisin. We chose to focus initially on testisin 

because it cleaved all three of the PrAg proteins (PrAg-PCIS, PrAg-PAS, PrAg-UAS) in 

vitro (as did hepsin), and because it is a potentially promising antigen to target to treat 

ovarian cancer, being expressed in abundance only in testis and ovarian tumors. 

Following cleavage of the receptor-bound inactive 83-kDa PrAg on the cell surface, the 

activated 63-kDa PrAg forms an oligomer that is internalized by the cell, and ultimately 

undergoes conformational change to deliver LF and/or EF into the cytosol. To investigate 

whether full-length, cell-expressed testisin can cleave and process PrAg-PCIS to an 

activated 63-kDa form, pools of HEK293T cells were stably-transfected with full-length, 

human testisin (HEK/GPI-testisin), or empty vector control (HEK/vector). Using an anti-

testisin antibody, immunoblot analysis revealed that the cells stably-transfected with 

testisin and the testisin-mutants expressed testisin protein, while testisin expression was 

not detectable in the cell lines transfected with vector (Fig. 3.4B). The HEK/GPI-testisin 

or HEK/vector cells were then incubated with PrAg-PCIS or PrAg-WT proteins for 

various intervals of time up to 6 hours, washed to remove soluble proteins, and assayed 

for the appearance of cell-associated PrAg protein. The processing of PrAg-PCIS to the 

63-kDa form was detectable in HEK/GPI-testisin cells within 60 minutes and the levels 

increased with time (Fig. 3.5A). Importantly, PrAg-PCIS was not processed in the 

absence of testisin in HEK/vector cells (Fig. 3.5A). Incubation of the cells with PrAg-



62 

 

WT, which is activated by furin and furin-like proteases, resulted in the rapid processing 

of 83-kDa PrAg-WT to the activated 63-kDa form within 15 minutes (Fig. 3.5B). Within 

6 hours, all of the PrAg-WT was processed to the PrAg-WT 63-kDa form in both 

HEK/GPI-testisin and HEK/vector cells (Fig. 3.5B). Loss of the 83-kDa PrAg-WT 

occurred more rapidly in HEK/GPI-testisin cells, possibly reflecting increased processing 

due to the presence of testisin, in addition to furin, as suggested by the cleavage of PrAg-

WT by testisin (Fig. 3.5B). These data suggest that the presence of cell-expressed, GPI-

anchored testisin does result in increased cleavage of PrAg-PCIS to its activated 63-kDa 

form.      
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Figure 3.4. Generation of HEK293T cells expressing full-length human testisin and 

testisin mutants. Two independent pools of HEK293T cells each stably expressing full-

length testisin (HEK/GPI-testisin), the R41A-testisin ‘zymogen-locked’ inactive mutant 

(HEK/R41A-testisin), the S238A-testisin inactive catalytic mutant (HEK/S238A-testisin) 

(testisin variants represented in A), or transfected with vector alone (HEK/vector) were 

generated as described in the Materials and Methods chapter. B) Immunoblot analysis 

using an anti-testisin antibody revealed expression of wild-type and mutant testisin 

proteins at ~39 kDa. N.S. indicates a slower migrating non-specific band detected by this 

antibody. The S238A-testisin mutant was poorly detected compared to full-length GPI-

testisin or the R41A-testisin mutant for unknown reasons, but possibly due to antibody 

affinity. The blot was reprobed with anti-GAPDH antibody to assess protein loading and 

is representative of at least two independent experiments. 
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Figure 3.5. Expression of GPI-anchored testisin increases PrAg-PCIS processing. A) 

Cell-expressed testisin increases processing of PrAg-PCIS. HEK293T cells stably 

expressing wild-type testisin (HEK/GPI-testisin) or vector alone (HEK/vector) were 

incubated for up to 6 hours with 500 ng/mL PrAg-PCIS in growth media. Comparable 

results were obtained in serum-free medium (not shown). At each time point, cells were 

washed in PBS to remove non-bound proteins and immunoblotted using anti-PrAg 

antibodies to investigate PrAg cleavage. The blot was reprobed with anti-GAPDH 

antibody to assess protein loading and is representative of two independent experiments. 

Densitometric analysis shows cleavage of PrAg-PCIS, as indicated by the appearance of 

the PrAg-PCIS 63-kDa and loss of PrAg-PCIS 83-kDa, in HEK/GPI-testisin cells. B) 

Cell-expressed testisin increases processing of PrAg-WT. HEK/GPI-testisin or 

HEK/vector cells were treated as in A) and analyzed for PrAg cleavage. The blot was 

reprobed with anti-GAPDH antibody to assess protein loading and is representative of 

two independent experiments. Densitometric analysis shows efficient processing of 

PrAg-WT to the 63-kDa form in both cell lines. In HEK/GPI-testisin cells, an additional 

lower molecular weight PrAg band (deg. prod.) was detected at 360 minutes, likely an in 

vitro degradation product. N.S. indicates a non-specific band detected by this antibody. 

Densitometric analyses results were determined from one experiment (therefore no error 

bars) and are representative of two independent experiments. 
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3.2.7 PrAg-PCIS toxin-induced cytotoxicity is increased specifically in cells expressing 

full-length GPI-anchored testisin  

The combination of PrAg and FP59, the fusion protein consisting of the PrAg binding 

domain of LF and the catalytic domain of Pseudomonas aeruginosa exotoxin A, has been 

shown to efficiently kill tumor cells following PrAg activation [144]. FP59 does not 

induce cytotoxicity alone, but must be delivered into cells via an activated PrAg protein 

to induce cell death. To investigate potential tumor cell killing resulting from increased 

testisin-mediated cleavage of mutant PrAg proteins, cytotoxicity assays were performed 

by incubating the mutant PrAg proteins, which were all cleaved by testisin in vitro (Figs. 

3.3A,B), and FP59 with HEK/GPI-testisin or HEK/vector cells. The cell lines were also 

incubated with PrAg-TAS toxin, which testisin was not able to cleave in vitro (Fig. 

3.3A). PrAg-WT toxin was incubated with the HEK/GPI-testisin or HEK/vector cells as 

positive control for PrAg toxin-induced cytotoxicity.  

HEK/GPI-testisin cells showed a dose-dependent sensitivity to killing by PrAg-

PCIS toxin (Fig. 3.6B), similar to the furin-dependent PrAg-WT toxin (EC50 3 ng/mL for 

PrAg-PCIS vs 3 ng/mL for PrAg-WT) (Fig. 3.6A). HEK/vector cells were 10-fold less 

sensitive to PrAg-PCIS toxin (EC50 30 ng/mL), while showing similar susceptibility to 

the furin-dependent PrAg-WT toxin (EC50 3 ng/mL). HEK/GPI-testisin cells also showed 

a dose-dependent susceptibility to killing by both PrAg-PAS toxin and PrAg-UAS toxin 

(EC50 7.5 ng/mL for PrAg-PAS, 50 ng/mL for PrAg-UAS) (Figs. 3.6C,D), while 

HEK/vector cells were resistant to killing by both the PrAg-PAS toxin and PrAg-UAS 

toxin (both toxins EC50 > 500 ng/mL) (Fig. 3.6C,D). HEK/GPI-testisin cells were greater 

than ~10 fold more susceptible to killing by the PrAg-UAS toxin than were the 
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HEK/vector cells (EC50 50 ng/mL vs > 500 ng/mL) (Fig. 3.6D). HEK/GPI-testisin cells 

were greater than ~60 fold more susceptible to killing by the PrAg-PAS toxin than were 

the HEK/vector cells (PrAg-PAS toxin EC50 7.5 ng/mL vs > 500ng/mL) (Fig. 3.6C). 

None of the cell lines were susceptible to killing by PrAg-TAS toxin (EC50 > 500ng/mL) 

(Fig. 3.6E), suggesting that PrAg-TAS is not susceptible to cleavage by proteases 

expressed by the 293T cells or by testisin. FP59 and the PrAg proteins did not cause 

cellular cytotoxicity when incubated with the cells individually (data not shown). These 

data revealed that GPI-anchored testisin can increase PrAg-PCIS toxin, PrAg-PAS toxin, 

and PrAg-UAS toxin activation to result in increased killing of tumor cells expressing 

testisin. Based on the data indicating PrAg-TAS toxin was unable to kill the 293T cell 

lines, the data also show that the mutant PrAg toxins are not cytotoxic in themselves, but 

must be proteolytically activated in order to deliver FP59 and induce cell death.  

The dependence of testisin-mediated mutant PrAg toxin-induced cytotoxicity on 

the enzymatic activity of testisin, rather than its mere presence, was examined using the 

HEK293T cells stably-expressing either of two catalytically inactive testisin mutants, 

R41A-testisin (HEK/R41A-testisin), or S238A-testisin (HEK/S238A-testisin) (Fig. 3.4B). 

The R41A-testisin mutant encodes an Ala for Arg
41

 mutation in the activation site of the 

testisin zymogen, thus maintaining the enzyme in a 'zymogen-locked,' inactive 

conformation [18]. The S238A-testisin mutant encodes an Ala for Ser
238

 mutation in 

testisin’s catalytic triad, which is required for the mechanism of peptide bond cleavage by 

serine proteases [12]. Detection of testisin in the HEK/S238A-testisin cells was relatively 

poor when compared to the detection of testisin in the HEK/R41A-testisin mutant or 

HEK/GPI-testisin cells (Fig. 3.4B), for unknown reasons, but potentially due to reduced 
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affinity of the anti-testisin antibody for the S238A-testisin mutant (supporting data can be 

found in Fig. 3.7 & Appendix 5, where HA-tagged S238A-testisin is abundant in two 

different cell lines when detected with anti-HA antibody, but undetectable when detected 

with anti-testisin antibody).  

When HEK293T cells expressing R41A-testisin were incubated with the PrAg-

PCIS toxin, viability was similar to that seen in the HEK/vector cell line (EC50 30 ng/mL 

for HEK/R41A-testisin vs 30 ng/mL for HEK/vector) (Fig. 3.6B). When incubated with 

PrAg-PCIS toxin, the presence of S238A-testisin did not result in increased activation of 

PrAg-PCIS toxin, as viability of the HEK/S238A-testisin cells was similar to that of the 

HEK/R41A-testisin and HEK/vector alone cell lines (EC50 30 ng/mL) (Fig. 3.6B). When 

the HEK/R41A-testisin cells were incubated with PrAg-PAS toxin or PrAg-UAS toxin, 

viability levels reflected the levels seen in the HEK/vector cell line (both toxins, EC50 > 

500 ng/mL) (Figs. 3.6C,D). When HEK/S238A-testisin cells were incubated with PrAg-

PAS toxin or PrAg-UAS toxin, viability levels were similar to those observed when 

HEK/R41A-testisin and HEK/vector cells were incubated with the mutant toxins (both 

toxins, EC50 > 500 ng/mL) (Figs. 3.6C,D). As expected, cells expressing S238A-testisin 

and R41A-testisin mutants were as susceptible to killing by the furin-dependent PrAg-

WT toxin as were the HEK/GPI-testisin cells (EC50 3 ng/mL for HEK/S238A-testisin; 

EC50 3 ng/mL for HEK/R41A-testisin) (Fig. 3.6A). Together, these data show that testisin 

enzymatic activity, not merely its expression, is responsible for the increased mutant 

PrAg toxin-induced cytotoxicities in HEK/GPI-testisin cells. 
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Figure 3.6. Expression of GPI-anchored testisin increases mutant PrAg toxin-

induced tumor cell killing. A) PrAg-WT toxin-induced cytotoxicity is not dependent on 

active testisin. The indicated cell lines were incubated for 6 hours in growth media with 

PrAg-WT (0-500 ng/mL) and FP59 (50 ng/mL), and then media was replaced with fresh 

media. Cell viability was assayed 48 hours later by MTT assay. B-D) Active testisin 

increases PrAg-PCIS, PrAg-PAS, and PrAg-UAS toxin-induced cytotoxicity. The 

indicated cell lines were incubated for 6 hours in growth media with PrAg-PCIS (0-500 

ng/mL) and FP59 (50 ng/mL), and then media was replaced with fresh media. Cell 

viability was assayed 48 hours later by MTT assay. E) PrAg-TAS is not activated by 

testisin. The indicated cell lines were incubated for 6 hours in growth media with PrAg-

TAS (0-500 ng/mL) and FP59 (50 ng/mL), and then media was replaced with fresh 

media. Cell viability was assayed 48 hours later by MTT assay. Values in A & B 

represent the mean of a total of 6 experiments (3 separate experiments, with triplicate 

samples, for each of two independent pools of stably-transfected cells). Values in C-E 

represent the mean of a total of at least 2 experiments performed in triplicate. All 

quantitative data are represented as mean values with their respective standard errors (+/-

SEM).  
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3.2.8 PrAg-PCIS activation and PrAg-PCIS toxin-induced cytotoxicity are increased 

specifically in ES-2-luc ovarian tumor cells expressing full-length GPI-anchored testisin 

To investigate targeting testisin with the mutant PrAg toxins in another cell line, pools of 

ES-2-luc ovarian tumor cells were stably transduced with testisin (ES-2-luc/GPI-testisin), 

HA-tagged testisin (ES-2-luc/HA-GPI-testisin), or vector control (ES-2-luc/vector). 

Using an anti-testisin antibody and an anti-HA antibody, immunoblot analyses revealed 

that the cells stably transduced with testisin expressed substantial amounts of testisin 

protein, while endogenous testisin expression in the cell lines transduced with vector was 

undetectable under the exposure conditions (Fig. 3.7).  

To investigate whether the increased abundance of testisin in the ES-2-luc/GPI-

testisin and ES-2-luc/HA-GPI-testisin cells resulted in increased testisin cell surface 

proteolytic activity, a testisin substrate cleavage assay, utilizing alkaline phosphatase 

(AlkPhos) fused to the testisin substrate PAR-2 [72], was conducted as previously 

described [72]. Briefly, the cells were transiently transfected with a construct containing 

placental alkaline phosphatase (AlkPhos) fused to the extracellular N-terminus of the 

cell-surface, protease-activated receptor-2 (PAR-2), or vector alone. Cells were then 

incubated in OPTI-MEM I for 4 hours, and the conditioned medium was collected to 

determine whether the presence of testisin produced an increase in AlkPhos release (a 

measure of PAR-2 cleavage) into the media. The data show that the conditioned media 

from the cells stably-expressing testisin (GPI-testisin or HA-GPI-testisin) had greater 

levels of AlkPhos activity relative to that from vector control cells (Fig. 3.8). This data 

demonstrated that the increased expression of testisin resulted in increased levels of 

proteolytic activity and PAR-2 cleavage.   



70 

 

To test the susceptibility of the testisin-expressing ES-2-luc cells to killing by the 

mutant PrAg toxins, the ES-2-luc/GPI-testisin, ES-2-luc/HA-GPI-testisin, or ES-2-

luc/vector cells were incubated with the mutant PrAg toxins, as well as the PrAg-WT 

toxin, and cytotoxicity assays were performed. Each of the cell lines showed a dose-

dependent susceptibility to killing by each of the mutant PrAg toxins (Figs. 3.9B-D), 

except PrAg-TAS toxin, which did not induce substantial cytoxicity (Fig. 3.9E). ES-2-

luc/GPI-testisin and ES-2-luc/HA-GPI-testisin cells showed significant increases in 

susceptibility to the mutant PrAg toxins (PrAg-PCIS, PrAg-PAS, PrAg-UAS), relative to 

ES-2-luc/vector cells (Figs. 3.9B-D). As expected, each of the ES-2-luc cell lines was 

susceptible to PrAg-WT toxin-induced cell death (Fig. 3.9A).  
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Figure 3.7. ES-2-luc cells stably-expressing testisin have increased abundance of 

testisin protein. Pools of ES-2-luc cells stably-transduced with testisin (GPI-testisin, 

HA-GPI-testisin), testisin mutants (S238A-testisin, HA-S238A-testisin, R41A-testisin, 

HA-R41A-testisin), or vector (vector) were analyzed by immunoblot using anti-testisin 

antibody to detect testisin expression. Testisin protein expression levels were increased in 

the cells stably-transduced with testisin, but not detectable in vector-transduced cells. The 

S238A-testisin mutants were poorly detected compared to full-length GPI-testisin or the 

R41A-testisin mutants for unknown reasons, but possibly due to antibody affinity. The 

blots were reprobed with anti-HA antibody to detect expression of HA-tagged testisin. 

The blots were reprobed with anti-GAPDH antibody to assess protein loading and are 

each representative of at least two independent experiments.  
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Figure 3.8. ES-2-luc cells stably-expressing testisin have increased cell surface 

proteolytic activity. The testisin-expressing (GPI-testisin, HA-GPI-testisin) and vector-

transduced (vector) ES-2-luc cell lines were transfected with pCMV.SEAP.PAR-2 (a 

construct containing secreted placental alkaline phosphatase (AlkPhos) fused to the 

extracellular N-terminus of PAR-2) or vector alone. After 48 hours, cells were incubated 

in OPTI-MEM I for 4 hours and the conditioned medium was assayed for AlkPhos 

activity (a measure of PAR-2 cleavage). AlkPhos activity in the conditioned media from 

the ES-2-luc cells with increased testisin expression was increased relative to vector 

transduced cells. Values were obtained from one experiment and are representative of 

two independent experiments each performed in duplicate. Quantitative data are 

represented as mean values with their respective standard errors (+/-SEM).  

