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Knockdown of TMED3 inhibits cell viability and migration
and increases apoptosis in human chordoma cells
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Abstract. Chordoma is a rare low-grade tumor of the axial
skeleton. Over previous decades, a range of targeted drugs
have been used for treating chordoma, with more specific
and effective therapies under investigation. Transmembrane
Emp24 protein transport domain containing 3 (TMED?3) is a
novel gene reported to be a regulator of oncogenesis, cancer
development and metastasis; however, its role in chordoma
remains unclear. In the present study, the expression of
TMED?3 was investigated in chordoma cells, and the effect of
TMED?3 knockdown on chordoma development was examined
in vitro and in vivo, followed by exploration of differentially
expressed proteins in TMED3-silenced chordoma cells via an
apoptosis antibody array. Reverse transcription-quantitative
PCR and western blot assays were performed to determine
the expression levels. It was revealed that TMED3 was highly
expressed in chordoma, and that knockdown of TMED3
inhibited cell viability and migration, and enhanced the
apoptosis of chordoma cells. Additionally, knockdown of
TMED?3 inhibited the expression of Bcl-2, heat shock protein
27, insulin-like growth factor (IGF)-I, IGF-II, IGF binding
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protein-2, Livin, Akt, CDK6 and cyclin D1 proteins, whereas
MAPKY was upregulated. Furthermore, a xenograft nude
mice model demonstrated that TMED3 expression promoted
tumor growth. Collectively, the present findings suggested that
knockdown of TMED3 inhibited cell viability and migration,
and enhanced apoptosis in chordoma cells, and that TMED3
may be a novel target for chordoma therapy.

Introduction

Chordoma, characterized by having high recurrence rate after
surgery and locally invasive, as well as potentially metastatic
ability, is a rare, chronic, low-grade axial skeleton carcinoma
derived from remnants of the notochord from embryonic devel-
opment (1). The annual incidence rate of chordoma is ~0.8 per
million people, accounting for 1-4% of all primary bone carci-
noma and ~20% of spinal tumors (2). Chordoma can occur in
any part of the spine; the sacrococcygeal region and skull base
are the most common locations, accounting for ~50 and 30%
of total cases, respectively (3,4). Surgical excision currently
remains the first-line therapy, and there is no consensus
concerning the effect of adjuvant radiotherapy after surgical
treatment; the efficacy of chemotherapy remains controversial
due to reported resistance to radiation and chemotherapy (5).
Over previous decades, an increasing number of studies have
revealed potential genes associated with chordoma, indicating
that gene targeted therapy may be an avenue for treating chor-
doma. For examples, T-box transcription factor T (also known
as brachyury) is considered to be the most important gene
for chordoma; brachyury is upregulated in chordoma, whilst
its expression in normal tissues or other cancers is relatively
low (6). Additionally, it has been reported that, to a certain
extent, treatments targeting EGFR may therapeutic effects in
patients with chordoma (7,8). However, due to a lack of specific
drugs for chordoma, further specific and effective potential
targets are under investigation.

Transmembrane Emp24 protein transport domain
containing 3 (TMED?3) is a member of the p24 protein family
that serves an important role in the vesicular trafficking of
proteins at the secretory endoplasmic reticulum (ER)-Golgi
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interface, and is involved in different signaling pathways in
eukaryotic cells (9,10). It has been determined that the p24
protein family contains 10 TMED proteins, of which some
serve roles as regulators in the progression of different carci-
nomas (11). For example, TMED3 plays a prognostic role in
clear cell renal cell carcinoma, and is proposed to be a target
gene to inhibit the progression of breast cancer, hepatocel-
lular carcinoma, prostate cancer and gastric cancer (12-16).
Notably, Mishra et al (17) reported that TMED3 knockdown
promoted the lung metastasis of colon cancer in mice, accom-
panied by the upregulation of TMED9 but downregulation of
other TMED proteins, particularly TMED7. Duquet ef al (18)
demonstrated that knockdown of TMED3 induced lung metas-
tases from HT29 colon cancer cells in vivo, suggesting that
TMED3 may serve as a suppressor of colon cancer metastasis.
However, the function of TMED3 remains poorly understood,
and there is so far no evidence concerning TMED?3 in relation
to chordoma.

The present study investigated for the first time, to the best
of the authors' knowledge, the expression of TMED?3 in chor-
doma cells and the effects of TMED3 knockdown on chordoma
development both in vitro and in vivo. Moreover, differentially
expressed genes associated with TMED3 in chordoma cells
were explored, revealing the potential of TMED?3 as a novel
target of chordoma therapy (Fig. S1).

Materials and methods

Cell lines and cell culture. Two human chordoma cell
lines were used: MUG-Chorl (cat. no. CRL-3219) and
U-CHI (cat. no. CRL-3217; both American Type Culture
Collection). Cells were cultured in high-glucose DMEM
(cat. no. 10-013-CVR; Corning, Inc.) supplemented with
10% fetal bovine serum (FBS; cat. no. VS500T; Ausbian;
Beijing Vian-Saga Biological Technology, Ltd.) and 1%
penicillin-streptomycin stock solution in a humidified cell
incubator with 5% CO, at 37°C. Complete growth medium
was renewed every 2-3 days and subculture were performed
when cells were 80-90% confluent. All cell function experi-
ments were performed in three parallel biological replicates

per group.

