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Abstract 

Title of Dissertation: The Role of Testisin in Endothelial Cells and Angiogenesis. 

Raymond J. Peroutka III, Doctor of Philosophy, 2021 

Dissertation directed by Toni M. Antalis, Ph.D., Professor, Department of Physiology 

Associate Director for Training and Education at the University of Maryland Greenebaum 

Comprehensive Cancer Center in Baltimore, Director, Program in Molecular Medicine, 

GPILS, University of Maryland School of Medicine. 

 

Testisin (PRSS21) is a membrane anchored serine protease, which is tethered to the 

cell surface via a glycosylphosphatidylinositol (GPI)-anchor. Testisin expression has been 

documented in eosinophiles, ovarian cancers, endothelial cells, and spermatozoa where its 

expression is highest. Although two substrates of testisin have so far been identified, 

protease activated receptor 2 (PAR2) and protein inhibitor C (PCI), little is known of the 

biological, physiological, and pathophysiologic characteristics of testisin. Thus far, there 

are no published data identifying an activator or inhibitor of testisin. To better characterize 

the biochemistry of testisin we produced the zymogen as inclusion bodies in E. coli and 

refolded using the insoluble cellular fraction. To better characterize the cellular functions 

of testisin, hybridomas producing anti-testisin monoclonal antibodies were acquired, 

antibodies purified, and then characterized. In an investigation of testisin’s function in 

endothelial cells we identified testisin as a novel regulator of physiological hormone-

induced angiogenesis and microvascular endothelial permeability. Using a murine model 

of rapid physiological angiogenesis during corpus luteal development in the ovary, we 



 

found that mice genetically deficient in testisin (Prss21-/-) show a substantially increased 

incidence of hemorrhages which are significantly more severe than in littermate control 

Prss21+/+ mice. This phenotype was associated with increased vascular leakiness, 

demonstrated by a greater accumulation of extravasated Evans blue dye in Prss21-/- ovaries. 

Live cell imaging of in vitro cultured microvascular endothelial cells depleted of testisin 

by siRNA knockdown revealed that loss of testisin markedly impaired reorganization and 

tubule-like formation on Matrigel. Moreover, testisin siRNA knockdown increased the 

paracellular permeability to FITC-albumin across endothelial cell monolayers, which was 

associated with decreased expression of the adherens junction protein VE-cadherin and 

increased levels of phospho-(Tyr658)-VE-cadherin, without affecting the levels of the tight 

junction proteins occludin, claudin-5, or ZO-1. Decreased expression of VE-cadherin in 

the neovasculature of Prss21-/- ovaries was also observed without marked differences in 

endothelial cell content, vascular claudin-5 expression or pericyte recruitment. Together, 

these data identify testisin as a novel regulator of VE-cadherin adhesions during 

angiogenesis and indicate a potential new target for regulating neovascular integrity and 

associated pathologies. 
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1 Chapter 1. Introduction 

1.1 Proteases 

Proteases are enzymes that catalyze the cleavage of peptide bonds. This hydrolytic 

reaction can result in general degradation for digestion, complex cell signaling events, and 

generation of smaller peptides or single amino acids. Proteolytic reactions can occur with 

little to no specificity regarding amino acid sequence, such as many of those present in the 

gut. These proteases can either be exopeptidases, cleaving substrates from either the 

carboxy or amino terminus, or endopeptidases that cleave within the protein. These 

promiscuous enzymes can also function at the subcellular level to breakdown old, 

defective, or unnecessary proteins and recycle amino acids. Unlike some of the digestive 

enzymes, many proteases prefer specific amino acids in the substrate, multi-amino acid 

sequences, or specific substrate tertiary structure with corresponding amino acid sequence 

[5]. Initially, it was thought that proteases were predominantly found in the gut; however, 

it is now known that a large number of the 641 human proteases (so far identified) are 

found in or secreted from cells [6]. Proteases are categorized by their catalytic mechanism 

and thus defined as aspartic, glutamic, metallo, cysteine, serine, or threonine. In all 

categories of protease, the hydrolysis reaction is the result of a nucleophilic attack. In the 

case of aspartic, glutamic, and metalloproteases this is a one-step process wherein the 

enzyme’s active site uses water as the nucleophile after substrate binding to cleave the 

amino acid bond. Cysteine, serine, and threonine proteases utilize a two-step method 

through the coordination of a catalytic triad or dyad containing histidine. The two-step 

process involves the formation of a charge relay network wherein the active site namesake 
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amino acid (cystine, serine, or threonine) is polarized and serves as the nucleophile. 

Following activation, a nucleophilic attack on the substrate results in a covalent 

intermediate between enzyme and substrate. This intermediate reacts with a water molecule 

and the enzyme is released for further reactions (see Figure 1.1 for a detailed depiction of 

the catalytic steps of a serine protease). 

Figure 1.1 Serine protease catalysis. 

(1) The protease binds to the substrate; a nucleophilic attack is initiated by the charged serine 

residue which leads to the formation of a covalently linked enzyme/substrate complex (the 

tetrahedral intermediate). (2) Electrons move to attack the histidine, breaking the bond, and 

generating the acyl-enzyme intermediate. (3) A water molecule enters the reaction, replaces the 

cleaved peptide’s N-terminus, and reacts with the histidine to reform the tetrahedral intermediate. 

(4) The serine and the carbonyl carbon bonds move to attack the histidine, the carbonyl carbon 

forms a double bond with its oxygen, and a new C-terminus is generated. (5) The cleaved substrate 

products dissociate, and an active enzyme is reformed. Adapted from [3].  
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 Serine proteases account for nearly one third of all proteases, making them the 

largest single group of proteolytic enzymes. They are found in plants, animals, bacteria, 

and viruses, from four distinct evolutionary pathways [7]. These evolutionarily distinct 

proteases are defined by their tertiary structure types. The serine proteases are categorized 

into 13 clans, based on catalytic mechanism, and 40 families based on evolutionary lineage. 

Clan PA is most prevalent in eukaryotes with its representative member being trypsin, and 

therefore referred to as trypsin-like. In humans, 76% of serine proteases belong to the S1 

family within clan PA [8]. The S1 family is further divided into S1A and S1B based on 

whether the protein is secreted (A) or intracellular (B). Serine proteases have evolved to 

regulate diverse physiological functions such as digestion, coagulation, angiogenesis, 

immune response, matrix remodeling, tissue repair, development, apoptosis, and 

fertilization. Given their ability to modulate such important biological processes, and their 

irreversible catalytic mechanism, it is of critical importance for cells to control serine 

protease activities. Control mechanisms include transcription factors, zymogen activation, 

post-translational modifications, protein-based inhibitors, sequestration, and degradation. 

Most protease control mechanisms detailed to date involve post-transcriptional 

mechanisms, although there are papers detailing mechanisms such as promoter methylation 

and individual transcription factor modulation for certain serine proteases [9-11]. Serine 

proteases are commonly expressed in an inactive form or zymogen. The zymogenic form 

can either self-activate or require the presence of other enzymes and potentially cofactors. 

Zymogens are activated through the cleavage of an N-terminal peptide, referred to as the 

activation or pro-domain, which directly proceeds the catalytic domain. Often the 

activation domain will remain bound via a covalent disulfide bond. Following cleavage, 
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the new N-terminus causes a conformational change to the catalytic domain which results 

in conformational changes to the oxyanion hole and substrate-binding pocket [7]. Serine 

proteases can therefore exist in an inactive state until the correct circumstance requires 

activity. Several endogenous protein groups can also inhibit serine proteases. Serpins 

(serine protease inhibitors) are a family of proteins that can inactivate serine proteases in 

an irreversible manner. They function by mimicking a protease’s substrate, and during the 

cleavage process locking the protease in the covalent enzyme-substrate intermediate phase 

[12]. Kunitz-type inhibitors also function to block protease activity through a noncovalent 

competitive inhibition. Sequestering, or targeting to specific cellular regions, can also 

control proteolytic activity of serine proteases. Proteases can be stored in granules, 

lysosomes, or targeted to specific areas of the cell surface [13-15].  

Membrane-anchored serine proteases are a small sub-family of S1, or trypsin-like, 

proteases that are membrane tethered with an extracellular catalytic domain [15-18]. They 

are anchored to the cell surface by either a transmembrane domain or a 

glycosylphosphatidylinositol (GPI) post-translation modification. The transmembrane 

proteases are either type I, with an extracellular carboxy terminus, or type II, with an 

extracellular amino terminus. Most of the membrane-anchored serine proteases contain 

additional extracellular domains which likely facilitate both protein-protein interactions 

and specialized membrane localization. Of the 20 membrane-anchored serine protease 

family members, only prostasin (PRSS8) and testisin (PRSS21) are GPI anchored (Figure 

1.2).  
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Figure 1.2 Membrane anchored serine proteases and various 

domains. 

Membrane anchored serine proteases are grouped as either type II, type I, or 

GPI-anchored in descending order. Adapted from [2]. 
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They also do not contain any domains beyond the trypsin-like catalytic domain. 

GPI is a post translational modification that is composed of a phosphatidylinositol group 

which is connected to an ethanolamine phosphate though a carbohydrate chain. 

Approximately 10-20% of human membrane proteins undergo this modification [19]. The 

phosphoethanolamine is covalently linked to the protein and the hydrophobic lipid tails 

result in membrane incorporation (see Figure 1.3 for chemical detail of the GPI anchor). 

GPI anchors have been demonstrated to cluster in cholesterol rafts and therefore are 

proposed to participate in the assembly of signaling complexes [20]. An N-terminal 

secretory signal directs the production of GPI anchored proteins to the endoplasmic 

reticulum and a C-terminal sequence signals for the GPI-transamidase complex to 

covalently add a glycosylphosphatidylinositol to the C-terminus with simultaneous 

removal of the signal. GPI anchored proteins, like testisin, can be removed from the cell 

surface either through endocytosis or phospholipase release [21, 22].  
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Figure 1.3 Chemical structure detail of a GPI anchor. 

The glycan core is composed of glucosamine and mannose with additional 

phosphoethanolamine additions. The glycan core and phospholipid tails exhibit 

considerable variation within cells. Adapted from [4]. 
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The family of membrane-anchored serine proteases are responsible for a wide range 

of biological processes including epithelial function, cancer progression, viral protein 

interaction, epidermal development, cellular homeostasis, and endothelial function [23-

28]. As mentioned, testisin and prostasin are the most similar of the membrane-anchored 

serine proteases. Prostasin has been much more extensively characterized regarding its 

physiological and pathological roles, specifically regarding its interaction with matriptase 

and epithelial barrier function. Prostasin has been shown as requisite for matriptase 

activation, in the intestinal epithelium, and necessary for normal barrier formation [29]. 

Interestingly, it was found in the epidermis that prostasin activity, was not required to 

reverse neonatal lethality, but its inactive presence and that of its inhibitor, HAI 1 was 

required [30]. These data provide for a much greater, potentially, dynamic landscape for 

testisin function and its interactome.  

1.2 Testisin 

Testisin was first described as a serine protease found in eosinophils but not 

neutrophils [31, 32]. In an analysis of various human tissues, by RT-PCR, the authors found 

that the expression of testisin was low or not detectable in most samples apart from testis 

where it was strongly expressed. At the same time, testisin was independently found as a 

novel membrane-anchored serine protease in the testis, but absent in testicular germ cell 

tumors [33, 34]. There have since been several publications detailing the involvement of 

testisin in normal sperm function and fertility, mostly in mice. Testisin was found to be 

temporally expressed during spermatogenesis during formation of spermatids [35]. 

Analysis of cellular localization in mouse sperm found testisin in the lipid rafts of the 
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membrane and that phosphatidylinositol-specific phospholipase C (PLC) resulted in 

membrane release, supporting its designation as GPI anchored [36].  

Male mice lacking testisin displayed normal fertility, but sperm deficient in testisin 

were determined to be sub-fertile in vitro [37]. Testisin null sperm displayed a reduction in 

the rate of zona pellucida penetrance and binding in vitro. This phenotype was 

hypothesized to be the result of reduced acrosome reaction. The phenotype was rescued by 

the introduction of uterine fluids. In a separate study, murine sperm lacking testisin were 

found to have “decreased motility, angulated and curled tails, fragile necks, and 

dramatically increased susceptibility to decapitation” [38]. Additionally, the testisin null 

sperm failed to respond to osmotic challenges and demonstrated lower fertilization rates in 

vitro. Further knockout studies involving testisin, acrosine (ACR) and sperm adhesion 

molecule 1 (SPAM1) in various combinations reached the conclusion that testisin deficient 

mice displayed decreased fertility in vivo and in the case of testisin and ACR double 

knockout, infertility in vitro [39, 40]. Kawano et al. determined that testisin and acrosine 

were required for penetration of the egg’s cumulus matrix and zona pellucida in vitro and 

that the female reproductive tract, or uterine fluid, provided unidentified compensatory 

factors that resulted in sperm penetrance in the absence of testisin and acrosine. Infertility 

in vivo was also seen in a double knockout of the putative transcription factors ZFY1 and 

ZFY2 with an associated decrease in testisin, PLCZ1, PLCD4 and HTT [41].  

Testisin expression has also been investigated in several types of cancer, notably 

testicular and ovarian. The absence of testisin expression was first seen in testicular germ 

cell tumors, as previously noted. Further research has found that this deficiency correlates 

with epigenetic changes, namely DNA methylation [9, 42, 43]. In contrast, the 
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overexpression of testisin has been seen in several cancers while also promoting malignant 

transformation in vitro. Overexpression was first seen in ovarian epithelial tumor cells [44]. 

Testisin mRNA levels in ovarian carcinomas were significantly higher than in normal 

ovaries. High grade tumors displayed greater levels of testisin mRNA, as compared to 

lower grade, and the levels of mRNA significantly increased between stage 1 and stages 2 

and 3. In a separate study, overexpression of testisin increased colony formation in vitro 

and ectopic overexpression, in several cell lines, resulted in significantly higher tumor 

burdens in mice [45]. Testisin overexpression has also been observed in cervical cancer 

tissue samples [46].  

There are currently two known substrates of testisin, protease activated receptor 2 

(PAR2, FTRL1) and protein C inhibitor (PCI, SERPINA5, PAI3). PAR2 activation will be 

discussed below. PCI was first identified as an inhibitor of activated protein C, a vitamin 

K dependent serine protease, which acts as an anticoagulant by inhibiting Factor Va and 

Factor VIIIa [47]. Congenital protein C deficiencies have been linked to and elevated risk 

of blood clots from birth [48]. PCI also can function as an anticoagulant and more recent 

research has found function in both fertilization and cancer development [49]. Testisin was 

described as interacting with PCI, but rather than inhibiting testisin it was cleaved and 

inactivated [50]. Testisin was found to cleave PCI near its N-terminus and release an alpha 

helix, referred to as helix A+. Cleavage of PCI was also found in its reactive loop region, 

resulting in its inability to inhibit protein C (with or without heparin). Interestingly, PCI 

can be internalized by cells through phospholipid interactions and this ability was lost 

following testisin cleavage. The released peptide was however still able to penetrate the 
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cells. The significance of this interaction regarding cell signaling, vascular or otherwise, 

has yet to be determined.   

1.3 Testisin expression in endothelial cells 

Testisin has previously been identified as a serine protease gene expressed in 

human dermal microvascular endothelial cells (HMVECs) undergoing reorganization and 

acquiring an angiogenic phenotype on the basement membrane Matrigel, and during 

capillary morphogenesis on fibrillar type I collagen [51]. A global analysis of human 

endothelial cell diversity, utilizing microarray analysis of 14 distinct vascular tissues, 

identified testisin as expressed consistently in both large vessels and the microvasculature 

[52]. An analysis of data from a paper investigating mRNAs upregulated in endothelial tip 

cells, from a neonatal mouse retina, showed an increase in testisin expression as compared 

to control stalk cells [53].  

Further evidence for a potential role of testisin in the endothelium, and during 

angiogenesis, is its ability to activate the G-protein coupled receptor (GPCR) PAR2 [54]. 

PAR2 is a seven transmembrane receptor that signals through its associated G proteins and 

beta-arrestins [55]. PAR2 is one of four unique GPCRs that are activated by proteolysis of 

a portion of their extracellular N-terminus. This cleavage event results in the new peptide 

serving as a ligand and is therefore referred to as a tethered ligand [56]. Since the activation 

is proteolytic, it is irreversible and consequently highly regulated. In the absence of 

proteolytic activation, the PARs can be activated through addition of exogenous N-terminal 

peptide mimics, providing a useful tool for their study. PAR2 has been implicated in 

physiological and pathological processes including inflammation, epithelial barrier, 
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endothelial barrier, metabolism, cancer, proliferation, and migration [57-61]. Several 

studies have also demonstrated pro-angiogenic signaling, and associated physiological 

changes, following PAR2 activation [62-64]. In the work by Driesbaugh et al. (2015) 

Testisin was shown to induce PAR2 mediated signaling in HeLa cells by PAR2-dependent 

calcium mobilization, NF-κB activation, and cytokine release. Addition of recombinant 

mouse testisin released the N-terminus of PAR2, but not PAR1 or a PAR2 cleavage site 

mutant, as determined by alkaline phosphatase which was fused to the N-terminus of the 

PARs. Recombinant testisin could also, upon addition to cell culture, stimulate calcium 

mobilization by PAR2, but not PAR1 or a PAR2 cleavage site mutant. Addition of 

recombinant testisin also resulted in a rapid phosphorylation of ERK1/2 which was again 

not seen in the cleavage site mutant. Finally, both recombinant mouse testisin and 

overexpressed testisin resulted in the loss of cell surface PAR2 while stimulating the 

release of IL-6 and IL-8, which can have pro-angiogenic functions [65, 66]. Recently, 

testisin expression was linked to ovarian cancer PAR2 activation in vitro and surprisingly 

suppressed the production of two pro-angiogenic proteins, ANG2 and ANGPTL4 [1]. The 

results, extended to in vivo studies, showed mice injected with cells overexpressing testisin 

had lower tumor burdens, as compared to control mice. Analysis of tumor samples did not 

reveal any significant differences in vasculature with testisin overexpression (by CD31 

staining). So, it remains to be seen what the effect of testisin/PAR2 signaling had on 

angiogenesis of the tumors themselves. 

