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Abstract Transglutaminase 2 (TG2) is a ubiquitously
expressed member of an enzyme family catalyzing Ca®'-
dependent transamidation of proteins. It is a multifunc-
tional protein having several well-defined enzymatic (GTP
binding and hydrolysis, protein disulfide isomerase, and
protein kinase activities) and non-enzymatic (multiple in-
teractions in protein scaffolds) functions. Unlike its
enzymatic interactions, the significance of TG2’s non-en-
zymatic regulation of its activities has recently gained
importance. In this review, we summarize all the partners
that directly interact with TG2 in a non-enzymatic manner
and analyze how these interactions could modulate the
crosslinking activity and cellular functions of TG2 in dif-
ferent cell compartments. We have found that TG2 mostly
acts as a scaffold to bridge various proteins, leading to
different functional outcomes. We have also studied how
specific structural features, such as intrinsically disordered
regions and embedded short linear motifs contribute to
multifunctionality of TG2. Conformational diversity of
intrinsically disordered regions enables them to interact
with multiple partners, which can result in different
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biological outcomes. Indeed, ID regions in TG2 were
identified in functionally relevant locations, indicating that
they could facilitate conformational transitions towards the
catalytically competent form. We reason that these struc-
tural features contribute to modulating the physiological
and pathological functions of TG2 and could provide a new
direction for detecting unique regulatory partners. Addi-
tionally, we have assembled all known anti-TG2 antibodies
and have discussed their significance as a toolbox for
identifying and confirming novel TG2 regulatory functions.
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Introduction

Transglutaminases (TGs, EC 2.3.2.13) are a family of nine
enzymes (TG1-7, F13, and Band 4.3) that covalently
crosslink a wide array of substrate proteins with available
glutamine and lysine residues via a transamidation reaction
except Band 4.3, which is inactive. This crosslinking re-
action leads to the formation of protease-resistant
isopeptide bonds between the substrate proteins [1-3].
Crosslinking of proteins helps in a multitude of functions
such as extracellular matrix (ECM) stabilization, cornified
cell envelope formation during keratinocyte differentiation,
blood clotting, wound healing, bone growth, scaffolding,
apoptosis, cell adhesion and cell-survival signaling func-
tions [1]. Besides crosslinking, TGs mediate incorporation
of primary amines into proteins, deamidation of glutamine
residues in the absence of substrates, and isopeptidase ac-
tivities. TG2 is the most ubiquitous TG family member
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expressed in almost all cell compartments such as the cy-
toplasm, mitochondria, recycling endosomes, and nucleus.
It is also present on the cell surface and gets secreted to the
ECM via non-classical mechanisms [4].

TG2 has a conserved 3D structure and catalytic triad
shared by other family members but its multifunctionality
is unique. The crystal structure of TG2 reveals four im-
portant domains: (a) N-terminal B sandwich domain,
(b) catalytic core domain, and (c) two C-terminal 81 and 32
barrel domains (Fig. 1). Each of these domains has several
essential functional characteristics, which are unique to
TG2, as illustrated in Fig. 1. The N-terminal domain is
involved in cell adhesion and migration function. The core
domain has six calcium binding sites, which regulates the
transamidation activity of TG2. The 61 barrel domain of
TG2 binds and hydrolyzes GTP/ATP [5-7]. The 61, B2,
and core domain together regulate the signal transducing
function acting as a G-protein. These domain-specific
functions are mediated by binding to different types of
interacting proteins. TG2 also has protein disulfide iso-
merase [8, 9] and protein kinase [10, 11] activities besides
its transamidation activities. In addition to these bio-
chemical functions, TG2 has been implicated in several
physiological and pathological processes as will be dis-
cussed herein. We hypothesize that non-enzymatic protein—
protein interactions contribute to the unprecedented mul-
tifunctionality of TG?2.

TG2 participates in both enzymatic and non-enzymatic
interactions. Enzymatic interactions are formed between
TG?2 and its substrate proteins containing the glutamine
donor and lysine donor groups in the presence of calcium.
Substrates of TG2 are known to affect TG2 activity,
which enables it to subsequently execute diverse biolo-
gical functions in the cell. Most of the substrates of TG2,
as well as those of the other transglutaminase family
members, can be found in the TRANSDAB database [12].

However, the importance of non-enzymatic interactions in
regulating TG2 activities is yet to be revealed. Non-en-
zymatic interactions of TG2 do not involve a
transamidation reaction and most probably occur at sites
other than its catalytic site.

Recent studies indicate that non-enzymatic interactions
play physiological roles and enable diverse TG2 functions
in a context-specific manner [13, 14]. For example, in-
teraction of TG2 with retinoblastoma (Rb) protein is pro-
apoptotic when the TG2/Rb complex is present in the
cytoplasm, but it is anti-apoptotic when the complex is
present in the nucleus [15]. The TRANSDAB database
also includes some non-enzymatic interaction partners but
it is not an exhaustive list. It appears that protein—protein
interaction databases, such as STRING or the human
protein interaction database also lack most of the non-
enzymatic partners of TG2. In some cases, the proteins
that are bound non-covalently also serve as enzymatic
substrates for transamidation/crosslinking (for example,
fibronectin, Ber, Racl, and angiocidin). Thus, in addition
to its enzymatic functions, its wide variety of non-cova-
lent interactions implicates TG2 in a plethora of adapter
and signaling functions both inside and outside cells,
enabling it to impinge on a number of signaling pathways
[4].

In this review, we have aimed to identify further inter-
action partners (not substrates) of TG2 from database
analysis and a review of the literature. We collected almost
double the number of interacting partners by manual data
collection through a literature search compared with the
partners of TG2 identified by online database analysis. This
review focuses on the outcomes from the literature survey
on how non-enzymatic interactions modulate and expand
the functionality of TG2 in different cell compartments and
how they can potentially interfere with the crosslinking
activity of TG2.
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Fig. 1 Scheme of TG2 with its domains along with its proposed
functions. TG2 domains are color coded. Domain boundaries have
been indicated by amino acid numbers. Calcium binding residues,
catalytic residues, and GTP/GDP binding residues have also been
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Mehta et al. [181]
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Non-enzymatic interactions of TG2 and their
physiological and pathological outcomes

In this section, we have grouped together all the biolo-
gical functions in which TG2 is reported to be involved.
Additionally, how non-covalent interactions regulate
TG2-mediated cellular and extracellular functions are
discussed.

Cell adhesion, migration, and stabilization
Secretion and oxidation of TG2

Although TG2 is predominantly present in the cytosol, it is
secreted outside cells where it is involved in various ex-
tracellular activities such as cell attachment, motility,
stabilization, and survival [16, 4]. However, it is not fully
understood how TG2 is secreted because of the absence of
any secretory leader sequence, hydrophobic, or trans-
membrane domains. Several non-conventional mechanisms
of TG2 secretion have been reported [17-19]. A recent
review describes plausible scenarios of TG2 externaliza-
tion [4]. Amongst these mechanisms, TG2 was proposed to
use the long loop of the endosomal recycling pathway for
its secretion. This process most likely occurs in two steps
whereby TG2 initially tethers to the endosomal phospho-
inositides and then subsequently binds tightly to the
endosomal membrane through unidentified membrane
proteins. Future identification of these unknown surface
proteins should help to further elucidate the TG2 secretion
mechanism [20].

TG2 promotes cell adhesion, migration, and stabiliza-
tion of the ECM by crosslinking several ECM proteins as
well as interacting with them in a calcium-independent
manner [21-23]. Though numerous substrates and inter-
acting proteins have been identified in the ECM,
surprisingly, extracellular TG2 was found to be inactive
in vivo, but could be activated via mechanical injury or
inflammatory stimuli.

The activity of TG2 in an extracellular environment
also depends on its oxidation state. Reversible oxidation
of the key cysteine triad (Cys230, Cys370, and Cys371)
results in the formation of disulfide bonds between
Cys230 and Cys370 and Cys370 and Cys371, which in-
activates TG2. Oxidized TG2 adopts an open
conformation [24]. Interestingly, the active form of TG2
also adopts an open conformation, but the structural dif-
ferences between these two forms are not yet known.
Calcium and substrate could regulate the oxidation state
of TG2, suggesting that the local environment can mod-
ulate and fine-tune oxidative inactivation of TG2 in the
extracellular space [24].

