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Abstract: Tissue transglutaminase2 (TG2) has emerged as a key enigmatic protein in the develop-
ment of various metabolic and age-related diseases. It catalyzes covalent cross-linking of countless
proteins and provides strength to the extracellular matrix and resistance to proteolytic degradation
via different pathways, including NF-k3, TGF- and PI3K/Akt as the major signaling pathways.
The etiology of diabetes and associated diseases has been found to be linked to unbalanced TG2
activity that may not only result in impaired or delayed wound healing in diabetics but also worsen
degenerative and metabolic disease conditions. TG2 is usually overexpressed in diabetes, fibrosis,
cancer, and neurodegenerative disorders. These TG2-linked diseases are usually associated with pro-
longed activation of inflammatory pathways. Therefore, reducing the inflammatory mechanisms and
improving tissue remodeling appear to be the main treatment strategies to exterminate TG2-linked
diseases. The present review aims to deliver a detailed overview of the existing understanding of
TG2 in diabetes and associated diseases’ progression, as well as treatment strategies to regulate TG2
tightly and its potential clinical applications. Our research endorses the notion that TG2 can serve as
an effective early-stage diagnostic biomarker for metabolic diseases and a therapeutic target for the
development of potential drug.
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1. Introduction

Being a global epidemic chronic disease, diabetes affects an estimated 529 million pa-
tients worldwide as of 2021, and this number is expected to rise to 1310 million by 2050 [1].
Delayed wound healing and diabetic foot ulcer (DFU) are the most frequent and deadliest
skin problems of diabetic patients. These are usually characterized by chronic wound status
due to postponed or no closure as a result of prolonged inflammation, reduced growth
factors production, enhanced matrix metalloproteinases (MMPs) production, and unre-
strained proteolysis of extracellular matrix (ECM) proteins. All these processes establish an
imbalance between ECM protein accumulation, and their degradation, usually mediated by
MMPs [2]. Clinically, it is estimated that nearly 15% of diabetic patients suffer from DFU in
their lifetime. It becomes even worse in some patients where limb amputation remains the
only solution. It is estimated that over 1 million lower limb amputations are being carried
out worldwide yearly that costs approximately USD 242 billion [3,4]. Moreover, diabetes
prolongs other age-related health complications, including coronary artery disease (CAD),
glaucoma, fibroproliferative diseases, diabetic peripheral neuropathy, kidney failure, and
delayed wound healing.

Subsequently, diabetes has been associated with additional issues such as microbial
infections, a delay in the fibrogenesis process, and collagen deposition [5]. Wound healing,
an innate mechanism, starts naturally when any damage to the skin occurs and it involves
several steps, including hemostasis, inflammation, angiogenesis (proliferation), and matu-
ration (remodeling) [6]. These processes are overlapping and progress in an orderly manner.
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In a non-diabetic person, wound healing occurs in definite time, whereas in a diabetic
person, the formation of mature granulation tissue is stalled and inflammation is prolonged;
therefore, the wound healing process is delayed, causing a chronic wound [7]. ECM being
the major component of the dermal skin layer plays an important role in wound healing.
It is composed of innumerable proteins performing different functions in a synchronized
manner. One of these proteins is the tissue TG2, which provides stability and resistance
to the ECM against proteolytic degradation by catalyzing the covalent cross-linking of
proteins. TG2 is a widely distributed, multifunctional, ubiquitously expressed member
of the Ca?*-dependent cross-linking transglutaminase family of enzymes [8]. TG2 is over-
expressed in numerous chronic and age-related diseases, including diabetes [9,10]. Its
exceptional property of executing enzymatic as well as non-enzymatic functions makes
it different from other enzymes. TG2 is unique in its specialized biochemical, structural,
and functional aspects, ubiquitous tissue distribution and subcellular localization, and
substrate specificity. It is found intracellularly as well as extracellularly and catalyzes
protein cross-linking by Ca?*-dependent post-translational modifications [11]. TG2 can
change its subcellular localization and biological actions according to the requirement of
the cell type and stimuli. TG2 is usually localized in the ECM, plasma membrane, cytosol,
mitochondria, recycling endosomes, and nucleus [12]. TG2 affects cell adhesion functions
by binding to fibronectin (Fn) and integrins [13,14]. In cells, TG2 is directly or indirectly
associated with various biological processes, including cellular proliferation and develop-
ment, apoptosis, ECM maintenance, cell survival, cell-to-cell adhesion, receptor-mediated
endocytosis, autophagy, disease development, and wound healing [15]. In a normal cellular
environment, TG2 is found in active and inactive states, both where malfunctioned TG2
makes the cells experience a diseased state that can progress to celiac disease, inflammatory
disease, tissue fibrosis, neurodegenerative diseases, nephropathy, cardio vascular diseases
(CVD), and cancers [16]. Additionally, TG2 can be successfully detected in complex serum
samples, indicating potential diagnostic uses. Thus, investigations into the critical role of
TG2 in chronic and degenerative diseases are necessary over the course of the disease’s evo-
lution. This review embraces thorough investigation of TG2 contribution to chronic disease
development, as well as an examination of its role as a therapeutic target in diabetes and a
number of age-related metabolic disease diagnoses, prognoses, and treatment options.

2. The Transglutaminase Enzyme Family

TGs (EC 2.3.2.13) are Ca®*-dependent enzymes that catalyze the formation of a cova-
lent link between the free amine group and the y-carboxamide group of certain proteins or
peptides. They were initially discovered in mammalian liver homogenates in the 1950s. In
particular, TGs mediate the formation of Ne-(-glutamyl)-lysine isopeptide bond formation
by mediating the acyl-transfer between glutamine residues and primary amines from lysine
residues, which gives the ECM stability and rigidity [17]. Stable and insoluble macro-
molecules are produced as a result of isopeptide cross-linking by TGs between the free
amine group in peptide-bound lysine and the y-carboxamide group of glutamine residues.
TGs are connected to a wide range of biological processes, such as blood coagulation,
wound healing, and programmed cell death [18]. Additionally, some TGs, including TG2,
function as kinase, protein disulfide isomerase, GTPases, G proteins, and as an adaptor pro-
tein to perform calcium-dependent or independent enzymatic activity [19]. Nine isoforms
of the TG family are currently recognized, including TG1, TG2, TG3, TG4, TG5, TG6, TG?,
factor XIII (FXIII), and the erythrocyte membrane protein band 4.2. Except for protein 4.2,
all TG isoforms include active enzymes that catalyze post-translational protein modifica-
tions via the cross-linking of lysine and glutamine residues to create Ne-(glutamyl)-lysine
isopeptide bonds [20]. Keratinocyte TG (TG1) functions as a water-resistant barrier and
offers prevention of pathogens [21]. The most widely expressed and researched isoform
of tissue transglutaminase, TG2, is present in fibroblasts, vascular endothelium, smooth
muscle cells, ECM of a variety of tissues, and the arterial walls [22-24]. While TG4 is
present in seminal plasma and the prostate [25], epidermal TG (TG3) is widely expressed



Kinases Phosphatases 2024, 2

69

in the mucosa, brain, small intestine, and skin prostatic and glandular fluids [19]. However,
the functional level of TGS, a relatively recent addition to the TG family, has not yet been
completely described [26]. TG6 has been found in the lungs and testes of humans, as well
as in mouse brains [27]. The function of TG7, also known as TGZ, which is expressed in
the brain, testicles, and lungs, is yet unknown [18,19]. Transglutaminase FXIII has been
linked to ECM turnover, wound healing, and the regulation of the inflammatory response
following ischemic injury, indicating that it may have a positive impact on wound healing
after an infarct. It is present in the extracellular space, the cytoplasm of different cells, and
the plasma [28]. Coagulation factor XIII, also known as plasmatic FXIII, circulates as an
inactive enzyme precursor that needs to be activated by thrombin in order to play a signifi-
cant role in the production of clots during the last stages of blood coagulation [29]. Tissue
distribution and the role of transglutaminase family members in different pathological
conditions have been presented in Table 1.

Table 1. The Transglutaminase enzyme family and their role in pathological conditions.

