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Abstract: Transglutaminase 2 (EC 2.3.2.13; TG2 or TGase 2) plays important roles in the pathogenesis
of many diseases, including cancers, neurodegeneration, and inflammatory disorders. Under normal
conditions, however, mice lacking TGase 2 exhibit no obvious abnormal phenotype. TGase 2
expression is induced by chemical, physical, and viral stresses through tissue-protective signaling
pathways. After stress dissipates, expression is normalized by feedback mechanisms. Dysregulation
of TGase 2 expression under pathologic conditions, however, can potentiate pathogenesis and
aggravate disease severity. Consistent with this, TGase 2 knockout mice exhibit reversal of disease
phenotypes in neurodegenerative and chronic inflammatory disease models. Accordingly, TGase
2 is considered to be a potential therapeutic target. Based on structure–activity relationship assays
performed over the past few decades, TGase 2 inhibitors have been developed that target the enzyme’s
active site, but clinically applicable inhibitors are not yet available. The recently described the small
molecule GK921, which lacks a group that can react with the active site of TGase 2, and efficiently
inhibits the enzyme’s activity. Mechanistic studies revealed that GK921 binds at an allosteric binding
site in the N-terminus of TGase 2 (amino acids (a.a.) 81–116), triggering a conformational change
that inactivates the enzyme. Because the binding site of GK921 overlaps with the p53-binding site
of TGase 2, the drug induces apoptosis in renal cell carcinoma by stabilizing p53. In this review,
we discuss the possibility of developing TGase 2 inhibitors that target the allosteric binding site of
TGase 2.
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1. Introduction

1.1. Prospective Benefits of Therapeutic Approach through TGase 2 Inhibition In Clinical Side

Physiological functions and reaction mechanisms of transglutaminase 2 (TGase 2) have been
studied for over six decades. Transglutaminase 2 is widely distributed in tissues, and is proposed to
have various functions in a context-dependent fashion [1–3]. Transglutaminase 2 is responsible for
the change of normal physiology including fibroblast function [4], wound healing [5], clearance of
apoptotic cells [6], macrophage phagocytosis [7], glucose tolerance [8] as well as playing a key role in
the development of disease pathogenesis including various cancers [9–11], and several neurological
disorders including Huntington’s, Alzheimer’s and Parkinson’s [12–14]. More reactions and biological
functions of TGase 2 are discussed in the reviews [1,15] including nuclear factor κB (NF-κB) activation
through NF-κB inhibitor α (I-κBα) inhibition [16], hypoxia-inducible factor 1α (HIF-1α) activation
through von Hippel–Lindau tumor suppressor (VHL) inhibition [17] and suppression of apoptosis in
cancer through p53 inhibition [15,18].

It seems that irreversible inhibitors are attractive for the development of TGase 2 inhibitors. In the
field of TGase 2 inhibitor development as a prospective clinical candidate, most research endeavors
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focus on targeting the active site as an irreversible inhibitor [19]. Several clinical trials are being
tested for TGase 2 inhibitors. Cysteamine is known to target active site cysteine residues and has
been launched as a potential therapeutic for a broad range of disease indications including cystic
fibrosis [20], neurodegenerative diseases [21], and Huntington’s disease [22], amongst others by Raptor
pharmaceuticals, Mylan, and the European Institute for Cystic Fibrosis Research [19]. Zedira has
focused on developing peptidomimetic TGase 2 inhibitors which mimick the TGase 2 substrate for
the treatment of celiac disease. The Cure Huntington’s Disease Initiative Foundation (CHDI) and
Evotec are developing a different class of Michael acceptor compounds targeting the TGase 2 active
site for the treatment of diseases such as neurodegenerative diseases and celiac disease [23]. Although
irreversible TGase 2 inhibitors are dominant in the development pipeline, a new finding of the GK921
mechanism in TGase 2 inhibition [24] suggests that reversible inhibitors should be considered as
important potentials for pharmaceutical lead compounds.

1.2. Is the Active Site of TGase 2 the Unique Target for Inhibition of Enzyme Activity?

The transglutaminase 2 (TGase 2, E.C. 2.1.2.13) inhibitor GK921, 3-(phenylethynyl)-2-(2-
(pyridin-2-yl)ethoxy)pyrido[2,3-b]pyrazine, eliminates renal cell cancer (RCC) in a xenograft model
by inhibiting TGase 2 [25]. However, it does not contain a ‘warhead’ that attacks the active site of the
enzyme [19]. Indeed, GK921 does not interact with the active site of TGase 2 at all, but its binding
to the N-terminus (amino acids (a.a.) 81–116) inactivates TGase 2 by inducing a conformational
change that accelerates the noncovalent self polymerization of the protein [24] (Figure 1). Because the
GK921-binding site overlaps with that of p53, the compound also prevents TGase 2 from binding to
p53 in RCC cells, thereby stabilizing the tumor suppressor protein [24] (Figure 1). Inhibition of TGase 2
activity through binding at the allosteric site, in conjunction with stabilization of p53, yields significant
anticancer effects in a RCC model [25]. This suggests that TGase 2 inhibitors could be developed that
target the allosteric site; although many efforts showed that development of TGase 2 inhibitor was
progressed through the structure activity relationship (SAR) analysis targeting active site [23,26,27].

