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Abstract

Lysine demethylase SA (KDMS5A) is a histone demethylase frequently involved in cancer progression. This research aimed
to explore the function of KDMS5A in prostate adenocarcinoma (PRAD) and the molecular mechanism. KDMS5A was highly
expressed in collected PRAD tissues and acquired PRAD cells. High KDMS5A expression was correlated with reduced sur-
vival and poor prognosis of patients with PRAD. Knockdown of KDMS5A suppressed the proliferation, colony formation,
migration, and invasiveness of PRAD cells and reduced angiogenesis ability of endothelial cells. Downstream molecules
implicated in KDMS5A mediation were predicted using integrated bioinformatic analyses. KDMS5A enhanced ETS proto-
oncogene 1 (ETS1) expression through demethylation of H3K4me?2 at its promoter. ETS1 suppressed the transcription
activity of miR-330-3p, and either further ETS1 overexpression or miR-330-3p inhibition blocked the functions of KDM5A
knockdown in PRAD. miR-330-3p targeted coatomer protein complex subunit f2 (COPB2) mRNA. Downregulation of
miR-330-3p restored the expression of COPB2 and activated the PI3K/AKT pathway in PRAD. The results in vitro were
reproduced in vivo where KDMS5A downregulation suppressed the growth and metastasis of xenograft tumors in nude mice.
In conclusion, this study demonstrated that KDMS5A promoted PRAD by suppressing miR-330-3p and activating the COPB2/
PI3K/AKT axis in an ETS1-dependent manner.
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Introduction

Yuanyuan Mi, Lifeng Zhang, Xiaowei Qi have contributed equally . .
to this work. Prostate cancer (PCa), with an estimated 1,276,106 new

diagnoses and 358,989 deaths worldwide in 2018, repre-
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99% of all PCa cases (Shen and Abate-Shen 2010; Torre
et al. 2015). A timely diagnosis is crucial for the survival
of patients. The 5-year survival rate of PCa patients with
localized disease was reported to be approximately 100%,
but that of patients with distant metastases was decreased to
approximately 31% (Ward and Purysko 2020). The applica-
tion of prostate-specific antigen has improved the opportu-
nity of an early diagnosis of PRAD; however, approximately
40% of patients developed drug resistance, metastasis, and
distant seeding (Foroozan et al. 2017). Identifying molecular
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markers for cancer diagnosis and treatment for advanced
diseases is yet of great importance.

Histone modification is a crucial mechanism that medi-
ates cellular processes (Kouzarides 2007). The lysine dem-
ethylase 5 (KDMS) family of histone demethylases (HDMs)
specifically remove mono-, di-, or tri-methylation from
lysine 4 in histone H3 (H3K4me1/2/3) in histone proteins
and leads to transcriptional activation or suppression (Petro-
nikolou et al. 2020; Janevska et al. 2018). KDMS5A, also
named RBP2 or JARID1A, is a JmjC domain-containing
demethylase for H3K4me2/3 (Blair et al. 2011). H3K4me3
usually indicates transcriptional activation while H3K4me2
can serve as a repressive epigenetic mark (Liu et al. 2019;
Voichek et al. 2018). KDMS5A affects gene expression and
exert multiple functions by regulating epigenome, tran-
scription factors and synthesis of translational machinery
(Kirtana et al. 2020). It mediates mitochondrial metabolism,
differentiation and development, and its aberrant expression
is frequently linked to cancer progression (Cui et al. 2020;
Petronikolou et al. 2020). For instance, KDM5A played
oncogenic roles in lung cancer (Oser et al. 2019) and pan-
creatic cancer (Cui et al. 2020); however, it showed played
anti-tumorigenic properties in glioma (Dai et al. 2018).
Increased abundance of KDM5B (Xiang et al. 2007) and
KDMS5C (Hong et al. 2019) while loss of KDM5D (Komura
et al. 2018; Li et al. 2016) have reportedly been correlated
with the androgen receptor signaling and the progression
of PCa. High expression of KDMS5A has been detected in
PCa tissues (Vieira et al. 2014), but its roles and epigenetic
regulations in PCa remain to be elucidated. Therefore, the
specific function of KDM5A in PCa attracted our attention.

The ETS family of transcription factors which play cru-
cial roles in development, differentiation, proliferation and
apoptosis, and tissue remodeling, are frequently involved in
tumorigenesis (Kar and Gutierrez-Hartmann 2013). ETS1
governs a wide array of pro-tumorigenic effects such as inva-
siveness, epithelial-mesenchymal transition (EMT), drug
resistance, and angiogenesis by regulating the well-known
targets such as matrix metalloproteinases (MMPs) and vas-
cular endothelial growth factor receptors (VEGFRs) (Naga-
rajan et al. 2010; Dittmer 2015). In agreement with this,
ETS1 has been reported to promote EMT in PCa (Rodgers
et al. 2019). But the exact roles and interacted molecules of
ETS1 in PCa remain largely unknown. The integrated bioin-
formatic analyses in this work predicted ETS1 as a KDM5A-
related gene and suggested KDMS5A and H3K4me?2 have
significant binding peaks with ETS1 promoter. We therefore
postulated that KDM5A might demethylate H3K4me?2 at
ETS1 promoter to induce its expression.

Although most studies focused on the ETS1 regulated
transcriptome, a small number of studies also reported that
ETS1 can regulate miRNAome (Harris et al. 2010; Taylor
et al. 2016). MicroRNAs (miRNAs) are the mostly studied
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non-coding RNAs that are heavily dysregulated in diseases,
including cancer and play versatile functions due to their
potent regulation on thousands of mRNAs (Adams et al.
2014). There is no exception for PCa where miRNAs rep-
resent a class of promising tools for assessment of disease
course and prognosis (Ghafouri-Fard et al. 2020). In this
study, ETS1 was predicted to own a putative binding site
with the promoter region of miR-330-3p. miR-330-3p has
been reported with both oncogenic (Shen et al. 2019) and
tumor-suppressing (Huang et al. 2020) functions in human
cancers, with its role in PRAD unknown yet. Taken together,
we surmised that there might be a KDM5SA/ETS1/miR-
330-3p axis in PRAD. Altered expression of these molecules
was introduced in cells for both in vitro and in vivo experi-
ments to examine their interactions and functions in PRAD.

Materials and methods
Collection of clinical samples

Sixty patients with PRAD treated at Affiliated Hospital
of Jiangnan University from February 2013 to May 2014
were included in this study. All patients were first diag-
nosed as PRAD according to digital rectal examination,
serum prostate-specific antigen examination, transrectal
ultrasound, pelvic magnetic resonance imaging, and the
prostate biopsy. All recruited patients had complete clinical
information without other malignancies or a history of anti-
cancer treatment. Major clinical characteristics of patients
are shown in Table 1. PRAD tissues and the adjacent tissues
(control) were collected during surgery and instantly stored
at — 80 °C. After surgery, a 5-year follow-up study was per-
formed at a six-month interval to monitor the prognosis of
patients. This research was ratified by the Ethics Committee
of Affiliated Hospital of Jiangnan University and performed
in line with the Declaration of Helsinki. Written informed
consent was obtained from each eligible respondent.

Cell transfection

A normal human prostatic epithelial cell line RWPE1 (CRL-
11609), and PRAD cell lines DU145 (HTB-81), PC-3 (CRL-
1435), VCaP (CRL-2876), and C4-2 (CRL-3314) were
acquired from ATCC (Manassas, VA, USA). Cells were
cultured in 10% FBS-contained DMEM (Gibco Company
(Grand Island, NY, USA) at 37 °C in air enriched with 5%
CO,.