Enzyme Type Cellular Location Function Tissue Distribution Pathological Conditions Reference
Collodion babies at
birth, lifelong
TGl Vesicles, plasma Water-r?smtance barrier, Keratinocytes pronoynced_ scaling, [21]
membrane prevention of pathogens dramatically increased
trans-epidermal water
loss
Cell diff tiati Fibroblasts, vascular Delayed wound healing,
ECM, nucleus, in ﬂaerznmela tif)rr?nccljl 15;’ th endothelium, smooth endothelial-basement-
TG2 mitochondria, plasma . 4 . 4 muscle cells, ECM of a membrane biogenesis [30,31]
tissue regeneration, . . . .
membrane variety of tissues, and and enhanced fibrosis
ECM assembly . L
the arterial walls and keratinization
Hair follicle, epidermis,
ECM. cell membrane brain, mucosa, small
TG3 4 4 Cell differentiation intestine, and skin Fibrosis, tumor [19,32]
cytoplasm .
prostatic and glandular
fluids
Skin, prostate tissues,
Cell differentiation, fallopian tubes, vagina,
TG4 ECM, Cell membrane tissue regeneration, adrenal gland, intestine, Fibrosis [33]
ECM assembly lungs and urinary
bladder
TG5 Cell membrane Cell dlffereptlatlon, Keratinocytes K(er‘ateruzatlon, [34]
migration cornification of cells
. . Astrocytes, lungs, testes,
TG6 Cell membrane, ECM, Cell dlffelTenha't lon and keratinocytes, central Multiple sclerosis (MS) [27,35]
cytoplasm proliferation
nervous system (CNS)
TGy Cell membrane, ECM Cell dlffell‘enha'tlon and Skin ep}derm1s, brain, Fibrosis [18,19]
proliferation testicles, lungs
Delayed wound healing,
(EXTII) ECM, cytoplasm, plasma ECM turnover Plasma blood coagulation and [28,29]
prolonged
inflammation,
Stabilizes shape and
restricts deformability of
Erythrocyte membrane Cytoskeleton of the erythrocytes via Blood Hereditary [36,37]
protein band 4.2 RBCs interaction with spectrin, 00 spherocytosis o

protein 3, glycophorin C,
ankyrin and actin

3. TG2 Expression and Aging

TG2 may be found in intracellular compartments of almost all tissues, blood, and
extracellular spaces of human body. Being a stress responsive enzyme, its expression
and functional activities change with aging and stress conditions. The ability of TG2 to
cross-link several kinds of collagen results in formation of less ordered and more protease-
resistant collagen that is indicative of its function in pathologies as opposed to normal ECM
formation commonly seen with aging. Studies report that enhanced TG2 activity is linked
to human arterial stiffness. Elevations in e-(y-glutamyl)-lysine (EGGL) and TG2 cross-link
have been found in the artery walls of elderly individuals in comparison to younger ones.
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This has been found to correspond to a 75% rise in TG2 activity from a young age to being
elderly, which may be responsible for an altered barrier function of aged skin [38]. Reduced
S-nitrosylation of TG2 and thereby elevated TG2 activity increases matrix cross-linking that
cause aging-related vascular stiffness in the elderly. Therefore, TG2 inhibition may offer a
treatment target for isolated systolic hypertension and age-related vascular stiffness [39].
Moreover, higher levels of TG2 expression have been detected in the cerebrospinal fluid of
Alzheimer’s and Huntington’s disease patients [40,41]. With aging, kidney fibrosis may be
a natural consequence of increased TG2 and endostatin, an antiangiogenic factor, as well
as a cumulative effect of other age-related stress proteins [42]. The expression and release
of TG2 from mast cells is crucial to the pathophysiology of chronic spontaneous urticaria.
Higher levels of TG2 activity were detected in serum samples from patients with chronic
spontaneous urticaria as a result of colocalization of TG2 and mast cell surface marker
c-kit. Moreover, human mast cells attained from peripheral blood and cord blood activated
with IgE showed higher TG2 activity compared to their non-activated counterparts [43].
Furthermore, TG2 can be triggered by UV light and mediate acute cutaneous inflammation
in response to UV irradiation by producing inflammatory cytokines [44]. High TG2 activity
and cross-links have been observed in human osteoarthritis and inflammatory myopathies
associated with aging [45,46]. However, a study conducted on skin biopsies of psoriatic
patients indicated that elevated TG2 is involved in psoriatic disease development but it
was not associated with the subtype, duration, or stage of disease [47].

4. Molecular/Structural Features and Operation Mechanism

As a new member of the TG family with both calcium-dependent and calcium-
independent activation, TG2 has emerged as a distinctive, highly complex, multifunc-
tional isoform. This pleiotropic enzyme has a variety of localizations, including the cell
membrane (both the inner and outer side) and the ECM, in addition to the cytosol and
its organelles [10,48]. The miscellaneous functions of this protein are determined by its
structural conformation. There are 687 amino acid residues in the TG2 protein’s primary
structure. Four different structural domains make up the native 80 kDa protein: an N-
terminal 3-sandwich domain; a catalytic core domain made up of x-helices and 3-sheets;
a first barrel; and a C-terminal p-barrel [49,50] (Figure 1). These domains contain the
functional binding sites of TG2. Specifically, a Fn binding site is present in the N-terminal
-sandwich domain. The substrate-binding pocket, the catalytic triad residues of cysteine,
histidine, and aspartic acid, a binding site for GTP, binding sites for Ca?*, and a binding
site for heparin are all found in the catalytic core. While the second 3-barrel has interaction
sites for phospholipase C61 (PLC$1), integrin, and heparin, the first 3-barrel has a binding
pocket for GTP and interactions with the oc1B-adrenergic receptor [49,50].

The cytosolic free Ca?* and GTP concentrations are close to 100 nM and 100 uM,
respectively, which means that TG2 lacks enzymatic cross-linking (transamidase) activity
under normal physiological conditions [51]. A high level of calcium in the environment
induces a conformational change that opens up the folded form and allosterically activate
TG2 and induces its cross-linking activity by making its catalytic core readily accessible to
the enzyme substrates [52]. The allosteric inhibitor GTP, which holds the protein in a closed
shape, interferes with this activation process. The G protein signaling activity of TG2 is
activated in the closed state, allowing TG2 to transduce signals from adrenergic receptors
by activating PLC51 [53]. The open confirmation of TG2, which is present in the ECM as a
result of a relatively high extracellular calcium level, has frequently been tacitly or explicitly
linked to cardiac stiffness and fibrosis due to its cross-linking activity. The concentrations
of Ca?* in ECM and cytosol are approximately 1.2 mM and 100 nM, respectively. Higher
ECM Ca?* can improve the binding of Ca®* to the Ca?*-binding sites on the catalytic core
of TG2 that induces open conformation, allowing easy accessibility of the active sites for
cross-linking activity in smooth muscle cells of vascular tissues. Cross-linking reactions
progress through the transfer of y-carboxamide group of glutamine residue to the amino
group of a peptide-bound lysine residue resulting in the formation of Ne-(y-glutamyl)-
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lysine isopeptide bond, a covalent bond. The formation of disproportionate covalent bonds
results in excessive accumulation of cross-linked collagen, resulting in stability, rigidity, and
stiffness of the myocardial ECM, ultimately leading to fibrosis. As a result, it is assumed that
TG2 inhibitors that aim at and lock TG2 in an open conformation may provide some fibrosis
protection. Contrarily, transmembrane signaling cascades benefit greatly from TG2’s closed
shape. TG2 functions as a G proteinx (Gh«) in cellular signaling and promotes cell viability
due to its GTP binding activity in the closed conformation [10]. The existence of TG2 in both
open and closed conformations have significant practical ramifications since cutting-edge
treatment techniques targeting this protein might target the action of either form [54]. This
strategy has considerable potential for designing TG2 inhibitors that could be an important
addition to the arsenal of treatments for diabetes and other age-related diseases.

