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ABSTRACT: Tissue transglutaminase (TG2) is a multifunctional
protein that can act as a cross-linking enzyme, GTPase/ATPase,
protein kinase, and protein disulfide isomerase. TG2 is involved in
cell adhesion, migration, invasion, and growth, as well as
epithelial−mesenchymal transition (EMT). Our previous findings
indicate that the increased expression of TG2 in renal cell
carcinoma (RCC) results in tumor metastasis with a significant
decrease in disease- and cancer-specific survival outcome. Given
the importance of the prometastatic activity of TG2 in RCC, in the
present study, we aim to investigate the relative contribution of
TG2’s transamidase and guanosine triphosphate (GTP)-binding/
GTPase activity in the cell migration, invasion, EMT, and cancer
stemness of RCC. For this purpose, the mouse RCC cell line RenCa was transduced with wild-type-TG2 (wt-TG2), GTP-binding
deficient-form TG2-R580A, transamidase-deficient form with low GTP-binding affinity TG2-C277S, and transamidase-inactive form
TG2-W241A. Our results suggested that predominantly, GTP-binding activity of TG2 is responsible for cell migration and invasion.
In addition, CD marker analysis and spheroid assay confirmed that GTP binding/GTPase activity of TG2 is important in the
maintenance of mesenchymal character and the cancer stem cell profile. These findings support a prometastatic role for TG2 in RCC
that is dependent on the GTP binding/GTPase activity of the enzyme.

■ INTRODUCTION
Tissue transglutaminase (TG2), a ubiquitously expressed
enzyme with pleiotropic functions, catalyzes several reactions
including Ca2+-dependent protein−protein cross-linking, pro-
tein disulfide isomerase, serine/threonine kinase activity, and
guanosine triphosphate (GTP)/ guanosine diphosphate
(GDP)-bindingGTPase activity.1 TG2 consists of four main
domains including β-sandwich domain with the fibronectin
(FN) binding site, catalytic core domain with Cys-His-Asp
catalytic triad and Ca2+ binding site, and two β-barrel domains
with GTPase activity and PLC-binding site at the C-terminus.
TG2 is present in different cellular locations such as cytoplasm,
nucleus, mitochondria, cell surface, and also in the extracellular
matrix (ECM).2,3 TG2 expression is associated with the
regulation of survival signaling, cell proliferation, cell
migration, and invasion, along with the integrin-mediated cell
adhesion, cancer stemness, epithelial−mesenchymal transition
(EMT), and drug resistance.4

Among its other functions, TG2 can act as a cell adhesion
protein by forming a complex with FN, an essential ECM
glycoprotein. This complex is recognized by the heparan
sulfate proteoglycan syndecan-4 (SDC-4) and triggers a
signaling cascade that contributes to the regulation of cell
adhesion and survival through the integrin β1 (ITGβ1)
activation.5−9 Recent studies indicated that TG2 in association
with ITGβ1 was involved in the promotion of tumorigenesis

and progression in epithelially originated cancers.5,10 Accumu-
lating evidence suggested that the overexpression of TG2
together with ITGβ1 led to a more invasive and mesenchymal
phenotype, enhanced cell survival, and the acquisition of drug
resistance in multiple cancer types, including ovarian,11

breast,10,12−15 and pancreatic cancer.16 As the upregulation
of ITGβ1 is an established marker for EMT,17 recent studies
focused on the involvement of TG2 in EMT progression.3

Analysis of cell invasiveness and tumor metastasis potential in
breast,10,12,13,18,19 ovarian,11,20,21 epidermoid,22,23 melanoma,24

and colorectal cancers25,26 showed that TG2 expression was
linked with oncogenic signaling pathways involved in EMT
and in the maintenance of the cancer stem cell (CSC) profile.
Hence, in order to design novel therapeutic strategies that aim
to increase drug sensitivity and suppress metastasis, a
comprehensive understanding of molecular mechanisms in
TG2-mediated EMT came into prominence.27,28
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According to the American Cancer Society, renal cell
carcinoma (RCC) is characterized by high frequency of
metastasis and poor prognosis outcome. It is the sixth most
severe cause of cancer death, and approximately 90% of the
kidney cancer cases are RCC. If detected in early stages, RCC
is potentially curable with a surgical resection approach, yet
there is no curative treatment for the metastatic RCC
(mRCC).29 Therefore, identification of a drug-targetable
protein that is essential for the survival and metastasis of
RCC is of paramount importance for treatment of the disease.
A few studies showed that, TG2 is important in RCC
development and tumorigenesis.30,31 Previously, we showed
that TG2 gene expression was increased concomitantly with
SDC4 and ITGβ1 in mRCC,32 resulting in a significant
decrease in disease- and cancer-specific survival outcome.30,32

