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Abstract 

Detection of MT-SP1 Activity Using Antibody-Based Probes 

Molly Rose Darragh 

 

Cancer is a disease which develops as the result of many negative changes in the biology 

of otherwise healthy tissue. Non-invasive imaging of aberrant, tumor-associated 

molecules or processes can be used to isolate and characterize the malignancy, but first 

one must identify those characteristics which differentiate normal and cancerous tissues.  

Proteases are associated with cancer growth and progression and are often considered in 

the search for biomarkers to be used in tumor detection and evaluation. Membrane-Type 

Serine Protease 1 (MT-SP1) is a membrane anchored protease which is upregulated in 

epithelial cancers. A dysregulation in MT-SP1/matriptase levels with respect to its 

cognate inhibitor hepatocyte growth factor activator inhibitor-1 [HAI-1] suggests that it is 

an increase in proteolytic activity that significantly differentiates malignant from normal 

tissue. The Craik lab has developed antibodies which bind to and inhibit MT-SP1, but the 

utility of these probes, and of MT-SP1 activity as a cancer-associated biomarker, has yet 

to be established. Here we show that these antibodies inhibit the full-length protein on the 

surface of cancer cells and that they may be functionalized for imaging of this activity in 

vivo. The antibodies were first used to target and inhibit MT-SP1 on human cancer cell 

lines which express MT-SP1 mRNA. This activity was then targeted in vivo using 

xenograft mouse models of cancer. It was found that the antibodies preferentially localize 

to tumors which express MT-SP1, suggesting that MT-SP1 activity is a novel biomarker 

for epithelial cancer and these antibodies provide a non-invasive method for detecting 

this activity in vivo. 
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CHAPTER 1: Introduction to membrane-type serine protease 1 (MT-SP1) 

and its implications in cancer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

 Type II transmembrane serine proteases (TTSPs) are a family of membrane 

anchored, extracellularly active proteases with diverse roles in biology (1). One of the 

most well-studied members of this family is membrane-type serine protease 1 (MT-SP1), 

also referred to as matriptase, TADG-15, PRSS14, SNC19, prostamin and gene ST14 (2-

8). Widely expressed in epithelial tissues, MT-SP1 has roles both in tissue development 

and in cancer growth and progression. Because of its connection to disease, there is much 

interest in studying MT-SP1 as a therapeutic and/or diagnostic target and in the 

development of tools with which to study this enzyme in vivo.  

Like other members of the TTSP family, MT-SP1 is a mosaic protein; it consists 

of a short intracellular N-terminal domain followed by a transmembrane domain, a SEA 

domain, two CUB domains, four LDLR domains and the C-terminal trypsin-fold serine 

protease domain (9). The role of the small intracellular domain is unclear, though there is 

evidence to suggest that it might interact with the cytoskeleton to regulate localization of 

MT-SP1 on the cell surface (10, 11). Experimental evidence suggests that the remaining 

noncatalytic domains (SEA, CUB, LDLR) likely function in protein-protein interactions 

necessary for localization, activation, and inhibition (9, 12, 13). MT-SP1 is activated by 

cleavage at Arg
614

 with the catalytic domain remaining attached to the upstream domains 

via a disulfide bond (14).  

 Like the related protease trypsin, MT-SP1 exhibits pronounced specificity for 

substrates with an arginine or lysine at the P1 position. However, unlike trypsin, which 

shows very little discrimination in the extended binding pockets, MT-SP1 has an 

extended specificity profile that can be well defined. A positional-scanning synthetic 

combinatorial library (PS-SCL) and a substrate phage library were used to establish the 
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preferred cleavage sequences (P4-P3-P2-P1—P1’) of R/K-X-S-R—A and X-R/K-S-R—A, 

where X is a non-basic amino acid (15). Interestingly, this correlates well with the 

activation cleavage sequence of MT-SP1 itself, which is R-Q-A-R--V, and indeed MT-

SP1 is able to autoactivate both in solution and in the membrane-bound form (2, 12, 13).  

 Much work has been done to show that MT-SP1 plays an important role in the 

development of many epithelial tissues including skin, hair follicles, oral epithelium, 

placenta, neural tubes, and in the gastrointestinal tract (16-20). MT-SP1 knock out mice 

are unable to survive outside of the womb due to incomplete epidermal barrier formation 

(16). In humans, a mutation which likely reduces (but does not abrogate) the activity of 

the enzyme is responsible for skin abnormalities in the form of ichthyosis and thin, brittle 

hair (21, 22). MT-SP1 is co-expressed with its cognate inhibitor, hepatocyte growth 

factor activator inhibitor 1 (HAI-1), and the deletion of this protein in mice also has lethal 

consequences (23). Clearly, the regulation of MT-SP1 activity is critical during 

development. 

MT-SP1 as a Biomarker for Cancer  

What makes MT-SP1 an interesting subject from an oncological standpoint, 

however, is its proposed roles in cancer-promoting pathways. Originally isolated from 

human cancer cells, MT-SP1 has since been shown to be upregulated at the mRNA and 

protein levels in many epithelial cancers, from ovarian and prostate to colon, cervical, 

and breast cancer, among others. In some cases this upregulation can be correlated to 

cancer stage (6, 7, 24-31). Additionally, it has been found that some of these cancers can 

be characterized by a decrease in the expression of HAI-1, suggesting that an increase in 

protease activity, rather than overall protein levels, is a distinguishing factor between 
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healthy and malignant cells (32, 33). Even modest overexpression of MT-SP1 in the skin 

of mice is enough to induce spontaneous squamous cell carcinoma, and this effect can be 

reversed with co-overexpression of HAI-1 (34). MT-SP1 has been shown to be able to 

cleave multiple cancer-promoting substrates as outlined in Chapter 2, so it is very likely 

that the proteolytic activity plays a significant role in cancer growth and progression. For 

this reason, a method to target this activity is of interest both for detection and from a 

therapeutic standpoint.  

Molecular Imaging and Cancer 

 In recent years much focus has been directed towards molecular imaging of 

cancer through the use of tumor-associated biomarker molecules. While standard 

anatomical imaging can provide basic information about tumor size and location, non-

invasive detection of physiological characteristics of the tumor may provide an extra 

dimension of information which can be used to further classify a patient or direct therapy. 

This personalized approach to diagnosis is key to treating a patient quickly and 

effectively while avoiding the undesirable side effects and toxicity of inappropriate 

therapy.  

 Molecular imaging can be used to rapidly assess patient response during a 

therapeutic regimen, or to look for recurrence in previously treated patients. By attaching 

imaging tracers to approved chemotherapeutic agents, molecular imaging may also be 

used to assess their biodistribution in prospective patients - looking for localization as 

well as any interactions with off-target tissue (35). All in all, molecular imaging has the 

potential to greatly improve the way we look at cancer, and it success depends on finding 

new and effective ways to specifically target tumors in vivo.   
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When looking for new biomarker/probe pairs for use in molecular imaging, there 

are many factors to consider. Three key areas of optimization are depicted as axes in 

Figure 1-1A, and how both the biomarker and the probe may be chosen to satisfy these 

requirements are shown in figure 1-1B (36). In order to specifically target, and clearly 

detect malignant tissue in vivo, it is critical to obtain the highest signal-to-noise ratio as 

possible. This can be achieved by choosing targets which are expressed only in malignant 

tissue and probes which bind specifically to the target with little non-specific binding 

elsewhere. Efficient molecular targeting also requires a large number of biomarker 

molecules per cell (here the maximum number of binding sites, or Bmax) and probes 

which will bind to the target with enough affinity (usually a KD less than or equal to 

nanomoles per liter) to remain at the malignant tissue while imaging or therapy is carried 

out. Probes pharmacokinetics in vivo must also be optimized to get ideal biodistribution. 

As all of these parameters are optimized one obtains a new system for molecular 

detection. Returning to the idea of tumor characterization, it is an added bonus if the 

biomarker can be connected to patient prognosis or likelihood of response to a particular 

therapy.  

Because of its close connection to cancer, active MT-SP1 shows potential as a 

biomarker for molecular imaging. Protein and/or mRNA levels increase five to 800-fold 

in cancerous versus healthy tissue, and a recent connection to metastasis suggests it may 

have value as a prognostic marker (37-39). From a basic science perspective, the 

deleterious consequences of both up- and down-regulation of MT-SP1 and its inhibitor 

point out the need for a tool to directly study the localization and temporal regulation of 

MT-SP1 activity in cancer. By developing probes which bind to and inhibit MT-SP1, we 
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may also be able to evaluate the consequences of inhibiting this activity in vivo. In the 

chapters that follow, we describe two new tools which specifically bind to and inhibit 

active MT-SP1, and demonstrate that MT-SP1 activity may be targeted as a novel method 

for cancer detection both in cell culture and in vivo.  
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Figure 1-1 Schematic of the factors involved in selecting new biomarkers and probes for 

molecular imaging of disease. (a) Obtaining an ideal system for targeting malignant 

tissue for detection or therapy requires optimization in three areas. One, the highest 

signal-to-noise (purple) ratio must be achieved. Two, the probe must have feasible 

pharmacokinetics in vivo (green) such that the malignant tissue will be reached in a 

reasonable amount of time while non-specific background signal is cleared. Three, in 

orange, the biomarker must be present in high levels (maximum number of binding sites 

per cell, or Bmax)  and the probe must bind to it with reasonable affinity (KD). All of these 

factors must be considered when choosing both a biomarker and a probe. Desirable 

qualities for each are listed in Figure 1b, and how each of these qualities improves the 

targeted therapeutic are color coded to correspond to the axes in Figure 1a. Though the 

goal is to find targets for detection of malignant tissue, further information can be gained 

if the biomarker can be correlated to patient stage, prognosis, or response to therapy. This 

“bonus” quality is also listed as a factor to consider when selecting the biomarker.  
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Figure 1-1 
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Abstract 

MT-SP1 is a type II transmembrane serine protease implicated in a range of human 

cancers including those of the breast, cervix, ovaries, prostate, colon and gastrointestinal 

tract. Mouse models have shown it to be critical for proper epidermal development and 

postnatal survival. However, the role of this enzyme in normal and malignant biology has 

not yet been fully elucidated. Several groups have identified putative substrates of MT-

SP1 in an effort to understand the possible biological processes in which this protease 

may be involved. Methods for substrate identification include comparing known protein 

cleavage sequences with MT-SP1 specificity data, in vitro cleavage assays, examining 

genetic microarrays for enzyme/substrate coexpression, immunohistochemistry for 

colocalization, and a variety of phenotypic observations using cell culture and mouse 

models. Given the inherent limitations of each individual method, substrate plausibility is 

best substantiated using a combination of experimental approaches. Here we review MT-

SP1 substrates identified to date and the possible physiological implications of substrate 

cleavage in cell-microenvironment interactions. This data indicates that MT-SP1 is 

capable of playing roles in growth factor activation, receptor activation and inactivation, 

protease activation, and ectodomain shedding. We also present for the first time evidence 

that vascular endothelial growth factor receptor 2 (VEGFR-2) is a substrate for MT-SP1.  
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Introduction 

 Proteolysis is a critical step in many biological processes from protein 

degradation to viral maturation and cell cycle regulation (1-3).  Proteases often mediate 

these processes by cleaving proteins involved in signaling pathways. The high 

processivity of proteases makes them well suited to amplify signals within a pathway, as 

in angiogenesis or the blood coagulation cascade (4-6). Unlike some enzyme pairs, such 

as the kinase/phosphatases, proteases are not paired with protein ligases. Proteolysis is 

thus often a “one way” signaling event that must be regulated by protein expression, 

localization, activation and inhibition. This rapid, tunable, and irreversible method of 

protein modification allows cells to regulate a number of degradative processes and 

signaling pathways.  

Spatial distribution and confinement of proteases ensures that the correct signals 

are processed in the correct environment. Proteolysis which is localized to the cell surface 

is of particular interest in that it can be crucial in orchestrating cell-environment 

interactions (7). This may include cellular responses to the environment, as when growth 

factors and/or receptors are modified extracellularly to initiate intracellular signaling, or it 

may be used to modify the environment in response to cellular signals, such as 

extracellular matrix (ECM) degradation. 

Understanding pericellular proteolysis requires both the identification of proteases 

that are active at the junction between intra- and extracellular regions and the subsequent 

elucidation of their biological roles within an organism. Membrane-Type Serine Protease 

1 (MT-SP1) is a type-two transmembrane serine protease (TTSP) which is active on the 

surface of a broad range of epithelial cells and thus may be important in regulating 
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signaling across the cell membrane (8-10). MT-SP1 is coexpressed and colocalized with 

its cognate inhibitor hepatocyte growth factor activator inhibitor 1 (HAI-1), suggesting a 

system for activity modulation (11-13). Its ability to autoactivate also allows for the 

possibility that MT-SP1 plays an initiating role in those pathways in which it is involved 

(14). These characteristics, combined with its high activity and narrow specificity, make 

MT-SP1 a likely candidate for regulation of information trafficking across the cell 

surface. The possible significance of MT-SP1 as a signaling protease is also supported by 

evidence indicating that its activity is important both for normal development and cancer-

promoting processes (15, 16).  As a result, there is growing interest in MT-SP1 and its 

role in pericellular proteolysis.  

 Multiple experiments indicate that MT-SP1 is involved in processes related to 

normal and malignant development. Transcript quantitation and immunohistochemistry 

have shown that MT-SP1 is upregulated at the mRNA and protein level in a number of 

cancers, and in some cases can be correlated with cancer stage (12, 16-25). Small 

molecule and anti-sense inhibition of MT-SP1 in cell culture and xenograft mouse 

models suggest that MT-SP1 activity may be important in tumor growth and invasion 

(26, 27). Upregulation of MT-SP1 in skin is also sufficient to induce spontaneous tumor 

formation and carcinogen-induced squamous cell carcinoma, further suggesting 

oncogenic potential (28). MT-SP1 also appears to play a role in embryologic 

development. Null mice showed impaired development of the hair follicles and immune 

system and were unable to survive 48 hours past birth due to rapid dehydration through 

an abnormally-formed epidermal barrier (15). When the endogenous MT-SP1 inhibitor 

HAI-1 was deleted in mice, the placenta failed to develop properly. In a double HAI-
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1/MT-SP1 knock out, however, normal placenta development was restored and the 

mouse instead displayed only those abnormalities observed in the MT-SP1 deletion, thus 

suggesting that unregulated MT-SP1 activity was responsible for placental defects (13).   

MT-SP1 activity and regulation appears to have important implications in both 

healthy and disease states; however, the precise role of MT-SP1 at the molecular level is 

still unclear. Assembling the most complete „molecular picture‟ requires an 

understanding of the various roles a protease plays in vivo. One important step in 

studying proteases and their biological pathways is to identify possible substrate proteins. 

While enzyme/substrate relationships established in the laboratory may not always 

translate directly to the in vivo setting, the identification of possible pathways can help 

elucidate the roles that MT-SP1 is capable of playing at the cell-environment interface. 

Combined with data taken from organisms, this information may help support hypothesis 

regarding the role of the protease in vivo.  Several groups have studied MT-SP1 in this 

fashion, and have found that it is capable of participating in a variety of signaling 

pathways important for both normal and malignant cellular function. 

