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CircSMARCC1 facilitates tumor progression

by disrupting the crosstalk between prostate
cancer cells and tumor-associated macrophages
via miR-1322/CCL20/CCR6 signaling

Tao Xie'?", Du-jiang Fu'’, Zhi-min Li'f, Dao-jun Lv3', Xian-Lu Song?, Yu-zhong Yu'?, Chong Wang', Kang-jin Li',
Baogian Zhai*®, Jiacheng Wu”", Ning-Han Feng® and Shan-Chao Zhao'*

Abstract

Background: Circular RNAs (circRNAs) mediate the infiltration of tumor-associated macrophages (TAMs) to facili-
tate carcinogenesis and development of various types of cancers. However, the role of circRNAs in regulating mac-
rophages in prostate cancer (PCa) remains uncertain.

Methods: Differentially expressed circRNAs in PCa were identified by RNA sequencing. The expression of circS-
MARCC1 was recognized and evaluated using fluorescence in situ hybridization and quantitative real-time PCR. The
oncogenic role of circSMARCCT in PCa tumor proliferation and metastasis was investigated through a series of in vitro
and in vivo assays. Finally, Western blot, biotin-labeled RNA pulldown, luciferase assay, rescue experiments, and co-
culture experiments with TAMs were conducted to reveal the mechanistic role of circSMARCCT.

Results: CircSMARCCT was dramatically up-regulated in PCa cells, plasma and tissues. Overexpression of circS-
MARCC1 promotes tumor proliferation and metastasis both in vitro and in vivo, whereas knockdown of circSMARCC1
exerts the opposite effects. Mechanistically, circSMARCC1 regulates the expression of CC-chemokine ligand 20
(CCL20) via sponging miR-1322 and activate PI3K-Akt signaling pathway involved in the proliferation and epithelial
mesenchymal transformation. More importantly, high expression of circSMARCC1 was positively associated with colo-
nization of CD681/CD1631/CD206™ TAMs in tumor microenvironment. In addition, overexpression of circSMARCC1
facilitates the expression of CD163 in macrophages through the CCL20-CCR6 axis, induces TAMs infiltration and M2
polarization, thereby leading to PCa progression.
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Conclusions: CircSMARCCT up-regulates the chemokine CCL20 secretion by sponging miR-1322, which is involved
in the crosstalk between tumor cells and TAMs by targeting CCL20/CCR6 signaling to promote progression of PCa.

Keywords: Prostate cancer, Epithelial mesenchymal transformation, CircSMARCC1, CC-chemokine ligand 20, Tumor-

associated macrophage

Background

Prostate cancer (PCa) is the second most frequent can-
cer and the fifth-leading cause of cancer-related death
in men [1]. Many therapeutic strategies have offered the
opportunity for the cure of PCa, including radical pros-
tatectomy or radiation therapy. Unfortunately, most PCa
patients are often diagnosed in an advanced stage in
which radical prostatectomy cannot be performed lead-
ing to poor prognosis. The 5-year relative survival rate
for localized PCa is close to 100%, compared to 30% for
advanced metastatic prostate cancer (mPCa) [2]. There-
fore, exploring tumor-related biomarkers and under-
standing the molecular events of PCa will be useful for
early diagnosis and efficient treatments.

Circular RNAs (circRNAs) are a group of endogenous
non-coding RNA molecules that are linked head to tail
by reverse splicing to form a covalently closed loop struc-
ture [3]. Growing number of studies have revealed that
circRNAs play critical roles in regulating tumor prolifera-
tion and metastasis of multiple human malignancies [4].
They may act as miRNA decoys [5], RNA-binding protein
sponges and protein scaffolds [6], transcriptional regula-
tors [7], or templates for protein translations [8]. Due to
their high stability, broad expression and tissue specific-
ity, circRNAs are emerging as promising biomarkers and
therapeutic targets for cancers. Several circRNAs, such
as circSMARCAS5 [9], hsa_circ_0003258 [10] and circP-
FKP [11] have been found to impact the development
and progression of PCa. However, the specific roles and
mechanism of circRNAs in PCa progression are largely
unknown.

The tumor microenvironment (TME) is a highly heter-
ogeneous ecosystem that typically contains a collection of
tumor cell populations, immune cells, and tissue-specific
resident and recruited stromal cell types [12]. Tumor-
associated macrophages (TAMs) are an important com-
ponent of the TME and displays two major phenotypes,
M1 and M2. It is known that M1 macrophages can be
polarized by lipopolysaccharide (LPS) and interferon-y
(IFN-y), whereas M2 macrophages are polarized in the
presence of IL-4 and IL-13 [13, 14]. Increased TAMs
infiltration is associated with advanced disease and poor
overall survival in breast cancer [15], pancreatic can-
cer [16] and bladder cancer [17]. Therefore, targeting
TAMs infiltration could be a promising target for cancer
therapy.

Here, we conducted circRNA sequencing in the plasma
of PCa patients to identify circRNAs that are involved
in PCa progression. For the first time, we reported a
novel circRNA, named circSMARCC1 (circBase ID:
hsa_circ_0001296), which is highly expressed in PCa
tissue samples and cell lines. Then, gain- and loss-of-
function experiments were conducted to reveal the bio-
logical roles of circSMARCCI in cell growth, invasion
and metastasis both in vitro and in vivo. Mechanistically,
we found that circSMARCCI increases CC-chemokine
ligand 20 (CCL20) by sponging miR-1322 and activates
the PI3K-Akt pathway to promote growth and epithelial
mesenchymal transformation (EMT) of PCa cells. More
importantly, we found that circSMARCC1 promotes
recruitment of macrophage and M2 polarization, which
in turn facilitates the progression of PCa. Our findings
indicate that circSMARCCI could be a promising thera-
peutic target for PCa.

Materials and methods

Patients and clinical samples

The plasma of PCa patients and BPH individuals used
in this study were obtained from patients who were
hospitalized at Nanfang Hospital of Southern Medical
University (Guangzhou, China). Formalin-fixed paraffin-
embedded PCa specimens were acquired from patients
that underwent radical prostatectomy at Nanfang hos-
pital, and patients’ clinical information was obtained
by reviewing the follow-ups of their electronic medi-
cal records. All experimental procedures were approved
by the Medical Ethics Committee of Nanfang Hospital
of Southern Medical University (NFEC-2022-083). The
selection criteria for PCa patients are as follows. Inclusion
criteria: 1) Pathologically confirmed prostate adenocarci-
noma; 2) New cases without any preoperative treatment;
3) Patients signed informed consent. Exclusion criteria:
1) The pathological examination type was neuroendo-
crine prostate cancer (NEPC)/small cell prostate cancer;
2) Combined with other tumors; 3) Patients with other
acquired, congenital immunodeficiency disease, severe
liver, kidney or other systemic diseases, or a history of
organ transplantation; 4) Patients who received preop-
erative chemotherapy or radiotherapy before surgery.
The median age of the enrolled patients was 65.5years,
and the average age was 66 (range: 48—81years). Clinical
TNM staging and Gleason scores of patients were based
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on the American Joint Committee on Cancer Eighth Edi-
tion (2017) and the 2016 World Health Organization
classification of genitourinary tumors.

Cell culture and treatment

The human monocyte THP-1cells, human embryonic
kidney HEK-293T cells, normal prostate epithelial
RWPE-1 cells and PCa cells (PC-3, DU145, 22Rv1, C4-2
and LNCaP) were obtained from the Cell Bank of the Chi-
nese Academy of Sciences. Cells were grown in RPMI-
1640 medium (Gibco, United States) supplemented with
10% FBS (Gibco, United States). All cells were main-
tained at 37°C with 5% CO,. Three small interfering
RNAs (siRNAs) targeting circSSMARCCI (si-circ # 01, 02,
03) and miR-1322 inhibitors or mimics were purchased
from RiboBio Company (Guangzhou, China). Cell lines
stably overexpressed circSMARCC1(lv- circSMARCCI)
or knocked down circSMARCCI(sh-circSMARCC1)
were established using lentivirus vectors (GeneChem
Bio-Medical Biotechnology, Shanghai, China), and the
transfected cells were selected in puromycin (2 g/ml) for
1week. All the target sequences are shown in Supple-
mentary Table S1-2.

CircRNA microarrays

The circRNAs from the plasma of PCa patients and con-
trol individuals for microarray analysis were based on the
previous protocols [18]. Arraystar Human circRNA Array
v2 (Kangcheng Biotech, Shanghai, China) was applied to
the analysis of the circRNA microarray. Sample prepara-
tion was performed according to the Arraystar standard
protocols, as described previously [19]. Differentially
expressed circRNAs were identified via fold change filter-
ing. We defined the statistical criteria for selecting differ-
entially expressed circRNAs using fold change > 1.5 with
p<0.05.

RNA extraction, nuclear-cytoplasmic fractionation, RNase
R and actinomycin D treatment, and qRT-PCR assays

Total RNA was extracted from tissues or cell lines using
TRIzol reagent (Takara, Dalian, China). RNAs from the
nucleus and cytoplasm of PCa cells were separated by
Nuclear/Cytoplasmic Isolation Reagent (Thermo Fisher
Scientific, United States) following the manufacturer’s
instructions. Quantitative real-time PCR (qRT-PCR)
was applied for further detection. For RNase R treat-
ment, cells were treated with 2mg of total RNA for 10,
20, and 30min at 37°C with 3U/g of RNase R (Epicentre
Biotechnologies, Madison, W1, United States). In addi-
tion, total RNA from PCa cells was treated with 1 pg/ml
actinomycin D (Cell Signaling Technology, Beverly, MA,
United States) against new RNA synthesis for 0, 4, 8, 12,
and 24h. RNA was reversely transcribed into cDNAs
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with the PrimeScript RT reagent Kit (Takara, Dalian,
China) according to the manufacturer’s instructions.
SYBR Green PCR Master Mix (Takara, Dalian, China)
and the Applied Bio-systems 7500 Fast Real-Time RCR
System (Applied Biosystems, United States) were used
for RT-qPCR analysis. Each measurement was performed
in triplicate and the results were standardized against the
internal control GAPDH. The relative expression of tar-
get genes was calculated using the 224 method. All the
primers used are shown in Supplementary Table S3.

Fluorescence in situ hybridization (FISH)

Cy3-labeled circSMARCCI1 (RiboBio, Guangzhou, China)
and Alexa 488-labeled miR-1322 probes (FOCOFISH,
Guangzhou, China) were used to observe the co-localiza-
tion of circSMARCC1 and miR-1322 in PCa tissues and
cells. The FISH experiment was conducted using a Fluo-
rescent in Situ Hybridization Kit (No. C10910, RiboBio,
Guangzhou, China), according to the official guidelines.
Cell nuclei were stained with 4,6-diamidino-2-phenylin-
dole (DAPI, Beyotime, China). The images were photo-
graphed under the fluorescence microscope (LSM 880
with Airyscan, Carl Zeiss, Germany).

