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Abstract: Background: Transmembrane emp24 trafficking protein 3 (TMED3) is associated with the development of

several tumors; however, whether TMED3 regulates the progression of prostate cancer remains unclear. Materials

and Methods: Short hairpin RNA was performed to repress TMED3 in prostate cancer cells (DU145 cells) and in a

prostate cancer mice model to determine its function in prostate cancer in vitro and in vivo. Results: In the present

study, we found that TMED3 was highly expressed in prostate cancer cells. In vitro, shTMED3 treatment suppressed

the proliferation, invasion, and migration and promoted the apoptosis of DU145 cells. Additionally, the Kyoto

Encyclopedia of Genes and Genomes pathway enrichment analysis showed a strong correlation between TMED3 and

forkhead box O transcription factor (FOXO) pathway. Furthermore, TMED3 inhibition efficiently decreased FOXO1a

and FOXO3a phosphorylation. In vivo, TMED3 downregulation suppressed the apoptosis, growth, and metastasis of

prostate cancer cells via FOXO1a and FOXO3a. Conclusion: The present findings show that TMED3 participates in

the regulation of prostate cancer progression via FOXO1a and FOXO3a phosphorylation, thereby revealing a novel

mechanism underlying prostate cancer development and suggesting that TMED3 inhibition may serve as a novel

strategy for prostate cancer treatment.

Introduction

Prostate cancer, the most commonly diagnosed cancer in
men, is an androgen-dependent tumor. Androgen can
stimulate prostate cancer cell growth and disease
progression. Despite many advances in traditional therapies
including androgen deprivation therapy and antiandrogen
therapy may be useful for early-stage prostate cancer [1–4].
However, the therapeutic effect of such approaches on
prostate cancer is limited once the cancer cells metastasize
to distant organs. Thus, the elucidation of molecular
mechanisms underlying prostate cancer development and
progression will help improve treatment strategies against
the cancer.

Prostate cancer exhibits characteristics of increased
proliferation, migration, and invasion and decreased apoptosis
of prostate cancer cells [5–7]. Transmembrane emp24 domain

(TMED)-containing proteins have been recognized for their
role in pancreatic diseases, acute inflammatory responses, and
cancer [8–10]. Emerging evidence has shown that TMED3 is
closely related to cancer tumorigenesis progression,
proliferation, invasion, and metastasis [11,12]. High-
throughput transcriptomics and RNAi analysis in a previous
study showed that the mRNA expression of ERGIC1 and
TMED3 was upregulated in cultured prostate cancer cells
[13]. However, the involvement of TMED3 in the
pathophysiological progression of prostate cancer cells and
the potential molecular mechanisms remain unclear.

The forkhead box O transcription factor (FOXO) family
has recently been highlighted as crucial for diseases
[14,15]. FOXO1a and FOXO3a activation plays a protective
role in prostate cancer [16,17]. Furthermore, FOXO1a
phosphorylation and inhibition contribute to cell
proliferation and survival in prostate cancer [16].
Additionally, FOXO3a inhibition enhances the migration
of prostate cancer cells and differential regulation of
epithelial–mesenchymal transition (EMT) markers [18].
Similarly, blocking FoxO3a activity accelerates prostate
cancer progression in vivo [19]. Thus, in the present study,
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we hypothesize that the TMED3-induced phosphorylation of
FOXO1a and FOXO3a may modulate the proliferation,
migration, invasion, and apoptosis of prostate cancer cells,
thereby causing prostate cancer.

Herein, initially, we examined the proliferation,
migration, invasion, and apoptosis of prostate cancer cells
after knocking down TMED3 in vitro. Next, we investigated
the possible downstream signaling pathway of TMED3
using gene chips and analyzed the causative association of
TMED3 and the FOXO pathway by performing the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis. Finally, we determined whether
TMED3 downregulation alleviated prostate cancer
development in vivo. The present results suggest that
TMED3 serves as a potential tumor-promoting gene that
enhances the proliferation and metastasis of prostate cancer,
and TMED3 inhibition may be a useful therapeutic target
against prostate cancer.

Materials and Methods

Chemicals and reagents
An apoptosis kit (88–8007) was purchased from eBioscience
(CA, USA). The following antibodies were purchased from
Abcam (Cambridge, MA, USA): anti-TMED3 (ab223175),
anti-phosphorylation FOXO1a (ab131339), anti-
phosphorylation FOXO3a (ab154786), anti-laminB
(ab133741), anti-Ki67 (ab16667), and anti-GAPDH (ab8245).
The CCK8 kit (96992) and antibody-propidiumiodide (PI)
(P4170) were obtained from Sigma-Aldrich (St. Louis, USA).
Hematoxylin and eosin were obtained from Solarbio Science
& Technology (Beijing, China).

