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Lung cancer is the leading cause of cancer deaths worldwide. Given that the major threat of cancer is
metastasis, delineation of the molecular mechanism underlying it would help devise therapeutic strategies.
Transglutaminase 2 (TG2), belonging to the transglutaminase superfamily, is a versatile protein with enzy-
matic and nonenzymatic functions. It mainly localizes inside the cell, but also appears extracellularly. Recent
findings have demonstrated the involvement of TG2 in cancer development. Here we examine the role of
TG2 in metastasis of lung cancer using a lung cancer cell line CL1-0, which exhibits low invasiveness, and its
invasive subline CL1-5. Our results show that CL1-5 cells express a higher amount of TG2 than CL1-0 cells.
Overexpression of TG2 in CL1-0 enhances cell migration and invasion, and lowering TG2 expression in CL1-5
cells reduces their ability to do so. The transamidase activity of TG2 is not required since cells expressing the
inactive TG2 mutant or treated with a TG2 inhibitor are still able to migrate and invade. TG2-stimulated migra-
tion and invasion are, at least in part, mediated by Rac, as inhibition of Rac activity suppresses cell migration
and invasion. Lastly, exogenous application of recombinant TG2 protein to CL1-0 cells substantially aug-
ments cell migration and invasion, suggesting the significance of extracellular TG2 in promoting these events.
Collectively, our results show that TG2 plays a positive role in cell migration and invasion, and this might help

metastasis of lung cancer cells.
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INTRODUCTION

Lung cancer is the leading cause of cancer-related
deaths worldwide, and one major cause of death is
metastasis'. Tumor metastasis is a complex process that
involves tumor invasion at the primary site, survival in
the circulation, and eventually colonization at new sites?.
Identification of metastasis-related genes and pathways
would help devise strategies for cancer therapy.

Transglutaminases (TGs; EC 2.3.2.13) are a family
of enzymes that catalyze Ca**-dependent protein transam-
idation. Transglutaminase 2 (TG2), belonging to the
TG superfamily, has functions beyond catalysis of protein
transamidation. It also possesses GTPase, protein kinase,
and protein disulfide isomerase activities™*. Moreover,
TG2 exhibits nonenzymatic scaffolding function for
cell adhesion and signaling™>. Most TG2 proteins are
localized intracellularly, but some are present outside
the cell, both on the cell surface and in the extracellu-
lar matrix’. Given its wide distribution and multiple

functions, TG2 regulates a number of responses, such as
cell survival/apoptosis, adhesion, migration, differentia-
tion, and inflammation*,

Mounting evidence has shown the involvement of TG2
in cancer development. TG2 expression is higher in tumor
than in normal tissues in melanoma, pancreatic, and
ovarian cancers’ . It is also positively correlated with
the metastatic status in these cancer types and in breast
cancer”®'"'"*. Enhancing TG2 expression in various
types of cancer cells promotes invasion and drug resis-
tance”®'*"*"?. This might be due to the induction of
epithelial-mesenchymal transition (EMT)**. In breast
and ovarian cancers, cells with increased TG2 expres-
sion acquire properties of stem cells that help self-
renewal and survival™?*. Recent studies have demon-
strated a novel act of TG2 in pancreatic cancer. Secreted
TG2 promotes tumor growth and drug resistance by
affecting extracellular matrix and stromal fibroblasts in

the tumor microenvironment™*.
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The role of TG2 in cancer development has been
extensively studied in breast, ovarian, and pancreatic
cancers®!"1319202125-30 There is some evidence for the
involvement of TG2 in lung cancer progression'’**,
Here we used a lung cancer cell line, CL1-0, which
displays low invasiveness, and its invasive subline,
CL1-5, to explore the possibility that TG2 controls metas-
tasis of lung cancer cells.

MATERIALS AND METHODS
Reagents

Recombinant human TG2 protein and antibody to
TG2 were purchased from Thermo Fisher Scientific
(Fremont, CA, USA). Monodansylcadaverine (MDC) and
antibody to actin were obtained from Sigma-Aldrich
(St. Louis, MO, USA). The Rac activation assay kit was
from Millipore (Temecula, CA, USA).

