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Abstract
Background  Circular RNAs (circRNAs) have been shown to play diverse biological functions in the progression of 
multiple diseases. However, the impacts of circRNAs on breast cancer (BC) progression remains unclear. Therefore, the 
objective of this paper is to investigate the role and mechanisms of a functional circRNA in BC metastasis and immune 
escape.

Methods  This study used a circRNA microarray and identified a novel circRNA hsa_circ_0067842. The validation 
and characteristics of hsa_circ_0067842 were investigated using qRT-PCR, sanger sequencing, RNase R treatment, 
actinomycin D treatment and fluorescence in situ hybridization (FISH). Gain- and loss-of-function assays were 
performed to evaluate the biological function of hsa_circ_0067842 in BC progression and immune escape. 
Mechanistically, the interaction between hsa_circ_0067842 and HuR was explored by RNA pull down, mass 
spectrometry (MS), subcellular component protein extraction and immunofluorescence (IF). The regulatory 
mechanisms of hsa_circ_0067842/HuR/CMTM6/PD-L1 axis were investigated by qRT-PCR, western blot, FISH, 
immunoprecipitation and rescue assays.

Results  The expression of hsa_circ_0067842 was upregulated in BC tissues and cells, which was found to be 
significantly associated with poor prognosis, regardless of other clinical covariates. Function assays showed that 
hsa_circ_0067842 promoted the migration and invasion capacities of BC cells. Moreover, co-culture experiment with 
peripheral blood mononuclear cells (PBMCs) showed that hsa_circ_0067842 played a role in the immune escape 
of BC cells. Mechanistically, our study showed that hsa_circ_0067842 interacted with HuR, affecting its nuclear 
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Introduction
BC is a global health problem and the most common 
cancer type among women worldwide. It has the sec-
ond highest incidence and the highest mortality among 
women [1]. Despite advancements in diagnostic and 
therapeutic techniques, patients with advanced metasta-
sis still have poor survival. Historically, BC is considered 
as a non-immunogenic disease, but recent investigations 
have shown that it can elicit host antitumor immune 
responses, and immunotherapy is beneficial for a subset 
of BC patients, particularly those with metastatic BC [2]. 
The programmed death ligand-1 (PD-L1), known as one 
of the most important immune checkpoints, is believed 
to have a significant impact on BC treatment. It works by 
inhibiting immune cell function, such as T lymphocytes, 
through binding to programmed death-1 (PD-1) receptor 
on the surface of activated immune cells, thereby help-
ing tumor cells evade host immune surveillance [3–5]. 
Previous studies have revealed that BC with high PD-L1 
expression is more aggressive and leads to shorter sur-
vival time [6]. Thus, understanding the mechanism of BC 
metastasis and immune escape is crucial to improving 
the prognosis and quality of life of BC patients, making it 
an urgent matter for researchers.

CircRNAs are a unique type of noncoding RNAs char-
acterized by a covalently closed loop structure without 
a 5’-end cap and 3’-end poly A tail, making them more 
stable than liner RNAs and resistant to RNA exonucle-
ases. Despite being discovered in 1976, the significance of 
circRNAs has only recently come to the forefront [7–9]. 
In BC cancer, circRNAs can act as oncogenes or suppres-
sors in various biological processes such as cell prolif-
eration, apoptosis, etc. For example, circ-CSNK1G1 was 
found to enhance the proliferation, migration, invasion 
and glycolysis metabolism of triple-negative breast can-
cer (TNBC) cell through the miR-28-5p/LDHA pathway 
[10]. Yang et al. identified a novel circRNA interacted 
with USP10, thus promoting BC progression by destabi-
lizing p53 [11]. Furthermore, the development of high-
throughput sequencing has led to the discovery of many 
new circRNAs with unknown biological functions and 
clinical potentials. However, their mechanisms and clini-
cal value in BC progression, especially in the regulation 
of PD-L1, remain to be investigated.

In this study, we showed that a novel circRNA, hsa_
circ_0067842, which was found to be upregulated in BC 

tissues, was significantly associated with poor prognosis. 
Our findings also showed that hsa_circ_0067842 could 
promote BC metastasis and immune escape. Mechani-
cally, we discovered that hsa_circ_0067842 facilitated 
the translocation of HuR into the cytoplasm through its 
interaction with HuR. Cytoplasmic HuR then enhanced 
the stability of CMTM6, thus directly accelerating BC 
metastasis. At the same time, cytoplasmic HuR regulated 
the ubiquitination of PD-L1 via CMTM6, thereby affect-
ing immune escape. In summary, our data showed that 
hsa_circ_0067842 was a pivotal regulator of BC progres-
sion and might serve as a potential therapeutic target.

Results
Identification and characterization of hsa_circ_0067842 in 
BC
To investigate differentially expressed circRNAs in BC, 
we performed a circRNA microarray analysis on six pairs 
of BC tissues and the adjacent normal breast tissues. 
From this analysis, we identified 129 upregulated and 
89 downregulated circRNAs (P < 0.001, fold change > 4, 
length < 1000nt, average signal value > 7, and exon cycli-
zation) (Fig. 1A and additional file 3). Then, we focused 
on the upregulated circRNAs as they could potentially 
serve as therapeutic targets or prognostic biomark-
ers. Among the upregulated circRNAs, we found that 
hsa_circ_0067842, which derives from the structural 
maintenance of chromosomes 4 SMC4 (exon 12–17) on 
chromosome 3 and ultimately forms the mature circRNA 
with a length of 938 nt (Fig. 1B), was highly expressed in 
BC as demonstrated by ISH analysis of 126 BC samples 
compared to 59 adjacent normal tissues (Fig.  1C-D). 
Although there was no obvious correlation between hsa_
circ_0067842 expression and clinicopathological charac-
teristics (Additional file 2: Table S1), its high expression 
was significantly associated with short disease-free sur-
vival (DFS) and overall survival (OS) of BC patients 
(Fig. 1E-F). In particular, the results of multivariate anal-
ysis revealed that hsa_circ_0067842 expression could 
serve as an independent prognostic factor for BC patients 
(P = 0.011, Table 1). In conclusion, our findings indicated 
that hsa_circ_0067842 is highly expressed in BC tissues 
and may serve as a potential prognostic biomarker.

