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Screening of the novel immune-suppressive biomarkers of TMED
family and whether knockdown of TMED2/3/4/9 inhibits cell
migration and invasion in breast cancer
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Background: Transmembrane p24 trafficking protein (TMED) family members are implicated in several
solid tumors, but their clinical relevance for breast cancer (BC) remains unclear. This study aimed to probe
their prognostic values and relations with tumor immunity in BC.

Methods: TMED family mRNA expression was assessed in five microarray datasets (GSE65212,
GSE42568, GSE5364, GSE22820 and GSE45827) from Gene Expression Omnibus (GEO) database
and invasive breast cancer (BRCA) cohort from The Cancer Genome Atlas (TCGA). Receiver operating
characteristic (ROC) curve was performed to determine the predictive values of filtered members of the
TMED family. The protein expressions of screen genes were validated by Clinical Proteomic Tumor
Analysis Consortium (CPTAC) data from University of ALabama at Birmingham CANcer data analysis
portal (UALCAN) and detected in the clinical specimens by western blot assay. Clinicopathologic variables
were analyzed with be-GenExMiner, and patient prognostic data were obtained with Kaplan-Meier Plotter.
In vitro wound healing and invasion assays were performed on siRNA-transfected BC cell lines. TIMER 2.0,
SangerBox, and ImmPort were used to evaluate tumor immune infiltration, immune checkpoints, and other
immune-related genes. CbioPortal, Metascape, Expression2kinases, and LinkedOmics were used to explore
gene regulatory network.

Results: BC tissues expressed TMED2/3/4/9 at a higher level than normal tissues, providing diagnostic
potential. All the areas under the ROC curve for TMED2/3/4/9 were more than 0.7. TMED2/3/4/9 correlated
with numerous clinical variables, including lymph node status, Scarff-Bloom-Richardson score (SBR),
Nottingham Prognostic Index (NPI), estrogen receptor (ER), progesterone receptor (PR), human epidermal
growth factor receptor 2 (HER-2), and triple-negative breast cancer (TNBC) status, and their high expression
predicted the poor prognosis of BC patients. TMED2/3/4/9 knockdown drastically inhibited the migratory
and invasive capacities of MDA-MB-231 and HCC1937 cells. TMED2/3/4/9 expressions correlated negatively
with the infiltration of tumor-suppressive immune cells such as CD8" T cells, dendritic cells, and natural killer
cells, and was inversely related to a variety of immune checkpoint genes, including programmed cell death 1
(PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA4). A set of kinases, transcription factors, and
microRNAs (miRNAs) may regulate TMED2/3/4/9 abnormalities at the genome level.
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Conclusions: TMED2/3/4/9 may serve as diagnostic, prognostic, and immune-suppressive biomarkers in BC.
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Introduction

Breast cancer (BC) accounted for 30% of estimated new
cases and 15% of deaths of female cancers in 2020 and poses
severe threats to women’s lives and health (1). Immune
infiltration plays a pivotal role in regulating cancer progress
and metastatic dissemination in this solid tumor. However,
prognostic biomarkers to assess the tumor immune
infiltration are still unavailable in breast cancer.

The transmembrane p24 trafficking protein (TMED)
family contains 10 members (TMED1-10) involved in cargo
protein transport in the secretory pathway. Among them,
TMED? has been shown to be more highly expressed in
sphere-shaped clones of 4T'1 murine breast cancer cells than
in non-sphere-shaped clones (2). TMED3 and TMEDY have
been found to exert pro-tumorigenic effects in human breast
cancer (3,4). Meanwhile, the TMED family also have been
reported to be involved in several other solid malignancies.
The role of TMED3 varies widely depending on the
distinct tissue origins; it has been reported as a metastatic
suppressor in human colon cancer but as an oncogene in
hepatocellular carcinoma, renal cell carcinoma, and lung
cancer (5-7). TMEDS was shown to promote malignancy
by interaction with WNT7B in cervical cancer (8).
Higher TMED? expression was revealed to predict the poor
clinical outcomes of patients in hepatocellular carcinoma
and to facilitate colon cancer metastasis via the CNIH4/
TGFa/GLI pathway (5,9). Overall, the TMED family
members participate in the initiation and progression of
numerous tumor types. In addition, aberrant expression of
TMED proteins has been shown to cause morphological
abnormalities and lead to a broad spectrum of diseases,
especially in the dysregulation of immune responses.
Loss of TMEDI expression was shown to reduce the
production of interleukin 33 (IL-33), which was reported
to medicate intra-tumoral immunosuppression in
breast cancer (10,11). TMED7 was found to inhibit the
immunoadjuvant toll-like receptor 4 (TLR4) pathway, which
is essential for radiotherapy and chemotherapy (12,13).
However, integrative analysis is still lacking to assess the
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clinical relevance of TMED family members in breast
cancer. Still, their biological roles in the tumor immune
microenvironment are currently poorly understood.

In the present study, we screened the prognostic factors
of the TMED family in BC and explored their correlation
with tumor-immune infiltration using bioinformatics tools.
We also validated the expressions of these prognostic
factors in human tissue samples and identified their cellular
phenotypes and functional properties in breast cancer cell
lines. In doing so, we sought to elucidate the diagnostic and
prognostic value of the TMED family in breast cancer (14).
We present the following article in accordance with the
MDAR reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-5444/rc).

Methods
Gene expression analysis and ROC analysis

We downloaded five microarray datasets related to breast
cancer from the public Gene Expression Omnibus (GEO)
database (www.ncbi.nlm.nih.gov/geo/): GSE65212,
GSE42568, GSE5364, GSE22820 and GSE45827. The
RNA-seq data of invasive breast carcinoma (BRCA) based
on 1,097 breast cancer samples and 113 normal breast
tissues were acquired in the Genomic Data Commons
(GDC) portal (http://portal.gdc.cancer.gov/) and calculated
using R software version 4.0.3 (The R Foundation of
Statistical Computing, Vienna, Austria). eDatasets above
were analyzed using the “Bioinformatics analysis” module
on the HOME-for-Researchers website (https://www.
home-for-researchers.com/static/index.html#/) and
Sangerbox software (http://www.sangerbox.com/tool).
Receiver operating characteristic curve (ROC) analysis
was performed using the statistic tool of the HOME-for-
Researchers website.

