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Silencing of TGM2 reverses epithelial to mesenchymal transition
and modulates the chemosensitivity of breast cancer to docetaxel
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Abstract. Epithelial to mesenchymal transition (EMT) plays a
critical role in drug resistance. The aim of the present study was
to further elucidate its role by examining the effect of tissue
transglutaminase (TG2) on EMT and drug resistance in breast
cancer. An antisense lentiviral (LV) short hairpin (sh)RNA
construct specific to the TG2 gene (TGM?2) was designed,
synthesized and stably transfected into MDA-MB-231 cells to
silence TGM2 by RNA interference (RNAi). The transfected
cells expressed low levels of TG2 and constituted the RNAi
(TGM2-shRNA) group. A control (NC) group was also estab-
lished by transfecting MDA-MB-231 cells with scrambled
shRNA. The expression levels of TG2, E-cadherin, vimentin
and B-cell lymphoma (Bcl)-2 in the cells were examined via
western blotting. The transfected MDA-MB-231 cells were
divided into four groups, two of which were treated with
doxetaxel (TXT): NC, RNAi, TXT and RNAi + TXT groups,.
Cell proliferation was analyzed by MTT assay and cell apop-
tosis was detected by flow cytometry. An in vivo assay was
also conducted, in which MDA-MB-231 cells transfected with
scrambled shRNA or TGM2-shRNA were subcutaneously
implanted into nude mice. After 2 weeks, TXT or vehicle was
intraperitoneally administered at a dose of 10 mg/kg on day 1
of every week and tumor growth was monitored. Following
the silencing of TGM2 in the MDA-MB-231 cells, the cells
showed changes in morphology, indicating that an increased
expression of TG2 was associated with a mesenchymal
morphology. Transfection of the cells with TGM2-shRNA
affected the expression of TG2, E-cadherin, vimentin and
Bcl-2. In the MTT assay, the proliferation of MDA-MB-231
cells was significantly inhibited in the RNAi group compared
with the control group (P<0.05), and the inhibitory effect
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increased in a time-dependent manner. Following treatment
with TXT for 48 h, apoptosis was significantly promoted in the
RNAIi + TXT group compared with that in the other groups
(P<0.05). Measurement of the tumors in the nude mice indi-
cated that the combination of RNAi and TXT brought about
a stronger antitumor effect than either treatment alone. These
results suggest that the downregulation of TG2 reversed EMT
and modulated the chemosensitivity of breast cancer to TXT.
TG2 may be an important predictive and prognostic factor for
the treatment efficacy of chemotherapy in patients with breast
cancer.

Introduction

Triple-negative breast cancer (TNBC), which comprises
15-20% of all breast cancers, has a low survival rate due to
drug resistance. It is imperative for new therapeutic targets
to be identified in order to improve the outlook for these
patients. Epithelial to mesenchymal transition (EMT) plays a
critical role in drug resistance (1). EMT is a process by which
epithelial cells lose their cell polarity and cell-cell adhesion,
and gain migratory and invasive properties. The process also
controls chemoresistance and immune escape (2).

Tissue transglutaminase (TG2) belongs to the family of
transglutaminase enzymes that are active in the presence of
Ca?", and catalyze Ca**-dependent protein crosslinking via the
formation of amide bonds (3). It has been reported that TG2
induces EMT in MCFI0A and MCF12A mammary epithelial
cells (4). Docetaxel (TXT) is one of the most effective chemo-
therapy drugs and TXT chemotherapy is widely used to treat
breast cancer.

When the clinical and biological significance of TG2
was examined in ovarian cancer (5), knockdown of the TG2
gene (TGM2) of HeyAS8 cells with small interfering (si) RNA
strongly promoted TXT-induced cell death. Mouse model
studies indicate that TG2 is a potential therapeutic target
for chemo-resistant ovarian cancer (5). The combination of
TGM2-siRNA and TXT with chitosan hydrogel facilitated
a greater inhibition of cancer growth compared with that
achieved using TXT and chitosan hydrogel (92 vs. 55% reduc-
tion; P<0.001) (6).

Drug resistance poses a major challenge to the treatment
of breast cancer and until now little has been known about the
role that TG2 plays in breast cancer. It may be speculated that
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TG2 is involved in EMT and TXT-induced cell death in breast
cancer. To better understand the effect of TG2 on drug resis-
tance, the role of TG2 in EMT and drug resistance in breast
cancer was examined in the present study. Breast cancer cells
were modified by TGM2-specific RNA interference (RNA)i
and the effect of TG2 on the sensitivity of breast cancer to
TXT was investigated in vitro and in xenograft tumor models
in nude mice.

