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Abstract TG?2 is multifunctional enzyme which can be
secreted to the cell surface by an unknown mechanism
where its Ca®"-dependent transamidase activity is impli-
cated in a number of events important to cell behaviour.
However, this activity may only be transient due to the
oxidation of the enzyme in the extracellular environment
including its reaction with NO probably accounting for its
many other roles, which are transamidation independent. In
this review, we discuss the novel roles of TG2 at the cell
surface and in the ECM acting either as a transamidating
enzyme or as an extracellular scaffold protein involved in
cell adhesion. Such roles include its ability to act as an FN
co-receptor for f§ integrins or in a heterocomplex with FN
interacting with the cell surface heparan sulphate proteo-
glycan syndecan-4 leading to activation of PKCua. These
different properties of TG2 involve this protein in various
physiological processes, which if not regulated appropri-
ately can also lead to its involvement in a number of dis-
eases. These include metastatic cancer, tissue fibrosis and
coeliac disease, thus increasing its attractiveness as both a
therapeutic target and diagnostic marker.
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Background introduction
TG family

The posttranslational modification of proteins plays
an important role in regulating protein function.
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Transglutaminases (TGs) were first reported in 1959 by
Mycek and colleagues (Mycek et al. 1959) as an enzyme
found in guinea pig liver, able to modify proteins by
mediating an acyl-transfer reaction between the y-carbox-
amide group of peptide-bound glutamine and a primary
amine. The result of this reaction is either protein cross-
linking if the amine is the e-amino group of peptide-bound
lysine or modification of the peptide glutamine by cross-
linking to a primary amine such as a polyamine. Under
slightly acidic conditions in the absence of a suitable pri-
mary amine, the deamidation of the peptide-bound gluta-
mine can also occur. This latter reaction by tissue
transglutaminase (TG2) has become highly significant in
the pathogenesis of coeliac disease (Sollid and Khosla
2005). Because of their ability to crosslink proteins, often
resulting in high Mr polymers, TGs have been referred to
as “Nature’s Biological Glues” (Griffin et al. 2002). TGs
are found widely in nature, but in mammals their enzy-
matic activity is Ca2+-dependent, and other factors
including GTP/GDP can also affect the activity of some of
the mammalian TGs (Verderio et al. 2004). Even though
the function of TGs has been under investigation by sci-
entists for more than five decades, not all of the eight
members of the mammalian TG family have been fully
characterized (Collighan and Griffin 2009). Moreover,
further novel enzymatic activities of the ubiquitous TG2
have recently been reported, e.g. the protein disulphide
isomerise (PDI) (Hasegawa et al. 2003) and protein kinase
activities (Mishra and Murphy 2004), thus further extend-
ing the potential physiological and pathological importance
of this diverse group of enzymes.

Structure and regulation of TG2

TG2, commonly referred to as “tissue transglutaminase”,
is probably the most ubiquitous and multifunctional
member of the TG family, to which this review is devoted.
Since its discovery in 1959, diverse roles have been
ascribed to it, but many of its suggested physiological
functions still remain an enigma. TG2 is a monomeric
protein of 687 amino acids composed of four domains
namely the N-terminal f-Sandwich (residues 1-139), the
o/ catalytic core (residues 140-454) and two C-terminal
p-barrel domains (residues 479-585 and 586687, respec-
tively) (Fig. 1).

Although found with high expression in a number of
mammalian tissues such as in endothelial cells, red blood
cells and smooth muscle cells, TG2 is often regarded as a
stress-related protein, with its expression upregulated by a
number of physiological and pathological stimuli. Of
these, retinoic acid (RA) is a well-known inducer for TG2
expression at both mRNA and protein levels, via which
RA promotes the expression of TG2 through interaction
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with its receptors to promote the formation of RAR/RXR
heterodimers or RXR/RXR homodimers, which trigger
transcription of TGM2 (Glass 1994; Mehta et al. 1996). A
number of inflammatory cytokines and growth factors can
also induce TG2 expression, including transforming
growth factor 1 (TGFf1) (Quan et al. 2005), interleukins
(e.g. IL-6) (Suto et al. 1993) and tumour necrosis factor o
(TNFa) (Kuncio et al. 1996), which is thought to
upregulate TG2 via activation of the nuclear factor kB
(NF-kB).

