
The Biochemistry and
Pathophysiological Function of Testisin

Item Type dissertation

Authors Driesbaugh, Kathryn Hodge

Publication Date 2013

Abstract Testisin is a unique trypsin-like serine protease that is
localized to the extracellular membrane of cells through a
glycophosphatidylinositol (GPI)-anchor. Testisin is expressed in
sperm, eosinophils, and microvascular endothelial cells, and is
ove...

Keywords angiogenesis; PAR2; protease; testisin; Endothelial Cells; Serpins

Download date 22/05/2023 06:46:05

Link to Item http://hdl.handle.net/10713/3649

http://hdl.handle.net/10713/3649


 

 

Kathryn Hodge Driesbaugh 
800 W Baltimore Street, room 235, Baltimore, MD 21201 

Email: katehdg@gmail.com 
 
Current Position: Graduate Research Assistant; Doctoral Candidate in Molecular    
Medicine/Cancer Biology 
Doctoral Degree expected 2013 
Mentor: Toni M. Antalis, Ph.D. 
 
 

 
Education/Training 
Albright College                         08/2001-05/2005 

Bachelor of Science (B.S.) Biology/Biotechnology                    
 
University of Maryland Baltimore                09/2007- current 

Graduate Program in Life Sciences                                    
            Molecular Medicine Program, Cancer Biology Track                                       

 
 

 
Positions/Employment 
Scientific Technician               06/2005-08/2007 
Fox Chase Cancer Center, Philadelphia, PA 19111                                    
Supervisor: Gregory P. Adams, Ph.D.     

With a focus on antibody-based tumor detection and therapy, protein expression, flow 
cytometry, and cell culture techniques were utilized to study signaling changes that 
occur within targeted cells as a downstream effect of ligand binding. 

 
Intern in Clinical Pharmacology  05/2003-08/2003;06/2004-08/2004;01/2005-5/2005 
Centocor, Inc., Malvern, PA 19355                                                             
Supervisor: Mary Ann Mascelli, M.D.                                           

Within the Clinical Trial and Design team of the Clinical Pharmacology Department, 
developed a method for the organization of study files and documents, as well as 
attended various meetings and lectures regarding pharmaceutical technology and 
studies. 
 

Albright College Ambassador             09/2003-05/2005 
Albright College, Reading, PA 19612 
Supervisor:  Chris Boehm 

As a selected student representative of the Albright College Admissions Office, led 
high school students and families on tours of the campus, discussed academic programs 
and campus activities, contacted interested students about visiting the campus, and 
aided in the filing of student applications. 
 

Laboratory Assistant              02/2002-12/2004 
Albright College, Reading, PA 19612                



 

 

Supervisors: Lara Zerkowski, M.S.; Richard Heller, Ph.D.     
             

Provided technical assistance and tutorial services to other undergraduate students 
during laboratory courses in histology and introductory Biology courses, and assisted 
professors with laboratory preparations.   

 
 

 
Honors 
B.S. summa cum laude (GPA 3.98), Biology/Biotechnology, Albright College             
09/2001-05/2005 

-Dean’s List (GPA above 3.50 every semester), Jacob Albright Scholar (cumulative     
GPA above 3.70), Honors Program 
-The Lucille Griswold Biology Award, Departmental Distinction in Biology 
-Honors Thesis: “An Immunological Investigation of Antibacterial Antibodies in 
Chicken Egg Yolks from Various Sources.” 
-Albright College Alumni Award for service to the Alumni Association as an 
undergraduate student                        05/2005 
 

Outstanding Predoctoral Poster Presentation, University of Maryland 1st Annual Cancer 
Biology Retreat, “A Role for the Serine Protease Testisin in the Activation of Protease-
Activated Receptor-1.”                                                 05/2010 
 
Invited Predoctoral Oral Presentation, University of Maryland 1st Annual Cancer 
Biology Retreat, “A Role for the Serine Protease Testisin in the Activation of Protease-
Activated Receptor-1.”                                                      05/2010 
 
The Women’s Board of the American Heart Association Greater Washington Region 
Mamie Doud Eisenhower Memorial Award for my grant submission to study to role of 
membrane-anchored serine protease Testisin activity on the biology of microvascular 
endothelial cells during angiogenesis.                                     07/2010 
 
Invited Presentation at The Women’s Board of the American Heart Association Greater 
Washington Region Quarterly Meeting to present my findings regarding the role of 
membrane-anchored serine protease Testisin activity during angiogenesis, supported by 
their research funding.                                                                           05/2011                                                                                   
 
Outstanding Predoctoral Poster Presentation, University of Maryland 2nd Annual Cancer 
Biology Retreat, “Expression and Regulation of the Membrane-Anchored Serine Protease 
Testisin.”                                                              05/2011 
 
University of Maryland Graduate Program in Life Sciences (GPILS) Molecular Medicine 
nominee for the Otani Award, presented to a graduate student in GPILS of outstanding 
character who demonstrates superior academic performance and who shows outstanding 
promise as an independent investigator with a consistent record of service and support to 
the overall goals of GPILS.                                                                      06/2011 



 

 

 
Outstanding Oral Presentation at the University of Maryland 34th Annual Graduate 
Research Conference, “Investigating the Role of Testisin Activity in Microvascular 
Endothelial Cells.”                             04/2012  
 
Invited Oral Presentation at the University of Maryland 3rd Annual Cancer Biology 
Retreat, “Investigating the Role of Testisin Activity in Microvascular Endothelial Cells.” 
                                                                             05/2012 
 
Invited Oral Presentation at the University of Maryland Vascular Biology Training 
Program & Training Program in Cardiovascular Cell Biology Annual Retreat.  
“Investigating the Role of Testisin Activity in Microvascular Endothelial Cells.”                        
                                                                 12/2012 
 
University of Maryland Graduate Program in Life Sciences (GPILS) Molecular Medicine 
nominee for the Otani Award, presented to a graduate student in GPILS of outstanding 
character who demonstrates superior academic performance and who shows outstanding 
promise as an independent investigator with a consistent record of service and support to 
the overall goals of GPILS.                                                                      06/2013 
 
Invited Oral Presentation at the American Society for Biochemistry and Cell Biology 
Membrane-Anchored Serine Protease Symposium.  “Proteolytic activation of the 
protease-activated receptor (PAR)-2 by the GPI-anchored serine protease testisin.”           

09/2013  
 
 

 
Grants 
T32 HL07698         Vascular Biology Training Grant                     07/2009-06/2010 
Dudley Strickland, Ph.D. (PI)                
Title: The Role of Testisin in Microvascular Endothlial Cells 
Goal: To understand the molecular mechanism of Testisin activity on microvascular 
endothelial cells, hypothesized to be through the activation of Protease-Activated 
Receptor-1. 
 
10PRE3640012     American Heart Association Predoctoral Grant           07/2010-06/2012 
Kathryn M. Hodge (PI)          
Title: The Role of Testisin in Microvascular Endothelial Cell Integrity 
Goal:  To understand the molecular mechanism of Testisin activity on microvascular 
endothelial cells and how Testisin activity affects microvascular endothelial cell 
functions important for vascular integrity. 
 
 

 
Leadership Experience 
Molecular Medicine Recruitment Committee, University of Maryland              2009-2011                                                 



 

 

With the goal of enhancing the recruitment of students into the Molecular Medicine 
Program, the Recruitment Committee organized the Recruitment Day schedule, 
modified the interview process, and designed a campus tour highlighting various 
research facilities.  

 
Selected Co-Chair of an Oral Presentation Session at the Vascular Biology Training 
Program & Training Program in Cardiovascular Cell Biology Annual Retreat, University 
of Maryland                              12/2010 

Along with a selected post-doctoral fellow, I led the session by introducing the 
speakers, tracked the presenters’ time limits, and directed the audience questions.   

 
Cancer Biology Retreat Committee (Student Chair), University of Maryland   

                  2010, (2011)     
In support of an NIH T32 Training Program in Cancer Biology, the committee 
members organizeed the retreat, and I was specifically responsible for participant 
registration and inviting and hosting the Keynote Speaker. 

 
 

 
Peer Reviewed Publications 
Robinson, M.K., Hodge, K.M., Horak, E., Sundberg, A.L., Russeva, M., Shaller, C.C., 
von Mehren, M., Shchaveleva, I., Simmons, H.H., Marks, J.D., and Adams, G.P.  (2008)  
Targeting ErbB2 and ErbB3 with a bispecific single-chain Fv enhances targeting 
selectivity and induces a therapeutic effect in vitro.  Br J Cancer.  99; 1415-1425. 
 
Robinson, M.K., Shaller, C., Garmestani, K., Plascjak, P.S., Hodge, K.M., Yuan, Q.A., 
Marks, J.D., Waldmann, T.A., Brechbiel, M.W., and Adams, G.P.  (2008)  Effective 
treatment of established human breast tumor xenografts in immunodeficient mice with a 
single dose of the alpha-emitting radioisotope astatine-211 conjugated to anti-HER2/neu 
diabodies.  Clin Cancer Res.  14; 875-882. 
 
Buzza, M.S., Martin, E.W., Driesbaugh, K.H., Desilets, A., Leduc, R., and Antalis, T.M.  
(2013). Prostasin is required for matriptase activation in tntestinal epithelial cells to 
regulate closure of the paracellular pathway. J Biol Chem.  288(15):10328-10337. 
 
Zhao, A., Yang, Z., Sun, R., Grinchuk, V., Netzel-Arnett, S., Anglin, I.E., Driesbaugh, 
K.H., Notari, L., Bohl, J.A., Madden, K.B., Urban, J.F., Antalis, T.M., and Shea-
Donohue, T.   (2013)  SerpinB2 is critical to Th2 immunity against enteric nematode 
infection. J Immunol. 190(11):5779-5787. 
 
Bohl, J.A., Urban, J.F., Sux, R., Notari, L.Grinchuk, V., Driesbaugh, K.H., Antalis, 
T.M., Zhao, A., Shea-Donohue, T.  The role of protease activated receptor 2 in the 
initiation and maintenance of host type 2 immune response to enteric nematode infection. 
(submitted to Infection and Immunity, in revision). 
 



 

 

Martin, E.W., Driesbaugh, K.H., Buzza, M.S., Netzel-Arnett, S., Liu, S., Leppla, S.H., 
Antalis, T.M.  Extracellular membrane-anchored proteases activate engineered anthrax 
toxins and facilitate selective killing of cancer cells.  (in preparation for submission). 
 
Driesbaugh, K.H., Buzza, M.S., Kao, J., and Antalis, T.M.  Proteolytic activation of the 
Protease-Activated Receptor-2 (PAR-2) by the GPI-anchored serine protease testisin.  (in 
preparation for submission). 
  
Driesbaugh, K.H., Mukhopadhyay, S., Netzel-Arnett, S., Buzza, M.S., and Antalis, T.M.  
Angiogenic role of the membrane-anchored serine protease testisin expression on 
microvascular endothelial cells.  (in preparation). 
 
Bohl, J.A., Driesbaugh, K.H., Sux, R., Antalis, T.M., Notari, L., Peroutka, R.J., 
Tulapurkar, M., Zhao, A., Shea-Donohue, T.  Identification of a nematode protease.  (in 
preparation). 
 
 

 
Reviews and Book Chapters 
Antalis, T.M., Buzza, M.S., Hodge, K.M., Hooper, J.D., and Netzel-Arnett, S.  (2010)  
The Cutting Edge: Membrane-anchored serine protease activities in the pericellular 
microenvironment.  Biochem J. 428; 325-346. 
 
Antalis T.M., Hodge, K, (2011) "Testisin" in 3rd Edition of the Handbook of Proteolytic 
Enzymes (Eds. Rawlings, N.D., Salvesen, G.) Elsevier. Chapter 655. 
 
Antalis T.M., Hodge, K, Martin, E. (2011) "DESC and HAT Peptidases" in 3rd Edition 
of the Handbook of Proteolytic Enzymes (Eds. Rawlings, N.D., Salvesen, G.) Elsevier. 
Chapter 654. 
 
 

 
Presentations (Posters & Oral presentations) 
Hodge, K.M., Netzel-Arnett, S., Buzza M.S., and Antalis, T.M. (05/2009) “A Role for 
the Serine Protease Testisin in the Activation of Protease-Activated Receptor-1.”  
Training Program in Membrane Biology Annual Retreat.  Baltimore, MD.  (poster) 
 
Hodge, K.M.  (02/2010)  “Cleavage of Protease-Activated Receptor-1 by Membrane 
Serine Protease.”  Gordon Conference on Plasminogen Activation & Extracellular 
Proteolysis.  Ventura, CA. (poster) 
 
Hodge, K.M. and Antalis, T.M.  (05/2010)  “A Role for the Serine Protease Testisin in 
the Activation of Protease-Activated Receptor-1.”  First Annual Cancer Biology 
Research Retreat.  Baltimore, MD.  May 2010.  (Outstanding Predoctoral Poster and 
Outstanding Predoctoral Oral Presentation) 
 



 

 

Hodge, K.M.  (10/2010)  “Investigating the Role of Testisin Activity in Microvascular 
Endothelial Cell Integrity.”  Vascular Biology Training Program & Training Program in 
Cardiovascular Cell Biology Annual Retreat.  Baltimore, MD.  (poster) 
 
Hodge, K.M., Netzel-Arnett, S.,  Buzza, M.S., Antalis, T.M.  (12/2010)  “A Role for the 
Serine Protease Testisin in the Activation of Protease-Activated Receptor-1.”  The 
American Society for Cell Biology Annual Meeting.  Philadelphia, PA.  (poster) 
 
Hodge, K.M. and Antalis, T.M.  (05/2011)  “Investigating the Role of Testisin in 
Microvascular Endothelial Cells Integrity.”  The Women’s Board of the American Heart 
Association Greater Washington Region Quarterly Meeting.  Besthesda, MD.  (Invited 
speaker) 
 
Hodge, K.M. and Antalis, T.M.  (05/2011)  “Expression and Regulation of the 
Membrane-Anchored Serine Protease Testisin.”  Second Annual Cancer Biology Retreat.  
Baltimore, MD.   (Outstanding Predoctoral Poster) 
 
Hodge, K.M., Netzel-Arnett, S., Buzza, M.S., Kao, J., Mukhopadhyay, S., and Antalis, 
T.M. (04/2012) “Investigating the Role of Testisin Activity in Microvascular Endothelial 
Cells.”  Thirty-fourth Annual Graduate Research Conference.  Baltimore, MD.  
(Outstanding Oral Presentation). 
 
Hodge, K.M. and Antalis, T.M.  (05/2012)  “Investigating the Role of Testisin Activity 
in Microvascular Endothelial Cells.”  Third Annual Cancer Biology Retreat.  Baltimore, 
MD.  (Invited oral presentation). 
 
Driesbaugh, K.H. and Antalis, T.M .  (12/2012)  “Investigating the Role of Testisin 
Activity in Microvascular Endothelial Cells.”  Vascular Biology Training Program & 
Training Program in Cardiovascular Cell Biology Annual Retreat.  Baltimore, MD.  
(Invited oral presentation). 
 
Driesbaugh, K.H., Buzza, M.S., Kao, J.P.Y., Jiang, W., and Antalis T.M. (09/2013) 
“Proteolytic Activation of the Protease-Activated Receptor (PAR)-2 by the GPI-
Anchored Serine Protease Testisin.”  American Society for Biochemistry and Cell 
Biology Membrane-Anchored Serine Protease Symposium.  Potomac, MD. (Invited oral 
presentation). 

 
 

 
Memberships 
The American Society for Cell Biology    2010, 2012 
 
The American Society for Biochemistry and Molecular Biology    2012 
 
 



 

 

Abstract 

Title of Dissertation: The Biochemistry and Pathophysiological Function of Testisin 

Kathryn Hodge Driesbaugh, Doctor of Physiology, 2013 

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

 

Testisin is a unique trypsin-like serine protease that is localized to the 

extracellular membrane of cells through a glycophosphatidylinositol (GPI)-anchor.  

Testisin is expressed in sperm, eosinophils, and microvascular endothelial cells, and is 

overexpressed in ovarian cancers.  Little is known about the regulation of testisin activity, 

proteolytic substrate specificity, or the physiological role of testisin.  We generated 

recombinant human testisin using two expression systems to study its biochemical 

properties. We found that human testisin may be activated by recombinant hepsin, a 

transmembrane serine protease. Active human recombinant testisin forms an SDS-stable 

inhibitory complex with the serpin, protein C inhibitor (PCI).  Examination of testisin 

substrate specificity using commercially available recombinant mouse testisin serine 

protease domain revealed that testisin prefers to cleave peptide substrates after Arg amino 

acid residues, and efficiently cleaves a peptide substrate derived from the N-terminal 

activation domain of the G-protein coupled receptor, Protease-Activated Receptor-2 

(PAR2).  When PAR2 was expressed in cell lines, we found that recombinant testisin 

cleaved and activated PAR2 to induce transient release of intracellular calcium and the 

phosphorylation of ERK1/2.  When full-length human testisin and PAR2 are co-



 

 

expressed on the cell surface, testisin is able to cleave PAR2, causing constitutive 

activation of several intracellular signaling pathways, the induction of cytokine 

expression, and internalization and loss of PAR2 from the cell surface.  These data 

provide new insight into the biochemical properties of testisin, and its ability to activate 

PAR2, a critical signaling receptor important in inflammation, wound healing, and 

cancer. 

While testisin is not found in mature vasculature, it is expressed by microvascular 

endothelial cells in vascular beds associated with active angiogenesis. Testisin-deficient 

mice display delayed and aberrant corpus luteal angiogenesis.  We found that capillary 

outgrowth from aortic rings isolated from testisin-deficient mice is reduced substantially.  

Silencing of testisin expression by siRNA knockdown in primary microvascular 

endothelial cells plated on Matrigel basement membranes suggests that capillary-like 

tubule formation is also decreased. These data demonstrate a functional role for testisin in 

processes required by microvascular endothelial cells for capillary formation, and may 

suggest a potential pathway involving testisin activation of PAR2 on the surface of 

microvascular endothelial cells.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

The Biochemistry and Pathophysiological Function of Testisin 

 

 

 
 

by 
Kathryn Hodge Driesbaugh 

 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of  
Doctor of Physiology 

2013 



 

 

©Copyright 2013 by Kathryn Hodge Driesbaugh 

All rights reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Dedication 
 

To my husband, family, and friends who supported me throughout this process.  Your 
love gave me the motivation and confidence to make it through to the end.  I could not 
have done it without you. 

 

To the many amazing scientists that I have had the pleasure of working with during my 
time at the University of Maryland.  Your guidance, drive, and generosity have been a 
true inspiration.  Most especially to my mentor, Dr. Toni M. Antalis, who has helped me 
become the scientist that I am today. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Acknowledgements 
 

I would first like to acknowledge the gifted scientists that provided ideas or technical 
expertise in support of this body of work: Marguerite S. Buzza, Ph.D., Joseph Kao, 
Ph.D., Subradip Mukhopadhyay, Ph.D., Sarah Netzel-Arnett, Ph.D., Selen Catania, 
Ph.D.,    Mark Williams, Ph.D., Yanming Bi, Ph.D., Leonid Medved, Ph.D.,    Elizabeth 
Smith, Rebeca Galisteo, Molly Miglorini, the University of Maryland Transgenic Core, 
the University of Maryland Animal Care staff, and the past and present members of the 
Antalis lab.  A special thanks to Gregory Conway for his editorial comments. 

 

I would like to acknowledge my Thesis Committee for all of their guidance including 
Toni Antalis, Ph.D., Dudley Strickland, Ph.D., Jeff Winkles, Ph.D., Li Zhang, Ph.D., and 
Thomas Bugge, Ph.D. 

 

I would like to acknowledge the Graduate Program in Life Sciences and Molecular 
Medicine Program, particularly Sharron Graves, for all of the support. 

 

I would like to acknowledge the faculty and staff of the Center for Vascular and 
Inflammatory Diseases for providing a welcoming and supportive research home. 

 

I would like to acknowledge the American Heart Association and The Women’s Board of 
the American Heart Association Greater Washington Region for their financial generosity 
in support of my research. 

 

 

 

 

 

 

 

 
 



v 

 

Table of Contents 

 

Dedication .......................................................................................................................... iii 

Acknowledgements ............................................................................................................ iv 

Table of Contents ................................................................................................................ v 

List of Tables .................................................................................................................... xii 

List of Figures .................................................................................................................. xiii 

List of Abbreviations ...................................................................................................... xvii 

 

Chapter 1:  Introduction .................................................................................................. 1 

1.1 Proteases .............................................................................................................. 1 

1.2 Protease nomenclature ......................................................................................... 2 

1.3 Trypsin-like serine proteases ............................................................................... 3 

1.4 Activation and inhibition of trypsin-like serine proteases ................................... 5 

1.5 Membrane-anchored serine proteases .................................................................. 8 

1.6 The GPI-anchored serine protease testisin ......................................................... 11 

1.7 Serine proteases can activate protease-activated receptors (PARs) ................... 14 

1.8 PAR activation and signaling............................................................................. 16 

1.9 Importance of endothelial cells in angiogenic processes ................................... 19 

1.10 Proteases in the vascular microenvironment are important for endothelial cell 

biology. .................................................................................................................... 20 

1.11 PAR activation by serine proteases is important for endothelial cell biology . 21 



vi 

 

1.11.1 The importance of PAR1 activation on endothelial cells. ................... 21 

1.11.2 The importance of PAR2 activation in endothelial cell biology.......... 22 

1.12 Goals, hypothesis, and aims ............................................................................. 23 

 

Chapter 2: Material and Methods ................................................................................. 25 

2.1 Chemical and protein reagents ........................................................................... 25 

2.2 Purification of plasmid DNA ............................................................................. 25 

2.3 Antibodies .......................................................................................................... 25 

2.4 Primers ............................................................................................................... 26 

2.5 Site-directed mutagenesis .................................................................................. 26 

2.6 Cell culture and plasmid transfections ............................................................... 26 

2.7 Cell lysis and Immunoblotting ........................................................................... 27 

2.8 Generation of insect cell-produced recombinant testisin (I-rTestisin) .............. 27 

2.9 Purification of insect cell-produced recombinant testisin .................................. 28 

2.10 Generation of human testisin expression plasmids .......................................... 28 

2.11 Generation of stable HEK293 testisin-expressing cells ................................... 29 

2.12 Generation of mammalian cell-produced human recombinant testisin 

(rTestisin) ................................................................................................................. 30 

2.13 Purification of mammalian cell-produced recombinant human testisin .......... 30 

2.14 Activation of insect cell-produced recombinant testisin zymogen .................. 31 

2.15 Activation of mammalian cell-produced recombinant testisin zymogen ........ 31 



vii 

 

2.16 GPI-anchored testisin activation by co-expressed hepsin ................................ 32 

2.17 Serpin inhibition of insect cell-produced recombinant testisin ........................ 32 

2.18 Serpin inhibition of mammalian cell-produced recombinant testisin .............. 33 

2.19 Characterization of soluble recombinant mouse testisin activity .................... 33 

2.19.1 Catalytic activity of recombinant mouse testisin ................................. 33 

2.19.2 Chemical inhibition of rmTestisin ....................................................... 34 

2.19.3 rmTestisin zymogen activation by recombinant hepsin ....................... 35 

2.19.4 Serpin inhibition of rmTestisin ............................................................ 35 

2.20 Characterization of rmTestisin substrate specificity ........................................ 35 

2.20.1 rmTestisin cleavage of peptide substrates ............................................ 35 

2.20.2 rmTestisin cleavage of prothrombin .................................................... 36 

2.20.3 rmTestisin cleavage of fibrinogen ....................................................... 36 

2.21 Quantitation of PAR cleavage by alkaline phosphatase release ...................... 36 

2.22 Protease active site titration ............................................................................. 37 

2.23 Analysis of intracellular calcium release ......................................................... 37 

2.24 Analysis of ERK1/2 activation ........................................................................ 38 

2.25 Flow cytometry analysis (FACS)..................................................................... 39 

2.26 Immunofluorescence confocal microscopy ..................................................... 39 

2.27 Surface protein biotinylation............................................................................ 40 

2.28 Assay for PAR2 internalization ....................................................................... 40 

2.29 SRE-luciferase and NFĸB-luciferase assays .................................................... 41 



viii 

 

2.30 Cytokine expression ......................................................................................... 41 

2.31 Induction of testisin expression ....................................................................... 42 

2.32 Generation of C57BL/6 testisin-deficient mice ............................................... 42 

2.32.1 Breeding and genotyping of C57BL/6 testisin-deficient mice ............ 43 

2.32.2 Analysis of mRNA and protein expression in mouse tissue ................ 43 

2.33 β-galactosidase detection as a reporter for mouse testisin expression ............. 44 

2.33.1 β-galactosidase detection in Matrigel plugs ......................................... 44 

2.33.2 β-galactosidase detection in sperm wet mounts ................................... 44 

2.34 Aortic ring capillary outgrowth assay .............................................................. 45 

2.35 B16 melanoma tumor-induced angiogenesis in C57BL/6 testisin-deficient mice

.................................................................................................................................. 45 

2.35.1 Microfil perfusion of tumor-induced vasculature ................................ 46 

2.36 Analysis of vascular permeability by the Miles Assay .................................... 46 

2.37 Preliminary siRNA knockdown of testisin expression in HMVECs ............... 47 

2.38 In vitro Matrigel reorganization assay ............................................................. 47 

 

Chapter 3:  Biochemical Characterization of Testisin ................................................ 48 

3.1 Introduction ........................................................................................................ 48 

3.2 Results ................................................................................................................ 49 

3.2.1 Generation and purification of recombinant human testisin .................. 49 



ix 

 

3.2.1.1 Generation and purification of recombinant human testisin produced in 

insect cells ....................................................................................................... 49 

3.2.1.2 Generation and purification of recombinant human testisin produced in 

mammalian   cells ........................................................................................... 50 

3.2.2 Activation of human recombinant testisin zymogen ............................. 56 

3.2.2.1 Activation of recombinant testisin produced in insect cells ............... 56 

3.2.2.2 Activation of recombinant testisin produced in mammalian cells ...... 58 

3.2.3 Serpin inhibition of recombinant human testisin ................................... 67 

3.2.3.1 Serpin inhibition of recombinant testisin produced in insect cells ..... 67 

3.2.3.2 Serpin inhibition of recombinant testisin produced in mammalian cells

......................................................................................................................... 69 

3.2.4 Activity and inhibition of recombinant mouse testisin .......................... 73 

3.2.4.1 Catalytic activity of rmTestisin ........................................................... 73 

3.2.4.2 Small molecule inhibition of rmTestisin activity ............................... 76 

3.2.4.3 Activation of rmTestisin zymogen...................................................... 78 

3.2.4.4 Serpin inhibition of rmTestisin ........................................................... 78 

3.2.5 Substrate specificity of rmTestisin......................................................... 82 

3.2.5.1 Peptide substrate specificity of rmTestisin ......................................... 82 

peptide sequence with greater efficiency than the PAR1 sequence, which was 

cleaved at a very slow rate (Figure 3.16). ....................................................... 84 

3.2.5.2 Protein substrates of rmTestisin .......................................................... 84 

3.3 Discussion .......................................................................................................... 87 



x 

 

Chapter 4:  Testisin Activation of Protease-Activated Receptors .............................. 91 

4.1 Introduction ........................................................................................................ 91 

4.2 Results ................................................................................................................ 92 

4.2.1 Analysis of PAR1 as a testisin substrate ................................................ 92 

4.2.2 Analysis of PAR2 as a testisin substrate ................................................ 96 

4.2.3 rmTestisin induces PAR2 activation and intracellular signaling ........... 99 

4.2.3.1 Generation of an intracellular calcium release .................................... 99 

4.2.3.2 Generation of a transient phosphorylated ERK1/2 signal................. 100 

4.2.4 PAR2 as a substrate for co-expressed testisin ...................................... 103 

4.2.4.1 Characterization of the cell expression system used to study PAR2 N-

terminal cleavage by co-expressed testisin ................................................... 103 

4.2.4.2 PAR2 and testisin co-localize on the cell surface. ............................ 104 

4.2.4.3 Co-expressed testisin cleaves the N-terminus of PAR2 ................... 107 

4.2.5 The cleavage of PAR2 by surface-anchored testisin induces the loss of 

surface PAR2. ............................................................................................... 109 

4.2.6 Activation of PAR2 by surface-expressed testisin induces intracellular 

signaling ........................................................................................................ 114 

4.2.6.1 Activation of cell signaling pathways ............................................... 114 

4.2.6.2 Induction of cytokine production ...................................................... 118 

4.2.7 Activation of PAR2 by testisin in EA.hy926 cells. ............................. 118 

4.3 Discussion ........................................................................................................ 122 

 



xi 

 

Chapter 5: The Role of Testisin in Angiogenesis ....................................................... 127 

5.1 Introduction ...................................................................................................... 127 

5.2 Results .............................................................................................................. 129 

5.2.1 Testisin is expressed in primary microvascular endothelial cells ........ 129 

5.2.2 Impaired angiogenesis in testisin-deficient C57BL/6 mice ................. 131 

5.2.2.1 Generation and characterization of C57BL/6 testisin-deficient mice 131 

5.2.2.2 Model of capillary outgrowth ........................................................... 138 

5.2.2.2 Model of capillary outgrowth ........................................................... 139 

5.2.2.3 Tumor-induced angiogenesis ............................................................ 139 

5.2.2.4 Model of vascular permeability ........................................................ 146 

5.2.3 Reduced in vitro angiogenesis of testisin-knockdown HMVECs plated 

on Matrigel .................................................................................................... 150 

5.2.4 Potential role of PAR2 activation by testisin in capillary outgrowth .. 151 

 

Chapter 6: Discussion and Future Directions ............................................................ 159 

Appendix ......................................................................................................................... 169 

References ....................................................................................................................... 173 

 



xii 

 

List of Tables 
 

Table 1. Reagents …………………………………………………………………….. 169 

Table 2. Expression Plasmids ………………………………………………………... 170 

Table 3. Antibodies …………………………………………………………………..  171 

Table 4. Primers ……………………………………………………………………… 172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

 

List of Figures 
 

Figure 1.1 Trypsin-like serine protease mechanism…………………………………….  4 
 
 

Figure 1.2 Branched pathway of serpin inhibition.……………………………………..   7 
 

 
Figure 1.3 Trypsin-like serine proteases ………………………………………………... 9 

 
 

Figure 1.4 PAR2 activation mechanism by serine proteases…………………………... 17 
 

 
Figure 3.1 HA-tagged testisin expression plasmids for the generation of recombinant 
testisin in mammalian cells  ……………………………………………………………  52 
 
 
Figure 3.2 Expression and PLC-release of rTestisin from mammalian cells................... 54 
 
 
Figure 3.3 Purification of mammalian cell-produced rTestisin ……………………….  55 
 
 
Figure 3.4 Activation of testisin zymogen produced in insect cells…………………..   57 
 
 
Figure 3.5 Activation of testisin zymogen produced in mammalian cells……………..  60 
 
 
Figure 3.6 Activation of testisin zymogen produced in mammalian cells……………..  62 
 
 
Figure 3.7 Generation of purified active rTestisin…………………………………….   64 
 
 
Figure 3.8 Testisin activation by co-expressed hepsin ………………………………... 66 
 
 
Figure 3.9 Serpin inhibition of recombinant testisin produced in insect cells ………..  68 
 
 
Figure 3.10 PCI forms an SDS-stable serpin complex with activated rTestisin….......... 71 
 
 



xiv 

 

Figure 3.11 Serpin inhibition of rTestisin measured by reporter substrate assay……… 72 
 
 
Figure 3.12 Catalytic activity of rmTestisin ………………………………………….   75 
 
 
Figure 3.13 Small molecule inhibition of rmTestisin activity ……………………….    77 
 
 
Figure 3.14 Activation of rmTestisin zymogen ………………………………………   79 
 
 
Figure 3.15 Serpin inhibition of rmTestisin……………………………………………. 81 
 
 
Figure 3.16 Peptide substrate specificity of testisin …………………………………..   83 
 
 
Figure 3.17 Prothrombin and fibrinogen as potential testisin substrates ……………… 86 
 
 
Figure 4.1 Analysis of PAR1 as a substrate for testisin……………………………. 94-95 
 
 
Figure 4.2 Analysis of PAR2 as a substrate for testisin ………………………………  98 
 
 
Figure 4.3 rmTestisin activity induces an intracellular release of calcium in cells 
expressing PAR2 ……………………………………………………………………… 101 
 
 
Figure 4.4 rmTestisin activity induces transient ERK1/2 activation through PAR2 … 102 
 
 
Figure 4.5 Characterization of the cell expression system used to study PAR2 N-terminal 
cleavage by co-expressed testisin……………………………………………………... 105 

 
 

Figure 4.6 PAR2 and testisin co-localize on HeLa cells ….………………………….  106 
 
 
Figure 4.7 Co-expressed testisin cleaves the N-terminus of PAR2 ………………….  108 
 
 



xv 

 

Figure 4.8 Testisin activity of the cell surface induces the loss of PAR2 detected on the 
cell surface …………………………………………………………….……………… 110 
 
 
Figure 4.9 Testisin activity of the cell surface does not induce a loss of PAR2 detected 
on the cell surface ……………………………………………………………………   111 

 
 

Figure 4.10 Testisin activity on the cell surface induces PAR2 internalization ……..  113 
 

 
Figure 4.11 PAR2 is internalized following activation by rmTestisin ………………..115 

 
 

Figure 4.12 Proteolytic activation of PAR2 by GPI-anchored surface testisin induces 
intracellular signaling………………………………………………………………….. 117 

 
 

Figure 4.13 Testisin activation of PAR2 induces cytokine expression ………………. 119 
 

 
Figure 4.14 Activation of PAR2 by testisin on EA.hy926 cells ……………………... 121 

 
 

