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Abstract: Androgen deprivation therapies, the key treatment options for prostate cancer, have shown resistance and 
disease progression in many patients receiving these treatments. Therefore, it is crucial to identify new targetable 
pathways. Epidermal growth factor receptor pathway substrate 8 (Eps8) is one such potential target. Although this 
pathway is associated with the progression of various cancers, studies on the role of Eps8 in prostate cancer remain 
limited. This study investigated the role of Eps8 in prostate cancer. The LNCaP cell line and enzalutamide-resistant 
LNCaP (LNCaP Enz-R) cell lines were utilized for the investigation. Overexpression of Eps8 was observed in the 
LNCaP Enz-R cells. Transfecting pCMV-EPS8 also increased the levels of epithelial-to-mesenchymal transition (EMT), 
cell proliferation, and cell viability in both cell lines. Conversely, knockdown of Eps8 expression decreased the levels 
of EMT, cell proliferation, and cell viability in both cell lines. Furthermore, EPS8-induced EMT activation could be 
reversed by suppressing the Ras/JAK/PI3K signaling pathway. In vivo animal study also confirmed the crucial role 
of Eps8 expression in prostate cancer progression. Therefore, we suggest that targeting Eps8 by knocking down its 
expression is promising as a therapeutic approach for prostate cancer treatment.

Keywords: Epidermal growth factor receptor pathway substrate 8, prostate cancer, castration-resistant, epithelial-
to-mesenchymal transition, cancer progression

Introduction

Global Cancer Statistics 2022 report state 
prostate cancer to be the most frequently diag-
nosed cancer among men across 118 coun-
tries accounting for 1% of all cancer cases in 
men, and as the fifth leading cause of cancer-
related deaths [1]. Approximately 50% of pros-
tate cancers are diagnosed at metastatic stag-
es. Prostate cancers have a 5-year survival rate 
of approximately 30% [2, 3]. While metastatic 
prostate cancer can be initially controlled using 
androgen deprivation therapy, castration-resis-
tant prostate cancer (CRPC) often develops 
occurs after a certain period of treatment. 

Novel antiandrogens such as abiraterone, 
enzalutamide, apalutamide, and darolutamide 
are currently promising in improving metasta-
sis-free survival in CRPC patients [4-7]. These 
treatments can effectively inhibit prostate can-
cer cell growth and extend the life expectancy 
of patients. However, prostate cancer cells can 
overcome the restricting effects of these treat-
ments, ultimately leading to mortality.

The mechanisms underlying prostate cancer 
development and progression have been exten-
sively investigated. Androgen receptor (AR) 
expression and amplification play a pivotal role 
in cancer cell growth and differentiation, as well 
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as in CRPC cell development [8, 9]. Furthermore, 
neuroendocrine (NE) cells are involved in para-
crine signaling that regulates the growth, differ-
entiation, and secretion of normal prostate 
cells. However, NE cell-secreted paracrine fac-
tors, such as neurotensin, serotonin, calcitonin, 
and thyroid-stimulating hormone, are associat-
ed with tumor proliferation and metastasis 
[10]. NE differentiation is more commonly 
observed in CRPC than in hormone-sensitive 
prostate cancer and is associated with a poorer 
prognosis [11].

However, epithelial-to-mesenchymal transition 
(EMT) is a process through which compact epi-
thelial cells are transformed into metastatic 
and invasive mesenchymal cells, thereby con-
tributing to the aggressive behavior of the can-
cer and resistance to anticancer treatments 
[12]. Additionally, the epidermal growth factor 
receptor (EGFR) has been identified as an EMT 
regulator. In lung cancer, EMT reduces the sen-
sitivity of cancer cells to EGFR inhibitors, there-
by resulting in gefitinib resistance [12, 13]. 
Furthermore, EGFR overexpression in cervical 
cancer is associated with poor disease progno-
sis and is linked to EMT regulation [14].

Initially, EGFR pathway substrate 8 (Eps8) was 
identified as a novel substrate of EGFR kinase. 
Eps8 is highly expressed in many human tumor 
types, including colorectal, pituitary, oral, eso- 
phageal, pancreatic, ovarian, lung, breast, thy-
roid, and cervical cancers [15]. Overexpression 
of Eps8 promotes mitosis and enhances malig-
nant metastasis by activation of the EMT and 
EGFR-regulated downstream signaling path-
ways [15, 16]. Conversely, progression of these 
cancers is inhibited by Eps8 knockdown [12, 
17]. Although the role of Eps8 in other cancers 
has been extensively investigated, its role in 
prostate cancer progression remains limited. 
Herein, we investigated Eps8 expression in 
enzalutamide-resistant prostate cancer cells 
and explored the impact of this expression on 
EMT and tumor cell activity in prostate cancer.

