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Circular RNA circ0005276 promotes the
proliferation and migration of prostate cancer cells
by interacting with FUS to transcriptionally activate
XIAP
Yang Feng1, Yuxuan Yang2, Xiaodan Zhao2, Yameng Fan1, Long Zhou1, Jie Rong1 and Yan Yu1

Abstract
Prostate cancer (PCa) is one of the major men’s malignancies with high mortality worldwide. Circular RNAs
(circRNAs) have been shown to serve as essential regulators in human cancers. CircRNA can exert their functions by
cooperating with their host genes. In the present study, microarray analysis revealed an upregulated mRNA in PCa
samples. X-linked inhibitor of apoptosis protein (XIAP), a key regulator in the progression of human cancers.
Through bioinformatics analysis, we determined that XIAP is a host gene for circRNA0005276. Therefore, this study
focused on the interaction between circ0005276 and XIAP as well as their functions in PCa progression. The
upregulation of XIAP and circ0005276 was determined in PCa tissues and cell lines. Moreover, we confirmed the
positive regulation of circ0005276 on XIAP expression. Functionally, we validated that circ0005276 and XIAP
promoted cell proliferation, migration and epithelial–mesenchymal transition. Mechanistically, we verified that
circ0005276 interacted with FUS binding protein (FUS) so as to activate the transcription of XIAP. Rescue assays
were conducted to determine the crucial role of XIAP in circ0005276 and FUS-mediated PCa cellular processes.
Collectively, our study revealed the mechanism and function of circ0005276 and its host gene XIAP in PCa
progression.

Introduction
Prostate cancer (PCa), a prevalent human malignancy

whose 5-year survival is merely around 29%1. The per-
centage of PCa in all cancer related death is about 13%2.
Despite the development of comprehensive treatment, the
prognosis of patients with PCa is still unfavorable due to
the recurrence and metastasis3. Hence, novel potential
therapeutic methods for PCa patients are exigently needed.
As a distinct group of noncoding transcripts, circular

RNAs (circRNAs), form a closed continuous loop with the

3′RNA and 5′ RNA joined covalently4–6. In the past 40
years, circRNAs have been identified in eukaryotic cells by
electron microscopy7,8 and were previously considered as
splicing error by-products. Through the application of
high-throughput sequencing and bioinformatics, cir-
cRNAs have been successively identified in multiple cell
lines and various species9–11. Most circRNAs are formed
by exon or intron back-splicing. This process differs from
the formation of linear RNAs. Two mechanisms exist for
the formation of exonic or exon–intron circRNAs: exon
skipping and back-splicing12,13. Previous studies reported
circRNAs as “miRNA sponges” that play an inhibitory role
in miRNA regulation14,15. Known as “miR-7 sponges,”
antisense to the cerebellar degeneration-related protein 1
(CDR1as), also known as ciRS-7, is one of the most widely
known and effective circRNAs16,17. Recent years, reports
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associated with circRNAs have been published to eluci-
date the correlation between circRNAs and cancer18–20.
Therefore, circRNAs may be critical biological markers in
the identification of disease mechanisms and for devel-
oping new methods for precise diagnosis and effective
treatment of human cancers. CircRNAs stem from their
host genes and may have regulatory relationship with
their host genes. In the present study, top 500 mRNAs
that were significantly upregulated in PCa tissues were
screened out. Among which, X-linked inhibitor of apop-
tosis protein (XIAP) exhibited the highest fold change.
According to previous reports, XIAP is closely related to
tumorigenesis and development by acting as an oncogene
in cancers21–24. Therefore, we chose it to be a research
object. According to bioinformatics analysis, XIAP is the
host gene of circ0005276. To analyze their potential role,
we examined the expression level of XIAP and
circ0005276 in 90 pairs of PCa and adjacent normal
samples. Both upregulation of XIAP and circ0005276 was
determined in PCa tissues and cell lines. Moreover,
circ0005276 had positive effect on the expression of pre-
mature and mature XIAP mRNA.
circRNAs play crucial roles in regulating gene expres-

sion at transcriptional level by interacting with RNA
binding proteins25–27. In the present study, RNA binding
protein FUS was found to be interacted with circ0005276
in PCa. Interestingly, circ0005276 and FUS were explored
as the regulators for the transcription of XIAP. Finally,
rescue assays were conducted to demonstrate the role of
XIAP in circ0005276 or FUS-mediated PCa progression.
Collectively, this study revealed the novel mechanism of
circ0005276 in PCa progression.