The comparison of proteomic data between primary
tumor and normal tissue in breast cancer was analyzed
using the Clinical Proteomic Tumor Analysis Consortium

(CPTAC) module of the University of ALabama at
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Birmingham CANcer data analysis portal (UALCAN)
database (http://ualcan.path.uab.eduw/index.html) (15). A P

value less than 0.05 was considered statistically significant.

Analyses of clinicopathologic variables and patient
outcomes

Targeted expression analysis of the TMED family was
conducted using the DNA microarray data of breast
tumors and normal tissues from the Breast Cancer Gene-
Expression Miner v4.8 (http://bcgenex.ico.unicancer.fr/BC-
GEM/GEM-Accueil.php?js=1) (16). The receptor status,
nodal status, histological status, Scarff-Bloom-Richardson
score (SBR), Nottingham Prognostic Index (NPI) and
age were explored. All P values smaller than 0.05 were
considered statistically significant.

Kaplan-Meier survival curves were generated using the
publicly available database Kaplan-Meier Plotter (KM-
Plotter; http://kmplot.com/analysis/) (17). The breast
cancer patients were split by the median levels of TMED
family members, and the log-rank P values less than 0.05
were considered statistically significant.

Analysis of tumor immunity

We used the “Immune module” of the “Immune
Association” part in the web tool Tumor IMmune
Estimation Resource 2.0 (TIMER2.0; http://timer.
comp-genomics.org/) to assess the associations between
TMED expression and tumor-infiltrating immune cells
in breast cancer (18). The correlations between TMED
expression and landmark genes of immune cells were also
evaluated by the “Gene_Corr module” of this website’s
“Cancer Exploration” part. The “Purity Adjustment”
option was selected according to the website developer’s
recommendation. Filter criteria: P value less than 0.05 and
| Rho ratiol >0.1.

The relationship between key TMED members and the
immune checkpoint genes was analyzed and visualized by
the “Gene-Immune Analysis” module of SangerBox (http://
sangerbox.conv/).

A total of 2,483 immune-related genes were obtained
from the “Shared Data” module of ImmPort database
(https://www.immport.org/home) and then utilized to
generate an intersection with the common co-expressed
genes of TMED2/3/4/9 by Venn diagram. GeneMANIA
software (https://genemania.org/) was queried with default
parameters to visualize the protein-protein interaction (PPI)
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networks between TMED2/3/4/9 and their common co-
expressed immune-related genes (19).

Exploration of gene regulatory network

Genomic Profiles of TMED for breast invasive carcinoma
[The Cancer Genome Atlas (TCGA); PanCancer Atlas]
cohort were generated by querying the “Oncoprint”
and “survival analysis” module of cBioPortal database
(http://www.cbioportal.org). The co-expressed genes of
TMED?2/3/4/9 were downloaded from the “Co-expression”
module (Filter criteria: P value <0.05 and |Spearman’s
Correlation valuel| >0.1), and the common correlated genes
of TMED?2/3/4/9 were generated by the webtool Venn
diagram (http://bioinformatics.psb.ugent.be/webtools/
Venn/). The top 200 positively co-expressed genes of
TMED?2/3/4/9 were separately entered into the Metascape
database (http://www.metascape.org) to perform Gene
Ontology (GO) enrichment analysis (20), and their common
positively co-expressed genes together with TMED2/3/4/9
were submitted into Expression2kinases (X2K) webtool to
analyze the upstream regulators, including transcription
factors and protein kinases enriched by known PPIs (https://
maayanlab.cloud/X2K/) (21).

The multi-omics database LinkedOmics was queried for
analyzing TMED-related microRNAs (miRNAs; http://
www.linkedomics.org/login.php) (22). Specifically, the
RNAseq data of BRCA from platform HiSeq RNA and the
miRNASeq data from HS miR were chosen as the “Search
dataset” and “Target dataset”, respectively. TMED was
submitted as the “Attribute” and Pearson Correlation test as
the “Statistical Method”. The Function module LinkFinder
analyzed TMED associated miRNAs, and the results were
downloaded. Then TMED2/3/4/9 and their commonly
associated miRNAs were submitted into the Cytoscape
software 3.8.2 (https://cytoscape.org/), and the interaction
network was visualized based on their positive or negative
correlations.

Human tissue samples and cell lines

This study was conducted in accordance with the principles
stated in the Declaration of Helsinki (as revised in 2013).
Ethical clearance was granted from the First Affiliated
Hospital of Nanjing Medical University Medical Science
Research Ethics Committee (Ethics code: 2021-SR-
308). Breast cancer specimens were harvested from the
Department of General Surgery, the First Affiliated
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Hospital of Nanjing Medical University, and written
informed consent was provided by the patients or their
next of kin. Surgical specimens were resected, snap-frozen
in liquid nitrogen, and deposited in the Biological Sample
Bank of Jiangsu Province Hospital. The catalogue number
of samples used in this study were 399, 459, 461, 474, 476,
477 and 488. The breast tumor cells MCF-7, ZR-75-1,
BT-474, SK-BR-3, MDA-MB-453, MDA-MB-231, BT-
549, Hs-578T, HCC1806, and HCC1937 were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). For western blot analysis, frozen human
breast cancer samples were ground and homogenized in
a mortar and pestle under liquid nitrogen and then lysed
in radioimmunoprecipitation assay (RIPA) lysis buffer
(Solarbio, Beijing, China) supplemented with protease
inhibitors phenylmethylsulfonyl fluoride (PMSF; Beyotime,
Shanghai, China). Cells were rinsed twice with phosphate-
buffered saline (PBS) and lysed in RIPA buffer on ice.

Western blot assay

The lysates were mixed with 5x protein loading buffer
(NCM Biotech, Suzhou, China) and denatured at 99 °C
for 10 minutes. Equivalent amounts of total tissue or
cellular proteins were separated on a 12.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gel and subsequently transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, USA) at constant
200 mA for 50 minutes. After blocking with 5% milk in
tris-buffered saline with Tween 20 (TBST) for 6 hours at
room temperature, the membranes were incubated with
primary antibodies overnight at 4 °C and corresponding
secondary antibodies at room temperature for 1 hour.
Finally, membranes were rinsed 3 times in TBST, exposed
with enhanced chemiluminescence (ECL) Plus (Yeasen
Biotechnology, China), and imaged on Bio-Rad ChemDoc
XRS (Bio-Rad, Hercules, CA, USA). Before re-blotting
with another antibody, the membranes were stripped by
incubating with weak stripping buffer (Beyotime, China)
for 15 minutes and re-blocked for 6 hours. Antibodies used
were as follows: anti-TMED?2 (1:500, Proteintech, Wuhan,
China), anti-TMED3 (1:500, Proteintech), anti-TMED4
(1:300, Proteintech), anti-TMEDY (1:500, Proteintech).