Moreover, silencing of TG2 in primary and metastatic site
human RCC cell lines resulted in an impaired adhesion,
migration, and invasive capacity.33 Several studies suggested
that the interaction of TG2 with DNA-binding domain of p53
through its N-terminal domain mediates the transportation of
p53 to autophagosome, which leads to the degradation of
p5334,35 and hence increase the tumor cell survival rate in
RCC.31 Inhibitors against the active site of TG2, blocking both
transamidation and GTP-binding functions by inducing
confirmation change, did not interfere with TG2-mediated
p53 degradation. This result suggests that interaction of the N-
terminal TG2 domain with p53 is essential for TG2’s
chaperone effect.36

Given the role of TG2 as a prometastatic protein in RCC,
we aim to determine the relative contribution of the two well-
characterized (transamidating and GTP-binding) domains of
TG2 in oncogenic signaling by investigating complex
molecular mechanisms underlying EMT. As there is a positive
feedback loop between TGF-β and TG2,9 renal cell
adenocarcinoma (RenCa) cell line insensitive to TGF-β was
chosen as the cell model in order to investigate the role of TG2
in RCC metastatic processes, independently from the TGF-β
signaling.37 Here, we showed that although both TG2-R580A
and TG2-W241A mutants induced the expression of EMT
markers, only the transamidase-inactive TG2-W241A was able
to induce invasiveness and stemness in the mouse RCC cell
line RenCa. Conversely, the expression of the GTP-binding
deficient-form TG2-R580A and transamidase-deficient form

with a low GTP-binding affinity TG2-C277S failed to promote
cancer stemness in RenCa cells.
Our data suggest for the first time that GTP-binding activity

of TG2 was required to maintain EMT and CSC-related
responses in RCC along with cell migration and invasiveness,
suggesting that GTP-binding/GTPase activity of TG2 is likely
to have a significant prometastatic role for cancer cells to thrive
in RCC. These findings support that inhibitors specifically
targeting the GTP-binding/GTPase domain of TG2 may serve
as a new therapeutic approach in the treatment of mRCC.19

■ RESULTS

Ectopic Expression of Human TG2 in RenCa Cells.
Prometastatic activity of TG2 in RCC remains to be identified
at a molecular level. Early work on breast cancer cells19

revealed that GTP-binding activity of TG2 is important in the
development of metastatic and drug-resistant tumors. Addi-
tionally, in the follow-up study, GTP-binding/GTPase activity
of TG2 was found to be essential for the genesis and
maintenance of epidermal squamous cell carcinoma.23,38 In
order to understand the possible impact of TG2 enzymatic
activities in the complex process of RCC tumor development,
mouse RCC cell line RenCa, which is a preferred model cell
line for the in vivo studies with a growth pattern that mimics
human adult RCC, was transduced with lentiviral vectors
encoding wild-type TG2 (wt-TG2), TG2-C277S, TG2-R580A,
and TG2-W241A mutants.39

The expression of catalytically inactive and GTP-binding
defective TG2 constructs in RenCa cells was determined by
real-time PCR (RT-PCR). The level of TG2 mRNA (Figure
1A) and protein expression (Figure 1B) showed that all
mutants had similar expression patterns. Control experiments
investigating the change in the expression of TG2 cell surface
binding partners ITGB1 and SDC45,7−9 demonstrated that the
levels of ITGβ1 and SDC4 were constant in each mutant cell.
Analysis of TG2 cross-linking activity in TG2 mutant

expressing RenCa cells confirmed that the GTP-binding
defective mutant TG2-R580A exhibited similar transamidase
activity to wt-TG2 expressing RenCa cells (Figure 1C).
Residual cross-linking activity was detected in cell lysates of
both transamidating-defective mutants, TG2-C277S and TG2-
W241A.

Figure 1. Expression of transglutaminase 2 constructs in RenCa cells. (A) Relative TG2 expression RenCa cells transduced with the lentiviral vector
carrying wt-TG2, transamidase-defective form with low GTP-binding affinity (TG2-C277S), GTP-binding deficient form (TG2-R580A), and
transamidase-inactive form (TG2-W241A). 18S mRNA was used to normalize TGM2 mRNA levels (mean ± SD of the mean for three
independent experiments). (B) Representative immunoblots showing TG2 protein levels along with ITGβ1 and SDC4 protein expression in
parental RenCa cells (control) and in RenCa cells transduced with backbone eGFP plasmid (Mock) and TG2 mutant constructs. β-Actin was used
as the loading control protein. (C) TG2 transamidating activity of TG2 constructs was determined using TG2-CovTest-specific colorimetric
microassay kit.
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GTP-Binding Function of TG2 Is Essential for Renal
Cancer Cell Stemness. Given that TG2 has been shown to
transform healthy mammary epithelial cells by promoting CSC
properties and mammosphere formation,19 we first evaluated
the role of TG2 in the development of the CSC phenotype in
RenCa cells stably expressing wt-TG2 and its mutants by flow
cytometry analysis of mesenchymal markers and spheroid assay
(Figure 2).
Recent studies indicate that CD44 plays an important role in