Materials and methods
Patient samples and cell culture
Fresh PCa tissues and pair-matched adjacent normal

tissues were collected from 90 patients from June 2012
and July 2017 at Xi’an Jiaotong University Health Science
Center. PCa tissues and normal tissues from surgery were
snap-frozen in liquid nitrogen until use. Patients who had
received preoperative treatment were excluded from the
study. Our study had acquired the approval of the
Research Ethics Committee of the hospital and the writ-
ten informed consents from all participants.
One human normal prostate epithelial cell line

(RWPE-1) and four PCa cell lines (PC-3, DU145, VCaP
and LNCaP) were acquired commercially from Amer-
ican Type Culture Collection (ATCC, Manassas, VA,
USA). PCa cell lines were allowed to grow in RPMI 1640
medium (Gibco BRL, Grand Island, NY, USA) contain-
ing 10% fetal bovine serum (FBS). RWPE-1 was cultured
in DMEM (Gibco BRL) containing 10% FBS. Culture
plates were kept in a humidified incubator with 5% CO2

at 37 °C.

RNA isolation and qRT-PCR
Total RNA was first extracted from cell lines or tissues

by using TRIzol (Invitrogen, Carlsbad, CA, USA) based on
the guidebook. Total RNA was transcribed reversely into
cDNA using M-MLV Reverse Transcriptase (Invitrogen).
Real-time PCR was performed with SYBR Prime Script
PLUS RT-RNA PCR Kit (Takara, Tokyo, Japan). The
primers were listed as follows: XIAP 5′-ACTTCGGGT
TTCACGACTCC-3′ (forward) and 5′-TACACAAGCTG
TACCCACCG-3′ (reverse); circ0005276 divergent: GCT
AAATGGTATCCAGGGTGC (forward) CCCTCCTCC
ACAGTGAAAGC (reverse); FUS 5′-GGTACTCAGC
GGTGTTGGAA-3′ (forward) and 5′-CGCCCTTACCTA
CCGTTTGA-3′ (reverse); GAPDH 5′-GCTTTCTTTC
CTTTCGCGCT-3′ (forward) and 5′-TTTGCGGTGGAA
ATGTCCTT-3′ (reverse). The relative gene expression
levels were analyzed by 2−ΔΔCt with the normalization
to GAPDH.

Cell transfection
PC-3 and DU145 cell lines were planted in six-well

plates until cell confluence reached ~70%. The short
hairpin RNAs (shRNAs) specific to XIAP, circ0005276
and FUS (sh-XIAP#1/2/3, sh-cric#1/2/3 and sh-FUS#1/2/
3, Invitrogen, Carlsbad, CA, USA) were synthesized and
transfected into cell lines using Lipofectamine2000
(Invitrogen) following the standard method. It is known
that circ0005276 has overlapped sequence with its host
gene XIAP, we designed the shRNA sequence for
circ0005276 in its back-spliced junction region. shRNA
sequences for circ0005276 are shown as follows: sh-
circ#1: CCGGGAAGAATTGGTGAAGGTGATACTC
GAGTATCACCTTCACCAATTCTTCTTTTTG; sh-
circ#2: CCGGGAATTGGTGAAGGTGATAACTCGA
GTTATCACCTTCACCAATTCTTTTTG; sh-circ#3:
CCGGGCTAGAAGAATTGGTGAAGGTGCTCGAGC
ACCTTCACCAATTCTTCTAGCTTTTTG. Cells trea-
ted with sh-NC were seen as the control. To overexpress
XIAP and FUS, cell lines were transfected with pcDNA-
XIAP and pcDNA-FUS (termed XIAP and FUS) or the
empty pcDNA3.1 vectors. At 48 h post transfection, cells
were reaped for further study.

