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ABSTRACT 

 
Title of Dissertation:  Transglutaminase-Mediated Bone Formation in Zebrafish 
 
Stephanie Catherine Deasey, Doctor of Philosophy, 2013 
 
Dissertation Directed by:  Maria Nurminskaya, Associate Professor, Department of 

Biochemistry and Molecular Biology 

 

 The integrity of the human skeleton is maintained by a delicate balance of bone 

deposition and resorption.  Disruption of this balance results in diseases such as 

sclerosteosis or osteoporosis, which are characterized by high or low bone mass 

respectively.  Further, the skeleton is prone to injuries such as fractures and breaks 

throughout the human life-span.  It has therefore become critical to understand the 

underlying mechanisms of bone formation and homeostasis in order to better target and 

treat such ailments.  Two mammalian enzyme transglutaminases, TG2b and FXIIIa, 

which catalyze the formation of protein-protein cross-links, have been associated with 

bone mineralization in vitro.  However, mouse single knockouts of these enzymes show 

no skeletal phenotype.  In this study we demonstrate functional and transcriptional 

compensation for the loss of TG2 in various tissues of TG2 knockout mice; specifically, 

we demonstrate a compensation mechanism in the skeleton.  To overcome this 

complication we utilize the zebrafish (danio rerio) model system to examine the role of 

transglutaminases in vivo.  Zebrafish have become an invaluable model to the study of 

developmental processes due to several unique characteristics such as, transparency 

during early development, short gestation time and a remarkable regeneration capability.  

We characterized the zebrafish transglutaminase gene family and identified thirteen TG 



 
 

genes.  Of these thirteen genes, eleven were homologous to one of three mammalian 

transglutaminases, TG1, TG2, or FXIIIa, and two were specific to zebrafish.  We show 

that transglutaminase activity promotes proper bone mineralization in both developing 

vertebrae and regenerating fin bones.  Further, we show evidence for transglutaminases 

functioning in bone mineralization by promoting collagen type I deposition and 

activating canonical β-catenin signaling during bone regeneration.  Importantly, these 

studies settled the previous discrepancy between in vitro studies and in vivo mouse 

studies on the role of TGs in osteo-chondrogenic differentiation by demonstrating a 

complex compensation mechanism in mammalian tissue.  This identification of TGs in 

bone mineralization identifies a novel therapeutic target for various bone pathologies, 

such as bone-like tissue transformation in heterotropic ossification seen in 

musculoskeletal trauma, spinal cord injury and combat wounds. 
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CHAPTER 1: INTRODUCTION 

 

A. PROJECT OVERVIEW  

 The integrity of the human skeleton is maintained by a delicate homeostatic 

balance, with any perturbation of this balance resulting in detrimental skeletal defects.  

Specifically, homeostatic deregulation can lead to diseases resulting in either low or high 

bone mass such as osteoporosis or sclerosteosis respectively (Baron et al., 2006).  

Further, the skeleton is a tissue that is prone to injuries throughout an average human life-

span such as fractures and breaks.   Additionally, the bones of the human skeleton not 

only function for structural support but also in maintaining the human immunity.  These 

diverse roles of the human skeleton make it crucial to have a comprehensive 

understanding of its regulating factors. 

 In vitro studies have identified two mammalian enzyme transglutaminases (TGs) 

as regulators of the process of bone mineralization (Borge et al., 1996;Demignot et al., 

1995;Nurminskaya et al., 2002;Al-Jallad et al., 2006;Thomazy and Davies, 1999).  

However, single knock-out mice of these TGs show no obvious skeletal phenotype, likely 

due to a compensation mechanism (Koseki-Kuno et al., 2003;Nanda et al., 2001;Lauer et 

al., 2002).  This discrepancy between in vitro and in vivo studies has led to a gap in the 

understanding of the role of TGs in bone formation.  It is therefore essential to identify an 

in vivo model in which the molecular mechanisms behind TGs in bone formation and 

maintenance can be uncovered to allow for the identification of novel targets to treat bone 

pathologies. 
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 The zebrafish model organism has become invaluable to the investigation of 

developmental processes and various pathologies.  Numerous unique characteristics such 

as early transparency, easy access for both pharmacologic and genetic approaches, and 

regenerative capability make this model of particular interest for examination of the 

mechanisms behind bone formation. 

 

B. ENZYME TRANSGLUTAMINASES 

1.  General Introduction 

Transglutaminases (TGs) are a family of calcium (Ca2+) dependent enzymes that 

catalyze multiple biological reactions.  The mammalian family of TGs is composed of 

nine proteins, TG 1-7, FXIIIa and Band Protein 4.2.  Eight of these nine TGs, TG1-7 and 

FXIIIa, have enzymatic activities while Band Protein 4.2 lacks enzymatic activity and 

functions as a structural protein.  Reactions catalyzed by TGs have been linked to a 

plethora of biological reactions, including but not limited to, blood coagulation, skin 

formation, cellular apoptosis and extracellular matrix assembly.  Interestingly, two of the 

nine enzyme TGs, TG2 and FXIIIa, have been identified with bone mineralization by 

previous in vitro studies (discussed in section C.2).   

TGs catalyze three major reaction types: Transamidation, Esterification and 

Hydrolysis (Iismaa et al., 2009;Lorand and Graham, 2003).  Each reaction is initiated by 

the binding of a substrate containing a glutamine acceptor residue leading to the 

formation of an acylenzyme intermediate; at which point the three reactions diverge.  

Transamidation (also known as cross-linking) is the most thoroughly studied reaction 

catalyzed by TGs and results in either addition of a small biological amine to a glutamine 
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acceptor, acylation of a glutamine residue or formation of an isopeptide bridge.  This 

covalently formed isopeptide bridge is formed both intra- and extra-cellularly between 

the γ-carbon of a glutamine residue and the ε-amine of a lysine residue and is extremely 

resistant to chemical and physical cleavage (Fig. 1.1).  Interestingly, TGs show a high 

specificity for the glutamine residue, while there is considerable flexibility for the donor 

ε-amine group (Aeschlimann et al., 1993).  The lesser-studied esterification reaction 

utilizes an alcohol as the donor group and results in the formation of an ester.  Lastly, the 

hydrolysis reaction utilizes a water to result in either deamidation or isopeptide cleavage 

of the acceptor glutamine substrate.  The main focus of our studies is on the cross-

linking/transamidation reaction catalyzed by TGs. 

 

Figure 1.1 Schematic of Cross-Linking Reaction Catalyzed by TGs.  Reaction occurs 
between the glutamine residue one substrate and the lysine residue of a second substrate.  
This reaction results in the formation of an isopeptide linkage between these two 
residues. 
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2. Transglutaminase 2 (TG2) 

TG2 is the most thoroughly studied TG due to its ubiquitous expression as 

compared to the other eight mammalian TGs, in which expression and function are tissue 

specific.  TG2 has been observed in various cell types that are present throughout the 

body such as endothelial cells and smooth muscle cells (Thomazy and Davies, 1999), in 

addition to being identified in organ specific cells, such as cardiac striated muscle cells, 

arterial myointimal cells and glomerular mesangial cells (Thomazy and Davies, 1999).   

TG2 catalyzes the traditionally associated transamidation, hydrolysis and 

esterification reactions; interestingly TG2 is also able to function as a G protein in the 

liver (Nakaoka et al., 1994).  The roles of TG2 as a G protein and as a transamidating 

enzyme are reciprocally regulated, due to an allosteric inhibition of transamidating 

activity by GTP binding.  Binding of GTP causes a conformational change in TG2 to a 

more compact form whereas Ca2+ binding results in TG2 adopting a more open 

conformation that favors the transamidation reaction (Begg et al., 2006;Achyuthan and 

Greenberg, 1987).  This allosteric regulation results in low intracellular and high 

extracellular transamidating activity under normal conditions, due to high GTP and low 

Ca2+ concentrations inside the cell and vice versa outside the cell (Gundemir et al., 2012).  

TG2 has also been identified as a regulator of numerous signaling pathways.  Studies 

have shown that this multi-functional enzyme is able to activate numerous pathways in 

vitro including the canonical β-catenin signaling (Condello et al., 2013;Faverman et al., 

2008), hedgehog signaling (Dierker et al., 2009) and cAMP-dependent protein kinase 

(PKA) (Nurminskaya et al., 2003).  The ability of TG2 to activate canonical β-catenin 

signaling is of particular interest to this project and is further described is Section F.1.  
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Due to the wide range of roles for TG2 in biological processes, it is no surprise 

that aberrant activity results in a number of pathologies.  Among the various pathologies 

that have been associated with TG2 are Celiacs disease, Osteoarthritis, Cancer and 

Alzheimer’s disease (Iismaa et al., 2009). 

3. Factor XIIIa (FXIIIa) 

FXIIIa shows a more selective expression pattern in comparison to TG2.  This TG 

is largely expressed in blood plasma (Iismaa et al., 2009), but is also found in cells that 

originate from the bone marrow (Muszbek et al., 2011), such as platelets (Jayo et al., 

2009a), megakaryocytes (Kiesselbach and Wagner, 1972), monocytes (Jayo et al., 

2009b;Muszbek et al., 1985), macrophages (Komaromi et al., 2011), chondrocytes 

(Nurminskaya and Linsenmayer, 1996) and osteoblasts (Al-Jallad et al., 2006).   

FXIIIa is synthesized as an inactive zymogen with a NH2-terminal activation 

peptide, which must be cleaved to be activated.  In the plasma, FXIII circulates as a 

heterotetramer composed of two inactive FXIIIa subunits and two FXIIIb subunits.  

FXIIIb is not a transglutaminase and serves as a carrier for FXIIIa in the plasma to 

protect FXIIIa subunits from degradation.  The most thoroughly studied function of 

FXIIIa is stabilization of the fibrin matrix by forming covalent bridges (transamidation 

reaction) between fibrin monomers of a blood clot in the last step of the coagulation 

cascade (Iismaa et al., 2009).  Activation of FXIIIa in the plasma requires cleavage of the 

NH2-terminal activation peptide by thrombin; this cleavage is followed by Ca2+ binding 

which allows for the release of the FXIIIb subunits (Iismaa et al., 2009).  Cellular FXIIIa, 

however, does not bind to FXIIIb, likely due to a reduced need for protection from 

degradation, instead cellular FXIIIa exists as a homodimer.  Interestingly, thrombin is not 
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present inside the cell preventing cleavage of the NH2 activation peptide.  Under high 

cellular Ca2+ concentrations FXIIIa is able to bind Ca2+ which results in its activation.  

These high cellular Ca2+ concentrations occur during Ca2+ fluxes as a result of a cellular 

stimuli and it is under these conditions that cellular FXIIIa is able to be activated without 

activation peptide cleavage (Kristiansen and Andersen, 2011). 

In humans, aberrant FXIIIa activity is most commonly associated with 

pathologies resulting in a blood clotting defect, increased miscarriage during pregnancy 

and impaired wound healing have also been observed (reviewed in Iismaa et al., 2009).   

 

C.  ROLE OF ENZYME TGS IN BONE MINERALZIATION  

1. Bone Formation 

The mammalian skeleton is formed and maintained via a delicate homeostasis, 

which relies on a balance of bone deposition and resorption.  This homeostasis is 

maintained by three cell types: osteoblasts, osteocytes and osteoclasts.  Each of these has 

a specific role in preserving the homeostatic balance of deposition and resorption.  

Osteoblasts lay down new bone matrix, thereby mediating bone deposition, whereas 

osteoclasts mediate bone resorption by taking up bone matrix.  Osteocytes are matured 

osteoblasts that have become embedded into the bone matrix and are relatively inactive 

cells with their main function being to serve as sensory cells in the bone. 

Bones of the adult skeleton are formed via two mechanisms: endochondral and 

intramembranous ossification (Fig. 1.2).  These two ossification processes form different 

bone types in the mammalian skeleton, with endochondral ossification forming the 
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majority of bones, such as long bones and vertebrae, whereas intramembranous 

ossification is utilized for formation of “flat” bones such as the skull.  The most obvious 

difference between these two processes of ossification is that endochondral ossification 

occurs via a cartilaginous intermediate, while intramembranous ossification forms bones 

without a cartilaginous precursor. 

 

Figure 1.2 Endochondral vs. Intramembranous Ossification.  A schematic of the two 
mechanisms of bone mineralization.  Both begin with the condensation of mesenchymal 
precursors after which endochondral ossification forms bone through a cartilaginous 
intermediate, while intramembranous bone forms through direct mineralization of the 
matrix. 

 

Condensation of mesenchymal precursors initiates these two processes of 

ossification; at which point they diverge to result in their respective types of bone.  

During endochondral ossification mesenchymal cells differentiate into chondrocytes, 

which then proliferate and hypertrophy.  These hypertrophic chondrocytes serve to 

calcify the extracellular matrix and promote vascularization before they ultimately 



 

8 
 

undergo apoptosis.  Osteoblasts and osteoclasts, which differentiate from the same 

mesenchymal precursors, enter the matrix through the newly formed vasculature and 

begin degradation of the cartilaginous matrix left behind by hypertrophic chondrocytes 

and lying down of the new bone matrix.   

Intramembranous ossification also begins with the condensation of mesenchymal 

precursor cells, which instead differentiate into osteo-progenitor cells.  These osteo-

progenitor cells then mature into osteoblasts, which begin secreting bone matrix.  As 

matrix secretion progresses, some osteoblasts become trapped in the matrix where they 

further mature and become osteocytes.  

2. TGs in Bone Formation 

As previously stated, TGs are associated with numerous biological processes, 

among which is bone mineralization.  TGs have been identified with intramembranous 

and endochondral ossification through in vitro studies by examination of osteoblasts and 

hypertrophic chondrocytes in culture and by ex vivo examination of bones arising from 

each type of ossification.  TGs were first associated with the process of endochondral 

ossification, but as studies accumulated evidence arose for their role in intramembranous 

ossification.  TG2 was the first transglutaminase to be identified with bone mineralization 

by immunohistochemical analysis of three different endochondral bones:  the tibia, tarsal 

and metatarsal bones of rats.  This showed that intracellular TG2 was expressed by 

hypertrophic chondrocytes in each of these bones (Aeschlimann et al., 1993).  While this 

only examined the expression of TG2 in hypertrophic chondrocytes, a later study by 

Nurminskaya et al., 1996 identified FXIIIa as the major TG isoform in hypertrophic 

chondrocytes by subtractive hybridization.  It is now widely accepted that chondrocytes 
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express two TGs (Demignot et al., 1995), TG2 and FXIIIa; in addition to supporting that 

FXIIIa and not TG2 is the major form of TGs in these cells (Nurminskaya and 

Linsenmayer, 1996;Nurminskaya et al., 1998;Nurminskaya et al., 2002;Thomazy and 

Davies, 1999). 

In addition to the numerous studies showing evidence for the role of TGs in 

chondrocytes, studies have also identified a role for TGs in osteoblasts during 

endochondral ossification.  Utilization of a co-culture system of hypertrophic 

chondrocytes and pre-osteoblast cells demonstrated a role for TGs in osteoblasts during 

in vitro endochondral ossification.  This showed that TG2 and FXIIIa are secreted by 

hypertrophic chondrocytes and that their secretion and activity are necessary for 

differentiating osteoblasts to mineralize the bone matrix (Nurminskaya et al., 2003). 

These results demonstrated a role for TGs in formation of endochondral bones 

and specifically their expression by chondrocytes in vitro.  Interestingly, studies have also 

examined TGs in osteoblast cultures lacking chondrocytes (mirroring intramembranous 

ossification) and found that TGs are also expressed by osteoblasts.  Examination of 

human osteosarcoma cell lines revealed expression of extracellular TG2 and upon 

inhibition of transamidation activity by one of two broad-spectrum inhibitors, Putrescine 

or Cystamine, reduced matrix mineralization was observed (Heath et al., 2001;Yin et al., 

2012).  Additionally, the immortalized mouse MC3T3-E1 pre-osteoblast cell line showed 

expression of both FXIIIa and TG2 in osteoblasts during differentiation.  In correlation 

with the results observed for chondrocytes, FXIIIa was identified as the major 

transglutaminase regulating osteoblast differentiation and matrix mineralization (Al-

Jallad et al., 2011). 
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Together, these results show an in vitro role for TG2 and FXIIIa in bone 

mineralization and suggest FXIIIa as the main contributing TG.  While many 

mechanisms have been suggested for TGs mode of action in bone formation, it still 

remains largely unknown.  It has been suggested that TGs promote bone mineralization 

by cross-linking matrix proteins (Heath et al., 2001;Aeschlimann et al., 1993;Al-Jallad et 

al., 2006), by aiding in the secretion of matrix proteins through microtubule stabilization 

(Al-Jallad et al., 2011) or through activation of various signaling pathways (Nurminskaya 

et al., 2002;Yin et al., 2012).  Despite in vitro evidence for each of these mechanisms, the 

in vivo mechanism remains unclear, thereby creating a requirement for further studies to 

better pinpoint the mechanism(s). 

3. FXIIIa and TG2 Mouse Knock-Out Models 

Strong in vitro evidence supports a role of TGs in bone formation; therefore the 

next logical step was to investigate their role in vivo.  To this purpose, a genetic approach 

was adopted and single knock-out mice for both TG2 and FXIIIa were developed.  

Neither of these mouse knock-out lines showed a lethal phenotype (Koseki-Kuno et al., 

2003;Nanda et al., 2001;Lauer et al., 2002).  Surprisingly, these single knock-out mice 

did not present any significant skeletal phenotype, in contrast to the growing in vitro 

evidence for TGs in bone formation.  This discrepancy between in vitro and in vivo 

results was proposed to be due to a compensation mechanism occurring between the two 

TG isoforms.  In vitro data has shown that the roles of FXIIIa and TG2 in mineralization 

are redundant and therefore in the absence of one the other can perform the same 

function, indicating a possible compensation mechanism.  Specifically, in TG2 knock-out 

mice it was suggested that either the expression or activation level of FXIIIa (as it is 
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produced as a zymogen) was being increased due to the loss of TG2 or vice versa that 

TG2 expression was increasing in response to the loss of FXIIIa in FXIIIa knock-out 

mice.  However, further examination is necessary to determine whether this 

compensation mechanism is occurring.  This potential compensation effect complicated 

the process of examining TGs in bone mineralization in vivo and created the need for an 

alternative model. 

 

D. ZEBRAFISH AS A MODEL TO STUDY TGs IN BONE DEVELO PMENT 

1.  Zebrafish as a Model Organism 

The zebrafish (danio rerio) model system has become central to the study of 

numerous biological systems, as can be demonstrated by the drastic increase in 

publications over the past two decades (Lieschke and Currie, 2007).  Several key 

characteristics of this model organism have made them invaluable for studies of 

biological systems, among these are: transparency during early development, 

regeneration capacity, easy maintenance and short gestation time.   

Numerous groups have taken advantage of these unique characteristics to study 

various developmental mechanisms.  This model is especially appropriate for the study of 

developmental processes as a single zebrafish breeding pair can yield up to a couple 

hundred embryos per week.  These embryos then develop quickly and by 3 days post-

fertilization (dpf) have hatched from their eggs and are able to swim; allowing for a high 

throughput analysis of developmental processes.  Further, the presence of established 

genetic approaches makes this model even more appropriate for developmental studies.  
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Specifically, zebrafish have been used to study the development of tissues such as the 

heart, muscle, eye and skeletal system. 

2.  Zebrafish as a Model Organism of Bone Formation 

The use of zebrafish to study the process of bone development was of particular 

interest to our project.  This model system has become very useful for the study of bone 

development, especially as zebrafish and humans share many aspects of bone formation 

(Brittijn et al., 2009).  Early transparency is a unique characteristic that makes this model 

ideal by permitting in vivo imaging and analysis of bone by stains such as calcein.  In 

vivo analysis allows for the preservation of valuable transgenic animals in addition to 

monitoring bone formation throughout development and not just at one end time-point.  

Additionally, by 21dpf axial skeletal elements have undergone mineralization, as detected 

by calcein staining, allowing for rapid examination of skeleton formation and 

mineralization (Du et al., 2001).   

The zebrafish axial skeleton is composed of the vertebral column and unpaired 

fins.  The vertebral column contains 31 vertebrae, which are divided into three classes: 

Weberian (the anterior vertebrae), precaudal (middle vertebrae) and caudal (the posterior 

vertebrae) (Bird and Mabee, 2003) (Fig. 1.3).  The vertebrae are visible via calcein 

staining by 7dpf (Du et al., 2001) and form via endochondral ossification.  Vertebrae 

mineralization proceeds from the anterior to the posterior of the body with the exception 

of the 2nd and 3rd vertebrae, which mineralize after the 4th vertebrae (Du et al., 2001).  The 

unpaired fins also make up the skeletal system in zebrafish and include the dorsal, anal 

and caudal fins.  Each of these fins is composed of multiple bony fin rays, termed 

lepidotrichia, that form via intramembranous ossification.  Within these lepidotrichia are 



blood vessels, nerves, pigment cells and mesenchymal

2003).  All three of the fins also maintain a regenerative capability which is described 

Section E.2.  

Figure 1.3 Diagram of the Zebrafish Axial S
skeleton are composed of the 
of vertebrae: Weberian Vertebrae (Purple), Precaudal Vertebrae (
Vertebrae (Green).  Additionally, it contain
fin. 

 

 

Figure 1.4 
Outer epidermis covers 
mesenchymal cells, blood vessels and nerves.
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blood vessels, nerves, pigment cells and mesenchymal-like cells (Fig. 1.4)

All three of the fins also maintain a regenerative capability which is described 

Zebrafish Axial Skeleton.  The major elements of the axial 
skeleton are composed of the fins and vertebral column which is divided into three types 
of vertebrae: Weberian Vertebrae (Purple), Precaudal Vertebrae (Blue) and Caudal 

).  Additionally, it contains three fin types: the dorsal, anal and caudal 

 

Figure 1.4 Diagram of Longitudinal Section of Lepidotrichia.  
Outer epidermis covers the bony ray, which contains 
mesenchymal cells, blood vessels and nerves. 

1.4) (Poss et al., 

All three of the fins also maintain a regenerative capability which is described in 

 

keleton.  The major elements of the axial 
vertebral column which is divided into three types 

) and Caudal 
s three fin types: the dorsal, anal and caudal 

epidotrichia.  
which contains 
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E. ZEBRAFISH CAUDAL FIN REGENERATION 

1. Regeneration 

Upon injury, tissues are able to heal via two mechanisms: repair or regeneration.  