TG?2 and fibronectin interaction

Fibronectin (FN) is one of the best-characterized ECM
proteins. It forms a complex with TG2 [25] and is a sub-
strate for TG2 activity. However, TG2-mediated formation
of FN matrix fibrils does not require crosslinking activity.
Instead, it depends on a direct non-covalent interaction
with fibronectin [25, 26]. TG2 binds to the 42-kD gelatin
binding domain of FN [21, 27], whereas the specific
recognition sequence for FN binding is located within the
N-terminal beta sandwich domain of TG2 (Figs. 1, 2;
Table 1). Aspartate at position 94 and 97 within the TG2
recognition  sequence, SWTATDDVQQDCTLSLQ
LTT106, was found to be critical for the FN-TG?2 interac-
tion [28]. Also, TG2 was found to bind FN with very high
affinity (Kg ~8-10 nM) and in a stoichiometric ratio of 2:1
[25, 26].

The TG2 and FN interaction is suggested to stabilize the
ECM by enhancing FN matrix formation and crosslinking
of other extracellular matrix proteins [16, 29-33]. Binding
of cell-surface TG2 to the 42-kD gelatin binding domain of
FN has been shown to promote stable cell adhesion, mi-
gration, and formation of specialized adhesive structures
(focal adhesions) at the cell substratum interface in dif-
ferent cell types (e.g., human and rat fibroblast cells,
human erythroleukemia, and endothelial cells). An affinity
purified rabbit polyclonal antibody against the NH2-frag-
ment of TG2 [23] as well as the monoclonal 4G3 antibody
against the TG2 fibronectin binding domain were shown to
interfere with the TG2 and FN interaction. These obser-
vations suggest that cell-surface TG2 serves as a principal
adhesion receptor for this portion of the FN molecule [23,
34].

Association of TG2 with integrin

Integrins are a superfamily of cell-adhesion receptors
that bind to both ECM and cell-surface ligands and
connect them to the cytoskeleton. The sequence argi-
nine—glycine—aspartic (RGD) is a general integrin
binding motif that is present on several cell-adhesion
proteins including FN [35]. Integrins recognize this RGD
motif within FN and regulate cell adhesion and migra-
tion by facilitating cell-matrix interactions [36]. Because
TG2 also shares similar functions [37], its probable
mechanisms were explored. TG2 expressed on the sur-
face of human erythroleukemia cells as well as rat
fibroblast cells was reported to interact with the 61, B3,
and B5 subunits of integrin through direct non-covalent
interactions, forming stable ternary complexes with in-
tegrin and FN, thus facilitating enhanced cell adhesion
and migration [23, 38].

@ Springer



3012

K. Kanchan et al.

Fig. 2 Interaction sites of TG2 binding proteins and ID regions in the
TG2 crystal structure. The left panel and right panel show the front
and back views of the TG2 crystal structure in the closed (upper half,
1kv3) and open form (lower half, 2q3z). Intrinsically disordered

The exact mapping of the integrin binding site on TG2
has not yet been reported but it has been proposed that it
involves both the first and fourth domains of TG2 [4]
(Table 1). When TG2 was simultaneously bound to inte-
grin, it could also interact with the 42-kD gelatin binding
domain [39] of FN. The gelatin binding domain of FN
lacks integrin binding sites and thus TG2 serves as a bridge
between integrin and FN, providing additional binding sites
for the FN—integrin interaction [40]. The adhesive func-
tions of TG2 strictly depend upon its association with
integrin. Integrin is a low-affinity receptor for ECM pro-
teins including FN [41], whereas TG2 is a high affinity
binding partner of FN [40]. Therefore, formation of the
TG2-FN-integrin ternary complex has a significant impact
on cell-adhesion and migration signaling events. For ex-
ample, an increase in the tyrosine phosphorylation of FAK
(focal adhesion kinase) was observed in TG2-overex-
pressing cells [23].

Interaction of TG2 with syndecan-4

Another important binding partner for TG2 is the heparin
sulfate proteoglycan (HSPG), syndecan-4. TG2 has very
high affinity for a heparin sulfate (HS) analogue; heparin as
TG2 from erythrocytes could be purified on heparin
Sepharose columns [42]. The biological relevance of the
heparin-TG2 interaction was studied by co-immunopre-
cipitation analysis using human osteoblast cells and Swiss
3T3 fibroblast cells with tetracycline-regulated inducible
expression of TG2, wherein TG2 was shown to interact
directly with syndecan-4. Later, two independent groups
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regions are shown in lime green. Interacting sites overlapping with
disordered protein regions with linear interaction motifs are dis-
played: fibronectin (olive-green), syndecan (orange), SUMO 1 (dark
yellow, light green), al-adrenoceptor (beige)

identified two sites for HS interaction on TG2 [22, 43]
(Table 1, Fig. 2).

HSPGs bind extracellular ligands through HS and in-
fluence their biological activity by affecting their protein
stability, activity, and conformation. The best example is
the activation of the serine protease inhibitor antithrombin.
The negatively charged HS chains of heparin interact with
the positively charged amino acid residues within an-
tithrombin leading to a conformational change
accompanied by an increase in the rate of inactivation of
the serine proteases (e.g., Factor Ila and Xa) involved in
coagulation [44, 45]. HSPGs regulate other functions such
as cell-surface localization, membrane secretion/internal-
ization, and protein interactions [46, 47]. Indeed, TG2 also
interacted with the HS chain of syndecan-4, which influ-
enced trafficking of TG2 to the cell surface, subsequently
affecting its cell-surface crosslinking activity. Mouse der-
mal fibroblast cells with targeted deletions of syndecan-4
were used to explore the role of syndecan-4 in regulating
TG2 activity and trafficking [17].

Syndecans also act as co-receptors for both ECM com-
ponents and soluble ligands. In the absence of FN, TG2 can
promote cell adhesion by simultaneously associating with
integrin and syndecan [48].

Growth factor receptors and low-density lipoprotein
receptors (LDL) as TG2-interacting partners

Extracellular TG2 was shown to interact with two growth
factor receptors, platelet-derived growth factor receptor
(PDGFR) and vascular endothelial growth factor receptor
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(VEGFR). TG2 crosslinks VEGFR but it is not yet known
if it crosslinks with PDGFR [49]. PDGFR interacts with
integrin-associated TG2 on the surface of human fibroblast
cells, thus TG2 serves as a scaffolding protein bringing two
cell-surface receptors together. TG-mediated scaffolding of
PDGFR and integrin contribute to amplifying joint
PDGFR/integrin signaling from the membrane to the cell
interior and stimulating cell migration and adhesion [50].

In addition to binding to integrin and growth factor re-
ceptors, extracellular TG2 is also capable of signaling
through low-density lipoprotein receptor related proteins 5
and 6 (LRP 5/6). TG2 was shown to interact directly with
LRP5/6 on smooth muscle cells, which in turn activate the
B-catenin pathway and regulate calcification and os-
teoblastic transformations in vascular smooth muscle cells
[51].

LRP1, a member of the LDL receptor superfamily, was
also recently shown to interact directly with TG2 expressed
on the surface of the fibroblast cells and with extracellular
TG2 [14]. LRPI is the major endocytic receptor that reg-
ulates internalization and intracellular trafficking of
numerous ligands [52], including those of TG2-interacting
partners, 31 and B3 integrin, and fibronectin [53, 54]. LRP1
regulates cell adhesion and migration and participates in
outside-in signaling by internalizing and degrading TG2. In
the absence of LRPI1, TG2 gets upregulated on the cell
surface leading to increased adhesion to the ECM [14].
LRPI can weakly bind 81 integrin, however, with TG2
overexpression, this interaction became more prominent,
indicating that TG2 associated with LRP1 and promoted
the formation of ternary complexes with LRP1 and integrin
[14]. These observations highlight the ability of TG2 to act
as a scaffold to modulate the functions of proteins via their
complexes, ultimately affecting cell-matrix adhesion, mi-
gration, receptor-mediated signaling, and endocytosis [14].

