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ABSTRACT

THE ROLE OF THE INTERACTION BETWEEN TISSUE
TRANSGLUTAMINASE AND NITRIC OXIDE IN WOUND HEALING

Tissue transglutaminase (TG2) plays a bifunctional role in wound healing by catalyzing
crosslinking reactions to mediate the stabilization of the extracellular matrix (ECM) and by
acting as a cell adhesion protein to induce cell migration. In this process, nitric oxide (NO)
plays a pivotal role by altering the biological activity of TG2 through nitrosylation of free
cysteine residues. The neutralization of TG2 activity via NO blocks the transcriptional
activity of TGF-B1, which has an essential role in the synthesis of the ECM and the
modulation of matrix metalloproteinases (MMP), and regulates cell adhesion and
migration possibly through controlled ECM degradation. In this study, to further elucidate
the effects of TG2 mediated TGF-B1 activation and the role of NO in the control of TG2
cross-linking activity on cell migration, tet-off Swiss 3T3 fibroblasts stably transfected
with TG2 cDNA were used as the cell model. Wound scratch and transwell migration
assays performed in the presence of TG2 inhibitor, TGF-B1 function blocking antibody,
and NO donor S-Nitroso-N-acetylpenicillamine (SNAP) indicated that the migration of
fibroblasts was significantly promoted by the inhibition of TG2 cross-linking activity. The
nitrosylation of TG2 by NO possibly enforces a conformational change in TG2 causing the
enzyme to function as a cell adhesion protein. Analysis of the gene expression levels of
MMP-2, MMP-9, MMP-1a, and MMP-13 showed that the inhibition of TG2 activity by
NO not only downregulates MMP-2 and MMP-9 but also upregulates MMP-1a and MMP-
13 expression levels by the reduction of TGF-B1 activity.



OZET

DOKU TRANSGLUTAMINAZI VE NiTRIiK OKSIT
ARASINDAKI ILISKININ YARA IYILESMESINDEKI ROLU

Yara iyilesmesinde TG2 enzimi iki fonksiyonlu bir rol oynar. Bir yandan transamidaz
aktivitesiyle hiicreler arasi matrisin (HAM) sabitlenmesini diizenlerken, diger yandan
hiicre adezyon molekiilii olarak gorev yaparak hiicre gociini arttirdigr gorilmiistiir. Bu
stirecte nitrik oksit, serbest sistein rezidiilerinin nitrosilasyonu yoluyla TG2’nin biyolojik
aktivitesini degistirerek olduk¢a 6nemli bir rol oynar. TG2 aktivitesinin NO tarafindan
engellenmesi, HAM’1n sentezlenmesinde ve ayn1 zamanda HAM’1 keserek hiicre gocii ve
adezyonunu diizenleyen MMP’lerin diizenlenmesinde dnemli bir rol oynayan TGF-B1’in
transkripsiyonel aktivitesinin bloke olmasina yol agtigr gozlemlenmistir. Bu ¢alismada,
TG2 enzimine bagl olarak ¢alisan TGF-B1 aktivasyonun ve NO’in bir ¢apraz baglama
enzimi olarak gorev yapan TG2’yi etkileyerek hiicre gocii lizerindeki etkisi incelenmistir.
Model hiicre hatti olarak TG2 genini indiiklenebilir bir sekilde tetrasiklin promoter
kontrolii altinda ifade eden Swiss 3T3 fibroblast hiicre hatt1 kullanilmistir. TG2 enziminin
capraz baglama aktivitesinin NO dondrii SNAP ve TG2 enzim inhibitorii tarafindan inhibe
edilerek fibroblast hiicre gogiinii arttirdigi yara yatagr ve transwell hiicre goci
yontemleriyle gézlemlenmistir. Bunlara ek olarak, TGF-B1 fonksiyon baglayici antikor
kullanilarak TGF-B1 enzim aktivitesinin engellenmesinin hiicre gogiinii arttirdig1 yine bu
yontemler 1s18inda agikliga kavusturulmustur. NO tarafindan TG2’nin ¢apraz baglama
aktivitesinin durdurulmasi ve muhtemelen TG2’nin ii¢ boyutlu yapisinin degistirilerek bir
hiicre adhezyon molekiilii halini almasiin fibroblast gociinii arttirdig1 isaret edilmektedir.
Bunlara ek olarak, MMP-2, MMP-9, MMP-1a, ve MMP-13 gen ifadelerinin analizleri
1s5181inda NO’in TG2 ¢apraz baglama enzimin aktivitesini engelleyerek TGF-B1 yolagindan
sadece MMP-2 ve MMP-9 gen ifadelerinin azalmasma degil ayn1 zamanda MMP-1a ve
MMP-13 gen ifadelerinin artmasmma yol a¢tigt bu ¢alismamiz dogrultusunda

gozlemlenmistir.
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1. INTRODUCTION

1.1. WOUND HEALING

Wound healing is composed of three interrelated, tightly controlled and overlapping phases
of haemostasis and inflammation, new tissue formation followed by tissue remodeling as
shown in Figure 1.1. These phases are complex but well-characterized and require the
interactions between different cell types and tissues. It is suggested that various factors
such as cytokines, growth factors and proteases have significant roles at the different

phases of the wound healing process [1, 2].

=
3
> 3 Neutrophils
2 D Platelet aggregation
w |[==
o
>
° Reepithelialization
=
(o]
3
§ 5 ) Lymphocytes
S

m X B <——-—-Macroph ages
Granulation ; } < Fibroblasts
tissueformation ¥ Angiogenesis

SHIIM Z-1

Figure 1.1. Phases of the wound healing [2]



1.1.1. Haemostasis and Inflammation

The inflammatory phase begins instantaneously after wounding as an aim to providing
hemostasis [3, 4]. Blood loss is reduced by the vasoconstriction of smooth muscle cells and
haemostasis is initiated by the platelet activation and aggregation resulting in the release of
clotting factors at the site of vascular injury [5-8]. These factors activate the intrinsic and
extrinsic coagulation pathways which lead to the formation of fibrin clots preventing
further blood loss through the obstruction of the disrupted blood vessels [9]. Due to the
activation of intrinsic and extrinsic coagulation pathways provisional matrix is formed
from cross-linked fibrin and fibronectin (FN) that is deposited into the wound site in
response to tissue damage [1, 10, 11]. Platelets initiate the healing process by producing
growth factors such as platelet-derived growth factor (PDGF) which not only induces the
recruitment of neutrophils and macrophages, fibroblasts and smooth muscle cells but also
stimulates proliferation [12]. Attraction of neutrophils and macrophages into the wound
area commences the inflammatory phase and is necessary for the removal of bacteria and
foreign debris from the wound bed [3, 6, 7]. Macrophages are attracted into the site of
injury by transforming growth factor-beta (TGF-B) which stimulates them to produce
additional cytokines such as PDGF, tumor necrosis factor alpha (TNFa), fibroblast growth
factor (FGF), interleukin-1 (IL-1), and several other chemokines. Secretion of these factors
by macrophages enhances the inflammatory response and ameliorates the chemotaxis of
smooth muscle cells and fibroblasts, thereby regulating the expression of collagenase and
the synthesis of collagen. Subsequently, macrophages initiate the formation of new tissue

and the proliferative phase begins toward the end of the inflammatory phase [12].

1.1.2. Granulation Tissue Formation

Due to tissue damage there is a loss of vascularity, which is restored through the formation
of vascular connective tissue, commonly referred to as ‘granulation tissue’. In granulation
tissue formation, macrophages and fibroblasts also migrate to the wound site besides the
blood vessels and play a role in the release of growth factors including the vascular
endothelial growth factor (VEGF), basic fibroblast factor (bFF), and TGF-B to the wound
area, which activates neovascularization and angiogenesis. The release of TGF-f and

PDGF from macrophages stimulates fibroblast gene expression and proliferation. Upon



stimulation fibroblasts start to express and deposit the structural protein FN as well as
TGF-B and PDGF in an autocrine manner. The provisional matrix formed as a result of the
coagulation process is important as it provides the initial scaffold for cell migration but is
later on degraded by proteases and replaced in the newly synthesized matrix by wound
fibroblasts [13-15]. In other words, while this provisional matrix gives structural support
for infiltrating fibroblasts, leukocytes and endothelial cells, it hinders cell migration and
acts as a physical barrier due to its highly cross-linked nature, hence needs to be replaced
[10, 14, 16-19]. Cell migration through cross-linked fibrin is tightly regulated by the
cleavage of the ECM, leading to a path for cell movement [20, 21]. Fibroblasts initiate
ECM synthesis subsequent to migration and provisional matrix is progressively replaced

with a collagenous matrix due to the action of TGF-B1 on fibroblasts [22, 23].

1.1.3. Tissue Remodeling

The final phase of the wound healing process is tissue remodeling. During the remodeling
step, there is an increase in the synthesis of the collagen content, although the number of
fibroblasts and macrophages are reduced. Collagen maintains its maturation with the
additional crosslink formation between the lysyl and hydroxylysyl residues which increase
the tensile strength of the wound [24].

The major components of the extracellular matrix formed after tissue granulation are FN;
hyaluronic acid; and fibrils of type I, 111, and V collagen. The levels of cross-linked type |
collagen and proteoglycans are increased and the amounts of type IlI collagen, FN, and
hyaluronic acid levels are decreased in the remodeling step. In remodeling and matrix
formation, growth factors such as TGF-p, PDGF, and fibroblast growth factor (FGF) entail
discrete roles. For example, TGF-p augments the transcription of the tissue inhibitor of
metalloproteinases (TIMP), a specific collagenase inhibitor and reduces matrix
metalloproteinases (MMP) gene transcription in vitro, while PDGF and FGF induce the
collagenase gene expression [25]. ECM remodeling leads to scar tissue formation through
the conversion of granulation tissue into collagen rich scar tissue, in which is there is a

continual synthesis and degradation of collagen fibrils [1, 26].



1.2. TISSUE TRANSGLUTAMINASE

Tissue transglutaminase (TG2) is a member of the transglutaminase enzyme family which
mediates several distinct biochemical functions in different cell and tissue types [27]. TG2
resides in different compartments of cells including the nucleus, nuclear membrane,
mitochondria, cytosol, cell surface plasma membrane and the extracellular matrix. TG2 is
encoded by the 32.5 kilobase TGM2 gene and has been located to chromosome 20 [28,
29].

1.2.1. Structure of Tissue Transglutaminase

TG2 is a 76-85kDa monomeric protein of 685-691 amino acids [30]. In human TG2, amino
acid sequence of the protein has revealed an active site with a cysteine residue located at
position 277 [31]. TG2 protein that is isolated from guinea pig liver, has a total 17 cysteine
residues and six potential glycosylation sites [32]. It is implicated that the transamidating
activity of TG2 is regulated by the calcium-binding site of the enzyme [33].

The three dimensional structure of TG2 consists of an N-terminal B-sandwich domain,
followed by a large o/p catalytic core, and two C-terminal barrels [34, 35]. The C277
residue of TG2 is essential for the enzyme’s €-(y-glutamyl)-lysine crosslinking activity
[36]. Studies also indicated that the transamidating activity of TG2 is not only mediated by
the catalytic core domain, which is required for the hydrolysis of GTP and ATP, but also
by the flanking domains that play a significant role in TG2 activity [37].

1.2.2. TG2 Activity

TG2 mediates the formation of €-(y-glutamyl)-lysine cross-links ina Ca*?-dependent

manner and the post-translational modification of proteins by amine incorporation [38]. In
physiological conditions, concentrations of Ca®* and nucleotides (GTP/GDP and
ATP/ADP) are important factors for the regulation of TG2 enzymatic activity. In cellular
conditions the low levels of intracellular Ca** and high concentrations of GTP/ATP lead to
the inhibition of TG2 cross-linking activity, and the hydrolytic GTPase and ATPase
activity of the enzyme is activated. On the other hand, in the extracellular milieu the high
concentrations of Ca’* and low concentrations of GTP/GDP and ATP/ADP results in a



conformational change in the enzyme leading to the induction of the cross-linking activity
of TG2 [39]. Upon deposition into the ECM, TG2 cross-links the ECM proteins and
increases the stability of the ECM [40]. Externalization of TG2 is dramatically augmented
in response to tissue damage and cellular stress situations and it accumulates in the ECM
[41-45]. On the cell surface, TG2 was shown to regulate the interaction of integrins with
FN serving as a cell adhesion protein independent from its transamidating activity. Here,
TG2 act as a signaling molecule in cell adhesion via interacting with cell surface f1 and B3
integrins and syndecan-4 [46, 47]. Cell adhesion is mediated via TG2 by binding to its

extracellular substrate FN [48].

FN is a glycoprotein and one of the main components of the ECM. It functions in wound
healing, angiogenesis and embryogenesis [49]. FN binds to a5B1 and alIBB3 integrins
through its Arg-Gly-Asp (RGD) region and mediates cell adhesion [50].

1.2.3. TG2 in Wound Healing

TG2 expression was observed in all phases of rat skin wound repair. It was observed in the
provisional matrix, re-epithelization, new tissue formation and tissue remodeling [51]. TG2
mediates the reconstitution of tissue integrity by its transamidating activity subsequent to
wound healing. The wound area is stabilized by increased TG2 activity which occurs both
in the intracellular and extracellular compartments and increased protein polymerization
enhances cell-matrix interactions in the wound site [52]. Previous studies implicated that
the stability of the sheet of TG2-/- MEF cells was improved by the exogenous addition of
purified guinea pig liver TG2. The treatment of TG2-/- MEF cells with exogenous TG2 led
to alterations in the cell migration pattern comparable to the wild-type phenotype [53].
TG2 contributes to the wound healing process not only by its transamidating activity, but
also by its function as a cell adhesion protein. Neutralization of TG2 by iodoacetamide
inhibited the activity of the enzyme without any inhibitory effect on cell adhesion [54].
TG2 can also indirectly modulate the wound healing through activation of the growth
factor TGF-B1. This illustrated that TG2 activates TGF-B1 which plays a significant role in
the synthesis and proliferation of the ECM in fibroblasts [55].



1.3. TRANSFORMING GROWTH FACTOR-B

1.3.1. Structure and Function of Transforming Growth Factor-$1

TGF-p is a 25 kD homodimeric peptide and there are five known isoforms of TGF-p, three
of which are expressed in mammalian cells (TGF-B 1, 2, 3) [56, 57]. While all cell types
express TGF-B receptors, TGF-B is expressed and synthesized only by several cell types
such as macrophages and fibroblasts. TGF- in a latent form in complex with a propeptide
called latency associated peptide (LAP), and a latent TGF- binding protein (LTBP). LAP
consists of a pro-domain, called Latency Associated Peptide (LAP), an amino terminal (57)
signaling sequence and a carboxy (3’) mature protein domain [58]. The large latent TGF-3
complex is activated by the incorporation of LTBP into the matrix by TG2 protein where
the latent TGF-f3 complex can be degraded and active TGF-B can be released as shown in
Figure 1.2 [60-62].
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Figure 1.2. Activation of TGFpB-1 by TG2 [63]

1.3.2. TGF-p1in Wound Healing

TGF-B1 also has a crucial role in wound healing, not only by attracting cells to the wound
site, but also by promoting the deposition of collagen and matrix [63]. While, low
concentrations of TGF-B leads to fibroblast division, high concentrations of TGF-§
stimulates the differentiation of fibroblasts. Differentiated fibroblasts cause increased
collagen, FN and ECM production [64, 65]. In vitro models suggest the role of TGF-B1 as

the modulator of the provisional matrix composition is to induce the migration of epithelial



cells [66]. TGF-B1 is also important in the regulation of wound healing since it modulates
the synthesis of certain matrix metalloproteinases [67-69]. In wound healing models, the
treatment of TGF-B resulted in a decrease in the synthesis of collagenases and enhanced
the production of the collagenase inhibitor TIMP-1 leading to an inhibition in the
degradation of newly synthesized collagen matrix in fibroblasts [70, 71]. It is well
documented that TG2 is important for the activation of TGF-1 which plays a pivotal role
in the synthesis of ECM and proliferation in fibroblasts [72]. However, it is also known
that LTGF-B could be also activated by proteolysis or by the acidic environment in the
wound site [73].

1.4. MATRIX METALLOPROTEINASES

1.4.1. Metalloproteinases

Matrix metalloproteinases (MMPs) constitute a large family of calcium-dependent zinc-
containing endopeptidases that include gelatinases, collagenases, matrilysins, stromelysins
and membrane-type metalloproteinases which have a role in tissue remodeling and the
degradation of most structural components of the ECM. Varieties of cells such as
fibroblasts, endothelial cells, osteoblasts, neutrophils, lymphocytes, and macrophages are
responsible for secreting MMPs as zymogens which are subsequently activated by other
proteolytic enzymes. MMPs are usually expressed minimally in normal physiological
conditions and over-expression of MMPs abrogates the balance between the activity of
MMPs and tissue inhibitors of MMPs (TIMPs) which could result in a variety of

pathological conditions such as ulcers, cancer and cardiovascular diseases [26, 74-76].