Tissues healed via repair form permanent scars, whereas tissues healed by regeneration 

result in an almost identical tissue (Poss et al., 2003).  It is tissue scarring that makes 

repair a less-then-ideal mechanism of tissue healing when compared to the no-scarring 

mechanism of regeneration.  The ability to regenerate tissues is a fairly common trait that 

can be seen from species to species; however the regenerative capacity (i.e. the number of 

tissues able to regenerate or the required amount of starting tissue to allow for 

regeneration) varies largely between species (Sanchez, 2000).  Unfortunately, the 

majority of higher vertebrates has a very limited regeneration capability and heals tissues 

mostly by repair.  However, due to the obvious benefits of regeneration, many studies 

have begun examining the processes of regeneration in lower vertebrates in hopes of 

gaining a better understanding of the mechanisms and factors controlling this process to 

allow for application to regenerative medicine. 

2.  Zebrafish Caudal Fin Regeneration 

Zebrafish have the remarkable ability to regenerate numerous tissues, such as the 

optic nerve, scales, heart, spinal cord and fins (Poss et al., 2003).  Among these 

regenerative tissues, the caudal fin is the most commonly studied, due to its easy access 

for amputation, symmetrical shape, simple structure and amputation having little to no 

effect on survival.  The process of caudal fin regeneration is commonly divided into three 

different phases:  Wound Healing, Blastema Formation, and Regenerative Outgrowth 

(Fig. 1.5).  During wound healing, which occurs from approximately 0-12hours post-
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amputation (hpa), the wound is covered with a layer of epidermis termed the apical 

ectodermal cap (AEC).  The second phase of regeneration, blastema formation, occurs 

from approximately 12hpa-2 days post amputation (dpa) and can be divided into two 

separate phases: mesenchymal disorganization and migration and blastema formation.  

Mesenchymal disorganization and migration occurs from approximately 12hpa-1dpa and 

consists of tissue disorganization and cell migration towards the amputation plane to 

provide for the cellular population of the blastema which then forms from approximately 

1-2dpa.  Once the blastema has formed the last phase of fin regeneration, regenerative 

outgrowth, begins.  This phase of regeneration lasts from approximately 2dpa until 

completion of regeneration around 10dpa and is when the amputated tissues are 

regenerated.  It is the regenerative outgrowth phase of regeneration that this study is 

particularly interested in as this is when tissue regeneration and in particular bone 

regeneration is occurring. 
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Figure 1.5.  Schematic of Phases of Fin Regeneration.  Dashed line indicating the plane 
of amputation.  After amputation regeneration begins with wound healing which results 
in the formation of the AEC by 12hpa.  This is followed by mesenchymal disorganization 
and migration and blastema formation (Marked by B) lasting from 12hpa-2dpa.  Lastly, 
regenerative outgrowth begins and continues until ~10dpa at which point a fully 
regenerated fin has been formed. 
 

The blastema, a mass of proliferative undifferentiated cells, serves as the  

progenitor cell population for newly regenerated tissues.  This cellular mass and its 

origins during regeneration has become of great interest as an understanding of these 

cells and the factors that promotes their differentiation is invaluable for the development 

of regenerative medicine.  Of particular interest to our studies are the osteo-progenitor 

cells which differentiate into osteoblasts and form newly regenerated bones.  However, 

the origin of these osteo-progenitor cells remains unclear and two prevailing theories 

have been proposed: (1) intra-ray mesenchymal-like cells re-enter the cell cycle and 

migrate towards the regeneration area upon amputation or (2) differentiated osteoblasts of 
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the mature bone de-differentiate and migrate to the amputation site.  Both differentiated 

osteoblasts of the mature bone and intra-ray mesenchymal-like cells have been found to 

migrate towards the regeneration site post-amputation (Poleo et al., 2001).  Further, 

differentiated osteoblasts have been found to de-differentiate and migrate to the blastema 

post amputation, indicating a role for differentiated osteoblasts in bone regeneration 

(Knopf et al., 2011;Sousa et al., 2011).  However, when differentiated osteoblasts were 

deleted from caudal fins prior-to amputation, regeneration was unaffected and the 

blastema was formed instead by intra-ray mesenchymal-like cells (Singh et al., 2012).  

Thus indicating a role for both differentiated osteoblasts and intra-ray mesenchymal-like 

cells in bone regeneration; however it remains unclear to what degree each population 

participates in this process.   

 

F. CANONICAL β-CATENIN SIGNALING 

1. Canonical β-Catenin Signaling  

β-catenin is a multifunctional protein that has been associated with both 

maintenance of adherent junctions and signal transduction pathways (Xu and Kimelman, 

2007).  Despite the majority of β-catenin molecules in the cell being allocated to adherent 

junctions, its role in signal transduction is essential to multiple developmental processes 

and diseases (Xu and Kimelman, 2007).  

In the absence of an activation signal, β-catenin binds a destruction complex 

composed of four proteins: Axin, Adenomatosis Polyposis Coli (APC) and two kinases, 

casein kinase 1 and glycogen synthase kinase 3 (GSK3).  These kinases phosphorylate β-
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catenin, thereby targeting it for ubiquitination and ultimately resulting in degradation.  

Signal transduction is initiated by the binding of an activating ligand to the extracellular 

domain of two receptors, Frizzled (Fz) and low-density lipoprotein receptor 5 or 6 

(LRP5/6), resulting in the formation of a complex between these two proteins.  The 

intracellular domain of this complex then recruits axin, preventing formation of the 

destruction complex, resulting in β-catenin no longer being phosphorylated and targeted 

for degradation.  Instead β-catenin accumulates in the cytosol resulting in its nuclear 

translocation.  Once in the nucleus β-catenin mediates/activates gene expression by 

interacting with the Tcf/Lef transcription factors (Fig. 1.6) (Huang and He, 2008).  

 

Figure 1.6 Schematic of Canonical β-Catenin Activation.  Without ligand binding (Left 
panel) β-Catenin binds to the destruction complex resulting in phosphorylation and 
targeting to proteasomal degradation.  Upon ligand binding, signaling is activated (Right 
panel) and axin is recruited to the LRP receptor, thereby preventing formation of the 
destruction complex.  β-Catenin is no longer targeted for degradation, thereby allowing 
for accumulation in the cytosol and resulting in nuclear translocation.  In the nucleus β-
Catenin interacts with transcription factors resulting in transcription of target genes.  
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The principle activating ligands associated with canonical β-catenin signaling are 

Wnt glycoproteins.  However, studies have shown that various other extracellular 

proteins are able to interact with this crucial signaling pathway.  This pathway can be 

inhibited by the binding of proteins, such as, Dkk1 (Boudin et al., 2013), SOST (Ellies et 

al., 2006;Li et al., 2005) and WISE (Itasaki et al., 2003) to the LRP receptor which 

inhibits interaction with the activating ligand.  Further, extracellular proteins un-related to 

Wnts are able to activate this crucial signaling pathway.  These proteins include but are 

not limited to R-spondins (Han et al., 2011), Norrin (Xu et al., 2004a) and importantly 

TG2 (Beazley et al., 2012b;Faverman et al., 2008;Condello et al., 2013).   

2. Canonical β-Catenin Signaling in Zebrafish Fin Regeneration and Bone Formation  

Interestingly, the canonical β-catenin signaling pathway has been identified to be 

crucial to both zebrafish fin regeneration and bone formation.  During each of the three 

stages of fin regeneration, wound healing, blastema formation and regenerative 

outgrowth, β-catenin protein is up-regulated, thereby indicating a role in fin regeneration 

(Stoick-Cooper et al., 2007).  While traditionally associated Wnt ligands have been 

identified as activators of β-catenin signaling for wound healing, the activating ligand for 

the next two steps, blastema formation and regenerative outgrowth has yet to be 

identified (Stoick-Cooper et al., 2007;Poss et al., 2003).   

β-catenin has also been found to be a key component for both initiating bone 

development and repair in numerous systems (Westendorf et al., 2004).  It has been 

found that β-catenin is active in proliferating chondrocytes and osteoblasts during bone 

fracture repair and regeneration (Chen et al., 2007;Kim et al., 2007).  Aberrant signaling 

of the canonical β-catenin signaling pathway has also been associated with numerous 
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diseases resulting in an abnormal skeleton such as: Sclerosteosis, Van Buchem disease, 

Osteoporosis, Pagets disease and multiple myeloma (Boudin et al., 2013).   

This project identifies TGs with bone formation and regeneration in vivo, 

specifically with the deposition of the type I collagen matrix.  It further identifies 

canonical β-catenin as a potential mechanism through which TGs promote bone 

mineralization.  This identification can be further used to better treat diseases and injuries 

involving the skeletal system. 
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CHAPTER II: TISSUE SPECIFIC RESPONSES TO LOSS OF 
TRANSGLUTAMINASE 2 1 

 

 

A.  ABSTACT  

Of the eight catalytic TGs, TG2 is the most comprehensively studied due to its 

ubiquitous expression in multiple cell types.  Despite the critical role for this enzyme in 

multiple biological processes in vitro, TG2 knock-out mouse models have shown no 

severe developmental phenotypes, suggesting compensation by other TGs.  To begin 

characterization of the compensating mechanisms, we analyzed total transamidating 

activity and expression patterns of all catalytically active TGs in seven different 

tissues/organs from wild-type and TG2 knock-out mice.  Inhibitory analysis with the 

TG2-specific inhibitor KCC-009 suggests that the relative contribution of TG2 to total 

transamidating activity differs in various tissues.  Accordingly, our data indicate tissue-

specific mechanisms of compensation for the loss of TG2, including transcriptional 

compensation in heart and liver versus functional compensation in aorta, kidney and 

skeletal/cartilaginous tissues.  On the contrary, no compensation has been detected in 

skeletal muscle, suggesting a limited role for TG2-mediated transamidation in normal 

development of this tissue. 

 

 

                                                 
1 CITATION:  Deasey S.D., Shanmugasundaram S., Nurminskaya M.N. Amino Acids 
2013 Jan 44(1):179-187 
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B. INTRODUCTION  

The mammalian TG protein family consists of nine proteins with eight 

zymogens/enzymes, designated TG1-7 and FXIIIa in addition to a structural protein, 

protein 4.2, which lacks catalytic activity.  TG-mediated reactions are essential for 

multiple biological processes ranging from blood coagulation to skin barrier formation 

and extracellular matrix assembly (Griffin et al., 2002;Lorand and Graham, 2003).  These 

enzymes function in a wide range of biological processes by catalyzing three types of 

posttranslational modifications: transamidation, esterification, and hydrolysis (Iismaa et 

al., 2009).  In addition, TG2, TG4 and TG5 can bind to and hydrolyze GTP, which 

inhibits their transamidase catalytic activity (Iismaa et al., 2009;Spina et al., 1999;Candi 

et al., 2004).  Interestingly, while these distinct enzymes are able to recognize the same 

protein substrate, they generally exhibit remarkable substrate specificity in vivo.  

 TG2 is the most comprehensively studied of this diverse enzyme family.  It is 

constitutively expressed in many cell types, including but not limited to, endothelial cells, 

vascular smooth muscle cells and fibroblasts (Thomazy and Fesus, 1989).  Further, its 

expression correlates with cell differentiation in some cell lineages, such as the 

osteochondrogenic lineage (Aeschlimann et al., 1993;Nurminsky et al., 2011;Thomazy 

and Fesus, 1989).  In addition to traditional TG activities, TG2 has been reported to act as 

a protein kinase (Mishra and Murphy, 2004) and a protein disulfide isomerase (Hasegawa 

et al., 2003), as well as to facilitate cell-matrix interaction independently from its 

enzymatic activity (Akimov et al., 2000;Xu et al., 2006;Dardik and Inbal, 2006).  TG2 is 

localized to both the extracellular matrix and multiple cellular compartments, with ample 
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in vitro studies showing a wide range of TG2 functions from cell adhesion to cell death 

(Iismaa et al., 2009;Griffin et al., 2002;Fesus and Szondy, 2005;Nadalutti et al., 2011). 

Two mouse knockout models for TG2 were developed simultaneously by 

different groups to evaluate its in vivo function (De, V and Melino, 2001;Nanda et al., 

2001).  These models were based on disrupting mouse Tgm2 gene around exon 5 (which 

encodes part of the catalytic core domain) and both showed absence of TG2 protein in 

homozygote progeny.  However, no obvious developmental phenotype was observed in 

either of these mouse models despite the previously demonstrated in vitro role for TG2 in 

multiple developmental processes.  These phenotypes suggest the common biological 

phenomenon of backup compensation, which occurs when functionally overlapping 

proteins compensate for the loss of each other.  For example, rescuing/compensation 

mechanisms have been described for the family of small leucine-rich proteoglycans 

(Ameye and Young, 2002).  Further, in TG2 null (TG2-/-) chondrocytes compensatory 

activation of FXIIIa has been observed, resulting in an unchanged level of total 

transamidase activity (Nurminskaya and Kaartinen, 2006;Tanaka et al., 2007).  

In this study, we analyzed the relative contribution of TG2-mediated catalytic 

activity in seven different wild-type (WT) mouse tissues.  Next we examined enzymatic 

activity in TG2-/- tissues and analyzed expression of the eight TGs in the TG2-/- versus 

WT tissues to identify possible tissue-specific compensation mechanisms supporting the 

TG2-/- phenotype. 

 

 



 

24 
 

C. MATERIALS AND METHODS 

1.  Animals and tissue dissection 

Animals used were CB57/B6 and TG2−/− mice (a kind gift from Robert Graham, Victor 

Chang Cardiovascular Institute, New South Wales, Australia).  All procedures were 

approved by the institutional animal care and use committee at the University Of 

Maryland School Of Medicine and were conducted in compliance with NIH guidelines 

for the care and use of laboratory animals.  Two 3-4 week old mice of each genotype 

were used to dissect sternum (designated as non-hypertrophic cartilage), knee joint 

(designated as ossifying cartilage), skeletal muscle from the limb, aorta, heart, kidney, 

and liver.  Tissues from both animals were pooled together and total RNA was isolated 

by Trizol (Invitrogen) (Detailed description of RNA isolation in Appendix A.1).  

Resulting RNA was DNase digested and cleaned-up with the RNeasy mini kit (Qiagen) 

(Detailed description of DNase digest and RNA clean-up in Appendix A.2) 

2.  Real-Time PCR 

Primers for TGs were designed using NCBI primer design software (List of primers in 

Appendix B.1).  Real-time PCR was run using first-strand synthesized cDNA (Detailed 

description of reverse transcription in Appendix A.3) as a template on a BIORAD CFX96 

Real-Time System. Real-time PCR was run following the manufactures instructions for 

heat activation, amplification and melting curves for 45 cycles (Detailed description of 

real-time PCR in Appendix A.4).  Expression levels were normalized to RLP-19 mRNA 

with anything showing expression after 35 cycles being disregarded for analysis. 
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3.  TG Activity Assay  

Total TG cross-linking activity in mouse tissue was assayed by incorporation of the 

biotinylated pentylamine Ez-link Pentylamine-Biotin (Pierce) into N,N’-Dimethylcasein 

(Sigma-Aldrich) in an ELISA-like assay as previously described (Trigwell et al., 2004).  

96-well microtiter plates (Maxisorp NUNC) were incubated overnight with 250µL of 

1mg/mL N,N’-Dimethylcasein (Sigma-Aldrich) in 5mM Sodium Carbonate (pH 9.8), and 

blocked with 200µL of 0.1% bovine serum albumin (BSA) (HyClone) in 5mM Sodium 

Carbonate (pH 9.8) for one hour at 37°C.  Mouse tissue was lysed and centrifuged and 

TG-containing supernatant was used for further assays (Detailed description of protein 

extraction in Appendix A.5).  Purified guinea pig liver transglutaminase 2 (gplTG2) 

(Sigma-Aldrich) was used as a standard for activity tests.  For inhibitory studies, mouse 

lysates (20µg total protein) or purified gplTG2 (75ng purified protein) were pre-

incubated with 30µM inhibitors for one hour at 37°C.  Reaction was carried out in 

100mM Tris-HCl pH 8.5, 6.7mM CaCl2, 13.3mM DTT and 2.5mM Ez-link Pentylamine-

Biotin (Pierce) for one hour at 37°C.  Incorporated Ez-link Pentylamine-Biotin was 

detected with 1:5000 ExtrAvidin-Peroxidase (Sigma) and Super AquaBlue ELISA 

Substrate (eBioscience) followed by reading the absorbance at 405nm on a Polarstar 

Optima plate reader. 

4.  Data and Statistical Analysis 

Statistical significance was calculated by the student’s T-test (*P ≤ 0.05; **P≤ 0.005) and 

error bars demonstrate the standard error mean. 
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D. RESULTS 

1.  Tissue-specific expression of TG family  

The expression pattern of all catalytic TG enzymes was analyzed in WT mouse 

tissues that were chosen based on previously implicated roles for TG2 in development 

and pathology.  Earlier studies reported expression of these proteins in various cell types 

and tissues; however, to our knowledge comparative analysis of their expression in 

various tissues has been limited.  To examine the relative expression of each TG in the 

various tissues, we compared expression in each tissue to the average expression of that 

TG in all tissues analyzed.  We were unable to detect expression of TG7 and TG4 in any 

of the tissues, in agreement with previous studies identifying restricted expression of TG4 

protein to the prostate (Ho et al., 1992).  Expression of FXIIIa varies between the 

analyzed tissues, with lowest expression of FXIIIa observed in the liver and kidney where 

the regulatory/carrier B subunit of the heterotetrameric plasma coagulation Factor XIII is 

expressed.  Despite FXIIIa’s historical identification as a “plasma” transglutaminase, our 

results combined with previous reports (www.ncbi.nlm.nih.gov/UniGene) demonstrate its 

expression in a vast variety of tissues (Fig. 2.1). 
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Figure 2.1 Tissue-Specific Expression of FXIIIa in WT Mice.  Real-time PCR revealed 
expression in muscle, heart, aorta, sternum and joint.  Levels of expression for each 
enzyme were compared to its average expression in all analyzed tissues.  
 

TG1 and TG3 have both been identified in skin and are known to be required for 

stabilization of the cornified cell envelope in skin (Kuramoto et al., 2002;Candi et al., 

2002).  We, however, also identified expression of these enzymes in skinless-internal 

tissues.  TG1 was identified in the liver, aorta and kidney of mice (Fig 2.2A) and may be 

functioning in these tissues to stabilize adherent junctions, similar to its previously 

proposed role in the lung epithelium, liver, kidney and endothelium of the myocardial 

microvasculature (Hiiragi et al., 1999;Baumgartner et al., 2004).  TG3 was identified in 

the aorta, sternum and kidney (Fig 2.2B); however, the biological role of TG3 in these 

skinless tissues remains largely unknown. 
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Figure 2.2 Tissue-Specific Expression of TG1 and TG3 in WT Mice.  Real-time PCR 
analysis revealed that TG1 was expressed in the liver, aorta and kidney (A), while TG3 
was identified in the liver, aorta, sternum and kidney (B).  Both of these enzymes have 
been correlated with skin maintenance and function. Levels of expression for each 
enzyme were compared to its average expression in all analyzed tissues.  X’s indicating 
no detected expression in respective tissue.  
 

The highest level of TG2 expression was detected in the aorta (Fig. 2.3A), 

correlating with its previously proposed role in vascular remodeling (Bakker et al., 2008). 

Similarly, the highest expression of TG5 was also detected in aorta (Fig. 2.3B). 

Expression of both TG2 and TG5 in the liver was significantly lower than that of the 

other analyzed tissues, while in skeletal muscle and joint, expression of TG5 was 

undetectable (Fig. 2.3B). The tissue-specific expression pattern of TG3 was found to be 
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similar to that of TG2, possibly implicating a common long-range regulatory mechanism 

for these genes localized on the same chromosome (Grenard et al., 2001).   

 

Figure 2.3 Tissue-Specific Expression of TG2 and TG5 in WT Mice.    Real-time PCR 
analysis identified TG2 in the muscle, heart, aorta, sternum, joint and kidney (A), while 
TG5 was identified by the same means in the aorta, sternum and kidney (B).  Both these 
enzymes showed their highest level of expression in the aorta. Levels of expression for 
each enzyme were compared to its average expression in all analyzed tissues. X’s 
indicating no detected expression in respective tissue. 
 

Expression of TG6 was detected in the cardiovascular tissues, heart and aorta, and 

also in the kidney, but absent from skeletal muscle and joint (Fig 2.4), adding new sites 

of expression to the previously described skin, eyes and neurons 

(www.ncbi.nlm.nih.gov/UniGene; Hadjivassiliou et al., 2008).  Thus, TG6 seems to be 

an isoform with a wider distribution than previously believed.  
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Figure 2.4 Tissue-Specific Expression of TG6 in WT Mice.  Real-time PCR revealed 
expression in heart, aorta and kidney.  Levels of expression were compared to its average 
expression in all analyzed tissues. X’s indicating no detected expression in respective 
tissue. 
 

2.  Compensation for TG2 loss in skeletal muscle 

Expression of three TGs was identified in the WT skeletal muscle – with TG2 and 

FXIIIa expressed at relatively high levels and TG1 at much lower levels (Fig. 2.5A).  The 

TG2-specific inhibitor KCC-009 inhibited approximately 60% of the total transamidating 

activity (Table 2.1), attributing 60% of the transamidating activity in the skeletal muscle 

to TG2.  Accordingly, genetic ablation of TG2 resulted in a 60% reduction of total 

transamidating activity in the skeletal muscle (Fig. 2.5B), corresponding to the portion of 

transamidating activity attributed to endogenous TG2.  In agreement with this lack of 

transamidation compensation, expression of TG1 did not change significantly and 

expression of FXIIIa was significantly reduced in the TG2-/- versus WT muscle (Fig. 

