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CircAKT3 promotes prostate cancer G

proliferation and metastasis by enhancing
the binding of RPS27A and RPL11
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Abstract

Background Metastatic prostate cancer (PCa) is a leading cause of mortality among PCa patients. Although circular
RNAs (circRNAs) are recognized for their pivotal roles in tumorigenesis, the specifics of their influence within the con-
text of PCa have yet to be fully elucidated.

Methods RT-gPCR was conducted to evaluate circAKT3 expression in PCa cells and in both tumor and adjacent non-
cancerous tissues. The oncogenic role of circAKT3 was confirmed through a combination of in vitro and in vivo experi-
ments. Mechanistic investigations using RNA-pulldown, RNA immunoprecipitation (RIP), fluorescence in situ hybridi-
zation (FISH), immunofluorescence (IF), and Chromatin Immunoprecipitation (ChIP) assays explored how circAKT3
modulates c-Myc activity via interactions with RPS27A and RPL11. Additionally, Western Blotting and further in vitro
and in vivo studies assessed circAKT3's influence on PCa progression through MST1.

Results This research identified the function and regulation of circAKT3, a circRNA derived from exons 2 to 8

of the kinase-b3 (AKT3) gene, in human PCa cells. CircAKT3 was significantly correlated with clinical indicators

of disease severity, including D’Amico risk classification, the Gleason score, and pT stage. Both in vitro and in vivo
experiments demonstrated that circAKT3 knockdown inhibited PCa cell proliferation, migration, and invasion. Lipid
nanoparticles encapsulating si-circAKT3 (LNP-si-circAKT3) effectively suppressed the growth of bone tumors formed
by PCa cells. Mechanistically, circAKT3 acted as a protein scaffold between ribosomal protein $S27a (RPS27A) and ribo-
somal protein L11 (RPL11), promoting their cytoplasmic translocation and reducing nuclear RPL11 levels, ultimately
diminishing RPL11’s interaction with c-Myc and resulting in enhanced c-Myc-driven suppression of macrophage
stimulating 1 (MST1) expression. Consequently, the decreased MST1 led to PCa progression and metastasis. CircAKT3
formation was facilitated by both flanking Alu elements and the RNA binding protein Quaking (QKI). Additionally,
downregulation of the RNA helicase URH49 resulted in the nuclear accumulation of circAKT3, finally suppressing
MST1 expression.
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Conclusion Our findings suggest that circAKT3 acts as a protein scaffold, promoting the interaction between RPS27A
and RPL11, thereby influencing c-Myc activity and PCa progression. This study underscores the crucial role of circAKT3
in PCa and its potential as a therapeutic target to impede malignancy progression and metastasis.
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Introduction

Prostate cancer (PCa) is the most frequently diagnosed
malignancy in men, with a global incidence that contin-
ues to rise, accounting for nearly 29% of newly diagnosed
male cancers in 2024 [1]. While surgical intervention
and radiotherapy provide effective treatment options for
patients with localized PCa, in patients with advanced
PCa, symptoms such as urinary difficulties, severe hema-
turia, and bone pain exert a profound negative impact on
both the physiological and psychological well-being of
the individuals. However, the treatment of advanced PCa
remains a clinical challenge [2, 3]. Therefore, it is impera-
tive to deeply explore the molecular mechanisms under-
lying PCa and to implement corresponding therapeutic
strategies.

Circular RNAs (circRNAs) represent a unique class of
covalently closed RNAs, characterized by their distinc-
tive circular structure, which confers remarkable stabil-
ity and resistance to RNase R digestion [4, 5]. CircRNAs
are primarily formed via back-splicing, a process driven
by complementary sequences in flanking introns. Alu
elements, in particular, play a pivotal role in facilitating
circRNA biogenesis [6, 7]. These molecules are primar-
ily localized in the cytoplasm, although their formation
occurs within the nucleus [7]. Previous studies have
demonstrated that the absence of certain proteins, such
as URH49, exportin-2, and Ran-GTP, can lead to the
accumulation of circRNA in the cell nucleus [7, 8]. Func-
tionally, circRNAs contribute to tumor progression and
metastasis by interacting with RNA-binding proteins
(RBPs). For example, circRNAs can bind to proteins to
form circRNA-protein complexes, thereby modulating
the biological functions of these proteins [9]. Moreover,
circRNAs can act as scaffolds for protein—protein inter-
actions, altering the functions of the associated proteins
[10]. These multifaceted roles underscore the potential of
circRNAs as both biomarkers and therapeutic targets in
cancers [11-13].

Ribosomal protein S27a (RPS27A) plays a dual role in
ribosome assembly and the ubiquitin—proteasome sys-
tem [14]. Recent studies suggest that RPS27A may pro-
mote cancer progression through its interactions with
other proteins or by modulating the expression of its host
protein [15]. However, the exact regulatory mechanisms

underlying these processes require further investiga-
tion. Ribosomal protein L11 (RPL11) not only suppresses
tumor growth but also influences cancer invasion and
metastasis by inhibiting c-Myc activity which is crucial
within the RPL11/c-Myc axis [16, 17]. Extensive research
has highlighted c-Myc as a primary oncogenic driver, and
its inhibition has been shown to significantly curb tumor
progression [18]. Macrophage stimulating 1 (MST1)
plays a vital role in various cellular processes, includ-
ing cell survival and migration. Recent studies indicate
that tumor-associated mutant p53 represses MST1 gene
expression, resulting in lower MST1 levels and increased
resistance to apoptosis in cancer cells, thereby promoting
oncogenesis [19].

In this study, circRNA-sequencing revealed that cir-
cAKT3 (hsa_circ_0017252) is significantly upregulated
in PCa tissue and highly metastatic PCa cells. CircAKT3
is generated by back-splicing of seven exons (exons 2,
3,4,5,6,7, and 8) from the AKT3 gene (AKT serine/
threonine kinase 3). Functionally, circAKT3 acts as a
molecular scaffold, enhancing the binding of RPS27A
and RPL11, leading to the inhibition of their nuclear
translocation. This inhibition prevents RPL11 from sup-
pressing c-Myc in the nucleus, allowing c-Myc to bind to
the MST1 promoter region and repress its transcription.
This repression reduces MST1 mRNA and protein levels,
thereby facilitating PCa progression. We identified that
circAKT3 formation relies on flanking Alu elements and
is regulated by the RNA binding protein Quaking (QKI).
Furthermore, downregulation of the ATP-dependent
RNA helicase URH49 leads to nuclear accumulation of
circAKT3, further enhancing the c-Myc activity. Overall,
this research unveils a novel regulatory role of circAKT3,
revealing a new mechanism by which c-Myc drives PCa
progression and metastasis.

Materials and methods

Tissue samples and cell lines

PCa and matched adjacent noncancerous prostate (ANP)
tissues were collected from 50 patients at Jinshan Hospi-
tal, Fudan University, with diagnoses confirmed by two
independent pathologists. The study received approval
from the Ethics Committee of Jinshan Hospital, Fudan
University, and written informed consent was obtained
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from all patients. The cell lines used in this study were
provided by the Fuheng Cell Center (Shanghai, China).
PC-3 cells in DMEM/F12, DU145, BPH-1, and HEK293T
cells in DMEM, and 22RV1 cells in RPMI 1640. 10% fetal
bovine serum (FBS) was added to the culture medium.
HLECs and HUVECs were cultured in endothelial cell
medium (ECM) supplemented with 5% FBS and 5%
Endothelial Cell Growth Supplement (ECGS). All cell
lines were authenticated, tested for Mycoplasma contam-
ination, and cultured at 37 ‘C with 5% CO,. RNA could
be extracted from 22Rv1 cells after 24 h of treatment with
either enzalutamide (ENZA, Cat #: SC0074, Beyotime,
Shanghai, China) or dihydrotestosterone (DHT, Cat #:
D077, Sigma-Aldrich, USA). For protein extraction, cells
should be cultured for 48 h under the same treatment
conditions.