Cell Culture and Transfection

Human lung adenocarcinoma cell lines CL1-0 and
CL1-5 were provided by Dr. Pan-Chyr Yang (National
Taiwan University, Taiwan, Republic of China). CL1-5, a
subline of CL1-0, was isolated from CL1-0 through pro-
gressive in vitro invasion screening. CL1-0 and CL1-5
exhibit low and high invasion ability, respectively’'. These
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco), 100 TU/ml
penicillin, and 100 pg/ml streptomycin (Gibco). CL1-0
cells were transfected with pcDNA3.1* vector (CL1-0/
vector), wild-type TG2 construct (CL1-0/TG2), or TG2-
C277S construct (CL1-0/TG2-C277S) using the Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA).
These TG2 constructs were provided by Dr. Gail V. W.
Johnson (University of Rochester, USA). Stable transfec-
tants of CL1-0 were selected and maintained in medium
containing 700 pg/ml of G418 (Gibco). Transient trans-
fection of siRNA and Rac1N17 construct into cells was
carried out using the Lipofectamine 2000 reagent. The
target sequence of TG2 siRNA is 5-AAGGGCGAAC
CACCTGAACAA-3". The RacIN17 construct was
donated by Dr. Tzuu-Shuh Jou (National Taiwan Uni-
versity, Taiwan, Republic of China).

TG Activity Assay

TG activity was measured as previously described®.
Briefly, microplates were coated with 20 mg/ml of N,N’-
dimethylcasein (Sigma-Aldrich) and blocked with nonfat
dry milk (0.5% in 0.1 M Tris-HCI, pH 8.5). Cell lysates
were extracted by a buffer containing 5 mM Tris-HCI,
pH 7.4, 0.25 M sucrose, 0.2 mM MgSO,, 2 mM dithio-
threitol (DTT), 0.4 mM phenylmethylsulfonyl fluoride,
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and 0.4% Triton X-100, sonicated for 10 s, and loaded
onto the coated microplates. The lysates were then incu-
bated for 1 h in a reaction mix containing 100 mM Tris,
pH 8.5, 20 mM CaCl,, 40 mM DTT, and 2 mM
5-(biotinamido)pentylamine (Pierce, Rockford, IL, USA),
followed by incubating with streptavidin alkaline phos-
phatase (Sigma-Aldrich) and p-NPP (Sigma-Aldrich).
The absorbance at 405 nm was measured by an ELISA
plate reader.

Cell Migration and Invasion Assay

A commercially available modified Boyden chamber
(Neuro Probe, Inc., Gaithersburg, MD, USA) without or
layered with Matrigel (BD Biosciences, Bedford, MA,
USA) was used to detect cell migration and invasion,
respectively. Polycarbonate membranes (8-um pore size;
Neuro Probe, Inc.) were coated without or with 1 pg/ml
Matrigel. Cells were trypsinized, centrifuged, and resus-
pended in DMEM containing 10% FBS and counted. An
equal number of cells (4 x 10° cells/well) was loaded onto
the upper chamber. The same medium was added in the
lower chamber. After 24 h of incubation, cells were fixed
with methanol and stained with Giemsa (Sigma-Aldrich).
Cells on the upper side of membranes were removed, and
cells that had migrated/invaded to the lower surface of
membranes were counted.

Immunoblotting

Cells were lysed in lysis buffer containing 50 mM
Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1 mM
Na,VO,, 10 mM NaF, 10 pg/ml aprotinin, 10 ug/ml leu-
peptin, 1 mM phenylmethylsulfonyl fluoride, and 1%
Triton X-100. Cell lysates containing equal amounts of
protein were subjected to SDS-PAGE, transferred to a
PVDF membrane (PerkinElmer, Boston, MA, USA),
and probed with antibodies to TG2 (1:500) and actin
(1:1,000). Proteins were visualized using an ECL kit
(Cell Signaling Technology, Beverly, MA, USA).

Rac Activity Assay

Measurement of Rac activity was performed accord-
ing to the manufacturer’s instructions (Millipore). Briefly,
~1.5 mg of cell lysates was incubated with GST-PAK-1
p21-binding domain bound to glutathione—agarose beads
to precipitate GTP-bound Rac. Total lysates and precipi-
tates were analyzed by immunoblotting with antibody to
Rac.

Statistical Analysis

Data are expressed as meantSEM of at least three
independent experiments and were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s or
Dunnett’s multiple comparisons test. A value of p<0.05
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was considered statistically significant. GraphPad Prism
5 software (GraphPad Software, La Jolla, CA, USA) was
used for statistical analyses.