Materials and methods

Cell culture

LNCaP cells from the American Tissue Culture 
Collection (Rockville, Maryland, USA) were cul-
tured in RPMI 1640 supplemented with 10% 
FBS (Thermo Fisher Scientific, Waltham, MA, 
USA) at 37°C under 5% CO2. The LNCaP Enz-R 

cell lines were generated from the LNCaP cells 
treated with 10 μM enzalutamide under 5% CO2 
at 37°C for more than 6 months and main-
tained in the above mentioned media contain-
ing 5 μM enzalutamide. The LNCaP Enz-R cells 
were generated according to previous studies 
[18, 19].

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assay

Cells (1 × 104 cells/dL) were inoculated in a 
96-well plate and incubated for 24 h, followed 
by incubation with pCMV-EPS8 for 24 h, both at 
37°C and 5% CO2. Cell viability was assessed 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. After 
transfection for 24 h, the 50 μL of 5 mg/mL 
MTT solution was added to each well and incu-
bated at 37°C for 3 h. Subsequently, 500 μL 
isopropyl alcohol was added to dissolve the 
reduced formazan product. The absorbance at 
590 nm in each well was measured using a 
spectrophotometer (Sunrise-Basic Tecan, Te- 
can Austria GmbH Grödig, Austria) before cell 
viability was examined. Values represent the 
mean OD590 ± standard deviation (SD) from 
three or more independent reaction wells.

Transfection

To produce the pCMV-EPS8 plasmid, the open 
reading frame (ORF) sequence of Eps8 (acces-
sion no. NM_004447) was cloned into the 
human-tagged ORF clone plasmid (cat. no. 
RC205300; Origene Technologies, Inc.). The 
cells were cultured in six-well plates and treat-
ed with 2 μg/mL of the pCMV-EPS8 plasmid (2 
μg/mL) (cat. no. RG205300; Origene Tech- 
nologies, Inc.) or the pCMV-GFP plasmid (cat. 
no. PS100010; Origene Technologies, Inc.). The 
cells were transfected with the plasmids using 
the FuGENE HD Transfection Reagent (Roche 
Diagnostics, Inc.) and incubated at 37°C under 
5% CO2 for 24 h as per manufacturer’s proto-
cols. For Eps8 knockdown, ON-TARGETplus 
EPS8 shRNA SMARTpool (shRNA-EPS8; cat. no. 
TL313184; OriGene Technologies, Inc.) was 
used to silence the Eps8 gene. Eps8 shRNAs  
(5 μg) were transfected into the cells by using 
the TurboFectin Transfection Reagent (OriGene 
Technologies, Inc.) and incubated under 5% 
CO2 at 37°C for 24 h. The cells were subjected 
to reverse transcription-PCR (RT-PCR) and 
western blotting after 24 h of transfection.
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Reverse transcription-PCR

Total RNA was extracted using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). 1 μg 
of the isolated RNA was reverse transcribed 
into cDNA using the SuperScript™ III First 
Strand Synthesis System for RT-PCR (Invitrogen; 
Thermo Fisher Scientific, Inc.). The cDNA was 
synthesized from 5 μg of RNA using oligo dT (50 
μM) and 10 mM dNTP. For PCR, 1 μL of oligo dT 
primer and 1 μL of 10 mM dNTP mix were 
added to 8 μL of RNA, incubated at 65°C for 5 
minutes, and then placed on ice for at least 1 
minute. After that, 10 μL of cDNA synthesis mix 
(including 2 μL of 10× RT buffer, 4 μL of 25 mM 
MgCl2, 2 μL of 0.1 M DTT, 1 μL of RNase OUT™ 
[40 U/μL], and 1 μL of SuperScript™ III RT [200 
U/μL]) was added to each RNA/primer mixture 
and incubated at 50°C for 50 minutes. The 
reaction was terminated by heating to 85°C for 
5 minutes. For each PCR reaction, 10× PCR 
buffer (cat. no. 18067-017; Invitrogen; Thermo 
Fisher Scientific, Inc.), 50 mM MgCl2, 10 mM 
dNTP mix, cDNA, Taq DNA polymerase (5 U/μL), 
and primer pairs were added. The final product 
was stored at -20°C. The reaction mixtures, 
containing 5 μL of 10× PCR buffer, 1.5 μL of 50 
mM MgCl2, 1 μL of 10 mM dNTP mix, 2 μg 
cDNA, 10 μM of each primer pair, 0.4 μL Taq 
DNA polymerase, and 38.1 μL DEPC-treated 
water, were incubated for an initial denatur-
ation at 94°C for 2 minutes. The PCR was then 
carried out for 35 cycles, with an annealing 
temperature of 55°C, denaturation at 94°C, 
and extension at 72°C, each step lasting for 30 
seconds.

