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prostate cancer metastasis via EMT
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Androgen receptor (AR) is an androgen-activated transcription factor of the nuclear receptor superfamily. AR plays a role in the
development and progression of prostate cancer (PCa). However, the exact role of AR in PCa metastasis remains unclear. In the
present study, we aimed to elucidate the function of AR in PCa. We found that eukaryotic translation initiation factor (EIF) 5A2,
an elongation factor that induces epithelial-to-mesenchymal transition (EMT) in PCa cells, was significantly upregulated after
5a-dihydrotestosterone (DHT) stimulation and downregulated after anti-androgen bicalutamide treatment in PCa cells with high AR
expression, but not in cells with low AR expression. Moreover, elF5A2 knockdown could eliminate DHT-induced invasion and
migration of AR-positive PCa cells. DHT treatment decreased epithelial expression of E-cadherin and (-catenin but increased the
expression of the mesenchymal marker proteins Vimentin and N-cadherin. DHT therefore induced EMT, and knockdown of elF5A2
inhibited DHT-induced EMT. Moreover, in vivo study, Luciferase signals from the lungs of the elF5A2 plasmid group indicated
higher metastasis ability, and the elF5A2 siRNA group had lower metastasis ability. Our results suggest that AR positively regulates
elF5A2 expression in androgen-dependent cells, and stimulation of AR expression and signaling in prostate tumors promotes PCa

metastasis by EMT induction and upregulation of elF5A2.
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INTRODUCTION

Prostate cancer (PCa) is the most common cancer among men
worldwide [1]. Androgens are essential to the development and
progression of PCa [2], and androgen deprivation therapy (ADT) is
currently the predominant treatment for locally advanced or
metastatic PCa [3]. Molecular and cellular functions of androgens
are mediated by the androgen receptor (AR), a vital regulator of
androgen signaling. AR alters the expression of its downstream
genes by interacting with coregulators, including activators and
repressors, thereby regulating the transcription of androgen
response genes, which play a crucial role in prostate cancer
metastasis [4, 5]. Therefore, the identification and characterization
of the androgen-responsive genes, which are crucial for hormone-
stimulated cancer growth, could lead to the discovery and
development of new therapeutic targets and more effective
therapies.

Eukaryotic translation initiation factor 5A2 (elF5A2), an isoform
of elF5A, plays an essential role in mRNA translation [6], and is an
oncogene that regulates cell proliferation, invasion, metastasis,
and cancer progression in several cancers [7-10]. Epithelial-to-
mesenchymal transition (EMT) facilitates cancerous cell metas-
tasis [11]. elF5A2 regulates EMT in several cancers, and
contributes to invasiveness and chemo-resistance of tumors
[12-16]. EIF5A2 overexpression in prostate cancer cells therefore
a potential prognostic predictive factor and therapeutic target
[17]. However, the exact role of elF5A2 in PCa progression
is unclear.

Although the functions of androgen signaling in prostate cancer
progression have been studied [2], there are conflicting views on
the mechanisms of androgen-mediated EMT regulation. Several
studies have reported that androgen could activate EMT and its
effectors [18], while other have shown EMT activation caused by
androgen signaling inhibition [19]. AR has been implicated as a
negative regulator of EMT activation in PCa cells [20]. These
conflicting data require further study in order to elucidate the role
of androgen signaling in EMT regulation and PCa progression.

In this study, we aimed to determine the role of elF5A2 and AR
in the regulation of PCa metastasis, and identify the relationship
between elF5A2 and AR in the regulation of PCa metastasis.

RESULTS

Androgen regulates the expression of elF5A2 in PCA cells in

an AR-dependent manner

To study the interaction between elF5A2 and AR, we first tested
the expression of elF5A2 in 4 PCa cell lines. As shown in Fig. 1A, B,
the protein and mRNA levels of elF5A2 were highest in PC3 cells.
We then measured changes in elF5A2 expression after androgen
treatment. As shown in Fig.1C, D, DHT stimulation caused a time-
dependent (0-48 h) increase in the protein and mRNA levels of
elF5A2 and AR in androgen-dependent PCa cells, but not in Al PCa
cells. We then administered the AR inhibitor bicalutamide to
confirm the relationship between elF5A2 and AR. As expected,
bicalutamide treatment caused a time-dependent decrease in the
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Fig. 1 Androgen Regulates elF5A2 expression in human prostate cancer cells in an AR-dependent manner. A, B Protein and mRNA levels
of elF5A2 in four PCa cell lines determined by western blotting and gRT-PCR, respectively. C, D Expression of elF5A2 and AR in four PCa cell
lines treated with DHT (10 nM) at O, 24, 48 h. E, F Expression of elF5A2 and AR in four PCa cell lines treated with bicalutamide (1 pM) at 0, 24,
48 h(NS, no significance, **P < 0.01,***P < 0.001 versus 0 h).
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Fig. 2 Effect of elF5A2 on PCa cell migration and invasion. A, B Migration of DU145 and 22RV1