1.4 The endothelium and angiogenesis 

The endothelium is the lining of all veins, arteries, capillaries, and lymphatic 

vessels. It is a continuous monolayer of endothelial cells that separates circulatory systems 
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from other vessel features such as the basement membrane (basal lamina) and smooth 

muscle cells, in addition to the surrounding tissues. Given the dynamic nature of the 

endothelium and the number of physiological functions it performs, it can be thought of as 

a type of organ. Endothelial cells are responsible for the control of vascular tone, blood 

fluidity, blood coagulation, fibrinolysis, leucocyte trafficking, nutrient trafficking, and 

angiogenesis [67-70]. Under normal conditions there is a balance between vasoconstrictor 

and vasodilator influences which results in some degree of vascular tone, the degree to 

which a vessel is constricted by surrounding smooth muscle cells. The basal tone of vessels 

varies by organ. For instance, vessels in skeletal muscle have a high degree of tone whereas 

those in cerebral tissue have lower tone. The degree of tone is influenced by many factors, 

both intrinsic and extrinsic. The endothelium predominantly signals for vasodilation using 

messengers such as nitric oxide (NO) and prostacyclin (PGI2). Vasoconstriction signaling 

utilizes thromboxane (TXA2) and endothelin-1 (ET-1) [67]. Blood fluidity is regulated by 

the condition of the endothelium as a smooth intact monolayer. Under normal 

circumstances the endothelium is both anticoagulant and anti-thrombogenic. The 

underlying basement membrane is naturally thrombogenic and so, when the endothelium 

is disrupted, a series of signaling pathways, significantly the coagulation cascade, quickly 

result in the formation of a thrombus. The thrombogenic reaction can also be enhanced by 

the local endothelium [71]. Conversely, the endothelium can also participate in the 

fibrinolysis of clots. Endothelial cells constitutively secrete t-PA, and potentially uPA, 

which converts plasminogen to plasmin which can then degrade fibrin [72]. 

Angiogenesis is a critical function of the endothelium and a necessary process 

during development and growth. In adults, angiogenesis is required for wound healing, 
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reproductive processes, and often in the response to ischemic or inflammatory signaling. 

Angiogenesis is defined as the sprouting of new capillaries from existing vasculature. It is 

a highly regulated multistep process in which specific events must occur. Hypoxia, and 

hypoxia induced factors (HIFs), are the main driving force behind the initiation of 

angiogenesis [73]. In a normal physiological process, such as the growth of tissue during 

development, the new tissue expands beyond the limit of oxygen diffusion provided by the 

existing vasculature and becomes hypoxic. This activates transcription factors, such as 

HIF1α, in cells closer to the existing vasculature which then initiate the production of 

proangiogenic factors. VEGF is the most powerful of the angiogenic stimuli produced, but 

other factors such as PDGF, Tie2, ANG1, ANG2, bFGF, and MCP-1 play critical roles 

[73].  In the early stages of angiogenesis there is an increase in vessel permeability initiated 

by VEGF binding to its receptor KDR (VEGFR-2) on endothelial cells near the angiogenic 

stimulating event. VEGF/VEGFR-2 binding activates Src and FAK kinases which result 

in endothelial cell focal adhesion turnover and the phosphorylation of VE-cadherin. 

Through homophilic interactions VE-cadherin binds endothelial cells together in what are 

referred to as adherens junctions and acts as a master regulator of endothelial barrier [74]. 

Following its phosphorylation by Src, VE-cadherin is internalized and vascular 

permeability increases. This increase in permeability results in locally decreased blood 

flow which slows the clearance of angiogenic factors. The newly activated and untethered 

endothelial cells begin to breakdown their basement membrane and the outer extracellular 

matrix, which releases new angiogenic factors and inhibitors. Platelets enter the new site 

of invasion, due to barrier disruption, and release the contents of their alpha granules. The 

granule contents contain proteases, lipases, angiogenic factors, and extracellular matrix 
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components [75]. The invading endothelial cells begin to divide and further migrate 

towards the hypoxic target. During migration, the endothelial cells also produce a new 

extracellular matrix and simultaneously recruit pericytes to stabilize the new vessels. The 

PDGF family of proteins plays a dominant role in this recruitment process [76]. Ultimately 

a carefully coordinated spatial and temporal balance of activators, growth factors, 

proteases, inhibitors, and multiple cell types result in a new vascular network to support 

new tissue growth.  

1.5 Hypothesis and Aims 

Previous studies have demonstrated that testisin is found in abundance in 

spermatozoa [32, 33, 38] and genetic deletion of testisin in mice results in developmentally 

damaged spermatocytes and reduced male fertility in vitro [37, 38, 77]. Its expression in 

other tissues, in both humans and mice, is limited to eosinophils, endothelial cells, and 

cancers [9, 33, 34, 44, 45, 78]. Despite great efforts towards understanding testisin, much 

remains unknown. Besides PAR2 and PCI, there are no known substrates of testisin. 

Although there are some preliminary data on activators of testisin, there has not been a 

published study identifying proteolytic activators. Additionally, physiological inhibitors of 

testisin are thus far unknown. The overall goal of this work was to better understand testisin 

and specifically its role in endothelial cell biology. The hypothesis to be tested was: testisin, 

expressed on capillary endothelial cells, plays a functional role in endothelial cell biology, 

specifically capillary formation. This hypothesis was tested in three specific aims: 1) 

develop and validate tools to study testisin and investigate its biochemical properties. 2) 

characterize the role of testisin in endothelial cells in vitro and 3) characterize the role of 

testisin during development of the murine corpus luteum in vivo. 
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2 Chapter 2. Materials and methods1 

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

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

the chapter text or figure legends. 

2.1 Antibodies 

The anti-testisin monoclonal antibody MAbD9.1 was purified from the PTA-6077 

hybridoma cell line (ATCC Pro104.D9.1) and characterized for both mouse and human 

anti-testisin specificity (see Chapter 3). Additional antibodies were rabbit anti-HA 

(Abcam 9110), rat anti-CD31 (BD 553370), rabbit anti-occludin (Invitrogen 71-1500), 

rabbit anti-ZO-1 (Invitrogen 61-7300), rabbit anti-claudin-5 (Invitrogen 34-1600), rabbit 

anti-NG-2 (Millipore AB5320), mouse anti-VE-cadherin (Santa Cruz sc-9989), rabbit anti-

VE-cadherin (Abcam ab33168), rabbit anti-phospho (Tyr658)-VE-cadherin (Invitrogen 

44-1144G), rabbit anti-β-catenin (Cell Signaling 8480), rabbit anti-GAPDH (Cell 

Signaling 2118), rabbit anti-β-actin (Cell Signaling 4970), mouse anti-PAR2 (EMD 

Millipore MABF243). Secondary antibodies were goat anti-mouse-HRP (Jackson 

ImmunoResearch 115-035-146), mouse anti-rabbit-HRP (Jackson ImmunoResearch 211-

035-109), goat anti-rat-Alexa Fluor 488 (Invitrogen A11006), goat anti-mouse-Alexa Fluor 

555 (Invitrogen A32727), goat anti-rabbit-Alexa Fluor 555 (Invitrogen A32732), goat anti-

mouse-Alexa Fluor 488 (Invitrogen A32723).  

 
1 This chapter (2) contains excerpts and modified text from the publication: “Testisin deficiency causes 

increased vascular permeability and a hemorrhagic phenotype during luteal angiogenesis” (PLOS One, 2020) 

in which I served as first author. 
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2.2 Antibody production and purification 

Hybridomas expressing testisin monoclonal antibodies were initially grown using 

the media RPMI-1640 with 10% fetal bovine serum (FBS, Sigma). Following culture 

expansion in RPMI-1640 with FBS the cells were adapted to Protein-Free Hybridoma 

Media II (PFHM II, Gibco) with 1X Cholesterol Lipid Concentrate (Gibco), 2 mM 

GlutaMax (Gibco), and without serum. For antibody production, cells were expanded by 

dilution (1:10) and grown in upright T75 flasks with a maximal volume of 25-30 ml per 

flask. For production purposes the cells were grown to confluency and media harvested 

when viability decreased to approximately 70%. Media was harvested by centrifugation: 

1x103 g for 5 minutes to remove cells and 1.2x104 g for 10 minutes to remove cell debris. 

Media was then filtered with a .22 µm syringe filter and either frozen (-80°C) or used for 

subsequent purification. Prior to purification the sample was neutralized with 1M HEPES 

(pH 8.0). HiTrap Protein G HP columns (1ml) (GE) were used for the purification of all 

antibodies. A flowrate of 1ml per minute was used for all purification steps and all solutions 

kept on ice. Columns were washed with 5 ml H2O to remove the 20% ethanol storage 

solution. The column was equilibrated with 5-10 ml of phosphate buffered saline (PBS) 

(pH7.2). Clarified hybridoma culture media (100-200 ml typically) was loaded onto the 

column and the flow-through collected. Following sample loading, the column was washed 

with 5 ml of 20 mM sodium phosphate (pH7.0). Elution tubes were prepared with 75 µl of 

1 M Tris (pH 9.0) to neutralize the acidic eluate. Antibodies were eluted with 100 mM 

glycine (pH 2.6) and collected in 500 µl fractions. Fractions were analyzed by spectroscopy 

(A280 nm) and SDS-PAGE under reducing conditions. Those fractions which contained 
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antibodies were combined, desalted using a PD-10 column (GE Healthcare). Samples were 

buffer exchanged on column into PBS (pH 7.2).  

2.3 Testisin monoclonal antibody western blot  

Initially, western blots were performed on hybridoma culture media samples to 

evaluate the produation of antibody heavy and light chains. Subsequently, western blots 

were performed with undiluted culture media as the primary, following cell debris removal 

by centrifugation and sterile (0.22um) filtration. Since the source of antibodies were mouse 

hybridomas, anti-mouse-HRP was used as the secondary. Blocking was performed using 

tris buffered saline with 0.1% Tween 20 (TBST) and 5% w/v nonfat dry milk. In all later 

use, the purified monoclonal anti-testisin antibodies were used at a concentration of 1-10 

µg/mL in TBS, 5% bovine serum albumin (BSA), and 0.1% Tween. Utilizing lysates from 

various cell lines, known to express differing levels of testisin, western blots were 

performed with the following samples:  HeLa, HeLa following testisin siRNA transfection, 

ES-2, SKOV3, and NCI-ADR-RES cell lysates which were provided by Greg Conway. 

Total protein concentrations for the lysates were determined by Bradford assay and 

equivalent concentration volumes were loaded for western blot analysis.  

2.4 Testisin monoclonal antibody immunoprecipitation  

Lysates from ES-2 cells overexpressing an HA-tagged testisin were used to 

evaluate the potential use of the anti-testisin antibodies in immunoprecipitation. Cell lysis 

buffer was 50mM HEPES pH 7.3, 150mM NaCl, 0.5% Triton, and 0.5% NP40. Complete 

Mini Protease Inhibitor Cocktail and PhosSTOP Phosphatase Inhibitor Cocktail (Roche) 

were added to a 1x concentration. Total protein concentration for the lysate was determined 
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by Bradford assay and volume was adjusted such there was at least a 10:1 dilution factor 

utilizing RIPA assay buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 

1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM 

beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin) (Cell Signaling) in the IP 

assay. Immunoprecipitation was performed based on the Cell Signaling protocol. Briefly, 

500 ug of lysate was mixed with 1 ug of primary antibody, or mouse IgG as a control, and 

incubated with rotation overnight (16-18 hours) at 4°C. 20 µl of a 50% protein G bead 

slurry (Cell signaling) was added and incubated with constant rotational mixing for at 1-3 

hours. Samples were centrifuged at 1,000 x g for 1 minute at 4°C and the supernatant kept 

on ice. The protein G bead pellet was washed five times with 500 ul of ice cold RIPA buffer 

and then resuspended in 50 ul of LDS loading buffer, with 50 mM DTT, to 1x. Samples 

were also taken from the input lysate, and the unbound fraction, and prepared with LDS 

buffer, for comparison. Samples were heated to 95°C for 10 min and centrifuged at 1.4x105. 

50 ug of lysate, and unbound fractions, were compared to 20 ul of the final sample by 

western blotting.  

2.5 Testisin monoclonal antibody cell culture immunofluorescence  

Cells were plated on coverslips (12 mm diameter, #1.5, Fisher Scientific) in 24-

well tissue culture plates. Cells were fixed in 4% paraformaldehyde and permeabilized with 

0.5% Triton X-100 in PBS. Cells were washed with PBS + 0.1% Tween-20 (PBST). Cells 

were incubated in blocking buffer (5% BSA in PBST) for 1h at room temperature. Cells 

were then incubated overnight at 4°C with primary antibodies (anti-testisin Mab D9.1 and 

anti-HA) in blocking buffer (1:200). Cells were washed with PBST. They were further 

incubated for 1h at room temperature with the appropriate secondary (goat anti-rabbit 
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Alexa Fluor 568 or goat anti-mouse-Alexa Fluor 488, 1:200 dilution) and washed with 

PBST. The stained cells (on slides) were counterstained with 0.5ug/ml DAPI and mounted 

using PermaFluor mounting media (Thermo). Photos were taken using an EVOS FL 

(Invitrogen). 

2.6 Testisin production and purification 

A detailed protocol for the production and purification of testisin can be found in 

Appendix 7.3. Briefly, testisin constructs were transformed into the BL21 (DE3) strain of 

E. coli for expression purposes. Transformants were used within a week of plating. Small 

(3ml) cultures were grown overnight at 37°C with shaking in LB media with 1% dextrose 

and 100 µg/ml ampicillin. The overnight cultures were used to seed larger (600ml) cultures 

in 2 L baffled flasks. Larger cultures were grown at 37°C, with shaking, and monitored for 

optical density (OD) at 600 nm. When the cultures reached and OD of ~2.5-3 they were 

placed on ice for 15 min. IPTG was added to a final concentration of 0.5 mM and the 

cultures were incubated overnight at 20°C (18-24h) with shaking (250+ RPM). Cultures 

were centrifuged (4x103 x G at 4°C for 30 min) and the media discarded. Bacterial pellets 

were washed with ice cold PBS and resuspended in ~35ml Bacterial Lysis Buffer, with 

protease inhibitors, and sonicated on ice. Lysates were centrifuged (1.5x104 x G for 20 

minutes at 4°C) to separate the soluble and insoluble fractions. Insoluble pellets were 

washed in IB Wash Buffer and solubilized in IB Solubilization Buffer.  Samples were then 

centrifuged (1.8x104 x G for 20 min at 4°C) and the soluble fraction reserved. The resultant 

denatured testisin prep was 80-90% pure. Most of the solubilized and dialyzed inclusion 

body fraction, ~50 ml at 7.8 mg/ml, was stored at -80°C. 5 mg was diluted into the final 

dialysis buffer and slowly dripped into 400mL of cold 0.7M L-Arginine-HCl pH 8.6, 5mM 
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GSH (reduced) and 0.5mM GSSG (oxidized) and stirred for 120 hours. The refolding 

reaction was then concentrated by centrifugation using Amicon Ultra-15 Centrifugal Filter 

Units (Sigma) at 4x103 g. Repeated centrifugations resulted in a volumetric reduction of 

40-fold and approximately 2 mg of testisin prep. Aliquots of 1 ml were stored at -80°C. 

For assay work the aliquots were buffer exchanged into 50 mM HEPES, 150 mM NaCl, 

and 2 mM CaCl2. 

2.7 Ubiquitin tag removal 

The ubiquitin tag was removed using recombinant human USP2’s catalytic domain 

(R&D systems E-506). Ubiquitin-testisin fusion (160 µg) was incubated with USP2 (1.5 

µg) in a total reaction volume of 230 µl for 16 hours at 4°C, basically a 1:100 mol/mol 

reaction. The reaction buffer was 50 mM HEPES, 150 mM NaCl, and 2 mM CaCl2.    

2.8 Enterokinase activation of testisin 

Testisin, with a mutated activation site, was incubated with enterokinase (Novagen) 

at 1U of enzyme per 80 µg of testisin fusion for 16 hours at 4°C. The reaction buffer was 

50 mM HEPES, 150 mM NaCl, and 2 mM CaCl2.   

2.9 Enzymatic activity assay of testisin 

The fluorogenic peptide Boc-Gln-Ala-Arg-AMC (Boc-QAR-AMC) (R&D 

Systems) was used to determine the activity of recombinant testisin. Activity was typically 

assayed using 100-200 ng of refolded testisin and 100 µM of Boc-QAR-AMC substrate. 

The reaction buffer was 50 mM HEPES, 150 mM NaCl, and 2 mM CaCl2. Enzymatic 

activity was determined by a fluorescence excitation at 380 nm and emission at 460 nm.    
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2.10 Cell culture 

HMEC-1 cells (CRL-3243) were purchased from American Type Culture 

Collection and maintained in complete MCDB-131 (Gibco) medium supplemented with 

10 ng/mL epidermal growth factor (Peprotec),1 µg/mL hydrocortisone (Sigma), 2 mM 

GlutaMax (Gibco), and 10% fetal bovine serum (Sigma). HMVEC-d cells (FC-0042) were 

purchased from Lifeline Cell Technology. HUVEC cells (C0155C) were purchased from 

Gibco. HMVEC-d and HUVEC cells were maintained in complete VascuLife VEGF-Mv 

media (LL-0005) from Lifeline Cell Technology and cultured on surfaces coated with 0.1% 

gelatin (Sigma). HMEC-1 cells were used between passage 3-10 while HMVEC-d and 

HUVEC cells were used between passage 3-8. ES-2 (CRL-1978), SKOV3 (HTB-77) and 

HeLa cell lines were purchased from American Type Culture Collection (ATCC, 

Manassas, VA). HeLa, ES2, NCI-ADR-RES, and SKOV3 cells were maintained in DMEM 

medium (Gibco) supplemented with 10% fetal bovine serum (Sigma). Cells were routinely 

tested for mycoplasma using MycoAlert (Lonza). 

2.11 siRNA knockdown 

HMEC-1 endothelial cells were transfected with testisin Silencer Select siRNAs 

(s223167; denoted siTs67) and (s223168; denoted siTs68), testisin Stealth RNAi 

(HSS116894; denoted siTs94) and control non-target siRNA (4390843; denoted siNC) 

(ThermoFisher). The transfection conditions for silencing testisin mRNA and protein 

expression while ensuring cell viability were optimized, and two siRNAs (siTs67 and 

siTs94) were identified for experimental use. Typically, HMEC-1 cells were plated at 

6.5x105 per well, in 6-well tissue culture plate, and transfected the following day. 
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Knockdown cells were cultured on surfaces coated with 0.1% gelatin (Sigma). 

Transfections were carried out with 5-15 nM siRNA and 2.5 µl DharmaFECT 1 

transfection reagent (Dharmacon), per well (6-well). Transfections were performed by 

diluting siRNA and DharmaFECT in separate volumes of MCDB-131 base media to 200 

ul final volumes then combining. DharmaFECT and siRNAs were incubated at room 

temperature and then diluted with complete media to 2 ml. Cell culture media was replaced 

with the transfection media and cultures incubated overnight before the media was replaced 

with fresh complete MCDB-131. Cell viability was monitored using PrestoBlue 

(ThermoFisher). 

