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CircCFL1 Promotes TNBC Stemness and Immunoescape via
Deacetylation-Mediated c-Myc Deubiquitylation to Facilitate
Mutant TP53 Transcription

Zekun Wang, Yaming Li, Jingwen Yang, Yuhan Sun, Yinqiao He, Yuping Wang,
Yiran Liang, Xi Chen, Tong Chen, Dianwen Han, Ning Zhang, Bing Chen, Wenjing Zhao,
Lijuan Wang, Dan Luo, and Qifeng Yang*

Triple-negative breast cancer (TNBC) is the most malignant subtype of breast
cancer. TP53, which has a mutation rate of ≈70%–80% in TNBC patients,
plays oncogenic roles when mutated. However, whether circRNAs can exert
their effects on TNBC through regulating mutant TP53 has not been well
evaluated. In this study, circCFL1, which is highly expressed in TNBC cells
and tissues and has prognostic potential is identified. Functionally, circCFL1
promoted the proliferation, metastasis and stemness of TNBC cells.
Mechanistically, circCFL1 acted as a scaffold to enhance the interaction
between HDAC1 and c-Myc, further promoting the stability of c-Myc via
deacetylation-mediated inhibition of K48-linked ubiquitylation. Stably
expressed c-Myc further enhanced the expression of mutp53 in TNBC cells
with TP53 mutations by directly binding to the promoter of TP53, which
promoted the stemness of TNBC cells via activation of the
p-AKT/WIP/YAP/TAZ pathway. Moreover, circCFL1 can facilitate the immune
escape of TNBC cells by promoting the expression of PD-L1 and suppressing
the antitumor immunity of CD8+ T cells. In conclusion, the results revealed
that circCFL1 plays an oncogenic role by promoting the
HDAC1/c-Myc/mutp53 axis, which can serve as a potential diagnostic
biomarker and therapeutic target for TNBC patients with TP53 mutations.

1. Introduction

Breast cancer remains the most common female malignancy
worldwide, threatening the health of females.[1] As the most
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malignant subtype, triple-negative breast
cancer (TNBC) accounts for 15%–20% of all
breast tumors.[2] TNBC is an immunohisto-
chemistry (IHC)-defined subtype of breast
cancer that lacks the expression of estro-
gen receptor (ER) or progesterone recep-
tor (PR) and exhibits human HER2 ampli-
fication, rapid proliferation, early metasta-
sis and so on.[3–5] Owing to the absence
of the receptors mentioned above, conven-
tional chemotherapy (CT) and radiotherapy
(RT) endocrine therapy cannot be replaced
by endocrine therapy for TNBC patients.[6]

Consequently, there is an urgent need to
elucidate the molecular mechanisms and
identify novel targets for TNBC progres-
sion.

Cancer is a complex, multifactorial and
multistage disease caused by both endoge-
nous and exogenous factors, such as envi-
ronmental stimulation, metabolic changes,
and genetic mutations.[7,8] Genetic muta-
tions lead to the production of abnormal
proteins in almost all cancers, and accumu-
lating research has revealed that mutations
in different genes could lead to different

functions.[9] For instance, BRCA-mutant cells harbor DNA
repair defects,[10] and PIK3CA mutations regulate tumor
immunogenicity.[11] Remarkably, TP53 is regarded as the most
frequently mutated gene in human tumors; although the fact
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Figure 1. circCFL1 expression was upregulated in TNBC patients and associated with poor patient prognosis. A) Heatmaps of the significantly dif-
ferentially expressed circRNAs between breast tissues and adjacent normal breast tissues (red represents upregulated circRNAs, and blue represents
downregulated circRNAs). B) Circos plot indicating the differentially expressed circRNAs. The innermost circle and second circle show the results ob-
tained from the above two circRNA arrays. The third circle (purple squares) represents the circRNAs that were both significantly differentially expressed
in the two circRNA arrays. The outermost circle shows the chromosomal distribution of the circRNAs. C) qRT‒PCR was used to examine the expression
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that wild-type TP53 is a well-known tumor suppressor, some
of its mutations can facilitate the malignant behaviors of can-
cers. Notably, TP53 mutations commonly occur in ≈70%−80%
of TNBCs, leading to enhanced metastasis, stemness, chemore-
sistance, poor response to immunotherapy and so on.[12–14] Sev-
eral hot-spot mutations of TP53 in TNBC have been identified
and subtyped into contact mutations (R248Q, R273H, R280K)
and structural mutations (Y220C, R249S, R282W),[15] but the
functions and regulatory mechanisms of mutp53 have not been
clearly defined in TNBC.

Circular RNAs (circRNAs) are an emerging class of endoge-
nous RNA transcripts characterized by covalent closed-loop
structures.[13] In contrast to their linear counterparts, circRNAs
are generated by backsplicing from precursor mRNAs lacking a
5′ m7G cap and 3′ poly(A) tail.[16] Owing to their special circular
structure, circRNAs are equipped with a longer half-life, greater
evolutionary conservation and greater resistance to RNase R
digestion.[17] Furthermore, circRNAs are highly abundant in eu-
karyotes, and some circRNAs are even more abundant than their
linear counterparts,[14] laying the foundation for their biological
functions. It has been demonstrated that circRNAs exert their
effects through different mechanisms, such as acting as miRNA
sponges and interacting with proteins.[14] Accumulating studies
have emphasized that circRNAs play indispensable roles in car-
cinogenesis and cancer development.[18] For instance, circ-TRIO
promotes the progression of TNBC by sponging miR-432-5p,[19]

and circRNA-CREIT could facilitate the correlation between
PKR and HACE1.[20] However, the effects of circRNAs on TP53-
mutant TNBC have not been well evaluated, and identifying
circRNAs that play regulatory roles in TNBC patients with TP53
mutations and elucidating the underlying mechanism might
provide novel tailored targets for the treatment of TNBC patients
with TP53 mutations.

In our study, we found that circCFL1 (hsa_circ_0000328),
whose expression was strongly associated with the clinicopatho-
logical characteristics and prognosis of TNBC patients, was
highly expressed in both TNBC cells and tissues. In vitro and
in vivo experiments demonstrated that circCFL1 plays vital roles
in promoting the proliferation, metastasis and stemness of
TNBC cells. Mechanistically, circCFL1 could act as a scaffold
to strengthen the interaction between Histone Deacetylase
1 (HDAC1) and c-Myc, which enhanced the deacetylation-
mediated deubiquitylation of c-Myc to stabilize its expression.
Moreover, c-Myc promoted mutp53 expression by directly bind-
ing to the promoter region of mutp53. Furthermore, circCFL1
promoted PD-L1 expression in TNBC cells to inhibit the anti-
tumor immunity of CD8+ T cells, which could be a synergetic

Table 1. Association between Clinicopathological variables and circCFL1
expression in TNBC patients.

circCFL1
expressions

Variable Cases (n = 88) Low High P value

Ag

≤50 43 23 20 0.522

>50 45 21 24

Histologic subtypes

IDC 83 40 43 0.360

non-IDC 5 4 1

Histologic grade 1.000

G2 40 20 20

G3 44 22 22

Unknown 4 2 2

Tumor size 0.041

≤2.5 59 34 25

>2.5 29 10 19

Lymph node status 0.509

Negative 55 29 26

Positive 33 15 18

Ki67 status 0.484

Low 9 6 3

High 79 38 41

Recurrence 0.118

No 76 41 35

Yes 12 3 9

target for anti-PD-L1 therapy. Taken together, our findings
suggest a new mechanism of mutp53 regulation in TNBC and
provide a novel prognostic biomarker and treatment target for
TNBC patients.

