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ABSTRACT
◥

Docetaxel-based chemotherapy is a standard-of-care treatment
for metastatic prostate cancer, and chemoresistance remains a
major challenge in clinical practice. Recent studies have demon-
strated that circular RNAs (circRNA) play critical roles in the
development and progression of prostate cancer. However, the
biological roles and potential functions of circRNAs in mediating
docetaxel-resistant prostate cancer have yet to be well elucidated.
In this study, we analyzed the expression profiles of circRNAs in
docetaxel-resistant and -sensitive prostate cancer cells through
RNA sequencing and found that expression of circARHGAP29
was significantly upregulated in docetaxel-resistant cell lines and
clinical samples. Ectopic expression of circARHGAP29 triggered
docetaxel resistance and aerobic glycolysis in prostate cancer
cells, which was reduced by silencing circARHGAP29. Moreover,
eukaryotic initiation factor 4A3, which bound the back-spliced
junction site and the downstream flanking sequence of

circARHGAP29, induced cyclization and cytoplasmic export of
circARHGAP29. circARHGAP29 increased the stability of lactate
dehydrogenase A (LDHA) mRNA by strengthening its inte-
raction with insulin-like growth factor 2 mRNA-binding protein
2, leading to enhanced glycolytic metabolism. In addition,
circARHGAP29 interacted with and stabilized c-Myc mRNA and
protein, which further increased LDHA expression by facilitating
its transcription. These findings reveal the crucial function of
circARHGAP29 in prostate cancer glycolysis by increasing and
stabilizing LDHA mRNA, providing a promising therapeutic
target in docetaxel-resistant prostate cancer.

Significance: Upregulation of a novel circRNA, circARHGAP29,
promotes docetaxel resistance and glycolytic metabolism, suggest-
ing it could be a prognostic biomarker and therapeutic target in
chemoresistant prostate cancer.

Introduction
Prostate cancer ranks as the most common malignancy and the

second leading cause of cancer-related deaths among men, with an
estimated 248,530 new cases and 34,130 deaths in 2021 in the United
States (1). For patients with metastatic prostate cancer, the prognosis
remains poor despite improvements in second-generation antiandro-
gens abiraterone acetate and enzalutamide. Docetaxel-based chemo-
therapy has been used as one of the first-line treatments for metastatic
prostate cancer since 2004 (2). Although some patients withmetastatic
prostate cancer are responsive to docetaxel, there are still many
patients who are intolerant or unresponsive to docetaxel. The devel-

opment of docetaxel-resistant prostate cancer is a complex process that
features genetic and epigenetic abnormalities (3, 4). Under these
circumstances, a better comprehension of the mechanisms underlying
the development of docetaxel resistance in patients with prostate
cancer will represent a major step forward in optimizing patient
outcomes.

Circular RNAs (circRNA), which are a newly discovered class
of noncoding RNAs, are generated from back-splicing of pre-
mRNA to form covalently closed transcripts (5). Previous
studies have demonstrated that circRNAs can serve as miRNA
sponges to affect translational processing. In addition, circRNAs
can also interact with different proteins to form specific circRNA-
protein complexes that subsequently influence the modes of
action of associated proteins (5, 6). Notably, recent studies have
described an emerging picture of circRNAs in prostate cancer,
with tumor-promoting or inhibiting properties (7, 8). Neverthe-
less, the regulatory functions and complexities of circRNAs in
modulating docetaxel resistance in prostate cancer have yet to be
revealed.

Aerobic glycolysis, also termed the Warburg effect, is the most
distinguishing difference between normal cells and malignant tumor
cells. Cancer cells consume high levels of glucose, use enhanced
glycolysis as the major energy metabolism pathway, and secrete high
levels of lactic acid, where lactate dehydrogenase A (LDHA) is known
as a key regulator of aerobic glycolysis, producing lactate from
pyruvate (9, 10). Recent studies have demonstrated the roles of glucose
metabolic reprogramming in chemoresistance among various can-
cers (11, 12). In 2020, Sun and colleagues revealed that Aurora-A
regulated glucose metabolism to induce cisplatin resistance by par-
ticipating in the SOX8/FOXK1 signaling axis in ovarian cancer
cells (13). Zhou and colleagues reported that LDHA was a potential
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therapeutic target for overcoming paclitaxel resistance and resensitiz-
ing breast cancer cells to paclitaxel (14). Besides, LDHA inhibitor
catechin has been shown to be able to resensitize SNU620/5FU gastric
cancer cells to 5-Fluorouracil (15). However, it is unclear whether
circRNAs can mediate prostate cancer chemoresistance through
anaerobic glycolysis, and what are the roles and potential mechanisms
of circRNAs in this process.

In the current study, we discovered that circARHGAP29, a circRNA
generated from the circularization of the ARHGAP29 gene, was
significantly upregulated in docetaxel-resistant prostate cancer cell
lines and clinical samples. Subsequent studies showed that
circARHGAP29 could promote docetaxel resistance and glycolysis in
prostate cancer in vitro and in vivo. We further identified that
eukaryotic initiation factor 4A3 (EIF4A3) induced the cyclization and
cytoplasmic export of circARHGAP29 by binding with its back-spliced
junction site and the downstream flanking sequence. In addition,
circARHGAP29 could bind to the insulin-like growth factor 2 mRNA-
binding protein 2 (IGF2BP2) protein to stabilize LDHA mRNA.
Moreover, circARHGAP29may stabilize the mRNA and protein levels
of c-Myc, thus promoting LDHA expression at the transcriptional
level. Taken together, our study delineated the novel roles of
circARHGAP29 in the regulation of glycolytic metabolism for doc-
etaxel resistance, providing potential targets for the therapeutic inter-
vention of prostate cancer.

Materials and Methods
Collection of clinical samples

This study was approved by the Ethics Committee of the Second
Hospital of Tianjin Medical University, and written informed
consent was obtained from all patients before the research started.
The study was conducted in accordance with recognized ethical
principles described in the Declaration of Helsinki. A total of 42
pairs of cancer tissues and paracancer samples were collected from
patients with localized prostate cancer who underwent radical
prostatectomy, as previously described (16). All samples were
immediately snap-frozen in liquid nitrogen and stored at �80�C.
Moreover, we collected blood samples from an additional 33
patients with metastatic prostate cancer who underwent at least
4 cycles of docetaxel-based chemotherapy at the Second Hospital of
Tianjin Medical University from January 2020 to January 2021.
Blood samples were centrifuged at 1500 � g for 10 minutes at 4�C,
and the serum was collected and stored at �80�C for future
analysis. Histologic and pathologic diagnoses were confirmed by
at least two experienced histopathologists independently according
to the criteria of the sixth edition TNM classification. The char-
acteristics of patients with localized prostate cancer were listed in
Supplementary Table S1.

Cell culture and treatment
The human prostate cancer cell lines PC3 and 22RV1 were pur-

chased from the National Collection of Authenticated Cell Culture.
The PC3 and 22RV1 cells were maintained in DMEM/F12 medium
supplemented with 10% FBS (Biological Industries, Israel) and 1%
penicillin-streptomycin in a humidified incubator at 37�C with 5%
CO2. Docetaxel-resistant cell lines were derived from the original
parental cell lines by continuous exposure to docetaxel, as previously
described (16, 17). Human 293T cells were cultured in DMEM
supplemented with 10% FBS. Docetaxel, cycloheximide, bortezomib,
and FX11were purchased fromMedChemExpress, and actinomycinD
(ActD) was purchased from Sigma-Aldrich.

Cell growth, colony formation, and cytotoxicity
Cells were seeded in 96-well plates, and cell viability was evaluated

with aCell CountingKit 8 (CCK-8,Dojindo). For the colony formation
assay, cells were seeded in 6-well plates, and cultured colonies were
stained with 0.1% crystal violet. In addition, cell proliferation was
measured by EdU Incorporation Assays (Riobio). Briefly, cells seeded
in 96-well plates were treated with docetaxel for 48 hours and labeled
with 50 mmol/L EdU for an additional 2 hours. Then, the cells were
fixed with 4% paraformaldehyde in PBS and stained with 1� Apollo
medium. Finally, the cells were subjected to nuclear staining with
DAPI for 30 minutes.

