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to reduce chemoresistance to docetaxel in prostate cancer
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Abstract. The human testicular nuclear receptor 4 (TR4)
is a critical regulatory gene for the progression of prostate
cancer (PCa). Although it has been revealed that TR4 causes
chemoresistance in PCa via the activation of octamer-binding
transcription factor 4 (OCT4), the detailed mechanism remains
unexplored. In the present study, it was revealed that inhibition
of TR4 by shRNA in PCa enhanced the sensitivity to docetaxel
in vitro and in vivo. TR4 induced the downregulation of
miR-145 by directly binding it to the promoter of miR-145,
which was confirmed by chromatin immunoprecipitation
analysis and luciferase assay. The overexpression of miR-145
suppressed both the chemoresistance and the expression of
OCT4 mRNA and protein. Additionally, the TR4 shRNA
mediated re-sensitization to docetaxel, along with the
downregulated expression of OCT4, were reversed by the
concurrent inhibition of miR-145. The luciferase assay
revealed that the activity of the wild-type OCT4 3' untranslated
region reporter was suppressed. This suppression diminished
when the miR-145 response element mutated. These findings
suggest an undescribed regulatory pathway in PCa, by which
TR4 directly suppressed the expression of miR-145, thereby
inhibiting its direct target OCT4, leading to the promotion of
chemoresistance in PCa.

Introduction

Prostate cancer (PCa) is the second leading cause of
cancer-associated mortality in men in America and Europe (1).
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In China, the morbidity and mortality rates of PCa have been
markedly increasing for the last two decades (2). The majority
of newly diagnosed PCa patients in China are at an advanced
or metastatic stage that can only be treated by androgen
deprivation therapy (ADT) instead of radical therapy options
such as radical prostatectomy and radical radiotherapy (3).
However, the efficacy of ADT eventually decreases and cancer
will inevitably develop into castration-resistant prostate cancer
(CRPC) (4).

Currently, CRPC can be treated by chemotherapy, immu-
notherapy, and new androgen receptor blockade agents (5). For
example, when CRPC patients were treated with abiraterone
and enzalutamide, the overall survival period was extended
for 15.8 and 18.4 months, respectively (6). However, the
efficacy was primarily dependent on the AR-V7 expression
status in the cancer tissue or the circulating cancer cell (7).
For instance, several chemotherapeutic agents such as metho-
trexate, S-fluorouracil, cyclophosphamide, doxorubicin, and
docetaxel, were heavily investigated for the treatment of CPRC
before the new androgen receptor blockade agents were used.
The results indicated that docetaxel is the most effective agent
for CRPC compared with other chemotherapeutic agents (8).
Therefore, docetaxel-based chemotherapy is still widely used
for the treatment of CRPC (5). The majority of patients exhibit
limited disease control and overall survival (9). Most of these
patients have become refractory to second-line chemotherapy
such as cabazitaxel (10). The overall efficacy of all palliative
methods is far from satisfactory.

The mechanism by which CRPC patients display different
therapeutic efficacy to docetaxel remains unexplored to this
day. It suggested that increased cancer stem cell popula-
tion (11), dysregulated transcription factors (12), anti-apoptosis
factors (13), miRNAs (14), as well as testicular nuclear receptor
4 (TR4) (15) are associated with chemoresistance in CRPC.

MicroRNAs (miRNAs) are small sets of non-coding
RNAs that are 21-23 nucleotides in length, which regulate
target genes by the degradation of mRNA or by suppressing
mRNA translation. miRNAs regulate the initiation, progres-
sion, and chemosensitivity of different types of cancers,
including prostate cancer. For example, miR-200a has been
revealed to modulate chemoresistance by targeting TP53INP1
and YAPI in breast cancer (16). miR-429 sensitized pancreatic
cancer cells to gemcitabine through the negative regulation of
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PDCD4 (17). miRNAs such as miR-200c¢ (18), miR-205 (18),
miR-21 (19), and miR-34 (20) have been reported to modulate
chemosensitivity in PCa.

Although the transcription of miRNA is non-coding, it is
regulated by transcription factors (TFs). It has been revealed
that miRNAs and TFs can cooperate to regulate gene expres-
sion and biological processes (21). Increasing evidence has
indicated that the aberrant regulation of miRNAs by TFs can
cause various diseases, including cancer. For example, Li ef al
reported that HIF1A suppresses the expression of miR-34a in
colorectal cancer cells, which in turn promotes the expression
of PPPIR11, thereby activating the epithelial-mesenchymal
transition (22). Chang et al revealed that miR-137 exerts its
pro-metastatic function by targeting TFAP2C in non-small
cell lung cancer cells (23). A great amount of recent research
has investigated how miRNAs act to regulate their target genes
(miRNA-gene regulation) and the role they play in various
types of cancer (24). However, studies on how miRNAs are
regulated by TFs (TF-miRNA regulation) are quite limited.