Vector construction and lentivirus transduction. For
the construction of plasmid vectors, the TMED3 gene
sequence (gene accession no. NM_007364) was found
in the GenBank database (https:/www.ncbi.nlm.nih.
gov/nuccore/NM_007364.3). Based on the principles of RNA
interference, a target sequence was designed (5'-CTCTCACAA
GACCGTCTACTT-3"). Restriction enzyme sites at both ends
were added. Additionally, a transcription termination signal
TTTTT sequence was added to the 3' end of the sense strand
and a complementary termination signal sequence was added
to the 5' end of the antisense strand. Then, the single-stranded
DNA oligonucleotides were synthesized (Sangon Biotech Co.,
Ltd.). According to the manufacturer's protocol, the inverted
single-strand DNA oligonucleotide was converted into double
DNA strands with cohesive ends after annealing. Then, the
plasmid vector BR-V108 with green fluorescent protein
(Shanghai Biosciences Co., Ltd.) was linearized under the
action of Agel (cat. no. R3552L) and EcoRI (cat. no. R3101L;

New England Biolabs, Inc.) restriction endonucleases. A
BR-V108-short hairpin (sh)RNA vector was constructed after
connecting the linearized vector to shRNA using T4 DNA
Ligase (cat. no. EL0016; Fermentas; Thermo Fisher Scientific,
Inc.), and was transformed and cloned into TOP10 competent
E. coli cells (cat. no. CB104-03; Tiangen Biotech Co., Ltd.).
A vector containing a non-specific target sequence (5'-TTC
TCCGAACGTGTCACGT-3') was used as the negative control
(shCtrl). Moreover, PCR was performed to identify the vector.
The primer sequences used for PCR amplification were as
follows: S"STMED?3 forward, 5'-CCTATTTCCCATGATTCC
TTCATA-3' and reverse, 5-GTAATACGGTTATCCACG
CG-3"; and shCtrl forward, 5'-CCATGATTCCTTCATATT
TGC-3' and reverse, 5-GTAATACGGTTATCCACGCG-3".
Taq Plus DNA Polymerase (cat. no. P201-03; Vazyme Biotech
Co., Ltd.) was used and PCR was conducted as follows: 94°C
for 3 min, followed by 22 cycles of denaturation at 94°C for
30 sec, annealing at 55°C for 30 sec and extension at 72°C for
30 sec; and a final extension at 72°C for 5 min.

The recombinant vectors were extracted according to the
instructions of the EndoFree Maxi Plasmid kit (cat. no. DP117;
Tiangen Biotech Co., Ltd.). 293T cells were seeded on a
100-mm plate (~5x10° cells/well; Shanghai Biosciences
Co., Ltd.) until 80% confluent and then co-transfected with
recombinant vectors (20 pg), pHelper 1.0 vector (15 ug) and
pHelper 2.0 vector (10 pg; all Shanghai Biosciences Co., Ltd.)
using transfection reagent (Lipofectamine™ 3000; Invitrogen;
Thermo Fisher Scientific, Inc.). After transfecting for 48 h,
lentiviral vectors (LV-shTMED3 and LV-shCtrl) were sepa-
rated and purified. Chordoma cells were seeded on 6-well
plates (~1x10° cells/well) and transfected with lentivirus using
polybrene (6 pg/ml; cat. no. TR-1003-G; Sigma-Aldrich;
Merck KGaA) according to the specific multiplicity of infec-
tion (MOI=10). After lentiviral transduction for 72 h, reverse
transcription-quantitative (RT-q) PCR and western blot
analyses were performed in order to evaluate the expression of
TMED?3, and the fluorescence of cells were detected using an
inverted fluorescence microscope.

RT-qPCR. A two-step RT-qPCR protocol was performed to
quantify the expression of TMED3 in lentivirus-transfected
cells and normal chordoma cells. Chordoma cells were seeded
on 6-well plates until 80-90% confluent. Total RNA from
cells was collected using TRIzol® reagent (cat. no. 15596018;
Invitrogen; Thermo Fisher Scientific, Inc.) and a spectropho-
tometer (NanoDrop™ 2000; Thermo Fisher Scientific, Inc.)
was used to measure and calculate the RNA concentration
of samples. RT was performed according to the protocols
of the HiScript Reverse Transcriptase kit (cat. no. R123-01;
Vazyme Biotech Co., Ltd.): A reaction mixture that contained
chordoma cell RNA (2 ug) was prepared and first incubated
at 42°C for 2 min before reacting at 50°C for 15 min and 85°C
for 2 min. qPCR was performed as recommended by the
AceQ SYBR Green kit protocols (cat. no. Q111-02; Vazyme
Biotech Co., Ltd.). The primer sequences were as follows:
TMED3 forward, 5-GGCGTGAAGTTCTCCCTGGATT-3'
and reverse, 5'-GCTGTCGTACTGCTTCTTCGTTTC-3;
and GAPDH forward, 5-CGGATTTGGTCGTATTGGG-3'
and reverse, 5-GATTTTGGAGGGATCTCGC-3'. qPCR was
conducted as follows: 95°C for 5 min, followed by 40 cycles
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of denaturation at 95°C for 30 sec, annealing at 58°C for
30 sec and extension at 72°C for 45 sec; and a final extension
at 72°C for 7 min. gPCR data were analyzed using the 2444
method (19,20); after normalization to the reference gene,
relative gene expression levels were calculated by comparing
with the control group.