The MMP family includes 26 types of human MMPs which are classified into
collagenases, gelatinases, stromelysins, and matrilysins according to their specificity.
MMPs also contain another subclass of MMPs which are represented by the membrane-
type MMPs (MT-MMPs) that additionally contain a transmembrane domain, a membrane
linker domain, and an intracellular domain [77, 78]. Besides the confined role of MMPs in
the degradation of the ECM, MMPs have a role in the cleavage of growth factor receptors
from the cell surface, release of growth factors from the cell membrane, shedding of cell

adhesion molecules and activation of other MMPs [79-81].



1.4.2. MMPs in Wound Healing

MMPs have significant roles in all phases of wound healing by performing many functions
[82, 83]. MMPs could contribute to inflammation by cleaving cytokines and chemokines
from the cell surface to activate these mediators, or processing these mediators to enhance
their activity. MMPs were also shown to inhibit inflammatory signals by degrading the
cytokines and chemokines as shown in Figure 1.3. MMPs also play a crucial role in re-
epithelization by cleaving the components of cell-cell and cell-matrix interactions within
the epithelium. MMPs also involved in the remodeling of the ECM directly by degrading
the proteins such as collagens as shown in Figure 1.3. In vitro analysis demonstrated that
MMPs which are produced by fibroblasts in collagen lattices cause the contraction and
remodeling of the collagen that is similar to the tissue remodeling in wound repair [84, 85].
Many MMPs have overlapping functions in these processes and human MMPs 1, 2, 3, 7, 8,
9, 10, 12, and 13 have a major role in wound remodeling [82, 83, 86-88].
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Figure 1.3. Various functions of MMPs during wound healing. (A) Cell migration: MMPs
facilitate epithelial cell migration by cleaving cell-ECM and cell-cell adhesion proteins on
the cell surface. (B) Re-epithelialization: MMPs cleave junctional proteins, and degrade
cell—cell adhesions. (C) Leukocyte influx: MMPs shed the proteoglycan/chemokine
complexes from the basolateral cell surface and lead to the transepithelial migration of

neutrophils. (D) Inflammation: MMPs cleaves multiple cytokines and chemokines [83]

The wound healing process requires ECM synthesis, deposition and degradation. Several
cell types such as fibroblasts, keratinocytes, macrophages and neutrophils in the wound site
are responsible for ECM degradation and consequently modification of ECM composition
and organization is performed by recruiting MMPs into the wound site [89]. The action of

MMPs is tightly regulated in the tissue repair process at transcriptional, translational, and
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post-transcriptional levels, because of their high potency [90]. Extracellular activation of
MMPs from latent form finally through the action of TIMPs is also stringently controlled

in the wound repair process [91-93].

In vivo analyses implicated that the expression of collagenases (MMP-1, -8, -13),
gelatinases (MMP-2, -9), matrilysin (MMP-7), stromelysins (MMP-3, -10), macrophage
metalloelastase (MMP-12), membrane-type MMPs (MMP-14) and TIMP-1, -2, -3 are
distributed among cells in skin repair [26, 94-96].

MMP-2 and MMP-9 (gelatinases) which are responsible from the cleavage of type 1V, V,
VII, and X collagen, and other basement-membrane proteins have crucial role in the
remodeling phase [82, 83, 97, 98]. It was also suggested that MMP-2 and MMP-9 function
in the proteolytic cleavage of the provisional matrix [16, 99, 100]. MMP-2 promotes cell
migration by clearing the ECM and facilitates wound healing [101]. Studies also
implicated that MMP-9 has a role in fibrinolytic events in an in vivo nephritis model and

studies on MMP-9 null mice show a dramatic increase in fibrin deposition [102-104].

During the dermal wound healing process, MMP-9 shows sudden upregulation in the early
phase of healing which suggests that it could have a role in re-epithelization, on the other
hand, MMP-2 has sustained and prolonged expression which could indicate that it could
also play a significant role in angiogenesis and matrix remodeling [74, 95]. It was also
implicated that MMP-2 and MMP-9 expression levels dramatically increased by the
addition of TGF-B1 in an in vitro model of airway epithelial cells [105].

Human MMP-1, MMP-8, and MMP-13 (collagenases) mainly cleave type I, Il, and Il
fibrillar collagen in the ECM [82, 83, 97]. MMP-1 (Interstitial collagenase) is induced in
the later stages of wound healing and lasts longer [106] and MMP-13 which is synthesized
from the wound fibroblasts is a significant factor in tissue remodeling [107]. In mice, the
original murine interstitial collagenase (MMP-13) is the homologue to human MMP-13. It
has also been suggested that mouse MMP-13 is a functional homologue of human MMP-1,
because they both are expressed in similar situations [108]. It was also indicated that the
new enzyme murine collagenase-like A (McolA) or MMP-1a has significant sequence

identity with the human MMP-1. MMP1a degrades collagen in vitro and it is located in the
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mouse chromosome 9, MMP gene cluster. It was proposed that MMP-1a could represent a
true orthologue and homologue of human MMP-1 which has a role as the interstitial
collegenase in murine tissues [109]. Balance between ECM synthesis which consists of
granulation tissue formation and collagen deposition, and degradation of matrix should be
controlled in the normal wound healing process. Synthesis of matrix is important to allow
cell migration [110, 111]. In cultured fibroblasts, the treatment of TGF-p leads to a
decrease in the synthesis of collagenases and induces the production of collagenase
inhibitor TIMP-1 leading to an inhibition in the degradation of newly synthesized collagen
[70, 71].

1.5. NITRIC OXIDE
1.5.1. Structure and Function of Nitric Oxide

Nitric oxide (NO) is a short-lived free radical involved in many diverse biological
processes such as neurotransmission, inflammatory and immune response and
vasodilatation [112-113]. NO is synthesized from the conversion of L-arginine into L-
citrulline by three different isoforms of nitric oxide synthase (NOS) such as neuronal NOS
(nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS). nNOS and eNOS are
constitutively expressed and regulated by intracellular Ca®* levels, whereas, iINOS is
expressed independent from the Ca* levels and induced in response to the inflammatory
signals [114]. NO mediates its biological effects by targeting and modifying iron and zinc

clusters, cysteine residues and haem groups.

NO modifies cysteine thiols by the S-nitrosylation reaction which results in the regulation
of proteins function. S-nitrosylation could be mediated directly in the presence of electron
acceptors via the interaction with NO or indirectly by NO carriers and NO derivatives
[115].

1.5.2. NO in Wound Healing

NO may play a pivotal role in all phases of wound healing by expression of three isoforms

of NOS [116]. It has been demonstrated that while, nNOS expression was observed in



13

melonocyres and kerotinocytes, eNOS is expressed in dermal fibroblasts and endothelial
cells and the upregulation of INOS was observed in fibroblasts, kerotinocytes and
endothelial cells [117].

It was documented that NO inhibits the cross-linking activity of TG2 via the nitrosylation
of cysteine residues located in the active site of the protein. It was also implicated that
TGF-B1 activity diminished through the inhibition of TG2 activity by NO which causes a
decline in the ECM production and stability. TG2 modification by nitrosylation leads to the
localization of TG2 on the cell surface instead of ECM and enhances the TG2 function as a
cell adhesion protein [118].

1.6. AIMOF THE STUDY

The aim of the study is to investigate the role of TG2 and NO interaction in cell migration
in order to acquire an understanding of the initial phases of wound healing. In the previous
study performed on non-induced and induced Swiss 3T3 fibroblasts under the control of
the tetracycline-regulated inducible promoter [120], it was clarified that inhibition of the
cross-linking activity of TG2 by NO leads to the inhibition of transcriptional activation of
TGF-B1 through NF«B pathway. TG2 functions as an RGD-independent cell adhesion

protein, independent to its transamidating activity [118].

In accordance with the previous data, the role of transamidating activity of TG2 and the
TG2 dependent activity of TGF-B1 in cell migration were analyzed via wound scratch and
transwell migration assays by using the same cell model. In these experimental models, the
effect of NO regulated TG2 and TGF-B1 activity in the cell migration was examined. In
conjunction to this study, the expression profiles of the major ECM proteases MMP-2,
MMP-9, MMP-1a, and MMP-13 in wound healing was evaluated in order to explain the
molecular downstream effectors assigned in the NO regulated cell migration of TG2
induced fibroblasts.
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2. MATERIALS

2.1. INSTRUMENTS

The instruments used in this study are as follows:

e Laminar flow cabinet (ESCO Labculture Class Il Biohazard Safety Cabinet Type 2A,
Singapore)

e CO2 incubator (Nuaire NU5510/E/G, USA)

¢ Inverted phase contrast microscope (Nikon Eclipse TS-100, USA)

e Fluorescence microscope (Nikon Eclipse TE-200, USA)

e Centrifuge (Hettich mikro 22R, Germany and SIGMA 2-5 centrifuge, Germany)

e \ortex (Stuart SA8, UK)

e pH meter (Hanna instruments PH211, Germany)

e Spectrophotometer (Implen Nanophotometer, USA)

e PCR Thermal Cycler (Biorad MyCycler, USA)

e Real-time PCR Thermal Cycler (Biorad iCycler iQ multicolor detection system,
USA)

e -80 °C freezer (Thermo Forma -86C ULT Freezer, USA)

e ELISA plate reader (Bio-Tek EIx800, USA)

e Liquid nitrogen (Arpece 110, France)

e Vacuum-dryer (Eppendorf Concentrator 5301, Germany)

e Water bath (Grant OLS 200, UK)

2.2. EQUIPMENT

The laboratory equipment used in this study are as follows:
o Cell culture flasks, T-25, T-75, T-150 and cell culture plates, 6-well, 12-well, 96-
well, (TPP, Switzerland or Grenier-Bio, Germany)
o Serological pipettes 25, 10, 5, 2 ml (Lp Italiana Spa, Italy or Axygen, USA)
o Polypropylene centrifuge tubes, 50 ml, 15 ml, 2 ml, 1 ml, 0.5 ml (Isolab, Germany)
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Micro pipettes 1000, 200, 100, 10, 2.5 ul (Thermo Scientific, USA)
Micro pipette tips 1000, 200, 10 ul (Lp Italiana Spa, Italy or Capp, USA)

Cryovials (TPP, Switzerland)
Transwells (Costar, USA)

2.3. CHEMICALS

The chemicals used in this study are as follows:

e Cell culture media:
- Dulbecco’s Modified Eagle’s Medium — high glucose (Sigma D6429 or Gibco
41966, USA)
- Serum-free AIM-V (Gibco, USA)
e Growth supplements:
- Fetal Bovine Serum (FBS) — Cell culture tested (Sigma F9665)
- Non-essential amino acid (Sigma M7145)
- G-418 sulphate (Gibco 11877-023, UK)
- Xanthine sodium salt (Sigma X2502, Germany)
- HAT media supplement Hybri-Max (Sigma H0262, USA)
- Mycophenolic acid (Santa Cruz, sc-200110, USA)
e 2-propanol (AppliChem A3928, Germany)
e 3,3'.5,5'-Tetramethylbenzidine (TMB) (Sigma T2885,China)
e Absolute Ethanol (AppliChem A3678, Germany)
e Biotin cadaverine, trifluoroacetate salt (N-(5-aminopentyl) biotinamide,
trifluoroacetic acid salt) (Biotium 90063, USA)
e Bovine serum albumin (Sigma A7030, USA)
e CaCl2 (Riedel-de Haen 12022, Germany)
e Chloroform (Aldrich 528730, USA)
¢ Dimethyl sulfoxide (Santa Cruz sc-202581, USA)
e Dulbecco’s Phosphate Buffered Saline (DPBS) (PAN Biotech P04-53500, Germany)
e Ethylenediaminetetraacetic acid (EDTA) (Merck 108418, Germany)
e Fibronectin from human plasma (Sigma F0895, USA)
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e H2S04 (Riedel-de Haen 07208, Germany)

e L-Glutamine (Invitrogen 25030, USA)

e Penicillin-streptomycin (Thermo Scientific SV30010, USA or Biochrom A2213,
Germany)

e Phosphate-Citrate Buffer with Urea Hydrogen Peroxide (Sigma P4560, USA)

e Sodium deoxycholate (Sigma D6750, New Zeland)

e Tris-base (Merck 108387, Germany)

e Tris-HCI (Merck 108219, Germany)

e TriPure Isolation Reagent (Roche 11667157001, USA)

e Trypsin-EDTA (Biochrom L2153, Germany)

2.4. KITS AND SOLUTIONS

The commercially available Kits that were used in this study were as follows:

e Cell Proliferation Reagent WST-1 (Roche 05015944001, Germany)
e (+)-S-Nitroso-N-acetylpenicillamine (Calbiochem 487910, USA)

e Tetracycline hydrochloride (Sigma T7670, China)

e Extravidin peroxidase (Sigma E2886, Israel)

e Zedira Z-DON-VPL-Ome (Zedira Z006, Germany)

e Tag DNA Polymerase (Fermentas EP0402, USA)

e Oligo dT primer (Qiagen 79237, Germany)

e QuantiTect Primer Assay MMP1a (Qiagen QT00138894, Germany)
e QuantiTect Primer Assay MMP13 (Qiagen QT00111104, Germany)
e QuantiTect SYBR Green PCR Kit (Qiagen 204145, Germany)

e Sensiscript RT Kit (Qiagen 205213, Germany)

2.5. ANTIBODIES

e TGF-B1, 2, 3 Antibody Monoclonal Mouse 1gG1l Clone # 1D11 (R&D Systems
MAB1835, USA)
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2.6. CELL LINES

e Swiss Albino mouse embryo 3T3 fibroblast (ATCC CCL-92, USA)
- TG3 Clone Swiss 3T3 fibroblasts stably transfected with tetracycline-
controlled transactivator [119] and transactivator-controlled tissue
transglutaminase cDNA [120].



18

3. METHODS

3.1. CELL CULTURE METHODS

3.1.1. Cells and Culture Conditions

Cell lines used in the project included the wild type and tissue transglutaminase (TG2)
transfected Swiss Albino mouse embryo 3T3 fibroblast obtained from American Type
Culture Collection (ATCC).

Swiss 3T3 fibroblasts stably transfected with tetracycline-controlled transactivator [119]
and transactivator-controlled tissue transglutaminase cDNA [120] constructs (clone TG3)
were grown in DMEM containing 10%(v/v) heat inactivated FBS, 200mM L-glutamine,
100U/ml penicillin, 100pg/ml streptomycin, 400ug/ml active G418, 250ug/ml xanthine,
HAT supplement, 10pg/ml mycophenolic acid, and 2ug/ml tetracyline. Swiss 3T3 TG3
clone was cultured in the tetracycline containing medium to express low endogenous levels
of TG2, and referred as the non-induced cells throughout the study. The medium was
replaced every 2 days with fresh medium containing tetracycline and to keep the cells in
the non-induced state. Cells were grown in the absence of tetracycline for at least 72 hours
to induce the TG2 expression, as described previously [120]. All cells were cultured in a
humidified atmosphere at 37°C, 5% (v/v) CO,, 95% (v/v) air.

3.1.2. Cell Passaging

The passage of cells was undertaken when cells have reached an approximate 70%
confluency. After the removal of media, the cell monolayer was rinsed once with DPBS
solution (pH 7.4) containing 137 mM NaCl, 2.7 mM KCI, 10 mM sodium phosphate
dibasic, and 2 mM potassium phosphate. Cells were then detached with 0.25% (w/v)
trypsin-smM EDTA solution in PBS, pH 7.4 at 37°C in 5% CO2 humidified incubator.
The detached cells were collected in the 10% (v/v) FBS containing media to inactivate the
trypsin and centrifuged at 300xg for 5 minutes. Subsequent to centrifugation, the
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supernatant was discarded and cells were resuspended in the growth media and seeded to

the tissue culture flasks.

3.1.3. Cell Counting

Cell counting was performed using the haemocytometer. 10ul aliquots of the cell
suspension were applied to the haemocytometer and the number of cells was calculated by
counting the 5 squares in the large middle square of the haemocytometer using inverted
phase contrast microscope (Nikon, USA). The cells were counted three times and an
average of cell number per ml was calculated using the “counted number of cells x dilution

factor / mm?2 of counted area x chamber depth” formula.

3.1.4. Cryopreservation of the Cell Lines

Cells were trypsinised and centrifuged as described above (Method Section 3.3.2.). After
discarding the supernatant, cell pellet was resuspended in the freezing media containing
90% (v/v) heat inactivated FBS and 10% (v/v) dimethylsulfoxide (DMSO). Cells were
then pipetted in 1 ml aliquots into cryovials and slowly frozen at -80°C and then

transferred to the liquid nitrogen for long term storage.

3.1.5. Cell Thawing

Cryovials were removed from the liquid nitrogen storage and rapidly thawed at 37°C. The
cell suspension was then transferred into a sterile centrifuge tube and 5ml of serum
supplemented growth media was added onto the cells suspension in a drop wise manner
with gentle shaking. Centrifugation at 300xg for 5 minutes was performed and supernatant
was removed. Cells were then resuspended in the growth media and transferred into a T-25
tissue culture flask. Following al2-24 hour incubation, the media was removed and cells

were rinsed with PBS, pH 7.4 before the addition of fresh media onto the cell monolayer.