Short-hairpin RNAs (shRNAs) of KDMS5A (sh-
KDMS5A 1, 2, 3#), sh-negative control (NC), pcDNA-
ETS1, pcDNA empty vector, miR-330-3p mimic/inhibitor,
and NC mimic/inhibitor were provided by GenePharma
Co., Ltd. (Shanghai, China). A Lipofectamine 2000 kit
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Table 1 Correlat?ons between Characteristics N=60 KDMS5A expression p value
KDMS5A expression with
the clinical characteristics of Low (n=31) High (n=29)
patients with PRAD
Age (years) <65 25 14 11 0.609
>65 35 17 18
PSA (ng/mL) >20 33 14 19 0.1287
<20 27 17 10
Bone metastasis Positive 29 9 20 0.0041%*
Negative 31 22 9
Gleason score >7 39 16 23 0.032%*
<7 21 15 6
Lymph-node metastasis Positive 32 12 20 0.023*
Negative 28 19 9
Tumor stage T2 24 17 7 0.0193*
T3+ T4 36 14 22

Clinical characteristics of patients were analyzed using the Fisher's exact test; *p <0.05; ** p<0.01;
KDMS5A lysine demethylase SA, PRAD prostate adenocarcinoma, PSA prostate-specific antigen

(Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA,
USA) was utilized for cell transfection according to the
manufacturer’s instructions. After 48 h, the cells were
harvested for the subsequent experiments. The sequences
of shRNA Oligos are as follows: sh-KDMS5A 1#: 5'- CAC
CGCCTCCATTTGCCTGTGAAGTCGAAACTTCAC
AGGCAAATGGAGGC-3"; sh-KDM5A 2#: 5'-CACCGC
AAGATTGTTGCCAGCAAAGCGAACTTTGCTGGC
AACAATCTTG C-3'; KDMS5A 3#; 5'- CACCGGATG
AACATTCTGCCGAAGACGAATCTTCGGCAGAAT
GTTCATCC -3'.

A PI3K/AKT-specific agonist Recilisib (CAS No.
334969-03-8) was procured from MedChemExpress
(Monmouth Junction, NJ, USA). Cells were treated with
Recilisib at 50 pM for 24 h to activate the PI3K/AKT
pathway (Kang et al. 2013; Li et al. 2021). Cells treated
with an equal volume of DMSO was set to control.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Total RNA from tissues and cells was isolated using the
TRIzol reagent (Invitrogen). The cDNA was synthetized
using a one-step PrimeScript® miRNA ¢cDNA Synthe-
sis kit (Takara Holdings Inc., Kyoto, Japan) or a Prime-
Script™ RT reagent kit (Takara). Thereafter, real-time
gPCR was conducted using a TB Green® Premix Ex
Taq™ II kit (Takara) and the fluorescence quantitation
PCR kit (MX3000p; Stratagene, La Jolla, CA, USA).
Relative gene expression was quantified by the 274ACt
method. The primers are listed in Table 2. GAPDH and
U6 were used as internal loadings for mRNA and miRNA,
respectively.

Immunohistochemistry (IHC)

The collected tumor tissues were fixed in 10% formalin,
embedded in paraffin, cut into 5-pm sections, and placed
on glass slides. The tissue slides were soaked in peroxi-
dase solution to block the activity of endogenous peroxi-
dase, and then treated with 5% bovine serum albumin to
block non-specific binding. Thereafter, the sections were
co-cultured with anti-KDMS5A (ab217292, Abcam Inc.,
Cambridge, MA, USA), anti-p-AKT (#4060, Cell Sign-
aling Technologies (CST), Beverly, MA, USA), anti-
coatomer protein complex subunit B2 (COPB2, ab192924,
Abcam), anti-ETS1 (14,069, CST), anti-Ki67 (ab217292,
Abcam), anti-VEGFA (ab1316, Abcam) and anti-CCND1
(ab16663, Abcam) at 4 °C overnight, and then with anti-
immunoglobulin G (IgG, Abcam) at 23 °C for 2 h. Diamin-
obenzidine was used for color development, and the nuclei
were counter-stained by hematoxylin. After that, the tissue
slides were sealed by neutral balsam. The staining was
observed under an optical microscope (Nikon Eclipse NI,
Tokyo, Japan). The number of positively stained cells was
calculated using Image J (NIH).

Cell counting kit-8 (CCK-8) method

A CCK-8 kit (Beyotime Biotechnology Co. Ltd., Shanghai,
China) was used to examine the proliferation ability of cells.
In short, transfected cells were incubated in 96-well plates at
1,000 cells per well. At the 0, 24, 48 and 72 h of incubation,
respectively, 10 pL CCK-8 reagent was loaded into the wells,
followed by another 4 h of warm incubation. After that, the
optical density at 450 nm was read by a microplate reader
(EL340, Bio-Tek Instruments, Hopkinton, MA, USA).
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Table 2 Primer sequences for RT-qPCR

Gene Primer sequence (5'-3")
KDMS5A F: GCTAAGGTCTGCCTACAGGCAA
R: CCACTTTAGCGGTCCATTCTCG
ETS1 F: GAGTCAACCCAGCCTATCCAGA
R: GAGCGTCTGATAGGACTCTGTG
miR-330-3p F: TCTCTGGGCCTGTGTC
R: GAACATGTCTGCGTATCTC
COPB2 F: GCTTTGGGCTATGATGAAGGGAG
R: GCTGGACTTCTGAATGCTTGGC
JPH1 F: CTGTCACCTGATTTCTACCAACC
R: GGAGACTCCTTTGGTGTAGGTG
BCLI11B F: CTCCCTTTGGATGCCAGTGTCA
R: GGCTCCAGGTAGATGCGGAAG
KPNAL1 F: TTCCAAAAGCCCAGAGCAACAGC
R: CCACTACTCCTGGTGTGCTGAT
TGFBR3 F: TGGAGTCTCCTCTGAATGGCTG
R: CCATTATCACCTGACTCCAGATC
ATL3 F: TGGACTCCAAGGAGGAATGGCA
R: GAGAAAGCAGGTGACATCGGAG
PCMT1 F: GAAGTGATGCTGGCTACAGACC
R: ATGTGTGGAGCACTGATTGTTGC
MAP3K2 F: TACACCCGTCAGATTCTGGAGG
R: ATGGTCTGAAGCCGTTTGCTGG
ATF2 F: GGTAGCGGATTGGTTAGGACTC
R: TGCTCTTCTCCGACGACCACTT
SMAD2 F: GGGTTTTGAAGCCGTCTATCAGC
R: CCAACCACTGTAGAGGTCCATTC
MMP1 F: ATGAAGCAGCCCAGATGTGGAG
R: TGGTCCACATCTGCTCTTGGCA
MMP2 F: AGCGAGTGGATGCCGCCTTTAA
R: CATTCCAGGCATCTGCGATGAG
MMP9 F: GCCACTACTGTGCCTTTGAGTC
R: CCCTCAGAGAATCGCCAGTACT
VEGFR1 F: CCTGCAAGATTCAGGCACCTATG
R: GTTTCGCAGGAGGTATGGTGCT
VEGFR2 F: GGAACCTCACTATCCGCAGAGT
R: CCAAGTTCGTCTTTTCCTGGGC
GAPDH F: GTCTCCTCTGACTTCAACAGCG
R: ACCACCCTGTTGCTGTAGCCAA
u6 F: ACGCTTCACGAATTTGCGTGTC
R: GCTTCGGCAGCACATATACTAAAAT

RT-gPCR reverse transcription quantitative polymerase chain reac-
tion, KDM5A lysine demethylase 5A, ETSI ETS proto-oncogene 1,
miR-330-3p microRNA-330-3p, COPB2 COPI coat complex subu-
nit p 2, JPHI junctophilin 1, BCL11B BAF chromatin remodeling
complex subunit, KPNAI karyopherin subunit alpha 1, TGFBR3
transforming growth factor beta receptor 3, ATL3 atlastin GTPase 3,
protein-L-isoaspartate (D-aspartate) O-methyltransferase, MAP3K2
mitogen-activated protein kinase kinase kinase 2, MMP matrix met-
alloproteinase, VEGFR vascular endothelial growth factor receptor,
GAPDH glyceraldehyde-3-phosphate dehydrogenase, F forward, R
reverse
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Colony formation assay

Transfected DU145 and PC-3 cells were cultured in 6-well
plates at 500 cells per well. The medium was refreshed every
3 d. After a 14-d incubation, the cells were fixed with 4%
paraformaldehyde and stained with 1% crystal violet for
5 min. The number of cell colonies (> 50 cells) was counted
under a microscope (Nikon, Tokyo, Minato City, Japan).

