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Abstract

Recent studies indicate that cancer cells express elevated levels of type Il transglutaminase (TG2),
and that expression is further highly enriched in cancer stem cells derived from these cancers.
Moreover, elevated TG2 expression is associated with enhanced cancer stem cell marker
expression, survival signaling, proliferation, migration, invasion, integrin-mediated adhesion,
epithelial-mesenchymal transition, and drug resistance. TG2 expression is also associated with
formation of aggressive and metastatic tumors that are resistant to conventional therapeutic
intervention. This review summarizes the role of TG2 as a cancer cell survival factor in a range of
tumor types, and as a target for preventive and therapeutic intervention. The literature supports the
idea that TG2, in the closed/GTP-binding/signaling conformation, drives cancer cell and cancer
stem cell survival, and that TG2, in the open/crosslinking conformation, is associated with cell
death.
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Introduction

Tumor survival requires that the cancer cells circumvent normal cell death processes. This is
often associated with mutation or overexpression of specific oncogenes that drive cancer cell
survival, and/or silencing of tumor suppressor genes leading to enhanced cell division [1].
The fact that tumor cells proliferate at a higher rate than normal cells led to the design of
cancer therapies that target rapidly proliferating cells. However, this approach has not been
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entirely satisfactory, as the cells often escape and become resistant. In this context, it has
been realized that normal body tissues are derived from organ-specific stem cells that
display a capacity to self-renew and to differentiate into the cell types that comprise the
organ [2]. The cancer stem cell theory proposes that a small population of slow cycling,
long-lived cancer cells, derived by mutation of normal stem cells, exist in tumors and are
required for tumor maintenance. This theory further suggests that the formation of a mutated
stem cell is an early event in tumor formation. Increasing evidence suggests the cancer stem
cells facilitate tumor formation, cancer recurrence, and metastasis [3-8], and resistance to
conventional anti-cancer therapy [9].

An important recent goal in cancer biology is identification of therapeutic and preventive
treatments that reduce cancer stem cell survival [10,11]. A key strategy in this context is
identifying cancer stem cell survival proteins, that are either upregulated or display
enhanced activity in cancer stem cells, as targets for anti-cancer prevention and therapy. In
the present review, we discuss type Il transglutaminase (TG2) as a marker of cancer
development, as a cancer stem cell-survival protein, and as a potential anti-cancer stem cell
prevention and therapy target.

TG2 Structure and Activity

TG2 is predominantly a cytosolic protein, but is also present in the nucleus, at the plasma
membrane and in the extracellular environment [12,13]. As shown in Figure 1A, the TG2
sequence encodes an integrin- and fibronectin-binding N-terminal f-sandwich domain, a
catalytic core domain which includes the catalytic triad (Cys277, His335, and Asp358) that
mediates TG2 crosslinking (transamidase) activity, and two C-terminal B-barrel domains.
The guanine nucleotide binding site, which encompasses part of f-barrell and residues in
the catalytic domain, is required for TG2-related signal transduction [14,15]. The TG2 GTP
binding and the crosslinking functions have been heavily studied. In intact cells, where
GTP/GDP levels are high and free calcium levels are low, TG2 exists in the GTP/GDP-
bound closed/folded (signaling) conformation [12,16-19] (Figure 1B). If intracellular
calcium levels rise, during cell death or in response to extracellular stimuli, calcium binding
shifts TG2 to an open/extended crosslinking conformation which exposes the catalytic triad
and activates protein—protein crosslinking (transamidase) activity [20]. This calcium-
dependent change in conformation is associated with loss of GTP/GDP binding and related
signaling (Figure 1B) [21-25]. The crosslinking activity of TG2 is allosterically activated by
Ca?* and inhibited by GTP, GDP, and GMP [26,27] (Figure 1B). Thus, the TG2 GTP-
binding folded/closed (signaling) structure, and the open/extended (crosslinking) structure,
are mutually exclusive. An additional mode of regulation involves oxidation of TG2 which
converts the open/extended crosslinking-active form to the open crosslinking-inactive form,
an event that is associated with oxidative conditions, particularly in the extracellular
environment. We will argue that the TG2 closed (signaling) form is a major driver of cancer
cell, and cancer stem cell survival. In addition, we suggest that the open (crosslinking)
conformation can, in some contexts, enhance cancer cell survival, but that generally
suppresses cell survival. We will review what is presently known in a range of cancer types.
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TG2 Role in Various Cancer Types