Crosslinking site

» .Nucleotide binding site

GTP Integrin p:
B i Heparin Nuclear export
Heparin I xp
(262-265) (589-602)  (657-664)
|
B-Sandwich Catalytic core B-Barrell B-Barrel2
CHD

139 277335358 | 469 ) K 591 / @7
Fibronectin Catalytic triad Ca* alp-

PLC51
(657-677)

(430-453) adrenergic

receptor

Figure 1. (A) Molecular structure of TG2; (B) detailed structure of TG2. TG2 has two C-terminal
-barrel domains (469-591 and 592-687), a catalytic core (140—454), and an N-terminal (3-sandwich
motif (1-139). The catalytic triad residues and the active cross-linking site are found in the catalytic
core (C277, H335, D358). GTP binding takes place on the catalytic core and 3-barrel 1. One heparin-
binding site is present on the catalytic core and other one is on the 3-barrel 2. Allosteric catalytic site
activation is promoted by Ca®* binding to five of the six Ca?* binding sites on the catalytic core. On
[-barrel 1, there is a x1p adrenergic receptor binding site, and on (-barrel 2, there is a PLC61 and a
nuclear export signaling peptide.

The majority of mammalian tissues contain the stress-inducible gene TG2, but only
have transient activity in the ECM due to their vulnerability to oxidation [55,56]. However,
constant upregulation of the TG2 gene over time may result in sustained activity of this pro-
tein. Due to its cross-linking activity, TG2 catalyzes Ca?*-dependent covalent modification
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of protein-bound glutamine through inter- or intramolecular cross-linking, deamidation
and aminylation reactions [57,58]. Numerous intracellular and extracellular proteins have
been identified as TG2 substrates for these processes [59]. In the ECM, TG2 initiates the
cross-linking of structural proteins like collagen, Fn, fibrinogen, and laminin, creating
a scaffold that is both stiffer and more stable [60] (Figure 2). The first step in the inter-
and intramolecular cross-linking processes is the acylation of a protein-bound glutamine
residue at the active cysteine site of TG2, which releases ammonia and creates a thioester
intermediate between TG2 and glutamine. In the next transamidation step, isopeptide
bond is generated by the attack of thioester intermediate by a primary amine such as
lysine. Aminolation takes place when a primary amine substrate, such as polyamines, is
present. This incorporation of the substrate into the target protein is accomplished via the
production of a glutamyl-amine bond. Water functions as a nucleophile in the deamidation
reaction, attacking the thioester intermediate and changing the glutamine residue into a
glutamate residue [61].

Fibroblasts

ECM protein synthesis
ECM remodeling

ROV AIDORO  Collagen

P P S P e e S e N

D O T e B e S O
Protein cross-linking
N =

ey ey ey - mey
Sl O S e o S e o S e O e e S S e L

Stable ECM

Figure 2. Extracellular function of TG2. Collagen and fibronectin are soluble proteins in ECM that
are synthesized by fibroblasts. By regulating intracellular signaling, TG2 upregulation influences
fibroblasts that play a major role in ECM stability and delayed wound healing in diabetic conditions.

4.1. Mechanism of Activation and Inhibition

Human TG2 is composed of four distinct globular domains: one NH2-terminal -
sandwich (contains fibronectin and integrin binding sites); a catalytic core (contains the
catalytic triads Cys277, His335, and Asp358); and two COOH-terminal 3-barrel domains
with the second barrel domain containing a phospholipase C binding sequence [62]. TG2
also contains a unique GTP/GDP binding site, located in the cleft between the first 3-
barrel and the catalytic core. There are three monomers, chain A, chain B, and chain
C, in the asymmetric unit. Chain A is autonomously positioned, while chains B and C
form a symmetric dimer. Intriguingly, all the three chains are identical and contain GTP.
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Calcium binding to TG2 increases its protein cross-linking activity, whereas GTP acts
as an endogenous inhibitor of its protein cross-linking activity. GTP inactivates TG2 by
promoting the transition to the compact conformation, while calcium activates TG2 by
promoting expanded conformation [54]. Active TG2 is usually found in ECM due to the
high concentration of calcium ions, whereas in intracellular environment, it is usually
found in inactive form due to the low concentration of calcium [55].

4.2. Interconversion of Active and Inactive Forms of TG2

TG2 activity is greatly affected by the redox status of the cell. Usually, TG2 activity is
increased in a reduced environment. TG2 consists of a redox-sensitive cysteine triad com-
prising of Cys230, Cys370, and Cys371, where Cys370 can form disulfide bonds with both
Cys230 and Cys371 that can deactivate TG2 [55]. Cys230 is considered a TG2-specific redox
sensor that helps in Cys370-Cys371 disulfide bond formation via an intermediate Cys230-
Cys370 disulfide bond that is common in open TG2 form (active form). Cys230-Cys370
disulfide bond is found in the TG2/ATP complex, but not in the TG2/GDP complex [63],
whereas the Cys370-Cys371 disulfide bond is neither in the TG2/ATP nor TG2/GDP
complex. TG2 can be activated in the absence of GTP and the Cys230-Cys370 disulfide
bond can be formed even under highly reduced conditions in the presence of GTP. It has
been reported that the Cys230-Cys370 disulfide bond can be formed under highly reduced
conditions of 5 mM DTT in the TG2/GTP complex. Two more amino acid residues, Cys336
and Cys277, at an active site may undergo disulfide bond formation, preventing TG2
activity under oxidative conditions [64].

4.3. Interaction with GTP

Tae-Ho Jang et al. reported the monomeric form of TG2 through the multiangle light
scattering (MALS) technique. According to this study, the theoretical molecular weight
of the monomeric TG2, with the C terminal His-tag and GTP, was 78.52 kDa, whereas
the experimental molecular weight was 78.57 kDa with a polydispersity of 1.0. Based on
these data, it is evident that GTP-bound TG2 exists as a monomer in aqueous medium.
They further confirmed that GTP was in the GTP binding pockets formed by two {3-barrel
domains and the catalytic domain, and all four domains are well orientated [64]. Two
[-barrel domains obscure the catalytic triad, indicating that this structure is a typical closed
form of TG2. Various GTP binding small G proteins require Mg?* for binding with the
phosphate group of GTP, but TG2 does not require Mg?*. Instead, it contains several
positively charged amino acids, such as Arg476, Arg478, and Arg580, surrounding the
negatively charged phosphate group of the GTP. Arg580 has the strongest interaction
with GTP containing two H bonds, whereas Arg476 and Arg478 forms H bonds with
v-phosphate of GTP. Arg580 mutation obliterates GTP binding and makes the transamidase
activity of the protein insensitive to inhibition by GTP [65]. Hydrophobic interactions
formed by Phel74, Met483, and Val479 of TG2 also stabilize the guanine moiety of GTP.

The majority of the amino acids of the first 3-chain of the first 3-barrel domain and
the loop that links it to the next (3-chain are involved in binding with the GTP, whereas only
two residues of the catalytic core, Lys173 and Phel74, are involved in the binding with GTP.
GTP (but not ATP) binds more strongly to TG2 by H bonds formed by Ser482 and Tyr583.
This tight interaction of GTP to TG2 is the only reason why it can more effectively impede
the TG2 activity than ATP. Location of purine moiety remains almost same in TG2/ATP
and TG2/GDP complexes, whereas Arg478 is in the interior portion to form a stable H
bond with 3-phosphate of GDP and Arg478 moves outside in formation of the TG2/GTP
and TG2/ATP complex. Furthermore, the location of Arg478 is distinctive at the TG2/GTP
complex and the movement of Arg478 in TG2/GTP and TG2/ATP complex occurs due
to sterical collision with the y-phosphate group. The side chain of Arg476 was located
inside on the TG2/GDP and TG2/ATP complexes, whereas it was located outside of the
TG2/GTP complex [64].
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4.4. Inactivation of Human TG2 by ERp57 Protein

Different cellular redox factors are obligatory for turning “on” or “oft” the TG2. For
example, oxidants like glutathione, cystine, hydrogen peroxide, and redox cofactor protein
thioredoxin-1 (TRX) present in endoplasmic reticulum (ER) are known to initiate the TG2
activation mechanism. Meanwhile, ER-inhabitant protein 57 (ERp57), an endoplasmic
protein that is also present in the extracellular environment, inactivates TG2. It is also
known as PDIA3 and is a member of the protein disulphide isomerase (PDI) family of redox
proteins involved in promoting the oxidative inactivation of reduced TG2. This protein
is mainly involved in the folding of newly translated proteins. It has been observed that
ERp57 colocalizes with extracellular TG2 in cultured HUVEC cells and inactivates TG2 by
oxidizing it. The oxidized TG2 is catalytically inactive, and it is activated upon reduction
by TRX via a thiol-disulfide exchange mechanism.

