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A B S T R A C T

Objectives: Androgen deprivation therapy (ADT) is a standard treatment for advanced prostate cancer (PCa).
However, after 2–3 years ADT treatment, prostate cancer inevitably transits from androgen-dependent PCa
(ADPC) to androgen-independent PCa (AIPC), which has a poor prognosis owing to its unclear mechanism and
lack of effective therapeutic targets. Small extracellular vesicles (sEVs) play a vital role in the development of
cancer. However, the role of PCa sEVs in the transformation of AIPC remains poorly understood.
Materials and methods: Two different cell models were employed and compared. sEVs from ADPC cells (LNCaP)
and AIPC cells (LNCaP-AI þ F cells) were isolated and characterized. After co-culture of LNCaP-AI þ F sEVs with
LNCaP cells and of LNCaP sEVs with LNCaP-AI þ F cells, androgen-independent transformation was determined
respectively. Mechanically, small RNA sequencing was performed. Androgen-independent transformation was
examined by the upregulation and downregulation of miRNA and downstream pathways were analyzed.
Results: LNCaP-AI þ F sEVs promoted the androgen-independent transformation of LNCaP cells. Interestingly,
LNCaP sEVs exhibited a capacity to reverse the process.Let-7a-5p transfer was demonstrated. Furthermore, let-7a-
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5p overexpression promotes the androgen-independent transformation and let-7a-5p down-regulation reverses
the process. Androgen receptor (AR) and PI3K/Akt pathways were identified and demonstrated by both let-7a-5p
regulation and PCa sEVs coculture.
Conclusions: PCa sEVs are intimately involved in the regulation of androgen-independent transformation of
prostate cancer by transferring the key sEVs molecular let-7a-5p and then activating the AR and PI3K/Akt
signaling pathways. Our results provide new perspectives for the development of sEVs and sEVs molecular tar-
geted treatment approaches for AIPC patients.
1. Introduction

Prostate cancer (PCa) is the second leading cause of cancer death
among male in 2020 [1]. Androgen deprivation therapy (ADT) has been
the standard treatment method for PCa. However, after 2–3 years’ ADT,
most patients inevitably progress to the androgen-independent prostate
cancer (AIPC) or castration-resistant PCa (CRPC), which derive from
androgen-dependent prostate cancer (ADPC) and have poorer prognosis
[2]. The molecular mechanisms controlling the transformation of ADPC
to AIPC are still unclear.

Previous studies have shown that the progression of CRPC relies on
androgen, which mainly exerts its biological effects via the androgen
receptor (AR) [3, 4]. As the prostate differentiation factor, AR regulates
the development of PCa via migrating into the nucleus and combining
with AR-regulated genes such as prostatic specific antigen (PSA) [5]. The
activation of the AR exists in the majority of CRPC patients and the
expression of the AR protein was gradually reduced during the 120-day
castration therapy period. However, AR expression level increased
again in recurrent tumor [6], which indicates AR activation is closely
related with AIPC or CRPC development. Moreover, another study also
confirmed one of ADTmechanisms for therapy is that it inhibits androgen
biosynthesis or AR activation [7]. Mechanisms for AR and other regu-
lation pathways in CRPC are not fully understood.

Small extracellular vesicles (sEVs) are nanoscale extracellular vesicles
containing miRNAs, mRNAs and proteins [8]. sEVs can initiate gene
rearrangements and functional changes of target cells by trans-
ferring/shuttling miRNAs or mRNAs into target cells [9]. Previous
studies have demonstrated that tumor sEVs play crucial roles in tumor
development by shaping and modifying the tumor micro-environment
[10, 11, 12, 13]. However, specific role of sEVs in AIPC transformation
was poorly investigated.

In the present study we focused on the functional roles of sEVs in the
progression of ADPC to AIPC and exploring potential signaling. Under-
standing the role played by sEVs in the progression of AIPC transformation
could be crucial for development of additional therapies for CRPC.

