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Abstract
Background Papillary thyroid carcinoma (PTC) is a common malignant tumor. BRAFV600E mutation has become a 
common molecular event in PTC pathogenesis. Circular RNA PSD3 (circPSD3) is known to be highly expressed in PTC. 
However, the bio-functional role of circPSD3 and its possible relationship with the BRAF in PTC is not clear. This study 
aims to probe the biofunction and molecular mechanism of circPSD3 in PTC pathogenesis.

Methods RT-qPCR was utilized to measure the expression of circPSD3 and BRAF in PTC tissues and cells. The CCK-8 
and EdU assays were employed to assess cell viability and proliferation. Cell apoptosis was quantified using flow 
cytometry. The migratory and invasive capabilities of the cells were evaluated via wound healing and transwell 
assays. The interaction between RNAs was investigated using luciferase reporter assay. Additionally, xenograft tumor 
experiments were conducted to validate our findings in vivo.

Results Data showed that circPSD3 was highly expressed in PTC patients and cell lines. CircPSD3 was found to 
promote cell growth and migration and inhibit apoptosis in PTC cells. Results also revealed that circPSD3 upregulated 
RAP2A expression by specifically sponging miR-526b. Interestingly, inhibiting miR-526b reversed the tumorigenic 
properties of circPSD3 in PTC. Additionally, BRAF expression was low in PTC patients, and overexpression of BRAF 
hampered PTC development by downregulating circPSD3 and RAP2A while upregulating miR-526b expressions.

Conclusions Our study reveals that circPSD3 is a key regulator promoting PTC progression via the circPSD3/
miR-526b/RAP2A pathway. Furthermore, we found that overexpressing BRAF, which inhibits circPSD3, significantly 
hampers the progression of PTC.
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Introduction
Thyroid cancer (TC) is the most prevalent endocrine 
malignancy worldwide, with papillary thyroid carcinoma 
(PTC) being the most common subtype [1]. The increase 
in PTC incidence may be attributed to advancements in 
diagnostic techniques, such as high-frequency ultrasound, 
which facilitates early detection [2]. Current treatment 
modalities include surgery, chemotherapy, and radioactive 
iodine therapy, with a reported survival rate as high as 77% 
[3]. However, despite generally favorable prognoses, some 
patients with PTC may experience vascular invasion, 
distant metastasis, and recurrence, which contribute to 
lower survival rates [4]. Therefore, it is crucial to deepen 
our understanding of PTC pathogenesis and identify 
novel therapeutic targets.

Circular RNAs (circRNAs) are small non-coding RNAs 
produced from precursor mRNA by back splicing of 
exons or introns, forming a covalently closed loop with-
out a 5’ cap or a 3’ poly(A) tail [5]. CircRNAs are involved 
in a wide array of pathological and physiological pro-
cesses, attributed to their specificity, abundance, and 
conservation [6–8]. An increasing body of evidence sug-
gests that circRNAs are abnormally expressed in various 
human cancers and contribute to tumor development 
and metastasis [9, 10]. For instance, circ_0001666 sup-
presses the malignant progression of colorectal cancer 
by upregulating PCDH10 [11]. CircFADS2 promotes cell 
growth and invasion in lung cancer by sponging miR-498 
[12]. CircRNA_104348 is reported to enhance hepatocel-
lular carcinoma development by targeting miR-187-3p/
RTKN2, thereby modulating the Wnt pathway [13]. 
Furthermore, circNRIP1 promotes PTC development 
through modulating MAPK and JAK/STAT pathways 
[14]. These studies suggest that circRNAs could serve as 
potential biomarkers or therapeutic targets for various 
cancers [15]. Additionally, evidence shows that silenc-
ing circPSD3 can promote tumor metastasis in clear-cell 
renal cell carcinoma [16]. Another study reported that 
circPSD3 can suppress vascular invasion and metastasis 
of hepatocellular carcinoma [17]. Moreover, Zhu et al. 
reported that circ-PSD3 silencing hinders the prolifera-
tion and invasion of PTC cells [18], while Li et al. showed 
that circ-PSD3 promotes cell cycle progression, prolifera-
tion, and metastasis and impedes the apoptosis of PTC 
cells [19]. However, the molecular mechanisms underly-
ing circPSD3 oncogenic role in PTC pathogenesis remain 
unclear. Further research is needed to elucidate the bio-
logical roles and molecular mechanisms of circPSD3 in 
PTC pathogenesis.

B-type Raf kinase (BRAF) is a cytoplasmic serine-thre-
onine protein kinase that promotes tumor development 
by activating the MAPK pathway, which enhances cell 
proliferation and suppresses apoptosis [20, 21]. Evidence 
indicates that mutations in BRAF are common among 

PTC patients, with a prevalence rate of up to 51% [22], 
and these mutations are implicated in the pathogenesis 
of PTC [23]. However, the potential relationship between 
BRAF and circPSD3 in PTC remains unexplored. There-
fore, a deeper investigation into BRAF regulatory mecha-
nisms could further elucidate the pathogenesis of PTC.

The primary aim of this study is to investigate the spe-
cific biological functions and regulatory mechanisms of 
circPSD3 in PTC pathogenesis, as well as to explore the 
interaction between BRAF and circPSD3.

