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Transglutaminase 2 Regulates Self-renewal and Stem Cell
Marker of Human Colorectal Cancer Stem Cells
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Abstract. Background/Aim: The aim of this study was to
investigate the role of transglutaminase 2 (TGM2) in
colorectal cancer stem cells (CCSCs). Materials and
Methods: We used the TU12 cell line possessing CD133-
expressing CCSCs. After isolating CD133 (—) and CD133
(+) CCSCs, we overexpressed and knocked-down TGM?2 to
investigate its role in human CCSCs. Results: The
expression level of TGM2 was 25-fold higher in
tumorigenic cells than non-tumorigenic cells. We found that
knockdown of TGM?2 by specific RNA interference markedly
inhibited cell growth and caused down-regulation of the
stemness markers, CDI133, SOX2, and f-catenin. We
further demonstrated that knockdown of TGM?2 inhibited
cell metastatic abilities by down-regulating N-cadherin and
vimentin and up-regulating E-cadherin. These findings
revealed that TGM?2 expression is markedly increased in
human colorectal cancer and that down-regulation of
TGM?2 in tumors may serve as a treatment for colorectal
cancer patients. Therefore, this study indicate that TGM?2
affects the metastatic potential and stemness of CCSCs by
regulating EMT- and stemness-related  proteins.
Conclusion: The metastatic potential of CSCs arises from
highly expressed TGM?2.

Colorectal cancer (CRC) is one of the common cancers
worldwide. Despite the recent advances in the cancer therapy
with chemotherapy, radiation, and surgery, there are still
problems with metastasis to other organs such as lymph
nodes, liver, and lungs. A better understanding of the
pathways of metastasis mechanisms will improve the
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management of CRC. The less effective traditional
anticancer therapies have been attributed to the existence of
highly drug-resistant or slow proliferating cells with stem-
like properties, which are cancer stem cells (CSCs). CSCs
have the ability to induce carcinogenesis and metastasis (1,
2). In addition, CSC-associated drug resistance is considered
to be a main reason for recurrence. Recently, CSCs have
emerged as playing a role in inhibiting cancer growth. CRC
also has a CSC population. Some of the CSCs express
CD133, which is well studied in brain tumors. In brain
tumors, CD133 is a marker of tumor-initiating cells and is
expressed in approximately 7% of the total tumor population.
Furthermore, recent studies showed that the epithelial
mesenchymal transition (EMT) and stemness are closely
bounded to CSCs including human glioblastoma (3).

Transglutaminase 2 (TGM2) is the most ubiquitously
expressed protein in the transglutaminase family, which
catalyzes the cross-linking of proteins (4, 5). TGM2 has been
suggested to be involved in tumorigenesis during
physiological processes in numerous cancers (6-8).

In the present study, we hypothesized that TGM2 may
play a role in the invasion, migration, and stemness
properties of CCSCs. We used the TU12 cell line possessing
CD133 expressing CCSCs. After isolating CD133 (-) and
CD133 (+) CCSCs, we overexpressed and knocked down
TGM2 to investigate its role in human CCSCs. Herein, we
report that TGM2 regulates EMT- and stemness-related
proteins in TU12 human CCSCs.

Materials and Methods

Cell culture. Human CCSCs were established from acutely
resected human tumor tissues (9). Tumor-sphere cultures were
performed as described previously, with some modifications, and
grown in Dulbecco’s modified Eagle’s medium-F12 (Gibco-
Invitrogen, La Jolla, CA, USA) containing penicillin G,
streptomycin sulfate, B-27 (Gibco-Invitrogen, La Jolla, CA, USA),
and recombinant human EGF and FGF (20 ng/ml; R&D Systems,
Minneapolis, MN, USA). Cells were cultured at 37°C, with 95%
relative humidity, and 5% CO,.
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Table 1. The primers used for PCR analysis.

Gene Forward primer (5°-3") Reverse primer (5°-3")

E-cadherin TTC CCT GCG TAT ACC CTG GT GCG AAG ATA CCG GGG GAC ACT CAT GAG
Snail ACTATGCCGCGCTCTTTCCT AGTCCTGTGGGGCTGATGTG

Vimentin TCCAGCAGCTTCCTGTAGGT CCCTCACCTGTGAAGTGGAT

GAPDH CA AGG CTG AGA ACG GAA G AGA GGG GGC AGA GAT GAT GA

B-actin GTC TTC CCC TCC ATC GTG AGG TGT GGT GCC AGA TTT TC

Magnetic Cell Sorting (MACS). Cells were labeled with primary
CD133/1-PE antibody (Miltenyi Biotec, Bergisch Gladbach,
Germany), then labeled with anti-PE microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) and isolated on a MACS LS column
(Miltenyi Biotec, Bergisch Gladbach, Germany). All procedures were
performed according to the manufacturer’s instructions. Isotype-
matched mouse immunoglobulins (Miltenyi Biotec, Bergisch
Gladbach, Germany) served as controls. The purity of sorted cells was
evaluated by flow cytometry and Western blotting. Flow cytometry
was done using a BD FACSCalibur. Data were analyzed by BD
FACSCalibur software, which is provided with the system.