MT-SP1 and Substrates 

Identifying Putative Substrates 

Currently, eight different proteins have been identified as possible MT-SP1 

substrates using a combination of experimental methods. All candidates were initially 

selected based on the observation that they are cleaved at the cell membrane, and usually 

the cleavage was attributed to some unknown serine protease. A positional-scanning 

synthetic combinatorial library (PS-SCL) and a substrate phage library were used to 

establish the preferred cleavage sequences (P4-P3-P2-P1—P1‟) of R/K-X-S-R—A and X-
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R/K-S-R—A, where X is a non-basic amino acid (29). Information about residues at the 

endogenous cleavage site of the protein was taken into account in evaluating it as a 

possible substrate of MT-SP1. Purified MT-SP1 was used to demonstrate substrate 

cleavage in solution. Additional experiments such as phenotypic assays, zymograms and 

immunoprecipitation were often used to further suggest an in vivo association with MT-

SP1 (30-33).  

 Most recently, microarray analysis of coexpression has been used to predict 

previously undescribed substrates (30). This approach is based on the observation that 

components of the same metabolic pathways may be coexpressed in a coordinated 

fashion to maintain proper ratios of pathway components (34, 35). Tissue and cell 

samples were used to calculate correlation coefficients for coexpression of MT-SP1 with 

described and predicted substrates, HAI-1 and common cancer markers. While 

coexpression may not always be observed, possibly due to different tissues of origin or 

inherently low expression levels of either component, tightly positive correlations can be 

an additional tool in evaluating enzyme/substrate relationships.  

In this case, the authors were able to support previously identified relationships 

between MT-SP1 and certain putative substrates. They were also able to propose a new 

potential substrate for MT-SP1 based on coexpression data (30). This is the first use of 

this technology to identify a previously undescribed protein/protein interaction.  

The eight putative substrates identified to date are summarized in Table 2-1. 

Cleavage of these proteins has widespread physiological implications and indicates that 

MT-SP1 can function as an activator of other proteases, receptors, growth factors and as a 
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sheddase. Though the exact role of MT-SP1 in vivo is still unknown, these data suggest 

that it is capable of participating in a wide variety of pathways. 

Protease Activation 

 In addition to its ability to autoactivate, MT-SP1 has been shown to activate two 

proteases important in development and extracellular remodeling. One of the first 

proteins identified as being capable of being activated by MT-SP1 was urokinase-type 

plasminogen activator (uPA). uPA is a serine protease that can be localized to the cell 

surface by means of its endogenous receptor, where it is activated by other serine 

proteases. Upon activation, uPA activates plasmin, another serine protease. These two 

proteases are important for a variety of processes including ECM degradation, MMP 

activation, and growth factor release (36-39). uPA was initially suggested as a candidate 

substrate for MT-SP1 based on its activation proximal to epithelial cells and cleavage 

sequence (P4-P1) of P-R-F-K (29, 36, 40). Early experiments showed that MT-SP1 is 

indeed capable of cleaving single chain uPA (sc-uPA) and converting it into the two-

chain active form in solution. Physiological relevance of this cleavage was suggested in 

2004 when Suzuki et al showed that MT-SP1 is capable of activating receptor-bound sc-

uPA on the surface of ovarian cancer cells, and that decreasing MT-SP1 levels using anti-

sense transfection effectively decreased uPA activation without affecting its expression. 

Physiologically, it was also noted that the MT-SP1-deficient cells suffer a decreased 

ability to invade an extracellular matrix layer (27).  It is known that the activated form of 

the uPA substrate plasminogen is able to activate uPA itself. This activity-dependent 

feedback loop results in slow initial activation of uPA on the cell surface in the absence 

of activation by an alternate protease. Kilpatrick, et al used two monocytic cell lines, one 



19 

 

with rapid uPA activation, and another with the characteristic initial lag phase of slow 

uPA activation, to show that changes in levels of MT-SP1 expression correlate with 

plasmin-independent activation of uPAR-bound uPA (41). Active uPA is necessary not 

only for normal cell responses in tissue remodeling and inflammation, but it is also 

important for cancer invasion, metastasis and ECM degradation (42). Increased levels of 

uPA have also been shown to correlate with malignant phenotype and invasive potential 

in cancer (43-45). MT-SP1 and uPA are significantly coexpressed in both normal and 

some cancerous tissues (30). There is little doubt that the activation and regulation of this 

enzyme is important for a variety of cell responses and it appears that MT-SP1 is capable 

of regulating this activity.  

 Prostasin, a GPI-anchored serine protease, was first proposed to interact with MT-

SP1 when the deletion of prostasin in mice showed identical phenotypic deformations in 

the thymus, hair follicles and stratum corneum (15, 32, 33, 46). Investigation into the 

temporal and spatial expression of the two proteases during epidermal barrier 

development showed that they were colocalized and their expression was coordinated. 

The identification of the cleavage sequence of prostasin as P-Q-P-R—I and the 

observation that MT-SP1 is capable of cleaving prostasin in vitro suggest that it is MT-

SP1 which is the upstream protease (46, 47). This hypothesis is supported by data 

showing that while wild type tissue contains both active and pro-prostasin, MT-SP1-

deficient mice solely display the zymogen form of prostasin. Both the prostasin and MT-

SP1 knockout mice showed a complete lack of filaggrin processing integral to terminal 

epidermal differentiation (32, 33, 46). This experiment makes a compelling argument that 

MT-SP1 and prostasin are intimately related in vivo and that MT-SP1 plays a role in the 
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activation of prostasin, although a recent report by Camerer, et al shows that prostasin 

mediates PAR2 cleavage indirectly through MT-SP1. In this system, it may be prostasin 

that activates MT-SP1, rather than the other way around (48).  

Growth Factor Activation 

Upon proteolytic activation, growth factors are able to bind to cell-surface 

receptors and activate downstream signaling pathways. MT-SP1 had been proposed as an 

activator of two different growth factors. Hepatocyte growth factor/scatter factor 

(HGF/SF) was the first of these to be identified (40). Upon binding of activated HGF/SF 

to its cognate tyrosine kinase receptor c-Met, epithelial cells expressing the receptor 

scattered and experienced an increase in local motility (49). However, HGF/SF is 

produced primarily by stromal fibroblasts and some tumor cells, and is activated after 

secretion to elicit the physiological response in epithelial cells. It was this, combined with 

the knowledge that HGF/SF is activated by cleavage at the sequence K-Q-L-R—V, that 

led investigators to initially evaluate it as a substrate for MT-SP1 (50). In vitro 

experiments showed that active MT-SP1 purified from human breast milk was able to 

cleave and activate pro-HGF/SF secreted by fibroblasts, and that this activation led to the 

phosphorylation of c-Met in a human lung cancer cell line (40). Subsequent genetic 

studies showed a tight correlation between expression of HGF/SF, MT-SP1 and c-Met in 

node-negative breast cancer, implying that they might be involved in the same pathway 

(51). HGF/SF stimulates proliferation, dissociation, migration and invasion in tumor cells 

and is also angiogenic (52). In normal tissue, HGF/SF plays a role in embryogenesis and 

tissue regeneration (49). This again indicates that activation of HGF/SF must be carefully 
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regulated to maintain normal homeostasis, and that MT-SP1 may be responsible for at 

least part of this regulation.  

An HGF/SF homologue, macrophage-stimulating protein 1 (MSP-1), is also 

cleaved by MT-SP1. This is the first substrate predicted predominantly by genomic data 

resulting from transcriptional profiling. In a study of 2000 human tissue and cell samples, 

expression of MSP-1 was found to be well correlated with that of MT-SP1 in normal 

tissue and a few cancers. Expression of the MSP-1 receptor, RON, is even more tightly 

correlated in the sampled tissues, suggesting the three might participate in a common 

pathway. The authors utilized primary mouse peritoneal macrophages, which express 

both MT-SP1 and RON, to demonstrate that proMSP-1 is activated by MT-SP1 and then 

elicits physiological and chemical changes in the macrophage. These effects can be 

blocked with MT-SP1-specific inhibitors that prevent proMSP-1 activation. MSP-1 is 

also cleaved by MT-SP1 in solution, and its cleavage sequence (P4-P1) S-K-L-R is in 

agreement with PS-SCL data (30, 53). A recent examination of co-overexpression of MT-

SP1, MSP-1 and RON together in breast cancer tumors suggests that this signaling 

pathway may be important in tumor metastasis (54). Thus, the data so far have shown a 

role for MT-SP1 in the activation of MSP-1 and the subsequent regulation of cell 

morphology and tumor metastasis.  

Receptor Activation 

In addition to the activation of growth factors, proteases may also be responsible 

for the activation or inactivation of cell-surface receptors. Protease-activated receptor 2 

(PAR2) is a widely-expressed endothelial transmembrane G-protein coupled receptor that 

is implicated in cell proliferation, mitogenesis, adhesion, inflammation and changes in 
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intracellular Ca
2+

 concentration (55). PAR2 functions in a manner similar to other PARs; 

N-terminal cleavage allows the new N-terminus to function as a tethered ligand for the 

receptor its (48)elf (56). Like uPA, PAR2 was identified as a potential candidate based on 

its extracellular localization and cleavage sequence (P4-P1) S-K-G-R. Transcriptional 

microarray analysis has also shown a significant correlation between MT-SP1 and PAR2 

expression both in normal and cancerous cells and tissues (30). Cleavage was verified by 

expressing PAR2 on the surface of Xenopus oocytes and activating them with the 

addition of the soluble MT-SP1 proteolytic domain (29).  It was recently observed that 

recombinant MT-SP1 was able to induce tyrosine phosphorylation and inflammatory 

cytokine expression in endothelial cells via a pathway that was dependent on PAR2 

expression levels. This potential epithelial-endothelial interaction is plausible; 

immunohistochemistry showed strong staining for MT-SP1 in blood cells adjacent to the 

vascular endothelium (57). MT-SP1 in this case may be used to enhance inflammatory 

responses in areas where the blood cells are localized. MT-SP1 has also recently been 

implicated in PAR2 activation as required for neural tube closure during embryonic 

development (48). PAR2 is the first example of a cell surface receptor that can be 

activated on the cell surface by MT-SP1. 

Additional Substrates 

The precise functions of two additional substrates, insulin-like growth factor 

binding protein-related protein 1 (IGFBP-rP1) and Trask, are not yet known, though both 

proteins play a role in adhesion and thus may be referred to as “adhesion factors.” 

IGFBP-rP1, also known as angiomodulin, mac25, and prostacyclin-stimulating factor 

(PSF), is expressed in a wide variety of normal tissues as well as some tumor and tumor-
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associated cells (58-63). Earlier studies of IGFBP-rP1 indicated that it was cleaved at R-

K-G-K—A by a trypsin-like serine protease (59). In studying IGFBP-rP1 producing 

cancer cells, Ahmed et al noted that proteolysis was confined to the membrane fraction of 

these cells, and zymogram and immunoblot analysis attributed this activity to MT-SP1. 

This cleavage was further confirmed by adding purified MT-SP1 to IFGBP-rP1 in 

solution and demonstrating that it was able to process the protein at the same site (31). 

Cleavage of IGFBP-rP1 reduced its ability to promote cell growth in the presence of 

insulin and insulin growth factor, but it increased cell adhesion as regulated through a 

syndecan-1 mediated pathway (59).  While the precise function of IFGBP-rP1 is not 

clear, its regulation does have an effect in at least two signaling pathways.  

Trask, also known as CDCP1 and SIMA 135, was first characterized as a binding 

partner of MT-SP1 and later as a putative substrate resulting from an initial observation 

that the two proteins co-immunoprecipitate in cells overexpressing Trask (64-66). Little 

is known about Trask except that it is a transmembrane glycoprotein phosphorylated by 

src kinases and that it likely plays a role in cell-cycle dependent cell adhesion. The 

demonstrated interaction between the two proteins, combined with the observation that 

cells produced two molecular weight isoforms of the protein led Bhatt et al to 

hypothesize that MT-SP1 was responsible for the cleavage of Trask. Indeed, the catalytic 

domain of MT-SP1 cleaved recombinant Trask as predicted (64). MT-SP1 activity has 

already been implicated in cancer, and it is interesting to note that different cancer cell 

lines display varying degrees of Trask cleavage, though expression levels have not been 

correlated to invasiveness or proliferation (16). Whether or not there is a correlation 

between MT-SP1 activity and Trask cleavage has not been investigated, but 
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transcriptional profiling shows striking coordination between the expression of the two 

genes in normal and cancerous tissue (30, 64).                                               .                                     

VEGFR-2 is Inactivated by MT-SP1 

Vascular endothelial growth factor receptor 2 (VEGFR-2/Flk-1/KDR), a receptor 

tyrosine kinase and key regulator in angiogenesis in development, has not yet been 

described as a putative substrate of MT-SP1 (67, 68). With the recent recovery of soluble 

VEGFR-2 from the plasma of both mice and humans there has been a mounting interest 

in defining the mechanism by which ectodomain shedding of VEGFR-2 takes place (69). 

Transcriptional profiling shows a modest correlation between MT-SP1 and VEGFR-2 

expression, indicating that the two may participate in a common pathway (30). Here, we 

report that MT-SP1 is capable of cleaving VEGFR-2 and inactivating downstream 

signaling in cell culture.  

 Though it was known to be shed from the cell surface, the exact cleavage 

sequence of VEGFR-2 was undefined. Identifying putative cleavage sites that agree with 

MT-SP1 specificity data was the initial step in evaluating it as a possible substrate. 

VEGFR-2 consists of seven immunoglobulin-like folded domains on the extracellular 

side of the membrane connected to the intracellular tyrosine kinase domain via the 

transmembrane and juxtamembrane domains (68). Complete ectodomain shedding of 

VEGFR-2 suggests that the cleavage sequence is in the juxtamembrane region between 

the transmembrane domain and the most C-terminal immunoglobulin domain. Soluble 

forms of both VEGFR-1 and VEGFR-2, but not VEGFR-3, have been observed in vivo 

(69, 70). In order to determine whether MT-SP1 might cleave any of the three receptors, 

the stalk regions of  VEGFR-1, 2 and 3 were aligned using ClustalW.  The predicted 
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cleavage position is indicated by a black triangle (Figure 2-1). VEGFR-1 cleavage at the 

stalk region was deemed unlikely, as the predicted cleavage sequence does not possess a 

basic residue at the P1 position. The predicted cleavage region in VEGFR-3 is (P4-P1) Q-

R-V-R. Although this is somewhat consistent with the specificity determined by PS-SCL, 

the Gln at position P4 is not favored. Indeed, preliminary data suggest it is not selectively 

cleaved at this site. The predicted cleavage sequence of VEGFR-2, R-R-V-R matches the 

substrate specificity profile of MT-SP1 obtained using the completely diverse PS-SCL 

library (29). This data justified further evaluation of VEGFR-2 as a substrate of MT-SP1. 

In order to confirm the MT-SP1 cleavage site, we obtained recombinant 

extracellular domain of VEGFR-2 that was fused to the human Fc from a commercial 

source. Treatment of this protein with MT-SP1 catalytic domain resulted in two cleavage 

fragments. The cleavage of VEGFR-2 by MT-SP1 is dose-dependent, with nearly 

complete proteolysis at approximately 100 nM MT-SP1 in 1.5 hours at 37C (Figure 2-

2a). Cleavage fragments were separated by SDS-PAGE, blotted onto PVDF, and 

submitted for N-terminal sequencing. The VEGFR-2 cleavage site (P4-P1‟) R-R-V-R—K, 

suggested by sequence alignment, was confirmed by sequencing. This cleavage would 

result in the release of the complete extracellular domain of VEGFR-2, consistent with 

the naturally occurring soluble form of the receptor.  