Materials and methods
Bioinformatics
CircPSD3 (also termed hsa_circ_0002111) expression in 
six benign thyroid lesions and six matching contralat-
eral normal samples was obtained from the GSE93522 
dataset  (   h t  t p s  : / / w  w w  . n c  b i .  n l m .  n i  h . g o v / g e o / q u e r y / a c c . c 
g i ? a c c = G S E 9 3 5 2 2     ) [24]. The origin of exon circPSD3 was 
obtained from the circBase database (http://circbase.org/). 
To predict miRNAs that may interact with circPSD3 
(hsa_circ_0002111), we utilized the Circinteractome web 
tool (https:/ /circin teracto me.n ia.nih.gov/), which  p r o v 
i d e s a comprehensive database of miRNA binding sites 
on circular RNAs. This resource allowed us to identify 
potential miRNAs that could bind to circPSD3, which is 
implicated in regulating various cellular processes. Fur-
thermore, to predict the target mRNAs of miR-526b, 
we used the ENCORI  (   h t  t p s  : / / r  n a  s y s u . c o m / e n c o r i / i n d e 
x . p h p     ) , a widely recognized resource for miRNA-target 
interaction analysis. This tool helped us identify putative 
mRNA targets of miR-526b, which may contribute to the 
downstream effects observed in our study.

Patient tissue specimens
A total of 326 pairs of PTC tumor and normal tissue sec-
tions were obtained from patients who were diagnosed 
with PTC through high-frequency ultrasound examina-
tion and fine-needle aspiration biopsy and who received 
surgery at Henan Provincial People’s Hospital in 2017 
and 2022. At the same time, all these PTC samples were 
confirmed for the presence of BRAFV600E. Tissues were 
frozen in liquid nitrogen and stored at − 80 °C. This study 
was approved by Henan Provincial People’s Hospital. All 
patients had signed informed consent forms.

Detection of BRAFV600 mutation in patient tissue 
specimens
The mutation analysis of formalin-fixed and paraffin-
embedded tumor tissues in thyroidectomy specimens 
was carried out as described previously [25]. Three 10 
µm-thick unstained sections were obtained from the 
tumor tissue for dewaxing and macroscopic dissec-
tion. DNA was extracted using a Qiagen tissue DNA 
extraction kit (QIAGEN, Germany). BRAF exon 15 was 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93522
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93522
http://circbase.org/
https://circinteractome.nia.nih.gov/
https://rnasysu.com/encori/index.php
https://rnasysu.com/encori/index.php
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amplified using a BRAF mutation detection kit. Briefly, 
5 µL of DNA was added to a 35 µL amplification reac-
tion. The upstream primer sequence of BRAF was 5’- A 
T G C T T G C T C T G A T A G G A A-3’ while the downstream 
primer sequence was 5’- G C A T C T C A G G G C C A A A-3’. 
Polymerase Chain Reaction (PCR) amplification was then 
performed. BRAF amplification products were purified 
and sequenced by the BigDye® Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems, USA).

Cell culture and transfection
BRAFV600E PTC cell lines (IHH4 cells and BCPAP cells) 
and human normal thyroid cell line Nthy-ori-3-1 were 
obtained from ATCC (Manassas, VA, USA). Cells were 
incubated in RPMI-1640 medium (Invitrogen, USA) 
together with 10% FBS (Gibco, USA), 100 U/ml penicillin 
(Gibco, USA), and 100 µg/ml streptomycin (Gibco, USA) 
at 37 °C with 5% CO2.

To silence circPSD3 expression, shRNA specifically 
targeting circPSD3 (sh-circPSD3) and its negative con-
trol (sh-NC) were designed by GenePharma (Shanghai, 
China). The pcDNA3.1-BRAFV600E (OE-BRAF) and NC 
vector (OE-NC) were also developed by GenePharma to 
overexpress BRAF in cells. The shRNA targeting BRAF 
(sh-BRAF) and negative vector (sh-NC) were also devel-
oped by GenePharma to inhibit BRAF expression in PTC 
cells. Moreover, miR-526b mimics and NC mimics were 
purchased from Genechem (Shanghai, China) for over-
expressing miR-526b in cells. The cells were transfected 
with lipofectamine 3000 (Invitrogen, USA) following the 
manufacturer’s protocol. After 48 h of transfection, cells 
were collected for the following assays.

RT-qPCR
Total RNA from tissue samples and cells was extracted 
utilizing the TRIzol reagent (Life Technologies, Carlsbad, 
CA, USA). Subsequently, cDNA was synthesized using a 
cDNA Synthesis kit (Takara, Otsu, Japan). Next, qPCR 
was implemented utilizing SYBR Green PCR Master Mix 

(Takara). Gene expression levels were quantified using 
the 2−ΔΔCt method and normalized to GAPDH or U6. The 
primer sequences used in this study are shown in Table 1.

