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ABSTRACT 
 

Matrix metalloproteinases (MMPs) are secreted proteases that remodel the 

extracellular matrix (ECM) during development, disease, and other physiological 

processes. The ECM provides support for tissues and regulates the activity of 

surrounding cells. To prevent inappropriate activity, MMPs are synthesized as inactive 

enzymes. In vitro, MMP-14 activates MMP-2 by proteolytically removing MMP-2’s 

auto-inhibitory propeptide; however, investigating MMP activation within tissues 

requires a novel approach. I developed the Epitope-Mediated MMP Activation (EMMA) 

assay to detect and quantify MMP activation in vivo using immunofluorescence and 

immunoblotting. EMMAedMmp2 is activated in ECM-rich regions and patterns similar 

to endogenous protein expression. To investigate the underlying mechanisms of 

EMMAedMmp2 activation, I analyzed Mmp14α/β sequences and expression patterns. 

Differences between the two suggest unique roles for each of these paralogues in vivo. 

Furthermore, using EMMAedMmp2 with pharmacological MMP inhibitors reveals the 

presence of additional Mmp2 activation mechanisms in developing zebrafish embryos. I 

also generated a transgenic line of zebrafish expressing EMMAedMmp2 that can be used 

to investigate MMP activation mechanisms more consistently without the limitations of 

transient expression. The EMMA Assay is a versatile tool that will improve our 

understanding of MMP regulation in ECM remodelling and its implications in 

development and disease.  
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Chapter One 
Introduction 

1.1 Extracellular Matrix 
 

Cells are generally considered the building blocks of tissues and the primary 

contributors to biological functions. While cells are obviously essential to the structure 

and function of living tissues, there is another crucial element: the extracellular matrix 

(ECM). A defining characteristic of Metazoa (Özbek et al. 2010; Hynes, 2012), the ECM 

is a complex network of large and insoluble fibrous glycoproteins, secreted from cells to 

make up the non-cellular component of tissues. In addition to providing structure and 

support, the ECM also has a dynamic role in development and tissue homeostasis. Cells 

not only secrete ECM molecules, but also interact with them directly via cell-surface 

receptors such as integrins, altering cell signalling and behaviour (Rozario & DeSimone, 

2010). ECM can be deposited in different arrangements, affecting its biochemical and 

physical properties to which cells are highly sensitive, exhibiting different cellular 

responses to specific combinations of ECM molecules and mechanical loads. Signalling 

molecules sequestered within the matrix also provide cues to surrounding cells and can 

be altered with changing matrix composition and organization.  

1.1.1 Composition of the Extracellular Matrix 
 

The extracellular matrix is made up of over 300 different proteins, many of which 

exhibit extensive variation due to alternate splice forms, post-translational modifications, 

and/or expression of different isoforms (Theocharis et al. 2016). These proteins are not 

all present at the same time, but appear in different combinations over the course of 
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development and in response to both physiological and pathological processes (Hynes & 

Naba, 2012). It is useful to think of the ECM as a language or code that the cells read: 

changing the molecules changes the message received by cells, and small changes can 

significantly alter cell behaviour. Collagens, proteoglycans, and other glycoproteins are 

the main classes of ECM molecules.  

Collagens are the main structural proteins of the ECM. The most abundant 

proteins in animal tissues, fibrous and sheet-forming collagens play an important role in 

providing strength to tissues and maintaining the integrity of basement membranes that 

mark epithelial boundaries (Gordon & Hahn, 2010). Proteoglycans resist compressive 

forces and provide hydration to tissues by forming a gel in the interstitial space 

(Theocharis et al. 2010). Made up of a protein core with branching negatively charged 

polysaccharide side chains, proteoglycans attract water molecules. This results in a 

hydrated matrix that can vary in stiffness, permeability, and affinity for specific 

molecules. Glycoproteins make up the largest family of ECM molecules with 

approximately 200 different proteins, including elastins, fibronectin, and laminins. The 

specific role of all individual proteins has not been determined, but glycoproteins are 

generally found to function in cell adhesion, ECM assembly, cell signalling, and 

sequestering growth factors within the matrix (Hynes, 2009). The spatial distribution of 

these ECM molecules changes over the course of development and varies between 

tissues, having a profound effect on ECM function. 
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1.1.2 Functions of the Extracellular Matrix 
 

The extracellular matrix has a wide array of important functions. It has long been 

known that the ECM acts as a scaffold, providing structure and support for tissues 

(Davidson & Harris, 1973). Its 3-dimensional composition and rigid collagen framework 

provide a mechanical stiffness to constrain cells, but this is only one of many important 

functions. The ECM also provides an environment for cells that mediates their 

appropriate function and behaviour within tissues (Theocharis et al. 2016). With a few 

exceptions (such as during epithelial to mesenchymal transition), cells must remain in 

contact with the ECM otherwise they undergo programmed cell death, a phenomenon 

known as anoikis (Simpson et al. 2008). Cells behave differently in the presence of 

different ECM molecules, both at the level of gene expression and dynamic processes 

such as cell migration and cell signalling. For example, neurogenic stem cells cultured on 

different ECM molecules differentiate at different rates (Ma et al. 2008). Furthermore, 

pluripotent stem cells plated on the same matrix but with differing stiffness differentiate 

into unique cell types (Engler et al. 2006). This suggests that the ECM is essential for 

providing a variety of cell types and therefore multicellularity within an organism. The 

ECM is also responsible for binding and sequestering signalling molecules, such as 

growth factors, controlling their diffusion and spatial distribution within the matrix 

(Hynes, 2009). At the appropriate time, these sequestered molecules are released and 

provide the surrounding cells with the necessary signals to continue proper development. 

Without the ECM, tissues would lack necessary scaffolding and development could not 

proceed.  
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1.1.3 The Extracellular Matrix is Dynamic 
 

For all of the roles described above, including structure and support, the ECM 

must be continuously remodelled. Quite the opposite of a static framework, the ECM is a 

highly dynamic system, always in a delicate balance of being broken down and built back 

up again to serve the appropriate function at a given time (Rozario & DeSimone, 2010). 

This seems counterintuitive for something that provides structure and support; however, 

during development, tissues grow and change shape. To accommodate these changes, the 

ECM must be modified to continue providing effective structural support. Another need 

for ECM remodelling is to provide passage for cells embedded within it. As the ECM is 

degraded, physical barriers are broken down, allowing cells access to new migratory 

pathways. For example, neural crest cells migrate along specific paths generated by ECM 

remodelling. If remodelling is blocked, cells cannot migrate, resulting in downstream 

effects on neural crest-derived outcomes such as pigmentation and facial development 

(Christian et al. 2013; Ellis & Crawford, 2016).  

Beyond structural requirements, ECM remodelling is important for the release of 

sequestered signalling molecules. These molecules serve little purpose if they remain 

trapped in the ECM. As the ECM is remodelled during development, these molecules are 

appropriately released, inducing signalling changes in the surrounding cells, which can 

lead to further changes in the ECM (Bonnans et al. 2014). The ECM can also directly 

initiate signalling to cells in contact with it.  Remodelling enables alternate ECM 

arrangements and reveals cryptic binding sites for receptors, leading to altered cell 

behaviour (Ricard-Blum & Vallet, 2016). For example, degraded collagen fragments 

have unique biological activities, initiating cellular responses distinct from the intact 
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molecule (Ricard-Blum & Salza, 2014). Without remodelling, the dynamic nature of the 

ECM and its other functional properties would be abolished. 

1.2 Matrix Metalloproteinases  
 

Metazoan ECM remodelling enzymes were first discovered in tadpoles (Gross & 

Lapiere, 1962). Tadpole tails plated on collagen matrices degrade the surrounding 

collagen, allowing the isolation of an enzyme now known as collagenase. Since then, 

many other proteases with the ability to degrade ECM molecules have been discovered. 

The largest group is the matrix metalloproteinases (MMPs). MMPs are a family of zinc-

dependent proteases known primarily for degrading the ECM during developmental, 

physiological, and disease processes (Visse & Nagase, 2003; Nagase & Karamanos, 

2011). Controlled MMP activity is essential to prevent inappropriate matrix remodelling, 

as mis-regulated activity is central to a wide variety of disease processes including heart 

disease, arthritis, and cancer (Sbardella et al. 2012). 

1.2.1 MMP Families and function 
 

With such a vast number of different ECM molecules, one would expect there to 

be a large number of MMPs. MMPs are found in all multicellular animals and related 

metalloproteinases occur in all domains of life. Invertebrates range from having as few as 

two MMPs in Drosophila (Page-McCaw, 2008) to as many as 26 in sea urchins (Angerer 

et al. 2006). Most vertebrate genomes encode about two-dozen MMPs, with humans 

having 23 (Fanjul-Fernández et al. 2010).  

MMPs are zinc-dependent proteases, requiring the coordination of a zinc cation in 

the catalytic domain for proteolysis to proceed (Gomis-Ruth, 2009). MMPs are generally 
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secreted from cells into the extracellular space or presented on the cell surface. However, 

certain MMPs accumulate intracellularly, suggesting potentially important intracellular 

functions for these proteases (Wang et al. 2002; Cauwe & Opdenakker, 2010; Fallata, 

2015). Although MMPs are secreted to the external environment, there are several that 

remain anchored to the cell membrane, but are still capable of proteolytic activity in the 

peri-cellular space.  

MMPs are further divided into classes based upon structural similarity and 

substrate specificity. For example, MMP-2 and -9 are categorized as gelatinases because 

of their ability to degrade denatured collagen (gelatin) in vitro. Many MMPs degrade 

specific ECM molecules in vitro (Nagase, 2002), but the relevant in vivo substrate 

specificities of most MMPs remains poorly characterized. MMP-11, for example, was 

thought to only be responsible for processing signalling molecules, until recent research 

suggested a role in the degradation of the glycoprotein fibronectin during muscle 

development (Jenkins et al. 2016; Matchett 2017).  

1.2.2 MMP Structure 
 

MMPs display sequence variation in their structural domains, which provides 

unique characteristics and functions; however, there are several features shared by all 

MMPs with little exception (Figure 1-1). The first domain common to all MMPs is the 

propeptide (or prodomain) at the N-terminus of the protease. The propeptide is a 

regulatory feature responsible for keeping the MMP in an inactive state during its 

synthesis, processing, and transport (discussed in more detail below). Within the 

propeptide is a 7 amino acid region (PRCGxPD) known as the cysteine switch. This 
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region is highly conserved, not only between different MMPs, but also between 

homologues in different species, suggesting an important function. Within this region is a 

cysteine residue whose sulfhydryl moiety coordinates with the zinc cation in the catalytic 

domain of the MMP. When coordinated with the cysteine switch, the zinc is unavailable 

to participate in catalysis, rendering the MMP inactive (Van Wart & Birkedal-Hansen, 

1990). With the propeptide removed or the sulfhydryl of the cysteine switch chemically 

modified, the zinc is exposed and the MMP is in an active state, able to act on its 

substrates.  

Following the propeptide is the catalytic domain, the defining feature of MMPs. 

While amino acid sequence can vary within the catalytic domain (likely changing 

substrate specificity), it does house a highly conserved region, the zinc-binding 

“metzincin” motif that coordinates the zinc cation essential for catalysis. This motif 

consists of 11 amino acids (HExxHxxGxxH) with three conserved histidine and one 

conserved glutamate residues. The histidines coordinate the zinc cation in the catalytic 

domain while the glutamate is used to buffer the proton abstracted from a water molecule 

during protein hydrolysis (Tallant et al. 2010).  

 Carboxyl to the catalytic domain, MMP structure is more variable.  Most MMPs 

have a hemopexin-like domain linked to the catalytic domain by a disordered region of 

variable length.  The hemopexin domain forms a four-bladed beta-propeller structure, but 

the primary sequence is varied. This is consistent with its role in mediating protein-

protein interactions, contributing to the specificity of each MMP, determining substrate 

and other molecular interactions (Murphy & Knäuper, 1997). MMP-7 and MMP-26 are 

exceptions as they lack a hemopexin domain (Wilson & Matrisian, 1996). 
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Figure 1-1: General MMP domains. All MMPs possess a secretory signal (SS), a 
propeptide (PP), and catalytic domain (CAT) (A). Most have a variable linker followed 
by the hemopexin domain (HPX) (B). MMPs presented on the cell surface have a 
transmembrane domain with cytoplasmic tail (C) or GPI linkage (D).  
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Other important domains include the transmembrane helices and GPI-linkage 

motifs. Transmembrane helices are found in the integral membrane-type MMPs, 

embedding them in the plasma membrane and restricting their activity to the peri-cellular 

space. This includes MMP-14, -15, -16, and -24. Following the transmembrane helix is a 

short cytoplasmic tail, which may participate in signalling pathways. For example, when 

the cytoplasmic tail of MMP-14 is mutated, cells exhibit inhibited invasion, migration, 

and adhesion (Rozanov et al. 2001), and replacing the cytoplasmic tail of MMP-14 with 

that of MMP-15 profoundly affects enzyme activity and cell behaviour (Cepeda et al. 

2017). MMP-17 and -25 lack a transmembrane domain but have GPI linkages to tether 

them to the membrane. 

1.3 MMP Regulation 
 

As the primary effectors of ECM remodelling, MMP activity is tightly regulated 

on many different levels. MMP transcription is regulated by external conditions, cell-

ECM interactions, as well as cell-cell interactions (Gaffney et al. 2014). Furthermore, 

transcript stability and translation efficiency regulate MMP levels. For example, MMP-2 

mRNA stability is increased in the presence of growth factor TGF-1β, leading to 

increased amounts of the translated protein (Overall et al. 1991). 

MMP activity is regulated post-translationally via enzyme activation, inhibition, 

and clearance (Chakraborti et al. 2003). MMPs are synthesized as zymogens (pro-

enzymes) with a propeptide domain that renders them inactive. MMPs are activated when 

the inhibitory propeptide is irreversibly cleaved. This is characteristic of many proteases 

such as pepsin/pepsinogen and trypsin/trypsinogen, as zymogens are prevented from 
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premature and potentially detrimental hydrolytic activity. Once activated, endogenous 

protease inhibitors can reversibly inhibit MMPs. Tissue inhibitors of metalloproteinases 

(TIMPs) interfere with catalytic function, protein-protein interactions, or both, preventing 

unwanted MMP activity (Brew et al. 2000). Clearance of MMPs and/or TIMPs changes 

their effective concentration, thus affecting the level of MMP activity within the matrix. 

Tight regulation of MMPs yields activity that is a complex function of MMP abundance 

and activation, the presence of TIMPs and other inhibitors, availability of substrates, as 

well as the breakdown and clearance of these molecules from the matrix. 

1.3.1 MMPs are associated with inflammation 
 

In normal adult tissue, MMP activity is minimal; however, inappropriate MMP 

regulation can contribute to a number of pathologies. Diseases such as arthritis, 

inflammatory bowel disease, and cancer are associated with an increase in both MMP 

activity and inflammation (Sbardella et al. 2012). On the other hand, MMP deficiency 

reduces inflammation (Nissinen & Kähäri, 2014). Additionally, inflammatory molecules 

regulate MMPs. Cytokines such as TNF-α activate signaling pathways to 

transcriptionally upregulate MMPs and reactive oxygen species disrupt the propeptide 

domain to activate MMPs (Siwik & Colucci, 2004). Once activated, MMPs can process 

chemokines, cytokines, and growth factors within the matrix, providing chemotactic 

pathways for migrating inflammatory cells (McCawley & Matrisian, 2001; Butler & 

Overall, 2013). This suggests an important role for MMPs as modulators of the 

inflammatory response.  
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Increased ECM degradation is a key feature of inflammatory disease, resulting 

from increased MMP activity (Parks et al. 2004).  In both osteo- and rheumatoid arthritis, 

MMPs are upregulated by inflammatory cytokines in the synovial fluid, leading to the 

destruction of cartilage and bone within the joint (Burrage et al. 2006). In inflammatory 

bowel disease, susceptible individuals have higher levels of gut inflammation, which 

stimulates the production of MMPs (O’Sullivan et al. 2015). High levels of MMP-13 

within the gut are associated with a reduction of intestinal-epithelial integrity as a result 

of tight junction destabilization (Vandenbroucke et al. 2013). Finally, in cancer, the most 

well-studied inflammatory disease (Mantovani et al. 2008), MMPs degrade the physical 

barriers that allow tumour cells to metastasize as well as modulate inflammatory 

cytokines and growth factors within the tumour microenvironment. This contributes to 

vascularization, proliferation, and migration (Kessenbrock et al. 2010). MMPs also aid 

cancer cells in evading immune detection by degrading the cytokines responsible for 

lymphocyte proliferation and their infiltration into the tumour (Gialeli et al. 2011).  These 

examples demonstrate the necessity of controlling inflammation and MMP activity and 

highlight the pathological consequences of misregulation. 

1.4 MMP Activation 
 

In this thesis, I focus on MMP activation – the event by which the inhibitory 

propeptide is removed, rendering the MMP active and capable of ECM remodelling. It is 

generally known that other proteases, usually other MMPs, are responsible for the 

removal of the propeptide (Nagase et al. 2006). For the most part, activation happens 

extracellularly, except for the membrane-type MMPs that are activated intracellularly by 
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pro-protein convertases such as furin before reaching the membrane (Sato et al. 1996). 

Although well characterized in vitro, more work is needed to determine the specific 

mechanisms of MMP activation, their regulation, and the molecules involved in vivo.  

1.4.1 Previous Research on MMP Activation 
  

Most research on MMP activation focuses on MMP-2. MMP-2 (Gelatinase-A) is 

ubiquitously expressed during embryonic development and is one of the most studied 

MMPs. Although there have been in vivo investigations of MMP activation (Wang et al. 

2000; Hasebe et al. 2007; Razavian et al. 2010), most studies were carried out in vitro. 

Morungova (1999) solved the crystal structure of MMP-2, locating the propeptide 

cleavage sites necessary for activation. This includes the initial MMP-14 cleavage site 

and the final MMP-2 autocatalytic cleavage site (see section 1.4.2). To elucidate the 

molecules involved in MMP activation, many studies combine MMP-2 with varying 

concentrations of enzymes and inhibitors to determine the effects on activation. For 

example, MMP-2 activation is optimized at intermediate concentrations of TIMP-2, but 

reduced with high or low concentrations (Butler et al.1998). To determine binding sites 

between molecules involved in activation, the predicted domains are removed or altered 

to assess the impact on MMP-2 activation (see Chapter 3). Since the MMP-2 activation 

mechanism was established, little work has been done to expand our understanding of 

this mechanism, generalize it to other MMPs, or validate it in vivo.  

1.4.2 MMP-2 Activation Mechanism 
 

Recognizing the importance of MMP-2 in both development and disease, the 

activation mechanism of this enzyme was of great interest to researchers throughout the   
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1990s.  Early researchers suspected that MMP-2 was not activated within cells because 

inhibiting intracellular proteases did not prevent MMP-2 activation (Brown et al. 1990).  

Furthermore, plasma membrane extracts of tumour cells activate MMP-2 in vitro, 

implying that the activating mechanism was likely dependent on one or more membrane 

proteins (Strongin et al. 1993). In 1994, the first membrane-tethered MMP, MMP-14, 

was cloned (Sato et al. 1994). When transfected into cells not expressing MMPs, it 

activated MMP-2 in the cell culture media, supporting the notion of MMP-2 cell-surface 

activation. Additionally, when the transmembrane helix was deleted from MMP-14, it 

could not activate MMP-2 (Cao et al. 1995).  

MMP-14 does not act alone in activating MMP-2. Strongin et al. (1995) found 

that at intermediate concentrations, TIMP-2 binds to MMP-14 and together they recruit 

MMP-2 to the cell surface for activation (Figure 1-2). While it was generally 

acknowledged that this complex was necessary for MMP-2 activation, it was not until 

1998 that researchers discovered how MMP-2 was activated once in this complex. 

Uninhibited MMP-14 molecules on the cell surface are responsible for cleaving the 

properly positioned propeptide from MMP-2 within the complex (Kinoshita et al. 1998).  

However, MMP-2 is not fully activated following cleavage by MMP-14. A final 

auto-activation event must occur in which fully activated MMP-2 molecules cleave the 

remainder of the propeptide from the partially activated MMP-2 in the complex (Will et 

al. 1996). After this second cleavage event, MMP-2 is activated and fully functional. 

Additional studies helped to validate this mechanism and began to investigate the 

downstream effects of disrupted MMP-2 activation in vitro. Nishida et al. (2008) 

replaced the secretory signal of TIMP-2 with a transmembrane domain, tethering it to the 
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Figure 1-2: MMP-2 is activated on the cell surface by MMP-14. TIMP-2 anchors 
MMP-2 with the proper orientation required for MMP-14 to cleave the propeptide 
domain. 
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membrane. This tethered-TIMP-2 recruits MMP-2 to the cell surface where it is activated 

by neighbouring MMP-14. Furthermore, when MMP-14 is inhibited in melanoma cells, 

MMP-2 is not activated and cells fail to migrate (Shaverdashvili et al. 2014).  

1.4.3 New tools needed to study MMP activation 
 

Unfortunately, these studies are faced with limitations that beg the need for new 

tools to study MMP activation. Many of these early studies were done outside of a 

biological model. In silico, in vitro, and tissue culture work, while providing useful 

insight, do not tell the full story. The ECM, surrounding cells, and MMPs interact in a 

complex and well-coordinated manner. Studying MMP activation outside of the native 

environment neglects the biological context in which these enzymes function. Are these 

proteins interacting as they would usually interact in vivo? Or is the interaction one of 

convenience because they are the only two enzymes present during the experiment?  

More recent studies have recognized the importance of studying MMP activation 

in vivo (e.g. Hasebe, et al. 2007), but still have limitations. For example, Keow et al. 

(2012) detected activated MMPs within developing zebrafish embryos using a small 

molecule that could be photo-crosslinked into the active site of MMPs. However this 

technique does not distinguish between different activated MMPs, only that MMPs in 

general were in an activated state. Jung et al. (2015) faced a similar problem when 

looking at MMP activation in diseased mouse hearts. Their radio-labelled probe targeted 

all activated MMPs, allowing MMP activation to be detected and quantified within the 

tissue. However, this method does not isolate the specific MMPs involved. Problems like 

these can stem from the lack of commercially available MMP-specific antibodies or the 
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promiscuity of MMP inhibitors and substrates. Therefore, there is a clear need for better 

tools to study MMP activation in vivo. 

1.5 Zebrafish as a model for studying MMP activation 

To study ECM dynamics in vivo, we need an appropriate model system. Danio 

rerio (zebrafish) were established as a model organism in the 1980s by American 

researcher George Streisinger, following their successful cloning (Streisinger et al. 1981). 

The advantages of zebrafish as a model system are well recognized: they have been used 

in a wide variety of research endeavours including development and disease, toxicology, 

and evolutionary studies (Dodd et al. 2000; Dai et al. 2014; Iwanami, 2014). Zebrafish 

embryos develop externally and can be collected without harming the mother or embryos, 

allowing for uninterrupted development. Zebrafish embryos are also transparent and 

development can be easily visualized. Finally, they develop rapidly, reaching a juvenile 

stage after 5 days, allowing development to be studied over a short period of time. The 

zebrafish genome is also fully sequenced and well-annotated (Howe et al. 2013), 

facilitating genome manipulation. Furthermore, our lab has developed several tools for 

using the zebrafish as model to study ECM dynamics, including the identification of all 

MMPs and TIMPs in the genome, the design and validation of 11 antibodies recognizing 

zebrafish MMPs, and the development of techniques to assay MMP activity in vivo 

(Wyatt et al. 2009). These advantages make zebrafish useful for studying ECM 

remodelling in vivo and for carrying out my research on MMP activation.  
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1.5.1 The teleost genome underwent genome duplication 
 

Zebrafish are just one of approximately 22,000 species belonging to the class of 

Teleosts (bony fish), a subclass of Actinopterygii (ray-finned fish). Roughly 300 million 

years ago, the common ancestor of the ray-finned fish underwent a whole genome 

duplication, doubling the genetic material and consequently, all genes in the genome 

(Amores et al. 1998; Taylor et al. 2003). Analysis of the fully annotated zebrafish 

genome confirms the presence of many duplicate genes, or paralogues. However, this 

phenomenon is not unique to fish. It is recognized in many organisms, including bacteria, 

yeast, and plants, and is suggested to be a driving force behind evolution and genetic 

diversity (Ohno, 1970).  

When studying the gene products of organisms that have undergone genome 

duplication, it is important to consider paralogues as more than just duplicate genes with 

redundant functions. Following a duplication event, an organism does not maintain an 

entire additional genome. The most common consequence of whole genome duplication 

is the rapid deletion of many redundant genes from the genome (Aury et al. 2006). 

Subfunctionalization also occurs, in which each duplicate gene undergoes mutation such 

that it cannot perform all of its original function(s). However, the complementary activity 

of each paralogue maintains the original gene function (Lynch & Force, 2000). Finally, 

duplication can lead to neofunctionalization, the evolution of a novel function from one 

or both of the duplicate genes (Conant & Wolfe, 2008) and it has been suggested that 

subfunctionalized paralogues are intermediate states in the evolution of novel functions 

(Rastogi & Liberles, 2005).  
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Matrix metalloproteinases are no exception to duplication. A thorough search 

through the zebrafish genome revealed 25 MMPs, eight of which exist as paralogues, 

along with two of the TIMPs (Wyatt et al. 2009), adding a layer of complexity when 

using zebrafish as a model organism. Furthermore, these paralogues show evidence of 

neofunctionalization. For example, Mmp25 paralogues have independent roles in neural 

development. Mmp25β is expressed throughout early development while Mmp25α is first 

expressed 3 days later (Crawford et al. 2014). Of particular relevance to my work are 

Mmp14 and Timp2, found as Mmp14α/β and Timp2α/β paralogues in the zebrafish 

genome. Mmp2 has no discernible partner. A comparative analysis of these paralogues 

and their human homologues is presented in Chapter 3. 

1.6 Objectives 

The primary objective of this thesis was to develop a tool to detect and quantify 

MMP activation in vivo. After testing various versions of this tool, the most successful 

was used to characterize Mmp2 activation patterns in developing zebrafish embryos, 

highlighting the presence of endogenous activation mechanisms. To investigate the 

molecules involved in MMP-2 activation, I analyzed Mmp2 and Mmp14 sequences, 

homology models, and protein expression patterns in zebrafish embryos. I also tested the 

predicted MMP-2 activation mechanism in vivo by manipulating Mmp14 activity. 

Finally, I generated a transgenic line of zebrafish expressing this engineered Mmp2 

activation reporter. This will streamline experimentation, providing consistent and 

replicable outcomes as well as expand research opportunities for MMP activation.  
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Chapter Two 
Developing and Validating the Epitope-Mediated MMP Activation 

(EMMA) Assay 

2.1 Introduction 

2.1.1 A novel tool for detecting and quantifying MMP activation in vivo 
 

The ECM is complex in nature, involving numerous molecules, interactions, and 

signalling pathways. MMP activity mediates the dynamics of ECM remodeling and MMP 

activation by proteolytic removal of the propeptide is a critical and irreversible step in 

regulating this process. While previous in vitro and cell culture studies provide a good 

starting point, there are currently no tools available to investigate MMP activation in the 

context of living tissue. New tools and techniques will allow us to build on previous work 

to see if the established models for MMP activation hold true in vivo.  

Previous research on the MMP-2 activation mechanism reveals the formation of a 

ternary complex consisting of an MMP-14 homodimer, TIMP-2, and proMMP-2 on the 

cell surface. However, no work has been done to determine the extent to which this 

mechanism is generalizable to other MMPs and other organisms, or even if it applies to 

the activation of MMP-2 in vivo. To detect and quantify MMP activation in a biological 

context, I have developed the Epitope-Mediated MMP Activation (EMMA) assay. This 

tool can be used not only to validate the exisiting MMP-2 activation mechanism in vivo, 

but also to investigate the activation of other MMPs and other proteins that undergo post-

translational proteolytic trimming. 

2.1.2 Designing the EMMA Assay 
 
 I had two main objectives when designing the EMMA Assay. The first was to 

create a tool to visualize MMP activation in vivo. The second was to make this tool 
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versatile enough to be used with other MMPs. Using distinct epitope tags accomplishes 

the first objective because co-localization analysis allows me to detect the removal of the 

propeptide in intact tissues (Figure 2-1). When an ‘EMMAed’ MMP is in its unactivated 

(proMMP) form, both epitope tags will be present and these signals will co-localize. 

Upon MMP activation, the inhibitory N-terminal propeptide bearing the HA tag is 

removed. This leaves only the C-terminal GFP tag attached to the remainder of the MMP 

and its presence in isolation represents the active form of the protein.  

I accomplished the second objective by generating a general-purpose EMMA 

destination vector using Gateway Technology (Thermofisher).  This approach has 

advantages over traditional ‘cut-and-paste’ cloning. A single restriction site is unlikely to 

be compatible with all MMPs. If an MMP sequence contains the same restriction site 

used on the plasmid, it cannot be cloned into the vector without being digested itself. 

Furthermore, if restriction sites are not properly located on the plasmid, the MMP and 

epitope tag sequences will not be in frame. Instead of restriction sites, Gateway 

Technology uses recombination sites to insert a sequence of interest between the epitope 

tags. Any MMP sequence can be inserted by incorporating the corresponding 

recombination sites into the amplicon during PCR (Figure 2-2) and reading frame is 

maintained following recombination. This technology requires only two enzymes and 

provides the EMMA Assay with the versatility to easily study the activation patterns of 

any MMP or other sequence of interest. Versatility also arises from needing only two 

commercially available antibodies instead of a unique antibody for each MMP. 
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Figure 2-1: Schematic of the original EMMA vector. CMV: Cytomegalovirus 
promoter; SS: Mmp2 secretory signal; HA: hemagglutinin epitope; Att R1/R2: 
recombination sites used with Gateway Technology (Life Technologies); 
CamR/AmpR: chloramphenicol/ampicillin resistance cassettes; ccdB: ccdB death gene; 
GFP: green fluorescence protein; SV40 PolyA: polyadenylation/transcription termination 
sequence. Bacterial replication components not shown.  See Appendix A for complete 
annotated sequence. 
 

 

 

 

 
Figure 2-2: Schematic of Gateway Recombination. MMP sequence is amplified with 
Att B recombination sites (A) then recombined into a donor vector (B) to produce an 
entry vector (C). Entry vector is recombined with empty EMMA vector (D) to produce 
the EMMAedMMP (E). The final construct is injected into zebrafish embryos.  
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Another challenge when designing the EMMA Vector was the secretory signal. 

Recombining the open reading frame of an MMP into the EMMA Vector with flanking 

epitope tags places the secretory signal C-terminal to the HA tag. The HA tag is not 

recognized as a secretory signal so the resulting protein would not likely be targeted to 

the secretory pathway. To solve this, a secretory signal was added to the vector, N-

terminal to the HA tag and the MMP open reading frame is amplified from the beginning 

of the propeptide sequence. In this fashion, the secretory signal is recognized and 

removed without the HA tag interfering. 

2.1.3 Applying the EMMA Assay 
 

Zebrafish embryos are injected with the vector encoding an EMMAedMMP to 

produce the doubly epitope-tagged MMP. The EMMA assay uses two approaches to 

analyze MMP activation in zebrafish: immunofluorescence and immunoblotting. The HA 

and GFP epitope tags can be labelled in whole mount immunofluorescence assays or on 

blots of tissue homogenates using commercially available antibodies. The co-localization 

of fluorescent signals in immunofluorescence assays reveals the activation state of the 

MMP in its native tissue context (Figure 2-3). The ratio of GFP to HA signals indicates 

where the propeptide has been removed and can be presented as an ‘activation map’ to 

highlight activated MMP accumulation. The amount of activation is better quantified 

using immunoblotting and densitometry to determine the relative abundance of the bands 

representing unactivated and activated forms (Figure 2-4). Using the EMMA assay I can 

determine when, where, and how much an MMP is activated in vivo.  Furthermore, when 

the MMPs used are rendered catalytically inactive by mutation, activation must result 

from endogenous MMP activation mechanisms and not autocatalytic activity. 
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Figure 2-3: Immunofluorescence distinguishes activated and unactivated MMPs. 
Unactivated MMP represented in upper panel; activated MMP represented in lower 
panel. An unactivated MMP is represented by a yellow signal (C) resulting from HA and 
GFP co-localization (A, B). An activated MMP is represented by a green signal (F) 
resulting from only a GFP signal (E). There is no signal in the red channel (D) due to 
removal of the propeptide. Taking the ratio of signals in the green and red channels 
produces an activation map (G), with brighter/yellow pixels representing a higher 
proportion of activated MMP.  
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 2-4: Immunoblotting quantifies the amount of MMP activation. 
EMMAedMMP is detected on a blot probed for epitope tags. Probing for GFP results in 
bands representing the unactivated and activated MMP. Probing for HA results in one 
band representing the unactivated MMP. Densitometry is used to take the ratio of 
unactivated-to-activated bands within a lane probed with anti-GFP to quantify the amount 
of activation. 
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2.2 Materials and Methods 

2.2.1 Animal care and husbandry 
 
 Zebrafish were maintained on a 14 hour light/10 hour dark cycle at 28.5°C as 

described by Westerfield (2000) on a flow through system and fed fish pellets (GEMMA 

Micro 500, Skretting) twice daily. Embryos were collected from wild type Tübingen 

adults using a tray of marbles in the bottom of the tank to mimic a natural spawning 

environment. Alternately, individually selected fish were set up in breeding tanks with 

dividers to control the timing of spawning. Embryos were raised to the appropriate stage 

(Kimmel et al. 1995) in embryo rearing medium (ERM, as described by ZFIN) with 

0.0001% methylene blue to inhibit microbial growth. Embryos were manually 

dechorionated using fine forceps. All work with zebrafish embryos and adults is done 

with the approval and under the supervision of the University of New Brunswick’s 

Animal Care Committee in accordance with the Canadian Council on Animal Care 

guidelines.  

2.2.2 Embryo homogenates and protein extraction 
 
 Embryos were homogenized in TRIzol Reagent (ThermoFisher) with 

approximately 20 µl of reagent per embryo. Homogenates were processed immediately or 

stored at -20°C for up to a month. Protein extraction was carried out according to the 

supplier’s protocol. Protein pellets were resuspended in 2X reducing SDS-PAGE sample 

buffer (125 mM Tris pH 6.8, 20% glycerol, 4% SDS, 0.05% bromophenol blue, 10% 𝛽-

mercaptoethanol) and 8 M urea then incubated in a 95°C water bath for 5 minutes. 

Alternately, embryos were anesthetized in 0.04 mg/ml tricaine solution (4 mg/ml tricaine 

powder (Sigma), 20 mM Tris pH 9.0), deyolked at the appropriate stage by triturating 
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with a p200 pipette and homogenized in lysis buffer (150 mM NaCl, 10 mM Tris pH 8.0, 

10 mM KCl, 5 mM EDTA, 0.5% Tween-20, 0.1% NP40, 0.5% sodium deoxycholate) 

with 1X protease inhibitor cocktail (Sigma). An equal volume of 2X reducing sample 

buffer was added and samples were incubated as above. Samples were aliquoted and 

stored at -20°C. 

2.2.3 SDS-PAGE and Immunoblot Analysis 
 
 Samples were separated on 1.5 mm 10% acrylamide gels at 120 V for 90 minutes. 

Gels were equilibrated in Towbin Buffer (25 mM Tris, 192 mM Glycine, 20% Methanol 

(v/v)) for 30 minutes at room temperature and transferred to PVDF membranes 

(Amersham Hybond P) in Towbin Buffer at 95 V for 90 minutes. Membranes were 

blocked in 3% Bovine lacto transfer technique optimizer (BLOTTO; skim milk powder in 

phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4) with 0.1% Tween-20 (PBSTw)) for 1 hour at room temperature with 

gentle agitation. Incubations in primary antibody (Table 2-1) were done in 1.5% 

BLOTTO overnight at 4ºC with gentle agitation. Diluted primary antibody was saved for 

future use with the addition of 0.05% sodium azide. The membrane was washed three 

times for 15 minutes in 0.1% PBSTw. Membrane was incubated in secondary antibody 

(Table 2-1) in 1.5% Blotto for 1 hour shaking at room temperature. Secondary antibody 

was saved for up to one month and membrane was washed as above. Membrane was 

developed using Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare Life Sciences, Cat# RPN2232) and imaged using the Bio-Rad ChemiDoc 

System. Exposure was stopped prior to signal saturation. Membranes were stripped in 

between probing for GFP and HA following the protocol provided by the Pulinikunnil lab 
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at DMNB (personal communication). Briefly, blots were incubated in stripping buffer 

(35 mM Tris-HCl, 2% SDS, 0.5% β-Mercaptoethanol) at 50ºC for 1 hour then washed 

three times for 5 minutes in 0.1% PBSTw. Protocol continued as above from the blocking 

step. 

2.2.4 Microinjections 
 
 Plasmid DNA was diluted to 50 ng/µl in Danieau buffer (50 mM NaCl, 0.7 mM 

KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM HEPES (pH 7.6)). Plasmid was injected 

directly into the cytoplasm of 1-2 cell zebrafish embryos immediately following 

fertilization using a pressure-based microinjection apparatus (ASI). Needles were pulled 

using 1 mm filament capillary tubes (World Precision Instruments) with a vertical pipet 

puller (Kopf Instruments). Injected embryos were sorted and all embryos developing 

normally were reared in ERM with methylene blue at 28.5°C.  

2.2.5 Heat shocking and screening embryos 
 
 At the appropriate stage following injection of plasmid DNA, embryos were 

dechorionated using fine forceps and put into a microcentrifuge tube with ERM at a 

density of 100 embryos per 1 mL. The tube was placed in a water bath at 28.5°C and 

brought up to 38°C over 15 minutes. Embryos were left at 38°C for 30 minutes then the 

temperature was reduced to 28.5°C over 15 minutes (Shoji & Sato-Maeda, 2008). 

Following heat shock, embryos were screened for expression using epifluorescence with 

a GFP filter. Embryos were left to develop at 28.5°C and sampled at subsequent time 

points.  
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2.2.6 Whole Mount Immunofluroescence 
 
 Embryos were fixed at the appropriate stage in either Dent’s solution (80% 

methanol; 20% dimethyl sulfoxide (DMSO)) or paraformaldehyde (Electron Microscopy 

Sciences; diluted to 4% with ERM). Fixative was removed and embryos were washed 

then blocked (5% Bovine Serum Albumin (BSA), 1% DMSO, 0.05% NaN3 in 0.1% 

PBSTx). Block was removed and primary antibody in blocking buffer was added 

(Table 2-1). Primary antibody was removed and stored at 4°C for subsequent use. 

