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ABSTRACT
Background  This study reported the function and 
mechanism of circ-0000512 in the progression of triple-
negative breast cancer (TNBC).
Methods  circ-0000512 expression in TNBC tissues and 
paired adjacent normal tissues and cells was examined 
by qRT-PCR. Moreover, circ-0000512 expression in TNBC 
cells was modulated by transfection. Thereafter, colony 
formation assay, Transwell assay and flow cytometry were 
conducted to observe cell proliferation, migration and 
apoptosis. TNBC cells were treated with cycloheximide and 
the protease inhibitor MG132. Later, ubiquitination assay 
was performed to detect programmed cell death ligand 
1 (PD-L1) ubiquitination in TNBC cells. The T cell killing 
ability was assessed by the T cell-mediated tumor cell 
killing assay. IFNγ and IL-2 levels were detected by ELISA. 
The percentage of activated T cells was detected with a 
flow cytometer. In addition, dual luciferase reporter gene 
assay and RNA immunoprecipitation assay were carried 
out to evaluate the binding between two genes. In vivo 
study was conducted on mice. CD8+ T cells in xenograft 
tumors were detected by immunohistochemistry.
Results  circ-0000512 was upregulated in patients 
with TNBC. circ-0000512 knockdown attenuated the 
proliferation and migration of TNBC cells and enhanced 
their apoptosis. circ-0000512 overexpression had opposite 
effects. circ-0000512 knockdown enhanced the PD-L1 
protein ubiquitination in TNBC cells by inhibiting CMTM6. 
Meanwhile, circ-0000512 promoted CMTM6 expression by 
sponging miR-622. circ-0000512 knockdown increased 
the ratio of CD8+T cells and the lethality of T cells against 
TNBC cells. Besides, circ-0000512 knockdown inhibited 
the growth of TNBC cells in immunodeficient nude mice 
and normal immune mice and increased the ratio of 
CD8+T cells in xenograft tumors of normal immune mice.
Conclusions  circ-0000512 inhibited PD-L1 ubiquitination 
by sponging the miR-622/CMTM6 axis, thus promoting 
TNBC progression and immune escape.

BACKGROUND
Triple-negative breast cancer (TNBC) is a 
subtype of breast cancer (BC), which lacks 
the expression of estrogen receptor, proges-
terone receptor and HER2.1 TNBC accounts 

for about 24% of all the newly diagnosed BC 
cases.2 Compared with other subtypes of BC, 
TNBC is characterized by its higher aggres-
siveness and susceptibility to early recur-
rence.3 It has been reported that the distant 
metastasis rate in patients with TNBC is about 
46%.4 Even worse, the mortality rate of TNBC 
is as high as 40% within the first 5 years after 
diagnosis and about 75% within 3 months 
after recurrence.4 Although great progresses 
have been made in TNBC treatment, the 
recurrence rate, metastasis rate and drug 
resistance are still the main causes of death in 
patients with TNBC.5 Therefore, the precise 
pathogenesis of TNBC should be further veri-
fied to identify the more effective molecular 
target for treatment.6

Circular RNAs (circRNAs) are a class of 
non-coding RNAs with covalently closed-
loop structures. Due to the absence of 5'-end 
or 3'-end, circRNAs cannot be degraded 
by RNA exonuclease and thus can be stably 
expressed in cells.7 Accumulating evidence 
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has demonstrated that circRNAs are widely expressed in 
cells and involved in BC progression.8 9 In our prelimi-
nary research, five upregulated circRNAs (including circ-
0000520, circ-0000518, circ-0000514, circ-0000511 and 
circ-0000512) and five downregulated circRNAs (namely, 
circ-103345, circ-104270, circ-102051, circ-102619 and 
circ-102049) were identified in TNBC according to 
Gene expression omnibus (GEO)-based analysis. This 
study focused on the upregulated circRNAs. Among the 
five upregulated circRNAs, the expression levels of circ-
0000518 and circ-0000512 were higher than those of the 
other three circRNAs. The function of circ-0000518 in BC 
has been studied previously.10 Therefore, this study aimed 
to investigate the function of circ-0000512 in TNBC.

circ-0000512 (also known as circ-000166) has been 
reported in previous research to be highly expressed in 
colorectal cancer (CRC) tissues.11 Wang et al12 demon-
strated that the high expression of circ_0000512 indicated 
poor survival of patients with CRC. Besides, circ_0000512 
knockdown inhibited the colony formation and viability 
of CRC cells and accelerated their apoptosis. Similarly, 
Zhao et al13 identified that circ_0000512 expression 
increased in colon cancer. Through the knockdown of 
circ_0000512, the malignant phenotypes (such as viability, 
colony formation, migration and invasion) and in vivo 
growth of colon cancer cells were significantly reduced. 
However, the function of circ-0000512 in TNBC has not 
yet been investigated. Thus, this article aimed to detect 
the expression of circ-0000512 in TNBC and explore its 
function.