2.12 RNA isolation and quantitative real-time PCR (qPCR) 

RNA was isolated from cultured endothelial cells using the PureLink RNA mini kit 

(ThermoFisher). For animal studies, tissue was collected, flash frozen, and RNA isolated 

using the RNeasy Plus Universal kit (Qiagen). cDNA was generated by reverse 

transcription with the High-Capacity Reverse Transcription kit (ThermoFisher). TaqMan 

Master Mix qPCR was used for target amplification and reactions run using either the 

QuantStudio 3 (ThermoFisher) or 7900HT PCR system (Applied Biosystems). qPCR 

values for samples were normalized to GAPDH and expressed as fold change relative to a 

control sample (ΔΔCt) or as the fold change relative to GAPDH (ΔCt), as indicated in the 

figure legend. Mouse and human specific TaqMan Primers were purchased from 

ThermoFisher: GAPDH (Hs99999905_m1), testisin (Hs00199035 and Mm00480386), 

CD31 (Mm01242576), CD105 (Mm00468252), and VEGFA (Hs00900055, 

Ms00437306). 
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2.13 Immunoblotting 

Endothelial cells were solubilized using either ice-cold lysis buffer (50mM HEPES 

pH 7.3, 150 mM NaCl, 0.5% Triton, and 0.5% NP40) or directly in 1x LDS loading buffer 

(Invitrogen) with 2-mercaptoethanol (βME, Sigma). Lysis buffers were prepared with 

Complete Mini Protease Inhibitor Cocktail & PhosSTOP Phosphatase Inhibitor Cocktail 

(Roche). Samples were sonicated briefly, spun, and in the case of samples in lysis buffer, 

protein concentrations determined by Bradford assay. Lysis buffer samples, normalized for 

protein concentration, were mixed with 4x LDS loading buffer with βME. Samples were 

heated to 70°C for 10 minutes prior to loading. Samples were resolved on either denaturing 

12% or 4-12% Bis-Tris NuPage gels (Invitrogen). Proteins were transferred to Immobilon 

P PVDF (Millipore), blocked with either 5% non-fat milk or 5% BSA in PBS (pH 7.5) and 

typically incubated with primary antibody in PBST (PBS + 0.05% tween-20) and 5% BSA 

overnight at 4°C, and HRP-conjugated secondary in PBST with 5% non-fat milk for 1 hour 

the next day. HRP conjugates were detected with SuperSignal West Pico chemiluminescent 

substrate (Pierce). Blots were exposed using either Amersham Hyperfilm ECL (GE Life 

Sciences) or HyBlot CL (Denville Scientific) and densitometry analysis was performed 

using ImageJ [79]. Density was calculated by subtracting background and dividing by area. 

All areas compared were of equal size, while multiple exposures were developed to ensure 

that none of the bands compared had reached saturation.  

2.14 Endothelial tube formation assay 

Culture dishes (24 well) were coated with 200 μl/well of 10 mg/ml Matrigel 

(Becton Dickinson) on ice, and Matrigel was allowed to solidify for 30 min at 37°C. 
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Seventy-two hours post-transfection, HMEC-1 and testisin siRNA depleted HMEC-1 cells 

(7.5x104) in 500 μl of complete MCDB-131 were seeded into each Matrigel-coated well 

and allowed to settle for ~10 min. Endothelial cell tubules were allowed to form at 37°C in 

an environmentally controlled incubator (5% CO2), and cell morphology changes and 

tubular-structure formation were imaged automatically every 20 minutes by phase contrast 

microscopy using an EVOS FL Auto (Life Technologies) for up to 24 hours. The degree 

of tube formation (total tube length) was quantified by image analysis using the 

Angiogenesis Analyzer software plugin [80] for ImageJ. In some experiments, RNA was 

collected from Matrigel wells using an equal volume of Trizol (Invitrogen) and purified as 

per the manufacturer’s instructions. For the assays in which PAR2 activation was analyzed, 

siRNA transfected cells were lifted from tissue culture plates using Versene 

(ThermoFisher) at 37°C until the cells could be easily detached from the culture surface by 

gentle pipetting. Cells were recovered, counted, and adjusted to 7.5x104 per 500 μl. Control 

(siNC) and testisin siRNA (siTs67) transfected cells were plated on Matrigel with the 

PAR2 activating peptide (AP) 2-furoyl-LIGRLO-amide (100nM), or vehicle, in serum free 

media. Cells were monitored as previously described. Cell viability was measured by 

PrestoBlue assay. Each experiment was performed with triplicate wells per experimental 

condition.  

2.15 In vitro scratch wound closure assay 

To measure endothelial cell migration, HMEC-1 and testisin siRNA depleted 

HMEC-1 cells in complete MCDB-131 were seeded on gelatin (0.1%)-coated 6-well plates 

at 2.5x105 per well and transfected with testisin and negative control siRNAs. At 72 hours 

post transfection, when the cells were nearly confluent, a wound was created by scratching 
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straight though the middle of the well with a 200-μl pipette tip held perpendicular to the 

cell layer. Plates were washed to remove dislodged cells and debris, fresh complete media 

added, and incubated at 37°C in an environmentally controlled incubator (5% CO2) for up 

to 24 hours. Multiple locations in each well were imaged automatically at the beginning of 

the assay and every 20 minutes following using the EVOS FL Auto Imaging system 

(ThermoFisher).  The resulting images were quantitated for percent gap closure using the 

scratch assay analysis function of the ImageJ plugin Microscope Image Analysis Toolbox 

(MiToBo) [81]. In some experiments, to arrest cell replication, cells were pretreated with 

5μg/ml of mitomycin C for 2 hours prior to assay. 

2.16 In vitro permeability assay 

HMEC-1 cells were transfected with siRNAs and 24 hours post transfection; cells 

were re-plated (2.5x105 per insert in 500 μl of complete media) in the upper chamber of 

24-well (12 mm) 0.4 µm transwell inserts (Corning). A hydrostatic volume of complete 

media (1.5 ml) was added to the lower chamber. The next day non-adherent cells were 

removed from the transwell insert by washing with PBS and fresh complete media added. 

At 72 hours post transfection, the paracellular flux of albumin across the endothelial 

monolayers was assayed by adding 1 mg/ml FITC-albumin (Sigma), in complete media, to 

the apical compartment and the assay incubated for 1 hour at 37°C. Media was removed 

from the lower chamber and fluorescence was measured (ex495nm/em520nm) using a 

FlexStation 3 (Molecular Devices). Fluorescence data are represented as signal relative to 

the negative control siRNA sample. Cell viability was monitored using PrestoBlue (1:20 

dilution, Invitrogen) added to the apical chamber and fluorescence measured 

(ex560nm/em590nm). In some experiments the transwell inserts of replicate wells were 
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fixed in 4% paraformaldehyde at room temperature and immunostained for detection of 

VE-cadherin and β-catenin by fluorescence microscopy. Sections were counterstained with 

DAPI for detection of nuclei. Confocal images were captured using an LSM 800 confocal 

microscope (ZEISS). Images captured using the EVOS FL Auto Cell Imaging System (Life 

Technologies) were analyzed using ImageJ. 

2.17 Flow Cytometry 

Preparation of cells for flow cytometry analysis of testisin and PAR2 was 

performed in a manner like the protocol found on Cell Signaling’s website. Briefly, 

HMEC-1 cells were washed with PBS (without Ca2+ and Mg2+) and incubated with Versene 

(ThermoFisher) at 37°C until the cells could be easily detached from the culture surface by 

gentle pipetting. Cells were collected in complete media, filtered through a cell strainer, 

and counted. For the detection of total testisin and PAR2, cells were centrifuged and 

resuspended in PBS with 4% paraformaldehyde at a final concentration of 0.5-1x106 cells 

per ml. Cells were fixed for 10 minutes at room temperature and then chilled on ice. Total 

protein was detected by centrifuging cells, resuspending in ice cold permeabilization buffer 

(PBS, 0.1% NaN3, 0.5% FBS, 0.5% Triton-X 100), and incubating on ice for 10-30 min. 

For the detection of cell surface testisin and PAR2, cells were maintained in ice cold FACS 

buffer (PBS, 0.1% NaN3, 0.5% FBS). For immunostaining, 0.5-1x106 cells were aliquoted 

per staining condition and washed by centrifugation several times with 2-3ml ice cold 

FACS buffer. Cells were incubated with either mouse anti-PAR2 (SAM11) or mouse anti-

testisin (D9.1) for 30 min on ice. Cells were again washed twice with cold FACS buffer. 

Cells were incubated with AlexaFluor 488 conjugated anti-mouse secondary antibodies for 

15 minutes on ice. For the analysis of surface proteins, cells were stained with propidium 



28 

iodide. Single cells were identified by light scatter profile. Cell surface protein analysis 

excluded inadvertently permeabilized cells (PI positive) by negative gating.  Flow 

cytometry data were acquired using a LSR Fortessa (BD Biosciences) and analyzed with 

FlowJo software (FlowJo, LLC). 

2.18 Animals 

In previous work in the laboratory, Prss21-/- knockout mice on the C57BL/6 genetic 

background were generated from Prss21tm1a(KOMP)Wtsi embryonic stem cells, obtained from 

the Knockout Mouse Project (www.KOMP.org), as previously described [82]. For the 

experiments described here, mice were generated by heterozygous crosses and weaned at 

three weeks of age. Experiments were performed with age matched littermates maintained 

on a 12-hour light/dark cycle and fed a standard rodent diet. All animal studies were 

performed in compliance with the University of Maryland School of Medicine Office of 

Animal Welfare Assurance Guidelines for Animal Research and protocols were approved 

by the University of Maryland School of Medicine Institutional Animal Care and Use 

Committee (IACUC).  

2.19 Genotyping 

Genotyping of mice was performed by DNA isolation from tail clippings of mice 

using the RedExtract-n-amp kit (Sigma-Aldrich), and PCR amplification with the 

genotyping primers: mTestisin forward (F4), mTestisin WT reverse, and mTestisin KO 

reverse (LAR3). PCR reactions were analyzed by agarose gel separation and ethidium 

bromide staining. 

http://www.komp.org/
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2.20 Luteal angiogenesis assay and characterization of hemorrhage 

Immature female Prss21+/+ and Prss21-/- mice (age 23-26 days post-natal) were 

superovulated by i.p. injection of 5 IU of pregnant mare serum gonadotropin 

(PMSG)(Sigma) followed 48 hours later with 5 IU human chorionic gonadotropin 

(hCG)(Sigma). At empirically determined times between 12 and 96 hours post-hCG 

injection, animals were weighed, euthanized, and the ovaries removed, trimmed, and 

weighed. The ovaries were visually inspected and whole mounts photographed using a 

Leica EZ4W. The ovaries were then either fixed or frozen for histological and molecular 

analyses. The incidence of hemorrhage was quantified by counting the number of 

hemorrhages greater than approximately 100 µm in diameter which were readily visible on 

each ovary. Each hemorrhage was graded according to a visual scale of 1-4 with 

assignments based on the following diameter range: grade 1 (100-200 µm), grade 2 (200-

300 µm), grade 3 (300-600 µm), grade 4 (>600 µm). The severity of hemorrhages per ovary 

represents the sum of the grades per ovary as an approximate measure of total hemorrhage 

burden. Internal hemorrhages found during subsequent histological examination were not 

retroactively included. The incidence and severity of hemorrhage was assessed 

independently by at least two investigators blinded to genotype. 

2.21 Histopathology and immunohistochemistry 

Ovaries were fixed in zinc fixative (BD Pharmingen) overnight and then stored in 

70% ethanol. The specimens were embedded in paraffin and 5 μm deparaffinized sections 

stained with hematoxylin and eosin (H&E) or subjected to immunohistochemical analyses. 

Heat induced antigen retrieval was performed on all sections using citrate buffer pH 6.0. 
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After antigen retrieval, sections were washed twice in TBS, blocked for 1 hour at room 

temperature with 10% goat serum + 1% BSA in TBS and incubated overnight at 4°C with 

primary antibody diluted in 1% BSA in TBS. Hydrogen peroxidase blocking with 0.3% 

H2O2 in TBS was performed after primary antibody incubation. Sections were washed 

twice and incubated with biotinylated secondary antibody for 1 hour at room temperature. 

Detection of specific antigens was performed by development with Vectastain Elite ABC 

Kit (Vector Laboratories). Sections were incubated with diaminobenzidine (DAB) 

substrate-chromogen solution, and slides were counterstained with hematoxylin prior to 

being dehydrated and mounted with Permount (ThermoFisher). Images of slides were 

obtained by the EVOS FL Auto Cell Imaging System (Life Technologies). 

2.22 Immunofluorescent staining of tissues and quantitative analyses 

Collected ovaries were immediately embedded in Tissue-Tek OCT Compound 

(Sakura Finetek USA), frozen in a pre-chilled isopentane dry ice bath, and stored at -80°C 

until sections (7µm) were prepared and mounted on Superfrost Plus slides (ThermoFisher). 

Slides were fixed in ice-cold acetone for 10 mins, dried at room temperature and washed 

with wash buffer (PBS + 1% BSA + 0.2% tween). Samples were blocked in wash buffer 

with 2% goat serum (Sigma) for 30 min and incubated with primary antibodies overnight 

at 4°C. Following washing the next day, secondary Alexa Fluor conjugated secondary 

antibodies were incubated for one hour at room temperature. Sections were counterstained 

with 0.5ug/ml DAPI and mounted using ProLong Glass (Invitrogen).  

CD31 positive staining in endothelial cells was quantitated using ImageJ [79]. To 

quantitate VE-cadherin and claudin-5 positive endothelial cells separate from background 
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staining in granulosa cells, CD31 positive cells were initially selected on images of co-

stained sections using the threshold command. The selection was then inversed and used 

to remove non-endothelial staining from the co-stained channel (VE-cadherin or claudin-

5). ImageJ was then used to define the corpora lutea regions using the freehand tool, apply 

defined threshold values, and quantitate fluorescent intensity values. Tissue sections 

containing at least three distinct corpora lutea were analyzed from at least three mice per 

genotype to determine mean fluorescent values.  All images presented are originals. 

2.23 Analysis of vascular permeability by Evans blue dye extravasation 

At 24 hours post hCG, superovulated female Prss21+/+ and Prss21-/- mice were 

anesthetized and retro-orbital injections performed using a sterile 1% solution of Evans 

blue dye in normal saline (~80 mg/kg of body weight) as described [83]. After 30 min, 

mice were euthanized, and vessels cleared by transcardial perfusion with 20-30 ml of ice-

cold PBS, 2 mM EDTA. Ovaries were removed, trimmed, and photographed. The ovaries 

were then weighed and either frozen in liquid nitrogen and stored at −80°C or preserved in 

OCT for histological analyses. Evans blue permeation into tissues was quantitated by 

homogenization of frozen ovaries in a 1:3 (mg/ml) volume of 50% trichloroacetic acid 

(TCA), brief sonication and centrifugation (30 min, 15,000 rcf, 4°C)[84]. Evans blue dye 

content in the supernatant was measured by fluorescence (ex620/em680) and quantified 

according to a standard curve. The results are presented as (μg of Evans blue dye)/(g of 

tissue).  



32 

2.24 Statistical analysis 

Data are presented as the mean ± SEM or mean ± SD where applicable. Comparison 

of experimental groups was performed by either an unpaired t-test or one-way repeated 

analysis of variance (ANOVA). ANOVA analysis was followed by a Tukey's multiple 

comparisons test to determine the differences between specific groups. Data were analyzed 

utilizing GraphPad Prism 8.0 software, p values < 0.05 were considered statistically 

significant. 
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3 Chapter 3. Characterization of anti-testisin antibodies and production of 

recombinant testisin 

3.1 Introduction 

To define the physiological role of testisin in the endothelium we first produced 

reagents, such as the purified enzyme and antibodies, to study and characterize the 

biochemistry of testisin. Since there was not a commercial source for human testisin, we 

produced it recombinantly. The goal was to use recombinant testisin to determine 

activators, inhibitors, substrates, and rescue knockdown cell culture experiments. There are 

currently no published inhibitors or activators of testisin. To determine which proteins 

might inhibit testisin activity we planned to screen using recombinant testisin and existing 

purified inhibitors. Conversely, to determine how testisin is activated in endothelial tissue, 

we envisioned using the zymogenic form of recombinant testisin to screen using existing 

recombinant proteases. In addition to a lack of recombinant testisin, there was, and still is 

not a good commercial source of anti-testisin antibody. We therefore produced and 

characterized antibodies to detect and possibly inhibit testisin. 

3.2 Results 

3.2.1 Characterization of anti-testisin monoclonal antibodies 

Several hybridoma cell lines that produce monoclonal anti-testisin antibodies were 

identified in a search of patents on the US Patent and Trademark website (uspto.gov). 

These hybridoma cell lines were available for purchase through the American Type Culture 

Collection (ATCC.org). Hybridomas were reportedly grown for storage at ATCC using the 
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media RPMI-1640 with 10% FBS. Following culture expansion, using RPMI-1640 with 

FBS, cells were adapted to Protein-Free Hybridoma Media II (PFHM II, Gibco) without 

serum. Hybridomas were initially characterized by examining conditioned hybridoma 

culture media in Coomassie stained gels and western blots using anti-mouse IgG probes 

conjugated to HRP (Figure 3.1). All four cultures were found to produce heavy and light 

chain antibody regions with similar levels of expression.   

  

Figure 3.1 Analysis of anti-testisin hybridoma culture media. 

Four hybridoma cell lines were purchased from ATCC and cultured to characterize their 

performance in detecting testisin. The four clones were labeled as C25, C55, D9 and K81. 

Media (15 µl) from culture was examined by SDS-PAGE, under reducing conditions, followed 

by Coomassie staining and western blot. Blotting was performed using horse anti-mouse 

conjugated to HRP to identify the heavy chain (HC) and light chain (LC) components of the 

antibodies produced by each clone. 
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The four monoclonal antibodies were then purified from culture media using a 

combination of ammonium sulfate precipitation and protein G affinity column (Figure 

3.1). Ammonium sulfate (50% final concentration) was used to reduce the volume of 

hybridoma media prior to loading the column to reduce load times. It was determined in 

subsequent work that the precipitation step could be avoided by directly loading the media 

and that ammonium sulfate inclusion might result in long-term antibody stability issues. 

Another issue in purification was antibody-column binding. There was a substantial 

amount of antibody present in the flow through and wash for each purification, as can be 

seen in Figure 3.2, indicating some issue with column binding.  
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Figure 3.2 Analysis of monoclonal antibody D9.1 purification. 

Hybridoma cells were grown in protein-free hybridoma media (PFHM II) and the 

media, separated by centrifugation, was used to isolate secreted antibody. 

Precipitation was performed using ammonium sulfate added to a final concentration 

of 50%. A protein G column was used for purification and fractions eluted with 

100mM glycine (pH 2.6). 
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The flow through issue was mostly resolved in subsequent purifications through the 

elimination of the precipitation step and a neutralization of the culture media with the 

addition of HEPES buffer (pH 7.4) (data not shown). Elution of the column with acidic 

glycine, immediately followed by neutralization with Tris, produced clean fractions with 

an average yield of 10 – 20 μg antibody per ml of original culture. Generally, with 

hybridomas grown in static culture, T-flasks yields of 20 – 40 mg/l are common and 

typically are not higher without using more sophisticated culture techniques such as 

nutrient supplemented non-static bioreactors. Following buffer exchange, the purified 

antibodies were stored at both 4°C and at -20°C (with 50% glycerol). The performance of 

the antibodies seemed stable for at least a year after purification, at either storage 

temperature. The first evaluation of anti-testisin antibodies was conducted using the lysates 

from several human cell lines that have been shown to either express some level of testisin 

or where little-to-none has been detected by qPCR. HeLa and NCI-ADR-RES both express 

high levels of testisin while ES-2 and SKOV3 cells do not. Antibodies C25.1 and C55.1 

both reacted with a band corresponding to the size of testisin seen previously (~38 kD), 

which was present in HeLa and NCI-ADR-RES but absent in the ES-2 and SKOV3 lysates 

(Figure 3.3). Additionally, the siRNA-testisin HeLa treatment lysates displayed a reduced 

signal corresponding to the size of testisin. Antibodies C25.1 and C55.1 also produced a 

presumably nonspecific interaction at approximately 42 kD which was seen in all lysates. 