Cell proliferation, scratch assay, migration and invasion
assays

CCK-8, EDU, colony formation, scratch assay, transwell
migration, and invasion assays were performed as pre-
viously reported [20]. Specifically, for cell proliferation
assays, stably transfected PCa cells were treated with
the conditioned medium (CM) from TAMs (co-cultured
with PCa cells), human recombinant CCL20 protein (rh-
CCL20, 20ng/ml, #0511102, Peprotech) and neutral-
izing antibody to CCL20 (anti-CCL20, 5pg/ml; ab9829,
Abcam). The cell proliferative rate was assessed using
the Cell Counting Kit-8 (CK-04, Dojindo). For tumor
cell migration assays, the stable cells lines treated with
or without 5ug/ml CCL20 neutralizing antibody were
seeded in the upper chambers; the lower chambers were
filled with medium containing 10% FBS with or with-
out 20ng/ml CCL20 recombinant protein. In addition,
the CM of TAMs was placed in the lower chamber and
used as an attractor for PCa cell migration and invasion
experiments.

Macrophage generation, macrophage migration,

and co-culture assay

We induced M2 macrophage generation by sequential
stimulation as follows: THP-1 cells were treated with
100ng/ml phorbol-12-myristate-13-acetate (PMA) (Bey-
otime, Shanghai, China) for 24h for differentiation into
adhered THP-1 macrophages (THP-1-Mg). Then, THP-
1-Mg were incubated with 20ng/ml IL-4 (AF-200-04,
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PeproTech) and 20ng/ml IL-13 (AF-200-13, PeproTech)
for 48h to obtain M2 polarization (THP-1-M2). For
macrophage migration, the migration assays were per-
formed using 6.5mm transwell plates with 5.0um pore
size inserts. The CM of stably transfected PCa cells with
or without CCL20 recombinant protein was served as
an elicitor in the lower chamber of the 24-well plate,
and THP-1-M2 were added to the upper transwell insert
(#09717050, Corning). To explore the potential mecha-
nisms by which CCL20 acts, TAMs were incubated with
CCR6-neutralizing antibody (anti-CCR6, #MHH-160-
F(E), Creative Biolabs) before migration assays were per-
formed. After 48h incubation, the cells adhering to the
lower filter surface were fixed with 4% paraformaldehyde
for 10min and stained with Giemsa (Baso Diagnostics,
Inc., Zhu Hai, China) for transwell migration assays. For
co-culture experiments, PCa cells with stably overex-
pressed or knocked down circSMARCCI1 were inocu-
lated into the upper insert and then transferred to 6-well
plates pre-inoculated with THP-1-Mg. After 48h, mac-
rophages were collected for the experiments.

Cell-cycle analysis and flow cytometry

For cell cycle analysis, human PCa cells were digested
using 0.25% Trypsin/EDTA solution and fixed with ice-
cold 70% ethanol at 4°C overnight, then stained with
propidium iodide (PI) (keygentec, Nanjing, China) and
measured by flow cytometry (FACS Calibur, Becton
Dickinson). The THP-1 macrophages were collected,
washed, and incubated for 30min at 4°C with flores-
cence-conjugated antibodies. To facilitate intracellular
staining, cells were fixed and permeabilized with a fixa-
tion/permeabilization solution kit (BD Cytofix/Cytop-
erm) and 1% paraformaldehyde (PFA). For evaluating the
M2 polarization of macrophages, PE-Cyanine7 Mono-
clonal anti-human CD68 (eBioscienc, Invitrogen) and PE
Monoclonal anti-human CD163 (eBioscienc, Invitrogen)
were used. The results were analyzed using the Flow]o
10.7 software program. All assays were repeated three
times.

Luciferase reporter assay

The sequences of circSMARCC1 or CCL20 3'-untrans-
lated region containing the wild-type (Wt) or mutant
(Mut) binding site of hsa-miR-1322 were designed
and packaged into pEZX-MTO06 vector (GeneCopoeia,
Guangzhou, China). HEK-293 T cells were co-transfected
with the corresponding plasmids and miR-1322 mim-
ics/ miR-nc or miR-1322 inhibitors/inh-nc with Lipo-
fectamine 3000 (Invitrogen, United States). The relative
luciferase activity was measured utilizing Luc-PairTM
Duo-Luciferase HS Assay Kit (GeneCopoeia, China).
Each group was confirmed in triplicate.
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RNA pulldown assay

To pull down the miRNA by circRNA, biotinylated-circS-
MARCCI1 probe (5-CATCTTCCTCATCACAGCAC-3)
was synthesized by RiboBio (Guangzhou, China), and the
oligo probe (5-TATGTTGTTGATTTGCTGGC-3’) was
used as a control. CircRNA pulldown assay was carried
out using PierceTM Magnetic RNA-Protein Pull-Down
Kit (No: 20164, Thermo Fisher Scientific, United States).
All procedures followed the manufacturer’s instructions.
Then the final RNA was extracted by TRIzol (Invitrogen,
United States) and analyzed by RT qPCR.

Western blot analysis

The RIPA lysis buffer containing protease inhibitors
(# KGP250, KeyGEN BioTECH, Nanjing, China) was
used to extract PCa cell protein following the stand-
ard protocol. Then, equal amounts of proteins in the
cell lysates were separated by SDS/PAGE gels (4-12%,
Bio-Rad) and electronically transferred onto polyvi-
nylidene fluoride (PVDEF, Millipore) membranes. The
membranes were then blocked with 5% bovine serum
albumin (BSA) and incubated overnight at 4°C with the
following specific primary antibodies: rabbit CCL20
antibody (#ab9829, Abcam) and rabbit CCR6 anti-
body (#ab110641, Abcam); EMT Antibody Sampler Kit
(#9782), rabbit CD68(#97778) and CD163(#93498), rab-
bit CDK2 antibody (#18048), rabbit P27 Kipl antibody
(#3686), rabbit p21 Wafl/Cipl antibody (#2947), rabbit
Akt antibody (#4691), rabbit phospho-AktSer473 anti-
body (#4060), and rabbit phospho-AktThr308 antibody
(#13038) were purchased from Cell Signaling Technology
except for mouse B-actin antibody (#60008-1-Ig, Pro-
teintech Group). Subsequently, horseradish peroxidase
(HRP)-conjugated secondary antibody was used to incu-
bate the samples for 1h at room temperature. The bands
were visualized using the enhanced chemiluminescence
(ECL) detection system (Pierce Biotechnology, Rockford,
IL, United States).

Immunohistochemistry (IHC) and immunofluorescence (IF)
Assays were performed as previously reported [20]. In
brief, for the IF experiment, cells were incubated with
primary antibodies against CCL20 (1:200, #ab9829)
(Abcam) at 4°C overnight, then incubated with the fluo-
rescent secondary antibody Alexa Fluor 594-conjugated
goat anti-mouse IgG (Cell Signaling Technology) and
imaged using a fluorescence microscope (DM5000B,
Leica). For IHC, the paraffin sections were incubated
with antibodies against CCL20 (1:200, #ab9829) (Abcam).
Intensity scores were recorded as: 0 (no staining), 1
(weakly staining, light yellow), 2 (moderately staining,
yellowish brown), and 3 (strongly staining, brown). In
addition, we also detected the expression of ki67 (1:1000,
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#9449), CD68 (1:200, #97778), CD163 (1:400, #93498),
CD206 (1:200, #24595) and CD31 (1:100, #77699) (Cell
Signaling Technology) in PCa tissue or xenograft tissue.
Images were observed under an Olympus multifunc-
tion microscope (Olympus BX51, Tokyo, Japan). All
evaluations were performed by three independent senior
pathologists using the same microscope.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of CCL20 was detected with a com-
mercial ELISA kit (Human MIP-3 alpha ELISA, Ray-
Biotech) according to the manufacturer’s instructions.
The concentration of cytokines in serum or cell lysates
was quantitated by comparison of the ELISA data with a
standard curve obtained with known concentrations of
cytokines.

RNA-seq processing

RNA sequencing and sequence quality control of the
DU145-vector and DU145-lv-circSMARCCI cells were
performed using the BGISEQ platform. The human
genome reference was established from UCSC version
GRCh38/hg38 chromosomes 1-22, X, Y, and mitochon-
drial DNA. Additional analysis, including a heatmabp,
gene set enrichment analysis (GSEA) was completed
using the BGI Dr. Tom system. The Kyoto Encyclope-
dia of Genes [KEGG] was used for gene annotation of
sequencing data.

Animal models

Xenograft models were created through injection of
5x10° DUI145-vector, DU145-lv-circSMARCC1 cells
(n=7 per group), on the axillae of BALB/c male mice
(4—5weeks). The mice were obtained from the Animal
Center of Southern Medical University, Guangzhou,
China. All experimental animal procedures were author-
ized by the Nanfang Hospital Animal Ethics Commit-
tee of Southern Medical University (NFYY-2020-0132).
The mice were raised under Specific Pathogen Free
(SPF) conditions. Tumor size was measured every 5 days
and the volume was calculated using the formula: vol-
ume = (length x width?)/2. To assess metastasis, 5 x 10°
cells in 100puL of PBS were injected via the tail veins of
nude mice (n=7 per group). After 7 weeks, the mice were
anesthetized, and D-luciferin (#D-Luciferin, Apexbio)
was injected intraperitoneally. The IVIS imaging system
(Caliper Life Sciences) was used to visualize the lucif-
erase signal. IHC and hematoxylin-eosin (H&E) staining
were used to evaluate the characteristics of xenograft
tumors and lung metastasis.
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Statistical analysis

Data were analyzed using the student’s t test or non-
parametric Mann—Whitney U Test and one-way analysis
of variance (ANOVA) in GraphPad Prism version 8. The
clinicopathological parameters in PCa cases were ana-
lyzed using Pearson’s chi-square test or Fisher’s exact chi-
square test. The receiver operating characteristic (ROC)
curve and Kaplan—Meier survival analyses were used to
estimate the diagnostic and prognostic value. P<0.05 was
considered statistically significant. Data were presented
as the means =+ standard error of mean.