5-ethynyl-2’-deoxyuridine (EdU) labeling assay

A Cell-Light EQU DNA replication kit (RiboBio Co., Ltd.,
Guangdong, China) was used to measure the DNA repli-
cation of cells. In brief, transfected cells were cultured in
96-well plates at 2 x 10* cells per well. Each well was filled
with 50 pM EdU solution for 3 h of incubation. After that,
the cells were fixed and stained with Apollo solution, and
the nuclei were stained by 4', 6-diamidino-2-phenylindole
(DAPI; Beyotime). The labeling was observed and photo-
graphed under an inverted microscope (Olympus Optical
Co., Ltd, Tokyo, Japan). The number of EdU-positive (red)
and DAPI-positive (blue) cells in five random fields was
counted.

Flow cytometry

An Annexin V-fluorescein isothiocyanate (FITC) cell apop-
tosis detection kit (Thermo Fisher Scientific) was utilized
to examine cell apoptosis according to the kit’s instructions.
Transfected cells (5 x 10* cells) were centrifuged at 1000 g
for 5 min to discard the supernatant. The cells were resus-
pended in Annexin V-FITC binding buffer and incubated
with propidium iodide at 20-25 °C for 10-20 min. The
number of apoptotic cells was detected by a flow cytometer
(FACS Calibur, BD, Biosciences, Franklin Lakes, NJ, USA),
and the data were analyzed by the Flow J software.

Scratch test

A scratch assay was conducted to examine the migration
ability of cells. When the cell confluence reached 90%, a
sterile 20-pL pipette tip was used to produce scratches on
monolayer cells. The cell debris was washed away with
D-hanks solution (Solarbio Science & Technology Co., Ltd.,
Beijing, China), and the remaining cells were cultured in
serum-free medium (Gibco) for 48 h. The width of scratch at
0 h and 48 h was photographed under a microscope (Eclipse
E600, Nikon Instruments Inc., Tokyo, Japan).

Transwell assay

Transwell chambers (Corning Incorporated, Corning,
NY) were used to determine the invasiveness of cells.
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After transfection, 2 x 10° cells were resuspended in 200
pL serum-free medium and loaded in the apical chambers
pre-coated with Matrigel (BD Biosciences). The basolat-
eral chambers were filled with 600 pL. 10% FBS-contained
DMEM. After 24 h of incubation, the non-invaded cells were
discarded using cotton swabs, whereas the invading cells
were fixed and stained with 0.1% crystal violet for 15 min.
The number of invasive cells in five random fields was
counted under the inverted microscope (Nikon).

Tube formation assay

Human umbilical vein endothelial cells (HUVECs) were
acquired from ATCC and cultured in Matrigel-coated
24-well plates. HUVECs were incubated at 37 °C for 30 min
for polymerization and cultured in different PARD-sourced
conditioned medium (CM). After 6 h of incubation, the
number of tubes formed by HUVECs was counted under
the inverted microscope.

Western blot analysis

Total protein from cells was extracted using the radio-immu-
noprecipitation assay (RIPA) buffer reagent. The concen-
tration of protein was examined using a bicinchoninic acid
kit (Thermo Fisher Scientific). Next, an equal amount of
protein sample was separated by 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and loaded onto
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA). Thereafter, the protein samples were blocked in
5% non-fat milk and incubated with the primary antibodies
at 4 °C overnight, followed by further incubation with sec-
ondary antibodies at 25 °C for 2 h. The antibodies are listed
in Table 3. The protein bands were developed by the Amer-
sham ECL prime western blotting detection reagent (Cytiva,
Danaher, Eugene, OR, USA). Relative protein expression
was evaluated by Image J software.

Chromatin immunoprecipitation (ChIP)-qPCR

PRAD cells were cross-linked in 1% formaldehyde at 37 °C
for 10 min, terminated by 0.125 mol/L glycine, and lysed in
SDS lysis. The lysates were ultrasonicated using Bioruptor
Pico (Diagenode s.a., Seraing, Belgium) to obtain ~ 1000 bp
fragments. After centrifugation, the supernatant was diluted
in ChIP buffer and cleared with 80 pL protein A/G magnetic
beads at 4 °C for 4 h. Thereafter, the lysates were co-cultured
with anti-KDMS5A (ab194286, Abcam Inc., Cambridge,
MA, USA), anti-H3K4me2 (ab32356, Abcam), anti-ETS1
(#14,069, Cell Signaling Technologies, Beverly, MA, USA),
or control IgG (sc-2025, Santa Cruz, CA, USA) overnight at
4 °C. The immune complexes were collected with magnetic
beads, eluted, and de-crosslinked at 65 °C overnight. After

Table 3 Antibodies used for western blot analysis

Antibodies Dilution Item number Producer

Primary antibodies
Bax 1:1000 ab32503 Abcam
Bcl-2 1:1000 ab32124 Abcam
E-cadherin 1:1,0000 ab40772 Abcam
Snail 1:1000 ab216347 Abcam
H3K4me2 1:500 ab32356 Abcam
GAPDH 1:1,0000 ab181603 Abcam
COPB2 1:2000 ab192924 Abcam
ETS1 1:1000 14,069 CST
PI3K 1:1000 4257 CST
p-PI3k (Y607) 1:1000 ab182651 Abcam
AKT 1:1000 4685 CST
p-AKT (Ser473) 1:2000 4060 CST
KDMS5A 1:5000 ab194286 Abcam
KDM5B 1:1000 ab181089 Abcam
KDMS5C 1:2000 ab259913 Abcam
KDM5D 1:1000 #78,995 CST

Secondary antibodies
Goat anti-rabbit IgG 1:2000 ab205718 Abcam
Goat anti-mouse IgG 1:5000 ab205719 Abcam

Bax Bcl-2-associated X, Bcl-2 B-cell lymphoma-2, GAPDH glycer-
aldehyde-3-phosphate dehydrogenase, COPB2 COPI coat complex
subunit p 2, ETS! ETS proto-oncogene 1, PI3K phosphatidyl inosi-
tol 3-kinase, AKT protein kinase B, /gG Immunoglobulin G, Abcam
Abcam Inc., Cambridge, MA, USA, CST Cell Signaling Technology,
Beverly, MA, USA

detachment in RNase (Thermo Fisher Scientific) at 37 °C
and in proteinase K (Thermo Fisher Scientific) at 45 °C, the
immunoprecipitated DNA was extracted and quantified by
real time-qPCR.

Examination of activity of HDMs

The protein component from nuclei was isolated using the
PARIS™ kit (Invitrogen) and quantified using a Pierce™
BCA kit (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. The HDM activity was examined
using a Histone Demethylase (H3K4) Activity Quantifica-
tion Assay kit (ab113455, Abcam). In brief, each sample
well and control well was loaded with 50 pL diluted HDM
substrate. Each sample well was further added with 28 pL.
HDM assay buffer and 2 pL nuclear protein (4-20 pg). Each
control well was added with 30 pL. HDM assay buffer. Blank
wells were set by adding with 30 pL HDM assay only. After
incubation at 37 °C for 60 min, each well was added with
diluted capture antibodies, followed by shaking incubation
at 22-25 °C for 60 min. Thereafter, each well was added
with diluted detection antibodies for 25-30 min of incuba-
tion. After that, fluorescence development reagents were
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added and for 2-5 min of incubation in the dark. The fluo-
rescence was examined and red using a fluorescence micro-
plate reader at Ex/Em =530/590 nm. The HDM activity was
calculated as follows: HDM activity (RFU/h/pg)=[(Control
RFU - Blank RFU) — (Sample RFU — Blank RFU)]/[Reac-
tion time (h)x protein amount added (pg)].

Dual-luciferase reporter gene assay

To verify the binding between ETS1 and the promoter
of miR-330-3p, the miR-330-3p promoter sequence
(chr19:45,639,088-45,640,087) containing the putative
binding site with ETS1 was inserted into the pGL3 (R2.2)-
basic vector (E6441, Promega) to construct luciferase
reporter vectors, which was named Promoter. To validate
the binding relationship between miR-330-3p and the
3'untranslated region (3'-UTR; located at 2821 bp~3275 bp)
of COPB2 mRNA (NM_004766.3), the wild-type (WT)
COPB2 sequence containing the putative binding site
with miR-330-3p (located at 2892 bp~2899 bp of COBP2
mRNA) was inserted into the pGL3 promoter vector (E1761,
Promega) to construct COPB2-WT luciferase vector. The
mutant-type (MT) COPB2 3’ -UTR sequence (Fig. 3f), was
designed and inserted into the pGL3 promoter vector to con-
struct COPB2-MT luciferase vector. The Promoter vector
was co-transfected with pcDNA-ETS1 or the pcDNA empty
vector into 293 T cells (ATCC) using the Lipofectamine
2000. The COPB2-WT and COPB2-MT vectors were co-
transfected with miR-330-3p mimic or mimic control into
293 T cells. Each group cells were transfected with pRL
Renilla luciferase control reporter vectors (E2231, Promega)
for endogenous loading. After 48 h, the activities of ire-
fly and Renilla luciferase in cells were determined using
a luciferase reporter detection system (E1910, Promega),
and the firefly luciferase activity was normalized to Renilla
luciferase activity.