2. Results

2.1. CircCFL1 Expression was Upregulated in TNBC and
Associated with Poor Patient Prognosis

To identify potential circRNAs associated with the progression of
breast cancer, two circRNA arrays from the GEO database (GEO:
165884, GEO: 182471) were simultaneously analyzed to filter dif-
ferentially expressed circRNAs between breast cancer tissues and
paired adjacent normal tissues (Figure 1A), and 19 upregulated

of circCFL1 in breast cancer cell lines. D) ISH assays were conducted to determine the expression levels of circCFL1 in TNBC tissues and paired normal
mammary tissues. Scale bars = 100 μm. E) Kaplan–Meier survival analysis of the prognostic value of circCFL1 for both OS and DFS (n = 44 patients in
each group). F) Left panel, schematic illustration indicating that circCFL1 was circularized by exons 3–5 of human CFL1. Right panel, schematic diagram
showing the genomic loci of circCFL1. The red arrow indicates the backsplicing site of circCFL1 confirmed by Sanger sequencing. G) Convergent and
divergent primers were used for PCR, which suggested that circCFL1 could only be amplified from cDNA rather than from the gDNA of TNBC cells.
H) Primers were used to amplify total RNA extracted from MDA-MB-231 and MDA-MB-468 cells treated with or without RNase R, and the expression
levels of circCFL1 and CFL1 mRNA were verified by qRT‒PCR. I) Relative RNA levels of circCFL1 and CFL1 mRNA after actinomycin D treatment were
measured by qRT‒PCR. J) Random 6-mers primers or oligo (dT) primers were used for reverse transcription of cDNA, and the levels of circCFL1 and CFL1
mRNA reversed by those two different primers were analyzed by qRT‒PCR. K) Fluorescence in situ hybridization (FISH) with junction-specific probes
was utilized to determine the subcellular localization of circCFL1, and nuclei were stained with DAPI. Scale bars = 10 μm. L) Expression of circCFL1 in
the cytoplasmic and nuclear fractions of RNAs extracted from TNBC cells. ns nonsignificant; *p < 0.05; **p < 0.01; ***p < 0.001.

Adv. Sci. 2024, 11, 2404628 2404628 (3 of 21) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Table 2. Univariate and multivariate analyses of prognostic factors (OS)
for patients with TNBC.

Variable Univariate analysis (OS) Multivariate analysis (OS)

HR (95% CI) P value HR (95% CI) P value

Age

Age≤50 Reference –

Age>50 0.498 (0.150–1.659) 0.256

Histological type

IDC Reference –

non-IDC 0.041 (0.000–96.525) 0.420

Histological grade

G2 Reference –

G3 1.425 (0.452–4.492) 0.546

Unknown – –

Tumor size

≤2 cm Reference –

>2 cm 1.574(0.499–4.966) 0.439

Lymph node status

Negative Reference – Reference –

Positive 3.798 (1.143–12.621) 0.029 3.279 (0.981–10.963) 0.054

Ki67 status

Low –

High 1.577 (0.200–12.100) 0.672

circCFL1 expression

Low Reference – Reference –

High 4.436 (1.187–16.583) 0.027 3.868 (1.028–14.552) 0.045

circRNAs and 14 downregulated circRNAs were identified in
breast cancer tissues compared with normal tissues by intersect-
ing the results of both circRNA arrays (Figure 1B). Among them,
circCFL1 (hsa_circ_0000328) was found to be overexpressed in
TNBC cells and to be positively correlated with the aggressive-
ness of cancer cells, suggesting that circCFL1 might play cru-
cial roles in the progression of TNBC (Figure 1C). Moreover,
In situ hybridization (ISH) assays were also performed in clin-
ical TNBC tissue samples, which further confirmed that circ-
CFL1 was overexpressed in TNBC tissue samples compared with
paired normal tissue samples (Figure 1D). To explore the prog-
nostic value of circCFL1, the expression of circCFL1 in tumors
of eighty-eight TNBC patients were detected by qRT-PCR assays,
and were equally divided into two groups based on circCFL1 ex-
pression. As shown in Figure 1E, Kaplan–Meier plotter analy-
sis revealed that high circCFL1 expression predicted poor prog-
nosis in TNBC patients. The associations between circCFL1 ex-
pression and the clinicopathological characteristics of TNBC pa-
tients are shown in Table 1, which indicates that circCFL1 ex-
pression is closely correlated with tumor size. Univariate and
multivariate analyses were also conducted and demonstrated that
circCFL1 expression was an independent prognostic factor for
both Overall survivals (OS) (Table 2) and Disease-free survivals
(DFS) (Table 3). To summarize, our data suggested that circ-
CFL1 might play a vital role in the tumorigenesis and progression
of TNBC.

Table 3. Univariate analysis of prognostic factors (DFS) for patients with
TNBC.

Variable Univariate analysis (DFS)

HR (95% CI) P value

Age

≤45 Reference –

Age>45 1.759 (0.380–8.148) 0.470

Histologic subtypes

IDC Reference –

non-IDC 0.043 (0.000–537.755) 0.514

Histological grade

G2 Reference –

G3 0.919 (0.281–3.013) 0.890

Unknown – –

Tumor size

≤2 cm Reference –

>2 cm 1.554 (0.412–5.861) 0.515

Unknown – –

Lymph node status

Negative Reference –

Positive 2.774 (0.844–9.119) 0.093

Ki67 status

Low Reference –

High 0.627 (0.135–2.907) 0.551

CircCFL1 expression

Low Reference –

High 5.615 (1.208–26.094) 0.028

CircCFL1 is derived from exons 3–5 of the CFL1 (Cofilin 1)
gene located on human chromosome 11, and the endogenous ex-
istence of circCFL1 was confirmed by Sanger sequencing of the
specific backsplicing site in TNBC cells (Figure 1F). To verify the
circular characteristics of circCFL1, we designed divergent and
convergent primers to amplify circCFL1 and linear CFL1 mRNA,
respectively. cDNA and gDNA templates were then extracted
from TNBC cell lines, and PCR assays revealed that circCFL1
could only be amplified from cDNA and not from gDNA, indi-
cating that circCFL1 was a backsplicing product of pre-mRNA
(Figure 1G). Moreover, compared with CFL1, circCFL1 could
withstand the digestion of RNase R (Figure 1H). Actinomycin
D, an inhibitor of RNA synthesis, was also used to treat MDA-
MB-231 and MDA-MB-468 cells, and the results suggested that
circCFL1 was equipped with a much longer half-life than CFL1
mRNA (Figure 1I). We also confirmed that circCFL1 but not
CFL1 mRNA lacked a poly(A) tail, which was in accordance with
the loop structure of circRNAs (Figure 1J). In addition, Fluores-
cence in situ hybridization (FISH) and nucleocytoplasmic sep-
aration assays were performed to determine the subcellular lo-
calization of circCFL1, which revealed that circCFL1 was located
both in the cytoplasm and nucleus (Figure 1K,L). Therefore, circ-
CFL1 is a circular RNA that is endogenously expressed in TNBC
cells.
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Figure 2. circCFL1 promoted the proliferation and metastasis of TNBC cells. A) The interference efficiencies of circCFL1-targeting siRNAs on circCFL1
and CFL1 mRNA were verified by qRT‒PCR. B) MTT assays were performed to examine the proliferation rates of MDA-MB-231 and MDA-MB-468
cells after transfection with circCFL1 siRNAs. C) Statistical analysis of the flow cytometry data indicating the impact of circCFL1 knockdown on the
proliferation of breast cancer cells. D) The expression levels of cell cycle-related proteins were examined after circCFL1 knockdown. E) The migration
abilities of MDA-MB-231 and MDA-MB-468 cells transfected with si-circCFL1 were evaluated by Transwell assays. Scale bars = 200 μm. F) The expression
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2.2. CircCFL1 Promoted the Proliferation, Migration and Invasion
of TNBC Cells

To evaluate the effects of circCFL1 on TNBC progression and
metastasis, we first constructed two siRNAs that specifically tar-
get the back-splicing junction of circCFL1 to knock down the
expression of circCFL1 (Figure S1A, Supporting Information).
As shown in Figure 2A, both siRNAs efficiently knocked down
the expression of circCFL1 but not CFL1 mRNA, which was
further confirmed by FISH (Figure S1B, Supporting Informa-
tion). Methyl thiazolyl tetrazolium (MTT), colony formation and
5-Ethynyl-2’-deoxyuridine (EdU) assays confirmed that the pro-
liferation of TNBC cells was inhibited after circCFL1 knockdown
(Figure 2B; Figure S1C,D, Supporting Information). Moreover,
flow cytometry and western blot assays confirmed that the cell
cycle of both TNBC cell lines was blocked by circCFL1 inhi-
bition (Figure 2C,D; Figure S1E, Supporting Information). We
also evaluated whether circCFL1 knockdown could suppress the
migration and invasion abilities of TNBC cells. Our Transwell
and wound healing results confirmed that silencing circCFL1
markedly inhibited the migration and invasion of TNBC cells
(Figure 2E; Figure S1F,G, Supporting Information). Further-
more, western blot assays also demonstrated that the Epithelial-
Mesenchymal Transition (EMT) pathway was significantly sup-
pressed in both TNBC cell lines (Figure 2F). In addition, the
effects of circCFL1 overexpression were also explored, and cir-
cCFL1 overexpression in TNBC cells was verified by qRT‒PCR
and FISH assays (Figure S2A,B, Supporting Information). Our
in vitro results demonstrated that circCFL1 overexpression pro-
moted proliferation and cell cycle progression, as well as the mi-
gration, invasion and EMT of both TNBC cell lines (Figure 2G–K;
Figure S2C–G, Supporting Information).

