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Summary. The expression of the protein crosslinking enzyme tissue
transglutaminase (TG2, tTG), the ubiquitous member of transglutaminase
family, can be regulated by multiple factors. Although it has been sug-
gested that TG2 can be involved in apoptotic cell death, high levels of
enzyme have also been associated with cell survival in response to dif-
ferent stimuli. Furthermore, evidence indicates that increases in TG2 pro-
duction cause enzyme translocation to cell membrane. Cell stress can also
lead to TG2 accumulation on the cell surface and in the extracellular
matrix resulting in changes in cell-matrix interactions.

Here, we discuss the underlying mechanisms of TG2 up-regulation
induced by various stimuli including glutamate exposure, calcium influx,
oxidative stress, UV, and inflammatory cytokines.

These findings agree with a postulated role for transglutaminases in
molecular mechanisms involved in several diseases suggesting that cross-
linking reactions could be a relevant part of the biochemical changes
observed in pathological conditions.
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Abbreviations: AMPA, o-amino-3-hydroxy-5-methyl-4-isoxazole-pro-
pionic acid; CD, celiac disease; ECM, extracellular matrix; FN, fibro-
nectin; GYKI 52466, 1-(4'-aminophenyl)-4-methyl-7,8-methylenedioxy-
5H-2,3-benzo-diazepine; IFN-y, interferon-y; LPA, lysophosphatidic acid;
TGF-beta, transforming growth factor-beta; MK-801, (+)-5-Methyl-
10,11-dihydro-5H-dibenzo [a, d]-cyclohepten-5,10-imine hydrogen mal-
eate; NF-kB, nuclear factor-kappa B; NMDA, N-methyl-D-aspartic acid;
3-NP, 3-nitropropionic acid; PLA2, phospholipase A2; ROS, reactive oxy-
gen species; TG(s), transglutaminase(s); TG2, tissue transglutaminase

Introduction

Protein aggregates are readily detected in a variety of
physiological and pathological conditions suggesting they
play an important role in both normal conditions and dis-
ease states in living cells at the intra- and extra-cellular

level. Much emphasis has been placed on the enzymatic
activity displayed by transglutaminases (TGs), since their
activity and expression is often associated with adaptive
protein modifications following different stimuli including
the stress response. Members of the TG family are found
in both the intracellular and extracellular environment, and
are encoded by nine different human genes. Six of the
related gene products have been characterized as enzymes
showing a calcium-dependent transamidating activity lead-
ing to protein modification either by intra- or inter-protein
cross-linking or polyamine incorporation. Formation of
these protein cross-links can lead to the production of pro-
tein aggregates with increased resistance to breakage and
chemical and proteolytic hydrolysis (Griffin et al., 2002).
Tissue transglutaminase (TG2, tTG) is the most ubiqui-
tous member of this family, which in addition to its trans-
amidating activity can bind and hydrolyse GTP implicat-
ing its involvement in intracellular signalling. The binding
of either GTP or GDP negatively modulates the Ca’*-
dependent transamidating activity of the enzyme by ob-
structing access to the active site (Griffin et al., 2002). As
a consequence, inside the cell, under normal conditions,
Ca* activation of the enzyme is very tightly regulated.
TG2 localizes mainly in the cytoplasm, yet recent reports
also suggest its presence in the nucleus, mitochondria, at
the cell surface and in the extracellular matrix (ECM)
(Griffin et al., 2002; Piacentini et al., 2005).

TG2 expression is constitutive in many different cell
types, and depending on the cell type can be regulated
by several transcriptional activators, such as cytokines,
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Fig.1. Schematic representation of the proximal region of the human tissue transglutaminase gene (TGM2) promoter. The location of putative
recognition motifs for known transcription factors, cytokines and steroid hormones was derived by published features of TGM2 promoter sequence
(accession number: U13920 Z46905) except for that of NF-kB which was reported by Mirza et al. (1997). The transcription start site is numbered as

+1. RARE Retinoic acid response element

retinoids, vitamin D and steroid hormones (Fig. 1). Given
its multifunctional role, TG2 has been involved in a vari-
ety of events including the suppression of cell prolifera-
tion, differentiation, signal transduction and wound heal-
ing (Feésus and Piacentini, 2002; Telci and Griffin, 2006).