Cellular location and activity of TG2

Reputed as a protein with diverse functions, it is important
to indicate that these function(s) of TG2 are closely related
to its cellular or subcellular location under different phys-
iological and pathological conditions.

Originally regarded as an intracellular protein only
found in the cytosol but later found in the plasma mem-
brane and subsequently in the nucleus and mitochondria, it
is thought that its intracellular Ca®"-dependent transami-
dating [K,, for Ca®" of 2-3 uM (Hand et al. 1985)] activity
is normally silent following the discovery that GTP and
GDP act as a negative regulator (Smethurst and Griffin
1996). However under stress, disturbance of the intracel-
lular Ca*" balance may cause transient loss of Ca®" ho-
moeostasis, which could feasibly activate the enzyme
leading to induction of the pro-apoptotic and apoptotic
functions of the protein. Such a function may occur in the
nucleus where the specific crosslinking of the transcription
factor SP1 leads to the induction of apoptosis (Kiraly et al.
2009; Tatsukawa et al. 2009). Inside cells, TG2 can act as a
Ca*"-independent GTPase and ATPase and has also been
reported to be a Ca®>-independent threonine protein kinase
(Mishra and Murphy 2006). As a G-protein, TG2 (Gh) is
involved in the activation of phospholipase C (PLC) during
hormonal signal transduction (Stephens et al. 2004). Mg -
ATP binding to TG2 inhibits GTPase activity, but does not
interfere with the transamidating activity, while Mg>"-GTP
binding induces a conformational change that inhibits
transamidating activity, but is reported not to affect the
ATPase activity of TG2 (Lai et al. 1998) although both
nucleotides bind to similar binding pocket (Han et al.
2010). As a protein kinase, TG2 is reputed to regulate the
phosphorylation of growth factor-binding protein-3 (IG-
FBP-3) (Mishra and Murphy 2004). There are still con-
flicting ideas regarding the presence of TG2 in
mitochondria. Recent evidence suggests that mitochondrial
TG2 acts as a Ca*™-independent protein disulphide isom-
erase (PDI) (Hasegawa et al. 2003). There is also accu-
mulating evidence that TG2 can translocate to the nucleus
with the help of importin-a-3 protein where it may have a
cell survival role by affecting transcription of key genes
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Fig. 1 The structure of TG2 a and b, molecular structure of TG2 in
its closed conformation (a) when binding to GTP with the Ca>*
binding site shown as the yellow ball. b The extended form of the

(Peng et al. 1999). It has been reported that intracellular
TG2 can bind to the cytoplasmatic domain of « integrins,
leading to the inhibition of cell migration (Kang et al.
2004). More recently, intracellular TG2 has also been
shown to act as a non-transamidating scaffold protein
important in regulating actin cytoskeleton organization
(Antonyak et al. 2009).

Secretion of TG2

Unlike classic secretory proteins, TG2 lacks the hydropho-
bic leader sequences; hence, it cannot be externalized via a
conventional endoplasmic  reticulum/Golgi-dependent
pathway (Verderio et al. 2004). Indeed, the consensus for a
number of years was that TG2 could not be secreted by
healthy cells under normal physiological conditions, unless
the cells are under stress or damaged leading to leakage of
the enzyme into the extracellular matrix (ECM). By putting
TG2 expression under the control of a tet-inducible pro-
moter and immunostaining extracellular TG2 prior to its
fixation, Griffin and colleagues demonstrated, for the first
time, that increased expression of TG2 in 3T3 fibroblasts led
to its increased externalization and presence within the

enzyme with Ca>" bound at the site of the yellow ball. ¢ Different
domains of TG2 with colours coded to the structures shown in a and
b with the known binding sites denoted