Role of ECM proteolysis in regulating TG2-mediated cell-
matrix interactions

ECM and cell-matrix interactions are regulated by
crosslinking of ECM proteins and also by proteolysis of
these proteins. Matrix metalloproteinases (MMPs) are
proteinases that participate in ECM degradation, thus
serving as important molecular players in regulating the
ECM macromolecules and their interactions with the cell
surface [55]. Recent findings show that in addition to ma-
trix breakdown, some MMPs are also involved in
degradation of the TG2 present on tumor cell surfaces.
MTI-MMP, a membrane-bound type 1 metalloprotease,
was shown to proteolyze TG2 in vitro and in cultured fi-
brosarcoma cells [56]. MT1-MMP is also an activator of
MMP2, a secreted and soluble metalloprotease [57, 58].
Activated MMP-2 was reported to interact with the core

domain of TG2 and direct its cleavage. This accelerates
TG2 degradation because of the synergistic/cooperative
effect of both soluble and membrane-bound MMPs [59].
MMP2-mediated cleavage leads to elimination of the cat-
alytic and adhesion activity of TG2. Interestingly, cells
overexpressing TG2 showed reduced levels of active
MMP2 when compared to cells expressing anti-sense TG2
or vector control. It seems that during overexpression, TG2
interacts with a MMP2 activation intermediate rather than
the inactive zymogen or fully active MMP2, thus protect-
ing itself from proteolytic cleavage by the fully mature
MMP2 enzyme [59]. Because TG2 regulates cell-matrix
interactions and migration/invasion of malignant and host
cells, degradation of this multifunctional protein by MMP2
or its protection via inhibition of MMP2 activity likely
plays a significant role in adhesion/migration-related
physiopathological conditions.

Cancer cell adhesion, migration, and proliferation

Quantitative downregulation of TG2 in prostate cancer
tissue sections is considered to be a strong biomarker for
prostate cancer [60, 61]. To understand the potential
functions of TG2 in prostate cancer, its interacting partners
were explored using the PC3 prostate cancer cell line. TG2
was reported to interact with protein kinase A (PKA) an-
chor protein 13 (AKAP13) [61]. AKAPs, with more than
50 members known to date, are structurally diverse but
functionally similar proteins defined on the basis of their
ability to bind to PKA [62, 63]. They are capable of an-
choring PKA at specific cellular locations, where they are
responsible for phosphorylating local substrates in response
to cAMP activation, enabling organelle-specific PKA
function [63]. Analysis of the TG2 amino acid sequence
revealed the presence of a site (rRRrS) that has a very high
specificity for PKA-mediated phosphorylation [64—66].

It was recently reported that TG2 is phosphorylated by
PKA at serine 216, which regulates TG2 function and me-
diates protein—protein interactions [67]. Because AKAP13
acts as a scaffolding protein anchoring PKA, it is potentially
involved in the interaction between PKA and TG2, which in
turn leads to substrate phosphorylation and could contribute
to regulating prostate cancer. AKAP can also bind other
signaling proteins besides PKA [68]. For example, AKAP
binds to RhoA protein, which is overexpressed in the highly
invasive PC3 prostate cancer cell line and plays a significant
role in cancer progression [69]. RhoA protein is also a
substrate of TG2, which gets cross-linked through TG2 ac-
tivation, leading to stress fiber formation [70, 71]. Because
stress fiber formation leads to cellular polarity and migra-
tion, which is altered during cancer progression [72, 73],
assembly of RhoA, TG2, PKA, and AKAP13 possibly could
contribute to cancer cell polarity and migration [61].
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TG?2 is highly expressed in drug-resistant and metastatic
cancer cells [74-76]. Increased expression of TG2 in breast
and pancreatic cancer cells leads to constitutive activation
of nuclear factor-kB, making the cells drug resistant [77].
TG2 was found to interact with PTEN (a phosphatase and
tensin homologue deleted on chromosome 10, also called
MMACI or TEP1), a tumor suppressor protein in pancre-
atic ductal adenocarcinoma cell lines (PDAC). Expression
of TG2 in PDAC cells leads to constitutive activation of
focal adhesion kinase and its downstream PI3K/AKT sig-
naling pathway [77]. PTEN regulates cell growth, invasion,
migration, and focal adhesion functions by negatively
regulating the PI3K/AKT pathway [78, 79]. Therefore, it
was proposed that TG2 could affect FAK/PI3K/AKT
pathways by regulating PTEN expression and function. In
accordance with this idea, aberrant expression of TG2 in-
versely regulates PTEN expression by inhibiting PTEN
phosphorylation, leading to the subsequent ubiquitination
and degradation of PTEN by the proteasomal pathway [80].
Down-regulation of PTEN expression in the presence of
TG2 leads to increased tumor growth in vivo in nude mice
and to the poor survival of PDAC patients [80].

Recently, heat shock protein 70 (Hsp70) was reported as
a novel interacting partner of TG2. Hsp70 co-localized
with plasma membrane-associated TG2 to the leading
edges of EGF-stimulated HeLa cells, as well as to the
leading edges of constitutively migrating MDAMB231
breast cancer cells [81]. A TG2 active site mutant
(Cys277Ser) was also capable of immunoprecipitating
Hsp70, indicating that crosslinking activity was not needed
for this interaction. HSP70 inhibitors, which block the ATP
hydrolytic activity of Hsp70, inhibited the migration of
TG2 to the leading edges of EGF-induced HeLa cells and
MDAMB231 breast cancer cells. This confirms that the
chaperoning activity of heat shock protein can regulate cell
migration by targeting TG2 to leading edges of migrating
cells. This also demonstrates that proper localization of
TG2 to cellular leading edges is essential for its ability to
promote cancer cell migration [81].

The Rho family of small GTPases, including Rho, Rac,
and Cdc42, are critical regulators of a variety of cellular
functions including cytoskeleton rearrangement and mem-
brane trafficking, which are essential during cell adhesion
and migration processes [82]. GTPase-activating proteins
(GAPs), such as Ber and Abr, regulate the GTPase activity
of these proteins. TG2 was found to interact directly with
the C-terminal GAP domain of Ber and Abr using COS-1
and Swiss 3T3 cells. The interaction was more prominent
when TG2 was in an open confirmation because the addi-
tion of calcium or GTP binding mutant forms of TG2 both
increased the level of the TG2-Bcr/Abr interaction [82].
Ber was later reported to serve as a substrate of TG2 in
human pulmonary artery endothelial cell lines (HPAECs)

@ Springer

but crosslinking was only observed under specific and
extreme stress conditions. The crosslinking function re-
quired the N-terminal oligomerization domain of Ber while
the GAP domain was important for direct interaction with
TG2. This suggests a dual function of Ber both as a sub-
strate and as a non-covalent interacting partner. Abr was
not crosslinked with TG2 because of the absence of this
oligomerization domain [83]. Because Bcr binds to its
substrate Rac through its GAP domain, TG2 was found to
efficiently block Rac binding due to the presence of over-
lapping binding sites and inhibited Bcr GAP activity
towards Rac. These studies show that TG2 regulates Rac
activity by modulating Ber activation, which subsequently
could affect Rac-mediated cellular processes [82, 83].
Because the interaction between Ber and TG2 occurs under
physiological conditions, whereas crosslinking takes place
under extreme stress conditions, Ber is likely regulated by
TG2 via different mechanisms depending upon the
physiological state of the cell.

Endostatin, which is a C-terminal fragment of the ol
chain of collagen XVIII, inhibits angiogenesis and tumor
growth [84], and GPR56, which is a newly described
family of G protein-coupled receptors, also suppresses
melanoma metastasis and tumor growth [85]. Endostatin
and GPR56 proteins were shown to interact with extra-
cellular TG2 in endothelial cells and in the lung tissue,
respectively. Endostatin interacts with TG2 in a calcium-
dependent manner and most probably binds at the GTP
binding site (Fig. 2) [86]. At the endothelial cell surface,
endostatin inhibits both the extracellular activation of
proMMP-2 by inhibition of MT1-MMP as well as the
catalytic activity of MMP-2, thus blocking the inva-
siveness of tumor cells. As we discussed above, TG2
interacts with the MMP2 activation intermediate thereby
inhibiting MMP?2 activity in a manner similar to that of
endostatin. Therefore, it is speculated that TG2 and en-
dostatin together assist in ECM remodeling. The
biological relevance of the GPR56 and TG?2 interaction
was recently explored wherein GPR56 was reported to
internalize and degrade TG2 subsequently affecting
ECM protein deposition and cell-matrix adhesion func-
tions [87]. TG2 and its crosslinking activity promote
melanoma growth but GPR56 antagonizes this affect by
degrading TG2 [87]. GPR56 binds to the C-terminal
domain of TG2 [85].

Angiocidin is another protein, which like fibronectin and
Ber, serves as a non-covalent binding partner and
transamidating substrate of TG2. Angiocidin is an ECM
protein expressed by endothelial and tumor cells. Recently,
angiocidin was shown to colocalize with TG2 in the ECM
of endothelial cells and interact non-covalently with TG2
via its C-terminal integrin and collagen-binding domain
[88]. Interaction of angiocidin and TG2 led to inhibition of
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the TG2-fibronectin interaction as well as inhibition of fi-
bronectin deposition in the ECM of endothelial and tumor
cells, which ultimately contributed to modulation of ad-
hesion and migration activities of TG2 [88].

