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Abstract: The significant influence of tumor microenvironment on malignant cells has been investigated with enthu-
siasm in this era of targeted therapy. Transglutaminase 2 (TG2, EC 2.3.2.13), a multi-functional enzyme that catalyz-
es the formation of intermolecular isopeptide bonds between glutamine and lysine side-chains, has been reported 
to exert important pathophysiological functions. The aim of this review was to investigate the correlation between 
TG2 and malignant behaviors, which could provide the rationale for novel approaches in anti-cancer therapy. We 
performed a systematic and electronic search on Medline, Scopus, and Web of Science for relevant publications 
from inception to April 2015. The bibliographic references of retrieved articles were further reviewed for additional 
relevant studies. TG2 exerts important physiological functions and plays vital roles in inflammation mainly through 
its modulation on the structure and stability of extracellular matrix (ECM). It also regulates EMT of diverse malignant 
cells through various intracellular and extracellular pathways. TG2 also plays an important role in tumor progres-
sion and may serve as a novel prognostic biomarker and therapeutic target in various cancer types. TG2 promotes 
malignant cell mobility, invasion, and metastasis, and induces chemo-resistance of cancer cells, mainly through its 
pro-crosslink and signaling transduction mediation propensities. In conclusion, TG2 plays vital roles in malignancy 
progression, and may have important prognostic and therapeutic significances. 

Keywords: Transglutaminase 2, inflammation, tumor progression, tumor microenvironment, epithelial-mesenchy-
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Introduction

Tumors are made up of heterogeneous cells, 
and are considered to be wounds that do not 
heal [1]. Tumor microenvironment, namely 
tumor stroma, is an important and active 
research field nowadays [2]. The components 
of the complex microenvironment, including 
various tumor stromal cells and cellular factors, 
modulate cancer cell growth and regulate their 
malignant biological behaviors via diverse 
intracellular signaling transduction pathways 
[3]. The features of tumor cells also determine 
their responses to tumor stroma: cancer cells 
with the same tissue origin and pathological 
classification are associated with diverse prog-
noses due to their different reactions to their 
surrounding microenvironment. Cancer cells 
are to tumor stroma what ‘seeds’ are to ‘soil’ 
[4]. Metastasis is a leading cause of poor prog-

nosis and high mortality rate among many 
malignancies [5-8]. Epithelial-mesenchymal 
transition (EMT) is a major biological process 
promoting invasive and metastatic abilities of 
cancer cells [9]. Investigating possible mecha-
nism modulating malignant cell EMT and dis-
covering novel EMT regulators will further eluci-
date mechanism of metastasis, and provide 
novel biomarkers and efficient targets for pre-
ventative and curative anti-cancer approaches.

Transglutaminase 2 (TG2, Tgase 2, TGM 2, EC 
2.3.2.13) is a trans-peptidase with a wide distri-
bution in various tissues. It can mediate cross-
link of proteins, and participate in signal trans-
duction via activating and hydrolyzing guanidine 
triphosphate (GTP) enzyme. In normal tissues 
TG2-GTP binding is proportional to the TG2 
expression level. Besides, TG2 actively exerts 
diverse biological functions, including regula-
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tion of extracellular matrix (ECM) stability and 
reconstruction of intracellular cytoskeleton. It’s 
also an active participant in promoting malig-
nant cell mobility and invasion mainly through 
EMT induction, and in inducing chemo-resis-
tance of cancer cells [10]. Aberrant regulation 
of TG2 gene has been documented in various 
cancer types, particularly those isolated from 
metastatic sites or selected for chemo-resis-
tance. Its expression has been linked with acti-
vation of pathways that are known to play fun-
damental roles in cancer progression. This 
review systematically investigates the correla-
tion between TG2 and malignant behaviors, 
especially EMT, which could be regulated by 
stromal components.

TG2 and cellular biology

TG2 is a member of the transglutaminase (TG) 
iso-enzyme family, which contains 8 kinds of 
discrepant enzyme subtypes consisting of the 
FXIII-A factor and other 7 enzymes (TG1 to TG7) 
which are able to catalyze transglutamine 
(band 4.2 is the only member of TG family that 
lacks catalytic function due to mutation in the 
active site), and to regulate calcium ion (Ca2+)- 
and thiol-dependent post-translational protein 
modification. All TG family members are basi-
cally made up of 4 different domains derived 
from a contiguous sequence [11]. The most 
well-known function of TGs is to crosslink pro-
teins by catalyzing the amide group, and they 
can also modulate various post-translational 
modifications based on their esterification and 
hydrolysis activities, participating in various 
cellular biological processes, with diversities in 
function among different TG subtypes [10]. TG2 
is an important subtype in the TG family with a 
molecular weight of around 77 kDa. As it is con-
stitutively expressed in smooth muscle cells, 
fibroblasts, and various organ-specific cells, 
and is distributed in nearly all kinds of tissues, 
TG2 is also called tissue transglutaminase 
(tTGM, tTG). However, most epithelial cells in 
basal state lack TG2 expression. It could locate 
in ECM, on surface of cells adjacent to ECM, or 
inside cells (in cytoplasm, on nuclear mem-
brane, or controversially, inside mitochondria) 
[12]. 

Like other TG family members, the diverse bio-
logical activities of TG2 are mainly modulated 
by Ca2+, which could cause reconstruction of 
TG2 subunits enabling exposure of the catalytic 

sites, and which could induce TG2 to catalyze 
the deamidation reaction and to promote cross-
link of ECM proteins to form polyurethane con-
jugates, maintaining the stability of ECM and 
tissues [13, 14]. Besides, TG2 along with fibro-
nectin and collagen could form a stable ternary 
complex, which mediates cell-ECM adhesion 
via integrin. This process is vital in maintaining 
cell position locally and regulating cell migra-
tion which makes TG2 a key molecule in pre-
serving cell polarity, and also in modulating 
damage repair, angiogenesis, bone remodeling, 
and apoptosis [15]. Without Ca2+, however, TG2 
could function like GTPase and bind GTP/GDP, 
mediating intracellular G protein signaling 
transduction via adrenoceptor, thromboxane 
A2 receptor, and oxytocin receptor with the 
crosslink-catalytic function inhibited, and fur-
ther modulating various cellular behaviors. 
Inside cells, due to the relatively high level of 
GTP/GDP and low level of Ca2+, TG2 mainly 
demonstrates weak pro-crosslink activity. 
Although the extracellular environment is “con-
trary” to the intracellular one, extracellular TG2 
does not appear to be activated, which may be 
explained by the fact that the protein resting 
structure is maintained by the intra-molecular 
disulfide bonds between cysteine residues, the 
oxidation and degradation of which is another 
regulative method besides GTP/GDP and Ca2+. 
Thioredoxin could degrade the extracellular 
bisulfide bonds of TG2, and when the bonds are 
opened, TG2 could promote crosslink again 
after conformational change. Moreover, TG2 
could modulate intracellular serine/threonine 
kinase activity via insulin-like growth factor 
binding protein [16]. 

Researches into cell signaling are focused on 
various pathways concerned with ras, Akt, Src, 
GSK3β, and nuclear factor-κB (NF-κB) [17-19]. 
Physiologically, TG2 has multiple functions 
including regulating cellular proliferation and 
receptor-mediated endocytosis. In mice with 
TG2 gene knockout, disorder occurs in serum 
insulin level as they grow older, suggesting that 
TG2 might be involved in insulin secretion by β 
cells [20]. Besides, TG2 could promote cellular 
adhesion and shows strong anti-pancreatin 
effect, suggesting that it might be associated 
with adhesive ability of fibroblasts [21]. 
Researches into TG2 are mainly concentrated 
on its relationship with inflammation and 
malignancy.
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TG2 and inflammation

As there exists a close link between inflamma-
tion and tumor [4], herein we discuss initially 
the vital role of TG2 in inflammation, which 
could gradually develop into malignancies. TG2 
is involved in many inflammatory processes, 
including damage limitation, tissue repair, fibro-
sis, celiac disease, atherosclerosis, and auto-
immune disease [11]. It is necessary for in vivo 
allergic inflammation, such as triphasic cutane-
ous reaction, passive cutaneous anaphylaxis, 
and passive systemic anaphylaxis [22]. TG2, 
whose expression could be induced by antigen 
stimulation, shows an interaction and co-local-
ization with FcRI. It plays a controversial role in 
modulating inflammation, and it’s debatable 
whether it is pro-inflammatory or tissue-protec-
tive. It is regulated by various inflammatory fac-
tors. Transforming growth factor (TGF)-β could 
activate the TG2 gene, causing high expression 
of TG2 on surfaces of keratinocytes and dermal 
fibroblasts [21, 23]. Moreover, TNF-α could 
stimulate the NF-κB pathway via phosphorylat-
ing the inhibitory subunit α of NF-κB (IκBα), thus 
activating the TG2 gene, and promoting TG2 
expression in hepatocytes; IL-6 could signifi-
cantly enhance TG2 expression in hepatocellu-
lar carcinoma (HCC) cells. Besides cellular fac-
tors, vitamins A and D, and steroids could also 
stimulate TG2 expression in diverse tissues 
[10]. The wide distribution of TG2 and diversity 
of its expression regulation indicate that it 
might be involved in various cellular biological 
function modulations concerned with inflam- 
mation.