Cell culture and siRNA transfection

Most cells were cultured in basic medium with 10% fetal
bovine serum (FBS; the specific culture conditions are
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listed in Table S1). One day before small interfering RNA
(siRNA) transfection, cells were plated at 3x10° cells per
well in a 6-well plate. Next day, the plated cells with about
30-50% confluence were washed, and fresh complete
medium replaced before treatment. A total of 100 pmol of
siRNA against TMED2/3/4/9 or negative control siRNA
(RiboBio, Guangzhou, China) were added into 125 pL
Opti-MEM medium, complexed with 4ul lipofectamine
8000 (Beyotime).

The siRNA target sequences were as follows:

TMED?2 siRNA, GGAAGTCCGGGAGAGAATA;

TMED3 siRNA, GTCAGGTGCTACTGTTGAA;

TMED4 siRNA, CTACCAGGATGGCTCTCTT;

TMED?9 siRNA, GCTGCTAAAGACAAGTTGA.

The control sequence (siCONTROL non-targeting
siRNNA) was from RiboBio.

After resting for 20 minutes, the transfection mix was
added dropwise to each well in the 6-well plate. The
transfected cells were continually cultured for 48 hours
before being harvested.

Wound bealing and transwell invasion assay

For wound healing assays, a linear scratch was made on
the single-cell layer using a pipette tip, and then the cells
were incubated in a fresh medium containing 0.5% FBS
for 48 hours. Images of the scratch wounds were captured
using a phase-contrast microscope at 0, 24, and 48 hours
after scratching, and wound areas were measured using the
Image ] software (National Institutes of Health, Bethesda,
MD, USA).

Transwell invasion assay was carried out using the
24-well transwell chamber (Costar, Washington, DC, USA)
with a pore size of 8 ym. Briefly, the Matrigel [Becton,
Dickinson, and Co. (BD) Biosciences, Franklin lakes, NJ,
USA] was diluted 1:9 with serum-free medium and added
into the upper chamber in a 24-well plate. After matrix gel
solidification, 1x10° cells were added into the chamber,
embedded in the medium with 20% FBS immediately. After
incubation for 24 hours, the invading cells on the basal
side of the chambers were fixed with 4% paraformaldehyde
(PFA), dyed with 0.1% crystal violet, and imaged using a
Zeiss Axiocam camera (Zeiss, Oberkochen, Germany).

Statistics

The bioinformatics data of the TMED family were
generated by the online web tools. The ROC curve was
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Figure 1 A flowchart of study design illustrating analytical and experimental procedures. GEO, Gene Expression Omnibus; TCGA,

The Cancer Genome Atlas; siRNA, small interfering RNA; TMED, transmembrane p24 trafficking protein; ROC, receiver operating

characteristic; WB, Western blotting; KM-Plotter, Kaplan-Meier Plotter; GO, Gene Ontology; TF, transcription factor.

calculated by the website based on R software version 4.0.3.
Statistical analysis of cell migration and invasion data was
conducted using paired or independent samples #-test. A P
value less than 0.05 was considered statistically significant.

Results

TMEDZ2/3/4/9 was bighly expressed in breast cancer
tissues and bad the diagnostic potential to distinguish
breast tumors from normal tissues

According to the study workflow (Figure 1), we first
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analyzed TMED messenger RNA (mRNA) levels in the
5 GEO microarray datasets of breast cancer, and found
expression profiles of TMED2/3/4/9 were significantly
elevated in tumors relative to normal tissues, whereas
TMEDG6 was remarkably reduced in cancer tissues. Similar
results were obtained from the transcriptome data of TCGA
BRCA cohort (Figure 24 and Figure S1). Thus, we selected
TMED?2/3/4/6/9 for further analysis because they showed a
consistent trend of changes in both datatypes.

Then, we performed ROC analysis to determine
the predictive values of TMED2/3/4/6/9 using mRNA
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Figure 2 The expressions and diagnostic value of TMED2/3/4/9 in breast cancer tissues (A) Comparison of the expressions of TMED

family in breast cancer tissue and normal tissue by analyzing the GEO microarray dataset GSE65212 as well as the RINA sequencing data
from TCGA-BRCA cohort. TMED2/3/4/9 was upregulated, while TMEDG6 was downregulated in cancer tissues. Filter criteria: P value
<0.05. (B) ROC curve analysis of candidate genes of TMED family based on their expressions in GSE65212 and TCGA-BRCA datasets.
GSE65212 dataset: TMED2: AUC (95% CI), 0.9734 (0.9483, 0.9986); TMED3: AUC (95% CI), 0.8 (0.6872, 0.9128); TMED4: AUC
(95% CI), 0.951 (0.889, 1); TMEDG6: AUC (95% CI), 0.9238 (0.7787, 1); TMED9: AUC (95% CI), 0.751 (0.6177, 0.8844); TCGA-
BRCA dataset: TMED2: AUC (95% CI), 0.7549 (0.7227, 0.7871); TMED3: AUC (95% CI), 0.8997 (0.873, 0.9264); TMED4 AUC (95%
CI), 0.741 (0.7088, 0.7732); TMEDG AUC (95% CI), 0.7642 (0.7199, 0.8086); TMED9 AUC (95% CI), 0.8858 (0.8602, 0.9114). (C)
Analysis of TMED2/3/4/9 protein level, based on proteomic CPTAC data from UALCAN database. (D) TMED2/3/4/9 protein levels in
paired cancerous and non-cancerous mammary samples identified by western blot assay. *, P<0.05; ***, P<0.001; ****, P<0.0001. TMED,
transmembrane p24 trafficking protein; TCGA, Then Cancer Genome Atlas; BRAC, breast carcinoma; GEO, Gene Expression Omnibus;
ROC, receiver operating characteristic; AUC, area under the curve; CPTAC, Clinical Proteomic Tumor Analysis Consortium; UALCAN,
University of Alabama at Birmingham CANcer data analysis portal.
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expression data of GSE65212 and TCGA BRCA cohort
(Figure 2B), and found that the area under the ROC (AUC)
for all candidate TMED members were more than 0.7,
indicating that TMED2/3/4//6/9 could distinguish cancer
samples from healthy controls {GSE65212 dataset: TMED?2:
AUC [95% confidence interval (CI)], 0.9734 (0.9483,
0.9986); TMED3: AUC (95% CI), 0.8 (0.6872, 0.9128);
TMED4: AUC (95% CI), 0.951 (0.889, 1); TMED6: AUC
(95% CI), 0.9238 (0.7787, 1); TMEDY: AUC (95% CI),
0.751 (0.6177, 0.8844); TCGA-BRCA dataset: TMED?2:
AUC (95% CI), 0.7549 (0.7227, 0.7871); TMED3: AUC
(95% CI), 0.8997 (0.873, 0.9264); TMED4 AUC (95% CI),
0.741 (0.7088, 0.7732); TMED6 AUC (95% CI), 0.7642
(0.7199, 0.8086); TMEDY AUC (95% CI), 0.8858 (0.8602,
0.9114)}.