Trans-membrane signaling

Transglutaminase 2 is also referred to as Gha because of its
GTPase activity combined with its ability to interact and
signal through receptors. Gho. was shown to interact with
several receptors, thus facilitating hormone-receptor me-
diated transmembrane signaling pathways like those
involving the classical G-protein-coupled receptors. In-
volvement of TG2 in hormone receptor-mediated signaling
was first demonstrated by isolation and characterization of
an ol-agonist ol B-adrenoceptor (AR)-TG2 complex from
rat liver membranes [5]. De novo purification of TG2/Gha
revealed that it is associated with GhP and a1-AR, which
modulates the GTP binding and GTPase function of Ghai,
facilitating receptor-mediated signaling [5]. There are three
alpha-1 adrenergic receptor subtypes: alA-AR, a1B-AR,
and ol1D-AR. Interaction between ol-AR and TG2 was
subtype-specific, as alB-AR [89, 90] and a1D-AR [90]
were shown to interact with TG2/Gha while alA-AR did
not interact [90]. This interaction was independent of its
transamidation activity because the active site mutant
(Cys277Ser) could not interact with olB and olD
adrenoceptor [90]. Peptide screening and site-directed
mutagenesis identified multiple binding sites for a1B-AR
including L547-1561, R564-D581, and Q633-E646 on
TG2 [89] (Table 1, Fig. 2). Because the regions L547-1561
and R564-D581 are close to the GTP binding motif of
TG2, it clearly indicates that o1-AR interacts with GTP-
TG2 to facilitate combined signaling events.

TG2 and al-AR-mediated signaling leads to activation
of phospholipase C 61 (PLC 61), which in turn stimulates
the release of two secondary messengers, inositol-1,4,5-
triphosphate (IP3) and diacylglycerol (DAG), by hy-
drolyzing phosphatidylinositol-4-biphosphate (PIP2) [91]
[92, 93]. PLC 81 is the best-known effector molecule in
TG2-mediated signaling to date. There are three subtypes
of phospholipase C: PLC B, vy, and 9, of which PLC 81 has
been shown to directly interact with TG2 [92]. A region of
12 amino acids between Leu®®' and Lys®”? in TG2 was
identified as the PLC interaction site via a series of co-
immunoprecipitation studies, while the TG2 interaction site
in PLC 81 was shown to be located within the C2 domain
of the enzyme (Fig. 2) [94, 95]. PLC 81 not only serves as
a PIP2-hydrolyzing enzyme but also acts as a guanine
nucleotide exchange factor (GEF) and GTP hydrolysis-in-
hibiting factor (GHIF) for TG2. These functions of PLC 61
for TG2 facilitate TG2-mediated signaling [95].

Other TG2 coupled receptors, which interact with TG2
and mediate transmembrane signaling, are the thrombox-
ane receptor [6] and the oxytocin receptor [7]. The
thromboxane receptor-TG2 interaction was identified in
cardiovascular cells [6] while the oxytocin receptor-TG2
interaction was identified in human myometrium [96]. Both
of the interactions are regulated by activation of PLC and
release of IP3.

Calreticulin (CRT) is a multifunctional chaperone pro-
tein involved in protein folding, maturation, and
trafficking. It was found to interact with the GDP bound
form of TG2, downregulating both its GTPase and TGase
activities [97, 98]. The identity of calreticulin as a TG2
binding partner was recognized when GB;,, which consis-
tently co-purified with Gh,/TG2, was sequenced. Amino
acid sequencing and immunological studies strongly sug-
gested that Gf;, was nothing more than the CRT protein
[98]. When the regulatory role of CRT in the GTPase ac-
tivity of TG2 was examined, CRT inhibited GTP-binding
to TG2 and TG2-mediated GTP hydrolysis in a concen-
tration-dependent manner [97]. Because CRT inhibits GTP
binding to TG2, these results also indicate that CRT in-
duces TG2 to rearrange into an inactive conformation. CRT
modulated the TGase activity of TG2 by shifting the cal-
cium requirement to higher concentrations and also by
inducing the inactive conformation of TG2. Another
mechanism by which CRT influenced TGase activity was
related to its allosteric hindrance of CRT. It was clearly
shown that upon treating GDP-bound TG2 with increasing
CRT concentrations, there was a decrease in the V,,, of
the TG2 enzymatic activity without an increase in the
substrate or the calcium requirement [97]. Though cal-
reticulin is a calcium binding protein, its interaction with
TG2 occurred in the absence of calcium, and was not
disrupted upon increasing the calcium concentration [97].
Like TG2, calreticulin is also involved in cell growth,
differentiation, and adhesion. Calreticulin regulates cell
adhesion by interacting with integrin and participating in
integrin-mediated signaling [99-101]. It could be possible
that both proteins act in concert to regulate these functions.

Nuclear translocation and gene expression
regulation

Accumulating evidence shows that cytoplasmic TG2 un-
der specific physiological conditions translocates to the
nucleus where it either crosslinks nuclear proteins or in-
teracts with them non-covalently [13, 77, 102-104]. A
recent review from Kuo and Kojima provides new in-
sights into the molecular mechanisms of TG2 localization
and its function in the nucleus [105]. Nuclear TG2 reg-
ulates gene expression by interacting with transcriptional
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factors and related proteins, including hypoxia inducible
factor (HIF) 1, Spl, and histones. These interactions
control cell growth, survival, differentiation, apoptosis,
and signaling events in several pathological disorders [15,
106-108].

Nuclear translocation

The transamidation activity of nuclear TG2 increases
with a rise in the calcium ion concentration. The
presence of maitotoxin or calcium ionophores increases
the intracellular calcium concentration and results in
the translocation of TG2 to the nucleus and a subse-
quent increase in transamidation activity [13, 77].
Importin o3, a nuclear transport protein, was identified
as one of the binding partners of TG2 in a non-small
cell lung cancer (NSCLC) cell line. Co-localization of
TG2 with importin o3 was initially detected in the
cytosol but treating the NSCLC cells with retinoic acid
led to an increase in the amount of TG2/importin o3
complex in the nucleus, which indicates that importin
a3 can mediate active transport of TG2 into the nu-
cleus [109]. Primary sequence analysis of TG2 showed
the presence of a putative bipartite nuclear localization
sequence (NLS). This is in line with the active trans-
port of TG2 into the nucleus [109] by proteins, which
interact with the NLS motifs. Nuclear TG2 has been
suggested to be involved in apoptosis and cell-cycle
progression because of its interaction with nuclear
histones and Rb. Thus, it is possible that importin or
other mechanisms mediating active transport of TG2
are executed only when a cell needs nuclear TG2
during specific physiological conditions (for example
during apoptosis).

The GDP bound form of TG2 interacts with eukaryotic
initiation factor SA (eIF5A) and regulates its intracellular
localization [110]. Upon GDP/GTP exchange, eIF5A is
released into the cytoplasm, perhaps to bind other cytosolic
target proteins involved in protein synthesis or to return to
the nucleus to participate in RNA trafficking. Thus, it
seems that the GTP binding/GTPase cycle of TG2 serves as
a timing device to regulate the changes in the cellular lo-
calization of eIF5A, thereby facilitating eIFSA to
participate in protein synthesis or RNA trafficking between
the cytosol and nucleus [110].

Transcriptional regulation of genes involved in tumor
metastasis, hypoxia, and inflammation

As mentioned previously, members of the MMP family
have been implicated in the metastasis of tumor cells [111].
TG2 was shown to down-regulate MMP-9 transcriptional
activity by blocking the APl binding site present on the
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MMP-9 gene promoter. MMP9 gene transcription is initi-
ated by binding of the c-Fos and c-Jun dimer to the AP1
binding site. TG2 was shown to interact non-covalently
with c-Jun in the nucleus of cardiomyoblasts, which pre-
vented c-Fos and c-Jun dimerization and subsequent
downregulation of MMP9 gene transcription [112]. This
transcriptional regulation of the MMP-9 gene supposedly
regulates ECM remodeling.

TG2 was shown to regulate B-catenin signaling by as-
sociating with c-Src. B-catenin is a transcriptional regulator
with oncogenic activity, which is associated with increased
Whnt signaling. In normal cells, B-catenin is found to be
transcriptionally inactive because it is often associated with
E-cadherins. In the tumor cells where TG2 expression is
often observed to be very high, it is reported that increased
TG2 activity leads to enhanced TG2-FN--integrin com-
plexation and subsequent recruitment and activation of
c-Src. Activation of c-Src then leads to phosphorylation of
B-catenin, allowing it to detach from the cytoplasmic do-
main of E-cadherin and rendering it transcriptionally
active. Disruption of the B-catenin-E cadherin interaction,
which was responsible for stabilizing the cell-cell inter-
action, now allows cells to become motile and invasive. At
the same time, B-catenin becomes available in the cytosol,
translocates to the nucleus, and activates the Wnt tran-
scriptional machinery [113].