RNA-binding protein immunoprecipitation (RIP)
assay

An EZ-Magna RIP kit was utilized in accordance with the
manufacturer’s instructions. In brief, magnetic beads were
conjugated with human anti-Ago2 (Millipore) and the incu-
bated with the DU145 or PC-3 cell lysates in RIPA lysis
buffer. IgG (Millipore) was used as a control. The RNA was
purified using Proteinase K, and the expression of miR-
330-3p and COPB2 mRNA was determined by RT-qPCR.

RNA pull-down assay
A total of 50 nM Bio-labeled miR-330-3p or the control Bio-

NC (RiboBio Co., Ltd, Guangzhou, Guangdong, China) was
transfected with PRAD cells for 48 h. After that, RNase-free
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BSA and yeast tRNA were used to pre-block M-280 strepta-
vidin magnetic beads, and the cells were lysed in cell lysis
buffer. The lysis buffer was collected and centrifuged at
500 g at 4 °C for 10 min to collect the supernatant, which
was then incubated with the magnetic beads at 4 °C for 3 h.
The beads coated with Bio-labeled RNA was collected and
washed. The RNA was resuspended and isolated by TRIzol
again, and the abundance of COPB2 fragments enriched by
miR-330-3p was examined by RT-qPCR.

Growth and metastasis of xenograft tumors in vivo

Male BALB/c mice (4-6 weeks old) were procured from
Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and used for tumor growth and metasta-
sis assays in vivo. In the tumor growth assay, DU145 cells
stably transfected with sh-KDMS5A and the control sh-NC,
or transfected with sh-KDMS5A + miR-330-3p inhibitor and
the control sh-KDM5A + NC inhibitor were subcutaneously
injected into the mice at the dorsal side (2 x 10° cells per
mouse, n=06 in each group). After that, the volume (V) of
tumors was determined weekly since the second week of
injection: V (mm?)=a’x b/2, where ‘a’ refers to the width
and ‘b’ refers to the length of the tumors. Four weeks later,
the mice were euthanized through intraperitoneal injection
of pentobarbital sodium (150 mg/kg), and the xenograft
tumors were weighed and collected for THC.

In the tumor metastasis assay, stably transfected DU145
cells were injected into the mice through tail veins (2x 10
cells per mouse; n=6 in each group). These mice were euth-
anized on the 45th day (d), and the liver and lung tissues
were collected for hematoxylin and eosin (HE) staining to
observe the number of metastatic nodules. All animal exper-
iments were ratified by the Ethics Committee of Affiliated
Hospital of Jiangnan University and adhered to the Guide
for the Care and Use of Laboratory Animals (NIH, Bethesda,
Maryland, USA). Significant efforts were made to minimize
the suffering of animals.

Statistical analysis

Data were analyzed using Prism 8.0 (GraphPad, La Jolla,
CA, USA). All data were collected from three independent
experiments and presented as the mean =+ standard error of
mean (SEM). Differences between two groups were ana-
lyzed by the 7 test, and differences among multiple groups
were evaluated by the one- or two-way analysis of variance
(ANOVA) followed by Tukey’s multiple test. The 5-year
survival rate of patients was analyzed by Log-rank test. Enu-
meration data were analyzed by Fisher's exact test. The cor-
relation between variables was evaluated by Pearson's cor-
relation analysis. *p <0.05 represents statistical significance.
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Results

High KDM5A expression indicates unfavorable
prognosis of patients with PRAD

According to the RT-qPCR results, high KDM5A mRNA
level was detected in PRAD tumor tissues compared to the
paracancerous tissues (control) (Fig. 1a). A similar trend
was validated by the IHC assay that the positive staining of
KDMS5A was increased in PRAD tumor tissues compared to
the adjacent tissues (Fig. 1b). According to the mean value
of KDM5A mRNA expression (cutoff value =3.25), the
patients with PRAD were divided into high KDMS5A expres-
sion group (n=29) and low KDMS5A expression group
(n=31). The 5-year follow-up results suggested that patients
with higher KDMS5A expression had a lower 5-year survival
rate than those with low KDMS5A expression (Fig. 1c). The
relevance of KDMS5A expression to the clinical characteris-
tics of patients was analyzed. It was found that high KDM5A
expression was linked to increased bone and lymph node
metastases, elevated Gleason score, and advanced clinical
stage in patients with PRAD (Table 1).

Knockdown of KDM5A suppresses the activity
of PRAD cells in vitro

The KDMS5A expression in PRAD cell lines (DU145, VCaP,
PC-3, and C4-2) and in normal RWPEI cells was then exam-
ined. RT-qPCR results confirmed increased expression of
KDMS5A in the PRAD cell lines compared to RWPEI cells

Fig.1 KDMS5A abundancy
indicates unfavorable prognosis
of PRAD patients. A mRNA
expression of KDMS5A in
PRAD tumor tissues and the
adjacent tissues evaluated by
RT-qPCR (n=60); B protein
level of KDMS5A in the PRAD
tumor tissues and the adjacent
tissues examined by IHC;

C relevance of the KDM5A

of KDM5A
T

N
|

Relative mRNA expression @

(Fig. 2a). Among the PRAD cells, DU-145 and PC-3 cells
with the highest KDMS5A expression were selected for the
subsequent experiments. Thereafter, three shRNAs (sh-
KDM5A 1, 2, 3#) were transfected into DU-145 and PC-3
cells for KDMS5A knockdown, and the successful transfec-
tion was confirmed by RT-qPCR (Fig. 2b). Specifically,
sh-KDM5A 1# and sh-KDMS5A 2# presenting prominent
interfering efficacy were used in the subsequent KDM5A
knockdown experiments.

Thereafter, the CCK-8 method results indicated that the
proliferation ability of cells was obviously weakened by
sh-KDMS5A 1# or sh-KDMSA 2# compared to the sh-NC
(Fig. 2c). Similarly, the colony formation assay found that
the number of colonies formed by DU-145 and PC-3 cells
was decreased upon KDM5A inhibition (Fig. 2d). The EdU
labeling assay suggested that the DNA replication ability
of DU-145 and PC-3 cells was significantly reduced by sh-
KDM5A (Fig. 2e). For cell apoptosis, the flow cytometry
suggested that knockdown of KDMS5A increased the apop-
tosis rate in both DU-145 and PC-3 cells (Fig. 2f).

The aggressiveness of cells was examined as well. The
scratch test showed that the wound healing rate, namely
the migratory ability of cells, was significantly decreased
after KDMS5A knockdown (Fig. 2g). The Transwell assay
showed that the number of cells invaded to the lower
membranes in a given time was significantly reduced
after KDMS5A inhibition (Fig. 2h). Moreover, the tube
formation assay suggested that the angiogenesis ability
of HUVECs was decreased when they were cultured in
a condition of KDMS5A knockdown (Fig. 2i). We further
examined the expression of apoptosis-related factors Bax
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Fig.2 Knockdown of KDMS5A suppresses the malignancy of PRAD
cells in vitro. A mRNA expression of KDM5A in PRAD cell lines
(DU145, VCaP, PC-3 and C4-2) and in normal RWPE] cells exam-
ined by RT-qPCR; B transfection efficacy of sh-KDMS5A 1, 2, 3# in
PRAD cells detected by RT-qPCR; C proliferation ability of DU145
and PC-3 cells detected by CCK-8 assay; D colony formation of
DU145 and PC-3 cells examined by colony formation assay; E DNA
replication ability of cells detected by EdU labeling assay; F apopto-
sis rate of DU145 and PC-3 cells determined by flow cytometry; G,
migration ability of DU145 and PC-3cells measured by scratch test;

