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TUFM-knockdown inhibits the migration and
proliferation of gastrointestinal stromal tumor cells
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Abstract. Gastrointestinal stromal tumors (GISTs) are the
most common pathologic type of mesenchymal tumor in the
digestive tract. Patients with GIST face the risk of metastasis,
postoperative recurrence and imatinib mesylate (IM) resistance.
Mitochondrial Tu translation elongation factor (TUFM) is
highly expressed in GISTs, and is associated with oncogenesis,
progression and prognosis. There is evidence that TUFM is
involved in tumor invasion and metastasis. However, the effect
of TUFM on GIST-T1 cells and the IM-resistant GIST-IR cell
line remains unclear. The present study aimed to evaluate the
effects of TUFM on the proliferation, migration and apoptosis
of GIST cells in vitro. TUFM short hairpin (sh)RNA expres-
sion plasmids were transfected into GIST-T1 and GIST-IR cells
by electroporation. The expression levels of enhanced green
fluorescent protein were observed by fluorescence microscopy
to evaluate the electroporation efficiency. The expression levels
of TUFM were detected by western blot analysis and reverse
transcription-quantitative PCR. Cell proliferation was assessed
by counting cells and using a Cell Counting Kit-8 assay. Cell
migration was analyzed using wound healing and Transwell
migration assays. Cell cycle distribution and late apoptosis were
assessed by flow cytometry. TUFM shRNA expression plasmids
were successfully transfected into the GIST cell line by electro-
poration. The transfection efficiency was >75%, and the TUFM
gene silencing efficiency was 73.2+1.4%. TUFM-knockdown
decreased the proliferation and migration capacity of GIST-T1
and GIST-IR cells. The proportion of cells in the pre-Gl stage
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was increased without change in the proportions of cells in the
G,, S and G,/M stages after TUFM silencing in GIST-T1 and
GIST-IR cells. TUFM may be related to GIST infiltration and
metastatic recurrence, suggesting that TUFM may be an effective
target for preventing the progression and metastasis of GISTs.

Introduction

Gastrointestinal stromal tumors (GISTs) are the most
common pathologic type of mesenchymal tumors in the
digestive tract (1). Most patients face the challenges of early
hematogenous metastasis, postoperative recurrence and
poor clinical outcomes (2). Worldwide, a total of ~20% of
patients are primarily resistant to imatinib mesylate (IM), and
50% of patients exhibit drug resistance within 18-24 months,
which leads to disease progression and even death (3). A
total of 90% of GISTs have a gain-of-function mutation
in KIT proto-oncogene, receptor tyrosine kinase (KIT) or
platelet-derived growth factor receptor oo (PDGFRA), which
belong to the receptor tyrosine kinase family and can self-acti-
vate without any tyrosine kinase ligands (4,5). Another 10% of
GISTs lack the aforementioned mutation and are referred to as
wild-type GISTs. Succinate dehydrogenase dysfunction occurs
in mitochondria (6). Mitochondrial dysfunction is considered
to be closely associated with tumor occurrence, development
and drug resistance (7,8). Therefore, the role of mitochondria
in tumor formation has become the frontier of current research.

Mitochondrial Tu translation elongation factor (TUFM) is
the most highly expressed protein in mitochondria (9). This
protein initiates the polypeptide chain extension cycle and is
involved in almost all mitochondrial protein translation (10).
Several studies have demonstrated that TUFM is highly
expressed in gastric cancer, esophageal cancer, GISTs and
other gastrointestinal tumors (11-15). Related proteomics
studies have observed that TUFM expression is associated with
the risk classification and prognosis of GISTs (13). Therefore,
it is reasonable to hypothesize that TUFM may be related to
the occurrence, invasion and metastasis of GISTs. However,
the role of TUFM in GISTs is still unclear.

IM is the most commonly used target drug for patients with
GIST. IM extends the median survival of patients who are diag-
nosed at late stages and thus cannot undergo surgical resection (16).
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In the present study, the relationship among TUFM, GIST-T1 cells
and IM-resistant cells was studied in vitro. By inhibiting TUFM
expression in GIST-T1 cells and IM-resistant cells, novel outlooks
for GIST treatment can be provided.