To evaluate the roles of circCFL1 in tumor progression and
metastasis in vivo, MDA-MB-231 cells overexpressing circCFL1
were first seeded subcutaneously into female BALB/c nude mice
along with negative controls to establish TNBC xenograft models.
As shown in Figure 2L, the circCFL1-overexpressing group ex-
hibited increased tumor volume and weight, indicating that circ-
CFL1 promoted TNBC growth in vivo. We also injected circCFL1-
overexpressing and control TNBC cells via the tail vein into fe-
male BALB/c nude mice to explore the influence of circCFL1
on metastasis, and the results demonstrated that the number
of metastatic lung nodules in the circCFL1 group was markedly
increased (Figure 2M,N; Figure S2H, Supporting Information).
In vivo fluorescence imaging and Hematoxylin and eosin (HE)
staining assays further confirmed our conclusions. ISH and Im-
munohistochemistry (IHC) were performed to detect circCFL1,
Ki67 and N-cad expression in circCFL1-overexpressing and con-

trol tumors, which further indicated that circCFL1 could acceler-
ate the proliferation and metastasis of TNBC in vivo (Figure 2O).

2.3. CircCFL1 Promoted the Stemness of TNBC Cells In Vitro and
In Vivo

Since circCFL1 is regarded as a cancer-promoting gene, we fur-
ther aimed to identify the critical downstream effector corre-
lated with the progression effects of circCFL1. RNA-seq was first
performed in circCFL1 knockdown and control cells to identify
genes whose expression significantly changed, and KEGG en-
richment analysis was subsequently performed, which suggested
that circCFL1 knockdown might be correlated with the functions
of the TP53 gene in TNBC cells (Figure 3A; Figure S3A, Support-
ing Information). Since it has been reported that TP53 mutations
occur in almost 70%−80% of TNBCs and that the mutations in
MDA-MB-231 and MDA-MB-468 cells investigated in this study
have been proven to encode oncogenic mutp53,[12] we further hy-
pothesized that circCFL1 might influence the role of mutp53 in
TNBC cells. We also performed Sanger sequencing to examine
the mutation status of TP53 in both TNBC cell lines, which ver-
ified that the MDA-MB-231 and MDA-MB-468 cells utilized in
this study individually possessed the R280K and R273H muta-
tion sites, which was in accordance with previous publications[15]

(Figure 3B).
It has been reported that one of the most important roles of

mutp53 is affecting the stemness of tumor cells by activating
the p-AKT/WIP/YAP/TAZ axis,[21] which was also signifi-
cantly altered according to the KEGG analysis results shown
in Figure S3A (Supporting Information). Thus, we evaluated
whether circCFL1 could influence the stemness of TNBC cells by
regulating mutp53 and the downstream p-AKT/WIP/YAP/TAZ
axis. First, tumor sphere formation and extreme limiting di-
lution analysis (ELDA) were performed, which demonstrated
that circCFL1 knockdown reduced the stemness of TNBC cells
(Figure 3C,D). Flow cytometry and IF assays of tumor stemness
markers further confirmed the above results (Figure 3E,F). A
previous study suggested that organoids are cell-based in vitro
models derived from stem cells that are equipped with stemness
potential;[22,23] thus, we isolated cells from TNBC tissues to
construct patient-derived organoid (PDO) models to determine
the correlation between circCFL1 and stemness. As shown in
Figure 3G and Figure S3B (Supporting Information), our results
showed that PDOs with circCFL1 knockdown had a slower
growth rate, which further demonstrated that circCFL1 was cor-
related with the stemness of TNBC cells. Moreover, western blot
assays were performed to examine the expression of stemness-

levels of EMT signaling pathway-related proteins were examined after circCFL1 knockdown. G) MTT assays were performed to determine the proliferation
rates of MDA-MB-231 and MDA-MB-468 cells after transfection with circCFL1 overexpression vectors. H) Statistical analysis of the flow cytometry data
suggested the impact of circCFL1 overexpression on the proliferation of breast cancer cells. I) The expression levels of cell cycle-related proteins were
verified in cells overexpressing circCFL1. J) The migration abilities of MDA-MB-231 and MDA-MB-468 cells transfected with circCFL1 overexpression
vectors were evaluated by Transwell assays. Scale bars = 200 μm. K) The expression levels of EMT signaling pathway-related proteins were altered after
circCFL1 overexpression. L) Left panel, images of xenograft tumors obtained from BALB/c nude mice at the endpoint (n = 5 mice in each group).
Right panel, growth curves and the volumes of xenograft tumors (n = 5 mice in each group). M) Images of lung metastatic nodules from BALB/c nude
mice at the endpoint (n = 5 mice in each group). N) Animal in vivo imaging technology suggested tumor metastasis, and H&E staining confirmed
tumor metastasis. Scale bars = 200 μm. O) ISH assay for circCFL1 and IHC staining for Ki67 and N-cad in xenograft tumors. Scale bars = 100 μm. ns,
nonsignificant; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. circCFL1 promotes the stemness of TNBC cells in vitro and in vivo. A) RNA sequencing analysis was performed in circCFL1-knockdown
TNBC cells. B) Sanger sequencing was used to identify the mutation site of TP53 in the MDA-MB-231 and MDA-MB-468 cell lines. Sphere formation
assays C) and limiting dilution assays D) were used to evaluate the stemness properties of MDA-MB-231 and MDA-MB-468 cells after transfection with si-
circCFL1. Scale bars = 100 μm. E) Flow cytometry assays were performed to detect the effects of circCFL1 on the percentage of the ALDH1A1+ phenotype
in MDA-MB-231 cells and the percentage of the CD44+/CD24- phenotype in MDA-MB-468 cells. F) IF staining assays were performed to evaluate the
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related markers and the mutp53/p-AKT/WIP/YAP/TAZ axis,
which demonstrated that circCFL1 knockdown inhibited the
stemness of TNBC cells by regulating the mutp53-regulated
pathway (Figure 3H,I). The in vitro effects of circCFL1 over-
expression on TNBC stemness were also detected and were
consistent with the above findings (Figure 3J–L; Figure S3C–H,
Supporting Information).

Subsequently, to evaluate the regulatory effects of circCFL1 on
the stemness of TNBC cells in vivo, we performed xenograft ex-
periments using limiting dilution assays of MDA-MB-231 cells.
As shown in Figure 3M and Figure S3I (Supporting Informa-
tion), our results indicated that the mice injected with circCFL1-
overexpressing TNBC cells had a dramatically increased inci-
dence of tumor initiation compared to the control group. More-
over, stemness-related proteins, including mutp53, YAP c-Myc
and ALDH1A1, were also detected by IHC in tumors derived
from mice, which further confirmed that circCFL1 promoted the
stemness of TNBC cells in vivo (Figure 3N). In conclusion, our
in vitro and in vivo results demonstrated that circCFL1 enhanced
the stemness of TNBC cells by affecting mutp53 and the down-
stream p-AKT/WIP/YAP/TAZ axis.

2.4. CircCFL1 Directly Interacted with HDAC1

To clarify the potential molecular mechanisms underlying the
impact of circCFL1 on TNBC progression and stemness, an
RNA pull-down assay was first performed to identify proteins
that interact with circCFL1. As shown in Figure 4. A, We found
that proteins of ≈55 kDa were significantly enriched with the
circCFL1 probe, indicating that proteins with similar molecu-
lar weights may interact with circCFL1. Liquid chromatography-
tandem mass spectrometry (LC‒MS) was further used to iden-
tify specific proteins. HDAC1, with a predicted molecular weight
of 55.1 kDa, had the highest binding affinity for circCFL1
(Figure S4A, Supporting Information), and the identified pep-
tide sequences of HDAC1 are shown in Figure 4B. NPDock was
used to predict the molecular docking between circCFL1 and the
HDAC1 protein, further indicating the potential physical inter-
action between the two molecules (Figure 4C).[24]

To verify the interaction between circCFL1 and HDAC1, FISH
and IF were first utilized to examine the subcellular localiza-
tion of both circCFL1 and HDAC1, which confirmed that cir-
cCFL1 was present in both the cytoplasm/nucleus of TNBC
cells and that HDAC1 was predominantly localized in the nu-
cleus, suggesting that circCFL1 and HDAC1 can bind to each
other (Figure 4D). In addition, RNA pull-down assays were re-
peated in TNBC cells, and the results were detected with a
specific HDAC1 antibody, which confirmed the interaction be-

tween circCFL1 and HDAC1 (Figure 4E). Furthermore, to deter-
mine the specific regions of circCFL1 that are crucial for bind-
ing to HDAC1, we constructed two truncated isoforms of circ-
CFL1 based on the stem‒loop structure of circCFL1 predicted
by RNAfold (Figure 4F). As shown in Figure 4G, the RNA pull-
down results proved that both isoforms of circCFL1 could inter-
act with HDAC1, especially in the second part. Moreover, RIP
assays using an HDAC1 antibody further verified the interaction
between HDAC1 and circCFL1 (Figure 4H). To determine the
specific regions of HDAC1 that are responsible for its interac-
tion with circCFL1, we constructed two truncated vectors based
on the structure of HDAC1, and the expression efficiency of both
vectors was first examined (Figures 4I,J). RIP assays were then
performed in TNBC cells overexpressing full-length and trun-
cated HDAC1, which indicated that HDAC1 ∆1, but not HDAC1
∆2, was responsible for the interaction between circCFL1 and
HDAC1 (Figure 4K). Taken together, our results demonstrated
that circCFL1 could directly interact with HDAC1.