Cell culture assays were then used to test the physiological effects of MT-SP1 

cleavage of VEGFR-2. Vascular endothelial growth factor (VEGF) is able to activate the 

kinase ERK1/2 in a VEGFR-2-dependent manner in receptor-expressing human 

umbilical vein endothelial cells (HUVECs) (71). This cell line was chosen for testing 

proteolytic receptor inactivation using MT-SP1. Phosphorylation of the downstream 
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substrate ERK1/2 was monitored by immunoblot. VEGF and serum-induced ERK1/2 

phosphorylation was blocked when HUVEC cells were pre-treated with 100 nM MT-SP1 

for one hour at 37 C. Treatment of HUVEC cells with recombinant MT-SP1 was 

sufficient to lead to VEGFR-2 inactivation as measured by the blockade of downstream 

signaling in response to complete serum, and more specifically, VEGF (Figure 2-2b,c).  

We are reporting the first demonstration of VEGFR-2 cleavage despite the 

previous discovery of soluble extracellular domain in serum. Though soluble VEGFR-1 

results from alternative splicing, this has not been reported for soluble VEGFR-2 (69). 

Therefore, it is plausible that a protease may be responsible for receptor shedding. 

VEGFR-2 has been implicated in angiogenic development and endothelial cell survival, 

migration, and proliferation (68, 71). MT-SP1 may be able to mediate any or all of the 

related pathways through VEGFR-2 inactivation. MT-SP1 is expressed in a variety of 

cancers, and VEGFR-2 is thought to play a central role in tumor growth in many of these 

cancer types. Careful regulation of angiogenesis is central to tumor growth and 

metastasis, and in fact VEGF is a target for the anti-cancer drug Avastin.  Multiple small 

molecule drugs which target VEGFR-2 have also been FDA-approved and/or are 

currently in clinical trials (72). This pathway is critical in cancer biology and it is possible 

that MT-SP1-regulated receptor cleavage is important in vascular development.  

 

Discussion 

The substrates identified thus far indicate that MT-SP1 is capable of carrying out 

a variety of functions in vivo (Figure 2-3). Not only is it able to activate growth factors 

necessary for signaling, but it may also regulate this signaling through the activation or 
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inactivation of cell-surface receptors. The shedding activity that leads to VEGFR-2 

inactivation can also be useful in cleaving proteins important for cell adhesion such as 

Trask. MT-SP1 is also able to activate at least two different proteases, indicating it might 

be important in a number of proteolytic cascades. Such a variety of roles for a single 

protease are not unheard of; thrombin, a well-studied serine protease involved in 

inflammation and blood coagulation, has been shown to activate PARs, process 

fibrinogen, release growth factors and modulate adhesion (73). MT-SP1, like thrombin, 

may also be an important regulator of pericellular biology through processing of some or 

all of the proposed substrates. 

MT-SP1 and Cancer 

The diversity of proposed MT-SP1 substrates is interesting in light of the idea that 

MT-SP1 activity is upregulated in cancer. Some of the proposed catalytic actions would 

seem to favor tumor progression, such as the activation of uPA and the subsequent ECM 

degradation. On the other hand, inactivation of VEGFR-2 may oppose tumor growth. In 

addition to inactivating the signaling pathway, the shedding of VEGFR-2 releases a 

soluble form that may, like secreted VEGFR-1, function as a „ligand sink‟ to sequester 

free VEGF and further inhibit pathways favoring tumor progression (74, 75). This is not 

entirely contradictory in that, like any other biological system, cancer likely progresses 

through modulations in existing pathways rather than simple on/off switches. This has 

been seen in adhesion regulation in cancer, wherein a decrease in adhesion is necessary 

for cells to move through the ECM. At the same time, some adhesion is necessary for 

cells to maintain contact with the ECM and locally degrade it. Therefore, both pro-

adhesion and anti-adhesion signals coexist in the disease state. Similarly, angiogenesis in 
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cancer must be carefully regulated by a number of changes in signals and receptors that, 

on the individual protein level, seem counterintuitive but which in concert create an 

environment favoring malignant development. An example can be seen in 

embryogenesis, where both VEGFR-1 and VEGFR-2 knockouts are lethal to the mouse 

embryo. When VEGFR-1 is deleted, the embryo perishes due to uncontrolled endothelial 

proliferation, while the VEGFR-2 knockout shows defective endothelial cell and vascular 

development (68, 76-78). This suggests that in this case, VEGFR-2 promotes proper 

endothelial development while VEGFR-1 (likely in soluble form) serves to restrain it. 

Obtaining the optimal balance in this environment involves both pro- and anti-angiogenic 

activity. Similarly, MT-SP1 may play a key role in maintaining a very specific 

physiological environment by cleaving both pro- and anti-cancer substrates. 

Substrate Validation Relies on Multiple Experimental Approaches 

The intricacy of in vivo pathways makes them difficult to study reliably in the 

laboratory; the fact that one action is able to occur in a limited, testable setting does not 

ensure that it will necessarily translate to more complex environments. When studying 

pericellular proteolysis in particular, it is important to note that pathway components are 

likely to come from different cells or tissues, and cell culture studies are by nature too 

isolated to reflect these conditions. Enzymes can also be spatially or temporally regulated 

by expression, activation, and inhibition, and without this knowledge it can be difficult to 

predict which processes are biologically relevant. Experimental results may also be 

affected by reagents available to the researcher. Because of difficulties with expression of 

the full-length enzyme, MT-SP1 cleavage is often monitored using either the recombinant 
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proteolytic domain or enzyme purified from the media of immortal cells; this data may 

not accurately reflect proteolysis involving all upstream domains at the cell surface.  

Further complicating the study of in vivo proteolysis is the idea of functional 

redundancy, in which one substrate may be cleaved by more than one protease. Many of 

the substrates presented here are known to be cleaved by alternative proteases. uPA, for 

example, has also been shown to be cleaved by plasmin, hepsin, plasma kallikrein, T-cell 

associated serine proteases, cathepsins B and L, glandular kallekrein-6, human mast cell 

tryptase and prostate-specific antigen (PSA) (1, 79-85). Of course, many of these 

interactions may not be relevant in vivo, and those that are may depend on expression 

levels in different tissues as well as the colocalization of the enzyme and substrate pair or 

specific environmental conditions. The functional redundancy of having many proteases 

cleave the same substrate may be important in finely regulating multiple pathways at 

once. Or, as proposed in cell-associated uPA activation, one protease may serve as an 

initiator but not the primary activator in a pathway (41). It is certainly possible that MT-

SP1 works in concert with other proteases in some or all of its endogenous biological 

pathways, though this may be difficult to elucidate without information about enzyme 

expression and regulation in vivo. 

In light of the limitations of cell culture and enzyme assays, alternative strategies 

should be employed to support the physiological relevance of enzyme-substrate pairs in 

vivo. Immunohistochemistry and transcriptional profiling of human tissue can give 

information about colocalization and/or coexpression to determine which interactions 

may be biologically plausible. These types of experiments have strengthened the 

arguments that PAR2, prostasin, uPA, Trask and MSP-1 could be MT-SP1 substrates in 
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vivo (30, 46, 57).  More recently, genetic profiling was followed by cell culture and in 

vivo experiments to suggest a functional relationship between epiregulin, COX2 and 

MMPs 1 and 2 in breast tumor growth and metastasis to the lungs (86).  

Animal models are also extremely useful for showing physiological effects of 

modifying protein levels within a living organism. Though protein knockouts can be 

complicated by functional redundancy or limited organism survival, experiments may 

help demonstrate relationships between proteins, as in the case of MT-SP1 and prostasin 

(32, 33, 46). Animal models are also critical in determining the possible physiological 

roles of proteins at the organism level, such as the observation that MT-SP1 is important 

in epidermal development (15). 

Ultimately, there is no single foolproof method for identifying substrate/enzyme 

pairs that are relevant in vivo. Instead, a combination of methods demonstrating physical 

cleavage, possible interactions in vivo and physiological consequences are necessary to 

fully understand proteolytic signaling.   

 

Many different approaches have been used in the study of MT-SP1, but its role in 

vivo is still not clear. Though the dramatic effect of completely deleting the protein in 

mice indicates that it is involved in a number of pathways critical for survival, the 

lethality of this mutation makes it challenging to study in processes beyond early 

development (15). Similarly, the biochemical analysis of proteases and their putative 

substrates in the absence of physiological information is of questionable relevance. 

Further understanding of its physiological role(s) requires the use of transient and 

localized inhibition of the protein using specific inhibitors, as has been done in studying 
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MT-SP1 in tumor models, or tissue-specific and/or inducible MT-SP1 knockouts (26, 

87). This information, combined with our growing knowledge about possible biological 

pathways in which it participates, will help establish the most likely roles of MT-SP1 in 

vivo.  

Experimental Methods 

Recombinant VEGFR-2 Cleavage Reactions 

 Recombinant human MT-SP1 catalytic domain was prepared and active site 

titrated as described (88). Recombinant human VEGFR-2 extracellular domain-Fc 

chimera was purchased (R&D Systems). Four micrograms of recombinant VEGFR-2 

extracellular domain was incubated with 100nM MT-SP1 for 30 minutes at 37 C. This 

corresponds to a molar ratio for substrate to enzyme of 25:1. The products were then 

separated by SDS-PAGE on 4-20% tris-glycine gels (Invitrogen) and either silver stained 

or transferred onto PVDF for microsequencing or nitrocellulose for immunoblotting. 

Edman degradation sequencing of N-terminal VEGFR-2 cleavage product was carried 

out at the UC Davis Molecular Structure Facility. Immunoblotting was performed using 

an anti-human-Fc-HRP conjugated antibody (Bio-Rad). Blots were developed using a 

chemiluminescent substrate and they were exposed onto Hyperfilm (substrate and film 

both from Amersham Biosciences).  

VEGFR-2 Cleavage and ERK1/2 Activation Assay 

 HUVECs were cultured in 24 well plates to 70% confluency. At this time cells 

were transferred to serum-free medium for two hours. Recombinant, catalytic domain of 

MT-SP1 was then added for 1 hour at 37 C. Following this, fetal bovine serum, 

recombinant VEGF, or other growth factors were added back and cells were harvested 30 
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minutes post-stimulation. Cells were lysed directly into 1X Laemmli sample buffer in 

PBS, 6M urea, 1.5% (v/v) Triton-X100. Samples were then boiled and SDS-PAGE was 

performed using 4-20% tris-glycine gels (Invitrogen). Immunoblots were performed 

using antibodies to ERK1/2 and phospho ERK1/2 (Cell Signaling). Blots were developed 

using a chemiluminescent substrate and they were exposed onto Hyperfilm (Amersham 

Biosciences). VEGFR-2 cleavage was monitored by immunoblot using antibodies to 

VEGFR-2 (Cell Signaling).  
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Figure 2-1 Amino acid alignment of the stalk region of the three vascular endothelial 

growth factor receptors. The MT-SP1 cleavage site in VEGFR-2 is indicated by a black 

triangle, with residues P4-P1’ highlighted in red. Shading indicates percent identity within 

the three sequences, with darker shading indicating greater identity. VEGFR-1 does not 

appear to possess an MT-SP1 cleavage sequence. The Gln residue at P4 and the Glu 

residue at P1’ in VEGFR-3 probably disfavor MT-SP1 cleavage. The amino acid 

numbering corresponds to the receptor sequences prior to signal peptide processing. 
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Figure 2-1 
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Figure 2-2 MT-SP1 mediated ectodomain shedding of VEGFR-2 results in receptor 

inactivation. A. MT-SP1 cleaves VEGFR-2 in a dose-dependent manner. Recombinant 

extracellular domain of VEGFR-2 fused to the human Fc region was incubated with 

varying concentrations of MT-SP1 for 1.5 hours. Samples were separated by SDS-PAGE 

and immunoblotted with an HRP-conjugated anti-human-Fc antibody. There is a distinct 

increase in the intensity of the lower band, which corresponds to the cleavage product of 

VEGFR-2, with increasing dose of protease. Cleavage at this position results in a 

complete shedding of the extracellular domain of VEGFR-2. B. HUVECs were serum 

starved prior to treatment with MT-SP1. In the absence of protease treatment, 

replacement of the serum free medium with serum-containing medium results in recovery 

of ERK1/2 activation as measured by ERK1/2 phosphorylation (lane 1). Cells treated 

with MT-SP1 do not exhibit ERK1/2 activation (lane 2) even upon the re-addition of 

serum-containing medium as is demonstrated by the lack of phospho-ERK1/2 (lane 3). C. 

MT-SP1 treatment of HUVECs prevents VEGF-induced ERK1/2 phosphorylation. 

HUVECs were serum starved prior to addition of MT-SP1. Following incubation with 

MT-SP1, cells were either kept in serum free medium or treated with 50 ng/mL VEGF. 

ERK1/2 activation, as measured by phospho-ERK1/2 signal on immunoblot, is regained 

in HUVECs not treated with MT-SP1, but is absent in the MT-SP1 treated samples.  
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Figure 2-2 
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Figure 2-3 Summary of the putative roles of MT-SP1. MT-SP1 (in pink) is shown to be 

capable of playing a number of different proteolytic roles at the cell surface. Growth 

factor activation refers to cleavage of both MSP-1 and HGF/SF; GPCR activation 

represents the activation of PAR2. MT-SP1 is also capable of activating proteases uPA, 

prostasin and stromelysin. MT-SP1 has also been shown to cleave IGFBP-rP1 and Trask, 

both proteins related to adhesion. The question marks indicate pathways in which the 

exact molecular ramifications of MT-SP1-mediated cleavage events are unclear. VEGFR-

2 is the first known example of MT-SP1-mediated receptor inactivation.  
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Figure 2-3 
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Table 2-1 Summary of reported putative MT-SP1 substrates Cleavage sequences are 

reported in the format P4-P1’, with the scissile bond indicated by double dashes. The 

preferred cleavage sequence of MT-SP1 is (P4-P3-P2-P1—P1’) of R/K-X-S-R—A and X-

R/K-S-R—A, where X is a non-basic amino acid. Physiological implications include 

cellular processes in which the protein has been shown to be involved.  
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Table 2-1 

 

Putative 

Substrate Type of Protein 

Cleavage 

Sequence Physiological Implications References 

uPA serine protease PRFK--I 

migration, invasion, adhesion, 

growth 

27, 29, 30, 40, 

41 

HGF/SF growth factor KQLR--V 

invasion, differentiation, 

growth, angiogenesis, 

adhesion 40, 51, 52 

PAR-2 

g-protein coupled 

receptor SKGR--S 

adhesion, proliferation, 

mitogenesis 29, 30, 48, 57 

Prostasin serine protease PQPR--I 

cell differentiation, epidermal 

development 46, 47, 48 

Trask 

transmembrane 

glycoprotein KQSR--K adhesion, morphology 64 

MSP-1 growth factor SKLR--V 

morphology, adhesion, 

motility, replication, nitric 

oxide production, 

phagocytosis 30, 53, 54 

IGFBP-

rP1 adhesion factor RKGK--A adhesion, growth 31, 59 

VEGFR-2 

growth factor 

receptor RRVR--K 

angiogenesis, survival,  

migration, proliferation 
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Abstract 

Antibodies directed against disease-associated enzymes have a great deal of potential in 

therapy and detection. Here we describe the characterization of two inhibitory antibodies 

against the cancer-associated serine protease MT-SP1. Both antibodies are built into 

multiple antibody-based constructs such as Fab, diabody, or IgG, and evaluated for 

binding to active MT-SP1 and the inactive zymogen form of the enzyme. It is found that 

both antibodies are selective for active MT-SP1. The nature of the selectivity of one 

antibody, E2, for the human versus mouse homologues of MT-SP1 is characterized based 

on structural and kinetic data. Both antibodies and their derivatives are functionlized for 

imaging experiments through the conjugation of fluorescent dyes with little change in 

inhibition, suggesting two new potential tools for studying MT-SP1 activity as it relates 

to cancer in cell culture and in vivo.  
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Introduction 

Active-site inhibitors of disease-associated enzymes have potential both as 

therapeutic agents and as tools for detection of upregulated activity at the site of 

malignant tissue. Small molecule inhibitors, while effective at blocking enzyme activity, 

are often plagued with resistance and off-target toxicity. Macromolecular inhibitors on 

the other hand, generally have larger binding surfaces with the enzyme, allowing for 

more specificity, as well as potential resistance to small changes in enzyme sequence. 