ECM. Importantly, this occurred without the need for
exogenous stimuli or induction of cell death (Verderio et al.
1998). These studies showed that the enzyme colocalized
with fibronectin (FN) (Gaudry et al. 1999a) and f1 integrin
(Gaudry et al. 1999b). Subsequent data using FITC-cadav-
erine incorporation into healthy 3T3 fibroblasts demon-
strated TG activity both at the cell surface and in the ECM
following increased induction of its expression (Verderio
et al. 1998). However, the mechanism by which TG2 is
secreted still remains a mystery, although several mecha-
nisms have been proposed and some clues may be gained
from the literature. Early studies indicated the requirement
for intact N-terminal fS-sandwich domain and an intact
transamidation active site (Balklava et al. 2002; Gaudry
et al. 1999a). Several mutations that affect the conformation
of TG2 also affect secretion. Mutation K173L, which
abolishes GTP binding, prevents secretion and C277S,
which blocks transglutaminase activity, prevents deposition
into the extracellular matrix but is found at the cell surface
(Balklava et al. 2002; Johnson and Terkeltaub 2005).
Both mutations, however, may be expected to hold TG2
into its open conformation. Mutation Y274A, which is
thought to prevent the transition between open and closed
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conformations, also prevents secretion (Balklava et al. 2002;
Johnson and Terkeltaub 2005), suggesting that an ability to
alter conformation may be critical for full secretion. There is
also evidence to suggest that TG2 secretion may be associ-
ated with Integrin f1-rich recycling endosomes (Zemskov
et al. 2011), while recent evidence suggests that binding to
cell surface heparan sulphate proteoglycans is a requirement
for translocation of TG2 onto the cell surface and for sub-
sequent transamidating activity (Scarpellini et al. 2009).

Extracellular TG2

Once secreted into the extracellular environment, TG2 may
influence cell behaviour through its Ca®>"-dependent tran-
samidating activity, since both high Ca*" and low GTP
levels will promote activation of the enzyme if the
appropriate substrates are available (see “TG2 a FN core-
ceptor for integrin mediated cell adhesion” below). How-
ever, activation of the enzyme may only be transient due to
oxidation of TG2 in the non-reducing extracellular envi-
ronment leading to the formation of the vicinal disulphide
bond between Cys®’® and Cys*’' thought to be promoted
by Cys>*° which can also bond with Cys>’° (Stamnaes et al.
2010). Each of these Cys residues are in close proximity to
one another in the crystal structure, both in the open and
closed conformations. Nitrosylation of TG2 by its reaction
with NO may also play a key role in regulating the switch
between an active and inactive transamidating enzyme.
Such inactivating mechanisms may be one of the expla-
nations for the ability of TG2 to undertake many other
extracellular roles in which transamidation activity is not
required (see “TG2 and its interaction with heparan sul-
phate proteoglycans™).

TG2: a novel extracellular scaffold protein

TG?2 and its interaction with heparan sulphate
proteoglycans

TG2 has high affinities for both fibronectin and heparan
sulphate proteoglycans (HSPGs) (19.47 4+ 6.92 and
15.92 4+ 0.96 nM, respectively) and it has been suggested
that HSPGs may be important in the regulation of the
translocation of TG2 at the cell surface (Scarpellini et al.
2009). Once externalized and deposited into the ECM, TG2
may act as a novel structural protein when bound to FN in a
heterocomplex (TG-FN) (Verderio et al. 1998). The
importance of TG—FN as a novel cell adhesion complex
compared to FN alone was first shown in human osteoblast
(HOB) cells when plated onto TG—FN coated polycapro-
lactone (Heath et al. 2002) as a means of stabilizing cell
surface/biomaterial interfaces. Subsequent studies showed
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that FN-bound TG2 could also compensate the RGD pep-
tide-induced anoikis (apoptosis caused by the loss of cell
adhesion) (Fig. 2a, b), suggesting that the cell adhesion
mechanism was independent of integrin-mediated outside-
in signalling and therefore distinct from that shown for its
interaction with integrins (Verderio et al. 2003). This
process was shown to be both protein kinase o (PKCa)- and
focal adhesion kinase (FAK)-dependent. Further studies
showed that TG2, when bound to FN, acts as a bridging
protein by binding to and activating syndecan-4. Following
its direct interaction with syndecan-4, the activation of
PKCo occurs, which after translocation to the cell mem-
brane binds to the intracellular domain of f1 integrin,
triggering inside-out signalling of these integrins via acti-
vation of FAK and extracellular signal-regulated kinase 1/2
(ERK1/2) (Telci et al. 2008). More recent work has dem-
onstrated the involvement of another HSPG family mem-
ber—syndecan-2, which acts as an associate receptor for
syndecan-4 through crosstalk via PKCa, since no direct
interaction between TG2 and syndecan-2 is found. While
acting as a novel scaffold protein through the bridging of
syndecan-4 with FN, this complex can also facilitate the
enhancement of FN fibril formation mediated through a
syndecan-4/2 and o5f1 integrin co-signalling pathway,
which is independent of the requirement for transamidating
activity and occurs even when integrin binding sites for FN
are blocked by RGD peptides (Fig. 2a, b; Wang et al.
2010). The importance of such a process may explain why
delayed wound healing is found in both TG2 knockout and
syndecan-4 knockout animals. The same signalling and
matrix deposition pathway is also likely to be involved in
human osteoblasts during matrix turnover, suggesting the
existence of a universal signalling pathway involving
syndecan-4/2 and o5f1 integrin and regulated by the TG-
FN heterocomplex (Wang et al. 2011).