TR4 is a transcriptional factor that modulates various
molecular signals in multiple malignant tumors including
PCa (25). A previous study has revealed that TR4 can affect the
chemosensitivity of PCa stem/progenitor cells by regulating
octamer-binding transcription factor 4 (OCT4) expression (15).
In addition, OCT4 is also regulated by miRNAs to exert its
function to affect chemosensitivity (25). The present study
focused on whether any ‘intermediary miRNA’ exists between
TR4 and OCT4 to form the TR4/miRNA/OCT4 axis than can
regulate chemosensitivity in PCa.

Materials and methods

Bioinformatics methods. Text mining was used to screen
chemoresistance-related miRNAs in PCa. Four online
tools including TargetScan (http://targetscan.org), miRDB
(http://mirdb.org), miRanda (http://microrna.org), and
miRTarBase (http://mirtarbase.mbc.nctu.edu.tw) predicted
microRNAs which targeted the human OCT4 gene. Results
were merged from each database into one dataset. The JASPAR
database (http:/jaspar.genereg.net) was utilized to predict the
putative TR4 transcription factor binding site of the promoter
region of microRNA.

Cell culture. The C4-2 human PCa cell line (from ATCC) was
provided by Dr Jer-Tsong Hsieh of the University of Texas
Southwestern Medical Center (Dallas, USA). The PC3 and
DU-145 human PCa cell lines were purchased from the Cell
Bank of Type Culture Collection of the Chinese Academy
of Sciences (CBTCCCAS; Shanghai, China). All of the cell
lines were verified by STR analysis. PC3 and C4-2 cells were
maintained in RPMI-1640 medium containing penicillin
(25 U/ml), streptomycin (25 g/ml), 1% L-glutamine and 10%
fetal bovine serum (all from Gibco; Thermo Fisher Scientific,
Inc.), at 37°C with 5% CO, in a humidified atmosphere.
The DU-145 cells were maintained in DMEM medium
(Gibco; Thermo Fisher Scientific, Inc.) containing penicillin
(25 U/ml), streptomycin (25 g/ml), 1% L-glutamine, and 10%
FBS, at 37°C with 5% CO, in a humidified atmosphere. After
three to four (3-4) passages, the cells grew well and were
ready to use in the experiments.
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Plasmids and lentivirus. A second-generation lentiviral vector
and packing system was used. The TR4 short hairpin (sh)
RNA sequence (5'-cgggagaaaccaagcaattg-3') was cloned into
pLKO.1 puro plasmid (Addgene, Inc.). In order to overexpress
TR4, TR4 cDNA was cloned into the PWPI vector (Addgene,
Inc.). Lentivirus packaging and purification were the same as
previously described (15). The concentration of the lentiviral
vectors was 1 pg/ul. The 293T cell line (ATCC) was used
to generate the packaged lentivirus. For transfection, 20 ug
lentiviral plasmid (1 ug/ul) was used, and the ratio of the
lentiviral plasmid:packaging vector:envelope was was 2:1:1.
The duration of transfection was 48 h. Then conditioned
medium containing viral particles was collected, cellular debris
was removed, and viral particles were concentrated. Lentivirus
expressing or inhibiting hsa-miR-145 or non-targeting negative
control was purchased from Shanghai GeneChem Co., Ltd.
Primers for cloning were obtained from Sangon Biotech Co.,
Ltd. Human genomic DNA (Promega Corporation) was used as
the template DNA. Lentivirus multiplicity of infection (MOI)
for the C-2, PC-3, and DU-145 cell lines was 20. The duration
of transduction into cells of interest was 24 h and the time
interval between transduction and subsequent experimentation
was 24 h.

RNA transfection. Chemically synthesized human miR-145
mimic and inhibitor and their corresponding non-targeting
negative controls were purchased from Shanghai Genechem
Co., Ltd. The sequences were as follows: miR-145-5p mimics
sense, 5'-GUCCAGUUUUCCCAGGAAUCCCU-3' and
antisense, 5'-GGAUUCCUGGGAAAACUGGACUU-3
mimics negative control sense, 5'-UUCUCCGAACGUGUC
ACGUTT-3" and antisense, 5'-ACGUGACACGUUCGGAGA
ATT-3"; miR-145-5p inhibitor, 5~AGGGAUUCCUGGGAA
AACUGGAC-3'; inhibitor negative control, 5'-CAGUAC
UUUUGUGUAGUACAA-3'. According to the manufacturer's
instructions for transient transfection, cells at 50% confluence
were transfected with miRNA mimics (final concertration
50 nmol/l) or inhibitors (final concertration 100 nmol/l) using
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) at room temperature. The duration of transfection was
10 min. The cells were then incubated under 37°C for 24 h
before subsequent experimentations.

