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ABSTRACT

Background: The molecular mechanisms of esophageal squamous cell carcinoma (ESCC)
remain poorly understood. Transmembrane emp24 trafficking protein 3 (TMED3) acts as an
oncogene or tumor suppressor gene in different cancers. Our study was to explore the
clinicopathological significance and functional roles of TMED3 in ESCC.

Methods: Immunohistochemistry, gPCR, and western blotting were used to analyze the
expression of TMED3 in ESCC tissues and cells. Statistical analysis was performed to
analyze the relationship between TMED3 expression and tumor characteristics in patients
with ESCC. The role of TMED3 in vitro and in vivo was investigated by performing functional
verification experiments and using a xenograft mouse model. Proteins that are functionally
related to TMED3 were recognized by Affymetrix microarray and Ingenuity Pathway
Analysis (IPA). Functional verification experiments were performed to analyze the role of
FAMG60A (a protein functionally related to TMED?3) in vitro.

Results: We confirmed the overexpression of TMED3 was correlated with poor prognosis in
ESCC patients. When TMED3 was knocked down, ESCC cell proliferation, migration, and
invasion were inhibited whereas cell apoptosis was promoted in vitro, and tumorigenicity
was inhibited in vivo. We further revealed significant changes in gene expression profile in
TMED3 knockdown cells. Among these differentially expressed genes, FAM60A was over-
expressed in ESCC tissues. Furthermore, knocking down FAM60A significantly weakened
the proliferation ability of ESCC cells and reversed TMED3's tumorigenicity of ESCC cells.
Conclusion: Our study revealed an oncogenic role of TMED3 in ESCC.
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At a glance commentary
Scientific background on the subject

The molecular mechanisms of esophageal squamous
cell carcinoma (ESCC) remain poorly understood. The
transmembrane emp24 trafficking protein 3 (TMED3)
acts as an oncogene or tumor suppressor gene in
different cancers. It is of great significance to explore the
clinicopathological significance and functional role of
TMED3 in ESCC.

What this study adds to the field

The results of our study demonstrated that TMED3
overexpression plays an important role in ESCC through
regulating FAM60A and inhibiting the apoptosis
signaling pathway. These findings help us better un-
derstand the molecular mechanisms of ESCC and
potentially may help the prognosis and treatment of
ESCC in the future.

Esophageal carcinoma is the sixth leading cause of cancer-
related death worldwide, with an estimated 572,034 new cases
and 508,585 deaths each year [1]. Esophageal squamous cell
carcinoma (ESCC) is the main pathological type in China, ac-
counting for more than 90% of esophageal cancer cases [2].
Neoadjuvant chemoradiotherapy or chemotherapy followed
by surgery and radical chemoradiotherapy are standard
treatments for esophageal cancer [3]. Despite the rapid
development of various treatment regimes in recent decades,
the 5-year survival rate of patients with locally advanced ESCC
is only 25%, and recurrence and metastasis are still the leading
causes of death [4]. Therefore, identifying the molecular
mechanisms of ESCC is urgent and highly needed to improve
the clinical outcome of ESCC patients.

Transmembrane emp24 domain-containing protein
(TMED) family has emerged as important protein transport
regulators and is essential for embryonic development and
homeostasis [5]. TMED proteins dimerize and interact with
coatomer protein complexes to promote cargo selection and
vesicle formation during anterograde and retrograde trans-
port [6]. Abnormally controlled transport of proteins and
expression of TMED proteins in the secretory pathway
contribute to diseases such as cancer. TMED3 is one of TMED/
p24 family members that share a similar structural organi-
zation, including a luminal Golgi-dynamics domain, a luminal
coiled-coil domain, a transmembrane domain, and a short
cytosolic tail [7—10]. Many studies have shown that TMED3
plays a tumor suppressor or oncogenic role in different cell
types, including prostate cancer, colon cancer, hepatocellular
cancer, breast cancer, clear cell renal cell, and gastric cancer
[11-17]. However, the role of TMED3 in ESCC is unknown.

In this study, we aimed to investigate the function, mo-
lecular mechanism, and clinicopathological significance of
TMEDS3 in ESCC. Using human tissues, cell lines and a xeno-
graft mouse model, our results demonstrated that TMED3

plays an oncogenic role in ESCC progression and may help the
prognosis and treatment of ESCC in the future.