Cell proliferation assays
In all, 1.0 × 103/well transfected PC-3 and DU145 cells

were plated in 96-well plates for 24 h. Ten microliter of
CCK-8 solution (Dojindo Laboratories, Kumamoto,
Japan) was added to each well. Followed by incubation at
37 °C for 2 h, cell viability was determined by assessing the
absorbance at 450 nm at indicated time points (1, 2, 3, and
4 days). For EdU incorporation assay, the transfected cells
were kept on sterile coverslips in 24-well culture plates.
EdU kit (Invitrogen) was utilized to measure cell pro-
liferation. Cells were imaged using Laser confocal
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microscopy (FV300, Olympus, Tokyo, Japan). Cell nucleus
were exposed to 4′,6-diamidino-2-phenylindole (DAPI).
Experimental data were shown as the percentage of EdU
positive cells (green) to total DAPI positive cells (blue).

Transwell assays
Cell invasive ability was evaluated with Matrigel-coated

Transwell chamber (Corning Incorporated, Corning, NY,
USA) in accordance with supplier’s protocol. Cell migra-
tion assay was analyzed using Transwell chamber without
Matrigel. PC-3 and DU145 cells (5000) were seeded into
the upper chamber with serum-free RPMI 1640. The
complete medium was placed into the lower chamber.
Cells invading or migrating through the membrane were
fixed in 4% paraformaldehyde and dyed with crystal violet.
Five random fields from each well were and counted and
recorded using a microscope (magnification, ×200).

Western blotting
Protein samples from tissues or cell lines were diluted in

loading buffer to the same concentrations, followed by
separation by electrophoresis on 10% SDS-PAGE. The
total proteins were transferred on Hybond membrane
(Amersham, Munich, Germany) and sealed in 5% skim-
med milk at room temperature for 2 h. Afterwards,
membranes were incubated with primary antibodies
against E-cadherin (ab76055, 1:1000, Abcam, Cambridge,
UK), N-cadherin (ab76057, 1:1000), XIAP (ab21278,
1:1000) and GAPDH (ab9485, 1:2500) all night at 4 °C.
Followed by thrice washing in Tris-buffered saline
(TBST), membranes were treated with relative secondary
antibodies (1:2000) for 2 h. At length, enhanced chemi-
luminescence reagent (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) was applied to visualize protein bands.

Immunofluorescence staining
PC-3 and DU145 cell lines were seeded on cover slips

for one day and fixed in cold acetone for half an hour.
After incubation with antibodies against E-cadherin and
N-cadherin all night, cells were treated with goat anti-
rabbit FITC conjugated secondary antibodies (Abcam) for
1 h. Thereafter, cells were rinsed extensively. Nuclei was
stained with DAPI. The stained cells were observed using
a fluorescence microscope (Olympus, Tokyo, Japan).

Animal study
Male nude mice, aged ~6 weeks, were kept in an SPF-

grade pathogen-free animal laboratory. This animal study
had obtained the approval of the Animal Research Ethics
Committee of Xi’an Jiaotong University Health Science
Center. In all, 5 × 106 PC-3 cells were transfected and
subcutaneously injected around the left flank of the nude
mice (five mice per group). Tumor volume was examined
as 0.5 × length × width2 every 7 days. Four weeks later,

mice were killed, tumor were excised and weighed for
further study.

Nuclear-cytoplasmic fractionation
In all, 5 × 106 PC-3 and DU145 cells were rinsed twice

in pre-chilled phosphate buffer saline (PBS) and sus-
pended in cell fraction buffer. Followed by incubation on
ice for 10min, cells were centrifuged. The upper solution
was removed. The nuclear pellet was collected to extract
RNA in cell disruption buffer. At last, the isolated RNA
was measured by qRT-PCR, normalizing to GAPDH
(cytoplasmic control) and U6 (nuclear control).

RNA pull-down assay
For RNA pull-down assay, RNAs were first labeled with

biotin using Biotin RNA Labeling Mix (Roche Molecular
Systems, Inc., Hague Road, IN), followed by in vitro
transcription using T7 RNA polymerase (Roche). Bioti-
nylated cells were purified and cultured with protein
lysates. Subsequently, cells were subjected to streptavidin
agarose beads (Life Technologies, Carlsbad, CA, USA) for
an hour at room temperature. Afterwards, beads were
eluted thrice in Biotin Elution Buffer and boiled in SDS
buffer. The retrieved proteins were analyzed by qRT-PCR.
IgG was considered as the control.

