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ABSTRACT

Over the past three decades, TGM2, a stress-responsive gene encoding transglutaminase 2 (TG2)
has been identified as one of the several genes that may be involved in carcinogenesis and cancer
physiology. TG2 is a pleiotropic calcium-dependent enzyme belonging to the transglutaminase
family of enzymes, which post-translationally modify glutaminyl and lysyl side chains on the surface
of both in vivo and in vitro substrate proteins. Unlike other members of the transglutaminase family,
TG2 has additional Ca2+-independent enzymatic and non-enzymatic activities, which have been
directly or indirectly implicated in diverse cellular physiological events, including cell growth and
differentiation, cell adhesion and morphology, extracellular matrix stabilization, wound healing,
cellular development, receptor-mediated endocytosis, apoptosis, and disease pathology. TG2 has
specialized biochemical, structural and functional elements, wide tissue distribution and sub-
cellular localisation, as well as broad substrate specificity. These specialised features of TG2
account for its multiple patho-physiological functionalities. Considering the multiplicity of TG2
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functions and its importance in disease pathology, including cancer; we have reviewed herein, the
importance of TG2 in the definition of the hallmark capabilities of cancer cells. This was done with
the view to deepen our understanding of the role of TG2 in carcinogenesis and recapitulating its
potential as a therapeutic target for cancer treatment.

Keywords: Transglutaminase 2; cancer; drug resistance; metastasis; apoptosis.

1. INTRODUCTION

The body of animals is analogous to a society or
an ecosystem; the constituent members are
cells, which reproduce by cell division and form
collaborative  assemblies  called tissues.
However, unlike a conventional human society,
where survival of the fittest is the order of the
day, self-sacrifice is the rule in normal cells.
Thus, cells of a multicellular organism are subject
to tightly regulated form of collaboration, devoid
of competition and selfishness. Consequently,
each cell behaves in a socially responsible
manner, and must rest, grow, divide,
differentiate, or die, as needed for the good of
the cellular community and the organism. The
behaviours of the cells are regulated by a social
control network that ensures that the cells send,
receive, and interpret an elaborate set of
extracellular signals- this is done via the cell
cycle control system [1,2]. Any attempt to
disobey the societal rules by a given cell or group
of cells could be disastrous for the multicellular
society. Most dangerously, a successful defiance
of the cell cycle control system through molecular
disturbances, such as mutations may result in a
given cell becoming selectively advantaged,
hence, growing and dividing more vigorously and
surviving more readily than neighbouring cells.
This cell therefore, becomes the progenitor of a
growing mutant clone, promoting selfishness
among members of the cellular society as
opposed to the original selflessness. Over time,
this new wave of successive rounds of mutation,
competition, and natural selection operating
within the cellular population could degenerate to
serious cellular conditions, characterised by
over-proliferation - cancer [2].

Cancers are heterogeneous multicellular entities
constituted by cells of multiple lineages,
interacting with one another, the extracellular
matrix (ECM), and soluble molecules within their
vicinities in a dynamic manner that favours cell
proliferation, movement, differentiation, and ECM
metabolism;  whilst restricting cell death,
stationary polarised growth and ECM stability [1].
They are cellular diseases, especially emanating
from the disruption of cellular functions either

intrinsically or extrinsically. For instance,
genomic alterations affecting intrinsic cellular
functions, such as cell cycle check-point control,
apoptosis, differentiation, metabolism, and cell
adhesion; or/and those affecting the extrinsic
programs, such as tissue oxygenation, matrix
metabolism, immune response, and vascular
status [3].

Tumorigenesis in humans is a multistep process,
with each step reflecting the genetic alterations
that drive the progressive transformation of
normal human cells into highly malignant sub-
clones. Studies of human cancers and animal
models have shown that the process of tumour
development is analogous to Darwinian
evolutionary processes, in which a succession of
genetic changes, each conferring a given type of
growth advantage, results to the progressive
conversion of normal human cells into cancer
cells [4,5]. Hanahan & Weinberg [5] proposed
that the vast catalogues of cancer cells’ genotype
are testaments of this succession of genetic
alterations in cell physiology that lead to
development of malignant phenotype. They
classified such genetic alterations into six
essential features, termed the hallmarks
capabilities of cancer, including sustaining
proliferative signalling, insensitivity to antigrowth
signals, evasion of apoptosis, unlimited
replicative potential, sustained angiogenesis, and
tissue invasion and metastasis (see Fig. 1).