High-throughput circRNA-sequencing

High-throughput circRNA-sequencing was performed
on highly metastatic (HM) and wild-type (WT) PC-3
cells [20]. Additionally, high-throughput circRNA-
sequencing was conducted on three pairs of PCa and
ANP tissue samples obtained from patients with neu-
roinvasive or bone metastases [21].

RNA extraction, nucleocytoplasmic fractionation,

and real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from cells using the RNA Rapid
Purification Kit (Cat #: RNO0O1, Yishan, Shanghai, China),
while nuclear and cytoplasmic RNA fractions from PCa
cells were isolated with the Cytoplasmic and Nuclear
RNA Purification Kit (Cat #: 21000, Norgen Biotek, ON,
Canada). RNA concentrations were measured, and RNA
was subsequently reverse-transcribed into cDNA using
the PrimeScript RT Master Mix (Cat #: RR036A, Takara,
Shiga, Japan). RT-qPCR was performed with BeyoFast
SYBR Green qPCR Mix (Cat #: D7262, Beyotime, Shang-
hai, China) on an ABI Quantstudio 3 real-time PCR
system (Thermo Fisher Scientific, Waltham, USA). The
primers used for amplification are listed in Table S1.

RNase R treatment

Total RNA from PCa cells were treated with RNase R (1
U/mg; Epicentre, USA) at 37 °C for 10 min, followed by
a 10-min incubation at 70 °C to terminate the reaction.
CircAKT3 and AKT3 mRNA levels were then quantified
by RT-qPCR.
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Actinomycin D (ACTD) treatment

ACTD (Cat #: 50-76-0, Sigma-Aldrich, USA) was added
to the culture medium at a final concentration of 2 pg/
mL. Cells were collected at designated time points, and
circAKT3 and AKT3 mRNA levels were quantified by
RT-qPCR.

Plasmids and RNAi

To construct the circAKT3 overexpression plasmid, the
full-length circAKT3 sequence, along with its flanking
sequences that facilitate circularization, was inserted
into the pLVX-IRES-Puro vector (Novopro, Shanghai,
China). An empty vector was used as the control. SiR-
NAs of circAKT3 were designed, and the corresponding
shRNAs were synthesized and cloned into vector PLKO.1
by GenePharma (Shanghai, China). The plasmids pLVX-
IRES-Puro, pMD2.G, and pSPAX2 were co-transfected
into HEK293T cells using LipoD293 transfection reagent
(SignaGen Laboratories, Rockville, MD, USA) to gener-
ate lentivirus. Stably transfected cells were selected with
puromycin. The sequences of the siRNA and shRNA are
provided in Table S2.

Immunofluorescence (IF) and fluorescence in situ
hybridization (FISH)

Cells were pre-plated on coverslips and allowed to adhere
before fixation with 4% paraformaldehyde. Subsequently,
they were incubated with the primary antibody overnight
at 4 °C. The cells were then incubated with a fluorescently
labeled secondary antibody at room temperature for 2 h.
Following this, all cells were incubated overnight at 37
°C with a Cy5-labeled circAKT3 probe. Coverslips were
mounted using a DAPI-containing mounting medium,
and images were captured using a confocal microscope
(Agilent, CA, USA). Details of the probes and antibodies
are provided in Tables S3-4.

Migration, invasion, and trans-endothelial migration (TEM)
assays

Migration and invasion assays were conducted as previ-
ously described [20, 22]. For the TEM model, HLEC or
HUVEC were first seeded in the upper chamber (1x10°
cells per well) and incubated for 24—48 h [23]. After the
medium was removed from the upper chamber, GFP-
labeled cells were then seeded into the upper chamber.
Following incubation for a specified period, the migrated
GFP-positive tumor cells in the lower chamber were
imaged using a fluorescence microscope [24].
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Wound-healing assay

The assay followed established protocols [22]. Upon
reaching~90% confluence in a six-well plate, a verti-
cal scratch was made with a 200 pL pipette tip. Images
were captured immediately (0 h), and cell migration into
the scratch area was monitored and recorded after a set
period (48 h for DU145, 24 h for PC-3) to assess migra-
tory capacity.

CCK-8 assay and colony formation assay

Details of the CCK-8 assay and colony formation assay
were as previously described [20]. In each well of a
96-well plate, 5x 1073 cells were seeded. Cell viabil-
ity or proliferation was assessed every 24 h by adding
CCK-8 reagent and measuring absorbance. For the
ICs, experiment, 5x 10”3 22Rv1 cells were seeded per
well in a 96-well plate and incubated for 8 h to allow
cell attachment. Afterward, 200 pL of culture medium
containing varying concentrations of ENZA was added:
0.1, 10, 20, 40, 60, 100, and 150 pM. Cells were incu-
bated for 48 h, followed by the addition of CCK-8 rea-
gent. After a 2-h incubation at 37 °C, absorbance was
measured at 450 nm using a microplate reader to assess
cell viability. To evaluate proliferative and colony-form-
ing capacity, individual cells were cultured until visible
colonies formed, which were then stained with crystal
violet for counting.

RNA-pulldown assay, liquid chromatography-tandem mass
spectrometry (LC-MS/MS), and Western blotting

The 5’-biotin-labeled circAKT3 probe was synthesized
by Genewiz (Suzhou, China). The procedure followed the
instructions provided with the RNA-pulldown Kit (Cat #:
5102S, BerSinBio, Guangzhou, China). Briefly, the probe
was incubated with cell lysates, and the probe-protein
complexes were captured using streptavidin-coated mag-
netic beads. After thorough washing, the complexes were
analyzed by LC-MS/MS. Western blotting analysis was

(See figure on next page.)
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carried out according to previously described methods
[25]. Details of the probes and antibodies are provided in
Tables S3-4.

RNA Immunoprecipitation (RIP) assay

The procedure was conducted according to the instruc-
tions provided with the BerSinBio RIP Kit (Cat #: 51018,
Guangzhou, China). In brief, anti-RPL11 (Cat #: 16,277-
1-AP, Rosemont, USA), anti-RPS27A (Cat #: A2027,
Wuhan, China), and anti-IgG antibodies were utilized to
isolate RBPs and their associated RNA complexes from
cell lysates. The co-precipitated RNA was subsequently
detected by RT-qPCR. The catalog numbers for the anti-
bodies are provided in Table S4.

Co-Immunoprecipitation (Co-IP) assay

The experiment was conducted using the BerSinBio
Co-IP Kit (Cat #: 3011S, Guangzhou, China). Briefly, the
target antibody was incubated with cell lysates overnight
at 4 °C, followed by the binding of antibody-antigen com-
plexes to Protein A/G magnetic beads. After washing and
elution, protein interactions were analyzed by Western
blotting. The catalog numbers for the antibodies are pro-
vided in Table S4.

