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ABSTRACT

Title of Dissertation: Transglutaminase-MediatezhB Formation in Zebrafish
Stephanie Catherine Deasey, Doctor of Philosopby32
Dissertation Directed by: Maria Nurminskaya, AsateProfessor, Department of

Biochemistry and Molecular Biology

The integrity of the human skeleton is maintaibgda delicate balance of bone
deposition and resorption. Disruption of this bak results in diseases such as
sclerosteosis or osteoporosis, which are charaetkérby high or low bone mass
respectively. Further, the skeleton is prone fories such as fractures and breaks
throughout the human life-span. It has therefoeeome critical to understand the
underlying mechanisms of bone formation and honaststin order to better target and
treat such ailments. Two mammalian enzyme tratsgimases, TG2b and FXllla,
which catalyze the formation of protein-protein ssdinks, have been associated with
bone mineralizatiom vitro. However, mouse single knockouts of these enzyshew
no skeletal phenotype. In this study we demorestfahctional and transcriptional
compensation for the loss of TG2 in various tissufe§G2 knockout mice; specifically,
we demonstrate a compensation mechanism in theetekel To overcome this
complication we utilize the zebrafisdagnio rerig model system to examine the role of
transglutaminases vivo. Zebrafish have become an invaluable model tostbdy of
developmental processes due to several unique athastics such as, transparency
during early development, short gestation time amdmarkable regeneration capability.

We characterized the zebrafish transglutaminase &@Enily and identified thirteen TG



genes. Of these thirteen genes, eleven were hgmatoto one of three mammalian
transglutaminases, TG1, TG2, or FXllla, and two evepecific to zebrafish. We show
that transglutaminase activity promotes proper bonmeeralization in both developing
vertebrae and regenerating fin bones. Furthershesv evidence for transglutaminases
functioning in bone mineralization by promoting leglen type | deposition and
activating canonicap-catenin signaling during bone regeneration. Irtgudly, these
studies settled the previous discrepancy betweewitro studies andn vivo mouse
studies on the role of TGs in osteo-chondrogenfterintiation by demonstrating a
complex compensation mechanism in mammalian tissSilgs identification of TGs in
bone mineralization identifies a novel therapetéigyet for various bone pathologies,
such as bone-like tissue transformation in hetepadr ossification seen in

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

A. PROJECT OVERVIEW

The integrity of the human skeleton is maintain®d a delicate homeostatic
balance, with any perturbation of this balance ltegpin detrimental skeletal defects.
Specifically, homeostatic deregulation can leadisg@ases resulting in either low or high
bone mass such as osteoporosis or sclerosteogisctieely (Baron et al., 2006).
Further, the skeleton is a tissue that is pronejtmies throughout an average human life-
span such as fractures and breaks. Additiontily,bones of the human skeleton not
only function for structural support but also inintaining the human immunity. These
diverse roles of the human skeleton make it crut@l have a comprehensive
understanding of its regulating factors.

In vitro studies have identified two mammalian enzyme ganaminases (TGS)
as regulators of the process of bone mineralizgfiorge et al., 1996;Demignot et al.,
1995;Nurminskaya et al., 2002;Al-Jallad et al., @0®omazy and Davies, 1999).
However, single knock-out mice of these TGs showlonwious skeletal phenotype, likely
due to a compensation mechanism (Koseki-Kuno g2@03;Nanda et al., 2001;Lauer et
al., 2002). This discrepancy betwdarvitro andin vivo studies has led to a gap in the
understanding of the role of TGs in bone formatittris therefore essential to identify an
in vivo model in which the molecular mechanisms behind TGbone formation and
maintenance can be uncovered to allow for the ifiestion of novel targets to treat bone

pathologies.



The zebrafish model organism has become invaluablthe investigation of
developmental processes and various pathologiesnekbus unique characteristics such
as early transparency, easy access for both phalogac and genetic approaches, and
regenerative capability make this model of particuhterest for examination of the

mechanisms behind bone formation.

B. ENZYME TRANSGLUTAMINASES

1. General Introduction

Transglutaminases (TGs) are a family of calcium*{Cdependent enzymes that
catalyze multiple biological reactions. The mamarafamily of TGs is composed of
nine proteins, TG 1-7, FXllla and Band Protein 4Eight of these nine TGs, TG1-7 and
FXllla, have enzymatic activities while Band Praotet.2 lacks enzymatic activity and
functions as a structural protein. Reactions ga&a by TGs have been linked to a
plethora of biological reactions, including but rwhited to, blood coagulation, skin
formation, cellular apoptosis and extracellular mxasassembly. Interestingly, two of the
nine enzyme TGs, TG2 and FXllla, have been idadifivith bone mineralization by
previousin vitro studies (discussed in section C.2).

TGs catalyze three major reaction types: Transamila Esterification and
Hydrolysis (lismaa et al., 2009;Lorand and Graha@Q3). Each reaction is initiated by
the binding of a substrate containing a glutamimeeptor residue leading to the
formation of an acylenzyme intermediate; at whidinp the three reactions diverge.
Transamidation (also known as cross-linking) is thest thoroughly studied reaction
catalyzed by TGs and results in either additioa efmall biological amine to a glutamine

2



acceptor, acylation of a glutamine residue or faromaof an isopeptide bridge. This
covalently formed isopeptide bridge is formed bwitia- and extra-cellularly between
they-carbon of a glutamine residue and thamine of a lysine residue and is extremely
resistant to chemical and physical cleavage (Fi). 1Interestingly, TGs show a high
specificity for the glutamine residue, while théseconsiderable flexibility for the donor
g-amine group (Aeschlimann et al.,, 1993). The lestadied esterification reaction
utilizes an alcohol as the donor group and resaltee formation of an ester. Lastly, the
hydrolysis reaction utilizes a water to result ther deamidation or isopeptide cleavage
of the acceptor glutamine substrate. The main domuour studies is on the cross-

linking/transamidation reaction catalyzed by TGs.

HHOH HHHHH

Lysine-

C C C-N H H—N—C-C-C-C Containing
H H H H H H Substrate
TG
Ca*

Glutamine-
Containing
Substrate

HHOHHHHH Lysine-
C C—C-N-C—C—C—C
H H H H H H Substrate

Figure 1.1 Schematic of Cross-Linking Reaction Catalyzed I&sT Reaction occurs
between the glutamine residue one substrate anigdime residue of a second substrate.
This reaction results in the formation of an isdjmp linkage between these two
residues.



2. Transglutaminase 2 (TG?2)

TG2 is the most thoroughly studied TG due to itsquibous expression as
compared to the other eight mammalian TGs, in whigbression and function are tissue
specific. TG2 has been observed in various c@édythat are present throughout the
body such as endothelial cells and smooth musdle @ omazy and Davies, 1999), in
addition to being identified in organ specific selsuch as cardiac striated muscle cells,
arterial myointimal cells and glomerular mesangglls (Thomazy and Davies, 1999).

TG2 catalyzes the traditionally associated trandation, hydrolysis and
esterification reactions; interestingly TG2 is akdale to function as a G protein in the
liver (Nakaoka et al., 1994). The roles of TG2aa& protein and as a transamidating
enzyme are reciprocally regulated, due to an &ltastinhibition of transamidating
activity by GTP binding. Binding of GTP causesamformational change in TG2 to a
more compact form whereas Cavinding results in TG2 adopting a more open
conformation that favors the transamidation reac{idegg et al., 2006;Achyuthan and
Greenberg, 1987). This allosteric regulation rssuh low intracellular and high
extracellular transamidating activity under norrahditions, due to high GTP and low
C&”* concentrations inside the cell and vice versa datgie cell (Gundemir et al., 2012).
TG2 has also been identified as a regulator of maosesignaling pathways. Studies
have shown that this multi-functional enzyme iseata activate numerous pathwags
vitro including the canonicd-catenin signaling (Condello et al., 2013;Faverreaial.,
2008), hedgehog signaling (Dierker et al.,, 2009 aAMP-dependent protein kinase
(PKA) (Nurminskaya et al., 2003). The ability o662 to activate canonicgl-catenin

signaling is of particular interest to this projectd is further described is Section F.1.



Due to the wide range of roles for TG2 in biologjipeocesses, it is no surprise
that aberrant activity results in a number of pktges. Among the various pathologies
that have been associated with TG2 are CeliacsaskseOsteoarthritis, Cancer and

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

3. Factor Xllla (FXIla)

FXIllla shows a more selective expression pattecomparison to TG2. This TG
is largely expressed in blood plasma (lismaa et2809), but is also found in cells that
originate from the bone marrow (Muszbek et al., D0Buch as platelets (Jayo et al.,
2009a), megakaryocytes (Kiesselbach and Wagner2)19vonocytes (Jayo et al.,
2009b;Muszbek et al., 1985), macrophages (Komaremal., 2011), chondrocytes
(Nurminskaya and Linsenmayer, 1996) and osteob{Ast3allad et al., 2006).

FXIllla is synthesized as an inactive zymogen witiNld,-terminal activation
peptide, which must be cleaved to be activated.thénplasma, FXIII circulates as a
heterotetramer composed of two inactive FXllla sutsuand two FXIllb subunits.
FXIlIb is not a transglutaminase and serves asreecaor FXllla in the plasma to
protect FXllla subunits from degradation. The mtsiroughly studied function of
FXIlla is stabilization of the fibrin matrix by faring covalent bridges (transamidation
reaction) between fibrin monomers of a blood clotthe last step of the coagulation
cascade (lismaa et al., 2009). Activation of FXlih the plasma requires cleavage of the
NH.-terminal activation peptide by thrombin; this alage is followed by C& binding
which allows for the release of the FXIIIb suburfiismaa et al., 2009). Cellular FXllla,
however, does not bind to FXIlb, likely due to educed need for protection from

degradation, instead cellular FXllla exists as mmbdimer. Interestingly, thrombin is not



present inside the cell preventing cleavage ofNkg activation peptide. Under high
cellular C&* concentrations FXllla is able to bind €avhich results in its activation.
These high cellular Gaconcentrations occur during Edluxes as a result of a cellular
stimuli and it is under these conditions that deliirXllla is able to be activated without
activation peptide cleavage (Kristiansen and Arelerg011).

In humans, aberrant FXIllla activity is most comnyrhssociated with
pathologies resulting in a blood clotting defeareased miscarriage during pregnancy

and impaired wound healing have also been obsdreectwed in lismaat al.,2009).

C. ROLE OF ENZYME TGS IN BONE MINERALZIATION

1. Bone Formation

The mammalian skeleton is formed and maintainedavielicate homeostasis,
which relies on a balance of bone deposition arsbrpgion. This homeostasis is
maintained by three cell types: osteoblasts, ogtes@nd osteoclasts. Each of these has
a specific role in preserving the homeostatic badaonf deposition and resorption.
Osteoblasts lay down new bone matrix, thereby ntiedidbone deposition, whereas
osteoclasts mediate bone resorption by taking upe oatrix. Osteocytes are matured
osteoblasts that have become embedded into therbatrex and are relatively inactive
cells with their main function being to serve asssey cells in the bone.

Bones of the adult skeleton are formed via two raa@ms: endochondral and
intramembranous ossification (Fig. 1.2). These tssification processes form different

bone types in the mammalian skeleton, with endodradnossification forming the



majority of bones, such as long bones and vertebvagereas intramembranous
ossification is utilized for formation of “flat” bees such as the skull. The most obvious
difference between these two processes of ossifitad that endochondral ossification
occurs via a cartilaginous intermediate, whileantembranous ossification forms bones

without a cartilaginous precursor.

Endochondral Ossification Intramembranous Ossification
Mesenchymal OLOL Mesenchymal O LLL
g o c(')30000 o o o OOOOO o
Condensation (o)'s) Condensation O~o0
Chondrocyte OOOC? Osteoblast P
Differentiation O oo Differentiation J/
Chondrocyte e OOO o OOO =5 Mkt & - oCeS
Proliferation/Hypertrophy oo \ll oo ISR Daee J/ 0
0o o000 -
Vascularization OOO 029‘00 OOO Matrix Mineralization OOOO OQ
‘ 00 0p 0,0 o © O Mesenchymal Cells () Osteoblast
OStCObIZSt"C_)StCOdE—"t oo OQQ,O'OOO OOO O Hypertrophic Chondrocyte 7 Blood Vessel
Invasion Pre-hypertrophic Chondrocyte () Osteocyte
OProliferating Chondrocyte Unmineralized Matrix
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Figure 1.2 Endochondral vs. Intramembranous Ossification.schematic of the two
mechanisms of bone mineralization. Both begin il condensation of mesenchymal
precursors after which endochondral ossificatiormf® bone through a cartilaginous
intermediate, while intramembranous bone formsughodirect mineralization of the
matrix.

Condensation of mesenchymal precursors initiatessethtwo processes of
ossification; at which point they diverge to resint their respective types of bone.
During endochondral ossification mesenchymal cdiféerentiate into chondrocytes,

which then proliferate and hypertrophy. These hypphic chondrocytes serve to

calcify the extracellular matrix and promote vasciziation before they ultimately
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undergo apoptosis. Osteoblasts and osteoclasteh whifferentiate from the same
mesenchymal precursors, enter the matrix throughniawly formed vasculature and
begin degradation of the cartilaginous matrix le¢hind by hypertrophic chondrocytes
and lying down of the new bone matrix.

Intramembranous ossification also begins with thiedensation of mesenchymal
precursor cells, which instead differentiate intstem-progenitor cells. These osteo-
progenitor cells then mature into osteoblasts, Wwhiegin secreting bone matrix. As
matrix secretion progresses, some osteoblasts leet@pped in the matrix where they

further mature and become osteocytes.

2. TGs in Bone Formation

As previously stated, TGs are associated with naosebiological processes,
among which is bone mineralization. TGs have hdentified with intramembranous
and endochondral ossification throuighvitro studies by examination of osteoblasts and
hypertrophic chondrocytes in culture and ¥ vivoexamination of bones arising from
each type of ossification. TGs were first assedawith the process of endochondral
ossification, but as studies accumulated evidenasedor their role in intramembranous
ossification. TG2 was the first transglutaminaséee identified with bone mineralization
by immunohistochemical analysis of three differentlochondral bones: the tibia, tarsal
and metatarsal bones of rats. This showed thaaceltular TG2 was expressed by
hypertrophic chondrocytes in each of these bonesdAimann et al., 1993). While this
only examined the expression of TG2 in hypertropthondrocytes, a later study by
Nurminskayaet al., 1996 identified FXllla as the major TG isoform ilypertrophic

chondrocytes by subtractive hybridization. It @wnwidely accepted that chondrocytes



express two TGs (Demignot et al., 1995), TG2 andllBXin addition to supporting that
FXllla and not TG2 is the major form of TGs in thesells (Nurminskaya and
Linsenmayer, 1996;Nurminskaya et al., 1998;Nurmaysk et al., 2002;Thomazy and
Davies, 1999).

In addition to the numerous studies showing evidefar the role of TGs in
chondrocytes, studies have also identified a rale TGs in osteoblasts during
endochondral ossification.  Utilization of a cotowé system of hypertrophic
chondrocytes and pre-osteoblast cells demonsteatete for TGs in osteoblasts during
in vitro endochondral ossification. This showed that T@&@ &Xllla are secreted by
hypertrophic chondrocytes and that their secretéomd activity are necessary for
differentiating osteoblasts to mineralize the borarix (Nurminskaya et al., 2003).

These results demonstrated a role for TGs in fadonadf endochondral bones
and specifically their expression by chondrocytegitro. Interestingly, studies have also
examined TGs in osteoblast cultures lacking chondes (mirroring intramembranous
ossification) and found that TGs are also expredsedsteoblasts. Examination of
human osteosarcoma cell lines revealed expressioexwacellular TG2 and upon
inhibition of transamidation activity by one of tvbwoad-spectrum inhibitors, Putrescine
or Cystamine, reduced matrix mineralization waseolb=d (Heath et al., 2001;Yin et al.,
2012). Additionally, the immortalized mouse MC3E3-pre-osteoblast cell line showed
expression of both FXIllla and TG2 in osteoblastardudifferentiation. In correlation
with the results observed for chondrocytes, FXlileas identified as the major
transglutaminase regulating osteoblast differeotiatand matrix mineralization (Al-

Jallad et al., 2011).



Together, these results show an vitro role for TG2 and FXllla in bone
mineralization and suggest FXllla as the main dbatng TG. While many
mechanisms have been suggested for TGs mode @inaictibone formation, it still
remains largely unknown. It has been suggestedTiia promote bone mineralization
by cross-linking matrix proteins (Heath et al., 208schlimann et al., 1993;Al-Jallad et
al., 2006), by aiding in the secretion of matrixteins through microtubule stabilization
(Al-Jallad et al., 2011) or through activation @frus signaling pathways (Nurminskaya
et al., 2002;Yin et al., 2012). Despitevitro evidence for each of these mechanisms, the
in vivo mechanism remains unclear, thereby creating anegent for further studies to

better pinpoint the mechanism(s).

3. FXllla and TG2 Mouse Knock-Out Models

Strongin vitro evidence supports a role of TGs in bone formatibarefore the
next logical step was to investigate their rnol&ivo. To this purpose, a genetic approach
was adopted and single knock-out mice for both T&s2 FXllla were developed.
Neither of these mouse knock-out lines showed lealgithenotype (Koseki-Kuno et al.,
2003;Nanda et al., 2001;Lauer et al., 2002). Ssinmly, these single knock-out mice
did not present any significant skeletal phenotyipecontrast to the growing vitro
evidence for TGs in bone formation. This discreyabetweenin vitro andin vivo
results was proposed to be due to a compensatichanesm occurring between the two
TG isoforms. In vitro data has shown that the roles of FXllla and TGg&ineralization
are redundant and therefore in the absence of lo@eother can perform the same
function, indicating a possible compensation meman Specifically, in TG2 knock-out

mice it was suggested that either the expressioactivation level of FXllla (as it is
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produced as a zymogen) was being increased duettnss of TG2 or vice versa that
TG2 expression was increasing in response to tbe &b FXllla in FXllla knock-out
mice. However, further examination is necessary determine whether this
compensation mechanism is occurring. This potentenpensation effect complicated
the process of examining TGs in bone mineralizaitionivo 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 demonstrayedhe drastic increase in
publications over the past two decades (Lieschkeé @norrie, 2007). Several key
characteristics of this model organism have mademthnvaluable for studies of
biological systems, among these are: transparenagingl early development,
regeneration capacity, easy maintenance and sbstdtgn time.

Numerous groups have taken advantage of these eucigaracteristics to study
various developmental mechanisms. This modelgsa@ally appropriate for the study of
developmental processes as a single zebrafish ibge@air can yield up to a couple
hundred embryos per week. These embryos then aewglickly and by 3 days post-
fertilization (dpf) have hatched from their eggslame able to swim; allowing for a high
throughput analysis of developmental processestthén the presence of established

genetic approaches makes this model even more @ for developmental studies.
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Specifically, zebrafish have been used to studydénelopment 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 b@veldpment was of particular
interest to our project. This model system haoirecvery useful for the study of bone
development, especially as zebrafish and humare shany aspects of bone formation
(Brittijn et al., 2009). Early transparency isr@que characteristic that makes this model
ideal by permittingn vivo imaging and analysis of bone by stains such asicaldn
vivo analysis allows for the preservation of valuaBnsgenic animals in addition to
monitoring bone formation throughout developmerd aot just at one end time-point.
Additionally, by 21dpf axial skeletal elements havelergone mineralization, as detected
by calcein staining, allowing for rapid examinatiasf skeleton formation and
mineralization (Du et al., 2001).

The zebrafish axial skeleton is composed of theéeteal column and unpaired
fins. The vertebral column contains 31 vertebvalgich are divided into three classes:
Weberian (the anterior vertebrae), precaudal (midértebrae) and caudal (the posterior
vertebrae) (Bird and Mabee, 2003) (Fig. 1.3). TMeetebrae are visible via calcein
staining by 7dpf (Du et al., 2001) and form via ectibndral ossification. Vertebrae
mineralization proceeds from the anterior to thet@or of the body with the exception
of the 2%and 3 vertebrae, which mineralize after thi8 vertebrae (Du et al., 2001). The
unpaired fins also make up the skeletal systenebrafish and include the dorsal, anal
and caudal fins. Each of these fins is composednoltiple bony fin rays, termed

lepidotrichia, that form via intramembranous ossifion. Within these lepidotrichia are
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blood vessels, nerves, pigment cells and mesend-like cells (Fig.1.4) (Poss et al.,
2003). All three of the fins also maintain a regeneratepability which is describein

Section E.2.
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Figure 1.3 Diagram of theZebrafish Axial keleton. The major elements of the a
skeleton are composed of tfins andvertebral column which is divided into three tyj
of vertebrae: Weberian Vertebrae (Purple), PredaMatebrae Blue) and Cauda

Vertebrae (Green Additionally, it contaiis three fin types: the dorsal, anal and ca
fin.
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E. ZEBRAFISH CAUDAL FIN REGENERATION

1. Regeneration

Upon injury, tissues are able to heal via two maddmas: repair or regeneration.
Tissues healed via repair form permanent scarsreabkdissues healed by regeneration
result in an almost identical tissue (Poss et28(03). It is tissue scarring that makes
repair a less-then-ideal mechanism of tissue hgalinen compared to the no-scarring
mechanism of regeneration. The ability to regetiegiasues is a fairly common trait that
can be seen from species to species; howeverdkeaegative capacity (i.e. the number of
tissues able to regenerate or the required amobtinttasting tissue to allow for
regeneration) varies largely between species (SancB000). Unfortunately, the
majority of higher vertebrates has a very limitegeneration capability and heals tissues
mostly by repair. However, due to the obvious fienhef regeneration, many studies
have begun examining the processes of regeneratitower vertebrates in hopes of
gaining a better understanding of the mechanismdsfastors controlling this process to

allow for application to regenerative medicine.