Western blot
Total protein from cells was extracted with RIPA lysis 
buffer (Sigma, USA) and quantified using an enhanced 
bicinchoninic acid (BCA) Protein Assay Kit (Beyo-
time, Shanghai, China). Then, an equal amount of 
protein (30  µg) was loaded and isolated via 12% SDS-
PAGE gel and transferred to PVDF membranes (Mil-
lipore, USA). The membranes were then blocked with 
5% skimmed milk. After washing the membranes with 
T-BST five times, the membranes were incubated with 
primary antibodies against RAP2A (#ab173296, 1/1000, 
AB_2177307, Abcam, USA), anti-BRAF (#ab33899, 
1/1000, AB_1641515, Abcam, USA) and anti-β-actin 
(#ab5694, 0.5 µg/ml, AB_2750915, AB_1641515, Abcam, 
USA) at 4 °C for one night. The next day, the membranes 
were washed and incubated with the HRP-conjugated 
goat anti-rabbit secondary antibody anti-IgG (#ab6721, 
1/2000, AB_955447, Abcam, USA) for 1  h. Finally, the 
ECL chemiluminescent detection reagent (Millipore, 
USA) was applied to visualize the proteins.

Actinomycin D (Act D) and RNase R assays
For Act D assay, cells were incubated with 2  mg/mL of 
Act D for 6, 12, 18, and 24 h to block RNA transcription. 
For the RNase R assay, total RNA was cultured with 3 U/
µg RNase R for half an hour at 37℃. After that, RT-qPCR 
was conducted to assess RNA expression level.

FISH assay
The fluorescent in situ hybridization kit (Thermo Fisher 
Scientific, USA) was utilized for detecting the subcellu-
lar location of circPSD3 in accordance with user guide-
lines. Cy3-labeled circPSD3 probes were designed and 
synthesized by Foco (Guangzhou, China). DAPI was used 
to counterstain the nucleus. The images were obtained 
through the confocal microscope (Bx53, Olympus, 
Japan).

CCK-8 assay
A Cell Counting Kit-8 (CCK8; Dojindo, Tokyo, Japan) 
was utilized for measuring cell viability. 1 × 104 cells per 
well were seeded in the 96-well plates and cultured for 0, 
24, 48, and 72 h. Thereafter, 10 µl of CCK-8 solution was 
added to each well and the plate was incubated for 2 h. 
Finally, a microplate reader (Thermo Fisher Scientific, 
USA) was utilized to detect the absorbance at 450 nm.

EdU assay
An EdU staining Kit (Ribobio, Guangzhou, China) was 
employed for assessing cell proliferative capability. 

Table 1 Primers used in the study
Gene Sequence (5′ to 3′)
CircPSD3 Forward:  T C T C C A A G G A T C T G C T G A A A C A

Reverse:  G C T T C C A C A T T G C T G C T G G T A
miR-526b-3p Forward:  T G G A G G G A A G C A C T G C G C T C T

Reverse:  T A C G T T C C A T A G T C T A C C A
RAP2A Forward:  C G A T G C G C G A G T A C A A A G T G

Reverse:  G A T C T G A C G A A T C C T G T C C G
BRAF Forward:  A A C G A G A C C G A T C C T C A T C A G C

Reverse:  G G T A G C A G A C A A A C C T G T G G T T G
GAPDH Forward:  G T C A A G G C T G A G A A C G G G A A

Reverse:  A A A T G A G C C C C A G C C T T C T C
U6 Forward:  C T C G C T T C G G C A G C A C A

Reverse:  A A C G C T T C A C G A A T T T G C G T
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Briefly, 1 × 104 cells/well were seeded in the 96-well plates 
for 24 h and then incubated with 10 µM EdU reagent for 
2  h. Cell nucleus was dyed with DAPI (Sigma). Images 
were taken with a fluorescence microscope (AX10 imager 
A2, Zeiss, Jena, Germany).

Flow cytometry
The FITC-labeled Annexin V (Annexin V-FITC) apop-
tosis detection kit (BD Biosciences) was used to assess 
cell apoptosis. In short, 1 × 106 cells were resuspended in 
1X binding buffer solution. The cells were subsequently 
stained with a solution containing Annexin V/FITC (5 µL 
of FITC Annexin V) and propidium iodide (PI) (5 µL) and 
incubated at room temperature for 30  min in the dark. 
Cells were acquired on a flow cytometer (FACS Calibur, 
BD Biosciences), and data was analyzed with FlowJo 
software.

Transwell invasion assay
The cell invasion capacity was measured using Tran-
swell chambers with 8 μm pore size (Corning, NY, USA). 
1 × 105 cells were inoculated in the upper chamber with 
serum-free medium, and the chamber was pre-coated 
with Matrigel, while the lower chamber was filled with 
200 µL of complete medium. After 24 h of culture, non-
invading cells on the membrane were removed by cotton 
swabs. The invaded cells were fixed by 4% PFA and dyed 
with 0.1% crystal violet. The cells were photographed 
using a microscope (MM-800  N, Nikon, Japan) and 
counted in five random distinct fields.

Wound healing assay
5 × 104 cells were seeded on the 6-well plates and cul-
tured until confluence reached 80%. A scratch was made 
using 200 µl pipette tips, and then cells were cultured in 
a serum-free medium. After 24 h, the images were photo-
graphed at 0 h and 24 h with a microscope (MM-800 N, 
Nikon, Japan), and the wound closure percentage was 
calculated using five randomly chosen fields.