Transglutaminase 2, as a multifunctional protein
with broad range of substrate specificity has
been implicated in many genetic alterations in
cellular physiology, hence, its undeniable
involvement in determining cancer hallmark
capabilities in different types of cancer. The
abundant distribution of TG2 in various cells of
different origins and its broad substrate
specificity support its involvement in definition of
many important cancer cells’ physiologies that
encourage selfishness. TG2-related activities
have been implicated in the enhancement of cell
to cell interaction, ECM stabilisation, and
interaction with and modification of intracellular
and extracellular proteins. These functions of
TG2 favour cellular proliferation, migration,
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evasion of apoptosis, and insensitivity to death  hallmark capabilities of cancer cells is discussed
signals. The involvement of TG2 in the inthe sections below.
determination of these features that define the

Sustained

angi

Fig. 1. The Hallmarks of cancer as proposed by Hanahan & Weinberg [5], representing the
acquired capabilities of cancer cells. Tumour cells defy the cell cycle control system and
become insensitive to anti-growth signals, self-sufficient in growth signals, insensitive to
death signals (evade apoptosis) and uncontrollably proliferative. Consequently, mutant clones
accumulate in excess of the carrying-capacity of the basement membrane of the host tissue,
resulting in invasion of neighbouring tissues. The need for oxygen and nutrient through blood
supply triggers development of new, defective blood vessels (angiogenesis) that encourage
leakage of mutant cells to distant sites (metastasis).
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2. CELLULAR AND SUBCELLULAR
LOCALISATION OF TG2 AND ITS
STRUCTURAL AND FUNCTIONAL
ELEMENTS INVOLVED IN CANCER
DEVELOPMENT

2.1 Structural and Functional Elements

Transglutaminase 2 is structurally composed of
four distinct globular domains (Fig. 2): an NH2-
terminal B-sandwich which contains fibronectin
and integrin binding sites, a catalytic core which
contains the catalytic triads (Cys277, His335 and
Asp358) for acyl-transfer reaction and a
conserved tryptophan essential for this catalytic
reaction [6], and two COOH-terminal B-barrel
domain with the second barrel domains
containing a phospholipase C binding sequence
[7,8].

Unlike other transglutaminase enzymes, TG2
possesses a distinctive guanidine nucleotide-
binding site, located in the cleft between the
catalytic core and the first B-barrel (Fig. 2) [8],
this sequence is coded by exon 10 of the TG2
gene, which is characterised by lower sequence
homology with the same exons in other
transglutaminases. Some GDP/GTP-interacting
residues and those necessary for GTP hydrolysis
are situated in other domains [9]. In the GDP-
bound form of TG2, access to the transamidation
active site is blocked by two loops, and the active
site cysteine is attached to a tyrosine residue by
hydrogen bonding. In the latent conformation of
TG2, there is a significant inter-domain
interaction between the catalytic domain 2 and
domains 3 and 4, which reduces the accessibility
of the active centre [10].

The structural conformation of TG2 in its Ca®*-
bound form is yet to be resolved. A putative
Ca’*-binding site, homologous to the one
demonstrated in FXIIIA [11], is distorted in the
TG2 structure by the bound nucleotide [8]. The
binding of Ca®* to the catalytic domain of TG2
alters the conformation of proteins as domains 3
and 4 are moved further apart from the catalytic
domain, thus making the active site of TG2
accessible [8,12]; the hydrogen-bonded tyrosine
is also displaced in the process [13]. The ability
of GTP to inhibit the transamidation activity of
TG2 is determined by the potential of GTP to
bind and subsequently hydrolyse Ser171 and
Lys173 residues of the second domain [9].