TG2 could regulate acute inflammatory exuda-
tion and inflammatory cell infiltration. Mice with 
TG2 gene knockout have significantly higher 
survival rates after undergoing endotoxic shock 
compared to wild-type ones, and this phenom-
enon is possibly associated with decreased 
NF-κB activation, which attenuates neutrophil 
deposition in peritoneum, kidney, and cardiac 
tissues, and weakens its tissue-damaging 
effect [24]. However, TG2 plays a hepatic pro-
tective role, and mice with TG2 gene knockout 
have lower survival rates after carbon tetra-
chloride-induced hepatic injury [25]. Besides, 
TG2 actively participates in modulating macro-
phage phagocytosis. It could bind with integrin 
promoting phagocytosis, and mediate cellular 
adhesion and movement [26]. In hepatic tis-
sues of mice with TG2 gene knockout, the abil-

ity of macrophage phagocytosis of apoptotic 
debris and necrotic cells significantly weakens, 
which is possibly caused by the inhibition of 
TGF-β1 [27]. The binding capacity of TG2 with 
GDP or adenine nucleotide has been reported 
to play a key role in regulating the phagocytosis 
[28]. TG2 is also involved in scar formation and 
cellular apoptosis.

The key mechanism of these functions exerted 
by TG2 is its modulation of ECM structure and 
stability. After acute injury occurs, TG2 could 
crosslink and stabilize ECM components, pre-
venting inflammation from expanding; mean-
while, TG2 along with integrin regulates signal-
ing transduction which activates fibroblasts 
and endothelial cells, promoting angiogenesis. 
Contrarily and interestingly, TG2 largely exerts 
pro-inflammatory functions, which is also 
dependent on the specific signaling [28]. TG2 
could regulate TGF-β binding protein-1 in ECM, 
and promote its activating effect of TGF-β, 
which is a potent inflammatory factor aggravat-
ing and protracting inflammation, and this indi-
cates that TG2 plays an indirect regulative role 
in tissue TGF-β expression via its pro-crosslink 
activity. TG2 could also promote fibroblast pro-
liferation, exacerbating fibrosis in chronic 
inflammation. Conversely, after pro-inflamma-
tory factors are activated during inflammation, 
they could induce TG2 expression. Both TGF-β 
and TNF-α could up-regulate TG2 expression, 
further worsening the corresponding diseases. 
Chronic inflammation plays an important role in 
tumorigenesis and cancer progression, which 
are gradually evolved procedures, and where 
the abovementioned key roles of TG2 in inflam-
mation might also be applicable.

TG2 and tumor progression

The correlation between TG2 and malignancies 
has long been a hot topic and an active research 
field. Normally, bladder, liver, and adrenal gland 
exhibit prominent expression and activity of 
TG2. In most other normal tissues, TG2 is less 
frequent and is usually confined either to the 
epithelium or in adjacent stroma. TG2, which is 
a ubiquitously-expressed Ca2+-dependent mul-
tifunctional protein-crosslinking enzyme and a 
dual function G-protein, which is encoded by a 
stress-responsive gene and is a transcriptional 
target of hypoxia-inducible factor (HIF)-1α, and 
which binds to fibronectin and exerts transami-
nation function, plays key roles in regulating 
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cell survival, differentiation, growth, migration, 
invasion, and apoptosis, and in impacting cel-
lular interaction with the microenvironment 
(Figure 1). TG2 could enhance the survival of 
hypoxic cells. Hypoxia induces TG2 expression 
through an HIF-1-dependent pathway and con-
currently activates intracellular TG2. The hypox-
ic cells overexpressing TG2 show resistance to 
apoptosis. Conversely, the hypoxic cells treated 
with either TG2 inhibitor or small interfering 
RNA (siRNA) become sensitive to apoptosis. 
Activation of TG2 in response to hypoxic stress 
inhibits caspase-3 activity by forming the cross-
linked multimer, resulting in insoluble aggre-
gates. TG2 also activates the NF-κB pathway 
under hypoxic stress, and thereby induces the 
expression of cellular inhibitor of apoptosis 2 
[29]. TG2 is thus an anti-apoptotic mediator of 
HIF-1 through modulating both apoptosis and 
survival pathways and may confer a selective 
growth advantage to tumor cells. Additionally, 
TG2 forms a ternary complex with IκB/p65:p50 
which causes constitutive activation of NF-κB. 
Tumor cells with TG2 overexpression exhibit an 
increased level of constitutively active NF-κB. 
Ectopic TG2 expression and activation of TG2 
lead to NF-κB activation; conversely, inhibition 
of TG2 inhibits NF-κB activation. IκBα is physi-
cally associated with TG2. The enzymatic func-
tion of TG2 is required to induce phosphoryla-
tion of IκBα which leads to decreased inhibitory 

regulated in secondary and chemo-resistant 
cancers [31]. The inhibition of TG2 may offer a 
novel strategy for anticancer therapy. 

TG2 is the most diverse and ubiquitous mem-
ber of the TG family. The multiple enzymatic 
activities of TG2 may be attributed to differen-
tial TG2 mRNA splicing. There exist significant 
differences in alternative splicing of TG2 in can-
cer cell lines, suggesting the alternative TG2 
splicing as an active process [32]. In some 
malignancies, epigenetic mechanisms are 
involved in TG2 modulation [33]. Microvesicles 
(MVs) shed by cancer cells are capable of con-
ferring onto normal fibroblasts and epithelial 
cells the transformed characteristics of cancer 
cells (e.g., anchorage-independent growth and 
enhanced survival capability), which requires 
the transfer of TG2. However, TG2 alone is not 
sufficient to transform fibroblasts and it must 
collaborate with the TG2-binding partner and 
cross-inking substrate fibronectin to mediate 
the transforming action of the cancer cell-
derived MVs. TG2 crosslinks fibronectin in MVs 
from cancer cells, and the following MV-me- 
diated transfer of cross-linked fibronectin and 
TG2 to recipient fibroblasts functions coopera-
tively to activate the mitogenic signaling activity 
and to induce their transformation. Thus, MVs 
play a vital role in the induction of cellular trans-
formation with TG2 and fibronectin as essential 

Figure 1. TG2 regulates various biological behaviors of tumor cells (shown in 
grey boxes) via four major mechanisms (shown in blue boxes). TG2, transglu-
taminase 2.

function and processing of 
the precursor protein p100 
into the active p52 subunit, 
causing increases of pro-
survival factors such as 
BCl-2. A specific target of 
TG2-activated p52/RelB 
complex is the hyaluronan 
receptor, CD44 [30]. More- 
over, TG2 expression in 
cancer cells leads to con-
stitutive activation of focal 
adhesion kinase (FAK) and 
its downstream phospho- 
inositide 3-kinase (PI3K)/
Akt survival pathway. TG2 
could also impede expan-
sion of apoptosis, and par-
ticipate in cellular prolifera-
tion. Generally, TG2 is 
down-regulated in primary 
tumors and during tumor 
progression, while it is up-
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participants [34]. Functions exerted by TG2 in 
tumors are mainly dependent on its pro-cross-
link and signaling transduction mediation pro-
pensities. TG2 can associate with certain β 
members of the integrin family (β1, β3, β4, and 
β5) and promote stable interaction between 
cells and the ECM, resulting in increased cell 
survival, migration, and invasion. TG2 is 
involved in tumor progression through regulat-
ing malignancy mobility and invasion, and its 
expression is linked with activation of pathways 
that are known to play fundamental roles in 
cancer progression [35]. Inactivation of TG2 
significantly attenuates cellular motility on 
fibronectin. TG2 which is fixed to fibronectin, 
regardless of its activity, could promote cellular 
adhesion, which is independent of integrin. 
TG2-containing cancer cells exhibit increased 
cell migration and invasion abilities in collagen- 
and Matrigel-coated Transwell plate assays 
[36].