RNA isolation and RT-PCR. Total RNA was isolated, and cDNA
was synthesized from 1 pg of total RNA using the Superscript 11
system (Invitrogen, Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions. For all RT-PCR analysis, -actin and
GAPDH were used as loading controls. The primers used in this
study are listed in Table I. The data of RT-PCR were quantified by
Imagel] software (National Institute of Health, USA).

Western blotting. Total protein lysates (50 pg) were resolved on an
SDS-PAGE gel, transferred onto PVDF membranes, and then
immunoblotted with mouse anti-TGM2 (Abcam, Cambridge, MA,
USA), mouse anti-CD133 (Miltenyi Biotec, Bergisch Gladbach,
Germany), goat anti-SOX?2 (Santa Cruz Biotechnology, Inc. Dallas,
TX, USA), rabbit anti-E-cadherin (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), goat anti-vimentin (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), or rabbit anti-snail (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). The membranes were incubated with horseradish
peroxidase-conjugated secondary antibody. [3-actin was used as a
loading control. The data of western blotting were quantified by
Image] software (National Institute of Health, USA).

Immunofluorescence. Cells grown on glass coverslips were fixed
with 3.7% formaldehyde for 15 min, followed by permeabilization
with 0.5% Triton X-100 for 15 min at room temperature. Cells were
then blocked for 1 h with 3% bovine serum albumin. Primary
antibodies were applied overnight at 4°C, followed by incubation
with Alexa fluor-594-conjugated secondary antibody (Molecular
Probes, Eugene, OR, USA) or FITC-conjugated secondary antibody
(Sigma, St. Louis, Missouri, USA). The nuclei were co-stained with
4’, 6-diamidino-2-phenylindole (DAPI) and visualized with
fluorescence microscopy.

TGM2 c¢DNA transfection. A TGM2 full-length cDNA
(NM_004613) clone was purchased by OriGene USA, Inc
(Rockville, MD, USA). Cells were transfected with plasmid
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harboring TGM2 (pCDNA/TGM2) or with vector (pCDNA) only,
using LipofectAMINE 2000 (Life Technologies, Carlsbad, CA,
USA). Before transfection, the cells were plated on 6-well plates in
antibiotic-free serum. At the time of transfection, the cell confluence
was 70-80%. All procedures were performed according to the
manufacturer’s instructions. The cells were incubated at 37°C in a
humidified atmosphere with 5% CO, for 48 h. After 48 h, the cells
were evaluated by western blotting or used in the migration,
invasion, and sphere formation assays.

TGM?2 shRNA transfection and selection. TGM2 shRNA (SC-37514-
V), control shRNA (SC-108080), and transduction reagent were
purchased from Santa Cruz Biotechnology, Inc (Dallas, TX, USA).
FACS-sorted CD133(—) and CD133(+) TU12 cells were plated on a
6-well plate in antibiotic-free medium. The cells were grown to
70-80% confluence and transfected with TGM2 shRNA and control
shRNA using lentiviral particles. After 48 h of incubation with
shRNA, the cells were selected using puromycin (1 pg/ml) for 7 days.

Sphere-forming assays. Survival of the human CCSCs in response
to TGM2 was assessed by sphere formation. For this assay, human
CCSCs, with or without TGM2, were seeded at 1,000 cells per well
in a 24-well plate and cultured for 5 days.

Migration and invasion assay. Sorted cells transfected with the
TGM2 plasmid, vector plasmid, TGM2 shRNA, or control shRNA
were seeded at a density of 2.5x104 cells/well onto a 24-well
transwell plate (8.0 um, Corning). For the invasion assay but not
the migration assay, the transwell was coated with Matrigel (BD
Biosciences, San Jose, CA, USA). All procedures were performed
according to the manufacturer’s instructions. The migration and
invasion assays were performed at 37°C in a humidified atmosphere
under 5% CO, for 48 h in triplicate. After 48 h, cells were fixed and
stained using Giemsa solution and non-migrated and non-invaded
cells were removed by cotton swabbing. Migrated and invaded cells
were counted.