Next, we verified that the characteristic of hsa_
circ_0067842, which had relatively high conserva-
tive (Additional file 1: Figure S1A), and the putative 

translocation, thus enhancing the stability of CMTM6. CMTM6 not only enhances the migration and invasion ability of 
BC cells, but also affects the ubiquitination of PD-L1 and inhibits its degradation.

Conclusion  Collectively, our results demonstrated that hsa_circ_0067842 promoted BC progression through the 
HuR/CMTM6/PD-L1 axis, providing new insight and a potential target for BC prognosis and therapy.

Keywords  Breast cancer, Circular RNA, HuR, PD-L1, Metastasis, Immune escape
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back-splice junction by Sanger sequencing (Fig.  1G). 
Since the flanking intronic complementary sequences, 
particularly ALU repeat elements, have the ability to 
drive exon cyclization [12], we analyzed the parental 
SMC4 gene and found complementary ALU sequence, 
which might serve as a possible mechanism for 

hsa_circ_0067842 formation (Additional file 1: Figure 
S1B). Subsequently, we found hsa_circ_0067842 could 
only be amplified by divergent primers in cDNA, but 
not in genomic DNA (Fig. 1H). Furthermore, compared 
with linear SMC4, hsa_circ_0067842 was more resistant 
to RNase R (Fig. 1I), and its half-life was longer (Fig. 1J). 

Fig. 1  Identification and characterization of hsa_circ_0067842 in BC. A Volcano plot showing the expression profiles of circRNAs. B Schematic illustrations 
displaying the genomic loci of hsa_circ_0067842, produced by exons 12 to 17 of the SMC4 gene. C-D ISH analysis detecting hsa_circ_0067842 expres-
sion (red) in BC tissue (n = 126) and adjacent normal tissues (n = 59). Representative images from C two BC cases and adjacent normal tissues are shown 
(magnification: ×200). E-F Kaplan–Meier analysis of the correlation between hsa_circ_0067842 levels and the disease-free survival or overall survival 
rate of BC patients. G Back-splice junction of hsa_circ_0067842 verified by Sanger sequencing. H Convergent or divergent primers were used to validate 
the existence of hsa_circ_0067842 in BC cells. I Total RNAs were treated with RNase R and qRT-PCR was used to detect hsa_circ_0067842 and SMC4. J 
The expression of hsa_circ_0067842 and SMC4 mRNA in BC cells treated with Actinomycin D at the indicated time points was detected by qRT-PCR. K 
FISH assay identifying the subcellular location of hsa_circ_0067842 in BC cell lines. Scale bar, 20 μm. Quantitative data were presented as the mean ± SD, 
***p < 0.001 and ****p < 0.0001
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More importantly, we performed RNA-FISH and found 
that hsa_circ_0067842 was located in both nucleus and 
cytoplasm (Fig.  1K), suggesting its involvement in BC 
progression through multiple pathways.

Hsa_circ_0067842 promotes BC metastasis in vitro
To determine the role of hsa_circ_0067842 in BC cells, 
we first examined its expression in six cell lines, including 
one normal mammary epithelial cell line MCF-10 A and 
five BC cell lines (MCF-7, BT549, T-47D, MDA-MB-231, 
and MDA-MB-468). As expected, hsa_circ_0067842 
showed a much higher expression in BC cell lines. In an 
effort to further investigate the oncogenic properties of 
hsa_circ_0067842, we performed loss-of-function experi-
ments using MDA-MB-468 and MDA-MB-231 cells that 
had relatively high levels of hsa_circ_0067842, and gain-
of-function experiments using MCF-7 and BT-549 cells 
with relatively low expression. The transfection efficiency 
was verified after transfecting cells with siRNAs or over-
expression plasmids (Fig. 2B-C), and the transfection did 
not affect the expression of parent gene SMC4 (Addi-
tional file 1: Figure S2A). The results of transwell assay 
showed that knockdown of hsa_circ_0067842 signifi-
cantly inhibited the migration and invasion capabilities of 
MDA-MB-468 and MDA-MB-231 cells (Fig.  2D-E). On 
the other hand, the migration and invasion capabilities 
of BT-549 and MCF-7 cells were substantially enhanced 
after hsa_circ_0067842 overexpression. (Figure 2F-G). In 
addition, the CCK-8 assay and the colony formation assay 
showed no significant effect of hsa_circ_0067842 on BC 
cell proliferation (Additional file 1: Figure S2B-S2C). 
These findings confirmed that has_circ_0067842 could 
promote BC cells metastasis in vitro.

Hsa_circ_0067842 regulates the immune escape of BC
The immune system has the ability to regulate tumor 
biology and prevent cancer cells from escaping immune 
supervision. Numerous studies have demonstrated that 
immune escape is a contributing factor to the develop-
ment and progression of cancer, including BC [13]. To 
verify the role of hsa_circ_0067842 in the immune escape 
of BC, we co-cultured MDA-MB-468 and MCF-7 cells 

with PBMCs. As observed, the proliferation of PBMCs 
was inhibited and the percentage of CD8+ T cells was 
significantly reduced after the co-culture. Interestingly, 
silencing hsa_circ_0067842 resulted in an increase in 
PBMC proliferation and a corresponding rise in the per-
centage of CD8+ T cells, while overexpression had the 
opposite effect (Fig.  3A-B). Furthermore, increased or 
decreased cytotoxicity of PBMCs was observed in hsa_
circ_0067842 knockdown or upregulated cells (Fig. 3C). 
These results suggested that hsa_circ_0067842 could 
affect the immune escape of BC.