3.1.6. Cell Proliferation Assay

To determine the optimum TG2 inhibitor (Zedira, Germany) and TGF-B neutralizing
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antibody (R&D Systems, USA) concentration, 30uM, 40uM, 50uM, 75uM TG2 inhibitor
and 5Spg/ml and 10pg/ml TGF-B neutralizing antibody (R&D Systems, USA)
concentrations were respectively studied. Cell Proliferation Reagent WST-1 (Roche,
Germany) was used for the determination of cell proliferation rate. Cells were seeded in
quadruplicate on 96-well plates at a density of 10.000 cells/well in 100 pul culture media
supplemented with 10% (v/v) FBS concentration and incubated for 16 hours. Cells were
then incubated with the growth media supplemented with 4% (v/v) FBS containing various
concentrations of the TG2 inhibitor and TGF-p antibody for 24 hours and 48 hours. At the
end of each time point, the media was discarded and cells were rinsed with PBS, pH 7.4
and 50 ul of fresh media containing 5 ul WST-1 reagent were added to each well.
Following al hour incubation at 37°C, the absorbance of each sample was measured at 450

nm with 630 nm reference wavelength in an ELISA plate reader (Bio-Tek, USA).

WST-1 working principle depends on the reduction of the tetrazolium salt WST-1 to the
colored formazan compounds by the succinate-tetrazolium reductase, which exists in the
mitochondria of the viable cells. As the number of cells increases, the formation of highly
water soluble formazan residues also increases due to the metabolic activity of the cells.
Therefore, this assay gives the colorimetric measurement of cell proliferation making the
quantification of cell number possible when performed in parallel with a standard plate

containing known number of cells.

3.2. MEASUREMENT OF CELL SURFACE TG2 ACTIVITY VIABIOTIN
CADAVERIN INCORPORATION

96-well plates were coated with 10 pg/ml FN from human plasma (Sigma, USA) in 50 mM
Tris-HCI, pH 7.4 for 16 hours at 4°C or 1 hour at 37°C and blocked with 3% (w/v) BSA in
PBS, pH 7.4 for 30 minutes at 37°C. The wells were then gently washed three times with
50 mM Tris-HCI, pH 7.4 for 5 minutes on a shaker. Swiss 3T3 TG3 clone cells were
trypsinized and resuspended in serum free media. The cells were counted and seeded on
FN coated plates at 20.000 cells/well density in serum free media containing the TG2
inhibitor (Zedira, Germany) at concentrations of 5uM, 10uM, 20uM, 30uM, 40uM,
50uM, and 75uM in the presence of 0.132 mM Biotin cadaverine, trifluoroacetate salt (N-
(5-aminopentyl) biotinamide, trifluoroacetic acid salt) (BTC) (Biotium, USA). FN coated
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wells were incubated only with serum free media containing 0.132 mM BTC for the
negative background control. Following a three-hour incubation at 37°C, wells were rinsed
twice with PBS, pH 7.4 and 100 pl of 0.1 % (w/v) sodium deoxycholate and 2mM EDTA
solution was added and incubated at room temperature for 10 minutes by gentle shaking.
Following the incubation, wells were washed three times for 5 minutes with 50 mM Tris-
HCI, pH 7.4 and 100 pl of extravidin peroxidase (dissolved 1:1000 in 3% (w/v) BSA) was
pipetted to each well to reveal incorporated BTC. After 90 minute incubation at 37°C,
washing steps were performed with 50 mM Tris-HCI, pH 7.4 three times for 5 minutes by
gentle shaking. Wells were then equilibrated with the developing buffer containing 0.1 M
NaOAc, pH 6, for 5 minutes by gentle shaking. Following the equilibration, the reaction
was then developed by addition of 100 ul of developing buffer containing 3,3°,5,5’-
Tetramethyl benzidine (TMB) (dissolved in DMSO), which is the substrate for extravidine
peroxidise, to each well. Plate is then incubated at room temperature or 37°C for 15-30
minutes until blue color formation occurred. The reaction was subsequently terminated by
the addition of 50 ul of 2.5 M H,SO, to each well, and the absorbance was measured at
450 nm using an ELISA plate reader (Bio-Tek, USA).

3.3. RNA ISOLATION

3.3.1. RNA lIsolation from Cell Lines

Swiss 3T3 TG3 clone cells grown in special-conditioned medium for with or without
tetracycline for 24 hours were seeded at 200.000 cells/well density on 6 well plates and
allowed to attach for 12-16 hours. Following the incubation, cells were washed with PBS,
pH 7.4. and the special-conditioned medium supplemented with 4% (v/v) FBS was added
to all wells with tetracycline for non-induced cells and without tetracycline for induced cell
lines. Non-induced cells were used as negative control. In the experiments performed with
induced cells, cells were exposed to 7 different treatment conditions. Induced cells were
incubated with (%)-S-Nitroso-N-acetylpenicillamine (SNAP) (Calbiochem, USA) at
concentrations of 50uM, 150uM, and 300uM as determined in the previous study [118].
For inhibition of TG2 activity, TG2 inhibitor (Zedira, Germany) was used to treat the
induced cells at 50uM concentration for 24, and 48 hours. In order to block TGF-f
activity, 10uM TGF-p neutralizing antibody (R&D, USA) and 10uM mouse serum IgG as
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negative control was used to treat the induced cells as for 24, and 48 hours, as described
[121, 122]. Time points were optimised according to the previous study [118]. Subsequent
to the end of each time point, medium was removed, cells were rinsed with PBS, pH 7.4
and 500 pl TriPure reagent was applied onto the cell monolayer. After the lysis of cells by
scrapping in TriPure reagent, cells were collected into the sterile micro centrifuge tubes
and 100 pl chloroform was added into the tubes. The tubes were then shaken vigorously,
incubated for 10 minutes at room temperature, and then centrifuged at 12,000 x g for 15
minutes at 4°C. The aqueous phase, which contains the RNA was carefully transferred into
a new tube without disturbing any other phases and mixed with 250 pl isopropyl alcohol.
The samples were then incubated for 10 minutes at room temperature and centrifuged at
12,000 x g for 10 minutes at 4°C. Afterwards, supernatant was removed and RNA pellet
was rinsed with 500 pl 75% (v/v) ethanol and centrifuged at 7,500 x g for 5 minutes at
4°C. RNA pellet was dried via vacuum-dry prior to the removal of supernatant and
dissolved in 50 pul RNase-free water. RNA samples were stored at -80°C.

3.3.2. Quantification of RNA

The concentrations of isolated total RNA samples were measured and quantified
spectrophotometrically at 260 nm using RNase-free water as blank. Total RNA
concentration was calculated from the absorbance at 260 nm using the equation below:

““Concentration of RNA sample (ng/ul) =40 x A260 x dilution factor’’ (Equation 3.1)

The protein contamination in total RNA samples was measured by calculating the
A260/A280 ratio.

3.4. POLYMERASE CHAIN REACTION

3.4.1. cDNA Synthesis

Target RNAs were reverse transcribed using the Qiagen Sensiscript RT Kit. In the first

step, 1000 ng total RNA was transferred into a new tube in 13 pl of RNase-free water, onto

which 7 pl reaction mixture was added in the presence of 2 ul 10x Buffer RT, 2 ul ANTP
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Mix (5 mM each dNTP), 2 ul Oligo-dT primer (10 uM), 1 pl Sensiscript Reverse
Transcriptase to make up a total volume of 20 ul. The samples were then incubated at 37°C
for 60 minutes. All samples from a single experiment were reverse transcribed
simultaneously, to minimize the possible variations in reverse transcriptase efficiency.

Samples were then stored at -20°C.

3.4.2. Polymerase Chain Reaction

Amplification reactions were performed using the Thermus aquaticus (Taqg) polymerase to
optimize the PCR conditions for the designed primers. Primer sequences that were used are
presented in the Table 3.1. Reaction mixtures containing 2.5 pl of 10X Taq Buffer, 25mM
MgCl2, 0.5 pl of ANTP mix, 0.75 pl of forward primer (0.3 uM), 0.75 pl of reverse primer
(0.3 uM), 0.3 ul of Taq Polymerase, 16.2 ul of dH20 were prepared as the master mix
solutions for 3 different gene amplifications and added onto 1 pl of cDNA containing PCR
tubes. Conditions for the PCR reaction were as shown in the Table 3.2. Annealing
temperature of 18SrRNA was chosen as 60.9 °C. The PCR products were visualized after

electrophoresis on a 1.5% agarose gel containing ethidium bromide.

Table 3.1. PCR primer sequences

Primer sequences Product Annealing
size (bp) temp. (°C)
MMP-2 5’- ATTCTGTCCCGAGACCGCTATG-3’ 134 60.9
(sense)

5’-ACCACACCTTGCCATCGTTG-3’

(antisense)

MMP-9 5’-CGTGTCTGGAGATTCGACTTG-3’ 131 60.9

(sense)

5’-CAGAAATAGGCTTTGTCTTGGT-3’

(antisense)

18SrRNA | 5’-AACTGAGGCCATGATTAAGAGG-3’ 189 60.9

(sense)
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5’-GGCATCGTTTATGGTTGGAAC-3’
(antisense)

Table 3.2. PCR conditions

Cycle Temperature Time Phase
1 95°C 3 minutes Initial denaturation
2 95°C 30 seconds Denaturation
(30 repeats) 60.9°C 30 seconds Annealing
72°C 2 minutes Extension
3 72°C 5 minutes Final extension

3.4.3. Quantitative Polymerase Chain Reaction

The mRNA expression levels of MMP1la, MMP13, MMP2, and MMP9 genes in the cell
lines were determined using QuantiTect SYBR Green PCR Kit in Bio-Rad iCycler iQ5

instrument. PCR reaction for the MMP expression was performed in conditions given in
the Table 3.3 with the real-time PCR master mix for MMPla and MMP13 prepared as

follows: 6.25 pl of SYBR Green PCR master mix, 1.25 pl of primer mix (QuantiTect
Primer Assays, MMP1la, MMP13) and 50 ng of cDNA (1 pl) in a total volume of 12.5 pl.
Real-time PCR master mix for the MMP2, MMP9 and the 18SrRNA as an internal control

was prepared as follows: 6 pl of SYBR Green PCR master mix, 0.75 pl of forward primer
(0.3 uM) and 0.75 pl of reverse primer (0.3 uM) and 50 ng of cDNA (1 pl) in a total

volume of 12.5 pl. The PCR reaction was performed in conditions given in the Table 3.4.

Table 3.3. Real-time PCR conditions for MMP1a, MMP13

Cycle Temperature Time Phase
1 94°C 15 min
2 95°C 5 min Initial denaturation




Table 3.3. Real-time PCR conditions for MMP1a, MMP13 (continue)

25

3 95°C 60 sec Denaturation

(40 repeat) 55°C 60 sec Annealing
72°C 60 sec Extension

4 72°C 10 min Final extension

5 50-95°C Melt curve
(90 repeat) 0.5 °C increase /12

sec
6 4°C © Cooling

Table 3.4. Real-time PCR conditions for MMP2, MMP9, and 18SrRNA

Cycle Temperature Time Phase

1 94°C 15 min

2 95°C 5 min Initial denaturation

3 95°C 60 sec Denaturation
(40 repeat) 60.9°C 60 sec Annealing

72°C 60 sec Extension

4 72°C 10 min Final extension

5 50-95°C Melt curve
(90 repeat) 0.5 °C increase /12

sec
6 4°C © Cooling

3.5. WOUND SCRATCH ASSAY

The scratch assay was performed on the 24 hour induced or non-induced Swiss 3T3 TG3

clone cells that were seeded on 12 well plates at 600.000 cells/well in special-conditioned

medium as mentioned above (Method Section 3.1.1). Cell monolayer was scratched using

a p1000 pipette tip in a straight line to create a wound bed. Medium was then immediately

discarded to remove the debris and cells were washed with PBS, pH 7.4 to smooth the edge



26

of the scratch. The special-conditioned medium supplemented with 4% (v/v) FBS was
added to all wells with tetracycline for the non-induced cells and without tetracycline for
the induced cell lines. Non-induced cells were used as negative control. In the experiments
performed with induced cells, cells were incubated in 7 different conditions for 24, and 48
hours as described above in the Method Section 3.3.1. At the end of each time point, the
cells were photographed alive to obtain the same field image and to avoid the possible
variation caused by the difference in the width of the scratches. Markings were created as
the reference points close to the scratch by a marker pen and images were captured by
leaving the reference mark outside of the image field but within the eye-piece field of view
under the phase-contrast microscope (Nikon Eclipse TS-100, USA). 10 images were
acquired at 4X magnification from one well for the each time point. Images were
quantified by ImageJ software and the distances for each scratch closure were measured

taking the images from time point 0 as the base point.

3.6. TRANSWELL MIGRATION ASSAY

Non-induced, induced, and TGF-B neutralizing antibody treated cells were seeded at
200.000 cells/well density onto the 6-well plates and incubated at 37 °C for 24h. In another
experimental set-up, non-induced, induced, and induced cells treated with 50 uM SNAP,
150 pM SNAP, 300 uM SNAP and 50uM TG2 inhibitor treated cells were incubated at 37
°C for 48h. Boyden chamber type Transwells (Costar, USA) were used to examine the
ability of cells to migrate through FN-coated 8 um pore size membrane. The undersurfaces
of the 6 well Transwell membranes were coated with FN in 50mM Tris-HCI, pH 7.4 and
incubated at 37°C for 1 h at the day of the experiment. Meanwhile, treated cells were
trypsinized and washed once with serum-free AIM-V (Gibco, NY) medium and counted.
After 1 h incubation of inserts with FN, transwells were rinsed with 50mM Tris-HCI, pH
7.4 and then submerged in the wells containing 2 ml of serum-free AIM-V media. In one
ml serum-free AIM-V medium, 170.260 cells/well were seeded into the inner chamber of
inserts and cells were allowed to migrate through the FN coated undersurface at 37°C in a
CO2 incubator. Early time point of cell migration was chosen as 4 h and the late time point
was determined as 8 h through the optimization experiments. At their determined
incubation time points, cells from the inner surface of the insert were wiped clean with a

cotton swab from the surface and the inserts were washed once with PBS, pH 7.4. Cells
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were then fixed and stained with 0.5% Crystal Violet in 75% ethanol solution for 15
minutes at room temperature. Next, the inserts were washed two times with PBS, pH 7.4.,
and once with dH,O of and air-dried. The images of cells migrated through the FN were
captured with Nikon X Camera attached to an inverted phase contrast microscope (Nikon
Eclipse TS-100, USA) at 40X magnification. At least 5 images/inserts were acquired for

each time point and quantified as described before [47].

3.7. STATISTICAL ANALYSIS

The statistical differences between the gene expression results were analyzed using
student’s t-test. The migration assay results were also examined using student’s t-test.
Student’s t-test analyses were calculated in GraphPad Prism (version 5.03) program. All

results were considered statistically significant when P<0.05.
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4. RESULTS

4.1. MMP-2, MMP-9, MMP-1a, MMP-13, 18SrRNA PRIMER OPTIMIZATION

In order to determine the specific PCR conditions for the designed MMP-2, MMP-9, and
18SrRNA primers, RNA was isolated from non-induced (NI) and induced (Ind) Swiss 3T3
fibroblasts as described in the Method Section 3.3.1., and reverse transcriptase polymerase
chain reaction (RT-PCR) was performed as explained previously in the Method Section
3.4.1.

Figure 4.1. Representative figure of MMP-2, MMP-9 and 18SrRNA PCR products on
1.5% agarose gel using the PCR conditions described in Table 3.2

Figure 4.1 showed that at 60.9°C annealing temperature, a single band at the expected
product size is given for the MMP9 and MMP2, while a predominant ~200bp product was
observed when using an annealing temperature of either 55°C or 60.9°C for the 18sRNA.