ERp57 specificity for TG2 is higher compared to other secreted redox proteins, such as
quiescin sulthydryl oxidase 1 (QSOX1), PDI, TRX, and ERp72. It is observed that higher TG2
activity is required for nephropathy in animal models of renal scarring [66] and ERp57 is vital
in ECM build-up in animal models of renal fibrosis [67]. It is interesting to know the significant
role of disulfide bond switch in TG2-mediated post-translational redox regulatory mechanism
that is allosterically and reversibly regulated by two distinct proteins (ERp57 and TRX). Usually,
basal TG2 level in most organs” ECM remain low, which suggests that some potent oxidation
mechanisms must exist to inactivate TG2 together with its export. Downregulation of ERp57
gene by interfering RNA (siRNA) led to a concomitant increase in extracellular TG2 activity
but addition of exogenous ERp57 resulted in opposite effect [68]. It is suggested that the rise in
ERp57 export may have progressed to downregulate aberrantly activated TG2 in the ECM of
patients with renal fibrosis.

4.5. TG2 Kinase Activity

First identified in cell membrane fractions of T47D breast cancer cells as an enzyme
that phosphorylated insulin-like growth factor-binding protein-3 (IGFBP-3), TG2 activity
was later revealed to have a physiological role as a kinase that was established by using
its specific quenchers [69]. TG2 phosphorylation by PKA increases its kinase activity but
decreases transamidating activity [70]. A recent study demonstrated retinoblastoma (Rb) as
the substrate of serine/threonine kinase activity of TG2. Ser780 residue on Rb is phospho-
rylated by TG2 that may be repressed by high Ca* level [71]. Another study showed that
TG2 kinase activity induced phosphorylation of the IGFBP-3 in human breast cancer cell
membranes. It phosphorylates Ser/Thr residues, but not Tyr in IGFBP-3 [69]). Cystamine
and Ca®* serve as inhibitor of kinase activity of TG2. In contrast to the monomeric IGFBP-3
substrate, TG2-cross-linked IGFBP-3 appeared to be very weakly phosphorylated in the
presence of Ca?". Another substrate of TG2 kinase activity is p53 tumor suppressor protein.
Ser/Thr kinase activity of TG2 mediates phosphorylation of p53 and histones H1-4 in
nucleus indicating that TG2 can control the structure and function of chromatin [72]. TG2-
induced phosphorylation of p53 residues Serl5 and Ser20 might obstruct Mdm?2 binding,
indicating that this TG2-dependent process might promote apoptosis [73]. TG2 facilitates
the adrenergic activation of extracellular signal-regulated kinases (ERK) and their regula-
tory kinases (MEK) in cardiomyocytes suggesting maneuver of more networks through
which TG2 can cross-talk with numerous signaling pathways [74].

5. TG2 Roles under Normal and Diseased States
5.1. Protein Cross-Linking, Cell Membrane and ECM Stability

Conformation of countless proteins is modified by TG2-mediated formation of in-
tramolecular cross-links and covalently linked oligomers and polymers [10]. Strengthening
and hardening of ECM is the consequence of efficient cross-linking and inhibition of pro-
teolytic degradation of ECM fibrils because of transamidation activity of TG2 to form
protease-resistant inter- and intramolecular isopeptide bonds [75]. TG2-mediated cross-
linking of the ECM fibrils to the latent TGF-31 binding protein-1 (LTBP-1) result in inactive
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transforming growth factor (TGF)-f1 that can be activated by mechanical forces when
the LTBP-1 is bound to a rigid, deformation-resistant ECM [76,77]. In fibrosis, increased
deposition, dysregulated expression and cross-linking of ECM is the main reason of loss
of functions of vital organs. Therefore, TG2 and TGF-f31 can serve as the targets for the
treatment of fibrotic diseases. TG2 is crucial in maintaining ECM stability normally as well
as in wound healing via different pathways. Scar tissue stroma formation is accomplished
through binding of TGF-p1 to the ECM and forming cross-links initiated by TG2 [78].

The cell membrane has several proteins integral / transmembrane, as well as associated
or peripheral depending on their location. Membrane proteins constitute about one third of
the total proteins in a cell and serve as molecular targets for more than half of all drugs [79].
Two of these proteins are the integrin 31 or CD29 and fibronectin that with the help of TG2
make cells anchor into the ECM [80]. Integrin is composed of integrin «1 and «2 to form
an integrin complex that functions as collagen receptors. Integrins are linking proteins
between actin filaments and ECM. As a member of ubiquitous transmembrane receptors,
integrin 31 play an important role in many signaling pathways, operating between the
ECM and cytoplasmic domains including cell-cell and cell-matrix interactions. It also has a
crucial role in skin protection and cutaneous wound repair. The knocking out of integrin (31
in keratinocytes results in wound-healing defects [81], whereas integrin 31 overexpression
significantly enhances the wound-healing function of adipose-derived stem cells (ADSCs)
via enhanced activation of the PI3K/AKT pathway [82].

TG2 interacts with integrins 31, 33, and 35/or syndecan-4 by attaching to the fibronectin/
gelatin type I modules Fnl of the collagen binding site on the Fn molecule, an ECM component.
The gelatin-binding domain of Fn is 45kDa in N-terminal 3-sandwich motif of TG2 structure
(known as 45Fn). It forms specific and high-affinity interaction with TG2, possibly through neg-
atively charged residues of its 45Fn domain [83]. Integrin and Syndecan-4 signaling is managed
either directly or indirectly. Direct mechanism involves the formation of Fn-TG2, 3-integrins,
and syndecan-4 complex, whereas the indirect mechanism involves integrin cytoplasmic tail
activation through Syndecan-4 stimulated PKC«x or downstream convergence of integrin and
syndecan signaling at p190RhoGAP [30,31]. Fn is another one of the most abundant structural
ECM proteins that constitute the provisional matrix following cutaneous wounding. It facilitates
cell migration, signaling, and survival [32]. Fn provides a scaffold for collagen deposition and
subsequent ECM remodeling. Later, this fibronectin-rich matrix is replaced by a more mature
matrix [33]. TG2 colocalizes with integrin 31 and Fn in the ECM to form adhesion complexes.
About 5-40% of integrin 31 are in complex with TG2 and nearly the entire cell-membrane-bound
TG2 forms a 1:1 complex with integrins [34], which is indicative of a prominent role of TG2 at
the cell membrane.

The TG2 functions of binding to cell membrane receptors, mediating Intracellular
signaling and cross-linking can stimulate wound healing in diabetic foot ulcer. TG2 acts as
an integrin-binding co-receptor for Fn and plays a critical role in communications between
cell and matrix to facilitate cell adhesion and migration. The 31 integrin-Fn complex is
strengthened by interactions with TG2. Through its N-terminus domain, TG2 interacts with
Fn stabilizing integrin complexes that regulate cell adherence to the matrix. In addition
to the integrin-Fn binding site, Fn has an alternate binding site for TG2 that facilitates the
formation of TG2-Fn-complexes. Consequently, Fn may serve as a valuable molecular target
in DFU treatment. However, high and continuous Fn expression in DFUs might impede
the normal healing process that can be resumed by transforming excess newly synthesized
fn into the establishment of a mature matrix. Additionally, improved angiogenesis and
release of transforming growth factor-3 (TGF-3) and vascular endothelial growth factor
(VEGEF) also speed up diabetic wound healing.

5.2. TG2 as an Inflammatory Biomarker

The expression of TGs is ubiquitous, and they are involved in numerous physiopatho-
logical conditions. Several studies have demonstrated that inflammatory disorders have
higher TG2 expression levels. In most of the cases, TG2 has been observed to create an



Kinases Phosphatases 2024, 2

76

unsuitable protein aggregate that may be sufficiently cytotoxic to cause inflammation
and/or apoptosis. TG2 is linked to the pathogenic development and the production of
autoantibodies in various conditions, including celiac disease and rheumatoid arthritis [35].
TG2 activation in liver macrophages was significantly increased in the lipopolysaccharide
(LPS)-injected and cecal ligation puncture-operated mouse models of sepsis, which is sug-
gestive of its role as a potential biomarker of inflammation and sepsis [36]. TG2 is a crucial
modulator of calcification caused by interleukin-1f (IL-13), as well as hypertrophic differ-
entiation and calcification in particular chondrocytes. Cytokine-mediated inflammatory
pathways are severely altered by TG2 activity. The hypertrophic differentiation of joint
chondrocytes and IL-1-induced calcification is mediated by TG2. Increased TG2 expression
has been observed in human and experimental osteoarthritis. The expression of TG2 may
serve as an additional adjuvant marker to track the tissue remodeling in osteoarthritic joint
tissue [37]. Reduced cartilage breakdown and higher osteophyte formation was observed in
TG2 knockout mice after osteoarthritis induction, indicating a TG2 effect on joint bone and
cartilage remodeling when compared to wild-type mice. The ability of TG2 to modulate
latent TGF activation through transamidation appears to have a potential effect on the
control of inflammatory response in osteoarthritic tissues.