ECM plays key regulative roles in tumor cell 
metastasis and angiogenesis. TG2 could affect 
intracellular adhesion and ECM via several 
ways. MMP1 and MMP2 could suppress fibro-
nectin-mediated cancer cell adhesion and 
migration through hydrolyzing TG2 on cellular 
surface in the borderline between malignant 
and normal tissues, which however promotes 
collagen-mediated tumor cell migration [37]; 
moreover, exogenous TG2 could alleviate MMP-
induced ECM degradation, and inhibit angio-
genesis. TG2 promotes invasive ability of malig-
nant cells via modulating the ECM. It could 
crosslink several proteins in the ECM, enhanc-
ing stability of fibronectin during initial matrix 
formation. Fibroblasts overexpressing TG2 
have significantly more potent adhesive ability 
and better extensibility [38]. TG2 on cellular 
surface is involved in binding of various cellular 
surface receptors with relevant proteins in the 
ECM, mediating cell-ECM adhesion. TG2 could 
directly bind integrin β1/β3/β5 via G protein 
coupled cell adhesion receptor GPR56, a sup-
pressor of tumor progression, facilitating adhe-
sion of fibronectin onto fibroblasts [15, 39, 40]. 
TG2 is a ligand interacting with GPR56 in the 
ECM. TG2 affects cell adhesion function, and it 
has been implicated in suppression of tumor 
progression. It might serve as a host defense 
against the invading metastatic cells. The high-
ly metastatic cells may escape from the inhibi-
tion by down-regulation of GPR56 [41]. Besides, 
TG2 could change ECM stability via regulating 

MMPs. TG2 could down-regulate PP2A-α and 
activate the response element binding protein 
(CREB), which could activate the expression of 
MMP2 gene. Expression and function of MMP2, 
a critical mediator of tissue invasiveness, are 
regulated by TG2 at the transcriptional level. 
TG2 and MMP2 expressions are significantly 
correlated. TG2 knockdown or inhibition of TG2 
activity down-regulates MMP2 and decreases 
the gelatinase activity of MMP2 in cancer cells. 
Binding of CREB to the MMP2 promoter is 
diminished in cells with decreased TG2 expres-
sion, and TG2 knockdown decreases CREB 
phosphorylation. The effects of TG2 on CREB 
activity and MMP2 transcription are mediated 
by TG2-dependent degradation of the protein 
phosphatase 2 (PP2A-α) complex [42]. Con- 
trarily, membrane MMPs could degrade ECM 
through hydrolyzing TG2 in ECM, while their 
combination with fibronectin in ECM could pro-
tect TG2 form being hydrolyzed by MMPs [37]. 
The interaction between various protein mole-
cules in ECM forms a network, regulating cellu-
lar adhesion and detachment, and modulating 
tumor cell invasion and colonization. Clarifi- 
cation of relationship between TG2 and tumor 
invasion and metastasis in vivo will provide 
novel cancer prognostic markers and therapeu-
tic targets.

TG2 might both mediate and inhibit tumor pro-
gression. TG2-dependent cross-link is impor-
tant in ECM integrity and this TG2 activity 
establishes a barrier to tumor spreading. Active 
TG2 in vivo could result in the accumulation of 
a complex ECM leading to the suppression of 
endothelial tube formation without causing cell 
death. TG2 can make the ECM highly stable 
and resistant to proteolytic degradation. Tu- 
mors with negative lymph node show signifi-
cantly higher expression of TG2 in the stroma, 
which is catalytically active. Pretreatment of 
Matrigel with catalytically active TG2 also 
results in strong inhibition of cancer cell inva-
sion through the Matrigel Transwell filters. 
Thus, TG2-induced alteration in the ECM could 
effectively inhibit metastasis, and selective 
induction of catalytically active TG2 at the 
tumor site may offer a promising approach to 
limit metastasis [43]. TG2 modulation of cellu-
lar behavior via regulating the ECM may provide 
a novel approach for anti-tumor therapy. TG2 
expression and activity in the tumor and sur-
rounding matrix generally decrease with tumor 
progression, favoring matrix destabilization, 
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but supporting angiogenesis and tumor inva-
sion. In contrast, in the secondary metastasis 
TG2 is often highly expressed whereby its 
potential role in cell survival both at the intra- 
and extra-cellular levels becomes important 
[44]. Interestingly, TG2 either promotes or sup-
presses death-inducing signaling in tumors in a 
cell context-dependent manner. Depending on 
the cell type and its localization within the cell, 
TG2 can serve as either an anti-apoptotic or a 
pro-apoptotic protein. High level (> 1 mM) of 
Ca2+ activates TG2, which promotes inter- and 
intra-molecular crosslinking of proteins and 
results in cell death. The use of TG2-specific 
antisense RNA could protect cells against 
stress-induced cell death. In contrast, low level 
(< 1 mM) of Ca2+ and high concentration (> 9 
mM) of GTP (the condition that generally pre-
vails intra-cellularly) promote TG2-mediated 
cell survival signaling [45]. There exist N-epsilon 
γ-glutamyl lysine amino residues in tumor stro-
ma, demonstrating the transamidation activity 
of TG2. TG2, a γ-glutamyl transferase which 
generates epsilon-lysine isopeptide bonds and 
which produces ammonia as a byproduct of its 
catalytic activity, is up-regulated by a decrease 
in cellular pH and helps protect cells from acid-
induced cell death, which is similar to Kidney 
type glutaminase (GLS1) [46].

The apoptotic death of tumor cells occurs 
together with an increase in the expression and 
activity of TG2, which could be promptly antag-
onized by PKA inhibitor, suggesting the involve-
ment of intracellular cAMP elevation and, con-
sequently, PKA activation. Growth inhibition 
and TG2 expression and activity are potentiat-
ed by Retinoic acid (RA), a TG2 inducer [47]. 
Retinoid-induced TG2 mRNA up-regulation 
could be suppressed by 2, 3, 7, 8-tetrachlorod-
ibenzo-p-dioxin (TCDD) in human squamous 
carcinoma cell (SCC) line, which occurs without 
enhanced degradation of the mRNA and thus 
appears to result from altered transcription. 
The actions of all-trans-RA and synthetic reti-
noid, which resist metabolic degradation, are 
suppressed to the same extent without obvious 
changes in their EC50s. Sodium butyrate alone 
induces TG2 and augments retinoid induction. 
RA induction of TG2 displays a lag phase of > 
24 h, indicating that the induction has an indi-
rect component. Rather than depleting active 
retinoid in the culture medium or generally inac-
tivating retinoid receptor function, TCDD may 
suppress the retinoid action by interfering with 

the late phase of induction [48]. A mechanistic 
model of theophylline action and anti-tumor 
strategies based on the concomitant use of 
theophylline and agents that potentiate TG2 
activity can be hypothesized. The involvement 
of TG2 in specific cancer types are discussed 
as follows.