2. Zebrafish Caudal Fin Regeneration

Zebrafish have the remarkable ability to regenenat®erous tissues, such as the
optic nerve, scales, heart, spinal cord and fings¢Pet al., 2003). Among these
regenerative tissues, the caudal fin is the mosinoonly studied, due to its easy access
for amputation, symmetrical shape, simple strucamd amputation having little to no
effect on survival. The process of caudal fin resgation is commonly divided into three
different phases: Wound Healing, Blastema Formatend Regenerative Outgrowth
(Fig. 1.5). During wound healing, which occursnfrapproximately 0-12hours post-
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amputation (hpa), the wound is covered with a layeepidermis termed the apical
ectodermal cap (AEC). The second phase of regemerdlastema formation, occurs
from approximately 12hpa-2 days post amputatioradmd can be divided into two
separate phases: mesenchymal disorganization agwétion and blastema formation.
Mesenchymal disorganization and migration occussfapproximately 12hpa-1dpa and
consists of tissue disorganization and cell migratiowards the amputation plane to
provide for the cellular population of the blastemiaich then forms from approximately
1-2dpa. Once the blastema has formed the lasepbfaBn regeneration, regenerative
outgrowth, begins. This phase of regenerationslésim approximately 2dpa until

completion of regeneration around 10dpa and is wtlen amputated tissues are
regenerated. It is the regenerative outgrowth @lasregeneration that this study is
particularly interested in as this is when tissegeneration and in particular bone

regeneration is occurring.
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Figure 1.5. Schematic of Phases of Fin Regeneration. Dashedndicating the plane
of amputation. After amputation regeneration bggiith wound healing which results
in the formation of the AEC by 12hpa. This is éelled by mesenchymal disorganization
and migration and blastema formation (Marked byaB}ing from 12hpa-2dpa. Lastly,
regenerative outgrowth begins and continues untDdpa at which point a fully
regenerated fin has been formed.

The blastema, a mass of proliferative undiffer¢atdacells, serves as the
progenitor cell population for newly regeneratessties. This cellular mass and its
origins during regeneration has become of grearaist as an understanding of these
cells and the factors that promotes their diffaegin is invaluable for the development
of regenerative medicine. Of particular interestour studies are the osteo-progenitor
cells which differentiate into osteoblasts and farewly regenerated bones. However,
the origin of these osteo-progenitor cells remainslear and two prevailing theories

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

migrate towards the regeneration area upon ampatati(2) differentiated osteoblasts of

16



the mature bone de-differentiate and migrate toatnputation site. Both differentiated
osteoblasts of the mature bone and intra-ray méyemal-like cells have been found to
migrate towards the regeneration site post-ammutatiPoleo et al., 2001). Further,
differentiated osteoblasts have been found to tferdntiate and migrate to the blastema
post amputation, indicating a role for differergidtosteoblasts in bone regeneration
(Knopf et al., 2011;Sousa et al., 2011). Howewdren differentiated osteoblasts were
deleted from caudal fins prior-to amputation, regation was unaffected and the
blastema was formed instead by intra-ray mesenchlkeacells (Singh et al., 2012).
Thus indicating a role for both differentiated adikasts and intra-ray mesenchymal-like
cells in bone regeneration; however it remains esrcto what degree each population

participates in this process.

F. CANONICAL B-CATENIN SIGNALING

1. CanonicapB-Catenin Signaling

B-catenin is a multifunctional protein that has beassociated with both
maintenance of adherent junctions and signal tratsnh pathways (Xu and Kimelman,
2007). Despite the majority gtcatenin molecules in the cell being allocateddbesxent
junctions, its role in signal transduction is essgrio multiple developmental processes
and diseases (Xu and Kimelman, 2007).

In the absence of an activation sign@catenin binds a destruction complex
composed of four proteins: Axin, Adenomatosis Pogyp Coli (APC) and two kinases,

casein kinase 1 and glycogen synthase kinase 3 {>SKhese kinases phosphorylfite
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catenin, thereby targeting it for ubiquitinationdaaltimately resulting in degradation.
Signal transduction is initiated by the bindingaof activating ligand to the extracellular
domain of two receptors, Frizzled (Fz) and low-dignspoprotein receptor 5 or 6
(LRP5/6), resulting in the formation of a complegtween these two proteins. The
intracellular domain of this complex then recruésin, preventing formation of the
destruction complex, resulting picatenin no longer being phosphorylated and tadgete
for degradation. Insteafl-catenin accumulates in the cytosol resulting shntclear
translocation. Once in the nuclefiscatenin mediates/activates gene expression by

interacting with the Tcf/Lef transcription factqisig. 1.6) (Huang and He, 2008).
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Figure 1.6 Schematic of CanonicglCatenin Activation. Without ligand binding (Left
panel) B-Catenin binds to the destruction complex resultingphosphorylation and
targeting to proteasomal degradation. Upon ligainding, signaling is activated (Right
panel) and axin is recruited to the LRP receptioerdby preventing formation of the
destruction complex.p-Catenin is no longer targeted for degradationtetie allowing
for accumulation in the cytosol and resulting irclear translocation. In the nuclefis
Catenin interacts with transcription factors ragsgltin transcription of target genes.
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The principle activating ligands associated withar@cal B-catenin signaling are
Wwnt glycoproteins. However, studies have shownt terious other extracellular
proteins are able to interact with this crucialnsiing pathway. This pathway can be
inhibited by the binding of proteins, such as, DKBbudin et al., 2013), SOST (Ellies et
al., 2006;Li et al.,, 2005and WISE (ltasaki et al., 2003) to the LRP recepttich
inhibits interaction with the activating ligand urther, extracellular proteins un-related to
Wnts are able to activate this crucial signalinthpay. These proteins include but are
not limited to R-spondins (Han et al., 2011), Nor{Ku et al., 2004a) and importantly

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

2. CanonicaB-Catenin Signaling in Zebrafish Fin Regeneratiod Bone Formation

Interestingly, the canonic@lcatenin signaling pathway has been identifieddo b
crucial to both zebrafish fin regeneration and btmrenation. During each of the three
stages of fin regeneration, wound healing, blasteimanation and regenerative
outgrowth,B-catenin protein is up-regulated, thereby indi@a@nrole in fin regeneration
(Stoick-Cooper et al., 2007). While traditionaligsociated Wnt ligands have been
identified as activators d¢f-catenin signaling for wound healing, the activatilgand for
the next two steps, blastema formation and regé@wmerautgrowth has yet to be
identified (Stoick-Cooper et al., 2007;Poss et2003).

B-catenin has also been found to be a key compdioerttoth initiating bone
development and repair in numerous systems (Westkred al., 2004). It has been
found thatB-catenin is active in proliferating chondrocytesl asteoblasts during bone
fracture repair and regeneration (Chen et al., 2067V et al., 2007). Aberrant signaling

of the canonicaPp-catenin signaling pathway has also been associatédnumerous
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diseases resulting in an abnormal skeleton suclb@srosteosis, Van Buchem disease,
Osteoporosis, Pagets disease and multiple myelBmad(n et al., 2013).

This project identifies TGs with bone formation amelgenerationin vivo,
specifically with the deposition of the type | @ken matrix. It further identifies
canonical B-catenin as a potential mechanism through which Tg&smote bone
mineralization. This identification can be furthesed to better treat diseases and injuries

involving the skeletal system.
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CHAPTER IlI: TISSUE SPECIFIC RESPONSES TO LOSS OF
TRANSGLUTAMINASE 2 *

A. ABSTACT

Of the eight catalytic TGs, TG2 is the most compredively studied due to its
ubiquitous expression in multiple cell types. Desphe critical role for this enzyme in
multiple biological processem vitro, TG2 knock-out mouse models have shown no
severe developmental phenotypes, suggesting comrmpemdy other TGs. To begin
characterization of the compensating mechanisms,amayzed total transamidating
activity and expression patterns of all catalyticahctive TGs in seven different
tissues/organs from wild-type and TG2 knock-out eniclnhibitory analysis with the
TG2-specific inhibitor KCC-009 suggests that thiatree contribution of TG2 to total
transamidating activity differs in various tissue&ccordingly, our data indicate tissue-
specific mechanisms of compensation for the lossT@G®R, including transcriptional
compensation in heart and liver versus functiormhgensation in aorta, kidney and
skeletal/cartilaginous tissues. On the contran/,compensation has been detected in
skeletal muscle, suggesting a limited role for Ti@@diated transamidation in normal

development of this tissue.

! CITATION: Deasey S.D., Shanmugasundaram S., Nuskaiya M.NAmino Acids
2013 Jan 44(1):179-187
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B. INTRODUCTION

The mammalian TG protein family consists of nineotpins with eight
zymogens/enzymes, designated TG1-7 and FXllla dhtiad to a structural protein,
protein 4.2, which lacks catalytic activity. TG-digted reactions are essential for
multiple biological processes ranging from blooggalation to skin barrier formation
and extracellular matrix assembly (Griffin et @002;Lorand and Graham, 2003). These
enzymes function in a wide range of biological msses by catalyzing three types of
posttranslational modifications: transamidatiortegfcation, and hydrolysis (lismaa et
al., 2009). In addition, TG2, TG4 and TG5 can bindand hydrolyze GTP, which
inhibits their transamidase catalytic activity (hiaa et al., 2009;Spina et al., 1999;Candi
et al., 2004). Interestingly, while these distieazymes are able to recognize the same
protein substrate, they generally exhibit remarkahibstrate specificiip vivo.

TG2 is the most comprehensively studied of thisedie enzyme family. It is
constitutively expressed in many cell types, inglgdout not limited to, endothelial cells,
vascular smooth muscle cells and fibroblasts (Ttayrend Fesus, 1989). Further, its
expression correlates with cell differentiation some cell lineages, such as the
osteochondrogenic lineage (Aeschlimann et al., 19@3ninsky et al., 2011;Thomazy
and Fesus, 1989). In addition to traditional T@vitees, TG2 has been reported to act as
a protein kinase (Mishra and Murphy, 2004) andagin disulfide isomerase (Hasegawa
et al.,, 2003), as well as to facilitate cell-matiiXeraction independently from its
enzymatic activity (Akimov et al., 2000;Xu et &006;Dardik and Inbal, 2006). TG2 is

localized to both the extracellular matrix and npldt cellular compartments, with ample
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in vitro studies showing a wide range of TG2 functions ficeth adhesion to cell death
(lismaa et al., 2009;Griffin et al., 2002;Fesus &zdndy, 2005;Nadalutti et al., 2011).

Two mouse knockout models for TG2 were developedukaneously by
different groups to evaluate its vivo function (De, V and Melino, 2001;Nanda et al.,
2001). These models were based on disrupting mbgise2 gene around exon 5 (which
encodes part of the catalytic core domain) and Bbthwed absence of TG2 protein in
homozygote progeny. However, no obvious developatgrhenotype was observed in
either of these mouse models despite the previaestyonstrated vitro role for TG2 in
multiple developmental processes. These phenotgpggest the common biological
phenomenon of backup compensation, which occursnwhactionally overlapping
proteins compensate for the loss of each otherr eikample, rescuing/compensation
mechanisms have been described for the family ddllshaucine-rich proteoglycans
(Ameye and Young, 2002). Further, in TG2 null (TGZhondrocytes compensatory
activation of FXllla has been observed, resultimg an unchanged level of total
transamidase activity (Nurminskaya and Kaartin®@®62Tanaka et al., 2007).

In this study, we analyzed the relative contribmtiof TG2-mediated catalytic
activity in seven different wild-type (WT) mousedues. Next we examined enzymatic
activity in TG2" tissues and analyzed expression of the eight iGkd TGZ versus
WT tissues to identify possible tissue-specific pemsation mechanisms supporting the

TG2" phenotype.
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C. MATERIALS AND METHODS

1. Animals and tissue dissection

Animals used were CB57/B6 and TG2mice (a kind gift from Robert Graham, Victor
Chang Cardiovascular Institute, New South Walesstralia). All procedures were
approved by the institutional animal care and ueemittee at the University Of
Maryland School Of Medicine and were conductedompliance with NIH guidelines
for the care and use of laboratory animals. Twé \Beek old mice of each genotype
were used to dissect sternum (designated as narthgphic cartilage), knee joint
(designated as ossifying cartilage), skeletal neus@m the limb, aorta, heart, kidney,
and liver. Tissues from both animals were pootagether and total RNA was isolated
by Trizol (Invitrogen) (Detailed description of RNAsolation in Appendix A.l).
Resulting RNA was DNase digested and cleaned-uip thee RNeasy mini kit (Qiagen)
(Detailed description of DNase digest and RNA clapnn Appendix A.2)

2. Real-Time PCR

Primers for TGs were designed using NCBI primernglesoftware (List of primers in

Appendix B.1). Real-time PCR was run using fitséssd synthesized cDNA (Detailed
description of reverse transcription in Appendi8)yas a template on a BIORAD CFX96
Real-Time System. Real-time PCR was run following manufactures instructions for
heat activation, amplification and melting curves 45 cycles (Detailed description of
real-time PCR in Appendix A.4). Expression lewetsre normalized to RLP-19 mRNA

with anything showing expression after 35 cyclesdeisregarded for analysis.
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3. TG Activity Assay

Total TG cross-linking activity in mouse tissue wassayed by incorporation of the
biotinylated pentylamine Ez-link Pentylamine-BiofjRierce) intoN,N’-Dimethylcasein
(Sigma-Aldrich) in an ELISA-like assay as previgudescribed (Trigwell et al., 2004).
96-well microtiter plates (Maxisorp NUNC) were if@ated overnight with 25Q of
1mg/mLN,N-Dimethylcasein (Sigma-Aldrich) in 5mM Sodium Cariate (pH 9.8), and
blocked with 20QL of 0.1% bovine serum albumin (BSA) (HyClone) imBl Sodium
Carbonate (pH 9.8) for one hour at 37°C. Moussugswas lysed and centrifuged and
TG-containing supernatant was used for further yas¢Betailed description of protein
extraction in Appendix A.5). Purified guinea pigdr transglutaminase 2 (gplTG2)
(Sigma-Aldrich) was used as a standard for actitasts. For inhibitory studies, mouse
lysates (20ug total protein) or purified gplTG2 rig5 purified protein) were pre-
incubated with 30M inhibitors for one hour at 37°C. Reaction wasriea out in
100mM Tris-HCI pH 8.5, 6.7mM Cag113.3mM DTT and 2.5mM Ez-linRentylamine-
Biotin (Pierce) for one hour at 37°C. Incorporated Ek-lIPentylamine-Biotin was
detected with 1:5000 ExtrAvidin-Peroxidase (Signa)d Super AquaBlue ELISA
Substrate(eBioscience) followed by reading the absorbancdCfinm on a Polarstar
Optima plate reader.

4. Data and Statistical Analysis

Statistical significance was calculated by the shi@ 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 analyzed in WT mouse
tissues that were chosen based on previously iatplicroles for TG2 in development
and pathology. Earlier studies reported expressfdhese proteins in various cell types
and tissues; however, to our knowledge comparadivalysis of their expression in
various tissues has been limited. To examine efaive expression of each TG in the
various tissues, we compared expression in eashetio the average expression of that
TG in all tissues analyzed. We were unable toaebepression of TG7 and TG4 in any
of the tissues, in agreement with previous stuidiestifying restricted expression of TG4
protein to the prostate (Ho et al., 1992). Exporsof FXllla varies between the
analyzed tissues, with lowest expression of FXolbaerved in the liver and kidney where
the regulatory/carrier B subunit of the heteroteieeac plasma coagulation Factor XIII is
expressed. Despite FXIllla’s historical identificatas a “plasma” transglutaminase, our
results combined with previous reports (www.nclonmih.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 FXllla in WT Mic&eal-time PCR revealed
expression in muscle, heart, aorta, sternum ant. joLevels of expression for each
enzyme were compared to its average expressidhanalyzed tissues.

TG1 and TG3 have both been identified in skin amdkaown to be required for
stabilization of the cornified cell envelope in sKKuramoto et al., 2002;Candi et al.,
2002). We, however, also identified expressiorthafse enzymes in skinless-internal
tissues. TG1 was identified in the liver, aorta &dney of mice (Fig 2.2A) and may be
functioning in these tissues to stabilize adhefenttions, similar to its previously
proposed role in the lung epithelium, liver, kidnayd endothelium of the myocardial
microvasculature (Hiiragi et al., 1999;Baumgartaeal., 2004). TG3 was identified in

the aorta, sternum and kidney (Fig 2.2B); howetleg, 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 #icReal-time PCR
analysis revealed that TG1 was expressed in tlee, laorta and kidney (A), while TG3
was identified in the liver, aorta, sternum andnieg (B). Both of these enzymes have
been correlated with skin maintenance and functiogvels of expression for each
enzyme were compared to its average expressiolh amalyzed tissues. X’s indicating
no detected expression in respective tissue.

The highest level of TG2 expression was detectedhen aorta (Fig. 2.3A),
correlating with its previously proposed role irsealar remodeling (Bakker et al., 2008).
Similarly, the highest expression of TG5 was alsgiedted in aorta (Fig. 2.3B).
Expression of both TG2 and TG5 in the liver wassigantly lower than that of the

other analyzed tissues, while in skeletal muscld pmnt, expression of TG5 was

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

for these genes localized on the same chromosonea§@l et al., 2001).
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Figure 2.3 Tissue-Specific Expression of TG2 and TG5 in WT &ic Real-time PCR
analysis identified TG2 in the muscle, heart, gastarnum, joint and kidney (A), while
TG5 was identified by the same means in the astégainum and kidney (B). Both these
enzymes showed their highest level of expressiameénaorta. Levels of expression for
each enzyme were compared to its average expressi@ll analyzed tissues. X's
indicating no detected expression in respectisiés

Expression of TG6 was detected in the cardiovastisisues, heart and aorta, and
also in the kidney, but absent from skeletal muscié joint (Fig 2.4), adding new sites
of expression to the previously described skin, seyeand neurons
(www.ncbi.nlm.nih.gov/UniGene; Hadjivassilict al., 2008). Thus, TG6 seems to be

an isoform with a wider distribution than previoubklieved.
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Figure 2.4 Tissue-Specific Expression of TG6 in WT Mice. Rtiade PCR revealed
expression in heart, aorta and kidney. Levelsxpf@&ssion were compared to its average
expression in all analyzed tissues. X's indicatimg detected expression in respective
tissue.