To validate the mRNA and protein concordance of
candidate TMED members, we queried the proteomic
CPTAC data from the UALCAN database (TMEDG6 data
was not available) and confirmed a significant increase in
TMED?2/3/4/9 protein levels in breast cancer (Figure 2C).
Further, we assessed their protein levels in paired cancerous
and non-cancerous mammary samples from 7 patients using
western blot assay. As expected, higher protein levels of
TMED?2/3/4/9 were corroborated in most breast cancer
tissues compared with paired adjacent normal tissues
(Figure 2D).

The correlations between aberrantly expressed
TMED2/3/4/9 and clinical variables as well as patient
prognosis in breast cancer

To evaluate the clinical and pathological roles of
TMED2/3/4/9 in breast cancer, we next performed
correlation analysis of TMED2/3/4/9 expression levels
with clinical parameters by be-GenExMiner. Specifically,
higher TMED3/4/9 expressions were observed in the
>51-year age group than those in the <51-year age group.
The expression of TMED4 and TMEDY were higher in
lymph node-positive patients than lymph node-negative
patients, suggesting their potential roles in local invasion
and metastasis. Meanwhile, the expression of TMED?2
and TMEDY was positively correlated with SBR and NPI,
suggesting that high expression of TMED2 and TMEDY in
poorly differentiated tumors at diagnosis might indicate an
adverse prognosis (Figure 34).

We then examined the differential expression of
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TMED2/3/4/9 in breast cancer stratified according to
the protein level of estrogen receptor (ER), progesterone
receptor (PR), human epidermal growth factor receptor-2
(HER-2), and the triple-negative breast cancer (TNBC)
status. Briefly, TMED3/9 trended towards higher mRNA
expressions in hormone receptor (HR)-negative tumors than
HR-positive tumors. Instead, HR-positive tumors expressed
relatively high levels of TMEDA4, respectively. In addition,
relative expression of TMED?2/3/9 was increased in HER-
2 positive tumors compared with HER-2 negative tumors,
whereas TMED4 showed an opposite trend. Notably, only
TMEDY mRNA level was enriched in TNBCs compared to
non-TNBCs, whereas TMED2/3/4 displayed an opposite
expression pattern (Figure 3B).

To verify the effect of the TMED family on patient
survival, we performed Kaplan-Meier meta-analyses of
recurrent-free survival (RFS) and overall survival (OS) using
the mRNA chip data of breast cancer in the KM-Plotter
database. We found that higher expression of TMED2/3/4/9
correlated with shorter RFS. Furthermore, breast cancer
patients with elevated TMED2/9 mRNA levels had a
significantly lower OS. In short, a higher mRNA level
of TMED?2/3/4/9 was correlated with a less favorable
prognosis of breast cancer patients (Figure 3C).

Knockdown of TMED2/3/4/9 by siRNA transfection
inhibited the migration and invasion of MDA-MB-231
and HCC1937 cells in vitro

To explore the impact of TMED2/3/4/9 on the phenotypes
of breast cancer, we first examined the relative expressions
of TMED?2/3/4/9 in different breast cancer lines (Figure 4A),
and further treated MDA-MB-231 and HCC1937 cells
by transient transfection of siRNAs, respectively. We
confirmed that the protein levels of TMED2/3/4/9 were
remarkably suppressed by their corresponding siRNAs
(Figure 4B). Next, we analyzed the impacts of transfection
by wound-healing assay and found that the migration
rates of tumor cells significantly decreased relative to the
negative control in both cell lines (Figure 4C). Consistent
with the above results, cells that traversed matrix gel and
invaded into the lower chamber were remarkably reduced
in the experimental group compared to the negative control
(Figure 4D). Together, down-regulation of TMED2/3/4/9
suppressed the migratory and invasive abilities of breast
cancer cells i vitro.
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Figure 3 TMED2/3/4/9 expressions correlated with clinicopathological parameters and patient prognosis in breast cancer. (A) Breast cancer
transcriptomic data were analyzed to correlate TMED2/3/4/9 expression with clinical and pathological features, including age, node status,
SBR score, and NPIL. (B) Comparison of TMED2/3/4/9 among different molecular subtypes of breast cancer. (C) Prognostic impact of
TMED2/3/4/9 in breast cancer based on the mRNA gene chip data from the KM-Plotter database. TMED, transmembrane p24 trafficking
protein; SBR, Scarff-Bloom-Richardson; NPI, Nottingham Prognostic Index; mRNA, messenger RNA; KM-Plotter, Kaplan-Meier Plotter;

RFS, recurrent-free survival; OS, overall survival.
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Figure 4 Knockdown of TMED2/3/4/9 remarkably inhibited the migration and invasion of breast cancer in vitro. (A) The relative
expressions of TMED2/3/4/9 in different breast cancer lines (B) The efficiency of siRNA transfection was validated by western blot assay.
The protein levels of TMED2/3/4/9 were remarkably down-regulated in both MDA-MB-231 and HCC1937 cell lines. (C) The migration
capabilities of MDA-MB-231 and HCC1937 cells after siRNA transfection were determined by wound healing assay. (D) Cell migration
abilities of MDA-MB-231 and HCC1937 cells transfected siRINAs were evaluated by transwell invasion assays. The invading cells on
the basal side of the chambers were dyed with 0.1% crystal violet. Each experiment was repeated at least 3 times independently with the
similar results. *, P<0.05; **, P<0.01; ***, P<0.001. TMED, transmembrane p24 trafficking protein; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; siRNA, small interfering RNA; NC, negative control group; KD, knockdown group.
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High expressions of TMED2/3/4/9 played essential roles
in tumor immunity and indicated the immunosuppressive
status in breast cancer.

