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Tropomyosin-1 promotes cancer cell apoptosis via the
pS3-mediated mitochondrial pathway in renal cell carcinoma
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Abstract. Tropomyosin-1 (TPM1), a widely expressed
actin-binding protein, is downregulated in many tumors and
associated with cancer progression. A previous study from
our group suggested that TPM1 could be involved in renal
cell carcinoma (RCC) apoptosis, but the mechanisms and
details remained unknown. The present study aimed to further
examine the proapoptotic effects of TPM1 and investigate the
underlying mechanisms in RCC cell lines. Results from cell
viability, DAPI staining and apoptosis assays demonstrated that
TPMI1 upregulation inhibited cell proliferation and promoted
cell apoptosis in both 786-O and ACHN RCC cell lines.
However, TPM1 knockdown in the two RCC cell lines did not
result in the opposite effects on cell proliferation or cell apop-
tosis. Comet assay and western blotting results demonstrated
that TPM1 overexpression induced DNA damage and decreased
the expression levels of the antiapoptotic factor BCL2 apop-
tosis regulator, while increasing the expression levels of the
proapoptotic factors BCL2 associated X, Caspase-3 and p53
in 786-O and ACHN cells. The present findings suggest that
TPMI overexpression in RCC cell lines can induce tumor cell
apoptosis via the p53-mediated mitochondrial pathway. Further
studies are needed to fully elucidate the potential of TPM1 as a
candidate for RCC targeted therapy in the future.

Introduction

Renal cell carcinoma (RCC) is acommon urological tumor which
accounts for ~2% of all adult malignancies. There were 62,700
newly diagnosed kidney and renal pelvis cancer cases and 14,240
related deaths in the US in 2016 (1). The latest Chinese cancer
epidemiology study reported 67,100 newly diagnosed kidney
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cancer cases and 24,100 related deaths in China in 2013 (2).
The RCC incidence rates were 4.4 and 2.2 per 100,000 in urban
and rural China, respectively, in 2013 (2). RCC diagnosis rose
steadily over recent decades, mainly due to the increasing use of
medical imaging methods (3). By contrast, with the development
of operation techniques and molecular targeted therapies, the
overall 5-year survival rates of RCC has improved significantly
from 50 to 74% during the past three decades (1). Apoptosis
resistance is a key cell biological behavior of RCC and many
other malignant tumors, which can result in uncontrolled tumor
growth. Therefore, a systemic investigation of the molecules
that affect apoptosis and proliferation in RCC is necessary for
the development of novel therapeutic candidates and improved
treatment strategies.

Tropomyosin-1 (TPMI1) belongs to the tropomyosin
family of actin-binding proteins that are widely expressed in
various cells. In muscle cells, tropomyosins mainly function
with the troponin complex to regulate muscle contraction
in a calcium-dependent manner, while in non-muscle cells
tropomyosins work as microfilaments to stabilize the cell
skeleton (4). Four TPM genes express a group of tropomyosin
proteins, which are consisted by either 248 amino acids (low
molecular weight, LMW) or 284 amino acids (high molecular
weight, HMW). HMW tropomyosins are commonly downreg-
ulated upon cell transformation and dedifferentiation in cancer
development (5). In one of the most representative studies,
Bharadwaj and Prasad (6) demonstrated that TPM1 was down-
regulated in breast cancer and functioned as a tumor suppressor
gene. Similar findings were observed in many other types of
tumors, including colorectal cancer, glioma and neuroblas-
toma (7-9). A previous study by our group has demonstrated
that TPM1 is downregulated in RCC and associated with tumor
cell apoptosis, invasion and migration (10). However, to the best
of our knowledge, the molecular mechanisms by which TPM1
promotes apoptosis have not been fully investigated in RCC.

The aim of the present study was to reveal in more detail
the molecular mechanisms by which TPM1 expression affects
tumor cell apoptosis and proliferation in RCC. These effects
were assessed by TPM1 overexpression and knockdown in two
different RCC cell lines.