2. Materials and methods

2.1. Cell lines and culture

ADPC cells LNCaP were obtained from American Type Culture
Collection (ATCC, USA). AIPC cells LNCaP-AI þ F (kind gift from pro-
fessor Zhihua Tao, Zhejiang University, China) were induced by LNCaP
cells in the androgen deprived environment with the androgen antago-
nist flutamide [14]. LNCaP cells were cultured in RPMI-1640 (Gibco,
USA) supplemented with 15% fetal bovine serum (FBS). LNCaP-AI þ F
cell were cultured in phenol red free DMEM/F12 (Gibco, USA) supple-
mented with 15% charcoal stripped fetal bovine serum CS-FBS (BI, Israel)
and 0.1 mol/L flutamide. All the media were supplemented with 100
U/mL penicillin and 100 μg/mL streptomycin (HyClone, USA). For
further sEVs experiments, EVs-depleted FBS (BI, Israel) was used.
2.2. sEVs isolation and characterization

sEVs were collected from the cell culture supernatants by ultracen-
trifugation as previously described [13]. Briefly, supernatants were
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harvested when the cells reached almost 80% confluence. Then the su-
pernatant was centrifuged at 300 g for 10 min to eliminate cells, 2000 g
for 10 min and 10,000 g for 30 min to remove cell debris and larger
particles. Later, the supernatant was centrifuged twice at 100,000 g for
70 min and the pellets were dissolved in sterile PBS. BCA Protein assay
kit (Pierce™, Thermo Fisher Scientific, USA) was applied for sEVs
quantification, and sEVs morphology was analyzed using transmission
electron microscopy (TEM) (JEM 1400plus, Japan). sEVs size distribu-
tion was analyzed by Zetasizer Nano ZS (Malvern, UK) and sEVs protein
marker were detected by flow cytometer (BD, USA) andWestern blotting.

2.3. Confocal microscopy analysis

When LNCaP cells confluenced to 50–60%, LNCaP-AI þ F sEVs
labeled with the lipophilic phospholipid membrane dye Dil (Beyotime,
China) were added and co-cultured for 48–72 h. After removal of the cell
culture medium, the cells were gently washed with PBS three times, fixed
with 4% paraformaldehyde for 20 min followed by an overnight incu-
bation with E-cadherin primary antibody (Beyotime, China). The next
day, cells were washed twice with PBS and incubated with Alexa Fluor
488-labeled secondary antibody (Beyotime, China) at room temperature
for 2 h. Cells were washed again and then stained with DAPI for 5 min.
The samples were observed on the FV10i laser confocal microscope
(Olympus, Japan) with a 60x UIS2 SAPO air objective.

2.4. Western blotting analysis

sEVs (10 μg) or cell proteins (20–50 μg) were diluted in a loading
buffer (Beyotime, China), heated at 100 �C for 5 min, centrifuged 12000
g for 10 min, loaded onto gels and electrophoresed (90 V for 25 min, then
changed to 120 V 45 min). The iBlot (Invitrogen, USA) setting procedure
was used to transfer membranes. Blocking buffer (Odyssey, USA) was
used for 60 min before the incubation with primary antibodies at 4 �C
overnight. TBS wash (3–5 min) performed before incubation of second-
ary antibodies at room temperature for 60 min in the dark; odyssey
infrared scanning was performed. The following primary antibodies were
used: Alix, AR, PSA, Akt, p-Akt (1:1000; Cell Signalling Technology, USA)
and β-actin (1:1000; Sigma, USA).

2.5. Flow cytometry

sEVs were diluted in sterile PBS (100 μL) and incubated on ice with 20
μL fluorescent antibody conjugated aldehyde/sulfate latex beads (Invi-
trogen, USA) for 30 min. Unstained sEVs was used as negative control
(NC). Labeling was performed against CD63 and CD81 and the experi-
ment was performed in duplicates. The sorting was performed following
the instrument operating procedures on FACS Canto II flow cytometer
(BD, USA).