Figure 1. The four domains of transglutaminase 2 (TGase 2), presented with binding domains.
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The catalytic core domain of TGase 2 is responsible for its enzymatic activity, which is induced by Ca2+

(a.a. 430–453). The β-barrel 1 domain of TGase 2 contains a heparin-binding site (a.a. 262–265) [28] and a
guanosine tri/diphosphate (GTP/GDP)-binding site (a.a. 476–478 and 538–580) [29–31]. The C-terminal
β-barrel 2 domain of TGase 2 contains a heparin-binding site (a.a. 598–602) [28] and the dimerization
motif (a.a. 593–600) [29]. Together, the combined β-barrel 1 and 2 domains of TGase 2 contain binding
sites for p62 (a.a. 460–687) [30] and endostatin (a.a. 460–687) [31]. TGase 2 contains an extracellular
trafficking sequence at the N-terminus (a.a. 88–106) of the β-sandwich domain [32]. The TGase 2
quadruple point mutant (Q95A, Q96A, Q103A, R116A) cannot bind GK921 [24].

1.3. Is TGase 2 active as a Monomer?

To distinguish it from the blood clotting Factor XIIIa (FXIIIa) [33], TGase 2 purified in its
active form from cytosolic fractions of various tissues was named tissue transglutaminase [34] or
transglutaminase C (‘C’ for cytosol) [35,36]. Blood clotting Factor XIIIa is synthesized as a proenzyme
that is activated by thrombin, and subsequently forms a tetramer with a homodimer of inactive FXIIIb
or a homodimer of FXIIIa [37]. By contrast, TGase 2 is considered to be active as a monomer because it
is purified in monomeric form [38]. However, TGase 2 is inactive until it binds to calcium, and X-ray
crystallography has shown that it can adopt a dimeric form [39] (Figure 2B). When TGase 2 is purified
at 4 ◦C without guanosine triphosphate (GTP), it exists mostly in the unfolded monomeric form [39].
However, the enzyme changes its conformation in a temperature-dependent manner, and largely forms
dimers at temperatures above 30 ◦C [29]. Consequently, TGase 2 is an unfolded inactive dimer at
37 ◦C [29]. The homodimer-binding domain of TGase 2 is at the C-terminus (a.a. 593–600). Thus, like
FXIIIa, TGase 2 can exist in an inactive dimer form under certain conditions.

Figure 2. Development of the TGase 2 structure. (A) Human tissue TGase 2 dimer with bound GDP.
Transglutaminase 2 is shown as a ribbon drawing with the β-sandwich domain, catalytic core domain,
and first and second β-barrel domains shown in green, red, cyan, and yellow, respectively.
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The loops connecting the first β-barrel domain to the catalytic core and the second β-barrel are shown in
purple. Guanosine diphosphate (GDP) is shown as a ball-and-stick model, located between the catalytic
core and the first β-barrel. This figure was obtained from the original article [39] with permission
from PNAS USA (Copyright (2002) National Academy of Sciences, USA). (B) Crystal structures of
folded and unfolded TGase 2 are shown as ribbons. The N-terminal β-sandwich is shown in blue
(N), the catalytic domain (Core) in green, and the C-terminal β-barrels (β1 and β2) in yellow and
red, respectively. GDP-bound TGase 2 (left). Transglutaminase 2 inhibited by the active-site inhibitor
Ac-P(DON)LPF-NH2 (right). This figure was obtained from the original article [40] under open-access
license “CC-BY.” (C) Model of the unfolded dimer of TGase 2, based on the crystal structure of the
open conformation (PDB:2Q3Z). Transglutaminase 2 consists of four domains: the N-terminal domain,
catalytic domain (verdigris), C-terminal domain 1 (green), and C-terminal domain 2 (yellow). Reprinted
by permission from Springer Nature, from [29].

1.4. Does TGase 2 Change Conformation by Activation?

Crystallographic analysis of TGase 2 bound to the inhibitor Ac-P(6-diazo-5-oxo-norleucine)LPF-
NH2 revealed an unfolded stretched form that is thought to represent the active state; the inhibitor
sequence was derived from TGase 2 substrate in gluten, PQPQLPY [40] (Figure 2B). This observation
suggests that TGase 2 changes its conformation from a folded structure bound to GTP into a stretched,
unfolded active state [39]. However, the unfolded form is still inactive in the absence of bound
calcium. The conformational change that occurs in unfolded TGase 2 upon calcium binding remains
obscure because, once activated by calcium, the enzyme cross-links its substrates, including itself, very
quickly [41].

An extracellular matrix (ECM) study revealed that TGase 2 can form a triple complex with
fibronectin and integrin β1 that accelerates cell adhesion and proliferation in cancer cells [42].
Interestingly, in RCC, TGase 2 forms another triple complex, in this case with p53 and p62, resulting in
depletion of p53 from the autophagosome [30,43]. In both cases, TGase 2 is thought to simultaneously
bind in the unfolded state to two different molecules.

