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Abstract: Tissue transglutaminase (transglutaminase type 2; TG2) is the most ubiquitously expressed
member of the transglutaminase family (EC 2.3.2.13) that catalyzes specific post-translational
modifications of proteins through a calcium-dependent acyl-transfer reaction (transamidation).
In addition, this enzyme displays multiple additional enzymatic activities, such as guanine nucleotide
binding and hydrolysis, protein kinase, disulfide isomerase activities, and is involved in cell adhesion.
Transglutaminase 2 has been reported as one of key enzymes that is involved in all stages of
carcinogenesis; the molecular mechanisms of action and physiopathological effects depend on its
expression or activities, cellular localization, and specific cancer model. Since it has been reported
as both a potential tumor suppressor and a tumor-promoting factor, the role of this enzyme in
cancer is still controversial. Indeed, TG2 overexpression has been frequently associated with cancer
stem cells’ survival, inflammation, metastatic spread, and drug resistance. On the other hand, the
use of inducers of TG2 transamidating activity seems to inhibit tumor cell plasticity and invasion.
This review covers the extensive and rapidly growing field of the role of TG2 in cancer stem cells
survival and epithelial-mesenchymal transition, apoptosis and differentiation, and formation of
aggressive metastatic phenotypes.
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1. Introduction

Despite the increased understanding of cancer cell biology and significant progression in surgery,
cancer remains one of the leading causes of mortality worldwide. Although oncologists have a
large number of therapeutic approaches to fight cancer, including chemotherapy, radiotherapy,
immunotherapy, target therapy, and a combination of these, it is well demonstrated that resistance and
recurrence phenomena often lead to a failure of conventional therapies [1-3].

Cancer develops when accumulation of genetic and epigenetic alterations brings a cell
to autonomous growth through changes in its metabolism, a process that is supported by
several mechanisms. Several studies underline the tight connection between inflammation and
carcinogenesis [4]. Therefore, oxidative stress and chronic inflammation are essential in the initiation
and promotion of cancer [5]. Inflammatory mediators, derived from cancerous, immunocompetent,
and neighboring stromal cells, provide a supportive microenvironment for the neoplastic process.
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Cytokines such as interleukin (IL)-1f3, IL-6, IL-8, tumor necrosis factor (TNF)-«, fibroblast growth
factor (FGF), vascular endothelial growth factor (VEGF), and transforming growth factor (TGF)-
represent the major players in this intricate process [6] that also involves cancer stem cell (CSC)
subpopulations [7]. These CSCs represent a small population of tumor cells resistant to conventional
therapy, capable of self-renewal and differentiation, able to sustain long-term tumor growth, metastasis
and tumor relapse. [8,9]. It is interesting to note that CSCs contribute to the cell heterogeneity of
intra-tumor cells, in response to surrounding signals, selective pressure of anticancer therapies, and
following the epithelial-mesenchymal transition (EMT) process [10,11], that includes phenotypic and
metabolic alterations, such as loss of cell junctions, cytoskeleton reorganization, etc., leading to the
promotion of metastatic characteristics in tumor cells [12].

Tissue transglutaminase (TG2) belongs to a family of enzymes (EC 2.3.2.13) that catalyze the
post-translational modifications of proteins through a calcium-dependent acyl-transfer reaction
between the y-carboxamide group of a peptide-bound glutamine residue and the e-amino group
of a peptide-bound lysine (or other primary amine), leading to the formation of e-(y-glutamyl)lysine
crosslinks [13,14]. This key multifunctional enzyme plays an essential role in CSC biology, and in the
promotion and metastasis of tumors. Indeed, TG2 overexpression has been considered a negative
prognostic marker, frequently associated with metastatic spread and drug resistance [15,16]. However,
the role of TG2 in cancer is still controversial, since it has been reported as both a potential tumor
suppressor [17] and a tumor-promoting factor [18]. Overall, it is clear that the functions of TG2 in
cancer are cell type and situation specific, and generalizing the function of TG2 based on findings in a
given cell type and circumstance often cannot be done. This review will provide a brief overview that
considers the role of TG2 expression and activity in cancer initiation, survival, and progression.

2. Tissue Transglutaminase Description

The discovery of the catalytic domain of factor XIII in blood coagulation in vertebrates [19]
pre-empted the subsequent discovery of a further eight members of the transglutaminase family.
To date, several functional types of transglutaminases (TGs), which differ in their post-translational
sequence and, possibly, structural specificity towards target proteins, have been characterized in
human tissues [14,20]. These enzymes catalyze a variety of protein modifications associated with
physiological and pathological conditions [21-23]. Conversely, a component of the family (human
erythrocyte protein 4.2), is devoid of enzymatic activity and is thought to perform a purely structural
role [24].

In contrast to the other members of its family, TG2 is a multifunctional enzyme (Figure 1)
apparently involved in disparate biological processes [25,26]. Transglutaminase 2 catalyzes
Ca?*-dependent post-translational modifications of proteins, generating protein—protein crosslinks,
by a transamidation of y-carboxamide groups of specific glutamine residues to form a thiol ester
with the cystamine of the active site (releasing ammonia), and by a transfer of the acyl intermediate
to a nucleophilic substrates such as the e-amino group of lysine residues or biogenic amines [27].
Indeed, di- and polyamines, putrescine (PUT), spermidine (SPD), and spermine (SPM) are excellent
substrates of TG2 [28]. The incorporation of these amines into proteins can occur through one or
both of their primary amino groups, and result in the formation of either N-mono(y-glutamyl)- or
N,N-bis(y-glutamyl)-PUT, -SPD, or -SPM. The crosslinked protein products are highly resistant to
mechanical challenge and proteolytic degradation. For many years, TG2-mediated deamidation was
considered to be a side reaction but, recently, substrate-specific deamidations have been reported [29].

Transglutaminase 2 is ubiquitously expressed both in intracellular and extracellular compartments
where its localization is crucial for the regulation of its biological activities [30]. Due to its pleiotropic
functions, TG2 activities are tightly regulated by Ca®* ions, guanine nucleotides, and redox signals [14].
The interaction with Ca?* or GTP induces conformational change that shifts TG2 in favor of
transamidation activity or cell signaling functions [14]. Conversely, TG2 binding to GTP or GDP
leads to a “closed” conformation that prevents its transamidation activity [31], while Ca?* binding
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to TG2 leads to an “open” conformation that does not allow GTP/GDP binding, keeping the active
site available for the protein crosslinking reaction. Generally, TG2 catalytic activation requires high
(>1 mM) Ca?* concentrations. Therefore, low Ca®* concentration and high GDP/GTP levels in cytosol
can prevent crosslinked activation. Nevertheless, a large variety of TG2 crosslinking cellular substrates
have been identified [32]. Hence, in order to produce local intracellular specificity of TG2 activation,
Ca?* levels could increase locally, for example, as consequence of its release from lysosomes in
autophagic processes [33,34]. Interestingly, some molecules could modify the TG2 Ca?* requirement.
Indeed, it has been demonstrated that phingosyl phosphocholine, a membrane component, could
serve as a cofactor and bind TG2 in order to enhance the affinity of the enzyme for Ca®* [35]. It is
tempting to speculate, therefore, that different conformations determine opposite effects on cancer
cell fate [36,37]. Transglutaminase 2 closed form is considered a pro-survival factor for cancer and
CSCs [38,39]. Conversely, the open conformation may be considered, at least in some contexts, a tumor
suppressor factor [17,37].

The expression of TG2 is tightly controlled and can be induced at the transcriptional level by
cytokines and the activation of various transcription factors [40,41]. Moreover, the alternative splicing
of TG2 gene (TGM2) mRNA has been observed [42,43]. The constitutively spliced full-length transcript
(TGM2_v1), which encodes a polypeptide of 687 amino acids (with molecular weight of ~75 kDa)
was first reported by Gentile and colleagues [44]; four additional transcripts have subsequently been
described. In human erythroleukemia cells, ~62 kDa (TGH or TG2-S or TGM2_v2) and ~38 kDa
(TGH2 or TGM2_v3) N-terminal fragments have been identified [45]. In these isoforms, the loss of
C-terminal GTP binding domain, which is also responsible for regulation of TG2 Ca?*-dependent
activation, represents the main trait of these variants. The so-called short isoform (TGH) has been
related to neurodegenerative disorders [46] and to neuroblastoma cell differentiation [36]. Recent data
suggests that increased expression of the TGH2 variant may contribute to complex celiac disease
physiopathology [47]. Two additional C-terminal truncated isoforms (tTGvl or TGM2_v4a and tTGv2
or TGM2_v4b) have been identified in human aortic vascular smooth muscle cells and leukocytes [48].
Interestingly, it has been recently demonstrated that these variants are predominantly expressed in
peripheral blood mononuclear cell (PBMC)-derived primary progressive multiple sclerosis patients
with respect to full-length TG2 [49]. Although the role of alternative spliced isoforms of TG2 remain
unclear, growing evidence indicates that splicing variants can provide diagnostic and/or therapeutic
targets for several cancers [50], opening new perspectives in this field.

Transglutaminase 2 exerts, also, a protein disulfide isomerase activity (PDI), involved in the
formation and breakage of disulfide bonds between cysteine residues [51] and, probably, with
regulation of mitochondrial functions and apoptosis [52-54]. Recently, it has been reported that
TG2 PDI activity is responsible for activation of heat-shock factor 1 (HSF1), leading to regulation
of proteostasis [55]. Transglutaminase 2 intrinsic serine/threonine kinase activity has been also
reported [56,57]. Transglutaminase 2 plays a key role in the promotion of cell adhesion, forming a
complex with fibronectin in a transamidation-independent manner [58].

Due to its several enzymatic and non-enzymatic functions [59,60], TG2 regulates several
physiological processes, such as apoptosis, differentiation, inflammation, and fibrogenic
reactions [61,62], via post-translational modifications of a large variety of substrates [32]. Thus,
alteration of TG2 activity and/or its regulation causes many types of diseases, such as
neurodegenerative, autoimmune, inflammation-related diseases, and cancer [63-66].
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Figure 1. Reactions catalyzed by type II transglutaminase or tissue transglutaminase (TG2)
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(from Tatsukawa et al. [62] with modifications).

3. Interplay between Tissue Transglutaminase and Cytokines in Inflammation and
Cancer Progression

The close relationship between inflammation and TG2 has been variously demonstrated in several
physiological and pathological conditions [64,67-69], including cancer [40,70]. Transglutaminase
2 expression and transamidation activity are often increased in inflammatory events, and several
cytokines and growth factors are able to regulate TG2 expression and activity. In particular, TGM? is
regulated by canonical and non-canonical nuclear factor (NF)-«B pathway [71,72], that represents a
key player in inflammation, cancer development, and progression [73]. For example, TNF-«, IL-1, and
IL-6 are the principal target genes of NF-«B and, at the same time, these cytokines are known to be
potent inducers of TG2 expression [40].

A recent report demonstrated that transforming growth factor- (TGF-f3), at least in the advanced
stages, represents a key promoter of cancer progression and metastasis [74], and it is able to induce
cancer EMT [75]. Furthermore, TG2 expression and TGF-3-induced EMT are closely related [76-79].
Interestingly, it has been suggested that extracellular TG2 crosslinking activity or TG2 expression
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are required for angiogenesis, through a mechanism that involves matrix-bound VEGF [80] but also
matrix-bound TGF-f [81]. Therefore, the role of TG2 crosslinking activity in the regulation of cancer
progression or inflammation represents an important field of study. For example, angiogenesis is
a well-regulated and essential process for cancer development, in which the principal players are
members of the VEGF family and their receptors [82]. Moreover, during cancer progression, this
phenomenon is regulated also by platelet-derived growth factor (PDGF), FGF, and TGF-f3 [83-85]. It is
interesting to note that PDGF-BB also shows an essential chemotactic activity in several tumors [86,87].
It has been reported that PDGF-BB is a TG2 substrate, leading to the formation of high-molecular
weight complexes that impair glioblastoma cell migration [88]. This indicates that TG2 crosslinking
activity may modulate the functions of growth factors, or other extracellular signaling molecules,
through the formation of complexes with possible altered biological activity.