Hsa_circ_0067842 promotes the translocation of HuR 
protein into cytoplasm
Numerous studies have demonstrated that RNA-bind-
ing proteins (RBPs) are crucial for cancer progression, 
and circRNAs may regulate cancer by interacting with 
RBPs [14, 15]. Based on the above results, we aimed to 
further investigate whether hsa_circ_0067842 regu-
lates BC progression through interacting with RBP. As 
indicated by the prediction results from Circular RNA 
Interactome database, RBPsuite database, and RNA-
Binding protein database (RBPDB), RBP HuR was the 
only protein predicted by all databases (Fig.  4A), and 5 
potential binding sites were identified (Additional file 1: 
Figure S3A). To further examine the interaction between 
hsa_circ_0067842 and HuR, we used RNA-Protein Inter-
action Prediction (RPISeq). The scores for RF Classi-
fier and SVM Classifier were 0.8 and 0.93, respectively 
(Fig.  4B), indicating a high binding probability between 
hsa_circ_0067842 and HuR. Next, we performed RNA 
pull down assay to confirm the interaction between 
hsa_circ_0067842 and HuR, followed by silver stain-
ing and mass spectrometry (Fig. 4C). The specifc amino 
acid sequences of HuR were identified from MS assay 
(Fig. 4D). Western blot analysis also showed a significant 
enrichment of HuR in the RNA pull down assay with hsa_
circ_0067842 probe (Fig.  4C). We also performed FISH 
and IF experiments to explore the subcellular localiza-
tion of hsa_circ_0067842 and HuR, and found that they 
were co-localized (Fig. 4E). Since overexpression or dele-
tion of hsa_circ_0067842 did not obviously change the 

Table 1  Univariate and multivariate analyses of the factors correlated with overall survival of 126 BC patients
Variables Univariate analysis Multivariate analysis

p value HR 95%CI p value HR 95%CI

下限 上限 下限 上限

Expression 0.049* 2.234 1.003 4.977 0.047* 2.277 1.011 5.127

Age 0.078 2.168 0.916 5.129

Grade stage 0.007* 2.855 1.341 6.080 0.011* 2.749 1.262 5.990

TNM stage 0.016* 2.546 1.191 5.442 0.510 1.531 0.431 5.439

T stage 0.706 1.167 0.524 2.597

N stage 0.044* 2.276 1.022 5.067 0.588 1.438 0.387 5.347
*p<0.05
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Fig. 2  Hsa_circ_0067842 promotes BC metastasis both in vitro. A qRT-PCR determining the expression of hsa_circ_0067842 in the normal breast epithe-
lium cell line (MCF-10 A) and BC cell lines (normalized to β-actin). B-C qRT-PCR analysis of hsa_circ_0067842 expression in NC plasmid-, hsa_circ_0067842 
plasmid-, si-NC-, si-hsa_circ_0067842-1-, and si-hsa_circ_0067842-2-treated BC cells. D-E Transwell migration and invasion assays assessing the changes 
in the migratory and invasive capabilities of MDA-MB-468 and MDA-MB-231 cells after transfection with si-hsa_circ_0067842s. F-G Transwell migra-
tion and invasion assays assessing the changes in the migratory and invasive capabilities of BT-549 and MCF-7 cells after transfection with NC or hsa_
circ_0067842 plasmids. The data are assessed as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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expression of HuR (Fig. 4F), and HuR is usually consid-
ered as a nuclear shuttle protein [16], we then wondered 
whether hsa_circ_0067842 played a role in regulating 
the translocation of HuR protein. Subcellular fraction 
assay showed that knocking down hsa_circ_0067842 
decreased the expression of cytoplasmic HuR and 
increased its expression in the nucleus (Fig.  4G). Fur-
ther FISH and IF experiments confirmed that silencing 
of hsa_circ_0067842 could inhibit HuR shuttling from 
nucleus to cytoplasm (Fig.  4H). These data suggest that 

hsa_circ_0067842 can interact with HuR to influence its 
distribution in cytoplasm.

Hsa_circ_0067842 increases mRNA stability of CMTM6 
which then promotes the migration and invasion of BC 
cells
Our results highlighted the importance of hsa_
circ_0067842 in BC metastasis and immune escape. 
Thus, we next wanted to explore the downstream target 
genes and possible mechanisms involved, with a focus on 
the interaction between hsa_circ_0067842 and HuR. HuR 

