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Circular RNA CLASP1 modulates the GLI1/SNAIL axis and
enhances macrophage polarization in breast cancer
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Breast cancer (BC) is the most prevalent malignancy among women worldwide. Growing evidence highlights the crucial role of
circular RNAs (circRNAs) in BC carcinogenesis; however, their underlying mechanisms remain largely unknown. In this study, we
identify circCLASP1, which is significantly upregulated in BC tissues (n= 65) and serum samples (n= 61). Its expression correlates
with lymph node metastasis, ki67 expression, and tumor size. Receiver operation characteristic (ROC) curve analysis reveals area
under the curve (AUC) values of 0.8196 (BC tissues) and 0.8902 (BC serum), respectively. Functionally, circCLASP1 knockdown
significantly suppresses BC cell proliferation, migration, and invasion. Mechanistically, circCLASP1 prevents the ubiquitin-mediated
degradation of GLI1 protein by facilitating its interaction with CCT2, thereby stabilizing GLI1. Moreover, circCLASP1 enhances the
nuclear accumulation of GLI1, leading to increased SNAIL expression and thereby upregulating the expression of CCL2 and CCL5,
which in turn promotes macrophage M2 polarization, ultimately resulting in BC progression and subsequent lung metastasis.
Further analysis reveals that U2AF2 regulates circCLASP1 biogenesis. Collectively, these findings demonstrate that circCLASP1
promotes BC progression and an immunosuppressive microenvironment via the CCT2/GLI1/SNAIL axis, highlighting its potential as
a prognostic biomarker and therapeutic target for BC.
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INTRODUCTION
Breast cancer (BC) is the most common cancer worldwide,
accounting for ~11.6% of new cancer cases, with a mortality rate
of 6.9% [1]. BC is pathologically classified into four clinical
subtypes: Luminal A, Luminal B, human epidermal growth factor

receptor 2-positive (HER2+), and triple-negative breast cancer
(TNBC) [2]. The progression of BC is driven by multiple risk factors,
including hormonal disorders, genetic predispositions, environ-
mental influences, diets, and others [3, 4]. Despite advancements
in the early-stage diagnosis and treatment of BC, many patients
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still experience disease progression to advanced stages, even with
effective treatments, for reasons that remain unclear [5]. There-
fore, identifying new molecular mechanisms underlying BC
progression is crucial.
Circular RNAs (circRNAs) are a class of back-spliced single-strand

RNAs, synthesized by the back-splicing of pre-mRNAs, and form a
covalent-linked closed-loop structure without the 5’ cap or 3’ tail
[6]. CircRNAs are highly conserved due to their covalent loop
structure and exhibit various biological functions, such as acting as
sponges for microRNAs (miRNAs), RNA-binding proteins (RBPs), or
even functional oligopeptides [7]. CircRNAs have garnered
increasing scientific attention, especially in the context of cancer
pathogenesis, providing valuable insights into clinical diagnosis,
monitoring, and treatment [8, 9]. Recently, we reported that
circCAPG promotes TNBC development via translating a novel
oligopeptide [10]. However, the understanding of the pathological
role of circRNAs in BC progression remains limited, highlighting
the need for further mechanistic research.
Tumor-associated macrophages (TAMs), a significant compo-

nent of the tumor microenvironment (TME), have been shown to
play a critical role in BC [11]. It has been reported that TAMs
engage in a ‘cancer-immune cell’ crosstalk [12], although the
underlying mechanisms remain unclear. Thus, exploring the key
mechanisms of this multicellular crosstalk could offer valuable
insights for developing effective therapeutic strategies to improve
the prognosis of BC patients.
By re-analyzing the GEO dataset (GSE71651) derived from

clinical BC patient samples, we found that circCLASP1 was
significantly overexpressed in BC tissues and serum. ROC analysis
showed that circCLASP1 exhibited high sensitivity and specificity,
with its expression positively correlated with lymph node
metastasis, ki67 expression, histologic grade and tumor size.
Therefore, we aimed to clarify the molecular role of circCLASP1,
and explore its potential as a biomarker for BC.

MATERIALS AND METHODS
Patients and clinical samples
In this study, BC tissues were collected from patients treated in the
Shandong Provincial Hospital Affiliated to Shandong First Medical
University, including BC tissues (n= 65), para-cancer tissues (n= 42), BC
serum (n= 61), and normal serum (n= 10). None of the above-mentioned
patients received the chemotherapy or radiation therapy before the
surgery.
The organoid model was derived from the BC patients, the protocol was

followed as previously described [10, 13]. This study was authorized by the
Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong
First Medical University (SWYX-NO. 2022-293).

Bioinformatic analysis
For circRNA differential expression analysis, RNA-seq data from NCBI
GEO (GSE71651) were downloaded and processed using the DCC
package to generate spliced reads, standardized by DESeq2. CircAnno
annotated circRNAs based on Ensembl GTF (v104) and circBase.
Differentially expressed mRNAs were obtained from TCGA and analyzed
via RTCGA and EdgeR. Fold changes and P values were calculated using
DESeq2, with candidates selected based on log(fold change)≥2.0 and
P ≤ 0.05.

Cell culture
Human breast cancer cell lines (MCF-7, ZR-75-1, SK-BR-3, MDA-MB-231,
MDA-MB-468, and Hs578T), HEK-293T, MCF-10A, and THP-1 were
purchased from the National Biomedical Laboratory Cell Resource Bank
(Shanghai, China). HEK-293T, MCF-7, Hs578T, and MCF-10A were cultured
in DMEM-HG or DMEM/F12 media with supplements. ZR-75-1 and THP-1
used RPMI-1640 (31800, Solarbio, China), SK-BR-3 used McCoy’s 5a (M9420,
Solarbio, China), and MDA-MB-231/MDA-MB-468 used L-15 (L620KJ, Basal
Media, China), all containing 10% FBS and necessary additives. Cells were
maintained at 37 °C in 5% CO₂, except MDA-MB-231/MDA-MB-468, which
were cultured in normal air.