All-trans retinoic acid treatment induces TG2 expression, which leads to an overex-
pression of TNF-« and IL-1§3 in developing acute promyelocytic leukemia (APL) cells.
This suggests that atypically produced TG2 is a suitable target for leukemia treatment [84].
The functional involvement of TG2 in the regulation of gene expression, ROS formation,
cytokine expression, adhesion and migration, and phagocytic capacity of differentiated neu-
trophil granulocytes has been demonstrated by TG2 silencing in NB4 cells [85]. According
to one study, omalizumab treatment reduced serum TG2 activity, which had grown with
the severity of the condition. Additionally, the serum TG2 activity of chronic spontaneous
urticaria (CSU) was higher than that of acute urticaria (AU). They suggested that serum
TG2 activity can be a more accurate indicator of disease severity in case of CSU pathogene-
sis. Furthermore, TG2 shows high expression and release in human mast cells and plays a
significant role in the pathophysiology of CSU [43]. Genetically predisposed individuals
with celiac disease (CD) produce T and B immunological responses that culminate in the
production of anti-tTG immunoglobulin (Ig)A antibodies and proinflammatory cytokines,
which cause chronic inflammation and gradually deteriorate the intestinal mucosa [86].
Therefore, serum TG2 activity could be a promising biomarker for chronic-inflammation-
induced disease diagnosis and predicting medicine prerequisite to control a disease. There
are reports indicating the relationship between TG2 and pathophysiological conditions,
such as pregnancy outcomes, impaired endometrial angiogenesis in celiac disease and
interstitial fibrosis, and tubular atrophy in patients post kidney transplant.

5.3. TG2 as Molecular Drug Target in Diabetes

Molecular drug targets have a specific biochemical and/or pharmacology profile
and high-to-moderate drug-binding affinity to multiple additional targets. Intracellular
Ca?* and/or ROS can accelerate the activation of TG2, which is involved in a range of
cellular processes, such as cell death, proliferation, differentiation, and migration, that
ultimately affect cellular homeostasis (Figure 3). Therefore, TG2 can be used as a drug
target in many diseases, including diabetes, fibrosis, cancer, and other chronic diseases.
TG2 can serve as a potential therapeutic target for the treatment of diabetic retinopathy
or TG2-associated ocular diseases. A study by Yeon-Ju Lee et al. demonstrated that
in diabetic mice’s retinas, enhanced TG2 activity was observed, but this was decreased
by intravitreal injection of TG2 inhibitors. In the diabetic retina, intravitreal injection of
mouse TG2 siRNA also reduced hyperglycemia-induced TG2 activation and microvascular
leakage. TG2 is thought to be the primary enzyme in diabetic vascular permeability and
diabetic vasculopathy, and it could be a therapeutic target for diabetes complications
and ophthalmic illnesses [87]. In another study, C-peptide protected endothelial cells
from high-glucose-induced apoptosis by blocking intracellular ROS-mediated activation of
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TG2 [88]. It has been demonstrated that TG2’s transamidation activity has conflicting roles
in apoptosis, either promoting or impeding it [89]. In endothelial cells, VEGF activated
TG2 by increasing intracellular Ca?* and ROS levels sequentially. Additionally, the TG2
inhibitors cystamine and monodansylcadaverine (MDC), as well as TG2 siRNA, inhibited
VEGEF-induced stress fiber production and adherens junction rupture. TGF{3-1 has been
linked to diabetes and numerous fibrotic and scarring disorders, and TG2 inhibition by
1,3-dimethyl-2[(oxopropyl)thio]imidazolium lowers the deposition of ECM proteins caused
by high glucose without altering the ECM or TGFf3-1 synthesis [90].
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Figure 3. TG2 interconversion. TG2 interchanges its confirmation and activity in presence of Ca>*
and GTP.

Normally, DFUs do not heal properly, and wound sites remain exposed to further
injuries and microbial infections. Impaired wound healing makes the situation traumatic,
with hospitalization and expensive treatments remaining the only options available for
diabetic patients. Intriguingly, certain phytochemicals and synthetic drugs have been
known to change TG2 expression in diseased conditions. Oleuropein, an extract of olive
leaf, can promote the wound-healing process by modulating antioxidant capacity, fibroge-
nesis, and apoptotic process through TG and hydroxyproline expression that culminates
in collagen deposition and re-epithelialization process [91]. Inflammation is an important
event in the wound-healing process. Intracellular TG2 cross-linking during wound healing
promotes inflammation through the activation of the noncanonical pathway of NFkB. In
normal cellular conditions, NFkB remains inactive due to its tight association with IkBa.
But under inflammatory conditions, IkBa« is phosphorylated by IkB kinase (IKK) and de-
graded, thus releasing NFkB. Free NFkB is then translocated to the nucleus to activate
downstream inflammatory genes. TG2 can either interact directly with IkBe, leading to
its degradation via a proteasome-independent pathway, or indirectly polymerize IkBe,
making its degradation feasible through proteasome, and thus activate NFkB during inflam-
mation [92] (Figure 4). This knowledge can be translated into therapy for use in diabetic
wound healing. Further, TG2 overexpression is known to cause the activation of TGF-f3
and its subsequent pathway in pulmonary fibrosis. TGF-f1-induced pulmonary fibrosis
can be reduced through inhibition of TG2 and subsequent pathways by metformin [82].
TG2 is a dual-faced enzyme with contradictory roles in the instigation and progression of
different diseases. TG2 overexpression exerts conflicting effects in different pathological
conditions. For example, it plays an important role in cell proliferation and differentiation
but mediates cell death and autophagy contingent on the kind of cell, apoptotic stimuli,
and its subcellular location. Some pathological conditions, such as angiogenesis, fibroprolif-
erative, and neurodegenerative diseases, are deteriorated as a result of TG2 overexpression,
whereas in some conditions, such as diabetic wound healing, especially in diabetic foot
ulcer, TG2 overexpression can be beneficial and used as a treatment strategy.
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Figure 4. Mechanisms of TG2 activity in diabetic foot ulcer progression. TG2 can either interact
directly with IkBx or induce proteasome formation and degrade it and set NFkB free, which translo-
cates into the nucleus where it induces inflammatory genes responsible for prolonged inflammation
condition in DFU.

Interestingly, developing physiologically relevant immunocompetent DFU models
can be used as a promising model system for understanding wound healing via theTG2
pathway [93]. Organ-on-a-chip (OoC) technology can offer suitable characteristics that
could finally facilitate the idea of modeling DFU for pathophysiological studies and drug
testing, including TG2 on microscale. It can serve as a turning point to develop a minimally
functional immunocompetent DFU on-a-chip model, as wound healing cannot occur
without a proper functioning immune response.