Moreover, several observations suggest that TG2 could
be involved in apoptosis whereby TG2-dependent cross-
linking following increases in intracellular Ca?>* may be
important in the stabilization of apoptotic cells by prevent-
ing loss of intracellular components (Fesus and Szondy,
2005). Such a role has also been suggested for TG2 in the
stabilization of necrotic cells following loss of Ca’*
homeostasis as a further mean of preventing cell leak-
age (Nicholas et al., 2003). Other results indicate that
induced expression of TG2 by RA treatment (Boehm
et al., 2002) or stable transfection with TG2 cDNA con-
structs (Tucholski and Johnson, 2002) does not produce
any changes in the rate of spontaneous apoptosis in human
neuroblastoma SH-SYS5Y cells, confirming the tight reg-
ulation of the enzyme under normal Ca?* homeostasis.
Further work is required to elucidate the role of TG2 in
the apoptotic process.

Several observations have been reported demonstrating
that various stimuli or insults are able to induce TG2 ac-
tivation following cell stress or injury. Further, many dif-
ferent stimuli, both internal and external, trigger endo-
genous production of reactive oxygen species (ROS) as a
necessary part of the intracellular communication system
that activates the cell stress response. ROS increase has
been associated with different responses involving enzyme
expression and post-translational changes that generally

result in an adaptive response or loss of cell function.
Here, we discuss the possibility that TG2 expression and
subsequent transamidating activity could be part of the
cell response evoked by stress conditions when cell homeo-
stasis is disturbed. We have also elaborated on the reg-
ulatory mechanisms of TG2 gene expression in different
stress models.

TGs and excitotoxic cell damage

In the nervous system, TG2 has been postulated to play
a role in synaptic plasticity and release of neurotransmit-
ters, long-term potentiation, and neuronal differentiation
(Tucholski and Johnson, 2003; Tucholski et al., 2006).
Additionally, several neurodegenerative conditions such as
Alzheimer’s disease and Huntington’s disease have been
associated with high levels of TG2 activity and protein ex-
pression (Gentile and Cooper, 2004). Many findings show
that increases in Ca?>*-dependent TG reactions could be of
pathological relevance. TGs may contribute to the forma-
tion of protein aggregates and to the biochemical changes
occurring in cell damage and neuronal loss. The accumu-
lation of insoluble oligomers and polymers of specific
proteins initiate or contribute to neuronal dysfunction.

High glutamate concentrations in inter-synaptic spaces
are a feature common to various neuro-pathological condi-
tions and neurodegenerative diseases, such as Alzheimer’s
disease, Huntington’s diseases, and amyotrophic lateral
sclerosis.

Experiments, carried out with different agonists of
glutamate receptors, have shown that stimulation of
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N-methyl-D-aspartate (NMDA) receptors give onset to
different calcium-dependent processes, mainly evoked by
NMDA -receptor activation. Using primary cultures of cer-
ebellar granule cells, we previously demonstrated an early
increase in TG activity and TG2 expression after exci-
totoxic injury produced by a brief exposure to NMDA.
These increases were strongly reduced by (+)-5-methyl-
10,11-dihydro-5SH-dibenzo [a, d]-cyclohepten-5,10-imine
hydrogen maleate (MK-801), a non-competitive blocker
of Ca®* influx through NMDA receptor-gated ion channel
(Ientile et al., 2002). In contrast, a pre-treatment with
1-(4'-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-
benzo-diazepine (GYKI 52466), a selective non-competi-
tive antagonist of a-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid/kainic acid (AMPA/KA) receptors, was
unable to significantly affect enzyme activity. This dem-
onstrated that changes in TG expression and activity were
a receptor-mediated event, specifically relying on the acti-
vation of the NMDA receptor subtype.

Further, in vitro observations have shown that astro-
cytes respond to toxic stimulus by different transduction
mechanisms, including influx of Ca?* as well as increased
expression of immediate early genes. In this context, we
previously demonstrated that increases in TG activity and
TG2 expression were a function of cell differentiation
in primary cultures of astrocytes treated with glutamate
(100 uM) for 24 h. Notably, glutamate effects were sig-
nificantly reduced when cell cultures were pre-incubated
with GYKI 52466, an AMPA/KA receptor inhibitor,
demonstrating a direct responsiveness of TG to glutamate
receptor activation. We also observed a glutamate-induced
active translocation of TG2 to the nuclear compartment in
differentiated astrocytes (Campisi et al., 2003). This is
relevant, considering a postulated role for TG2 in neuro-
degenerative diseases. In particular, nuclear inclusions in
brains of subjects affected by Huntington’s disease were
associated with high levels of increased TG activity in
different cell compartments. Indeed, cytosolic and intra-
nuclear inclusions, which occur in neurodegeneration, are
likely to play a role in the progression of the disease.
Therefore, TG2 may contribute to the stabilization of pro-
tein aggregates, which, in turn, may lead to impairment of
energy metabolism, resulting in cell death.