RNA extraction, reverse transcription PCR (RT-PCR) and
quantitative reverse transcription PCR (RT-qPCR)
Total RNA was extracted using Trizol® (Yeasen, China) per the manufac-
turer’s instructions, with paraffin-embedded tissues pre-treated by
dewaxing and lysis. After spectrophotometric quantification, cDNA was
synthesized using M-MLV reverse transcriptase (Accurate Biotechnology,
China). RT-qPCR was performed with 2×RealStar Power SYBR qPCR Mix
(Genestar, China), and relative gene expression was calculated using the
2−△△Ct method.

Actinomycin D (ACTD) assay
BC cell lines were treated with 1 μg/ml ACTD (Sigma-Aldrich, USA),
circCLASP1 and linear CLASP1mRNA expression were analyzed by RT-qPCR
at specific time points.

RNase R treatment
Total RNA from BC cell lines was split into two fractions: one treated with 3
U/mg RNase R, the other with RNase-free water as a control. After 30 min
incubation at 37 °C, circCLASP1 and linear CLASP1 expression were
analyzed by RT-qPCR.

Nucleus and cytoplasm separation
The nuclear and cytoplasmic fractions of RNA were separated and
extracted using the Paris kit (Invitrogen, USA) according to the
manufacturer’s instructions.

Plasmid construction, lentiviral infection, and oligonucleotide
synthesis
The pLO5-ciR plasmid (Geneseed, Guangzhou, China) containing cir-
cCLASP1 was constructed for circCLASP1 overexpression, while two
shRNAs targeting its back-splicing site were cloned into pLKO.1-TRC for
knockdown. U2AF2 and PTBP1 coding sequences were inserted into pLV-
puro for overexpression. Vectors (sh-scramble, pLV-puro, sh-circCLASP1-1/
2, pLO5-ciR, pLO5-ciR-circCLASP1, pLV-O5-ciR-circCLASP1-EGFP(2A)-puro,
pLV-U2AF2, pLV-PTBP1, pLV-O5-ciR-EGFP, pLV-O5-circCLASP1-EGFP, sh-
SNAIL, pLO5-circCLASP1 2 sites MUT) were co-transfected with psPAX2 and
pMD2.G into HEK-293T cells. Lentivirus-containing supernatant was
collected at 48–72 h, filtered (0.45 μm, Millipore, USA), and used to infect
BC cells, followed by puromycin selection for one week. miR-15a-5p-
mimics and NC-mimics (Genepharma, Shanghai, China) were transfected
using Hieff Trans® siRNA/miRNA (Yeasen, China). Sequences are in
Supplementary Table S2.

Cell proliferation assay
For the cell proliferation assay, treated BC cells were seeded into 96-well
plates, and viability was assessed using CCK-8 (Beyotime, China) at 450 nm.
For the colony formation assay, treated cells were cultured in six-well
plates for 14–30 days. For ki67 immunofluorescence, cells were fixed with
formalin, permeabilized with TBST, incubated overnight with anti-ki67
antibody (1:1000, CST, USA) at 4 °C, followed by a fluorescent secondary
antibody and DAPI nuclear staining (Solarbio, China).

Cell migration and invasion assay
The transwell (84051ES48, Yeasen, China) was used to detect the migration
and invasion capacity of cells. For migration assay, the treated cells were
seeded into the inner chamber and incubated for 24 h. For invasion assay,
firstly, the inner chamber was pretreated with a thin layer of Matrigel
(40183ES10, Yeasen, China) diluted by the serum-free medium. Subse-
quently, the cells were seeded into the chamber and incubated for 24 h.

Flow cytometry assay
Flow cytometry was performed using the Cell Cycle and Apoptosis Analysis
Kit (40301ES60, Yeasen, China) and the Annexin V-FITC/PI Apoptosis
Detection Kit (40302ES60, Yeasen, China) according to the manufacturer’s
instructions.

RNA-protein immunoprecipitation (RIP)
RIP assays were performed using an Immunoprecipitation Kit (Beyotime,
China) following the manufacturer’s instructions. Cells were lysed in buffer
with RNase and protease inhibitors, and magnetic beads pre-incubated
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with anti-U2AF2, anti-AGO2, anti-CCT2, and anti-GLI1 at room temperature
(15min–1 h). Lysates were immunoprecipitated overnight at 4 °C, and RNA
complexes purified and quantified by RT-qPCR. Normal rabbit/mouse IgG
served as the control, with a general unconjugated secondary antibody
(Abcam, USA).

Western blot and immunoprecipitation (IP) assay
Total protein was extracted by the ProteinExt® Mammalian Total Protein
Extraction Kit (DE101-01, TransGen Biotech, China). After the electrophor-
esis with SDS-PAGE gel, protein bands were transferred onto the PVDF
membrane (Millipore, USA), and subsequently incubated with the primary
antibody, and HRP-conjugated secondary antibody. The chemiluminescent
signal was visualized on a Western blot imaging system (Vilber, France).
Preparation and analysis of Co-IP were described earlier [14]. The following
antibodies were used in the study: anti-GAPDH (60004-1-Ig, Proteintech,
China), anti-BAX (A12009, ABclonal, China), anti-BCL2 (A-01203, Shanghai
hengyuan biological technology co., LTD, China), anti-CDK4 (AtaGenix
Laboratories Co., Ltd, Wuhan, China), anti-U2AF2 (A4552, ABclonal, China),
anti-DYKDDDDK-tag (SLAB0101, smart-lifesciences, China), anti-ANXA1
(T201086-5E4, Zen-bio, China), anti-PLIN4 (PH2286, Abmart, China), anti-
ACACA (T55575, Abmart, China), anti-PCBP1 (T58059, Abmart, China), anti-
LDHB (T58008, Abmart, China), anti-PCBP2 (T57300, Abmart, China), anti-
CCT2 (T58449, Abmart, China), anti-LC3 Ⅰ/Ⅱ (F0144, Selleck, USA), anti-
TCAB1 (sc-517078, Santa, USA), anti-GLI1 (TD7523, Abmart, China), anti-
Cyclin D1 (30026ES50, Yeasen, China), anti-SNAIL (BD-PT4351, Biodragon,
China), anti-ubiquitin (3936, CST, USA), anti-alpha-tublin (14555-1-AP,
Proteintech, China).