Western blot analysis. Western blotting was performed to
examine the expression of proteins in U-CH1 and MUG-Chorl
chordoma cells under different conditions. Cells were seeded
on 6-well plates. When cells were 80-90% confluent, cells were
lysed using RIPA buffer (cat. no. PO0O13B; Beyotime Institute of
Biotechnology) containing 1% PMSF (cat. no. ST506; Beyotime
Institute of Biotechnology) and deacetylase inhibitor cocktail
(cat. no. P1112; Beyotime Institute of Biotechnology) and the
supernatant was collected after centrifugation at 13,200 x g
for 10 min at 4°C. Using a Pierce™ BCA Protein Assay kit
(cat. no. 23235; Thermo Fisher Scientific, Inc.), protein samples
were diluted and the absorbance was measured at 562 nm. A
standard curve was prepared and the concentration of each
lysate sample was determined. Equal quantities of protein
samples (20 xg) and PageRuler™ protein marker (cat. no. 26617,
Thermo Fisher Scientific, Inc.) were loaded and separated
via 12% SDS-PAGE. Protein blots were transferred to PVDF
membrane (cat. no. 88585; Thermo Fisher Scientific, Inc.) and
blocked in TBS-0.05% Tween 20 (TBST) containing 5% skim
milk at room temperature for 1 h. The membranes were incu-
bated with the following primary antibodies overnight at 4°C:
Rabbit anti-TMED?3 (1:2,000; cat. no. ab223175; Abcam); rabbit
anti-GAPDH (1:3,000; cat. no. AP0063; Bioworld Technology,
Inc.); rabbit anti-Akt (1:1,000; cat. no. 4685; Cell Signaling
Technology, Inc.); rabbit anti-phosphorylated (p)-Akt antibody
(1:1,000; cat. no. bs-5193r; BIOSS); rabbit anti-cyclin D1
(1:2,000; cat. no. 2978; Cell Signaling Technology, Inc.); rabbit
anti-CDK6 (1:1,000; cat. no. ab151247; Abcam); and rabbit
anti-MAPKO9 (1:1,000; cat.no.ab76125; Abcam). The membranes
were washed, followed by incubation with horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibody (1:3,000;
cat. no. A0208; Beyotime Institute of Biotechnology) for 1 h at
room temperature. Chemiluminescent analysis was performed
using Immobilon Western Chemiluminescent HRP substrate
(cat. no. WBKLS0050; EMD Millipore). GAPDH protein was
used as the internal reference.

Cell apoptosis analysis. Cell apoptosis was analyzed using an
Annexin V-allophycocyanin (APC) Apoptosis Detection kit
(cat. no. 88-8007-74; eBioscience; Thermo Fisher Scientific,
Inc.), chordoma cells were seeded on 6-well plates until 80%
confluent. The supernatant was discarded and cells were
washed using PBS buffer. After digestion, the cell suspension
was collected, followed by centrifugation at 1,050 x g for
5 min at 4°C and washing using 1X binding buffer. Cells were
resuspended in 1X binding buffer (200 ul) at 1-5x10%/ml. Then,
10 1 Annexin V-APC was mixed with the cell suspension,
which was incubated in dark for 10 min at room temperature.
Fluorescence-activated cell sorting (FACS) analysis was
performed using a flow cytometer (Guava easyCyte HT;
EMD Millipore) and InCyte 3.1 software (EMD Millipore) to
detect the fluorescence of GFP and Annexin V-APC of the
stained cells. The apoptosis rate was calculated according to

the scatter diagram of apoptosis. Apoptosis rate=rate of upper
right quadrant + rate of lower right quadrant.

MTT assay. To detect the viability of U-CHI and MUG-Chorl
chordoma cells, an MTT assay was performed. Cells were
seeded on a 96-well plate (~2,000 cells/well) and cultured
for 1-5 days at 37°C. Then, MTT (5 mg/ml; cat. no. JT343;
Gen-View Scientific, Inc.) was added to each well and cells
were cultured for 4 h. Subsequently, medium was discarded
and 100 1 DMSO were added. The optical density of each
well at 490/570 nm was measured; results were analyzed after
data were collected for 5 days.

Wound healing assay. Cells in the exponential growth
phase were cultured until >90% confluent on a 96-well plate
(~3x10* cells/well) in DMEM containing 10% FBS. The
medium was then discarded and a 96 Wounding Replicator
(V&P Scientific) was used to make a straight scratch across
the cells, after which the cells were washed and subsequently
cultured with low-serum medium (0.5% FBS). Using the
width of the scratch after culturing at 37°C with 5% CO, for
0,24 and 48 h, the migration rate of each group was calculated:
Migration rate=[width (0 h)-width (24 or 48 h)]/width (O h).