TG2 and breast cancer

Normal mammary tissues and those with 
benign hyperplasia rarely express TG2. TG2 is 
significantly expressed in breast cancer, and its 
expression is increased in both malignant 
breast epithelia and the surrounding stroma, 
although its selective spatial expression pat-
tern in normal tissues also indicates a physio-
logical role in the epithelium-stroma interac-
tion. Stromal TG2 expression in breast cancer 
is significantly more frequent than that in nor-
mal breast tissues [49]. TG2-regulated path-
ways play a crucial role in promoting an aggres-
sive phenotype in mammary epithelial cells 
[50]. Increased TG2 expression in breast can-
cer cells contributes to increased cell survival, 
invasion, and motility. Invasive ductal carcino-
ma and the adjacent normal tissue show a 
10-fold higher TG2 activity compared to the 
normal tissues adjacent to fibro-adenoma and 
atypical ductal hyperplasia, and there exist 
interplays between membrane lipid peroxida-
tion, TG2 activity, and COX-2 expression in the 
tissue adjoining to the neoplastic lesion during 
breast cancer progression [51]. In the highly 
aggressive breast cancer cell line where epithe-
lial growth factor (EGF) stimulation is unneces-
sary for the migration and invasion activities, 
TG2 is already at the leading edge and activat-
ed. TG2 in metastatic breast cancer cells is 
present on the cell surface and is in close asso-
ciation with integrin β1, β4, and β5. Down-
regulation of endogenous TG2 by siRNA inhibits 
fibronectin-mediated cell attachment, survival, 
and invasion. Conversely, ectopic expression of 
TG2 augments breast cancer cell invasion and 
attachment to fibronectin-coated surfaces. 
Thus, TG2 expression in breast cancer cells 
plays an important role in the development of 
metastasis [31]. Localization of TG2 to the 
leading edges of breast carcinoma cells, where 
it plays an essential role in their migration, has 
a strict requirement for heat shock protein 70 
(Hsp70). TG2 inhibition by either TG2 inhibitors 
or transfection with TG2 shRNA, and treatment 
with a non-cell permeabilizing TG2 inhibitor in 
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cancer cells with high TG2 expression levels 
could block S100A4-accelerated cell migration 
in the highly metastatic cells and in the non-
metastatic cells treated with exogenous 
S100A4. There exists a direct interaction 
between TG2 and S100A4, which is a substrate 
of TG2. The syndecan-4 and α5β1 integrin co-
signaling pathways linked by PKCα activation 
are involved in the TG2- and S100A4-mediated 
cell migration [52]. An increased TG2 level in 
breast cancer cells leads to decreased expres-
sion of IκBα, and enhancement of NF-κB activi-
ty. TG2 expression is inversely correlated with 
the IκBα level, implying that TG2 is responsible 
for the constitutive activation of NF-κB in breast 
tumor [53]. RA consistently induces TG2 expre- 
ssion and activation in breast cancer cells, and 
RA-induced TG2 expression is inhibited in fibro-
blasts co-stimulated with EGF. EGF alone is suf-
ficient to potently promote TG2 expression and 
activation in cancer cells. Inhibiting PI3K activ-
ity severely diminishes the ability of EGF and RA 
to increase the TG2 level, whereas a constitu-
tively active form of PI3K potentiates the EGF-
induced TG2 expression in cancer cells. More- 
over, expression of exogenous TG2 in cancer 
cells mimics the survival advantage of EGF, 
suggesting that TG2 activation is necessary 
and sufficient for the anti-apoptotic property of 
EGF [14]. IL-6 production in human breast can-
cer cells is dependent on the TG2 expression. 
Tumor-sphere formation in vitro, primary tumor 
growth in the mammary fat pads, and distant 
hematogenous metastasis into the lung are 
also dependent on both TG2 and downstream 
IL-6 expression. Thus, TG2 is an important link 
in IL-6-mediated tumor aggressiveness in 
breast cancer [54].

TG2 and cervical cancer

In cervical SCC cells, ectopic expression of TG2 
increases cell motility and invasiveness [55]. 
Treatment of HeLa cells with EGF results in the 
activation of a plasma membrane-associated 
pool of TG2 and its redistribution to and accu-
mulation at cell leading edges, which are essen-
tial for EGF-stimulated HeLa cell migration, 
whereas knock-down of TG2 or treating cells 
with TG2 inhibitors blocks EGF-stimulated cell 
migration and invasion. EGF signaling through 
Ras and c-Jun N-terminal kinase is responsible 
for targeting TG2 to the cell leading edges and 
activating it. The requirement of EGF to properly 
localize and activate TG2 can be circumvented 

by the expression of oncogenic Ras, whose abil-
ity to stimulate migration is also dependent on 
TG2. These demonstrate that TG2 plays a key 
role in cancer cell motility and invasiveness, 
and participates the EGF pathway that stimu-
lates these processes in cancer cells [56]. The 
ability of TG2 localization to the leading edge is 
dependent on Hsp70, which could bind TG2, 
and which plays a vital role in cancer cell migra-
tion. Treatment of the cell lines with inhibitors 
against the ATP-hydrolytic activity of Hsp70 pre-
vents TG2 from localizing to the leading edges 
and thereby blocks cancer cell migration. These 
highlight an unconventional and important role 
for the chaperonin activity of Hsp70 in the local-
ization of TG2 at the leading edges of cancer 
cells and in the cellular migration ability [57]. 
TG2 is also an important mediator of the ligand-
dependent phenotypic effect of oncostatin M 
receptor (OSMR) overexpression in cervical 
SCC cells. Its expression correlates with dis-
ease progression and with OSMR levels in clini-
cal SCC samples. TG2 depletion in cervical SCC 
cells abrogates oncostatin M (OSM)-induced 
migration on fibronectin-coated surfaces and 
invasiveness through ECM. It interacts with 
integrin α5β1 in the presence of fibronectin in 
cervical SCC cells, with OSM treatment 
strengthening the interaction. Importantly, inte-
grin α5β1 and fibronectin are also overex-
pressed in SCC, where their levels correlate 
with OSMR and TG2 expression. These demon-
strate that stimulation of overexpressed OSMR 
in cervical SCC cells activates TG2-integrin 
α5β1 interaction and induces pro-malignancy 
changes, and suggest a biologically significant 
OSMR/TG2/integrin α5β1/fibronectin pathway 
in cervical SCC as a candidate for therapeutic 
targeting [55].

TG2 and ovarian cancer

In ovarian tumor, TG2 is upregulated and 
enhances intraperitoneal metastasis. All histo-
logical subtypes of ovarian cancer could 
express TG2 [58]. It is secreted abundantly in 
cancer ascites as an active enzyme. Ex- 
tracellular TG2 also promotes the peritoneal 
metastasis, and the main pathway activated is 
the non-canonical NF-κB signaling. The TG2 
gene is a direct transcriptional target of NF-κB, 
and there exists a self-reinforcing molecular 
feedback signaling loop where TG2 activates 
NF-κB and, in turn, NF-κB directly promotes 
TG2 transcription [59]. In epithelial ovarian can-
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cer, TG2 enhances cancer cell adhesion to 
fibronectin and directional cell migration, and 
modulates β1 integrin subunit expression, and 
the tumor dissemination pattern in the perito-
neal space is dependent on TG2. TG2 knock-
down diminishes tumor dissemination on the 
peritoneal surface and mesentery [60]. TG2 
could regulate MMP2 expression, which may 
facilitate tissue invasion and spread of cancer. 
TG2 induces degradation of PP2A-α which acti-
vates CREB, and thereby increases MMP2 tran-
scription. These provide a novel mechanistic 
insight into the pro-metastatic function of TG2.

TG2 and pancreatic cancer

TG2 is overexpressed in pancreatic cancer [61], 
and TG2 gene is one of the most dramatically 
elevated genes in pancreatic cancer tissues 
[62]. Elevated expression of TG2 in pancreatic 
cancer cells has been implicated in chemo-
resistance, metastasis and poor prognosis, 
and TG2 may serve as a promising therapeutic 
target [63]. Protein kinase C (PKC) δ constitu-
tively suppresses autophagy, a type II pro-
grammed cell death, through TG2-induction in 
pancreatic cancer cells that are frequently 
insensitive to standard chemotherapies [64]. 
Rottlerin, a PKCδ-specific inhibitor, and PKCδ 
siRNA down-regulate TG2 expression and 
induce growth inhibition without inducing apop-
tosis in pancreatic cancer cells. Inhibition of 
PKCδ by rottlerin or knockdown of TG2 by a 
TG2-specific siRNA results in a marked increase 
in autophagy shown by presence of autophagic 
vacuoles in the cytoplasm, formation of the 
acidic vesicular organelles, membrane associa-
tion of microtubule-associated protein 1 light 
chain 3 (LC3) with autophagosomes, and a 
marked induction of LC3-II protein, which are 
all important hallmarks of autophagy. Fur- 
thermore, inhibition of TG2 leads to the accu-
mulation of green fluorescent protein (GFP)-
LC3-II in autophagosomes in cancer cells trans-
fected with a GFP-LC3-expressing vector. 
Inhibition of the PKCδ/TG2 signaling results in 
significant autophagic cell death mediated by 
Beclin 1, a specific autophagy-promoting pro-
tein and the product of Becn1 (ATG6). 
Knockdown of Beclin-1 inhibits rottlerin- and 
TG2 siRNA-induced autophagy. These suggest 
that PKCδ plays a critical role in TG2 expres-
sion, which regulates autophagy in pancreatic 
cancer cells [65]. In the invasive phenotype of 
pancreatic ductal adenocarcinoma (PDAC), 

down-regulation of eukaryotic elongation fac-
tor-2 kinase (eEF-2K) by siRNA or rottlerin dis-
plays an impairment of cancer cell invasion and 
migration, with a significant decrease in TG2 
expression. Down-regulation of endogenous 
TG2 by siRNA could effectively block PDAC 
growth. The cancer cell motility and metastatic 
potential could be promoted through the TG2/
β1 integrin/Src/uPAR/MMP2 signaling pathway 
[66]. However, activation of endogenous TG2 by 
calcium ionophore induces rapid and sponta-
neous apoptosis in PDAC cells in a caspase-
independent manner. TG2-induced apoptosis is 
associated with release of apoptosis-inducing 
factor (AIF) [67]. TG2 expression in PDAC cells 
results in constitutive activation of the FAK/
AKT cell survival signaling by modulating the 
expression of the tumor suppressor phospha-
tase PTEN, and TG2 expression is inversely cor-
related with PTEN. Ectopic TG2 expression 
inhibits PTEN phosphorylation and promotes 
its degradation by the ubiquitin-proteasomal 
pathway. Conversely, down-regulation of endog-
enous TG2 by siRNA up-regulates PTEN expres-
sion, and causes a significant retardation in 
PDAC xenograft growth. Clinically, TG2 overex-
pression is also associated with a loss of PTEN 
expression [68]. In PDAC, there exists a strong 
correlation between TG2 expression and NF-κB 
activation/overexpression, and TG2 induces 
constitutive NF-κB activation in tumor cells 
most likely independent of the IκBα kinase 
[69]. TG2 may be an attractive alternative tar-
get for inhibiting constitutive NF-κB activation 
and rendering pancreatic cancer cells sensitive 
to anticancer therapies.