At 37 ◦C, TGase 2 exists either as a folded monomer bound to GTP or as an unfolded homodimer,
either of which can also form complexes with other binding proteins: “substrate1–TGase 2–TGase
2–substrate2” or “substrate1–TGase 2–substrate2,” respectively. Ultimately, the enzyme is activated
by calcium binding, and the active form performs the cross-linking reaction (Figure 2C). Thus, TGase
2 activation absolutely requires calcium and conformational change. Consequently, the TGase 2
inhibitors that were developed based on structure–activity relationship (SAR) studies, which target the
folded monomeric form of TGase 2, may not be effective under physiological conditions.

2. Dynamics of TGase 2 Conformation and Activity

For many years after the first crystal structures of TGase 2 were published, the enzyme was
thought to exist exclusively in the folded monomeric form [39,44]. However, a subsequent crystal
structure of TGase 2 in complex with a substrate mimic revealed that a new, unfolded conformation of
the enzyme represented the true active form [40]. This finding suggests that TGase 2 must undergo a
large conformational change, akin to turning itself inside out, during catalysis.

2.1. Proposal: The TGase 2 Dimer Is the Active Enzyme

Given that its acyl-donor and acyl-acceptor pockets are so small [40,45], it remains unknown
how TGase 2 catalyzes cross-linking between two huge proteins, e.g., ankyrin-1 (~200 kDa), myosin
(~200 kDa), filamin-A (~300 kDa), and so on (for a list of known TGase 2–binding proteins, see [46]).
To ensure successful cross-linking, TGase 2 must hold both substrates simultaneously and push
them into the small reactive pockets at the same time, raising the question of whether monomeric
TGase 2 is capable of cross-linking two larger proteins. Blood clotting Factor XIIIa provides a hint
regarding how the TGase 2-catalyzed reaction generates intermolecular cross-links. Blood clotting
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Factor XIIIa (A-enzyme) exists as a heterotetramer (A2B2) with FXIIIb (B-binding subunit) that is
activated by thrombin and induces binding of fibrin to form a clot. Activated FXIII produces cross-links
between γ-chains of two neighboring fibrin molecules in the longitudinal orientation of the clot [47,48].
Cross-linking occurs between Gln398 or 399 on the γ-chain of one fibrin molecule and Lys406 on the
γ-chain of another, resulting in the formation of two antiparallel isopeptide bonds that connect the
D-regions of both fibrinogen molecules [47,49]. Thus, to achieve intermolecular cross-links between
fibrinogen molecules, FXIIIa must be a homodimer (~340 kDa). To use this reaction mechanism, TGase
2 must also form a dimer.

Observations made in studies of celiac disease provide insight into whether TGase 2 could indeed
form such a complex. In celiac disease, TGase 2 has been identified as a component of a neoantigen
formed by cross-linking of the enzyme to gluten [50]. Transglutaminase 2–specific B cells efficiently
recognize a multimeric form of TGase 2; due to the conformation-dependent binding of the C-terminal
domain, TGase 2 itself can serve as a substrate for cross-linking [51]. The authors of that study proposed
the existence of an ionically bonded complex, gluten–TGase 2–TGase 2–gluten, that is converted into
a covalently cross-linked complex after the interaction with calcium [51]. In hepatocytes, TGase 2
also contributes to the formation of ECM, a process in which TGase 2 itself is incorporated into a
high-molecular weight extracellular protein complex (~200 kDa) [52]. Mass spectroscopy revealed that
a large insoluble polymer (<300 kDa) detected in cancer cells contains eukaryotic translation initiation
factor-1α (eIF-1α), annexin A1, fibronectin, tubulins, ribonucleoproteins, TGase 2 itself, and other
molecules [53]. The same type of high-molecular weight polymer was also observed after incubation of
purified guinea pig liver transglutaminase in vitro [41]. Therefore, TGase 2 can form homodimers and
heteropolymers via noncovalent binding under physiological conditions, and later become covalently
cross-linked into a very large protein mass following activation by calcium.

2.2. TGase 2 Dimer Formation and Activity

Enzyme folding is a spontaneous process that is mainly guided by hydrophobic interactions,
formation of intramolecular hydrogen bonds, and van der Waals forces, and opposed by conformational
entropy [54]. Minimization of the number of hydrophobic side chains exposed to water is an important
driving force behind the folding process [54]. Based on this fundamental principle of biochemical
thermodynamics, the conformational change of TGase 2 from the folded structure to the unfolded
stretched structure, due to binding of either inhibitor or substrate, is potentially dangerous to the cell
because the enzyme is at high risk of aggregation due to exposure of its hydrophobic region. Therefore,
an unfolded dimer of TGase 2 or a triple complex of unfolded TGase 2 with other proteins is likely to
be more stable than the unfolded monomer alone. Molecular modeling using information from TGase
2 revealed that FXIIIa can form a dimer in the unfolded state [37]. However, the idea is not consistent
with previous reports showing that TGase 2 yields a single peak in chromatographic purification and a
single band in gel electrophoresis [34].