Chromatin Immunoprecipitation (ChIP) assay

The experiment was conducted using the Chromatin IP
Kit (Cat #: 9003, Cell Signaling Technology, USA). Briefly,
cells were crosslinked with 1% formaldehyde at room
temperature and then sonicated. The lysate was incu-
bated overnight at 4 °C with anti-c-Myc antibody and
anti-rabbit IgG antibody. Magnetic beads were subse-
quently added to the antibody-lysate mixture and incu-
bated at 4 °C for 2 h. The mixture was then eluted, and
DNA fragments were purified. Specific primers were
used for RT-qPCR. Details of the primers and antibodies
used are provided in Table S1 and Table S4.

Fig. 1 Characteristics of circAKT3 in prostate cancer. A CircRNA microarray analysis indicated that circAKT3 levels were higher in PCa tissues
compared to ANP tissues. B High-throughput sequencing analysis revealed circAKT3 upregulation in HM PC-3 cells compared to WT PC-3 cells.

C CircAKT3 was identified through two distinct circRNA sequencing analyses. D Schematic representation of circAKT3. E Sanger sequencing
validated the sequences at the back-splice site of circAKT3. F CircAKT3 (808 bp) was amplified using both convergent primers (product: 106 bp)
and divergent primers (product: 176 bp) in cDNA, but only with convergent primers in gDNA. G-H The expression levels of circAKT3 and AKT3
mMRNA in PCa cells were assessed with and without RNase R treatment or following actinomycin D treatment. Data are presented as mean +SD.
***P<0.001, Student’s t-test, n=3. 1 The abundance of circAKT3 in the cytoplasmic and nuclear fractions of PCa cells was analyzed using RT-gPCR,
with -actin serving as a positive control for the cytosol and NEATT, a nuclear INcRNA, as the nuclear control. Data are presented as mean+SD. J
Subcellular localization of circAKT3 was determined using the RNA-FISH assay (red), with nuclei counterstained with DAPI (blue). Scale bar, 20 um.
K The expression levels of circAKT3 in benign prostatic hyperplasia epithelial cells (BPH-1) and PCa cell lines were analyzed via RT-gPCR. Data are
presented as mean +SD. ***P < 0.001, **P<0.01, Student’s t-test, n=3. L The relative expression of circAKT3 in ANP and PCa tissues from 50 patients
was analyzed using RT-gPCR. ***P < 0.001, Wilcoxon matched-pairs signed-rank test, n=50 pairs. M The expression ratio of circAKT3 in ANP and PCa

tissues of 50 patients
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Table 1 Correlation between circAKT3 expression and clinical characteristics
Characteristic Expression of circAKT3 P value
High (n=25) Low (n=25)

(mean=SD) age, years (68.76+6.67) (67.20+7.171) 0428°
Median (IQR) PSA, ng/mL 13.08(9.41,26.08) 10.90(7.29,18.45) 0.116°
D’Amico risk classification Low 0(0.0%) 3(6.0%) 0.003¢
n (%) Intermediate 7(14.0%) 15(30.0%)

High 18(36.0%) 7(14.0%)
Total Gleason score 5 0(0.0%) 2(4.0%) 0.035°¢
n (%) 6 0(0.0%) 2(4.0%)

7 10(20.0%) 16(32.0%)

8 6(12.0%) 2(4.0%)

9 8(16.0%) 3(6.0%)

10 1(2.0%) 0(0.0%)
pl stage 2 4(8.0%) 16(32.0%) 0.002°
n (%) 3 15(30.0%) 6(12.0%)

4 6(12.0%) 3(6.0%)
pN stage 0 21(42.0%) 23(46.0%) 0.667¢
n (%) 1 4(8.0%) 2(4.0%)
pM stage 0 22(44.0%) 24(48.0%) 0.609¢
n (%) 1 3(6.0%) 1(2.0%)
Nerve invasion No 10(20.0%) 16(32.0%) 0.156¢
n (%) Yes 15(30.0%) 9(18.0%)

Gleason score, a grading system for prostate cancer. D’Amico risk classification, estimating the likelihood of recurrence
PCa prostate cancer, ANP adjacent noncancerous prostate, IQR interquartile range, PSA prostate-specific antigen

P?: Student’s t-test

PP: wilcoxon rank-sum test

P<: chi-squared test

In vivo study Bone metastasis model

Tumor xenograft experiment

Five-week-old BALB/c-nu mice (Cat #: C201-01, SiPeiFu,
Beijing, China) were randomly assigned into groups (6 mice
per group). Mice were injected subcutaneously with 200 pL of
1x10° stable DU145 cells into the right dorsal flank. Tumor
length and width were measured weekly, and tumor volume
was calculated using the formula: V=(lengthxwidth?) / 2.
After 4 weeks, mice were euthanized, tumors were excised
and weighed, and tumor tissues were prepared for H&E
staining and immunohistochemistry.

(See figure on next page.)

Mice were anesthetized, and their right ankle was exter-
nally rotated. Using a syringe inserted through the
patella, 20 pL of 1x 1076 luc-PC-3 M cells were injected
into the tibia [26]. After 2 weeks, LNP-si-ctrl (control)
or Lipid nanoparticles encapsulating si-circAKT3 (LNP-
si-circAKT3) was injected into the bone tumor tissues
every three days, with 100 pL each time, for a total of 5
injections. In vivo imaging was conducted on days 14 and
30 post-injection. Mice were then euthanized, and tumor
tissues were collected and stained.

Fig. 2 Downregulation of circAKT3 inhibits PCa cells proliferation, migration, and invasion both in vitro and in vivo. A RT-gPCR analysis of AKT3
mMRNA and circAKT3 expression in DU145, PC-3, and 22Rv1 cells transfected with circAKT3-specific siRNA or negative control siRNA. Data

are presented as mean +SD. ***P<0.001, **P<0.01, ns, not significant, Student’s t-test, n=3. ctrl, control. B Colony formation assay revealed

that circAKT3 knockdown reduced the proliferative ability of DU145, PC-3, and 22Rv1 cells. Data are presented as mean + SD. ***P < 0.001, **P < 0.01,
Student’s t-test, n=3. C CCK-8 assay demonstrated that circAKT3 knockdown inhibited the proliferation of DU145, PC-3, and 22Rv1 cells. Data

are presented as mean+SD. ***P<0.001, Student’s t-test, n=3. D Transwell assays indicated that circAKT3 knockdown reduced the migratory

and invasive abilities of DU145, PC-3, and 22Rv1 cells. Scale bar, 100 um. Data are presented as mean +SD. ***P < 0.001, Student’s t-test, n=3. E-F
Xenograft tumor models showed that tumors from the sh circ group were smaller than those from the sh ctrl group. G-H. Tumor volume changes
over time and tumor weight after dissection.Data are presented as mean +SD. ***P < 0.001, Student’s t-test, n=6
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Statistical analysis

Data analysis was performed using Prism 9 (GraphPad
Software, San Diego, USA). Statistical methods included
Student’s ¢-test, Wilcoxon rank-sum test, chi-square test,
and Fisher’s exact test. A p-value of <0.05 was considered
statistically significant. PyMOL (Schrodinger, New York,
NY, USA) was utilized to generate 3D molecular models.