Materials and methods
Clinical tissue samples and patient information

One hundred sixty-six paraffin-embedded surgical specimens
and clinical information from patients with ESCC at the Sun
Yat-sen University Cancer Center, Guangzhou, China, were
collected from January 2006 to December 2008. Clinicopatho-
logical classification and staging before treatment were based
on the American Joint Committee on Cancer (AJCC) guidelines.
All tissue samples were collected in cases without preopera-
tive chemotherapy. All patients received platinum- or taxane-
based postoperative chemotherapy, once every 3 weeks for
2—4 cycles. The use of clinical information and tissue samples
in this study was approved by the Institutional Research
Ethics Committee of our hospital and consented by the
patients.

Immunohistochemistry (IHC)

IHC was performed on tissue sections as described [15]. After
deparaffinization, the sections were stained using anti-TMED3
(ab223175, Abcam, Cambridge, MA), anti-FAM60A (NBP2-
68734, Novus, Littleton, CO), anti-K67 (ab16667, Abcam) and
anti-Bcl-2 (ab32124, Abcam). The primary antibody was
replaced with normal goat IgG in negative controls. Stained
sections were observed by two pathologists independently
who were blinded to the clinicopathological information of
the samples. Positive staining in the samples was scored as
0 (no positive staining), 1 (0—25% positively stained cancer
cells), 2 (25—50%), 3 (50—75%), or 4 (>75%). Staining intensity
was scored as 0 (no staining), 1 (weak staining, light brown), 2
(moderate staining, moderate brown), or 3 (strong staining,
dark brown). IHC score was calculated by multiplying the
positive staining score by the staining intensity score. IHC
score of >6 was defined as high expression, and of <6 as low
expression.

Cell culture, plasmid constructs, lentivirus production and
transduction, and transfection

Human ESCC cell lines Eca-109 (CVCL_6898), TE-1
(CVCL_1759) were obtained commercially from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
All human cell lines were authenticated using STR profiling
within the last three years. All cell lines were cultured in
RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented
with 10% FBS (Bioind, Kibbutz Beit, Israel) in a humidified 5%
CO, atmosphere at 37 °C. Scanning electron microscopy was
used to confirm that all cell lines tested negative for myco-
plasma contamination. The design of shRNA, the construc-
tion and package of RNAi lentivirus and overexpression
lentivirus, and lentiviral infection of target cells were
serviced by Shanghai Biosciences (Shanghai, China). The
knockdown efficiency at the mRNA and protein level of the
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target gene was determined by quantitative real-time PCR (q-
PCR) and western blotting.

RNA extraction, reverse transcription, and q-PCR

Total RNA was extracted with Trizol according to the sup-
plier's operating instructions (Sigma—Aldrich, St. Louis, MO).
c¢DNA was obtained by reverse transcription using the HiScript
II QRT SuperMix for qPCR (+gDNA WIPER) (Vazyme, Nanjing,
China). Q-PCR was conducted using AceQ qPCR SYBR Green
master mix (Vazyme). The relative expression level was
calculated as 2°*2°t, where Ct represented the threshold
cycle of each transcript, and GAPDH was used to
normalize gene expression. TMED3-specific primers were
5'-GGCGTGAAGTTCTCCCTGGATT-3  (forward) and 5'-
GCTGTCGTACTGCTTCTTCGTTTC-3' (reverse). FAM60A-spe-
cific primers were 5-CAAGCCAAAGATGTACCGAAGT-3' (for-
ward) and 5'-CATTGCAGATGTCTCCTGAACGA-3' (reverse).
GAPDH-specific primers were 5'-CGGATTTGGTCGTATTGGG-3'
(forward) and 5'-GATTTTGGAGGGATCTCGC-3' (reverse).

Western blotting

Cultured cells were lysed with RIPA lysis buffer (Beyotime,
Shanghai, China). BCA kit (Pierce, Rockford, IL) was used to
measure protein concentrations. The Flag and HA sequences
were inserted into plasmids by the primers containing spe-
cific restriction sites. The plasmids were transformed into
competent cells, screened, and amplified with LB containing
ampicillin. High-concentration recombinant Flag-TMED3
and HA-FAM60A were obtained. These two plasmids were
verified by DNA sequencing. Endotoxin-free extraction was
carried out for subsequent cell transfection [18]. The equiv-
alent amounts of proteins were separated on 10% SDS-
polyacrylamide gel electrophoresis and transferred to a
PVDF membrane (Millipore, Bedford, MA). PVDF membrane
was blocked with a blocking buffer and was incubated with
an anti-TMED3 (ab223175, Abcam), anti-FAM60A (ab167180,
Abcam), anti-GAPDH (AP0063, Bioworld, Nanjing, China),
anti-DYKDDDDK Tag (14,793, Cell Signaling, Danvers, MA),
anti-HA (ab9110, Abcam), anti-GAPDH antibody (AP0063,
Bioworld), and the corresponding secondary antibodies, goat
anti-rabbit IgG (A0208, Beyotime) or goat anti-mouse IgG
(A0216, Beyotime). Immobilon Western Chemiluminescent
HRP Substrate kit (Millipore) was used for color development
and the bands were detected using an Amersham Imager 600
(GE Healthcare Little Chalfont, Buckinghamshire, UK).