RESULTS

TG2 Promotes Migration and Invasion
of Lung Cancer Cells

TG2 has been implicated in metastasis of various
cancer types®'*'"'*!%* To elucidate its role in metasta-
sis of lung cancer, we used a lung adenocarcinoma cell
line, CL1-0, and its subline, CL1-5. CL1-5 was isolated
from CL1-0 through progressive in vitro invasion screen-
ing. CL1-0 cells exhibit epithelial phenotype with low
invasiveness, whereas CL1-5 cells display fibroblast-like
morphology and are highly invasive’'. Examination of
TG2 expression in these cells revealed that TG2 levels
were substantially higher in CL1-5 than in CL1-0 cells
(Fig. 1), implying a positive correlation between TG2
expression and cell invasiveness.

To determine if TG2 promotes cell invasion, we estab-
lished stable lines of CL1-0 expressing wild-type TG2
and empty vector, designated as CL1-0/TG2 and CL1-0/
vector, respectively. Expression of TG2 in these cells
was confirmed by immunoblotting (Fig. 2A). In agree-
ment with previous findings, CL1-5 cells were more
motile and invasive than CL1-0 cells’'. Overexpression
of TG2 in CL1-0 enhanced cell migration and invasion
(Fig. 2C and D). Alternatively, TG2 expression in CL1-5
was knocked down, and its effect on cell migration and
invasion was examined. As shown in Figure 3, TG2
siRNA (siTG2) effectively reduced TG2 expression,
and this caused a decrease in the migratory and invasive
abilities of CL1-5 cells. Collectively, these results sug-
gest that TG2 promotes migration and invasion of lung
cancer cells.

CL1-0 CL1-5

TG2

actin —

Figure 1. Transglutaminase 2 (TG2) expression positively cor-
relates with cell invasiveness in lung cancer cell lines. Total cell
lysates collected from CL1-0 and its highly invasive subline
CL1-5 were analyzed by immunoblotting with antibodies to
TG2 and actin.
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Figure 2. Overexpression of TG2 promotes migration and inva-
sion of lung cancer cells. Stable lines of CL1-0 were established
by transfecting cells with DNA construct containing sequences
of wild-type TG2 (CL1-0/TG2) or the inactive TG2 mutant TG2-
C277S (CL1-0/TG2-C277S), or vector control (CL1-0/vector).
CL1-0, CL1-0 stable transfectants, and CL1-5 were subjected
to immunoblotting (A), TG activity assay (B), migration assay
(C), and invasion assay (D). (B-D) Data are expressed as fold
change relative to CL1-0. **%p <0.005, compared with CL1-0.

The Transamidase Activity of TG2 Is Not Required
Sfor Migration and Invasion of Lung Cancer Cells

One major function of TG2 is to catalyze protein
transamidation™. To examine if the transamidase activity
of TG2 is required for cell migration and invasion, the
inactive TG2 mutant TG2-C277S, in which the cysteine
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Figure 3. Lowering TG2 expression reduces the migratory
and invasive abilities of lung cancer cells. CL1-5 cells were
mock transfected or transiently transfected with control siRNA
(siControl) or TG2 siRNA (siTG2). CL1-5 and its transfectants
were subjected to immunoblotting (A), migration assay (B), and
invasion assay (C). (B, C) Data are expressed as fold change
relative to mock-transfected CL1-5. *p<0.05.

residue in the active site is mutated to serine, was sta-
bly expressed in CL1-0 cells. Expression of TG2-C277S
was confirmed by immunoblotting (Fig. 2A). TG activity
assay was conducted to assure that TG2-C277S lacked
transamidase activity (Fig. 2B). Overexpression of TG2-
C2778S also promoted migration and invasion of CL1-0
cells (Fig. 2C and D), suggesting that the transamidase
activity of TG2 is dispensable in these events. To further
confirm it, a TG2 inhibitor, MDC, was used to treat cells.
MDC did not inhibit migration and invasion in CL1-0/
TG2 and CLI1-5 cells (Fig. 4). Similar results were
obtained by exposing cells to cystamine, another TG2
inhibitor (data not shown). These data indicate that TG2
facilitates cell migration and invasion through a mecha-
nism that does not need its transamidase activity.
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Exogenous Application of Recombinant TG2
Protein Augments Migration and Invasion
of Lung Cancer Cells