2.6. Sequencing and identification of sEVs miRNAs

sEVs miRNA sequencing was conducted by RiboBio Company
(Guangzhou, China) using the HiSeq 2500 instrument (Illumina, USA).
miRNeasy Serum/Plasma Kit (QIAGEN, Germany) was used to extract
sEVs total RNA from isolated sEVs. The Mir-X™ miRNA First Strand
Synthesis Kit (Takara, Japan) was used to complete the reverse
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transcription reaction on the T100 Thermal Cycler (BIO-RAD, USA).
SYBR® Premix Ex Taq™ II (Takara) was used to PCR on the CFX96 Real-
Time system (BIO-RAD). All sEVs miRNAs primers were obtained from
RiboBio (cel-miR-39 was used as a control). Total cellular RNA was
extracted using TRIzol (U6 RNA was used as a control).

2.7. Quantitative Real-time PCR (qRT-PCR)

cDNA was synthesized with a reverse-transcription kit (Takara,
Japan). Quantitative analysis was performed using the SYBR® Premix Ex
Taq™ II (Takara, Japan) on CFX96 Real-Time system (BIO-RAD) ac-
cording to the manufacturer’s instructions. AR, PSA mRNA qPCR primers
were synthesized by Sangon (Shanghai, China) and GAPDH was used as
internal control.

2.8. Cell proliferation assay

The cells were seeded into the 96-well plates in the appropriate
density. Cell density was checked at different time points (0, 24, 48, and
72 h) adding 10 μL of CCK-8 reagent (Dojindo, Japan) to cell culture
medium incubated at 37 �C for 1 h; then, the OD 450 nm was measured
by a microplate reader.

2.9. Cell cycle analysis

After 48 h co-culture or transfection, cells were digested with 0.25%
trypsin and centrifuged at 300 rpm/min for 5 min. Then, 1 mL of 75%
ethanol was added to fix cells. After overnight incubation at 4 �C in 75%
ethanol, cells were washed in PBS and resuspended in 0.5 mL propidium
iodide (PI) for 30 min, then cell cycle was analyzed by Flow Cytometry
(BD, USA).

2.10. Cell transfection

LNCaP cells were transfected with 50 nM, 100 nM mimic negative
control miRNAs (mimic NC) and 50 nM, 100 nM let-7a-5p mimic. LNCaP-
AI þ F cells were transfected with 100 nM, 150 nM inhibitor negative
control (inhibitor NC) and 100 nM, 150 nM let-7a-5p inhibitor. Cells
were seeded into a 6-well plate at 30% confluence, and the transfection
was preformed when the cells reached 70–80% confluence with ribo-
FECT CP Transfection Kit (Riobio, China).

2.11. Statistical analysis

All data are presented as means� SEM. Comparisons were performed
using t-test or one-way ANOVA test implemented in GraphPad Prism 7.0.
P < 0.05 was considered statistically significant.

3. Results

3.1. Identification of PCa cell models and characterization of PCa derived
sEVs

Firstly, we intended to investigate the difference between ADPC cells
(LNCaP) and AIPC cells (LNCaP-AI þ F) in androgen-deprived environ-
ment. We cultured the LNCaP cells and LNCaP-AI þ F cells in androgen-
deprived environment for 72 h. CCK-8 assay indicated a significantly
increased proliferation of LNCAP-AI þ F cells compared to LNCaP cells at
72 h (P < 0.001; Figure 1A). Flow cytometry showed that in LNCAP-AI þ
F cells there was a higher rate in S-phase (P < 0.001) and a lower rate in
G0-G1 phase (P < 0.01) (Figure 1B). Western blotting analysis showed
the AR expression level was significantly up-regulated (P < 0.001) in
LNCAP-AI þ F cells compared with LNCAP cells; whereas the expression
of PSA protein level was obviously down-regulated (P < 0.001)
(Figure 1C).
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To determine whether sEVs influence the castration resistance in PCa
cells, we firstly isolated the sEVs from the culture supernatant by ultra-
centrifugation. We found a large amount of lipid bilayer membrane
vesicles with size ranged 30–150 nm by transmission electron micro-
scopy (TEM) (Figure 1D). Quantification of isolated vesicles size revealed
that the mean diameter was in the range of 30–120 nm (Figure 1E). To
further confirm the nature of the isolated vesicles, we analyzed sEVs
marker by western blotting, sEVs protein Alix was detected (Figure 1F).
Flow cytometry also revealed the presence of sEVs markers CD63 and
CD81 (Figure 1G). Taken together, these results confirmed that the iso-
lated vesicles were sEVs.