PC3

Vcap
cells transfected with elF5A2 siRNA or

negative siRNA. C, D Invasion of PCa cells transfected with elF5A2 siRNA or negative siRNA. E-H Migration and invasion of PCa cells
transfected with elF5A2 plasmid or negative plasmid. (*P < 0.05, **P < 0.01 versus negative control or plasmid NC).

protein and mRNA levels of elF5A2 and AR in androgen-
dependent PCa cells, but not in Al PCa cells (Fig. 1E, F). We also
performed AR siRNA transfection to determine whether androgen
regulates the expression of elF5A2 in PCa cells, and found that AR
siRNA treatment could downregulate elF5A2 expression in AD PCa
cells, while DHT combined with AR siRNA did not further regulate
elF5A2 expression in AD PCa. Furthermore, compared with control
group, whether treatment with AR siRNA alone or in combination
with DHT did not change elF5A2 expression in Al PCa cells (Fig.
S1A). Thus, AR is necessary for the stimulatory function of
androgens in elF5A2 expression.

EIF5A2 promotes the migration and invasion of PCA cells by
EMT regulation

Little is known about the role of elF5A2 as a mediator of AR in PCa.
We studied the function of elF5A2 in PCa cells by elF5A2
overexpression or knockdown. Three elF5A2 siRNAs were
screened and the one with the best interference efficiency was
chosen for the further studies (Fig. S1B). EIF5A2 knockdown by
siRNA could decrease PCa cell migration and invasion (Fig. 2A-D),
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while elF5A2 overexpression by plasmid dramatically enhanced
PCa cell migration and invasion (Fig. 2E-H).

EMT is involved in the invasion and metastasis of PCa cells
[21, 22]. We therefore determined the effects of elF5A2 on EMT in
PCa cells. There is accumulating evidence that elF5A2 could
regulate invasion and migration in different cancers [23, 24]. We
also found that elF5A2 knockdown resulted in the upregulation of
E-cadherin and -catenin, and downregulation of Vimentin and N-
cadherin, thus inhibiting EMT (Fig. 3A, B). EIF5A2 overexpression
showed the opposite effects, inducing EMT (Fig. 3C, D). These
were consistent with the immunofluorescence results (Fig. S2A, B).
The interfering efficiency of elF5A2 siRNA and overexpression
efficiency of elF5A2 plasmid were confirmed by western blot (Fig.
S1C, D). These results suggest that elF5A2 expression could
mediate PCa cell migration and invasion by promoting EMT.

EIF5A2 knockdown attenuates androgen-induced cell
migration and invasion

To demonstrate that elF5A2 is functionally relevant to AR,
elF5A2 siRNA or negative siRNA-transfected DU145, PC3 22RV1,
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Fig.3 Effect of elF5A2 on EMT. A, B Expression of EMT-related proteins in four PCa cell lines transfected with elF5A2 siRNA or negative siRNA.
C, D Expression of EMT-related proteins in four PCa cell lines transfected with elF5A2 plasmid or negative plasmid.
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Fig. 4 Effect of elF5A2 on cell migration and invasion in the presence of DHT. A, B Migration of DU145 and PC3 cells transfected with
elF5A2 siRNA or negative siRNA in the presence or absence of DHT. C, D Migration of 22RV1 and Vcap cells transfected with elF5A2 siRNA or
negative siRNA in the presence or absence of DHT. E-H Invasion of PCa cells transfected with elF5A2 siRNA or negative siRNA in the presence
or absence of DHT. (NS no significance versus elF5A2 siRNA; *P < 0.05, **P < 0.01).
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Fig. 5 Effect of elF5A2 on EMT in the presence of DHT. A, B Expression of EMT-related proteins in DU145 and 22RV1 cells transfected with
elF5A2 siRNA or negative siRNA in the presence or absence of DHT. C mRNA expression of elF5A2 in DU145 and 22RV1 cells transfected with
elF5A2 siRNA or negative siRNA in the presence or absence of DHT. D Immunofluorescence staining of E-cadherin and Vimentin in DU145 and
22RV1 cells transfected with elF5A2 siRNA or negative siRNA in the presence or absence of DHT.