After determination of the PCR conditions, the compatibility of these conditions to the
real-time PCR for the amplification of MMP-2, MMP-9, MMP-1a, MMP-13 and 18SrRNA
were confirmed and the optimum concentrations and the annealing temperatures of primers

were determined for each gene product as described in the Method Section 3.4.3.
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Figure 4.2. Melt curve analysis showing the amplicons for MMP-2, MMP-9, and 18SrRNA

genes using 60.9°C as annealing temperature shown as opd file from iCycler software
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Figure 4.3. Melt curve analysis of MMP-1a and MMP-13 genes using 55°C as annealing

temperature shown as opd file from iCycler software

Figure 4.2 and Figure 4.3 demonstrated the melt curve analysis of MMP-2, MMP-9, MMP-
1a, MMP-13 and 18SrRNA. As can be seen from the representative figures, the primers are
specific and amplify a single product at their optimized concentrations and temperatures.
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4.2. EFFECT OF TG2 INHIBITOR ON THE MIGRATION OF FIBROBLASTS

4.2.1. TG2 Inhibitor Concentration Analysis

In order to decide the adequate concentration of TG2 inhibitor that fully block the TG2
enzymatic activity, the cells were treated with different concentrations of TG2 inhibitor
and then seeded on FN coated microtiter plates in the presence of BTC. For this purpose,
Swiss TG3 clone fibroblasts which were induced for 72 hours were seeded on FN in the
presence of BTC and 7 different concentrations of TG2 inhibitor (5 uM, 10 uM, 20 uM, 30
uM, 40 uM, 50 uM, and 75 uM) for 2 hours and TG2 activity on the cell surface was
measured through the detection of FN incorporated BTC by extravidin peroxidase.
Following the addition of extravidin peroxidase which has high affinity to BTC, the
reaction was visualized by the addition of TMB, which is the colorimetric substrate of
peroxidase and data was quantified at 450 nm.
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Figure 4.4. Inhibition of FN-bound TG2 activity by TG2 Inhibitor. The inhibition of the
cross-linking activity of cell surface TG2 at increasing concentrations of active site TG2
inhibitor was performed as described previously in the Method Section 3.2.1. Values
represent the mean + S.D. absorbance at 450nm from one typical experiment which was
performed in quadruplicates. The final values were obtained by subtracting the background
values of the only BTC containing wells from the absorbance values obtained for samples.
The * represents statistical significance (p<0.05) for the absorbance values when compared
with the absorbance values obtained for the control induced cells to which no inhibitor was
added

The data shows that at all concentrations, TG2 inhibitor caused an average of a 4-fold
decrease on the cell surface associated TG2 activity when compared to the control induced
fibroblasts which was not treated with the TG2 inhibitor as shown in Figure 4.4. At 50 uM
the inhibitor led to a significant 17.1-fold decrease in TG2 activity which was not

significantly dropped further down by the higher 75 uM inhibitor concentration.

In order to choose a non-toxic TG2 inhibitor concentration, a cell proliferation assay was
performed to observe the cytotoxic effect of TG2 inhibitor at different concentrations.

Inducible Swiss 3T3 fibroblasts (Ind) were incubated with 30 uM, 40 uM, 50 uM, and 75
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uM for 24 and 48 hours as described in the Method Section 3.1.6. TG2 inhibitor was added
every 24 hours into the media at defined concentrations. Cell proliferation rate at different
concentrations of TG2 inhibitor were determined by cell proliferation reagent WST-1 as

described in the Method Section 3.1.6.
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Figure 4.5. Effect of TG2 inhibitor on the inducible Swiss 3T3 fibroblast cell proliferation.
The measurement of cell proliferation levels for transfected inducible (Ind) Swiss 3T3
fibroblasts was performed after 24 and 48 hours incubation with different TG2 inhibitor
concentrations. Each data point corresponds to the mean percentage of cell proliferation +
S.D. of one typical experiment performed in 4 replicates, and * symbol indicates the
statistically different values of untreated induced fibroblasts when compared to the TG2
inhibitor treated induced fibroblasts (P<0.05)

Results indicated that 75 puM TG2 inhibitor concentration leads to a significant 8%
decrease in cell proliferation at 24 hours as shown in Figure 4.5. Taken together, as the 50
uM TG2 inhibitor concentration is as effective as 75 pM TG2 inhibitor in blocking the
cross-linking activity cell surface bound TG2 as shown in Figure 3.4 and possess no toxic
effect on the induced fibroblasts viability as shown in Figure 4.5, it was chosen as the

inhibitor concentration to be used for the rest of the study.
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4.2.2. Effect of TG2 Inhibitor on the Migration of Fibroblasts

The effect of TG2 activity on the migration of non-induced and induced fibroblast cells
was investigated using wound scratch assays in the presence and absence of 50 uM TG2
inhibitor. The non-induced and induced Swiss 3T3 fibroblasts were allowed to attach on
the tissue culture plastic for 16 hours and after cells reached 100% confluency, a wound
bed was formed using a pipette tip. TG2 inhibitor was added onto samples every 24 hours
as described in the Method Section 3.5.
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a.

C.

Figure 4.6. The role of TG2 inhibitor on the migration of induced fibroblasts.
Representative photographs of wound scratch assay in the absence and presence of TG2
inhibitor. a. Non-induced Swiss 3T3 fibroblasts b. Induced Swiss 3T3 fibroblasts ¢. TG2
inhibitor treated induced Swiss 3T3 fibroblasts
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As can be seen from the Figure 4.6, the induced cells migrated more slowly into the wound
bed area compared to the non-induced cells, however the rate of cell migration of induced

cells in the presence of TG2 inhibitor was similar to that of non-induced.
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Figure 4.7. The role of TG2 inhibitor on the wound closure of induced fibroblasts. Each
data point represents the mean percentage for closure of the wound area + S.E.M. of three
independent experiments performed in duplicate. The wound closure rate was expressed as
the mean percentage of migration of non-induced (NI) fibroblast cells at 48 hour (control)
+ S.E.M., which represents 100%. 48 hour of NI fibroblast cells were taken as the control
due to their full closure of the denuded area. The migration rate of induced (Ind) fibroblasts

in the absence and presence of the TG2 inhibitor (TG2 Inh) in 24 hours were calculated

and expressed as the mean percentage of control. * and ** symbols represent the
significant difference between NI and Ind and the comparison of untreated induced and
inhibitor treated induced fibroblasts (P<0.05)

When the effect of TG2 activity on the cell migration of Swiss 3T3 TG3 clone fibroblasts
was quantified using the Image J program, results demonstrated that the treatment of
induced Swiss 3T3 with 50 uM TG2 inhibitor led to a 30% and 33% increase in cell
migration compared to the untreated induced Swiss 3T3 fibroblasts at 24 and 48 hours,

respectively as shown in Figure 4.7. These data suggest that the cross-linking activity of
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TG2 inhibits the cell migration of fibroblasts and the inhibition of TG2 activity by TG2

inhibitor increases fibroblast migration.

4.2.3. Effect of TG2 Inhibitor on the Expression of MMP-2 and MMP-9 in
Fibroblasts

In order to investigate the effect of TG2 activity on the biosynthesis of gelatinases (MMP-2
and MMP-9), the expression profiles of these genes were assessed using quantitative real-
time PCR. For this purpose, RNA was isolated from non-induced fibroblasts, untreated
induced, and TG2 inhibitor treated induced Swiss 3T3 fibroblasts after 24 and 48 hours
incubation as described in the Method Section 3.5. Each individual data point in the
following graphs corresponds to each conditions average expression value of the interested

gene normalized against the 18SrRNA.
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Figure 4.8. Effect of TG2 inhibitor on the MMP-2 expression levels. Each point represents
the mean MMP-2 expression value £ S.E.M. of non-induced fibroblasts, untreated Ind and
TG2 Inh. treated Swiss 3T3 fibroblasts from three independent experiments performed in

duplicate. ** symbol indicates statistical difference (P<0.05)
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Results showed a significant 1.3-fold difference in the expression levels of MMP-2
between the non-induced fibroblasts and untreated induced fibroblasts at 48 hours. In the
MMP-2 expression levels ~2-fold and ~1.8-fold difference was observed in non-induced
fibroblasts and TG2 inhibitor treated induced fibroblasts when compared to untreated
induced fibroblasts at 24 hours, respectively (p>0.05). Inhibition of TG2 enzymatic activity
with the TG2 inhibitor led to a 1.7-fold decrease in MMP-2 expression at 48 hours

compared to untreated induced Swiss 3T3 fibroblast cell lines.
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Figure 4.9. Effect of TG2 inhibitor on MMP-9 expression levels. Each point represents the
mean MMP-9 expression value + S.E.M. of NI, untreated Ind and TG2 Inh. treated Swiss
3T3 fibroblasts from three independent experiments performed in duplicate. The
significant difference was observed between non-induced fibroblasts and untreated * and

** symbols indicate statistical difference (P<0.05)

Figure 4.9 demonstrates that induction in TG2 led to ~26-fold increase in the MMP-9
expression levels compared to non-induced Swiss 3T3 fibroblasts at 24 hours. The
treatment of induced fibroblasts with the TG2 inhibitor resulted in a 12.1-fold decrease in
the MMP-9 expression levels at 24 hours. After 48 hours incubation, 3.3-fold and 4.5-fold
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reduction in MMP levels were observed in non-induced and inhibitor treated induced

Swiss 3T3 fibroblasts, respectively, when compared to the induced fibroblasts.

4.2.4. Effect of TG2 Inhibitor on the Expression of MMP-1a and MMP-13 in
Fibroblasts

In order to investigate the role of TG2 activity on the biosynthesis of collagenases (MMP-
1a and MMP-13) in transfected Swiss 3T3 fibroblast cell lines, expression profiles of these
genes were assessed by quantitative real-time PCR. For this purpose, RNA was isolated
from non-induced fibroblasts, untreated and TG2 inhibitor treated induced Swiss 3T3
fibroblasts after 24 and 48 hours incubation as described in the Method Section 3.5. Each
Individual data point in the following graphs corresponds to average expression value of

the interested gene normalized against the 18SrRNA expression value.
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Figure 4.10. Effect of TG2 inhibitor on the MMP-1a expression levels. Each point
represents the mean MMP-1a expression value = S.E.M. of NI, untreated Ind and TG2 Inh.
treated Swiss 3T3 fibroblasts from three independent experiments performed in duplicate.

*and ** symbols indicate statistical difference (P<0.05)
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Non-induced fibroblasts Swiss 3T3 fibroblasts which have low TG2 expression and
enzymatic activity displayed a significant 2.1-fold induction in MMP-1a expression levels
compared to the untreated induced Swiss 3T3 fibroblasts at 24 hours as shown in Figure
4.10. The inhibition of cross-linking activity of TG2 by the inhibitor treatment resulted in a
significant 1.5-fold increase in the MMP-1a expression levels of induced cells at 24 hours.
After 48 hours incubation, significant 1.7-fold and 1.5-fold inductions were observed in the
MMP-1a expression levels of non-induced and inhibitor treated induced fibroblasts,

respectively, when compared with the induced fibroblasts.
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Figure 4.11. Effect of TG2 inhibitor on MMP-13 expression levels. Each point represents
the mean MMP-13 expression value + S.E.M. of non-induced fibroblasts, untreated Ind
and TG2 Inh. treated Swiss 3T3 fibroblasts from three independent experiments performed
in duplicate. * and ** symbols indicate statistical difference (P<0.05)

Figure 4.11 demonstrates that the induction of TG2 activity caused a 2.8-fold deduction in
MMP-13 expression levels compared to that of the non-induced at 24 hours (p<0.05). Non-
induced fibroblasts displayed a ~1.6-fold induction in MMP-13 expression levels when
compared to induced fibroblasts at 48 hours (p>0.05). The abrogation of TG2 activity with
the TG2 inhibitor led to a significant 4.6-fold and 1.7-fold increase in the MMP-13

expression levels compared to the induced fibroblasts at 24 and 48 hours, respectively.
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4.3. EFFECT OF NO ON TG2-INDUCED CELL MIGRATION IMPAIRMENT

4.3.1. Effect of NO Donors on the Migration of Non-induced and Induced Fibroblasts

The role of NO on the TG2-induced abrogation of cell migration of the TG2 induced
fibroblasts through the inhibition of the enzymatic activity by nitrosylation of the enzyme
active site residues was investigated. In order to examine the effect of NO donor SNAP on
non-induced and induced fibroblasts, wound scratch assay was performed in the presence
of non-toxic 50 uM, 150 uM, 300 uM SNAP concentrations which is determined in the
previous study [118] at 24h and 48h time points as mentioned in the Method Section 3.5.
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Figure 4.12. The role of NO on the migration of induced fibroblasts. Representative
photographs of wound scratch assay in the absence and presence of NO donor. a. NI b. Ind
fibroblasts c. 50 uM SNAP treated Ind fibroblasts d. 150 uM SNAP treated Ind fibroblasts

€. 300 uM SNAP treated Ind fibroblasts



42

Figure 4.12. The role of NO on the migration of induced fibroblasts. Representative
photographs of wound scratch assay in the absence and presence of NO donor. a. NI b. Ind
fibroblasts c. 50 uM SNAP treated Ind fibroblasts d. 150 uM SNAP treated Ind fibroblasts

e. 300 uM SNAP treated Ind fibroblasts (continue)

Wound bed closure was higher in the non-induced fibroblasts and in the 50, 150 and 300
uM concentrations of NO donor when compared to wound closure in the induced Swiss

3T3 fibroblasts as shown in Figure 4.12.
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Figure 4.13. The role of nitric oxide on the wound closure of induced fibroblasts. Each data
point represents the mean percentage of closure of wound area + S.E.M. of three
independent experiments performed in duplicate. The wound closure rate was expressed as
the mean percentage of migration of NI Swiss 3T3 fibroblast cells at 48 hours (control) +
S.E.M., which represents 100%. 48 hours of NI Swiss 3T3 fibroblast cells were taken as
the control due to their full closure of the denuded area. * and ** symbols represent
significant difference between NI and Ind in comparison to the untreated Ind and SNAP
treated Ind Swiss 3T3 fibroblasts (P<0.05)

Results for the role of SNAP on the cell migration of induced Swiss 3T3 fibroblasts
demonstrated that non-induced fibroblasts which possess low levels of TG2 activity
displayed 27% and 28% increase rate of wound closure when compared to induced Swiss
3T3 fibroblasts at 24 and 48 hours, respectively. It can be seen in Figure 4.13 that the
treatment of induced fibroblasts with 50 puM SNAP resulted in a 23% and 33% increase in
cell migration comparable to the rate of wound closure displayed by the non-induced
fibroblasts at 24 and 48 hours, respectively. There was a 23% and ~39% augmentation in
cell migration of induced cells due to 150 uM SNAP treatment for 24 and 48 hours,

respectively, compared to the non-treated negative induced control. The treatment of
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induced fibroblasts with 300 uM SNAP led to 14% and 22% induction in cell migration
compared to the rate of wound closure displayed by the non-induced fibroblasts at 24 and
48 hours, respectively. There was no significant difference in the rate of scratch closure
between the induced cells and induced cells treated with 150 uM SNAP at 24 hours. In
addition, the treatment of induced cells with 300 uM SNAP did not cause any significant
effect in the rate of wound closure when compared to that of induced fibroblasts. Data
suggests that NO could induce the migration of induced fibroblasts by inhibiting the cross-
linking activity of TG2 and possibly enforcing a change in protein conformation causing

TG2 to function as a cell adhesion protein.

4.3.2. Effect of NO on the Expression of MMP-2 and MMP-9 in Fibroblasts

TG2 activity dependent effect of nitric oxide on the expression levels of gelatinases
(MMP-2 and MMP-9) in transfected Swiss 3T3 fibroblast cell lines was examined. Total
RNA isolated from non-induced, induced, and 50 uM, 150 uM, and 300 uM SNAP treated
induced Swiss 3T3 fibroblasts at 24h and 48h time points were subjected to quantitative
real-time PCR as described in the Method Section 3.4.3. Each individual data point in the
following graphs corresponds to the average expression value of the interested gene

normalized against the 18SrRNA for each sample.
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Figure 4.14. Effect of SNAP on the MMP-2 expression levels. Each point represents the
mean MMP-2 expression value + S.E.M. of NI, untreated and 50 pM, 150 uM, 300 uM
SNAP treated Swiss 3T3 fibroblasts from three independent experiments performed in

duplicate. ** symbol indicates statistical difference (P<0.05)

At 24 and 48 hours incubation the induction of TG2 in fibroblasts led to a insignificant 2-
fold and significant 1.3-fold increase in MMP-2 levels compared to their non-induced
counterparts, respectively, as shown in Figure 4.14. The treatment of induced fibroblasts
with 50 uM SNAP led to an insignificant 1.1-fold increase and 1.1-fold decrease at 24 and
48 hours, respectively. The treatment of induced fibroblasts with 150 uM SNAP led to an
insignificant 1-fold increase and 1.5-fold decrease at 24 and 48 hours, respectively
(p>0.05). Inhibition of TG2 enzymatic activity by 300 uM SNAP resulted in a insignificant
2.1-fold and significant 1.6-fold decrease in MMP-2 expression at 24 and 48 hours,

respectively, compared to the untreated induced Swiss 3T3 fibroblast cell lines.
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Figure 4.15. Effect of SNAP on the MMP-9 expression levels. Each point represents the
mean MMP-9 expression value + S.E.M. of NI, untreated and 50 uM, 150 uM, 300 uM
SNAP treated induced Swiss 3T3 fibroblasts from three independent experiments

performed in duplicate. * and ** symbols indicate statistical difference (P<0.05)

Non-induced fibroblasts demonstrated a ~26-fold and 3.3-fold reduction in MMP-9
expression levels compared to the untreated induced Swiss 3T3 fibroblasts at 24 and 48
hours, respectively. While, the inhibition of cross-linking activity of TG2 with 50 uM
SNAP resulted in a 11-fold and 1.8-fold decrease in the MMP-9 expression levels at 24
and 48 hours, respectively. After 24 and 48 hours incubation in the presence of 150 uM
SNAP, 14.3-fold and 2.6-fold reductions in the MMP-9 expression levels were observed
compared to the untreated induced fibroblasts, respectively. Incubation with 300 uM
SNAP for 24 and 48 hours caused a ~21-fold and a 14.7-fold decrease in the MMP-9
expression levels compared to the untreated induced Swiss 3T3 fibroblasts, respectively.
Taken together, data suggests that the inhibition of TG2 activity by the increasing
concentrations of SNAP resulted in a dramatic decrease in the MMP-9 expression levels. It
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can also be concluded that that 24 hours was an important time point to see the dramatic

change in the MMP-9 expression levels.