2.2 TG2 Distribution in Cellular and Sub-
cellular Locations

The cellular distribution of TG2 is ubiquitous, with
its expression levels highest in endothelial cells
and monocyte-derived macrophages; although, it
is significantly expressed in vascular smooth
muscle cells, connective tissue fibroblasts,
osteoblasts, neurons, hepatocytes, astrocytes,
and epidermal keratinocytes [10,14].

Transglutaminase 2 is constitutively expressed in
different types of cells, while in some other cells
its expression is induced by external stimuli or as
part of their differentiation/maturation [15]. At the
cellular level, TG2 is localized both inside the cell
and on the cell surface as shown by the
schematic representation in Fig. 3. The
intracellular location of TG2 is predominantly in
the cytosol, however it has also been reported to
be present in the nucleus and associated with
the mitochondria [21 6]. As a result of low
concentration of Ca“" within the cytoplasm, the
transamidating activity of TG2 is thought to
remain dormant inside the cell, while the protein
functions as a GTPase [10,17]. However,
cytosolic TG2 can be activated by most cellular
stressors which trigger extracellular calcium ion
influx or release of calcium ion from the
intracellular stores [15]. The nuclear localisation
of TG2 has been reported to be approximately
5% or less [18]. Cytosolic TG2 migrates to the
nucleus in response to specific stimuli [19], and
importin-3 is responsible for its translocation into
the nucleus [20]; where it can either function as a
G-protein [21] or as a transamidase activated by
nuclear Ca®* signals to cross-link histones [22].

A significant proportion of TG2 is found in
association with membranes of different cell
types [23]. The localisation of TG2 on the
surfaces of various cells types as well as in the
extracellular matrix has been established [24].
Irrespective of the lack of a leader sequence or
transmembrane domain, which would have
helped in the translocation of TG2 to the surface
by the conventional endoplasmic recticulum/golgi
route, the enzyme is secreted from cells in a
controlled manner, through unknown
mechanisms [25,26,27].
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Fig. 2. Schematic representation of the functional elements of TG2 indicating the four structural domains (arrows) and amino acid positions (top),
with the different functional regions indicated: fibronectin/integrin binding site (FN/integrin), binding site for pro-apoptotic BH3-only protein,
nuclear localisation sequences 1 and 2 (NLS1 and NLS2), calcium binding site (Ca2+), GTP binding site, and phospholipase C (PLC)
receptor site [10]
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TG2 externalisation

Extracellular TG2

Cell membrane
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Nucleus
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Fig. 3. Cellular distribution of TG2 (black dot in yellow circle): TG2 is localised in the nucleus
(nuclear TG2), cytoplasm (cytosolic TG2), and cell surface (extracellular TG2). It is translocated
into the nucleus through the help of importin, while TG2 externalisation to the cell surface
occurs through unknown mechanisms.

On externalization, cell surface TG2 has been
shown to facilitate cellular interactions with the
surrounding extracellular matrix (ECM); which
are critical physiological processes underlying
many key aspects of cell behaviour, including cell
adhesion, growth, migration, differentiation,
programmed cell death, and ECM assembly [15].
In turn, these cellular processes are vital to
embryogenesis and tissue morphogenesis,
wound healing and tissue repair, as well as
tumour growth and metastasis. Gentile et al. [28]
first suggested the involvement of
transglutaminase 2 in the mediation of cell-matrix
adhesion. They investigated the effect of TG2
over-expression on the spreading of fibroblasts
and their increased resistance to trypsinization.
Subsequent convincing proofs at both cellular
and molecular levels support involvement of TG2
in the mediation of cellular interactions with ECM
and it has been demonstrated that TG2 serves

as an adhesion receptor for fibronectin (FN) on
the cell surface [29,30,31,32].