 

 

 

 

 

 

 

 

 

 

 



73 

 

 
 

Figure 3.9. Expression of GPI-anchored testisin increases mutant PrAg toxin-

induced ovarian tumor cell killing. A) PrAg-WT toxin-induced cytotoxicity is not 

dependent on active testisin. The indicated cell lines were incubated for 6 hours in growth 

media with PrAg-WT (0-500 ng/mL) and FP59 (50 ng/mL), and then media was replaced 

with fresh media. Cell viability was assayed 48 hours later by MTT assay. B-D) Active 

testisin increases PrAg-PCIS, PrAg-PAS, and PrAg-UAS toxin-induced cytotoxicity. The 

indicated cell lines were incubated for 6 hours in growth media with PrAg-PCIS, PrAg-

PAS, or PrAg-UAS (0-500 ng/mL) and FP59 (50 ng/mL), and then media was replaced 

with fresh media. Cell viability was assayed 48 hours later by MTT assay. E) PrAg-TAS 

is not activated by testisin. The indicated cell lines were incubated for 6 hours in growth 

media with PrAg-TAS (0-500 ng/mL) and FP59 (50 ng/mL), and then media was 

replaced with fresh media. Cell viability was assayed 48 hours later by MTT assay. All 

MTT assays presented represent the mean of two experiments performed in triplicate. All 

quantitative data are represented as mean values with their respective standard errors.   
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3.2.9 PrAg-PAS toxin activation by cell-expressed hepsin results in increased ovarian 

tumor cell killing 

The cleavage of PrAg-PAS by both recombinant hepsin and matriptase in vitro (Figs. 

3.3A,B) suggested that the full-length forms of these membrane-tethered enzymes could 

also be activators of PrAg-PAS toxin in cell culture. To investigate whether PrAg-PAS 

toxin could be activated by cell-expressed hepsin to result in increased ovarian tumor cell 

killing, ES-2 cells expressing hepsin, HAI-2, co-expressing hepsin and HAI-2, or 

transfected with vector alone, were incubated with PrAg-PAS toxin and cytotoxicity 

assays were performed. HAI-2 was co-expressed with hepsin to enhance hepsin zymogen 

activation and stabilize the active protease (as seen in Fig. 4.3A). PrAg-PAS toxin-

induced cytotoxicity was increased in cells expressing hepsin or co-expressing hepsin and 

HAI-2 (Fig. 3.10A). Hepsin activity resulted in a 25% increase in PrAg-PAS toxin-

induced cytotoxicity, while the HAI-2-hepsin activity resulted in a 16% increase in PrAg-

PAS toxin-induced cytotoxicity, relative to vector cells (Fig. 3.10A). Although HAI-2 

was shown to enhance hepsin-mediated PrAg-PCIS toxin activation in HeLa cells (Fig. 

4.3B), when hepsin was co-expressed with HAI-2 in ES-2 cells, no increase in PrAg-PAS 

toxin-induced cytotoxicity was observed (Fig. 3.10A). The lack of increased hepsin-

mediated activation of PrAg-PAS toxin in the presence of HAI-2 in ES-2 cells could have 

resulted from potential HAI-2-mediated inhibition of hepsin activity, or HAI-2 inhibition 

of other ES-2-expressed serine proteases that were activating PrAg-PAS toxin in addition 

to hepsin, to ultimately offset the increased hepsin-mediated PrAg-PAS toxin activation. 
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3.2.10 PrAg-PAS toxin activation by cell-expressed matriptase results in increased 

ovarian tumor cell killing 

To investigate whether PrAg-PAS toxin could be activated by matriptase to increase 

ovarian tumor cell killing, ES-2 cells expressing matriptase, HAI-1, prostasin, co-

expressing matriptase, HAI-1, and prostasin, or transfected with vector alone, were 

incubated with PrAg-PAS toxin, and cytotoxicity assays were performed. HAI-1 and 

prostasin were expressed with matriptase because they have been reported to function as 

cofactors that enhance matriptase activation and stability (as also seen in Fig. 4.3C) 

[117]. PrAg-PAS toxin-induced cytotoxicity was increased in cells expressing matriptase 

(Fig. 3.10B). Matriptase activity resulted in a 19% increase in PrAg-PAS toxin-induced 

cytotoxicity (Fig. 3.10B). Co-expression of matriptase with HAI-1, with or without 

prostasin, did not result in increased matriptase-dependent PrAg-PAS toxin-induced 

cytotoxicity in ES-2 cells (Fig. 3.10B). These data indicated that PrAg-PAS toxin can be 

activated by hepsin and matriptase to result in killing of hepsin or matriptase-expressing 

ovarian tumor cells, and suggest that ovarian tumor cells endogenously expressing hepsin 

and/or matriptase may be susceptible to killing by the mutant PrAg toxins. 
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Figure 3.10. Cellular hepsin and matriptase activate PrAg-PAS toxin on ovarian 

tumor cells. A) Hepsin expression in ES-2 cells enhances PrAg-PAS toxin-induced 

cytotoxicity. Control and hepsin expressing ES-2 cells were incubated with 10 ng/mL 

PrAg-PAS and FP59 (50 ng/mL) for 6 hours. Media was then replaced and cell viability 

assayed after 48 hours by MTT assay. Values are the means calculated from one 

experiment performed in triplicate. B) Matriptase expression in ES-2 cells enhances 

PrAg-PAS toxin-induced cytotoxicity. Control and matriptase expressing ES-2 cells were 

incubated with 10 ng/mL PrAg-PAS and FP59 (50 ng/mL) for 6 hours. Media was then 

replaced and cell viability assayed after 24 hours by MTT assay. Values are the means 

calculated from one experiment performed in triplicate. Significance of the results was 

not determined because this experiment was only performed once. All quantitative data 

are represented as mean values with their respective standard errors (+/-SEM). 
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3.2.11 Human ovarian tumor cell lines are susceptible to killing by the mutant PrAg 

toxins 

The data indicating that full-length testisin could activate the mutant PrAg toxins (PrAg-

PCIS, PrAg-PAS, PrAg-UAS) (Figs. 3.6B-D, 3.9B-D), and that hepsin and matriptase 

could activate PrAg-PAS toxin to increase ovarian tumor cell killing (Figs. 3.10A,B), 

suggested that ovarian tumor cells endogenously expressing these membrane-anchored 

serine proteases might be susceptible to killing induced by the mutant PrAg toxins. 

Therefore, the mutant PrAg toxins were incubated with six human ovarian tumor cell 

lines and cytotoxicity assays were performed. The ovarian tumor cell lines were also 

incubated with PrAg-WT toxin. Each of the ovarian tumor cell lines, except A2780, 

showed a dose-dependent susceptibility to killing by the mutant PrAg toxins (PrAg-PCIS, 

PrAg-PAS, PrAg-UAS), as well as the PrAg-WT toxin (Figs. 3.11A-F). Only the ES-2 

cells were susceptible to the PrAg-TAS toxin (Fig. 3.11E), at higher doses than were used 

in Fig. 3.9. Of the mutant PrAg toxins, PrAg-PCIS toxin induced the most cytotoxicity in 

the ovarian tumor cell lines (Figs. 3.11A-F). PrAg-PAS toxin and PrAg-UAS toxin 

appeared to be equally effective at inducing cell death in the majority of the ovarian 

tumor cell lines (Figs. 3.11A-F). Yet, PrAg-UAS toxin was more effective than PrAg-

PAS toxin at inducing cell death in NCI/ADR-Res and CaOV-3 cells (Figs. 3.11B,F). 

The A2780 tumor cell line exhibited little to no susceptibility to killing by the mutant 

PrAg toxins (Fig. 3.11C). PrAg-WT toxin was very effective at inducing cytotoxicity in 

all of the ovarian tumor cell lines, except A2780 (Figs. 3.11A-F). These findings 

indicated that ovarian tumor cells are susceptible to killing to varying extents by the 

mutant PrAg toxins.   
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Figure 3.11. The mutant PrAg toxins induce human ovarian tumor cell cytotoxicity. 

The human ovarian tumor cell lines A) SKOV-3, B) CaOV-3, C) A2780, D) OVCAR-3, 

E) ES-2, and F) NCI/ADR-Res were incubated with 0-1000 ng/mL of PrAg-WT, PrAg-

PCIS, PrAg-PAS, PrAg-UAS, or PrAg-TAS and FP59 (50 ng/mL) for 48 hours and cell 

viability was assayed by MTT assay. MTT assays represent the mean of three 

experiments performed in triplicate. All quantitative data are represented as mean values 

with their respective standard errors (+/-SEM). 
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To investigate whether the ovarian tumor cell lines, particularly the A2780 cells, 

possessed cell-surface serine protease activities that might be capable of activating the 

mutant PrAg toxins, they were incubated with a fluorogenic peptide that functions as a 

substrate for membrane-anchored serine proteases. In the presence or absence of the 

serine protease inhibitor AEBSF, cleavage of the peptide by each of the tumor cell lines 

resulted in an AEBSF-sensitive increase in fluorescent signal intensity, indicating that 

each of the tumor cells possessed serine proteases capable of cleaving the peptide (Figs. 

3.12A,B). Cleavage of the peptide at two different cell confluencies (~40% and ~90%) 

suggested that all of these tumor cell lines possessed active cell-surface serine proteases 

potentially capable of activating the mutant PrAg toxins, but that the proteases are 

regulated differently depending on the cellular confluence.  

To investigate the mechanistic basis for activation of the mutant PrAg proteins by 

the ovarian tumor cell lines, the relative expression levels of testisin, hepsin, and 

matriptase, as well as other potentially reactive membrane-anchored serine proteases in 

each of the ovarian tumor cell lines was examined by qPCR. The results revealed that the 

ovarian tumor cells express variable mRNA levels of testisin, hepsin, matriptase, as well 

as multiple other membrane-anchored serine proteases (Fig. 3.13), providing the means 

for activation of the mutant PrAg toxins. Of note, the A2780 cells, which were resistant 

to killing by the mutant PrAg toxins, in addition to possessing cell-surface serine protease 

activity, expressed various membrane-anchored serine proteases (Fig. 3.13), indicating 

that the mechanistic basis of their resistance to killing by the PrAg toxins was likely not 

due to lack of cellular machinery to facilitate proteolytic activation of the mutant PrAg 

toxins.  
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To gain further insight into why the ovarian tumor cell lines exhibited differential 

susceptibilities to killing by the mutant PrAg toxins, and why the A2780 cells were 

seemingly resistant, the expression levels of the anthrax toxin receptors were analyzed. 

We hypothesized that cells with lower relative expression levels of the receptors would 

likely be the least susceptible to killing by both the mutant PrAg toxins and the PrAg-WT 

toxin. Indeed, we found that the A2780 cells expressed relatively low levels of both 

receptors (Fig. 3.13), the lowest of the ovarian tumor cell lines tested (Fig. 3.13). The low 

levels of anthrax toxin receptor(s) expression in the A2780 cells provides a mechanistic 

explanation as to why they are relatively resistant to killing by the mutant PrAg toxins 

and the PrAg-WT toxin (Fig. 3.11C). The ES-2 cells, which were the most susceptible to 

killing by the PrAg toxins (Fig. 3.11E) relative to the other ovarian tumor cell lines, 

expressed the highest levels of anthrax toxin receptors (Fig. 3.13). Expression of the 

anthrax toxin receptors in the other tumor cell lines was variable (Fig. 3.13), and not 

indicative of their susceptibility to killing by the PrAg toxins (Figs. 3.11A,B,D,F), 

relative to each other. These data suggest that the abundance of the anthrax toxin 

receptors may have a significant role in determining the degree to which a tumor cell is 

susceptible to killing by the PrAg toxins. Yet, the receptor levels alone are not the only 

determinant of cellular susceptibility to the PrAg toxins, since proteolytic activity is also 

required. 

To gather additional information regarding the factors that might influence the 

susceptibilities of the ovarian tumor cell lines to killing by the mutant PrAg toxins, the 

ovarian tumor cell lines were assayed for their relative expression levels of demonstrated, 

and potential, membrane-anchored serine protease inhibitors. As observed with their 
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expression of membrane-anchored serine proteases and the anthrax toxin receptors, the 

serine protease inhibitors HAI-1, HAI-2, PAI-1, PAI-2, and PCI were expressed at 

variable levels in the tumor cell lines (Fig. 3.13).   

Combined, these data suggest that while the ovarian tumor cell lines (with the 

exception of A2780 cells) possess the machinery for binding and activating the PrAg 

toxins, identification of the independent factors responsible for the relative 

susceptibilities of the tumor cell lines to killing by the mutant PrAg toxins is confounded 

by multiple variables (such as protease and receptor levels, as well as inhibitor expression 

levels, which may affect activity profiles). It is likely that the variables each make minor 

contributions to the relative susceptibilities of the ovarian tumor cells to the mutant PrAg 

toxins; yet, if a variable is lacking or exceedingly abundant, it may have an 

overwhelming impact on the system, and significantly influence whether, or how 

susceptible, a tumor cell is to killing by the mutant PrAg toxins. 
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Figure 3.12. Ovarian tumor cell lines possess cell-surface serine protease activity. 

Ovarian tumor cell lines that were incubated with PrAg toxins in Fig. 3.11 were 

incubated with a fluorogenic peptide (100 μM), Boc-QAR-AMC, in the presence or 

absence of the serine protease inhibitor AEBSF, to investigate whether they possess cell-

surface serine protease activity capable of activating the mutant PrAg toxins. 

Fluorescence values (obtained at excitation 380 nm, emission 460 nm) for the peptide in 

the absence of cells were subtracted from the change in fluorescence units due to serine 

protease-mediated cleavage of the peptide in presence of the cells (cleavage in the 

presence or absence of AEBSF). A) Cleavage of the peptide by the different tumor cell 

lines when ~90% confluent. B) Cleavage of the peptide by the different tumor cell lines 

when ~40% confluent; fluorescence values were normalized to average cell number 

present for each tumor cell line after the assay was complete. All quantitative data are 

represented as mean values obtained from triplicate wells. The experiment was performed 

once. 
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Figure 3.13. Ovarian tumor cell line expression of anthrax toxin receptors, 

membrane-anchored serine proteases, and serine protease inhibitors. Ovarian tumor 

cell lines that were treated with the PrAg toxins (Fig. 3.11) were subject to qPCR analysis 

to measure their relative expression levels of anthrax toxin receptors (ANTXR1, 

ANTXR2), membrane-anchored serine proteases (testisin, hepsin, matriptase, prostasin, 

HAT, TMPRSS2, TMPRSS6, TMPRSS13), and serine protease inhibitors (HAI-1, HAI-

2, PCI, PAI-1, PAI-2). mRNA expression was normalized to -actin or GAPDH, and 

expressed relative to the mRNA levels detected in ES-2 cells. All quantitative data are 

represented as mean values (from triplicate wells) with their respective standard errors 

(+/-SEM). 
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3.3 Discussion 

The enzymatic activities of proteases are frequently elevated in tumors and in the tumor 

microenvironment due to increased tumor cell expression of proteases and disruption to 

the regulatory networks responsible for tightly regulating their functions. For this reason, 

tumor-associated proteases are considered promising therapeutic targets for treating 

cancer. In this chapter, we sought to determine whether anthrax toxin PrAg could be 

engineered to be cleaved by the tumor-associated, membrane-anchored serine proteases 

testisin, hepsin, and matriptase. We substituted the P4-P4´ amino acid sequence that 

constitutes the native furin-cleaved activation site in PrAg-WT with amino acid 

sequences predicted to be susceptible to cleavage by testisin, hepsin, and/or matriptase, to 

create mutant PrAg proteins (PrAg-PCIS, PrAg-PAS, PrAg-UAS). We also created a 

mutant PrAg protein, PrAg-TAS, to target the yet-to-be-identified protease that activates 

the testisin zymogen. The mutant PrAg proteins were resistant to cleavage by furin, but 

were susceptible to cleavage, to varying degrees, by testisin, hepsin, and/or matriptase.  

Cleavage of the amino acid sequences inserted into the mutant PrAg proteins 

agreed with reported literature. Testisin cleaved the amino acid sequence derived from 

PCI’s RCL, while hepsin and matriptase cleaved the amino acid sequences that make up 

the zymogen activation sites of prostasin and uPA. Although hepsin cleaved the PrAg 

containing the modified uPA activation site sequence (PrAg-UAS), matriptase did not. 

The reason for lack of effective matriptase-mediated cleavage of PrAg-UAS is not 

known, but could have resulted from an unexpected effect of replacing the P1 lysine 

residue in the uPA zymogen activation site with an arginine residue. Alternatively, it 

could have resulted from reduced ability of matriptase to interact with mutant PrAg 
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proteins in general, possibly due to lack of cleavage sequences optimized to be cleaved 

by matriptase, in the PrAg activation site(s). Alternatively, matriptase may have not 

cleaved PrAg-UAS, or PrAg-PCIS and PrAg-PAS as effectively as testisin and hepsin 

because the recombinant protein preparation may have been less enzymatically active 

than testisin or hepsin. However, this is argued against by the finding that matriptase 

cleaved PrAg-WT to approximately the same levels as did testisin and hepsin (Fig. 3.3B). 

In future experiments, analyses performed on a shorter time-scale might be more 

informative.  

Interestingly, during the course of our experiments, the data indicated that hepsin 

and matriptase may be able to cleave the amino acid sequence in PCI’s RCL. There being 

no report of this in the literature, we investigated whether PCI could function as a 

substrate and possible inhibitor of hepsin and/or matriptase in vitro. Hepsin and 

matriptase were both able to cleave the RCL of PCI to result in the formation of SDS-

stable protease-PCI complexes (in press). Moreover, incubation of hepsin and matriptase 

with PCI resulted in reduced ability of hepsin and matriptase to cleave a fluorogenic 

peptide substrate, indicating that not only could hepsin and matriptase form covalent 

complexes with PCI, but that PCI could function as an inhibitor of these proteases in vitro 

(in press). These experiments were performed by Dr. Kate Driesbaugh; as the data are 

published in (in press) and found in her thesis, the figures are not presented here. It is 

tempting to speculate regarding the physiological relevance of PCI functioning as an 

inhibitor of hepsin and/or matriptase in vivo. Since hepsin is expressed by hepatocytes 

[80] and PCI is expressed by hepatocytes [177,178], they may have a relevant functional 

interaction in the liver. They may also function together in the testis [80,179], kidney 
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[80,180], and potentially other cell types and tissues where they may co-localize. The 

physiological relevance of a potential interaction between matriptase and PCI is less 

clear, as matriptase is expressed in abundance mainly in cells of epithelial origin [93], 

while PCI is expressed in abundance in seminal fluid [179] and blood [181]. Yet, both 

matriptase and PCI expression have been detected in differentiated layers of 

keratinocytes [94,95,182,183], suggesting they may function in a common pathway. Low 

levels of matriptase expression have also been detected in hematopoietic cells such as 

macrophages and monocytes [96,97], which may be in direct contact with PCI in the 

blood, or tissues with macrophage or monocyte infiltration.   