RNA extraction and reverse transcription-quantitative (RT-q)
PCR. For both cells and tissues, total RNAs were isolated
using Trizol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). Total RNA (2 ug) was subjected to reverse transcription
using Superscript III transcriptase (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Quantitative real-time PCR (qPCR) was conducted using
a Bio-Rad CFX96 system with SYBR-Green (Invitrogen;
Thermo Fisher Scientific, Inc.) to determine the mRNA
expression level of the target gene. Thermocycling conditions
were as follows: Samples were initially held at 95°C for 3 min,
then processed through 40 cycles at 95°C for 15 sec and 60°C
for 45 sec. The 224 method was used for quantification (26).
The expression levels of specific genes were normalized by
being compared to the expression of GAPDH mRNA. The
sequences of the primers were as follows: OCT4 forward,
5-CTGGGTTGATCCTCGGACCT-3' and reverse, 5'-CCA
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TCGGAGTTGCTCTCCA-3"; survivin forward, 5-AGGACC
ACCGCATCTCTACAT-3' and reverse, 5'-AAGTCTGGC
TCGTTCTCAGTG-3"; and GAPDH forward, 5'-GGAGCG
AGATCCCTCCAAAAT-3" and reverse, 5'-GGCTGTTGT
CATACTTCTCATGG-3..

For miRNA detection, a PureLink miRNA isolation
kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used to
isolate the miRNAs. Small RNAs (50 ng) were processed for
poly-A addition and cDNA synthesis, as previously described.
Quantitative real-time PCR was then conducted using a
Bio-Rad CFX96 system with FAM/FITC to determine the
expression level of the miRNAs of interest. Expression levels
were normalized against U6 small nuclear RNA.

Western blotting. Cells were washed with PBS and lysed
in an RIPA buffer (Sigma-Aldrich; Merck KGaA). Protein
concentration was determined using the bicinchoninic acid
(BCA) method of protein determination with a Microplate
Manager V6 (Bio-Rad Laboratories, Inc.). Proteins (20 ug)
were separated on 8-10% SDS-PAGE gel and then transferred
to PVDF membranes (EMD Millipore). Membranes were
blocked in 5% non-fat milk in PBST for 1 h atroom temperature,
and then incubated with diluted primary antibodies against
GAPDH (dilution 1:1,000; cat. no. sc-166574; Santa Cruz
Biotechnology, Inc.), TR4 (dilution 1:500; product code
abl109513; Abcam), OCT4 (dilution 1:500; product no. 2750;
Cell Signaling Technology, Inc.) overnight at 4°C. The blots
were then incubated with HRP-conjugated secondary antibody
(goat anti mouse; 1:10,000; cat. no. A16078; or goat anti rabbit;
1:10,000; cat. no. A16110; both from Thermo Fisher Scientific,
Inc.) for 1 h at room temperature, washed, and developed in an
ECL system (Bio-Rad Laboratories, Inc.).

MTT assay.Cells were infected with lentivirus for 48 h and then
seeded in a 96-well plate at a concentration of 1x10* cells/well.
Docetaxel was added at various concentrations (0, 2, 5, 10,
15, 20, 30, 40 pg/ml) to the wells 24 h later. After 48 h of
incubation, cells from each well were treated with MTT
(0.5 mg/ml) for 4 h at 37°C. The absorbance at 570 nm was
determined using a microplate reader (Model 550; Bio-Rad
Laboratories, Inc.).

Chromatin immunoprecipitation assay.Regarding chromatin
immunoprecipitation (ChIP), cultured C4-2 prostate cancer
cells (2x107) were harvested and treated with 1% formalde-
hyde at room temperature for 10 min to cross-linked DNA.
After sonication, cross-linked chromatin was precleared
with A/G-agarose protein beads and then immunopre-
cipitated using anti-TR4-specific antibody (product code
ab109513; Abcam) or Anti-Histone H3 (acetyl K27) antibody
(product code ab4729) or IgG (product code ab172730)
overnight at 4°C. IgG was used as the negative control and
Anti-Histone H3 as the positive control. Supernatants from
the no-antibody-added samples were used to measure total
input chromatin. The chromatins were incubated overnight
at 65°C to reverse cross-links. DNA was then treated with
20 ug/ml RNase A (37°C, 30 min), purified using gel extrac-
tion columns (OMEGA), and resuspended in 50 ml TE
buffer. Then, the TR4 occupancy on chromatin was assessed
by PCR with locus-specific primers.
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Luciferase reporter assay. The full-length sequence of the
human miR-145 promoter was cloned into a pGL3-basic lucif-
erase reporter vector (Promega Corporation). Site-directed
mutagenesis of the TR4 binding site in the promoter was
achieved with the Quick-Change mutagenesis (Stratagene;
Agilent Technologies, Inc.) according to the manufacturer's
protocols.

The 3'UTR of the human OCT4 gene with predicted
miRNA-responsive elements was cloned into the
pGL3-promoter vector (Promega Corporation) downstream
of the firefly luciferase ORF. Site-directed mutagenesis of
miRNA-responsive elements in 3'UTR was achieved with the
Quick-Change mutagenesis according to the manufacturer's
protocols.

Cells were placed in 24-well plates. The plasmids or chemical
miRNA mimics were transfected with Lipofectamine 3000
(Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. PRL-TK was used as an internal control. Cell lysates
were prepared with Passive Lysis Buffer (Promega Corporation)
24 h after transfection. Luciferase activity was measured using
the Dual-Luciferase Reporter Assay (Promega Corporation)
according to the manufacturer's manual. Firefly luciferase activity
was normalized by comparing to Renilla luciferase activity.