Fluorescence in situ hybridization analysis
The Fluorescence in situ hybridization analysis (FISH)

probe for circ0005276 was designed and synthesized by
Biosearch Technologies, Inc. (Petaluma, CA, USA). PC-3
and DU145 cell lines in slides were cultured in 4% par-
aformaldehyde for 30min and digested with protein K at
37 °C for 20min. After washing in PBS, cells were sub-
jected to dehydration with ascending series of ethanol.
Thereafter, the denatured cells were incubated with 2 μL
of FISH probe and 18 μL of hybridization reaction solu-
tion at 42 °C overnight. After hybridization, slides were
rinsed three times in 2 × SSC and counterstained with
DAPI. Cells were finally exposed to fluorescent signal
detection using LSM800 confocal laser microscopy
(ZEISS, Jena, Germany).

Chromatin immunoprecipitation assay
For Chromatin immunoprecipitation (ChIP) assay,

SimpleChIP® Enzymatic Chromatin IP Kit was bought
from Cell Signaling Technology (CST, Danvers, MA,
USA). The crosslinked chromatin was digested with
enzyme to break into 200–1000-bp fragments. Immuno-
precipitation was performed using 2 μg of anti-XIAP
(Abcam), 2 μg of anti-FUS (Abcam) and 2 μg of IgG with
rotation all night at 4 °C. Then, 30 μl of magnetic beads
were added into the reaction for 2 h at 4 °C. Immuno-
precipitated chromatin was recovered and measured by
qRT-PCR.
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DNA pull-down assay
According to previous report, DNA pull-down assay

was carried out28. Briefly, DNA pull-down was conducted
in indicated cells by using 300 μg nuclear extract which
was supplemented with 5 μg of XIAP in a buffer con-
taining some compounds, including 140 mM NaCl,
1.5 mM MgCl2, 20% Glycerol, 0.2 mM EDTA, 20mM
HEPES pH 7.6, 10% Triton X-100 that was supplemented
with the protease inhibitor with a dilution of 1:1000. All
these reagents and compounds were obtained from
Sigma-Aldrich, St Louis. (MO, USA). Twenty microgram
of non-biotinylated oligonucleotides were used to avoid
nonspecific binding. Samples were incubated all night.
After washing, western blot was applied to detect bound
proteins.

Luciferase reporter assay
To perform XIAP promoter analysis, PC-3 and DU145

cells were planted into 24-well culture plates. XIAP pro-
moter was amplified by PCR and cloned into pGL3-Basic
vector (Promega Corporation, Madison, WI, USA). Cells
were co-transfected with the pcDNA-FUS vector, the
Renilla plasmid (Promega) and the plasmids containing
XIAP promoter. After 48 h, the relative luciferase activity
was detected with the Dual-Luciferase Reporter Assay
System (Promega).

Microarray analysis
Total RNA from three PCa tissues and three matched

adjacent normal tissues was purified using the RNeasy
Mini Kit (Qiagen, Valencia, CA, USA). Sample prepara-
tion and microarray hybridization were carried out in
accordance with the user guide. The differentially
expressed genes in cancerous tissues were screened out
with the criteria of P < 0.05 and fold-change >2. In addi-
tion, the total RNA isolated from cells transfected with sh-
FUS or sh-XIAP along with their corresponding controls
(sh-NC) were subjected to microarray processing.

Bioinformatics analysis
The host gene of circ0005276 was determined by

searching from UCSC (http://genome.ucsc.edu/). The
DNA motif of FUS and the binding sequence between
FUS and XIAP promoter were obtained by using the
online tool JASPAR (http://jaspar.genereg.net/).

Statistical analysis
Data of all experiments were expressed as mean ±

standard deviation (SD). Each experimental procedure
was conducted at least in triplicate. GraphPad Prism
version 5.0 (GraphPad Software, La Jolla, CA, USA) was
applied to analyze data. Group comparisons were ana-
lyzed using Student’s t-test or one-way ANOVA with the
significant level of p value less than 0.05. The relevance

between the expressions was analyzed via Pearson’s cor-
relation analysis.