RNA pulldown assay
Biotin-labeled miR-526b and negative control (Bio-NC) 
were obtained from GenePharma (China). After transfec-
tion with Bio-miR-526b probe or Bio-NC for 2 days, cells 
were collected and incubated with lysis buffer. There-
after, the cells were cultured with M280 streptavidin 
Dynabeads (Invitrogen) for 6 h at 4 °C. The samples were 
rinsed with buffer and eluted, and then the RNA enrich-
ment was measured through RT-qPCR.

Luciferase reporter assay
The wild type (WT) and mutated (MUT) miR-526b bind-
ing sites to circPSD3 or RAP2A 3’UTR were obtained 
to generate the pmirGLO-circPSD3-WT/MUT and 

pmirGLO-RAP2A-WT/MUT luciferase vectors (Pro-
mega, USA). After co-transfection with vectors and indi-
cated plasmids in cells using the Lipofectamine® 2000 
Transfection Reagent (Thermo Fisher Scientific, Inc., 
USA), the luciferase activities were determined utilizing 
the Dual-Luciferase Reporter Assay System (Promega).

Tumor xenograft model
BALB/c nude mice (4–6 weeks age) (n = 5 each group) 
were purchased from Henan Provincial People’s Hospi-
tal. Animal experiments were approved by Henan Pro-
vincial People’s Hospital. For generating tumor xenograft 
model, IHH4 cells (1 × 106 cells/200 µl) stably transfected 
with sh-NC, sh-circPSD3, or sh-circPSD3 + miR-526b 
mimics, and OE-NC, or OE-BRAF vectors were subcu-
taneously injected into the back of mice. Tumor volume 
(mm3) was calculated every five days and calculated as 
tumor volume = length × width2 × 0.5. After 20 days, mice 
were anesthetized with 4% isoflurane and euthanized 
by asphyxiation with CO2, and tumors were removed. 
Thereafter, tumors were photographed and weighed.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 8 software (GraphPad Software, CA) and pre-
sented as mean ± SD of three independent experiments. 
Data from the two groups were normally distributed, and 
an independent sample t-test was employed for compari-
son. For the multivariate comparison, a one-way analysis 
of variance, followed by Tukey’s post hoc test, was per-
formed. Pearson correlation analysis was used to examine 
the correlation between RAP2A, miR-526b and circPSD3 
and between BRAF and circPSD3. P < 0.05 indicated a 
statistically significant difference.

Results
CircPSD3 expression is high in PTC patients and cell lines
We first evaluated the expression profile of circPSD3 
in PTC patients and normal healthy controls using an 
online database. Normalization of tumor tissues and 
normal tissues in the GSE93522 dataset indicated that 
hsa_circ_0002111 (circPSD3) was notably elevated in 
tumor tissues compared to normal tissues (Fig. 1A), with 
an adjusted p-value of 0.0641, p-value of 0.0000518 and 
logFC of 1.915. As shown in Fig. 1B, circPSD3 was gener-
ated from the back-spliced Exon 5 and Exon 9 of PSD3 
gene located at chr8:18622958–18,662,408. Additionally, 
the convergent primer and divergent primer were utilized 
to amplify the linear and back-splicing products using 
cDNA and gDNA. RT-qPCR outcomes manifested that 
only the divergent primer for circPSD3 can amplify from 
cDNA but could not amplify from gDNA, suggesting the 
circular formation of circPSD3 (Fig. 1B). Following this, 
we evaluated circPSD3 expression level in PTC tissues 
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and cells. RT-qPCR results demonstrated that circPSD3 
was notably upregulated in tumor tissues and BRAFV600E 
PTC cell lines (IHH4 and BCPAP) in comparison to 
normal controls (Fig. 1C-D). As we know, circRNAs are 
resistant to RNase R treatment, thus we conducted an 
RNase R digestion assay to validate circPSD3 expression. 
RT-qPCR revealed that circPSD3 was more resistant to 
RNase R treatment than PSD3 in IHH4 and BCPAP cells 
(Fig. 1E), confirming the circular nature of circPSD3 tran-
script. Additionally, cells were treated with Act D, and 
we discovered that the transcript half-life of circPSD3 
was longer than PSD3, suggesting the higher stability of 
circPSD3 (Fig.  1F). FISH assay further verified that cir-
cPSD3 was preferentially localized in the cytoplasm of 
IHH4 and BCPAP cells (Fig.  1G). Taken together, this 

data confirms that circPSD3 is a stable circular RNA and 
highly expressed in PTC.