Furthermore, we tested the expressions of PCa cells sEVs specific
proteins. Western blotting analysis showed the AR expression level was
significantly up-regulated in LNCAP-AI þ F sEVs compared with LNCAP
sEVs; whereas the expression of PSA protein level was obviously down-
regulated (FigureS1A). qRT-PCR showed higher AR mRNA expression
(P< 0.001) and lower PSA mRNA expression (P< 0.01) in LNCaP-AIþ F
sEVs (Figure S1B).
3.2. sEVs derived from AIPC cells promote the castration resistance of
ADPC cells

To reveal whether sEVs derived from AIPC cells had the ability to
transfer castration resistance to ADPC cells, we co-cultured LNCaP cells
with LNCaP-AI þ F sEVs in androgen-deprived environment. First, we
analyzed the expression of AR and PSA by Western blotting and qRT-
PCR. As shown in Figure 2A, both the expression of AR and PSA pro-
tein significantly increased. qRT-PCR results showed that AR mRNA and
PSA mRNA expression also significantly increased (Figure 2B). These
results indicated that sEVs derived from AIPC cells can activate AR
signaling pathway.

Subsequently, we investigated whether sEVs derived from AIPC cells
could promote the proliferation of ADPC cells under androgen-deprived
environment. The CCK-8 assay results indicated that 10 μg/mL LNCaP-AI
þ F sEVs could increase cell growth, but due to the lower effective
concentration, statistics analysis showed no significance, whereas 20 μg/
mL, 30 μg/mL LNCaP-AI þ F sEVs could obviously stimulate LNCaP cell
proliferation (Figure 2C). Andmeanwhile, a dose dependent reactionwas
observed between 10 μg/mL and 30 μg/mL groups (Figure 2C). Flow
cytometry of LNCAP cells treated with 20 μg/mL LNCaP-AI þ F sEVs
revealed a higher rate of cells in S-phase (P < 0.001) and a lower rate of
cells in G0-G1 phase (P < 0.01) (Figure 2D). These results indicated that
sEVs derived from AIPC cells promote the development of castration
resistance in ADPC cells.
3.3. sEVs derived from ADPC cells reverse the castration resistance of AIPC
cells

Next, we investigated the roles of ADPC sEVs on AIPC cells. After co-
culture LNCaP-AI þ F cells with LNCaP sEVs in androgen-deprived
environment, western blotting analysis showed that AR protein expres-
sion decreased at different time points within 24 h (Figure 3A). The re-
sults indicated that sEVs derived from ADPC cells can inhibit the
activation of AR signaling pathway in the development of castration
resistance of AIPC cells. Subsequently, using a CCK-8 assay we observed a
decreased cell growth rate under androgen-deprived medium co-
culturing LNCAP-AI þ F cells with 10 μg/mL, 20 μg/mL, 30 μg/mL
sEVs derived from LNCaP cells up to 72 h, which displayed sEVs dose-
dependent (Figure 3B). After 48 h co-culture, flow cytometry showed
that LNCAP-AIþ F cells treated with 20 μg/mL sEVs derived from LNCaP
cells exhibited a higher rate of cells in G0-G1 phase (P < 0.01), a lower
rate of cells in S phase (P < 0.001) compared to control (PBS-treated)
LNCaP-AI þ F cells in castration condition (Figure 3C). These results
suggested sEVs derived from ADPC cells can reverse the castration
resistance of AIPC cells.