Results
Circ0005276 and XIAP were upregulated in prostate cancer
First of all, microarray analysis was applied to analyze

the differentially expressed mRNAs in PCa tissues.
Among which, XIAP was the mRNA which exhibited the
highest fold change (Supplementary Fig. 1A). All these
500 upregulated mRNAs were subjected to GO and
KEGG pathway analysis. As illustrated in Supplementary
Fig. 1B, C, upregulation of these mRNAs might be cor-
related with cell proliferation, migration or transcriptional
regulation. Upregulation of XIAP was further validated in
90 PCa tissues compared to adjacent normal controls (Fig.
1a). Searching from UCSC, we analyzed that the XIAP is
the host gene of circ0005276 (Fig. 1b). Then, circ0005276
was subjected to circular RNA sequencing (Supplemen-
tary Fig. 2). The back-spliced junction of circ0005276 was
determined by sequencing technology (Fig. 1c). Similarly,
circ0005276 showed higher expression level in PCa tissues
(Fig. 1d), which was consistent with XIAP (Fig. 1e).
Additionally, four commonly used PCa cell lines (PC-3,
DU145, VCaP, and LNCaP) and one normal prostate
epithelial cell line (RWPE-1) were collected to detect the
expression of XIAP and circ0005276. Relative high level of
XIAP or circ0005276 was determined in four PCa cell
lines (Fig. 1f). Both of them were expressed highest in PC-
3 and DU145 cell lines. We chose these two cell lines for
all subsequent experiments. To further validate the cir-
cular characteristics of circ0005276, we treated PCa cells
with Rnase R and actinomycin D. It was uncovered that
treatment with Rnase R and actinomycin D had no sig-
nificant effect on the stability of circ0005276 but had
obvious effect on the stability of linear XIAP (Fig. 1g, h).
These data suggested that circ0005276 and it host gene
XIAP might be regulators in PCa.

The potential regulatory relationship between circ0005276
and XIAP
Further, the expression of XIAP and circ0005276 was

detected in tumor tissues with different tumor stage and
metastatic condition. It was observed that XIAP and
circ0005276 were both expressed higher in tissues with
advanced stage and metastasis (Fig. 2a, b). The knock-
down efficiency for XIAP or circ0005276 was measured
and determined in PC-3 and DU145 cell lines (Supple-
mentary Fig. 3A, B). The highest knockdown efficiency
was observed in cells transfected with sh-XIAP#1 or sh-
circ#1. Therefore, we chose these two plasmids for all
subsequent experiments. In addition, we found that
knockdown of XIAP had no obvious impact on
circ0005276 expression (Fig. 2c), while silencing of
circ0005276 decreased the level of XIAP in two PCa cell
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Fig. 1 Circ0005276 and XIAP were upregulated in prostate cancer. a mRNA level of XIAP in PCa tissues and paired normal tissues. b XIAP was
identified as the host gene for circ0005276 as obtained from UCSC. c The back-spliced junction of circ0005276. d Relative expression level of
circ0005276 in PCa tissues. e The expression association between XIAP and circ0005276 in PCa tissues. f The expression level of XIAP and circ0005276
in four PCa cell lines and one prostate epithelial cell line. g RNA expression level in cells treated with or without Rnase R. h Stability of circ0005276
and XIAP in cells treated with actinomycin D. *P < 0.05, **P < 0.01, **P < 0.001
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lines. Additionally, overexpression of circ0005276 (Fig.
2d) enhanced the level of XIAP in PCa cell (Fig. 2e). These
results indicated a potential regulatory effect of
circ0005276 on the XIAP expression.

Knockdown of XIAP or circ0005276 suppressed PCa cell
growth and migration
Considering the dysregulation of XIAP and circ0005276

in PCa tissues, we conducted loss-of function assays in
above two cell lines. It was observed from CCK-8 and EdU
assays, cell proliferation was efficiently suppressed by the
knockdown of XIAP or circ0005276 (Fig. 3a, b). More-
over, we detected cell apoptosis in two PCa cells after
silencing of circ0005276 or XIAP. It was uncovered that

caspase-3 activity and Bcl-2 protein level were increased,
while the protein level of Bax was reduced (Fig. 3c, d).
Importantly, transwell assays revealed that both migration
and invasion were suppressed with the inhibition of XIAP
or circ0005276 (Fig. 4a, b). The change on the EMT
process was observed in indicated PCa cell lines. The
increased protein level of E-cadherin and the decreased
level of N-cadherin reflected that EMT process might be
suppressed by the downregulation of XIAP or
circ0005276 (Fig. 4c and Supplementary Fig. 3C). The
similar results were observed in indicated cells by
immunofluorescence (Fig. 4d). In vivo experiments fur-
ther validate that tumor growth was stagnated after
silencing of circ0005276 or XIAP (Supplementary Fig.