 The mutant PrAg protein cleavage data also suggested that testisin may be able to 

activate the zymogen forms of uPA and prostasin, as it cleaved each of the mutant PrAg 

proteins containing these sequences. These abilities of testisin could be tested once 

recombinant human testisin becomes available.  

PrAg-TAS, which was generated to potentially target and identify the protease 

that activates testisin on tumor cells, was not cleaved by any of the proteases tested. As 

testisin, hepsin, matriptase, prostasin, and furin were not expected to be responsible for 

activation of the zymogen form of testisin. This was not surprising. However, this finding 

did demonstrate that an arginine in the P1 position of the cleavage site that mediates 

PrAg activation is not sufficient to facilitate PrAg cleavage by testisin, hepsin, 

matriptase, prostasin, or furin, and suggests that should PrAg-TAS be cleaved at the 

testisin activation site amino acid sequence, it may be a relatively specific cleavage event.   

The in vitro results demonstrated that the mutant PrAg proteins can be effectively 

cleaved in a relatively specific manner by testisin, hepsin, and matriptase to produce 
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activated PrAg proteins of 63-kDa, and suggested that they may be able to be activated 

by full-length testisin, hepsin, and matriptase expressed on ovarian tumor cells to mediate 

ovarian tumor cell killing. In contrast, PrAg-WT was susceptible to ubiquitous and 

effective in vitro cleavage by furin, testisin, hepsin, and matriptase, and was suspected of 

being activated on the surfaces of multiple cell types to mediate widespread cytotoxicity, 

as is seen in vivo as a result of natural anthrax infections. 

We established that the mutant PrAg toxins (PrAg-PCIS, PrAg-PAS, PrAg-UAS) 

can be activated by cell-expressed GPI-tethered testisin to result in increased killing of 

testisin-expressing tumor cells (293T and ES-2-luc cells stably-expressing testisin). 

Testisin-mediated activation of the mutant PrAg toxins was strictly dependent upon 

testisin's catalytic activity, as the cells expressing the inactive mutant testisin proteins did 

not experience specific increases in mutant PrAg toxin-induced cell death. Although the 

activity of testisin appeared to be necessary for the increased activation of the mutant 

PrAg toxins in the 293T cells stably-expressing testisin, we did not investigate whether 

the testisin mutants expressed by the stably transfected ES-2-luc ovarian tumor cells were 

able to activate the mutant PrAg toxins. We also established that full-length tumor cell-

expressed hepsin and matriptase were able to activate PrAg-PAS toxin to result in 

increased killing of hepsin- and matriptase-expressing ES-2 tumor cells and that the PrAg 

toxins (PrAg-PCIS, PrAg-PAS, PrAg-UAS), as well as PrAg-WT, are capable of 

inducing cytotoxicity in a variety of human ovarian tumor cell lines. This was the first 

finding indicating a panel of ovarian tumor cells is susceptible to engineered anthrax 

toxins.  
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Investigations into the mechanism of PrAg toxin-induced ovarian tumor cell 

killing revealed that the tumor cell lines express variable levels of testisin, hepsin, 

matriptase, and other potentially reactive membrane-anchored serine proteases, and 

therefore possess proteolytic machinery capable of activating the mutant PrAg toxins. 

The presence of cell-surface serine protease activity capable of activating the mutant 

PrAg toxins was further observed following cleavage of a fluorogenic peptide that serves 

as a substrate for membrane-anchored serine proteases. Yet, it must be noted that because 

the amino acid sequence of the fluorogenic peptide was not identical to each of the amino 

acid activation sequences in the mutant PrAg toxins, cleavage of the peptide might not 

necessarily indicate the degree to which the mutant PrAg toxins would be activated by 

the tumor cell lines. Interestingly, the extent of cleavage of the fluorogenic peptide by 

each cell line differed according to the confluence of the cells at the time the assay was 

performed. While this is likely due to the differences in cell size and therefore the 

quantity of cells present when each cell line is near confluent, it may also be due 

confluence-based changes in cell-surface serine protease enzymatic activities associated 

with protease expression, activation, localization, or inhibition.  

Interestingly, the susceptibilities of the ovarian tumor cell lines to killing by the 

individual mutant PrAg toxins, and the PrAg-WT toxin, appeared to reflect the 

susceptibilities of the PrAg proteins to be cleaved to active forms in vitro. PrAg-WT was 

the PrAg protein most susceptible to cleavage in vitro, and it was the PrAg toxin most 

effective at inducing ovarian tumor cell death, suggesting that it was the most efficiently 

cleaved and activated PrAg toxin in cell culture. Similarly, PrAg-PCIS, the most 

efficiently cleaved mutant PrAg protein in vitro, was the mutant PrAg toxin most 
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effective at killing the ovarian tumor cell lines. Although PrAg-UAS was not cleaved by 

matriptase in vitro, it was more efficiently cleaved by testisin and hepsin than was PrAg-

PAS, which may explain why PrAg-UAS toxin was more effective at killing the ovarian 

tumor cell lines than was PrAg-PAS toxin. PrAg-TAS, which was not activated by any of 

the proteases in vitro, nor proteases expressed by the 293T cells, was the least effective at 

killing the ovarian tumor cell lines. These findings suggest that the relative 

susceptibilities of both PrAg-WT and the mutant PrAg proteins to cleavage in vitro may 

reflect their relative susceptibilities to be activated by proteases on the surfaces of tumor 

cells and subsequently their abilities to mediate toxin-induced tumor cell death. 

Moreover, these findings highlight the dependence of PrAg toxin proteolytic cleavage in 

the mechanism of mutant PrAg toxin-induced tumor cell killing. 

Yet, the expression of the proteases in the ovarian tumor cells, and the proteolytic 

activation of the PrAg toxins, although critically required for PrAg toxin-induced 

cytotoxicity, did not appear to be the only factors that influenced how effective the PrAg 

toxins were at killing the ovarian tumor cells. Analysis revealed that other factors, such as 

expression levels of the anthrax toxin receptors, and likely the expression levels of 

protease inhibitors, may also influence the relative susceptibilities of ovarian tumor cells 

to killing by PrAg toxins.  
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Chapter 4. Can the mutant anthrax toxins target testisin to kill tumor cells and 

reduce tumor burden in vivo? 

 

4.1 Introduction 

In the previous chapter we showed that the mutant PrAg proteins possessing cleavage 

sequences reported to be cleaved by testisin, hepsin, and/or matriptase, were able to be 

cleaved by recombinant testisin, hepsin, and/or matriptase in vitro, and increase killing of 

ovarian tumor cells expressing testisin, hepsin, or matriptase.  

The aim of the experiments described in this chapter was to further investigate 

whether mutant anthrax toxins can be used to target testisin, or other cell-expressed, full-

length membrane-anchored serine proteases, to kill tumor cells and reduce tumor burden 

in vivo.  

PrAg-PCIS was designed to be activated by testisin and it was the mutant PrAg 

protein most effectively cleaved by testisin in the previous chapter. Therefore, our 

approach was to use PrAg-PCIS to investigate whether mutant anthrax toxin could be 

used to target testisin endogenously expressed by tumor cells, to increase tumor cell 

killing, and reduce growth of xenograft testisin-expressing tumor cells grown in female 

nude mice.   

The data demonstrated that PrAg-PCIS toxin-induced tumor cell killing was 

reduced when endogenous testisin expression was knocked-down via testisin-specific 

siRNA. Moreover, treatment with PrAg-PCIS toxin was demonstrated to inhibit growth 

of testisin-expressing xenograft tumors. 
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4.2 Results 

4.2.1 PrAg-PCIS is cleaved by testisin and additional pericellular serine proteases 

Many pericellular proteases, including the membrane-anchored serine proteases, have 

preferred recognition sequences for substrate cleavage. Yet, there exists promiscuity in 

sequence recognition and cleavage, particularly with regard to the amino acids adjacent 

to the cleavage site. To investigate whether other serine proteases, in addition to testisin, 

are capable of cleaving PrAg-PCIS to an activated form, PrAg-PCIS was incubated with 

the recombinant catalytic domains of membrane-anchored serine proteases, and other 

potentially reactive pericellular serine proteases. This was deemed preferable to 

incubating the PrAg proteins with proteases derived from cellular membrane 

preparations, as the proteases would be pure and results would be less likely to be 

influenced by the presence and activity of other proteases. Incubation with the additional 

serine proteases resulted in cleavage of PrAg-PCIS from the 83-kDa to the 63-kDa 

activated form by the membrane-anchored serine protease human airway trypsin-like 

protease, as well as the secreted serine proteases thrombin, activated protein C (aPC), and 

uPA (Fig. 4.1). Yet, they cleaved PrAg-PCIS to a lesser extent than testisin, hepsin, and 

matriptase. Surprisingly, aPC did not efficiently cleave PrAg-PCIS. Lack of effective 

aPC-mediated PrAg-PCIS cleavage may have been due to a lack of heparin in the 

reaction solution. Heparin is a cofactor that significantly increases the cleavage of PCI by 

aPC. Based on these data, aPC’s proteolytic activity may be regulated by exosite 

interactions that are not satisfied when aPC interacts with PrAg-PCIS in the absence of 

heparin. As noted previously, PrAg-PCIS was not susceptible to cleavage by soluble furin 

(Fig. 4.1).  
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Figure 4.1. The mutant PrAg-PCIS protein is cleaved by additional pericellular 

serine proteases. PrAg-PCIS is resistant to furin cleavage, while PrAg-PCIS and PrAg-

WT are susceptible to proteolytic cleavage by various recombinant serine proteases. 

PrAg-PCIS and PrAg-WT (1 µM) were incubated with furin, the recombinant catalytic 

domains of membrane-anchored serine proteases, or recombinant pericellular serine 

proteases (50 nM) for 2.5 hour (for sources, see Appendix 1: Table of Reagents). 

Reactions were immunoblotted using anti-PrAg antibody to detect the inactive full-length 

PrAg (83 kDa) and the cleaved PrAg activated form (63 kDa). The blot is representative 

of at least two independent experiments and contains 15 µg of PrAg protein loaded into 

each lane of the gel (after dilution).   
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4.2.2 Tumor cells expressing endogenous testisin are killed by PrAg-PCIS toxin  

To investigate the activation of PrAg-PCIS toxin by endogenous testisin in a natural 

tumor cell system, HeLa cells, which constitutively express testisin [59,72], were treated 

with the PrAg-PCIS toxin. Incubations with increasing concentrations of PrAg-PCIS 

toxin resulted in substantial HeLa cell death that was dose-dependent. Although, HeLa 

cells were less sensitive to the PrAg-PCIS toxin than to the PrAg-WT toxin (Fig. 4.2A). 

FP59 and the PrAg proteins did not induce cytotoxicity when incubated with the cells 

individually (data not shown). Pre-incubation of the HeLa cells with the cell membrane-

impermeable serine protease inhibitor aprotinin, which has been shown to inhibit testisin 

activity [72], prior to the addition of the PrAg-PCIS toxin, resulted in significant 

attenuation of toxicity (Fig. 4.2B), demonstrating that PrAg-PCIS toxin-induced 

cytotoxicity in HeLa cells is dependent on cell-surface serine protease activity, and 

suggesting that testisin may contribute to PrAg-PCIS activation on HeLa cells.  

The specific dependence of PrAg-PCIS toxin-induced cytotoxicity on the 

presence of testisin was revealed following knockdown of testisin expression in HeLa 

cells using siRNA. Efficient knockdown of testisin mRNA and protein were achieved 

using two independent testisin-specific siRNAs, compared to a control siRNA (Figs. 

4.2C,D). Incubation of the control cells with increasing concentrations of PrAg-PCIS 

toxin produced a dose-dependent decrease in HeLa cell viability, whereas HeLa cells 

depleted of testisin were relatively resistant to killing by the PrAg-PCIS toxin (Fig. 4.2E). 

Together, these data demonstrate that testisin is a significant contributor to PrAg-PCIS 

toxin activation on HeLa cells.  
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Figure 4.2. Endogenous testisin activity activates PrAg-PCIS toxin and promotes 

HeLa tumor cell killing. A) HeLa cells are sensitive to the PrAg-PCIS toxin. HeLa cells 

were incubated with 0-500 ng/mL of PrAg proteins (PrAg-PCIS or PrAg-WT) and FP59 

(50 ng/mL) for 48 hours and then assayed for cell viability by MTT assay. Values are 

calculated from two independent experiments performed in triplicate. Quantitative data 

are represented as mean values with their respective standard errors (+/-SEM). B) 

Aprotinin-sensitive proteases contribute to PrAg-PCIS toxin-induced cytotoxicity. HeLa 

cells were pre-incubated in the presence of a final concentration of 100 μM aprotinin for 

30 minutes, prior to treatment with the indicated concentrations of PrAg-PCIS and FP59 

(50 ng/mL) for 2 hours. Media were replaced and cell viability assayed 48 hours later by 

MTT assay. Values are calculated from two independent experiments performed in 

triplicate. Quantitative data are represented as mean values with their respective standard 

errors (+/-SEM). *p < 0.05. C) siRNA knockdown of testisin mRNA expression in HeLa 

cells. mRNA expression levels are normalized to GAPDH and expressed relative to the 

Luc-siRNA control. Quantitative data are represented as mean values with their 

respective standard errors (+/-SEM). D) Immunoblot analysis of testisin protein 

expression after siRNA knockdown. The blot was probed using anti-testisin antibody and 

reprobed with anti-GAPDH antibody. Data is representative of at least two independent 

experiments. E) Depletion of testisin reduces the sensitivity of HeLa cells to PrAg-PCIS 

toxin-induced cytotoxicity. Testisin siRNA or control Luc-siRNA transfected HeLa cells 

were incubated for 6 hours with indicated concentrations of PrAg-PCIS and FP59 (50 

ng/mL). Media were replaced and cell viability was assayed 48 hours later by MTT 

assay. Values are the means calculated from two independent experiments performed in 

triplicate. Quantitative data are represented as mean values with their respective standard 

errors (+/-SEM). *p < 0.05; **p < 0.01.  Significance of all results was tested using 

unpaired two-tailed Student’s t test. 
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4.2.3 PrAg-PCIS toxin is cytotoxic to tumor cells expressing active hepsin, but not 

matriptase 

The cleavage of PrAg-PCIS by both recombinant matriptase and hepsin in vitro 

suggested that the full-length forms of these membrane-tethered enzymes could be 

additional activators of PrAg-PCIS. To test the role of cell-expressed hepsin in activating 

PrAg-PCIS, HeLa cells were transfected with expression plasmids encoding full-length 

hepsin or an inactive S353A-hepsin catalytic mutant (Fig. 4.3A). Because transfection of 

full-length hepsin results in low levels of detectable hepsin protein (Fig. 4.3A), 

hepatocyte growth factor activator inhibitor-2, which appears to function as a chaperone 

protein to enhance hepsin protein stability, was also co-expressed with hepsin (Fig. 

4.3A). The expression of hepsin in HeLa cells produced active hepsin, evidenced by the 

presence of a 28-kDa hepsin catalytic domain, which is produced after proteolytic 

activation of the hepsin zymogen. The presence of full-length hepsin alone resulted in a 

30% increase in PrAg-PCIS toxin-induced cytotoxicity in HeLa cells, and the HAI-2-

enhanced hepsin activity resulted in a 43% increase in toxin-induced cytotoxicity relative 

to control cells (Fig. 4.3B). The dependence of the hepsin-mediated PrAg-PCIS toxin-

induced cytotoxicity on hepsin’s catalytic activity was demonstrated by the cells 

expressing the S353A-hepsin catalytic mutant, which did not experience any specific 

increases in PrAg-PCIS toxin-induced cytotoxicity (Fig. 4.3B). These data suggest that 

cell surface hepsin is an activator of PrAg-PCIS.  