TG2 in Ovarian Cancer

Epithelial ovarian cancer arises from the epithelial layer covering the ovaries. Since the
epithelial surface faces the peritoneal cavity, shedding of transformed cells leads to the
characteristic formation of ascites fluid. These cancer cells are interesting as they have dual
mesenchymal and epithelial characteristics and can convert to either phenotype in response
to changes in the microenvironment. The mesenchymal characteristics favor release of cells
from the tumor into the peritoneal cavity where they form metastatic implants in the
intraperitoneal space [28,29]. TG2 is required for ovarian cancer cell adhesion to surfaces,
as TG2 knockdown diminishes ovarian tumor cell dissemination and adhesion to the
peritoneal matrix [30,31]. This is thought to involve TG2 interaction with and maintenance
of B1 integrin level [30]. The TG2/B1- integrin complex interacts with fibronectin to
stabilize adhesion [30]. An inhibitor, ITP-79, reduces TG2 interaction with and stabilization
of fibronectin and reduces adhesion [31]. This is consistent with the finding that TG2 siRNA
treatment reduces tumor cell adhesion in the peritoneal cavity leading to reduced invasion
[32,33]. In addition, TG2 knockdown enhances docetaxel-induced ovarian cancer cell death,
indicating that TG2 expression fosters drug resistance [32].

TG2 impacts several signaling cascades in ovarian cancer cells. Under normal conditions,
NFxB signaling is inhibited by NFxB association with IxBa. The NFkB/IkBa complex
sequesters NFkB in the cytoplasm which reduces nuclear NFxB level leading to reduced
signaling [34]. Ovarian cancer cell survival is associated with a TG2-mediated reduction in
IxBa subunit expression leading to increased NF«B activity [35], and that increased NFxB
signaling enhances cell adhesion [33,36]. CREB transcription factors also have a role in
ovarian cancer, as TG2 knockdown or inhibition with KCC009, a TG2 inhibitor, reduces
CREB transcription factor phosphorylation leading to reduced MMP-2 expression and
activity [36]. As noted above, epithelial ovarian cancer cells have a dual mesenchymal/
epithelial phenotype. TG2 expression is associated with a shift to the mesenchymal
phenotype via transcriptional activation of mesenchymal transcription factor, Zeb1 [37].
TG2 expression is also associated with increased -catenin level, and B-catenin stimulation
of cyclin D1 and c-myc expression [38]. TG2 physically associates with and recruits c-src,
which then phosphorylates B-catenin leading to its activation [38]. Thus, TG2 enhances
ovarian cancer cell survival by enhancing NFxB and CREB signaling. In addition, TG2-
associated NF«xB signaling is important for ovarian cancer cell resistance to cisplatin
[32,35].

The mechanisms that control TG2 level have also been studied. TG2 level is regulated by
TGFB. TGFB, acting via SMADs and TGFp-activated kinase 1 stimulation of NFkB,
increases TG2 expression to enhance EMT and spheroid formation [39]. These studies
suggest the existence of a NFkB/TG2 positive feedback loop that maintains NFxB and TG2
expression.
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TG2 in Breast Cancer

TG2 has been shown to be an important breast cancer cell survival factor, and
overexpression in the tumor-surrounding stroma is associated with high risk of cancer
recurrence [40,41]. TG2 is highly expressed in advanced breast cancer and in drug-resistant
breast cancer cells [42], and TG2 knockdown restores drug sensitivity [42]. In addition,
epigenetic silencing of TG2 expression has been observed in drug sensitive MCF-7 cells
[43]. TG2 interacts with f2- and p5-integrin MCF-7 cells, and plating these cells on
fibronectin-coated plates strongly activates focal adhesion kinase (FAK)-related signaling
leading to an apoptosis-resistant phenotype [44]. Consistent with this, TG2 knockdown
reduces fibronectin-mediated cell adhesion and survival [44,45].