Transwell assay. Chambers were put in a 24-well plate.
Serum-free medium (100 pl) was prepared and added to the
chamber for incubation for 1-2 h at 37°C, after which the
medium was replaced and cells were added (1-2x10°/ml in
serum-free medium), while 600 x1 DMEM (with 30% FBS)
was added to the lower chamber. The chambers were cultured
for 24 h at 37°C. Migrated cells were then fixed using 4%
paraformaldehyde for 20 min at room temperature and were
stained using Giemsa for 15 min at room temperature while
non-migrated cells were scraped off. A high-power light
microscope was used and the number of migrated cells in five
fields/well was counted (magnification, x200).

Cell cycle assay. Cells in the exponential growth phase were
cultured on a 6-cm dish in DMEM containing 10% FBS
at 37°C for 24 h. Cells at 80% confluence were resuspended
in PBS buffer and fixed in 70% precooled ethanol overnight
at 4°C. After centrifugation at 1,400 x g for 5 min at 4°C and
resuspension, cells (1-6x10%/ml) were collected again and
incubated with RNase (100 yg/ml; cat. no. 2158-1; Takara Bio,
Inc.) and PI (50 pg/ml; cat. no. P4170; Sigma-Aldrich; Merck
KGaA) at room temperature for 30 min in the dark. Finally,
FACS analysis was performed using a flow cytometer (Guava
easyCyte HT) and ModFit LT 3.3 software (Verity Software
House) to determine the DNA content of cells.

Tumor xenograft model. A total of 10 female BALB/c nude
mice (age, 4 weeks; weight, 15.5-17.5 g) were obtained
from Shanghai Laboratory Animal Center and maintained
in a standard 12:12-h light/dark cycle under temperature
(20-22°C) and humidity (40-60%)-controlled conditions with
ad libitum access to food and water. MUG-Chorl chordoma
cells were infected with the shRNA lentivirus as described
above, digested with trypsin and resuspended. Chordoma
cell suspensions (200 ul; 1x107 cells/ml) from the sShTMED3
and shCtrl groups were injected subcutaneously into the
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Figure 1. TMED3 is highly expressed in chordoma and knocked down following lentiviral transduction. (A) Expression of TMED3 was detected in MUG-Chorl
and U-CH1 cells via RT-qgPCR analysis according to the Cq value (ACq=Cqryepi-Cqgeappn)s a8 Well as via western blot analysis. Expression was normalized
to GAPDH. (B) Efficacy of lentiviral infection of chordoma cells using different sSSTMED3 sequences was detected via western blot analysis. Cells in the
CON group were not exposed to any lentivirus. (C) Efficiency of lentiviral transfection was detected according to the fluorescence intensity after transfection
for 72 h, as well as via western blot and RT-qPCR analyses. ““P<0.001. Expression was normalized to GAPDH. Scale bar, 200 gm. TMED3, transmem-
brane Emp24 protein transport domain containing 3; sh, short hairpin (RNA); shCtrl, negative control shRNA; RT-qPCR, reverse transcription-quantitative

PCR; Cq, quantification cycle.

armpits of the right forelimbs of mice. At 5-7 days later, the
dimensions of tumors were measured using a Vernier caliper
and the tumor volume in mm?® was calculated according to
the following formula: V=n/6 x L x W x W, where V is the
tumor volume, L is the long tumor diameter and W is the short
tumor diameter. At 33 days after subcutaneous injection, mice
with tumor xenografts were anesthetized via intraperitoneal
injection of 0.7% pentobarbital (70 mg/kg) and tumors were
detected using an in vivo fluorescence imaging scanner.
Fluorescence intensity was detected by the system due to
green fluorescent protein expression in the cells. Mice were
sacrificed and tumors were obtained for weight measure-
ments and subsequent H&E analysis. Humane endpoints
were reached when the xenograft tumor reached >10% of
the animal's body weight, the tumor diameter was >20 mm,
tumors metastasized or grew such that it led to rapid body
weight loss (>20%), or signs of immobility, a huddled posture,
the inability to eat, ruffled fur, self-mutilation, ulceration,
infection or necrosis were observed. Animals that reached
study endpoints were euthanized via cervical dislocation
under anesthesia following intraperitoneal injection of pento-
barbital (70 mg/kg) (21). Death was verified by the cessation
of a heartbeat and dilated pupils.

The present study was conducted according to the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health (22) and approved by the Animal Ethics
Committee of Zhujiang Hospital of Southern Medical
University (approval no. IACUC-2019010).