Glucose uptake, lactate production, and LDH activities
For the measurement of glucose consumption, lactate production,

and LDH activities, cell supernatant was harvested and analyzed by a
Glucose Assay Kit (Dojindo), a Lactate Assay Kit (Dojindo), and an
LDHA Activities Kit (Abbkine) according to the manufacturer’s
instructions. In brief, a total of 2,000 cells were seeded in each well
of a 96-well plate and incubated for 48 hours. After that, 20 mL of cell
culture supernatant were transferred into a nonsterile 96-well plate
and diluted with 180 mL ultrapure water. To detect the extracellular
glucose content, we added 50 mL of diluted samples to 50 mL of glucose
mixture. After 30 minutes of incubation at 37�C, the absorbance at
450 nm was measured on a plate reader. For the detection of lactate
production, 20 mL of diluted samples and 80 mL lactate mixture were
added into a clear 96-well plate. The platewas incubated for 30minutes
at 37�C in the dark before the absorbance at 450 nmwasmeasured. To
measure the LDH activities, we added 50 mL of diluted samples and
50 mL LDH mixture into a new 96-well plate. Then, we detected the
absorbance at 450 nm before and after 30-minute incubation at 37�C.

RNA isolation, RNase R treatment, and qRT-PCR
Total RNA was isolated from cell lines and clinical samples using

TRIeasy Reagent (Yeasen). In addition, nuclear and cytoplasmic RNA
was extracted using a PARIS Kit (Thermo Fisher Scientific). For RNase
R treatment, 1mg of RNAwas incubated for 20minutes at 37�Cwith or
without 2 U of RNase R (Geneseed). Reverse transcription was
performed to synthesize cDNA using the circRNA qPCR Kit (Gene-
seed). Real-time PCR analyses were performed using Hieff SYBR
GreenMaster Mix (Yeasen). The relative expression levels of circRNA
andmRNAwere calculated using the 2 –DDCt method.b-Actinwas used
as an internal control to normalize the expression of target genes.
Primer sequences are listed in Supplementary Table S2.

RNA sequencing
Total RNA was isolated from docetaxel-resistant PC3/DR and

sensitive PC3 cells by TRIzol Reagent (Invitrogen). RNA quantifica-
tion and quality assessment were performed by Qubit 3.0 and Agilent
2100 Bioanalyzer. Next, RiboZero rRNA Removal Kit was used to
deplete rRNA following the manufacturer’s protocols. The rRNA-
depleted RNA samples were fragmented into small pieces randomly
and synthesized cDNA with random primer. Besides, the AMPure XP
Kit (Beckman Coulter) was used to purify with the PCR amplification
products of cDNA. Then, the Illumina HiSeq 4000 system (Illumina)
was used to collect sequencing data following the standard procedures
by Geneseed. For circRNA expression analysis, the reads weremapped
to the genome using STAR software, and DCC algorithm was used to
identify the circRNA and to estimate the circRNA expression.
Trimmed mean of M-values was used to normalize the gene expres-
sion. The differentially expressed genes were assessed by the Biocon-
ductor package edgeR.
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RNA stability assay
RNA stability was determined using ActD treatment. In short,

cells were seeded in 6-well plates. At 80% confluence, cells were treated
with 5 mg/mL of ActD for 0, 8, or 18 hours before RNA isolation.
The circARHGAP29 and LDHA mRNA levels were detected by the
qRT-PCR assay.

Plasmids and transfection
To construct circARHGAP29 overexpression (OE) plasmids,

human circARHGAP29 cDNA was synthesized and cloned into the
pLC5-ciR vector (Geneseed). In addition, the full-length cDNAs of
human EIF4A3, IGF2BP2, c-Myc, and their mutants were cloned
into the CMV-MCS-3�Flag-PGK-Puro vector (Hanyin). siRNAs
specific for circARHGAP29, EIF4A3, IGF2BP2, c-Myc, and LDHA
were designed and synthesized by RiboBio. To knockdown(KD)
the expression of circARHGAP29, oligonucleotides encoding
short hairpin RNAs (shRNA) specific for circARHGAP29 were
cloned into the GV112 lentivirus vector (GeneChem). For transient
transfection of siRNAs, we used Lipofectamine 2000 Reagent
(Invitrogen). In addition, cells were infected by lentivirus in the
presence of polybrene (8 mg/mL) and screened by 2 mg/mL of
puromycin (Sigma-Aldrich) for 2 weeks to obtain stable cell lines.
The sequences of shRNA and siRNAs used are listed in Supple-
mentary Table S2.

RNA pulldown assay, silver staining, and mass spectrometry
analysis

RNA pulldown assays were conducted using a Pierce Magnetic
RNA-Protein Pull-Down Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol. Biotin-labeled probes targeting the
junction sites of circARHGAP29, the upstream and downstream
flanking sequences of circARHGAP29, and the LDHA 30UTR
sequence were synthesized by GenePharma. Cellular lysates were
incubated with a biotin-labeled probe, and the protein samples were
further identified by Western blot. Silver staining was performed
using the Fast Silver Staining Kit (Beyotime) as described in the
protocol, and the mass spectrometry analysis was performed by
H-Wayen. Protein identification and quantification were accom-
plished using Proteome Discoverer Software 2.4 (Thermo Fisher
Scientific).

Western blotting
Tissues and cells were lysed on ice with RIPA lysis buffer containing

1 � protease inhibitor cocktail (Sigma-Aldrich). Equal amounts of
proteins were loaded into a 10% SDS-PAGE gel and transferred
to nitrocellulose membranes. The membranes were incubated with
primary antibodies against EIF4A3 (1:1,000, ProteinTech), IGF2BP2
(1:2,000, ProteinTech), c-Myc (1:1,000, Abcam), and LDHA (1:2,000,
Santa Cruz Biotechnology) overnight at 4�C. Then, the membranes
were further incubated with secondary antibodies for 1 hour at room
temperature. Finally, the protein bands were detected using a Pierce
ECL Western Blotting kit (Thermo Fisher Scientific) with an imaging
system.

RNA immunoprecipitation
RNA immunoprecipitation (RIP) assays were performed with

the Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore) according to the manufacturer’s protocol. The coprecipi-
tated RNA was examined using qRT-PCR with specific primers. The
primer sequences are listed in Supplementary Table S2.

Dual-luciferase reporter assay
To evaluate the stability of LHDA mRNA, we constructed the

LDHA wild-type (WT) 30UTR and binding motif-mutated 30UTR
vector in PHY-811 plasmids (Hanyin). In brief, PC3 cells were seeded
in 24-well plates at a density of 5� 104 cells per well. Then, cells were
cotransfected with the above WT or mutant luciferase reporter plas-
mids and the relevant siRNAs using the Lipofectamine 2000. After
48 hours, the luciferase activity was measured using a Dual-Luciferase
Reporter Assay System according to the manufacturer’s instructions
(Promega). Firefly luciferase activity was normalized to the corre-
sponding Renilla luciferase activity. To validate the transcription of
LDHA by c-Myc, we cloned the LDHApromoter sequence fromþ0 to
�2,000 into the PHY-803 vector (Hanyin). Subsequently, PHY-LDHA
reporter plasmids and c-Myc expression plasmids were transferred
together into PC3 cells, and the luciferase activities were measured by
using a Dual-Luciferase Reporter Assay System.

FISH and immunofluorescence
A Cy3-labeled probe specific to circARHGAP29 was designed and

synthesized by RiboBio, and a FISH assay was performed using a
Fluorescent In Situ Hybridization Kit (RiboBio). Briefly, cells were
fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton
X-100 (Solarbio). Hybridization was performed at 37�C overnight in a
dark, humid chamber. After beingwashed three times in saline sodium
citrate buffer, the coverslips were sealed with parafilm containing
DAPI. For immunofluorescence, cells were fixed and permeabilized
accordingly. After washing twice with PBS, cells were blocked with 5%
BSA for 30 minutes at 37�C and incubated with IGF2BP2 antibody
overnight at 4�C. The next day, the cells were washed with PBS and
then incubatedwith the corresponding secondary fluorescent antibody
for 30 minutes at 37�C, followed by sealing with parafilm containing
DAPI. Fluorescent images were acquired using a confocal laser
scanning microscope (Olympus).