TG2—a FN co-receptor for integrin-mediated cell
adhesion

TG2 and its high-affinity binding partner FN may also
cooperate in promoting activation of integrin signalling
pathways important in cell adhesion in a non-transami-
dating manner (Collighan and Griffin 2009). Given that the
TG2 binding site (42 kD gelatin-binding domain) on FN
(Lorand et al. 1993) and the integrin binding site (named
the RGD cell-binding site) are located in different parts of
the FN molecule, it suggests that TG2 and integrins
cooperate rather than compete with each other in the cell
adhesion process, as such TG2 is thought to act as an
integrin-binding adhesion co-receptor for fibronectin
(Fig. 2¢). Moreover, the binding of cell surface TG2 with
FN was shown to activate FAK and increase the GTP
loading of the small GTPase RhoA, triggering intracellular
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Fig. 2 TG2, a novel extracellular scaffold protein involved in cell
adhesion. a Following stress or tissue damage, the upregulation of
TG2 leads to its externalization into extracellular environment and its
deposition into the ECM leading to the formation of TG-FN
complexes. Also activated by the stress stimuli, cell surface MMPs
can digest the matrix proteins, resulting in the release of the RGD
fragments which can block the integrin-mediated cell adhesion on FN.
b Matrix-bound TG2 can compensate the RGD-independent loss of

signalling and induction of cell adhesion (Janiak et al.
2006). Using both immunofluorsecent colocalization and
immunoprecipitation studies, cell surface TG2 was shown
to interact with 1 and 83 integrin receptors in fibroblasts
and monocytes (Akimov and Belkin 2001), while in human
breast cancer cells the direct interaction of TG2 with 1, p4
and f5 integrins has been observed, suggesting that TG2
may be important in regulating cancer cell adhesion,
invasion and migration (Mangala et al. 2007). Agreeing
with earlier reports, Chen and colleagues reported the over-
expression of TG2 and FN in a highly invasive A431-II1
cell line, in which an increased interaction of TG2 with f1
and f3 integrins was described that could be suppressed by
siRNA silencing of TG2 (Chen et al. 2010). Unlike FN,
integrins do not appear to serve as enzymatic substrates of
TG2 or of other TGs, and the formation of stable non-
covalent integrin—-TG2 complexes is independent of the
transamidating activity of TG2 (Akimov and Belkin 2001;

cell adhesion and restore FN fibril formation and thereby rescue the
cells from anoikis (a type of apoptosis induced by the loss of cell
adhesion) via syndecan-4/2 and o5f1 integrin co-signalling pathway.
¢ TG2 on the cell surface functions as an integrin co-receptor in
mediating integrin-related cell adhesion on FN. d Cell surface TG2
promotes cell migration and proliferation by acting as a bridging
protein between PDFGR and integrins to regulate PDGFR signalling
pathway