We queried the TIMER2.0 database to infer immune
component abundance depending on the expression of
TMED?2/3/4/9 in breast cancer (Tiable 1). Based on most of
the algorithms, there was an inverse correlation between
their mRNA levels and the infiltration of tumor-suppressive
immune cells, including TMED3/9 and CD8" T cells,
TMED?2/3/4 and T follicular helper cells, TMED3/4 and
dendritic cells (DCs), as well as TMED2/3/4 and natural
killer (NK) cells. We also observed the positive associations
between TMED3/4 levels and M2-type macrophages
infiltrates as well as their negative correlation with M1-type
macrophages. However, TMED?2/9 was positively correlated
with both types of macrophages.

Afterward, we analyzed the associations between
TMED?2/3/4/9 expression and landmark genes of immune
cells. As shown in Table 2, TMED?2/3/4 was inversely
related to hallmarks of 2 major adaptive immune cells,
including general T cells (CD3D, CD3E, CD2) and B
cells (CD19, CD79A). Consistent with the above immune
cell types estimated by multiple algorithms, TMED3 was
inversely associated with CD8" T cells (CD84, CD8B) and
DCs, whereas TMED3/4 was negatively correlated with
NK cells. In addition, TMED2/9 positively correlated
with specific markers of M2-type macrophages (CD163,
MS4A4A, and VSIG4) and tumor-associated macrophages
(CCL-2, CD68, IL10).

For the relationship between TMED2/3/4/9 and the
immune checkpoint genes, we noted that TMED2/3/4/9
showed negative correlations with a range of immune
checkpoint genes such as PD-1 and CTLA4, which might
indicate the immunosuppressive status in breast cancer
(Figure 5A).

Based on GO enrichment analysis of the top 200 co-
expressed genes of TMED2/3/4/9, we found that each
member of TMED2/3/4/9 participated in the immune
system process (Figure 5B). We also identified CCR6, TXK,
TSLP, BACH2, and PTGFR as the common co-expressed
immune-related genes of TMED2/3/4/9, their prognostic
values in breast cancer (Figures S2,S3 and Tables S2-54)
and the interactome network generated by GeneMANIA
elucidated their central roles in the gene regulatory network
(Figure 5C).

© Annals of Translational Medicine. All rights reserved.
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Exploration of genomic profiles, upstream regulators, and
related miRNAs of TMED2/3/4/9

To investigate genetic alterations of TMED2/3/4/9 in
breast cancer samples, we focused on the genomic profiles
of TMED2/3/4/9 in the selected TCGA PanCancer Atlas
breast cancer cohort. The genetic alteration percent of
TMED?2/3/4/9 in 994 samples was 7%, 5%, 10%, and
9%, respectively, and their variability was dominated by
high expressions of mRNA (Figure 64). Further survival
analysis indicated that the patients in the altered group had
shorter progression free survival (PFS), OS, and disease free
survival (DFS) compared to patients in the unaltered group
(Figure 6B).

To probe the upstream regulatory network, we
performed kinases and transcription factors enrichment
analysis by submitting TMED?2/3/4/9 and their common 54
positively correlated genes to X2K. As shown in Figure 6C,
TAF1, NFYB, NFYA, YY1, ZMIZ1, ERG, PML, SP2, IRF3,
and SPI were identified as the top 10 transcription factors,
and MAPKI4, CDK1, MAPKI, CSNK2A1, CK2ALPHA,
CDK4, MAPK3, MAPKS, GSK3B, and CDC? as the top 10
protein kinases.

Given the importance of miRNAs in post-transcriptional
regulation, we explored TMED2/3/4/9 associated miRNAs
in breast cancer by extracting the data from LinkedOmics.
Firstly, TMED2/3/4/9 correlated miRINAs were acquired,
respectively, and then their common miRNAs were
determined by further overlapping (Figure S4). As shown in
the interaction network visualized by Cytoscape (Figure 6D),
TMED2/3/4/9 shared the common related miRNAs
including hsa-mir-1258, hsa-mir-125a, hsa-mir-1296, hsa-
mir-142, hsa-mir-204, hsa-mir-20a, hsa-mir-296, hsa-
mir-326, hsa-mir-328, hsa-mir-331, hsa-mir-550a-1, hsa-
mir-550a-2, hsa-mir-628, hsa-mir-7-1, hsa-mir-744, and
hsa-mir-99b. Among them, only hsa-mir-1258 and hsa-
mir-204 negatively correlated with all of the 4 members,
whereas the other miRNAs positively related to some
TMEDs only occasionally. In brief, aberrant expression
of TMED?2/3/4/9 was determined at the gene level
and transcriptional level and interacted with a seizes of
epigenetic regulators such as miRNAs.

Discussion

The TMED family members serve as important regulators
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Table 1 Analysis of the association between the mRNA levels of TMED2/3/4/9 and immune cell infiltration in breast cancer by TIMER2.0