In vivo mouse model. Animal experiments were performed
according to a protocol approved by the Ethics Committee of
the Second Affiliated Hospital of Soochow University (Suzhou,
China) and followed the ARRIVE Guidelines Checklist (27).
Forty 8-week-old BALB/c-Foxnl™ male mice with a body
weight of 18-19 g were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China). They
were housed under standard conditions with a 12-h light/dark
cycle at 23+3°C, 55+5% relative humidity, and access to food
and water ad libitum. All the mice received anesthesia by
intraperitoneal injection of pentobarbital 50 mg/kg. Then PC3
human PCa cells (5x10%/mouse) mixed with Matrigel (BD
Biosciences) were concurrently injected into the right axillary
space of each mouse. Tumor sizes were measured every four
days with a caliper. The mice were randomly divided into four
groups 21 days after tumor cell inoculation, specifically, a
negative control group (NC), shTR4 group (shTR4), shmiR-145
group (sh145), and a shTR4+shmiR-145 (shTR4+145) group.
Lentivirus was injected into the tumor of each mouse.
After 48 h, 5 mg/kg docetaxel (Sigma Aldrich; Merck KGaA)
was injected intraperitoneally twice a week for three weeks.
Then the mice were sacrificed by cervical dislocation and
tumors were removed for further characterization.

The duration of the experiment was 51 days. During the
experiment, mice health and behaviour were monitored
daily. The humane endpoint for mice was a tumor size
>17 mm in diameter of any mouse. All 40 mice were
euthanized by cervical dislocation. No mouse was found
dead before euthanasia. Animal welfare considerations were
taken including anaesthetics (intraperitoneal injection of
pentobarbital 50 mg/kg) to minimize suffering and distress.

Immunohistochemistry (IHC). Tumor tissues were fixed in 4%
neutral buffered paraformaldehyde (room temperature, 12 h)
and embedded in paraffin. Immunohistochemical staining was
performed on 4-pm sections of paraffin blocks. After blocking
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Figure 1. miR-145 is predicted to join the TR4/OCT4 signaling to mediate PCa chemoresistance. A total of 38 chemoresistance-related miRNAs in PCa
were listed by text mining. The intersection between the 38 miRNAs and the 10 key miRNAs in CRPC previously identified by our research group was
calculated. Four miRNAs (let-7b, miR-125b, miR-197, and miR-145) were revealed to play key roles in the chemoresistance in CRPC. Four online databases
(TargetScan, miRDB, miRanda, miRTarBase) were used and predicted miR-145 as the only miRNA to target OCT4. TR4, testicular nuclear receptor 4; OCT4,
octamer-binding transcription factor 4; PCa, prostate cancer; miR/miRNAs, microRNAs; CRPC, castration-resistant prostate cancer.

with 3% hydrogen peroxide for 10 min at room temperature,
the slides were then incubated overnight at 4°C with primary
antibody. The primary antibodies, OCT4 (diluted 1:800;
product no. 2750; Cell Signaling Technology, Inc.) and survivin
(diluted 1:500; product code ab76424; Abcam) were used for
staining. The slides were then incubated with the biotinyl-
ated goat-anti-rabbit secondary antibody (diluted 1:500;
product no. BA-1000; Vector Laboratories, Inc.) for 30 min
at room temperature, and visualized by VECTASTAIN ABC
peroxidase system and peroxidase substrate DAB kit (Vector
Laboratories, Inc.) according to the manufacturer's instruc-
tions. The slides were analyzed using an Olympus BX51
fluorescence microscope (Olympus Corporation).

Statistical analysis. Values were expressed as the
mean + standard deviation. The unpaired t-test was used for
comparing two groups and ANOVA followed by the Tukey's
test was used for multiple comparisons using SPSS 19.0 soft-
ware (IBM Corp.). P<0.05 (two-sided) indicated a statistically
significant difference.

Results

miR-145 mediates PCa chemoresistance. In our previous
study, it was revealed that TR4 can mediate the chemoresis-
tance of PCa by upregulating the expression of OCT4 at the
transcriptional level (15). However, more evidence revealed
that miRNAs and TFs may cooperate to control gene expres-
sion via TF-miRNA-target axes. For example, TR4 has been
revealed to promote prostate cancer metastasis through the
TR4/miR-373/TGFRR2 signaling axis (28). This prompted us
to investigate the existence of a TR4/miRNA/OCT4 axis that
regulates chemoresistance of PCa.

In total, 38 miRNAs that are related to chemoresistance
in PCa by text mining were collected. The intersection was
calculated between these 38 miRNAs and another ten key

miRNAs in CRPC previously identified (14) since chemore-
sistance occurs in the CRPC stage. It was revealed that four
miRNAs, mainly let-7b, miR-125b, miR-197 and miR-145
played essential roles in the chemoresistance of CRPC (Fig. 1).
Then, four online databases (TargetScan, miRDB, miRanda,
miRTarBase) were used to predict whether any of these four
miRNAs can target OCT4. Unfortunately, only miR-145 was
predicted to target OCT4 in one database (miRTarBase).
Consequently, miR-145 was the only miRNA needed for
further validatation (Fig. 1).