H&E and immunohistochemistry (IHC) staining. To
gain further insight into the effects of TMED3 on tumor

progression, isolated tumor masses underwent fixation in
10% formaldehyde at room temperature for 24 h and tissue
dehydration, and were subsequently embedded in paraffin,
followed by cutting into 4-um sections and histological
analysis. Tissue was stained by hematoxylin (cat. no. BA4041;
BaSO Biotech) and eosin (cat. no. BA4022; BaSO Biotech)
for 3 min and 8 sec, respectively, at room temperature. Light
microscope was used to visualize cell patterns. IHC analysis
was performed to verify the expression of specific gene.
Briefly, after dewaxing and rehydration, sections were incu-
bated in citrate buffer (pH 6.0) and microwaved for 10 min.
Sections were then cooled down to room temperature and
incubated in peroxidase block (3% H,0,) for 5 min at room
temperature. Sections were then incubated in 5% normal
goat serum (cat. no. C01-03001; BIOSS) for 5 min at room
temperature. Animal tissue was stained using rabbit anti-Ki67
antibody (1:200; cat. no. abl6667; Abcam) overnight at 4°C
and horseradish peroxidase-conjugated goat anti-rabbit
antibody (1:400; cat. no. ab6721; Abcam) for 30 min at 37°C
in order to determine differences between tumor cells in
shTMED3 and shCtrl tissues. Expression was visualized using
3,3'-diaminobenzidine (cat. no. ab64238; Abcam), and nuclei
were counterstained using hematoxylin for 10 sec at room
temperature. A light microscope was used to observe sections
(magnification, x100 and x200) and five fields of each section
were analyzed.

Clinical specimens of chordoma and para-carcinoma
tissue were collected. and preliminary validation was
performed to identify the expression of TMED3 via IHC. A
total of 5 patients with histologically confirmed chordoma
were included in the study. Specimens from patients that
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Figure 2. Knockdown of TMED3 inhibits chordoma cell proliferation. (A) Cell proliferation ability of MUG-Chorl and U-CHI cells was detected using an
MTT array. The OD value at 490 nm of each well was measured after cell culture for 1-5 days. (B) Fluorescence-activated cell sorting analysis was performed
to determine the effects of TMED3 on the cell cycle progression of MUG-Chorl and U-CH1 cells; the proportions of cells in G1, S and G2 phases were

ks

detected.
shRNA; OD, optical density.

received surgical resection for chordoma between April 2018
and June 2020 were stored in the Pathology Department of
Zhujiang Hospital of Southern Medical University and used for
[HC. All patients were male and ranged in age (37-57 years).
Of the 5 chordoma cases, 2 originated from the sacrum and
3 from the skull base. Human experiments were approved
by the Ethics Review Committee of the Zhujiang Hospital of
Southern Medical University (approval no. 2020-K'Y-030-01),
and written consent was provided by patients. Sections were
stained using anti-TMED3 antibody (1:50; cat. no. ab151056;
Abcam), an UltraSensitive™ SP (Mouse/Rabbit) ITHC kit
(cat. no. KIT-9710; MXB Biotechnologies) and hematoxylin.
IHC analysis was conducted according to the procedure
mentioned above.

Human apoptosis antibody array. According to the manu-
facturer's protocols for a Human Apoptosis Antibody Array
kit (cat. no. ab134001; Abcam), 43 human apoptosis markers
were detected in cells simultaneously. Analysis was performed
using ImageJ 1.5 software (National Institutes of Health) to

P<0.001 vs. shCtrl. TMED3, transmembrane Emp24 protein transport domain containing 3; sh, short hairpin (RNA); shCtrl, negative control

detect the signal density of each spot, followed by normaliza-
tion to the positive control spot signals.

Statistical analysis. All statistical analysis was performed
using GraphPad Prism 8 software (GraphPad Software, Inc.).
Data are presented as the mean + SD. Data were analyzed
using Student's t-test when comparing two groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

TMED?3 is highly expressed in chordoma and downregulated
by lentiviral infection. Chordoma tissues from patients were
used in the present study for preliminary analysis of TMED3
expression. All chordoma specimens exhibited similar
microscopic characteristics (chordal-arranged, vacuolated
and eosinophilic cells with intra- and extracellular mucus).
Moreover, postoperative analysis revealed positive staining
for cytokeratin, mucin-1, S-100 and vimentin; Ki67 staining
was 1-10% positive. IHC staining revealed that TMED3 was
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Figure 3. Knockdown of TMED?3 inhibits chordoma cell migration. (A) Cell migration ability of MUG-Chorl and U-CHI cells was determined via a wound
healing assay. The widths of scratches were detected following culture for 0, 24 and 48 h, and the migration rate of each group was calculated. “"P<0.01,
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P<0.001. (B) Transwell assays were performed to further evaluate the migration abilities of MUG-Chorl and U-CHI cells. After culture for 24 h, migrated

cells were counted under a high-power light microscope (magnification, x200) and the migration rate was calculated. ““P<0.001. TMED3, transmembrane
Emp24 protein transport domain containing 3; sh, short hairpin (RNA); shCtrl, negative control shRNA.

primarily distributed in the cytoplasm of cells in chordoma
tissues (Fig. S2). In U-CH1 and MUG-Chorl chordoma cell
lines, RT-qPCR analysis suggested that the expression of
TMED3 was high in MUG-Chorl cells (ACq=7.21), while there
was moderate expression in U-CHI cells (ACq=14.4; Fig. 1A).
Western blot analysis revealed that, compared with the shCtrl
group, the protein levels of TMED3 in cells infected with
shTMED3-1, shTMED3-2 and shTMED3-3 were downregu-
lated; as shaTMED3-1 exhibited the strongest efficacy, this was
selected as the shRNA for subsequent experiments (Fig. 1B).
After lentiviral transduction for 72 h, the fluorescence of cells
infected with LV-shCtrl or LV-shTMED3 indicated >80%
efficiency of infection. Additionally, it was demonstrated via
RT-gPCR and western blot analyses that TMED3 was signifi-
cantly downregulated in the sShTMED3 group compared with
the shCtrl group (Fig. 1C). Collectively, it was indicated that
TMED?3 was positively expressed in MUG-Chorl and U-CHI1

chordoma cell lines, and that the lentiviral knockdown was
successful.