Figure 4.15 Hypothesized model of the constitutive activation of PAR2 by surface-
anchored testisin …………………………………………………………………….    124 

 
 

Figure 5.1 Testisin protein is expressed in primary microvascular endothelial  
cells …………………………………………………………………………………… 130 

 
 
Figure 5.2 Generation of C57BL/6 testisin-deficient mice ……………………………133 
 
 
Figure 5.3 C57BL/6 testisin-deficient mouse breeding …...........................................  134 
 
 
Figure 5.4 Detection of β-galactosidase as a reporter for mouse testisin expression ... 136 
 
 
Figure 5.5 Detection of β-galactosidase as a reporter for mouse testisin expression …138 
 
 
Figure 5.6 Model of capillary outgrowth …………………………….......................... 140 



xvi 

 

 
 
Figure 5.7 Tumor-induced angiogenesis in C57BL/6 testisin-deficient mice ……….. 142 
 
 
Figure 5.8 Tumor-induced angiogenesis in C57BL/6 testisin-deficient mice ..……… 144 
 
 
Figure 5.9 Microfil perfusion of tumor-bearing mice ………………………………..  145 
 
 
Figure 5.10 Model of vascular permeability …………………………………………. 148 
 
 
Figure 5.11 Model of vascular permeability ………………………………………..... 149 
 
 
Figure 5.12 Preliminary study of HMVEC reorganization after plating on Matrigel ... 152 
 
 
Figure 5.13 Capillary outgrowth of PAR2-deficient mice …………………………… 154 

 
 

 

 

 

 

 

 

 



xvii 

 

List of Abbreviations 

Abbreviation    

AlkPhos    alkaline phosphatase 

Meaning 

AP     activating peptide 

APC     activated protein C 

β-gal     β-galactosidase 

BSA     bovine serum albumin 

Dig     digitonin 

EB     Evans blue dye 

EC     endothelial cell 

ECM     extracellular matrix 

EPCR     endothelial protein C receptor 

ERK1/2    extracellular signal-related kinase 

ES      embryonic stem  

FACS     fluorescence-activated cell sorting 

FBS     fetal bovine serum 

FGF     fibroblast growth factor 



xviii 

 

FVIIa     activated factor VII 

FXa     activated factor X 

GPCR     G-protein coupled receptor 

GPI     glycophosphatidylinositol 

Gpld1     GPI-specific phospholipase D1 

H&E     hematoxylin and eosin  

HA     hemagglutinin 

HAT     human airway trypsin-like protease 

hepsin SA    hepsin serine mutant 

Het, +/-    heterozygous 

HMVEC    primary human microvascular endothelial cell 

HSG     human chorionic gonadotropin 

HUVEC    human umbilical vein endothelial cell 

I-rTestisin    insect cell-produced recombinant human testisin 

IL-6     interleukin-6 

IL-8     interleukin-8 

Ion     ionomycin 



xix 

 

IRES     internal ribosomal entry site 

KO, -/-     knockout  

LacZ      β-galactosidase gene 

LB     Luria-Bertani 

MCP-1     monocyte chemotactic protein-1 

MeSNA    2-mercaptoethanesulfonic acid sodium salt 

MMP     matrix metalloprotease 

MnO     mineral oil 

MO     mustard oil (phenyl isothiocyanate)  

MUGB     4-methylumbelliferyl-p-guanidino benzoate 

NFĸB nuclear factor kappa-light-chain-enhancer of 
activated B cells 

 
PA     plasminogen activator 

PAR     protease-activated receptor 

PAR1     protease-activated receptor-1 

PAR2     protease-activated receptor-2 

PBS     phosphate buffered saline 

PCI     protein C inhibitor 



xx 

 

PCR     polymerase chain reaction 

PFA     paraformaldehyde  

PI-PLC    phosphoinositide phospholipase C 

PMSG     pregnant mare’s serum gonadotropin 

Q-PCR     quantitative polymerase chain reaction 

RCL     reactive center loop 

rmTestisin    soluble recombinant mouse testisin 

rTestisin mammalian cell-produced recombinant human      
testisin 

 
SEAP     secreted human placental alkaline phosphatase 

serpin     serine protease inhibitor 

SCID     severe combined immunodeficient 

siLuc     luciferase-specific siRNA 

siPRSS21    testisin-specific siRNA 

SRE     serum response element 

TBS     tris buffered saline 

testisinSA    testisin serine mutant 

TF     tissue factor 



xxi 

 

TFdeltaCT    tissue factor cytoplasmic domain deletion 

TMPRSS2    Transmembrane Protease, Serine 2 

TNFα     tumor necrosis factor-α 

TTSP     Type II transmembrane serine protease 

VEGF     vascular endothelial growth factor 

WT, +/+    wild-type 

  

  

 

 

 

 

 

 

 



1 

 

Chapter 1:  Introduction 
 

1.1 Proteases 

  Proteases are a large group of enzymes that cleave peptide bonds in substrate 

proteins. Proteases catalyze highly specific reactions by cleaving particular amino acid 

sequences.  Some proteases also catalyze degradative reactions by cleaving peptide bonds 

within a protein substrate. Proteolytic cleavage of a substrate can be an activating event 

(gain-of-function) in which the substrate protein gains a function due to the cleavage, 

such as the activation of a signal in a signaling pathway.  A proteolytic cleavage event 

can also act to abolish a substrate’s function.  Some proteases target the terminal amino 

acids in a peptide chain (exopeptidases), while others cleave internal peptide bonds of a 

protein substrate (endopeptidases).  Proteases are expressed in all organisms and 

frequently modulate vital physiological processes [1;2].  A review of the biology of 

proteases was recently published [2]. 

  There are six broad classes of proteases characterized by the structure of their 

active site and they are named for amino acids or other factors required for catalytic 

activity: Threonine, Cysteine, Asparate, Glutamic, Metalloproteases, and Serine.  Within 

each of these groups, proteases have been further classified into families of related 

proteases.  The prototypical members of the threonine proteases are the catalytic subunits 

of the proteosome, which functions to degrade unneeded or damaged proteins by 

proteolysis.  Members of the cysteine proteases include calpains and caspases which play 

a variety of essential physiological roles in apoptosis, immune responses, prohormone 

processing, and extracellular matrix remodeling [3].  Asparate proteases are characterized 
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by the presence of two conserved aspartate (Asp) residues in the catalytic pocket.  

Characterized members of this family include pepsin [4] and the HIV-1 protease.  The 

HIV-1 protease is essential for the life cycle of the HIV retrovirus and is a therapeutic 

target [5;6].  Glutamic proteases are a unique class of proteases with expression limited to 

filamentous fungi [7].  The catalytic mechanism of metalloproteases requires a divalent 

metal ion, most frequently zinc.  There are over fifty families within the metalloprotease 

class, and well studied metalloproteases include ADAM proteases and matrix 

metalloproteases.  Metalloproteases are inhibited by metal chelating agents like EDTA.  

The largest class of proteases, compromising over one third of all known proteolytic 

enzymes are the serine proteases, which are defined by an enzyme pocket that contains a 

nucleophilic serine residue.   

  Serine proteases have been characterized into families and clans based on 

common architectures and other functional attributes (reviewed in [1;8;9]). There are 14 

families of serine proteases.  There is considerable interest in the biology of serine 

proteases because of their critical roles in digestion, coagulation, and the convertases 

involved in the complement system. 

 

1.2 Protease nomenclature 
An accepted nomenclature is used for the interaction of proteases with their 

substrates where the substrate amino acids (termed P for peptide) are numbered P1 to 

Pn counting outward (N-terminal) from the amino terminal side of the peptide bond that is 

cleaved, and amino acids on the carboxy terminal side are numbered P1' through Pn'.  

Proteolytic cleavage occurs between the P1 and P1' residues of the protein substrate. The 
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corresponding sites of the proteases are designated Sn through Sn' [10].  Trypsin-like 

serine proteases possess a conserved Asp amino acid at the bottom of the S1 substrate 

enzyme pocket in the activated serine protease domain which determines the preference 

for the cleavage of substrates with a basic amino acid (Arg or Lys) in the P1 position.  

 

1.3 Trypsin-like serine proteases 

Over 20% of serine proteases are in clan PA, subfamily S1A, which include the 

widely studied trypsin, chymotrypsin, and thrombin, and members of this subfamily are 

historically recognized as proteases involved in processes such as digestion, blood 

coagulation, and homeostasis.  Trypsin-like serine proteases are defined by an enzyme 

pocket that is characterized by the nucleophilic serine residue (Ser), along with a histidine 

(His), and aspartate (Asp) residue.  The catalytic mechanism of trypsin-like serine 

protease activity is summarized in Figure 1.1.  Briefly, the active site Ser attacks the 

substrate carbonyl carbon which generates an acyl-enzyme intermediate.  A water 

molecule enters the reaction to provide the –OH group to the substrate carbonyl carbon 

resulting in a cleaved substrate peptide bond.  The size, shape, and charge of the catalytic 

pocket is a determinant of substrate specificity of serine proteases [11].   

Trypsin-like serine proteases are historically known to be produced as soluble, 

secreted proteins or can be found compartmentalized within intracellular granules and 

released in response to stress or inflammation. Some secreted serine proteases, such as 

the plasminogen activators, may be bound to the cell surface via specific cell surface 

receptors, which enables increased substrate activation efficiency within the extracellular 
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Figure 1.1 Trypsin-like serine protease mechanism.  
 

(1) The protein substrate binds to the protease with the scissile bond inserted into the 
enzyme pocket.  The serine –OH attacks the carbonyl carbon (C) of the substrate and the 
nitrogen (N) of the histidine accepts the hydrogen (H) from the –OH. A pair of electrons 
moves to the oxygen (O) which results in the generation of the  
(2) tetrahedral intermediate. The N-C bond in the substrate is dissociated.  Electrons move 
back from the carbonyl C to the negative O to recreate a bond generating the  
(3) acyl-enzyme intermediate.  
(4) Water now enters the reaction, replaces the N-terminus of the cleaved bond, and attacks 
the carbonyl C. Electrons from O move to the C and the histidine N accepts a proton from 
the water generating another  
(5) tetrahedral intermediate. The bond formed in (1) between the serine and carbonyl C of 
the substrate attacks the H acquired by the histidine.  The electron-deficient carbonyl C 
reforms a double bond with O and the C-terminus of the peptide substrate is 
(6) ejected, leaving an active protease and cleaved substrate peptide bond.  
Adapted from [12]. 
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space [13].  The membrane-anchored serine proteases are a group that are synthesized 

with a domain that anchors them within the membrane on the cell surface (see below).  In 

all cases, protease activity must be tightly regulated at the level of protein expression, 

zymogen activation, and protease inhibition. 

 

1.4 Activation and inhibition of trypsin-like serine proteases 

  Trypsin-like serine proteases are synthesized as single-chain inactive proezymes 

(zymogens).  For most members of the S1A clan, the pro-domain requires proteolytic 

cleavage at a specific activation site to generate a two-chain active protease in which the 

pro- and catalytic domains are linked by a disulfide bond between two conserved cysteine 

residues [14]. The activation of serine protease zymogens can occur in zymogen cascades 

in which at least two consecutive proteolytic reactions occur with one protease zymogen 

being the substrate of another previously activated protease [15]. Zymogen cascades 

allow for a signal to be specifically and irreversibly amplified when a downstream 

zymogen is activated, resulting in a burst of proteolytic activity [16].  Several important 

biological processes rely on zymogen activation cascades, including blood coagulation, 

fibrinolysis, complement reaction, hormone production, metamorphosis, fertilization, and 

digestion [15].  

  The burst of proteolytic activity must in turn be turned off in order to maintain 

homeostasis.  Active serine proteases can be inhibitied by Kunitz-type inhibitors 

including HAI-1 and HAI-2, members of the serine protease inhibitor (serpin) family, or 

small molecule inhibitors.  Kunitz-type inhibitors contain domains that inhibit protease 

activity by forming tight but reversible complexes with target proteases.  In contrast, 
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serpins utilize what is termed a “mouse trap” mechanism of irreversible enzyme 

inhibition.  Structural analysis of the serpin antitrypsin shows that the archetype native 

serpin fold contains three β-sheets, eight or nine α-helices, and an exposed reactive center 

loop (RCL).  The protease recognizes a sequence on the RCL of the serpin that protrudes 

from the tertiary structure as a substrate.  Upon cleavage by the protease, the interaction 

of the serpin and protease can go in one of two directions, the formation of an inhibitory 

complex or the substrate pathway.  In the inhibitory complex formation pathway, the 

serpin covalently traps the protease by undergoing an irreversible conformational change 

known as the Stressed to Relaxed (S to R) transition as the RCL inserts into one of the β-

sheets and the protease conformation becomes more distorted (Figure 1.2) [17;18].  In the 

substrate pathway, the protease cleaves the RCL resulting in released serpin and free 

protease.  Which pathway is followed after the initial cleavage in the serpin RCL is 

determined by the kinetics of each individual protease-serpin interaction [18;19] (Figure 

1.2).  It is difficult to predict the selectivity of serpins for particular proteases because of 

the flexible nature of the RCL of the serpin and possible interactions of the protease with 

other sites on the serpin. Importantly, the complex formed between the protease and 

target serpin is usually resistant to SDS and reducing conditions, so the inhibitory 

complex can often be visualized on an SDS-PAGE gel.  If the substrate pathway occurs, 

an SDS-stable protease:serpin complex is not observed, but rather cleavage products of 

the serpin are detected. 
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Figure 1.2 Branched pathway of serpin inhibition.   
 

Serpin =  I  (Inhibitor) 
Protease = E (Enzyme)  
The serpin and protease bind to form an initial noncovalent complex (EI) in which the 
protease interacts with the exposed RCL (red).  Normal substrate-like cleavage occurs 
with rate constant k2 to form the acyl enzyme intermediate (EI#). The pathway then 
branches between the inhibitory pathway (rate constant k4) and the substrate pathway 
(rate constant k3). The completion of the substrate reaction by hydrolysis of the acyl 
enzyme intermediate results in release of cleaved serpin (I*) and free protease (E). The 
inhibition pathway involves insertion of the cleaved RCL into a β-sheet of the serpin 
moving the covalently bound protease from the top to the bottom of the serpin to 
generate the kinetically trapped covalent serpin:protease complex (EI+). In the covalent 
complex, the protease active site (shown in red in the EI+ structure) is distorted through 
compression against the bottom of the serpin. Because the catalytic activity of the 
protease has been severely compromised by the distortions within the active site, 
completion of the hydrolysis of the acyl intermediate from the trapped complex (rate 
constant k5) is extremely slow.  
Adapted from [18]. 
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1.5 Membrane-anchored serine proteases 

  In recent years, genome mining studies have revealed a novel subfamily of 

trypsin-like serine proteases that are directly attached to the cell membrane via N-

terminal and C-terminal domains with an extracellular serine protease (catalytic) domain 

[20-22].  Several reviews have been published focusing on this unique group of serine 

proteases [11;21-24].  

  The membrane-anchored serine proteases may be divided into three groups based 

on their structural features.  The Type I transmembrane serine proteases contain a C-

terminal transmembrane domain.  Type II transmembrane serine proteases (TTSP) 

contain an N-terminal transmembrane domain with a cytoplasmic extension, and the GPI-

anchored proteases contain a C-terminal glycophosphatidylinositol (GPI) linkage which 

anchors the protease in the plasma membrane [11;22].  The subgroups of membrane-

anchored proteases are presented in Figure 1.3.  To date, only one Type I transmembrane 

serine protease has been characterized, tryptase γ1 [25;26].  There are 19 characterized 

Type II transmembrane serine proteases which contain a variety of extracellular modular 

structural domains and the extracellular protease domain [11;27]. Prostasin and testisin 

are the only two identified human serine proteases with the GPI-anchor post-translational 

modification [14;28-31].   

The transmembrane and GPI-anchor domains of these proteases contribute to their 

localization on the plasma membrane.  Like other GPI-anchored proteins, testisin and 

prostasin are frequently compartmentalized within cholesterol-rich lipid rafts in the 

plasma membrane [30;31].  The variable N-terminal cytoplasmic domains of the Type II 

transmembrane proteases are thought to contribute to localization in various plasma
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Figure 1.3 Trypsin-like serine proteases.  

Trypsin-like serine proteases can be found secreted such as trypsin and chymotrypsin, or 
bound to surface receptors as occurs with activated protein C (APC) bound to the endothelial 
protein C receptor (EPCR).  The membrane-anchored serine proteases are associated with 
membranes via transmembrane domains or GPI anchor motifs with an extracellular catalytic 
protease domain. The Type I transmembrane serine protease tryptase γ1 has a C-terminal 
transmembrane domain. The human GPI anchored serine proteases prostasin and testisin 
have a C-terminal GPI moiety. The type II transmembrane serine proteases (TTSP) have an 
N-terminal transmembrane domain and are the largest subgroup of these pericellular serine 
proteases. 
Adapted from [21]. 
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membrane microdomains.  Several of the membrane-anchored serine proteases have been 

shown to undergo ectodomain shedding, the targeted release of the extracellular domains 

from the cell surface, which may provide a mechanism for proteolytic activity in the 

extracellular environment.  The GPI-anchored prostasin has been shown to be released 

from the cell surface via cleavage of the GPI anchor by endogenous GPI-specific 

phospholipase D1 (Gpld1) with levels of prostasin detected in urine [28;30;32-35].  

Testisin however, has not been found to be endogenously released from the cell surface 

unless cells are treated with phosphoinositide phospholipase C (PI-PLC) [31].    

The catalytic domains of membrane-anchored serine proteases are highly 

conserved; however, the differences in amino acids within the enzyme pocket contribute 

to their unique substrate specificity.  All of the membrane-anchored serine proteases are 

synthesized as protease zymogens, however, the endogenous proteases that catalyze the 

activation of their zymogen forms in vivo is under investigation. The substrate 

specificities of several of the membrane anchored serine proteases are compatible with 

the activation sites of serine protease zymogens, and a few have been demonstrated to 

participate in zymogen activation cascades [36-42].  The purified recombinant proteases 

of some of the membrane-anchored serine proteases have also been shown to self or auto-

activate by cleaving their own activation site [43-51]. 

   It has been suggested that the membrane anchored serine proteases are key 

components of the cellular machinery for the activation of molecules in the pericellular 

microenvironment, playing essential functions in the maintenance of homeostasis. 

Substrates activated by membrane-anchored serine proteases include peptide hormones, 
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growth and differentiation factors, receptors, enzymes, adhesion molecules and viral coat 

proteins [21]. 

  Genetic mutations in members of the membrane-anchored serine protease family 

have been implicated in human disease and emphasize the physiological importance of 

these proteases (reviewed in [24]).  Most of the mutations result in translated proteases 

with missing or truncated protease domains, or point mutations that affect protease 

expression or catalytic activity. 

 

1.6 The GPI-anchored serine protease testisin 

Testisin was initially cloned from human eosinophils (also known as eosinophil 

serine protease 1; esp-1) [52] and from HeLa cervical carcinoma cells [14] by 

amplification with primers specific for a conserved region within the serine protease 

domain.  In a tissue screen for testisin mRNA expression it was revealed that testisin is 

most abundantly expressed in testicular germ cells [14].  Testisin is also referred to by its 

gene name, PRSS21 [53;54], as well as ESP1, ESP-1, TEST1, and TESP5.  Testisin is 

expressed in the mouse [31;55] where it is also expressed highly during spermatogenesis 

[56]. 

The human testisin gene (PRSS21) is found near the telomere of chromosome 16 

at 16p13.3, a region of high genetic instability [14].  The PRSS21 gene is approximately 

4.5 kb in length, and contains 6 exons and 5 introns.  The region surrounding the 

transcriptional initiation site contains a CCAAT sequence and a CpG island.   The 5'-

flanking region contains several consensus transcription factor binding sites including 

Sp1, AP1 and several testes-specific elements [54].  The mouse testisin gene (Prss21) is 
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localized to murine chromosome 17 A3.3-B, and the structure of Prss21 is almost 

identical to human PRSS21 [56].  DNA hypermethylation of a 385 bp 5' CpG rich island 

of the testisin gene and histone deacetylation induces the loss of testisin expression 

[57;58]. 

The human testisin cDNA encodes a 314 amino acid zymogen, including a 19 

amino acid secretory signal peptide, a 22 amino acid pro-domain, and a 273 amino acid 

catalytic domain, 17 amino acids of which delineate a hydrophobic extension [53;54].  A 

classic serine protease activation motif comprised of the amino acid residues R-IVGG 

designates the pro-domain and catalytic domain.  Alternative splicing generates several 

different isoforms of human testisin [53;54]. Two of the ten conserved cysteine residues 

make up the disulfide bond linking the pro-domain and catalytic domain which remain 

linked following activation [14;52]. When testisin zymogen and active testisin are probed 

under non-reducing conditions on an SDS-PAGE gel, the two forms run at the same 

molecular weight; however, under reducing conditions, the active form migrates faster 

than the zymogen form, since the reducing conditions causes the dissociation of the 

disulfide bond, releasing the prodomain.  Both human and mouse testisin have potential 

sites for N-glycosylation [55;56].  The molecular mass of testisin ranges from 35-45kD 

depending on the cell expression system, with the variation likely due to differences in 

glycosylation patterns [14;31;52;55].  The C-terminal hydrophobic region of testisin is 

post-translationally modified via a GPI motif which anchors testisin to the cell surface 

[14;56]. Refer to Figure 1.3.  

Testisin expression is limited to a few cell types in vivo.  Northern blot analysis 

performed on a range of tissues shows abundant testisin expression in the testes [14;56], 
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with testisin protein expressed on human and mouse spermatids throughout 

spermatogenesis and on mature sperm [31;56;59].  Testisin mRNA has also been found 

expressed in eosinophils [52].  In a genetic survey of human endothelial cells (ECs) 

undergoing capillary morphogenesis in gels of fibrillar type I collagen, testisin mRNA 

was strongly expressed by human dermal microvascular ECs (HMVECs), but not in 

macrovascular ECs (HUVECs) [60].  About the same time, Chi et al [61] published a 

global analysis of human EC specialization involving microarray analysis of human ECs 

isolated from 14 distinct tissue locations that identified testisin as a gene expressed 

consistently in microvascular ECs of the skin, lung and uterus; however, little or no 

expression was found in ECs isolated from arteries (larger vessels). 

  The generation of a testisin knockout mouse model has allowed for the study of 

testisin’s function in spermatogenesis.  Testisin-deficient mice appear to develop 

normally without any obvious gross phenotypic abnormalities [59;62]. However, 

spermatazoa isolated from testisin-deficient mice show aberrant morphologies, reduced 

motility, impaired ability to respond to osmotic challenges in the female reproductive 

tract, and decreased fertilization capabilities [59;62]. The double knockout of testisin and 

acrosin, another serine protease expressed in spermatozoa, results in subfertility 

indicating that the male mice maintain the ability to fertilize the female egg, but are less 

fertile than wild-type counterparts [63]. 

The regulation of testisin expression has been shown to be very important.  

Testisin expression is regulated by DNA methylation.  In the testes, absence of testisin 

expression due to DNA methylation has been associated with testicular tumor formation 

and development, suggesting that testisin acts as a tumor suppressor in testicular 
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tumorigenesis [14;57;58].  Testisin overexpression however has been shown to promote 

malignant transformation in ovarian cancer.  Overexpression of testisin led to increased 

anchorage-independent cell growth and an increase in subcutaneous tumor growth in 

severe combined immunodeficient (SCID) mice, suggesting an important role for testisin 

activity in ovarian tumor progression [64].  Northern blot analysis of ovarian cancer 

patient samples shows that testisin expression is correlated with advanced stage disease 

[65].  The knockdown of testisin expression in HeLa cells by siRNA techniques induced 

increased apoptosis and reduced anchorage-independent cell growth [31].   

Little is known about the mechanisms that regulate testisin activity and protein 

substrate specificity.  Since testisin is in the trypsin-like serine protease family, it is 

predicted to prefer to cleave after basic amino acids Arginine and Lysine, but there are no 

known physiological protein substrates reported. 

 

1.7 Serine proteases can activate protease-activated receptors (PARs) 

Several serine proteases in the extracellular environment have been shown to 

cleave and activate members of the protease-activated receptor (PAR) family.  PARs are 

a unique family of G protein-coupled receptors (GPCRs) that allow cells to sense specific 

proteases in their environment, and have emerged as attractive therapeutic targets for 

several diseases, including cardiovascular disease, arthritis, colitis, asthma, 

neurogenerative conditions and cancer [66;67]. Different members of the PAR family are 

expressed in a variety of tissue types.  PAR activation has been shown to regulate 

processes important for hemostasis, inflammation, pain and tissue repair [68].   
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Four PARs are found in humans and mice. PARs 1, 3, and 4 primarily mediate 

cellular responses to the coagulation protease thrombin. PAR1 is also activated following 

cleavage at Arginine 41 by activated factor X (FXa) and activated protein C (APC). 

PAR2 has been shown to mediate cellular responses in vitro by a number of serine 

proteases including trypsin, trypsin IV, tryptase, kallikrein 4, and the activated factor VII 

(FVIIa):FXa complex by cleaving at Arginine 36.  The FVIIa:FXa complex must be 

anchored to the cell surface bound to tissue factor (FVIIa:FXa:TF) in order to activate 

PAR2 [68;69].  The physiological in vivo activators of PAR2 are not clear, but there are 

thought to be several.  

While most of the reported proteolytic PAR activators are secreted soluble 

proteases, less is known about the activation of PARs by full-length membrane-anchored 

serine proteases. Matriptase, a Type II transmembrane protease, has been shown to 

activate PAR2 co-expressed on the cell surface [40;70;71], but active matriptase can be 

released from the cell as a soluble protease.  Whether matriptase is localized in the 

membrane during PAR2 activation remains to be demonstrated.  The recombinant serine 

proteases of HAT and TMPRSS2 have also been shown to proteolytically activate PAR2 

in vitro [72;73], but the activation of PAR2 while HAT or TMPRSS2 are expressed on 

the cell surface has not been shown. Recombinant prostasin does not directly cleave and 

activate PAR2, but indirectly activates PAR2 through the activation of matriptase 

zymogen [40]. 
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1.8 PAR activation and signaling 

PARs are activated upon proteolytic cleavage by trypsin-like serine proteases at 

the specific Arginine residue in the N-terminus of the receptor, producing a tethered 

ligand that interacts with the extracellular portion of the receptor causing a 

conformational change and activation of context specific G proteins. Through the 

recruitment and phosphorylation of adaptor proteins, the activation of PARs leads to the 

induction of distinct intracellular signaling pathways important in a variety of 

proliferative, survival, and motility-promoting processes.   

In the laboratory setting, 6-amino acid sequences known as activating peptides 

(AP) that mimic the tethered ligand of the cleaved PARs are often utilized to study PAR 

activation.  Activation of PARs by APs is independent of N-terminal proteolytic cleavage 

and induces some of the same downstream signaling and receptor processing as is seen 

when PARs are processed by activating proteases.  The downstream signaling following 

PAR activation is dependent on many factors including the activating protease, cell type, 

activated G proteins, and adaptor proteins. A summary of PAR2 activation is illustrated 

in Figure 1.4. 

A recent area of study surrounding the activation of PARs is the notion of biased 

agonism in which activation of the same PAR by different proteases induces differential 

downstream signaling that greatly affect cellular function.  This idea has been 

investigated particularly in the setting of PAR1 activation by thrombin versus APC on 

endothelial cells.  Thrombin cleavage of PAR1 induces RhoA activation leading to 

endothelial barrier disruption, while cleavage by APC induces Rac1 activation resulting 

in endothelial barrier protection [74-76].  It is also becoming clear that the location, or
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Figure 1.4 PAR2 activation mechanism by serine proteases.   
 

The N-terminus of PAR2 is cleaved by an activating protease at Arginine 
36.  The novel N-terminus acts as a tethered ligand, interacts with the 
extracellular portion of the receptor causing a conformational change 
which activates context specific G proteins and intracellular signaling 
pathways such as Rho/Rac, calcium, and MAPK.  In the laboratory setting, 
PARs can also be activated by activating peptides (AP) that mimic the 
sequence of the tethered ligand.  APs activate the receptor independent of 
proteolytic receptor cleavage. Adapted from  [77].  
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microdomain, within the membrane in which PAR activation occurs plays a critical role 

in the downstream signaling based on the presence of particular adaptor proteins.  PARs 

are found throughout the plasma membrane, but a portion of receptors are localized 

within caveolae or lipid rafts, creating signaling microdomains [78].  Since thrombin and 

APC cleave PAR1 at the same site, it is hypothesized that the difference in signaling seen 

when PAR1 is activated by thrombin versus APC is due to the localization of APC 

activity within caveolae bound to the endothelial protein C receptor (EPCR), creating a 

preassembled complex that leads to PAR1 activation upon the production of active APC 

[79].  There have also been recent suggestions that APC may also cleave downstream in 

PAR1 at Arg46 [80]. 

Following proteolytic N-terminal cleavage, PARs are quickly phosphorylated and 

internalized resulting in irreversible receptor activation. Depending on the cell type, cell 

surface PAR1 populations are regenerated by intracellular pools of uncleaved receptor, 

the speed of which determines the responsiveness to the presence of activators after the 

initial signal.  PAR2 however does not have intracellular pools of uncleaved receptors  

waiting to populate the surface, and requires de novo receptor synthesis of receptor 

following surface PAR2 activation [81]. 

Since PARs clearly play important roles in many physiological processes, a better 

understanding of the regulation of PAR surface expression and the properties of receptor 

activation by serine proteases is important. 
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1.9 Importance of endothelial cells in angiogenic processes 

Microvascular ECs are important for all aspects of vascular biology including the 

formation of new blood vessels from existing vasculature (angiogenesis). Angiogenesis is 

a fundamental biological mechanism, essential during embryonic development and in 

adulthood during wound healing, ovulation and the restoration of blood to damaged 

tissues [82].  In order for proper angiogenesis to generate functional blood vessels, 

specific events must occur.  The extracellular matrix of the existing vessels must be 

degraded, participating cells must change their cell adhesion properties, there is an 

increase in vascular permeability, ECs proliferate, and ECs must migrate to the site of 

blood vessel formation, often driven by growth factors including vascular endothelial 

growth factor (VEGF) and fibroblast growth factor (FGF) [83]. 

ECs receive several signals to promote EC functions throughout angiogenesis for 

proper and synchronized vascular development and angiogenesis to occur.  During the 

process of angiogenesis, ECs are stimulated by vasodilation (the widening of blood 

vessels and decreased blood flow) and an increase in vascular permeability.  There is an 

initial deposition of plasma proteins from the blood and the organization of a provisional 

matrix.  The ECs are activated; they proliferate, migrate on the provisional matrix, and 

undergo sprouting.  A new basement membrane is synthesized on which the ECs form a 

luminized endothelium and eventually an immature capillary network [84].  These 

actions are synchronized by angiogenic signals that promote and regulate EC 

proliferation, along with increased resistance to apoptosis, alterations in the proteolytic 

balance, reorganization of the EC cytoskeleton, migration, cellular differentiation, and the 

formation of the vascular lumen [85].  An alteration, defect, or disruption to any signal 
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that promotes one of these vital EC functions has the potential to cause aberrant or 

incomplete angiogenesis which could have detrimental physiological outcomes.     

 

1.10 Proteases in the vascular microenvironment are important for endothelial cell 

biology.  

Cellular proteolysis underpins a wide range of essential biological processes and 

is thought to be the earliest and most sustained activity throughout angiogenesis and 

wound healing.  Proteolysis is involved in basement membrane degradation, cell 

migration/extracellular matrix (ECM) invasion and capillary lumen formation by ECs 

during angiogenesis [86;87].  Most investigations of proteases involved in angiogenesis 

have focused on matrix metalloproteinase (MMPs) and the urokinase plasminogen 

activator (PA)-plasmin systems [86] and their roles in regulating EC migration and 

proteolysis of the ECM. More recently, these proteolytic systems have been shown not to 

contribute significantly to EC morphogenesis and tubule formation, but to be primarily 

involved in controlling capillary tubule network collapse and regression through the 

regulation of ECM stability.  

Serine protease activity is imperative in wound healing through processes of 

coagulation and fibrinolysis to maintain homeostasis.  Coagulation is the process of 

forming blood clots after injury to a blood vessel.  During coagulation, initiated by TF 

activity, a well-regulated serine protease zymogen cascade of circulating proteases 

including the PAR activators thrombin and FXa participate to cover a damaged vessel 

wall with platelets and a fibrin-containing clot.  The coagulation factors compose a 

tightly regulated pathway of serine proteases that participate in a zymogen activation 
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cascade ending with the production of fibrin to form the clot.  Several diseases 

characterized as bleeding disorders are caused by mutations to different coagulation 

factors [88].  Following the formation of the fibrin clot, the process of fibrinolysis is 

enacted to breakdown the fibrin clot.  Serine proteases tissue plasminogen activator and 

urokinase convert plasminogen to active plasmin, and active plasmin cleaves the fibrin 

clot [89]. 

 

1.11 PAR activation by serine proteases is important for endothelial cell biology 

1.11.1 The importance of PAR1 activation on endothelial cells. 

The coagulation serine protease thrombin stimulates multiple events that are 

necessary for the formation of a functional blood vessel. Thrombin is well recognized as 

a key factor in tissue repair and wound healing through its properties to convert 

fibrinogen into fibrin, to stimulate platelet aggregation and secretion, and to activate 

PAR1.  The activation of PAR1 by thrombin diminishes the ability of ECs to adhere to 

the extracellular matrix, increases vascular permeability, and induces the proliferation 

and migration of ECs [83], which are all important EC functions during angiogenesis. 