Materials and methods

Cell line and materials. MDA-MB-231 TNBC cells were
purchased from the Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences (Shanghai, China)
and cultured in L-15 medium (WISENT, Inc., Nanjing, China)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (10,000 U/ml penicillin and 10 mg/ml
streptomycin) at 37°C in a humidified atmosphere (CO, was
not present).

An antisense lentiviral (LV) RNAI vector targeting the
TGM?2 gene with short hairpin (sh)RNA (TGM2-shRNA-LV)
was designed, synthesized and stably transfected into
MDA-MB-231 cells, which subsequently expressed low
levels of TG2. The targeting sequence 5'-GCAGTGACT
TTGACGTCTT-3' was designed to target the TGM2 gene
(GenBank accession No. NM_004613), and was cloned into
the lentiviral vector GV115 (Shanghai GeneChem Co. Ltd.,
Shanghai, China). The specificity was confirmed by a BLAST
search of the GenBank database (http://www.ncbi.nlm.nih.
gov/genbank/). A green fluorescent protein lentiviral vector
containing a non-effective (scrambled) shRNA cassette served
as a negative control for gene downregulation.

TXT was purchased from Jiangsu Hengrui Medicine Co.
Ltd. (Lianyungang, China). The MDA-MB-231 cells were
divided into the RNAi (TGM2-shRNA) and NC (scrambled
shRNA) groups and the expression levels of TG2, E-cadherin,
vimentin and Bcl-2 in the cells were examined via western
blotting.

Western blot analysis. Cultured cells were washed and
harvested in alysis solution containing SDS and NP-40 (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China). The
proteins were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride membrane by electroblotting, and
then blocked with 2.5% non-fat milk in Tris-buffered saline
with Tween 20 for 2 h at room temperature. The membranes
were then probed with the relevant mouse monoclonal anti-
bodies overnight at 4°C: Anti-TG2 (CUB7402), anti-E-cadherin
(HECD-1), anti-Bcl-2 (Bcl2/100), anti-GAPDH (9484; Abcam,
Cambridge, MA, USA) and anti-vimentin (RV202; Santa Cruz
Biotechnology, Inc., La Jolla, CA, USA), which were diluted
according to the manufacturer's recommendations. Washing
steps were performed using 0.1% Tris-buffered saline and
Tween (5 min x 3). Secondary antibodies were diluted 1:2,000
and incubated for 2 h at room temperature. Immunoreactive
proteins were detected via western blot enhanced chemilumi-
nescence (ECL Plus; Beijing Solarbio Science & Technology
Co., Ltd.). Quantitative densitometry of the electrophoretic
bands images was conducted using Image J software (National
Institutes of Health, Bethesda, MD, USA). Intensity levels
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of the target protein were then normalized against those of
GAPDH, the house keeping protein.

Detection of cell proliferation by MTT assay. Cells were
passed through no. 400 stainless steel meshes and inocu-
lated into 96-well plates at 1.5x10° cells/well. The cells were
divided into four groups, two of which were treated with
3.7 ug/ml TXT. These were the NC, RNAi, TXT (NC + TXT)
and RNAi + TXT groups. Cells were cultured at 37°C for 24,
48 or 72 h, following which MTT was added. After another
4 h of culturing, the complete medium containing the drug and
the unconverted MTT was removed, 200 1 dimethyl sulfoxide
was added to each well, and the absorbance of each well was
read at 570 nm using an ELISA microplate reader (ST-360;
KHB, Shanghai, China). The growth inhibition rate of the
tumor cells was then calculated using the following formula:
Inhibition rate (%) = [1-optical density (OD) drug exposure/OD
control] x 100. The effective anticancer activity was regarded
as sensitive. All experiments were repeated four times under
the same conditions.

Detection of cell apoptosis by flow cytometry. The trans-
fected cells were seeded into 25 ml flasks. They were treated
with TXT at a concentration of 3.7 pg/ml (the average peak
plasma concentration) when they covered 80% of the flask, or
were untreated. Following 48 h of treatment, the cells were
washed with phosphate-buffered saline (PBS), digested with
trypsin, pelleted by centrifugation at 300 x g for 10 min, resus-
pended in an EP tube with PBS, and fixed and permeabilized
following the addition of 2 ml ice-cold 70% ethanol. The cells
were washed three times in PBS and Annexin V/propidium
iodide (ROTRN Shanghai Biological Technology Co., Ltd.,
Shanghai, China) was added. The cells were stored at 4°C,
allowed to stand at room temperature in the dark for 3 min, and
then filtered through 400-mesh filter traps, prior to analysis
of cell apoptosis using a BD FACSCanto II flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Animals and xenograft tumor model study