Recently, Willis and colleagues [89] have demonstrated that TG2 catalyzes the formation of
high-mobility group box 1 (HMGB1) complexes with several proteins, including autoantigens.
Since nuclear localization of TG2 has relevant physiological and pathological implications [90], the
authors propose that TG2-HMGBI1 interactions modify TG2 nuclear localization, thus regulating
gene expression. High-mobility group box 1 plays a pleiotropic role in inflammation and cancer
progression [91] and, hence, the interplay between TG2 and HMGBL1 could be important for future
applications in the field of cancer progression.

4. Role of Tissue Transglutaminase in Cancer Stem Cell Biology

At least for some types of cancer, progression of primary tumors to metastatic disease is sustained
by CSCs (or tumor-initiating cells, TICs) that represent a subpopulation of cancer cells with the
ability to survive and promote tumor growth [9,92]. Several authors have proposed that TG2
expression increases the cellular plasticity and changes the dynamic equilibrium from non-stem
cells towards stem cell compartment. Illopoulos and colleagues [93] arrived at a similar conclusion,
supporting the notion that tumor heterogeneity involves a dynamic equilibrium between stem
and non-stem cell compartments, and that this plasticity is regulated by IL-6. Evidence that TG2
expression promotes an increase in stem cell-like properties, suggesting novel strategies for targeting
CSCs/TICs subpopulations in tumors for improved clinical outcomes. The most well-recognized
CSC molecular marker is CD44, a non-kinase transmembrane glycoprotein that is expressed on
embryonic stem cells and is able to bind several ligands, including hyaluronic acid. CD44 plays a
critical role in tumor progression, chemoresistance, and metastasis through the activation of several
cell signaling pathways [94]. Transglutaminase 2 expression is linked to an increase in CD44" (and
CD247) subpopulations in breast cancer cells, leading to promotion of stem-like properties and a
metastatic phenotype [76,95]. Interestingly, these authors suggest that TG2 may not only induce
EMT in the primary tumor but, also, confer stemness-associated properties, including plasticity and
self-renewal ability in secondary tumors, thus supporting the formation and growth of metastases [95].
This observation is supported by recent data demonstrating that inhibition of TG2 expression leads to
the disappearance of CSC surface antigens (including CD44) in renal cell carcinoma [96]. In fact, in
this cancer model, TG2 expression silencing compromises cellular adhesion, migration, and invasion
by blocking the binding on 1-integrin, type I collagen, and laminin. By contrast, other data indicate
that loss of the enzymatic and adhesive activities of TG2 impairs cell-matrix interactions, leading to
the decrease of adhesion and promotion of cellular motility [97]. Therefore, it appears that the role of
TG2 activity in these phenomena remains strongly dependent on its cellular context.

Fu and colleagues demonstrated that TG2 inhibition with monodansylcadaverine (MDC)
suppresses cell proliferation and induces apoptosis in CD44* glioma stem cells through the decrease
of inhibitor of DNA binding 1 protein (ID1) and that this, therefore, may be a TG2 downstream
regulator [98]. In this study, the use of MDC in the treatment of CD44" glioma cells has been extended
in vivo. The role of transamidation activity in CSC survival has been also underlined in epidermal
cancer stem cells [99]. In this cellular model, the use of NC9, an irreversible TG2 inhibitor, locks the
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enzyme in the open conformation and reduces the expression of EMT-related proteins. Surprisingly, the
presence of GTP-binding functions is necessary for the survival and EMT phenotype [99]. Therefore,
the site-specific inhibition of transamidation activity is also able to reduce CSC growth through
a protein structure conformational change that results, however, in the inactivation of the TG2
GTP-binding site [100]. Similar results were found in mesothelioma CSCs [101]. In these cells,
TG2 expression is essential to sustain spheroid formation, migration, and invasion, and the use of
NC9 inhibitor impairs EMT phenotype and metastatic potential. Transglutaminase 2 expression is
markedly increased in human colorectal CSCs, and knockdown of TG2 by specific RNA interference
clearly inhibits cell growth, stemness, and metastatic ability of these cells [102]. The role of TG2 in
ovarian cancer EMT is also well established. The Matei group [103,104] clearly demonstrated that
activation of oncogenic signaling by TG2 induces EMT and enhances invasiveness and ovarian tumor
dissemination. Epithelial-mesenchymal transition also seems independent of the TG2 transamidation
activity in mammary epithelial cells [105]. Yakubov and co-workers [106] have demonstrated that
the principal pathway activated by extracellular TG2 is the non-canonical NF-«B signaling, which
leads to the upregulation of CD44 and promotes EMT phenotype. More recently, it was reported that
the functional inhibition of TG2 fibronectin-binding domain suppresses the formation of complex
between TG2, fibronectin, and p1-integrin, and reduces spheroid formation [107]; in this case, TG2
promotes ovarian CSCs survival also through the Wnt/ 3-catenin pathway, by direct interaction with
Wnt receptor Frizzled 7 (Fzd7), that is generally upregulated in ovarian cancer with respect to normal
ovarian epithelium [107]. Also in this case, promotion of tumor-initiating capability is independent of
TG2 transamidation activity.

Recent data suggest that TG2 plays a significant role in recurrence and radioresistance of
glioblastoma multiforme, which is considered the most malignant glial tumor, with very poor
survival. In fact, irradiation induces TG2 upregulation in necrotic areas surrounding the tumor,
which is responsible for the induction of mesenchymal transdifferentiation of glioma stem cells
(GSCs) with subsequent radioresistance development. This process is supported by secretion of
macrophages/microglia-derived cytokines (e.g., TNF-«) [108]. Interestingly, TG2 has different
expression levels in the various GSCs subtypes. It has been demonstrated that TG2 is specifically
expressed in more aggressive mesenchymal (CD44") GSCs, but not in less aggressive proneural
GSC subtype, in which TG2 can be induced by aldehyde dehydrogenase 1A3 (a retinaldehyde
dehydrogenase) and retinoic acid, opening new possible strategies to fight this type of cancer [109].
Moreover, TG2 seems downregulated in temozolomide-resistant GSCs, together with the reduction of
mesenchymal features and sensitivity to radiation [110].

The close connection between TG2 and inflammation is also reflected in the CSC model.
Pro-survival activity of TG2 is mediated by TGF-f3 production in several tumor types. Indeed, in
ovarian cancers cells, TGF-f3 induces TG2 expression with consequent stimulation of EMT and cancer
stem cell phenotype (CD44") [77]. Similar studies on colorectal [79] and breast cancer cells [111]
corroborate these findings. Another important pro-inflammatory cytokine IL-6, present in tumor
microenvironments, is involved in the EMT and in the acquisition of a stem-like phenotype of cancer
cells [112]. Oh and colleagues [113] have clearly demonstrated that IL-6 production is strictly dependent
on TG2 expression which, in turn, mediates the in vitro tumor sphere formation of ovarian cancer cells.
Moreover, the authors underline how TG2/IL-6 axis is able to promote CSCs, EMT, and metastatic
phenotypes; in breast cancer, this mechanism is increased by IL-13 production [114].

5. Tissue Transglutaminase in Cell Death and Differentiation

Several lines of evidence underline the opposing roles of TG2 in cell death and
survival [62,115,116]. The pro-apoptotic effect of TG2 is based on its calcium-dependent crosslinking
activity [117]. In fact, elevation of intracellular calcium levels, due to stressful conditions and
consequent release from endoplasmic reticulum (ER), leads to the induction of TG2 transamidation
activity. This activity catalyzes the formation of apoptotic bodies around dying cells [118] and induces
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cell death through post-translational modifications of pro-apoptotic proteins [119]. Conversely, TG2
anti-apoptotic activity is generally independent from its crosslinking activity. Indeed, this pro-survival
signal is principally mediated by adhesive capabilities of TG2 and integrins to fibronectin, which
impairs anoikis (detachment-induced apoptosis) [120,121]. In addition, it has also been reported that
TG2 can bind to cathepsin D via crosslinking, leading to apoptosis impairment [122]. Therefore, the
mechanisms by which TG2 prevents apoptosis are dependent on cellular localization and on the
activation of specific pathways [18,123], including inflammatory ones (e.g., NF-«B pathway) [71,124].
The tight association between TG2, inflammation, and cell survival is highlighted, for example, by
the complex role of TGF-f3 [67], a pleiotropic molecule that may act as a tumor promoter or tumor
suppressor, depending on stages of carcinogenesis [125]. Indeed, TG2 is required for the activation
of TGF-p [126], and this cytokine is necessary for TG2 expression and activity [77]. In addition, it
has been demonstrated that in TG2 knockout (KO) mice, TGF-f3 levels are decreased, as well as the
macrophage capability to engulf apoptotic bodies [127].

Polyamines are naturally occurring and ubiquitous polycationic alkylamines that represent
positive and essential regulators of cell growth and proliferation. Although high polyamine levels have
been associated with cancer progression [128], it has been demonstrated that TG2 activity is augmented
in polyamine-induced apoptosis, underlining another pathway involved in TG2-mediated cell
proliferation [129]. Interestingly, polyamines (i.e., SPD) are able to induce autophagy (a self-degradative
process essential for removing misfolded or aggregated proteins and clearing damaged organelles in
response to stress) in human cells [130,131]. Therefore, the interplay between polyamines and TG2 in
autophagy represents an intriguing research field [132]. Indeed, it is well-known that TG2 promotes
autophagy [133], as supported by the observations that, in TG2 KO mice, autophagosome maturation
is impaired [134,135].

The role of TG2 in apoptosis and autophagy results from other regulated pathways. In renal cell
carcinoma, TG2 expression promotes cell survival through crosslinking of p53 in autophagosomes
and subsequent p53 depletion [133,136]. Interestingly, p53 is also a substrate for TG2 serine/threonine
kinase activity [137], suggesting further mechanisms by which TG2 could facilitate apoptosis. Since the
most lethal p53-mutant tumors possess a low grade of differentiation, differentiation-restoring
treatments represent an alternative therapeutic strategy [138]. Due to its low toxicity profile,
differentiation therapy may be employed in some cellular model of cancer [139,140]. It is well-known
that all-trans retinoic acid (ATRA) represents the prototype of differentiation therapy agents which
have the ability to arrest cell growth, inducing differentiation and apoptosis in promyelocytic
leukemia cells [141,142]. This phenomenon is accompanied by an increase in TG2 expression and
transamidation activity [143-145]. Moreover, it has been demonstrated that, in some cancer cellular
models, most differentiation inducers are able to increase TG2 crosslinking activity, leading to reduction
of proliferation and metastatic potential [146-149]. These observations underline the tumor suppressor
activity of TG2.

6. Role of Tissue Transglutaminase in Cancer Metastatic Cascade

The transition from benign to malignant phenotype is the key event for the metastatic
progression of tumors. The metastatic cascade is characterized by several distinct phases, such as
degradation of basement membrane, movement towards the blood or lymph vasculature, attachment
to endothelium, extravasation, adhesion to extracellular matrix (ECM), migration, and invasion [17].
The metastatic process is due to changes in cellular plasticity, including EMT, amoeboid transition, and
mesenchymal-to-amoeboid transition. These morphological and cytoskeletal mutations of tumor
cells are necessary to facilitate cell locomotion and create the basis for ECM remodeling [150].
Transglutaminase 2 has been found to be essential for all these steps of metastatic processes [17,151].

The interactions between cells and the ECM represent a quite complex phenomenon which
provides stromal and tumor cells with mechanical support for adhesion. One of the most documented
functions of TG2 in cancer spreading is their involvement in tumor cell-ECM interaction [58].
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Transglutaminase 2 present in the ECM supports the adhesion of cancer cells to the matrix, and
cell surface TG2 is associated with integrins and mediates cell-matrix adhesion. The integrins are
important proteins responsible for the regulation of adhesion, migration, and invasion, having, as
a substrate, fibronectin, collagen, and laminin [152]. Inhibition of integrin interaction with ECM
proteins leads to apoptosis, which can be prevented by direct interaction of the TG2 with fibronectin
in the outer cellular membrane with the fibronectin [153]. Generally, the involvement of TG2 in
cell-matrix interactions does not derive from transamidation [58,154]. The observation that TG2
overexpression is responsible for tumor cell adhesion and motility, whereas its reduction impairs these
functions [155,156], corroborate these findings. Nevertheless, several communications disprove these
observations. In fact, it has been hypothesized that TG2 favors cell adhesion by the changes induced in
the ECM by means of protein crosslinking [120]. There is also reliable evidence that post-translational
modification of ECM proteins by TG2 is a key step for the progression of tumor cells to metastasis,
conferring resistance to metalloproteinases and promoting cell-matrix interactions, particularly via
crosslinking of fibronectin and collagen [96,157].