Although further experiments on glutamate-evoked ef-
fects in glial cells should be carried out, there is increas-
ing evidence for cell damage in brain regions, executed by
intracellular caspases which like TG2 also require Ca’*
for activity. In particular, astrocyte cell death, occurring
during in vitro ischemia and AMPA receptor-mediated
toxicity, has been associated with proteolytic activation

of caspase-3 (Liu et al., 2002). We also demonstrated that
glutamate-evoked increases in TG activity and TG2 ex-
pression in primary cultures of astrocytes paralleled the
activation of the caspase pathway (Ientile et al., 2003).
Caspase-3 activation like TG2 activation might therefore
also be due to intracellular Ca’>* overload, triggered by
glutamate receptor stimulation. Furthermore, it has been
hypothesized that competitive primary amine substrates of
TG are able to reduce cell damage associated with in-
creases in aggregates formation. In particular, cell death
was partially suppressed by cystamine and monodansyl-
cadaverine (Igarashi et al., 1998). Indeed, under our ex-
perimental conditions, increases in both TG and caspase
were reduced after incubation with cystamine prior to
glutamate treatment, suggesting that changes in these en-
zymatic activities may be concomitant events subsequent
to glutamate injury. Therefore, it can be suggested that an
excess of glutamate leads to astrocyte death, an event
which, if occurring in vivo, could impair brain functions,
due to loss of the buffering capacity of astrocytes resulting
in toxicity to neurons.

Neurodegeneration occurring in selectively vulnerable
regions after global cerebral ischemia is morphologically
indistinguishable from neuronal death caused by excito-
toxicity, and, specifically, closely resembles cell death
evoked by NMDA activation in the adult brain. Different
experimental models have been used to study biochemical
features of brain cell damage following ischemic insults.
Numerous events, such as release of excitatory amino-
acids, ROS production, and intracellular Ca?t overload,
are involved in the progression of ischemic neuronal loss,
an active process caused by transient or permanent reduc-
tion of the cerebral blood flow. Interestingly, TG activity is
reported to be associated with stress response in brain areas
susceptible to ischemic damage (Paschen et al., 1990).

In a gerbil model of global cerebral ischemia, we eval-
uated changes in TG activity and expression during 48 h
of reperfusion after a 3 min carotid occlusion. The time
course of enzyme activity provided evidence for increased
TG reactions in the early stages of ischemic injury and
throughout the first 24 h. In particular, TG was found to
be strongly activated in the ischemic hippocampus, while
only minor modifications were observed in the cerebral
cortex. Robust evidence was also provided for the pre-
sence of different TG isoenzymes in the ischemic brain
regions. Indeed, a four-fold and two-fold increased ex-
pression of TG2 and TG1, respectively, were found in the
hippocampus following 24 h of reperfusion. Interestingly,
low mRNA levels were found for TG3, particularly in
hippocampus of both ischemic and sham-operated gerbil
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brains. These data agree with previous observations dem-
onstrating that gene products of the TG gene cluster are
differentially expressed in tissues (Grénard et al., 2001a).
Notably, despite the differential expression and apparently
distinct promoter organization, the expression patterns of
TG2, TGS and, to a more limited degree, TG3 overlap,
suggesting a functional redundancy in the TG gene fam-
ily. The close similarity of these gene products, and their
overlapping functions, may explain the lower expression
of TG3 vs TG2 observed both in normal and ischemic
hippocampus, and the lack of TGS in these same tissues.

Moreover, the observed region-specific changes in TG
expression and activity in the brain were probably depen-
dent on the different susceptibilities to ischemia of the
examined brain areas. In fact, it is well known that the
hippocampus is more severely damaged by ischemic insult,
while brain cortex is only moderately affected. Further,
the activation of Ca?* channels is sharply increased in
hippocampus during and after ischemic events (Lipton,
1999). However, it has been reported that the expression
of TG, promoting cell survival or delayed cell death in
different death models, is often altered in cell type-specific
patterns (Fésus and Szondy, 2005).