and Vcap cells were cultured in medium with or without DHT, and
cell migration and invasion were measured. As shown in Fig. 4A, B,
DHT caused no differences in DU145 and PC3 cell migration
compared with the control in the presence or absence of elF5A2
knockdown. In 22RV1 and Vcap cells, DHT could enhance
migration compared with the control; this effect was eliminated
by elF5A2 knockdown (Fig. 4C, D). Matrigel invasion assays also
showed the same trend in PCa cells (Fig. 4E-H). We found that BIC,
an inhibitor of AR, caused no differences in Al PCa DU145 cell
migration compared to the control, and BIC combined with elF5A2
plasmid also caused no differences in Al PCa DU145 cell migration
compared to elF5A2 plasmid group. But in AD PCa 22RV1 cells, BIC
could decrease migration compared to the control, and further-
more it could reduce the increase of elF5A2 plasmid-induced
migration in 22RV cells (Fig. S3A). The invasion capacities of DU145
and 22RV1 cells, and EMT-related gene mRNA expression was
studied following transfection with elF5A2 plasmid with or
without BIC treatment (Fig. S3B, C). The results were consistent
with migration assay. Thus, elF5A2 expression may contribute to
AR-mediated PCa cell migration and invasion in the presence of
androgens.

Cell Death Discovery (2021)7:373

Inhibition of elF5A2 expression eliminates androgen-induced
EMT

Finally, we studied the role of DHT on EMT regulation and the role
of elF5A2 on DHT-mediated EMT regulation. DHT decreased the
expression of E-cadherin and p-catenin but increased the
expression of Vimentin and N-cadherin, indicating DHT could
induce EMT, in 22RV1 cells but not in DU145 cells. However, after
elF5A2 knockdown, EMT induction due to DHT was blocked in
22RV1 cells (Fig. 5A, B). Furthermore, BIC could upregulate the
expression of E-cadherin but downregulated Vimentin expression
in 22RV1 cells but not in DU145 cells (Fig. S2B), and BIC also could
reverse elF5A2 plasmid-induced EMT in 22RV1 cells. elF5A2
expression was confirmed in the four groups (Fig. 5C). Immuno-
fluorescence results confirmed the results of western blot analysis
(Fig. 5D). The metastasis-associated protein 1 (MTA1) gene was
identified as a potential downstream target of elF5A2 in CRC cells
[10]. We therefore hypothesized a mechanism in which elF5A2
regulates EMT-related factors by regulating MAT1 expression in
PCa cells, and studied the effects of elF5A2 siRNA and MAT1
plasmid on EMT-related protein expression. As shown in Figure.
S4, elF5A2 siRNA could reverse MAT1 plasmid-induced EMT

SPRINGER NATURE
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Fig.6 EIF5A2 regulates metastasis in vivo. A, B Luciferase expression in intrahepatic tumors in different treatment groups (normal saline, NC,
elF5A2 mimics, elF5A2 inhibitor). C, D Images showing HE staining of lung tissues. E-G qRT-PCR confirmed the expression of elF5A2, E-
cadherin, and Vimentin expression after transfection with elF5A2 siRNA or plasmid.

(Fig. S4A, B). These results indicated that elF5A2 could promote
EMT of PCa through regulating MAT1. Furthermore, we deter-
mined the expression of EMT-transcription related factor, indicat-
ing that elF5A2 siRNA treatment induced the changes of EMT-
transcription factor TWIST1 and snail, furthermore, elF5A2 siRNA
combined DHT could downregulate TWIST1 and snail expression
(Fig. S5).

EIF5A2 regulates metastasis in vivo

To elucidate the effect of elF5A2 on PC metastasis in vivo, we
transfected 22RV1 cells with Lenti-Luciferase-Zsgreen-Puro and then
with NC, elF5A2 siRNA, or elF5A2 plasmid and observed lung
metastasis in vivo. Luciferase signals from the lungs of the elF5A2
plasmid group indicated higher metastasis ability, and the
elF5A2 siRNA group had lower metastasis ability compared with
the control group at 4 weeks after injection (Fig. 6A, B). H&E analysis
also showed that there was more metastasis in the lung after
transfection with elF5A2 plasmid (Fig. 6C, D). Compared with the NC
group, the level of elF5A2 and Vimentin was downregulated, the
expression of E-cadherin was increased in elF5A2 siRNA group, while
elF5A2 and Vimentin was upregulated, the expression of E-cadherin
was reduced in elF5A2 plasmid group by qRT-PCR(Fig. 6E-G).