CircPSD3 facilitates cell malignant phenotypes of PTC
To probe the biofunction of circPSD3 in PTC, we 
knocked down circPSD3 expression in IHH4 and BCPAP 
cells and subsequently conducted a series of functional 
experiments. RT-qPCR results showed that transfection 
of sh-circPSD3 plasmids effectively restrained circPSD3 
expression in cells (Fig.  2A). CCK-8 assay manifested 
that cell viability was markedly reduced after transfec-
tion with sh-circPSD3 compared to the control sh-NC 
(Fig.  2B). EdU staining results indicated that compared 
with the control group, EdU-positive cells in the trans-
fected group was markedly declined, indicating that the 
silencing of circPSD3 effectively suppressed IHH4 and 

Fig. 1 CircPSD3 is overexpressed in PTC. A Expression of circPSD3 in the GSE93522 dataset. B CircPSD3 was generated from the back-spliced Exon 5 and 
Exon 9 of the PSD3 gene located at chr8:18622958–18,662,408. Agarose gel electrophoresis was performed to confirm the circular formation of circPSD3. 
C RT-PCR was performed to measure circPSD3 expression in PTC tissues and normal tissues. D RT-PCR outcomes of circPSD3 expression in Nthy-ori-3-1, 
BCPAP, and IHH4 cells. E-F RT-qPCR was conducted to measure circPSD3 expressions in IHH4 and BCPAP cells treated with RNase R and Act D. G FISH assay 
was applied to determine the localization of circPSD3 in IHH4 and BCPAP cells. Red color represents the staining of circPSD3, and blue color represents 
the staining of the cell nucleus. All experiments were repeated at least three times and data is representative of three independent experiments (n = 3). 
*P < 0.05; **P < 0.01; and ***P < 0.001
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BCPAP cells proliferation ability (Fig. 2C). Subsequently, 
flow cytometry assay revealed that circPSD3-silenced 
cells exhibited a higher apoptosis rate compared to 
the control cells (Fig.  2D). Transwell and wound heal-
ing assays further demonstrated that knockdown of cir-
cPSD3 significantly reduced the quantity of cell invasion 
and the rate of cell migration in IHH4 and BCPAP cells 
(Fig. 2E-F). Collectively, this data demonstrates that cir-
cPSD3 promotes malignant characteristics of PTC cells.

CircPSD3 binds to miR-526b
We further explored the specific regulatory mecha-
nism of circPSD3 in the progression of PTC. Previous 
research has demonstrated that circRNAs can function 
as competing endogenous RNAs (ceRNAs) by sequester-
ing miRNAs, thereby modulating the expression of tar-
get genes [26]. Given that circPSD3 is primarily localized 
in the cytoplasm, we hypothesized that it could act as a 
sponge for miRNAs, influencing their ability to bind to 
target mRNAs. Using the circinteractome database, we 

identified that miR-526b could bind to circPSD3 (Sup-
plementary Fig.  1). miR-526b has been reported to be 
involved in the progression of many cancers, such as lung 
cancer [27], colorectal cancer [28] and breast cancer [29], 
but its role in PTC remains largely unclear. Therefore, 
we next explored the interaction between miR-526b and 
circPSD3 and predicted the binding sites of miR-526b on 
the circPSD3 sequence which are depicted in Fig. 3A. To 
validate the binding between circPSD3 and miR-526b, we 
first elevated miR-526b expression in IHH4 and BCPAP 
cells (Fig. 3B), and then cloned circPSD3 sequences con-
taining either the wild-type (WT) or mutated (MUT) 
miR-526b binding sites into luciferase reporter vectors. 
Transfection with miR-526b mimics significantly reduced 
the luciferase activity of the circPSD3-WT construct, 
whereas it did not affect the activity of the circPSD3-
MUT, indicating a specific interaction between circPSD3 
and miR-526b in IHH4 and BCPAP cells (Fig.  3C). An 
RNA pull down assay further confirmed the increased 
enrichment of circPSD3 in IHH4 and BCPAP cells using 

Fig. 2 CircPSD3 facilitates the malignant characteristics of PTC cells. A RT-qPCR outcomes of the transfection efficiency of circPSD3 in BCPAP and IHH4 
cells. B-C CCK-8 and EdU assays were applied to detect cell viability and proliferation in BCPAP and IHH4 cells after transfection with sh-NC and sh-
circPSD3. For EdU staining, the green color represents the staining of EdU-positive cells, and the blue color represents the staining of the cell nucleus. 
D Flow cytometry assay was performed to measure cell apoptosis rate in indicated groups. E-F Transwell and wound healing assays were carried out to 
assess cell invasion and migration capabilities in indicated groups. All experiments were repeated at least three times and data is representative of three 
independent experiments (n = 3). **P < 0.01
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a biotinylated miR-526b probe (Fig.  3D). In PTC tumor 
tissues and cell lines, RT-qPCR assays revealed a notable 
downregulation of miR-526b (Fig. 3E-F). These data con-
firms that circPSD3 binds to miR-526b in PTC cells.

RAP2A is the target mRNA of miR-526b
We then investigated the downstream target genes of 
miR-526b. According to the ENCORI database, a vari-
ety of mRNAs including RAP2A were discovered to be 

targeted by miR-526b. Since RAP2A has been widely 
reported to promote the PTC aggressiveness [30, 31], 
we selected RAP2A as the target gene for miR-526b, 
with binding sites shown in Fig.  4A. Overexpression of 
miR-526b markedly reduced the luciferase activity of 
RAP2A-WT (Fig. 4B). An RNA pull down assay further 
demonstrated that the biotinylated miR-526b probe sig-
nificantly enriched RAP2A (Fig.  4C). These results con-
firmed the binding of miR-526b to RAP2A in PTC cells. 