TG and oxidative stress

Increasing evidence shows that oxidative stress among
other processes is implied in the progression of neuronal
death and that excitotoxicity and oxidative stress are inter-
dependent phenomena. Oxidative stress occurs when cell
defenses against ROS production fail. This leads to ROS
accumulation that has a number of direct and indirect
consequences on cell signalling pathways and may result
in apoptosis or necrosis. Therefore, much attention has
been paid to elucidate the potential role(s) played by
TG2 in oxidative stress-induced cell death both under
physiological and pathological conditions. This is particu-
larly important given the multifunctional roles now
ascribed to TG2 which include its possible role in the
apoptosis (Piacentini et al., 2005), as a fail safe compo-
nent in necrosis (Nicholas et al., 2003), and its recent-
ly documented role as an intracellular survival protein
(Fésus and Szondy, 2005).

The first in situ observation that oxidative stress in-
creases TG activity was made by Lesort et al. (2000),
which showed that impairment of mitochondrial function
following treatment with 3-nitropropionic acid (3-NP), an
irreversible inhibitor of succinate dehydrogenase, signifi-
cantly increased TG activity in neuroblastoma SH-SY5Y
cells.

Further, exposure to 3-NP in combination with anti-
oxidants was able to reduce the 3-NP-induced increase
of in situ TG activity, demonstrating that oxidative stress
is a contributing factor to the increase of TG activity.
Strikingly, it has also been shown that TG overexpression
sensitized the neuronal cell line SK-N-BE to apoptosis
through constitutive mitochondrial hyperpolarization and
increases in ROS production (Piacentini et al., 2002).
These results could also be relevant in the pathogenesis
of those diseases that are characterized by increased TG2
and apoptotic rate together with impaired mitochondrial
function, e.g. in some neurodegenerative diseases.

The involvement of TGs in the pathogenesis of sever-
al chronic neurodegenerative diseases in which oxidative
stress is a prominent feature, such as Alzheimer’s disease
and Huntington’s disease, has been reported (Kim et al.,
2002; Gentile and Cooper, 2004). In these pathological
conditions, TGs appear to be responsible for the inap-
propriate formation and/or stabilisation of protein aggre-
gates that may be cytotoxic. Indeed, protein misfolding
dependent on oxidative effects may also make proteins
better substrates for TG-catalyzed cross linking, leading
to polymer formation, i.e. those of protein tau, as a result
of the disease process.

Interestingly, in several neurodegenerative disorders an
age-related sensitivity of astrocytes to oxidative stress has
been observed, which makes neurons more susceptible to
injury.

In this context, previous studies have shown that stimu-
lation of cultured astrocytes with high glutamate concen-
trations results in oxidative stress, as indicated by the
reduction of GSH levels and overproduction of intracel-
lular ROS (Campisi et al., 2004). It has been reported that
this altered redox status is consistent with a glutamate
uptake-induced impairment of cystine/glutamate antipor-
ter leading to GSH depletion. Notably, TG2 up-regulation
was associated with the cell response to oxidative stress
under our experimental conditions. The causative role
of oxidative stress in TG2 increases was confirmed by
both inhibition of ROS production and intracellular GSH
depletion through pre-incubation with GSH ethyl ester
or cysteamine-HCI. In fact, the recovery of redox status,
achieved by these agents, was accompanied by a con-
comitant, dose-dependent, reduction of glutamate-induced
TG?2 up-regulation. In this regard, the greater effect ob-
served in the presence of GSH ethyl ester could reside in
its more powerful action, than cysteamine-HCl, in restor-
ing ROS control levels (Campisi et al., 2004).