database
Immune cells Algorithms TMED2 TMED3 TMED4 TMED9
T cell CD8* TIMER 0.233* 0.08 0.146* -0.024
EPIC 0.214* -0.075 0.237* -0.112*
MCPCOUNTER -0.098 -0.152* -0.084 -0.031
CIBERSORT -0.187* -0.101* -0.141* -0.071
CIBERSORT-ABS -0.121" -0.162" -0.089 -0.047
QUANTISEQ -0.052 -0.17" -0.058 -0.037
XCELL -0.012 -0.174* -0.039 -0.068
Subtype Naive_XCEL -0.007 -0.229* -0.073 -0.14*
Central memory_XCEL 0.024 -0.154* -0.055 -0.065
Effector memory_XCELL -0.124" -0.109" -0.1 -0.03
T cell follicular helper ~ CIBERSORT -0.227* -0.137* -0.216" -0.047
CIBERSORT-ABS -0.133" -0.203" -0.13" -0.019
DC cells Myeloid dendritic cell_TIMER -0.173" -0.066 -0.093 0.13*
Myeloid dendritic cell_XCELL -0.045 -0.151* -0.152* 0.015
Myeloid dendritic cel_ MCPCOUNTER 0.004 -0.182" 0.039 -0.103"
Myeloid dendritic cell_ QUANTISEQ 0.207* -0.08 0.097 -0.081
Myeloid dendritic cell activated_XCELL -0.111* -0.135* -0.187* 0.044
Plasmacytoid dendritic cell_XCELL -0.012 -0.069 -0.179" 0.07
NK cells NK cell_EPIC -0.247* -0.062 -0.355" 0.121*
NK cell_ MCPCOUNTER 0.017 -0.238" 0.01 -0.066
NK cell_QUANTISEQ -0.148" -0.181" 0.051 -0.102*
NK cell _XCELL 0.051 0.004 0.053 0.06
NK cell activated_CIBERSORT -0.221" -0.062 -0.198" 0.001
NK cell activated_CIBERSORT-ABS -0.199* -0.109* -0.175* 0.02
Macrophage EPIC -0.061 -0.075 -0.129* 0.172*
TIMER 0.317* 0.101* 0.222* 0.098
XCELL 0.095 0.045 -0.076 0.208*
MO_CIBERSORT -0.04 0.032 -0.108* 0.148*
MO_CIBERSORT-ABS -0.035 -0.033 -0.106" 0.148*
M1_CIBERSORT 0.128* -0.112* -0.064 -0.015
M1_CIBERSORT-ABS 0.093 -0.164" -0.025 -0.002
M1_QUANTISEQ 0.139* 0.055 -0.007 0.124*
M1_XCELL -0.037 0.012 -0.189* 0.242*
M2_CIBERSORT 0.187* 0.189* 0.172* 0.139*

Table 1 (continued)
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Table 1 (continued)

Fang et al. TMED family immunosuppressive markers in breast cancer

Immune cells Algorithms TMED2 TMED3 TMED4 TMED9
M2_CIBERSORT-ABS 0.186* -0.034 0.155* 0.114*
M2_QUANTISEQ 0.078 0.022 0.178* -0.023
M2_XCELL 0.039 0.118* -0.07 0.189*
M2_TIDE -0.116" 0.097 0.03 -0.086
Macrophage/Monocyte_ MCPCOUNTER 0.122* -0.088 -0.017 0.109*

*, represents positive correlation (P<0.05 and Rho >0.1); whereas *, represents negative correlation (P<0.05 and Rho <-0.1). The regular
numbers with colorless background indicate not significant. mRNA, messenger RNA; TMED, transmembrane p24 trafficking protein; DC,

dendritic cells; NK, natural killer.

of the vesicular trafficking of proteins in the cytoplasm.
They mainly participate in the anterograde transport
of coatomer II (COP II) coated vesicles as well as the
retrograde transport of coatomer I (COP I) coated vesicles
between the endoplasmic reticulum and Golgi apparatus.
TMED7 could also aid the delivery of TLR4 to the
plasma membrane (23). Additionally, TMEDI10 forms a
protein channel in the endoplasmic reticulum to facilitate
the entry of cytosolic proteins lacking signal peptides
by an unconventional protein secretion (24). It has been
shown that dysregulation of TMED family members
leads to morphological defects of the mouse embryo
and participated in Alzheimer’s disease, Mucin 1 kidney
disease, and tumors in humans (25-27). Previous studies
have revealed that the TMED family proteins influence the
malignant progression of several cancers, including the pro-
tumor effects of TMED2, TMED3, and TMEDY on breast
cancer, but it has remained unclear whether they could be
used as ideal biomarkers for this tumor type. Increasing
evidence has suggested that the tumor microenvironment
has an important impact on the invasion and metastasis
of solid tumors. To date, reports of TMED members on
tumor immune infiltration have remained unavailable.
Hence, we aimed to probe the roles of the whole TMED
family in breast cancer, particularly their modulations
on tumor immune responses. In this study, we observed
that TMED?2/3/4/9 was highly expressed in breast cancer
tissues at both mRNA and protein levels. We verified the
high expression of TMED?2/3/9 in paired human breast
cancer samples which were consistent with the previous
studies (2-4). To our knowledge, our findings regarding the
high expression of TMED#4 in breast cancer have not been
previously reported. We also showed the diagnostic value of
TMED?2/3/4/9 mRNA levels by ROC and the coincidence

© Annals of Translational Medicine. All rights reserved.

of their expression patterns at the protein level.
Previously, little attention has been paid to the
histopathological importance of TMED2/3/4/9 in breast
cancer. However, we found that upregulated TMED2/3/4/9
mRNA levels correlated a range of pathological parameters,
which might explain the inverse associations between
TMED?2/3/4/9 expression and patient survival. For example,
higher levels of TMED4/9 were observed in node-positive
groups and increased TMED2/9 expressions in high-grade
tumors. We also found that TMED2/3/4/9 levels varied
enormously among different molecular subtypes in breast
cancer. It might confirm that a high degree of tumoral
heterogeneity had a considerable impact on the expression
pattern of TMED2/3/4/9 in this tumor. Noticeably,
despite the positive correlation between TMED3 mRNA
level and HR status consistent with previous studies, its
positive relation to HER-2 status contradicted Zhang
et al’s observations in tissue microarray (28). Moreover,
the negative relation between TMED3 mRNA level and
TNBC status was not observed in Pei er al’s study (3).
These inconsistencies might be attributed to the variance of
specimen types and sample size, for the data analyzed in this
study were gene expression data from DNA microarrays
of 11,359 samples which was quite different from previous
formalin-fixed paraffin-embedded (FFPE) tissue samples.
For the impacts of TMED2/3/4/9 on the phenotypes of
breast cancer cells, we observed that downregulation of
their protein levels attenuated the migratory and invasive
capacities of tumor cells i vitro. Consistent results were
obtained in previous studies on TMED3 and TMED9Y in
breast cancer, and we observed similar effects of TMED?2
and TMED4, which had never been reported before. The
oncologic roles of TMED2/3/9 were also supported by
similar results from the research on other tumors, including