Embryos were washed and secondary antibody in blocking buffer was added (Table 2-1). 

Secondary antibody was removed and discarded. Embryos were washed and mounted for 

imaging. Imaging controls were carried out as above, but without primary antibody to 

account for background noise. Fixation, blocking, and incubations were carried out 

overnight at 4°C. All washes were done three times for 15 minutes using phosphate 

buffered saline with 0.1% Triton-X (PBSTx). Since it is difficult to determine protein 

concentration using this homogenization protocol, blots were probed with anti-GAPDH 

to normalize for protein loading. To determine the relative abundance of samples, a ratio 

was taken of the intensities of the GAPDH band to the total protein in the lane. 

2.2.7 Microscopy 
 
 Embryos were imaged using a Leica TCS SP2 laser scanning confocal 

microscope with 0.7 NA 20X and 1.4 NA 63X water immersion lenses. The 488 nm and 

594 nm lasers were used to excite the fluorophores on antibodies recognizing GFP and 

HA tags respectively. Laser and detector settings were optimized to eliminate cross-talk 

between channels. Gain and offset were adjusted to fill the dynamic range while avoiding 
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saturated pixels and zero-values. Z-stacks were collected through the embryo with a 

2 µM step size at 1024x1024 pixels.  

2.2.8 Image Processing 
 
 Fiji (ImageJ) was used for image processing (Schindelin et al. 2012). This 

included stitching together overlapping stacks (Preibisch et al. 2009), producing Z-

projections, and overlaying red and green channels to distinguish between the unactivated 

and activated form of EMMAedMmp2. Activation maps were generated using the ratio 

of the activated to unactivated signals as follows: 

A) Noise and channel resolution differences were minimized by downsampling 

image data to 512x512 and applying a Gaussian blur. 

B) Image Expression Parser was used to ratio the green channel to the sum of red and 

green channels. This results in values that are normalized for total abundance, and 

which range from 1 (fully activated) to very small values where the HA signal is 

high relative to the GFP signal.  

C) Histogram was adjusted to eliminate any remaining background.  

D) Data returned to 1024x1024 and converted to an 8-bit image.  

E) Fire lookup table applied to highlight activation hot spots.  

Single focal planes were often selected over entire Z-projections for best representation 

of activation in specific structures. Adobe Photoshop CS4 was used for assembly of 

images into plates and annotation.  

2.2.9 Site-directed mutagenesis of Mmp2 
 
 Site-directed mutagenesis was carried out using Platinum Pfx DNA Polymerase 
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(ThermoFisher) and Pfx Enhancer with two-step reaction conditions and overlapping 

mutagenic primers (Table 2-2). Approximately 20 ng of template DNA 

(EMMAedMmp2) was used. Following PCR, 1 µl of DpnI (New England Biolabs 

(NEB)) was added directly to the PCR tube, transferred to a clean tube, and incubated at 

37ºC for 2 hours, then 20 minutes at 65ºC to inactivate the enzyme. Reaction was cleaned 

(ThermoFisher’s PureLink PCR Purification Kit) and eluted in 20 µl of nuclease free 

water. 10 µl of this was transformed in DH5-Alpha E. coli competent cells using NEB’s 

protocol. Cells were pelleted for 5 minutes then resuspended in 100 µl LB and plated on 

ampicillin media (0.1 mg/ml). Colonies were selected, inoculated overnight, and plasmids 

were extracted using Qiagen’s Miniprep Kit. Inserts were sequenced to confirm 

successful incorporation of the mutation (Appendix A).  

2.2.10 Constructing the Epitope-Mediated MMP Activation (EMMA) Gateway 
Destination Vector 
 
 The EMMA vector was constructed using the pDS_XB-GFP destination vector 

(ATCC 10326345) as a backbone (Zavzavadjian et al. 2007). An ‘EMMA Insert’ was 

synthesized by Biomatik (Appendix A) and inserted into the backbone between HindIII 

and BspEI restriction sites. Since the vector contained only a kanamycin resistance gene, 

an ampicillin resistance cassette was added to the backbone to facilitate downstream 

applications. The ampicillin cassette was amplified from the zfMmp2 plasmid (Open 

Biosystems #7040437) using Platinum Pfx DNA Polymerase (ThermoFisher) with 

standard reaction conditions. Both the backbone and amplicon were digested with StuI 

(directionality was not a concern) and ligated using T4 DNA ligase (NEB) overnight. 

Half of the ligation reaction was transformed into DH5-Alpha E. coli competent cells 
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using NEB’s protocol and ampicillin media (0.1 mg/ml) was used to screen for successful 

insertion of the ampicillin resistance cassette.   

2.2.11 Constructing the EMMAedMmp2 Vector 
 

Using Gateway technology (ThermoFisher) zfMmp2 was recombined into the 

EMMA vector. Primers with AttB1/B2 sites (Table 2-2) were used to amplify the 

zfMmp2 coding sequence (Open Biosystems #7040437), making sure not to include the 

secretory signal or stop codon. PCR was performed using Platinum Pfx DNA Polymerase 

(ThermoFisher) with standard reaction conditions. PCR product was run on an agarose 

gel to confirm size, cleaned up (ThermoFisher’s PureLink PCR Purification Kit), and the 

BP recombination reaction was set up according to the supplier’s protocol. Following an 

overnight incubation at 25ºC, 1 µl of Proteinase K (20 mg/ml) was added and 5 µl of the 

BP reaction was transformed into DH5-Alpha E. coli competent cells following NEB’s 

protocol. The extracted plasmid was used in the LR recombination reaction according to 

the supplier’s protocol. The reaction was carried out as above and the final extracted 

plasmid was sequenced (Appendix A).  

2.2.12 Replacing the CMV promoter with the Hsp70 promoter 
 
 To replace the CMV promoter in the original EMMA Vector with the zebrafish 

Hsp70 promoter (Halloran et al. 2000), primers with flanking NdeI and ApaI restriction 

sites (Table 2-2) were used to amplify the Hsp70 promoter sequence from the wild type 

Tübingen zebrafish genome. Both the EMMA Vector and amplicon were digested with 

ApaI and NdeI (to ensure directionality) and ligated with T4 DNA Ligase (NEB) 

overnight. Following transformation into DH5-Alpha E. coli competent cells using 
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NEB’s protocol, the extracted plasmid was sequenced and subsequently tested in vivo via 

heat shock of injected zebrafish embryos as described above.  

2.2.13 Replacing the HA epitope tag with the mCherry red fluorescent protein 
 
 A PmlI restriction site was incorporated into the EMMA Vector (GACGTG to 

CACGTG) using site-directed mutagenesis as described above. Approximately 20 ng of 

template DNA (Hsp70-EMMAedMmp2) was used. Using primers with flanking PmlI 

restriction sites (Table 2-2) the mCherry insert was amplified from a Drosophila strain 

(52267; FlyBase ID FBal0298322; Shearin et al. 2014) following a genomic DNA 

extraction (described by Huang et al. 2009). The mCherry insert was digested with PmlI 

and ligated into the EMMA vector and screened via colony PCR to ensure only one insert 

was present. The final vector was sequenced (Appendix A) 

2.2.14 Replacing the Mmp2 secretory signal with the BiP secretory signal 
 
 The Mmp2 secretory signal was replaced with the zebrafish BiP (also known as 

hspa5; Amsterdam et al. 2004) secretory signal using the EMMA Vector with the 

incorporated PmlI restriction site. A BiP oligo (Table 2-2) with ApaI and PmlI restriction 

sites was synthesized (Sigma-Aldrich). The EMMA Vector was digested to remove the 

existing Mmp2 secretory signal and the BIP secretory signal was ligated into the vector 

using T4 DNA Ligase (NEB). The final vector was sequenced (Appendix A). 
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Table 2-1: Antibodies used for immunofluorescence (IF) and immunoblots (IB). 

Antibody Supplier Cat. # Stock 
Conc. 

Working Conc.  Use 

Mouse α GFP Roche 11814460001 0.4 mg/ml 1:1000; 1:5000 IF; WB 
Rat α HA Roche 1186742300 0.1 mg/ml 1:1000; 1:5000 IF; WB 
Rabbit α 
Mmp14 (pan) 

Genetex GTX128198 unknown 1:250; 1:5000 IF; WB 

Rabbit α 
Mmp14α 

Anaspec #55111 0.2 mg/ml 1:250; 1:2500 IF; WB 

Rabbit α 
Mmp14β 

Anaspec #55115A 
(59672-2) 

0.2 mg/ml 1:250; 1:2500 IF; WB 

Rabbit α 
Mmp2 

Anaspec #55116A 
(59673-2) 

0.2 mg/ml 1:250; 1:5000 IF; WB 

Goat α 
Timp2α 

Genetex GTX48512 0.5 mg/ml 1:250 IF 

Goat α 
Timp2β 

Genetex GTX48513 0.5 mg/ml 1:250 IF 

Rabbit α 
GAPDH 

Abcam ab36840 0.2 mg/ml 1:5000 WB 

Goat α Mouse 
HRP 

Abcam ab6789 2 mg/ml 1:5000 WB 

Goat α Rat 
HRP 

Abcam ab6845 2 mg/ml 1:5000 WB 

Goat α Rabbit 
HRP 

Abcam ab6721 2 mg/ml 1:5000 WB 

Goat α Mouse 
Alexa Fluor 
488 

Thermofisher A-11029 2 mg/ml 1:1000 IF 

Donkey α Rat 
Alexa Fluor 
594 

Thermofisher A-21209 2 mg/ml 1:1000 IF 

Goat α Rabbit 
Alexa Fluor 
488 

Thermofisher A-11008 2 mg/ml 1:1000 IF 

Donkey α 
Goat Alexa 
Fluor 546 

Thermofisher A-11058 2 mg/ml 1:1000 IF 
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Table 2-2: Primers used in the above experiments, all synthesized by Sigma-Aldrich. 

Mmp2 SDM F TATTCCTTGTGGCGGCCCATGCCTTCGGCCARGCCCTGGGTT 

Mmp2 SDM R AAACCCAGGGCATGGCCGAAGGCATGGGCCGCCACAAGGAAT 

Ampicillin StuI F GTCATAGGCCTCTTGGTCTGACAGTTACCAATG 

Ampicillin StuI R TGACTAGGCCTTTTACAATTTCAGGTGGCACT 

Mmp2 Att B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTCACCATCATAA 

Mmp2 Att B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTGCGCAGCCAGTCC 

Hsp70 NdeI F TGACTTCATATGGAAAAGTTGCTTCAGGGGTGTC 

Hsp 70 ApaI R GTCATGGGCCCTTTGTACAAACTTGGCAGGAAAA 

PmlI SDM F TTGCTGCGCCCTACCCCTACCACGTGCCCGACTACGCCCTC 

PmlI SDM R GAGGGCGTAGTCGGGCACGTGGTAGGGGTAGGGCGCAGCAA 

mCherry PmlI F TGACTTCACGTGGTGAGCAAGGGCGAGGAGG 

mCherry PmlI R GTCATTCACGTGCTTGTACAGCTCGTCCATGCC 

BIP Oligo Sense GTCATGGGCCCGGGATCCATGCGGTTGCTTTGCCTGTTTTTGC
TGGTGGCCGGCAGCGTGTTTGCCTACCCCTACGACGTGCCCGA
CTACGCCCACGTGTGACTT 

BIP Oligo 
Antisense 

AAGTCACACGTGGGCGTAGTCGGGCACGTCGTAGGGGTAGGCA
AACACGCTGCCGGCCACCAGCAAAAACAGGCAAAGCAACCGCA
TGGATCCCGGGCCCATGAC 

EMMA-Tol2 F TGACGTCAATGGGTGGAGTA 

EMMA-Tol2 R TCGCCCTGATAGACGGTTTT 

Mmp14α AttB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTTGCAGGATCCC
ATCGATTC	

Mmp14α AttB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTCCGGCTCGTA
TGTTGTG 

Mmp14β AttB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTCATGATCTGGA
GCGGGTTT	

Mmp14β AttB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTCCGGCTCGTA
TGTTGTG 
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2.3 Results 

2.3.1 CMV promoter results in poor expression and deformed embryos 
 
 The original design of the EMMA Vector included a CMV (cytomegalovirus) 

promoter to drive the expression of the epitope-tagged MMP as it promised strong, 

constitutive expression (Dong et al. 2009; Rambabu et al. 2005; Sassen & Köster, 2015). 

However, many injected embryos exhibited weak expression of the epitope-tagged MMP, 

with scattered individual cells exhibiting GFP fluorescence. Embryos with strong 

fluorescent expression were significantly deformed and did not survive past 24 hpf 

(Figure 2-5).  

I had neglected to consider the effects of MMP overexpression, which led to my 

first modification of the EMMA Assay. I generated a catalytically inactive version of 

Mmp2 (Figure 2-6). By mutating the glutamate within the zinc-binding region of the 

catalytic domain to a non-polar alanine residue, MMP-2 activity is abolished (Crabbe et 

al. 1994). Glutamate is responsible for buffering the proton abstracted from water during 

protein hydrolysis and without it, the reaction is slow enough to be considered stopped. 

Even though Mmp2 is still continuously overexpressed, the catalytically inactive form 

cannot degrade its substrates. This modification reduced deformity and increased survival 

rates, however the level of expression remained suboptimal with the CMV promoter. 
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Figure 2-5: Weak expression of epitope-tagged Mmp2 driven by the CMV 
promoter. Expression of EMMAedMmp2 in many embryos is weak and limited to a few 
cells (A, arrows).  Strong expression is observed in some embryos, but these exhibit 
significant developmental abnormalities (B) (arrows point to the eye and tail 
respectively). 
 
 

 

 

 

 

 
 original      CATGAGTTCGGCCATGCCCTGGGTTTAGAGCAT 

mutated       CATGCCTTCGGCCATGCCCTGGGTTTAGAGCAT 
     

 original      HEFGHALGLEH 
mutated       HAFGHALGLEH 

                    
 
Figure 2-6: Catalytically inactive construct generated by site directed mutagenesis. 
Nucleotide sequences of the original and mutated catalytic domain (A) and corresponding 
amino acid sequences (B). Glutamate to alanine mutation is bolded and underlined. 
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2.3.2 Heat shock protein promoter results in stronger expression than the CMV 
promoter 
 
 The second modification I made was to replace the CMV promoter with the 

inducible zebrafish heat shock protein 70 (Hsp70) promoter (Figure 2-7). This is a strong 

promoter used often in ectopic expression experiments (Shoji & Sato-Maeda, 2008). 

Expression begins only after embryos are exposed to elevated temperatures of 

approximately 37ºC (Krone et al. 1997), allowing me to control expression of the 

construct. Paired with the catalytically inactive MMP, these modifications would ideally 

minimize any effects of MMP overexpression. The Hsp70 promoter induces strong 

expression of the epitope-tagged MMP without causing developmental deformities and 

injected embryos can be heat shocked up to at least three days post-injection and still 

yield detectable fluorescence from the GFP tag (Figure 2-8). This provides the flexibility 

to study activation at different embryonic stages to investigate how the mechanisms may 

change throughout development. 

 

 

 

Figure 2-7: hsp70-EMMA Vector Map. hsp70: Danio rerio heat shock protein (hsp) 70 
promoter. Bacterial replication components not shown. This vector is used for strong and 
controlled expression of the epitope-tagged MMP. 
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Figure 2-8: Embryos heat-shocked up to 72 hours post-injection express the epitope-
tagged MMP. Embryos were injected with EMMAedMmp2, heat shocked at 24, 48, and 
72 hours post injection (hpi), and imaged at 8 hpHS using epifluorescence. 
EMMAedMmp2 is expressed and secreted with only slightly reduced expression by 
72 hours post injection.  
  

24	hpi	

48	hpi	
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2.3.3 The EMMA Assay detects Mmp2 activation 
 

Before I could proceed with studying Mmp2 activation patterns, the EMMA 

Assay needed to be validated in vivo. That is, I needed to ensure I could distinguish 

between activated and unactivated forms of the reporter protein. I selected Mmp2 

because its activation mechanisms have been well studied in vitro and in cell culture, thus 

providing a good starting point for in vivo studies. The zebrafish Mmp2 sequence was 

recombined into the EMMA Vector (Figure 2-9) and injected into zebrafish embryos. 

Embryos were heat shocked to induce expression then screened for GFP to confirm the 

presence of EMMAedMmp2. I then used immunofluorescence and immunoblotting to 

determine if the construct was expressed and activated in vivo.  

 
 

 

 

 
 
Figure 2-9: hsp70-EMMAedMmp2 Vector map. Mmp2: Danio rerio Mmp2 cDNA 
sequence amplified from the beginning of the propeptide to the end of the hemopexin 
domain, not including the stop codon. Bacterial replication components not shown. This 
vector is injected into zebrafish embryos to induce expression of EMMAedMmp2.  
  



 

 46 

GFP and HA immunoreactivity revealed EMMAedMmp2 in both the unactivated 

and activated forms throughout the embryo (Figure 2-10). The raw data from the green  

(GFP) and red (HA) channels show the distribution of each of these epitopes within the 

embryo. Proportionately stronger signals in the green channel than the red channel 

indicate activated EMMAedMmp2 at specific locations, including the most of the 

epidermis (including fin folds) and myotome boundaries. When the green and red 

channels are overlaid, the unactivated form appears as yellow/orange while the activated 

form is represented as green (Figure 2-10c). Presented like this, it is difficult to detect 

activation in areas with weaker expression. For example, the green signal in the tail is 

almost undetectable in the unprocessed imaged. However, producing an ‘activation map’ 

by calculating the ratio of activated-to-unactivated EMMAedMmp2 and normalizing for 

total abundance, allows activation patterns to be more easily observed (Figure 2-10d). 

Immunoblotting was used to determine if the HA and GFP detected in 

immunofluroesence represented EMMAedMmp2 and to quantify the amount of 

EMMAedMmp2 activation. Embryos expressing EMMAedMmp2 were homogenized 8 

hours post heat shock (hpHS) because previous work demonstrated peak accumulation of 

gene products expressed from the heat shock promoter at this time (Shoji & Sato-Maeda, 

2008). Immunoblots probed with anti-GFP reveals two bands at approximately 101 kDa 

and 90 kDa, which are the predicted sizes of unactivated and activated EMMAedMmp2 

respectively (Figure 2-11). When the same blot is stripped and probed with anti-HA, only 

the higher molecular weight band, representing the unactivated form is detected. The 

cleaved propeptide fragment is not present as it likely undergoes proteolytic processing 

following removal.   
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Figure 2-10: EMMAedMmp2 is activated in specific locations. The green and red 
channels (A,B) representing GFP and HA respectively have distinct signals. Overlay of 
these channels (C) reveals green signal in the absence of HA as well co-localization of 
HA and GFP represented by the yellow/orange signal. The activation map (D) highlights 
activation in a bright orange colour throughout the tail fin, myotome boundaries, and 
individual myofibrils. Strong signal in the yolk is likely a result of autofluorescence in 
the green channel. 
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Figure 2-11: Activated and unactivated forms of EMMAedMmp2 can be detected 
and quantified by immunoblotting. Embryo homogenates probed for GFP show two 
bands representing unactivated and activated EMMAedMmp2 at approximately 100 and 
90 kDa respectively.  The ratio of intensity of the 90 kDa band to the sum of both bands 
indicates that approximately 77% of the construct was activated. As expected, the same 
blot stripped and probed for HA reveals just one band at the unactivated size. 
  

anti	
GFP	

anti	
HA	
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Taken together these observations provide compelling evidence that the EMMA 

Assay detects cleavage of the Mmp2 propeptide required for activation and distinguishes 

between the activated and unactivated forms of EMMAedMmp2 in a biologically 

relevant context.  

2.3.4 Activation patterns of EMMAedMmp2 change over time 
 
 To determine when and where the inhibitory propetide is removed from 

EMMAedMmp2 following heat shock, injected embryos were fixed for 

immunofluorescence at 4, 8, and 24 hpHS (Figure 2-12). EMMAedMmp2 expression is 

detected primarily intracellularly at 4 hpHS, and both activated and unactivated forms are 

abundant (Figure 2-12d). At 8 hpHS, EMMAedMmp2 expressed in the trunk musculature 

localizes to the myotome boundaries and less intracellularly (Figure 2-12b), suggesting 

increased secretion, and it becomes increasingly activated in these extracellular contexts 

(Figure 2-12e). Unactivated EMMAedMmp2 is only detected within the cytoplasm. By 

24 hpHS increasing amounts of activated EMMAedMmp2 accumulate in the myotome 

boundaries, with little residual unactivated and intracellular signal (Figure 2-12c and f). 

This suggests heat shock induced expression of EMMAedMmp2 is fairly rapid, but its 

secretion, activation, and diffusion require more time. 

Immunofluorescence highlights where EMMAedMmp2 is activated, but provides 

limited information on how much activation has occurred. Immunoblots probed with anti-

GFP can be used to quantify the abundance of activated and unactivated 

EMMAedMmp2. Embryo homogenates were collected at 0, 2, 4, 6, 8, and 24 hpHS to 

determine if EMMAedMmp2 activation changes over time. GFP immunoreactivity 
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reveals EMMAedMmp2 accumulating in its activated form for the first 4 hours (Figure 2-

13). The unactivated form is detectable at 6 hpHS, then becomes weaker again by 24 

hours. The same blot probed with anti-HA reveals the unactivated form present at all time 

points immediately following heat shock. However, the HA signal is strongest at 6 and 

8 hpHS, corresponding to the appearance of the higher molecular weight bands at those 

time points when probed with anti-GFP. The HA antibody is likely more sensitive in 

recognizing its epitope, thus detecting small amounts of the antigen at 0, 4, and 24 hpHS 

that GFP antibody is unable to. It is unlikely that the absence of bands when probed with 

GFP results from underexposure, as imaging was carried out to saturation. 
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Figure 2-12: EMMAedMmp2 becomes increasingly activated extracellularly 
following heat shock. Embryos injected with EMMAedMmp2 were immunostained at 4 
(A), 8 (B), and 24 (C) hpHS. Overlay of the red (HA) and green (GFP) channels reveals 
intracellular HA and GFP co-localization at 4 and 8 hpHS, represented by the yellow 
signal. Over time the abundance of GFP detected in the absence of HA increases, 
indicating EMMAedMmp2 activation. Activation maps (D-F) reveal a trend from 
intracellular to extracellular activation from 4 (D) to 24 (F) hpHS and highlight the 
increasing accumulation of activated EMMAedMmp2 in the myotome boundaries.  
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Figure 2-13: EMMAedMmp2 expression and activation is detected 2 hours post heat 
shock. Embryos were injected with EMMAedMmp2, heat-shocked, and sampled at 0, 2, 
4, 6, 8, and 24 hpHS (A). Probing for GFP reveals immediate activation at 2 hours with 
accumulation of the unactivated form beginning at 6 hours. The same blot stripped and 
probed for HA reveals only the unactivated form with its presence at all time points, but 
most strongly at 6 and 8 hours. Densitometry of GFP immunoreactive bands (B) is used 
to calculate the percentage of activated EMMAedMmp2 at each time point (bold 
numbers). Normalizing for total abundance reveals maximum EMMAedMmp2 
expression around 6 hpHS.  
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2.3.5 Activated EMMAedMmp2 accumulates on the cell surface 
 

Having established that this technique works in vivo and having a better sense of 

when extracellularly-activated EMMAedMmp2 is detectable, I proceeded to look more 

closely at EMMAedMmp2 activation patterns. Epithelial cells of injected embryos 

imaged 8 hpHS present EMMAedMmp2 intracellularly and on the cell surface (Figure 2-

14). The activation map shows activated EMMAedMmp2 is present predominantly on the 

cell surface, consistent with the predicted model of MMP-2 activation (Strongin et al. 

1995). Myofibrils expressing EMMAedMmp2 exhibit a similar pattern, with unactivated 

intracellular EMMAedMmp2 and the activated form at the cell surface.  However, the 

cell surface activation of the construct associated with myofibrils occurs only at the end 

plates, where these cells interact with the ECM-rich myotome boundaries. Over time, 

activated EMMAedMmp2 diffuses from the end plate throughout the myotome 

boundaries.   

Not all cells show surface activation. EMMAedMmp2 accumulates in the 

sarcomeres of some myofibrils at 8 hpHS (Figure 2-15). In embryos heat shocked at 

24 hpf, sarcomeric EMMAedMmp2 remains unactivated. However, in embryos heat 

shocked at 72 hpf, sarcomeric EMMAedMmp2 is activated throughout the myofibril, 

with strong accumulation at the end plates. This suggests that intracellular Mmp2 

activation mechanisms are present at different times during zebrafish development. 

2.3.6 Modifications to the propeptide of EMMAedMmp2 prevent activation 
 

One limitation of the EMMA assay is that data cannot be collected in real time; 

tissues have to be fixed or homogenized.  I reasoned that by replacing the HA epitope tag 

with a red fluorescent protein, activation could be visualized in real-time. I explored this  
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Figure 2-14: EMMAedMmp2 is activated on the cell surface and diffuses into the 
extracellular space. Overlay of red (HA) and green (GFP) channels (A, C, E) reveals 
intracellular co-localization of HA and GFP (yellow signal), while GFP accumulates at 
epithelial (A) and myofibril (B) cell surfaces and throughout myotome boundaries (C). 
Activation maps (B, D, F) confirm extracellular EMMAedMmp2 is activated while 
intracellular accumulation remains unactivated.   



 

 55 

 
 
 

 
 

Figure 2-15: EMMAedMmp2 accumulates in the sarcomeres of myofibrils. HA and 
GFP are co-localized in embryos heat shocked at 24 hpf (A) with limited 
EMMAedMmp2 activation intracellularly and minimal activation on the cell surface (C). 
In embryos heat shocked at 72 hpf (B), GFP accumulates in the sarcomeres and strongly 
at the end plates, representing activated EMMAedMmp2 (D).   
 
 
 
 
 
 

 
Figure 2-16: mCherry-EMMAedMmp2 Vector map: mCherry: mCherry red 
fluorescent protein. Bacterial replication components not shown. This construct is 
injected into zebrafish embryos to detect activation in real time.  
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by replacing the HA coding sequence with that of mCherry in the EMMA destination 

vector, and generating an mCherry-tagged version of EMMAedMmp2 (Figure 2-16). 

Embryos injected with the mCherry-EMMAedMmp2 vector and heat shocked exhibit 

strong expression of fluorescent-tagged Mmp2 (Figure 2-17). mCherry-EMMAedMmp2 

is well secreted and accumulates in patterns similar to the original HA-tagged version – 

predominantly in myotome boundaries. However, the mechanism(s) responsible for the 

removal of the propeptide appear not to act on the mCherry tagged version of the protein, 

presumably due to the addition of a large fluorescent protein at the N-terminus. Closer 

analysis reveals co-localization of mCherry and GFP (Figure 2-18), indicating mCherry-

EMMAedMmp2 remains unactivated. Removal of the propeptide is faintly detected 

intracellularly, suggesting other activation mechanisms or proteolytic breakdown of the 

construct. This was confirmed on an immunoblot probed for GFP, showing a single high 

molecular weight band at 130 kDa, the expected size of the unactivated form (Figure 2-

19). Although using mCherry as an N-terminal tag led to an unactivatable protein and 

was therefore not a useful modification, it is worthwhile to note that a distinct band at 

130 kDa implies no detectable protein degradation. This demonstrates that 

EMMAedMmp2 does not spontaneously break down. Thus the activation patterns 

observed with the HA-tagged EMMAedMmp2 construct are likely representative of 

specific endogenous activation mechanisms. The mCherry-EMMAedMmp2 vector was 

also sequenced to confirm that these differences were not a result of incorporated 

mutations that would prevent propeptide cleavage (see Appendix A). 
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Figure 2-17: mCherry-EMMAedMmp2 is expressed and secreted in similar patterns 
to EMMAedMmp2. Embryos were injected with mCherry-EMMAedMmp2 and live-
imaged at 8 hpHS using epifluorescence with a green (A) or red (B) fluorescence filter, 
representing GFP and mCherry respectively. EMMAedMmp2 accumulates in myofibrils 
and myotome boundaries similar to EMMAedMmp2. 
  

A	

B	
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Figure 2-18: mCherry-EMMAedMmp2 is unactivated throughout the myotome 
boundaries and myofibrils. GFP (A) and mCherry (B) produce similar signals. Overlay 
of these channels (C) reveals unactivated EMMAedMmp2 represented by a yellow signal 
from co-localization of GFP and mCherry. The activation map (D) reveals minimal 
activation. 
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Figure 2-19: mCherry-EMMAedMmp2 is not activated in zebrafish embryos. 
Embryos injected with mCherry-EMMAedMmp2 show no activation at either 8 or 
24 hpHS. A single GFP immunoreactive band representing the unactivated form is 
present at 130 kDa.  
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2.3.7 Replacing the secretory signal alters EMMAedMmp2 accumulation  
 

Despite seeing expression and activation of EMMAedMmp2, a substantial 

fraction of the product accumulates intracellularly. Initially, I designed the vector with 

the Mmp2 secretory signal because that was my MMP of interest and I wanted to 

maintain as much of the original sequence as possible. However, several lines of 

evidence now suggest that this protease is not efficiently secreted (Ali et al. 2012; Fallata 

2015). For my purpose this is not ideal; in order to investigate an activation mechanism 

that takes place on the cell surface, EMMAedMmp2 needs to be efficiently secreted from 

cells.  

To resolve this problem, I replaced the Mmp2 secretory signal with the BiP 

secretory signal (Figure 2-20). BiP is an endoplasmic reticulum (ER) resident protein 

with a secretory signal that is better recognized than that of Mmp2 (See Appendix B). 

BiP-EMMAedMmp2 is strongly expressed in zebrafish embryos, but the construct 

accumulates in a different pattern than EMMAedMmp2 (Figure 2-21), present in the 

trunk but not the myotome boundaries. Based on the immunoblot, BiP-EMMAedMmp2 

is activated less efficeintly than the original version, with only 15% activation at 8 hpHS 

and 40% by 24 hpHS (Figure 2-22). Furthermore, BiP-EMMAedMmp2 appears to 

undergo proteolysis, yielding low molecular weight fragments. BiP-EMMAedMmp2 

appears to be present in vesicles throughout the tissue, suggesting that it may accumulate 

in and be recycled by endosomes (Figure 2-23). The overexpression of BiP-

EMMAedMmp2 may affect its introduction into the secretory pathway, having some 

influence over its sorting and ultimate destination.  

 



 

 61 

 
 
Figure 2-20: BiP-EMMAedMmp2 vector map. BiP: binding immunoglobulin protein 
secretory signal. Bacterial replication components not shown. This plasmid was injected 
into zebrafish embryos for improved secretion of EMMAedMmp2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-21: BiP-EMMAedMmp2 is expressed and secreted in different patterns 
than EMMAedMmp2. Embryos injected with BiP-EMMAedMmp2, heat shocked at 
24 hpf, and live imaged at 8 hpHS using GFP epifluorescence express the construct 
throughout the trunk musculature, but not in the myotome boundaries. 
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Figure 2-22: BiP-EMMAedMmp2 accumulates in its unactivated form. Immunoblots 
probed with anti-GFP reveal bands at approximately 100 and 90 kDa at both 8 and 
24 hpHS. At 8 hpHS, BiP-EMMAedMmp2 is 15% activated. By 24 hpHS, activation 
increases to 40%, although total abundance of the construct is lower. Lower molecular 
weight band at approximately 50 kDa likely represent a breakdown product. 
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Figure 2-23: BiP-EMMAedMmp2 is activated in patches throughout the myotomes. 
Embryos screened 8 hpHS strongly express BiP throughout the myotomes (A). Activated 
BiP-EMMAedMmp2 accumulates in patches and distinct points throughout the trunk, 
likely representing intracellular vesicles (B). Panels C and D are higher magnification 
images of the region within the white box above. Red signal represents the HA tag, green 
represents the GFP tag, and a yellow signal represents HA and GFP co-localization. 
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2.4 Discussion 

2.4.1 EMMAedMmp2 is activated where Mmp2 is expressed and is dependent on 
recognition of the native propeptide 
 

Mmp2 is expressed ubiquitously at the transcriptional level in zebrafish embryos 

from the 1-cell stage until at least 72 hpf (Zhang et al. 2003). While mRNA expression 

does not always equate to protein accumulation, immunofluorescence reveals Mmp2 

protein accumulation in similar patterns throughout zebrafish embryos from early 

somitogenesis to at least 96 hpf (Harris, 2010). As Mmp2 protein distribution is 

widespread, it reasons that endogenous activation mechanisms should also be present 

throughout the embryo. Numerous studies detect Mmp2 activity throughout zebrafish 

embryos (e.g. Crawford & Pilgrim, 2005; Keow et al. 2011; Keow et al. 2012; Verslegers 

et al. 2013; Gamba et al. 2017) and reveal the negative consequences of Mmp2 inhibition 

(Zhang et al. 2003), demonstrating the requirement for activated Mmp2 during zebrafish 

development. 

Using the EMMA assay, I detect Mmp2 activation in ECM-rich regions that 

undergo rapid remodelling during development, notably in the musculature and caudal fin 

folds at 24 hpf. EMMAedMmp2 is rapidly activated in the myotome boundaries. 

Analogous to the human myotendinous junction (MTJ), the matrix of the myotome 

boundaries transmits muscular force to induce movement of the skeletal system (Charvet 

et al. 2012). The ECM of the myotome boundaries is comprised of many proteins, 

including fibronectin and laminin (Jenkins et al. 2016), two known substrates of Mmp2 

(Nagase, 2002) as well as its potential activator, Mmp14 (Janssens et al. 2013; Chapter 

3). The caudal fin is also dense in extracellular matrix, particularly the Mmp2 substrate 

Type IV collagen  (Monaco et al. 2006), as well as cell-adhesion molecules necessary for 
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interacting with the matrix (Engvall, 1995). Remodelling of the matrix surrounding the 

epithelial cells is necessary for tail elongation during zebrafish development. These 

findings suggest that EMMAedMmp2 activation is detected in biologically meaningful 

locations in vivo.  

In addition to functioning as an extracellular protease, endogenous Mmp2 also 

localizes to neurons, myocytes, and epithelial cells, cytoplasmically as well as within the 

nucleus (Hadler-Olsen et al. 2011). EMMAedMmp2 also accumulates intracellularly 

within myofibrils, specifically in the sarcomeres, to create the striated pattern unique to 

muscle cells. Previous work in our lab demonstrated endogenous Mmp2 in the M-bands 

of sarcomeres (Fallata, 2015), but nothing about its activation status. Following heat 

shock at 24 hpf, EMMAedMmp2 accumulates in the sarcomeres of some (but not all) 

muscle cells, but I observed little if any activation (Figure 2-16b). However at 72 hpf, 

EMMAedMmp2 is activated in the sarcomeres, as well as extracellularly in adjacent 

myotome boundaries (Figure 2-16d). In mammalian cells about 40% of MMP-2 

accumulates intracellularly upon translation because of its inefficient secretory signal (Ali 

et al. 2012), where it may be regulated by phosphorylation (Sariahmetoglu et al. 2007), 

or become pathologically activated due to oxidative stress (Viappiani et al. 2009).  The 

activation of EMMAedMmp2 in zebrafish striated muscle cells may provide a powerful 

new method for investigating the intracellular roles of this protease within the sarcomere. 

Accumulation of activated EMMAedMmp2 is consistent with endogenous Mmp2 

immunofluorescence data at the same time point (Harris, 2010; Fallata, 2015), suggesting 

that endogenous Mmp2 activation mechanisms are acting on EMMAedMmp2. 

Furthermore, adding the N-terminal mCherry fluorescent protein alters the structure of 
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the Mmp2 propeptide and endogenous mechanisms no longer activate EMMAedMmp2. 

Sequencing shows that no mutations were introduced, so if the lower molecular weight 

band I detect for HA-EMMAedMmp2 is a result of non-specific proteolytic activity, then 

similar patterns should be seen for mCherry-EMMAedMmp2. However, the addition of 

the large mCherry domain abolishes activation either by producing an unrecognizable N-

terminal propeptide or through steric hindrance preventing proper complex formation on 

the cell surface.  

In mammalian tissue culture models, MMP-2 is activated on the cell surface in 

complex with MMP-14 and TIMP-2 (Nishida et al. 2008). Embedded in the membrane, 

MMP-14 forms a homodimer and TIMP-2 binds one of these molecules. The hemopexin 

domain of pro-MMP-2 interacts with the carboxyl end of the TIMP-2, properly orienting 

the MMP-2 propeptide for proteolytic cleavage by the unbound MMP-14 molecule. Upon 

secretion, EMMAedMmp2 should encounter these molecules and participate in a similar 

activation complex. However, if Mmp14 and/or Timp2 are limiting, the overexpression 

of EMMAedMmp2 may overwhelm cell surface activation mechanisms, either slowing 

down or preventing activation. I detect activated EMMAedMmp2 on the surface of 

epithelial cells as well as the end plates of myofibrils, implying that activation 

mechanisms can keep up with overexpressed EMMAedMmp2. However at 6-8 hpHS, the 

unactivated form accumulates on immunoblots, suggesting that when EMMAedMmp2 is 

most abundant, activation mechanisms become overwhelmed. While my results cannot 

confirm the participation of specific molecules in Mmp2 activation, they do support the 

cell surface activation phenomenon in vivo. 
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2.4.2 Signal peptide affects EMMAedMmp2 trafficking and activation  
 

Expression of EMMAedMmp2 and BiP-EMMAedMmp2 results in distinct 

accumulation and activation patterns, suggesting different activation mechanisms acting 

on each version. These differences likely result from the efficiency of their delivery into 

the secretory pathway. Although BiP has a more efficient secretory signal than Mmp2 

(Ali et al. 2012), it is possible that overexpressing BiP-EMMAedMmp2 overwhelms the 

secretory pathway, limiting proper secretion. Additionally, the rapid production of BiP-

EMMAedMmp2 may overwhelm ER-resident chaperones, resulting in extensive 

misfolded protein product that accumulates in recycling endosomes. Another explanation 

may be that Mmp2 normally interacts with adaptor proteins that target its secretion to 

specific membrane domains (Bonifacino, 2014), and the rapid production of the BiP-

EMMAedMmp2 under heat shock may overwhelm this targeting system, resulting in 

excess protein being routed to the recycling endosomes. The vesicular GFP accumulation 

I observe within cells (Figure 2-23) is consistent with both of these hypotheses. If BiP-

EMMAedMmp2 accumulates in endosomes instead of being secreted, it is not likely to 

be processed by mechanisms that normally target Mmp2. This provides a plausible 

explanation for the inefficient activation and non-specific breakdown products detected 

on immunoblots of embryos injected with this construct.  