the promotion of cell invasion and tumor metastasis.40,41

Analysis of CD44 expression in RenCa cells demonstrated that
expression of wt-TG2 and TG2-W241A induced the formation
of a CD44high cell population. In addition, wt-TG2 and TG2-
W241A expression was also associated with a considerable

increase in the number of CD73 expressing RenCa cells
(Figure 2A). No detectable change was observed in CD106
and CD11b surface markers because of the expression of wt
and mutant TG2 constructs in RenCa cells. RenCa cells
expressing TG2 mutant constructs were negative for the
hematopoietic markers Sca-1 and CD45 (Table 1).
Previous studies indicated that cancer cells positive for CD

stem cell markers possess the ability to form 3D spheroids
under the low-attachment conditions.42,43 To determine
whether TG2 expression in RenCa cells induce the self-
renewal ability to form renal spheroids, we have performed
spheroid and subspheroid in vitro assays (Figure 2B). Control
RenCa cells possessed sphere-forming ability with a low
efficiency. Expression of TG2-C277S and TG2-R580A

Figure 2. Characterization of transglutaminase 2 constructs in RenCa cells together with their stemness profile. (A) Dark-shaded histograms
representing the expression levels in wt-TG2 transduced cells, TG2-C277S transduced cells, TG2-W241A transduced cells, and TG2-R580A
transduced cells were either stained by FITC- or PE-conjugated mesenchyme markers. Wild-type control RenCa cells (gray-shaded histograms)
were used as the control compared with transduced TG2 constructs to develop the stemness profile. (B) Phase-contrast images of spheroids and
subspheroids formed by the indicated TG2 constructs. (C) Quantification analysis of the spheroids and subspheroids formed ±SD.

Table 1. Percentage Expression Levels for CD Stem Cell Surface Markersa

CD markers control wt-TG2 TG2-C277S TG2-W241A TG2-R580A

CD44 2.39 ± 0.91 87.07 ± 1.34 0.49 ± 0.35 91.57 ± 3.31 0.59 ± 0.15
CD73 21.64 ± 13 59.47 ± 3.09 25.92 ± 6.97 60.36 ± 1.46 38.19 ± 7.8
CD106 0.28 ± 0.47 1.8 ± 0.44 2.89 ± 0.86 3.73 ± 0.04 2.27 ± 1.64
CD11b 28.67 ± 0.09 2.94 ± 0.64 1.71 ± 1.14 14.88 ± 5.60 1.35 ± 1.18
Sca-1 19.40 ± 3.69 19.09 ± 4.92 19.70 ± 0.75 20.10 ± 1.39 18.56 ± 2
CD45 1.86 ± 1.18 3.33 ± 1.48 8.78 ± 2.41 9.11 ± 1.83 0.23 ± 0.09

aEach values represent the average of three experiments ± SD performed independently.
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constructs did not significantly increase the number of
spheroids formed, when compared to the control RenCa
cells. However, wt-TG2 and TG2-W241A mutant cells
exhibited a respective 1.3- and 2.9-fold significant increase in
the spheroid number, compared to the control RenCa cells
(Figure 2C). Similar results were obtained in subspheroid
experiments except for TG2-C277S cells as they showed an
increased ability to form subspheroids by 1.5-fold. Taken
together, these data indicate that GTP-binding/GTPase ability
of TG2 is necessary for stem cell character and anchorage-
independent self-renewal.
Importance of Catalytic and GTP-Binding/GTPase

Activity of TG2 for the Activation of EMT. Recent studies
indicate that TG2 expression is associated with the
upregulation of EMT transcription factors including Zeb 1/2,
Twist 1/2, and Snail 1/2 in breast44,45 and ovarian cancer cell
lines.46 Therefore, we next seek to investigate whether the
GTP-binding/GTPase domain of TG2 is crucial for the
upregulation of EMT transcriptional factors.
Analysis of expression levels for EMT regulators showed that

wt-TG2 cells increased Zeb1 mRNA levels 20.8-fold, while
TG2-W241A and TG2-R580A expression in RenCa cells led to
a respective 14- and 5-fold increase in Zeb1 levels when
compared to the control cells (Figure 3A). Interestingly, a 5.7-
fold decrease in Zeb1 levels was detected for TG2-C277S cells.
No significant change was found in Zeb2 mRNA levels except
for the 11- and 4.3-fold increase recorded for TG2-W241A and
TG2-R580A cells (Figure 3B).