(pro-apoptotic) and Bcl-2 (anti-apoptotic), and the expres-
sion of EMT marker proteins (E-cadherin and Snail). The
western blot assay results showed that downregulation of
KDMS5A led to an increase in the expression of Bax and
E-cadherin while a decline in the expression of Bcl-2 and
Snail (Fig. 2j), indicating that sh-KDMS5A promoted cell
apoptosis whereas reduced EMT of cells. In the subse-
quent experiments, sh-KDMS5A 1# that showed the best
interfering efficacy was used for KDMS5A knockdown
experiments.
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H invasiveness of DU145 and PC-3 determined by Transwell assay;
I angiogenesis ability of HUVECs in different CM detected by tube
formation assay; J protein levels of apoptosis related factors (Bax and
Bcl-2) and EMT-related factors (E-cadherin and Snail) in DU145 and
PC-3 after sh-KDMS5A transfection examined by western blot analy-
sis. Data were collected from three independent experiments and
expressed as mean+SEM. Differences were analyzed by one-way
ANOVA (A, B, C, D, E, F, G, H, I and J) or two-way ANOVA (C);
#p <0.05 compared to RWPE1; *p <0.05 compared to sh-NC

KDM5A enhances ETS1 expression through histone
demethylation of H3K4me2

To examine the molecules downstream of KDMS5SA, we
first predicted the KDM5A-related genes in PRAD in the
UALCAN system (http://ualcan.path.uab.edu/index.html)
(Fig. 3a). The top 1,000 genes with the highest correlation
coefficient were used for pathway enrichment analysis in
Metascape (https://metascape.org/gp/index.html#/main/step1)
(Fig. 3b). The androgen receptor signaling pathway was found
to have a strong correlation with PRAD. Proteins enriched
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Fig.3 KDMS5A enhances ETSI expression through demethylation
modification of H3K4me2. A KDMS5A-related genes in PRAD pre-
dicted in UALCAN; B pathway enrichment analysis of the KDM5A-
related genes; C a PPI network of proteins enriched in the androgen
receptor signaling pathway; D mRNA expression of ATF2, SMAD2,
and ETS1 in PRAD cells with KDMS5A knockdown determined by
RT-qPCR; E, F, binding peaks between KDMS5A (E) or H3K4me2
(F) and the ETS1 promoter predicted in the ChIP-seq Cistrome Data
Browser; G mRNA expression of ETS1 in collected PRAD tissues
and adjacent normal tissues examined by RT-qPCR (n=60); H cor-
relation between KDMS5A and ETS1 expression in PRAD tissues; I
mRNA expression of ETS1 in DU145 and PC-3 cells and in RWPE1
cells determined by RT-qPCR; J protein levels of KDMS5A, ETS1,

in this signaling pathway were collected, based on which a
protein—protein interaction (PPI) network was established
(Fig. 3¢) in the STRING system (https://www.string-db.org/

H3K4me2, KDM5B, KDM5C, and KDMS5D in DU145 and PC-3
cells after KDMS5A silencing determined by western blot analysis;
K activity of H3K4-specific HDMs in the nuclear extracts of PRAD
cells; L ETS1 promoter fragments enriched by anti-KDM5A and
anti-H3K4me?2 after sh-KDMSA transfection determined by ChIP
assay. Data were collected from three independent experiments and
expressed as mean+ SEM. Differences were analyzed by paired 7 test
(G), one-way ANOVA (I, K, and L), or two-way ANOVA (D and J);
correlation between KDMS5A and ETS1 (H) was analyzed by Pear-
son’s correlation analysis, 1=0.749, p <0.01; **p <0.01 compared to
adjacent tissues; #p <0.05 compared to RWPE1; &p <0.05 compared
to sh-NC; @p <0.05, @ @p <0.01 compared to IgG

cgi/input?sessionld=bvC52xOMp58u&input_page_show_
search=on). Seven proteins whose node degree over 6 were
defined as HUB proteins, including RB1, AR, CREBBP,
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EP300, SP1, CREB1, and MAPKI. Thereafter, all proteins
were scored according to their correlations with the 7 HUB
proteins. An interaction with one HUB protein was scored
1, and the score for each protein ranged 0 — 7. Among the
proteins, three proteins had the highest interaction score (4):
ATF2, SMAD2, and ETS1. The expression of three candidate
genes after KDMS5A knockdown was examined by RT-qPCR.
Compared to sh-NC, sh-KDM5A led to a significant decline
in the expression of ETS1, whereas it had no significant effect
on the expression of ATF2 and SMAD?2 (Fig. 3d). In addi-
tion, according to data in the ChIP-seq Cistrome Data Browser
(http://cistrome.org/db/#/) and the UCSC (https://genome.
ucsc.edu/index.html) system, KDMS5A (Fig. 3e) and the tran-
scriptional suppressive marker H3K4me?2 (Fig. 3f) were sug-
gested to have significant binding peaks with ETS1 promoter.
We therefore surmised that KDMS5A might regulate histone
demethylation of H3K4me?2 at ETS1 promoter to activate
transcription.

To validate this, we explored the expression of ETS1 in
clinically collected tissues. RT-qPCR detected high expres-
sion of ETS1 in PRAD tissues compared to the normal control
tissues (Fig. 3g), which showed a significant positive correla-
tion with KDMS5A (Fig. 3h). Similar results were observed in
cells. Compared to RWPE] cells, high expression of ETS1 was
detected in DU145 and PC-3 cells (Fig. 3i).

Thereafter, to explore whether the regulation of KDM5SA
on ETS1 expression was achieved through demethylation
of H3K4me2, we detected the protein levels of, KDM5A,
ETS1, H3K4me2, and other H3K4me2 demethylases
KDM5B, KDM5C, and KDMSD in cells by western blot
assay. Compared to sh-NC, sh-KDM5A significantly sup-
pressed the protein levels of KDMS5A and ETS1 and elevated
the level of H3K4me?2, while it had little impact on the pro-
tein levels of KDM5B, KDMS5C, and KDMS5D (Fig. 3j),
indicating that the increase in H3K4me2 was resultant
mainly form knockdown of KDMS5A only. Moreover, the
Histone Demethylase (H3K4) activity kit suggested that
the activity of H3K4-specific HDMs in the nuclear extracts
of PRAD cells was significantly decreased after KDMSA
knockdown (Fig. 3k). Next, the ChIP assay was conducted
to verify whether H3K4me? is the site mediated by KDM5A
at ETS1 promoter (Fig. 31). Compared to the control IgG,
an enrichment of ETS1 promoter fragments was found in
the complexes formed by anti-KDMS5A and anti-H3K4me?2.
After KDMS5A knockdown, the ETS1 promoter fragments
enriched by anti-KDMS5A were reduced whereas those by
anti-H3K4me?2 were increased.

Overexpression of ETS1 blocks the function
of sh-KDM5A in PRAD cells

To confirm the interaction between KDM5A and ETSI1 in
PRAD progression, the sh-KDM5A-transfected DU145 and
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PC-3 cells were further transfected with pcDNA-ETS1 or
the control pcDNA. The successful upregulation of ETS1
was detected by RT-qPCR (Fig. 4a). Under this condition,
we found that the proliferation ability of DU145 and PC-3
cells, initially suppressed by sh-KDMS5A, was recovered
after ETS1 upregulation (Fig. 4b). Likewise, the colony for-
mation and EdU labeling assays suggested that the colony
formation and DNA replication abilities of PRAD cells were
increased after ETS1 overexpression (Fig. 4c-d). In addi-
tion, the flow cytometry results suggested that upregulation
of ETS1 reduced the apoptosis of DU145 and PC-3 cells
(Fig. 4e). Moreover, we observed that the migratory (Fig. 4f)
and invasive (Fig. 4g) abilities were significantly enhanced.
Likewise, cultivation in an ETS1-overexpressing condition
restored the angiogenesis ability of HUVECs (Fig. 4h).

