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TPM3, a strong prognosis predictor, is involved in malignant
progression through MMP family members and EMT-like
activators in gliomas
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Abstract Recent studies have shown that many molecular
mechanisms, such as the EGFR, AKT, STAT3, and beta-
catenin pathways, are involved in glioma. However, the prog-
nosis of the disease remains poor. Explorations of the under-
lying mechanisms of glioma and identification of effective
markers for early diagnosis and accurate prognostication re-
main important today. In this study, we employed survival
analysis to determine that TPM3 overexpression was signifi-
cantly associated with high-grade gliomas and higher mortal-
ity. Usingmicroarray combined with Pearson correlation anal-
ysis, we found that TPM3 was positively correlated with the
expression ofMMP family members and EMT-like activators.
Reduction of TPM3 (via TPM3-siRNA) inhibited cellular
invasion and migration and decreased MMP-9 and SNAI1
levels in glioma cells. To the best of our knowledge, our work
is the first to show that TPM3 plays a critical role in the
progression of gliomas and provides novel insights into the
key roles of MMP family members and EMT-like activators
that mediate TPM3 functional signaling for glioma regulation.
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Introduction

High-grade gliomas (HGGs) account for the majority of
all gliomas, including glioblastoma (World Health Orga-
nization [WHO] grade IV) and anaplasticglioma (WHO
grade III). Despite tremendous efforts to develop multi-
modal treatments, the overall prognosis of the disease
remains poor [1]. Given the limitations of current diag-
nostic tools, including both predictive and prognostic
markers, development of improved therapeutic strategies
remains a critical need.

Tropomyosins (TPMs) are a series of actin-binding pro-
teins present in the skeletal and smooth muscle and some non-
muscular tissues. In the skeletal muscle, TPMs mediate a
myosin-actin response to calcium ions and take part in the
stabilization of cytoskeletal microfilaments [2]. Several stud-
ies have recently suggested that non-muscular TPMs may be
involved in the progression of cancer. As a tumor suppressor,
TPM1 has been shown to play a role in the suppression of
malignant phenotypes [3]. By contrast, TPM3, as an important
oncogene, has been reported to be involved in hematopoietic
tumorigenesis, migration, and invasion [4]. Miyado et al. [5]
observed that TPM3 expression is higher in a highly metasta-
tic mouse melanoma cell line than in a low-metastatic one; this
study suggests that TPM3 plays an important role in the
invasion or migration of human malignancies. However, the
expression and function of TPM3 in gliomas remain poorly
understood.

In the present study, TPM3 was shown to be
overexpressed in HGGs and involved in the mortality
of HGG patients. TPM3 knockdown was demonstrated
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to inhibit cellular invasion and migration in glioma cells.
Using microarray combinedwith Pearson correlation analysis,
we found that a series of matrix metalloproteinase (MMP)
family members and epithelial-to-mesenchymal transition
(EMT) like markers are overexpressed in HGGs and positive-
ly correlated with TPM3 expression. Among these markers,
MMP-9 and SNAI1 were selected for functional validation
because of their strong association with the malignant pheno-
type. Consistent with the microarray data, TPM3 knockdown
reduced the expression level of MMP-9 and SNAI1. To the
best of our knowledge, our study is the first to indicate that
TPM3 may be used as a therapeutic target for glioblastoma
multiforme (GBM). TPM3 may be an important promoter of
glioma cell invasion and migration by induction of the ex-
pression of MMP family members and EMT-like activators.

Materials and methods

Microarray analysis

mRNA expression data on gliomaswere downloaded from the
Chinese Glioma Genome Atlas (CGGA) data portal (http://
www.cgga.org.cn/portal.php) [6]. Microarray analysis of the
whole genome gene profiles of 220 glioma tissues was
performed using Agilent Whole Human Genome Array, and
data were normalized using GeneSpring GX 11.0.
Retrospective analysis of clinical outcomes was based on
CGGA mRNA expression microarray data, including
survival information of 89 GBM patients. Overall survival
curves were plotted according to the Kaplan–Meier method,
and the log-rank test was applied for comparison.