RNA was used as a template for reverse tran-
scription (Invitrogen; Thermo Fisher Scientific, 
Inc.), followed by PCR analysis using primers 
specific for Eps8 (forward, 5’-GATGGAGGA- 
AGTGCAAGATG-3’ and reverse, 5’-GACTGTAA- 
CCACGTCTTCACA-3’) and GAPDH (forward, 
5’-ATGTGTCCGTCGTGGATCTGAC-3’ and reverse, 
5’-AGACAACCTGGTCCTCAGTGTAG-3’). The ex- 
pression levels of total RNA were normalized  
to those of the GAPDH gene (assay ID, 
Hs03929097_g1; Thermo Fisher Scientific, 
Inc.). DNA (0.5 µg/lane) was visualized on a 2% 
agarose gel stained with SafeView™ Classic 
stains (Applied Biological Materials, Inc.).

Cell viability assay

Cells were inoculated into 96-well plates and 
grown to 60%-75% confluence. The cells were 

transfected with pCMV-control or EPS8/shRNA-
control or EPS8 for 24 h. Cell viability was eval-
uated using the Cell Counting Kit-8 (CCK8) 
assay. Briefly, after exposure was terminated, 
the cells were aspirated, rinsed with PBS, and 
treated with 10 μL/well CCK-8 for 2 h at 37°C. 
Absorbance was measured at 450 nm spectro-
photometrically (Bio-Rad, Hercules, CA, USA).

Western blotting

Cell lysates were produced using lysis buffer 
(20 μg/mL aprotinin, 10 mM Tris, 1% Triton 
X-100, 20 μg/mL leupeptin, 50 μg/mL phenyl-
methylsulfonyl fluoride, 1 m MEDTA, 1 mM 
dithiothreitol, and 1 mM Na3VO4). The lysates 
were subjected to 10% SDS-PAGE. Proteins 
were transferred to the PVDF membrane via an 
electrotransfer unit. The membranes were 
probed with primary antibodies overnight at 
4°C. The primary antibodies included E-cad- 
herin (ab53033, Abcam; 1:2000), α-SMA 
(ab5694, Abcam; 1:2000), AMPK (ab32047, 
Abcam; 1:2000), SIRT1 (ab110304, Ab- 
cam; 1:2000), anti-PGC1-α (ab54481, Ab- 
cam; 1:2000), anti-NRF1 (ab34682, Abcam; 
1:2000), and β-actin (A5441, Sigma; 1:4000). 
Subsequently, the membranes were incubated 
at room temperature for 1 h with corresponding 
secondary antibodies. The immunoreactive 
bands were developed using a Western-
Ready™ ECL Substrate Plus Kit (426316, 
BioLegend, San Diego, CA, USA) and detected 
using the MultiGel-21® image system. β-actin 
was used as an internal control.

In vivo tumor growth and metastasis

The animal study protocol was approved by the 
Institutional Animal Care and Use Committee of 
E-Da Hospital (IACUC-EDAH-109002). NOD-
SCID mice were purchased from BioLASCO 
Taiwan Co., Ltd. and maintained in microisola-
tor cages. All mice were used in according to 
institutional guidelines, and the experiments 
were approved by the Use Committee for Animal 
Care. Different types of tumor cells including 1 
million LNCap and control cells, and 1 million 
LNCap-EPS8 and control cells were resus- 
pended in PBS with Matrigel medium and inoc-
ulated subcutaneously into 6-week-old NOD-
SCID mice. The tumors were measured every 3 
days after appearance, and the tumor volume 
was calculated as follows: length × width2/2. 
After subcutaneously injecting 1 × 106 cells per 
transfection with EPS8 or without EPS8, we 
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monitored tumor development over 25 days. At 
25 days after inoculation, all the mice were 
euthanized with CO2.

Hematoxylin and eosin staining

Tissues were fixed in 10% normal formalin 
(Sigma-Aldrich Co.), embedded in paraffin 
blocks, and cut using a sliding microtome (3-μm 
sections). After the sections were deparaf-
finized and rehydrated with xylene and ethanol, 
the slides were stained with hematoxylin and 
eosin (H&E) (Sigma-Aldrich Co.). The stained 
slides were hydrated and mounted using a 
hydrophobic mounting solution to prevent sam-
ple contamination. Tumor tissues morphology 
was observed using a BX51 light microscope 
(Olympus, Japan).