Similarly, the expression of TG2-W241A construct led to an
11-fold upregulation in Twist 1, while TG2-R580A cells
exhibited a ∼4-fold increase in Twist 1 mRNA level in
comparison to the control RenCa cells. TG2-C227S cells
showed a ∼3-fold increase in Twist 1 (Figure 3C). A significant
34-fold increase in Twist 2 was observed for TG2-W241A,
whereas no significant change in Twist 2 was observed for
TG2-R580A compared to the control RenCa cells. TG2-
C277S expression in RenCa cells led to a 5-fold down-
regulation in Twist 2 (Figure 3D). Expression of wt-TG2 and
TG2-C277S resulted in decreased Snail1 levels, whereas TG2-
W241A expression in RenCa cells induced a 32.5-fold increase
in Snail1 mRNA, respectively (Figure 3E). Figure 3F shows
that TG2-C277S, TG2-W241A, and TG2-R580A cells
exhibited 11-, 33-, and 21-fold increased Snail2 expression.
Overall, these results suggest that the GTP-binding/GTPase
activity of TG2 might be more potent than its transamidation
activity in the induction of EMT.

Role of Transamidase Activity and GTP-Binding of
TG2 in RCC Cell Migration. Recent studies indicate that
tumor cells that upregulate molecular markers of EMT also
exhibit an enhanced migration potential.47,48 Upon EMT
transactivation, adherent junctions are disrupted because of a
switch in the cell−cell adhesion protein E-cadherin to N-
cadherin, followed by the induction of migratory phase due to
increased vimentin expression.49 To understand the role of
TG2-functional activities in the cell motility, the ability of TG2
mutant RenCa cells to detach from the colonies and spread to
near vicinity was tested using the scatter assay (Figure 4A).

Figure 3. GTP-binding activity of transglutaminase 2 is important for epithelial to mesenchymal transition. RT-PCR analysis showing the changes
in the expression levels of EMT-related transcription factors in RenCa cells transduced with TG2 constructs (wt-TG2, TG2-C277S, TG2-W241A,
and TG2-R580A), 18S mRNA used as the housekeeping gene. (A) Zeb-1, (B) Zeb-2, (C) Twist-1, (D) Twist-2, (E) Snail-1, and (F) Snail-2 data
values represent the average of three independent experiments (mean ± SD).
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Our findings indicate that control cells together with TG2-
C277S and TG2-R580A cells demonstrated a similar migration
pattern with 45% compact, 35% loose, and 20% scattered
colonies. RenCa cells expressing wt-TG2 and TG2-W241A
cells formed, on average, 15% less compact colonies and 20%
more scattered colonies than the control cells (Figure 4B,
Video S1).
Analysis of expression levels of E-cadherin and N-cadherin

indicates that wt-TG2, TG2-C277S, TG2-W241A, and TG2-
R580A mutant cells showed relatively 2-, 1.9-, 0.8-, and 2.2-
fold decreased levels of E-cadherin expression when compared
to the control RenCa cells. Expression of wt-TG2, TG2-
C277S, TG2-W241A, and TG2-R580A, respectively, resulted
in 7-, 6.2-, 13-, and 3.4-fold increase in N-cadherin (Figure
4C). Similar to cadherin switch, the upregulation of vimentin
expression associated with the preliminary preparation of cells
to the migratory process was also evident in TG2 mutant
RenCa cells. Vimentin expression was increased by 1.8-fold in
wt-TG2, 2.5-fold in TG2-C277S, 3.4-fold in TG2-W241A, and
2.2-fold in TG2-R580A cells in comparison to control RenCa
cells (Figure 4D). These data suggest that although TG2
expression is sufficient to trigger the cadherin switch and
increase the vimentin expression, GTP-binding/GTPase
activity is predominantly effective to drive the cell−cell

dissociation process, resulting in subsequent migration as
individual cells.

GTP-Binding Activity of TG2 Is Essential for Matrix
Metalloproteinase Upregulation and the Invasive
Phenotype. Metastasis of primary tumors to distant sites is
a multistep process that involves the upregulation of matrix
metalloproteinase (MMP) activities necessary for the invasion,
intravasation, extravasation, and lastly, metastatic coloniza-
tion.50 In this context, changes in gelatinase and collagenase
expression levels were explored in TG2 activity variants by RT-
PCR. MMP1a mRNA levels was increased by 7.5-fold in
parallel with the stable wt-TG2 expression, albeit a 14-fold
increase was detected for TG2-W241A cells when compared to
the control RenCa cells (Figure 5A). wt-TG2 and TG2-
W241A transduction of RenCa cells also promoted 11 and 15
times more MMP2 expression than the control, respectively,
while only 6-fold increase was detected for TG2-C277S and
TG2-R580A cells (Figure 5B). MMP3 expression was
increased by 4.3-fold in wt-TG2, 2.6-fold in TG2-C277S,
6.4-fold in TG2-W241A, and 1.6-fold in TG2-R580A cells in
comparison to control RenCa (Figure 5C). Likewise, only
TG2-W241A cells displayed a significant upregulation in
MMP9 mRNA levels (Figure 5D). Interestingly, stable
expression of wt-TG2 in RenCa cells led to 15-fold increase