TR4 suppresses miR-145 but promotes OCT4 expression in
PCa cell lines. It was first evaluated whether TR4 can affect
the expression of miR-145. PCa PC3 cells were infected
with either a TR4 knockdown (shTR4) or negative control
(scr) lentivirus, and then the miR-145 expression levels were
determined by qPCR. OCT4 mRNA and protein expres-
sion levels were also determined by qPCR and western
blot analyses. As revealed in Fig. 2A, the knocking down
of TR4 significantly increased the expression of miR-145
while decreasing OCT4 mRNA and protein expression in
PC3 cells.

Similarly, the other two PCa cell lines, C4-2, and DU-145,
were used for validatation. As anticipated, upon inhibition of
TR4, miR-145 increased and OCT4 decreased in both C4-2
(Fig. 2B) and DU-145 cells (Fig. 2C).

To further confirm the TR4 negative regulation on miR-145,
TR4 was overexpressed in all three cell lines using lentivirus.
The results revealed that miR-145 expression decreased and
OCTH4 increased at both mRNA and protein levels (Fig. 2D-F).

The results (Fig. 2A-F) revealed that TR4 suppressed
miR-145 but promoted OCT4 expression in PCa.

miR-145 negatively regulates OCT4 expression in PCa cell
lines. Since the TR4/miR-145 regulation was confirmed,
the following goal was to assess the miR-145/0CT4 signal.



ONCOLOGY REPORTS 45: 963-974, 2021

A 2 pcscells b8, MRS
©
5 1.54
S 104
- g | GAPDH % 051
T 0.0
Scr shTR4 £
B a b o
C4-2 cells g: 1.5
e}
=]
05
(oo 2
Ser shTR 00 ,
or shTRd Scr shTR4
ca b & 20 miR-145
DU145 cells <
5 1.5
| e— TR4 3 10
2
- GAPDH 05
< 00 .
=
Scr shTR4 Sor s
a be miR-145
o 15
PC3 cells E
o)
< 0.5
€ 0.0
Scr 0eTR4 o o
E? C4-2 cells b §1 1.51 miR-145
]
. :o
=
kS
- 05
) |
Scr 0eTR4 E wor orra
Fa b, miR-145
DU145 cells g’ 1.5
S 10
B IR
[=]
= 05
T 0.0 -
Scr oeTR4 = Ser o

967

c % 2.0 OCT4
(o]
T 1.0
ks
% 05 @ s | GAPDH
€ 0.0
Ser shTR4 Scr shTR4
c @
215 oCT4
(1]
E - w— | OCT4
s
= - | GAPDH
i i
€ Sor  shTR4  Ser shTRd
%45
c
]
$ 1.0 - — |ocT4
kel
k=l
< 05
> S s | GAPDH
€ 00
Scr shTR4
c o]
(=1
=
2
g —— w—|OCT4
8
<
E — e | GAPDH
€
Scr Scr o0eTR4
cs
5
S S - oCT4
k=1
o
g — | GAPDH
c
E Scr 0eTR4
c

S— | OCT4

Scr 0eTR4

mRNA fold-change

Scr oeTR4

Figure 2. TR4 suppresses miR-145 but promotes OCT4 expression in PCa cell lines. TR4 was (A-a to C-a) inhibited or (D-a to F-a) overexpressed in three PCa
cell lines (PC3, C4-2, DU145). (A-b to F-b) The expression of miR-145 was determined by qPCR. (A-c to F-c) OCT4 mRNA and protein expression levels

ok

were determined by qPCR and western blotting analyses, respectively. "P<0.05, “P<0.01 and ""P<0.001. TR4, testicular nuclear receptor 4; miR, microRNA;
OCT4, octamer-binding transcription factor 4; PCa, prostate cancer; qPCR, quantitative PCR; scr, scambled; oe, overexpressed.

miR-145 has been reported to directly target OCT4 in several
cancer types (29,30). However, in PCa, the miR-145/0CT4
signal was reported only once in one cell line (PC3), and the
detailed mechanism was not discussed (31). Consequently, it
was neccessary to confirm the effect of miR-145 on OCT4
expression in more PCa cell lines.

Experiments were performed on the PC3 PCa cell line and
chemically synthesized miR-145 mimic or negative control
was transfected into PC3 cells. OCT4 expression was evalu-
ated using qPCR and western blotting. As revealed in Fig. 3A,

when miR-145 was overexpressed, OCT4 expression decreased
significantly both at the mRNA and protein levels.

In the other two cell lines, C4-2 and DU-145, miR-145
mimics were transfected and similar results were obtained
(Fig. 3B and C).