3. TG2 INTERACTION WITH
FIBRONECTIN (FN) AND INTEGRIN:
IMPLICATION IN CELL ADHESION
AND SURVIVAL

Pathologically, FN is profoundly involved in
wound healing, inflammation, blood clotting and
thrombosis, as well as tumour growth and
angiogenesis [15]. FN in its polymeric form, is
represented in the extracellular matrix by fibrillar
matrices [33], which not only promotes cell
adhesion, but as well serves as a scaffold for
assembly of other ECM molecules; and provide
important orientations for surrounding cells,
initiating cascades of signals upon interaction
with cell surface receptors [34,35].
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TG2 has very high affinity for FN, to which it has
been shown bind at 2:1 stoichiometry [36],
independent of either Ca®" or the transamidating
and GTPase activities of TG2 [37]. The
interaction of extracellular TG2 with FN has been
shown to be involved in cell-matrix adhesion [30]
and many other adhesion-dependent
phenomena, such as cell migration, matrix
assembly and signalling [38,39]. The gelatin-
binding domain (42kD) serves as the only
binding site for TG2 on FN and binds TG2 with
similar affinity as the whole FN [40]. Furthermore,
the adhesive function of TG2 is favoured by the
fact that the 42kD gelatin-binding domain of FN
contains no interaction sites for the numerous
FN-binding integrins, as well as other FN-
associated adhesion receptors [41]. Therefore,
TG2 and integrin can independently bind distinct
domains of FN, consequently existing in
collaboration rather than engaging in competition
in the cell adhesion process [15]. It has been
established in different cell types that the binding
of TG2 to the 42kD fragment of FN results in
stable cell adhesion, limited spreading and
formation of specialized adhesive structures at
the cell-substrate interface [31,38].

Irrespective of the co-existence of TG2 and
integrin at different FN-binding domians, where
they streamline the cell adhesion process; TG2
also associates with integrins to maintain cell-
extracellular matrix (ECM) interactions. This has
been demonstrated in different cell types, where
transglutaminase 2 has been shown to interact
with many integrin receptors, by binding to the
extracellular domains of the B1 and B3 integrin
subunits [30,31,38].

The stable non-covalent TG2-integrin complexes
are formed independent of the transamidating
activity of TG2, and there is no evidence of
integrin serving as enzymatic substrate of TG2 or
other transglutaminases [30]. The ability of TG2
to form ternary adhesive complexes with
integrins and FN, where all the three proteins
successfully interact with each other [15],
highlights the importance of TG2 effects on cell
adhesion and indicates an unconventional role of
TG2 as a co-receptor in cell-matrix interactions
and cell survival [30].

4. IMPLICATIONS OF TG2 IN CANCER
ACQUISITION OF SELF-SUFFICIENCY
IN GROWTH SIGNALS

Normal cells typically move from quiescent state
into active proliferative state only when there is

adequate supply of necessary mitogenic growth
signals. These signals are transmitted into the
cell by transmembrane receptors that interact
with various classes of signalling molecules,
including diffusible growth factors, ECM
components, and inter-cell adhesion/interaction
molecules, including TG2 [42]. However, the role
of TG2 in growth promotion and maintenance of
self-sufficiency in tumour cells could be attributed
to its activation of the growth factor, transforming
growth factor beta (TGF), resulting in promotion
of cell growth and survival. Furthermore, TG2
can be involved in tumour growth sufficiency
through its interactions with various adhesion
molecules, including integrin and fibronectin,
resulting in stabilization of extracellular matrix
and activation of cell survival signalling [43]. The
production and release of growth-promoting
signals are carefully controlled in normal tissues,
ensuring the homeostasis of cell nhumber and
maintenance of normal tissue structure; whilst
entering into and progressing through the cell
growth and division cycles [44]. One of the
fundamental features of cancer cells is their
acquired ability to sustain proliferation, as they
mostly show reduced dependence on stimulation
from their normal tissue microenvironment. They
maintain self-sufficiency in growth signal by
dysregulating the mitogenic signals to their own
advantage; thus, becoming independent of
exogenous signals [5,42].