4.3.3. Effect of NO on the Expression of MMP-1a and MMP-13 in Fibroblasts

TG2 activity dependent effect of nitric oxide on the expression levels of collagenases
(MMP-1a and MMP-13) in the transfected Swiss 3T3 fibroblast cell lines was examined.
Total RNA isolated from non-induced, induced, and 50 uM, 150 uM, 300 uM SNAP
treated induced Swiss 3T3 fibroblasts at 24h and 48h time points were subjected to
quantitative real-time PCR as described in the Method Section 3.4.3. Each Individual data
points in the following graphs correspond to the average expression value of the interested

gene normalized against the 18SrRNA for each sample.
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Figure 4.16. Effect of SNAP on the MMP-1a expression levels. Each point represents the
mean MMP-1a expression value = S.E.M. of NI, untreated and 50 uM, 150 uM, 300 uM
SNAP treated induced fibroblasts from three independent experiments performed in
duplicate. * and ** symbols indicate statistical difference (P<0.05)
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MMP-1a expression levels was 2-fold and 1.7-fold higher in the non-induced fibroblasts
compared to the untreated induced Swiss 3T3 fibroblasts at 24 and 48 hours, respectively,
as shown in Figure 4.16 (p<0.05). There was 1-fold induction observed in 50 uM SNAP
treated induced fibroblasts compared to untreated induced fibroblasts at both 24 and 48
hours (p>0.05). The treatment of induced fibroblasts with SNAP concentrations higher
than 50 uM demonstrated a significant increase in the MMP-1a expression levels. For
example, treatment of induced fibroblasts with 150 uM SNAP led to a 1.8-fold and 1.3-
fold increase in, MMP-1a mRNA levels at 24 and 48 hours, respectively. After 24 and 48
hours incubation of induced fibroblasts in the presence of 300 uM SNAP, a ~2-fold and
1.7-fold induction in the MMP-1a expression levels were respectively observed, compared
to their untreated counterpart. Data suggests that the inhibition of enzymatic activity of
TG2 by increasing concentration of SNAP led to a significant increase in the MMP-1a

expression levels.
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Figure 4.17. Effect of SNAP on the MMP-13 expression levels. Each point represents the
mean MMP-13 expression value = S.E.M. of NI, untreated and 50 uM, 150 uM, 300 uM
SNAP treated induced fibroblasts from three independent experiments performed in

duplicate. * and ** symbols indicate statistical difference (P<0.05)



49

As can be seen from the Figure 4.17, MMP-13 mRNA expression was significant 2.8-fold
and insignificant ~1.7-fold more in non-induced fibroblasts than the untreated induced
fibroblasts at 24 and 48 hours, respectively. Induced fibroblasts treated with 50 uM SNAP
led to a 1.5-fold and 1-fold induction at 24 and 48 hours, respectively (p>0.05). SNAP
treatment led to a significant increase in MMP-13 expression only at 150 and 300 uM.
Treatment of induced fibroblast with 150 uM SNAP resulted in a 2.8-fold and 1.5-fold
increase in the MMP-13 expression levels at 24 and 48 hours, respectively. After 24 and 48
hours incubation in the presence of 300 uM SNAP, a respective 4.3-fold and a 1.4-fold
induction in the MMP-13 expression levels were observed compared to the untreated
induced fibroblasts. These results indicate that the inhibition of enzymatic activity of TG2
with increasing concentrations of SNAP can result in a significant increase in the MMP-13

expression levels.

4.4. ROLE OF TGF-B IN TG2-INDUCED CELL MIGRATION IMPAIRMENT

4.4.1. Determination of Non-toxic TGF-p Neutralizing Antibody Concentrations

The role of TGF-B on TG2 mediated impairment of migration in fibroblasts was examined
by the utilization of TGF-f neutralizing antibody (clone MAB1835). In order to decide the
optimum non-toxic concentration of TGF- neutralizing antibody, a cell proliferation assay
was performed and the cytotoxic effect of different concentrations of TGF-p neutralizing
antibody was analyzed. Inducible fibroblasts were incubated with 5 pg/ml and 10 pg/ml
TGF-B neutralizing antibody for 24 and 48 hours as described in the Method Section 3.1.6.
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Figure 4.18. Effect of TGF-B neutralizing antibody on the inducible fibroblast cell
viability. The measurement of cell proliferation levels of transfected induced Swiss 3T3
fibroblasts was performed after 24 and 48 hours incubation with 5 pg/ml and 10 pg/ml
TGF-p neutralizing antibody concentrations. Each data point corresponds to the mean

percentage of cell proliferation = S.D. of one typical experiment performed in 4 replicates

The concentrations of 5 pg/ml and 10 pg/ml TGF-B neutralizing antibody (clone
MAB1835) concentrations did not show any significant cytotoxic effect on the cell
proliferation at both 24 and 48 hours. Since, it was reported that at 10 ng/ml MAB1835
blocks the TGF-B function, induced cells were treated with 10 pg/ml TGF-f neutralizing
antibody was decided to be used in blocking of the TGF-p activity [121, 122].

4.4.2. Effect of TGF-g Neutralizing Antibody on Migration

The role of TGF-f on the TG2 activity mediated perturbation of migration in the induced
fibroblasts was examined by the utilization of TGF-B neutralizing antibody (clone
MAB1835). Inducible Swiss 3T3 fibroblasts were incubated in the presence or absence of

10 pg/ml TGF-P neutralizing antibody for 24 and 48 hours as described in Section 3.5.
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Figure 4.19. The role of TGF-B on the migration of induced fibroblasts. Representative
photographs of wound scratch assay in the absence and presence of TGF-§ neutralizing
antibody. a. Non-induced (non-induced fibroblasts) Swiss 3T3 fibroblasts b. Induced (Ind)
Swiss 3T3 fibroblasts c. TGF-B neutralizing antibody (MAB1835) treated induced Swiss
3T3 fibroblasts
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Complete wound bed closure occurred only in non-induced fibroblasts and TGF-$
neutralizing antibody treated induced Swiss 3T3 fibroblast as shown in Figure 4.19 at 48

hours.
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Figure 4.20. The effect of TGF-f on the migration of transfected induced fibroblasts. Each
data point represents the mean percentage of closure of wound area + S.E.M. of three
independent experiments performed in duplicate. The wound closure rate was expressed as
the mean percentage of migration of NI Swiss 3T3 fibroblast cells at 48 hours (control) =
S.E.M., which represents 100%. The area of wound closure for the control NI fibroblasts at
48 hours was accepted as 100%. * and ** symbols represent significant difference
between NI and Ind and comparison of untreated Ind and MAB1835 treated Ind Swiss 3T3
fibroblasts (P<0.05)

Non-induced fibroblast displayed significant 27% and 28% increase in the rate of cell
migration resulting in scratch closure when compared to the induced fibroblasts at 24 and
48 hours, respectively, as shown in Figure 4.20. The presence of 10 pg/ml TGF-$
neutralizing antibody led to a significant 33% and insignificant 22% increase in the cell
migration of induced fibroblasts at 24 and 48 hours, respectively. These data suggest that

TG2 enzyme works in concert with TGF-f to inhibit the migration of fibroblasts.
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4.4.3. Effect of TGF-p on the Expression of MMP-2 and MMP-9 in Fibroblasts

The effect of TGF-B on the expression levels of gelatinases (MMP-2 and MMP-9) in the
transfected Swiss 3T3 fibroblast cell lines was assessed. Total RNA isolated from non-
induced, induced, and 10 pg/ml TGF-B neutralizing antibody treated induced Swiss 3T3
fibroblasts at 24h and 48h time points were subjected to the quantitative real-time PCR as
described in the Method Section 3.4.3. Each Individual data points in the following graphs
correspond to the average expression value of the interested gene, normalized against the
18SrRNA.
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Figure 4.21. Role of TGF-$ on the MMP-2 expression levels. Each point represents the
mean MMP-2 expression value + S.E.M. of NI, untreated Ind and 10 pg/ml TGF-3
neutralizing antibody (MAB1835) treated Ind Swiss 3T3 fibroblasts from three
independent experiments performed in duplicate. mlgG was used as a negative control of

the TGF-p neutralizing antibody. ** symbol indicates statistical difference (P<0.05)

Figure 4.21 demonstrated that 10 png/ml TGF-B neutralizing antibody treatment was led to
an approximate 1.5-fold and ~1.3-fold decrease in the MMP-2 expression levels, albeit
insignificant, compared to the untreated induced cells at 24 and 48 hours, respectively.
Non-induced fibroblasts displayed insignificant ~2.1-fold and significant 1.3-fold decrease
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in the MMP-2 expression levels when compared to the induced fibroblasts at 24 and 48

hours, respectively.
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Figure 4.22. Role of TGF- on the MMP-9 expression levels. Each point represents the
mean MMP-9 expression value = S.E.M. of NI, untreated Ind and 10 pg/ml TGF-$
neutralizing antibody (MAB1835) treated Ind Swiss 3T3 fibroblasts from three
independent experiments performed in duplicate. mlgG was used as a negative control of
the TGF-f neutralizing antibody. * and ** symbols indicate statistical difference (P<0.05)

The treatment of induced fibroblast with the TGF-§ function blocking antibody resulted in
a significant 5.5-fold and 1.8-fold decrease in the MMP-9 expression levels at 24 and 48
hours, respectively, when compared to the expression levels of the non-treated induced
fibroblasts as shown in Figure 4.22. Induced fibroblasts displayed significant 26.4-fold
and ~3.3-fold increase in the MMP-9 expression levels when compared to the non-induced
fibroblasts at 24 and 48 hours, respectively. These experiments indicated that the TGF-f is
an important factor in the regulation of gelatinase MMP-2 and MMP-9 expression levels.

4.4.4. Effect of TGF-p on Expression of MMP-1a and MMP-13 in Fibroblasts

Effect of TGF-B on the expression levels of collagenases (MMP-1a and MMP-13) in the
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migration of transfected Swiss 3T3 fibroblast cell lines was assessed. Total RNA isolated
from non-induced, induced (Ind), and 10 pg/ml TGF-B neutralizing antibody treated
induced Swiss 3T3 fibroblasts at 24h and 48h time points were subjected to the
quantitative real-time PCR as described in the Method Section 3.4.3. Each individual data
points in the following graphs correspond to the average expression value of the interested

gene normalized against the 18SrRNA expression.
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Figure 4.23. Role of TGF-p on MMP-1a expression levels. Each point represents the mean
MMP-1a expression value = S.E.M. of non-induced fibroblasts, untreated Ind and 10
ug/ml TGF-B neutralizing antibody (MAB1835) treated Swiss 3T3 fibroblasts from three
independent experiments performed in duplicate. mlgG was used as a negative control of
TGF-B neutralizing antibody also significantly changed at 48 hours incubation. * and **

symbols indicate statistical difference (P<0.05)

Inhibition of TGF-B function with the neutralizing antibody resulted in a respective 2.1-
fold and 1.7-fold increase in MMP-1a expression levels at 24 and 48 hours in the induced
fibroblasts. There was observed 2-fold and ~1.8-fold increase in non-induced fibroblasts
compared to induced fibroblasts at 24 and 48 hours, respectively (p<0.05). Interestingly, at
48 hours incubation with migG serum a significant difference was observed in MMP-1a

expression levels of induced Swiss 3T3 fibroblasts as shown in Figure 4.23.
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Figure 4.24. Role of TGF-3 on the MMP-13 expression levels. Each point represents the
mean MMP-13 expression value + S.E.M. of NI, untreated Ind and 10 ng/ml TGF-
neutralizing antibody (MAB1835) treated Ind Swiss 3T3 fibroblasts from three
independent experiments performed in duplicate. * and ** symbols indicate statistical
difference (P<0.05)

The treatment of induced fibroblasts with the TGF-B neutralizing antibody significantly
increased the MMP-13 expression levels by 4.4-fold at 24 hours and by 1.2-fold at 48
hours. There was observed significant 2.8-fold and insignificant ~1.7-fold increase in non-
induced fibroblasts compared to induced fibroblasts at 24 and 48 hours, respectively.
However, incubation of the induced cells with the control migG led to a significant

decrease in the MMP-13 expression levels as shown in Figure 4.24.

45. EFFECT OF TG2 ON MIGRATION OF FIBROBLASTS ON FN

In order to investigate whether the inhibition of TG2 enzymatic activity affect the
migration of fibroblast through FN, transwell assay was performed on non-induced,
untreated and TG2 inhibitor treated induced fibroblasts. For this purpose, cells were

incubated with 50 uM TG2 inhibitor for 48 hours, seeded on FN coated transwell inserts
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and allowed to migrate through FN for at 4 and 8 hours as described in details in Result
Section 4.6.

Figure 4.25. Effect of TG2 Inhibitor on the migration of fibroblasts through FN. a. NI, b.
Induced, c. TG2 Inh. treated Swiss 3T3 fibroblasts migration through FN at 4 and 8 hours.

Low levels of extracellular TG2 enzyme activity led to an enhanced cell migration
potential through FN as shown in Figure 4.25.
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Figure 4.26. Effect of TG2 inhibitor on FN-bound cell migration. Each point represents the
mean value of migrated cells+S.E.M. of NI, untreated Ind and 50 uM TG2 Inh. treated
Swiss 3T3 fibroblasts from two independent experiments. The migrated cell number was
expressed as the mean percentage of migration of NI Swiss 3T3 fibroblast cells at 8 hours

(control) = S.E.M., which represents 100%. * and ** symbols indicate statistical difference

(P<0.05)

Comparison of the migration potential between induced and non-induced fibroblasts
demonstrated a significant ~25.7% and insignificant 55.6% increase in the migration of
non-induced cells through FN, at 4 and 8 hours respectively. Similarly, the treatment of
induced fibroblasts with TG2 inhibitor led to a significant 28.4% increase in 4 hours and
significant 40.2% increase in 8 hours as shown in Figure 4.26.

In the previous study, it was suggested that while nitrosylation of TG2 had an effect on the
transamidating activity of the enzyme, it did not affect the binding efficiency of TG2
protein to FN [118]. In order to test the effect of NO donor on the migration of TG2
induced cells through FN matrix, cells were treated with SNAP for 48 hours as before and

seeded on FN coated transwell inserts for at 4 and 8 hours as shown in Figure 4.27.
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Figure 4.27. Effect of the increasing concentrations of SNAP on the migration through FN.
a. NI, b. Ind, c. 50 uM SNAP, d. 150 uM and e. 300 uM SNAP treated Ind Swiss 3T3
fibroblasts migration through FN at 4 and 8 hours.
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Nitrosylation of TG2 by NO donor resulted in a significant increase in the migration rate of

induced cells through FN in a dose dependent manner as shown in Figure 4.27.
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Figure 4.28. Effect of nitrosylated TG2 on FN-bound cell migration. Each point represents
the mean value of migrated cells+S.E.M. of NI,, untreated Ind and 50 uM, 150 uM, 300
uM SNAP treated Ind Swiss 3T3 fibroblasts from two independent experiments. The
migrated cell number was expressed as the mean percentage of migration of NI Swiss 3T3
fibroblast cells at 8 hours (control) = S.E.M., which represents 100%. * and ** symbols

indicate statistical difference (P<0.05)

Figure 4.28. indicates that non-induced fibroblasts demonstrated a significant ~25.7% and
55.6% increase in the migration potential through FN at 4 and 8 hours, respectively,
compared to induced fibroblasts. While the treatment of induced cells with 50 uM SNAP
led to a ~33% and 11.5% increase in the migration potential of fibroblasts at 4 and 8
hours, respectively (p>0.05). 150 uM SNAP resulted in a ~45% and ~25% increase in
migration through FN at 4 and 8 hours, respectively. 300 uM SNAP led to a insignificant
19.5% and significant 47.1% augmentation in migration through FN compared to Ind

Swiss 3T3 fibroblasts at both 4 and 8 hours incubation, respectively.
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In order to investigate the role of TGF-B on the TG2 impaired cell migration of fibroblasts
on FN, cells incubated with 10 pg/ml TGF-B neutralizing antibody were seeded on FN

coated transwell inserts and allowed to migrate for 4 and 8 hours as shown in Figure 4.28.