Human glioma tissues and cell lines

Glioma tissue samples were collected from the Chinese Glio-
ma Cooperative group (CGCG). Diagnosis of gliomas was
established histologically according to the 2007 WHO classi-
fication. Human U87 and U251 glioma cell lines were obtain-
ed from the Chinese Academy of Sciences cell bank. Glioma
cell lines were cultured in Dulbecco’ s modified Eagle’ s
medium (DMEM) supplemented with 10 % fetal bovine se-
rum (FBS), 100 units/ml penicillin, and 100 ng/ml streptomy-
cin. All cells were incubated at 37 °C in an atmosphere of 5 %
CO2. The present study was approved by the medical review
board of Nanjing Medical University. Written informed con-
sent was obtained from all participating patients.

Oligonucleotides and cell transfection

The TPM3-siRNA,MMP9-siRNA, and SNAI1-siRNA oligo-
nucleotides were designed and synthesized by GenePharma
and Gene chem (Shanghai, China). A siRNA that was

unrelated to any human sequence was used as a negative
control (NC). The plasmid containing the ORF of TPM3
(TPM3), was generated from Gene chem. Blank vector was
used as an NC. For transfection, transfection complexes were
formed from oligonucleotides using Lipofectamine 2000
(Invitrogen). Transfection complexes were added to glioma
cells and incubated for 6–8 h before the mediumwas changed.

Western blot analysis

Western blot was performed as previously described [7].
Immunoblot was performed using appropriate primary anti-
bodies: TPM3 (1:800; Abcam), MMP-9 (1:800; Abcam),
SNAI1 (1:500; Abcam), and GAPDH (1:1,000; Santa Cruz).

Invasion assay

Cell invasion assays were performed using transwell mem-
branes coated with Matrigel (BD Biosciences). Transfected
cells were plated at a density of 3×104 cells per well in the
upper chamber and in serum-free medium. The lower cham-
ber was filled with 20% FBS as a chemo-attractant. After 24 h
of incubation, cells remaining in the upper chamber of each
well were carefully removed with cotton swabs, and invading
cells were fixed with 3 % paraformaldehyde, stained with
crystal violet, and counted from three independent fields
(×100 magnification).

Wound healing assay

Cells were cultured until reached 90 % confluence in 6-well
plates. Cell layers were scratched using a 20-μl tip to form
wound gaps, washed twice with PBS and cultured. The wound
healing was photographed at different time points and wound-
ed gaps were analyzed by measuring the distance of migrating
cells for three different areas for each wound.

Cell proliferation assay

Cells in the logarithmic phase of growth were seeded at 2,000
per well in 96-well plates and cultured. Cell proliferation was
assayed at the indicated time points using a CCK8 kit
(Beyotime, China) according to themanufacturer’s instructions.

Statistical analysis

Each value was obtained from at least three independent
experiments and presented as means ± SD. Significant differ-
ences were calculated using one-way ANOVA for three-group
comparisons and t-test for two-group comparisons. The SPSS
13.0 software package was employed. Pearson correlation
analysis was performed using MATLAB software. A proba-
bility value of <0.05 was considered statistically significant.
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Results

TPM3 expression in glioma tissues and association with GBM
patient prognosis

Using CGGA microarray data, we initially analyzed TPM
family expression patterns in different grades of glioma tissues
and found that TPM3 expression is elevated in HGG tissues
compared with low-grade glioma ones (Fig. 1a and b). The
mean overall survival time of GBM patients with high level of

TPM3 was 287.0 days, significantly shorter than that of pa-
tients with low levels of TPM3 (506.0 days; P=0.02, log-rank
test; Fig. 1c).

Effects of TPM3 on cellular invasion and migration in glioma
cells

To explore the potential role of TPM3 on the invasiveness of
glioma cells, TPM3 was downregulated using small interfer-
ing TPM3 (si-TPM3). In vitro invasion assay was employed.

Fig. 1 TPM3 expression in glioma tissues and Kaplan–Meier plots of
overall survival duration in patients with GBM. aA heat map showing the
expression profiles TPM family members in 220 glioma tissues. b Mi-
croarray analysis of TPM3 expression in different grades of glioma.

***P<0.0001. c Kaplan–Meier survival analysis of overall survival
duration in 89 GBM patients according to TPM3 expression. The log-
rank test was used to calculate the P value. Results are presented as mean
± SD from three independent experiments

Fig. 2 Effects of TPM3 on glioma cell invasion and migration as
determined by in vitro assay. a, b Effect of si-TPM3 on the invasion of
glioma cell lines as determined by in vitro transwell invasion assay.