Figure 1. Characterization of LNCaP and LNCaP AI þ F cells and sEVs. (A) CCK-8 assay of the proliferation of LNCaP cells and LNCaP-AI þ F cells at 0, 24, 48, and 72
h in an androgen-deprived environment. (B) Flow cytometry analysis of the cell cycle distributions of LNCaP cells and LNCaP-AI þ F cells at 72 h in an androgen-
deprived environment. (C) Expression levels of AR and PSA proteins in LNCaP cells and LNCaP-AI þ F cells determined by western blotting. Original gel data in
Supplementary Materials (Figure S3). (D) Transmission electron microscopic images of sEVs isolated from LNCaP and LNCaP-AI þ F cells. Scale bar:200 nm (E)
Average size distribution of isolated sEVs. (F) Alix protein level was analysed by western blotting. (G) Flow cytometry analysis of the sEVs surface markers CD63 and
CD81. Original gel data in Supplementary Materials (Figure S4). sEVs: small extracellular vesicles. Data were analyzed using t-test. *, P < 0.05; **, P < 0.01; ***, P
< 0.001.
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Figure 2. LNCaP-AI þ F sEVs promote AIPC transformation. (A) Western blotting analysis and quantification of AR and PSA protein expressions in LNCaP cells co-
cultured with LNCaP-AI þ F sEVs for 24 h in an androgen-deprived environment. Original gel data in Supplementary Materials (Figure S5). (B) qRT-PCR analysis of the
relative expression of AR and PSA mRNA in LNCaP cells co-cultured with LNCaP-AI þ F sEVs for 24 or 48 h in an androgen-deprived environment. (C) CCK-8 assay of
the proliferation of LNCaP cells co-cultured with 10 μg/mL, 20 μg/mL, 30 μg/mL LNCaP-AI þ F sEVs for 0, 24, 48, and 72 h in an androgen-deprived environment. (D)
Cell cycle distributions of LNCaP cells co-cultured with 20 μg/mL LNCaP-AI þ F sEVs for 48 h were analysed by flow cytometry in an androgen-deprived environment.
sEVs: small extracellular vesicles. Data were analyzed using t-test (A, D) and one-way ANOVA with multiple-comparisons test (B, C). *, P < 0.05; **, P < 0.01; ***, P
< 0.001.
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Figure 3. LNCaP sEVs can reverse AIPC trans-
formation. (A) Western blotting analysis of AR
expression in LNCaP-AI þ F cells co-cultured with
LNCaP sEVs for 6, 12, and 24 h in an androgen-
deprived environment. Original gel data in Supple-
mentary Materials (Figure S6). (B) CCK-8 assay of the
proliferation of LNCaP-AI þ F cells co-cultured with
10 μg/mL, 20 μg/mL, 30 μg/mL LNCaP sEVs for 0, 24,
48, and 72 h in an androgen-deprived environment.
(C) The cell cycle distributions of LNCaP-AI þ F cells
co-cultured with 20 μg/mL LNCaP sEVs for 48 h
analysed by flow cytometry in an androgen-deprived
environment. sEVs: small extracellular vesicles. Data
were analyzed using t-test (C) and one-way ANOVA
with multiple-comparisons test (A, B). *, P < 0.05; **,
P < 0.01; ***, P < 0.001.
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3.4. Let-7a-5p was transferred between PCa cells

To explore the underlying mechanism on sEVs regulating the emer-
gence of castration resistance of ADPC cells, we used high-throughput
sequencing to analyze the differential expressed miRNAs profiling be-
tween LNCaP sEVs and LNCaP-AI þ F sEVs. Taking |log2 (fold change)|
�1 as the threshold for the identification of differentially expressed sEVs
miRNAs (Figure 4A), we selected 147 sEVs miRNAs (P < 0.01) and 67
sEVs miRNAs (0.01 � P < 0.05). Finally, we screened out 18 differen-
tially expressed sEVs miRNAs, among which 16 sEVs miRNAs showed
higher expression and two showed significantly lower expression in
LNCaP-AIþ F sEVs (Figure 4B). qRT-PCR results showed that the relative
expression of let-7a-5p was higher in LNCaP-AI þ F sEVs (Figure 4C), as
well as in LNCaP-AI þ F cells (Figure 4D). Interestingly, we found an
eight-fold up-regulation in LNCaP-AI þ F sEVs and a four-fold up-regu-
lation in LNCaP-AI þ F cells, which indicated the possible let-7a-5p
sorting to sEVs.