To test the role of cell-expressed matriptase in activating PrAg-PCIS, full-length 

matriptase was expressed in HeLa cells. Efficient matriptase expression required co-

expression with hepatocyte growth factor activator inhibitor-1 and prostasin, to enhance 
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matriptase trafficking to the cell surface [21,117] and increase matriptase zymogen 

activation [105,117,184] (Fig. 4.3C). Co-expression of matriptase, HAI-1, and prostasin 

generated active matriptase as evidenced by the presence of the 28-kDa matriptase 

catalytic domain, which is produced after proteolytic activation of the matriptase 

zymogen [100] (Fig. 4.3C). In contrast to hepsin, PrAg-PCIS activation and toxin-

induced cytotoxicity was unaffected by the presence of matriptase (Fig. 4.3D). These data 

show that although the catalytic domain of matriptase is capable of PrAg-PCIS cleavage 

in solution (Figs. 3.3A,B), matriptase may not be a major contributor to PrAg-PCIS toxin 

activation when it is expressed by HeLa cells, whereas hepsin likely contributes to PrAg-

PCIS toxin activation on tumor cells that express hepsin. 
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Figure 4.3. Cellular hepsin is an activator of PrAg-PCIS toxin on tumor cells. A) 

Detection of hepsin expressed in HeLa cells. HeLa cells were transfected with full-length 

hepsin (WT-hepsin), an inactive hepsin catalytic mutant (S353A-hepsin), WT-hepsin and 

HAI-2, HAI-2, or vector alone. After 48 hours, lysates were analyzed by immunoblot and 

probed using anti-hepsin, anti-HAI-2, and anti-GAPDH antibodies. The 28-kDa hepsin 

catalytic domain, detected under reducing conditions, is a product of activation of the 51-

kDa hepsin zymogen and is a measure of the presence of active hepsin. The long 

exposure allows detection of the low levels of active hepsin in the absence of HAI-2. The 

blot is representative of at least two independent experiments. B) Hepsin expression in 

HeLa cells enhances PrAg-PCIS toxin-induced cytotoxicity. Control and hepsin 

expressing HeLa cells were incubated with indicated concentrations of PrAg-PCIS and 

FP59 (50 ng/mL) for 6 hours. Media was then replaced and cell viability assayed after 24 

hours by MTT assay. Values are the means calculated from two independent experiments 

performed in triplicate. Quantitative data are represented as mean values with their 

respective standard errors (+/-SEM). *p < 0.05; **p < 0.01. C) Detection of matriptase 

expressed in HeLa cells. HeLa cells were transfected with full-length matriptase (WT-

matriptase), prostasin, vector alone, or were co-transfected with matriptase, prostasin, and 

HAI-1. After 48 hours, lysates were analyzed by immunoblot using anti-matriptase, anti-

prostasin, anti-HAI-1, and anti-GAPDH antibodies. The 28-kDa matriptase catalytic 

domain detected under reducing conditions is evidence of active matriptase produced 

upon activation of the 70-kDa zymogen form of matriptase. The blot is representative of 

at least two independent experiments. D) Matriptase expression in HeLa cells does not 

enhance PrAg-PCIS toxin-induced cytotoxicity. Control and matriptase expressing HeLa 

cells were incubated with indicated concentrations of PrAg-PCIS and FP59 (50 ng/mL) 

for 6 hours. Media was then replaced and cell viability assayed after 24 hours by MTT 

assay. Values are the means calculated from two independent experiments performed in 

triplicate. Quantitative data are represented as mean values with their respective standard 

errors (+/-SEM). Significance of all results was tested using unpaired two-tailed 

Student’s t test. 
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4.2.4 PrAg-PCIS toxin is cytotoxic to various tumor cell lines 

To investigate the ability of PrAg-PCIS toxin to be activated by additional tumor cell 

lines to deliver FP59 and induce tumor cell death, cytotoxicity assays were performed on 

a range of human tumor cell lines after treatment with PrAg-PCIS toxin or PrAg-WT 

toxin. All of the tested tumor cell lines showed a dose-dependent sensitivity to the PrAg-

PCIS toxin (Fig. 4.4A). In 7 of the 9 tumor lines (NCI/ADR-Res, SKOV3, ES-2, 

OVCAR3, LnCAP, DU-145, and PC3), PrAg-PCIS toxin showed potent tumor cell 

killing at doses similar to those used for PrAg-WT toxin. PrAg-WT toxin was cytotoxic 

to all the cell lines as expected (Fig. 4.4A).  

To determine whether active tumor cell-surface serine proteases were targets of 

the PrAg-PCIS toxin, ES-2 (ovarian), and DU-145 (prostate) tumor cell lines, which were 

amongst the tumor cell lines most susceptible to PrAg-PCIS toxin, were pretreated with 

cell-impermeable serine protease inhibitor aprotinin, and then incubated with PrAg-PCIS 

toxin. Cell-surface serine protease inhibition by aprotinin resulted in significantly 

reduced PrAg-PCIS toxin-induced cytotoxicity in both cell lines (Figs. 4.4B,C), 

implicating active cell-surface serine proteases in the mechanism of PrAg-PCIS toxin 

activation. The incomplete protection from PrAg-PCIS toxin activation conferred by 

aprotinin could have resulted from partial inhibition of serine protease activity by 

aprotinin or toxin activation mediated by serine proteases that are not inhibited by 

aprotinin. Analysis of testisin, hepsin, and matriptase mRNA expression in the tumor cell 

lines susceptible to PrAg-PCIS toxin revealed that the tumor cell lines expressed variable 

levels of some or all of the three proteases, providing the means for PrAg-PCIS toxin 

activation (Figs. 4.5A-C).   
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Figure 4.4. PrAg-PCIS toxin targets tumor cell serine proteases. PrAg-PCIS and 

PrAg-WT toxin-induced human tumor cell cytotoxicity. A) The indicated tumor cell lines 

were incubated with PrAg proteins (0-500 ng/mL) and FP59 (50 ng/mL) for 48 hours, 

after which cell viability was evaluated by MTT assay. Values are the means calculated 

from two independent experiments performed in triplicate. Quantitative data are 

represented as mean values with their respective standard errors (+/-SEM). B and C) 

PrAg-PCIS toxin targets serine proteases on the surface of ES-2 and DU-145 tumor cells. 

Cells were pre-incubated in the presence of a final concentration of 100 μM aprotinin for 

30 minutes prior to treatment with the indicated concentrations of PrAg-PCIS and FP59 

(50 ng/mL) for 2 hours. Cell viability was evaluated by MTT assay 48 hours later. Values 

are the means calculated from two independent experiments performed in triplicate. 

Quantitative data are represented as mean values with their respective standard errors (+/-

SEM). *p < 0.05. Significance of all results was tested using unpaired two-tailed 

Student’s t test. 
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Figure 4.5. Testisin, hepsin, and matriptase expression in PrAg-PCIS toxin-

susceptible tumor cell lines. Tumor cell lines that were treated with PrAg-PCIS toxin 

(Fig. 4.4A) were subjected to qPCR to measure relative mRNA levels of A) testisin, B) 

hepsin, and C) matriptase. mRNA was normalized to -actin and expressed relative to the 

mRNA levels detected in NCI/ADR-Res cells. All quantitative data are represented as 

mean values with their respective standard errors (+/-SEM). 
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4.2.5 PrAg-PCIS toxin inhibits tumor growth in a preclinical xenograft mouse model      

The ability of PrAg-PCIS toxin to inhibit tumor growth in vivo was examined using a 

murine xenograft tumor model. Athymic female nude mice bearing subcutaneous HeLa 

tumors received three intratumoral injections (one every three days) of PrAg-PCIS toxin 

(10 μg PrAg-PCIS and 5 μg LF) or vehicle alone (PBS), and tumor growth was assessed 

by caliper measurements. The intratumoral injection model was used as a proof-of-

principle model, which was previously shown to be effective for testisin whether PrAg-

U2 toxin (uPA-activated anthrax toxin) was able to reduce tumor burden in vivo [150]. 

LF was used in vivo in place of FP59 to avoid any off-target effects that may be 

associated with non-specific uptake of the very effective protein translation inhibitor 

FP59 [136]. After the first injection, tumor growth in mice treated with PrAg-PCIS toxin 

arrested and did not increase compared with tumors in mice treated with vehicle, over the 

course of the experiment (Fig. 4.6A). Tumors were harvested and weighed up to 7 days 

after the final treatment. Tumor weights correlated well with measures of tumor volumes, 

with the mouse cohort that was treated with PrAg-PCIS toxin showing a significant 5-

fold reduction in average tumor weight relative to the cohort treated with vehicle (Fig. 

4.6B).  

The dose-dependence of tumor growth inhibition by PrAg-PCIS toxin treatment 

was also investigated using this xenograft tumor model. Cohorts of mice bearing 

subcutaneous HeLa tumors received three injections (one every three days) composed of 

10 μg, 5 μg, 1 μg PrAg-PCIS toxin (PrAg-PCIS combined with 5 μg LF), or vehicle (5 μg 

LF in PBS). Tumor growth, as assessed by caliper measurements, again showed tumor 

growth arrest in all 3 cohorts of mice treated with PrAg-PCIS toxin compared with 
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vehicle treated mice over the course of the experiment (Fig. 4.6C). The tumor weights 

obtained at the end of the experiment correlated well with the measured tumor volumes 

(Figs. 4.6C,D). The volumes of the tumors in mice treated with 10 μg and 5 μg doses of 

PrAg-PCIS toxin decreased significantly over the course of the experiment, and showed 

significant 4.3-fold and 5.6-fold reduced average tumor weights, respectively, compared 

to tumors in vehicle treated mice, at the end of the experiment (Figs. 4.6C,D). Tumors 

treated with the 1 μg dose of PrAg-PCIS toxin showed a non-significant trend toward 

reduced average tumor volume and average tumor weight relative to mice treated with 

vehicle (Figs. 4.6C,D). Treatments with PrAg-PCIS toxin were well-tolerated by the mice 

and did not appear to have any overt off-target side effects. Treated mice did not 

experience substantial weight loss (Figs. 4.6E,F) and necropsies revealed no gross 

abnormalities or organ damage (data not shown). These data demonstrate a significant 

effect of PrAg-PCIS toxin treatment in inhibiting growth of tumors in vivo.  

Quantitative histomorphometric analyses were performed on serial sections of the 

harvested tumors to investigate the mechanistic basis for the potent anti-tumor activity of 

PrAg-PCIS toxin. Microscopic analysis of sections stained with hematoxylin/eosin 

(H&E) showed that tumors exposed to either 10 μg PrAg-PCIS toxin or 5 μg PrAg-PCIS 

toxin presented with substantial areas of necrosis, as indicated by reduced staining of the 

tissue and the presence of patches of destroyed tumor with loss of nuclei (Figs. 4.7A,E). 

These characteristics were not seen in the vehicle treated control group, which had 

significantly more viable tumor area (increased approximately 2-fold relative to toxin-

treated groups) (Figs. 4.7A,E). The tumors treated with 1 μg PrAg-PCIS toxin also 

showed reduced staining and loss of viability, which did not quite reach statistical 
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significance relative to the vehicle treated control group (Figs. 4.7A,E). Staining for the 

proliferation marker Ki67 revealed that tumor cell proliferation in tumors treated with 10 

μg PrAg-PCIS toxin or 5 μg PrAg-PCIS toxin was significantly reduced by 3.3-fold and 

2.3-fold respectively, relative to vehicle treatment, and was associated only with the 

remaining viable areas of the tumors (Figs. 4.7B,F). Apoptotic cells, evidenced by 

staining of activated caspase-3, were concentrated in the areas peripheral to the necrotic 

areas and adjacent to the viable areas of the tumors, but overall differences were not 

observed amongst the treatment groups (Figs. 4.7C,G). Likewise, vessel density, as 

measured by CD31 staining, appeared not to be significantly affected by PrAg-PCIS 

toxin treatment. Staining of vessels was confined to the viable areas of the tumors (Figs. 

4.7D,H). These data suggest that PrAg-PCIS toxin treatment inhibits tumor growth 

through the reduction of tumor cell proliferation and the induction of tumor necrosis. 
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Figure 4.6. PrAg-PCIS toxin is a potent cytotoxic agent for HeLa tumor xenografts. 

A) Treatment with PrAg-PCIS toxin inhibits growth of subcutaneous HeLa xenograft 

tumors in athymic nude mice. Average tumor volumes measured for HeLa tumors 

injected with 10 μg PrAg-PCIS combined with 5 μg LF or vehicle (PBS alone) on day 11, 

day 14, and day 17 (indicated by arrows) after inoculation of HeLa cells (day 0). Mice: 

n=8 vehicle; n=9 PrAg-PCIS/LF. B) Tumor weights obtained after resection of tumors in 

A). C) Dose-dependence of PrAg-PCIS toxin treatment on subcutaneous HeLa xenograft 

tumors. Average tumor volumes measured for HeLa tumors injected with 1 μg PrAg-

PCIS, 5 μg PrAg-PCIS, 10 μg PrAg-PCIS, or vehicle (PBS). All treatments, including 

vehicle, were combined with 5 μg LF. Mice were treated on day 13, day 16, and day 19 

(indicated by arrows) after inoculation of HeLa cells (day 0). Mice: n=9 vehicle; n=8 for 

each of PrAg-PCIS 1 μg, PrAg-PCIS 5 μg, and PrAg-PCIS 10 μg. D) Tumor weights 

obtained after resection of tumors in C). E&F) Mouse body weights were measured 

every 2-3 days throughout each animal experiment presented in A&C. The % change in 

weight of each mouse from the day before treatment (day 10 or day 12, respectively) to 

the last day of the experiment (day 24 or day 28, respectively) [(Weight last day –Weight day 

before treatment/Weight day before treatment) x 100]. All quantitative data are represented as mean 

values with their respective standard errors (+/-SEM). *p < 0.05, **p < 0.01. Significance 

of all results was tested using unpaired two-tailed Student’s t test. 
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Figure 4.7. PrAg-PCIS toxin treatment increases tumor necrosis and reduces tumor 

cell proliferation. A-D) Histology and immunohistochemical analyses performed on 

serial sections of tumors resected from mice treated with PrAg-PCIS 1 μg, PrAg-PCIS 5 

μg, and PrAg-PCIS 10 μg or vehicle alone (PBS combined with 5 μg LF). Representative 

serial sections and high power magnified fields are shown to reveal gross tumor 

morphology, overall tumor staining, and regions of necrosis and proliferation, as well as 

antibody specificity. The brown color is the result of immunoreactive stain. E-H) 

Composite images compiled from each stained section were analyzed to determine % 

tumor viability (H&E), % tumor cell proliferation (Ki67), % apoptosis (activated 

caspase-3), and % vessel density (CD31), as indicated. Tumors: n=4 vehicle; n=3 PrAg-

PCIS 1 μg; n=2 PrAg-PCIS 5 μg; n=3 PrAg-PCIS 10 μg. Quantitative data are 

represented as mean values with their respective standard errors (+/-SEM). *p < 0.05. 

Significance of all results was tested using unpaired two-tailed Student’s t test. 
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4.3 Discussion 

In this chapter, we sought to determine whether cell-expressed full-length testisin could 

be targeted with the engineered anthrax toxin PrAg-PCIS, which testisin preferentially 

cleaved as shown in Chapter 3, to induce tumor cell killing. The results demonstrated that 

PrAg-PCIS toxin can be activated by tumor cell-expressed testisin, as well as hepsin, to 

result in increased tumor cell killing in cell culture. The results also demonstrated that 

PrAg-PCIS treatment inhibits tumor growth in a xenograft tumor model. 

Although the engineered cleavage site in PrAg-PCIS showed a preference for 

cleavage by testisin (Figs. 3.3A,B), it was also able to be cleaved in vitro by the 

recombinant catalytic domains of additional membrane-anchored serine proteases, 

including hepsin and matriptase, as well as additional pericellular serine proteases, 

indicating that cleavage of PrAg-PCIS to an activated 63-kDa form is not completely 

specific to testisin. As multiple serine proteases are overactive on tumor cells, this may be 

an unexpected beneficial feature of PrAg-PCIS, suggesting that PrAg-PCIS toxin may be 

useful in targeting multiple overexpressed tumor antigen proteases, rather than a single 

protease. The activation of PrAg-PCIS toxin by testisin and hepsin expressed by tumor 

cells in cell culture reflected the cleavage of PrAg-PCIS in vitro, yet matriptase was 

ineffective at increasing PrAg-PCIS toxin activation when expressed as a full-length 

protein on the cell surface. Thus, the protease cleavage reactions observed in vitro may 

not entirely reflect the targets in different biological contexts, such as in cell culture or in 

vivo. The reason for the lack of effect of full-length matriptase-mediated PrAg-PCIS 

toxin activation on the surface of tumor cells is not known, but may have been caused by 
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steric hindrance preventing interaction of full-length matriptase with the cleavage and 

activation site of PrAg-PCIS.  

The results obtained in this chapter also demonstrated that treatment with PrAg-

PCIS toxin can inhibit the growth of a testisin-expressing tumor cell line in vivo. When 

used in vivo, the PrAg-PCIS toxin was composed of PrAg-PCIS and LF, rather than 

PrAg-PCIS and FP59, as was used in cell culture. FP59 is used in cell culture because it 

is very effective at killing cells due to its function of inhibiting protein synthesis. LF was 

used in place of FP59 in vivo to avoid any detrimental effects that may result from non-

specific uptake of the very effective protein synthesis inhibitor FP59. The growth 

inhibitory effect of the PrAg-PCIS toxin may be explained by the inhibition of tumor cell 

proliferation and induction of necrosis. Other engineered anthrax toxins (using either 

FP59 or LF) have been shown to kill tumor cells by inducing tumor necrosis [148,150], 

increasing tumor cell apoptosis [136], as well as targeting tumor-associated vasculature 

[149,150,153]. We did not detect a significant decrease in vessel density within tumors 

by CD31 staining, or an increase in tumor cell apoptosis as measured by the presence of 

activated caspase-3. The retention of these latter tumor properties was notable given the 

striking decrease in tumor mass after treatment with the PrAg-PCIS toxin.  
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Chapter 5. Investigating whether the mutant anthrax toxins can effectively reduce 

ovarian tumor burden in vivo using preclinical mouse xenograft tumor models. 

 

5.1 Introduction 

The data presented in Chapter 4 revealed that PrAg-PCIS toxin can be activated by full-

length, cell-expressed testisin, as well hepsin, to increase tumor cell killing and inhibit 

growth of tumors grown as subcutaneous xenografts.  

The aim of the experiments described in this chapter was to investigate whether 

the mutant PrAg toxins could be used to reduce ovarian tumor burden and metastasis in 

vivo. Our approach was to investigate whether treatment with the mutant PrAg toxins 

could effectively reduce ovarian tumor burden in an orthotopic intraperitoneal (i.p.) 

xenograft murine model of metastatic ovarian cancer, and to investigate whether the 

novel PrAg toxins produced as the result of these studies were comparable, with regards 

to effectively reducing ovarian tumor burden, to an existing engineered anthrax toxin. 