RNA pull-down assay and mass spectrometry analysis
Biotin-labeled probes targeting circCLASP1 junction sites (RiboBio,
Guangzhou, China) and oligo probes were used for RNA-protein pull-
down assays (Pierce Magnetic RNA-Protein Pull-down Kit, Thermo Fisher,
USA). Treated cell lysates were incubated with probe-bound streptavidin
beads, and eluted RNA-binding protein complexes were analyzed by liquid
chromatography-tandem mass spectrometry.

Ubiquitination assay
Cells were treated with MG132 (Sigma-Aldrich, USA) for 12 h, then
harvested for IP with anti-GLI1 magnetic beads. Ubiquitin expression was
detected by Western blot.

Cycloheximide (CHX) chase assay
MDA-MB-231 and MCF-7 cells were treated with 10 µg/ml CHX (Sigma-
Aldrich, USA) for a time-course study. Protein samples generated from cell
lysates were then performed with the Western blot analysis.

Dual‑luciferase reporter assay
Dual luciferase reporter assay kit (TransGen Biotch, China) was utilized to
detect the luciferase activity. Briefly, both MDA-MB-231 and MCF7 cell lines
were cultured in 24-well culture plates and co-transfected with the
corresponded plasmids mentioned below based on the required experi-
ments: psiCHECK2-circCLASP1 WT and psiCHECK2-circCLASP1 MUT,
together with the miR-15a-5p mimics or NC-mimics, respectively. After
the incubation for 48 h, the Firefly luciferase activity and Renilla luciferase
activity were detected by the fluorometer (FLx800, BioTek, USA).

Immunohistochemistry and immunofluorescence assay
Immunohistochemistry assays were performed using the Immunohisto-
chemistry Kit (Yeasen, China). For immunofluorescence assays, the samples
were sequentially processed as follows: fixed with acetone, washed with
PBS, blocked with 10% goat serum, incubated with the antibodies, and
finally mounted with DAPI-containing mounting medium. Images were
captured under a microscope.

Coculture assays
Coculture systems were manipulated as previously described [15, 16].

Animal experiment
Female BALB/c nude (nu/nu) mice (6-week-old) were purchased from SPF
Biotechnology (Beijing, China) and housed under SPF conditions. Mice
were randomly divided into two groups and subcutaneously injected with

MDA-MB-231 cells transfected with sh-circCLASP1-1 (1 × 10⁷ cells/mouse)
or sh-scramble as controls. For tail vein injection, a 1 × 105 cells/50 µL
mixture was prepared and injected into 6-week-old BALB/c mice. After
3–4 weeks, mice were euthanized with CO₂, and lung tissues were
collected. Animal experiments were approved by the Animal Use and Care
Committee of China Agricultural University (No. AW62201202-3-8,
AW21214202-3-07, and AW71705202-3-01).

Statistical analysis
GraphPad Prism 8 software and SPSS 26 software were used to analyze the
experimental data. The eventual outcomes were represented as mean ±
SD. Student’s t test or ANOVA was conducted to illustrate the statistical
significance, which was expressed by P value combined with asterisks (ns
for no significance, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001).

RESULTS
CircCLASP1 is upregulated in BC tissues and serum
To identify the differentially expressed circRNAs in BC, we re-
analyzed the RNA-seq dataset (GSE71651) and identified the top
five most highly expressed circRNAs (Fig. 1A, B). To verify these
findings, we performed reverse transcription-quantitative PCR (RT-
qPCR) analyses in BC cell lines. Notably, we found that the
expression level of circCLASP1 was the most significantly
upregulated among these five circRNAs in BC cells (Fig. 1C).
Based on these data, our research focused on circCLASP1.
CircCLASP1 (517 nucleotides) is formed by the reverse cleavage

of exons 3–8 of its linear cognate CLASP1 (cytoplasmic linker
associated protein 1) (Fig. 1D). Using Sanger sequencing, we
confirmed the presence of the back-splicing site (BSS) of
circCLASP1 with PCR divergent primers in BC cells (Supplementary
Fig. S1A). We further found that the target product of circCLASP1
could only be amplified by divergent primers from complemen-
tary DNA (cDNA) derived from BC cell lines, not from its genomic
DNA (gDNA), indicating the existence of a BSS in the transcript
(Supplementary Fig. S1B). To evaluate the association of
circCLASP1 with clinical pathological characteristics, RT-qPCR
was performed on tissue samples from BC patients (n= 65) and
adjacent tissues (n= 42) (Fig. 1E). Analysis of clinicopathological
characteristics revealed that circCLASP1 expression was positively
associated with lymph node metastasis, ki67 expression, and
tumor size (Supplementary Table S1). Notably, receiver operation
characteristic (ROC) analysis demonstrated that circCLASP1 had an
area under the curve (AUC) of 0.8196, with 100% specificity and
72.31% sensitivity. The 95% confidence interval (CI) was
0.7372–0.9020 (Fig. 1F). Additionally, we found that circCLASP1
was highly expressed in the serum of BC patients (n= 61) (Fig. 1G).
ROC analysis showed an AUC of 0.8902, with 70% specificity and
96.72% sensitivity. The 95% CI was 0.7877–0.9926 (Fig. 1H). Using
actinomycin D (ACTD), we found that circCLASP1 had a longer
half-life than its linear cognate CLASP1 in BC cells (Fig. 1I).
Furthermore, we observed that the endogenous circCLASP1
resisted to RNase R digestion, while the linear CLASP1 mRNA
was notably digested by RNase R treatment (Supplementary Fig.
S1C). Moreover, we noticed that circCLASP1 was mainly sub-
located in the cytoplasm of cells (Fig. 1J).

CircCLASP1 knockdown attenuates growth, metastasis, and
invasion of BC cells
To further explore the biological function of circCLASP1 in BC cells,
we silenced the circCLASP1 expression by designing the short
hairpin RNAs (shRNAs) to target the BSS of circCLASP1. We
observed a significant reduction in circCLASP1 expression, while
no significant alteration in the transcription of the linear CLASP1
were noted in BC cells (Fig. 2A; Supplementary Fig. S2A). Multi-assay
and statistical analyses (Fig. 2B, C; Supplementary Figs. S2B, C and
S8A) demonstrated that circCLASP1 knockdown (sh-circCLASP1)
attenuated the proliferative capacity and colony formation ability of
BC cells. Consistently, immunofluorescence assays and statistical
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analyses (Fig. 2D; Supplementary Fig. S8B) showed that sh-
circCLASP1 significantly inhibited ki67 expression in both MDA-
MB-231 and MCF-7 cells. Moreover, using patient-derived organoid
(PDO) from BC tissues, we observed slower growth and reduced
organoid diameter in the sh-circCLASP1-PDO group compared to
the sh-scramble-PDO control (Fig. 2E; Supplementary Fig. S8C).