Materials and methods

Cell lines and culture. The GIST-T1 (passage 20) mutant-type
cell line has a base deletion of 57 bp in KIT exon 11 (PMC
GISTO1C; Cosmo Bio Co.,Ltd.) (17). GIST-IR cells (passage 23)
were induced by treating GIST-T1 cells with 50 pg/ul IM
(Glivec). GIST-IR drug-resistant cell lines were established by
the gradient method, as previously described (18). No secondary
mutations were observed in KIT/PDGFR exon sequencing
analysis (19). GIST-T1 and GIST-IR cells were cultured in
RPMI 1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
with 15% fetal bovine serum (TransGen Biotech Co., Ltd.) in
an incubator at 37°C with 5% CO, without antibiotics.

TUFM silencing plasmids and electric transfection.
pcDNA3.1-EGFP-TUFM-shRNA plasmids were constructed
and designed with Primer Premier 5.0 (http:/www.premier-
biosoft.com/primerdesign) by using the TUFM fragment of
the human gene acquired from NCBI GenBank (https:/www.
ncbi.nlm.nih.gov/)(source, Oryctolagus cuniculus). The primer
sequences were as follows: Forward, 5'-GCAAGCTTGTGG
ACATCTTCCAGGAGTA-3' and reverse, 5'-GCGAATTCC
TTTGGTCTGCATTCACATT-3.

Construction and identification of the pcDNA3.1-
EGFR-TUFM-shRNA were performed by Invitrogen;
Thermo Fisher Scientific, Inc. The pcDNA3.1 vector, EcoRI
and HindlII restriction enzymes, and T7-DNA ligase were
purchased from Invitrogen; Thermo Fisher Scientific, Inc.
The length of the target gene was 225 bp, and the results were
confirmed by sequencing (20).

The experiment was divided into three groups:
pcDNA3.1-EGFP-TUFM-shRNA plasmid (1 ug/ul) was
transferred in the TUFM-shRNA group (TUFM shRNA),
pcDNA3.1 vector was transfected in the negative control group
(Control) and no transfection was conducted in the blank
group (Blank). Electric transfection equipment (CTX-1500A;
Celetrix Biotechnology Co., Ltd.) was used for electroporation
according to the manufacturer's protocols. Briefly, 2x10° cells
were harvested and resuspended in 120 ul electrotransfer
solution (Celetrix Biotechnology Co., Ltd.) and 2 ul plasmid
(1 pg/ul). The cell mixture was immediately added to the elec-
tric tube. The setting procedure of the system was as follows:
570 volts, 30 msec, 1 time. After electroporation, the cell
mixture was divided into three parts that were resuspended
in RPMI 1640 medium containing 15% FBS and seeded in a
6-well plate for 24 h at 37°C before subsequent experiments.

Reverse transcription quantitative (RT-q) PCR. Total RNA
was extracted by TRIzol reagent (Invitrogen; Thermo Fisher
Scientific,Inc.) according to the manufacturers' protocol. TagMan
miRNA RT-kit (Invitrogen; Thermo Fisher Scientific, Inc.) was
used to convert total miRNAs into corresponding cDNAs. The
RT reaction conditions were as follows: 37°C for 15 min, 85°C
for 5 sec and 4°C for 5 min. Subsequently, cDNA was used as
template for PCR amplification by SYBR™ Green Master Mix

(Thermo Fisher Scientific, Inc.) according to the manufacturers'
instructions. The sequences of the primers were as follows:
TUFM, forward, 5'-ATCCGGGAGCTGCTCACCGA-3',
reverse, S-ATGCTGTGGACACTTACATA-3"; and GAPDH,
forward, 5-"AGGTCGGTGTGAACGGATTTG-3' and reverse
5-GGGGTCGTTGATGGCAACA-3. GAPDH was used as the
reference gene. The thermocycling conditions for gPCR were
as follows: 94°C for 2 min for 1 cycle, 95°C for 40 sec, 60°C for
35 sec and 72°C for 1 min for 40 cycles. The expression level of
TUFM was analyzed using the 2244 method (21).