TG2 regulates several pro-survival signaling cascades in breast cancer cells. It constitutively
activates NFxB signaling leading to enhanced cell survival [46,47]. Moreover, TG2 and
IxBa co-precipitate, suggesting that NFkB activation is due to loss of interaction with 1kBa
[46,48]. This TG2 interaction with NF«kB is also observed in ovarian cancer cells [34]. In
addition, a TG2/NF«B positive feedback loop maintains TG2 expression and constitutive
NF«B activation [46,48,49]. Phosphorylation of the Ser-216 site on TG2 appears to be
required for TG2 activation of NFxB and Akt signaling and down-regulation of PTEN
(phosphatase and tensin homology, an inhibitor of Akt activity) [50]. Expression of a TG2
mutant in which Ser-216 phosphorylation site is converted to alanine, results in reduced
epidermal growth factor (EGFR) level leading to reduced EGFR signaling and reduced
cancer cell proliferation [51]. It has also been reported that TG2 facilitates breast cancer
metastasis by increasing IL-6 production, and that TG2 level in tumor cells correlates
directly with I1L-6 level [52]. The authors conclude that TG2 is important for IL-6 mediated
tumor aggressiveness in metastatic tumors [52].

TG2 expression is associated with breast cancer cell drug resistance, increased invasiveness,
and increased epithelial-mesenchymal transition (EMT) [53]. The EMT response includes
loss of E-cadherin, and increased expression of Snaill, Zeb1, Zeb2, and Twistl [53]. TG2
also increases the Warburg effect in breast cancer cells via NFxB induction of HIF-1a
leading to enhanced glucose uptake, with the effect being abolished following knockdown of
TG2, NFxB, or HIF-1a [54]. Studies using TG2 mutants show that GTP binding domain is
required for TG2-stimulated breast cancer cell survival and EMT [27,55].

Several studies have explored the role of TG2 crosslinking activity (Figure 1B). TG2
crosslinking activity can be increased by treating cells with ionophore to enhance
intracellular calcium level. Calcium binds to TG2 to produce the open/crosslinking form of
TG2, and this is associated with reduced breast cancer cell survival [56]. In addition,
expression of a 55 kDa mutant form of TG2, which lacks GTP binding activity but retains
crosslinking activity, increases apoptosis-mediated breast cancer cell death. This suggests
that intracellular activation of TG2 crosslinking can Kill breast cancer cells [57]. Moreover,
increased crosslinking activity of matrix has been reported to suppress breast cancer cell
migration and metastasis [58]. These findings suggest that the closed GTP-binding signaling
form of TG2 (Figure 1B) stimulates breast cancer cell signaling to drive cancer cell survival.
In contrast, it also appears that a high calcium environment can convert TG2 to the open
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“crosslinking” form which then crosslinks intracellular and extracellular proteins to reduce
cancer cell survival and migration [57].

S100A4 is a known regulator of cell migration and knockdown of TG2 attenuates the ability
of S100A4 to drive migration [59]. Treatment of MDA-MB-231 cells with R294, a cell
impermeable TG2 inhibitor, inhibits migration and reduces S100A4 polymer formation. It is
proposed that TG2 crosslinking of S100A4, via a mechanism that involves syndecan-4 and
a5l integrin signaling, leads to enhanced migration [59]. TG2 has also been shown to
phosphorylate IGFBP-3 on plasma membranes in breast cancer cells, but the impact of this
has not been studied [60].

Thus, the preponderance of the data suggests that under normal intracellular conditions of
high intracellular GTP/GDP and low calcium, TG2 is present in a closed (signaling)
conformation that functions to enhance breast cancer cell survival signaling.