Subsequently, migration and invasion assays and statistical analyses
(Fig. 2F; Supplementary Figs. S2D, S8D) revealed that the migratory
and invasion abilities of the sh-circCLASP1 BC cell lines were
notably reduced. Additionally, cell cycle analysis (Fig. 2G; Supple-
mentary Fig. S2E) and cell distribution data (Supplementary Fig.
S8E) showed that the sh-circCLASP1 MDA-MB-231 and MCF-7 cells
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underwent cell cycle arrested. The number of apoptotic cells were
increased in the sh-circCLASP1 BC cells (Fig. 2H; quantitative
statistics in Supplementary Fig. S8F). Protein analysis revealed that
the levels of BAX were elevated, while BCL2 levels were reduced in
sh-circCLASP1 BC cells compared to the sh-scramble control group
(Supplementary Fig. S2F).
To evaluate the biological functions of circCLASP1 in vivo,

tumor-xenograft models were generated by injection of sh-
scramble- or sh-circCLASP1- MDA-MB-231 cells into the BALB/c
nude mice (n= 5/group), respectively. As expected, the weight of
the tumor xenografts was decreased in the sh-circCLASP1 group
compared to the vehicle control (Fig. 2I). We proved that sh-
circCLASP1 suppressed the growth of BC both in vitro and in vivo.

U2AF2 promotes the biogenesis of circCLASP1
RBPs regulate the biogenesis of circRNAs by binding to their flank
sequences [17]. Through integrative analysis using three RBP
prediction datasets, we identified polypyrimidine tract binding
protein 1 (PTBP1) and U2 small nuclear RNA auxiliary factor 2
(U2AF2) as the potential key upstream regulators involved in the
biogenesis of circCLASP1 (Fig. 3A). Furthermore, gain-of-function
experiments showed that overexpression of PTBP1 did not alter the
level of circCLASP1, whereas overexpression of U2AF2 (OE-U2AF2)
notably increased the expression of circCLASP1 (Fig. 3B; Supple-
mentary Fig. S3A, B), suggesting the essential role of U2AF2 in
regulating circCLASP1 biogenesis. Additionally, Western blot analysis
revealed that U2AF2 expression was significantly elevated in BC
tissues (Fig. 3C). Moreover, in lymph node-positive and ki67-positive
BC patients, increased expression of U2AF2 was associated with a
significantly reduced overall survival (OS) rate (Fig. 3D). This
implicates that circCLASP1 may also be negatively correlated with
the OS of BC patients. Consequently, we obtained a positive
correlation between the expression of U2AF2 and its downstream
circCLASP1 (Fig. 3E). These findings implied that circCLASP1 was also
linked to the poor prognosis. Bioinformatic prediction using the
circinteractome database revealed three potential binding sites of
U2AF2 within the flanking sequence of circCLASP1 (Supplementary
Fig. S3C). Subsequently, RIP assays with an anti-U2AF2 antibody
confirmed that U2AF2 specifically binds to the ‘+112 ~ + 136’ region
of circCLASP1, rather than the ‘+863 ~ + 897’ or ‘+175 ~ + 202’
regions as indicated in Fig. 3F and Supplementary Fig. S3C. Finally, a
series of rescue experiments demonstrated that OE-U2AF2 func-
tionally enhanced the proliferation, migration, and invasion of BC
cells, effects that were partially reversed by sh-circCLASP1 (Fig. 3G–I).
Taken together, these results suggest that U2AF2 regulates
circCLASP1 biogenesis by binding to a specific region in the
flanking sequence of the CLASP1 pre-mRNA.

CircCLASP1 promotes BC progression without acting as a
sponge for miRNAs or neo-polypeptides
Previous studies have shown that circRNAs regulate the expres-
sion of their target genes by sponging miRNAs [18, 19]. By
separating nuclear and cytoplasmic fractions from BC cells, we
found that circCLASP1 was predominantly localized in the
cytoplasm (Fig. 1H). Therefore, we hypothesized that circCLASP1
might function as a miRNA sponge in BC. In a RIP assay with an
anti-AGO2 antibody, we observed that circCLASP1 fragments were

significantly enriched in the AGO2-bound fraction (Fig. 4A),
suggesting that circCLASP1 could potentially sponge miRNAs. To
explore this further, we predicted miRNA candidates specific to
circCLASP1 using multiple miRNA bioinformatics databases, and
identified eleven potential miRNAs for initial analysis (Fig. 4B). Four
of these miRNAs were selected for further investigation based on
their relevance to clinical prognosis (Fig. 4C). In RNA pull-down
assays, we found that miR-15a-5p was highly enriched by
circCLASP1 probes (Fig. 4D). To confirm the interaction, we
identified two putative miR-15a-5p binding sites on circCLASP1
through TargetScan prediction. We then constructed wild-type
circCLASP1 (WT circCLASP1) and miRNA-binding site mutant
circCLASP1 (2-site MUT circCLASP1) dual luciferase reporter
plasmids. Dual luciferase assays showed that miR-15a-5p mimics
significantly reduced the luciferase activity of the WT circCLASP1
reporter, but not the mutant circCLASP1 reporter (Fig. 4E). These
results suggest that circCLASP1 can sponge miR-15a-5p.
However, in a series of rescue experiments, miR-15a-5p did not

significantly inhibit BC progression in BC cells overexpressing
circCLASP1 (OE-circCLASP1) (Fig. 4F–H). These findings indicate
that circCLASP1 does not promote BC progression through
sponging miR-15a-5p. Next, using the circRNADb database, we
found that circCLASP1 has translational potential (Supplementary
Fig. S4A). To verify this, we inserted a Flag-tag into the putative
open reading frame of circCLASP1 without causing a frameshift
mutation. However, immunoblotting results showed that no
polypeptides were detected in cells expressing circCLASP1-FLAG,
compared to the positive controls (Supplementary Fig. S4B).