Activation of nuclear factor-kappa B (NF-xB), one of
the most studied transcription factor families, has long
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been known to be involved in oxidative stress in numerous
cell types. Further, it seems to play a key role in redox
status alterations triggered under different conditions in
both neurons and astroglial cells (Blondeau et al., 2001).
We previously demonstrated that glutamate exposure acti-
vated the NF-kB pathway in primary cultures of astrocytes,
and that glutamate effects were significantly reduced by
the pre-incubation with the antioxidants GSH ethyl-ester,
cysteamine-HCI, genistein, and IRFI-016, a synthetic
a-tocopherol analogue (Caccamo et al., 2005a, b). In the
light of these observations, it was investigated whether
glutamate-induced TG2 up-regulation in this experimental
model could be mediated by NF-xB activation. Interest-
ingly, competition experiments, carried out with an oli-
gonucleotide probe containing the NF-xB consensus se-
quence present in the TG2 promoter and an excess of a
probe containing the NF-kB motif present in the x-light-
chain promoter, demonstrated a preferential binding of TG2
specific NF-xB probe in the nuclear extracts of glutamate-
treated astrocytes compared with untreated astrocytes
(Caccamo et al., 2005c).

Further, the pre-incubation with the specific NF-«xB in-
hibitor SN50 (Lin et al., 1995) (but not its inactive mu-
tated analogue, SN50M), blocked NF-kB nuclear translo-
cation and reduced glutamate-increased TG2 expression.
These preliminary data suggest that the NF-xB activation,
involved in the astrocyte response to glutamate-induced
oxidative stress, may also be associated with the molecular
pathways leading to glutamate-evoked TG2 up-regulation.
However, it has been reported that LPS-increased TG
activity in BV-2 microglia leads to NF-kB activation
via an IKK-independent pathway. This alternative path-
way implies a TG-mediated [-xBat polymerization and an
ubiquitin/proteasome-driven degradation (Lee et al., 2004).
Therefore, it can be hypothesized that the high levels of
TG activity observed in this primary astrocyte experimen-
tal model could, in turn, sustain NF-kB activation as a
central pathway in cell defense against redox state altera-
tions triggered by glutamate. Since the neuroprotective
role for NF-xB in brain oxidative stress induced by dif-
ferent stimuli is well documented (Blondeau et al., 2001),
it is likely that TG2 also acts as a survival protein in this
model of cell damage. This agrees with recent reports
focusing on the role of TG2 in preventing cell death de-
pending on the kind of stimuli and cell type (Fésus and
Szondy, 2005).

Intracellular ROS have also been shown to be essential
for the activation of in situ TG in response to lysopho-
sphatidic acid (LPA) and transforming growth factor-beta
(TGF-beta) in Swiss 3T3 fibroblasts. TG-mediated incor-

poration of 5-(biotinoamido)-pentylamine was strongly in-
duced by both LPA and TGF-beta, and inhibited by cysta-
mine and ROS scavengers. The role of intracellular ROS
in the LPA- and TGF-beta-increased TG activity was also
supported by the activation of in situ TG by exogenous
H,0, (Lee et al., 2003).

Interestingly, it has been suggested that intracellu-
lar ROS also mediate the activation of TG2 and stress
fiber formation induced by arachidonic acid. Indeed, ara-
chidonic acid elevated TG activity in a dose- and time-
dependent manner in NIH3T3 cells, and ROS scaven-
gers, N-(2-mercaptopropionyl)glycine and catalase were
able to block the arachidonic acid effects (Yi et al.,
2004).

Recently, it has been reported that oxidative stress or
UV irradiation induced an aberrant in situ TG activity in
human lens epithelial cells. Further, screening of a num-
ber of cell lines revealed that the level of TG activation
was dependent on the cell type and also the environmental
stress, suggesting that unrecognized cellular factor(s) may
specifically regulate in situ enzyme activity. The activated
TG?2 catalyzed the in vitro formation of water-insoluble
dimers or polymers of alphaB-crystallin, betaB(2)-crystal-
lin, and vimentin in HLE-B3 cells, providing evidence
that TG2 may play a role in cataractogenesis (Shin et al.,
2004). A comparable observation was also seen in dermal
fibroblasts after UVA irradiation resulting in the increased
crosslinking of both intracellular and extracellular pro-
teins (Gross et al., 2003).