2.5C).  This lack of compensation for the loss of TG2-mediated transamidating activity 

by other TGs suggests that TG2-mediated transamidation activity is not crucial for 

muscle formation and function. 
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Figure 2.5 TG Expression and Activity in Mouse Skeletal Muscle.  (A) Real-time PCR 
analysis showing expression of TGs compared to TG2 expression in WT mouse skeletal 
muscle.  (B) TG cross-linking activity assayed by pentylamine-biotin incorporation into 
N,N’-dimethylcasein. Total protein lysates from WT and TG2-/- mouse skeletal muscle 
were used. (C) Real-time PCR analysis showing expression of TGs in TG2-/- mouse 
skeletal muscle compared to WT tissue.  (*P ≤ 0.05; **P≤ 0.005) 
 
 

 

 

Table 2.1 Transamidating Activity and Percent Inhibition by TG2 Inhibitor KCC-009.  
Transamidating activity was measured in tissues ±KCC-009 to determine the contribution 
of TG2 to total transamidating activity. 
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3.  Compensation for TG2 loss in liver 

Similar to muscle, TG1, FXIIIa and TG2, were expressed in the liver (Fig. 2.6A).  

Approximately 80% of total transamidating activity was attributed to TG2 (Table 2.1), 

however the total transamidating activity in the TG2-/- liver was reduced to 42% (Fig. 

2.6B), indicating a possible compensation effect by other TGs.  Expression analysis of 

the TG2-/- liver revealed a 2-fold increase in FXIIIa expression (SEM 0.157, p<0.05) and 

a 1.6-fold increase in TG1 expression (SEM 0.076, p<0.005) (Fig. 2.6C).  No other TGs 

were induced in the TG2-/- liver tissue, suggesting transcriptional compensation for the 

loss of TG2 via increased expression of TG1 and FXIIIa, which are expressed in the WT 

tissue.  Interestingly, the combined activity of TG1 and FXIIIa in the liver constitutes 

approximately 20% of the total transamidating activity, in contrast to their approximately 

40% contribution in skeletal muscle (Table 2.1).  This is accompanied by high levels of 

TG1 expression in the liver (compared to TG2) while FXIIIa expression is comparable in 

these tissues (Figs. 2.5, 2.6).  Two possible explanations can be proposed:  (1) TG1 

and/or FXIIIa, both requiring proteolytic activation, are activated to a higher extent in the 

muscle than the liver or (2) TG2 in the muscle maybe less active than in the liver, 

possibly due to regulation via the Ca2+/GTP binding balance.  The significantly lower 

level of total transamidating activity in the muscle (Table 2.1) favors the latter 

explanation. 
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Figure 2.6 TG Expression and Activity in Mouse Liver Tissue. (A) Real-time PCR 
analysis showing expression of TGs compared to TG2 expression in WT mouse liver. (B) 
TG cross-linking activity assayed by pentylamine-biotin incorporation into N,N’-
dimethylcasein.  Total protein lysates from WT and TG2-/- mouse liver were used. (C) 
Real-time PCR analysis showing expression of TGs in TG2-/- mouse liver compared to 
WT liver tissue.  (*P ≤ 0.05; **P≤ 0.005) 
 

4.  Compensation for TG2 loss in non-hypertrophic cartilage 

In our previous studies, TG2 was shown to regulate the early stages of 

chondrogenic differentiation in mesenchymal cells (Nurminsky et al., 2011).  However, 

cartilaginous tissues in TG2-/- mice have been found to be phenotypically normal, 

suggesting a compensation mechanism by other TGs.  We, therefore, analyzed expression 

of the eight TG enzymes in the sternum cartilage, which is composed of mostly non-

hypertrophic chondrocytes and identified four TGs: TG2, FXIIIa, TG1, and TG3.  

Relative to TG2 expression, FXIIIa was expressed at comparable levels, while TG1 and 

TG3 were expressed at lower levels (Fig. 2.7A).  The TG2 inhibitor KCC-009 

dramatically decreased total transamidating activity in the WT sternum (Table 2.1), 

suggesting that TG2 is the major active enzyme in this tissue.  Unexpectedly, genetic 

ablation of TG2 resulted in a significant 3-fold increase in total TG activity (SEM 0.6, 

p<0.005) (Fig. 2.7B).  However, there was no significant change in FXIIIa expression, a 



 

34 
 

slight down-regulation of TG1 (Fig. 2.7C) and expression of TG3 is reduced to almost 

undetectable levels (data not shown).  These results implicate catalytic rather than 

transcriptional activation of FXIIIa, TG1 and/or TG3 in the TG2-/- cartilage, and present 

an example of functional in contrast to the transcriptional compensation that was 

proposed for liver. 

 

Figure 2.7 TG Expression and Activity in Mouse Non-Hypertrophic Cartilage.  (A) 
Real-time PCR analysis showing expression of TGs compared to TG2 expression in WT 
mouse non-hypertrophic cartilage.  (B) TG cross-linking activity assayed by 
pentylamine-biotin incorporation into N,N’-dimethylcasein. Total protein lysates from 
WT and TG2-/- mouse non-hypertrophic cartilage were used.  (C) Real-time PCR analysis 
showing expression of TGs in TG2-/- mouse non-hypertrophic cartilage compared to WT 
tissue.  (*P ≤ 0.05; **P≤ 0.005) 
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5.  Compensation for TG2 loss in joint/ossifying cartilage 

Differentiating chondrocytes of the growth plate have been shown to express both 

TG2 and FXIIIa (Aeschlimann et al., 1993;Nurminskaya and Linsenmayer, 1996).  Here, 

we analyzed expression of eight TGs in the whole joint, which includes the cartilaginous 

growth plate, articular cartilage, periosteum and secondary ossification center.  All soft 

tissues, including tendon, muscle, ligament, bursa and synovial sac, were carefully 

removed at dissection.  In addition to the previously described expression of TG2 and 

FXIIIa, TG1 was expressed in the joint tissues although at much lower levels (Fig. 2.8A).  

Specific inhibition of TG2 with KCC-009 significantly inhibited (approximately 60% 

inhibition) the transamidase activity in the WT joint tissue (Table 2.1).  However, genetic 

ablation of TG2 had only minor effects on the transamidase activity (Fig. 2.8B), 

indicating that enzymes other than TG2 can support the transamidase activity in the 

skeletal tissues, in agreement with earlier studies (Nurminskaya et al., 1998;Nurminskaya 

and Kaartinen, 2006;Tanaka et al., 2007).  A novel observation of this study was the up-

regulation of TG1 and induction of TG3 expression in the TG2-/- joint (Fig. 2.8C).  In 

addition to the previously demonstrated proteolytic activation of the FXIIIa proenzyme 

(Nurminskaya et al., 1998;Tanaka et al., 2007), TG1 and TG3 may also compensate for 

the loss of TG2 in skeletal tissue.  This finding suggests that even a double TG2/FXIIIa 

knock-out model may be insufficient to delineate the role of the TG-mediated protein 

modifications in skeletal formation. 
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Figure 2.8 TG Expression and Activity in Mouse Joint/Ossifying Cartilage.  (A) Real-
time PCR analysis showing expression of TGs compared to TG2 expression in WT 
mouse joint/ossifying cartilage.  (B) TG cross-linking activity assayed by pentylamine-
biotin incorporation into N,N’-dimethylcasein. Total protein lysates from WT and TG2-/- 
mouse joint/ossifying cartilage were used. (C) Real-time PCR analysis showing 
expression of TGs in TG2-/- mouse joint/ossifying cartilage compared to WT tissue.  (*P 
≤ 0.05; **P≤ 0.005) 
 

6.  Compensation for TG2 loss in cardiovascular tissues 

6.1 Aorta 

High levels of TG2 expression have been detected in the aortic tissues, where 

different cell types express TG2 including endothelial cells, vascular smooth muscle cells 

and fibroblasts of the adventitia (Greenberg et al., 1991).  Additionally, a significant role 
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for TG2 has been implicated in vascular pathologies such as vascular inward remodeling 

(Bakker et al., 2008;Pistea et al., 2008), and medial calcification (Johnson et al., 

2008;Beazley et al., 2012a).  Nevertheless, no phenotypic abnormalities have been 

reported in the developing vasculature of TG2-/- mice.  Endogenous transamidating 

activity in WT aortic tissue was much lower than in any of the other analyzed tissues 

(Table 2.1), and expression analysis revealed dominant expression of TG2, although 

several other TGs were expressed at low levels as well (Fig. 2.9A).  Surprisingly, total 

transamidating activity in the aortic tissue was only slightly inhibited by KCC-009 (Table 

2.1), suggesting that TG2 is mostly present in an inactive (maybe GTP-bound) form in 

the aorta.  However, genetic ablation of TG2 resulted in enhanced total transamidating 

activity (Fig. 2.9B) despite no induction in TG expression (Fig. 2.9C).  Proteolytic 

activation of the pro-enzymes expressed in the TG2-/- aortic tissue offers a credible 

explanation for this observation, but further analysis is needed to elucidate the molecular 

regulation of this effect.  Of note, we did not detect up-regulation of TG5 expression in 

the fresh TG2-/- aortic tissue which has been previously reported in the passaged TG2-/- 

VSMCs and maybe an artifact of cell culture (Johnson et al., 2008). 
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Figure 2.9 TG Expression and Activity in Mouse Aorta.  (A) Real-time PCR analysis 
showing expression of TGs compared to TG2 expression in WT mouse aorta.  (B) TG 
cross-linking activity assayed by pentylamine-biotin incorporation into N,N’-
dimethylcasein.  Total protein lysates from WT and TG2-/- mouse aorta were used.  (C) 
Real-time PCR analysis showing expression of TGs in TG2-/- mouse aorta compared to 
WT tissue.  (*P ≤ 0.05; **P≤ 0.005) 
 

6.2 Heart 

A role for TG2 in heart biology has been suggested by the finding that its activity 

is down-regulated in cardiac failure (Hwang et al., 1996) and by TG2-induced ventricular 

remodeling caused by cardiomyocyte-specific transgenic overexpression of TG2 (Small 

et al., 1999).  In addition to TG2, heart tissue expresses FXIIIa at a level similar to TG2 

along with lower levels of TG1 and TG3 (Fig. 2.10A).  TG2-mediated transamidation 
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contributes to almost 60% of total transamidation activity as determined by KCC-009 

inhibition (Table 2.1).  Nevertheless, in TG2-/- heart tissue total transamidating activity 

remains practically unchanged suggesting compensation by other TGs (Fig. 2.10B).  In 

this tissue, transcriptional compensation by TG3, TG5 and TG6 is suggested by real-time 

PCR analysis (Fig. 2.10C).  Further studies are needed to identify the cellular origin of 

elevated TG3, TG5 and TG6 expression in the TG2-/- hearts.  

 

Figure 2.10 TG Expression and Activity in Mouse Heart Tissue.  (A) Real-time PCR 
analysis showing expression of TGs compared to TG2 expression in WT mouse heart.  
(B) TG cross-linking activity assayed by pentylamine-biotin incorporation into N,N’-
dimethylcasein. Total protein lysates from WT and TG2-/- mouse heart were used. (C) 
Real-time PCR analysis showing expression of TGs in TG2-/- mouse heart compared to 
expression in the WT tissue.  (*P ≤ 0.05; **P≤ 0.005) 
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7.  Compensation for TG2 loss in the kidney 

 TG2 has previously been shown to contribute to extracellular matrix accumulation 

by accelerating matrix deposition of collagens in kidneys (Fisher et al., 2009).  In our 

studies we found TG2 to be the most abundantly expressed TG in the WT kidney 

followed by TG1 and low levels of TG3, TG5, TG6, and FXIIIa (Fig. 2.11A).  In the 

kidney, TG2 contributed to approximately 44% of the transamidase activity as shown by 

KCC-009 inhibition (Table 2.1), with only a 25% reduction in transamidase activity in 

the TG2-/- kidney (Fig. 2.11B).  When examining expression of seven other enzymatic 

TGs we found that TG1 and FXIIIa were significantly up-regulated while TG6 was 

down-regulated (Fig. 2.11C), indicating that TG1 and FXIIIa could be functioning to 

compensate for the decreased transamidating activity in the TG2-/- mice.  However, 

further analysis is required to determine whether compensation is supported by an 

increase in transcription or proteolytic activation of TG1 and FXIIIa. 
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Figure 2.11 TG Expression and Activity in Mouse Kidney Tissue. (A) Real-time PCR 
analysis showing expression of TGs compared to TG2 expression in WT mouse kidney.  
(B) TG cross-linking activity assayed by pentylamine-biotin incorporation into N,N’-
dimethylcasein. Total protein lysates from WT and TG2-/- mouse kidney were used. (C) 
Real-time PCR analysis showing expression of TGs in TG2-/- mouse kidney compared to 
expression in the WT tissue.  (*P ≤ 0.05; **P≤ 0.005) 

 

E. DISCUSSION 

Of the eight catalytically active TGs, TG2 has been the most thoroughly studied 

due to its ubiquitous expression and association with numerous biological processes.  

Further, aberrant activation of TG2 has been associated with multiple pathologies such as 

Alzheimer’s disease (Johnson et al., 1997), Celiacs Disease (Stenberg et al., 2008) and 

Cancer (Chhabra et al., 2009).  This association of TG2 with both normal and 

pathological biological processes makes it critical to understand its underlying 
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mechanisms.  To better understand the role of this enzyme, TG2 mouse knockout models 

were developed.  Interestingly, despite TG2’s association with numerous biological and 

pathological processes, TG2-/- mice showed no severe developmental phenotype.  This 

lack of phenotype in TG2-/- mice was proposed to be due to a compensation mechanism 

between TGs.   

In this study we performed a comparative expression analysis of TGs in several 

tissues from WT and TG2-/- mice to better understand the potential of a compensation 

mechanism.  We determined the total transamidating activity in each tissue and the level 

of contribution by TG2 to the activity and identified the presence of tissue-specific 

compensations mechanisms for the genetic ablation of TG2.  Specifically, we observed 

transcriptional compensation in the liver, heart and kidney and functional compensation 

in the non-hypertrophic cartilage and aorta.  Further, we proposed the presence of both 

transcriptional compensation by TG1 and TG3 and functional compensation by FXIIIa in 

the joint/ossifying cartilage.  Lastly, we did not observe any significant compensation for 

loss of TG2 in the skeletal muscle, suggesting that TG2 is not enzymatically active in this 

tissue.  This preliminary analysis of TG2-/- mice identified potential transcriptional and 

functional compensation; however, further studies are required to better understand the 

underlying mechanisms of compensation. 

In conclusion, our data reveal wide and varying patterns of expression and 

compensation for TGs, implicating an additional level of complexity in the biological 

functions of TGs.  This additional complexity hinders the examination of the in vivo role 

of TG2 in several biological processes, specifically, for our studies on the role of TGs in 

bone formation, a tissue in which transamidating activity was unaffected by genetic 
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ablation of TG2.  Therefore, to examine TGs in vivo role in bone and circumvent this 

complexity an alternative in vivo model needed to be adopted. 
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CHAPTER III: CHARACTERIZATION OF THE 

TRANSGLUATMINASE GENE FAMILY IN ZEBRAFISH AND IN 

VIVO ANALYSIS OF TRANSGLUTAMIANSE-DEPENDENCT 

BONE MINERALIZATION 2 

 

 

A.  ABSTACT  

In this study we characterized protein cross-linking enzyme TG genes in 

zebrafish, Danio rerio, based on analysis of their genomic organization and 

phylogenetics.  We identified thirteen zebrafish TG genes (zTGs), eleven of which 

showed high homology to only three mammalian enzymes - TG1, TG2 and FXIIIa. No 

zebrafish homologues were identified for mammalian TGs 3-7.  Real-time PCR analysis 

demonstrated distinct temporal expression profiles for zTGs in larvae and adult fish.  

Further, analysis by in situ hybridization revealed restricted expression of zTG2b and 

zFXIIIa-87 to skeletal elements, similarly to the observed expression of their mammalian 

homologues in osteo-chondrogenic cells.  Two mammalian TGs, TG2 and FXIIIa, have 

previously been implicated in osteoblast differentiation and bone mineralization in vitro, 

however mouse models lacking either gene show no skeletal phenotype likely due to a 

compensation effect.  Here we examined the in vivo role of zTGs in bone development 

and show that mineralization of newly formed vertebrae is significantly reduced in fish 

grown for 5 days in the presence of TG-specific inhibitor KCC-009.  This treatment 

                                                 
2 CITATION:  Deasey SC, Grichenko O, Du S, Nurminskaya M Amino Acids 2011 
March 42:1065-1075 
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reduced average vertebrae mineralization by 30%, with complete inhibition in some fish, 

and had no effect on overall growth and vertebrae number.  This is the first in vivo 

demonstration of the crucial requirement for the TG-catalyzed cross-linking activity in 

bone mineralization. 

B. INTRODUCTION 

 The comprehensive identification and understanding of both systemic and local 

bone anabolic factors is essential for the development of new therapeutic targets to treat 

bone diseases and fractures.  Previous in vitro studies from ours and other groups have 

demonstrated that enzyme TGs promote osteoblast differentiation and enhance deposition 

of mineralized matrix (Aeschlimann et al., 1993;Nurminskaya et al., 2003).  TGs (R-

glutaminylpeptide: amine γ-glutamyl transferases, EC 2.3.2.13) are multifunctional Ca2+ 

dependent proteins that are crucial for the formation of ε-(γ-glutamyl)-lysine-protein 

cross-links (Lorand and Graham, 2003).   

Two mammalian TGs, TG2 and FXIIIa, have been reported to be up-regulated in 

the osteo-chondrogenic lineage (Aeschlimann et al., 1993;Nurminskaya and 

Linsenmayer, 1996;Borge et al., 1996;Rosenthal et al., 1997;Nurminskaya and 

Linsenmayer, 1996;Summey, Jr. et al., 2002;Al-Jallad et al., 2006).  Both enzymes are 

expressed in pre-hypertrophic and hypertrophic chondrocytes of the growth plate and in 

the “borderline chondrocytes” that are localized to the lateral edges of the growth plate 

(Nurminskaya and Kaartinen, 2006).  These “borderline chondrocytes” are thought to 

regulate the formation of the bony collar (Bianco et al., 1998), suggesting that 

extracellular chondrocyte-derived TGs may mediate the coordination of osteoblast and 

chondrocyte differentiation - a key event in proper bone formation (Karsenty and 
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Wagner, 2002).  This hypothesis has been confirmed in vitro by the ability of TG2 and 

FXIIIa to promote osteoblast differentiation (Nurminskaya et al., 2003;Becker et al., 

2008) and osteoblast-like transformation in vascular smooth muscle cells (Faverman et 

al., 2008).  Despite strong in vitro evidence, genetic ablation of either enzyme shows no 

skeletal phenotype in mouse models (Nanda et al., 2001;Lauer et al., 2002;Koseki-Kuno 

et al., 2003).  A plausible explanation for the discrepancy between in vitro and in vivo 

studies takes into account the functional redundancy between TGs due to a high 

similarity in substrate specificity (Achyuthan et al., 1996), and as a result, there is a 

compensation for loss of each isoform by other TGs in embryonic development.  Our 

studies have shown maintenance of transamidating activity in skeletal tissue of TG2-/- 

mice demonstrating the presence of a compensation mechanism in this tissue (Deasey et 

al., 2013b).    

To overcome complications associated with this compensation mechanism in the 

genetic loss-of-function mammalian models and to obtain insight into the role of TG-

mediated cross-linking in bone formation in vivo, we employed the zebrafish, Danio 

rerio, model for analysis of bone development.  Several physiologic features, such as 

early transparency, short maturation period, and high reproductive capacity, make this 

model ideal for studying developmental processes (Brittijn et al., 2009).  Additionally, 

numerous zebrafish developmental mechanisms, including bone development, share 

common factors with mammalian systems.  Furthermore, the presence of orthologues for 

genes commonly seen in human diseases makes zebrafish especially useful for 

preliminary in vivo drug studies (Brittijn et al., 2009).  However, transglutaminase 

enzymes in zebrafish have not been studied on either a genetic or functional level.  
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In the present study, we analyzed the zebrafish genome for zTG genes, and 

identified thirteen isoforms, eleven of which are highly similar to one of the three human 

TGs (hTGs) - hFXIIIa, hTG2 and hTG1.  Taking into consideration that two of these 

mammalian homologues have been implicated in the regulation of mammal tissue 

calcification, we analyzed regulation of bone formation in zebrafish in which total 

transamidating activity was inhibited during vertebrae mineralization.  Our study 

demonstrates a crucial role for TG-mediated cross-linking in bone calcification in vivo. 

C. MATERIALS AND METHODS 

1.  BLAST Search, Sequence Alignments and Phylogenetic Analysis 

NCBI database of Danio rerio protein sequences was searched with the blastp algorithm 

using the NCBI Blast server. We aligned the sequences with CLUSTAL-W 

(http://www.ebi.ac.uk/Tools/clustalw2) and constructed a phylogenic tree using 

maximum parsimony algorithm with protpars tool in the PHYLIP 3.5 package 

(http://www.es.embnet.org).  We also aligned sequences and constructed a phylogenetic 

tree using the COBALT tool at NCBI (http://www.ncbi.nlm.nih.gov/tools/cobalt). 

Further, we used the phylogeny.fr package (http://www.phylogeny.fr/version2_cgi/ 

index.cgi) for alignment and phylogenetic analyses.  

2.  Embryo Generation and Maintenance 

WT zebrafish were maintained at the zebrafish facility of the Aquaculture Research 

Center, Center of Marine Biotechnology University of Maryland, as previously described 

(Du et al., 2001).  Embryos were obtained from natural mating, staged according to 

morphology or by days post fertilization (dpf), and kept at 28.5°C on a 14 hour light 10 

hour dark cycle.  During inhibitor treatment zebrafish larvae were kept in 6-well plates 
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with 5 fish in 5mL of water per well. Inhibitors were dissolved to a stock concentration of 

10mM in 100% Dimethyl Sulfoxide (DMSO) (Sigma) and added directly to the fish 

water to a final concentration of 30µM. Fish water, supplemented with paramisol and 

inhibitor, was changed once per day.  

3.  Ex vivo Identification of TG Cross-Linking Activity in Zebrafish 

Transglutaminase cross-linking activity in zebrafish was visualized ex vivo by incubation 

with 5mM rhodamine-conjugated synthetic substrate Pro–Val–Lys–Gly (SY2011) (Kim 

et al., 1997) in PBS for 4 hours at 28ºC.  Zebrafish were then washed with PBS and left 

overnight, to allow all unincorporated substrate to diffuse out, at room temperature (RT) 

in PBS.  Zebrafish then were fixed in 4% PFA at RT for 2 hours.  Images were acquired 

by a Leica DMIL FLUO microscope equipped with a SPOT RT slider real-time CCD 

camera (Diagnostic Instruments, Inc.).  