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed

using a ChIP Assay Kit (Millipore) according to the manufacturer’s
instructions. Briefly, cells were fixed with 1% formaldehyde for 10
minutes at room temperature and washed three times with cold PBS.
Fixed cells were resuspended in lysis buffer and then subjected to
sonication to shear DNA into fragments with lengths between 200 and
1,000 bp. After centrifugation, a small aliquot of chromatin was saved
as an input control, and the rest was diluted in dilution buffer. The
diluted chromatin was incubated with 1 mg of the corresponding
antibody or normal immunoglobulin G. Immunoprecipitated DNA
was purified and then analyzed by qRT-PCR. The antibodies usedwere
anti–c-Myc (Abcam) and normal IgG (ProteinTech). The primer
sequences are listed in Supplementary Table S2.

Tumor xenograft model
All animals were housed according to institutional guidelines and

experiments were approved by the Animal Care Committee of
Tianjin Medical University. Six-week-old male BALB/c nude mice
were purchased from HFK Biosciences and preserved in an SPF-grade
animal laboratory. Twenty-four nude mice were randomly divided
into four groups, and a total of 5� 106 cells were injected into the left
flanks of nude mice subcutaneously. For drug treatment, mice were
treated with or without docetaxel (5-mg/kg body weight) via intra-
peritoneal injection twice per week for 2 weeks. The tumor volumewas
measured every 3 days, and the final weight was recorded after
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sacrifice. Tumor volumes were calculated as length � width2 � 0.5.
After 4 weeks, all mice were sacrificed, and the tumors were harvested
and weighed.

Histology and IHC
Tumor tissues were fixed in 4%paraformaldehyde and embedded in

paraffin. Sections were then processed for hematoxylin and eosin
(H&E) and IHC. Primary antibodies specific for Ki-67 (1:5,000,
ProteinTech), c-Myc (1:500, ProteinTech), and LDHA (1:5,000, Santa
Cruz Biotechnology) were used. All images were recorded with an
Olympus BX-51 light microscope.

Statistical analysis
All statistical analyses were performed using Prism 8.0 (GraphPad

Software Inc.). Data were shown as themean� SD. The significance of
intergroup differences was estimated with Student t test or one-way
ANOVA. Correlations were analyzed by Pearson correlation test. All
results were reproduced across triplicate experiments. Statistical sig-
nificance was considered to be indicated by P < 0.05.

Ethics approval and consent to participate
The current study was approved by the Ethics Committee of the

Second Hospital of Tianjin Medical University (KY2018K028).

Results
Elevated expression of circARHGAP29 in docetaxel-resistant
prostate cancer cells and clinical samples

To explore the specific role and possible mechanisms of circRNA
in docetaxel-resistant prostate cancer, we established two docetaxel-
resistant prostate cancer cell lines as previously described (13, 14).
Cell viability and colony formation verified chemoresistance (Sup-
plementary Fig. S1A–S1D). Subsequently, we performed an RNA
sequencing (RNA-seq) of ribosomal RNA-depleted total RNA, and
the expression levels of circRNA transcripts varied between doc-
etaxel-resistant PC3/DR cells and counterpart PC3 cells. Among the
differentially expressed circRNAs, 52 were upregulated and 21 were
downregulated in docetaxel-resistant cells relative to sensitive cells
(fold change > 1.5 and P value <0.05; Fig. 1A and B). Subsequently,
we selected the top 10 upregulated circRNAs according to the
inclusion criteria for further validation by qRT-PCR (Supplemen-
tary Fig. S1E). Hsa_circ_0003310 (termed circARHGAP29), which
was expressed at the highest level among these circRNAs, attracted
our attention (Supplementary Fig. S1F). Consistent with the
RNA-seq results, circARHGAP29 was remarkably upregulated
circRNA in docetaxel-resistant prostate cancer cells compared with
sensitive cell lines (Fig. 1C). However, the expression of linear
ARHGAP29 mRNA showed no significant difference between
docetaxel-resistant cell lines and docetaxel-sensitive cells (Supple-
mentary Fig. S1G and S1H). Using bioinformatic methods (circBase
and circBank), we found that circARHGAP29 was a 372-nt circRNA
derived from exons 21 and 22 within the ARHGAP29 locus, the
back-spliced junction point of which was amplified with divergent
primers and validated by Sanger sequencing (Fig. 1D). To further
confirm the circular characteristics of circARHGAP29, the head-
to-tail splicing of endogenous circARHGAP29 was assessed by
qRT-PCR with convergent and divergent primers. As expected,
circARHGAP29 could be amplified by divergent primers in cDNA
but not genomic DNA (Fig. 1E). Resistance to digestion with RNase
R exonuclease also confirmed that circARHGAP29 harbored a
circRNA structure (Fig. 1F). Moreover, circARHGAP29 transcripts

were more stable than ARHGAP29 and GAPDH mRNA upon
treatment with ActD (Fig. 1G). In addition, we further detected
the subcellular location of circARHGAP29 by nuclear/cytoplasmic
fractionation assay and FISH assay. The results showed that
circARHGAP29 was predominantly located in the cytoplasm of
PC3/DR cells compared with PC3 cells (Fig. 1H and I). In addition,
the expression of circARHGAP29 was upregulated in human pri-
mary prostate cancer tissues compared with paired adjacent sam-
ples (Fig. 1J). The increased circARHAP29 was especially detected
in patients with prostate cancer with higher Gleason grade and in
more advanced clinical tumor stages. However, circARHAP29
expression showed no correlation with age, prostate-specific antigen
level, and lymph-nodes status (Supplementary Table S1). Moreover,
we next explored whether circARHGAP29 could be used to predict
docetaxel response in patients with metastatic prostate cancer. As
shown in Fig. 1K, the average level of circARHGAP29 in pretherapy
plasma was higher in patients who suffered from progressive disease
(PD) during docetaxel therapy than in those without PD. Therefore,
these findings indicated that circARHGAP29 might contribute to
the docetaxel resistance in prostate cancer.

circARHGAP29 promotes docetaxel resistance in prostate
cancer cells

To explore the functional role of circARHGAP29 in docetaxel-
resistant prostate cancer cells, we constructed and transfected
circARHGAP29 plasmid into PC3 cells and 22RV1 cells, and the
efficacy was further verified through qRT-PCR assay (Fig. 2A;
Supplementary Fig. S2A). Subsequently, cell viability was evaluated
with CCK-8 and EdU assays, which indicated that circARHGAP29
promoted docetaxel resistance of both PC3 cells (Fig. 2B and C)
and 22RV1 cells (Supplementary Fig. S2B). Cell colony formation
was also maintained in the presence of docetaxel when prostate
cancer cells were transfected with circARHGAP29 plasmids
(Fig. 2D; Supplementary Fig. S2C). In addition, we designed two
circARHGAP29 siRNAs that specifically targeted their back-
splicing sites (Supplementary Fig. S2D). The KD efficiency was
further verified by qRT-PCR assay, and siRNA #1 provided the
most effective KD (Fig. 2E). However, there was no significant
difference in ARHGAP29mRNA expression in circARHGAP29-KD
cells (Supplementary Fig. S2E). Subsequent cell viability and
colony formation assays also confirmed that downregulation of
circARHGAP29 by using two siRNA molecules reduced the sen-
sitivity of cells to docetaxel (Fig. 2F–H; Supplementary Fig. S2F
and S2G). To determine whether circARHGAP29 is an alternative
therapeutic target that could improve docetaxel-based therapy
in docetaxel-resistant cancers, we constructed circARHGAP29
shRNA using the sequence of siRNA #1 to stably knock-down
the expression of circARHGAP29 in PC3/DR cells. After that,
PC3/DR cells stably transfected with shRNA-circARHGAP29 or
control vector were injected into BALB/c nude mice subcutane-
ously, followed by intraperitoneal DMSO and docetaxel treatment
(Supplementary Fig. S2H). Supporting the results obtained in vitro,
as shown in Fig. 2I–K, KD of circARHGAP29 strikingly decreased
the tumor volumes and weights and weakened the docetaxel
resistance of PC3/DR cells. Importantly, H&E and IHC analysis
revealed an obvious reduction of tumor sizes and the inhibition of
Ki-67 in the circARHGAP29-KD group upon docetaxel treatment
compared with the control group (Fig. 2L). Together, these find-
ings indicated that circARHGAP29 could promote tumor growth
and was essential for the sensitivity of prostate cancer cells to
docetaxel chemotherapy.
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EIF4A3 induces the cyclization and cytoplasmic export of
circARHGAP29