Knockdown of TMED3 inhibits chordoma cell viability and
migration. In order to obtain insight into the function of
TMED?3 in chordoma cells in vitro, the effects of TMED?3
knockdown on cell viability and migration were detected.
MTT assays showed that, compared with the shCtrl group,
cells in the shcTMED3 group exhibited significantly reduced
viability in the MUG-Chorl [fold change (FC)=-1.85,
P<0.001] and U-CHI cell lines (FC=-1.56, P<0.001; Fig. 2A).
Furthermore, FACS analysis was performed to investigate
the cell cycle in chordoma. Compared with shCtrl, the
percentage of cells in G1 and G2 phase was increased in the
shTMED?3 group, whereas the percentage of cells in S phase
decreased in the MUG-Chorl (G1, 75.12+0.66 vs. 58.52+0.46,
P<0.001; G2, 21.10+0.38 vs. 13.38+0.20, P<0.001; S,
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lentiviral transfection. ™"
shRNA.

3.78+0.28 vs. 28.14+0.40, P<0.001) and U-CHI1 cell lines
(G1, 56.26£1.16 vs. 38.48+0.63, P<0.001; G2, 11.47+0.24
vs. 7.01+0.33,P<0.001; S, 32.27+0.93 vs. 54.51+0.93, P<0.001;
Fig. 2B). Moreover, wound healing assays revealed that the
average cell migration rate in the shTMED3 group compared
with the shCtrl group was decreased both in MUG-Chorl
(24 h, 0.07+£0.01 vs. 0.29+0.02, P<0.001; 48 h, 0.29+0.01
vs. 0.62+0.02, P<0.001) and U-CHI cells (24 h, 0.20+0.06
vs. 0.28+0.03, P>0.05; 48 h, 0.31+0.06 vs. 0.74+0.08, P<0.01;
Fig. 3A), indicating that cell migration was suppressed after
knockdown of TMED?3. Similarly, Transwell assays revealed
that the migration of cells in the sScTMED3 group compared
with shCtrl group was significantly inhibited by 71% in
MUG-Chorl cells (14+£2.14 vs. 48+1.31, P<0.001) and 99%
in U-CHI cells (1£0.23 vs. 111+4.02, P<0.001; Fig. 3B).
The aforementioned analysis suggested that TMED3 is
tumor-associated, and that downregulating TMED?3 inhibited
cell viability and migration in chordoma.

Knockdown of TMED3 increases chordoma cell apoptosis.
Next,in order to explore the effects of TMED3 on chordoma cell
apoptosis, Annexin V-APC was used to stain chordoma cells;
FACS analysis revealed that, compared with the shCtrl group,
the apoptosis rate was significantly increased in the sScTMED3
group in MUG-Chorl (20.35+0.48% vs. 3.54+0.27%,P<0.001)
and U-CHI1 cell lines (7.69+0.29% vs. 4.04+0.18%, P<0.001;
Fig. 4). These results indicated that knockdown of TMED3
promoted chordoma cell apoptosis, and that TMED3 may be

P<0.001. TMED3, transmembrane Emp24 protein transport domain containing 3; sh, short hairpin (RNA); shCtrl, negative control

associated with chordoma progression via apoptosis signaling
pathways.

Knockdown of TMED3 inhibits chordoma growth in vivo.
To verify the role of TMED3 in chordoma in vivo, a tumor
xenograft model was established by injecting shCtrl- or
shTMED3-infected MUG-Chorl chordoma cells subcutane-
ously into nude mice, followed by measurements of tumor
volume and weight. Reductions in average tumor weight were
observed in the sShsTMED3 group compared with the shCtrl
group (0.082+0.066 g vs. 0.342+0.083 g; P<0.001), and the
average tumor volume in the sScTMED3 group was signifi-
cantly smaller compared with the shCtrl group (Fig. SA-F).
Furthermore, IHC staining revealed that, compared with the
shCtrl group, the scTMED3 group exhibited downregulation
of Ki67 expression, which is considered to be a biomarker
for tumor growth, further suggesting that TMED3 may be an
important contributor to chordoma growth (Fig. 5G).