Anti-testisin clone K81did not produce a signal by western blot, regardless of antibody 

concentration or exposure time (Figure 3.3). Anti-testisin clone D9.1 did produce a testisin 

signal as evidenced by its presence in HeLa and NCI-ADR-RES and absence in the ES-2 

and SKOV3 lysates (Figure 3.3). Unlike clones C25.1 and C55.1, the D9.1 blot did not 
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contain any higher molecular weight nonspecific interactions; although there were what 

may be testisin degradation products visible in the testisin positive lysates.  
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Figure 3.3 Evaluation of purified monoclonal anti-testisin antibody reactivity and 

specificity in western blot.  

Antibodies C25, C55, D9, and K81.15 were used to probe blots of several cell lines which have 

been shown to express varied levels of testisin. 1) HeLa, 2) HeLa following testisin siRNA 

transfection, 3) ES-2, 4) SKOV3, 5) NCI-ADR-RES. The correct testisin band is indicated in 

addition to a non-specific interaction (N.S.) in the C25.1 and C55.1 blots.  
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The potential use of the four anti-testisin antibodies for immunoprecipitation 

studies was evaluated using lysates from ES-2 cells overexpressing an HA-tagged testisin. 

For each immunoprecipitation (IP), nonspecific mouse IgG was used as a negative control. 

The monoclonal used in each IP is indicated in Figure 3.4. Blots were probed with rabbit 

anti HA. Control IgG in each case demonstrated little to no nonspecific interaction with 

HA-testisin. Clones C25.1 and D9.1 exhibited good precipitation of testisin with D9.1 

producing the greatest level of testisin IP. Clone C55.1 produced only a weak level of IP 

and again clone K81.15 had no reaction (Figure 3.4). It is unclear whether antibodies 

C25.1 and C55.1 also precipitated the larger non-testisin reactive protein seen in western 

blots. 
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Figure 3.4 Immunoprecipitation of testisin utilizing mouse monoclonal anti-

testisin antibodies. 

Lysates from ES-2 cells overexpressing an HA-tagged testisin were used to evaluate the 

potential use of the anti-testisin antibodies in immunoprecipitation. For each blot nonspecific 

mouse IgG was used as a negative control and the monoclonal used is indicated. Input lysate 

(In) is followed by the unbound (U) and bound (B) fractions. Blots were probed with rabbit 

anti HA. 



42 

The four monoclonal anti-testisin antibodies were next evaluated for use in 

immunohistochemical (IHC) and immunofluorescent (IF) staining. For IHC staining the 

tissue was processed following the same procedure used for an existing CD31 staining 

protocol. Testes from testisin knockout and wild type mice were removed, following 

euthanasia, and fixed in zinc buffer for 24 hours. Tissues were then transferred to 70% 

ethanol until they were processed and embedded in paraffin. Initially all four antibodies 

were tested using either sodium citrate antigen retrieval or no retrieval. Since the 

monoclonal antibodies are of murine origin, and the tissue is as well, a mouse-on-mouse 

(MOM) staining kit was used to block endogenous IgG binding. Consistent with the 

western blotting and IP data, monoclonal antibody D9.1 produced the strongest signal in 

testisin positive tissue and the least background in the testisin deficient tissue using antigen 

retrieval (Figure 3.5). The C25.1 antibody produced the second-best signal in testisin 

positive tissue while the K81.15 antibody did not produce a signal above background 

staining. Tissue from testisin knockout and wild type mice was also used to evaluate the 

performance of clone D9.1 in western blotting with mouse testisin. As seen in Figure 3.5 

there is a strong positive signal in testisin wild type mice that is absent in the knockout 

mice, however there is also a larger band visible in both tissue lysates. Murine testisin 

appears larger in the blot (~45 kD) than human testisin (~38 kD) for several possible 

reasons. Most significantly, the SDS-PAGE buffers MOPS and MES produce different 

apparent molecular weights for the same reference protein ladder (see Figure 3.3 vs Figure 

3.4). In addition to differences in apparent weights of the reference proteins, murine testisin 

has a longer mature protein sequence (277 vs 269 amino acids) and an additional predicted 

N-linked glycosylation site (4 vs 3) (Uniprot.org).  
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Figure 3.5 Immunohistochemical staining of testisin in mouse testis and western 

blot analysis of tissue lysate.  

A) Representative images of immunohistochemical staining of zinc fixed testes from Prss21+/+ 

and Prss21-/- mice probed with anti-testisin D9.1 antibody showing strong testisin staining in 

spermatozoa. Sections were counterstained with hematoxylin and eosin (H&E). B) 

Immunoblot analysis of lysates prepared from testes of Prss21+/+ (WT) and Prss21-/- (KO) 

male mice probed with purified anti-testisin D9.1 antibody and reprobed with β-actin as a 

control for loading. 
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Immunofluorescent staining was performed using zinc fixed paraffin embedded 

testes tissue sections. Given the performance of antibodies C25.1, C55.1, and K81.15, only 

the D9.1 clone was evaluated in IF staining. Following deparaffinization and antigen 

retrieval the wild type and knockout samples were stained with D9.1 as primary antibody. 

Alexa Fluor 488 conjugated secondary anti-mouse was used to detect D9.1 labeling. 

Phalloidin, labeled with Alexa Fluor 647, was used to label F-actin as a counter stain and 

DAPI to label nuclei. Despite the higher auto fluorescence typically seen in paraffin 

embedded tissue, the D9.1 staining was much higher than background and provided a very 

strong signal in the wild type mice as compared to knockout samples (Figure 3.6). The 

staining was repeated using OCT embedded frozen sections with similar results, although 

lower background. Some additional commercial antibodies that had not already been tested 

in the Antalis laboratory were also evaluated using the frozen wild type and knockout 

samples. Each demonstrated undesirable performance with either poor reactivity or 

significant non-specific interaction.  
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Figure 3.6 Immunofluorescent staining of testisin in mouse testis. 

Representative images of immunohistochemical staining of zinc fixed testes from Prss21+/+ 

and Prss21-/- mice probed with purified anti-testisin D9.1 antibody showing strong testisin 

staining in spermatozoa (green). Sections were counterstained with phalloidin (red) and DAPI 

(blue). Images are 20x and acquired using an EVOS Auto FL (Thermo)  
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Immunofluorescent staining was also evaluated using cells from culture. SKOV3 

cells that do not express testisin, were used for staining work. Transfections of HA-tagged 

testisin were utilized to produce strong positive staining in transformants, which in the case 

of testisin positive transformants could be probed with either anti-testisin, anti-HA, or both 

to evaluate specificity. The SKOV3 cells without testisin provided a good background to 

evaluate specificity of anti-testisin staining both in non-transfected cultures and in 

transfected cultures since transfection efficiency was not 100%. Following transfection and 

72 hours of cell growth, cultures were fixed with paraformaldehyde and permeabilized with 

Triton X100 and stained with primary antibodies (anti-testisin D9.1 and anti-HA) and 

fluorescently labeled secondary antibodies. It is clear in Figure 3.7 that there is strong 

double positive staining in the testisin transformants. The absence of staining exclusive to 

either antibody is potential evidence of the specificity of each antibody and potential 

independence of testisin conformation. The staining pattern of the testisin transfected 

permeabilized cells in Figure 3.7 suggests that overexpressed intracellular testisin in found 

in the ER/Golgi secretory pathway and over expression might contribute to the formation 

of stress assemblies such as stress granules. Despite several attempts, the detection of 

extracellular testisin in non-permeabilized cells was not clearly discernible above 

background staining. Confocal imaging would have likely provided better results. 
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Figure 3.7 Immunofluorescent staining of exogenous testisin expression in SKOV3 

cells. 

Representative images of SKOV3 cells transfected with a vector expressing HA-tagged testisin. 

Cells were fixed in paraformaldehyde, permeabilized with triton x100 and stained using 

antibodies targeting testisin (green) and HA (red) to demonstrate staining specificity. Lower 

detail images demonstrate strong colocalized staining in transfected cells and low background 

in adjacent cells which are either not transfected or poorly transfected. Nuclei were labeled with 

DAPI (blue). Images were captured at 40x using an EVOS Auto FL (Thermo). 

100 µm 
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The last assessment of anti-testisin antibody performance was conducted using flow 

cytometry. ES-2 stable transformants were used to investigate both the specificity and 

sensitivity of the anti-testisin monoclonal D9.1. ES-2 cells lines were detached from tissue 

culture surfaces non-enzymatically using Versene (EDTA) to preserve surface epitopes. 

Cells were washed and labeled in cold solutions containing NaN3 to slow surface protein 

turnover. Fluorescently labeled secondaries were used in the absence of primary 

conjugates. Flow cytometry analysis of Mab D9.1 labeled surface testisin in the ES-2 cells 

lines can be seen in Figure 3.8. There is a clear seperation of surface testisin signal between 

those lines overexpressing testisin (Tesistin, Tesisin S238A, and Testisin R41A) and the 

control samples (Vector and Secondary only). Interestly, there is a lower D9.1 antibody 

signal in the wild-type testisin expressing cells as compared to the S238A and R41A 

mutants. This is potentialy a result of tumor supressive effects of testisin in this cell line 

and selective pressures toward lower expression of active protease [1]. 
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Figure 3.8 Flow cytometry analysis of testisin surface staining. 

The ES-2 cell line (ATCC CRL-1978), an ovarian clear cell carcinoma, was used to develop 

stable cell lines which overexpress testisin and two mutants whereas testisin expression is not 

detectable in normal ES-2 cells [1]. Surface testisin expression was demonstrated using the 

D9.1 antibody and anti-mouse Alexa Fluor 488 secondary antibodies. Testisin mutants are 

S238A (catalytically inactive) and R41A (zymogen locked).  
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3.2.2 Recombinant human testisin 

There have been several efforts in the Antalis laboratory to produce recombinant 

human testisin, each with varying degrees of success. Although the soluble domain of 

recombinant murine testisin is commercially available from R&D Systems there is no 

source for the human protein. Recombinant protein expression in the Antalis laboratory 

has been performed using E. coli, insect cells and mammalian cells with each method 

experiencing unique issues. Previously, E. coli-based production of human testisin resulted 

in mostly insoluble and inactive protein. This is not surprising given the reducing nature of 

the cytoplasm in E. coli in which it is notoriously difficult to produce correctly folded 

proteins such as testisin, which contains five predicted disulfide bonds. When proteins are 

misfolded in E. coli, they are often incorporated into insoluble inclusion bodies. Misfolded 

recombinant proteins can however be purified from E. coli and refolded correctly, given 

the right conditions. Human prostasin, a closely related extracellular serine protease, was 

successfully produced by inclusion body purification and refolding [85]. With this in mind, 

we focused on refolding testisin from the inclusion bodies of E. coli. A flow chart outlining 

the production strategy can be seen in Figure 3.9. 

  



51 

  

Figure 3.9 Recombinant human testisin production strategy. 

The recombinant fusion of human ubiquitin and testisin is seen with associated His and Flag 

tags. Usp2 (removal of ubiquitin) and enterokinase (EK, activation of testisin) cleavage sites 

are indicated. Expression, refolding, and purification steps are outlined. 
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3.2.3 Cloning of testisin fusions 

Testisin was cloned from a pET22b bacterial expression vector supplied by Erik 

Martin Ph.D. (previous Antalis laboratory member). The vector was sequenced, and the 

resulting sequence data of the open reading frame is provided in Appendix 7.1. Since E. 

coli is incapable of producing GPI anchors and for most biochemical characterizations a 

soluble non-cell-bound recombinant protein is preferred, primers (see Appendix 7.2) were 

designed using the sequencing data to create a soluble (non-GPI-anchored) form of testisin. 

Only the nucleotides responsible for coding the mature form of testisin were amplified 

(resulting amino acids 20-288). Amino acids 1-19 are the secretory signal, which is 

removed by the signal peptidase (predicted by SignalP 4.0). Amino acids 289-314 are 

removed during the GPI anchor addition reaction (big-PI Predictor 3.0). Mature testisin 

was cloned as a fusion to the C-terminus of human ubiquitin to facilitate purification and 

refolding from E. coli inclusion bodies. Ubiquitin and ubiquitin-like proteins have been 

shown to improve solubility and refolding when used as fusion partners [86]. Furthermore, 

fusions can be cleaved from ubiquitin using very specific deubiquitinating enzymes that 

leave a native N-terminus on the fusion partner. The sequence for ubiquitin, which was 

cloned from human genomic DNA purified from the HEK-293 cell line, is provided in 

Appendix 7.1. The last four bases of ubiquitin were modified, without amino acid change, 

to facilitate future cloning purposes. Primers were also designed to add a 6xHis tag to the 

N-terminus of ubiquitin and a Flag tag to the C-terminus of testisin. Regions of primer 

homology were selected such that they would have a computed melting temperature of 

70oC based on the Phusion DNA polymerase online calculator. Primers were subsequently 

checked for dimerization and self-complementarity using IDT’s OligoAnalyzer. Figure 
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3.10 shows the final amplification product with both tags boxed, ubiquitin in bold and 

testisin in regular type.   

Figure 3.10 Amino acid sequence of 6XHis-Ubiquitin-Testisin-Flag 

fusion. 

The amino acid sequence for the full recombinant testisin fusion, with natural 

activation site, is shown with the N-terminal His tag and C-terminal Flag tags boxed 

while ubiquitin is shown in bold.  

>6xHis-Ubiquitin-Testisin-Flag 
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The 6xHis-Ubiquitin-Testisin-Flag amplification product was cloned back into the 

pET22b bacterial expression vector utilizing NdeI and XhoI enzyme sites in the multiple 

cloning region (Figure 3.11). After sequencing verification of the new vector, it was used 

to create a zymogen activation site mutant. Mutagenesis primers were designed to change 

the light chain sequence of testisin from KPESQEAAPLSGPCGRRVITSR to 

KPESQEAAPLSGPCGRRDDDDK, with the modified amino acids underlined. The new 

sequence was created to enable zymogen activation by enteropeptidase (enterokinase or 

EK), which only cleaves after the rare sequence Asp-Asp-Asp-Asp-Lys which is naturally 

found in trypsinogen. Figure 3.12 shows the amino acid translation of the amplification 

product.  

  



55 

  

Figure 3.11 pET-22b vector map and detail of the cloning region. 

The 6xHis-Ubiquitin-Testisin-Flag amplification product was cloned into the pET-22b 

bacterial expression vector utilizing NdeI and XhoI enzyme sites in the multiple cloning 

sites, just downstream of the ribosomal binding site (RBS). 
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Figure 3.12 Amino acid sequence of 6XHis-Ubiquitin-Testisin-Flag 

activation site mutant 

The amino acid sequence for the full recombinant testisin fusion with modified 

testisin activation sequence (underlined) is shown with the N-terminal His tag and 

C-terminal Flag tags boxed while ubiquitin is shown in bold.  

>6xHis-Ubiquitin-Testisin-Flag ADmut 
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The enterokinase activation domain mutant of testisin (ADmut) was created 

primarily as a control reagent. Since there are no known activators of human or mouse 

testisin, a construct with a known activator was needed to assess the success of refolding 

and purification. Also, given the substrate specificity of EK, it was reasoned that its 

presence following the activation of testisin would not interfere with assessments of 

testisin’s own substrate activation.  

3.2.4 Expression of testisin fusions 

After the mutant construct was verified by sequencing (Appendix 7.1) it was 

transformed into the BL21 (DE3) protein expression strain of E. coli. T7 expression hosts 

such as BL21 (DE3) carry a chromosomal copy of the phage T7 RNA polymerase gene, 

which is controlled by a lac promoter. After the addition of an inducer such as isopropyl β-

D-1-thiogalactopyranoside (IPTG) T7 RNA polymerase is expressed which then drives the 

expression of any gene downstream of the T7 promoter, in this case the testisin fusion 

construct. Parameters such as time, temperature and IPTG concentration can have profound 

effects on the amount of protein produced and its correct folding. Bacterial cultures were 

inoculated from fresh expression vector transformations and grown at 37°C with shaking. 

Protein production was then induced with the addition of IPTG (0.5 mM). Initially small 

(50 ml) cultures were used to determine optimal conditions for testisin production. Induced 

cultures were grown further at 37°C for 3.5 hours or 20°C overnight and then collected by 

centrifugation. Optimization was not difficult since the goal was to produce as much 

insoluble protein as possible. Coomassie stained gels of both expression conditions chosen 

for optimization (Figure 3.13) revealed very high levels of recombinant testisin 

production, with 20°C and shaken overnight producing a slightly better result with higher 
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testisin expression and almost all full-length fusion in the insoluble fraction. To evaluate 

the formation of inclusion bodies, cultures were centrifuged, cell pellets resuspended in 

lysis buffer, sonicated, and centrifuged again to separate the soluble and insoluble fractions. 

Western blot analysis, using an anti-Flag antibody, of the overnight cultures (Figure 3.13) 

confirmed testisin fusion to be the predominant protein band in the induced/insoluble lanes. 

The identity of the anti-Flag reactive lower molecular weight band (~12 kD) is unknown. 

Following the pilot expression results, a scaled-up induction was conducted for both the 

wild-type testisin fusion and ADmut constructs. Scale up for each construct was two 600 

ml cultures in 2000 ml baffled flasks for the induction phase. Complete details of the 

production and refolding protocol is provided in Appendix 7.3. Analysis of the cultures 

before and after IPTG induction were very similar to the pilot results and the subsequent 

analysis of the soluble and insoluble fractions were nearly identical (data not shown). The 

wild-type testisin fusion construct inclusion bodies were separated from soluble protein 

and stored for future refolding. The testisin ADmut culture was processed for continued 

use. After bacterial cell lysis and centrifugation, the yield of testisin fusion was determined 

to be approximately 450 mg, or 370 mg/l. This quantity was calculated based on 

spectrophotometric readings, the extinction coefficient of the fusion protein, and estimated 

purity.   
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Figure 3.13 Evaluation of recombinant testisin expression in E. coli. 

Pilot expression studies of testisin in bacteria were performed to analyze expression 

conditions. When cultures reached an optical density of 0.8, at 600 nm, IPTG (0.5 mM) was 

added to induce expression of the testisin fusion protein. Cultures were either A) maintained 

at 37°C for 3.5 hours or B) transferred to a 20°C incubator and shaken overnight.  Coomassie 

stained gels were used to analyze the 1) uninduced, 2) induced, 3) soluble, and 4) insoluble 

components of each culture. Using an anti-Flag antibody C) a blot of the higher yielding 

condition (20°C overnight) was performed to confirm the testisin fusion product.  