Western blotting. Cells were harvested when confluence
reached 90% and total protein was extracted using Total
Protein Extraction Kit (cat. no. PO033; Beyotime Institute of
Biotechnology) according to the manufacturers' protocol. Total
protein concentration was determined by BCA method (22).
Proteins (20 pg) were separated by 10% SDS-PAGE
(cat. no. PO052A; Beyotime Institute of Biotechnology) and
transferred onto PVDF membranes (cat. no. FFP24; Beyotime
Institute of Biotechnology). Membranes were blocked using
Western blocking solution (cat. no. P0023B; Beyotime Institute
of Biotechnology) at 25°C for 60 min and incubated with
primary antibodies against TUFM (cat. no. ab155328; Abcam;
1:500) and GAPDH (cat. no. ab8254; Abcam; 1:500) at 25°C for
120 min. Membranes were then incubated with Goat polyclonal
secondary antibody to Mouse IgG-H&L (Alexa Fluor® 488;
cat. no. ab150113; Abcam; 1:5,000) at 25°C for 60 min.
Proteins were detected using DAB Horseradish Peroxidase
Color Development Kit (cat. no. P00203; Beyotime Institute of
Biotechnology). The data were analyzed via densitometry using
ImagelJ 1.52n software (National Institutes of Health).

Cell morphology and fluorescence assessment. GIST-T1
and GIST-IR cells were plated in 6-well dishes at a density
of 1x10° cells/ml. Cell morphology and fluorescence were
observed under an inverted fluorescence microscope
(magnifications, x40 and x100).

Cell proliferation and viability assays. Cell proliferation was
determined by manual cell counting. Cells were seeded on
24-well plates at a density of 5x10* cells/ml. Live cells were
counted every 24 h, and the average of three wells for 5 days
was used to draw cell growth and inhibition curves. GIST-TI
and GIST-IR cells were plated into 96-well plates at a density of
5x10° cells/well in triplicate. Subsequently, the cells were trans-
fected with TUFM-shRNA plasmid and pcDNA3.1 vector.
Cell viability was evaluated using CCK-8 assays (Dojindo
Molecular Technologies, Inc.) according to the manufacturer's
protocol. The absorbance was determined at 450 nm.

Wound healing and Transwell assays. GIST-T1 and GIST-IR
cells were plated in 6-well plates at a density of 1x10*cells/ml and
cultured in RPMI-1640 medium with 15% fetal bovine serum
at 37°C with 5% CO,. After 24 h, when the cells reached conflu-
ence in 90%, a scratch was made in the middle of the plate, and
the scratched cells were washed twice with PBS. The cells were
cultured in RPMI-1640 medium with 2.5% fetal bovine serum
at 37°C with 5% CO,. Images of the samples were captured
at 0, 24 and 48 h, and cell morphology was observed under an
inverted fluorescence microscope (magnification, x40). ImageJ
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Figure 1. Construction of plasmids and evaluation of the knockdown efficiency of TUFM shRNA. (A) pcDNA3.1-EGFP plasmid was used as the vector to
construct the pcDNA3.1-TUFM-shRNA plasmid. (B) Following transfection with pcDNA3.1-TUFM-shRNA plasmid, EGFP expression was observed in
GIST-T1 (magnification, x100) and GIST-IR cells (magnification, x40) by inverted fluorescence microscopy. The results demonstrated that 75.2% of cells
expressed the EGFP protein in both cell lines. (C) The results of reverse transcription-quantitative PCR demonstrated that the expression levels of TUFM
mRNA in the TUFM shRNA group were lower than those in the control group. (D) Western blot analysis revealed that the protein expression levels of TUFM
in GIST-T1 cells transfected with TUFM shRNA plasmid were significantly lower compared with those in the control group. The TUFM level was normalized
to the protein level of GAPDH. "P<0.05 and “P<0.01. TUFM, mitochondrial Tu translation elongation factor; shRNA, short hairpin RNA; GIST, gastrointes-

tinal stromal tumor; EGFP, enhanced green fluorescent protein; ctrl, control.

1.52n software was used to analyze and quantify the range of
cell-free regions in the images.

For Transwell assays, TUFM shRNA and control groups of
both GIST-T1 and GIST-IR cells were inoculated at a density of
5x10* cells/ml in 8 yym-pore Transwell chambers (Corning). RPMI
1640 medium containing 2.5% FBS was added to the upper
chamber whereas medium containing 15% FBS was added to the
lower chamber. The cells were incubated for 24 h at 37°C with
5% CO,, and cells in the upper chamber were stained with eosin
at 25°C for 3 min. The cells in five random fields were counted
under an inverted fluorescence microscope (magnification, x100).