Results
Identification and characterization of circSMARCC1 in PCa
Arraystar Human CircRNA Array v2 (Kangcheng Bio-
tech, Shanghai, China) was applied to analyze the
circRNA microarray [18]. To explore the circRNA
expression profile in PCa, we performed RNA sequenc-
ing analyses of ribosomal RNA-depleted total RNA from
4 pairs of plasma samples of patients with benign pros-
tatic hyperplasia (BPH) or PCa. The cluster heat map
revealed a more than 1.5 folds of change in differentially
expressed circRNAs (Fig. S1A). The scatter plots dem-
onstrated 98 up-regulated and 40 down-regulated cir-
cRNAs in the plasma samples of PCa patients compared
to the control individuals (Fig. S1B). Among them, the
top 20 dysregulated circRNAs were listed in Fig. 1A. We
focused on the top 5 exonic circRNAs with up-regulated
expression, namely: circMAPKBP1, circRAN, circAHI1,
circRBM4 and circSMARCCI1. Then, further detected
the relative expression levels of 5 circRNAs by RT-PCR
in 39 pairs plasma samples of PCa and BPH. The results
showed that compared with the plasma derived from
patients with BPH, the expression levels of circRAN
and circAHI1 were not significantly different, while the
expression levels of circMAPKBP1, circRBM4 and circS-
MARCC]1 were up-regulated, with circSMARCC1 being
the most significantly up-regulated (Fig. S1C). Therefore,
we chose circSMARCCI1 as the research target.
CircSMARCC1  (hsa_circ_0001296), which was
formed from exons 14, 15, and 16 of the coding gene
SMARCCI1 by back-splicing on the basis of the annota-
tion of circBase (http://www.circbase.org/).The melting
curve of circSMARCC1 amplified product using diver-
gent primers showed a single peak the same as GAPDH
(Fig. S1D). Its back-splicing junction was validated by
Sanger sequencing and the presence of circSMARCC1
was demonstrated by RT-PCR (Fig. 1B). We designed the
divergent and convergent primers to amplify the circS-
MARCCI circular transcripts and SMARCC1 linear
transcripts. PCR results showed that circSSMARCCI was
only detected in cDNA, thus ruling out the existence of
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Fig. 1 circSMARCC1 validated and characterized in PCa cells. A The cluster heat map demonstrated the top 20 circRNAs differentially expressed
in four pairs of plasma samples from PCa and BPH patients. B, C Schematic representation of the formation of circSMARCC1 by cyclization of
exons 14, 15, and 16 of the SMARCC1 gene. The back splice junction sequence and RT-PCR product of circSMARCC1 were verified by Sanger

sequencing and agarose gel electrophoresis, respectively. D The localization of circSMARCC1 observed in PCa tissues (scale bar, 20 um) and cells
(scale bar, 10 um) detected by FISH. Nuclei were stained with DAPI. E Analysis of the cellular localization of circSMARCC1 by nuclear-cytoplasmic
fractionation experiment. GAPDH was used as a control for cytoplasmic proteins and U6 was used as a nuclear control. F gRT-PCR was performed to
determine the abundance of circSMARCCT and SMARCCT mRNA in PCa cells treated with RNase R at the indicated time points. G RNA expression of
circSMARCCT and SMARCCT in PCa cells analyzed by gRT-PCR after treatment with actinomycin D for 4h,8h,12 h and 24 h.The data are presented as

mean £ SD**p <0.01, ***p <0.001, ****p < 0.0001

circSMARCCI1 in gDNA, whereas the convergent prim-
ers amplified SMARCCI from both ¢cDNA and gDNA
(Fig. 1C). To clarify the subcellular localization of circS-
MARCC]1, we performed nuclear-cytoplasmic fractiona-
tion and FISH experiments in PCa cells and tissues.
It was found that circSMARCC1 was mainly present
in the cytoplasm of PCa cells (Fig. 1D). Additionally,

nuclear-cytoplasmic fractionation assays showed that
circSMARCC1 was mainly localized in the cytoplasm
of PCa cells by qRT-PCR (Fig. 1E). The Actinomycin D
assay demonstrated that circSMARCC1 was more stable
compared with linear SMARCCI1 (Fig. 1F). Moreover, we
found that circSMARCC1 was more resistant to RNase R
digestion than linear SMARCCI (Fig. 1G). These results
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suggested that circSMARCCI] exists as a circular form
and is highly stable. Then, we predicted the function
of the circSMARCC1 encoded protein by circRNADb
(http://reprod.njmu.edu.cn/cgi-bin/circrnadb/circR
NADb.php). The results indicated that no open read-
ing frame was found, which means that the possibility
of circSMARCCI1 in encoding protein is low (Fig. S1E),
implying that circSMARCCI1 is not encoded protein.

CircSMARCC1 is up-regulated in PCa and associated
with clinical characteristics
To evaluate the expression and clinical value of circS-
MARCCI, qRT-PCR was carried out to detect the expres-
sion level of circSMARCCI in the plasma of 39 pairs of
age-matched patients with PCa and BPH. The results
indicated that the expression of circSMARCCI was sig-
nificantly elevated in the plasma of PCa patients, which
was consistent with the results of RNA-seq (Fig. 2A).
Likewise, we validated the expression levels of circS-
MARCCI1 in 22 pairs para-cancerous and PCa tissues.
The results showed that circSMARCCI was also signifi-
cantly up-regulated in PCa tissues (Fig. 2B). Moreover,
the diagnostic value of circSMARCC1 for PCa screen-
ing was further assessed utilizing the receiver operating
characteristic (ROC) curve. Based on ROC curve analy-
sis, the area under the curve (AUC) for circSMARCCI1
was 0.713, with a specificity and sensitivity of 74.4 and
66.7%, respectively, and a cut-off value of 5.937 (Fig. 2C).
It suggested that circSMARCCI1 has the ability to identify
PCa, but not as well as prostate specific antigen (PSA).
Subsequently, we assessed the relationship between
circSMARCCI expression and clinicopathological fea-
tures. The results showed that circSMARCCI1 levels were
positively correlated with Gleason score and T-stage in
PCa patients, but not with age or PSA (Table 1).
Furthermore, the expression of circSMARCC1 was
validated in PCa tissues and cell lines. We analyzed the
endogenous expression of circSMARCCI1 by qRT-PCR.
The results demonstrated that the expression of circS-
MARCCTI is higher in five PCa cell lines (PC-3, DU145,
22Rv1, C4-2 and LNCaP) than in the normal prostate
epithelial cell line (Fig. 2D). Meanwhile, we examined
the expression of circSMARCC1 in PCa tissues by
RNA-FISH. The results showed that circSMARCCI was
significantly up-regulated in PCa tissues, and down-
regulated in normal adjacent tissues (Fig. 2E). More
importantly, it was clear that as the Gleason score of
PCa increased, the expression of circSMARCC1 was
also significantly up-regulated. In addition, using pub-
licly available sequencing data for circRNAs [21], we
validated the prognostic relationship between circS-
MARCCI1 and biochemical recurrence (BCR) in PCa
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patients. We identified a trend that PCa patients with
high circSMARCC1 expression were more likely to
experience BCR early after radical prostatectomy,
implying that high circSMARCC1 expression indicates
a poorer prognosis, although we did not observe a sta-
tistically significant difference (Fig. S1F). These results
suggested that circSMARCCI1 might act as a tumor
promoter, and high expression of circSMARCC1 could
be a predictor of poor prognosis in PCa patients.

CircSMARCC1 accelerates PCa cell proliferation, migration,

and invasion in vitro

As C4-2 cells exhibited the highest levels of circS-
MARCCI, and DU145 and PC-3 cells expressed lower
levels of circSMARCC1 compared to other cells, we
selected DU145, PC-3, and C4-2 cells for the sub-
sequent studies. To clarify the potential role of circS-
MARCCI in promoting PCa progression, three siRNAs
(si-#01,02,03) targeting circSMARCC1 were con-
structed to silence its expression. The si-#03 exhibited
the highest silencing efficiency measured by qRT-PCR
and was chosen for the following experiments (Fig. 3A).
We up-regulated circSMARCC1 expression in DU145
and PC-3 cells and down-regulated circSMARCC1
in C4-2 cells using a lentiviral vector and confirmed
no change of SMARCCI expression in parental cells
(Fig. 3B). The colony formation, EdU, and CCK-8 assays
were used to detect cell proliferation and viability. The
results revealed that knockdown of circSMARCCI sig-
nificantly inhibited the proliferative capacity of PCa
cells, while overexpression of circSMARCC1 resulted
in increased cell viability (Fig. 3C-E). Furthermore, flow
cytometry analysis was performed to confirm whether
changes in proliferation were attributed to altera-
tions in the cell cycle profile. The results showed that
overexpression of circSMARCCI] in PC-3 and DU145
cells accelerated cell cycle progression at the S phase,
whereas knockdown of circSMARCCI1 in C4-2 cells
induced G1 phase arrest (Fig. 3G). In addition, West-
ern blot analysis showed that down-regulation of circS-
MARCCI1 decreased CDK2 expression and increased
p21 Wafl/Clipl levels, while up-regulation of circS-
MARCCI1 showed the opposite results (Fig. 3F). These
results suggested that circSMARCCI1 enhances cell
growth, at least partially by inducing the G1/S transi-
tion in PCa cells. Similarly, we found that down-reg-
ulation of circSMARCC1 suppressed the migratory
and invasive capacity of PCa cells through transwell
and wound healing assays, whereas up-regulation of
circSMARCCI1 exhibited the opposite effect (Fig. 3H-
I). Meanwhile, Western blot analysis showed that
overexpression of circSMARCC1 distinctly reduced
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E-cadherin expression and increased Vimentin levels,
while silencing of circSMARCCI1 revealed the oppo-
site effect (Fig. 3F). These findings indicated that circS-
MARCCI1 has an oncogenic role in PCa cells.