Immunohistochemistry

The paraffin-embedded sections were first 
deparaffinized and rehydrated through treat-
ments with xylene, ethanol, and tap water to 
prepare them for histological analysis. Antigen 
retrieval was achieved by heating the slides in a 
microwave for 10 minutes in a chamber con-
taining 0.01 M citrate buffer (pH 6.0). To inhibit 
endogenous peroxidase activity, the tissue 
slides were immersed in 0.3% methanol/hydro-
gen peroxide (Sigma-Aldrich Co.) for 30 min-
utes. To minimize non-specific binding of the 
primary antibodies, the slides were incubated 
with 10% normal goat serum (Vector La- 
boratories, Burlingame, CA, USA) for 1 hour. 
The slides were then incubated overnight at 
4°C in a humidified chamber with primary anti-
bodies, including E-cadherin (1:100, Abcam) or 
α-SMA (1:100, Abcam), diluted in 5% bovine 
serum albumin (Sigma-Aldrich Co.). The next 
day, the slides were rinsed three times with 1× 
PBS-T (pH 7.4) and incubated for 30 minutes at 
room temperature with the appropriate biotinyl-
ated secondary antibodies (1:500 dilution, 
Jackson ImmunoResearch). After a subsequent 
rinse with 1× PBS-T for 10 minutes, the 
Vectastain Universal Elite ABC kit reagent 
(Vector Laboratories) was applied for 30 min-
utes. Immunoreactive complexes were visual-
ized using the DAB substrate (Sigma-Aldrich 
Co.) and counterstained with hematoxylin. 
Finally, the slides were mounted with coverslips 
using a mounting solution. The slides were 
examined under a BX51 light microscope, and 
images were captured.

Statistical analysis

Each experiment was performed at least thrice, 
and representative results were presented. 
Values in bar graphs are presented as mean ± 
SD. Statistical analyses were performed using 
SPSS software (version 22; SPSS, Chicago, IL, 
USA). Statistically significant differences were 
determined through one-way analysis of vari-
ance (ANOVA), followed by Tukey’s post hoc test 
or two-way ANOVA of repeated measures and 
the Bonferroni post hoc test. P < 0.05 was con-
sidered statistically significant.

Results

EPS8 expression is increased in LNCaP Enz-R 
cells

To determine the role of EPS8 in LNCaP and 
LNCaP Enz-R cells, RT-PCR was performed to 
first measure EPS8 expression levels. EPS8 
expression was markedly higher in the LNCaP 
Enz-R cells, but was almost absent in the sensi-
tive LNCaP cells (Figure 1A, 1B). EPS8 protein 
expression was evaluated through western 
blotting. Markedly higher EPS8 expression lev-
els were noted in the LNCaP Enz-R cells than in 
the LNCaP cells (Figure 1C, 1D). Figure S1 pres-
ents the triplicates of western blot images. 
These observations suggest that EPS8 expres-
sion increased during enzalutamide resistance 
development.

EPS8 overexpression increases LNCaP and 
LNCaP Enz-R cell viability

The effects of EPS8 on prostate cancer cells 
were determined on the basis of cell viability. 
MTT and CCK-8 assays were performed to 
measure cell viability (Figure 2). According to 
the results of the MTT assay, the pCMV-EPS8-
transfected LNCaP cells exhibited the highest 
levels of viability compared with the cells in the 
other two control groups at 24 h after transfec-
tion (Figure 2A). A similar result was observed 
for the LNCaP Enz-R cells (Figure 2A). Next, the 
CCK-8 assay was performed to assess the via-
bility of both LNCaP and LNCaP Enz-R cell lines. 
EPS8-overexpressing LNCaP and LNCaP Enz-R 
cells exhibited the highest levels of viability 
compared with the cells in the other two control 
groups at 24 h after transfection (Figure 2B). 
These results suggest that EPS8 overexpres-
sion can increase prostate cancer cell viability.
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EPS8 overexpression increases EMT in LNCaP 
and LNCaP Enz-R cells

To clarify the mechanism underlying the 
increase in cell migration after pCMV-EPS8 
transfection, western blotting was performed 
to measure the expression of EMT markers, 
namely E-cadherin, α-SMA, Snail, and Slug. 
α-SMA, Snail, and Slug expression was posi-
tively correlated with EMT, whereas E-cadherin 
expression was negatively correlated. The 
expression patterns of these four markers in 
the untreated cells were similar to those in the 
empty vector-transfected cells. This possibly 
explains the similar cell migratory capacities  
of these two cell groups. In the pCMV-EPS8-
transfected LNCaP and LNCaP Enz-R cells, 
E-cadherin was significantly downregulated, 
whereas the other three markers were signifi-
cantly upregulated (Figure 3). The triplicates of 
western blotting images are presented in 
Figures S2 and S3. This suggests that EPS8 
overexpression induces EMT in the LNCaP and 
LNCaP Enz-R cells, which may be why the 
pCMV-EPS8-transfected cells exhibited the 
highest cell migration levels. These results sug-

were observed in the CCK-8 assay. Specifica- 
lly, the shRNA-EPS8-transfected LNCaP and 
LNCaP Enz-R cells exhibited the lowest viability 
compared with the untreated cells and the shR-
NA-control-transfected cells (Figure 4B). These 
results suggest that EPS8 knockdown using 
shRNA reduces prostate cancer cell viability.