Next, we investigated whether sEVs mediated let-7a-5p transfer oc-
curs in between cells. After co-culturing LNCaP cells with Dil-labelled
LNCaP-AI þ F sEVs for 48 h, the sEVs were taken up by recipient cells
(Figure 4E). After LNCaP cells were treated with LNCaP-AI þ F sEVs, we
found that let-7a-5p expression was higher than that in PBS-treated
LNCaP cells (Figure 4F). The let-7a-5p expression was lower in LNCaP-
AI þ F cells treated with LNCaP sEVs (Figure 4G). Taken together,
these results indicate that sEVs can transfer let-7a-5p between PCa cells.

3.5. Let-7a-5p regulates AR signaling and castration resistance in PCa cells

let-7a-5p mimic and let-7a-5p inhibitor were employed to investigate
the role of let-7a-5p in AIPC progression. qPCR results showed that let-
7a-5p expression was upregulated in LNCaP cells transfected with the
let-7a-5p mimic (Figure 5A), while let-7a-5p expression was down-
regulated in LNCaP-AI þ F cells transfected with the let-7a-5p inhibitor
(Figure 5B). Western blotting showed that the overexpression of let-7a-
5p in LNCaP cells upregulated AR and PSA proteins expression
(Figure 5C); in contrast, let-7a-5p downregulation in LNCaP-AI þ F cells
decreased AR protein expression (Figure 5D). These results indicated that
let-7a-5p regulates the activation of the AR signaling pathway in the
development of castration resistance in AIPC cells. Further, the over-
expression of let-7a-5p could increase the proliferation of LNCaP cells
and showed mimics dose-dependent, as determined by a CCK-8 assay
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(Figure 5E) and could increase the rate of cells in the S phase and
decrease rate of cells in the G0-G1 phase, as determined by flow
cytometry (Figure 5F). However, let-7a-5p downregulation slow down
the proliferation in LNCaP-AI þ F cells and displayed similar inhibitor
dose-dependent (Figure 5G), with a notably higher rate of cells in the G0-
G1 phase and a lower rate of cells in the S phase (Figure 5H). These re-
sults implied that let-7a-5p regulates the development of castration
resistance in PCa cells.
3.6. PCa sEVs encapsuling let-7a-5p regulate the PI3K/Akt signaling
pathway

AR has been historically considered the most important target to
control CRPC [15, 16]. Studies have further demonstrated that the AR
signaling and the PI3K/AKT/mTOR pathway cross-regulates each other
[4, 15, 16, 17]. So, our previous data pushed us to further detect the
expression of PI3K/Akt signaling pathway. Western blotting results
showed that let-7a-5p overexpression increased the ratio of p-Akt/Akt in
LNCaP cells (Figure 6A), whereas let-7a-5p downregulation induced a
relatively lower ratio of p-Akt/Akt in LNCaP-AI þ F cells (Figure 6B).
Western blotting results demonstrated that p-Akt protein expression and
the p-Akt/Akt ratio increased in LNCaP cells treated with LNCaP-AI þ F
sEVs within 48 h (Figure 6C). Alternatively, p-Akt protein expression and
the p-Akt/Akt ratio decreased in LNCaP-AI þ F cells treated with LNCaP
sEVs at 24 h (Figure 6D). Thus, as expected, PCa sEVs encapsuling
let-7a-5p regulates the activation of the PI3K/Akt signaling pathway.

4. Discussion

The transformation from ADPC to AIPC, which has limited thera-
peutic treatments and is often aggressive, eventually induces PCa
incurable and lethal [18]. Hence, we urgently need to clarify the un-
derlying mechanisms on the transformation. Herein, we explored the
regulation of PCa sEVs during the transformation from ADPC to AIPC. We
found that sEVs derived from AIPC cells (LNCaP-AI þ F) promote the
AIPC transformation, and in contrast, surprisingly, sEVs derived from
ADPC cells (LNCaP) can reverse the transformation. Furthermore, we
found PCa sEVs delivering let-7a-5p regulated the AIPC transformation
by activating AR signaling pathway and PI3K/Akt pathway, and subse-
quently regulated the proliferation of PCa cells. Our findings uncovered a