Akimov et al. 2000). Although the binding sites within
TG2 for f integrins are still unknown, it has been dem-
onstrated that integrin—-TG2 complexes have a 1:1 stoi-
chiometry and it was suggested that all of the TG2 on the
cell surface may be bound to integrin receptors in a FN-
independent way (Akimov and Belkin 2001; Akimov et al.
2000). A series of studies led by Mehta and colleagues on
tumour cells further demonstrated the connection between
TG2 and the integrin-relevant downstream signalling
molecule—FAK. The culture of TG2-positive breast can-
cer cells and TG2-transfected fibroblasts on fibronectin-
coated surfaces led to the activation of FAK, one of the
downstream signalling molecules of integrins (Mehta et al.
2006). In addition, downregulation of TG2 by siRNA
attenuated FN-mediated cell attachment (Herman et al.
2006) and FAK phosphorylation and reduced cell survival
(Verma et al. 2006). In human umbilical vein endothelial
cells (HUVEC), downregulation of TG2 expression by
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small interfering RNA (siRNA) led to the loss of cell
adhesion in a p-FAK®"’-dependent manner, which could be
partially compensated by exogenous TG2 treatment (Nad-
alutti et al. 2011). A study performed in TG2—/— macro-
phages revealed that over-expression of 33 integrin on the
cell surface can partially compensate for the absence of
TG2 during the apoptotic cell clearance process, which is
dependent on the 53 integrin-Src signalling pathway (Toth
et al. 2009). Recently, it was reported that «561 integrin
was required by the exogenous GTP-bound TG2, either in a
soluble or solid phase, to induce hypertrophic differentia-
tion of chondrocytes, which was dependent on the phos-
phorylation of FAK at Tyr'*®, while this effect could not be
found in the cells treated with GTP-free TG2. GTP-bound
TG2, when present in the ECM, was shown to induce
hypertrophic differentiation of chondrocytes through a
a5f1 integrin-dependent and FAK-associated cell adhesion
processes (Tanaka et al. 2007). Recently, it has also been
reported that on the cell surface, TG2 can bridge f1 inte-
grins with the platelet-derived growth factor receptor
(PDGFR). Via acting as a novel scaffold protein (Fig. 2d),
TG2 is thought to promote PDGFR clustering and in turn
regulate cell migration via a receptor clustering mechanism
(Zemskov et al. 2009).

TG2 and GPR56

Apart from integrins and syndecan-4 receptors, another cell
surface receptor reported to be involved in TG2-mediated
signalling is the G-protein coupled receptor GPR56. It has
been reported that the expression of G-protein coupled
receptor 56 (GPR56) is reduced in certain types of human
cancers such as pancreatic cancer (Huang et al. 2008). First
reported by Xu and colleagues, GPR56, is downregulated
in highly metastastic cancers and over-expression of
GPR56 leads to the inhibition of cancer proliferation and
metastasis, which is related to its specific interaction with
matrix TG2 (Xu et al. 2006). A recent report demonstrated
a correlation between TG2, GPR56 and NF-xB in
oesophageal squamous cell carcinoma (ESCC) tissue
samples, suggesting the potential involvement of these
proteins in ESCC invasion (Kausar et al. 2011).

TG2 and the MMPs

The presence of TG2 at the cell surface also seems to have a
relationship with the presence and activation of cell surface
metalloproteinase (MMPs), thought to be important in both
cell migration and invasion (Collighan and Griffin 2009).
The expression of TG2 can affect the expression level of
MMPs and their activities, which appears to be cell-type
dependent. In U937 and MCF7 cells, the over-expression of
TG?2 induced by retinoic acid treatment led to the inhibition

@ Springer

of matrix metalloproteinease-9 (MMP-9) activity via
blocking its transcription, which can be reversed by addi-
tion of a TG2 inhibitor (Ahn et al. 2008). In highly invasive
A431-1III cells, reduced MMP-9 and MMP-1 secretion was
also found to correlate with TG2 knockdown by siRNA
treatment. In glioma and fibrosarcoma cells, over-expres-
sion of membrane type 1-metalloproteinase (MT1-MMP)
can increase the degradation of cell surface TG2, which
leads to inhibition of cell adhesion mediated by its inter-
action with integrin receptors and in turn promotes
increased cell migration on FN (Belkin et al. 2001). A
recent study demonstrated that MT1-MMP can cleave the
extracellular TG2 into a smaller fragment of 56 kDa with an
ATP binding site. This fragment presents higher ATPase
activity and was shown to be important in the osteoblast
pro-mineralization process (Nakano et al. 2010).

TG2, an extracellular crosslinking enzyme
with physiological and pathological roles

A number of ECM proteins are potential substrates for TG2
crosslinking including fibronectin, vitronectin, osteonectin,
osteopontin, laminin, fibrillin, nidogen, collagen I, collagen
II and collagen V and XI and many more (Aeschlimann
et al. 1992; Chau et al. 2005; Kleman et al. 1995; Mangala
and Mehta 2005). However as previously stated, under
normal physiological conditions this transamidating activ-
ity in the non-reducing extracellular environment may
only be transient prior to its oxidation or its binding to its
high-affinity binding partners FN and cell surface heparan
sulphates, which may both either direct or regulate its
transamidating activity (Scarpellini et al. 2009).