Generally, circRNAs play roles of the competitive endog-
enous RNAs (ceRNAs, microRNA (miRNA) sponges) 
to regulate the expression of downstream target genes, 
thereby affecting the tumor cell phenotype.14 MiRNAs, a 
family of small non-coding RNAs with the length of 19–24 
nucleotides, can regulate the expression of their target 
genes by suppressing mRNA translation or promoting 
mRNA degradation.15 16 As for miR-622, it has been 
discovered that the decreased miR-622 expression in BC 
cells facilitates the cell viability and migration capacities.17 
It is found based on Circular RNA Interactome that, miR-
622 interacts with circ_0000512. Simultaneously, CMTM6 
is predicted to be a target of miR-622 via miRDB. In a 
previous study, CMTM6 is overexpressed in TNBC, which 
is associated with the poor progression-free survival (PFS) 
of patients.18 According to these findings, this study veri-
fied whether circ_0000512 regulated TNBC development 
by targeting the miR-622/CMTM6 axis. Findings in this 
research will provide an effective molecular target for 
TNBC treatment.

METHODS
GEO analysis
The dataset of GSE101123 was downloaded from GEO 
database. The differentially expressed circRNAs between 
tumor tissues and adjacent normal tissues from four 
TNBC cases were analyzed by heat map and volcano plots.

Patients and clinical samples
Patients with TNBC (n=15) diagnosed in Women’s 
Hospital, Zhejiang University School of Medicine from 
September 2018 to November 2019 were enrolled in this 
study. All patients participated in this study voluntarily 
and signed the written informed consent.

The patient inclusion criteria were as follows: patients 
who voluntarily participated in the study; patients who 
were diagnosed with TNBC for the first time; patients 
who underwent surgical resection; patients with no 
previous treatment history of cancer-related diseases 
and patients with no other severe diseases. The patient 
exclusion criteria were shown below: patients who did not 
voluntarily take part in the study; patients who previously 
received cancer-related treatments and patients with 
other severe diseases. The tumor tissues and matched 
adjacent normal tissues harvested during surgery were 
immediately stored in a refrigerator at −80°C.

Cell lines and culture
The human breast epithelial cell line (MCF10A) and 
TNBC cell lines (Hs578T, MDA MB 231, MDA MB 436, 
MDA MB 468, BT549 and HCC1937) were purchased 
from the Shanghai Institute of Cell Biology (Shanghai, 
China). Cells were grown in Dulbecco’s modification of 
eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS, Solarbio, Beijing, China), 100 U/
mL penicillin (Solarbio) and 100 µg/mL streptomycin 
(Solarbio) under 37°C and 5% CO2 conditions in a 
humidified incubator.

Plasmids and transfection
MDA MB 231 and Hs578T cells were transfected with 
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, 
MA, USA) in strict accordance with the manufacturer’s 
instructions. shRNA targeting circ-0000512 in the 3ʹUTR 
region (#1: 5ʹ-​GGTG​AGGT​GAGT​TCCC​AGAGA-3ʹ and 
#2: ​AGGT​GAGG​TGAG​TTCC​CAGAG) and the corre-
sponding negative control (NC), circ-0000512-expression 
vectors and the corresponding empty vectors, shRNA 
targeting CMTM6 in the 3ʹUTR region (5ʹ-​TGGA​GAAC​
GGAG​CGGT​GTACA-3ʹ) and the corresponding NC, 
CMTM6-expression vectors and the corresponding empty 
vectors, miR-622 mimics and the corresponding mimics 
NC were all provided by Genechem (Shanghai, China). 
After transfection, MDA MB 231 and Hs578T cells were 
cultured in DMEM containing 10% FBS for 48 hours. The 
transfection efficiency was determined by quantitative 
reverse transcription PCR (qRT-PCR) or Western blotting 
(WB) assay.