Figure 4. Let-7a-5p was transferred by PCa sEVs. (A)
Scatter plot of differentially expressed miRNAs be-
tween LNCaP sEVs and LNCaP-AI þ F sEVs. Red:
increased expression; green: decreased expression;
grey: equally expression. (B) Heat map of the differ-
entially expressed sEVs miRNAs between LNCaP sEVs
and LNCaP-AI þ F sEVs. Red: increased expression;
green: decreased expression. (C) Relative expression
of let-7a-5p in LNCaP sEVs and LNCaP-AI þ F sEVs
detected by qRT-PCR. (D) Relative expression of let-
7a-5p in LNCaP cells and LNCaP-AI þ F cells detec-
ted by qRT-PCR. (E) Confocal images of LNCaP cells
co-cultured with LNCaP-AI þ F sEVs for 48–72 h in an
androgen-deprived environment. (DIL labelled sEVs;
FITC labelled LNCaP cell membranes; DAPI labelled
LNCaP cell nuclei) (F) qRT-PCR analysis of the
expression of let-7a-5p in LNCaP cells co-cultured with
LNCaP-AI þ F sEVs for 24, 48 h in an androgen-
deprived environment. (G) qRT-PCR analysis of the
expression of let-7a-5p in LNCaP-AI þ F cells co-
cultured with LNCaP sEVs for 6, 12, 24 h in an
androgen-deprived environment. sEVs: small extra-
cellular vesicles.Data were analyzed using t-test (C, D)
and one-way ANOVA with multiple-comparisons test
(F, G). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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new mechanism of the AIPC transformation and a new promising ther-
apeutic/diagnostic target for CRPC.

AR, the primary regulator for PSA expression, induces PSA expression
and promotes cell proliferation through interactions with three androgen
response elements [19]. However, in this study, there were a higher AR
and a lower PSA protein expression in advanced LNCaP-AI þ F cells than
in primary LNCaP cells (Figure 1A). Meanwhile, in LNCaP-AIþ F sEVs we
found the similar phenomenon (Figure S1A). This apparent inconsistency
can be explained; during PCa progression, PSA expression was lower in
malignant cells than in the normal prostatic epithelial cells [20]. PSA was
further reduced in poorly differentiated/more aggressive tumours,
despite the high serum PSA levels in patients with PCa [21]. Thus, it is
7

notable that multiple factors are involved in the transcriptional activa-
tion of PSA, not only AR but also several growth factors and extracellular
matrix proteins [22]. Our results not only proved that AIPC cells had a
high AR expression but also a high p-Akt/Akt ratio, which is consistent
with previous results [23].

There have been several studies about sEVs cargoes as potential CRPC
biomarkers [24, 25, 26]. We found that crucial AR protein had higher
expression on LNCaP-AIþ F sEVs, which may act as the cargo transferring
key messages. However, until now, how PCa sEVs regulate the castration
resistance has received little attention. Zhang et al. reported that PC3
(AIPC) sEVs boosted the AIPC transition by activating HMOX1 [27].
However, the biggest issue is that the two PCa cell lines (PC3 as AIPC cells