Figure 4.29. Effect of TGF-p on migration through FN. a. NI, b. Ind, and c. TGF-$
neutralizing antibody (MAB1835) treated Ind Swiss 3T3 fibroblast migration through FN

When the TGF-p function was blocked by MAB1835 in induced fibroblasts, the rate of cell
migration through FN were found to be similar to the levels displayed by the non-induced

cells as shown in Figure 4.29.
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Figure 4.30. Role of TGF-f on FN-bound cell migration. Each point represents the mean
value of migrated cells=S.E.M. of non-induced fibroblasts, untreated Ind and 10 pg/ml
TGF-B neutralizing antibody (MAB1835) treated Swiss 3T3 fibroblasts from two
independent experiments. The migrated cell number was expressed as the mean percentage
of migration of NI Swiss 3T3 fibroblast cells at 8 hours (control) = S.E.M., which

represents 100%. * and ** symbols indicate statistical difference (P<0.05)

Figure 4.30. indicates that non-induced fibroblasts demonstrated a significant ~25.7% and
55.6 % increase in the migration potential through FN at 4 and 8 hours, respectively,
compared to induced fibroblasts. Data showed that the inhibition of TGF-f led to a
significant ~23.1% and 43.6% increase in the migration of Swiss 3T3 fibroblasts through
FN compared to the untreated induced fibroblasts at both 4 and 8 hours, respectively.
Taken together, these data suggest that TGF- activity is responsible for the delay in the
migration of fibroblasts through FN, possibly due to its promoting effects on ECM

deposition.
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5. DISCUSSION

Wound healing is a dynamic process that correlates with three interrelated phases including
haemostasis and inflammation, new tissue formation and tissue remodeling. This study

focuses on the initial phases of wound healing.

In the previous study performed on non-induced and induced Swiss 3T3 fibroblasts under
the control of the tetracycline-regulated inducible promoter [120], it was elucidated that the
neutralization of the enzymatic activity of TG2 by NO leads to the inhibition of NFkB
activation which is responsible for the transcriptional activation of TGF-B1 production.
However, the nitrosylation of TG2 did not cause the protein to lose its function as a cell
adhesion protein since the FN bound-nitrosylated TG2 could still restore RGD-impaired
cell adhesion. This study investigates the role of TG2 and NO interplay in cell migration in

order to gain on insight into the initial phases of wound healing [118].

Using the same cell model of inducible Swiss 3T3 fibroblasts [118] the role of cross-
linking activity of TG2 and the activity of TGF-B1 in the cell migration was further
analyzed by performing wound scratch and transwell migration assays. The effect of NO as
the modulator of cell migration regulated by the TG2 and TGF-B1 was also investigated in
these experimental models. To elucidate the molecular downstream effectors involved in
the NO mediated cell migration of TG2 induced fibroblasts, the expression of the wound
healing corner stone ECM proteases MMP-2, MMP-9, MMP-1a, and MMP-13 was

assessed.

Induced Swiss 3T3 fibroblasts cultured in the absence and presence of TG2 active site
inhibitor showed that the rate of migration was increased in the non-induced and TG2
inhibitor treated induced fibroblasts when compared to the untreated induced fibroblasts,
suggesting that cell migration is reduced by the transamidating activity of TG2 due to
extensive cross-linking of ECM proteins. Data obtained from this study was consistent
with previous reports that suggest that the over production and activation of TG2 enzyme
were associated with the high levels of e-(y-glutamyl) lysine cross-linked ECM proteins

leading to fibrotic conditions interferring with cell proliferation and migration [123, 124].
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A further objective in undertaking this study was to investigate the role of NO in cell
migration through the inhibition of TG2 activity via a nitrosylation reaction which led to
the accumulation of the TG2 molecule on cell surfaces thereby resulting in the decreased
deposition of TG2 into the ECM [118]. Data from the wound scratch assays demonstrated
that SNAP at increasing concentrations ameliorated the cell migration in the induced
fibroblasts when compared to untreated induced fibroblasts. It could be suggested that NO
could force TG2 to reside on the cell surface which causes the reduction of TG2 in the
ECM, which reduces the tensile strength of the ECM making the matrix more suitable for
cell migration [24]. It was also demonstrated in the previous study that nitrosylation by
increasing concentrations of SNAP caused decreases in the TGF-B1 protein levels via
NF«B dependent inhibition of TG2 activity. It is possible that nitrosylation of TG2 leads to
a conformational change in the enzyme structure leading to the loss of enzyme activity but
facilitating the interaction of the TG2 protein with the cell surface proteins such as 1 and
B3 integrins and syndecan-4 [46, 47]. Consistent with this hypothesis, recent evidence
demonstrated that TG2 on cell surfaces can act as a novel cell adhesion protein
independent from its transamidating activity and trigger cell signaling that stimulates cell
survival and proliferation at the cell surface [46, 53, 118]. Increasing evidence indicates
that continous reduction in NO synthesis and availability is one of the primary causes
involved in the initiation and progression of fibrotic response in pathological conditions
[125-129]. Hence, it can be concluded that NO can modulate cell migration via the
TG2/TGF-B1 dependent pathway and the reduction in the levels of NO could cause
delayed wound healing or the development of fibrosis by inhibiting cell migration and

proliferation due to the excess deposition and a stiff/non-flexible ECM.

Data from the wound scratch experiments performed to investigate the role of TGF-p1
activity in the migration of fibroblasts over expressing TG2 suggested that the TGF-B1
activation mediated by TG2 stimulated the fibroblasts to assume a secretory profile
showing increased collagen, FN, and ECM production [64, 65]. The results here indicated
that the blockage of TGF-B1 activity in the induced fibroblasts results in an increase in the
rate of cell migration in comparison to the untreated induced Swiss 3T3 fibroblasts. This
data could suggest that the inhibition of TGF-1 in TG2 induced fibroblast increased the

cell migration rate due to a reduction in the ECM protein synthesis and deposition which is
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the substrate for the TG2 protein. In other words, TG2 will not be effective as a cross

linking enzyme due to the low levels of secreted ECM proteins.

To gain deeper insight into the molecular events that control cell migration, the expression
of gelatinases (MMP-2 and MMP-9) and collagenases (MMP-1a and MMP-13) which play
an important role in ECM turnover were analyzed by using Q-PCR. In the physiological
conditions of wound healing a provisional matrix containing cross-linked fibrin and FN is
deposited into the wound site as the initial response to tissue damage [1, 10]. Meanwhile,
due to the tissue damage and cellular stress TG2 activity in the wound bed shows an
increase leading to the activation of TGF-B1 that is responsible from the synthesis of ECM
proteins which in turn are cross-linked and stabilized by TG2 [41, 42, 43, 44, 45]. The
newly synthesized collagen and FN rich matrix replaces the provisional matrix as the latter
Is degraded by MMP-2 and MMP-9 [99, 101, 130]. Evidence for MMP-2 and MMP-9
degradation of the components of the provisional matrix are consistent with the in vivo
events. Results from real time PCR experiments demonstrating that the TG2 mediated
activation of TGF-B1 led to an increase in MMP-2 and MMP-9 activity in the induced
fibroblasts. Studies suggest that proteinases function in the proteolytic cleavage of the
provisional matrix [16, 99, 100]. In this context, MMP-2 initiates cell migration by
clearing the ECM and facilitates wound healing [99, 101]. Experiments have shown that
MMP-2 and MMP-9 expression levels were lower in induced fibroblasts treated with the
TG2 inhibitor and in non-induced fibroblats than in induced fibroblasts. In agreement with
our results, recent publications reported that TG2 facilitated ECM stabilization and
antisense TG2 cDNA transfection of the fibroblasts caused a decrease in the activation of
MMP-2 [131]. In the context of these findings, results from this thesis suggested that
MMP-2 and MMP-9 could have an important role in the clearing of the provisional matrix
to induce the migration and proliferation of cells in the initial steps of wound healing.
Expression analysis showed that the induction of MMP-2 and MMP-9 expression by TG2
is performed through TGF-B1 activation since TGF-B1 neutralizing antibody led to
decreased MMP-2 and MMP-9 expression levels. In keeping with this data, a recent study
demonstrated that the addition of TGF-B1 into airway epithelial cell cultures dramatically
increased the MMP-2 and MMP-9 expression levels resulting in enhanced in vitro airway

wound repair [105]. In addition, the presence of NO at increasing concentrations caused a
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decrease in the expression of MMP-2 and MMP-9 in the induced fibroblasts suggesting
that TG2 activity leads to an induction of MMP-2 and MMP-9 expression.

In a normal wound healing process the balance between the ECM synthesis which consists
of the granulation tissue formation, collagen deposition, and the degradation of matrix
should be preserved. Synthesis of the matrix is important to allow the cell migration.
However, excess deposition and stabilization of the ECM by cross-linking was associated
with fibrotic conditions. Therefore, the balance between the synthesis and degradation of
the ECM must be provided by the mediators of the wound healing [110, 111]. In cultured
fibroblasts, the treatment of TGF-f leads to the reduction in synthesis of collagenases and
enlarges the production of the collagenase inhibitor TIMP-1, inhibiting the degradation of
newly synthesized collagen [70, 71]. In consistent with this finding, the results from this
thesis showed that expression levels of MMP-1la and MMP-13 (collagenases) were
decreased in TG2 induced fibroblasts in TG2 and TGF-B1 activity dependent manner. The
treatment of TG2 induced fibroblasts with TGF-B1 activity blocking antibody or TG2
inhibitor caused an up regulation of MMP-1a and MMP-13 levels similar to that of the
non-induced fibroblast. Similarly, NO treatment of the induced fibroblasts also showed an
increase in MMP-1a and MMP-13 expression levels with respect to the untreated induced
fibroblast cell lines. These data suggested that decreased TG2 activity leads to a reduction
in TGF-B1 activity that could cause the up regulation of MMP-1a and MMP-13 to facilitate
the partial degradation of newly formed collagen and FN matrix that is necessary for cell
migration. In physiological conditions of wound healing, the newly synthesized matrix that
replaces the provisional matrix is invaded by the fibroblast, endothelial, and epithelial
cells. This phase of the wound healing is characterized with the increase in NO synthesis
and remodeling of the synthesized matrix with the proteases such as collagenases. In
accordance with these events, the addition of NO donor into the induced fibroblasts culture
led to an increase in the MMP-1la and MMP-13 as a result of a decrease in TGF-f1
activation that occurred due to the inactivation of TG2 by the NO. As mentioned before
under these conditions, TG2 was kept on the cell surface and served as a cell adhesion
protein rather than the transamidating enzyme [118]. In order to further confirm this
finding, transwell experiments were undertaken on induced cells treated with TGF-p1,
TG2 activity blockers and NO donor.
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Transwell analysis demonstrated that the migration potential through FN was increased by
the inhibition of TG2 transamidating activity of the induced fibroblasts with the treatment
of TG2 inhibitor and in the non-induced fibroblast cells compared to untreated induced
fibroblasts. The results here indicated that the transamidating activity of TG2 enzyme did
not affect the migration potential of the fibroblast cells through FN, this induction could be

the result of the TG2 enzyme functioning as cell adhesion protein.

A previous study has shown that the inhibition of TG2 activity through nitrosylation via
NO had no effect on the binding efficiency of TG2 to FN [118] and the inhibition of the
RGD sequence with RGD-inhibitor peptide fragments did not cause an impairment in cell
adhesion, suggesting that TG2 enzyme could mediate its function as the RGD-independent
cell adhesion protein on FN [47]. The transwell results showed that the presence of NO at
increasing concentrations significantly promoted cell migration potential through FN. This
finding fortified the suggestion that TG2 could mediate cell migration by acting on an

RGD-independent cell adhesion protein without relying on its transamidating activity.

To further investigate the role of TGF-B1 in cell migration through FN, the transfected
fibroblasts induced to express the TG2 enzyme incubated in the presence and absence of
the TGF-B1 neutralizing antibody. The findings in these experiments demonstrated that the
cell migration potential through FN was stimulated in the absence of TGF-B1 protein. In
the context of this data, it could be concluded that TGFP1 activity is responsible for the
delay in the migration potential of fibroblasts through FN, possibly due to its promoting

effect on ECM deposition.

The results of this thesis project reveals that under the physiological conditions of wound
healing, TG2 is released from the cells into the ECM to stabilize the provisional matrix at
the time course of the tissue damage. The elevated levels of TG2 in the ECM causes an
induction in the TGF-B1 levels which leads to the up regulation of MMP-2 and MMP-9
expression in order to cleave the provisional matrix. In the physiological conditions of
wound healing, the newly synthesized matrix that replaces the provisional matrix is
invaded by the fibroblast, endothelial, and epithelial cells. This phase of the wound healing
is characterized with the secretion of the NO into the wound site and remodeling of the

synthesized matrix with the proteases such as collagenases. As shown in Figure 5.1, the
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degradation of the provisional matrix abundant in FN would result in FN fragments
containing RGD sequences which could hinder the adhesion and migration of cells onto
the newly synthesized. NO secretion inhibits the TG2 activity via nitrosylation to interfere
with the extensive stabilization of the newly synthesized matrix by the cross-linking
activity of TG2. The reduction in the TG2 activity in ECM via NO leads to a decrease in
TGF-B1 activity that could cause the up regulation of MMP-1a and MMP-13 to facilitate
the partial degradation of newly formed collagen and FN matrix that is necessary for the
cell migration. Previous study showed that the nitrosylation of TG2 by NO resulted in a
reduction in the ECM deposition of the enzyme with a subsequent increase in the enzyme
levels at the cell surface [118]. On the cell surface nitrosylated TG2 therefore could
interact with Syndecan-4 and mediate cell migration and survival signaling, which is
important to overcome the inhibitory effect of RGD-containing provisional matrix
fragments [120, 47].
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Figure 5.1. Summary of the RGD-independent pathway [47]
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6. CONCLUSION

This study investigated the relationship between TG2 and NO through the TGF-B1
pathway at the initial phases of wound healing. The results in this study demonstrated that
the inhibition of transamidating activity of TG2 by NO enhanced cell migration through
TGF-B1 dependent pathway by enforcing its role as a RGD-independent cell adhesion
protein. To gain deeper insight on the downstream effectors of the migration process, this
study focused specifically on the gelatinases (MMP-2 and MMP-9) and the collagenases

(MMP-1a and MMP-13) which are significant regulators of the wound healing mechanism.

Inhibition of TG2 activity led to the down regulation of MMP-2 and MMP-9 expression
levels through TGF-B1 pathway. In other words, increase in TG2 activity caused an
induction of the MMP-2 and MMP-9 expression levels. Finally, the role of TG2 in the cell
migration through FN was elucidated and findings indicated that inhibition of TG2 activity
by its inhibitor and NO led to an increase in the cell migration through FN via a TGF-1
dependent manner, suggesting that TG2 mediates the cell migration as a RGD-independent
cell adhesion molecule. Taken together, all these findings could indicate that an increase in
TG2 activity enhances TGF-B1 dependent ECM synthesis and MMP-2 and MMP-9
upregulation which could function in the cleansing of the provisional matrix. As the wound
healing progresses increases in NO synthesis interferes with the TG2 cross-linking leading
to TGF-B1 dependent upregulation of MMP-1a and MMP-13, which in turn promote cell
migration through the remodeling of the newly synthesized matrix. Nitrosylation of TG2,
moreover, converts the enzyme into a cell adhesion protein which plays a role in the

migration and survival signaling.
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7. FUTURE DIRECTIONS

This study revealed the role of NO on the transamidating activity of TG2 and the effect of
this interrelation on the cell migration through TGF-p1 mediated role of MMPs in
transcriptional level. Transcriptional analysis is not adequate to reveal the exact
mechanism underlying wound healing. MMP activity levels, using MMP activity assays
and expressional analysis of TIMPs should be investigated to decide exact mechanisms of
the MMPs that play a role in wound healing as future prospects. Moreover, the interaction

of nitrosylated TG2 with the cell surface integrins and syndecan-4 should be investigated.



71

REFERENCES

10.

Singer, A. J. and R. A. F. Clark, "Cutaneous wound healing”, The New England
Journal of Medicine, Vol. 341, pp. 738-746, 1999.

Kondo, T. and Y. Ishida, "Molecular pathology of wound healing", Forensic Science
International, Vol. 203, pp. 93-98, 2010.

Albritton, J. S., "Complications of wound repair”, Clinics in Podiatric Medicine and
Surgery, Vol. 8, pp. 773-785, 1991.

Wilczynski, R. J., "Wound dehiscence, hypertrophic scars, and keloids™, Clinics in
Podiatric Medicine and Surgery, Vol. 8, pp. 359-365, 1991.

Cooper, D. M., "Optimizing wound healing-a practice within nursing's domain”,
Nursing Clinics of North America, Vol. 25, pp. 165-177, 1990.

Wilczynski, R J., "Wound dehiscence, hypertrophic scars, and keloids™, in Podiatric
Medicine and Surgery, Vol. 8, pp. 359-365, 1991.

La Van, F. B. and T. K. Hunt, "Oxygen and wound healing", Clinic Plastic Surgery,
Vol. 17, pp. 463-469, 1990.

Falcone, P. A. and M. D. Caldwell, "Wound metabolism”, Clinic Plastic Surgery,
Vol. 17, pp. 443-450, 1990.

Verhamme, P. and M. F. Hoylaerts, "Haemostasis and inflammation: two of a
kind?", Expert Review of Cardiovascular Therapy, Vol. 7, pp. 1-3, 2009.

Dvorak, H. F., L. F. Brown, M. Detmar and A. M. Dvorak, "Vascular permeability
factor, vascular endothelial growth factor, microvascular hyperpermeability, and
angiogenesis”, American Society of Clinic Oncology, Vol. 146, pp. 1029-1039, 1995.