Cell cycle determination. TUFM shRNA and control groups
of GIST-T1 and GIST-IR cells in the logarithmic phase were
subjected to trypsin digestion and centrifugal (4°C, 250 x g,
1 min) precipitation. Subsequently, 1x10° cells/ml cells were
fixed with 75% ice-cold ethanol overnight at 4°C. The cells
were centrifuged at 1,000 x g for 3 min and the supernatant
was discarded. The cells were resuspended in propidium
iodide (PI; 10 pg/ml) and RNase (5 ug/ml; PI Staining kit,
Sangon Biotech Co., Ltd.), washed twice with PBS and incu-
bated at 4°C for 30 min. Subsequently, the supernatants were
discarded after centrifugation (4°C, 1,000 x g, 3 min), and the

cells were washed once with PBS and transferred into a flow
cytometer centrifuge tube to be measured on the machine.
Flow cytometric analysis of 2x10* cells from each sample was
performed on FACSort flow cytometer (BD Biosciences, Inc).
FlowJo VX (BD Biosciences, Inc.) was used for analysis and
late apoptosis assessment.

Statistical analysis. The results are represented as the
mean + standard deviation of three independent repeats.
Unpaired Student's t-test was performed to compare differ-
ences between two groups and one-way ANOVA followed by
Ruhey's post hoc test was performed to compare differences
among multiple groups. Data were analyzed using SPSS 20.0
software (IBM Corp.) or GraphPad Prism 6 (GraphPad
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

TUFM expression is markedly decreased after transfection of
GIST-T1I cells with TUFM shRNA plasmid. The TUFM shRNA
plasmid was constructed to knockdown TUFM protein expres-
sion in cells (Fig. 1A). After the TUFM shRNA plasmid was
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Figure 2. Silencing the TUFM gene decreases the cell viability and proliferation of GIST-T1 and GIST-IR cells. (A) CCK-8 assays demonstrated that TUFM
silencing decreased cell viability in GIST-T1 and GIST-IR cells. (B) Inhibition rate results demonstrated that GIST-T1 and GIST-IR cells presented with the
maximum inhibition effect on days 2 and 3 post TUFM shRNA transfection, respectively. TUFM, mitochondrial Tu translation elongation factor; sh, short

hairpin; GIST, gastrointestinal stromal tumor; OD, optical density.
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Figure 3.TUFM silencing suppresses the lateral migration of GIST-T1 and GIST-IR cells. Wound healing assays demonstrated that TUFM silencing inhibited

ok

the lateral movement of (A) GIST-T1 and (B) GIST-IR cells (magnification, x40). “P<0.01 and “"P<0.001. TUFM, mitochondrial Tu translation elongation

factor; sh, short hairpin; GIST, gastrointestinal stromal tumor; ctrl, control.

transfected into GIST-T1 and GIST-IR cells, EGFP-expressing
cells were observed and counted by fluorescence microscopy. The
transfection efficiency was ~75% and no significant cell death was
observed (Fig. 1B). Reverse transcription-quantitative (RT-q)PCR
and western blot analyses demonstrated that the expression levels
of TUFM were significantly reduced in the TUFM shRNA group
compared with those in the control group (Fig. 1C and D).

TUFM-knockdown inhibits the viability and proliferation
of GIST-T1 and GIST-IR cells. After TUFM was knocked
down, cell viability was decreased in GIST-T1 and GIST-IR
cells (Fig. 2A). Cells were counted for 5 consecutive days to

determine cell viability. In addition, CCK-8 assays were used to
detect the proliferation rate of GIST-T1 and GIST-IR cells. The
results demonstrated that TUFM silencing inhibited prolifera-
tion of GIST-T1 cells, reaching its maximal effect at 48 h after
transfection, and GIST-IR cells, reaching its maximal effect
at 72 h after transfection (Fig. 2).