Statistical analysis. Statistical analysis was performed using
GraphPad InStat 7 software (GraphPad Software, Inc., San Diego,
CA, USA). Values are reported as the mean+SD. p<0.05 was
considered significant and is indicated by asterisks in the figures.

Results

TGM?2 expression is decreased in human CRC. We first
investigated whether expression of TGM2 is overexpressed
in human colorectal cancer. Immunohistochemistry (IHC)
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Figure 1. TGM2 expression in tumor-adjacent normal colorectal tissue and CRC tissue. (A) Representative pictures of immunohistochemistry on
human CRC specimens stained for TGM2. Magnification: x40. (B) Box plots indicate the percentage of TGM2-positive cells in normal (right box)
and tumor samples (left box). **p<0.01 for normal versus tumor tissues. Normal, n=10; Tumor, n=30. The data for the box plots derive from the

immunohistochemical analyses in A.

staining was performed in TMA slide containing normal and
tumor cancer tissues. As shown in FigurelA, from the serial
sections of paired normal colorectal tissue and tumor of CRC
patients, TGM2 was highly expressed in tumors but lost in
normal colorectal tissues. Our IHC data showed that there
was a significantly higher level of TGM2 in tumors than in
normal colon tissues (p<0.01, Figure 1B). These results
suggested that TGM2 may be an important prognostic
marker in CRC patients.

TUI2 CCSCs CDI133(+) cells possess stemness properties
and metastatic potential. The TU12 CCSC line was sorted
into CD133 (-) cells and CD133 (+) cells using an anti-
CD133-PE antibody and MACS. As shown in Figure 2A,
CD133 (-) and CD133 (+) cells have different properties
with respect to stemness. CD133 (+) cells have higher
protein expression of stemness markers (CD133 and SOX2).
For comparisons in this study, relative values for CD133 (-)
cells were defined as “1”. CD133 and SOX2 expression
levels in CD133 (+) cells were at least 12-fold and 4-fold
higher than those in CD133 (-) cells, respectively (p<0.001).
As previously reported (10), TGM2 was significantly up-
regulated in CD44 (+) cells and in our study, its expression
level was at least 3-fold higher than that in CD133 (-) cells
(p<0.001) (Figure 2B). A sphere formation assay was
conducted to determine the self-renewal ability of TUI12
CCSC CD133 (+) cells (Figure 2C). The number of spheres
of TU12 CD133 (+) cells was at least 4-fold higher than that
of CD133 (-) cells. Since CSCs are responsible for tumor
metastasis, we compared the migration and invasion abilities
of TU12 CD133 (-) cells and TU12 CD133 (+) cells to
estimate the metastatic potential in vitro. As shown in Figure
2D (migration) and 2E (invasion), CD133 (+) cells had an at

least 2-fold higher migration ability and 1.5-fold higher
invasion ability than CD133 (-) cells (p < 0.05). Taken
together, these results indicate that TU12 CD133 (+) cells
that highly expressed TGM2 were successfully isolated, and
these cells had stemness properties and metastatic potential.

TGM?2 enhances the self-renewal ability of TUI2-derived
CSCs. We produced (Figure 3A and B) CD133 (-) and CD133
(+) cells overexpressed or depleted in TU12. CD133 (+) cells
highly expressing TGM2 have potent self-renewal ability. We
hypothesized that TGM2 is involved in self-renewal potency
and performed a sphere formation assay using experimentally
manipulated cells (data not show). Increased expression of
TGM?2 enhanced the sphere formation ability. We also found
that TGM2 enhanced the cell growth on CCSCs. These results
indicated that TGM2 is directly involved in the self-renewal
ability of TU12-derived CSCs.