5. TG2 IN TUMOUR INSENSITIVITY TO
ANTIGROWTH SIGNALS

To maintain cellular quiescence and tissue
homeostasis, myriads of anti-proliferative signals
operate within a normal tissue. These antigrowth
signals include both soluble growth inhibitors and
immobilised inhibitors both in the ECM and on
the surfaces of adjacent cells. They are received
by transmembrane cell surface receptors within
the intracellular signalling circuits; inhibiting
proliferation via two discrete mechanisms. One
mechanism involves forcing cells into quiescent
(Gy) state, from which they could regain
proliferative feature when the extracellular
environment becomes favourable. Alternatively,
cells may be compelled to infinitely relinquish
their proliferative potentials by being induced into
post-mitotic state [5,45].

Besides their acquired capability of inducing and
sustaining proliferation-promoting signals, cancer
cells have the tendency to evade anti-
proliferative signals. Much of the circuitry that
determines the ability of normal cells to respond
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to antigrowth signals is associated with the cell
cycle clock, especially the parts governing
cellular transit through the G, phase of its growth
cycle. During this period, cellular decision to
enter into proliferative or quiescent or post-
mitotic state is dependent on the sensed signals
from the external environment [5]. At molecular
level, most anti-proliferative signals are funnelled
through the retinoblastoma protein (pRb), which
is regulated by nuclear TG2 [46]. In a
hypophosphorylated state, pRb inhibits
proliferation by altering the functions of
transcription factors responsible for controlling
the expression of catalogue of genes necessary
for transition from G, to S phase of the cell cycle
[47,48]. Additionally, TG2 has been shown to
modulate pRb, depending on its phosphorylation
state, leading to cell cycle arrest [49] and
possible transition to quiescence.

6. TUMOUR CELLS’ EVASION OF
APOPTOSIS: IMPLICATIONS OF TG2

Over the past two decades, the idea that
programmed cell death by apoptosis naturally
serves as a barrier to cancer development, has
been established by previous studies [44, 50].
Elucidation of the signalling pathways of
apoptosis has revealed how apoptosis is ignited
in response to various physiologic stresses
undergone by cancer cells in the course of
tumorigenesis, or those due to anticancer
therapy. Such apoptosis-inducing stresses
include signalling imbalances emanating from
elevated levels of oncogene signalling, and DNA
damage associated with hyper-proliferation.
However, other research has shown apoptosis is
attenuated in those tumours that successfully
progress to advanced states of malignance and
resistance to therapy [50,51].

Cancer cells can acquire the ability to resist
apoptosis through various strategies. The most
prominent strategy is through the loss of p53
tumour suppressor function, with the resultant
removal of a key component of the DNA damage
sensor capable of inducing the apoptotic
cascade [52]. Alternatively, tumours may adopt
the strategy of increasing expression of anti-
apoptotic regulators (Bcl-2, Bcl-x.) or of survival
signals, by down-regulating pro-apoptotic factors
(Bax, Bim, Puma), or short-circuiting the extrinsic
ligand-induced death route. The multiplicity of
apoptosis-evading mechanisms serves as a
reflector of the diversity of apoptosis-inducing
signals encountered by cancer cell populations
during their transition to the malignant state [44].

Transglutaminase 2 has been shown to be
involved in these multiple apoptosis-evading
mechanisms. For instance, Boehm et al. [49]
reported that nuclear TG2 exerts anti-apoptotic
effect by up-regulating retinoblastoma protein
pRb, leading to the polymerization of the alpha-
inhibitory sub-unit of the transcription factor NF-
kappaf and concomitant cell protection from
apoptosis with the help of other key anti-
apoptotic proteins (Fig. 4). Also, TG2 can
translocate to the plasma membrane where it
serves as a co-receptor for integrin, promoting its
interaction with fibronectin, resulting in the
activation of cell survival and anti-apoptotic
signaling pathways as reviewed in [53].