Fig. 3 CircPSD3 binds to miR-526b. A Binding sites between circPSD3 and miR-526b. B RT-qPCR was performed to assess the transfection efficiency of 
miR-526b mimics in BCPAP and IHH4 cells. C-D Luciferase reporter assay and RNA pull-down assay were utilized to verify the interaction between circPSD3 
and miR-526b. E-F RT-qPCR was performed to determine miR-526b expression in PTC tissues and cell lines compared to normal tissues/cell lines. All ex-
periments were repeated at least three times and data is representative of three independent experiments (n = 3). **P < 0.01
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RT-qPCR results indicated higher expression of RAP2A 
in PTC tissues and cell lines compared to normal con-
trols (Fig.  4D-E). We then assessed the correlation of 
RAP2A with miR-526b and circPSD3. Pearson’s analy-
sis revealed a negative correlation between RAP2A and 
miR-526b but a positive correlation with circPSD3 in 
PTC samples (Fig. 4F). Luciferase reporter assays showed 
that co-transfection with circPSD3-WT significantly 
enhanced the luciferase activity of RAP2A-WT, whereas 
co-transfection with circPSD3-MUT did not affect the 
RAP2A-WT luciferase activity (Fig.  4G). This data sug-
gests that circPSD3 regulates the expression of RAP2A by 
specifically binding to miR-526b in PTC.

MiR-526b inhibition reverses circPSD3-mediated PTC cell 
growth
We further assessed the effects of circPSD3 and miR-
526b on the growth of PTC cells through rescue assays. 

Initially, through western blot and RT-qPCR analyses, we 
found that knockdown of circPSD3 significantly reduced 
RAP2A expression while down-regulation of miR-526b 
increased RAP2A expression. More importantly, we 
observed that the suppressive effect of sh-circPSD3 on 
RAP2A expression was reversed by co-transfection with 
miR-526b inhibitor (Fig. 5A-B). Subsequent experiments, 
including CCK-8 and EdU assays, showed that cell viabil-
ity and proliferation were decreased after transfection 
of sh-circPSD3 and increased after transfection of miR-
526b inhibitor. However, in cells co-transfected with sh-
circPSD3 and miR-526b inhibitor, the inhibitory effect 
of circPSD3 silencing on cell viability and proliferation 
was counteracted (Fig.  5C-D). Flow cytometry analy-
sis further demonstrated an increase in cell apoptosis in 
the sh-circPSD3 group and a decrease in the miR-526b 
inhibitor group, and co-transfection of sh-circPSD3 and 
miR-526b inhibitor counteracted the pro-apoptotic effect 

Fig. 4 RAP2A is the target mRNA of miR-526b. A The binding sites between RAP2A and miR-526b were predicted by the ENCORI database. B-C Luciferase 
reporter assay and RNA pull-down assay were utilized to verify the interaction of RAP2A and miR-526b. D-E RT-PCR results of RAP2A expression in PTC 
tissues/cell lines compared to normal tissues/cell lines. F Pearson’s analysis was performed to show the correlation of RAP2A and miR-526b or circPSD3 
in PTC samples. G Luciferase reporter assay was utilized for verifying the regulation of circPSD3 on the luciferase activity of RAP2A. All experiments were 
repeated at least three times and data is representative of three independent experiments (n = 3). **P < 0.01; ***P < 0.001
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induced by circPSD3 downregulation (Fig. 5E). Further-
more, transwell and wound healing assays confirmed 
the suppressive effects of sh-circPSD3 on cell invasion 
and migration, as well as the promoting effects of miR-
526b inhibitor on cell invasion and migration Notably, 
miR-526b inhibition effectively reversed the inhibitory 
effects on cell invasion and migration induced by cir-
cPSD3 silencing (Fig. 5F-G). Based on these findings, we 
concluded that inhibition of miR-526b could reverse the 

suppressive effects of silencing circPSD3 on the malig-
nant biological behaviors of PTC cells.

CircPSD3 promotes PTC tumor growth via modulating miR-
526b in vivo
We further investigated the roles of circPSD3 and miR-
526b in the progression of PTC in vivo. First, IHH4 cells 
transfected with sh-circPSD3 and miR-526b inhibitor 
were injected into mice. At 20 days post injection, the 

Fig. 5 MiR-526b inhibition reverses circPSD3-induced PTC cell growth. A-B Western blot and RT-qPCR assays were performed to measure RAP2A levels in 
IHH4 cells of the control group, sh-circPSD3 group, miR-526b inhibitor group, and sh-circPSD3 + miR-526b mimics group. Full-length blots are presented 
in Supplementary Fig. 1. C-D CCK-8 and EdU assays were applied to detect cell proliferative capability in indicated groups. For EdU staining, the green 
color represents the staining of EdU-positive cells, and the blue represents the staining of the cell nucleus. E Flow cytometry assay was performed to mea-
sure cell apoptosis rate in indicated groups. F-G Transwell and wound healing assays were employed for assessing cell invasive and migratory capabilities. 
All experiments were repeated at least three times and data is representative of three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
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mice were euthanized and the tumors were removed 
to detect the expression of circPSD3 and miR-526b. 
The results indicated that transfection with sh-cir-
cPSD3 reduced circPSD3 expression and increased 

miR-526b expression. Conversely, co-transfection with 
miR-526b inhibitor barely affected circPSD3 expres-
sion while decreasing miR-526b expression (Fig.  6A). 
We also observed that RAP2A protein levels, which 