EPS8 knockdown inhibits EMT in LNCaP and 
LNCaP Enz-R cells

To assess the association between decreased 
EMT levels, the protein expression of E-cad- 
herin, α-SMA, Snail and Slug in both LNCaP  
and LNCaP Enz-R cells was measured through 
western blotting. Consistent with this hypothe-
sis, cells with EPS8 expression knockdown 
exhibited reduced EMT induction. Specifically, 
E-cadherin expression significantly increased, 
whereas α-SMA, Snail, and Slug expression sig-
nificantly decreased in the shRNA-EPS8-trans-
fected LNCaP and LNCaP Enz-R cells compared 
with the untreated cells and the shRNA-control-
transfected cells (Figure 5). Figures S4 and S5 
present the triplicates of western blotting imag-
es. These results suggest that EPS8 knock-

Figure 1. EPS8 expression in LNCaP cells and LNCaP Enz-R cells. A, B. RT-
PCR revealed higher EPS8 expression in the LNCaP Enz-R cell line, which 
was negligible in the LNCaP cell line. C, D. Western blotting revealed higher 
expression of EPS8 protein in the LNCaP Enz-R cell line than that in LNCaP 
cell line. The triplicates of the western blotting images are shown in Figure 
S1. *P < 0.05 vs. LNCap. Enz-R, enzalutamide-resistant.

gest that EPS8 overexpres-
sion can promote EMT to 
increase the migratory capac-
ity of prostate cancer cells.

EPS8 knockdown reduces 
LNCaP and LNCaP Enz-R cell 
viability

After EPS8 overexpression, 
the possible effects of EPS8 
knockdown on prostate can-
cer cells were evaluated. MTT 
and CCK-8 assays were con-
ducted to measure cell viabil-
ity. shRNA-EPS8 transfection 
was performed to knockdown 
EPS8 expression. According 
to the MTT assay, the shRNA-
EPS8-transfected LNCaP ce- 
lls exhibited lowest levels of 
proliferation compared with 
the untreated cells and the 
shRNA-control-transfected 
cells (Figure 4A). In addition, 
shRNA-EPS8 transfection sig-
nificantly reduced in the prolif-
eration of LNCaP EnzaR cells 
(Figure 4A). Similar results 
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down can inhibit EMT and EMT-related protein 
expression to suppress prostate cancer cell 
migration.

Suppression of Ras/p53/JAK/PI3K signaling 
reverses Eps8 overexpression-induced upregu-
lation of EMT

Subsequently, we evaluated whether the regu-
lation of Ras/p53/JAK/PI3K signaling partici-
pates in EPS8-induced EMT. We showed that 
Ras (salirasib) inhibition reverts EPS8-induced 
reduction in E-cadherin expression and induc-
tion of α-SMA, Snail, and Slug expression 
(Figure 6). Similarly, when administered, the 
JAK inhibitor (baricitinib) and PI3K inhibitor 
(buparlisib) upregulated E-cadherin expression 
levels and downregulated α-SMA, Snail, and 
Slug expression levels in prostate cancer cells 
under EPS8 stimulation in the pCMV-treated 
group (Figure 6). The triplicates of western blot-
ting images are displayed in Figures S6 and S7. 
These findings demonstrate that blockade of 
the Ras/JAK/PI3K pathway has the potential to 
improve prostate cancer migration by downreg-
ulating EMT.

EPS8 induces EMT in xenograft tumor sections

Changes in xenograft tumor sections were 
observed through H&E staining after EPS8 

overexpression (Figure 7). The pCMV-EPS8 
plasmid was used to investigate a possible cor-
relation between EMT and enhanced tumori-
genesis in prostate cancer cells. After subcuta-
neously injecting 2.5 × 106 cells per transfec-
tion with EPS8 or without EPS8, tumor develop-
ment was monitored over 25 days. The median 
tumor weight was greater in the pcDNA-EPS8 
and shRNA-control groups compared with the 
pcDNA-control and shRNA-EPS8 groups (Table 
S1). The mice were sacrificed and no tumor 
metastases were detected during autopsy.