Antibodies in particular have arisen as an effective way to specifically target proteins. 

The complex nature of antibody-epitope interactions provides the opportunity to obtain 

exquisite specificity and tunable potency for the target. In addition to inducing an 

immune response through the presence of the Fc region of the full-length antibody, 

inhibitory antibodies may have therapeutic potential either by blocking disease-

promoting enzyme activity or as directed carriers for chemotherapeutic payloads. From a 

diagnostic standpoint, antibodies may also be functionalized with imaging agents for 

early detection of malignant tissue.  

Initially, antibodies designed for in vivo use were generated using murine-based 

hybridomas. These murine antibodies have the disadvantage of generating anti-mouse 

human antibodies in vivo, which limits their use to a small number of doses. Antibodies 

lacking the human Fc domain are also unable to induce the effector functions of the 

immune system which result in the death of the targeted cell, and therefore they have less 

potential as therapeutics. These problems have been circumvented by generating 

antibodies which are partially or wholly human. Chimerization and humanization involve 

grafting the variable regions of the murine antibody into the human scaffold. These 
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methods have been used to generate several FDA-approved anti-cancer antibodies 

including Herceptin, Avastin, and Erbitux (1). Phage display can be used to generate 

antibody fragments based on human sequences, and these can then be built into the full-

length antibody scaffold to produce entirely human antibodies, bypassing some of the 

cloning required for chimerization or humanization (2).  

The majority of antibody-based agents used for therapy and detection in the clinic 

are full-length antibodies, but engineered antibody fragments are increasingly of interest 

in obtaining the optimal pharmacokinetics in vivo. The epitope-recognition region (ERR) 

at the tip of the antibody can be built into a multitude of constructs varying in valency 

and molecular weight, some of which contain the Fc domain [Figure 3-1] (3). A full 

length IgG can have an in vivo half-life of days to weeks, and while this might be useful 

for therapy using non-conjugated antibodies, shorter half lives may also be desired. For 

antibodies conjugated to therapeutic radioisotopes, for example, less time in circulation 

results in a reduction of the exposure of harmful radioactivity to non-target tissue. For 

those used as imaging agents, faster clearance means less time until high 

tumor/background ratios are reached. It has also been suggested that monovalent 

constructs may have improved tumor penetration due to deceased affinity (4). A 

comparison between multiple constructs shows that although engineered fragments may 

show less overall accumulation in the malignant tissue, the more rapid clearance and low 

background of the smaller proteins may prove useful in some applications (5). 

Ultimately, it is likely that for any given antibody, experimentation will be needed to 

determine the ideal construct for specific applications such as imaging, drug delivery, or 

therapy.  
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Membrane-type serine protease 1 (MT-SP1) is a serine protease which shows 

potential as a cancer-associated therapeutic and diagnostic target (see Chapters 1, 2). Not 

only is this enzyme upregulated at the genetic and protein level in multiple cancers of 

epithelial origin, but its cognate inhibitor is down-regulated, suggesting that it is the 

increase in MT-SP1 activity, rather than overall protein levels, that is important for 

cancer progression. This enzyme shows a lot of potential as a therapeutic and/or 

diagnostic target, but tools for targeting and inhibiting MT-SP1  activity are  necessary to 

confirm this hypothesis. Extracellularly active and tethered to the membrane of the cell, 

MT-SP1 is localized to the cancerous cells, and accessible to antibodies. In this chapter, 

the generation and evaluation of two antibodies specific for active MT-SP1 are described. 

The structural basis of this specificity is explored, and it is shown that the antibodies may 

be functionalized for imaging applications without significant loss in binding potential.  

 

Results 

Antibody Engineering and Characterization 

The Craik laboratory has used two different human-based phage display libraries to 

isolate multiple antibodies which bind to recombinant MT-SP1 (6). By screening against 

folded, active protein, phage display allows for the isolation of antibodies which bind to 

three dimensional epitopes on the enzyme. Many of the antibodies which bind to MT-SP1 

do so in and around the active site and are able to inhibit proteolysis of a small-peptide 

substrate. Due to their potency against and selectivity for MT-SP1, we have chosen two 

antibodies in particular on which to focus our studies. The first, E2, was isolated from an 

scFv library (6, 7). It should be noted that due to notation differences established during 
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isolation and initial publication of this protein, it may be referred to in my lab notebook 

as E2 or EB-9, but they are the same antibody. The second, A11, was initially produced 

as an Fab (Schneider, et al, in preparation). In order to facilitate structural, biochemical 

and in vivo studies, these antibody fragments were converted into multiple constructs. 

The variable regions of the E2 scFv were built into a diabody and an Fab (8). Attempts to 

generate an expression system for the IgG of E2 which yields useable levels of protein 

were unsuccessful. A11 IgG, however, was generated both using a Chinese Hamster 

Ovary-based system and as a result of a collaboration with Takeda San Francisco. All of 

the antibody constructs used are summarized in Table 3-1.  

Characterizing Antibody Specificity for MT-SP1 

Earlier characterization showed that E2 and A11 did not inhibit serine proteases 

similar to MT-SP1, such as Factor Xa, thrombin, tPA and uPA at inhibitor concentrations 

up to 1 M (6). To study MT-SP1 activity and its role in disease, it is necessary to work 

with antibodies that are specific for the active form of the enzyme. To confirm this, 

arginine 15 in the recombinant catalytic domain of MT-SP1 was mutated to an alanine to 

generate a “zymogen.” Without this arginine, MT-SP1 cannot autoactivate, and the active 

site is not stable. Activity assays with the chromogenic substrate Spectrozyme tPA 

showed no activity by the zymogen mutant. Surface plasmon resonance (SPR) confirmed 

that both antibodies bound to active MT-SP1, but did not bind to the zymogen [Figure 3-

2]. Structures of both inhibitors, particularly E2, in complex with the activated catalytic 

domain show important interactions with residues in and around the active site, and these 

interactions must not be as favorable in the less-stable zymogen, though the exact 



 

53 

 

molecular reason for this selectivity is not thoroughly understood. Regardless, these 

results indicate that antibodies can be used to selectively target MT-SP1 activity.  

 Both antibodies also bind to the mouse homologue of MT-SP1, epithin, with 

reduced affinity [Table 3-1]. SPR analysis of E2 binding to MT-SP1 and epithin showed 

a significant difference in the nature of the enzyme/antibody interaction. E2 has a very 

slow off-rate for MT-SP1, around 4x10
-4

 s
-1

, which can be qualitatively observed in the 

dissociation portion of the binding curve [Figure 3-3]. In contrast, E2 dissociates from 

epithin much more quickly. The catalytic domains of the two enzymes share 86.6% 

sequence homology, but structural analysis of the E2/MT-SP1 complex showed that of all 

of the residues which make important contacts with the inhibitor, only three are different 

in the mouse homologue (8, 9). The H3 loop of E2 is responsible for 68% of the binding 

area between antibody and enzyme, and these contacts are likely to be very important for 

binding potency. Of the three contact residues which differ between MT-SP1 and epithin, 

only Y146 contacts the H3 loop. In epithin, residue 146 is a glutamic acid, so to 

investigate the role of this residue in inhibitor binding, the mutant epithin E146Y was 

constructed. The inclusion of this single tyrosine residue was enough to significantly 

change the SPR biding curve from that of wild type epithin [Figure 3-3]. Interestingly, all 

three enzymes appear to have similar on rates, and the change appears to primarily effect 

the off rate, in that the dissociation curve for epithin E146Y resembles that of MT-SP1 

much more closely than the curve for wild-type epithin. Proteolytic activity assays 

conducted by Chris Farady showed that while the epithin/E2 progress curve was linear, as 

would be expected after rapid equilibrium between inhibitor and enzyme, both MT-SP1 

and epithin E146Y were curved, indicating slow binding [Figure 3-4]. That one residue is 
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potentially responsible for multi-step binding between the enzyme and inhibitor is a very 

intriguing idea. This study also highlights one of the advantages of antibodies as 

inhibitors. A single mutation in the region of the active site may have a dramatic effect on 

binding, but because of the large (~1240 Å
2
) and complex interaction area between the 

antibody and the enzyme, E2 is still able to bind and inhibit epithin with nanomolar 

potency despite three mutations in the interaction area as compared to MT-SP1. 

Functionalizing Antibodies for Detection 

These antibodies, which we have demonstrated to be selective for active MT-SP1, 

can be used in a number of experiments to better understand the enzyme and to assess its 

potential as a target for molecular imaging. To evaluate MT-SP1 as a biomarker for 

detection, and to assess antibody biodistribution in vivo, these antibodies must be labeled 

for non-invasive imaging using a reporter molecule such as a radionuclide or fluorescent 

dye. Early attempts at labeling these proteins with radionuclides did not yield satisfactory 

results, so fluorescent labeling was used for cell culture and small animal in vivo 

experiments. Of the many commercially available dye conjugates on the market, the 

simplest use succinimidyl ester chemistry to attach a dye to free lysines. Structural data 

of both E2/MT-SP1 and A11/MT-SP1 show no lysines in the immediate 

antibody/enzyme interface [Figure 3-5], and so this labeling was carried out using 

AlexaFluor 488, 594, and 680 (8, E.L. Schneider, et al, in preparation). E2 scFv, Fab and 

diabody, and A11 IgG were fluorescently labeled, with a degree of labeling between one 

and six dye molecules per protein, depending on the construct and labeling conditions. 

IC50 assays with the labeled proteins showed minor (0-5-fold) increases in inhibition 

constants, which was deemed acceptable given the high affinity of the unlabeled 
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antibodies [Figure 3-6]. Because of the similarities in potency and binding mechanisms 

between E2 and A11, we use both constructs interchangeably in multiple experiments 

described in the following chapters. Specific antibody constructs are noted in results and 

experimental methods. 

Discussion 

 Protein and expression data have suggested that it is MT-SP1 activity, rather than 

overall protein levels, which most significantly differentiates malignant tissue from 

healthy and which plays a role in many stages of cancer growth and progression. To date 

we have not seen reports of an antibody which recognizes the 3-dimensional epitope of 

the MT-SP1 active site in its activated form. Phage display libraries have been used to 

isolate antibodies which bind to the catalytic domain of MT-SP1, and here we show that 

they are indeed specific for active MT-SP1. In the case of E2, structural and binding data 

shed some light on the molecular details of this specificity. Further kinetic 

characterization could elucidate the magnitude of change in the inhibitor off-rate that is 

attributable to the single tyrosine residue of MT-SP1, but qualitatively, it is possible to 

hypothesize that this tyrosine residue „locks‟ the H3 loop of E2 into place, generating the 

multi-step binding that is observed.   

That the antibodies are inhibitory provides an experimental readout for binding 

through the use of kinetic assays, as is reported in Chapter 4. The antibody fragments, 

originally isolated as an Fab and scFv, have been built into multiple constructs including 

IgG and diabody. Attempts at cloning a minibody out of E2 were unsuccessful to a point, 

but this construct may ultimately prove very useful for in vivo work (10). Though we 

attempted to express E2 IgG through several avenues, including CHO and HEK293E 
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cells, none of the expression systems yielded a workable amount of protein. A11 on the 

other hand, was successfully cloned into and IgG expression vectors and expressed in 

CHO and HEK293 cells with yields of up to 65 milligrams per liter.  

These antibodies were successfully labeled for the detection of active MT-SP1 to 

facilitate a better understanding its localization in cell culture and in vivo, and to allow 

evaluation of MT-SP1 activity as a biomarker for tumor detection. Ultimately, 

radiolabeled probe will be the most useful for in vivo imaging, as microPET and 

microSPECT provide 3-dimensional images that can be coupled to computed tomography 

(CT) scans for detailed anatomical data. Radioimaging is also much more widely used in 

the clinic, and early studies which use this technology may more easily facilitate 

translation from bench to bedside. An efficient and robust method for radiolabeling these 

antibodies should be (and is being) pursued, but in the mean time fluorescence provides a 

satisfactory readout for activity localization in small animal models.  

Here we show that we have multiple antibody constructs which are specific for 

active MT-SP1 and that can be functionalized for imaging with little detriment to enzyme 

binding. These antibodies can be used in cell culture to monitor proteolytic activity 

attributable to MT-SP1 and to evaluate which human cancer cells can be successfully 

labeled with fluorescent antibodies for detection of MT-SP1 activity.  

Experimental Methods 

Engineering & Expression of Antibody Constructs   

E2 scFv and Fab and A11 Fab were expressed in E. coli and purified as 

previously described (6, 8). Diabody was synthesized by complete deletion of the poly-

glycine linker region of the scFv using primers (Eurofins MWG Operon, Hunstville, AL): 
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Forward primer is 5‟-GGCCAAGGCACCCTGGTGACGGTTAGCTCAGCGGA 

TATCGTGATGACCCAGAGCCCACTGAGCCTGCC-3‟ and Reverse is: 5‟-GGCAGG 

CTCAGTGGGCTCTGGGTCATCACGATATCCGCTGAGCTAACCGTCACCAGGG

TGCCTTGGCC-3‟. The scFv expression vector was purified from E. coli using Miniprep 

kit (Qiagen, Valencia, CA) and PCRed with primers using reagents from Stratagene 

QuikChange kit (Agilent Technologies, La Jolla, CA) – 1 cycle at 97 C for 60 seconds, 

20 cycles of 97 C for 60 s, 55 C for 80 s, 68 C for 5 min, and 1 cycle of 68 C for 12 

minutes. The PCR product was sequenced to confirm deletion and retransformed into 

DH12S cells and expressed in the same way as the scFv. MT-SP1, the inactive zymogen 

mutant R15A and epithin were expressed in E. coli and purified as described (6, 8). The 

epithin E146Y point mutant was synthesized using Quickchange (Qiagen) and expressed 

as the wild type enzyme. A11 IgG was expressed in CHO cells  using the V genes from 

the selected A11 Fab clone and an IgG expression vector as previously described (11). 