Figure 4. GTP-binding activity, rather than transamidase activity of transglutaminase 2 is associated with the cell migration and EMT. (A) Cell
migration potential of RenCa cells transduced with TG2 constructs (wt-TG2, TG2-C277S, TG2-W241A, and TG2-R580A) monitored using
scattering assay. Images were taken at 0−24 h after the colony formation under a light microscope at 20× objective. Similar results were observed in
triplicate. Bars 200 μm. (B) Percentages of each form of the colonies (scattered, loose, and compact) analyzed from three independent experiments
(mean ± SD). (C). RT-PCR analysis showing the downregulated E-cadherin and upregulated N-cadherin expression levels. (D) RT-PCR analysis
showing the vimentin expression of RenCa cells transduced with TG2 constructs. 18S mRNA was used as a housekeeping gene to normalize the
mRNA levels. Data values represent the average of three independent experiments (mean ± SD).
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in the levels of MMP13 mRNA, while the expression of TG2
mutants only led to an average of 6-fold increase in that of
MMP13 mRNA (Figure 5E). Overall, our results suggests that
although TG2 as a protein has the ability to increase MMP
expression, GTP-binding/GTPase activity (TG2-wt and TG2-
W241A) was shown to potentiate the MMP upregulation.
Intra- and extravasation ability of TG2-constructed mutants

was elucidated by the Matrigel transwell assay. Figure 6A
shows that cell expression of TG2-W241A promoted the
invasive phenotype in RenCa cells. In that, the number of
invasive cells was four fold higher in TG2-W241A cells
compared to the control, wt-TG2, TG2-C277S, and TG2-
R580A cells (Figure 6B). These results further conclude that
catalytically inactive yet GTP-binding/GTPase active TG2-
W241A cells had remarkably high invasive potential associated
with the upregulation of MMP biosynthesis.

■ DISCUSSION
Accumulating evidence showed that mRCC is one of the most
resistant and highly vascular malignancy among the other types
of kidney cancers with a poor survival outcome.32,51 Because of
the dramatic increase in mRCC incidence in recent years,
studies focused on the identifications of novel oncogenes and
molecular pathways that could serve as therapeutic targets in
mRCC.52,53 One such molecular target could be TG2 as its
upregulated expression was prevalent not only in mRCC32,51,54

but also in other highly aggressive, metastatic, and treatment-
resistant types of human cancers including glioblastoma,55

breast,10,45,56,57 ovarian,20,58,59 and pancreas.60 Several studies
have indicated that silencing of TG2 or using TG2 inhibitors
often reduces the acquired metastatic phenotype in the cancer

cells.3,61 In addition, previous studies showed that the
relevance of TG2 to cancer progression may vary upon the
type of cancer together with its stage and the location.62 In
order to explain how TG2 contributes to the cancer
progression, recent studies focused on the role of catalytic
and GTP-binding/GTPase domains of TG2 in breast,
epidermoid, epidermal squamous, and ovarian cancer pro-
gression, with particular emphasis on EMT.19,21−23,63,64 In line
with these studies, here, we investigated whether either or both
GTPase and transamidase functions of TG2 contribute to the
stem cell maintenance, EMT, cell migration, and invasion
processes necessary for mRCC progression.
Considering the crucial interrelation between TG2 and its

cell surface binding partners (ITGβ1 and SDC4) in the tumor
progression6,7,9,13,32,65 we first showed that the exogenous
expression of TG2 mutants in RenCa cells did not change the
expression levels of ITGβ1 and SDC4. We next demonstrated
that the GTP-binding/GTPase function of TG2 was required
to promote the stemness profile and maintain renospheres in
RenCa cells, which was in agreement with the studies showing
that GTP-binding/GTPase activity of TG2 was necessary for
inducing EMT-CSC in breast19 and epidermal squamous
carcinoma.23,38 Interestingly, GTP-binding inhibitors was
recently shown not to interfere with the proliferation ACHN
RCC cell line.36 The fact that GTP-binding/GTPase activity of
TG2 was essential for the anchorage-independent proliferation
of RenCa cells can be explained by the previous report66

showing the transamidase-independent activation of the PI3K/
mTOR and PI3K/SRC pathway though protein−protein
interaction of TG2 with PI3K and SRC kinase. It is possible
that the R580A transamidase-deficient form might interfere