Colony formation assay
MDA MB 231 and Hs578T cells were harvested and 
prepared as single-cell suspension (cell density, 2000 cells/
mL) with DMEM (10% FBS). Then, 1 mL suspension was 
seeded into each well of the 6-well plates. Thereafter, cells 
were cultured for 14 days under 37°C and 5% CO2 condi-
tions. DMEM that contained 10% FBS was changed every 
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3 days. After 14 days, the remaining liquid in each well 
was discarded. Afterwards, cells attaching to the bottom 
were fixed with 4% paraformaldehyde for 15 min and 
stained with 0.1% crystal violet for 15 min. The number 
of colonies formed (more than 50 cells) was counted in 
five non-overlapping random fields of view (FOVs) under 
a microscope.

Flow cytometry
The apoptosis of MDA MB 231 and Hs578T cells was 
monitored by flow cytometry. Briefly, MDA MB 231 and 
Hs578T cells were collected after transfection for 48 hours 
and prepared into cell suspension with the concentra-
tion of 1× 106 cells/mL. Later, the Annexin-V-FITC/
PI apoptosis kit (C1062M, Beyotime, Shanghai, China) 
was adopted for cell double staining carried out in strict 
accordance with the manufacturer’s instructions. After-
wards, the percentage of apoptotic cells was assessed by 
flow cytometry (FACSCalibur, BD Biosciences, San Jose, 
California, USA).

Transwell assay
The harvested MDA MB 231 and Hs578T cells were 
prepared as single-cell suspension (cell density, 1×106 cells/
mL) with FBS-free DMEM. Then, 500 µL cell suspension 
was added into the upper chamber of the 6-well inserts 
(pore size, 8 µm), whereas 600 µL DMEM that contained 
10% FBS was added into the lower chamber. Thereafter, 
cells were kept under 37°C and 5% CO2 conditions for 
24 hours. Subsequently, cells on the upper chamber 
surface were removed using a cotton swab, while those on 
the lower chamber surface were fixed with 4% parafor-
maldehyde for 15 min and stained with 0.1% crystal violet 
for 15 min. The number of migrating cells was counted in 
five non-overlapping random FOVs under a microscope.

Treatments with cycloheximide (CHX) and protease inhibitor 
MG132
The transfected MDA MB 231 cells and Hs578T cells 
(1×106 cells) were cultured in the 6-well plates with 1 mL 
DMEM containing 10% FBS and CHX (50 µg/mL) for 
4, 8 and 12 hours under 37°C and 5% CO2 conditions, 
respectively.19 Additionally, 1 mL DMEM supplemented 
with 10% FBS and protease inhibitor MG132 (5 µM) was 
added to culture cells in the 6-well plates for 24 hours 
under 37°C and 5% CO2 conditions.20 Finally, cells were 
collected to detect the programmed cell death ligand 1 
(PD-L1) protein expression by WB assay.

Ubiquitination assay
As previously described, ubiquitination assay was executed 
to monitor the ubiquitination of PD-L1 protein.21 22 
Briefly, the transfected MDA MB 231 cells and Hs578T 
cells were harvested and lysed with the RIPA lysis buffer 
supplemented with protease inhibitor and phosphatase 
inhibitor (Beyotime, Shanghai, China) for 1 hour at 4°C. 
Then, the cell lysate samples were incubated with specific 
antibody for 2 hours at 4°C, with IgG as the control. The 
beads were subsequently added into the mixture and 

rotated for 12 hours at 4°C. Through centrifugation, 
the immunoprecipitated complexes were harvested 
and boiled in the sodium dodecyl sulfate (SDS) loading 
buffer for 5 min. Later, WB assay was carried out to detect 
the ubiquitination of PD-L1 protein.

T cell-mediated tumor cell killing assay
The T cell-mediated tumor cell killing assay was performed 
as described previously.23 Human CD8+ T cells were 
purchased from the Shanghai Institute of Cell Biology 
(Shanghai, China). The activation of CD8+ T cells was 
completed according to a previous study.23 MDA MB 231 
and Hs578T cells (1 ×106 cells/mL) were cultured in each 
well of the 96-well plates containing 100 µL DMEM (10% 
FBS) under 37°C and 5% CO2 conditions for 24 hours. 
Then, MDA MB 231 and Hs578T cells were cocultured 
with the activated CD8+ T cells for 48 hours. The ratio 
of CD8+ T cells to MDA MB 231 cells or Hs578T cells 
was 5:1. At 48 hours later, the residual liquid was removed 
from each well, and cells were washed with phosphate 
buffered saline (PBS). Crystal violet (0.1%) was then 
added into each well to stain cells for 10 min. Finally, the 
optical density (OD) value was measured at 570 nm using 
a porous microplate reader (Molecular Devices, Sunny-
vale, California, USA).