Fig. 2 The potential regulatory relationship between circ0005276 and XIAP. a–b The expression level of XIAP and circ0005276 in PCa tissues
with different tumor stages and metastatic conditions. c The effect of XIAP knockdown on the circ0005276 expression or the effect of circ0005276
knockdown on the XIAP expression. d–eOverexpression efficiency for circ0005276 and its effect on XIAP expression. *P < 0.05, **P < 0.01
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3D–F). All results indicated that XIAP and circ0005276
acted as two oncogenes in PCa progression.

Circ0005276 specifically interacted with FUS
Furtherly, we tunneled the mechanism through which

circ0005276 exerted function in PCa progression. At first,
localization of circ0005276 was determined in two PCa

cell lines. According to the data illustrated in Fig. 5a,
circ0005276 was located in both cytoplasm and nucleus.
The significance of circRNA-protein interaction has been
revealed during recent years, including with RNA binding
proteins29,30. And a number of RBPs has been identified to
have an interplay with circRNAs in cancers31, and can
regulate gene expressions26,27. In this regard, we

Fig. 3 Knockdown of XIAP or circ0005276 inhibited cell growth. a–b Cell viability or proliferation in PC-3 and DU145 cells transfected with sh-
XIAP#1 or sh-circ#1 by CCK-8 and EdU assay (Scale bar= 200 μm). c Caspase-3 activity was tested in PCa cells after circ0005276 or XIAP was
downregulated. d Apoptosis-related proteins (Bax and Bcl-2) were detected in cells after transfection. **P < 0.01
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investigated whether circ0005276 can interact with a RBP
to regulate its downstream genes. After mass spectro-
metry analysis and RNA pull-down assay, we determined
that FUS was interacted with circ0005276 in PCa cell lines
(Fig. 5b). The data for mass spectrometry analysis were
shown in Supplementary Table 1. Their interaction was
further demonstrated by RIP assay (Fig. 5c). Fused in
sarcoma (FUS) is known to be an RBP whose interaction
with circRNA has been uncovered in gastric cancer31.
Also, we localized the expression of circ0005276 and FUS
protein by FISH and Immunofluorescence. The over-
lapped localization of circ0005276 and FUS protein
expression was identified in PCa cells (Fig. 5d). Further-
more, FUS was expressed at a relative high level in PCa

tissues, which was consistent with that of FUS and XIAP
(Fig. 5e, f). Furthermore, we detected the effect of silenced
circ0005276 on FUS expression. There was no obvious
effect of circ0005276 on FUS expression (Fig. 5g). Thus,
we identified the interaction between circ0005276 and
FUS protein.

FUS exerted oncogenic function in PCa by cooperating
with circ0005276 to regulate XIAP
Based on above, we knew that FUS was upregulated in

PCa samples. Tp determine the role in PCa progression,
loss-of function assays were carried out. At first, FUS was
efficiently silenced in two PCa cell lines by three shRNAs,
especially by sh-FUS#1 (Fig. 6a). Cell proliferation and

Fig. 4 Knockdown of XIAP or circ0005276 suppressed PCa cell invasion, migration and EMT process. a–b Cell invasion or migration in PC-3
and DU145 cells transfected with sh-XIAP#1 or sh-circ#1. Scale bar= 200 μm. c–d The expression levels of E-cadherin and N-cadherin in XIAP- or
circ0005276-downregulated PC-3 and DU145 cells. Scale bar= 200 μm.**P < 0.01
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transwell assays demonstrated that silencing of FUS led to
the inhibition on cell proliferation, invasion and migration
(Fig. 6b-e). What’s more, it has been reported to be a
multifunctional RBP which can regulate transcription,
RNA splicing, and mRNA stability32,33. Considering the
positive expression association between FUS and
circ0005276 or XIAP, we further analyzed whether
circ0005276 positively regulate XIAP by recruiting FUS.
qRT-PCR and western blot analysis showed that the
mRNA and protein level of XIAP were decreased in cells
transfected with sh-circ#1 or sh-FUS#1 (Fig. 6f, g and
Supplementary Fig. 4A). These results suggested that FUS
exerts oncogenic functions by binding with circ0005276