It is difficult to comment on the fate of cytoplasmic EMMAedMmp2. Studies on 

intracellular MMP-2 activation mechanisms have focused on the pathological 

consequences resulting from its activation by oxidative stress (DeCoux et al. 2014). 

However, it is worth noting that the EMMAedMmp2 construct can be used to investigate 

this question and modifying the construct by removing or mutating the secretory signal 
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would optimize it for this research. My immunoblotting results suggest a rapid 

intracellular activation followed by a slower extracellular mechanism (Figure 2-13) and 

this could be confirmed by expressing a constitutively intracellular form of the construct. 

2.4.3 Assumptions of the EMMA Assay 
 

There are several assumptions underlying my work. The first is that the Att 

recombination sites and addition of N- and C- terminal epitope tags do not interfere with 

proper folding and function of the MMP. While possible, Gateway Technology is a 

popular system for adding epitope tags and these issues have not arisen in many other 

protein constructs built using this approach (Hartley et al. 2000; Petersen & Stowers, 

2011). I also assume that the propeptide is rapidly degraded following cleavage from the 

MMP, and since I do not see the HA tag accumulating alone with immunofluorescence, 

this appears to be the case. However, the fate of the propeptide following cleavage has 

not been previously investigated, and I do occasionally see evidence of the HA-tag 

accumulating in cells in the circulatory system (possibly macrophages) (e.g. Fig 2-10). If 

clearance is slow, it could be accumulating alongside GFP following cleavage, resulting 

in co-localization that I incorrectly interpret as unactivated MMP. Finally it is important 

to make the distinction between activated and active Mmp2. Activated Mmp2 is not 

necessarily degrading substrates, as substrates may not be present and interactions with 

endogenous inhibitors may be blocking activity.  Ideally, the EMMA assay should be 

used in parallel with activity-based assays such as in vivo zymography (Crawford & 

Pilgrim, 2005; Keow et al. 2011), and immunohistochemical studies of the distribution of 

substrates.  This would show that an MMP of interest is activated, its substrates are 

present, and it is engaged in proteolytic activity. 
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2.4.4 Limitations of the EMMA Assay 
 
 While the EMMA assay shows great promise as a novel method to visualize and 

quantify MMP activation in vivo, there are limitations to this system. Injecting the 

construct each time results in inconsistent expression between rounds of injections and 

even between embryos of the same round. Some express the construct strongly in many 

cells distributed widely throughout the embryo, whereas others express it in only a few 

cells. If only a few cells are expressing the construct then patterns of activation cannot be 

observed throughout most of the embryo. Also, some cells secrete the epitope-tagged 

MMP into the extracellular space, while others accumulate the construct intracellularly 

making it difficult to study cell-surface activation mechanisms.  

 For immunofluorescence, I selected embryos that displayed EMMAedMmp2 

secretion into the myotome boundaries (unless imaging them shortly after heat shock) 

because I was primarily interested in activation due to the cell surface activation 

mechanism. Although most embryos eventually show EMMAedMmp2 in the myotome 

boundaries, the amount remaining intracellularly is variable. Embryos with the highest 

levels of expression appear to have more EMMAedMmp2 accumulating intracellularly. I 

speculate that this is due to the rate of protein expression after induction, and it may be 

possible to mitigate this problem by using shorter and/or less intense heat shocks.  In the 

future, it would be useful to score embryos transiently expressing EMMAedMmp2 to 

more accurately represent the variation in expression patterns. 

Another issue with transient expression is that it is not uncommon to see leaky 

expression prior to heat-shock (Shoji & Sato-Maeda, 2008). This is likely due to injection 

stress as the HSP promoter is induced under stressful conditions as well as elevated 
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temperatures (Airaksinen et al. 2003). Although this expression is minimal compared to 

the expression following heat-shock, it has the potential to skew results, especially when 

embryos are sampled for time-course experiments. Leaky expression is eliminated after 

establishing a stable transgenic (Shoji & Sato-Maeda, 2008). 

The location of MMP activation at different stages of development is detected 

using immunofluorescence. However, limitations of data collection make it difficult to 

quantify activation. To generate a meaningful data set yielding fair ratios of unactivated 

to activated signals, the gain is increased enough to detect signal and eliminate zero 

values while avoiding pixel saturation. However, immunofluorescence is only semi-

quantitative. Both primary and secondary antibodies will have different binding affinities, 

different abundances of fluorescent tags, different fluorescent tags with different quantum 

yields, excitation/emission spectra that are differentially absorbed and/or scattered, 

meaning that a weaker signal in one channel does not necessarily equate to a lower 

abundance of antigen. One approach to help calibrate the collection process would be to 

express a HA-tagged GFP construct that generates only an unactivated signal and a GFP-

only construct that generates only an activated signal. However the relative abundance of 

these proteins would be almost impossible to compare to the abundance of the 

EMMAedMmp2 expressed in different embryos. The mCherry-EMMAedMmp2 

effectively served as a 100% unactivated control, and we routinely image embryos 

expressing GFP alone in other contexts. It is not clear that these provide any useful 

calibration data.  Therefore immunoblotting remains a more reliable method for 

quantitation of activation. 
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 Although immunoblots show two distinct bands representing the unactivated and 

activated forms, they may not accurately represent the abundance of activation within a 

single embryo. This technique is not sensitive enough to detect the protein extracted from 

a single embryo, so multiple embryos are pooled, resulting in bands representing the 

average expression of the group. Due to the variability of transient expression, this may 

represent embryos in which the construct was expressed rapidly, poorly secreted, and 

activated predominantly by rapid intracellular mechanisms, mixed with embryos in which 

the protein was expressed more gradually, secreted efficiently, and activated by slower-

acting extracellular mechanisms. Separating and sorting embryos based on their 

expression patterns can tease apart the activation patterns associated with extracellular or 

intracellular localization of the construct. However, this is not ideal, as it is difficult to 

acquire enough embryos with good secretion due to intracellular accumulation of 

EMMAedMmp2.  

The solution to most of these problems is generating a stable transgenic line of 

zebrafish with EMMAedMmp2 incorporated into the genome (Chapter 4). Eliminating 

the injection process would eliminate the variability of transient expression. Embryos 

from transgenic parents would ideally have one copy of the construct per cell and all 

embryos would have the same expression pattern (unless individual cells are intentionally 

differentially heat shocked using infrared lasers or other approaches). This would 

eliminate bias when selecting embryos, with results more accurately representing 

activation patterns of a single embryo. Generating the transgenic is a priority for the 

EMMA Assay as it should increase consistency and reproducibility, and allow for 

experimentation currently not possible with the transient expression assays.   
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Chapter Three  
The role of Mmp14 in Mmp2 activation during zebrafish development 

3.1 Introduction 

3.1.1 The MMP-2 activation mechanism requires specific interactions between 
MMP-2, MMP-14, and TIMP-2 
 

The well-established MMP-2 activation mechanism requires specific and 

sequential interactions of participating molecules to properly position the MMP-2 

propeptide for removal by MMP-14.  First, MMP-14 forms a homodimer on the cell 

surface through its hemopexin domain. Tochowicz et al. (2011) solved the crystal 

structure of MMP-14, identifying the important residues at the interaction interface; 

Asp385 and Lys386 interact with Lys434 on a neighbouring molecule, while Thr412 hydrogen 

bonds with Tyr436. Mutation of these residues prevents proper MMP-14 dimerization and 

significantly reduces MMP-2 activation in a tissue culture model. Following 

dimerization, the catalytic domain of MMP-14 interacts with the N-terminal domain of 

TIMP-2. From crystal structures, Sharabi et al. (2014) identified the MMP-14/TIMP-2 

interface, revealing specific residues involved in the interaction. The MT-loop, a region 

within the catalytic domain of MMP-14, is also required for MMP-2 activation (English 

et al. 2001), likely because it binds the fibronectin repeats of MMP-2 (Woskowicz et al. 

2013). TIMP-2 interacts with MMP-14 through two regions: the AB-loop (Ser31-Ile41) 

and TIMP-ridge (Cys1-Cys3; Ser68-Cys72). Mutations in these regions abolish MMP-14 

binding (Butler et al. 1999).  

Once the MMP-14/TIMP-2 complex is established, proMMP-2 is recruited for 

activation. C-terminally truncated proMMP-2 is unable to bind TIMP-2 (Fridman et al. 

1992) and the TIMP-2 binding region was later refined to include cationic clusters within 
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the hemopexin domain. Of importance are residues Lys547, Arg561, and Lys617 without 

which TIMP-2 binding is abolished (Overall et al. 1999). Morgunova et al. confirm the 

importance of these cationic residues in TIMP-2 binding through the crystal structures of 

the bound complex (2002). TIMP-2 interacts with these cationic residues via its C-

terminal anionic extension (Gln186-Pro194) through the formation of salt bridges 

(Willenbrock et al. 1993).  Notably, and despite its name, this interaction between TIMP-

2 and proMMP-2 is not inhibitory (Overall et al. 2000). Recent research shows that 

TIMP-2 needs to be phosphorylated at Tyr90 for the interaction with MMP-2 to occur 

(Dimitra Bourboulia, personal communication). After the molecules are properly 

positioned, the uninhibited MMP-14 of the dimer cleaves proMMP-2 between 

Asn37/Leu38 to produce an intermediate form of MMP-2. The final cleavage event is 

autocatalytic, with an activated molecule of MMP-2 cleaving the intermediate between 

Asn80 /Tyr81 to generate fully activated MMP-2 (Morgunova, 1999).  

3.1.2 Mmp2 activation in zebrafish 
  

This complex activation process and the details of the protein-protein interactions 

have been established using human MMP-2, MMP-14 and TIMP-2 in tissue culture 

and/or in vitro assays. In order to use the zebrafish to study this mechanism in vivo and 

determine if this paradigm is generalizable to other vertebrates, I need to know if these 

regions are conserved in zebrafish orthologues. Since zebrafish have duplicate copies of 

Mmp14 and Timp2 the question of which paralogues may participate in Mmp2 activation 

also arises. It could be either or both; however, they need to be considered individually. 

For example, Mmp14α mRNA, but not Mmp14β, localizes to the eye of zebrafish 

embryos and is involved in retinal development (Janssens et al. 2013). Timp2 paralogues 
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are also expressed in different patterns. Timp2α mRNA accumulates in the tail tip and 

hindbrain while Timp2β localizes to the caudal vein plexus (Leigh et al. 2013). Therefore 

it is possible that these paralogues also have unique roles in Mmp2 activation. I use 

homology-based modelling and sequence analysis of the zebrafish proteins to address this 

question. 

3.1.3 Manipulating Mmp14 activity alters Mmp2 activation 
 

The remainder of this chapter focuses on the role of Mmp14 in activating Mmp2 

in zebrafish embryos. In situ hybridization reveals mRNA expression of both Mmp2 and 

Mmp14 throughout zebrafish embryos during development (Zhang et al. 2003a; Zhang et 

al. 2003b), however these patterns are not necessarily representative of protein 

accumulation.  I characterized endogenous Mmp2 and Mmp14 protein accumulation 

patterns to determine if these molecules co-localize. I then attempted to manipulate 

Mmp14 activity to observe the effects on Mmp2 activation as predicted by the model. In 

vitro studies show reduced activation of MMP-2 in cell culture media following MMP-14 

inhibition (Bai et al. 2005). In addition, increased expression of MMP-14 in cell culture 

is associated with an increase in activated MMP-2 (Guo & Piacentini, 2003). If this 

mechanism is valid in vivo, Mmp14 inhibition or overexpression should decrease or 

increase EMMAedMmp2 activation respectively. This is one of the first times this 

process has been explored in an animal model and the results highlight the complexity of 

studying activation mechanisms in vivo.  As expected, general MMP inhibition reduces 

EMMAedMmp2 activation; however, more specific inhibitors targeting Mmp14 do not 

significantly reduce activation. These findings suggest the presence of additional Mmp2 

activation mechanisms in zebrafish embryos.   
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3.2 Materials and Methods 
 

Any protocols in this chapter that are not listed below were carried out as 

described in section 2.2 

3.2.1 Sequence analysis and molecular modeling 
 

Sequences were obtained from NCBI (see Appendix C for accession numbers) 

and aligned using Clustal Omega (Sievers et al. 2011) or protein BLAST (Altschul et al. 

1990) to determine sequence similarity/identity. Crystal structures used as templates in 

homology models were obtained from the Protein Data Bank (PDB) and predicted 

structures were generated using SWISS-MODEL (Arnold et al.2006) by threading 

protein sequences onto the known crystal structures of their orthologues. Homology 

models were analyzed using the UCSF Chimera package (version 1.11.2) (Pettersen et al. 

2004). 

3.2.2 Immunoprecipitation 
 
 Embryos were injected with the EMMAedMmp2 construct, heat shocked as 

described, and deyolked at 8 hpHS. Immunoprecipitation was carried out using GFP-Trap 

MA protocol (Chromotek). Immunocomplexes were separated from the magnetic beads 

with 2X reducing SDS-PAGE sample buffer and boiled for 10 minutes. The supernatant 

was aliquoted for immunoblot and silver stain analysis.  
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3.2.3 Silver staining of SDS-PAGE gels 
 
 Samples were separated on 0.75 mm gels and silver stained using a modified 

version of the original protocol (Sambrook et al. 1989). Gels were fixed (50 ml 

Methanol, 12 ml glacial acetic acid, 38 ml dH2O, 200 µl 37% formaldehyde) for 1 minute 

on full power in the microwave and then washed in 50% ethanol for another minute in the 

microwave. Gels were rehydrated in dH2O for 3 minutes with gentle agitation at room 

temperature and then reduced in 0.04% sodium thiosulphate for 1 minute in the 

microwave. Gels were washed in dH2O for exactly 30 seconds with constant agitation at 

room temperature, stained (100 ml dH2O, 200 mg silver nitrate, 150 µl 

37% formaldehyde) for 1 minute in the microwave, and washed again for exactly 30 

seconds. Gels were developed (100 ml dH2O, 6 g sodium carbonate, 10 µl 4% sodium 

thiosulfate, 100 µl 37% formaldehyde) until the desired sensitivity was reached and the 

reaction was stopped using 3% acetic acid.  

3.2.4 Mmp14 Inhibition 
 
 Pharmacological inhibitors were used to inhibit Mmp14 activity to assess the 

effect on Mmp2 activation. Embryos were treated with 10 µM Phenanthroline (Sigma), a 

broad-spectrum metalloproteinase inhibitor (Felber et al. 1962). Marimastat (Sigma), a 

more specific MMP inhibitor, was used at 500 µM (Rasmussen & McCann, 1997). 

Injected embryos were dechorionated at 24 hpf and exposed to inhibitor prior to heat 

shock. Embryos were heat shocked and sampled for immunoblot and 

immunofluorescence analysis.  
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3.3 Results 

3.3.1 Binding domains necessary for MMP-2 activation are conserved between 
zebrafish Mmp2, Mmp14, Timp2, and their human orthologues 
 

A global sequence alignment of zebrafish Mmp2 and its human orthologue 

reveals a 75% sequence identity and 85% similarity (Figure 3-1). Closer analysis of the 

hemopexin domain reveals 100% conservation of the cationic residues implicated in 

TIMP-2 binding (Figure 3-2), in particular Lys547, Arg561, and Lys617 (Overall et al. 

1999). Alignment of the zebrafish and human propeptide domains shows conservation of 

both activation cleavage sites: the MMP-14 targeted bond (Asn37/Leu38) and the 

autocatalytic MMP-2 targeted bond (Asn80 /Tyr81). Homology based models of zebrafish 

Mmp2 (Figure 3-3) reveal the close proximity of the Timp2 binding domain and cleavage 

site, consistent with the predicted orientation of the activation complex. 

Zebrafish Mmp14α is 75% similar to its paralogue Mmp14β and 79% similar to 

human MMP-14, while Mmp14β is 77% similar to human MMP-14. Mmp14β has an 

approximately 40 amino acid insertion of ‘RE’ repeats following its hemopexin domain 

that is not present in either Mmp14α or human MMP-14 (Figure 3-4), but is present in 

other closely related fish. This region is not represented in crystal structures, and likely 

exists as a disordered tether linking the hemopexin domain to the transmembrane helix.  

This insertion likely positions the Mmp14β hemopexin domain significantly (~16 nm) 

further from the cell surface. Apart from that, the structures of Mmp14α/β hemopexin 

domains are fairly well-conserved at the dimerization interface, but have a threonine to 

arginine/lysine substitution at the position thought to be required for collagenolytic 

activity (Tochowicz et al. 2011) (Figure 3-5). There is also significant divergence in the  
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zfMmp2          MLSVKFFRCRHIVLKVFLVQFLASLQTFAAPSPIIKFPGDDTAHTDKEVALHYLNKF 
huMMP-2         MEALMARGALTGPLRALCLLGCLLSHAAAAPSPIIKFPGDVAPKTDKELAVQYLNTF 
                *  : .   :   *:.: :   .  ::.************ : :****:*::***.* 
 
zfMmp2       YGCPKDRCNLMVLKDTLKKMQKFFALPETGEIDQKTVEIMKKPRCGVPDVANYNFFHRKP 
huMMP-2      YGCPKESCNLFVLKDTLKKMQKFFGLPQTGDLDQNTIETMRKPRCGNPDVANYNFFPRKP 
             *****: ***:*************.**:**::**:*:* *:***** ********* *** 
 
zfMmp2       KWGQKNVTYRILGHTPDLDEDTIDDAFYRAFKVWSDVTPLKFTRIMDGEADIMINFGRNE 
huMMP-2      KWDKNQITYRIIGYTPDLDPETVDDAFARAFQVWSDVTPLRFSRIHDGEADIMINFGRWE 
             **.::::****:*:***** :*:**** ***:********:*:** ************ * 
 
zfMmp2       HGDGYPFDGKDGLLAHAFAPGPGIGGDSHFDDDEQWTLGEGQVVKVKYGNAEGEFCKFPF 
huMMP-2      HGDGYPFDGKDGLLAHAFAPGTGVGGDSHFDDDELWTLGEGQVVRVKYGNADGEYCKFPF 
             ********************* *:********** *********:******:**:***** 
 
zfMmp2       LFMGKEYNSCTSQGRDDGFLWCSTTYNFDDDGKYGFCPHELLFTLGGNADGAPCKFPFTF 
huMMP-2      LFNGKEYNSCTDTGRSDGFLWCSTTYNFEKDGKYGFCPHEALFTMGGNAEGQPCKFPFRF 
             ** ********. **.************:.********** ***:****:* ****** * 
 
zfMmp2       QGDKYDSCTTSGRDDGYRWCATTEDYDKDKTYGFCPETAMSTSGGNSDGAPCVFPFKFLG 
huMMP-2      QGTSYDSCTTEGRTDGYRWCGTTEDYDRDKKYGFCPETAMSTVGGNSEGAPCVFPFTFLG 
             ** .******.** ******.******:**.*********** ****:********.*** 
 
zfMmp2       DSYDSCTTSGRNDGKMWCAVTKSFDDDRKWGFCPDQGYSLFLVAAHEFGHALGLEHSDDP 
huMMP-2      NKYESCTSAGRSDGKMWCATTANYDDDRKWGFCPDQGYSLFLVAAHEFGHAMGLEHSQDP 
             :.*:***::**.*******.* .:***************************:*****:** 
 
zfMmp2       GALMAPIYTFTKTLRLSDDDVKGIQELYGEPTDKPLATHTPPV---TPMDVCNENIIFDA 
huMMP-2      GALMAPIYTYTKNFRLSQDDIKGIQELYGASPDIDLGTGPTPTLGPVTPEICKQDIVFDG 
             *********:**.:***:**:********   *  *.*   *.   .  ::*:::*:**. 
 
zfMmp2       VAQIRGEIFFFKDRFLFRTADVRKKPTGPMLVATFWSELPEKIDAAYENPLEERTVFFAG 
huMMP-2      IAQIRGEIFFFKDRFIWRTVTPRDKPMGPLLVATFWPELPEKIDAVYEAPQEEKAVFFAG 
             :**************::**.  *.** **:****** ********.** * **::***** 
 
zfMmp2       DEMWVYSASTLEREYPKKISSMGLPSDLHGIDAAYSFHKTKKTYIFAGNKFWRYNEAKKK 
huMMP-2      NEYWIYSASTLERGYPKPLTSLGLPPDVQRVDAAFNWSKNKKTYIFAGDKFWRYNEVKKK 
             :* *:******** *** ::*:*** *:: :***:.: *.********:*******.*** 
 
zfMmp2       MDPGFPKIIADSWTAVPDDLDGALSLNGDGHSYFFKDSHYLKMDDSTLKIIKVGEVKKDW 
huMMP-2      MDPGFPKLIADAWNAIPDNLDAVVDLQGGGHSYFFKGAYYLKLENQSLKSVKFGSIKSDW 
             *******:***:*.*:**:**..:.*:*.*******.::***:::.:** :*.*.:*.** 
 
zfMmp2       LRC 
huMMP-2      LGC 
             * * 

 

 
Figure 3-1: Zebrafish and human MMP2 are 85% similar. Red: secretory signal; 
blue: propeptide domain; green: catalytic domain; orange: fibronectin-like repeats; black: 
linker region; purple: hemopexin domain. The cysteine switch and zinc-binding motifs 
are bolded and underlined within the propeptide and catalytic domains respectively. 
Black boxes: cleavage sites; Red boxes: TIMP-2 binding residues. 
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zfMmp2       SDLHGIDAAYSFHKTKKTYIFAGNKFWRYNEAKKKMDPGFPKIIADSWTAVPDDLDGALS 
huMMP-2      PDVQRVDAAFNWSKNKKTYIFAGDKFWRYNEVKKKMDPGFPKLIADAWNAIPDNLDAVVD 
               
zfMmp2       LNGDGHSYFFKDSHYLKMDDSTLKIIKVGEVKKDWLRC 
huMMP-2      LQGGGHSYFFKGAYYLKLENQSLKSVKFGSIKSDWLGC 
 
 

 

              

 

  

 

 

 

  
Figure 3-2: Basic residues in the hemopexin domain required for non-inhibitory 
TIMP-2 binding are conserved between zebrafish and humans. Both sequences are 
conserved at Lys547, Arg561, and Lys617 (see arrows), residues necessary for TIMP-2 
binding. Molecular model shows the similar conformation of MMP-2 (green) and Mmp2 
(red) in the third and fourth blades of the hemopexin domain. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3: Homology model of zebrafish Mmp2 reveals close proximity of Timp2 
binding domain and Mmp14 cleavage site. The cationic clusters in the hemopexin 
domain (purple) and Mmp14 cleavage site (arrow) in the propeptide (blue) are positioned 
on the same face of the protein. Fibronectin-binding domains (orange) extend from the 
catalytic domain (green).  
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Lys617	

Arg561	
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MT-loops between both of the zebrafish Mmp14 paralogues and their human orthologue 

(Figure 3-6). The models suggest, however, that the MT-loop lies outside of the TIMP-2 

binding interface and is therefore unlikely to impact the interaction. The residues 

involved in TIMP-2 binding are highly conserved, except for two significant substitutions 

of glutamine to phenylalanine and asparagine to glycine in Mmp14α/β (Figure 3-7), and 

this is likely compensated by complementary differences in the zebrafish Timp2 

sequences.  

Zebrafish Timp2α/β are 79% similar to each other and 88% and 78% similar to 

human TIMP-2 respectively. Sequence alignments reveal no major differences (Figure 3-

8). The TIMP-ridge and AB-loop form the pocket that binds MMP-14 (Figure 3-9) and 

these sequences are highly conserved. Timp2α has 100% conservation with its human 

orthologue at all positions in the AB-loop, while Timp2β differs at three positions, most 

notably with an arginine to tyrosine substitution (Figure 3-10). TIMP-2 interacts with 

MMP-2 via its anionic extension, which is approximately 50% conserved between 

zebrafish and humans. However, sequence similarity is high and these differences should 

have little consequence since acidic residues are conserved in the appropriate positions. 
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zfMmp14α      MLPKLQTLPR--LLPLALAS-VFLVQSGTSDKEVRPEAWLQQYGYLPPGDVRAQAIRSPK 
zfMmp14β      --MIWSGFTR--L---LLLI-FVCAHRSSSKQDMKPEAWLQQYGYLPPGDLRTHTARSPQ 
huMMP-14      MSPA-PRPPRCLLLPLLTLGTALASLGSAQSSSFSPEAWLQQYGYLPPGDLRTHTQRSPQ 
                       *  *         .    .:..... ***************:*::: ***: 

 
zfMmp14α      SINSAISAMQKFYGLTVTGTMDPATLSAMQRPRCGVPDKFGSELKSNLRKKRYVAQGSKW 
zfMmp14β      SVPSAIAAMQRFYGLTVTGNLDANTLEAMKRPRCGVPDKFGSELKSNLRKKRYAIQGLKW 
huMMP-14      SLSAAIAAMQKFYGLQVTGKADADTMKAMRRPRCGVPDKFGAEIKANVRRKRYAIQGLKW 
              *: :**:***:**** ***. *  *:.**:***********:*:*:*:*:***. ** ** 
 
zfMmp14α      DKREVTFSIQNYTPKVGERATHEAIKKAFRVWEAVTPLKFREIPYSQINGKVEKFADIML 
zfMmp14β      DKNEITFCIQNYTPKVGEYETFEAIRKAFKVWESVTPLRFREISYSDIRDKVVDFADIML 
huMMP-14      QHNEITFCIQNYTPKVGEYATYEAIRKAFRVWESATPLRFREVPYAYIREGHEKQADIMI 
              ::.*:**.**********  *.***:***:***:.***:***: *: *.    . ****: 
 
zfMmp14α      FFAEGFHGDSTPFDGEGGFLAHAYFPGHGIGGDTHFDEAEPWTTGNVDKGGNDVFLVAVH 
zfMmp14β      FFADGFHGDASPFDGEGGFLAHAYFPGNGIGGDTHFDAAEPWTIGNKDLLGNDVFLVAVH 
huMMP-14      FFAEGFHGDSTPFDGEGGFLAHAYFPGPNIGGDTHFDSAEPWTVRNEDLNGNDIFLVAVH 
              ***:*****::**************** .******** *****  * *  ***:****** 
 
zfMmp14α      ELGHALGLEHSGDPSAIMAPFYQWMDTENFVLPEDDRRGIQQIYGAGSEDKPQPPAP--- 
zfMmp14β      ELGHALGMEHSNDPSAIMAPFYQWMETDHFVLPDDDRKGIQKLYGPGSGGHPRPPVSPET 
huMMP-14      ELGHALGLEHSSDPSAIMAPFYQWMDTENFVLPDDDRRGIQQLYGGESGFPTKMPPQPRT 
              *******:***.*************:*::****:***:***::**  *    : *      

 
zfMmp14α      -----RPPTRTPDRPSFGPDICEGHFDTIAFLRGEMFVFKEKWFWRVRDGKPQQGYPMPI 
zfMmp14β      PHHTPYPTPYRPGGPSYGPNICEGHFDTIGIFRGEMFVFKGKWFWRVRNNQVMENYPMPI 
huMMP-14      TSR--PSVPDKPKNPTYGPNICDGNFDTVAMLRGEMFVFKERWFWRVRNNQVMDGYPMPI 
                         *  *::**:**:*:***:.::******** :******:.:  :.***** 

 
zfMmp14α      GHFWKGLPPSINAAYERNDGKFVFFKGDKYWVFNEAKMEEGYPKTFKELGTGLPRDKLDA 
zfMmp14β      GHFWRGLPTDINAAYEREDGKFVFFKGDRHWVFTESNLEPGYPKVLGELGTGVPKDKLDA 
huMMP-14      GQFWRGLPASINTAYERKDGKFVFFKGDKHWVFDEASLEPGYPKHIKELGRGLPTDKIDA 
              *:**:*** .**:****:**********::*** *:.:* **** : *** *:* **:** 
 
zfMmp14α      AIFYTPTGNTYFFRGTKYYRFNEESRSVDSDYPKDIGVWQGVPDNVKGAFMSEDGANAYF 
zfMmp14β      ALLYTPTGYTYFFRGNKYYRYNEDTHSVDPDYPKPISKWQGVPDNIKAAFMSRDQGYTYF 
huMMP-14      ALFWMPNGKTYFFRGNKYYRFNEELRAVDSEYPKNIKVWEGIPESPRGSFMGSDEVFTYF 
              *::: *.* ******.****:**: ::** :*** *  *:*:*:. :.:**. *   :** 

 
zfMmp14α      YKANKYWKFNNQQLKVEPGFPKSVLTNWMGCEAEEPKRRAG-------------------  
zfMmp14β      YKANKYWKFNNQLLKVEPGYPKSALKDWMGCPNEDSNTGGGGSDRDRERERERERERERE 
huMMP-14      YKGNKYWKFNNQKLKVEPGYPKSALRDWMGCPSGGRP----------------------- 
              **.********* ******:***.* :****                              

 
zfMmp14α      --------------------------TDEEVLIIEVDGSEGGAMGGAAAIVIPLFLLACV  
zfMmp14β      RERAREREREQDRTNEVDKTEEEGKKEETEVLIIEVEDA-PSSRGGAAAVVVPLMLLVCV 
huMMP-14      ---------------------DEGTEEETEVIIIEVDEEGGGA-VSAAAVVLPVLLLLLV 
                                         : **:****:    .:  .***:*:*::**  * 
 
zfMmp14α      LVTLGALLFFRRYGTPRRLLYCHRSLLDKV 
zfMmp14β      IFTLGALLFFRRYGTPRRLLYCQRSLLDKV 
huMMP-14      LAVGLAVFFFRRHGTPRRLLYCQRSLLDKV 
              : .  *::****:*********:******* 

 
 
Figure 3-4: Zebrafish Mmp14β  has an insertion prior to its transmembrane 
domain. Despite this, zebrafish Mmp14α and Mmp14β have 75% sequence similarity 
with each other, and 79% and 77% with human MMP-14, respectively. Red: secretory 
signal; blue: propeptide domain; green: catalytic domain; black: linker regions; purple: 
hemopexin domain; orange: ‘RE’ repeat insertion; pink: transmembrane region; light 
pink: cytoplasmic tail. The cysteine switch, furin-recognition, and zinc-binding motifs are 
bolded and underlined within the propeptide and catalytic domains respectively. Black 
box: MT-loop; red boxes: TIMP-2 binding residues; purple boxes: homodimerization 
residues.  
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zfMmp14α      YERNDGKFVFFKGDKYWVFNEAKMEEGYPKTFKELGTGLPRDKLDAAIFYTPTGNTYFFR 
zfMmp14β      YEREDGKFVFFKGDRHWVFTESNLEPGYPKVLGELGTGVPKDKLDAALLYTPTGYTYFFR 
huMMP-14      YERKDGKFVFFKGDKHWVFDEASLEPGYPKHIKELGRGLPTDKIDAALFWMPNGKTYFFR 
              ***:**********::*** *:.:* **** : *** *:* **:***::: *.* ***** 
 
zfMmp14α      GTKYYRFNEESRSVDS 
zfMmp14β      GNKYYRYNEDTHSVDP 
huMMP-14      GNKYYRFNEELRAVDS	 
              *.****:**: ::**	 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3-5: Substitution in zebrafish Mmp14α/β  homodimers may interfere with 
hydrogen bonding required for collagenolytic activity. Residues Asp385 and Lys434 

required for Mmp2 activation are conserved, but Thr412 required for collagenolytic 
activity is not. Mmp14α/β have an arginine/lysine substitution. Hemopexin domains 
superimposed to generate a homodimer suggest that in the absence of Thr412, Tyr436 may 
hydrogen bond with the carbonyl oxygen of aspartate on the opposing molecule, thus 
stabilizing the homodimer in zebrafish.   
	 	

Thr412	 Arg412	 Lys412	
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zfMmp14α      KFREIPYSQINGKVEKFA 
zfMmp14β      RFREISYSDIRDKVVDFA 
huMMP-14      RFREVPYAYIREGHEKQA 
 
                    *: *.   
 
 
 
 
 
 
 
 
 
Figure 3-6: MMP-14 MT-loop is not well conserved between zebrafish and humans. 
Less than half of the residues are conserved between humans and zebrafish, with few of 
the substitutions being similar. Homology models show the different configurations 
between MMP-14 (green) and Mmp14α/β (red/blue). 
 
 
 
 
 
 
 
 
zfMmp14α      PYSQINGKVEKFADIMLFFAEGFHGDSTPFDGEGGFLAHAYFPGHGIGGDTHFDEAEPWT 
zfMmp14β      SYSDIRDKVVDFADIMLFFADGFHGDASPFDGEGGFLAHAYFPGNGIGGDTHFDAAEPWT 
huMMP-14      PYAYIREGHEKQADIMIFFAEGFHGDSTPFDGEGGFLAHAYFPGPNIGGDTHFDSAEPWT 
               *: *.    . ****:***:*****::**************** .******** ***** 
 
zfMmp14α      TGNVDKGGNDVFLVAVHELGHALGLEHSGDPSAIMAPFYQWMDTENF 
zfMmp14β      IGNKDLLGNDVFLVAVHELGHALGMEHSNDPSAIMAPFYQWMETDHF 
huMMP-14      VRNEDLNGNDIFLVAVHELGHALGLEHSSDPSAIMAPFYQWMDTENF 
                * *  ***:*************:***.*************:*:: 
 
 
 

	
	
	
Figure 3-7: TIMP-2 binding interface of MMP-14 is highly conserved between 
zebrafish and humans. Of the 37 residues interacting with TIMP-2, 32 are identical 
between zebrafish Mmp14α/β and human Mmp14. Mmp14α differs at two positions 
while Mmp14β differs at 5 positions. Both Mmp14α/β have significant substitutions of 
glutamine to phenylalanine and asparagine to glycine (circled). 
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zfTimp2α      ----MKSVRSCIGTLVVLVLFRVGEIAEACSCSPVHPQQAFCNADVVIRAKVVGKKEVDS 
zfTimp2β      ----MSM--SRSVPLLLLVLCGATDFAGACSCSPEHPQQAYCNADVVIRAKVVGRKEVVT 
huTIMP-2      MGAAARTLRLALGLLLL---ATLLRPADACSCSPVHPQQAFCNADVVIRAKAVSEKEVDS 
                            *::         * ****** *****:**********.*..*** : 
 
zfTimp2α      GNDIYGNPIKRIQYEIKQIKMFKGPDRHIDVVFTAPSSAVCGVTNLDTNGKKEYLISGKA 
zfTimp2β      GNDAYGYPIKMIRYDVKQLKMFKGPNGEIDTIFTGPSSALCGVN-LESNGKQEYLITGNL 
huTIMP-2      GNDIYGNPIKRIQYEIKQIKMFKGPEKDIEFIYTAPSSAVCGVS-LDVGGKKEYLIAGKA 
              *** ** *** *:*::**:******: .*: ::*.****:***. *: .**:****:*:  

 
zfTimp2α      EANGKMHVTLCDLIMPWESMSATQKKSLSQRYQMGCDCKITRCATFPCEISAPEECLWTD 
zfTimp2β      NSNGTLRINLCDYIESWESLSLTQKKSLGPRYQMGCDCKIVQCPIIPCSISEPVECLWTD 
huTIMP-2      EGDGKMHITLCDFIVPWDTLSTTQKKSLNHRYQMGCECKITRCPMIPCYISSPDECLWMD 
              :.:*.:::.*** *  *:::* ******. ******:***.:*  :** ** * **** * 
 
zfTimp2α      WVTEKIIHGRQSDHYACIKRGDGSCAWYRGVAPPKKEFLEVEDP 
zfTimp2β      WVLEGTVQGTQAQHYTCVKRSDSSCAWYRGSTPPKKEFMDIEEP 
huTIMP-2      WVTEKNINGHQAKFFACIKRSDGSCAWYRGAAPPKQEFLDIEDP 
              ** *  ::* *:..::*:**.*.******* :***:**:::*:* 

 
 
 
Figure 3-8: zfTimp2α is more similar to human TIMP-2 than its paralogue 
zfTimp2β. Zebrafish Timp2α/β are 79% similar to each other and 88% and 78% similar 
to human TIMP-2 respectively. Red: secretory signal; blue: N-terminal domain; green: C-
terminal domain. Red boxes: TIMP-ridge; black box: AB-loop; orange box: 
phosphorylated tyrosine; green box: anionic extension (MMP-2 binding domain). 
 
 

 
Figure 3-9: Crystal structure of TIMP-2 highlighting the MMP-14 and MMP-2 
binding domains. Binding domains are illustrated in black. In the N-terminal domain 
(blue) the AB-loop and TIMP-ridge form a pocket to bind the MMP-14 catalytic domain. 
The anionic tail extends from the C-terminal domain (green) to bind the hemopexin 
domain of MMP-2.  
	 	

AB-loop	

Anionic	extension	

TIMP-ridge	
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zfTimp2α      KKEVDSGNDIYGNPIKRIQY 
zfTimp2β      RKEVVTGNDAYGYPIKMIRY 
huTIMP-2      EKEVDSGNDIYGNPIKRIQY 
    
  

Figure 3-10: Timp2β  differs at three positions in the AB loop (Ser31-Ile41).  Zebrafish 
Timp2α is conserved with human TIMP-2, while zebrafish Timp2β differs at 3 positions. 
All three sequences are conserved at Tyr36 (arrow).  Molecular models highlight the 
structural differences (circled). Green: human TIMP-2; red: Timp2α; blue: Timp2β. 
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3.3.2 Mmp2 is expressed in developing zebrafish embryos 
 

Zebrafish embryos probed with rabbit anti-Mmp2 at 24, 48, 72, and 96 hpf reveal 

the expression of Mmp2 throughout the embryo (Figure 3-11). At 24 hpf, Mmp2 is 

ubiquitous throughout the embryo, with no strong localization, except in the hatching 

gland. By 48 hpf, Mmp2 localizes in the myotomes, caudal fin, and lens, with no 

significant changes in expression patterns at 72 hpf. By 96 hpf, Mmp2 is expressed 

strongly in the lens and caudal fin and begins to accumulate in the myotome boundaries. 