Figure 5. Let-7a-5p regulates the development of
castration resistance in PCa cells via AR signaling. (A)
qRT-PCR analysis of relative let-7a-5p expression in
LNCaP cells transfected with 50 nM let-7a-5p mimic
for 24 and 48 h (B) qRT-PCR analysis of relative let-
7a-5p expression in LNCaP-AI þ F cells transfected
with 100 nM let-7a-5p inhibitor for 24 and 48 h. (C)
Western blotting analysis of the protein expression of
AR and PSA in LNCaP cells transfected with 50 nM let-
7a-5p mimic for 24 and 48 h. Original gel data in
Supplementary Materials (Figure S7). (D) Western
blotting analysis of AR expression in LNCaP-AI þ F
cells transfected with 100 nM let-7a-5p inhibitor for
24 and 48 h. Original gel data in Supplementary Ma-
terials (Figure S8). (E) CCK-8 assay of the proliferation
of LNCaP cells transfected with 50 nM, 100 nM let-7a-
5p mimic for 0, 24, 48, 72 h in an androgen-deprived
environment. (F) Cell cycle distributions of LNCaP
cells transfected with 50 nM let-7a-5p mimic for 48 h
were analysed by flow cytometry in androgen-
deprived environment. (G) CCK-8 assay of the prolif-
eration of LNCaP-AI þ F cells transfected with 100
nM, 150 nM let-7a-5p inhibitor for 0, 24, 48, and 72 h
in an androgen-deprived environment. (H) Cell cycle
distributions of LNCaP-AI þ F cells transfected with
100 nM let-7a-5p inhibitor for 48 h were analysed by
flow cytometry in an androgen-deprived environment.
Data were analyzed using one-way ANOVA with
multiple-comparisons test. *, P < 0.05; **, P < 0.01;
***, P < 0.001.
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and LNCaP as ADPC cells) used are different in genetic background [28],
which makes the findings of this study less generalisable. On the other
hand, they only demonstrated that PC3 sEVs could facilitate the AIPC
transformation, but there was no evidence to substantiate the opposite.

In this study, using next generation sequencing technology to detect
differential expressed sEVs miRNAs between ADPC sEVs and AIPC sEVs,
we confirmed upregulation of miR-7, miR-375, and let-7a-5p in LNCaP-
AI þ F sEVs by qPCR. However, among the three we focused our atten-
tion, let-7a-5p was the only one showing biological function of AIPC
transformation. For the first time, we showed a correlation of let-7a-5p
with CRPC and we found that let-7a-5p can promote AIPC trans-
formation by up-regulation of AR expression and p-Akt/Akt ratio.
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Although, further studies need to be performed to deeply investigate the
detailed target genes of let-7a-5p for AIPC transformation.

At present, most of the mechanisms responsible for progression to
CRPC relates to maintenance of AR signaling and AR inhibitors as a key
therapeutic target [29]. Multiple growth-promoting and survival path-
ways in PCa suggest the importance of alternative mechanisms involved
in disease progression, such as DNA damage response pathway, PTEN/-
PI3K/AKT/mTOR pathway, cell cycle pathway, WNT pathway,
TMPRSS2/ETS fusion, neuroendocrine pattern, and immune system
response [15, 30, 31]. In this study, we demonstrated that PCa sEVs
transferring let-7a-5p tune AIPC transformation by regulating AR
signaling and downstream PI3K/AKT signaling.



Figure 6. sEVs encapsuling let-7a-5p regulate the PI3K/Akt signaling pathway. (A) Western blotting analysis of the p-Akt and Akt protein expression in LNCaP cells
transfected with 50 nM let-7a-5p mimic for 24 and 48 h. Original gel data in Supplementary Materials (Figure S9). (B) Western blotting analysis of the p-Akt and Akt
protein expression in LNCaP-AI þ F cells transfected with 100 nM let-7a-5p inhibitor for 24 and 48 h. Original gel data in Supplementary Materials (Figure S10). (C)
Western blotting analysis of the p-Akt and Akt protein expression in LNCaP cells co-cultured with LNCaP-AI þ F sEVs for 6, 12, 24, 48 h. Original gel data in Sup-
plementary Materials (Figure S11). (D) Western blotting analysis of the p-Akt and Akt protein expression in LNCaP-AI þ F cells co-cultured with LNCaP sEVs for 6, 12,
24 h. Original gel data in Supplementary Materials (Figure S12).sEVs: small extracellular vesicles. Data were analyzed using one-way ANOVA with multiple-
comparisons test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Our study not only provided new insights in CRPC development, but
also provided a potential diagnostic or therapeutic target for CRPC.
However, the present study still has several limitations; wewill look for let-
7a-5p target genes associating with AR and PI3K/Akt pathway as well
as deeply investigate the underlying mechanism during CRPC develop-
ment. Furthermore, it’s ongoing an in-vivo study to confirm the in-vitro
results.
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