DISCUSSION

The study of androgen responsive genes is important to obtain
novel insights into the molecular mechanisms underlying andro-
gen induced invasion, migration, and progression of prostate
cancer cells [25, 26]. In this study, we identified elF5A2 as an
androgen responsive gene. Androgen stimulation could induce
the upregulation of elF5A2 in AR-positive PCa cells. This
phenotype was not observed in AR-negative PCA cells. Thus, our
results demonstrated that elF5A2 expression was stimulated by
androgen in an AR-dependent manner in PCa.

EIF5A2 belongs to the elF5A gene family located on human
chromosome 3g26.2, [27]. EIF5A2 mRNA is upregulated in several
human tumor cell types such as pancreatic ductal adenocarci-
noma, hepatocellular cancer, lung cancer, colorectal cancer, and
gastric cancer, indicating that elF5A2 is a potential oncogene

SPRINGER NATURE

[13, 28-31]. EIF5A2 regulates invasion and migration via regulation
of EMT in various cancer cells [23, 24]. However, the function of
elF5A2 in PCa cells, and the interaction between elF5A2 and
androgens remains unclear. In this study, we demonstrated that
elF5A2 could promote the migration and invasion of PCa cells by
inducing EMT changes. We also found that elF5A2 siRNA could
reduce lung metastasis in vivo. elF5A2 siRNA could downregulated
the level of elF5A2 and Vimentin, upregulate the expression of
E-cadherin group, while transfection with elF5A2 have the
opposite effect in vivo tissue. It has reported that MTA1 was
identified as a potential downstream target of elF5A2 in CRC cells
[10], and further reveal the mechanism in which elF5A2 regulates
EMT-related factors in PCa cells. We co-transfected elF5A2 siRNA
and MAT1 plasmid to PCa cells and demonstrated that
elF5A2 siRNA could reverse MAT1 plasmid-induced EMT, indicated
that elF5A2 may regulate EMT-related factors via MAT1 in
PCa cells.

The spread of cancer cells is considered to be a key step in
tumor progression, similar to the epithelial-mesenchymal (EMT)
transition observed during embryonic development. EMT is a
process in which epithelial cells gradually lose cell-cell contact
and acquire the movement and migration characteristics of
mesenchymal cells. This transition is coordinated by the activation
of transcription factor (EMT-TFs) of the snail and TWIST families,
which directly inhibit a large number of epithelial marker genes
involved in cell adhesion and polarity. Our findings also indicated
that elF5A2 siRNA treatment induced the changes of EMT-
transcription factor TWIST1 and snail, furthermore, elF5A2 siRNA
combined DHT could downregulate TWIST1 and snail expression.
EMT is closely related to AR signaling and is responsible for
metastasis in PCa cells [19]. Our findings showed that androgen
stimulation could induce the EMT phenotype in AR-positive PCa
cells, but not in AR-negative PCa cells. These results are contra-
dictory, since AR is a downstream factor of androgen stimulation.
A possible explanation for this observation is that androgen exerts
its function through AR-dependent pathways. To our knowledge,
this is the first study showing that elF5A2 reversed androgen-
induced EMT in PCa cells, which was likely dependent on the
presence of AR.

Cell Death Discovery (2021)7:373



In conclusion, our results provide preliminary evidence of AR-
mediated regulation of elF5A2 expression in PCa cell metastasis
via regulation of the EMT pathway. Strategies targeting AR/elF5A2
axis could prove useful for targeting metastasis in PCa cells.

METHOD AND MATERIALS

Cell culture and reagents

The androgen-dependent (AD) PCa cell lines 22RV1 and Vcap were
purchased from the American type culture collection (Manassas,
VA, USA), and the androgen-independent (Al) PCa cell lines, PC3
and DU145, were obtained from the cell bank of the Chinese
academy of sciences (Shanghai, China). The cell lines were
cultured in RPMI-1640 media (Invitrogen, Carlsbad, CA), supple-
mented with 10% fetal bovine serum (FBS, Invitrogen) at 37 °Cin a
humidified atmosphere with 5% CO,. 5a-dihydrotestosterone
(DHT) and bicalutamide (BIC) were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Transfection

Cells were seeded in 6-well plates at a density of 2 x 10° cells, and
cultured in complete medium for 18-24 h. After plating overnight,
PCa cells were subjected to siRNA knockdown using elF5A2 or
negative control siRNAs (GenePharma, Shanghai, China). Lipofec-
tamine2000 (Invitrogen) was used for siRNA knockdown according
to the manufacturer’s instructions. For plasmid overexpression,
PCa cells were plated overnight, and transfected with elF5A2
(Genechem, Shanghai, China) or control vector (pCMV6-Entry).