Materials and methods

Cell culture and reagents. Human clear cell renal cell
carcinoma cell lines, 786-O and ACHN, were purchased
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from Procell Life Science and Technology Co,. Ltd. (Wuhan,
China). 786-0 cells were cultured in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and ACHN cells were cultured in MEM (Gibco; Thermo
Fisher Scientific, Inc.). Both media were supplemented with
10% fetal bovine serum (Hyclone; Healthcare Life Sciences,
Logan, UT, USA), 100 U/ml penicillin and 100 mg/ml strep-
tomycin in a 5x7 cm flask in a moist atmosphere containing
5% CO, at 37°C. The anti-TPMI1 (cat. no. 3910S), anti-Bax
(cat. no. 2774), anti-Bcl-2 (cat. no. 4223), horseradish peroxi-
dase (HRP) conjugated goat-anti-rabbit IgG (cat. no. 7074)
and HRP-conjugated horse-anti-mouse IgG (cat. no. 7076)
antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Anti-Caspase-3 (cat. no. ab44976),
anti-p53 (cat. no. ab26) and anti-B-actin (cat. no. ab8226) anti-
bodies were purchased from Abcam, Inc. (Cambridge, MA,
USA).

Plasmid construction and transient transfection. Plasmids
were designed, constructed and purchased from Suzhou
GenePharma Co., Ltd. (Suzhou, China), and included the
overexpression vector pEX4-TPM1, the overexpression
negative control empty vector pEX4, the knockdown vector
pGPU6/GFP/Neo-shTPM1-Homo-975, and the knockdown
negative control vector pGPU6/GFP/Neo-shNC. One day prior
to transfection, 786-O and ACHN cells were seeded in 24-well
microplates (4x10* cells/well) and cultured for 24 h at 37°C
and 5% CO,. When the density of cells grew to ~70-80% in the
following day, cells were transfected with the indicated plas-
mids using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
The ratio of plasmid (169 ug/ul) to transfection reagent was
1 pg:1.5 ul. The transfected cells were incubated at 5% CO,
at 37°C for 4 h prior to being changed to complete media
containing 10% serum.

Cellviability assay. The 786-0O and ACHN cells were cultured
in 24-well plates at a density of 4x10* cells/well for 24 h
following transfection. After 24 h, MTT dissolved in PBS was
added to each well at a final concentration of 5 mg/ml, and the
samples were incubated at 37°C for 4 h. Water-insoluble crys-
tals of formazan that formed during MTT cleavage in actively
metabolizing cells were then dissolved in dimethyl sulfoxide.
Absorbance was measured at 490 nm, using a microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

DAPI staining. 786-O and ACHN cells were washed with PBS
at 36 h post-transfection and then fixed in 4% paraformalde-
hyde for 30 min. PBS supplemented with 0.1% Triton X-100
was added for 2 min on ice, and cells were stained with 50 ul
DAPI for 10 min. Following three washes with PBS, images
were captured using a fluorescence microscope. Stage IIb
apoptotic cells, which contain fragments of splitting nucleus,
were easily distinguished from other cells. The apoptosis rate
was calculated in each high power field (HPF) as follows:
Stage IIb apoptotic cells in one HPF/all cells in the same HPF.
A total of five HPFs were randomly selected per group.

Single cell gel electrophoresis (comet assay). 786-O and
ACHN cells were harvested 36 h post-transfection and washed
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with PBS, then the cells were resuspended into low melting
point agarose at a ratio of 1:4. A total of 100 pl of cell suspen-
sion was added on the slide with 1.0% normal melting point
agarose, covered with coverslips, and then stored at 4°C for
30 min in the dark. The coverslips were then removed and the
slides were immersed into lysis solution (pH 10, 2.5 M NaCl,
100 mM Na,EDTA, 10 mM 1% Tris-HCI Sodium Sarcosinate;
added Triton X-100 and dimethyl sulfoxide to make their final
concentration up to 1 and 10% respectively before use) at 4°C
for 1-2 h in the dark. After washing, the slides were transferred
to an electrophoresis tank filled with alkaline electrophoresis
buffer (pH 13, 1 mM Na,EDTA, 300 mM NaOH) for 20 min
to allow DNA unwinding. After the electrophoresis procedure,
the slides were washed three times using a neutralization
buffer (pH 7.5, 0.4 M Tris-HCI). Slides were stained with 50 ul
ethidium bromide (10 ug/l) for visualization using a fluores-
cence microscope. At least 50 cells were randomly selected
from each group for observation and analyzed by CASPLab
software (version 1.2.3p1, University of Wroclaw, Institute
of Theoretical Physics, Wroclaw, Poland). Tail DNA %, tail
length and Olive tail moment were adopted as evaluation
parameters of DNA damage.