CircSMARCC1 directly binds to miR-1322 and suppresses
miR-1322 activity
Endogenous circRNAs have been found to act as
microRNA (miRNA) sponges in human cancers. As
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Table 1 Correlation between circSMARCC1 expression and clinicopathological features in plasma from patients with BPH (n=39) and

PCa (n=39)
Characteristic N circSMARCC1 X2 P-value
low high

Type BPH 39 29 10 13.206 <0.007***
PCa 39 13 26

Age <67 21 8 13 0464 0496
>67 18 5 13

PSA <10 14 7 7 2730 0.098
>10 25 6 19

Gleason score ISUP <3 19 10 9 6.209 0.013*
ISUP>3 20 3 17

T stage T1-2 22 1 1 6.309 0.012*
T3-4 17 2 15

Abbreviations: PCa Prostate cancer, BPH Benign prostatic hyperplasia, PSA Prostate specific antigen, *p <0.05, ***p <0.001

circSMARCCI is mainly localized in the cytoplasm,
we hypothesized that circSMARCCI could regulate the
expression of downstream molecules by binding to spe-
cific miRNAs. To investigate whether circSMARCC1
could sponge miRNA in PCa cells, we selected the 9
top potential miRNAs with a score>90 predicted by
the CircInteractome database (Supplementary Table
S4). To confirm the interaction between circSMARCC1
and the candidate miRNAs, dual-luciferase reporter
assays were performed to detect the binding between
circSMARCCI1 and miRNAs. The wild-type and mutant
dual-luciferase reporter plasmids of circSMARCCI1
were constructed (Fig. 4A). The luciferase-circS-
MARCCI reporters were transfected into HEK-293 T
cells along with miRNA mimics or negative controls,
and the data indicated that miR-1322 significantly
reduced luciferase activity (Fig. 4B). Subsequently,
RNA pull-down experiments were performed using
biotinylated circSMARCCI1 probes. The results dem-
onstrated that miR-1322 was substantially pulled down
by the biotin-coupled circSMARCCI probe rather than
the oligo probe in DU145 cells with circSMARCC1
overexpression, suggesting that circSMARCC1 might
directly binds to miR-1322 (Fig. 4C). Besides, qRT-
PCR assays were performed to investigate the effect
of circSMARCC1 on miR-1322 expression. The results
revealed that overexpression or knockdown of circS-
MARCCI resulted in down-regulation or up-regulation
of miR-1322 in PCa cells (Fig. 4D), while the expres-
sion of circSMARCCI after transfection with miR-1322
mimics or inhibitors shows no significant changes (Fig.
S2A). Furthermore, luciferase reporter assays were con-
ducted in DU145 cells that were transfected with the
wild-type and mutant dual-luciferase reporter plasmids

of circSMARCCI. The luciferase activity was obviously
decreased in cells co-transfected with the miR-1322
mimics and the circSMARCC1-Wt luciferase reporter
when compared with the mutants (Fig. 4E). In addi-
tion, RNA-FISH was utilized to confirm the subcellu-
lar co-localization of circSMARCCI1 and miR-1322 in
PCa cells. We found that circSMARCCI1 co-localized
with miR-1322 in the cytoplasm (Fig. 4F). These results
demonstrated that circSMARCC1 could directly bind
to miR-1322 in PCa cells.

MiR-1322 reverses the tumor-promoting effect

of circSMARCC1 in PCa cells

To determine whether circSMARCCI-mediated miR-
1322 affected the cell viability as well as migration and
invasion of PCa cells, several rescue experiments by co-
transfection of miR-1322 mimics or miR-1322 inhibi-
tors with lv-circSMARCC1 or sh-circSMARCC1 were
performed. The results showed that ectopic expres-
sion of miR-1322 significantly attenuated the prolif-
eration, migration and invasion promotion induced by
circSMARCC1 up-regulation, while miR-1322 inhibi-
tor counteracted the inhibitory effect of circSMARCC1
down-regulation in proliferation, migration and inva-
sion by colony formation assays (Fig. 4G), EAU analysis
(Fig. 4H), CCK8 experiments (Fig. 4I), transwell assays
(Fig. 4]) and wound healing assays (Fig. 4K). Overall,
these experiments suggested that circSMARCCI] serves
as a sponge for miR-1322.

CCL20 is a direct target of miR-1322 and activates PI3K-Akt
pathway through circSMARCC1/miR-1322/CCL20 axis

To further explore the underlying mechanism, we per-
formed RNA-seq in DUI145-lv-circSMARCC1 and
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Fig. 3 CircSMARCC1 promotes proliferation, migration and invasion of PCa
constructed to silence its expression and confirmed by gRT-PCR. B The relat

with circSMARCC1 overexpressing or knockdown lentivirus by gRT-PCR. C-E Assessment of cell proliferation capacity by colony formation, EdU assay
(scale bar, 100 um) and CCK-8 assay. F Western blot analysis evaluated expression of cell cycle-associated proteins and EMT biomarkers following
overexpression or knockdown of circSMARCCT1. G Flow cytometric analysis of changes in the cell cycle profile of PCa cells stably transfected with
circSMARCCT1. H, I Transwell assays and wound healing assays assessed the migration and invasion abilities of PCa cells stably transfected with
CircSMARCCT (Scalebar, 50 um). The data are presented as the mean = SD, **p <0.01, ***p <0.001, ****p <0.0001

cells. A three siRNAs (s
ive expression of circSMARCC1 and SMARCC1 in PCa cells transfected

DU145-vector cells and found that 151 genes were up-
regulated and 209 genes were down-regulated in DU145-
lv-circSMARCCI cells compared to DU145-vector cells
(fold change >2 and p<0.05). The cluster heat map and
volcano plots of the differential genes were shown in
Fig. 5A, B. Subsequently, we conducted bioinformatics
analyses using Targetscan (http://www.targetscan.org),
miRDB (http://www.mirdb.org/) and miRDIP (https://

ophid.utoronto.ca/mirDIP/index.jsp) to predict pos-
sible downstream targets for miR-1322 binding. Com-
bined with the results of RNA sequencing, the data
showed that 9 molecules containing conserved target
sites of miR-1322 may serve as downstream targets of
mir-1322 (Fig. 5C). Next, we used qRT-PCR to verify the
9 candidate molecules. The results showed that CCL20,
but not other candidate targets, was up-regulated in
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DU145-1v-circSMARCC1 cells and down-regulated in
C4-2-sh-circSMARCCI cells (Fig. 5D). Further, we suc-
cessfully constructed miR-1322-overexpressing and
miR-1322-knockdown cells transfected with miR-1322
mimics or miR-1322 inhibitors (Fig. S2B). As shown in
Fig. 5E-F, CCL20 expression was significantly down-reg-
ulated or up-regulated at both mRNA and protein levels
in PCa cells transfected with miR-1322 mimics or miR-
1322 inhibitors. Furthermore, wild-type and mutant dual
luciferase reporter plasmids of CCL20 were constructed
(Fig. 5G). Using a dual luciferase reporter assay, we found
that transfection of miR-1322 mimics can significantly
reduce the activity of the wild-type luciferase reporter
gene, but not the mutant of CCL20 (Fig. 5H). These data
suggested that miR-1322 directly targets CCL20.

To explore whether circSMARCC1/miR-1322 affects
CCL20 expression, immunofluorescence (IF) and West-
ern blot analysis were performed on lv-circSMARCC1
and sh-circSMARCCI tumor cells. The results showed
that 1v-circSMARCCI1 remarkably increased CCL20
expression, while sh-circSSMARCCI distinctly decreased
CCL20 levels. Furthermore, miR-1322 mimics or inhibi-
tors could reverse the increase or decrease of CCL20
induced by circSMARCC1 overexpression or knockdown
(Fig. 5I-]). Importantly, we further found that CCL20 was
up-regulated in PCa tissues compared with para-cancer
tissues via IHC assay (Fig. 5K). Since CCL20 is a secreted
protein, we also detected a significant increase in CCL20
secretion in the supernatants of DU145 and PC-3 cells
overexpressing circSMARCCI1 by ELISA, both in RPMI-
1640 medium and in 10% FBS medium (Fig. 5L). These
data suggested that CCL20 is a direct downstream of
miR-1322.

As reported, CCL20 induces EMT in ovarian cancer
cells and contributes to tumor progression [22]. We fur-
ther assessed whether CCL20 could enhance the prolif-
erative and metastatic capacity of PCa cells. CCL20 was
found to be significantly up-regulated in PCa cells (Fig.
S2C). We designed three small interfering RNAs (siR-
NAs) targeting CCL20 (si-#01, 02, 03), and found that
si-#01 had the highest knockdown efficiency and used it
for follow-up studies (Fig. S2D). The CCK8 experiments
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indicated that knockdown of CCL20 significantly down-
regulated the proliferation ability of cells (Fig. S2E).
Meanwhile, transwell assay showed that downregulation
of CCL20 significantly reduced the number of migrating
PCa cells (Fig. S2F). We then applied CCL20 recombinant
protein and CCL20 neutralizing antibody to transwell
assays and CCKS8 assay. The results showed that CCL20
neutralizing antibody impaired the metastasis and pro-
liferation caused by overexpression of circSMARCCI,
and CCL20 recombinant protein reversed the reduction
in metastasis and proliferation caused by knockdown of
circSMARCCI1(Fig. 5M, N). Furthermore, we interpreted
those events in terms of changes in cell cycle proteins and
EMT-related proteins by Western blotting. It was found
that up-regulation of circSMARCCI1 increased Vimentin
and CDK2 expression and decreased E-cadherin and p21
Wafl/Clipl expression, while down-regulation of circS-
MARCCI1 had the opposite effects. Importantly, these
effects could be abolished by miR-1322 mimics or inhibi-
tors, respectively (Fig. 5]).

In addition, we examined the downstream signal path-
ways to which the miR-1322/CCL20 axis might trans-
mit signals. We performed pathway analysis (KEGG
and GSEA) based on RNA-seq profiles and found that
overexpression of circSMARCC1 was positively corre-
lated with the PI3K-Akt signaling pathway (Fig. 50, P).
To confirm this result, further studies showed that over-
expression of circSMARCCI increased the expression
of CCL20, P-Akt473 and P-Akt308, while knockdown
of circSMARCCI exerted the opposite effect. Similarly,
these effects could be eliminated by miR-1322 mimics
or inhibitors (Fig. 5Q). Furthermore, western blot analy-
sis showed that knocking down CCL20 down-regulated
the expression of P-Akt473 and P-Akt308 (Fig. S2G).
Finally, to further confirm whether the PI3K-Akt was
required for circSMARCCI1-mediated promotion of PCa
progression, we performed rescue experiments by using
LY294002, a PI3K-Akt inhibitor. The results showed that
LY294002 could eliminate the increased cell proliferation
(Fig. S2H, I) and migration (Fig. S2J) due to overexpres-
sion of circSMARCCI. In addition, Western blotting
analysis was conducted to evaluate the effect of treatment

(See figure on next page.)

Fig. 4 CircSMARCCT acts as a sponge for miR-1322 and miR-1322 reverses the oncogenic effects of circSMARCC1 on proliferation, invasion and
migration in PCa cells. A Schematic diagram of circSMARCC1 luciferase reporter vectors carrying wild-type (Wt) or mutant (Mut) miR-1322 binding
sites. B Luciferase reporter assay to analyze the effects of 9 candidate miRNAs on the luciferase activity of circSMARCC1. C The RNA pull-down assay
performed in DU145 cells using circSMARCC1 and negative control probes. D The relative expression of miR-1322 in PCa cells after transfection

of circSMARCC1 was detected by qRT-PCR. E The relative luciferase activities measured in 293T cells co-transfected with circSMARCC1-Wt or
circSMARCC1-Mut and miR-1322 mimics or miR-nc by luciferase reporter assay. F The co-localization of circSMARCC1 and miR-1322 observed using
RNA-FISH in DU145 cells (scale bar, 5um). The nuclei were stained with DAPI. G-l The viability of PCa cells in miR-1322 rescue experiments was
analyzed by colony formation assay, EdU assay (scale bar, 100 um) and CCK8 assay, respectively. J, KThe migration and invasion capacity of PCa cells
in the miR-1322 rescue experiment was analyzed by transwell assays (scale bar, 50 um) and wound healing (scale bar, 100 um) assays. The data are
presented as the mean = SD, *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001
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with LY294002 on the levels of related proteins. Our
results demonstrated that LY294002 partially restored
p21 Wafl/Clipl and E-cadherin expression while
decreased Vimentin and CDK2 levels in PCa cells with
ectopic expression of circSMARCC1 (Fig. S2K). These
results suggested that circSMARCCI1 functions as sponge
of miR-1322 to promote PCa progression via activating
Akt pathway.