Recent observations may be able to resolve this discrepancy. We found that TGase 2 switches
its conformation from a monomer to a dimer following a change in temperature [29] (Figure 2C).
In particular, the conformation switched to an unfolded dimer above 30 ◦C, but the protein remains
as an unfolded monomer below 30 ◦C [29]. In the presence of calcium below 30 ◦C, monomer
TGase 2 catalyzes an intramolecular cross-link [29]. By contrast, in the presence of calcium above
30 ◦C, dimeric TGase 2 catalyzes an intermolecular cross-link [29]. Thus, TGase 2 forms a single
peak in chromatography at 4 ◦C because it tends to be monomeric below 30 ◦C. The C-terminus of
TGase 2 (a.a. 593–600) is the critical region for dimerization [51], and this region also contains the
phosphoinositide-binding site (a.a. 590–602) [55]. The unconventional secretion of TGase 2 described
in the next section involves phospholipid-dependent delivery of the protein into recycling endosomes,
based on the protein’s ability to bind to phosphoinositides on endosomal membranes [55].
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2.3. Multiple Complexes of TGase 2 in the ECM

Transglutaminase 2, which does not have a secretory signal peptide, is secreted into the ECM
through unconventional pathways, including microvesicles [56]. In the ECM, TGase 2 is considered
to act both as a structural protein and a signaling modifier, playing important enzymatic and
nonenzymatic roles [57]. Enzymatically, TGase 2 cross-links ECM proteins to stabilize the matrix overall.
Nonenzymatically, TGase 2 modulates interactions of cells with the ECM by strongly associating with
integrins, syndecan-4, and growth factor receptors [57]. This nonenzymatic binding of TGase 2 induces
strong cell–cell adhesion through direct noncovalent interactions involving the unfolded conformation
(homodimers, heterodimers, heterotrimers, heterotetramers, etc.) [57]. For example, TGase 2 promotes
cell adhesion by associating with fibronectin via the gelatin-binding region, which does not overlap
with the major integrin-binding sites [58]. At the same time, TGase 2 is also strongly associated with
integrins, and promotes the interactions of cells with fibronectin by forming a bridge with integrins [57].
Theoretically, the triple heterocomplex fibronectin–TGase 2–integrin may be a major complex in the
ECM. However, TGase 2 may itself form a homodimer that can convert the triple complex into multiple
heterocomplexes, thereby promoting cell adhesion in specific areas.

Recent studies of renal fibrosis revealed that TGase 2 contains a sequence important for
extracellular trafficking at the N-terminus (a.a. 88–106) of the β-sandwich domain [32]. This secretion
of TGase 2 may lead to the development of renal fibrosis in tubular epithelial cells. This export
mechanism is absolutely dependent on the N-terminus of TGase 2 (a.a. 88–106). Although this region
contains the fibronectin-binding domain, export is independent of fibronectin binding. This region was
also identified as the GK921-binding site [24]. Is this a coincidence, or does it reflect another important
feature of TGase 2?

2.4. Triple Complex of TGase 2 in Cancer

Transglutaminase 2 also forms a triple complex within the cell. Specifically, in RCC, TGase 2 forms
a triple complex with p53 and p62 [30]. In RCC, TGase 2 is highly overexpressed, and the high level of
TGase 2 depletes the p53 tumor suppressor by promoting its autophagic degradation [18,25,30,43,59].
p53 is mutated in less than 4% of total RCC cases [30]. Consequently, TGase 2 knockdown or inhibition
in RCC cells stabilizes p53, inducing apoptosis [18,25,30,43,59]. The mechanism of p53 depletion by
TGase 2 involves the p53–TGase 2–p62 triple complex, which is degraded in the autophagosome [30].
A binding assay using a series of deletion mutants of p62, p53, and TGase 2 revealed that the
N-terminus of p62 (a.a. 85–110) directly interacts with the C-terminus of TGase 2 (a.a. 592–687)
while the N-terminus of p53 (a.a. 15–26) simultaneously interacts with the N-terminus (a.a. 1–139) [30].
p53 binding itself is not sufficient to form a polymer of p53, which requires the high concentration
of calcium present in the autophagosome [60]. Together, these observations suggest that TGase 2
acts as a chaperone of p53 with cross-linking activity. This p53- TGase 2–p62 interaction of triple
complex has an advantage of rapid autophagy to compare to mouse double-minute 2 homolog
(MDM2) mediated p53 ubiquitination, which is directly destined to microtubule-associated protein
light chain 3 (LC3) on the membrane of autophagosome through p62 binding in RCC [30]. TGase
2-mediated autophagy is beneficial for cancer cells because, in addition to depleting p53, it also
provides molecular building blocks for cell growth. However, because many kinds of cancer have
high p53 mutation rates, TGase 2 may have differential selectivity for binding proteins in other cancer
types. In glioblastoma, upregulation of TGase 2 expression by microglia-derived cytokines induces
CCAAT-enhancer-binding protein β (C/EBPβ) expression by depleting DNA damage-inducible
transcript 3 (GADD153), triggering mesenchymal transdifferentiation of glioma stem cells [61]. To make
a cross-link between GADD153 and other binding proteins, one molecule of TGase 2 must form a
complex with two other proteins, or alternatively, two TGase 2 molecules can bind each other through
their C-terminal domains while one partner binds another protein with its N-terminus. Subsequently,
calcium triggers TGase 2 cross-linking activity, resulting in formation of a covalent bond between the
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binding proteins. This implies that TGase 2 in cells forms a triple complex with interacting proteins at
all times.