The results showed that treatment with PrAg-PAS toxin led to significant 

reductions in i.p. ovarian xenograft tumor burden and extended mouse survival, with 

PrAg-PAS toxin treatment being as effective at reducing ovarian tumor burden as 

treatment with the existing intercomplementing engineered anthrax toxin (PrAg-IC), 

which targets and requires activation by both uPA and MMP.   
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5.2 Results 

5.2.1 Generation of ovarian tumor cells for in vivo imaging 

To generate ovarian tumor cell lines that could be used in vivo to assess i.p. tumor 

establishment and tumor burden longitudinally over time, ES-2 and NCI/ADR-Res 

ovarian tumor cells were stably-transduced with luciferase to enable in vivo tumor 

imaging using the IVIS-200 imaging system. Single-cell derived clones were isolated 

from the pools of stably-transduced cells by limiting dilution and assayed for their 

luciferase activity levels (Figs. 5.1A,B). The luciferase activity levels of the single cell 

clones (ES-2 clones 8 and E7; NCI/ADR-Res clones E6 and B6) were compared to the 

luciferase activity level in a positive control, luciferase-transduced tumor cell line (MCF-

10A-luc) that previously has been demonstrated to have sufficient luciferase activity to 

enable in vivo imaging (Fig. 5.1C).  
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Figure 5.1. Luciferase activity of single cell clones derived from pools of ES-2 and 

NCI/ADR-Res cells stably transduced with luciferase. ES-2 and NCI/ADR-Res 

ovarian tumor cells were stably transduced with lentiviral luciferase expression vectors to 

produce clones of cells with sufficient luciferase activity levels for in vivo imaging. Cells 

derived from pools of stably transduced A) ES-2-luc and B) NCI/ADR-Res-luc cells were 

grown as single cell colonies, equal cell numbers were seeded, and single cell-derived 

clones were assayed for their luciferase activity levels, relative to a positive control cell 

line (pos. cntrl). C) The single cell clones from A and B) with high luciferase activity 

levels were cultured for further analysis. Their respective luciferase activity levels were 

assayed at the same time, normalized to the number of cells present (for each cell line) at 

the time of the luciferase activity measurement, and compared to the luciferase activity 

level in the positive control cell line. Values were obtained from one well of a 96-well 

plate each time the assay was performed. 
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5.2.2 Establishing orthotopic xenograft models of metastatic ovarian cancer 

Using the cell lines transduced with luciferase for in vivo imaging (ES-2-luc, NCI/ADR-

Res-luc) (Fig. 5.1C), we next sought to establish an i.p. orthotopic ovarian xenograft 

tumor model. Published literature indicate that 1x10
7
 ES-2 cells injected i.p. form 

overwhelming tumor burden, with ascites, within two to three weeks of injection [185]. 

Therefore, in order to assess the in vivo i.p. growth of the ES-2-luc cells, establish an 

optimal cell density for cell injection, and determine whether the luciferase activity levels 

in the ES-2-luc cells were indeed sufficient to enable in vivo imaging, cohorts of female 

athymic nude mice (n=2) were injected i.p. with either 1x10
6
, 5x10

6
, or 1x10

7
 ES-2-luc 

cells, respectively. Ovarian tumor burden was imaged using the IVIS imaging system. As 

expected, mice injected with 1x10
7
 ES-2-luc cells developed significant tumor burden in 

approximately 2 weeks (Figs. 5.2A,B), as determined by IVIS imaging, and required 

euthanasia shortly thereafter due to tumor-induced weight gain, as well as mild cachexia 

and jaundice, and ascites accumulation. Mice injected with 5x10
6
 ES-2-luc cells also 

developed significant tumor burden (Figs. 5.2A,B), and similar symptoms, with slower 

onset, requiring euthanasia approximately a week later. One mouse injected with 1x10
6
 

ES-2-luc cells developed significant tumor burden (Figs. 5.2A,B) after approximately 4 

weeks and was euthanized due to similar symptoms, while the other mouse did not 

develop substantial tumor burden. 

At the time of euthanizing the mice, necropsies were performed to visualize the 

characteristics and extent of ES-2-luc ovarian tumor growth in the peritoneal cavity. In all 

cases, when significant tumor burden was observed by IVIS imaging, substantial tumor 

burden was also observed by gross visualization. The ES-2-luc tumor cells were 
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distributed throughout the abdominal cavity, both floating in the ascites as spheroids and 

attached to various organs and the body wall (Fig. 5.2C).  

The ES-2-luc tumor cells seemed to form very few large tumors. Instead, they 

formed multiple small tumors of approximately equal size, which were too numerous to 

count (Fig. 5.2C). The tumors appeared to form, and/or attach, adjacent to blood vessels 

of the tissue layer lining the peritoneal cavity, as well as membranous tissue surrounding 

the mesentery arteries located in between, and distributing blood to, the intestinal tract 

(Fig. 5.2C). Tumor cells were consistently observed to accumulate on the diaphragm as a 

thick white layer of tumor cell plaque covering the translucent muscle (Fig. 5.2C). Tumor 

cells were also seen distributed in other areas of the abdominal cavity, such as being 

adjacent to the spleen, above and below the liver, adjacent to the kidneys, and 

occasionally in the genitourinary area, sometimes with tumor nodules present on the 

surfaces of organs. Tumor accumulation in the area of the liver presumably occluded the 

bile duct, as the gall bladder was often observed to be excessively swollen and filled with 

bile (Fig. 5.2C). Due to the aggressive growth kinetics and tumor characteristics of the 

5x10
6
 ES-2-luc cell dose in female athymic nude mice, this cellular density was chosen 

as optimal for further experiments. 

To establish a growth curve and assess the in vivo imaging characteristics of the 

NCI/ADR-Res-luc ovarian tumor cells, a similar process was undertaken. Cohorts of 

female athymic nude mice (n=2) were injected i.p. with 3x10
6
, 5x10

6
, or 7x10

6
 

NCI/ADR-Res-luc cells and tumor growth was monitored. In contrast to the ES-2-luc 

cells, NCI/ADR-Res-luc tumors required considerably more time to grow (Figs. 5.3A,B). 

Although different cell densities were used at the beginning of the experiment, the tumor 
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burden that developed over the course of the experiment did not appear to correlate with 

the different cell densities initially injected (Figs. 5.3A,B). Additionally, mice injected 

with NCI/ADR-Res did not develop debilitating tumor burden as indicated by lack of 

ascites accumulation and no signs of jaundice or cachexia.   

When examined upon euthanasia, the NCI/ADR-Res-luc ovarian tumor cells 

seemed to form tumors in the same relative pattern as the ES-2-luc cells. The tumors 

formed adjacent to blood vessels lining the wall of the peritoneal cavity, as well as the 

membranous tissue surrounding the vessels of the digestive tract (Fig. 5.3C). Tumor cells 

were also observed to accumulate on the diaphragm (Fig. 5.3C), and other areas of the 

abdominal cavity, such as in the recesses surrounding the spleen, liver, kidneys, and the 

genitourinary area. Due to slow tumor growth relative to the ES-2-luc tumor model, and 

the lack of correlation between cell density and tumor burden, it became clear that the use 

of the NCI/ADR-Res-luc cells as a viable model required further optimization.  
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Figure 5.2. ES-2-luc tumors grow aggressively in the intraperitoneal cavity. Different 

cell densities of ES-2-luc cells were injected i.p. into cohorts of female athymic nude 

mice (n=2) and the resulting tumor burden, as measured by luciferase activity levels, was 

monitored using the IVIS system. A) Luciferase activity levels in the abdominal area of 

the mice indicated that the two highest doses of injected ES-2-luc cells grew relatively 

quickly in the i.p. cavity of the mice. B) Images representing the peak luciferase activity 

levels in the mice show the increase in tumor burden over time, which appeared to 

correlate with the number of ES-2-luc cells initially injected into the mice. C) Upon 

performing necropsies, ES-2-luc tumor burden was widespread. Tumor cells covered the 

diaphragm, and multiple tumor nodules were dispersed throughout the abdominal cavity 

with tumor nodules observed attached to organs and the body wall. Necropsy images are 

representative of the tumor burden in mice injected with the two highest densities of ES-

2-luc cells. Arrows indicate areas of substantial tumor burden or tumor nodules. 

Quantitative data are represented as mean values with their respective standard errors (+/-

SEM). 
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Figure 5.3. NCI/ADR-Res-luc tumors grow slowly in the intraperitoneal cavity. 

Different cell densities of NCI/ADR-Res-luc cells were injected i.p. into cohorts of 

female athymic nude mice (n=2) and the resulting tumor burden, as measured by 

luciferase activity levels, was monitored using the IVIS system. A) Luciferase activity 

levels in the abdominal area of the mice indicated that all three densities of injected 

NCI/ADR-Res-luc cells grew relatively slowly in the i.p. cavity of the mice. B) Images 

representing the peak luciferase activity levels in the mice show the NCI/ADR-Res-luc 

tumor burden 48 days after tumor cell injection. C) Upon performing necropsies, 

NCI/ADR-Res-luc tumor burden was relatively less aggressive than the ES-2-luc tumor 

growth. Yet, as in that model, tumor cells covered the diaphragm, and a few tumor 

nodules were dispersed throughout the abdominal cavity and occasionally observed 

attached to organs and the body wall. Necropsy images are representative of the tumor 

burden in mice injected with the each of the densities of NCI/ADR-Res-luc cells, as they 

displayed roughly equal tumor burden. Arrows indicate areas of substantial tumor burden 

or tumor nodules. Quantitative data are represented as mean values with their respective 

standard errors (+/-SEM).  
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5.2.3 Establishment of a well-tolerated dose(s) for mutant PrAg toxin treatment 

To determine a well-tolerated dose to treat i.p. xenograft ovarian tumor-bearing mice, 

cohorts of female athymic nude mice were injected i.p. with increasing doses of PrAg-

PCIS toxin or PrAg-PAS toxin (PrAg proteins combined with LF). LF was used in place 

of FP59 to avoid any off target effects that may be associated with non-specific uptake of 

the very effective protein translation inhibitor FP59 [136]. PrAg-PCIS toxin and PrAg-

PAS toxin were chosen for these experiments because PrAg-PCIS and PrAg-PAS were 

the mutant PrAg proteins that were cleaved to activated forms by testisin, hepsin, and 

matriptase in vitro, whereas PrAg-UAS was not cleaved by matriptase (Figs. 3.3A,B). 

Moreover, PrAg-PCIS toxin was able to be activated by full-length cell-expressed testisin 

and hepsin, and PrAg-PAS toxin was able to be activated by testisin, hepsin, and 

matriptase to increase ovarian tumor cell cytotoxicity. Cohorts of female athymic nude 

mice (n=3) received six i.p. injections of PrAg-PCIS toxin or PrAg-PAS toxin over the 

course of two weeks. Unexpectedly, although PrAg-PCIS toxin appeared to be well-

tolerated when injected intratumorally to treat subcutaneous tumors (Figs. 4.6A-F), it 

exhibited toxicity when injected into the i.p. space, with two of the three mice receiving 

the lowest dose of PrAg-PCIS toxin succumbing to toxin’s effect over the course of the 

experiment (Table 5.1). For this reason, use of PrAg-PCIS toxin in mice was not pursued 

further.  

In contrast to the effects of the PrAg-PCIS toxin, treatment with PrAg-PAS toxin 

was very well-tolerated. None of the mice treated with the highest dose of PrAg-PAS 

toxin exhibited any apparent toxicity (Table 5.1). Based on these results, although the 

mice potentially could have safely tolerated dosing with increased concentrations of 
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PrAg-PAS toxin, PrAg-PAS 45/15 (45 µg PrAg-PAS combined with 15 µg LF) was 

identified as the maximum PrAg-PAS toxin dose for further experiments. 
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Table 5.1. PrAg-PAS toxin treatment is well tolerated. Groups of female athymic nude 

mice (n=3) were injected i.p. (M, W, F) with increasing doses of PrAg-PCIS or PrAg-

PAS combined with LF, or LF alone, to determine a well-tolerated dose for each of the 

toxins (PrAg combined with LF). Mice received a total of 6 injections over the course of 

two weeks. As indicated by the column denoting mice alive at the end of the trial, PrAg-

PCIS toxin was toxic to the mice, while PrAg-PAS toxin was well-tolerated at all 

administered doses.   
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5.2.4 Treatment with PrAg-PAS toxin reduces tumor growth and metastasis in an 

orthotopic xenograft model of metastatic ovarian cancer 

To determine whether treatment with PrAg-PAS toxin could inhibit ovarian xenograft 

tumor growth and metastasis, female athymic nude mice were injected i.p. with 5x10
6
 

ES-2-luc ovarian tumor cells. After four days, when established tumors were visible by 

IVIS imaging, mice were divided into four cohorts of five mice, with all mice bearing 

approximately equal tumor burden. Each cohort received four i.p. injections of PrAg-PAS 

toxin (15 μg PrAg-PAS combined with 5 μg LF), 15 μg PrAg-PAS alone, 5 μg LF alone, 

or vehicle alone (PBS). During the course of the experiment, tumor growth was assessed 

by imaging with the IVIS system (Figs. 5.4A,B). At the end of the experiment, tumor 

burden was assessed by performing necropsies.  

The results showed that in the mice treated with vehicle alone, ES-2-luc tumor 

growth proceeded rapidly (Fig. 5.4A,B), and resulted in the development of ascites, 

dissemination of small ovarian tumor nodules throughout the peritoneal space (Fig. 

5.5A), and mild symptoms of cachexia and jaundice. Tumor attachment was especially 

prevalent in high-density blood vessel areas, particularly the diaphragm, surrounding the 

mesentery arteries, and what appeared to be the pancreas, with some attachment to the 

body wall and intestinal tract (Fig. 5.5A). Tumor cells also accumulated near the kidneys, 

genitourinary tissues, and the spleen. Moreover, accumulation of tumor cells in the 

vicinity of the liver seemed to result in enlargement of the gallbladder (Fig. 5.5A). In 

some cases, vehicle treated mice that presented with symptoms of jaundice also presented 

with a yellow tinge of the peritoneal cavity and yellow spotting of the liver. 
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While tumor burden was significant and widespread in vehicle treated mice, mice 

treated with PrAg-PAS toxin showed significant reductions in average tumor burden over 

the course of the experiment (Figs. 5.4A,B), as imaged with the IVIS system. Mice 

treated with PrAg-PAS toxin had average tumor burden that measured just 3% of the 

tumor burden present in vehicle-treated mice (Fig. 5.4A). Tumor burden in mice treated 

with LF alone was not statistically different than vehicle treated mice (Fig. 5.4A). Mice 

treated with PrAg-PAS alone had average tumor burden that measured 65% of the tumor 

burden present in vehicle treated mice (Fig. 5.4A). 

Mice treated with PrAg-PAS toxin also showed drastically less tumor burden at 

the time of euthanasia and performance of necropsies (Fig. 5.5B). PrAg-PAS toxin-

treated mice did not develop ascites, did not present with ovarian tumor cells covering the 

diaphragm or the tissue surrounding the mesentery arteries, and did not present with any 

symptoms of cachexia or jaundice (Fig. 5.5D). Moreover, PrAg-PAS toxin-treated mice 

did not have tumor nodules abundant on the body cavity wall, tumor nodules spread 

throughout the abdominal cavity, or swollen gallbladders (Fig. 5.5D). While mice 

receiving PrAg-PAS alone had reductions in tumor burden over the course of the 

experiment (Fig. 5.4A), relative to the mice treated with vehicle alone, upon performing 

necropsies the tumor burdens of mice treated with PrAg-PAS or LF alone was still 

widespread, and largely resembled that in the mice treated with vehicle (Figs. 5.5A-C). 

The PrAg-PAS or LF alone treated mice presented with similar tumor distribution, 

development of ascites, and mild symptoms of cachexia and jaundice. 

As observed when establishing a tolerated dose (Table 5.1), all treatments of 

PrAg-PAS toxin, or the components alone, were well tolerated. Mice experienced no 
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treatment specific weight loss, symptoms, or gross organ damage as visualized upon 

performing necropsies. The substantial decrease in tumor burden (by IVIS and necropsy) 

in mice treated with PrAg-PAS toxin indicated that PrAg-PAS toxin was very effective in 

reducing ovarian tumor burden and metastasis in vivo in this model. Additionally, the 

data indicated that the mechanism of effective ovarian tumor killing by PrAg-PAS toxin 

requires the co-administration of both PrAg-PAS and LF, and is not due to the action of 

either component in the absence of the other. 
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Figure 5.4. Treatment with PrAg-PAS toxin reduces ovarian tumor burden. ES-2-

luc cells were injected i.p. into cohorts of female athymic nude mice (n=5). Mice 

received four treatments of PrAg-PAS toxin (15 µg PrAg-PAS and 5 µg LF), PrAg-PAS 

alone (15 µg), LF alone (5 µg), or vehicle (PBS). Tumor burden, as measured by 

luciferase activity levels, was monitored using the IVIS system. A) Ovarian tumor burden 

was reduced, as indicated by reduced average luciferase activity levels, in mice treated 

with PrAg-PAS toxin, relative to vehicle treated mice. B) Images representing the peak 

luciferase activity levels in the individual mice treated with PrAg-PAS toxin, PrAg-PAS, 

LF, or vehicle. Images show the increase in tumor burden over time in mice treated with 

PrAg-PAS, LF, or vehicle, and a decrease in tumor burden in mice treated with PrAg-

PAS toxin. One mouse in the vehicle treated group had to be euthanized due to tumor 

burden prior to day 10. Quantitative data are represented as mean values with their 

respective standard errors (+/-SEM). *p < 0.05; ****p < 0.0001. Significance of all 

results was tested using unpaired two-tailed Student’s t test. Continued in Fig. 5.5. 
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Figure 5.5. Treatment with PrAg-PAS toxin reduces ovarian tumor burden. Upon 

performing necropsies, ES-2-luc tumor burden was widespread in mice treated with A) 

vehicle, B) LF alone, and C) PrAg-PAS alone. Tumor burden was substantially reduced 

in mice treated with D) PrAg-PAS toxin. Tumor cells covered the diaphragm, and 

multiple tumor nodules were dispersed throughout the abdominal cavity with tumor 

nodules occasionally observed attached to organs. Arrows indicate areas of substantial 

tumor burden or tumor nodules. 
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5.2.5 Treatment with PrAg-PAS toxin reduces established ovarian tumor burden 

To determine whether treatment with PrAg-PAS toxin could reduce established ovarian 

tumor burden, rather than early ovarian tumor growth (treatment beginning on day 4 after 

ES-2-luc tumor cell injection), female athymic nude mice were injected i.p. with 5x10
6
 

ES-2-luc ovarian tumor cells. After ten days, when significant tumor burden was present, 

mice were divided into three cohorts of five mice, with all mice bearing approximately 

equal tumor burden. Each cohort received two i.p. injections of either of two different 

doses of PrAg-PAS toxin (45 µg PrAg-PAS, 15 µg PrAg-PAS, and 15 µg LF, or 5 µg LF, 

respectively), or vehicle (PBS). During the course of the experiment, tumor growth was 

assessed by imaging with the IVIS system (Figs. 5.6A,B). At the end of the experiment, 

tumor burden was assessed by performing necropsies.  