MTT assay

Cells were placed in a 96-well plate at a density of 2000/well
and were incubated overnight. From the second day after
plating, 20 ul of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-H-
tetrazolium bromide (MTT; Genview, Beijing, China) reagent
(5 mg/ml) was added into the designated wells. 100 ul DMSO
was used to dissolve the MTT formazan precipitate. The
absorbance at 490/570 nm was measured with a microplate
reader (Tecan, Mannedorf, Switzerland).

Colony formation

Clonogenic growth of Eca-109 and TE-1 cells was assessed by
incubating 800 cells transfected with lentiviral-based
shTMED3, shFAMG60A, or control. Clonogenic cultures were
performed in a 6-well plate in 1 ml DMEM (Corning, New York,
NY). Colonies of more than 50 cells were photographed under
a fluorescence microscope after fixing the cells with 4%
paraformaldehyde for 30 min and washing with PBS. Clones
were photographed under a fluorescence microscope
(Olympus, Tokyo, Japan). Cells were stained by impurity-free
GIEMSA (Shanghai Dingguo Biotechnology, Shanghai, China).
Colonies of more than 50 cells were counted after being
washed, dried, and photographed.

Wound healing assay

Cells were plated in 96 well plates which were slightly pushed
up by the scratcher to form scratches and were washed with
the serum-free medium to remove floating cells. Low-
concentration serum medium (0.5% FBS) was added to the 96
well plates. The target cells were cultured in 5% CO, incubator
(Thermo, Waltham, USA) at 37 °C. Migrating cells were pho-
tographed under a fluorescence microscope (Olympus, Tokyo,
Japan). Cell motility was quantified by measuring the distance
between the boundaries of migrating cells.

Transwell assay

Transwell assay was performed in a 24-well Transwell cham-
ber (Corning). The required quantity of chambers was placed in
an empty 24-well plate and placed in the incubator for 1 h after
adding 100 ul of serum-free medium. The medium in the lower
chamber was replaced with 600 pl of medium with 30% FBS.
After making cell suspension, 100 pl cell suspension (containing
100,000—200,000 cells) was added to each chamber. The
chambers were transferred into the lower chamber containing
a medium with 30% FBS and cultured for 4—24 h in the incu-
bator. The cells were immersed in the staining solution. The
cells on the underside of the membrane were stained and
counted under a microscope after being washed and dried.

Flow cytometry

The cells were cultured in a 6-well plate after transfection
with lentiviral-based shTMED3, shFAM60A, or control, until
the confluence was about 70%, followed by being treated with
5 pl pancreatic enzymes and stained with 5 ul Annexin V-APC
and 5 pl propidium iodide (PI). Cell cycle distribution was
analyzed by FACS Calibur system (3550UV, BioRad, Hercules,
CA). Viable cells were not stained with Annexin V, necrotic
cells double-positive for Annexin V and PI, while apoptotic
cells Annexin V-positive and PI-negative.

HCS cell proliferation assay
The target cells were cultured in a 96-well culture plate and

then transfected by lentivirus for GFP expression for 2—3 days.
The expression of GFP was observed under a fluorescence
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Fig. 1 TMED3 upregulation was related to poor clinical outcomes and prognosis in ESCC patients. (A) Representative examples
of TMEDS3 staining on adjacent normal tissues and ESCC tissues. Scale bars = 100 pm or 200 pm. (B) Distribution of TMED3

staining intensity in ESCC and adjacent normal tissues. (C) IHC scores of TMED3 in the adjacent normal tissues (n = 63) and
ESCC tissues (n = 103), which were analyzed by the Mann—Whitney U test. (D) Representative examples of TMED3 staining on
ESCC tissues from patients with three lymph nodes or nine lymph nodes. (E) Representative examples of TMED3 staining on
ESCC tissues from patients at AJCC Stage I, I, and III. The right panel of Fig. 1D and the right panel of Fig. 1E are from the same
sample. (F) Kaplan—Meier analysis of overall survival for ESCC patients that were grouped according to TMED3 expression level

(n = 103, log-rank test). *p < 0.05, **p < 0.01, ***p < 0.001.

microscope. When the fluorescence rate reached 70—-90%, the
cells were cultured until the rate of cell fusion reached
70—90%, and then collected for the following experiment.
GFP" cells were recognized and pictures were taken by Cel-
igo® Image Cytometer (Nexcelom Bioscience, Lawrence, MA).
The image was analyzed and processed with the software, and
the number of cells in different groups was calculated.