CircCLASP1 functions as a molecular scaffold, binding to CCT2
and regulating the ubiquitin-mediated degradation of GLI1 in
BC
RNA pull-down experiments were performed using two biotin-
tagged probes for circCLASP1 (Fig. 5A). Seven protein candidates
were identified via liquid chromatography-tandem mass spectro-
metry and selected for further validation (Score > 600) (Supple-
mentary Fig. S5A). The binding capacity of these seven protein
candidates to circCLASP1 was individually validated by Western
blot. We observed that only chaperonin containing TCP1 subunit 2
(CCT2) could bind to circCLASP1 in both MDA-MB-231 and MCF-7
cells (Fig. 5B). Furthermore, circCLASP1 was co-precipitated with
CCT2 in the lysate of BC cells using an anti-CCT2 antibody in RIP
assays (Fig. 5C). Additionally, the binding of circCLASP1 to CCT2
was simulated using AlphaFold3 [20] (Fig. 5D).These results
suggest that circCLASP1 binds to CCT2.
It has been reported that CCT2 has dual functions as both an

autophagy receptor and a molecular chaperone [21]. To investi-
gate the potential mechanism underlying the circCLASP1-CCT2
interaction, we performed a series of assays. First, through
immunoblot analysis, we found that sh-circCLASP1 did not alter
the protein level of the ATG8s family member (LC3) (Supplemen-
tary Fig. S5B). Second, when examining the protein levels of
downstream targets of CCT2, such as TCAB1 and GLI1 [22, 23], we
observed that the TCAB1 protein levels were unaffected in sh-
circCLASP1 MDA-MB-231 and MCF-7 cells (Supplementary Fig.
S5B). Immunoprecipitation assays revealed that sh-circCLASP1
weakened the interaction between CCT2 and GLI1 (Fig. 5E;

Fig. 1 Identification and characterization of circCLASP1 in BC. A Left: Differentially expressed circRNAs from the GSE71651 database; right:
Top five upregulated circRNAs. N: Normal tissues (n= 3), T: Tumor tissues (n= 15). B Volcano plot showing differentially expressed circRNAs in
GSE71651. C RT-qPCR analysis of circCCDC102B, circDEK, circWWP1, circCLASP1 in BC cell lines vs. normal epithelial cells (MCF-10A).
CircRANBP2 lacks specific qPCR primers. n= 3. D Genomic mapping of circCLASP1. E CircCLASP1 expression in BC tissues (n= 65) vs. adjacent
tissues (n= 42) as measured by RT-qPCR. F ROC curve evaluating the diagnostic potential of circCLASP1 in BC tissues. G CircCLASP1
expression levels in BC serum (n= 61) vs. normal serum (n= 10) as measured by RT-qPCR. H ROC curve assessing the diagnostic potential of
circCLASP1 in BC serum. I RT-qPCR quantification of circCLASP1 and its linear counterpart CLASP1 after ACTD treatment in BC cells. n= 3.
J RNA nucleocytoplasmic separation of circCLASP1 in BC cells. U6 and GAPDH served as nuclear and cytoplasmic markers, respectively. n= 3.
Data are shown as the mean ± SD. nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Supplementary Fig. S5C), suggesting that circCLASP1 may function
as a molecular enhancer to facilitate the interaction between CCT2
and GLI1. Moreover, RIP assays using an anti-GLI1 antibody
showed the presence of circCLASP1 in the complex, indicating an
interactive network involving circCLASP1, CCT2, and GLI1 (Fig. 5F).
Additionally, we found that circCLASP1 regulates the protein

levels of GLI1, but not its mRNA (Supplementary Fig. S5D, E). Based
on this observation, we hypothesized that circCLASP1 might help
maintain the stability of GLI1. To test this, we used cycloheximide
(CHX), a protein biosynthesis inhibitor, to evaluate the stability of
GLI1. Compared to the sh-scramble groups, the sh-circCLASP1
groups showed significantly reduced stability of GLI1 protein in
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both MDA-MB-231 and MCF-7 cells (Fig. 5G; Supplementary Fig.
S5F). Since the ubiquitin-proteasome system is the primary
pathway responsible for intracellular protein degradation [24],
we treated the cells with MG132 (a proteasome inhibitor). The
results indicated that the decrease in GLI1 protein levels caused by
sh-circCLASP1 was prevented in MG132-treated MDA-MB-231 and
MCF-7 cells (Fig. 5H). Additionally, we observed reduced GLI1
protein levels and increased GLI1 ubiquitination in the sh-
circCLASP1 groups in both MDA-MB-231 and MCF-7 cells (Fig.
5I). These findings suggest that circCLASP1 binds to CCT2 and
regulates the stability of GLI1 in a ubiquitination-dependent
manner.

CircCLASP1 regulates SNAIL expression through GLI1 in BC
It has been suggested that GLI1 is an essential transcription factor
[25] that promotes the progression of BC [26–28]. To investigate the
role of circCLASP1 in regulating GLI1, we performed immunocy-
tochemistry assays and nucleus-cytoplasm separation analyses. We
observed that sh-circCLASP1 inhibited the nuclear accumulation of
GLI1 in BC cells (Fig. 6A, B). These results suggest that circCLASP1
regulates the transcriptional activity of GLI1. We next analyzed the
survival curves of the downstream target genes of GLI1 and found
that BC patients with increased SNAIL expression had significantly
worse OS (Fig. 6C). Our data also indicated that GLI1 and SNAIL
were highly expressed in BC cell lines (Fig. 6D). In a cohort of 1 100
BC patients, we observed a significant positive correlation between
GLI1 and SNAIL expression, suggesting that the GLI1/SNAIL axis
plays a role in BC progression (Fig. 6E). Moreover, sh-circCLASP1
treatment markedly reduced both mRNA and protein levels of
SNAIL in BC cells (Fig. 6F, G). Consistently, tumor samples from an
independent cohort of 65 BC patients also exhibited a significant
positive correlation between circCLASP1 and SNAIL expression (Fig.
6H). These findings suggest that circCLASP1 regulates the GLI1/
SNAIL axis in BC.
To investigate the functional roles of circCLASP1, we over-