3. Discovery of Allosteric Site of TGase 2

Previously, we showed that the TGase 2 inhibitor GK921 promoted RCC by stabilizing
p53 [25]. The inhibitory mechanism of GK921 involves allosteric binding at the N-terminus of
TGase 2 (a.a. 81–116), which triggers a conformational change that accelerates polymerization and
inactivation of the enzyme [24] (Figure 1). Transglutaminase assays revealed that GK921 inhibits TGase
2 via direct binding [29]. Although the binding region is about 160 a.a. away from the active site,
GK921 can nonetheless inhibit TGase 2 activity. Only the conformation change can be expected by the
binding of GK921 at N-terminus as an allosteric binding site of TGase 2. This conformation change
may also be linked to the acceleration of TGase 2 polymerization via noncovalent interactions at high
temperature [29]. Due to the low solubility of GK921, its binding pocket has not been identified through
crystallography. However, to confirm that the binding site of GK921 is in the N-terminus, a quadruple
point mutant targeting charged amino acids in the N-terminus (Q95A, Q96A, Q103A, R116A) was
tested [24] (Figure 1). Specifically, HEK293 cells were treated with GK921 after co-transfection with
p53 and TGase 2 wild type or quadruple mutant [24]. In the presence of 1 µM GK921, wild-type
TGase 2 exhibited a 50% reduction in p53 binding, whereas the mutant exhibited no reduction [24].
This confirms that GK921 binds to the N-terminus of TGase 2 in the region containing a.a. 81–116,
preventing the binding of TGase 2 to p53 [24].

The N-terminus of TGase 2 (a.a. 81–116) has another important physiological function, i.e., it
overlaps with the p53-binding region [24,30]. Therefore, GK921 competes with p53 for binding at the
N-terminus of TGase 2, resulting in p53 stabilization in RCC [24]. Accordingly, targeting the N-terminus
of TGase 2 (a.a. 81–116) has two therapeutic benefits: inhibition of TGase 2 activity and stabilization of
p53 [24]. The N-terminus of TGase 2 (a.a. 88–106) is also responsible for extracellular transportation of
TGase 2 itself that is independent of fibronectin binding [32]. Independently, the N-terminus of TGase
2 (a.a. 88–106) is important for fibronectin binding [62]. Therefore, GK921 may also inhibit TGase 2
externalization or fibronectin binding, as well as enzymatic activity.

4. Conclusions and Future Perspectives

Our theoretical picture of the molecular mechanism by which TGase 2 can catalyze cross-linking
has developed over time (Figure 2). Initially, the protein was thought to exist in a folded, globular
monomer shape bound to GTP, but today it is widely accepted that the protein exists as an unfolded
monomer. We assumed that TGase 2 can form an unfolded homodimer form under physiological
conditions. Via non-covalent interactions, TGase 2 can efficiently form triple-complex structures
with substrates or binding proteins [42]. It remains a mystery why the conformational change in the
presence of calcium induces covalent cross-linking, whereas the TGase 2–substrate complex forms
efficiently in the absence of cross-linking. The consensus among researchers in the field is that TGase
2 undergoes a large conformational change upon activation [40,63], implying that current efforts to
target the active site based on SAR have a high risk of failing to generate therapeutic applications.
Here, we have suggested that GK921 binding at the N-terminus of TGase 2 is critical for triggering
both inactivation of the enzyme and p53 stabilization [24]. GK921 binding at the N-terminus of TGase
2 may also play a critical role in blocking cell adhesion by inhibiting fibronectin binding, as well as
blocking extracellular transportation of TGase 2, through binding at the N-terminus. Although the
detailed molecular mechanism of the conformational change remains to be elucidated, the findings
described here suggest that it should be possible to develop inhibitors targeting a.a. 81–116 of TGase 2
by screening chemical libraries.
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(NCC1410280-5).



Med. Sci. 2018, 6, 87 8 of 11

Conflicts of Interest: The author declares no conflict of interest.

References

1. Iismaa, S.E.; Mearns, B.M.; Lorand, L.; Graham, R.M. Transglutaminases and disease: Lessons from
genetically engineered mouse models and inherited disorders. Physiol. Rev. 2009, 89, 991–1023. [CrossRef]
[PubMed]

2. Lorand, L.; Graham, R.M. Transglutaminases: Crosslinking enzymes with pleiotropic functions. Nat. Rev.
Mol. Cell Biol. 2003, 4, 140–156. [CrossRef] [PubMed]

3. Lentini, A.; Abbruzzese, A.; Caraglia, M.; Marra, M.; Beninati, S. Protein-polyamine conjugation by
transglutaminase in cancer cell differentiation: Review article. Amino Acids 2004, 26, 331–337. [CrossRef]
[PubMed]

4. 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. J. Biol. Chem. 2002, 277, 16567–16575. [CrossRef]
[PubMed]

5. Verderio, E.A.; Johnson, T.; Griffin, M. Tissue transglutaminase in normal and abnormal wound healing:
Review article. Amino Acids 2004, 26, 387–404. [CrossRef] [PubMed]

6. Nanda, N.; Iismaa, S.E.; Owens, W.A.; Husain, A.; Mackay, F.; Graham, R.M. Targeted inactivation of
Gh/tissue transglutaminase II. J. Biol. Chem. 2001, 276, 20673–20678. [CrossRef] [PubMed]