CircSMARCC1 promotes PCa cells growth and metastasis

in vivo

To investigate the biological function of circSMARCC1
in vivo, we constructed a xenograft tumor model by
injecting circSMARCCI1-overexpressing or vector DU145
cells into the axilla of BALB/c mice (Fig. 6A). The results
showed heavier tumors and faster tumor growth in the
overexpression group compared to the vector group
(Fig. 6B, C). To study the effect of metastasis, a metastatic
tumor model was generated by tail vein injection of nude
mice using circSMARCC1-overexpressing or vector PC-3
cells. The PC-3 cells were pre-labelled with the lucif-
erase gene to facilitate observation of tumor metastases
in vivo by bioluminescence. We observed that mice in the
overexpression group developed more lung and abdomi-
nal metastases compared to the vector group (Fig. 6D
and S2L). H&E staining shows the pathological features
of subcutaneous tumor tissue and isolated pulmonary
metastases foci (Fig. 6E, F). Besides, RNA-FISH experi-
ments in tumors showed a more extensive fluorescent
area in the xenograft tumor tissue of lv-circSMARCCI,
confirming that circSMARCC1 expression was indeed
up-regulated (Fig. 6G). The up-regulation of circS-
MARCCI1 expression was accompanied by an increase
in the proportion of proliferating cells (Ki67+) via IHC
experiments (Fig. 6H). These results suggested that circS-
MARCCI1 promotes the growth of PCa in vivo. Next,
IHC results showed a significant up-regulation of CCL20
expression in the Iv-circSMARCC1 xenograft tumor
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group, which is consistent with the results we observed in
human PCa tissues (Fig. 6I). In addition, we examined the
expression of CD31 in tumor tissue, and found that CD31
expression was up-regulated in the lv-circSMARCC1
group, indicating active tumor angiogenesis (Fig. S2M).
These findings demonstrated that circSMARCC1 pro-
moted PCa growth and metastasis in vivo.

Overexpression of circSMARCC1 increases the number

of M2 macrophages in human PCa tissues and mouse
allograft tumors

Chemokines regulate tumor progression in the TME
through chemotaxis of macrophages or immune cells
[23]. To further assess the role of CCL20, we analyzed
the differential function of CCL20 as well as CCL20 co-
expressed genes in PCa from TCGA data using Gene
Ontology (GO) analysis. The results showed that the
most differentially expressed genes were associated with
immune system processes (Fig. S3A). Next, the correla-
tion between CCL20 and 28 tumor-infiltrating lympho-
cytes types in the TME of PCa was analyzed using the
TISIDB database (http://cis.hku.hk/TISIDB/). The results
showed a significant positive correlation between CCL20
and macrophages (Fig. S3B). Similarly, we found that
CCR6, the specific receptor for CCL20, also had a sig-
nificant positive correlation with macrophages and was
more closely related to M2-type macrophages among
them (Fig. S3C). These evidences support our explora-
tion of the relationship between the CCL20-CCR6 axis
and macrophages in the TME of PCa. In addition, sev-
eral studies have shown that CCL20 regulates mac-
rophage recruitment to drive tumor growth in colon
cancer [24] and to promote breast tumorigenesis [25].
Kfoury et al. described the PCa bone metastases and
revealed an immune mechanism of M2 macrophage
infiltration mediated by the CCL20-CCR6 axis [26].
Accordingly, we tested circSMARCC1 expression and
macrophage infiltration by IHC in human PCa tissues

(See figure on next page.)

Fig.5 CCL20is a direct target of miR-1322 and activates PI3K-Akt pathway through circSMARCC1/miR-1322/CCL20 axis. A, B The heatmap and
volcano plot of differentially expressed mRNAs in DU145 cells transfected with vector or circSMARCCCI1. Each sample was mixed with three
replicates. C Venn diagram illustrating the overlapping of miR-1322 targeting mRNAs and up-regulated mRNAs in DU145 cells. D gRT-PCR was
performed to detect the mRNA expression of 9 candidate molecules (MS4A1, CBFB, ARPP21, PHF6, FTO, CCL20, MED7, CD40 and SLC25A15).E, F
The expression of CCL20 in PCa cells transfected with miR-1322 mimics or miR-1322 inhibitors was detected by gRT-PCR and Western blotting.
G Schematic illustration of CCL20 wide type (Wt) and mutant (Mut) luciferase reporter vectors were shown. H The relative luciferase activities
measured in 293 T cells co-transfected with CCL20-Wt or CCL20-Mut and miR-1322 mimics or miR-nc by luciferase reporter assay. I IF analysis
detected the protein expression of CCL20 in PCa cells transfected or co-transfected with Iv-circSMARCC1, sh-circSMARCC1, miR-1322 mimics or

inhibitors (scale bar, 50 um). J The relative protein levels of CCL20, EMT biomarkers and cell cycle-related molecules detected by Western blotting in
miR-1322 rescue experiments. K IHC detection of CCL20 expression in PCa tissues and para-cancerous tissues (scale bar, 100 um and 20 um). L the
Secretion of CCL20 in the supernatants of circSMARCC1-overexpressing DU145 and PC-3 cells cultured in RPMI-1640 medium or 10% FBS medium
was measured by ELISA. M, N The CCL20 recombinant and CCL20 neutralizing antibodies were applied to transwell assays and CCK8 assays to
explore the effects of CCL20 on PCa cell proliferation, migration and invasion. O, P KEGG and GSEA analyses of DEGs in DU145 cells. Q The relative
protein levels of CCL20 and AKT pathway-related molecules measured by Western blotting in miR-1322 rescue experiments. The data are presented
as the mean £ SD, *p<0.05, **p < 0.01, ***p <0.001, ***» < 0.0001
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and adjacent tissues. Interestingly, the number of TAMs
(CD68", CD1631 and CD206™) in PCa tissues with circS-
MARCCI1 up-regulation was significantly higher than
that in adjacent tissues with circSMARCC1 down-reg-
ulation (Fig. 7A). Furthermore, we obtained consistent
results in BALB/c mice xenograft tumors. The proportion
of CD68%/CD163%/CD206" positive cells in xenograft
tumors was significantly increased in the mice overex-
pressing circSMARCC1 group compared to the vector
group (Fig. 7B). These results suggested that the expres-
sion of circSMARCCI is positively correlated with M2
macrophage infiltration, and circSMARCCI1 may induce
M2 macrophage colonization.

CircSMARCC1 promotes M2 macrophage recruitment
through CCL20-CCR6 axis

The above results indicated that the expression levels of
circSMARCC1 and CCL20 were positively correlated
both in PCa cells and tissues. We hypothesized that circS-
MARCC1 could regulate M2 macrophage recruitment
through the CCL20-dependent process. We treated THP-1
cells with 100ng/ml PMA for 24h and found that THP-1
cells became adherent and extended their pseudopod. qRT-
PCR was performed to detect macrophage markers and we
found that the expression of CD68, CD80 were significantly
up-regulated and CD14 was down-regulated in THP-1 cells
after PMA treatment compared to the control (Fig. 7C).
The data suggested that THP-1 cells were induced to
become THP-1-Mga. Next, THP-1-Mg@ were incubated
with 20ng/ml IL-4 and 20ng/ml IL-13 for 48h, and then
the typical M1 phenotypes (TNF-a, CD80, and CD86) and
M2 phenotypes (IL-10, ARG-1, and CD163) markers were
investigated using qRT-PCR. The results showed a signifi-
cant increase in mRNA of ARG-1 and CD163 expression
stimulated by IL-4 and IL-13, while CD86 expression was
down-regulated (Fig. 7D). In addition, flow cytometry dem-
onstrated a substantial increase in the proportion of CD68"
and CD163" macrophages (Fig. 7E). These results indicated
a polarization of THP-1 towards THP-1-M2.

To investigate the effect of circSMARCCI1 on the
migration of TAMs, the CM prepared from lv-circS-
MARCC1 or vector and sh-circSMARCCI1 or sh-nc
tumor cells were added to the lower chamber for mac-
rophage migration experiments. Consistent with the
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expected results, the number of migrating TAMs
increased significantly when induced with the CM from
lv-circSMARCC1 tumor cell, whereas TAM migration
was significantly reduced in sh-circSMARCC1 group
(Fig. 7F). CC-chemokine ligand 20 (CCL20) and its
selective receptor CCR6 [27], known to be responsible
for the chemoattraction of TAMs in homeostatic con-
ditions [28], have been recently found to be involved in
metastatic progression of colon cancer [24]. we hypoth-
esized that the chemotaxis of TAMs may be due to the
binding of CCL20 to CCR6 in PCa. By analyzing the
TCGA database, we found a strong positive correla-
tion between CCL20 and CCR6 levels in PCa tissues
(Fig. S3D). To determine whether the fact that circS-
MARCCI1 induces migration of TAMs is critically medi-
ated by CCL20-CCR6 axis, we performed transwell
migration assays using CCL20 recombinant protein and
CCR6 neutralizing antibody. The results showed that
the CCL20 recombinant protein significantly promoted
the migration of TAMs, however, this promotion was
reversed by the introduction of the CCR6 neutralizing
antibody (Fig. 7G). These findings suggested that circS-
MARCKCI1 plays a key role in mediating the migration of
M2 macrophages via CCL20-CCR6 axis.

TAM had been shown to promote EMT in tumor cells
[29]. We prepared the CM from THP-1-Mg and THP-
1-M2 separately and used them to perform migration
assays in PCa cells. We observed that the CM of THP-
1-M2 significantly increased the migration of DU145 and
PC3 cells compared to the CM of THP-1-Mg (Fig. 7H). In
addition, we also examined the effect of CM from THP-
1-M2 on the proliferation of stably transfected PC cells.
CCKa8 results showed that the CM of TAMs did not alter
the proliferation of PCa cells (Fig. S3E). These results
suggested that circSMARCCI enhances the recruitment
of TAMs via the CCL20-CCR6 axis, thereby facilitating
the progression of PCa.

CircSMARCC1 promotes M2 macrophage polarization

via the CCL20-CCR6 axis

To explore the effect of circSMARCCI on the polari-
zation of TAMs, we co-cultured the stably trans-
fected PCa cells with THP-1-Mg. The PCa cells of
lv-circSMARCC1 or vector, sh-circSMARCC1 or

(See figure on next page.)