4.  Whole Mount In Situ Hybridization  

A detailed description of the whole mount in situ hybridization protocol is provided in 

Appendix A.6.  Embryos were fixed in 4% PFA and bleached with 3% Hydrogen 

Peroxide in 0.5% Potassium Hydroxide in PBS-T for 15 minutes.  This was followed by 

Proteinase K (Novagen) digestion (10µg/mL) for 30 minutes, second fixation in 4% PFA 

and acetone treatment for 8 minutes at -20ºC. The DIG-labeled antisense RNA probes 

(Detailed description DIG-RNA probe preparation in Appendix A.7) were used at 2ng/µL 

concentration in hybridization buffer.  Hybridized DIG-RNA probes were detected with 

an anti-DIG fab fragments antibody fused to alkaline phosphatase (Roche) at a 1:4000 

dilution followed by colorimetric assay with NBT/BCIP solution (Roche) in the dark for 
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24-72 hours until color developed.  Staining progression was monitored with Nikon 

AZ100 microscope and analyzed with Nikon Elements software. 

5.  Real-Time PCR 

Total RNA was isolated from unfertilized eggs, 4dpf, 13dpf and torso of adult zebrafish 

with Trizol reagent (Invitrogen) (Detailed description of RNA isolation in Appendix A.1) 

and used for first-strand cDNA synthesis (Detailed description of first strand cDNA 

synthesis in Appendix A.3).  Primers for zTGs were designed using NCBI primer design 

software (Table of primers in Appendix B.2).  Real-time PCR was run on a Roche 

LightCycler 480 II following the manufactures instructions for heat activation, 

amplification and melting curves for 45 cycles (Detailed description of real-time PCR in 

Appendix A.8).  Expression levels were normalized to β-actin mRNA.  

6.  TG Activity Assay 

Total TG cross-linking activity in whole fish lysates was assayed by incorporation of the 

biotinylated pentylamine Ez-link Pentylamine-Biotin (Pierce) into N,N’-Dimethylcasein 

(Sigma-Aldrich) in the ELISA-like assay as previously described (Trigwell et al., 2004).  

96-well microtiter plates (Maxisorp NUNC) were incubated overnight with 250µl of 

1mg/mL N,N’-Dimethylcasein (Sigma-Aldrich) in 5mM Sodium Carbonate (pH 9.8), and 

blocked with 200µL of 0.1% bovine serum albumin (BSA) (HyClone) in 5mM Sodium 

Carbonate (pH 9.8) for one hour at 37°C.  Whole 14dpf zebrafish mated larvae were 

lysed (Detailed description of protein lysis in Appendix A.5) centrifuged and TG-

containing supernatant was used for further assays.  Purified gplTG2 (Sigma-Aldrich) 

was used as a standard for activity tests.  For inhibitory studies, zebrafish lysates (20ng 

total protein) or purified gplTG2 (75ng purified protein) were pre-incubated with 100µM 
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inhibitors for one hour at 28°C.  Reaction was carried out in 100mM Tris-HCl pH 8.5, 

6.7mM CaCl2, 13.3mM DTT and 2.5mM Ez-link Pentylamine-Biotin (Pierce) for one 

hour at 37°C.  Incorporated Ez-link Pentylamine-Biotin was detected with 1:5000 

ExtrAvidin-Peroxidase (Sigma) and Super AquaBlue ELISA Substrate (eBioscience) 

followed by reading the absorbance at 405nm on a Polarstar Optima plate reader.  

7.  Calcein Staining of Mineralized Vertebrae 

Protocol was adapted from Du et al., 2001.  Zebrafish were transferred from fish water to 

0.03% Calcein Stain (Sigma) in water, pH 7, and incubated in the dark for 10 minutes at 

RT.  Fish were washed in fish water (0.3g/L aquarium salt) and then transferred into fish 

water and incubated for 10 minutes in the dark at RT.  After incubation zebrafish were 

euthanized with 150mg/L Tricaine (Sigma) and mounted in 3% methyl-cellulose.  Images 

of the fluorescently stained vertebrae were taken 5 minutes after staining to avoid 

bleaching.  Photos were taken with a Leica DMIL FLUO microscope equipped with a 

SPOT RT slider real-time CCD camera (Diagnostic Instruments, Inc.).  Intensity of the 

calcein staining was analyzed for each vertebra with Photoshop. 

8.  Data and Statistical Analysis 

Data was collected and analyzed by both Microsoft Excel and Photoshop.  Statistical 

significance was calculated by the student’s T-test and the error bars demonstrate the 

standard error mean.  

D. RESULTS 

1.  Identification of Zebrafish TG Genes  

To identify zTG genes we analyzed the current version of the NCBI zebrafish 

proteome database by blastp searches.  By using hTG1, hTG2, hTG4, and hFXIIIa 
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protein sequences as queries, we found the same set of fourteen homologous zebrafish 

proteins.  Among these, one protein and corresponding gene LOC793095 initially 

described as a partial TG-homologous sequence was removed from the genome assembly 

as not supported by sufficient evidence.  Consistent with this, we did not detect 

expression of this gene throughout zebrafish development by real-time PCR.  Therefore, 

our analysis identified thirteen zTGs. 

To further clarify phylogenetic relationship between the identified zTGs and 

human TGs (hTGs), we performed multiple alignments of protein sequences and 

constructed phylogenetic trees using the following approaches: (1) TG sequences were 

aligned with CLUSTAL-W and a phylogenetic tree was constructed using maximum 

parsimony algorithm with protpars tool in the PHYLIP 3.5 package, (2) sequence 

alignment and phylogenetic tree construction were done using the COBALT tool at NCBI 

and (3) phylogeny.fr package was used to align the sequences using the MUSCLE tool 

and to employ the maximum likelihood or neighbor-joining algorithm to construct the 

trees and analyze them with bootstrapping (1,000 iterations), or alternatively to use the 

Bayesian tree building algorithm with 1,000 iterations and burnin parameter of 50.  All of 

these approaches resulted in the same tree configuration (a representative Bayesian tree is 

shown in Fig. 3.1A).  We found that five zTGs (LOC’s 793448, 100535918, 555962, 

100334173, and 566581) are strikingly close to each other and hTG1 and probably 

originated by gene amplification after divergence of their common ancestor from hTG1.  

Also, three zTGs (LOC’s 558353, 767742, and 561287) are similar to each other and 

hFXIIIa, this group of zTGs also originated by a relatively recent gene amplification after 

their common ancestor diverged from hFXIIIa.  Further, three zTGs are similar to hTG2.  
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Among these, two genes (LOC’s 323856 and 447909) originated after their common 

ancestor split from hTG2, and the third (LOC559012) is more ancient.  Finally, two zTGs 

have been annotated as zTG2-like (LOC559691) and zTG5 (LOC565984) (Fig. 3.1A).  

However, these zebrafish proteins are similarly distant from all hTGs based on pair wise 

comparisons (Fig. 3.1B) and their association with hTG2 and hTG5 as suggested by 

annotations, or with other hTGs, is not supported by phylogenetic analysis.  Therefore, 

based on this sequence analysis these two zTGs should be considered novel TG isoforms, 

and we refer to these henceforth as zTG-91 and zTG-84.  A list of gene names and gene 

abbreviations is supplied in Table 3.1. 
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Figure 3.1 Phylogenetic Analysis of Zebrafish TGs.  (A) Phylogenetic tree depicting the 
evolutionary relationships among TG genes of Danio rerio and human origin as 
established by the Bayesian tree building algorithm.  Only three out of nine mammalian 
TGs have an overt zebrafish homologue, including TG2, FXIIIa and TG1.  (B) Table 
showing the similarly between the two novel zTGs, LOC559691 TG2-like and 
LOC565984 TG5, and human TGs. 
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Table 3.1 Abbreviations for each of the zTGs in zebrafish. 
 

The chromosomal arrangement of zTG genes (Fig. 3.2A; schematic diagram of 

the chromosomal arrangements of TG genes in human and zebrafish genomes is shown in 

Fig 3.2B) is dramatically different from TGs gene clustering pattern in humans (Grenard 

et al., 2001) where hTG2, hTG3 and hTG6 form a cluster on chromosome 20, hTG5 and 

hTG7 are clustered on chromosome 15, and hTG1, hTG4 and hFXIIIa are present on 

different chromosomes.  In zebrafish, the TG1-like TG genes are located on two 

chromosomes.  The most ancient gene zTG1-81 (LOC566581) is located on chromosome 

2, and the other four genes are located on chromosome 23.  Among these, the two most 

recently diverged genes zTG1-18 (LOC100535918) and zTG1-48 (LOC793448) are 

separated by 1 Mb, and the others are located more distantly (Fig. 3.2A-B).  A similar 

arrangement exists for the FXIIIa-like transglutaminases, where the most ancient gene 

zFXIIIa-87 (LOC561287) is located on chromosome 7 and the two recently diverged 
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genes zFXIIIa-like (LOC558353) and zFXIIIa-42 (LOC767742) are both located on 

chromosome 24 separated by a mere 7 kb.  In contrast, all three zTG2 genes are located 

on different chromosomes with the most ancient zTG2 gene zTG2-12 (LOC559012) 

being located on chromosome 18, and zTG2b (LOC323856) on chromosome 6 versus 

zTG2c (LOC447909) on chromosome 23 despite their recent divergence.  The remaining 

zTG genes that are not closely related to other hTGs, zTG-84 and zTG-91 (LOC565984 

and LOC559691), are located on the opposite ends of chromosome 6.  All zTG genes 

have introns and hence are not likely the products of retrotranspositions.  Thus, the 

expansion of the TG2-like subfamily and initial expansions of the TG1-like and FXIIIa-

like subfamilies in zebrafish may be associated with gene duplications and inter-

chromosomal rearrangements, while further amplification of the FXIIIa-like and TG1-

like genes probably occurred by local gene duplications which in the case of TG1-like 

genes were followed with intra-chromosomal rearrangements.  These findings, and the 

absence of overt TG3, TG4, TG5, TG6 and TG7 homologues in zebrafish, raise a 

possibility that amplification of hTG genes occurred after the evolutionary split between 

these species.  Accordingly, it appears that the expansion of the TG1-like, TG2-like, and 

FXIIIa-like gene families in zebrafish occurred independently during the same time 

period.  
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Figure 3.2 Analysis of Genomic Organization of zTGs.  (A) Chromosomal arrangement 
of zebrafish TG genes.  (B) Color-coded schematic of chromosomal clustering of TGs in 
both human and zebrafish. 
 

2. Expression and Activity of TGs in Zebrafish  

The expression profiles for all identified zTG genes were analyzed by real-time 

PCR in embryonic and adult fish.  Since our study aimed to determine the role of zTGs in 

bone calcification which begins around 5 days post fertilization (dpf) and by 16dpf 

calcification of all vertebrae can be visualized with vital calcein staining (Du et al., 

2001), we analyzed expression of zTGs in 4dpf larvae just before the initiation of 

vertebral calcification, and in 13dpf larvae when most vertebrae have already been 

calcified.  In addition, expression levels for zTG genes were analyzed in adult torso 

representing homeostatic bone.  Expression of each zTG was normalized to the 

housekeeping β-actin gene and compared to unfertilized eggs.  This analysis identified 

five zTGs (zFXIIIa-87, zTG2c, zTG2-12, zTG1-81, and zTG1-73) induced in larvae as 

compared to non-fertilized eggs, but almost completely silenced in adulthood (Fig 3.3A), 
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implicating their involvement in developmental processes.  In contrast, zFXIIIa-53 and 

zFXIIIa-42 are both up-regulated in adult tissue (Fig. 3.3B), suggesting a putative role for 

these enzymes in body homeostasis rather than in growth and development.  A minor role 

in fish growth and development is also suggested for two zTG1 genes - zTG1-62 and 

zTG1-18 - based on their dramatic down-regulation after fertilization (Fig 3.3A).  No 

expression was detected by real-time PCR analysis for zTG1-48 at any stage (data not 

shown), implicating that this locus maybe a silent pseudogene, however more detailed 

studies are required to test this further.  Conversely, novel genes zTG-84 and zTG-91, in 

addition to zTG2b, are almost ubiquitously expressed in zebrafish tissues at all analyzed 

stages (Fig. 3.3B, zTG-84 is not included in the figure because all data in this figure is 

normalized to non-fertilized eggs in which zTG-84 is not expressed), resembling the 

ubiquitous expression of mammalian TG2 enzyme.  The most noticeable distinction 

between these three ubiquitous zTGs is the complete absence of zTG-84 transcript in the 

non-fertilized eggs, suggesting a minimal role in early embryogenesis. 
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Figure 3.3 Expression Patterns of zTGs During Zebrafish Development.  Real-time PCR 
analysis was used to determine zTGs expression pattern.  Whole bodies were used for 
analysis at 4dpf, 13dpf and the torso from adult zebrafish.  Data was normalized to β-
actin and compared to unfertilized eggs.  (A) Real-time PCR showing zTG up-regulated 
genes during development (in 4 and 13dpf zebrafish).  (B) Real-time PCR analysis 
showing the zTG genes that have either little change in expression during development or 
significant up-regulation in adult fish. 
 

3.  Localization of zTG Expression by In Situ Hybridization  

The expression data from the real-time PCR analysis was expanded by in situ 

hybridization studies on 2-3dpf zebrafish.  Although many zTGs were not detectable at 
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these stages by in situ hybridization indicating relatively low levels of expression, 

expression of several genes was observed in a tissue-specific pattern (Fig. 3.4 top panel).  

zTG2c expression was restricted to muscles while zTG1-81 was expressed in the muscle 

and, likely, in the notochord.  Expression of zTG2b was restricted to notochord and 

zFXIIIa-87 was detected in the pectoral fin.  Sense RNA probes were used as negative 

controls (Fig. 3.4 bottom panel).  The identified muscle-specific expression of zTG1-81 

and zTG2c in 2-3dpf fish suggests a role for these enzymes in muscle development.  

While zTG2c has been detected in the muscle even earlier, at 1 dpf fish (ZFIN 

(http://zfin.org/cgi-bin/webdriver?MIval=aa-xpatselect.apg), further analysis is needed to 

investigate in more detail the stage-specific and muscle-type specific expression of 

zTG1-81.  A novel finding of our study is the notochord-specific expression of zTG2b in 

2-3 dpf fish.  Earlier in development, at 1dpf, this gene is ubiquitously expressed 

throughout the embryo (ZFIN (http://zfin.org/cgi-bin/webdriver?MIval=aa-

xpatselect.apg), suggesting that it may be expressed in the progenitor cells which give 

rise to the osteo-chondrogenic lineage.  This pattern of expression corresponds to that 

seen for the TG2 gene in avian mesenchymal limb bud cells (Nurminsky et al., 2011) and 

suggests a role for this enzyme in skeletal formation.  In addition, expression of zFXIIIa-

87 was detected in the developing fins, which are enriched with skeletal elements, 

implicating this enzyme in bone formation.  
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Figure 3.4 Tissue Specific Expression of zTGs in 2-3dpf Zebrafish.  Representative 
images from whole mount in situ hybridization for zTG2b, zFXIIIa-87, zTG2c, and 
zTG1-81 showing the tissue-specific expression patterns for zTGs (top) and the negative 
control with sense probes (bottom).  
 

To determine whether zTGs expressed in the skeletal and muscle tissue are 

enzymatically active, we employed a rhodamine-labeled peptide Pro–Val–Lys–Gly, 

SY2011, which is a substrate for TGs (Kim et al., 1997).  Decapitated fish were 

incubated with 5mM SY2011 for ex vivo incorporation through TG-mediated cross-

linking.  Incorporated peptide was visualized by rhodamine fluorescence to detect tissue 

with active zTGs.  In agreement with the results of in situ hybridization, SY2011 was 

cross-linked into striated muscles of the torso, into periosteal bone of the vertebrae and in 

the in large blood vessels (Fig 3.5).  Together, these results demonstrate the presence of 

enzymatically active zTGs in the developing skeleton of zebrafish justifying this 

organism as a good model to analyze the role of TGs in bone formation.  
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Figure 3.5 zTG Catalytic Activity in Zebrafish Larvae.  Ex Vivo incorporation of 
synthetic rhodamine-labeled synthetic TG peptide substrate Pro-Val-Lys-Gly, SY2011.  
SY2011 was incorporated into zebrafish ossifying vertebrae, blood vessels and muscle. 
 

4.  KCC-009 is a Potent Inhibitor of zTG Cross-Linking Activity in Zebrafish Tissues  

To analyze the role for TG-mediated cross-linking in bone formation, we 

employed a pharmacologic approach to inhibit total catalytic activity of TGs with a small 

molecule inhibitor KCC-009 which inhibits the deamidation step of the cross-linking 

reaction (Choi et al., 2005;Poster et al., 1981).  Using a pentylamine-based activity assay, 

we tested KCC-009’s potency for inhibiting total TG cross-linking activity in total tissue 

lysates from 19dpf zebrafish.  Purified guinea pig liver TG2 was used as a control in 

these studies, which demonstrated the complete inhibition of the TG-mediated cross-

linking in zebrafish tissues (Fig. 3.6).  We also found that KCC-009 was able to inhibit 

protein cross-linking in adult tissue extracts (data not shown), indicating that it can be 

used to study the role of TGs both in fish development and adult tissue homeostasis. 



         

Figure 3.6 KCC-009 Inhibits Total TG Activity in Zebrafish
activity assayed by pentylamine
protein lysates from 14dpf zebrafish were used.
pre-incubated for 1 hour at 28
was used as positive control (*P 
 

In vivo, KCC-009 showed low toxicity in mice and cancer xenografts 

2005;Yuan et al., 2007;Satpathy et al., 2009)

on zebrafish as evident by unaffected viability (Fig. 

3.7B) and standard length (SL) as a reflection of development 

3.7C) in zebrafish treated with 30

before 6dpf.  
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009 Inhibits Total TG Activity in Zebrafish.  In vitro TG cross
activity assayed by pentylamine-biotin incorporation into N,N’-dimethylcasein.
protein lysates from 14dpf zebrafish were used.  To inhibit TG activity, samples were 

incubated for 1 hour at 28°C with KCC-009.  Purified guinea pig liver TG2 (Sigma) 
(*P ≤ 0.05). 

009 showed low toxicity in mice and cancer xenografts 

2005;Yuan et al., 2007;Satpathy et al., 2009).  Similarly, KCC-009 had no toxic effects 

on zebrafish as evident by unaffected viability (Fig. 3.7A), total vertebrae number (Fig 

standard length (SL) as a reflection of development (Parichy et al., 2009)

) in zebrafish treated with 30µM KCC-009 for 5-6 days when treatment was initiated 

 

TG cross-linking 
dimethylcasein.  Total 

samples were 
liver TG2 (Sigma) 

009 showed low toxicity in mice and cancer xenografts (Choi et al., 

009 had no toxic effects 

total vertebrae number (Fig 

(Parichy et al., 2009) (Fig. 

6 days when treatment was initiated 
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Figure 3.7 KCC-009 Shows No Toxicity in Zebrafish. Toxicity of KCC-009 treatment 
was analyzed by comparing the (A) average survival percent, (B) average total vertebrae 
number and (C) standard length in millimeters (Day 0 black bar, Control at 9/10dpf light 
grey bar and KCC-009 treated at 9/10dpf dark grey bar in b and c) for the untreated 
control zebrafish and fish grown for 5-6 days in the presence of 30µM KCC-009. N=9-16 
per time point (*P ≤ 0.05). 
 

5.  In Vivo Inhibition of zTG Activity with KCC-009 Hinders Bone Formation  

In order to analyze the role of TGs in bone formation, we grew zebrafish in the 

continuous presence of 30µM KCC-009 over 5 days starting at 3-5dpf.  Control fish were 

grown in the presence of 0.3% DMSO which served as the vehicle for KCC-009.  Bone 

mineralization was analyzed by in vivo calcein staining (Du et al., 2001).  A 

representative pair of calcein stained vertebrae for both the control and KCC-009 treated 
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zebrafish is shown in Fig. 3.8A, demonstrating the dramatic decrease in vertebrae 

mineralization for the KCC-009 treated group.  Quantitative analysis of calcein staining 

intensity of mineralized vertebrae revealed a significant average decrease of 30% in 

mineralization for KCC-009-treated fish (Fig 3.8B; *p<0.05, n=45), although there was a 

high variation in the degree of KCC-009 induced reduction in vertebrae calcification.  

Due to KCC-009’s potent ability to inhibit the cross-linking activity of all zTGs (Fig 3.6), 

these results suggest that TG-mediated cross-linking plays a critical role in vertebrae 

ossification.  

 

Figure 3.8 Inhibition of TGs Reduces Vertebrae Mineralization. Zebrafish were grown 
for 5-6 days starting at 3-5dpf in the presence of 30µM KCC-009.  (A) Representative 
calcein stained images of zebrafish, Control (top) and KCC-009 (bottom) treated fish, 
KCC-009 treatment started at 3dpf and images taken at 9dpf, shown in grayscale.  (B) 
Average change in calcein staining intensity per vertebra in the presence of KCC-009. 
Intensity of calcein staining for each vertebra was determined with Photoshop.  N=16 fish 
for 5dpf treatment, 9 for 4dpf treatment and 20 for 3dpf experiment. (*P ≤ 0.05) 
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E. DISCUSSION 

In this study, we characterized the zebrafish family of TG genes, Danio rerio.  

We identified thirteen zTG genes homologous to mammalian TGs, of which five are 

homologous to hTG1, three are homologous to hTG2 and three show homology to 

hFXIIIa, as revealed by phylogenic analysis.  Two zebrafish TGs show little similarity to 

any hTGs and have therefore been classified as novel TGs with the names zTG-84 and 

zTG-91, in spite of previous annotations for these genes as homologues of hTG5 and 

hTG2.   