Previous studies demonstrated that some RNA-binding proteins
(RBP) can bind to circRNA flanking intron sequences, playing an
important role in the generation of circRNAs (18). Therefore, to
further explore how circARHGAP29 was upregulated in docetaxel-
resistant prostate cancer, we searched the circInteractome and
circAltas databases to predict potential RBP sites in the flanking
regions of circARHGAP29, and found that EIF4A3 had the most
possible binding sites (Supplementary Fig. S3A and S3B). To verify
the ability of EIF4A3 to bind to circARHGAP29 flanking sequences, we

performed an RNA pulldown assay using specific biotin-labeled
probes. As illustrated in Fig. 3A–C, EIF4A3 could bind to both the
back-spliced junction site and the downstream flanking sequence of
circARHGAP29, but not the upstream sequences. In addition, the RIP
assay also identified that endogenous EIF4A3 could bind with the
back-spliced junction site (named b) and three downstream putative
binding sites (named c, d, and e) but not the upstream sites (named
a; Fig. 3D). By performing FISH-IF assays, we confirmed that the
cytoplasmic expression levels of EIF4A3 and circARHGAP29 were
increased in PD3/DR cells comparedwith PC3 cells (Fig. 3E). Previous
studies have shown that EIF4A3 could mediate RNA splicing and the
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Figure 1.

circARHGAP29 is verified and characterized in docetaxel-resistant prostate cancer cells and clinical samples. A and B, Heatmap and volcano plot represent the
differentially expressed circRNAs in docetaxel-resistant PC3/DR cells and counterpart PC3 cells. The red and green represent the upregulated and downregulated
circRNAs. Arrow, hsa_circ_0003310 (termed circARHGAP29). C, The expression of circARHGAP29was detected by qRT-PCR in docetaxel-resistant prostate cancer
cells (PC3/DR and 22RV1/DR) and sensitive cell lines (PC3 and 22RV1). D, Schematic illustration of circARHGAP29 formation via the circularization from exons 21 to
exon 22 in the ARHGAP29 gene. The back-splice junction sequenceswere confirmed by Sanger sequencing. E, The existence of circARHGAP29 from cDNAand gDNA
in PC3 cells was detected by RT-PCR with the divergent and convergent primers. GAPDH was used as a linear control. F and G, The relative expression of
circARHGAP29, ARHGAP29, andGAPDHwasmeasured by qRT-PCR after treatment with ActD andRNaseR.H,Nuclear–cytoplasmic fractionation assaywas used to
assess the intracellular location of circARHGAP29 in PC3/DR and PC3 cells. U1 was considered as a nuclear control and GAPDH was used as a cytoplasmic protein
control. I, The subcellular location of circARHGAP29was also evaluated by FISH assays. Nuclei were stained with DAPI. J, The relative expression of circARHGAP29
was detected by qRT-PCR in 42 pairs of primary prostate cancer tissues and paracancer samples. K, qRT-PCR analysis of circARHGAP29 in the pretherapy plasma of
patients with prostate cancer with PD (n¼ 15) or nonPD (n¼ 18) during docetaxel therapy. The data are presented as the mean� SD of at least three independent
experiments. � , P <0.05.
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nuclear export of spliced RNA (19). Thus, we speculated that EIF4A3
could also promote the cyclization and cytoplasmic export of
circARHGAP29. As shown in Fig. 3F, inhibition of EIF4A3 led to a
reduction of circARHGAP29. Interestingly, we observed a clear reduc-

tion of cytoplasmic circARHGAP29 levels in PC3/DR and 22RV1/DR
cells upon EIF4A3 KDknockdown (Fig. 3G and H). To further
elucidate the binding sites of EIF4A3 in the circARHGAP29
pre-mRNA transcript, we searched by the catRAPID algorithm and
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Figure 2.

circARHGAP29 increases cell proliferation anddocetaxel resistance in prostate cancer cells.A, The efficiency of circARHGAP29OE in PC3 and 22RV1 cellswas verified
byqRT-PCR.B,Cellswere treatedwith different dosages of docetaxel (concentration of0, 10, 20, 40, 80, and 160nmol/L) for 72 hours, and cell viabilitywas evaluated
by a CCK-8 assay. C and D, EdU and colony formation assays were used to assess cell survival in circARHGAP29-OE PC3 cells after 20 nmol/L docetaxel treatment.
E,The relative expression of circARHGAP29wasdetectedby qRT-PCR in PC3/DRand22RV1/DR cells after transfectionwith circARHGAP29 siRNAand control siRNA.
F–H,CCK-8, EdU, and colony formation assayswere used to evaluate the cell growth anddocetaxel resistance in PC3/DR cells after transfectionwith sicircARHGAP29
#1 or #2. I,Representative images of xenograft tumors of circARHGAP29-KDPC3/DRgroup (shRNA#1) and their control group (shNC) after being treatedwith either
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Figure 3.

TheRNAbindingprotein EIF4A3 regulates the expression of circARHGAP29.A,Thebinding sites for EIF4A3 in theflanking sequences ofARHGAP29mRNA transcript
were predicted using CircInteractome. B, The RNA-protein pulldown assay and fast silver staining were performed to illustrate the possible binding proteins in the
circARHGAP29 flanking sequences. Upstream biotin-labeled probe contains the predicted upstream binding sequences (�605 to �131), circARHGAP29 probe
contains the back-spliced junction site, and downstream probe contains three possible downstream sequences (þ501 toþ996). C,Western blot was used to verify
the interaction between EIF4A3 and circARHGAP29 flanking sequences. D, RIP assay was performed to identify the putative binding sites of EIF4A3 in the
circARHGAP29 pre-mRNA transcript. E, The subcellular location of EIF4A3 and circARHGAP29 in PC3/DR and PC3 cells was detected by immunofluorescence and
FISH assay. Nuclei were stained with DAPI. F, The relative expression of EIF4A3 and circARHGAP29was evaluated by qRT-PCR in PC3/DR and 22RV1/DR cells after
transfection with siEIF4A3 #1 and control siRNA. G and H, Nuclear–cytoplasmic fractionation and FISH-IF assays were used to evaluate the cytoplasmic export of
circARHGAP29 in PC3/DR and 22RV1/DR cells upon EIF4A3 KD. I, The illustration of theWT and deletionmutant (D161–212 aa) expression plasmids for EIF4A3. J, The
relative expression of circARHGAP29was detected in EIF4A3-KD PC3/DR cells after transfection with EIF4A3WT or deletion mutant plasmids by qRT-PCR. K and L,
ThemRNAandprotein levels of EIF4A3were evaluatedbyqRT-PCRandWesternblot in docetaxel-resistant prostate cancer cells (PC3/DRand22RV1/DR) compared
with sensitive cell lines (PC3 and 22RV1). ImageJ was used to compare the density of bands on Western blot. M, The cell viability was evaluated by CCK-8 assay in
PC3/DR cells transfected with EIF4A3 siRNA#1 and/or circARHGAP29 expression plasmids upon docetaxel (DTX; 50 nmol/L) or DMSO treatment.N, The expression
of EIF4A3 was detected by qRT-PCR in primary prostate cancer samples and their paracancer tissues. O, The correlation between EIF4A3 and circARHGAP29
expression in clinical prostate cancer samples was assessed by the Spearman correlation analysis. The data are presented as the means � SD of at least three
independent experiments. � , P <0.05.
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identified the 161–212 aa peptide of EIF4A3 as a possible interaction
region (Supplementary Fig. S3C and S3D). Consequently, we con-
structed WT and deletion mutant (D161–212 aa) expression plasmids
for EIF4A3 (Fig. 3I). Ectopic expression of WT EIF4A3, but not the
deletion form, restrained the EIF4A3-KDknockdown–induced inhi-
bition of circARHGAP29 in the PC3/DR cells (Fig. 3J). In contrast,
silencing circARHGAP29 did not change the EIF4A3 mRNA and
protein levels (Supplementary Fig. S3E and S3F). As expected, we
found that the mRNA and protein levels of EIF4A3 were upregulated
in docetaxel-resistant cell lines (Fig. 3K and L). CCK-8 assay showed
that silencing of EIF4A3 increased the cytotoxicity of docetaxel
in PC3/DR cells, whereas ectopic expression of circARHGAP29
restrained the docetaxel-resistant phenotype (Fig. 3M). In addition,
elevated EIF4A3 expression was also identified in primary prostate
cancer samples compared with their adjacent tissues, and there was a
positive correlation between circARHGAP29 and EIF4A3 in prostate
cancer samples (Fig. 3N and O). Moreover, the GEPIA database
indicated that the expression level of EIF4A3 was markedly increased
in prostate cancer samples compared with normal tissues, and patients
with high EIF4A3 expression had a shorter disease-free survival time
than those with low expression (Supplementary Fig. S3G–S3I). Taken
together, EIF4A3 induces the cyclization and cytoplasmic export of
circARHGAP29 by the 161–212 aa binding sites of EIF4A3 and the
back-spliced junction site and the downstream flanking sequences of
circARHGAP29.