TG2 in Pancreatic Cancer

TG2 is enriched in pancreatic cancer cells and serves as a therapy target and diagnostic
marker [61-63], and is an important activator of pro-survival signaling in this cancer type.
Elevated TG2 level in pancreatic cancer cells is associated with increased NFxB signaling
activity, related to TG2 interaction with IxBa to release free and activated NFxB which then
moves to the nucleus to activate transcription [46]. The relationship between these two
proteins is confirmed by data showing TG2 and active NF«B co-distribution in pancreatic
ductal carcinoma samples [46]. Elevated TG2 expression, or expression of a crosslinking
inactive TG2 mutant, TG2(C277S), increases invasive potential, FAK activation, metastasis,
and resistance to gemcitabine [64]. This is consistent with the finding that TG2 expression is
associated with FAK activation, and TG2 knockdown reduces FAK activity [64]. TG2 also
promotes degradation of PTEN (phosphatase and tensin homology), an AKT/FAK inhibitor,
via an ubquitin-dependent mechanism, leading to constitutive activation of FAK/AKT in
pancreatic cancer cells [65]. TG2 also regulates autophagy in pancreatic cancer cells, as
PKCS activation increases TG2 level leading to suppression of autophagy, and inhibition of
PKCS or knockdown of TG2 is associated with increased autophagy [66—68]. TG2 has also
been shown to active JINK-phosphorylation and to co-precipitate with keratin 8 and JNK. It
is proposed that TG2 may modulate keratin filament organization and thereby increase JINK
activity and cell survival [69-71]. TG2 also stimulates pancreatic cancer tumor formation,
and TG2 knockdown reduces pancreatic cancer tumor formation in xenograft models
[72,73].

Although TG2 GTP/GDP binding activity is required for pancreatic cancer cell survival and
EMT [64], activation of TG2 crosslinking by cell treatment with calcium ionophore to
increase intracellular calcium level, leads to TG2-dependent intracellular protein—protein
crosslink formation leading to cell apoptosis [74]. Likewise, treatment of AsPC-1 pancreatic
cancer cells with high temperature results in apoptotic cell death associated with enhanced
TG2-dependent protein crosslinking [75]. Treatment of pancreatic cancer cells with 1-10
UM resveratrol, a diet-derived cancer prevention agent, is associated with accumulation of a
slower mobility (open, crosslinking) form of TG2 which leads to reduced cell survival [76].
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Thus, folded/closed (signaling) TG2 is associated with enhanced cancer cell survival, while
open/extended (crosslinking) TG2 is associated with cell death.

Eukaryotic elongation factor-2 kinase (eEF-2K), an atypical kinase, is increased in
pancreatic cancer cells. Recent studies show that suppression of eEF-2K with sSiRNA
impairs pancreatic cancer cell migration/invasion and that this is associated with reduced
TG2 level and reduced EMT [77]. Thus, as described for other cancer cell types, loss of TG2
is associated with reduced EMT [77].

TG2 in Prostate Cancer

TG2 is also expressed in prostate cancer cells [78]. Advanced prostate cancer is often
associated with reduced androgen receptor expression leading to castration-resistant cancer
[79]. 1t has recently been reported that TG2 levels are elevated in advanced prostate cancer
which is associated with reduced androgen receptor expression, and that TG2 negatively
regulates androgen receptor level [78]. These studies also showed that TG2 activation of
NF«B expression induces NFxB binding to DNA elements in the androgen receptor gene to
reduce androgen receptor gene expression [78].

TG2 in Glioma

TG2 is expressed in glioblastoma [80] and may serve as a prognostic marker [81]. In
glioblastoma, TG2 is elevated in tumor regions where fibronectin assembles in the
extracellular matrix, and knockdown of TG2 results in a loss of this assembly [82].
Treatment with KCCO009, a TG2 inhibitor, reduces matrix remodeling both in vitro and in
vivo, and sensitives glioma tumors to N,N’-bis(2-chloroethyl)-N-nitrosourea treatment
[82,83]. TG2 knockdown also results in enhanced sensitivity of glioma cells to other agents,
including ERW1227B [84]. Moreover, a GTP-binding competent/crosslinking-defective
TG2 mutant confers resistance to doxorubicin, suggesting that GTP binding activity, but not
TG2 crosslinking activity, is required for this response [85]. Thus, TG2 GTP binding
activity is required for drug resistance [85]. Expression of TG2 in TG2-null astrocytoma
cells increases cCAMP accumulation in response to treatment with the 3-adrenergic receptor
agonist, isoproterenol, or the adenylate cyclase activator, forskolin, and this is reversed by
treatment with ERW1069, a TG2 inhibitor [86].