Immunoblots of embryo homogenates at the same stages shows consistent levels 

of Mmp2 expression throughout embryonic development; however, the mobility of 

immunoreactive bands vary between early and late stage embryos (Figure 3-12). All 

stages have bands at approximately 22 and 50 kDa. Together these add up to about the 

expected mass of proMmp2 (72 kDa) and therefore likely represent a consistent 

breakdown pattern in Mmp2, similar to that observed in human MMP-2 (Song et al. 

2010). Only the 72 and 96 hpf homogenates have additional bands at 40 and 90 kDa. The 

40 kDa band likely represents activated Mmp2. Consistent with this, faint bands are 

visible slightly above the 40 kDa band in the 72 and 96 hpf lanes, possibly representing 

the intermediates in Mmp2 activation (i.e. Mmp2 molecules that have been cleaved 

between Asn37 and Leu38 by Mmp14, but have not yet undergone final autocatalytic 

processing between Asn80 and Tyr81). Higher molecular weight bands may represent 

glycosylated Mmp2 or possibly a stable complex between 72 kDa Mmp2 and 22 kDa 

Timp2. If this interpretation is correct, this suggests increased Mmp2 activation, and 

increased abundance and/or stability of complex formation in later stages.    
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Figure 3-11: Mmp2 is expressed during embryonic zebrafish development. Mmp2 
expression is fairly ubiquitous at 24 hpf (A), with strong expression in the hatching gland. 
At 48 hpf (B) Mmp2 is expressed in the myotomes, caudal fin, and lens. Expression at 
72 hpf (C) is similar. By 96 hpf (D) expression is increased in the caudal fin and Mmp2 
begins to accumulate in the myotome boundaries.  
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Figure 3-12: Mmp2 immunoreactive bands of different mobilities are detected at 
various stages of development. Embryo homogenates probed for Mmp2 at 24, 48, 72, 
and 96 hpf exhibit immunoreactive bands of distinct mobilities. All stages have strong 
bands at approximately 50 and 26 kDa, the sum of which is close to the expected size of 
the intact proMmp2 molecule (72 kDa). Bands at approximately 90 and 40 kDa appear at 
72 and 96 hpf, with the 40 kDa band likely representing activated Mmp2. Based on 
GAPDH normalization, total abundance of Mmp2 remains relatively constant from 24 to 
96 hpf (not shown). 
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3.3.3 Mmp14α and Mmp14β are expressed differently in zebrafish embryos 
 
 Antibodies against Mmp14α and Mmp14β reveal cell-surface accumulation of 

these molecules, as expected (Figure 3-13). More interestingly, these paralogues exhibit 

significantly different patterns of accumulation (Figures 3-14, 3-15). Both are detectable 

early in the hatching gland, but Mmp14α is expressed in the epidermis, and then becomes 

abundant in the pectoral fin mesoderm, the craniofacial cartilage, and eye, while 

Mmp14β accumulates primarily in the musculature. Beginning at 48 hpf, Mmp14α and 

Mmp14β are both expressed in the pectoral fin mesoderm, however Mmp14α is much 

more abundant. Mmp14α and Mmp14β are both present in the hatching gland at 24 hpf, 

however by 48 hpf, only Mmp14α is still detectable.  At early stages of development, 

both Mmp14α and Mmp14β are expressed in the lens, but at 72 hpf Mmp14α appears in 

the retina, with strong expression by 96 hpf. Later stage embryos also show strong 

expression of Mmp14α, but not Mmp14β, in the jaw. By 96 hpf, Mmp14α begins to 

accumulate at the interface between muscle cells and the myotome boundaries, while 

Mmp14β remains in the lateral membranes of these cells. 

 Immunoblots of whole embryo homogenates at 24, 48, 72, and 96 hpf were 

probed for Mmp14α and Mmp14β (Figure 3-16). Two Mmp14α immunoreactive bands at 

approximately 70 and 50 kDa are present throughout development, close to the expected 

molecular weights of 64 and 54 kDa for unactivated and activated Mmp14α, respectively. 

Although total abundance does not change significantly over time, more of the lower 

molecular weight product is present by 72 hpf.  Interestingly, the presence of unactivated 

Mmp14 throughout development is inconsistent with the prediction that this furin-

activated protease is present constitutively in its active form. 
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Figure 3-13: Mmp14 is detected on the cell surface. As expected for a membrane-type 
MMP, immunofluorescence reveals Mmp14α and Mmp14β accumulation on the cell 
surface. A) Mmp14α expression on the surface of pectoral fin mesoderm cells at 96 hpf. 
B) Mmp14β expression on the surface of lens and retinal cells at 96 hpf.  
 

  

A	 B	
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The abundance of Mmp14β changes over time, as does the pattern of immunoreactive 

bands. An abundant immunoreactive band at ~26 kDa is present in all lanes, suggestive 

of a common breakdown product in these preparations that can be conceptually added 

back to other bands to reconstruct the mass of the parent molecule. 

Higher molecular weight bands at approximately 90 and 100 kDa that may 

represent dimers of activated and unactivated Mmp14β appear at 48 hpf and lower 

molecular weight bands become more abundant. None of the bands match the predicted 

molecular weights of Mmp14β (69 and 60 kDa for the unactivated and activated forms, 

respectively). However, in tissue culture, cells shed the extracellular portion of MMP-14, 

leaving a 44 kDa protein attached to the membrane (Tam et al. 2002).  Three bands 

appear between approximately 38 to 45 kDa and could represent this cleaved form of 

Mmp14β. Bands may also represent breakdown products or complex formation. The 

protein extraction protocol of Mmp14β needs to be optimized to reduce breakdown in 

order to better analyze this, but it is clear that Mmp14β is increasing in abundance and 

undergoes changes in proteolytic processing during development. 
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Figure 3-14: Mmp14α is strongly expressed in the epidermis and pectoral fin. At 
24 hpf Mmp14α accumulates fairly ubiquitously throughout the embryo, with stronger 
expression in the hatching gland and epidermis (A). At 48 hpf, Mmp14α is abundant in 
the hatching gland, pectoral fin mesoderm, lens, epidermis (especially in the fin folds), 
and neuromasts (B). By 72 hpf, expression is very strong in the pectoral fin (C). At 
96 hpf, Mmp14α is abundant in the lens, retina, jaw, and pectoral fin and begins to 
accumulate in the myotome boundaries, posteriorly to anteriorly (D). Oversaturation of 
signals in the pectoral fin, retina and jaws of later stages were necessary to capture details 
of weaker signals throughout the embryo.  
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Figure 3-15: Mmp14β accumulates in the musculature. At 24 hpf, Mmp14β is 
expressed fairly ubiquitously throughout the embryo, with stronger expression in the lens, 
musculature, and hatching gland (A). Expression at 48 and 72 hpf (B, C) is similar, with 
strong expression in the myotomes and lens, with weaker expression in the pectoral and 
tail fins. By 96 hpf expression remains strong in the myotomes and lens, with Mmp14β 
appearing in the retina.  
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Figure 3-16: Mmp14α and Mmp14β have different expression profiles during 
zebrafish development. Embryo homogenates at 24, 48, 72, and 96 hpf were probed for 
either Mmp14α or Mmp14β. Two immunoreactive Mmp14α bands at 72 and 54 kDa, 
consistent with the predicted sizes of unactivated and activated forms, respectively, are 
present at all stages. Total abundance does not change over time but more of the lower 
molecular weight product is present by 72 hpf. Mmp14β immunoreactive bands are 
present at higher molecular weights than expected, as well as at low molecular weights 
suggestive of breakdown products, but relative abundance of all bands increases over 
time with respect to GAPDH loading controls (not shown). 
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3.3.4 Mmp2 and Mmp14 co-localize in developing zebrafish embryos 
 

If Mmp14 activates Mmp2 in vivo, these molecules need to co-localize within the 

embryo. Because all the available antibodies recognizing these proteins in zebrafish are 

raised in rabbits, double immunofluorescence and co-localization analysis is not possible. 

But by comparing patterns of immunofluorescence in embryos of the same stage probed 

with each of these antibodies, it is clear that there are tissues in which at least one of the 

Mmp14 paralogues and Mmp2 co-occur (Figure 3-17). For example, Mmp14α and 

Mmp2 are expressed in the epidermis and myotome boundaries, while Mmp2 co-occurs 

with Mmp14β in the musculature of the trunk throughout development and in the retina 

at 96 hpf. All three molecules co-occur in the hatching gland, on or near the cell surface. 

While these results do not confirm an interaction, they reveal Mmp2 and Mmp14 

accumulation at the same time and place during development. 

3.3.5 Interacting proteins can be immunoprecipitated with EMMAedMmp2  
 
 To detect molecules like TIMPs and/or MT-MMPs that may be interacting with 

EMMAedMmp2, I immunoprecipitated homogenates of 8 hpHS embryos using anti-

GFP. A silver stain of immunoprecipitated EMMAedMmp2 reveals two bands at the 

expected sizes of the unactivated and activated forms (Figure 3-18a). These bands also 

appear in the whole embryo homogenate lane and on the immunoblot probed with anti-

GFP (Figure 3-18b). Lower molecular weight bands at approximately 50 kDa are present 

on the silver stained gel, but also appear on the immunoblot, likely representing 

breakdown products. Timp2α/β are approximately 22 kDa and it is possible that they are 

represented by the three smaller bands present around 26 kDa. On the immunoblot, the  
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Figure 3-17: Mmp2 co-localizes with Mmp14α and Mmp14β. Co-localization with 
Mmp14α shown in the top half and Mmp14β in the bottom half. Mmp2 co-localizes with 
Mmp14α in the hatching gland from 24 to 72 hpf (A, D shown at 72 hpf). By 96 hpf 
Mmp2 begins to accumulate in the myotome boundaries, but not as distinctly as 
Mmp14α (C, F). Both are abundant in the tail epidermis at 24 hpf (C, F). See figure 4-17 
for a non-saturated image of the pectoral fin. Mmp2 also co-localizes with Mmp14β in 
the hatching gland, but only at 24 hpf (G, J). Mmp2 and Mmp14β are expressed strongly 
throughout the musculature from 48 to 96 hpf (H, K shown at 48 hpf) and at 96 hpf have 
similar patterns in the lens and retina (I, L). All images at the same scale. 
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Flk:GFP positive control lane shows strong immunoreactivity when probed with anti-

GFP, making it impossible to determine if these smaller bands are breakdown products of 

EMMAedMmp2. When stripped and re-probed with anti-Mmp14α/β I was unable to 

detect any protein that may have co-immunoprecipitated with EMMAedMmp2. This 

suggests that any interactions are weak and/or brief or were not preserved due to the 

difficulty of isolating the membrane bound Mmp14. Blots could not be probed for 

Timp2α/β due to the lack of available antibodies. 

3.3.6 MMP inhibition reduces EMMAedMmp2 activation 
 

To examine the effects of MMP inhibition on Mmp2 activation, I treated embryos 

with Phenanthroline, a broad-spectrum MMP inhibitor, and Marimastat, a more specific 

MMP inhibitor targeting MMP-1, 2, 7, 9, and 14 (Rasmussen & McCann, 1997). Injected 

embryos were incubated in 10 µM Phenanthroline (Ellis & Crawford, 2016) prior to 

induction of EMMAedMmp2 expression by heat shock. Phenanthroline treated embryos 

express EMMAedMmp2 and have tail curvature and yolk-sac edema characteristic of 

phenanthroline treatment (Figure 3-19). Embryos treated with 500 µM Marimastat (Leigh 

et al. 2013) prior to heat shock also have tail curvature as well as pericardial and yolk sac 

edema (Figure 3-20). At 8 hpHS, embryos treated with phenanthroline exhibit reduced 

activation compared with untreated embryos at the same time point (Figure 3-21). HA 

and GFP co-localize in Phenanthroline treated embryos, indicating unactivated 

EMMAedMmp2 (Figure 3-21c) whereas untreated embryos have a distinct GFP signal in 

the myotome boundaries, indicating activated EMMAedMmp2 (Figure 3-21a). Embryos 

treated with Marimastat, however, more closely resemble untreated embryos at 8 hpHS, 

with EMMAedMmp2 activated in the myotome boundaries. (Figure 3-21e).  
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Figure 3-18: Interacting proteins can be co-immunoprecipitated with 
EMMAedMmp2. A) Silver stain of embryo homogenates expressing EMMAedMmp2 or 
GFP under the control of the flk1 promoter (control) were immunoprecipitated using anti-
GFP. In addition to the predicted 101 and 90 kDa bands, proteins of approximately 
50 kDa and three bands around 26 kDa are detected in the EMMAedMmp2 precipitate, 
but not in the GFP precipitate.  B) Immunoblots of these immunoprecipitates probed with 
anti-GFP show strong immunoreactivity in the Flk:GFP lane, obscuring the lower 
molecular weight region in the EMMAedMmp2 lane. Possible immunoreactivity of the 
lower molecular weigh bands in 3-18A cannot be determined.    
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 Immunoblots of homogenates from phenanthroline-treated embryos probed for 

GFP reveal unactivated EMMAedMmp2 as early as 2 hours post heat-shock (Figure 3-

22a). This is in contrast to untreated embryos, which did not accumulate the unactivated 

form until 6 hours post heat shock. In Phenanthroline treated embryos, EMMAedMmp2 

activation is reduced at all time points compared untreated embryos (Figure 3-22b). The 

weaker signal at 24 hours is likely due to breakdown and clearance of EMMAedMmp2. 

Anti-GAPDH shows equal protein loading, confirming this observation is due to inhibitor 

treatment and not an excess of loaded sample. Immunoblots of homogenates from 

Marimastat-treated embryos probed for GFP confirm no change in activation at 8 and 

24 hpHS (Figure 3-23). Unfortunately, because I cannot be certain this drug is effectively 

blocking the activity of Mmp14, these results do not help to elucidate the specific MMPs 

involved in activating EMMAedMmp2. 
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Figure 3-19: Treated embryos express EMMAedMmp2 and show deformities 
associated with phenanthroline exposure.  Embryos treated with 10µM phenanthroline 
still express and secrete EMMAedMmp2 (A) but have yolk sac edema and tail curvature 
associated with exposure to the drug (B). Embryos imaged 24 hpHS were still alive based 
on a detectable heartbeat. 
 

 

 

 

 

 

 

 

Figure 3-20: Marimastat injected embryos express EMMAedMmp2 and have 
physical deformities. Embryos injected with 500µM Marimastat express and secrete 
EMMAedMmp2 but have yolk sac edema and tail curvature (arrows) as well as 
pericardial edema (not shown).  
 

 

A	 B	
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Figure 3-21: Phenanthroline, but not Marimastat, prevents the activation of 
EMMAedMmp2 at the myotome boundaries. At 8 hpHS, untreated embryos activate 
EMMAedMmp2 at the myotome boundaries. Comparable embryos expressing 
EMMAedMmp2 in the presence of 10 µM phenanthroline exhibit little activation. 
Embryos treated with 500 µM Marimastat are comparable to untreated embryos at the 
same time point, showing activation in the myotome boundaries. (A, C, E: red/green 
overlay of raw immunofluorescence data; B, D, F: activation map)	
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Figure 3-22: Phenanthroline reduces the activation of EMMAedMmp2. Embryos 
were injected, treated with 10µM phenanthroline, heat shocked, and homogenized at 2, 4, 
6, 8, and 24 hpHS. Probing for GFP reveals both the unactivated and activated form of 
EMMAedMMP2 at all time points (A). Lower molecular weight band likely represents a 
breakdown product from the homogenization process. GAPDH normalization confirms 
equal loading (not shown). Based on densitometry, activation of phenanthroline treated 
embryos is lower than untreated embryos: approximately 75% from 2 to 8 hours and 
approximately 60% at 24 hours (B). Percent activation was calculated from the average 
values of two separate experiments with 20 embryos pooled and sampled per time point.  
  

	2	hpHS						4	hpHS					6	hpHS				8	hpHS					24	hpHS	
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Figure 3-23: EMMAedMmp2 is approximately 65% activated in Marimastat 
treated and untreated embryos. Bands at 101 kDa and 90 kDa representing unactivated 
and activated EMMAedMmp2 respectively reveal no difference in activation between 
Marimastat (M) and untreated embryos (C).  Embryos injected with 500 µM Marimastat 
and untreated embryos have approximately 65% activated EMMAMmp2 at 8 and 
24 hpHS. Lower molecule weight bands likely represents breakdown products.  
 

				M															C															M														C													
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3.4 Discussion 

3.4.1 Conservation suggests constrained functions of Mmp2 activation binding 
domains  
 

Mmp14 homodimerization sites are conserved at the positions required for Mmp2 

activation, however both Mmp14α/β are missing the threonine that accepts a hydrogen 

bond from tyrosine during homodimerization, necessary for collagenolytic activity 

(Tochowicz et al. 2011). In its place are an arginine and lysine, in Mmp14α and 

Mmp14β respectively. It is likely, however, that tyrosine can instead hydrogen bond with 

the carbonyl of the backbone between Arg/Lys412 and Asp413, allowing each of these 

zebrafish Mmp14 paralogues to homodimerize. It is unlikely, however, that Mmp14α/β 

form a heterodimer on the cell surface as a result of the extended ‘RE’ repeat carboxyl to 

the hemopexin domain in Mmp14β. This disordered region between the hemopexin 

domain and the transmembrane helix is 45 residues longer in Mmp14β than in Mmp14α, 

which would likely position the hemopexin domain of Mmp14b significantly (perhaps as 

much as 16 nm) further away from the membrane. This extended stretch of alternating 

positively and negatively charged side chains might strongly stabilize the formation of an 

Mmp14β homodimer through salt bridges that would be resistant to disruption by SDS.  

This could explain the high molecular weight bands I observe on blots probed with anti-

Mmp14β (discussed below). 

The MMP-14 MT-loop is not well conserved between zebrafish Mmp14α/β. The 

MT-loop was first implicated in MMP-2 activation because blocking it prevents binding 

of TIMP-2 (Shiryaev et al. 2013). Other studies conclude, however, that the MT-loop 

participates in MMP-2 activation through interactions with its fibronectin-binding 
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domains (Woskowicz et al. 2013), which is more consistent with my molecular models 

that place the MT-loop well removed from the interface with TIMP-2. It may also be that 

the MT-loop is not necessary for MMP-2 activation in vivo. Chicken MMP-14 has an 

eight amino acid deletion at the position of the MT-loop (Buckley & Jessen, 2015). 

Presumably chickens activate MMP-2, therefore either the MT-loop is not necessary for 

this mechanism or an alternative mechanism is at work.  

MMP-14 interacts with TIMP-2 in a pocket formed by the TIMP-ridge and AB-

loop. The TIMP-ridge is conserved between Timp2α/β, however there are differences in 

the AB-loop. Zebrafish Timp2α shares an identical AB loop with human TIMP-2, while 

Timp2β has three non-conserved residues in its AB loop. Two of the differences between 

Timp2α and Timp2β are functionally similar; however, the third replaces an asparagine 

with a tyrosine, an important difference in the AB loop of these paralogues. At the 

Mmp14/Timp2 interface, Mmp14α/β differ from human MMP-14, most notably with 

phenylalanine in place of glutamine and glycine in place of asparagine. Based on the 

homology models, the amino acid changes in Mmp14β may be compensatory changes to 

those in Timp2β as these substitutions are both hydrophobic and within close proximity 

during an interaction. This suggests that Mmp14β and Timp2β may have co-evolved in 

order to maintain this interaction. Regardless, my findings highlight differences in 

zebrafish Mmp14α/β and Timp2α/β interactions compared to the predicted human 

models.  

The C-terminal domain of TIMP-2 interacts with the hemopexin domain of 

MMP-2, recruiting it to the cell surface for activation by a neighbouring MMP-14. The 

cationic clusters of human MMP-2 and zebrafish Mmp2 are conserved and no structural 
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differences are obvious between their hemopexin domains. The anionic extensions of 

Timp2α/β are also conserved, with any differences being functionally similar. However, 

not all MMPs have these cationic clusters, so this component of the MMP-2 activation 

mechanism might not be generalizable to other MMPs. Recently, TIMP-2 tyrosine 

phosphorylation was shown to be required for TIMP-2/MMP-2 binding in vivo (Dimitra 

Bourboulia personal communication). Mutating Tyr90 to a phenylalanine to prevent 

phosphorylation abolished binding to MMP-2 in tissue culture models, although TIMP-2 

still bound MMP-2 in vitro. Timp2α/β both have a phenylalanine substitution at this site 

and cannot be phosphorylated. Sequence similarities and molecular models suggest that 

zebrafish Mmp2 is capable of interacting with Timp2α/β at these domains; however, the 

tyrosine to phenylalanine substitution calls into question their interaction and 

participation in the established cell surface activation mechanism in vivo.  

As I am interested in the MMP-2 activation mechanism I focused specifically on 

differences in binding domains instead of across the entire protein. These results show for 

the most part, strong conservation of these sequences. However, there are a few 

differences, not just between humans and zebrafish, but also between Mmp14α/β and 

Timp2α/β, that might be substantial enough to result in unique functions of these 

paralogues in vivo. While there are likely meaningful differences elsewhere in these 

proteins, characterizing them is beyond the scope of this project.  

3.4.2 Distinct expression of Mmp14α and Mmp14β suggests functional specialization 
 
 Mmp14α and Mmp14β likely arose from the same ancestral gene during the 

teleost genome duplication event some 300 million years ago (Hoegg et al. 2004). The 

evolution of these paralogues since the whole genome duplication event has not been 
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characterized and little work has been done to determine the role of each individual 

paralogue in vivo. The expression patterns of Mmp14α and Mmp14β differ significantly 

during zebrafish embryonic development. Mmp14α is expressed throughout the 

epidermis while Mmp14β is found deeper within the musculature. Mmp14α accumulates 

abundantly in the pectoral fin mesoderm while Mmp14β is barely detectable in these 

cells. Mmp14β does not accumulate in the jaw and by 96 hpf is still not present in the 

myotome boundaries, whereas Mmp14α is abundant at these sites of active matrix 

remodelling.  

 It follows that Mmp2 co-occurs with Mmp14α and Mmp14β individually, such as 

with Mmp14α in the epidermis and myotome boundaries, but with Mmp14β throughout 

the musculature. If the established mechanism is valid in vivo, these results suggest that 

both Mmp14α and Mmp14β should be capable of activating Mmp2 in a tissue specific 

manner at different times and places throughout the embryo. While it is not unusual for 

MMP expression to be more abundant in specific tissues, it is interesting to see two 

paralogues expressed in different tissues at the same point in development. This suggests 

that these molecules are not redundant, but that they have diverged sufficiently to have 

distinct functions in vivo. Furthermore, differences in co-localization with Mmp2 suggest 

unique functions specific to MMP activation. Although sequence analysis reveals that 

these molecules are fairly similar, small differences may be enough to yield their 

different roles in vivo. Mmp14α and Mmp14β may be regulated independently at several 

levels (see Introduction), resulting in distinct differences in expression, abundance, 

association with partner proteins, and biologically relevant activity between the two 

paralogues.  
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 Consistent with immunofluorescence data, immunoblots reveal distinct expression 

patterns for Mmp14α/β, further supporting unique roles for these paralogues in vivo. All 

membrane type MMPs contain paired basic amino acid sequences at the carboxyl end of 

their propeptides, and as such are expected to be activated by furin protein convertases 

(Jaaks & Bernasconi, 2017).  Furthermore, furin is expressed ubiquitously during early 

zebrafish development (Walker et al. 2006), and it is widely assumed that membrane type 

MMPs will be present in their active form. However, blots probed with antibodies against 

either Mmp14 paralogue reveal multiple bands consistent with the presence of both 

activated and unactivated forms of these proteases throughout development. Blots of 

embryo homogenates from 24 to 96 hpf probed for Mmp14α shows two bands, 

suggesting an unexpected accumulation of the unactivated proMmp14α protein. The 

predicted sizes of unactivated and activated Mmp14α are 64 and 54 kDa, respectively. 

While the lower molecular weight band is 54 kDa, the higher molecular weight band is 

8 kDa higher than expected. Although this can be attributed to proteins not running at 

their predicted molecular weights due to composition and behaviour during SDS-PAGE, 

it is also possible that this discrepancy results from glycosylation. MMP-14 has several 

glycosylation sites throughout its catalytic and hemopexin domains (Boon et al. 2016). 

Adding carbohydrate side chains to an MMP will alter its migration and perceived 

molecular weight. MMP-14 glycosylation is important for protein stability and 

preventing turnover, as well as MMP-2 activation (Wu et al. 2004), therefore the upper 

molecular weight band might represent glycosylated activated Mmp14α.  While the 

overall abundance of Mmp14α does not change, the proportion of each band does, 

suggesting either an increase in activation or decrease in glycosylation over time.  
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Immunoblots probed for Mmp14β suggest that it is processed differently than 

Mmp14α. MMP-14 is cleaved on the cell surface, releasing its catalytic domain and 

leaving behind a 44 kDa fragment tethered in the membrane (Tam et al. 2002). A trio of 

bands appears between 38 and 45 kDa and it is possible these bands represent the 

processed form. An abundant breakdown product is detected at approximately 26 kDa at 

all stages, suggesting that either the homogenization procedure causes consistent damage 

to the protein, or that Mmp14β is being rapidly turned over in these embryos. If this 

breakdown product is conceptually added to the approximately 100 and 90 kDa bands 

observed in later stages, then these bands may represent homodimers of Mmp14β.  The 

‘RE-rich’ insertion may make these homodimers resistant to dissociation by SDS due to 

the strong interactions between alternating positively and negatively charged residues in 

the linker region. The antibody was raised against a unique peptide epitope from the 

variable linker region of Mmp14β, making it unlikely that the multiple bands result from 

cross-reactivity. To be sure, these bands can be excised from the gel, purified, and 

sequenced to determine their identity.   

Although Mmp14β expression patterns change throughout development, changes 

in Mmp14 activation cannot be determined. The EMMA Assay can be used with 

Mmp14α/β to determine if any of the unexpected bands represent the unactivated and/or 

activated forms of the enzyme.   

3.4.3 Alternate Mmp2 activation mechanisms are present in zebrafish embryos 
 

Although endogenous Mmp2 and Mmp14 co-occur throughout embryonic 

development, activated EMMAedMmp2 accumulates in regions where Mmp14 is not 
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detected. EMMAedMmp2 is activated efficiently in the myotome boundaries in embryos 

as young as 24 hpf and Mmp14α is not detectable there until 96 hpf. Activation of 

EMMAedMmp2 where Mmp14 is absent suggests the presence of other proteases. 

Several zebrafish membrane type MMPs other than Mmp14 are expressed during early 

development, and at least Mmp15 is present in the trunk prior to 24 hpf (Quick et al. 

2012). Also, previous work in our lab shows other MMPs accumulating in the myotome 

boundaries including Mmp9, Mmp11, and Mmp13 (Harris, 2010; Matchett, 2017; Poulin, 

2017), which could be contributing to EMMAedMmp2 activation. The well-known 

activation mechanism may be operating elsewhere in the embryo, but alternate Mmp2 

activation mechanisms must also be present to account for EMMAedMmp2 activation. 

The results of the inhibition studies support this hypothesis. EMMAedMmp2 

activation is reduced in the presence of phenanthroline, a broad-spectrum MMP inhibitor. 

Although activation is not completely abolished, these results suggest that Mmp2 is 

activated by an MMP (as previously predicted) and that MMP-independent mechanisms 

may also be biologically relevant. Treatment with Marimastat on the other hand does not 

inhibit EMMAedMmp2 activation. Marimastat is a more specific MMP inhibitor, 

targeting MMP-1, 2, 7, 9 and 14. Orthologues of MMP-1 and MMP-7 are not present in 

the zebrafish genome (Wyatt et al. 2009), so this compound is expected to primarily 

affect the activity of the gelatinases (Mmp2 and Mmp9) and Mmp14 in zebrafish. The 

absence of detectable changes in activation in the presence of this inhibitor suggests that 

EMMAedMmp2 is activated by MMPs other than Mmp14 in vivo.  

This interpretation is based on the assumption that Marimastat effectively inhibits 

Mmp14 activity in zebrafish embryos. This inhibitor has been used previously to disrupt 
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the migration of neural crest cells in zebrafish embryos (Leigh et al. 2013), although this 

was attributed to the inhibition of Mmp17 activity.  The deformity I observe in 

Marimastat-treated embryos is consistent with it blocking the activity of Mmp2 and 

Mmp9 (Zhang et al. 2003a), but I cannot confirm that Mmp14 activity was significantly 

altered in these experiments. It would be worth exploring the possibility that Marimastat 

preferentially inhibits the activity of one Mmp14 paralogue, leaving the other free to 

activate Mmp2. Molecular docking would assess the fit of Marimastat in the active sites 

of each zebrafish protein and compare these to the fit in the human MMP-14 structure. 

Although it is bold to claim that EMMAedMmp2 is activated by MMPs other 

than Mmp14, let alone by MMP-independent mechanisms, it is not the first proposal of 

alternate MMP-2 activation mechanisms. Researchers began to question components of 

the activation mechanism shortly after it was established. For example, there is 

controversy surrounding the requirement of MMP-14 homodimerization. In 2004, Wang 

et al. claimed that the MMP-14 hemopexin domain is not necessary because without it, 

MMP-2 is activated just as efficiently. When the hemopexin domain is mutated to 

prevent homodimerization, MMP-2 is still activated, although MMP-14 loses its 

collagenolytic activity (Remacle et al. 2012). Furthermore, when TIMP-2 is anchored to 

the cell surface, MMP-2 is still recruited and activated, despite the absence of an MMP-

14 homodimer (Nishida et al. 2008). Other membrane-type MMPs are also capable of 

activating MMP-2. Morrison et al. (2001) find that MMP-15 activates MMP-2 on the cell 

surface in a TIMP-2 independent manner, as overexpressing TIMP-2 did not increase the 

amount of activated MMP-2. Furthermore, MMP-2 activation can be accomplished by 

other proteases like thrombin, which can proteolytically cleave the propeptide in an 
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MMP-14 independent fashion (Koo et al. 2011).  Paired with these results, my findings 

indicate that Mmp2 activation is multifaceted and more complex when studying these 

mechanisms in vivo.  

3.4.4 Future Directions 
 

Mmp14 is only one part of the activation complex, however the involvement of 

Timp2 was not explored beyond sequence analysis, molecular models, and co-

immunoprecipitation experiments. While Timp2α and Timp2β expression patterns are 

relevant to this analysis, it was not possible to collect data due to a lack of antibodies 

recognizing Timp2 in zebrafish. Once antibodies become available, EMMAedMmp2 co-

immunoprecipiation can be repeated to determine if the lower molecular weight bands 

present on the silver stained gel represent Timp2. Furthermore, Timp2 

immunofluorescence and immunoblot ontogenies will provide a more complete 

understanding of their in vivo roles during Mmp2 activation and overall zebrafish 

embryonic development.  

Immunofluorescence reveals co-occurrence of Mmp2 and Mmp14, however this 

cannot be used as evidence of a direct interaction due to the resolution of light 

microscopy. Proximity ligation assays (Weibrecht et al., 2010; Bellucci et al. 2014) 

combined with yeast-two-hybrid analyses of the predicted interactions between domains 

might be a valuable approach to assessing when, where, and how these molecules are 

interacting. 

There are many commercially available inhibitors with the potential to disrupt 

Mmp2 activation in vivo. As discussed, Mmp14 is activated intracellularly by furin 

(although my results show this activation may not be as complete as previously thought). 
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Instead of inhibiting Mmp14 directly, a furin inhibitor may prevent Mmp14 activation 

(Yana & Weiss, 2000), and have downstream effects on Mmp2 activation. While a furin 

inhibitor should also prevent the activation of other membrane-type MMPs, reduced 

Mmp2 activation would support the cell-surface activation mechanism. Conversely, the 

overexpression of Mmp14 may increase activation. I have developed overexpression 

vectors for both Mmp14α and Mmp14β and preliminary work shows they are expressed 

in vivo and have effects on embryonic development (see Appendix D). Unlike inhibitors, 

these vectors test each paralogue individually, helping to tease apart any specific roles in 

Mmp2 activation.  
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Chapter Four 
Generating a stable EMMAedMmp2 transgenic zebrafish line 

4.1 Introduction 

4.1.1 Transgenic Organisms 
 

The first transgenic animal developed was a mouse in 1974 by Rudolf Jaenisch 

(Jaenisch & Mintz, 1974). Since then, the use of transgenics in research has become 

commonplace for studying everything from development and genetics to disease 

processes and treatments. Generating a transgenic organism involves permanently 

integrating a DNA sequence of interest into the genome of the host organism. This DNA 

is usually a particular gene, often under the control of a particular promoter and/or fused 

with the sequence of an epitope or fluorescent tag to track the gene product once 

expressed. Transgenic lines differ from mutant/knockout lines because exogenous DNA 

is added to the genome, whereas mutant/knockout lines either change or eliminate 

existing DNA within that organism’s genome.  

Zebrafish are ideal candidates for establishing transgenic lines, as their genomes 

are fully annotated and relatively easy to manipulate. Stuart et al. (1988) generated the 

first transgenic zebrafish and according to the ZFIN database there currently exist over 

35,000 transgenic lines of zebrafish available for research. The approach I used to 

generate a transgenic zebrafish is the Tol2 method, which uses transposable elements to 

recombine DNA into the genome (Kwan, 2007). A construct containing the gene of 

interest is injected into F0 embryos along with mRNA encoding an enzyme to facilitate its 

recombination into the genome. F0 Embryos are raised to adults and their offspring (F1) 

are screened to determine successful integration of exogenous DNA. Subsequent 

generations (F1+n) can be selected for individuals that express the transgene at high levels. 
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This process can take as little as three months, allowing researchers to rapidly generate 

transgenic lines as the need arises. 

4.1.2 Advantages of generating stable transgenic lines 
 
 Injecting an expression construct can lead to strong transient expression, however 

it is often highly variable. Establishing a transgenic line eliminates this variability by 

introducing the expression construct into the genome, ensuring all cells within the 

embryo have the same number of copies. Also, embryos no longer need to be injected, 

which saves time and reduces variability resulting from injection injuries. As a result, 

transgenic lines are regularly established to simplify research and expand potential 

experiments without concerns of consistent expression.   

 I expect that establishing a transgenic line will reduce the variable expression of 

EMMAedMmp2 and eliminate the need to inject embryos in order to analyze patterns 

and abundance of Mmp2 activation. Each embryo should express, secrete, and activate 

similar amounts of EMMAedMmp2, making immunofluorescence and immunoblots 

more representative of activation patterns during development. Having consistent 

expression will also make it easier to detect changes when manipulating activation 

mechanisms because all embryos will have a similar baseline of activation. By resolving 

these problems with a transgenic EMMAedMmp2 zebrafish line, our lab will be able to 

carry out more complex experiments and study MMP activation in vivo under different 

conditions, such as environmental toxicity or during tumour metastasis.   



 

 124 

4.2 Materials and Methods 

4.2.1 In vitro transcription of Transposase 
 

Transposase mRNA was generated using the mMessage Machine Kit (Ambion) 

with SP6 polymerase (NEB). pCS2FA-transposase (Kwan et al. 2007) was linearized 

with ApaI (NEB) and 2 µg of DNA used for transcription. Transposase transcript was 

purified via lithium chloride precipitation. Briefly, EDTA, LiCl, and 75% ethanol were 

added directly to the transcription reaction to final concentrations of 25 mM and 200 mM 

respectively. Reaction was left at -80°C overnight then spun at 4°C for 30 minutes at 

12,000 rpm to pellet RNA. Pellet was washed with 70% ethanol, dried, and eluted in 

20 µl nuclease free water. A sample of RNA was run out briefly on an agarose gel to 

verify the presence of a distinct band.  

4.2.2 Generating EMMAedMmp2 transgenic zebrafish 
 
 To generate Tol2:EMMAedMmp2, the EMMAedMmp2 plasmid was amplified 

from the Hsp70 promoter to SV40 PolyA sequence (Appendix A) using primers with 

flanking XhoI and ClaI restriction sites (Table 2-1). Both the amplicon and Tol2 plasmid 

(pDestTol2pA2; Kwan et al. 2007) were digested with XhoI and ClaI (NEB) and the 

amplicon was ligated into the Tol2 backbone between the Tol2 recombination arms. 

150 ng of plasmid and Transposase mRNA were co-injected into approximately 300 1-

cell zebrafish embryos, changing the needle after each round of injections to limit RNA 

degradation. After 48 hours, injected embryos were screened for fluorescent lenses then 

heat shocked to screen for GFP expression elsewhere. Embryos with strong, 

homogeneous expression and/or fluorescent lenses were raised to adults. After 10-12 

weeks, these F0 fish were spawned and their offspring screened for fluorescence.  
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4.3 Results 

4.3.1 Tol2:EMMAedMmp2 is properly expressed in zebrafish embryos 
 
 Prior to making the EMMA-Mmp2 transgenic line, I tested the 

Tol2:EMMAedMmp2 construct (Figure 4-1) to ensure that it drove expression of the 

EMMAedMmp2 reporter similarly to the original plasmid. One-cell embryos were 

injected with Tol2:EMMAedMmp2, screened for normal development, raised to 24 hpf, 

and heat-shocked as previously described. Embryos were screened at 8 hpHS using 

epifluorescence with a GFP filter. I observed strong GFP expression throughout the 

embryo without any detectable developmental deformities, similar to the original 

EMMAedMmp2 injected embryos (data not shown). As a result, I used this 

Tol2:EMMAedMmp2 construct to generate the EMMAedMmp2 transgenic line.  