Xenograft nude mouse model

Four-week-old female nude mice (BALB/cSlcn/n) were pur-
chased from SLAC Laboratory Animal Co, Ltd (Shanghai,
China) and maintained under specific pathogen-free condi-
tions. Mice were randomized into two groups (10 mice per
group), control group, and TMED3*P group. Tumors were
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established by subcutaneously injecting Eca-109-TMED3XP

cells or Eca-109-Control cells (1 x 107/ml; 200 ul per xenograft)
into the right forelimb of BALB/cSlen/n mice. The weight of
the mice was measured every week after implantation. Mice
were injected intraperitoneally with D-Luciferin (15 mg/ml)
and anesthetized with 0.7% pentobarbital sodium. Biolumi-
nescent images were measured 2 or 3 times a week after 14
days using IVIS Spectrum (Berthold Technologies, Wildbad,
Germany). All mice were sacrificed after 21 days to collect the
data of tumor weight. Animal experiments were performed in
compliance with the Animal Ethical Committee of the Sun
Yat-sen University Cancer Center (Guangzhou, China) after
the approval of the local Animal Ethical Committee.

Gene array and enrichment analysis

The library for gene microarray was constructed with the
TruSeq Stranded mRNA LT Sample Preparation Kit ([llumina,
San Diego, CA) according to the standard protocols, and then
scan it by Affymetrix Scanner 3000 (Affymetrix, Santa Clara,
CA). Ingenuity Pathway Analysis (IPA) analysis was applied to
identify the pathways that the differentially expressed genes
(Fold Change>1.5 and FDR<0.05) belong to. A Z-score>2 sug-
gested significant activation of the pathway, and a Z-
score < —2 significant inhibition.

Apoptosis antibody array

The expression profiles of apoptosis-related proteins were
analyzed with a human apoptosis antibody array (ab134001,
Abcam), according to the standard protocol. Place the capture
and control antibodies in duplicate on the nitrocellulose
membrane. Capture and control antibodies were placed in
duplicate on the nitrocellulose membranes. Cellular extracts
were diluted and incubated with the human apoptosis array
overnight. The array was washed and then incubated with
biotinylated detection antibodies.

Gene expression omnibus (GEO) data acquisition and
analysis

We analyzed the expression of FAM60A in ESCC and normal
tissue using the GEO database (https://www.ncbi.nlm.nih.gov/
geo/). The GEO data sets (GSE23400, GSE20347, and GSE1735)
were obtained from the GEO database. The data set included
FAM60A mRNA expression in ESCC tissue and normal
esophagus tissue. The FAM60A mRNA expression level in
ESCC tissue and normal esophagus tissue was compared
using t test. p < 0.05 indicated statistical significance.

Statistical analysis

Statistical analysis was performed by SPSS version 24.0
(SPSS, Chicago, IL) and GraphPad Prism 6.0 (GraphPad, La
Jolla, CA). Mann—Whitney test and Kruskal-Wallis test were
used for analyzing the relationship between TMED3 expres-
sion and tumor characteristics in patients with ESCC. T test,
wilcoxon test and chi-square test were used in the data
analysis. All data were presented as mean =+ SD.
Kaplan—Meier analysis was applied to assess survival

Table 1 Relationship between TMED3 expression and
tumor characteristics in patients with ESCC.

Characteristics No. TMED3 p value
expression
Low High

All 103 57 46

Age (years) 0.600
<65 53 28 25
>65 50 29 21

Gender 0.635
Male 76 41 35
Female 27 16 11

Smoking history 0.197
Never 21 9 12
Former or current 82 48 34

Drinking history 0.495
Never 35 21 14
Former or current 68 36 32

Lymph node number 0.023%
<6 47 31 16
>6 45 19 26

Tumor size 0.744
<5 cm 41 20 21
>5cm 42 22 20

Grade 0.405
I 8 6 2
1I 68 38 30
1II 27 13 14

AJCC Stage 0.058
I 4 4 0
1I 43 26 17
III 51 23 28

T stage 0.074
T1 4 4 0
T2 12 7 5
T3 81 44 37
T4 3 0 3

N stage 0.327
NO 46 28 18
N1 31 18 13
N2 19 8 11
N3 4 1 3

Mann—Whitney test or Kruskal-Wallis test.
2 p <0.05.

probability, and a log-rank test was applied to compare dif-
ferences in survival in univariate analysis.