Results

Characteristics of circAKT3 in PCa

To identify functional circRNAs, high-throughput cir-
cRNA-sequencing was performed on PCa and ANP
tissues, as well as on HM and WT PC-3 cells. PCa and
ANP tissues were obtained from three patients (Fig. 1A),
while HM and WT PC-3 cells were selected from an
in vitro model system (Fig. 1B). The sequencing results
revealed a significant upregulation of circAKT3 (has_
circ_0017252) in both PCa tissues and HM PC-3 cells
compared to ANP and WT respectively, suggesting its
potential role in advanced PCa (Fig. 1C). Database analy-
sis (http://www.circbase.org) showed that circAKT3 is
derived from exons 2 to 8 of the AKT3 gene (Fig. 1D).
The back-splice junction of circAKT3 was confirmed via
Sanger sequencing (Fig. 1E). Gel electrophoresis demon-
strated that only convergent primers produced a product
in genomic DNA (gDNA), further verifying the circular
nature of circAKT3 (Fig. 1F). We assessed circAKT3 and
AKT3 mRNA expression levels in PCa cells under vari-
ous conditions, including RNase R treatment (to degrade
linear RNA) and ACTD treatment, demonstrating the
stability and circular structure of circAKT3 (Fig. 1G-H).
Subcellular localization, determined through RT-qPCR
and RNA-FISH assays, indicated that circAKT3 pre-
dominantly presented in the cytoplasm (Fig. 1I-] and
S1A). Additionally, RT-qPCR analysis of benign prostatic
hyperplasia epithelial cells (BPH-1) and multiple PCa cell
lines confirmed circAKT3 upregulation, particularly in
PCa and HM PC-3 cells (Fig. 1K). Furthermore, we ana-
lyzed circAKT3 expression in ANP and PCa tissues from
50 patients, revealing a marked elevation in cancerous
compared to noncancerous tissues (Fig. 1L-M). Our anal-
ysis showed that high circAKT3 expression is positively
correlated with D’Amico risk classification, the Gleason

(See figure on next page.)
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score, and pT stage, suggesting that circAKT3 plays a
crucial role in the progression of PCa (Table 1).

CircAKT3 promotes PCa cell proliferation, migration,

and invasion

The impact of circAKT3 knockdown on the proliferative,
migratory, and invasive abilities of PCa cells was assessed
in vitro. To achieve this, we designed two specific siRNAs
targeting the back-splice site of circAKT3 as illustrated
in Figure S2A. This approach was essential for efficiently
silencing circAKT3. RT-qPCR confirmed the successful
knockdown of circAKT3 without affecting AKT3 mRNA
levels in PCa cells transfected with circAKT3-specific
siRNAs, compared to negative control siRNA (Fig. 2A).
We next evaluated cell proliferation through CCK-8 and
colony formation assays, which revealed that circAKT3
knockdown significantly inhibited the proliferation of
DU145, PC-3, and 22Rvl cells (Fig. 2B-C). Western
blotting showed that circAKT3 knockdown reduced
the expression of CDK4 protein, while simultaneously
increasing the expression of the cyclin-dependent kinase
inhibitors p21 and p27 (Fig. S2E-F). The migratory and
invasive abilities of PCa cells were further assessed using
Transwell and wound-healing assays. Results indicated
that circAKT3 downregulation significantly reduced both
cell migration and invasion (Figs. 2D and S2C). Addi-
tionally, Western blotting revealed a significant decrease
in MMP9 expression after circAKT3 knockdown (Fig.
$2@G). To validate these in vitro findings in an in vivo
model, we employed xenograft tumor models. Tumors
derived from cells with circAKT3 knockdown were sig-
nificantly smaller than those from control cells (Fig. 2E-
F). Additionally, tumor volume was monitored over time,
and tumor weight was measured after dissection. These
results demonstrated that circAKT3 downregulation
markedly suppressed tumor growth (Fig. 2G-H).

We next explored the effects of circAKT3 overexpres-
sion on PCa cells both in vitro and in vivo. A plasmid
was constructed to achieve circAKT3 overexpression,
as shown in Figure S2B. Despite the elevated levels of
circAKT3, AKT3 mRNA levels remained unchanged in
the transfected cells, confirming that circAKT3 over-
expression does not influence AKT3 mRNA expression

Fig. 3 Overexpression of circAKT3 increases PCa cells proliferation, migration, and invasion in vitro and in vivo. A AKT3 mRNA levels remained
unchanged after circAKT3 overexpression in DU145, PC-3, and 22Rv1 cells stably transfected with plasmids. Data are presented as mean +SD.
***P<0.001, ns, not significant, Student’s t-test, n=3. B-C CCK-8 and colony formation assays demonstrated that circAKT3 overexpression enhanced
PCa cells proliferation. Data are expressed as mean+SD. ***P<0.001, **P<0.01, Student’s t-test, n=3. D Overexpression of circAKT3 enhanced PCa
cells migration and invasion. Scale bar, 100 um. Data are shown as mean +SD. ***P < 0,001, Student’s t-test, n=3. E-F Xenograft tumor models
indicated that tumors from the oe circ group were larger compared to those from the vector group. G-H Changes in tumor volume over time

and tumor weight after dissection. Data are presented as mean +SD. ***P<0.001, Student’s t-test, n=6
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(Fig. 3A). In vitro assays demonstrated that circAKT3
overexpression significantly enhanced the prolifera-
tion, migration, and invasion of PCa cells (Figs. 3B-D
and S2D). Similarly, in vivo experiments revealed that
tumors generated from cells overexpressing circAKT3
were significantly larger than those in the control vec-
tor group (Fig. 3E-H), indicating that both knockdown
and overexpression of circAKT3 respectively inhibit
and promote PCa cell proliferation, migration, and
invasion. These findings suggest that circAKT3 may act
as an oncogenic driver in PCa progression.

CircAKT3 interacts with RPS27A and RPL11 to form

a ternary complex, modulating their subcellular
localization

To further investigate the mechanisms underlying cir-
cAKT3’s biological functions, we used RNA-pulldown
and LC-MS/MS assays, which identified specific amino
acid sequences of RPS27A and RPL11, confirming their
interactions with circAKT3 (Fig. 4A). Analysis of the
TCGA database (https://portal.gdc.cancer.gov) revealed
upregulation of both RPS27A and RPL11 in PCa, sug-
gesting a potential association with cancer progression
(Fig. S3A). To visualize the interaction and co-localiza-
tion of circAKT3 with RPS27A and RPL11, we conducted
FISH and IF analyses. These experiments produced both
2D and 3D images, which clearly showed the co-locali-
zation of these molecules within the cells (Fig. 4F and
S3B). Using the RNAfold tool (http://rna.tbi.univie.ac.
at/cgi-bin/RNAWebSuite/RNAfold.cgi), we predicted
the secondary structure of circAKT3, providing insights
into its structural properties that likely facilitate protein
binding (Fig. S3C). Further validation of the interaction
between circAKT3, RPS27A, and RPL11 was achieved
via RNA-pulldown, followed by Western blotting, offer-
ing direct evidence of these protein interactions (Fig. 4B).
RIP assay confirmed the specific binding of circAKT3 to
both RPS27A and RPL11 (Fig. 4C). Additionally, Co-IP
assays demonstrated that RPS27A and RPL11 interacted

(See figure on next page.)
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with each other, suggesting the formation of a ternary
complex (Fig. 4D). To explore the role of circAKTS3 in this
interaction, we treated the complex with RNase A (which
digests circAKT3) and observed a weakening of the
RPS27A-RPL11 interaction (Fig. 4E). In contrast, RNase
R treatment (which does not digest circAKT3) did not
affect the interaction (Fig. S3D), highlighting the impor-
tance of circAKT3 in maintaining the stability of the
complex. A simulation diagram illustrated the potential
binding regions of RPS27A and RPL11 within circAKT3,
along with a schematic of the ternary complex (Fig. 4G).
Finally, Western blotting revealed increased nuclear
levels of RPS27A and RPL11 in PCa cells following cir-
cAKT3 knockdown (Figs. 4H and S3E). IF assays further
confirmed changes in the nuclear and cytosolic distribu-
tion of RPS27A and RPL11 in PCa cells transfected with
circAKT3-specific siRNAs or circAKT3 overexpres-
sion plasmids (Figs. 41 and S3F), demonstrating that cir-
cAKT3 modulates the subcellular localization of RPS27A
and RPL11, potentially affecting their cellular functions
and contributing to PCa progression.