11.

12.

13.

14.

15.

16.

17.

18.

19.

72

Clark, R. A. F., J. M. Lanigan, P. DellaPell, E. Manseau, H. F. Dvorak and R. B.
Colvin, "Fibronectin and fibrin provide a provisional matrix for epidermal cell
migration during wound reepithelialization”, Journal of Investigative Dermatology,
Vol. 79, 264-269, 1982.

Diegleman R.F. and M.C. Evans, "Wound healing: an overview of acute, fibrotic

and delayed healing”, Frontiers in Bioscience, Vol. 9, pp. 283-289, 2004.

Soma, Y. and G. R. Grotendorst, "TGF-P Stimulates Primary Human Skin Fibroblast
DNA Synthesis Via an Autocrine Production of PDGF-Related Peptides”, Journal of
Cellular Physiology, Vol. 140, pp. 246-253, 1989.

Greiling, D. and R. A. F. Clark, "Fibronectin provides a conduit for fibroblast
transmigration from collagenous stroma into fibrin clot provisional matrix™, Journal
of Cell Science, Vol.110, pp. 861-870, 1997.

Toole, B.P., "Proteoglycans and hyaluronan in morphogenesis and differentiation”,
in E.D. Hay, Cell Biology of Extracellular Matrix, pp. 305-341, New York Plenum
Press, 1991.

Hiraoka, N., E. Allen, I. J. Apel, M. R. Gyetko and S. J. Weiss, "Matrix
metalloproteinases regulate neovascularization by acting as pericellular
fibrinolysins™, Cell, Vol. 95, pp. 365-377, 1998.

Brown, L. F., N. Lanir, J. McDonagh, K. Tognazzi, A. M. Dvorak and H. F. Dvorak,
"Fibroblast migration in fibrin gel matrices”, American Journal of Pathology, Vol.
142, pp. 273-283, 1993.

Ronfard, V. and Y. Barrandon, "Migration of keratinocytes through tunnels of
digested fibrin", Proceedings of The National Academy of Sciences of the United

States, Vol. 98, pp. 45044509, 2001.

Bugge, T. H., K. W. Kombrinck, Q. Xiao, K. Holmback, C. C. Daugherty, D. P.


http://www.nature.com/jid/

20.

21.

22.

23.

24.

25.

26.

73

Witte and J. L. Degen, "Growth and dissemination of Lewis lung carcinoma in
plasminogen deficient mice" Blood. Vol. 90, pp. 4522-4531, 1997.

Mignatti, P, D. B. Rifkin, H. G. Welgus and W. C. Parks, "Proteinases and tissue
remodeling”, in Clark RAF, The molecular and cellular biology of wound repair, pp.
427-474, New York: Plenum Press, 1996.

Vaalamo, M., L. Mattila, N. Johansson, A. L. Kariniemi, M. L. Karjalainen-
Lindsberg, V. M. Kahari and U. Saarialho-Kere, "Distinct populations of stromal
cells express collagenase-3 (MMP-13) and collagenase-1 (MMP-1) in chronic ulcers
but not in normally healing wounds" Journal of Investigate Dermatology, Vol. 109,
pp. 96-101, 1997.

Clark, R. A. F., L. D. Nielsen, M. P. Welch and J. M. McPherson, "Collagen
matrices attenuate the collagen-synthetic response of cultured fibroblasts to TGF-b",
Journal of Cell Science, Vol. 108, pp. 1251-1261, 1995.

Welch, M. P, G. F. Odland and R. A. F. Clark, "Temporal relationships of F-actin
bundle formation, collagen and fibronectin matrix assembly, and fibronectin receptor
expression to wound contraction”, Journal of Cell Science Vol. 110, pp. 133-145,
1990.

Bernstein, E. F., G. D. Salomon, L. Harisiadis, T. Talbot, F. Harrington, A. Russo
and J. Uitto, "Collagen gene expression and wound strength in normal and radiation-

impaired wounds", Journal of Investigate Dermatology, Vol. 19, pp. 564-570, 1993.

Kiritsy, C. P. and and Lynch S. E, "Role of Growth Factors in Cutaneous Wound
Healing: A Review", Critical Reviews in Oral Biology and Medicine, Vol. 4, pp.
729-760, 1993.

Parks, W. C., "Matrix metalloproteinases in repair”, Wound Repair and
Regeneration, Vol. 7, pp. 423-432, 1999.



27.

28.

29.

30.

31.

32.

33.

34.

74

Thomazy, V. and L. Fésiis, "Differential Expression of Tissue Transglutaminase in
Human Cells. An Immunohistochemical Study”, Cell and Tissue Research, Vol. 255,
No. 1, pp. 215-224, 1989.

B. M. Fraij, P. J. Birckbichler, K. Manford,M. K. Patterson, Jr., K. N. Lee and R.
A. Gonzales, "A Retinoic Acid-inducible mRNA from Human Erythroleukemia
Cells Encodes a Novel Tissue Transglutaminase Homologue™ The Journal Of
Biological Chemistry, Vol. 267, pp. 22616-22623, 1992.

Gentile A., M.E. Toubert, C. Dubois, I. Krawice , M. H. Schlageter, N. Balitrand, S.
Castaigne, L. Degos, J.D. Rain and Y. Najean, "Induction of high-affinity GM-CSF
receptors during all-trans retinoic acid treatment of acute promyelocytic leukemia”,
Leukemia, Vol. 8, pp. 1758-1762, 1994.

Aeschlimann, D. and M. Paulsson, Transglutaminases: protein cross-linking enzymes
in tissues and body fluids, Journal of Thrombosis and Haemostasis, Vol. 71, pp.
402-415, 1994.

Gentile, V., M. Saydak, E. A. Chioeca, O. Akande, P. J. Birekbichler, K. N. Lee, J.
P. Stein and P. J. A. Davies, "Isolation and characterization of cDNA clones to
mouse macrophage and human endothelial cell tissue transglutaminases”, The
Journal Of Biological Chemistry, Vol. 266, pp. 478-483, 1991.

Ikura Y., T. Kudo, T. Tanaka, H. Tanii, I. Grundke-Igbal, K. Igbal and M. Takeda,
"Levels of tau phosphorylation at different sites in Alzheimer disease brain™,
NeuroReport Vol. 9, pp. 2375-2379, 1998.

Ichinose, A., R. E. Bottenus and E. W. Davie, "Structure of trans glutaminases”, The
Journal Of Biological Chemistry, Vol. 265, pp. 13411-13414, 1990.

Lorand, L. And R. M. Graham, "Transglutaminases: crosslinking enzymes with
pleiotropic functions”, Nature Reviews Molecular Cell Biology, Vol. 4, pp. 140-156,
2003.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Gentile%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Toubert%20ME%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dubois%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krawice%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schlageter%20MH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Balitrand%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Castaigne%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Degos%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rain%20JD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Najean%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aeschlimann%20D%22%5BAuthor%5D
http://www.journalth.com/

35.

36.

37.

38.

39.

40.

41.

42.

75

Chen, J. S. K. and K. Mehta, "Tissue transglutaminase: an enzyme with a split
personality”, The International Journal of Biochemistry and Cell Biology, Vol. 31,
pp. 817-836, 1999.

Lee, R.C., R. L. Feinbaum and V. Ambros, "The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14", Cell, Vol. 75, pp.
843-854, 1993.

lismaa, S.E., L. Chung, M.J. Wu, D.C. Teller, V.C. Yee and R.M. Graham, "The
core domain of the tissue transglutaminase Gh hydrolyzes GTP and ATP",
Biochemistry Vol. 36, pp. 11655-11664, 1997.

Griffin, M., R. Casadio and C. M. Bergamini, "Transglutaminases: Nature's
biological glues”, Biochemical Journal, VVol. 368, pp. 377-396, 2002.

Smethurst P.A. and M. Griffin, "Measurement of tissue transglutaminase activity in a
permeabilized cell system: Its regulation by Ca2+ and nucleotides” Biochemical
Journal, Vol. 313, pp. 803-808, 1996.

Nakaoka, H. , D. M. Perez, K. J¢ Baek, T. Das, A. Husain, K. Misono, M. J. Im and
R. M. Graham, "Gh: a GTP-binding protein with transglutaminase activity and
receptor signaling function™, Science, Vol. 264 pp. 1593-1596, 1994.

Haroon, Z. A., J. M. Hettasch, T. S. Lai, M. W. Dewhirst and C. S. Greenberg,
"Tissue transglutaminase is expressed, active, and directly involved in rat dermal
wound healing and angiogenesis”, The FASEB Journal, Vol. 13, pp. 1787-1795,
1999.

Upchurch , H. F., E. Conway, M. K. Jr Patterson and M. D. Maxwell, "Localization
of cellular transglutaminase on the extracellular matrix after wounding:
Characteristics of the matrix bound enzyme", Journal of Cellular Physiology, Vol.
149, pp.375-382, 1991.


http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1097-4652

43.

44,

45.

46.

47.

48.

49.

50.

76

Gross, S. R., Z. Balklava and M. Griffin, "Importance of tissue transglutaminase in
repair of extracellular matrices and cell death of dermal fibroblasts after exposure to
a solarium ultraviolet A source"”, Journal of Investigative Dermatology, Vol. 121, pp.
412-423, 2003.

Gaudry, C. A., E. Verderio, D. Aeschlimann, A. Cox, C. Smith and M. Griffin,
"Cell surface localisation of tissue transglutaminase is dependent on a fibronectin-
binding site in its N-terminal beta-sandwich domain”, The Journal of Biological
Chemistry, Vol. 274, pp. 30707-30714, 1999.

Upchurch, H. F., E. Conway, M. K. Jr. Patterson, P. J. Birckbichler and M.D.
Maxwell, "Cellular transglutaminase has affinity for extracellular matrix"”, In Vitro
Cellular and Developmental Biology, Vol. 23, pp. 795-800, 1987.

Akimov, S. S., D. Krylov, L. F. Fleischman and A. M. Belkin, "Tissue
Transglutaminase is an Integrin-Binding Adhesion Coreceptor for Fibronectin®, The
Journal of Cell Biology, Vol. 148, No. 4, pp. 825-838, 2000,

Telci, D., Z. Wang, X. Li, E. A. Verderio, M. J. Humphries, M. Baccarini, H. Basaga
and M. Griffin, "Fibronectin-Tissue Transglutaminase Matrix Rescues RGD-
Impaired Cell Adhesion Through Syndecan-4 and Betal Integrin Co-signaling”, The
Journal of Biological Chemistry, Vol. 283, No. 30, pp. 20937-20947, 2008.

Telci, D. and M. Griffin, "Tissue transglutaminase (TG2)-A Wound Response
Enzyme", Front Bioscience, Vol. 11, pp. 867-882, 2006.

Mosher, D. F., "Physiology of Fibronectin”, The Annual Review of Medicine, Vol.
35, pp. 561-575, 1984.

Fogerty, F. J., S. K. Akiyama, K. M. Yamada and D. F. Mosher, "Inhibition of
Binding of Fibronectin to Matrix Assembly Sites by Anti-Integrin (alpha 5 beta 1)
Antibodies", The Journal of Cell Biology, Vol. 111, No. 2, pp. 699-708, 1990.


http://www.nature.com/jid/

51.

52.

53.

54,

55.

56.

57.

58.

77

Haroon, Z. A., J. M. Hettasch, T. S. Lai, M. W. Dewhirst and C. S. Greenberg,
"Tissue transglutaminase is expressed, active, and directly involved in rat dermal
wound healing and angiogenesis”, The FASEB Journal, Vol.13, pp. 1787-1795,
1999.

Davis, G. E., K. J. Bayless, M. J. Davis and G. A. Meininger, "Regulation of tissue
injury responses by the exposure of matricryptic sites within extracellular matrix

molecules”, Amercican Journal of Pathology, Vol. 56, 489-498, 2000.

Verderio, E. A., D. Telci, A. Okoye, G. Melino and M. Griffin, "A Novel RGD-
independent Cell Adhesion Pathway Mediated by Fibronectin-bound Tissue
Transglutaminase Rescues Cells from Anoikis", The Journal of Biological
Chemistry., Vol. 278, No. 43, pp. 42604-42614, 2003.

Isobe, T., H. Takahashi, S. Ueki, J. Takagi and Y. Saito, "Activity-independent cell
adhesion to tissue-type transglutaminase is mediated by alphadbetal integrin™
European Journal of Cell Biology Vol. 78, pp. 876-883, 1999.

Mearns, B., N. Nanda, J. Michalicek, S. lismaa and R. Graham, "Impaired wound
healing and altered fibroblast cytoskeletal dynamics in Gh knockout mice"”, Minerva
Biotechnologica, Vol. 14, pp. 218, 2002.

Massague, J., S. Cheifetz, M, Liaho, D.A. Ralph, F.M. Weis and A. Zentella,
"Transforming growth factor-beta", Journal of Cancer Survivorship, Vol. 12, pp. 81-
103, 1992.

Roberts, A. B. and M.B. Sporn, "Physiological actions and clinical applications of
transforming growth factor beta (TGF-a)", Growth Factors, Vol. 8, pp. 1-9, 1993.

Cheifetz, S., A. Bassols, K. Stanley, M. Ohta, J. Greenberger and J. Massagut,
"Heterodimeric transforming growth factor beta. Biological properties and
interaction with three types of cell surface receptors”, Journal of Biological
Chemistry, Vol. 263, pp. 10783-10789, 1988.


http://www.elsevier.com/wps/find/journaldescription.cws_home/701760/description

59.

60.

61.

62.

63.

64.

65.

66.

78

Purchio, A. F., J. A. Cooper, A. M. Brunner, M. N. Lioubln, L. E. Gentry, K. S.
Kovacina, R. A. Roth and H. Marquardt, "ldentification of mannose 6-phosphate in
2 asparagine-linked sugar chains of recombinant transforming growth factor-beta 1
precursor”, Journal of Biological Chemistry, Vol. 263, pp. 14211-14215, 1988.

Nunes, I., P.E. Gleizes, C.N. Metz and D.B. Rifkin, "Latent transforming growth
factor-p binding proteins domains involved in activation and Transglutaminase-
dependent cross-linking of latent transforming growth factor-p", The Journal of Cell
Biology, Vol. 136, pp. 1151-1163, 1997.

Le, M., C.M. Gohr and A.K. Rosenthal, "Transglutaminase participates in the
incorporation of latent TGF beta into extracellular matrix of aging articular
chondrocytes”, Connective Tissue Research, Vol. 42, pp. 245-253, 2001.

Verderio, E., C. Gaudry, S. Gross, C. Smith, S. Downes and M Griffin, "Regulation
of cell surface tissue transglutaminase: effects on matrix storage of latent
transforming growth factor-beta binding protein™, Journal of Histochemistry and
Cytochemistry, Vol. 47, pp. 1417-1432, 1999.

O’Kane, S. and M.W.J.Ferguson, "Transforming growth factor fs and wound
healing”, The International Journal of Biochemistry and Cell Biology, Vol. 29, pp.
63-78, 1997.

Roberts, A. B., U.l. Heine, K.C. Flanders and M.B. Sporn, "Transforming growth
factor-beta. Major role in regulation of extracellular matrix", Annals of the New York
Academy of Sciences, Vol. 580, pp. 225-232, 1990.

Shah, M., D.M. Foreman and M.W. Ferguson , "Neutralisation of TGF-f1 and TGF-
B2 or exogenous addition of TGF-B3 to cutaneous rat wounds reduces scarring”,

Journal of Cell Science, Vol. 108, pp. 985-1002, 1995

Morishima, Y, A. Nomura, Y. Uchida, Y. Noguchi, T. Sakamoto, Y. Ishii, Y. Goto,
K.Masuyama, M.J. Zhang, K. Hirano, M. Mochizuki, M. Ohtsuka and K. Sekizawa,



67.

68.

69.

70.

71.

72.

73.

79

"Triggering the induction of myofibroblast and fibrogenesis by airway epithelial
shedding”, American Journal of Respiratory Cell and Molecular Biology, VVol.24, pp.
1-11, 2000.

Makela, M., H. Larjava, E. Pirila, P. Maisi, T. Salo, T. Sors and V. J. Uitto, "Matrix
metalloproteinase 2 (gelatinase A) is related to migration of keratinocytes”,
Experimantal Cell Research, Vol. 251, pp. 67-78, 1999.

Overall, C., J.L. Wrana and J. Sodek, "Transcriptional and post-transcriptional
regulation of 72-kDa gelatinase/type 1V collagenase by transforming growth factor-
betal in human fibroblasts. Comparisons with collagenase and tissue inhibitor of
matrix metalloproteinase gene expression”, Journal of Biological Chemistry, Vol.
266, pp. 14064-14071, 1991.

Seomun, Y., J. Kim, E. H. Lee and C. K. Joo, "Overexpression of matrix
metalloproteinase-2 mediates phenotypic transformation of lens epithelial cells”,
Biochemical Journal, VVol. 358, pp. 41-48, 2001.