It has been shown that crosslinked FN by TG2 shows
high molecular rigidity, which in osteoblasts leads to
increased adhesion and the clustering of f1 integrins
(Forsprecher et al. 2009). This finding was confirmed by
Nelea and colleagues, in which TG2-crosslinked FN
showed high stability against aqueous, high ionic and
chaotropic agents, and the high rigidity was confirmed by
atomic force microscopy (Nelea et al. 2008). In glioblas-
toma cells with high TG2 expression level (compared to
normal brain tissue), matrix FN deposition can be
increased, which can be abolished by a site-directed TG2
inhibitor KCCO009. Interestingly in this study, KCC009
treatment led to an increased sensitivity of the glioblastoma
cells to chemotherapy, due to the disruption of the FN
matrix (Yuan et al. 2007). Studies with HUVEC cells have
also suggested that TG2 via its transamidating activity may
form an intracellular complex with vascular endothelial
growth factor receptor 2 (VEGFR-2), which modulates the
endothelial cells response to vascular endothelial growth
factor (VEGF) (Dardik and Inbal 2006).
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Collagen I, another potential TG2 substrate, can also be
crosslinked by TG2 leading to high resistance to protease
degradation and matrix turnover. Unlike many other non-
enzymic crosslinking agents, TG2-crosslinked collagen
shows low toxicity to cells and provides the ideal bioma-
terial for collagen applications in wound healing in soft and
hard tissues such as bones. Indeed, in both HOBs and
human foreskin dermal fibroblasts (HFDF), TG2-cross-
linked collagen enhances cell adhesion, proliferation and
differentiation compared to native collagen (Chau et al.
2005). A study on collagen fibril modification by atomic
force microscopy indicated a threefold increase in rigidity
compared to native collagen. Seeded on TG2-crosslinked
collagen, vascular smooth muscle cells (vSMC) show more
organized actin cytoskeletal fibres than non-treated colla-
gen, leading to increased cell spreading and proliferation
by an integrin-independent mechanism (Spurlin et al.
2009). However, the increased rigidity and resistance to
turnover of collagen crosslinked by TG2 can also lead to
tissue fibrosis (Huang et al. 2009). Under these patholog-
ical conditions, extracellular TG2 remains highly active
through its continuous release from traumatised and/or
damaged cells thus overwhelming any extracellular

Tissue damage

Latent TGFp1

e
@
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-
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Fig. 3 The importance of TG2 crosslinking activity in the develop-
ment of fibrosis. Following tissue damage, upregulation of TG2
results in its externalization into the extracellular space where high
levels of Ca”", low levels of GTP and decreasing NO levels lead to
activation of the enzyme resulting in the crosslinking of ECM
proteins such as collagen, and the activation of TGFf1. Under normal

TGFp1 activation

regulatory mechanism. The result is a vicious self-propa-
gating cycle where increased TG2 increases the activation
of TGFf1 and/or NFxB, which in turn increase the
expression of TG2 and for TGFf1 the increased expression
of matrix proteins, which are then crosslinked and stabi-
lized by TG2. These processes lead to an increase in the
accumulation and deposition of matrix proteins leading to
fibrosis and scarring (Johnson et al. 2003; Fig. 3). Such a
scenario has been observed in a number of fibrotic condi-
tions including diabetic nephropathy (Huang et al. 2010),
in kidney scarring (Johnson et al. 2003) and in athero-
sclerosis (Van Herck et al. 2010). In these circumstances,
nitrosylation of the active site thiol and other cysteine
residues may be a key factor in both regulating transami-
dating activity and deposition of TG2 into the ECM (Lai
et al. 2001; Telci et al. 2009). A recent report has suggested
that loss of extracellular regulation of the enzyme via a
reduction in NO levels commonly found in damaged tis-
sues such as kidney leads to deregulation of activity,
again tipping the balance towards matrix accumulation
(Telci et al. 2009). In keeping with this finding, decreased
S-nitrosylation of TG2 has also been shown to contribute
to age-related increases in vascular stiffness (Santhanam