For further confirmation, the miR-145 inhibitor was
transfected into the three cell lines. The results revealed that
the expression of OCT4 significantly increased in all three
cell lines at the mRNA and protein level when miR-145 was
inhibited (Fig. 3D-F).
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Figure 4. TR4-mediated chemoresistance in PCa is attenuated by miR-145. PC3 or C4-2 cells were divided into three groups: (A and D) TR4-silenced
group, (B and E) miR-145 inhibitor group, and (C and F) TR4 and miR-145 double-inhibition group. Cells were treated with a specific concentration
(0,2, 5,10, 15, 20, 30, 40 ug/ml) of docetaxel. Cell survival after the treatment of docetaxel was recorded. "P<0.05 and “P<0.01. TR4, testicular nuclear
receptor 4; PCa, prostate cancer; miR, microRNA; scr, scrambled; sh, short hairpin; inh, inhibitor.

Collectively, the results (Fig. 3A-F) revealed that miR-145
suppressed OCT4 expression in PCa cells.

TR4-mediated chemoresistance in PCa is attenuated by
miR-145. Although all of the data revealed the regulatory
axis of the TR4/miR-145/0CT4 signal, further experimention
was conducted to confirm that miR-145 had a real function in
TR4/0OCT4-mediated PCa chemoresistance.

First, TR4 expression was inhibited using a lentivirus in
PC3 cells and the cell survival was assessed after treatment
with docetaxel. The results revealed that the sensitivity to
docetaxel of the shTR4 group was significantly increased
compared with the control group (Fig. 4A). Then, miR-145
was inhibited using a lentivirus and it was reveled that PC3
cells lacking miR-145 were more resistant to docetaxel
compared with the control group (Fig. 4B). Next, the
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chemosensitivity to docetaxel between the control group and
the TR4/miR-145 double-knockdown group was compared;
the results revealed that there was no significant difference
in chemosensitivity to docetaxel between these two groups
(Fig. 4C).

One more cell line (C4-2 line) was used to repeat the three
tests. As anticipated, TR4 shRNA increased C4-2 sensitivity
to docetaxel (Fig. 4D), while the inhibition of miR-145 caused
more chemoresistance to C4-2 cells (Fig. 4E). Notably, in C4-2
cells, TR4/miR-145 double-knockdown cells also had a similar
sensitivity to docetaxel when compared to the control group
(Fig. 4F).

The results (Fig. 4A-F) revealed that miR-145 could
attenuate TR4 mediated chemoresistance in PCa.

TR4 inhibits the expression of miR-145 at the transcriptional
level. TR4 is a transcription factor that can regulate a large
number of molecules in PCa and other diseases at the tran-
scriptional level (25) (Fig. 5A). Given this reason, it was
decided to further investigate whether TR4 could bind to the
promoter region of miR-145 to regulate it.

The online tool JASPAR was used to predict the putative
TRA4 response elements (TR4REs) for the promoter of miR-145.
As revealed in Fig. 5B, three putative TR4REs were identified,
including TR4REI1 (~-427 to -413), TR4RE2 (~-349 to -335),
and TR4RE3 (~-220 to -206).

Then, a ChIP assay was performed to verify whether TR4
binds to any of the three putative TR4REs. As revealed in
Fig. 5C, IgG served as the negative control and anti-histone
H3 as the positive control; the TR4 protein could only robustly
bind to the first predicted TR4 response element (TR4RE],
~-427 to -413).

Then, the full promoter DNA sequence of miR-145 was
cloned into the PGL-3 primary luciferase vector and another
promoter with a mutant in the TR4REI region. The luciferase
assays were then performed (Fig. 5D); upon the inhibition of
TRA4, the activity of miR-145 promoter significantly increased
compared with the control group. As anticipated, when the
wild-type promoter was substituted with the mutant promoter,
TR4 inhibition no longer had any effect on luciferase activity.

Collectively, the results (Fig. 5A-D) revealed that TR4
transcriptionally supressed miR-145 via binding to the TR4
response element (~-427 to -413) in the promoter region of
miR-145.

miR-145 targets OCT4 by directly targeting its 3'untranslated
(3'UTR) region. The mechanism for the regulation of miR-145
on OCT4 has been previously reported in other cancers but not
in PCa (29,30). To further confirm the present findings, it was
attempted to reveal the mechanism in C4-2 PCa cells.

As revealed in Fig. 6A, the 3'UTR of OCT4 was predicted
to have putative miRNA response elements (MRE) of miR-145



970

Site: 138-157

¥ "AGGGGAGUUUGGGGCAACUGGUU - - -
oLl T

§ UCCCUAAGGACCCUUUUGACCUG

(DCT4 3 UTR, wild-type)
(hsa-miR-145-5p)

(OCT4 3" UTR, mutant)

B 1.59

1.0 s

0.54

Luciferase activity change

3 L AGGGGAGUUUGGGGCUGGACAUU -- -
0.0 :

I
wT + +
MUT - -

miR-NC + -
miR-145 - +

WT: wild-type 3" UTR
MUT: mutant 3' UTR

Figure 6. miR-145 targets OCT4 by directly targeting its 3'UTR. (A) The
3'UTR of OCT4 is predicted to have putative MRE of miR-145 (site:
~138-157). (B) The full 3'UTR sequence of OCT4 was cloned into the
PGL-3 promoter-luciferase vector downstream to the firefly luciferase.
Upon transfection of miR-145, luciferase activity decreased significantly.
miR-145 did not affect the mutated 3'UTR. “P<0.01. miR, microRNA; OCT4,
octamer-binding transcription factor 4; 3'UTR, 3'untranslated region; MRE,
miRNA response elements; WT, wild-type; MUT, mutant; NC, negative
control.