ELISA
The activation of CD8+ T cells was completed according 
to previous description.23 MDA MB 231 cells and Hs578T 
cells were dispersed in DMEM supplemented with 10% 
FBS at a density of 1×106 cells/mL, and later inoculated 
into the 6-well plates (1 mL/well) for 24 hours at 37°C 
and 5% CO2. Thereafter, MDA MB 231 cells or Hs578T 
cells were co-cultured with the activated CD8+T cells for 
48 hours in the 6-well plates. The ratio of CD8+T cells to 
MDA MB 231 cells or Hs578T cells was 5:1. Afterwards, 
the coculture medium was collected and centrifuged at 
12 000 rpm/min and 4°C for 5 min to obtain the superna-
tant. Eventually, the levels of IFNγ and IL-2 in the super-
natant were detected using the ELISA Kit (Beyotime, 
Shanghai, China).

Detection of the activated T cell percentage
In brief, MDA MB 231 cells or Hs578T cells were cocul-
tured with the activated CD8+T cells for 48 hours in the 
6-well plates. The ratio of CD8+ T cells to MDA MB 231 
cells or Hs578T cells was 5:1. Then, the percentages of 
CD8+ perforin+ T cells and CD8+ TNF-α+ T cells were 
analyzed by flow cytometry according to previous descrip-
tion.24 To be specific, cells were collected and washed twice 
with PBS. Then, cells were incubated with the permea-
bilisation solution (BD Biosciences, San Jose, California, 
USA) containing PE-Cy7 anti-α-TNF-α (506323, Hengfei 
Biological Technology Co., Ltd., Shanghai, China) and 
PerCp-Cy5.5 anti-Perforin (303935, Yubo Biological Tech-
nology Co., Ltd., Shanghai, China) for 25 min. Later, 
CD8+ perforin+ T cells and CD8+ TNF-α+ T cells were 
detected with the flow cytometer (FACSCalibur, BD 
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Biosciences, San Jose, California, USA). The percentages 
of CD8+ perforin+ T cells and CD8+ TNF-α+ T cells were 
analyzed by the FlowJo 9.2 software (Ashland, Oregon, 
USA).

Dual luciferase reporter gene assay
As predicted based on CircInteractome (https://circin-
teractome.nia.nih.gov/), circ-0000512 contained mutual 
binding sites for miR-622. Meanwhile, it was predicated 
based on TargetScan (http://www.targetscan.org/) that 
miR-622 contained mutual binding sites for CMTM6. 
Therefore, the network among circ-0000512, miR-622 
and CMTM6 was investigated by dual luciferase reporter 
gene assay. The fragments of wild type (WT) and mutant 
type (MUT) circ-0000512 and CMTM6 were designed 
and synthesized by Genechem (Shanghai, China). There-
after, the fragments were cloned and loaded onto the 
pGL3-luciferase reporter vectors (Promega, Madison, 
Wisconsin, USA) according to the manufacturer’s 
instructions. Then, pGL3-luciferase reporter vectors were 
cotransfected with miR-622 mimics or mimics NC into 
MDA MB 231 cells and Hs578T cells for 48 hours using 
Lipofectamine 3000. Afterwards, the luciferase activities 
of MDA MB 231 cells and Hs578T cells were examined 
with the dual-luciferase reporter assay kit (Promega, 
Madison, Wisconsin, USA), with renilla luciferase activity 
as the control.

RNA immunoprecipitation (RIP) assay
To verify the binding of circ-0000512 to miR-622, the 
Magna RIP kit (Millipore, Bedford, Massachusetts, 
USA) was used in line with specific instructions in RIP 
assay. In short, MDA MB 231 and Hs578T cells (1×107 
cells) were collected and lysed with the RNA lysis buffer 
(100 µL). Later, 200 µL cell lysate was harvested and 
incubated for 12 hours at 4°C with the RIP immunopre-
cipitation buffer that contained protein A/G sepharose 
beads conjugated with IgG antibody (ab171870, Abcam, 
Shanghai, China) or Ago-2 antibody (ab186733, Abcam, 
Shanghai, China). Afterwards, the RNeasy Mini Kit 
(Qiagen, Valencia, California, USA) was employed to 
extract the immunoprecipitated RNA. Subsequently, 
cDNA was prepared from RNA through reverse tran-
scription using the reverse transcription kit (Applied 
Bio-systems, Foster City, California, USA). The immu-
noprecipitated circ-0000512 and miR-622 levels were 
determined by qRT-PCR.