Enhanced ECM deposition

e-(y glutamyl) lysine

crosslinking

ECM

Fibrosis

wound healing, this will lead to ECM remodelling, which in turn can
regulate cell adhesion, proliferation and migration. However with
continuous insult to the tissue, the regulatory mechanisms controlling
TG2 activity fail leading to progressive matrix deposition and
crosslinking resulting in the development of fibrosis
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et al. 2010). TG2 can also promote the formation of hete-
rocomplexes of ECM proteins. In MC3T3 osteoblasts, TG2
has been proposed to modulate the formation of FN and
collagen networks, ECM assembly and osteoblast differ-
entiation and eventually mineralization (Al-Jallad et al.
2006). In another study, a hetero-complex of osteopontin
(OPN) and bone sialoprotein (BSP) crosslinked by TG2
showed improved osteoblast adhesion. The active enzyme
has also been used to incorporate polyamines, such as
spermidine (SPD), into cell basement membrane compo-
nents including laminin and Matrigel. Once incorporated,
these modified matrices significantly reduced cell B16-F10
melanoma cell adhesion, accompanied with reduced MMP-9
activity, suggesting that the modification of basement
membrane components by TG2 may be a natural self-
defence mechanism against tumour invasion.

Interestingly, a series of studies using CT26 colonal
cancer cells involving tumour injection of the active
enzyme led to the inhibition in tumour growth and
improved animal survival rates, accompanied with
increased collagen I deposition in the tumour stroma (Jones
et al. 2006). In agreement with this finding, over-expression
of the active TG2, but not the inactive enzyme, in CT26
cells led to reduction in tumour growth and an increase in
animal survival rate. Increased crosslinked matrix FN
deposition was found in the cells transfected with active
protein accompanied by a TG2-dependent activation of
TGFp1 (Kotsakis et al. 2010). Contrary to these findings,
inhibition of TG2 in highly metastatic and drug-resistant
breast cancer, pancreatic ductal adenocarcinoma, lung car-
cinoma and melanoma cells leads to decreased cell survival.
In many cases upregulation of TG2 is generally accompa-
nied by the constitutive activation of NF-xB leading to drug
resistance and the facilitation of tumour metastasis. More-
over, the activation of NF-xB is found in many advanced
stage tumours. Normally, activation of NF-kB is transient
occurring via the conventional pathway involving phos-
phorylation of the inhibitory protein IxBea, leading to its
dissociation from NF-xB and in turn the activation of NF-
kB. However, the association of TG2 with NF-xB and/or
the crosslinking of IxBx may be an alternative pathway for
the activation of NF-xB in advanced tumours where TG2 is
found to be upregulated (Mehta et al. 2010). More recent
studies have also suggested that in over-expressing breast
cancer cells, increased TG2 activity is important in epi-
thelial/mesenchymal transition via a TGFf1-dependent
pathway (Kumar et al. 2010).

Given the increased awareness for the involvement of
transglutaminases, particularly TG2, in disease processes,
there is now much interest in developing specific drugs that
target a particular isoform of this large family of enzymes.
Indeed, the search for specific inhibitors of TG2, in par-
ticular active site-directed irreversible inhibitors, has been
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the interest of a number of groups and commercial or-
ganisations [see (Siegel and Khosla 2007) for a recent
review]. However despite the application and evaluation of
these compounds in preclinical studies (Huang et al. 2009;
Yuan et al. 2007), very little progress in the clinic has been
made. In preclinical studies, irreversible active site-direc-
ted inhibitors (Griffin et al. 2008) used in animal models of
renal scarring (Johnson et al. 2003) and diabetic nephrop-
athy led to up to 90% reduction in scarring and a parallel
reduction in protein crosslinking with a significant
improvement in kidney function (Huang et al. 2009). In
cancer studies, animal models using subcutaneous trans-
planted murine DBT glioblastomas treated with dihyd-
roisoxazole-based TG inhibitors plus the chemotherapeutic
agent BCNU led to increased tumour cell death (Yuan et al.
2005). In another study, TG2 silencing using siRNA was
also demonstrated to be an effective way of treating
tumours as demonstrated in mice transplanted with pan-
creatic ductal adenocarcinoma (Verma et al. 2008).

Conclusion

In this review, we have aimed to demonstrate the important
roles that TG2 has in the extracellular environment, where
it may act both as a transamidating and non-transamidating
protein regulating a number of both physiological and
pathological events. However what determines the transi-
tion between these different roles of TG2 both at the cell
surface and in the ECM, whether it is physiological or
pathological, is still the subject of intense research.
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