Since the above results demonstrated that circCFL1 could di-
rectly bind to HDAC1, we further explored whether circCFL1
could regulate the expression of HDAC1. Interestingly, neither
knockdown nor overexpression of circCFL1 altered HDAC1 ex-
pression at the RNA or protein level, indicating that circCFL1
might influence the functions but not the expression of HDAC1
(Figure 4L,M; Figure S4B, Supporting Information). To verify
whether HDAC1 is responsible for the oncogenic effects of cir-
cCFL1, we first analyzed HDAC1 expression in TNBC and adja-
cent normal tissues from TCGA and METABRIC databases and
found that HDAC1 was upregulated in TNBC tissues, suggest-
ing that HDAC1 is an oncogene in TNBC (Figure S4C, Support-
ing Information). Furthermore, HDAC1 expression was knocked
down in circCFL1-overexpressing TNBC cells (Figure 4N), and
the effects of HDAC1 siRNA on the oncogenic functions of cir-
cCFL1 were examined (Figure S4D,E, Supporting Information).
As shown in Figure 4O,P and Figure S4F–L (Supporting Infor-
mation), our in vitro results proved that silencing HDAC1 sup-
pressed the proliferation, migration, invasion and stemness of
TNBC cells enhanced by circCFL1. In conclusion, our results
demonstrated that circCFL1 promoted the malignant behaviors
of TNBC cells by influencing the biological functions of HDAC1
without affecting its expression.

2.5. CircCFL1 Served as a Scaffold to Enhance the Interaction
between HDAC1 and c-Myc in TNBC Cells

CircRNAs can act as scaffolds for specific proteins to modu-
late the degradation of downstream proteins.[25] Consequently,
we hypothesized that circCFL1 might act as a scaffold to link

influence of circCFL1 siRNAs on the expression of stemness markers (CD44 and ALDH1A1) in TNBC cells. Scale bars = 50 μm. G) Patient-derived
organoid (PDO) models were generated after transfection with circCFL1 siRNAs or overexpression vectors. Scale bars = 50 μm. H) The expression of
stemness-associated proteins was altered after transfection with si-circCFL1. I) Western blotting assays suggested that circCFL1 interference affected
the expression of mutp53 and further suppressed the p-AKT/WIP/YAP/TAZ signaling pathway in TNBC cells. J) Patient-derived organoid (PDO) models
were generated after transfection with a circCFL1 overexpression vector. Scale bars = 50 μm. K) Limiting dilution assays were used to determine the
stemness properties of MDA-MB-231 and MDA-MB-468 cells after transfection with the circCFL1 overexpression vector. L) Flow cytometry assays were
performed to detect the percentage of the ALDH1A1+ phenotype in MDA-MB-231 cells and the percentage of the CD44+/CD24- phenotype in MDA-
MB-468 cells transfected with the circCFL1 overexpression vector. M) In vivo limiting dilution xenograft assays were conducted to evaluate the stemness
of circCFL1-overexpressing TNBC cells. N) IHC assays were utilized to detect the expression levels of mutp53, ALDH1A1, YAP, and c-Myc. Scale bars =
100 μm. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. CircCFL1 directly interacted with HDAC1. A) Sliver staining image illustrating the enriched proteins precipitated by the RNA pull-down assays
of circCFL1. B) Representative segments of HDAC1 proteins identified by mass spectrometry (MS). C) Graphical representation of the molecular docking
between circCFL1 and the HDAC1 protein by NPDock. D) FISH and IF assays were used to detect the subcellular localization of circCFL1 and HDAC1
(left). Colocalization analysis of circCFL1 and HDAC1 was conducted by ImageJ (right). Scale bars = 20 μm. E) Western blotting assays were used to
verify the interaction between circCFL1 and HDAC1 in MDA-MB-231 and MDA-MB-468 cells. The effects of biotin-labeled sense and antisense RNAs
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HDAC1 and other proteins since circCFL1 directly interacts with
HDAC1 without affecting its expression to promote the progres-
sion and stemness of TNBC. To identify proteins that could in-
teract with both HDAC1 and circCFL1, we further performed
immunoprecipitation assays in TNBC cells with an HDAC1 an-
tibody, and the enriched downstream proteins were analyzed by
LC‒MS (Figure 5A). As shown in Figure 5B, a total of 12 proteins
were identified by intersecting the IP results and RNA pull-down
results shown in Figure 4A. Among the 12 proteins verified by IP
and RNA pull-down, c-Myc, which has been reported to be closely
correlated with mutp53 in cancers,[26] was selected as the down-
stream cotarget of both HDAC1 and circCFL1, and the peptide
sequence of c-Myc identified by IP is shown in Figure 5C. First,
to verify the interaction between circCFL1 and c-Myc, IF assays
were first performed, which revealed that circCFL1 and c-Myc
have similar subcellular localization in TNBC cells (Figure 5D).
Moreover, the association between circCFL1 and c-Myc was fur-
ther verified by RNA pull-down (Figure 5E) and RIP (Figure 5F)
assays. Second, the interaction between HDAC1 and circCFL1
was also examined. As shown in Figure 5G, HDAC1 and c-Myc
antibodies were used to perform IP assays, and the c-Myc and
HDAC1 proteins were both enriched in TNBC cells, confirming
the interaction between HDAC1 and c-Myc, the results of which
were also exogenously verified in HEK-293T cells (Figure S5A,
Supporting Information). To verify whether circCFL1 could func-
tion as a scaffold to enhance the interaction between HDAC1 and
c-Myc, IF assays were first performed to detect the subcellular
locations of HDAC1 and c-Myc after transfection with circCFL1
siRNA. As shown in Figure 5H, under normal conditions, both
HDAC1 and c-Myc were predominantly localized in the nucleus,
while some c-Myc translocated to the cytoplasm when circCFL1
was knocked down, suggesting the scaffold potential of circCFL1.
Moreover, IP assays were performed to analyze the association
between HDAC1 and c-Myc under circCFL1 knockdown or over-
expression conditions, which confirmed that the interaction be-
tween HDAC1 and c-Myc could be strongly regulated by circCFL1
(Figure 5I).

We further explored the specific domains responsible for the
interactions between HDAC1 and c-Myc. Three truncated vec-
tors were first constructed according to the structural domains
of c-Myc (Figure 5J). Full-length and truncated c-Myc vectors to-
gether with HDAC1 overexpression vectors were transfected into
293T cells, and IP assays suggested that ∆1+∆2 and ∆2+∆3, but
not ∆1+3, could bind to the HDAC1 protein, indicating that the
central region of c-Myc was responsible for the correlation with
HDAC1 (Figure 5K). Moreover, the HDAC1 truncation and full-
length vectors shown in Figure 4K together with the c-Myc over-
expression vector were also transfected into 293T cells, and the
results revealed that only HDAC1 Δ1, which contains a deacety-

lase domain, could efficiently enrich the c-Myc protein, indicat-
ing that HDAC1 might influence the acetylation level of c-Myc
(Figure 5L). In conclusion, our results demonstrated that circ-
CFL1 could serve as a scaffold to enhance the interaction between
HDAC1 and c-Myc in TNBC cells.