Results

Upregulated TMED3 was significantly associated with poor
clinical outcomes and prognosis of ESCC

To examine the expression of TMED3 in ESCC, we evaluated 166
paraffin-embedded ESCC specimens by IHC staining. We found
that the expression of TMED3 in ESCC tissues was higher than
that in adjacent normal tissues (Fig. 1A). In ESCC tissues, 1.0%
had negative, 54.4% weak, 33.0% moderate, and 11.7% strong,
staining of TMED3 protein. In adjacent normal tissues, 57.1%
had negative staining, 42.9% weak, and none moderate or
strong staining of TMED3 protein (Fig. 1B). 44.7% (46/103) of
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ESCC specimens were categorized as the high TMED3 group
and the rest 55.3% (57/103) was the low TMED3 group. 100% (63/
63) of adjacent normal tissues were categorized as the low
TMED3 group and none as the high TMED3 group. The IHC
score of TMED3 in ESCC tissues was significantly higher than
that in adjacent normal tissues (p < 0.001; Fig. 1C).

Statistical analysis was performed to analyze the relation-
ship between TMED3 expression and tumor characteristics in
ESCC patients. Analysis showed that the expression of TMED3

was significantly associated with the number of lymph nodes
(p = 0.023), but not significantly related to other pathological
variables, including age, gender, smoking history, drinking
history, tumor size, grade, T stage, N stage and AJCC stage
(Table 1). Combining the results of IHC staining, we further
confirmed that patients with high TMED3 expression were
more likely to have a higher rate of lymph node metastasis
(Fig. 1D). We observed from the IHC results that the higher the
AJCC stage, the higher the expression of TMED3, although the
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change (>1.5) between TMED3*P and control Eca-109 cells and the FDR (FDR<0.05) obtained from the significance test, Wilcoxon
test. (B) The heatmap of differential gene expression between TMED3¥P and control Eca-109 cells, wilcoxon test. (C)
Differentially expressed mRNAs in TMED3¥P and control Eca-109 cells detected by q-PCR, student's t test. (D) Differentially
expressed proteins in TMED3*P and control Eca-109 cells detected by western blotting. (E) Celigo cell counting assay was
performed to evaluate the effect of CDK6, FAM60A and GDAP1 knockdown on proliferation of Eca-109 cells, paired sample t-
test. (F) Representative examples of FAM60A staining on adjacent normal tissues and ESCC tissues. Scale bar = 100 um or
200 pm (left panel); IHC scores of FAM60A in the adjacent normal tissues (n = 63) and ESCC tissues (n = 103), which were
analyzed by the Mann—Whitney U test (right panel). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5 FAM60A knockdown reversed the oncogenic role of TMED3 in ESCC. (A) Representative images of cells expressing GFP
and quantification of proliferating cells in TMED3°F, FAM60AXP, TMED3°E-FAM60A®P, and control Eca-109 cells using celigo cell
counting assay (mean + SD, triplicate experiment), paired t-test. (B) Representative images and quantification of colonies of
TMED3%E, FAM60AXP, TMED3°E-FAM60AXP, and control Eca-109 cells using colony formation assay (mean + SD, triplicate
experiment), student's t test. (C) Representative images and quantification of cell migration in TMED3%F, FAM60AX®, TMED3®E-
FAM60AXP, and control Eca-109 cells using wound-healing assay (mean + SD, triplicate experiment), student's t test. (D)
Representative images and quantification of cell invasion of TMED3°E, FAM60AXP, TMED3°E-FAM60AXP, and control Eca-

109 cells using transwell assay (mean + SD, triplicate experiment), Student's t test. (E) Representative images of Annexin V-
FITC/PI staining and quantification of apoptotic cells in TMED3°E, FAM60AXP, TMED3°E-FAM60AXP, and control Eca-109 cells
using colony formation assay (mean + SD, triplicate experiment), Student's t test. *p < 0.05, **p < 0.01, ***p < 0.001.


https://doi.org/10.1016/j.bj.2022.03.013

10 BIOMEDICAL JOURNAL 46 (2023) 100528

statistical analysis did not show that the expression of TMED3
was associated with the AJCC stage, which may be related to
our insufficient sample size. Kaplan—Meier survival analysis
showed that upregulated TMED3 was markedly associated with
poor overall survival (p = 0.012; Fig. 1F). Taken together, upre-
gulated TMED3 was related to poor clinical outcomes and
prognosis in ESCC patients.