Effect of inhibiting EPS8 on EMT and metasta-
sis in vivo

To examine the inhibitory effect of EPS8 on 
EMT and metastasis in vivo, the expression lev-
els of EMT marker proteins in xenograft tumors 
were determined through immunochemistry 
(IHC). As shown in Figure 7, EPS8 possibly 
induces EMT of prostate cancer cells. To fur-
ther confirm these observations, EMT marker 
proteins were assessed. We further confirmed 
this change in the EMT marker expression pat-
tern in xenograft tumor sections through immu-
nochemical staining. Moreover, EPS8 expres-
sion in LNCaP cells transfected with EPS8-
overexpressing tumor cells of the xenograft 
mouse model was observed through immuno-
chemical staining (Figure 8A). EPS8-over- 

Figure 2. Effects of EPS8 overexpression on cell proliferation and viability. A. Cells transfected with pCMV-EPS8 
exhibited higher levels of cell proliferation when compared with untreated cells and those transfected with the 
pCMV-GFP based on the MTT assay. B. Cells transfected with pCMV-EPS8 exhibited higher levels of cell viability 
when compared with untreated cells and those transfected with pCMV-GFP based on the CCK-8 assay. *P < 0.05 
vs. Control and #P < 0.05 vs. pCMV-GFP. CCK-8, Cell Counting Kit-8; Enz-R, enzalutamide-resistant; GFP, green fluo-
rescent protein; MMT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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expressing tumor cells exhibited downregula-
tion of the epithelial cell marker (E-cadherin) 
but upregulation of the mesenchymal cell 
marker (α-SMA), as observed through immu- 
nochemical staining (Figure 8B and 8C). By 
contrast, EPS8 downregulation resulted in 
E-cadherin upregulation and α-SMA downregu-
lation (Figure 8D). These results collectively 
indicate that EPS8 promotes EMT of prostate 
cancer cells.

Discussion

In our study, Eps8 expression was higher in 
LNCaP Enz-R cells than in LNCaP cells. 

Furthermore, Eps8 activation increases in the 
levels of EMT, cell proliferation, and cell viabi- 
lity in both LNCaP and LNCaP Enz-R cells. 
Conversely, after Eps8 knockdown, the levels 
of EMT, cell proliferation, and cell viability 
decreased in both LNCaP and LNCaP Enz-R 
cells. These findings strongly suggest that Eps8 
plays a critical role in prostate cancer progres-
sion and can be a treatment target for CRPC.

Eps8 is a skeletal protein involved in EGFR 
kinase activity and is primarily expressed in 
various tissues, including fat, brain, bowel, gall 
bladder, endometrium, placenta, ovary, kidney, 
and bladder. The mechanisms underlying the 

Figure 3. Effects of EPS8 overexpression on the EMT. Western blotting revealed that LNCaP and LNCaP EnzaR cells 
transfected with pCMV-EPS8 exhibited lower levels of E-cadherin expression and higher levels of α-SMA, Snail, and 
Slug when compared with untreated cells and those transfected with pCMV-GFP. (A, C) LNCap cells and (B, D) LNCaP 
Enz-R cells. The triplicates of western blotting images are shown in Figures S2 and S3. *P < 0.05 vs. Control and #P 
< 0.05 vs. pCMV-GFP. α-SMA, α-smooth muscle actin; Enz-R, enzalutamide-resistant; GFP, green fluorescent protein.
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effects of EPS8 on EMT and the biological 
behavior of cancer cells have been extensively 
studied. Eps8 activates mTOR, FAK, STAT3, and 
Src, thereby promoting protein synthesis, onco-
genesis, and tumor proliferation [15]. These 
pathways are also related to the development 
of drug-resistant diseases [14, 15]. Increased 
mTOR activation enhances protein synthesis 
and cellular growth. Increased activation of FAK 
and STAT3 signaling pathways amplifies onco-
genic signaling. The activation of FAK and 
STAT3 further boosts Src activity, thereby pro-
moting tyrosine phosphorylation and Eps8 syn-
thesis and reinforcing signaling cascades.

The Ras/Raf/MEK pathway is a pathway fre-
quently upregulated in cancer. Eps8 can influ-
ence the regulation of this pathway [20]. Ras 
binds to related Raf proteins such as c-Raf1, 
B-Raf, and A-Raf, which causes Ras to translo-
cate to the plasma membrane and activate 
MEK. Activated MEK subsequently activates 
ERK. Activation of the ERK pathway enables 
tumor cells to progress through the cell cycle 
[21, 22]. Targeting this pathway has been chal-
lenging and considered an “undruggable” tar-
get because effective agents inhibiting Ras  
signaling were lacking [23]. However, recent 
advancements in therapeutic agents have 
shown the potential to inhibit Ras in clinical tri-
als [24].