TG2 was shown to be up-regulated and neuroprotective in
response to oxygen and glucose deprivation (OGD) in both
primary rat cortical neurons and in a human neuroblastoma
cell line leading to delayed neuronal cell death [106]. Under
these conditions, TG2 was reported to bind non-covalently to
hypoxia-inducible factor 1 (HIF1p), which prevented HIF1(3
and HIFlo heterodimerization to generate functional HIF1
transcription factor. Functional HIF1 transcription factor
regulates the expression of the Bnip3 gene under hypoxic
conditions by binding to the hypoxic response elements
(HRE) located in the promoter region of the Bnip3 gene.
Bnip3 (BCL/adenovirus E1B 19-kDa protein-interacting
protein) is a proapoptotic gene whose transcriptional activity
ultimately is reduced in neuronal cells in hypoxic conditions
because of TG2 upregulation and subsequent unavailability of
functional HIF1 transcription factor. Therefore, TG2 indi-
rectly plays a protective role in the brain in response to OGD
and hypoxia [114, 115].

Retinoblastoma (Rb), an anti-apoptotic protein, could
also attenuate the up-regulation of the pro-apoptotic, HIF-
dependent Bnip3, as well as bind HIFla and enhance the
HIF response [116]. Rb was identified as a potential sub-
strate of TG2 [107], however it was also shown to interact
directly with a transamidation inactive mutant of TG2 in
the nuclear fraction of HEK293 cells transiently transfected
with TG2 wild-type and mutant constructs [15]. Because
TG2 serves as a scaffold for both Rb and HIF1p, it could
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contribute to cellular protection at the transcriptional level
[105].

TG?2 is also proposed to be involved in wound healing
and inflammation [117-119]. Major cellular components
that trigger inflammation are histamine, prostaglandins,
and several inflammatory cytokines (TNF-o, IL-1, IL-8,
IFNYy). However, peroxisome proliferator-activated re-
ceptor (PPAR)y, which belongs to the family of nuclear
receptors, decreases inflammation. Cystic fibrosis (CF) is
characterized by chronic airway inflammation and is
caused by mutations in the transmembrane conductance
regulator (CFTR) gene, which encodes for cAMP-
regulated chloride channels [108, 120, 121]. TG2 was
reported to be highly up-regulated in nasal polyp mucosa
from CF patients and CFTR-defective cell lines [108] and
accelerated inflammation most likely because of
crosslinking of PPARY and subsequent ubiquitination and
degradation by the proteasome [121]. CF airways released
high levels of reactive oxygen species (ROS), which was
the main cause of increased TG2 activity [121]. ROS not
only increased TG2 activity but also mediated TG2
SUMOylation by facilitating interaction of TG2 with
Small ubiquitin-like modifiers (SUMO1) and PIASy, a
SUMO E3 ligase in a human CF bronchial epithelial cell
line (IB3-1) [108]. SUMOylation ultimately led to in-
creased TG2 levels in the cell by inhibiting ubiquitination
and degradation of TG2 by the proteasome [121]. This
indicates that there is reduced inflammation when TG2
undergoes ubiquitination and degradation by the protea-
some but TG2 accelerates inflammation when it is
SUMOylated. This leads to increased TG2 levels in the
cell, causing crosslinking and degradation of the anti-in-
flammatory molecule PPARYy [108].

Another example of TG2-regulated allergic inflamma-
tion was observed in antigen-stimulated basophilic
leukemia cells (RBL2H3). Antigen stimulation of RBL2H3
cells increased TG2 expression and concomitantly in-
creased TG2 activity. TG2 expression could be down-
regulated upon treating the cells with the anti-allergen,
hyaluronic acid [122]. Antigen stimulation of the cells also
led to an increase in EGFR, NF-xB, and ROS levels, which
are important mediators of allergic inflammation. Treating
the cells with inhibitors of EGFR and NF-xB led to a de-
crease in TG2 expression, which suggested that TG2
contributes to allergic inflammation via a combination of
EGFR and NF-«B signaling pathways [122, 123]. More-
over, TG2 was also shown to interact with racl in the
antigen-stimulated cells. Because racl has been implicated
in generating ROS in several cell types by activating
NADPH-oxidase, it is possible that TG2 regulates allergic
inflammation by interacting with racl and regulating its
activity. This speculation was supported by observation of
an inhibition of racl activity coupled with inhibition of

inflammation after treating RBL2H3 cells with a TG2 in-
hibitor [124].

Role of nuclear TG2 in neurological pathologies

TG2 has been reported to be involved in several neuro-
logical diseases such as Alzheimer’s [125, 126] and
Huntington’s disease (HD) [127, 128]. To understand the
role of TG2 in neurological disorders, neuroblastoma cell
lines (SK-N-BE) were used to identify cellular proteins,
which might interact with TG2 and contribute to patho-
genesis. Glutathione S-transferase (GSTP1) and B-tubulin
were identified as interacting partners of TG2 in these neural
cells. GSTP1 acted as a substrate because it could form high
molecular weight complexes in the presence of TG2 in vitro
while B-tubulin was found to interact in a transamidation-
independent manner [129]. Aggregates of huntingtin, a cy-
tosolic protein, are a neuropathological hallmark of HD.
Huntingtin is found to be primarily associated with micro-
tubules as well as other huntingtin-associated proteins [130,
131]. Because TG2 co-localizes with huntingtin and B-
tubulin, it was proposed that microtubules could serve as a
binding site, bringing together TG2, huntingtin, and other
TG2 substrates for TG2-dependent crosslinking [129].
Another protein reported to interact with TG2 and contribute
to HD pathology was a calcium binding protein, calmodulin.
Calmodulin was found to co-localize with TG2 and mutant
huntingtin in the intranuclear inclusions in the HD brain.
TG2 and mutant huntingtin could also be immunopre-
cipitated using anti-calmodulin Sepharose columns.
Previously, it had been shown that calmodulin probably
increased transglutaminase activity by regulating the calci-
um concentration [132]. Because mutant huntingtin interacts
with both TG2 and calmodulin in HD brain, it was suggested
that huntingtin might be involved in increasing TG2 activity
and subsequently its own crosslinking by bringing calmod-
ulin and TG2 in close proximity. Thus, calmodulin
indirectly regulates TG2-mediated crosslinking of huntingtin
and formation of stable aggregates and inclusions in HD
brain [133].

Interaction of TG2 with histones

Histone H3 and H2B were shown to interact directly with
TG?2. Whether this interaction is a classical substrate—en-
zyme interaction or they are true interacting partners of
TG2 is not known [127, 129]. Although in vitro
crosslinking assays confirmed all core histones to be ex-
cellent glutaminyl substrates of TG2, it is not yet confirmed
whether this crosslinking is observed in vivo as well [134,
135]. Temperature greatly affects the crosslinking pattern
of TG2, and this crosslinking pattern is known to be dif-
ferent for intact nucleosomes when compared with free
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histones [134], therefore it is important to explore whether
all the four core histones behave strictly as substrates or if
they also interact with TG2 in a calcium-independent
manner. In vivo crosslinking has been shown only between
H2B and H4 in the sperm of the starfish Asterina pec-
tinifera [136]. The different crosslinking patterns observed
for free histones and intact nucleosomes indicate that TG2
may be involved in modulating the conformation of nu-
cleosomes. Not much information is available on the
physiological relevance of the TG2-histone interaction but
it is proposed to be involved in the condensation of chro-
matin in apoptotic nuclei [134]. Apoptotic bodies show
chromatin condensation in their perinuclear space and be-
cause we know that TG2 regulates apoptosis by
crosslinking proteins involved in apoptosis, it has been
speculated that the TG2-histone interaction may contribute
to this condensation reaction. TG2 was also reported to
catalyze crosslinking of polyamine binding proteins [137,
138] and polyamines are involved in modulation of chro-
matin structure and function [139]. Because putrescine, a
polyamine, is readily incorporated by histones via a TGase
reaction, TG2 could contribute to polyamine-mediated
chromatin condensation by direct interaction and covalent
modification of histones.