TMED3 knockdown (TMED3*P) inhibited the malignant
behaviors of ESCC cells in vitro

To further explore the functional role of TMED3 in ESCC, we
firstly detected TMED3 expression in Eca-109 and TE-1 cells.
TMED3 was highly expressed in Eca-109 and TE-1 cells
(Fig. 2A). We then successfully established two knockdown
cells using shRNA, Eca-109-TMED3XP cells and TE-1-TMED3XP
cells. The knockdown efficiency of TMED3 was validated at
the mRNA level and protein level by g-PCR and western blot-
ting (Fig. 2B). Then we conducted multiple experiments to
assess the role of TMED3 in various malignant cellular be-
haviors of Eca-109 and TE-1 cells in vitro. Silencing TMED3
remarkably inhibited cell proliferation (Fig. 2C), colony for-
mation (Fig. 2D), cell migration (Fig. 2E), cell invasion (Fig. 2F),
but promoted apoptosis (Fig. 2G) of ESCC cells. Collectively,
these results demonstrated that TMED3 promoted the malig-
nant behaviors of ESCC cells in vitro.

TMED3 knockdown (TMED3*P) inhibited tumor growth
in vivo

To investigate the role of TMED3 in ESCC progression in vivo,
we successfully established ESCC xenograft in mice. The sta-
ble Eca-109-TMED3¥P cells were subcutaneously injected into
nude mice (1 x 10’/ml; 200 ul per xenograft) with Eca-109 cells
as a control. On day 21, Eca-109-TMED3XP tumors were lighter
in weight and smaller in size than the control tumors (Fig. 3A
and B). The bioluminescent intensity of Eca-109-TMED3*P
tumors was significantly lower than that of control tumors
(Fig. 3C). Besides, H&E staining and IHC staining of a prolif-
eration marker (Ki67) and an anti-apoptosis marker (Bcl-2) of
the xenograft tumors also confirmed that Eca-109-TMED3*P
cells were less crowded, less proliferative and expressed less
Bcl2, than control tumors (Fig. 3D). These results revealed that
TMED3 played an important role in ESCC progression in vivo.

Exploration of the molecular mechanism of TMED3 in ESCC
cells

To further elucidate the molecular mechanism of TMED3 in
ESCC, Eca-109-TMED3XP (n = 3, as an experimental group) and
control cells (n = 3, as control) are utilized for Affymetrix array
analysis. |Fold Change| value > 1.5 and FDR value < 0.05 was
used as the cutoff value for identifying the differentially
expressed genes (DEGs). A total of 1180 DEGs were upregulated
and 1318 DEGs down-regulated in the Eca-109-TMED3*P cells
(Fig. 4A and B). We further explored the canonical signaling
pathways and interaction network analysis to identify gene
enrichment induced by TMED3 knockdown through performing
IPA (Supplementary Fig. 1A and B), and verified that apoptosis

signaling pathway was activated after TMED3 knockdown
(TMED3¥P) as shown in the IPA results (Supplementary Fig. 1C).

We first identified DEGs through IPA analysis, and then
screened the significantly down-regulated genes in the clas-
sical pathway downstream of TMED3 using the KEGG database,
and combined with the results of survival analysis in the TCGA
database to identify a total of 30 genes. Based on relevant
literature we then further narrow down the list to 20 genes for
gPCR analysis. We verified the expression of DEGs in the Eca-
109-TMED3*P group by qPCR. Compared with the control cells,
mRNA levels of TP53BP1, ACTA2, BAX, and ID2 were upregu-
lated, while mRNA levels of TRIB3, CDK6, DDIT3, SMAD2, EGER,
INHBE, MAPK3, CLDN1, STC2, AJUBA, FAM60A, NEDD9, HSPAY,
BIRC2, LAMP3, and GDAP1 down-regulated in Eca-109-TMED3*P
cells (p < 0.05; Fig. 4C). Among these genes, the differential
expression of BIRC2, CDK6, FAM60A, and GDAP1 at the protein
level in Eca-109-TMED3*P cells were further validated by
western blotting analysis (Fig. 4D). These results indicated that
TMED3 regulated BIRC2, CDK6, FAM60A, and GDAP1 at the
transcriptional level and post-transcriptional level. Among the
four genes, CDK6, FAM60A, and GDAP1 were selected as can-
didates for further analysis, since the expression of these genes
differs greatly between the Eca-109-TMED3*P cells and the
control according to western blotting. Furthermore, lentivirus
was utilized to deliver shRNAs into Eca-109 cells to knock down
these genes (CDK6, FAM60A, and GDAP1), respectively. Then,
we explored the role of these three genes in ESCC by performing
celigo cell counting assay, and found that as compared to the
control cells, Eca-109-CDK6 ¥P cells and Eca-109-GDAP1XP cells,
the proliferation of Eca-109-FAM60AXP cells was most signifi-
cantly inhibited (p < 0.001; Fig. 4E). Thus, FAM60A was selected
for further studies. We hypothesized that TMED3 and FAM60A
were functionally related. IHC analysis validated this hypoth-
esis (Fig. 4F, left panel), indicating that FAM60A was highly
expressed in ESCC tissues, compared with normal tissues
(p < 0.001; Fig. 4F, right panel), which was also confirmed by the
analysis of publicly available GEO datasets (GSE23400,
GSE20347, and GSE17351) (Supplementary Fig. 2). Collectively,
FAM60A was identified as a protein functionally related to
TMED3 in Eca-109 cells.