In the RIP assay to verify the binding of circ-0000512 
to PD-L1 protein, 200 µL cell lysate was incubated for 
12 hours at 4°C with RIP immunoprecipitation buffer 
that contained magnetic beads conjugated with anti-IgG 
or PD-L1 antibody. Later, the beads were treated with 
0.5 mg/mL proteinase K (Beyotime, Shanghai, China) for 
30 min at 55°C to remove proteins. As described above, 
the extraction, reverse transcription and quantification of 
circ-0000512 were performed sequentially.

In vivo study
The animal experiments in this study were approved by 
the Animal Ethics Committee and performed following 
the Guide for the Care and Use of Laboratory Animals 
(IRB number: AIRB-2019–1029).

Female BALB/c immunodeficient nude mice (5 weeks 
old, n=10) and normal immune mice (5 weeks old, n=10) 
were commercially provided by Shanghai Experiment 
Animal Center of the Chinese Academy of Sciences 
(Shanghai, China). Then, mice were housed in a room 
under (22±1)°C and 12 hours/12 h day/night cycle condi-
tions. Food and water were both freely available.

Using Lipofectamine 3000, MDA MB 231 cells and 4T1 
cells (Shanghai Institute of Cell Biology, Shanghai, China) 
were transfected with shRNA targeting circ-0000512 and 
the corresponding NC, respectively. After transfection, 
cells were separately dispersed into PBS to a concentra-
tion of 1×107 cells/mL. Later, 100 µL cell suspensions was 
collected and subcutaneously injected into the mammary 
fat pad of mice. The transfected MDA MB 231 cells were 
respectively injected into immunodeficient nude mice 
with five mice per group, while 4T1 cells were respec-
tively injected into normal immune mice with five mice 
per group. Tumor size was measured at intervals of 7 days 
for 28 consecutive days. Meanwhile, tumor volume was 
calculated by V=(long diameter×short diameter 2)/2. On 
day 28, mice were euthanized to collect the tumors. After 
dissection, tumors were weighted and stored at −80°C.

Immunohistochemistry (IHC)
CD8+T cells in xenograft tumor tissues of mice were 
evaluated by IHC. In brief, xenograft tumor tissues 
were processed with fixation and paraffin embedding in 
sequence in accordance with the standard procedures. 
Thereafter, xenograft tumor tissues were prepared into 
5 µm sections. After deparaffinage and rehydration, the 
sections were treated with 3% H2O2 for 15 min and then 
with 5% normal goat serum for 10 min. Subsequently, 
rabbit anti-CD8 primary antibody (1:100, ab85792, Abcam, 
Shanghai, China) was evenly dripped onto each section 
to probe for 12 hours at 4°C. Thereafter, the horseradish 
peroxidase (HRP)-labeled antirabbit secondary antibody 
(1:200, ab6721, Abcam, Shanghai, China) was added to 
incubate the sections for 30 min. Later, 3,3-diaminobenz
idinetetrahydrochloride was added for color developing 
for 10 min. After dehydration and transparentizing, the 
sections were sealed in neutral resin. At last, CD8+T cells 
were presented as brown particles under the microscope. 
qRT-PCR

Total cellular or tissue RNAs were isolated with the 
Trizol reagent. Afterwards, the cDNA templates were 
synthesized using a PrimeScript RT Reagent Kit (Takara, 
Dalian, China) according to specific instructions. qRT-
PCR assay was performed using a SYBR Premix Ex Taq 
II Kit (TaKaRa, Dalian, China) on the StepOnePlus real-
time PCR system (Applied Biosystems, Foster City, Cali-
fornia, USA). The primers used in this experiment are 
shown below:

https://circinteractome.nia.nih.gov/
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http://www.targetscan.org/
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For circ_0000520, 5ʹ-​GTCT​GAGA​CTAG​GGCC​
AGAGGC-3ʹ (forward), 5ʹ-​GACA​TGGG​AGTG​GAGT​
GACAGG-3ʹ (reverse); for circ_0000518, 5ʹ-​CTAACAG-
GGCTCTCCCTGAG-3ʹ (forward), 5ʹ-​CAGACCTTC-
CCAAGGGACAT-3ʹ (reverse); for circ_0000514, 
5ʹ-CTGCCCAGTCTGACCTCG-3ʹ (forward), 5ʹ-C-
CGTTTCCTCCGTAGGCG-3ʹ (reverse); for circ_0000511, 
5ʹ-CCTCCTTTGCCGGAGCTT-3ʹ (forward), 5ʹ-GGTC-
CACGGCATCTCCTG-3ʹ (reverse); for circ_0000512, 
5ʹ-GGAACAGACTCACGGCCA-3ʹ (forward), 5ʹ-​
CATCTCCTGCCCAGTCTGAC-3ʹ (reverse); for 
Cyclin D1 (CCND1), 5ʹ-AGAGGCGGAGGAGAACA-3' 
(forward), 5ʹ-GAGAGGAAGCGTGTGAGG-3' (reverse); 
for B-cell lymphoma/leukemia 2, 5ʹ-GCGGATTG-
ACATTTCTGTG-3' (forward), 5ʹ-CATAAGGCAAC-
GATCCCA-3' (reverse); for cyclin-dependent kinase 
inhibitor 1A (CDKN1A), 5ʹ-ATGAGTTGGGAG-
GAGGCA-3' (forward), 5ʹ-CTGAGCGAGGCACAAGG-3' 
(reverse); for early two factor transcription factor 1 
(E2F1), 5ʹ-GGGTTTCCAGAGATGCTCA-3' (forward), 
5ʹ-CCTTCCTGGCTTGCTCA-3' (reverse); for MYC, 5ʹ-G-
CCAGAGGAGGAACGAG-3' (forward), 5ʹ-GCTTGGAC-
GGACAGGAT-3' (reverse); for proliferating cell nuclear 
antigen (PCNA), 5ʹ-GCCTGACAAATGCTTGCT-3' 
(forward), 5ʹ-GCGGGAAGGAGGAAAGT-3' (reverse); 
for C-X-C motif chemokine ligand 10 (CXCL10), 5ʹ-​
AAGCAGTTAGCAAGGAAAGG-3' (forward), 5ʹ-​GTAGG-
GAAGTGATGGGAGAG-3' (reverse); for C-C chemokine 
ligand 2 (CCL2), 5ʹ-TTTTCCCCTAGCTTTCCC-3' 
(forward), 5ʹ-GCAATTTCCCCAAGTCTCT-3' (reverse). 
For interleukin-2 (IL2), forward, 5′-​GAAT​GGAA​TTAA​
TAAT​TACA​AGAATCCC-3′ (forward), 5′-​TGTT​TCAG​
ATCC​CTTT​AGTTCCAG-3′ (forward). For interferon 
gamma (IFNG), 5ʹ-GCATCGTTTTGGGTTCTCT-3' 
(forward), 5ʹ-​CGCTACATCTGAATGACCTG-3' (reverse); 
for signal transducers and activators of transcription 1 
(STAT1), 5ʹ-TGCTCCCTCTCTGGAATG-3' (forward), 
5ʹ-CTCCTTGCTGATGAAGCC-3' (reverse); for 
chemokine-like factor super family member 6 (CMTM6), 
5'-​GCAA​CAAT​ATCA​GCAA​CTTCGT-3' (forward), 5'-​
TTGG​TCCT​TAGG​TGTG​GTATCA-3' (reverse); for 
PD-L1, 5'-​CACC​ACCA​CCAA​TTCC​AAGAG-3' (forward), 
5'- ​AGGA​TGTG​CCAG​AGGT​AGTTC-3' (reverse); for 
Actin, 5'-​GTGGGCCGCTCTAGGCACCA-3' (forward), 
5'-​CGGT​TGGC​CTTA​GGGT​TCAG​GGGGG-3' (reverse); 
for miR-622, 5′-​ATCC​CAGG​GAGA​CAGA​GATCGAGG-3′ 
(forward), 5′-​AAGC​TTGG​TGGT​GGAC​TTTT​GGTTGT-3′ 
(reverse); for U6, 5ʹ-​CTCG​CTTC​GGCA​GCAC​ATATACT-3ʹ 
(forward), 5ʹ-​ACGC​TTCA​CGAA​TTTG​CGTGTC-3ʹ 
(reverse). The reaction conditions were as follows: 95°C 
for 2 min, followed by 40 cycles of 95°C for 10 s and 60°C 
for 40 s. Using the 2-ΔΔCt method, the relative expression 
of miR-622 was normalized to U6, while that of the other 
genes was normalized to Actin.