RNA extraction and quantitative real-time PCR
Total RNA was isolated from treated cells by using TRIzol reagent
(Invitrogen, Waltham, MA, USA) according to manufacturers’
instructions. RT-PCR was performed using the PrimeScript RT
reagent kit (Takara Bio, Dalian, China) and Premix Ex Tag™ Il qRT-
PCR kit (TaKaRa) according to the manufacturers’ protocols.
GAPDH was used as an internal control. The expression of elF5A2
was analyzed using the comparative 272" method. The primers
used were as follows:

elF5A2:

Forward :5-GCAGACGAAAUUGAUUUCATT-3’

Reverse :5-UGAAAUCAAUUUCGUCUGCTT-3%

GAPDH:

Forward 5-CGGAGTCAACGGATTTGGTCGTAT-3’

Reverse 5-AGCCTTCTCCATGGTGGTGAAGAC-3’

Western blot analysis

Cells were lysed in RIPA lysis buffer (Beyotime, Shanghai, China).
Protein concentrations were assayed using a BCA Protein Assay Kit
(Pierce; Thermo Fisher Scientific, Inc.) with bovine serum albumin
(Invitrogen) as the standard. 10% SDS-PAGE was used to separate
equal amounts of proteins, which were transferred to PVDF
membranes. The membranes were blocked with 5% (W/V) nonfat-
dry milk in TBST for 1h at room temperature, and incubated
overnight at 4 °C with primary antibodies against elF5A2 (1:1000;
Abcam, Cambridge, UK) and GAPDH (1:1000; Abcam), and an EMT
antibody sampler kit (1:1000; CST, Danvers, MA). After washing
three times with TBST, the membrane was incubated for 2 h at
room temperature with peroxidase-conjugated secondary anti-
bodies (1:2000; Abcam). The protein bands were developed using
enhanced chemiluminescence detection reagents (GE Healthcare,
Chicago, IL, USA) according to the manufacturer’s protocol.

Transwell invasion and wound healing assays

Cell invasion assay was performed using Transwells (Corning, NY).
PCa cells were treated with trypsin and collected 48 h after
transfection. 1x 10° cells were suspended in serum-free RMPI-
1640 and inoculated into transwell inserts coated with matrigel
(BD Bioscience, Bedford, MA). RMPI-1640 complete medium was
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then placed in the lower compartment. After 48 h, the cells were
fixed and stained. The number of cells crossing the bottom surface
of the membrane was counted and photographed. All experi-
ments were carried out in triplicate. For the wound healing assay,
treated cells seeded in 6-well plates at 3x 10° were “wounded”
using a 200 uyl micropipette tip when the cell confluence reached
90%. Images were captured at 0 and 24 h time points at different
regions of the wound.

Immunofluorescence staining

2% 10° PCa cells were cultured on glass slides in 24-well plates.
After 24h, cells were fixed in cold 4% paraformaldehyde,
permeabilized in 0.1% Triton X-100, blocked with 1% BSA for
1h, incubated with FITC-conjugated (Green) antibodies against
E-cadherin (Abcam, 1:100) or Vimentin (CST, 1:50) overnight at
4°C. DAPI was used to label nuclei. Fluorescent sections were
observed and photographed under confocal fluorescence
microscopy.

Lung metastasis analysis in nude mice

The Lenti-Luciferase-Zsgreen-Puro virus (Hangzhou Shiyu Biotech-
nology Co. Ltd, Hangzhou, China) was transfected into a six-well
plate of 22RV1 cells. Stable transfection was detected using 10 pg/
ml of puromycin and fluorescence microscopy. A sufficient
quantity of cells was prepared for transfection with NC, LV-
elF5A2 siRNA, and LV-elF5A2 plasmid. Female BALB/c nu/nu mice
(5-6 weeks old) were randomly divided into four groups (n = 8 per
group): Normal saline, NC, elF5A2 siRNA, and elF5A2 plasmid. For
lung metastasis analysis, 2 x 106 cells/mouse cells were injected
into the tail vein of each nude mouse. Animals were weighed on
alternate days to observe changes in body weight. Four weeks
later, mice were intraperitoneally injected with D-luciferin,
anesthetized with isoflurane, and photographed using an IVIS
imaging system. The lungs were removed and fixed with 10%
formalin. Subsequently, consecutive tissue sections were made
from each block of the lung, and subjected to hematoxylin-eosin
(H&E) staining according to the manufacturer’s protocol.

Statistical analysis

Data were represented as mean+SD from three independent
experiments. Student’s unpaired t-test was used for two-group
comparisons. A P-value of <0.05 was considered significant.

DATA AND MATERIALS AVAILABILITY

We declare that all data supporting the conclusions of the study.
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