A11 was also expressed in collaboration with Takeda San Francisco. In this system, full-

length human IgG was generated by cloning the Fab (as provided by the Craik Lab) using 

synthetic variable genes (Blue Heron,  Bothell, WA) into a proprietary expression vector. 

This vector was transiently transfected into HEK293 cells and IgG1 expansion done in a 

3 liter shake flask in a 7-day batch production. 6 liters of harvested cell culture fluid was 

purified using a 30 mL (bed volume) rProtein A Fast Flow column (GE Healthcare, 

Chalfont St. Giles, UK) at a flow rate of 150 cm/hr using the GE AKTA Explorer 100 

FPLC. The bound antibody was eluted using 0.1M Glycine, pH 3.0.  The pooled elution 

was neutralized using 1M Tris, pH 9.0, dialyzed vs. 2x4L PBS, pH 7.4, then 0.2 um 

sterile filtered to generate the final purified product.  Endotoxin level was measured using 
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the Charles River EndoSafe Portable Testing System (PTS) (Wilmington, MA).  Purity 

was analyzed using an SDS-PAGE gel and SEC-HPLC (Agilent). Overall yield was 

determined to be about 65 milligrams per liter.  

Surface plasmon resonance 

The association and dissociation curves for MT-SP1 and the inactive zymogen 

MT-SP1 R15A were obtained by surface plasmon resonance using BIAcore Biosensor 

T100 (GE Healthcare). The A11 Fab (ligand) in 25 mM sodium acetate buffer (pH 5.0) 

was covalently immobilized onto a CM5 S chip according to the manufacturer‟s protocol 

with a final immobilization level of ~70 RU. The reference channel was treated using the 

same chemistry as the ligand-coupled surface. Enzymes (analytes) were washed in HBS-

EP buffer (10 mM HEPES [pH 7.4] , 150 mM NaCl, 3 mM EDTA, 0.005% Tween 20) 

and injected in concentrations from 50 nM to 1 M  at 20 µl/min to minimize mass 

transfer effects. Surface regenerations were performed with 100 mM Glycine pH=2.2, 

allowing a complete return to baseline. The sensorgram of the reference surface was 

subtracted from the ligand conjugated surface for each injection. 

To evaluate E2 binding to the active and zymogen forms of MT-SP1, binding 

curves were obtained as described above, with the following modifications: E2 Fab 

immobilization level was ~120 RU, and MT-SP1 and the inactive zymogen MT-SP1 

R15A were injected at 25 µl/min in concentrations varying from 0.4-400 nM and 100 nM 

– 20 M, respectively (8).  

To evaluate  binding of MT-SP1, epithin, and epithin E146Y to the E2 Fab,  

binding curves were obtained with the E2-bound chip described above. Enzymes were 

injected at 50 l/min in concentrations from 20-100 nM. Surface regenerations were 
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performed with 100 mM Glycine pH=2.2, allowing a complete return to baseline. The 

sensorgram of the reference surface was subtracted from the ligand conjugated surface 

for each injection. 

Progress Curves 

 To look qualitatively look at inhibitor/enzyme binding, Chris Farady combined 

antibody and the chromogenic substrate Spectrozyme tPA (American Diagnostica) to a 

final substrate concentration of 300 M and volume of 110 l. 10 ul of low-nanomolar 

enzyme was added and proteolysis immediately measured by detection of the absorbance 

at 405 nm on a UVmax Microplate Reader (Molecular Devices Corporation, Palo Alto, 

CA). The concentrations of inhibitor were chosen so that the final inhibited velocity of 

the enzyme would be about the same. For MT-SP1, E2 concentration was 0.6 nM, for 

Epthin E146Y the concentration was 12.5 nM, and for Epithin, the concentration was 60 

nM.  

Kinetics of Inhibition 

The KI for A11 IgG and E2 diabody were determined as previously described (7). 

Antibody was incubated with recombinant MT-SP1 for 4 hours and proteolysis measured 

through activation of the chromogenic substrate Spectrozyme tPA (America Diagnostica 

Inc, Stamford, CT). A11 concentration was varied from 0-250 nM, E2 diabody was 

varied from 3 to 250 pM, and Spectrozyme concentration from 0 - 1mM. KI
*
 values for 

each concentration of substrate was determined by fitting the data to the equation 
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where υi is the reaction velocity in the presence of inhibitor and υs is the reaction velocity 

without inhibitor for a given concentration of substrate. The KI
*
 values were then plotted 

against substrate concentration to obtain the KI: 

 












m

II
K

S
KK 1*

 

The KI of the diabody was determined to be about twice that of the scFv. 

 For IC50 assays, antibodies were serially diluted 11x in 96-well  medium-binding, 

flat bottomed plates (Corning) in MT-SP1 activity buffer (50 mM Tris-HCl, pH 8.0 or 

8.8, 50 mM NaCl, 0.01% Tween 20). The highest final concentrations were 

approximately 100 nM for A11 and 10-25 nM for E2. Recombinant catalytic domain of 

MT-SP1 was added to a final concentration of 0.3 nM and antibody/inhibitor was 

incubated on an orbital shaker for a minimum of 4 hours at room temperature. 

Spectrozyme tPA (American Diagnostica, Greenwich, CT) was added to a final 

concentration of 450 M and proteolysis monitored via a change in absorbance at 405 nm 

on a UVMax Microplate Reader (Molecular Devices Corporation, Palo Alto, CA). 

Samples were tested in duplicate and unlabeled and labeled protein, preferably from the 

same source stock, were compared. The IC50 was calculated by fitting the following 

equation: 

𝒗 = 𝒗𝒎𝒊𝒏 +  
(𝒗𝒎𝒂𝒙 − 𝒗𝒎𝒊𝒏)

 𝟏 + 𝟏𝟎 𝐥𝐨𝐠( 𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐨𝐫  +𝐥𝐨𝐠(𝐈𝐂𝟓𝟎)) 
 

Where υ is the velocity of proteolysis in mOD/min, υmin is the minimum reaction 

velocity, and υmax is the maximum reaction velocity (when [inhibitor] = 0).  
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Fluorescent labeling of protein 

scFv, diabody, Fab and IgG were labeled with Alexa Fluor 594 or Alexa Fluor 

680  (Invitrogen, Carlsbad, CA) according to manufacturer‟s protocol. Protein was 

purified from unreacted dye on a Superdex 75 FPLC column (GE Healthcare, Little 

Chalfont, UK). Degree of labeling was determined using UV/Vis spectrometry as 

directed in manufacturer‟s protocol.  
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Figure 3-1 Schematic of multiple engineered antibody constructs. The epitope 

recognition region of antibodies can be built into many different constructs, some of 

which are shown here. These antibodies have single or double valency and vary in 

molecular weight from about 28 kDa to about 150 kDa. These variations can determine 

pharmacokinetics in vivo. Depending on the applications, one or more construct for each 

antibody may have experimental or clinical utility. 
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Figure 3-1 
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Figure 3-2 Surface plasmon resonance demonstrates antibody specificity for active MT-

SP1 over the inactive zymogen form. SPR binding curves of MT-SP1 (black) and the 

catalytically inactive mutant MT-SP1 R15A (gray) to the E2 (a) and A11 (b) Fabs show 

robust binding to active enzyme and a lack of binding to the zymogen MT-SP1 R15A, 

indicating that the inhibitor is specific for the active form of the enzyme. Binding assays 

with enzyme concentrations up to 1 M showed similar results (not shown). RU, 

resonance units. 
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Figure 3-2 
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Figure 3-3 Surface plasmon resonance suggests mechanism for change in antibody 

potency between human MT-SP1 and its mouse homologue, epithin. The E2 Fab binds 

rapidly to MT-SP1 (red), but dissociates slowly, reflecting a previously calculated off-

rate of about 4x10
-4

 s
-1

. E2 also binds rapidly to epithin (blue), but is rapidly released 

during dissociation. This difference in off-rate is likely responsible for the majority of the 

approximately 300-fold difference in KI between the two enzymes. Of all of the residues 

that make significant contact with E2, only three differ between MT-SP1 and epithin. 

Tyrosine 146 of MT-SP1, in particular, is sandwiched between two side chains in H3 of 

the antibody, but this residue is a glutamic acid in epithin. Introducing this tyrosine into 

epithin in place of the glutamic acid (purple) restores slow dissociation of the inhibitor, 

indicating that this single residue may be responsible for a large part of the potent 

inhibition.  
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Figure 3-3 
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Figure 3-4 Proteolysis progress curves indicate that the introduction of tyrosine 146 into 

the sequence of epithin is enough to restore slow binding of the inhibitor. As epithin 

processes the chromogenic substrate Spectrozyme tPA in the presence of E2, the progress 

curve (green) is linear, indicating rapid equilibrium between enzyme and inhibitor. In 

contrast, the progress curve for MT-SP1 and E2 (blue) is curved, reflecting the multi-step 

binding and slow equilibrium between Fab and enzyme. The inclusion of the tyrosine 

residue, present in MT-SP1 but a glutamic acid in epithin, into the epithin sequence is 

enough to confer slow binding of the inhibitor (black). This suggests that this single 

residue is responsible for at least one additional step in inhibitor/enzyme binding. This 

work was conducted by Chris Farady to complement binding data obtained using SPR.  
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Figure 3-4 
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Figure 3-5 Free lysine residues make good targets for the labeling of these antibodies. 

Structures of the heavy (magenta) and light (aqua) chains of the E2 (a) and A11 (b) Fabs 

bound to the catalytic domain of MT-SP1 (green), with the antibody lysines highlighted 

in yellow, show minimal interference with the antibody/enzyme binding interface, 

indicating that conjugation of imaging agents to these residues should have minimal 

effect on binding potency. Structure of E2/MT-SP1 from Farady, et al., JMB, 2008. 

Structure of A11/MT-SP1 from Schneider, et al, in preparation.  
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Figure 3-5 
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Figure 3-6 Conjugation of fluorophores to free lysines has minimal effect on inhibition.  

Succinimidyl ester chemistry was used to attach AlexaFluor fluorophores to scFvs, Fabs, 

diabodies and IgGs. IC50 assays show minimal changes in inhibition. Representative 

curves here show effects of labeling. A11 IgG (a) was labeled with AlexaFluor 680, 

resulting in a final degree of labeling (number of dye molecules per protein) of 2.7. The 

inhibition curves of the unlabeled (black) and labeled (green) protein overlap, and the 

calculated IC50 values were not significantly different. E2 scFv (b) was labeled with 

AlexaFluor 594, with a degree of labeling of 2.2. The overall effect was a 3.5-fold 

increase in IC50 in the labeled protein (green). 
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Figure 3-6 
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Table 3-1 Binding constants and applications of -MT-SP1 antibody constructs. Multiple 

antibody constructs were used in experiments depending on availability and suitability of 

the probes for each application. 
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Table 3-1  

Inhibitor 
E2 A11 

scFv Fab Fab IgG 

KI (MT-SP1) 10 pM 15 pM 720 pM 35 pM 

KI (epithin) 
 

3.1 nM 87 nM 
 

Application 
cell 

fluorescence 

cell-associated 

inhibition, in 

vivo imaging 

surface 

plasmon 

resonance 

in vivo imaging 
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Abstract  

The majority of studies connecting MT-SP1 to cancer have focused on overall protein 

levels, rather than the amount of active protease present in malignant and healthy tissue. 

Our understanding of its role in cancer biology can be greatly improved by developing a 

method to detect and/or measure proteolytic activity in tissue culture and in vivo. Here we 

use cell culture to validate two new antibodies as probes for and inhibitors of MT-SP1 

activity. We demonstrate for the first time that full-length MT-SP1 is active on the 

surface of human cancer cells and that it may be inhibited by our antibodies. We then 

show that fluorescently labeled antibodies preferentially localize to cells which express 

MT-SP1, indicating that not only can we functionalize the antibodies for imaging, but 

that these new probes will bind to the full length enzyme for enzyme detection. This data 

provides the motivation for moving into mouse models, towards the ultimate goal of 

evaluating MT-SP1 activity detection in vivo.  
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Introduction  

Because of its potential implications in development and disease, the 

dysregulation of membrane-type serine protease 1 (MT-SP1) expression and that of its 

cognate inhibitor, hepatocyte growth factor activator inhibitor 1 (HAI-1) have been 

extensively studied. Typically, changes in MT-SP1 and/or HAI-1 levels are evaluated 

using genetic (qPCR, in situ hybridization) or protein-based methods, such as 

immunohistochemistry (IHC) (1-11). These data have been instrumental in the 

categorization of MT-SP1 as an oncogenic protein, but they do not reflect actual changes 

in MT-SP1 activity. After expression, MT-SP1 may fail to be proteolytically activated, or 

it may be bound to HAI-1 and rendered inactive. For these reasons, it is hard to directly 

correlate expression and IHC data to the amount of MT-SP1 that is active in a particular 

sample or cell line.  

Knock-down or knock-out experiments have shown that a decrease in MT-SP1 

expression (and therefore MT-SP1-mediated proteolysis) has physiological effects, but 

these methods also do not allow for a direct observation of MT-SP1 activity (12, 13). 

Gaining a better understanding of the role that MT-SP1 proteolysis plays in development 

and disease can be greatly facilitated by a direct measurement of this activity in cell 

culture and in vivo.  To date, no method for detecting this activity has been described. 

Benaud and colleagues have reported an antibody which is specific for the active, two-

chain form of MT-SP1, but this antibody has been used primarily for native western blots 

and IHC of  formaldehyde-fixed cells (14). The utility of this probe for discriminating 

between inactive and active MT-SP1 on the surface of live cells has not been 
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demonstrated. Therefore the need remains for an activity-dependent probe for use against 

the full-length protein in cell culture and in vivo.  

The antibodies described in Chapter 3 of this thesis have potential as novel tools 

to for studying MT-SP1 activity. We have demonstrated that these antibodies 

preferentially bind to the active form of the recombinant catalytic domain, and that they 

can be functionalized for imaging of this activity. What is still under question is the 

utility of these probes for detection of the full-length enzyme. MT-SP1 is a mosaic 

protein, consisting of seven domains between the transmembrane anchor and the 

extracellular catalytic domain, with several glycosylation sites not present in the 

recombinant enzyme. The role of these domains in the mature protein is not entirely 

clear, though it is thought that they may mediate protein-protein interactions . Therefore, 

it is critical that probes to be used in vivo bind to the catalytic domain in the full-length, 

wild type protein.  

Because these antibodies bind to the active site and occlude substrate binding, 

inhibition of proteolytic activity provides a readout for detecting antibody binding. 

Measuring cancer cell-associated proteolysis and any changes that occur with the 

addition of the antibodies is one way to test for binding, and inhibition of, full-length 

protein. Antibody binding may be observed even more directly using fluorescent 

microscopy, after the addition of fluorescently labeled antibodies to human cancer cells. 

In this section, we demonstrate that MT-SP1 is active on the surface of human cancer  

cells which express MT-SP1 mRNA, and that these antibodies can bind to and inhibit the 

full-length protein. The antibodies may also be fluorescently labeled and used to detect 

active MT-SP1 in cell culture using microscopy. Therefore we have developed novel 
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tools for the detection of active MT-SP1, as confirmed by two different experimental 

methods. 