Apoptosis and autophagy

TG2 was shown to regulate apoptosis and it has been
proposed that the type of cell, the kind of stressor, intra-
cellular localization, and transamidation activity of TG2
determine whether it promotes pro-apoptotic or anti-
apoptotic responses [140]. Transient transfection of wild-
type TG2 targeted to different intracellular compartments
confirmed the pro-apoptotic nature of cytosolic TG2. On
the contrary, a TG2 active site mutant localized to the
nuclear compartment reduced apoptosis [15]. Membrane-
targeted TG2 had neither a pro-apoptotic effect nor anti-
apoptotic effect, thus confirming that cellular localization
of TG2 was essential for determining its influence on cell
death and survival.

TG2 was shown to promote cell death by interacting
with the pro-apoptotic Bcl2 family member Bax. It was
proposed that TG2 possesses a functional BH3 motif in the
catalytic core domain of TG2 [141]. Expression of mutated
TG2 where the BH3 motif was either entirely deleted or
mutated resulted in cells that were insensitive to cell death
compared to cells expressing wild-type TG2. Co-IP ex-
periments confirmed that TG2 itself interacts with the pro-
apoptotic Bcl2 family members Bax and Bak. However,
the level of interaction increased in the presence of apop-
totic stimuli only in the case of the TG2-Bax interaction.
Although the TG2-Bax interaction takes place in the cy-
tosol, it is speculated that upon interaction, Bax undergoes

@ Springer

conformational change and aggregation, mediating
translocation of the entire complex to the mitochondria.

14-3-3, a serine/threonine binding protein, is involved in
the regulation of apoptosis through multiple interactions
with proteins of the core mitochondrial machinery, pro-
apoptotic transcription factors, and their upstream signaling
pathways [142]. 14-3-3 impacts cellular processes by
binding to the specific phosphorylated sites on the target
protein, thereby driving conformational changes or direct-
ing interactions between its target proteins and other
molecules [143]. This protein was found to interact with
TG2 in vitro, as well as in TG2-expressing cells. The in-
teraction was more prominent when TG2 undergoes PKA-
mediated phosphorylation compared with when it was not
phosphorylated [144]. Two 14-3-3 binding motifs were
identified in the TG2 protein sequence, and although not
completely identical to the consensus sequences identified
previously, the TG2 peptide fragments (TG2 209-223)
containing these two binding motifs could pull down 14-3-
3 protein from cell lysate. The interaction occurred only
when the peptide fragment was phosphorylated. Phospho-
rylation at serine 215 facilitated 14-3-3 binding while
phosphorylation at serine 216 was absolutely essential for
the interaction. Thus, PKA-mediated phosphorylation cre-
ates a 14-3-3 protein binding motif on TG2, which is
speculated to affect various activities and functions of TG2
including regulation of apoptosis [144]. Because the BH3
motif on TG2 overlaps with the 14-3-3 binding motif and
the 14-3-3 binding protein was also reported to target the
BH3 only proteins BAD and BIM, it is possible that 14-3-3
regulates apoptosis by interacting with TG2 and BH3 only
protein family members.

TG2 was recently reported to protect retinoic acid (RA)-
treated neuroblastoma SH-SYSY cells from apoptosis in-
duced by NMDA-evoked excitotoxic stress [145]. TG2 was
found to interact with small heat shock protein Hsp20 in
the RA-treated SH-SYSY cells but the interaction was
strongly reduced upon treating the cells with NMDA. This
was likely because of degradation of Hsp20. NMDA-
treated cells also demonstrated reduced levels of the pro-
apoptotic enzyme caspase 3. However, specific inhibition
of NMDA-induced TG2 activation by R283 (an active site
TG2 inhibitor) reversed these effects. In the same cell
model, Hsp20 was found to interact with Hsp27. We know
from previous studies that Hsp27 acts as a “scaffolding”
protein, leading to the activation of pro-survival molecules
(e.g., MAPK-activated protein kinase-2 and serine/thre-
onine kinase Akt) and inhibition of pro-apoptotic
molecules (e.g., caspase 3). Hsp27-mediated activation/
inhibition of these molecules results in cytoprotection in
different models of neuronal injury [146]. These results
indicated that the overexpression of TG2 because of
NMDA treatment led to modulation of the anti-apoptotic
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functions of the Hsp20/Hsp27 complex and reduction in the
activity of caspase 3, ultimately protecting the cells from
apoptotic damage [145]. In a previous study by the same
authors, TG2 was shown to promote apoptosis when the
cells were treated with a low dose (100 uM) of NMDA
[147, 148], however, in the present study, TG2 inhibited
apoptosis when the same cells were treated with a high
dose (1 mM) of NMDA. The authors hypothesized that
NMDA increases the intracellular calcium level, which
may contribute to activation of other TG2 functions dif-
ferent from crosslinking, playing a protective role against
excitotoxicity [145].

TG2 was also shown to regulate cell death by initiating
the phagocytosis of apoptotic cells [38]. For the efficient
engulfment of apoptotic cells, TG2 is required to interact
with integrin 83 and milk fat globule EGF factor 8 (MFG-
E8). MFG-ES8 is released by the activated macrophages,
and in turn binds to the phosphatidylserine of apoptotic
cells, acting as a bridge between apoptotic cells and the
phagocyte receptors, integrin 33 and TG2 [38, 149]. TG2
cross-linking activity is not required for this process [23,
38].

Recently, a role of TG2 in autophagosome maturation,
formation, and clearance of aggresomes by autophagy was
suggested [150]. Autophagy is a cellular process that is
responsible for removal of protein aggregates that cannot
be processed by proteasomes. TG2 was found to interact
with p62 and NBR1 in 2fTGH and HEK293 cells overex-
pressing TG2 [150]. Both of these interacting partners are
autophagy cargo proteins, which bind to ubiquitinated
proteins and mediate their delivery into autophagosomes.
Whether TG2 activity is essential for its interaction with
p62 and NBR1 has not yet been explored [150].

General comments

We assembled 39 interacting partners, which impact cel-
lular functions of TG2 using information from a literature
search and database (STRING [151] and Integrated human
protein interaction network [152]) analysis. Most partners
were identified from the literature search and via text
mining in STRING. The latter have relatively low scores,
indicating experimental difficulties and uncertainty in de-
tecting such PPIs. Although the present list (Table 1) is far
from complete, we analyzed those structural features which
could contribute to further interactions and thereby the
multi-functionality of TG2.

The listed interaction partners could bind to either an
open (e.g., Ber and Abr) or closed (e.g., calreticulin) form
of TG2. The 14-3-3 protein binding motif was exposed
only when TG2 was phosphorylated, thus phosphorylation
of TG2 creates a novel protein binding site, which could
further mediate protein—protein interactions and TG2

regulation. This scenario clearly illustrates the significance
of unique structural features which influence protein—pro-
tein interactions and hence, TG2 functions. Structural
characterization of TG2 would undoubtedly provide new
insights from which to explore interactions of TG2 with
various proteins.

Significance of short linear motifs and intrinsically
disordered regions in TG2 for non-enzymatic
TG2—-protein interactions

Sequences of all TGs are highly conserved, which implies
structural similarities among TG family members. The
known TG structures for fXIIIA [153], sea bream TG
[154], human TG2 [155, 156], and human TG3 are com-
posed of four domains, as detailed previously [157]. TG2
differs from other transglutaminases in its number of cal-
cium binding pockets and GTP/GDP binding regions.
Crystal structures of Factor XIITA [153, 158] and TG3
[157] reveal one and three calcium binding pockets, re-
spectively, and no GTP binding regions. The crystal
structure of TG2 with bound calcium is not available yet,
but biochemical experiments revealed six calcium ion
binding sites, which were confirmed by site-directed mu-
tagenesis [159, 160]. Calcium and GTP differentially
regulate TG2 activities. Calcium is reported to activate the
protein by keeping TG2 in an open conformation, while
GTP inactivates TG2 by keeping it in a closed conforma-
tion, making the catalytic region inaccessible for substrates
and subsequent catalysis [155]. It is possible that binding of
six calcium ions and GTP fine-tune TG2 activities in dif-
ferent cellular compartments in vivo. Because TG2 adopts
different conformations in the cell, transitions between
these structural states could be influenced by several tran-
sient interacting partners.

We assembled a list of 39 proteins that are not substrates
of TG2 but, via non-enzymatic interactions, interfere with
its activities in different cell compartments as reviewed
above. The binding regions of non-enzymatic TG2 partners
are only defined for eight proteins, fibronectin, syndecan,
endostatin, SUMO 1, PLC-41, al-adrenoceptor, Bax/Bak,
and the 14-3-3 protein. Most of these proteins contact with
short (3—20 AA) peptide regions of low amino acid com-
plexity, often referred to as short linear motifs (SLiMs). In
general, SLiMs mediate highly specific protein interactions
with moderate affinities [161], which are often exploited in
signaling pathways. The majority of SLiMs are embedded
in protein segments, which lack a well-defined three-di-
mensional structure [162]. These protein regions are
intrinsically disordered (ID) and are present in ~40 % of
the human proteome [163]. We hypothesized that non-en-
zymatic interactions of TG2 are also located in ID regions.