4.3.2 EMMAedMmp2 is incorporated into the genome of Fo embryos 
 
 During zebrafish development, the hsp70 gene is induced in the lens via the hsp70 

promoter (Blechinger, 2002). Therefore, if the injected construct is successfully 

integrated into blastomeres that give rise to lens cells, GFP expression can be observed in 

the eyes by 48 hpf. I screened injected F0 embryos at 48 hpf for GFP expression in the 

lens prior to heat-shock. Figure 4-2 shows two injected embryos, one expressing GFP in 

the lens, indicating recombination of EMMAedMmp2 into the genome of at least some 

cells. However, expression in the lens does not mean incorporation into the germ line, nor 

does absence of lens expression mean that the germ cell genome does not contain the 

transgene. I used GFP expression in the lens as an indication of successful injection and 

effective transposase activity.  
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Figure 4-1: Map of Tol2:EMMAedMmp2 vector used to generate the 
EMMAedMmp2 transgenic line: Tol2: Tol2 transposable element recombination arms; 
EMMAedMmp2: EMMAedMmp2 construct, from the hsp70 promoter to SV40 
polyadenylation sequence; AmpR: ampicillin resistance cassette. Bacterial replication 
components not shown. 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-2: EMMAedMmp2 is successfully incorporated into the genome. Embryos 
injected with EMMAedMmp2 were screened at 48 hpf for fluorescent lenses prior to heat 
shock. Some injected embryos have a fluorescent lens (A), while others do not (B). 
Strong signal in the yolk is auto-fluorescence.  
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4.3.3 Transgenic F1 embryos express and secrete EMMAedMmp2 following heat 
shock  

Transgenic F1 embryos were heat shocked at 24 hpf and screened at 4 and 8 hpHS 

using epifluorescence with a GFP filter. At 4 hpHS, EMMAedMmp2 is expressed fairly 

ubiquitously throughout the embryo (Fig 4-3a) and by 8 hpHS accumulates in the 

myotome boundaries (Fig 4-3b); however, unlike transient expression, EMMAedMmp2 

in the transgenic embryos does not accumulate intracellularly or within the yolk. 

Embryos appear to develop without deformities and are phenotypically indistinguishable 

from wildtype embryos. Wildtype embryos exhibit no detectable fluorescence when 

imaged using epifluorescence at the same exposure (not shown).  

4.3.4 EMMAedMmp2 is activated in transgenic embryos  
 

Transgenic F1 embryos with detectable GFP expression were fixed for 

immunofluorescence at 8 hpHS to determine if EMMAedMmp2 is activated in these 

embryos. Staining for HA and GFP reveals that EMMAedMmp2 is not only expressed 

throughout the embryo, but is predominantly in its activated form (Figure 4-4). Similar to 

transiently expressed EMMAedMmp2, strong activation is detected in the eye, hatching 

gland, and myotome boundaries (Figure 4-4b). Unactivated EMMAedMmp2 is 

represented by co-localization of the HA and GFP signals in the tail tissue and more 

weakly in the head (Figure 4-4a). Transgenic embryos homogenized and immunoblotted 

for GFP show bands at molecular weights representing both the activated and unactivated 

sizes (Figure 4-5). These results demonstrate that the F1 transgenic population is 

expressing, secreting, and activating EMMAedMmp2.  
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Figure 4-3: Transgenic embryos express EMMAedMmp2. Embryos were heat 
shocked and imaged after 4 (A) and 8 (B) hpHS. EMMAedMmp2 is ubiquitously 
expressed in the transgenic embryos and by 8 hpHS accumulates in the myotome 
boundaries.   
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Figure 4-4: EMMAedMmp2 is activated in transgenic embryos. Embryos were heat 
shocked and immunostained at 8 hpHS. GFP and HA co-localize throughout the tail 
tissue and more weakly in the head, while GFP is detected alone in the myotome 
boundaries, eye, and hatching gland (arrow) (A). Activation map reveals activated Mmp2 
most strongly in the eye, hatching gland, and myotome boundaries (B).  
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Figure 4-5: EMMAedMmp2 is detected on immunoblots of transgenic embryo 
homogenates. Transgenic embryos were heat shocked and homogenized at 4 hpHS. 
Probing with anti-GFP reveals two bands at approximately 90 and 100 kDa, representing 
activated and unactivated EMMAedMmp2. Based on densitometry of the bands, 
EMMAedMmp2 is approximately 15% activated at this time point. 
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4.4 Discussion 

4.4.1 Limitations to the EMMAedMmp2 Transgenic 
 

The EMMAedMmp2 transgenic line reduces the variability seen with transient 

expression; however, it is not without limitations. The hsp70 promoter, not the 

endogenous Mmp2 promoter, induces EMMAedMmp2 expression. Although the heat 

shock promoter is a strong promoter frequently used for protein overexpression in 

zebrafish (Kawakami, 2007; Shoji & Sato-Maeda, 2008; Jenkins et al. 2016), heat shock 

results in expression of the construct by all cells, which is not necessarily representative 

of the time or place of endogenous expression. Another limitation is that overexpression 

of EMMAedMmp2 may affect embryonic development. Although EMMAedMmp2 

transgenic embryos appear to develop normally, excessive EMMAedMmp2 may bind 

endogenous TIMPs, saturate MMP activation mechanisms, protect endogeous Mmp2 

substrates, or inappropriately activate signaling pathways, all of which would disrupt 

normal ECM remodelling or other developmental processes.  

It is possible that the insertion of the EMMAedMmp2 transgene interferes with 

the expression of other genes. Currently, all transgenic embryos are viable; however, 

once we attempt to establish a homozygous population this might no longer be the case. 

Moving forward it will be important to map the EMMAedMmp2 transgene’s location 

within the genome using inverse PCR (Ochman et al. 1988). This line of transgenic 

zebrafish appear to have fairly uniform expression of EMMAedMmp2; however 

something to consider when establishing future transgenic lines are position effects due to 

surrounding chromatin. This can affect promoter activity, resulting in variable expression 
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patterns throughout the embryo. Flanking insulator sequences on transgenes can 

minimize position effects for future transgenic lines (Caldovic et al. 1999).  

4.4.2 EMMAedMmp2 transgenic is a powerful tool for studying activation in vivo 
 
 EMMAedMmp2 transgenic embryos have strong ubiquitous expression following 

heat shock and the construct is well secreted into the extracellular space. The first priority 

with the EMMAedMmp2 transgenic embryos will be to repeat the experiments done 

using transient expression. Intracellular accumulation of EMMAedMmp2 seems less 

abundant in transgenic embryos, allowing extracellular and cell-surface activation 

mechanisms to be better investigated. Characterizing EMMAedMmp2 activation in the 

transgenic line will provide a baseline for carrying out Mmp14 inhibition and 

overexpression experiments. Consistent expression in the transgenic embryos allows 

changes in Mmp2 activation to be more readily attributed to altered Mmp14 activity 

instead of variable EMMAedMmp2 expression.  

Beyond improving experimental consistency and reliability, the EMMAedMmp2 

transgenic line has many applications for studying MMP activation in vivo. For example, 

MMP-2 is expressed in a range of tissues during development and disease (Fagerberg et 

al. 2014) and this transgenic can be used to characterize activation within specific tissues. 

In principle, infrared lasers can be used to activate the heat shock response and induce 

EMMAedMmp2 expression in individual cells and tissues (Halloran et al. 2000). For 

example, MMP2 is expressed in myocardial tissue (Tyagi et al. 1995), accumulates 

within cardiac myocytes (Coker et al. 1999), and is associated with cardiac pathologies 

(DeCoux et al. 2014). The EMMAedMmp2 transgenic can investigate both intracellular 

and extracellular activation of Mmp2 in the heart to see if is activated during normal 
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development, disease, or both. Furthermore, Mmp2 activation mechanisms can be 

manipulated to determine effects on heart development. Studying Mmp2 activation in 

different tissues will reveal if activation mechanisms are comparable throughout the 

embryo or tissue-specific.  

Another application of the EMMAedMmp2 transgenic is studying Mmp2 

activation in the tumour microenvironment. MMP-2 is upregulated in cancer and 

associated with many functions including cell invasion, migration, and adhesion, as well 

as immune evasion (Gialeli et al. 2011). Most studies of MMP-2 activation in cancer 

have been done in cell culture and not in vivo. Zebrafish can be used as a tool for 

studying human cancer by injecting tumour cells into living embryos and cell behaviour 

monitored in real time, observing the effects on developing tissues (Konantz et al. 2012). 

By combining the EMMAedMmp2 transgenic with the tumour cell xenograft, cancer-

associated Mmp2 activation can be studied in a biologically relevant environment. 

Although beyond the scope of my research, this transgenic line can be used in 

adult zebrafish. Adult zebrafish can be heat shocked to induce expression of 

EMMAedMmp2, allowing researchers to investigate activation in other physiological 

processes like wound healing and fin regeneration. The EMMAedMmp2 transgenic line 

provides exciting new research opportunities to investigate Mmp2 activation and will be 

a useful tool for characterizing activation and investigating the underlying mechanisms in 

a biological model. 
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Chapter Five 
General discussion and conclusions 

5.1 MMP activation is an important regulatory process that bridges expression and 
activity 
 

MMPs are the primary effectors of ECM remodeling. To prevent premature or 

inappropriate substrate degradation, MMPs are synthesized in an inactive form and must 

be activated via proteolytic removal of an inhibitory domain. MMP activation is the 

critical step that bridges expression and activity; however, many studies fail to comment 

on this irreversible regulatory mechanism. mRNA and protein expression patterns 

provide no information about the activation state of the MMP (e.g. Zhang et al. 2003) and 

activity assays, while yielding knowledge of MMP substrates (Nagase, 2002; Dean & 

Overall, 2007; Rodriguez et al. 2010), offer no insight on when, where, or how the 

MMPs in question become activated. MMPs are essential for proper development 

(Latimer & Jessen, 2010; Lu et al. 2011; Bonnans et al. 2014) and misregulated MMP 

expression and activity is correlated with disease (Sbardella et al. 2012); however, the 

spatiotemporal patterns and regulation of MMP activation during development and 

disease is largely unknown. In addition to characterizing MMP expression and activity, a 

better understanding of MMP activation mechanisms may have useful applications, for 

example, in providing novel therapeutic targets. As the majority of MMP activation 

studies have been conducted outside of a native tissue context using biochemical and 

tissue culture assays, more work needs to be done to better understand this important 

regulatory process in vivo.  
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5.2 EMMA Assay is a versatile and powerful tool for studying MMP activation 
 
 MMP activation is a crucial aspect of regulating ECM remodelling. Despite this, 

tools for studying MMP activation are limited and do not address the biological context 

in which it is occurring. I have developed the EMMA assay and demonstrated its ability 

to detect MMP activation in zebrafish embryos using epitope tags. Double 

immunofluorescence assays highlight where and when activation is taking place, while 

immunoblots quantify how much activation has occurred. Unlike biochemical or tissue 

culture assays, the EMMA assay yields biologically meaningful results because all 

relevant endogenous molecules are present and able to participate in any mechanism(s) 

that impact MMP activation. Although the relative abundance of an EMMAedMMP may 

be significantly different than the endogenous protein, the activation detected is taking 

place in its native environment. 

 Using the EMMA assay, I characterized Mmp2 activation in zebrafish embryos, 

revealing activation in regions that are dense in ECM and undergo remodelling during 

development. Furthermore, the patterns of EMMAedMmp2 accumulation and activation 

are consistent with endogenous Mmp2 expression, suggesting that EMMAedMmp2 

activation is not random. Endogenous mechanisms rapidly activate EMMAedMmp2, but 

fail to do so when the N-terminal propeptide is modified. The cell surface activation of 

EMMAedMmp2 supports the previously established MMP-2 activation mechanism and 

the EMMA assay can be used to further investigate the specific molecules involved.   

The EMMA Assay can be used to study the activation patterns of all MMPs using 

only two antibodies recognizing the epitope tags. Activation patterns of different MMPs 

can be compared to determine the specificity of MMP activation mechanisms. The 
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EMMA Assay can also be used to study the activation of other proteases synthesized as 

zymogens with auto-inhibitory domains. Furthermore, because expression of the 

construct is induced by heat shock at a chosen time, this assay facilitates time-course 

experiments characterizing the rate of activation and clearance. Finally, the proteolytic 

processing of MMP substrates can be characterized in the same way, using the epitope 

tags on the substrates to distinguish between intact and cleaved molecules. Similar to 

revealing where activation mechanisms are present, this would highlight the locations at 

which specific substrates are degraded. The EMMA assay is a powerful tool with many 

applications beyond MMP activation and will provide insight into matrix dynamics in 

vivo. 

5.3 In vivo studies yield biologically relevant MMP activation mechanisms 
 

The majority of MMP activation research has been conducted in vitro. While this 

provides an abundance of potential MMP activation mechanisms (Ala-Aho & Kähäri, 

2005; Ra & Parks, 2007), very few of these have been tested in vivo, bringing into 

question their biological relevance. For example, attempts to replicate the established 

MMP-2 activation mechanism in vivo yield inconsistent results. While TIMP-2 is 

necessary to activate MMP-2 in vivo (Wang et al. 2000) as predicted by biochemical 

assays (Butler et al. 1998), residual MMP-2 activation is detected when MMP-14 is 

knocked down in human fibroblasts (Ruangpanit et al. 2002). Furthermore, MMP-2 

knockdowns in mice have a mild phenotype compared to MMP-14 knockdowns (Berglin 

et al. 2003; Holmbeck et al. 1999). This implies that the MMP-14 knockdowns are still 

activating MMP-2, otherwise MMP-2 knockdowns would share the same severe 

phenotype. Consistent with my results, these findings suggest that other MMPs and 
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proteases can activate MMP-2 outside of this previously established mechanism. MMP-7 

is another MMP whose activation mechanism has been predicted in vitro. MMP-7 lacks a 

hemopexin domain, implying it cannot be activated by the established cell-surface 

mechanism and it does not have a furin recognition sequence for intracellular activation.  

In vitro studies implicate MMP-3 in MMP-7 activation, however MMP-3 is not 

expressed with MMP-7 in vivo (Ra & Parks, 2007). Bonner (2017) used the EMMA 

Assay to investigate MMP-7 activation mechanisms in vivo in the zebrafish and found 

EMMAedMMP-7 activation both intracellularly and on the cell surface. Zebrafish do not 

have MMP-3 (Wyatt et al. 2009), indicating that other mechanisms must be activating 

MMP-7 in these experiments. The above findings highlight a crucial point: in vitro 

activation studies do not accurately represent in vivo mechanisms. In vivo work will 

likely highlight the complex nature of MMP activation, but will provide the most 

meaningful results. Techniques like the EMMA Assay paired with inhibition experiments 

will help to elucidate the biologically relevant molecules involved in MMP activation 

mechanisms in vivo. 

5.4 EMMA Assay reveals additional activation mechanisms in zebrafish embryos 

The previously established activation mechanism of MMP-2 predicts that it is 

activated on the cell surface in complex with MMP-14 and TIMP-2 (Strongin et al. 1995; 

Nishida et al. 2008). To examine the cell surface activation mechanism of Mmp2 in 

zebrafish embryos, I investigated the expression and activity of endogenous Mmp14. 

Zebrafish possess two Mmp14 paralogues, which differ in sequence and three 

dimensional structure. Furthermore, Mmp14α and Mmp14β have different protein 

expression patterns and co-occur differentially with Mmp2, suggesting these paralogues 



 

 140 

have undergone subfunctionalization, and possibly neofunctionalization. Preliminary 

results demonstrate EMMAedMmp2 activation is reduced with a broad-spectrum MMP 

inhibitor, consistent with the expected roles of MMPs in cross-activation. However, when 

a more specific Mmp14 inhibitor is used, activation patterns are not significantly 

changed. This suggests alternative Mmp2 activation mechanisms are predominant in vivo. 

Furthermore, my findings reveal intracellular Mmp2 activation, a phenomenon that has 

not been well explored previously, and likely a result of Mmp14-independent 

mechanism(s). Additional inhibitors as well as Mmp14α/β overexpression will help to 

clarify their roles in Mmp2 activation in vivo. Future work should investigate other 

membrane-type MMPs to determine their role, if any, in EMMAedMmp2 cell surface 

activation. In an attempt to refine our understanding of Mmp2 activation in its native 

tissue context, my findings do not refute the well-established activation mechanism; 

instead they suggest the activity of additional mechanisms and highlight the complexity 

of MMP activation in vivo. 

5.5 Thesis Objectives 
 
 The primary objective of this thesis was to design a tool to detect and characterize 

MMP activation in vivo. This was accomplished with the EMMA Assay, using epitope 

tags to distinguish between the unactivated and activated forms of an MMP. Using this 

tool, I was able to detect Mmp2 activation in developing zebrafish embryos, and 

characterize when, where, and how much activation was taking place. Regions of Mmp2 

activation highlight the presence of endogenous activation mechanisms that can be 

further investigated using this tool. 
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 The secondary objective was to investigate the underlying mechanisms of 

activation. I accomplished this by analyzing zebrafish Mmp14 sequences and their 

predicted three dimensional structures. Following this, I characterized Mmp2 and Mmp14 

expression patterns to investigate co-localization of these molecules, then used the 

EMMA Assay paired with pharmacological inhibitors to determine if Mmp14 inhibition 

affects Mmp2 activation. This revealed the presence of additional activation mechanisms 

in developing zebrafish embryos.  

 An ongoing objective throughout this thesis was to generate a stable transgenic 

line of zebrafish carrying the EMMAedMmp2 transgene. I identified transgenic carriers 

in the F0 population and their transgene-bearing progeny are currently being reared. The 

EMMAedMmp2 transgenic will streamline experimentation by eliminating the injection 

process, reduce variation of expression, and improve experimental reproducibility. The 

transgenic line will also allow us to carry out more sophisticated experiments that would 

be significantly more difficult with transient expression. In retrospect, it would have been 

ideal to carry out the experiments in this thesis with the transgenic line; however, all 

previous work can now be repeated with a more predictable and consistent model. 

5.6 Concluding remarks 
 
 MMP activation is a crucial aspect of regulating ECM remodeling. Unfortunately, 

most investigations into MMP activation have characterized this process outside of a 

biological model. The overarching goal of this thesis was to establish a novel tool for 

detecting the removal of the inhibitory propeptide and characterizing MMP activation in 

vivo. The EMMA Assay provides, for the first time, an approach to detect, characterize, 

and manipulate MMP activation in its native context. My results provide a solid proof-of-
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concept for this technique in zebrafish embryos. Using EMMAedMmp2, I showed that 

this epitope-tagged molecule is activated by endogenous mechanisms in specific patterns 

throughout the embryo. Furthermore, I demonstrated that this tool can be used to 

investigate underlying mechanisms by manipulating the activity of other MMPs 

potentially involved in activation. Characterizing Mmp2 activation patterns revealed the 

presence of unique intracellular and extracellular mechanisms, and contrary to the well-

established MMP-2 activation mechanism, Mmp14 independent activation mechanisms. 

It is my hope that the EMMA Assay will continue to be used to investigate MMP 

activation and help shift the focus to studying this important regulatory process in a 

biological context. The ability to visualize and characterize MMP activation in vivo will 

hopefully expand our understanding of MMP activation mechanisms and their 

contribution to extracellular matrix dynamics during developmental and disease 

processes.  
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Appendix A 
Sequence Data 

 
A.1 EMMA Insert Nucleotide Sequence 
 
HindIII restriction site: 1-6 
ATG start codon: 51-53 
Mmp2 secretory signal: 54-143 
HA epitope: 144-170 
Att R1: 171-304 
BspEI restriction site: 622-627 
 

     GAGCTCAAGC TTCGAATTCT GCAGTCGACG GTACCGCGGG CCCGGGATCC ATGCTGTCCG        60 
     TTAAGTTTTT CAGATGTAGG CATATTGTCC TTAAAGTTTT CCTCGTGCAG TTTCTTGCTT       120 
     CCCTGCAAAC TTTTGCTGCG CCCTACCCCT ACGACGTGCC CGACTACGCC CTCGAATCAA       180 
     CAAGTTTGTA CAAAAAAGCT GAACGAGAAA CGTAAAATGA TATAAATATC AATATATTAA       240 
     ATTAGATTTT GCATAAAAAA CAGACTACAT AATACTGTAA AACACAACAT ATCCAGTCAC       300 
     TATGGCGGCC GCATTAGGCA CCCCAGGCTT TACACTTTAT GCTTCCGGCT CGTATAATGT       360 
     GTGGATTTTG AGTTAGGATC CGGCGAGATT TTCAGGAGCT AAGGAAGCTA AAATGGAGAA       420 
     AAAAATCACT GGATATACCA CCGTTGATAT ATCCCAATGG CATCGTAAAG AACATTTTGA       480 
     GGCATTTCAG TCAGTTGCTC AATGTACCTA TAACCAGACC GTTCAGCTGG ATATTACGGC       540 
     CTTTTTAAAG ACCGTAAAGA AAAATAAGCA CAAGTTTTAT CCGGCCTTTA TTCACATTCT       600 
     TGCCCGCCTG ATGAATGCTC ATCCGGAATT CCG                                    633 
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A.2 Original EMMA Vector Nucleotide Sequence 
 

CMV: 1-589 
ATG start codon: 666 
Mmp2 secretory signal: 669-758 
HA epitope: 759-785 
Att R1: 786-919 
Chloramphincol resistance (camr): 999-1687 
CcdB survival cassette: 2029-2334 
Att R2: 2375-2499 
eGFP: 2519-3232 
TAA stop codon: 3233 
SV40 polyA: 3252-3479 
Ampicillin resistance (ampr): 4432-5292 (complementary strand) 
Kanamycin resistance (kmr): 5487-6281 
 
 

TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60      
CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120      
GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180      
ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGCC       240      
AAGTACGCCC CCTATTGACG TCAATGACGG TAAATGGCCC GCCTGGCATT ATGCCCAGTA       300      
CATGACCTTA TGGGACTTTC CTACTTGGCA GTACATCTAC GTATTAGTCA TCGCTATTAC       360      
CATGGTGATG CGGTTTTGGC AGTACATCAA TGGGCGTGGA TAGCGGTTTG ACTCACGGGG       420      
ATTTCCAAGT CTCCACCCCA TTGACGTCAA TGGGAGTTTG TTTTGGCACC AAAATCAACG       480      
GGACTTTCCA AAATGTCGTA ACAACTCCGC CCCATTGACG CAAATGGGCG GTAGGCGTGT       540      
ACGGTGGGAG GTCTATATAA GCAGAGCTGG TTTAGTGAAC CGTCAGATCC GCTAGCGCTA       600      
CCGGACTCAG ATCTCGAGCT CAAGCTTCGA ATTCTGCAGT CGACGGTACC GCGGGCCCGG       660      
GATCCATGCT GTCCGTTAAG TTTTTCAGAT GTAGGCATAT TGTCCTTAAA GTTTTCCTCG       720      
TGCAGTTTCT TGCTTCCCTG CAAACTTTTG CTGCGCCCTA CCCCTACGAC GTGCCCGACT       780      
ACGCCCTCGA ATCAACAAGT TTGTACAAAA AAGCTGAACG AGAAACGTAA AATGATATAA       840      
ATATCAATAT ATTAAATTAG ATTTTGCATA AAAAACAGAC TACATAATAC TGTAAAACAC       900      
AACATATCCA GTCACTATGG CGGCCGCATT AGGCACCCCA GGCTTTACAC TTTATGCTTC       960      
CGGCTCGTAT AATGTGTGGA TTTTGAGTTA GGATCCGGCG AGATTTTCAG GAGCTAAGGA      1020      
AGCTAAAATG GAGAAAAAAA TCACTGGATA TACCACCGTT GATATATCCC AATGGCATCG      1080      
TAAAGAACAT TTTGAGGCAT TTCAGTCAGT TGCTCAATGT ACCTATAACC AGACCGTTCA      1140      
GCTGGATATT ACGGCCTTTT TAAAGACCGT AAAGAAAAAT AAGCACAAGT TTTATCCGGC      1200      
CTTTATTCAC ATTCTTGCCC GCCTGATGAA TGCTCATCCG GAATTCCGTA TGGCAATGAA      1260      
AGACGGTGAG CTGGTGATAT GGGATAGTGT TCACCCTTGT TACACCGTTT TCCATGAGCA      1320      
AACTGAAACG TTTTCATCGC TCTGGAGTGA ATACCACGAC GATTTCCGGC AGTTTCTACA      1380      
CATATATTCG CAAGATGTGG CGTGTTACGG TGAAAACCTG GCCTATTTCC CTAAAGGGTT      1440      
TATTGAGAAT ATGTTTTTCG TCTCAGCCAA TCCCTGGGTG AGTTTCACCA GTTTTGATTT      1500      
AAACGTGGCC AATATGGACA ACTTCTTCGC CCCCGTTTTC ACCATGGGCA AATATTATAC      1560      
GCAAGGCGAC AAGGTGCTGA TGCCGCTGGC GATTCAGGTT CATCATGCCG TCTGTGATGG      1620      
CTTCCATGTC GGCAGAATGC TTAATGAATT ACAACAGTAC TGCGATGAGT GGCAGGGCGG      1680      
GGCGTAAAGA TCTGGATCCG GCTTACTAAA AGCCAGATAA CAGTATGCGT ATTTGCGCGC      1740      
TGATTTTTGC GGTATAAGAA TATATACTGA TATGTATACC CGAAGTATGT CAAAAAGAGG      1800      
TGTGCTATGA AGCAGCGTAT TACAGTGACA GTTGACAGCG ACAGCTATCA GTTGCTCAAG      1860      
GCATATATGA TGTCAATATC TCCGGTCTGG TAAGCACAAC CATGCAGAAT GAAGCCCGTC      1920      
GTCTGCGTGC CGAACGCTGG AAAGCGGAAA ATCAGGAAGG GATGGCTGAG GTCGCCCGGT      1980      
TTATTGAAAT GAACGGCTCT TTTGCTGACG AGAACAGGGA CTGGTGAAAT GCAGTTTAAG      2040      
GTTTACACCT ATAAAAGAGA GAGCCGTTAT CGTCTGTTTG TGGATGTACA GAGTGATATT      2100      
ATTGACACGC CCGGGCGACG GATGGTGATC CCCCTGGCCA GTGCACGTCT GCTGTCAGAT      2160      
AAAGTCTCCC GTGAACTTTA CCCGGTGGTG CATATCGGGG ATGAAAGCTG GCGCATGATG      2220      
ACCACCGATA TGGCCAGTGT GCCGGTCTCC GTTATCGGGG AAGAAGTGGC TGATCTCAGC      2280      
CACCGCGAAA ATGACATCAA AAACGCCATT AACCTGATGT TCTGGGGAAT ATAAATGTCA      2340      
GGCTCCCTTA TACACAGCCA GTCTGCAGGT CGACCATAGT GACTGGATAT GTTGTGTTTT      2400      
ACAGTATTAT GTAGTCTGTT TTTTATGCAA AATCTAATTT AATATATTGA TATTTATATC      2460      
ATTTTACGTT TCTCGTTCAG CTTTCTTGTA CAAAGTGGTT GATCCGGTCG CCACCATGGT      2520      
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GAGCAAGGGC GAGGAGCTGT TCACCGGGGT GGTGCCCATC CTGGTCGAGC TGGACGGCGA      2580      
CGTAAACGGC CACAAGTTCA GCGTGTCCGG CGAGGGCGAG GGCGATGCCA CCTACGGCAA      2640      
GCTGACCCTG AAGTTCATCT GCACCACCGG CAAGCTGCCC GTGCCCTGGC CCACCCTCGT      2700      
GACCACCCTG ACCTACGGCG TGCAGTGCTT CAGCCGCTAC CCCGACCACA TGAAGCAGCA      2760      
CGACTTCTTC AAGTCCGCCA TGCCCGAAGG CTACGTCCAG GAGCGCACCA TCTTCTTCAA      2820      
GGACGACGGC AACTACAAGA CCCGCGCCGA GGTGAAGTTC GAGGGCGACA CCCTGGTGAA      2880      
CCGCATCGAG CTGAAGGGCA TCGACTTCAA GGAGGACGGC AACATCCTGG GGCACAAGCT      2940      
GGAGTACAAC TACAACAGCC ACAACGTCTA TATCATGGCC GACAAGCAGA AGAACGGCAT      3000      
CAAGGTGAAC TTCAAGATCC GCCACAACAT CGAGGACGGC AGCGTGCAGC TCGCCGACCA      3060      
CTACCAGCAG AACACCCCCA TCGGCGACGG CCCCGTGCTG CTGCCCGACA ACCACTACCT      3120      
GAGCACCCAG TCCGCCCTGA GCAAAGACCC CAACGAGAAG CGCGATCACA TGGTCCTGCT      3180      
GGAGTTCGTG ACCGCCGCCG GGATCACTCT CGGCATGGAC GAGCTGTACA AGTAAAGCGG      3240      
CCGCGACTCT AGATCATAAT CAGCCATACC ACATTTGTAG AGGTTTTACT TGCTTTAAAA      3300      
AACCTCCCAC ACCTCCCCCT GAACCTGAAA CATAAAATGA ATGCAATTGT TGTTGTTAAC      3360      
TTGTTTATTG CAGCTTATAA TGGTTACAAA TAAAGCAATA GCATCACAAA TTTCACAAAT      3420      
AAAGCATTTT TTTCACTGCA TTCTAGTTGT GGTTTGTCCA AACTCATCAA TGTATCTTAA      3480      
GGCGTAAATT GTAAGCGTTA ATATTTTGTT AAAATTCGCG TTAAATTTTT GTTAAATCAG      3540      
CTCATTTTTT AACCAATAGG CCGAAATCGG CAAAATCCCT TATAAATCAA AAGAATAGAC      3600      
CGAGATAGGG TTGAGTGTTG TTCCAGTTTG GAACAAGAGT CCACTATTAA AGAACGTGGA      3660      
CTCCAACGTC AAAGGGCGAA AAACCGTCTA TCAGGGCGAT GGCCCACTAC GTGAACCATC      3720      
ACCCTAATCA AGTTTTTTGG GGTCGAGGTG CCGTAAAGCA CTAAATCGGA ACCCTAAAGG      3780      
GAGCCCCCGA TTTAGAGCTT GACGGGGAAA GCCGGCGAAC GTGGCGAGAA AGGAAGGGAA      3840      
GAAAGCGAAA GGAGCGGGCG CTAGGGCGCT GGCAAGTGTA GCGGTCACGC TGCGCGTAAC      3900      
CACCACACCC GCCGCGCTTA ATGCGCCGCT ACAGGGCGCG TCAGGTGGCA CTTTTCGGGG      3960      
AAATGTGCGC GGAACCCCTA TTTGTTTATT TTTCTAAATA CATTCAAATA TGTATCCGCT      4020      
CATGAGACAA TAACCCTGAT AAATGCTTCA ATAATATTGA AAAAGGAAGA GTCCTGAGGC      4080      
GGAAAGAACC AGCTGTGGAA TGTGTGTCAG TTAGGGTGTG GAAAGTCCCC AGGCTCCCCA      4140      
GCAGGCAGAA GTATGCAAAG CATGCATCTC AATTAGTCAG CAACCAGGTG TGGAAAGTCC      4200      
CCAGGCTCCC CAGCAGGCAG AAGTATGCAA AGCATGCATC TCAATTAGTC AGCAACCATA      4260      
GTCCCGCCCC TAACTCCGCC CATCCCGCCC CTAACTCCGC CCAGTTCCGC CCATTCTCCG      4320      
CCCCATGGCT GACTAATTTT TTTTATTTAT GCAGAGGCCG AGGCCGCCTC GGCCTCTGAG      4380      
CTATTCCAGA AGTAGTGAGG AGGCTTTTTT GGAGGCCTCT TGGTCTGACA GTTACCAATG      4440      
CTTAATCAGT GAGGCACCTA TCTCAGCGAT CTGTCTATTT CGTTCATCCA TAGTTGCCTG      4500      
ACTCCCCGTC GTGTAGATAA CTACGATACG GGAGGGCTTA CCATCTGGCC CCAGTGCTGC      4560      
AATGATACCG CGAGACCCAC GCTCACCGGC TCCAGATTTA TCAGCAATAA ACCAGCCAGC      4620      
CGGAAGGGCC GAGCGCAGAA GTGGTCCTGC AACTTTATCC GCCTCCATCC AGTCTATTAA      4680      
TTGTTGCCGG GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC      4740      
CATTGCTACA GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT TCAGCTCCGG      4800      
TTCCCAACGA TCAAGGCGAG TTACATGATC CCCCATGTTG TGCAAAAAAG CGGTTAGCTC      4860      
CTTCGGTCCT CCGATCGTTG TCAGAAGTAA GTTGGCCGCA GTGTTATCAC TCATGGTTAT      4920      
GGCAGCACTG CATAATTCTC TTACTGTCAT GCCATCCGTA AGATGCTTTT CTGTGACTGG      4980      
TGAGTACTCA ACCAAGTCAT TCTGAGAATA GTGTATGCGG CGACCGAGTT GCTCTTGCCC      5040      
GGCGTCAATA CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC TCATCATTGG      5100      
AAAACGTTCT TCGGGGCGAA AACTCTCAAG GATCTTACCG CTGTTGAGAT CCAGTTCGAT      5160      
GTAACCCACT CGTGCACCCA ACTGATCTTC AGCATCTTTT ACTTTCACCA GCGTTTCTGG      5220      
GTGAGCAAAA ACAGGAAGGC AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG      5280      
TTGAATACTC ATACTCTTCC TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT      5340      
CATGAGCGGA TACATATTTG AATGTATTTA GAAAAATAAA CAAATAGGGG TTCCGCGCAC      5400      
ATTTCCCCGA AAAGTGCCAC CTGAAATTGT AAAAGGCCTA GGCTTTTGCA AAGATCGATC      5460      
AAGAGACAGG ATGAGGATCG TTTCGCATGA TTGAACAAGA TGGATTGCAC GCAGGTTCTC      5520      
CGGCCGCTTG GGTGGAGAGG CTATTCGGCT ATGACTGGGC ACAACAGACA ATCGGCTGCT      5580      
CTGATGCCGC CGTGTTCCGG CTGTCAGCGC AGGGGCGCCC GGTTCTTTTT GTCAAGACCG      5640      
ACCTGTCCGG TGCCCTGAAT GAACTGCAAG ACGAGGCAGC GCGGCTATCG TGGCTGGCCA      5700      
CGACGGGCGT TCCTTGCGCA GCTGTGCTCG ACGTTGTCAC TGAAGCGGGA AGGGACTGGC      5760      
TGCTATTGGG CGAAGTGCCG GGGCAGGATC TCCTGTCATC TCACCTTGCT CCTGCCGAGA      5820      
AAGTATCCAT CATGGCTGAT GCAATGCGGC GGCTGCATAC GCTTGATCCG GCTACCTGCC      5880      
CATTCGACCA CCAAGCGAAA CATCGCATCG AGCGAGCACG TACTCGGATG GAAGCCGGTC      5940      
TTGTCGATCA GGATGATCTG GACGAAGAGC ATCAGGGGCT CGCGCCAGCC GAACTGTTCG      6000      
CCAGGCTCAA GGCGAGCATG CCCGACGGCG AGGATCTCGT CGTGACCCAT GGCGATGCCT      6060      
GCTTGCCGAA TATCATGGTG GAAAATGGCC GCTTTTCTGG ATTCATCGAC TGTGGCCGGC      6120      
TGGGTGTGGC GGACCGCTAT CAGGACATAG CGTTGGCTAC CCGTGATATT GCTGAAGAGC      6180      
TTGGCGGCGA ATGGGCTGAC CGCTTCCTCG TGCTTTACGG TATCGCCGCT CCCGATTCGC      6240      
AGCGCATCGC CTTCTATCGC CTTCTTGACG AGTTCTTCTG AGCGGGACTC TGGGGTTCGA      6300      
AATGACCGAC CAAGCGACGC CCAACCTGCC ATCACGAGAT TTCGATTCCA CCGCCGCCTT      6360      
CTATGAAAGG TTGGGCTTCG GAATCGTTTT CCGGGACGCC GGCTGGATGA TCCTCCAGCG      6420      
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CGGGGATCTC ATGCTGGAGT TCTTCGCCCA CCCTAGGGGG AGGCTAACTG AAACACGGAA      6480      
GGAGACAATA CCGGAAGGAA CCCGCGCTAT GACGGCAATA AAAAGACAGA ATAAAACGCA      6540      
CGGTGTTGGG TCGTTTGTTC ATAAACGCGG GGTTCGGTCC CAGGGCTGGC ACTCTGTCGA      6600      
TACCCCACCG AGACCCCATT GGGGCCAATA CGCCCGCGTT TCTTCCTTTT CCCCACCCCA      6660      
CCCCCCAAGT TCGGGTGAAG GCCCAGGGCT CGCAGCCAAC GTCGGGGCGG CAGGCCCTGC      6720      
CATAGCCTCA GGTTACTCAT ATATACTTTA GATTGATTTA AAACTTCATT TTTAATTTAA      6780      
AAGGATCTAG GTGAAGATCC TTTTTGATAA TCTCATGACC AAAATCCCTT AACGTGAGTT      6840      
TTCGTTCCAC TGAGCGTCAG ACCCCGTAGA AAAGATCAAA GGATCTTCTT GAGATCCTTT      6900      
TTTTCTGCGC GTAATCTGCT GCTTGCAAAC AAAAAAACCA CCGCTACCAG CGGTGGTTTG      6960      
TTTGCCGGAT CAAGAGCTAC CAACTCTTTT TCCGAAGGTA ACTGGCTTCA GCAGAGCGCA      7020      
GATACCAAAT ACTGTCCTTC TAGTGTAGCC GTAGTTAGGC CACCACTTCA AGAACTCTGT      7080      
AGCACCGCCT ACATACCTCG CTCTGCTAAT CCTGTTACCA GTGGCTGCTG CCAGTGGCGA      7140      
TAAGTCGTGT CTTACCGGGT TGGACTCAAG ACGATAGTTA CCGGATAAGG CGCAGCGGTC      7200      
GGGCTGAACG GGGGGTTCGT GCACACAGCC CAGCTTGGAG CGAACGACCT ACACCGAACT      7260      
GAGATACCTA CAGCGTGAGC TATGAGAAAG CGCCACGCTT CCCGAAGGGA GAAAGGCGGA      7320      
CAGGTATCCG GTAAGCGGCA GGGTCGGAAC AGGAGAGCGC ACGAGGGAGC TTCCAGGGGG      7380      
AAACGCCTGG TATCTTTATA GTCCTGTCGG GTTTCGCCAC CTCTGACTTG AGCGTCGATT      7440      
TTTGTGATGC TCGTCAGGGG GGCGGAGCCT ATGGAAAAAC GCCAGCAACG CGGCCTTTTT      7500      
ACGGTTCCTG GCCTTTTGCT GGCCTTTTGC TCACATGTTC TTTCCTGCGT TATCCCCTGA      7560      
TTCTGTGGAT AACCGTATTA CCGCCATGCA T                                     7591  
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A.3 Hsp70 EMMA Vector Nucleotide Sequence  
(from start of plasmid to end of polyA)   
 