ETS1 suppresses transcription of miR-330-3p

As mentioned above, ETS is related to invasiveness, EMT,
drug resistance and neo-angiogenesis in carcinoma, and
the well-known targets of ETS1 include MMPs and VEG-
FRs (Dittmer 2015). Thereafter, we observed that ETS1
overexpression significantly elevated the levels of MMPs
(MMP1/2/9) and VEGFR1/2 in PRAD cells (Fig. 5a). This
might partially explain how ETS1 led to an increase in the
invasiveness and dissemination of PRAD cells but could
not explain how the proliferation of cells was affected by
ETS1. Although most studies focused on the ETS1 regulated
transcriptome, a small number of studies also reported that
ETS1 can regulate miRNAome (Harris et al. 2010; Taylor
et al. 2016). However, in PRAD, the miRNAome of ETS1
has not been investigated. Therefore, we examined the candi-
date target miRNAs of ETS1 in the hTFtarget system (http:/
bioinfo.life.hust.edu.cn/hTFtarget/#!/). After that, the path-
way enrichment analyses were performed based on these
candidate miRNAs (Fig. 5b). Among the four pathways with
the highest degree of enrichment (GO:0,035,195; ko05206;
GO0:0,043,535 and WP1545), a total of 17 miRNAs were
found to be intersected (Fig. 5¢). Among them, miR-330-3p
has been suggested to serve as a potential tumor suppressor
in PRAD (Li et al. 2020b). Importantly, data in ChIP-seq
Cistrome Data Browser suggested that ETS1 has significant
binding buffer with the miR-330-3p promoter (Fig. 5d).
The miR-330-3p was suggested as a candidate down-
stream target of ETS1 in hTFtarget (Fig. 5e). Thereafter,
we obtained the conservative binding sequence of the tran-
scription factor ETS1 from Jaspar (http://jaspar.genereg.
net/) (Fig. 5f). According to the sequence, the correspond-
ing DNA promoter sequences that might bind to ETS1 were
predicted on another bioinformatic system UCSC (https://
genome.ucsc.edu/index.html), and the miR-330-3p pro-
moter sequence was suggested to own a binding relationship
with ETS1 (Fig. 5g). Next, we examined the expression of
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Fig.4 Overexpression of ETS1 blocks the function of sh-KDM5A on
PRAD cells. A transfection efficacy of pcDNA-ETS1 in PRAD cells
examined by RT-qPCR; B proliferation ability of DU145 and PC-3
cells examined by CCK-8 assay; C colony formation of DU145 and
PC-3 cells detected by colony formation assay; D DNA replication
ability of cells measured by EdU labeling assay; E apoptosis rate of
DU145 and PC-3 cells detected by flow cytometry; F migration abil-

ity of DU145 and PC-3 cells measured by scratch test; G invasiveness
of DU145 and PC-3 evaluated by the Transwell assay; H angiogen-
esis ability of HUVECs in different CM detected by tube formation
assay. Data were collected from three independent experiments and
expressed as mean+SEM. Differences were analyzed by one-way
ANOVA (A, C, D, E, F, G and H) or two-way ANOVA (B); *p <0.05
compared to sh-KDMS5A +pcDNA
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miR-330-3p in the collected PRAD tissues and the adjacent ~ showed a negative correlation with ETS1 (Fig. 51). Likewise,
normal tissues using RT-qPCR, and poor expression of miR-  poor expression of miR-330-3p was detected in DU145 and
330-3p was detected in PRAD tumor tissues (Fig. 5h), which ~ PC-3 cells compared to that in RWPE]1 cells (Fig. 5j).
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«Fig.5 ETS1 suppresses transcription of miR-330-3p. A mRNA
expression of MMPs (MMP1/2/9) and VEGFR1/2 in PRAD cells
determined by RT-qPCR; B pathway enrichment analyses based on
ETS1 target mRNAs predicted from the hTFtarget system; C com-
mon miRNAs intersected in the four pathways with the highest
degree of enrichment; D binding between ETS1 and miR-330-3p pro-
moter analyzed in ChIP-seq Cistrome Data Browser; E miR-330-3p
as a target miRNA of ETS1 predicted in hTFtarget; F conservative
binding site of ETS1; G putative binding sites between ETS1 and
miR-330-3p promoter; H miR-330-3p expression in PRAD tumor
tissues and the adjacent tissues measured by RT-qPCR (n=60); I a
negative correlation between miR-330-3p and ETSI1 in the PRAD
tumor tissues; J miR-330-3p expression in DU145, PC-3 and RWPE1
cells examined RT-qPCR; K miR-330-3p expression in DU145 and
PC-3 cells after sh-KDMS5A or pcDNA-ETSI1 transfection quanti-
fied by RT-qPCR; L the sequence of luciferase reporter vector Pro-
moter containing the binding site of miR-330-3p promoter; M bind-
ing relationship between ETS1 and miR-330-3p promoter validated
through luciferase assay; N enrichment of miR-330-3p by anti-ETS1
examined by ChIP assay. Data were collected from three independ-
ent experiments and expressed as mean + SEM. Differences were ana-
lyzed by paired ¢ test (G), one-way ANOVA (I, J, L and M); correla-
tion between ETS1 and miR-330-3p expression (I) was analyzed by
Pearson’s correlation analysis, r=-0.712, p<0.01; **p<0.01 com-
pared to adjacent tissues; #p <0.05 compared to RWPEL; &p <0.05
compared to sh-NC; @p <0.05 compared to sh-KDM5A + pcDNA or
pcDNA; $p<0.05 compared to Promoter + pcDNA; Mp <0.01 com-
pared to anti-IgG

We further examined the expression of miR-330-3p in
DU145 and PC-3 cells after sh-KDM5A or pcDNA-ETS1
transfection. The RT-qPCR results showed that compared
to sh-NC, sh-KDMS5A upregulated miR-330-3p expression,
whereas further transfection of pcDNA-ETSI1 significantly
reduced the miR-330-3p expression in cells (Fig. 5k). Sub-
sequently, the binding site between ETS1 and miR-330-3p
promoter with the highest predictive score was used to con-
struct luciferase reporter vector (Promoter) (Fig. 51). The
Promoter was co-transfected with pcDNA or pcDNA-ETS1
into 293 T cells. After 48 h, we observed that compared
to pcDNA empty vector, pcDNA-ETS1 led to a significant
decline in the luciferase activity of the Promoter in cells
(Fig. 5m). The binding between ETS1 and miR-330-3p pro-
moter was further validated through a ChIP assay. Compared
to IgG, anti-ETS1 enriched the promoter fragments of miR-
330-3p after immunoprecipitation reaction at 4 °C overnight.
(Fig. 5n). Collectively, these results confirmed that ETS1
bound to the promoter region of miR-330-3p to suppress its
transcription.

miR-330-3p targets COPB2

miRNAs exert their versatile roles by binding to a multitude
number of mRNAs. Thereafter, we predicted the candidate
target mRNAs of miR-330-3p using six bioinformatic sys-
tems including StarBase, TargetScan (http://www.targetscan.
org/vert_72/), miRDB (http://mirdb.org/), miRDIP (http://
ophid.utoronto.ca/mirDIP/), miRWalk (http://mirwalk.umm.

uni-heidelberg.de/) and miRTarBase (http://mirtarbase.cuhk.
edu.cn/php/search.php), and a total of 8 mRNAs were found
to be intersected (Fig. 6a). After that, miR-330-3p mimic
and NC mimic were transfected into PRAD cells, and then
the expression of miR-330-3p and the candidate target genes
was examined by RT-qPCR. Compared to NC mimic, miR-
330-3p mimic significantly elevated the expression of miR-
330-3p whereas reduced the mRNA expression of COPB2,
but it did not affect the mRNA expression of the rest seven
candidate genes (Fig. 6b). We next analyzed the correla-
tion of COPB2 with ETS1 and KDMS5A in patients with
PRAD in the StarBase Pan-Cancer system. It was found that
COPB?2 showed a significant positive correlation with ETS1
and KDMSA (Fig. 6¢). After that, high COPB2 expres-
sion was detected in PRAD tumor tissues compared to the
adjacent tissues (Fig. 6d), which was negatively correlated
with miR-330-3p but positively correlated with ETS1 and
KDMS5A expression (Fig. 6e).

Subsequently, the putative binding site between COPB2
and miR-330-3p was obtained from StarBase, and the
COPB2-WT/COPB2-MT vectors were constructed (Fig. 6f)
for luciferase assays. These vectors were co-transfected with
miR-330-3p mimic or NC mimic into 293 T cells. Compared
to NC mimic, miR-330-3p mimic significantly reduced the
luciferase activity of COPB2-WT in cells (Fig. 6g). The
subsequent RIP assay further suggested that compared to
IgG, anti-Ago2 enriched abundant miR-330-3p and COPB2
fragments in the complexes (Fig. 6h). In addition, the RNA
pull-down assay suggested that COPB2 mRNA was signifi-
cantly pulled down by Bio-miR-330-3p compared to Bio-NC
(Fig. 61).