The involvement of TG2 in cancer cell motility and invasion appears controversial, and different
effects have been observed after protein overexpression or enhancement of the enzyme activity
through specific activators [17]. Moreover, the role of TG2 in cancer cells migration depends on tumor
staging. Indeed, at the early stages of tumor progression, the decrease of cell surface TG2 induces
cancer cells migration [97]. Conversely, TG2 upregulation has been associated with the late-stage
aggressive metastatic cancer phenotype and, possibly, with an increase of drug resistance [104,158,159].
The downregulation of endogenous TG2 by siRNA inhibits fibronectin-mediated cell adhesion and
invasion, whereas TG2 overexpression improves these functions [158,160]. Based on the overall
reported, in order to improve knowledge on the role of TG2 in tumor progression, it can be concluded
that it is necessary to distinguish the effects produced by protein expression from those produced by
its transamidation activity, since both of these essential functions participate differently in various
phases of invasion and tumor growth.

Many TG2 substrates, including tubulin, actin, vimentin, myosin, laminin, and spectrin, are
involved in cytoskeleton organization [32], and it is well established that TG2 co-localizes with stress
fibers [161]. In fact, cytoskeleton plasticity is integral to cell migration and other metastatic processes.
A proteomic study on lamin A knockdown in a colorectal cancer cell line emphasizes the role of TG2
in differential post translational modifications of other cytoskeleton proteins, in a mechanism that
impairs the formation of dynamic actin filaments over stress fibers, accounting for the altered cell
motility properties [162]. The regulation of cytoskeleton rearrangement, as well as cellular growth and
differentiation, also involves the members of Rho family [163]. Several studies underscore that TG2
directly activates RhoA via both transamidation and non-enzymatic activities [164,165]. Moreover,
as an alternative mechanism in the modulation of cellular plasticity, TG2 is able to bind Bcr protein,
a regulator of the Rho family [166].

Transglutaminase 2 plays an important role in ECM stiffness and can regulate the cell contractile
response by modulating actin polymerization and myosin light chain phosphorylation [167]. However,
it has been demonstrated that plasticity and metastatic potential of cancer cells can also be affected by
the degree of TG2-mediated post-translational modification of proteins with polyamines [168]. In fact,
the presence of protein-bound polyamines is inversely correlated to metastatic potential (Figure 2).
Moreover, the TG2-mediated post-translational modification of polyamines of laminin or Matrigel
(a reconstituted basement membrane) impairs the adhesiveness of a melanoma cell line [169], and
evidence showing that TG2 overexpression and crosslinking activity have protective effects against
in vivo melanoma progression corroborate these findings [170]. On the contrary, the absence of TG2
represents a favorable condition for metastasis formation [171]. This seemingly contrasting role of TG2
in metastasis might therefore depend on the local availability of its protein substrate(s) [170].
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Figure 2. Tumor cells, with high metastatic potential, are characterized by high levels of intracellular
polyamines and low transamidase activity of TG2. This condition favors the formation of
mono-(y-glutamyl) derivatives of polyamines, preventing polymerization of intracellular proteins,
in particular, those components of the cytoskeleton. It follows that cellular plasticity is high, due
to the reduction of cell—cell or cell-matrix interactions, which favors cell detachment and motility.
By contrast, in cells with reduced metastaticity, the transamidase activity of TG2 is higher. Hence, the
polymerization of intracellular proteins is increased by the favored formation of e-(y-glutamyl) lysine
and bis-(y-glutamyl) polyamine derivatives. Therefore, in these cells, the plasticity is reduced and the
cell-matrix interactions, mediated by integrins and TG2, are more pronounced, due to the increase in
cell adhesion with extracellular matrix (ECM) (modified from Lentini et al., 2013 [17]).
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7. Tissue Transglutaminase and Angiogenesis

Angiogenesis, the process of blood vessel growth, includes the proliferation, migration, and
differentiation of endothelial cells into tubular structures. Angiogenesis is essential in tumor growth,
since it enhances nutrients and oxygen supply, and plays a crucial role for distant metastasis
dissemination. The tumor microenvironment is rich of pro-angiogenic factors produced by neoplastic,
stromal, and infiltrating immune cells [172], such as VEGF, FGF, and TGF-3. Transglutaminase 2 is
highly expressed in endothelial cells, with positive effects on tubule formation [173,174]. In particular,
it has been demonstrated that inhibition of TG2 expression and transamidation activity leads to
inhibition of angiogenesis [80], via regulating the deposition of VEGF into the ECM and, in turn,
facilitating activation of its signaling through VEGF receptor 2 (VEGFR2). In addition, the inhibition
of GTP-binding activity of TG2 also suppresses angiogenesis [175]. However, the role of TG2 in
angiogenesis remains contradictory. In fact, it has been suggested that TG2 crosslinking activity may
play an active role in wound healing and angiogenesis [176].
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8. Conclusions

Transglutaminase 2 has been implicated in a large variety of cellular functions, many of which are
crucial in tumor cell proliferation, survival, and metastatic spread. However, due to its pleiotropic
activities, the role of TG2 in tumors is still controversial. In this context, it is well established that
TG2 has opposing role in apoptosis, depending on intracellular calcium levels or on the GTP-binding
activity. Transglutaminase 2 functions are also related to the dissemination of tumor cells, due also to
its role as a cell surface receptor, which can mediate tumor cell-ECM interactions, or modulate tumor
angiogenesis. Moreover, several recent studies implicate TG2 as a regulator of EMT and underline
why its expression is markedly increased in CSCs.

Based on the literature data, it is reasonable to hypothesize that TG2 selectively affects
tumor-associated events, including tumor-related inflammation, by modulating its enzymatic and
non-enzymatic properties in relation to the cell type, its localization within the cell, local substrate
availability, and intra- and extracellular environments. In conclusion, TG2 appears to be more
increasingly involved in cancer biology and, so, development of selective inhibitors and translational
studies (also on natural inducers) seem essential for gaining a more precise and complete view of the
role of TG2 in cancer development and progression.

Author Contributions: Writing—original draft preparation, C.T., A.D.M., CM., G.F,, S.B. Writing—review and
editing, C.T., CM., S.B.

Funding: This research received no external funding.
Acknowledgments: We are grateful to F. Facchiano for helpful discussions and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Johnson, D.B.; Menzies, A.M.; Zimmer, L.; Eroglu, Z.; Ye, F; Zhao, S.; Rizos, H.; Sucker, A.; Scolyer, R.A.;
Gutzmer, R; et al. Acquired BRAF inhibitor resistance: A multicenter meta-analysis of the spectrum and
frequencies, clinical behaviour, and phenotypic associations of resistance mechanisms. Eur. |. Cancer 2015,
51, 2792-2999. [CrossRef] [PubMed]

2. Nolan, M.T,; Russell, D.J.; Marwick, T.H. Long-term Risk of Heart Failure and Myocardial Dysfunction After
Thoracic Radiotherapy: A Systematic Review. Can. ]. Cardiol. 2016, 32, 908-920. [CrossRef] [PubMed]

3. El Osta, B.; Hu, E; Sadek, R.; Chintalapally, R.; Tang, S.C. Not all immune-checkpoint inhibitors are created
equal: Meta-analysis and systematic review of immune-related adverse events in cancer trials. Crit. Rev.
Oncol. Hematol. 2017, 119, 1-12. [CrossRef] [PubMed]

4. Uehara, I.; Tanaka, N. Role of p53 in the Regulation of the Inflammatory Tumor Microenvironment and
Tumor Suppression. Cancers (Basel) 2018, 10, 219. [CrossRef] [PubMed]

5. Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer:
How are they linked? Free Radic. Biol. Med. 2010, 49, 1603-1616. [CrossRef] [PubMed]

6.  Grivennikov, S.I.; Greten, ER.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883-899.
[CrossRef] [PubMed]

7. Chen, W.; Qin, Y,; Liu, S. Cytokines, breast cancer stem cells (BCSCs) and chemoresistance. Clin. Transl. Med.
2018, 7, 27. [CrossRef]

8.  Podberezin, M.; Wen, J.; Chang, C.C. Cancer stem cells: A review of potential clinical applications.
Arch. Pathol. Lab. Med. 2013, 137, 1111-1116. [CrossRef]

9.  Lopez-Lazaro, M. The stem cell division theory of cancer. Crit. Rev. Oncol. Hematol. 2018, 123, 95-113.
[CrossRef]

10. da Silva-Diz, V,; Lorenzo-Sanz, L.; Bernat-Peguera, A.; Lopez-Cerda, M.; Mufioz, P. Cancer cell plasticity:
Impact on tumor progression and therapy response. Semin. Cancer Biol. 2018. [CrossRef]

11.  Zhao, Y.;; Dong, Q.; Li, J.; Zhang, K.; Qin, J.; Zhao, J.; Sun, Q.; Wang, Z.; Wartmann, T.; Jauch, K.W.; et al.
Targeting cancer stem cells and their niche: Perspectives for future therapeutic targets and strategies.
Semin. Cancer Biol. 2018. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ejca.2015.08.022
http://www.ncbi.nlm.nih.gov/pubmed/26608120
http://dx.doi.org/10.1016/j.cjca.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/27179544
http://dx.doi.org/10.1016/j.critrevonc.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/29065979
http://dx.doi.org/10.3390/cancers10070219
http://www.ncbi.nlm.nih.gov/pubmed/29954119
http://dx.doi.org/10.1016/j.freeradbiomed.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20840865
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20303878
http://dx.doi.org/10.1186/s40169-018-0205-6
http://dx.doi.org/10.5858/arpa.2012-0494-RA
http://dx.doi.org/10.1016/j.critrevonc.2018.01.010
http://dx.doi.org/10.1016/j.semcancer.2018.08.009
http://dx.doi.org/10.1016/j.semcancer.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30081228

Med. Sci. 2019, 7, 19 11 of 19

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Nandy, S.B.M.; Lakshmanaswamy, R. Cancer Stem Cells and Metastasis. Prog. Mol. Biol. Transl. Sci. 2017,
151, 137-176. [CrossRef]

Folk, J.E. Transglutaminases. Annu. Rev. Biochem. 1980, 49, 517-531. [CrossRef] [PubMed]

Klock, C.; Khosla, C. Regulation of the activities of the mammalian transglutaminase family of enzymes.
Protein Sci. 2012, 21, 1781-1791. [CrossRef]

Budillon, A.; Carbone, C.; Di Gennaro, E. Tissue transglutaminase: A new target to reverse cancer drug
resistance. Amino Acids 2013, 44, 63-72. [CrossRef] [PubMed]

Agnihotri, N.; Mehta, K. Transglutaminase-2: Evolution from pedestrian protein to a promising therapeutic
target. Amino Acids 2017, 49, 425-439. [CrossRef]

Lentini, A.; Abbruzzese, A.; Provenzano, B.; Tabolacci, C.; Beninati, S. Transglutaminases: Key regulators of
cancer metastasis. Amino Acids 2013, 44, 25-32. [CrossRef]

Chhabra, A.; Verma, A.; Mehta, K. Tissue transglutaminase promotes or suppresses tumors depending on
cell context. Anticancer Res. 2009, 29, 1909-1919.