2.6. The circCFL1/HDAC1 Axis Deacetylated c-Myc at K148 to
Protect c-Myc from Degradation by Suppressing K48-Linked
Polyubiquitin

Since we demonstrated that circCFL1 promoted the interaction
between HDAC1 and c-Myc in TNBC cells, we further evalu-
ated the effects of HDAC1 on c-Myc expression. As shown in
Figure 6A and Figure S6A (Supporting Information), HDAC1
promoted the expression of c-Myc at the protein level but not
at the mRNA level, indicating that circCFL1 affects c-Myc via
posttranslational modifications (PTMs). As HDAC1 is a well-
known deacetylase, the effect of HDAC1 on c-Myc acetylation was
first explored in TNBC cells. By using MS275, an HDAC class
I inhibitor, we found that the acetylation level of c-Myc could
be significantly altered (Figure 6B; Figure S6B, Supporting In-
formation). Moreover, knockdown or overexpression of HDAC1
could enhance or suppress the acetylation of the c-Myc protein,
indicating that HDAC1 is involved in the acetylation of c-Myc
(Figure 6C; Figure S6C, Supporting Information). To further
demonstrate that the deacetylation activity of HDAC1 regulates
the acetylation level of c-Myc, we constructed an H141A HDAC1
mutation vector, which has been reported to completely abolish
the deacetylase activity of HDAC1.[27] As shown in Figure 6D
and Figure S6D (Supporting Information), the mutated version
of HDAC1 had no effect on the acetylation level of c-Myc, fur-
ther confirming that the deacetylation activity of HDAC1 could
regulate the acetylation level of c-Myc. Similarly, circCFL1 was
also silenced or overexpressed in TNBC cells, which confirmed
that the acetylation level of c-Myc could be regulated by the circ-
CFL1/HDAC1 axis (Figure 6E).

To further explore the specific lysine on the c-Myc protein
that is regulated by HDAC1 in TNBC cells, MusiteDeep (https:
//www.musite.net/) was first utilized to predict lysine residues
with acetylation potential, and 7 lysine residues (K143, K148,
K157, K275, K317, K323 and K371) were predicted (Figure 6F).
Lysine 7 was individually mutated to arginine to avoid acetylation
(Figure S7E, Supporting Information), and the effects of HDAC1
on c-Myc mutations were examined in 293T cells. HDAC1 over-
expression had no significant effect on the K148R mutation of
c-Myc, indicating that K148 of c-Myc is crucial for the regulation
of HDAC1 (Figure 6G). Moreover, the effects of HDAC1 and cir-
cCFL1 on the acetylation level of c-Myc at K148R were also exam-

reverse transcribed from circCFL1 were examined by RNA blotting. F) The secondary structure of circCFL1 was predicted by the online tool RNAfold, and
circCFL1 was divided into two truncations. The purple frame indicates △1, and the red frame indicates △2 of circCFL1. G) Western blotting assays were
used to verify the specific truncations responsible for the interaction between HDAC1 and circCFL1. H) RIP assays confirmed the interaction between
HDAC1 and circCFL1. I) Schematic diagram of full-length and truncated HDAC1. J) Western blotting analysis was used to verify the expression efficiencies
of full-length and truncated HDAC1. K) RIP assays confirmed the correlation between HDAC1 truncations and circCFL1. Western blotting suggested
that neither interference L) nor overexpression M) of circCFL1 affected the expression of HDAC1 at the protein level. Sphere formation N) and limiting
dilution O) assays suggested that interference with HDAC1 could reverse the increase in stemness properties induced by circCFL1 overexpression. P)
Flow cytometry assays were performed to determine the percentages of ALDH1A1- and CD44+CD24- cells among MDA-MB-231 and MDA-MB-468 cells
after cotransfection with circCFL1-OV and si-HDAC1. ns, nonsignificant; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. circCFL1 served as a scaffold to enhance the interaction between HDAC1 and c-Myc in TNBC cells. A) Sliver staining image illustrating the
enriched proteins precipitated in the immunoprecipitation assays of HDAC1. B) At the intersection of the circCFL1 RNA pull-down and HDAC1 IP assays,
12 candidate proteins, including c-Myc, were identified. C) Representative segments of c-Myc proteins identified by mass spectrometry (MS). D) FISH
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ined in TNBC cells, confirming that the circCFL1/HDAC1 axis
regulates c-Myc acetylation at K148 (Figure 6H–K).

As shown in Figure 6L, the circCFL1/HDAC1 axis promoted
the expression of c-Myc at the protein level, and we next explored
how the circCFL1/HDAC1 axis-induced deacetylation of c-Myc
regulated its expression. Previous research indicated that acety-
lation might be associated with protein ubiquitination, and we
hypothesized that circCFL1/HDAC1 axis-induced c-Myc deacety-
lation might stabilize the c-Myc protein via deubiquitination.[22]

TNBC cells were first treated with MS275, and the results showed
that a high acetylation level of c-Myc led to inhibition of c-Myc
expression, suggesting that acetylation of c-Myc might be cru-
cial for its stabilization. (Figure 6M). Cycloheximide (CHX) treat-
ment of TNBC cells indicated that knockdown of HDAC1 could
accelerate the degradation of the c-Myc protein, further suggest-
ing that HDAC1-induced deacetylation of c-Myc could stabilize
its expression (Figure 6N; Figure S6H, Supporting Information).
Moreover, MG132, an inhibitor of the proteasome, was used to
treat TNBC cells, and the results demonstrated that HDAC1
knockdown-induced c-Myc degradation was correlated with the
ubiquitin‒proteasome system (Figure 6O). We thus detected the
ubiquitination level of c-Myc in TNBC cells treated with MS275,
which proved that inhibition of deacetylase activity enhanced the
ubiquitination level of c-Myc (Figure S6I, Supporting Informa-
tion). Knockdown or overexpression of HDAC1 and circCFL1
also demonstrated that the circCFL1/HDAC1 axis suppressed the
ubiquitination of c-Myc (Figure 6P; Figure S6J, Supporting In-
formation). Moreover, the H141A mutation of HDAC1 had no
effect on the level of ubiquitinated c-Myc (Figure S6K, Support-
ing Information). We also explored whether HDAC1 regulates
c-Myc expression via K48- or K63-linked polyubiquitin chains, as
both are regarded as two types of well-characterized polyubiqui-
tin linkages in mammalian cells.[28] As shown in Figure 6Q, the
K48-linked polyubiquitin level of c-Myc was decreased after the
overexpression of HDAC1 but not K63. In conclusion, our results
demonstrated that the circCFL1/HDAC1 axis can deacetylate c-
Myc at K148 to protect c-Myc from degradation by suppressing
K48-linked polyubiquitin.

We also evaluated whether c-Myc was a functional downstream
target of circCFL1. As shown in Figure S7 (Supporting Infor-
mation), our results proved that interference with c-Myc could
inhibit the proliferation, migration, invasion and stemness pro-
moted by circCFL1, proving that c-Myc is crucial for the malig-
nant behaviors of circCFL1 in TNBC.

2.7. The CircCFL1/HDAC1/c-Myc Axis Promoted the
Transcription of Mutant TP53 in TNBC Cells

Our previous results demonstrated that the functions of circ-
CFL1 were correlated with mutant TP53 in TNBC cells and that

c-Myc has been reported to be a transcription factor of numer-
ous oncogenes, including mutant TP53;[29] thus, we examined
whether the circCFL1/HDAC1/c-Myc axis could promote mu-
tant TP53 transcription in TNBC cells. As shown in Figure 7A,
based on Chip-seq data from Cistrome (http://cistrome.org/),
we found that c-Myc could be enriched on the promoter of the
TP53 gene in both MDA-MB-231 and MDA-MB-468 cells, indi-
cating that c-Myc has the potential to activate TP53 transcription.
The promoter sequence of TP53 was further analyzed by JAS-
PAR (https://jaspar.elixir.no/), and four potential binding sites
of c-Myc were predicted (Figure 7B). The ChIP results confirmed
that all four motifs can bind to c-Myc, which further confirmed
the interaction between c-Myc and the mutant TP53 promoter
(Figure 7C; Figure S8A, Supporting Information). Moreover, the
four c-Myc binding motifs of TP53 were individually mutated
and cloned and inserted into pGL4.26, which provided similar
results (Figure S8B, Supporting Information). HDAC1 and circ-
CFL1 were further silenced in TNBC cells, which confirmed that
the circCFL1/HDAC1 axis was crucial for the binding of c-Myc
to the TP53 promoter in TNBC cells (Figure 7D,E).