TGM?2 directly regulates stemness- and EMT-related
proteins. To investigate the role of TGM2 in the metastatic
potential of TU12-derived CSCs, we performed a migration
and invasion assay using transwells. Our previous data
(Figures 3 and 4) suggest that TGM2 is directly associated
with the stemness and metastatic ability of CCSCs. We also
further investigated the molecular mechanism underlying
these properties. First, we confirmed the expression of
stemness proteins by western blotting (Figure 2A) and EMT-
associated genes (E-cadherin, vimentin, and snail) by RT-
PCR (Figure 4A and Table I). For comparisons, relative
values for CD133 (-) cells were considered to be “1”.
Compared to CD133 (-) cells, E-cadherin, epithelial marker,
was down-regulated by half (0.36+0.02) in CD133 (+) cells.
Mesenchymal marker was up-regulated in CD133 (+) cells;
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Figure 2. Stemness and metastatic potential of CD133 (—) cells and CD133 (+) cells isolated from a colorectal cancer line. (A) CD133 and SOX2
expression was analyzed in the sorted CD133 (—) and CD133 (+) colorectal cancer CCSCs by western blot. (B) Expression levels of TGM?2 in
CD133 (-) and CD133 (+) cells were measured by western blot. 3-actin was used as a loading control. (C) Sphere formation assay. Isolated CD133
(—) and CD133 (+) cells were seeded at a density of 1x10% cells/well onto 6-well plates, and spheres larger than 100 um were counted at day 5.
Scale bar=100 um. (D) Migration assay. The migratory ability of isolated cells was assessed in 24-well transwell plates with 8 um filters. (E)
Invasion assay. The invasive ability of CD133 (—) and CD133 (+) cells was determined in 24-well transwell plates with 8 um filters coated with
Matrigel. Images were obtained at 40x magnification. Data are expressed as the mean=standard error of the mean (SEM) of three independent

experiments performed (*p<0.05, **p<0.01, ***p<0.001).

vimentin was up-regulated by at least 3-fold and snail was
up-regulated by 2-fold compared to CDI133 (-) cells
(p<0.001) (Figure 4B). Because TU12 CD133 (+) cells
highly expressing TGM2 have strong stemness and
metastatic properties, we investigated whether TGM?2 affects
stemness and EMT-related protein expression by using
TGM2-overexpressing and TGM2-knockdown cells.

First, the stemness-related proteins CD133 and Sox-2
were up-regulated in TGM2-overexpressing CD133 (+) cells
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(Figure 4C) and down-regulated in TGM2-knockdown
CD133 (+4) cells (Figure 4). However, in CD133 (-) cells,
TGM2 did not affect CD133 expression. Next, EMT-related
markers’ expression was investigated. The epithelial marker,
E-cadherin was down-regulated in control CD133 (+) cells
and up-regulated in control CD133 (-) cells (Figure 4C) as
reported in previous studies. When TGM2 was
overexpressed, expression level of E-cadherin was not
influenced in both CD133 (=) and CD133 (+) cells (Figure
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Figure 3. Effect of TGM2 on the cell growth ability of colorectal cancer CCSC CD133 (-) and CD133 (+) cells. (A) Western blot of TGM2-
overexpressing colorectal cancer CCSC CD133 (—) and CD133 (+) cells by using anti-TGM?2 antibody. pCDNA and pCDNA-TGM?2 indicates empty
vector-transfected cells and TGM2 cDNA-transfected cells, respectively. (B) Western blot of TGM2-knockdown Colorectal cancer CCSC CD133 (—)
and CD133 (+) cells by using an anti-TGM2 antibody. 3-actin was used as a loading control. (C and D) Cell growth ability of TGM2-overexpressing
colorectal cancer CCSC CD133 (—) and CD133 (+) cells. Empty vector-transfected cells (pCDNA) served as a negative control. Cell growth ability
of TGM2-knockdown colorectal cancer CCSC CD133 (—) and CD133 (+) cells. Control shRNA-transfected cells served as a negative control. Data
are expressed as the meanzstandard error of the mean (SEM) of three independent experiments performed (*p<0.05, **p<0.01).

4C). However, when TGM2 was knocked down, expression
of E-cadherin was increased in CD133 (-) and CD133 (+)
cells (Figure 4D). The mesenchymal marker, snail was
down-regulated in CD133 (=) cells and up-regulated in
CD133 (+) cells in this study (Figure 4C). Snail expression
was significantly suppressed by TGM2- knockdown (Figure
4D). These results indicated TGM2 directly regulated
stemness- and EMT-related proteins (Figure 5).