Figure 5. Upregulation of MMPs levels correlates with the migration and progression of the aggressive phenotype. RT-PCR analysis of MMP’s in
RenCa cells transduced with TG2 constructs (wt-TG2, TG2-C277S, TG2-W241A, and TG2-R580A), 18S mRNA was used to normalize the
mRNA levels. (A) MMP-1a, (B) MMP-2, (C) MMP-3, (D) MMP-9, and (E) MMP-13 data values represent the average of three independent
experiments (mean ± SD).
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with TG2’s ability to induce the formation of P3IK-activating
complex and hence hinder the anchorage-dependent prolifer-
ation capacity of RenCa cells.
Given that TG2-mediated TGF-β activation leads to the

induction of NF-κB, which plays a major role in the regulation
of EMT and cell migration during mRCC progression,67

further insight into the role of TG2 functional domains in the
absence of the TGF-β signaling pathway was assessed using
RenCa cells that lack the functional TGF-β receptor II.37

EMT is a complex dynamic developmental program that is
often activated during the cancer progression including
invasion and metastasis.68,69 Recent studies indicated that
NF-κB activation is necessary for EMT, cancer cell metastasis,
and drug resistance.70,71 The trigger for the molecular switch of
the EMT program was associated with the changes in the
expression patterns of transcription factors such as Zeb1/Zeb2,
Twist1/Twist2, and Snail1/Snail2. Although previous studies
suggested a strong link between TG2 expression and EMT
induction in various malignant neoplasms of epithelial
origin,18,21,22,64,72 molecular mechanisms defining the involve-
ment of TG2 in the EMT process has not been well elucidated.
TG2 was shown to be necessary for the expression of EMT
markers as the TG2 knockdown or treatment with TG2
inhibitors resulted in the reduced expression levels of EMT
markers in breast and squamous cell carcinoma.73,74 In the
present study, we investigated the role of catalytic and
functional GTP-binding/GTPase domains of TG2 in regulat-
ing RCC EMT. Our results indicated significant increases in

the mRNA expression levels of all EMT-inducing transcription
factors for TG2-W241A expressing RenCa cells, while the
transamidase-active TG2 protein could also potentiate Zeb-1
and Snail-2, suggesting that GTP binding/GTPase was
required for full throttle induction of the EMT process in
RCC. Accordingly, in previous reports, it has also been
demonstrated that GTP binding/GTPase of TG2 drives the
EMT process in breast19 and epidermoid23,38 cancers.
Tumor cells having undergone the E- to N-cadherin

switching process together with elevated EMT markers
resulted in an enhanced migratory potential.48,49 Recently, it
was shown that the aberrant expression of TG2 was associated
with cadherin switch in various epithelial cancers.18,74,75 Here,
we demonstrated that the expression of either the wt or mutant
form of TG2 was enough for the initiation of cadherin switch
and increase in the expression level of vimentin in RenCa cells,
suggesting that TG2 might exert its effect through protein−
protein interactions.21 Given that E- to N-cadherin switch is
associated with the initial steps of EMT programming, the role
of TG2 functional activities in the cell motility was investigated
by monitoring the ability of TG2-expressing mutant RenCa
cells to detach from colonies and spread to distant vicinity
using the scatter assay. The fact that compact colonies formed
by TG2-R580A RenCa cells fail to scatter implicated that the
GTP-binding/GTPase domain of TG2 may be essential in the
cell−cell dissociation in RCC. In the natural course of events,
the cell dispersal from the main tumor body, followed by the
cell invasion process which involves phenotypic switch and

Figure 6. GTP-binding activity is more important than transamidase activity for the invasive potential. (A) Cell invasion potential of RenCa
mutants was analyzed by the Matrigel transwell assay. Nuclei of cells migrating to the bottom of the well were stained with DAPI, and images were
captured using a fluorescence microscope from five nonoverlapping fields. Bars 200 μm. (B) Images were analyzed using Scion Image software.
Each data point represents mean for number of invasive cells ± SD from three independent experiments.
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change in the ECM dynamics through the MMP activation.28

Evidence showed that the TG2 overexpression led to an
elevation in the expression level of MMPs including MMP1,76

MMP2,77 MMP3,19 and MMP922,76 in epidermoid, ovarian,
and breast cancers. In agreement with aforementioned studies,
wt-TG2 and TG2-W241A expressing RenCa cells displayed
increased mRNA levels of MMPs: MMP1a, MMP-2, MMP-3,
MMP-9, and MMP-13. In wt-TG2 and TG2-W241A cells, the
increased MMP expression was associated with an increased
invasive capacity based on the higher number of invasive/
migratory cell count when compared to other TG2 RenCa
mutants. These results indicated that TG2-induced MMP
expression associated with the invasiveness of mRCC was
dependent on the enzyme’s GTP-binding/GTPase ability
rather than the transamidation activity. Previously, we showed
that TG2 transamidating activity was downregulated in
primary RCC tumors78 to favor tumor growth by ECM
destabilization. The fact that wt-TG2 possesses not only GTP-
binding/GTPase activity but also transamidating activity
explains the reduced metastatic activity in wt-TG2 expressing
RenCa when compared to TG2-W241A cells. In spite of
induction of some EMT markers, the presence of catalytically
active TG2 in the tumor microenvironment reduces the tumor
growth and invasion because of increase in the ECM
deposition and cross-linking, leading to ECM-stiffening.79