Results 

Whole Cell Proteolytic Assays 

The antibodies described in Chapter 3 were developed using phage display against the 

recombinant catalytic domain of MT-SP1. The full-length, wild type enzyme is 

considerably more complex, and therefore it is critical to demonstrate that these 

antibodies will bind to and inhibit the native enzyme before they can be used as probes 

for activity in vivo. Moreover, though we have a wealth of information about mRNA and 

protein expression levels of MT-SP1 in human cancer cells, there has yet to be a direct 

measurement of this activity in cell culture. To assess MT-SP1-mediated proteolysis in 

cell culture, and the ability of our antibodies to bind to and inhibit full-length MT-SP1, 

we developed a whole-cell activity assay. In this assay the P1-Arginine specific substrate 

Spectrofluor-tPA was added to human cancer cells in serum-free media, and proteolysis 

measured over time. Because this substrate can be cleaved by any P1-Arg-specific 

protease, the proteolytic signal is likely reflective of multiple proteases present on the cell 

surface. However, when the anti-MT-SP1 (-MT-SP1) antibodies were added to these 

cells, any decrease in the rate of proteolysis can be attributed specifically to this 

particular enzyme, confirming that MT-SP1 is active and that the antibodies inhibit the 

full-length protease. Figure 4-1a shows the results of this assay as performed with E2 Fab 

and seven different human cancer cells, chosen based on previously published mRNA 

expression data (3). Those cells which express MT-SP1 mRNA showed a 42-89% 

decrease in proteolysis of the P1-Arg substrate upon the addition of MT-SP1-specific 
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antibody-based inhibitors, while the MT-SP1 mRNA-negative cells showed no 

significant decrease in activity. Additionally, the proteolysis was completely inhibited in 

the presence of a broad spectrum inhibitor cocktail in all cell lines (not shown).  

The assay was then repeated with several other MT-SP1-positive cell lines and the 

A11 IgG [Figure 4-1b]. Proteolysis was evaluated in the MT-SP1 positive lines MCF-7-

m1, HT29, DU145, OVCAR5, and PC-3. MCF-7-m1 cells are MCF-7 cells which have 

been passed through a xenograft mouse model and recultured in flasks to select for those 

particular cells which grow well in vivo, and OVCAR5 cells were chosen based on 

NCI60 expression data (15). An assay with several concentrations of A11 IgG showed an 

IC50 of around 5-10 g/ml [Figure 4-2], and a repeat of this assay with A11 Fab showed 

similar results (data not shown).  

It is interesting to note that mRNA levels to not clearly translate to activity. The 

data shown in Figure 4-1 represent the rates of proteolysis for a given number of cells – 

usually 30,000-50,000 cells -  but this number is subject to error from assay to assay due 

to incorrect cell counting or variations in substrate, so a direct comparison of raw 

numbers between cell lines is of limited use. Rather, one might look at the overall 

percentage change in activity due to the addition of MT-SP1 inhibitors. Though 

macromolecular proteolysis in vivo is no doubt more complicated than the peptide 

hydrolysis in this assay, it is possible that this data translates to how much of the trypsin-

like proteolytic activity MT-SP1 is responsible for on the cell surface. When planning 

therapeutic trials with E2, for example, it is of interest to note that MT-SP1 is responsible 

for a large percentage of this proteolysis in HT29 and MDA-MB-468 cell lines, while in 

MCF-7 or LNCaPs, only about half of the total activity appears to be mediated by MT-
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SP1. Therefore one might see a more dramatic effect when inhibiting the enzyme in vivo 

with the former two cell lines when compared to the latter two. Surprisingly, PC-3 cells 

expressed very little MT-SP1 mRNA, but almost half of the total P1-Arg proteolytic 

activity could be attributed to this enzyme. DU145s, on the other hand, also show very 

little MT-SP1 mRNA, and the activity assay showed very little (if any) change in 

proteolysis upon addition of the inhibitory antibodies. These results confirm the need for 

probes for enzyme activity, since  genetic data do not always translate into useful 

information about functional protein in human cells.   

The assay described above demonstrates two key points: first, that uninhibited, 

active MT-SP1 is present on the surface of these cancer cells and second, our antibodies 

are able to bind and inhibit the full-length protease. With this knowledge, we then want to 

assess whether antibodies that have been functionalized for imaging will localize to the 

cell surface for detection of MT-SP1 activity.  

ex vivo labeling of MT-SP1 

Prior to evaluating MT-SP1 activity as a biomarker in xenograft mouse models, 

we wanted to evaluate association of fluorescently labeled antibodies with human cancer 

cell lines in tissue culture conditions. These experiments had multiple goals: the first was 

to demonstrate that fluorescently labeled antibodies would preferentially localize to cells 

which express active MT-SP1, and the second was to evaluate which cells label well and 

therefore might be best used for xenograft studies. Here we use E2 scFv which has been 

fluorescently labeled with AlexaFluor 594 to minimize background from the green 

autofluorescence of multiple human cancer cell lines.  
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To test the functionality of the labeled scFv against full length protein, human 

cancer cells were incubated with the labeled MT-SP1 antibodies and fluorescently 

imaged to look for association with the membranes of these cells [Figure 4-3]. Three MT-

SP1-positive cell lines - HT-29, MCF-7 and LNCaP - show labeling with the fluorescent 

antibodies, while the negative control lines MDA-MB-231 and COLO 320 DM do not. 

Interesting to note is the difference in the nature of this labeling; the HT-29 signal 

appears to come evenly from the membrane of the cell while the signal on LNCaP and 

MCF-7 cells is more punctate. Whether this is a result of MT-SP1 congregating on the 

surface, or an internalization of the antibody/enzyme complex has not been determined. 

Nevertheless, these results show that the labeled antibodies can serve as imaging probes 

to selectively target MT-SP1-positive cells ex vivo. 

MT-SP1 is putatively present on the surface of epithelial cells in at least three 

different forms – the inactive zymogen, active protease, and HAI-1-inhibited protease. 

Our experimental results indicate that the antibodies are binding to and inhibiting active 

protease on the cell surface, but the question remains whether the antibody is displacing 

cognate inhibitor upon binding. In this case the signal would not be representative of free, 

active protease on the cell surface. A study of the rat homologues of MT-SP1 and HAI-1 

observed picomolar inhibition, and MT-SP1 which has been shed from the cell surface is 

found only in complex with its cognate inhibitor, suggesting extremely tight binding in 

vivo (16). To test for HAI-1 displacement by these antibodies, the immunofluorescent 

cell labeling was carried out with HT-29 cells which were first incubated with 

recombinant HAI-1 [Figure 4-4]. Cells which were treated with HAI-1 before the 

addition of fluorescently labeled scFv showed much lower membrane-associated 



 

85 

 

fluorescence than those which were not treated. This data shows that our antibodies only 

minimally displace HAI-1 under the conditions used in the fluorescent and the cell 

activity experiments, indicating that the majority of the signal comes from free active 

MT-SP1.  

Discussion   

The tools described here may have many uses in studying MT-SP1 both in the 

laboratory and the clinic. Though immunohistochemistry and expression data have 

strongly connected MT-SP1 to cancer, MT-SP1 proteolysis on intact human cancer cells 

has not been directly observed. The antibody-mediated targeting of active MT-SP1 

described here may provide a new way to measure protease activity and connect it with 

specific downstream effects both in cell culture and in mouse models, such as the 

recently proposed pro-metastatic signaling pathway involving MT-SP1, the growth factor 

MSP and its receptor RON (17, 18). Though proteolysis of a simple peptidic substrate 

like Spectrofluor tPA may not directly translate to cleavage of complex macromolecular 

substrates in vivo, it can give us qualitative information about where MT-SP1 is active 

and in which cell lines it is the most active. This can help in the selection of xenograft 

mouse models for therapeutic trials. Two cell lines have already been selected for this 

purpose; based on the data in figure 4-1b, A11 IgG will be tested as a therapeutic in 

HT29 and PC3 mouse models by our collaborators at Takeda San Francisco. A 

comparison between the results of the mouse experiments and our activity assay will be 

most interesting. How will MT-SP1 inhibition affect HT29 cells, in which the majority of 

P1-Arg proteolysis is MT-SP1-mediated, as compared to PC-3s which appear to have 

more functional redundancy? 
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These antibodies may also prove useful for studying the biology of MT-SP1 at the 

cellular level. Recent results have shown that HAI-1 recycles between the membranes of 

polarized epithelial cells, and it is proposed that MT-SP1 may be transported between 

membranes in a similar fashion, perhaps in complex with HAI-1 (19). It is possible that 

the punctuate fluorescence observed when the labeled antibodies are added to unfixed 

MCF-7 and LNCaP cells is a result of internalization of antibody-bound enzyme, 

indicating that MT-SP1 is indeed capable of reentering the cell after it is exocytosed to 

the extracellular membrane. A cursory cell labeling experiment at 4 C showed less 

internalization into LNCaPs, but it also showed less labeling overall (data not shown). 

Further studies are needed before any real conclusions about the subcellular itinerary of 

MT-SP1 may be drawn, but the experiments described here suggest that these labeled 

antibodies could be used to study the enzyme in this regard.  

Experimental Methods 

Whole Cell Activity Assays 

T-75 flasks of 70-90% confluent adherent cells were rinsed in PBS and lifted using 

Enzyme-Free Cell Dissociation Buffer (Invitrogen). Cells were washed twice in serum-

free media and counted, then resuspended in serum-free media and aliquoted into round-

bottomed 96-well plates, ranging from 30,000-60,000 cells per well, depending on the 

cell line. E2 Fab and serum-free media were added for a final volume of 95 l and final 

inhibitor concentration of 200 nM. A11 IgG was added for a final concentration of 1-130 

g/ml, though only 80 and 1 g/ml data are shown. For total inhibition, 5 l of 25x 

Complete Inhibitor Cocktail (Roche, Basel, Switzerland), a broad-spectrum protease 

inhibitor cocktail, in water was added along with 90 l of serum-free media. After 1-1.5 
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hour incubation at 37° C, 5% CO2 , Spectrofluor-tPA (American Diagnostica Inc.) was 

added to a final concentration of 500 M. Fluorescence was measured on a SpectraMax 

Gemini EM plate reader (MDS Inc., Mississauga, Ontario, Canada) with an 

excitation/emission wavelengths of 380/460 nm. Fluorescence was measured for one 

hour or until proteolysis ceased to be linear. Fluorescence was also measured in wells 

containing only 100 l of serum-free media to correct for non-proteolytically-mediated 

substrate hydrolysis. For certain cell lines, the serum-free media alone had a high 

background of substrate hydrolysis, and so an alternate serum-free media formula (often 

Leibovitz's L-15 Medium) was substituted during the wash and resuspension steps. Prior 

to inhibition assays, these experiments were carried out with 10,000-100,000 cells per 

well to ensure that the number of cells used was in the range where fluorescence 

increased linearly with cell number. Activity assays were conducted in sextuplicate. In 

general, specific numbers could be hard to duplicate from assay to assay, due to errors in 

cell count and substrate concentration, but the general trends were reproducible.  

 

Fluorescent Imaging  

Glass microscope cover slips were flame-sterilized and placed in 12 well plates. Cells 

were passaged into these wells and grown to a confluency of 40-90%. 12-16 hours prior 

to imaging, cells were switched to serum-free media. One hour prior to imaging, fresh 

serum–free media was added with enough AlexaFluor 594-labeled E2 scFv to obtain a 

final fluorphore concentration of 300 nM. Cells were returned to the  incubator for 1-1.5 

hours after which slides were removed, rinsed in PBS, and immediately imaged on a 

Nikon Eclipse E800 fluorescent microscope outfitted with a G-2E/C filter combination 
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(Nikon, Tokyo, Japan). All cells were imaged within 10 minutes of removal from 

incubator. For the HAI-1 blocking experiment, recombinant human HAI-1 (R&D 

Systems, Minneapolis, MN) was diluted to 1 M in PBS and added along with fresh 

serum-free media to a final concentration of 200 nM and cells incubated under normal 

conditions for three hours. At this time, fluorescently labeled E2 scFv was added to the 

blocked cells, as well as to unblocked cells, for a final dye concentration of 100 nM. 

Cells were incubated for another hour and then rinsed in PBS and imaged. Images were 

collected in the .zvi format with a Zeiss Axiocam using Axiovision Software (Carl Zeiss, 

Oberkochen, Germany). Images were converted to jpegs and corrected for camera 

condensation artifacts, as determined by blank (no cell) images and using Adobe 

Photoshop software [Appendix A].  
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Figure 4-1 -MT-SP1 antibodies inhibit proteolysis in human cancer cells. Whole-cell 

proteolytic activity assays with human cancer cells show that proteolysis of a P1-arginine 

substrate is inhibited in cells which express MT-SP1 mRNA, but not in those cells which 

do not express MT-SP1. (a) E2 Fab inhibits proteolysis in the MT-SP1-positive cell lines 

MDA-MB-468, MCF-7, HT29 and LNCaP, while it has no effect on the MT-SP1 

negative MDA-MB-231, HT1080 and COLO320DM cell lines. (b) A11 IgG inhibits 

proteolysis in MT-SP1-positive MCF-7-m1, HT29, DU145, OVCAR5, and PC3 cells, but 

not MDA-MB-231.  
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Figure 4-1 
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Figure 4-2 Cell-associated IC50 is higher than that for free recombinant enzyme. Whole-

cell proteolytic activity assay with HT29 cells and decreasing concentrations of A11 IgG 

show an IC50 of approximately 5 g/ml. This translates to about 35 nM,  higher than what 

would be expected based on data with the recombinant catalytic domain. A repetition of 

this assay with A11 Fab confirmed these numbers, indicating that the antibody does not 

bind as easily to the wild-type enzyme.  
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Figure 4-2 
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Figure 4-3 Fluorescently-labeled -MT-SP scFv localizes to MT-SP1-positive cells in 

cell culture. (a) HT-29, LNCaP and MCF-7 cells, which express MT-SP1 mRNA, are 

labeled by fluorescent E2 scFv, while MT-SP1-negative MDA-MD-231 and COLO 

320DM cells (b) are not. Scale bar = 50 m. Images were corrected as described in 

Appendix A. 
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Figure 4-3 
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Figure 4-4 Antibodies do not significantly displace HAI-1. HT-29 cells which have been 

incubated with recombinant HAI-1 show much less surface labeling upon exposure to 

fluorescently labeled scFv than those which have not been blocked. Scale bar = 50 m. 