7. Szondy, Z.; Sarang, Z.; Molnar, P.; Nemeth, T.; Piacentini, M.; Mastroberardino, P.G.; Falasca, L.;
Aeschlimann, D.; Kovacs, J.; Kiss, I.; 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]

8. Bernassola, F.; Federici, M.; Corazzari, M.; Terrinoni, A.; Hribal, M.L.; De Laurenzi, V.; Ranalli, M.; Massa, O.;
Sesti, G.; McLean, W.H.; et al. Role of transglutaminase 2 in glucose tolerance: Knockout mice studies and a
putative mutation in a mody patient. FASEB J. 2002, 16, 1371–1378. [CrossRef] [PubMed]

9. 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] [PubMed]

10. Li, B.; Cerione, R.A.; Antonyak, M. Tissue transglutaminase and its role in human cancer progression.
Adv. Enzymol. Relat. Areas Mol. Biol. 2011, 78, 247–293. [PubMed]

11. Mehta, K. Biological and therapeutic significance of tissue transglutaminase in pancreatic cancer. Amino
Acids 2009, 36, 709–716. [CrossRef] [PubMed]

12. Kim, S.Y.; Jeitner, T.M.; Steinert, P.M. Transglutaminases in disease. Neurochem. Int. 2002, 40, 85–103.
[CrossRef]

13. Muma, N.A. Transglutaminase is linked to neurodegenerative diseases. J. Neuropathol. Exp. Neurol. 2007,
66, 258–263. [CrossRef] [PubMed]

14. Junn, E.; Ronchetti, R.D.; Quezado, M.M.; Kim, S.Y.; Mouradian, M.M. Tissue transglutaminase-induced
aggregation of α-synuclein: Implications for Lewy body formation in Parkinson’s disease and dementia
with Lewy bodies. Proc. Natl. Acad. Sci. USA 2003, 100, 2047–2052. [CrossRef] [PubMed]

15. Kim, S.Y. Transglutaminase 2: A new paradigm for NF-κB involvement in disease. Adv. Enzymol. Relat. Areas
Mol. Biol. 2011, 78, 161–195. [PubMed]

16. Lee, J.; Kim, Y.S.; Choi, D.H.; Bang, M.S.; Han, T.R.; Joh, T.H.; Kim, S.Y. Transglutaminase 2 induces nuclear
factor-κB activation via a novel pathway in BV-2 microglia. J. Biol. Chem. 2004, 279, 53725–53735. [CrossRef]
[PubMed]

17. Kim, D.S.; Choi, Y.B.; Han, B.G.; Park, S.Y.; Jeon, Y.; Kim, D.H.; Ahn, E.R.; Shin, J.E.; Lee, B.I.; Lee, H.; et al.
Cancer cells promote survival through depletion of the von Hippel–Lindau tumor suppressor by protein
crosslinking. Oncogene 2011, 30, 4780–4790. [CrossRef] [PubMed]

18. 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]

19. Song, M.; Hwang, H.; Im, C.Y.; Kim, S.Y. Recent progress in the development of transglutaminase 2 (TGase2)
inhibitors. J. Med. Chem. 2017, 60, 554–567. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/physrev.00044.2008
http://www.ncbi.nlm.nih.gov/pubmed/19584319
http://dx.doi.org/10.1038/nrm1014
http://www.ncbi.nlm.nih.gov/pubmed/12563291
http://dx.doi.org/10.1007/s00726-004-0079-3
http://www.ncbi.nlm.nih.gov/pubmed/15290338
http://dx.doi.org/10.1074/jbc.M109836200
http://www.ncbi.nlm.nih.gov/pubmed/11867617
http://dx.doi.org/10.1007/s00726-004-0094-4
http://www.ncbi.nlm.nih.gov/pubmed/15290345
http://dx.doi.org/10.1074/jbc.M010846200
http://www.ncbi.nlm.nih.gov/pubmed/11274171
http://dx.doi.org/10.1073/pnas.0832466100
http://www.ncbi.nlm.nih.gov/pubmed/12810961
http://dx.doi.org/10.1096/fj.01-0689com
http://www.ncbi.nlm.nih.gov/pubmed/12205028
http://dx.doi.org/10.1002/mc.22375
http://www.ncbi.nlm.nih.gov/pubmed/26258961
http://www.ncbi.nlm.nih.gov/pubmed/22220476
http://dx.doi.org/10.1007/s00726-008-0128-4
http://www.ncbi.nlm.nih.gov/pubmed/18594944
http://dx.doi.org/10.1016/S0197-0186(01)00064-X
http://dx.doi.org/10.1097/nen.0b013e31803d3b02
http://www.ncbi.nlm.nih.gov/pubmed/17413316
http://dx.doi.org/10.1073/pnas.0438021100
http://www.ncbi.nlm.nih.gov/pubmed/12576551
http://www.ncbi.nlm.nih.gov/pubmed/22220474
http://dx.doi.org/10.1074/jbc.M407627200
http://www.ncbi.nlm.nih.gov/pubmed/15471861
http://dx.doi.org/10.1038/onc.2011.183
http://www.ncbi.nlm.nih.gov/pubmed/21625219
http://dx.doi.org/10.1096/fj.12-224220
http://www.ncbi.nlm.nih.gov/pubmed/23704086
http://dx.doi.org/10.1021/acs.jmedchem.6b01036
http://www.ncbi.nlm.nih.gov/pubmed/28122456