EPS8 has been also implicated in regulating 
the PI3K/AKT/mTOR pathway. PI3K enzymes 

phosphorylate inositol lipids on the cell mem-
brane, thereby facilitating cellular signal trans-
duction. PI3K activation induces the genera- 
tion of phosphatidylinositol (3-5)-trisphosphate 
from phosphatidylinositol 4,5-bisphosphate, 
thereby subsequently activating AKT/PKB ki- 
nases. These kinases then phosphorylate 
downstream targets that are crucial for cell  
survival, proliferation, cell cycle progression, 
growth, migration, and angiogenesis [25, 26]. 
The tumor suppressor phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN) 
negatively regulates AKT activation [26]. PTEN 
loss or PI3K/AKT pathway activation results in 
increased cancer cell proliferation, survival, 
migration, and even castration-resistant growth 
[27]. Inhibiting the PI3K pathway can promote 
AR activity, and the combined inhibition of PI3K 
and AR pathways can cause significant tumor 
regressions [28, 29].

Although several Eps8-associated pathways 
have been extensively studied, its specific acti-
vation and impact in prostate cancer have 
received limited attention. No clinical data is 
available on the impact of EPS8 expression on 
prostate cancer patient survival. Only a few rel-
evant preclinical studies involving Eps8 expres-
sion in prostate cancer are present. According 
to Kretschmer et al., Eps8 can be activated by 
clusterin, YB-1, and AR variant proteins. This 
activation is a critical mediator in the formation 
of tunneling nanotubes (TNTs). TNTs are actin-
based membranous structures connecting dis-

Figure 4. Effect of EPS8 knockdown on cell proliferation and viability. A. Cells transfected with shRNA-EPS8 exhibited 
higher levels of cell proliferation when compared with untreated cells and those transfected with shRNA-control 
based on the MTT assay. B. Cells transfected with shRNA-EPS8 revealed lower levels of cell viability when compared 
with untreated cells and those transfected with shRNA-control based on the CCK-8 assays. *P < 0.05 vs. Control 
and #P < 0.05 vs. pCMV-GFP. CCK 8, Cell Counting Kit 8; Enz-R, enzalutamide resistant; MMT, 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide; shRNA, short-hairpin RNA.



Role of EPS8 in prostate cancer treatments

4725 Am J Cancer Res 2024;14(10):4717-4730

tant cells, enabling intercellular communication 
under AR antagonism-induced stress. Silencing 
Eps8 expression reduces TNT formation as well 
as intercellular communication and cell survival 
mechanisms in prostate cancer cells under AR 
antagonism-induced stress [30]. Similarly, in 
our study, Eps8 expression was higher in the 
LNCaP Enz-R cells than in the LNCaP cells. 
Eps8 expression knockdown could reduce EMT, 
cell proliferation, and cell viability in both 
LNCaP Enz-R and LNCaP cells. These findings 
indicate that Eps8 has a great potential in pros-
tate cancer treatment.

Mithramycin (MTM), an antibiotic obtained from 
Streptomyces, can reduce EPS8 levels, leading 
to decreased cancer cell growth and migration 
[31]. MTM can suppress prostate cancer cell 
proliferation and inhibit the expression and 
transcriptional activity of AR and AR variants 
[32-35]. Additionally, MTM impairs DNA dam-
age repair and enhances the effectiveness of 
ionizing radiation or bleomycin, a radiomimetic 
agent, in prostate cancer [35]. However, use of 
MTM in clinics has been limited because of  
its adverse effects, including gastrointestinal, 
hepatic, renal, and bone marrow toxicities [31]. 

Figure 5. Effects of EPS8 knockdown on the EMT. Western blotting revealed that LNCaP and LNCaP Enz-R cells 
transfected with shRNA-EPS8 exhibited increased E-cadherin expression and reduced α-SMA, Snail, and Slug ex-
pression when compared with untreated cells and those transfected with shRNA-control. A. Western blotting images 
of EMT markers in the LNCaP cells. B. Quantification of EMT markers expression in LNCaP cells. C. Western blotting 
images of EMT markers in the LNCaP Enz-R cells. D. Quantification of EMT markers expression in LNCaP Enz-R cells. 
The triplicates of western blotting images are shown in Figures S4 and S5. *P < 0.05 vs. Control and #P < 0.05 vs. 
pCMV-GFP. α-SMA, α-smooth muscle actin; EMT, epithelial-to-mesenchymal transition; Enz-R, enzalutamide-resis-
tant; GFP, green fluorescent protein; shRNA, short-hairpin RNA.
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Figure 6. Regulation of EMT by administration of Ras/p53/JAK/PI3K signaling inhibitors. The administration of Ras inhibitor (salirasib), JAK inhibitor (Bacrivitinib), 
and PI3K inhibitor (Buparlisib) upregulated E-cadherin expression and downregulated α-SMA, Snail, and Slug expression in prostate cancer cells transfected with 
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Fortunately, a novel MTM analog exhibiting 
reduced toxicity has sparked renewed interest. 
Further in vivo studies are warranted to confirm 
the efficacy of this new analog in prostate can-
cer treatment [36].