2. Compensation for TG2 loss in skeletal muscle

Expression of three TGs was identified in the Wé&lstal muscle — with TG2 and
FXIllla expressed at relatively high levels and T&Inuch lower levels (Fig. 2.5A). The
TG2-specific inhibitor KCC-009 inhibited approxinest 60% of the total transamidating
activity (Table 2.1), attributing 60% of the transdating activity in the skeletal muscle
to TG2. Accordingly, genetic ablation of TG2 rdedl in a 60% reduction of total
transamidating activity in the skeletal muscle (RA¢B), corresponding to the portion of
transamidating activity attributed to endogenous2TAn agreement with this lack of
transamidation compensation, expression of TG1 rmbtl change significantly and
expression of FXllla was significantly reduced etTG2" versus WT muscle (Fig.
2.5C). This lack of compensation for the loss @Zfmediated transamidating activity
by other TGs suggests that TG2-mediated transaimmdatctivity is not crucial for

muscle formation and function.
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Figure 2.5TG Expression and Activity in Mouse Skeletal Muscl@®) Real-time PCR
analysis showing expression of TGs compared to &@gzession in WT mouse skeletal
muscle. (B) TG cross-linking activity assayed lgntylamine-biotin incorporation into
N,N’-dimethylcasein. Total protein lysates from WT an@2” mouse skeletal muscle
were used. (C) Real-time PCR analysis showing essfwa of TGs in TG2 mouse
skeletal muscle compared to WT tissue. €0.05; **P< 0.005)

Organ/Tissue Activity Activity (U/mg Protein) with | Percent Inhibition
(U/mg Protein) | 30uM KCC-009 Treatment with KCC-009
Skeletal Muscle 739 +£0.34 2.85 £0.60 61.37%
Liver 46.74 = 0.19 10.05 = 0.84 78.50%
Heart 29.00 £2.52 12.74 £ 0.70 56.06%
Aorta 8.11 £t N.A. 6.16 = N.A. 23.94%
Sternum 453 £1.07 Not Detectable 100%
Joint/Ossifying 19.80 = 0.87 7.33 £0.55 62.98%
Cartilage
Kidney 20.99 + 1.46 11.80 £0.78 43.78%

Table 2.1 Transamidating Activity and Percent Inhibition b2 Inhibitor KCC-009.
Transamidating activity was measured in tissues @09 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, FXllla and TG2, were exgexbin the liver (Fig. 2.6A).
Approximately 80% of total transamidating activiiias attributed to TG2 (Table 2.1),
however the total transamidating activity in the 2I'Gliver was reduced to 42% (Fig.
2.6B), indicating a possible compensation effectodyer TGs. Expression analysis of
the TGZ2" liver revealed a 2-fold increase in FXIlla express(SEM 0.157, p<0.05) and
a 1.6-fold increase in TG1 expression (SEM 0.0&®).@05) (Fig. 2.6C). No other TGs
were induced in the TG2liver tissue, suggesting transcriptional compensator the
loss of TG2 via increased expression of TG1 andIlBXWwhich are expressed in the WT
tissue. Interestingly, the combined activity of T@nd FXIllla in the liver constitutes
approximately 20% of the total transamidating atjvin contrast to their approximately
40% contribution in skeletal muscle (Table 2.1)isTis accompanied by high levels of
TG1 expression in the liver (compared to TG2) wkildlla expression is comparable in
these tissues (Figs. 2.5, 2.6). Two possible exgbians can be proposed: (1) TG1
and/or FXllla, both requiring proteolytic activaticare activated to a higher extent in the
muscle than the liver or (2) TG2 in the muscle neaydss active than in the liver,
possibly due to regulation via the ¥/&TP binding balance. The significantly lower
level of total transamidating activity in the muesc(Table 2.1) favors the latter

explanation.
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Figure 2.6 TG Expression and Activity in Mouse Liver Tissud) (Real-time PCR
analysis showing expression of TGs compared to @2ession in WT mouse liver. (B)
TG cross-linking activity assayed by pentylaminetini incorporation intoN,N’-
dimethylcasein. Total protein lysates from WT ar@2" mouse liver were used. (C)
Real-time PCR analysis showing expression of TG$G2 mouse liver compared to
WT liver tissue. (*P< 0.05; **P< 0.005)

4. Compensation for TG2 loss in non-hypertrophidilage

In our previous studies, TG2 was shown to reguldie early stages of
chondrogenic differentiation in mesenchymal ceNsirffninsky et al., 2011). However,
cartilaginous tissues in TG2mice have been found to be phenotypically normal,
suggesting a compensation mechanism by other V@&s.therefore, analyzed expression
of the eight TG enzymes in the sternum cartilageiclvis composed of mostly non-
hypertrophic chondrocytes and identified four TA@%s2, FXllla, TG1, and TG3.
Relative to TG2 expression, FXllla was expressecbatparable levels, while TG1 and
TG3 were expressed at lower levels (Fig. 2.7A). e ThG2 inhibitor KCC-009
dramatically decreased total transamidating agtiuit the WT sternum (Table 2.1),
suggesting that TG2 is the major active enzymehis tissue. Unexpectedly, genetic
ablation of TG2 resulted in a significant 3-folctiease in total TG activity (SEM 0.6,

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

33



slight down-regulation of TG1 (Fig. 2.7C) and e>gwmien of TG3 is reduced to almost
undetectable levels (data not shown). These resoiplicate catalytic rather than
transcriptional activation of FXllla, TG1 and/or BGn the TGZ cartilage, and present
an example of functional in contrast to the tramgianal compensation that was

proposed for liver.
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Figure 2.7 TG Expression and Activity in Mouse Non-HypertraptCartilage. (A)
Real-time PCR analysis showing expression of T@spaved to TG2 expression in WT
mouse non-hypertrophic cartilage. (B) TG croskiig activity assayed by
pentylamine-biotin incorporation intdl,N’-dimethylcasein. Total protein lysates from
WT and TGZ mouse non-hypertrophic cartilage were used. @)Hime PCR analysis
showing expression of TGs in TG2nouse non-hypertrophic cartilage compared to WT
tissue. (*P<0.05; **P< 0.005)
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5. Compensation for TG2 loss in joint/ossifyingtiage

Differentiating chondrocytes of the growth platesddoeen shown to express both
TG2 and FXllla (Aeschlimann et al., 1993;Nurminskand Linsenmayer, 1996). Here,
we analyzed expression of eight TGs in the whala jovhich includes the cartilaginous
growth plate, articular cartilage, periosteum aadosidary ossification center. All soft
tissues, including tendon, muscle, ligament, buaed synovial sac, were carefully
removed at dissection. In addition to the previpukescribed expression of TG2 and
FXllla, TG1 was expressed in the joint tissuesa@lth at much lower levels (Fig. 2.8A).
Specific inhibition of TG2 with KCC-009 significdgt inhibited (approximately 60%
inhibition) the transamidase activity in the WTnbtissue (Table 2.1). However, genetic
ablation of TG2 had only minor effects on the temglase activity (Fig. 2.8B),
indicating that enzymes other than TG2 can supff@ttransamidase activity in the
skeletal tissues, in agreement with earlier stu(hesminskaya et al., 1998;Nurminskaya
and Kaartinen, 2006;Tanaka et al., 2007). A nobslervation of this study was the up-
regulation of TG1 and induction of TG3 expressiorntiie TGZ joint (Fig. 2.8C). In
addition to the previously demonstrated proteolgittivation of the FXllla proenzyme
(Nurminskaya et al., 1998;Tanaka et al., 2007), B@d TG3 may also compensate for
the loss of TG2 in skeletal tissue. This findinmgests that even a double TG2/FXllla
knock-out model may be insufficient to delineate tiole of the TG-mediated protein

modifications in skeletal formation.
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Figure 2.8 TG Expression and Activity in Mouse Joint/OssifyiGgrtilage. (A) Real-
time PCR analysis showing expression of TGs conthameTG2 expression in WT
mouse joint/ossifying cartilage. (B) TG cross-imi activity assayed by pentylamine-
biotin incorporation intd\,N’-dimethylcasein. Total protein lysates from WT ar@2”
mouse joint/ossifying cartilage were used. (C) Reaé PCR analysis showing
expression of TGs in TG2mouse joint/ossifying cartilage compared to WEuis. (*P
< 0.05; *P< 0.005)

6. Compensation for TG2 loss in cardiovasculaugs

6.1 Aorta
High levels of TG2 expression have been detectethenaortic tissues, where
different cell types express TG2 including enda#iedells, vascular smooth muscle cells

and fibroblasts of the adventitia (Greenberg et1l#191). Additionally, a significant role
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for TG2 has been implicated in vascular pathologigsh as vascular inward remodeling
(Bakker et al., 2008;Pistea et al., 2008), and aledalcification (Johnson et al.,
2008;Beazley et al., 2012a). Nevertheless, no gtlgpit abnormalities have been
reported in the developing vasculature of TGgice. Endogenous transamidating
activity in WT aortic tissue was much lower thanany of the other analyzed tissues
(Table 2.1), and expression analysis revealed damhiexpression of TG2, although
several other TGs were expressed at low levelsadls(lig. 2.9A). Surprisingly, total
transamidating activity in the aortic tissue wasya@hightly inhibited by KCC-009 (Table
2.1), suggesting that TG2 is mostly present inractive (maybe GTP-bound) form in
the aorta. However, genetic ablation of TG2 reslin enhanced total transamidating
activity (Fig. 2.9B) despite no induction in TG egpsion (Fig. 2.9C). Proteolytic
activation of the pro-enzymes expressed in the "T@2rtic tissue offers a credible
explanation for this observation, but further aseyis needed to elucidate the molecular
regulation of this effect. Of note, we did notet#tup-regulation of TG5 expression in
the fresh TGZ aortic tissue which has been previously reporntethé passaged TG2

VSMCs and maybe an artifact of cell culture (Joimebal., 2008).
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Figure 2.9 TG Expression and Activity in Mouse Aorta. (A) Réane PCR analysis
showing expression of TGs compared to TG2 expressioNT mouse aorta. (B) TG
cross-linking activity assayed by pentylamine-liotincorporation into N,N’-
dimethylcasein. Total protein lysates from WT a2’ mouse aorta were used. (C)
Real-time PCR analysis showing expression of TGEG2Z mouse aorta compared to
WT tissue. (*P<0.05; **P< 0.005)
6.2 Heart

A role for TG2 in heart biology has been suggestethe finding that its activity
is down-regulated in cardiac failure (Hwang et 8096) and by TG2-induced ventricular
remodeling caused by cardiomyocyte-specific tranggeverexpression of TG2 (Small

et al.,, 1999). In addition to TG2, heart tissupresses FXllla at a level similar to TG2

along with lower levels of TG1 and TG3 (Fig. 2.10ATG2-mediated transamidation

38



contributes to almost 60% of total transamidatictivity as determined by KCC-009
inhibition (Table 2.1). Nevertheless, in TGReart tissue total transamidating activity
remains practically unchanged suggesting compeamsély other TGs (Fig. 2.10B). In
this tissue, transcriptional compensation by TG35Tand TG6 is suggested by real-time
PCR analysis (Fig. 2.10C). Further studies arele@do identify the cellular origin of

elevated TG3, TG5 and TG6 expression in the TGearts.
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Figure 2.10TG Expression and Activity in Mouse Heart Tissu@) Real-time PCR
analysis showing expression of TGs compared to €g#ession in WT mouse heart.
(B) TG cross-linking activity assayed by pentylagimiotin incorporation intad\,N’-
dimethylcasein. Total protein lysates from WT an@2 mouse heart were used. (C)
Real-time PCR analysis showing expression of TG§GZ"~ mouse heart compared to
expression in the WT tissue. (¥0.05; **P< 0.005)
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7. Compensation for TG2 loss in the kidney

TG2 has previously been shown to contribute toaeellular matrix accumulation
by accelerating matrix deposition of collagens idnkys (Fisher et al., 20Q9)In our
studies we found TG2 to be the most abundantlyesgad TG in the WT kidney
followed by TG1 and low levels of TG3, TG5, TG6,daRXllla (Fig. 2.11A). In the
kidney, TG2 contributed to approximately 44% of trensamidase activity as shown by
KCC-009 inhibition (Table 2.1), with only a 25% redion in transamidase activity in
the TG2" kidney (Fig. 2.11B). When examining expressionse¥en other enzymatic
TGs we found that TG1 and FXIllla were significantlp-regulated while TG6 was
down-regulated (Fig. 2.11C), indicating that TGM d&AXllla could be functioning to
compensate for the decreased transamidating ciivithe TG2" mice. However,
further analysis is required to determine whethempensation is supported by an

increase in transcription or proteolytic activatmiirG1 and FXllla.
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Figure 2.11TG Expression and Activity in Mouse Kidney Tiss&) Real-time PCR
analysis showing expression of TGs compared to &gession in WT mouse kidney.
(B) TG cross-linking activity assayed by pentylagpiotin incorporation intd\,N'-
dimethylcasein. Total protein lysates from WT ar@2 mouse kidney were used. (C)
Real-time PCR analysis showing expression of TGEG& mouse kidney compared to
expression in the WT tissue. (¥0.05; **P< 0.005)

E. DISCUSSION

Of the eight catalytically active TGs, TG2 has béss most thoroughly studied
due to its ubiquitous expression and associaticth wumerous biological processes.
Further, aberrant activation of TG2 has been aasatiwith multiple pathologies such as
Alzheimer’s disease (Johnson et al., 1997), Celidisease (Stenberg et al., 2008) and
Cancer (Chhabra et al., 2009). This associationTG2 with both normal and
pathological biological processes makes it critidal understand its underlying

41



mechanisms. To better understand the role ofetmeyme, TG2 mouse knockout models
were developed. Interestingly, despite TG2's assion with numerous biological and
pathological processes, TG2nice showed no severe developmental phenotypes Thi
lack of phenotype in TG2mice was proposed to be due to a compensationanisth
between TGs.

In this study we performed a comparative expresaiwalysis of TGs in several
tissues from WT and TG2mice to better understand the potential of a corsgon
mechanism. We determined the total transamidaatiyity in each tissue and the level
of contribution by TG2 to the activity and idenddi the presence of tissue-specific
compensations mechanisms for the genetic ablafiarG2. Specifically, we observed
transcriptional compensation in the liver, heard &dney and functional compensation
in the non-hypertrophic cartilage and aorta. Fenthve proposed the presence of both
transcriptional compensation by TG1 and TG3 andtianal compensation by FXllla in
the joint/ossifying cartilage. Lastly, we did raiserve any significant compensation for
loss of TG2 in the skeletal muscle, suggesting 1@ is not enzymatically active in this
tissue. This preliminary analysis of TGice identified potential transcriptional and
functional compensation; however, further studies required to better understand the
underlying mechanisms of compensation.

In conclusion, our data reveal wide and varyingtgzas of expression and
compensation for TGs, implicating an additionaleleef complexity in the biological
functions of TGs. This additional complexity himsléhe examination of thia vivo role
of TG2 in several biological processes, specificdiyr our studies on the role of TGs in

bone formation, a tissue in which transamidatingvag was unaffected by genetic
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ablation of TG2. Therefore, to examine T@svivo role in bone and circumvent this

complexity an alternative vivo model needed to be adopted.
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CHAPTER Ill: 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-ligkianzyme TG genes in
zebrafish, Danio rerio, based on analysis of their genomic organization and
phylogenetics. We identified thirteen zebrafish §8nes (zTGs), eleven of which
showed high homology to only three mammalian enzym&G1l, TG2 and FXlllaNo
zebrafish homologues were identified for mammali@s 3-7. Real-time PCR analysis
demonstrated distinct temporal expression profileszTGs in larvae and adult fish.
Further, analysis byn situ hybridization revealed restricted expression of 2ihGnd
zFXIlla-87 to skeletal elements, similarly to theserved expression of their mammalian
homologues in osteo-chondrogenic cells. Two manamalGs, TG2 and FXllla, have
previously been implicated in osteoblast differatidn and bone mineralization vitro,
however mouse models lacking either gene show etetst phenotype likely due to a
compensation effect. Here we examinedith&ivo role of zTGs in bone development
and show that mineralization of newly formed veréebis significantly reduced in fish

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

2 CITATION: Deasey SC, Grichenko O, Du S, Nurmingk&1 Amino Acid2011
March 42:1065-1075

44



reduced average vertebrae mineralization by 30%, @amplete inhibition in some fish,
and had no effect on overall growth and vertebramber. This is the firsin vivo
demonstration of the crucial requirement for the-dad&alyzed cross-linking activity in

bone mineralization.
B. INTRODUCTION

The comprehensive identification and understandihfoth systemic and local
bone anabolic factors is essential for the devetypnof new therapeutic targets to treat
bone diseases and fractures. Previaugitro studies from ours and other groups have
demonstrated that enzyme TGs promote osteobldsteftiation and enhance deposition
of mineralized matrix (Aeschlimann et al., 1993;Murskaya et al., 2003). TGs (R-
glutaminylpeptide: aming-glutamyl transferases, EC 2.3.2.13) are multifiometl C&*
dependent proteins that are crucial for the foromatf e-(y-glutamyl)-lysine-protein
cross-links (Lorand and Graham, 2003).

Two mammalian TGs, TG2 and FXllla, have been regabtd be up-regulated in
the osteo-chondrogenic lineage (Aeschlimann et dl993;Nurminskaya and
Linsenmayer, 1996;Borge et al., 1996;Rosenthal kt #97;Nurminskaya and
Linsenmayer, 1996;Summey, Jr. et al., 2002;Al-daéa al., 2006). Both enzymes are
expressed in pre-hypertrophic and hypertrophic dhaeytes of the growth plate and in
the “borderline chondrocytes” that are localizedhe lateral edges of the growth plate
(Nurminskaya and Kaartinen, 2006). These “borderichondrocytes” are thought to
regulate the formation of the bony collar (Biancb a., 1998), suggesting that
extracellular chondrocyte-derived TGs may mediag ¢oordination of osteoblast and

chondrocyte differentiation - a key event in progemne formation (Karsenty and
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Wagner, 2002). This hypothesis has been confirmedtro by the ability of TG2 and
FXllla to promote osteoblast differentiation (Nunskaya et al., 2003;Becker et al.,
2008) and osteoblast-like transformation in vascataooth muscle cells (Faverman et
al., 2008). Despite stronig vitro evidence, genetic ablation of either enzyme shoovs
skeletal phenotype in mouse models (Nanda et @D];2auer et al., 2002;Koseki-Kuno
et al., 2003). A plausible explanation for thecdipancy betweem vitro andin vivo
studies takes into account the functional redungadoetween TGs due to a high
similarity in substrate specificity (Achyuthan dt, 8996), and as a result, there is a
compensation for loss of each isoform by other TiGembryonic development. Our
studies have shown maintenance of transamidatitigitgdn skeletal tissue of TG2
mice demonstrating the presence of a compensatemihamism in this tissue (Deasey et
al., 2013b).

To overcome complications associated with this camsption mechanism in the
genetic loss-of-function mammalian models and ttaiobinsight into the role of TG-
mediated cross-linking in bone formatiam vivo, we employed the zebrafisBanio
rerio, model for analysis of bone development. Sevphgisiologic features, such as
early transparency, short maturation period, amyh lmeproductive capacity, make this
model ideal for studying developmental processedtiB et al., 2009). Additionally,
numerous zebrafish developmental mechanisms, imgutone development, share
common factors with mammalian systems. Furtherptbeepresence of orthologues for
genes commonly seen in human diseases makes zabradpecially useful for
preliminary in vivo drug studies (Brittiin et al., 2009). However, nsglutaminase

enzymes in zebrafish have not been studied onrethenetic or functional level.
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In the present study, we analyzed the zebrafistogenfor zTG genes, and
identified thirteen isoforms, eleven of which arghhy similar to one of the three human
TGs (hTGs) - hFEXllla, hTG2 and hTG1. Taking intonsideration that two of these
mammalian homologues have been implicated in tlgulagon of mammal tissue
calcification, we analyzed regulation of bone fotim@a in zebrafish in which total
transamidating activity was inhibited during ver@d mineralization. Our study

demonstrates a crucial role for TG-mediated crvdsrg in bone calcificatiomn vivo.

C. MATERIALS AND METHODS

1. BLAST Search, Sequence Alignments and PhyladageAealysis

NCBI database dDanio rerio protein sequences was searched with the blastpitalg
using the NCBI Blast server. We aligned the segegnavith CLUSTAL-W
(http://www.ebi.ac.uk/Tools/clustalw2) and constaet a phylogenic tree using
maximum parsimony algorithm with protpars tool ihet PHYLIP 3.5 package
(http://www.es.embnet.org). We also alighed segesrand constructed a phylogenetic
tree using the COBALT tool at NCBI (http://www.naldm.nih.gov/tools/cobalt).
Further, we used the phylogeny.fr package (httpaiwphylogeny.fr/iversion2_cgi/
index.cgi) for alignment and phylogenetic analyses.

2. Embryo Generation and Maintenance

WT zebrafish were maintained at the zebrafish itgcdf the Aquaculture Research
Center, Center of Marine Biotechnology UniversityMaryland, as previously described
(Du et al., 2001). Embryos were obtained from ratuating, staged according to
morphology or by days post fertilization (dpf), akept at 28.5°C on a 14 hour light 10
hour dark cycle. During inhibitor treatment zeksiflarvae were kept in 6-well plates
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with 5 fish in 5mL of water per well. Inhibitors wedissolved to a stock concentration of
10mM in 100% Dimethyl Sulfoxide (DMSO) (Sigma) aadded directly to the fish
water to a final concentration of B0. Fish water, supplemented with paramisol and
inhibitor, was changed once per day.

3. Ex vivoldentification of TG Cross-Linking Activity in Zehfish

Transglutaminase cross-linking activity in zebrafigas visualize@x vivoby incubation
with 5mM rhodamine-conjugated synthetic substrate-Pal-Lys—Gly (SY2011) (Kim
et al., 1997) in PBS for 4 hours at 28°C. Zebhafi®re then washed with PBS and left
overnight, to allow all unincorporated substrataliffuse out, at room temperature (RT)
in PBS. Zebrafish then were fixed in 4% PFA atf@if2 hours. Images were acquired
by a Leica DMIL FLUO microscope equipped with a SPRT slider real-time CCD
camera (Diagnostic Instruments, Inc.).

4. Whole Mountin SituHybridization

A detailed description of the whole mountsitu hybridization protocol is provided in
Appendix A.6. Embryos were fixed in 4% PFA andddoleed with 3% Hydrogen
Peroxide in 0.5% Potassium Hydroxide in PBS-T fomiinutes. This was followed by
Proteinase K (Novagen) digestion (B@mL) for 30 minutes, second fixation in 4% PFA
and acetone treatment for 8 minutes at -20°C. Tl |Bbeled antisense RNA probes
(Detailed description DIG-RNA probe preparatiorAippendix A.7) were used at 2mpgdy/
concentration in hybridization buffer. Hybridiz&dG-RNA probes were detected with
an anti-DIG fab fragments antibody fused to alkalphosphatase (Roche) at a 1:4000

dilution followed by colorimetric assay with NBT/BE solution (Roche) in the dark for
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24-72 hours until color developed. Staining pregren was monitored with Nikon
AZ100 microscope and analyzed with Nikon Elementsisare.