The expression pattern of zTGs analyzed at 4dpf, 13dpf and in adult fish by real-

time PCR shows ubiquitous expression of zTG-84, zTG-91and zTG2b genes, resembling 

the ubiquitous expression of mammalian TG2 enzyme, which is implicated in many 

biological processes including bone formation.  In addition, zFXIIIa-87, zTG2c, zTG1-

81, zTG1-73, and zTG2-12 are up-regulated during stages of development that are 

significant to bone mineralization, implicating a potential role in bone development.  Our 

data from in situ hybridization further supports this hypothesis by demonstrating the 

notochord-specific expression of zTGb, restricted expression of zFXIIIa-87 to the 

pectoral fins and presence of zTG1-81 RNA in the notochord.  In contrast, mRNA for 

zTG2c was identified only in skeletal muscle in agreement with earlier studies (Thisse et 

al., 2004) and supporting specificity of this analysis.  Although RNAs for several zTGs 

were not detected by in situ hybridization in this study, likely due to low levels of their 

expression, the data obtained clearly demonstrates expression of TG2 and FXIIIa genes 

in the skeletal tissues.  Mammalian homologues of these genes have been implicated as 
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potent regulators of osteoblast differentiation in vitro (Nurminskaya et al., 2003;Becker et 

al., 2008), supporting a notion that TGs may also regulate bone development in vivo.   

The original finding of this study is the demonstrated reduction in vertebrae 

mineralization in zebrafish grown in the presence of KCC-009, a TG-specific irreversible 

acivicin-derived inhibitor.  No signs of general toxicity were observed in zebrafish grown 

from 3-4dpf until 9-10dpf in KCC-009-treated water, suggesting that tissue-specific 

inhibition of TG-mediated cross-linking in the skeleton underlies this effect.  Our initial 

in situ hybridization analysis on 2-3dpf fish identified expression of three zTG genes in 

skeletal tissues - zTG2b, zFXIIIa-87 and zTG1-81.  However, other zTGs may also be 

expressed in mineralizing bone later in development, and this should be studied in more 

detail for comprehensive understanding of the molecular control of tissue calcification.  

Although the demonstrated importance of zTG activity in vertebrae mineralization is an 

important contribution towards this goal, the weak selectivity of KCC-009 toward 

individual zTGs is a limitation of this study.  The KCC-009 compound efficiently inhibits 

total TG activity in zebrafish lysates in which expression of at least nine isogenes have 

been identified at each analyzed stage of growth.  This precludes identification of 

individual zTG roles in the regulation of bone calcification.  Further genetic studies could 

prove advantageous as they may allow for identification of individual zTG roles in this 

process; however, it is possible that a compensation mechanism may occur in zebrafish 

similarly to mice making genetic studies impracticable.  

Comprehensive understanding of the molecular mechanisms that govern 

osteoblast maturation and calcification of bone matrix is crucial to develop novel 

therapeutics for bone disease.  Bone tissue homeostasis requires a delicate balance 
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between bone formation by osteoblasts and bone resorption by osteoclasts, which is 

disrupted in osteoporosis.  The current approach to treatment for osteoporosis relies on 

anti-resorptive agents to inhibit osteoclast function but do not restore bone mass (Rawadi, 

2008).  This study provides in vivo evidence for the critical role of TG-mediated cross-

linking in bone mineralization, which could lead to a new therapeutic target in 

osteoporosis and other bone diseases.  Furthermore, this study demonstrates the value of 

the zebrafish model for in vivo analysis of the multiple biological roles of 

transglutaminases proposed by in vitro or correlative studies, including various 

developmental processes and disorders such as neurodegenerative, skin and ocular 

pathologies as well as cancer (Mione and Trede, 2010). 
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CHAPTER IV: TRANSGLUTAMINASE ACTIVITY IN THE 
REGENERATIVE BLASTEMA CONTRIBUTES TO BONE 

REGENERATION IN THE ZEBRAFISH CAUDAL FIN  

 

 

A.  ABSTACT  

Examination of bone regeneration in model organisms may unveil underlying 

mechanisms to target and stimulate regeneration of human bone.  Lower vertebrate 

models, such as zebrafish, are able to regenerate numerous tissues, including bone.  In 

this study we utilized the zebrafish model of caudal fin regeneration to examine the role 

of enzyme transglutaminases, which have been shown to regulate osteogenesis in vitro. 

TG-mediated cross-linking activity continuously associates with regenerative blastema.  

Upon treatment of regenerating zebrafish with a competitive TG inhibitor, cystamine, a 

significant 60% reduction in the formation of regenerated mineralized bone rays was 

observed that associated with reduced deposition of collagen type I. In addition, TG 

inhibition attenuated activation of the canonical β-catenin signaling axis in the 

regenerative blastema. Through real-time PCR analysis, we identified two zTGs that are 

dramatically induced in a subset of mesenchymal-like precursor cells during fin 

regeneration, zTG2b and zFXIIIa-87 (showing 11- and 28-fold induction respectively).  

These data identify TGs as novel regulators of bone regeneration in addition to their 

evolutionary conservative role in matrix mineralization. 
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B.  INTRODUCTION 

Upon injury mammalian tissues respond by one of two mechanisms, repair or 

regeneration.  Select human tissues maintain a regenerative capability (e.g. Liver); 

however the majority of tissues lack this ability and heal via repair, resulting in tissue 

scarring (Poss et al., 2003).  Due to this less than ideal repair process, interest in 

understanding tissue regeneration has arisen in the hope of unveiling mechanisms to 

target and stimulate regeneration in human tissues.  Interestingly, lower vertebrate animal 

models have a remarkable regenerative capacity of various tissues such as the heart, 

appendages and eyes and have therefore been utilized for studies examining regenerative 

mechanisms (Brockes and Kumar, 2005;Brockes et al., 2001;Sanchez, 2000;Poss et al., 

2003). 

In this study we examined bone regeneration in the caudal fin of zebrafish, Danio 

rerio, the most commonly studied regenerative tissue due to its easy access for 

amputation, relatively simple and symmetric structure and amputation having little to no 

effect on zebrafish survival (Poss et al., 2003).  The caudal fin is composed of blood 

vessels, nerves, pigment cells, mesenchymal-like cells that reside in the intra-ray area of 

the bony fin rays, referred to as lepidotrichia; all of which are encased by a typical 

epidermis (Becerra et al., 1983).  Lepidotrichia lack skeletal muscle and form via 

intramembranous ossification in which bone forms by direct mineralization of the matrix 

(Landis and Geraudie, 1990).  Regeneration of the caudal fin occurs via three major 

phases: wound healing, blastema formation that involves disorganization and migration 

of mesenchymal tissue, and lastly regenerative outgrowth. 
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The blastema, a mass of proliferative undifferentiated cells, provides progenitor 

cells for newly regenerating tissues in the fin. Two cell types contribute to the formation 

of newly regenerated bone including the intra-ray mesenchymal-like cells and 

differentiated osteoblasts of the mature bone, which undergo de-differentiation and 

migrate to the amputation site (Knopf et al., 2011;Sousa et al., 2011).  Remarkably, 

ablation of osteoblasts from caudal fins prior-to amputation has no detrimental effects on 

regeneration demonstrating that intra-ray mesenchymal-like cells, which re-enter the cell 

cycle and migrate towards the regeneration area upon amputation, contain precursors 

required to maintain proper bone formation during fin regeneration  (Singh et al., 2012).  

However, the precise molecular mechanisms supporting bone regeneration in caudal fins 

remains largely unknown. 

Diverse factors regulate osteogenic cell differentiation. Among these are enzymes 

from the TG which are Ca2+ dependent proteins frequently associated with numerous 

biological processes and diseases (Lorand and Graham, 2003;Nurminskaya and Belkin, 

2012).  Two mammalian TGs, TG2 and FXIIIa, are linked to bone formation due to their 

expression pattern in osteo-chondrogenic tissues (Aeschlimann et al., 1993;Nurminskaya 

and Linsenmayer, 1996;Nurminskaya et al., 2002;Summey, Jr. et al., 2002;Al-Jallad et 

al., 2006) and ability to promote osteoblast differentiation in vitro (Nurminskaya et al., 

2003;Becker et al., 2008).  In a previous study, we characterized zTGs and identified 

significant homology of eleven zTG genes with three mammalian TGs, TG1, TG2 or 

FXIIIa (Deasey et al., 2011).  Expression of zTG2b, zFXIIIa-87, and zTG1-81 was 

shown to localize to skeletal progenitors at 2dpf suggesting their role in bone formation.  

Since many genes are similarly involved in development and regeneration (Poleo et al., 
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2001), we postulate that zTGs may also have a role in bone regeneration.  Further, we 

investigated whether zTGs regulate bone regeneration via activation of β-catenin and/or 

hedgehog signaling pathways, which have been implicated in zebrafish caudal fin 

regeneration (Stoick-Cooper et al., 2007;Quint et al., 2002) and shown to be regulated by 

TG2 in mammalian cells (Deasey et al., 2013a). 

C.  MATERIALS AND METHODS 

1.  Zebrafish Caudal Fin Amputation 

WT zebrafish were maintained in fish water (distilled water supplemented with 0.03% 

Instant Ocean Sea Salts) at 28°C at the Aquaculture Research Center, Center of Marine 

Biotechnology University of Maryland.  Adult zebrafish were anesthetized with a 

150mg/L Tricaine solution as previously described (ZFIN (http://zfin.org/cgi-

bin/webdriver?MIval=aa-xpatselect.apg).  The caudal fin was amputated at a point half 

way between the end of the scales and the tip of the fin.  Post-amputation the fish were 

returned to tanks with plain fish water or supplemented with 178 µM Cystamine (Sigma) 

where they regenerated at 28°C for the indicated period of time.  The therapeutically 

relevant dosage of cystamine in humans is from 10mg/kg - 70 mg/kg with the optimal dosage 

being from 20 mg/kg - 40 mg/kg (Dubinsky and Gray, 2006).  As the average adult weighs 

approximately 70kg, the average adult is receiving 1400mg of cystamine/treatment.  To 

apply this clinical dosage to zebrafish, we found that the average 70kg adult’s volume is 

approximately 70L and indicating that the therapeutic range is 20 mg/L - 40 mg/L and we 

chose to treat the zebrafish at 40 mg/L.  They were then left to regenerate at 28ºC for the 

indicated period of time. 
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2.  Real-Time PCR 

Total RNA was isolated from mature fins and the regenerating area of amputated 

zebrafish fins with Trizol reagent (Invitrogen) (Detailed description of RNA isolation in 

Appendix A.1-2) and used for first-strand cDNA synthesis (Detailed description of 

reverse transcription in Appendix A.3).  Primers for zTGs were designed using NCBI 

primer design software (Table of primers in Appendix B.2).  Real-time PCR was run on a 

BioRad CFX96 Thermal Cycler following the manufactures instructions for heat 

activation, amplification and melting curves for 45 cycles (Detailed description in 

Appendix A.4).  Expression levels were normalized to the average of two housekeeping 

genes, β-actin and EFα1. 

3.  In Situ Hybridization 

Tissue was fixed in RNase free 4% paraformaldehyde overnight at 4°C, cryo-protected in 

30% sucrose and frozen in OCT (Tissue-Tek).  Tissue was cut on a cryostat, 10µm thick 

sections were air-dried at 37°C for 30mins and then rehydrated in PBS and incubated in 

PBS-T for 4 minutes.  This was followed by Proteinase K (Novagen) digestion 

(0.05mg/ml) in PK Buffer (50mM Tris-HCl, pH 8.0, 10mM NaCl, 10mM EDTA) for 4 

minutes followed by two washes in PBS and DEPC-water.  DIG-labeled antisense RNA 

probes (Detailed description of probe preparation in Appendix A.7) were applied to the 

slides at 1µg/mL concentration in hybridization buffer (50% formamide, 5X SSC buffer, 

0.1% Tween-20, 50µg/mL heparin and 500µg/mL tRNA; pH 6.0 with citric acid) and left 

overnight at 55°C; the next day non-specific staining was blocked with 1% DIG blocking 

solution (Roche) in Tris buffer (0.1M Tris-HCl pH7.5, 0.15M NaCl) for 30 minutes at 

37°C.  Hybridized DIG-RNA was detected with an anti-DIG fab fragments antibody 
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fused to alkaline phosphatase (Roche) at a 1:1000 dilution followed by colorimetric assay 

with NBT/BCIP solution (Roche) in the dark for 48-72 hours until color developed.  

Staining progression was monitored with a Leica DMIL FLUO microscope equipped 

with a SPOT RT slider real-time CCD camera (Diagnostic Instruments, Inc.).  To identify 

tissue morphology, slides were counterstained with nuclear fast red for 5min, washed 

with distilled water for 5min and cover-slipped with permount (Ameresco). A detailed 

description of in situ hybridization and nuclear fast red counterstaining protocols is in 

Appendix A.9. 

4.  In Vivo Detection of TG Cross-Linking Activity in Zebrafish 

Transglutaminase cross-linking activity in zebrafish fins was visualized by incubating 

live fish in 5mM rhodamine-conjugated synthetic substrate Pro–Val–Lys–Gly, SY2011 

(Kim et al., 1997) for four hours at 28ºC.  Fish were then washed in fish water for one 

hour, to allow all unincorporated substrate to diffuse out.  Fish were anesthetized by 

150mg/L Tricaine and SY2011 incorporation was visualized in live fish on a Leica DMIL 

FLUO microscope equipped with a SPOT RT slider real-time CCD camera (Diagnostic 

Instruments, Inc.). 

Tissue was fixed in 4% PFA for 2 hours at RT and cryo-protected in 20% sucrose-PBS 

solution at 4°C overnight.  Tissue was then embedded in OCT freezing medium 

(TissueTek) and frozen in liquid nitrogen and stored at -80°C.  Sections of tissue were cut 

at -22°C into 10µm sections with a cryostat on SuperFrost Plus slides, images were 

acquired by a Leica DMIL FLUO microscope equipped with a SPOT RT slider real-time 

CCD camera (Diagnostic Instruments, Inc.). 
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5.  Histological Analysis 

Bone formation in regenerating fins was analyzed by Alizarin Red and Von Kossa 

Staining.  Caudal fins were fixed in 4% PFA for 2 hours at RT.  For alizarin red staining 

fins were incubated in 70% EtOH for 24 hours at RT, followed by staining with Alizarin 

Red S dye (Ameresco) solution (12mg/L in 1% Potassium Hydroxide) for 24 hours at 

RT.  Fins were cleared in a 70% EtOH/Glycerol solution (1:1) until the desired level of 

clearing was achieved.  For von kossa staining, sections of tissue were cut at -22°C into 

10µm sections with a cryostat on SuperFrost Plus slides and stored at -80°C.  Sections 

were warmed to RT and re-hydrated in distilled water.  They were then moved into a 

coplin jar containing 5% silver solution (2g silver nitrate in 40mL distilled water) and 

placed under a strong desk lamp for 20min.  They were then rinsed 3x’s in distilled water 

and silver was precipitated with 5% sodium thiosulfate (2g sodium thiosulfate in 40mL 

distilled water) for 5 minutes.  Slides were washed in tap water for 5 minutes and rinsed 

quickly in distilled water.  Sections were counterstained with nuclear fast red for 5 

minutes and this was followed with a 5 minute wash in distilled water.  Slides were 

cover-slipped with permount (Ameresco).  Images were captured with a Leica DMIL 

FLUO microscope equipped with a SPOT RT slider real-time CCD camera (Diagnostic 

Instruments, Inc.) 

6.  Immunocytochemistry 

Cryostat sections of caudal fins were rehydrated in PBS, permeabilized with methanol at 

-20°C for 10 minutes and quenched with 50mM Glycine in PBS for 10 minutes at RT.  

Non-specific binding was blocked with 5% goat serum (β-catenin) or 5% BSA (Collagen 

I and Zns5) for one hour at RT, followed by incubation with primary antibody (rabbit 
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anti-β-catenin 1:80 (Santa Cruz Biotechnology); rabbit anti-Collagen I 1:300 (Abcam); 

mouse anti-Zns5 1:200 (ZIRC)) overnight at 4°C in 1% goat serum (β-catenin) or 1% 

BSA (Collagen I and Zns5) in PBS.  Secondary antibody (Dylight-549-Conjugated goat 

anti-rabbit, 1:400 (Jackson ImmunoResearch); Alexaflour-555-Conjugated goat anti-

mouse (Invitrogen)) was incubated for 1 ½ hours at RT; nuclei were stained with TO-

PRO3 Iodide (Invitrogen) or DAPI Fluoromount-G (SouthernBiotech). β-catenin staining 

was examined via confocal microscopy using a Leica LM50 laser scanning microscope 

and detector.  Collagen I and Zns5 staining were visualized Leica DMIL FLUO 

microscope equipped with a SPOT RT slider real-time CCD camera (Diagnostic 

Instruments, Inc.). 

7.  Data and Statistical Analysis 

Data was collected and analyzed by both Microsoft Excel and Photoshop.  Statistical 

significance was calculated by the student’s t-test and the error bars demonstrate the 

standard error mean.  Localization of β-catenin protein was scored by a count of one 

intra-ray field per fin (at least 20 cells per field) for each treatment condition.  Photoshop 

was used to quantify the level of β-catenin staining per each cell in no amputation control 

fins (baseline of β-catenin activity), untreated and cystamine treated 5dpf fins.    

D. RESULTS 

1.  zTG Expression During Fin Regeneration  

zTG expression was analyzed by real-time PCR of fin tissue collected from both 

control fish that did not undergo amputation (0dpa), and the three phases of fin 

regeneration:  mesenchymal disorganization and migration (1dpa), blastema formation 

(2dpa), and regenerative outgrowth (4dpa).  At 1dpa, expression of zTG1-18, zTG-91, 



 

76 
 

zTG-84, and zTG1-81 were significantly induced by approximately 15- (p≤0.05), 9- 

(p≤0.00005), 3- (p≤0.0005), and 2.5-fold (p≤0.0005) respectively (Table 4.1).  

Expression of zTG-84 and zTG1-18 remained elevated at 4dpa compared to mRNA 

levels at 1dpa (with no significant changes detected), while zTG-91 and zTG-81 were 

rapidly down-regulated at 2dpa and even further at 4dpa (Figure 4.1A).  Expression of 

zTG1-62, zTG2-12 and zTG1-73 did not significantly change at 1 dpa (Table 4.1) but 

showed a modest induction of zTG1-62 and zTG2-12 and a slight down-regulation of 

zTG1-73 by 4dpa (Fig. 4.1B). 

In contrast, expression of zFXIIIa-87 and zTG2b mRNAs was dramatically 

reduced during mesenchymal disorganization and migration (about 10 and 5-fold 

respectively, p≤0.00005) (Table 4.1).  However, both genes were significantly induced by 

approximately 28- and 11-fold respectively (p≤0.05) during the regenerative outgrowth 

phase (4dpa) (Fig. 4.1C).  This pattern of expression suggests an association with 

osteoblast maturation and bone mineralization in analogy with the reported in vitro 

activities of mammalian homologues, TG2 and FXIIIa (Nurminskaya et al., 2003;Al-

Jallad et al., 2011), prompting further analysis on their potential role(s) in bone 

regeneration. 
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Table 4.1 zTG Expression at 1dpa Compared to a No Amputation Control.  Real-time 
PCR analysis was used to determine the zTG expression levels at 1dpa.  RNA was 
extracted from fins at 0dpa and 1dpa.  Data was normalized to the average of two 
housekeeping genes, β-actin and EFα-1 and is presented as a fold change in expression 
compared to expression in no amputation control (0dpa).  N=3. 
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Figure 4.1 zTG Expression Pattern During Zebrafish Fin Regeneration.  Real-time PCR 
analysis was used to determine the expression pattern of zTGs during fin regeneration.  
RNA was extracted from the regeneration area of fins at three time-points: 1dpa, 2dpa, 
and 4dpa.   Data was normalized to the average of two housekeeping genes, β-actin and 
EFα-1 and is presented as a fold change in expression compared to expression at 1dpa.  
(A) zTGs that are down-regulated or are un-changed at 2dpa and 4dpa, (B) zTGs that 
show no substantial change at 2dpa and 4dpa and (C) zTGs that are substantially up-
regulated at 4dpa (n=3, *p≤0.05, **p≤0.005). 
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2.  Localization of zFXIIIa-87 and zTG2b mRNA in Mature and Regenerating Caudal 

Fins 

The proliferative intra-ray blastema in the outgrowth region is believed to support 

bone regeneration (Smith et al., 2006).  To determine whether expression of zFXIIIa-87 

and zTG2b corresponds to this tissue we employed in situ hybridization.  Localization of 

zFXIIIa-87 and zTG2b mRNAs was examined on longitudinal sections from three 

different fin areas (diagramed in Fig. 4.2A):  mineralized bone rays in no-amputation 

control fish (section 1) and 4dpa regenerating fins in the newly formed bone rays above 

the amputation plane (section 2) and mineralized bone below the amputation plane 

(section 3).  Low intensity staining for zFXIIIa-87 mRNA was observed in cells of the 

intra-ray area of no-amputation control fish (Fig. 4.2B, section 1, black arrow).  In 

contrast, a significant induction of zFXIIIa-87 expression was observed in the intra-ray 

mesenchyme both above and below the amputation plane in 4dpa regenerating fins (Fig. 

4.2B, section 2-3, black arrows).  A similar pattern of gene expression was also detected 

for zTG2b, although its induction was more restricted to the proliferative blastema of the 

newly regenerating bony rays (Fig. 4.2C, section 2, black arrow).  
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Figure 4.2 Expression of zFXIIIa-87 and zTG2b Localizes to the Regenerative Blastema 
in Zebrafish Fins. (A) Schematic outlining the process of fin regeneration and cellular 
composition of fins at 0dpa and 4dpa.  Representative (B) zFXIIIa-87 and (C) zTG2b in 
situ hybridization for both antisense and sense probes as indicated in figure on 
longitudinal sections.  Three fin zones were examined: (1) no-amputation control, (2) 
above the amputation plane at 4dpa and (3) below the amputation plane at 4dpa.  Black 
arrows highlight the area of positive and specific staining. 
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Increased expression of zFXIIIa-87 and zTG2b in the intra-ray proliferative 

blastema (Fig. 4.2B-C, section 2) compared to the mesenchyme of mature bone below the 

amputation plane (Fig. 4.2B-C, section 3) was further confirmed by in situ hybridization 

on tissue cross-sections from above and below the amputation plane (Fig. 4.3A).  

Interestingly, only a subset of the mesenchymal cells are zTG-positive and these cells are 

mixed with zTG-negative cells in the intra-ray space of the bones as revealed by 

counterstaining with nuclear fast red (Fig. 4.3B). 