circARHGAP29 interacts with the IGF2BP2 protein through the
KH3–4 domain

After database analysis (circRNADb), we found that circARHGAP29
does not have an internal ribosome entry site and open reading frame
regions, meaning that circARHGAP29 does not have protein- or
peptide-encoding features (Supplementary Fig. S4A). To determine
whether cytoplasm-localized circARHGAP29 functions as a miRNA
sponge, we analyzed argonaute 2 (Ago2) cross-linking immunopre-
cipitation and high throughput sequencing (CLIP-seq) data and found
that circARHGAP29 did not bind to Ago2, which was supported by the
Ago2 reciprocal RNA pulldown and RIP assay (Supplementary
Fig. S4B and S4C). Thus, we ruled out the function of circARHGAP29
as a miRNA sponge in prostate cancer progression. Given that
circARHGAP29 is mainly located in the cytoplasm, we next performed
an RNA pulldown assay to explore its protein-binding role using
biotinylated probes targeting the circARHGAP29 back-spliced
sequence. After silver staining and mass spectrometry analysis, a
major differential band precipitated in PC3/DR lysates was identified
to be the IGF2BP2 protein (Figs. 3A and 4A), which was further
predicted by the circAltas database (Supplementary Fig. S4B).
Subsequently, the interaction between endogenous IGF2BP2 and
circARHGAP29 was further validated by probing the immunopre-
cipitates by anti-IGF2BP2 antibody and RIP assay (Fig. 4B and C).
FISH-IF assay identified the colocalization of endogenous
circARHGAP29 and IGF2BP2 in the cytoplasm, indicating that
circARHGAP29/IGF2BP2 forms an RNA-protein complex in the
cytoplasm (Fig. 4D). Consistent with the elevated expression of
circARHGAP29, qRT-PCR and Western blot assay revealed that
PC3/DR and 22RV1/DR cells had higher expression levels of
IGF2BP2 than control cells (Fig. 4E and F). Moreover, the serum
IGF2BP2 level was slightly upregulated in docetaxel-resistant
patients with prostate cancer compared with those of docetaxel-
sensitive patients with prostate cancer (Fig. 4G). However, either
KD or OE of circARHGAP29 did not alter IGF2BP2 expression
levels, indicating that circARHGAP29 was not involved in the

posttranslational regulation of IGF2BP2 (Supplementary Fig. S4D).
To delineate which domain of IGF2BP2 contributes to the inter-
action with circARHGAP29, we searched by the catRAPID algo-
rithm and found that the 476–527 aa peptide of IGF2BP2 was
the possible interaction region (Fig. 4H; Supplementary Fig. S4E).
Consequently, an anti-Flag RIP assay revealed that removal of the
binding sites (aa476–527) of IGF2BP2 abolished its association with
circARHGAP29, suggesting that the region between KH3 and KH4
of IGF2BP2 specifically bound to circARHGAP29 (Fig. 4I). CCK-8
assay showed that inhibition of IGF2BP2 increased the cytotoxicity of
docetaxel in PC3/DR cells, while ectopic expression of IGF2BP2-WT
restrained the above phenotype (Fig. 4J). In summary, these results
showed that circARHGAP29/IGF2BP2 formed an RNA-protein com-
plex through the region linking KH3 and KH4 domains of IGF2BP2 in
docetaxel-resistant prostate cancer cells.

circARHGAP29/IGF2BP2 promotes the stability of LDHAmRNA
levels

IGF2BP2 has been suggested as an m6A reader governing mRNA
stability (20–22).We assumed that circARHGAP29may regulatemRNA
stability through its interaction with IGF2BP2. To confirm this hypoth-
esis, we performed RNA-seq analyses in circARHGAP29-KD PC3/DR
cells. A total of 195 mRNAs showed a significant decrease in mRNA
levels upon circARHGAP29 silencing (fold change < 0.6; Fig. 5A). It
has been reported that IGF2BP2 preferentially binds to the 30UTRs of
targetmRNAs (21, 22). Therefore, among 195 downregulatedmRNAs,
we screened IGF2BP2-binding 30UTRs from published RBP CLIP-Seq
data sets (starBase) and identified 5 mRNAs bound by IGF2BP2
(Fig. 5B). After screening the literature, two chemoresistance-
related genes (LDHA and c-Myc) were identified as potential targets
of circARHGAP29 and IGF2BP2. Subsequently, we found the mRNA
and protein level of LDHA were decreased upon circARHGAP29 or
IGF2BP2 KD in PC3/DR and 22RV1/DR cells (Fig. 5C and D). Since
previous study illustrated that IGF2BP proteins preferentially bind to
the “UGGAC” consensus sequence in the 30UTRs, we therefore
predicted a protein-RNA interaction between IGF2BP2 and LDHA
by bioinformatic analysis (starBase; Fig. 5E; Supplementary Fig. S5A
and S5B; ref. 22). Consequently, we carried out the RNA pulldown
assays using a biotin-labeled 30UTR fragment of LDHA containing the
predicted binding motif. The results showed that a significant enrich-
ment of IGF2BP2 protein binds to the LDHA 30UTR sequence
compared with the negative control (Fig. 5F). To further investigate
whether IGF2BP2 is indispensable for LDHAmRNA stabilization, we
performed an RIP assay using an antibody specifically against Flag.
qRT-PCR results revealed that LDHA mRNA were significantly
enriched in Flag-coprecipitated RNA fragments of IGF2BP2-WT cells
compared with those of IGF2BP2-Del cells (Fig. 5G). Besides, RIP
assays also identified that KD of circARHGAP29 significantly dimin-
ished the IGF2BP2/LDHA RNA-protein interaction in PC3/DR cells,
whereas ectopic OE of circARHGAP29 in PC3 cells significantly
increased the enrichment of LDHA in IGF2BP2 immunoprecipitated
fractions (Fig. 5H). The above results together demonstrated a specific
association between circARHGAP29/IGF2BP2 and LDHA mRNA.
To further assess the direct binding of IGF2BP2 on the predicted
sequence of LDHA 30UTR regions, we constructed luciferase reporter
plasmids containing WT LDHA-30UTR (LDHA-WT) or mutant
30UTR (LDHA-Mut). KD of circARHGAP29 or IGF2BP2 dramatically
inhibited the luciferase activity of LDHA-WT, but not that of
LDHA-Mut (Fig. 5I). Moreover, we also performed RNA stability
assays to validate the effects of circARHGAP29/IGF2BP2 on the
mRNA stability of LDHA through the above-described mechanisms.
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As shown in Fig. 5J, inhibition of circARHGAP29 or IGF2BP2 greatly
decreased the stability of LDHA mRNA after 8 hours of ActD
treatment. In contrast, we also found that ectopic expression of
IGF2BP2 WT, but not the deletion form, restrained the circARH-