7. ACQUISITION OF UNLIMITED
REPLICATIVE POTENTIAL BY
CANCER CELLS: IMPLICATIONS OF
TG2

For cancer cells to generate macroscopic

tumours, they require unlimited replicative

potential [44]; which is dependent on three
acquired capabilities — growth signal autonomy,
insensitivity to antigrowth signals, and apoptotic
resistance, all of which lead to an uncoupling of
cell's growth program from the prevailing signals
in its environment [5]. The unlimited replicative
capability of cancer cells remarkably contrasts
the behaviour of the cells in most normal cell
lineages in the body, which are only able to pass
through a limited number of successive cell
growth-and-division cycles [44]. This limited
replication ability exhibited by normal cells is
mediated by two distinct barriers to cell
proliferation: senescence, cell ftransition to
irreversible non-proliferative but viable state, and
crisis, which involves cell death [54].

When cells are propagated in culture, cellular
senescence is first induced by repeated cell
division cycles and subsequently, cells that able
to circumvent senescence will enter crisis phase,
in which most of the cells in the population die.
Rarely, cells from a population in crisis survive
and assume unlimited replicative potential -
immortalization, a feature possessed by most
established tumour cell lines due to their ability to
proliferate in culture without evidence of
senescence or crisis [44,54]. This is an indication
that limitless replicative potential
(immortalization) is a phenotype acquired by
cancer cells in vivo during tumour progression
and could be vital to their development into
malignant growth state [54]. By implication, at
some point during the course of multistep tumour
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progression, developing premalignant cell
populations usually resort to evasion of mortality
barrier, and assume unlimited replication so as to
achieve tumorigenesis.

Transglutaminase 2 has been widely reported to
enhance cancer cells’ development of stem cell
phenotype, through the induction of epithelial
mesenchymal transition (EMT) and consequent
activation of survival signalling molecules,
including FAK, Akt, and NF-kB as reviewed in
[55]. Additionally, Kumar et al. [56,57] reported
that TG2-expressing mammary epithelial cells

Agnihotri et al. [58] suggested that sustained
expression of TG2 leads to the induction of EMT
and stem cell-like characteristics in breast cancer
cells, contributing to development of drug-
resistant and metastatic phenotypes.

8. TG2 IN ANGIOGENESIS

In normal tissues, oxygen and nutrients supplied
by the vasculature are essential for cell survival
and function; hence, it is obligatory for virtually all
cells in a tissue to reside within 100um of a
capillary blood vessel [5]. Tumour micro-

showed increased tendency to form environments are mostly characterised by poor
mammospheres, self-renewal ability, and vascularisation and consequent deficiency in
plasticity (unlimited replication). Consequently, oxygen and nutrient supplies. However, like
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Fig. 4. Mechanisms of TG2-mediated pro-apoptosis and anti-apoptosis. In the presence of
cellular stressors such as chemotherapy or UV radiation, release of intracellular Cca®* from
endoplasmic reticulum (ER) results in the activation of TG2 and intracellular protein
crosslinking. Consequently, apoptosis is initiated and cellular contents are prevented from
spillage, hence inflammation is prevented. Conversely, the activation of TG2 can result in
concomitant activation of NF«f and induction of anti-apoptotic genes and inhibition of
pro-apoptotic genes [43]

305



Odii et al.; BIMMR, 6(3): 297-311, 2015; Article no.BJMMR.2015.205

normal tissues, tumours require sustenance in
the form of oxygen and nutrients just as they
need to get rid of wastes and carbon dioxide [44].
Consequently, tumours tend to abrogate these
deficiencies by generating tumour-associated
neo-vasculature through the process of
angiogenesis.

During embryogenesis, vasculature development
involves the birth and assembly of new
endothelial cells into tubes, in addition to the
development of new vessels from pre-existing
ones. Subsequent to this morphogenesis, the
normal vasculature becomes largely quiescent
[44]. As part of the physiologic processes in the
adult, as in the cases of female reproductive
cycling and wound healing, angiogenesis is
transiently turned on. However, the process of
tumour progression contrasts the transient
switching which occurs in normal physiological
scenario, as an angiogenic switch is almost
always activated and remains on, resulting in
normally quiescent vasculature to resort to
sustained angiogenesis in order to keep with the
needs of expanding tumour growth [59,60].