5. Real-Time PCR

Total RNA was isolated from unfertilized eggs, 4dp3dpf and torso of adult zebrafish
with Trizol reagent (Invitrogen) (Detailed descrgut of RNA isolation in Appendix A.1)
and used for first-strand cDNA synthesis (Detaitigbscription of first strand cDNA
synthesis in Appendix A.3). Primers for zTGs weesigned using NCBI primer design
software (Table of primers in Appendix B.2). Raale PCR was run on a Roche
LightCycler 480 1l following the manufactures insttions for heat activation,
amplification and melting curves for 45 cycles (®letd description of real-time PCR in
Appendix A.8). Expression levels were normalize@-actin mRNA.

6. TG Activity Assay

Total TG cross-linking activity in whole fish lysst was assayed by incorporation of the
biotinylated pentylamine Ez-link Pentylamine-BiofjRierce) intoN,N’-Dimethylcasein
(Sigma-Aldrich) in the ELISA-like assay as previlyudescribed (Trigwell et al., 2004).
96-well microtiter plates (Maxisorp NUNC) were if@ted overnight with 250 of
1mg/mLN,N-Dimethylcasein (Sigma-Aldrich) in 5mM Sodium Cariate (pH 9.8), and
blocked with 20QL of 0.1% bovine serum albumin (BSA) (HyClone) imBl Sodium
Carbonate (pH 9.8) for one hour at 37°C. Wholepidakbrafish mated larvae were
lysed (Detailed description of protein lysis in Agpglix A.5) centrifuged and TG-
containing supernatant was used for further assaysrified gplTG2 (Sigma-Aldrich)
was used as a standard for activity tests. Fdbitioiny studies, zebrafish lysates (20ng

total protein) or purified gplTG2 (75ng purifiedgbein) were pre-incubated with 1,0@
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inhibitors for one hour at 28°C. Reaction was iedriout in 100mM Tris-HCI pH 8.5,
6.7mM CaCl2, 13.3mM DTT and 2.5mM Ez-link PentylaeyBiotin (Pierce) for one
hour at 37°C. Incorporated Ez-link PentylaminetBiowas detected with 1:5000
ExtrAvidin-Peroxidase (Sigma) and Super AquaBluelSA. Substrate (eBioscience)
followed by reading the absorbance at 405nm onlar$§tar Optima plate reader.

7. Calcein Staining of Mineralized Vertebrae

Protocol was adapted from [t al.,2001. Zebrafish were transferred from fish water t
0.03% Calcein Stain (Sigma) in water, pH 7, andiloated in the dark for 10 minutes at
RT. Fish were washed in fish water (0.3g/L aquargalt) and then transferred into fish
water and incubated for 10 minutes in the dark &t Rfter incubation zebrafish were
euthanized with 150mg/L Tricaine (Sigma) and modmte3% methyl-cellulose. Images
of the fluorescently stained vertebrae were takemibButes after staining to avoid
bleaching. Photos were taken with a Leica DMIL FLUO microscagpiipped with a
SPOT RT slider real-time CCD camera (Diagnostigrimaents, Inc.). Intensity of the
calcein staining was analyzed for each vertebrh Ritotoshop.

8. Data and Statistical Analysis

Data was collected and analyzed by both MicrosaitelE and Photoshop. Statistical
significance was calculated by the student’s T-texl the error bars demonstrate the

standard error mean.

D. RESULTS

1. Identification of Zebrafish TG Genes

To identify zTG genes we analyzed the current versf the NCBI zebrafish

proteome database by blastp searches. By usindl,hiiGG2, hTG4, and hFXllla
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protein sequences as queries, we found the sanwf gmairteen homologous zebrafish
proteins. Among these, one protein and correspgndjene LOC793095 initially
described as a partial TG-homologous sequenceemasvied from the genome assembly
as not supported by sufficient evidence. Consisteith this, we did not detect
expression of this gene throughout zebrafish dgreént by real-time PCR. Therefore,
our analysis identified thirteen zTGs.

To further clarify phylogenetic relationship betweéhe identified zTGs and
human TGs (hTGs), we performed multiple alignmeatsprotein sequences and
constructed phylogenetic trees using the followapgroaches: (1) TG sequences were
aligned with CLUSTAL-W and a phylogenetic tree wamnstructed using maximum
parsimony algorithm with protpars tool in the PHPLI3.5 package, (2) sequence
alignment and phylogenetic tree construction wemgedusing the COBALT tool at NCBI
and (3) phylogeny.fr package was used to alignsdguences using the MUSCLE tool
and to employ the maximum likelihood or neighbaning algorithm to construct the
trees and analyze them with bootstrapping (1,08ftions), or alternatively to use the
Bayesian tree building algorithm with 1,000 itepas and burnin parameter of 50. All of
these approaches resulted in the same tree coatfigui(a representative Bayesian tree is
shown in Fig. 3.1A). We found that five zTGs (LBC793448, 100535918, 555962,
100334173, and 566581) are strikingly close to eaitter and hTG1 and probably
originated by gene amplification after divergenéeh@ir common ancestor from hTGL1.
Also, three zTGs (LOC’s 558353, 767742, and 56128%) similar to each other and
hFXllla, this group of zTGs also originated by &atwely recent gene amplification after

their common ancestor diverged from hFXllla. Fariithree zTGs are similar to hTG2.
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Among these, two genes (LOC’s 323856 and 44790@jnated after their common

ancestor split from hTG2, and the third (LOC5590&2nore ancient. Finally, two zTGs
have been annotated as zTG2-like (LOC559691) arebz{LOC565984) (Fig. 3.1A).

However, these zebrafish proteins are similarlyagisfrom all hTGs based on pair wise
comparisons (Fig. 3.1B) and their association G2 and hTG5 as suggested by
annotations, or with other hTGs, is not supportgpbylogenetic analysis. Therefore,
based on this sequence analysis these two zTG&ldb®weonsidered novel TG isoforms,
and we refer to these henceforth as zTG-91 and &.GA 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) Phydagtic tree depicting the
evolutionary relationships among TG genes dnio rerio and human origin as
established by the Bayesian tree building algorittdmly three out of nine mammalian
TGs have an overt zebrafish homologue, includii@R, FXlllaand TGl (B) Table

showing the similarly between the two novel zTGEA559691 TG2-like and

LOC565984 TG5, and human TGs.
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Gene Name Gene Abbreviation
LOC555962 TGl zTG1-62
LOC793448 TGK-like ZTG1-48
LOC100535918 TGK-like ZTG1-18
LOC566581 TGK isoform 1 zTG1-81
LOC100334173 zIG1-73
LOC323856 TG2b ZIG2b
LOC559012 TG2-novel ZTG2-12
LOC447909 TG2 zTG2c
LOC767742 hypothetical protein | zFXIIla-42
LOCS558353 FXIlIa chain-like zFXIIla-53
LOC561287 FXIIIA chain zFXIlla-87

Table 3.1Abbreviations for each of the zTGs in zebrafish.

The chromosomal arrangement of zTG genes (Fig. ;3s2Aematic diagram of
the chromosomal arrangements of TG genes in huma@aebrafish genomes is shown in
Fig 3.2B) is dramatically different from TGs genastering pattern in humans (Grenard
et al., 2001) where hTG2, hTG3 and hTG6 form atetugn chromosome 20, hTG5 and
hTG7 are clustered on chromosome 15, and hTG1, hdi@4hFXIllla are present on
different chromosomes. In zebrafish, the TG1-lik& genes are located on two
chromosomes. The most ancient gene zTG1-81 (LO&EKAs located on chromosome
2, and the other four genes are located on chromes8. Among these, the two most
recently diverged genes zTG1-18 (LOC100535918) an@1-48 (LOC793448) are
separated by 1 Mb, and the others are located distantly (Fig. 3.2A-B). A similar
arrangement exists for the FXllla-like transglutaases, where the most ancient gene

zFXIllla-87 (LOC561287) is located on chromosomend a¢he two recently diverged
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genes zFXllla-like (LOC558353) and zFXllla-42 (LO&7742) are both located on
chromosome 24 separated by a mere 7 kb. In conalbshree zTG2 genes are located
on different chromosomes with the most ancient zTggde zTG2-12 (LOC559012)

being located on chromosome 18, and zTG2b (LOC32385 chromosome 6 versus
zTG2c (LOC447909) on chromosome 23 despite thegnedivergence. The remaining
ZTG genes that are not closely related to otherdy E6G-84 and zTG-91 (LOC565984
and LOC559691), are located on the opposite endhi@mosome 6. All zTG genes
have introns and hence are not likely the prodettsetrotranspositions. Thus, the
expansion of the TG2-like subfamily and initial exgions of the TG1-like and FXllla-

like subfamilies in zebrafish may be associatedhwgene duplications and inter-
chromosomal rearrangements, while further ampfibeaof the FXllla-like and TG1-

like genes probably occurred by local gene dupbost which in the case of TG1-like
genes were followed with intra-chromosomal rearesmgnts. These findings, and the
absence of overfG3, TG4 TG5, TG6and TG7 homologues in zebrafish, raise a
possibility that amplification of hTG genes occuri&ter the evolutionary split between
these species. Accordingly, it appears that tipaesion of the TG1-like, TG2-like, and
FXllla-like gene families in zebrafish occurred @méndently during the same time

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

2. Expression and Activity of TGs in Zebrafish

The expression profiles for all identified zTG gemneere analyzed by real-time
PCR in embryonic and adult fish. Since our studyea to determine the role of zTGs in
bone calcification which begins around 5 days festilization (dpf) and by 16dpf
calcification of all vertebrae can be visualizedhwvital calcein staining (Du et al.,
2001), we analyzed expression of zTGs in 4dpf karusst before the initiation of
vertebral calcification, and in 13dpf larvae whemsi vertebrae have already been
calcified. In addition, expression levels for zggnes were analyzed in adult torso
representing homeostatic bone. Expression of et was normalized to the
housekeeping-actin gene and compared to unfertilized eggs.s Hmalysis identified

five zTGs (zFXllla-87, zTG2c, zTG2-12, zTG1-81, ariiG1-73) induced in larvae as

compared to non-fertilized eggs, but almost congpfetilenced in adulthood (Fig 3.3A),
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implicating their involvement in developmental pesses. In contrast, zFXIlla-53 and
zFXllla-42 are both up-regulated in adult tissugy(B.3B), suggesting a putative role for
these enzymes in body homeostasis rather thamwtlgand development. A minor role
in fish growth and development is also suggestedviom zTG1 genes - zTG1-62 and
zTG1-18 - based on their dramatic down-regulatitier dertilization (Fig 3.3A). No
expression was detected by real-time PCR analgsigTG1-48 at any stage (data not
shown), implicating that this locus maybe a silpeéudogene, however more detailed
studies are required to test this further. Corelgrsiovel genes zTG-84 and zTG-91, in
addition to zTG2b, are almost ubiquitously exprdssezebrafish tissues at all analyzed
stages (Fig. 3.3B, zTG-84 is not included in tlguife because all data in this figure is
normalized to non-fertilized eggs in which zTG-&riot expressed), resembling the
ubiquitous expression of mammalian TG2 enzyme. fmuest noticeable distinction
between these three ubiquitous zTGs is the completence of zTG-84 transcript in the

non-fertilized eggs, suggesting a minimal roleanyembryogenesis.
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Figure 3.3Expression Patterns of zTGs During Zebrafish Dgualent. Real-time PCR
analysis was used to determine zTGs expressiorrpattWhole bodies were used for
analysis at 4dpf, 13dpf and the torso from adultratish. Data was normalized fo
actin and compared to unfertilized eggs. (A) Reaeé PCR showing zTG up-regulated
genes during development (in 4 and 13dpf zebrafis(B) Real-time PCR analysis
showing the zTG genes that have either little cbkangxpression during development or
significant up-regulation in adult fish.

3. Localization of zTG Expression lhy SituHybridization

The expression data from the real-time PCR analysis expanded b situ

hybridization studies on 2-3dpf zebrafish. Althbugany zTGs were not detectable at
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these stages bin situ hybridization indicating relatively low levels a#xpression,
expression of several genes was observed in atgsecific pattern (Fig. 3.4 top panel).
zTG2c expression was restricted to muscles whilé1z81 was expressed in the muscle
and, likely, in the notochord. Expression of zTG&bs restricted to notochord and
zFXllla-87 was detected in the pectoral fin. SeR$A probes were used as negative
controls (Fig. 3.4 bottom panel). The identifiedisule-specific expression of zTG1-81
and zTG2c in 2-3dpf fish suggests a role for theseymes in muscle development.
While zTG2c has been detected in the muscle evelergaat 1 dpf fish (ZFIN
(http://zfin.org/cgi-bin/webdriver?Mlval=aa-xpatseet.apg), further analysis is needed to
investigate in more detail the stage-specific angsale-type specific expression of
zTG1-81. A novel finding of our study is the ndtocd-specific expression of zTG2b in
2-3 dpf fish. Earlier in development, at 1dpf,sthgene is ubiquitously expressed
throughout the embryo (ZFIN (http://zfin.org/cgrbivebdriver?Mlval=aa-
Xpatselect.apg), suggesting that it may be expdesse¢he progenitor cells which give
rise to the osteo-chondrogenic lineage. This patté expression corresponds to that
seen for the TG2 gene in avian mesenchymal limbdalld (Nurminsky et al., 2011) and
suggests a role for this enzyme in skeletal foromatiln addition, expression of zFXllla-
87 was detected in the developing fins, which amacbed with skeletal elements,

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

To determine whether zTGs expressed in the skedetdl muscle tissue are
enzymatically active, we employed a rhodamine-kadbepeptide Pro—Val-Lys—Gly,
SY2011, which is a substrate for TGs (Kim et aB97). Decapitated fish were
incubated with 5mM SY2011 foex vivoincorporation through TG-mediated cross-
linking. Incorporated peptide was visualized bgdamine fluorescence to detect tissue
with active zTGs. In agreement with the resultsnositu hybridization, SY2011 was
cross-linked into striated muscles of the torstg periosteal bone of the vertebrae and in
the in large blood vessels (Fig 3.5). Togethezséhresults demonstrate the presence of

enzymatically active zTGs in the developing skeletof zebrafish justifying this

organism as a good model to analyze the role ofii®@sne formation.
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Figure 3.5 zTG Catalytic Activity in Zebrafish Larvae.Ex Vivo incorporation of
synthetic rhodamine-labeled synthetic TG peptidessate Pro-Val-Lys-Gly, SY2011.
SY2011 was incorporated into zebrafish ossifyingalgae, blood vessels and muscle.

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

To analyze the role for TG-mediated cross-linking bone formation, we
employed a pharmacologic approach to inhibit to&élytic activity of TGs with a small
molecule inhibitor KCC-009 which inhibits the dealaiion step of the cross-linking
reaction (Choi et al., 2005;Poster et al., 19813ing a pentylamine-based activity assay,
we tested KCC-009’s potency for inhibiting total T@ss-linking activity in total tissue
lysates from 19dpf zebrafish. Purified guinea lnvgr TG2 was used as a control in
these studies, which demonstrated the completditidn of the TG-mediated cross-
linking in zebrafish tissues (Fig. 3.6). We alsoirid that KCC-009 was able to inhibit
protein cross-linking in adult tissue extracts &labt shown), indicating that it can be

used to study the role of TGs both in fish develeptrand adult tissue homeostasis.
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Figure 3.6 KCC-009 Inhibits Total TG Activity in Zebrafic. In vitro TG cros:-linking
activity assayed by pentylam-biotin incorporation intoN,N’-dimethylcaseir Total
protein lysates from 14dpf zebrafish were u To inhibit TG activity,samples wer
predincubated for 1 hour at °C with KCC-009. Purified guinea piyer TG2 (Sigma
was used as positive cont{dP < 0.05).

In vivo, KCC-009 showed low toxicity in mice and cancer xendgi(Choi et al.,
2005;Yuan et al., 2007;Satpathy et al., 2. Similarly, KCCO09 had no toxic effec
on zebrafish as evident by unaffected viabilityg(F3.7A), total vertebrae number (F

3.7B) andstandard length (SL) as a reflection of developn(Parichy et al., 200 (Fig.

3.70 in zebrafish treated with 3% KCC-009 for 56 days when treatment was initia

before 6dpf.
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Figure 3.7 KCC-009 Shows No Toxicity in Zebrafish. Toxicity KCC-009 treatment
was analyzed by comparing the (A) average sunpeatent, (B) average total vertebrae
number and (C) standard length in millimeters (Daylack bar, Control at 9/10dpf light
grey bar and KCC-009 treated at 9/10dpf dark grayib b and c) for the untreated
control zebrafish and fish grown for 5-6 days ia gresence of 30uM KCC-009. N=9-16
per time point (*P< 0.05).

5. In Vivolnhibition of zTG Activity with KCC-009 Hinders Bwe Formation

In order to analyze the role of TGs in bone formatiwe grew zebrafish in the
continuous presence of 30uM KCC-009 over 5 daysimggat 3-5dpf. Control fish were
grown in the presence of 0.3% DMSO which servethasvehicle for KCC-009. Bone
mineralization was analyzed by vivo calcein staining (Du et al., 2001). A

representative pair of calcein stained vertebraddoh the control and KCC-009 treated
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zebrafish is shown in Fig. 3.8A, demonstrating thramatic decrease in vertebrae
mineralization for the KCC-009 treated group. Quative analysis of calcein staining
intensity of mineralized vertebrae revealed a $icgmt average decrease of 30% in
mineralization for KCC-009-treated fish (Fig 3.81%<0.05, n=45), although there was a
high variation in the degree of KCC-009 induceductibn in vertebrae calcification.
Due to KCC-009’s potent ability to inhibit the ceskinking activity of all zTGs (Fig 3.6),

these results suggest that TG-mediated cross-fnkiays a critical role in vertebrae

ossification.
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Figure 3.8 Inhibition of TGs Reduces Vertebrae Mineralizatidebrafish were grown

for 5-6 days starting at 3-5dpf in the presenc8@iv KCC-009. (A) Representative
calcein stained images of zebrafish, Control (tapd KCC-009 (bottom) treated fish,
KCC-009 treatment started at 3dpf and images takteddpf, shown in grayscale. (B)
Average change in calcein staining intensity patel@a in the presence of KCC-009.
Intensity of calcein staining for each vertebra watermined with Photoshop. N=16 fish
for 5dpf treatment, 9 for 4dpf treatment and 203dpf experiment. (*K 0.05)
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E. DISCUSSION

In this study, we characterized the zebrafish farofi TG genesDanio rerio.
We identified thirteen zTG genes homologous to mafian TGs, of which five are
homologous to hTG1, three are homologous to hTG® thnee show homology to
hFXllla, as revealed by phylogenic analysis. Twbrafish TGs show little similarity to
any hTGs and have therefore been classified asl fi@e with the names zTG-84 and
zTG-91, in spite of previous annotations for thgemes as homologues of hTG5 and
hTG2.

The expression pattern of zTGs analyzed at 4dafpfldnd in adult fish by real-
time PCR shows ubiquitous expression of zTG-84,-81@nd zTG2b genes, resembling
the ubiquitous expression of mammalian TG2 enzywigch is implicated in many
biological processes including bone formation. atidition, zFXIllla-87, zTG2c, zTG1-
81, zTG1-73, and zTG2-12 are up-regulated duriragest of development that are
significant to bone mineralization, implicating atential role in bone development. Our
data fromin situ hybridization further supports this hypothesis dgmonstrating the
notochord-specific expression of zTGb, restrictegoression of zFXIllla-87 to the
pectoral fins and presence of zTG1-81 RNA in theoduword. In contrast, mRNA for
zTG2c was identified only in skeletal muscle inesgnent with earlier studies (Thisse et
al., 2004) and supporting specificity of this asady Although RNAs for several zTGs
were not detected hbip situ hybridization in this study, likely due to low ldseof their
expression, the data obtained clearly demonsteatpsession of TG2 and FXllla genes

in the skeletal tissues. Mammalian homologueshe$é¢ genes have been implicated as
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potent regulators of osteoblast differentiatiowvitro (Nurminskaya et al., 2003;Becker et
al., 2008), supporting a notion that TGs may aégjutate bone developmentvivo.