Apoptosis analysis. To measure the extent of 786-O and
ACHN cell apoptosis, an Annexin V-fluorescein isothio-
cyanate (FITC) apoptosis detection kit was used, according to
the manufacturer's instructions (eBioscience; Thermo Fisher
Scientific, Inc.). At 36 h post-transfection, cells were harvested
and centrifuged at 1,200 x g for 5 min at room temperature.
Then cells were washed once with PBS, and suspended in 1X
binding buffer. A total of 5 ul Annexin V-FITC was added
to 100 ul of cell suspension. Cells were washed with 2 ml of
binding buffer and suspended in 200 pl of 1X binding buffer.
Finally, 200 pl cell suspensions were mixed with 5 ul propidium
iodide (PI) staining solution then assessed by flow cytometry
(BD FACSCantolI; BD Biosciences, Franklin Lakes, NJ, USA)
and analyzed using Cellquest 6.0 (BD Biosciences).

Gel electrophoresis and western blot analysis. 786-O and
ACHN cell lines were harvested 36 h post-transfection and
washed with PBS twice. After centrifugation at 1,000 x g for
5 min at room temperature, the cell pellets were suspended in
ice-cold buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, | mM
PMSF, 1 mM EDTA, 5 ug/ml aprotinin, 5 pg/ul leupeptin,
1% Triton X-100 and 1% Sodium deoxycholate) and homog-
enized. Homogenates were centrifuged at 10,000 x g at 4°C for
10 min to obtain the supernatant. The protein concentration of
the supernatant was measured via Bio-Rad protein assay kit
(Bio-Rad Laboratories Hercules, CA, USA). The same weight
of protein (50 pg/lane) was electrophoresed on 10% SDS-PAGE
and then transferred to polyvinylidene difluoride membranes.
The membranes were blocked with PBS/5% bovine serum
albumin for 1 h and then incubated overnight at 4°C with the
primary antibodies as follows: Anti-TPM1 (dilution, 1:1,000),
anti-caspase-3 (dilution, 1:1,000), anti-Bax (dilution, 1:1,000),
anti-Bcl-2 (dilution, 1:1,000), anti-p53 (dilution, 1:1,000) and
anti-B-actin (dilution, 1:1,000). The membranes were washed
with PBST once and then incubated with HRP-conjugated
goat-anti-rabbit IgG (dilution, 1:1,500) secondary antibody for
TPMI, caspase-3, Bax and Bcl-2 detecting, while incubated
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Figure 1. TPM1 protein expression in 786-O and ACHN cell lines at 24 h following plasmids transfection. (A) Representative western blot images of the
different transfection groups in 786-O and ACHN cell lines. Untransfected cells were used as a control (mock). (B) Quantification of TPM1 protein expression
levels in 786-0O cells. (C) Quantification of TPM1 protein expression levels in ACHN cells. The values are presented as mean ratios + standard deviation
relative to f3-actin values from three independent repeats. 'P<0.05, with comparisons indicated by brackets. TPM1, tropomyosin-1; OE, TPM1 overexpression;
OE-NC, negative control for overexpression vector; KD, TPM1 knockdown; KD-NC, negative control for knockdown vector.

with HRP-conjugated horse-anti-mouse IgG (dilution, 1:1,500)
secondary antibody for p53 and fB-actin detecting for 4 h at
room temperature, then washed with PBST again. Finally,
immunoreactive proteins were visualized on films with
enhanced chemiluminescence (Amersham; GE Healthcare,
Chicago, IL, USA). Densitometry was performed with Kodak
ID image analysis software (Kodak, Rochester, NY, USA).