The formation of new blood vessel is dependent
on changes in the behavioural features of
endothelial cells, particularly their proliferation,
migration, and differentiation into tubular
structures, which is influenced by changes in the
ECM [61]. Transglutaminase 2 is abundantly
distributed in endothelial cells [62], and there
have been many reports suggesting the
importance of TG2 in the angiogenic process
[63]. It is well known that many ECM proteins
serve as TG2 substrates [64] and the
crosslinking of these proteins by endothelial cells’
TG2 result in the stabilisation of the basement
membrane [65]. Recently it was demonstrated
that the crosslinking activities of TG2, especially
involving ECM proteins, have substantial
implications in angiogenesis [66].

9. TRANSGLUTAMINASE 2 IN CANCER
DRUG RESISTANCE, INVASION AND
METASTASIS

During tumour development, aggregate of
primary tumours tend to amass within the
confines of the basement membrane of the host
tissue until the carrying-capacity of the
membrane is exceeded, with resultant breakage
of the membrane. Consequently, neighbouring
tissues are invaded by the tumours, which
thence, migrate to distant sites where they may

successfully establish as new colonies —
metastasis [2]. The invasive and metastatic
capabilities of cancer cells enable them to
escape the primary tumour site and colonise new
body areas devoid of nutrient deficiency and
space limitation. Similar to the primary tumour
formation, successful invasion and metastasis
are dependent on other acquired hallmark
capabilities [5].

Exhibition of apoptotic resistance is a common
characteristic of advanced cancers [67]. This
feature does not only give the tumour cells the
ability to metastasise but also the ability to
develop a drug-resistant phenotype [68]. In
essence, drug resistance and metastasis share
many features in common. For example, tumour
cells selected for drug resistance in vitro are
more metastatic in vivo. Conversely, metastatic
tumours generally show higher resistance to
chemotherapy than their primary counterparts
[55]. Transglutaminase 2 is involved in the
modulation of apoptosis and cell fate through
many crucial cellular functions (as reviewed in
the previous section). When aberrantly regulated,
TG2 is thought to have a role in cancer cell's
ability to evade apoptosis. Evidently, there
seems to be direct connection of TG2 with
cancer drug resistance [69,70] and mechanism
of metastatic progression [71].

Many studies have demonstrated elevated TG2
expression as a hallmark of many types of
cancer cells, including pancreatic carcinoma [72],
ovarian carcinoma [73,74], malignant melanoma
[75], lung carcinoma [76], glioblastoma [77], and
breast carcinoma [71]. For instance, [78] on
analysing the genes from tumour samples
observed that out of over 30,000 genes
analysed, TG2 was among those that recoded
the highest expression in pancreatic carcinoma.
Similarly, Jiang et al. [79], while attempting to
identify metastasis-associated proteins through
proteomic analysis, observed that TG2 was one
of the eleven proteins that were constitutively
elevated in metastatic human lung carcinoma. In
another development, Antonyak et al. [80]
showed that cancer cells treated with epidermal
growth factor (EGF) expressed high level of TG2
and were consequently, protected cells from
doxorubicin-induced apoptosis. These observa-
tions are strong reflectors of the implications of
aberrant TG2 expression in the conferment of
apoptotic resistance and consequent drug
resistance and metastatic potentials of cancer
cells.
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Furthermore, Park et al. [81] reported that TG2-
specific cross-linking activity resulted in the
polymerization and inhibition of nucleophosmin,
and concomitant increase in drug resistance
potential of cancer cells. Recent evidence shows
that aberrant expression of TG2 in mammary
epithelial cells bestows stem cell characteristics
on the cells [56]. Similarly, Kumar and colleagues
reported that high basal expression of TG2 in
breast cancer cells promotes the development of
stem cell features, but did not encourage their
terminal differentiation [56]. Additionally, Caffarel
et al. [82] observed that the activation of TG2:
integrin-a5R1 interactions through the stimulation
of oncostatin M receptor in cervical squamous
cell carcinoma, induced pro-malignant changes.