TG2 has also been reported to increase epidermal growth factor receptor (EGFR) level in
glioblastoma [87]. Delivery of TG2 to glioblastoma cell lines results in increased EGFR
level and signaling via a mechanism that involves TG2 blocking of c-Cbl-catalyzed EGFR
ubiquitylation via TG2 adoption of a conformation that enables its interaction with c-Cbl
[87]. In rat C6 glioma cells which express endogenous TG2, cAMP accumulation, induced
by isoproterenol or forskolin, is significantly inhibited by overexpression of TG2-C277V, a
mutant that lacks transglutaminase activity, but is not inhibited by TG2-S171E, a TG2
mutant that cannot bind GTP/GDP [86]. The authors propose that TG2 activates CAMP
production by covalent pentylamine modification of adenylylcyclase 8 [86]. Finally, one
study shows that in some brain primary glioma samples, the TG25’-flanking region is
hypermethylated and TG2 is not expressed [85]. Thus, TG2 gene methylation status may
explain why TG2 levels vary in glioma tumor samples [85].
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TG2 in Epidermal Squamous Cell Carcinoma

Epidermal squamous cell carcinoma tumors are comprised of phenotypically diverse
populations of cells that display varying potential for proliferation and differentiation. We
have shown that epidermal cancer stem cells (ECS cells), which comprise 0.15% of the
tumor cell population, can be selected by culture on ultralow attachment plates with stem
cell medium [88]. These spheroid-selected cells form fast growing, aggressive, invasive, and
highly vascularized tumors in immune-compromised mice. This is in contrast to non-stem
cancer cells, which form small, non-vascularized, and circumscribed tumors [88]. Moreover,
spheroid-selected ECS cells give rise to tumors following injection of as few as 100 cells,
suggesting that these cells have clonal tumor-forming potential expected of cancer stem
cells. Moreover, cells derived from ECS cell-derived tumors retain enhanced ability to grow
as spheroids in non-attached culture conditions [88]. Detailed analysis reveals that spheroid-
selected cultures are highly enriched for expression of epidermal stem cell and embryonic
stem cell markers, including aldehyde dehydrogenase 1, keratin 15, CD200, keratin 19,
Oct4, Bmi-1, Ezh2, and trimethylated histone H3. These studies indicate that a
subpopulation of cells that possess stem cell-like properties and express stem cell markers
can be derived from human epidermal cancer cells and that these cells display enhanced
ability to drive tumor formation [88].

TG2 is highly elevated in ECS cells and TG2 knockdown or suppression of TG2 function
with the irreversible TG2 inhibitor, NC9, reduces ECS cell survival, spheroid formation,
matrigel invasion and migration, and enhances apoptosis [89]. Mechanistic studies, using
TG2 mutants, indicate that GTP-binding activity is required for maintenance of ECS cell
growth and survival [89]. However, in contrast to ovarian, breast and prostate cancer, TG2
does not activate NFxB in this cancer [89,90]. These studies further show that TG2
knockdown, or treatment with NC9, results in reduced EMT marker expression. Analysis of
a series of TG2 mutants reveals that TG2 GTP binding activity, but not the transamidase
activity, is required for expression of EMT markers (Twist, Snail, Slug, vimentin,
fibronectin, N-cadherin, and HIF-1a), and increased ECS cell invasion and migration [89].
These studies suggest that the folded/closed (signaling) form of TG2 has an important role
in maintaining ECS cell survival, invasive and metastatic behavior, and that TG2 is an
important therapeutic and prevention target to reduce survival of cancer stem cells in
epidermal squamous cell carcinoma.

TG2 in Melanoma

Human malignant melanoma is a highly aggressive form of cancer with a 5 year survival
rate of below 5% for patients with stage 111 or IV disease. In patients with metastatic
melanoma, systemic therapy becomes ineffective because of the high resistance of
melanoma cells to anticancer therapy [91]. TG2 expression is correlated with increased
melanoma cell growth [92], cell adhesion [93], and metastatic potential [94]. Although it has
been suggested that TG2-dependent melanoma cell adhesion is due to TG2 dependent
crosslinking of the cells to the substrate [93], it seems more likely in light of recent findings
[30,44,45,95,96], that the increased adhesion is due to TG2 interaction with integrins. For
example, TG2 interacts with the a.981 and a5B1 integrins in G-361 human melanoma cells
and this is associated with enhanced cell adhesion [97].
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It has been reported that hyaluronic acid treatment of melanoma cells increases NFxB
signaling to increase TG2 level [98]. This is associated with increased Racl and FAK
activity, and knockdown of this signaling cascade reduces TG2 level. Elevated TG2 is also
associated with increased cell motility which is reduced by TG2 inhibitor treatment [98].
These authors conclude that hyaluronic acid induces melanoma cell motility through
activation of Racl, FAK, and induction of TG2.