Fig. 3  Hsa_circ_0067842 can regulate the immune escape of BC. MDA-MB-468 or MCF-7 cells in different treatment groups were co-cultured with iso-
lated PBMCs. A Ki-67 staining was used to observe the PBMCs proliferation. B Flow cytometry was used to determine the percentage of CD8+ T cells in 
PBMCs. C LDH cytotoxicity assay was used to detect the cytotoxicity of PBMCs. Quantitative data were presented as the mean ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001
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Fig. 4  Hsa_circ_0067842 promotes the translocation of HuR protein into the cytoplasm. A Venn diagram showing the RBPs interacted with hsa_
circ_0067842. B Interaction probabilities between HuR and hsa_circ_0067842 predicted by RPISeq (> 0.5 were considered “positive”). C Western blot of 
the proteins from hsa_circ_0067842 pull-down assay, followed by silver staining. D Three HuR protein-specific peptides were identified by mass spec-
trometry. E FISH for hsa_circ_0067842 (red) and HuR (green) in BC cells (MDA-MB-468 cell line). DAPI were used to stained for nuclei (blue). Scale bars are 
20 μm. F The relative expression of HuR was detected by western blot after hsa_circ_0067842 overexpression (MCF-7) or knockdown (MDA-MB-468). G 
After knocking down hsa_circ_0067842, the level of nuclear HuR protein significantly increased, while the cytoplasmic HuR protein obviously decreased. 
H Fluorescence localization analysis of hsa_circ_0067842 and HuR showed that downregulating hsa_circ_0067842 could inhibit the translocation of HuR 
into the cytoplasm. The data are assessed as the mean ± SD, nsp > 0.05, *p < 0.05, and ***p < 0.001
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has been reported as a key regulator in disease pathol-
ogy via promoting mRNA stability [17]. Recent research 
has shown that HuR can up-regulate CMTM6 expres-
sion in a variety of cancers, and this positive correlation 
was of interest to us [18]. To explore the relationship 
between HuR and CMTM6, we silenced HuR in MCF-7 
and BT-549 cells. The results of qRT-PCR and western 
blot showed that the mRNA and protein expression of 
CMTM6 significantly decreased with the reduction of 
HuR (Fig. 5A and B). Moreover, actinomycin D treatment 
showed that HuR could affect the mRNA stability of 
CMTM6 (Fig. 5C). Additionally, RIP assay was performed 
to confirm the interaction between HuR and CMTM6, 
which showed that HuR indeed bound to CMTM6 
(Fig.  5D). Based on the results that CMTM6 transcript 
stability increased by HuR binding, we wanted to further 
investigate the potential impact of hsa_circ_0067842 on 
CMTM6 abundance. Upon hsa_circ_0067842 overex-
pression in MCF-7 and BT-549 cells, the CMTM6 mRNA 
level increased (Fig. 5E). Consistently, knockdown of hsa_
circ_0067842 led to a significant decrease in CMTM6 
mRNA expression (Fig. 5F). The upregulation of CMTM6 
by hsa_circ_0067842 overexpression was also confirmed 
by immunoblotting (Fig. 5G-H). In addition, the stability 
of CMTM6 mRNA was examined in sh-NC or sh-hsa_
circ_0067842 stable cell lines after actinomycin D treat-
ment. The results showed that the half-life of CMTM6 
mRNA was significantly reduced in sh-hsa_circ_0067842 
cells compared to control (Fig.  5I). Taken together, our 
results showed that hsa_circ_0067842 regulated BC pro-
gression through interacting with HuR, which mediated 
the stabilization of CMTM6 mRNA. We also explored 
the biological functions of CMTM6 in BC. Knockdown 
of CMTM6 (Additional file 1: Figure S3C) resulted in 
suppressed migration and invasion of BC cells (Fig. 5J K), 
suggesting that hsa_circ_0067842 may act as an onco-
genic factor in BC cells by targeting CMTM6.

Hsa_circ_0067842 inhibits the degradation of PD-L1 via 
HuR/CMTM6 axis
CMTM6, as a master regulator of PD‑L1, has been 
reported to inhibit the degradation of PD-L1 through 
deubiquitination [19–21]. Therefore, we hypothesized 
that hsa_circ_0067842 could play a role in PD-L1 deg-
radation via HuR/CMTM6 axis. We first analyzed the 
protein expression and ubiquitination level of PD-L1 in 
response to CMTM6 knockdown. Consistent with previ-
ous studies, the degradation of PD-L1 was significantly 
decreased in CMTM6-depleted cell (Fig.  6A-D). Since 
HuR could stabilize CMTM6, we then examined the 
effects of HuR knockdown on PD-L1 protein stability, 
and PD-L1 degradation was also suppressed (Fig. 6B-E). 
Moreover, the PD-L1 protein level was positively cor-
related with hsa_circ_0067842 expression (Fig.  6C). 

The ubiquitination level of PD-L1 decreased after 
hsa_circ_0067842 upregulation (Fig.  6F), and this effect 
was largely rescued by CMTM6 knockdown (Fig.  6G-
H). In conclusion, our results demonstrated that hsa_
circ_0067842 could regulate PD-L1 via the HuR/CMTM6 
axis.

CMTM6 knockdown attenuated the effects of hsa_
circ_0067842 overexpression on BC metastasis and 
immune escape
Rescue experiments were further conducted to confirm 
the involvement of CMTM6 in the promotion of BC 
metastasis by hsa_circ_0067842. The amount of CMTM6 
was first measured (Additional file 1: Figure S3D). As 
expected, CMTM6 knockdown partially reversed the 
effect of hsa_circ_0067842 overexpression on BC migra-
tion and invasion (Fig. 7A). Moreover, given the interplay 
between hsa_circ_0067842 and CMTM6, as well as the 
regulation of CMTM6 on PD-L1, we then investigated 
the role of CMTM6/PD-L1 axis in hsa_circ_0067842-
regulated immune escape. We transfected NC and hsa_
circ_0067842 plasmids into MCF-7 cells to upregulate 
hsa_circ_0067842 expression, followed by simultane-
ous treatment with si-CMTM6. The transfected MCF-7 
cells were then co-cultured with PBMCs. We found 
that CMTM6 knockdown partially reversed the inhibi-
tory effect of hsa_circ_0067842 on PBMCs proliferation 
(Fig. 7B), CD8+ T cells percentage (Fig. 7C), and PBMCs 
cytotoxicity (Fig.  7D). These results indicated that hsa_
circ_0067842 promoted the metastasis and immune 
escape of BC by regulating CMTM6.

Discussion
The mortality rate of BC is slowly decreasing, suggest-
ing some progress in the diagnosis and treatment of BC 
[1]. However, the prognosis of BC patients is still poor, 
especially for those with metastasis, which is still incur-
able [22]. Current research has found that the immuno-
suppressive factors play a role in promoting recurrence 
and metastasis of post-surgery BC patients, and immu-
notherapy is a promising treatment for advanced or 
metastatic BC [23–25]. Therefore, to fully understand the 
underlying molecular mechanism of BC metastasis and 
to identify new therapeutic targets is still the top priority 
of current research.