To evaluate the effects of the circCFL1/HDAC1/c-Myc axis
on the transcriptional activity of mutant TP53 in TNBC cells,
pGL4.26 vectors expressing the TP53 promoter were first cotrans-
fected with c-Myc siRNA and an overexpression vector, and the
results proved that c-Myc was crucial for the expression of TP53
(Figure 7F; Figure S8C–E, Supporting Information). Moreover,
TP53-mutant TNBC patients from the METABRIC database were
selected, and a positive correlation between c-Myc and mutant
TP53 was also found (Figure 7G). Further dual-luciferase assays
confirmed that both circCFL1 and HDAC1 could also acceler-
ate the transcription of TP53, which could be inhibited by c-Myc
siRNA, further providing evidence that the circCFL1/HDAC1/c-
Myc axis controls TP53 transcription (Figure 7H). Finally, the ef-
fects of siRNAs targeting c-Myc, HDAC1 and circCFL1 on the
expression of mutant TP53 in TNBC cells were examined, which
further demonstrated that the circCFL1/HDAC1/c-Myc axis reg-
ulated TP53 expression at both the mRNA and protein levels
(Figure 7I–N).

We also verified whether knockdown of mutant TP53 could
reverse the effects of circCFL1 on the proliferation, migration,
invasion and stemness of TNC cells. The efficiency of TP53
siRNA was first verified in TNBC cells (Figure S9A, Support-
ing Information). Figure S9B (Supporting Information) shows
that interference with mutp53 could reverse the enhanced pro-
liferation of TNBC cells induced by circCFL1. Moreover, the in-
hibition of mutp53 decreased the migration and invasion abili-
ties of TNBC cells overexpressing circCFL1 (Figure S9C,D, Sup-
porting Information). Regarding the stemness of TNBC cells,
mutp53 expression was also shown to be responsible for the
tumorigenic effect of circCFL1 in TNBC cells (Figure S9E–H,

and IF assays were performed to detect the colocalization of circCFL1 and c-Myc. Scale bars = 20 μm. E) Western blotting assays were used to verify
the interaction between circCFL1 and c-Myc in MDA-MB-231 and MDA-MB-468 cells. F) A RIP assay was used to assess the interaction between c-Myc
and circCFL1. G) Co-IP and western blot assays were conducted in MDA-MB-231 and MDA-MB-468 cells to verify the interaction between HDAC1 and
c-MYC. H) IF assays were used to detect changes in the subcellular localization of HDAC1 and c-Myc following circCFL1 knockdown. Colocalization
analysis for HDAC1 and c-Myc was conducted by ImageJ. Scale bars = 20 μm. I) Western blotting was used to determine whether the overexpression or
knockdown of circCFL1 affected the interaction between HDAC1 and c-Myc. J) Schematic diagrams of full-length and truncated c-Myc. K) Western blot
analysis showed that the central region of c-Myc was essential for its interaction with HDAC1. L) Western blotting showed that the HDAC1-∆1 region
was responsible for its interaction with c-Myc. ns nonsignificant; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. The circCFL1/HDAC1 axis deacetylated c-MYC at K148 to protect c-MYC from degradation by suppressing K48-linked polyubiquitin. A) Western
blotting assays suggested that either interference or overexpression of HDAC1 would impact the expression levels of c-Myc. B) Western blotting assays
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Supporting Information). Furthermore, as shown in Figure S9I
(Supporting Information), knockdown of mutp53 suppressed
the PI3K/AKT/WIP/YAP/TAZ signaling pathway, whose activa-
tion has been proven to be crucial for the stemness of TP53-
mutant cancers. In conclusion, our results demonstrated that the
circCFL1/HDAC1/c-Myc axis enhanced the transcription of mu-
tant TP53 to promote the progression and stemness of TNBC
cells. In addition, 68 TNBC patients with TP53 mutations were
equally divided into two groups according to the median ex-
pression of circCFL1 (n = 34 in each group), and TP53 mu-
tated TNBC patients with high circCFL1 expression had poor out-
comes. (Figure S10A,B, Supporting Information).

2.8. CircCFL1 Suppressed the Antitumor Immunity of CD8+ T
Cells by Promoting PD-L1 Expression in TNBC Cells with Mutant
TP53

The effects of mutp53 on tumor immunity have been reported
previously, and mutp53 can upregulate PD-L1 expression in tu-
mor cells to promote immune escape; thus, we evaluated the
role of circCFL1 in the antitumor immunity of CD8+ T cells
to TNBC cells.[30] First, qRT‒PCR, western blot, and flow cy-
tometry assays were utilized to examine the expression of PD-
L1 in TNBC cells with circCFL1 knockdown or overexpression,
which confirmed that PD-L1 expression was positively correlated
with the expression of circCFL1 (Figure 8A‒C; Figure S10C,D,
Supporting Information). Moreover, knockdown of mutp53 re-
versed the effects of circCFL1 on PD-L1 expression, further in-
dicating that circCFL1 could enhance PD-L1 expression by reg-
ulating mutp53 and that circCFL1 might regulate the cytotoxi-
city of CD8+ T cells to TNBC cells (Figure S10E,F, Supporting
Information). To verify our hypothesis, CD8+ T cells from hu-
man PBMCs were extracted, and the efficiency of the extraction
was verified by flow cytometry (Figure 8D). CD8+ T cells were
cocultured with TNBC cells with circCFL1 knockdown or over-
expression, and ELISAs demonstrated that IFN-𝛾 and TNF-𝛼 se-
creted by CD8+ T cells were positively correlated with circCFL1
expression in TNBC cells (Figure 8E,F). Moreover, in vitro as-
says demonstrated that circCFL1 inhibited CD8+ T-cell-induced
TNBC cell apoptosis, further demonstrating that circCFL1 could
suppress the antitumor effects of CD8+ T cells on TNBC cells
(Figure 8G–J).

Based on the above in vitro results, we further explored
whether circCFL1 is a potential target for anti-PD-L1 therapy in
TNBC patients with mutant TP53. As shown in Figure 8K, a
mouse model with reconstituted human immune system com-
ponents was constructed. As shown in Figure 8L,M, knockdown

of circCFL1 in TP53-mutant TNBC cells sensitized TNBC tumors
to anti-PD-L1 therapy, which was superior to monotherapy. More-
over, IHC assays demonstrated that circCFL1 interference down-
regulated PD-L1 expression and enhanced anti-PD-L1 therapy-
induced TNBC cell apoptosis (Figure 8N,O). In conclusion, our
results demonstrated that circCFL1 could be a potential target for
improving the efficacy of anti-PD-L1 therapy in TNBC patients
with TP53 mutations.

3. Discussion

TNBC is a heterogeneous and malignant disease that has rela-
tively poor outcomes due to factors such as rapid proliferation,
early metastasis and a deficiency of molecular targets for effective
treatment.[31] TNBC has been reported to be different from other
subtypes in various aspects, such as gene expression and somatic
mutations.[32] TP53 is a commonly mutated gene in TNBC pa-
tients, with a mutation rate of ≈70%–80%. As a tumor suppres-
sor, mutant TP53 functions as an oncogene to facilitate malig-
nant behaviors of TNBC cells, such as proliferation, metastasis,
stemness and immune escape.[33] The expression and functions
of mutant TP53 in cancers can be regulated by multiple factors.
For example, TRIM21 can degrade mutp53,[34] and LINC01088
decreases mutant TP53 expression and rescues the transcrip-
tional activity of p53 by targeting the NPM1-HDM2-p53 axis.[35]

However, as a subtype of noncoding RNA with high evolutionary
conservation and stability, the regulatory roles and mechanisms
of circRNAs on mutant TP53 have not been fully elucidated in
TNBC.

In this study, we identified circCFL1, which is upregulated in
TNBC cells and tissues and is correlated with the clinicopatho-
logical characteristics and poor prognosis of TNBC patients, in-
dicating that circCFL1 might be a functional circRNA in TNBC.
In vitro and in vivo studies verified that knockdown of circCFL1
could inhibit the proliferation and metastasis of TNBC cells, and
overexpression of circCLF1 had the opposite effect, which con-
firmed the vital roles of circCFL1 in TNBC. To fully understand
the roles and potential mechanisms of circCFL1, RNA-seq was
first performed in TNBC cells with circCFL1 knockdown. Enrich-
ment analysis indicated that the expression of circCFL1 might in-
fluence mutp53 in MDA-MB-231 cells, which harbor the R273H
mutation of the p53 protein. Mutant TP53, generated from mis-
sense mutations of the wild-type TP53 gene, is commonly ac-
cepted as an oncogene. p53 mutants can be classified into dif-
ferent types owing to their mutational sites and functions. For
instance, R248Q, R273H and R280K were accepted as contact
mutants since they occur in a residue directly involved in DNA