Laki, K.; Lérand, L. On the Solubility of Fibrin Clots. Science 1948, 108, 280. [CrossRef]

Aeschlimann, D.; Kaupp, O.; Paulsson, M. Transglutaminase-catalyzed ECM cross-linking in differentiating
cartilage: Identification of osteonectin as a major glutaminyl substrate. J. Cell Biol. 1995, 129, 881-892.
[CrossRef]

Muszbek, L.; Adany, R.; Mikkola, H. Novel aspects of blood coagulation factor XIII. I. Structure, distribution,
activation, and function. Crit. Rev. Clin. Lab. Sci. 1996, 33, 357—421. [CrossRef] [PubMed]

Martins, LM.; Matos, M.; Costa, R.; Silva, F.; Pascoal, A.; Estevinho, L.M.; Choupina, A.B. Transglutaminases:
Recent achievements and new sources. Appl. Microbiol. Biotechnol. 2014, 98, 6957-6964. [CrossRef] [PubMed]
Titta, F.; lannaccone, M.; Martin, A.; Gentile, V. Possible physiopathological roles of the transglutaminase
activity in the etiopathogenesis of human neurodegenerative diseases. Recent. Pat. CNS Drug Discov. 2014, 9,
101-109. [CrossRef] [PubMed]

Cohen, C.M.; Dotima, E.; Korsgren, C. Human erythrocyte membrane protein band 4.2 (pallidin).
Semin. Hematol. 1993, 30, 119-137. [PubMed]

Fesus, L.; Piacentini, M. Transglutaminase 2: An enigmatic enzyme with diverse functions.
Trends Biochem. Sci. 2002, 27, 534-539. [CrossRef]

Katt, W.P; Antonyak, M.A.; Cerione, R.A. The diamond anniversary of tissue transglutaminase: A protein of
many talents. Drug Discov. Today. 2018, 23, 575-591. [CrossRef]

Keillor, ].W.; Clouthier, C.M.; Apperley, K.Y.; Akbar, A.; Mulani, A. Acyl transfer mechanisms of tissue
transglutaminase. Bioorg. Chem. 2014, 57, 186-197. [CrossRef]

Beninati, S.; Piacentini, M.; Cocuzzi, E.T.; Autuori, F,; Folk, J.E. Covalent incorporation of polyamines as
gamma-glutamyl derivatives into CHO cell protein. Biochim. Biophys. Acta 1988, 952, 325-333. [CrossRef]
Stamnaes, J.; Fleckenstein, B.; Sollid, L.M. The propensity for deamidation and transamidation of peptides
by transglutaminase 2 is dependent on substrate affinity and reaction conditions. Biochim. Biophys. Acta 2008,
1784,1804-1811. [CrossRef]

Piacentini, M.; D’Eletto, M.; Farrace, M.G.; Rodolfo, C.; Del Nonno, E; Ippolito, G.; Falasca, L.
Characterization of distinct sub-cellular location of transglutaminase type II: Changes in intracellular
distribution in physiological and pathological states. Cell Tissue Res. 2014, 358, 793-805. [CrossRef]

Liu, S.; Cerione, R.A.; Clardy, J. Structural basis for the guanine nucleotide-binding activity of tissue
transglutaminase and its regulation of transamidation activity. Proc. Natl. Acad. Sci. USA 2002, 99, 2743-2747.
[CrossRef]

Facchiano, F.; Facchiano, A.; Facchiano, A.M. The role of transglutaminase-2 and its substrates in human
diseases. Front. Biosci. 2006, 11, 1758-1773. [CrossRef]

Moustapha, A.; Pérétout, P.A.; Rainey, N.E.; Sureau, E.; Geze, M.; Petit, ].M.; Dewailly, E.; Slomianny, C.;
Petit, PX. Curcumin induces crosstalk between autophagy and apoptosis mediated by calcium release from
the endoplasmic reticulum, lysosomal destabilization and mitochondrial events. Cell Death Discov. 2015, 1,
15017. [CrossRef] [PubMed]

Filippi-Chiela, E.C.; Viegas, M.S.; Thomé, M.P; Buffon, A.; Wink, M.R,; Lenz, G. Modulation of Autophagy
by Calcium Signalosome in Human Disease. Mol. Pharmacol. 2016, 90, 371-384. [CrossRef]


http://dx.doi.org/10.1016/bs.pmbts.2017.07.007
http://dx.doi.org/10.1146/annurev.bi.49.070180.002505
http://www.ncbi.nlm.nih.gov/pubmed/6105840
http://dx.doi.org/10.1002/pro.2162
http://dx.doi.org/10.1007/s00726-011-1167-9
http://www.ncbi.nlm.nih.gov/pubmed/22130737
http://dx.doi.org/10.1007/s00726-016-2320-2
http://dx.doi.org/10.1007/s00726-012-1229-7
http://dx.doi.org/10.1126/science.108.2802.280
http://dx.doi.org/10.1083/jcb.129.3.881
http://dx.doi.org/10.3109/10408369609084691
http://www.ncbi.nlm.nih.gov/pubmed/8922891
http://dx.doi.org/10.1007/s00253-014-5894-1
http://www.ncbi.nlm.nih.gov/pubmed/24962119
http://dx.doi.org/10.2174/1574889809666140613114850
http://www.ncbi.nlm.nih.gov/pubmed/24924102
http://www.ncbi.nlm.nih.gov/pubmed/8480187
http://dx.doi.org/10.1016/S0968-0004(02)02182-5
http://dx.doi.org/10.1016/j.drudis.2018.01.037
http://dx.doi.org/10.1016/j.bioorg.2014.06.003
http://dx.doi.org/10.1016/0167-4838(88)90134-3
http://dx.doi.org/10.1016/j.bbapap.2008.08.011
http://dx.doi.org/10.1007/s00441-014-1990-x
http://dx.doi.org/10.1073/pnas.042454899
http://dx.doi.org/10.2741/1921
http://dx.doi.org/10.1038/cddiscovery.2015.17
http://www.ncbi.nlm.nih.gov/pubmed/27551451
http://dx.doi.org/10.1124/mol.116.105171

Med. Sci. 2019, 7, 19 12 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lai, T.S.; Bielawska, A.; Peoples, K.A.; Hannun, Y.A.; Greenberg, C.S. Sphingosylphosphocholine reduces
the calcium ion requirement for activating tissue transglutaminase. . Biol. Chem. 1997, 272, 16295-16300.
[CrossRef] [PubMed]

Tee, A.E.; Marshall, G.M.; Liu, PY.; Xu, N.; Haber, M.; Norris, M.D; lismaa, S.E.; Liu, T. Opposing effects of
two tissue transglutaminase protein isoforms in neuroblastoma cell differentiation. J. Biol. Chem. 2010, 285,
3561-3567. [CrossRef] [PubMed]

Eckert, R.L.; Fisher, M.L.; Grun, D.; Adhikary, G.; Xu, W.; Kerr, C. Transglutaminase is a tumor cell and
cancer stem cell survival factor. Mol. Carcinog. 2015, 54, 947-958. [CrossRef]

Antonyak, M.A.; Jansen, ].M.; Miller, AM.; Ly, TK.; Endo, M.; Cerione, R.A. Two isoforms of tissue
transglutaminase mediate opposing cellular fates. Proc. Natl. Acad. Sci. USA 2006, 103, 18609-18614.
[CrossRef] [PubMed]

Gundemir, S.; Johnson, G.V. Intracellular localization and conformational state of transglutaminase 2:
Implications for cell death. PLoS ONE 2009, 4, e6123. [CrossRef] [PubMed]

Kumar, S.; Mehta, K. Tissue transglutaminase, inflammation, and cancer: How intimate is the relationship?
Amino Acids 2013, 44, 81-88. [CrossRef]

Bianchi, N.; Beninati, S.; Bergamini, C.M. Spotlight on the transglutaminase 2 gene: A focus on genomic and
transcriptional aspects. Biochem. . 2018, 475, 1643-1667. [CrossRef] [PubMed]

Lai, T.S.; Greenberg, C.S. TGM2 and implications for human disease: Role of alternative splicing. Front. Biosci.
2013, 18, 504-519.

Phatak, V.M.; Croft, S.M.; Rameshaiah Setty, S.G.; Scarpellini, A.; Hughes, D.C.; Rees, R.; McArdle, S.;
Verderio, E.A. Expression of transglutaminase-2 isoforms in normal human tissues and cancer cell lines:
Dysregulation of alternative splicing in cancer. Amino Acids. 2013, 44, 33—44. [CrossRef]

Gentile, V.; Saydak, M.; Chiocca, E.A.; Akande, O.; Birckbichler, PJ.; Lee, K.N.; Stein, ]J.P.; Davies, PJ.
Isolation and characterization of cDNA clones to mouse macrophage and human endothelial cell tissue
transglutaminases. J. Biol. Chem. 1991, 266, 478-483.

Fraij, B.M.; Gonzales, R.A. Organization and structure of the human tissue transglutaminase gene.
Biochim. Biophys. Acta 1997, 1354, 65-71. [CrossRef]

Citron, B.A.; Suo, Z.; SantaCruz, K.; Davies, PJ.; Qin, F; Festoff, B.W. Protein crosslinking, tissue
transglutaminase, alternative splicing and neurodegeneration. Neurochem. Int. 2002, 40, 69-78. [CrossRef]
Arbildi, P; Séiiora, C.; Del Rio, N.; Marqués, ].M.; Hernandez, A. Alternative RNA splicing of leucocyte
tissue transglutaminase in coeliac disease. Scand. |. Immunol. 2018, 87, €12659. [CrossRef]

Lai, T.S.; Liu, Y,; Li, W.; Greenberg, C.S. Identification of two GTP-independent alternatively spliced forms of
tissue transglutaminase in human leukocytes, vascular smooth muscle, and endothelial cells. Faseb J. 2007,
21, 4131-4143. [CrossRef]

Sestito, C.; Brevé, J.J.P.; Killestein, J.; Teunissen, C.E.; Wilhelmus, M.M.M.; Drukarch, B.; van Dam, A.M.
Differential Expression of Tissue Transglutaminase Splice Variants in Peripheral Blood Mononuclear Cells of
Primary Progressive Multiple Sclerosis Patients. Med. Sci. 2018, 6, 108. [CrossRef]

Pajares, M.].; Ezponda, T; Catena, R.; Calvo, A.; Pio, R.; Montuenga, L.M. Alternative splicing: An emerging
topic in molecular and clinical oncology. Lancet Oncol. 2007, 8, 349-357. [CrossRef]

Hasegawa, G.; Suwa, M.; Ichikawa, Y.; Ohtsuka, T.; Kumagai, S.; Kikuchi, M.; Sato, Y.; Saito, Y. A novel
function of tissue-type transglutaminase: Protein disulphide isomerase. Biochem. ]. 2003, 373, 793-803.
[CrossRef] [PubMed]

Mastroberardino, P.G.; Farrace, M.G.; Viti, I.; Pavone, F.; Fimia, G.M.; Melino, G.; Rodolfo, C.; Piacentini, M.
“Tissue” transglutaminase contributes to the formation of disulphide bridges in proteins of mitochondrial
respiratory complexes. Biochim. Biophys. Acta. 2006, 1757, 1357-1365. [CrossRef] [PubMed]

Malorni, W.; Farrace, M.G.; Matarrese, P.; Tinari, A.; Ciarlo, L.; Mousavi-Shafaei, P.; D’Eletto, M.; Di
Giacomo, G.; Melino, G.; Palmieri, L.; et al. The adenine nucleotide translocator 1 acts as a type 2
transglutaminase substrate: Implications for mitochondrial-dependent apoptosis. Cell Death Differ. 2009, 16,
1480-1492. [CrossRef] [PubMed]