TG and inflammation

A large body of evidence shows that increased TG activity
and TG2 expression are found both in diseased tissue
with inflammation and in cells with inflammatory stress.
Although multiple physiological roles for TG2 have been
demonstrated in various cell types, its role in the inflam-
matory process must be further clarified. A preliminary
explanation is consistent with observations that inappro-
priate protein aggregates may be cytotoxic enough to trig-
ger inflammation and/or cell damage. Recent studies in-
dicate that inhibition of TGs will be a profitable new
approach to the treatment of at least some types of in-
flammation. Indeed, the inflammatory process is current-
ly effectively treated with glucocorticoids, which induces
many proteins capable of inhibiting phospholipase A2
(PLA2). Activation of the secretory form of PLA2
(sPLA2) has been reported to be catalyzed by cell surface
TG2. Therefore, blocking TG2 may ameliorate PLA2-
mediated inflammatory diseases (Kim, 2006).
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TG antibodies have been found in a number of inflam-
matory diseases, such as celiac disease, Type 1 diabetes,
rheumatoid arthritis, lupus erythematosus, dermatitis her-
petiformis and inclusion body myositis, suggesting the
possibility that the inappropriate expression and/or pre-
sentation of TGs to T cells is also associated with the
pathogenic progression, as well as with the generation of
autoantibodies (Kim, 2006). Further, the presence of TG2
as autoantigen could also result from cell damage and
leakage. In this regard, the high prevalence of anti-TG2
antibodies in the pathogenesis of Type 1 diabetes has been
suggested following beta-cell destruction (Lampasona
et al., 1999).

Celiac disease (CD) is one of the most common
immune-mediated disorders, triggered by ingestion of
wheat gluten and related cereal proteins. These induce an
inflammatory response in the small intestine, resulting in
villous atrophy, crypt hyperplasia, and lymphocytic infil-
tration (Green and Jabri, 2003). CD is also strongly asso-
ciated with the presence of autoantibodies against gluten
proteins and connective tissue components, the main tar-
get of which is TG2. The mechanisms by which gliadin
and other prolaminic fractions of ““toxic” proteins damage
the intestinal mucosa of celiac patients are still unknown,
but there is now evidence indicating that the damage is
immunologically mediated. The activation of an adaptive
immune response subsequently leads to production of
high levels of pro-inflammatory cytokines, such us IL-1,
IL-18 and chemokines, which are responsible for main-
taining the inflammation and mucosal damage. Notably,
TG2 is known to be induced by inflammatory cytokines,
such as IL-1PB in brain astrocytes (Monsonego et al.,
1997), TNF-a in liver cells (Kuncio et al., 1998), and
IFN-vy in intestinal cells (Kim et al., 2002).

Evidence also demonstrates that TNF-o and cytokines
trigger a series of intracellular events that result in the ac-
tivation of transcription factors, such as NF-xB and c-Jun
(Chen and Goeddel, 2002), suggesting that TG2 can also
be directly induced by NF-kB activation, since the TG2
promoter has an NF-kB binding motif (Mirza et al., 1997)
(see Fig. 1). As alluded to earlier a TG-mediated poly-
merization of NF-xB inhibitory protein, I-kBa, results in
the direct activation of NF-kB (Lee et al., 2004). Confir-
mation of this effect was obtained by the observation that
TG2 inhibition reverses NF-kB activation. Interestingly,
this coincides with the reversal of inflammation in con-
junctivitis models by treatment with TG2 inhibitors (Lee
et al., 2004).

Although the above observations suggest that TG2
is involved in the pathogenesis of celiac disease, further

studies should be carried out to ascertain whether its role
is direct or indirect. However, marker autoantibodies di-
rected against either the endomysium of transitional epi-
thelium (EMA) or TG2 are highly correlated and used in
the diagnosis of CD.

Notably, TG2 generates autoantibodies in a variety of
autoimmune disorders by cross-linking potential autoanti-
gens and acting as a hapten. This hypothesis is supported
by numerous reports showing the participation of TG
substrates in autoimmune diseases (Kim et al., 2002).
Anti-TG2 can be found in serum samples from patients
with other inflammatory diseases, such as lupus erythema-
tosus or theumatoid arthritis (Marai et al., 2004; Song and
Choi, 2004). Indeed, the possible presence of anti-TG2 in
other inflammatory diseases should also be addressed.

Interestingly, despite TG2 being implicated as the major
autoantigen of gluten sensitive diseases, another enzyme
of the TG family was also shown to be effective as auto-
antigen in these pathologies. In a recent report, it was
demonstrated that while sera from patients with CD react
with both TG2 and the related TG3, antibodies present in
patients having dermatitis herpetiformis showed a mark-
edly higher avidity for epidermal TG3 (Sardy et al., 2002).