GAP29-KD–induced suppression of LDHA levels (Fig. 5K). These
findings demonstrate that circARHGAP29 enhances the mRNA sta-
bility of LDHA although the formation of a circARHGAP29/IGF2BP2/
LDHA RNA-protein ternary complex.
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Figure 4.

circARHGAP29 interactswith the IGF2BP2protein through theKH3–4domain.A,List ofmain circARHGAP29-relatedRBPsaftermass spectrometry analysis and IGF2BP2
ranks at the top. B,Western blot was used to verify the association between circARHGAP29 and IGF2BP2 using biotinylated probes targeting the circARHGAP29 back-
spliced sequence. C, RIP assays show the association of IGF2BP2 and circARHGAP29. IgG was used as the negative control. D, The subcellular location of IGF2BP2 and
circARHGAP29 in PC3/DR and PC3 cells was evaluated by immunofluorescence and FISH assay. Nuclei were stainedwith DAPI. E and F, ThemRNA and protein levels of
IGF2BP2 were detected by qRT-PCR andWestern blot in docetaxel-resistant prostate cancer cells (PC3/DR and 22RV1/DR) compared with sensitive cell lines (PC3 and
22RV1). Thebands ofWestern blotwere quantifiedby ImageJ.G,The serum IGF2BP2 levelwasevaluatedbyqRT-PCR in patientswithmetastatic prostate cancerwith PD
(n¼ 15) or nonPD (n¼ 18) after 4 cycles of docetaxel chemotherapy. H, The schematic structures showing theWT and deletion mutant (Del; D476–527 aa) expression
plasmids for IGF2BP2. I, Relative enrichment representing circARHGAP29 levels associated with Flag-tag plasmids of IGF2BP2 WT or deletion mutation relative to the
input control. J, The cell viability was detected by CCK-8 assay in PC3/DR cells after transfectionwith IGF2BP2 siRNA #1 and/or IGF2BP2-WT expression plasmids upon
docetaxel (DTX; 50 nmol/L) or DMSO treatment. The data are presented as the mean � SD of at least three independent experiments. � , P<0.05.
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circARHGAP29 promotes LDHA expression by stabilizing the
c-Myc level

A recent study demonstrated that IGF2BP2 could regulate c-Myc
expression by recognizing the m6A modification in thyroid can-
cer (22). Consistent with the above results of LDHA mRNA, we also

found that circARHGAP29 could stabilize c-MycmRNA by binding to
the IGF2BP2 protein (Fig. 6A and B). Interestingly, we further
identified that circARHGAP29 could bind to the c-Myc protein by
pulldown and RIP assays (Fig. 6C andD). To identify which region of
the c-Myc protein interacts with circARHGAP29, PC3/DR cells were

D

E G HF

B C

I J K

A

PC3/DR

PC
3/

DR

22RV1/DR

22
R

V1
/D

R

0.0

0.5

1.0

1.5

R
el

at
iv

e 
LD

H
A

 e
xp

re
ss

io
n

siNC
sicircARHGAP29 #1
siIGF2BP2 #1

si
N

C

✱ ✱

IgG Flag-tag
0

5

10

15

LDHA

R
el

at
iv

e 
en

ric
hm

en
t

Vector
IGF2BP2-WT
IGF2BP2-Del ✱

IgG IGF2BP2
0

5

10

15

20

25

LDHA

R
el

at
iv

e 
en

ric
hm

en
t

siNC
sicircARHGAP29 #1
Vector-OE
circARHGAP29-OE

✱

✱PC3/DR

PC3

LDHA-WT LDHA-MUT
0.0

0.4

0.8

1.2

1.6

2.0

Lu
ci

fe
ra

se
 a

ct
iv

ity
 (L

uc
/R

lu
c)

siNC
sicircARHGAP29 #1
siIGF2BP2 #1

✱

0 8
0.0

0.5

1.0

1.5

LDHA

R
N

A
 re

m
ai

ni
ng

siNC
sicircARHGAP29 #1
siIGF2BP2 #1

✱

ActD (hrs)

siN
C + 

Vec
tor

sic
irc

ARHGAP29
 #1

-Vec
tor

sic
irc

ARHGAP29
 #1

-IG
F2B

P2-W
T

sic
irc

ARHGAP29
 #1

-IG
F2B

P2-D
el

0.0

0.2

0.4

0.6

0.8

1.0

1.2
R

el
at

iv
e 

LD
H

A
 e

xp
re

ss
io

n ✱ ✱

35

1.00

1.00

LDHA

b-Actin

LDHA

b-Actin

40

35

40

si
ci

rc
A

R
H

G
A

P2
9 

#1

0.48

0.57

si
IG

F2
B

P2
 #

1

0.30

0.46

Upregulated genes (180)
Downregulated genes (195)

Figure 5.

circARHGAP29/IGF2BP2 promotes the stability of LDHAmRNA levels.A, The scatter plot shows 195 geneswere downregulated in PC3/DR cells after circARHGAP29
KD. B, Venn diagram showing the possible target genes of both circARHGAP29 and IGF2BP2 from RNA-seq data and CLIP-Seq data sets. C and D, The mRNA and
protein levels of LDHAwere detected by qRT-PCRandWestern blot in PC3/DR and 22RV1/DR cells after circARHGAP29 or IGF2BP2 KD. ImageJwas used to compare
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transfected with plasmids expressing various fragments of the c-Myc
(Fig. 6E). As shown in Fig. 6F, fragment 3 of Flag-tagged c-Myc
plasmids interacted with circARHGAP29, which matched the pre-
dicted binding sites by the bioinformatic website catRAPID (Supple-
mentary Fig. S6A). Inhibition of circARHGAP29 decreased the protein
level of c-Myc, while OE of circARHGAP29 increased the c-Myc
protein level (Fig. 6G). Given these observations, we hypothesized
that circARHGAP29 also regulated c-Myc levels posttranscriptionally.
Thus, we speculated whether circARHGAP29 could protect c-Myc
fromdegradation. To assess this possibility, PC3 cells were treatedwith
the protein synthesis inhibitor cycloheximide or the proteasome
inhibitor bortezomib. As shown in Fig. 6H, ectopic expression of
circARHGAP29 inhibited the degradation of c-Myc proteins in the
presence of cycloheximide. In contrast, bortezomib treatment reversed
the decreased protein level of c-Myc induced by circARHGAP29 KD
(Fig. 6I). Collectively, these data indicated that circARHGAP29 pro-
moted the mRNA and protein expression of c-Myc in prostate cancer
cells. Previous studies have shown that c-Myc could bind to the
promoter of LDHA to promote LDHA expression (23, 24). Under
these circumstances, we speculated that circARHGAP29 could also
activate LDHA expression through c-Myc activation. Inhibition of
circARHGAP29 decreased the mRNA expression of LDHA, which
could be reversed by c-Myc OE (Fig. 6J). In addition, ChIP-qPCR
assays also confirmed that KD of circARHGAP29 inhibited the
binding efficiency of c-Myc in the promoter of LDHA (Fig. 6K). We
next detected the effect of circARHGAP29 on the transcriptional
activity of the LDHA gene by luciferase assay. KD of circARHGAP29
impaired the transcriptional level of the LDHA promoter in PC3/DR
cells (Fig. 6L). In addition, FISH-IF assays showed that KD of
circARHGAP29 inhibited the c-Myc expression and nuclear translo-
cation to further restrain its transcriptional function (Fig. 6M).
In in vivo experiments, IHC staining showed that inhibition of
circARHGAP29 decreased the protein level of c-Myc and LDHA
(Fig. 6N). Besides, we also found that the expression of c-Myc was
upregulated in primary prostate cancer samples compared with their
adjacent tissues, and elevated expression of c-Myc was positively
correlated with circARHGAP29 level in patients with prostate cancer
(Fig. 6O and P). Together, these data suggest that circARHGAP29
could promote the expression of LDHA by stabilizing the c-Myc
mRNA and protein levels.