An intriguing feature of TG2 is its diverse localiza-
tions, both inside and outside a cell**. In ovarian cancer,
TG2 is secreted into the extracellular milieu, and extra-
cellular TG2 facilitates tumor metastasis'*"'. Here we
examined the possibility that extracellular TG2 exerted
similar effects in lung cancer cells. Our results revealed
that cells with higher TG2 expression including CL1-5
and CL1-0/TG2 had greater amounts of TG2 in culture
medium (Fig. 5SA). Application of conditioned medium
collected from CL1-5 into CL1-0 cells augmented migra-
tion and invasion, although the extents were lower than
those in CL1-5 (data not shown). To demonstrate that the
stimulatory effect of conditioned medium is ascribed to
secreted TG2 instead of other components in it, recom-
binant human TG2 protein was used to treat CL1-0 cells.
This treatment stimulated cell migration and invasion in a
dose-dependent manner (Fig. 5B and C), suggesting that
extracellular TG2 is capable of promoting migration and
invasion in lung cancer cells.
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Figure 4. Inhibition of the transamidase activity of TG2 by
monodansylcadaverine (MDC) does not suppress cell migra-
tion and invasion. CL1-0 cells were untreated, and CL1-0/
TG2 and CL1-5 cells were treated with 10 or 50 uM MDC.
Cells were then subjected to migration assay (A) and invasion
assay (B). Data are expressed as fold change relative to CL1-0.
*p<0.05, #**p<0.005, compared with CL1-0.
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Figure 5. Exogenous application of recombinant human TG2
protein augments cell migration and invasion. (A) Culture
medium (conditioned medium) collected from CL1-0, CL1-0/
TG2, and CL1-5 was analyzed by immunoblotting for TG2.
(B, C) CL1-0 cells were untreated or treated with 1 or 2 ng/ml
recombinant TG2 protein and subjected to migration assay (B)
and invasion assay (C). (B, C) Data are expressed as fold change
relative to untreated CL1-0. *p<0.05, **p<0.01, ***p<0.005,
compared with untreated CL1-0; ns, not significant.

TG2 Promotes Migration and Invasion by Increasing
Rac Activity in Lung Cancer Cells

We then explored the mechanism for TG2-stimulated
migration and invasion. Several signaling pathways
have been documented to be activated by TG2, such
as focal adhesion kinase (FAK), Akt, NF-xB, and Rac
GTPase'"'>*¥7°  We found that overexpression of
TG2 in CL1-0 cells did not alter levels of I-xB, FAK
phosphorylation, and Akt phosphorylation (data not
shown). Rac activity was higher in CL1-5 than in CL1-0,
and overexpression of TG2 caused an increase in Rac
activity in CL1-0 (Fig. 6A). Lowering TG2 expression
decreased Rac activity in CL1-5 (Fig. 6B). These data
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imply that TG2 positively regulates the activation of Rac.
Moreover, expression of a dominant negative form of
Racl (RacIN17) in CL1-0/TG2 and CL1-5 cells reduced
their migratory and invasive abilities, suggesting that
TG2 promotes cell migration and invasion through, at
least in part, activating Rac (Fig. 6C and D).

DISCUSSION

TG2 is a multifunctional protein with various cellular
localizations, and its overexpression has been impli-
cated in cancer development'. Here we show that the
expression of TG2 is positively correlated with invasive-
ness of lung cancer cells. Overexpression of TG2 pro-
motes cell migration and invasion through activating
Rac. The effect of TG2 on these events might, at least
in part, rely on its function outside the cell as applica-
tion of recombinant TG2 protein to cells substantially
augments migration and invasion. Thus, our results sug-
gest that TG2 plays a role in lung cancer metastasis by
facilitating cell migration and invasion.

Both intracellular and cell surface TG2 have been
documented to promote metastasis. Intracellular TG2
activates NF-xB, leading to expression of hypoxia-
inducible factor-1 (HIF-1), which in turn induces EMT
by stimulating expression of EMT regulators, such as
Snail, Twist, and Zeb1/2*. Cancer cells undergoing EMT
acquire the ability to metastasize®”*’. This process requires
the GTP-binding activity but not the transamidase activ-
ity of TG2%. Extracellular TG2 proteins are localized on
the cell surface and in the extracellular matrix. Cell sur-
face TG2 interacts with fibronectin as well as B1 and B3
integrins, thereby facilitating cell adhesion and integrin
signaling. Disruption of the adhesive effect of surface
TG2 hinders cell migrations’ﬁ. In cancer cells, TG2 was
shown to associate with B1, B3, and B5 integrins, and
TG2 expression positively correlates with cell adhesion,
migration, and invasion'”'*'°. Likewise, these effects are
independent of the transamidase activity of TG2>'*. TG2
in the extracellular matrix cross-links matrix proteins to
enhance their stability and rigidity, thus affecting cell pro-
liferation, survival, and invasion®. There is evidence that
TG2-modified matrix prevents tumor invasion, perhaps
due to increased stability of the matrix’®®. However, it was
reported recently that TG2 influenced tumor stroma by
enhancing deposition and cross-linking of collagen and
activating stromal fibroblasts, leading to tumor growth
and chemoresistance””.