 

Figure 4.3 Expression of zFXIIIa-87 and zTG2b Localizes to the Regenerative Blastema 
in Zebrafish Fins.  (A) Diagram of fin cross-sections (top panel).  Representative 
zFXIIIa-87 and zTG2b in situ hybridization on cross-sections of 4dpa fins above the 
amputation plane (section 1) and below the amputation plane (section 2) (bottom panel).  
Black squares highlighting area examined by higher magnification in B.  (B) Nuclear fast 
red counterstaining shows expression of either zFXIIIa-87 or zTG2b (white outline) in a 
subset of regenerative mesenchymal cells interspersed with cells not expressing TGs 
(black outline). 
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3.  In Vivo zTG Activity in the Regenerating Caudal Fin 

To examine whether increased gene expression of zTG2b and zFXIIIa-87 

associates with elevated cross-linking activity in the intra-ray zone of regenerating bone 

rays, zTG activity was visualized by in vivo incorporation of a rhodamine labeled TG-

peptide substrate, SY2011 (Kim et al., 1997).  Regenerating zebrafish were incubated 

with SY2011 for 4 hours and incubated in fresh water for 1 hour to wash out the non-

incorporated peptide, followed by fluorescent imaging at 1dpa, 2dpa, 3dpa, and 5dpa.  

The zone of zTG activity identified by incorporation of the rhodamine label into fin tissue 

corresponded to the newly forming blastema at 1dpa (Fig. 4.4A, left panel, black arrow), 

and remained associated with the regenerative blastema during the progression of fin 

regeneration (Fig. 4.4A).  At 5dpa, substantial zTG activity was detected in the blastema 

of the regenerating fin and also in some cells of the epidermis (Fig. 4.4B, top panel, black 

arrows).  In the newly regenerated bones visually identified by the thick layers of 

extracellular matrix, the major zTG activity was detected in the intra-ray mesenchyme 

with limited SY2011 incorporation in the area between the rays (Fig. 4.4B, middle panel, 

black arrows), likely corresponding to blood vessels as erythrocytes have high levels of 

TG activity (Lorand et al., 1976).  Lastly, in fin tissue below the amputation plane, 

limited SY2011 incorporation was detected outside the bone rays likely in the blood 

vessels (Fig. 4.4B, bottom panel, black arrows).  Together these results demonstrate 

localization of zTG activity to the proliferative blastema of regenerating fins and suggest 

a role for zTGs in both formation and function of the blastema.   
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Figure 4.4 zTG Activity in Regenerating Zebrafish Fins. (A) In vivo labeling of 
regenerating zebrafish fins with rhodamine-labeled TG substrate (SY2011) imaged with 
fluorescent Leica microscope at 1dpa, 2dpa, 3dpa, and 5dpa.  (B) Schematic of cross-
sections taken from 5dpa regenerating adult zebrafish fins (left) and fluorescent images of 
a representative cross-sectioned 4dpa ray labeled with SY2011 (right). 
 

4.  Cystamine Treatment Impedes Bone Regeneration 

To determine whether enzymatically active zTGs contribute to bone regeneration, 

zebrafish were treated from 0dpa-5dpa with a general competitive inhibitor of 

transglutaminase-mediated cross-linking, cystamine.  At 5dpa regeneration is 

approximately 50% complete and sufficient bone regeneration has occurred to allow for 

visualization and quantification of a potential effect of zTG inhibition on this process.  
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We first examined the effect of this treatment on SY2011 incorporation as a measure of 

zTG inhibition and found that cystamine treated fish showed an almost complete 

inhibition of zTG activity in regenerating 5dpa fins (Fig. 4.5A).  

To examine how zTG inhibition affects bone regeneration we examined the 

progression of bone mineralization, an end marker for bone formation/regeneration.  

Specifically, control and cystamine treated fins were stained with alizarin red, which 

binds calcium and is commonly used to identify mineralizing bone.  Inhibition of zTG 

with a clinically-relevant dose of cystamine caused a noticeable decrease in bone 

regeneration (Fig. 4.5B).   Quantitative comparison of the distance from the amputation 

plane (dashed line in Fig. 4.5B) to the end of Alizarin-stained mineralized bone in 

untreated (solid line in Fig. 4.5B) and cystamine treated fish (dotted line in Fig. 4.5B) 

revealed an approximate 60% reduction in regenerative bone outgrowth in zTG inhibited 

fish (Fig. 4.5C, p≤0.005, n=12).  However, overall regenerative outgrowth of the fins was 

not affected by zTG inhibition (Fig. 4.5D), suggesting a specific role for zTG activity in 

bone regeneration.  
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Figure 4.5 Cystamine Treatment Impedes Bone Formation in Regenerating Fins. (A) 
Cystamine treatment inhibits zTG catalytic activity as demonstrated by reduced SY2011 
incorporation.  (B) Representative image of regenerating fins stained with Alizarin red.  
Dashed line indicates the plane of amputation, dotted line indicates the bone outgrowth 
for cystamine treated fins and solid line indicates the bone outgrowth for control fins.  (C-
D) The length of regenerated bone (C), measured from the amputation plane to the end of 
the zone of Alizarin red staining, and total regenerative outgrowth (D), measured from 
the amputation plane to the top of the fin, were measured in untreated control and 
cystamine-treated fish. Control fins were set to 100% (n=12, **p≤0.005, N.S.= not 
significant). 
 

Alizarin red is commonly used as a bone stain due to its ability to bind the intra- 

and extracellular calcium that is high in mature bone; however, detection of calcium 

phosphate characteristic for the extracellular bone matrix requires Von Kossa stain.  

Histological analysis with Von Kossa stain revealed an almost complete prevention of 
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calcium phosphate deposition in fish regenerating in the presence of TG inhibitor (Fig. 

4.6A, left panel, black arrows point to calcified bone tissue in the newly-regenerated fin).  

We next examined the expression of osteoblast markers Zns5 and type I Collagen 

(Col I) by immunohistochemistry.  No change in expression of  Zns5, an osteoblast-

specific marker (Johnson and Weston, 1995), was detected between control untreated and 

cystamine-treated fish (Fig. 4.6A, middle panel, white arrows), indicating that zTG 

inhibition has no effect on osteoblast commitment and early differentiation.  On the 

contrary, there was a dramatic decrease in Col I staining in cystamine treated fins above 

the amputation plane compared to control untreated fish (Fig. 4.6A, right panel, white 

arrows).  This observed decrease indicates that zTG inhibition affects the ability of 

osteoblasts to lay down Col I - the major extracellular bone protein (McKee et al., 2006).  

To determine whether zTG inhibition affected Col I deposition by inhibiting Col I gene 

expression, we performed real-time PCR for both control untreated and cystamine treated 

fins and found that cystamine treatment has no effect on Col I mRNA expression (Fig. 

4.6B). 
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Figure 4.6 Cystamine Treatment Impedes Bone Formation and Type-I Collagen 
Deposition in Regenerating Caudal Fins.  (A) Representative images of longitudinal 
sections of 5dpa fins stained with Von Kossa (left panel), Zns5 (middle panel) antibody 
or Col I (right panel) antibody to monitor the effect on bone regeneration.   Arrows 
highlight areas of positive staining above the amputation plane (dotted line).  (B) Real-
time PCR performed on RNA extracted from 5dpa fins ±Cystamine for Col I expression.  
Data was compared to untreated control fins and normalized to the average of two house-
keeping genes, β-actin and EFα-1 (n=3, N.S. = not significant). 
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5.  zTG Inhibition Effects Canonical β-Catenin Signaling in Regenerating Fins 

To further understand the role of zTGs in bone regeneration we investigated their 

potential molecular mechanism of action.  Previous studies have shown that TGs activate 

various signaling pathways (Nurminskaya and Belkin, 2012) including hedgehog and 

canonical β-catenin pathways (Beazley et al., 2012b;Faverman et al., 2008;Dierker et al., 

2009), which are both necessary for bone formation and homeostasis (Chen et al., 

2007;Kim et al., 2007;Mak et al., 2008;St-Jacques et al., 1999).  Further, activation of 

these signaling pathways has been associated with proper zebrafish fin regeneration 

(Stoick-Cooper et al., 2007;Quint et al., 2002).  Therefore, we examined markers of both 

pathways by real-time PCR in control untreated and cystamine treated fins at 5dpa.  A 

significant down-regulation was detected for markers of β-catenin signaling, MMP7 and 

TCF1 (Fig. 4.7), while none of the analyzed Hedgehog markers, including Gli1, Gli3 and 

Patched, were affected by cystamine treatment (Table 4.2).  

 

Figure 4.7 Cystamine Treatment Affects Activation of Canonical β-Catenin Signaling in 
Regenerating Caudal Fins.  Real-time PCR performed on RNA extracted from 5dpa fins 
±Cystamine for two markers of β-catenin signaling, MMP7 and TCF1.  Data was 
compared to 0dpa and normalized to the average of two house-keeping genes, β-actin and 
EFα1. (n=3, *P≤0.05, **P≤0.005). 
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Inactive β-catenin is targeted for degradation, however upon activation it 

accumulates in the cytoplasm and translocates to the nucleus (Huang and He, 2008).  

Therefore, to confirm the effect of zTG inhibition on β-catenin activation, we utilized 

immunohistochemistry to examine the subcellular localization of β-catenin.  In 5dpa 

control regenerating fish, accumulation of cytoplasmic and nuclear β-catenin was 

observed in many cells of the intra-ray regenerative area (Fig. 4.8A, middle panel) 

compared to uninjured fin tissue (Fig. 4.8A, top panel).  Conversely, in 5dpa fins treated 

with cystamine, we saw a significant reduction of both cytoplasmic and nuclear β-catenin 

staining compared to 5dpa untreated regenerating fins (Fig. 4.8A, bottom panel).  To 

quantify the reduction in nuclear β-catenin staining associated with inhibition of zTG 

activity, the intensity of nuclear β-catenin staining was measured in the intra-ray/blastema 

area as diagramed in Fig. 4.8B (orange box) in regenerated 5dpa fins from untreated and 

cystamine-treated fish.  We found that in untreated fins approximately 85% of the nuclei 

showed positive nuclear β-catenin staining whereas in cystamine treated fins 

approximately 7% of the cells showed positive nuclear β-catenin staining (Fig. 4.8B).  

These results demonstrate that zTG inhibition impedes β-catenin signaling activation and 

thereby provides a potential mechanism of action for zTGs in bone regeneration. 

Table 4.2 Cystamine Treatment has No 
Effect on Hedgehog Activation.  
Examination of three markers of 
Hedgehog signaling showed no 
significant reduction in expression with 
Cystamine treatment.  Data was 
normalized to β-actin and compared to a 
no-amputation control. 
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Figure 4.8 Cystamine Treatment Affects Activation of Canonical β-Catenin Signaling in 
Regenerating Caudal Fins. (A) Longitudinal sections of 5dpa fins ±Cystamine 
immunostained for β-catenin (red) and nuclei counterstained with TOPRO Red (blue).  
(B) Schematic of area of regenerating fin used for quantification of effect of Cystamine 
treatment on β-catenin activation (left panel).  Quantification of nuclear localization 
(right panel) displayed as the percent of nuclei positive for β-catenin staining (n=3, 
*p≤0.05).  
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E.  DISCUSSION 

In this study we examined mechanisms of early bone regeneration employing the 

zebrafish model of caudal fin regeneration.  We demonstrate for the first time an 

association between zTG expression in the proliferative intra-ray blastema and proper 

bone regeneration during the first 5dpa.  Our data suggests that enzymatically active TGs 

support formation of mineralized bones via β-catenin signaling and deposition of Col I 

matrix.  

The observed expression pattern of zTGs suggests specific roles in fin 

regeneration.  Examination of the wound healing phase of regeneration at 1dpa revealed 

expression of four zTG homologues to mammalian TG1, which is associated with mature 

keratinocytes and regulates formation of the cornified layer of the epidermis (Candi et al., 

2005).  This observed induction of zTG1-81, zTG1-62, zTG1-73, and zTG1-18 genes at 

1dpa suggests a role in wound healing and epidermal closure.  The continuous increase in 

expression of zTG1-62 through 4dpa and the presence of epidermal cells that actively 

incorporate the TG substrate SY2011 suggests a role for this enzyme in regeneration of 

the epidermis.  Further studies examining the role of zTG1 isozymes could be 

informative for understanding the mechanisms of scarless skin regeneration versus scar 

formation.  In addition, two zebrafish-specific TG genes, zTG-91 and zTG-84 may also 

contribute to tissue disorganization and migration as suggested by their rapid induction at 

1dpa; further, the continuous expression of zTG-84 through 4dpa indicates a role for this 

enzyme in the later phases of regeneration.   

In contrast to TG1 homologues, zTG2b and zFXIIIa-87 are dramatically down-

regulated at 1dpa indicating low (if any) levels of expression in epithelial or other cells 
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during wound healing.  However, these two genes are significantly induced in the intra-

ray proliferative mesenchymal cells that reportedly contribute to the formation of 

mineralized bone rays at 4-5dpa (Singh et al., 2012).  Further, our inhibitory study has 

shown that these enzymes specifically regulate bone regeneration but not general 

outgrowth of the amputated fin.  Previous studies have associated TG-mediated cross-

linking with enhanced stability and mechanical strength of Col I-based matrices and the 

ability to support cell adhesion, proliferation and viability (Chau et al., 2005;Ciardelli et 

al., 2010;Garcia et al., 2009).  Inhibition of zTGs with cystamine prevented Col I 

deposition, a major extracellular bone protein, necessary for bone mineralization.  This 

study is the first, to the best of our knowledge, to demonstrate an in vivo role for TG 

activity in Col I deposition in bone formation, and inspires further inquiry into the 

mechanisms of this regulation.  Our data indicates that Col I expression is independent of 

zTG activity and is not affected by cystamine treatment.  Therefore, it seems reasonable 

to suggest that zTGs regulate either protein synthesis, secretion/deposition or matrix 

stability of Col I.  Previous in vitro studies indicated a role for active mammalian FXIIIa 

in microtubule stabilization and thus Col I secretion in osteogenic cells (Al-Jallad et al., 

2011), suggesting that cystamine treatment affects a similar activity of zFXIIIa-87 in 

regenerating fin bone.  In addition, mammalian TG2 has been implicated in the regulation 

of collagen deposition by the reduced Col I content of atherosclerotic plaques in TG2-/- 

mice (Van Herck et al., 2010).  Further studies will determine whether one or both zTGs 

regulate deposition of the Col I-rich bone matrix to support tissue mineralization in 

regenerating fin bony rays. 



 

93 
 

In addition, our results demonstrate that zTGs act as agonists of the β-catenin 

signaling pathway in the blastema of regenerating fins.  This pathway has been found to 

be critical to fin regeneration (Stoick-Cooper et al., 2007;Poss et al., 2003), bone 

formation/healing (Westendorf et al., 2004;Chen et al., 2007;Kim et al., 2007) and 

osteoblast maturation (Day et al., 2005).  Inhibition of the β-catenin signaling axis which 

is activated in the blastema by 2dpa correlates with inhibition of fin regeneration (Stoick-

Cooper et al., 2007).  Here, we demonstrate that the TG inhibitor cystamine attenuates 

activation of this signaling at 5dpa and may thus inhibit bone regeneration.  Our data 

warrant further inquiry into the possibility of β-catenin signaling regulating deposition of 

the Col I-rich bone extracellular matrix.  Alternatively, impaired bone matrix formation 

may affect β-catenin signaling via insufficient retention and/or localization of activating 

extracellular ligands.  In addition, zTG activity may regulate these processes 

independently, and zTG2b and zFXIIIa-87 may be working synergistically or 

individually in activation of β-catenin signaling and Col I deposition during bone 

regeneration.  An additional question for future study is whether there is a specific subset 

of intra-ray mesenchymal cells expressing both zTGs or if these two enzymes are 

expressed by different intra-ray cellular subpopulations.  If different cellular populations 

exist, it would be interesting to investigate whether both zTG2b and zFXIIIa-87 are 

required for bone regeneration.  Of note, no FXIIIa expression has been detected in 

mammalian bone-marrow mesenchymal cells (our unpublished data) allowing 

speculation on the possible stimulation of mammalian bone regeneration via introduction 

of FXIIIa. 
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This study demonstrated the ability of clinically relevant doses of cystamine to 

attenuate bone formation in vivo, which is important for developing therapeutic strategies 

in pathogenic heterotopic ossification, seen in musculoskeletal trauma, spinal cord injury, 

central nervous system injury, and combat wounds (Shehab et al., 2002).  The benefits to 

using cystamine in our studies include its low toxicity and the rapid clinical transition of 

the reported findings due to the approved use of the reduced form of cystamine, 

cysteamine, as an orphan drug (Soohoo et al., 1997).  Cystamine is commonly used as an 

inhibitor of TGs (Elli et al., 2011;Jeon et al., 2004;Alcock et al., 2011), however its 

potential side effects via inhibition of other thiol-containing enzymes should be 

acknowledged (Lesort et al., 2003). Nevertheless, we have also shown reduced bone 

mineralization in the developing fish treated with a TG2-specific inhibitor KCC-009, 

indicating that zTG activity is similarly involved in bone formation and regeneration.  

In conclusion, we have identified a new population of fibroblast-like zTG-positive 

cells in the proliferating mesenchymal blastema and demonstrate a role for zTG activity 

in bone regeneration.  Our data support a role for mesenchymal-like cells (Singh et al., 

2012) in bone regeneration, which likely work alongside de-differentiating osteoblasts 

(Sousa et al., 2011;Knopf et al., 2011) in the zebrafish caudal fin.   
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CHAPTER V:  TRANSGLUTAMINASE 2 AS A NOVEL 

ACTIVATOR OF LRP6/ β-CATENIN SIGNALING 3 

 

 

A. ABSTRACT 

The β-catenin signaling axis is critical for normal embryonic development and 

tissue homeostasis in adults.  We have previously shown that extracellular enzyme TG2 

activates β-catenin signaling in vascular smooth muscle cells (VSMCs).  Further, we 

have shown that inhibition of zTG activity by cystamine results in reduced β-catenin 

activation.  In this study, we provide several lines of evidence that TG2 functions as an 

activating ligand of the LRP5/6 receptors.  Specifically, we show that TG2 activates β-

catenin-dependent gene expression and that interfering with the LRP5/6 receptors 

attenuates TG2-induced activation of β-catenin in Cos-7 cells.  Further, we show that 

TG2 binds directly to the extracellular domain of LRP6, which is also able to act as a 

substrate for TG2-mediated protein cross-linking.  Together, our findings identify and 

characterize a new activating ligand of the LRP5/6 receptors and uncover a novel activity 

of TG2 as an agonist of β-catenin signaling, contributing to the understanding of diverse 

developmental events and pathological conditions in which TG and β-catenin signaling 

are implicated. 

                                                 
3 Deasey SC, Nurminsky D, Shanmugasundaram S, Lima F, Nurminskaya M Cellular 
Signaling 2013 [In Press] 
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B.  INTRODUCTION 

Wnt/β-catenin signaling is a key signal transduction pathway in normal 

development and disease (Nusse, 2005).  The “canonical” pathway is activated by the 

binding of a secreted lipid-modified glycoprotein from the Wnt protein family (Tamai et 

al., 2000) to a cell surface receptor complex, consisting of a serpentine receptor from the 

Fzd family and a low-density-lipoprotein-related protein co-receptor LRP5/6.  Binding 

of a Wnt ligand leads to LRP5/6 oligomerization and phosphorylation of its cytoplasmic 

tail (Cong and Varmus, 2004;Bilic et al., 2007;Tamai et al., 2004).  This results in 

disruption of the destruction complex containing Axin, APC and GSK3, which targets β-

catenin for proteasomal degradation.  Stabilized β-catenin can then translocate to the 

nucleus, where it forms a complex with transcription factors of the TCF/LEF family and 

activates expression of target genes (Kikuchi et al., 2007).  

Mutations in LRP5/6 signaling are associated with bone disorders, abnormal 

ocular vascularization, early onset cardiovascular disease and metabolic syndromes 

(Tamai et al., 2004;Mani et al., 2007;Fujino et al., 2003).  However, not all of these 

phenotypes may be attributable to altered activation by ligands of the Wnt family.  For 

instance, during ocular vascularization activation of canonical β-catenin signaling is 

mediated by a Norrin-LRP5-Fzd interaction (Xu et al., 2004b).  Activation by Norrin 

utilizes both the LRP5/6 and Fzd-4 co-receptors, similar to Wnt ligands; however, Fzd-

independent mechanisms of β-catenin activation have also been reported.  For instance, 

PTH activates β-catenin through the LRP6/PTHR1 complex (Wan et al., 2008), while 

cysteine knot proteins SOST/Sclerostin and WISE bind directly to LRP5/6 to either 

inhibit or activate signaling in a context-dependent manner (Semenov and He, 
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2006;Itasaki et al., 2003;Ellies et al., 2006).  Similarly, Dkk1, a protein of the Dickkopf 

family, binds to LRP6 and antagonizes signaling by preventing ligand binding (Semenov 

et al., 2008).  The multiplicity of LRP5/6-regulated biological processes suggests that 

identification of novel interacting ligands will advance understanding of diverse and 

significant aspects of normal development and its pathological disruptions. 

Previously, we have shown that extracellular enzyme TG2 activates β-catenin 

signaling in primary mouse VSMCs and interacts with the LRP5 receptor on the cell 

surface (Faverman et al., 2008).  In mammals, eight Ca2+-dependent TGs have been 

identified, comprising a family of enzymes that catalyze formation of intra- or 

intermolecular glutamyl-lysine-protein cross-links.  TG2 is unique owing to its ability 

to catalyze more than one enzymatic reaction and interact with a number of cell-surface 

receptors upon externalization into the extracellular matrix (ECM) (Nurminskaya and 

Belkin, 2012).  Inside the cell, TG2 is able to act as a deaminase, GTPase, protein kinase 

and protein disulphide isomerase (Lorand and Graham, 2003).   While in the ECM TG2 

can interact with β1 and β3 integrins (Akimov et al., 2000), the atypical G-protein-

coupled receptor GPR56 (Xu et al., 2006), VEGF receptor 2 (Dardik and Inbal, 2006) 

and LRP5 (Faverman et al., 2008).  Further, we have recently shown that the protein 

cross-linking catalytic activity of TG2 is critical for warfarin-induced activation of β-

catenin signaling in VSMCs (Beazley et al., 2012b).  Taking into consideration that 

TG2 is often externalized and activated in response to tissue insult (Siegel et al., 2008) 

and that this often correlates with activation of β-catenin signaling in disease, further 

identification and characterization of biologically relevant TG2-receptor interactions is 

important for a better understanding of cardiovascular disease and other conditions.    