Discussion

Traditional therapy targets rapidly dividing tumor cells for
the maximum reduction of tumor; however, the tumor-
initiating cells (TICs) or cancer stem cells (CSCs) can
migrate to other organs and provide a high possibility of
recurrence (11-14). Therefore, targeting CSCs is an
important strategy to cure metastatic cancer, which is
resistant to conventional therapy. However, the mechanism
of the metastatic potential and chemoresistance of CCSCs is

unclear. This study shows that TGM2 is an important
molecule for tumor initiation and regulation of metastasis.
The metastatic potential and stemness properties of CSCs are
derived from elevated levels of TGM2. In the present study,
we isolated CD133 (+) cells from the human CCSC line,
TUI12. TU12 CD133 (+) cells had a distinctive expression
pattern of stemness and EMT markers compared to CD133
(-) cells (Figures 2A and 4A). In addition, TU12-derived
CCSCs possessed enhanced self-renewal, migratory, and
invasive ability. CD133 is a representative stemness marker
in CCSCs and plays a role in the self-renewal ability of
CCSCs. Because TGM2 is up-regulated in CSCs and
involved in cell motility as an actin-binding protein (15), we
speculated that TGM2 is involved in the stemness phenotype
and metastatic ability of CSCs. Our results coincided with
previous findings. Overexpression of TGM?2 increased the
self-renewal and metastatic ability (migration and invasion)
of CSCs, whereas suppression of its expression remarkably
decreased these abilities (Figures 3 and 4).
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Figure 4. Effect of TGM2 on expression of stemness and EMT markers in colorectal cancer CCSC CDI133 (—) and CD133 (+) cells. (A) The
expression levels of EMT markers in CD133 (=) and CDI133 (+) cells were measured by RT-PCR. (B) Relative intensity difference between CD133
(=) and CDI133 (+) cells. GAPDH and f3-actin were used as loading controls. Error bars represent the mean + SEM (*p<0.05, **p<0.01,
*#*%p<0.001). (C) and (D) Expression patterns of stemness (CD133 and SOX2) and EMT markers (E-cadherin and snail) in TGM2-overexpressing
(C) and TGM2-knockdown (D) Colorectal cancer CCSC CD133 (—) and CD133 (+) cells. B-actin was used as a loading control.

In addition, the expression of stemness proteins (CD133
and SOX2) and EMT proteins (E-cadherin and snail) was
directly regulated by TGM2. Overexpression and depletion
(Figure 4) of TGM2 enhanced and suppressed CD133
expression of CSCs, respectively. These results agreed with
the sphere formation assay results. EMT is a unique process
initially occurring in embryonic development in which cells
lose epithelial features and gain mesenchymal properties. In
epithelial cancers, metastasis is thought to occur by EMT.
Epithelial cells are detached from the basal membrane and
they are then more capable of migrating to other sites or they
become more invasive and enter the blood and lymphatic
system. Loss of E-cadherin is a critical step in EMT. With

792

the loss of E-cadherin expression, epithelial cells break down
cell-cell adhesions and become more migratory (16-19).
Overexpression of TGM2 did not influence E-cadherin
expression in both CD133 (-) and CD133 (+) cells (Figure
4B). Thus, in TGM2- transfected CD133 (+) cells, enhanced
metastatic ability was due to TGM2. However, knockdown
of TGM2increased the expression of E-cadherin in CD133
(=) and CD133 (+) (Figure 4C). This result agreed with the
attenuated migration and invasion ability. -catenin is also
known as another EMT marker that is up-regulated during
EMT and as described above, B-catenin was regulated by
TGM2. However, in CD133 (-) cells, increased [-catenin by
TGM2 was not parallel with metastatic ability. This
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Figure 5. Graphical summary of the effect of TGM2 on colon cancer cells. TGM?2 directly regulated stemness- and EMT-related proteins in colon

cancer cells.

discrepancy is due to high levels of E-cadherin. Taken
together, TGM2 directly affects stemness, migration, and
invasion by regulating stemness- and EMT-related proteins.

Recent reports suggest that EMT is closely related to
stemness properties in CSCs. The EMT generates cells with
properties of stem cells, as the induction of an EMT (i.e.
expression of TGF-f3, twist, and snail) in immortalized
human mammary epithelial cells acquired mesenchymal
traits and the expression of stem-cell markers (20, 21). Our
study shows similar results in that stemness and EMT were
induced at the same time in TU12-derived CSCs with up-
regulation of TGM2. In addition, overexpression of TGM?2
also induced the EMT and CSC phenotype in human TU12
CRCs. Therefore, stemness and the EMT are closely
associated through TGM2-related pathway, and TGM2 may
play a role as an EMT and stemness marker in TU12 human
colorectal cancer cells.

In summary, this study demonstrated that TGM2 promotes
CCSCs survival by modulating EMT through the self-
renewal pathway. Thus, TGM2 may be suitable as a
prognostic marker for metastatic cancer and cancer resistant
to conventional therapy, and it may also be a potential
therapeutic target to prevent tumor formation and metastasis.
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