CircRNAs, a unique kind of non-coding RNAs, play a 
crucial role in disease development, especially in various 
cancers including BC metastasis, thus gaining increas-
ing attention from researchers. For example, Wang et 
al. [26] showed that circPRKCI could promote TNBC 
proliferation and metastasis by upregulating WBP2 
expression and activating PI3K/AKT signaling pathway. 
Similarly, another study demonstrated that circACTN4 
regulates the expression of oncogene MYC, promoting 
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Fig. 5  Hsa_circ_0067842 increases mRNA stability of CMTM6 by regulating HuR and CMTM6 promotes migration and invasion of BC cells. A-B The 
expression of CMTM6 after knocking down HuR was verified by qRT-PCR and western blot. C RNA stability was evaluated using Actinomycin D in MCF-7 
cell, and the degradation rates of the CMTM6 mRNA were measured at appointed time. D RNA immunoprecipitation experiments were performed in 
MDA-MB-468 and MDA-MB-231 cells and the coprecipitated RNA was subjected to qRT-PCR for CMTM6. E-H The expression of CMTM6 after altering 
hsa_circ_0067842 was verified by qRT-PCR and western blot. I RNA stability was evaluated using Actinomycin D in MDA-MB-468, and the degradation 
rates of the CMTM6 mRNA were measured at appointed time. J-K Transwell migration and invasion assays assessing the changes in the migratory and 
invasive capabilities of MCF-7 and BT-549 cells after transfection with si-CMTM6s. Values are shown as the mean ± SD of the mean from three independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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BC progression through interacting with FUBP1 [27]. 
In this study, we identified a novel, highly expressed cir-
cRNA hsa_circ_0067842 in BC tissues by microarray 
analysis. The circRNA originated from the parental gene 
SMC4. Our analysis of GTEx data showed a lower SMC4 

expression in mammary tissues, suggesting that hsa_
circ_0067842 may play a crucial role in BC progression 
(Additional file 1: Figure S1C). Through analyzing the 
relationship between hsa_circ_0067842 and prognosis 
of BC patients, we found that higher hsa_circ_0067842 

Fig. 6  Hsa_circ_0067842 inhibits the degradation of PD-L1 via HuR/CMTM6 axis. A Western blot assays of CMTM6 expression in si-NC- or si-CMTM6-
expressing MCF-7 or BT-549 cells. B Western blot assays of CMTM6 expression in si-NC- or si-HuR-expressing MCF-7 or BT-549 cells. C Western blot assays 
of CMTM6 expression in hsa_circ_0067842- or si-hsa_circ_0067842-expressing BC cells. D Ubiquitination level of PD-L1 in MCF-7 cell was detected via 
immunoprecipitation and western blot after knocking down CMTM6. E Ubiquitination level of PD-L1 in MCF-7 cell was detected via immunoprecipitation 
and western blot after knocking down HuR. F Ubiquitination level of PD-L1 in MCF-7 cell was detected via immunoprecipitation and western blot after 
overexpressing hsa_circ_0067842. G Protein expression of PD-L1 and CMTM6 was detected via western blot. H Ubiquitination level of PD-L1 in MCF-7 
cell was detected via rescue experiments
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Fig. 7  CMTM6 knockdown attenuated the promotion of overexpressing hsa_circ_0067842 on the metastasis and immune escape of BC. A Transwell 
migration and invasion assays assessing the changes in the migratory and invasive capabilities of MCF-7 in rescue experiments. B Ki-67 staining was used 
to observe the PBMCs proliferation in rescue experiments. C Flow cytometry was used to determine the percentage of CD8+ T cells in rescue experiments. 
D LDH cytotoxicity assay was used to detect the cytotoxicity of PBMCs in rescue experiments. E Mechanism of hsa_circ_0067842 in metastasis and im-
mune escape of BC. The experiments were performed three times, and data are represented as mean ± SD, nsP > 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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expression was associated with shorter DFS and OS, indi-
cating a worse prognosis. Moreover, hsa_circ_0067842 
was identified as an independent prognostic factor for 
BC. Our hypothesis was further supported by loss- 
and gain-of-function experiments, which showed that 
hsa_circ_0067842 promoted the migration and invasion 
capabilities of BC cell. Subsequently, we investigated the 
role of hsa_circ_0067842 in BC immune escape. PBMCs 
were co-cultured with hsa_circ_0067842 knockdown 
MDA-MB-468 cells and hsa_circ_0067842 overexpressed 
MCF-7 cells. The results showed that silencing or overex-
pressing hsa_circ_0067842 promoted or inhibited PBMC 
proliferation, respectively, along with a corresponding 
increase or decrease in the percentage of CD8+ T cells 
and PBMC cytotoxicity. In summary, our study revealed 
the importance of hsa_circ_0067842 in BC metastasis 
and immune escape, establishing it as a potential prog-
nostic and therapeutic target for metastatic BC.

Since the function of circRNA is often related to its 
localization [28], we first assessed the subcellular local-
ization of hsa_circ_0067842 and found that it was pres-
ent in both nucleus and cytoplasm, suggesting that it 
may have multiple biological functions. Recent stud-
ies have revealed that circRNAs can interact with RBPs, 
providing a new avenue of exploration [29, 30]. For 
example, circNSUN2, an abnormally expressed cir-
cRNA in colorectal carcinoma (CRC) tissues, could 
regulate the stability of HMGA2 mRNA by binding to 
IGF2BP2, resulting in cancer progression [31]. Hence, 
we investigated whether hsa_circ_0067842 could bind 
to any specific protein and modulate its function. Inter-
estingly, HuR was the only protein predicted to bind to 
hsa_circ_0067842, which was confirmed by RNA pull-
down and FISH experiments. We also identified potential 
binding regions between hsa_circ_0067842 and HuR by 
predicting the secondary structure of hsa_circ_0067842 
(Additional file 1: Figure S3B), but these predictions need 
further verification.