@ Springer
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Table 2 continued

Interacting partner

Explanation

ELM

IUpred long (—0.44)

IUPred short (>0.5)

PONDR

ID region

Sorting and directing

TRG_LysEnd_APsAcLL_1 [599-604]

TRG_NLS_MonoExtN_4

+

597-602

signal to lysosomal

endosomal

[597-604]

[601-604]

[601-609]

DOC_CYCLIN_1

compartment; NLS;
cyclin recognition

DOC_MAPK_1

signal; MAPK docking

motif
APCC binding

o-1 adrenoceptor

[650-658]

[649-657]

[633-639]

DOC_MAPK_1

DEG_APCC_DBOX_1

+ [633-642]

+ [632-644]

+

626-647

destruction signal;

LIG_FHA_I

FHA binding motif

MAPK docking motif;
MAPK docking motif

_1 [674-684]

DOC_MAPK_1

+ [685-687]

+ [685-687]

+

685-687

The italic regions are the ID regions where some known interacting partners bind to as indicated in the table. There are several ID regions( non-italic regions), which reveal short linear motifs with no

interacting partners yet assigned to them. The first column shows the start and end residues of the ID region. Columns 2—4 are the results of different disorder prediction programs, column 2 is from Pondr

VSLI, column 3 is from the IUPred long version, and column 4 is from the IUPred short version. The presence of an ID region in the given predictor is indicated by a + sign, — designates their absence

according to the given predictor. ELM is the eukaryotic linear motif, first the names are displayed and in square brackets are the coordinates. Column 5 explains the function of the given ELM, and the last

column indicates the overlap with the experimentally known binding partner

To probe this tenet, we determined ID regions in TG2
using two bioinformatics predictors: PONDR VSLI1 [164]
and IUPred [165, 166] with two window sizes. A total of 13
ID regions containing more than five amino acids in TG2
were identified (listed in Table 2). In both the open (PDB:
1kv3) and closed form (PDB 2q3z), these are located along a
spiral surrounding the GDP binding site (Fig. 2). SLiMs were
predicted using the server of the eukaryotic linear motif
(ELM) database [167] and those motifs which overlap with
the ID regions are presented in Table 2. As we investigated
potential binding motifs for non-enzymatic partners, we ex-
cluded consensus protease cleavage sites.

Six out of the eight interaction partners with known
sites contact TG2 in an ID region of embedded linear
motifs. Integrin bl and b3 contact the N-terminal domain
of TG2, which contains a DGR motif. An aspartate resi-
due in the DGR motif has been reported to undergo
posttranslational modification to form an iso-DGR motif
that mimics a well-known integrin binding RGD motif
[168]. Syndecan-4 targets the 208-217 AA ID region,
which contains several phosphorylation sites. PKCa
serves as a crucial link between TG2-mediated syndecan-
4 and B1 integrin co-signaling [48]. PKCa interacts with
integrin and facilitates cell adhesion and migration of
cells seeded on FN-TG?2 in the presence of RGD peptides
[169]. TG2 is phosphorylated at AA 216 by PKA, which
creates a 14-3-3 protein binding motif [144]. Because the
interaction of TG2 and 14-3-3 protein was hypothesized
to regulate apoptosis and syndecan-4 was also recently
shown to inhibit apoptosis [170], it is possible that PKA-
mediated phosphorylation of TG2 contributes to both
syndecan and 14-3-3-mediated regulation of apoptosis.
The ol-adrenoceptor interacts with the 626-647 AA ID
region, which contains a destruction signal and a MAPK
docking motif. G-protein-coupled receptors can signal
independently of G-proteins and can activate MAP ki-
nases through a family of adaptor proteins called arrestins
[171]. MAPK activation by G-proteins can occur through
phospholipase C-B, which in turn activates Ras and/or
protein kinase C. Because we know that TG2 is involved
in Ras and/or protein kinase C signaling, it is possible that
TG2 interacts with AR and MAPK and modulates these
signaling functions [172].

The N-terminal region of TG2 contains several SUMO
binding motifs. SUMO1 was observed to bind to the
358-367 AA region, which also contains several putative
phosphorylation sites. All these motifs are displayed in
Fig. 2. Other known interaction sites are located in the
proximity of the ID regions. For example, fibronectin
contacts the 88—-106 AA TG2 segment, which is spatially
close to the 14-21 AA integrin binding site.

We also aimed to provide a mechanistic interpretation
for how short motif-mediated interactions could interfere

@ Springer
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with TG2 activities. TG2 exists in two conformational
states: a GDP-bound closed form and an open form, which
is proposed to be the active state. Flexible, dynamic regions
can serve as hinges to facilitate the transition to the open
form. The conversion between these two conformations
exposes a huge surface area (almost 3000 A?) [173], which
facilitates TG2 interacting partners to bind to short linear
motifs embedded in these areas. Binding of TG2-interact-
ing partners with SLiMs could further modulate the
conformational equilibrium and facilitate formation of the
active form of TG2.

Owing to its very large surface area (27,328.8 Az), TG2
serves as a bridge and scaffold for its non-enzymatic
partners. For example, interaction of TG2 with syndecan,
fibronectin and integrins, with calmodulin and huntingtin,
with SUMO-1 and PIASy, with calreticulin and integrin,
with integrin and MFG-E8 and last with RhoA, PKA,
AKAP13 and TG2, all require the bridging and scaffolding
function of TG2 (Fig. 3). The affinity and lifetime of these
contacts could be affected by the neighboring ID regions,
which may regulate and govern the surface area exposure.
For example, TG2 regulates receptor-mediated signaling
by coordinating the ol-adrenoceptor and the PLC 61
binding partner, whose binding sites are spatially close to
each other.

Anti-TG2 antibodies, a tool for identifying TG2
functions and their significance in TG2-mediated
biological processes

As complexes of TG2 have not been structurally charac-
terized, antibodies and their specific binding location to the
TG2 molecule could provide important information re-
garding the conformational states of TG2 and its
interacting proteins. Most techniques employed for de-
tecting protein—protein interactions make use of antibodies
and hence specific antibodies are essential for revealing
interactions in cells. Because TG2 is present in different
conformational states depending upon the physiology of
the cellular compartments, it is possible that antibody-
binding epitopes are masked, and hence we need to test
different antibodies to confirm the experimental data. In
this review, we provide an overview of all known TG2-
specific antibodies along with their proposed binding sites
and their significance (Table 3).

Antibodies targeting the linear epitope on TG2
Several different monoclonal and polyclonal antibodies

against TG2 have been synthesized, targeting different
functional domains of TG2. They have been extensively