PAR1 activation by thrombin (or the PAR1 AP in the laboratory setting) induces EC 

rounding and spherical shape changes accompanied by the activation of RhoA [90;91] 

and the MAPK pathway [92].  PAR1-deficient mice are 50% embryonic lethal at mid-

gestation due to bleeding from multiple sites and specific PAR1 expression driven by an 

EC promoter rescues the phenotype, suggesting that the activation of PAR1 on ECs is a 

vital aspect of vascular biology [93]. 
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1.11.2 The importance of PAR2 activation in endothelial cell biology.   

  PAR2 is expressed on ECs, and while the role of PAR2 activation in angiogenesis 

is not as well documented as studies of PAR1, recent studies indicate an important role 

for the activation of PAR2 in EC biology.  Many of the same signaling pathways 

activated downstream of PAR1 are also activated following PAR2 cleavage.  The 

activation of PAR2 on ECs is proangiogenic as intracellular signals include the release of 

intracellular calcium, extracellular signal-related kinase (ERK1/2) activation, and 

induction of the cytokines interleukin-8 (IL-8), interleukin-6 (IL-6), and monocyte 

chemotactic protein-1 (MCP-1) [68;92;94].  PAR2 activation has been shown to play an 

important role in vasodialation, plasma membrane extravasation, and EC proliferation, 

which are all essential for vascular development.  PAR2 expression is also upregulated by 

hypoxic conditions in the cancer microenvironment [95].  In a hypoxia-induced in vivo 

retinopathy angiogenesis model, mice deficient in the cytoplasmic domain of TF 

(TF(deltaCT)) show enhanced revascularization of central vaso-obliteration significantly 

faster than wild-type animals, and the genetic ablation of PAR2 expression reversed the 

proangiogenic affects of TF, suggesting signaling of TF through PAR2 activation 

promotes hypoxia-induced angiogenesis [96;97].  

  In another assay of retinal angiogenesis, the use of the mouse PAR2 AP 

(SLIGRL) increased vascularization along with an induction of angiogenic-promoting 

factors VEGF, angiopoetin-2, and Tie-2 (the receptor for angiopoetin-2) expression.  

These proangiogenic signals were also induced in vitro in cultured neuroretinal 

endothelial cells.  The PAR2 AP also induced the production of the pro-inflammatory 

cytokine tumor necrosis factor-alpha (TNFα) through the activation of the MAPK 
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signaling pathway.  By treating cells with TNFα and MAPK inhibitors, PAR2-evoked 

Tie-2 expression, in vitro EC proliferation, and in vivo retinal neovascularization were 

abrogated, suggesting that the proinflammatory and proangiogenic affects of PAR2 

signaling are intertwined [98].  In a model of hindlimb ischemia in which a femoral artery 

is ligated and revascularization of the ischemic tissue is monitored, the treatment with 

PAR2 AP and trypsin induced a reparative angiogenic response in the ischemic tissue, 

suggesting therapeutic potential of PAR2 agonists [99]. 

  Overall, the studies of PAR2 activation in ECs in in vitro and in vivo models of 

angiogenesis suggest that the activation of PAR2 by proteases in the extracellular 

environment is likely to be important for EC biology particularly during angiogenic 

responses. 

 

1.12 Goals, hypothesis, and aims 

  Testisin is a GPI-anchored trypsin-like serine protease that appears to be tightly 

regulated and shows cell-specific tissue expression.  At the beginning of this study, little 

was known about the processes that regulate testisin activity, its substrates, and its 

physiolological functions.  The goal of this research was therefore to characterize 

testisin’s biochemical properties, to investigate biological substrates, and to study its 

physiological function using a mouse model of testisin deficiency.  The hypotheses to be 

tested were 1) Testisin is synthesized as a zymogen requiring proteolytic activation, 2) 

Testisin is regulated by serpins, 3) Testisin is an activator of PARs on the cell surface, 

and 4) Testisin expressed by microvascular endothelial cells contributes to angiogenesis.  

These hypotheses were tested in three specific aims: 1) To produce, purify, and 
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characterize the biochemical properties of testisin, 2) To investigate testisin activation of 

PARs, and 3) To investigate the role of testisin in angiogenesis. 
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Chapter 2: Material and Methods 

 

 This chapter presents the materials and experimental methods used to produce the 

data shown in the following chapters.  Any deviations for these methods are explained in 

the chapter text or figure legends. 

 

2.1 Chemical and protein reagents 

 All chemicals were reagent grade.  Protein reagents used throughout this study 

include recombinant proteases, recombinant serine protease inhibitors (serpins), small 

molecule protease inhibitors, and reporter peptide substrates.  A table listing these 

reagents and their sources can be found in the Appendix (Table 1). 

 

2.2 Purification of plasmid DNA  

 Plasmid DNA was purified using the Qiagen Endotoxin-free Maxiprep Kit.  A full 

list of expression plasmids used in this study, their acronyms, and sources can be found in 

the Appendix (Table 2). 

 

2.3 Antibodies 

 Antibodies were used for immunoblot analyses, flow cytometry analyses, and 

fluorescent confocal microscopy.  Primary antibodies were used at concentration ranges 

from 1:100-1:2,500.  HRP-conjugated secondary antibodies used for immunoblot 

analysis were used at concentration ranges from 1:2000-1:5000.  Fluorescently 

(AlexaFluor)-conjugated secondary antibodies used in flow cytometry analysis and 
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confocal microscopy were used at concentration ranges from 1:100-1:200.  A full list of 

antibodies and their sources can be found in the Appendix (Table 3). 

 

2.4 Primers 

Nucleotide primers were designed for the cloning of expression plasmids, site- 

directed mutagenesis, expression plasmid sequencing, and mouse genotyping.  Primer 

sequences are listed in the Appendix (Table 4). 

  

2.5 Site-directed mutagenesis  

Site-directed mutagenesis was performed using the QuikChange Mutagenesis Kit 

(Stratagene) according to the manufacturer’s instructions with designed mutagenesis 

primers (see Appendix Table 4).  Generation of the desired mutation was verified by 

sequencing with specific primers. 

 

2.6 Cell culture and plasmid transfections  

HEK293, B16 melanoma, and EA.hy926 cells were cultured and maintained in 

DMEM medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 

100 units/ml penicillin, and 100 μg/ml streptomycin (Gibco Life Technologies) at 37°C 

in 5% CO2.  HeLa cells were cultured and maintained in RPMI medium supplemented 

with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin 

(Gibco Life Technologies) at 37°C in 5% CO2.  Primary HMVECs (Gibco Life 

Technologies) were cultured and maintained in EMB-2 endothelial media with the EGM-

2 BulletKit supplements (Gibco Life Technologies).  Serum-free incubations were 
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performed in optiMEM medium (Gibco Life Technologies). HEK293 cells were 

transfected using Fugene® 6 (Promega) according to the manufacturer’s instructions.  

HeLa cells and EA.hy926 cells were transfected using LipofectamineTM 2000 (Life 

Technologies) according to the manufacturer’s protocol. For all co-transfections, 

equivalent DNA concentration was introduced by including empty pcDNA3.1 or 

pDisplay vector.   

 

2.7 Cell lysis and Immunoblotting  

Cell extracts of transiently transfected cells were obtained 48 hr post-transfection 

unless otherwise noted using ice-cold lysis buffer containing 1% NP-40, 0.1% SDS, and 

0.5% deoxycholic acid, and complete protease inhibitor mixture (Roche Applied 

Science), or directly in NuPage LDS Sample Buffer (Life Sciences). Protein 

concentrations were estimated using the BioRad protein assay kit. Proteins were resolved 

by SDS-PAGE under either reducing or non-reducing conditions, and immunoblots were 

probed with indicated primary antibodies and detected with species-specific HRP-

conjugated secondary antibodies using standard techniques.   See Table 3 for a list of 

antibodies. 

 

2.8 Generation of insect cell-produced recombinant testisin (I-rTestisin) 

Sf9 cells were cultured at 27°C in culture media containing Excell420 SFM 

(SAFC Biosciences), 2 nM Glutamine, 100 units/mL penicillin, and 100 μg/mL 

streptomycin.  Sf9 insect cells were transiently transfected with the pMIB/V5-

HisA.Testisin expression plasmid into cells plated at 50% confluency in Excell420 SFM 
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without penicillin/streptomycin using CELLFECTIN® Reagent (Life Technologies) 

according to manufacturer’s instructions.  Cells were selected for stable expression of the 

testisin plasmid using 50 μg/mL Blasticidin (Life Technologies), followed by 

maintenance in 10 μg/mL Blasticidin.  The suspension cells were then cultured at 27°C 

with shaking at 125 rpm.  Sf9 conditioned media was collected and dialyzed for the 

removal of surfactants (Pluronic® F68) from the media. 

 

2.9 Purification of insect cell-produced recombinant testisin  

Purification was attempted using the HiTrap Benzamidine FF affinity column (GE 

Healthcare).  Briefly, the column was washed in binding buffer (0.05M Tris-HCl, 0.5 M 

NaCl, pH 7.4), Sf9 conditioned media was loaded onto the column, the column was 

washed in binding buffer, and the bound proteins were eluted from the column in a low 

pH buffer (10 mM HCl, 0.5M NaCl, pH 2.0), and neutralized with a high pH buffer (1M 

Tris HCl, pH 9.0). 

 Purification was also attempted using His-Bind resin (Novagen).  Briefly, the 

resin was charged with a 0.2 M solution of nickel sulfate (NiSO4), Sf9 conditioned media 

was incubated with the resin, resin was washed in binding buffer (0.05 M Tris-HCl, 0.5 

M NaCl, pH 7.5), and bound proteins were eluted by competitive elution (0.02 M sodium 

phosphate, 0.5 M NaCl, 100 mM imidazole).  

  

2.10 Generation of human testisin expression plasmids  

Testisin cDNA (B65) was amplified by PCR with 10 μM of the following 

primers: HA-Testisin forward and HA-Testisin GPI reverse, HA-Testisin TM reverse, or 
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HA-Testisin sol reverse.  PCR samples were run on an agarose gel and PCR 

amplification bands were cut out of the agarose for purification using the Quiquick 

Extraction Kit (Qiagen).  Amplified testisin fragments and pDisplay vector were digested 

with the restriction enzymes BglI and SalI, run on an agarose gel, and bands were cut out 

for purification.  pDisplay and testisin fragments were ligated using the Ligation Kit 

(Roche), transformed into DH5α competent cells (Life Technologies), and colonies were 

grown on LB plates with ampicillin.  Four colonies of each ligation transformation were 

chosen, cultures grown, and DNA was prepared by mini-prep using the Qiagen mini-prep 

kit.  Plasmid preparations were digested with BglI and SalI and analyzed on an agarose 

gel to check for the presence of the testisin insert and pDisplay vector and then subjected 

to DNA sequencing using the T7 forward and BGH reverse primers.  To test for 

functional expression of the insert, HEK293 cells were transiently transfected with each 

plasmid and lysates probed with anti-HA and anti-testisin antibodies. 

 

2.11 Generation of stable HEK293 testisin-expressing cells  

HEK293 cells were transfected with the pDisplay.Testisin plasmid and testisin-

expressing cells were selected by antibiotic resistance to 1 mg/mL neomycin/G418 

(Gibco).  Stable cells (HEK293.Testisin) were maintained in 250 μg/mL neomycin/G418. 

(HEK293.Testisin) 
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2.12 Generation of mammalian cell-produced human recombinant testisin 

(rTestisin)  

HEK293.Testisin cells were cultured to 90% confluency, washed in phosphate 

buffered saline (PBS), and lifted with versene (Gibco).  Cells were washed twice in PBS 

and incubated at 5x106 cells/mL in phosphoinositide phospholipase C (PLC) reaction 

buffer (0.5 M HEPES, 100 mM CaCl2, 1.5 M NaCl, 0.5% Brij-35, pH 9.0) with 1 

unit/mL PLC (Sigma-Aldrich) as described [31].  Cells were centrifuged and the PLC-

released material containing rTestisin was collected and either assayed immediately or 

stored at -80°C. 

 

2.13 Purification of mammalian cell-produced recombinant human testisin  

Purification of rTestisin from PLC-released material from HEK293.Testisin cells 

was first attempted using Monoclonal Anti-HA (hemagglutinin) Agarose Conjugate 

Clone HA-7 (Sigma-Aldrich).  rTestisin-containing PLC-released material was first 

precleared by incubating with 20 μL protein-G-Agarose for 30 min at 4°C, followed by a 

4 hr incubation at 4°C with 10 μL anti-HA agarose.  Competitive elution was performed 

with the 100 μg/mL HA peptide (Sigma-Aldrich) in PBS. 

 rTestisin purification was then performed using anti-HA-tag (C29F4) Rabbit mAb 

Sepharose Bead Conjugate (Cell Signaling Technology).  PLC-released material was pre-

cleared with 20 μL protein-G-Sepharose, and then incubated with 10 μL anti-HA-

Sepharose for 4 hr at 4°C.  Then the anti-HA-Sepharose was washed, and bound proteins 

were eluted with low pH buffer (10 mM HCl, 0.5 M NaCl, pH 2.0) and neutralized to pH 

7.4 with high pH buffer (1 M Tris-HCl, pH 9.0).  The eluate was analyzed by 
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immunoblot with anti-testisin antibody, or by silver stain analysis using the Silver Stain 

Kit (Thermo Scientific).  

 

2.14 Activation of insect cell-produced recombinant testisin zymogen 

  I-rTestisin-containing conditioned media was incubated in 50 mM Hepes, 150 

mM NaCl, pH 7.5 buffer with immobilized trypsin beads (Pierce) for 5 min at room 

temperature, essentially as described [100].  The activation of I-rTestisin by a panel of 

recombinant proteases was performed by incubation of I-rTestisin-containing conditioned 

media and 50 nM soluble recombinant proteases for 30 min at room temperature.   

 

2.15 Activation of mammalian cell-produced recombinant testisin zymogen 

PLC-released material (20 μL) was incubated with 50 nM a panel of recombinant 

proteases in activation buffer (0.1 M HEPES, 0.15 M NaCl, 10 mM CaCl2, pH 7.4) for 1 

hr at 37°C.  Reactions were probed by immunoblot analysis under reducing conditions 

with anti-testisin and anti-HA antibodies.   

The activation of rTestisin by active recombinant hepsin was further characterized 

by incubating 20 μL PLC-released material with vehicle, 5 nM recombinant hepsin, or 10 

nM recombinant hepsin in activation buffer (0.1 M HEPES, 0.15 M NaCl, 10 mM CaCl2, 

pH 7.4) for various time points including 1, 2, 4, 6, 12, and 24 hr at 37°C.  Reactions 

were probed by immunoblot analysis under reducing conditions with anti-testisin 

antibody.  Activation was also attempted with several concentrations of recombinant 

thermolysin for 20 min at 37°C, and analyzed by immunoblot analysis with the anti-

testisin antibody. 
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To investigate rTestisin auto-activation, PLC-released material was concentrated 

10-fold using a 30 kD size exclusion column (Millipore).  Concentrated material was then 

incubated with vehicle or 10 nM hepsin at room temperature for 30 min or with vehicle at 

37°C for 30 min.  Reactions were analyzed by immunoblot analysis under reducing 

conditions with anti-HA and anti-testisin antibodies. 

 

2.16 GPI-anchored testisin activation by co-expressed hepsin 

HeLa cells were transiently transfected with pDisplay.Testisin and 

pcDNA3.1.hepsin or pcDNA3.1.hepsinSA mutant starting at a 1:1 ratio by μg of DNA.  

Sequential transfections contained the same testisin plasmid concentration along with 2-

100 fold decreasing hepsin or hepsinSA expression plasmid concentrations.  After 48 hr, 

whole cell lysates were probed by immunoblot analysis under reducing conditions with 

anti-testisin and anti-HA antibodies to detect testisin expression patterns, and anti-hepsin 

antibody to detect hepsin protein expression.    

 

2.17 Serpin inhibition of insect cell-produced recombinant testisin 

Conditioned media containing I-rTestisin activated by trypsin beads was 

incubated with a panel of serpins at 2 μM for 30 min at room temperature.  The protein C 

inhibitor (PCI) preparation used in this assay was purchased from R&D Systems.  

Samples were probed by immunoblot analysis using the anti-V5 antibody. 
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2.18 Serpin inhibition of mammalian cell-produced recombinant testisin  

PLC-released rTestisin material was left as a zymogen or was activated by 10 nM 

hepsin or by 10-fold concentration, followed by incubation with 2 μM PCI (kind gift 

from Y. Fortenberry, Johns Hopkins University) for 30 min at room temperature.  

Recombinant hepsin at 10 nM and 100 nM incubated with PCI were used as controls.  

Reactions were probed by immunoblot analysis under non-reducing and reducing 

conditions with anti-HA and anti-PCI antibodies. 

Concentrated PLC-released material from HEK293 and HEK293.Testisin cells 

was incubated with 2 μM PCI for 30 min at room temperature and were then loaded into 

a 96-well plate with Substrate buffer (50 mM Tris, 0.15 M NaCl, 0.01% Tween-20 

(Sigma-Aldrich), and 0.01% Bovine serum albumin (BSA) (Sigma-Aldrich)), and 200 

μM Suc-A-A-P-R-pNa peptide substrate (Bachem).  Thirty cycles of absorbance 

measurements were read at a wavelength of 420 nm over the course of 15 min using a 

Tecan plate reader. 

 

2.19 Characterization of soluble recombinant mouse testisin activity 

2.19.1 Catalytic activity of recombinant mouse testisin 

R&D Systems initially provided a gift of the zymogen form of recombinant 

mouse testisin (rmTestisin) and some thermolysin-activated rmTestisin.  Zymogen 

rmTestisin was later purchased from R&D Systems and activated with thermolysin 

according to manufacturer’s instructions. 

To assay for the serine protease activity of rmTestisin, 1 nM protease (active 

rmTestisin, zymogen rmTestisin, or thrombin) was incubated in Substrate buffer (50 mM 
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Tris, 0.15 M NaCl, 0.01% Tween-20 (Sigma-Aldrich), and 0.01% bovine serum albumin 

(BSA) (Sigma-Aldrich)) at 37°C with 200 μM of the fluorogenic peptide Bz-F-V-R-

AMC (Life Technologies).  Fluorescence was measured at excitation/emission 

wavelengths 340 nm/440 nm in a Tecan plate reader every 30 sec over a 15 min period in 

a 96-well plate.  The chromogenic peptide Suc-F-V-R-pNa was also assayed in the same 

way using 20 nM active rmTestisin and thrombin.  Subsequent kinetic analyses were 

performed by incubating 20 nM active rmTestisin and thrombin with Suc-F-V-R-pNa at a 

range of concentrations from 0-1200 μM and absorbance was read in a 96-well plate at 

420 nm every 30 sec over 15 min in order to quantitate the rate of peptide cleavage 

(absorbance/sec).  Sigma plot software was then used to calculate the Km (μM), the 

Vmax, and Vmax/Km for rmTestisin and thrombin. 

 

2.19.2 Chemical inhibition of rmTestisin  

rmTestisin (10 nM) was pre-incubated with 10 μM leupeptin, aprotinin, or 

AEBSF, or 1 mM EDTA for 10 min at room temperature. Reactions were then loaded 

into a 96-well plate with Substrate buffer (50 mM Tris, 0.15 M NaCl, 0.01% Tween-20 

(Sigma-Aldrich), and 0.01% BSA (Sigma-Aldrich)), and 200 μM Suc-A-A-P-R-pNa 

peptide substrate (Bachem).  Thirty cycles of absorbance measurements were read at a 

wavelength of 420 nm over 15 min to measure % residual activity compared to 

rmTestisin alone. 
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2.19.3 rmTestisin zymogen activation by recombinant hepsin  

rmTestisin zymogen (0.2 μg) was incubated with 0.2 ng (1/1000 of stock) 

thermolysin for 15 min or 30 min at 37°C.  rmTestisin zymogen (0.2 μg) was also 

incubated with (1/10) 20 ng recombinant hepsin or (1/50) 4 ng recombinant hepsin for 1 

hr at room temperature.  Reactions were stopped by the addition of LDS Buffer (NuPage) 

containing 7% β-Mercaptoethanol.  Reactions were analyzed by silver stain (Pierce). 

 

2.19.4 Serpin inhibition of rmTestisin 

rmTestisin (10 nM) was incubated with 100 nM PCI (kind gift from Y. 

Fortenberry, Johns Hopkins University) for 5, 10, 15, and 30 min at room temperature.  

Recombinant hepsin (10 nM) and recombinant matriptase (100 nM) were incubated with 

100 nM PCI for 30 min at room temperature. Reactions were analyzed by immunoblot 

under reducing conditions and probed with the respective protease-specific antibodies 

and anti-PCI antibody.  The 30 min reactions for each protease were also incubated with 

the Suc-A-A-P-R-pNa chromogenic peptide substrate to measure residual activity after 

PCI incubation.  

 

2.20 Characterization of rmTestisin substrate specificity  

2.20.1 rmTestisin cleavage of peptide substrates 

Kinetic measurements were performed with 10 nM active rmTestisin and 200 μM 

chromogenic peptides in Substrate Buffer (50 mM Tris, 0.15 M NaCl, 0.01% Tween-20 

(Sigma-Aldrich), and 0.01% bovine serum albumin (BSA) (Sigma-Aldrich)); absorbance 
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was read at a wavelength of 420 nm for 30 cycles over a course of 15 min to quantitate 

activity and rates of peptide cleavage. 

 

2.20.2 rmTestisin cleavage of prothrombin  

Prothrombin (5 μg) was incubated with FXa at a 20:1 ratio (0.25 μg) or 

rmTestisin at a 20:1, 50:1, and 100:1 ratio by weight (0.25μg, 0.1 μg, 0.05μg) for 30 min 

at room temperature.  Reactions were analyzed by silver stain (Pierce). 

 

2.20.3 rmTestisin cleavage of fibrinogen 

Fibrinogen (0.5 mg) was incubated with 0.5 μg prothrombin and 0.01 μg FXa, 0.5 

μg prothrombin and 0.01 μg rmTestisin, 0.5 μg thrombin, or 0.5 μg rmTestisin in tris 

buffered saline (TBS) with 2 mM CaCl2 at pH 7.5 overnight.  To analyze the fibrinogen 

cleavage events, reactions were dissolved in an equal volume of 8 M urea, 5% SDS, 5% 

β-mercaptoethanol. Samples were run on SDS-PAGE gel and proteins were stained with 

Imperial Protein Stain (Thermo Scientific). 

 

2.21 Quantitation of PAR cleavage by alkaline phosphatase release  

The release of soluble alkaline phosphatase (AlkPhos) as a measure for PAR N-

terminal cleavage was performed as previously described [101]. Briefly, cells were 

transiently transfected with pCMV.SEAP.PAR1, pCMV.SEAP.PAR1 mutants, 

pCMV.SEAP.PAR2, or pCMV.SEAP.PAR2csm alone, or co-transfected with 

pDisplay.Testisin or pDisplay.TestisinSA. After 36 hours, cells were washed and 

incubated in serum-free media overnight, and then treated for 4 hr in serum-free media 
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with the indicated protease concentrations. For co-expression assays, cells were incubated 

in serum-free media overnight, the media was replaced with new serum-free media, and 

the conditioned media was collected over 4 hr.  The conditioned medium was assayed for 

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

chemiluminescence was read on a Berthold Technologies Centro LB-960 plate reader or 

a Dynatech Laboratories plate reader. 

 

2.22 Protease active site titration  

The protein concentration (mg/mL) of each recombinant protease preparation was 

determined by measuring at OD280.  The molar concentration was calculated as 

mg/mL/extinction coefficient, which was then divided by the protein mass (moles).  

Equal molar concentrations were used in the active-site titration assay with the burst 

titrant 4-methylumbelliferyl-p-guanidino benzoate (MUGB) (Sigma-Aldrich) [102] 

relative to a standard concentration of active trypsin to calculate the active molar 

concentrations. 

 

2.23 Analysis of intracellular calcium release 

HeLa cells were cultured in 6-well plates on No. 1 glass coverslips and 

transfected with pcDNA3.1 vector, pcDNA3.1.FLAG.PAR-1, pBJ1.FLAG.PAR-2, or 

pBJ1.FLAG.PAR-2csm. After 48 hr, cells were washed and loaded with Fluo-3 calcium 

indicator by incubation with 2 μM Fluo-3 AM in growth medium for 30 min at room 

temperature in 5% CO2. Thereafter, the coverslip bearing cells was mounted in an open-

bottom stainless steel Petri dish containing serum-free growth medium maintained at 27 – 
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28°C. Fluorescence images were acquired on an inverted epifluorescence microscope 

(Eclipse TE200; Nikon Corp., Tokyo, Japan) equipped with a 40× oil-immersion 

objective (SuperFluor, NA 1.4; Nikon). Excitation light (488 nm) was delivered by a 

xenon source coupled to a monochromator (PolyChrome II; TILL Photonics, Gräfelfing, 

Germany). Fluorescence was passed through a band-pass filter before capture by a CCD 

camera (CoolSnap HQ; Roper Scientific, Tucson, AZ). MetaFluor software (Molecular 

Devices, Dowingtown, PA) was used for instrument control and image acquisition and 

analysis. Image acquisition rate was between 0.33 to 1 Hz. To monitor calcium signaling, 

cells were imaged as 4 n M rTs an d 1  μM PAR APs were b ath-applied; 300 nM 

ionomycin (Calbiochem) was used as positive control. Background fluorescence was 

recorded after end-of-experiment cell lysis with 40 μM digitonin (Sigma-Aldrich). At 

least 100 cells were analyzed from each imaged field: a region-of-interest (ROI) was 

defined for each cell and the mean intensity within each ROI was determined for each 

image frame and analyzed as previously described [103;104].  

 

2.24 Analysis of ERK1/2 activation 

HeLa cells were transiently transfected with pBJ1.FLAG.PAR2 or 

pBJ1.FLAG.PAR2csm in 12-well plates. After 36 hours, cells were washed and cultured 

in serum-free media overnight. Cells were then left untreated or treated for 2, 5, 15, 30, 

and 60 min with 4 nM rmTestisin, 4 nM trypsin, or 100 μM PAR2 AP (SLIGKV).  

Whole cell lysates were prepared in 1x LDS loading buffer containing 7% β-

mercaptoethanol (NuPage) and analyzed by immunoblot with anti-p-ERK1/2 and anti-

ERK1/2 antibodies. 
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2.25 Flow cytometry analysis (FACS) 

HeLa cells were co-transfected with pBJ1.FLAG.PAR2 or pBJ1.FLAG.PAR2csm 

and pDisplay.Testisin, pDisplay.TestisinSA, or pDisplay vector in 6-well plates.  Forty-

eight hr post-transfection, cells were gently lifted with Versene (Lonza).  Cells were then 

washed with ice-cold FACS buffer (PBS containing 0.5% FBS and 0.025% sodium azide 

(NaAz)) and incubated with primary antibodies for 30 min on ice. Cells were washed and 

incubated with fluorochrome conjugated-secondary antibodies for 15 min on ice. For 

detection of whole-cell PAR2 and PAR2csm expression, cells were fixed in 4% 

formaldehyde for 10 min at room temperature and antibody incubations were performed 

in buffer containing  0.5% Triton X-100 to permeabilize cells. Flow cytometry data was 

acquired on a FACS Calibur (BD Biosciences, Santa Jose, CA) and analyzed using the 

FlowJo software package (Tree Star Inc., Ashland, OR). 

 

2.26 Immunofluorescence confocal microscopy  

HeLa cells plated on glass coverslips were co-transfected with pBJ1.FLAG.PAR2 

and pDisplay.TestisinSA. Twenty-four hr post-transfection cells were fixed in 4% 

paraformaldehyde for 15 min, and were either permeablized in 0.4% Triton X-100 for 10 

min to allow detection of intracellular and cell surface proteins, or were left un-

permeabilized to enable detection of cell surface proteins alone. Cells were co-stained 

with mouse anti-FLAG and rabbit anti-HA antibodies and fluorescently-conjugated 

secondary antibodies. Permeablized cells were stained with Phalloidin to detect F-actin. 

XY confocal sections were captured and analyzed as previously described [105].  
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2.27 Surface protein biotinylation  

HeLa cells were co-transfected with pcDNA3.1.BAB-PAR2.EFGP, 

pcDNA3.1.BAB-PAR2.EFGPcsm, or pcDNA3.1, and pDisplay.Testisin, 

pDisplay.TestisinSA, or pDisplay in 12 well plates. After 36 hr, cells were serum-starved 

overnight. Indicated wells were treated with 4 nM trypsin for 30 min. Cells were labeled 

with 1mg/ml EZ-linkTM Sulfo-NHS-SS-Biotin (Therm Scientific) for 30 min at 4°C per 

manufacturer’s instructions. Lysates were made in ice-cold lysis buffer and equal protein 

concentrations of lysates were incubated overnight with immobolized Neutravidin 

(Pierce) at 4°C. The following day, the Neutravidin-sepharose bound proteins were 

collected by centrifugation and boiled in 4x LDS sample buffer (NuPAGE) containing 

7% β-mercaptoethanol for immunoblot analysis. 

 

2.28 Assay for PAR2 internalization  

The PAR2 internalization assay was performed as previously described [106].  

Briefly, HeLa cells were transfected with either pcDNA3.1.BAB-PAR2.EGFP or 

pcDNA3.1.BAB-PAR2csm.EGFP. After 48 hr cells were labeled with 0.5mg/mL EZ-

linkTM Sulfo-NHS-SS-Biotin (Therm Scientific) for 30 min at 4°C per manufacturer’s 

instructions. Cells were then incubated in serum free media containing vehicle, 4 nM 

rmTestisin, or 100 μM PAR2 AP (SLIGKV), and 20 μM MG132 for 5 and 15 min to 

allow receptor activation and internalization. Surface biotin was removed by incubating 

cells at 4°C in reducing buffer (50 mM 2-mercaptoethanesulfonic acid sodium salt 

(MeSNA), 100 mM Tris pH 8.6, 100 mM NaCl) for 30 min. Excess MeSNA was 
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quenched with 60 mM iodoacetamide for 15 min in PBS. Whole cell lysates were 

collected in ice-cold lysis buffer and equal protein concentrations were incubated 

overnight with immobolized Neutravidin (Pierce) at 4°C to isolate internalized PAR2. 

The following day, the Neutravidin-Sepharose bound proteins were collected by 

centrifugation and boiled in 4x LDS sample buffer (NuPAGE) containing 7% β-

mercaptoethanol for immunoblot analysis.  Quantitation of internalized PAR2 was 

analyzed by immunoblot density using ImageJ software. 

 

2.29 SRE-luciferase and NFĸB-luciferase assays 

The luciferase assays were performed as previously described [71;107].  Briefly, 

HeLa cells in 24 well plates were co-transfected with pSRE-firefly luciferase or NFĸB -

firefly luciferase (150 ng), and pRL-Renilla luciferase (20 ng), in combination with 

pDisplay vector, pBJ1.FLAG.PAR2, or pBJ1.FLAG.PAR2csm (300 ng), and either 

pDisplay vector, pDisplay.Testisin, or pDisplay.TestisinSA (300 ng). After 12 hr the cells 

were serum starved overnight and lysed, and luciferase activity was determined using the 

Dual Luciferase Assay Kit (Promega, Madison, WI) according to the manufacturer’s 

instructions. Chemiluminescence was measured using a Berthold Technologies Centro 

LB-960 plate reader. The SRE and NFĸB activation were determined as the ratio of 

firefly to Renilla luciferase counts. The assay was performed twice in duplicate. 

    

2.30 Cytokine expression  

HeLa and EA.hy926 cells were transiently transfected with pBJ1.FLAG.PAR2 or 

pBJ1.FLAG.PAR2csm and pDisplay.Testisin, or pDisplay alone. RNA was isolated using 
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the RNeasy kit (Qiagen) per manufacturer’s instructions. The RT reaction was performed 

using Taqman Reverse Transcription Reagents (Applied Biosystems). Q-PCR was 

performed with Taqman primers for hIL-8 (Cat# Hs99999034_m1) and hIL-6 (Cat # 

Hs00985641_m1) along with control hGAPDH (Cat# Hs99999905_m1). Cytokine 

mRNA levels were calculated as change in IL-8 or IL-6 amplification cycle relative to 

GAPDH. Samples were assayed in triplicate. 

 

2.31 Induction of testisin expression 

 Primary human microvascular endothelial cells (HMVECs) were cultured in the 

presence and absence of VEGF (100ng/ml), bFGF (100ng/ml), or thrombin (3nM) for 12 

hr.  RNA was purified using the Qiagen RNeasy kit.  cDNA was prepared by reverse 

transcription (Applied Biosystems reagents) and amplified in triplicate by Q-PCR using 

human testisin-specific primers.   

 

2.32 Generation of C57BL/6 testisin-deficient mice 

Three clones of targeted testisin knockout C57BL/6 embryonic stem (ES) cells 

were purchased from the KOMP Repository at UCSD. The University of Maryland 

Transgenic Core Facility generated two clones of germ line testisin-deficient chimeras.  

Briefly, the cultured targeted ES cells (2 clones) were separately injected into albino 

C57BL/6 blastocysts, which were used to impregnate C57BL/6 female mice to generate a 

germ line chimeric mouse that carried the knockout allele from the targeted ES cells.  

Chimeric mice were identified by mixed color fur.  A male chimeric mouse was mated 

with a C57BL/6 female mouse to generate F1 generation pups which were made up of 
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wild-type and heterozygous pups.  Het littermates were then crossed to generate wild-

type, heterozygous, and knockout mice. 