Med. Sci. 2018, 6, 87 9 of 11

20. Nyabam, S.; Wang, Z.; Thibault, T.; Oluseyi, A.; Basar, R.; Marshall, L.; Griffin, M. A novel regulatory role for
tissue transglutaminase in epithelial-mesenchymal transition in cystic fibrosis. Biochim. Biophys. Acta 2016,
1863, 2234–2244. [CrossRef] [PubMed]

21. Iannaccone, M.; Serretiello, E.; De Vivo, G.; Martin, A.; Stefanile, A.; Titta, F.; Gentile, V. Transglutaminase
inhibition as a possible therapeutical approach to protect cells from death in neurodegenerative diseases.
Recent Pat. CNS Drug Discov. 2013, 8, 161–168. [CrossRef] [PubMed]

22. Borrell-Pages, M.; Canals, J.M.; Cordelieres, F.P.; Parker, J.A.; Pineda, J.R.; Grange, G.; Bryson, E.A.;
Guillermier, M.; Hirsch, E.; Hantraye, P.; et al. Cystamine and cysteamine increase brain levels of BDNF
in Huntington disease via HSJ1b and transglutaminase. J. Clin. Investig. 2006, 116, 1410–1424. [CrossRef]
[PubMed]

23. Prime, M.E.; Andersen, O.A.; Barker, J.J.; Brooks, M.A.; Cheng, R.K.; Toogood-Johnson, I.; Courtney, S.M.;
Brookfield, F.A.; Yarnold, C.J.; Marston, R.W.; et al. Discovery and structure–activity relationship of potent
and selective covalent inhibitors of transglutaminase 2 for Huntington’s disease. J. Med. Chem. 2012,
55, 1021–1046. [CrossRef] [PubMed]

24. Kim, N.; Kang, J.H.; Lee, W.K.; Kim, S.G.; Lee, J.S.; Lee, S.H.; Park, J.B.; Kim, K.H.; Gong, Y.D.; Hwang, K.Y.;
et al. Allosteric inhibition site of transglutaminase 2 is unveiled in the N terminus. Amino Acids 2018, 50,
1583–1594. [CrossRef] [PubMed]

25. Ku, B.M.; Kim, S.J.; Kim, N.; Hong, D.; Choi, Y.B.; Lee, S.H.; Gong, Y.D.; Kim, S.Y. Transglutaminase 2
inhibitor abrogates renal cell carcinoma in xenograft models. J. Cancer Res. Clin. Oncol. 2014, 140, 757–767.
[CrossRef] [PubMed]

26. Akbar, A.; McNeil, N.M.R.; Albert, M.R.; Ta, V.; Adhikary, G.; Bourgeois, K.; Eckert, R.L.; Keillor, J.W.
Structure–activity relationships of potent, targeted covalent inhibitors that abolish both the transamidation
and GTP binding activities of human tissue transglutaminase. J. Med. Chem. 2017, 60, 7910–7927. [CrossRef]
[PubMed]

27. Wodtke, R.; Hauser, C.; Ruiz-Gomez, G.; Jackel, E.; Bauer, D.; Lohse, M.; Wong, A.; Pufe, J.; Ludwig, F.A.;
Fischer, S.; et al. Nε-acryloyllysine piperazides as irreversible inhibitors of transglutaminase 2: Synthesis,
structure-activity relationships, and pharmacokinetic profiling. J. Med. Chem. 2018, 61, 4528–4560. [CrossRef]
[PubMed]

28. Lortat-Jacob, H.; Burhan, I.; Scarpellini, A.; Thomas, A.; Imberty, A.; Vives, R.R.; Johnson, T.; Gutierrez, A.;
Verderio, E.A. Transglutaminase-2 interaction with heparin: Identification of a heparin binding site that
regulates cell adhesion to fibronectin-transglutaminase-2 matrix. J. Biol. Chem. 2012, 287, 18005–18017.
[CrossRef] [PubMed]

29. Kim, N.; Lee, W.K.; Lee, S.H.; Jin, K.S.; Kim, K.H.; Lee, Y.; Song, M.; Kim, S.Y. Inter-molecular crosslinking
activity is engendered by the dimeric form of transglutaminase 2. Amino Acids 2017, 49, 461–471. [CrossRef]
[PubMed]

30. Kang, J.H.; Lee, J.S.; Hong, D.; Lee, S.H.; Kim, N.; Lee, W.K.; Sung, T.W.; Gong, Y.D.; Kim, S.Y. Renal cell
carcinoma escapes death by p53 depletion through transglutaminase 2-chaperoned autophagy. Cell Death Dis.
2016, 7, e2163. [CrossRef] [PubMed]

31. Faye, C.; Inforzato, A.; Bignon, M.; Hartmann, D.J.; Muller, L.; Ballut, L.; Olsen, B.R.; Day, A.J.; Ricard-Blum, S.
Transglutaminase-2: A new endostatin partner in the extracellular matrix of endothelial cells. Biochem. J.
2010, 427, 467–475. [CrossRef] [PubMed]