In vitro experiments
The human prostate cancer cell line DU145 without
mycoplasma was obtained from Procell Life Science &
Technology Co., Ltd. DU145 cells were cultured using
DMEM with 10% FBS, penicillin and streptomycin under
5% CO2 at 37 �C. To silence TMED3 in DU145, the cells
were seeded in 6-well plates and infected with a lentivirus
containing TMED3 short hairpin RNA (shRNA) (shTMED3
group) target sequences. A negative control (shCtrl group)
was also set. The cells were then cultured at 37°C for 72 h.
The recombinant lentivirus plasmid targeting shTMED3-1
(CTCTCACAAGACCGTCTACTT), shTMED3-2 (CACCTT
CGAGCTGCCGGACA-A), shTMED3-3 (CGTGAAGTTCT
CCCTGGATTA), and the control shRNA (ACGACGTC
AGCTGGTGCATGT) were developed.

Animal treatment and in vivo imaging
Four-week-old specific pathogen free male BALB/c mice were
purchased from GemPharmatech Co., Ltd. (China). All
procedures performed in the study involving animals were
in compliance with the ARRIVE guidelines. To establish a
prostate cancer model in vivo, DU145 cells (1 × 107) were
subcutaneously inoculated into the mice (shCtrl group).
Further, to investigate the protective effect of TMED3
inhibition on prostate cancer metastasis, the mice were
subcutaneously injected with shTMED3 (shTMED3 group)
on day 10 after DU145 cell inoculation. Next, tumor tissues

were collected on day 23 after DU145 cell inoculation.
Hematoxylin and eosin (HE) staining was performed to
observe morphological alterations in prostate tumors, and
the IVIS Spectrum animal imaging system (LB983, Berthold
Technologies, Belgium) was used to evaluate tumor growth
and whole metastasis conditions after administering 100 μL
of XenoLight D-luciferin Potassium Salt (15 mg/mL, Perkin
Elmer, USA) to each mouse on day 23. All procedures on
the mice followed the guidelines for humane treatment by
the People’s Hospital of Guangxi Zhuang Autonomous
Region (Number: K-Y-LW-2022-04).

CCK-8 assay
DU145 cells were seeded in 96-well plates and infected with a
lentivirus at different time points. Afterward, 10 μL of the
CCK-8 solution was supplemented to each well, followed by
incubation for 1 h at 37°C. Absorbance was measured at
450 nm using a microplate reader.

Flow cytometry (FCM)
To determine the cell cycle and apoptosis of DU145 cells, we
examined the positive expression of Annexin V and PI in
DU145 cells by FCM. Briefly, DU145 cells were incubated
with 10% fetal bovine serum (FBS). Then, the cells were
incubated with the PI/RNase solution or phycoerythrin-PI
and fluorescein isothiocyanate (FITC)-Annexin V for 30 min
at 4°C in the dark. The cell apoptosis (early, late, and total
apoptosis) and cell cycle (G0/G1, S, and G2/M phase) of
DU145 cells were examined using a flow cytometer
(Beckman Coulter, USA). PI−Annexin V+ cells were defined
as cells at the early stage of apoptosis, whereas PI+Annexin
V+ cells were defined as cells at the late stage of apoptosis.

Migration and wound healing assays
After lentivirus infection, DU145 cells were seeded into the
Transwell plates (upper chamber), and FBS was added to the
lower chamber as a chemoattractant. After 24 h, the invading
cells were stained with the 0.1% crystal violet staining
solution and observed under a light microscope (Olympus,
Tokyo, Japan). Cells infected with shTMED3 or shCtrl were
scratched, wound healing was monitored, and the migration
distance was imaged 24 h after scratch treatment.

Western blotting
Prostate tumors and cells were homogenized for isolating
total proteins, which were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and transferred to
membranes. After blocking, the membranes were stained
with anti-TMED3 (1:2000), anti-p-FOXO1a (1:2000), anti-
FOXO1a (1:2000), anti-pFOXO3a (1:2000), anti-FOXO3a
(1:2000), anti-laminB (1:2000), and anti-GAPDH (1:2000)
antibodies, followed by staining with a secondary antibody
(1:5000) and enhanced ECL detection kit.

Real-time quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR)
Total RNA was extracted from the cells using the TRIzol
reagent, and the extracted RNA was used to synthesize
cDNA using the Promega M-MLV kit. qRT-PCR was
performed using Light Cycler 480 SYBR Green I Master
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Mix, as described previously [20]. Primers used for qRT-PCR
are listed in Suppl. Table 1.