 Ub-Testisin expression (20°C, 18hrs) 

-Ub-Testisin 

-unknown 

Ub-Testisin expression (37°C, 3.5hrs) 

-Ub-Testisin 
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3.2.5 Refolding and activation of testisin 

Initially, the insoluble fraction of the testisin ADmut was washed, to partially purify 

the inclusion bodies, and then solubilized in 6 M guanidine hydrochloride. After step 

dialysis, denatured protein (8 mg) was then refolded by drip dilution into continuously 

stirred ice cold 1M arginine. After several days (120 hours) of refolding at 4°C, testisin 

was assayed for activity. For activity assay the protein was concentrated from a small 

volume of refolding buffer, buffer exchanged to remove the arginine, and activated with 

recombinant EK. Both the relative purity of the recombinant testisin fusion following 

concentration, buffer exchange and its ability to be cleaved by EK can be seen in Figure 

3.14. Although the EK cleavage was not very efficient, as evidenced by the remainder of 

full-length fusion following digest, and while the ubiquitin tag was also still present the 

cleaved product did result in an enzymatically active testisin product as determined by the 

fluorogenic peptide Boc-QAR-AMC (Figure 3.14).  
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Figure 3.14 Activation of recombinant testisin and fluorogenic peptide assay 

analysis.  

A) Testisin (PRSS21) was digested with enterokinase (EK) and assayed for activity after 

an arginine-based refolding (120h post drip) and size-exclusion centrifugation 

concentration (40x concentrated). The EK subtraction beads were supposed to remove EK 

but also removed all protein and so were not used again. The solubilized pellet was loaded 

as a reference. B) Samples, as loaded in (A) were analyzed by western blot using anti-

Flag primary antibody. C) Samples were also analyzed for activity using the fluorogenic 

peptide Boc-QAR-AMC. 100 ng of refolded testisin and 100 µM of Boc-QAR-AMC 

substrate were used.  

A B 

C 
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The remainder of the refolding buffer, with testisin, was concentrated and buffer 

exchanged by size exclusion centrifugation to a yield of ~3 mg. 2 mg of the concentrate 

was stored at -80°C and ~1 mg used for further purification and activation. Several 

optimization trials were performed to determine the best conditions for both the enzymatic 

removal of the ubiquitin expression tag and activation of testisin. Following optimization, 

conditions were found which resulted in either near complete removal of the ubiquitin tag 

or activation by enterokinase (Figure 3.15). There were however precipitants noted in both 

reactions which even after centrifugation of samples, presumably soluble aggregates, can 

be seen in Figure 3.15 as high molecular weight smears originating in the wells. Although 

active testisin was produced, as evidenced by fluorogenic assay, it is unclear what percent 

of the original material was refolded correctly. It is also unclear if there are solubility issues 

regarding the correctly folded material.  
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Figure 3.15 Removal of the ubiquitin tag and activation of testisin. 

The activation site mutant of testisin (PRSS21) is efficiently cleaved by enterokinase and the 

ubiquitin tag can be removed by the deubiquitinase Usp2. Digest reactions are shown by 

Coomassie stained polyacrylamide gel and anti-testisin Mab D9.1 probed western blot. 
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3.3 Discussion 

The overall goal of this body of my research was to develop reagents, and their 

associated methods, to forward our understanding of testisin regarding biochemistry, 

structure, and gain further insight into its biological functions. The evaluation of the four 

hybridoma lines resulted in the identification of only one capable of use in all assays 

evaluated, with positive binding and without non-specific interactions (western blot, 

immunoprecipitation, immunohistochemistry, immunofluorescence in cells and tissue, and 

flow cytometry). Additionally, the D9.1 monoclonal antibody was found to recognize both 

human and mouse testisin in applications such as western blot, immunohistochemistry, and 

immunofluorescence. However, there were limitations to its use in the case of samples 

containing low amounts of testisin. Although Mab D9.1 was able to detect by western blot 

endothelial testisin in cell culture derived samples, we were unsuccessful in identifying 

testisin in lysates of wild type testisin ovaries when compared to knockouts. Similarly, 

although testisin was detected in testes tissue we were unable to detect endothelial testisin 

by immunohistochemistry or immunofluorescence in ovary tissue. Future work will need 

to focus on the development of new monoclonal and/or polyclonal anti-testisin antibodies 

for the detection of testisin, by these methods, in tissues where its expression is low.  

Basic biochemical and structural analysis of testisin necessitated a source of pure 

active recombinant human testisin, which was not commercially available. Previous work 

towards the biochemical characterization of testisin in the Antalis laboratory had relied on 

a source of recombinant mouse testisin produced by R&D Biosystems (Minneapolis, MI). 

Active recombinant human testisin is not available from R&D biosystems, or any other 

suppliers that Antalis laboratory had so far identified. The Antalis laboratory’s supply of 
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the commercially available recombinant testisin, murine testisin, is produced by NSO cells 

in its soluble (non-GPI anchored) zymogen form. The purified product therefore requires 

activation. Activation of NSO-derived recombinant mouse testisin, as per product 

instructions, is accomplished by incubation with the supplied metalloproteinase 

thermolysin. Although it has been shown to successfully activate testisin, thermolysin has 

a broad substrate base which is described as preferring peptide bonds following 

hydrophobic amino acid residues [87]. Thermolysin, after activating the zymogenic 

testisin, is itself then inactivated using the compound 1,10-phenanthroline to chelate zinc 

and create an apoenzyme (as per the manufacture’s protocol). This is a problem due to the 

continued presence of both thermolysin and phenanthroline in all subsequent reactions. 

The activation reaction has, in our experience, yielded cleavage products of testisin outside 

of the activation domain, as evidenced by SDS-PAGE analysis under reducing conditions 

(data not shown). Although we were able to produce active recombinant human testisin, 

there were several issues that need to be addressed in future work. Sample stability was a 

significant issue during all work that followed refolding where precipitates would form 

during a freeze and thaw cycle. It is likely that misfolded testisin resulted in nucleation and 

protein aggregation. One remedy might be the inclusion of glycerol or trehalose, both of 

which have been shown to stabilize sensitive and partially unfolded proteins [88, 89]. 

Future work should also focus on determining the amount of properly refolded protein, 

following activation. This could be accomplished using an irreversible serine protease 

inhibitor such as nafamostat followed by mass spectroscopy analysis, like the method used 

in the refolding of prostasin [85].  
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4 Chapter 4. The role of testisin in endothelial cells2 

4.1 Introduction 

 With the exception of high testicular expression, testisin shows limited expression 

or is not detected in most other tissues [31, 33, 78]. Numerous publications have focused 

on testisin expression in the testis and its role in various cancers, both testicular and non-

testicular (see Chapter 1). Prior to the work described in this thesis, and its resulting 

publication, only one publication had described the expression of testisin in the 

endothelium [51]. In an investigation of membrane anchored serine proteases Aimes et al. 

(2003) determined that testisin mRNA was expressed by human microvascular endothelial 

cells (HMVECs) undergoing reorganization and tube-like formation in Matrigel 

angiogenesis assays and during pre-capillary morphogenesis on 3-D fibrillar type I 

collagen in vitro. It was also observed that testisin mRNA was largely absent in human 

umbilical vein endothelial cells (HUVEC). However, whether testisin plays a functional 

role in angiogenesis was yet undetermined.  

 Unlike secreted serine proteases, which function primarily in tissue repair, 

immunity, and nutrient uptake, the membrane-anchored serine proteases typically are 

found to regulate fundamental cellular and developmental processes, such as tissue 

morphogenesis, epithelial barrier function, ion and water transport, cellular iron export, 

and fertilization [90]. In addition, membrane-anchored serine proteases are also known to 

activate growth factors and other protease zymogens that induce cell proliferation, 

 
2 This chapter (4) contains excerpts and modified text from the publication: “Testisin deficiency causes 

increased vascular permeability and a hemorrhagic phenotype during luteal angiogenesis” (PLOS One, 2020) 

in which I served as first author. 
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extracellular matrix remodeling and cell migration [17]. Anchored directly to the plasma 

membrane, testisin is not only an integral component of the cell surface but its GPI-anchor 

further restricts its localization to cholesterol rich regions of the membrane, known as lipid 

rafts [91]. Thus testisin proteolytic activity in endothelial cells could be predicted to 

function in multiple biological processes that are implicated in the formation of a functional 

blood vessel, including basement membrane remodeling, endothelial migration and 

extracellular matrix invasion, capillary tubule development and lumen formation during 

angiogenesis [92, 93].  

In the initial phase of this body of work, cell-based assays, utilizing siRNA 

knockdown of testisin in endothelial cells, were used to determine if testisin plays a role in 

endothelial cell biology. Three cell-based assays were utilized to evaluate the distinct 

characteristics of endothelial function. The migration, reorganization, and differentiation 

of endothelial cells during angiogenesis was assessed in vitro using the tube formation 

assay on Matrigel. Cell migration, following knockdown of testisin, was evaluated using 

scratch wound closure assays and endothelial barrier function was tested using FITC-

albumin in transwell permeability assays.  

4.2 Results 

4.2.1 Testisin is expressed in endothelial cells and siRNA-mediated knockdown 

inhibits microvascular endothelial tubule-like formation on Matrigel 

Testisin expression was analyzed in three endothelial cell types cultured in vitro: 

primary human dermal microvascular endothelial cells (HMVEC-d), the immortalized 

derivative of HMVEC-d (HMEC-1 cells), and primary human umbilical vein cells 
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(HUVEC). All three endothelial cell types were found to express testisin mRNA (Figure 

4.1A), although the levels are low when compared to the HeLa cancer line (Figure 4.1C). 

Similar levels of testisin protein were also detected in each of these endothelial cell types 

by immunoblotting (Figure 4.1B). 

  

Figure 4.1 Testisin is expressed in endothelial cells 

A) Total RNA from confluent HMEC-1, HMVEC-d and HUVEC cells was isolated and 

analyzed by qPCR for testisin expression. mRNA levels are relative to GAPDH mRNA and 

expressed using the 2-ΔCt method. Graph shows mean ± SEM from three independent 

experiments. B) Immunoblot analysis of testisin protein expression (using MAb D9.1) 

relative to β-actin in lysates (total protein 50 µg) prepared from HMEC-1, HMVEC-d and 

HUVEC cells. Data are representative of two independent experiments. C) qPCR analysis of 

testisin mRNA expression in HMEC-1 cells compared to ES-2 and HeLa cell lines. HeLa 

cells express relatively high levels of testisin while ES-2 cells express negligible amounts.  
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Testisin function was investigated in vitro using HMEC-1 cells, a cell line that 

retains the morphologic, phenotypic, and functional characteristics of normal human 

microvascular endothelial cells, such as the expression of von Willebrand Factor (vWF), 

CD31, ICAM-1, acetylated LDL uptake, and angiogenic tubule-like formation on Matrigel, 

but allows greatly extended culture times without senescence while retaining endothelial 

characteristics [94]. Testisin was silenced in HMEC-1 cells using two independent siRNAs 

shown to knockdown testisin expression (Figures 4.2) and compared with a negative 

control siRNA. Silencing of testisin significantly inhibited tube-like formation on Matrigel 

as observed by visual inspection after 15 hours (Figure 4.3A, left). Quantitation of tubular 

formations in images captured over time using ImageJ software showed a persistent 

reduction in the total tube length throughout the time course (Figure 4.3A, right, top). 

RNA analysis of testisin expression at the completion of the assay confirmed testisin 

expression remained suppressed throughout the time course (Figure 4.3A, right, bottom). 

Analysis of total tube length from multiple independent experiments showed a significant 

(~18-fold) decrease in tube length in testisin deficient cells at the 15-hour endpoint (Figure 

4.3B). The impaired tubule formation was not a result of a significant decrease in viability, 

as determined by PrestoBlue assay (Figure 4.3C). Image analysis of other parameters of 

the tube formation assay, such as the number of tubes or branches formed, all demonstrated 

reductions consistent with the reduction in total tube length (data not shown). Analysis of 

videos compiled from the time course imaging of the cultures revealed that while the 

control cells migrated towards each other and coalesced to form an organized capillary-

like network consistent with tubule formation, testisin siRNA knockdown endothelial cells 

displayed random movement and failed to coalesce. Since endothelial cells have previously 
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been shown not to proliferate on Matrigel, and reduced viability was not a factor, these 

data identify a direct role for testisin in regulating processes required for the formation of 

complex capillary networks [95]. 
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Figure 4.2 Evaluation of testisin knockdown by three testisin-targeted siRNAs 

in HMEC-1 cells. 

A) qPCR analysis of testisin mRNA relative to siNC after normalizing to GAPDH at 48 

hours post-transfection after knockdown with 5nM of siTs67, siTs68, siTs94 and the non-

targeted siNC control. Results are from technical replicates and are representative of two 

independent experiments. B) Cell viability after siRNA knockdown measured using 

PrestoBlue 72hrs post-transfection. Signals were normalized to the siRNA NC cells and are 

representative of two independent experiments C) Immunoblot analysis of total testisin and 

control GAPDH protein expression in HMEC-1 cells after silencing with the three testisin-

targeted siRNAs at 72 hours post transfection. Graph shows densitometric analysis of 

testisin normalized to GAPDH and relative to siNC. The siRNAs, siTs67, siTs94 effectively 

silenced testisin expression without loss of viability, and were selected for use in subsequent 

experiments. qPCR and viability graphs show mean +/- SD. Densitometry graphs show 

mean +/- SEM from 2 independent experiments. * p<0.05 ** p<0.01, unpaired t-test.  



72 

  

Figure 4.3 Testisin silencing inhibits HMEC-1 reorganization and tubule-like 

formation on Matrigel. 

A) Disruption of tubule formation after testisin silencing. Representative images of control 

(siNC) and testisin siRNA (siTs67, siTs94) transfected HMEC-1 cells are shown after 15 

hours incubation on polymerized Matrigel, taken at 4x magnification. Scale bar = 500 µm. 

B) Time course of endothelial cell tubule formation. Quantitation of total tube length from 

images automatically taken every 20 minutes during the 15-hour incubation. Error 

represents ± SD from triplicate wells. (right, bottom) At the end of the experiment, testisin 

siRNA knockdown was verified by qPCR analysis of mRNA isolated from the polymerized 

Matrigel. Graph shows mean ± SD from triplicate wells. B) Endpoint analysis of total tube 

length demonstrated a significant difference between testisin knockdown and control 

endothelial cells. Signals are expressed as relative to siNC. The graph shows the mean ± 

SEM from 4 independent experiments, each an average of triplicate wells. C) Cell viability 

was unaffected by testisin knockdown as measured by PrestoBlue assay at the end of the 

experiments. Signals are expressed as relative to siNC. Graphs show mean ± SEM and 

represents the mean of four independent experiments.  ***: p<0.001, **:  p<0.01, *: p<0.05, 

ns: not significant. 
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4.2.2 Knockdown of testisin inhibits cell migration in vitro 

In vitro scratch wound closure assays were employed to evaluate the direct effect 

of testisin knockdown on endothelial cell migration. Scratch wounds were created on near 

confluent testisin siRNA silenced HMEC-1 and negative control monolayers and the 

cultures imaged over time for a total of 15 hours. Depletion of testisin significantly delayed 

the migration of endothelial cells into the wound area as compared to the negative control 

cells (Figure 4.4A). Analysis of videos compiled from the time course of the assay 

revealed that while the control endothelial cells migrated into the cleared area over time, 

migration of the testisin siRNA knockdown endothelial cells was significantly impaired, 

moving more slowly and with less directionality. Relative migration of cells into the 

wounded area calculated at the end of the assay was significantly impaired (~2.8-fold) in 

the testisin depleted endothelial cells, compared to the control endothelial cells (Figure 

4.4B). The effect of testisin knockdown on migration was siRNA dose dependent (Figure 

4.5A and B) and proliferation independent as determined by pretreatment of the 

monolayers with mitomycin C (Figure 4.4C).  Impaired endothelial cell migration after 

testisin depletion was also observed in real time using the xCELLigence system, with 

gelatin or Matrigel coated transwells (Figure 4.5C and D).   
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Figure 4.4 Knockdown of testisin inhibits endothelial cell migration in vitro. 

A) Representative images of testisin siRNA silenced (siTs67, siTs94) and negative control 

(siNC) HMEC-1 cells at 0 and 15 hours after clearing with a pipette tip. Cells were plated 72 

hours post transfection in triplicate. Dashed lines indicate cell boundary lines. B) Endpoint 

analysis of gap closure demonstrating a significant difference between testisin silenced and 

control endothelial cells. C) Like (B), but performed with pretreatment of mitomycin C to 

inhibit endothelial proliferation. Graphs show mean +/- SE and are the average of 2-4 

independent experiments.  ***: p<0.001, **:  p<0.01, *: p<0.05.  
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Figure 4.5 Testisin silencing impairs endothelial cell migration. 

A) Representative images of testisin targeted, siTs67 and siTs94, and negative control siNC 

HMEC-1 monolayer cultures, at 0 and 24 hours after wounding.  The doses of siRNAs are as 

indicated. Dashed lines indicate cell boundary lines. B) Measurement of percent gap closure 

over time reveals a persistent decrease in endothelial cell migration by testisin siRNA 

knockdown endothelial cells compared to negative control transfected endothelial cells. 

Image quantitation of percent gap closure was performed using the ImageJ plugin Scratch 

Assay Analyzer from MiToBo. Error represents +/- SD from triplicate wells. C) 

Measurement of cell migration on gelatin and D) Matrigel coated 16 well CIM-Plate 

transwell plates (pore size 8 μm) using the xCELLigence RCTA system (ACEA Biosciences). 

Serum free medium with cells was placed in the upper chamber and serum containing media 

in the lower chamber. For both C and D, Cell impedance (Cell Index) was measured every 

15 minutes over 16 hours to generate a curve of cell migration and the rate of migration was 

determined from the slope during the linear phase. Graphs show +/- SEM from two 

independent experiments. ***: p<0.001, **:  p<0.01, *: p<0.05 
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4.2.3 Testisin depletion increases vascular permeability to FITC-albumin in vitro 

To test the possibility that testisin expression may alter endothelial permeability, 

the integrity of the barrier formed by testisin siRNA silenced and negative control HMEC-

1 monolayers (Figure 4.6A) was evaluated using the macromolecular tracer, FITC-

albumin, in transwell permeability assays. One hour following the addition of FITC-

albumin, the testisin silenced monolayers displayed an ~2-fold increase in permeability to 

FITC-albumin compared to the control monolayers (Figure 4.6B). This loss in barrier 

function was not attributable to any reduction in cell number or loss of cell viability, as 

measured by PrestoBlue assay (Figure 4.6C).  

The adherens junction protein VE-cadherin plays a key role in the control of 

endothelial cell barrier integrity and vascular homeostasis. Confocal microscopic 

examination of VE-cadherin expression in testisin siRNA silenced and control HMEC-1 

monolayers showed diminished signals for VE-cadherin and loss of some intercellular 

junctions in the testisin silenced HMEC-1 monolayers as compared to control cultures 

(Figure 4.6D). Expression of β-catenin, which associates directly with VE-cadherin to 

enhance stabilization of endothelial cell barriers [96], was also diminished.  Quantitation 

of signal intensity demonstrated a significant (3 to 5-fold) loss of VE-cadherin in testisin 

siRNA silenced monolayers compared with control monolayers (Figure 4.6E).  
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Figure 4.6 Testisin is required for barrier function in HMEC-1 endothelial monolayers. 