*5<0.05, **p <0001, ***p < 00001

Fig. 6 circSMARCC1 promotes PCa tumorigenesis and metastasis in vivo. A Images of subcutaneous xenograft tumors derived from DU145 cells
transfected with vector and circSMARCC1. B Tumor weight comparison in Iv-circ group and vector group. C Tumor volumes measured once a
week and the growth curves were drawn. D Fluorescence image of metastatic transplanted tumor from PC-3 cells transfected with vector or
circSMARCC1. E H&E staining of subcutaneous xenograft tumors in mice (scale bar, 100 um and 20 um). F H&E staining of metastatic lung tumors in
mice (scale bar, 100 um and 20 um). G RNA-FISH experiment showed the fluorescence area in xenograft tumor tissues of vector and Iv-circSMARCC1
groups (scale bar, 100 um and 20 um). H, I The expression of Ki-67 and CCL20 in xenograft tumors detected by IHC (scale bar, 100 um and 20 um).
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sh-nc were seeded in the 0.4um pore size upper
inserts and then transferred to the 6-well plates
pre-inoculated with THP-1-Mg. After 48h, mac-
rophages were collected for the following experi-
ments. qRT-PCR test confirmed that the expression
of M2 phenotype (IL-10, ARG-1 and CD163) mark-
ers was significantly up-regulated in the co-cultured
with DU145-1v-circSMARCC1 cells compared with
the vector cells. This was consistent with the results
induced by IL-4 and IL-13 (Fig. 7I). We then stimu-
lated THP-1-Mg using CCL20 recombinant protein
alone and also observed an up-regulation of M2 phe-
notype markers (Fig. 7J). In addition, we examined
changes in CD68, CD163 and CCR6 protein levels
in THP-1 cells, THP-1-Mg and THP-1-Mg (with
and without co-culture) by Western blotting. The
results revealed that co-culture with DU145-1v-circS-
MARCCI cells resulted in a significant up-regulation
of CD163 expression in THP-1-Mg compared to the
vector group. Moreover, addition of CCL20 recombi-
nant protein alone was also able to induce an up-reg-
ulation of CD163 expression in THP-1-Mg, although
not as pronounced as the up-regulation induced by
IL-4 and IL-13(Fig. 7K). These data suggested that
CCL20 plays a key role in M2 macrophage polariza-
tion and that CCL20 is able to partially induce M2
polarization in THP-1-Mg. Interestingly, we found
that THP-1 cells and THP-1-Mg expressed no or
little CCR6, but when they were polarized to THP-
1-M2 by CCL20 recombinant or IL-4 and IL-13
stimulation, CCR6 expression was significantly
up-regulated (Fig. 7K). Subsequently, we stimu-
lated THP-1-Mg using IL-4 and IL-13 together with
CCR6-neutralizing antibodies to achieve a blockade
of CCL20 binding to the CCR6 receptor. We found
that treatment with CCR6 neutralizing antibody sig-
nificantly down-regulated the expression of CD163,
but not CD68 (Fig. 7L). These data suggested that
circSMARCC1 promotes M2 macrophage polariza-
tion in PCa via the CCL20-CCR6 axis.
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Discussion

The presence of circRNA in the cytoplasm of eukary-
otic cells was first discovered by Hsu and Coca-Prados
in 1979 [30]. For decades afterwards, circRNAs were
thought to be the product of shearing errors. With the
development of RNA-seq technology and bioinformatics,
a large number of circRNAs have entered the scientific
community. The extensive expression and disease regu-
lation mechanisms of circRNAs have made them func-
tional biomarkers and therapeutic targets for a variety of
diseases. However, the role of circRNA in the progression
of PCa is still not well studied.

Here, we investigated circRNA expression profiles in
plasma samples from four pairs of mPCa patients and
control patients using circRNA sequencing. We focused
on a significantly differentially expressed novel circRNA,
named circSMARCC1, which was significantly up-
regulated in PCa and correlated significantly with clini-
cal Gleason scores and T stage. Furthermore, a series of
in vitro and in vivo experiments demonstrated that circS-
MARCC1 promoted PCa cell proliferation, migration
and invasion, while knockdown of circSMARCC]1 expres-
sion had the opposite effect.

Many circRNAs contain potential miRNA response ele-
ments, which suggests that circRNAs can act as miRNA
sponges, forming a circRNA-miRNA-mRNA axis to exert
their biological roles [31]. For instance, circASAP1 acts
as a competing endogenous RNA (ceRNA), and binds
to miRNAs as miRNA sponges in cells, which promotes
hepatocellular carcinoma cell proliferation and invasion
[32]. Hsa_circ_0000326 acts as a miR-338-3p sponge to
facilitate lung adenocarcinoma progression [33]. In this
study, we found that circSMARCCI is highly expressed
in PCa, especially in the cytoplasm of tumor cells. There-
fore, we speculated that circSMARCC1 may also act as a
miRNA sponge in PCa. Through bioinformatics analysis,
luciferase assay and miRNA pulldown assays, we con-
firmed that circSMARCCI serves as a sponge for miR-
1322. Previous studies have reported that miR-1322 acts
as tumor suppressors in some types of cancers, including

(See figure on next page.)

**p<0.01,**p<0.001, ****p <0.0001

Fig. 7 circSMARCC1 promotes M2 macrophage polarization and recruitment via the CCL20-CCR6 axis. A IHC detected the infiltration of CD68™/
CD163%/ CD206" macrophages in human PCa tissue and Para-cancerous tissues (scale bar, 100 um and 20 um). B IHC detected the infiltration

of CD68*/ CD1631/ CD2061 macrophages in mouse xenograft tumors (scale bar, 100 um and 20 um). C, D The expression of M1 phenotype
(TNF-a, CD80 and CD86) and M2 phenotype (IL-10, ARG-1 and CD163) markers were detected by gRT-PCR in THP-1 cells, THP-1-Mg and THP-1-M2
cells. EThe proportion of CD68 and CD163 positive cells detected by flow cytometry. F The CM prepared from Iv-circSMARCC1 or vector and
sh-circSMARCC1 or sh-nc tumor cells was used to evaluate the migration ability of macrophages through transwell experiments (scale bar, 50 um).
G The migration ability of TAM was detected by transwell assay using CCL20 recombinant protein and CCR6 neutralizing antibody (scale bar, 50 um).
H The CM prepared from THP-1-Mg or THP-1-M2 cells for PCa cells migration experiments (scale bar, 50 um). I, J gRT-PCR tested the expression

of M2 phenotypes marker (IL-10, ARG-1, CD68 and CD163) when co-cultured with DU145-Iv-circSMARCC1 cells or vector cells or using CCL20
recombinant protein, with IL-4 and IL-3 polarization as the reference. K The expression of CD68, CD163 and CCR6 in THP-1 cells, THP-1-Mg cells
stimulated by CCL20 recombinant protein, and THP-1-Mg cells (with and without co-culture) were detected by Western blotting. L The expression
of CD68, CD163 and CCR6 in THP-1-Mg cells and THP-1-M2 cells (with and without anti-CCR6) were detected by Western blotting. *p < 0.05,
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hepatocellular carcinoma cells [34] and lung adenocarci-
noma [35]. Consistent with that, our results confirmed
that miR-1322 function as a tumor suppressor in PCa,
which mediates the counteracts the oncogenic roles of
circSMARCCI on PCa proliferation and metastasis.
MiRNAs have been proved to play crucial roles in
tumor cell differentiation, growth, and metastasis [36],
which alleviating the inhibitory effects of their target
genes [37]. In the present study, mRNA expression profil-
ing, bioinformatics analysis and dual luciferase reporter
gene assays revealed that CCL20 might act as direct tar-
gets of miR-1322. Further validation experiments demon-
strated that circSMARCC1 may serve as an endogenous
miRNA sponge to inhibit the expression of miR-1322 by
binding to miR-1322 in PCa cells, resulting in alleviat-
ing the inhibitory effect of miR-1322 on CCL20 and ulti-
mately promotes PCa cell proliferation and metastasis.
CCL20 (also known as macrophage inflammatory
protein-3a, MIP-3a) is a pro-inflammatory chemokine.
The CCL20 expression has been reported to be up-reg-
ulated in many cancers, such as hepatocellular carci-
noma [38] and pancreatic cancer [39]. CCR6 is a specific
receptor for CCL20, and CCR6 expression has also been
shown on tumor cells. It was reported that tumor cells
can stimulate their own proliferation and migration via

CCL20-CCR6 in an autocrine manner [40-42]. Previ-
ous studies found that CCL20 can be a novel predictive
marker for taxanes response, and blockade of CCL20
or its downstream pathway might reverse the taxa-
nes resistance in breast cancer patients [43]. Whereas
the specific role of CCL20 in PCa progression remains
uncertain. Here, our study found that overexpression
of circSMARCCI1 increased the expression of CCL20,
without changing the expression of its receptor CCR6
in PCa cells. Then, we confirmed that the up-regulation
of CCL20 significantly accelerated the proliferation and
metastasis of PCa cells, and that CCL20-neutralizing
antibody reversed the above pro-tumorigenic effects.
Therefore, our data indicates that circSMARCC]1 sponges
miR-1322 and up-regulates CCL20 to promote PCa pro-
gression in an autocrine manner.

Macrophages make up 30 to 50% of solid tumor-infil-
trating immune cells, and they represent an important
component of immunotherapy. In most cancers, high
TAMs density is associated with poorer patient progno-
sis and treatment resistance. Macrophage depletion stud-
ies have shown great success in limiting tumor growth
and metastatic spread and in restoring responsiveness to
chemotherapy [44, 45]. An alternative to targeting TAM
is to inhibit their recruitment to the primary tumor.
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CCL2 is a chemokine that regulates monocyte and mac-
rophage migration, and the CCL2/CCR2 axis has been
shown to have multiple pro-tumor effects, ranging from
mediating tumor growth and angiogenesis to recruit-
ing and usurping host stromal cells to support tumor
progression [46]. In a phase 1 trial, the administration
of a CCR2 inhibitor (PF-04136309) was well tolerated
and showed promising anti-tumor activity in patients
with advanced pancreatic cancer [47]. CXCL12 is also
a chemokine that promotes migration of macrophages
across the endothelial barrier into the tumor environ-
ment [48]. For this reason, inhibition of chemokines
and their receptors signaling is a promising strategy for
regulating macrophage infiltration and preventing tumor
progression. In PCa, several studies reported that more
TAM infiltration in the TME promoted PCa cell prolif-
eration and migration and was associated with PSA fail-
ure or PCa progression after hormonal therapy [49, 50].
In fact, increased infiltration of TAMs often predicts
poor prognosis in patients with mPCa [51, 52]. On the
one hand, it has been reported that TAM-secreted CCL5
can promote PCa cell migration, invasion, and epithelial-
mesenchymal transition (EMT) by activating -catenin/
STATS3 signaling [53]. On the other hand, high levels of
cytokines and chemokines, including TGF-B, IL10 and
CCL2 are secreted by PCa, which may contribute to the
recruitment of various immunosuppressive cells (mye-
loid-derived suppressor cells and regulatory T cells) and
tumor-promoting TAMs [54, 55], thereby promoting
treatment tolerance and immune evasion by inhibiting
CD4" helper T (Th1) and CD8* cytotoxic T cells [56].
Overall, these data suggest that TAMs play a dual role as
“tumor promoter” and “immunosuppressant’, and target-
ing TAMs may represent a potential therapeutic strategy
for mPCa.