The results showed that in the mice treated with vehicle alone, ES-2-luc tumor 

growth proceeded rapidly (Fig. 5.6A,B), resulting in the development of ascites and the 

spread of ovarian tumor burden within the peritoneal space (Fig. 5.7A). As seen in Figs. 

5.5A-D, tumor attachment was especially prevalent in high-density blood vessel areas, 

such as the diaphragm, the mesenteric arteries, what appeared to be the pancreas, and the 

body wall (Fig. 5.7A). Tumor cells also accumulated near the kidneys, genitourinary 

tissues, and the spleen. Moreover, as seen in Figs. 5.5A-D, accumulation of tumor cells in 

the vicinity of the liver seemed to result in enlargement of the gallbladder (Fig. 5.7A). 

While tumor burden was significant and widespread in vehicle-treated mice, mice treated 

with the two different doses of PrAg-PAS toxin showed significant reductions in average 

tumor burden over the course of the experiment (Figs. 5.6 A,B), as imaged with the IVIS 

system. Mice treated with the lowest dose of PrAg-PAS toxin (15µg PrAg-PAS and 5 µg 
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LF) had average tumor burden that measured approximately 28% of the tumor burden 

present in vehicle treated mice (Fig. 5.6A). Tumor burden in mice treated with the 

highest dose of PrAg-PAS toxin (45 µg PrAg-PAS and 15 µg LF) had an average tumor 

burden that measured approximately 20% of the tumor burden present in vehicle treated 

mice (Fig. 5.6A). 

Mice treated with the two different doses of PrAg-PAS toxin also showed less 

tumor burden at the time of euthanasia and performance of necropsies (Fig. 5.7B,C). 

PrAg-PAS toxin-treated mice presented with reduced tumor burden specifically covering 

the tissue surrounding the mesenteric arteries. Tumor burden was also reduced on the 

body wall and the diaphragm. (Fig. 5.7B,C). Moreover, PrAg-PAS toxin-treated mice did 

not have swollen gallbladders to the extent of the vehicle-treated mice (Fig. 5.7B,C). As 

observed when establishing a tolerated dose (Table 5.1), all treatments of PrAg-PAS 

toxin, were well tolerated. The decrease in tumor burden (by IVIS and necropsy) in mice 

treated with the two different doses of PrAg-PAS toxin indicated that PrAg-PAS toxin 

was able to reduce established tumor burden, in addition to reducing early stage tumor 

burden (Figs. 5.4 & 5.5).  
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Figure 5.6. PrAg-PAS toxin treatment reduces established ovarian tumor burden. 

ES-2-luc cells were injected i.p. into cohorts of female athymic nude mice (n=5). Cohorts 

of mice with established tumor burden received two treatments of either of two different 

doses of PrAg-PAS toxin (45 µg PrAg-PAS, 15 µg PrAg-PAS, and 15 µg LF, or 5 µg LF, 

respectively), or vehicle (PBS). Tumor burden, as measured by luciferase activity levels, 

was monitored using the IVIS system. A) Ovarian tumor burden was reduced, as 

indicated by reduced average luciferase activity levels, in mice treated with both doses of 

PrAg-PAS toxin, relative to vehicle treated mice. B) Images representing the peak 

luciferase activity levels in the individual mice treated with the two different doses of 

PrAg-PAS toxin, or vehicle. Images show the increase in tumor burden over time in mice 

treated with vehicle, and a decrease in tumor burden in mice treated with both doses of 

PrAg-PAS toxin. Quantitative data are represented as mean values with their respective 

standard errors (+/-SEM). ****p < 0.0001. Significance of all results was tested using 

unpaired two-tailed Student’s t test. Continued in Fig. 5.7. 
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Figure 5.7. PrAg-PAS toxin treatment reduces established ovarian tumor burden. 

Upon performing necropsies, ES-2-luc tumor burden was widespread in mice treated with 

A) vehicle. Tumor burden was reduced in mice treated with B,C) either of the two doses 

of PrAg-PAS toxin. Tumor cells covered the diaphragm, and multiple tumor nodules 

were dispersed throughout the abdominal cavity with tumor nodules occasionally 

observed attached to organs. Arrows indicate areas of substantial tumor burden or tumor 

nodules.  
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5.2.6 The anti-ovarian tumor effect of mutant PrAg-PAS toxin is dependent upon 

proteolytic activation 

To determine whether the anti-tumor mechanism of PrAg-PAS toxin requires its 

proteolytic activation, cohorts of female athymic nude mice bearing approximately equal 

ES-2-luc xenograft ovarian tumor burden received six i.p. treatments of PrAg-PAS toxin, 

vehicle (PBS), or an un-activatable PrAg toxin, termed PrAg-U7, in which the amino acid 

sequence that functions as the cleavage site mediating activation of PrAg-PAS was 

replaced with the amino acid sequence PGG [133]. The replacement with the PGG amino 

acid sequence renders PrAg-U7 unable to be proteolytically cleaved and activated and 

therefore unable to oligomerize and ultimately deliver proteins (LF, EF, FP59) into the 

cytosol to cause cell death. A cohort of mice was also treated with a mutant PrAg toxin 

that requires activation by both uPA and MMP2/9, termed PrAg-IC (intercomplementing 

toxin), which contains the same activation sequences as the PrAg-L1 and PrAg-U2 

engineered toxins (Table 3.1). PrAg-IC had not previously been tested for anti-ovarian 

tumor efficacy, but had been shown to be efficacious in reducing tumor burden in 

multiple other tumor models [135,136]. PrAg-IC was used to assess the relative 

effectiveness of PrAg-PAS toxin in reducing ovarian tumor burden, and to investigate 

whether PrAg-PAS toxin was more efficacious in reducing ovarian tumor burden than 

PrAg-IC toxin. 

As expected, treatment with PrAg-PAS toxin significantly reduced the average 

tumor burden of the ES-2-luc tumor-bearing mice, relative to cohorts treated with vehicle 

(Figs. 5.8A,B). Mice treated with PrAg-PAS toxin possessed only 15% of the tumor 

burden of vehicle-treated mice on day 4, and 2.6% of the tumor burden in vehicle-treated 
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mice on day 9 (Fig. 5.8A). Notably, mice treated with PrAg-IC toxin also displayed 

significant reductions in tumor burden that were approximately equal to those seen in 

PrAg-PAS toxin-treated mice, relative to vehicle-treated mice (Figs. 5.8A,B). Mice 

treated with PrAg-IC toxin possessed 8% the tumor burden of vehicle-treated mice on 

day 4, and 4% of the tumor burden in vehicle-treated mice on day 9 (Fig. 5.8A). Mice 

treated with the un-activatable PrAg-U7 toxin experienced no reductions in tumor burden 

relative to vehicle-treated mice (Figs. 5.8A,B), and developed significant tumor burden, 

as well as the symptoms of cachexia and jaundice, as noticed previously.  

When the mice were euthanized and necropsies were performed, mice treated 

with PrAg-PAS toxin or PrAg-IC toxin had substantially less tumor burden within the 

peritoneal cavity than did mice treated with vehicle or PrAg-U7 toxin (Figs. 5.9A,D). 

PrAg-PAS toxin- and PrAg-IC toxin-treated animals possessed few, if any, tumors 

attached to the diaphragm, wall of the peritoneal cavity, tissue surrounding the mesentery 

arteries, intestinal tract, or surrounding the major organs (Figs. 5.9B,D). Vehicle- and 

PrAg-U7 toxin-treated mice had significant tumor accumulation and tumor attachment to 

these areas (Figs. 5.9A,C). Mice in the vehicle- and PrAg-U7 toxin-treated cohorts also 

presented with enlarged gall bladders, as seen in Figs. 5.9A,C, whereas this was not seen 

in mice treated with PrAg-PAS toxin or PrAg-IC toxin (Figs. 5.9B,D). As before, all 

toxin treatments were well tolerated. Mice displayed no treatment-specific weight loss, 

outward signs of toxicity, or gross organ damage due to treatment with the toxins.   

These data demonstrate that proteolytic activation of the PrAg-PAS toxin is 

required for its anti-ovarian tumor effect, and suggest that in the absence of proteolytic 

activation, the mutant PrAg toxins are relatively inactive. These data also suggest that 
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PrAg-IC toxin, not previously demonstrated to be effective at treating preclinical models 

of ovarian cancer, also requires proteolytic activation, and is effective at reducing i.p. 

ovarian tumor burden and metastasis in this mouse model. 
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Figure 5.8. Ovarian tumor killing by mutant PrAg toxins requires their proteolytic 

activation. ES-2-luc cells were injected i.p. into cohorts of female athymic nude mice 

(n=5). Mice received six treatments of vehicle (PBS), PrAg-PAS toxin (15 µg PrAg-PAS 

and 5 µg LF), PrAg-U7 toxin (15 µg PrAg-U7 and 5 µg LF), or PrAg-IC toxin 

(combination of 7.5 µg of each PrAg-IC component protein and 5 µg LF). Tumor burden, 

as measured by luciferase activity levels, was monitored using the IVIS system. A) 

Ovarian tumor burden was reduced, as indicated by reduced average luciferase activity 

levels, in mice treated with PrAg-PAS toxin, as well as in mice treated with PrAg-IC 

toxin, but not in mice treated with PrAg-U7 toxin, relative to vehicle treated mice. B) 

Images representing the peak luciferase activity levels in the individual mice treated with 

vehicle, PrAg-PAS toxin, PrAg-U7 toxin, or PrAg-IC toxin. Images show the increase in 

tumor burden over time in mice treated with vehicle or PrAg-U7 toxin, and a decrease in 

tumor burden in mice treated with PrAg-PAS toxin or PrAg-IC toxin. Quantitative data 

are represented as mean values with their respective standard errors (+/-SEM). **p < 

0.01, ***p < 0.001. Significance of all results was tested using unpaired two-tailed 

Student’s t test. Continued in Fig. 5.9. 
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Figure 5.9. Ovarian tumor killing by mutant PrAg toxins requires their proteolytic 

activation. Upon performing necropsies, ES-2-luc tumor burden was widespread in mice 

treated with A) vehicle or C) PrAg-U7 toxin. Tumor cells covered the diaphragm, and 

multiple tumor nodules were dispersed throughout the abdominal cavity with tumor 

nodules occasionally observed attached to organs. Substantially fewer tumor cells and 

tumor nodules were observed in mice treated with B) PrAg-PAS toxin or D) PrAg-IC 

toxin. Necropsy images are representative of the tumor burden in each of the respective 

cohorts of mice. Arrows indicate areas of substantial tumor burden or tumor nodules. 
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5.2.7 Ovarian tumor cell spheroids are susceptible to PrAg toxin-induced cell death 

In order to further investigate how PrAg-PAS toxin reduces in vivo ovarian tumor burden, 

we sought to investigate whether the mutant PrAg toxins might reduce ovarian tumor 

burden through killing of ovarian tumor cells grown as spheroids. Ovarian tumor cell 

spheroids are often present in the ascites of ovarian tumor patients. They are produced as 

a result of tumor cells shedding from a primary tumor and surviving in a non-attached 

state in the fluid of the peritoneal cavity. Ovarian tumor spheroids can attach to, invade, 

and establish secondary metastatic tumor sites within the peritoneal cavity and are 

therefore, in addition to attached tumor cells in the peritoneal space, considered potential 

therapeutic targets. To investigate whether ovarian tumor spheroids are susceptible to 

PrAg toxin-induced killing, the six ovarian tumor cell lines that were treated with the 

mutant PrAg toxins in Chapter 4 were cultured under non-adherent conditions to promote 

their aggregation. Under such conditions, three of the six ovarian tumor cell lines (ES-2, 

SKOV-3, NCI/ADR-Res) formed compact spheroids (Figs. 5.10A-C), while the other 

three (A2780, CaOV-3, OVCAR-3) formed tumor cell aggregates that were either loosely 

associated with each other or remained as single cells (Figs. 5.10D-F). Incubation of the 

compact spheroids (ES-2, SKOV-3, NCI/ADR-Res), which were amenable to MTT assay 

conditions, with PrAg-PAS toxin resulted in variable levels of tumor cell death (Fig. 

5.10G), indicating that ovarian tumor cells are susceptible to killing by the mutant PrAg-

toxins in attached (Figs. 3.11A-F) and non-attached conditions (Fig. 5.10G), representing 

both the attached and non-attached ovarian tumor cell populations that are found in 

patients with advanced stage ovarian cancer. These results also indicate ovarian tumor 

cell spheroids possess active cellular machinery to process the mutant PrAg toxins. 
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However, the ovarian tumor spheroids were less sensitive to the PrAg toxins than were 

the attached ovarian tumor cells.  

As another approach to investigate the susceptibility of ovarian tumor spheroids 

to killing by the PrAg-PAS toxin, ES-2-luc tumor cell spheroids obtained from the 

experiments in 5.2.5 were cultured ex-vivo and incubated with increasing concentrations 

of PrAg-PAS toxin (composed of either PrAg protein and LF or FP59), PrAg-WT toxin, 

or controls (PrAg-PAS alone, PrAg-WT alone, LF alone, FP59 alone, or no treatment). 

The ES-2-luc ex-vivo spheroids were treated twice (with 48 hour intervals between 

treatments), and then the extent of ovarian tumor spheroid killing by the toxins was 

assayed by fluorescence (green = live cells; red = dead/dying cells). The data indicated 

that when the spheroids were indicated with PrAg-PAS toxin composed of PrAg-PAS 

and LF, the toxin inhibited growth of the tumor spheroid, likely through inhibiting tumor 

cell proliferation (Fig. 5.11). Yet, the PrAg-PAS toxin (when composed of PrAg-PAS 

and LF) did not appear to induce substantial tumor cell death (Fig. 5.11). Likewise, when 

the spheroids were incubated with PrAg-WT toxin composed of PrAg-WT and LF, 

spheroid growth was inhibited, without substantial induction of tumor spheroid death 

(Fig. 5.11). In contrast to these results, when the spheroids were incubated with PrAg-

PAS toxin or PrAg-WT toxin composed of PrAg protein and FP59, the toxins induced 

substantial tumor spheroid death, as indicated by loss of spheroid integrity and increased 

abundance of dying or dead tumor cells (red fluorescence) (Fig. 5.11). Moreover, 

incubation with of the spheroids with PrAg-PAS toxin (composed of PrAg-PAS and 

FP59) resulted in a dose-dependent increase in tumor spheroid cytoxicity (Fig. 5.11). 

Incubation of the spheroids with PrAg-PAS, PrAg-WT, LF, or FP59 alone did not result 
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in any apparent tumor spheroid growth inhibition or spheroid death, relative to untreated 

spheroids (Fig. 5.11).   
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Figure 5.10. Ovarian tumor cell spheroids are susceptible to PrAg-PAS toxin-

induced killing. Ovarian tumor cell lines were grown in non-adherent conditions to form 

ovarian tumor spheroids. A) ES-2, B) SKOV-3, and C) NCI/ADR-Res formed compact 

spheroids, while D) A2780, E) CaOV-3, and F) OVCAR-3 formed loosely aggregated 

clumps of cells. The images are representative of at least two independent experiments. 

The three cell lines that formed compact spheroids were incubated with 0 or 1000 ng/mL 

PrAg-PAS and FP59 (50 ng/mL) for 48 hours and spheroid viability was assayed by 

MTT assay. The graph is representative of two independent experiments performed in 

triplicate. Quantitative data are represented as mean values with their respective standard 

errors (+/-SEM).  
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Figure 5.11. Ex-vivo ES-2-luc ovarian tumor cell spheroids are susceptible to PrAg-

PAS toxin-induced killing. ES-2-luc ovarian tumor cell spheroids were cultured ex-vivo 

in non-adherent conditions for 72 hours. The spheroids were then incubated with 

increasing doses (0, 10, 100, 1000 ng/mL) of PrAg-PAS in combination with LF (100 

ng/mL) or FP59 (100 ng/mL). As controls, spheroids were also incubated with PrAg-

PAS, PrAg-WT, LF, or FP59 alone, or were treated with vehicle (growth media). 