HuR, a nuclear shuttle protein, is known to bind to a 
subset of mRNAs and regulate their stability and local-
ization [17, 32–34]. In this study, we found that hsa_
circ_0067842 did not affect the HuR expression, so we 
hypothesized that hsa_circ_0067842 could regulate the 
translocation of HuR, which was verified by subcellu-
lar component isolation assay. Further colocalization 
assays confirmed the effect of hsa_circ_0067842 on the 
translocation of HuR from nucleus to cytoplasm. Next, 
we aimed to investigate the potential target mRNA of 
HuR. Previous studies have shown that HuR regulates 
the stability of CMTM6, which can promote tumor 
metastasis through various mechanisms such as affect-
ing epithelial–mesenchymal transition (EMT), activating 
immune cells, and regulating signaling pathways [35–
37]. Therefore, we explored whether hsa_circ_0067842 

could regulate tumor metastasis by affecting the stabil-
ity of CMTM6 through binding to HuR. qRT-PCR and 
western blot results showed that the mRNA and pro-
tein levels of CMTM6 changed with the alteration of 
hsa_circ_0067842. The stability of CMTM6 decreased 
in sh-hsa_circ_0067842 stable cell line treated with acti-
nomycin D. Moreover, silencing CMTM6 inhibited BC 
cell migration and invasion, which partially blocked 
hsa_circ_0067842-induced BC metastasis. These results 
indicated that hsa_circ_0067842 affected BC metasta-
sis by regulating CMTM6 through HuR. Further studies 
are needed to fully understand the specific mechanism of 
CMTM6’s role in BC metastasis.

It is well known that PD-L1 can promote immune 
escape in multiple human cancers by interacting with 
programmed death-1 (PD-1) [38, 39]. In this study, we 
found that hsa_circ_0067842 can affect the expression of 
PD-L1. By silencing or overexpressing hsa_circ_0067842, 
the protein level of PD-L1 changed accordingly. Thus, we 
then investigated the mechanism of hsa_circ_0067842 
regulation of PD-L1. Previous studies have reported 
that CMTM6 is a key regulator of PD-L1 expression by 
preventing the ubiquitination of PD-L1 and inhibiting 
its degradation [19–21]. Given the regulatory relation-
ships betweem hsa_circ_0067842, HuR and CMTM6, 
we sought to determine whether hsa_circ_0067842 
affects the ubiquitination of PD-L1 through HuR/
CMTM6 axis. As expected, we found that the ubiquiti-
nation level of PD-L1 decreased after overexpression of 
hsa_circ_0067842 compared to the control. Further-
more, rescue assays confirmed that hsa_circ_0067842 
could regulate the expression of PD-L1 by affecting the 
ubiquitination of PD-L1, which is mediated by CMTM6. 
Considering the role of PD-L1 in immune response, 
we further investigated whether the involvement of 
hsa_circ_0067842 in immune escape was through HuR/
CMTM6/PD-L1 pathway. The results showed that silenc-
ing CMTM6 enhanced the degradation of PD-L1, thus 
partially reversing the inhibitory effect of hsa_circ_0067 
842 overexpression on immune function. Overall, our 
findings revealed a novel mechanism in BC progres-
sion where hsa_circ_0067842 promotes immune escape 
by interacting with HuR, leading to increased stabil-
ity of CMTM6 and decreased ubiquitination of PD-L1. 
In recent years, anti-PD1/PD-L1 agents have been used 
in the treatment of BC, especially in metastatic BC or 
TNBC, often in combination with conventional treat-
ments [40, 41]. Hence, hsa_circ_0067842 may serve as 
a potential therapeutic target for metastatic BC, though 
further studies are needed to confirm this.

In summary, we identified and a new circRNA, hsa_
circ_0067842, which was highly expressed in BC tissues. 
The high expression of hsa_circ_0067842 was associated 
with poor prognosis of BC patients, making it a potential 
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prognostic factor. Our functional assays showed hsa_
circ_0067842 played an oncogenic role in BC by regulat-
ing BC metastasis and immune escape. The mechanism 
behind hsa_circ_0067842’s role in BC was identified to be 
through transporting nuclear HuR protein into the cyto-
plasm, leading to the stabilization of CMTM6 mRNA and 
the upregulation of PD-L1 in BC cells (Fig.  7E). Over-
all, the hsa_circ_0067842/HuR/CMTM6/PD-L1 axis is 
a promising target for further exploration regarding its 
potential applications in BC prognosis and treatment.

Conclusion
Our study identified a novel circRNA hsa_circ_0067842 
highly expressed in BC tissues, serving as an indepen-
dent prognostic factor for BC. To our knowledge, this 
is the first study to demonstrate that hsa_circ_0067842 
affects metastasis and immune escape of BC through the 
HuR/CMTM6/PD-L1 axis, providing new ideas for BC 
research and potential molecular targets for the progno-
sis and treatment of BC.