Mehta and colleagues identified elevated TG2 expression in metastatic melanoma cell lines
as compared to radial growth phase (less aggressive) melanoma cell lines [95]. A fraction of
TG2 in A375 melanoma cells is associated with f1 and B5 integrins, leading to strong
attachment of these cells to fibronectin, resulting in increased cell survival. Knockdown of
TG2 results in reduced cell attachment [95]. These studies suggest that TG2 expression
contributes to the development of chemoresistance in malignant melanoma cells by
exploiting integrin-mediated cell survival signaling pathways [95].

In contrast, it has been reported that treatment with a host of agents that increase TG2 level,
reduce melanoma cell proliferation, survival, and migration [99-104]. For example,
treatment of human melanoma cells with polyamine causes melanoma cell apoptosis via a
mechanism that is associated with increased TG2 crosslinking activity [101]. Atrial
natriuretic peptide treatment of murine B16-F10 or human SK-MEL110 melanoma cells
results in increased TG2 crosslinking activity that is associated with reduced polyamine
levels and reduced cell growth [105]. Treatment with nimesulide, a nonsteroidal anti-
inflammatory agent, reduces B16-F10 cell proliferation and this is associated with increased
TG2 [102,103]. A similar reduction in B16-F10 melanoma cell migration, adhesion, and
invasion is associated with quinizarin induction of TG2 [104]. These are interesting studies,
which show slowed growth associated with increased TG2 level which is associated with
intracellular activation of TG2 crosslinking. Consistent with the idea that activation of
intracellular TG2-mediated protein crosslinking kills cells, activation of endogenous TG2
crosslinking activity by treatment with calcium ionophore induces a rapid apoptotic response
in A375 human melanoma cells which can be blocked by TG2 inhibitors [95]. Studies in
B16-F10 murine melanoma cells in xenograft conditions in TG2~/~ mice suggest that
absence of host TG2 favors melanoma tumor formation and metastasis [106]; however, this
study does not address the role of melanoma tumor cell endogenous TG2 activity on
survival.

GPR56 is a G protein-coupled adhesion receptor that reduces melanoma cancer cell survival
[107,108]. It has been proposed that GPR56 forms a complex with Gap and CD81 (a
tetraspanin protein) and that this complex then interacts with TG2 [108,109]. Ultimately,
TG2 is internalized and degraded as part of this complex [110], leading to reduced TG2-
dependent melanoma cell survival that is associated with reduced deposition of fibronectin.
It is interesting that TG2 tumor promoting activity in this model appears to require TG2
crosslinking activity [107,110], as TG2 mutants (C277S and W241A) that lack crosslinking
activity, display reduced ability to restore tumor formation when tested in TG2/GPR56
knockout cells [110].

Mol Carcinog. Author manuscript; available in PMC 2016 February 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eckert et al. Page 9

TG2 in Lung Cancer

In non-small cell lung cancer patients treated with platinum compounds, disease free
survival is longer when tumors have low TG2 levels [111]. Moreover, elevated TG2 level is
associated with enhanced TGF-stimulated expression of N-cadherin, via a mechanism that
involves JNK kinase activation, during EMT in lung cancer cells [112], and inhibition of
TG2 sensitizes TRAIL-resistant lung cancer cells though upregulation of the death receptor
5[113]. Thus, these studies suggest that TG2 expression confers drug resistance on lung
cancer cells.

TG2 in Colon Cancer

The role of TG2 in colon cancer is mixed. It has been reported that TG2 levels are lower in
colon cancer cells as compared to normal cells, and that increased TG2 in colon cancer cells
causes apoptosis and cell growth inhibition [114,115]. However, other studies suggest that
TG2 is elevated in colon cancer and may be a useful prognostic indicator [116,117]. It is
reported that expression of crosslinking inactive TG2 (Cys277Ser) in CT26 colon carcinoma
cells does not alter proliferation, NFxB activation, or sensitivity to doxorubicin [96]. It is
also reported that cells transfected with wild-type TG2 expression vector show enhanced 3-
integrin expression and TG2/B3-integrin interaction, and that this is associated with reduced
cell migration on fibronectin. The authors conclude that TG2 is a potential inhibitor of colon
cancer growth [96]. A recent study indicates that SW480 colon cancer cell invasive behavior
is enhanced by TG2 knockdown, and the miR-19 expression reduces TG2 level [118]. Thus,
these studies suggest that TG2 is an inhibitory factor in colon cancer.