CircAKT3 modulates MST1 expression by enhancing

the interaction between RPL11 and c-Myc

As previously reported, RPL11 inhibits the oncogenic
effects of c-Myc by directly binding to c-Myc in the
nucleus [16, 17]. To investigate this interaction, we per-
formed a Co-IP analysis, which demonstrated that
circAKT3 downregulation enhanced the interaction
between RPL11 and c-Myc (Fig. 5A). Conversely, when
circAKT3 was upregulated, the binding between RPL11
and RPS27A was strengthened, which in turn reduced
the interaction between RPL11 and c-Myc (Fig. S4A).
Further, Co-IP experiments confirmed the interaction
between RPL11 and c-Myc, while no direct interaction
was observed between RPS27A and c-Myc (Fig. S4B-C).
These results suggested that circAKT3 indirectly modu-
lated the RPL11-c-Myc interaction by influencing the for-
mation of the RPL11-RPS27A complex.

Fig. 4 CircAKT3 interacts with RPS27A and RPL11 to form a ternary complex, inhibiting the nuclear translocation of both proteins. A Schematic
overview of the RPD and LC-MS/MS assays (top). The specific amino acid sequences of RPS27A and RPL11 are depicted by the second-order mass
spectrum (right). Data are presented as mean +SD. ***P<0.001, Student’s t-test, n=3. B The interaction between circAKT3, RPS27A, and RPL11

was confirmed using RPD followed by Western blotting. C A RIP assay validated the binding of circAKT3 to RPS27A and RPL11. Data are presented
as mean+SD. **P<0.01, *P<0.05, Student’s t-test, n=3. D A Co-IP assay demonstrated that RPS27A and RPL11 could interact with each other. E
The interaction between RPS27A and RPL11 weakened after circAKT3 was digested with RNase A. F FISH and IF images revealed the co-localization
of circAKT3, RPS27A, and RPL11 (scale bar, 20 um). G Simulation diagram of the ternary complexes formed by circAKT3, RPS27A, and RPL11 (left).
Schematic representation of the potential binding regions of RPS27A and RPL11 within circAKT3 (right). H Western blotting analysis of RPS27A
and RPL11 in PCa cells transfected with negative control siRNA or circAKT3-specific SiRNA. 3-actin served as the loading control for the cytosol
and lysis, and Lamin B1 for the nucleus. Data are presented as mean = SD. ns, not significant; ***P<0.001, **P<0.01, *P < 0.05, Student's t-test, n=3
independent experiments. | IF assays showed a significant increase in nuclear levels of RPS27A and RPL11 upon circAKT3 downregulation. Nuclei

were counterstained with DAPI. Scale bar, 20 um
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As shown in Figure S4D-E, changes in circAKT3
expression influenced the function of c-Myc without
affecting its expression levels. Furthermore, the knock-
down of circAKT3 also resulted in a reduction in p-ERK
expression. To further investigate the downstream tar-
get genes regulated by both circAKT3 and c-Myc in PCa
cells, we conducted an RNA-seq analysis in cells trans-
fected with either si circAKT3 or si c-Myc (Fig. 5B). This
analysis identified MST1 as the sole gene whose RNA
levels were modulated by circAKT3 across multiple PCa
cell lines, including DU145, PC-3, and 22Rv1 (Figs. 5C
and S4F-G). Further, the protein levels of MST1 were
found to increase in response to circAKT3 knockdown
and decrease in response to circAKT3 overexpression
(Fig. S4H).

Analysis of the TCGA database revealed a downregu-
lation of MST1 in PCa (Fig. S5A). Compared to DU145
and PC-3 cells, MST1 was highly expressed in 22Rvl
cells (Fig. S5B-C). However, androgen stimulation led
to a reduction in MST1 expression in 22Rv1 cells (Fig.
S5D-E). After MST1 was successfully overexpressed
(Figs. 5D-E and S5F), its effect on the proliferation of
DU145, PC-3, and 22Rv1 cells was evaluated using CCK-8
and colony formation assays (Figs. 5F-G and S5G-H),
which revealed that MST1 overexpression significantly
inhibited the proliferation of PCa cells. Additionally,
Transwell and Wound-healing assays demonstrated that
MST1 overexpression inhibited the migratory and inva-
sive abilities of PCa cells (Figs. 5H and S5I-]). In in vivo
studies using xenograft tumor models, tumors from the
MST1 overexpression group were smaller than those in
the control (vector) group (Fig. 5I-J). Representative IHC
staining images of MST1 in tumor xenografts are shown
in Fig. 5M, while tumor volume progression and final
tumor weights are presented in Fig. 5K-L, highlighting
that MST1 overexpression markedly suppressed tumor
growth. Supplementary Figure S6 details the effects of

(See figure on next page.)
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MST1 knockdown on PCa cell proliferation, migration,
and invasion, both in vitro and in vivo. Specifically, after
MST1 knockdown (Fig. S6A-B), PCa cell proliferation
was promoted in both in vitro and in vivo models (Fig.
S6C-D and S6F-]), and cell migration and invasion were
enhanced (Fig. S5K and S6E).

These findings suggest that MST1 functions as a tumor
suppressor in PCa. Our results demonstrated that cir-
cAKTS3 regulates MST1 expression by modulating the
interaction between RPL11 and c-Myc, thereby affecting
the proliferation, migration, and invasion of PCa cells.

Potential c-Myc binding sites on the MST1 promoters

We further explored the regulatory mechanisms by
which c¢-Myc could modulate MST1 expression in PCa
cells, focusing on the identification of potential c-Myc
binding sites on the MST1 promoters. Using the JAS-
PAR database [27], we predicted possible c-Myc binding
sites on the MST1 promoters, which are crucial for gene
transcription regulation (Fig. 5N). The Transcription
Start Site (TSS) served as a reference point for these pre-
dictions. Next, we performed ChIP-qPCR to assess the
binding preference of c-Myc among the predicted sites.
The results indicated that c-Myc may have a preferential
binding to the third promoter region, designated as B3
(Figs. 50 and S7A). To further validate the sequences of
the B3 binding site’s RT-qPCR products, Sanger sequenc-
ing was employed, directly confirming the nucleotide
sequences and ensuring the accuracy of our findings
(Fig. 5P). Furthermore, the specificity of c-Myc binding
to the B3 site of the MST1 promoter was further con-
firmed by demonstrating the absence of interaction with
the non-binding site (NBS) (Fig. S7B-C). These results
provide evidence for the direct regulation of MST1 by
c-Myc via specific binding sites on the MST1 promoters,
underscoring the critical role of transcription factors like
c-Myc in gene expression modulation.