**P<0.01. c, d Effect of si-TPM3 on the migration of glioma cell lines
as determined by in vitro wound-healing assay. **P<0.01. Results are
presented as mean ± SD from three independent experiments
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As shown in Fig. 2a and b, TPM3 knockdown led to a
43.84 % reduction in invasion of the basement membrane
(Matrigel) by U87 cells and 44.19 % reduction in invasion
by U251 cells compared with the scramble group. Subse-
quently, the effect of si-TPM3 on cell migration was tested.
We found that down-expression of TPM3 obviously de-
creased the wound healing effect of glioma cells (Fig. 2c
and d). To exclude the interference of cell proliferation, we
did CCK8 assay and captured relative cell number at two time
points. As shown in supplementary figure 1, CCK-8 assays
showed that there was no significant difference between si-
TPM3-transfected U87 and U251 cells and NC group within
24 h.

Correlation of MMP family genes and EMT-like activators
with TPM3

To determine the potential mechanisms of the aberrant expres-
sion of TPM3 and malignant progression of glioma, we used
Pearson correlation to analyze the relationships between
TPM3 and all known human protein-coding genes. MMP
family genes and a set of classical EMT-like activators were
found to positively correlate with TPM3 expression (Fig. 3
and Table 1). Among these genes, MMP-9 and SNAI1, two
factors known to promote cell invasion and migration in
cancers and positively correlate with glioma grade (Fig. 4),
were selected for validation studies on glioma cells.

MMP-9 and SNAI1 involved in TPM3 functional signaling
for glioma regulation

To determine whether or not TPM3 regulates MMP-9 and
SNAI1 in glioma cells, MMP-9 and SNAI1 expression was
determined in blank, scrambled, and si-TPM3-treated cells by
Western blot analysis. Compared with the blank and scram-
bled control cells, si-TPM3 cells showed decreased MMP-9
and SNAI1 expression (Fig. 5). Further, transwell and wound

healing assays showed that overexpression of TPM3 promot-
ed glioma cell invasion and migration. Introduction of si-
MMP9 or si-SNAI1 abrogated TPM3 overexpression-
induced cellular invasion and migration. These results suggest
that TPM3 modulates malignant progression at least partially
through MMP9 and SNAI1 (Supplementary Fig2).

Discussion

Glioma is themost common lethal intracranial tumor in adults.
Even after years of efforts in developing and improving ther-
apeutic strategies, the survival times of glioma patients remain
short. Local invasion is the hallmark of malignant gliomas and
the major cause of recurrence and morbidity [1]. Given the
identification of novel biomarkers and new molecular classi-
fication systems, a new era of diagnostics is expected to
emerge.

Fig. 3 MMP family members
and EMT-like activators
positively correlated with TPM3.
The heat map shows that nine
MMPs and four EMT-like
activators are positively
correlated with TPM3 in 220
glioma samples

Table 1 Genes positive-
ly correlated with TPM3
in gliomas

Gene name R value P value

MMP14 0.72 3.37×10−26

MMP19 0.58 9.38×10−16

MMP11 0.56 2.65×10−14

MMP9 0.49 4.26×10−11

MMP7 0.49 2.56×10−11

MMP1 0.48 1.98×10−10

MMP2 0.31 9.35×10−5

MMP12 0.28 0.0003

MMP25 0.23 0.03

TWIST1 0.58 1.15×10−15

SNAI1 0.45 3.14×10−9

ZEB2 0.36 2.98×10−5

SNAI2 0.22 0.006
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TPM3, an important member of the TPM family, is
known to play a major role in the pathological processes
of hepatocellular carcinoma, specifically cell migration and
invasion [8]. Expression levels of TPM3 are reportedly
higher in a highly metastatic mouse melanoma cell line than
in a low metastatic one [5]. However, the effect of TPM3 on
gliomas and the associated regulatory networks of TPM3
have yet to be elucidated. In the present study, we found that
TPM3 is overexpressed in HGGs and that TPM3 overex-
pression is significantly associated with higher mortality in
GBM patients. Hence, TPM3 shows potential as a prognos-
tic marker and therapeutic target. We subsequently conduct-
ed a study to elucidate the biological effects of TPM3
overexpression in gliomas using RNA interference (RNAi)
technology to knock-down TPM3 expression. We found that
TPM3 knockdown profoundly represses the invasion and
migration potential of glioma cells compared with identical
cell lines without siTPM3 treatment. We also explored the
mechanisms behind the reduced invasion and migration
observed in TPM3 knockdown glioma cells. Using microar-
ray combined with Pearson correlation analysis, we found