■ CONCLUSIONS

Overall, our findings demonstrated that previously reported
prometastatic function of TG232,33,51 in mRCC mostly relies
on the GTP-binding/GTPase activity of the enzyme by
inducing cancer stemness and EMT and cell migration/
invasion. Recent reports suggest that TG2 was responsible for
the activation of FAK and its downstream PI3K/AKT and NF-
κB pathways in cancer cells.14,60 Given that GTP-binding/
GTPase activity of TG2 was recently implicated in SRC-
dependent activation of PI3K80 and in CSC survival,38 TG2 in
closed/GTP-bound conformation might contribute to the
mRCC by acting as a scaffold protein in the FAK and PI3K/
AKT axis. Our results raise the likelihood for the use of TG2
GTP-binding/GTPase-site-specific inhibitors as novel ther-
apeutics in the treatment of advanced RCC.

■ EXPERIMENTAL PROCEDURES

Reagents and Antibodies. For spheroid and subspheroid
assays, growth supplements were used: B27 supplement (50×)
(Gibco, 15504-044), fibroblast-growth factor (100 μg/mL)
(Gibco, AA-10-155), insulin transferrin selenium (ITS)
(Gibco, 41400-045), N2 supplement (100×) (Gibco, 17502-
048), and epithelial-growth factor (EGF) (200 μg/mL)
(Invitrogen, PHG0313); mouse-anti-TG2 antibody (CUB
7402, Thermo Fisher Scientific, M S-224-P), monoclonal
mouse anti-ITGβ1 antibody (Santa Cruz, sc-8978), and anti-
SDC-4 antibody (Abcam, ab24511). For characterization,
antimouse CD11b (BioLegend, B192967), antimouse Sca-1
(BioLegend, B163257), antimouse CD44 (BioLegend,
B193068), antimouse CD45 (BioLegend, B187805), anti-
mouse CD73 (BioLegend, B182619), antimouse CD29
(BioLegend, B181560), and antimouse CD106 (BioLegend,
B178443). Antirabbit IgG peroxidase (A0545) and antimouse
IgG peroxidase (A4416) conjugates were purchased from
Sigma.

Cell Line. RenCa were maintained in RPMI-1640 (Gibco,
BE12-702F) growth medium supplemented with 10% (v/v)
fetal bovine serum (FBS) (Sigma, F9665) and 100 units/mL
penicillin, 100 μg/mL streptomycin (Sigma, 6SLBJ7114U). wt-
TG2 cDNA (coding 224Val) was subcloned into the
pENTR1A no CCDB (w48-1) vector (gift from Eric
Campeau;81 Addgene #17398) at the EcoRI position, and
mutants were generated based on QuikChange site-directed
mutagenesis kit protocol (Stratagene). The restriction
digestion and sequencing confirmed constructs were recom-
bined into a pLenti CMV Blast DEST (706-1) destination
vector, which was a gift from Eric Campeau,35 (Addgene
#17451) using LR Clonase and GATEWAY technology based
on the manufacturer protocol (Thermo #11791020).

TG2-Mutant Constructs Lentivirus Production and
Transduction. The packaging vectors (psPAX2 and pMD2G)
were a gift from Didier Trono (Addgene #12260 and #12259,
respectively). Lentiviral particles were produced using
HEK293FT cells (Invitrogen) maintained in Dulbecco’s
modified Eagle’s medium (Gibco, 41966) and transfected by
the calcium phosphate coprecipitation method. In brief, cell
monolayers treated with 2.5 mM CaCl2 dissolved in HBSS
were incubated with 20 μg of pLenti CMV Blast TG2 DNA
together with packaging plasmids for 16 h. Then, fresh
medium was added. and viral particle-containing cell media
were collected twice after 24 and 48 h. The virus containing
supernatants were centrifuged, filtered, and mixed before
aliquoting for storage/freezing. RenCa cells seeded at 3 × 104

density were pretreated with 8 μg/mL of polybrene for 2 h and
then incubated with lentiviral particles overnight at 37 °C. Cell
selection was performed using 6 μg/mL blasticidin-containing
growth medium RPMI 1640.

Flow Cytometry. CD marker analysis was performed as
described previously.82 In brief, cells fixed with 4%
paraformaldehyde were incubated with FITC- or PE-
conjugated antibodies (CD44, CD73, CD106, CD11b, Sca-1,
and CD45) for 1 h at room temperature. Following two sets of
washes with PBS, the mesenchymal stem cell marker
expression profile was determined using a Becton Dickinson
FACSCalibur flow cytometer, and the data were analyzed with
the CellQuest Pro program.