Spheroids were treated twice, at intervals of 48 hours, and assayed for spheroid viability 

after 96 hours. The images are representative of at least 3 independent wells per 

treatment, each containing approximately equal sized tumor spheres. The experiment was 

performed once. Green fluorescence indicates viable cells. Red fluorescence indicates 

dead or dying cells. 
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5.2.8 PrAg-PAS toxin treatment extends survival in a murine xenograft tumor model 

Based on the results indicating that PrAg-PAS toxin could significantly reduce i.p. 

xenograft ovarian tumor burden, we sought to determine whether the PrAg-PAS toxin-

mediated reductions in tumor burden could translate into an extension of mouse survival, 

and if so whether this activity could exhibit dose-dependence. Therefore, female athymic 

nude mice injected i.p. with ES-2-luc tumor cells, upon tumor development, were divided 

into cohorts of equal average tumor burden. The cohorts of mice then received nine i.p. 

injections composed of different doses of PrAg-PAS toxin (45 μg, 15 μg, or 6 μg PrAg-

PAS, in combination with 15 μg, 5 μg, or 2 μg LF, respectively) or vehicle (PBS). Mice 

were euthanized when they exhibited substantial weight gain (> 10%), were moribund, or 

exhibited other signs of significant malaise and/or distress due to tumor burden. An 

increase in body weight of > 10% was chosen as the primary endpoint in the absence of 

health conditions caused by tumor burden because it is typical weight gain suggestive of 

excess tumor burden in the relevant literature. Tumor-bearing mice treated with either of 

the two highest doses of PrAg-PAS toxin (15 µg or 45 µg of PrAg-PAS, combined with 5 

µg or 15 µg of LF, respectively) exhibited significant 2.04-fold and 2.06-fold increases in 

survival over the course of the experiment, relative to mice treated with vehicle (Fig. 

5.12). Tumor-bearing mice treated with the lowest dose of PrAg-PAS toxin (6 µg PrAg-

PAS combined with 2 µg LF) exhibited a significant 1.7-fold increase in survival, relative 

to mice treated with vehicle (Fig. 5.12). Upon euthanasia, necropsies were performed. 

Mice treated with vehicle, as expected, had substantial tumor burden, with tumor 

distributions similar to those seen in Fig. 5.9A (not shown). At the time of euthanasia, the 

majority of mice that were treated with the different doses of PrAg-PAS toxin had a 
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recurrence of tumor burden that upon performing necropsies appeared similar that seen in 

the vehicle-treated mice. Yet, some of the mice did not experience widespread tumors, 

but rather presented with tumor aggregation only surrounding the liver and adjacent to 

the spleen, relative to mice treated with vehicle (not shown). The toxin doses were well 

tolerated by the mice. These data demonstrated a significant, dose-dependent effect of 

PrAg-PAS toxin treatment in extending survival in a xenograft model of metastatic 

ovarian cancer. 
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Figure 5.12. Treatment with PrAg-PAS toxin extends survival in a dose-dependent 

manner. ES-2-luc cells were injected i.p. into cohorts of female athymic nude mice. 

Mice received nine treatments of three different concentrations of PrAg-PAS toxin (45 

µg, 15 µg, 6 µg PrAg-PAS and 15 µg, 5 µg, 2 µg LF, respectively), or vehicle (PBS). 

Tumor burden, as measured by luciferase activity levels, was monitored using the IVIS 

system. Metastatic ovarian tumor disease was allowed to progress in mice bearing ES-2-

luc tumors until mice reached experimental endpoints or succumbed to the disease. The 

Kaplan-Meier plot was shows the PrAg-PAS toxin treatments significantly increased 

survival in mice bearing ES-2-luc xenograft tumors. The graph was generated using 

GraphPad Prism software and significance was tested by Log-rank (Mantel-Cox) Test. 

Significance of treatment group comparisons were adjusted for by the Bonferroni 

method. The p value of < 0.05 (typically considered statistically significant) was divided 

by the number of comparisons, K, to be made amongst the treatment groups (K=6 

comparisons). The adjusted p value of < 0.008 was then considered the threshold of 

statistical significance. n=4 vehicle, n=5 all other cohorts. 
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5.3 Discussion 

Investigations into whether the mutant PrAg toxins could reduce ovarian tumor growth 

and metastasis in vivo revealed that PrAg-PAS toxin was a well-tolerated, yet potent anti-

ovarian tumor toxin. Treatment with PrAg-PAS toxin resulted in a significant decrease in 

ovarian tumor burden when measured by the IVIS system, as well as when tumor burden 

was observed following necropsy. Mice treated with PrAg-PAS toxin were protected 

from developing significant ovarian tumor burden and widespread tumor dissemination; 

they were also spared the side-effects of ovarian cancer that developed in vehicle treated 

mice, specifically mild jaundice and cachexia. Moreover, PrAg-PAS toxin-treated mice 

experienced significant increases in survival, relative to vehicle-treated mice. 

The anti-tumor effects of PrAg-PAS toxin were shown to be largely dependent on 

the presence of both components of PrAg-PAS toxin, namely PrAg-PAS and LF. Neither 

PrAg-PAS nor LF induced efficient tumor cell killing equal to the killing induced by 

PrAg-PAS toxin, independent of the other, nor did they have independent effects that 

together produced the significant tumor reductions resulting from treatment with PrAg-

PAS toxin. The effects of PrAg-PAS toxin were also shown to be dependent upon its 

proteolytic activation, as a toxin lacking the PrAg-PAS cleavage site was incapable of 

inducing tumor regressions, likely due to its inability to be activated. A similar result was 

seen when PrAg-TAS toxin was incubated with tumor cells; it was unable to induce cell 

death, likely due to its inability to be proteolytically cleaved to an activated form (Figs. 

3.3A, 3.6E, 3.9E, 3.11A-D,F). The lack of PrAg-PAS activation by tumor cells suggests 

that the protease that cleaves the testisin activation domain sequence (found within PrAg-

TAS) to activate the testisin zymogen is either located in intracellular compartments and 
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therefore unable to access PrAg-TAS, or if located on the cell surface, that it does not 

localize with ANTXR bound PrAg-TAS and is therefore unable to activate PrAg-TAS. 

Alternatively, the testisin-activating protease may be unable to access the activation 

sequence in PrAg-TAS due to conformational constraints.  

The mechanism accounting for the modest PrAg-PAS tumor reduction, in absence 

of LF, is unknown, but seemed to have been dependent on PrAg-PAS activation, as 

PrAg-U7 had no such effect. It is tempting to speculate that the disruptions to tumor 

growth following treatment with PrAg-PAS alone may have resulted from 

oligomerization of the anthrax toxin receptors following PrAg-PAS cleavage and 

activation, with or without formation of PrAg-PAS-induced endosomal pores that 

ultimately disrupted cellular homeostasis. The lack of tumor reductions in PrAg-U7-

treated mice suggests that the tumor reductions seen following PrAg-PAS alone treatment 

were not mediated by mere occupancy or saturation of the ANTXR receptors, as PrAg-

PAS and PrAg-U7 would be suspected to equally bind to the receptors. Yet, only the 

receptors bound to PrAg-PAS would be able to undergo oligomerization following 

proteolytic activation of PrAg-PAS. 

In the previous chapters, the mutant PrAg toxins were demonstrated to be capable 

of killing ovarian tumor cells attached to cell culture surfaces. In this chapter, we also 

sought to explore the nature of how PrAg-PAS toxin reduced in vivo ovarian tumor 

burden so we investigated whether PrAg toxins were able to kill ovarian tumor cells 

spheroid. Incubation of ovarian tumor spheroids with PrAg-PAS toxin revealed that 

ovarian tumor spheroids can be killed by mutant PrAg toxins. These data suggest that in 

addition to killing ovarian tumor cells attached to various surfaces in vivo, ovarian tumor 
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spheroids present in the intraperitoneal fluids may also be killed by treatment with PrAg-

PAS toxin. 

Finally, we also discovered that treatment with PrAg-IC toxin, the mutant PrAg-

toxin requiring activation by both uPA and MMP2/9, was able to reduce ovarian tumor 

burden and metastasis in the xenograft ovarian tumor model, similar to PrAg-PAS toxin. 

This is a novel finding indicating that not only can mutant anthrax toxins that are 

activated by membrane-anchored serine proteases be used to reduce ovarian tumor 

burden in vivo, but that uPA- and MMP2/9-activated anthrax toxins might also be used 

for a similar purpose.  
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Chapter 6. Discussion and Future Directions 

 

First-line ovarian cancer treatment primarily relies on surgical debulking and the use of 

chemotherapeutics. For some patients, the long-term use of chemotherapeutics is 

problematic due to the development of chemotherapeutic-resistant tumor cells, and off-

target side effects that result from attempting to counter resistant cells. Unfortunately, 

once chemotherapeutic resistant tumor cells develop, there is no effective alternative 

treatment. To address the lack of effective long-term treatments for ovarian cancer, there 

is an urgent need for novel, tumor-targeted, anti-ovarian cancer therapies. Proteases 

which are overexpressed by tumor cells and promote tumor growth and metastasis are 

being investigated as novel therapeutic targets for the treatment of many cancers. The 

goal of this study was to determine whether serine protease-activated, anti-tumor 

therapies might be a feasible treatment option for women diagnosed with ovarian cancer. 

Tumor-expressed MMPs were among the first proteases shown to promote tumor 

growth and metastasis. The earliest approaches to target tumor-expressed MMPs 

depended on small-molecule protease inhibitors to slow tumor growth or eliminate tumor 

cells. Unfortunately, these small molecules had off-target effects and inhibited target 

proteases ubiquitously, not only in tumors. Because MMPs are critical regulators of a 

wide variety of physiological processes, clinical use of these first-generation, protease-

targeted therapeutics was halted due to unacceptable side effects [157,158]. More 

recently, a new generation of protease-targeted therapeutics, consisting of protease-

specific inhibitory antibodies and antibody-conjugates has been developed to slow tumor 

growth or eliminate tumors cells by targeting tumor-expressed proteases other than 

MMPs. They function via protease inhibition or the delivery of cytotoxic reagents once 
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tumor cells endocytose and internalize the antibody-drug conjugates [186]. Because 

antibody-based therapies do not differentiate between tumor-expressed proteases and 

proteases expressed in non-tumor tissues, their use may also have unforeseen 

consequences when used in vivo.  

An alternative strategy to targeting tumor cells through the use of protease-

targeted therapeutics is to exploit the enzymatic dysregulation of tumor-expressed 

proteases. Since tumor-expressed proteases are believed to be enzymatically hyperactive 

compared to proteases in typical, well-regulated, non-tumor environments, the use of 

protease-activated therapeutics which are preferentially activated by tumor-expressed 

proteases may be able to achieve increased tumor specificity and show reduced side-

effects relative to the use of small-molecule protease inhibitors and antibody-based 

therapeutic platforms. In this study, we attempted to target the enzymatic activities of 

tumor cell-expressed testisin, hepsin, and matriptase.   

Since the membrane-anchored serine proteases testisin, hepsin, and matriptase are 

aberrantly expressed on the surface of ovarian tumor cells, and the anthrax toxin PrAg 

requires cell-surface proteolytic activation, we hypothesized that we could engineer 

anthrax toxin to be activated by testisin, hepsin, and matriptase to target and kill ovarian 

tumor cells to reduce ovarian tumor burden. By mutating the native furin-cleaved 

activation site in anthrax toxin PrAg to amino acid sequences demonstrated to be cleaved 

by testisin, hepsin, and matriptase, we established that mutant PrAg toxins could be 

targeted toward, and activated by, the enzymatic activities of testisin, hepsin, and 

matriptase in vitro and in cell culture to produce specific increases in ovarian tumor cell 

death. Moreover, we established that the mutant PrAg toxins were cytotoxic to multiple 
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human tumor cell lines, including a panel of human ovarian tumor cell lines that each 

express variable levels of testisin, hepsin, or matriptase. When used to treat xenograft 

tumor-bearing mice, the mutant PrAg toxins substantially inhibited growth of 

subcutaneous tumors, and reduced i.p. ovarian tumor burden and extended mouse 

survival. The results of this study suggest that targeting testisin, hepsin, and matriptase 

with protease-activated therapeutics, such as engineered anthrax toxins, may be a novel 

and effective approach to treating women diagnosed with ovarian cancer, and possibly 

for specifically killing chemotherapeutic-resistant ovarian tumor cells.  

To our knowledge, this is the first study revealing that testisin, hepsin, or 

matriptase can be targeted with engineered anthrax toxins to kill tumor cells in culture 

and in vivo. Moreover, this is the first time these proteases have been targeted with a 

protease-activated, tumor-targeted reagent to kill tumor cells. Future research extending 

upon these findings may involve establishing whether the activities of testisin, hepsin, or 

matriptase can be targeted to kill tumors other than ovarian, in which hepsin and 

matriptase, and potentially testisin, are found overexpressed. The finding that prostate 

cancer cells express significant amounts of hepsin and matriptase mRNA (Fig. 4.5) and 

are susceptible to PrAg-PCIS toxin (Fig. 4.4) indicates that prostate cancer may be an 

optimal tumor type to further investigate the ability of these mutant toxins to reduce 

tumor burden in vivo. 

As this was the first time testisin, hepsin, and matriptase have been targeted with 

protease-activated reagents, it is also the first time members of the membrane-anchored 

serine protease family have been targeted using engineered anthrax toxins, or any other 

protease-activated reagent, to kill tumor cells in cell culture and in vivo. Our findings 
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suggest that in addition to the tumor cell expression of testisin, hepsin, and matriptase, 

other tumor-expressed membrane anchored serine proteases may also be targeted with 

protease-activated reagents to reduce tumor burden [38-55]. In addition to engineered 

anthrax toxins, potential approaches include other protease-activated toxins [187-189], or 

activatable cell-penetrating peptides (ACPPs) [190-192]. To complement the killing of 

tumor cells by these strategies, modifying engineered anthrax toxins to serve as 

diagnostic approaches to detect the presence and progression of tumors may also be of 

great clinical benefit. Anthrax toxin functions as a highly efficient protease-activated 

protein delivery system, which has been engineered to deliver different payloads into the 

cytosol in addition to LF, EF, and FP59 [137-143] to induce cytotoxic effects as well as 

accomplish other actions, such as single cell imaging. It is foreseeable that future 

payloads may be rationally designed to enable engineered anthrax toxins to be used for 

diagnostic cancer imaging.  

Our experiments revealed that the mutant PrAg proteins were not strictly 

activated by testisin, hepsin, and matriptase, but were also able to be activated by 

additional membrane-anchored and pericellular serine proteases in vitro and in cell 

culture. Protease specificity for cleaving distinct P4-P4´ amino acid sequences often 

overlaps with that of other proteases and is influenced by many factors (such as protease 

and substrate concentrations, presence of cofactors, and interaction time). Therefore, it is 

not surprising that dysregulated tumor-expressed serine proteases in addition to testisin, 

hepsin, and matriptase would be able to cleave the P4-P4´ activation sites in the mutant 

PrAg proteins to result in activation of the mutant toxins. Notably, since the mutant PrAg 

proteins were not susceptible to cleavage by furin or prostasin, and some were not even 
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completely cleaved by testisin, hepsin, or matriptase over the course of the experiments, 

the results suggested the mutant PrAg toxins are likely to be activated with a degree of 

specificity that would prevent them from being activated in a wide-spread, off-target 

manner in vivo.  

While lack of specificity with regards to targeting a tumor antigen with an anti-

cancer drug for therapeutic purposes is often considered a drawback, in the case of 

mutant anthrax toxins it may be a beneficial characteristic. Over time, the use of 

traditional therapeutics that target a single tumor antigen may result in reduced efficacy 

due to selective pressure and clonal expansion of tumor cells specifically lacking the 

tumor antigen. To address this issue, and prevent the development of resistant tumor cell 

populations, traditional therapeutics are often administered in drug cocktails, consisting 

of multiple drugs that each target different tumor antigens. The susceptibility of the 

mutant PrAg toxins to cleavage by a set of similarly dysregulated serine proteases may 

result in a single toxin functioning in the same manner as a therapeutic cocktail, and 

enable the mutant PrAg proteins to be used even if a tumor cell downregulates an 

individual protease, or inhibits its enzymatic activity. Should a mutant PrAg toxin lose its 

ability to kill tumor cells, the option exists to administer a mutant toxin bearing an 

alternative activation site amino acid sequence.  

Anthrax toxin has additional features that make it an optimal system for 

engineering into a protease-activated, tumor-targeting cytotoxin. Importantly, these 

features may also be amenable to modification in order to address other potential 

drawbacks associated with the use of engineered anthrax toxins as anti-tumor 

therapeutics. The primary anthrax toxin receptor, CMG2, is expressed in nearly all tissues 
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[125,126], allowing for the targeting of tumors of diverse tissue origins. A drawback that 

may be encountered with regard to using engineered anthrax toxins in the clinic is that 

engineered anthrax toxins may bind to CMG2 in non-tumor tissues. Alternatively, CMG2 

may be downregulated by a tumor, to ultimately result in resistance to this strategy. 

Should this be encountered, studies have revealed that anthrax toxin can be engineered to 

preferentially bind to the other native anthrax toxin receptor, TEM8 [154]. Moreover, 

anthrax toxins have been engineered to bind to alternative receptors such as EGFR 

(Epidermal Growth Factor Receptor-1) [193] and HER2 (Human Epidermal Growth 

Factor Receptor-2) [194], whose presence is enriched on the surfaces of certain tumors. It 

is likely that anthrax toxin can be engineered to bind to multiple other tumor cell-surface 

receptor antigens to expand the repertoire of tumor types that can be targeted with 

engineered anthrax toxin therapy.  