(site: ~138-157). Thus, the full 3'UTR sequence of OCT4 was
cloned into the PGL-3 promoter-luciferase vector downstream
to the firefly luciferase. In addition, the 3'UTR was cloned
with a mutant in the seed region. Luciferase assays were then
performed, and as revealed in Fig. 6B, upon transfection of
miR-145, luciferase activity significantly decreased compared
with the control group. As anticipated, when the wild-type
3'UTR was substituted with the mutant one, miR-145 no longer
had any effect on luciferase activity.

Collectively, the results (Fig. 6A and B) revealed that
miR-145 targeted OCT4 by directly targeting its 3'UTR.

TR4 causes chemoresistance to PCa via miR-145/0CT4
signals in vivo. As the in vitro data revealed that TR4 regulates
the chemosensitivity of PCa via the miR-145/0CT4 signal,
the present study investigated whether the same effects were
observed in vivo.

A total of 40 male nude mice were used in the experiment.
For each mouse, 5x10° cells were subcutaneously injected into
the right axillary space. The mice were then divided into four
groups 21 days after tumor cell inoculation: A control group
(NC), a TR4-inhibiting group (shTR4), a miR-145-inhibiting
group (sh145), and a TR4/miR-145 double-inhibiting group
(shTR4+145). Lentivirus was injected into the tumor of
each mouse. After 48 h, 5 mg/kg docetaxel was injected
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intraperitoneally at a frequency of twice a week for 3 weeks.
Tumor sizes were measured every 4 days and the mice were
then sacrificed. Then, the tumors were collected and the tumor
volumes were calculated.

The results demonstrated that tumors in the shTR4 group
were smaller than those in the control group (Fig. 7A-C).
Tumors in the sh145 group were had a larger tumor size than
those in the control group (Fig. 7A-C). Notably, tumors in
the TR4/miR-145 double-inhibiting group had a similar size
compared to those in the control group (Fig. 7A-C).

The expression of miR-145, OCT4, and survivin was then
determined using qPCR. Survivin is the downstream gene
of OCT4 (32) and is an antiapoptotic factor in PCa (33). As
revealed in Fig. 7D-F, miR-145 was increased while OCT4
and survivin were decreased in the shTR4 group. In the
sh145 group, OCT4 (Fig. 7E) and survivin (Fig. 7F) mRNA
were significantly increased. Notably, the shTR4 effect on
OCT4 and survivin was attenuated by concurrent inhibition
of miR-145 (shTR4+145 group compared with shTR4 group)
(Fig. 7E and F).

Similarly, when immunohistochemical staining was used to
analyze OCT4 and survivin protein expression, it was revealed
that the same expression pattern of both OCT4 (Fig. 7G) and
survivin (Fig. 7H) occurred in the four groups as compared
with the qPCR results.

Collectively, these data indicated that TR4 transcription-
ally inhibited the expression of miR-145 and consequently
promoted the expression of OCT4, causing chemoresistance
of PCa in vitro and in vivo. miR-145 could reverse the
TR4 effect on chemosensitivity in PCa. The in vitro and
in vivo data obtained in the present study confirmed the
TR4/miR-145/0CT4 signaling in PCa chemoresistance.

Discussion

The mechanism by which CRPC patients display different
therapeutic efficacy to docetaxel needs to be further explored.
In our previous study, it was identified that TR4 may promote
chemoresistance of PCa via increasing the expression of
OCT4 (15). In the present study, the purpose was to identify
an ‘intermediary miRNA’ between TR4 and OCT4 to regulate
the chemosensitivity in PCa. miR-145 was predicted as the
key miRNA by using integrative bioinformatics analysis.
Findings revealed that TR4 could inhibit miR-145 expression
while increasing OCT4 expression and, consequently,
causing chemoresistance to docetaxel in vitro and in vivo and
miR-145 was able to reverse the effects. Furthermore, findings
demonstrated that TR4 enhanced the chemoresistance of PCa
at least partially via the axis of TR4/miR-145/0CT4.

The role of nuclear receptors in prostate cancer has
received increasing attention. For example, recent study has
revealed that RORy mediated resistance of prostate cancer
to doxorubicin chemotherapy (34). Nuclear receptor HNF4a
funtioned as a tumor suppressor in prostate cancer via its
induction of p21-driven cellular senescence (35). In addition,
TR4 is a nuclear receptor and has been revealed to play an
important role in tumors, especially prostate cancer (28).