HE staining
The tumor tissues were harvested and fixed using 4% neutral
buffered formalin before stepwise dehydration and embedded
in paraffin. Then, the samples were stained with HE to observe
morphological alterations under a light microscope
(Olympus, Tokyo, Japan).

Immunohistochemistry
The tumor tissue sections were deparaffinized and incubated
in mixed phosphate-buffered saline containing 0.1% Triton
X-100 and 3% H2O2 in the dark. After performing antigen
retrieval, the sections were blocked with 5% normal goat
serum and stained with anti-ki67 at 4°C overnight. The
sections were incubated with the correspondent horseradish
peroxidase-conjugated secondary antibodies, followed by
DAB reactions and HE staining. Cells with brownish-yellow
particles were considered ki67-positive cells.

Immunofluorescence
For immunofluorescence staining, the slides were blocked, and
anti-p-FOXO1a or anti-p-FOXO3a antibodies were directly
added to the samples, followed by overnight incubation.
Next, the samples were incubated with FITC-conjugated
secondary antibodies. Finally, the slides were observed under
a fluorescence microscope after nucleus staining.

Statistical analysis
The data are presented as the mean ± standard deviation. t-
test and one-way analysis of variance were performed to
statistically analyze the data. Prostate cancer gene expression
data were obtained from The Cancer Genome Atlas
(TCGA) database. Visualization and Integrated Discovery
were used to perform KEGG pathway enrichment analysis.
p < 0.05 was considered statistically significant.

Results

Knockdown of TMED3 suppressed proliferation and promoted
apoptosis in prostate cancer cells
The silencing efficiency of shTMED3-3 was the most potent
among the three shTMED3s (Fig. 1A). The western blotting
results showed that the levels of the TMED3 protein
decreased significantly after shTMED3-3 intervention
(Fig. 1B). Hence, we selected shTMED3-3 to inhibit TMED3
in DU145 cells in subsequent in vitro experiments.

First, we observed the levels of the TMED3 protein in
normal human prostate cells (RWPE-1 cells) and prostate
cancer cells (DU145, PC-3, and LNCap cells). The results
showed that TMED3 was more highly expressed in PC-3,
LNCap, and DU145 cells than in RWPE-1 cells (Fig. 2A).
Thus, the results indicated that TMED3 may play a crucial
role in prostate cancer progression.

CCK-8 and FCM assays were performed to investigate
the effect of TMED3 inhibition on prostate cancer cell
growth. shTMED3 reduced cell growth in a time-dependent
manner, and it decreased markedly on day 5 after
shTMED3 intervention compared with that in the shCtrl
group (Fig. 2B). The FCM results showed that the
proportions of PI+Annexin V+ and PI−Annexin V+ cells in
the shTMED3 group were higher than those in the
shCtrl group (Figs. 2C and 2D). Additionally, TMED3
knockdown decreased the cell percentage at the G1 phase
(Figs. 2E and 2F). These results indicated that TMED3
promoted cell proliferation and inhibited apoptosis in
prostate cancer.

Knockdown of TMED3 inhibited the invasion and migration of
prostate cancer cells
We investigated alterations in the invasion and migration of
prostate cancer cells induced by shTMED3. The invasion
capacity of prostate cancer cells was suppressed by
shTMED3 (Figs. 3A and 3B). Moreover, prostate cancer
cells transfected with shTMED3 exhibited lower migration
activity than did the control cells (Figs. 3C and 3D).
Collectively, these results suggested that TMED3
knockdown could be an important defense mechanism
against prostate cancer development.

The correlation of the FOXO signaling pathway and TMED3
during the progression of prostate cancer
To investigate the potential molecular mechanism underlying
the role of TMED3 in prostate cancer, we used the TCGA
database. We identified 26 signaling pathways that were
correlated to TMED3 mRNA levels. Among them, the
FOXO pathway plays a protective role in prostate cancer,
and a strong correlation was observed between TMED3 and
the FOXO pathway (Figs. 4A and 4B). Thus, we focused on
the potential cascade correlation between TMED3 and the
FOXO pathway.