Gundemir, S.; Colak, G.; Tucholski, J.; Johnson, G.V. Transglutaminase 2: A molecular Swiss army knife.
Biochim. Biophys. Acta 2012, 1823, 406—419. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.272.26.16295
http://www.ncbi.nlm.nih.gov/pubmed/9195933
http://dx.doi.org/10.1074/jbc.M109.053041
http://www.ncbi.nlm.nih.gov/pubmed/20007697
http://dx.doi.org/10.1002/mc.22375
http://dx.doi.org/10.1073/pnas.0604844103
http://www.ncbi.nlm.nih.gov/pubmed/17116873
http://dx.doi.org/10.1371/journal.pone.0006123
http://www.ncbi.nlm.nih.gov/pubmed/19568436
http://dx.doi.org/10.1007/s00726-011-1139-0
http://dx.doi.org/10.1042/BCJ20170601
http://www.ncbi.nlm.nih.gov/pubmed/29764956
http://dx.doi.org/10.1007/s00726-011-1127-4
http://dx.doi.org/10.1016/S0167-4781(97)00132-2
http://dx.doi.org/10.1016/S0197-0186(01)00062-6
http://dx.doi.org/10.1111/sji.12659
http://dx.doi.org/10.1096/fj.06-7598com
http://dx.doi.org/10.3390/medsci6040108
http://dx.doi.org/10.1016/S1470-2045(07)70104-3
http://dx.doi.org/10.1042/bj20021084
http://www.ncbi.nlm.nih.gov/pubmed/12737632
http://dx.doi.org/10.1016/j.bbabio.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16979579
http://dx.doi.org/10.1038/cdd.2009.100
http://www.ncbi.nlm.nih.gov/pubmed/19644512
http://dx.doi.org/10.1016/j.bbamcr.2011.09.012
http://www.ncbi.nlm.nih.gov/pubmed/22015769

Med. Sci. 2019, 7, 19 13 of 19

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

Rossin, F; Villella, V.R.; D’Eletto, M.; Farrace, M.G.; Esposito, S.; Ferrari, E.; Monzani, R.; Occhigrossi, L.;
Pagliarini, V.; Sette, C.; et al. TG2 regulates the heat-shock response by the post-translational modification of
HSF1. EMBO Rep. 2018, 19, e45067. [CrossRef] [PubMed]

Mishra, S.; Murphy, L.J. Tissue transglutaminase has intrinsic kinase activity: Identification of
transglutaminase 2 as an insulin-like growth factor-binding protein-3 kinase. J. Biol. Chem. 2004, 279,
23863-23868. [CrossRef] [PubMed]

Jung, SH.; Kwon, M.H.; Lee, S.H.; Han, E.T.; Park, W.S.; Hong, S.H.; Kim, Y.M.; Ha, K.S. High-throughput
investigation of transglutaminase 2 kinase regulation using a novel cysteine-modified peptide array.
Anal. Biochem. 2018, 559, 62-70. [CrossRef]

Akimov, S.S.; Krylov, D.; Fleischman, L.F.; Belkin, A.M. Tissue transglutaminase is an integrin-binding
adhesion co-receptor for fibronectin. J. Cell Biol. 2000, 148, 825-838. [CrossRef]

Odii, B.O.; Coussons, P. Biological functionalities of transglutaminase 2 and the possibility of its compensation
by other members of the transglutaminase family. Sci. World ]. 2014, 2014, 714561. [CrossRef]

Feriotto, G.; Calza, R.; Bergamini, C.M.; Griffin, M.; Wang, Z.; Beninati, S.; Ferretti, V.; Marzola, E.; Guerrini, R.;
Pagnoni, A.; et al. Involvement of cell surface TG2 in the aggregation of K562 cells triggered by gluten.
Amino Acids 2017, 49, 551-565. [CrossRef]

Nurminskaya, M.V.; Belkin, A.M. Cellular functions of tissue transglutaminase. Int. Rev. Cell Mol. Biol. 2012,
294,1-97. [CrossRef] [PubMed]

Tatsukawa, H.; Furutani, Y.; Hitomi, K.; Kojima, S. Transglutaminase 2 has opposing roles in the regulation
of cellular functions as well as cell growth and death. Cell Death Dis. 2016, 7, e2244. [CrossRef] [PubMed]
Tabolacci, C.; Lentini, A.; Provenzano, B.; Beninati, S. Evidences for a role of protein cross-links in
transglutaminase-related disease. Amino Acids 2012, 42, 975-986. [CrossRef] [PubMed]

Liu, C; Kellems, R.E.; Xia, Y. Inflammation, Autoimmunity, and Hypertension: The Essential Role of Tissue
Transglutaminase. Am. J. Hypertens. 2017, 30, 756-764. [CrossRef] [PubMed]

Szondy, Z.; Korponay-Szabé, 1; Kiraly, R.; Sarang, Z.; Tsay, G.J. Transglutaminase 2 in human diseases.
Biomedicine (Taipei) 2017, 7, 15. [CrossRef] [PubMed]

Min, B.; Chung, K.C. New insight into transglutaminase 2 and link to neurodegenerative diseases. BMB Rep.
2018, 51, 5-13. [CrossRef] [PubMed]

Elli, L.; Bergamini, C.M.; Bardella, M.T.; Schuppan, D. Transglutaminases in inflammation and fibrosis of the
gastrointestinal tract and the liver. Dig. Liver Dis. 2009, 41, 541-550. [CrossRef]

lismaa, S.E.; Mearns, BM.; Lorand, L.; Graham, R.M. Transglutaminases and disease: Lessons from
genetically engineered mouse models and inherited disorders. Physiol. Rev. 2009, 89, 991-1023. [CrossRef]
Chrobok, N.L.; Sestito, C.; Wilhelmus, M.M.; Drukarch, B.; van Dam, AM. Is monocyte- and
macrophage-derived tissue transglutaminase involved in inflammatory processes? Amino Acids 2017, 49,
441-452. [CrossRef]

Mehta, K.; Kumar, A.; Kim, H.I. Transglutaminase 2: A multi-tasking protein in the complex circuitry of
inflammation and cancer. Biochem. Pharmacol. 2010, 80, 1921-1929. [CrossRef]

Kim, S.Y. Transglutaminase 2 in inflammation. Front. Biosci. 2006, 11, 3026-3035. [CrossRef] [PubMed]
Brown, K.D. Transglutaminase 2 and NF-kB: An odd couple that shapes breast cancer phenotype.
Breast Cancer Res. Treat. 2013, 137, 329-336. [CrossRef] [PubMed]

Kaltschmidt, B.; Greiner, ]. EW.; Kadhim, H.M.; Kaltschmidt, C. Subunit-Specific Role of NF-«B in Cancer.
Biomedicines 2018, 6, 44. [CrossRef] [PubMed]

Vander Ark, A.; Cao, J.; Li, X. TGF-f3 receptors: In and beyond TGF-f3 signaling. Cell Signal. 2018, 52, 112-120.
[CrossRef] [PubMed]

Santibanez, ].E; Obradovi¢, H.; Kukolj, T.; Krsti¢, J. Transforming growth factor-3, matrix metalloproteinases,
and urokinase-type plasminogen activator interaction in the cancer epithelial to mesenchymal transition.
Dev. Dyn. 2018, 247, 382-395. [CrossRef] [PubMed]

Kumar, A.; Xu, J.; Brady, S.; Gao, H.; Yu, D.; Reuben, J.; Mehta, K. Tissue transglutaminase promotes drug
resistance and invasion by inducing mesenchymal transition in mammary epithelial cells. PLoS ONE 2010, 5,
€13390. [CrossRef] [PubMed]

Cao, L.; Shao, M; Schilder, ].; Guise, T.; Mohammad, K.S.; Matei, D. Tissue transglutaminase links TGF-(3,
epithelial to mesenchymal transition and a stem cell phenotype in ovarian cancer. Oncogene 2012, 31,
2521-2534. [CrossRef]


http://dx.doi.org/10.15252/embr.201745067
http://www.ncbi.nlm.nih.gov/pubmed/29752334
http://dx.doi.org/10.1074/jbc.M311919200
http://www.ncbi.nlm.nih.gov/pubmed/15069073
http://dx.doi.org/10.1016/j.ab.2018.08.022
http://dx.doi.org/10.1083/jcb.148.4.825
http://dx.doi.org/10.1155/2014/714561
http://dx.doi.org/10.1007/s00726-016-2339-4
http://dx.doi.org/10.1016/B978-0-12-394305-7.00001-X
http://www.ncbi.nlm.nih.gov/pubmed/22364871
http://dx.doi.org/10.1038/cddis.2016.150
http://www.ncbi.nlm.nih.gov/pubmed/27253408
http://dx.doi.org/10.1007/s00726-011-1011-2
http://www.ncbi.nlm.nih.gov/pubmed/21800260
http://dx.doi.org/10.1093/ajh/hpx027
http://www.ncbi.nlm.nih.gov/pubmed/28338973
http://dx.doi.org/10.1051/bmdcn/2017070315
http://www.ncbi.nlm.nih.gov/pubmed/28840829
http://dx.doi.org/10.5483/BMBRep.2018.51.1.227
http://www.ncbi.nlm.nih.gov/pubmed/29187283
http://dx.doi.org/10.1016/j.dld.2008.12.095
http://dx.doi.org/10.1152/physrev.00044.2008
http://dx.doi.org/10.1007/s00726-016-2334-9
http://dx.doi.org/10.1016/j.bcp.2010.06.029
http://dx.doi.org/10.2741/2030
http://www.ncbi.nlm.nih.gov/pubmed/16720373
http://dx.doi.org/10.1007/s10549-012-2351-7
http://www.ncbi.nlm.nih.gov/pubmed/23224146
http://dx.doi.org/10.3390/biomedicines6020044
http://www.ncbi.nlm.nih.gov/pubmed/29673141
http://dx.doi.org/10.1016/j.cellsig.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30184463
http://dx.doi.org/10.1002/dvdy.24554
http://www.ncbi.nlm.nih.gov/pubmed/28722327
http://dx.doi.org/10.1371/journal.pone.0013390
http://www.ncbi.nlm.nih.gov/pubmed/20967228
http://dx.doi.org/10.1038/onc.2011.429

Med. Sci. 2019, 7, 19 14 of 19

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Park, M.K.; You, H.]J.; Lee, HJ.; Kang, ].H.; Oh, S.H.; Kim, S.Y.; Lee, C.H. Transglutaminase-2 induces
N-cadherin expression in TGF-B1-induced epithelial mesenchymal transition via c-Jun-N-terminal kinase
activation by protein phosphatase 2A down-regulation. Eur. ]. Cancer 2013, 49, 1692-1705. [CrossRef]
Ayinde, O.; Wang, Z.; Griffin, M. Tissue transglutaminase induces Epithelial-Mesenchymal-Transition and
the acquisition of stem cell like characteristics in colorectal cancer cells. Oncotarget 2017, 8, 20025-20041.
[CrossRef]

Wang, Z.; Perez, M.; Caja, S.; Melino, G.; Johnson, T.S.; Lindfors, K.; Griffin, M. A novel extracellular role
for tissue transglutaminase in matrix-bound VEGF-mediated angiogenesis. Cell Death Dis. 2013, 4, e808.
[CrossRef]

Wang, Z.; Perez, M; Lee, E.S.; Kojima, S.; Griffin, M. The functional relationship between transglutaminase 2
and transforming growth factor 1 in the regulation of angiogenesis and endothelial-mesenchymal transition.
Cell Death Dis. 2017, 8, €3032. [CrossRef] [PubMed]

Failla, C.M.; Carbo, M.; Morea, V. Positive and Negative Regulation of Angiogenesis by Soluble Vascular
Endothelial Growth Factor Receptor-1. Int. ]. Mol. Sci. 2018, 19, 1306. [CrossRef] [PubMed]

Pugh, C.W.; Ratcliffe, PJ. Regulation of angiogenesis by hypoxia: Role of the HIF system. Nat. Med. 2003, 9,
677-684. [CrossRef] [PubMed]

Manzat Saplacan, R.M.; Balacescu, L.; Gherman, C.; Chira, R.I.; Craiu, A.; Mircea, PA.; Lisencu, C,;
Balacescu, O. The Role of PDGFs and PDGFRs in Colorectal Cancer. Mediat. Inflamm. 2017, 2017, 4708076.
[CrossRef] [PubMed]

Jitariu, A.A.; Raica, M.; Cimpean, A.M.; Suciu, S.C. The role of PDGF-B/PDGFR-BETA axis in the normal
development and carcinogenesis of the breast. Crit. Rev. Oncol. Hematol. 2018, 131, 46-52. [CrossRef]
[PubMed]