The original finding of this study is the demonttch reduction in vertebrae
mineralization in zebrafish grown in the presentE©C-009, a TG-specific irreversible
acivicin-derived inhibitor. No signs of generaxkimty were observed in zebrafish grown
from 3-4dpf until 9-10dpf in KCC-009-treated wateniggesting that tissue-specific
inhibition of TG-mediated cross-linking in the skin underlies this effect. Our initial
in situ hybridization analysis on 2-3dpf fish identifiedpegssion of three zTG genes in
skeletal tissues - zTG2b, zFXIllla-87 and zTG1-&owever, other zTGs may also be
expressed in mineralizing bone later in developmand this should be studied in more
detail for comprehensive understanding of the mad&ccontrol of tissue calcification.
Although the demonstrated importance of zTG agtiintvertebrae mineralization is an
important contribution towards this goal, the wesddectivity of KCC-009 toward
individual zTGs is a limitation of this study. TK&C-009 compound efficiently inhibits
total TG activity in zebrafish lysates in which egpsion of at least nine isogenes have
been identified at each analyzed stage of growithis precludes identification of
individual zTG roles in the regulation of bone dadation. Further genetic studies could
prove advantageous as they may allow for identiboaof individual zTG roles in this
process; however, it is possible that a compensatiechanism may occur in zebrafish
similarly to mice making genetic studies impradbiea

Comprehensive understanding of the molecular mestmsn that govern
osteoblast maturation and calcification of bone rimais crucial to develop novel

therapeutics for bone disease. Bone tissue hoamsstequires a delicate balance
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between bone formation by osteoblasts and bonepteso by osteoclasts, which is
disrupted in osteoporosis. The current approadhnetment for osteoporosis relies on
anti-resorptive agents to inhibit osteoclast fumttbut do not restore bone mass (Rawadi,
2008). This study providas vivo evidence for the critical role of TG-mediated cross
linking in bone mineralization, which could lead ® new therapeutic target in
osteoporosis and other bone diseases. Furtherthisestudy demonstrates the value of
the zebrafish model forin vivo analysis of the multiple biological roles of
transglutaminases proposed My vitro or correlative studies, including various
developmental processes and disorders such as deg@merative, skin and ocular

pathologies as well as cancer (Mione and TredeQR01
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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 organisnay unveil underlying
mechanisms to target and stimulate regeneratiohuofian bone. Lower vertebrate
models, such as zebrafish, are able to regenewsenous tissues, including bone. In
this study we utilized the zebrafish model of cdudotaregeneration to examine the role
of enzyme transglutaminases, which have been showegulate osteogenesis vitro.
TG-mediated cross-linking activity continuously @gates with regenerative blastema.
Upon treatment of regenerating zebrafish with a metitive TG inhibitor, cystamine, a
significant 60% reduction in the formation of regested mineralized bone rays was
observed that associated with reduced depositionotbagen type 1. In addition, TG
inhibition attenuated activation of the canonidaicatenin signaling axis in the
regenerative blastema. Through real-time PCR aisaly® identified two zTGs that are
dramatically induced in a subset of mesenchymal-lgrecursor cells during fin
regeneration, zTG2b and zFXllla-87 (showing 11- @8dfold induction respectively).
These data identify TGs as novel regulators of b@tgeneration in addition to their

evolutionary conservative role in matrix mineratiaa.
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B. INTRODUCTION

Upon injury mammalian tissues respond by one of m&chanisms, repair or
regeneration. Select human tissues maintain aneegve capability (e.g. Liver);
however the majority of tissues lack this abilitydaheal via repair, resulting in tissue
scarring (Poss et al., 2003). Due to this less tital repair process, interest in
understanding tissue regeneration has arisen irhdipe of unveiling mechanisms to
target and stimulate regeneration in human tisstr@srestingly, lower vertebrate animal
models have a remarkable regenerative capacityadbws tissues such as the heart,
appendages and eyes and have therefore beendifdizetudies examining regenerative
mechanisms (Brockes and Kumar, 2005;Brockes ef@01;Sanchez, 2000;Poss et al.,
2003).

In this study we examined bone regeneration ircthalal fin of zebrafisH)anio
rerio, the most commonly studied regenerative tissue ttudts easy access for
amputation, relatively simple and symmetric struetand amputation having little to no
effect on zebrafish survival (Poss et al., 2003he caudal fin is composed of blood
vessels, nerves, pigment cells, mesenchymal-like tteat reside in the intra-ray area of
the bony fin rays, referred to as lepidotrichid; @l which are encased by a typical
epidermis (Becerra et al., 1983). Lepidotrichiaklaskeletal muscle and form via
intramembranous ossification in which bone formglgct mineralization of the matrix
(Landis and Geraudie, 1990). Regeneration of #nedal fin occurs via three major
phases: wound healing, blastema formation thatlvegodisorganization and migration

of mesenchymal tissue, and lastly regenerativerowtity.
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The blastema, a mass of proliferative undiffereéatlacells, provides progenitor
cells for newly regenerating tissues in the fin.ofeell types contribute to the formation
of newly regenerated bone including the intra-rayesemchymal-like cells and
differentiated osteoblasts of the mature bone, Wwhiodergo de-differentiation and
migrate to the amputation site (Knopf et al., 2&blisa et al., 2011). Remarkably,
ablation of osteoblasts from caudal fins priorepatation has no detrimental effects on
regeneration demonstrating that intra-ray mesenahjike cells, which re-enter the cell
cycle and migrate towards the regeneration arean @roputation, contain precursors
required to maintain proper bone formation durimgrégeneration (Singh et al., 2012).
However, the precise molecular mechanisms supjgobtme regeneration in caudal fins
remains largely unknown.

Diverse factors regulate osteogenic cell diffel@ian. Among these are enzymes
from the TG which are G4 dependent proteins frequently associated with mouse
biological processes and diseases (Lorand and @rab@03;Nurminskaya and Belkin,
2012). Two mammalian TGs, TG2 and FXllla, are éidko bone formation due to their
expression pattern in osteo-chondrogenic tissuesq@limann et al., 1993;Nurminskaya
and Linsenmayer, 1996;Nurminskaya et al., 2002;Seynrdr. et al., 2002;Al-Jallad et
al., 2006) and ability to promote osteoblast ddferationin vitro (Nurminskaya et al.,
2003;Becker et al., 2008). In a previous study,characterized zTGs and identified
significant homology of eleven zTG genes with threemmalian TGs, TG1, TG2 or
FXllla (Deasey et al., 2011). Expression of zTG2BXIlla-87, and zTG1-81 was
shown to localize to skeletal progenitors at 2dgfgesting their role in bone formation.

Since many genes are similarly involved in develeptrand regeneration (Poleo et al.,
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2001), we postulate that zTGs may also have ainol®ne regeneration. Further, we
investigated whether zTGs regulate bone regenerate activation of3-catenin and/or
hedgehog signaling pathways, which have been iaglet in zebrafish caudal fin
regeneration (Stoick-Cooper et al., 2007;Quintl e2802) 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 (distllwater supplemented with 0.03%
Instant Ocean Sea Salts) at 28°C at the AquacuResearch Center, Center of Marine
Biotechnology University of Maryland. Adult zebistf were anesthetized with a
150mg/L Tricaine solution as previously describedFIN (http://zfin.org/cgi-
bin/webdriver?MIval=aa-xpatselect.apg). The caudmlwas amputated at a point half
way between the end of the scales and the tipeofith Post-amputation the fish were
returned to tanks with plain fish water or supplated with 1781M Cystamine (Sigma)
where they regenerated at 28°C for the indicatatbgpeof time. The therapeutically
relevant dosage of cystamine in humans is frofff/i9- 70™%,4with the optimal dosage
being from 20",y - 40™%,4 (Dubinsky and Gray, 2006). As the average adulgkse
approximately 70kg, the average adult is receiiitOmg of cystamine/treatment. To
apply this clinical dosage to zebrafish, we foundttthe average 70kg adult’s volume is
approximately 70L and indicating that the therajwetdange is 20'Y, - 40™Y_ and we
chose to treat the zebrafish at™). They were then left to regenerate at 28°C fer th

indicated period of time.
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2. Real-Time PCR

Total RNA was isolated from mature fins and theeregating area of amputated
zebrafish fins with Trizol reagent (Invitrogen) (@2e#ed description of RNA isolation in

Appendix A.1-2) and used for first-strand cDNA dydis (Detailed description of

reverse transcription in Appendix A.3). Primers B3 Gs were designed using NCBI
primer design software (Table of primers in Apper8i2). Real-time PCR was run on a
BioRad CFX96 Thermal Cycler following the manufaet instructions for heat

activation, amplification and melting curves for 4¥cles (Detailed description in

Appendix A.4). Expression levels were normalizedhe average of two housekeeping
genesp-actin and EE1.

3. In SituHybridization

Tissue was fixed in RNase free 4% paraformaldeloy@enight at 4°C, cryo-protected in
30% sucrose and frozen in OCT (Tissue-Tek). Tisga® cut on a cryostat, 10um thick
sections were air-dried at 37°C for 30mins and tledydrated in PBS and incubated in
PBS-T for 4 minutes. This was followed by ProtsmaK (Novagen) digestion
(0.05mg/ml) in PK Buffer (50mM Tris-HCI, pH 8.0, & NaCl, 10mM EDTA) for 4
minutes followed by two washes in PBS and DEPC-walG-labeled antisense RNA
probes (Detailed description of probe preparatiodppendix A.7) were applied to the
slides at 1ug/mL concentration in hybridizationfbuf50% formamide, 5X SSC buffer,
0.1% Tween-20, 50pug/mL heparin and 500ug/mL tRNA;G0 with citric acid) and left
overnight at 55°C; the next day non-specific stagnivas blocked with 1% DIG blocking
solution (Roche) in Tris buffer (0.1M Tris-HCI pHb/.0.15M NacCl) for 30 minutes at

37°C. Hybridized DIG-RNA was detected with an &l fab fragments antibody
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fused to alkaline phosphatase (Roche) at a 1:1000od followed by colorimetric assay
with NBT/BCIP solution (Roche) in the dark for 4&-hours until color developed.
Staining progression was monitored with a Leica DNALUO microscope equipped
with a SPOT RT slider real-time CCD camera (Diadgicdastruments, Inc.). To identify
tissue morphology, slides were counterstained withlear fast red for 5min, washed
with distilled water for 5min and cover-slipped wipermount (Ameresco). A detailed
description ofin situ hybridization and nuclear fast red counterstainpngtocols is in
Appendix A.9.

4. In Vivo Detection of TG Cross-Linking Activity in Zebrafis

Transglutaminase cross-linking activity in zebdaffins was visualized by incubating
live fish in 5mM rhodamine-conjugated synthetic sinte Pro—Val-Lys—Gly, SY2011
(Kim et al., 1997) for four hours at 28°C. Fishrev¢hen washed in fish water for one
hour, to allow all unincorporated substrate to uli# out. Fish were anesthetized by
150mg/L Tricaine and SY2011 incorporation was Vized in live fish on a Leica DMIL
FLUO microscope equipped with a SPOT RT slider-tmaé CCD camera (Diagnostic
Instruments, Inc.).

Tissue was fixed in 4% PFA for 2 hours at RT angbgurotected in 20% sucrose-PBS
solution at 4°C overnight. Tissue was then embedoe OCT freezing medium
(TissueTek) and frozen in liquid nitrogen and stioae-80°C. Sections of tissue were cut
at -22°C into 10pum sections with a cryostat on $oqmst Plus slides, images were
acquired by a Leica DMIL FLUO microscope equippathva SPOT RT slider real-time

CCD camera (Diagnostic Instruments, Inc.).
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5. Histological Analysis

Bone formation in regenerating fins was analyzedAbyarin Red and Von Kossa
Staining. Caudal fins were fixed in 4% PFA for 2 hours at RAor alizarin red staining
fins were incubated in 70% EtOH for 24 hours at Rllpwed by staining with Alizarin
Red S dye (Ameresco) solution (12mg/L in 1% PotemsHydroxide) for 24 hours at
RT. Fins were cleared in a 70% EtOH/Glycerol soluf(1:1) until the desired level of
clearing was achieved. For von kossa stainingjaecof tissue were cut at -22°C into
10pum sections with a cryostat on SuperFrost Pldesland stored at -80°C. Sections
were warmed to RT and re-hydrated in distilled wat&hey were then moved into a
coplin jar containing 5% silver solution (2g silveitrate in 40mL distilled water) and
placed under a strong desk lamp for 20min. Thesewleen rinsed 3x’s in distilled water
and silver was precipitated with 5% sodium thiostdf(2g sodium thiosulfate in 40mL
distilled water) for 5 minutes. Slides were wasirethp water for 5 minutes and rinsed
quickly in distilled water. Sections were countansed with nuclear fast red for 5
minutes and this was followed with a 5 minute wasHdistilled water. Slides were
cover-slipped with permount (Ameresco). Imageseweaptured with a Leica DMIL
FLUO microscope equipped with a SPOT RT slider-tmaé CCD camera (Diagnostic
Instruments, Inc.)

6. Immunocytochemistry

Cryostat sections of caudal fins were rehydratedBi$, permeabilized with methanol at
-20°C for 10 minutes and quenched with 50mM Glyamé’BS for 10 minutes at RT.
Non-specific binding was blocked with 5% goat ser(rcatenin) or 5% BSA (Collagen

| and Zns5) for one hour at RT, followed by incubatwith primary antibody (rabbit
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anti-f-catenin 1:80 (Santa Cruz Biotechnology); rabbti-&ollagen | 1:300 (Abcam));
mouse anti-Zns5 1:200 (ZIRC)) overnight at 4°C ¥ fjoat serumpcatenin) or 1%
BSA (Collagen | and Zns5) in PBS. Secondary adyb@®ylight-549-Conjugated goat
anti-rabbit, 1:400 (Jackson ImmunoResearch); Alexaf555-Conjugated goat anti-
mouse (Invitrogen)) was incubated for 1 ¥2 hour&at nuclei were stained with TO-
PRO3 lodide (Invitrogen) or DAPI Fluoromount-G ($toernBiotech)-catenin staining
was examined via confocal microscopy using a L&igEO laser scanning microscope
and detector. Collagen | and Zns5 staining wersualized Leica DMIL FLUO
microscope equipped with a SPOT RT slider real-ti@€D camera (Diagnostic
Instruments, Inc.).

7. Data and Statistical Analysis

Data was collected and analyzed by both MicrosaitelE and Photoshop. Statistical
significance was calculated by the student’'s t-teed the error bars demonstrate the
standard error mean. Localization ptatenin protein was scored by a count of one
intra-ray field per fin (at least 20 cells per éigfor each treatment condition. Photoshop
was used to quantify the level pfcatenin staining per each cell in no amputatiamtrcbd

fins (baseline op-catenin activity), untreated and cystamine tre&igof fins.

D. RESULTS

1. zTG Expression During Fin Regeneration

ZTG expression was analyzed by real-time PCR ofissue collected from both
control fish that did not undergo amputation (Odpajhd the three phases of fin
regeneration: mesenchymal disorganization andatdyr (1dpa), blastema formation

(2dpa), and regenerative outgrowth (4dpa). At ldp@ression of zTG1-18, zTG-91,
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zTG-84, and zTG1-81 were significantly induced lppraximately 15- (80.05), 9-
(p<0.00005), 3- (g0.0005), and 2.5-fold (0.0005) respectively (Table 4.1).
Expression of zTG-84 and zTG1-18 remained elevatteddpa compared to mRNA
levels at 1dpa (with no significant changes detB¢tevhile zTG-91 and zTG-81 were
rapidly down-regulated at 2dpa and even furthetdga (Figure 4.1A). Expression of
zTG1-62, zTG2-12 and zTG1-73 did not significantlyange at 1 dpa (Table 4.1) but
showed a modest induction of zTG1-62 and zTG2-12 arslight down-regulation of
zTG1-73 by 4dpa (Fig. 4.1B).

In contrast, expression of zFXllla-87 and zTG2b m&Nwas dramatically
reduced during mesenchymal disorganization and atiggr (about 10 and 5-fold
respectively, §£0.00005) (Table 4.1). However, both genes wenaifsigntly induced by
approximately 28- and 11-fold respectivel\xQp05) during the regenerative outgrowth
phase (4dpa) (Fig. 4.1C). This pattern of expogssuggests an association with
osteoblast maturation and bone mineralization ialagy with the reportedn vitro
activities of mammalian homologues, TG2 and FXKNurminskaya et al., 2003;Al-
Jallad et al., 2011), prompting further analysis their potential role(s) in bone

regeneration.
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Fold Change Expression at 1dpa
Gene Compared to No Amputation P Value
Control (Odpa)
zTG1-18 14.782 0.041
zTG-84 3.168 0.00031
zTG-91 9.228 29x 10!
zTG1-81 2.505 0.00038
zTG1-62 1.501 0.23
zTG2-12 0.786 0.027
zTG1-73 1.712 12x 107
zFXI11a-87 0.141 6.8 x 1016
zTG2b 0.233 41x 107

Table 4.1zTG Expression at 1dpa Compared to a No Amputafiontrol. Real-time
PCR analysis was used to determine the zTG expredsvels at 1dpa. RNA was
extracted from fins at Odpa and ldpa. Data wasnalized to the average of two
housekeeping genef;actin and Ek-1 and is presented as a fold change in expression
compared to expression in no amputation contrgb&pd N=3.
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Figure 4.1zTG Expression Pattern During Zebrafish Fin Reggtien. Real-time PCR
analysis was used to determine the expressionrpaifezTGs during fin regeneration.
RNA was extracted from the regeneration area «f &éinthree time-points: 1dpa, 2dpa,
and 4dpa. Data was normalized to the averagemhbusekeeping gendsactin and
EFo-1 and is presented as a fold change in expressiompared to expression at 1dpa.
(A) zTGs that are down-regulated or are un-charggefdpa and 4dpa, (B) zTGs that
show no substantial change at 2dpa and 4dpa andT(G$ that are substantially up-
regulated at 4dpa (n=3, ¥0.05, **p<0.005).
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2. Localization of zFXllla-87 and zTG2b mRNA in Mg and Regenerating Caudal

Fins

The proliferative intra-ray blastema in the outgtiowegion is believed to support
bone regeneration (Smith et al., 2006). To deteemvhether expression of zFXllla-87
and zTG2b corresponds to this tissue we emplayettu hybridization. Localization of
zFXlIlla-87 and zTG2b mRNAs was examined on longital sections from three
different fin areas (diagramed in Fig. 4.2A). nmaleed bone rays in no-amputation
control fish (section 1) and 4dpa regenerating imtghe newly formed bone rays above
the amputation plane (section 2) and mineralizedebbelow the amputation plane
(section 3). Low intensity staining for zFXIlla-8@ARNA was observed in cells of the
intra-ray area of no-amputation control fish (Fg2B, section 1, black arrow). In
contrast, a significant induction of zFXllla-87 egpsion was observed in the intra-ray
mesenchyme both above and below the amputatiore pheAdpa regenerating fins (Fig.
4.2B, section 2-3, black arrows). A similar pattef gene expression was also detected
for zTG2Db, although its induction was more resgdlcto the proliferative blastema of the

newly regenerating bony rays (Fig. 4.2C, sectiobl&;k arrow).
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Figure 4.2 Expression of zFXllla-87 and zTG2b Localizes to Regenerative Blastema
in Zebrafish Fins. (A) Schematic outlining the prss of fin regeneration and cellular
composition of fins at Odpa and 4dpa. RepresemtdB) zFXIlla-87 and (C) zTG2m
situ hybridization for both antisense and sense prolesindicated in figure on
longitudinal sections. Three fin zones were exawin(l) no-amputation control, (2)
above the amputation plane at 4dpa and (3) belewathputation plane at 4dpa. Black
arrows highlight the area of positive and speafaining.
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Increased expression of zFXllla-87 and zTG2b in thiea-ray proliferative
blastema (Fig. 4.2B-C, section 2) compared to teeenchyme of mature bone below the
amputation plane (Fig. 4.2B-C, section 3) was frrttonfirmed byin situ hybridization
on tissue cross-sections from above and below theutation plane (Fig. 4.3A).
Interestingly, only a subset of the mesenchymads @k zTG-positive and these cells are
mixed with zTG-negative cells in the intra-ray spaof the bones as revealed by

counterstaining with nuclear fast red (Fig. 4.3B).

Figure 4.3 Expression of zFXllla-87 and zTG2b Localizes te Regenerative Blastema
in Zebrafish Fins. (A) Diagram of fin cross-seato(top panel). Representative
zFXllla-87 and zTG2hn situ hybridization on cross-sections of 4dpa fins abtwe
amputation plane (section 1) and below the ampartgilane (section 2) (bottom panel).
Black squares highlighting area examined by highagnification in B. (B) Nuclear fast
red counterstaining shows expression of either HB>87 or zTG2b (white outline) in a
subset of regenerative mesenchymal cells intersgewgth cells not expressing TGs
(black outline).