A) Knockdown of testisin mRNA expression by siRNA silencing in HMEC-1 monolayers. Data 

is represented as mean ± SEM from 3 independent experiments. B) Assay of permeability of 

testisin silenced HMEC-1 monolayers compared to control cultures, 1 hour after the addition of 

FITC-albumin.  Data are represented as mean ± SEM from 2-3 independent experiments. C) Cell 

viability of testisin silenced HMEC-1 monolayers compared to control cultures measured at the 

end of the assay by PrestoBlue assay.  Data is represented as mean ± SEM from 3 independent 

experiments. D) Representative confocal images of VE-cadherin and β-catenin expression in 

testisin siRNA silenced and control HMEC-1 monolayers grown in parallel transwell inserts 

along with the permeability assays, showing diminished staining and loss at cell-cell junctions 

(examples indicated by white arrows). Scale bar = 20 μm. E) Signal intensities for VE-cadherin 

were quantitated from EVOS images of 3 independent experiments performed in triplicate for 

each siRNA, using Image J. Mean ± SEM. ***: p<0.001, **: p<0.01, *: p<0.05, ns: not 

significant. 
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Analysis of protein lysates prepared from the testisin siRNA silenced and control 

monolayers verified that total VE-cadherin protein levels were significantly decreased in 

testisin silenced endothelial cell monolayers compared to the control cultures (Figure 4.7). 

Levels of the tight junction proteins, claudin-5 and occludin, and the associated 

cytoplasmic protein ZO-1, did not show any significant differences between control and 

testisin silenced cultures (Figure 4.7), suggesting that the leakiness seen with depletion of 

testisin is largely confined to the endothelial adherens junctions. β-catenin protein levels 

also appeared decreased, however to a lesser extent and reached significance with only one 

of the two siRNAs (Figure 4.7). Immunoblotting for phospho(Tyr658)-VE-cadherin, a 

VE-cadherin phosphorylation site that has been associated with regulation of endothelial 

permeability and which mediates VE-cadherin internalization [97], was significantly 

increased in testisin silenced endothelial cell monolayers compared to the control cells, 

suggesting that the observed loss of total VE-cadherin may be mediated by receptor 

phosphorylation, internalization and degradation [98].  
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Figure 4.7 VE-cadherin expression and phosphorylation are altered with testisin silencing. 

Immunoblotting and quantitation by densitometry of junctional proteins showing a significant 

decrease in total VE-cadherin expression and a significant increase in phospho-Tyr658-VE 

cadherin in testisin silenced monolayers compared to control cultures. No significant differences 

in expression of the tight junction proteins ZO-1, claudin-5 and occludin were observed.  Data are 

representative of 3-6 independent experiments. Mean ± SEM. ***: p<0.001, **:  p<0.01, *: p<0.05. 



80 

4.2.4 Activation of PAR2 does not rescue endothelial tubule-like formation on 

Matrigel following siRNA-mediated knockdown of testisin (preliminary data) 

Since PAR2 is an established substrate of testisin we examined whether activation 

of PAR2, following siRNA-mediated testisin knockdown, might rescue tube formation on 

Matrigel. Rescue, or restoration of normal phenotype, would in this case result in tube 

formation, and specifically total tube length formation on Matrigel, being similar to control 

conditions with a PAR2 activating peptide combined with testisin knockdown. If testisin 

is responsible for the activation of PAR2, then it would be reasonable to expect that in the 

absence of testisin that there would be a deficiency in PAR2 activation. PAR2 can be 

activated either enzymatically or through peptides that mimic its own tethered ligand. In 

our rescue experiments we used peptide ligand mimic 2-furoyl-LIGRLO-amide, which has 

been shown to be a potent and selective activator of PAR2 [99]. Testisin was silenced in 

HMEC-1 cells using the siRNA siTs67 and compared with a negative control siRNA. 2-

furoyl-LIGRLO-amide was mixed with the cells at the time of plating on Matrigel and 

assayed for tubule-like formations for 18 hours. Quantitation of tubular formations in 

images captured over time using ImageJ software showed a persistent reduction in the total 

tube length throughout the time course with no significant changes with addition of the 

activating peptide (Figure 4.8). Although these data are preliminary and potential rescue 

(e.g., levels of tube formation consistent with control) might benefit from optimizations of 

conditions, the assay was repeated several times, using varied concentrations of 2-furoyl-

LIGRLO-amide, and robust phenotypic rescue was not observed. Stocks of 2-furoyl-

LIGRLO-amide were tested for activity by measuring ERK1/2 phosphorylation, as 

compared to control, over time. 
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Figure 4.8 PAR2 activating peptide does not rescue the defect in tubule-like 

formation on Matrigel in testisin knockdown HMEC-1 cells. 

Time course of endothelial cell tubule formation. Control (siNC) and testisin siRNA 

(siTs67) transfected cells were plated on Matrigel with the PAR2 activating peptide (AP) 2-

furoyl-LIGRLO-amide (100nM), or vehicle, in serum free media. Total tube length was 

quantified from images automatically taken every 15 minutes during the 18-hour assay. 

Error represents ± SD from triplicate wells. These data are preliminary, but representative 

of several experiments.  



82 

4.2.5 PAR2 surface and total expression is decreased following testisin knockdown 

(preliminary data) 

Given the inability to rescue testisin knockdown cells in the tube formation assay 

with PAR2 activating peptide, we investigated the expression of PAR2. Using flow 

cytometry, both surface and total PAR2 were examined following the transfection of 

HMEC-1 cells with testisin siRNA (siTs67) and compared with a negative control siRNA 

(siNC). Surface testisin expression, knockdown, or control transfections was indiscernible 

from control non-specific IgG staining. Given the low level of testisin expression in 

endothelial cells, when compared to cells like HeLa, it is not surprising that the surface 

signal was too low to detect. However, total testisin expression exhibited a defined signal 

above background staining and that signal was diminished in the siTs67 transfected cells 

(Figure 4.9). Examination of PAR2 expression revealed a discernable difference in total, 

and possibly surface, with respect to control non-specific IgG staining. Interestingly, levels 

of PAR2 expression were lower in the testisin knockdown cells, as compared to control 

transfections, in both surface and total staining (Figure 4.9). Since testisin overexpression 

has been shown to result in lower levels of surface PAR2, testisin knockdown might be 

expected to either result in higher levels or no change in surface PAR2 [1, 54]. 
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Figure 4.9 Knockdown of testisin results in lower levels of total and surface PAR2. 

Flow cytometry analysis of testisin siRNA (siTs67) and negative control (siNC) transfected 

HMEC-1 cells. Permeabilized and non-permeabilized cells were stained with either anti-testisin 

Mab D9.1 or anti-PAR2 SAM11. HMEC-1 cells stained with mouse IgG and secondary served as 

negative controls. Loss of testisin correlates to lower levels of total PAR2 and possibly surface 

PAR2. These data are preliminary and statistical analysis was not able to be performed. 
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4.3 Discussion 

Angiogenesis and vascular remodeling are dynamic processes involving 

coordinated endothelial cell behavior that is tightly controlled at many levels.  Here, we 

show that testisin is expressed in microvascular endothelial cells and is a novel modulator 

of microvascular permeability, tube formation, and cell migration in vitro. Depletion of 

testisin impairs endothelial cell migration and endothelial cell angiogenic reorganization 

on Matrigel and enhances endothelial cell permeability in vitro. 

Cell-cell adhesion is critically important for maintaining vascular integrity and 

preventing of the leakage of blood, antigenic materials, and cells into tissues. Vascular 

permeability through the paracellular pathway is largely controlled by tight junctions 

composed of transmembrane proteins that include claudin-5 and occludin, the cytoplasmic 

zonula occludens (ZO-1) and the adherens protein, VE-cadherin. Of these junctional 

components, only VE-cadherin was persistently down regulated in the testisin knockdown 

cultures. VE-cadherin homophilic binding at cell-cell contacts controls vascular 

permeability and is also a transducer of intracellular signals critical to maintain proper 

endothelial cell function [100]. Tyrosine phosphorylation of VE-cadherin triggers 

internalization and loss of junctional localization [101], consistent with the increase in VE-

cadherin phosphorylation associated with testisin loss.  

Reduced junctional VE-cadherin is associated with reduced cell-cell adhesion and 

generally greater migratory capacity. However, we observed that endothelial cell migration 

and reorganization on Matrigel was impaired by testisin siRNA knockdown as 

demonstrated in vitro by impaired endothelial cell tubule formation on Matrigel and by 
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scratch wound assays. It is possible that given the long intervals in time-lapse that the 

knockdown cells did move more rapidly but randomly and without direction. The video 

data that was collected seemed to indicate random movement, but shorter interval imaging 

would be needed for quantification. Testisin is a serine protease that anchors on the 

endothelial cell surface, where its substrates are relatively unknown. It has specificity for 

cleavage after basic amino acids with an apparent preference for arginine and is capable of 

cleaving and activating the PAR2 and PCI [50, 54]. It is interesting to note that the 

preliminary findings suggest that testisin depletion, by siRNA, results in a decreased 

surface and total PAR2 expression. These findings are confounding given the literature 

demonstrating that over expression of testisin results in the loss of PAR2 [1, 54]. There is 

however an investigation that linked PAR2 and VE-cadherin wherein the authors found 

that prolonged activation of PAR2 resulted in decreased levels of VE-cadherin and 

increased endothelial permeability [102]. Whether testisin acts directly to enhance turnover 

of VE-cadherin or modulates PAR2 signaling pathways to regulate VE-cadherin 

expression remains to be investigated.  

Endothelial function and angiogenesis are important for adult homeostasis. 

Physiological angiogenesis occurs in the adult during the ovarian cycle and in 

physiological repair processes such as wound healing. Endothelial dysfunction is 

associated with several pathophysiological conditions, including atherosclerosis, 

hypertension, and diabetes. How endothelial cells proliferate and arrange suitably to shape 

functional vascular networks is still poorly understood. Testisin represents a novel 

component of an angiogenic pathway that is essential for cell migration and vascular 

integrity during physiological angiogenesis. A better understanding of the role of testisin 
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in these processes will be important since testisin-based therapeutic strategies could have 

application for preventing, treating, or altering the natural progression of vascular diseases. 
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5 Chapter 5. The role of testisin in luteal angiogenesis3 

5.1 Introduction 

The investigation of testisin function in endothelial cells began with siRNA based 

knockdown studies in vitro. The initial in vitro findings, using the endothelial cell line 

HMEC-1 in tube formation assays, indicated that testisin might play a role in angiogenesis. 

Following knockdown of testisin, cells mostly failed to reorganize and form a pseudo-

capillary network on the basement membrane extract Matrigel as compared to the controls 

(see Chapter 4). Based on these initial findings, and in concert with further in vitro work, 

an investigation of testisin during angiogenesis in vivo was initiated.  

There are multiple animal models that can be used to investigate angiogenesis. 

Rodent models of angiogenesis and neovascularization commonly focus on the retina, 

tumors, hindlimbs, hindbrain, Matrigel plugs, wound healing, and the coronary artery [103-

106]. The corpus luteum has been used to study rapid physiological angiogenesis during 

the female reproductive cycle and can serve as a useful model [107].  Angiogenesis is a 

critical component of normal follicular and luteal function in the ovary. Following 

ovulation, the developing corpus luteum (CL) is a site of rapid and intense angiogenesis. 

The thecal-based endothelial cells both invade and proliferate to form a dense vascular 

network which provide the newly steroidogenic granulosa cells with hormone precursors, 

nutrients, and oxygen. This process results in the synthesis and release of  large amounts 

 
3 This chapter (5) contains excerpts and modified text from the publication: “Testisin deficiency causes 

increased vascular permeability and a hemorrhagic phenotype during luteal angiogenesis” (PLOS One, 2020) 

in which I served as first author. 
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of hormones, predominantly progesterone, which are required for implantation and 

maintenance of early pregnancy [107].  

5.2 Results 

5.2.1 Testisin knockout mice display a pronounced hemorrhagic phenotype in ovaries 

after gonadotropin-induced ovulation  

To investigate the potential role of testisin in vivo, Prss21+/+ and Prss21-/- mice were 

previously generated (Figures 3.5, 5.1 and Methods). In an analysis by Kate Driesbaugh, 

Ph.D., the Prss21-/- mice showed normal female fertility and Mendelian inheritance, 

consistent with previously published data [37, 38]. The effect of testisin genetic deficiency 

on angiogenesis was examined by comparing ovaries of Prss21+/+ and Prss21-/- mice after 

gonadotropin-induced ovulation. Ovulation was induced in immature female Prss21+/+ and 

Prss21-/- mice by administration of PMSG followed 48 hours later by hCG. Development 

of the corpus luteum and progesterone production occurs naturally in this model, reaching 

peak progesterone levels at ~72 hours post hCG administration, which in the absence of 

pregnancy is followed by luteolysis and vascular regression [107]. Comparison of ovaries 

from female Prss21+/+ and Prss21-/- mice by visual inspection at 72 hours post hCG 

administration revealed multiple prominent blood pools present in the Prss21-/- mouse 

ovaries as compared to the ovaries of the Prss21+/+ littermate controls (Figure 5.2A). 

Although some bleeding can occur following rupture of the mature ovarian follicle 

(referred to as a corpus hemorrhagicum), hematoxylin and eosin-stained histological 
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sections demonstrated the presence of multiple blood-filled corpora lutea prevalent in the 

Prss21-/- ovaries (example in Figure 5.2B). 

Figure 5.1 Breeding and maintenance of Prss21 knockout mice. 

A) PCR genotyping of littermates from a het x het breeding pair. B) PCR amplification of RNA 

isolated and reverse-transcribed from the testes of Prss21+/+ and Prss21-/- mice demonstrating 

targeted disruption of testisin transcription. The cDNA was amplified with primers F4 and R3. 

(This work was performed by Kate Driesbaugh, Ph.D.) 
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Figure 5.2 Prss21-/- mice display a hemorrhagic phenotype during vascularization of 

the corpus luteum.  

A) Physiological angiogenesis in the ovaries of Prss21+/+ and Prss21-/- mice was initiated by 

administration of PMSG and hCG to induce ovulation and vascularization of the corpus luteum. 

Images are of representative whole mount ovaries at 72h post hCG injection showing multiple large 

hemorrhages in Prss21-/- as compared to Prss21+/+ ovaries. Original magnification, 16.5x. Scale 

bar = 1000 µm. B) Representative H&E stained sections at 72h post hCG injection showing a large 

hemorrhage in the corpus luteum of a Prss21-/- ovary as compared to a Prss21+/+ ovary. Original 

magnification, 20x. Scale bar = 200 µm. C) Prss21-/-, as compared to Prss21+/+, whole mount 

ovaries demonstrated significantly increased incidences of hemorrhages at 24, 48, 72 and 96 hours 

post hCG by visual inspection (0h n=22-25, 24h n=25, 48h n=25, 72h n=25, 96h n=10-11, where 

n=number of ovaries per genotype). D) Prss21-/-, as compared to Prss21+/+, whole mount ovaries 

also demonstrated a significant increase in the severity of hemorrhages at 24, 48, 72 and 96 hours 

post hCG (0h n=22-25, 24h n=25, 48h n=25, 72h n=25, 96h n=10-11, where n=number of ovaries 

per genotype). The hemorrhage severity score as a measure of hemorrhage burden was determined 

as defined in the methods. E) qPCR analysis of testisin mRNA expression in whole ovary 

homogenates over the time course of luteal angiogenesis. (0h n=4, 24h n=5, 48h n=5, 72h n=4, 96h 

n=2, where n=number of ovaries). F) Weight of ovaries, normalized to body weight, from testisin 

knockout mice were significantly higher compared to wild type controls at 24, 72 and 96 hours post 

hCG (0h n=13-23, 24h n=21-25, 48h n=21-25, 72h n=25, 96h n=6-6, where n=number of ovaries 

per genotype). Mean ± SEM. ***: p<0.001, **:  p<0.01, *: p<0.05, ns: not significant. 
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The number of ovarian hemorrhages and hemorrhage severity were quantitated at 

0 and post hCG injection 24, 48 and 72 hours. The incidence of hemorrhages observed in 

the ovaries of Prss21+/+ mice over the time course was low, with most ovaries showing no 

or a few small hemorrhages, and none at 96 hours. In contrast, by 48 hours post hormonal 

treatment, the ovaries of Prss21-/- mice averaged at least one hemorrhage per ovary (Figure 

5.2C), with as many as four in some ovaries. The presence of hemorrhages in ovaries of 

Prss21-/- mice persisted throughout the 96-hour post hCG time course, when hemorrhages 

in Prss21+/+ ovaries could no longer be detected. Grading of hemorrhage size per ovary as 

a measure of hemorrhage severity revealed significantly larger and more severe 

hemorrhages in the ovaries of Prss21-/- mice compared to Prss21+/+ ovaries (Figure 5.2D).  

Analysis of testisin expression over the time course of corpus luteal development 

showed that testisin mRNA is highest in the immature ovary and decreases substantially 

by 24 hours (Figure 5.2E). This drop in testisin expression coincides with permeability 

increases that are consistently observed in the beginning of angiogenesis [108, 109]. As 

vascularization of the corpus luteum proceeds, testisin mRNA levels rise dramatically, 

reaching a maximum at 72 hours post hCG administration, correlating with maximal 

vascularization and progesterone levels [107], following which there is a subsequent drop, 

in line with luteolysis and vascular regression. During development of the corpus luteum, 

ovary weights increased to a maximal 1.6-fold in Prss21+/+ mice between 48 to 72 hours 

compared to non-hormonally treated immature ovaries at 0 hours and returned to normal 

weights after 96 hours (Figure 5.2F). In contrast, the ovary weights of Prss21-/- mice 

significantly increased to the maximal Prss21+/+ levels by 24 hours and remained 

significantly elevated at both 72 and 96 hours compared to Prss21+/+ ovaries (Figure 
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5.2E), possibly indicative of edema. Together, these data show that testisin expression is 

modulated during hormonally induced ovulation in mice and its expression correlates with 

vascularization of the corpus luteum. 