 

2.32.1 Breeding and genotyping of C57BL/6 testisin-deficient mice 

All breeding pairs set up to generate mice for experiments were composed of 

heterozygous x heterozygous crosses to generate wild-type and knockout littermate 

controls.  Pups were weened at 21 days according to the IACUC approved protocol.  

Genotyping was performed by collecting tail clippings from mice, isolating DNA using 

the RedExtract-n-amp kit (Sigma-Aldrich), and amplifying DNA by PCR with gene-

specific primers (see Appendix Table 4). PCR reactions were run on a 2% agarose gel to 

observe bands representing amplification of wild-type and kncokout alleles. 

 

2.32.2 Analysis of mRNA and protein expression in mouse tissue 

Tissue was collected and flash frozen on dry ice with ethanol. Frozen tissue was 

homogenized with mortar and pestle on liquid nitrogen.  RNA was isolated by Trizol 

extraction and was reverse-transcribed using Applied Biosystems reagents.  cDNA was 

amplified by PCR or Q-PCR using specific primers.  Homogenized tissue was lysed in 50 

mM Tris pH 7.4, 150 mM NaCl, 1% NP40, 0.5% Triton X-100, 1 mM EDTA, 0.2% 

SDS, and 0.5% sodium deoxycholate, plus protease and phosphatase inhibitors to prepare 

protein lysates. 
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2.33 β-galactosidase detection as a reporter for mouse testisin expression  

β-gal staining was performed as described [108] or by an unpublished perfusion 

protocol provided by Dr. Li Zhang at the University of Maryland.  In the published 

method, tissues were removed, fixed for 1 hr in 4% paraformaldehyde (PFA), and stained 

with β-gal staining work solution from the Mirus β-gal staining kit overnight at 37°C.  

For the perfusion method, mice were perfused via the aorta with 15 mL PBS, followed by 

5 mL 4% PFA at a rate of 1 mL/min.  Perfusion continued with 3x5 mL PBS and 1 mL β-

gal staining work solution, and then with β-gal staining work solution controlled by a 

pump at 3 mL/24 hr over 24 hr.  After 24 hr, tissues were removed and incubated in the 

β-gal staining work solution for another 24 hr, washed in PBS for 3x30 min washes, and 

post-fixed in 4% PFA for 2-3 days at 4°C.  Tissues were then paraffin embedded. 

 

2.33.1 β-galactosidase detection in Matrigel plugs  

Matrigel plugs were prepared as described [109].  Briefly, 200 μL basement 

membrane Matrigel (BD Biosciences) containing 250 ng/mL FGF (R&D Systems) and 

0.0025 units/mL heparin (Sigma-Aldrich) was injected subcutaneously into the backs of 

mice.  After 12-14 days, the perfusion β-gal staining procedure was followed, and 

Matrigel plug sections were counterstained with Vector® Nuclear Fast Red Counterstain 

(Vector Laboratories). 

 

2.33.2 β-galactosidase detection in sperm wet mounts  

Testes were removed from male mice and punctured to allow sperm to be released 

into a buffer containing 0.1 M HEPES, 150 mM NaCl, 10 mM CaCl2, pH 7.5.  Cells were 
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fixed in 4% PFA for 15 min, washed in PBS, incubated in β-gal staining work solution 

for 24 hr, and fixed for another 24 hr.   Fixed cells were resuspended in PBS and smeared 

on to a glass slide and dried to observe by brightfield microscopy. 

 

2.34 Aortic ring capillary outgrowth assay 

This assay was performed essentially as previously described [110].  Briefly, 

aortas were harvested and cleaned by removing the adventitia and branching vessels.  

Aortas were then cut into approximately 1 mm slices and cultured in 48 well dishes in 3-

dimensional basement membrane Matrigel (BD Biosciences) with complete endothelial 

cell media (Genlantis) for up to 10 days.  Images were taken on two focal planes at 4x 

brightfield magnification on days 4, 7, and 10.  ImageJ software was used to quantitate 

the area of capillary outgrowth for each aortic ring slice by measuring the total area of 

aortic ring and cellular outgrowth, and subtracting the area of the aortic ring alone.  

 

2.35 B16 melanoma tumor-induced angiogenesis in C57BL/6 testisin-deficient mice  

The backs of 18 littermate pair of mice were shaved the day before tumor 

injection to allow visualization of the tumor site for tumor measurements. 1x106 B16 

cells in 200 μL sterile PBS were injected subcutaneously in the left flank area via a 27-

gauge needle.  Tumor growth was monitored using a hand-held caliper over 14 days or 

until the largest tumor reached 1 cm3. Tumor volume was calculated as described [111] 

using the equation volume= (length × [width]2)/2.  Analysis of Testisin RNA expression 

in tumor tissue was performed by Q-PCR using the mouse testisin primers F4 and R3 and 

SyBR green reagent (Life Technologies). 
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2.35.1 Microfil perfusion of tumor-induced vasculature 

At the time of B16 tumor harvest, mice were perfused through the left ventricle 

with 37°C PBS containing 10 unit/mL heparin followed by approximately 15 mL 

Microfil® (Flow Tech, Inc). as described [112].  Perfused mice were stored at 4°C 

overnight to allow solidification of Microfil and images were recorded the following day. 

 

2.36 Analysis of vascular permeability by the Miles Assay  

The method for the Miles Assay is described [113].  Briefly, shaved mice were 

injected via tail vein with 30 mg/mL Evans blue dye (EB) (Sigma-Aldrich) that has been 

pre-incubated with BSA in 100 μL sterile PBS.  After 5 min, mice were injected 

intradermally with 10μL of one of the following agents: PBS, 10 ng/mL mouse VEGF 

(Cell Signaling Technologies), 50 ng/mL mouse VEGF, or 10 μL of 2 μM rmTestisin.  

After 1 min, 30 μL of 5% MO (mustard oil) (Sigma-Aldrich) diluted in MnO (mineral 

oil) (Sigma-Aldrich) was applied to the dorsal and ventral surfaces of the ear, and applied 

again 15 min later.  After 30 min, mice were euthanized and the underside of the skin 

surrounding the site of injection was photographed.  Injection sites were removed using 

an 8mm skin punch (Accuderm, Inc) and the ears removed.  Tissues were weighed, and 

EB dye was extracted from tissues in 1 mL of formamide for approximately 48 hr at 

60°C.  The absorbance of EB was measured at 620 nm. 

 



47 

 

2.37 Preliminary siRNA knockdown of testisin expression in HMVECs  

HMVECs were transfected using TransIT-TKO® Transfection Reagent (Mirus) 

according to manufacturer’s instructions as described [114].  Briefly, HMVECs were 

transfected with vehicle (mock), 100 nM control siRNA (siLuciferase) (Life 

Technologies), or 100 nM of two testisin siRNAs (siPRSS21(1) or siPRSS21(3)) (Life 

Technologies).  After 48 hr, whole cell lysates were collected and assayed by 

immunoblot for the knockdown of testisin protein expression.  Detection of GAPDH was 

used as a loading control. 

 

2.38 In vitro Matrigel reorganization assay  

As described in [114], HMVEC cells were plated on growth factor-reduced 

Matrigel (BD Biosciences) in 24 well plates and incubated at 37°C in 5% CO2. Cellular 

reorganization and capillary-like tube formation was monitored for up to 24 hr with 

photographs taken at 4x and 10x brightfield magnification.  Reorganization was 

quantified by two methods: number of elongated branches between 2 identifiable 

HMVEC nodes and number of HMVEC nodes with 3 or more branch points. 
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Chapter 3:  Biochemical Characterization of Testisin 

At the start of these studies, very little was known about the biochemical 

properties of testisin. Knowledge regarding the properties of testisin activation, 

inhibition, and substrate specificity should provide important information about the 

regulation of testisin’s proteolytic activity, which is essential for a better understanding of 

the physiological role of testisin.  The aim of this chapter is to generate recombinant 

human testisin and study its biochemical properties, including the regulation of zymogen 

activation, substrate specificity, and protease inhibition.  We were able to generate 

recombinant human testisin using two different cell culture systems. The activation of 

testisin was studied by detecting the change in the molecular weight of the testisin 

zymogen that occurs due to the predicted loss of the pro-domain following cleavage at 

the activation site, and activated testisin was used to investigate serpin inhibition of 

testisin.  The commercial availability of recombinant mouse testisin also allowed for the 

study of testisin peptide and protein substrate specificity.  

3.1 Introduction 
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3.2.1 Generation and purification of recombinant human testisin 

3.2 Results 

3.2.1.1 Generation and purification of recombinant human testisin produced in insect 

cells 

Initially, in order to study the biochemical properties of testisin, soluble human 

testisin was generated using an insect cell expression system. Sf9 insect cells were 

transfected and selected for the stable expression of the pMIB./V5-HisA.Testisin 

plasmid.  The expressed testisin protein contained the signal sequence which directs 

testisin to the cell surface, but did not contain the C-terminal GPI-anchor sequence 

allowing the testisin protein to be released into the insect cell growth media as a soluble 

recombinant protein.  The insect cell-produced recombinant testisin (I-rTestisin) also 

contained a C-terminal V5 tag for immunoblot detection, and a His tag for purification. 

Sf9 insect cells stably expressing human testisin were cultured and conditioned 

media was collected and dialyzed.  In order to purify I-rTestisin from the conditioned 

media, two methods of affinity purification were used: Benzamidine-Sepharose and 

nickel-charged His-bind resin.  Benzamidine is a reversible inhibitor that binds the active 

site of serine proteases.  The conditioned media containing I-rTestisin was incubated with 

and bound to Benzamidine-Sepharose, however, many proteins in the conditioned media 

non-specifically bound to the Benzamidine-Sepharose and under these conditions I-

rTestisin was not effectively purified by this method (data not shown).  In the second 

method, nickel-charged His-bind resin was used to affinity purify I-rTestisin from the 

insect cell conditioned media by binding to the C-terminal His tag.  Conditioned media 
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was incubated with nickel-charged His-bind resin but I-rTestisin did not bind to the resin 

with high enough affinity and eluted at a low imidazole concentration with many other 

proteins.  I-rTestisin was not effectively purified by this method (data not shown).  

Therefore, further experiments to characterize I-rTestisin were performed using 

conditioned media. 

 

3.2.1.2 Generation and purification of recombinant human testisin produced in 

mammalian   cells 

 Since the insect cell-produced recombinant human testisin could not be 

effectively purified, we utilized an alternative approach to produce and purify 

recombinant human testisin in a mammalian cell line to study its biochemical properties.  

Our goal was to generate recombinant human testisin with an N-terminal purification tag, 

because a C-terminal tag would interfere with the C-terminal GPI-motif of testisin.   

 

3.2.1.2A Cloning and expression of HA-tagged testisin 

 Testisin cDNA was cloned into the pDisplay vector, which contains the N-

terminal mammalian Ig-ĸ chain signal sequence that directs proteins to the secretory 

pathway and the hemagglutinin A (HA) sequence in reading frame with the inserted 

testisin cDNA to produce a testisin protein with an N-terminal HA-tag.  Three individual 

pDisplay.Testisin plasmids were generated.  pDisplay.Testisin contains testisin amino 

acids 19-314 including the C-terminal GPI motif to express testisin protein anchored to 

the cell surface to generate recombinant testisin that is predicted to be released from the 

cell surface by phosphoinositide phospholipase C (PLC).  An alternative approach uses 
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pDisplay.Testisin.sol that contains testisin amino acids 19-297 which does not include the 

C-terminal GPI motif and is predicted to be released from the cell into culture media 

generating soluble recombinant testisin.  Finally, pDisplay.Testisin.TM contains testisin 

amino acids 19-297 and the C-terminal PDGFR transmembrane domain instead of a GPI 

anchor to be able to possibly study the role of the GPI anchor in testisin functions (Figure 

3.1A).  Each plasmid was prepared and was transiently transfected into HEK293 cells to 

verify expression.  Whole cell lysates were probed with an anti-HA antibody and anti-

testisin antibody.  Testisin expression was detected in the cell lysates by the anti-testisin 

antibody with a lysate from cells expressing untagged human testisin used as a positive 

control.  As anticipated, testisin.TM was detected at a higher molecular weight than 

untagged testisin due to the presence of the transmembrane domain.  The anti-HA 

antibody detected testisin and testisin.TM expression with greater efficiency than 

testisin.sol (Figure 3.1B). 

 

3.2.1.2B Production and purification of HA-tagged recombinant testisin in mammalian 

cells 

In order to produce recombinant human testisin in a mammalian cell system, 

HEK293 cells were transfected with pDisplay.Testisin (containing the GPI-anchor) and 

cells were selected for stable testisin expression (HEK293.Testisin).  While we could 

have used pDisplay.Testisin.sol and collected condition media containing soluble testisin 

for these studies, but the disadvantage to this approach is that HEK293 cells need to be 

grown in serum-containing media.  The collected conditioned media would then contain 

serum proteins which would make purification of soluble testisin more difficult. 
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Figure 3.1 HA-tagged testisin expression 
plasmids for the generation of 
recombinant testisin in mammalian 
cells.  
 

A. Schematic of HA-tagged testisin 
expression plasmids generated to express 
HA-tagged testisin protein with a C-
terminal GPI anchor, soluble testisin, or 
testisin with a C-terminal transmembrane 
(TM) domain.  
B. HEK293 cells were transfected with 
each plasmid and whole cell lysates probed 
by immunoblot analysis with anti-HA and 
anti-testisin antibodies. A lysate from 
HEK293 cells transfected to express 
untagged testisin (pcDNA3.Testisin) was 
included as a positive control for testisin 
expression. 
 

B 

A 
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HEK293.Testisin cells were harvested using versene (EDTA) instead of trypsin because 

we had observed that trypsin can cleave and degrade testisin.  Harvested cells were 

incubated with PLC which specifically cleaves GPI-anchored proteins from the cell 

surface and supernatant containing the PLC-released proteins, including recombinant 

human testisin (rTestisin), was collected (Figure 3.2A&B). 

Affinity purification of rTestisin from the PLC-released material was attempted 

using anti-HA-Agarose.  PLC-released material was first precleared by incubation with 

protein-G-Agarose to remove all proteins that bind to the agarose, followed by incubation 

with anti-HA-Agarose.  We found that the rTestisin non-specifically bound to the agarose 

preclear, so we then attempted to utilize anti-HA-Sepharose.  The PLC-released material 

was precleared with protein-G-Sepharose and incubated with anti-HA-Sepharose.  

rTestisin did not bind to the preclear and bound to the anti-HA-Sepharose.  Bound 

proteins were eluted with low pH buffer (pH 2.0), and elution fractions were neutralized 

with pH 9.0 buffer.  Samples were collected at each stage of the purification method and 

were analyzed by immunoblot.  Probing with the anti-testisin antibody showed that 

rTestisin binds to and elutes from the anti-HA-Sepharose, with some rTestisin remaining 

bound to the beads (Figure 3.3A).  Pooled elution fractions were analyzed by immunoblot 

and silverstain and showed that the elution primarily contains rTestisin, which we 

consider an enriched solution of rTestisin (Figure 3.3B&C).  

 

 

A 

A 

B 

B 
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Figure 3.2 Expression and PLC-release of rTestisin from mammalian cells 
 

A. Schematic illustrating the production of rTestisin and release from the cell 
surface using treatment with PLC to generate soluble rTestisin.  
B. Immunoblot analysis of equal concentrations of whole cell lysates from 
HEK293 cells transiently expressing untagged (HEK293.hTs) or HA-tagged 
testisin (HEK293.HA-hTs) and corresponding PLC-released material after 
treatment of 5x106 cells/mL with 1 unit/mL PLC. The immunoblot was probed 
with anti-HA and anti-testisin antibodies.  Testisin protein is detected in 
lysates and in PLC-released material.  

B 

A 
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Figure 3.3 Purification of 
mammalian cell-produced rTestisin.  
 

A. Immunoblot analysis of 10 μL 
samples collected during the affinity 
purification of rTestsin using anti-HA-
Sepharose. rTestisin binds to and elutes 
from anti-HA-Sepharose. 
B. Immunoblot analysis of 10 μL and  
C. silver stain of 25 μL of pooled 
elution fractions from anti-HA-
Sepharose showing an enriched 
rTestisin preparation at 43 kD.  
 

A 

C B 
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3.2.2 Activation of human recombinant testisin zymogen 

 One of the main ways that protease activity is regulated is by the activation of 

protease zymogens.  Upon activation of testisin, the pro-domain is cleaved but is 

predicted to remain connected to the catalytic domain due to the disulfide bond between 

the pro-domain and catalytic domain.  It has been shown that members of the membrane-

anchored serine protease family can act in proteolytic zymogen activation cascades.   

 

3.2.2.1 Activation of recombinant testisin produced in insect cells 

The conditioned media containing I-rTestisin was used to study the activation of 

testisin zymogen by immobilized trypsin beads and a panel of active recombinant soluble 

proteases that represent several membrane-anchored serine proteases.  The conditioned 

media was incubated with immobilized trypsin for 5 min or each recombinant protease 

for 30 min at room temperature and reactions were probed by immunoblot analysis under 

reducing conditions to detect a change in the molecular weight of I-rTestisin 

representative of activation.  Immobilized trypsin and recombinant hepsin were the only 

proteases that produced a two-chain form of testisin, in which the lower molecular weight 

band suggests the generation of the active form of I-rTestisin (Figure 3.4).  Hepsin is a 

transmembrane serine protease that is widely expressed in most tissues with the highest 

expression found in the liver.  Importantly, hepsin is found expressed on endothelial cells 

[60;115] and in the testes [116], where it may have the potential to activate testisin.  

Incubation of I-rTestisin with immobilized trypsin for longer than 5 min induces cleavage 

events within I-rTestisin at other sites besides the zymogen activation site (data not 

shown). 
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Figure 3.4 Activation of testisin zymogen produced in insect cells. 
 

This experiment was performed by Sarah Netzel-Arnett in the Antalis 
laboratory.  
I-rTestisin was incubated with immobilized trypsin and 50 nM of a panel of 
recombinant serine proteases representing various membrane-anchored serine 
proteases.  Immunoblot analysis was performed under reducing conditions and 
probed with an anti-V5 antibody. The detected band at 45 kD represents the I-
rTestisin zymogen while the production of a lower moleculer weight band at 42 
kD suggests activated I-rTestisin which is detected when zymogen I-rTestisin 
was incubated with immobilized trypsin and recombinant hepsin. The DESC1 
and matriptase-2 recombinant proteins also contain a V5 tag, which are detected 
by the anti-V5 antibody at 38 kD and 30 kD, respectively.  
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3.2.2.2 Activation of recombinant testisin produced in mammalian cells 

The HA-tagged testisin offers a model for studying the activation of testisin as we 

can utilize the HA-tag on the N-terminus to track zymogen activation by the detection of 

the HA-tag on immunoblot.  Under non-reducing conditions, immunoblot analysis of 

rTestisin with an anti-HA antibody detects both the zymogen and active form of rTestisin 

around 43kD, while under reducing conditions the anti-HA antibody only detects the 

zymogen form at 43 kD.  The anti-testisin antibody detects the zymogen form at 43 kD 

and active form around 38 kD under reducing conditions (Figure 3.5A). 

 Based on data using insect cell-produced testisin, recombinant hepsin was 

identified as a candidate protease activator of the testisin zymogen.  To investigate 

activation of the mammalian cell-produced rTestisin zymogen, PLC-released material 

was incubated for 30 min at 37°C with a similar panel of recombinant serine proteases as 

used in Figure 3.4.  Reactions were probed under reducing conditions with the anti-

testisin antibody showing a change in the molecular weight of rTestisin suggestive of 

zymogen activation when incubated with the recombinant proteases hepsin and 

matriptase-2, and to a lesser extent with matriptase.  When the samples were probed with 

an anti-HA antibody under reducing conditions, the lower “active” band at 38 kD is not 

detected, indicating that the N-terminal HA-tag of testisin is no longer detected on the 

testisin protein (Figure 3.5B), suggesting an activating cleavage has occurred at the 

zymogen activation site and the pro-domain is released by the loss of the disulfide bond 

under reducing conditions. 

To further characterize the cleavage event seen when PLC-released material is 

incubated with recombinant hepsin, a time course assay was performed in which 
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rTestisin-containing PLC-released material was incubated with either vehicle, 5 nM or 

10nM recombinant hepsin for various time points up to 24 hr at 37°C.  Incubation of 

PLC-released material with vehicle alone did not produce a lower molecular weight 

active band, with only a small portion of the zymogen being converted to the active form 

when incubated with 5 nM hepsin.  The largest conversion of rTestisin zymogen to active 

rTestisin at 38 kD was detected when PLC-released material was incubated at 37°C with 

10 nM recombintant hepsin for 4 hr (Figure 3.5C).  These activation conditions were used 

for further studies. 

We also tested whether bacterial thermolysin, a metalloprotease that has vast 

substrate recognition and is used often for the activation of recombinant serine proteases 

produced by R&D Systems, was able to activate rTestisin.  The incubation of 1/1000 

diluted thermolysin did not produce an active form of rTestisin at 38 kD by immunoblot 

analysis compared to the active band at 38 kD generated by recombinant hepsin (Figure 

3.6A). 

The final method of activation we investigated was potential auto-activation of 

rTestisin. PLC-released material was concentrated 10-fold in a 30 kD cutoff spin column.  

Concentrated material was incubated for 4 hr at room temperature, at 37°C, or in the 

presence of recombinant hepsin as a positive control for rTestisin activation.  

Immunoblot analysis revealed that the process of concentrating PLC-released material 

containing rTestisin zymogen produced a lower molecular weight band at 38 kD that is 

not present when probed with the anti-HA antibody under reducing conditions, 

suggesting the production of active rTestisin in concentrated material (Figure 3.6B).  

B 
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Figure 3.5 Activation of testisin 
zymogen produced in mammalian 
cells 
 

 A. Schematic illustration of the 
recognition of rTestisin zymogen 
and active rTestisin under reducing 
conditions by anti-testisin and anti-
HA antibodies. The catalytic domain 
of rTestisin is approximately 38 kD 
and the HA-tagged pro-domain is 
approximately 5 kD. The testisin 
antibody recognizes somewhere in 
the catalytic domain.  
B. Immunoblot analysis of rTestisin 
incubated with 50 nM of a panel of 
recombinant proteases representing 
various membrane-anchored serine 
proteases suggests hepsin and 
matriptase-2 are potential activators 
of rTestisin due to the production of 
a 38 kD band detected by anti-
testisin that is not detected by the 
anti-HA antibody.  
C. A time course of rTestisin 
activation by 5 nM and 10 nM 
recombinant hepsin probed with 
anti-testisin antibody under reducing 
conditions indicates that the most 
activation of rTestisin occurred with 
10 nM recombinant hepsin for 4 hr 
at 37°C. 

A 

B 

C 

A 
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 This production of “active” rTestisin could be due to auto-activation or due to the 

presence of a testisin-activating protease in the PLC-released material that is at a high 

enough concentration in the preparation to act on rTestisin when the material is 

concentrated 10-fold. 

It appears from Figure 3.3 that rTestisin can be enriched with anti-HA-Sepharose 

and data from Figures 3.5, and 3.6 suggest that rTestisin can be activated by incubation 

with recombinant hepsin or by concentrating the PLC-released material 10-fold.  We next 

attempted to generate purified active rTestisin.  For our first strategy we purified rTestisin 

by affinity purification with anti-HA-Sepharose to collect enriched rTestisin zymogen. 

The anti-HA-Sepharose eluate was then activated with recombinant hepsin.  Figure 3.7A 

shows that the anti-HA-Sepharose elution contained rTestisin zymogen at 43kD, but 

when the elution was incubated with recombinant hepsin, there was no detection of a 

lower-molecular weight band at 38kD, which is detected in the positive control reaction 

of recombinant hepsin and PLC-released material, suggesting that the rTestisin zymogen 

eluted from anti-HA affinity purification was not activated by this method.  We 

hypothesize that this could be due to a confirmational change to rTestisin that occurs 

during the purification protocol that affects activation, or there may be an adaptor protein 

that is necessary for rTestisin activation that is lost during purification. 

To try to circumvent this problem we tried an alternative strategy.  rTestisin was 

activated first by concentrating the PLC-released material 10-fold. The concentrated 

material was then affinity purified with anti-HA-Sepharose.  Samples collected 

throughout the assay and analyzed by immunoblot with anti-testisin antibody under 

A 

E 

D 

A 

B C 
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Figure 3.6 Activation of testisin zymogen produced in mammalian cells.  
 

A. rTestisin zymogen was incubated with 1/1000 thermolysin by molar 
concentration, and also incubated with 10 nM recombinant hepsin as a 
positive control for activation.  Thermolysin did not activate rTestisin as the 
anti-testisin antibody only detected the 43 kD zymogen. 
B. rTestisin-containing PLC-released material was concentrated 10-fold 
followed by incubation with at room temperature (RT), 37°C, or with 
recombinant hepsin.  Immunoblot analysis under reducing conditions 
showed that the process of concentrating the material produced a lower 
molecular weight band detected with anti-testisin antibody that is not 
detected with the anti-HA antibody, indicative of rTestisin activation.  
* indicates short exposure. 
 

A B 
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reducing conditions show that rTestisin detected at 38 kD is in the material that did not 

bind to the anti-HA-Sepharose.  The rTestisin zymogen at 43 kD is bound to anti-HA-

Sepharose (Figure 3.7B).  This data suggested that there is a conformational change in the 

active rTestisin that decreases its affinity for the anti-HA-Sepharose, while the portion of 

rTestisin zymogen in the concentrated material binds to the anti-HA-Sepharose.  Taken 

together, Figure 3.7 suggests that active and enriched rTestisin could not be generated by 

the employed methods. 

Immunoblot analysis of rTestisin incubated with hepsin suggested that hepsin 

may be able to productively cleave rTestisin to produce an active protease.  This raised 

the question of whether hepsin can activate testisin when co-expressed in cells to produce 

active testisin on the cell surface.  To assay for the activation of testisin by co-expression 

with hepsin, HeLa cells were transiently transfected with one concentration of 

pDisplay.Testisin combined with decreasing concentrations of the hepsin expression 

plasmid in individual transfections.  As a control for proteolytic activation by hepsin, 

cells were also transfected to express testisin in combination with the hepsin catalytic 

mutant (hepsinSA) in which the active site serine residue has been mutated rendering 

hepsin catalytically inactive.  Whole cell lysates were analyzed by immunoblot under 

reducing conditions for the detection of a change in the molecular weight of testisin 

indicating activation by co-expressed hepsin.    If co-expressed hepsin were activating 

testisin we would expect that under reducing conditions, a lower molecular weight 

“active” band at approximately 38 kD would be detected by the anti-testisin antibody that 

would not be detected by the anti-HA antibody, indicative of cleavage of the pro-domain 

upon testisin activation as seen with rTestisin activation by recombinant hepsin.  The co- 
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Figure 3.7 Generation of purified active rTestisin 
 

 A. PLC-released material was affinity purified with anti-HA-Sepharose and 
the eluate was then incubated with 50 nM recombinant hepsin.  Immunoblot 
analysis shows that purified rTestisin eluted from anti-HA-Sepharose is 
detected at 43 kD and is not activated by recombinant hepsin.  PLC-released 
material was incubated with recombinant hepsin as a positive control for the 
detection of the active 38 kD rTestisin.  
B. PLC-released material was concentrated 10-fold to generate active 
rTestisin which was then incubated with anti-HA-Sepharose.  Immunoblot 
analysis under reducing conditions with the anti-testisin antibody shows that 
the rTestisin zymogen is detected bound to the anti-HA-Sepharose, but the 
38 kD active rTestisin did not bind to the anti-HA-Sepharose and is 
detected in the unbound material.  

A 

B 
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expression of testisin and hepsin did result in the presence of lower-molecular weight 

bands ranging from 30kD-43kD detected by the anti-testisin antibody, and the intensity 

of these bands decreased along with the reduction in hepsin expression (Figure 3.8).  

Importantly, the lower molecular weight bands were not seen in the lysates of cells co-

expressing the catalytically inactive hepsinSA mutant, suggesting hepsin activity was 

responsible for the production of the bands.  The lower molecular weight bands were also 

detected with the anti-HA antibody except at 1:1 ratio of testisin:hepsin expression, 

suggesting possible productive activating cleavage of testisin by hepsin when co-

expressed at this ratio.  At the lower concentrations of hepsin it does not seem that the 

cleavage events are releasing the N-terminal prodomain and therefore do not appear to be 

productive cleavage events that generate activate testisin (Figure 3.8).   HeLa cells also 

express endogenous testisin, which is detected by the anti-testisin antibody as indicated. 
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Figure 3.8 Testisin activation by co-expressed hepsin.   
 

HeLa cells were transfected with 0.4 μg/μL pDisplay.Testisin and 0.4 μg/μL-0.004 
μg/μL pcDNA3.1.hepsin or pcDNA3.1.hepsinSA for the indicated testisin:hepsin ratios. 
Transfection plasmid concentrations were normalized with pcDNA3.1 empty vector. 
Immunoblot analysis of equal concentrations of whole cell lysates showed the 
generation of testisin bands at various molecular weights from approximately 30 kD-43 
kD dependent on the concentration of co-expressed hepsin when probed with anti-
Testisin antibody.  These bands are not detected when testisin is co-expressed with 
catalytically inactive hepsinSA suggesting the requirement of hepsin proteolytic activity.  
The majority of testisin cleavage products are also detected with anti-HA antibody 
suggesting that these are not activating cleavage events.  At a 1:1 testisin:hepsin ratio, 
there is a band at 38 kD that is not detected by anti-HA suggesting possible testisin 
activation. Lysates were also probed with an anti-hepsin antibody to show dose- 
dependent hepsin expression.  Anti-GAPDH is used to monitor lysate loading. 
Endogenous testisin expression is also detected with the anti-testisin antibody.   
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3.2.3 Serpin inhibition of recombinant human testisin 

 Inhibition of serine proteases by serpins can often be shown by the generation of 

an SDS-stable protease:serpin complex detected by immunoblot analysis using antibodies 

that recognizes the protease and the serpin. 

 

3.2.3.1 Serpin inhibition of recombinant testisin produced in insect cells 

I-rTestisin-containing conditioned media was used to study the inhibition of 

trypsin-activated I-rTestisin by a panel of serpins.  Conditioned media was incubated for 

30 min at room temperature with each recombinant serpin and reactions were probed 

with an anti-V5 antibody by immunoblot analysis for the detection of an SDS-stable 

protease:serpin complex.  An I-rTestisin:serpin complex was detected as a high molecular 

weight band at approximately 90kD when conditioned media was incubated with 

antitrypsin, protein C inhibitor (PCI), and antiplasmin (Figure 3.9).  We hypothesize that 

PCI may be a physiological inhibitor of testisin because PCI is also expressed in the 

testicular tract where it could come in contact and inhibit testisin [116].  Antitrypsin, PCI, 

and antiplasmin are all found in the circulation, and therefore may act on testisin 

expressed by microvascular ECs. 
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Figure 3.9 Serpin inhibition of recombinant testisin produced in 
insect cells 
 

This experiment was performed by Sarah Netzel-Arnett in the Antalis 
laboratory.  
Trypsin-activated I-rTestisin in conditioned media was incubated with a 
panel of recombinant human serpins.  Reactions were immunoblotted and 
probed with an anti-V5 antibody. A higher molecular weight SDS-stable 
I-rTestisin:serpin complex at approximately 90 kD was detected when 
activated I-rTestisin was incubated with antitrypsin, protein C inhibitor, 
and antiplasmin.  
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3.2.3.2 Serpin inhibition of recombinant testisin produced in mammalian cells 

 Data using insect cell-produced recombinant testisin suggested that PCI forms an 

SDS-stable serpin complex with I-rTestisin.  To investigate whether rTestisin is inhibited 

by PCI, rTestisin-containing PLC-released material was first activated by incubation with 

recombinant hepsin.  Active rTestisin was then incubated with human recombinant PCI 

for 30 min at room temperature.  Immunoblot analysis was performed under non-

reducing conditions to allow for the detection of active rTestisin with the anti-HA 

antibody. We detected rTestisin around 38 kD, another band around 60 kD (possibly the 

detection of rTestisin dimers under non-reducing conditions), and a higher molecular 

weight band around 64 kD (Figure 3.10A).  The 64 kD band was only detected with the 

anti-HA antibody when rTestisin was activated by hepsin and incubated with PCI, 

suggesting the formation of an SDS-stable inhibitory complex.  The same reactions were 

probed under reducing conditions with an anti-PCI antibody, and a band around 64 kD 

was detected when rTestisin was activated by hepsin and incubated with PCI.  

Importantly there is no band detected at 64 kD when 10 nM hepsin (the concentration 

used to activate rTestisin) and PCI were incubated, suggesting that the complex is 

specifically comprised of rTestisin and PCI (Figure 3.10B). 

The concentrated PLC-released material thought to contain active rTestisin was 

also incubated with PCI to probe for the presence of an inhibitory complex.  

Concentrated PLC-released material incubated with PCI forms a higher molecular weight 

complex at 64 kD that was detected with anti-PCI antibody, suggesting that concentrating 

the PLC-released material 10-fold induces the activation of rTestisin which forms an 
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SDS-stable complex with PCI (Figure 3.10C).  The concentrated material was also 

incubated with hepsin as a control for rTestisin activation.  This immunoblot also 

illustrates that while 10 nM hepsin, the concentration used to activate PLC-released 

material, does not form a detectable hepsin:PCI complex, 100 nM hepsin does form a 

detectable inhibitory complex with PCI which acts as a positive control for the detection 

of a PCI inhibitory complex (Figure 3.10C). 

In order to determine whether the concentrated PLC-released material contained 

measurable rTestisin activity that could be inhibited by PCI, we utilized a chromogenic 

peptide substrate, Suc-A-A-P-R-pNa (Suc-Alanine-Alanine-Proline-Arginine-pNa).  