expressed either WT circCLASP1 or 2-site MUT circCLASP1 in BC
cells. Both WT and 2-site MUT circCLASP1 significantly enhanced
cell proliferation (Supplementary Fig. S6A), colony formation
(Supplementary Fig. S6B), and migratory and invasive capacities
(Supplementary Fig. S6C), indicating that the oncogenic function
of circCLASP1 is retained even when miRNA binding is disrupted.
To elucidate the underlying molecular mechanism, we further
examined the interaction between CCT2 and GLI1 proteins in BC
cells overexpressing WT or 2-site MUT circCLASP1 (Supplementary
Fig. S6D). The results demonstrated that the CCT2–GLI1 interaction
was not affected by the 2-site MUT circCLASP1. Moreover,
overexpression of 2-site MUT circCLASP1 also upregulated SNAIL
expression (Supplementary Fig. S6E). These findings suggest that
circCLASP1 exerts its oncogenic effects predominantly through
the CCT2/GLI1/SNAIL axis in a miR-15a-5p-independent manner.

CircCLASP1 enhances macrophage recruitment and promotes
lung metastasis through SNAIL in BC
TME plays a crucial role in BC progression, with T cells and
macrophages being particularly important [11]. To explore whether
circCLASP1 mediates the TME, we analyzed T cells and macro-
phages in cancer tissues. Immunohistochemistry staining revealed

that patients with low circCLASP1 expression had fewer CD68-
positive cells, while there was no difference in CD3-positive cells
between samples with high or low circCLASP1 expression (Fig. 7A,
B). These results imply that circCLASP1 might mediate the
macrophage immunobiology in BC. To further investigate the
involvement of circCLASP1 in BC macrophage immunobiology, we
established an in vitro co-culture system using conditioned medium
from BC cell lines. Gain- or loss-of-function assays indicated that co-
culturing with conditioned medium from OE-circCLASP1-MDA-MB-
231 cells inhibited the polarization of M0-like macrophages to M2-
like macrophages. Conversely, this polarization was enhanced when
THP-1 cells were supplied with conditioned medium from OE-
circCLASP1-MCF-7 cells (Fig. 7C). Moreover, we detected the mRNA
levels of CCL2 and CCL5, which promote the recruitment of tumor-
associated macrophages [29, 30], in sh-circCLASP1-MDA-MB-231
and OE-circCLASP1-MCF-7 cells. RT-qPCR results showed that sh-
circCLASP1 significantly reduced the mRNA levels of CCL2 and CCL5
in MDA-MB-231 cells, while OE-circCLASP1 had the opposite effect
in MCF-7 cells (Fig. 7D). Next, we constructed a circCLASP1
overexpression vector with an EGFP tag and stably transfected it
into MCF-7 cells (Supplementary Fig. S7A), which were then co-
cultured with macrophages. The recruitment of macrophages was
monitored in real-time. Notably, cells with OE-circCLASP1-EGFP
significantly recruited macrophages (Fig. 7E; Supplementary Video
S1, 2). Furthermore, sh-circCLASP1-MDA-MB-231 cells indirectly co-
culture with THP1 inhibited the migration of THP-1 cells, whereas
OE-circCLASP1-MCF-7 cells promoted their migration (Fig. 7F).
These results suggest that circCLASP1 mediates the recruitment of
macrophages in BC. Previous studies have indicated that SNAIL
regulates macrophage recruitment and tumor progression [16]. To
investigate whether circCLASP1 mediates BC progression via SNAIL
in vivo, we performed rescue experiments using 4T1 cells in a
mouse tail vein injection model of lung metastasis (Fig. 8A).
Notably, circCLASP1 is highly conserved between humans and mice
(Supplementary Fig. S7B), supporting the translational relevance of
this model. The results demonstrated that OE-circClasp1 promoted
lung metastasis (Fig. 8B, C, E, G, I, K), upregulated Snail expression
(Fig. 8D, H), enhanced macrophage recruitment (Fig. 8F, G, J, K),
whereas sh-Snail reversed these effects. These findings suggest that
circCLASP1 mediates macrophage recruitment to promote tumor
metastasis through SNAIL in BC.

DISCUSSION
In recent years, both the incidence and mortality of female BC
have been increasing [1], and it is particularly important to identify
effective therapeutic targets and biomarkers. Recently studies
have increasingly confirmed the multiple regulatory roles of
circRNAs in cancer progression. Hereon, we report the oncogenic
effect of circCLASP1 on BC progression using clinical samples,
PDOs, xenograft mouse models, and BC cell lines. Moreover, we
demonstrate that RBP-U2AF2 mediates the biogenesis of
circCLASP1 by binding to its flanking sequence. Mechanistically,
circCLASP1 functions as a protein scaffold by interacting with
CCT2 to regulate the ubiquitination of GLI1 and the GLI1/SNAIL
axis. Furthermore, we show that circCLASP1 enhances macro-
phage migration and promotes BC metastasis.