TUFM silencing suppresses the migration of GIST-T1 and
GIST-IR cells. Wound healing assays demonstrated that,
compared with the control groups, TUFM silencing signifi-
cantly decreased the migratory rate of GIST-T1 and GIST-IR
cells at 48 h after transfection (Fig. 3A and B). Additionally,
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Figure 4. TUFM silencing suppresses the vertical migration of GIST-T1 and GIST-IR cells. GIST-T1 and GIST-IR cells transfected with TUFM shRNA
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Figure 5. TUFM silencing increases late apoptosis in GIST-T1 and GIST-IR cells. Flow cytometry was used to detect the cell cycle of the TUFM shRNA,
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(B) GIST-IR cells. “P<0.05. TUFM, mitochondrial Tu translation elongation factor; sh, short hairpin; GIST, gastrointestinal stromal tumor; ns, not significant.

Transwell migration assays demonstrated that, compared with
those in the control and blank groups, the number of GIST-T1
and GIST-IR cells on the underside of the chamber membrane
was significantly decreased after TUFM silencing (P<0.05;
Fig. 4). In addition no significant differences were observed
between the control and blank groups in GIST-T1 and GIST-IR
cells (P>0.05; Fig. 4).

TUFM affects late apoptosis and the cell cycle of GIST-T1
and GIST-IR cells. Cell cycle and late apoptosis were detected
by flow cytometry. The results demonstrated that the propor-
tion of GIST-T1 and GIST-IR cells in the pre-G, phase was
significantly higher in the TUFM shRNA group compared
with in the GIST-T1 and GIST-IR cells in the control group

(Fig. 5). By contrast, no significant differences were observed
in the proportions of GIST-T1 and GIST-IR cells in the G,, S
and G,/M phases between the two groups (Fig. 5).

Discussion

In 20 years of research, the study of GISTs has gradually
advanced. A variety of molecular pathological mechanisms are
involved in the occurrence, development and drug resistance of
GISTs (23). Currently, GIST has one of the highest mortality
rates among tumors worldwide (22). Genomic and proteomic
studies of GIST tissue have revealed a variety of tumor-related
molecules involved in the occurrence, development and drug
resistance of GISTs (24). The high expression levels of TUFM
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in tumor tissues suggest that it may serve an important role
in the process of tumorigenesis and development, and its
association with KIT/PDGFRA remains unclear (25). The
present study used an electroporation method to transfect
a TUFM-silencing plasmid, which is considered to be the
most efficient and convenient method of cell transfection
in vitro (26). Combined with RNA interference technology, the
function of TUFM in tumor cells can be evaluated quickly and
can provide an effective platform for further study of related
signaling pathways.

The results of cell counting and CCK-8 assays demon-
strated that cell proliferation was significantly inhibited after
silencing of the TUFM gene in GIST-T1 and GIST-IR cells.
This is consistent with the results of Jhas et al (27), which
demonstrated that cell proliferation was significantly inhibited
by silencing of the TUFM gene in TEX leukemia cells. This
effect is considered to be caused by changes in cell function
related to reductions in oxygen consumption and mitochondrial
membrane potential (28). A study by Sajid et al (29) demon-
strated that inhibiting TUFM phosphorylation through drug
treatment inhibited the protein synthesis and growth of cells. In
addition, Ravn et al (30) observed that TUFM and other transla-
tion protein deficiencies in patients with clinical mitochondrial
protein translation system defects cause lethal effects during
the early neonatal period, whereas, in other patients, TUFM
causes serious defects and oxidation-respiration chain enzyme
dysfunction in the liver and muscle system. The importance
of mitochondrial function in maintaining cell activity is clear.
When TUFM is silenced, the synthesis of mitochondrial oxida-
tive respiratory chain complex proteins becomes inhibited or
dysfunctional, leading to decreased mitochondrial membrane
potential and disrupted ATP synthesis. Subsequently, the
disruption of energy supply leads to a lack of energy in the
cells, and cell proliferation is inhibited (31). This may be the
main reason why the in vitro silencing of TUFM inhibits cell
proliferation. Therefore, the hypothesis that the decrease in
mitochondrial function after the silencing of TUFM results in
a decrease in cell viability and cell proliferation is valid.