Hsp70 promoter: 239-1781 
ATG start codon: 1795 
Mmp2 secretory signal: 1798-1887 
HA epitope: 1888-1914 
Att R1: 1924-2048 
Chloramphincol resistance (cmr): 2157-2816 
CcdB survival cassette: 3158-3463 
Att R2: 3504-3628 
eGFP: 3645-4364 
TA stop codon: 4362 
SV40 polyA: 4381-4608 
 
TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60      
CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120      
GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180      
ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGGA       240      
AAAGTTGCTT CAGGGGTGTC GCTTGGTTAT TTCCAAAAAT CAAATTAATT TTATTAAACT       300      
ATTAGAACGA GCATGTTTTG TCTATATGCT ACAGAAGATA AAAAATAATA GGAGTTAACA       360      
GTTATAAAAC AACACACTTT GTTTCTATTG ATTGTTGACC ACACTGGGGT CTCATTAAGT       420      
TAGATTAAAG ACACACTAAC TGGGTCAAAA GCAGCAGATT GATTTCATAG CACCAGGGTA       480      
AACTTTCTAA CACTTTTACG GCAATCATAT ACATTAAAAT TAAATACAGA CCACGACTGA       540      
ACAAGGAGGA TGATCTCCAA TATTAAACAA AGAGACTTGT GCCTATTTCT CTGAGGGTAA       600      
ACATGACCTC TCAAGTTAGC AAGTTGGTTT TAACACTACA AAAATAGTTA AGACTGCAAT       660      
CCCAGAATAA AGTATTGGTT TTAACCAATC AATATAGTAC AGTAAACATC CATTTGTTTT       720      
GTTGAAACGT TAAACAAATC TGACCAAAGC TATTAGCTTA TATAAAACAG GTTTGCCTTC       780      
TATGTAGCTG AAAACACCAC AGGCCCGATT TTGCTACTGT GTAAAACATT TCAGCAAGAT       840      
TTTTTTATTG CATTTTTTTT TACTGAATCG TTCAAACATT TTATCATTTT AGTTTGTTCA       900      
TTCATTGCAA CTGGAAAAAC AACACATCAC ACAACCGCAC ATATTTCAGC AATAAGTACA       960      
ATAAAACACT CAAATAAAAA AAACATTTTA AATCTCTTTG TATTTTTGAC CGCTGTTTCG      1020      
CGTAATTTCA CGGTAAAACT CTGGAAATCT CCACTACATT CCTCTCAGCG GCTCCTCTCA      1080      
ATGACAGCTG AAGAAGTGAC GCGGCTGCCT GCTGTGTTTT GATTGGTCGA ATTCACTGGA      1140      
GGCTTCCAGA ACAGTGTAGA GTCTGAACGG GTGCGCGCTC TGCTGTATTT AAAGGGCGAA      1200      
AGAGAGACCG CAGAGAAACT CAACCGAAGA GAAGCGACTT GACAAAGAAG AAAAGAGCAG      1260      
CCTGACAGGA CTTTTTCCCC GACGAGGTGT TTATTCGCTC TATTTAAGAA TCTACTGTAA      1320      
GGTAAGTCTC AATATATTGT ACTCTATTGG CTAATCAGAA TTATATAGAG ATTATATGTA      1380      
CTTAATGTCA AAAAATCAAC TTTGTATATG TAATCTTTTT ACATGTGGAC TGCCTATGTT      1440      
CATCTTATTT TAGGTCTACT AGAAAATTAT ATTTCCCGTT TTCACAATAA GGATTTTTAA      1500      
AAAAAGCAAT GAACAGACGG GCATTTACTT TATGTTGCTG ACATTATTTT ATATGAGCAT      1560      
AATAACCATA AATACTAGCA AATGTCCTAA ATGAATTTGT GTTAATGTTG TCTACAAAAG      1620      
AAAATTAGCG TTTTACTTGT ACAACTAATA ATAACTTGGT TATTAAGAGA ATTTCACTTG      1680      
TTGACTAGAA AAATCCTTTC ATAATGAAAC AATTGCACCA TAAATTGTAT AAATATAAAA      1740      
TTAATTCTAA TTGTTTTTTT TTCCTGCCAA GTTTGTACAA AGGGCCCGGG ATCCATGCTG      1800      
TCCGTTAAGT TTTTCAGATG TAGGCATATT GTCCTTAAAG TTTTCCTCGT GCAGTTTCTT      1860      
GCTTCCCTGC AAACTTTTGC TGCGCCCTAC CCCTACGACG TGCCCGACTA CGCCCTCGAA      1920      
TCAACAAGTT TGTACAAAAA AGCTGAACGA GAAACGTAAA ATGATATAAA TATCAATATA      1980      
TTAAATTAGA TTTTGCATAA AAAACAGACT ACATAATACT GTAAAACACA ACATATCCAG      2040      
TCACTATGGC GGCCGCATTA GGCACCCCAG GCTTTACACT TTATGCTTCC GGCTCGTATA      2100      
ATGTGTGGAT TTTGAGTTAG GATCCGGCGA GATTTTCAGG AGCTAAGGAA GCTAAAATGG      2160      
AGAAAAAAAT CACTGGATAT ACCACCGTTG ATATATCCCA ATGGCATCGT AAAGAACATT      2220      
TTGAGGCATT TCAGTCAGTT GCTCAATGTA CCTATAACCA GACCGTTCAG CTGGATATTA      2280      
CGGCCTTTTT AAAGACCGTA AAGAAAAATA AGCACAAGTT TTATCCGGCC TTTATTCACA      2340      
TTCTTGCCCG CCTGATGAAT GCTCATCCGG AATTCCGTAT GGCAATGAAA GACGGTGAGC      2400      
TGGTGATATG GGATAGTGTT CACCCTTGTT ACACCGTTTT CCATGAGCAA ACTGAAACGT      2460      
TTTCATCGCT CTGGAGTGAA TACCACGACG ATTTCCGGCA GTTTCTACAC ATATATTCGC      2520      
AAGATGTGGC GTGTTACGGT GAAAACCTGG CCTATTTCCC TAAAGGGTTT ATTGAGAATA      2580      
TGTTTTTCGT CTCAGCCAAT CCCTGGGTGA GTTTCACCAG TTTTGATTTA AACGTGGCCA      2640      
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ATATGGACAA CTTCTTCGCC CCCGTTTTCA CCATGGGCAA ATATTATACG CAAGGCGACA      2700      
AGGTGCTGAT GCCGCTGGCG ATTCAGGTTC ATCATGCCGT CTGTGATGGC TTCCATGTCG      2760      
GCAGAATGCT TAATGAATTA CAACAGTACT GCGATGAGTG GCAGGGCGGG GCGTAAAGAT      2820      
CTGGATCCGG CTTACTAAAA GCCAGATAAC AGTATGCGTA TTTGCGCGCT GATTTTTGCG      2880      
GTATAAGAAT ATATACTGAT ATGTATACCC GAAGTATGTC AAAAAGAGGT GTGCTATGAA      2940      
GCAGCGTATT ACAGTGACAG TTGACAGCGA CAGCTATCAG TTGCTCAAGG CATATATGAT      3000      
GTCAATATCT CCGGTCTGGT AAGCACAACC ATGCAGAATG AAGCCCGTCG TCTGCGTGCC      3060      
GAACGCTGGA AAGCGGAAAA TCAGGAAGGG ATGGCTGAGG TCGCCCGGTT TATTGAAATG      3120      
AACGGCTCTT TTGCTGACGA GAACAGGGAC TGGTGAAATG CAGTTTAAGG TTTACACCTA      3180      
TAAAAGAGAG AGCCGTTATC GTCTGTTTGT GGATGTACAG AGTGATATTA TTGACACGCC      3240      
CGGGCGACGG ATGGTGATCC CCCTGGCCAG TGCACGTCTG CTGTCAGATA AAGTCTCCCG      3300      
TGAACTTTAC CCGGTGGTGC ATATCGGGGA TGAAAGCTGG CGCATGATGA CCACCGATAT      3360      
GGCCAGTGTG CCGGTCTCCG TTATCGGGGA AGAAGTGGCT GATCTCAGCC ACCGCGAAAA      3420      
TGACATCAAA AACGCCATTA ACCTGATGTT CTGGGGAATA TAAATGTCAG GCTCCCTTAT      3480      
ACACAGCCAG TCTGCAGGTC GACCATAGTG ACTGGATATG TTGTGTTTTA CAGTATTATG      3540      
TAGTCTGTTT TTTATGCAAA ATCTAATTTA ATATATTGAT ATTTATATCA TTTTACGTTT      3600      
CTCGTTCAGC TTTCTTGTAC AAAGTGGTTG ATCCGGTCGC CACCATGGTG AGCAAGGGCG      3660      
AGGAGCTGTT CACCGGGGTG GTGCCCATCC TGGTCGAGCT GGACGGCGAC GTAAACGGCC      3720      
ACAAGTTCAG CGTGTCCGGC GAGGGCGAGG GCGATGCCAC CTACGGCAAG CTGACCCTGA      3780      
AGTTCATCTG CACCACCGGC AAGCTGCCCG TGCCCTGGCC CACCCTCGTG ACCACCCTGA      3840      
CCTACGGCGT GCAGTGCTTC AGCCGCTACC CCGACCACAT GAAGCAGCAC GACTTCTTCA      3900      
AGTCCGCCAT GCCCGAAGGC TACGTCCAGG AGCGCACCAT CTTCTTCAAG GACGACGGCA      3960      
ACTACAAGAC CCGCGCCGAG GTGAAGTTCG AGGGCGACAC CCTGGTGAAC CGCATCGAGC      4020      
TGAAGGGCAT CGACTTCAAG GAGGACGGCA ACATCCTGGG GCACAAGCTG GAGTACAACT      4080      
ACAACAGCCA CAACGTCTAT ATCATGGCCG ACAAGCAGAA GAACGGCATC AAGGTGAACT      4140      
TCAAGATCCG CCACAACATC GAGGACGGCA GCGTGCAGCT CGCCGACCAC TACCAGCAGA      4200      
ACACCCCCAT CGGCGACGGC CCCGTGCTGC TGCCCGACAA CCACTACCTG AGCACCCAGT      4260      
CCGCCCTGAG CAAAGACCCC AACGAGAAGC GCGATCACAT GGTCCTGCTG GAGTTCGTGA      4320      
CCGCCGCCGG GATCACTCTC GGCATGGACG AGCTGTACAA GTAAAGCGGC CGCGACTCTA      4380      
GATCATAATC AGCCATACCA CATTTGTAGA GGTTTTACTT GCTTTAAAAA ACCTCCCACA      4440      
CCTCCCCCTG AACCTGAAAC ATAAAATGAA TGCAATTGTT GTTGTTAACT TGTTTATTGC      4500      
AGCTTATAAT GGTTACAAAT AAAGCAATAG CATCACAAAT TTCACAAATA AAGCATTTTT      4560      
TTCACTGCAT TCTAGTTGTG GTTTGTCCAA ACTCATCAAT GTATCTTA                   4608 
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A.4 EMMAedMmp2 Vector Nucleotide Sequence  
(from start of plasmid to end of polyA)   
 
Hsp70 promoter: 239-1781 
ATG start codon: 1795 
Mmp2 secretory signal: 1798-1887 
HA epitope: 1888-1914 
Att B1: 1924-1950 
Mmp2 coding sequence: 1951-3825 
Att B2: 3826-3850 
eGFP: 3871-4584 
TAA stop codon: 4585 
SV40 polyA: 4604-4831 
 
 

     TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60 
     CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120 
     GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180 
     ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGGA       240 
     AAAGTTGCTT CAGGGGTGTC GCTTGGTTAT TTCCAAAAAT CAAATTAATT TTATTAAACT       300 
     ATTAGAACGA GCATGTTTTG TCTATATGCT ACAGAAGATA AAAAATAATA GGAGTTAACA       360 
     GTTATAAAAC AACACACTTT GTTTCTATTG ATTGTTGACC ACACTGGGGT CTCATTAAGT       420 
     TAGATTAAAG ACACACTAAC TGGGTCAAAA GCAGCAGATT GATTTCATAG CACCAGGGTA       480 
     AACTTTCTAA CACTTTTACG GCAATCATAT ACATTAAAAT TAAATACAGA CCACGACTGA       540 
     ACAAGGAGGA TGATCTCCAA TATTAAACAA AGAGACTTGT GCCTATTTCT CTGAGGGTAA       600 
     ACATGACCTC TCAAGTTAGC AAGTTGGTTT TAACACTACA AAAATAGTTA AGACTGCAAT       660 
     CCCAGAATAA AGTATTGGTT TTAACCAATC AATATAGTAC AGTAAACATC CATTTGTTTT       720 
     GTTGAAACGT TAAACAAATC TGACCAAAGC TATTAGCTTA TATAAAACAG GTTTGCCTTC       780 
     TATGTAGCTG AAAACACCAC AGGCCCGATT TTGCTACTGT GTAAAACATT TCAGCAAGAT       840 
     TTTTTTATTG CATTTTTTTT TACTGAATCG TTCAAACATT TTATCATTTT AGTTTGTTCA       900 
     TTCATTGCAA CTGGAAAAAC AACACATCAC ACAACCGCAC ATATTTCAGC AATAAGTACA       960 
     ATAAAACACT CAAATAAAAA AAACATTTTA AATCTCTTTG TATTTTTGAC CGCTGTTTCG      1020 
     CGTAATTTCA CGGTAAAACT CTGGAAATCT CCACTACATT CCTCTCAGCG GCTCCTCTCA      1080 
     ATGACAGCTG AAGAAGTGAC GCGGCTGCCT GCTGTGTTTT GATTGGTCGA ATTCACTGGA      1140 
     GGCTTCCAGA ACAGTGTAGA GTCTGAACGG GTGCGCGCTC TGCTGTATTT AAAGGGCGAA      1200 
     AGAGAGACCG CAGAGAAACT CAACCGAAGA GAAGCGACTT GACAAAGAAG AAAAGAGCAG      1260 
     CCTGACAGGA CTTTTTCCCC GACGAGGTGT TTATTCGCTC TATTTAAGAA TCTACTGTAA      1320 
     GGTAAGTCTC AATATATTGT ACTCTATTGG CTAATCAGAA TTATATAGAG ATTATATGTA      1380 
     CTTAATGTCA AAAAATCAAC TTTGTATATG TAATCTTTTT ACATGTGGAC TGCCTATGTT      1440 
     CATCTTATTT TAGGTCTACT AGAAAATTAT ATTTCCCGTT TTCACAATAA GGATTTTTAA      1500 
     AAAAAGCAAT GAACAGACGG GCATTTACTT TATGTTGCTG ACATTATTTT ATATGAGCAT      1560 
     AATAACCATA AATACTAGCA AATGTCCTAA ATGAATTTGT GTTAATGTTG TCTACAAAAG      1620 
     AAAATTAGCG TTTTACTTGT ACAACTAATA ATAACTTGGT TATTAAGAGA ATTTCACTTG      1680 
     TTGACTAGAA AAATCCTTTC ATAATGAAAC AATTGCACCA TAAATTGTAT AAATATAAAA      1740 
     TTAATTCTAA TTGTTTTTTT TTCCTGCCAA GTTTGTACAA AGGGCCCGGG ATCCATGCTG      1800 
     TCCGTTAAGT TTTTCAGATG TAGGCATATT GTCCTTAAAG TTTTCCTCGT GCAGTTTCTT      1860 
     GCTTCCCTGC AAACTTTTGC TGCGCCCTAC CCCTACGACG TGCCCGACTA CGCCCTCGAA      1920 
     TCAACAAGTT TGTACAAAAA AGCAGGCTTT TCACCCATCA TAAAGTTCCC CGGCGATGAT      1980 
     ACTGCTCACA CAGACAAAGA AGTGGCTCTG CACTACTTAA ATAAGTTCTA TGGCTGCCCT      2040 
     AAAGACAGGT GTAATCTAAT GGTGTTGAAG GACACGCTGA AGAAAATGCA GAAGTTTTTT      2100 
     GCTTTGCCTG AGACAGGGGA GATTGACCAG AAGACAGTAG AGATCATGAA GAAACCACGA      2160 
     TGTGGGGTTC CTGATGTGGC CAATTACAAT TTCTTTCACA GGAAGCCCAA GTGGGGACAA      2220 
     AAAAACGTTA CCTACAGAAT CTTAGGGCAC ACCCCAGATC TGGATGAAGA TACAATTGAT      2280 
     GATGCTTTCT ATCGTGCTTT TAAGGTCTGG AGTGATGTTA CACCTCTGAA ATTCACCAGA      2340 
     ATCATGGATG GAGAAGCCGA CATCATGATT AACTTTGGCC GAAATGAACA TGGTGATGGT      2400 
     TATCCATTTG ATGGCAAGGA TGGTCTGCTG GCTCATGCAT TTGCCCCTGG ACCTGGTATT      2460 
     GGAGGAGACT CTCACTTTGA TGATGATGAG CAGTGGACTT TAGGAGAAGG ACAAGTGGTA      2520 
     AAGGTGAAGT ACGGTAATGC CGAGGGCGAG TTCTGTAAGT TTCCATTTTT GTTCATGGGT      2580 
     AAAGAGTACA ACAGCTGCAC CTCTCAGGGT CGAGATGATG GGTTCCTTTG GTGCTCCACC      2640 
     ACATACAACT TTGATGATGA TGGAAAGTAC GGCTTCTGTC CCCATGAGCT CCTTTTCACA      2700 
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     TTGGGTGGAA ATGCAGATGG AGCCCCTTGT AAGTTCCCTT TCACATTCCA GGGCGACAAA      2760 
     TATGATAGCT GCACCACCTC AGGCAGAGAT GATGGATACC GCTGGTGTGC AACCACTGAA      2820 
     GATTATGACA AGGACAAGAC TTACGGATTC TGTCCTGAGA CAGCAATGTC AACATCAGGA      2880 
     GGAAATTCAG ATGGAGCACC CTGTGTCTTC CCCTTCAAAT TCTTGGGTGA TAGTTACGAC      2940 
     TCCTGCACCA CATCAGGGCG CAATGATGGA AAAATGTGGT GTGCTGTCAC CAAAAGCTTT      3000 
     GACGATGACC GCAAATGGGG CTTTTGTCCT GATCAAGGTT ACAGTCTATT CCTTGTGGCG      3060 
     GCCCATGCCT TCGGCCATGC CCTGGGTTTA GAGCATTCTG ATGACCCCGG AGCTCTCATG      3120 
     GCTCCTATCT ACACATTCAC CAAAACCTTA AGACTGTCTG ATGATGATGT TAAAGGCATC      3180 
     CAGGAGCTCT ATGGAGAACC AACAGACAAG CCATTGGCCA CTCACACCCC ACCAGTCACA      3240 
     CCAATGGATG TATGTAATGA AAACATCATA TTTGATGCTG TAGCCCAGAT CAGAGGAGAG      3300 
     ATCTTCTTCT TTAAGGACAG ATTCCTCTTC AGGACGGCTG ATGTCAGAAA AAAGCCGACA      3360 
     GGCCCCATGC TGGTGGCCAC GTTCTGGAGT GAGCTTCCGG AGAAAATTGA CGCAGCTTAT      3420 
     GAAAACCCTC TGGAAGAGAG GACTGTCTTT TTTGCTGGTG ATGAGATGTG GGTATATTCT      3480 
     GCCAGTACCC TGGAAAGAGA ATATCCCAAG AAAATCTCCA GCATGGGTCT TCCTTCAGAT      3540 
     TTACATGGGA TTGATGCTGC TTACTCCTTC CACAAGACCA AGAAGACTTA CATATTTGCT      3600 
     GGGAACAAGT TCTGGAGATA CAATGAAGCC AAGAAAAAGA TGGATCCAGG CTTCCCTAAA      3660 
     ATTATCGCAG ATTCTTGGAC TGCTGTTCCC GATGACCTAG ATGGTGCACT TAGCCTTAAT      3720 
     GGTGATGGTC ACAGCTACTT CTTCAAAGAC TCACACTATC TCAAAATGGA TGACAGCACT      3780 
     CTGAAAATTA TCAAAGTCGG CGAGGTCAAA AAGGACTGGC TGCGCAACCC AGCTTTCTTG      3840 
     TACAAAGTGG TTGATCCGGT CGCCACCATG GTGAGCAAGG GCGAGGAGCT GTTCACCGGG      3900 
     GTGGTGCCCA TCCTGGTCGA GCTGGACGGC GACGTAAACG GCCACAAGTT CAGCGTGTCC      3960 
     GGCGAGGGCG AGGGCGATGC CACCTACGGC AAGCTGACCC TGAAGTTCAT CTGCACCACC      4020 
     GGCAAGCTGC CCGTGCCCTG GCCCACCCTC GTGACCACCC TGACCTACGG CGTGCAGTGC      4080 
     TTCAGCCGCT ACCCCGACCA CATGAAGCAG CACGACTTCT TCAAGTCCGC CATGCCCGAA      4140 
     GGCTACGTCC AGGAGCGCAC CATCTTCTTC AAGGACGACG GCAACTACAA GACCCGCGCC      4200 
     GAGGTGAAGT TCGAGGGCGA CACCCTGGTG AACCGCATCG AGCTGAAGGG CATCGACTTC      4260 
     AAGGAGGACG GCAACATCCT GGGGCACAAG CTGGAGTACA ACTACAACAG CCACAACGTC      4320 
     TATATCATGG CCGACAAGCA GAAGAACGGC ATCAAGGTGA ACTTCAAGAT CCGCCACAAC      4380 
     ATCGAGGACG GCAGCGTGCA GCTCGCCGAC CACTACCAGC AGAACACCCC CATCGGCGAC      4440 
     GGCCCCGTGC TGCTGCCCGA CAACCACTAC CTGAGCACCC AGTCCGCCCT GAGCAAAGAC      4500 
     CCCAACGAGA AGCGCGATCA CATGGTCCTG CTGGAGTTCG TGACCGCCGC CGGGATCACT      4560 
     CTCGGCATGG ACGAGCTGTA CAAGTAAAGC GGCCGCGACT CTAGATCATA ATCAGCCATA      4620 
     CCACATTTGT AGAGGTTTTA CTTGCTTTAA AAAACCTCCC ACACCTCCCC CTGAACCTGA      4680 
     AACATAAAAT GAATGCAATT GTTGTTGTTA ACTTGTTTAT TGCAGCTTAT AATGGTTACA      4740 
     AATAAAGCAA TAGCATCACA AATTTCACAA ATAAAGCATT TTTTTCACTG CATTCTAGTT      4800 
     GTGGTTTGTC CAAACTCATC AATGTATCTT A                                     4831 
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A.5 EMMAedMmp2 Protein Sequence 
 
Secretory Signal: 1-31 (orange) 
HA epitope tag: 32-40 (red) 
Propeptide: 52-130 (blue) 
Mmp2: 130-676 (purple) 
eGFP: 692-930 (green) 
 
MLSVKFFRCR HIVLKVFLVQ FLASLQTFAA PYPYDVPDYA LESTSLYKKA GFSPIIKFPG        60      
DDTAHTDKEV ALHYLNKFYG CPKDRCNLMV LKDTLKKMQK FFALPETGEI DQKTVEIMKK       120      
PRCGVPDVAN YNFFHRKPKW GQKNVTYRIL GHTPDLDEDT IDDAFYRAFK VWSDVTPLKF       180      
TRIMDGEADI MINFGRNEHG DGYPFDGKDG LLAHAFAPGP GIGGDSHFDD DEQWTLGEGQ       240      
VVKVKYGNAE GEFCKFPFLF MGKEYNSCTS QGRDDGFLWC STTYNFDDDG KYGFCPHELL       300      
FTLGGNADGA PCKFPFTFQG DKYDSCTTSG RDDGYRWCAT TEDYDKDKTY GFCPETAMST       360      
SGGNSDGAPC VFPFKFLGDS YDSCTTSGRN DGKMWCAVTK SFDDDRKWGF CPDQGYSLFL       420      
VAAHAFGHAL GLEHSDDPGA LMAPIYTFTK TLRLSDDDVK GIQELYGEPT DKPLATHTPP       480      
VTPMDVCNEN IIFDAVAQIR GEIFFFKDRF LFRTADVRKK PTGPMLVATF WSELPEKIDA       540      
AYENPLEERT VFFAGDEMWV YSASTLEREY PKKISSMGLP SDLHGIDAAY SFHKTKKTYI       600      
FAGNKFWRYN EAKKKMDPGF PKIIADSWTA VPDDLDGALS LNGDGHSYFF KDSHYLKMDD       660      
STLKIIKVGE VKKDWLRNPA FLYKVVDPVA TMVSKGEELF TGVVPILVEL DGDVNGHKFS       720      
VSGEGEGDAT YGKLTLKFIC TTGKLPVPWP TLVTTLTYGV QCFSRYPDHM KQHDFFKSAM       780      
PEGYVQERTI FFKDDGNYKT RAEVKFEGDT LVNRIELKGI DFKEDGNILG HKLEYNYNSH       840      
NVYIMADKQK NGIKVNFKIR HNIEDGSVQL ADHYQQNTPI GDGPVLLPDN HYLSTQSALS       900      
KDPNEKRDHM VLLEFVTAAG ITLGMDELYK                                        930 
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A.6 mCherry-EMMAedMmp2 Vector Nucleotide Sequence  
(from start of plasmid to end of polyA)   
 
Hsp70 promoter: 239-1781 
ATG start codon: 1795-1797 
Mmp2 secretory signal: 1798-1887 
mCherry: -1903-2607 
Att B1: 2635-2661 
Mmp2 coding sequence: 2662-4536 
Att B2: 4536-4562 
eGFP: 4582-5295 
TAA stop codon: 5296-5298 
SV40 polyA: 5315-5542 
 
TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60      
CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120      
GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180      
ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGGA       240      
AAAGTTGCTT CAGGGGTGTC GCTTGGTTAT TTCCAAAAAT CAAATTAATT TTATTAAACT       300      
ATTAGAACGA GCATGTTTTG TCTATATGCT ACAGAAGATA AAAAATAATA GGAGTTAACA       360      
GTTATAAAAC AACACACTTT GTTTCTATTG ATTGTTGACC ACACTGGGGT CTCATTAAGT       420      
TAGATTAAAG ACACACTAAC TGGGTCAAAA GCAGCAGATT GATTTCATAG CACCAGGGTA       480      
AACTTTCTAA CACTTTTACG GCAATCATAT ACATTAAAAT TAAATACAGA CCACGACTGA       540      
ACAAGGAGGA TGATCTCCAA TATTAAACAA AGAGACTTGT GCCTATTTCT CTGAGGGTAA       600      
ACATGACCTC TCAAGTTAGC AAGTTGGTTT TAACACTACA AAAATAGTTA AGACTGCAAT       660      
CCCAGAATAA AGTATTGGTT TTAACCAATC AATATAGTAC AGTAAACATC CATTTGTTTT       720      
GTTGAAACGT TAAACAAATC TGACCAAAGC TATTAGCTTA TATAAAACAG GTTTGCCTTC       780      
TATGTAGCTG AAAACACCAC AGGCCCGATT TTGCTACTGT GTAAAACATT TCAGCAAGAT       840      
TTTTTTATTG CATTTTTTTT TACTGAATCG TTCAAACATT TTATCATTTT AGTTTGTTCA       900      
TTCATTGCAA CTGGAAAAAC AACACATCAC ACAACCGCAC ATATTTCAGC AATAAGTACA       960      
ATAAAACACT CAAATAAAAA AAACATTTTA AATCTCTTTG TATTTTTGAC CGCTGTTTCG      1020      
CGTAATTTCA CGGTAAAACT CTGGAAATCT CCACTACATT CCTCTCAGCG GCTCCTCTCA      1080      
ATGACAGCTG AAGAAGTGAC GCGGCTGCCT GCTGTGTTTT GATTGGTCGA ATTCACTGGA      1140      
GGCTTCCAGA ACAGTGTAGA GTCTGAACGG GTGCGCGCTC TGCTGTATTT AAAGGGCGAA      1200      
AGAGAGACCG CAGAGAAACT CAACCGAAGA GAAGCGACTT GACAAAGAAG AAAAGAGCAG      1260      
CCTGACAGGA CTTTTTCCCC GACGAGGTGT TTATTCGCTC TATTTAAGAA TCTACTGTAA      1320      
GGTAAGTCTC AATATATTGT ACTCTATTGG CTAATCAGAA TTATATAGAG ATTATATGTA      1380      
CTTAATGTCA AAAAATCAAC TTTGTATATG TAATCTTTTT ACATGTGGAC TGCCTATGTT      1440      
CATCTTATTT TAGGTCTACT AGAAAATTAT ATTTCCCGTT TTCACAATAA GGATTTTTAA      1500      
AAAAAGCAAT GAACAGACGG GCATTTACTT TATGTTGCTG ACATTATTTT ATATGAGCAT      1560      
AATAACCATA AATACTAGCA AATGTCCTAA ATGAATTTGT GTTAATGTTG TCTACAAAAG      1620      
AAAATTAGCG TTTTACTTGT ACAACTAATA ATAACTTGGT TATTAAGAGA ATTTCACTTG      1680      
TTGACTAGAA AAATCCTTTC ATAATGAAAC AATTGCACCA TAAATTGTAT AAATATAAAA      1740      
TTAATTCTAA TTGTTTTTTT TTCCTGCCAA GTTTGTACAA AGGGCCCGGG ATCCATGCTG      1800      
TCCGTTAAGT TTTTCAGATG TAGGCATATT GTCCTTAAAG TTTTCCTCGT GCAGTTTCTT      1860      
GCTTCCCTGC AAACTTTTGC TGCGCCCTAC CCCTACCACG TGGTGAGCAA GGGCGAGGAG      1920      
GATAACATGG CCATCATCAA GGAGTTCATG CGCTTCAAGG TGCACATGGA GGGCTCCGTG      1980      
AACGGCCACG AGTTCGAGAT CGAGGGCGAG GGCGAGGGCC GCCCCTACGA GGGCACCCAG      2040      
ACCGCCAAGC TGAAGGTGAC CAAGGGTGGC CCCCTGCCCT TCGCCTGGGA CATCCTGTCC      2100      
CCTCAGTTCA TGTACGGCTC CAAGGCCTAC GTGAAGCACC CCGCCGACAT CCCCGACTAC      2160      
TTGAAGCTGT CCTTCCCCGA GGGCTTCAAG TGGGAGCGCG TGATGAACTT CGAGGACGGC      2220      
GGCGTGGTGA CCGTGACCCA GGACTCCTCC CTGCAGGACG GCGAGTTCAT CTACAAGGTG      2280      
AAGCTGCGCG GCACCAACTT CCCCTCCGAC GGCCCCGTAA TGCAGAAGAA GACCATGGGC      2340      
TGGGAGGCCT CCTCCGAGCG GATGTACCCC GAGGACGGCG CCCTGAAGGG CGAGATCAAG      2400      
CAGAGGCTGA AGCTGAAGGA CGGCGGCCAC TACGACGCTG AGGTCAAGAC CACCTACAAG      2460      
GCCAAGAAGC CCGTGCAGCT GCCCGGCGCC TACAACGTCA ACATCAAGTT GGACATCACC      2520      
TCCCACAACG AGGACTACAC CATCGTGGAA CAGTACGAAC GCGCCGAGGG CCGCCACTCC      2580      
ACCGGCGGCA TGGACGAGCT GTACAAGCAC GTGCCCGACT ACGCCCTCGA ATCAACAAGT      2640      
TTGTACAAAA AAGCAGGCTT TTCACCCATC ATAAAGTTCC CCGGCGATGA TACTGCTCAC      2700      
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ACAGACAAAG AAGTGGCTCT GCACTACTTA AATAAGTTCT ATGGCTGCCC TAAAGACAGG      2760      
TGTAATCTAA TGGTGTTGAA GGACACGCTG AAGAAAATGC AGAAGTTTTT TGCTTTGCCT      2820      
GAGACAGGGG AGATTGACCA GAAGACAGTA GAGATCATGA AGAAACCACG ATGTGGGGTT      2880      
CCTGATGTGG CCAATTACAA TTTCTTTCAC AGGAAGCCCA AGTGGGGACA AAAAAACGTT      2940      
ACCTACAGAA TCTTAGGGCA CACCCCAGAT CTGGATGAAG ATACAATTGA TGATGCTTTC      3000      
TATCGTGCTT TTAAGGTCTG GAGTGATGTT ACACCTCTGA AATTCACCAG AATCATGGAT      3060      
GGAGAAGCCG ACATCATGAT TAACTTTGGC CGAAATGAAC ATGGTGATGG TTATCCATTT      3120      
GATGGCAAGG ATGGTCTGCT GGCTCATGCA TTTGCCCCTG GACCTGGTAT TGGAGGAGAC      3180      
TCTCACTTTG ATGATGATGA GCAGTGGACT TTAGGAGAAG GACAAGTGGT AAAGGTGAAG      3240      
TACGGTAATG CCGAGGGCGA GTTCTGTAAG TTTCCATTTT TGTTCATGGG TAAAGAGTAC      3300      
AACAGCTGCA CCTCTCAGGG TCGAGATGAT GGGTTCCTTT GGTGCTCCAC CACATACAAC      3360      
TTTGATGATG ATGGAAAGTA CGGCTTCTGT CCCCATGAGC TCCTTTTCAC ATTGGGTGGA      3420      
AATGCAGATG GAGCCCCTTG TAAGTTCCCT TTCACATTCC AGGGCGACAA ATATGATAGC      3480      
TGCACCACCT CAGGCAGAGA TGATGGATAC CGCTGGTGTG CAACCACTGA AGATTATGAC      3540      
AAGGACAAGA CTTACGGATT CTGTCCTGAG ACAGCAATGT CAACATCAGG AGGAAATTCA      3600      
GATGGAGCAC CCTGTGTCTT CCCCTTCAAA TTCTTGGGTG ATAGTTACGA CTCCTGCACC      3660      
ACATCAGGGC GCAATGATGG AAAAATGTGG TGTGCTGTCA CCAAAAGCTT TGACGATGAC      3720      
CGCAAATGGG GCTTTTGTCC TGATCAAGGT TACAGTCTAT TCCTTGTGGC GGCCCATGCC      3780      
TTCGGCCATG CCCTGGGTTT AGAGCATTCT GATGACCCCG GAGCTCTCAT GGCTCCTATC      3840      
TACACATTCA CCAAAACCTT AAGACTGTCT GATGATGATG TTAAAGGCAT CCAGGAGCTC      3900      
TATGGAGAAC CAACAGACAA GCCATTGGCC ACTCACACCC CACCAGTCAC ACCAATGGAT      3960      
GTATGTAATG AAAACATCAT ATTTGATGCT GTAGCCCAGA TCAGAGGAGA GATCTTCTTC      4020      
TTTAAGGACA GATTCCTCTT CAGGACGGCT GATGTCAGAA AAAAGCCGAC AGGCCCCATG      4080      
CTGGTGGCCA CGTTCTGGAG TGAGCTTCCG GAGAAAATTG ACGCAGCTTA TGAAAACCCT      4140      
CTGGAAGAGA GGACTGTCTT TTTTGCTGGT GATGAGATGT GGGTATATTC TGCCAGTACC      4200      
CTGGAAAGAG AATATCCCAA GAAAATCTCC AGCATGGGTC TTCCTTCAGA TTTACATGGG      4260      
ATTGATGCTG CTTACTCCTT CCACAAGACC AAGAAGACTT ACATATTTGC TGGGAACAAG      4320      
TTCTGGAGAT ACAATGAAGC CAAGAAAAAG ATGGATCCAG GCTTCCCTAA AATTATCGCA      4380      
GATTCTTGGA CTGCTGTTCC CGATGACCTA GATGGTGCAC TTAGCCTTAA TGGTGATGGT      4440      
CACAGCTACT TCTTCAAAGA CTCACACTAT CTCAAAATGG ATGACAGCAC TCTGAAAATT      4500      
ATCAAAGTCG GCGAGGTCAA AAAGGACTGG CTGCGCAACC CAGCTTTCTT GTACAAAGTG      4560      
GTTGATCCGG TCGCCACCAT GGTGAGCAAG GGCGAGGAGC TGTTCACCGG GGTGGTGCCC      4620      
ATCCTGGTCG AGCTGGACGG CGACGTAAAC GGCCACAAGT TCAGCGTGTC CGGCGAGGGC      4680      
GAGGGCGATG CCACCTACGG CAAGCTGACC CTGAAGTTCA TCTGCACCAC CGGCAAGCTG      4740      
CCCGTGCCCT GGCCCACCCT CGTGACCACC CTGACCTACG GCGTGCAGTG CTTCAGCCGC      4800      
TACCCCGACC ACATGAAGCA GCACGACTTC TTCAAGTCCG CCATGCCCGA AGGCTACGTC      4860      
CAGGAGCGCA CCATCTTCTT CAAGGACGAC GGCAACTACA AGACCCGCGC CGAGGTGAAG      4920      
TTCGAGGGCG ACACCCTGGT GAACCGCATC GAGCTGAAGG GCATCGACTT CAAGGAGGAC      4980      
GGCAACATCC TGGGGCACAA GCTGGAGTAC AACTACAACA GCCACAACGT CTATATCATG      5040      
GCCGACAAGC AGAAGAACGG CATCAAGGTG AACTTCAAGA TCCGCCACAA CATCGAGGAC      5100      
GGCAGCGTGC AGCTCGCCGA CCACTACCAG CAGAACACCC CCATCGGCGA CGGCCCCGTG      5160      
CTGCTGCCCG ACAACCACTA CCTGAGCACC CAGTCCGCCC TGAGCAAAGA CCCCAACGAG      5220      
AAGCGCGATC ACATGGTCCT GCTGGAGTTC GTGACCGCCG CCGGGATCAC TCTCGGCATG      5280      
GACGAGCTGT ACAAGTAAAG CGGCCGCGAC TCTAGATCAT AATCAGCCAT ACCACATTTG      5340      
TAGAGGTTTT ACTTGCTTTA AAAAACCTCC CACACCTCCC CCTGAACCTG AAACATAAAA      5400      
TGAATGCAAT TGTTGTTGTT AACTTGTTTA TTGCAGCTTA TAATGGTTAC AAATAAAGCA      5460      
ATAGCATCAC AAATTTCACA AATAAAGCAT TTTTTTCACT GCATTCTAGT TGTGGTTTGT      5520      
CCAAACTCAT CAATGTATCT TA                                               5542 
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A.7 mCherry-EMMAedMmp2 Protein Sequence  
 