Brockmann, M.A.; Ulbricht, U.; Griiner, K.; Fillbrandt, R.; Westphal, M.; Lamszus, K. Glioblastoma
and cerebral microvascular endothelial cell migration in response to tumor-associated growth factors.
Neurosurgery 2003, 52, 1391-1399. [CrossRef] [PubMed]

Cao, Y. Multifarious functions of PDGFs and PDGFRs in tumor growth and metastasis. Trends Mol. Med.
2013, 19, 460-473. [CrossRef]

Cordella, M.; Tabolacci, C.; Rossi, S.; Senatore, C.; Facchiano, A.M.; D’Arcangelo, D.; Facchiano, A.;
Facchiano, F. Transglutaminase type 2 affects cell migration through post-translational modification of
platelet-derived growth factor-BB. Amino Acids 2017, 49, 473-481. [CrossRef]

Willis, W.L.; Wang, L.; Wada, T.T.; Gardner, M.; Abdouni, O.; Hampton, J.; Valiente, G.; Young, N.; Ardoin, S.;
Agarwal, S.; et al. The proinflammatory protein HMGBI is a substrate of transglutaminase-2 and forms
high-molecular weight complexes with autoantigens. J. Biol. Chem. 2018, 293, 8394-8409. [CrossRef]

Kuo, TF; Tatsukawa, H.; Kojima, S. New insights into the functions and localization of nuclear
transglutaminase 2. FEBS J. 2011, 278, 4756-4767. [CrossRef]

Martinotti, S.; Patrone, M.; Ranzato, E. Emerging roles for HMGBI1 protein in immunity, inflammation, and
cancer. Immunotargets Ther. 2015, 4, 101-109. [CrossRef] [PubMed]

Moharil, R.B.; Dive, A.; Khandekar, S.; Bodhade, A. Cancer stem cells: An insight. J. Oral Maxillofac. Pathol.
2017, 21, 463. [CrossRef] [PubMed]

Iliopoulos, D.; Hirsch, H.A.; Wang, G.; Struhl, K. Inducible formation of breast cancer stem cells and their
dynamic equilibrium with non-stem cancer cells via IL-6 secreation. Proc. Natl. Acad. Sci. USA 2011, 108,
1397-1402. [CrossRef] [PubMed]

Chen, C.; Zhao, S.; Karnad, A.; Freeman, ].W. The biology and role of CD44 in cancer progression: Therapeutic
implications. J. Hematol. Oncol. 2018, 11, 64. [CrossRef] [PubMed]

Kumar, A.; Gao, H,; Xu, J.; Reuben, J.; Yu, D.; Mehta, K. Evidence that aberrant expression of tissue
transglutaminase promotes stem cell characteristics in mammary epithelial cells. PLoS ONE 2011, 6, e20701.
[CrossRef] [PubMed]

Bagatur, Y.; Ilter Akulke, A.Z.; Bihorac, A.; Erdem, M.; Telci, D. Tissue transglutaminase expression is
necessary for adhesion, metastatic potential and cancer stemness of renal cell carcinoma. Cell Adh. Migr.
2018, 12, 138-151. [CrossRef] [PubMed]

Belkin, A.M.; Zemskov, E.A.; Hang, J.; Akimov, S.S.; Sikora, S.; Strongin, A.Y. Cell-surface-associated tissue
transglutaminase is a target of MMP-2 proteolysis. Biochemistry 2004, 43, 11760-11769. [CrossRef]


http://dx.doi.org/10.1016/j.ejca.2012.11.036
http://dx.doi.org/10.18632/oncotarget.15370
http://dx.doi.org/10.1038/cddis.2013.318
http://dx.doi.org/10.1038/cddis.2017.399
http://www.ncbi.nlm.nih.gov/pubmed/28880274
http://dx.doi.org/10.3390/ijms19051306
http://www.ncbi.nlm.nih.gov/pubmed/29702562
http://dx.doi.org/10.1038/nm0603-677
http://www.ncbi.nlm.nih.gov/pubmed/12778166
http://dx.doi.org/10.1155/2017/4708076
http://www.ncbi.nlm.nih.gov/pubmed/28163397
http://dx.doi.org/10.1016/j.critrevonc.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30293705
http://dx.doi.org/10.1227/01.NEU.0000064806.87785.AB
http://www.ncbi.nlm.nih.gov/pubmed/12762884
http://dx.doi.org/10.1016/j.molmed.2013.05.002
http://dx.doi.org/10.1007/s00726-016-2331-z
http://dx.doi.org/10.1074/jbc.RA117.001078
http://dx.doi.org/10.1111/j.1742-4658.2011.08409.x
http://dx.doi.org/10.2147/ITT.S58064
http://www.ncbi.nlm.nih.gov/pubmed/27471716
http://dx.doi.org/10.4103/jomfp.JOMFP_132_16
http://www.ncbi.nlm.nih.gov/pubmed/29391738
http://dx.doi.org/10.1073/pnas.1018898108
http://www.ncbi.nlm.nih.gov/pubmed/21220315
http://dx.doi.org/10.1186/s13045-018-0605-5
http://www.ncbi.nlm.nih.gov/pubmed/29747682
http://dx.doi.org/10.1371/journal.pone.0020701
http://www.ncbi.nlm.nih.gov/pubmed/21687668
http://dx.doi.org/10.1080/19336918.2017.1322255
http://www.ncbi.nlm.nih.gov/pubmed/28498731
http://dx.doi.org/10.1021/bi049266z

Med. Sci. 2019, 7, 19 15 of 19

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Fu, J.; Yang, Q.Y; Sai, K.; Chen, ER,; Pang, ].C.; Ng, HK.; Kwan, A.L.; Chen, Z.P. TGM2 inhibition attenuates
ID1 expression in CD44-high glioma-initiating cells. Neuro Oncol. 2013, 15, 1353-1365. [CrossRef]

Fisher, M.L.; Adhikary, G.; Xu, W,; Kerr, C.; Keillor, ].W.; Eckert, R.L. Type II transglutaminase stimulates
epidermal cancer stem cell epithelial-mesenchymal transition. Oncotarget 2015, 6, 20525-20539. [CrossRef]
Kerr, C.; Szmacinski, H.; Fisher, M.L.; Nance, B.; Lakowicz, ]J.R.; Akbar, A.; Keillor, JW.; Wong, T.L.;
Godoy-Ruiz, R.; Toth, E.A.; et al. Transamidase site-targeted agents alter the conformation of the
transglutaminase cancer stem cell survival protein to reduce GTP binding activity and cancer stem cell
survival. Oncogene 2017, 36, 2981-2990. [CrossRef]

Adhikary, G.; Grun, D.; Alexander, H.R.; Friedberg, ].S.; Xu, W.; Keillor, ] W.; Kandasamy, S.; Eckert, R.L.
Transglutaminase is a mesothelioma cancer stem cell survival protein that is required for tumor formation.
Oncotarget 2018, 9, 34495-34505. [CrossRef] [PubMed]

Kang, S.; Oh, S.C.; Min, B.W.; Lee, D.H. Transglutaminase 2 Regulates Self-renewal and Stem Cell Marker of
Human Colorectal Cancer Stem Cells. Anticancer Res. 2018, 38, 787-794. [CrossRef] [PubMed]

Shao, M.; Cao, L.; Shen, C.; Satpathy, M.; Chelladurai, B.; Bigsby, RM.; Nakshatri, H.; Matei, D.
Epithelial-to-mesenchymal transition and ovarian tumor progression induced by tissue transglutaminase.
Cancer Res. 2009, 69, 9192-9201. [CrossRef] [PubMed]

Satpathy, M.; Cao, L.; Pincheira, R.; Emerson, R.; Bigsby, R.; Nakshatri, H.; Matei, D. Enhanced peritoneal
ovarian tumor dissemination by tissue transglutaminase. Cancer Res. 2007, 67, 7194-7202. [CrossRef]
[PubMed]

Kumar, A.M.; Xu, J.; Sung, B.; Kumar, S.; Yu, D.; Aggarwal, B.B.; Mehta, K. Evidence that GTP-binding
domain but not catalytic domain of transglutaminase 2 is essential for epithelial-to-mesenchymal transition
in mammary epithelial cells. Breast Cancer Res. 2012, 14, R4. [CrossRef] [PubMed]

Yakubov, B.; Chelladurai, B.; Schmitt, J.; Emerson, R.; Turchi, J.J.; Matei, D. Extracellular tissue
transglutaminase activates noncanonical NF-kB signaling and promotes metastasis in ovarian cancer.
Neoplasia 2013, 15, 609-619. [CrossRef] [PubMed]

Condello, S.; Sima, L.; Ivan, C.; Cardenas, H.; Schiltz, G.; Mishra, R.K.; Matei, D. Tissue Tranglutaminase
Regulates Interactions between Ovarian Cancer Stem Cells and the Tumor Niche. Cancer Res. 2018, 78,
2990-3001. [CrossRef]

Yin, J.; Oh, Y.T; Kim, J.Y;; Kim, S.S.; Choi, E.; Kim, TH.; Hong, ]. H.; Chang, N.; Cho, H]J.; Sa, ] K,;
et al. Transglutaminase 2 Inhibition Reverses Mesenchymal Transdifferentiation of Glioma Stem Cells
by Regulating C/EBPf Signaling. Cancer Res. 2017, 77, 4973-4984. [CrossRef]

Sullivan, K.E.; Rojas, K.; Cerione, R.A.; Nakano, I.; Wilson, K.F. The stem cell/cancer stem cell marker
ALDH1A3 regulates the expression of the survival factor tissue transglutaminase, in mesenchymal glioma
stem cells. Oncotarget 2017, 8, 22325-22343. [CrossRef]

Garnier, D.; Meehan, B.; Kislinger, T.; Daniel, P.; Sinha, A.; Abdulkarim, B.; Nakano, I; Rak, J. Divergent
evolution of temozolomide resistance in glioblastoma stem cells is reflected in extracellular vesicles and
coupled with radiosensitization. Neuro Oncol. 2018, 20, 236-248. [CrossRef]

Karicheva, O.; Rodriguez-Vargas, ].M.; Wadier, N.; Martin-Hernandez, K.; Vauchelles, R.; Magroun, N.;
Tissier, A.; Schreiber, V.; Dantzer, F. PARP3 controls TGFf and ROS driven epithelial-to-mesenchymal
transition and stemness by stimulating a TG2-Snail-E-cadherin axis. Oncotarget 2016, 7, 64109-64123.
[CrossRef] [PubMed]

Bharti, R.; Dey, G.; Mandal, M. Cancer development, chemoresistance, epithelial to mesenchymal transition
and stem cells: A snapshot of IL-6 mediated involvement. Cancer Lett. 2016, 375, 51-61. [CrossRef] [PubMed]
Oh, K.; Moon, H.G.; Lee, D.S.; Yoo, Y.B. Tissue transglutaminase-interleukin-6 axis facilitates peritoneal
tumor spreading and metastasis of human ovarian cancer cells. Lab. Anim. Res. 2015, 31, 188-197. [CrossRef]
[PubMed]

Oh, K.; Lee, O.Y,; Park, Y.; Seo, M.W.; Lee, D.S. IL-1 induces IL-6 production and increases invasiveness
and estrogen-independent growth in a TG2-dependent manner in human breast cancer cells. BMC Cancer
2016, 16, 724. [CrossRef] [PubMed]