81



3. In Vivo zTG Activity in the Regenerating Caudal Fin

To examine whether increased gene expression of2@Ténd zFXllla-87
associates with elevated cross-linking activityhe intra-ray zone of regenerating bone
rays, zTG activity was visualized by vivo incorporation of a rhodamine labeled TG-
peptide substrate, SY2011 (Kim et al., 1997). Rega&ting zebrafish were incubated
with SY2011 for 4 hours and incubated in fresh w&be 1 hour to wash out the non-
incorporated peptide, followed by fluorescent inmggiat 1dpa, 2dpa, 3dpa, and 5dpa.
The zone of zTG activity identified by incorporatiof the rhodamine label into fin tissue
corresponded to the newly forming blastema at 1&pa 4.4A, left panel, black arrow),
and remained associated with the regenerativeentastduring the progression of fin
regeneration (Fig. 4.4A). At 5dpa, substantial ZAcBvity was detected in the blastema
of the regenerating fin and also in some cellfhefdpidermis (Fig. 4.4B, top panel, black
arrows). In the newly regenerated bones visualgniified by the thick layers of
extracellular matrix, the major zTG activity wastetged in the intra-ray mesenchyme
with limited SY2011 incorporation in the area betwehe rays (Fig. 4.4B, middle panel,
black arrows), likely corresponding to blood vessat erythrocytes have high levels of
TG activity (Lorandet al., 1976). Lastly, in fin tissue below the amputatigiane,
limited SY2011 incorporation was detected outside bone rays likely in the blood
vessels (Fig. 4.4B, bottom panel, black arrows)ogether these results demonstrate
localization of zTG activity to the proliferativddstema of regenerating fins and suggest

a role for zTGs in both formation and function lo¢ tblastema.
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Figure 4.4 zTG Activity in Regenerating Zebrafish Fins. (A) vivo labeling of
regenerating zebrafish fins with rhodamine-labéel&l substrate (SY2011) imaged with
fluorescent Leica microscope at ldpa, 2dpa, 3dpd,5@pa. (B) Schematic of cross-
sections taken from 5dpa regenerating adult zedbrdifns (left) and fluorescent images of
a representative cross-sectioned 4dpa ray labatedS¥ 2011 (right).

4. Cystamine Treatment Impedes Bone Regeneration

To determine whether enzymatically active zTGs cbuate to bone regeneration,
zebrafish were treated from Odpa-5dpa with a géneoampetitive inhibitor of
transglutaminase-mediated cross-linking, cystamineAt 5dpa regeneration is
approximately 50% complete and sufficient bone negation has occurred to allow for

visualization and quantification of a potentialeff of zTG inhibition on this process.
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We first examined the effect of this treatment off&11 incorporation as a measure of
zTG inhibition and found that cystamine treatedhfishowed an almost complete
inhibition of zTG activity in regenerating 5dpadifFig. 4.5A).

To examine how zTG inhibition affects bone regetierawe examined the
progression of bone mineralization, an end marker fone formation/regeneration.
Specifically, control and cystamine treated finsrevetained with alizarin red, which
binds calcium and is commonly used to identify matizing bone. Inhibition of zTG
with a clinically-relevant dose of cystamine causednoticeable decrease in bone
regeneration (Fig. 4.5B). Quantitative comparisbithe distance from the amputation
plane (dashed line in Fig. 4.5B) to the end of &dia-stained mineralized bone in
untreated (solid line in Fig. 4.5B) and cystamireated fish (dotted line in Fig. 4.5B)
revealed an approximate 60% reduction in regenverdibne outgrowth in zTG inhibited
fish (Fig. 4.5C, p0.005, n=12). However, overall regenerative outginoof the fins was
not affected by zTG inhibition (Fig. 4.5D), suggegta specific role for zTG activity in

bone regeneration.
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Figure 4.5 Cystamine Treatment Impedes Bone Formation in Regéing Fins. (A)
Cystamine treatment inhibits zTG catalytic activity demonstrated by reduced SY2011
incorporation. (B) Representative image of regatieg fins stained with Alizarin red.
Dashed line indicates the plane of amputation,edoline indicates the bone outgrowth
for cystamine treated fins and solid line indicdtesbone outgrowth for control fins. (C-
D) The length of regenerated bone (C), measured fhe amputation plane to the end of
the zone of Alizarin red staining, and total regatiege outgrowth (D), measured from
the amputation plane to the top of the fin, wereasoeed in untreated control and
cystamine-treated fish. Control fins were set t®%0(n=12, **p<0.005, N.S.= not
significant).

Alizarin red is commonly used as a bone stain duistability to bind the intra-
and extracellular calcium that is high in maturendgohowever, detection of calcium
phosphate characteristic for the extracellular bomedrix requires Von Kossa stain.

Histological analysis with Von Kossa stain reveatdalmost complete prevention of
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calcium phosphate deposition in fish regeneratmghe presence of TG inhibitor (Fig.
4.6A, left panel, black arrows point to calcifiedn® tissue in the newly-regenerated fin).
We next examined the expression of osteoblast ma#es5 and type | Collagen
(Col 1) by immunohistochemistry. No change in egsion of Zns5, an osteoblast-
specific marker (Johnson and Weston, 1995), wasctkxt between control untreated and
cystamine-treated fish (Fig. 4.6A, middle panel,itesharrows), indicating that zTG
inhibition has no effect on osteoblast commitmend &arly differentiation. On the
contrary, there was a dramatic decrease in Cdinhisig in cystamine treated fins above
the amputation plane compared to control untrefitsdqd (Fig. 4.6A, right panel, white
arrows). This observed decrease indicates that mhihition affects the ability of
osteoblasts to lay down Col | - the major extradaell bone protein (McKee et al., 2006).
To determine whether zTG inhibition affected Caleposition by inhibiting Col | gene
expression, we performed real-time PCR for bothrobmintreated and cystamine treated
fins and found that cystamine treatment has noceffa Col | mRNA expression (Fig.

4.6B).
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Figure 4.6 Cystamine Treatment Impedes Bone Formation and -Ty@ellagen
Deposition in Regenerating Caudal Fins. (A) Repmestive images of longitudinal
sections of 5dpa fins stained with Von Kossa (pefbel), Zns5 (middle panel) antibody
or Col | (right panel) antibody to monitor the effeon bone regeneration.  Arrows
highlight areas of positive staining above the atafon plane (dotted line). (B) Real-
time PCR performed on RNA extracted from 5dpa #@ystamine for Col | expression.
Data was compared to untreated control fins anthalized to the average of two house-
keeping geneg-actin and EE-1 (n=3, N.S. = not significant).
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5. zTG Inhibition Effects Canonic8tCatenin Signaling in Regenerating Fins

To further understand the role of zTGs in bone megation we investigated their
potential molecular mechanism of action. Previstuslies have shown that TGs activate
various signaling pathways (Nurminskaya and Bell@@12) including hedgehog and
canonicalB-catenin pathways (Beazley et al., 2012b;Favermah ,e2008;Dierker et al.,
2009), which are both necessary for bone formaaod homeostasis (Chen et al.,
2007;Kim et al., 2007;Mak et al., 2008;St-Jacquieale 1999). Further, activation of
these signaling pathways has been associated wiibep zebrafish fin regeneration
(Stoick-Cooper et al., 2007;Quint et al., 2002herefore, we examined markers of both
pathways by real-time PCR in control untreated eystamine treated fins at 5dpa. A
significant down-regulation was detected for maskefr-catenin signaling, MMP7 and
TCF1 (Fig. 4.7), while none of the analyzed Hedgemarkers, including Glil, Gli3 and

Patched, were affected by cystamine treatment €T4l2).
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Figure 4.7 Cystamine Treatment Affects Activation of Canohiga&atenin Signaling in
Regenerating Caudal Fins. Real-time PCR perforareBNA extracted from 5dpa fins
+Cystamine for two markers gi-catenin signaling, MMP7 and TCF1l. Data was
compared to Odpa and normalized to the averagemhbuse-keeping gendsactin and
EFal. (n=3, *0.05, **P<0.005).
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Hedgehog Signaling Table 4.2 Cystamine Treatment has No
- Effect on Hedgehog Activation.
Gene Cystamine Treatment Examination of three markers of
Gli1 No Change Hedgehog  signaling showed  no
significant reduction in expression with
Gli3 No Change Cystamine treatment. Data was
normalized tg-actin and compared to a
Patched No Change no-amputation control.

Inactive B-catenin is targeted for degradation, however upmtivation it
accumulates in the cytoplasm and translocates @ontitleus (Huang and He, 2008).
Therefore, to confirm the effect of zTG inhibitiam pB-catenin activation, we utilized
immunohistochemistry to examine the subcellularalization of B-catenin. In 5dpa
control regenerating fish, accumulation of cytoplas and nuclearp-catenin was
observed in many cells of the intra-ray regeneea@wvea (Fig. 4.8A, middle panel)
compared to uninjured fin tissue (Fig. 4.8A, tomg@a Conversely, in 5dpa fins treated
with cystamine, we saw a significant reduction oftbcytoplasmic and nuclefrcatenin
staining compared to 5dpa untreated regeneratimgy (frig. 4.8A, bottom panel). To
quantify the reduction in nucledcatenin staining associated with inhibition of zTG
activity, the intensity of nucled-catenin staining was measured in the intra-ragtblaa
area as diagramed in Fig. 4.8B (orange box) inmegged 5dpa fins from untreated and
cystamine-treated fish. We found that in untrediiesl approximately 85% of the nuclei
showed positive nuclea-catenin staining whereas in cystamine treated fins
approximately 7% of the cells showed positive naclgcatenin staining (Fig. 4.8B).
These results demonstrate that zTG inhibition ineg@ecatenin signaling activation and

thereby provides a potential mechanism of actiorz1&s in bone regeneration.

89



=

T I I I I IIT =
eSS S®

Ry N N Ry A

Ny Ry Ay Ay A
LEs pemgor Foy o e

r

=9
=]

)

Regenerating Caudal Fins.

ells Positive for Nuclear

1
-

% (

TO-PRO3

‘atenin

B-C

[
[ ]
(==

100

80

60

Cystamine

90

TO-PRO3

p-Catenin [p-Catenin

Figure 4.8 Cystamine Treatment Affects Activation of CanohigaCatenin Signaling in

(A) Longitudinal sectioos 5dpa fins +Cystamine
immunostained foB-catenin (red) and nuclei counterstained with TOPR&2 (blue).

(B) Schematic of area of regenerating fin useddigantification of effect of Cystamine
treatment onp-catenin activation (left panel).
(right panel) displayed as the percent of nuclesitpe for f-catenin staining (n=3,
*p<0.05).
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E. DISCUSSION

In this study we examined mechanisms of early lregeneration employing the
zebrafish model of caudal fin regeneration. We dlestrate for the first time an
association between zTG expression in the protiferantra-ray blastema and proper
bone regeneration during the first 5dpa. Our datgests that enzymatically active TGs
support formation of mineralized bones Y#aatenin signaling and deposition of Col |
matrix.

The observed expression pattern of zTGs suggestsifisp roles in fin
regeneration. Examination of the wound healingsphaf regeneration at 1dpa revealed
expression of four zTG homologues to mammalian Wafich is associated with mature
keratinocytes and regulates formation of the c@difayer of the epidermis (Candi et al.,
2005). This observed induction of zTG1-81, zTG1-6PG1-73, and zTG1-18 genes at
ldpa suggests a role in wound healing and epidesioslire. The continuous increase in
expression of zTG1-62 through 4dpa and the presehepidermal cells that actively
incorporate the TG substrate SY2011 suggests aaplidis enzyme in regeneration of
the epidermis. Further studies examining the rofezTG1l isozymes could be
informative for understanding the mechanisms oflesa skin regeneration versus scar
formation. In addition, two zebrafish-specific TYenes, zTG-91 and zTG-84 may also
contribute to tissue disorganization and migraasrsuggested by their rapid induction at
1dpa; further, the continuous expression of zTGH8dugh 4dpa indicates a role for this
enzyme in the later phases of regeneration.

In contrast to TG1 homologues, zTG2b and zFXlllaa8& dramatically down-

regulated at 1dpa indicating low (if any) levelsexfression in epithelial or other cells
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during wound healing. However, these two genesmmficantly induced in the intra-
ray proliferative mesenchymal cells that reportedintribute to the formation of
mineralized bone rays at 4-5dpa (Singh et al., R0Rurther, our inhibitory study has
shown that these enzymes specifically regulate b@generation but not general
outgrowth of the amputated fin. Previous studiasehassociated TG-mediated cross-
linking with enhanced stability and mechanical sty of Col I-based matrices and the
ability to support cell adhesion, proliferation avidbility (Chau et al., 2005;Ciardelli et
al.,, 2010;Garcia et al., 2009). Inhibition of zT@sdth cystamine prevented Col |
deposition, a major extracellular bone protein,essary for bone mineralization. This
study is the first, to the best of our knowledge,demonstrate am vivo role for TG
activity in Col | deposition in bone formation, amaspires further inquiry into the
mechanisms of this regulation. Our data indic#ttas Col | expression is independent of
ZTG activity and is not affected by cystamine tmeat. Therefore, it seems reasonable
to suggest that zTGs regulate either protein swmihesecretion/deposition or matrix
stability of Col I. Previousn vitro studies indicated a role for active mammalian EXII
in microtubule stabilization and thus Col | se@®rtin osteogenic cells (Al-Jallad et al.,
2011), suggesting that cystamine treatment affactsmilar activity of zFXllla-87 in
regenerating fin bone. In addition, mammalian @2 been implicated in the regulation
of collagen deposition by the reduced Col | conthatherosclerotic plaques in TG2
mice (Van Herck et al., 2010). Further studied datermine whether one or both zTGs
regulate deposition of the Col I-rich bone matrax dupport tissue mineralization in

regenerating fin bony rays.
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In addition, our results demonstrate that zTGsasctgonists of th@-catenin
signaling pathway in the blastema of regenerating. f This pathway has been found to
be critical to fin regeneration (Stoick-Cooper ¢t 2007;Poss et al., 2003), bone
formation/healing (Westendorf et al., 2004;Chenakt 2007;Kim et al., 2007) and
osteoblast maturation (Day et al., 2005). Inhasitof thep-catenin signaling axis which
is activated in the blastema by 2dpa correlatel imhtibition of fin regeneration (Stoick-
Cooper et al., 2007). Here, we demonstrate thafltB inhibitor cystamine attenuates
activation of this signaling at 5dpa and may thuisibit bone regeneration. Our data
warrant further inquiry into the possibility §fcatenin signaling regulating deposition of
the Col I-rich bone extracellular matrix. Alterivaly, impaired bone matrix formation
may affectp-catenin signaling via insufficient retention andlocalization of activating
extracellular ligands. In addition, zTG activity agn regulate these processes
independently, and zTG2b and zFXllla-87 may be wak synergistically or
individually in activation ofp-catenin signaling and Col | deposition during bone
regeneration. An additional question for futunedstis whether there is a specific subset
of intra-ray mesenchymal cells expressing both zT&sf these two enzymes are
expressed by different intra-ray cellular subpopaoie. If different cellular populations
exist, it would be interesting to investigate wegtlboth zTG2b and zFXllla-87 are
required for bone regeneration. Of note, no FXkbpression has been detected in
mammalian bone-marrow mesenchymal cells (our umghdad data) allowing
speculation on the possible stimulation of mammatiane regeneration via introduction

of FXllla.
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This study demonstrated the ability of clinicalllavant doses of cystamine to
attenuate bone formation vivo, which is important for developing therapeutiastgies
in pathogenic heterotopic ossification, seen inguloskeletal trauma, spinal cord injury,
central nervous system injury, and combat woundgl{8b et al., 2002). The benefits to
using cystamine in our studies include its low ¢ityi and the rapid clinical transition of
the reported findings due to the approved use ef rkduced form of cystamine,
cysteamine, as an orphan drug (Soohoo et al., 199y3tamine is commonly used as an
inhibitor of TGs (Elli et al.,, 2011;Jeon et al.,@QAlcock et al., 2011), however its
potential side effects via inhibition of other thamntaining enzymes should be
acknowledged (Lesort et al., 2003). Nevertheless,have also shown reduced bone
mineralization in the developing fish treated wahTG2-specific inhibitor KCC-009,
indicating that zTG activity is similarly involvad bone formation and regeneration.

In conclusion, we have identified a new populabéfibroblast-like zTG-positive
cells in the proliferating mesenchymal blastema d@chonstrate a role for zTG activity
in bone regeneration. Our data support a rolerfesenchymal-like cells (Singh et al.,
2012) in bone regeneration, which likely work alsiglg de-differentiating osteoblasts

(Sousa et al., 2011;Knopf et al., 2011) in the ak&in caudal fin.
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CHAPTER V: TRANSGLUTAMINASE 2 AS A NOVEL
ACTIVATOR OF LRP6/ B-CATENIN SIGNALING *

A. ABSTRACT

The B-catenin signaling axis is critical for normal emwdmic development and
tissue homeostasis in adults. Wavepreviously shown that extracellular enzyme TG2
activatesp-catenin signaling in vascular smooth muscle c@ISMCs). Further, we
have shown that inhibition of zTG activity by cysiae results in reducefl-catenin
activation. In this study, we provide several $ired evidence that TG2 functions as an
activating ligand of the LRP5/6 receptors. Spealfy, we show that TG2 activatds
catenin-dependent gene expression and that integfevith the LRP5/6 receptors
attenuates TG2-induced activation [picatenin in Cos-7 cells. Further, we show that
TG2 binds directly to the extracellular domain dRR6, which is also able to act as a
substrate for TG2-mediated protein cross-linkingogether, our findings identify and
characterize a new activating ligand of the LRR®&#&ptors and uncover a novel activity
of TG2 as an agonist @Fcatenin signaling, contributing to the understagdof diverse
developmental events and pathological conditionghich TG andB-catenin signaling

are implicated.

% Deasey SC, Nurminsky D, Shanmugasundaram S, Lirhaiffninskaya MCellular
Signaling2013 [In Press]
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B. INTRODUCTION

Wnt/B-catenin signaling is a key signal transduction hpaty in normal
development and disease (Nusse, 2005). The “cemlbmuathway is activated by the
binding of a secreted lipid-modified glycoprotemorh the Wnt protein family (Tamai et
al., 2000) to a cell surface receptor complex, stimg) of a serpentine receptor from the
Fzd family and a low-density-lipoprotein-relatedofgin co-receptor LRP5/6. Binding
of a Wnt ligand leads to LRP5/6 oligomerization gtbsphorylation of its cytoplasmic
tail (Cong and Varmus, 2004;Bilic et al.,, 2007;Tarea al., 2004). This results in
disruption of the destruction complex containingiAXAPC and GSK3, which targefs
catenin for proteasomal degradation. Stabilipechtenin can then translocate to the
nucleus, where it forms a complex with transcripti@ctors of the TCF/LEF family and
activates expression of target genes (Kikuchi.e2al07).

Mutations in LRP5/6 signaling are associated witmé disorders, abnormal
ocular vascularization, early onset cardiovasculmease and metabolic syndromes
(Tamai et al., 2004;Mani et al., 2007;Fujino et @003). However, not all of these
phenotypes may be attributable to altered actimahip ligands of the Wnt family. For
instance, during ocular vascularization activatmhcanonicalB-catenin signaling is
mediated by a Norrin-LRP5-Fzd interaction (Xu et 2004b). Activation by Norrin
utilizes both the LRP5/6 and Fzd-4 co-receptomjlar to Wnt ligands; however, Fzd-
independent mechanisms pfcatenin activation have also been reported. Rstance,
PTH activatesp-catenin through the LRP6/PTHR1 complex (Wan et al., 2008)ile
cysteine knot proteins SOST/Sclerostin and WISH hiirectly to LRP5/6 to either

inhibit or activate signalingin a context-dependent manner (Semenov and He,
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2006;Itasaki et al., 2003;Ellies et al., 2006) miGarly, Dkk1, a protein of the Dickkopf
family, binds to LRP6 and antagonizes signalingplgventing ligand binding (Semenov
et al.,, 2008). The multiplicity of LRP5/6-reguldtdiological processes suggests that
identification of novel interacting ligands will w@nce understanding of diverse and
significant aspects of normal development andath@ogical disruptions.