To better determine whether the marked TMED3
upregulation was a driving cause for FOXO signaling
pathway activation or a correlative hallmark during
prostate cancer progression, TMED3 was downregulated by

FIGURE 1. The silencing efficiency of shTMED3. (A) DU145 cells were treated with shTMED3-1, shTMED3-2, and shTMED3-3 for 72 h and
subjected to qRT-PCR. Relative TMED3 mRNA expression in DU145 was analyzed. (B) DU145 cells were treated with shTMED3-3 for 72 h
and subjected to western blotting. The TMED3 protein level in DU145 was determined. *p < 0.05; **p < 0.01.
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FIGURE 2. TMED3 regulated proliferation and promoted apoptosis in DU145 cells. (A) TMED3 protein levels in normal human prostate cells
and prostate cancer cells were determined by western blotting. DU145 cells were infected with a lentivirus to silence TMED3 expression, and
shCtrl was used as a scrambled control. (B) Cytotoxicity at different time points was determined by performing the CCK-8 assay. (C) A
representative scatter plot of PI+Annexin V+ and PI−Annexin V+ DU145 cells by flow cytometry. (D) The proportions of DU145 cells at
different stages of apoptosis (early apoptosis, late apoptosis, and total apoptosis) by flow cytometry. (E and F) The cell cycle (G1, S, and
G2 phases) of DU145 cells was determined by flow cytometry. **p < 0.01; ***p < 0.001.

FIGURE 3. TMED3 regulated the invasion and migration of prostate cancer cells. DU145 cells were infected with a lentivirus to silence
TMED3 expression, and shCtrl was used as a scrambled control. (A and B) The wound-healing assay was performed to determine the
invasion ability of DU145 cells. (C and D) DU145 cell migration was assessed by performing the Transwell assay. ***p < 0.001. Original
magnification, 200×.
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injecting shTMED3 in vivo. TMED3 protein levels in the
tumor tissues decreased significantly after shTMED3
administration in vivo. Furthermore, TMED3 silencing
decreased FOXO1a and FOXO3a phosphorylation (Fig. 4C).
Thus, the results indicated that TMED3 inhibited the FOXO
pathway by inducing FOXO1a and FOXO3a
phosphorylation during prostate cancer progression.

TMED3 downregulation suppressed prostate cancer
progression by decreasing FOXO1a and FOXO3a
phosphorylation in vivo
We investigated whether TMED3 downregulation alleviated
prostate cancer in mice. TMED3 downregulation greatly
inhibited prostate tumor growth in the mice (Figs. 5A and
5B). Next, we observed prostate cancer cell metastasis using

an in vivo imaging system. Mice in the shCtrl group showed
prostate cancer metastasis (Fig. 5C). However, compared
with mice injected with shCtrl cells, mice injected with
TMED3-downregulated prostate cancer cells showed lower
prostate cancer metastasis in vivo on day 23 after the
treatment. The histological analysis indicated that mice
receiving shTMED3 showed a lower number of prostate
cancer foci than did the mice in the shCtrl group (Fig. 5D).
The IHC results showed that TMED3-downregulated mice
exhibited a lower percentage of Ki67+ tumor cells than did
mice in the shCtrl group, which implied that TMED3 was
associated with the modulatory process of apoptosis in
prostate cancer (Fig. 5E). Based on this mouse model of
prostate cancer, we confirmed that TMED3 downregulation
decreased p-FOXO1a and p-FOXO3a levels rather than

FIGURE 4. TMED3 inhibited the FOXO pathway by inducing FOXO1a and FOXO3a phosphorylation during prostate cancer progression. (A)
The enrichment analysis of the TCGA data was performed to analyze the correlation of TMED3 with 26 signaling pathways. The sizes of the
circles indicate the significance of enrichment, whereas their colors represent the strength and direction of the enrichment (red: positive
correlation, blue: negative correlation). (B) The key role of the FOXO family in cancer-related pathways. (C) Western blotting of FOXO1a,
p-FOXO1a, FOXO3a, and p-FOXO3a in DU145 cells.
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FIGURE 5. TMED3 downregulation alleviated prostate cancer in vivo. (A and B) The sizes of prostate tumors in mice. (C) Prostate cancer
metastasis in mice was evaluated using an in vivo imaging system. (D) Histological alterations in prostate tumors were observed by performing
HE staining. (E) Immunohistochemistry of ki67-positive expression in prostate tumors of mice. Original magnification, 400×.

FIGURE 6. TMED3 downregulation decreased p-FOXO1 and p-FOXO3 levels in a mouse model of prostate cancer. (A) Western blotting of
FOXO1a, p-FOXO1a, FOXO3a, and p-FOXO3a in tumor tissues. Immunofluorescence analysis of p-FOXO1a (B) and p-FOXO3a (C) in
tumor tissues. Original magnification, 200×.
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FOXO1a and FOXO3a levels (Fig. 6). These findings support
the notion that the TMED3-regulated phosphorylation of
FOXO1a and FOXO3a was involved in prostate cancer
progression.