 

98 
 

The previously reported interaction of TG2 with LRP5 on the cell surface of 

osteogenic cells (Faverman et al., 2008) supports the hypothesis that induction of the β-

catenin signaling pathway by TG2 is mediated by the homologous LRP5 and LRP6 

receptors.  However, recent findings implied that TG2 activates β-catenin signaling 

through a c-Src-dependent mechanism (Condello et al., 2013), thus putting the role of 

LRP5/6 into question.  In this study we found that TG2 binds directly to and cross-links 

the LRP5/6 receptor.  Moreover, we found that LRP5/6 is required for TG2-induced 

activation of β-catenin.  These results may help us to understand the intertwined diversity 

of the biological functions of LRP5/6 and TG2 and suggest oligomerization of the LRP 

receptor by cross-linking as a mechanism of activation. 

C.  MATERIALS AND METHODS 

1. Cell Culture, Plasmid constructs, DNA Transfection and Luciferase Assay   

Cos-7 cells (Gluzman, 1981) obtained from ATCC and were maintained in Dulbecco's 

modified Eagle's medium supplemented with 100 U/mL of penicillin G, 100 µg/mL of 

streptomycin, and 10% fetal bovine serum (complete DMEM) in 5% CO2 at 37°C.  

Cells stably carrying TCF/LEF firefly luciferase reporter and constitutively active renilla 

luciferase reporter were established using lentivirus-based constructs, according to the 

manufacturer’s instructions (SABiosciences).  Puromycin-resistant colonies were 

expanded and maintained in complete DMEM supplemented with 1µg/mL puromycin.  

For assays cells were seeded at 5x103 cells/well in 96-well plates and transiently 

transfected with plasmids for expression of LRP5, LRP6, TG2, and Wnt3a, using FuGene 

6 (Roche).  Dual luciferase assay was performed two days post-transfection to measure 

the luciferase activity.  Renilla activity was used as the internal normalization control.  In 
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separate experiments, Cos-7 cells were transiently transfected with TCF/LEF luciferase 

reporter construct TOP-FLASH and a β-galactosidase expression plasmid (Upstate) 

together with other expression constructs.  In this case the β-galactosidase activity, 

measured using specific substrate (Promega), was used as the reference to normalize 

for transfection efficiency.  When medium was supplemented with TG2 protein, the 

medium was changed to 1% serum 24hr post-transfection, and supplemented with 

purified gplTG2 (Sigma) (0.01U/mL, unless indicated otherwise) or purified 

recombinant human TG2  (N-zyme, 300 ng/mL)  (N-Zyme), and cells cultured for 48hrs.  

The plasmid for transient expression of secreted human TG2 was previously described 

(Nurminsky et al., 2011).  Expression constructs for GST-TG2 fusion proteins were 

kindly provided by Dr. A Belkin (University of Maryland).  Plasmids for transient 

expression of human LRP6 and Wnt3a were kindly provided by Dr. X He (Harvard 

Medical School).  

2. Western Blot Analysis and Immunoprecipitation  

For Western blotting, antibodies against LRP6 (clone C-10, Santa Cruz), and phospho-

LRP6 (Ser1490) (Antibody #2568, Cell Signaling) were used at a 1:1000 dilution.  

Secondary anti-mouse or anti-rabbit HRP-conjugated antibodies (Pierce) were used at a 

1:10,000 dilution.  The presence of His-tagged proteins was detected using the HRP-

conjugated His probe (Pierce) at a 1:10,000 dilution.  HRP-conjugated proteins were 

detected by the chemiluminescence method (Pierce).  For immunoprecipitation, 

antibodies against GST (clone GST-2, Sigma) or TG2 (Abcam) were utilized and 

protein A/G-Sepharose (Pierce) beads were used to purify the protein complexes. 
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3. TG2 Over-Expression in Zebrafish Larvae  

Expression construct encoding externalized human TG2 in RCASBP(A) vector was used 

(Nurminsky et al., 2011).  The TG2 open reading frame was excised from the RCAS-

TG2 vector with ClaI restriction digest and inserted into the ClaI site of the pCS2+ 

vector.  For RNA synthetic reaction pCS2+-TG2 was linearized with NSiI and mMessage 

mMachine (Ambion) was used to synthesize RNA as directed by the manufacturer.  RNA 

was cleaned with MEGAclear kit (Ambion).  RNA was dissolved in water and a final 

concentration of 0.1% phenol red was added to allow for visualization during injections.  

Approximately, 1nL of the 60µg/mL RNA was injected via a pressure injection apparatus 

into zebrafish embryos at the 2-8 cell stage.  Embryos were fixed in 4% PFA 24 hours 

after injection and analyzed by microscopy with a Nikon T-80 microscope equipped with 

SPOT RT slider real-time CCD camera. 83 embryos were analyzed.  

4. TG Activity Assay 

TG cross-linking activity was assayed as previously described (Trigwell et al., 2004).  96-

well microtiter plates (Maxisorp NUNC) were incubated overnight with 250µL of 

1mg/mL N,N’-Dimethylcasein (Sigma-Aldrich) in 5mM Sodium Carbonate pH 9.8, and 

blocked with 200µL of 0.1% BSA (HyClone) in 5mM Sodium Carbonate pH 9.8 for 1hr 

at 37°C.  LRP∆C (R & D Systems), purified gplTG2 (80ng) (Sigma-Aldrich) and Ez-link 

Pentylamine-Biotin (2.5mM) (Pierce) were incubated at 37°C for 1hr in reaction buffer 

(100mM Tris-HCl pH 8.5, 6.7mM CaCl2, 13.3mM DTT) with increasing molar 

concentrations of LRP∆C.  Incorporated Ez-link Pentylamine-Biotin was detected with 

1:5000 ExtrAvidin-Peroxidase (Sigma) and Super AquaBlue ELISA Substrate 
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(eBioscience) followed by reading the absorbance at 405nm on a Polarstar Optima plate 

reader. 

5.  Data and Statistical Analysis 

For all figures, error bars represent Standard Errors and P values were calculated by a 

one-tailed student’s T test (*p<0.05, **p<0.01).  At least three independent replicates 

were performed for each experiment. 

D. RESULTS 

1. Extracellular TG2 Activates β-Catenin Signaling in Cos-7 cells  

Previously, we have shown that exogenously purified TG2 activates β-catenin 

signaling in mouse VSMCs (Faverman et al., 2008).  In this study, we sought to 

identify the target position for TG2 activity in the β-catenin signaling pathway.  For 

this, we monitored activation of this pathway using a luciferase reporter driven by 

TCF/LEF-binding promoter (TOP-FLASH) in Cos-7 cells, which are conventionally used 

for the analysis of β-catenin signaling.  Similar to its effect on mouse VSMCs, 

extracellular gplTG2 induced activation of β-catenin in Cos-7 cells in a dose-dependent 

manner (Fig. 5.1A).  We examined levels of gplTG2 ranging from 1.5x10-4 to 1x10-2 

U/mL as this is within the range of endogenous TG2 levels in smooth muscle cells (Ou 

et al., 2000).  To confirm that this effect was specific to TG2 and not due to possible 

contaminants from the liver tissue, we showed a similar induction of the TOP-FLASH 

reporter with recombinant human TG2 purified from E coli (Fig. 5.1B, hTG2).  In 

addition, over-expression of human TG2, fused to a secretory peptide to assure its 

externalization, also activated the TOP-FLASH reporter in Cos-7 cells (Fig. 5 . 1B, 

sTG2).  In aggregate, these observations strongly indicate that extracellular TG2 can 
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serve as an activator of β-catenin signaling. 

 

Figure 5.1 Extracellular TG2 Activates β-Catenin Signaling in Cos-7 Cells. (A) Dose-
dependent activation of TOP-FLASH expression by purified gplTG2. (B) Exogenous 
recombinant human TG2 (hTG2) and overexpression of secreted human TG2 (sTG2) 
activate TOP-FLASH expression in Cos-7 cells. Figure credit to D Nurminsky, S 
Shanmugasundaram, and F Lima. 
  

Activation of canonical β-catenin signaling by Wnt ligands results in 

phosphorylation of the serine residue in the NPPPSPATE motif of the intracellular 

LRP6 domain (Tamai et al., 2004).  Similar to the canonical ligand Wnt3a, extracellular 

gplTG2 strongly induces phosphorylation of LRP6 expressed in Cos-7 cells (Fig. 5.2).  

These observations provide evidence that TG2 utilizes the canonical intracellular 

components to activate β-catenin signaling.  

 

Figure 5.2 Extracellular TG2 Stimulates LRP6 Phosphorylation in Cos-7 Cells. LRP6-
Overexpressing Cos-7 Cells were treated for 4 hours in serum-free medium with 0.01U 
/mL purified gplTG2 or with 200 ng/mL canonical Wnt3a (Positive Control). Figure 
credit to D Nurminsky, S Shanmugasundaram, and F Lima. 
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2. TG2-induced activation of β-Catenin is mediated by LRP6 

Previous studies have shown that purified TG2 binds to the LRP5 receptor on 

the cell surface of VSMCs (Faverman et al., 2008).  Since both LRP5 and its homologue 

LRP6 play a key role in canonical Wnt/β-catenin signaling, we hypothesized that these 

receptors also mediate activation of β-catenin by TG2.  To test this we analyzed the 

synergistic effects of TG2 and LRP6.  Singular over-expression of LRP6 in Cos-7 cells 

did not affect the baseline level of β-catenin activity, but it significantly augmented 

gplTG2-mediated induction of β-catenin activity as shown by the TOP-FLASH reporter 

(Fig. 5.3A).   

To complement this gain-of-function approach we performed loss-of-function 

studies, in which we employed a monoclonal anti-LRP5/6 antibody 1A12 to block LRP6 

receptor overexpressed in Cos-7 cells (Ellies et al., 2006).  As expected, blocking the 

LRP5/6 receptor with this antibody quenched the responsiveness of β-catenin signaling to 

exogenous gplTG2 (Fig. 5.3B).  These observations suggest that LRP6 is a mediator of 

TG2-induced β-catenin signaling.   
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Figure 5.3 TG2-Induced Activation of β-Catenin is Mediated by LRP6.  (A) Addition of 
exogenous purified gplTG2 activates β-catenin as shown by TOP-FLASH expression, 
which is augmented by overexpression of LRP6 in Cos-7 cells.  (B) LRP6 augmentation 
of gplTG2-induced β-catenin activation is inhibited by a monoclonal anti-LRP5/6 
antibody 1A12, which blocks LRP6 receptor binding.  Figure credit to D Nurminsky, S 
Shanmugasundaram, and F Lima. 
 

3. TG2 Over-Expression Mirrors β-Catenin Over-Activation Phenotype in Zebrafish 

Previous studies have observed that over-activation of β-catenin signaling in 

zebrafish larvae results in a ventral phenotype of small or no eyes (van de Water et al., 

2001).  Here we tested whether the demonstrated TG2-mediated activation of β-catenin 

signaling has similar biological effects.  Zebrafish embryos were injected with GFP 

(negative control) or hTG2 RNA before they reached the 8-cell stage and the resulting 

phenotype was analyzed at 1dpf, paying particular attention to the eyes.  Upon injection 

of hTG2 we observed two phenotypes: the Wnt-like phenotype of small or no eyes (Fig 

5.4A, middle-right panels) and an additional phenotype of curled tails (Fig 5.4A, top-

right panel).  Interestingly, a small population of hTG2 injected larvae showed both 

phenotypes (Fig 5.4A, bottom-right panel).  Using a chi squared statistical analysis we 

were able to determine that these two phenotypes were statistically independent events, 
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indicating that TG2 is affecting other developmental pathways in addition to β-catenin 

signaling and that the curled tail phenotype is independent of the Wnt-like phenotype of 

small/no eyes.  Quantification of these injected larvae showed that approximately 50% of 

TG2 injected embryos showed a mutated phenotype (Fig 5.4B), and of these embryos 

approximately 15% demonstrated a non-Wnt-like phenotype whereas approximately 85% 

showed a no/small eyes phenotype (Wnt-like phenotype) (Fig 5.4C).  Importantly, these 

results demonstrate the in vivo activation of β-catenin signaling through TG2.  
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Figure 5.4 TG2 Over-Expression Mirrors β-Catenin Over-Activation Phenotype in 
Zebrafish. (A) Representative images of GFP (negative control) and hTG2 RNA injected 
larvae 1dpf with arrows highlighting resulting phenotypes.  Quantitation of mutant 
phenotype occurrence in GFP and TG2 injected embryos.  (B) 50% of TG2 injected 
embryos show a mutated phenotype compared to the 0% in GFP injected embryos.  (C) 
Of the 50% mutated TG2 injected embryos, ~85% showed a no/small eye phenotype 
(Wnt Phenotype), while ~15% showed non-Wnt-like phenotype. 
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4. TG2 binds to the extracellular domain of LRP6 in vitro  

 Our data suggest that extracellular TG2 acts as an agonist of β-catenin signaling 

through an interaction with the LRP6 receptors.  To determine whether TG2 binds 

directly to LRP6 or regulates signaling through other LRP5/6-interacting protein(s), we 

employed a co-immunoprecipitation analysis using purified gplTG2 and purified 

recombinant extracellular domain of human LRP6 (LRP6∆C) carrying a His-tag.  We 

found that incubation of LRP6∆C and gplTG2 resulted in LRP6∆C specifically co-

precipitating with an anti-TG2 antibody while no precipitation occurred in the absence of 

gplTG2 (Fig. 5.5A), thus demonstrating that TG2 directly binds to the extracellular 

domain of LRP6.  To further investigate which domain of TG2 is involved in these 

interactions, we analyzed binding of the LRP6∆C protein to two truncated TG2 mutants 

along with full-sized TG2 (Fig 5.5B, upper panel, (Belkin et al., 2005)).  TG2 variants 

were expressed as GST fusions in E.coli and purified by affinity chromatography.  

These proteins were incubated with purified LRP6∆C and co-immunoprecipitated with 

an anti-GST antibody.  Co-immunoprecipitation of LRP6∆C and TG2 was observed for 

full-size TG2-GST and for the truncated mutant lacking the two C-terminal β-barrel 

domains (Fig. 5.5B, bottom panel).  However, the TG2N-GST mutant protein lacking 

both the β-barrel domains and the catalytic core domain failed to co-precipitate 

LRP6∆C.  Thus, the central catalytic core domain of TG2 is essential for binding of 

this protein to the extracellular domain of LRP6 raising the question of whether LRP6 is 

able to act as a substrate for TG2 cross-linking. 
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Figure 5.5 TG2 Binds to the Extracellular Domain of LRP6 In Vitro.  (A) Purified, 
recombinant His-tagged extracellular LRP6 domain (LRP∆C) was incubated with 
purified gplTG2.  Precipitation with anti-TG2 antibody and detection by western blot 
with anti-His antibody showed an interaction between TG2 and LRP∆C. (B) Two 
truncated forms of TG2, TG2∆C-GST and TGN-GST, or full length TG2 were incubated 
with LRP∆C.  Precipitation with anti-GST antibody and detection by western blot with 
anti-His antibody revealed that TG2 core domain is necessary for this interaction.  Figure 
credit to D Nurminsky, S Shanmugasundaram, and F Lima. 
 

5. Extracellular domain of LRP6 is cross-linked by TG2 

TG2 was originally characterized as a protein cross-linking enzyme, in which it 

catalyzes the formation of an isopeptide bond between lysine and glutamine residues 

(Iismaa et al., 2009).  To examine whether LRP6 is a substrate for TG2-mediated cross-

linking we performed a competition assay with LRP6.  For this we tested whether 

purified LRP6∆C acts as a competitive inhibitor of TG2 enzymatic activity using an 

ELISA-based assay of pentylamine cross-linking to casein by purified gplTG2.  This 

assay showed that irreversible cross-linking of biotin-labeled EZ-link pentylamine to 
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casein-coated plates was reduced in a dose-dependent manner by the addition of purified 

recombinant LRP6∆C (Fig. 5.6A).  The addition of LRP6∆C to the EZ-link substrate 

mixture at 2:1 ratio caused an approximately 50% reduction in incorporation of EZ-link 

amide and increasing this ratio to 4:1 almost completely inhibited incorporation of EZ-

link pentylamine.  These data suggest that LRP6∆C acts as a competitive inhibitor to the 

pentylamine substrate and is likely cross-linked by TG2.  This was confirmed by Western 

blot analysis, in which high molecular weight-complexes of LRP6∆C formed in the 

presence of purified gplTG2 (Fig. 5.5B, arrows).  Together these results suggest that 

LRP6 is a substrate for TG2-mediated cross-linking. 

 

Figure 5.6 Extracellular Domain of LRP6 is Cross-Linked by TG2.  (A) TG2 activity 
assay performed using stable levels of gplTG2 and Ez-link pentylamine with increasing 
doses of LRP6 shows that LRP6 inhibits TG2 cross-linking activity.  (B) Western blot 
analysis of LRP6∆C alone (left panel) or an LRP6∆C/gplTG2 mixture (right panel) 
reveals formation of LRP6 complexes in the presence of gplTG2.  

 

E.  DISCUSSION 

Our previous finding that extracellular TG2 activates canonical β-catenin 

signaling in VSMCs (Faverman et al., 2008) suggested that TG2 is able to bind to a 
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receptor pertinent to β-catenin signaling.  The receptors and corresponding ligands that 

regulate the molecular pathways of β-catenin activation and signaling are diverse 

(MacDonald et al., 2007); however, our studies strongly indicate that TG2 acts through 

the canonical LRP5/6 receptors.  TG2 shows synergy with LRP6 in activation of β-

catenin-dependent gene expression in the Cos-7 model system.  Blocking LRP5/6 

receptors by antibody incubation quenches the effect of TG2 on β-catenin activity.  

Similarly, in VSMCs blocking LRP5/6 receptors with an antibody or inhibition of 

LRP5/6-mediated signaling with the soluble extracellular domain of LRP6 attenuates 

TG2-induced mineralization, which is associated with β-catenin activation in these cells 

(Faverman et al., 2008).  These observations are consistent with LRP5/6 being the major 

receptors for TG2-regulated β-catenin activation.  Indeed, our results demonstrate direct 

binding of TG2 to the extracellular domain of LRP6 in vitro and indicate that this binding 

requires the TG2 catalytic core domain.  Intriguingly,  the catalytic domain of TG2 has 

also been implicated in binding to LRP1, another member of the LRP family 

(Zemskov et al., 2007).  While LRP1 has rather weak sequence similarity with LRP5/6, 

35% identity in the most conserved regions, the organization of the extracellular 

domains of these receptors shows similar structural motifs including β-propeller/EGF 

repeat modules and LDLR repeats (Brown et al., 1998).  Even though the LRP1 domain 

capable of TG2 binding has not been defined (Zemskov et al., 2007), our finding that 

TG2 directly interacts with the extracellular domain of LRP6 in combination with 

previous observations of a LRP1-TG2 interaction suggests that TG2 interacts with the 

structurally similar extracellular domains of the LRP family and thus has the potential 

to regulate the diverse biological activities of these receptors.  
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We observed that binding of TG2 to the extracellular domain of LRP6 results in 

phosphorylation of its intracellular domain suggesting that the mechanism of LRP5/6-

mediated signaling by TG2 is similar to that of the canonical ligands (e.g. canonical 

Wnts).  Binding of the TG2 catalytic domain to other proteins can lead to TG2-mediated 

cross-linking of the binding partners, as indicated by studies on human papillomavirus 

protein E7 (Jeon et al., 2003).  We found that LRP6 is also a substrate for TG2-mediated 

cross-linking.  Incubation of the extracellular domain of LRP6 with TG2 resulted in two 

bands of higher molecular weight and one band at the correct size for LRP6.  It is 

probable that the band around 200 kDa is TG2 cross-linked to LRP6, based on the 

molecular weight, while the highest band is likely to be a multimer of LRP6.  Moreover, 

in an artificial model system oligomerization of LRP6 can activate β-catenin signaling 

and bypass the requirement for the Fzd co-receptors (Cong and Varmus, 2004;Bilic et 

al., 2007).  While further experiments will determine whether this mechanism is indeed 

in place for TG2-induced β-catenin activation, our studies identify extracellular TG2 as 

an activating ligand of the LRP5/6 receptors.  This finding has broad significance for the 

understanding of diverse developmental processes and pathological conditions where 

both transglutaminase and β-catenin signaling have been implicated, including vascular 

calcification (Faverman et al., 2008), osteogenesis (Nurminskaya et al., 2003;Baron et al., 

2006), neurodegeneration (Muma, 2007;Inestrosa et al., 2002) and cancers such as 

melanoma (Fok et al., 2006;Larue and Delmas, 2006), prostate cancer (Davies et al., 

2007;Verras and Sun, 2006) and breast cancer (Mangala et al., 2007;Lindvall et al., 

2007).  Specifically, the identification of a novel activator for β-catenin signaling presents 

a new target for pharmacological treatment of such ailments.  This is particularly 
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advantageous as identification of specific biological inhibitors for Wnt-mediated β-

catenin signaling have yet to be identified (Voronkov and Krauss, 2013). 
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CHAPTER VI:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

A. CONCLUSIONS 

1.  TG Compensation Mechanism in the Mouse Model 

 Development of TG2 null mice, which showed no skeletal phenotype, raised the 

question of whether a compensation mechanism was occurring.  We examined tissues in 

which TG2 had previously been identified and investigated whether transamidating 

activity was affected in TG2 null mice.  This examination showed transcriptional 

compensation in the liver, heart and kidney and functional compensation in the non-

hypertrophic cartilage and aorta.  Further, we proposed the presence of both 

transcriptional compensation by TG1 and TG3 and functional compensation by FXIIIa in 

the joint/ossifying cartilage.  Lastly, we did not observe compensation for loss of TG2 in 

the skeletal muscle, suggesting that in this tissue TG2 is in an inactive form.  Importantly 

for our studies, we observed compensation in the skeletal tissue by TG1, TG3 and FXIIIa 

indicating that generation of TG2/FXIIIa knockout mice may not reveal the in vivo role 

of TGs in skeletal elements as previously believed.  It is important to note that this 

observed compensation mechanism also has implications for examining other systems in 

TG2 knockout mice and demonstrates the deep complexity that is involved in this 

enzyme family’s regulation. 
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2.  Zebrafish Transglutaminases 

 In this study, we sought to identify the in vivo role of TGs in bone mineralization; 

however, the use of a genetic mouse model was complicated by a complex system of 

compensation mechanisms (Deasey et al., 2013b).  We therefore sought an alternative 

model to examine the in vivo role of TGs in bone mineralization.  Zebrafish have become 

an invaluable model for the study of developmental processes due to characteristics such 

as transparency during early development, availability of both pharmacologic and genetic 

approaches, and a remarkable regenerative capability.  However, enzyme TGs had not 

been characterized in this model, so we first sought to identify and characterize this 

multifunctional family of enzymes. 