Ann Transl Med 2022;10(23):1280 | https://dx.doi.org/10.21037/atm-22-5444
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Table 2 Correlation analysis of TMED2/3/4/9 mRNA levels and gene markers of immune cells in breast cancer
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Immune cells Gene markers TMED2 TMED3 TMED4 TMED9
T cell (general) CD3D -0.113" -0.195 -0.161" -0.009
CD3E -0.053 -0.207* -0.102 -0.052
CD2 0.001 -0.201* -0.081 -0.028
CD8+ T cell CD8A 0.008 -0.206" -0.013 -0.075
CD8B -0.098 -0.152* -0.084 -0.031
Tex PD-1 (PDCD1) -0.173* -0.19* -0.126" 0.058
CTLA4 -0.024 -0.203" -0.139* 0.019
LAG3 -0.128" -0.17* -0.201* 0.089
TIM-3 (HAVCR2) 0.186* -0.061 0.042 0.137*
GZMB -0.058 -0.166" -0.209" 0.039
B cell CcD19 -0.132* -0.143" -0.106 -0.048
CD79A -0.101* -0.149* -0.109* -0.073
NK cell KIR2DL3 0.031 -0.12* -0.054 -0.017
KIR2DL4 0.014 -0.134" -0.083 0.002
KIR3DL1 0.002 -0.115* -0.043 0.016
KIR3DL2 -0.027 -0.135° -0.109* -0.041
KIR2DS4 0.029 -0.113* -0.063 -0.033
DC HLA-DPB1 -0.193" -0.064 -0.096 0.119*
HLA-DQB1 -0.113* -0.118" -0.132" 0.089
HLA-DRA 0.049 -0.11* -0.015 0.037
BCDA-1 (CD1C) -0.109* -0.111* 0.015 -0.121*
BDCA-4 (NRP1) 0.235* -0.019 0.182* -0.065
TAM ccL2 0.043 -0.128" -0.101" 0.002
CD68 0.149* -0.036 0.029 0.192*
IL10 0.197* -0.093 0.016 0.162*
M1 macrophage IRF5 0.056 -0.05 0.15* 0.18*
COX2 (PTGS2) 0.044 -0.142" -0.012 -0.098
M2 macrophage CD163 0.202* -0.075 0.113* 0.199*
VSIG4 0.092 -0.031 0.072 0.133*
MS4A4A 0.17* -0.085 0.056 0.118*

*, represents positive correlation (P<0.05 and Rho >0.1); whereas *, represents negative correlation (P<0.05 and Rho <-0.1). The regular
numbers with colorless background indicate not significant. TMED, transmembrane p24 trafficking protein; mRNA, messenger RNA; DC,

dendritic cells; NK, natural killer; TAM, tumor associated macrophages.
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Figure 5 High expression of TMED2/3/4/9 indicated the immune-suppressive status in breast cancer. (A) Analysis of the relationship
between the expressions of immune checkpoint genes and TMED2/3/4/9 mRNA levels was performed by the Sangerbox webtool. (B)
GO enrichment analysis of the top 200 co-expressed genes of TMED2/3/4/9 generated by Metascape. (C) The interactome network of
TMED?2/3/4/9 and their common immune-related genes predicted by GeneMANIA database. *, P<0.05; **, P<0.01; ***, P<0.001. TMED,
transmembrane p24 trafficking protein; BRCA, breast carcinoma; mRNA, messenger RNA; GO, Gene Ontology.
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Figure 6 Gene regulatory network of TMED2/3/4/9 in breast cancer. (A,B) Genome alterations of TMED2/3/4/9 in breast cancer
assessed by cBioportal database and the survival analysis between the altered and unaltered groups. (C) Upstream regulatory network of
TMED?2/3/4/9 and their common positively correlated genes was probed using Expression2kinases web tool, and the top transcription
factors and protein kinases were displayed. (D) TMED2/3/4/9 and their co-associated miRNAs in breast cancer were extracted from
LinkedOmics, and the network was generated by the software Cytoscape. TMED, transmembrane p24 trafficking protein; miRNA,

microRNA; CNA, copy-number alteration; PPI, protein-protein interaction.
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hepatocellular carcinoma, ovarian cancer, lung cancer,
and chordoma (6,7,9,29-31). Interestingly, the opposed
function of TMED9 against the metastatic suppressor effect
of TMED?3 in colon cancer might be caused by the distinct
roles of the same gene based on the different genetic
background (5).

Treatment for high-risk early TNBC with pembrolizumab
has been determined to be a promising approach. The Food
and Drug Administration (FDA) has approved it for use as
(neo)adjuvant therapy for patients with this disease (32).
Immune checkpoint inhibitor (ICB) responses are greatly
influenced by the tumor microenvironment. Cells of
the lymphoid and myeloid types make up the immune
microenvironment of breast cancer. The lymphocytes in
the body include CD8" T cells, CD4" T cells, T regulatory
cells, B cells, and CD38" lymphocytes, while myeloid cells
are mainly composed of macrophages, granulocytes, and
dendritic cells (33). CD8" T cells and NK cells were more
abundant in tumors that responded to PD-1 inhibitors
than in nonresponsive tumors, and macrophages were
less abundant (34). Additionally, tumors sensitive to ICB
had an increased number of B cells and tertiary lymphoid
structures (35). In spite of this, the role of the tumor
microenvironment in modulating immune checkpoint
inhibitor responses is still unclear. Therefore, identifying
immunotherapy targets and biomarkers is critical to
improving the effectiveness of therapy (36).

Although the requirement of TMED] for innate immune
signaling and the potentiating effects of TMED? on anti-
virus immunity, the roles of the TMED family on tumor
immunity have not yet been clarified (11,37). Thus, we
conducted multi-dimensional analysis on the TMED
family, including their correlations with infiltrated immune
cells and immune-cell specific markers. Importantly,
our findings revealed that TMED2/3/4/9 could serve as
potential biomarkers indicative of the immunosuppressive
state in breast cancer, for their relative abundance
inversely correlated with the infiltration of tumor antigen-
presenting cells such as DCs and T follicular helper
cells, and the tumor-killing effector cells including M1-
type macrophages, CD8" T cells, and NK cells (38-44).
Meanwhile, TMED3/4 expression was positively related
to M2-type macrophages, which significantly contributed
to tumor invasion, metastasis, and immune escape (45).
Paradoxically, TMED?2/9 was positively correlated with both
types of macrophages but was only positively related to
specific markers of M2-type macrophages. This discordance
might be due to 2 different analytical approaches, and

© Annals of Translational Medicine. All rights reserved.