Western blotting (WB) assay
Total cellular or tissue proteins were extracted using 
the RIPA lysis buffer (Beyotime, Shanghai, China). To 

be specific, tissues were ground into powder in liquid 
nitrogen before they were incubated with RIPA lysis 
buffer. Later, the total protein concentration was inves-
tigated using a BCA kit (Beyotime, Shanghai, China). 
Equivalent amounts of total protein samples were sepa-
rated by SDS-polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene fluoride membranes. 
Later, the membranes were blocked with 5% skimmed 
milk for 1 hour at room temperature and incubated with 
primary antibodies overnight at 4°C. The primary anti-
bodies used in this study are listed below: rabbit anti-
PD-L1 (1:1000, ab213480, Abcam, Shanghai, China), 
anti-CMTM6 (1:1000, ab264067, Abcam, Shanghai, 
China), anti-COP9 signalosome 5 (CSN5) (1:1000, 
ab195635, Abcam, Shanghai, China) and anti-Actin 
(1:1000, Abcam, Shanghai, China). After washing with 
Tris-buffered saline containing 0.05% Tween 20 (TBST), 
membranes were further incubated with HRP-conjugated 
antirabbit secondary antibody (1:2000, ab6721, Abcam, 
Shanghai, China) for 2 hour at room temperature. At 
last, the protein blots were visualized using a chemilumi-
nescence reagent kit (Millipore, Billerica, Massachusetts, 
USA) according to specific instructions. The gray value 
of each blot was quantified by the ImageJ software (NIH, 
Bethesda, Maryland, USA), with actin being the control.

Statistical analysis
The experiments were performed in triplicate inde-
pendently. All data were presented in the form of 
mean±SD. Two-tailed Studentʹs t-test or one-way ANOVA 
was respectively performed for the comparison between 
two groups or more than two groups. Data were analyzed 
by the Graphpad Prism V.6.0 software. The correlation 
analysis of circ-0000512, miR-622 and CMTM6 expression 
in TNBC tissues was performed by Pearson correlation 
analysis. P<0.05 indicated statistical significance.

RESULTS
circ-0000512 knockdown attenuated the proliferation and 
migration of TNBC cells and enhanced their apoptosis
Analysis based on GEO database revealed five upregu-
lated circRNAs (including circ-0000520, circ-0000518, 
circ-0000514, circ-0000511 and circ-0000512) and five 
downregulated circRNAs (namely, circ-103345, circ-
104270, circ-102051, circ-102619 and circ-102049) in 
TNBC (figure 1A). This study focused on the five upreg-
ulated circRNAs. To this end, we first measured the 
expression of 5 upregulated circRNAs in patients with 
TNBC and cells by qRT-PCR. In patients with TNBC, 
circ-0000520, circ-0000518, circ-0000514, circ-0000511 
and circ-0000512 were all significantly overexpressed 
in tumor tissues than that in adjacent normal tissues 
(p<0.05 or p<0.01) (figure 1B). Among the five upregu-
lated circRNAs, the expression levels of circ-0000518 and 
circ-0000512 were higher than those of the other three 
circRNAs. Meanwhile, circ-0000518 has been studied in 
previous work. Therefore, this study selected circ-0000512 



6 Dong L-F, et al. J Immunother Cancer 2023;11:e005461. doi:10.1136/jitc-2022-005461

Open access�

Figure 1  circ-0000512 knockdown attenuated TNBC cells proliferation, migration and enhanced apoptosis. (A) Differentially 
expressed circRNAs analysis in TNBC by GEO data analysis. (B) The upregulated circRNAs expression detection in patients 
with TNBC by qRT-PCR. *P<0.05 or **p<0.01 vs adjacent normal tissues. (C) circ-0000512 expression in cell lines by qRT-PCR. 
**P<0.01 vs MCF10A cell line. (D) circ-0000512 expression in MDA MB 231 and Hs578T cells transfected by circ-0000512 
shRNA and NC as researched by qRT-PCR. **P<0.01 vs shNC group. (E) Proliferation of MDA MB 231 and Hs578T cells 
transfected by circ-0000512 shRNA and NC as explored by colony formation assay. **P<0.01 vs shNC group. (F) Apoptosis 
of MDA MB 231 and Hs578T cells transfected by circ-0000512 shRNA and NC as investigated by flow cytometry. **P<0.01 vs 
shNC group. (G) Migration of MDA MB 231 and Hs578T cells transfected by circ-0000512 shRNA and NC as assessed by 
Transwell experiment. **P<0.01 vs shNC group. (H) circ-0000512 expression in MDA MB 231 and Hs578T cells transfected by 
circ-0000512 vector and empty vector as researched by qRT-PCR. **P<0.01 vs Control group. (I) Proliferation of MDA MB 231 
and Hs578T cells transfected by circ-0000512 vector and empty vector as explored by colony formation assay. **P<0.01 vs 
Control group. (J) Migration of MDA MB 231 and Hs578T cells transfected by circ-0000512 vector and empty vector as 
evaluated by Transwell experiment. **P<0.01 vs Control group. GEO, Gene Expression Omnibus; NC, negative control; qRT-
PCR, quantitative reverse transcription PCR; TNBC, triple-negative breast cancer.
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for follow-up research. From figure  1C, consistent with 
the result obtained from human breast epithelial cell line 
(MCF10A), circ-0000512 was markedly overexpressed in 
six TNBC cell lines (Hs578T, MDA MB 231, MDA MB 
436, MDA MB 468, BT549 and HCC1937) (p<0.01). All 
of these data revealed that circ-0000512 was upregulated 
in patients with TNBC and cells.