Silencing FAM60A reversed the promoting effect of TMED3
overexpression in ESCC

We explored the role of TMED3 and FAM60A in ESCC cells by
performing functional experiments. The expression of TMED3
and FAM60A in ESCC cell lines (Eca-109 and TE-1) at the mRNA
and protein level was analyzed by g-PCR and western blotting.
Compared with Eca-109 cells, TMED3 was highly expressed in
TE-1 cells, and FAM60A was highly expressed in TE-1 cells
(Supplementary Fig. 3A). With shRNAs acting on FAM60A at
three different sites, termed FAM60AXP-1, FAMG60AKP-2,
FAMG60AKP-3, respectively, we evaluated their knockdown ef-
ficiency by gq-PCR. We chose FAM60A®P-3 which inhibited
FAMG60A expression by 68% for the following experiments
(Supplementary Fig. 3B). We further established TMED3°F,
FAM60AXP, and TMED3°E-FAM60AXP cells with parental Eca-
109 cells, and confirmed gene overexpression and knockdown
at the mRNA and protein levels by q-PCR and western blotting
(Supplementary Fig. 3C).
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The result of celigo cell counting assay showed that as
compared with control cells, TMED3F cells exhibited a higher
proliferation rate, while FAM60AXP cells and TMED3%E-
FAM60AXP cells exhibited slower proliferation rates (Fig. SA).
Cell proliferation data was corroborated by the colony for-
mation data (Fig. 5B). Wound-healing assay and transwell
assay indicated that, as compared with control cells, the
migration and invasion ability increased in the TMED3E cells,
and decreased in the FAM60AXP cells. However, the migration
ability of TMED3%E-FAMG0AXP cells was not significantly
different from the control cells in the wound healing assay,
while their invasion ability was significantly decreased in the
transwell assay as compared with control cells (Fig. 5C and D).
Moreover, flow cytometry demonstrated that cell apoptosis
was significantly decreased in TMED3%E cells, and increased in
FAM60AXP cells and TMED3°E-FAM60AXP cells (Fig. SE).
Collectively, these data proved that FAM60AXP rescued the
promoting effect of TMED3 overexpression (TMED3°F) on the
malignant behaviors of ESCC cells.

Discussion

This study is the first to show that TMED3 is overexpressed in
ESCC and TMED3®E is significantly related to worse clinical
outcomes and prognosis in ESCC patients. Furthermore, the
effect of TMED3°E on the progression of ESCC was closely
related to FAMG60A.

For most eukaryotic cells, the secretory pathway plays a
key role in the synthesis, transportation, and secretion of a
variety of biologically active molecules involved in intercel-
lular interactions. Members of the TMED/p24 family have been
identified as important regulators of vesicular transport,
which regulate the molecular transport between various
membrane-bound compartments in cells and thus all major
cellular activities [19—-26]. Pathological conditions in humans,
such as cancer, liver disease, pancreatic disease, and immune
system dysregulation [6]. Vainio et al. reported that TMED3
was overexpressed in prostate cancer and was related to
oncogene expression [11]. Zheng et al. reported that upregu-
lated TMED3 promoted hepatocellular carcinoma metastasis
through the IL-11/STAT3 signaling pathway [14]. Pei et al.
suggested that TMED3 upregulation promoted proliferation,
migration, and invasion of breast cancer cells and was related
to the poor prognosis of breast cancer patients [15]. In a
retrospective multi-cohort analysis, Ha et al. demonstrated
the carcinogenic effect of TMED3 in clear cell renal cell cancer
[16]. Peng et al. found that TMED3, a direct target of mir-
876—3p, enhanced cisplatin resistance, and strengthened
stem cell-like features of gastric cancer cells [17]. Xie et al.
revealed that TMED3 promoted the progression of lung
squamous cell carcinoma by regulating EZR [27]. However,
other than its carcinogenic effect, TMED3 has also been re-
ported to have a tumor suppressor effect on human colon
cancer through a whole-genome screening assay [12]. TMED3-
mediated WNT signaling was shown to inhibit metastasis by
down-regulated TMED?9 in colon cancer [13]. These data sug-
gested the role of TMED3 in human cancer depends on the
cellular context. In this study, we confirmed the role of TMED3
in promoting ESCC from multiple aspects: 1) TMED3 was