Animals. The animal experiments were approved by the
Ethics Committee of Guangxi Medical University (Nanning,
China). Female Balb/c nude mice were purchased from the
Medical Laboratory Animal Center of Guangxi Medical
University and maintained at the animal laboratory under
specific pathogen-free conditions. Six-week old female nude
mice, each weighing 20-25 g, were injected with cells into a
fat pad of mammary gland. Mice were housed in an animal
room, with water and food freely available. The mice (n=24)
were randomly divided into four experimental groups (n=6 per
group).

Xenograft tumor model study. The antitumor effect
of combination therapy with TGM2-shRNA and TXT on
human breast cancer xenografts derived from MDA-MB-231
cells was investigated. To evaluate the antitumor effects of
TGM2-shRNA and TXT in vivo, 5x10° MDA-MB-231 cells
transfected with scrambled shRNA or TGM2-shRNA vector
(in 100 u1 PBS, pH 7.3) were injected subcutaneously and once
daily for 3 days into the right thoracic mammary fat pad of
the 6-week-old female nude mice. Following the injection, the
mice were monitored daily for tumor volume and survival.
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Figure 1. TGM2-shRNA-LV reverses epithelial to mesenchymal transition in MDA-MB-231 cells. MDA-MB-231 cells were stably transfected with
(A) TGM2-shRNA-LV construct or (B) scrambled shRNA alone. Images taken following 10 days culture in medium. Magnification, x200. TGM2, transgluta-

minase 2, shRNA, short hairpin RNA; LV, lentivirus.

After 2 weeks, all 24 animals showed tumor growth, and PBS
or TXT (10 mg/kg) was injected intraperitoneally on day 1
of every week. The tumor volume was measured by vemier
caliper every 3 days, and calculated according to the formula:
Tumor volume = 7/6 x (width x length?), where width and
length are the shortest and the longest diameters of the tumor,
respectively. The measurements for the MDA-MB-231 xeno-
grafts were continued for 3 weeks.

Examination of TG2 expression within tumors. Immuno-
histochemical analysis was carried out to explore whether
TGM2-shRNA effectively downregulated the expression of
TG2 in vivo. Xenografted tumors from sacrificed nude mice
were collected and fixed in 10% formalin for immunohisto-
chemical analysis after weighing and measuring.

The analysis of the TG2 expression was conducted using
the TG2 mouse monoclonal Ab. The total staining of TG2 was
evaluated according to the percentage and intensity of cells
with TG2 cytoplasm staining.

Statistical analysis. Data were analyzed with SPSS software
(version 17.0; SPSS Inc., Chicago, IL, USA). Student's t-test
was used for quantitative results. The x* and Fisher's exact tests
were used to compare the expression of TG2 within tumors
grown in nude mice. Values of P<0.05 were considered to
indicate a statistically significant difference.

Results

Morphological appraisal of breast cancer cells. Following
gene silencing of TGM2, the MDA-MB-231 cells showed
changes in morphology. The MDA-MB-231 cells in the
NC group remained elongated and dispersed whereas
the cells in the TGM2-shRNA group were rounded with
cobblestone epithelial morphology, and were organized
in compact structures (Fig. 1). These data suggest that
an increase in the expression of TG2 is associated with a
mesenchymal morphology (7).

Expression of TG2, E-cadherin, vimentin and Bcl-2 in
MDA-MB-231 cells. To analyze the biological consequences
of reduced TG2 expression in MDA-MB-231 cells, the expres-
sion of endogenous TG2 in MDA-MB-231 cells was inhibited
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Figure 2. Western blotting for TG2, E-cadherin, vimentin and Bcl-2 in the
RNAi and NC groups. RNAi, RNA interference; NC, control; TG, transglu-
taminase.
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Figure 3. Effect of TXT on the proliferation of MDA-MB-231 cells as evalu-
ated by MTT assay ('P<0.05). TXT, docetaxel; OD570, optical density at
570 nM; RNAIi, RNA interference; NC, control.
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Figure 4. Apoptosis rate of MDA-MB-231 cells ('P<0.05). TXT, docetaxel;
RNAI, RNA interference; NC, control.
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A-B
C-D