Spheroid Formation Assay. RenCa cells resuspended in
RPMI 1640 medium supplemented with 2% B27 serum-free
supplement, 1% N2, 20 ng/mL EGF, 10 ng/mL FGF, 1× ITS,
and 0.5% methylcellulose (spheroid medium) were plated in
Costar 24-well ultralow flat-bottom attachment plates (Corn-
ing-Costar, CLS 3473) at 2.5 × 102/well density. Spheroid size
and colony numbers were surveyed every 24 h, and images
were taken for spheres larger than 50 μm using a Carl Zeiss
Primovert microscope equipped with a camera system
Axiocam 105 digital color microscope. After 15−20 days, in
order to investigate the self-renewing potential of the cells,
spheres of the first generation were collected, trypsinized,
resuspended in spheroid medium, and then seeded into 24-well
ultralow flat-bottom attachment plates at 25 cells/well density.
Subspheroid size and colony numbers were surveyed every 24
h as described above. The spheroid growth was counted from
multiple wells, and efficiency of the sphere formation was
calculated in percentage as the mean ± standard deviation
(SD) from at least three independent experiments.

Expression Analysis Using Quantitative PCR and
Western Blotting. Total RNA isolation was performed as
described9 using the same PCR conditions and QuantiTect
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Primer assay for hTGM2 (202689401), Zeb-1 (174899188),
Zeb-2 (174899189), Snail-1 (174899193), Snail-2
(174899190), Twist-1 (174899194), Twist-2 (174899191),
18 S RNA, MMP-1a (208679791), MMP-2 (208679792),
MMP-3 (208679793), MMP-9 (208679794), MMP-13
(208810906), E-cadherin (202689402), N-cadherin
(202689403), and vimentin (208810905). The protein
expression was analyzed by western blotting following the
protocol in Telci et al.7 In brief, the cell lysate was resolved
either in 8 or 12% SDS-PAGE and transferred onto
nitrocellulose membranes, which were then probed with
antimouse TG2 CUB 7402, antirabbit SDC-4, or antimouse
ITGβ1. β-Actin was used as an internal control to confirm the
equal loading.
TG2 Activity Assay. In vitro TG2 activity assay was

performed using TG2-CovTest-specific colorimetric micro-
assay kit (CovaLab), as described previously83 according to
manufacturer’s instructions. In brief, cells were lysed using
three rounds of freeze−thaw cycle, and 100 μg of the protein
from each sample was incubated in the reaction mixture
containing biotinylated T26 peptide (amine-acceptor/acyl-
donor) in a 96-well plate, which was precoated by spermine
(amine-donor/acyl-acceptor) at 37 °C for 30 min. Reaction
was visualized with the addition of the enzyme tracer
streptavidin-labeled horseradish peroxidase, and the optical
density of each well was measured at 450 nm using a
spectrometer.
Scattering Assay. RenCa cells (1 × 103) plated into six-

well plates in RPMI-1640 growth medium were allowed to
grow as colonies. Upon colony formation, growth medium was
replaced with AIM-V (Gibco, 12055-091) medium, and cell
scattering from seven selected colonies was monitored at 4, 8,
12, and 24 h with a Carl Zeiss Primovert microscope equipped
with a camera system Axiocam 105 digital color under a 20×
objective. For data analysis, colonies in three different
(scattered, loose, and compact) forms were counted and
expressed as the mean percentage ± SD from at least three
independent experiments.
Transwell-Invasion Assay. Cell invasion assay was

performed using 8.0 μm pore size BD BioCoat inserts (Costar
353097). Cells in AIM-V medium were seeded on the upper
chambers of Matrigel-coated transwell inserts at 2 × 104 cells/
chamber density; RPMI containing 10% FBS was placed in the
lower chamber. Cells were allowed to migrate for 24 h, and
nonmigrant cells were gently removed from the upper chamber
using a cotton swab. Following fixation with 4% paraformalde-
hyde, cells were stained with DAPI. Using 10× magnification,
five images from nonoverlapping fields were captured using a
Carl Zeiss fluorescence microscope equipped with acamera
system Axiocam 105 digital color, and the total number of the
cells/well was evaluated using the Scion Image Analysis
Program. Cell number per sample was expressed as the mean
± SD from at least three independent experiments.
Statistical Analysis. All values presented are the mean ±

SE (standard error) from triplicate experiments unless
otherwise stated. Comparisons between groups were done
according to parametric statistics using the Student’s t-test for
the parametric and Mann−Whitney test for the nonparametric
distribution in GraphPad Prism version 6.0 (GraphPad
Software, San Diego, California, USA). *p-values < 0.05,
**p-value < 0.01 and ***p-value < 0.001 considered as
statistically significant.
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