Fig. 5 CircAKT3 modulates MST1 expression by enhancing the interaction between RPL11 and c-Myc. A Co-IP analysis demonstrated

that the interaction between RPL11 and c-Myc was strengthened when the binding of RPL11 and RPS27A was inhibited by circAKT3
downregulation. B Venn diagram illustrating potential target genes regulated by circAKT3 based on RNA-seq data from si circAKT3 and si c-Myc
experiments. C MST1 was the only gene whose RNA levels were regulated by circAKT3 in DU145, PC-3, and 22Rv1 cells. Data are presented

as mean+SD. ***P<0.001, **P<0.01, *P<0.05, ns, not significant, Student’s t-test, n=3. D MST1 protein levels were elevated after transfection

with an MST1 overexpression plasmid. Data are presented as mean+SD. **P<0.01, Student’s t-test, n=3. E RT-qPCR analysis of MSTT mRNA in 22Rv1
cells following plasmid transfection. Data are expressed as mean +SD. ***P < 0.001, Student’s t-test, n=3. F-G CCK-8 and colony formation assays
showed that overexpression of MST1 inhibited the proliferation of 22Rv1. Data are presented as mean +SD. ***P<0.001, Student’s t-test, n=3. H
Transwell assays showed that MST1 overexpression decreased the migratory and invasive capacities of 22Rv1. Scale bar, 100 pm. Data are presented
as mean+SD. ***P<0.001, Student’s t-test, n=3. I-J Xenograft tumor models indicated that tumors in the MST1 overexpression group were

smaller compared to those in the vector group. K-L Tumor volume progression over time and tumor weight after dissection. Data are presented

as mean+SD. **P<0.001, **P<0.01, Student’s t-test, n=6. M. Representative IHC staining images of MST1 in tumor xenografts. Scale bar= 100

um. N The JASPAR database predicted potential c-Myc binding sites on the MST1 promoters. TSS: Transcription Start Site. O Gel electrophoresis

was conducted to confirm the specificity of the RT-qPCR products. Data are presented as mean =+ SD. ***P<0.001, ns, not significant, Student’s t-test,
n=3.P Sanger sequencing validated the sequences of B3's RT-qPCR products
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MST1 upregulation reversed the proliferative, migratory,
and metastatic characteristics induced by circAKT3

We investigated the impact of MST1 upregulation in cir-
cAKT3-overexpressing PCa cells, particularly its effects
on cell proliferation, migration, and invasion. Western
blotting was initially conducted to assess MST1 expres-
sion levels in DU145, PC-3, and 22Rv1 cells transfected
with various plasmids (Figs. 6A and S8A). Subsequently,
colony formation and CCK-8 assays demonstrated that
MST1 reversed the effects of circAKT3 overexpression
on cell proliferation (Figs. 6B and S8B). Transwell assays,
TEM assays, and wound-healing assays were further per-
formed to evaluate the migratory and invasive abilities
of the cells. The results indicated that MST1 upregula-
tion effectively counteracted the increased migration and
invasion induced by circAKT3 overexpression in PCa
cells (Figs. 6C-D and S8C). In vivo studies corroborated
the impact of MST1 upregulation on the proliferation
of circAKT3-overexpressing cells, showing that MST1
overexpression mitigated the proliferation enhancement
caused by circAKT3 overexpression (Fig. 6E-I). Addi-
tionally, we examined the effects of MST1 knockdown in
circAKT3-knockdown PCa cells. Western blotting evalu-
ated the efficiency of MST1 knockdown in DU145, PC-3,
and 22Rv1 cells transfected with different constructs (Fig.
S9A and S10A). The findings revealed that MST1 knock-
down reversed the inhibitory effects of circAKT3 down-
regulation on cell proliferation, migration, and invasion
(Fig. S9B-C and S10B-C).

Nucleic acid-based therapies, such as gene silencing,
therapeutic protein expression, and gene editing, are
rapidly advancing into clinical trials. Delivery of siRNA,
mRNA, and DNA plasmids via LNP enables targeted
in vivo treatment, significantly reducing systemic tox-
icity while maintaining therapeutic efficacy [28, 29].
In our study, we first established a mouse tumor xeno-
graft model and administered LNP-si-ctrl or LNP-si-
circAKT3, observing that LNP-si-circAKT3 markedly
inhibited tumor growth (Fig. 7A-F). Figure 7G-H dem-
onstrated that the knockdown of circAKT3 decreased the
IC5y of ENZA in 22Rv1 cells. Given the lack of effective

(See figure on next page.)
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treatments for metastatic PCa, particularly for bone
metastases, we hypothesized that LNP-si-circAKT3
could offer therapeutic potential in this setting. To test
this, we developed a bone metastasis model by inject-
ing PCa cells into the tibia to simulate the tumor growth
in bone after PCa cell transplantation. Treatment with
LNP-si-circAKT3 in this model led to significant tumor
remission in the bone (Fig. 7I-M). These findings suggest
a novel approach for treating metastatic PCa by combin-
ing circRNA with LNP-based delivery systems.

The circularization and nuclear export of circAKT3

To investigate the role of these flanking introns in the
generation of circAKT3, we engineered four distinct
plasmids (#1-#4) (Fig. 8A). Our results indicated that
only plasmid #1 effectively promoted the circulariza-
tion of circAKT3, suggesting a specific role for the flank-
ing introns within this plasmid in the circularization
process. Given the critical role of Alu sequences in cir-
cRNA circularization, we utilized the UCSC Genome
Browser and BLAST to identify potential Alu sequences
located in the flanking introns of circAKT3 (Fig. S11A-
B). We identified AluSc and AluSx4 sequences. Notably,
the deletion of these sequences in plasmid #5 resulted in
inefficient circularization, underscoring their importance
(Fig. 8B). Further experiments revealed that the pres-
ence of the AluSc and AluSx4 sequences (#6), rather than
the entire 1000 bp flanking intron, was sufficient to sig-
nificantly enhance the biogenesis of circAKT3 (Fig. 8C).
Additionally, these sequences were found to promote
the circularization of other circRNAs, such as circSOBP
and circUBE3A (Fig. 8D). RBPs such as QKI, FUS, and
hnRNPH]1 have been reported to promote circRNA bio-
genesis [30]. Our results indicated that the knockdown of
QKI affected the circularization of circAKT3, implicating
it in the regulation of its biogenesis (Fig. S11C). Further-
more, circRNAs generated in the nucleus are exported
out with the assistance of proteins such as URH49,
exportin-2, and Ran-GTP [7, 8]. We examined the role of
URH49 in the nuclear export of circAKT3. A reduction
in URH49 expression (Figs. 8E and S11D) resulted in a

Fig. 6 MST1 upregulation reverses the proliferative, migratory, and metastatic characteristics induced by circAKT3. A Western blot analysis

was conducted to evaluate MST1 expression in DU145, PC-3, and 22Rv1 cells harboring different vectors. Data are presented as mean +SD.
***P<0.001, ns, not significant, Student’s t-test, n=3. B Colony formation assays assessed cell mobility in cells with different vectors. Data are
presented as mean = SD. ***P <0.001, ns, not significant, Student’s t-test, n=3. C-D Transwell assays (B; top; scale bar, 100 um), transendothelial
migration (TEM) assays (B; bottom; scale bar, 100 um), and wound-healing assays (C; scale bar, 200 um) demonstrated that upregulating MST1

in circAKT3-overexpressing PCa cells counteracted the migration and invasion enhancement driven by circAKT3 overexpression. Data are presented
as mean+SD. ***P<0.001, ns, not significant, Student’s t-test, n=3. E-F Xenograft tumor models revealed that MST1 overexpression mitigated

the proliferation boost caused by circAKT3 overexpression in vivo. G. Representative IHC staining of MST1 in tumor xenografts. Scale bar= 100 pm.
H-1 Tumor volume progression and tumor weight following dissection. Data are presented as mean + SD. ***P <0.001, *P< 0.05, ns, not significant,