CircARHGAP29 promotes LDHA-mediated glycolysis through
the IGF2BP2/c-Myc pathway

Given the above-revealed molecular mechanisms by which
circARHGAP29 promotes LDHA expression by IGF2BP2/c-Myc sig-
naling, we investigated the glycolytic phenotype upon circARHGAP29
KD or OE. As expected, inhibition of circARHGAP29 significantly
decreased the docetaxel resistance and extracellular glucose consump-
tion in PC3/DR cells (Fig. 7A and B) and 22RV1/DR cells under
docetaxel treatment (Supplementary Fig. S7A and S7B). In addition,
lactic acid production and LDH activities were also inhibited after
circARHGAP29 KD in PC3/DR cells (Fig. 7C and D) and 22RV1/DR
cells after treatment with docetaxel (Supplementary Fig. S7C). In
contrast, ectopic expression of circARHGAP29 dramatically increased
chemoresistance, glucose consumption, lactic acid production, and
LDH activities in PC3 cells (Fig. 7E–H) and 22RV1 cells under
docetaxel treatment (Supplementary Fig. S7D–S7F). To investigate
whether circARHGAP29 promoted docetaxel resistance through
the promotion of aerobic glycolysis, we detected cell growth and
glucose metabolism followed by LDHA inhibitor FX11 treatment
in circARHGAP29-transfected prostate cancer cells. As expected,

blocking glucose metabolism by FX11 significantly overrode the
circARHGAP29-mediated docetaxel resistance and aerobic glycolysis
(Fig. 7E–H; Supplementary Fig. S7D–S7F). Moreover, inhibition of
LDHA by siRNA also resensitized PC3/DR and 22RV1/DR cells to
docetaxel (Supplementary Fig. S7G and S7H). These data suggested
that circARHGAP29 desensitized prostate cancer cells to docetaxel
treatment by activating glucose metabolism. Moreover, we also
identified that OE of IGF2BP2 or c-Myc significantly rescued the
circARHGAP29-KD–induced decrease in cell proliferation and lactic
acid production (Fig. 7I and J; Supplementary Fig. S7I and S7J). In
contrast, KD of IGF2BP2 or c-Myc expression dramatically blocked
circARHGAP29-induced increases in cell growth and lactic acid
production (Fig. 7K and L; Supplementary Fig. S7K and S7L). To
further reveal the clinical relevance of circARHGAP29 regulation
in glycolysis in prostate cancer, we examined the expression of
circARHGAP29 and LDHA in a cohort of patients with prostate
cancer. As shown in Fig. 7M, the expression levels of LDHA were
significantly higher in the tumor tissues from these patients than in
the matched paracancer tissues. Notably, upregulated expression of
LDHA was positively correlated with the levels of circARHGAP29
transcripts (Fig. 7N). In summary, these data indicate that circARH-
GAP29-regulated LDHA-induced glycolytic metabolism depends on
IGF2BP2/c-Myc signaling (Fig. 7O).

Discussion
Herein, we revealed a potential role and regulatory mechanism of

circARHGAP29 in regulating docetaxel resistance of prostate cancer
via IGF2BP2/c-Myc/LDHA signaling. Resistance to chemotherapeutic
agents, either intrinsic or acquired, is currently one of the major
challenges in the treatment of malignant disease. Until now, several
factors have been associated with docetaxel resistance, including the
expression of different isoforms of tubulin, activation of drug efflux
pumps, PTEN loss, and activation of survival pathways (i.e.,
PI3K/AKT and mTOR and Notch2/Hedgehog signaling; refs. 3, 4).
Otherwise, several circRNAs have been identified for prostate cancer
progression and chemoresistance, presenting new perspectives for
exploringmolecular pathways (25). Due to their closed-loop structure,
circRNAs are more resistant to degradation than linear RNAs, where
they hold promise for utilization for cancer diagnosis, monitoring,
prognosis, and prediction for therapeutic responsiveness (5, 6). In this
study, we sought to search for aberrantly expressed circRNAs in
docetaxel-resistant prostate cancer cells by RNA-seq analysis. At the
beginning of this study, we chose three hormone-resistant prostate
cancer cell lines (PC3, 22RV1, and DU145) to generate docetaxel-
resistant cell lines by increasing the concentrations of docetaxel in a
stepwise manner over 6 to 9 months (26). Among them, PC3 and
DU145 cells are androgen receptor–negative cell lines, while 22RV1
cells are androgen receptor–positive cells. Subsequently, we identified
that circARHGAP29 was significantly upregulated in PC3/DR cells
compared with PC3 cells by using RNA-seq, which was further
confirmed by qRT-PCR assay, showing an over 5-fold increase of the
circARHGAP29 expression in both PC3/DR and 22RV1/DR cells
when compared with those of PC3 and 22RV1 cells. However, there
was no significant change of circARHGAP29 levels between
DU145/DR and DU145 cells, indicating other circRNAs may con-
tribute to the docetaxel resistance of DU145 cells. Therefore, we chose
PC3 and 22RV1 cells to further elucidate the potential role and
mechanisms of circARHGAP29 in docetaxel-resistant prostate cancer.
In 2020, Shen and colleagues reported that circFoxo3 inhibits LNCaP
and DU145 cell growth, migration, invasion, and chemoresistance to
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Figure 6.

circARHGAP29 promotes LDHA expression by stabilizing the c-Myc level. A, The mRNA expression of LDHA was analyzed by qRT-PCR in PC3/DR cells after
transfection with siIGF2BP2 #1 or sicircARHGAP29 #1 upon ActD treatment for 8 hours. B, qRT-PCR analysis was used to detect the expression of c-Myc in
circARHGAP29-KDPC3/DR cells after transfectionwith IGF2BP2WTordeletionmutant plasmids.C,RNApulldownassayandWestern blotwereperformed todetect
the association between c-Myc protein and circARHGAP29.D, RIP assay was performed using anti-IgG and anti–c-Myc antibodies, and specific primers were used to
detect circARHGAP29 by qRT-PCR. E, Identification of the c-Myc protein regions that interact with circARHGAP29. The different fragment plasmids of the c-Myc
protein are illustrated at bottom. F, The interaction of c-Myc protein regions with circARHGAP29 in PC3 cells was determined by using a RIP assay. G,Western blot
was used to evaluate the protein level of c-Myc upon circARHGAP29 OE or KD. H, The effect of protein synthesis inhibitor cycloheximide (CHX) treatment on the
change in the c-Myc protein level mediated by circARHGAP29 OE as detected byWestern blot. I,Western blot was used to evaluate the change of c-Myc protein in
circARHGAP29-KD PC3/DR cells upon proteasome inhibitor bortezomib (Borz) treatment. ImageJwas used to compare the density of bands onWestern blot. J, The
relative mRNA expression of LDHA was detected by qRT-PCR in circARHGAP29-KD PC3/DR cells after transfection with c-Myc expression plasmids. K, ChIP-qPCR
shows the binding efficiency of c-Myc to the LDHA gene promoter. L, The luciferase activities were measured in circARHGAP29-KD PC3/DR cells with either c-Myc
plasmids or vectors.M, The intracellular location of c-Myc and circARHGAP29 in PC3/DR cells after circARHGAP29KDwas detected by FISH-IF assay.N, IHC staining
showed the expression of c-Myc and LHDA in circARHGAP29-KD tumors and their control tissues upon docetaxel (DTX) or DMSO treatment.O, The c-Myc expression
was evaluated by qRT-PCR in primary prostate cancer samples and paracancer tissues. P, The correlation between c-Myc and circARHGAP29 in clinical prostate
cancer samples was assessed by the Spearman correlation analysis. The data are presented as the mean� SD of at least three independent experiments. � , P <0.05.
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Figure 7.