Discussion

In this study, we found that TMED3 protein levels increased
in prostate cancer cells, and TMED3 knockdown inhibited
the proliferation, migration, and invasion and promoted the
apoptosis of prostate cancer cells in vitro. The KEGG
pathway enrichment analysis revealed a strong correlation
between TMED3 and FOXO signaling pathway
phosphorylation. Additional experiments confirmed that the
TMED3-induced phosphorylation of FOXO1a and FOXO3a
played a role in prostate cancer progression. The in vivo
experiments showed that TMED3 downregulation
suppressed prostate cancer progression in mice. These
findings provide novel evidence that TMED3
downregulation is a promising strategy to counteract tumor
cell proliferation, migration, and invasion.

Accumulating evidence shows that TMED3 is a newly
identified cancer-related protein in several malignancies,
such as breast cancer, gastric cancer, chordoma, and lung
cancer. TMED3 exerts antitumor effects by downregulating
Wnt/β-catenin signaling via AKTO regulation [21]. Zhang
et al. reported that TMED3 enhanced cell viability and
migration and inhibited apoptosis in chordoma cells by
greatly silencing TMED3 expression and activation,
suggesting that TMED3 may be a novel target for tumor
therapy [11]. Guo et al. found that TMED3 protein levels
were high in malignant melanoma; thus, they identified
TMED3 as a crucial tumor-promoting gene in malignant
melanoma progression [22]. However, evidence on the role
of TMED3 in prostate cancer is lacking. Herein, we
compared TMED3 protein levels between normal human
prostate cells and prostate cancer cells and found its higher
levels in prostate cancer cells than in normal cells. Tissue
homeostasis is maintained through a balance of proliferative
and antiproliferative signals, and tumor cell migration and
invasion are considered key indicators to evaluate the
capacity of tumor metastasis [23–27]. Herein, we silenced
TMED3 expression both in vitro and in vivo. The in vitro
results showed that TMED3 knockdown in prostate cancer
cells inhibited the proliferation, migration, and invasion and
promoted the apoptosis of prostate cancer cells. The in vivo
results showed that TMED3 downregulation suppressed the
apoptosis of prostate tumor cells and alleviated prostate
cancer. The present findings imply that TMED3 is a novel
inducer of prostate cancer progression, and its
downregulation may hold prognostic value for metastasis.

TMED3 is involved in multiple pathways that may
contribute to prostate cancer development [8,28,29]. Herein,
the KEGG pathway enrichment analysis was performed to
investigate the possible downstream cooperator of TMED3
in prostate cancer, and a strong correlation between
TMED3 and FOXO signaling pathway phosphorylation was
observed. FOXO is an important downstream effector and
transcriptional regulator associated with tumor metastasis

[30–32]. Growing evidence shows that FOXO proteins,
including FOXO1a and FOXO3a, suppress tumors via being
regulated by oncogenic proteins such as Akt, inhibitor of
nuclear factor-κB kinase, and S-phase kinase-associated
protein 2 [33–35]. Boudjadi et al. demonstrated that
fibroblast growth factor 8, a direct transcriptional target of
paired box gene 3 (PAX3)–FOXO1, was responsible for
PAX3–FOXO1-independent tumor recurrence via an
autocrine mechanism, implying the crucial role of FOXO1
in tumor metastasis [36]. Liu et al. reported that FOXO1
phosphorylation regulated by cyclin-dependent kinase 1
played a role in tumorigenesis by promoting cell
proliferation and survival [16]. Additionally, FOXO3a
modulated Wnt/β-catenin signaling and suppressed EMT in
prostate cancer cells [18]. Therefore, we hypothesized that
the TMED3-induced phosphorylation of FOXO1a and
FOXO3a may regulate the proliferation, migration, invasion,
and apoptosis of prostate cancer cells. Herein, we confirmed
that FOXO1a and FOXO3a phosphorylation was regulated
by TMED3. High TMED3 expression resulted in the loss of
function of FOXO1a and FOXO3a owing to S249
phosphorylation, thereby promoting prostate cancer
development.

Nevertheless, this study has several limitations that need
further investigation. The reason behind TMED3 activation in
prostate cancer was not clarified. Thus, future studies are
warranted to investigate whether FOXO signaling pathway
activation alleviates prostate cancer.

Conclusion

We demonstrated that TMED3 phosphorylated FOXO1a and
FOXO3a, thereby contributing to the loss of their
transcriptional activities. TMED3 inhibition suppressed
prostate cancer cell metastasis in vivo and in vitro. The
present findings suggested that TMED3 inhibition may
serve as a potent therapeutic target against prostate cancer
progression.
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