TMED3 regulates signaling pathways involved in cell cycle,
apoptosis and proliferation. To further explore the mecha-
nisms underlying the regulation of chordoma by TMED3,
differentially expressed proteins were screened using a human
apoptosis marker array and western blot analysis. The results
showed that, compared with the shCtrl group, the protein levels
of Bcl-2, heat shock protein 27 (HSP27), insulin-like growth
factor (IGF)-I, IGF-II, IGF binding protein-2 (IGFBP-2) and
Livin were significantly downregulated (reductions in gray
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subsequently stained with hematoxylin and eosin or reacted with anti-Ki67 antibody. “P<0.01,
domain containing 3; sh, short hairpin (RNA); shCtrl, negative control shRNA.

value of 42.63, 28.48, 23.87, 43.98, 25.81 and 28.91%, respec-
tively, P<0.05; Fig. 6A and B) among 43 proteins involved in
cell apoptosis. In addition, western blot analysis revealed that
knockdown of TMED3 resulted in downregulation of Akt,
p-Akt, CDK6 and cyclin D1, and upregulation of MAPK9
(Fig. 6C). These results indicated that TMED3 promoted chor-
doma progression by regulating cell apoptosis-related proteins
and Akt signaling (Fig. S3).

Discussion

Chordoma is a rare bone cancer with limited treatment options;
currently, surgical operation is the first-line therapy, but it is

P<0.001. TMED3, transmembrane Emp24 protein transport

difficult to radically excise chordoma tumors (5). Additionally,
there is no consensus concerning the effects of radiotherapy
and chemotherapy following surgical resection. Due to
resistance to traditional therapies, targeted therapy has been
considered to be a more effective way to overcome the chal-
lenges involved in chordoma treatment. TMED3, a member
of the p24 protein family that has been shown to be critically
involved in the transportation of secretory cargo from the ER
to the Golgi complex (9,10), has been demonstrated to promote
cancer progression in recent years, including clear cell renal
cell carcinoma, breast cancer and gastric cancer (12-14).

The present study aimed to explore the role served by
TMED3 in chordoma. It was found that TMED3 protein
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Figure 6. TMED?3 regulates the expression of genes involved in the cell cycle, apoptosis and proliferation. (A) Human apoptosis antibody array was performed
to identify the effect of TMED3 on downstream genes associated with apoptosis. Proteins encoded by 43 different genes were detected. Dark blue denotes high
relative expression and light green denotes low relative expression. FC, red denotes significant upregulation and dark blue denotes downregulation (P<0.05,
FC >20% or <-20%). (B) Proteins associated with apoptosis, including Bcl-2, HSP27, IGF-1, IGF-11, IGFBP-2 and Livin, were detected in the human apoptosis
antibody array and showed significant differential expression. ‘P<0.05. (C) Western blot analysis was performed to determine the effect of TMED3 on the
expression of proteins related to cancer progression. TMED3, transmembrane Emp24 protein transport domain containing 3; sh, short hairpin (RNA); shCtrl,
negative control sShRNA; HSP27, heat shock protein 27; IGF, insulin-like growth factor, IGFBP2, IGF binding protein 2; p, phosphorylated; FC, fold change.

was distributed mainly in the cytoplasm of surgical speci- the expression of TMED3 was moderately high in chordoma
mens. According to data in the Human Protein Atlas (23), cells. As TMED?3 is one of the TMED family members that
TMED?3 is located in the Golgi apparatus (data not shown).  are important regulators of protein transport, upregulation
Given that TMED?3 plays a central role in protein trafficking, of TMED3 may promote anterograde and retrograde protein
TMED3 is predicted to be concentrated in the ER and other transport via interactions with transmembrane and secreted
cytoplasmic regions. In contrast to other cancer types that  proteins. It has been reported that TMEDs are upregulated
exhibited positive staining in the nucleus, such as colorectal, in various cancer types and play different roles in cancer
lung and breast cancers, IHC staining was weak or negative  progression (24). As the function of TMED3 in chordoma is
in the nuclei of surgical chordoma specimens, demonstrating  unclear, genetic knockdown was performed in order to gain
why cancer specificity should be considered. Additionally, insight into the function of TMED?3. Following infection with
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lentiviral vectors targeting TMED?3, the viability, migration
and cell cycle progression of cells were significantly inhibited,
whereas apoptosis was enhanced; additionally, tumor growth
in a mouse xenograft model was also inhibited. Evidence
obtained from both in vivo and in vitro experiments pointed
towards TMED?3 serving a role as a positive regulator in chor-
doma. Consistent with these results, previous studies showed
that TMED3 downregulation suppressed cell proliferation and
migration in breast cancer, gastric cancer, prostate cancer and
hepatocellular carcinoma, and that TMED3 expression is a
potential biomarker of poor prognosis in clear cell renal cell
carcinoma (12-16). Conversely, Duquet et al (18) showed that
TMED3 knockdown induced lung metastasis of HT29 colon
cancer cells in vivo, suggesting that TMED3 may serve as a
suppressor of colon cancer metastasis. Thus, the complex roles
of TMED3 merit further exploration.