Proteolytic cleavage at the Arginine (R) residue generates an increase in absorbance 

measured at 420 nm that can be used to quantitate protease activity.  PLC-released 

material collected from HEK293 cells that do not express testisin and prepared in the 

same way as the  PLC-released material collected from HEK293.Testisin cells was used 

as a negative control for testisin-specific activity.  Kinetic analysis of the cleavage of the 

reporter substrate showed that while the concentrated PLC-released material collected 

from HEK293.Testisin cells cleaved the reporter substrate at a faster rate and more 

efficiently than the concentrated PLC-released material collected from control HEK293 

cells, the activity of HEK293.Testisin material was not inhibited by pre-incubation with 

PCI (Figure 3.11).  

Because the activity of the concentrated rTestisin-containing material was not 

inhibited, it does not appear that PCI inhibited the activity of rTestisin in the concentrated 

preparation, which was not the anticipated result based on the presence of the 

rTestisin:PCI complex detected by immunoblot.  The use of the reporter substrate to 

C 

A 
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Figure 3.10 PCI forms an SDS-stable serpin 
complex with activated rTestisin.  
 

A. PLC-released material was activated by 10 nM 
recombinant hepsin and then incubated with 2 μM 
PCI for 30 min at room temperature.  Immunoblot 
analysis under non-reducing conditions and probed 
with anti-HA antibody shows rTestisin detected at 
43 kD, dimers at 60 kD, and a specific rTestsin:PCI 
complex at 64 kD when active rTestisin is 
incubated with PCI.  
B, The same reactions were analyzed as in A under 
reducing conditions and probed with anti-PCI 
antibody, showing the same higher molecular 
weight band at 64 kD when rTestisin is incubated 
with hepsin and PCI. *indicates low exposure. 
C. Concentrated PLC-released material was 
incubated with vehicle or 10 nM recombinant 
hepsin followed by incubation with 2 μM PCI. A 
64 kD Testisin:PCI complex was detected by the 
anti-PCI antibody when concentrated material is 
incubated with PCI, with or without hepsin, 
suggesting the concentrated rTestisin forms a serpin 
complex with PCI. 100 nM recombinant hepsin 
also forms a complex with PCI that is detected 
around 70 kD by the anti-PCI antibody. 

C 

A B 
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B A 

Figure 3.11 Serpin inhibition of rTestisin measured by reporter substrate 
cleavage.   
 

PLC-released material collected from HEK293 and HEK293.Testisin cells was 
concentrated 10-fold (Conc HEK and Conc HEK.Ts, respectively). Concentrated 
material was incubated with 2 μM PCI for 30 min, added to the Suc-A-A-P-R-pNa 
reporter substrate, and activity was monitored over 15 min at 420 nm. While the 
concentrated material from HEK293.Testisin cells showed increased proteolytic 
activity over HEK293 material alone, the observed activity was not inhibited by 
incubation with PCI, as shown by no significant change to the rate of peptide 
cleavage. 
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measure rTestisin inhibition by PCI could not be used to assay for the activity of rTestisin 

activated by recombinant hepsin because recombinant hepsin alone is able to cleave the 

reporter substrate so hepsin activity cannot be distinguished from potential rTestisin 

activity. 

 

3.2.4 Activity and inhibition of recombinant mouse testisin 

During of the course of my studies, R&D Systems began producing the soluble 

protease domain of recombinant mouse testisin (rmTestisin).  Human and mouse testisin 

share 80% amino acid sequence homology [56] and rmTestisin provided a source of 

recombinant testisin that could be used to characterize its biochemical properties.  

rmTestisin is produced as a zymogen in a mouse myeloma cell line and contains amino 

acids 1-298 of the mouse testisin sequence and a C-terminal 10-His tag instead of a GPI 

anchor. 

 

3.2.4.1 Catalytic activity of rmTestisin 

 Initially, R&D Systems provided preparations of zymogen and active forms of the 

rmTestisin.  The active form of rmTestisin was prepared by incubation with 1/10,000 by 

molar concentration thermolysin for 30 min at room temperature, and the thermolysin in 

the preparation was inhibited with 1,10-orthophenanthraline at a final concentration of 10 

mM according to manufacturer’s instructions.  We wanted to characterize the catalytic 

activity of the activated rmTestisin using a reporter substrate known to be recognized and 

cleaved by two related serine proteases, thrombin and trypsin.  Using the fluorogenic 

peptide Bz-F-V-R-AMC (Bz-Phenylalanine-Valine-Arginine-AMC), in which an 
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increase in fluorescence is detected at excitation/emission wavelengths 340 nm/440 nm 

when the Arg residue is cleaved.  rmTestisin zymogen and active rmTestisin were 

incubated with the reporter substrate and fluorescence was measured every 30 sec over 

15 min.  Thrombin was also incubated with the reporter substrate as a positive control for 

substrate cleavage.  Kinetic analysis shows that active rmTestisin recognizes and cleaves 

the reporter substrate to produce a linear increase in fluorescence over time.  The rate of 

reporter substrate cleavage by rmTestisin with a final fluorescence measurement at 500 

units was slower than the rate of cleavage by thrombin which produced a final value of 

approximately 800 units (Figure 3.12A). 

 A similar assay was then conducted using the chromogenic reporter substrate Suc-

F-V-R-pNa (Suc-Phenylalanine-Valine-Arginine-pNa) and cleavage was monitored by 

absorbance at 420 nm (Figure 3.12B).  Similar to the results of the fluorescent reporter 

substrate, rmTestisin shows significant proteolytic activity with an increase in absorbance 

to 0.125 units at the final measurement.  The activity measured was approximately half of 

the activity produced with thrombin as thrombin showed a higher rate of substrate 

cleavage with a final measurement of 0.27 units.  Further kinetic analysis was performed 

by incubating 20 nM rmTestisin and thrombin with a range of chromogenic substrate 

concentrations from 0-1000 μM for 15 min at 37°C with measurements collected every 

30 sec.  The measured absorbance values for the cleavage of the substrate by rmTestisin 

and thrombin were used in Sigma Plot software to calculate the velocity of peptide 

cleavage as absorbance units/sec (Figure 3.12C).  The kinetic analysis for rmTestisin and 

thrombin are shown.  Michaelis–Menten kinetic parameters were calculated.  The Vmax 
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Figure 3.12 Catalytic activity of 
rmTestisin. 
 

A. 1 nM rmTestisin zymogen and 
active rmTestisin were incubated 
with 200 μM of the fluorogenic 
peptide Bz-F-V-R-AMC and 
fluorescence was read over 15 min.  
1 nM thrombin was included as a 
positive control for substrate 
cleavage. Active rTestisin shows 
proteolytic activity.  
B. 20 nM active rmTestisin and 
thrombin were incubated with 200 
μM of the chromogenic peptide 
Suc-F-V-R-pNA and rTestisin 
cleaved the peptide with 
approximately half the efficiency 
as thrombin.  
C. 20 nM rTestisin and thrombin 
were incubated with a range of 
substrate concentrations from 0-
1000 μM to perform kinetic 
analysis on rmTestisin activity for 
this substrate. Sigma plot software 
was used to calculate the 
Vmax/Km of each, showing that 
thrombin cleaves the substrate with 
twice the efficiency as rmTestisin.  

A 

B 

C 
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is the maximum rate achieved by the proteolytic reaction at saturating substrate 

concentrations.  The Km is the substrate concentration at which the reaction rate is half of 

the Vmax.  The Vmax/Km in this case provides a measure of how efficiently the protease 

cleaves the substrate.  Our data shows that rmTestisin exhibits half the Vmax/Km as 

thrombin.  Overall, rmTestisin is less efficient at cleaving Suc-F-V-R-pNa than thrombin, 

but rmTestisin does possess measurable serine protease activity.  The less efficient 

cleavage of the peptide by rmTestisin compared to thrombin may be due to several 

factors.  There may be a difference in the substrate recognition of the two proteases for 

this reporter substrate and/or the molar concentration of the two proteases may not 

represent their active site concentration which would mean that equal active site 

concentrations were not used in the kinetic analysis.    

 

 3.2.4.2 Small molecule inhibition of rmTestisin activity 

 To further characterize the activity of rmTestisin, rmTestisin was incubated with 

leupeptin, aprotinin, and AEBSF, three broad-range small molecule serine protease 

inhibitors, and EDTA, an inhibitor of metalloprotease activity.  rmTestisin was incubated 

with each inhibitor for 10 min before using the proteolysis of the chromogenic reporter 

substrate Suc-A-A-P-R-pNa  to monitor rmTestisin activity, and the % residual activity 

was calculated.  rmTestisin activity was significantly inhibited by the three serine 

protease inhibitors, but not by EDTA, suggesting that the proteolytic activity seen in the 

rmTestisin preparation is due to the serine protease domain of testisin (Figure 3.13). 
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Figure 3.13 Small molecule inhibition of 
rmTestisin activity. 
 

10 nM rmTestisin was incubated with 10 μM 
leupeptin, aprotinin, and AEBSF or 1 mM EDTA  
for 10 min at room temperature and then added to 
the reporter substrate Suc-A-A-P-R-pNa for 15 
min.  The serine protease inhibitors leupeptin, 
aprotinin, and AEBSF significantly inhibited 
rmTestisin activity as seen by the % residual 
activity, but rmTestisin was not inhibited by 
EDTA, an inhibitor of metalloproteases. 
***p<0.001 
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3.2.4.3 Activation of rmTestisin zymogen 

            To investigate the activation of rmTestisin zymogen, we repeated the 

manufacturer’s activation protocol with thermolysin, and we also studied whether the 

rmTestisin zymogen could be activated by recombinant hepsin as was seen with human 

testisin.  Figure 3.14 shows a silver stain of rmTestisin zymogen incubated with 

thermolysin and recombinant hepsin, and active rmTestisin provided by R&D Systems 

was included as a positive control.  Incubation with thermolysin for 15 min and 30 min 

resulted in proteolyic cleavage of rmTestisin, but the banding pattern did not match the 

bands detected with the provided active mTestisin, suggesting that thermolysin cleaves at 

other sites in rmTestisin besides the activation site.  It was later determined that R&D 

Systems had sent us an incorrect protocol suggesting we used 10-fold more thermolysin 

than required, which may be the reason for the alternative cleavage sites.  Incubation with 

two concentrations of hepsin however, did not induce any changes to the rmTestisin 

zymogen, indicating that hepsin is not able to cleave and activate rmTestisin, possibly 

due to species specificity of the regulation of testisin activity.  All assays using active 

rmTestisin were performed with rmTestisin activated by thermolysin according the R&D 

Systems protocol. 

  

3.2.4.4 Serpin inhibition of rmTestisin 

Data using human rTestisin to study the serpin inhibition of testisin suggested that 

rTestisin could form an SDS-stable serpin inhibitory complex with PCI.  To investigate 

whether active rmTestisin is inhibited by PCI, rmTestisin was incubated with PCI for 5, 

10, 15 and 30 min at room temperature.  As a positive control for PCI inhibition, PCI was 
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Figure 3.14 Activation of rmTestisin zymogen.   
 

rmTestisin zymogen (0.2 μg) was incubated with 1/1000 thermolysin (0.0002 μg) for 
15 and 30 min at 37°C, or 1/10 (0.02 μg) and 1/50 (0.004 μg) recombinant hepsin for 
1 hr at room termperature and probed for activation by silver stain.  Bands sizes were 
compared to rmTestisin zymogen and provided active rmTestisin.  Provided active 
rmTestisin shows 2 bands: around 30 kD and 15 kD.  Incubation with thermolysin 
induced the correct bands for active rmTestisin as well as other bands suggesting 
cleavage of zymogen rmTestisin by thermolysin at other sites at this concentration.  
Incubation with recombinant hepsin did not proteolytically cleave rmTestisin. 
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also incubated with recombinant hepsin and recombinant matriptase, as we had 

previously observed inhibitory complex formation between these proteases and PCI.  

Figure 3.15 shows immunoblot analysis of rmTestisin and PCI, hepsin and PCI, and 

matriptase and PCI incubations, probed with protease-specific antibodies and anti-PCI 

antibody.  rmTestisin does not form a higher molecular weight SDS-stable inhibitory 

complex with PCI after 30 min incubation at room temperature.  Immunoblot analysis of 

rmTestisin and PCI probed with anti-PCI antibody shows that while there was no higher 

molecular weight PCI complex detected, the PCI was cleaved over time.  The full-length 

PCI is detected as a single band at approximately 45 kD.  After 5 min, the full-length 

protein is still detected along with two additional cleavage products detected around 41 

kD and 39 kD.  By 10 min of incubation, the full-length uncleaved PCI is no longer 

detected, and only the 2 cleavage products are detected, and by 15 min only the lowest 

molecular weight product remains at 39 kD (Figure 3.15A).  Taken together, this time 

course of rmTestisin and PCI incubation suggests that human PCI does not form a 

rmTestisin:PCI complex, but acts as a rmTestisin substrate.  Recombinant hepsin and 

recombinant matriptase on the other hand, do form an inhibitory complex with PCI by 30 

min as seen by the presence of a band around 64 kD that is detected by both the anti-

hepsin antibody (Figure 3.15B) or anti-matriptase antibody (Figure 3.15C) and the anti-

PCI antibody, suggesting inhibition of protease activity. 

To further test the inhibition of protease activity by PCI, rmTestisin, hepsin, and 

matriptase were pre-incubated with PCI for 30 min and added to the reporter substrate 

Suc-A-A-P-R-pNa for kinetic analysis of residual activity.  When hepsin and matriptase 

were each incubated with PCI, their ability to cleave the reporter substrate was abolished,  
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Figure 3.15 Serpin inhibition of rmTestisin. 
 

PCI (100 nM) was incubated with 10 nM rmTestisin (rmTs), 10 nM recombinant hepsin, 
and 100 nM recombinant matriptase (matr) for 30 min or as indicated and analyzed by 
immunoblot under reducing conditions.  
A. rmTestisin recognizes PCI as a substrate as seen with the detection of PCI cleavage 
products over time, but does not form an SDS-stable inhibitory complex with PCI at 64 kD.  
B. Recombinant hepsin and  
C. Recombinant matriptase form an SDS-stable higher molecular weight complex with PCI 
that is detected by both the protease-specific antibodies and the anti-PCI antibody around 64 
kD. 
D. Kinetic analysis was performed of the cleavage of 200 μM Suc-A-A-P-R-pNa at 420 nm 
following pre-incubation of proteases with 100 nM PCI for 30 min.  10 nM recombinant 
hepsin and 100 nM recombinant matriptase show little residual activity following PCI pre-
incubation; however, the addition of PCI does not affect the ability of 10 nM rmTestisin to 
cleave the reporter peptide substrate. 

A B C 

D 
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indicating inhibition of protease activity (Figure 3.15D).  The incubation of rmTestisin 

and PCI however, did not affect the activity of rmTestisin as the rate of substrate 

cleavage was unchanged with the addition of PCI, providing further evidence that human 

PCI does not inhibit the activity of rmTestisin but follows the serpin substrate pathway 

under these conditions.  It is important to note that mouse PCI is not commercially 

available so we could not test whether species-specific PCI would form a serpin complex.  

 

3.2.5 Substrate specificity of rmTestisin 

 The substrate specificity of a particular serine protease is determined by several 

factors including the size, shape, and charge of the active site pocket [11].  The 

commercial availability of recombinant mouse testisin (rmTestisin) allowed examination 

of substrate specificity.  

 

3.2.5.1 Peptide substrate specificity of rmTestisin 

To assess the substrate specificity of rmTestisin, we utilized a panel of 

chromogenic peptide substrates (Figure 3.16).  rmTestisin preferred to cleave after the 

basic amino acid Arginine (R) but not Lysine (K), and did not cleave peptide substrates 

after hydrophobic amino acids Valine (V) and Phenylalanine (F) as seen with the low 

cleavage rates, similar to the specificity of other trypsin-like proteases [21]. Since 

rmTestisin cleaved the substrate with Arg at the P1 site, we tested the cleavage of the 

peptide substrates Ac-L-D-P-R-pNa and Ac-S-K-G-R-pNa which correspond to the 

activation sequences of PAR1 and PAR2 respectively.  rmTestisin cleaved the PAR2 
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Figure 3.16 Peptide substrate specificity of testisin. 
 

rmTestisin (10 nM) was incubated with 200 μM of each chromogenic reporter 
substrate and absorbance monitored every 30 sec for 15 min.  rmTestisin shows 
specificity for Arginine (R) at the P1 site (peptide 1) over lysine (L), Valine (V), 
and Phenylalanine (F) (peptides 2-4) as seen by the rates of cleavage 
(absorbance units/min). rmTestisin also cleaved the PAR2 activation sequence 
(peptide 6) more efficiently than the PAR1 activation sequence (peptide 5).   
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peptide sequence with greater efficiency than the PAR1 sequence, which was cleaved at a 

very slow rate (Figure 3.16).   

 

3.2.5.2 Protein substrates of rmTestisin  

 

3.2.5.2A  PARs as Testisin substrates 

 Peptide substrate cleavage results suggested that rmTestisin could cleave the 

activation sequence of PAR2. This was investigated further and the results are described 

in Chapter 4. 

 

3.2.5.2.B  Thrombin and fibrinogen as testisin substrates 

 The Arg specificity and the presence of testisin on ECs suggested that 

prothrombin could be a testisin substrate.  We tested this hypothesis using active 

rmTestisin.  Initially, prothrombin was incubated with rmTestisin or FXa, the studied 

activator of prothrombin, which generates thrombin.  By silver stain analysis, we 

observed the protein cleavage products generated when rmTestisin was incubated with 

prothrombin.  The major band of prothrombin runs around 64 kD, but the banding pattern 

changes to bands around 51 kD, 42 kD, and 39 kD when incubated with FXa.  The same 

banding pattern of prothrombin cleavage is seen when incubated with rmTestisin, 

suggesting that rmTestisin may activate prothrombin similar to FXa (Figure 3.17A). 

 Given the ability of rmTestisin to cleave prothrombin to peptide fragments similar 

to FXa, we wanted to investigate whether active thrombin is generated that can cleave 

and activate fibrinogen into fibrin.  During coagulation, active thrombin cleaves 
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fibrinogen to generate fibrin, which polymerizes to form the fibrin clot.  In the laboratory 

setting, activation of recombinant fibrinogen to fibrin causes the formation of a solid gel 

material.  Figure 3.17B shows images of fibrinogen reactions which suggest that when 

fibrinogen was incubated with either 0.5 μg prothrombin and 0.025 μg FXa which is 

predicted to generate thrombin, or 0.5 μg thrombin alone, a thick gel formed in the 

cuvettes, indicating conversion of fibrinogen to fibrin (samples 3 and 4).  When 

fibrinogen was incubated with 0.5 μg prothrombin and 0.1 μg rmTestisin however, no gel 

formed, suggesting that thrombin was not produced to induce the generation of fibrin 

(sample 2).  Interestingly, when fibrinogen was incubated with 0.5 μg rmTestisin alone, a 

loose gel formed, suggesting that rmTestisin may directly activate fibrinogen without a 

thrombin intermediate (sample 1).  By dissolving the fibrinogen samples from Figure 

3.17B into urea and running the samples for protein stain analysis, we observed that 0.5 

μg rmTestisin cleaved fibrinogen, but did not generate the same cleavage products as 

thrombin determined by comparison to the banding pattern of the alpha, beta, and gamma 

chains of cleaved fibrinogen generated by thrombin (Figure 3.17C).  These results 

suggest that rmTestisin has some substrate specificity for prothrombin and fibrinogen.  

Whether these cleavage events play a role in the physiological coagulation process is an 

intriguing area for future study. 
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Figure 3.17 Prothrombin and fibrinogen 
as potential testisin substrates 
 

A. Prothrombin was incubated with FXa or 
rmTestisin at a 20:1 ratio by molecular 
weight (μg) for 30 min at room 
temperature. Silver stain analysis shows 
that incubation with FXa and rmTestisin 
induced the same prothrombin cleavage 
events. 
B. Fibrinogen (0.5 mg) was incubated with 
0.5 μg rmTestisin alone overnight at room 
temperature (sample 1) which produced a 
loose gel of fibrin compared to incubation 
with 0.5 μg prothombin and 0.01 μg FXa 
(sample 3) or 0.5 μg thrombin (sample 4) 
which formed a thick gel. The incubation 
with 0.5 μg prothrombin and 0.01 μg 
rmTestisin (sample 2) did not generate a 
gel material, suggesting that rmTestisin 
does not cleave prothrombin to generate 
thrombin, but can directly cleave 
fibrinogen. 
C. Fibrinogen cleavage analyzed by SDS-
PAGE and Imperial Protein Staining. The 
cleavage products of fibrinogen are 
indicated.  While rmTestisin cleaves 
fibrinogen, the protein products (α, β, and 
γ-chain) are not the same as cleavage by 
thrombin. 
 

A 
B 

C 
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3.3 Discussion 

The goal of this body of work was to produce soluble recombinant human testisin 

and use it to study the biochemical properties of testisin including zymogen activation, 

protease inhibition, and substrate specificity.  Recombinant human testisin was generated 

in two different cell systems: Sf9 insect cells (I-rTestisin) and HEK293 mammalian cells 

(rTestisin).   Insect cells are considered a good culture model for the production of 

mammalian proteins because insect cells offer high levels of protein expression in 

suspension culture as well as posttranslational modifications of expressed proteins.  The 

mammalian cell-generated rTestisin was expressed in stable HEK293.Testisin cells, 

released from the cell surface using treatment with PLC, and collected. E.coli is often 

used as a cell system to generate recombinant proteins however many recombinant serine 

proteases do not fold properly when expressed in E.coli, and cannot be refolded from 

inclusion bodies.  Further, mammalian proteins produced in E.coli are not correctly post-

translationally modified, which is important for the expression of properly folded 

proteases.  Incorrect protein folding can potentially affect proteolytic activity of the 

expressed protease. 

The recombinant testisin generated from both insect cells and mammalian cells 

was synthesized as an inactive zymogen. To investigate testisin zymogen activation, I-

rTestisin zymogen and rTestisin zymogen were incubated with recombinant protease 

domains derived from a number of membrane-anchored serine proteases to investigate 

the possibility that these proteases can act in zymogen activation cascades.  Recombinant 

hepsin was identified as a candidate proteolytic activator of recombinant human testisin 

B 
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based on the release of testisin’s pro-domain due to the predicted cleavage at the 

zymogen activation site which was detected by immunoblot analysis.  As described, 

hepsin is found expressed in several cell types, including endothelial cells and in the 

testes where it may co-express with and activate testisin.  Data from whole cell lysates of 

HeLa cells transiently co-expressing testisin and hepsin suggests that hepsin may activate 

testisin on the cell surface; however, whether hepsin is a physiological activator of 

testisin requires further study.  Also of interest, we found that by concentrating the 

rTestisin-containing PLC-released material 10-fold we could induce the generation of 

active testisin (based on molecular weight by immunoblot detection), suggesting that 

testisin may autoactivate in a concentrated state, or alternatively that the PLC-released 

material contains a testisin-activating protease that has not yet been identified.  

 The I-rTestisin and rTestisin were also used to study serpin inhibition of testisin. 

The incubation of activated recombinant human testisin showed that PCI forms an SDS-

stable protease:serpin complex with human testisin detected by immunoblot analysis.  

This finding however was not confirmed when concentrated rTestisin-containing PLC-

released material was incubated with PCI and assayed for proteolytic activity by the 

cleavage of a peptide substrate.  Purified recombinant human testisin would allow us to 

better study serpin inhibition of testisin as there may be other proteases or proteins in the 

collected material that could interfere with the interaction of rTestisin and PCI, or another 

protease in the collected material is demonstrating protease activity in the peptide assay, 

overshadowing any signal from rTestisin.  Unfortunetly this reagent is not yet available.  

The detection of an SDS-stable human testisin:PCI complex does suggest that PCI could 

be a physiological inhibitor of testisin activity as PCI is found expressed in the testes as 
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well as circulating in the blood stream where it could interact with the surface of 

endothelial cells.  

 Assays performed with recombinant mouse testisin (rmTestisin) provided further 

insight into the biochemical properties of testisin.  The activated rmTestisin had serine 

protease catalytic activity similar to thrombin as demonstrated by peptide substrate 

cleavage, as well as proteolytic activity that was inhibited by broad range serine protease 

inhibitors.  This is important because the rmTestisin is activated with thermolysin, which 

is a promiscuous metalloprotease and despite adding 1,10-orthophenanthraline to inhibit 

its activity in the active rmTestisin preparation, it has potential to maintain some protease 

activity if not fully inhibited.  The fact that the majority of activity is inhibited with the 

serine protease inhibitors indicates that the activity seen when using rmTestisin is due to 

the catalytic domain of rmTestisin and not the presence of a relatively minor 

concentration of thermolysin. 

 The observation that human recombinant hepsin did not activate rmTestisin 

suggests specifies specificity for the regulation of testisin activation.  Human and mouse 

testisin share the same activation site sequence of R-IVGG residues suggesting that the 

two zymogens could be cleaved and activated by the same protease(s); however, closer 

inspection of the amino acid residues surrounding the activation site show differences 

which may affect the interaction of activating proteases with testisin, perhaps providing 

an explanation for species-specific activation.  Recombinant mouse hepsin is not 

commercially available, but it would be of value to investigate whether mouse hepsin 

activates the mouse testisin zymogen as is seen with human hepsin and the human testisin 

zymogen. 
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 rmTestisin did not form a serpin complex with human PCI as was seen with 

human testisin and PCI, but it did recognize human PCI as a substrate and systematically 

cleaved PCI.  The interaction of human testisin with human PCI followed the established 

inhibitory pathway (Section 1.1.4.3) while mouse testisin followed the substrate pathway 

suggesting different kinetics of interaction.  These data suggest that the regulation of 

testisin activity by serpin inhibition is relatively similar between species. It remains 

unknown whether mouse PCI would form a serpin inhibitor complex with rmTestisin, 

because this reagent is not available. 

 Studies of substrate specificity provided interesting directions for the 

investigation of testisin functions.  A peptide substrate screen showed that rmTestisin 

prefers to cleave following basic Arg residues, and has an affinity for cleaving the 

sequence that mimics the PAR2 activation sequence, which is more efficient that the 

cleavage of the PAR1 sequence.  PAR2 is a very intriguing candidate testisin substrate 

which will be investigated further in Chapter 4.  rmTestisin also appeared to demonstrate 

substrate specificity for two investigated coagulation proteases, prothrombin and 

fibrinogen.  It is unclear if testisin activity induces physiologically relevant proteolytic 

cleavage events important for coagulation, but because of testisin’s expression on 

microvascular endothelial cells, it remains an interesting avenue of study. 

 Overall, the work presented in this chapter provided significant insight into the 

biochemical properties of testisin as little was previously known about the regulation of 

testisin activity, and importantly, presented interesting directions for the study of testisin 

activity on the cell surface.  The reagents characterized here are also very useful for 

further studies of testisin activity.  
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Chapter 4:  Testisin Activation of Protease-Activated Receptors 

Testisin is anchored to the cell surface via a GPI moiety, suggesting its proteolytic 

activity acts on a substrate in the extracellular microenvironment.  At the start of this 

body of work, we knew from preliminary studies using reporter substrates that testisin 

preferred to cleave substrates with an Arginine residue at the P1 site, similar to other 

trypsin-like serine proteases.  We hypothesized that members of the family of Protease-

Activated Receptors (PARs) could be potential testisin substrates. Several soluble serine 

proteases with Arg P1 specificity that are circulating or localized to the membrane by 

binding to surface proteins have been shown to activate different PARs. The aim of this 

chapter is to investigate whether one or more members of the PAR family of receptors 

are testisin substrates.  Using two different cell expression systems, we investigated the 

cleavage and activation of PARs by recombinant mouse testisin (rmTestisin) compared to 

the activation by other protease activators.  We also studied the recognition of PARs as 

substrates for membrane-localized co-expressed testisin and assayed for downstream 

intracellular signaling induced by testisin proteolytic activity.  The mechanism of PAR 

activation by testisin and induced signaling pathways would provide new insight into the 

potential physiological roles of testisin in different cell systems as well as define a novel 

PAR activator. 

4.1 Introduction 
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4.2.1 Analysis of PAR1 as a testisin substrate 

4.2 Results 

 Prior to the availability of rmTestisin for the study of testisin substrate specificity, 

it was predicted that testisin shares similar substrate specificity to thrombin.  Thrombin is 

known to cleave and activate PAR1 on ECs and is an important mechanism for the 

regulation of several EC functions [93;117-119].  We initially hypothesized that the N-

terminus of PAR1 may be an extracellular testisin substrate.  To assess N-terminal 

cleavage of PAR1, we utilized the AlkPhos.PAR1 plasmid which encodes secreted 

human placental alkaline phosphatase (SEAP) fused to the N-terminus of human PAR1, 

such that receptor cleavage results in the release of AlkPhos into the culture medium and 

AlkPhos activity is measured as a read out for PAR1 N-terminal cleavage [40;101].  As a 

control for productive PAR1 cleavage, site-directed mutagenesis was performed on the 

Arginine 41 residue, which is the residue that is cleaved by activating proteases including 

thrombin to induce receptor activation, to generate a cleavage site mutant 

(AlkPhos.PAR1csm).  Figure 4.1A shows the amino acid sequence of a portion of the 

AlkPhos.PAR1 fusion protein and highlights the canonical activating cleavage site at the 

N-terminus of PAR1. 

 HEK293 cells were transfected to co-express AlkPhos.PAR1 or 

AlkPhos.PAR1csm and testisin.  Cells were serum-starved and media was collected over 

4 hr to monitor AlkPhos release as a measure of N-terminal cleavage.  As a control for N-

terminal cleavage, cells were treated with thrombin and media collected.  As expected, 

the addition of thrombin induced the release of AlkPhos over time into the assayed 
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conditioned media from cells expressing AlkPhos.PAR1, but not from cells expressing 

AlkPhos.PAR1csm.  The co-expression of testisin however, induced the release of 

AlkPhos from both AlkPhos.PAR1 and AlkPhos.PAR1csm, suggesting that testisin can 

cleave the N-terminus of PAR1 at another site besides the canonical Arg41 (Figure 4.1B).  

The alternative cleavage must be occurring upstream of the first transmembrane domain 

of PAR1 for the observed release of the N-terminal AlkPhos reporter.  There have been 

reports of non-canonical activation of PAR1 by APC by cleavage at Arginine 46 [80], 

and other proteases characterized as antagonist or inhibitory proteases such as plasmin, 

have been shown to cleave further downstream [120].   

 To investigate whether testisin may be cleaving at an alternative Arg residue 

within the N-terminus of PAR1, site-directed mutagenesis was performed on the 

AlkPhos.PAR1 plasmid to generate AlkPhos.PAR1R46A and AlkPhos.PAR1R70A.  The 

schematic in Figure 4.1A shows the fusion of AlkPhos (SEAP) and Flag-tag to the N-

terminus of PAR1 beginning at amino acid 34 of PAR1, and indicates the mutated 

residues.  HEK293 cells were transfected to express AlkPhos.PAR1, AlkPhos.PAR1csm, 

AlkPhos.PAR1R46A, or AlkPhos.PAR1R70A in combination with testisin or cells were 

treated with thrombin as described.  Thrombin activity induced the release of AlkPhos 

from cells expressing all of the AlkPhos.PAR1 mutants except AlkPhos.PAR1csm, as 

expected.  The co-expression of testisin with each of the AlkPhos.PAR1 plasmids 

resulted in equivalent AlkPhos release into assayed conditioned media (Figure 4.1C).  

These data suggested that testisin was cleaving at another site that was not mutated or 

was able to cleave at more than one site.  Analysis of the AlkPhos sequence showed 

several Arg residues at the C-terminus of the SEAP fusion and we hypothesized that 
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Figure 4.1 Analysis of PAR1 as a substrate for testisin 
 

A, Amino acid sequence of the AlkPhos.PAR1 fusion protein indicating AlkPhos (SEAP), 
the N-terminus of PAR1, the canonical Arg41 cleavage site, and the targeted Arg residues.  
B, HEK293 cells were transfected with AlkPhos.PAR1 or AlkPhos.PAR1csm alone or in 
combination with testisin. As a positive control for AlkPhos.PAR1 N-terminal cleavage, 
cells were treated with 5 nM thrombin. AlkPhos activity was measured in the conditioned 
media over 4 hr. Co-expressed testisin induced the release of AlkPhos from AlkPhos.PAR1 
and AlkPhos.PAR1csm while 5 nM thrombin only cleaved the wild-type receptor.  
C, HEK293 cells were transfected with AlkPhos.PAR1, AlkPhos.PAR1csm, 
AlkPhos.PAR1R46A, or AlkPhos.PAR1R70A alone or in combination with testisin (ts). 
The addition of 2 nM thrombin was included as a positive control for PAR1 N-terminal 
cleavage. Co-expressed testisin induced the cleavage of all three AlkPhos-PAR1 Arg 
mutants compared to 2 nM thrombin which cleaves all mutants expect AlkPhos-PAR1csm, 
suggesting that testisin cleaves at another site within the fusion protein. 
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testisin may be cleaving within the C-terminus of AlkPhos to release the reporter into the 

culture media while maintaining the AlkPhos activity, instead of cleaving within the N-

terminus of PAR1. 