indicated that treatment with MS275 impacted the acetylation level of c-Myc in MDA-MB-231 and MDA-MB-468 cells. C) Interference or overexpression
of HDAC1 influenced the acetylation level of c-Myc. D) HDAC1 mutation, which abolished deacetylase activity, had no effect on the acetylation level of
c-Myc. E) Interference or overexpression of circCFL1 influenced the acetylation level of c-Myc. F) Possible deacetylated sites on c-Myc were predicted by
MusiteDeep. G) The predicted deacetylated sites on c-Myc were individually mutated (K-R), and the effects of HDAC1 on the acetylation levels of the
seven c-Myc mutants were verified in 293T cells. The effects of HDAC1 H, I) and circCFL1 J,K) on the acetylation levels of c-Myc with K148R were verified
in both MDA-MB-231 and MDA-MB-468 cells. L) Cotransfection with circCFL1 overexpression vectors and HDAC1 siRNA inhibited the increase in the
expression of c-Myc induced by circCFL1 overexpression. M) MDA-MB-231 and MDA-MB-468 cells were treated with MS275 for 0, 24, 48, or 72 h, and
the expression level of c-Myc was examined. N) TNBC cells transfected with si-HDAC1 were treated with 20 mg/mL CHX for 0, 30, 60, or 90 min, and the
stability of c-Myc was detected. O) MG132, a proteasome inhibitor, was utilized to treat TNBC cells at a concentration of 10 mM to verify the effects of
HDAC1 on the proteasomal degradation of the c-Myc protein. P) Co-IP and western blotting were used to determine the effects of HDAC1 on the level
of ubiquitinated c-Myc. Q) Co-IP and western blotting assays revealed that HDAC1 mediated c-Myc degradation via K48-linked ubiquitylation.
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Figure 7. The CircCFL1/HDAC1/c-Myc axis promoted the transcription of mutant TP53 in TNBC cells. A) ChIP results indicated that c-Myc was enriched
at the promoter of TP53 in TNBC cells with TP53 mutations. B) Schematic diagram showing the potential c-Myc binding motif on the TP53 promoter
predicted by JASPAR (https://jaspar.elixir.no/). C) ChIP results illustrated that c-Myc could bind to all of the motifs on the TP53 promoter in TNBC cells.
ChIP assays illustrated that both HDAC1 inhibition D) and circCFL1 inhibition E) decreased the binding capacity between c-Myc and the TP53 promoter
in TNBC cells with TP53 mutations. F) Dual-luciferase reporter assays suggested that c-Myc could enhance the transcriptional activity of TP53. G) The
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binding without causing protein unfolding, while Y220C, R249S,
R282W and the like were regarded as structural mutants for
mutation-induced destabilization resulting in structural distor-
tion, unfolding, or aggregation.[15] Stemness is one of the pre-
dominant properties of cancer cells regulated by mutp53, in-
cluding R273H and R280K[36,37] For example, Solomon et al. re-
ported that colorectal cancer cell lines expressing mutant TP53
exhibited increased populations of CD44-, Lgr5- and ALDH-
positive cancer stem cells.[38] Escoll et al. proposed that mutant
TP53 promoted cancer stemness in breast cancer cells by acti-
vating WASP-interacting protein (WIP) through the YAP/TAZ
pathway, which is one of the most vital regulators of stemness
in tumors.[39] Cancer stem-like cells (CSCs) are a type of can-
cer cell that possesses self-renewal capacity and leads to tumor
heterogeneity, aggressiveness and therapeutic resistance.[40] A
large number of studies have revealed that poor prognoses are
closely associated with the acquired stemness properties of can-
cer cells.[41–43] Stemness is also a substantial obstacle for the prog-
nosis of TNBC patients, as TNBC is the most malignant type of
breast cancer and is characterized by high stemness,[44] which
might result in a high percentage of recurrence and death in
TNBC patients.[45] Under these conditions, we further verified
whether circCFL1 influenced the stemness of MDA-MB-231 and
MDA-MB-468 cells, which harbor R273H and R280K of p53 with
loss of normal DNA-binding ability. We found that circCFL1 ex-
pression was positively correlated with stemness and mutp53 ex-
pression in TNBC cells. It has been reported that mutp53 can en-
hance cancer stemness by activating the p-AKT/WIP/YAP/TAZ
pathway, which is one of the most vital regulators of stemness in
tumors. Our enrichment analysis also suggested that circCFL1
could participate in the PI3K/AKT pathway in TNBC cells, indi-
cating that circCFL1 might affect TNBC stemness via the above-
mentioned pathway, which was verified by further experiments
in this study.

Recently, the ability of circRNAs to bind proteins has attracted
much attention, as circRNAs can act as scaffolds for promot-
ing the binding of different proteins, further regulating the ex-
pression, functions and subcellular locations of downstream
proteins.[25] In the present study, HDAC1 was first identified as
an interactor of circCFL1 by RNA pulldown, MS and RIP assays.
As a member of the HDAC family, HDAC1 functions as an en-
zyme that catalyzes the lysine deacetylation of both histone and
nonhistone proteins, exerting its primary role in diminishing the
accessibility of transcription and further regulating the expres-
sion of some genes.[46,47] Moreover, previous studies indicated
that HDAC1 was closely associated with tumor progression; for
example, downregulation of HDAC1 inhibited the proliferation,
migration and invasion of non-small cell lung cancer cells,[48]

which indicated that HDAC1 could be a potential indicator for
patient treatment. Further experiments in our study proved that
circCFL1 did not directly influence the expression of HDAC1
but mainly interacted with the HDAC deacetylase domain of

HDAC1, indicating that circCFL1 might affect the deacetylation
function of HDAC1.[49]

To identify potential downstream targets regulated by both
HDAC1 and circCFL1, IP and LC‒MS were performed using an
HDAC1 antibody. The RNA pull-down results of circCFL1 re-
vealed that c-Myc interacts with both circCFL1 and HDAC1, in-
dicating that circCFL1 might act as a scaffold for HDAC1 and
c-Myc. Previous research has indicated that the oncogenic tran-
scription factor c-Myc has elevated and/or deregulated expression
in more than 70% of all cancers.[50] Belonging to the MYC fam-
ily, the c-Myc gene, located on human chromosome 8, encodes
the transcription factor c-Myc, which can regulate more than
15% of the human genome.[51,52] As a proto-oncogene, c-Myc
has a high prevalence of deregulation and a causal role in tumor
occurrence and progression;[51] for instance, Li et al. proposed
that c-Myc could promote the metastasis of gastric cancer,[53] and
Calcagno et al. verified that c-Myc deregulation could lead to gas-
tric cancer.[54]

In this study, we demonstrated that the interaction between
HDAC1 and c-Myc could be enhanced by circCFL1. Previous
studies have shown that the deacetylation of proteins is a key reg-
ulator of cancer stemness and progression.[55,56] Since HDAC1
is a well-known deacetylase, we further evaluated whether the
acetylation of c-Myc could be regulated by HDAC1 and found
that the deacetylation level of the K148 site of the c-Myc se-
quence was predominantly regulated by HDAC1 and circCFL1.
The deacetylation of proteins is widespread among eukaryotes,
leading to changes in the structure, subcellular location and sta-
bilization of proteins.[57–60] In our study, we found that both
HDAC1 and circCFL1 could influence the expression of c-Myc
at the translational but not the transcriptional level, indicating
that HDAC1 might cooperate with circCFL1 to affect the stabi-
lization of the c-Myc protein. Previously, studies have reported
that acetylation and ubiquitination are often associated with each
other with either positive or negative correlations; for example,
C/EBPbeta could be regulated by SIRT2-mediated deacetylation
and deubiquitination; however, OTUD3 could be regulated by
acetylation-dependent deubiquitinase.[60,61] Consequently, we ex-
plored whether the above conclusion was also suitable for the reg-
ulation of c-Myc in our study. The results confirmed that the en-
hanced interaction between HDAC1 and c-Myc by circCFL1 led
to the deacetylation of c-Myc, further stabilizing c-Myc expression
by inhibiting K48-mediated ubiquitylation, indicating that c-Myc
is regulated by deacetylation-mediated deubiquitylation.