Chronic inflammation is also involved in sporadic in-
clusion body myositis, a progressive muscle disorder with
an autoimmune origin (Kim, 2006). This disease is char-
acterized by abnormal deposition of B-amyloid polymers
in the muscle fiber, with subsequent muscle destruction,
and has been associated with increased expression of both
TG1 and TG2, which co-localize with the amyloid depos-
its. The up-regulation of both TGs seems to be stimulated
by the excess production of IFN-y and TNF-o by Thl
cells (Kim, 2006). Increased TG2 expression has also been
reported in other idiopathic inflammatory miopathies, such
as dermatomyositis and polymyositis (Choi et al., 2004).

TG, stress response and extracellular matrix

In addition to its intracellular functions related to cell
trauma and stress, TG2 may also be translocated to the
plasma membrane and subsequently deposited into the
ECM via a non-classical secretory mechanism thought to
be dependent on the active site conformation and an intact
N-terminal beta-sandwich domain (Gaudry et al., 1999;
Balklava et al., 2002).

Secretion of the enzyme to the cell surface and deposi-
tion into the ECM following cell trauma and stress is
important in both modulating the inflammatory response
via crosslinking of the secretory form of PLA2 (Kim,
2006) and in the remodeling and/or stabilization of the
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several ECM proteins, such as fibronectin (FN) (Skill et al.,
2004; Telci and Griffin, 2006). FN is particularly impor-
tant since TG2 binds to this ECM protein with high affi-
nity promoting wide ranging effects on cell-matrix inter-
actions important in tissue remodeling and wound healing,
including the regulation of cell adhesion and migra-
tion, matrix assembly, and adhesion-dependent signaling
(Akimov et al., 2000; Verderio et al., 2004; Telci and
Griffin, 2006).

TG2 can enhance the cell adhesion and migration of
different cell types by the direct modification of ECM
proteins through their cross-linking (Chau et al., 2005).
In addition, recent reports describe TG2 acting as a novel
cell adhesion protein (Akimov et al., 2000; Takahashi
et al.,, 2000) by mechanisms which are independent of
its transamidating activity. The importance of TG2 as a
matrix associated wound response enzyme is well report-
ed (Telci and Griffin, 2006). Under these conditions a
matrix rich in both TG2 and FN (TG-FN) may be found
in which increased deposition of TG2, either by increased
secretion from surrounding cells or via disruption of in-
coming red blood cells, occurs at injury sites where TG2
binds to FN with high affinity. Using either a TG-FN
matrix or a cell-mediated TG2 rich matrix we have shown
that TG-FN could restore loss of cell adhesion and pro-
mote cell survival in a number of cell types following the
inhibition of the classical FN RGD-dependent cell adhe-
sion pathway mediated by os3; integrin receptors (Verderio
et al., 2003).

In this study, we demonstrated that the digestion of cell
surface heparan sulfate chains and the treatment with a
protein kinase Co inhibitor significantly reduced the cell
adhesion to TG-FN after RGD inhibition, suggesting the
involvement of protein kinase Ca in a downstream hep-
aran sulphate proteoglycan receptor-mediated cell adhe-
sion process (Verderio et al., 2003).

Such a process would be important during tissue injury
and during matrix remodeling where disruption of FN and
other matrix proteins leads to generation of soluble RGD
containing peptides which can compete for matrix cell
binding sites (Midwood et al., 2004; Telci and Griffin,
2006). RGD-independent cell adhesion to the TG-FN com-
plex did not require transamidating activity but induced
the formation of focal adhesion contacts, the assembly of
associated actin stress fibers, and FAK phosphorylation.

In addition to the ability of TG2 to influence cell adhe-
sion and migration the enzyme once secreted in signifi-
cant quantities, generally following cell trauma or stress,
into the ECM can also affect matrix deposition and turn-
over (Gross et al., 2003; Skill et al., 2004). A number of

ECM proteins such as fibronectin, fibrinogen, osteonectin,
osteopontin, collagens, vitronectin, collagen-tailed acetyl-
cholinesterase, elafin, plasminogen activator inhibitor 2,
and the large latent TGF-betal binding protein may act as
substrates for TG2 (Verderio et al., 1999; Aeschlimann
and Thomazy, 2000). Other cell surface/extracellular sub-
strates include the secretory form of PLA2 referred to
above which can lead to enhancement of the inflammatory
response. However, the normal wound healing response of
TG2 may also become pathological if the cell trauma/
tissue insult is maintained leading to increased inflamma-
tion, tissue fibrosis and scarring (Verderio et al., 2004).