In proteomic analysis of GISTs, the expression levels of
TUFM in the high-risk group are higher than those in the
low-risk group (13). Furthermore, GISTs in the high-risk
group tend to have more aggressive tumor cells and worse
prognosis (32). The results of the cell migration experiments
performed in the present study demonstrated that the lateral
and vertical migration of cells was decreased significantly
following TUFM-knockdown. Therefore, it was proposed that
interference with TUFM expression may inhibit the synthesis
of adhesion proteins and lead to a decline in cell migra-
tion ability. In a study by Hashim er al (33), Mediterranean
patients with colon cancer were less affected by invasion
and metastasis. Notably, epidemiological analysis observed
that the Mediterranean population consumed more olive oil
than individuals in other areas. Through high-throughput
microarray data analysis, it was demonstrated that olive oil
may inhibit the function of TUFM and other related genes to
inhibit colon invasion. Other studies have reported that olive
oil may inhibit TUFM function by inhibiting integrin-a2 and
integrin-a6 expression in tumor cells (34). As a cell surface
receptor, integrin acts as a bridge for cell-cell interactions, and
cell and extracellular matrix interactions. TUFM expression

is positively associated with E-cadherin in lung cancer tissue
and serves an important role in the epithelium during inter-
stitial invasion and metastasis of lung cancer, possibly by
recruiting B-cadherin to regulate lung cancer cell invasion and
metastasis through protein kinase AMP-activated catalytic
subunit o 2-GSK3p signaling (35). Additionally, abnormal
mitochondrial energy metabolism, mitochondrial dysfunction,
and inadequate ATP energy supply may be reasons for the cell
migration inhibition caused by TUFM silencing.

The results of the cell cycle experiments performed in the
present study demonstrated that following TUFM silencing in
GIST-T1 and GIST-IR cells, there were no significant differ-
ences in the cell cycle distribution among the silenced, negative
control and blank groups; however, the number of cells in the
early G, phase was significantly increased. This early G, phase
cell population is often considered to be associated with reduced
PI staining, intracellular DNA degradation and characteristics
of late apoptotic cells (36). These results suggested that TUFM
silencing may promote late apoptosis. Lei et al (37) studied the
synergistic effects of TUFM and NLRX1 (NLR family member
X1), and reported that TUFM recruits autophagosomes, such
as ATG5-ATG12, in mitochondria and promotes the activa-
tion of autophagy signaling pathways, leading to autophagy in
mitochondria, and thus altering the dynamic intracellular mito-
chondria balance. Furthermore, Rakovic ef al (38) observed
that in a Parkinsonian pathological model, TUFM may be
involved in the PTEN induced kinase 1/Parkin signaling
pathway to promote autophagy in functionally defective mito-
chondria. It is now hypothesized that TUFM is involved in
initiating mitochondrial autophagy and scavenging damaged
mitochondria, thereby inhibiting tumor cell apoptosis induced
by mitochondrial damage signaling pathways (39). Therefore,
the results of the present study, which demonstrated that late
apoptotic cells were increased in the TUFM-silenced GIST-T1
cell line, are consistent with the aforementioned research
revealing inhibited mitochondrial autophagy and damaged
mitochondrial scavenging in TUFM stable knockout mice and
TUFM-silenced 293T cells. These changes lead to consider-
able mitochondrial disintegration factor release and increased
apoptosis (40). TUFM silencing directly induces mitochondrial
protein synthesis inhibition, membrane dysfunction and mito-
chondrial structural dysfunction, which eventually leads to
mitochondrial damage or disintegration, which is an important
contributor to tumor cell apoptosis (41).

There are a number of challenges in the treatment of GISTs.
TUFM may be involved in numerous tumor cell processes. The
relationship between TUFM expression and the prognosis of
patients with GIST, the relationship between TUFM and cell
adhesion molecules, and the signaling pathway of TUFM require
further study. In addition, as the present study was an in vitro
study, further in vivo evaluation of TUFM function is required.

The present study investigated the effects of TUFM on the
growth, migration and cell cycle of GIST cells in vitro. TUFM
inhibited the growth and migration of GIST cell lines and
promoted the apoptosis of tumor cells. These results suggested
that TUFM may serve a role in reducing postoperative recur-
rence and metastasis in patients with GIST. Therefore, TUFM
may become an effective target for inhibiting early hematog-
enous metastasis, postoperative recurrence and metastasis in
patients with GIST, even in IM-resistant patients.
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