In order to investigate the mechanisms underlying the
effects of TMED?3 in chordoma, after TMED3 silencing, an
apoptosis array was used to detect the expression of genes
involved in human apoptosis pathways. Apoptosis is the
process of programmed cell death, and insufficient apoptosis
contributes to the progression of various cancer types (25).
According to the protein array, IGF-1, IGF-II and IGFBP-2,
which are involved in apoptosis signaling pathways (26), were
identified to be downregulated in MUG-Chorl cells. IGF-I and
IGF-II, widely distributed in multiple tissues in humans, bind
their receptors with high affinity and subsequently activate a
cascade of downstream events, leading to cancer progression
by promoting cell proliferation and survival, and tumor growth
and metastasis (27). Furthermore, IGFBP2, one of the six
members of the IGFBP family that can react with ligands either
extracellularly or intracellularly to regulate cell survival and
viability, has been reported to serve as an oncogene (26-28).
It was reported that overexpression or exogenous IGFBP-2
promoted cell proliferation in metastatic cancer, including
glioblastoma and ovarian, prostate and bladder cancers, which
was blocked by IGFBP-2 knockdown (29). The present study
reported findings consistent with previous studies, suggesting
that TMED3 modulates cancer-related genes to inhibit cell
apoptosis, leading to chordoma progression. Additionally,
Bcl-2, Livin and HSP27, members of the inhibitor of apop-
tosis protein family, were also observed to be downregulated
after knockdown of TMED3 in MUG-Chorl cells, which was
consistent with previous studies and supported the idea that
targeting the expression of TMED3 results in apoptosis in
chordoma (30-32).

Furthermore, the expression of critical genes associated
with signal transduction was analyzed. Western blot analysis
revealed that Akt, p-Akt, CDK6 and cyclin D1 were down-
regulated following TMED3 knockdown, whereas MAPK9
was upregulated, suggesting at a potential relationship with
TMED?3. Akt, also known as protein kinase B, is a serine-thre-
onine protein kinase that functions as an essential regulator in
multiple biological processes, such as metabolism, cell prolif-
eration, cell survival, metastasis and angiogenesis (33,34). It
has been demonstrated that Akt reacts with >100 substrates
by modulating the phosphatase activity of specific groups,
and abnormal activation of Akt has been widely observed in
different cancer types including prostate, gastric, pancreatic,
ovarian and breast cancers (35). A previous study indicated

that both PI3K/Akt and RAS/MAPK pathways were acti-
vated in chordoma, which was consistent with the present
study (36-38).

Additionally, cyclin DI and CDK6 are associated with the
cell cycle, and were downregulated in TMED3-silenced chor-
doma cells in the present study (39). PI3K and Akt mediate
suppression of cyclin DI threonine residue phosphorylation,
inhibiting subsequent ubiquitination to prevent degradation
via the RAS signaling pathway, leading to cell cycle progres-
sion (39,40). In the present study, chordoma cells infected with
shTMED3 were arrested in G2 phase, indicating that TMED3
may regulate the cell cycle via the PI3K/Akt pathway in which
CDKG6 and cyclin D1 are involved. Conversely, compared with
chordoma cells in the shCtrl group, MAPK9 was found to be
upregulated in TMED3-silenced cells. MAPK9 (also known
as JINK?2) is a member of the MAPK family that serves a key
role in response to a variety of signals, leading to regulation
of multiple signaling pathways in mammalian cells (41).
The effects of MAPK®9 in cancers depend on the tissue type.
MAPKO9 was found to be abnormally activated in multiple
caner types, including glioma, lung carcinoma, lymphoblastic
leukemia and prostate carcinoma, which indicated that
MAPKO critically contributes to cancer progression and devel-
opment (42). Conversely, in certain cancers, it has reported that
MAPKO plays a role as a negative regulator in cell prolifera-
tion via activation of the JNK pathway (43,44). Fan et al (45),
for example, showed that specifically inhibiting JNK1/2
expression suppressed the vinblastine-induced phosphoryla-
tion of the anti-apoptotic proteins Bcl-2 and Bcl-X, , leading to
inactivation of Bcl-2 and Bcl-X, , which may explain why Bcl-2
protein was significantly downregulated in SiSTMED3 cells in
the present study. Based on the findings of the present study,
knockdown of TMED3 may inhibit phosphorylation and thus
lead to the inhibition of biological processes that contribute to
chordoma progression.

In conclusion, it was demonstrated that TMED3 was
highly expressed in chordoma, and that knockdown of
TMED3 inhibited chordoma progression both in vivo and
in vitro by suppressing cell proliferation and migration, and
promoting apoptosis. Furthermore, proteins associated with
apoptosis signaling pathways, including Bcl-2, HSP27, IGF-I,
IGF-II, IGFBP-2 and Livin, were significantly downregulated.
Additionally, TMED3 may regulate chordoma via PI3K/Akt
or MAPK signaling pathways, as Akt, CDK6, Cyclin D1
and MAPKDY exhibited altered expression following TMED3
silencing. To further determine the potential mechanisms
of TMED3, there were plans to perform a bioinformatics
analysis using public databases; however, sufficient data was
not obtained from the database. The present study doesn't fully
explain the underlying upstream mechanisms involved in the
effects of TMED3, nor the interactions of the downstream
proteins; these issues will be the focus of future studies.
Nevertheless, these findings highlighted a potentially impor-
tant role for TMED3 in chordoma progression and indicated
that TMED3 may be a potential target for chordoma therapy.
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