Fang et al. TMED family immunosuppressive markers in breast cancer

we tended to believe their combined results, that is, the
positive correlation between TMED2/9 and M2-type
macrophages rather than M1-type macrophages. Notably,
TMED?2/3/4/9 potentially emerged as a novel indicator in
the field of immunotherapy for their negative correlations
with numerous immune checkpoint genes, including the
well-known PD-1 and CTLA4 (46,47). For the low response
rates of breast cancer to immunotherapy, biomarkers like
TMED2/3/4/9 that could distinguish immune-active or
immune-suppressive status at the tumor site were helpful
to identify the targeted population who might benefit from
immunotherapy (48,49). Furthermore, we found that the
co-expressed genes of TMED2/3/4/9 were enriched into the
immune-related pathway, suggesting the important roles of
TMED?2/3/4/9 in tumor immunity.

We also investigated the potential underlying mechanisms
of abnormal TMED2/3/4/9 expression at the genomic and
transcriptional level as well as post-transcriptional level. Our
findings suggested that genetic alterations of TMED2/3/4/9
had a considerable impact on patient survival, and their
aberrant expression might be the integrated regulation
effect of numerous kinases, transcription factors, and
miRNAs. Interestingly, their common negatively correlated
hsa-mir-1258 and hsa-mir-204 were tumor suppressors
regulating the metastasis or immune microenvironment
remodeling in breast cancer (50,51).

There were some shortcomings in the current study.
First, due to the insufficient sample size for protein-level
validation, more clinical samples should be collected to
evaluate TMED2/3/4/9 expressions by different assays,
including western blot and immunohistochemistry (IHC)
staining. Importantly, to stratify patients with breast cancer,
the correlations between IHC scores of TMED2/3/4/9
in tissues with other pathological parameters will help
to find out the best cutoff value to predict the patients’
outcomes. Second, the present works on TMED2/3/4/9’
impact on tumor immunity and regulatory network were
predominantly based on bioinformatic analysis. More
experiments are needed to unravel the complex underlying
mechanisms.

Conclusions

In summary, we conducted an integrative analysis of the
roles of the TMED family in breast cancer by bioinformatic
data-mining and experimental validation. We identified
TMED2/3/4/9 as the potential immune-suppressive
biomarkers in this tumor. Further study should focus on
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confirming our findings by larger sample-sized specimens
at the protein level, and the precise mechanism of their
relationships with different types of immune-suppressive
cells need to be elucidated.
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Supplementary

Table S1 The list of culture mediums for different breast cancer cell lines

Names of cell lines Culture medium

MCF-7 DMED medium supplemented with 10% FBS and insulin (0.023U/ml)
ZR-75-1 RPMI-1640 medium supplemented with 10% FBS

BT-474 RPMI-1640 medium supplemented with 10% FBS

SK-BR-3 DMEM medium supplemented with 10% FBS

MDA-MB-453 L-15 medium supplemented with 10% FBS

MDA-MB-231 L-15 medium supplemented with 10% FBS

BT-549 RPMI-1640 medium supplemented with 10% FBS and insulin (0.023U/ml)
Hs-578T DMEM medium supplemented with 10% FBS

HCC-1806 RPMI-1640 medium supplemented with 10% FBS

HCC-1937 RPMI-1640 medium supplemented with 10% FBS

Table S2 Functional Category of the common co-expressed
immune-related genes of TMED2/3/4/9

Gene Symbol Category

RFX5 Antigen_Processing_and_Presentation
SEMA4D Chemokines

CCR9 Chemokine_Receptors
PTGFR Cytokine_Receptors
TNFAIP3 Antimicrobials

CCR6 Antimicrobials

XK Antimicrobials

TSLP Cytokines

TCF7L2 Antimicrobials

TSHR Cytokine_Receptors
BACH2 Antimicrobials

Table 3 Expression of the common TMED2/3/4/9 co-expressed immune-related genes analyzed by Oncomine and UALCAN database

Gene Symbol

RFX5 SEMA4D CCR9 PTGFR TNFAIP3 CCR6 TXK TSLP TCF7L2 TSHR  BACH2

Oncomine High High NS Low High Low Low Low Low High Low

Ualcan High High Low Low Low Low NS Low Low Low Low

The highly expressed genes in breast cancer were excluded for their negative correlations with TMED2/3/4/9.

Table 4 Further screening of the common TMED2/3/4/9 co-expressed immune-related genes based on their survival data in breast cancer
analyzed by the KM-plotter database

Gene Symbol
CCR9 PTGFR CCR6 TXK TSLP TCF7L2 BACH2
RFS NS NS Favorable Favorable Favorable NS Favorable
(O] NS Favorable Favorable NS NS NS Favorable
DMFS NS NS Favorable NS NS NS NS

NS: statistically insignificant. CCR9 and TCF7L2 were excluded for their insignificant value for predicting the patient outcomes in breast
cancer.
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UALCAN database.
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Figure S3 The prognostic value of filtered TMED2/3/4/9 immune related co-expressed genes and their correlations with TMED2/3/4/9 (A)
The significant survival data of CCR6(GPR29), TXK, TSLP, BACH2, and PTGFR in breast cancer analyzed by the KM-plotter database. (B)
The correlations between TMED2/3/4/9 and their common co-expressed immune-related genes. TMED2/3/4/9 was inversely correlated to

the screened common immune related genes which had been screen by the combined analysis of Omcomine, Ualcan and KM-plotter.
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Figure S4 The correlated microRNAs of TMED2/3/4/9 in breast cancer from LinkedOmics database and their common associated
microRNAs generated by Venn diagram. (A) Volcano plot of TMED?2 associated microRNAs and the heatmaps for the negatively
correlated significant microRNAs and positively correlated significant microRNAs. (B) Volcano plot of TMED3 associated microRNAs
and the heatmaps for the negatively correlated significant microRINAs and positively correlated significant microRINAs. (C) Volcano plot of
TMED# associated microRNAs and the heatmaps for the negatively correlated significant microRINAs and positively correlated significant
microRNAs. (D) Volcano plot of TMED?9 associated microRNAs and the heatmaps for the negatively correlated significant microRINAs and
positively correlated significant microRNAs. (E) The overlap of TMED2/3/4/9 associated microRNAs from LinkedOmics database.
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