Knockdown of miR-330-3p reactivates the COPB2/
PI3K/AKT axis and blocks the inhibitory function
of sh-KDM5A

Downregulation of COPB2 has been reported to reduce
the phosphorylation of AKT in gastric cancer (An et al.
2019). The PI3K/AKT has been reported as an important
signaling pathway whose activation is involved in PRAD
pathogenesis as well (Singh et al. 2019). Here, we further
transfected miR-330-3p inhibitor or the control NC inhibi-
tor into PRAD cells after sh-KDMS5A transfection, and the
successful miR-330-3p inhibition by miR-330-3p inhibi-
tor was confirmed by RT-qPCR (Fig. 7a). Thereafter, the
protein level of COPB2 and the activation of PI3K/AKT
in cells were examined by western blot analysis. Compared
to sh-NC, sh-KDMS5A significantly suppressed the protein
level of COPB?2 as well as the phosphorylation of PI3K and
AKT in DU145 and PC-3 cells. However, compared to NC
inhibitor, the miR-330-3p inhibitor restored the COPB2 pro-
tein and the phosphorylation of PI3K/AKT (Fig. 7b). After
that, a PI3K/AKT-specific agonist Recilisib was used to
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Fig.6 miR-330-3p targets COPB2. A candidate target mRNAs of
miR-330-3p predicted using six bioinformatic systems; B expres-
sion of miR-330-3p and COPB2 in DU145 and PC-3 cells after miR-
330-3p mimic transfection determined by RT-qPCR; C correlations
between each COPB2 with ETS1 and KDMS5A in PRAD analyzed
on StarBase; D COPB2 expression in the collected PRAD tumor
tissues and the adjacent tissues evaluated by RT-qPCR (n=60); E
correlations between COPB2 expression and miR-330-3p, ETSI1
and KDMS5A expression in the collected PRAD tumor tissues; F
sequences of COPB2-WT/COPB2-MT vectors for luciferase assay;
G binding relationship between miR-330-3p and COPB2 in cells

treat the sh-KDMS5A-transfected cells for 24 h. Compared
to DMSO treatment, Recilisib increased phosphorylation of
PI3K/AKT, but the PI3K/AKT activation did not affect the
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examined by a dual luciferase reporter gene assay; H enrichment
of miR-330-3p and COPB2 fragments by anti-Ago2 in RIP assay; I
enrichment of COPB2 fragments by Bio-miR-330-3p examined by
RNA pull-down assay. Data were collected from three independent
experiments and expressed as mean=+SEM. Differences were ana-
lyzed by paired ¢ test (D) or two-way ANOVA (B, G and H); corre-
lations between variables (E) were analyzed by Pearson’s correlation
analysis (COPB2 vs. miR-330-3p: r=-0.616, p<0.001; COPB2 vs.
KDMS5A; r=0.418, p<0.01; COPB2 vs. ETS1: r=0.509, p<0.001);
*#¥p<0.01 compared to adjacent tissues; #p<0.05 NC mimic;
&&p <0.01 compared to anti-IgG; @ @p <0.01 compared to Bio-NC

protein levels of KDMS5SA and COPB2 (Fig. 7c), indicating
that induction of PI3K/AKT by KDMS5A is unidirectional.

Whether the miR-330-3p inhibitor-induced COPB2
restoration and PI3K/AKT reactivation affects the
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behaviors of cells was further examined. Compared to the
sh-KDMS5A + NC inhibitor group, the proliferation and
colony formation abilities of DU145 and PC-3 cells in the
sh-KDMS5A +miR-330-3p inhibitor group were recovered
(Fig. 7d-7e). Also, downregulation of miR-330-3p restored
the DNA replication ability of the PRAD cells (Fig. 7f). The
flow cytometry results suggested that miR-330-3p inhibition
reduced the apoptosis rate in cells (Fig. 7g), and the subse-
quent scratch test and Transwell assay results indicated that
the migration (Fig. 7h) and invasiveness (Fig. 7i) of DU145
and PC-3 were restored in the setting of miR-330-3p inhi-
bition. As expected, cultivation in the CM of PRAD cells
transfected with miR-330-3p inhibitor rescued the angio-
genesis ability of HUVECs (Fig. 7j).

miR-330-3p inhibition rescues malignant growth
and metastasis of xenograft tumors suppressed
by sh-KDM5A in mice

To further examine the functions of the molecules above
in tumor growth and metastasis in vivo, DU145 cells sta-
bly transfected with sh-NC, sh-KDMS5A, sh-KDMS5A + NC
inhibitor and sh-KDMS5A + miR-330-3p inhibitor were
injected into mice (to reduce the usage of animals, only one
representative cell line was used for animal experiments).

For tumor growth, the cells were administrated into
nude mice through subcutaneous injection. After that, the
volume of the xenograft tumor in nude mice was deter-
mined weekly. The growth rate of tumors in mice was sig-
nificantly suppressed by sh-KDMS5A (compared to sh-NC)
but then enhanced by miR-330-3p inhibitor (compared to
NC inhibitor) (Fig. 8a). Four weeks later, the tumor tissues
were collected and weighed. Likewise, transfection of sh-
KDMS5A in DU145 cells limited the weight of xenograft
tumors, but further transfection of miR-330-3p inhibitor
led to an increase in the tumor weight (Fig. 8b). The tumor
tissues were collected for IHC. It was found that the stain-
ing intensity of ETS1, the proliferation marker KI67, the
angiogenesis marker VEGFA, p-AKT, and the PI3K/AKT
downstream factor CCND1 in the tissues were suppressed
by sh-KDMS5A. Importantly, downregulation of miR-330-3p
rescued the levels of KI67, VEGFA, and CCNDI1 and the
phosphorylation of AKT (Fig. 8c). However, inhibition of
miR-330-3p has little effect on the expression of ETS1 in
tumor tissues.

For tumor metastasis, the cells were injected into mice
through caudal veins. On the 45™ d, the mice were eutha-
nized to collect the liver and lung tissues. The subsequent
HE staining showed that sh-KDMS5A significantly reduced
the number of metastatic nodules in mouse lung and liver tis-
sues. Again, further administration of miR-330-3p-inhibitor
increased the number of metastatic nodules in both tissues
(Fig. 8d-e).

Discussion

Globally speaking, the incidence and mortality rates of
PCa have declined in the past decades, particularly in the
high-income countries (Culp et al. 2020). However, given
the overall large coverage and high morbidity, exploring
effective biomarkers for cancer diagnosis, prognosis, and
even treatment remains a core issue for PCa management.
In this study, we reported that KDMS5A triggered the
growth and aggressiveness of PRAD cells by suppressing
miR-330-3p expression and activating the COPB2/PI3K/
AKT axis in an ETS1-dependent manner.

The oncogenic role of KDMS5A has been well-recog-
nized (Kirtana et al. 2020; Oser et al. 2019; Ren et al.
2020). Selective inhibition of KDM5A has shown signifi-
cant anti-cancer activity in several malignancies, such as
breast cancer (Yang et al. 2019a, 2018) and acute myeloid
leukemia (Shokri et al. 2018). Interestingly, targeting
KDMS5A had more significant anti-leukemic effects com-
pared to targeting KDMS5B (Shokri et al. 2018). Ampli-
fication of KDMS5A has been observed in PCa as well
(Petronikolou et al. 2020; Vieira et al. 2014). Here, we
validated that high expression of KDMS5A in patients with
PRAD was relevant to reduced survival time, increased
lymph node metastasis and advanced clinical stage of the
patients. A similar trend was reported in a recent report
by Du et al. that high expression of KDM5A was corre-
lated with poor prognosis in patients (Du et al. 2020). We
also found that downregulation of KDMS5A significantly
reduced proliferation, resistance to death, and migra-
tion, invasiveness and metastasis of the PRAD cells both
in vitro and in vivo. Collectively, our results demonstrated
that KDMS5A may serve as a prognostic marker and a ther-
apeutic target for PRAD.