To the best of our knowledge, this study was 
the first to investigate and report the effect of 
Eps8 on prostate cancer cell proliferation. The 
findings provide novel perspective on potential 
treatment strategies for prostate cancer. 
However, there are several limitations. First, 
our analysis was limited to the LNCaP cell line 
and its subline, LNCaP Enz-R. Eps8 overexpres-
sion and knockdown may have different effects 
on EMT or cell behavior in different cell lines. 
The most widely used human prostate cancer 
cell lines are DU145, PC3, and LNCaP. Of  
these, only LNCaP expresses the AR and is 
responsive to androgen. Therefore, many stud-
ies use LNCaP cells to establish various castra-
tion-resistant cell lines for research [37]. The 
current study focuses on enzalutamide-resis-
tant prostate cancer cells and LNCaP is a most 
suitable cell line for this purpose; however, the 
results of the present study should be com-
pared with other cell lines with caution. Second, 
our CRPC-related investigation was focused 
solely on the LNCaP Enz-R cell line. Further 
studies must be conducted using other CRPC 
cell lines and androgen antagonists to corrobo-

rate our results in the CRPC context. Third, sub-
cutaneous inoculation of tumor cells was per-
formed in our in vivo study, which may have a 
different biological environment compared with 
prostate cancer. This discrepancy should be 
considered while interpreting and extrapolating 
the results to the prostate setting. Moreover, 
the mechanisms through which EPS8 regulates 
EMT and induces drug resistance are still 
entirely understood and further studies are 
warranted.

Conclusion

The study highlights the significance of Eps8 
expression in prostate cancer progression and 
prostate cancer cell viability. Eps8 activation 
promotes EMT, which is linked to the aggres-
sive behavior of cancer and its resistance to 
drugs. A reduction in EMT and cancer cell viabil-
ity was observed on silencing Eps8. These find-
ings indicate the key role of Eps8 in prostate 
cancer progression and drug resistance. Eps8 
might be a promising target for developing inno-
vative treatments.
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Figure S1. Triplicates of the western blot analysis for the expression of EPS8 protein in the LNCaP Enz-R and LNCaP 
cell lines.
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Figure S2. Triplicates of the western blot analysis for the EMT markers expression in the LNCaP cell lines transfected 
with pCMV-EPS8 and pCMV-GFP.
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Figure S3. Triplicates of the western blot analysis for the EMT markers expression in the LNCaP Enz-R cell lines 
transfected with pCMV-EPS8 and pCMV-GFP.
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Figure S4. Triplicates of the western blot analysis for the EMT markers expression in the LNCaP cell lines transfected 
with shRNA-EPS8 and shRNA-control.
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Figure S5. Triplicates of the western blot analysis for the EMT markers expression in the LNCaP Enz-R cell lines 
transfected with shRNA-EPS8 and shRNA-control.
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Figure S6. A. Triplicates of the western blot analysis for the EMT markers (E-cadherin and α-SMA) expression in the 
LNCaP cell lines after administration of Ras/p53/JAK/PI3K signaling inhibitors. B. Triplicates of the western blot 
analysis for the EMT markers (Snail and Slug) expression in the LNCaP cell lines after administration of Ras/p53/
JAK/PI3K signaling inhibitors. C. Triplicates of the western blot analysis for the β-actin expression in the LNCaP cell 
lines after administration of Ras/p53/JAK/PI3K signaling inhibitors.
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Figure S7. A. Triplicates of the western blot analysis for the EMT markers (E-cadherin and α-SMA) expression in the 
LNCaP Enz-R cell lines after administration of Ras/p53/JAK/PI3K signaling inhibitors. B. Triplicates of the western 
blot analysis for the EMT markers (Snail and Slug) expression in the LNCaP Enz-R cell lines after administration of 
Ras/p53/JAK/PI3K signaling inhibitors. C. Triplicates of the western blot analysis for the β-actin expression in the 
LNCaP Enz-R cell lines after administration of Ras/p53/JAK/PI3K signaling inhibitors.
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Table S1. Tumor weights of each xenograft
Control pcDNA-control pcDNA-EPS8 shRNA-control shRNA-EPS8

Tumor Weights 52.40 56.00 86.80 64.00 27.60
46.60 48.70 80.10 56.00 31.00
50.00 56.70 80.90 35.00 33.40
35.80 41.30 78.70 36.00 10.00
45.00 46.60 85.00 45.00 21.80

Median 46.60 48.70 80.90 45.00 27.60
P-value - 0.008* 0.008*
Weights of each xenograft are shown. The median tumor weight was greater in the pcDNA-EPS8 and shRNA-control groups 
compared with the pcDNA-control and shRNA-EPS8 groups. Mann-Whitney U Test, *P < 0.05.