Figure 5. Representative immunohistochemical staining for TG2 in MDA-MB-231 tumors grown in nude mice. (A) NC group; (B) RNAIi group; (C) TXT group;
(D) RNAi+TXT group. NC and TXT groups show marked expression, while the RNAi and RNAi + TXT group show negative expression. Magnification, x400.
TG, transglutaminase; NC, normal control; RNAi, RNA interference; TXT, docetaxel.
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Figure 6. Volume of the tumors in the nude mice. NC, normal control; TXT,
docetaxel; RNAi, RNA interference.

by RNAI and the expression of TG2, E-cadherin, vimentin
and Bcl-2 was detected. Western blot analysis demonstrated
that once MDA-MB-231 cells had been stably transfected
with TGM2-shRNA for 96 h, the expression levels of TG2,
vimentin and Bcl-2 were significantly downregulated and the
expression level of E-cadherin was significantly upregulated,
compared with the levels in the NC group (P<0.05; Fig. 2).

Proliferation of breast cancer cells. The transfected
MDA-MB-231 cells were cultured in the presence or absence
of TXT for 24, 48 or 72 h, and the results showed that the
proliferation of the breast cancer cells was strongly inhibited
in the RNAi + TXT group, with the difference between the
RNAIi + TXT group and the other groups being statistically
significant at 72 h (P<0.05). In addition, the inhibitory level
increased in a time-dependent manner (Fig. 3).

Apoptosis rate of MDA-MB-231 cells. Following treatment
with TXT for 48 h, the apoptosis of MDA-MB-231 cells was
significantly promoted in the RNAi + TXT group (27.93+1.1%)
compared with the TXT group (12.39+0.67%) (P<0.05). RNAi
(6.82+0.12%) and TXT alone also promoted the apoptosis of

breast cancer cells, however, the effect of RNAi + TXT was
the strongest (Fig. 4). Downregulation of TG2 improved the
anticancer effect of TXT.

Knockdown of TG2 with shRNA promoted TXT-induced
cell death. The combination therapy of TGM2-shRNA with
TXT was observed to be more effective than treatment with
TXT or RNAIi alone or no treatment. This indicates that
there are synergistic effects between TGM2-shRNA and
TXT, and that the delivery of TGM2-shRNA augmented the
TXT-induced apoptosis.

Anticancer effect of combined treatment with TGM2-shRNA
and TXT on MDA-MB-231 xenografts

Expression of TG2 within tumors was detected. Immuno-
histochemical detection of TG2 expression was performed in
tissue samples from the xenograft tumors. TG2 was strongly
expressed in xenograft tumors from the TXT and NC groups
while it was significantly downregulated within tumors from
the RNAi and RNAi + TXT groups, which demonstrated that
TGM2-shRNA effectively downregulated the expression of
TG2 in vivo (P<0.05; Fig. 5).

Average tumor volume. Tumor volume is used to assess the
response to antitumor therapy in animal studies. The antitumor
effects of the combined treatment with siRNA and TXT were
analyzed in a nude mouse model in the present study.

Tumor volume measurements indicated that tumor xeno-
graft growth was suppressed by TGM2-shRNA and TXT.
In the RNAi + TXT group the tumor volume remained low,
whereas tumors of the TXT group increased in volume. The
administration of TXT alone inhibited tumor growth by ~28%
and the administration of TGM2-shRNA alone inhibited tumor
growth by ~23% compared with that in the control group, while
the combination of TGM2-shRNA and TXT exhibited stronger
antitumor effects than either treatment alone, suppressing tumor
growth by ~74% (Fig. 6).

In the RNAi + TXT group, the strongest antitumor effect
was observed. The data showed that the combination of
TGM2-shRNA and TXT significantly enhanced antitumor
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activity in MDA-MB-231 xenografts, compared with TXT
monotherapy, consistent with the results of the in vitro study.
TGM2-shRNA effectively modulated the chemosensitivity of
breast cancer to TXT.

Discussion

EMT is characterized by the acquisition of a fibroblast-like
cell morphology, the dissolution of tight junctions, cell scat-
tering, the loss of epithelial markers including E-cadherin,
and the gain of mesenchymal markers such as vimentin (8.,9).
MET is the reverse process of EMT, and is a process by
which motile mesenchymal cells are converted to polarized
epithelial cells. Mesenchymal cells have the ability, which
true epithelia do not, to invade and migrate as individual cells
through the extracellular matrix constructed by epithelial
sheets and by mesenchymal cells themselves (10). As shown
in Fig. 1, cells transfected with TGM2-shRNA were rounded
with cobblestone epithelial morphology, and organized in
tight structures that adopted features of epithelial cells. These
characteristics induce adhesion, restrict motility, promote
intercellular communication and are frequently identified
as well-differentiated (11). Silencing of TGM2 with shRNA
changed the expression of EMT markers, such as E-cadherin
and vimentin.