TG2 and colorectal cancer

In colorectal cancer, TG2 expression increases, 
and is involved in tumor growth, suggesting it 
as a potentially important target for tumor che-
moprevention and treatment [70, 71]. Increased 
TG2 is detectable in the host tissue around the 
tumor. Intra-tumor injection of TG2 results in a 
reduction in tumor growth, and occasionally 
tumor regression. In tumors injected with TG2 
there exists a fibrosis-like tissue containing 
increased collagen and TG2-mediated cross-
links, and reduced organized vasculature. TG2-
knockout results in increased tumor progres-
sion and a reduced survival rate [72]. TG2-
transfected cells show increased integrin β3 
expression, and are more adherent to and less 
migratory on fibronectin. There exists a direct 
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interaction between TG2 and β3 integrin, sug-
gesting that TG2 acts as a co-receptor for fibro-
nectin with β3 integrin. Cells transfected with 
active TG2 have increased levels of TGFβ1 and 
matrix-deposited fibronectin, which could be 
inhibited by TG2 site-directed inhibitors, and 
they are capable of inhibiting tumor growth. 
Thus in colonrectal carcinoma, an increased 
level of active TG2 is unfavorable to tumor 
growth due to its activating TGFβ1 and the 
increased matrix deposition, which in turn favor 
enhanced cell adhesion and a weakened migra-
tory and invasive behavior [73].

TG2 and liver cancer

Serum TG2 level is significantly higher in HCC 
patients, and it correlates with the histological 
grade and tumor size. TG2 expression in liver 
tissues shows an inverse correlation with the 
level of serum α fetal protein (AFP) in the 
patients. TG2 is overexpressed in some AFP-
deficient HCC cells and in about half of the 
tumor tissues with low levels of serum AFP, and 
trace amounts of TG2 are found to be expressed 
in the samples with high serum AFP levels. TG2 
exists in the supernatant of the AFP-deficient 
cells, and it is induced in AFP-producing cells. 
These suggest that TG2 may serve as a novel 
histological/serologic candidate involved in 
HCC, especially for individuals with normal 
serum AFP [74].

TG2 and lung cancer

TG2 expression increases the invasive and 
migratory properties of non-small cell lung can-
cer (NSCLC) cells, which might be related to the 
induction of MMP9 [35]. The MMP9 expression 
is suppressed when TG2 is inhibited, suggest-
ing that TG2 potentiates cell migration through 
up-regulating MMP9. Interferon (IFN) α could 
induce apoptosis, and cause an increase in the 
expression and activity of the TG2 protein in 
human lung cancer cells, which is more signifi-
cant than the increase in TG2 mRNA level. This 
could be possibly explained by the fact that 
IFNα induces a time-dependent decrease in 
TG2 ubiquitination. Addition of the proteasome 
inhibitor lactacystin leads to the accumulation 
of ubiquitinated TG2 and to a consequent 
increase in its expression. Treatment of the 
cells with the combination agents antagonizes 
the accumulation of the ubiquitinated isoforms 
of TG2 induced by lactacystin and causes a 

potentiation of TG2 expression. The TG2 induc-
er RA is also able to cause increased expres-
sion and ubiquitination of TG2 in cancer cells. 
Addition of TG2 inhibitor to IFNα-treated cells 
completely antagonizes growth inhibition and 
apoptosis induced by the cytokine. Thus, in 
lung cancer TG2 is ubiquitinated and degraded 
by a proteasome-dependent pathway, through 
the modulation of which IFNα can at least part-
ly induce apoptosis [75]. TG2 could suppress 
membrane resealing after mechanical damage 
in lung cancer cells. Additional expression of 
TG2 rescues the membrane resealing ability 
[76].

TG2 and melanoma

Tumor samples from melanoma patients show 
strong TG2 expression. TG2 is necessary for 
the enhanced metastatic potential of B16F1 
melanoma cells by inducing passive systemic 
anaphylaxis and increasing the histamine 
release and the β-hexosaminidase activity [22]. 
Metastatic melanoma cell lines express a TG2 
level up to 24-fold higher than the radial growth 
phase of primary melanoma cell lines, and TG2 
expression is selectively up-regulated during 
advanced developmental stages of melanoma. 
The association of TG2 with cell surface integ-
rin promotes strong attachment of cancer cells 
to fibronectin-coated surfaces, resulting in 
increased cell survival in the serum-free medi-
um. Inhibition of TG2 by siRNA inhibits fibronec-
tin-mediated cell attachment and survival. 
Activation of endogenous TG2 by calcium iono-
phore induces a rapid and strong apoptotic 
response in cancer cells and the induced apop-
tosis could be blocked by TG2-specific inhibi-
tors [77]. TG2 could bind specifically with a 
novel G protein-coupled receptor GPR56, which 
is of significantly low expression in many highly 
malignant cells, and which potently inhibits 
melanoma cell growth, proliferation, and 
metastasis [15].

TG2 and prostate cancer

TG2 is a phenotypic biomarker in prostate can-
cer, and is down-regulated in primary cancer 
and in the surrounding premalignant field. 
There exist co-localization and a strong interac-
tion between the TG moiety and protein kinase 
A anchor protein 13 [78]. TG2 could suppress 
apoptosis via the depletion of caspase 3 and 
cathepsin D. While in androgen-independent 
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human prostate tumor, decreased progression 
into the S-phase particularly induced by 
γ-tocopherol is associated with increased 
expression and activity of TG2, suggesting that 
γ-tocopherol has an evident differentiative 
effect on tumor cells, leading to an increased 
TG2 expression, which affects cell cycle pro-
gression. Up-regulation and activation of TG2, 
which are associated with reduced prolifera-
tion, could be parts of a large-scale reprogram-
ming that can attenuate the malignant pheno-
type of cancer cells [79].

TG2 and other cancers

In clinically-aggressive meningioma, TG2 ex- 
pression is increased, and is associated with 
increased WHO malignancy grades and recur-
rences. Inhibition of TG2 by siRNA or cystamine 
induces meningioma cell death and reduces 
cell growth, which is associated with reduced 
AKT phosphorylation and caspase-3 activation 
[80]. In neuroblastoma, TG2 expression is 
inhibited by the transcription factor Sp1, which 
binds the corresponding promoter [81]. In pri-
mary renal cell carcinoma, TG2 is significantly 
higher in metastatic patients than in non-meta-
static ones, indicating a correlation with metas-
tasis [82].

TG2 and EMT

EMT, a key developmentally-regulated program, 
significantly influences cancer cell biological 
behaviors [2]. TG2 plays an important role in 
EMT via regulating diverse proteins. TG2 

tating the collagen-collagen and fibronectin-
collagen crosslinks. Vitronectin and osteonec-
tin could also be catalyzed by TG2 to crosslink 
themselves with other ECM proteins. 
Inflammatory signals (TGFβ, TNFα, NF-κB, et al.) 
could induce EMT via inducing aberrant TG2 
expression, which could also induce stem cell 
characteristics in epithelial cells, suggesting a 
possible link between TG2, inflammation, and 
cancer progression [83]. The regulation of 
tumor cell EMT, which plays important roles in 
inducing various malignant behaviors, espe-
cially enhanced chemo-resistance and a potent 
invasive ability, via TG2, is a complex biological 
procedure. TG2 is highly expressed in various 
tumor cells with inherent or acquired chemo-
resistant and metastatic abilities, and the 
expression level is associated with tumor cell 
proliferative and invasive propensities. TG2 
could activate FAK-, Akt-, and cAMP-binding 
proteins, and constitutively the NF-κB pathway, 
and down-regulate the expression of PTEN, a 
tumor-inhibitory protein; while suppression of 
TG2 by siRNA could remarkably attenuate the 
tumorigenic and cell invasive capacities [84]. 