The first demonstration of TG involvement in fibrosis
was given in 1979, by Griffin and co-workers, which ob-
served changes in TG activity in an experimental model
of pulmonary fibrosis induced by paraquat (Griffin et al.,
1979). Subsequent to this the involvement of TG2 in kid-
ney scarring is now well documented both in animal mod-
els (Johnson et al., 1997) and in human biopsy material
(Johnson et al., 2003). Cell stress induced in proximal
tubular epithelial cells by exposure to elevated glucose
is one example of a stress-related response giving rise
to increased TG2 secretion. An event which is likely to
contribute to the pathological events associated with the
progression of interstitial fibrosis and scarring in diabetic
nephropathy (Skill et al., 2004).

Additionally, TG2 has also been found to be involved
in ECM accumulation and deposition in severe chronic
inflammatory states, including liver diseases (cirrhosis
and fibrosis, alcoholic hepatopathy and type C hepatitis)
(Mirza et al., 1997; Grenard et al., 2001b). Overexpres-
sion of TG2 in the heart caused interstitial fibrosis in
transgenic mice but showed no evidence for the involve-
ment of the GTPase function of the enzyme in adrenergic
receptor signalling (Small et al., 1999). This points to a
central role for TG2 in the regulation of fibroblast activ-
ities. Importantly, a major function for TG2 in tissue
repair is also suggested by the recently reported abnormal
wound healing response and reduced macrophage activity
in TG2 knockout mice (Szondy et al., 2003).

Loss of homeostasis in ECM turnover is also integral to
the pathology of the development of the atherosclerotic
plaque. Accumulating evidence suggests that the attenua-
tion of ECM and the instability of atherosclerotic plaque
might lead to the erosion of the fibrous cap and plaque
rupture, and that these pathological changes might initiate
acute coronary syndrome. TG2 and elafin — an ECM sub-
strate protein for TG2 — act as stabilizing factors, and
might play a crucial role in the pathogenesis of acute cor-
onary syndrome, since their expression increased with the
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progression of coronary atherosclerosis. Further, in vitro
experiments with cultured smooth muscle cells suggest-
ed that TG2 up-regulation might be mediated by TNF-o
(Sumi et al., 2002).

Very recently a further function has been indicated for
TG2 in the crosslinking of small heat-shock proteins
(sHsps) which is enhanced by stress under pathological
conditions; thus providing further evidence for a regula-
tory function of TG2 activity in the stress response (Boros
et al., 2006).

Conclusions

A number of cell stress conditions, such as perturbed
calcium homeostasis, alterations of redox status, increases
in cytokines and mediators of inflammation, can inter-
fere with gene expression leading to changes in the post-
translational modification of proteins. These responses are
much more distinct and specific to the individual agents
than the corresponding responses. NF-kB is activated as
part of the cell response and is thought to orchestrate a
cell survival pathway. In this respect several findings sug-
gest that NF-kB and TG2 interplay.

Indeed, TG2 can be induced directly by NF-kB activa-
tion, because the TG2 promoter possess a NF-xB binding
motif. TG2 also induces NF-kB activation via two differ-
ent pathways, an IKK-independent pathway and an IKK-
dependent pathway (Mirza et al., 1997; Lee et al., 2004).
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Fig.2. Proposed mechanisms for TG2 induction in response to different
stress conditions. In various cell lines NF-kB activation may be asso-
ciated to increased TG2 expression; further, in response to different
stimuli TG2 activity triggers NF-kB activation through I-kappaB-alpha
polymerization. TNFR Tumor necrosis factor-a receptor; GLUR gluta-
mate receptor, /KK IkBo kinase

However, it appears that the two pathways are recipro-
cally linked: NF-kB-induced TG2 expression in turn con-
tributes to activation of NF-kB which results by I-xBa
polymerization (see Fig. 2). Considering the relevance
of TGs in inflammatory and fibrotic diseases, autoimmune
conditions and neurodegenerative pathologies, safe, sta-
ble, and specific TG inhibitors may be effective agents
in diseases associated with NF-kB activation improving
the overall cell and tissue response to stress conditions.
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