Some noncoding RNAs, including circRNAs, have
been shown to have strong effects on TAM in a variety
of tumors, such as circASAP1 [32], circPPM1F [57] has-
circ-0005567 [58]. However, whether circRNAs mediate
TAM in PCa has not been elucidated. Our data show that
circSMARCC1 is involved in TAM infiltration and polar-
ization through the CCL20-CCR6 signaling pathway. The
evidence is as follows: First, PCa and mouse xenograft
tissues with high expression of circSMARCCI1 exhibited
increased numbers of M2 macrophages (CD68", CD163™"
and CD206%) and upregulation of CCL20 expression.
Second, conditioned medium (CM) from PCa cells over-
expressing circSMARCC1 or the addition of CCL20
recombinant protein alone promoted the recruitment
and polarization of M2 macrophages, which could be
reversed by CCR6 neutralizing antibodies. Overall, these
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results reveal a critical role for circSMARCC1 in medi-
ating macrophage infiltration and M2 polarization in
PCa. In cancers with M2 macrophage-mediated TME,
the CCL20-CCR6 axis may be a promising therapeutic
target.

Conclusions

Collectively, we identified circSMARCC1 as an onco-
genic regulator in PCa growth and metastasis by spong-
ing miR-1322/CCL20 axis and activating the PI3K/AKT
signaling pathway. Furthermore, circSMARCC1 dis-
rupts the crosstalk between TAMs and PCa cells via the
CCL20-CCR6 axis, including recruitment of TAMs and
mediating M2 macrophage polarization, thereby facilitat-
ing the progression of PCa (Fig. 8).

Abbreviations

CircRNA: Circular RNAs; PCa: Prostate cancer; mPCa: Metastatic prostate cancer;
gRT-PCR: Quantitative real-time polymerase chain reaction; ceRNA: Competing
endogenous RNA; EMT: Epithelial mesenchymal transformation; IF: Immu-
nofluorescence; FISH: Fluorescence in situ hybridization; H&E: Hematoxylin
and eosin; IHC: Immunohistochemistry; ELISA: Enzyme-linked immunosorb-
ent assay; CM: Conditioned medium; CCL20: CC-chemokine ligand 20; TAM:
Tumor-associated macrophages; TME: Tumor microenvironment.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512943-022-01630-9.

[ Additional file 1. }

Acknowledgements

The authors would like to thank Prof. Tong Zhao (the Third Affiliated Hospital
of Southern Medical University, Guangzhou, China) for helping in study design
and data processing.

Authors’ contributions

SCZ, NHF and JCW designed the research and supervised the project. TX, DJF,
ZML and BQZ were responsible for conducting experiments. CW and YZY per-
formed the statistical analysis. KJL and DJL were responsible for clinical sample
collection. JCW and XLS provided technical support for the experiments. TX
and DJL co-wrote the manuscript. SCZ, NHF and JCW edited the manuscript.
All authors read and approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (No. 81972394), the China Postdoctoral Science Foundation funded
project (No. 2019 M662865), the Guangdong Basic and Applied Basic Research
Foundation (No. 2020A1515010066 and 2022A1515010437), the Distinguished
Young Talents in Higher Education Foundation of Guangdong Province
(No.2019KQNCX115), the Science and Technology Plan Project of Guangzhou
(No. 202102010150), the Achievement Cultivation and Clinical Transformation
Application Cultivation projects of the First Affiliated Hospital of Guangzhou
Medical University (No.ZH201908), and the President’s Foundation of the Third
Affiliated Hospital of Southern Medical University (No.YM2021010).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
within the manuscript and its supplementary information files.


https://doi.org/10.1186/s12943-022-01630-9
https://doi.org/10.1186/s12943-022-01630-9

Xie et al. Molecular Cancer (2022) 21:173

Declarations

Ethics approval and consent to participate

All experimental procedures were approved by the Medical Ethics Commit-
tee of Nanfang Hospital of Southern Medical University (NFEC-2022-083) and
performed in accordance with the relevant guidelines and regulations. Written
informed consents were obtained from all patients. All experimental animal
procedures were authorized by the Nanfang Hospital Animal Ethics Commit-
tee of Southern Medical University (NFYY-2020-0132).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Urology, Nanfang Hospital, Southern Medical University,
Guangzhou 510515, China. ?Department of Urology, the Third Affiliated Hos-
pital of Southern Medical University, Guangzhou 510500, China. >Department
of Urology, the Third Affiliated Hospital of Guangzhou Medical University,
Guangzhou 510150, China. *Department of Radiotherapy, Affiliated Cancer
Hospital & Institute of Guangzhou Medical University, Guangzhou 510095,
China. *Department of Radiotherapy Oncology, Yancheng City No.1 People’s
Hospital, Yancheng 224005, China. 5The Fourth Affiliated Hospital of Nantong
University, Yancheng 224005, China. ’Department of Urology, Affiliated Tumor
Hospital of Nantong University & Nantong Tumor Hospital, No. 30 Tongyang
bei Road, Tongzhou District, Nantong 226361, China. éDepartment of Urology,
Affiliated Wuxi No. 2 Hospital, Nanjing Medical University, Wuxi 214002, China.

Received: 27 June 2022 Accepted: 25 July 2022
Published online: 01 September 2022

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global Cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209-49.

2. Kensler KH, Rebbeck TR. Cancer Progress and priorities: prostate Cancer.
Cancer Epidemiol Biomark Prev. 2020,29:267-77.

3. LiX YangL, Chen LL.The biogenesis, functions, and challenges of circular
RNAs. Mol Cell. 2018;71:428-42.

4. Chen LL.The expanding regulatory mechanisms and cellular functions of
circular RNAs. Nat Rev Mol Cell Biol. 2020;21:475-90.

5. ShenP YangT, Chen Q Yuan H, Wu P, Cai B, et al. CircNEIL3 regulatory
loop promotes pancreatic ductal adenocarcinoma progression via
miRNA sponging and A-to-I RNA-editing. Mol Cancer. 2021;20:51.

6. LiQ WangY,Wus, Zhou Z, Ding X, Shi R, et al. CircACC1 regulates assem-
bly and activation of AMPK complex under metabolic stress. Cell Metab.
2019;30:157-173.e157.

7. LiZ Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circu-
lar RNAs regulate transcription in the nucleus. Nat Struct Mol Biol.
2015;22:256-64.

8. LeiM, Zheng G, Ning Q, Zheng J, Dong D. Translation and functional roles
of circular RNAs in human cancer. Mol Cancer. 2020;19:30.

9. Xie X, Sun FK, Huang X, Wang CH, Dai J, Zhao JP, et al. A circular RNA,
circSMARCADS, inhibits prostate cancer proliferative, migrative, and
invasive capabilities via the miR-181b-5p/miR-17-3p-TIMP3 axis. Aging
(Albany NY). 2021;13:19908-19.

10. YuY-Z, Lv D-J,Wang C, Song X-L, Xie T, Wang T, et al. Hsa_circ_0003258
promotes prostate cancer metastasis by complexing with IGF2BP3 and
sponging miR-653-5p. Mol Cancer. 2022;21:12.

11. Wang S, Chao F, Zhang C, Han D, Xu G, Chen G. Circular RNA circPFKP pro-
motes cell proliferation by activating IMPDH2 in prostate cancer. Cancer
Lett. 2022;524:109-20.

12. Hanahan D, Coussens LM. Accessories to the crime: functions
of cells recruited to the tumor microenvironment. Cancer Cell.
2012;21:309-22.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 21 of 22

. YeY,Huang X, Zhang Y, Lai X, Wu X, Zeng X, et al. Calcium influx blocked

by SK&F 96365 modulates the LPS plus IFN-y-induced inflammatory
response in murine peritoneal macrophages. Int Immunopharmacol.
2012;12:384-93.

. Xiao X, Gaffar I, Guo P, Wiersch J, Fischbach S, Peirish L, et al. M2 mac-

rophages promote beta-cell proliferation by up-regulation of SMAD7.
Proc Natl Acad Sci U S A.2014;111:E1211-20.

. Campbell MJ, Tonlaar NY, Garwood ER, Huo D, Moore DH, Khramtsov Al,

et al. Proliferating macrophages associated with high grade, hormone
receptor negative breast cancer and poor clinical outcome. Breast Cancer
Res Treat. 2011;128:703-11.

. DiCaro G, Cortese N, Castino GF, Grizzi F, Gavazzi F, Ridolfi C, et al. Dual

prognostic significance of tumour-associated macrophages in human
pancreatic adenocarcinoma treated or untreated with chemotherapy.
Gut. 2016;65:1710-20.

. HanadaT, Nakagawa M, Emoto A, Nomura T, Nasu N, Nomura Y. Prog-

nostic value of tumor-associated macrophage count in human bladder
cancer. Int J Urol. 2000;7:263-9.

. Jiang H, Lv DJ, Song XL, Wang C, Yu YZ, Zhao SC. Upregulated circZMIZ1

promotes the proliferation of prostate cancer cells and is a valuable
marker in plasma. Neoplasma. 2020,67:68-77.

. ChenL,Nan A, Zhang N, JiaY, Li X, Ling Y, et al. Circular RNA 100146

functions as an oncogene through direct binding to miR-361-3p and
miR-615-5p in non-small cell lung cancer. Mol Cancer. 2019;18:13.

Lv DJ, Song XL, Huang B, Yu YZ, Shu FP, Wang C, et al. HMGB1 promotes
prostate Cancer development and metastasis by interacting with
Brahma-related gene 1 and activating the Akt signaling pathway. Thera-
nostics. 2019;,9:5166-82.

Chen S, Huang V, Xu X, Livingstone J, Soares F, Jeon J, et al. Widespread
and functional RNA circularization in localized prostate Cancer. Cell.
2019;176:831-843.2822.

Liu W, Wang W, Wang X, Xu C, Zhang N, Di W. Cisplatin-stimulated mac-
rophages promote ovarian cancer migration via the CCL20-CCR6 axis.
Cancer Lett. 2020;472:59-69.

Nagarsheth N, Wicha MS, Zou W. Chemokines in the cancer microenvi-
ronment and their relevance in cancer immunotherapy. Nat Rev Immu-
nol. 2017;17:559-72.