Student’s t-test, n=6



Song et al. Molecular Cancer (2025) 24:53 Page 15 of 22

DU145 PC-3 22Rv1 vector + - - -
vector T T oe circ - + + +
i vector - - + _
oe circ -+ + + -+ + + -+ + +
vector e oe MST1 - - _ +
0e MST1 - - - + - - - + - - - + 22Rv1

IBMST1 [=— — =] [= — — =] [=— — =] 100kDa

IB:B-actin [== == == ==| [= === —| [== == = =] 42kDa Migration

B vector

oe circ

oe circ + vector
oe circ + oe MST1

N F“' :

Relative MST1 levels

vector + - -
oe circ - + +
vector - - +
oe MST1 - - -

0o+

0 vector 0 vector
DU145 B oe circ W oe circ
oe circ + vector oe circ + vector
5 oe circ + oe MST1 15 oe circ + oe MST1
k] ]
Q4 3
PC-3 ] S
o 3 5]
-g Qo
2
3 8
22Rv1 o] —T— - -
migration invasion HLEC HUVEC
0 vector vector . - _ _
e circ oe circ - + + *
% 3 " oe irc + vector Veclt/?é_” - - + -
= - - - +
c I oe circ + oe MST1 e
S, 1% -
®
E
L2 Oh
z! w
S
3 s
Op o
DU145 PC-3  22Rvi =

E G MST1 48h

vector vector

oe circ oe circ

X oe circ
Gg clre vector
vector
oe circ % cire
oe MST

0 MST1

) e DU145
H =+~ vector 1.0

£ 100 S
== oe circ c 0.8 . % %’
F oe Girc + vector S % 80 - ok ©
0 0.6 o 2
vector & 1000 oe circ + oe MST1 32 g : g 60 >
£ <
oe circ £ 800 § 40 ns §
2 H
oe circ € 600 § 20 i 3
vecor 2 400 % 0 <
g S © & AN
0 MST1 g 200 1 4 X & S \@/\
=] e X - x @ X g
0 T T T T é}&(’ox & O
7 14 21 28 N qf’\ &
Time(Days) ® o’

Fig. 6 (Seelegend on previous page.)



Song et al. Molecular Cancer (2025) 24:53

significant increase in the nuclear levels of circAKT3, as
visualized by FISH (Fig. 8F) and quantified by RT-qPCR
(Fig. 8G). Moreover, the downregulation of URH49 spe-
cifically decreased the levels of MST1 RNA in DU145 and
PC-3 cells (Figs. 8H and Fig. S11E). These results suggest
that the circularization of circAKT?3 is driven by specific
Alu sequences and the RNA-binding protein QKI, while
its nuclear export is regulated by URH49.

Discussion
Metastatic PCa spreading via direct invasion, lymphat-
ics, or the bloodstream leading to hematuria, lower
limb edema, or severe bone pain, is frequently associ-
ated with poor prognosis [2]. Elucidating the molecu-
lar mechanisms driving PCa metastasis and identifying
potential therapeutic targets are critical for improving
treatment strategies [31, 32]. Emerging evidence sug-
gests a link between circRNAs and cancer [13, 33]. Using
high-throughput circRNA-sequencing, we identified cir-
cAKT3 as significantly upregulated in PCa, correlating
with disease aggressiveness. Further analysis of circAKT3
expression alongside clinical-pathological data showed
that higher circAKTS3 levels are associated with D’Amico
risk classification, the Gleason score, and pT stage,
underscoring its potential as a prognostic marker. Cir-
cAKTS3 originates from exons 2—8 of the AKT3 gene, and
its in vitro functional assays demonstrate its role in pro-
moting PCa cell proliferation, migration, and invasion.
CircRNAs have been shown to regulate parental gene
expression, act as "miRNA sponges”, form circRNA-
protein complexes, or encode peptides [5, 34]. Previous
studies identified that circAKT3 functions as a sponge
for miR-296-3p and miR-17-5p [35, 36]. To explore
additional regulatory mechanisms, we first assessed
whether circAKT3 affects its parental gene, AKT3, and
found that neither circAKT3 knockdown nor over-
expression altered AKT3 expression. CircRNAs also
interact with proteins, functioning as sponges, decoys,
scaffolds, or recruiters [7]. Through RNA-pulldown and
LC-MS/MS analysis, we identified circAKT3 binding
to both RPS27A and RPL11. While earlier studies have

(See figure on next page.)
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reported the interaction between RPS27A and RPL11
[37], our research is the first to uncover the formation of
a RPS27A-circAKT3-RPL11 ternary complex. Based on
these findings, we hypothesized that circAKT3 serves as
a scaffold facilitating this interaction. Interestingly, the
digestion of circAKT3 with RNase A, but not RNase R,
weakened the interaction between RPS27A and RPL11.
Furthermore, circAKT3 knockdown reduced the inter-
action between RPS27A and RPL11 while promoting
their nuclear translocation, resulting in increased nuclear
accumulation of both proteins. To investigate the binding
mechanism, we employed AlphaFold3 (https://alphafolds
erver.com) and PyMOL to model and visualize the 3D
structure of the RPS27A-circAKT3-RPL11 ternary com-
plex [38], with the binding sites between circAKT3 and
these proteins highlighted (Fig. 4G). CircRNAs interact
with proteins in different ways as scaffolds: (a) by binding
to two proteins and enhancing their interaction; (b) by
binding to protein X and indirectly promoting its interac-
tion with protein Y, without binding directly to protein
Y; (c) by binding to two proteins that do not interact with
each other. The formation of protein-circRNA-protein
ternary complexes not only regulates the translocation
of these proteins but also influences their functions by
enhancing, sequestering, or modulating their activity and
expression levels [39—41]. Based on our current findings,
the RPS27A-circAKT3-RPL11 ternary complex aligns
with the third mode of binding.

Studies have highlighted that nuclear RPL11 binds
to ¢-Myc, inhibiting its transcriptional activity [16, 17].
Notably, circAKT3 knockdown not only promoted
the nuclear translocation of RPS27A and RPL11 but,
as shown by Co-IP analysis, also enhanced the bind-
ing between RPL11 and c-Myc while weakening the
association between RPL11 and RPS27A. Additionally,
circAKT3 knockdown decreased p-ERK expression, sug-
gesting its involvement in PCa progression through the
MAPK signaling pathway. Given that circAKT3 knock-
down led to RPL11-mediated suppression of c-Myc tran-
scriptional activity, we analyzed RNA-seq data from si
circAKT3 and si c-Myc samples, coupled with cellular

Fig. 7 CircAKT3 inhibits PCa cells proliferation and metastasis in vivo. A Schematic illustration of the tumor xenograft experiment. B-C Xenograft
tumor models showing that tumors from the LNP-si-circ group were smaller compared to those from the LNP-si-ctrl group. circ, circAKT3. ctrl,
control. D-E Tumor volume changes over time and tumor weight post-dissection. Data are presented as mean + SD. ***P<0.001, *P < 0.05, Student’s
t-test, n=5. F Representative IHC staining of MST1 in tumor xenografts. Scale bar=100 um. G-H Cell viability and relative ICy, values were assessed
following knockdown of circAKT3 and treatment with ENZA in 22Rv1 cells. Data are expressed as mean+SD. **P<0.01, *P < 0.05, Student's

t-test, n=3 independent experiments. | Schematic representation of the bone metastasis model. J In vivo imaging and gross images of mouse

legs from the bone metastasis model. K Hematoxylin and eosin (HE) staining of leg tissues. HE staining of normal leg tissue (Top). HE staining

of tumor-affected leg tissue, with the red box indicating osteoclasts and the blue box indicating osteoblasts (Bottom). Scale bar=500 um, Scale
bar=>50 um. L-M Tartrate-resistant acid phosphatase (TRAP), red coloration indicates the presence of osteoclasts. Scale bar=500 um, Scale bar=50

um
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experiments, and identified MST1 as a potential down-
stream effector.