 

4.2.2 Analysis of PAR2 as a testisin substrate 

Since data suggested that co-expressed testisin did not specifically cleave the N-

terminus of AlkPhos.PAR1 at either the canonical Arg41 or two other downstream Arg 

residues, we turned our attention to the newly available recombinant mouse testisin 

(rmTestisin).  When rmTestisin was assayed for peptide substrate specificity, results 

indicated that rmTestisin had an affinity for the N-terminal activation sequence of PAR2 

but not PAR1 (Figure 3.16), suggesting that testisin may be able to cleave the N-terminus 

of PAR2 expressed on the cell surface.  Before initiating studies investigating PAR2 as a 

substrate for rmTestisin, we wanted to determine the active site concentration of each 

recombinant protease preparation that we planned to use as positive or negative controls 

for PAR activation.  Only a percentage of the molar concentration of the recombinant 

protease in a preparation is proteolytically active, so by determining the active site 

concentrations, we could be confident that we were comparing proteases with equivalent 

activities in our assay systems.  We performed an active site titration assay using MUGB, 

a sensitive fluorescent probe used to measure the active site concentrations of serine 

proteases, to determine the active molar concentrations of each recombinant protease 

preparation used to allow for direct comparison between the signals induced by 

individual proteases.  All protease concentrations presented in this chapter are based on 

the determined active molar concentrations.  

A 

B 

A 
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In order to assess the ability of rmTestisin to cleave the N-terminus of individual 

PARs, we transiently transfected HeLa cells to express AlkPhos.PAR1 and 

AlkPhos.PAR2. The addition of 7.5 nM and 15 nM rmTestisin to cells expressing 

AlkPhos.PAR2 resulted in a 2-fold and 3-fold release of AlkPhos activity respectively 

compared to untreated cells (Figure 4.2A).  The addition of recombinant trypsin and 

recombinant matriptase, which are known to cleave the N-terminus and activate PAR2, 

also resulted in increased AlkPhos release, which was not seen when cells were treated 

with prostasin, which does not directly cleave PAR2. The addition of rmTestisin to cells 

expressing AlkPhos.PAR1 did not result in AlkPhos release, which was observed with 

the addition of PAR1 activators thrombin and trypsin, suggesting that rmTestisin cleaves 

the N-terminus of PAR2, but not PAR1 (Figure 4.2B).  To assess whether the observed 

N-terminal cleavage of AlkPhos.PAR2 occurs at the canonical productive Arg36 

cleavage site that leads to receptor activation, we transiently transfected HeLa cells with a 

cleavage site mutant form of AlkPhos.PAR2 (AlkPhos.PAR2csm) in which the two 

amino acids at the productive cleavage site have been mutated to disrupt the activation 

site. Neither the addition of rmTestisin nor the addition of the other PAR2 activating 

proteases resulted in a significant AlkPhos release, suggesting that rmTestisin specifically 

cleaves at the productive Arg36 activation site residue of PAR2 (Figure 4.2C).   
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Figure 4.2 Analysis of PAR2 as a substrate for testisin 
 

A. HeLa cells transiently expressing AlkPhos.PAR2 were incubated with the indicated active 
recombinant proteases: 7.5 nM and 15 nM rmTestisin, 4 nM prostasin, 4 nM matriptase, and 2 
nM trypsin. After 4 hours, the AlkPhos activity released was quantified as fold change over 
untreated cells. 7.5nM and 15nM rmTestisin specifically cleaved AlkPhos.PAR2 in a dose 
dependent manner, similar to the AlkPhos release seen with matriptase and trypsin treatment, 
while prostasin did not release AlkPhos activity.  
B. HeLa cells transiently expressing AlkPhos.PAR1 were incubated with the indicated active 
recombinant proteases: 7.5 nM rmTestisin, 2 nM trypsin, and 1 nM thrombin. After 4 hours, 
the AlkPhos activity released was quantified as fold change over untreated cells. rmTestisin 
did not cleave the N-terminus of AlkPhos.PAR1 as compared to thrombin or trypsin.  
C. HeLa cells transiently expressing AlkPhos.PAR2csm were incubated with the indicated 
active recombinant proteases: 7.5 nM rmTestisin, 4 nM prostasin, 4 nM matriptase, and 2 nM 
trypsin. After 4 hours, the AlkPhos activity released was quantified as fold change over 
untreated cells.  The N-terminus of AlkPhos.PAR2csm was not cleaved by trypsin, matriptase, 
or rmTestisin.    *p<0.05; ***p<0.001. 
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4.2.3 rmTestisin induces PAR2 activation and intracellular signaling  

The productive N-terminal cleavage of PARs leads to the activation of several 

intracellular signaling pathways dependent on cell type, receptor activator, and induced 

adaptor proteins.  

 

4.2.3.1 Generation of an intracellular calcium release 

Like other G-protein coupled receptors, it has been shown that the activation of 

both PAR1 and PAR2 leads to transient intracellular calcium release [121;122]. HeLa 

cells transiently expressing FLAG.PAR1, FLAG.PAR2, FLAG.PAR2csm or vector, were 

loaded with the calcium indicator Fluo-3, which fluoresces brightly when bound to 

calcium ions (Ca2+) and which is almost nonfluorescent in the Ca2+-free form.  Treatment 

of cells expressing FLAG.PAR2 with 4 nM rmTestisin induced a transient calcium 

release as measured by an increase in fluorescence (Figure 4.3A), suggesting receptor 

activation. Importantly, treatment of cells expressing FLAG.PAR2csm did not induce a 

release of calcium (Figure 4.3B) indicating that rmTestisin specifically cleaves PAR2 at 

the activation site Arg36 residue to promote to signaling response. As a control, the 

addition of 1 μM PAR-2 AP (SLIGKV), which activates the receptor independent of N-

terminal proteolytic cleavage, did evoke a robust Ca2+ signal in cells that express either 

FLAG.PAR-2 or FLAG.PAR-2csm, showing that the PAR-2csm retains the ability to 

trigger Ca2+  signaling when activated (Figure 4.3A&B). Treatment of cells expressing 

FLAG.PAR-1 with 4 nM rTs did not induce a significant Ca2+ signal, further suggesting 

that rTs does not cleave PAR-1 to induce intracellular signaling (Figure 4.3C). As a 

control for receptor activation, FLAG.PAR1-expressing cells were treated with the PAR1 
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AP (SRLLRN) (Figure 4.3C). Finally, the treatment of vector-transfected cells with 4 nM 

rTs or PAR-2 AP SLIGKV evoked no intracellular Ca2+ signals, suggesting that the 

calcium mobilization seen in panel A is a result of the specific activation of PAR-2 by 

recombinant testisin (Figure 4.3D). In each experiment, ionomycin, a Ca2+ ionophore, 

was used as positive control.  Ionomycin is an ionophore that releases calcium ions from 

the ER into the cytosol causing a transient calcium release.  

 

4.2.3.2 Generation of a transient phosphorylated ERK1/2 signal 

PAR2 activation by trypsin and the PAR2 AP SLIGKV has been shown to lead to 

a transient phosphorylation of extracellular signal-related kinase (ERK1/2) [121;123]. We 

next examined the affect of rmTestisin on ERK1/2 activation in PAR2-expressing cells.  

HeLa cells transiently expressing FLAG.PAR2 or FLAG.PAR2csm were treated with 

vehicle, 4 nM rmTestisin, 4 nM trypsin or 100 μM SLIGKV for 2, 5, 15, 30, and 60 min.  

Whole cell lysates were analyzed with anti-phosphoERK1/2 and anti-ERK1/2 antibodies 

to detect activation of ERK1/2.  The treatment of rmTestisin on cells expressing 

FLAG.PAR2 induced transient ERK1/2 phosphorylation similar to that generated by 4 

nM trypsin and 100 μM SLIGKV (Figure 4.4A).  The addition of rmTestisin and trypsin 

did not induce ERK1/2 phosphorylation in cells expressing the FLAG.PAR2csm; 

however, the addition of SLIGKV resulted in ERK1/2 activation through 

FLAG.PAR2csm as cleavage of the receptor is not required for receptor activation 

(Figure 4.4B). Expression of FLAG.PAR2 and FLAG.PAR2csm were verified by 

immunoblot analysis with an anti-PAR2 antibody (data not shown). These data suggest 

that the productive cleavage of PAR2 by rmTestisin induces receptor activation and 
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Figure 4.3 rmTestisin activity induces an intracellular release of calcium in cells 
expressing PAR2.  
 

HeLa cells expressing PAR plasmids were loaded with 3 μM Fluo-3 and incubated serially 
with 4 nM rmTestisin (rmTs), 1 μM PAR2 AP (SLIGKV) or 1 μM PAR1 AP (SFLLRN), 
and 300 nM ionomycin (Ion).  Ionomycin, a calcium ionophore that facilitates Ca2+ transport 
across cellular membranes, served as positive control in all experiments. All reagents were 
bath-applied.  Fluorescence was monitored in at least 100 cells at 488 nm using MetaFluo 
software.  Graphical analysis is shown. Expression of the PARs was verified by the calcium 
release following incubation with the respective APs.   
A, Treatement with rmTestisin evoked an intracellular calcium signal in cells expressing 
FLAG.PAR2, evidenced by a transient rise of Fluo-3 fluorescence which was also detected 
with SLIGLV. 
B, HeLa cells transiently expressing FLAG.PAR2csm show the addition of rmTestisin did 
not induce intracellular calcium release through PAR2csm but SLIGLV was able to stimulate 
release. 
C, HeLa cells transiently expressing FLAG.PAR1 show the addition of rmTestisin did not 
induce intracellular calcium release through PAR1 but SFLLRN addition did induce release. 
D, HeLa cells transiently expressing vector alone show that neither the addition of rmTestisin 
nor SLIGLV induced intracellular calcium release.  
This assay was performed with the assistance of Dr. Joseph Kao. 
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Figure 4.4 rmTestisin activity induces transient ERK1/2 activation through 
PAR2. 
  

A, HeLa cells transiently expressing FLAG.PAR2 were treated for the indicated times 
with vehicle, 4 nM rmTestisin, 4 nM trypsin, or 100 μM PAR2 AP (SLIGKV). Whole 
cell lysates were collected in 1x LDS NuPage buffer, immunoblotted and probed for 
phosho-ERK1/2 and total ERK1/2. rmTestisin induced transient ERK1/2 
phosphorylation in cells expressing FLAG.PAR2, similar to the activation seen with 
trypsin and SLIGKV. 
B, HeLa cells transiently expressing FLAG.PAR2csm were treated for the indicated 
times with vehicle, 4 nM rmTestisin, 4 nM trypsin, or 100 μM PAR2 AP (SLIGKV). 
Whole cell lysates were collected in 1x LDS NuPage buffer, immunoblotted and 
probed for phosho-ERK1/2 and total ERK1/2. ERK1/2 phosphorylation was induced 
through FLAG.PARcsm following treatment with SLIGKV, but not rmTestisin and 
trypsin. 
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promotes the induction of downstream signaling pathways, similar to that of other known 

PAR2 activating proteases. 

 

4.2.4 PAR2 as a substrate for co-expressed testisin  

4.2.4.1 Characterization of the cell expression system used to study PAR2 N-terminal 

cleavage by co-expressed testisin 

Since testisin is anchored to the cell surface by its GPI moiety [14;64] and there is 

no evidence to date that a soluble form of Testisin is found released from the cell surface 

as a soluble serine protease, it was important to test whether the N-terminus of PAR2 

could be cleaved by testisin anchored to the cell surface.  To control for the role of 

testisin proteolytic activity in substrate cleavage, the HA-tagged testisin expression 

plasmid, pDisplay.Testisin (testisin)  described in Chapter 3 was used to generate an 

active site mutant pDisplay.TestisinS238A (testisinSA) in which the active site Ser238 

residue is mutated to an Ala rendering testisin catalytically inactive. 

A schematic of HA-tagged testisin and testisin SA is shown in Figure 4.5A.  As 

described in Chapter 3, under reducing conditions, the anti-HA antibody detects zymogen 

testisin, while under non-reducing conditions, the anti-HA antibody detects both the 

zymogen and active forms of testisin.  The anti-testisin antibody detects both the 

zymogen and active forms of testisin under reducing and non-reducing conditions.  

Immunoblot analysis of HeLa cells transiently expressing testisin or testisinSA probed 

under non-reducing and reducing conditions shows that the level of testisin protein 

expression is similar between testisin and testisinSA-expressing cells as seen by detection 

with the anti-testisin antibody; however, under both non-reducing and reducing 
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conditions, the anti-HA antibody detects testisinSA more efficiently than testisin (Figure 

4.5B), possibly due to a conformational change in the HA-tag epitope when testisin is 

catalytically active. The anti-testisin antibody also detects endogenous testisin expression 

in HeLa cells. 

 

4.2.4.2 PAR2 and testisin co-localize on the cell surface. 

In order for GPI-anchored testisin to proteolytically activate PAR2, testisin and 

PAR2 should be expressed in proximity on the cell surface. To assess co-localization of  

PAR2 and testisin, HeLa cells were grown on coverslips transiently expressing 

FLAG.PAR2 and HA-tagged testisinSA and were co-stained for the FLAG-epitope and 

HA-epitope. TestisinSA was used to stain for testisin localization because it is more 

effectively detected with the anti-HA antibody than wild-type testisin as demonstrated in 

Figure 4.5B. Confocal microscopy images of HeLa cells permeabilized and stained with 

anti-FLAG and anti-HA antibodies show co-localization of FLAG.PAR2 and testisinSA 

in the cytoplasm and in the cell secretory pathway (Figure 4.6A). More importantly, non-

permeabilized cells stained with anti-FLAG and anti-HA antibodies show expression of 

PAR2 and testisin in proximity to each other on regions of the cell surface as seen by 

punctuate yellow staining (Figure 4.6B shown in overlay). 
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A 

B 

Figure 4.5 Characterization of the cell expression system used to study 
PAR2 N-terminal cleavage by co-expressed testisin. 
 

A, Schematic illustration of the N-terminal HA-tagged testisin protein and 
the catalytically inactive testisinSA mutant anchored to the cell surface by 
the C-terminal GPI-anchor.  
B, HeLa cells were transiently transfected to express testisin or testisinSA. 
Immunoblot analysis probed whole cell lysates with anti-HA and anti-
testisin antibodies under non-reducing and reducing conditions.  The anti-
testisin antibody detected similar expression levels of testisin and 
testisinSA. The anti-HA antibody detected testisinSA more efficiently than 
testisin in both reducing and non-reducing conditions. The arrow indicates 
endogenous HeLa cell testisin expression detected with the anti-testisin 
antibody. 
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A 

B 

Figure 4.6 PAR2 and testisin co-localize on HeLa cells.  
 

A, HeLa cells co-expressing FLAG.PAR2 and testisinSA were permeabilized, 
stained with anti-FLAG and anti-HA antibodies and species-specific fluorescently 
conjugated secondary antibodies, and imaged by confocal microscopy.  
Permeabilized cells show co-localization of FLAG.PAR2 (green) and testisinSA 
(red) in the cytoplasm. Phalloidin stains the cellular actin. 
B, HeLa cells co-expressing FLAG.PAR2 and testisinSA were left 
unpermeabilized, stained with anti-FLAG and anti-HA antibodies and species-
specific fluorescently conjugated secondary antibodies, and imaged by confocal 
microscopy. Non-permeabilized cells show co-localization of FLAG.PAR2 and 
testisinSA on regions of the cell surface (yellow overlay). 
This assay was performed with the assistance of Dr. Marguerite Buzza. 
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4.2.4.3 Co-expressed testisin cleaves the N-terminus of PAR2  

              In order to assess whether testisin activity expressed on the cell surface 

recognizes the N-terminus of co-expressed PAR2 as a substrate, we utilized the 

FLAG.PAR2 plasmid in which the N-terminal FLAG-tag is released following PAR2 

cleavage. Flow cytometry analysis, or FACS analysis, offers a method to probe 

specifically for expression levels of cell surface proteins.  HeLa cells transiently 

expressing vector alone, FLAG.PAR2, or FLAG.PAR2csm together with testisin or 

testisinSA, were stained with anti-FLAG antibody and analyzed by FACS.  Analysis 

shows cells expressing FLAG.PAR2 and testisin have an 8-fold reduction in detected cell 

surface FLAG compared to cells expressing FLAG.PAR2 alone or with testisinSA, 

indicating that co-expressed catalytically active testisin reduces the level of FLAG 

epitope on the surface by releasing the N-terminus of PAR2 demonstrated by the 

graphical analysis and mean fluorescence values (Figure 4.7A).    Analysis also showed 

that cells expressing FLAG.PAR2csm and testisin had an approximate 2.5-fold reduction 

in cell surface FLAG compared to cells expressing FLAG.PAR2csm alone or with 

testisinSA, suggesting that co-expressed catalytically active testisin reduces the level of 

FLAG epitope on the surface by releasing the N-terminus of PAR2csm by non-canonical 

cleavage, although to a much lesser extent than wild-type PAR2 (Figure 4.7B). 
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Figure 4.7 Co-expressed testisin cleaves the N-terminus of PAR2 
 

A, Flow cytometry analysis with anti-FLAG antibody of HeLa cells co-expressing 
FLAG.PAR2 and testisin shows a significant 8-fold reduction of N-terminal FLAG 
on the cell surface compared to cells expressing FLAG.PAR2 alone or 
FLAG.PAR2 and testisinSA suggesting N-terminal cleavage of FLAG.PAR2 by 
co-expressed Testisin. *p<0.05. 
B, Flow cytometry analysis with anti-FLAG antibody of HeLa cells co-expressing 
FLAG.PAR2csm and testisin shows a 2.5-fold reduction of N-terminal FLAG on 
the cell surface compared to cells expressing FLAG.PAR2csm alone or 
FLAG.PAR2csm and testisinSA suggesting a low level of N-terminal cleavage of 
FLAG.PAR2csm by co-expressed testisin. NS= not significant. 
This assay was performed with the assistance of Dr. Mark Williams. 
 

A 

B 

A 
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4.2.5 The cleavage of PAR2 by surface-anchored testisin induces the loss of surface 

PAR2. 

It has been shown by several groups that following productive N-terminal 

cleavage of PAR2 by activating proteases, the receptor is internalized [124;125]. FACS 

analysis using an anti-PAR2 antibody that detects both full-length and cleaved PAR2 to 

stain cells shows that cells expressing FLAG.PAR2 and testisin express significantly less 

PAR2 on the surface than cells expressing FLAG.PAR2 alone or FLAG.PAR2 and 

testisinSA, suggesting the loss of PAR2 from the cell surface when PAR2 is co-expressed 

with catalytically active testisin (Figure 4.8A). Importantly, when cells are permeabilized 

and incubated with the anti-PAR2 antibody to detect total cellular FLAG.PAR2 

expression, all cells transfected to express FLAG.PAR2 show similar expression levels 

independent of testisin co-expression, suggesting that the reduction of PAR2 on the 

surface is not due to a difference in total cellular PAR2 expression (Figure 4.8B). The 

vector control cells also show PAR2 expression above the unstained cells, suggesting that 

HeLa cells express a low level of endogenous PAR2. Histogram analysis and mean 

fluorescence values show that cells expressing FLAG.PAR2csm and testisin show similar 

surface PAR2 expression to cells expressing PAR2csm alone or in combination with 

testisinSA, suggesting that even though testisin induces a low level of non-canonical 

cleavage of the N-terminus of PAR2csm (Figure 4.7B), testisin does not induce the loss 

of FLAG.PAR2csm on the cell surface (Figure 4.9A), and total FLAG.PAR2csm 

expression is independent of testisin co-expression (Figure 4.9B). 

To supplement the FACS analysis that shows a reduction of surface PAR2 

detected when co-expressed with testisin, a cell surface biotinylation approach was
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A B 

Figure 4.8 Testisin activity on the cell surface induces the loss of PAR2 detected 
on the cell surface.  
 

A, Flow cytometry analysis with anti-PAR2 antibody of HeLa cells co-expressing 
FLAG.PAR2 and vector, testisin, or testisinSA shows a significant reduction of 
PAR2 detected on the cell surface of cells expressing FLAG.PAR2 and testisin 
compared to cells expressing FLAG.PAR2 alone. 
B, Flow cytometry analysis with anti-PAR2 antibody of permeabilized HeLa cells co-
expressing FLAG.PAR2 and vector, testisin, or testisinSA shows no significant 
difference in total cellular FLAG.PAR2 expression between cells expressing PAR2 
alone or co-expressed with testisin or testisinSA, suggesting that the reduction in 
detected surface PAR2 when co-expressed with testisin is not due to a difference in 
PAR2 expression.  *p<0.05. 
 

A B 



111 

 

 

Figure 4.9 Testisin activity on the cell surface does not induce a loss of 
PAR2csm detected on the cell surface.  
 

A, Flow cytometry analysis with anti-PAR2 antibody of HeLa cells co-expressing 
FLAG.PAR2csm and vector, testisin, or testisinSA shows no  reduction of PAR2 
detected on the cell surface compared to cells expressing FLAG.PAR2 alone. 
B, Flow cytometry analysis with anti-PAR2 antibody of permeabilized HeLa cells 
co-expressing FLAG.PAR2csm and vector, testisin, or testisinSA shows no 
significant difference in total cellular FLAG.PAR2csm expression between cells 
expressing PAR2 alone or co-expressed with testisin or testisinSA.  
 

A B 
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employed using cells transiently expressing PAR2 with a C-terminal GFP tag  

(PAR2.GFP) or the cleavage site mutant PAR2.GFPcsm in combination with testisin or 

testisinSA. The use of a C-terminal tag allowed for the detection of both cleaved and full- 

length PAR2 with high antibody affinity. Cell surface proteins were biotin-labeled, 

labeled proteins were immunoprecipitated with Neutravidin beads, and eluates were 

probed by immunoblot using anti-GFP antibody to detect the level of PAR2.GFP 

expressed on the cell surface.  As a positive control for PAR2 processing, cells were 

treated with trypsin for 30 min before biotin labeling.  Immunoblot analysis of biotin-

labeled surface proteins showed a significant reduction in GFP detected on the cell 

surface, similar to that seen when cells were treated with trypsin (Figure 4.10A), 

suggesting PAR2 is internalized from the cell surface when activated by co-expression 

with testisin. The reduced level of surface PAR2.GFP was not seen when PAR2.GFP is 

expressed with testisinSA, suggesting that testisin activity is required for the processing 

of PAR2 on the surface (Figure 4.10A). Importantly, there is no significant reduction in 

the detection of PAR2.GFPcsm on the cell surface when co-expressed with testisin, 

suggesting that testisin activity results in the specific activation of PAR2.GFP but not 

PAR2csm.GFP, similar to what was seen in the FACS analysis in Figure 4.9. 

Immunoblots of whole-cell lysates show that the total levels of PAR2.GFP were similar 

in the different transfection conditions, suggesting that the reduced expression on the cell 

surface is not due to a difference in total cellular PAR2.GFP expression (Figure 4.10B). 

Co-expression of testisin and testisinSA was verified by probing reduced immunoblots 

with the anti-testisin antibody to probe for testisin expression and with the anti-HA 

antibody to probe specifically for the zymogen form of testisin on the surface and in 

B 
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A B 

Figure 4.10 Testisin activity on the cell surface induces PAR2 internalization.  
 

HeLa cells were transfected to express PAR2.GFP, PAR2csm.GFP, or vector and 
testisin (ts) or testisinSA (tsSA).  Cells expressing vector, PAR2.GFP, or PAR2csm.GFP 
were treated with vehicle or 4 nM trypsin for 30 min at 37°C as a positive control of 
PAR2 activation and processing.  Cells were then biotin-labeled, labeled proteins were 
immunopreciptated with Neutravidin beads, and  
A, biotin-labeled surface proteins and  
B, whole cells lysates  
were analyzed by immunoblot under reducing conditions for the presence of PAR2.GFP 
on the surface.  Cells expressing PAR2.GFP and incubated with trypsin or co-expressed 
with testisin show a reduction in GFP detected in isolated surface proteins when probed 
with the anti-GFP antibody indicative of loss of total PAR2 from the cell surface. The 
loss of GFP on the cell surface was not detected on cells expression PAR2csm.GFP. 
Total PAR2.GFP and PAR2csm.GFP expression was similar, suggesting that whole cell 
expression levels did not play role in the reduction of GFP detected when PAR2.GFP 
was co-expressed with testisin. Immunoblots were also probed with anti-testisin (anti-ts) 
and anti-HA antibodies to detect testisin expression and anti-GAPDH to monitor protein 
loading.  * indicates a longer exposure. N.S. indicates nonspecific bands. 

A B 
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 whole cell lysates.             

To specifically assess for testisin-induced internalization of PAR2, HeLa cells 

transiently expressing PAR2.GFP, PAR2csm.GFP, or vector alone were first surface 

biotin-labeled and then treated for 0, 5, and 15 min with vehicle, rmTestisin, or PAR2 AP  

(SLIGKV) to allow endocytosis of surface-labeled PAR2 induced by receptor activation.  

Residual cell-surface biotin was removed by washing the cells with MeSNA reducing 

buffer.  Internalized proteins labeled with biotin were isolated from whole cell lysates 

using Neutravidin beads and the level of PAR2 internalization was examined from bead 

eluates by anti-GFP immunoblot analysis.  As shown in Figure 4.11, PAR2.GFP 

internalization steadily increased over 15 min in response to rmTestisin and PAR2 AP 

with internalized receptor detected by 5 min. Under the same conditions however, there is 

no increase in the internalization of PAR2csm.GFP when treated with rmTestisin, 

suggesting specific activation and internalization of wild-type PAR2.  The percent 

internalization was quantified as the amount internalized PAR2 compared to total surface 

PAR2 expression of untreated cells by immunoblot density using ImageJ software. 

 

4.2.6 Activation of PAR2 by surface-expressed testisin induces intracellular 

signaling 

4.2.6.1 Activation of cell signaling pathways  

In order to assess whether the co-expression of PAR2 and testisin on the cell 

surface results in the induction of signaling pathways downstream of PAR2 activation 

and internalization, we utilized a serum response element (SRE)-firefly luciferase 

reporter in which the expression of firefly luciferase is under the control of the SRE. It 

A B 
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Figure 4.11 PAR2 is internalized following activation by rmTestisin 
 

HeLa cells expressing PAR2.GFP or PAR2csm.GFP labeled with membrane 
impermeant EZ-link NHS-SS-biotin were treated with 4 nM rmTestisin (rmTs) or 
100 μM PAR2 AP (SLIGKV) as a positive control for PAR2 activation for 0, 5, 
and 15 min to induce receptor internalization. Protein degradation was blocked by 
incubation of cells with 20 mM of the proteasome inhibitor MG132. Residual cell 
surface biotin was removed by washing with MeSNA and internalized biotin-
labeled proteins were isolated from whole cell lysates using Neutravidin beads. 
Anti-GFP immunoblot analysis was performed on bead eluates and input lysates 
(lysates that were not treated with MeSNA). Graphical analysis shows the % 
internalized PAR2 compared to untreated cells calculated using blot density by 
ImageJ software.  rmTestisin induced the internalization of PAR2.GFP similar to 
the internalization induced by SLIGKV.  PAR2csm.GFP was not internalized 
following the addition of rmTestisin. 
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has been previously shown that the activation of PAR2 by matriptase induces the 

activation of the SRE [71]. Cells expressing FLAG.PAR2 and testisin show increased 

luciferase activity compared to cells expressing FLAG.PAR2csm and testisin or testisin 

alone, suggesting that the increased SRE-luciferase activity is specifically due to the 

proteolytic activation of PAR2 by testisin. Importantly, cells expressing testisinSA do not 

show an increase in SRE- luciferase activity when expressed with either FLAG.PAR2 or 

FLAG.PAR2csm, suggesting that the catalytic activity of testisin on the cell surface is 

required for the observed SRE-luciferase activity (Figure 4.12A). The expression of 

testisin was verified by immunoblot analysis (Figure 4.12A).   

It has been previously shown that the proteolytic activation of PAR2 by trypsin 

results in the calcium-dependent activation of nuclear factor kappa-light-chain-enhancer 

of activated B cells (NFĸB) [126]. Using an NFĸB-firefly luciferase reporter in which the 

expression of firefly luciferase is under the control of activated NFĸB, we observed a 

significant increase in luciferase activity in cells expressing FLAG.PAR2 and testisin 

compared to cells expressing FLAG.PAR2csm and testisin or testisin alone, suggesting 

that the observed increase in NFĸB -Luciferase activity is specifically due to the 

activation of PAR2 by testisin. Importantly, cells expressing testisinSA do not show an 

increase in NFkB-luciferase activity when expressed with either FLAG.PAR2 or 

FLAG.PAR2csm, showing that the proteolytic activity of testisin on the cell surface is 

required for the observed NFĸB -luciferase activity (Figure 4.12B). The expression of 

testisin was verified by immunoblot analysis (Figure 4.12B). 
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Figure 4.12 Proteoltyic activation of PAR2 by GPI-anchored surface testisin 
induces intracellular signaling.  
 

A, Luciferase activity of lysates from HeLa cells transiently co-expressing pSRE-
Luciferase and pRenilla-Luciferase with FLAG.PAR2 or FLAG.PAR2csm and 
testisin or testisinSA was quantitated as a ratio of SRE-luciferase to Renilla-
luciferase activity. Cells co-expressing FLAG.PAR2 and testisin show an 
approximate 3-fold increase in SRE-luc:Renilla-luc activity, significantly more than 
seen with PAR2csm and testisin or testisin alone, suggesting that testisin activation 
of PAR2 induces SRE activity.  
B, Luciferase activity of lysates from HeLa cells transiently co-expressing pNFĸB-
Luciferase and pRenilla-Luciferase with FLAG.PAR2 or FLAG.PAR2csm and 
testisin or testisinS238A was quantitated as a ratio of NFĸB -luciferase to Renilla-
luciferase activity. Cells co-expressing FLAG.PAR2 and testisin show activation of 
NFĸB signaling by an approximate 4.5-fold increase in NFĸB -luc:Renilla-luc 
activity, significantly more than seen with PAR2csm and testisin or testisin alone, 
suggesting that testisin activation of PAR2 induces NFĸB activity.  
Testisin expression for A and B was verified by SDS-PAGE probing non-reduced 
whole cell lysates with anti-HA antibody. 
**p<0.005; ***p<0.001. 

A 
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4.2.6.2 Induction of cytokine production 

The proteolytic activation of PAR2 in a variety of epithelial cell types has been 

shown to induce the expression of several cytokines, including IL-8 and IL-6 

[123;127;128]. HeLa cells expressing FLAG.PAR2 and testisin show a significant 

induction of IL-8 and IL-6 mRNA compared to cells expressing either FLAG.PAR2csm  

and testisin or testisin alone, suggesting that the induction of these cytokines is due to the 

specific activation of PAR2 by surface-expressed testisin (Figure 4.13A and B). 

 

4.2.7 Activation of PAR2 by testisin in EA.hy926 cells. 

Data from the co-expression of testisin and PAR2 in HeLa cells indicates that 

testisin activates PAR2 on the cell surface inducing PAR2 internalization and 

intracellular signaling.  We wanted to test this mechanism of PAR2 activation by testisin 

in another cell system.  EA.hy926 is a cell line derived from the fusion of HUVECs with 

the A549 lung cancer cell line to transform the primary cells, offering an endothelial-like 

cell line that can be cultured and transfected with 30-50% efficiency.  To determine N-

terminal cleavage of PAR2 expressed on EA.hy926 cells by rmTestisin, the 

AlkPhos.PAR2 plasmid was used as described in Figure 4.2.  EA.hy926 cells were 

transfected to express AlkPhos.PAR2 or AlkPhos.PAR2csm, treated with 4 nM 

rmTestisin, and AlkPhos release was monitored over 4 hr.  AlkPhos release was detected 

in media collected from cells expressing AlkPhos.PAR2 treated with rmTestisin, but not 

in media from cells expressing AlkPhos.PAR2csm treated with rmTestisin (Figure 

4.14A), showing that rmTestisin specifically cleaved the N-terminus of PAR2 expressed 

on EA.hy926 cells as was seen in HeLa cells.  When EA.hy926 cells were transfected to
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4.13 Testisin activation of PAR2 induces cytokine expression. 
 

RNA purified from HeLa cells co-expressing FLAG.PAR2 or 
FLAG.PAR2csm and testisin was analyzed by Q-PCR for induction of 
IL-8 and IL-6 mRNA expression.  
A, Co-expression of FLAG.PAR2 and testisin resulted in an over 50-
fold increase in IL-8 mRNA expression.  
B, Co-expression of FLAG.PAR2 and testisin resulted in a 2.5-fold 
increase in IL-6 mRNA expression.  
***p<0.001. 
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co-express AlkPhos.PAR2 and testisin or testisinSA, testisin expression induced AlkPhos 

release over 4 hr, which was not seen with the co-expression of AlkPhos.PAR2 and 

testisinSA, suggesting that testisin expressed in EA.hy926 is active and can induce the N-

terminal cleavage of co-expressed PAR2 (Figure 4.14B). 

 Figure 4.13A shows that the co-expression of FLAG.PAR2 and testisin in HeLa 

cells induced the expression of IL-8.  Exposure of HUVECs to FXa, a proteolytic 

activator of PAR2, has been shown to induce the expression of IL-8, IL-6, and MCP-1 in 

endothelial cells [94].  RNA was purified and reverse-transcribed from EA.hy926 cells 

transfected to express FLAG.PAR2 or FLAG.PAR2csm and testisin.  Figure 4.14C 

shows that the co-expression of FLAG.PAR2 and testisin in EA.hy926 cells also induced 

the expression of IL-8 measured by Q-PCR, although the fold-induction is not as 

significant as seen in HeLa cells.  This may be due to a lower transfection efficiency of 

EA.hy926 cells compared to HeLa cells, resulting in lower PAR2 and testisin protein 

expression, or higher endogenous IL-8 expression in EA.hy926 cells compared to HeLa 

cells. 