TG2, which is highly expressed in ovarian can-
cer, promotes EMT, characterized by increased 
expressions of stromal markers and down-reg-
ulation of epithelial markers, contributing to 
increased cancer cell invasiveness and metas-
tasis by activating oncogenic signaling. TG2 
induces a mesenchymal phenotype, character-
ized by the E-to-M cadherin switch and invasive 
cell behavior in Matrigel. This is mediated at 
the transcriptional level by altering the expres-

Figure 2. TG2 regulates EMT through both intracellular and extracellular path-
ways. TG2, transglutaminase 2; EMT, epithelial-mesenchymal transition; ECM, 
extracellular matrix.

expression is also able to 
confer the cancer stem cell 
(CSC) traits. TG2 regulates 
diverse tumor biological 
behaviors including EMT 
through various intracellu-
lar and extracellular ways 
(Figure 2). Intra-cellularly, 
TG2 mediates deamination 
of various cytoskeleton-
associated components, 
contributing to actin-actin 
and myosin-actin cross-
links, troponin polymeriza-
tion, and β-tubulin recon-
struction. Extra-cellularly, 
TG2 modulates formation, 
stability, and reconstruc-
tion of the ECM, via facili-
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sion levels and functions of several transcrip-
tional repressors, especially Zeb1. One mecha-
nism through which TG2 up-regulates Zeb1 is 
by activating the NF-κB complex. The effect of 
TG2 on ovarian cancer cell phenotype and inva-
siveness translates into increased tumor for-
mation and metastasis in vivo [9, 84]. Cells 
with a CSC phenotype isolated from human 
ovarian cancer express high levels of TG2, 
whose knock-down in cancer cells decreases 
the number of cells harboring a CSC phenotype 
[85]. In pancreatic cancer, inhibition of the eEF-
2K/TG2 axis could suppress EMT, as demon-
strated by the modulation of the zinc finger 
transcription factors, e.g. ZEB1/Snail, and the 
tight junction proteins, e.g. claudins [66]. The 
non-canonical NF-κB activation by extracellular 
TG2 induces CD44 up-regulation and EMT, con-
tributing to increased cancer cell invasiveness 
and peritoneal dissemination [30]. In breast 
cancer cells, TG2 could also induce EMT, facili-
tating tumor cell Matrigel-penetration; in the 
non-adherent culture system, cancer cells high-
ly expressing TG2 have more potent prolifera-
tive ability. The TG2-promoted EMT is mediated 
by activation of NF-κB and up-regulation of 
Snail, Zeb1, and Zeb2 [9]. TGF-β, a cytokine 
involved in tumor dissemination, is abundantly 
secreted in the cancer microenvironment, and 
could induce TG2 expression and its enzymatic 
activity, which regulate EMT and tumor metas-
tasis. TGF-β is a potent EMT inducer in both 
physiological and pathological conditions, and 
TG2 could convert external stimulation from 
cellular factors into intracellular signals, and 
possibly function on the downstream of the 

molecules. Besides, TG2 also modulates IL-6-
mediated cellular response to stimulation, sug-
gesting that TG2 could be the signal transmis-
sion locus of various factors [9, 86, 87]. 

Our ongoing study along with one of our previ-
ous studies [88] shows that TG2 may be 
involved in mediating CAF-induced EMT in HCC 
cells via the IL-6/STAT3 signaling pathway, facil-
itating liver cancer progression and metasta-
sis. In our ongoing study, TG2 expression is sig-
nificantly elevated in HCC cells with an EMT 
phenotype. Overexpression of TG2 remarkably 
promotes CAF-induced EMT and metastasis of 
HCC cells both in vitro and in vivo, as well as 
their migratory and invasive abilities. TG2 gene 
knockout remarkably attenuates CAF-induced 
EMT in HCC cells, and TG2 expression is affect-
ed by the IL-6/STAT3 signaling pathway rather 
than HGF/Met. After phosphorylation and acti-
vation of STAT3, it could respond to and trans-
duce signals transmitted by various factors, 
including integrin, EGF, IL-5, IL-6, HGF, and leu-
kemia inhibitory factor (LIF), participating in 
many cellular reactions to stimulus including 
cell proliferation and apoptosis. Cellular factors 
of the IL-6 family could activate STAT3 via JAK2, 
after binding the GP130 receptor on cellular 
surface [89]. Consistently, our ongoing study 
also shows that high TG2 expression is signifi-
cantly correlated with tumor size, tumor multi-
plicity, clinical stage, and vascular invasion, 
and that high TG2 expression associates with 
an unfavorable overall survival, suggesting it as 
an important independent negative prognosti-
cator in HCC patients. As TG2 could promote 

Figure 3. TG2-induced chemo-resistance and the underlined mechanisms. (+) indicates increasing, and (-) decreas-
ing. TG2, transglutaminase 2; EMT, epithelial-mesenchymal transition; TRAIL, tumor necrosis factor-related apopto-
sis-inducing ligand.
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tumor progression via various mechanisms, 
down-regulating TG2 expression with specific 
inhibitors or using gene interference could be 
novel approaches to battle malignancies.

TG2 and tumor chemo-resistance

TG2 is highly expressed in tumors with various 
tissue origins, and has emerged as a putative 
target involved in tumor chemo-resistance and 
evasion of apoptosis (Figure 3). Most studies 
indicate the pro-chemo-resistance, pro-surviv-
al, and anti-apoptosis roles for TG2 in malig-
nancies, while few others suggest that TG2 can 
suppress tumor growth and enhance the 
growth inhibitory effects of anti-tumor agents. 
An in vivo experiment shows that compared to 
wild-type mice, those with TG2 gene knockout 
have larger tumor foci and a lower survival rate, 
and that TG2 could promote chemo-sensitivity 
of tumor cells [60]. TG2 mediates chemo-resis-
tance not only through the activation of survival 
pathways and the inhibition of apoptosis, but 
also by regulating ECM formation, EMT, and 
autophagy. Chronic expression of TG2 in epi-
thelial cancer cells initiates a complex series of 
signaling networks which contribute to the 
development of chemo-resistance and an inva-
sive phenotype. For example, induced or basal 
high TG2 expression in mammary epithelial 
cells is associated with activation of NF-κB, Akt, 
FAK, and HIF [50]. 

Cancer cells selected for resistance against 
chemotherapy or isolated from metastatic sites 
express an elevated level of TG2. TG2 could 
widely induce cell chemo-resistance, which 
contributes to the oncogenic potential, and 
which is mainly through promoting the integra-
tion of fibronectin in ECM and enabling ECM to 
protect malignant cells from exposure to che-
motherapy. Besides, TG2 could impede anoikis 
of damaged tissue cells via recovering post-
damage integrin-dependent adhesion, also 
mediating chemo-resistance [90]. Down-
regulation of TG2 and the inhibition of endoge-
nous TG2 by siRNA or by small molecule inhibi-
tors could result in the reversal of chemo-resis-
tance and the invasive phenotype, significantly 
enhancing the therapeutic efficacy of antican-
cer drugs and inhibiting the metastatic spread 
[91]. Conversely, ectopic TG2 expression pro-
motes cancer cell survival, motility, and inva-
sion [92]. When apoptosis occurs, abundant 
Ca2+ is released into the intracellular space, 

and TG2 is then activated with the pro-cross-
link activity, and could localize fragments of 
cells undergoing apoptosis, thus avoiding rec-
ognition and phagocytosis of other cells by 
macrophages. This anti-apoptotic effect also 
enables TG2 to induce chemo-resistance of 
malignant cells. In lung cancer cells with 
acquired tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL)-resistance, TG2 is 
one of the most significantly increased genes. 
Suppressing TG2 dramatically alleviates TRAIL-
resistance and cell migration, suggesting that 
TG2 contributes to these two phenotypes in 
TRAIL-resistant cells. TG2-mediated TRAIL-
resistance is likely through c-FLIP since TG2 
suppression significantly reduces c-FLIP. 
Suppression of EGF receptor (EGFR) dramati-
cally reduces TG2 expression, which is mediat-
ed by JNK and ERK. These identify a novel path-
way involving EGFR, MAPK (JNK and ERK), and 
TG2 for both acquired TRAIL-resistance and cell 
migration, and suggest TG2 as a potential 
molecular target for combating acquired che-
mo-resistance and metastasis in lung cancer 
[93]. Inhibition of TG2 provides an interesting 
strategy for sensitization to TRAIL-induced 
apoptosis in p53-deficient lung cancer cells 
through the up-regulation of death receptor 5 
[94]. TG2 controls cell sensitivity to the chemo-
therapeutic drug doxorubicin. TG2 plays an 
important role in doxorubicin/cisplatin resis-
tance in breast and ovarian cancers. The 
NSCLC cell lines with a methylated TG2 gene 
promoter demonstrate higher sensitivity to cis-
platin than the TG2-expressing cell lines, sug-
gesting a positive correlation between cisplatin 
sensitivity and TG2 inhibition. Thus, good 
responders of cisplatin in NSCLC could be iden-
tified by the promoter methylation of the TG2 
gene, and TG2 inhibition might be an effective 
cisplatin-sensitizing modality in NSCLC [95]. 