Secretory Signal: 1-31 (orange) 
mCherry: 38-272 (red) 
Propeptide: 293-370 (blue) 
Mmp2: 371-917 (purple) 
eGFP: 933-1167 (green) 
 
MLSVKFFRCR HIVLKVFLVQ FLASLQTFAA PYPYHVVSKG EEDNMAIIKE FMRFKVHMEG        60      
SVNGHEFEIE GEGEGRPYEG TQTAKLKVTK GGPLPFAWDI LSPQFMYGSK AYVKHPADIP       120      
DYLKLSFPEG FKWERVMNFE DGGVVTVTQD SSLQDGEFIY KVKLRGTNFP SDGPVMQKKT       180      
MGWEASSERM YPEDGALKGE IKQRLKLKDG GHYDAEVKTT YKAKKPVQLP GAYNVNIKLD       240      
ITSHNEDYTI VEQYERAEGR HSTGGMDELY KHVPDYALES TSLYKKAGFS PIIKFPGDDT       300      
AHTDKEVALH YLNKFYGCPK DRCNLMVLKD TLKKMQKFFA LPETGEIDQK TVEIMKKPRC       360      
GVPDVANYNF FHRKPKWGQK NVTYRILGHT PDLDEDTIDD AFYRAFKVWS DVTPLKFTRI       420      
MDGEADIMIN FGRNEHGDGY PFDGKDGLLA HAFAPGPGIG GDSHFDDDEQ WTLGEGQVVK       480      
VKYGNAEGEF CKFPFLFMGK EYNSCTSQGR DDGFLWCSTT YNFDDDGKYG FCPHELLFTL       540      
GGNADGAPCK FPFTFQGDKY DSCTTSGRDD GYRWCATTED YDKDKTYGFC PETAMSTSGG       600      
NSDGAPCVFP FKFLGDSYDS CTTSGRNDGK MWCAVTKSFD DDRKWGFCPD QGYSLFLVAA       660      
HEFGHALGLE HSDDPGALMA PIYTFTKTLR LSDDDVKGIQ ELYGEPTDKP LATHTPPVTP       720      
MDVCNENIIF DAVAQIRGEI FFFKDRFLFR TADVRKKPTG PMLVATFWSE LPEKIDAAYE       780      
NPLEERTVFF AGDEMWVYSA STLEREYPKK ISSMGLPSDL HGIDAAYSFH KTKKTYIFAG       840      
NKFWRYNEAK KKMDPGFPKI IADSWTAVPD DLDGALSLNG DGHSYFFKDS HYLKMDDSTL       900      
KIIKVGEVKK DWLRNPAFLY KVVDPVATMV SKGEELFTGV VPILVELDGD VNGHKFSVSG       960      
EGEGDATYGK LTLKFICTTG KLPVPWPTLV TTLTYGVQCF SRYPDHMKQH DFFKSAMPEG      1020      
YVQERTIFFK DDGNYKTRAE VKFEGDTLVN RIELKGIDFK EDGNILGHKL EYNYNSHNVY      1080      
IMADKQKNGI KVNFKIRHNI EDGSVQLADH YQQNTPIGDG PVLLPDNHYL STQSALSKDP      1140      
NEKRDHMVLL EFVTAAGITL GMDELYK                                          1167 
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A.8 BiP-EMMAedMmp2 Vector Nucleotide Sequence  
(from start of plasmid to end of polyA)   
 
Hsp70 promoter: 239-1781 
ATG start codon: 1795-1797 
BiP secretory signal: 1798-1842 
HA epitope tag: 1843-1869 
Att B1: 1979-2005 
Mmp2 coding sequence: 2006-3780 
Att B2: 3781-3806 
eGFP: 3826-4539 
TAA stop codon: 4540-4542 
SV40 polyA: 4559-4786 
 
 
TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60      
CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120      
GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180      
ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGGA       240      
AAAGTTGCTT CAGGGGTGTC GCTTGGTTAT TTCCAAAAAT CAAATTAATT TTATTAAACT       300      
ATTAGAACGA GCATGTTTTG TCTATATGCT ACAGAAGATA AAAAATAATA GGAGTTAACA       360      
GTTATAAAAC AACACACTTT GTTTCTATTG ATTGTTGACC ACACTGGGGT CTCATTAAGT       420      
TAGATTAAAG ACACACTAAC TGGGTCAAAA GCAGCAGATT GATTTCATAG CACCAGGGTA       480      
AACTTTCTAA CACTTTTACG GCAATCATAT ACATTAAAAT TAAATACAGA CCACGACTGA       540      
ACAAGGAGGA TGATCTCCAA TATTAAACAA AGAGACTTGT GCCTATTTCT CTGAGGGTAA       600      
ACATGACCTC TCAAGTTAGC AAGTTGGTTT TAACACTACA AAAATAGTTA AGACTGCAAT       660      
CCCAGAATAA AGTATTGGTT TTAACCAATC AATATAGTAC AGTAAACATC CATTTGTTTT       720      
GTTGAAACGT TAAACAAATC TGACCAAAGC TATTAGCTTA TATAAAACAG GTTTGCCTTC       780      
TATGTAGCTG AAAACACCAC AGGCCCGATT TTGCTACTGT GTAAAACATT TCAGCAAGAT       840      
TTTTTTATTG CATTTTTTTT TACTGAATCG TTCAAACATT TTATCATTTT AGTTTGTTCA       900      
TTCATTGCAA CTGGAAAAAC AACACATCAC ACAACCGCAC ATATTTCAGC AATAAGTACA       960      
ATAAAACACT CAAATAAAAA AAACATTTTA AATCTCTTTG TATTTTTGAC CGCTGTTTCG      1020      
CGTAATTTCA CGGTAAAACT CTGGAAATCT CCACTACATT CCTCTCAGCG GCTCCTCTCA      1080      
ATGACAGCTG AAGAAGTGAC GCGGCTGCCT GCTGTGTTTT GATTGGTCGA ATTCACTGGA      1140      
GGCTTCCAGA ACAGTGTAGA GTCTGAACGG GTGCGCGCTC TGCTGTATTT AAAGGGCGAA      1200      
AGAGAGACCG CAGAGAAACT CAACCGAAGA GAAGCGACTT GACAAAGAAG AAAAGAGCAG      1260      
CCTGACAGGA CTTTTTCCCC GACGAGGTGT TTATTCGCTC TATTTAAGAA TCTACTGTAA      1320      
GGTAAGTCTC AATATATTGT ACTCTATTGG CTAATCAGAA TTATATAGAG ATTATATGTA      1380      
CTTAATGTCA AAAAATCAAC TTTGTATATG TAATCTTTTT ACATGTGGAC TGCCTATGTT      1440      
CATCTTATTT TAGGTCTACT AGAAAATTAT ATTTCCCGTT TTCACAATAA GGATTTTTAA      1500      
AAAAAGCAAT GAACAGACGG GCATTTACTT TATGTTGCTG ACATTATTTT ATATGAGCAT      1560      
AATAACCATA AATACTAGCA AATGTCCTAA ATGAATTTGT GTTAATGTTG TCTACAAAAG      1620      
AAAATTAGCG TTTTACTTGT ACAACTAATA ATAACTTGGT TATTAAGAGA ATTTCACTTG      1680      
TTGACTAGAA AAATCCTTTC ATAATGAAAC AATTGCACCA TAAATTGTAT AAATATAAAA      1740      
TTAATTCTAA TTGTTTTTTT TTCCTGCCAA GTTTGTACAA AGGGCCCGGG ATCCATGCGG      1800      
TTGCTTTGCC TGTTTTTGCT GGTGGCCGGC AGCGTGTTTG CCTACCCCTA CGACGTGCCC      1860      
GACTACGCCC TCGAATCAAC AAGTTTGTAC AAAAAAGCAG GCTTTTCACC CATCATAAAG      1920      
TTCCCCGGCG ATGATACTGC TCACACAGAC AAAGAAGTGG CTCTGCACTA CTTAAATAAG      1980      
TTCTATGGCT GCCCTAAAGA CAGGTGTAAT CTAATGGTGT TGAAGGACAC GCTGAAGAAA      2040      
ATGCAGAAGT TTTTTGCTTT GCCTGAGACA GGGGAGATTG ACCAGAAGAC AGTAGAGATC      2100      
ATGAAGAAAC CACGATGTGG GGTTCCTGAT GTGGCCAATT ACAATTTCTT TCACAGGAAG      2160      
CCCAAGTGGG GACAAAAAAA CGTTACCTAC AGAATCTTAG GGCACACCCC AGATCTGGAT      2220      
GAAGATACAA TTGATGATGC TTTCTATCGT GCTTTTAAGG TCTGGAGTGA TGTTACACCT      2280      
CTGAAATTCA CCAGAATCAT GGATGGAGAA GCCGACATCA TGATTAACTT TGGCCGAAAT      2340      
GAACATGGTG ATGGTTATCC ATTTGATGGC AAGGATGGTC TGCTGGCTCA TGCATTTGCC      2400      
CCTGGACCTG GTATTGGAGG AGACTCTCAC TTTGATGATG ATGAGCAGTG GACTTTAGGA      2460      
GAAGGACAAG TGGTAAAGGT GAAGTACGGT AATGCCGAGG GCGAGTTCTG TAAGTTTCCA      2520      
TTTTTGTTCA TGGGTAAAGA GTACAACAGC TGCACCTCTC AGGGTCGAGA TGATGGGTTC      2580      
CTTTGGTGCT CCACCACATA CAACTTTGAT GATGATGGAA AGTACGGCTT CTGTCCCCAT      2640      
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GAGCTCCTTT TCACATTGGG TGGAAATGCA GATGGAGCCC CTTGTAAGTT CCCTTTCACA      2700      
TTCCAGGGCG ACAAATATGA TAGCTGCACC ACCTCAGGCA GAGATGATGG ATACCGCTGG      2760      
TGTGCAACCA CTGAAGATTA TGACAAGGAC AAGACTTACG GATTCTGTCC TGAGACAGCA      2820      
ATGTCAACAT CAGGAGGAAA TTCAGATGGA GCACCCTGTG TCTTCCCCTT CAAATTCTTG      2880      
GGTGATAGTT ACGACTCCTG CACCACATCA GGGCGCAATG ATGGAAAAAT GTGGTGTGCT      2940      
GTCACCAAAA GCTTTGACGA TGACCGCAAA TGGGGCTTTT GTCCTGATCA AGGTTACAGT      3000      
CTATTCCTTG TGGCGGCCCA TGAGTTCGGC CATGCCCTGG GTTTAGAGCA TTCTGATGAC      3060      
CCCGGAGCTC TCATGGCTCC TATCTACACA TTCACCAAAA CCTTAAGACT GTCTGATGAT      3120      
GATGTTAAAG GCATCCAGGA GCTCTATGGA GAACCAACAG ACAAGCCATT GGCCACTCAC      3180      
ACCCCACCAG TCACACCAAT GGATGTATGT AATGAAAACA TCATATTTGA TGCTGTAGCC      3240      
CAGATCAGAG GAGAGATCTT CTTCTTTAAG GACAGATTCC TCTTCAGGAC GGCTGATGTC      3300      
AGAAAAAAGC CGACAGGCCC CATGCTGGTG GCCACGTTCT GGAGTGAGCT TCCGGAGAAA      3360      
ATTGACGCAG CTTATGAAAA CCCTCTGGAA GAGAGGACTG TCTTTTTTGC TGGTGATGAG      3420      
ATGTGGGTAT ATTCTGCCAG TACCCTGGAA AGAGAATATC CCAAGAAAAT CTCCAGCATG      3480      
GGTCTTCCTT CAGATTTACA TGGGATTGAT GCTGCTTACT CCTTCCACAA GACCAAGAAG      3540      
ACTTACATAT TTGCTGGGAA CAAGTTCTGG AGATACAATG AAGCCAAGAA AAAGATGGAT      3600      
CCAGGCTTCC CTAAAATTAT CGCAGATTCT TGGACTGCTG TTCCCGATGA CCTAGATGGT      3660      
GCACTTAGCC TTAATGGTGA TGGTCACAGC TACTTCTTCA AAGACTCACA CTATCTCAAA      3720      
ATGGATGACA GCACTCTGAA AATTATCAAA GTCGGCGAGG TCAAAAAGGA CTGGCTGCGC      3780      
AACCCAGCTT TCTTGTACAA AGTGGTTGAT CCGGTCGCCA CCATGGTGAG CAAGGGCGAG      3840      
GAGCTGTTCA CCGGGGTGGT GCCCATCCTG GTCGAGCTGG ACGGCGACGT AAACGGCCAC      3900      
AAGTTCAGCG TGTCCGGCGA GGGCGAGGGC GATGCCACCT ACGGCAAGCT GACCCTGAAG      3960      
TTCATCTGCA CCACCGGCAA GCTGCCCGTG CCCTGGCCCA CCCTCGTGAC CACCCTGACC      4020      
TACGGCGTGC AGTGCTTCAG CCGCTACCCC GACCACATGA AGCAGCACGA CTTCTTCAAG      4080      
TCCGCCATGC CCGAAGGCTA CGTCCAGGAG CGCACCATCT TCTTCAAGGA CGACGGCAAC      4140      
TACAAGACCC GCGCCGAGGT GAAGTTCGAG GGCGACACCC TGGTGAACCG CATCGAGCTG      4200      
AAGGGCATCG ACTTCAAGGA GGACGGCAAC ATCCTGGGGC ACAAGCTGGA GTACAACTAC      4260      
AACAGCCACA ACGTCTATAT CATGGCCGAC AAGCAGAAGA ACGGCATCAA GGTGAACTTC      4320      
AAGATCCGCC ACAACATCGA GGACGGCAGC GTGCAGCTCG CCGACCACTA CCAGCAGAAC      4380      
ACCCCCATCG GCGACGGCCC CGTGCTGCTG CCCGACAACC ACTACCTGAG CACCCAGTCC      4440      
GCCCTGAGCA AAGACCCCAA CGAGAAGCGC GATCACATGG TCCTGCTGGA GTTCGTGACC      4500      
GCCGCCGGGA TCACTCTCGG CATGGACGAG CTGTACAAGT AAAGCGGCCG CGACTCTAGA      4560      
TCATAATCAG CCATACCACA TTTGTAGAGG TTTTACTTGC TTTAAAAAAC CTCCCACACC      4620      
TCCCCCTGAA CCTGAAACAT AAAATGAATG CAATTGTTGT TGTTAACTTG TTTATTGCAG      4680      
CTTATAATGG TTACAAATAA AGCAATAGCA TCACAAATTT CACAAATAAA GCATTTTTTT      4740      
CACTGCATTC TAGTTGTGGT TTGTCCAAAC TCATCAATGT ATCTTA                     4786 
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A.9 BiP-EMMAedMmp2 Protein Sequence  
 
BiP secretory signal: 1-16 (orange) 
HA epitope tag: 17-25 (red) 
Propeptide: 37-115 (blue) 
Mmp2: 116-662 (purple) 
eGFP: 678-915 (green) 
 
MRLLCLFLLV AGSVFAYPYD VPDYALESTS LYKKAGFSPI IKFPGDDTAH TDKEVALHYL        60      
NKFYGCPKDR CNLMVLKDTL KKMQKFFALP ETGEIDQKTV EIMKKPRCGV PDVANYNFFH       120      
RKPKWGQKNV TYRILGHTPD LDEDTIDDAF YRAFKVWSDV TPLKFTRIMD GEADIMINFG       180      
RNEHGDGYPF DGKDGLLAHA FAPGPGIGGD SHFDDDEQWT LGEGQVVKVK YGNAEGEFCK       240      
FPFLFMGKEY NSCTSQGRDD GFLWCSTTYN FDDDGKYGFC PHELLFTLGG NADGAPCKFP       300      
FTFQGDKYDS CTTSGRDDGY RWCATTEDYD KDKTYGFCPE TAMSTSGGNS DGAPCVFPFK       360      
FLGDSYDSCT TSGRNDGKMW CAVTKSFDDD RKWGFCPDQG YSLFLVAAHA FGHALGLEHS       420      
DDPGALMAPI YTFTKTLRLS DDDVKGIQEL YGEPTDKPLA THTPPVTPMD VCNENIIFDA       480      
VAQIRGEIFF FKDRFLFRTA DVRKKPTGPM LVATFWSELP EKIDAAYENP LEERTVFFAG       540      
DEMWVYSAST LEREYPKKIS SMGLPSDLHG IDAAYSFHKT KKTYIFAGNK FWRYNEAKKK       600      
MDPGFPKIIA DSWTAVPDDL DGALSLNGDG HSYFFKDSHY LKMDDSTLKI IKVGEVKKDW       660      
LRNPAFLYKV VDPVATMVSK GEELFTGVVP ILVELDGDVN GHKFSVSGEG EGDATYGKLT       720      
LKFICTTGKL PVPWPTLVTT LTYGVQCFSR YPDHMKQHDF FKSAMPEGYV QERTIFFKDD       780      
GNYKTRAEVK FEGDTLVNRI ELKGIDFKED GNILGHKLEY NYNSHNVYIM ADKQKNGIKV       840      
NFKIRHNIED GSVQLADHYQ QNTPIGDGPV LLPDNHYLST QSALSKDPNE KRDHMVLLEF       900      
VTAAGITLGM DELYK                                                        915 
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A.10 Tol2:EMMAedMmp2 Vector Nucleotide Sequence 
 
Tol2 recombination arm: 514-1049 
EMMAedMmp2 Construct (from hsp70 to polyA): 1127-5719 
Tol2 recombination arm: 6205-6721 
Ampicillin resistance (ampr): 8008-8860 
 

     CCACCTAAAT TGTAAGCGTT AATATTTTGT TAAAATTCGC GTTAAATTTT TGTTAAATCA        60 
     GCTCATTTTT TAACCAATAG GCCGAAATCG GCAAAATCCC TTATAAATCA AAAGAATAGA       120 
     CCGAGATAGG GTTGAGTGTT GTTCCAGTTT GGAACAAGAG TCCACTATTA AAGAACGTGG       180 
     ACTCCAACGT CAAAGGGCGA AAAACCGTCT ATCAGGGCGA TGGCCCACGC TGGCTAAGAA       240 
     CTCATCAGCC TCCCCGGTCC ATCTACCCAC GTACCAATGC ACCAATTGGC CACAATGACG       300 
     GCTACTACAT GGTGCCATTC CTTCCTCTTT ATAGGAATGG AGACTACCTC CTGTCCAACA       360 
     AGGCTCTTGG ATACGAGTAC GCCTACCTGT TGGACCCAGG TCATTGCACA ACACCAGAAA       420 
     TGCCCTCTGA TCTGCAAAAG ACGTGAATAT CTGTTCAGAC ACCCATATCC ACTCTGTTCC       480 
     ACACAGGTCA GAGGTTTGTC CAGGAGTTCT TGACAGAGGT GTAAAAAGTA CTCAAAAATT       540 
     TTACTCAAGT GAAAGTACAA GTACTTAGGG AAAATTTTAC TCAATTAAAA GTAAAAGTAT       600 
     CTGGCTAGAA TCTTACTTGA GTAAAAGTAA AAAAGTACTC CATTAAAATT GTACTTGAGT       660 
     ATTAAGGAAG TAAAAGTAAA AGCAAGAAAG AAAACTAGAG ATTCTTGTTT AAGCTTTTAA       720 
     TCTCAAAAAA CATTAAATGA AATGCATACA AGGTTTTATC CTGCTTTAGA ACTGTTTGTA       780 
     TTTAATTATC AAACTATAAG ACAGACAATC TAATGCCAGT ACACGCTACT CAAAGTTGTA       840 
     AAACCTCAGA TTTAACTTCA GTAGAAGCTG ATTCTCAAAA TTGTTAGTGT CAAGCCTAGC       900 
     TCTTTTGGGG CTGAAAAGCA ATCCTGCAGT GCTGAAAAGC CTCTCACAGG CAGCCGATGC       960 
     GGGAAGAGGT GTATTAGTCT TGATAGAGAG GCTGCAAATA GCAGGAAACG TGAGCAGAGA      1020 
     CTCCCTGGTG TCTGAAACAC AGGCCAGATG GGCCCTCGAG TGACGTCAAT GGGTGGAGTA      1080 
     TTTACGGTAA ACTGCCCACT TGGCAGTACA TCAAGTGTAT CATATGGAAA AGTTGCTTCA      1140 
     GGGGTGTCGC TTGGTTATTT CCAAAAATCA AATTAATTTT ATTAAACTAT TAGAACGAGC      1200 
     ATGTTTTGTC TATATGCTAC AGAAGATAAA AAATAATAGG AGTTAACAGT TATAAAACAA      1260 
     CACACTTTGT TTCTATTGAT TGTTGACCAC ACTGGGGTCT CATTAAGTTA GATTAAAGAC      1320 
     ACACTAACTG GGTCAAAAGC AGCAGATTGA TTTCATAGCA CCAGGGTAAA CTTTCTAACA      1380 
     CTTTTACGGC AATCATATAC ATTAAAATTA AATACAGACC ACGACTGAAC AAGGAGGATG      1440 
     ATCTCCAATA TTAAACAAAG AGACTTGTGC CTATTTCTCT GAGGGTAAAC ATGACCTCTC      1500 
     AAGTTAGCAA GTTGGTTTTA ACACTACAAA AATAGTTAAG ACTGCAATCC CAGAATAAAG      1560 
     TATTGGTTTT AACCAATCAA TATAGTACAG TAAACATCCA TTTGTTTTGT TGAAACGTTA      1620 
     AACAAATCTG ACCAAAGCTA TTAGCTTATA TAAAACAGGT TTGCCTTCTA TGTAGCTGAA      1680 
     AACACCACAG GCCCGATTTT GCTACTGTGT AAAACATTTC AGCAAGATTT TTTTATTGCA      1740 
     TTTTTTTTTA CTGAATCGTT CAAACATTTT ATCATTTTAG TTTGTTCATT CATTGCAACT      1800 
     GGAAAAACAA CACATCACAC AACCGCACAT ATTTCAGCAA TAAGTACAAT AAAACACTCA      1860 
     AATAAAAAAA ACATTTTAAA TCTCTTTGTA TTTTTGACCG CTGTTTCGCG TAATTTCACG      1920 
     GTAAAACTCT GGAAATCTCC ACTACATTCC TCTCAGCGGC TCCTCTCAAT GACAGCTGAA      1980 
     GAAGTGACGC GGCTGCCTGC TGTGTTTTGA TTGGTCGAAT TCACTGGAGG CTTCCAGAAC      2040 
     AGTGTAGAGT CTGAACGGGT GCGCGCTCTG CTGTATTTAA AGGGCGAAAG AGAGACCGCA      2100 
     GAGAAACTCA ACCGAAGAGA AGCGACTTGA CAAAGAAGAA AAGAGCAGCC TGACAGGACT      2160 
     TTTTCCCCGA CGAGGTGTTT ATTCGCTCTA TTTAAGAATC TACTGTAAGG TAAGTCTCAA      2220 
     TATATTGTAC TCTATTGGCT AATCAGAATT ATATAGAGAT TATATGTACT TAATGTCAAA      2280 
     AAATCAACTT TGTATATGTA ATCTTTTTAC ATGTGGACTG CCTATGTTCA TCTTATTTTA      2340 
     GGTCTACTAG AAAATTATAT TTCCCGTTTT CACAATAAGG ATTTTTAAAA AAAGCAATGA      2400 
     ACAGACGGGC ATTTACTTTA TGTTGCTGAC ATTATTTTAT ATGAGCATAA TAACCATAAA      2460 
     TACTAGCAAA TGTCCTAAAT GAATTTGTGT TAATGTTGTC TACAAAAGAA AATTAGCGTT      2520 
     TTACTTGTAC AACTAATAAT AACTTGGTTA TTAAGAGAAT TTCACTTGTT GACTAGAAAA      2580 
     ATCCTTTCAT AATGAAACAA TTGCACCATA AATTGTATAA ATATAAAATT AATTCTAATT      2640 
     GTTTTTTTTT CCTGCCAAGT TTGTACAAAG GGCCCGGGAT CCATGCTGTC CGTTAAGTTT      2700 
     TTCAGATGTA GGCATATTGT CCTTAAAGTT TTCCTCGTGC AGTTTCTTGC TTCCCTGCAA      2760 
     ACTTTTGCTG CGCCCTACCC CTACGACGTG CCCGACTACG CCCTCGAATC AACAAGTTTG      2820 
     TACAAAAAAG CAGGCTTTTC ACCCATCATA AAGTTCCCCG GCGATGATAC TGCTCACACA      2880 
     GACAAAGAAG TGGCTCTGCA CTACTTAAAT AAGTTCTATG GCTGCCCTAA AGACAGGTGT      2940 
     AATCTAATGG TGTTGAAGGA CACGCTGAAG AAAATGCAGA AGTTTTTTGC TTTGCCTGAG      3000 
     ACAGGGGAGA TTGACCAGAA GACAGTAGAG ATCATGAAGA AACCACGATG TGGGGTTCCT      3060 
     GATGTGGCCA ATTACAATTT CTTTCACAGG AAGCCCAAGT GGGGACAAAA AAACGTTACC      3120 
     TACAGAATCT TAGGGCACAC CCCAGATCTG GATGAAGATA CAATTGATGA TGCTTTCTAT      3180 
     CGTGCTTTTA AGGTCTGGAG TGATGTTACA CCTCTGAAAT TCACCAGAAT CATGGATGGA      3240 
     GAAGCCGACA TCATGATTAA CTTTGGCCGA AATGAACATG GTGATGGTTA TCCATTTGAT      3300 



 

 161 

     GGCAAGGATG GTCTGCTGGC TCATGCATTT GCCCCTGGAC CTGGTATTGG AGGAGACTCT      3360 
     CACTTTGATG ATGATGAGCA GTGGACTTTA GGAGAAGGAC AAGTGGTAAA GGTGAAGTAC      3420 
     GGTAATGCCG AGGGCGAGTT CTGTAAGTTT CCATTTTTGT TCATGGGTAA AGAGTACAAC      3480 
     AGCTGCACCT CTCAGGGTCG AGATGATGGG TTCCTTTGGT GCTCCACCAC ATACAACTTT      3540 
     GATGATGATG GAAAGTACGG CTTCTGTCCC CATGAGCTCC TTTTCACATT GGGTGGAAAT      3600 
     GCAGATGGAG CCCCTTGTAA GTTCCCTTTC ACATTCCAGG GCGACAAATA TGATAGCTGC      3660 
     ACCACCTCAG GCAGAGATGA TGGATACCGC TGGTGTGCAA CCACTGAAGA TTATGACAAG      3720 
     GACAAGACTT ACGGATTCTG TCCTGAGACA GCAATGTCAA CATCAGGAGG AAATTCAGAT      3780 
     GGAGCACCCT GTGTCTTCCC CTTCAAATTC TTGGGTGATA GTTACGACTC CTGCACCACA      3840 
     TCAGGGCGCA ATGATGGAAA AATGTGGTGT GCTGTCACCA AAAGCTTTGA CGATGACCGC      3900 
     AAATGGGGCT TTTGTCCTGA TCAAGGTTAC AGTCTATTCC TTGTGGCGGC CCATGCCTTC      3960 
     GGCCATGCCC TGGGTTTAGA GCATTCTGAT GACCCCGGAG CTCTCATGGC TCCTATCTAC      4020 
     ACATTCACCA AAACCTTAAG ACTGTCTGAT GATGATGTTA AAGGCATCCA GGAGCTCTAT      4080 
     GGAGAACCAA CAGACAAGCC ATTGGCCACT CACACCCCAC CAGTCACACC AATGGATGTA      4140 
     TGTAATGAAA ACATCATATT TGATGCTGTA GCCCAGATCA GAGGAGAGAT CTTCTTCTTT      4200 
     AAGGACAGAT TCCTCTTCAG GACGGCTGAT GTCAGAAAAA AGCCGACAGG CCCCATGCTG      4260 
     GTGGCCACGT TCTGGAGTGA GCTTCCGGAG AAAATTGACG CAGCTTATGA AAACCCTCTG      4320 
     GAAGAGAGGA CTGTCTTTTT TGCTGGTGAT GAGATGTGGG TATATTCTGC CAGTACCCTG      4380 
     GAAAGAGAAT ATCCCAAGAA AATCTCCAGC ATGGGTCTTC CTTCAGATTT ACATGGGATT      4440 
     GATGCTGCTT ACTCCTTCCA CAAGACCAAG AAGACTTACA TATTTGCTGG GAACAAGTTC      4500 
     TGGAGATACA ATGAAGCCAA GAAAAAGATG GATCCAGGCT TCCCTAAAAT TATCGCAGAT      4560 
     TCTTGGACTG CTGTTCCCGA TGACCTAGAT GGTGCACTTA GCCTTAATGG TGATGGTCAC      4620 
     AGCTACTTCT TCAAAGACTC ACACTATCTC AAAATGGATG ACAGCACTCT GAAAATTATC      4680 
     AAAGTCGGCG AGGTCAAAAA GGACTGGCTG CGCAACCCAG CTTTCTTGTA CAAAGTGGTT      4740 
     GATCCGGTCG CCACCATGGT GAGCAAGGGC GAGGAGCTGT TCACCGGGGT GGTGCCCATC      4800 
     CTGGTCGAGC TGGACGGCGA CGTAAACGGC CACAAGTTCA GCGTGTCCGG CGAGGGCGAG      4860 
     GGCGATGCCA CCTACGGCAA GCTGACCCTG AAGTTCATCT GCACCACCGG CAAGCTGCCC      4920 
     GTGCCCTGGC CCACCCTCGT GACCACCCTG ACCTACGGCG TGCAGTGCTT CAGCCGCTAC      4980 
     CCCGACCACA TGAAGCAGCA CGACTTCTTC AAGTCCGCCA TGCCCGAAGG CTACGTCCAG      5040 
     GAGCGCACCA TCTTCTTCAA GGACGACGGC AACTACAAGA CCCGCGCCGA GGTGAAGTTC      5100 
     GAGGGCGACA CCCTGGTGAA CCGCATCGAG CTGAAGGGCA TCGACTTCAA GGAGGACGGC      5160 
     AACATCCTGG GGCACAAGCT GGAGTACAAC TACAACAGCC ACAACGTCTA TATCATGGCC      5220 
     GACAAGCAGA AGAACGGCAT CAAGGTGAAC TTCAAGATCC GCCACAACAT CGAGGACGGC      5280 
     AGCGTGCAGC TCGCCGACCA CTACCAGCAG AACACCCCCA TCGGCGACGG CCCCGTGCTG      5340 
     CTGCCCGACA ACCACTACCT GAGCACCCAG TCCGCCCTGA GCAAAGACCC CAACGAGAAG      5400 
     CGCGATCACA TGGTCCTGCT GGAGTTCGTG ACCGCCGCCG GGATCACTCT CGGCATGGAC      5460 
     GAGCTGTACA AGTAAAGCGG CCGCGACTCT AGATCATAAT CAGCCATACC ACATTTGTAG      5520 
     AGGTTTTACT TGCTTTAAAA AACCTCCCAC ACCTCCCCCT GAACCTGAAA CATAAAATGA      5580 
     ATGCAATTGT TGTTGTTAAC TTGTTTATTG CAGCTTATAA TGGTTACAAA TAAAGCAATA      5640 
     GCATCACAAA TTTCACAAAT AAAGCATTTT TTTCACTGCA TTCTAGTTGT GGTTTGTCCA      5700 
     AACTCATCAA TGTATCTTAA GGCGTAAATT GTAAGCGTTA ATATTTTGTT AAAATTCGCG      5760 
     TTAAATTTTT GTTAAATCAG CTCATTTTTT AACCAATAGG CCGAAATCGG CAAAATCCCT      5820 
     TATAAATCAA AAGAATAGAC CGAGATAGGG TTGAGTGTTG TTCCAGTTTG GAACAAGAGT      5880 
     CCACTATTAA AGAACGTGGA CTCCAACGTC AAAGGGCGAA AAACCGTCTA TCAGGGCGAA      5940 
     TCGATGATGA TCCAGACATG ATAAGATACA TTGATGAGTT TGGACAAACC ACAACTAGAA      6000 
     TGCAGTGAAA AAAATGCTTT ATTTGTGAAA TTTGTGATGC TATTGCTTTA TTTGTAACCA      6060 
     TTATAAGCTG CAATAAACAA GTTAACAACA ACAATTGCAT TCATTTTATG TTTCAGGTTC      6120 
     AGGGGGAGGT GTGGGAGGTT TTTTAAAGCA AGTAAAACCT CTACAAATGT GGTATGGCTG      6180 
     ATTATGATCC TCTAGATCAG ATCTGCGAAG ATACGGCCAC GGGTGCTCTT GATCCTGTGG      6240 
     CTGATTTTGG ACTGTGCTGC TCGCAGCTGC TGATGAATCA CATACTTCCT CCATTTTCTT      6300 
     CCACTGATTG ACTGTTATAA TTTCCCTAAT TTCCAGGTCA AGGTGCTGTG CATTGTGGTA      6360 
     ATAGATGTGA CATGACGTCA CTTCCAAAGG ACCAATGAAC ATGTCTGACC AATTTCATAT      6420 
     AATGTGAAAA CGATTTTCAT AGGCAGAATA AATAACATTT AAATTAAACT GGGCATCAGC      6480 
     GCAATTCAAT TGGTTTGGTA ATAGCAAGGG AAAATAGAAT GAAGTGATCT CCAAAAAATA      6540 
     AGTACTTTTT GACTGTAAAT AAAATTGTAA GGAGTAAAAA GTACTTTTTT TTCTAAAAAA      6600 
     ATGTAATTAA GTAAAAGTAA AAGTATTGAT TTTTAATTGT ACTCAAGTAA AGTAAAAATC      6660 
     CCCAAAAATA ATACTTAAGT ACAGTAATCA AGTAAAATTA CTCAAGTACT TTACACCTCT      6720 
     GGTTCTTGAC CCCCTACCTT CAGCAAGCCC AGCAGATCCA CTAGTTCTAG AGCGGCCGCC      6780 
     ACCGCGGTGG AGCTCCAGCT TTTGTTCCCT TTAGTGAGGG TTAATTGCGC GCTTGGCGTA      6840 
     ATCATGGTCA TAGCTGTTTC CTGTGTGAAA TTGTTATCCG CTCACAATTC CACACAACAT      6900 
     ACGAGCCGGA AGCATAAAGT GTAAAGCCTG GGGTGCCTAA TGAGTGAGCT AACTCACATT      6960 
     AATTGCGTTG CGCTCACTGC CCGCTTTCCA GTCGGGAAAC CTGTCGTGCC AGCTGCATTA      7020 
     ATGAATCGGC CAACGCGCGG GGAGAGGCGG TTTGCGTATT GGGCGCTCTT CCGCTTCCTC      7080 
     GCTCACTGAC TCGCTGCGCT CGGTCGTTCG GCTGCGGCGA GCGGTATCAG CTCACTCAAA      7140 
     GGCGGTAATA CGGTTATCCA CAGAATCAGG GGATAACGCA GGAAAGAACA TGTGAGCAAA      7200 
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     AGGCCAGCAA AAGGCCAGGA ACCGTAAAAA GGCCGCGTTG CTGGCGTTTT TCCATAGGCT      7260 
     CCGCCCCCCT GACGAGCATC ACAAAAATCG ACGCTCAAGT CAGAGGTGGC GAAACCCGAC      7320 
     AGGACTATAA AGATACCAGG CGTTTCCCCC TGGAAGCTCC CTCGTGCGCT CTCCTGTTCC      7380 
     GACCCTGCCG CTTACCGGAT ACCTGTCCGC CTTTCTCCCT TCGGGAAGCG TGGCGCTTTC      7440 
     TCATAGCTCA CGCTGTAGGT ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA AGCTGGGCTG      7500 
     TGTGCACGAA CCCCCCGTTC AGCCCGACCG CTGCGCCTTA TCCGGTAACT ATCGTCTTGA      7560 
     GTCCAACCCG GTAAGACACG ACTTATCGCC ACTGGCAGCA GCCACTGGTA ACAGGATTAG      7620 
     CAGAGCGAGG TATGTAGGCG GTGCTACAGA GTTCTTGAAG TGGTGGCCTA ACTACGGCTA      7680 
     CACTAGAAGG ACAGTATTTG GTATCTGCGC TCTGCTGAAG CCAGTTACCT TCGGAAAAAG      7740 
     AGTTGGTAGC TCTTGATCCG GCAAACAAAC CACCGCTGGT AGCGGTGGTT TTTTTGTTTG      7800 
     CAAGCAGCAG ATTACGCGCA GAAAAAAAGG ATCTCAAGAA GATCCTTTGA TCTTTTCTAC      7860 
     GGGGTCTGAC GCTCAGTGGA ACGAAAACTC ACGTTAAGGG ATTTTGGTCA TGAGATTATC      7920 
     AAAAAGGATC TTCACCTAGA TCCTTTTAAA TTAAAAATGA AGTTTTAAAT CAATCTAAAG      7980 
     TATATATGAG TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGAGG CACCTATCTC      8040 
     AGCGATCTGT CTATTTCGTT CATCCATAGT TGCCTGACTC CCCGTCGTGT AGATAACTAC      8100 
     GATACGGGAG GGCTTACCAT CTGGCCCCAG TGCTGCAATG ATACCGCGAG ACCCACGCTC      8160 
     ACCGGCTCCA GATTTATCAG CAATAAACCA GCCAGCCGGA AGGGCCGAGC GCAGAAGTGG      8220 
     TCCTGCAACT TTATCCGCCT CCATCCAGTC TATTAATTGT TGCCGGGAAG CTAGAGTAAG      8280 
     TAGTTCGCCA GTTAATAGTT TGCGCAACGT TGTTGCCATT GCTACAGGCA TCGTGGTGTC      8340 
     ACGCTCGTCG TTTGGTATGG CTTCATTCAG CTCCGGTTCC CAACGATCAA GGCGAGTTAC      8400 
     ATGATCCCCC ATGTTGTGCA AAAAAGCGGT TAGCTCCTTC GGTCCTCCGA TCGTTGTCAG      8460 
     AAGTAAGTTG GCCGCAGTGT TATCACTCAT GGTTATGGCA GCACTGCATA ATTCTCTTAC      8520 
     TGTCATGCCA TCCGTAAGAT GCTTTTCTGT GACTGGTGAG TACTCAACCA AGTCATTCTG      8580 
     AGAATAGTGT ATGCGGCGAC CGAGTTGCTC TTGCCCGGCG TCAATACGGG ATAATACCGC      8640 
     GCCACATAGC AGAACTTTAA AAGTGCTCAT CATTGGAAAA CGTTCTTCGG GGCGAAAACT      8700 
     CTCAAGGATC TTACCGCTGT TGAGATCCAG TTCGATGTAA CCCACTCGTG CACCCAACTG      8760 
     ATCTTCAGCA TCTTTTACTT TCACCAGCGT TTCTGGGTGA GCAAAAACAG GAAGGCAAAA      8820 
     TGCCGCAAAA AAGGGAATAA GGGCGACACG GAAATGTTGA ATACTCATAC TCTTCCTTTT      8880 
     TCAATATTAT TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGGATACA TATTTGAATG      8940 
     TATTTAGAAA AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG TG              8992 
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A.11 Hsp70 Mmp14α Overexpression Vector Nucleotide Sequence 
 