Images were corrected as described in Appendix A. 
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Figure 4-4 
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Abstract  

The non-invasive detection and characterization of cancer can be used to localize tumors 

and provide information about the biology of the tumor with minimal impact on the 

patient. This information can be used for personalized patient prognosis and therapy 

design. Any new approach for molecular imaging requires both a disease-associated 

biomarker and a probe which can specifically target it in vivo. Here, we administer 

fluorescently-labeled antibodies and antibody fragments which are specific for the active 

serine protease MT-SP1 and use them to target human cancer cells in xenograft mouse 

models. The antibodies first show specificity for MT-SP1-positive MCF-7 cells, and do 

not target MT-SP1 negative MDA-MB-231 cells. The antibodies are then used in 

multiple xenograft models chosen based on expression data, and tumor uptake is seen in 

all models, including MDA-MB-231, which indicates that mRNA expression may not 

always correlate with protease activity in vivo. The experiments here confirm MT-SP1 

activity as a biomarker for cancer, opening the door for studies assessing its potential as a 

tool for early detection and as a prognostic marker for cancer.  
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Introduction  

Molecular imaging of cancer through the use of labeled probes directed against 

tumor-associated biomarkers has the potential to greatly improve cancer detection and 

treatment. Aside from the obvious benefit of early detection, by non-invasively gaining 

information about the biology at the tumor site clinicians may be better able to classify a 

tumor. If the biomarkers can be correlated with prognosis or the response to a particular 

therapy, cancer treatment can be better tailored to the individual patient, minimizing 

unnecessary exposure to harmful side effects. Herceptin (trastuzumab) is a therapeutic 

monoclonal antibody that is only effective against breast cancers which overexpress the 

human epidermal growth factor receptor 2, for example, so detecting upregulation of this 

protein can determine which patients will respond to this therapy.  

Molecular imaging of changes in the tumor may also provide rapid feedback on 

the efficacy of therapy, whereas the time required to see an effect on the physical size of 

the tumor via visual observation or conventional anatomical imaging may be much 

longer. In the case of ineffective therapy, this again reduces unnecessary patient 

exposure. Clinically, non-invasive detection can be used to verify successful removal of 

malignant tissue or to detect sites of recurrence in previously-treated patients. Prior to the 

clinic, imaging also can be used to evaluate biodistribution and pharmacokinetics of 

molecules which are being developed for direct or carrier-mediated therapy. 

 Current methods for imaging tissue generally fall into one of six categories: x-ray-

mediated computed tomography (CT), single-photon emission computed tomography 

(SPECT), positron emission computed tomography (PET), optical imaging, magnetic 

resonance imaging (MRI) and ultrasound (US). Endogenous differences in tissue are the 
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basis for signal generation in MRI, CT, and US, but the modalities can also benefit from 

the use of exogenous contrast agents. Unfortunately, the concentration of contrast agents 

required are quite high. The more sensitive methods of SPECT, PET and optical imaging 

require the use of exogenous contrast agents, but the concentrations needed to generate an 

image is several orders of magnitude lower than US, CT, or MRI. For this reason they are 

the most useful in evaluating new biomarkers for directed delivery of imaging agents (1, 

2).  

Optical imaging, while not widely used in the clinic due to limitations in imaging 

depth, is comparable in sensitivity to SPECT and PET, and probes can be easily 

functionalized for imaging through the conjugation of commercially-available fluorescent 

dyes. Despite the recent development of methods for tomographic optical imaging, signal 

attenuation in the tissue remains a problem, and for the most part this modality only 

provides two-dimensional information about probe distribution near the surface of the 

subject. SPECT and PET rely on the use of radiotracers for imaging. These modalities 

can provide excellent three-dimensional resolution with high sensitivity and may be 

combined with CT for additional anatomical information. PET and SPECT are both used 

clinically, and although PET generally provides better resolution and sensitivity than 

SPECT, it is less widespread due to expense and the requirement of a cyclotron for 

isotope generation. The chemistry for radioisotope conjugation to an imaging probe is 

less straightforward than fluorescent dyes and exposes the radiochemist to radiation. The 

safety, ease, and short imaging acquisition time of fluorescent imaging makes it an 

attractive tool for rapid assessment of biomarker viability in subcutaneous tumors. 

Ultimately, however, it is the deep tissue, three-dimensional images acquired with PET or 
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SPECT, combined with anatomical information obtained with a coupled CT scanner, that 

will be the most useful in evaluating the limitations of biomarkers. The widespread 

clinical use of PET and SPECT also favors the development of radiotracers for use in 

drug design, therapeutic monitoring and determination of outcome measurements.  

  Regardless of the imaging modality used, to get successful tumor imaging one 

must select a biomarker and a probe which will yield the highest tumor uptake and 

tumor-to-background ratio possible. For the biomarker, this means that the target is 

upregulated in malignant tissue while having no pharmacological or toxicological effects. 

The probe on the other hand, must be very specific for the target biomarker and show 

little non-specific binding elsewhere. For in vivo work, the probe must also have 

reasonable pharmacokinetics and have few adverse effects on the immune system of the 

subject. Currently, there are many cancer imaging probes in development, but few have 

been FDA-approved for use in the clinic. Those that are approved are limited to very 

specific cancers and/or to look for recurrence in previously-diagnosed patients (3). In all 

likelihood, due the complex and heterogeneous nature of cancer, there will not be just one 

or two targets which will be suitable biomarkers for detection and diagnosis of any given 

cancer. Rather, it is likely that the patient will benefit from the detection of multiple 

biomarkers, effectively generating a tumor profile which will then direct therapy and 

prognosis. For this reason, it is critical to continue to evaluate many potential biomarkers 

for cancers. 

 Proteases are a class of enzymes that shows promise for cancer detection and 

characterization. Proteolytic processing is necessary in nearly every stage of cancer 

growth and progression, from angiogenesis to extracellular matrix remodeling, cell-cell 
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signaling and metastasis (4-7). Finely regulated through activation and inhibition, 

changes in relative levels of proteases or their cognate inhibitors are often associated with 

cancer, suggesting that it is a dysregulation of proteolysis which contributes to malignant 

growth (6, 8).  

The general strategy of targeting protease activity for in vivo detection of cancer 

has been successfully carried out using two different approaches.  Substrate-based probes 

have been developed in which a near-infrared fluorphore is activated upon proteolytic 

cleavage of a donor-quencher pair. This type of substrate has been used to image multiple 

types of cancer in mouse models (9-14). Now commercially available as ProSense and 

MMPSense, cathepsin and MMP-activatable substrates can be used to fluorescently 

image protease activity in small animals. While these substrate-based probes allow for 

signal amplification as one protease turns over multiple molecules, they may lack 

specificity and, released after cleavage, may not remain immediately localized to the 

target protease. The reliance on quencher release for signal generation also limits these 

probes to fluorescent imaging applications. Fluorescence imaging technology has not yet 

progressed to the point of being widely used outside of the laboratory, and most clinical 

molecular imaging utilizes MRI, CT, PET and SPECT for detection of malignancies. 

Clearly, it is necessary to develop probes which can be used with a variety of different 

tracer molecules for multiple imaging modalities.  

Another approach for targeting protease activity in vivo involves the use of 

molecules which covalently attach to the active site of the protease. Primarily 

functionalized for fluorescence, these activity-based probes (ABPs) use a specificity-

determining peptide linker region to target proteases families involved in angiogenesis 
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and extracellular remodeling (15-17).  ABPs have been used for full body imaging of 

breast cancer in mouse models, both for tumor detection and therapy evaluation (18).  

Though these probes could be modified for imaging with PET or SPECT, the use of a 

peptide for targeting may again limit specificity, and there are significant hurdles for 

approving these probes for use in human patients.  

Antibodies provide an alternate approach for targeting biomarkers and have the 

advantage of being very potent and specific for the target protease. Pharmacokinetics 

may also be altered by building the epitope recognition region into antibody-derived 

structures such as single chain variable fragments (scFvs), Fabs or minibodies. Human 

antibodies are also non-immunogenic and can be functionalized for multiple imaging 

modalities. Accordingly, many antibody-derived tools for cancer detection and treatment 

are already FDA-approved  for in vivo use (3, 19).  

 Membrane-type serine protease 1 [MT-SP1], also referred to as matriptase, 

TADG-15, PRSS14, SNC19, prostamin and gene ST14, is a cell surface protease which, 

along with its cognate inhibitor hepatocyte growth factor activator inhibitor-1 [HAI-1], is 

dysregulated in a number of epithelial cancers. This dysregulation has been correlated to 

cancer stage, and the down regulation of inhibitors indicates that MT-SP1 is likely more 

active in the disease state (20-33). Anchored to the extracellular surface of cancer cells, 

MT-SP1 is localized to malignant tissue and accessible to antibodies, making it an ideal 

candidate for targeting in vivo. The recent connection between MT-SP1, the growth 

factor MSP and its receptor RON with metastatic breast cancer also makes it an 

interesting candidate as a prognostic marker (34). While the chemistry for radiolabeling 

the anti-MT-SP1 antibodies is still being optimized, fluorescent imaging provides an 
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alternate way to evaluate targeting of subcutaneous xenograft tumors in mouse models. 

Here we show that we can use human antibodies and antibody fragments to target MT-

SP1 activity in multiple xenograft-bearing mouse models of cancer.  

Results 

in vivo imaging of tumors using antibody fragments 

 The anti-MT-SP1 antibodies E2 and A11 were initially isolated as an scFv and an 

Fab, respectively. The E2 scFv was converted to an Fab as reported (34, 35). The scFv 

was also engineered as a diabody as described in Chapter 3. Both Fab and diabody have 

been reported to have been used successfully to target tumors in mouse models (36, 37). 

Because of this and because the IgG expression had not yet been completed, these 

constructs of E2 were first used to target MT-SP1-positive tumors in mouse models 

bearing subcutaneous xenografts of the human breast cancer cell line MCF-7. The 

antibodies were labeled with Alexa Fluor 680 (Invitrogen) through nonspecific 

conjugations to surface lysines, resulting in minor changes in inhibition constants (Figure 

3-6). Both antibody constructs localized to the tumor, but showed high uptake in the 

excretory system (Figure 5-1). It was hoped that the bivalent nature of the diabody would 

improve tumor retention, but this effect was not observed, perhaps due to instability of 

the molecule in vivo. Nevertheless, the signal at the tumor suggested that MT-SP1 

activity may be being specifically targeted, and efforts to express IgG continued.  

in vivo imaging of tumors with full-length antibodies 

 As mentioned previously, two methods of A11 IgG expression yielded hundreds 

of milligrams of protein, while E2 IgG expression has yet to be successfully 

demonstrated despite multiple approaches. The antibody was again labeled with Alexa 
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Fluor 680 as suggested by the manufacturer, but unlike Fab, scFv, and diabody labeling, 

the IgG precipitated during the concentration, conjugation, and purification steps, 

resulting in overall yields of about 4-10%. Despite this disadvantage, enough protein was 

labeled to image multiple mice.  

 In the first IgG imaging experiments, xenograft mice were generated using two 

breast cancer cell lines: the MT-SP1-positive MCF-7 and MCF-7/Luc+ cells and the MT-

SP1 negative MDA-MB-231/Luc+ cells. The “Luc+” designation indicates that cells have 

been stably transfected to express Firefly luciferase, so that tumor location and viability 

can be verified through bioluminescent imaging independent of MT-SP1 expression. The 

results of this experiment can be seen in Figure 5-2. The sensitivity scale of the MDA-

MB-231 images has been adjusted to compensate for differences in the amount of 

injected dye. Pink arrows indicate the location of the tumors in the mice prior to 

injection. Bioluminescent images of luciferin turnover also demonstrate the location of 

the tumor cells. The MT-SP1-positive MCF-7/Luc+ cells show significant tumor uptake 

with low background by 24 hours after injection, and the high signal-to-background 

contrast remained at least out to 50 hours (Figure 5-2 and 5-3). The MT-SP1-negative 

MDA-MB-231/Luc+ tumors, on the other hand, showed no signal accumulation. The 

bright spot in the 24 hour time point is the mouse bladder as the antibody is excreted. 

This demonstrates that MT-SP1 is active in the tumor in which it is expressed and that 

this activity can be targeted for tumor detection in vivo.  

Targeting additional MT-SP1-positive tumors in vivo 

 As part of a collaboration with Takeda San Francisco, multiple additional cell 

lines were examined for tumor targeting. For these experiments, Takeda provided the 
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A11 IgG. Xenografts were generated using the following MT-SP1 positive cell lines: 

DU145, HT29, OVCAR5 and PC3, and the MT-SP1 negative cell line MDA-MB-231. 

OVCAR5s were chosen based on expression levels of MT-SP1, the HGF receptor cMet, 

and the MSPreceptor RON as determined in the NCI60 Cancer Microarray Project, while 

the others were selected due to mRNA levels detected in our lab (38, 39). This 

experiment was also intended to include MCF-7-m1 tumors (MCF-7 cells which have 

been passed once through a xenograft model and reharvested in order to select for those 

lines which grow well in vivo), but the tumors did not grow during the duration of the 

experiment. Based on the activity assay results in Figure 4-1, we expected to see little 

uptake in DU145 tumors, and none in OVCAR5 or MDA-MB-231 tumors. However, the 

results did not follow this trend. In Figure 5-4, representative mice from each strain are 

shown. All mice received a similar amount of dye in the tail vein injection and all images 

are on the same intensity scale (Figure 5-4). Interestingly, there appears to be uptake in 

the MDA-MB-231 tumors, and tumor excision and imaging several days after injection 

showed that the signal is present in the tumor and does not originate from surrounding 

tissue (data not shown). The models generated in this experiment used MDA-MB-231 

cells, as opposed to the MDA-MB-231/Luc+ strain, and were implanted into the 

mammary fat pad of SCID Beige mice instead of nude athymic mice, and the changes in 

the experimental set up may account for the difference in uptake between the two models.  

To compare models, the signal from each tumor was quantified and normalized to 

the total injected dose (as determined by signal quantitation of entire mouse 1-4 hrs post 

injection), as well as to the tumor volume. Though two dimensional fluorescent imaging 

is not truly quantitative because of signal attenuation, the fact that the tumors are 
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subcutaneous allows us to get semi-quantitative information for comparison. The results 

of these calculations are shown in Figure 5-5a. It appears that although they take up A11 

IgG, MDA-MB-231 tumors have the lowest signal. DU145s also have relatively low 

levels, compared to the other cell lines, as would be expected from expression and 

activity assay data. OVCAR5 cells, on the other hand, show very little activity in the cell-

based assay, but the highest uptake in vivo. Tumor uptake was quantified in multiple mice 

of each strain, showing that on average, HT29 and PC3 cells have the highest uptake 

(Figure 5-5b). This could be expected based on the activity assay data, but the disconnect 

between mRNA expression level, protease activity, and tumor uptake in OVCARs, 

DU145s, and MDA-MB-231s showcases the difficulty in drawing conclusions about in 

vivo activity using ex vivo data. A direct probe for protease activity in vivo is the most 

direct way to understand the role the protease may be playing in cancer biology.   

Discussion 

 Cancer is responsible for the deaths of over half a million Americans every year 

(40). Early detection and rapid administration of effective therapy are key to reducing this 

number. Methods for targeting malignant tissue in vivo can be exploited for detection, 

tumor characterization, and/or the delivery of therapeutic payloads. In order to target the 

cancer with minimal impact to healthy tissue, we must identify tumor-associated 

biomarkers and demonstrate that they can be effectively and specifically targeted in vivo. 