Nandi B, Shapiro M, Samur MK, Pai C, Frank NY, Yoon C, et al. Stromal CCR6
drives tumor growth in a murine transplantable colon cancer through
recruitment of tumor-promoting macrophages. Oncoimmunology.
2016;5:21189052.

Boyle ST, Faulkner JW, McColl SR, Kochetkova M. The chemokine receptor
CCRé facilitates the onset of mammary neoplasia in the MMTV-PyMT
mouse model via recruitment of tumor-promoting macrophages. Mol
Cancer. 2015;14:115.

Kfoury Y, Baryawno N, Severe N, Mei S, Gustafsson K, Hirz T, et al. Human
prostate cancer bone metastases have an actionable immunosuppres-
sive microenvironment. Cancer Cell. 2021;39:1464-1478.e1468.

Hughes CE, Nibbs RJB. A guide to chemokines and their receptors. FEBS J.
2018;285:2944-71.

Schutyser E, Struyf S, Van Damme J. The CC chemokine CCL20 and its
receptor CCR6. Cytokine Growth Factor Rev. 2003;14:409-26.

Wei C, Yang C,Wang S, Shi D, Zhang C, Lin X, et al. Crosstalk between
cancer cells and tumor associated macrophages is required for mesen-
chymal circulating tumor cell-mediated colorectal cancer metastasis. Mol
Cancer. 2019;18:64.

Hsu MT, Coca-Prados M. Electron microscopic evidence for the

circular form of RNA in the cytoplasm of eukaryotic cells. Nature.
1979;280:339-40.

Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular RNA: metabolism,
functions and interactions with proteins. Mol Cancer. 2020;19:172.

Hu ZQ, Zhou SL, Li J, Zhou ZJ, Wang PC, Xin HY, et al. Circular RNA
sequencing identifies CircASAP1 as a key regulator in hepatocellular
carcinoma metastasis. Hepatology. 2020;72:906-22.

XuY,YuJ,Huang Z, Fu B, Tao Y, Qi X, et al. Circular RNA hsa_circ_0000326
acts as a miR-338-3p sponge to facilitate lung adenocarcinoma progres-
sion. J Exp Clin Cancer Res. 2020;39:57.

Zhao M, Dong G, Meng Q, Lin S, Li X. Circ-cHOMER1 enhances the inhibi-
tion of miR-1322 on CXCL6 to regulate the growth and aggressiveness of
hepatocellular carcinoma cells. J Cell Biochem. 2020;121:4440-9.



Xie et al. Molecular Cancer (2022) 21:173

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

Wu J, Zheng C,Wang Y, Yang Z, Li C, Fang W, et al. LncRNA APCDD1L-AS1
induces icotinib resistance by inhibition of EGFR autophagic degradation
via the miR-1322/miR-1972/miR-324-3p-SIRT5 axis in lung adenocarci-
noma. Biomark Res. 2021;9:9.

Chu R, Mo G, Duan Z, Huang M, Chang J, Li X, et al. miRNAs affect the
development of hepatocellular carcinoma via dysregulation of their
biogenesis and expression. Cell Commun Signal. 2014;12:45.

Khella HW, Bakhet M, Lichner Z, Romaschin AD, Jewett MA, Yousef GM.
MicroRNAs in kidney disease: an emerging understanding. Am J Kidney
Dis. 2013;61:798-808.

Rubie C, Frick VO, Wagner M, Rau B, Weber C, Kruse B, et al. Enhanced
expression and clinical significance of CC-chemokine MIP-3 alpha in
hepatocellular carcinoma. Scand J Immunol. 2006;63:468-77.

Kleeff J, Kusama T, Rossi DL, Ishiwata T, Maruyama H, Friess H, et al.
Detection and localization of Mip-3alpha/LARC/exodus, a macrophage
proinflammatory chemokine, and its CCR6 receptor in human pancreatic
cancer. IntJ Cancer. 1999;81:650-7.

Wang B, Shi L, Sun X, Wang L, Wang X, Chen C. Production of CCL20 from
lung cancer cells induces the cell migration and proliferation through
PI13K pathway. J Cell Mol Med. 2016;20:920-9.

Kimsey TF, Campbell AS, Albo D, Wilson M, Wang TN. Co-localization

of macrophage inflammatory protein-3alpha (Mip-3alpha) and its
receptor, CCR6, promotes pancreatic cancer cell invasion. Cancer J.
2004;10:374-80.

Fujii H, Itoh Y, Yamaguchi K, Yamauchi N, Harano Y, Nakajima T, et al.
Chemokine CCL20 enhances the growth of HUH7 cells via phospho-
rylation of p44/42 MAPK in vitro. Biochem Biophys Res Commun.
2004;322:1052-8.

Chen W, QinY, Wang D, Zhou L, Liu Y, Chen S, et al. CCL20 triggered by
chemotherapy hinders the therapeutic efficacy of breast cancer. PLoS
Biol. 2018;16:62005869.

Germano G, Frapolli R, Belgiovine C, Anselmo A, Pesce S, Liguori M, et al.
Role of macrophage targeting in the antitumor activity of trabectedin.
Cancer Cell. 2013;23:249-62.

Zeisberger SM, Odermatt B, Marty C, Zehnder-Fjéllman AH, Ballmer-
Hofer K, Schwendener RA. Clodronate-liposome-mediated depletion of
tumour-associated macrophages: a new and highly effective antiangio-
genic therapy approach. Br J Cancer. 2006,95:272-81.

Kadomoto S, Izumi K, Mizokami A. Roles of CCL2-CCR2 Axis in the tumor
microenvironment. Int J Mol Sci. 2021;22(16):8530.

Nywening TM, Wang-Gillam A, Sanford DE, Belt BA, Panni RZ, Cus-

worth BM, et al. Targeting tumour-associated macrophages with CCR2
inhibition in combination with FOLFIRINOX in patients with borderline
resectable and locally advanced pancreatic cancer: a single-Centre,
open-label, dose-finding, non-randomised, phase 1b trial. Lancet Oncol.
2016;17:651-62.

Wong D, Kandagatla P, Korz W, Chinni SR. Targeting CXCR4 with CTCE-
9908 inhibits prostate tumor metastasis. BMC Urol. 2014;14:12.

Zhang Q, Xia J, Wang 'Y, Zhang J, Ji C, Cong R, et al. Tumor infiltrating M2
macrophages could predict biochemical recurrence of localized prostate
cancer after radical prostatectomy. Exp Cell Res. 2019;384:111588.
Nonomura N, Takayama H, Nakayama M, Nakai Y, Kawashima A, Mukai M,
et al. Infiltration of tumour-associated macrophages in prostate biopsy
specimens is predictive of disease progression after hormonal therapy for
prostate cancer. BJU Int. 2011;107:1918-22.

. Andersen LB, Ngrgaard M, Rasmussen M, Fredsge J, Borre M, Ulhai BP,

et al. Immune cell analyses of the tumor microenvironment in prostate
cancer highlight infiltrating regulatory T cells and macrophages as
adverse prognostic factors. J Pathol. 2021,255:155-65.

Hu W, Qian'Y, Yu F, Liu W, Wu Y, Fang X, et al. Alternatively activated mac-
rophages are associated with metastasis and poor prognosis in prostate
adenocarcinoma. Oncol Lett. 2015;10:1390-6.

Huang R, Wang S, Wang N, Zheng Y, Zhou J, Yang B, et al. CCL5 derived
from tumor-associated macrophages promotes prostate cancer stem
cells and metastasis via activating 3-catenin/STAT3 signaling. Cell Death
Dis. 2020;11:234.

Idorn M, Kellgaard T, Kongsted P, Sengelgv L, Thor Straten P. Correlation
between frequencies of blood monocytic myeloid-derived suppressor
cells, regulatory T cells and negative prognostic markers in patients with
castration-resistant metastatic prostate cancer. Cancer Immunol Immu-
nother. 2014,63:1177-87.

Page 22 of 22

55. Martori C, Sanchez-Moral L, Paul T, Pardo JC, Font A, Ruiz de Porras V, et al.
Macrophages as a therapeutic target in metastatic prostate Cancer: a way
to overcome immunotherapy resistance? Cancers (Basel). 2022;14(2):440.

56. SuW, Han HH, Wang Y, Zhang B, Zhou B, Cheng Y, et al. The Polycomb
repressor complex 1 drives double-negative prostate Cancer metasta-
sis by coordinating Stemness and immune suppression. Cancer Cell.
2019;36:139-155.e110.

57. Zhang C,Han X, Yang L, Fu J, Sun C, Huang S, et al. Circular RNA
circPPM1F modulates M1 macrophage activation and pancreatic islet
inflammation in type 1 diabetes mellitus. Theranostics. 2020;10:10908-24.

58. Zhang J, Cheng F, Rong G, Tang Z, Gui B. Circular RNA hsa_circ_0005567
overexpression promotes M2 type macrophage polarization through
miR-492/SOCS2 axis to inhibit osteoarthritis progression. Bioengineered.
2021;12:8920-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	CircSMARCC1 facilitates tumor progression by disrupting the crosstalk between prostate cancer cells and tumor-associated macrophages via miR-1322CCL20CCR6 signaling
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Patients and clinical samples
	Cell culture and treatment
	CircRNA microarrays
	RNA extraction, nuclear-cytoplasmic fractionation, RNase R and actinomycin D treatment, and qRT-PCR assays
	Fluorescence in situ hybridization (FISH)
	Cell proliferation, scratch assay, migration and invasion assays
	Macrophage generation, macrophage migration, and co-culture assay
	Cell-cycle analysis and flow cytometry
	Luciferase reporter assay
	RNA pulldown assay
	Western blot analysis
	Immunohistochemistry (IHC) and immunofluorescence (IF)
	Enzyme-linked immunosorbent assay (ELISA)
	RNA-seq processing
	Animal models
	Statistical analysis

	Results
	Identification and characterization of circSMARCC1 in PCa
	CircSMARCC1 is up-regulated in PCa and associated with clinical characteristics
	CircSMARCC1 accelerates PCa cell proliferation, migration, and invasion in vitro
	CircSMARCC1 directly binds to miR-1322 and suppresses miR-1322 activity
	MiR-1322 reverses the tumor-promoting effect of circSMARCC1 in PCa cells
	CCL20 is a direct target of miR-1322 and activates PI3K-Akt pathway through circSMARCC1miR-1322CCL20 axis
	CircSMARCC1 promotes PCa cells growth and metastasis in vivo
	Overexpression of circSMARCC1 increases the number of M2 macrophages in human PCa tissues and mouse allograft tumors
	CircSMARCC1 promotes M2 macrophage recruitment through CCL20-CCR6 axis
	CircSMARCC1 promotes M2 macrophage polarization via the CCL20-CCR6 axis

	Discussion
	Conclusions
	Acknowledgements
	References