 Taken together, Figure 4.14 shows that the co-expression of testisin with PAR2 

specifically induces N-terminal cleavage of PAR2 and induction of cytokine expression 

in a second model cell system. 
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A 

B 

C 

Figure 4.14 Activation of PAR2 by testisin 
on EA.hy926 cells. 
 

 A, EA.h926 cells were transfected to express 
AlkPhos.PAR2 or AlkPhos.PAR2csm and 
treated with 4 nM rmTestisin.  The detection 
of released AlkPhos shows that rmTestisin 
specifically cleaves AlkPhos.PAR2 expressed 
on EA.hy926 cells.  
B, EA.hy926 cells were transfected to co-
express AlkPhos.PAR2 and testisin or 
testisinSA.  The detection of released AlkPhos 
shows that testisin co-expressed on the cell 
surface induced N-terminal PAR2 release.  
C, RNA purified and reverse-transcribed from 
EA.hy926 cells transfected to co-express 
FLAG.PAR2 or FLAG.PAR2csm and testisin 
was analyzed by Q-PCR from the induction of 
IL-8 expression.  The co-expression of 
FLAG.PAR2 induced an over 2-fold increase 
in IL-8 expression that was not seen with the 
co-expression of FLAG.PAR2csm and 
testisin. p<0.05. 

A 
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Prior to these studies, nothing was known about potential physiological testisin 

substrates.  The goal of this body of work was to investigate the PAR family of receptors 

as substrates for testisin in the extracellular microenvironment.  

4.3 Discussion 

The initial study used the co-expression of AlkPhos.PAR1 and testisin to monitor 

PAR1 N-terminal cleavage.  The results suggested that co-expressed testisin did not 

specifically cleave PAR1.  The availability of rmTestisin provided a valuable tool to test 

for N-terminal cleavage of PAR1 and/or PAR2, and showed that rmTestisin was able to 

specifically cleave the N-terminal peptide of PAR2 to expose the tethered ligand and 

induce the activation of downstream intracellular signaling pathways including transient 

calcium release and ERK1/2 phosphorylation.  

The co-expression of testisin and PAR2 in cells is a more physiologically relevant 

model system for the study of PAR2 activation by testisin because testisin is not found as 

a soluble secreted protease, and we hypothesize that its activity is localized to the 

extracellular membrane.  We have generated two overexpression models in HeLa cells 

and EA.hy926 cells using epitope-tagged PAR2 and testisin proteins, which has enabled 

us to observe the interaction of the two proteins, as PAR2 and particularly testisin are 

physiologically expressed at relatively low levels. Confocal microscopy indicated that 

testisin and PAR2 are in proximity to each other in microdomains on the cell membrane.  

Testisin expressed on the cell surface cleaved the N-terminus of PAR2, and data from 

several assays showed that the cleavage of PAR2 by testisin at the canonical activation 

site induced constitutive PAR2 processing and internalization.   
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The activation of PAR2 by surface-localized testisin also induced the continuous 

activation of intracellular signaling pathways, including SRE and NFĸB pathways, and 

the induction of IL-8 and IL-6 cytokine expression.  To study the downstream signaling 

events in the PAR2 and testisin co-expression system, we had to assay for signals that 

would accumulate in cells, like the use of the luciferase reporters or the induction of 

cytokine expression because the co-expression system would not allow for the detection 

of transient signals like intracellular calcium release or ERK1/2 phosphorylation that 

were able to be studied using rmTestisin.  In the co-expression system there is no “start” 

to PAR2 activation such as is achieved by treating cells with a recombinant soluble 

protease that initiates a burst of PAR2 activation.  We hypothesize that testisin mediated 

PAR2 signaling is continuously occurring as new PAR2 is expressed and transported to 

the cell surface as long as testisin is expressed, and would stop when testisin is no longer 

synthesized.  This model of PAR2 signaling is illustrated in Figure 4.15.  The co-

expression of PAR2 and testisin may induce a low level of sustained signaling that could 

be important for cell function. 

Prior to this study, only one membrane-anchored serine protease, matriptase, had 

been shown to activate a PAR receptor when co-expressed on the cell surface [40;70;71].  

It has been shown with both the activation of PAR1 by APC localized to the cell surface 

bound to the EPCR and of PAR2 by localized TF that the proximity of PAR activators to 

the receptor within membrane microdomains can play an important role in downstream 

signaling.  Thus, the membrane-localized activation of PAR2 by testisin may have 

several biological implications.  The importance of PAR signaling microdomains will be 

further discussed in Chapter 6. 
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Figure 4.15 Hypothesized model of the constitutive activation of 
PAR2 by surface-anchored testisin. 
 

Testisin and PAR2 interact in lipid raft microdomains on the cell surface.  
Testisin cleaves the N-terminus of PAR2, inducing intracellular 
signaling, receptor internalization, and degradation.  De novo synthesis of 
full-length PAR2 repopulates receptor expression to the cell surface to be 
cleaved by testisin creating a cyclical pattern of PAR2 activation.   
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 The FACS analysis in Figure 4.7 showed that there is a significant reduction in the 

FLAG epitope on the cell surface when FLAG.PAR2 is co-expressed with testisin 

indicative of N-terminal cleavage, and also showed that there was some loss of the FLAG 

epitope when FLAG.PAR2csm is co-expressed with testisin, suggesting a possible 

second testisin cleavage site.  Importantly, when FACS analysis was performed probing 

for the presence of PAR2 on the cell surface (Figure 4.8 and 4.9), there was a significant 

reduction in PAR2 detected on the surface when testisin was co-expressed with 

FLAG.PAR2 but not when FLAG.PAR2csm was co-expressed.  These data suggest that 

while testisin may be able to cleave PAR2 at a second site with less efficiency than the 

canonical site, this cleavage does not result in PAR2 activation and does not induce the 

processing and internalization of PAR2.  We hypothesize that this non-canonical 

cleavage may not be a physiological event and may only occur because of the relatively 

high level of testisin expression in the transfected cells compared to endogenous 

expression levels.  Further investigation is required to identify this potential second 

cleavage site and whether it has any relevance as an inhibitory cleavage event. 

Taken together, these data suggest that when PAR2 and testisin are co-expressed 

on the cell surface, testisin is able to specifically cleave PAR2, causing the constitutive 

activation of several intracellular signaling pathways and induction of cytokine 

expression, as well as cause the constitutive loss of PAR2 from the surface.  Testisin 

displays specific protein expression limited to only a few cell types.  Testisin and PAR2 

are both expressed in the testes, microvascular endothelial cells, eosinophils, and certain 

cancer cells.  The discovery made here that the co-expression of PAR2 and testisin in two 

different cell types results in the induction of PAR2 activation and downstream signaling 
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suggests that PAR2 may be a physiological testisin substrate.  The role of PAR2 

activation in each of these cell types is further discussed in Chapter 6. 

The co-expression of membrane-anchored protease activators and PARs may be a 

novel mechanism for the constitutive activation of PAR signaling pathways and 

regulation of PAR surface expression.  As described, the activation of PARs by 

extracellular soluble proteases is thought to occur as a “burst” of activation, receptors are 

internalized, and transient signaling is complete until the surface is replenished with 

receptor and active proteases are again present in the microenvironment.  The presence of 

a localized membrane-anchored proteolytic activator may lead to sustained PAR 

activation that is regulated by the expression level and zymogen activation of the 

activating protease, suggesting another mechanism of PAR2 activation that does not rely 

on the activity of circulating proteases exogenous to the cell.  
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Chapter 5: The Role of Testisin in Angiogenesis 

Testisin’s expression in microvascular ECs is of interest because vascular ECs are 

of critical importance for regulating the vascular tone, hemostatic balance and the 

integrity of the vascular endothelium.  Understanding the mechanisms by which ECs 

maintain their versatile functions and contribute to the formation of the vasculature are of 

great interest because vascular processes like angiogenesis are involved in homeostasis 

and in diseases including coronary heart disease and cancer.   

5.1 Introduction 

The aim of this chapter is to investigate the hypothesis that the specific expression 

of testisin on microvascular ECs plays in important role in angiogenesis.  Testisin-

deficient mice on a mixed C57BL/6-129 background were generated in our laboratory 

and characterized.  Testisin-deficient mice showed normal development but deficiencies 

in sperm motility and fertilizing ability were observed in male mice, which was presented 

in Section 1.6 [59].  Using the Testisin-deficient mice on mixed genetic background, we 

investigated a potential physiological role for the testisin expression in microvascular 

ECs during angiogenesis in the corpus luteum of females as new blood vessels develop 

during ovulation. The corpus luteum of wild-type mice showed normal vascularization 

while the corpus luteum of the testisin-deficient mice was significantly less vascularized, 

suggesting that testisin-deficient mice show delayed angiogenesis and reduced vessel 

density in a model of physiological angiogenesis. 

During cancer development, tumor cells express angiogenesis-promoting growth 

factors in order to induce angiogenesis to provide the tumor cells with the necessary 
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oxygen and nutrients for growth. Wild-type and testisin-deficient littermates were 

subcutaneously injected with the murine F9 tumor cells, a 129 mouse strain 

teratocarcinoma cell line, tumor growth measurements were conducted, and tumor 

volumes were calculated.  Tumors grown in the testisin-deficient mouse were 

significantly smaller than wild-type counterparts, and the tumors appeared to be 

surrounded by a pool of blood, which suggested a defect in the vascular development 

induced by the tumor. 

Here we generated a testisin-deficient mouse strain on the C57BL/6 background 

to study the role of testisin in microvascular ECs in in vivo and ex vivo models of 

physiological and tumor-induced angiogenesis.   
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5.2.1 Testisin is expressed in primary microvascular endothelial cells 

5.2 Results 

While it has been published that testisin mRNA is expressed in primary 

microvascular endothelial cells (HMVECs), but not in macrovascular endothelial cells 

(HUVEC) [60], it has not been shown that testisin protein is similarly expressed.  To 

assay for testisin protein expression, HMVECs were grown on various substrata 

including plastic, basement membrane Matrigel, and collagen matrix, and whole cell 

lysates were analyzed with an anti-testisin antibody.  Testes tissue lysate was included as 

a positive control for testisin expression.  HMVECs express testisin protein when grown 

on all tested substrata (Figure 5.1A).  By staining HMVECs that were undergoing 

morphogenesis in a three-dimensional collagen matrix with an anti-testisin antibody, we 

found that testisin was expressed at the leading edges of cell branch points (Figure 5.1B).  

The localization of testisin to branch points may suggest a role for testisin in cellular 

outgrowth or migration.  While little is known about the regulation of testisin expression, 

Q-PCR analysis of RNA isolated and reverse-transcribed from cells cultured in the 

presence of angiogenic growth factors VEGF and FGF and thrombin for 12 hr showed 

that testisin expression is upregulated by the angiogenic factors VEGF and FGF (Figure 

5.1C).  
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C 

Figure 5.1 Testisin protein is expressed in primary microvascular endothelial cells.  
 

These experiments were performed by Sarah Netzel-Arnett in the Antalis laboratory. 
A, HMVECs were cultured on different substrata and whole cell lysates were probed with 
anti-testisin antibody showing that HMVECs express testisin protein when grown on all 
tested substrata. Tissue lysate from human testes was included as a positive control for 
testisin expression.  
B, HMVECs were stained with anti-testisin antibody while undergoing morphogenesis in 3-
dimensional collagen matrix.  Arrows indicate testisin expression at the leading edges of 
branching cells.  
C, Q-PCR analysis of testisin mRNA expression from HMVECs cultured in 100 ng/mL 
FGF, 100 ng/mL VEGF, or 3 nM thrombin for 12 hr shows that testisin is induced 
approximately 2-fold by VEGF and FGF. 
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5.2.2 Impaired angiogenesis in testisin-deficient C57BL/6 mice 

Since phenotypes can be strain specific, we wanted to backcross the mixed 

background testisin-deficient mice into a C57BL/6 genetic background.  We decided that 

it would be better for our assays if our mouse model was a C57BL/6 background which 

may allow for the purchase of wild-type controls if desired.  We could study potential 

strain specific phenotypes and would have the capability to perform isogenic tumor 

models.  Mice were at passage 8 of being backcrossed into a C57BL/6 background and 

the mice stopped breeding.   

 

5.2.2.1 Generation and characterization of C57BL/6 testisin-deficient mice 

In order to generate testisin-deficient mice on a C57BL/6 background, we 

purchased three targeted C57BL/6 embryonic stem (ES) cell clones from the KOMP 

Repository at UCSD.  The University of Maryland Transgenic Core Facility used two of 

the targeted ES cell clones to generate 2 germ line chimeric mouse lines (termed colony 

A10 and G10). Chimeric mice contain different populations of cells that are genetically 

distinct. Since the genetic material of the germ line gets passed to the offspring, we 

needed germ line chimeras to deliver the targeted testisin-knockout allele to offspring. 

The germ line chimeras were mated with wild-type C57BL/6 mice to generate 

heterozygous carriers of the targeted allele which were then mated to produce wild-type 

(WT), heterozygous (Het), and testisin- knockout (KO) mice. Colonies G10 and A10 

were bred and maintained as two separate colonies. Figure 5.2A illustrates the targeted 

disruption of the mouse testisin gene (prss21) and schematic for genotyping these mice. 

Example results from PCR genotyping of littermates from a Het x Het breeding pair is 



132 

 

shown in Figure 5.2B. To verify knockdown of testisin mRNA expression, RNA was 

prepared from the testes of male WT and testisin-deficient mice and reverse transcribed.  

PCR amplification of testisin cDNA shows loss of testisin mRNA expression in KO mice 

(Figure 5.2C).  Protein lysates were also prepared from the testes of WT and KO mice, 

and immunoblot analysis with an anti-testisin antibody shows that testisin protein is 

below detection level in the testes of testisin-deficient mice (Figure 5.2D). The C57BL/6 

testisin-deficient mice are viable and are born with no obvious gross abnormalities, as 

was previously observed in the mixed background strain.            

Over the first year of breeding the C57BL/6 testisin-deficient A10 and G10 

colonies, we monitored the breeding habits of Het x Het breeding pairs to make sure the 

mice were following the Mendalian inheritance of the targeted KO allele as well as to 

characterize fertility.  During this time, breeding pairs of each colony generated 14 litters 

(Figure 5.3A).  When we analyzed the litter sizes (how many viable pups were 

generated), it seemed that each colony had a range of litter sizes from 2-8 pups/litter 

(Figure 5.3B).  Since there were several litters from each colony that had 7-8 pups, the 

data suggests that there is no problem with fertility when breeding by a Het x Het cross.  

The number of male and female pups were fairly equivalent at approximately 50% male 

and 50% female (Figure 5.3C). Finally, in order to follow normal Mendelian inheritance, 

a Het x Het cross should produce 50% Het, 25% WT, and 25% KO offspring.  Figure 

5.3D shows these breeding pairs produced an equal proportion WT and KO offspring, 

and approximately 58% Het, suggesting that the testisin-KO allele is following germ cell 

Mendelian inheritance patterns.  Of note, three KO x KO breeding pairs were set up, and 

2 out of 3 produced pups, suggesting that male C57BL/6 testisin-deficient mice maintain 
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Figure 5.2 Generation of  C57BL/6 testisin-deficient mice.  
 

A, Schematic illustrating the targeted disruption of the mouse testisin (prss21) gene between 
exon III and exon IV.  The genotyping primer sites are shown.  
B, Example genotyping of littermates from a Het x Het breeding pair indicating the presence 
of WT and the targeted-KO alleles.  
C, PCR amplification of RNA isolated and reverse-transcribed from the testes of WT and 
testisin-deficient mice showing knockout of testisin gene transcription. The cDNA was 
amplified with mouse testisin-specific primers F4 and R3.  
D, Immunoblot analysis with anti-testisin antibody of protein isolated from the testes of WT 
and testisin-deficient mice showed that testisin protein (mTestisin) is not expressed in the KO 
mice verifying testisin knockdown.  Detection of mGAPDH was used as a protein loading 
control. 
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Figure 5.3 C57BL/6 testisin-deficient mouse breeding.  
 

A, In the first year of breeding the C57BL/6 testisin-deficient mice, Het x Het breeding 
pairs from the G10 and A10 colonies each produced 14 litters.  
B, The number of pups/litter ranged from 2-8/litter suggesting normal fertility of Het x 
Het breeding. 
C, Het x Het litters contained fairly equal numbers of male and female pups.  
D, The offspring of Het x Het crosses followed Mendelian inheritance with 
approximately 50% Het, 25% WT, and 25% KO offspring. 
 

A 

D 

B A 
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some fertilizing ability, although more in-depth investigation is needed to test for the 

subfertility and sperm phenotypes observed in the mixed genetic background testisin-

deficient mice.  

The β-galactosidase gene (β-gal, LacZ) is included in the cassette that is inserted 

between exon III and IV of the mouse testisin gene in frame with an internal ribosomal 

entry site (IRES) sequence which allows for transcription of the β-gal gene to occur when 

the mouse testisin gene is being transcribed, acting a reporter for testisin gene expression.  

When the β-gal enzyme is expressed and X-gal stain, a substrate for β-gal activity, is 

introduced to the tissue, a blue color is produced reporting expression of the gene of 

interest.  Figure 5.4A shows a schematic illustration of the LacZ gene and corresponding 

cDNA amplification using published primers [129]. RNA was isolated from WT and KO 

testes and reverse-transcribed into cDNA.  Amplification of cDNA shows that β-gal 

(LacZ) mRNA is expressed in the testes of testisin-deficient mice, but not WT littermate 

controls (Figure 5.4B).  As a positive control for β-gal expression, RNA was also isolated 

the intestine of the targeted ST14 TRAP mouse [130;131], in which β-gal expression is 

under the control of the matriptase promoter. Figure 5.4B shows specific amplification of 

LacZ from the testes of testisin-Het mice and the intestine of the ST14 TRAP mouse, a 

known tissue site for matriptase expression.   

We attempted to stain for β-gal expression in order to characterize mouse testisin 

expression patterns.  We stained for β-gal expression in microvascular ECs by injecting 

basement membrane Matrigel plugs containing 250 ng/mL FGF and 0.0025 units/mL 

heparin into the backs of WT and Het mice.  Microvascular ECs are attracted to the 
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Figure 5.4 Detection of β-galactosidase as a reporter for mouse testisin 
expression. 
 

 A, Schematic of the β-gal insertion in frame with the mouse testisin gene.  
B, PCR amplification of LacZ mRNA showed expression in the testisin-Het and KO 
testes, but not in the epididymis where testisin is known to not be expressed.  RNA 
prepared from the intestine of the ST14 TRAP mouse was used a positive control 
for LacZ expression.  Isolated mRNA was reverse-transcribed (+) or left as mRNA 
(-) before PCR-amplification. 

A 

B 
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Matrigel plug due to the presence of FGF and begin to reorganize into capillary-like 

structures.  After 13 days, mice were perfused with β-gal stain for 24 hours and plugs 

were removed, further stained, fixed, paraffin embedded, and sectioned.  Figure 5.5A 

shows images of stained sections where it appears that a portion of cells from testisin-Het 

mice were stained with blue; however, these results were not consistently reproducible. 

We also attempted to stain for β-gal expression in sperm by making wet mounts 

of sperm collected from testisin-WT and Het mice. Sperm collected from Het mice did 

not stain blue, suggesting no detection of β-gal expression (Figure 5.5B).  Testes from 

testisin-WT and Het mice were collected from β-gal perfused mice since testisin is 

known to be highly expressed in the testes.  Testes from the ST14 TRAP mouse were 

stained and processed simultaneously as a positive control for β-gal expression.  The 

testes from the ST14 TRAP mouse showed bright blue staining, but there was no staining 

detected in the testes from the testisin Het mouse (Figure 5.5C).  We know that the 

mRNA is being expressed from the PCR amplification shown in Figure 5.4B.  In our 

hands, the β-gal reporter only gave a low level of expression and is not reproducibly able 

to be used as a marker for testisin expression.  
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A 

Figure 5.5 Detection of β-galactosidase as a reporter for mouse testisin expression. 
 

A, β-gal staining of microvascular ECs in harvested Matrigel plugs from testisin-WT and Het 
mice. A portion of the cells stained blue in the Het Matrigel plug, but this result was not 
consistently reproducible.  
B, β-gal staining of sperm wet mounts of sperm collected from testisin-WT and Het mice. 
Blue β-gal staining was not detected. 
C, β-gal staining of testes harvested from a testisin-Het mouse, and testes from a ST14 
TRAP mouse was used as a positive control.  The blue β-gal staining in the ST14 TRAP 
mouse testes shows that the staining protocol works to stain in the testes, but β-gal expression 
was below detection in the testisin-Het testes. 
These experiments were performed with assistance from Dr. Yanming Bi and Elizabeth 
Smith. 

B 
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5.2.2.2 Model of capillary outgrowth  

Aortic rings cultured in collagen or basement membrane Matrigel give rise to 

microvascular networks composed of branching ECs.  The aortic ring “ex vivo” model of 

angiogenesis is more physiologically relevant than many in vitro angiogenesis models 

using isolated ECs because these latter assays do not incorporate the pivotal role of 

supporting cells such as pericytes in the stability of newly forming vessels. The aortic 

ring model also has the advantage of generally excluding inflammatory components 

[110].  The aortas from WT and testisin-deficient mice were harvested, cut into 1 mm 

slices, and cultured in 3-dimensional basement membrane Matrigel with EC media.  The 

cultures were monitored for EC outgrowth over 10 days.  Representative images of 

capillary outgrowth at Day 7 are shown in Figure 5.6A.  The area (microns2) of EC 

outgrowth was calculated using ImageJ software.  Quantified outgrowth from WT and 

testisin-deficient aortic rings shows that cellular outgrowth is significantly less in the KO-

derived aortic rings compared to WT littermate controls (Figure 5.6B).  The growing EC 

networks migrating from the aortic ring cultured from testisin-deficient mice did not 

grow out as far from the ring and also appear less dense compared to WT counterparts, 

suggesting a role for testisin in capillary outgrowth. 

 

5.2.2.3 Tumor-induced angiogenesis 

 The results from the mixed background C57BL/6-129 Testisin deficient mice 

injected with non-isogenic F9 tumor cells (mouse strain 129 background), suggested that 

tumors grown in testisin-deficient mice were significantly smaller in volume than WT 

mice and appeared to have a blood pool at the tumor site.   
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Figure 5.6 Model of capillary outgrowth 
 

 Aortic rings were harvested from testisin-deficient and WT mice and cultured in basement 
membrane Matrigel in EC media for 10 days.  
A, Representative 4x magnification images of cell outgrowth from cultured aortic rings 
harvested from testisin WT (top) and KO (bottom) littermates on Day 7.  
B, Graphical analysis of capillary outgrowth at Day 10 calculated using ImageJ software.  Each 
dot represents the average outgrowth (microns2) of 8 rings harvested from each aorta with the 
median outgrowth indicated. n=5 mice/genotype. *p<0.05 by Wilcoxin signed-rank test.  
This experiment was performed with the assistance of Dr. Suhbradip Mukhopadhyay. 

A 
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           We performed a model of tumor-induced angiogenesis in the C57BL/6 testisin-

deficient mice using isogenic B16 melanoma tumor cells, a C57BL/6 mouse strain-

derived cell line.  B16 cells were subcutaneously injected into 18 pairs of WT and 

testisin-deficient mice from both the G10 and A10 colonies.  Pairs were organized by age 

and gender.  Tumor size was measured over 2 weeks using a hand-held caliper and 

graphical analysis of tumor volume is shown in Figure 3.7A&B for each mouse colony.  

The average tumor volume for all 18 matched pairs showed no significant difference 

between tumors grown in WT and KO mice (Figure 5.8A).  The tumors showed a wide-

range of tumor volume upon tumor harvest on Day 13 post-injection.  Analysis of the 

tumor volumes shown in Figure 5.7A&B illustrates that for several matched pairs, the 

tumor from the testisin-deficient mouse grew to a larger volume than the WT, while in 

other pairs the tumor in the WT mouse was larger.  Some pairs showed very similar 

tumor volume between WT and KO littermates.  Overall there was no consistant 

difference in the tumor volume of WT and testisin-deficient tumors. 

We hypothesize that testisin may be playing a role early in tumor growth.  B16 

tumor cells are very aggressive and form tumors in less than 2 weeks.  Therefore, tumor 

volume was analyzed at Day 8 of tumor development at a time when some of the tumors 

were initially palpable.  Figure 5.8B shows that the average tumor volume was similar 

between WT and KO mice even at earlier stages of tumor growth.  We analyzed one 

other parameter of our tumor data for any difference in tumor development in male and 

female mice, and it does not appear that gender plays a role in tumor development in WT 

and testisin-deficient mice (Figure 5.8C). We knew that B16 cells do not express 
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Figure 5.7 Tumor-induced angiogenesis in C57BL/6 testisin-deficient mice. 
 

B16 melanoma tumor cells (1x106 in 200μL PBS) were injected subcutaneously into 18 
pairs of WT and testisin-deficient mice. Tumor volume was measured over 13 days. 
Graphical analysis of tumor growth in each mouse numbers by pair from 
A, colony A10 and  
B, colony G10 is shown.  
Solid lines represent WT mice and dotted lines represent KO mice. 

B 



143 

 

testisin, but we wanted to verify that testisin expression was not induced by the B16 

tumors during tumor development allowing the tumor to overcome the testisin deficiency 

in the KO mice.  RNA was isolated and cDNA was prepared from B16 cells and a B16 

tumor developed in WT and testisin-deficient mice, and cDNA prepared from RNA 

isolated from testisin-Het and KO testes was included as a positive and negative control 

for testisin expression.  Figure 5.8D shows that when analyzed by Q-PCR, B16 tumors 

were not induced to express testisin mRNA. 

An interesting observation was made about the vasculature surrounding the B16 

tumors during tumor harvest.  To better visualize the entirety of the mouse vascular 

system, tumor-bearing mice were perfused with Microfil, a bright yellow lead-based 

polymer that fills and solidifies in the vasculature space from large vessels to small 

capillaries. Representative images show microfil perfusion of 2 WT and 2 testisin-

deficient B16 tumor-bearing mice at the tumor site (Figure 5.9).  In the WT mice, it 

appeared that the capillaries around the tumor were well-defined in an organized 

branching pattern, indicated by the white arrow in the top left panel.  Interestingly, 

microfil perfusion of the KO mice showed that the tumor-induced capillary network 

seemed less organized and does not show the same organized branching pattern as the 

WT mice.  The white arrow in the top right panel points to an area where small capillaries 

do not seem to have developed in a particular direction or towards the main tumor growth 

area (Figure 5.9).  Important to note, the tumors from both WT and testisin-deficient mice 

have a large vessel running through the center of the tumors which we predicted 

delivered the main blood supply to the tumor to support growth and development.  Taken 

together, the observations made with the Microfil perfusion of tumor-bearing mice 

A 
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Figure 5.8 Tumor-induced 
angiogenesis in C57BL/6 testisin-
deficient mice. 
 

A, Analysis of the average tumor 
volume of 18 pairs of WT (+/+) 
and testisin-deficient (-/-) mice at 
Day 13 post-injection shows no 
significant difference in tumor 
volume.  
B, Analysis of the average tumor 
volume of 18 pairs of WT and 
testisin-deficient mice at Day 8 
post-injection shows no significant 
difference in tumor volume.  
C, Analysis of the average tumor 
volume of WT and testisin-
deficient mice based on gender 
shows that gender does not play a 
role in B16 tumor growth.  
D, RNA was isolated from tumors 
harvested from a WT and testisin-
deficient mouse and from B16 
cells, cDNA was generated and 
analyzed by Q-PCR for testisin 
expression. RNA isolated from 
testes harvested from testisin-Het 
and KO mice was included as a 
positive and negative control 
respectively for testisin expression. 
The tumors were not induced to 
express testisin in vivo.  
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Figure 5.9 Microfil perfusion of tumor-bearing mice.  
 

At the time of tumor harvest, WT and testisin-deficient mice were perfused with 
microfil reagent.  Representative images from 2 WT and 2 testisin-deficient  
mice show that the capillaries at the tumor site of WT mice are organized, 
branching capillary networks, with a branch point indicated by the arrow in the 
top left panel.  The capillaries at the tumor site of testisin-deficient mice; 
however, appear less organized with few distinctive branch points and directed 
growth.  There are numerous disorganized capillaries indicated by the arrow in 
the right top panel. 
This experiment was performed with the assistance of Dr. Suhbradip 
Mukhopadhyay. 
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suggest altered capillary network organization in testisin-deficient mice induced by tumor 

development.  The aberrant capillary growth however, did not affect the rate of B16 

tumor development. 

 

5.2.2.4 Model of vascular permeability 

 Serine protease activity has been shown to regulate EC permeability during 

angiogenesis and homeostasis.  Altered EC permeability can affect the progression of 

angiogenic processes [132;133].  In order to investigate whether testisin is involved in the 

regulation of vascular permeability, the Miles Assay was employed.  In the Miles Assay, 

Evans Blue dye (EB) bound to BSA is injected via the tail vein.  A reagent of interest is 

the injected interdermally into the skin of mice and after about 30 min the mice are 

euthanized.  The skin at the injection site is removed and observed for areas of increased 

permeability by the appearance of blue dye in the skin that has leaked through the 

permeabilized vasculature.  EB:BSA will not leak through normal vessels without a 

breach of barrier integrity.  A similar method uses mustard oil swabbed on the ear of the 

mouse.  Mustard oil is an irritant that causes an increase in permeability.  To initially test 

the assay system, the backs of WT mice were shaved, the tail vein was injected with 

EB:BSA, and then mice were injected intradermally in different areas of the back with 

vehicle (PBS) and two concentrations of mouse VEGF, which is known to induce 

permeability at the indicated concentrations (Figure 5.10A).  The underside of the 

injected skin is shown with the PBS and VEGF injection sites indicated. Little blue is 

seen at the sight of the PBS injections, with an increase in blue stain through 

permeabilized capillaries induced by VEGF injections as expected; however, these results 
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were not consistently reproducible.  Figure 5.10B shows a repeat assay following the 

same method.  In this assay, skin punctures and ears were collected and incubated in 

formamide to dissociate the EB from the tissue to quantify the EB:BSA that had leaked 

near the injection site or in the ear.  An increase in absorbance at 620 nm wavelength 

indicates a higher concentration of EB dye in the collected tissue.  The graphical analysis 

in the right panel of Figure 5.10B shows that mustard oil induced permeability compared 

to vehicle (mineral oil).  The intradermal injections of PBS and VEGF however did not 

correlate with the preliminary study as the PBS injection sites show significant blue stain 

as indicated in the absorbance analysis.  We repeated the injection of vehicle alone 

several times, and we saw permeability induced by PBS alone, which made reliably 

determining any induction of permeability difficult by this method.  We then included 

recombinant mouse testisin (rmTestisin) into the Miles Assay, and injected WT and 

testisin-deficient mice to test whether rmTestisin has an affect on vascular permeability, 

or if there is a difference in induced permeability between WT and testisin-deficient 

mice.  All of the injection sights were almost equally blue, including PBS (Figure 5.11).  

One additional observation was made from our attempt at using the Miles Assay to study 

vascular permeability in testisin-deficient mice.  We observed that the overall 

permeability induced by all injected reagents appeared to be less in the KO mouse than in 

the WT mouse by observing the intensity of blue staining in the tissue (Figure 5.11), 

suggesting a potential role of testisin in permeability.  This observation requires further 

study as this was only performed once.   
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Figure 5.10 Model of vascular permeability.  
 

C57BL/6 mice were shaved, injected via the tail vein with Evans blue:BSA, and then 
injected intradermally with PBS, 10 ng/mL VEGF, or 50 ng/mL VEGF as indicated. 
Some mice were also treated with mustard oil or vehicle mineral oil control on the ear 
to induce permeability. 
A, Image of skin from an injected mouse. Blue stain at the injection site indicates 
increased permeability.  
B, Image of skin from an injected mouse. To quantitate EB leakage as a measure of 
permeability at the injection sites, tissue was collected, incubated in formamide to 
dissociate the EB, and absorbance was read at 620 nm.   Quantitation is presented as 
absorbance/mg of tissue multiplied by 10,000. Analysis showed that PBS induced 
permeability and inconsistent permeability induced by VEGF.  Mustard oil also 
induced permeability in the ear compared to mineral oil. 
This experiment was performed with the assistance of Rebeca Galisteo and Dr. 
Suhbradip Mukhopadhyay. 
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Figure 5.11 Model of vascular permeability.  
 

A WT and testisin-deficient mouse were shaved, injected via the tail vein with Evans 
blue:BSA, and then injected intradermally with PBS, 10 ng/mL VEGF, 50 ng/mL 
VEGF, or 2 μM rmTestisin as indicated. Injections of all reagents including PBS 
induced similar increases in permeability in the WT and KO mouse. It did appear that 
the overall permeability was less in the testisin-deficient mouse compared to WT based 
on the lighter blue staining of the tissue, but this was only performed once. 
This experiment was performed with the assistance of Rebeca Galisteo and Dr. 
Suhbradip Mukhopadhyay. 
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  We attempted to fix the problem of PBS inducing permeability by shaving the 

mice more than one day prior to injections in case the process of shaving was causing 

irritation to the skin.  We also used a new lot of sterile PBS in case a small level of 

potential contamination was causing an immune response inducing vascular permeability 

at the injection site, but neither of these alterations reduced the PBS-induced 

permeability.  