5.4. TG2 in Pathogenesis of Fibroproliferative Disorders

TG2 directly or indirectly is involved in the pathogenesis of pulmonary, kidney, and
cardiac fibrosis, as well as different types of fibroproliferative cancers [94,95]. Fibroprolif-
erative disorders can cause systemic organ-specific fibrotic diseases and are responsible
for about 45% of mortality worldwide. Fibrotic disorders have been predominantly linked
to ECM cross-linking enzymes. The alterations in ECM structure because of increased
cross-linking may result in fibrosis and ultimately organ failure. TG2 is involved in many
fibrogenic signaling pathways, including the AKT pathway and TGF-3/SMADs path-
way [96,97]. TGF-$3, an important cytokine, is one of the most important ECM regulators in
pulmonary fibrosis. It can stimulate the production and inhibit the degradation of ECM
proteins that can lead to deposition of ECM proteins and ultimately result in stiffened
ECM and fibrotic organ development [98]. Extracellular cross-linking property of TG2
plays a crucial role in fibrotic disease development due to the storage of latent TGF-31 in
a hardened ECM and activation of profibrotic pathways that promote cell survival at the
transcriptional and translational level. TG2 can induce some pro-survival factors, such as
NF-«B, Bcl2, and Bcl-xL, and thus promote or restrict cell death [99]. In other words, scar
tissue stroma and tumor are shaped by TG2 through ECM cross-linking with TGF-31 and
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other ECM proteins, thereby presenting TGF-f1 as one of the most effective profibrotic
stimuli in the progression of chronic conditions [76,78]. Intriguingly, TG2 and TGF-31
fortify each other in developing fibrotic and tumor stroma microenvironment affecting
the self-amplification of TG2 and TGF-31 in fibrotic tissues, thus elucidating their upreg-
ulation in fibroproliferative disorders. TG2 can help in the development of fibrotic/scar
cell phenotypes and tumor cell survival through its cross-linking and signaling mediator
functions and intracellular signaling [100]. A study by Boroughs LK et al. reported that
overexpression of TG2 in cancer cells is linked to the constitutive activation of the PI3K/Akt
pro-survival pathway, either through focal adhesion kinase (FAK) activation or by forming
a complex with the non-receptor tyrosine kinase c-Src and PI3K [100]. However, exogenous
TG2 can inhibit tumor growth by collagen deposition and cross-linking the surrounding
ECM [101,102]. Additionally, myofibroblasts play a crucial role in fibroproliferative dis-
eases and TGF-$31 brings about the transformation of fibroblasts into myofibroblasts. They
help in the accumulation of excess collagen and other fibrous proteins into the ECM with
alpha-smooth muscle actin (x-SMA)-positive stress fibers expressed on its surface, thereby
transforming the fibrotic matrix into a stiff, dysfunctional scar [76,77].

The role of TG2 in fibrosis pathogenesis is evidenced by the TG2 knockout mice and
TG2 inhibition that protected the mice against fibrosis and reduced the fibrotic phenotype.
In fibrotic tissue development, gene expression levels of ECM proteins are stimulated due
to the activation of SMAD signaling by TGFf(3-1, but expression of MMPs and their in-
hibitors (TIMPs) lead to increased matrix deposition [103]. However, inhibition of catalytic
function of TG2 can reduce cardiac fibrosis in vivo [104,105]. Reduced intracellular TG2
interaction with exosome-membrane-associated syndecan-4 and reduced TGF-{31-induced
myofibroblast formation results in reduced extracellular TG2 and reduced activation of
fibrosis-associated genes [94]. Abnormal ECM dynamics and organization are significant
drivers of abnormal cell activity and, eventually, organ failure in fibrotic disorders and
malignancies. Idiopathic pulmonary fibrosis (IPF)-derived fibroblasts increase the activity
of TG2 and can result in increased N-ey-glutamyl lysine cross-links between collagen
and fibronectin and thereby stiffened tissue development [95]. As scar tissue and tumor
stroma have several similarities, identifying major shared pathways involved in disease
causation and progression could lead to the discovery of new drug targets and the devel-
opment of new medications and diagnostic tools for fibrosis. All types of heart diseases
are linked to cardiac fibrosis, but there is no cure for it. Scientists have demonstrated
that both TGFB-1-induced EndMT and TGFf-1-induced cardiofibroblast transformation
into myofibroblast-like cells, as well as matrix deposition, can be attenuated by the TG2
selective inhibitor EB1-155, suggesting a new role for TG2 in regulating TGF[3-1 signaling,
in addition to its role in latent TGF{3-1 activation. Myofibroblast activation and matrix
deposition are two ways that TG2 contributes to cardiac fibrosis. Therefore, cardiac fibrosis
can be reduced by selectively inhibiting TG2 with a small-molecule inhibitor [106]. A
nanocatalyst based on multifunctional electrochemical technique for the ultrasensitive TG2
assay has been developed by Huang et al., which can either function as the TG2 substrate or
be applied for signal amplification that can be used to allow high sensitivity of detection. In
this method, specific glutamine-donor-peptide of TG2 is modified on the electrode and the
exertion of the transamidation activity by TG2 results in the tethering of the nanocatalyst
with the peptide on the electrode, producing significant changes in the electrochemical
signals that can be measured in the form of TG2 accurately [107].

5.5. Relationship of Other TGs to Fibrosis

Studies suggest that association of TG3, TG4, and TG7 with fibrosis is significant
yet contentious. TG3 is primarily expressed in the esophagus, hair follicles, and skin,
where it cross-links terminally differentiated keratinocytes to stabilize the cornified cell
membrane [108]. The majority of TG4 is found in prostate tissue where it cross-links
proteins in seminal vesicle fluid, and TG7 is primarily present in the lungs, testes and
brain [109,110]. TG3 has been shown to induce myocardial fibrosis and take part in cardiac
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remodeling as an alternative to TG2 in TG2 knockout mice. TG3 mRNA expression was
shown to be elevated in the heart and aorta of these TG2 knockout mice [111,112]. TG3
plays an important role in mouse liver fibrosis and the healing process [113]. A proteome
study of metabolic pathways linking inflammation and fibrosis in pediatric patients of
collagenous gastritis, a rare condition characterized by augmented subepithelial collagen
deposition and inflammatory infiltrates, identified that TG3 expressed in the stomach and
other epithelial tissues exacerbated collagenous gastritis by its cross-linking action [114].
However, rat models of ISO-induced cardiac fibrosis did not show expression of TG3
and TG4 [115]. Studies suggest different expression patterns of TG4 in normal prostate
epithelial cells and prostate cancer cells; however, this is still up for debate [116]. Defects
in copulatory plug formation and seminal fluid viscosity result in decreased fertility in
TG4 knockout mice [117]. Recent research demonstrates that in autoimmune polyglandular
syndrome type 1, TG4 functions as a male-specific prostate autoantigen that may lead
to infertility in humans. TG4 is a potential biomarker of prostate cancer development.
Studies suggest that TG4 controls the invasiveness and migration of prostate cancer cells by
inducing epithelial-to-mesenchymal transition [118]. TG4 overexpressing prostate cancer
cells, as well as prostate cancer cells treated with exogenous TG4, resulted in decreased
E-cadherin and increased N-cadherin expression that play a crucial role in epithelial-to-
mesenchymal transition in cells [119]. Moreover, high levels of TG4 expressions have been
linked to enhanced trans-differentiation and matrix proteins in cardiac fibroblasts [120].
However, a study conducted with an aging rat model demonstrated that TG4 reduces cross-
linking and vascular stiffness in aorta with age [121]. A recent study conducted with a
renal fibrosis mice model showed slightly increased TG7 expression, together with elevated
TG1 and TG2 levels [122]. Another study conducted in rats detected a minor increase
in TG7 expression levels in the kidney, further signifying its role in renal fibrosis [123].
An interesting study conducted using bronchopulmonary dysplasia (BPD) mouse models
showed that TG7 downregulation weakened the lung development, while TGF-3 mediated
the hyperoxia-induced downregulation of TG7 [124]. Furthermore, TG7 has been found to
be upregulated in uterine corpus endometrial carcinoma (UCEC) [125].