that several MMP family members and EMT-like markers
are overexpressed in HGGs and positively correlated with
TPM3 expression. Among these markers, MMP-9 and
SNAI1, which are genes strongly associated with malignan-
cy in glioma, were selected for functional validation. In vitro
studies reveal that TPM3 knockdown reduces the levels of
MMP-9 and SNAI1 expression in glioma cells. Restoration
experiments suggest that TPM3 modulates malignant pro-
gression at least partially through MMP9 and SNAI1in
glioma.

EMT is a complex cellular process that reflects a high
level of phenotypic plasticity. Milestone studies in colon
cancer have led to the construction of a classic EMT-
mediated model for epithelial solid tumor metastasis [9].
Interestingly, recent publications in the field of brain tumor
research indicate an apparent link between EMT-like pro-
cesses and GBM progression and invasion [10]. In recent
years, extensive experimental work has yielded an improved
understanding of the molecular mechanisms of these pro-
cesses and resulted in the elucidation of core components of
EMT-like activators in glioma [11]. Initial reports have

Fig. 5 Regulation of the
expression of MMP-9 and SNAI1
by TPM3. The si-TPM3-treated
group demonstrates decreased
MMP-9 and SNAI1 protein
expression compared with the
blank and scramble groups in
glioma cell lines

Fig. 4 MMP-9 and SNAI1
expression in glioma tissues. a
Microarray analysis of MMP-9
expression in different grades of
glioma. ***P<0.0001. b
Microarray analysis of SNAI1
expression in different grades of
glioma. ***P<0.0001. Results
are presented as mean ± SD from
three independent experiments
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implicated TWIST1overexpression in malignant glioma de-
velopment and GBM invasion promotion in vitro [12]. The
same authors reported that shRNA-mediated knockdown of
TWIST1 significantly impairs the in vitro migration and
invasion of GBM cells and reduces their sphere formation
capacity. Higher ZEB2 levels have been detected in 90
clinicopathologically characterized specimens derived from
glioblastoma patients who experienced early relapse and
rapid tumor progression [13]. In the same study, knockdown
of ZEB2 in GBM-derived cell cultures resulted in impaired
migration and invasion, decreased proliferation, and in-
creased cell death. The SNAI family represents a third group
of transcriptional activators that play a significant role in the
EMT process in cancer cells [14]. SNAI1 and SNAI2 are
reportedly closely associated with the elevated invasion and
migration of malignant gliomas [15–17]. Members of the
MMP family are involved in the breakdown of the extracel-
lular matrix in normal physiological processes, such as
embryonic development, reproduction, and tissue remodel-
ing, as well as in several diseases [18, 19]. MMP-9 is
overexpressed in various human cancers and acts as an
important oncogene that promotes the invasiveness of cancer
cells [20, 21]. Many studies have attempted to investigate
the predictive value of MMP-9 in various malignancies. In
one study, MMP-9 conferred a poor prognosis in patients
with GBM [22]. Similarly, increased expression of MMP-9
was correlated with poor prognosis in gastric cancer, blad-
der cancer, and nasopharyngeal carcinoma patients [23–25].
In the present study, MMP-9 and SNAI1 show significantly
higher expression in HGG tissues than in low-grade glio-
mas and are positively regulated by TPM3 in in vitro
assays.

In summary, we confirmed that TPM3 is correlated with
poor prognosis in GBM patients and showed for the first time
that TPM3 expression profile in different grades of gliomas. In
addition, we demonstrated that TPM3 knockdown profoundly
represses the invasion and migration of glioma cell lines as
well as the expression of MMP-9 and SNAI1. To the best of
our knowledge, our work is the first to show that TPM3 is
involved in the malignant phenotype of glioma by activating
MMP and EMT-like signaling pathways. Considering the key
role of TPM3 in cell invasion and migration, TPM3 may
participate in glioma progression and thus indicate poor prog-
nosis. As such, TPM3 may be a potential target for GBM
therapy.
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