While engineered PrAg proteins have been shown to be capable of binding to 

CMG2 and TEM8 to potently kill tumor cells that express uPA and MMPs in cell culture 

and in vivo, they have also been shown to exert their anti-tumor effects through targeting 

and killing tumor-associated neo-vasculature [148,149,150,153]. As CMG2 and TEM8 

are highly expressed in endothelial cells and tumor-associated vasculature [195-200], this 

was not altogether unexpected. Although the uPA- and MMP2/9-activated PrAg toxins 

were able to kill tumor cells in culture, their preferential killing of tumor-associated 

vasculature may have been due to a higher expression of CMG2 and TEM8 on the 

surfaces of the endothelial cells, relative to tumor cells. It is likely that because the uPA- 

and MMP2/9-activated anthrax toxins were delivered i.p. and required distribution 

through the blood to reach the tumors, the mutant toxins interacted with the abundant 
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receptors expressed on the vasculature, relative to the low to moderate levels of receptor 

present on the tumor cells. Subsequent toxin activation by pericellular uPA and MMP2/9 

in the tumor microenvironment, expressed by the tumor cells or by the neovessels 

themselves (or both), may have resulted in killing of the tumor-associated vessels, and 

subsequent death of tumor cells due to nutrient restriction and oxygen starvation.  

When we investigated whether the PrAg-PCIS toxin inhibited tumor growth in 

vivo through targeting of the HeLa tumor cells or targeting tumor-associated vasculature, 

our findings indicated that there were no significant differences in vessel density in the 

tumors that were treated with PrAg-PCIS toxin, relative to the tumors that were treated 

with vehicle. Moreover, there were no differences in the detection of activated caspase-3. 

Based on these results, whether PrAg-PCIS toxin targeted tumor vasculature and/or 

tumor cells could not be determined. In future experiments, the targeted cell type could 

be identified by performing necropsies and immunohistochemical analysis of tumor 

tissues at earlier timepoints after PrAg-PCIS toxin treatment.   

Whether the potent anti-ovarian tumor effects of PrAg-PAS toxin were due to 

targeting the ES-2 ovarian tumor cells or targeting tumor-associated vasculature in the 

i.p. space, or both, is unknown at this point. Since the toxin was administered to the 

xenograft tumor model through an i.p. route, and therefore did not require systemic 

delivery to interact with the tumor cells, the toxin could have acted directly on the 

ovarian tumor cells in the time immediately following the PrAg toxin injection. Yet, as 

i.p. treatments are distributed systemically through the bloodstream with time, the PrAg 

toxin could also have interacted directly with the tumor-associated vasculature to result in 

reductions in tumor burden. As other engineered anthrax toxins have been reported to 
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target tumor vasculature, it is possible that if PrAg-PAS toxin were administered via an 

i.v. route, it would have interacted preferentially with the tumor-associated vasculature to 

result in endothelial cell killing and reduced ovarian tumor burden. Delivery via an i.v. 

route was not investigated in this work, and would be an interesting focus of future 

investigations.   

In these studies we also discovered that treatment with PrAg-IC toxin, the mutant 

PrAg-toxin requiring activation by both uPA and MMP2/9, was able to reduce ovarian 

tumor burden. Interestingly, treatment with the uPA- and MMP2/9-activated PrAg-IC 

toxin was just as efficacious as PrAg-PAS toxin at reducing i.p. ovarian tumor burden. 

Since PrAg-PAS toxin and the PrAg-IC toxins are activated by different proteases, yet 

were observed to have approximately equal effectiveness at reducing ovarian tumor 

burden, this further emphasizes the question as to the mechanism of how PrAg-PAS toxin 

reduces tumor burden. Whether PrAg-PAS toxin and PrAg-IC toxin have similar, or 

overlapping, modes of action would be an interesting area of future investigation.  

If PrAg-PAS toxin were discovered to kill tumor-associated vasculature, it would 

raise intriguing questions as to whether the tumor-associated endothelial cells express 

testisin, hepsin, and/or matriptase in vivo. Endothelial cells have been reported to express 

testisin, hepsin, and matriptase, as well as other potentially reactive membrane-anchored 

serine protease [201]. Testisin is expressed by human dermal endothelial cells 

(HDMECs) grown on tissue culture plastic as well as both HDMECs and human 

umbilical vein endothelial cells (HUVECs) grown on collagen type I in two-dimensional 

and three-dimensional formats [201]. Hepsin is expressed by HUVECs grown on type-I 

collagen in two-dimensional and three-dimensional formats [201]. Matriptase is 
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expressed by HDMECs grown on matrigel, as well as HDMECs and HUVECs grown on 

collagen type I in two-dimensional and three-dimensional formats [201]. If the tumor-

associated vasculature did not express these membrane-anchored serine proteases, it 

would indicate that the mutant PrAg toxins might be capable of being trans-activated, 

where they are bound to the receptors on endothelial cells, but activated by membrane-

anchored serine proteases on tumor cells. Alternatively, this finding might indicate that 

the mutant PrAg toxins are being activated by serine proteases with similar specificities 

as testisin, hepsin, and matriptase. As our experiments revealed that the mutant PrAg 

toxins are variably susceptible to activation by proteases in addition to testisin, hepsin, 

and matriptase, this would not be wholly unexpected.  

Although the use of engineered anthrax toxins may be promising, drawbacks may 

be associated with their use in the clinic. The foremost drawback is that anthrax toxin 

proteins are not typically present in humans. As ‘foreign’ molecules, their use will likely 

activate adaptive immune responses and trigger the production of antibodies that 

neutralize the engineered anti-tumor toxins. Ongoing research is addressing this concern 

and has revealed that administration of a regimen consisting of pentastatin and cytoxan 

(cyclophosphamide) is able to suppress the immune system and deplete adaptive immune 

cells (while sparing myeloid cells). This immunosuppressive and immunodepleting 

regimen, when administered before treatment with a mesothelioma-targeted recombinant 

immunotoxin (SS1P), significantly inhibited the development of anti-SS1P antibodies in 

murine and human patients to allow for repeated uses of the exogenous therapeutic toxin 

in the treatment of chemotherapeutic resistant mesothelioma [202,203]. Although these 

studies are ongoing, it is hopeful that the use of pentastatin and cyclophosphamide will 
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also enable repeated therapeutic treatments with engineered anthrax toxins when they are 

investigated as anti-tumor therapeutics in the clinic. 

In summary, in this study, we sought to determine whether membrane-anchored 

serine proteases testisin, hepsin, and matriptase could be targeted with engineered anthrax 

toxins to target ovarian tumor cells and reduce ovarian tumor burden. Our results suggest 

that this may be a promising therapeutic strategy. Yet, translation of engineered anthrax 

toxins into the clinic for such purposes requires further study, some of which have been 

mentioned here. Ultimately, since anthrax toxin is a highly versatile platform, it is 

possible that PrAg toxins may be engineered to be activated by membrane-anchored 

serine proteases that are designed through directed-evolution to specifically cleave only 

distinct P4-P4´ sequences that are inserted into mutant PrAg toxin activation sites. These 

proteases may be delivered specifically to tumors as zymogens (either as cDNA, RNA, or 

protein), and activated only on the surfaces of tumor cells. Additionally, said anthrax 

toxins may also be designed to bind only to synthetic cell-surface receptors that are also 

delivered specifically to tumor cells. Should these reagents be developed they would 

likely herald the creation of a tumor-specific cytotoxin that is able to deliver a variety of 

reagents into tumor cells, and to exert not only cytotoxic, but also signal-system 

modulator effects specifically in the cytosol of tumor cells, while remaining harmless in 

the cytosol of non-transformed cells. Additionally, they may also enable diagnostic 

imaging of tumor cells to facilitate early detection of cancers that currently are difficult to 

detect in their early stages, such as ovarian cancer. Ultimately, such reagents may be used 

to effectively treat women diagnosed with ovarian cancer and lower the number of deaths 
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resulting from ovarian cancer diagnoses. Hopefully, the findings of this study will 

contribute to the development and clinical application of such reagents. 
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Appendix 

 

Table of Reagents 

Reagent Catalog # 

(where 

available) 

Source 

Recombinant proteins 

mouse testisin 6820-SE-10 R & D Systems 

human hepsin  4776-SE-10 R & D Systems 

human prostasin  4599-SE R & D Systems 

HAT  2695-SE R & D Systems 

human thrombin 470HT American Diagnostica 

human uPA ADG125N American Diagnostica 

human furin N/A Dr. Iris Lindberg (University of Maryland 

School of Medicine, Baltimore, MD) 

[161] 

human matriptase  N/A Dr. Richard Leduc (Universite de 

Sherbrooke, Quebec, Canada) [162] 

human aPC N/A Dr. Li Zhang (University of Maryland 

Baltimore School of Medicine, Baltimore, 

MD) [204] 

human PCI  N/A Dr. Yolanda Fortenberry (Division of 

Pediatric Hematology, Johns Hopkins 

University School of Medicine, 

Baltimore, MD) [159,160] 

aprotinin A1153 Sigma-Aldrich 

PrAg-IC 

(combination of PrAg-U2 

R200A & PrAg-L1ff 

I207R, each provided in 

individual aliquots) 

N/A Dr. Stephen Leppla, (National Institute of 

Allergy and Infectious Diseases, National 

Institutes of Health, Bethesda, MD) 

[135,136] 

PrAg-U7 N/A Dr. Stephen Leppla [133] 

Restriction enzymes  New England Biolabs 

 

Peptide substrate 

Boc-QAR-AMC ES014 R & D Systems 
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Table of Expression Plasmids 

 

Plasmid Expression product Source 

pcDNA 3.1-

matriptase 

human matriptase Dr. Chen-Yong Lin 

(Georgetown University, 

Washington DC) [62] 

pcDNA 3.1-HAI-1 human HAI-1 Dr. Chen-Yong Lin [62] 

pcDNA 3.1-HAI-2 human HAI-2 Dr. Chen-Yong Lin [205] 

pYS5-PA33 PrAg (RAAR cleavage site) Dr. Stephen Leppla [163] 

pYS5 PrAg (RKKR cleavage site) Dr. Stephen Leppla 

pcDNA 3.1 vector Invitrogen 

pcDNA 3.1-testisin human testisin Antalis Lab, Erik Martin 

pcDNA 3.1-testisin-

R41A 

human testisin R41A 

‘zymogen-locked’ mutant 

Antalis Lab, Erik Martin 

pcDNA 3.1-testisin-

S238A 

human testisin S238A 

catalytic triad mutant 

Antalis Lab, Erik Martin 

pDisplay-GPI-HA-

testisin 

HA-tagged GPI-testisin Antalis Lab, Kate Driesbaugh 

pcDNA 3.1 hepsin human hepsin Antalis Lab, Erik Martin 

pcDNA 3.1 hepsin-

S353A 

human hepsin S353A 

catalytic triad mutant 

Antalis Lab, Erik Martin 

pIRES-EGP-prostasin human prostasin [104] 

pMSCV-Luciferase 

PGK-hygro  

luciferase Dr. Stuart Martin (University 

of Maryland School of 

Medicine, Baltimore, MD) 

pCDH-EF1-MCS-

IRES-Puro 

vector Systems Biosciences 

pCDH-EF1-HA-

testisin 

HA-tagged human testisin Antalis Lab, Erik Martin 

pCDH-EF1-HA-

testisin-R41A 

HA-tagged human testisin 

R41A ‘zymogen-locked’ 

mutant 

Antalis Lab, Erik Martin 

pCDH-EF1-HA-

testisin-S238A 

HA-tagged human testisin 

S238A catalytic triad mutant 

Antalis Lab, Erik Martin 

pCDH-EF1-testisin human testisin Antalis Lab, Erik Martin 

pCDH-EF1-testisin-

R41A 

human testisin R41A 

‘zymogen-locked’ mutant 

Antalis Lab, Erik Martin 

pCDH-EF1-testisin-

S238A 

human testisin S238A 

catalytic triad mutant 

Antalis Lab, Erik Martin 

pCMV-R8.2  lentiviral packaging proteins Antalis Lab 

pCMV-VSVg lentiviral envelope protein Antalis Lab 

pCMV.SEAP.PAR-2 PAR-2 with alkaline 

phosphatase fused to its 

extracellular N-terminus 

Dr. Shaun Coughlin 

(University of California San 

Francisco, San Francisco, CA) 

[89] 
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Table of Antibodies 

 

Antibody Species Catalog # Source 

anti-PCI mouse N/A Dr. Yolanda Fortenberry 

[159,160] 

anti-PrAg 

(no. 5308)  

rabbit N/A Dr. Stephen Leppla [134] 

anti-HAI-1 goat AF1048 R&D Systems 

anti-HAI-2 goat AF1106 R&D Systems 

anti-testisin mouse Pro1.4.C25.1 from 

hybridoma cell line 

(PTA-6076) 

ATCC 

anti-hepsin  rabbit 100022 Cayman Chemical 

anti-GAPDH rabbit 14C10 Cell Signaling Technologies 

anti-prostasin mouse 612172 BD Transduction Laboratories 

anti-matriptase  rabbit IM1014 Calbiochem 

anti-HA rabbit ab9110 Abcam 

anti-Ki67 rabbit Ab16667 Abcam 

anti-activated 

caspase 3 

rabbit 9661A Cell Signaling Technology 

anti-mouse CD31 rat 553370 BD Pharmingen 

 

Conjugated secondary antibodies 

HRP-conjugated anti-goat  KPL 

HRP-conjugated anti-mouse  Jackson ImmunoResearch 

Laboratories 

HRP-conjugated anti-rabbit  Jackson ImmunoResearch 

Laboratories 

HRP-conjugated anti-rat  Vector Laboratories 

HRP-conjugated anti-rabbit  Vector Laboratories 
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Table of Primers 

 

Protease mutagenesis primers 

R41A-testisin: F:5’GGGTCATCACGTCGGCGATCGTGGG3’ 

R41A-testisin: R:5’CCTCTCCACCCACGATCGCCGACGT3’ 

S238A-testisin: F:5’CCTGCTTCGGTGACGCAGGCGGACC3’ 

S238A-testisin: R:5’CAGGCCAAGGGTCCGCCTGCGTCAC3’ 

S353A-hepsin: F:5’GCCTGCCAGGGCGACGCGGGTGGTC3’   

S353A-hepsin: R:5’CACAAAGGGACCACCCGCGTCGCCC3’ 

PrAg mutagenesis primers 

PrAg-PAS 'A': F:5'GAGCTGCTAGAATCACGGGTGGAGGACCTACGGTTCC3' 

PrAg-PAS 'A': R:5'GGAACCGTAGGTCCTCCACCCGTGATTCTAGCAGCTC3' 

PrAg-PAS 'B': F:5'CTTCGAATTCACCACAGGCTAGAATCACGGGTGGA3' 

PrAg-PAS 'B': R:5'TCCACCCGTGATTCTAGCCTGTGGTGAATTCGAAG3'             

PrAg-PCIS 'A': F:5'GCTGCTAGATCGGCGCGTCTAGGACCTACGG3' 

PrAg-PCIS 'A': R:5'CCGTAGGTCCTAGACGCGCCGATCTAGCAGC3' 

PrAg-PCIS 'B': F:5'CTTCGAATTCATTCACGTTTAGATCGGCGCGTCTAGG3' 

PrAg-PCIS 'B': R:5'CCTAGACGCGCCGATCTAAACGTGAATGAATTCGAAG3' 

PrAg-TAS 'A': F:5'CGAATTCAAGAGCTTCTAGAATCGTGGGTGGAGGACC3' 

PrAg-TAS 'A': R:5'GGTCCTCCACCCACGATTCTAGAAGCTCTTGAATTCG3' 

PrAg-TAS 'B': F:5'CTTCGAATTCAATACCTTCTAGAATCGTGGGTGG3' 

PrAg-TAS 'B': R:3'CCACCCACGATTCTAGAAGGTATTGAATTCGAAG3' 

PrAg-UAS 'B': F:5'CTTCGAATTCACCACGTTTTAGAATCACGGGTGG3' 

PrAg-UAS 'B': R:3'CCACCCGTGATTCTAAAACGTGGTGAATTCGAAG3'  

Lentiviral testisin cloning primers 

GPI-testisin: F:5’ACTTCTAGAGGAGGCCATGGGCGCG3’  

GPI-testisin: R:5’ACTGCTAGCTATCAGACCGGCCCCAG3’ 

HA-GPI-testisin: F:5’ACTTCTAGATCCACCATGGAGACAGACAC3’ 

HA-GPI-testisin: R:5’ACTTGCTAGCTATCAGACCGGCCCCAG3’ 
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Immunoblot of SKOV-3 stably transfected cells 

 

 
 

 

SKOV-3-luc cells stably-expressing testisin have increased abundance of testisin 

protein. SKOV-3-luc cells stably-transduced with testisin (GPI-testisin, HA-GPI-

testisin), testisin mutants (S238A-testisin, HA-S238A-testisin, R41A-testisin, HA-R41A-

testisin), or vector (vector) were analyzed by immunoblot using anti-testisin antibody to 

detect testisin expression. Testisin protein expression levels were increased in the cells 

stably-transduced with testisin, but not vector control. The S238A-testisin mutants were 

poorly detected compared to full-length GPI-testisin or the R41A-testisin mutants for 

unknown reasons, but possibly due to antibody affinity. The blots were reprobed with 

anti-HA antibody to detect expression of HA-tagged testisin. The blots are each 

representative of at least two independent experiments. 
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SKOV-3 Alkaline Phosphatase release assay 

 

 
 

SKOV-3-luc cells stably-expressing testisin have increased cell-surface proteolytic 

activities. The testisin-expressing (GPI-testisin, HA-GPI-testisin) and vector (vector) 

transduced SKOV-3-luc cell lines were transfected with pCMV.SEAP.PAR-2 (a 

construct containing secreted placental alkaline phosphatase (AlkPhos) fused to the 

extracellular N-terminus of PAR-2) or vector alone. After 48 hours, cells were incubated 

in OPTI-MEM I for 4 hours and the conditioned medium was assayed for AlkPhos 

activity (a measure of PAR-2 cleavage). AlkPhos activity in the conditioned media from 

the SKOV-3-luc cells with increased testisin expression was increased relative to vector 

transduced cells. Values are representative of two independent experiments performed in 

duplicate. 
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