Materials and methods
BC cell lines and cell culture
The HEK-293T cell line, human mammary epithelial cell 
line MCF-10 A, and human breast cancer (BC) cell lines 
MDA-MB-231, MDA-MB-468, MCF-7, and BT549 were 
purchased from the Cell Bank, Type Culture Collection 
Committee, Chinese Academy of Sciences (Shanghai, 
China). Cell lines were maintained under standard media 
and conditions. MDA-MB-231, MDA-MB-468, MCF-
7, and HEK293T were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco, Rockville, MD, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
Rockville, MD, USA) and 1% antibiotic solution. The 
culture medium for BT549 was Roswell Park Memorial 
Institute (RPMI, Gibco)1640 medium (Gibco, Rockville, 
MD, USA) supplemented with 10% FBS and 1% antibiotic 
solution. MCF-10 A was cultured in DMEM/F12 (Mac-
gene, Beijing, China) medium supplemented with 5% 
horse serum, 10 μg/ml insulin (Macgene, Beijing, China), 
20 ng/ml epidermal growth factor, 100 ng/ml cholera 
toxin (Macgene, Beijing, China), and 0.5  μg/ml hydro-
cortisone (Macgene, Beijing, China). All cell lines were 
cultured at 37° C, 5% CO2 in a humidified cell culture 
incubator.

CircRNA microarray analysis
Total RNA from six sample pairs (BC tissue and adja-
cent normal tissue) was extracted using TRIzol reagent 
(Invitrogen Life Technology, Waltham, MA, USA) and 
subjected to quality inspection by NanoDrop one spec-
trophotometer (ThermoFisher, MA, USA). The micro-
array analysis was conducted by Sinotech Genomics 
Corporation. Firstly, RNA samples were synthesized to 

biotinylated cRNAs for the Sino Human ceRNA array 
V3.0. The Agilent Bioanalyzer 2100 (Agilent technolo-
gies, USA) was used to examine the RNA integration of 
total RNA. Next, the biotinylated cRNAs hybridized on 
slides were scanned by an Agilent Microarray Scanner 
(Agilent technologies, USA) and then analyzed by the 
Feature Extraction software 10.7 (Agilent technologies, 
USA). Finally, the differentially expressed genes were 
obtained and heatmaps were plotted using the R software 
package.

Tissue microarray (TMA) and in situ hybridization (ISH)
A specific hsa_circ_0067842 probe was designed to 
detect the expression of hsa_circ_0067842 by ISH in tis-
sues, which contained 126 paraffin-embedded BC sam-
ples and 59 paired adjacent normal samples. The tissues 
of BC patients were obtained from OUTDO BIOTECH 
(Shanghai, China). The thickness of all tissue slides was 
4 μm and the diameter of each tissue core was 1.5 mm. 
Next, the staining and expression of hsa_circ_0067842 
were analyzed using Nikon microscope by quantitative 
scanning. The relative expression of hsa_circ_0067842 
was expressed by the ISH score which was calculated 
using the positive staining intensity score multiplied by 
the proportion of positive staining cells.

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR)
The total RNA was isolated from cultured cells using 
TRIzol reagent (Invitrogen Life Technology, Waltham, 
MA, USA). First-strand cDNA was synthesized using the 
Evo M-MLV RT Reagent Kit (AG, Hunan, China). SYBR 
Green Pro Taq HS Premix Reagent Kit (AG, Hunan, 
China) was used to prepare the 10 μL qPCR reaction. 
β-Actin was used as the reference gene for normalization. 
The qPCR primers are listed in Additional file 2: Table S2.

RNase R treatment, actinomycin D assay, and RNA stability 
measurement
Total RNA was extracted using TRIzol reagent (Invitro-
gen Life Technology, Waltham, MA, USA). 5ug of RNA 
was incubated with RNase R at 37 °C for 1 h, and an equal 
amount of RNA was incubated without RNase R as a con-
trol, which were then used for qRT-PCR. Actinomycin D 
assay was performed by adding 2 μg/mL actinomycin D 
(MCE, USA) to MDA-MB-231 cell, followed by analyz-
ing the stabilities of hsa_circ_0067842 and linear SMC4 
mRNA using qRT-PCR. The stability analysis of CMTM6 
was same as that of hsa_circ_0067842, but the actinomy-
cin concentration was 10 μg/mL.

RNA fluorescence in situ hybridization (FISH)
Cy3-labeled hsa_circ_0067842, 18  S rRNA probes, and 
the Fluorescent In situ Hybridization Kit were purchased 
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from GenePharma (Shanghai, China). According to the 
manufacturer’s instructions, cells on coverslips were fixed 
with 4% paraformaldehyde, treated with 0.5% Triton, 
incubated with the specific probe overnight, and then 
stained with DAPI (4′,6-diamidino-2-phenylindole). The 
cells were imaged using a confocal microscope (Zeiss, 
Germany). The sequences of the hsa_circ_0067842 probe 
and 18  S rRNA probe for FISH are listed in Additional 
file 2: Table S3.

Cell transfection
The short interfering RNAs against Hsa_circ_0067842 
(siRNAs) (si-circ_0067842-1, si-circ_0067842-2), HuR 
siRNA (siHuR-1, siHuR-2), CMTM6 siRNA (siC-
MTM6-1, siCMTM6-2), and corresponding negative 
controls (si-NC) were purchased from Shanghai GenePh-
arma (Shanghai, China). The Hsa_circ_0067842 pLCDH-
ciR (pLCDH -hsa_circ_0067842) and corresponding 
negative controls (pLCDH-NC) were obtained from 
ViGene bioscience (Jinan, Shandong, China). These siR-
NAs and plasmids were transfected into cells using Lipo-
fectamine 2000 (Invitrogen, CA, USA). The sequences of 
the siRNAs are listed in Additional file 2: Table S5.

Lentivirus packaging and infection
The si-hsa_circ_0067842-2 sequence was cloned into 
lentiviral vector pLent-U6-shRNA-GFP-Puro by ViGene 
bioscience (Jinan, Shandong, China), and the empty vec-
tor was used as control. HEK-293T cells were transfected 
with the viral plasmids and packaging plasmids to make 
virus. The supernatant was collected at 72 h after trans-
fection and incubated with BC cells for transduction. 
After 2 weeks of puromycin selection at 1 μg/ml, the BC 
cells were cultured in batch for follow-up test.