Fig. 2 CircCLASP1 functions as an oncogene on BC cells. A Knockdown efficiency of circCLASP1 and its cognate linear transcript (CLASP1)
detected by RT-qPCR in MDA-MB-231 and MCF-7 cells. n= 4. B CCK-8 assay showing the proliferation of MDA-MB-231 and MCF-7 cells
transfected with sh-circCLASP1 or sh-scramble. n= 3. C Colony formation assay of MDA-MB-231 and MCF-7 transfected with sh-circCLASP1 or
sh-scramble. Scale bar= 2mm. D Representative immunofluorescence images of BC cells stained by ki67. Scale bar= 100 µm.
E Representative images of BC patient-derived organoids (PDOs). Scale bar= 200 µm. F Transwell assay showing reduced migration and
invasion in MDA-MB-231 and MCF-7 cells transfected with sh-circCLASP1. Scale bar= 100 µm. Flow cytometry analysis of cell cycle distribution
(G) and apoptosis (H) in MDA-MB-231 and MCF-7 with sh-circCLASP1 or sh-scramble. I Left: BALB/c nude mice (n= 5 per group) were injected
with MDA-MB-231 cells transfected with sh-circCLASP1-1 or sh-scramble. Right: Xenograft weights were recorded. Data are shown as the
mean ± SD. nsp > 0.05, ***p ≤ 0.001.
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Fig. 3 U2AF2 mediates the biogenesis of circCLASP1. A Putative RBPs involved in circCLASP1 biogenesis were screened using RBPmap,
RBPsuite, and circinteractome. B CircCLASP1 expression is regulated by OE-U2AF2. C U2AF2 protein levels in BC tissues (N: adjacent tissues,
n= 8; T: tumor tissues, n= 8). D Kaplan–Meier survival analysis of U2AF2 expression in BC tissues (n= 323). E Correlation between U2AF2 and
circCLASP1 in BC tissues (n= 65). F RIP assays confirming U2AF2 binding to circCLASP1 flanking sequences in MDA-MB-231 and MCF-7. n= 3.
G–I Functional assays in MDA-MB-231 and MCF-7 cells transfected with sh-scramble or sh-circCLASP1-1, followed by OE-NC or OE-U2AF2:
G CCK-8 proliferation assay. n= 3. H Left: Colony formation assay (MDA-MB-231, scale bar= 500 µm; MCF-7, scale bar= 2mm). Right:
Quantification of colony formation. n= 3. I Left: Transwell migration and invasion assay (scale bar= 100 µm). Right: Quantification of
migration and invasion. n= 3. Data are shown as the mean ± SD. nsp > 0.05,*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Fig. 4 CircCLASP1 promotes BC progression without acting as a sponge for miRNAs. A Upper: RIP with an anti-AGO2 antibody. Lower: RT-
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Through integrative analysis, we identified that circCLASP1 is
upregulated in BC. Experimentally, we confirmed that its high
expression in multiple BC cell lines, BC tissues (n= 65), and BC
serum (n= 61). ROC analysis revealed that circCLASP1 exhibited
AUC values of 0.8196 and 0.8902, respectively. We demonstrated
that sh-circCLASP1 inhibited the proliferation and metastasis of BC

cell lines. Notably, we showed that sh-circCLASP1 significantly
slowed the growth of BC PDOs compared to sh-scramble PDOs.
Additionally, circCLASP1 was found to mediate the recruitment of
macrophages and induce M2-like macrophage polarization,
influencing the BC TME. In vivo experiments further supported
the role of circCLASP1 in promoting BC tumor growth and
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facilitating lung metastasis. Importantly, to explore the potential of
circCLASP1 as a diagnostic biomarker or therapeutic target, large-
scale clinical studies in BC patients are warranted.
RBPs are currently considered crucial regulators of circRNA

biogenesis [31]. Emerging studies have indicated that various
RBPs, including FUS, QKI, and EIF4A3 are involved in the
generation of numerous cirRNAs and influence the progression
of cancer [17, 32–35]. In our study, we identified that U2AF2 could
bind to the ‘+112~+136’ region located in the flanking sequence
of circCLASP1 and significantly promoted its biogenesis. Further-
more, we observed that higher U2AF2 expression was associated
with shorter OS rate in lymph node-positive and ki67-positive BC
patients. Additionally, our findings demonstrated that the U2AF2
expression was positively correlated with circCLASP1 expression in
BC. Moreover, a series of rescue experiments systematically
showed that the attenuated phenotypes (proliferation, migration,
and invasion) in sh-circCLASP1 BC cells were significantly rescued
by OE-U2AF2. These results suggest that the endogenous
production of circCLASP1 is regulated by U2AF2.
Using RNA pull-down and MS analysis, we confirmed that

CCT2 specifically bound to circCLASP1 among the other candi-
dates. CCT2, a molecular chaperone and autophagy receptor
[21–23, 36, 37], plays crucial roles in protein folding and
stabilization. It assists in folding TCAB1 to regulate telomerase
activity [22] and stabilizes GLI1 to promote colorectal cancer [23],
while also facilitating the clearance of protein aggregates [21, 38].
In our study, we found that sh-circCLASP1 did not affect the
protein levels of TCAB1 and LC3, but it significantly decreased the
levels of GLI1 protein, without altering its mRNA expression.
Moreover, GLI1 was highly expressed in various BC cell lines, and
circCLASP1 regulated GLI1 stability via the ubiquitin-proteasome
system, promoting its nuclear accumulation. Previous studies
suggested GLI1 primarily functions as a transcription factor to
drive BC progression [26, 27, 39, 40]. Notably, we further analyzed
the OS of its downstream genes and found that SNAIL exhibited
the most significant difference in OS. Furthermore, circCLASP1
expression was positively correlated with SNAIL levels.
Previous studies have shown that most circRNAs sponge miRNAs

to perform their functions [7], we confirmed the interaction
between circCLASP1 and miR-15a-5p using RIP, RNA pull-down,
and dual-luciferase assays. Although miR-15a-5p exhibited strong
tumor-suppressive effects in BC cells, its overexpression failed to
rescue circCLASP1-induced oncogenic phenotypes. Moreover,
mutating miR-15a-5p binding sites on circCLASP1 did not diminish
its tumor-promoting effects. IP-Western blot further demonstrated
that circCLASP1 enhanced CCT2-GLI1 interaction and upregulated
SNAIL expression, regardless of miR-15a-5p binding. These results
suggest that circCLASP1’s oncogenic role in BC is primarily
mediated through the CCT2/GLI1/SNAIL/CCL2-CCL5 axis, indepen-
dent of miR-15a-5p sponging.
Cancer immunotherapy has revolutionized treatment by

targeting the TME [41, 42], yet its efficacy remains limited in
many patients due to poorly understood immune microenviron-
ment mechanisms [43, 44]. Therefore, elucidating TME hetero-
geneity in BC is essential for advancing immunotherapy. In our
study, we found that sh-circCLASP1 weakened the interaction
between CCT2 and GLI1, promoting GLI1 ubiquitination and