Edwards, D. R., G. Murphy and J. J. Reynolds, S. E. Whitman, A. J. P. Docherty, P.
Angel and J. K. Heath, ‘"Transforming growth factor beta modulates the expression
of collagenase and metalloproteinase inhibitor”, EMBO Journal, Vol. 6, pp. 1987-
1899-1904, 1987.

McAnulty, R. J., J.S. Campa, A.D. Cambrey and G.J. Laurent, "The effect of
transforming growth factor beta on rates of procollagen synthesis and degradation in
vitro", Biochimica et Biophysica Acta, Vol. 1091, pp. 231-235, 1991.

Mearns, B, N. Nanda, J. Michalicek, S. lismaa and R. Graham, "Impaired wound
healing and altered fibroblast cytoskeletal dynamics in Gh knockout mice"”, Minerva
Biotechnologica, Vol. 14, pp. 218, 2002.

Massague, J., "The transforming growth factors-beta family”, Annual Review of Cell
Biology, Vol. 6, pp. 597-641, 1990.



74.

75.

76.

77.

78.

79.

80.

81.

82.

80

Ravanti, L. and V. M. Kahari, "Matrix metalloproteinases in wound repair",
International Journal of Molecular Medicine, Vol. 6, pp. 391-407, 2000.

Aranapakam, V., G. T. Grosu, J. M. Davis, B. Hu, J. Ellingboe, J. L. Baker,J. S.
Skotnicki, A. Zask, J. F. DiJoseph, A. Sung, M. A. Sharr, L. M. Killar, T. Walter, G.
Jin and R. Cowling, "Synthesis and structure-activity relationship of alpha-
sulfonylhydroxamic acids as novel, orally active matrix metalloproteinase inhibitors
for the treatment of osteoarthritis”, Journal of Medicinal Chemistry, Vol. 46, pp.
2361-2375, 2003.

Kontogiorgis, C. A., P. Papaioannou and D.J. Hadjipavlou-Litina, "Matrix
metalloproteinase inhibitors: a review on pharmacophore mapping and (Q)SARS
results”, Current Medicinal Chemistry, Vol. 12, pp. 339-355, 2005.

Whittaker, M., C. D. Floyd, P. Brown, J.H. Gearing, "Design and therapeutic
application of matrix metalloproteinase inhibitors”, Chemical Reviews, Vol. 99, pp.
2735-2736, 1999.

Overall, C. M. and C. Lo’pez-Oti'n, "Strategies for MMP inhibition in cancer:
innovations for the post-trial era”, Nature Reviews Cancer, Vol. 2, pp. 657-672,
2002.

Egeblad, M. and Z. Werb, "New functions for the matrix metalloproteinases in

cancer progression”, Nature Reviews Cancer, Vol. 2, pp. 161-174, 2002.

Mott, J. D. And Z. Werb, "Regulation of matrix biology by matrix
metalloproteinases”, Current Opinion in Cell Biology, Vol.16, pp. 558-564, 2004.

Parks, W. C., C. L. Wilson and Y. S. Lopez-Boado, "Matrix metalloproteinases as
modulators of inflammation and innate immunity”, Nature Reviews Immunology,

Vol. 4, pp. 617-629, 2004.

Armstrong, D. G. and E. B. Jude, "The role of matrix metalloproteinases in wound



83.

84.

85.

86.

87.

88.

89.

90.

81

healing", Journal of the American Podiatric Medical Association, VVol. 92, pp. 12-18,
2002.

Gill, S. E. and W.C. Parks, "Metalloproteinases and their inhibitors: Regulators of
wound healing”, International Journal of Biochemistry and Cell Biology, Vol.40, pp.
6-7, 2008.

Guidry, C. and F. Grinnell, "Studies on the mechanism of hydrated collagen gel
reorganization by human skin fibroblasts", Journal of Cell Science, Vol. 79, pp.67-
81, 1985.

Grinnell, F., "Fibroblasts, myofibroblats and wound contraction”, The International
Journal of Biochemistry and Cell Biology, Vol. 124, pp. 401-404, 1994.

Ra, H. J., and W. C. Parks, "Control of matrix metalloproteinase catalytic activity",
Matrix Biology, Vol. 26, pp. 587-596, 2007.

Stechmiller, J. K., D. V. Kilpadi, B. Childress, S. Gregory and S. Schult, "Effect of
vacuumassisted closure therapy on the expression of cytokines and proteases in
wound fluid of adults with pressure ulcers”, Wound Repair and Regeneration, Vol.
14, pp. 371-373, 2006.

Simeon, A, F. Monier, H. Emonard, "Expression and activation of matrix
metalloproteinases in wounds: Modulation by the tripeptide-copper complex glycyl-
L-histidyl-L-lysine-Cu*", Journal of Investigative Dermatology, Vol. 112, pp. 957-
964, 1999.

Roberts, A. B. and M. B. Sporn, "Transforming growth factor-beta”, in R. A. F.
Clark, The Molecular and Cellular Biology of Wound Repair, pp. 275-310, Pletinum
Press, New York, 1996.

Opdenakker, G. and J. Van Damme, "Cytokine-regulated proteases in autoimmune
diseases"”, Immunology Today, Vol. 15, pp. 103-107 1994.



91.

92.

93.

94.

95.

96.

97.

98.

82

Fahling, M., A. Steege, A. Perlewitz, B. Nafz, R. Mrowka, P. B. Persson and B. J.
Thiele, "Role of nucleolin in posttranscriptional control of MMP-9 expression”,
Biochimica et Biophysica Acta, Vol. 1731, pp. 32-40, 2005.

Han, Y. P., T. L. Tuan, M. Hughes, H. Wu and W. L. Garner, "Transforming growth
factor-beta- and tumor necrosis factor-alpha-mediated induction and proteolytic
activation of MMP-9 in human skin", Journal of Biological Chemistry, Vol. 276, pp.
22341-22350, 2001.

Maskos, K. And W. Bode, "Structural basis of matrix metalloproteinases and tissue
inhibitors of metalloproteinases” Molecular Biotechnology, Vol. 25, pp. 241-266,
2003.

Madlener, M., W.C. Parks and S. Werner, "Matrix metalloproteinases (MMPs) and
their physiological inhibitors (TIMPs) are differentially expressed during excisional

skin wound repair"”, Experimental Cell Research, Vol. 242, pp. 201-210, 1998.

Soo, C., W. W. Shaw, X. Zhang, M. T. Longaker, E. W. Howard and K. Ting,
"Differential expression of matrix metalloproteinases and their tissue-derived
inhibitors in cutaneous wound repair", Plastic and Reconstructive Surgery, Vol. 105,
pp. 38-647, 2000.

Klein, S. A., G. L. Anderson, A. B. Kennedy and S. J. Bond, "The effects of a broad-
spectrum matrix metalloproteinase inhibitor on characteristics of wound healing",

Journal of Investigative Surgery, Vol. 15, pp. 199-207, 2002.

Li, J, J. Chen and R. Kirsner, "Pathophysiology of acute wound healing"”, Clinics in
Dermatology, Vol. 25, pp. 9-18, 2007.

Pilcher, B. K., J. A. Dumin, B. D. Sudbeck, S. M. Krane, H. G. Welgus, W. C. Parks,
"The activity of collagenase-1 is required for keratinocyte migration on a type |
collagen matrix", The Journal of Cell Biology, Vol. 137, pp. 1445-1457, 1997.



99.

100.

101.

102.

103.

104.

105.

106.

83

Murphy, G., and J. Gavrilovic, "Proteolysis and cell migration: creating a path?",
Current Opinion in Cell Biology, Vol. 11 pp. 614-621, 1999.

Quaranta, V., "Cell migration through extracellular matrix: membrane-type
metalloproteinases make the way", The Journal of Cell Biology, Vol. 149, pp. 1167—
1169, 2000.

Sternlicht, M. D. and Z. Werb, "How matrix metalloproteinases regulate cell
behavior”, Annual Review of Cell and Developmental Biology, Vol. 17 pp. 463-516,
2001.

Bini, A., Y. Itoh, B. J. Kudryk, and H. Nagase, "Degradation of cross-linked fibrin
by matrix metalloproteinase 3 (stromelysin 1): Hydrolysis of the gamma Gly 404-Ala
405 peptide bond", Biochemistry, Vol. 35 pp. 13056-13063, 1996.

Bini, A., D. Wu, J. Schnuer, and B. J. Kudryk, "Characterization of stromelysin 1
(MMP-3), matrilysin (MMP-7), and membrane type 1 matrix metalloproteinase
(MT1-MMP) derived fibrin(ogen) fragments D-dimer and D-like monomer: NH2-
terminal sequences of late-stage digest fragments", Biochemistry, VVol. 38 pp. 13928—
13936, 1999.

Lelongt, B., S. Bengatta, M. Delauche, L. R. Lund, Z. Werb, and P. M. Ronco,
"Matrix metalloproteinase 9 protects mice from anti-glomerular basement membrane
nephritis through its fibrinolytic activity”, The Journal of Experimental Medicine,
Vol. 193 pp. 793-802, 2001.

Lechapt-Zalcman, E., V. Prulie're-Escabasse, D. Advenier, S. Galiacy, C. Charrie're-
Bertrand, A. Coste, A. Harf, M.-P. d’Ortho, and E. Escudier, "Transforming growth
factor-b1 increases airway wound repair via MMP-2 upregulation: a new pathway for
epithelial wound repair?”, American Journal of Physiology-Lung Cellular and
Molecular Physiology, Vol. 290, pp. 1277-1282, 2006.

Inoue, M., G. Krat, A. Haegerstrandand M. Stahle-Backdah, "Collagenase expression



107.

108.

109.

110.

111.

112.

113.

84

is rapidly induced in wound-edge keratinocytes after acute injury in human skin,
persists during healing, and stops at re-epithelialization™, Journal of Investigative
Dermatology, VVol. 104, pp. 479-483, 1995.

Liu X., T.H. Chang, S.M. Levenson and M. Rojkind, "Wound fluids from saline
solution- and Staphylococcus aureus peptidoglycan- inoculated sponges induce
expression of matrix metalloproteinase 13 messenger ribonucleic acid by cultured rat
fibroblasts™, Wound Repair and Regeneration, VVol. 5, pp. 348-354, 1997.

Kahari, V. M. and R. Ala-aho, "Stromal Collagenase in Melanoma: A Vascular

Connection”, Journal of Investigative Dermatology, Vol. 129, pp. 2545-2547, 2009.

Balbin, M., A. Fueyo, V. Knauper, J. M. Lopez, J. Alvarez, L. M. Sanchez, V.
Quesada, J. Bordallo, G. Murphyand and C. Lopez-Otin, "ldentification and
enzymatic characterization of two diverging murine counterparts of human
interstitial collagenase (MMP-1) expressed at sites of embryo implantation”, Journal
of Biological Chemistry, Vol. 276, pp. 10253-10262, 2001.

Gross, S. R., Z, Balklava and M. Griffin, "Importance of tissue transglutaminase in
repair of extracellular matrices and cell death of dermal fibroblasts after exposure to
a solarium ultraviolet A source", Journal of Investigative Dermatology, Vol. 121, pp.
412-423, 2003.

Smethurst, P. A. and M. Griffin, "Measurement of tissue transglutaminase activity in
a permeabilized cell system: Its regulation by Ca2+ and nucleotides”, Biochemical
Journal, Vol. 313, pp. 803-808, 1996.

Moncada, S., R. M. Palmer and E. A. Higgs, "The discovery of nitric oxide as the
endogenous nitrovasodilator”, Hypertension, Vol. 12, pp. 365-372., 1988.

Moncada, S., M. W. Radomski and R.M. Palmer, "Endothelium-derived relaxing
factor. ldentification as nitric oxide and role in the control of vascular tone and

platelet function”, Biochemical Pharmacology, Vol. 37, pp. 2495-2501, 1988.


http://www.nature.com/jid/
http://www.nature.com/jid/
http://www.nature.com/jid/

114.

115.

116.

117.

118.

119.

120.

121.

122.

85

Stuehr, D. J. and M. A. Marletta, "Mammalian nitrate biosynthesis: Mouse
macrophages produce nitrite and nitrate in response to Escherichia coli
lipopolysaccharide”, Proceedings of the National Academy of Sciences of the United
States, Vol. 82, pp. 7738-7742, 1985.

Stamler, J. S., S. Lamas and F. C. Fang, "Nitrosylation. The prototypic redox-based
signaling mechanism™, Cell, Vol. 106, pp. 675-683, 2001.

Schwenter A., Y. Vodovotz, R. Weller and T.R. Billiar, "Nitric oxide and wound
repair: role of cytokines?", Nitric Oxide, Vol. 7, p. 1-10, 2002.

Luo, J. and A.F. Chen, "Nitric Oxide: a newly discovered function on wound
healing”, Acta Pharmacolologica Sinica, Vol. 26, pp. 259-264, 2005.

Telci ,D., R. J. Collighan, H. Basaga and M. Griffin, " Increased TG2 expression can
result in induction of transforming growth factor betali causing increased synthesis
and deposition of matrix proteins, which can be regulated by nitric oxide", The
Journal of Biological Chemistry, VVol. 284, pp. 29547-29558, 2009.

Gossen, M. and H. Bujard, "Tight control of gene expression in mammalian cells by
tetracycline-responsive promoters,” Proceedings of the National Academy of
Sciences of the United States of America, VVol. 89, pp. 5547-5551.

Verderio, E., B. Nicholas, S. Gross and M. Griffin, "Regulated expression of TG2 in
Swiss 3T3 fibroblasts”, Experimental Cell Research, Vol.239, p. 119-138.

Farkas, L. M., N. Dunker, E. Roussa, K. Unsicker and K. Krieglstein, "Transforming
Growth Factor-Bs Are Essential for the Development of Midbrain Dopaminergic
Neurons In Vitro and In Vivo", The Journal of Neuroscience, Vol. 23, No. 12, pp.
5178 -5186, 2003.

Godfrey, W.R., D.J. Spoden, G.G. Ying, S.R. Baker, B. Liu, B.L. Levine, C.H. June,
B.R. Blazar, and S.B. Porter, "Cord blood CD4 CD25 -derived T regulatory cell lines



123.

124.

125.

126.

127.

128.

129.

130.

86

express FoxP3 protein and manifest potent suppressor function”, Blood, Vol. 105,
No. 2, 2005.

Johnson, T. S., M. Griffin, G. L. Thomas, J. Skill, A. Cox, B. Yang, B. Nicholas, P.J.
Birckbichler, C. Muchaneta-Kubara and A. Meguid El Nahas, "The Role of
Transglutaminase in the Rat Subtotal Nephrectomy Model of Renal Fibrosis”, The
Journal of Clinical Investigation, Vol. 99, No. 12, pp. 2950-2960, 1997.

Griffin, M., R. Casadio and C. Bergamini, "Transglutaminases: nature's biological
glues”, Biochemical Journal, VVol. 368, pp. 377-396, 2002.

Craven, P. A., R. K. Studer, J. Felder, S. Phillips and F. R. DeRubertis, "Nitric oxide
inhibition of transforming growth factor-beta and collagen synthesis in mesangial
cells", Diabetes, Vol. 46, No. 4, pp. 671-681, 1997.

Prabhakar, S., J. Starnes, S. Shi, B. Lonis and R. Tran, "Diabetic nephropathy is
associated with oxidative stress and decreased renal nitric oxide production”, Journal
of the American Society of Nephrology, Vol. 18, No. 11, pp. 2945-2952, 2007.

Wani, J., M. Carl, A. Henger, P. J. Nelson and H. Rupprecht, "Nitric oxide
modulates expression of extracellular matrix genes linked to fibrosis in kidney
mesangial cells", Biological Chemistry, Vol. 388, No. 5, pp. 497-506, 2007.

Kang, D. H., T. Nakagawa, L. Feng and R. J. Johnson, "Nitric oxide modulates
vascular disease in the remnant kidney model”, The American Journal of Pathology,
Vol. 161, No. 1, pp. 239-248, 2002.

Kalk, P., M. Godes, K. Relle, C. Rothkegel, A. Hucke, J. P. Stasch and B. Hocher,
"Noindependent activation of soluble guanylate cyclase prevents disease progression
in rats with 5/6 nephrectomy”, British Journal of Pharmacology, Vol. 148, No. 6, pp.
853-859, 2006.

Mohan, R., S. K. Chintala, J. C. Jung, W. V. Villar, F. McCabe, L. A. Russo, Y. Lee,



131.

87

B. E. McCarthy, K. R. Wollenberg, J. V. Jester, M. Wang, H. G. Welgus, J. M.
Shipley, R. M. Senior and M. E. Fini, “Matrix metalloproteinase gelatinase B (MMP-
9) coordinates and effects epithelial regeneration”, Journal of Biological Chemistry,
Vol. 277, pp. 2065-2072, 2002.

Skill, N. J., T. S. Johnson, I. G. Coutts, R. E. Saint, M. Fisher, L. Huang, A. M. El
Nahas, R. J. Collighan and M. Griffin, "Inhibition of transglutaminase (Tg) activity
reduces extracellular matrix (ECM) accumulation induced by high glucose levels in
proximal tubular epithelial cells”, The Journal of Biological Chemistry, Vol. 279,
No. 46, pp. 47754-62, 2004.