to regulate XIAP. To analyze whether FUS involved in
circ0005276-mediated PCa cellular processes, rescue
assays were conducted. According to the results illu-
strated in Supplementary Fig. 4B–D, overexpression of
FUS had no significant effect on reversing sh-
circ0005276-mediated cell proliferation and migration.
Therefore, we confirmed that FUS was not the down-
stream target of circ0005276.

Circ0005276 co-functioned with FUS to activate the
transcription of XIAP
It has been reported that FUS could regulate mRNA

stability in cytoplasm, whereas regulate transcription in

Fig. 5 Circ0005276 specifically interacted with FUS. a The nuclear or cytoplasmic circ0005276 in PC-3 and DU145 cells. b Pull-down assay showed
the interaction between circ0005276 and the RNA binding protein FUS. c The interaction between circ0005276 and FUS was determined by RIP
assay. d The co-localization of circ0005276 and FUS in PCa cells. Scale bar= 200 μm. e The FUS expression in PCa and paired normal tissues. f The
association between FUS expression and circ0005276 or XIAP expression in PCa tissues. g FUS expression in circ-0005276-downregulated PCa cells.
**P < 0.01, ***P < 0.001
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nucleus32,33. Since FUS was identified to be abundantly
expressed in nucleus, we speculated that circ0005276 could
regulate XIAP expression through FUS at transcription
level. With the aid of bioinformatics tools, we compared
the DNA motif of FUS with the promoter sequences of
XIAP, founding that there existed binding sites between
FUS and XIAP promoter (Fig. 7a, b). Moreover, we
mutated the putative binding sites and found that the
luciferase activity of mutant reporter was not affected by
the knockdown of circ0005276 (Fig. 7c), suggesting the
function of this binding sequence. Then ChIP followed by
qPCR was performed to confirm the interaction between
FUS and XIAP promoter. It was validated that XIAP pro-
moter was highly expressed in the precipitates of anti-FUS
(Fig. 7d). According to DNA pull-down assay, circ0005276
and FUS can bind to the XIAP promoter to form a complex

(Fig. 7e). Luciferase reporter assay showed that silencing
either circ0005276 or FUS weakened the luciferase activity
of XIAP promoter reporter (Fig. 7f, g). Moreover, we
detected the effect of circ0005276 on the interaction
between FUS and XIAP promoter. Result of ChIP assay
indicated that silencing of circ0005276 impaired the affinity
of FUS to XIAP promoter (Fig. 7h). Collectively, these
results implied that circ0005276 co-functioned with FUS to
regulate XIAP expression.

XIAP rescued cell proliferation and migration suppressed
by circ0005276 and FUS
Next, we conducted rescue assays to demonstrate the

involvement of XIAP in the PCa progression mediated by
circ0005276 or FUS. CCK-8 assay and EdU revealed that
overexpression of XIAP reversed the cell proliferation

Fig. 6 FUS exerted oncogenic function in PCa by cooperating with circ0005276 to regulate XIAP. a Transfection efficiency of specific shRNAs
against FUS (sh-FUS#1/2/3) into PC-3 and DU145 cells. b–c Cell viability and proliferation in PC-3 and DU145 cells transfected with sh-FUS#1 or sh-NC.
d–e Migratory or invasive ability of FUS-downregulated PC-3 and DU145 cells. f–g The mRNA and protein level of XIAP in cells transfected with sh-
FUS#1 or sh-circ#1. *P < 0.05, **P < 0.01
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Fig. 7 Circ0005276 co-functioned with FUS to activate the transcription of XIAP. a DNA motif of FUS obtained from JASPAR. b Putative binding
sites between FUS and XIAP promoter. c The luciferase activity of reporters containing the putative binding sites or mutant binding sites was
examined in response to circ0005276 knockdown. d ChIP followed by qPCR validated the interaction between FUS and XIAP promoter. e DNA pull-
down assay revealed the binding of circ0005276/FUS complex to the XIAP promoter. f–g Luciferase reporter assay showed that silencing either
circ0005276 or FUS weakened the luciferase activity of XIAP promoter. h ChIP assay was conducted to determine the effect of circ0005276 silence on
the affinity of FUS to XIAP promoter. **P < 0.01
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Fig. 8 XIAP rescued cell proliferation and migration suppressed by circ0005276 and FUS. a–b Proliferation of FUS or circ0005276-
downregulated PCa cells in response to the overexpression of XIAP. c–d Migration or invasion in indicated PCa cells. *P < 0.05, **P < 0.01
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inhibited by the silencing of circ0005276 or FUS (Fig. 8a,
b). The migratory and invasive ability were impaired by
the knockdown of circ0005276 or FUS, while both
migration and invasion were recovered by the introduc-
tion of XIAP (Fig. 8c, d). Altogether, results above sug-
gested that circ0005276/FUS axis promoted cell
proliferation and migration via upregulating XIAP.