5.2.2 Vascularization of the corpus luteum occurs similarly in Prss21+/+ and Prss21-/- 

mice 

Given the impairment in angiogenic tube-like formation following siRNA mediated 

depletion of testisin in vitro, the vasculature of Prss21+/+ and Prss21-/- ovaries after 

gonadotropin-induced ovulation was examined for possible angiogenic abnormalities or 

deficiencies. Endothelial cell recruitment and neovascularization of the corpus luteum in 

response to hormonal treatment was investigated by immunohistological (IHC) staining of 

Prss21+/+ and Prss21-/- ovaries for the expression of the endothelial cell marker 

CD31/PECAM-1 at 0 and post hCG injection 24, 48 and 72 hours. Although within each 

ovary, corpus luteal formation and neovascularization are not fully synchronous, the 

presence of CD31 positive endothelial networks (brown staining) penetrating corpus lutea 

over the course of 24 to 72 hours was not ostensibly different between the 2 groups (Figure 

5.3A). Quantitation of CD31 mRNA in total ovary homogenates as a further indication of 

endothelial cell content in each ovary showed no significant differences between Prss21+/+ 

and Prss21-/- ovaries over the time course post-hCG (Figure 5.3B), indicating that 

endothelial cell infiltration into corpus lutea still occurs in Prss21-/- ovaries. mRNA 

expression of the neovascular marker CD105/ENG and the vascular endothelial growth 

factor VEGFA were also not significantly different between Prss21+/+ and Prss21-/- ovaries 

(Figure 5.3C & 5.3D). These data indicate that the overall extent of endothelial cell content 

and neovascularization of corpus lutea are not significantly affected by testisin deficiency. 
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Interestingly, the mRNA expression patterns of CD31 and CD105 strongly correlated with 

testisin mRNA expression in the ovaries over the time course post-hCG (Figure 5.3B & C 

vs Fig 5.2E), indicating an association between testisin expression and these angiogenic 

markers.  

  

Figure 5.3 Vascularization of the corpus luteum is similar between Prss21+/+ and 

Prss21-/- mice. 

Expression of endothelial markers in Prss21-/- ovaries are not significantly different than 

Prss21+/+ ovaries over the course of luteal angiogenesis. A) Representative photographs of 

histological sections of Prss21+/+ and Prss21-/- ovaries stained with CD31 (brown) and 

counterstained with hematoxylin showing widespread endothelial cell infiltration over time that 

is similar for both genotypes (n=5-6 ovaries per genotype). 10x magnification, Scale bar = 500 

µm; 40x magnification, Scale bar = 100 µm. Corpora lutea are labeled CL and 40x enlargement 

area is highlighted by the dashed box in 10x images. Arrow denotes a corpus luteum filled with 

blood in a Prss21-/- ovary. qPCR analysis of B) CD31, C) CD105 and D) VEGF mRNA 

expression in whole ovaries during the time course of vascularization of the corpus luteum. (0h 

n=4-7, 24h n=2-5, 48h n=4-5, 72h n=4-6, 96h n=2-6, where n=number of ovaries per genotype). 

Mean ± SEM. ***: p<0.001, **:  p<0.01, *: p<0.05, ns: not significant. 
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5.2.3 Testisin loss is associated with increased Evans blue extravasation and 

decreased intercellular VE-cadherin during luteal angiogenesis 

The barrier integrity of the luteal neovasculature was investigated by assay of Evans 

blue dye extravasation. Hormonally treated mice at 24 hours post-hCG were injected retro-

orbitally with Evans blue dye, and after 30 min, perfused with PBS, prior to removal of the 

ovaries. Visual inspection revealed that Prss21-/- ovaries appeared more permeable to the 

dye, as indicated by the increased number, size, and intensity of Evans blue positive areas 

as compared to Prss21+/+ ovaries (Figure 5.4A). Quantitation of Evans blue dye 

accumulation following TCA extraction of whole ovaries demonstrated a significant 

increase in tissue deposition of extravasated dye in Prss21-/- ovaries as compared to 

Prss21+/+ controls (Figure 5.4B). Examination of VE-cadherin at the inter-endothelial 

junctions in the neovasculature of corpora lutea at 24 hours post-hCG by co-

immunofluorescent staining for VE-cadherin and CD31 revealed appreciably less intense 

VE-cadherin staining within the newly forming neovasculature in corpora lutea of Prss21-

/- ovaries as compared to Prss21+/+ controls (Figure 5.4C). Quantitation of the fluorescent 

intensity of VE-cadherin staining that was clearly associated with CD31 positive 

endothelial cells, was reduced by ~2.3-fold in Prss21-/- ovaries (Figure 5.4D). VE-cadherin 

staining in the mature vasculature surrounding the multiple corpora lutea appeared normal 

in Prss21-/- ovaries as compared to Prss21+/+ ovaries (Figure 5.5), indicating that 

expression of VE-cadherin is reduced specifically within the corpora lutea during 

microvascular angiogenesis and is not globally suppressed.  
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Figure 5.4 Prss21-/- mice display increased vascular permeability during luteal 

angiogenesis and decreased endothelial VE-cadherin expression. 

A) Representative images of extravasated Evans blue dye in whole mount Prss21+/+ and Prss21-/- 

ovaries, 24 hours post hCG. Prss21-/- ovaries exhibited an increased number and size of blue-stained 

extravascular areas and less dye negative areas following PBS perfusion. Scale bar = 1000 µm. B) 

Extravasated Evans blue dye as a measure of vascular permeability at 24 hours post hCG by 

quantitation of dye extracted from perfused ovaries, presented as (μg of Evans blue dye)/(g of 

tissue), n=8-9 mice per genotype. C) Representative images of VE-cadherin expression in 

Prss21+/+ and Prss21-/- ovaries, 24 hours post hCG. Frozen sections were prepared and 

immunostained for endothelial cells (CD31, green), VE-cadherin (red), and nuclei (DAPI).  Left 

panel shows images of corpora lutea (scale bar = 100 µm), followed by a 5X enlargement of the 

area highlighted by the dashed white box (scale bar = 20 µm). D) Analysis of fluorescence intensity 

values from least 3 corpora lutea per ovary, from at least 3 ovaries per genotype, revealed similar 

levels of CD31 and significantly lower VE-cadherin expression in Prss21-/- ovaries, compared with 

Prss21+/+ ovaries. E) Claudin-5 staining (red) appeared similar between Prss21+/+ and Prss21-/- 

ovaries, and F) fluorescence intensity quantitation was not significantly different between 

genotypes. G) Pericyte staining (NG2, red) and endothelial association appeared similar between 

Prss21+/+ and Prss21-/- ovaries, and H) fluorescence intensity quantitation was not significantly 

different between genotypes. Mean ± SEM. ***: p<0.001, **:  p<0.01, *: p<0.05. ns, not 

significant. 
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Figure 5.5 VE-cadherin staining of non-angiogenic mature vasculature in Prss21+/+ 

and Prss21-/- ovaries is similar.  

A) Frozen sections (7µm) from OCT blocks of Prss21+/+ and Prss21-/- ovaries recovered at 24 

hours post hCG were prepared and stained for CD31, VE-cadherin, and nuclei (DAPI).  Analysis 

of several sections, from at least 3 ovaries, revealed similar intensity and staining patterns for 

VE-cadherin in the larger existing vasculature. Images were taken at 20x using an EVOS FL2 

(ThermoFisher). Scale bars = 100 μm. 
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CD31 fluorescence staining in the corpora lutea did not vary significantly between 

Prss21+/+ and Prss21-/- ovaries, in agreement with the immunohistological findings 

(Figure 5.2A). Similarly, the fluorescence intensity of the tight junction protein claudin-5 

detected at the inter-endothelial junctions was similar between Prss21+/+ and Prss21-/- 

ovaries (Figure 5.4E, F) which is consistent with the absence of changes in claudin-5 in 

the testisin silenced HMEC-1 monolayers (Figure 4.6F). While reduced pericyte 

recruitment to the neovasculature can contribute to increased vascular permeability in vivo 

[110], we detected no differences in the staining and quantitation of the pericyte marker 

NG2 between the two genotypes (Figure 5.4G, H). To investigate the persistence of this 

permeability phenotype, extravascular deposition of Evans blue dye in mice at 48 hours 

post-hCG was determined. By 48 hours post-hCG, the vascular barrier was restored 

(Figure 5.6) indicating that the vascular integrity defect associated with the absence of 

testisin is transient and occurs early in the process of luteal angiogenesis. Staining of ovary 

tissue sections for the pericyte marker NG2 showed that pericyte recruitment continues 

normally up to 72 hours in Prss21-/- ovaries, as compared to Prss21+/+ ovaries (Figure 5.7), 

which may explain the eventual stabilization and maturation of the newly formed vessels. 
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Figure 5.6 Vascular permeability is normalized in Prss21-/- mice 48 hours post hCG 

A) Representative images of extravasated Evans blue dye in whole mount Prss21+/+ and Prss21-/- 

ovaries, 48 hours post hCG. Prss21-/- ovaries exhibited significantly larger hemorrhages but lacked 

any other distinction as compared to Prss21+/+ controls following PBS perfusion. B) Extravasated 

Evans blue dye as a measure of vascular permeability at 48 hours post hCG by quantitation of dye 

extracted from perfused ovaries, presented as (μg of Evans blue dye)/(g of tissue), n=8-9 mice per 

genotype. 

 



102 

  

Figure 5.7 Prss21-/- mice display similar patterns of vascularization and pericyte 

recruitment in the corpus luteum 72h post hCG. 

Ovulation in Prss21+/+ and Prss21-/- mice was induced, as per the methods, and ovaries 

harvested at 72 hours post hCG. Frozen sections (7µm) from OCT blocks were prepared and 

stained for endothelial cells (CD31), pericytes (NG2), and nuclei (DAPI).  Analysis of several 

sections, from at least four ovaries, revealed similar levels of CD31 positive vessels and 

associated pericytes at maximal development of the corpus luteum (72h post hCG). Scans of 

whole sections were generated from composite 20x scans and detailed images of the dotted 

white boxed areas prepared separately at 20x using an EVOS FL2 (ThermoFisher). 

 

 



103 

 

  



104 

Together these data demonstrate a functional role for testisin in the regulation of 

neovascular integrity and permeability through modulation of intercellular VE-cadherin, 

that likely underlies the hemorrhagic phenotype associated with Prss21-/- ovaries during 

luteal angiogenesis.  

5.3 Discussion 

Through analysis of angiogenesis in the corpus luteum in mice, following 

superovulation, we demonstrate that testisin is a novel modulator of microvascular 

permeability and angiogenesis, and plays a critical role in preventing early vascular leak 

during the early rapid vascularization of the corpus luteum. Following ovulation, 

endothelial cells rapidly invade the corpus luteum to develop a network of angiogenic 

neovasculature that promotes the production of high amounts of progesterone. We found 

that a typical defect in Prss21-/- ovaries was the sustained occurrence of multiple large 

hemorrhages. This could not be explained by changes in endothelial cell composition or 

endothelial cell morphologies but was associated with a functional defect in vascular 

integrity, as evidenced by increased vascular permeability to macromolecular albumin 

tracers, investigated both in vivo and in vitro. An increase in vessel fragility can cause 

hemorrhage when newly forming vessels are subjected to shear stress [96]. In mice lacking 

testisin the observed decrease in VE-cadherin expression during angiogenesis could 

explain this increased fragility. In fact, it has previously been found that the administration 

of anti-VE-cadherin antibodies in adult mice leads to a dramatic increase in vascular 

permeability, vascular fragility, and hemorrhages [111]. It is possible that in testisin 

deficient mice during early angiogenesis when developing small capillaries are exposed to 

hemodynamic shear stress, weakened inter-endothelial junctions may break causing 
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vascular leakage. This could explain the localized and persistent occurrence of vascular 

hemorrhages in the developing corpus luteum of Prss21-/- mice. As the process of 

vascularization progresses, recruited pericytes could serve to reinforce the vascular 

structure and enable capillary stabilization [112].  

A major limitation of this body of work was our inability to detect endothelial 

testisin in vivo and therefore not rule out the possibility that a non-endothelial source of 

testisin expression, or lack thereof in the knockout mice, contributed to the observed 

hemorrhagic phenotype. Several techniques were utilized to detect testisin by staining the 

ovaries, however all resulted in an absence of any signal above background. As discussed 

in Chapter 3 future efforts should focus on identifying or developing better anti-testisin 

antibodies. A mouse model that is specific for endothelial testisin knockout could also be 

used to further clarify the role of testisin expression in angiogenesis. These models 

commonly utilize Cre recombinase under the control of the Tek/Tie2 promoter to 

accomplish endothelial cell specific deletion of genes [113]. 
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6 Chapter 6: Discussion and future directions 

The first goal of this project was to produce reagents for the ongoing research of 

testisin in the Antalis laboratory and my own investigations into the biological function of 

testisin. The best antibody that had so far been identified for the detection of testisin, by 

western blot, was a sample of antibody produced at a pharmaceutical company that was no 

longer in business. Four hybridoma lines had been developed, which produced anti-testisin 

antibodies, and were available through the American Type Culture Collection (ATCC). 

The hybridoma lines were purchased, cultured and antibodies purified from culture media. 

The purified monoclonal antibodies were evaluated for performance in various applications 

such as western blot. Ultimately one monoclonal antibody (D9.1) was identified as capable 

for use in all assays evaluated: western blot, immunoprecipitation, immunohistochemistry, 

immunofluorescence of cells, immunofluorescence of tissue, and flow cytometry. The 

D9.1 monoclonal antibody was found to recognize both human and mouse testisin in 

western blot, immunohistochemistry, and immunofluorescence. The Antalis laboratory’s 

prior anti-testisin antibody reacted very strongly with a seeming ubiquitously expressed 

protein only slightly larger than testisin. This nonspecific interaction made it difficult, or 

sometimes impossible, to detect testisin in low abundance samples such as endothelial cells 

due to the testisin signal being overwhelmed. In using the D9.1 antibody we were able to 

detect endothelial testisin in lysates from endothelial HMEC-1, HMEVC-d, and HUVEC 

cells. These results greatly enhanced the data that were presented demonstrating testisin as 

an endothelial protease and its role in the observed phenotypes following siRNA 

knockdown. The detection of endothelial testisin by western blot also facilitated the 

selection of siRNAs which resulted in a decrease in protein, as opposed to qPCR which 
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proved a less reliable analytic. It is unclear why all three anti-testisin siRNAs evaluated 

appeared to result in decreased levels of testisin mRNA while only two resulted in 

significantly lower levels of protein. The levels of testisin protein did correlate with the 

phenotype of decreased tube formation on Matrigel, wherein the outlier siRNA (siTs68) 

did not impede tube formation. Perhaps the siRNA siTs68 was slower in triggering the 

degradation of mRNA and thus reduction in testisin protein visualized, and assayed for, at 

72 hours post transfection. The D9.1 antibody has also aided in the work of several other 

Antalis laboratory members in generating western blot and flow cytometry data. There 

were however limitations to the use of the D9.1 antibody. Although we were able to detect 

testisin in endothelial western blots, it was difficult to get a clean exposure without washing 

away the positive signal. This might be improved through a comparative investigation of 

reagents such as blocking, wash, and antibody incubation buffers. Another significant 

shortcoming of the D9.1 antibody was revealed in its inability to stain endothelial testisin 

in our tissue samples, despite being able to detect testisin in murine testis. Endothelial 

testisin could not be detected using either immunohistochemistry or immunofluorescence 

in the ovary samples. In the final publication this hindered our ability to assert that the 

observed phenotype was purely a result of endothelial testisin deficiencies and not the 

contribution of another cell type, like pericytes. This shortcoming might in the future be 

address using an endothelial specific testisin knockout mouse model. Testisin is a relatively 

low abundance protein in endothelial cells and the D9.1 antibody is a monoclonal, so 

perhaps it is not surprising that there was not a detectable signal. A greater signal might be 

generated with a good polyclonal antibody, or the issue of sensitivity might be addressed 

using a second monoclonal anti-testisin antibody in a proximity ligation assay (PLA). PLA 
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assay technology was initially developed to detect and amplify a staining signal if two 

proteins were in close enough proximity and therefore likely interacting partners [114]. 

The technology relies on antibody probes-oligonucleotide conjugates (PLA probes) which 

if hybridized will enable a rolling-loop amplification reaction which can then be stained 

with fluorescent probes. For the detection of single proteins two monoclonal antibodies, 

recognizing separate epitopes, can produce a dramatically amplified signal compared to 

traditional staining techniques. PLA assay, as the name suggests, is primarily used to detect 

two targets that are in close proximity. Adapting this technology to an anti-testisin 

antibody, such as the D9.1, and a PAR2 antibody would greatly facilitate our understanding 

of testisin in numerous biological contexts.  

 A basic understanding of the biochemical and structural properties of testisin 

requires a source of pure human testisin, for which there is not a commercial source.  

Towards the goal of producing reagents to better characterize testisin, a strategy was 

developed to produce recombinant human testisin. Testisin was cloned in frame with 

human ubiquitin which has been demonstrated to aid in refolding [86]. A construct was 

also created by modifying the activation sequence of testisin such that it could be activated 

by enterokinase. This construct was generated as a control since the activator of testisin is 

not known. The expression of testisin in E. coli was successful in that a large amount of 

protein was generated (370 mg/l). It was predictably insoluble, so the testisin was refolded 

by drip dilution in arginine, buffer exchanged and concentrated. We were able to 

demonstrate enzymatic activity from the refolded protein, following digestion with 

enterokinase, but did not determine how much was correctly folded. Although we were 

able to efficiently cleave the ubiquitin tag from testisin, we were unable to separate the two 
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by immobilized metal affinity chromatography (IMAC). In trying to separate the two 

proteins, testisin remained bound to column and eluted with the 6xhis-tagged ubiquitin. 

The refolded product also exhibited stability issues which seemed to manifest in 

aggregation. Although the project showed promise, it was hindered by several factors. The 

first issue was the limited equipment available for concentrating the 1 liter of refolding 

buffer prior to buffer exchange. Centrifugal concentrators were used which may have 

negatively impacted the protein preparation after repeated use. In future work it would be 

preferable to use a large-scale concentrator. The Ni IMAC column did not work well and 

seemed to have a similar affinity for non-tagged-testisin as for 6xhis-tagged ubiquitin. 

Future work might focus on using a benzamidine column to not only remove the tag, but 

also unfolded or inactive testisin following enteropeptidase activation. A method also 

needs to be employed where the amount of correctly folded active testisin can be easily 

quantified. This could be accomplished using an irreversible serine protease inhibitor such 

as nafamostat followed by mass spectroscopy analysis, like the method used in the 

refolding of prostasin [85]. 

The second goal of this project was to understand what role testisin might play in 

endothelial cell biology. We were able to confirm that testisin is expressed in the 

microvasculature (HMVEC-d and HMEC-1) through western blot and qPCR. Testisin was 

initially described, by RT-PCR, as being expressed in HMVEC-d cells but not HUVEC 

cells [51]. Interestingly, and in disagreement with the original characterization of 

endothelial testisin, testisin was found to be expressed in our HUVEC cells at levels similar 

to the microvascular cells. The first assay to investigate the effect of testisin on endothelial 

function was the Matrigel-based tube formation assay. Knockdown of testisin resulted in a 
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significant defect in the ability of HMEC-1 cells to reorganize and form tube-like 

structures. This phenotype was observed in regular, and growth-factor reduced Matrigel. 