Piacentini, M.; Amendola, A.; Ciccosanti, F.; Falasca, L.; Farrace, M.G.; Mastroberardino, P.G.; Nardacci, R.;
Oliverio, S.; Piredda, L.; Rodolfo, C.; et al. Type 2 transglutaminase and cell death. Prog. Exp. Tumor Res.
2005, 38, 58-74. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/neuonc/not079
http://dx.doi.org/10.18632/oncotarget.3890
http://dx.doi.org/10.1038/onc.2016.452
http://dx.doi.org/10.18632/oncotarget.26130
http://www.ncbi.nlm.nih.gov/pubmed/30349644
http://dx.doi.org/10.21873/anticanres.12285
http://www.ncbi.nlm.nih.gov/pubmed/29374703
http://dx.doi.org/10.1158/0008-5472.CAN-09-1257
http://www.ncbi.nlm.nih.gov/pubmed/19951993
http://dx.doi.org/10.1158/0008-5472.CAN-07-0307
http://www.ncbi.nlm.nih.gov/pubmed/17671187
http://dx.doi.org/10.1186/bcr3085
http://www.ncbi.nlm.nih.gov/pubmed/22225906
http://dx.doi.org/10.1593/neo.121878
http://www.ncbi.nlm.nih.gov/pubmed/23730209
http://dx.doi.org/10.1158/0008-5472.CAN-17-2319
http://dx.doi.org/10.1158/0008-5472.CAN-17-0388
http://dx.doi.org/10.18632/oncotarget.16479
http://dx.doi.org/10.1093/neuonc/nox142
http://dx.doi.org/10.18632/oncotarget.11627
http://www.ncbi.nlm.nih.gov/pubmed/27579892
http://dx.doi.org/10.1016/j.canlet.2016.02.048
http://www.ncbi.nlm.nih.gov/pubmed/26945971
http://dx.doi.org/10.5625/lar.2015.31.4.188
http://www.ncbi.nlm.nih.gov/pubmed/26755922
http://dx.doi.org/10.1186/s12885-016-2746-7
http://www.ncbi.nlm.nih.gov/pubmed/27609180
http://dx.doi.org/10.1159/000084233
http://www.ncbi.nlm.nih.gov/pubmed/15746529

Med. Sci. 2019, 7, 19 16 of 19

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Fésiis, L.; Szondy, Z. Transglutaminase 2 in the balance of cell death and survival. FEBS Lett. 2005, 579,
3297-3302. [CrossRef] [PubMed]

Fok, ].Y.; Mehta, K. Tissue transglutaminase induces the release of apoptosis inducing factor and results in
apoptotic death of pancreatic cancer cells. Apoptosis 2007, 12, 1455-1463. [CrossRef]

Autuori, F; Farrace, M.G,; Oliverio, S.; Piredda, L.; Piacentini, M. “Tissue” transglutaminase and apoptosis.
Adv. Biochem. Eng. Biotechnol. 1998, 62, 129-136.

Rodolfo, C.; Mormone, E.; Matarrese, P.; Ciccosanti, F.; Farrace, M.G.; Garofano, E.; Piredda, L.; Fimia, G.M.;
Malorni, W.; Piacentini, M. Tissue transglutaminase is a multifunctional BH3-only protein. J. Biol. Chem.
2004, 279, 54783-54792. [CrossRef]

Aeschlimann, D.; Thomazy, V. Protein crosslinking in assembly and remodelling of extracellular matrices:
The role of transglutaminases. Connect. Tissue Res. 2000, 41, 1-27. [CrossRef]

Mehta, K.; Fok, J.Y.; Mangala, L.S. Tissue transglutaminase: From biological glue to cell survival cues. Front.
Biosci. 2006, 11, 173-185. [CrossRef] [PubMed]

Kim, S.J.; Kim, K.H.; Ahn, E.R.; Yoo, B.C.; Kim, S.Y. Depletion of cathepsin D by transglutaminase 2 through
protein cross-linking promotes cell survival. Amino Acids 2013, 44, 73-80. [CrossRef] [PubMed]

Milakovic, T.; Tucholski, J.; McCoy, E.; Johnson, G.V.W. Intracellular localization and activity state of tissue
transglutaminase differentially impacts cell death. . Biol. Chem. 2004, 279, 8715-8722. [CrossRef] [PubMed]
Park, K.S.; Kim, D.S.; Ko, C.; Lee, S.J.; Oh, S.H.; Kim, S.Y. TNF-« mediated NF-«B activation is constantly
extended by transglutaminase 2. Front. Biosci. 2011, 3, 341-354.

Neuzillet, C.; Tijeras-Raballand, A.; Cohen, R.; Cros, J.; Faivre, S.; Raymond, E.; de Gramont, A. Targeting the
TGEFp pathway for cancer therapy. Pharmacol. Ther. 2015, 174, 22-31. [CrossRef]

Nunes, I; Gleizes, PE.; Metz, C.N.; Rifkin, D.B. Latent transforming growth factor-beta binding protein
domains involved in activation and transglutaminase-dependent cross-linking of latent transforming growth
factor-beta. J. Cell Biol. 1997, 136, 1151-1163. [CrossRef]

Szondy, Z.; Sarang, Z.; Molnar, P; Nemeth, T.; Piacentini, M.; Mastroberardino, P.G.; Falasca, L.;
Aeschlimann, D.; Kovacs, J.; Kiss, L.; et al. Transglutaminase 2°/~ mice reveal a phagocytosis-associated
crosstalk between macrophages and apoptotic cells. Proc. Natl. Acad. Sci. USA 2003, 100, 7812-7817.
[CrossRef] [PubMed]

Nowotarski, S.L.; Woster, PM.; Casero, R.A. Polyamines and cancer: Implications for chemotherapy and
chemoprevention. Expert Rev. Mol. Med. 2013, 15, €3. [CrossRef]

Facchiano, F; D’Arcangelo, D.; Riccomi, A.; Lentini, A.; Beninati, S.; Capogrossi, M.C. Transglutaminase
activity is involved in polyamine-induced programmed cell death. Exp. Cell Res. 2001, 271, 118-129.
[CrossRef]

Madeo, F; Eisenberg, T.; Biittner, S.; Ruckenstuhl, C.; Kroemer, G. Spermidine: A novel autophagy inducer
and longevity elixir. Autophagy 2010, 6, 160-162. [CrossRef]

Morselli, E.; Marifio, G.; Bennetzen, M.V,; Eisenberg, T.; Megalou, E.; Schroeder, S.; Cabrera, S.; Bénit, P.;
Rustin, P; Criollo, A.; et al. Spermidine and resveratrol induce autophagy by distinct pathways converging
on the acetylproteome. J. Cell Biol. 2011, 192, 615-629. [CrossRef] [PubMed]

Kang, J.H.; Lee, S.H.; Cheong, H.; Lee, C.H.; Kim, S.Y. Transglutaminase 2 Promotes Autophagy by LC3
Induction Through p53 Depletion in Cancer Cell. Biomol. Ther. (Seoul) 2018, in press. [CrossRef] [PubMed]

Kang, ].H.; Lee, ].S.; Hong, D.; Lee, S.H.; Kim, N.; Lee, WK,; Sung, TW.; Gong, Y.D.; Kim, S.Y. Renal cell
carcinoma escapes death by p53 depletion through transglutaminase 2-chaperoned autophagy. Cell Death
Dis. 2016, 7, €2163. [CrossRef] [PubMed]

D’Eletto, M.; Farrace, M.G.; Falasca, L.; Reali, V.; Oliverio, S.; Melino, G.; Griffin, M.; Fimia, G.M.;
Piacentini, M. Transglutaminase 2 is involved in autophagosome maturation. Autophagy 2009, 5, 1145-1154.
[CrossRef] [PubMed]

D’Eletto, M.; Rossin, F,; Fedorova, O.; Farrace, M.G.; Piacentini, M. Transglutaminase type 2 in the regulation
of proteostasis. Biol. Chem. 2018. [CrossRef] [PubMed]

Ku, B.M,; Kim, D.S.; Kim, K.H.; Yoo, B.C.; Kim, S.H.; Gong, Y.D.; Kim, S.Y. Transglutaminase 2 inhibition
found to induce p53 mediated apoptosis in renal cell carcinoma. FASEB J. 2013, 27, 3487-3495. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.febslet.2005.03.063
http://www.ncbi.nlm.nih.gov/pubmed/15943974
http://dx.doi.org/10.1007/s10495-007-0079-3
http://dx.doi.org/10.1074/jbc.M410938200
http://dx.doi.org/10.3109/03008200009005638
http://dx.doi.org/10.2741/1789
http://www.ncbi.nlm.nih.gov/pubmed/16146723
http://dx.doi.org/10.1007/s00726-011-1089-6
http://www.ncbi.nlm.nih.gov/pubmed/21960143
http://dx.doi.org/10.1074/jbc.M308479200
http://www.ncbi.nlm.nih.gov/pubmed/14670969
http://dx.doi.org/10.1016/j.pharmthera.2014.11.001
http://dx.doi.org/10.1083/jcb.136.5.1151
http://dx.doi.org/10.1073/pnas.0832466100
http://www.ncbi.nlm.nih.gov/pubmed/12810961
http://dx.doi.org/10.1017/erm.2013.3
http://dx.doi.org/10.1006/excr.2001.5356
http://dx.doi.org/10.4161/auto.6.1.10600
http://dx.doi.org/10.1083/jcb.201008167
http://www.ncbi.nlm.nih.gov/pubmed/21339330
http://dx.doi.org/10.4062/biomolther.2018.140
http://www.ncbi.nlm.nih.gov/pubmed/30231606
http://dx.doi.org/10.1038/cddis.2016.14
http://www.ncbi.nlm.nih.gov/pubmed/27031960
http://dx.doi.org/10.4161/auto.5.8.10040
http://www.ncbi.nlm.nih.gov/pubmed/19955852
http://dx.doi.org/10.1515/hsz-2018-0217
http://www.ncbi.nlm.nih.gov/pubmed/29908126
http://dx.doi.org/10.1096/fj.12-224220
http://www.ncbi.nlm.nih.gov/pubmed/23704086

Med. Sci. 2019, 7, 19 17 of 19

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Mishra, S.; Murphy, L.J. The p53 oncoprotein is a substrate for tissue transglutaminase kinase activity.
Biochem. Biophys. Res. Commun. 2006, 339, 726-730. [CrossRef] [PubMed]

Enane, F.O.; Saunthararajah, Y.; Korc, M. Differentiation therapy and the mechanisms that terminate cancer
cell proliferation without harming normal cells. Cell Death Dis. 2018, 9, 912. [CrossRef]

Jimenez, J.J.; Yunis, A.A. Tumor cell rejection through terminal cell differentiation. Science 1987, 238,
1278-1280. [CrossRef]

Leszczyniecka, M.; Roberts, T.; Dent, P.; Grant, S.; Fisher, P.B. Differentiation therapy of human cancer:
Basic science and clinical applications. Pharm. Ther. 2001, 90, 105-156. [CrossRef]

Tallman, M.S.; Nabhan, C.; Feusner, ].H.; Rowe, ]. M. Acute promyelocytic leukemia: Evolving therapeutic
strategies. Blood 2002, 99, 759-767. [CrossRef] [PubMed]

Dobrotkova, V.; Chlapek, P; Mazanek, P; Sterba, J.; Veselska, R. Traffic lights for retinoids in oncology:
Molecular markers of retinoid resistance and sensitivity and their use in the management of cancer
differentiation therapy. BMC Cancer 2018, 18, 1059. [CrossRef] [PubMed]

Ozpolat, B.; Lopez-Berestein, G.; Mehta, K. ATRA(ouble) in the treatment of acute promyelocytic leukemia.
J. Biol. Regul. Homeost. Agents 2001, 15, 107-122. [PubMed]

Lentini, A.; Provenzano, B.; Tabolacci, C.; Beninati, S. Protein-polyamine conjugates by transglutaminase
2 as potential markers for antineoplastic screening of natural compounds. Amino Acids 2009, 36, 701-708.
[CrossRef] [PubMed]

Jambrovics, K.; Uray, I.P; Keressztesy, Z.; Keillor, ] W.; Féstis, L.; Balajthy, Z. Transglutaminase 2 programs
differentiating acute promyelocytic leukemia cells in all-trans retinoic acid treatment to inflammatory stage
through NF-kB activation. Haematologica 2018, in press. [CrossRef] [PubMed]

Lentini, A.; Tabolacci, C.; Provenzano, B.; Rossi, S.; Beninati, S. Phytochemicals and protein-polyamine
conjugates by transglutaminase as chemopreventive and chemotherapeutic tools in cancer. Plant Physiol.
Biochem. 2010, 48, 627-633. [CrossRef] [PubMed]