Previously, we have shown that extracellular enzyi@®@? activates3-catenin

signaling in primary mouse VSMCs and interacts wilie LRP5 receptor on the cell

surface (Faverman et al., 2008). In mammals, e@ﬂ&f“—dependent TGs have been
identified, comprising a family of enzymes that atgte formation of intra- or
intermolecular glutamyl-lysine-protein cross-link§G2 is unique owing to its ability
to catalyze more than one enzymatic reaction ateiaat with a number of cell-surface
receptors upon externalization into the extracatluhatrix (ECM) (Nurminskaya and
Belkin, 2012). Inside the cell, TG2 is able to asta deaminase, GTPase, protein kinase
and protein disulphide isomerase (Lorand and Gralz&®3). While in the ECM TG2
can interact with31 and 3 integrins (Akimov et al., 2000), the atypical @in-
coupled receptor GPR56 (Xu et al., 2006), VEGF peme?2 (Dardik and Inbal, 2006)
and LRP5 (Faverman et al., 2008). Further, we magently shown that the protein
cross-linking catalytic activity of TG2 is criticdbr warfarin-induced activation di-
catenin signaling in VSMCs (Beazley et al.,, 2012bJlaking into consideration that
TG2 is often externalized and activated in respdosg@ssue insult (Siegel et al., 2008)
and that this often correlates with activationfetatenin signaling in disease, further
identification and characterization of biologicaliglevant TG2-receptor interactions is

important for a better understanding of cardiovisadisease and other conditions.
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The previously reported interaction of TG2 with LIRBn the cell surface of
osteogenic cells (Faverman et al., 2008) suppbasypothesis that induction of the
catenin signaling pathway by TG2 is mediated by hieenologous LRP5 and LRP6
receptors. However, recent findings implied th&Z2T activatesp-catenin signaling
through a c-Src-dependent mechanism (Condello.ef@l3), thus putting the role of
LRP5/6 into question. In this study we found th&2 binds directly to and cross-links
the LRP5/6 receptor. Moreover, we found that LRPS/ required for TG2-induced
activation off-catenin. These results may help us to undergtendhtertwined diversity
of the biological functions of LRP5/6 and TG2 angjgest oligomerization of the LRP

receptor by cross-linking as a mechanism of adgtimat

C. MATERIALS AND METHODS

1. Cell Culture, Plasmid constructs, DNA Transfectand Luciferase Assay

Cos-7 cells (Gluzman, 1981) obtained from ATCC amile maintained in Dulbecco's
modified Eagle's medium supplemented with 100 UmhLpenicillin G, 100 pg/mL of
streptomycin, and 10% fetal bovine serum (completdEM) in 5% CO at 37°C.
Cells stably carrying TCF/LEF firefly luciferasepater and constitutively active renilla
luciferase reporter were established using lents#lvased constructs, according to the
manufacturer’s instructions (SABiosciences). Pwomresistant colonies were
expanded and maintained in complete DMEM suppleetemtith 1pg/mL puromycin.
For assays cells were seeded at 3xdé€lis/well in 96-well plates and transiently
transfected with plasmids for expression of LRPRPB, TG2, and Wnt3a, using FuGene
6 (Roche). Dual luciferase assay was performeddays post-transfection to measure
the luciferase activity. Renilla activity was usesithe internal normalization control. In
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separate experiments, Cos-7 cells were transi¢rathsfected with TCF/LEF luciferase
reporter construct TOP-FLASH and [agalactosidase expression plasmid (Upstate)
together with other expression constructs. In ttase thep-galactosidase activity,
measured using specific substrate (Promega), wad as the referende normalize
for transfection efficiency. When medium was seppeénted with TG2 protein, the
medium was changed to 1% serum 24hr post-transfecénd supplemented with
purified gplTG2 (Sigma) (0.01U/mL, unless indicatemtherwise) or purified
recombinant human TG2 (N-zyme, 300 ng/mL) (N-Zynamd cells cultured for 48hrs.
The plasmid for transient expression of secretechdru TG2 was previously described
(Nurminsky et al., 2011). Expression constructs &ST-TG2 fusion proteins were
kindly provided by Dr. A Belkin (University of Malgnd). Plasmids for transient
expression of human LRP6 and Wnt3a were kindly idexy by Dr. X He (Harvard
Medical School).

2. Western Blot Analysis and Immunoprecipitation

For Western blotting, antibodies against LRP6 (el@t10, Santa Cruz), and phospho-
LRP6 (Ser1490) (Antibody #2568, Cell Signaling) ®eused at a 1:1000 dilution.

Secondary anti-mouse or anti-rabbit HRP-conjugatetibodies (Pierce) were used at a
1:10,000 dilution. The presence of His-tagged epnat was detected using the HRP-
conjugated His probe (Pierce) at a 1:10,000 difutidHRP-conjugated proteins were
detected by the chemiluminescence method (Piercéjor immunoprecipitation,

antibodies against GST (clone G3T Sigma) or TG2 (Abcam) were utilized and

protein A/G-Sepharose (Pierce) beads were usedrify phe protein complexes.

99



3. TG2 Over-Expression in Zebrafish Larvae

Expression construct encoding externalized huma iRGRCASBP(A) vector was used
(Nurminsky et al., 2011). The TG2 open readingnigawas excised from the RCAS-
TG2 vector with Clal restriction digest and insdrti@to the Clal site of the pCS2+
vector. For RNA synthetic reaction pCS2+-TG2 wasdrized with NSil and mMessage
mMachine (Ambion) was used to synthesize RNA asctidd by the manufacturer. RNA
was cleaned with MEGAclear kit (Ambion). RNA wassblved in water and a final
concentration of 0.1% phenol red was added to attwwisualization during injections.
Approximately, 1nL of the 60pg/mL RNA was injected a pressure injection apparatus
into zebrafish embryos at the 2-8 cell stage. Bodmwere fixed in 4% PFA 24 hours
after injection and analyzed by microscopy withikdd T-80 microscope equipped with
SPOT RT slider real-time CCD camera. 83 embryo®wwaealyzed.

4. TG Activity Assay

TG cross-linking activity was assayed as previodslgcribed (Trigwell et al., 2004). 96-
well microtiter plates (Maxisorp NUNC) were incubdt overnight with 250 of
1mg/mL N,N-Dimethylcasein (Sigma-Aldrich) in 5mM Sodium Cariate pH 9.8, and
blocked with 20QL of 0.1% BSA (HyClone) in 5mM Sodium Carbonate p18 for 1hr
at 37°C. LRRC (R & D Systems), purified gplTG2 (80ng) (SigmadAth) and Ez-link
Pentylamine-Biotin (2.5mM) (Pierce) were incubasgd37°C for 1hr in reaction buffer
(100mM Tris-HCI pH 8.5, 6.7mM Cagl 13.3mM DTT) with increasing molar
concentrations of LRRC. Incorporated Ez-linPentylamine-Biotin was detected with

1:5000 ExtrAvidin-Peroxidase (Sigma) and Super ARjua ELISA Substrate

100



(eBioscience) followed by reading the absorbancé0&hm on a Polarstar Optima plate
reader.

5. Data and Statistical Analysis

For all figures, error bars represent StandardrEramd P values were calculated by a
one-tailed student’s T test (*p<0.05, **p<0.01). t kast three independent replicates

were performed for each experiment.

D. RESULTS

1. Extracellular TGZ\ctivatesp-CateninSignaling in Cos-7 cells

Previously, we have shown that exogenously purifl€éa2 activatesp-catenin
signaling in mouse VSMCs (Faverman et al., 2008 this study, we sought to
identify the target position for TG2 activity indlp-catenin signaling pathway. For
this, we monitored activation of this pathway usiagluciferase reporter driven by
TCF/LEF-binding promoter (TOP-FLASH) in Cos-7 celighich are conventionally used
for the analysis off-catenin signaling. Similar to its effect on mousSMCs,

extracellular gpITG2 induced activation @fcatenin in Cos-7 cells in a dose-dependent

manner (Fig. 5.1A). We examined levels of gplT@aging from 1.5x1% to 1x102
U/mL as this is within the range of endogenous T&2ls in smooth muscle cells (Ou
et al., 2000). To confirm that this effect was@fpe to TG2 and not due to possible
contaminants from the liver tissue, we showed dlainmduction of the TOP-FLASH
reporter with recombinant human TG2 purified frdin coli (Fig. 5.1B, hTG2). In
addition, over-expression of human TG2, fused teearetory peptide to assure its
externalization, also activated the TOP-FLASH régorin Cos-7 cells (Fig. 5.1B,

sTG2). In aggregate, these observations stromglicate that extracellular TG2 can
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serve as an activator pfcatenin signaling.
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Figure 5.1 Extracellular TG2 Activateg-Catenin Signaling in Cos-7 Cells. (A) Dose-
dependent activation of TOP-FLASH expression byififgar gpITG2. (B) Exogenous
recombinant human TG2 (hTG2) and overexpressiosegfeted human TG2 (sTG2)
activate TOP-FLASH expression in Cos-7 cells. Fegwredit to D Nurminsky, S
Shanmugasundaram, and F Lima.

Activation of canonical B-catenin signaling by Wnt ligands results in
phosphorylation of the serine residue in the NPRPHI®P motif of the intracellular
LRP6 domain (Tamai et al., 2004). Similar to tla@anical ligand Wnt3a, extracellular
gpITG2 strongly induces phosphorylation of LRP6 resged in Cos-7 cells (Fig. 5.2).

These observations provide evidence that TG2 eslithe canonical intracellular

components to activafecatenin signaling.
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Figure 5.2 Extracellular TG2 Stimulates LRP6 PhosphorylationCios-7 Cells. LRP6-
Overexpressing Cos-7 Cells were treated for 4 houserum-free medium with 0.01U
/mL purified gpITG2 or with 200 ng/mL canonical V@at (Positive Control). Figure
credit to D Nurminsky, S Shanmugasundaram, anchiaLi
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2. TG2-induced activation @Catenin is mediated by LRP6

Previous studies have shown that purified TG2 bitmlshe LRP5 receptor on
the cell surface of VSMCs (Faverman et al., 200&hce both LRP5 and its homologue
LRP6 play a key role in canonical WHZatenin signaling, we hypothesized that these
receptors also mediate activation [dcatenin by TG2. To test this we analyzed the
synergistic effects of TG2 and LRP6. Singular esgpression of LRP6 in Cos-7 cells
did not affect the baseline level ¢¥-catenin activity, but it significantly augmented
gplTG2-mediated induction d¢f-catenin activity as shown by the TOP-FLASH reporte
(Fig. 5.3A).

To complement this gain-of-function approach wefqrened loss-of-function
studies, in which we employed a monoclonal anti-bBRPantibody 1A12 to block LRP6
receptor overexpressed in Cos-7 cells (Ellies et28l106). As expected, blocking the
LRP5/6 receptor with this antibody quenched theaasiveness di-catenin signaling to
exogenous gpITG2 (Fig. 5.3B These observations suggest that LRP6 is a medéto

TG2-induced-catenin signaling.

103



% *%

A T i
= 37 s .
;’ **k ‘6 2 -
£ 24 £
e -
R £ 11
@ o A
i ok
0_
04 glTG2 -+ -+
gplIG2 -- + - + pLRP6 ++ ++
pLRP6 -- -+ + o-LRP5/6 ---- ++

Figure 5.3TG2-Induced Activation of-Catenin is Mediated by LRP6. (A) Addition of
exogenous purified gplTG2 activatscatenin as shown by TOP-FLASH expression,
which is augmented by overexpression of LRP6 in-Caeslls. (B) LRP6 augmentation
of gplTG2-inducedp-catenin activation is inhibited by a monoclonalti-&fiRP5/6
antibody 1A12, which blocks LRP6 receptor bindingigure credit to D Nurminsky, S
Shanmugasundaram, and F Lima.

3. TG2 Over-Expression MirrofsCatenin Over-Activation Phenotype in Zebrafish

Previous studies have observed that over-activatibf-catenin signaling in
zebrafish larvae results in a ventral phenotypsmodll or no eyes (van de Water et al.,
2001). Here we tested whether the demonstratedm&fated activation d-catenin
signaling has similar biological effects. Zebrhfismbryos were injected with GFP
(negative control) or hTG2 RNA before they reachieel 8-cell stage and the resulting
phenotype was analyzed at 1dpf, paying particutantion to the eyes. Upon injection
of hTG2 we observed two phenotypes: the Wnt-likerutype of small or no eyes (Fig
5.4A, middle-right panels) and an additional phgpetof curled tails (Fig 5.4A, top-
right panel). Interestingly, a small population WFG2 injected larvae showed both
phenotypes (Fig 5.4A, bottom-right panel). Usingha squared statistical analysis we

were able to determine that these two phenotypes statistically independent events,
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indicating that TG2 is affecting other developmémathways in addition t@-catenin

signaling and that the curled tail phenotype ipehdent of the Wnt-like phenotype of
small/no eyes. Quantification of these injectedda showed that approximately 50% of
TG2 injected embryos showed a mutated phenotype §FB), and of these embryos
approximately 15% demonstrated a non-Wnt-like phgrewhereas approximately 85%
showed a no/small eyes phenotype (Wnt-like phemtyieig 5.4C). Importantly, these

results demonstrate the vivo activation offf-catenin signaling through TG2.
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Figure 5.4 TG2 Over-Expression Mirrorg3-Catenin Over-Activation Phenotype in
Zebrafish.(A) Representative images of GFP (negative conant) hTG2 RNA injected
larvae 1dpf with arrows highlighting resulting plogypes. Quantitation of mutant
phenotype occurrence in GFP and TG2 injected ensbryB) 50% of TG2 injected
embryos show a mutated phenotype compared to then@&P injected embryos. (C)
Of the 50% mutated TG2 injected embryos, ~85% skhoweno/small eye phenotype
(Wnt Phenotype), while ~15% showed non-Wnt-like pitgpe.
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4. TG2 hinds to the extracellular domain of LRiR6vitro

Our data suggest that extracellular TG2 acts asganist off-catenin signaling
through an interaction with the LRP6 receptors. deaiermine whether TG2 binds
directly to LRP6 or regulates signaling throughesthRP5/6-interacting protein(s), we
employed a co-immunoprecipitation analysis usingifigad gplTG2 and purified
recombinant extracellular domain of human LRP6 (BR®) carrying a His-tag. We
found that incubation of LRREC and gpITG2 resulted in LRBRE€ specifically co-
precipitating with an anti-TG2 antibody while naepipitation occurred in the absence of
gpITG2 (Fig. 5.5A) thus demonstrating that TG2 directly binds to theéracellular
domain of LRP6. To further investigate which domaf TG2 is involved in these
interactions, we analyzed binding of the LRW6protein to two truncated TG2 mutants
along with full-sized TG2 (Fig 5.5B, upper pandglkin et al., 2005)). TG2 variants
were expressed as GST fusions Bicoli and purified by affinity chromatography.
These proteins were incubated with purified LREGand co-immunoprecipitated with
an anti-GST antibody. Co-immunoprecipitation of RRRC and TG2 was observed for
full-size TG2-GST and for the truncated mutant iagkhe two C-terminaB-barrel
domains (Fig. 5.5B, bottom panel). However, the2lN&GST mutant protein lacking
both the B-barrel domains and the catalytic core domain faited co-precipitate
LRPGAC. Thus, the central catalytic core domain of Ti&2essential for binding of
this protein to the extracellular domain of LRP®&irag 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 LRR6 Vitro. (A) Purified,
recombinant His-tagged extracellular LRP6 domairRRAC) was incubated with
purified gplTG2. Precipitation with anti-TG2 amnbitly and detection by western blot
with anti-His antibody showed an interaction betweEG2 and LRRC. (B) Two
truncated forms of TG2, TQZ-GST and TGN-GST, or full length TG2 were inculdate
with LRPAC. Precipitation with anti-GST antibody and detattby western blot with
anti-His antibody revealed that TG2 core domainasessary for this interaction. Figure
credit to D Nurminsky, S Shanmugasundaram, anchialLi

5. Extracellular domain of LRP6 is cross-linked g2

TG2 was originally characterized as a protein cfivdsng enzyme, in which it
catalyzes the formation of an isopeptide bond betwiysine and glutamine residues
(lismaa et al., 2009). To examine whether LRP& sibstrate for TG2-mediated cross-
linking we performed a competition assay with LRP&or this we tested whether
purified LRP&C acts as a competitive inhibitor of TG2 enzymaativity using an
ELISA-based assay of pentylamine cross-linking @&sein by purified gplTG2. This

assay showed that irreversible cross-linking oftibiabeled EZ-link pentylamine to
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casein-coated plates was reduced in a dose-depgandener by the addition of purified
recombinant LRPAC (Fig. 5.6A). The addition of LRRA& to the EZ-link substrate
mixture at 2:1 ratio caused an approximately 508tucton in incorporation of EZ-link
amide and increasing this ratio to 4:1 almost ceteby inhibited incorporation of EZ-
link pentylamine. These data suggest that LRP@cts as a competitive inhibitor to the
pentylamine substrate and is likely cross-linkedl®2. This was confirmed by Western
blot analysis, in which high molecular weight-coey#s of LRPAC formed in the
presence of purified gplTG2 (Fig. 5.5B, arrows).ogéther these results suggest that

LRP6 is a substrate for TG2-mediated cross-linking.
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Figure 5.6 Extracellular Domain of LRP6 is Cross-Linked by TGRA) TG2 activity
assay performed using stable levels of gpITG2 andirkk pentylamine with increasing
doses of LRP6 shows that LRP6 inhibits TG2 crasisitlig activity. (B) Western blot
analysis of LRPAC alone (left panel) or an LRRE/gpITG2 mixture (right panel)
reveals formation of LRP6 complexes in the presefigplTG2.

E. DISCUSSION

Our previous finding that extracellular TG2 actast canonical p-catenin
signaling in VSMCs (Faverman et al., 2008) suggkstat TG2 is able to bind to a
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receptor pertinent t@-catenin signaling. The receptors and correspanligands that
regulate the molecular pathways @#catenin activation and signaling are diverse
(MacDonald et al., 2007); however, our studiesrgglp indicate that TG2 acts through
the canonical LRP5/6 receptors. TG2 shows synengly LRP6 in activation off-
catenin-dependent gene expression in the Cos-7 Ingyadtem. Blocking LRP5/6
receptors by antibody incubation quenches the eftdcTG2 onf-catenin activity.
Similarly, in VSMCs blocking LRP5/6 receptors widm antibody or inhibition of
LRP5/6-mediated signaling with the soluble extridat domain of LRP6 attenuates
TG2-induced mineralization, which is associatech\icatenin activation in these cells
(Faverman et al., 2008). These observations arsistent with LRP5/6 being the major
receptors for TG2-regulatdticatenin activation. Indeed, our results demotestdirect
binding of TG2 to the extracellular domain of LRIR6/itro and indicate that this binding
requires the TG2 catalytic core domain. Intriglynghe catalytic domain of TG2 has
also been implicated in binding to LRP1, anothermiper of the LRP family
(Zemskov et al., 2007). While LRP1 has rather weatuence similarity with LRP5/6,
35% identity in the most conserved regions, theaoization of the extracellular
domains of these receptors shows similar structwatifs including p-propeller/EGF
repeat modules and LDLR repeats (Brown et al., 19%8/en though the LRP1 domain
capable of TG2 binding has not been defined (Zems&tal., 2007), our finding that
TG2 directly interacts with the extracellular domadf LRP6 in combination with
previous observations of a LRP1-TG2 interactionggsts that TG2 interacts with the
structurally similar extracellular domains of th&kR family and thus has the potential

to regulate the diverse biological activities césh receptors.
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We observed that binding of TG2 to the extracetlgdl@amain of LRP6 results in
phosphorylation of its intracellular domain suggesthat the mechanism of LRP5/6-
mediated signaling by TG2 is similar to that of damonical ligands (e.g. canonical
Whnts). Binding of the TG2 catalytic domain to other praotecan lead to TG2-mediated
cross-linking of the binding partners, as indicabgdstudies on human papillomavirus
protein E7 (Jeon et al., 2003). We found that LRP&so a substrate for TG2-mediated
cross-linking. Incubation of the extracellular dmmof LRP6 with TG2 resulted in two
bands of higher molecular weight and one band atdbrrect size for LRP6. It is
probable that the band around 200 kDa is TG2 dinksd to LRP6, based on the
molecular weight, while the highest band is likedybe a multimer of LRP6. Moreover,
in an artificial model system oligomerization of PR can activat-catenin signaling
and bypass the requirement for the Fzd co-recef@wag and Varmus, 2004;Bilic et
al., 2007). While further experiments will detem@iwhether this mechanism is indeed
in place for TG2-inducefl-catenin activation, our studies identify extragket TG2 as
an activating ligand of the LRP5/6 receptors. Tmding has broad significance for the
understanding of diverse developmental processdspathological conditions where
both transglutaminase aifidcatenin signaling have been implicated, includnagcular
calcification (Faverman et al., 2008), osteogen@éisminskaya et al., 2003;Baron et al.,
2006), neurodegeneration (Muma, 2007;Inestrosal.et2802) and cancers such as
melanoma (Fok et al., 2006;Larue and Delmas, 200®state cancer (Davies et al.,
2007;Verras and Sun, 2006) and breast cancer (Naregaal., 2007;Lindvall et al.,
2007). Specifically, the identification of a noagdtivator for3-catenin signaling presents

a new target for pharmacological treatment of sadments. This is particularly
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advantageous as identification of specific biolagimhibitors for Wnt-mediated-

catenin signaling have yet to be identified (Vorownland 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 stal phenotype, raised the
guestion of whether a compensation mechanism wagmeg. We examined tissues in
which TG2 had previously been identified and inigged whether transamidating
activity was affected in TG2 null mice. This examtion showed transcriptional
compensation in the liver, heart and kidney andctional compensation in the non-
hypertrophic cartilage and aorta. Further, we psao the presence of both
transcriptional compensation by TG1 and TG3 andtfanal compensation by FXllla in
the joint/ossifying cartilage. Lastly, we did raiserve compensation for loss of TG2 in
the skeletal muscle, suggesting that in this tiSg@2 is in an inactive form. Importantly
for our studies, we observed compensation in tleéetd tissue by TG1, TG3 and FXllla
indicating that generation of TG2/FXIllla knockoutcea may not reveal thie vivo role
of TGs in skeletal elements as previously believeat.is important to note that this
observed compensation mechanism also has impinsatar examining other systems in
TG2 knockout mice and demonstrates the deep coimpléxat is involved in this

enzyme family’s regulation.
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2. Zebrafish Transglutaminases

In this study, we sought to identify tirevivorole of TGs in bone mineralization;
however, the use of a genetic mouse model was ¢cagd by a complex system of
compensation mechanisms (Deasey et al., 2013b). théfefore sought an alternative
model to examine thia vivo role of TGs in bone mineralization. Zebrafish &édecome
an invaluable model for the study of developmeptatesses due to characteristics such
as transparency during early development, avaitglof both pharmacologic and genetic
approaches, and a remarkable regenerative cagabMbwever, enzyme TGs had not
been characterized in this model, so we first sbughidentify and characterize this
multifunctional family of enzymes.