Hsp70 promoter: 239-1781 
Att B1: 1804-1830 
ATG start codon: 1857-1859 
Mmp14α coding sequence: 1860-3578 
TAA stop codon: 3579-3581 
SV40 polyA: 3611-3745 
Att B2: 3963-3989 
Kanamycin resistance (kmr): 5956-6750 
 

     TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60 
     CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120 
     GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180 
     ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGGA       240 
     AAAGTTGCTT CAGGGGTGTC GCTTGGTTAT TTCCAAAAAT CAAATTAATT TTATTAAACT       300 
     ATTAGAACGA GCATGTTTTG TCTATATGCT ACAGAAGATA AAAAATAATA GGAGTTAACA       360 
     GTTATAAAAC AACACACTTT GTTTCTATTG ATTGTTGACC ACACTGGGGT CTCATTAAGT       420 
     TAGATTAAAG ACACACTAAC TGGGTCAAAA GCAGCAGATT GATTTCATAG CACCAGGGTA       480 
     AACTTTCTAA CACTTTTACG GCAATCATAT ACATTAAAAT TAAATACAGA CCACGACTGA       540 
     ACAAGGAGGA TGATCTCCAA TATTAAACAA AGAGACTTGT GCCTATTTCT CTGAGGGTAA       600 
     ACATGACCTC TCAAGTTAGC AAGTTGGTTT TAACACTACA AAAATAGTTA AGACTGCAAT       660 
     CCCAGAATAA AGTATTGGTT TTAACCAATC AATATAGTAC AGTAAACATC CATTTGTTTT       720 
     GTTGAAACGT TAAACAAATC TGACCAAAGC TATTAGCTTA TATAAAACAG GTTTGCCTTC       780 
     TATGTAGCTG AAAACACCAC AGGCCCGATT TTGCTACTGT GTAAAACATT TCAGCAAGAT       840 
     TTTTTTATTG CATTTTTTTT TACTGAATCG TTCAAACATT TTATCATTTT AGTTTGTTCA       900 
     TTCATTGCAA CTGGAAAAAC AACACATCAC ACAACCGCAC ATATTTCAGC AATAAGTACA       960 
     ATAAAACACT CAAATAAAAA AAACATTTTA AATCTCTTTG TATTTTTGAC CGCTGTTTCG      1020 
     CGTAATTTCA CGGTAAAACT CTGGAAATCT CCACTACATT CCTCTCAGCG GCTCCTCTCA      1080 
     ATGACAGCTG AAGAAGTGAC GCGGCTGCCT GCTGTGTTTT GATTGGTCGA ATTCACTGGA      1140 
     GGCTTCCAGA ACAGTGTAGA GTCTGAACGG GTGCGCGCTC TGCTGTATTT AAAGGGCGAA      1200 
     AGAGAGACCG CAGAGAAACT CAACCGAAGA GAAGCGACTT GACAAAGAAG AAAAGAGCAG      1260 
     CCTGACAGGA CTTTTTCCCC GACGAGGTGT TTATTCGCTC TATTTAAGAA TCTACTGTAA      1320 
     GGTAAGTCTC AATATATTGT ACTCTATTGG CTAATCAGAA TTATATAGAG ATTATATGTA      1380 
     CTTAATGTCA AAAAATCAAC TTTGTATATG TAATCTTTTT ACATGTGGAC TGCCTATGTT      1440 
     CATCTTATTT TAGGTCTACT AGAAAATTAT ATTTCCCGTT TTCACAATAA GGATTTTTAA      1500 
     AAAAAGCAAT GAACAGACGG GCATTTACTT TATGTTGCTG ACATTATTTT ATATGAGCAT      1560 
     AATAACCATA AATACTAGCA AATGTCCTAA ATGAATTTGT GTTAATGTTG TCTACAAAAG      1620 
     AAAATTAGCG TTTTACTTGT ACAACTAATA ATAACTTGGT TATTAAGAGA ATTTCACTTG      1680 
     TTGACTAGAA AAATCCTTTC ATAATGAAAC AATTGCACCA TAAATTGTAT AAATATAAAA      1740 
     TTAATTCTAA TTGTTTTTTT TTCCTGCCAA GTTTGTACAA AGGGCCCGGG ATCCACCGGA      1800 
     TCAACAAGTT TGTACAAAAA AGCAGGCTTT TTGCAGGATC CCATCGATTC GAATTCATGT      1860 
     TACCGAAACT GCAGACGTTA CCTCGGCTTC TGCCTCTCGC CCTCGCAAGT GTGTTTCTGG      1920 
     TGCAGAGCGG GACCAGTGAC AAAGAAGTGA GACCAGAGGC ATGGCTCCAG CAGTATGGGT      1980 
     ATCTTCCTCC TGGTGATGTT CGGGCTCAGG CGATTCGCTC TCCTAAATCT ATCAACTCCG      2040 
     CTATCTCGGC CATGCAGAAA TTCTATGGCC TCACCGTCAC TGGCACCATG GATCCAGCTA      2100 
     CGCTCTCGGC AATGCAGAGG CCGAGATGTG GCGTTCCTGA TAAATTTGGC TCTGAACTGA      2160 
     AGAGCAACCT AAGAAAAAAA CGCTATGTCG CCCAGGGCTC AAAATGGGAC AAAAGAGAGG      2220 
     TCACTTTCAG TATCCAGAAC TACACTCCAA AAGTGGGCGA GCGGGCCACA CATGAGGCCA      2280 
     TCAAGAAGGC CTTCAGAGTT TGGGAGGCCG TGACGCCACT CAAGTTTCGT GAAATCCCAT      2340 
     ACAGTCAGAT CAATGGCAAG GTGGAGAAGT TTGCAGACAT CATGCTTTTC TTTGCGGAAG      2400 
     GCTTTCATGG AGACAGCACC CCATTTGATG GCGAGGGAGG TTTCCTGGCC CATGCGTACT      2460 
     TCCCTGGTCA CGGCATCGGA GGAGACACAC ATTTTGATGA AGCAGAGCCT TGGACAACAG      2520 
     GCAACGTTGA CAAGGGAGGT AATGATGTGT TCCTGGTGGC GGTGCATGAA TTGGGTCATG      2580 
     CTCTTGGTTT GGAGCACTCA GGCGATCCCT CTGCCATCAT GGCTCCGTTT TACCAGTGGA      2640 
     TGGACACTGA GAACTTTGTA CTGCCCGAAG ATGACAGACG GGGAATCCAG CAAATATATG      2700 
     GTGCAGGCTC TGAGGACAAG CCACAACCAC CGGCCCCCCG GCCCCCTACT CGCACACCAG      2760 
     ACCGGCCTTC ATTTGGTCCC GACATATGTG AGGGACACTT TGACACCATT GCGTTCCTCA      2820 
     GGGGAGAGAT GTTCGTCTTC AAGGAAAAGT GGTTCTGGCG AGTGCGTGAT GGTAAACCTC      2880 
     AGCAGGGGTA TCCCATGCCC ATTGGACATT TCTGGAAAGG ACTGCCTCCG TCCATCAACG      2940 
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     CAGCTTATGA ACGCAATGAT GGGAAGTTTG TTTTCTTCAA AGGTGATAAG TACTGGGTTT      3000 
     TCAACGAGGC TAAAATGGAG GAAGGTTATC CAAAAACATT TAAGGAGCTT GGCACAGGAC      3060 
     TACCAAGAGA CAAGCTGGAC GCCGCCATTT TCTACACACC CACTGGCAAC ACTTACTTCT      3120 
     TCCGAGGAAC TAAATATTAC CGTTTCAATG AGGAAAGCAG ATCTGTGGAT TCGGATTACC      3180 
     CCAAAGATAT CGGTGTATGG CAAGGAGTAC CAGATAATGT CAAAGGAGCC TTCATGAGTG      3240 
     AGGATGGAGC CAATGCCTAT TTCTACAAAG CCAATAAGTA CTGGAAGTTT AACAATCAGC      3300 
     AGCTGAAAGT GGAGCCCGGT TTTCCCAAAT CGGTCCTCAC TAACTGGATG GGCTGCGAAG      3360 
     CAGAGGAGCC CAAGAGGAGA GCCGGCACAG ATGAGGAGGT GCTCATTATT GAAGTGGACG      3420 
     GCTCGGAGGG CGGAGCCATG GGCGGAGCTG CAGCTATCGT CATCCCACTC TTTCTTCTGG      3480 
     CCTGCGTACT CGTCACTCTG GGGGCTCTTC TGTTCTTCCG GCGCTACGGG ACCCCTCGGC      3540 
     GCCTACTCTA CTGTCACCGC TCTCTGCTCG ATAAGGTTTA ATCTAGAACT ATAGTGAGTC      3600 
     GTATTACGTA GATCCAGACA TGATAAGATA CATTGATGAG TTTGGACAAA CCACAACTAG      3660 
     AATGCAGTGA AAAAAATGCT TTATTTGTGA AATTTGTGAT GCTATTGCTT TATTTGTAAC      3720 
     CATTATAAGC TGCAATAAAC AAGTTAACAA CAACAATTGC ATTCATTTTA TGTTTCAGGT      3780 
     TCAGGGGGAG GTGTGGGAGG TTTTTTAATT CGCGGCCGCG GCGCCAATGC ATTGGGCCCG      3840 
     GTACCCAGCT TTTGTTCCCT TTAGTGAGGG TTAATTGCGC GCTTGGCGTA ATCATGGTCA      3900 
     TAGCTGTTTC CTGTGTGAAA TTGTTATCCG CTCACAATTC CACACAACAT ACGAGCCGGA      3960 
     AGCAACCCAG CTTTCTTGTA CAAAGTGGTT GATCCGGTCG CCACCATGGT GAGCAAGGGC      4020 
     GAGGAGCTGT TCACCGGGGT GGTGCCCATC CTGGTCGAGC TGGACGGCGA CGTAAACGGC      4080 
     CACAAGTTCA GCGTGTCCGG CGAGGGCGAG GGCGATGCCA CCTACGGCAA GCTGACCCTG      4140 
     AAGTTCATCT GCACCACCGG CAAGCTGCCC GTGCCCTGGC CCACCCTCGT GACCACCCTG      4200 
     ACCTACGGCG TGCAGTGCTT CAGCCGCTAC CCCGACCACA TGAAGCAGCA CGACTTCTTC      4260 
     AAGTCCGCCA TGCCCGAAGG CTACGTCCAG GAGCGCACCA TCTTCTTCAA GGACGACGGC      4320 
     AACTACAAGA CCCGCGCCGA GGTGAAGTTC GAGGGCGACA CCCTGGTGAA CCGCATCGAG      4380 
     CTGAAGGGCA TCGACTTCAA GGAGGACGGC AACATCCTGG GGCACAAGCT GGAGTACAAC      4440 
     TACAACAGCC ACAACGTCTA TATCATGGCC GACAAGCAGA AGAACGGCAT CAAGGTGAAC      4500 
     TTCAAGATCC GCCACAACAT CGAGGACGGC AGCGTGCAGC TCGCCGACCA CTACCAGCAG      4560 
     AACACCCCCA TCGGCGACGG CCCCGTGCTG CTGCCCGACA ACCACTACCT GAGCACCCAG      4620 
     TCCGCCCTGA GCAAAGACCC CAACGAGAAG CGCGATCACA TGGTCCTGCT GGAGTTCGTG      4680 
     ACCGCCGCCG GGATCACTCT CGGCATGGAC GAGCTGTACA AGTAAAGCGG CCGCGACTCT      4740 
     AGATCATAAT CAGCCATACC ACATTTGTAG AGGTTTTACT TGCTTTAAAA AACCTCCCAC      4800 
     ACCTCCCCCT GAACCTGAAA CATAAAATGA ATGCAATTGT TGTTGTTAAC TTGTTTATTG      4860 
     CAGCTTATAA TGGTTACAAA TAAAGCAATA GCATCACAAA TTTCACAAAT AAAGCATTTT      4920 
     TTTCACTGCA TTCTAGTTGT GGTTTGTCCA AACTCATCAA TGTATCTTAA GGCGTAAATT      4980 
     GTAAGCGTTA ATATTTTGTT AAAATTCGCG TTAAATTTTT GTTAAATCAG CTCATTTTTT      5040 
     AACCAATAGG CCGAAATCGG CAAAATCCCT TATAAATCAA AAGAATAGAC CGAGATAGGG      5100 
     TTGAGTGTTG TTCCAGTTTG GAACAAGAGT CCACTATTAA AGAACGTGGA CTCCAACGTC      5160 
     AAAGGGCGAA AAACCGTCTA TCAGGGCGAT GGCCCACTAC GTGAACCATC ACCCTAATCA      5220 
     AGTTTTTTGG GGTCGAGGTG CCGTAAAGCA CTAAATCGGA ACCCTAAAGG GAGCCCCCGA      5280 
     TTTAGAGCTT GACGGGGAAA GCCGGCGAAC GTGGCGAGAA AGGAAGGGAA GAAAGCGAAA      5340 
     GGAGCGGGCG CTAGGGCGCT GGCAAGTGTA GCGGTCACGC TGCGCGTAAC CACCACACCC      5400 
     GCCGCGCTTA ATGCGCCGCT ACAGGGCGCG TCAGGTGGCA CTTTTCGGGG AAATGTGCGC      5460 
     GGAACCCCTA TTTGTTTATT TTTCTAAATA CATTCAAATA TGTATCCGCT CATGAGACAA      5520 
     TAACCCTGAT AAATGCTTCA ATAATATTGA AAAAGGAAGA GTCCTGAGGC GGAAAGAACC      5580 
     AGCTGTGGAA TGTGTGTCAG TTAGGGTGTG GAAAGTCCCC AGGCTCCCCA GCAGGCAGAA      5640 
     GTATGCAAAG CATGCATCTC AATTAGTCAG CAACCAGGTG TGGAAAGTCC CCAGGCTCCC      5700 
     CAGCAGGCAG AAGTATGCAA AGCATGCATC TCAATTAGTC AGCAACCATA GTCCCGCCCC      5760 
     TAACTCCGCC CATCCCGCCC CTAACTCCGC CCAGTTCCGC CCATTCTCCG CCCCATGGCT      5820 
     GACTAATTTT TTTTATTTAT GCAGAGGCCG AGGCCGCCTC GGCCTCTGAG CTATTCCAGA      5880 
     AGTAGTGAGG AGGCTTTTTT GGAGGCCTAG GCTTTTGCAA AGATCGATCA AGAGACAGGA      5940 
     TGAGGATCGT TTCGCATGAT TGAACAAGAT GGATTGCACG CAGGTTCTCC GGCCGCTTGG      6000 
     GTGGAGAGGC TATTCGGCTA TGACTGGGCA CAACAGACAA TCGGCTGCTC TGATGCCGCC      6060 
     GTGTTCCGGC TGTCAGCGCA GGGGCGCCCG GTTCTTTTTG TCAAGACCGA CCTGTCCGGT      6120 
     GCCCTGAATG AACTGCAAGA CGAGGCAGCG CGGCTATCGT GGCTGGCCAC GACGGGCGTT      6180 
     CCTTGCGCAG CTGTGCTCGA CGTTGTCACT GAAGCGGGAA GGGACTGGCT GCTATTGGGC      6240 
     GAAGTGCCGG GGCAGGATCT CCTGTCATCT CACCTTGCTC CTGCCGAGAA AGTATCCATC      6300 
     ATGGCTGATG CAATGCGGCG GCTGCATACG CTTGATCCGG CTACCTGCCC ATTCGACCAC      6360 
     CAAGCGAAAC ATCGCATCGA GCGAGCACGT ACTCGGATGG AAGCCGGTCT TGTCGATCAG      6420 
     GATGATCTGG ACGAAGAGCA TCAGGGGCTC GCGCCAGCCG AACTGTTCGC CAGGCTCAAG      6480 
     GCGAGCATGC CCGACGGCGA GGATCTCGTC GTGACCCATG GCGATGCCTG CTTGCCGAAT      6540 
     ATCATGGTGG AAAATGGCCG CTTTTCTGGA TTCATCGACT GTGGCCGGCT GGGTGTGGCG      6600 
     GACCGCTATC AGGACATAGC GTTGGCTACC CGTGATATTG CTGAAGAGCT TGGCGGCGAA      6660 
     TGGGCTGACC GCTTCCTCGT GCTTTACGGT ATCGCCGCTC CCGATTCGCA GCGCATCGCC      6720 
     TTCTATCGCC TTCTTGACGA GTTCTTCTGA GCGGGACTCT GGGGTTCGAA ATGACCGACC      6780 
     AAGCGACGCC CAACCTGCCA TCACGAGATT TCGATTCCAC CGCCGCCTTC TATGAAAGGT      6840 



 

 165 

     TGGGCTTCGG AATCGTTTTC CGGGACGCCG GCTGGATGAT CCTCCAGCGC GGGGATCTCA      6900 
     TGCTGGAGTT CTTCGCCCAC CCTAGGGGGA GGCTAACTGA AACACGGAAG GAGACAATAC      6960 
     CGGAAGGAAC CCGCGCTATG ACGGCAATAA AAAGACAGAA TAAAACGCAC GGTGTTGGGT      7020 
     CGTTTGTTCA TAAACGCGGG GTTCGGTCCC AGGGCTGGCA CTCTGTCGAT ACCCCACCGA      7080 
     GACCCCATTG GGGCCAATAC GCCCGCGTTT CTTCCTTTTC CCCACCCCAC CCCCCAAGTT      7140 
     CGGGTGAAGG CCCAGGGCTC GCAGCCAACG TCGGGGCGGC AGGCCCTGCC ATAGCCTCAG      7200 
     GTTACTCATA TATACTTTAG ATTGATTTAA AACTTCATTT TTAATTTAAA AGGATCTAGG      7260 
     TGAAGATCCT TTTTGATAAT CTCATGACCA AAATCCCTTA ACGTGAGTTT TCGTTCCACT      7320 
     GAGCGTCAGA CCCCGTAGAA AAGATCAAAG GATCTTCTTG AGATCCTTTT TTTCTGCGCG      7380 
     TAATCTGCTG CTTGCAAACA AAAAAACCAC CGCTACCAGC GGTGGTTTGT TTGCCGGATC      7440 
     AAGAGCTACC AACTCTTTTT CCGAAGGTAA CTGGCTTCAG CAGAGCGCAG ATACCAAATA      7500 
     CTGTCCTTCT AGTGTAGCCG TAGTTAGGCC ACCACTTCAA GAACTCTGTA GCACCGCCTA      7560 
     CATACCTCGC TCTGCTAATC CTGTTACCAG TGGCTGCTGC CAGTGGCGAT AAGTCGTGTC      7620 
     TTACCGGGTT GGACTCAAGA CGATAGTTAC CGGATAAGGC GCAGCGGTCG GGCTGAACGG      7680 
     GGGGTTCGTG CACACAGCCC AGCTTGGAGC GAACGACCTA CACCGAACTG AGATACCTAC      7740 
     AGCGTGAGCT ATGAGAAAGC GCCACGCTTC CCGAAGGGAG AAAGGCGGAC AGGTATCCGG      7800 
     TAAGCGGCAG GGTCGGAACA GGAGAGCGCA CGAGGGAGCT TCCAGGGGGA AACGCCTGGT      7860 
     ATCTTTATAG TCCTGTCGGG TTTCGCCACC TCTGACTTGA GCGTCGATTT TTGTGATGCT      7920 
     CGTCAGGGGG GCGGAGCCTA TGGAAAAACG CCAGCAACGC GGCCTTTTTA CGGTTCCTGG      7980 
     CCTTTTGCTG GCCTTTTGCT CACATGTTCT TTCCTGCGTT ATCCCCTGAT TCTGTGGATA      8040 
     ACCGTATTAC CGCCATGCAT                                                  8060  
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A.12 Hsp70 Mmp14β Overexpression Vector Nucleotide Sequence  
(from beginning of plasmid to end of Att B2) 
 
Hsp70 promoter: 239-1781 
Att B1: 1804-1830 
ATG start codon: 1833-1835 
Mmp14α coding sequence: 1836-3695 
TAA stop codon: 3696-3698 
SV40 polyA: 3736-3870 
Att B2: 4088-4114 
 

     TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA TGGAGTTCCG        60 
     CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT       120 
     GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC ATTGACGTCA       180 
     ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT ATCATATGGA       240 
     AAAGTTGCTT CAGGGGTGTC GCTTGGTTAT TTCCAAAAAT CAAATTAATT TTATTAAACT       300 
     ATTAGAACGA GCATGTTTTG TCTATATGCT ACAGAAGATA AAAAATAATA GGAGTTAACA       360 
     GTTATAAAAC AACACACTTT GTTTCTATTG ATTGTTGACC ACACTGGGGT CTCATTAAGT       420 
     TAGATTAAAG ACACACTAAC TGGGTCAAAA GCAGCAGATT GATTTCATAG CACCAGGGTA       480 
     AACTTTCTAA CACTTTTACG GCAATCATAT ACATTAAAAT TAAATACAGA CCACGACTGA       540 
     ACAAGGAGGA TGATCTCCAA TATTAAACAA AGAGACTTGT GCCTATTTCT CTGAGGGTAA       600 
     ACATGACCTC TCAAGTTAGC AAGTTGGTTT TAACACTACA AAAATAGTTA AGACTGCAAT       660 
     CCCAGAATAA AGTATTGGTT TTAACCAATC AATATAGTAC AGTAAACATC CATTTGTTTT       720 
     GTTGAAACGT TAAACAAATC TGACCAAAGC TATTAGCTTA TATAAAACAG GTTTGCCTTC       780 
     TATGTAGCTG AAAACACCAC AGGCCCGATT TTGCTACTGT GTAAAACATT TCAGCAAGAT       840 
     TTTTTTATTG CATTTTTTTT TACTGAATCG TTCAAACATT TTATCATTTT AGTTTGTTCA       900 
     TTCATTGCAA CTGGAAAAAC AACACATCAC ACAACCGCAC ATATTTCAGC AATAAGTACA       960 
     ATAAAACACT CAAATAAAAA AAACATTTTA AATCTCTTTG TATTTTTGAC CGCTGTTTCG      1020 
     CGTAATTTCA CGGTAAAACT CTGGAAATCT CCACTACATT CCTCTCAGCG GCTCCTCTCA      1080 
     ATGACAGCTG AAGAAGTGAC GCGGCTGCCT GCTGTGTTTT GATTGGTCGA ATTCACTGGA      1140 
     GGCTTCCAGA ACAGTGTAGA GTCTGAACGG GTGCGCGCTC TGCTGTATTT AAAGGGCGAA      1200 
     AGAGAGACCG CAGAGAAACT CAACCGAAGA GAAGCGACTT GACAAAGAAG AAAAGAGCAG      1260 
     CCTGACAGGA CTTTTTCCCC GACGAGGTGT TTATTCGCTC TATTTAAGAA TCTACTGTAA      1320 
     GGTAAGTCTC AATATATTGT ACTCTATTGG CTAATCAGAA TTATATAGAG ATTATATGTA      1380 
     CTTAATGTCA AAAAATCAAC TTTGTATATG TAATCTTTTT ACATGTGGAC TGCCTATGTT      1440 
     CATCTTATTT TAGGTCTACT AGAAAATTAT ATTTCCCGTT TTCACAATAA GGATTTTTAA      1500 
     AAAAAGCAAT GAACAGACGG GCATTTACTT TATGTTGCTG ACATTATTTT ATATGAGCAT      1560 
     AATAACCATA AATACTAGCA AATGTCCTAA ATGAATTTGT GTTAATGTTG TCTACAAAAG      1620 
     AAAATTAGCG TTTTACTTGT ACAACTAATA ATAACTTGGT TATTAAGAGA ATTTCACTTG      1680 
     TTGACTAGAA AAATCCTTTC ATAATGAAAC AATTGCACCA TAAATTGTAT AAATATAAAA      1740 
     TTAATTCTAA TTGTTTTTTT TTCCTGCCAA GTTTGTACAA AGGGCCCGGG ATCCACCGGA      1800 
     TCAACAAGTT TGTACAAAAA AGCAGGCTTT TCATGATCTG GAGCGGGTTT ACGAGGCTGT      1860 
     TGCTTCTAAT ATTTGTGTGC GCTCACAGAT CGTCCTCGAA ACAAGATATG AAACCTGAGG      1920 
     CATGGCTACA GCAGTATGGT TACTTGCCCC CTGGTGATTT GCGCACACAT ACGGCCCGCT      1980 
     CTCCTCAGTC TGTCCCCTCT GCCATTGCTG CCATGCAGAG ATTCTACGGC CTGACAGTCA      2040 
     CTGGCAATTT GGATGCCAAT ACTCTAGAGG CAATGAAGAG GCCCCGCTGT GGCGTCCCAG      2100 
     ACAAGTTTGG ATCCGAACTG AAGAGCAACC TGAGAAAGAA GCGCTACGCC ATCCAGGGAC      2160 
     TGAAATGGGA CAAAAATGAG ATCACATTCT GCATACAGAA CTACACGCCA AAGGTTGGGG      2220 
     AATACGAGAC ATTTGAGGCA ATCAGAAAAG CCTTCAAAGT GTGGGAAAGC GTTACGCCTT      2280 
     TGCGATTCAG AGAGATCTCT TATAGTGACA TCAGGGACAA GGTTGTAGAC TTTGCAGACA      2340 
     TCATGCTCTT CTTCGCTGAT GGCTTTCATG GCGATGCCAG TCCATTTGAT GGAGAAGGAG      2400 
     GTTTCTTGGC CCATGCTTAC TTCCCAGGGA ATGGCATAGG AGGGGATACG CACTTTGACG      2460 
     CAGCTGAGCC TTGGACTATT GGCAACAAAG ACTTGCTGGG TAATGATGTG TTCCTGGTGG      2520 
     CTGTGCATGA ACTGGGTCAT GCTTTGGGAA TGGAGCATTC AAACGACCCA TCCGCCATCA      2580 
     TGGCTCCCTT CTACCAGTGG ATGGAAACCG ACCACTTTGT GCTTCCTGAT GATGATCGGA      2640 
     AAGGCATTCA GAAGCTTTAT GGGCCAGGAT CTGGAGGACA CCCTCGACCC CCTGTCTCCC      2700 
     CTGAGACGCC CCATCACACT CCATACCCCA CACCATACAG GCCAGGAGGA CCCTCCTATG      2760 
     GTCCCAACAT CTGCGAGGGT CATTTTGACA CCATTGGCAT TTTCAGAGGA GAAATGTTTG      2820 
     TGTTTAAGGG TAAGTGGTTC TGGCGTGTTC GTAATAATCA AGTTATGGAA AACTACCCCA      2880 
     TGCCAATTGG ACACTTCTGG AGAGGTCTGC CTACTGACAT TAATGCTGCA TATGAAAGAG      2940 
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     AAGATGGCAA ATTTGTCTTC TTCAAAGGGG ACAGGCATTG GGTGTTCACT GAGTCCAACT      3000 
     TAGAGCCAGG ATACCCGAAG GTTTTAGGAG AACTGGGAAC TGGTGTACCA AAGGACAAAC      3060 
     TGGATGCAGC TCTTCTCTAC ACGCCTACAG GCTACACTTA CTTCTTCAGA GGAAACAAAT      3120 
     ATTATCGTTA CAATGAAGAC ACGCACTCAG TGGATCCAGA TTATCCCAAA CCCATTAGTA      3180 
     AATGGCAAGG CGTTCCAGAC AACATAAAGG CTGCATTCAT GAGTCGAGAT CAAGGTTATA      3240 
     CCTACTTCTA CAAAGCCAAC AAGTACTGGA AGTTTAACAA CCAGTTATTG AAAGTGGAGC      3300 
     CTGGATACCC CAAATCAGCA CTTAAGGATT GGATGGGCTG CCCTAACGAA GACTCCAATA      3360 
     CAGGTGGTGG AGGAAGTGAC CGAGACCGGG AACGTGAGAG AGAACGTGAG CGTGAAAGGG      3420 
     AGCGAGAGAG GGAGCGCGCA CGAGAGCGTG AACGTGAACA AGACCGCACA AATGAGGTGG      3480 
     ACAAAACTGA GGAAGAGGGC AAAAAGGAGG AGACAGAAGT GCTCATAATC GAGGTTGAAG      3540 
     ATGCACCCAG CAGCAGAGGA GGAGCGGCTG CCGTGGTGGT GCCACTCATG CTGTTGGTCT      3600 
     GTGTCATTTT TACACTCGGC GCACTTCTCT TCTTCCGCAG GTACGGCACA CCGAGACGCT      3660 
     TGCTCTACTG CCAACGCTCC CTACTGGACA AGGTTTAACT CGAGCCTCTA GAACTATAGT      3720 
     GAGTCGTATT ACGTAGATCC AGACATGATA AGATACATTG ATGAGTTTGG ACAAACCACA      3780 
     ACTAGAATGC AGTGAAAAAA ATGCTTTATT TGTGAAATTT GTGATGCTAT TGCTTTATTT      3840 
     GTAACCATTA TAAGCTGCAA TAAACAAGTT AACAACAACA ATTGCATTCA TTTTATGTTT      3900 
     CAGGTTCAGG GGGAGGTGTG GGAGGTTTTT TAATTCGCGG CCGCGGCGCC AATGCATTGG      3960 
     GCCCGGTACC CAGCTTTTGT TCCCTTTAGT GAGGGTTAAT TGCGCGCTTG GCGTAATCAT      4020 
     GGTCATAGCT GTTTCCTGTG TGAAATTGTT ATCCGCTCAC AATTCCACAC AACATACGAG      4080 
     CCGGAAGCAA CCCAGCTTTC TTGTACAAAG TGGT         4114 
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Appendix B 
SignalP Outputs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-1: SignalP output for zebrafish Mmp2. The zfMmp2 secretory signal is 
weakly recognized with a maximum Y score just above the cutoff.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-2: SignalP output for zebrafish BiP. The zfBiP secretory signal is strongly 
recognized with a maximum Y score significantly higher than the cutoff.   
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Appendix C 
Sequence Accession Numbers 

 

Table C-1: NCBI reference sequences used in alignments 

Gene name Nucleotide ID Protein ID 
zebrafish mmp2 NM_198067.1 NP_932333.1 
human mmp-2 NM_004530.5 NP_004521.1 
zebrafish mmp14a NM_194416.1 NP_919397.1 
zebrafish mmp14b NM_194414.1 NP_919395.1 
human mmp-14 NM_004995.3 NP_004986.1 
zebrafish timp2a NM_182874.1 NP_878294.1 
zebrafish timp2b NM_213296.1 NP_998461.1 
human timp-2 NM_003255.4 NP_003246.1 

 
 
 
 
Table C-2: PBD files used for homology modeling. All crystal structures 
retrieved were based on human proteins. Zebrafish protein sequences were 
threaded onto human crystal structures to generate predicted models.  
 
Protein Structure Accession Number 
MMP-2 1ck7.pdb 
MMP-14 hemopexin 3C7X.pdb 
TIMP-2 1BR9.pdb 
MMP-2/TIMP-2 binding 1GXD.pdb 
MMP-14 catalytic/TIMP-2 binding 1BUV.pdb 
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Appendix D 
Mmp14α/β Overexpression 

 

D.1 Introduction 

 The purpose of this experiment was to overexpress Mmp14α/β in conjunction 

with EMMAedMmp2 in an attempt to increase activation. In vitro, MMP-14 activates 

MMP-2 by proteolytic removal of the propeptide. If this mechanism is valid in vivo, 

overexpressing Mmp14 in zebrafish embryos should accelerate the activation process. 

Two approaches were taken to overexpress Mmp14 in zebrafish embryos. The first was 

to upregulate endogenous Mmp14α/β using Concanavalin A (ConA). ConA is a lectin 

used to upregulate MMP-14 in tissue culture experiments by mimicking ECM molecules 

and binding with cell surface receptors (Yu et al. 1997).  However, it has not been widely 

used in zebrafish and it is unclear if ConA will upregulate Mmp14α, Mmp14β, or 

neither.  The second approach was to inject Mmp14 overexpression vectors (Figure D-1) 

for each paralogue to investigate the individual contributions to Mmp2 activation. 

Mmp14 overexpression is induced by the heat shock promoter to A) avoid 

overexpression interfering with early development and B) to induce expression at the 

same time as EMMAedMmp2, also controlled by the heat shock promoter.  

Embryos overexpressing Mmp14 have significant deformities compared to 

embryos only expressing EMMAedMmp2, suggesting that the transiently expressed 

Mmp14 was functional. However, overexpression did not appear to increase Mmp2 

activation. In retrospect, this is likely a result of using BiP-EMMAedMmp2. I chose BiP-

EMMAedMmp2 because it accumulates primarily in its unactivated form and increased 

activation would be easier to detect. Based on a closer analysis of BiP-EMMAedMmp2 
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immunofluorescence; however, the protein appears to be accumulating within 

endosomes. If it is not exposed to the cell surface activation mechanism, then no amount 

of additional Mmp14 is going to increase activation. These experiments should be 

repeated with the original EMMAedMmp2 construct. 

 

D.2 Materials and Methods 

D.2.1 Generating Mmp14 Overexpression Vectors 

 Mmp14α and Mmp14β sequences were amplified with AttB1/B2 primers (Table 

2-2) using plasmid template obtained from the Jessen Lab (Vanderbilt University 

Medical Center, Tennessee). Amplicons were confirmed on an agarose gel and purified 

(ThermoFisher’s PureLink PCR Purification Kit). BP recombinations were performed as 

previously described in section 2.2.11. LR recombinations were carried out as before, but 

into pDS_XB-GFP destination vector (ATCC 10326345) with the CMV promoter 

replaced by the Hsp70 promoter as described in section 2.2.12. A stop codon was 

intentionally introduced prior to the GFP sequence. 

 

Figure D-1: Mmp14α/β overexpression vector. hsp70: heat shock protein 70 promoter. 
Att B1/B2: recombination sites used with Gateway Technology (Life Technologies); 
PP: propeptide; SV40 PolyA: polyadenylation/transcription termination sequence 
KanR: kanamycin resistance cassette. Bacterial replication components not shown.  
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D.2.2 Overexpression of Mmp14 

The first approach to overexpressing Mmp14 was treating embryos with 

Concanavalin A (ConA). Embryos were injected with EMMAedMmp2 and treated with 

300 µM ConA with 0.5% DMSO prior to heat shock. DMSO was added at a 

concentration determined to increase tissue permeability without inducing a phenotype 

(Maes et al. 2012). Treated and untreated embryos were homogenized at 8 and 24 hpHS 

for western blot analysis to determine the effects of endogenous Mmp14 upregulation on 

EMMAedMmp2 activation. The second approach was using Mmp14 overexpression 

vectors. Overexpression of these constructs was confirmed on immunoblots probed with 

anti-Mmp14 (Figure D-2). Mmp14 overexpression vectors and BiP-EMMAedMmp2 

vectors were co-injected at 50 ng/µl into zebrafish embryos as described in section 2.2.4. 

Embryos were heat shocked as before and homogenized at appropriate time points. 

Activation was analyzed using immunoblots probed with anti-GFP.  

 

D.3 Results 

D.3.1 ConA fails to increase EMMAedMmp2 activation 

 Embryos injected with BiP-EMMAedMmp2 and treated with 300 µM ConA have no 

changes in Mmp2 activation at 8 and 24 hpHS (Figure D-3). Immunoblots probed with 

GFP reveal approximately 16% activated BiP-EMMAedMmp2 at all time points. To 

determine if this was due to a failure of ConA to upregulate Mmp14, the immunoblot was 

probed with anti-Mmp14α (Figure D-3b). This reveals a band of approximately 53 kDa, 

the same size as activated Mmp14α, with similar intensity in all samples except for ConA  
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Figure D-2: Hsp70-Mmp14α results in protein overexpression. Embryos injected with 
Hsp70-Mmp14α were heat shocked at 24 hpf and homogenized at 8 hpHS. Immunoblots 
probed with anti-Mmp14α reveal a distinct band at 55 kDa and smaller bands not present 
in the uninjected embryo homogenates. Intense band near bottom represents GAPDH 
showing similar protein loading. 
 
 

 

 

24 hpHS, which is hardly detectable. Probing for GAPDH, however, reveals almost 

undetectable amount of proteins compared to the first three samples, which are all 

similar. Before ruling out the use of ConA to upregulate Mmp14 in zebrafish embryos, 

this work must be repeated with adjustments to the concentration and/or delivery method. 

Moving forward, the effects of Mmp14 overexpression on Mmp2 activation should be 

investigated using the Mmp14α/β overexpression vectors with the original 

EMMAedMmp2 vector. This approach is more promising and will yield informative 

results regarding the roles of each individual paralogue.  
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Figure D-3: ConA does not increase EMMAedMmp2 activation or upregulate 
Mmp14 in zebrafish embryos. Embryos injected with BiP-EMMAedMmp2 were 
treated with ConA prior to heat shock and sampled at 8 and 24 hpHS. Immunoblots 
probed with anti-GFP reveal no significant difference in activation between treated and 
untreated embryos (A). The ratio of the two higher molecular weight bands, representing 
the unactivated and activated forms, reveals approximately 16% activation in all lanes. 
Lower molecular weight bands likely represent breakdown products. Probing for 
Mmp14α reveals no increase in Mmp14 between treated and untreated embryos, 
suggesting that ConA did not effectively upregulate Mmp14 (B).  
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