Tabolacci, C.; Lentini, A.; Provenzano, B.; Gismondi, A.; Rossi, S.; Beninati, S. Similar antineoplastic effects
of nimesulide, a selective COX-2 inhibitor, and prostaglandin E1 on B16-F10 murine melanoma cells.
Melanoma Res. 2010, 20, 273-279. [CrossRef] [PubMed]

Tabolacci, C.; Oliverio, S.; Lentini, A.; Rossi, S.; Galbiati, A.; Montesano, C.; Mattioli, P.; Provenzano, B.;
Facchiano, F; Beninati, S. Aloe-emodin as antiproliferative and differentiating agent on human U937
monoblastic leukemia cells. Life Sci. 2011, 89, 812-820. [CrossRef]

Tabolacci, C.; Cordella, M.; Turcano, L.; Rossi, S.; Lentini, A.; Mariotti, S.; Nisini, R.; Sette, G.; Eramo, A.;
Piredda, L.; et al. Aloe-emodin exerts a potent anticancer and immunomodulatory activity on BRAF-mutated
human melanoma cells. Eur. J. Pharmacol. 2015, 762, 283-292. [CrossRef]

van Zijl, F,; Krupitza, G.; Mikulits, W. Initial steps of metastasis: Cell invasion and endothelial transmigration.
Mutat. Res. 2011, 728, 23-34. [CrossRef]

Kotsakis, P.; Griffin, M. Tissue transglutaminase in tumor progression: Friend or foe? Amino Acids 2007, 33,
373-384. [CrossRef]

Iwamoto, D.V.; Calderwood, D.A. Regulation of integrin-mediated adhesions. Curr. Opin. Cell Biol. 2015, 36,
41-47. [CrossRef]

Verderio, E.A.; Telci, D.; Okoye, A.; Melino, G.; Griffin, M. A novel RGD-independent cel adhesion pathway
mediated by fibronectin-bound tissue transglutaminase rescues cells from anoikis. J. Biol. Chem. 2003, 278,
42604-42614. [CrossRef]

Balklava, Z.; Verderio, E.; Collighan, R.; Gross, S.; Adams, J.; Griffin, M. Analysis of tissue transglutaminase
function in the migration of Swiss 3T3 fibroblasts: The active-state conformation of the enzyme does not
affect cell motility but is important for its secretion. . Biol. Chem. 2002, 277, 16567-16575. [CrossRef]

Jones, R.A.; Nicholas, B.; Mian, S.; Davies, PJ.; Griffin, M. Reduced expression of tissue transglutaminase in
a human endothelial cell line leads to changes in cell spreading, cell adhesion and reduced polymerisation
of fibronectin. J. Cell Sci. 1997, 110, 2461-2472.

Verderio, E.A.; Nicholas, B.; Gross, S.; Griffin, M. Regulated expression of tissue transglutaminase in Swiss
3t3 fibroblasts: Effects on the processing of fibronectin cell attachment and cell death. Exp. Cell. Res. 1998,
239, 119-138. [CrossRef]


http://dx.doi.org/10.1016/j.bbrc.2005.11.071
http://www.ncbi.nlm.nih.gov/pubmed/16313886
http://dx.doi.org/10.1038/s41419-018-0919-9
http://dx.doi.org/10.1126/science.3685979
http://dx.doi.org/10.1016/S0163-7258(01)00132-2
http://dx.doi.org/10.1182/blood.V99.3.759
http://www.ncbi.nlm.nih.gov/pubmed/11806975
http://dx.doi.org/10.1186/s12885-018-4966-5
http://www.ncbi.nlm.nih.gov/pubmed/30384831
http://www.ncbi.nlm.nih.gov/pubmed/11501968
http://dx.doi.org/10.1007/s00726-008-0157-z
http://www.ncbi.nlm.nih.gov/pubmed/18696180
http://dx.doi.org/10.3324/haematol.2018.192823
http://www.ncbi.nlm.nih.gov/pubmed/30237268
http://dx.doi.org/10.1016/j.plaphy.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20227887
http://dx.doi.org/10.1097/CMR.0b013e328339d8ac
http://www.ncbi.nlm.nih.gov/pubmed/20404772
http://dx.doi.org/10.1016/j.lfs.2011.09.008
http://dx.doi.org/10.1016/j.ejphar.2015.05.057
http://dx.doi.org/10.1016/j.mrrev.2011.05.002
http://dx.doi.org/10.1007/s00726-007-0516-1
http://dx.doi.org/10.1016/j.ceb.2015.06.009
http://dx.doi.org/10.1074/jbc.M303303200
http://dx.doi.org/10.1074/jbc.M109836200
http://dx.doi.org/10.1006/excr.1997.3874

Med. Sci. 2019, 7, 19 18 of 19

157.

158.

159.

160.

161.

162.

163.
164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Chau, D.Y,; Collighan, RJ.; Verderio, E.A; Addy, V.L; Griffin, M. The cellular response to
transglutaminase-cross-linked collagen. Biomaterials 2005, 26, 6518-6529. [CrossRef]

Mangala, L.S.; Fok, ].Y.; Zorrilla-Calancha, I.R.; Verma, A.; Mehta, K. Tissue transglutaminase expression
promotes cell attachment, invasion and survival in breast cancer cells. Oncogene 2007, 26, 2459-2470.
[CrossRef]

Verma, A.; Guha, S.; Diagaradjane, P; Kunnumakkara, A.B.; Sanguino, A.M.; Lopez-Berestein, G.;
Sood, A K.; Aggarwal, B.B.; Krishnan, S.; Gelovani, ].G.; et al. Therapeutic significance of elevated tissue
transglutaminase expression in pancreatic cancer. Clin. Cancer Res. 2008, 14, 2476-2483. [CrossRef]
Herman, ].F; Mangala, L.S.; Mehta, K. Implications of increased tissue transglutaminase (TG2) expression in
drug-resistant breast cancer (MCF-7) cells. Oncogene 2006, 25, 3049-3058. [CrossRef]

Chowdhury, Z.A.; Barsigian, C.; Chalupowicz, G.D.; Bach, T.L.; Garcia-Manero, G.; Martinez, J.
Colocalization of tissue transglutaminase and stress fibers in human vascular smooth muscle cells and
human umbilical vein endothelial cells. Exp. Cell Res. 1997, 231, 38—49. [CrossRef]

Foster, C.R.; Robson, J.L.; Simon, W.J.; Twigg, J.; Cruikshank, D.; Wilson, R.G.; Hutchison, C.J. The role of
Lamin A in cytoskeleton organization in colorectal cancer cells: A proteomic investigation. Nucleus 2011, 2,
434-443. [CrossRef]

Vega, EM.; Ridley, A.]. Rho GTPases in cancer cell biology. FEBS Lett. 2008, 582, 2093-2101. [CrossRef]
Janiak, A.; Zemskov, E.A.; Belkin, A.M. Cell surface transglutaminase promotes RhoA activation via integrin
clustering and suppression of the Src-p190RhoGAP signaling pathway. Mol. Biol. Cell. 2006, 17, 1606-1619.
[CrossRef]

Dai, Y.; Dudek, N.L.; Patel, T.B.; Muma, N.A. Transglutaminase-catalyzed transamidation: A novel
mechanism for Racl activation by 5-hydroxytryptamine2A receptor stimulation. J. Pharmacol. Exp. Ther.
2008, 326, 153-162. [CrossRef]

Yi, S.J.; Groffen, J.; Heisterkamp, N. Transglutaminase 2 regulates the GTPase-activating activity of Ber.
J. Biol. Chem. 2009, 284, 35645-35651. [CrossRef]

Spurlin, T.A.; Bhadriraju, K.; Chung, K.H.; Tona, A.; Plant, A.L. The treatment of collagen fibrils by tissue
transglutaminase to promote vascular smooth muscle cell contractile signaling. Biomaterials 2009, 30,
5486-5496. [CrossRef]

Beninati, S.; Abbruzzese, A.; Cardinali, M. Differences in the post-translational modification of proteins
by polyamines between weakly and highly metastatic B16 melanoma cells. Int. ]. Cancer 1993, 53, 792-797.
[CrossRef]

Lentini, A.; Provenzano, B.; Caraglia, M.; Shevchenko, A.; Abbruzzese, A.; Beninati, S. Impairment of
the metastatic activity of melanoma cells by transglutaminase-catalyzed incorporation of polyamines into
laminin and Matrigel. Amino Acids 2008, 34, 251-256. [CrossRef]

Facchiano, F; D’Arcangelo, D.; Lentini, A.; Rossi, S.; Senatore, C.; Pannellini, T.; Tabolacci, C.; Facchiano, A.M.;
Facchiano, A.; Beninati, S. Tissue transglutaminase activity protects from cutaneous melanoma metastatic
dissemination: An in vivo study. Amino Acids 2013, 44, 53-61. [CrossRef]

Di Giacomo, G.; Lentini, A.; Beninati, S.; Piacentini, M.; Rodolfo, C. Invivo evaluation of type 2
transglutaminase contribution to the metastasis formation in melanoma. Amino Acids 2009, 36, 717-724.
[CrossRef]

Hall, K,; Ran, S. Regulation of tumor angiogenesis by the local environment. Front. Biosci. 2010, 15, 195-212.
[CrossRef]

Bakker, E.N.; Buus, C.L.; Spaan, J.A.; Perree, J.; Ganga, A.; Rolf, T.M.; Sorop, O.; Bramsen, L.H.; Mulvany, M.].;
Vanbavel, E. Small artery remodeling depends on tissue-type transglutaminase. Circ. Res. 2005, 96, 119-126.
[CrossRef]

Jones, R.A.; Kotsakis, P.; Johnson, T.S.; Chau, D.Y.; Ali, S.; Melino, G.; Griffin, M. Matrix changes induced
by transglutaminase 2 lead to inhibition of angiogenesis and tumor growth. Cell Death Differ. 2006, 13,
1442-1453. [CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2005.04.017
http://dx.doi.org/10.1038/sj.onc.1210035
http://dx.doi.org/10.1158/1078-0432.CCR-07-4529
http://dx.doi.org/10.1038/sj.onc.1209324
http://dx.doi.org/10.1006/excr.1996.3448
http://dx.doi.org/10.4161/nucl.2.5.17775
http://dx.doi.org/10.1016/j.febslet.2008.04.039
http://dx.doi.org/10.1091/mbc.e05-06-0549
http://dx.doi.org/10.1124/jpet.107.135046
http://dx.doi.org/10.1074/jbc.M109.062240
http://dx.doi.org/10.1016/j.biomaterials.2009.07.014
http://dx.doi.org/10.1002/ijc.2910530515
http://dx.doi.org/10.1007/s00726-007-0505-4
http://dx.doi.org/10.1007/s00726-012-1351-6
http://dx.doi.org/10.1007/s00726-008-0119-5
http://dx.doi.org/10.2741/3615
http://dx.doi.org/10.1161/01.RES.0000151333.56089.66
http://dx.doi.org/10.1038/sj.cdd.4401816

Med. Sci. 2019, 7, 19 19 of 19

175. Lei, Z.; Chai, N.; Tian, M.; Zhang, Y.; Wang, G.; Liu, ].; Tian, Z.; Yi, X.; Chen, D.; Li, X,; et al. Novel peptide
GX1 inhibits angiogenesis by specifically binding to transglutaminase-2 in the tumorous endothelial cells of
gastric cancer. Cell Death Dis. 2018, 9, 579. [CrossRef]

176. Haroon, Z.A.; Hettasch, ].M.; Lai, T.S.; Dewhirst, M.W.; Greenberg, C.S. Tissue transglutaminase is expressed,

active, and directly involved in rat dermal wound healing and angiogenesis. FASEB J. 1999, 13, 1787-1795.
[CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/s41419-018-0594-x
http://dx.doi.org/10.1096/fasebj.13.13.1787
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Tissue Transglutaminase Description 
	Interplay between Tissue Transglutaminase and Cytokines in Inflammation and Cancer Progression 
	Role of Tissue Transglutaminase in Cancer Stem Cell Biology 
	Tissue Transglutaminase in Cell Death and Differentiation 
	Role of Tissue Transglutaminase in Cancer Metastatic Cascade 
	Tissue Transglutaminase and Angiogenesis 
	Conclusions 
	References