Time-lapse imagery of the tube formation assay seemed to indicate that the testisin 

knockdown cells did not migrate or did not migrate as fast as the controls. The possibility 

that this was a result of being replated on Matrigel was investigated and found to not be an 

issue. It was theorized that failure to reorganize could be the result of a lack of PAR2 

activation in the absence of testisin. PAR2 activation has been shown to induce migration 

and influence the expression of VE-cadherin [102, 115]. Tube formation assays were 

repeated in the presence of PAR2 activating peptide, following testisin knockdown. These 

activating peptide treatments did not however produce a significant change in the testisin 

knockdown cultures regarding the tube formation assay. Preliminary work has suggested 

that a lack of PAR2 signaling may be the result of an absence of the receptor itself. Through 

preliminary flow cytometry analysis, we have seen an indication that levels of PAR2 are 

decreased in total, and potentially at the cell surface as well. Activation of PAR2 is an 

irreversible process that has been shown to initiate cytoplasmic phosphorylation and a 

following canonical internalization based on dynamin, clathrin and β-arrestin [116]. 

Furthermore, internalization of PAR2 typically results in lysosomal degradation. Since a 

loss of testisin agonism might be expected to result in a decrease in PAR2 activation, 

internalization, and degradation; loss of PAR2 may be the result of an overcompensation 

in the expression or activation of another protease. This however remains to be determined. 

The failure in tube formation can be directly tied to the loss of VE-cadherin since it has 

been shown, through blocking antibodies, to be required for tube formation in vitro [117].  
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To investigate the possibility that cell motility might be contributing to the tube 

formation assay phenotype we performed various migration assays. In repeated scratch 

wound assays we found that testisin knockdown resulted in significantly lower rates of gap 

closure. In watching the time lapse imaging, of the scratch assay, it appeared that the 

testisin knockdown cells did move but in random directions. In retrospect, it is interesting 

that, given our finding that testisin knockdown results in a decrease in VE-cadherin, the 

cells did not migrate faster. Loss of VE-cadherin has been shown to increase cell motility 

while also decreasing directional migration [118]. Given that the time-lapse images were 

taken at 20 min intervals, we might have missed the faster moving knockdown cells that 

were simply moving back and forth. In future work it would be worthwhile to investigate 

this by imaging at much shorter intervals and using cell tracking software to calculate 

parameters such as cell velocity, directionality, and total migration.  

 In addition to phenotypical changes that were observed with testisin knockdown in 

endothelial cells, we also observed changes in their morphology. To determine what effect 

this might have on barrier formation we performed permeability assays in transwells. Not 

surprisingly, the macromolecular permeability was significantly higher in the testisin 

knockdown transwells. Transwells were stained for VE-cadherin and β-catenin to better 

visualize the cell junctions. What we discovered was that there was consistently less VE-

cadherin staining overall with testisin depletion. This was confirmed by western blot and 

it was also determined that the knock down cultures had more phospho-VE-cadherin. 

Without the inability to form proper adherens junctions the endothelial cells are like those 

in the beginning stages of angiogenesis, when VEGF stimulates the phosphorylation and 

internalization of VE-cadherin [119]. In fact, it has demonstrated that VE-cadherin is 
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essential for proper vascular development and its absence results in embryonic lethality 

[120].  

Testisin knockout mice were used to investigate what effect testisin, or its absence, 

might have on the angiogenic process. Vascularization of the corpus luteum was selected 

as our model since it is both a natural physiological response while also experiencing 

angiogenic rates comparable to fast growing tumors. A hemorrhagic phenotype quickly 

emerged during our time course analysis. Although it is normal to have some bleeding 

following ovulation, the testisin knockout mice experienced a greater number of 

hemorrhages and to a greater severity. Using Evans blue dye injections, we were able to 

determine that the knockout ovaries had significantly more permeable ovarian vasculature 

at 24 hours post hCG injection. Staining of tissue for VE-cadherin did show differences in 

expression within the newly forming corpus lutea, with testisin knockout mice having less.  

Beyond our inability to conclusively say that endothelial testisin was the cause of the 

hemorrhagic phenotype, the study also lacked a mechanism by which testisin expression 

influences the expression or internalization of VE-cadherin. Based on the comparable VE-

cadherin staining of existing vasculature, it would seem more likely that there is increased 

internalization and degradation during the early stages of angiogenesis, almost like an 

overreaction to VEGF. VE-cadherin has been shown to be degraded both in lysosomes and 

the proteosome [121]. Use of lysosomal or proteasomal inhibitors, such as chloroquine and 

MG-132, would likely provide further insight into testisin’s role and potentially attenuate 

some of the phenotypic alterations in its absence. It would also be interesting to further 

explore PAR2 signaling, as it relates to VE-cadherin following testisin knockdown, and 

whether levels of HDAC11 are increased, as has been described with PAR2 activation 
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[102]. Increased HDAC11 expression was described as resulting in lower levels of ERG 

expression and decreased VE-cadherin promoter activity. Future work should focus on 

casting a broad net to determine which endothelial signaling pathways are perturbed in the 

absence of testisin expression, preferably in an endothelial specific knockout model. The 

corpus luteum model seemed to provide robust data and consistent results among 

experiments. I would use this model to generate tissue for analysis by either RNAseq or 

microarray analysis. This alone will not answer all the questions given the rapid turnover 

and modification of proteins during angiogenesis. Antibody arrays should be employed to 

survey the proteome, starting with angiogenesis and kinase panels.   

In conclusion, this work demonstrates a functional role for testisin in endothelial 

cells in vitro through the modulation of cell adherens junctions because of increased 

phospho-VE-cadherin and overall decreases in total VE-cadherin. We have also discovered 

a novel hemorrhagic phenotype associated with testisin knockout in vivo. The in vivo data 

also show an overall decrease in total VE-cadherin, but only during the early phase of 

angiogenesis. These data should provide a solid foundation for future investigations of 

endothelial testisin.  
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7 Appendix 

7.1 Nucleotide sequences 

Testisin is highlighted in yellow 

Ubiquitin is highlighted in green 

6xHis is highlighted in blue 

Flag tag is highlighted in magenta 

Activation domain mutation is highlighted in red 

>pET22b-Testisin-Flag-6xHis 

ATGAAGCCGGAATCGCAGGAGGCGGCGCCGTTATCAGGACCATGCGGC

CGACGGGTCATCACGTCGCGCATCGTGGGTGGAGAGGACGCCGAACTCG

GGCGTTGGCCGTGGCAGGGGAGCCTGCGCCTGTGGGATTCCCACGTATGC

GGAGTGAGCCTGCTCAGCCACCGCTGGGCACTCACGGCGGCGCACTGCTT

TGAAACCTATAGTGACCTTAGTGATCCCTCCGGGTGGATGGTCCAGTTTG

GCCAGCTGACTTCCATGCCATCCTTCTGGAGCCTGCAGGCCTACTACACCC

GTTACTTTGTATCGAATATCTATCTGAGCCCTCGCTACCTGGGGAATTCAC

CCTATGACATTGCCTTGGTGAAGCTGTCTGCACCTGTCACCTACACTAAAC

ACATCCAGCCCATCTGTCTCCAGGCCTCCACATTTGAGTTTGAGAACCGG

ACAGACTGCTGGGTGACTGGCTGGGGGTACATCAAAGAGGATGAGGCAC

TGCCATCTCCCCACACCCTCCAGGAAGTTCAGGTCGCCATCATAAACAAC

TCTATGTGCAACCACCTCTTCCTCAAGTACAGTTTCCGCAAGGACATCTTT

GGAGACATGGTTTGTGCTGGCAATGCCCAAGGCGGGAAGGATGCCTGCTT
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CGGTGACTCAGGTGGACCCTTGGCCTGTAACAAGAATGGACTGTGGTATC

AGATTGGAGTCGTGAGCTGGGGAGTGGGCTGTGGTCGGCCCAATCGGCCC

GGTGTCTACACCAATATCAGCCACCACTTTGAGTGGATCCAGAAGCTGAT

GGCCCAGAGTGGCATGTCCCAGCCAGACCCCTCCTGGAATGATTATAAA

GATGACGATGACAAATGTCTCGAGCACCACCACCACCACCACTGA 
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>6XHis-Ub-PRSS21 

atcgCATATGATGCATCACCATCACCATCACATGCAAATCTTCGTGAAGACA

CTCACTGGCAAGACCATCACCCTTGAGGTCGAGCCCAGTGACACtATCGA

GAACGTCAAAGCAAAGATCCAGGACAAGGAAGGCATTCCTCCTGACCAG

CAGAGGTTGATCTTTGCCGGAAAGCAGCTGGAAGATGGGCGCACCCTGTC

TGACTACAACATCCAGAAAGAGTCTACCCTGCACCTGGTGCTCCGTCTCA

GAGGAGGTAAGCCGGAATCGCAGGAGGCGGCGCCGTTATCAGGACCATG

CGGCCGACGGGTCATCACGTCGCGCATCGTGGGTGGAGAGGACGCCGAA

CTCGGGCGTTGGCCGTGGCAGGGGAGCCTGCGCCTGTGGGATTCCCACGT

ATGCGGAGTGAGCCTGCTCAGCCACCGCTGGGCACTCACGGCGGCGCACT

GCTTTGAAACCTATAGTGACCTTAGTGATCCCTCCGGGTGGATGGTCCAGT

TTGGCCAGCTGACTTCCATGCCATCCTTCTGGAGCCTGCAGGCCTACTACA

CCCGTTACTTTGTATCGAATATCTATCTGAGCCCTCGCTACCTGGGGAATT

CACCCTATGACATTGCCTTGGTGAAGCTGTCTGCACCTGTCACCTACACTA

AACACATCCAGCCCATCTGTCTCCAGGCCTCCACATTTGAGTTTGAGAAC

CGGACAGACTGCTGGGTGACTGGCTGGGGGTACATCAAAGAGGATGAGG

CACTGCCATCTCCCCACACCCTCCAGGAAGTTCAGGTCGCCATCATAAAC

AACTCTATGTGCAACCACCTCTTCCTCAAGTACAGTTTCCGCAAGGACATC

TTTGGAGACATGGTTTGTGCTGGCAATGCCCAAGGCGGGAAGGATGCCTG

CTTCGGTGACTCAGGTGGACCCTTGGCCTGTAACAAGAATGGACTGTGGT

ATCAGATTGGAGTCGTGAGCTGGGGAGTGGGCTGTGGTCGGCCCAATCGG

CCCGGTGTCTACACCAATATCAGCCACCACTTTGAGTGGATCCAGAAGCT

GATGGCCCAGAGTGACTACAAGGATGACGATGACAAGTAActcgagac 
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>6XHis-Ub-PRSS21 AD mut 

atcgCATATGATGCATCACCATCACCATCACATGCAAATCTTCGTGAAGACA

CTCACTGGCAAGACCATCACCCTTGAGGTCGAGCCCAGTGACACtATCGA

GAACGTCAAAGCAAAGATCCAGGACAAGGAAGGCATTCCTCCTGACCAG

CAGAGGTTGATCTTTGCCGGAAAGCAGCTGGAAGATGGGCGCACCCTGTC

TGACTACAACATCCAGAAAGAGTCTACCCTGCACCTGGTGCTCCGTCTCA

GAGGAGGTAAGCCGGAATCGCAGGAGGCGGCGCCGTTATCAGGACCATG

CGGCCGACGAGACGATGACGATAAGATCGTGGGTGGAGAGGACGCCGAA

CTCGGGCGTTGGCCGTGGCAGGGGAGCCTGCGCCTGTGGGATTCCCACGT

ATGCGGAGTGAGCCTGCTCAGCCACCGCTGGGCACTCACGGCGGCGCACT

GCTTTGAAACCTATAGTGACCTTAGTGATCCCTCCGGGTGGATGGTCCAGT

TTGGCCAGCTGACTTCCATGCCATCCTTCTGGAGCCTGCAGGCCTACTACA

CCCGTTACTTTGTATCGAATATCTATCTGAGCCCTCGCTACCTGGGGAATT

CACCCTATGACATTGCCTTGGTGAAGCTGTCTGCACCTGTCACCTACACTA

AACACATCCAGCCCATCTGTCTCCAGGCCTCCACATTTGAGTTTGAGAAC

CGGACAGACTGCTGGGTGACTGGCTGGGGGTACATCAAAGAGGATGAGG

CACTGCCATCTCCCCACACCCTCCAGGAAGTTCAGGTCGCCATCATAAAC

AACTCTATGTGCAACCACCTCTTCCTCAAGTACAGTTTCCGCAAGGACATC

TTTGGAGACATGGTTTGTGCTGGCAATGCCCAAGGCGGGAAGGATGCCTG

CTTCGGTGACTCAGGTGGACCCTTGGCCTGTAACAAGAATGGACTGTGGT

ATCAGATTGGAGTCGTGAGCTGGGGAGTGGGCTGTGGTCGGCCCAATCGG

CCCGGTGTCTACACCAATATCAGCCACCACTTTGAGTGGATCCAGAAGCT

GATGGCCCAGAGTGACTACAAGGATGACGATGACAAGTAActcgagac 



118 

7.2 Primers  

Name Sequence 5' - 3' 

1/6xHIS-UB/NdeI/F 

atcgCATATGCATCACCATCACCATCACATGCAA

ATCTTCGTGAAGACACTCACTG 

5/UB-PRSS21/R 

GATTCCGGCTTACCTCCTCTGAGACGGAGCACC

AGG 

6/UB-PRSS21/F 

TCTCAGAGGAGGTAAGCCGGAATCGCAGGAG

G 

7/PRSS21-Flag/XhoI/R 

gtCTCGAGTTATTACTTGTCATCGTCATCCTTGT

AGTCACTCTGGGCCATCAGCTTCTGG 

10/PRSS21_mut/F ATCGTGGGTGGAGAGGACGC 

11/PRSS21_mut/R CTTATCGTCATCGTCTCGTCGGCCGCATGGTC 

mTestisin forward (F4) AACCTTGCTCAACCGCCGC 

mTestisin WT reverse (R3) TGGGGCTCAGGAAAATATCT 

mTestisin KO reverse 

(LAR3) 

CACAACGGGTTCTTCTGTTAGTTC 
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7.3 Testisin production and purification protocol 

Day 1 

1. Transform pET22b constructs into BL21(DE3) cells. A fresh transformation is 

optimal for maximum protein expression. 

a. Thaw plasmids and vectors on ice 

b. Warm LB + Amp with 1% Dextrose plates in 37°C incubator 

c. Mix 100 ng of plasmid and 50 µl of competent cells in a pre-chilled tube 

and incubate on ice for 20 min. 

d. Heat-shock at 42°C for 30sec and return to ice for 2 min. 

e. Add 200 µl of RT SOC and incubate at 37°C for 20-30 min (shaking at 225 

rpm) 

f. Plate 50-100 µl by streaking out 

2. Incubate plate (agar on top) overnight at 37°C 

Day 2 

1. Autoclave 2 of 2L bottle flasks with 2XYT (18.6g in 600ml H2O) 

2. Autoclave 250 mL LB (5g in 250 mL) 

3. Autoclave 250 ml of 50% dextrose solution 

4. Prepare several ml of 100mg/ml Ampicillin (1000X) 

5. Start overnight cultures 
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a. Pick colonies with a pipette tip and inject the tip into a 15ml round bottom 

tube containing 3ml of LB+100 µg/ml ampicillin and 1% dextrose 

b. Make sure the cap is loose 

c. Incubate cultures overnight at 37°C with shaking at 250 rpm. 

Day 3  

1) Prepare induction media: 

a) Add 12 ml of dextrose solution (50%) to each 2 l flask with 600 ml of 2XYT 

media for a 1% final concentration.  

b) Add 600 µl of 100mg/ml ampicillin solution to each flask.  

2) Inoculate each flask with 2.5 ml of overnight culture and incubate at 37°C with 

shaking at 250 rpm.  

3) Measure OD600 3 hours post inoculation and calculate time till an OD600 of 2.5-

3.0 based on a doubling time of 20 min. 

4) When the culture reaches an OD600 of 2.5-3.0 place on ice for 15 min and then 

add IPTG (1M) to a final concentration of 0.5 mM. 

a) Prior to adding IPTG, reserve a sample for SDS-PAGE analysis. 

5) Incubate cultures overnight at 20°C (18-24h) with shaking 250+RPM in baffled 

flasks. 

Day 4 

1) Centrifuge culture (~1.2 l) for 30min at 4000xG (4°C) and discard media. 
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2) Resuspend pellets in 25ml ice cold PBS, final volume ~35ml, and transfer to a 

50 ml conical tube. Centrifuge resuspended pellet for 15 min at 4000xG (4°C) 

and discard supernatant. 

3) Pellet can be used immediately for lysis and refolding or stored at -80°C for 

future use. 

Day 5 

1. Weigh the bacterial pellet (from 1L of culture) and resuspend it in 25mL 

Bacterial Lysis Buffer. 

***Just before use add 1:100 PIC (proteinase inhibitor cocktail), 1mM 

Benzamidine, 1mM PMSF. 

Bacterial Lysis Buffer (1L): 50mM Tris-HCl pH8, 300mM NaCl, 10mM 

Imidazole 

1mM Benzamidine from 1M stock (156.61 mg/mL) 

1mM PMSF from 200mM stock 

2. Sonicate on method 1 (15 sec on and 15 sec off) for 75 sec. 

*** Be sure to keep sample cold. 

3. Spin down lysate at 15000xG for 20 minutes at 40C. 

4. Decant supernatant, which is the soluble fraction. 

5. Wash the pellet with 20ml IB Wash Buffer for 3 times. 

***vortex, spin at 15000xG for 10 min at 40C for each wash. 
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Inclusion Body (IB) Wash Buffer (1L): 20mM Tris-HCl pH8, 1% Triton X-

100, 10mM EDTA.  

6. Solubilize IB pellet in 15ml IB (EKL) Solubilization Buffer, vortex. 

IB (EKL) Solubilization Buffer (0.5L): 100mM Tris-HCl pH8.6, 1mM EDTA, 

6M Guanidine-HCl.  

***Just before use add 300µl 1M DTT to 14.7 ml of solubilization buffer (final 

concentration of DTT=20mM). 

1M DTT= 154.25 mg/mL 

7. Mix on nutator for 15 min in the cold room. 

8. Spin at 18000xG for 20 min at 40C. 

9. Decant supernatant which is IB fraction into 3 conical. Process one and freeze 

the other two at -800C. 

Day 6 

1. Dialyze IB fraction using 12-14kDa cut-off dialysis membrane against 2L 3M 

guanidine HCl pH2.5 at room temperature (2x2 hours). 

2. Dialyze against 3L 3M guanidine HCl pH8 at 40C overnight. 

3. Spin dialyzed sample at 4000xG at 40C for 10 minutes to remove any ppt. 

4. Drip into 400mL of 0.7M L-Arginine-HCl pH 8.6, 5mM GSH (reduced) and 

0.5mM GSSG (oxidized) and continue to stir for 48-120 hours. 

5. Test activity after 48-120 hours. 
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6. Check concentration by Bradford and test activity. 

STOCK SOLUTIONS: 

6M Guanidine-HCl 

Formula Weight: 95.53 g/mol soluble in H2O 

1432.95 gr Guanidine HCL in 2.5L H2O 

1M Benzamidine (B6506) 

Formula Weight: 156.61 g/mol soluble in H2O 

156.61mg in 1mL H2O 

1M DTT (D0632) 

Formula Weight: 154.25 g/mol soluble in H2O 

154.25mg in 1mL H2O 
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