 We identified thirteen TG genes in zebrafish; eleven of which are homologous to 

one of three mammalian TGs, TG1, TG2 and FXIIIa, and the remaining two were termed 

novel or zebrafish-specific TGs.  Our studies identified expression of five zTGs, zFXIIIa-

87, zTG2c, zTG2-12, zTG1-81, and zTG1-73, with developmental processes and two 

zTGs, zFXIIIa-53 and zFXIIIa-42, with adult homeostasis.  Lastly expression of three 

zTGs, zTG2b, zTG-91 and zTG-84, were identified with both development and adult 

homeostasis.  Further, two of these enzymes, zTG2b and zFXIIIa-87, were localized to 

areas skeletal formation.  In-line with this, during bone regeneration zTG2b and zFXIIIa-

87 were up-regulated and expressed in the skeletal precursors.  This expression pattern of 

zTG2b and zFXIIIa-87 during development and regeneration in addition to their 

homology to the two mammalian TGs associated with bone mineralization in vitro led us 

to further investigate their role in bone formation. 
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3.  TGs in Bone Formation/Regeneration 

In these studies we show that TG transamidating activity is required for the proper 

progression of bone mineralization via a pharmacological approach.  We utilized two 

different inhibitors, KCC-009 and cystamine, with KCC-009 being a TG-specific 

inhibitor and cystamine being a broad-spectrum inhibitor.  Cystamine inhibits thiol-

containing enzymes (Jeon et al., 2004;Elli et al., 2011;Alcock et al., 2011) and its reduced 

form, cysteamine, is approved for use as an orphan drug (Soohoo et al., 1997).  The use 

of these two inhibitors allowed for us to determine that this was a TG-specific effect and 

that this could be translated into a clinically relevant study, as cysteamine is approved for 

clinical use.  Further, we found that TG inhibition during bone regeneration impeded Col 

I deposition and β-catenin activation.  Interestingly, in vitro studies have associated 

mammalian FXIIIa with Col I secretion (Al-Jallad et al., 2011) and mammalian TG2 with 

β-catenin activation (Faverman et al., 2008;Beazley et al., 2012b).  

 Our observed role of TGs in bone mineralization in vivo creates a new target for 

treatment of various bone pathologies.  Specifically, our finding that a clinically relevant 

dose of cystamine is able to effectively inhibit bone mineralization is particularly 

applicable to pathologies involving over-mineralization of bone. 

4.  TG2 as a Regulator of β-Catenin Signaling 

 Studies performed by previous lab members showed the ability of TG2 to activate 

β-catenin signaling in Cos 7 cells through the LRP5/6 receptors.  These studies also 

found that TG2 binds to the extracellular domain of LRP5/6 through its core domain.  To 

better understand the activation of β-catenin signaling via TG2 we investigated whether 
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LRP5/6 was able to act as a substrate for TG2’s transamidating activity and whether this 

activation had a biological relevance.  We found that LRP6 was able to competitively 

inhibit TG2-mediated cross-linking of a biotin labeled substrate to casein.  Further we 

found that TG2 was able to cross-link the extracellular domain of LRP6 into LRP6 

multimers and TG2-LRP6 dimers, demonstrating that LRP6 is able to act as a substrate 

for TG2-mediated cross-linking.  We therefore proposed that TG2-mediated activation of 

β-catenin signaling occurred via TG2-mediated dimerization of LRP receptors.  

Previous studies showed that over-activation of β-catenin signaling in developing 

zebrafish results in a small eye/eyeless phenotype (van de Water et al., 2001).  We sought 

to determine whether over-expression of TG2 would result in over-activation of β-catenin 

signaling in vivo and therefore result in a similar phenotype in zebrafish.  We found that 

over-expression of TG2 resulted two independent phenotypes one mirroring β-catenin 

over-activation and resulting in a small eye/eyeless phenotype and a second resulting in a 

mutated .  Enzyme TG2 acts in a vast number of biological processes in the body as 

evident from previous studies (reviewed in (Nurminskaya and Belkin, 2012;Iismaa et al., 

2009)), therefore induction of two independent phenotypes from TG2 over-expression 

was not surprising.  

 

B. FURTURE DIRECTIONS 

 These studies have provided an enhanced understanding of the role of enzyme 

TGs in bone mineralization; however with this increase in knowledge several questions 

arose.  We first demonstrated the presence of compensation mechanisms in the TG2 null 
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mouse model.  Particularly, we showed the presence of both functional and 

transcriptional compensation mechanisms; however further studies are necessary to 

understand the underlying mechanisms of this compensation.  Specifically, what triggers 

the increase in activation of certain TGs and what determines the type of compensation 

observed in each tissue.   

This study settled the observed discrepancy between in vitro studies from several 

groups demonstrating a role for TGs in osteo-chondrogenic differentiation and in vivo 

studies in which single knock-out mice lacked a skeletal phenotype by suggesting a 

complex compensatory mechanism in mammalian tissue.  We showed that zTG2b and 

zFXIIIa-87 are expressed by mesenchymal-like cells that function in caudal fin 

regeneration and more specifically bone regeneration.  Further, we have shown that 

inhibition of zTGs during regeneration leads to reduced bone regeneration likely via 

inhibiting Col I deposition and β-catenin activation.  However, further studies are 

necessary to understand whether zTG2b and zFXIIIa-87 work cooperatively or 

individually in promoting Col I deposition and β-catenin activation.  Additionally, it 

remains unclear whether β-catenin signaling and Col I deposition are directly linked or if 

they are two independent processes in regeneration.  Further, we found that not all the 

intra-ray mesenchymal cells expressed zFXIIIa-87 or zTG2b, indicating the presence of 

at least two cellular populations.  It would therefore, be interesting to determine whether 

the cells that do express zTGs, express both zTG2b and zFXIIIa-87 or whether they only 

express one of these zTGs.   If they only express a singular zTG it would be interesting to 

determine if they then differentiate into different fates. 
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This study utilized a pharmacologic approach to examine TGs in bone 

mineralization.  While this showed a role for TGs in bone mineralization, it did not allow 

for examination of individual roles of TGs in bone mineralization.  Therefore, future 

genetic studies in zebrafish could prove very useful as this may allow for examination of 

individual roles.  It would also be interesting to examine whether zebrafish TGs adopt a 

similar compensation mechanism as that seen in mammalian systems.  If they do this 

would again complicate the examination of individual roles by a genetic approach. 

 Through the use of the zebrafish model we were able to identify an in vivo role for 

TGs in bone mineralization.  While this model facilitated this examination it would be 

extremely interesting to examine this in higher vertebrates.  It would be especially 

interesting to examine whether TGs have the same role in mammalian regeneration, by 

examining the expression of TGs during the limited toe regeneration that can be seen in 

young mice (Rinkevich et al., 2011).  It would also be interesting to examine the 

expression of TGs in mammalian mesenchymal cells and to examine whether induction 

of any TGs results in improved differentiation into fates such as osteoblasts.  

 Lastly the focus of this study was on bone and bone mineralization.  However, we 

did observe expression of other TGs during regeneration and further examination of these 

TGs could prove to be very interesting.  For example, a deeper examination of zebrafish 

TG1 homologues that were up-regulated during regeneration could reveal insight into 

epidermis regeneration and improve scar-less skin healing. 
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APPENDIX  

 

A. EXPANDED MATERIALS AND METHODS 

1.  RNA Isolation 

Tissue was homogenized by (1) freezing with liquid nitrogen and crushing with mortar 

and pestle for the heart, kidney, skeletal muscle, sternum, liver and zebrafish embryos 

and fins or (2) by using a Mini-BeadBeater 16 (BioSpec) for the aorta and RNA was 

isolated by Trizol.  Once tissues were homogenized in 1mL of Trizol, they were 

incubated for 5mins at RT, after which 0.2mL of chloroform was added and the samples 

were vigorously shaken for 15secs by hand.  Samples were then incubated at RT for 

3mins and then centrifuged at 12,000 x g for 15min at 4°C.  The aqueous phase was then 

transferred into a fresh tube and 0.5mL of isopropyl alcohol was added and incubated for 

10min at RT.  This was followed by centrifuging at 12,000 x g for 10mins at 4°C.  All 

supernatant was then removed and to wash the RNA, 1mL of 75% EtOH was added and 

the sample was mixed by vortexing.  This was followed by centrifuging at 7,500 x g for 

5min at 4°C and then removing the supernatant and allowing the pellet to air dry for 

approximately 5min.  The pellet was then dissolved in DEPC-water and concentration 

and purity was measured by nano-drop. 

2.  RNA DNase Digestion and Clean-up 

The RNeasy micro kit (Qiagen) was used for digestion of genomic DNA and RNA clean-

up.  10µL of buffer RDD and 2.5uL DNase stock (2.73Kunitz units/µL) was added to the 

RNA sample and the volume was brought-up to 100uL with DEPC-water.  This mixture 
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was incubated for 10min at RT.  This DNase digested mixture was then added to 350µL 

Buffer RLT and mixed well.  250µL of 100% EtOH was then added to this mixture and 

mixed by pipetting and transferred to an RNeasy Mini spin column and centrifuged at 

8,000 x g for 15sec.  The flow-through was discarded and 700µL of Buffer RW1 was 

added to the column and centrifuged at 8,000 x g for 15sec.  Again flow-through was 

discarded and 500µL of Buffer RPE was added to the column and centrifuged again at 

8,000 x g for 15sec, again the flow-through was discarded.  Next 500µL of 80% EtOH 

was added to the column and centrifuged at 8,000 x g for 2min.  The column was then 

placed into a new collection tube and was centrifuged at full speed for 5min.  The 

RNeasy spin column was then placed in a clean 1.5mL centrifuge tube and 14µL RNase-

free water was added to the spin column membrane and the tube was centrifuged for 

1min at full speed.  The RNA concentration and purity was read by nanodrop. 

3. Reverse Transcription of RNA 

The Maxima First Strand cDNA Synthesis Kit (ThermoScientific) was used to reverse 

transcribe the cDNA for real-time PCR.  In an RNase-free tube 4µL of the 5X Reaction 

Mix, 2uL of the Maxima Enzyme Mix, 0.4ug RNA was combined and brought up to 

20uL.  The kit utilizes oligo (dT)18 and random hexamer primers, which are in the 5X 

reaction mix.  This mixture was then mixed gently and centrifuged and incubated for 

10min at 25°C, followed by 30min at 50°C and the reaction was terminated by incubating 

for 5min at 85°C. 

4. Real-time PCR 

cDNA was diluted 20X’s in DEPC-water and used as a template for real-time PCR on a 

BIO RAD CFX96 Real-Time System.  SsoFast EvaGreen Supermix and 0.3µM Primers 
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were used.  The heat activation, amplification and melting curve cycles were set as 

follows: 95°C for 30sec, then 45 cycles of 95°C for 5sec followed by 58°C for 20sec, 

after completion of 45 cycles the samples were incubated at 65°C for 5sec. 

5.  Total Protein Isolation 

Tissue was frozen by liquid nitrogen and ground into powder by mortar and pestle and 

transferred to an eppendorf tube.  This was followed by addition of 500µL of lysis buffer 

(5mM Tris-HCl pH 7.5, 0.25M Sucrose, 0.2mM MgSO4, 2mM DTT, 0.4mM PMSF, 

5µg/mL Leupeptine and 0.4% Triton X-100), solution and was then mixed and left on ice 

for 30min.  Samples were then centrifuged and protein containing supernatant was 

removed.  Protein concentration was read by BCA Protein Assay (ThermoScientific). 

6.  Whole-Mount In Situ Hybridization 

2dpf embryos were fixed overnight at 4°C in 4% PFA, washed 2X’s in PBS and stored at         

-20°C in methanol.  Embryos were rehydrated with series of EtOH washes: 75% 

EtOH/25% PBS + 0.1% Tween-20 (PBT), 50% EtOH/50% PBT, 25% EtOH/75% PBT.   

The embryos were then washed in PBT 4X’s for 5min each at RT.  They were then 

bleached in 3% Hydrogen Peroxide in 0.5% Potassium Hydroxide in PBT for 15min, 

followed by Proteinase K (Novagen) digestion (10µg/mL) for 30min at RT.  This was 

followed by a second fixation in 4% PFA and acetone treatment for 8min at -20°C.  

Embryos were prehybridized for 1hr at 65°C in Pre-hybridization solution:  50% 

formamide, 5X SSC Buffer, 0.1% Tween-20, 50µg/mL heparin and 500µg/mL tRNA, 

brought to pH 6.0 with citric acid.  This was followed by hybridization overnight at 65°C 

in pre-hybridization solution + 2ng/µL DIG-labeled antisense RNA probes.  The next 

day, embryos were washed for 10min each at 65°C in 75% Pre-hybridization solution (no 
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tRNA or Heparin)/25% 2X SSC Buffer, 50% Pre-hybridization solution (no tRNA or 

Heparin)/50% 2X SSC Buffer and 25% Pre-hybridization solution (no tRNA or 

Heparin)/75% 2X SSC Buffer.  This was followed by washing 2X’s in 0.2X SSC buffer 

for 30min at 65°C.  The embryos were then washed for 5min each at RT in 75% 0.2X 

SSC/25% PBT, 50% 0.2X SSC/50% PBT and 25% 0.2X SSC/75% PBT.  The embryos 

were then blocked in 1X blocking solution (2mg/mL BSA and 2% Sheep serum) at RT.  

The anti-DIG antibody fused to alkaline phosphatase (Roche) was pre-absorbed in at a 

1:400 dilution in blocking solution for 2hr at RT.  The insoluble materials were removed 

by centrifugation at 12,000 rpm for 5min, the pre-absorbed anti-body was further diluted 

by 1:15 in blocking solution and added to the fish embryos and left overnight at 4°C with 

gentle agitation.  This was followed by washing for 2hr at RT in PBT, changing the PBT 

4-5 times, followed by 3 washes with 1X AP Buffer (0.1M Tris pH 9.5, 50mM MgCl2, 

0.1M NaCl and 0.1% Tween-20). Signal was detected calorimetrically by incubating in 

developing solution (1mL AP Buffer + 20uL stock NBT/BCIP solution (Roche)) in the 

dark for 24-72hrs until color developed.  Staining progression was monitored with a 

Nikon AZ100 microscope and analyzed with Nikon Elements software. 

7.  DIG-RNA Probe Preparation 

cDNA was inserted into the pGEM-T Easy Vector System 1 (Promega).  Plasmid-cDNA 

was linearized by restriction digest and this was followed by purification.  Purified 

plamid-cDNA was used for in vitro transcription using SP6 or T7 RNA Polymerases 

(Roche) for sense and antisense probes respectively.  During in vitro transcription RNA 

was DIG labeled with the DIG RNA labeling kit (Roche).  Transcribed RNA was then 

made to the correct size for in situ hybridization by alkaline hydrolysis.  The digestion 
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time was calculated by the following formula: Time = (Initial length of RNA transcript 

(kb) – Final RNA probe length (kb))/0.11(Initial length of RNA transcript (kb) x Final 

RNA probe length (kb)).  The hydrolyzed probe was then stored at -80°C. 

8.  Real-time PCR 

cDNA was diluted 20X’s in DEPC-water and used as a template for real-time PCR on a 

BIO RAD CFX96 Real-Time System. LightCycler 480 SYBR Green I Master Mix and 

0.3µM Primers were used.  The heat activation and amplification cycles were set as 

follows: 95°C for 5min, then 45 cycles of 95°C for 10sec followed by 58°C for 20sec 

followed by 72°C for 30sec, after completion of 45 cycles the samples were incubated at 

72°C for 5sec. 

9. Tissue Section In Situ Hybridization 

Amputated fins were fixed in 4% PFA overnight at 4°C, followed by 3 washes in PBS 

and transferred into 30% Sucrose in PBS overnight at 4°C.  Tissue was blocked in OCT 

and cryo-sectioned, sections were stored at -20°C.   

For Hybridization sections were removed from -20°C and air-dried at 37°C for 30min.  

The following steps were performed at RT unless stated otherwise.  Sections were re-

hydrated in DEPC-PBS for 4min and then incubated in 1% Triton X-100 in DEPC-PBS 

(PBT) for 4min.  Tissue was digested with a fresh 0.05mg/mL Protease K solution for 

4min.  Slides were then rinsed twice in DEPC-PBS for 2min/wash and then briefly 

washed in DEPC-water.  Slides air-dried for 30min and then 1ug/mL of DIG-labeled 

RNA probe was added to Hybridization solution (50% formamide, 5X SSC Buffer, 0.1% 

Tween-20, 50ug/mL heparin and 500ug/mL tRNA, brought to pH 6.0 with citric acid) 

and heated to 65°C for 5min.  80uL of pre-heated probe/hybridization solution was then 
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added to the slides which were then covered with individual parafilm pieces.  They were 

then put in a sealed humid box and incubated at 55°C overnight.  The next day parafilm 

pieces were soaked off by washing the slides in 2X SSC buffer.  Once the parafilm pieces 

were removed, the slides were washed twice in 2X SSC for 30min/wash and then twice in 

pre-warmed 0.1X SSC at 60°C for 30min/wash.  Slides were then equilibrated in Tris 

Buffer (0.1M Tris-HCl, pH 7.5, 0.15M NaCl) for 2min and blocked in 1% blocking 

reagent in Tris buffer for 30min at 37°C in a humid box.  This was followed by 

incubation with an anti-DIG-AP antibody (Roche, CA) at a 1:1000 dilution in blocking 

solution for 2hr in a humid box.  Sections were then washed 3X’s in Tris buffer for 

10min/wash on a shaker and then equilibrated in AP buffer (0.1M Tris, pH 9.5, 0.1M 

NaCl, 0.05M MgCl2) for 2min.  Signal was then detected by incubation with NBT-BCIP 

solution (10mL AP Buffer + 200uL stock NBT/BCIP solution (Roche, CA)) in the dark 

for 48hrs.  Once signal was developed to the desired level, the sections were washed once 

in AP buffer and then three times in distilled water for 10min/wash.  Slides were stored 

dry, for imaging the slides were rehydrated and coverslipped with 50% glycerol in PBS. 

Nuclear fast red counter-stain was done by incubating slides in nuclear fast red for 5min 

and then washing in distilled water for 5min.  Slides were then coverslipped with 

permount for imaging. 
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B. SUPPLEMENTARY TABLES AND FIGURES 

Target Forward Primer (5’ ����3’) Reverse Primer (5’����3’) Accession Number 
RPL19 aagaggaagggtactgccatgct tgaccttcaggtacaggctgtgat NM_009078 
TG1 tcaactctgcacacgacacagaca tcttcatccagcagtcgttccaca NM_019984 
TG2 aggtgtccctgaagaacccacttt ttccacagacttctgctccttggt NM_009374 
TG3 ttcaactcggctcacgacacagat tccacacgctatcactgcctttct NM_009374 
TG4 tgctgaggcgtggacagatattca tgtcactggatcaagctccaccat NM_177911 
TG5 tgcagaagctacaggctacaaggt acatcactgggttgaagggaaggt NM_028799 
TG6 tgtggccatcctacagaagtggtt tgagttgaagttggacaccaccct NM_177726 
TG7 agatcctggcccataacaccagtt aatgaatgcagaccgctcctcaga NM_001160424 

FXIIIa ttacttctcggcccacgacaatga agcagtggtagttccacaccgaat NM_028784 
 
Table B.1 Primer sequences for mouse genes analyzed by real-time PCR 
 

Target Forward Primer (5’ ����3’) Reverse Primer (5’����3’) Accession 
Number 

zFXIIIa-87 gttcggcccaaacagcgggt cctgcggatgccgtacggtg NM_001077154 
zTG2c acgcatctgaacggtgtggaca aaggcagatgtccagtattccgtgc NM_001004647 
zTG2b ggcaagtgatccaacgccgc ggcgtctctggtgctgtagtcga NM_212656 
zTG-91 tgctgatgacggacgggtcc gatcctctgtcccgggccga XP_688146.5 
zTG-84 tgaacgcagacgtgcggacc tggcgcccgtcatctgagga XM_689249 
zTG1-81 atcgcggtggaaacggcctg cgcagagtgcagggcagagg XM_689658 
zTG1-48 ctccggagcaagaactgcgaa ctgtagcgtccgatgcacgc XM_001331878 
zTG1-96 tcatgcctttctcatgcagccca cagtgcgtcacaacgctgagc XM_001332039 
zTG1-73 atatccatcgaactgaagcta agccttcaactctttaccaac XP_002665624 
zFXIIIa-53 atcaatctccaacttcccgaac tccatcaaggcgaagctca XP_686649 
zFXIIIa-42 gaatttaaagcgacagtcacc tgagcattaaagccatacaca NP_001070179 
zTG1-18 agcacgtcaaaaccatccac agcacctccaaaatcagatcg XP_003201279 
zTG2-12 aagcctctgtcattgttcg gctgtcattgagtatatcgc XP_687398.2 
Cyclin-D1 aacagatcgagtccctgctggaat taatgtctctgacgtctgtgggagtg NM_131025.4 
Gli3 ggacagactcaccctttaaccctt ggctgcagaaaccatggacaaaga NM_205728 
MMP7 tttggcctggaagagagtggagaa tttccgaaccgctcgacatgagaa XM_685884 
Patched1 attcccacatctctgtccaaccct tttccgaaccgctcgacatgagaa XM_001922126 
TCF1 tcccgaatccaaacagacctccat agctgctgtgaatctgtcatggga NM_200814 
cMyc aagtggtttcagagagactggcgt tcagatcctgcaaatagctcgcgt XM_005162561 

 
Table B.2 Primer sequences for zebrafish genes analyzed by real-time PCR 
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