TG2 in Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a diverse disease associated with differential oncogene
expression. Proteomic analysis of AML tissue reveals elevated TG2 expression in
transformed cells [119]. Proteomic analysis of 511 AML samples using reverse phase
proteomics, demonstrate that TG2 expression is higher in relapsed disease. In addition,
elevated TG2 expression is associated with increased expression of numerous adhesion
proteins. The authors suggest that increased TG2 level may lead to the protection of the
leukemic stem cell due to increased adhesion/reduced motility, and that TG2 expression may
define poor outcome in AML patients [119].

TG2 in Cancer Stem Cells

Cancer Stem Cells

Recent evidence suggests that tumors contain a small subpopulation of cells, called cancer
stem cells (CSC), which exhibit self-renewal capacity, proliferate infrequently, and are
responsible for tumor maintenance and metastasis [120]. Moreover, these cells may be
responsible for tumor relapse and resistance to therapy [121-123]. Early evidence for this
model came from the study of acute myeloid leukemia [124,125] where a small population
of CD34%/CD38" cells was isolated that could recapitulate the original patient tumor
phenotype following passage in immune compromised mice [124,126]. Such cancer stem
cells were subsequently shown to exist in other tumor types [88,127-134]. Some studies
show that injection of just a few cells into immune-compromised mice results in tumor
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formation [88,127]. It is also recognized that these cells can be selected and grown as cell
aggregates, called spheroids, in serum-free medium in ultra-low attachment plates [88,89].
These conditions select for the limited number of cancer stem cells present within the cell
population [88,89]. Moreover, reduced spheroid formation in response to treatment with
anti-cancer agents provides an assay to study the impact of therapeutic agents on these
populations. It has been reported that cancer stem cells are resistant to conventional anti-
cancer agents that kill rapidly growing non-stem cancer cells [135]. Since the cancer stem
cells appear to give rise to other cells in the tumor, eliminating the stem cell population is
required to halt tumor formation and metastasis [135].

An important strategy is identifying genes that are highly overexpressed or activated in
cancer stem cells that improve cancer stem cell survival. TG2 level is elevated in pancreatic,
breast, colon, non-small cell lung cancer, glioblastoma, melanoma, and epidermal squamous
cell carcinoma [30,42,61,81,95,117,136-138], and TG2 level is often further elevated in
advanced disease [42,44,64,95,139]. We have proposed that TG2 serves as a cancer stem
cell survival factor that regulates selected signaling cascades to enhance survival, epithelial-
mesenchymal transition (EMT), invasion, migration, and tumor formation [89,90].

TG2 in Cancer Stem Cells

We have enriched the epidermal cancer stem cells (ECS cell) population in epidermal cancer
cells (squamous cell carcinoma) using antibody selection and growth as non-attached
spheroids [88-90]. We identified TG2 as highly elevated in ECS cells and we showed that
TG2 knockdown or suppression of TG2 function with inhibitors reduces ECS cell survival,
spheroid formation, matrigel invasion, and migration. The reduction in survival is associated
with activation of apoptosis [89]. Mechanistic studies show that the TG2 GTP-binding
activity is required for maintenance of ECS cell growth, survival, invasion, and migration
[89,90]. These studies suggest that TG2 has an important role in maintaining cancer stem
cell survival, invasive, and metastatic behavior. We also showed that TG2 is required for
ECS cell EMT.

A recent study indicates that TG2 is also highly enriched in CD44-high glioma cancer stem
cells and that these cells are resistant to therapy [140]. Knockdown of TG2 or treatment with
monodansylcadaverine (MDC), a TG2 substrate competitive inhibitor, reduces DNA binding
protein 1 level and cell proliferation, and induces apoptosis. This preferentially eliminates
CD44-positive glioma cancer stem cells. Moreover, delivery of MDC at 10 or 25 mg/kg
body weight/day in an orthotopic model of CD44-positive cells inhibits tumor formation by
60% and 85% [140].