32. Chou, C.Y.; Streets, A.J.; Watson, P.F.; Huang, L.; Verderio, E.A.; Johnson, T.S. A crucial sequence for
transglutaminase type 2 extracellular trafficking in renal tubular epithelial cells lies in its N-terminal
β-sandwich domain. J. Biol. Chem. 2011, 286, 27825–27835. [CrossRef] [PubMed]

33. Laki, K.; Lorand, L. On the solubility of fibrin clots. Science 1948, 108, 280. [CrossRef] [PubMed]
34. Folk, J.E.; Cole, P.W. Mechanism of action of guinea pig liver transglutaminase. I. Purification and properties

of the enzyme: Identification of a functional cysteine essential for activity. J. Biol. Chem. 1966, 241, 5518–5525.
[PubMed]

35. Folk, J.E.; Cole, P.W. Structural requirements of specific substrates for guinea pig liver transglutaminase.
J. Biol. Chem. 1965, 240, 2951–2960. [PubMed]

36. Sarkar, N.K.; Clarke, D.D.; Waelsch, H. An enzymically catalyzed incorporation of amines into proteins.
Biochim. Biophys. Acta 1957, 25, 451–452. [CrossRef]

http://dx.doi.org/10.1016/j.bbamcr.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27234323
http://dx.doi.org/10.2174/15748898113089990001
http://www.ncbi.nlm.nih.gov/pubmed/23688272
http://dx.doi.org/10.1172/JCI27607
http://www.ncbi.nlm.nih.gov/pubmed/16604191
http://dx.doi.org/10.1021/jm201310y
http://www.ncbi.nlm.nih.gov/pubmed/22224594
http://dx.doi.org/10.1007/s00726-018-2635-2
http://www.ncbi.nlm.nih.gov/pubmed/30105541
http://dx.doi.org/10.1007/s00432-014-1623-5
http://www.ncbi.nlm.nih.gov/pubmed/24610445
http://dx.doi.org/10.1021/acs.jmedchem.7b01070
http://www.ncbi.nlm.nih.gov/pubmed/28858494
http://dx.doi.org/10.1021/acs.jmedchem.8b00286
http://www.ncbi.nlm.nih.gov/pubmed/29664627
http://dx.doi.org/10.1074/jbc.M111.337089
http://www.ncbi.nlm.nih.gov/pubmed/22442151
http://dx.doi.org/10.1007/s00726-016-2293-1
http://www.ncbi.nlm.nih.gov/pubmed/27394142
http://dx.doi.org/10.1038/cddis.2016.14
http://www.ncbi.nlm.nih.gov/pubmed/27031960
http://dx.doi.org/10.1042/BJ20091594
http://www.ncbi.nlm.nih.gov/pubmed/20156196
http://dx.doi.org/10.1074/jbc.M111.226340
http://www.ncbi.nlm.nih.gov/pubmed/21652693
http://dx.doi.org/10.1126/science.108.2802.280
http://www.ncbi.nlm.nih.gov/pubmed/17842715
http://www.ncbi.nlm.nih.gov/pubmed/5928192
http://www.ncbi.nlm.nih.gov/pubmed/14342319
http://dx.doi.org/10.1016/0006-3002(57)90512-7


Med. Sci. 2018, 6, 87 10 of 11

37. Komaromi, I.; Bagoly, Z.; Muszbek, L. Factor XIII: Novel structural and functional aspects. J. Thromb. Haemost.
2011, 9, 9–20. [CrossRef] [PubMed]

38. Noguchi, K.; Ishikawa, K.; Yokoyama, K.; Ohtsuka, T.; Nio, N.; Suzuki, E. Crystal structure of red sea bream
transglutaminase. J. Biol. Chem. 2001, 276, 12055–12059. [CrossRef] [PubMed]

39. 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] [PubMed]

40. Pinkas, D.M.; Strop, P.; Brunger, A.T.; Khosla, C. Transglutaminase 2 undergoes a large conformational
change upon activation. PLoS Biol. 2007, 5, e327. [CrossRef] [PubMed]

41. Birckbichler, P.J.; Orr, G.R.; Carter, H.A.; Patterson, M.K., Jr. Catalytic formation of ε-(γ-glutamyl)lysine in
guinea pig liver transglutaminase. Biochem. Biophys. Res. Commun. 1977, 78, 1–7. [CrossRef]

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

43. Kang, J.H.; Lee, S.H.; Kim, S.Y. Discovery of a novel target for renal cell carcinoma: Transglutaminase 2.
Cell Death Dis. 2016, 7, e2200. [CrossRef] [PubMed]

44. Han, B.G.; Cho, J.W.; Cho, Y.D.; Jeong, K.C.; Kim, S.Y.; Lee, B.I. Crystal structure of human transglutaminase
2 in complex with adenosine triphosphate. Int. J. Biol. Macromol. 2010, 47, 190–195. [CrossRef] [PubMed]

45. Keillor, J.W.; Apperley, K.Y.; Akbar, A. Inhibitors of tissue transglutaminase. Trends Pharmacol. Sci. 2015,
36, 32–40. [CrossRef] [PubMed]
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