Discussion
Prostate cancer is frequent cancer which severely

threatened the health of males in the world. Nowadays,
more and more non-coding RNAs have been revealed to
be regulators in the tumorigenesis and development of
human cancers. Hence, present study aimed to identify
new therapeutic targets for PCa.
In current study, XIAP was found to be a mRNA which

was significantly upregulated in PCa samples. Upregula-
tion of XIAP was further validated in PCa tissues collected
from 90 patients with PCa. Notably, studies have disclosed
that XIAP is closely related to the initiation and pro-
gression of malignant tumors34,35. Thus, we conducted
further experiments to demonstrate the role of XIAP in
PCa. Searching from UCSC, we found that circ0005276 is
a circular RNA stem from XIAP. To analyze the role of
circ0005276 in PCa, we measured its expression level at
first. In consistent with XIAP, circ0005276 was also
expressed higher in PCa tissues. In the present study, we
silenced both XIAP and circ0005276 in PCa cell lines.
And we found the positive regulation of circ0005276 on
XIAP, but there was no significant effect of XIAP
knockdown on the circ0005276 expression. It has been
demonstrated previously, circRNAs can regulate tumor
progression by acting as oncogenes or tumor sup-
pressors36–39. Considering the relative high expression of
XIAP and circ0005276 in PCa tissues with advanced
tumor stage and metastasis, we hypothesized that they
might be two oncogenes in PCa progression. Functionally,
downregulation of XIAP or circ0005276 led to the
depletion of cell proliferation, invasion and migration.
Moreover, the EMT process was reversed in XIAP or
circ0005276-downregulated PCa cell lines.
In mechanism, circRNAs can exert function in human

cancers by interacting with RBPs25–27,31. According to the
cytoplasmic and nuclear localization of circ0005276, we
further applied mass spectrometry and pull-down assay to
screen out a RBP which can interact with circ0005276.
Combining with further mechanism experiments, we
determined the interaction between circ0005276 and FUS.
The expression association between circ0005276 and FUS
was demonstrated to be positive. As previously reported,
FUS can promote cell proliferation and migration in
malignant tumors40,41. Similarly, we explored the function
of FUS in two PCa cells through loss-of function assays.

According to the experimental results, we concluded that
FUS might be an oncogene in PCa by promoting cell
proliferation and migration.
It has been reported that FUS can transcriptionally

activate genes42. In the current study, we identified that
FUS and circ0005276 positively regulate XIAP in PCa cell
lines. Based on all above data, we hypothesized that
circ0005276 might interact with FUS to regulate the
transcription of XIAP in PCa. Accordingly, the effect of
FUS on the XIAP transcription was analyzed. The puta-
tive binding sites between FUS and XIAP promoter were
analyzed by using bioinformatics tools. Mechanism
experiments demonstrated the binding of FUS to XIAP
promoter. Combining with the positive regulation of FUS
on XIAP expression, we confirmed that FUS tran-
scriptionally activated XIAP. Finally, rescue assays
demonstrated that the reversal effect of XIAP on the
decreased cell proliferation and migration mediated by
the knockdown of FUS and circ0005276. Together, our
study firstly disclosed a novel circRNA0005276 as a
potential therapeutic marker in PCa by revealing that
circ0005276/FUS promoted the tumorigenesis and
development of PCa through regulating XIAP expression.
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