Consistent with other reports, we found that TG2
promoted migration and invasion in lung cancer cells,
and this was independent of protein transamidation®'*****,
Application of recombinant TG2 protein to cells sub-
stantially augments migration and invasion, suggest-
ing that extracellular TG2 is fairly sufficient to confer
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Figure 6. TG2 promotes cell migration and invasion through
activating Rac. (A) Total cell lysates collected from CL1-0,
CL1-0/TG2, and CL1-5 were incubated with GST-PAK1 p21-
binding domain bound to glutathione—agarose beads to pre-
cipitate GTP-bound Rac. Total lysates and precipitates were
then analyzed by immunoblotting for Rac. Data were quanti-
fied, normalized to levels of total Rac, and expressed as fold
change relative to CL1-0. **p<0.01, ***p<0.005. (B) CL1-5
cells were mock transfected or transiently transfected with
TG2 siRNA (siTG2). Total cell lysates were subjected to Rac
activity assay. Data are expressed as fold change relative to
mock-transfected CL1-5. **p<0.01. (C, D) CL1-0 cells were
mock transfected, and CL1-0/TG2 and CL1-5 cells were mock
transfected or transiently transfected with Rac1N17 plasmid.
After 24 h, cells were subjected to migration assay (C) and
invasion assay (D). (C, D) Data are expressed as fold change
relative to mock-transfected CL1-0. *p <0.05, **p<0.01.
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invasiveness. Interestingly, higher levels of TG2 were
detected in bronchoalveolar lavage fluid from patients
with primary lung adenocarcinoma compared to that
from individuals without lung cancer”. This indicates
the likelihood for extracellular TG2 to facilitate metasta-
sis of lung cancer in vivo. Likewise, abundant TG2 was
detected in ascites from patients with malignant ovar-
ian cancer, and application of recombinant TG2 protein
enhanced peritoneal metastasis in vivo and cell invasion
in vitro'*"".

The mechanism for TG2-stimulated tumor metas-
tasis has been ascribed to its induction of EMT". Both
NF-kB and Akt were shown to mediate this effect'***%*,
However, we found that overexpression of TG2 in CL1-0
affected neither NF-kB activity as assessed by I-xB
degradation nor Akt phosphorylation. These cells also
maintained epithelial morphology, indicating no induc-
tion of EMT (data not shown). Based on our results that
cells with higher TG2 expression secreted more TG2
and application of recombinant TG2 protein greatly aug-
mented migration and invasion (Fig. 5), we speculated
that secreted TG2 had a role in these events by stimulat-
ing cell adhesion-related signaling. Indeed, Rac GTPase,
a signaling molecule involved in cell adhesion and migra-
tion as well as tumor metastasis, was upregulated by TG2
(Fig. 6A)". Inhibition of Rac activity alleviated the effect
of TG2, suggesting that Rac plays a part in TG2-mediated
migration and invasion in lung cancer cells. Similarly,
elevating TG2 expression in macrophages led to activa-
tion of Rac, and application of recombinant TG2 protein
facilitates efferocytosis®. Noncanonical NF-kB pathway
was shown to be activated by extracellular TG2 in ovar-
ian cancer cells. It conferred the effect of TG2 on EMT
and possibly tumor metastasis''. We suspect that this
pathway is involved as CL1-0/TG2 cells show no signs
of EMT (data not shown). However, this possibility can-
not be completely excluded.

Owing to its multiple localizations and diverse func-
tions, TG2 influences numerous responses during cancer
development. Our results here reveal a significant role of
extracellular TG2 in promoting migration and invasion
of lung cancer cells. Hence, targeting extracellular TG2
might be a means to block tumor metastasis as it is more
accessible to therapeutic agents.
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