Since we demonstrated that the oncogenic role of circCFL1
was correlated with mutp53 in TNBC cells, we further explored
how the circCFL1/HDAC1/c-Myc axis influences mutp53
function. As a transcription factor, c-Myc has been reported to
regulate the transcription of numerous genes, including mutant
TP53 in pancreatic cancer, lymphoma and so on,[62,63] but the
effect of c-Myc on mutant TP53 transcription in breast cancer has
not been well studied. In our study, we demonstrated that c-Myc

METABRIC database indicated a positive correlation between c-Myc and TP53 expression in TNBC patients with TP53 mutations. H) Dual-luciferase
reporter assays suggested that the circCFL1/HDAC1/c-Myc axis could regulate the transcriptional activity of TP53. I‒N) qRT‒PCR and western blot
assays suggested that interference with the circCFL1/HDAC1/c-Myc axis could regulate the expression of mutp53 at both the RNA and protein levels.
*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 8. circCFL1 suppressed the antitumor immunity of CD8+ T cells by promoting PD-L1 expression in TNBC cells with mutant TP53. A) Western
blotting confirmed that circCFL1 expression was correlated with PD-L1 expression. Flow cytometry assays illustrated that knockdown B) or overexpression
C) of circCFL1 affected the expression of PD-L1 in TNBC cells. D) Flow cytometry assays verified the extraction efficiency of CD8+ T cells from human
PBMCs by using CD8 antibody. ELISA was performed to determine whether silencing E) or overexpressing F) circCFL1 in TNBC cells influenced the
secretion of IFN-𝛾 and TNF-𝛼 from cocultured CD8+ T cells. Flow cytometry G,H) and TUNEL I,J) assays illustrated that the CD8+ T-cell-induced
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could directly bind to the promoter and activate the transcription
of mutant TP53 in TNBC cells, which could be regulated by both
circCFL1 and HDAC1. It has been reported that mutp53 could
also inhibit the degradation of the c-Myc protein,[64] indicating
that enhanced mutp53 expression could further facilitate our
circCFL1/HDAC1/c-Myc axis and form positive feedback to pro-
mote the initiation and progression of TNBC with mutant TP53.
In our study, multiple p53 TNBC cell lines, including MDA-MB-
231 and MDA-MB-468, which individually harbor R273H and
R280K mutations, respectively, were reported as contact mutants
with impaired DNA binding functions,[65,66] which was in accor-
dance with our results that the circCFL1/HDAC1/c-Myc/mutp53
axis promoted progression and stemness in mutant TP53 TNBC.

Immune checkpoint blockade therapies (ICBs) blocking the
interaction between programmed cell death protein 1 (PD-1) and
its ligand (PD-L1) have shown immense benefits for the treat-
ment of some cancers, including durable responses and pro-
longed survival.[67] For instance, the anti-PD-1 monoclonal an-
tibody pembrolizumab has been used to treat non-small cell
lung cancer[68] and metastatic gastric cancer.[69] However, al-
though some patients with aggressive triple-negative breast can-
cer (TNBC) are PD-L1 positive (defined as 1% of tumor cells
and/or tumor-infiltrating immune cells expressing PD-L1), they
respond poorly to ICB therapy and exhibit resistance to anti-PD-
1/PD-L1 therapy.[70] Therefore, there is an urgent need to im-
prove the efficacy of ICB in TNBC patients. Previous studies pro-
posed that tumor cells with mutant TP53 possess high expres-
sion of PD-L1 at both the mRNA and protein levels, which could
suppress the cytotoxic effects of T cells and protect tumors from
effector-immune responses.[71–73] For instance, Liu et al. reported
that mutant TP53 enhances the translational level of PD-L1 via
the PHLPP2/AKT pathway, and T. Alexander et al. suggested that
mutant TP53 increases IFN-ɣ-induced PD-L1 expression.[72,74]

Hence, mtp53 might be a novel biomarker correlated with resis-
tance to anti-PD-1/PD-L1 therapy. In addition, Dario Zimmerli1
et al. illustrated that Myc could promote the immune suppres-
sion of TNBC, indicating that circCFL1 might play similar roles
in regulating tumor immunity.[75] As PD-L1 mainly targets CD8+

T cells in the tumor microenvironment,[76] we explored whether
the expression of circCFL1 could regulate the expression level of
PD-L1 in mutp53 TNBC cells and CD8+ T-cell-induced TNBC
cell death. Our results proved that circCFL1 could enhance PD-
L1 expression in both MDA-MB-231 and MDA-MB-468 cells, fur-
ther inhibiting CD8+ T-cellinduced TNBC cell death. Moreover,
we evaluated the effects of circCFL1 shRNA on anti-PD-L1 ther-
apy by in vivo experiments, which demonstrated that circCFL1
shRNA combined with anti-PD-L1 could significantly decrease
tumor size. Our discovery demonstrated for the first time that
circCFL1 is a tumor-specific target for anti-PD-L1-based therapy,
providing a novel and effective treatment strategy for TNBC pa-
tients with mutant TP53.

4. Conclusion

In summary, our study revealed that circCFL1, whose expres-
sion was upregulated in TNBC tissues and associated with poor
prognosis in TNBC patients, plays vital roles in promoting the
progression and stemness of TNBC patients with TP53 muta-
tions by regulating the expression of mutp53. Mechanistically,
circCFL1 could act as a scaffold to enhance the interaction be-
tween HDAC1 and c-Myc, further promoting the deacetylation-
mediated deubiquitylation of the c-Myc protein to stabilize its
expression. Moreover, c-Myc promoted the accumulation of the
mutp53 protein through transcriptional regulation, further facili-
tating stemness via the p-AKT/WIP/YAP/TAZ signaling pathway.
We also found that circCFL1 inhibited CD8+ T-cell-mediated anti-
tumor immunity by promoting PD-L1 expression in TNBC cells
with TP53 mutations. The newly identified circCFL1 broadens
our insights into the underlying mechanisms of mutant TP53
regulation and represents a potential prognostic and therapeutic
target for the treatment of TNBC patients with TP53 mutations
(Figure 9).

5. Experimental Section
Ethics Statement and Human Tissue Samples: All of the experimental

procedures in this research were approved by the Ethical Committee of
Qilu Hospital of Shandong University and all patients participating in this
study have provided written, informed consent for utilization of these clin-
ical materials in research. Tissues were obtained from TNBC patients un-
dergoing surgery in Qilu Hospital of Shandong University and immediately
stored at −80 °C.

Animal Experiments: For xenograft proliferation studies, MDA-MB-231
expressing pLCDH and circCFL1 cells (1 × 107 cells) in 200 μL of PBS con-
taining Matrigel (1:3, v/v) was injected subcutaneously into the left flank
of 4 to 6-week-old BALB/c nude female mice (n = 5 for each group). Tumor
growth rate was monitored by measuring tumor diameters every 5 days. At
the endpoint, the mice were sacrificed, and the xenografted tumors were
measured and weighed. For pulmonary metastasis studies, 5 × 105 cells
with circCFL1 overexpression or not were injected into the lateral tail veins
of 4- to 6-week-old BALB/c nude female mice (five mice per group). At
the endpoint, all of the mice were killed under anesthesia. The lungs were
collected and fixed in 10% formalin. For anti-PD1 therapy experiments,
xenograft experiments were performed in Hu-PBL-SCID mice. Briefly, 1.0
× 107 PBMC cells extracted from healthy donor were intravenous injected
into mice to construct Hu-PBL-SCID mice. Then, MDA-MB-231 cells (1 ×
107cells cells per mouse) stably expressing sh-circCFL1 or sh-NC were sub-
cutaneously injected into the Hu-PBL-SCID mice. When tumors reached
a size of ≈100 mm3, mice were randomly assigned into different groups
with anti-PD-L1 or IgG, three times a week for 2 weeks (n = 5 for each
group). Every five days, the tumor size was measured, with Day 1 being
the day the mice received their first dose. The formula used to compute
the tumor volume was volume= (length×width2)/2. After being surgically
removed, the tumor specimens were fixed, embedded in paraffin, and sec-
tioned. Hematoxylin and eosin (H&E) and immunohistochemistry (IHC)
staining were performed on the sections.

apoptosis of MDA-MB-231 and MDA-MB-468 cells was impacted by the expression level of circCFL1. Scale bars = 100 μm. K) Schematic diagram
showing the grouping and treatment procedure for our in vivo xenograft study. L) Images of xenograft tumors obtained from BALB/c nude mice at the
endpoint (n = 5 mice in each group). M) Growth curves and volumes of xenograft tumors (n = 5 mice in each group). N) IHC assays were used to
determine the PD-L1 expression level after circCFL1 knockdown. Scale bars = 100 μm. O) TUNEL staining for apoptotic cells in xenograft tumors. Scale
bars = 100 μm. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 9. A schematic diagram of the underlying mechanism indicates that circCFL1 can promote the immune escape and stemness of TNBC cells by
enhancing the activity of the HDAC1/c-Myc/mutp53 axis.

Statistical Analysis: Statistical analysis was conducted by GraphPad
Prism 8.0. All data were represented as mean ± standard deviation (SD)
and are derived from a minimum of three independent experiments. Stu-
dent’s t-test or one-way ANOVA was utilized to evaluate the relation-
ship between parametric variables. Chi-square test was applied to analyze
the relationships between nonparametric variables. Kaplan–Meier analy-
sis was used to analyze the survival differences. P < 0.05 was regarded
statistically significant.
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