5.6. TG2 in Angiogenesis and Tubule Formation

In addition to the ECM'’s crucial role in organ fibrosis and cancer metastasis, conditions
like osteogenesis imperfecta, epidermolysis bullosa, and Ehlers-Danlos syndrome show
defects in the ECM’s quality, and angiogenesis and wound healing depend on an ECM
remodelling process that is properly functioning [126-128]. TG2 is expressed in high levels
in endothelial cells and is required for endothelial cell tubule formation. However, TG2
displays pro- and antiangiogenic effects. Faye C et al. demonstrated that TG2 binding
to endostatin under hypoxic conditions leading to stimulation of angiogenesis is a pro-
angiogenic effect [129]. However, downregulation of TG2 has been observed in endothelial
cells undergoing capillary morphogenesis in an in vitro human capillary tube formation
model [130]. TG2 inhibition leads to late tubule formation, thereby delaying angiogenesis
both in vitro and in vivo. TG2 regulates the activation of vascular endothelial growth factor
(VEGF) signaling through activation of VEGF receptor2 (VEGFR2) and thus depositing
VEGEF in ECM. However, Factor XIII is already known to be involved in angiogenesis
via VEGFR?2 signaling [131]. Moreover, TGF{31 is one of the factors that contribute to the
endothelial-mesenchymal transition (EndMT), which results in the disruption and loss of
blood vessel structures. The involvement of TG2 in matrix-bound TGF{31 activation and
the role of TGFB1 in EndMT suggest that TG2 can exert control over angiogenesis via its
functional interaction with TGFp1. TGFf signaling is reported to induce endothelial cells’
(ECs) proliferation, differentiation, and survival via the Alkl/Smad1/5/8 pathway. TG2
inhibition in HUVECs during tubule formation can result in the downregulation of the pro-
angiogenic Smad1/5 signaling pathway and ultimately angiogenesis and tubule formation.
Increased extracellular TG2 levels enhanced TGFf31 signaling via p-Smad2/3 and Akt
pathway and increased levels of mesenchymal markers, including S100A4, vimentin,
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SMA«, and Fn, and decreased levels of CD31 and VE-cadherin endothelial markers altered
the protein profile in ECs [132]. TGFf signaling can be prolonged by extending p-Smad
signaling by cross-linking TGFf into a collagen matrix by TG2 [133]. Endothelial TG2
function is dependent on protein cross-linking in ECM through its effect on ECM/Fn
deposition, which in turn accelerates the accumulation of matrix-bound VEGF, thereby
activating VEGFR2 signaling. However, TG2 inhibition can lead to a reduction in VEGFR2
signaling and ultimately the inhibition of angiogenesis in in vitro as well as in vivo models
even after initiation of the tubule formation process [134].

5.7. TG2 in Progression of Neurodegenerative Diseases

TG2 plays an important role in the development of the nervous system as well as
the maintenance of the homeostasis in the nervous system throughout the age. TG2 is
extensively expressed in various cell types of the nervous system but is primarily enriched
in neurons [135,136]. Age-related chronic neuroinflammation mediated by persistent acti-
vation of brain-resident immunocompetent cells is the primary cause in the development
and progression of several neurodegenerative diseases. TGs have been shown to induce
protein cross-linking in the development and progression of AD. TG2 inhibition results
in reduced microglial inflammation; however, activated microglial inflammation is a hall-
mark of AD. Therefore, targeting microglial TG2 may help in developing therapeutics to
target the microglial cells in AD by downregulating without averting complete microglial
activation [137]. Knocking down TG2 in oligodendrocytes and their precursor cells (OPCs)
results in reduced differentiation and maturation of OPCs, while the addition of TG2 to
early oligodendrocyte-lineage neural stem cells improves differentiation process [138]. TG2
silencing in THP-1 cells (a microglial model) may be used as a therapeutic target to attenu-
ate TNF-o production in response to amyloid-beta (Af3), thereby reducing inflammation
and progression in AD [139]. TG2 is upregulated in some glial tumors and high levels of
microglia-derived cytokines encourage TG2 expression in glial tumors [140]. Tau protein,
one of the many protein aggregates responsible for the neurodegeneration of brain cells,
has been shown as an excellent substrate of TGs in vitro, including GGEL (y-glutamyl-¢-
lysine) cross-links in the paired helical filaments and neurofibrillary tangles of Alzheimer’s
disease (AD) brains [141,142]. TG activity can induce amyloid -protein oligomerization
and aggregation [143,144] in brain cells.

Overexpression of human TG2 in the neurons of knockout mice causes increased neuronal
damage in the hippocampal regions after treatment with kainic acid, but surprisingly, these mice
did not show any apparent phenotype in the absence of stress [145]. Additionally, increased
nuclear TG2 activity has been reported in several neurodegenerative disorders, including
Huntington’s diseases (HD), AD, and Parkinson’s disease (PD) [146]. TG2-deficient HD mouse
models undergo a substantial delay in motor dysfunction onset and a prolonged survival [147].
Stress-activated TG2-mediated nuclear actin re-organization and actin—cofilin covalent cross-
linking elucidate a new pathogenic mechanism for TG2 hyperactivity in neurodegenerative
diseases [148]. In response to TG2 knockdown, several genes in neurons are differentially
expressed that primarily regulate the cytoskeletal integrity pathway, cell signaling, cell-matrix
interactions, and ECM function [149]. Therefore, TG2 can be a critical therapeutic target in
neurodegenerative diseases.

6. TG2 Inhibitors

Numerous transglutaminase inhibitors exist and have enabled proof-of-concept in-
vestigations in disease models, but their poor pharmacokinetic/pharmacodynamic charac-
teristics and/or lack of selectivity for the TG2 isoform have restricted their use in clinical
applications. The identification of TG2 as a possible therapeutic target in various diseases,
especially diabetes and age-related disorders, has driven intense research to synthesize
inhibitors that target this protein. Over the past ten years, several small molecules and
peptidomimetic inhibitors of TG2 with good selectivity have been discovered, some of them
produced utilizing molecular dynamics techniques [150]. However, TG2 inhibitors that
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are clinically useful are not currently accessible. For a number of diseases, including celiac
disease, liver fibrosis, cardiac fibrosis, and neurological diseases, prospective clinical can-
didates are now at various phases of development and the preclinical stage [106,151-153].
Unfortunately, TG2 inhibitors for delayed wound healing, diabetic foot ulcer, fibroprolifer-
ative diseases, and neurodegenerative diseases have not yet undergone clinical trials.

According to their mode of inhibition, TG2 inhibitors can be divided into three cate-
gories: competitive amine inhibitors, reversible inhibitors, and irreversible inhibitors. The
development of inhibitors targeting TG2 for the treatment of various diseases, particularly
diabetic conditions, is attracted to irreversible inhibitors and they dominate the pipeline
of development. Due to their stability and safety in living beings, competitive amine
inhibitors have also garnered significant investigation as potential TG2 inhibitors. An
aliphatic carbon chain with four to five saturated carbon atoms serves as the binding site
for the primary amine in competitive amine inhibitors. Cystamine, putrescine, and MDC
are a few of the most widely utilized competitive amine inhibitors. This class competes
with natural amine substrates to reduce TG2 activity, while TG2 still remains active and
transamidation still takes place [49]. Cystamine is a distinctive, non-specific TG2 inhibitor
since it can inhibit TG2 through different mechanisms, including competitive inhibition. Its
irreversible inhibitory mechanism, which is likely to include thiol-disulfide exchange with
the nucleophilic cysteine residue in the TG2 active site, inhibits TG2 in a time-dependent
way. Cystamine can effectively inhibit the activation of the TG2 extracellular pool [49,154].
Additionally, it stimulates the production of intracellular glutathione and inhibits the thiol-
dependent protease caspase-3, a crucial effector in triggering cell apoptosis. The reduced
form of cystamine, cystamine (2-mercaptoethylamine), also has anti-fibrotic properties, but
it is less effective than cystamine and primary amines [155]. It is comparatively stable in
plasma and easily absorbed into tissues via circulation. By preventing the production of
inflammatory mediators like IL-6 and TNF-c, cystamine has positive effects on a variety of
diseases [156,157]. In a transgenic model of HD, administration of cystamine decreased
aberrant movements and tremors, enhanced survival, and upregulated transcription of
neuroprotective gene. Through the prevention of apoptosis, cystamine reduced heart, brain,
and liver tissue damage in an animal model predisposed to lupus [158,159].