Statistical analysis. All statistical analyses were performed using
the GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). All data are expressed as the mean =+ stan-
dard deviation, unless otherwise stated. Comparisons between
groups were performed with one-way or two-way analysis of
variance followed by Bonferroni test. P<0.05 was considered to
indicate a statistically significant difference.

Results

TPM1 upregulation inhibits 786-0 cell proliferation. At
24 h post-transfection with the overexpression or the knock-
down plasmids, the protein expression levels of TPM1 were
examined by western blot analysis (Fig. 1A). The results
demonstrated that TPM1 protein levels in the pEX4-TPM1
overexpression group (OE) were markedly increased compared
with its negative control pEX4-NC group (OE-NC; P<0.001
in 786-0 cells, Fig. 1B; P<0.01 in ACHN cells, Fig. 1C).
By contrast, TPM1 protein levels in the pGPU6-shTPM1
knockdown group (KD) were decreased compared with its
negative control pGPU6-shNC group (KD-NC) in 786-0 cells
(P<0.01; Fig. 1B), while no change was observed in ACHN
cells (Fig. 1C). These findings demonstrate that nearly all the
constructed plasmids were successfully transfected into 786-O
and ACHN cell lines.

Next, 786-O and ACHN cells were transfected with the
various plasmids, and their viability was assessed by MTT
assay at 0, 6, 12, 18, 24, 36, 48 and 72 h (representative

pictures are illustrated in Fig. 2A). The results demonstrated
that TPM1 overexpression gradually decreased the numbers
of viable 786-0 cells over time, while no significant difference
was observed among other groups (P<0.001 for all time points;
Fig. 2B). TPM1 overexpression in ACHN cells had similar
effects on cell survival rate, while no remarkable difference
was observed among other groups in ACHN cells (Fig. 2C).

TPM1 overexpression leads to RCC cell apoptosis. To
measure the apoptosis rates of RCC cells following manipula-
tion of TPM1 expression, the DAPI staining assay was used.
Fluorescence microscopy images captured of the stained
cells demonstrated that nuclei with abnormal margins and
condensed chromatin were more markedly observed in the
TPM1 overexpression group compared with the other groups
(Fig. 3A). Nuclear fragmentation in TPM1-overexpressing
RCC cells was marked by tear drop-shaped tubular, irregular
and fragmented chromatin (Fig. 3B). By contrast, in the mock,
knockdown and two negative control groups, DAPI staining
mainly resulted in single, bright, round nuclei and peripheral
cell spots (Fig. 3A). Apoptotic cell numbers and proportions
were counted and calculated by microscopy observation of
10x20 high power fields (magnification x10 ocular lens plus
magnification x20 objective lens). Statistical analysis of the
results revealed that the TPM1 overexpression groups had
significantly higher apoptosis rates compared with their nega-
tive control groups in both 786-O and ACHN cells (P<0.001
and P<0.05; Fig. 3C and D, respectively). No significant differ-
ence was observed between the TPM1 knockdown and its
negative control group in either cell line (Fig. 3C and D).