We identified thirteen TG genes in zebrafish; elewf which are homologous to
one of three mammalian TGs, TG1, TG2 and FXlllal te remaining two were termed
novel or zebrafish-specific TGs. Our studies idett expression of five zTGs, zFXllla-
87, zTG2c, zTG2-12, zTG1-81, and zTG1-73, with dgwmental processes and two
zZTGs, zFXllla-53 and zFXllla-42, with adult homeass. Lastly expression of three
ZTGs, zTG2b, zTG-91 and zTG-84, were identifiedhwhioth development and adult
homeostasis. Further, two of these enzymes, zTé2bzFXIlla-87, were localized to
areas skeletal formation. In-line with this, dgrimone regeneration zTG2b and zFXllla-
87 were up-regulated and expressed in the skegletalrsors. This expression pattern of
zTG2b and zFXllla-87 during development and regat@m in addition to their
homology to the two mammalian TGs associated wathebmineralizatiomn 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 transamidatingigcis required for the proper
progression of bone mineralization via a pharmagiokd approach. We utilized two
different inhibitors, KCC-009 and cystamine, withCR-009 being a TG-specific
inhibitor and cystamine being a broad-spectrumbindi. Cystamine inhibits thiol-
containing enzymes (Jeon et al., 2004;Elli et2811;Alcock et al., 2011) and its reduced
form, cysteamine, is approved for use as an orplhag (Soohoo et al., 1997). The use
of these two inhibitors allowed for us to determihat this was a TG-specific effect and
that this could be translated into a clinicallyeradnt study, as cysteamine is approved for
clinical use. Further, we found that TG inhibitidaring bone regeneration impeded Col
| deposition andB-catenin activation. Interestinglyn vitro studies have associated
mammalian FXllla with Col | secretion (Al-Jalladat, 2011) and mammalian TG2 with
B-catenin activation (Faverman et al., 2008;Beaetegl., 2012Db).

Our observed role of TGs in bone mineralizatiovivo creates a new target for
treatment of various bone pathologies. Specifycalur finding that a clinically relevant
dose of cystamine is able to effectively inhibitneomineralization is particularly

applicable to pathologies involving over-mineraliaa of bone.

4. TG2 as a Regqulator gfCatenin Signaling

Studies performed by previous lab members shoheadbility of TG2 to activate
B-catenin signaling in Cos 7 cells through the LRPE#ceptors. These studies also
found that TG2 binds to the extracellular domai.BP5/6 through its core domain. To

better understand the activation®€atenin signaling via TG2 we investigated whether
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LRP5/6 was able to act as a substrate for TG2is&imidating activity and whether this
activation had a biological relevance. We foundt thRP6 was able to competitively
inhibit TG2-mediated cross-linking of a biotin Iae@ substrate to casein. Further we
found that TG2 was able to cross-link the extratetl domain of LRP6 into LRP6
multimers and TG2-LRP6 dimers, demonstrating tHaPG& is able to act as a substrate
for TG2-mediated cross-linking. We therefore pregubthat TG2-mediated activation of
B-catenin signaling occurred via TG2-mediated dizegron of LRP receptors.

Previous studies showed that over-activatiofi-oatenin signaling in developing
zebrafish results in a small eye/eyeless phendigre de Water et al., 2001). We sought
to determine whether over-expression of TG2 woa8lit in over-activation d§-catenin
signalingin vivo and therefore result in a similar phenotype inraikh. We found that
over-expression of TG2 resulted two independeningptypes one mirroring-catenin
over-activation and resulting in a small eye/eyelgisenotype and a second resulting in a
mutated . Enzyme TG2 acts in a vast number ofobiodl processes in the body as
evident from previous studies (reviewed in (Nurrkang and Belkin, 2012;lismaa et al.,
2009)), therefore induction of two independent mhtgpes from TG2 over-expression

was not surprising.

B. FURTURE DIRECTIONS

These studies have provided an enhanced undersgaafithe role of enzyme
TGs in bone mineralization; however with this irage in knowledge several questions

arose. We first demonstrated the presence of cosapien mechanisms in the TG2 null
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mouse model. Particularly, we showed the preseateboth functional and
transcriptional compensation mechanisms; howevethdu studies are necessary to
understand the underlying mechanisms of this cosgtemn. Specifically, what triggers
the increase in activation of certain TGs and wdetermines the type of compensation
observed in each tissue.

This study settled the observed discrepancy betuveeitro studies from several
groups demonstrating a role for TGs in osteo-chogelnic differentiation anch vivo
studies in which single knock-out mice lacked aleflad phenotype by suggesting a
complex compensatory mechanism in mammalian tisde. showed that zTG2b and
zFXllla-87 are expressed by mesenchymal-like cdéfiat function in caudal fin
regeneration and more specifically bone regenearatid-urther, we have shown that
inhibition of zTGs during regeneration leads touset bone regeneration likely via
inhibiting Col | deposition and-catenin activation. However, further studies are
necessary to understand whether zTG2b and zFXTNlas®rk cooperatively or
individually in promoting Col | deposition angkcatenin activation. Additionally, it
remains unclear wheth@rcatenin signaling and Col | deposition are dinetitiked or if
they are two independent processes in regeneraftamther, we found that not all the
intra-ray mesenchymal cells expressed zFXIlla-8ZT10&2b, indicating the presence of
at least two cellular populations. It would theref, be interesting to determine whether
the cells that do express zTGs, express both zEadlzFXllla-87 or whether they only
express one of these zTGs. If they only expressgular zTG it would be interesting to

determine if they then differentiate into differéates.
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This study utilized a pharmacologic approach tongra TGs in bone
mineralization. While this showed a role for T@sone mineralization, it did not allow
for examination of individual roles of TGs in bon@neralization. Therefore, future
genetic studies in zebrafish could prove very usaguthis may allow for examination of
individual roles. It would also be interestingagwamine whether zebrafish TGs adopt a
similar compensation mechanism as that seen in naiaimsystems. If they do this
would again complicate the examination of individudes by a genetic approach.

Through the use of the zebrafish model we were &bidentify arin vivorole for
TGs in bone mineralization. While this model faatled this examination it would be
extremely interesting to examine this in highertelerates. It would be especially
interesting to examine whether TGs have the saiheeimomammalian regeneration, by
examining the expression of TGs during the limiteel regeneration that can be seen in
young mice (Rinkevich et al., 2011). It would albe interesting to examine the
expression of TGs in mammalian mesenchymal cellistarexamine whether induction
of any TGs results in improved differentiation iriédes such as osteoblasts.

Lastly the focus of this study was on bone ancebmomeralization. However, we
did observe expression of other TGs during regeioerand further examination of these
TGs could prove to be very interesting. For exanpldeeper examination of zebrafish
TG1 homologues that were up-regulated during regéio@ could reveal insight into

epidermis regeneration and improve scar-less satiry.
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APPENDIX

A. EXPANDED MATERIALS AND METHODS

1. RNA Isolation

Tissue was homogenized by (1) freezing with ligoitogen and crushing with mortar
and pestle for the heart, kidney, skeletal musstiesnum, liver and zebrafish embryos
and fins or (2) by using a Mini-BeadBeater 16 (Bie&) for the aorta and RNA was
isolated by Trizol. Once tissues were homogenizedimL of Trizol, they were
incubated for 5mins at RT, after which 0.2mL ofabform was added and the samples
were vigorously shaken for 15secs by hand. Sampére then incubated at RT for
3mins and then centrifuged at 12,000 x g for 15atid°C. The aqueous phase was then
transferred into a fresh tube and 0.5mL of isopr@bgohol was added and incubated for
10min at RT. This was followed by centrifugingl1&,000 x g for 10mins at 4°C. All
supernatant was then removed and to wash the RMA,df 75% EtOH was added and
the sample was mixed by vortexing. This was fo#dvby centrifuging at 7,500 x g for
5min at 4°C and then removing the supernatant dliowviag the pellet to air dry for
approximately 5min. The pellet was then dissolueddEPC-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 digestibgenomic DNA and RNA clean-
up. 10uL of buffer RDD and 2.5uL DNase stock (Ku@itz units/uL) was added to the

RNA sample and the volume was brought-up to 100ith WEPC-water. This mixture
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was incubated for 10min at RT. This DNase digestédure was then added to 350uL
Buffer RLT and mixed well. 250uL of 100% EtOH wéen added to this mixture and
mixed by pipetting and transferred to an RNeasyiMpin column and centrifuged at
8,000 x g for 15sec. The flow-through was discdrdad 700uL of Buffer RW1 was
added to the column and centrifuged at 8,000 xrgl&sec. Again flow-through was
discarded and 500uL of Buffer RPE was added tocthemn and centrifuged again at
8,000 x g for 15sec, again the flow-through wasatded. Next 500uL of 80% EtOH
was added to the column and centrifuged at 8,090for 2min. The column was then
placed into a new collection tube and was centefugt full speed for 5min. The
RNeasy spin column was then placed in a clean 1.&enltrifuge tube and 14pL RNase-
free water was added to the spin column membradettz tube was centrifuged for

1min at full speed. The RNA concentration and fyusias read by nanodrop.

3. Reverse Transcription of RNA

The Maxima First Strand cDNA Synthesis Kit (Thermi@htific) was used to reverse
transcribe the cDNA for real-time PCR. In an RNase tube 4uL of the 5X Reaction
Mix, 2uL of the Maxima Enzyme Mix, 0.4ug RNA wasnsbined and brought up to
20uL. The kit utilizes oligo (dT} and random hexamer primers, which are in the 5X
reaction mix. This mixture was then mixed genthdaentrifuged and incubated for
10min at 25°C, followed by 30min at 50°C and tha&cten was terminated by incubating

for 5min at 85°C.

4. Real-time PCR

cDNA was diluted 20X’s in DEPC-water and used asmaplate for real-time PCR on a

BIO RAD CFX96 Real-Time System. SsoFast EvaGraegme8nix and 0.3uM Primers
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were used. The heat activation, amplification amelting curve cycles were set as
follows: 95°C for 30sec, then 45 cycles of 95°C %mec followed by 58°C for 20sec,

after completion of 45 cycles the samples werebated at 65°C for 5sec.

5. Total Protein Isolation

Tissue was frozen by liquid nitrogen and grouna ippwder by mortar and pestle and
transferred to an eppendorf tube. This was foltblwg addition of 500uL of lysis buffer
(5mM Tris-HCI pH 7.5, 0.25M Sucrose, 0.2mM Mgs@mM DTT, 0.4mM PMSF,
5ug/mL Leupeptine and 0.4% Triton X-100), solutiordamas then mixed and left on ice
for 30min. Samples were then centrifuged and prot®ntaining supernatant was

removed. Protein concentration was read by BCAditAAssay (ThermoScientific).

6. Whole-Mounin SituHybridization

2dpf embryos were fixed overnight at 4°C in 4% PRashed 2X’s in PBS and stored at
-20°C in methanol. Embryos were rehydrated withieseof EtOH washes: 75%
EtOH/25% PBS + 0.1% Tween-20 (PBT), 50% EtOH/509%0 PB5% EtOH/75% PBT.
The embryos were then washed in PBT 4X’s for 5manheat RT. They were then
bleached in 3% Hydrogen Peroxide in 0.5% Potasdilyaroxide in PBT for 15min,
followed by Proteinase K (Novagen) digestion (10plgy for 30min at RT. This was
followed by a second fixation in 4% PFA and acettreatment for 8min at -20°C.
Embryos were prehybridized for 1lhr at 65°C in Pybfidization solution: 50%
formamide, 5X SSC Buffer, 0.1% Tween-20, 50pg/mlpdrer and 500ug/mL tRNA,
brought to pH 6.0 with citric acid. This was falled by hybridization overnight at 65°C
in pre-hybridization solution + 2ng/uL DIG-labeleditisense RNA probes. The next
day, embryos were washed for 10min each at 65G% Pre-hybridization solution (no
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tRNA or Heparin)/25% 2X SSC Buffer, 50% Pre-hylzation solution (no tRNA or
Heparin)/50% 2X SSC Buffer and 25% Pre-hybridizatieolution (no tRNA or
Heparin)/75% 2X SSC Buffer. This was followed bgsking 2X’s in 0.2X SSC buffer
for 30min at 65°C. The embryos were then washedfoin each at RT in 75% 0.2X
SSC/25% PBT, 50% 0.2X SSC/50% PBT and 25% 0.2X &/PBT. The embryos
were then blocked in 1X blocking solution (2mg/mEA& and 2% Sheep serum) at RT.
The anti-DIG antibody fused to alkaline phosphat@®eche) was pre-absorbed in at a
1:400 dilution in blocking solution for 2hr at RThe insoluble materials were removed
by centrifugation at 12,000 rpm for 5min, the pbs@rbed anti-body was further diluted
by 1:15 in blocking solution and added to the #shbryos and left overnight at 4°C with
gentle agitation. This was followed by washing 2br at RT in PBT, changing the PBT
4-5 times, followed by 3 washes with 1X AP Buffé1M Tris pH 9.5, 50mM MgG]
0.1M NaCl and 0.1% Tween-20). Signal was detectddricnetrically by incubating in
developing solution (ImL AP Buffer + 20uL stock NBCIP solution (Roche)) in the
dark for 24-72hrs until color developed. Stainimgpgression was monitored with a

Nikon AZ100 microscope and analyzed with Nikon Ebaits software.

7. DIG-RNA Probe Preparation

cDNA was inserted into the pGEM-T Easy Vector Syste(Promega). Plasmid-cDNA
was linearized by restriction digest and this wallofved by purification. Purified
plamid-cDNA was used foin vitro transcription using SP6 or T7 RNA Polymerases
(Roche) for sense and antisense probes respectilyingin vitro transcription RNA
was DIG labeled with the DIG RNA labeling kit (Ra)h Transcribed RNA was then

made to the correct size for situ hybridization by alkaline hydrolysis. The digesti
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time was calculated by the following formula: Tim€(Initial length of RNA transcript
(kb) — Final RNA probe length (kb))/0.11(Initialngth of RNA transcript (kb) x Final

RNA probe length (kb)). The hydrolyzed probe wantstored at -80°C.

8. Real-time PCR

cDNA was diluted 20X’s in DEPC-water and used dsmaplate for real-time PCR on a
BIO RAD CFX96 Real-Time System. LightCycler 480 SREsreen | Master Mix and
0.3uM Primers were used. The heat activation anglification cycles were set as
follows: 95°C for 5min, then 45 cycles of 95°C fb@sec followed by 58°C for 20sec
followed by 72°C for 30sec, after completion of @les the samples were incubated at

72°C for 5sec.

9. Tissue Sectiom SituHybridization

Amputated fins were fixed in 4% PFA overnight aC4%ollowed by 3 washes in PBS
and transferred into 30% Sucrose in PBS overnigdf@. Tissue was blocked in OCT
and cryo-sectioned, sections were stored at -20°C.

For Hybridization sections were removed from -2@@ air-dried at 37°C for 30min.

The following steps were performed at RT unlessedt@therwise. Sections were re-
hydrated in DEPC-PBS for 4min and then incubateti%n Triton X-100 in DEPC-PBS

(PBT) for 4min. Tissue was digested with a fresb5thg/mL Protease K solution for
4min. Slides were then rinsed twice in DEPC-PBS Zmin/wash and then briefly

washed in DEPC-water. Slides air-dried for 30mml ghen 1ug/mL of DIG-labeled

RNA probe was added to Hybridization solution (5t¥mamide, 5X SSC Buffer, 0.1%
Tween-20, 50ug/mL heparin and 500ug/mL tRNA, brdaughpH 6.0 with citric acid)

and heated to 65°C for 5min. 80uL of pre-heatexb@thybridization solution was then
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added to the slides which were then covered widividual parafilm pieces. They were
then put in a sealed humid box and incubated af B#fernight. The next day parafilm
pieces were soaked off by washing the slides i3 buffer. Once the parafilm pieces
were removed, the slides were washed twice in 2& &% 30min/wash and then twice in
pre-warmed 0.1X SSC at 60°C for 30min/wash. Slidese then equilibrated in Tris
Buffer (0.1M Tris-HCI, pH 7.5, 0.15M NaCl) for 2miand blocked in 1% blocking
reagent in Tris buffer for 30min at 37°C in a hunbdx. This was followed by
incubation with an anti-DIG-AP antibody (Roche, C#&)a 1:1000 dilution in blocking
solution for 2hr in a humid box. Sections werentiveashed 3X’s in Tris buffer for
10min/wash on a shaker and then equilibrated inbAfer (0.1M Tris, pH 9.5, 0.1M
NacCl, 0.05M MgC)) for 2min. Signal was then detected by incubatiatn NBT-BCIP
solution (10mL AP Buffer + 200uL stock NBT/BCIP stbn (Roche, CA)) in the dark
for 48hrs. Once signal was developed to the diéineel, the sections were washed once
in AP buffer and then three times in distilled wafter 10min/wash. Slides were stored
dry, for imaging the slides were rehydrated andecslipped with 50% glycerol in PBS.
Nuclear fast red counter-stain was done by incabatlides in nuclear fast red for 5min
and then washing in distilled water for 5min. $8dwere then coverslipped with

permount for imaging.
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B. SUPPLEMENTARY TABLES AND FIGURES

Target | Forward Primer (5 23’) | Reverse Primer (523’) | Accession Number

RPL19 | aagaggaagggtactgccatgct tgaccttcaggtacaggcigt NM_ 009078
TGl tcaactctgcacacgacacagdaca tcttcatccagcagtagitcca NM 019984
TG2 aggtgtccctgaagaacccacttt ttccacagacttctgcgtcttg NM_009374
TG3 ttcaactcggctcacgacacagat  tccacacgctatcactgcgttt NM 009374
TG4 tgctgaggcgtggacagatattga  tgtcactggatcaagcaicacc NM_ 177911
TG5 tgcagaagctacaggctacaaggt acatcactgggttgaagggaagNM 028799
TG6 tgtggccatcctacagaagtgglt  tgagttgaagttggacacicacc NM_ 177726
TG7 agatcctggcccataacaccagtt aatgaatgcagaccggactcaNM 001160424

FXllla | ttacttctcggcccacgacaatga agcagtggtagtticcaeadt NM_ 028784

Table B.1Primer sequences for mouse genes analyzed byimeaPICR

Target | Forward Primer (5’ 2>3’) | Reverse Primer (53’) Accession
Number

zFXllla-87 | gttcggcccaaacagcgggt cctgcggatgccgtacggtg NM_0aB*77
zTG2c acgcatctgaacggtgtggaca aaggcagatgtccagtgttccgNM 001004647
zTG2b ggcaagtgatccaacgccgc ggcgtctctggtgctgtagtcgaNM_ 212656
zTG-91 tgctgatgacggacgggtcc gatcctctgtcccgggecga _688146.5
zTG-84 tgaacgcagacgtgcggacc tggcgcccgtcatctgagga _6X8P49
zTG1-81 atcgcggtggaaacggcctg cgcagagtgcagggcagagg M 680658
zTG1-48 ctccggagcaagaactgcgaa ctgtagcgtccgatgcacgc| XM 001331878
zTG1-96 tcatgcctttctcatgcagccca cagtgcgtcacaaagrtga | XM 001332039
zTG1-73 atatccatcgaactgaagcta agccttcaactctttaccaac | XP_002665624
zFXllla-53 | atcaatctccaacttcccgaac tccatcaaggcgaagctca XP %8664
zFXllla-42 | gaatttaaagcgacagtcacc tgagcattaaagccatacaca NF0Q@20
zTG1-18 agcacgtcaaaaccatccac agcacctccaaaatcagatcgXP_003201279
zTG2-12 aagcctctgtcattgttcg gctgtcattgagtatatcgc _687398.2
Cyclin-D1 | aacagatcgagtccctgctggaat taatgtctctgégigggagtg | NM_131025.4
Gli3 ggacagactcaccctttaaccctt ggctgcagaaaccatgageaa NM_205728
MMP7 tttggcctggaagagagtggagaa  tttccgaaccgctcgayamga| XM_685884
Patchedl attcccacatctctgtccaaccct tttccgaaccgetpama XM 001922126
TCF1 tcccgaatccaaacagacctccat agctgctgtgaatctgtatg | NM_200814
cMyc aagtggtttcagagagactggcgt tcagatcctgcaaatamgttcg| XM 005162561

Table B.2Primer sequences for zebrafish genes analyzedabyimee PCR
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