Reversible TG2 inhibitors inhibit the activity of the enzyme by preventing substrate
from accessing the active site without covalently altering the enzyme [49]. Similarly, by
competing with Ca®* for binding sites within the protein, the divalent metal ion Zn?* can
reversibly inhibit TG2 function. It was also shown that small substances, such as LDN 27219
and other GTP analogs, including GMPPCP, reversibly inhibited TG2 activity [49,54,160].
However, irreversible TG2 inhibitors, commonly referred to as “suicide inhibitors”, such as
R283, Z-DON, iodoacetamide, ERW1041E, and EB-1-155, inhibit TG2 by covalently altering
the enzyme and preventing the binding of its substrates. Using chemical functional groups
that result in stable chemical bonds, the majority of irreversible TG2 inhibitors target the
active cysteine region. For instance, the iodide moiety of iodoacetamide interacts with the
TG2 active site thiol to create a persistent thioether bond with the inhibitor [161]. One of the
most researched classes of TG2-irreversible inhibitors are the 3-halo-4,5-dihydroisoxazoles.
Their structure is based on the naturally occurring substance acivicin, a structural homolog
of glutamine that inhibits active cysteine sites. The low toxicity and excellent bioavailability
of this class of inhibitors are contrasted by their low solubility at physiological pH. Recent
in vivo and in vitro research revealed that the dihydroisoxazole derivative ERW1041E
significantly decreased the hypoxia-induced cross-linking activity and synthesis of collagen
type I and «-SMA via inhibiting TG2 activity [162,163]. SAR studies by covalent docking
has demonstrated Ne-acryloyllysine piperazides and its derivatives as an irreversible
inhibitor of TG2. Structure-activity relationship (SAR) analysis led to the discovery of some
novel irreversible inhibitors that effectively and selectively inhibit transamidation activity
of human TG2 and allosterically inhibit its GTP capacity [164]. Targeted-covalent inhibitors
3-bromo-4,5-dihydroisoxazole (DHI) and their derivatives have been demonstrated as
selective TG2 inhibitors in in vivo research [165].
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Researchers have revealed that selective inhibition of extracellular TG2 transamidation
activity is sufficient to alter fibrotic remodeling. In this study, a TG2 inhibitory antibody
that targets TG2 specifically has been developed for the first time. Four novel inhibitory
epitopes in the catalytic core domain have been identified and the extracellular function of
TG2 in ECM buildup has been confirmed. Clinical trials of targeted TG2 treatment for renal
fibrosis have been conducted as a result of the humanization of the lead antibodies AB1,
DC1, and BB7 [166]. Using TG2 antibody in conditions including diabetes, fibrosis, and
scarring (where TG2 cross-links ECM proteins and the vast latent TGF(3-1) can improve
selectivity, eliminate undesirable intracellular effects, and provide better TG2 inhibition.
Additionally, constant pharmacokinetic characteristics and excellent specificity of antibody
therapy speed up their development, which is the main reason they make up the majority
of the novel therapeutic medicines now under development.

Recently, scientists have discovered that the TG2 gene is a target for epigenetic silencing in
breast cancer, illuminating a molecular mechanism that results in decreased TG2 expression,
and this aberrant molecular event may be a factor in invasiveness in this tumor type. It was
found that in case of cancer, TG2 is commonly hypermethylated and is usually overexpressed
or underexpressed in different gliomas. TG2 overexpression results in doxorubicin resistance in
cancer cells. Therefore, epigenetic silencing of TG2 expression may affect the invasiveness of
brain cancers [167]. TG2 has been shown as a target for epigenetic silencing in breast cancer [168].
A therapeutic strategy based on TG2 and IL-15 gene silencing in the inflamed intestine has been
developed for celiac disease, suggesting that an oral microsphere formulation combining the
TG2 and IL-15 RNA interference may be effective in treating celiac disease [169]. In another
study, substantial downregulation of proinflammatory cytokines (TNF-o« and IFN-y) by using
gelatin-based nanoformulation containing IL-15 + TG2 siRNA was detected in J774A.1 cells [170].
These studies endorse clinicians to use RNA interference via small siRNA to target genes related
to chronic inflammation condition and disease progression that are directly or indirectly linked
to TG2.

7. Conclusions and Perspectives

Research on the function of TG2 in diabetes and age-related diseases is a relatively
recent and rapidly emerging subject. Due to its many roles in tissue remodeling and
variable locations, this incredibly versatile protein has emerged as a key player in our
understanding of how diabetes and related diseases develop. Although TG2 has been
investigated to be involved in the progression of diabetes complications and other age-
related diseases, due to its regular interconversion between active and inactive states and
inhibition by vital macromolecules, its functional activity has not understood entirely. To
understand the processes and signaling pathways underlying the involvement of TG2 in
diabetes and related disorders, additional research is required to determine the molecular
targets and importance of the enzymatic and non-enzymatic actions of TG2. A number of
preclinical and clinical investigations have shown direct or indirect involvement of TG2-
mediated oxidative stress, prolonged inflammation, and altered TG2 signaling in diabetes
and many age-related human diseases, suggesting a vicious cycle that instills a web of
complex molecular mechanisms. As a result, many individuals with diabetes and diabetic
foot ulcer also exhibit cardiovascular and cognitive decline at a later stage, suggesting
the crucial role of TG2 that can be used as a diagnostic biomarker for impaired wound
healing in diabetic and neurodegenerative patients. Even though significant progress
has been made, it is reasonable to suggest that more work must be conducted before
TG2 is used as biomarker and therapeutic approach. According to the difficulties and
knowledge gaps found in this review, there is a need for study in the following areas: better
characterization of TG2 profibrotic vs. protective effects in the progression and outcomes of
diabetes and associated diseases; elucidation of the importance of TG2 splicing variants in
these diseases; better characterization of the interactions between TG2, MMPs, and TIMPs
in hyperglycemic conditions, with or without TG2 inhibition; and significance of TG2 open
vs. closed conformations in diabetic condition and in the pharmacological modulation.
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A better understanding of TG2 kinase function in the etiology of diabetes and other
age-related disorders can aid in the development of potential therapeutic approaches,
providing new possibilities for innovations to generate efficient medications targeting TG2
for the management and treatment of diabetes and associated diseases. Growing data
over the past ten years point TG2 as a viable therapeutic target for difficulties related to
diabetes and imply that treating these complications by pharmacologically inhibiting TG2
may also have benefits for treating its associated disorders. The majority of this research,
meanwhile, has only used in vitro and animal models for preclinical testing. It is advised
to validate clinically viable TG2 inhibitors because moving them forward to the clinical
trial stage could lead to major improvements in the management of diseases associated
with hyperglycemia. To achieve these goals, extensive collaborative studies have been
suggested to further understand the structural and functional activity and interaction of
TG2 with various macromolecules of different signaling pathways in diabetic, as well as
other age-related diseases pathophysiology, and to remove current barriers of clinically
difficult diagnosis and resistance to current treatments. This will allow for the initiation of
early therapy and prevention of disease progression before it worsens.
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Abbreviations

DFU Diabetic foot ulcer

MMPs Matrix metalloproteinases

ECM Extracellular matrix

TG2 Transglutaminase

GTP Guanosine triphosphate

GDP Guanosine diphosphate

FXIII Factor XIII

PLCs1 Phospholipase Cd1

Gha G proteinx

MALS Multiangle light scattering

TRX Thioredoxin

ERp57 ER-resident protein 57

PDI Protein disulphide isomerase
QSOX1 Quiescin sulfhydryl oxidasel
TGF-f1  Transforming growth factor

Fn Fibronectin

ADSCs  Adipose-derived stem cells
TGEF-3 Transforming growth factor-3
LPS Lipopolysaccharide

IL-1pB Interleukin-14

csu Spontaneous urticaria

AU Acute urticaria

CD Celiac disease

Ig Immunoglobulin

ROS Reactive oxygen species

VEGF Vascular endothelial growth factor
MDC Monodansylcadaverine

IKK IkB kinase

OoC Organ-on-a-chip

NFkB Nuclear factor kappaB

FAK Focal adhesion kinase

«-SMA  Alpha-smooth muscle actin

IPF Idiopathic pulmonary fibrosis
VEGFR2  Vascular endothelial growth factor receptor2
EndMT  Endothelial-mesenchymal transition
ECs Endothelial cells

OPCs Oligodendrocytes precursor cells
Ap Amyloid-beta

GGEL v-glutamyl-e-lysine

AD Alzheimer’s diseases

HD Huntington’s diseases

PD Parkinson’s disease

SAR Structure-activity relationship
DHI 3-bromo-4,5-dihydroisoxazole
siRNA interfering RNA

LTBP-1 Latent TGF-p1 binding protein-1
CAD Coronary artery disease

UCEC Uterine corpus endometrial carcinoma
BPD Bronchopulmonary dysplasia

Rb Retinoblastoma

IGFBP-3  Insulin-like growth factor-binding protein-3
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