The data presented in the present study suggest that the
changes observed in TG2-expressing cells were associated with
a mesenchymal phenotype. Downregulation of TG2 induces
changes associated with EMT, for example, in morphology and
EMT-relevant markers, which control chemoresistance (2).

When MDA-MB-231 cells were stably transfected with
TGM2-shRNA, the expression of Bcl-2 was significantly
downregulated. Bcl-2 is generally regarded as an important
anti-apoptotic protein and thus falls into the category of an
oncogene. Upregulation of Bcl-2 is common in breast carci-
noma (12). TXT-induced apoptosis is linked to the inactivation
of Bcl-2 (13). Bcl-2 confers resistance to apoptosis, and prevents
TXT-induced apoptosis, thereby reducing the effectiveness of
chemotherapy (14,15). The level of TG2 is associated with
the expression of Bcl-2 (16): Silencing TGM2 downregulates
the level of Bcl-2 (17). The compound rotterlin regulates
downstream proteins, including Bcl-2 and nuclear factor-xB,
through the TG2/protein kinase C  axis (18). Thus, silencing
TGM2 may promote apoptosis and increase the chemosensi-
tivity of MDA-MB-231 cells to TXT by downregulating Bcl-2.

The MTT proliferation assay is broadly used to study the
induction and inhibition of cell proliferation, and drug resis-
tance in an in vitro model (19). The transfected MDA-MB-231
cells were treated with TXT and the proliferation inhibition rate
of the cells was measured by MTT assay. In the RNAi + TXT
group, the proliferation of MDA-MB-231 cells was significantly
inhibited compared with that in the control group (P<0.05), and
the level of inhibition increased in a time-dependent manner.
Thus, the silencing of TGM2 in breast cancer was found to be
associated with decreased tumor cell growth, and improved the
anticancer effect of the chemotherapy drug TXT.

The apoptosis of MDA-MB-231 cells was significantly
promoted in the RNAi + TXT group compared with the control
group. These results suggest that the knockdown of TGM2
in breast cancer is associated with an increased antitumor
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effect of chemotherapy. Downregulation of TG2 expression
promoted TXT-induced cell death. The combination therapy
of TGM2-shRNA with TXT was more effective than TXT
monotherapy. Hwang et al (5) reported that the combination of
TG2 siRNA with TXT in ovarian cancer had a greater efficacy
that control siRNA with TXT.

In the present study, treatment with TGM2-shRNA upregu-
lated E-cadherin expression, and downregulated vimentin and
Bcl-2 expression in MDA-MB-231 cells. In addition, it signifi-
cantly increased the TXT-induced inhibition of proliferation
and the apoptosis of TNBC cells in vitro. The tumor inhibition
rate of the TXT group reached ~38%, compared with that of
the combined treatment group. The percentage of tumor inhibi-
tion was calculated according to the formula [1 - (R/N)] x 100,
where R and N represent the mean tumor volumes of the RNAi
and NC groups, respectively. Compared with treatment with
TXT or RNAI alone, tumor progression was delayed in the
RNAi + TXT group. The combination of TGM2-shRNA
with TXT demonstrated significant antitumor activity in vivo.
These results indicate that the TXT-sensitizing effect of
TGM2-knockdown on mammary cancer cells in vitro also
took place in vivo. Combination treatment with TGM2-shRNA
and TXT appears to be effective against TNBC since TGM2
silencing was found to be effective for the inhibition of cancer
cell proliferation in two models of TXT-resistant TNBC.

Numerous lines of evidence supported the role of TG2 over-
expression in the pathogenesis and poor clinical outcome of
breast cancer. Assi et al (20) reported that patients with stromal
TG2 accumulation had significantly decreased disease-free
survival (DFS; mean DFS, 110 months) compared with patients
with low TG2 expression (mean DFS, 130 months). On the
basis of these observations, it may be hypothesized that high
TG?2 expression levels correlate with poor clinical outcome
in patients with breast cancer, which leads to a decreased
sensitivity to TXT chemotherapy. Downregulation of TG2
induces changes associated with MET, promotes apoptosis
and increases the chemosensitivity of breast cancer.

In conclusion, the current data indicate the important
roles of TG2 in the promotion of EMT and drug resistance.
Downregulation of TG2 appears to reverse EMT and increase
the chemosensitivity of breast cancer to TXT. However,
clinical trials are required to clarify whether TG2 expression
may be helpful in predicting the treatment efficacy of TXT in
patients with breast cancer.
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