To further examine how TPM1 overexpression and knock-
down affect apoptosis in RCC cells, flow cytometry analysis
was used based on PI/Annexin-V-FITC staining in the two
cell lines. The results demonstrated that TPM1 upregula-
tion promoted cell apoptosis in both cell lines, while TPM1
knockdown did not have any significant effect (Fig. 4A). TPM1
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Figure 2. TPM1 overexpression inhibits renal cell carcinoma proliferation. (A) MTT assay microscopy images (magnification, x100) at 24 h post-transfection
for 786-0 cells and at 36 h post-transfection for ACHN cells. (B) Cell survival rates at different times after transfection in 786-0 cells. (C) Cell survival rates
at different times after transfection in ACHN cells. The values are presented as mean + standard deviation from three independent repeats. "P<0.05, compared
with the OE-NC group. TPMI, tropomyosin-1; OE, TPM1 overexpression; OE-NC, negative control for overexpression vector; KD, TPM1 knockdown;
KD-NC, negative control for knockdown vector.
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Figure 3. TPM1 overexpression increases renal cell carcinoma apoptosis as detected by DAPI staining. (A) Representative fluorescence microscopy images of
DAPI-stained cells at 36 h post-transfection (magnification, x100 and x200). (B) Morphological changes of nuclear chromatin at 36 h post-TPM1 overexpression in
786-0 cells (magnification, x200). The red triangle indicates stage I apoptosis characterized by a rippled or creased nucleus. The red star indicates stage I1a apop-
tosis characterized by a highly condensed or marginalized nucleus. The red arrow indicates stage IIb apoptosis characterized by fragments of splitting nucleus.
Apoptotic cell proportions per HPF (magnification, x200) of the different transfection groups in (C) 786-O and (D) ACHN cells. The values are presented as
mean = standard deviation from five randomly selected HPFs. "P<0.05, with comparisons indicated by brackets. TPM1, tropomyosin-1; OE, TPM1 overexpression;
OE-NC, negative control for overexpression vector; KD, TPM1 knockdown; KD-NC, negative control for knockdown vector; HPF, high power field.

overexpression significantly increased the amount of apoptotic ~ control group in both 786-O and ACHN cells (P<0.001 and
cells (Annexin V-FITC*/PI*) compared with its negative  P<0.001; Fig. 4B and C, respectively). No significant difference
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Figure 4. TPM1 overexpression enhances renal cell carcinoma apoptosis as detected by flow cytometry. (A) Representative scatter plots of the different
transfection groups at 36 h post-trasfection in 786-O and ACHN cells. (B) Quantification of total apoptotic cell % in 786-0O cells. (C) Quantification of total
apoptotic cell % in ACHN cells. The values are presented mean + standard deviation from three independent repeats. "P<0.05, with comparisons indicated
by brackets. TPM1, tropomyosin-1; OE, TPM1 overexpression; OE-NC, negative control for overexpression vector; KD, TPM1 knockdown; KD-NC, negative
control for knockdown vector; PI, propidium iodide; FITC, fluorescein isothiocyanate.

was observed between the TPM1 knockdown and its negative
control group (Fig. 4B and C).

TPM1I activates p53-mediated mitochondrial apoptosis
pathways. Single cell gel electrophoresis (comet assay)
revealed that TPM1 overexpression induced DNA damage in
both RCC cell lines. Comet tails, a marker of DNA fragmen-
tation, mainly appeared in the TPMI1 overexpression groups
rather than the other groups (Fig. 5A). Results from software
analyses clearly demonstrated that overexpression of TPM1
significantly induced an increase of tail DNA %, tail length
and Olive tail moments in 786-0 cells (P<0.001, P<0.001 and
P<0.001, respectively; Fig. 5B), and partially in ACHN cells
(P<0.05, P>0.05 and P>0.05, respectively; Fig. 5C). For the
TPMI1 knockdown group, a significant difference was only
observed on tail length in ACHN cells compared with its nega-
tive control (P<0.05; Fig. 5C). In summary, overexpression of
TPMI1 resulted in obvious DNA damage in 786-O cells and
somewhat in ACHN cells.

In order to study the molecular mechanisms by which
TPMI1 protein induces apoptosis in RCC cell lines, western
blotting was used in order to analyze the protein expression of
key proteins involved in the mitochondrial apoptosis pathway.
Representative blot images from the different treatment

groups of 786-O and ACHN cells are presented in Fig. 6A.
Densitometry results demonstrated that TPM1 upregulation
significantly decreased the expression levels of the antiapop-
totic factor Bcl-2, while it increased the expression levels of
the proapoptotic factors Bax, Caspase-3 and p53 in 786-O
and ACHN cells (Fig. 6B). Together, these results suggest
that TPM1 overexpression induced DNA damage and then
activated p53 to initiate the mitochondrial pathway promoting
apoptosis in RCC cell lines.