Fig. 6 CircPSD3 facilitates PTC tumor growth via modulating miR-526b in vivo. A RT-qPCR results of circPSD3 and miR-526b expressions in IHH4 cells of 
the control group, sh-circPSD3 group, and sh-circPSD3 + miR-526b inhibitor group (n = 3/group). B Western blot results of RAP2A protein levels in indi-
cated groups (n = 3/group). Full-length blots are presented in Supplementary Fig. 2. C Representative images of tumors collected from mice in the control 
group, sh-circPSD3 group, and sh-circPSD3 + miR-526b inhibitor group (n = 5/group). D Tumor volumes were detected every 5th day until the 20th day 
(n = 5/group). E Tumor weights were measured on the 20th day after injection (n = 5/group). **P < 0.01, ***P < 0.001; ##P < 0.01, ###P < 0.001
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were decreased by circPSD3 silencing, were increased 
upon miR-526b inhibition (Fig. 6B). Additionally, results 
also showed that tumor growth rate, tumor weight, and 
tumor volume in the sh-circPSD3 group were signifi-
cantly lower than those in the control group. However, 
these tumor characteristics were notably restored after 
miR-526b repression (Fig. 6C-E). These results suggested 
that circPSD3 promotes PTC tumor growth by modulat-
ing miR-526b.

BRAF hinders PTC progression via regulating circPSD3/
miR-526b/RAP2A axis
Studies have indicated that the BRAFV600E mutation is 
associated with the malignant progression of PTC [32]. 
Therefore, we first evaluated the expression of BRAF in 
PTC patients and healthy control tissues. Data showed 
that the BRAF expression was low in PTC patients com-
pared to the control group (Fig. 7A). Next, we examined 
the relationship between BRAF and the circPSD3/miR-
526b/RAP2A axis. The results showed that PTC cells 
that were transfected with a BRAF overexpression vector 
significantly suppressed the expression of both circPSD3 

Fig. 7 BRAF hinders PTC progression via regulating circPSD3/miR-526b/RAP2A axis. A RT-PCR was performed to evaluate BRAF expression in PTC tissues 
and normal tissues (n = 326/group). B RT-qPCR was conducted to measure BRAF, circPSD3, and miR-526b expressions in cells transfected with OE-NC, 
and OE-BRAF or with sh-NC and sh-BRAF (n = 3). C Western blot assay was used to measure BRAF and RAP2A levels in indicated groups (n = 3). Full-length 
blots are presented in Supplementary Fig. 3. D Pearson’s analysis was performed to assess the expression correlation between BRAF and circPSD3 in 
PTC samples (n = 30). E-F CCK-8 and EdU assays were applied to detect cell proliferative capability in PTC cells (n = 3). For EdU staining, the green color 
represents the staining of EdU-positive cells, and the blue color represents the staining of the cell nucleus. G Flow cytometry analysis was conducted for 
detecting cell apoptosis (n = 3). H Representative images of tumors collected from mice in indicated groups. Tumor volumes were detected every 5th day 
until the 20th day (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001
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and RAP2A while increasing miR-526b expression. 
On the contrary, PTC cells that were transfected with 
sh-BRAF significantly elevated the expression of both 
circPSD3 and RAP2A while decreasing miR-526b expres-
sion. (Fig.  7B-C). Additionally, we discovered a positive 
correlation between BRAFV600E and circPSD3 in PTC 
samples (Fig. 7D). We then evaluated the role of BRAF in 
the progression of PTC. Through CCK-8 and EdU assays, 
we demonstrated that overexpressing BRAF in PTC cells 
markedly reduced the cell viability and the proliferative 
capacity of PTC cells (Fig. 7E-F). In addition, flow cytom-
etry results showed a significant increase in the apop-
tosis rate following transfecting PTC cells with BRAF 
overexpressing vector (Fig.  7G). Furthermore, xenograft 
tumor experiments confirmed that overexpressing BRAF 
significantly slowed tumor growth and reduced tumor 
volume (Fig.  7H). Collectively, this data indicated that 
overexpressing BRAF hampers PTC development by 
downregulating circPSD3 and RAP2A while upregulating 
miR-526b expressions.

Discussion
PTC is the predominant form of TC, accounting for 
70–80% of all TC cases [33]. Over the past few decades, 
the incidence of PTC has rapidly increased. Increas-
ing research highlights the critical role of circular RNAs 
(circRNAs) in the onset and progression of PTC [34]. 
CircRNAs, a newly recognized subgroup of endogenous 
non-coding RNAs (ncRNAs), are involved in regulating 
cell growth, apoptosis, invasion, and migration in vari-
ous cancers [35]. In PTC, several circRNAs such as circ-
TIAM1 [36], circPRKCI [37], and circLDLR [38], have 
been identified as promoting factors for tumor growth 
and are being explored as novel biomarkers. Studies have 
shown that circPSD3 exhibits either pro-cancer or anti-
cancer functions in different cancers [16–18]. Further-
more, evidence suggests that circPSD3 accelerates PTC 
cell growth by modulating the miR-7-5p/METTL7B axis 
[18]. Consistent with these studies, circPSD3 was found 
to be highly upregulated in PTC tissues and BRAF-
mutated PTC cell lines. CircPSD3 effectively promoted 
PTC cell proliferation, migration, and invasion, while 
reducing apoptosis. Moreover, circPSD3 was shown to 
facilitate tumor growth. These results suggest that cir-
cPSD3 plays a carcinogenic role in PTC.