TR4 nuclear receptor plays a crucial role in the development
and progression of various types of cancer including liver (36),
breast (37), lung (38), and renal cancer (39). For example, TR4
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promoted miR-32-5p to suppress clear cell renal cell carci- chemosensitivity via altering ATF3 expression in hepatic cell
noma metastasis via altering the miR-32-5p/TR4/HGF/Met  carcinoma (36). TR4 is especially important in PCa because
signaling (40). Shen et al revealed that TR4 enhanced cisplatin =~ TR4 regulates PCa initiation and progression. TR4 has been
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revealed to inhibit tumor initiation (41) but promote metas-
tasis (42), radiation resistance (43), and chemoresistance (44)
via several distinct signals. High TR4 expression in PCa
tissues was revealed to be correlated with high Gleason scores
and is usually correlated with a poor prognosis (42). In the
present study, it was revealed that TR4 could be the cause of
chemoresistance to docetaxel in PCa. This result is consistent
with a study by Chen et al (44) and our previous study, which
revealed that TR4 promoted PCa stem cell-mediated chemo-
resistance (15). Thus, it was concluded by the findings in the
present study that TR4 is a strong drive factor to promote PCa
progression from various aspects of tumor behaviors.

Several studies have indicated that human miR-145 is
involved in the progression of numerous cancers acting as
a tumor suppressor (45-48). With regard to prostate cancer,
miR-145 is expressed at a low level, therefore, the restoration of
miR-145 could inhibit the proliferation and invasion restoring
radiation sensitivity via targeting multiple genes (49,50).
Additionally, our previous study identified miR-145 as one of
the key miRNAs involved in CRPC (14). However, no previous
published data focused on the effect of miR-145 on the chemo-
sensitivity of PCa. In the present study, it was revealed that
miR-145 can re-sensitize PCa to docetaxel via targeting OCT4.
The present findings provided more insight into the function of
miR-145 in PCa.

Furthermore, the study linked the TR4 transcription factor
and miR-145 together. Other transcription factors may also have
this TF/miRNA regulation pattern. In lung adenocarcinoma,
thyroid transcription factor-1 has been reported to regulate
miR-532-5p consequently inducing apoptosis (51). Nanog has
been reported to transcriptionally suppress miR-200 family in
colon cancer cells and induce epithelial-mesenchymal transi-
tion (52). ChIP-seq data also revealed that TR4 could bind to
the upstream locus of multiple miRNAs (53). The existence of
this TF/miRNA regulation can modulate the biological func-
tion in cells in a precised manner.

A previous study reported that miR-145 targeted AR and
inhibited prostate cancer progression (54). In addition, AR
could regulate the activity of OCT4 (55). The present study
revealed that miR-145 could directly target the 3'UTR of
OCT4 to regulate OCT4 in both AR-positive cell line C4-2
and AR-negative cell lines PC3 and DU145. Therefore, it was
speculated that miR-145 may regulate OCT4 directly, as well
as indirectly through the AR/OCT4 pathway, and thus the
completion of the regulatory goal is ensured through multiple
pathways.

There is increasing interest in the study of TF/miRNA/gene
axes in different diseases. For instance, Qiu et al revealed that
TR4 could promote PCa metastasis via TR4/miR-373/TGFpR2
signaling (28). Wang et al revealed that TR4 promoted clear
cell renal cell carcinoma vasculogenic mimicry formation
and metastasis via altering the TR4/miR490-3p/vimentin
signal (39). All of these studies have added evidence to the
TF/miRNA/gene axis hypothesis.

For further investigation, web-based TF/miRNA/gene
prediction tools have been developed such as TransmiR (56).
These prediction tools are constructed with specific
algorithms and ChIP-Seq based data. However, numerous
TFs are not included in the databases and ChIP-Seq data
are obtained from a minimal number of cell lines, thus
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limiting the use of these database tools. In the present
study, online TF/miRNA/gene prediction tools were not
used; instead bioinformatics methods were used including
text mining and traditional miRNA/mRNA interaction
databases. The researchers consider that with the decreasing
cost for ChIP-Seq, it is possible to perform more ChIP-seq
experiments based on PCa cells to better study PCa.

The researchers admit that bioinformatics methods have
limitations. As was observed, only one miRNA was identi-
fied in the present study indicating that some other relevant
miRNAs may have been missed. In addition, the possibility of
adapting this method to future studies is unknown yet.

The present study revealed that TR4 inhibited miR-145
promoting the chemoresistance to docetaxel. This prompted
our research group to hypothesize that the expression of TR4
and miR-145 may be used in combination to decide whether
individual patients could accept docetaxel treatment. On the
other hand, TR4 is an orphan receptor that lacks ligands, thus
it may not be easy to target. Theoretically, the researchers can
treat PCa with miR-145, since small RNA-delivering tech-
niques are approaching clinical use at present.

In conclusion, the present study associated the expression
of the transcription factor TR4 to miR-145 in PCa. Ectopic
TR4 inhibited miR-145, thus increasing the expression of
OCT4 and consequently causing chemoresistance to docetaxel.
These findings provide insight into the interplay between
TR4 and miR-145 in PCa chemosensitivity and open up new
perspectives concerning the function and regulatory axes of
transcription factors.
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