Discussion

The role of TPMI as a tumor suppressor gene in cancer has
been extensively studied. Among all tropomyosin family
members, TPM1 is the most frequently involved in the
progression of cancer (6,8,9). In a previous study, our group
revealed the clinical and biological significance of TPM1
expression levels in RCC (10). Restoring the expression levels
of TPMI could hinder the progression of RCC by affecting
many malignant biological behaviors including apoptosis.
However, the mechanisms by which TPM1 induced RCC cell
apoptosis remained unknown. The present study demonstrated
that TPM1 overexpression in RCC cell lines induced tumor
cell apoptosis via the mitochondria pathway. To our surprise,
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Figure 5. TPM1 overexpression induces DNA damage in renal cell carcinoma. (A) Representative fluorescence microscopy images (magnification, x10) from
comet assay (single cell gel electrophoresis) of the different transfected groups in 786-O and ACHN cells. (B) Quantification of the DNA damage parameters tail
DNA%, tail length and Olive tail moment in 786-O cells. (C) Quantification of the DNA damage parameters tail DNA%, tail length and Olive tail moment in
ACHN cells. The values are presented as mean + standard deviation of >50 comet images. "P<0.05, with comparisons indicated by brackets. TPM1, tropomyosin-1;
OE, TPM1 overexpression; OE-NC, negative control for overexpression vector; KD, TPM1 knockdown; KD-NC, negative control for knockdown vector.

knockdown of TPMI1 by small hairpin RNA had no effect
in RCC cell apoptosis. To the best of our knowledge, these
results were the first investigations demonstrating that TPM1
promotes RCC apoptosis through the mitochondria pathway.

In the present study, TPM1 overexpression in RCC
inhibited tumor cell proliferation and promoted tumor cell
apoptosis. The present results are consistent with several
previous investigations which have reported an association
between TPMI1 overexpression and increased apoptosis rate
in oral squamous cell carcinoma, cholangiocarcinoma and in
some benign diseases, such as congenital heart defects (11-13).
In the present study, multiple standard methods were used
to detect cell apoptosis, including morphological changes by
DAPI staining and fluorescence microscopy, DNA fragments
detected by comet assay, cytomembrane instability by flow
cytometry, and caspase-3 protein expression by western blot-
ting. Additionally, the effects of TPM1 expression on RCC cell
proliferation were measured by MTT assay. All the results
have demonstrated that TPM1 overexpression facilitated RCC
cell apoptosis and inhibited its proliferation.

To study the effects of TPM1 on the proliferation and apop-
tosis in RCC, transient transfection of TPM1 overexpression
and knockdown plasmids was used in two different RCC cell
lines. The results demonstrated that overexpression of TPM1
suppressed cell proliferation and facilitated cell apoptosis
in RCC. It has been reported that miR-21 is overexpressed
in RCC tissues and modulates the growth, apoptosis and cell
cycle progression of RCC cells and regulates the expression of
programmed cell death 4 (PDCD4) and TPM1 (14). Other studies
have demonstrated that TPM1 is one of target genes of miR-21
and that miR-21 has critical functions in various solid tumors,
affecting many malignant biological behaviors, including tumor
cell proliferation, apoptosis, invasion, migration, angiogenesis
and others (15-18). It is thus possible that TPM1 may be the
intermediate link between miR-21 expression and cell prolifera-
tion or apoptosis in RCC. Therefore, restoring TPM1 expression
may be a feasible approach to suppress tumor cell proliferation
and promote tumor cell apoptosis in RCC. Since TPM1 is down-
regulated or even deleted in RCC, knocking down its expression
level did not further contribute to cancer progression.
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Figure 6. Effects of TPMI in apoptosis-related protein expression in renal cell carcinoma cell lines. (A) Representative western blot images of Bcl-2, Bax,
caspase-3, p53, TPM1 and f3-actin protein expression levels in 786-O and ACHN cells. (B) Quantification of protein expression levels by densitometry in
786-0 and ACHN cells. The values are presented as mean ratio + standard deviation relative to the B-actin value from three independent repeats. "P<0.05,
with comparisons indicated by brackets. TPMI, tropomyosin-1; Bcl-2, BCL2 apoptosis regulator; Bax, BCL2 associated X; p53, tumor protein p53; OE, TPM1
overexpression; OE-NC, negative control for overexpression vector; KD, TPM1 knockdown; KD-NC, negative control for knockdown vector.