 

5.2.3 Reduced in vitro angiogenesis of testisin-knockdown HMVECs plated on 

Matrigel 

  Figure 5.1 showed that primary microvascular ECs (HMVECs) express testisin 

protein.  Because of the complexity of in vivo angiogenesis models, we decided to utilize 

HMVECs to study EC cellular processes in which testisin may be involved.  Teasing 

apart a cellular process in vitro may help direct which aspect of angiogenesis to more 

specifically investigate in vivo.  In a preliminary study, HMVECs were transfected with 

two testisin-specific siRNAs (siPRSS21(1) and siPRSS21(3)) to knockdown testisin 

expression.  A luciferase-specific siRNA (siLuc) was included as a negative control along 

with a mock transfection control.  Forty-eight hr after transfection, whole cell lysates 

were analyzed.  The transfection reagent used caused some cell death however 

immunoblot analysis showed a level of knockdown of testisin expression induced by the 

transfection of testisin-specific siRNAs (Figure 5.12A).   

 One characteristic of ECs is that when plated on basement membrane Matrigel, 

the cells spread out and branch to reach other cells to form an organized network, which 
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is often referred to as tube formation or reorganization on Matrigel (Figure 5.12B).  

Testisin-knockdown and control cells were cultured on basement membrane Matrigel 

overnight and photos were taken at 4x magnification.  Representative images are show in 

Figure 5.12C.  The transfection reagent caused a lot of cell death at the concentration 

used, so there were many dead cells shown in the image as well.  Despite the cell death, 

the reorganization that occurred was quantified by 2 methods: the number of elongated 

connecting branches between 2 identifiable HMVECs, and the number of HMVECs with 

more than 3 branch points (Figure 5.12D).  Since there was a significant amount of cell 

death during siRNA delivery and the transfection method needs to be optimized, this data 

is very preliminary, but there is suggestion that the testisin-knockdown cells showed less 

reorganization on Matrigel compared to si-Luc and mock transfected cells indicating that 

testisin may play a role in EC reorganization and migration. 

 

5.2.4 Potential role of PAR2 activation by testisin in capillary outgrowth  

 Figure 4.14 suggested that testisin can activate PAR2 when co-expressed in 

EA.hy926 endothelial-like cells.  We wanted to investigate whether the reduced capillary 

outgrowth from aortic rings harvested from testisin-deficient mice is due to the lack of 

PAR2 activation by testisin.  We hypothesized that a loss of PAR2 expression in the 

capillary outgrowth assay would show a similar phenotype as the loss of testisin 

expression because cells deficient in testisin would experience less PAR2 activation.  

Aortic rings harvested from WT and PAR2-deficient mice were cultured as described in 

Section 5.2.2.2, but the small sample size of PAR2-deficient aortic rings did not show a 

significant decrease in capillary outgrowth compared to WT littermates, unlike the 
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Figure 5.12 Preliminary 
study of HMVEC 
reorganization after plating 
on Matrigel. 
 

A, HMVECs were transfected 
with 2 testisin-specific 
siRNAs, and si-Luciferase and 
mock transfection were 
included as negative controls. 
A level of testisin expression 
knockdown was verified by 
immunoblot analysis of whole 
cell lysates. GAPDH was used 
as a loading control. 
B, Untreated HMVECs 
cultured on Matrigel for 6 hr 
(10x magnification).  
C, HMVECs transfected with 
the testisin-specific siRNAs 
and negative controls were 
plated and cultured overnight 
on Matrigel. Images were 
taken at 4x magnification and 
showed that testisin-
knockdown cells have reduced 
EC reorganization on Matrigel 
compared to mock and siLuc-
transfected cells. 
D, HMVEC reorganization on 
Matrigel was quantified by 
two methods: counts of 
elongated connecting branches 
between 2 identifiable 
HMVECs (white arrow) and 
counts of HMVECs with more 
than 3 branch points (black 
arrows). Testisin-knockdown 
HMVECs show reduced 
reorganization on Matrigel.   
 

B 

D 
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decrease that was seen with testisin-deficient aortic rings; however, there is a trend 

towards less outgrowth from the PAR2-deficient mice (Figure 5.13).  We also performed 

the B16 tumor-induced angiogenesis assay in PAR2-deficient mice as in Section 5.2.2.3 

and the vasculature was perfused with Microfil, but there was no difference observed 

between the capillary development at the tumor site of WT and PAR2-deficient mice 

(data not shown). 
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Figure 5.13 Capillary outgrowth of PAR2-deficient mice 
 

Aortic rings were harvested from PAR2-deficient mice and WT littermates and 
cultured in basement membrane Matrigel with EC media for 10 days. EC 
outgrowth was monitored and outgrowth area was calculated with ImageJ 
software. Each dot represents the average outgrowth area (microns2) of 8 rings 
harvested from each aorta. n=3 mice/genotype. There was no significant 
difference found in capillary outgrowth between WT and PAR2-deficient mice 
with this small sample size, but there is a trend towards reduced outgrowth from 
PAR2-deficient mice. NS= not significant. 
This experiment was performed with the assistance of Dr. Suhbradip 
Mukhopadhyay. 
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 The aim of this body of work was to study the role of testisin expression on 

microvascular ECs during the biological process of angiogenesis.  Prior to these studies, 

all that was known was that the testisin transcript is expressed in HMVECs, but not in 

HUVECs, suggesting that testisin is specifically expressed in the endothelium of small 

capillaries and not in mature vasculature.  We first determined that testisin protein is 

expressed in HMVECs and cell staining in 3-dimensional collagen showed that testisin is 

specifically expressed at the leading edges of branching cells, suggestive of an activity in 

the EC processes of cellular branching or migration.  Intriguingly, testisin expression is 

upregulated by the angiogenic growth factors VEGF and FGF, suggesting that testisin 

expression may be turned on in vivo upon the induction of angiogenic signals. 

5.3 Discussion 

In order to study the potential role of testisin in angiogenesis, we utilized the 

mixed genetic background testisin-deficient mouse model generated previously in our 

laboratory.  We induced the WT and testisin-deficient female mice to ovulate, which 

promotes a physiological angiogenic response in the corpus luteum,.  Histology of the 

corpus luteum showed that testisin-deficient mice displayed delayed development of 

capillary formation noted by reduced vessel density.  In a model of non-isogenic tumor-

induced angiogenesis, tumor volume measurements showed that the knockdown of 

testisin expression in the host mouse resulted in a smaller tumor volume, as well as the 

presence of a blood pool around the tumor, suggesting altered formation of the vessels 

supporting tumor growth. 
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Since phenotypes can be strain specific, we generated and characterized a 

C57BL/6 testisin-deficient mouse model.  As was seen with the mixed genetic 

background model, the testisin-deficient mice were born with no obvious gross 

abnormalities.  We harvested aortic rings from WT and testisin-deficient mice to study 

capillary outgrowth in basement membrane Matrigel.  Interestingly, the aortas harvested 

from testisin-deficient mice showed significantly less EC outgrowth from the aorta 

compared to WT littermate controls, suggesting a role for testisin in a process necessary 

for EC migration, organization, and/or capillary-like tube formation. 

  Using an isogenic tumor-induced model of angiogenesis by injection of B16 

melanoma cells, we found that there was no significant difference in tumor volume 

between WT and testisin-deficient mice.  This was not the result observed when the 

mixed background testisin-deficient mice were challenged using the tumor-induced 

angiogenesis assay, which showed a strong phenotype characterized by smaller tumor 

size and aberrant vessel development. There are a few possible explanations for these 

results.  Since the C57BL/6-129 strain was of mixed genetic background, and the injected 

tumor cell line was derived from the murine 129 strain, this was not an isogenic tumor 

model and there may have been an immune response induced due to the growth of the 

tumor, which may have affected or exacerbated the difference in tumor growth between 

WT and testisin-deficient mice.  Another possible explanation is the fact that the B16 

tumor model is very aggressive and a palpable tumor developed within 1 week.  Since we 

hypothesize that testisin is involved in angiogenesis, which is required at a relatively 

early stage of tumor development in order for tumor growth to progress, we may need to 

be observing tumor growth at an earlier stage of development, which may not be possible 
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in the aggressive B16 tumor model.  Other C57BL/6 tumor models can be explored that 

may allow for the study of tumor development at earlier stages, as well as the opportunity 

to more thoroughly investigate the morphology of the tumor-induced capillaries by 

Microfil perfusion.  There are few C57BL/6 ovarian tumor-derived cancer cells lines 

including ID8 cells [134] which grow at a much slower rate that might be utilized. 

For the first time, we attempted to study the role of testisin expression by 

knocking down expression using testisin-specific siRNAs delivered into HMVECs.  

While the transfection reagent alone caused significant cell death, the preliminary 

transfection of testisin-specific siRNAs induced a proportional knockdown of testisin 

protein expression.  The testisin-knockdown and control knockdown HMVECs were 

plated on basement membrane Matrigel on which untreated HMVECs reorganize to form 

a network of connecting cells.  The testisin-knockdown cells showed reduced 

reorganization based on counts of branching cells and the number of cellular branch 

points.  The results of the aortic ring outgrowth assay and the in vitro Matrigel 

angiogenesis assay suggest similar defects in microvascular ECs when testisin expression 

is lost specifically in processes required for capillary-like tube formation.  These may 

include cell migration and/or cell survival as the knockdown expression of testisin has 

been previously associated with enhanced cell apoptosis [64].  These possible 

mechanisms will be further discussed in Chapter 6. 

 Assays performed with the EA.hy926 cell PAR2 and testisin co-expression 

system in Chapter 4.7 suggest that testisin is capable of activating PAR2 on the surface of 

ECs.  While results are preliminary, we saw no significant differences in aortic ring 
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outgrowth between WT and PAR2-deficient mice, although a larger sample size is 

necessary to confirm these findings.  We suspect that this may not be the best strategy for 

studying a possible testisin-PAR2 pathway because knocking out a PAR activator may 

not be equivalent to knocking out the receptor itself, due to the fact that there are several 

activators of the same PAR receptor and possible biased agonism between different 

activators.  This concept will be discussed in more detail in Chapter 6. 

 Overall, the work presented in this chapter is the first study of the role of testisin 

expression in microvascular ECs.  Using several in vivo models of angiogenesis with two 

different testisin-deficient mouse strains, we showed that testisin can play a functional 

role during both physiological and tumor-induced angiogenesis.  Further investigation 

will be required to tease apart the specific mechanism(s) by which testisin is acting on 

ECs to affect EC functions.  When the knockdown of testisin expression is optimized in 

HMVECs, these cells can be used in assays to investigate various EC functions including 

survival, migration, or proliferation.  The C57BL/6 testisin-deficient mouse model 

described here provides a better mouse model for studying these questions than using the 

mixed background model.  The results of the aortic ring outgrowth assay in particular 

have provided insight into specific EC functions that can be further investigated.  
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Chapter 6: Discussion and Future Directions 

 

 Testisin is a GPI-anchored serine protease that shows specific expression limited 

to the testes, microvascular endothelial cells, eosinophils, and ovarian cancers 

[14;31;52;56;59-61;65].  Little is known about the regulation of testisin activity and 

substrate specificity.  Serine proteases can activate PARs and we showed here that the N-

terminus of PAR2 is a testisin substrate, and upon cleavage, testsin expressed on the cell 

surface induced intracellular signaling pathways.  Further we showed that testisin 

expression is important for microvascular EC functions and angiogenic processes.  The 

activation of PAR2 on ECs is known to contribute to EC processes during angiogenesis.  

All of this data is suggestive of a molecular model of testisin activation of PAR2, which 

may be the mechanism by which testisin activity affects EC biology in vivo. 

Serine proteases play a vital role in all aspects of physiology and 

pathophysiology, and therefore their activities must be strictly regulated by translation, 

zymogen activation, and inhibition.  The identification and characterization of the family 

of membrane- anchored serine proteases has opened a new arena of serine protease 

research aimed at investigating the regulation and role of proteases expressed directly on 

the cell surface and acting in the pericellular environment.  By generating recombinant 

human testisin and acquiring the commercially available recombinant mouse testisin, we 

found that human testisin can be activated by recombinant hepsin, and that human testisin 

activity can be inhibited by the serpin inhibitor, PCI. 

Studies of substrate specificity showed that testisin prefers to cleave following the 

basic amino acid Arginine, similar to other trypsin-like serine proteases.  When 



160 

 

investigating testisin protein substrates, we discovered that testisin was able to cleave 

prothrombin suggesting that the enzymatic activity of testisin is biochemically similar to 

that of FXa.  Peptide substrate analysis also showed that testisin could cleave a peptide 

designed to mimic the N-terminal PAR2 activation sequence. 

Serine proteases regulate PAR activation which has important implications in 

many cellular systems, and PARs have been suggested as a potential therapeutic target 

[66;67;135]. Testisin activity on the cell surface could have an impact on the regulation 

of PAR2 surface expression and receptor activation. The treatment of cells with 

recombinant mouse testisin (rmTestisin) induced specific N-terminal cleavage of PAR2 

and downstream signaling including intracellular calcium release and ERK1/2 

phosphorylation.  More physiologically relevant, we show that when testisin is present on 

the cell surface, PAR2 is constitutively internalized and intracellular signaling pathways 

are continuously activated. The majority of studies investigating the N-terminal cleavage 

of PAR2 and intracellular signaling following PAR2 activation in various cell types have 

been performed using soluble serine protease catalytic domains. As opposed to a transient 

signal that may occur following cleavage of PAR2 by a soluble activator, the activation 

by a co-expressed membrane-localized activating protease on the cell surface may induce 

a sustained pattern of cellular signaling. Since there is no intracellular pool of uncleaved 

PAR2 ready to repopulate the cell surface following receptor activation and 

internalization [81], it is predicted that there is a longer time between activation of the 

next round of receptors compared to PAR1 activation.  Due to this difference in receptor 

repopulation, having a co-expressed and localized activator could be an advantage for 

continuous PAR2 activation as a soluble activator may not be active and uninhibited for 
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long enough to induce sustained receptor activation.  The constitutive PAR2 activation 

also induces the continuous processing and internalization of PAR2 from the cell surface 

as cells expressing PAR2 and testisin have an overall reduction of surface PAR2 

expression compared to cells that do not express testisin.  

The activation of PAR2 by testisin may be an important addition to the notion of 

biased agonism of PAR activation, in which the activation of PARs by different agonists 

may result in diverse signaling outcomes (reviewed in [135;136]). The reduced level of 

PAR2 detected on the cell surface when co-expressed with testisin indicates that there is 

less competent PAR2 available for activation by other soluble activators in the cellular 

microenvironment. If other activators such as trypsin or tryptase were present, the signals 

generated by their activation of PAR2 may be diminished due to less PAR2 on the 

surface, potentially altering the signaling profile of the cell. 

The membrane localization of PAR2 activation can also affect biased agonism. 

Testisin and PAR2 appear to co-localize at punctate areas of the cell surface, likely in 

lipid rafts due to the GPI-anchor on testisin and published data suggesting lipid raft-

localization of PAR2 [137;138]. Lipid rafts provide signaling modules that can enhance 

interactions of proteins even at low concentrations within the rafts by bringing them into 

close proximity, as has been suggested for activation of PAR2 by FXa:TF in lipid rafts 

[137;138].  Signaling from lipid rafts downstream of receptor activation may also differ 

from signaling that occurs from PAR activation in other domains of the membrane based 

on the presence of specific G proteins and adaptor proteins. Activation of PAR2 by 

soluble proteases is unlikely to be specific for receptors expressed in lipid rafts versus 
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other environments in the membrane, while a PAR2 activator localized near the receptor 

within a lipid raft provides the opportunity for biased agonism. 

We have generated an overexpression model in HeLa cells using epitope-tagged 

tagged PAR2 and testisin proteins, which has allowed us to be able to see the interaction 

of the two proteins, as PAR2 and particularly testisin are physiologically expressed at 

relatively low levels.  These interactions would be difficult to analyze without the 

overexpression system, but the use of overexpression can lead to results that are not 

representative of endogenous interactions.  It would be preferable to study the activation 

of PAR2 by testisin with endogenous proteins expressed in HeLa cells or primary 

HMVECs, two cell systems that express both proteins.  The most difficult aspect of these 

studies is the lack of available effective antibodies for the detection of these proteins for 

cell staining or immunoblot analysis.  With better reagents however, the study of 

endogenous PAR2 and testisin may provide more insight into the downstream signaling 

as well as the role the signaling plays in cell functions.   

Since endogenous testisin expression is selective to only a few cell-types 

[14;31;52;56;59-61;65], testisin activities may be very temporally and spatially vital in 

important cellular processes. Endogenous PAR2 and testisin may interact in a few cell 

systems in human tissues. Testisin was first described in sperm where it has been shown 

to be important for sperm cell morphology and fertility [14;31;56;59]. It has been shown 

that the activation of a PAR2-like protein by trypsin on the flagellum of mature seminal 

vesicle sperm from the water strider Aquarius remigis induces rigorous sperm molity 

[139]. Both testisin and PAR2 are specifically expressed on the head region and midpiece 

of human spermatozoa, where PAR2 activation is involved in the regulation of sperm 
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motility [140].  The testisin substrate in sperm is not known, but it is reasonable to 

hypothesize that the role of testisin activity on sperm is to activate PAR2, and that the 

testisin-deficient phenotypes described are due to reduced PAR2 activation. 

Human eosinophils specifically express PAR2, and the activation by trypsin has 

been shown to induce superoxide anion production and degranulation of isolated 

eosinophils [141].  Using PAR2-deficient mice, it has been suggested that PAR2 

activation is important for the infiltration of eosinophils during allergic inflammation in 

the airway [142]. Testisin was cloned from eosinophils (termed esp-1) however, little is 

known about the function of testisin in eosinophils [52], and whether testisin may be a 

PAR2 activator in these cells. 

Tumor cells represent an intriguing in vivo relevant site for the regulation of 

PAR2 by testisin.  PAR2 has been found to be over-expressed in many cancers, and 

PAR2 activation plays an important role in cancer biology as downstream signals 

promote cell proliferation, survival, and motility [122;143].  Immunohistological staining 

of patient ovarian yumor samples shows that PAR-2 is expressed in tumor cells and 

expression is increased with clinical tumor stage [144]. PAR-2 expression is also 

correlated with reduced 36-month survival rate.  There was also a significant correlation 

between PAR-2 expression and tumor microvessel counts and the rate of cellular 

proliferation, suggesting an important role for PAR-2 in ovarian cancer biology [144]. 

The activation of PAR2 on breast cancer cells induces the expression of anti-apoptotic 

proteins and prevents apoptosis induced by the loss of cell adhesion [145;146].  Studies 

using PAR2-deficient mice have shown that PAR2 plays a role in the development of 

mammary adenocarcinoma [147]. Testisin over-expression has been described in cancers 
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including ovarian and lung cancer [64;65]. In in vitro assays of ovarian cancer, the over-

expression of testisin induced colony formation in soft agar which is indicative of the 

ability of cells to survive anchorage-independent growth.  Ectoptic testisin expression 

also increased subcutaneous tumor growth, and its expression was associated with 

increased cell survival [64]. The molecular mechanism by which testisin enhances tumor 

development is unknown; however, PAR2 may represent a physiological substrate to be 

further studied in this setting.  

Proteolytic activation of PAR2 occurs by GPI-anchored testisin when co-

expressed on the cell surface, inducing constitutive PAR2 endocytosis and the continuous 

activation of intracellular signaling pathways. Further investigations of PAR2 activation 

by testisin could include testing the hypothesis that the GPI anchor of testisin affects the 

signaling downstream of activation.  This can be studied by utilizing the 

pDisplay.Testisin.TM plasmid described in Chapter 3 in which testisin is expressed with 

a C-terminal transmembrane domain instead of a GPI anchor, which will affect its surface 

localization.  Further studies may also include the investigation of PAR2 as an 

endogenous substrate responsible for the physiological activities of testisin in ovarian 

cancer development.  Another interesting direction is the possibility of a PAR2 activation 

cascade in which hepsin or a hepsin-like protease can activate testisin in the different 

cellular systems described, producing active testisin which would then activate PAR2.  A 

cascade like this has been described for the activation of matriptase by prostasin, which 

in turn activates PAR2 on the cell surface [71;148]. 

In vivo data from angiogenesis models performed in testisin-deficient mice 

suggest a role for testisin in the progression of angiogenesis.  As described, angiogenesis 
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requires synchronized EC events for normal capillary formation. The vascular 

endothelium forms a semi-permeable barrier that regulates the transport of liquid, blood-

borne solutes, blood, and immune cells from the microvasculature to sites of injury and 

infection [149;150]. ECs are in direct contact with the blood and can also be associated 

with sub-endothelially located basement membrane. ECs constitute virtually the entirety 

of small microvessels or capillaries [151]. The mechanisms by which ECs maintain their 

versatile functions and contribute to the formation of the vasculature are of critical 

importance.  

In diseases such as rheumatoid arthritis and diabetic retinopathy, excessive 

angiogenesis feeds diseased tissues and destroys normal tissues [152].  During cancer 

progression, the hypoxic tumor microenvironment as well as growth factors produced by 

the tumor cells, promote the formation of abnormal capillaries throughout the tumor to 

provide oxygen and essential nutrients to the growing tumor.  Insufficient angiogenesis, 

on the other hand, contributes to conditions such as coronary heart disease and delayed 

wound healing, where inadequate blood vessel formation leads to poor circulation and 

tissue death [152].  A detailed understanding of the role of ECs in regulating vascular 

integrity and angiogenesis will aid in the design of more effective therapeutic agents 

directed at maintaining or enhancing the vasculature in coronary heart disease and stroke, 

or disrupting angiogenesis in cancer.  

The results of the aortic ring outgrowth assay and the preliminary results of 

testisin knockdown HMVECs reorganization after plating on Matrigel suggests that 

testisin may play a role in EC reorganization and/or migration. The fact that we see 

deficiencies in the ability of testisin knockdown cells to migrate or reorganize in both of 
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these assays reinforces that testisin plays a role in these EC functions.  An alternate 

phenotype may be a role for testisin in the survival of microvascular ECs in these assays.  

Data from ovarian cancer cells suggested that the knockdown of testisin expression 

increased cell apoptosis [64].  If testisin expression plays a role in cell survival, the 

testisin-deficient cells in the two Matrigel assays may be experiencing increased cell 

death which would result in less outgrowth and reorganization.  This hypothesis could be 

tested by probing testisin-knockdown HMVECs for markers of cell death such as PARP 

cleavage.  

A role for testisin on microvascular ECs on the regulation of vascular 

permeability remains an interesting are of study.  The investigation of vascular 

permeability using the Miles Assay proved to be inconsistent.  Vascular permeability 

could be assayed in an in vitro cell model system by growing monolayers of EA.hy926 

endothelial-like cells expressing vector or testisin, or HMVECs with testisin expression 

knocked down by siRNA techniques, on transwells.  By adding EB:BSA to the top 

chamber of the transwell and monitoring for the presence of the EB dye in the bottom 

chamber, a potential role for testisin in permeability could be investigated. 

We hypothesize that PAR2 is a candidate endogenous substrate for testisin on 

microvascular ECs.  Several published studies show that the activation of PAR2 plays an 

important role in vascular development and angiogenesis [95-99].  The data shown in 

Chapter 5 suggests that testisin expression on microvascular endothelial cells is required 

for normal angiogenesis in in vivo assays and in the in vitro Matrigel angiogenesis assay.  

Testisin expression is transient during blood vessel formation, being induced in 
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microvascular ECs and is not found in mature vasculature, indicating that its activity may 

be important for a specific EC function.  Initial studies of PAR2 and testisin 

overexpression in the EC-like cell line EA.hy926 show that testisin is able to activate 

PAR2 to induce IL-8 expression.  More work needs to be done to verify that PAR2 is the 

endogenous substrate that leads to the observed testisin-mediated EC angiogenic 

phenotypes.   

Proving that PAR2 is an endogenous testisin substrate may be complicated and 

has experimental limitations.  The knockdown of PARs in vitro and in vivo, and the use 

of PAR APs or inhibitors may aid in these investigations.  Using EA.hy926 or primary 

HMVECs, one could knockdown endogenous PAR2 expression and analyze for a 

reduction in testisin-induced IL-8 expression.  The in vitro Matrigel angiogenesis assay 

could be performed with HMVECs in which PAR2 expression is knocked down to 

observe reduced reorganization as is seen with testisin-knockdown suggesting a common 

pathway.  PAR2-deficient mice have been shown to have a defect in the hindlimb 

ischemia hypoxia-induced revascularization assay [99].  Testisin-deficient mice could be 

challenged in this assay model as well, although the connection between testisin and 

PAR2 phenotypes may be more correlative than definitive. 

In the study of PAR activation pathways, the knockdown of the receptor may not 

always mimic the knockdown of the activating protease.  There can be crosstalk and 

signaling compensation between different PARs, and biased agonism the PAR can affect 

the downstream signaling of different activators.  For example, one could imagine that 

when PAR2 is activated by testisin, downstream signaling is induced, which may include 

the activation of NFĸB and the induction of IL -8 expression.  If testisin is not expressed, 
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PAR2 can be activated by another activating protease which may induce the activation of 

RhoA and MAPK.  If PAR2 is knocked down however, none of these signaling pathways 

would be activated.  In summary, the knockdown of testisin may allow for the induction 

of RhoA and MAPK signals, while the knockdown of PAR2 would ablate signaling, so 

the two scenarios may not be the same. Overall, several methods may need to be used to 

provide more than correlative data suggesting  PAR2 as the endogenous testisin substrate 

that leads to the observed angiogenic phenotypes in testisin-deficient mice.   

In summary, the work presented shows for the first time that testisin specifically 

recognizes PAR2 as a substrate, inducing continuous PAR2 turnover and the constitutive 

activation of downstream signaling.  We also demonstrate a functional role for testisin on 

microvascular ECs during angiogenic processes, possibly through the mechanism of cell 

migration or cell survival.  These results provide a solid basis for future studies of the 

specific role of testisin in angiogenesis, and may reveal a novel mechanism of PAR2 

activation on microvascular ECs that can be targeted to regulate angiogenic processes in 

several critical diseases. 
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Appendix 
 

Table 1. Reagents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagent Source
Proteases
DESC-1 Enzo Life Sciences
HAT R&D Systems
Hepsin R&D Systems
Matriptase R&D Systems
Matriptase R. Leduc (University of Montreal)
Matriptase-2 Enzo Life Sciences
Spinesin R&D Systems
Prostasin R&D Systems
Thermolysin R&D Systems
Thrombin American Diagnostica Inc
Prothrombin R&D Systems
Factor Xa R&D Systems
Fibrinogen Enzyme Research Laboratories

SERPINS
Protein C Inhibitor R&D Systems
Protein C Inhibitor Y. Fortenberry (Johns Hopkins University)
Antitrypsin R&D Systems
Antichymotrypsin R&D Systems
Antithrombin III R&D Systems
Heparin Cofactor II R&D Systems
PAI-2 Antalis labor atory
Protease Nexin I R&D Systems
Antiplasmin R&D Systems

Protease Inhibitors
Leupeptin Sigma-Aldrich
Aprotinin Sigma-Aldrich
AEBSF Sigma-Aldrich
EDTA Gibco

Peptide Substrates
Bz-F-V-R-AMC Life Technologies
Suc-F-V-R-pNa BaChem
Suc-A-A-P-R-pNa BaChem
Ac-A-A-P-L-pNa Peptide2.0
Suc-A-A-P-V-pNa BaChem
Suc-A-A-P-F-pNa BaChem
Ac-L-D-P-R-pNA Peptide2.0
Ac-S-K-G-R-pNa Peptide2.0
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Table 2. Expression Plasmids 

 

 

 

 

 

 

 

 

 

 

 

Plasmid Insert Transcribed protein Acronym Source
pMIB/V5-HisA.Testisin hTestisin soluble human Testisin I-rTestisin Antalis lab
pcDNA3.1.Testisin hTestisin GPI-human Testisin N/A Antalis lab
pDisplay vector N/A N/A pDisplay Invitrogen
pDisplay.Testisin hTestisin HA-tagged GPI-hTestisin Testisin Antalis lab
pDisplay.Testisin.sol hTestisin HA-tagged soluble hTestisin sol Testisin Antalis lab
pDisplay.Testisin.TM hTestisin HA-tagged transmembrane hTestisin TM Testisin Antalis lab
pDisplay.TestisinS238A hTestisinS238 HA-tagged GPI-hTestisinS238A TestisinSA Antalis lab
pcDNA3.1 N/A N/A N/A Antalis lab
pcDNA3.1.hepsin hhepsin human hepsin hepsin Antalis lab
pcDNA3.1.hepsinS_A hhepsin human hepsinS--A hepsinSA Antalis lab
pCMV.SEAP.PAR1 hPAR1 Alkaline Phosphatase hPAR1 AlkPhos-PAR1 J. Trejo (UCSD)
pCMV.SEAP.PAR1R41A hPAR1R41A Alkaline Phosphatase hPAR1R41A FLAG.PAR1csm mutated by Antalis lab
pCMV.SEAP.PAR1R46A hPAR1R46A Alkaline Phosphatase hPAR1R46A FLAG.PAR1R46A mutated by Antalis lab
pCMV.SEAP.PAR1R70A hPAR1R70A Alkaline Phosphatase hPAR1R70A FLAG.PAR1R70A mutated by Antalis lab
pCMV.SEAP.PAR2 mPAR2 Alkaline Phosphatase mPAR2 AlkPhos-PAR2 S. Coughlin (UCSF)
pCMV.SEAP.PAR2csm mPAR2csm Alkaline Phosphatase mPAR2csm AlkPhos-PAR2csm S. Coughlin (UCSF)
pcDNA3.1.FlagPAR1 hPAR1 Flag-tagged hPAR1 FLAG.PAR1 J. Trejo (UCSD)
pBJ1.Flag.PAR2 hPAR2 Flag-tagged hPAR2 FLAG.PAR2 J. Trejo (UCSD)
pBJ1.Flag.PAR2R36A hPAR2R36A Flag-tagged hPAR2R36A FLAG.PAR2csm mutated by Antalis lab
pcDNA3.1.BAB.PAR2.EGFP hPAR2.GFP C-terminal GFP-tagged hPAR2 PAR2.GFP M. Hollenberg (U Calgary)
pcDNA3.1.BAB.PAR2csm.EGFP hPAR2csm.GFP C-terminal GFP-tagged hPAR2csm PAR2csm.GFP M. Hollenberg (U Calgary)
pSRE-firefly luciferase SRE-Luciferase T.Bugge (NIH)
pNFĸB-firefly luciferase NFĸB-Luciferase T.Bugge (NIH)
pRL-Renilla luciferase Renilla-Luciferase J. Winkles (UMD)
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Table 3. Antibodies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Species Source
Anti-V5 tag Rabbit Millipore
Anti-HA tag Rabbit Abcam
Anti-Testisin Mouse Antalis lab
Anti-hepsin Goat Cayman Chemical
Anti-GAPDH Rabbit Cell Signaling Technologies
Anti-SerpinA5 (PCI) Goat R&D Systems
Anti-Matriptase Rabbit Life Technologies
Anti-mGAPDH Rabbit Cell Signaling Technologies
Anti-ERK1/2 Rabbit Cell Signaling Technologies
Anti-pERK1/2 Rabbit Cell Signaling Technologies
Anti-FlagM2 Mouse Sigma-Aldrich
Anti-PAR2 (N-19) Goat Santa Cruz Biotechnology
Anti-GFP Rabbit Abcam

Conjugated Conjugate Source
Anti-Mouse HRP Jackson ImmunoResearch Laboratories
Anti-Rabbit HRP Jackson ImmunoResearch Laboratories
Anti-Goat HRP Jackson ImmunoResearch Laboratories
Anti-Mouse AlexaFluor-488 Life Technologies
Anti-Goat AlexaFluor-488 Life Technologies
Anti-Rabbit AlexaFluor-568 Life Technologies
Phalloidin AlexaFluor-647 Life Technologies
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Table 4. Primers 

 

 

 

 

 

 

 

Name Sequence 5'-3'
Cloning
HA-Testisin forward GCG CGG AGA TCT AAG CCG GAG TCG CAG
HA-Testisin-GPI reverse GCG GCG TAT GTC GAC TAT CAG ACC GGC CCC AG
HA-Testisin TM reverse CGT ATG TCG ACC CAG GAG GGG TCT GG
HA-Testisin sol reverse GCG TAT GTC GAC TCA CCA GGA GGG GTC TGG

Mutagenesis
PAR1R41A AAA TGC CAC CTT AGA TCC CGC GTC ATT TCT TCT CAG GAA C
PAR1R41A antisense GTT CCT GAG AAG AAA TGA CGC GGG ATC TAA GGT GGC ATT T
PAR1R46A ATC CCC GGT CAT TTC TTC TCG CGA AC
PAR1R46A antisense CAT ATTTAT CAT TGG GGT TCG CGA GA
PAR1R70A AAA TGA AAG TGG GTT AAC TGA ATA CG
PAR1R70A antisense ACT GCT TTT ATT GAT GGA GAC TAG TG
HA-tagged TestisinS238A CCT GCT TCG GTG ACG CAG GCG GAC C
HA-tagged TestisinS238A antisense CAG GCC AAG GGT CCG CCT GCG TCA C

Sequencing
T7 forward TAA TAC GAC TCA CTA TAG GG
BGH reverse TAG AAG GCA CAG TCG AGG C
SEAP forward CCA GGC TAT GTG CTC AAG GAC
PAR1 reverse CAT GAT GTT TAG TGG GAG GCT GAC

Genotyping
mTestisin forward (F4) AAC CTT GCT CAA CCG CCG C
mTestisin WT reverse (R3) TGG GGC TCA GGA AAA TAT CT
mTestisin KO reverse (LAR3) CAC AAC GGG TTC TTC TGT TAG TTC
LacZ forward ATC AGC GAT TTC CAT GTT GCC
LacZ reverse AGA CCA TTT TCA ATC CGC ACC
mPAR2 forward TCA AAG ACT GCT GGT GGT TG
mPAR2 reverse GGT CCA ACA GTA AGG CTG CT
mPAR2 mutant reverse GCC AGA GGC CAC TTG TGT AG
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