Breast cancer cells express high basal TG2 lev-
els. TG2-deficient cancer cells exhibit greater 
sensitivity to doxorubicin and are less invasive 
than the TG2-sufficient cells, and a higher pro-
portion of tumors express TG2 in the chemo-
prevention group [96]. The sublines with 
increased TG2 expression will advance from a 
noninvasive to an invasive phenotype. Im- 
portantly, the metastatic lymph nodes from 
patients with breast cancer show significantly 
higher TG2 expression compared with the pri-
mary tumors from the same patients. TG2 is 
up-regulated in drug-resistant and metastatic 
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breast cancer cells, and it might serve as a 
valuable prognosticator for these phenotypes 
[97]. When TG2 is inhibited, tumor cells under-
go more frequently doxorubicin-induced cell 
death [49]. Down-regulation of TG2 by cysta-
mine or synthetic peptide R2 promotes apopto-
sis in drug-resistant cancer cells by restoring 
the level of IκBα, leading to the inactivation of 
NF-κB. Blocked expression of TG2 renders the 
doxorubicin-resistant breast cancer cells highly 
susceptible to doxorubicin-induced apoptosis. 
TG2 leads to drug-resistance by up-regulating 
the levels of survival factors via NF-κB activa-
tion [98]. Exposure of cells to TG2 inhibitor or 
expression of a dominantly negative form of 
TG2 potently inhibits the EGF-mediated protec-
tion from doxorubicin-induced apoptosis. 
Expression of a dominantly negative form of 
TG2 reverses the EGF-mediated chemo-resis-
tance in breast cancer cells. Doxorubicin-
resistant cells have a higher level of TG2 com-
pared with doxorubicin-sensitive cells indepen-
dent of the EGFR expression. TG2 inhibition 
increases the chemo-sensitivity of drug-resis-
tant cells, concomitant with a decrease in 
NF-κB activity. Increasing the TG2 level in drug-
sensitive cells by transient transfection reduc-
es the level of IκBα and increases the NF-κB 
activity in these cells. Inhibition of TG2 in drug-
resistant cells by RNA interference increases 
the level of IκBα, and this correlates with a shift 
in the accumulation of NF-κB from the nucleus 
to the cytosol. TG2 activates NF-κB through 
polymerization and depletion of the free IκBα 
during inflammation. Therefore, increased 
expression of TG2 and subsequent activation 
of NF-κB may contribute to the drug-resistance 
in breast cancer cells independently of the EGF 
signaling [99]. TG2 closely associates with β1 
and β5 integrins on the surface of the drug-
resistant breast cancer cells. Incubation of the 
TG2-expressing chemo-resistant cancer cells 
on fibronectin-coated surfaces strongly acti-
vates FAK, which leads to the activation of sev-
eral downstream signaling pathways and, in 
turn, can confer an apoptosis-resistant pheno-
type to the cancer cells. Inhibition of TG2 by 
siRNA inhibits the fibronectin-mediated cell 
attachment and survival in chemo-resistant 
cells [100]. Thus, TG2 expression in breast can-
cer cells contributes to the development of 
chemo-resistance by promoting the interaction 
between integrin and fibronectin.

TG2 regulates cisplatin-induced apoptosis in 
ovarian cancer cells. Interestingly, not only TG2 
knockdown but also TG2 enzymatic inhibitors 
sensitize cancer cells to cisplatin. Over expres-
sion of the constitutively active p65 subunit of 
NF-κB, rather than of the constitutively active 
Akt, rescues cells with diminished TG2 expres-
sion from cisplatin-induced apoptosis. This 
implicates activation of NF-κB as the main cis-
platin-resistance mechanism downstream of 
TG2. NF-κB activity is decreased and the level 
of the inhibitory subunit IκBα is increased in 
ovarian cancer cells engineered to express 
diminished levels of TG2 or treated with inhibi-
tors. Thus, TG2 prevents cisplatin-induced 
apoptosis by activating the NF-κB survival path-
way in ovarian cancer cells [101]. 

TG2 could induce gemcitabine-resistance in 
pancreatic cancer cells [102]. Down-regulation 
of TG2 significantly enhances the therapeutic 
efficacy of gemcitabine against PDAC and inhib-
its metastatic spread of the disease. Therefore, 
siRNA-mediated down-regulation of TG2 repre-
sents a promising therapeutic approach for 
improved treatment of PDAC [84]. TG2-
inhibitors could also significantly attenuate 
carmustine-resistance of malignant glioma 
[103]. TG2 expression contributes to the devel-
opment of chemo-resistance in malignant mel-
anoma cells by exploiting integrin-mediated cell 
survival signaling pathways [77]. Nucleopho- 
smin is a substrate of TG2 in cancer cells, and 
is polymerized by TG2. The polymerization 
could be inhibited by the TG2 inhibitor, cysta-
mine. The nucleophosmin level in the cytosolic 
cell fraction is reduced when TG2 is expressed. 
Increased expression of TG2 is highly associat-
ed with drug-resistance, and polymerization of 
nucleophosmin by TG2 can also be correlated 
with the drug-resistance of cancer cells. 
Nucleophosmin cross-linked by TG2 is eradi-
cated via the ubiquitin-proteasomal pathway. 
Depletion of cytosolic nucleophosmin by TG2 
can decrease the Bax protein stability and is 
anti-apoptotic. Thus, TG2 inhibits the accumu-
lation of cytosolic nucleophosmin through 
polymerization, which results in drug-resis-
tance in cancer cells [104]. Since TG2 knock-
down or TG2 enzymatic activity inhibition may 
reverse chemo-resistance and sensitize tumor 
cells to drug-induced apoptosis, many small 
molecules capable of blocking TG2 have 
recently been developed [105]. TG2 might also 
induce radiotherapy-resistance.
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TG2 and prognosis

TG2 is considered majorly as a potential nega-
tive prognosticator, and is often associated 
with advanced disease stage, metastasis, and 
chemo-resistance. In renal cell carcinoma, TG2 
expression is significantly reversely correlated 
with 5-year disease-free and cancer-specific 
survival rates [82]. In colorectal cancer, 
patients with high TG2 expression show a poor-
er overall survival (OS) rate than those with low 
TG2 expression, indicating increased TG2 
expression as an independent unfavorable 
prognosticator [70]. TG2-mediated PTEN loss is 
a prognosticator for patients with stage II PDAC 
independent of the tumor stage/lymph node 
status and tumor differentiation grade [68]. 
Among laryngeal SCC patients receiving adju-
vant radiotherapy, low TG2 expression is a sig-
nificant independent prognosticator of an 
improved OS, and its expression correlates 
with another HIF-1α target, BNIP3 [106].

TG2 expression in NSCLC and in the non-ade-
nocarcinoma subtypes including SCC is signifi-
cantly correlated with recurrence. There also 
exists a significant correlation between strong 
TG2 expression and a shorter disease-free sur-
vival (DFS) in NSCLC (HR = 1.554) and in the 
non-adenocarcinoma subtype (HR = 2.184) 
[35]. Among NSCLC patients who receive the 
EGFR-tyrosine kinase inhibitor (TKI) therapy, 
the progression free survival (PFS) is signifi-

with the high expression of IL-6 only, suggesting 
that TG2 could be an important mediator of dis-
tant metastasis in breast cancer [54]. In inva-
sive ductal carcinomas (IDCs) of the breast, 
patients showing stromal TG2 accumulation 
have significantly reduced DFS compared to 
those showing low TG2 expression, and stromal 
TG2 accumulation is an independent risk factor 
for recurrence, suggesting that TG2 overex-
pression in tumor stroma may serve as a poor 
prognosticator for breast IDC [108]. However, a 
research from Greece suggests that there is a 
beneficial effect of TG2 expression on OS, and 
that TG2 is an independent favorable prognos-
ticator for survival possibly via enhancing the 
apoptotic effect of chemotherapy [109].