Clinically, TG2 has been reported to serve as a
predictive indicator of anticancer therapeutic
efficacy. For instance, Jae-HeonJeong et al. [83]
suggested that TG2 expression is a promising
indicator of the effectiveness of epidermal growth
factor receptor tyrosine kinase inhibitor (EGFR-
TKI) therapy in patients suffering from non-small
cell lung cancer. Similarly, Assi et al. [84]
reported that the accumulation of TG2 in
tumourstroma can serve as an independent risk
factor for the identification of invasive ductal
carcinomas (IDCs) of breast, and can establish
breast cancer patients at high risk of recurrence.
They also observed that overexpression of TG2
can serve as an indicator of poor prognosis for
IDC of the breast. Agnihotri et al. [22] proposed
that inflammation-induced progression of breast
cancer and acquisition of survival and invasive
capabilities by breast cancer cells are mediated
by TG2. In acute myeloid leukemia, [85]
demonstrated that increased expression of TG2
characterized a more advanced state of the
disease in relapse patients. They further
established that increased TG2 expression
correlates with the expression of proteins
involved in apoptosis, motility and extracellular
matrix association; processes that have been

linked with leukemia development and
progression.
10. DOWN-REGULATION OF TG2

EXPRESSION AND INHIBITION OF
ACTIVITY: IMPLICATIONS IN CANCER

TG2 down-regulation or inhibition by small
interfering RNA (siRNA), antisense RNA,
ribozyme, or small molecule inhibitors have been
shown to increase the susceptibility of various
cancer cell types to chemotherapy-induced cell
death, and to inhibit invasion, both in vitro and in

vivo [74,86,87]. Satpathy et al. [73] observed that
increased TG2 expression promoted the
adhesion of ovarian cancer cells to fibronectin
and facilitated directional cell migration, while
TG2 down-regulation in similar cells decreased
tumour dissemination on the peritoneal surface
and in mesentery in an intra-peritoneal ovarian
xenograft mouse model. Put together, these
observations strongly support that over-
expression of TG2 confers resistance to
chemotherapeutic drugs and promotes the
invasive potential of malignant cells.

Recently, Wang et al. [66] reported that
angiogenesis is attenuated in cell culture, the
aorta ring assay and in vivo models following the
inhibition of the crosslinking activity of
extracellular TG2 or down-regulation of its
expression. They further posited that inhibition of
the activity of extracellular TG2 in human
umbilical vein endothelial cell (HUVEC) co-
culture model can halt angiogenic progression,
even after the commencement of tubule
formation and in the presence of excess vascular
endothelial growth factor (VEGF). Additionally,
Wang and colleagues suggested that down-
regulation of TG2 expression by short hairpin
(shRNA) inhibited HUVEC migration and tubule
formation [66], hence, TG2-related activity has
angiogenic role.

Down-regulation of TG2 protein expression by
siRNA interference enhances the susceptibility of
drug-resistant hepatocarcinoma (HEPG2) cells to
cisplatin and 5-fluourouracil treatment, and leads
to reduced invasion and migration potential of
parental and drug-resistant HEPG2 cells on
matrigel-coated surface. Comparatively, the
inhibiton of TG2 activity using cystamine
profoundly increased chemosensitivity  of
parental and drug-resistant HEPG2 cells and
attenuated their potential to invade and migrate
through matrigel-coated surface [88].

11. CONCLUSION

Gene regulation determines enzyme availability
and level of activity. Consequently, increase in
TG2 protein expression leads to increase in its
enzymatic activity, with resultant increase in
cancer drug resistance and metastasis;
depending on cell type and stimulation. From the
foregoing review, it is glaring that TG2-mediated
activities are important in the definition of many
hallmark capabilities of cancer cells. The role of
TG2 in cancer biology could be ascribed to its
ubiquitous tissue and cellular distribution, broad
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substrate specificity and multiple functionalities.

This

Mini-review, therefore, highlights the

importance of TG2 in carcinogenesis.
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