Apoptosis mainly happens through two major pathways:  in different pathways. The death receptor pathway is activated
The extrinsic pathway (death receptor pathway) or the intrinsic ~ by ligand-bound death receptors, mainly tumor necrosis
pathway (the mitochondrial pathway and endoplasmic  factor receptor 1, Fas cell surface death receptor, and death
reticulum pathway) (19,20). Different molecules are involved  receptor 4 and 5. Then, caspase-8 is activated and forms the
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death inducing signaling complex with the ligand-bound
death receptors (19). The mitochondrial pathway is the central
modulator in vertebrate cell apoptosis. Various stimuli can
induce the mitochondrial outer membrane permeabilization
and release of proteins from the mitochondrial intermembrane
space. Among these proteins, the Bcl-2 family members are
critical regulators of mitochondrial apoptosis (21). Bcl-2
itself was discovered as an antiapoptotic protein that blocks
tumor cell death. Bax, a pro-apoptotic member of the
family, can form large openings in lipid bilayers to increase
the permeability of mitochondrial membrane and induce
apoptosis (21,22). Caspase-9, -3 and -7 are the key molecules
among the caspase-dependent mechanism in mitochondria
pathway (23). Endoplasmic reticulum (ER) has been demon-
strated to be associated with apoptosis after the discovery of
the mitochondrial apoptosis pathway theory. Mobilization
of ER calcium stores initiates the activation of cytoplasmic
death pathways as well as sensitizes mitochondria to direct
proapoptotic stimuli (20).

The present western blotting results demonstrated that
TPM1 overexpression decreased the expression levels of
Bcl-2 and increased the expression levels of Bax, caspase-3
and p53. These molecules, which have key roles in the
mitochondrial apoptotic pathway, were thus modulated by
TPMI to initiate apoptosis in RCC cell lines. In addition,
the comet assay results demonstrated that TPM1 overexpres-
sion induced DNA damage in RCC cells. Therefore, it can
be speculated that TPM1 overexpression may induce DNA
damage in tumor cells which then activates p53 expression,
subsequently regulates Bcl-2 family members, and finally
promotes RCC cell apoptosis via the mitochondrial pathway.
As aforementioned, those pathways have many interactions
with each other or even correlative dependence. Death
receptors on the cell surface detect the presence of extracel-
lular death signals, rapidly igniting the intrinsic apoptosis
machinery (24). DNA damage caused by TPM1 might be an
intrinsic proapoptotic stimulus. A previous study revealed
that the regulation of apoptosis by p53 is tightly connected to
the mitochondrial outer membrane permeabilization and the
induction of and interaction with Bcl-2 family members (25).
Recently, it was reported that the mitochondrial apoptotic
pathway, activated by BH3-only proteins, is essential for
ER stress-induced cell death (26). Further investigation is
required for a more detailed understanding of the underlying
mechanisms in RCC.

In conclusion, the present investigations demonstrated that
TPM1 overexpression in RCC cell lines induced tumor cell
apoptosis via the p5S3-mediated mitochondrial pathway and
inhibited cell proliferation, while TPM1 knockdown in RCC
had no effect. Unfortunately, many details about the apoptotic
mechanisms and the discrepant results between the bidirec-
tional expression regulations remain not fully understood.
Additional studies will be needed to gain a better under-
standing of the functions and mechanisms of TPM1 in vivo,
and to examine the potential of TPM1 as a candidate therapy
target for RCC in the future.
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