@ Springer

Fig. 3 Scheme of TG2 and its non-enzymatic partners in regulating p
TG2 functions. a TG2 facilitates cell adhesion and migration by
binding to cell-surface receptors, integrin, and syndecan-4 along with
cell matrix protein fibronectin (FN). The interaction takes place in the
extracellular matrix (ECM); b TG2 serves as a scaffolding protein by
bridging integrin and platelet-derived growth factor receptor
(PDGFR), thus participating in amplifying joint PDGFR/integrin
signaling via activation of downstream signaling cascades (protein
kinase B also called Akt, focal adhesion kinase (FAK), and
extracellular signal regulated kinase (ERK); TG2 was shown to form
a complex with integrin and low-density lipoprotein receptor related
protein (LRP5/6), which in turn activates the B catenin pathway. TG2
was also shown to interact with LRPI, thus participating in LRP1-
mediated cell adhesion and migration functions; ¢ membrane metal-
loprotease (MT MMP) activates soluble metalloprotease (MMP2),
which in turn binds to TG2 and mediates its degradation (solid black
arrow represents activation), heat shock protein (HSP70) interacts
with cytoplasmic (Cyto) TG2 and facilitates its migration to the cell
periphery (dotted arrow represents migration of TG2 to the cell
periphery), TG2 interacts with protein kinase A anchor protein 13 in
the cytoplasm, which in turn interacts with RhoA, thereby potentially
facilitating stress fiber formation, cancer cell polarity, and migration;
d TG2 interacts with a tumor suppressor protein PTEN (phosphatase
and tensin homologue deleted on chromosome 10) and facilitates its
ubiquitination and simultaneous degradation by the proteasomal
pathway, TG2 modulates Rac (Rho family of small GTPases) activity
and its function by blocking the Rac binding site of GTPase-
activating proteins such as Ber/Abr; e TG2 interacts with retinoblas-
toma protein (Rb) and mediates the pro-apoptotic response when the
interaction takes place in the cytoplasm but mediates the anti-
apoptotic response when the interaction takes place in the nucleus.
Similarly, TG2 mediates the pro-apoptotic response upon interacting
with the Bcl2 family member Bax and 14-3-3, a serine/threonine
binding protein; f calreticulin modulates TG2 activity by interacting
with TG2 and downregulating its TGase and GTPase activities, TG2
facilitates transmembrane signaling by interacting with several
transmembrane receptors like adrenoceptor (AR) and along with
phospholipase C 61 (PLCS1), mediates the release of two second
messengers, inositol 4,5 triphosphate (IP3) and diacylglycerol (DAG);
g importin o3 interacts with TG2 and mediates its active transport into
the nucleus where it can interact with histones, GDP and GTP-bound
TG2 regulate the changes in the cellular localization of eukaryotic
elongation factor elfSA; h calmodulin interacts with TG2 and
increases its TGase activity. Activated TG2 simultaneously binds to
tubulin and crosslinks huntingtin (Htt), thus contributing to Hunting-
ton’s disease pathology; i intracellular reactive oxygen species (ROS)
mediates TG2 SUMOylation by facilitating interaction of TG2 with
small ubiquitin-like modifiers 1 (SUMO1) (Fig. 2) and PIASy (a
SUMO E3 ligase). ROS-mediated TG2 SUMOylation leads to an
increase in TG2 activity, which subsequently affects inflammation by
crosslinking and degrading PPARY (peroxisome proliferator-activator
receptor, a negative regulator of inflammation). TG2 was also shown
to interact with Rac 1 and regulate inflammation by activating the NF-
kP pathway; j nuclear TG2 was shown to regulate ECM remodeling
and metastasis by modulating MMP9 gene transcription. It does so by
interacting with cJun, thereby inhibiting dimerization of cJun and
cFos and subsequently blocking the AP1 transcription factor binding
site on the MMP9 gene; k TG2 regulates metastasis by mediating
phosphorylation of B catenin via the bound src. Phosphorylated
catenin dissociates from cadherin and translocates to the nucleus,
where it activates Wnt signaling machinery; 1 TG2 regulates hypoxia
by preventing the dimerization of hypoxia-inducible factor 1 and la
(HIF1p, HIF1a), subsequently inhibiting functional HIF transcription
factor binding to hypoxia response elements (HRE) present in the
promoter of the Bnip3 gene
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Table 3 List of anti-TG2 antibodies with their epitopes

Antibody Epitope on TG2 Sources
4G3 hybridoma cells Fibronectin binding site Santa Cruz
Biotechnology

G92 Fibronectin binding site
H23 Ca”" binding site (433-438)
TG 100 Core domain (447-538)
CUB7402 Core domain (447-478)
A033 Catalytic core domain

A034 Beta sheet domain

A036 Beta barrel 1 domain

A037 Beta barrel 2 domain
PAB0062-P Not known

PAB0063 Not known

MABO0024-P Not known

PA5-23219 623-645 AA

EP2957 Not known

Ab421 Against full-length protein
OAAF01946 N terminal domain (1-50 AA)

Celiac anti-TG2 autoantibodies

Celiac anti-TG2 monoclonal

autoantibodies were conformational

Glu 153, Glu 154, Arg 19, and Met 659, epitopes are conformational

N-terminal domain (overlapping fibronectin binding site), two of the epitopes

Trejo Skalli et al. [183]

Korponay-Szab6 et al.
[184]

Life Technologies
Abcam

Zedira

Zedira

Zedira

Zedira

Covalab

Covalab

Covalab

Thermo Scientific/
Pierce

Abcam
Abcam

Aviva Systems
Biology

Simon-Vecsei et al.
[159]

Iversen et al. [185]

Antibodies generated against TG2 available through commercial sources or in-house antibodies are listed. Their epitopes on TG2 have also been
provided. References citing the antibody or suppliers information are also indicated

used to improve our understanding of TG2-mediated bio-
logical processes. Table 3 summarizes all the antibodies
available and their proposed binding sites on TG2. These
antibodies target linear epitopes, thus their binding is not
influenced by TG2-conformational changes. CUB7402 and
TG100 are the most frequently used TG2 antibodies, both
targeting the core domain of TG2. 4G3 and G92 bind to the
fibronectin binding region of TG2 and hence can contribute
to understanding the fibronectin binding property as well as
the associated functional aspects of the enzyme (Table 3).

For many years, none of the commercial TG2-specific
antibodies or anti-T'G2 autoantibodies was able to recognize
cell-surface TG2. One of the monoclonal TG2 antibodies,
6B9, was claimed to recognize cell-surface TG2, but later it
was determined that it actually recognized CD44 on the cell
surface and not TG2 [174]. Recent work from our group
showed that in contrast to other commercially available TG2
antibodies, TG100 was the only antibody that recognized
cell-surface TG2 on monocyte-derived dendritic cells and
macrophages [175], emphasizing the need for testing several
antibodies to have a complete overview of the biochemical
properties of the enzyme.

@ Springer

Celiac antibodies targeting conformational epitopes
on TG2

Autoantibodies generated against TG2, found specifically
in celiac disease patients, are reported to mediate celiac
pathogenesis and affect several other biological processes.
Some of the biological effects include (a) inhibition of cell
adhesion and migration, most probably by modulating the
heparin sulfate proteoglycan binding site [176] and by
enhancing the expression of matrix metallo-proteases,
(b) inhibition of epithelial cell differentiation by interfering
with TG2 mediated TGF-B1 activation [177], (c) inhibition
of several steps in angiogenesis [178], and (d) increasing
the permeability of blood—brain barrier.

Serious efforts have recently been made to identify these
autoantibodies and map their epitopes on TG2 [179, 180].
One such study from our group revealed that the epitopes
of these TG2 antibodies were conformational. They in-
cluded glutamine 153 and 154 in the first alpha helix of the
core domain, and arginine 19 in the first alpha helix of the
N-terminal domain [179]. In another study of this kind,
TG2-autoantibodies were generated from single plasma
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cells of celiac disease lesions. Their epitope mapping also
revealed that they recognize a few conformational epi-
topes, which are localized in the N-terminal region (Table
3). Because these antibodies inhibited fibronectin binding,
and also the epitopes were inaccessible when TG2 was in
the cell surface-bound form, it confirmed that they overlap
with the fibronectin binding region of TG2 [180].
Monoclonal mouse antibodies, which overlapped with
celiac antibody epitopes, resulted in the release of celiac
antibodies from tissues, antagonizing their harmful effects
in cell culture experiments. This observation further em-
phasizes the need for such antibodies to perform functional
studies and to explore their therapeutic benefits.

Conclusions and perspectives

Although TG2 was discovered decades ago, this enigmatic
protein still intrigues researchers. It is remarkable how a
single protein could catalyze such a vast array of biochemical
reactions and regulate several physiological and pathological
processes. We speculate that the compartment-dependent
regulation of the transamidation activity and non-enzymatic
interactions unique to TG2 profoundly impact its multiple
cell functions. Therefore, they are likely to contribute to a
number of pathological states. In this review, we have fo-
cused on non-covalent interaction-mediated regulatory
functions of TG2. Although we have tried to list only those
proteins that interact via non-enzymatic interactions, in most
cases sufficient evidence is not available to confirm whether
they are true interacting partners or if they could also serve as
a substrate of TG2. Much work needs to be done to define the
interacting regions and sequences on both TG2 and its re-
spective interacting partner. It also has yet to be revealed
whether the interacting proteins bind to the open or closed
form of TG2. Answers to these unresolved questions should
help us in the future to evaluate the relevance of such inter-
actions on TG2 function in more detail. We have used a rather
novel approach to analyze unique structural features, such as
differences between the 3D structure of TG2 and the rest of its
family members, the presence of IDRs, SLiMs, and the sur-
face area of the closed and open forms of the protein, to
determine how these features could regulate TG2 function.
Bioinformatic analysis revealed several IDRs along with
SLiMs in the TG2 sequence. Some of the interacting protein
binding sites overlapped these ID regions. Owing to the im-
portance of these regions in mediating additional protein—
protein interaction and its role in regulating diverse protein
functions, this review provides a new direction for future TG2
research.
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