While some evidence suggests that MST1 contributes
to tumor progression in extrahepatic cholangiocarci-
noma and breast cancer [42, 43], other findings indicate
that MST1 downregulation may promote tumorigenesis
in lung carcinoma [19]. In PCa, previous studies have
explored the relationship between plasma MST1 levels
and clinicopathological features [44]. By analyzing plasma
MST1 levels in 58 PCa patients, researchers found that
Japanese patients with castration-resistant PCa (CRPC)
exhibited higher MST1 levels compared to those with
typical PCa. However, this study did not explore the role
of MST1 in PCa cells’ phenotypes. In our investigation,
analysis of the TCGA database revealed that MST1 is
expressed at low levels in PCa patients. Culturing andro-
gen receptor-positive 22Rv1 cells in androgen-containing
medium suppressed MST1 expression, while treatment
with ENZA increased MST1 levels, suggesting a link
between MST1 and androgen signaling. Notably, cir-
cAKT3 knockdown in 22Rv1 cells led to an increase in
MST1 expression and simultaneously decreased the IC,
of ENZA. These findings suggested that MST1 expres-
sion was associated with the sensitivity of androgen
receptor-positive 22Rv1 cells to ENZA treatment. In this
study, we focus on in vitro and in vivo experiments, dem-
onstrating that MST1 upregulation suppresses PCa cell
proliferation, migration, and invasion. Moreover, MST1
overexpression reversed the oncogenic effects induced by
circAKT3 upregulation. Nonetheless, the precise molec-
ular mechanisms through which MST1 inhibits PCa pro-
gression warrant further investigation.

This study preliminarily explored the underlying mech-
anism for the observed increase in MST1 expression fol-
lowing the inhibition of c-Myc transcriptional activity
by RPL11. It is well established that c-Myc, as a classical
transcription factor, can function as both a transcrip-
tional activator and repressor by binding to promoter
regions of target genes [45, 46]. This research identified
a new target gene regulated by c-Myc. Using the JASPAR

(See figure on next page.)
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database, we predicted potential c-Myc binding sites in
the MST1 promoter region [27]. This interaction was
subsequently validated through ChIP assays [47], which
confirmed that c-Myc binds directly to the MST1 pro-
moter, indicating that c-Myc may repress MST1 expres-
sion via this binding site.

The formation of circRNAs is a complex biological pro-
cess. Numerous studies have shown that complementary
sequences in the flanking introns can facilitate circRNA
circularization [6, 48, 49]. In our research, we identi-
fied complementary Alu sequences within the flanking
introns of circAKT3, which not only promote its circu-
larization but also enhance the circularization of other
circRNAs, such as circSOBP and circUBE3A (2,3,4,5).
Prior studies have demonstrated that several classical
RBPs, including MBL, QKI, and members of the hnRNP
family, regulate circRNA formation [30, 50]. In this study,
we found that QKI plays a regulatory role in circAKT3
formation, while FUS and hnRNPH1 did not significantly
impact its circularization.

After their formation in the nucleus, circRNAs need to
be transported to the cytoplasm, a process likely medi-
ated by proteins such as URH49, exportin-2, Ran-GTP,
and IGF2BP1 [7, 8]. Notably, we observed that URH49
knockdown resulted in the nuclear accumulation of
circAKT3, accompanied by the suppression of MST1
expression. Here, we discovered that URH49 regulated
MST]1 expression through the URH49-circAKT3-RPL11-
¢-Myc-MST1 axis. However, the specific mechanism
needs more exploration.

Conclusion

This study identified that circAKT3 was upregulated and
acted as an oncogene in PCa. LNP-si-circAKT3 sup-
pressed the growth of bone tumors formed by PCa cells.
Mechanistically, circAKT3 functions as a protein scaf-
fold by binding RPS27A and RPL11. CircAKT3 knock-
down weakened their interaction, facilitated the nuclear
translocation of RPL11, and enhanced RPL11-medi-
ated inhibition of c-Myc, leading to the upregulation of

Fig. 8 The circularization and nuclear export of circAKT3. A-B Expression of circAKT3 in cells transfected with different plasmids (#1-#5). AluSc
and AluSx4 sequences were deleted in the flanking introns of circAKT3 in plasmid #5. Only plasmid #1 efficiently promoted the circularization

of circAKT3. Data are presented as mean +SD. ***P < 0.001, ns, not significant, Student’s t-test, n=3. C The AluSc and AluSx4 sequences (#6)
significantly promoted the biogenesis of circAKT3. Data are presented as mean +SD. ***P <0.001, Student’s t-test, n=3. D AluSc and AluSx4
sequences significantly promoted the circularization of circSOBP and circUBE3A(2,3,4,5). Data are presented as mean +SD. ***P <0.001, Student’s
t-test, n=3. E Western blot analysis of URH49 expression in DU145 and PC-3 cells transfected with negative control or URH49-specific siRNA.
Data are presented as mean +SD. ***P <0.001, Student’s t-test, n=3. F FISH images showed a significant increase in nuclear levels of circAKT3
upon URH49 downregulation. Nuclei were counterstained with DAPI. Scale bar, 20 um. G CircAKT3 levels were quantitated by gRT-PCR in nuclear,
cytoplasmic and total RNA extracted from DU145 (top) and PC-3 (bottom) cells treated with control or URH49-specific siRNA. Data are expressed
as mean+SD. ***P<0.001, ns, not significant, Student’s t-test, n=3. H MST1 RNA levels were specifically downregulated following URH49
downregulation in DU145 and PC-3 cells. Data are expressed as mean £ SD. ***P<0.001, *P < 0.05, Student's t-test, n=3
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Fig. 9 Schematic lllustration of circAKT3's Role in Inhibiting PCa Proliferation and Metastasis. CircAKT3 is circularized via the involvement of flanking
Alu elements and exported from the nucleus with the assistance of URH49. Serving as a molecular scaffold, circAKT3 promotes the interaction
between RPS27 and ARPL11, facilitating their cytoplasmic accumulation and reducing nuclear RPL11 levels. This reduction in nuclear RPL11
diminishes its interaction with c-Myc, which in turn strengthens c-Myc-mediated suppression of MST1 expression. As a result, MST1 downregulation

facilitates PCA cells proliferation and metastasis

MST]1, ultimately inhibiting the proliferation, migration,
and invasion of PCa cells. Additionally, both the Alu
sequences and the RNA-binding protein QKI promoted
circAKT3 circularization, and URH49 mediated the
nuclear export of circAKT3 (Fig. 9). Our findings provide
novel insights into the regulatory mechanisms of circR-
NAs in PCa progression and may offer potential thera-
peutic targets for PCa.
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