While xenograft mouse models of cancer are only loose approximations of endogenous 

cancer, they are the first step in the assessment of a probe’s ability to localize to cancer 

cells in a biological system. Here, we use these models to show that MT-SP1 activity can 

be targeted in vivo using specific humanized antibodies.  
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 Semi-quantitative analysis of antibody signal at the tumor revealed antibody 

uptake patterns which did not necessarily correlate directly with genetic expression 

levels, or with the activity observed in whole cell assays. Implanted cells interact with 

host tissue and may have different physiology than single cells grown in cell culture. Our 

antibodies provide a novel way to assess proteolytic activity in vivo, which may be 

important for assessing the function of MT-SP1 within the complex microenvironment of 

the tumor. In the case of the positive signal at MDA-MB-231, detection of MT-SP1 in 

tumor lysate via western blot could confirm the presence of this enzyme. This experiment 

was not completed due to the lack of reliable antibodies for MT-SP1 westerns, but should 

be repeated as the model is used in the future.  

Comparison among multiple animals also showed variation in the uptake in 

tumors of the same cell line, which may be due to differences in tumor volume and the 

resulting signal attenuation. MicroSPECT or PET will provide more quantitative 

information and determine the 3-dimensional distribution of antibody within the tumor, 

which may also explain variation. Radioimaging can also be coupled with CT to get 

anatomical information and allow targeting of non-subcutaneous tumors, steps that are 

necessary in evaluating the potential of these probes for use in vivo. 

MT-SP1 is only one of many proteases whose activity has been linked to cancer. 

Many other type-two transmembrane serine proteases have been suggested as potential 

biomarkers, and targeting the active site with human antibodies is a novel approach for 

non-invasively detecting proteolytic activity (41). This work demonstrates that MT-SP1 

activity is present in tumors and can be targeted and inhibited on the surface of cancer 
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cells using specific antibodies, validating an approach that can be used to target cell-

surface proteolysis for cancer assessment and intervention. 

Experimental Methods 

Mouse xenograft generation  

MCF-7 and MCF-7/Luc+ (subcutaneous implantations): Six to seven week-old female 

nude [NCR nu/nu athymic female mice, 6-7 weeks old; (Taconic Farms, Hudson, NY)] 

were subcutaneously [s.c.] implanted at the base of tail with 60-day sustained release 

0.72-mg 17h-estradiol pellets (Innovative Research of America, Inc., Sarasota, FL). Two 

days later, 1x10
7
 MCF-7 or MCF-7/Luc+ breast cancer cells were implanted s.c. in the 

upper back area as a 0.2-mL suspension. Tumor growth was measured by caliper along 

the largest (length) and smallest (width) axes twice a week. Tumor volumes were 

calculated using the following formula: tumor volume = [(length) x (width) x (width)]/2. 

At approx 30 days post-tumor implantation (mean tumor volume, 600 mm
3
), animals 

were imaged as described below. 

MDA-MB-231/Luc+ (Mammary fat pad implantation): Six to seven week-old female 

nude [NCR nu/nu athymic female mice, (Taconic Farms)] were anesthetized with avertin. 

A midline incision along the abdomen followed by angled bilateral incision between the 

number 4 and 5 nipples was then made to expose the number 4 mammary gland.  MDA-

MB-231/Luc+ cells (2x10
5
 cell suspended in 40 l serum-free media) were injected 

directly into the surgically exposed mammary fat pads with a 500 l tuberculin syringe.  

The abdominal skin flaps were closed with wounds clips.  Wound clips were removed 14 

days post surgery.  At approximately 45 days post-tumor implantation (mean tumor 

volume, 400 mm
3
), animals were imaged as described below.  
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OVCAR5, DU145, PC3 and HT29 (subcutaneous implantations): Xenografts for all four 

cell lines were generated in six to seven week-old female nude [NCR nu/nu athymic] 

mice, (Taconic Farms). 1x10
7
 OVCAR5, DU145, PC3 or HT29 cancer cells were 

implanted s.c. in the upper back area as a 0.2-mL suspension. 

MDA-MB-231 (Mammary fat pad implantation): Models were generated as outlined 

above for MDA-MB-231/Luc+ mice, except that the hose mice were SCID Beige mice 

and cells were injected into the #4 mammary gland without incision (Charles River, 

Wilmington, MA). 

In vivo imaging 

All antibodies were labeled as described in Chapter 3. Mice were fed an alfalfa-free diet 

of Harlan Teklad Global 2018 rodent feed (Indianapolis, IN) to minimize background 

fluorescence. Mice were anesthetized with 1.5-2% isoflurane. Alexa Fluor 680-labeled 

A11 IgG, E2 Fab, and E2 diabody  were injected to the tail veins with total amount of 

injected dye ranging from 0.5-2 nanomoles. For fluorescent imaging of mice with E2 

diabody and Fab, two MCF-7 mice were each injected with ~ 2 nanomoles of dye (Fab) 

and ~ 3 nanomoles of dye (diabody). Images were collected in fluorescent mode on an 

IVIS 50 using Living Image 2.50.2 software (Caliper Life Sciences, Hopkinton, MA) at 

set intervals depending on the antibody construct injected. For the IgG studies, two MCF-

7 and one MCF-7/Luc+ mice were injected with  approximately 2 nanomoles of dye and 

anesthetized and imaged at regular intervals for 50 hours. Two MDA-MB-231/Luc+ 

tumor-bearing mice were injected with approximately 0.7-1 nanomoles of dye and 

imaged in the same manner. These experiments utilized IgG obtained from Jialong Lou in 

the Department of Anesthesiology at UCSF. In the images presented, region of interest 
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analysis of the entire mouse using Living Image software indicated the relative signal 

coming from each mouse four hours after injection. Intensity minima and maxima of each 

set of the presented images were adjusted to compensate for the difference in total signal 

from the two sets of mice. For bioluminescent images, Luc+ mice were anesthetized as 

described and intravenously injected with ~ 1 mg of luciferase and imaged in 

bioluminescent mode on the IVIS 50 with Living Image software at 12-15 minutes post 

injection.  

For imaging using PC3, HT29, DU145, OVCAR5 and MDA-MB-231 xenografts, A11 

IgG was obtained from Takeda SF. Mice were anesthetized as described and injected 

with 0.45-1.8 nanomoles of dye (180-720 picomoles of IgG) and imaged every four to six 

hours out to 50 hours in fluorescent mode on an IVIS 50 using Living Image 2.50.2 

software. The MDA-MB-231 mice were imaged out to 8 days and fluorescent signal, 

though reduced, remained in the tumors out to this point (data not shown). In the images 

shown, mice were matched according to comparable administered dose, and all images 

are on the same intensity scale. All in vivo studies were performed as directed under 

institutional approval. 

“Semi-quantitation” of tumor signal 

 Living Image 2.50.2 software was used to quantitate tumor signal. For “total 

injected dose,” a region of interest (ROI) was drawn around the entire mouse in the image 

obtained immediately post injection, and the total signal recorded. At the 48 hour time 

point, an ROI was drawn around the tumor and this value was recorded. Photographic 

images were used to measure the longest (l) and shortest (w) dimensions of the tumor and 

tumor volume calculated as volume = [(l) x (w)
2
]/2. “Percent injected dose” for each 
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tumor was calculated by dividing the tumor signal at 48 hours by the total signal post 

injection. Tumor and total signal were calculated for each side of the mouse (two tumors 

per mouse). These numbers were then divided by the tumor volume to obtain values 

shown in Figure 5-5a. Two to three mice per cell line were chosen based on comparable 

injected dose and the % injected dose/tumor volume calculated for four-six tumors to 

obtain the “average” values shown in Figure 5-5b. Calipers were not available when 

imaging PC3, OVCAR5, and MDA-MB-231 mice, and so the two-dimensional method 

of approximating tumor volume may be one source of error.  
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Figure 5-1 E2 inhibitors target tumor cells in MCF-7 xenograft mice. E2 diabody (a) localized 

to tumor cells (circled) within two hours of injection, obtaining maximum signal at 4 hours but 

losing contrast by 9 hours as the labeled protein is excreted. E2 Fab (b) also localized to tumor 

cells but failed to achieve sufficient contrast against the excreted  Fab.  
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Figure 5-1 
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Figure 5-2 -MT-SP1 antibodies are able to selectively target MT-SP1-positive tumors 

in vivo. AlexaFluor 680-labeled A11 IgG was injected and imaged using a 2-D 

fluorescent imager. Tumors are indicated by arrows. In MCF-7/Luc+ xenograft mice, the 

tumors become selectively labeled with minimal background after 50 hours (a). In the 

MDA-MB-231/Luc+ (MT-SP1-negative) models, however, no tumor labeling was seen 

over the same time period (b). As an alternate method for detecting the tumors, mice 

were injected with approximately 2 mg of luciferin and imaged after 10-15 minutes. 

Because the Luc+ cells have been engineered to express luciferase, a bioluminescent 

signal is seen at the tumor, confirming location and viability of the xenograft. 
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Figure 5-2 
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Figure 5-3 High tumor-to-background ratio is obtained as early as 12 hours. A more 

detailed time course of A11-IgG mediated tumor targeting in the MCF-7/Luc+ mouse 

shows significant tumor (circled in pink) association by 12 hours, and high tumor-to-

background contrast by 24 hours. 
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Figure 5-3 
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Figure 5-4 -MT-SP1 antibodies target multiple human cancer cell lines in vivo. 

Fluorescently-labeled IgG was injected into DU145, HT29, OVCAR5, PC3 and MDA-

MB-231 xenografts, and tumor fluorescence detected 48 hours post-injection. Top images 

show the photographic images of the mice, with tumors circled in pink. Fluorescent 

signal is overlaid in the bottom images. All five tumors accumulated fluorescent signal, 

including, unexpectedly, the MT-SP1 negative cell line MDA-MB-231.  
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Figure 5-4 
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Figure 5-5 Quantitation of fluorescent signal reveals differences in tumor uptake. (a) 

The fluoresent signal from the tumors in Figure 5-4 was quantitated, then normalized to 

total injected dose and tumor volume, showing highest uptake in the PC3 and OVCAR5 

tumors. This data was collected for multiple xenografts of each cell line and averages 

calculated (b). The errors are high, indicating wide variation, but in general PC3 and 

HT29 have the highest uptake, as would be expected from cell culture experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

127 
 

Figure 5-5 

A. IgG accumulation in tumors of xenograft mouse models 

 

B. Average IgG accumulation in multiple tumors of the same cell type 
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CHAPTER 6: Conclusions and remaining questions 
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Over a decade of experiments have established the importance of MT-SP1 in 

cancer, but it is only now that a system for detecting the activity of this enzyme has been 

reported. We have used this method to show that MT-SP1 activity can be targeted in vivo 

for tumor detection, confirming its significance as a cancer biomarker. The system 

described here is on its way to satisfying the three areas of concern when devising new 

systems for molecular targeting as shown in Figure 1-1. We have shown that our 

antibodies are indeed potent against and specific for active MT-SP1, and due to the use of 

the human IgG scaffold, these probes ought to have minimal immunogenic effect when 

used in vivo. The imaging data reported here indicate that IgGs have adequate 

pharmacokinetics in mice for imaging, although more constructs such as minibodies may 

show improvement. These early results indicate that MT-SP1 will also be a good 

biomarker, although the true test of signal-to-noise and sufficient Bmax for effective tumor 

detection will only be answered as the experiments move into humans and into 

radioimaging.  

 The results of these initial experiments, while exciting, also bring to light a new 

set of questions. One question that is often raised is how much more beneficial it is to 

target activity rather than overall protein levels. As the xenograft experiments are 

continued, it will be interesting to look at levels of activity detected in tumors and 

compare it to overall levels of protein, as determined either by in vivo detection using an 

antibody which binds to all MT-SP1, or by looking at protein levels in tumor lysates 

using western blotting.  

Much is known about the importance of MT-SP1 in development, but the role of 

the protein in a healthy adult is less well understood. If the majority of homeostatic tissue 
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expresses inactive MT-SP1, then the activity in cancerous tissue is likely to be the best 

biomarker. It has been reported that MT-SP1 activity may be important for maintaining 

the integrity of the gut epithelium, suggesting one possible source of high background 

when detecting activity in humans. While this was not observed in the initial mouse 

models, it is to our advantage both that fluorescent signal from internal organs is 

attenuated and that the inhibitors bind to the mouse homologue with reduced affinity. If 

the ultimate goal is to image the protease using radiotracers in human beings, this 

background may become a more significant hurdle. Should this be the case, MT-SP1 

activity may not be the ideal biomarker for tumor detection but at least we may learn 

more about when and where MT-SP1 is active throughout the body, information that is 

difficult to get at when the genetic knock-out is lethal.  

As the antibodies are continued to be used in xenograft mouse models, it is also 

important to understand the unexpected labeling in the SCID beige models of MDA-MB-

231. Based on expression data, this tumor labeling was not expected. Western blot 

analysis of tumor lysates could be used to confirm the presence of MT-SP1 in these 

tumors, for the xenograft is naturally a much more complicated environment than cell 

culture and it is possible that the host may have affected expression patterns in the cells 

used. Naturally-occuring tumors are much more complicated than a deposit of cells in the 

foreign tissue of immunocompromised mice – much must be said for tumor models 

which better mimic the entire formation and microenvironment of cancer. For this reason 

it may be desirable to move into genetic mouse models of cancer such as those used by 

our collaborator Alana Welm or by Karin List, who has worked with epithin in mice for 

over a decade (1, 2). Though our inhibitors bind to epithin, small modifications may 
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improve their affinity and more closely parallel the antibody-MT-SP1 interaction (3).  

Though this would move away from the human system ultimately desired for clinical use, 

demonstration of successful use of the antibodies in a system which better mimics the 

processes leading up to and encouraging cancer growth may be more beneficial, or at 

least complimentary, in the long run.  

Because these antibodies inhibit MT-SP1 activity, they are also of interest as 

therapeutic tools. Several reports of effective use of MT-SP1 inhibitors in mouse models 

of cancer indicate that inhibiting the enzyme may affect tumor growth and/or metastatic 

potential (4, 5). A preliminary study using PC-3 models shows very little reduction in 

tumor volume after several weeks of treatment with A11 IgG when compared to 

docetaxel. This result, while slightly disappointing, is not totally unexpected given the 

results of the activity assays [Figure 4-1]. Though the antibodies inhibited P1-arginine 

proteolysis in PC-3 cells, there was significant proteolytic activity remaining even after 

the inhibitory antibodies were added, suggesting some functional redundancy in these 

cells. This might make the argument for less-specific inhibitors in cancer treatment. The 

antibodies are now being evaluated as therapeutics for HT29 xenografts, which may have 

a higher chance of success given the little amount of proteolysis remaining in inhibited 

cells in the whole cell activity assay. Perhaps, eventually, there may be established a 

correlation between fluorescent signal in vivo and response to antibody-mediated therapy. 

Then these antibodies could be used as a “theragnostic” tool both for detection, 

evaluation, and eventually, therapy.  

Many questions remain as to whether MT-SP1 will make a good biomarker and/or 

therapeutic target and whether these antibodies are the most effective way to target it. 
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However, the results to date show that MT-SP1 is active in cancer cells and that we may 

use our antibodies to effectively target  and inhibit this activity both in cell culture and in 

vivo.  
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Appendix A: Microscope image correction using Adobe Photoshop 

Images were collected using a Zeiss Axiocam and Axiovision Software and saved as 

TIFF files. To correct for dust/condensation on the camera, an image was collected  under 

identical conditions with a sample of PBS only (Figure 1A).  The aberrations were 

selected using Adobe Photoshop. This layer was then copied to cell images (1B) and 

filled with the appropriate color and Gaussian blurred to obtain final results (1C).  
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