The integrated bioinformatic analyses in this paper
identified ETS1 as an important target of KDMS5A, and
binding peaks of KDMS5A and H3K4me?2 were predicted in
ETS1 promoter. A significant positive correlation between
KDMS5A and ETS1 was confirmed in PRAD tissues. ETS1
has been found to be activated by KDM3A through epige-
netic regulation (Sechler et al. 2017; Sobral et al. 2020).
Importantly, we observed that KDM5A knockdown in
cells led to an increase in H3K4me?2 expression whereas
a decline in ETS1 expression, indicating that KDM5A
enhances ETS1 expression through the demethylation
of H3K4me?2. Deregulation of ETS1 has been frequently
observed in human malignancies and is associated with
tumor extracellular matrix degradation and metastasis
(Itoh et al. 2010; Luo et al. 2020; Yalim-Camci et al.
2019). Targeting ETS1 by a miRNA has been demon-
strated to suppress proliferation and metastasis of PCa
cells (Xu et al. 2017). The subsequent rescue experiments
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«Fig. 7 Knockdown of miR-330-3p activates the COPB2/PI3K/AKT
axis and blocks the inhibitory function of sh-KDMS5A. A transfec-
tion efficacy of miR-330-3p in DU145 and PC-3 cells examined by
RT-qPCR; B protein level of COPB2 and the phosphorylation of
PI3K and AKT in DU145 and PC-3 cells after sh-KDMS5A and miR-
330-3p inhibitor transfections examined by western blot analysis; C
protein levels of KDM5A and COPB2 and phosphorylation of PI3K
and AKT in DU145 and PC-3 cells after Recilisib or DMSO treat-
ment determined by western blot analysis; D proliferation ability of
DU145 and PC-3 cells examined by the CCK-8 assay; E colony for-
mation of DU145 and PC-3 cells detected by the colony formation
assay; F DNA replication ability of cells measured by the EdU labe-
ling assay; G apoptosis rate of DU145 and PC-3 cells detected by
flow cytometry; H migration ability of DU145 and PC-3cells meas-
ured by the scratch test; I invasiveness of DU145 and PC-3 evaluated
by the Transwell assay; J angiogenesis ability of HUVECs in differ-
ent CM detected by tube formation assay. Data were collected from
three independent experiments and expressed as mean=+SEM. Dif-
ferences were analyzed by two-way ANOVA (A-]J); #p<0.05 com-
pared to sh-NC; *p <0.05 compared to sh-KDM5A + NC inhibitor or
sh-KDMS5A + DMSO

in this study showed that the malignant behaviors of can-
cer cells such as proliferation and invasiveness weakened
upon KDMS5A silencing were rescued after ETS1 overex-
pression, indicating that upregulation of ETS1 was, at least
partially, accountable for the oncogenic roles of KDM5A
in PRAD.

Although ETS1 have been largely studied as a target of
miRNAs involved in tumorigenesis (Chou et al. 2018; Xu
etal. 2017; Yang et al. 2019b), it can also mediate the tran-
scription activity of miRNAs by serving as a transcription
factor involving both direct and indirect mechanisms (Kern
et al. 2012; Taylor et al. 2016). ETS1 has been observed
as a transcriptional activator for some oncogenes (Kfir-
Elirachman et al. 2018; Nazir et al. 2019), though, it can
also inhibit the transcription of its targets. For instance,
ETS1 has been witnessed as a negative regulator of the
IL-10 gene (Lee et al. 2012). The ETs factor Pea3 has been
demonstrated as consistent repressor of miR-21 transcrip-
tion (Kern et al. 2012). In addition, ETS1 deficiency or
knockdown has been associated with increased expression
of miR-192 (Kato et al. 2013). Our bioinformatics analyses
and subsequent luciferase and ChIP assays validated miR-
330-3p as a target of ETS1. miR-330-3p has been revealed
as a tumor suppressor in several cancers, including gastric
cancer (Ma et al. 2020; Wang et al. 2018), liver cancer (Jin
et al. 2019), and PCa as well (Li et al. 2020a, b). On the
other hand, miR-330-3p has been reported as an oncogene
in several cases (Chen et al. 2019; Xiong et al. 2019). This
functional discrepancy might be owing to the difference
in target genes in different diseases. We identified miR-
330-3p was poorly expressed in the collected PRAD tissues
and acquired cancer cell lines. Further downregulation of
miR-330-3p in PRAD cells after sh-KDMS5A transfection

restored the proliferation and invasiveness of cells both
in vivo and in vitro.

Thereafter, prediction via several bioinformatics tools
suggested COPB2 mRNA as a target mRNA of miR-330-3p
in PRAD. COPB2 has been increasingly recognized as an
oncogene by inducing cell proliferation and metastasis,
while suppressing apoptosis in multiple human cancers (An
et al. 2019; Bhandari et al. 2019; Wang et al. 2020). Impor-
tantly, our previous report preliminarily found that COPB2
was upregulated in PCa and its silencing suppressed cancer
cell proliferation and cell cycle progression, and promoted
cell apoptosis (Mi et al. 2016). Importantly, COPB2 has
been reported as a positive regulator of AKT phosphoryla-
tion (An et al. 2019). The PI3K/AKT signaling pathway is
one of the most common pathways activated in multiple
cancers by governing nutrient metabolism, cell survival,
migration, and angiogenesis (Chen et al. 2016; Yan and
Huang 2019). Targeting this signaling pathway has also been
recommended as a promising option for the management
of PCa (Toren and Zoubeidi 2014). Importantly, we con-
firmed that silencing of KDM5A reduced the protein level of
COPB?2 and activation of the PI3K/AKT signaling pathway
in PRAD cells and in the xenograft tumors from nude mice.
KDMS5B has to be essential for the hyperactivation of PI3K/
AKT signaling in the tumorigenesis of PCa by binding to the
promoter of phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha (Li et al. 2020a). KDMS5C suppressed
transcription of methyltransferase-like 14 via H3K4me3 to
activate the PI3K/AKT and the progression of colorectal
cancer (Chen et al. 2020). Intriguingly, inhibition of AKT
has been reported to lead to a reduction in the expression
level of KDMS5 proteins, especially KDM5B (Khan et al.
2019). However, in this work, treatment with Recilisib, the
PI3K/AKT agonist, did not affect the expression levels of
KDMS5A in cells, suggesting that the induction of PI3K/
AKT by KDMS5A is unidirectional.

In conclusion, this study confirmed the oncogenic role of
KDMS5A in PRAD by suppressing miR-330-3p expression
and activating the COPB2/PI3K/AKT axis through epige-
netic activation of ETS1 (Fig. 9). These findings may offer
novel insights into the management of PRAD. In the cur-
rent work, KDM5A and miR-330-3p were selected as two
major molecules involved in the functional network. With
the aim of reducing animal usage, functional loss experi-
ments in animals were only performed on KDM5A and miR-
330-3p. This might be a limitation of the research, though,
we included expression of ETS1, COPB2 and the phospho-
rylation of AKT in tumor tissues to validate the interaction
among all major molecules in vivo. In addition, the exact
mechanism by which COPB2 regulates the PI3K/AKT needs
further explanation. We would like to focus on these issues
in our future experiments.
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Fig.8 Knockdown of KDMS5A blocks the inhibition of ETSI on
miR-330-3p and suppresses the COPB2/AKT axis to limit the tumor
growth in vivo. A weekly change of the xenograft tumors in nude
mice; B weight of the xenograft tumors on week 4; C protein levels
of ETS1, KI67, VEGFA and CCND1, and phosphorylation of AKT
in the collected tumor tissues examined by IHC; D, E number of met-
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astatic nodules in mouse lung and liver tissues examined by HE stain-
ing in the setting of caudal vein injection of DU145 cells. Data were
collected from three independent experiments and expressed as the
mean + SEM. Differences were analyzed by one-way ANOVA (B, D
and E) or two-way ANOVA (A and C); *p <0.05 compared to sh-NC;
#p <0.05 compared to sh-KDMS5A + NC inhibitor
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Fig.9 A diagram for the molecular mechanism. In PRAD cells,
highly expressed KDMS5A increases ETS1 expression through dem-
ethylating H3K4me?2 at its promoter. ETS1 suppresses miR-330-3p to
restore the level of COPB2 mRNA and activate the PI3K/AKT sign-
aling pathway, which augments proliferation, migration, invasiveness
and angiogenesis in PRAD
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