suppressing its transcriptional activity, ultimately reducing SNAIL
expression. Moreover, overexpression of circCLASP1 upregulates
the expressions of CCL2 and CCL5 in BC cells, consequently
enhancing macrophage migration and recruitment. It is well
known that CCL2 predominantly facilitates TAM infiltration in BC,
and together with CCL5, these chemokines substantially reshape
the surrounding TME [29, 30]. Both CCL2 and CCL5 primarily exert
their functions through their receptors-CCL2/CCR2, CCL5/CCR5,
and CCL5/CCR3 [45–47]. Single-cell RNA sequencing data of BC
show that CCR2 is predominantly expressed in myeloid cells,
T cells, and plasmablasts, while CCR5 is mainly expressed in
myeloid cells and T cells. In contrast, CCR3 expression is relatively
low across BC cell types [48]. Notably, macrophage represents a
major subset of myeloid cells [48]. Within the TME, T cells and
macrophages are most prominent, while other immune cell types
are less abundant in BC [11]. In line with these results, a greater
reduction in CD68⁺ than in CD3⁺ cells were observed in the
circCLASP1 low-expression group of human BC tissues, suggesting
that TAMs—rather than T cells—are the predominant mediators in
the circCLASP1/GLI1/SNAIL/CCL2–CCL5 regulatory axis within the
TME of BC.
In BC, the elevated expressions of CCL2 and CCL5 drive

substantial infiltration of TAMs (predominantly M2-polarized and
pro-tumoral) [16]. In agreement, we found that circCLASP1-
overexpressed BC cells not only recruit TAMs via increased CCL2
and CCL5 expression but also induce macrophages to adopt an
M2-like phenotype. This high abundance of M2-TAMs profoundly
remodels TME, exerting extensive effects on other cellular
components: TAM-secreted immunosuppressive factors (e.g., IL-
8, TGF-β, PGE2) recruit and activate other myeloid-derived
suppressor cells (MDSCs), which potently suppress the anti-
tumor activity and proliferation of CD8⁺ T cells and natural killer
(NK) cells [49–52]. Concurrently, they promote the recruitment,
expansion, and functional enhancement of regulatory T cells
(Tregs), further inhibiting effector T-cell responses [53].
Furthermore, TAMs interact with cancer cells to stimulate

adjacent fibroblast activation into cancer-associated fibroblasts
(CAFs) through the release of factors such as TGF-β and PDGF [54].
Activated CAFs in turn feedback by secreting additional CCL2/
CCL5 and other pro-inflammatory/angiogenic factors (e.g., VEGF,
IL-6), establishing a vicious cycle that promotes angiogenesis,
extracellular matrix remodeling, and tumor invasion/metastasis
[12, 55–57]. Ultimately, this CCL2/CCL5-TAM axis may orchestrate a
TME characterized by potent immunosuppression, tumor progres-
sion, and immune evasion.
Although this study focused on macrophage-centric mechan-

isms, the potential role of other immunosuppressive cell types or
stromal components deserves further investigation in a large
multicenter clinical sample of BC and deeper molecular action.
Despite significant progress in BC treatment, post-operative

recurrence and metastasis remain the primary causes of cancer-
related mortality. Thus, there is an urgent need for more precise
and effective predictive biomarkers to guide clinical management
and improve patient prognosis. Our study found that circCLASP1
expression was correlated with lymph node metastasis, ki67
expression, and tumor size in tumor tissues of BC patients (n= 65),
with an AUC of 0.8196 (Fig. 1F; Supplementary Table S1).

Fig. 5 CircCLASP1 binds to CCT2 and regulates the ubiquitin-mediated degradation of GLI1. A Left: Schematic representation of circRNA-
protein binding. Right: Enrichment of circCLASP1-specific probes detected by RT-qPCR. n= 3. B RNA pull-down and Western blot assays
assessing circCLASP1 binding to seven candidate proteins. C RIP using anti-CCT2 antibody validating CCT2 binding to circCLASP1. n= 3.
D Three-dimensional simulated structure of the circCLASP1-CCT2 interaction, with the binding site highlighted in yellow. E Upper: IP using
anti-GLI1 antibody detecting GLI1-CCT2 interaction in sh-circCLASP1- MDA-MB-231 and MCF-7 cells. Lower: Quantification of CCT2 protein
levels using ImageJ. n= 3. F RIP with anti-GLI1 antibody assessing GLI1 enrichment on circCLASP1 in MDA-MB-231 and MCF-7 cells. n= 3.
G Western blot of CHX-treated samples assessing the half-life of GLI1 in sh-circCLASP1-1 vs. sh-scramble. H Upper: Western blot analysis of
MG132-treated samples showing GLI1 degradation. Lower: Quantification of GLI1 protein levels using ImageJ. n= 3. I Ubiquitination levels of
GLI1 detected in sh-circCLASP1-1 transfected MDA-MB-231 and MCF-7 cells. Data are shown as the mean ± SD. **p ≤ 0.01, ***p ≤ 0.001.
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Fig. 6 CircCLASP1 regulates SNAIL expression at the transcriptional level through GLI1.Western blot (A) and immunofluorescence staining
(B) assays were used to examine the effect of circCLASP1 on the nuclear accumulation of the GLI1 protein in MDA-MB-231 and MCF-7 cells.
n= 3. C Kaplan–Meier analysis of VEGFB, MYC, CCND1, VEGFC, FOXF1, SNAI1 (SNAIL) in BC patients. D Western blot analysis of GLI1 and SNAIL
protein levels in BC cell lines. E Correlation analysis of GLI1 and SNAIL in a BC cohort (n= 1 100). mRNA (F) and protein (G) expression levels of
SNAIL in sh-circCLASP1-1 transfected MDA-MB-231 and MCF-7 cells. n= 3. H Correlation analysis between circCLASP1 and SNAIL expression in
BC tissues (n= 65). Data are shown as the mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Furthermore, circCLASP1 could also be detected in the serum of
BC patients (n= 61), showing an AUC of 0.8902 (Fig. 1H),
suggesting its potential as a biomarker. To confirm its clinical
applicability, further validation must be performed in multicenter,
large sample independent cohorts, either as a standalone marker
or in combination with other established biomarkers. Elucidating
the functional impact and molecular mechanisms underlying
circCLASP1’s protein-binding capabilities will offer valuable
insights into its role in tumorigenesis and support the develop-
ment of novel therapeutic strategies.
In summary, this study integrates functional validation with

clinical evidence to demonstrate that circCLASP1 is a key regulator
of BC progression.
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