Colony formation assay
MDA-MB-231 (3 × 103) cells and MCF-7 (2 × 103) cells 
were seeded in 6-well plates. After 7 days, the cell colo-
nies were fixed with 4% paraformaldehyde (servicebio, 
Wuhan, China) for 30 min, stained with 0.1% crystal vio-
let (Solarbio, Beijing, China) for 30 min and counted.

Cell viability assay
The transfected MDA-MB-231 (4 × 103) and MCF-7 
(3 × 103) cells were harvested and seeded into 96-well 
plates. 10ul of Cell Counting Kit 8 (CCK-8, Bestbio, 
Shanghai, China) solution was added into each well, fol-
lowed by incubation at 37  °C for 1  h. Cell viability was 
measured every 24  h by SpectraMax i3X (Molecular 
Devices, USA) at 450 nm wavelength.

Cell migration and invasion assays
Cell migration and invasion assays were performed using 
the chamber inserts with 8-μm pore size (Corning, NY, 

USA), precoated with or without 60 μl Matrigel (BD Bio-
sciences, USA). MDA-MB-231 cells (5 × 104 for migration 
/ 1 × 105 for invasion) and MCF-7 cells (4 × 104 for migra-
tion / 8 × 104 for invasion) were resuspended in 200  μl 
serum-free medium and seeded into upper chamber, 
and 600ul of medium supplemented with 20% FBS was 
added to the lower chamber. After 30 h of incubation, the 
cells migrated to lower filters were fixed with 4% parafor-
maldehyde, stained with Giemsa’s stain, imaged under 
an inverted microscope (Zeiss, Germany), and analyzed 
with ImageJ software.

Isolation of peripheral blood mononuclear cells (PBMCs)
Peripheral venous blood (2–4 mL) was collected from 
healthy subjects, and the PBMCs were isolated from 
blood using the Ficoll density separation method. PBMCs 
were cultured in RPIM-1640 medium and activated by 
Human CD3/CD28 T-Activator (Stemcell, Canada) for 1 
week.

Co‑culture and lactate dehydrogenase (LDH) cytotoxicity 
assays
MDA-MB-468 or MCF-7 cells were seeded into 12-well 
plates at 5 × 104cells/well. After 24  h, the activated 
PBMCs were added to co-culture with BC cells at a ratio 
of 5:1. After 48  h of co-culture, PBMC cytotoxicity was 
measured using the LDH cytotoxicity detection kit (Abb-
kine, Wuhan, China).

Flow cytometry
The co-cultured PBMCs were stained with anti-CD3 
and anti-CD8 antibodies, and then analyzed with flow 
cytometry on Cytoflex platform (Beckman, USA). FlowJo 
software was used for gating CD8+ T cells, which were 
positive for CD3 and CD8.

Western blot
Cells were harvested and lysed with Western/IP lysis buf-
fer (Beyotime, Shanghai, China) supplemented with pro-
tease inhibitor Phenylmethanesulfonyl fluoride (PMSF, 
Beyotime, Shanghai, China). Protein samples were dena-
tured, loaded onto SDS-PAGE, transferred to 0.45  mm 
polyvinylidene fluoride (PVDF) membranes (Merck-
Millipore, Darmstadt, Germany), and blocked with 5% 
BSA (Bovine Serum Albumin) blocking solution. After 
incubated with primary antibodies at 4 °C overnight and 
corresponding secondary antibodies at room tempera-
ture for 1 h, the membranes were analyzed with HRPO-
induced chemiluminescence. The antibodies used in 
western blot are listed in Additional file 2: Table S4.

RNA pull-down assay and mass spectrometry (MS)
A biotin-labeled probe targeting the junction site of hsa_
circ_0067842 was synthesized by General Biol (Anhui, 
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China), and oligo probe was used as control. According 
to the manufacturer’s protocol, the interaction between 
hsa_circ_0067842 and RNA binding protein was mea-
sured using Pierce Magnetic RNA-Protein Pull-Down 
Kit (Thermo Fisher Scientific, USA). Briefly, protein 
extracted from MDA-MB-231 cells was incubated with 
biotin-labeled probes and streptavidin magnetic beads at 
4 °C. Then, the circRNA-associated proteins were eluted, 
separated by SDS-PAGE, and visualized with Silver Stain-
ing Kit (Thermo Fisher Scientific, USA). The retrieved 
proteins were then subjected to mass spectrometry (MS) 
analysis (Novogene, Tianjin, China).

Immunofluorescence (IF)
The BC cells co-cultured with PBMCs were seeded on 
poly-lysine-coated glass coverslips and fixed for IF stain-
ing. The coverslips were blocked with 10% BSA and 
incubated with anti-Ki-67 antibody at 4  °C overnight. 
Subsequently, cells were incubated with Alexa Fluor 
555-labeled anti-rabbit secondary antibody for 1  h at 
room temperature. Finally, cells were stained with DAPI 
for 20 min, followed by image acquisition.

PD‑L1 ubiquitination detection
BC cells in different treatment groups were lysed with 
0.3% NP-40 lysis buffer. The lysates were incubated 
with IgG or PD-L1 at 4 °C overnight. Next, protein A/G 
agarose beads (Novex, Oslo, Norway) were added and 
incubated at 4 °C for 4 h. After centrifugation, the super-
natant was collected for ubiquitination level analysis via 
western blot.

Statistical analysis
All data analyses were performed using GraphPad Prism 
V9.0 (GraphPad prism, Inc., La Jolla, CA, United States). 
Student’s t test, χ2, or one-way ANOVA test were used 
to test the differences between groups. The results were 
expressed as mean ± standard (SD). P value < 0.05 was 
considered statistically significant.
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