MiRNAs are a class of small (18–25 nt), non-coding, 
single-stranded RNAs that modulate gene expression 
involved in various biological processes at the post-
transcriptional level [39]. They regulate gene expression 
by binding to specific mRNA targets, facilitating mRNA 
degradation or suppressing translation [40]. Accumu-
lating studies have demonstrated that circRNAs can 
function as competing endogenous RNAs (ceRNAs) to 
regulate mRNA expression by competitively sponging 

miRNAs [41]. Previously, it has been reported that cir-
cPSD3 functions as a ceRNA for miR-25-3p to regulate 
FBXW7 expression in clear cell renal cell carcinoma [16]. 
Similarly, circPSD3 serves as a sponge for miR-92b-3p, 
subsequently promoting the expression of Smad7 in 
hepatic fibrosis [42]. Consistent with these reports, our 
study identified that circPSD3 was primarily localized 
in the cytoplasmic region of PTC cells, indicating the 
potential for ceRNA. Subsequently, we confirmed the 
binding between circPSD3 and miR-526b. MiR-526b 
has been closely associated with human cancers, such as 
melanoma [43], cervical cancer [44] and osteosarcoma 
[45]. At the same time, the relationship between miR-
526b and circRNAs in cancer progression has also been 
widely reported, such as Kong et al. suggested that cir-
cUGGT2 silencing inhibited hepatocellular carcinoma 
development via interacting with miR-526b [46]. Liu et 
al. pointed out that circ_0001821 knockdown suppressed 
non-small-cell lung cancer cells growth and metastasis 
by regulating miR-526b [47]. Likewise, we also demon-
strated that inhibition of miR-526b could counteract the 
effects of circPSD3 downregulation on PTC cell prolifer-
ation, apoptosis, migration and invasion as well as tumor 
growth, indicating the suppressive role of miR-526b in 
PTC progression.

RAP2A, a member of the Ras superfamily, participates 
in various cellular processes, including cell proliferation, 
differentiation, and cell cycle regulation [48]. Multiple 
studies have established that RAP2A plays a carcinogenic 
role in various cancers and can serve as a therapeutic 
biomarker [49]. For example, RAP2A acts as a prognos-
tic indicator in renal cell carcinoma and promotes cell 
migration by activating the Akt pathway [50]. RAP2A 
upregulation is linked to increased cisplatin resistance 
in gastric cancer [51]. Importantly, RAP2A has been 
reported to facilitate cell growth, migration, and inva-
sion in PTC [30]. In this study, we identified RAP2A as 
a downstream target of miR-526b. Mechanistic experi-
ments further confirmed the interaction between RAP2A 
and miR-526b. Additionally, it was found that RAP2A 
was up-regulated in PTC, and circPSD3 upregulated 
RAP2A expression by sponging miR-526b, which is con-
sistent with a previous study [52].

The BRAF mutation is one of the most common 
genetic alterations leading to the development of vari-
ous cancers [53, 54]. A previous study has reported 
that BRAFV600E mutation is closely associated with the 
prognosis of PTC [55]. The BRAFV600E mutation is an 
important factor in PTC phenotype, which contributes 
to preoperative diagnosis and differential diagnoses of 
PTC [56]. Furthermore, BRAFV600E mutations in thy-
roid tumors are associated with severe disease and PTC-
related mortality, as noted in earlier studies [57]. The 
presence of the BRAFV600E mutation has also become 
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a reliable molecular marker for PTC progression [58]. 
Additionally, studies have reported that BRAFV600E 
promotes the proliferation and migration of PTC cells in 
vitro [59]. However, the underlying mechanism of BRAF 
in PTC remains largely unclear. In the present study, we 
discovered that BRAF expression was downregulated 
in PTC samples and overexpressing BRAF reduced cel-
lular malignant phenotypes and tumor growth in PTC. 
Mechanistically, it was discovered that BRAF reduced 
circPSD3 and RAP2A expression while enhancing miR-
526b expression in IHH4 and BCPAP cells. Thus, we con-
firmed that BRAF was involved in the pathogenesis of 
PTC by regulating the circPSD3/miR-526b/RAP2A axis.

Our study has several limitations. First, the BCPAP 
cells used in our study are a type of PTC-derived cell line, 
specifically from the poorly differentiated thyroid can-
cer (PDTC) subtype. Therefore, it is essential to validate 
our findings using an additional PTC cell line, in addi-
tion to IHH4 cells. Second, the clinical relevance of the 
BRAF/circPSD3/miR-526b/RAP2A axis in PTC remains 
unclear. Consequently, further in-depth studies are war-
ranted to explore this pathway and its potential implica-
tions in the near future.

Conclusions
The results of our study demonstrate that BRAF regu-
lates the circPSD3/miR-526b/RAP2A axis to inhibit PTC 
development (Fig. 8), thus providing a new direction for 
PTC-targeted therapy.
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