Breast cancer stem cells are a highly tumorigenic subpopulation of breast cancer cells that
are characterized by a CD44*/CD24~ phenotype and also expression of EMT markers and
absence of claudin [47]. Mehta and co-workers showed that TG2-positive breast cancer cells
express reduced claudin 1, 4, and 8, and increased expression of EMT markers [47]. These
cells are CD44*/CD24~ and display an increase ability to grow as spheroids [141,142]. TG2
knockdown results in reduced survival signaling in breast cancer stem cells [47,53,55,141].
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TG2 expression has also been linked to the cancer stem cell phenotype in ovarian cancer
[39]. Survival of the CD44*/CD117* ovarian cancer stem cells, which are also positive for
EMT markers, is dependent upon TG2 expression. TGFp signaling, via SMAD and TGF§3-
activated kinase 1 activates NFxB to simulate TG2 expression and these cells also aggregate
to form spheroids that manifest stem cell properties [39]. TG2 knockdown reduces the
number of CD44*/CD117* cells, demonstrating that TG2 is required for ovarian cancer stem
cell survival [39].

The studies outlined above suggest that TG2 is overexpressed in cancer and is associated
with an aggressive cancer phenotype and drug resistance (Table 1). Moreover, in cancers
where TG2 has been studied, including epidermal squamous cell carcinoma, breast, glioma,
and ovarian cancer, TG2 levels are markedly elevated in cancer stem cells and expression is
required for cancer stem cell survival, migration, and invasion. This is associated with TG2
stimulation of a host of signaling cascades leading to EMT marker expression, and enhanced
biological indices of EMT. Moreover, in some models, evidence shows that cancer stem
cells form highly aggressive tumors, compared to non-stem cancer cells, and TG2 is
required for this aggressive phenotype [88]. Additional studies indicate that TG2 activates
prosurvival signaling pathways that enhance cell survival and are associated with enhanced
cancer cell adhesion to substrate and EMT. A key finding is that the pro-survival activity
requires TG2 in a folded/closed (GTP-binding, signaling) conformation (Figure 1). As a
GTP/GDP binding protein involved in G-protein signaling, TG2 stimulates activity in a wide
range of pro-survival cascades via mechanisms that are only partially understood. In some
cases, it interacts directly with transcription factors [34,46,48]. Although additional studies
will be required to understand this regulation, drugs exist which can be used to alter TG2
structure and activity [143-146]. An example is NC9, an irreversible inhibitor of TG2 that
converts it from a folded/closed (signaling) conformation to an open/extended (hon-
signaling) configuration. Treatment of cancer stem cells with this agent shows that it
efficiently reduces cancer stem cell survival, migration, and invasion [88-90]. Based on
these findings, we propose that TG2 is a key cancer stem cell survival protein and mediator
of resistance to conventional drug therapy. We further propose that drugs designed to target
TG2 will be important for controlling survival of the most dangerous cell type in tumors, the
cancer stem cell.
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Figure 1.

TG2 structure and function. A: Schematic of TG2 showing the p-sandwich, catalytic core, -
barrell, and B-barrel2 domains, and the biological functions associated with each domain.
Nucleotide binding (GTP/GDP) is mainly to residues from the first and last strands (amino
acids 476-482 and 580-583) of B-barrel 1, and two core domain residues (Lys-173 and
Phe-174) [147-150]. B: Guanine nucleotide (GTP/GDP)-bound TG2 is folded/closed. This
form of TG2 is involved in intracellular signal transduction, survival, proliferation,
migration, invasion, tumor formation, drug resistance, and EMT. It is also enriched in cancer
stem cells and functions as a cancer stem cell survival factor. Open TG2 does not bind GTP/
GDP. Instead, the transamidation (crosslinking) site is accessible to substrate and open TG2
catalyzes crosslinking of intracellular proteins and is associated with cancer cell apoptosis.
Oxidation of the open form of TG2 converts it to an inactive form. The GTP/GDP binding
site is indicated by a red arrow. Only closed TG2 binds GTP/GDP [19,22,151].
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