overexpressed in ESCC tissues and cells and its over-
expression was positively correlated with poor prognosis; 2)
TMED3 downregulation significantly inhibited cell prolifera-
tion, migration, and invasion, and promoted cell apoptosis
in vitro; 3) TMED3 downregulation suppressed tumorigenicity
in vivo. These data clearly demonstrated the oncogenic role of
TMED3 in ESCC.

Our experimental data also showed that TMED3 inhibited
the apoptosis of ESCC cells. Meanwhile, the result of IPA
analysis declared that the apoptosis signaling pathway was
activated after silencing TMED3. In addition, we found that
the apoptosis induced by TMED3*P in Eca-109 cells was a
combination of a series of apoptosis-related proteins. For
example, anti-apoptosis proteins (Bcl-2, Bcl-w, HSP60,
HSP70, IGF-1, IGF-1sR, Livin, Survivin, sTNF-R1, TRAILR-3,
TRAILR-4, and XIAP) were significantly down-regulated in
the TMED3XP cells. Many studies have revealed the role of
anti-apoptotic proteins in ESCC. For example, it was reported
that the expression of HSP60 and HSP70 in ESCC was higher
than that of normal tissue, which may be related to the
biological behavior of ESCC [28]. Moreover, Han et al. re-
ported that a combination of a natural compound (Peri-
plocin) and TRAIL contributed to the apoptosis of ESCC cells
[29]. In addition, TMED3 is a component of the coated vesicles
which are related to the transport of cargo molecules from
the endoplasmic reticulum (ER) to the Golgi complex and
serves as a receptor for specific secretory cargo [5]. It has
been shown that protein denaturation and ER dysfunction
induce a stress response leading to cancer cells apoptosis
and targeting ER proteostasis and Golgi apparatus function
has recently been proposed as a promising mechanism for
cancer therapy [30,31]. Therefore, we concluded that
knockdown of TMED3 induces ESCC cell apoptosis through
regulating a series of apoptosis proteins. Moreover, based on
the relationship between TMED3, ER and Golgi complex,
targeting TMED3 may be a potential mechanism for treating
cancer.

We also determined FAM60A as a protein functionally
related to TMED3 by a genome-wide expression profiling
analysis and IPA. FAM60A was initially reported as a new
subunit of the SIN3A-HDAC complex by two independent
studies [32,33]. SIN3A affects the developmental processes
(e.g., stem cell function) and pathological processes (e.g.,
cancer), and controls cellular metabolism, cell cycle, and cell
survival [34,35]. Consistent with our data, FAM60A has been
reported to be overexpressed in ESCC tissues. Besides,
FAM60AXP reduced the percentage of G1 phase ESCC cells,
arrested ESCC cells in the G2/M phase [36]. Our study uncov-
ered that silencing FAM60A alleviated the promoting effect of
TMED3®F on ESCC, which suggested that TMED3 may promote
the progression of ESCC by regulating FAM60A. Furthermore,
our results found that TMED3 upregulated the expression of
FAMG60A at the transcription and translation level. It was re-
ported that FAM60A was regulated on the transcription level
by the E2F and core pluripotency transcription factor net-
works [37]. E2F, a large family of transcription factors that play
various biological roles, including cell cycle control [38], is
often overexpressed in tumors and plays an important role in
cell proliferation [39,40]. Considering the function of TMED3 in
transporting secretory cargo, we speculated that TMED3 may
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upregulate FAM60A expression by accelerating intracellular
transport of transcription factor E2F. However, how TMED3
affects the expression of FAM60A at the transcription and
translation level requires further research.

Conclusions

The results of our study demonstrated that TMED3°F plays an
important role in ESCC through regulating FAM60A and
inhibiting the apoptosis signaling pathway. These findings
help us better understand the molecular mechanisms of ESCC
and potentially may help the prognosis and treatment of ESCC
in the future.
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