TG2-based anti-tumor strategies

Additional insights into the multifunctional 
nature of TG2 as well as translational studies 
concerning the correlation between expres-
sion, function, and location of TG2 and cancer 
behavior will shed light on novel anti-cancer 
therapies (Figure 4). A specific TG2 inhibitor 
may be a very useful treatment against cancer 
with a high TG2 level. Treatment of cancer cells 
with inhibitors of both TG2 and GLS1 results in 
synthetic cellular lethality. The combination of 
the inhibitors induces cell death, while individu-
al treatment with either compound shows little 
or no cell-killing ability, suggesting that combi-
nation treatment simultaneously targeting TG2 

Figure 4. Current TG2-based anti-tumor strategies and the underlined mech-
anisms. (+) indicates increasing, and (-) decreasing. TG2, transglutaminase 
2; MMP, matrix metalloproteinase; IκBα, the inhibitory subunit α of nuclear 
factor-κB; siRNA, small interfering RNA; ROS, reactive oxygen specie.

cantly longer in the low TG2 
expression group than that 
in the high TG2 expression 
group. Similarly, in wild-type 
EGFR patients treated with 
EGFR-TKI, PFS is also longer 
in patients with low TG2 
expression. Thus, TG2 ex- 
pression can predict PFS in 
NSCLC patients treated with 
EGFR-TKI [107]. 

In patients with advanced 
breast cancer, TG2 expres-
sion in the primary tumor is 
inversely correlated with 
recurrence-free survival and 
distant metastasis-free sur-
vival (DMFS). The combined 
high expression of TG2 and 
IL-6 is associated with a 
shorter DMFS, compared 
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and GLS1 might be a promising strategy to 
combat cancer [46]. 

Resveratrol could prevent the migration of TG2-
expressing cells. During migration, resveratrol 
increases the immunoreactivity of TG2 without 
affecting the total TG2 protein level in migrating 
cells, and with an increased Ca2+ level. 
Depletion of intracellular Ca2+ by a Ca2+ chela-
tor attenuates the resveratrol-enhanced TG2 
immunoreactivity. In the native-polyacrylamide 
gel, a non-phosphorylated TG2 protein form in 
resveratrol-treated cells correlates with a slow-
er migration speed, and is exclusively present 
in the plasma membrane fractions and sensi-
tive to the intracellular Ca2+ concentration, sug-
gesting the Ca2+ requirement in TG2-regulated 
cell migration [36]. These suggest that resvera-
trol induces conformational changes of TG2, 
and that association of Ca2+-mediated TG2 with 
the plasma membrane is responsible for the 
inhibitory effect of resveratrol on cell mi- 
gration.

Cardamonin suppresses TG2 expression in sar-
coma cells, and directly inhibits TG2 activity. 
Silencing of TG2 gene suppresses the invasion 
and migration of sarcoma cells and inhibits the 
activities of MMP2 and MMP9. Migration of 
various cancer cells with high TG2 levels could 
also be inhibited by cardamonin [110]. This 
finding will evoke a novel idea of pharmaco-
phore for the development of effective TG2-
inhibitors. Cantharidinate could inhibit the TG2 
expression in human colorectal cancer [71]. A 
competitive TG2-inhibiting quinoxaline com-
pound GK13 inhibits TG2-mediated IκBα 
polymerization in a dose-dependent manner, 
and has greater anti-cancer efficacy than doxo-
rubicin [111]. 

Both doxorubicin sensitivity and TG2 expres-
sion are highly variable in cultured human 
breast cancer cell lines and there exists a 
canonical CpG island within the 5’ flank of the 
human TG2 gene. These features, when com-
bined with its potential tumor-suppressing 
activity, make TG2 an attractive candidate for 
epigenetic silencing, and this aberrant molecu-
lar event is a potential marker for chemothera-
peutic drug sensitivity. Consistent with this, 
culturing breast tumor cells with DNA demethyl-
ating agents results in a robust increase in TG2 
expression. TG2 gene often displays aberrant 
hyper-methylation, and there is a significant 

correlation between gene methylation and 
reduced expression. Doxorubicin-resistant can-
cer cells do not show TG2 silencing but doxoru-
bicin-sensitive cells do. Culturing the sensitive 
cells with the DNA demethylating agent and 
subsequently restoring TG2 expression reduce 
cell sensitivity to doxorubicin [33]. 

In ovarian cancer, ITP-79 inhibits the binding of 
a TG2 peptide to a 42-kDa fragment of fibro-
nectin in a dose-dependent manner, and 
reduces TG2 stabilization, which mimics the 
effect of GTP, a negative allosteric regulator of 
the TG2 enzymatic function, suggesting a 
potential allosteric mechanism for ITP-79 in 
light of its distal target site [112]. Down-
regulation of TG2 by siRNA impairs adhesion 
and motility of HeLa cells by decreasing phos-
phorylation of the protein kinase Akt and reac-
tive oxygen species (ROSs), and over-expres-
sion of TG2 shows opposite effects, suggesting 
the potential utility of TG2 for development of 
therapeutic anti-cancer vaccines [113].

Conclusions 

Recent findings have produced great strides in 
developing an understanding of the molecular 
events involved in processes necessary for 
tumor cell invasion and subsequent metastasis 
formation. TG2 has important physiological 
functions and plays a vital role in inflammation 
mainly through its modulation of the ECM struc-
ture and stability with its influence on gene 
expression. It regulates tumor progression, 
especially EMT, via various intracellular and 
extracellular ways, mainly depending on its pro-
crosslink and signaling transduction mediation 
propensities, which attenuates cell adhesion 
and promotes ECM proteolysis. It is controlled 
by a network of regulators, and provides an 
explanation for the association between inflam-
mation and cancer progression. Progresses in 
investigating TG2 have become an exercise in 
coming to appreciate the level of complexity 
required for changing cellular identity. The 
underling mechanism highlights an integration 
of nuclear regulation and network signaling 
with alteration in the microenvironment. Here 
we have focused on the effects of various stro-
ma-derived factors on epithelial cells. It is prob-
able that the same factors also have vital 
effects on stromal cells, including fibroblasts, 
endothelial cells, and inflammatory cells. The 
malignant state is unleashed and exacerbated 
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by defects in communication pathways. The 
cross-talk between tumor cells and stroma trig-
gers pro-survival, proliferation, and invasion 
pathways in both the cancer cells and their 
hosts. However, it is unclear which signaling 
pathways should be inhibited in order to most 
effectively block tumor progression and to 
cause minimal toxicity in normal tissues simul-
taneously. TG2 is also involved in tumor chemo-
resistance, highlighting the need to inhibit its 
activity during anti-cancer therapy.

It is notable that the models described in this 
review are not mutually exclusive, both across 
different patients and across different cancer 
cells in any specific tissue since malignant cells 
are quite heterogeneous. Most of the valuable 
insights have been derived from cell culture 
and tissue recombination xenograph experi-
ments, and these results may not be applicable 
to the in vivo situation due to the fact that not 
all key micro-environmental factors are consid-
ered. The capability to overexpress specific fac-
tors or to conditionally knockout specific genes 
in vivo will further add greatly to our knowledge 
of the complex interaction involved in cancer 
progression. Future development will include a 
new class of therapies targeting the extra- and 
intra-cellular mediators, especially TG2, which 
acts at the tumor-host communication inter-
face. Future efforts should also further focus 
on how TG2-mediated cell attachment, ECM 
proteolysis, and cell migration are controlled 
and integrated, which requires a better under-
standing of the involved transcriptional regula-
tions and cell signaling mechanism. 

An important issue for TG2 is its being regarded 
as having a high prognostic and therapeutic 
value. Further understanding the relevant 
genetics and epigenetics will be especially vital 
in order to differentiate TG2 as patient-specific 
therapeutic targets. Several molecular candi-
dates have been proposed. Some of the TG2-
associated signal transductions point to poten-
tial targets for therapy. A better understanding 
of the effects of targeting these pathways, how-
ever, is required. It is likely that further charac-
terization of these interactions, and the molec-
ular identification of the key mediators, will 
prove novel insights into oncology and indicate 
new therapeutic options. The inhibition of TG2 
by small molecules may be useful in blocking 
metastasis. Pharmacological and biological 

agents that interfere with the signaling between 
malignant epithelial cells and the supporting 
stroma will likely continue to be tested. Much 
future work will be needed to test the hypothe-
sis and to further our understanding of metas-
tasis in general.
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