CircARHGAP29 promotes LDHA-mediated glycolysis through the IGF2BP2/c-Myc pathway. A, Cell viability was measured by CCK-8 assay in circARHGAP29-KD
PC3/DR cells upon docetaxel (DTX) treatment.B–D, The extracellular glucose concentration, lactic acid level, and LDH activitieswere detected in circARHGAP29-KD
PC3/DR cells after docetaxel treatment. E–H, The docetaxel resistance, extracellular glucose content, lactic acid level, and LDH activities were detected in
circARHGAP29-OE PC3 cells under docetaxel and/or LDHA inhibitor FX11 treatment. I and J,Cell growth and lactic acid level were analyzed in circARHGAP29-OE PC3
cells after transfection with si-IGF2BP2 #1, si-c-Myc #1, or control siRNA. K and L, Cell proliferation assay and lactic acid level were evaluated in circARHGAP29-KD
PC3/DR cells transfected with IGF2BP2 or c-Myc plasmids. M, The relative expression of LDHA was measured by qRT-PCR in 30 pairs of clinical prostate cancer
samples. N, The positive relation between circARHGAP29 and LDHA in clinical samples by qRT-PCR. O, The schematic diagram shows that EIF4A3-induced
circARHGAP29 promotes the aerobic glycolysis in docetaxel-resistant prostate cancer through IGF2BP2/c-Myc/LDHA signaling. The data are presented as themean
� SD of at least three independent experiments. � , P <0.05.

circARHGAP29 Promotes Glycolysis in Docetaxel-Resistant Prostrate Cancer

AACRJournals.org Cancer Res; 82(5) March 1, 2022 843

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/5/831/3051801/831.pdf by TIAN

JIN
 M

ED
IC

AL U
N

IVER
SITY user on 04 M

arch 2022



docetaxel by promoting the expression of its parent gene Foxo3 (27). In
addition, inhibition of hsa_circ_0000735 promoted docetaxel sensi-
tivity and impeded themalignant behaviors of docetaxel-resistant PC3
and DU145 cells by sponging miR-7 (28). Moreover, Ding and
colleagues further identified that circ_0057558 promotes cell prolif-
eration, cell cycle transition, and docetaxel resistance of 22RV1 and
DU145 cells. Mechanistic studies indicated that circ_0057558 could
sequester miR-206 and liberate the transcription of its target gene
USP33 and thus deubiquitinate c-Myc (29). Recently, Zhang and
colleagues also found that exosomal circ-XIAP promotes docetaxel
resistance in PC3 andDU145 cells by regulating themiR-1182/TPD52
axis (30). In this study, we found that ectopic expression of
circARHAP29 in PC3 and 22RV1 cells promotes cell growth and
docetaxel resistance, whereas inhibition of circARHAP29 re-
sensitive PC3/DR and 22RV1/DR cells to docetaxel. Besides, elevated
expression of circARHGAP29 was associated with higher Gleason
score and clinical tumor stage in patients with localized prostate
cancer, and worse response to docetaxel chemotherapy in patients
with metastatic prostate cancer.

Previous studies have indicated that RBPs play an important role
in the formation of circRNAs (18). EIF4A3 functions as an RBP
mainly localized in the nucleus and is a core component of the exon
junction complex and is widely involved in RNA splicing and
nonsense-mediated mRNA decay (19, 31). Recent studies have
shown that EIF4A3 facilitates circSEPT9 and circASAP1 expression
by binding to their parental pre-mRNA transcript (32, 33). In the
current study, we found that the cytoplasmic expression of EIF4A3
and circARHGAP29 were greatly upregulated in docetaxel-resistant
prostate cancer cells. Moreover, we further confirmed that EIF4A3
could combine with the back-spliced junction site and the down-
stream flanking sequences of circARHGAP29 pre-mRNA by the
161–212 aa binding sites of EIF4A3. By using gain- and loss-of-
function experiments, we identified that EIF4A3 could promote the
expression and cyclization of circARHGAP29. Besides, nuclear/
cytoplasmic fraction assay revealed that EIF4A3 KD inhibits the
cytoplasmic export of circARHGAP29. Therefore, the above data
together demonstrate the critical role of circARHGAP29 in doc-
etaxel-resistant prostate cancer cells and elucidate the mechanism of
how circARHGAP29 was upregulated by EIF4A3. Nevertheless, the
specific mechanism by how EIF4A3 mediates the cytoplasmic
export of circARHGAP29 in docetaxel-resistant prostate cancer
cells should be further investigated (34).

To further explore the therapeutic function in docetaxel-resistant
prostate cancer, we predicted the biological characteristics of circARH-
GAP29 by using the online database. Regarding the regulatory
mechanisms of circRNAs, several studies have demonstrated that
cytoplasmic circRNAs mainly participate in regulating protein stabil-
ity and modification. In our study, we found that circARHGAP29 does
not have the ability to bind to Ago2; therefore, it is ruled out as a
miRNA sponge. In addition, we further excluded the protein- or
peptide-encoding features of circARHGAP29 after circRNADb data-
base analysis. Subsequently, we analyzed the circARHGAP29 inter-
acting protein through RNA pulldown experiments using a specific
biotin-labeled probe. Following silver staining, we found several
specific bands with molecular weights of 55 to 70 kDa in the
circARHGAP29 probe group, which were ultimately identified as
IGF2BP2 by mass spectrometry analysis and Western blotting. Con-
sistent with the above data, the circAltas database also predicted that
IGF2BP2 ranks at the top among the circARHGAP29-related RBPs.
Besides, we did not find the interaction between IGF2BP2 and EIF4A3
protein by coimmunoprecipitation assay. Previous studies indicated

that IGF2BP2 is critical for posttranscriptional gene expression reg-
ulation to coordinate cellular function and nutrient metabolisms, such
as glucose tolerance and insulin sensitivity (20, 21). Herein, we found
that LDHA is the target of both circARHGAP29 and IGF2BP2 based on
RNA-seq and CLIP-seq data. Further studies demonstrated that
circARHGAP29 could promote the mRNA stability of LDHA through
the formation of a circARHGAP29/IGF2BP2/LDHA RNA-protein
ternary complex.

Emerging studies have indicated that metabolic adaptations of
cancer cells have been linked to their resistance to chemotherapeutics,
such as glycolysis, lipid metabolism, and polyamine synthesis (35).
Elevated glycolytic activity insures that adequate ATP levels are
available to meet the demands of ATP-binding cassette transporters
to mediate drug efflux and confer resistance to chemotherapy.
Besides, excessive lactic acid production by aerobic glycolysis is strictly
associated with the stemness of cancer cells, which further mediates
chemoresistance (36). Targeting LDHA promotes docetaxel-induced
cytotoxicity predominantly in castration-resistant prostate cancer
cells (37). Besides, several studies have revealed that circRNAs can
regulate the cancer metabolism process by affecting the expression of
glycolysis-relevant enzymes and pathways (38). In this study, we found
that circARHGAP29 could promote LDHA-mediated cell proliferation
and glycolysis in docetaxel-resistant prostate cancer cells by binding to
the IGF2BP2 protein. Furthermore, previous studies demonstrated
that c-Myc bound to the promoter regions of LDHA to activate
transcription (23, 24). Consistent with the above LDHA results, we
found that the mRNA level of c-Myc could be upregulated by the
circARHGAP29/IGF2BP2 complex. Surprisingly, we also found
that circARHGAP29 directly interacts with and stabilizes the c-Myc
protein, thus increasing LDHA transcription and ultimately activat-
ing glycolytic metabolism. These combined results indicate that
circARHGAP29 promotes LDHA-induced aerobic glycolysis in doc-
etaxel-resistant prostate cancer cells through interacting with
IGF2BP2 and c-Myc. However, the degradation pathways of c-Myc
in circARHGAP29-induced chemoresistance in prostate cancer are still
largely unknown and should be further elucidated (39).

In summary, we identified a novel circRNA, circARHGAP29,
that was upregulated in docetaxel-resistant prostate cancer cell
lines and clinical samples, and we also found that elevated expres-
sion of circARHGAP29 could effectively promote prostate cancer
cell proliferation, docetaxel resistance, and glucose metabolism.
Mechanistically, we first discovered that circARHGAP29 mediated
by EIF4A3 directly binds to IGF2BP2, thereby contributing to
stabilizing LDHA mRNA levels. Moreover, circARHGAP29 could
also interact and stabilize the mRNA and protein expression of
c-Myc, which activates LDHA expression by facilitating its tran-
scription. Our findings demonstrate that circARHGAP29 could be a
critical prognostic biomarker and promising therapeutic target in
docetaxel-resistant prostate cancer.
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