As observed from figure  1C, the highest and lowest 
circ-0000512 levels were detected in MDA MB 231 and 
Hs578T cell lines, respectively. Thus, MDA MB 231 
and Hs578T cell lines were used as the objects in the 
following research. Then, knockdown or overexpression 
of circ-0000512 was achieved in the two cell lines through 
transfection.

It was observed from figure 1D that circ-0000512 expres-
sion significantly decreased in MDA MB 231 and Hs578T 
cells of sh-circ-0000512-#1 group and sh-circ-0000512-#2 
group compared with that of shNC group (p<0.01). Later, 
colony formation assay, flow cytometry and Transwell 
assays were performed to detect cell proliferation, apop-
tosis and migration. As a result, MDA MB 231 and Hs578T 
cells of sh-circ-0000512-#1 group and sh-circ-0000512-#2 
group displayed a prominently lower colony number, a 
higher apoptotic rate and a lower number of migrating 
cells compared with those of shNC group (p<0.01) 
(figure 1E–G).

Additionally, circ-0000512 expression in MDA MB 231 
and Hs578T cells of circ-0000512 group increased rela-
tive to that of Control group (p<0.01) (figure 1H). More-
over, markedly higher colony numbers and migrating cell 
numbers were observed in MDA MB 231 and Hs578T 
cells of circ-0000512 group relative to those of Control 
group (p<0.01) (figure 1I,J).

circ-0000512 knockdown inhibited PD-L1 protein expression 
in TNBC cells by promoting its ubiquitination
The mRNAs levels of genes related to cell proliferation 
(CCND1, BCL2, CDKN1A, E2F1, MYC and PCNA) and 
immune escape (PD-L1, CXCL10, CCL2, IL2, IFNG 
and STAT1) were detected by qRTP-CR. According to 
figure  2A,B, relative to Control group, the CCND1, 
BCL2, E2F1, MYC and PCNA mRNA levels increased in 
MDA MB 231 and Hs578T cells of circ-0000512 group, 
whereas CDKN1A, CXCL10, CCL2, IL2, IFNG and STAT1 
mRNA levels decreased (p<0.05 or p<0.01). Compared 
with shNC group, MDA MB 231 and Hs578T cells of 
sh-circ-0000512-#1 group and sh-circ-0000512-#2 group 
showed much lower CCND1, BCL2, E2F1, MYC and PCNA 
mRNA levels, whereas higher CDKN1A, CXCL10, CCL2, 
IL2, IFNG and STAT1 mRNA levels (p<0.01). However, 
PD-L1 mRNA expression in MDA MB 231 and Hs578T 
cells was not significantly affected by circ-0000512 upreg-
ulation or downregulation. Interestingly, WB assay exhib-
ited that, MDA MB 231 and Hs578T cells of circ-0000512 
group expressed significantly higher PD-L1 protein levels 
than those of Control group. On the contrary, MDA MB 
231 and Hs578T cells of sh-circ-0000512-#1 group and 
sh-circ-0000512-#2 group expressed lower PD-L1 protein 

levels than those of shNC group (p<0.01) (figure  2C). 
Thus, it was speculated that circ-0000512 might affect 
PD-L1 expression at protein level but not mRNA level.

As suggested by RIP assay, circ-0000512 was not precip-
itated by PD-L1 protein. Therefore, there was no direct 
binding interaction between circ-0000512 and PD-L1 
protein (figure  2D). Subsequently, MDA MB 231 and 
Hs578T cells were treated with the protein synthesis inhib-
itor (CHX). As a result, circ-0000512 knockdown obvi-
ously declined the half-life of PD-L1 protein in MDA MB 
231 and Hs578T cells (figure 2E). Thereafter, the prote-
asome inhibitor (MG-132) was applied to treat MDA MB 
231 and Hs578T cells. As observed from figure 2F, MDA 
MB 231 and Hs578T cells treated with MG-132 exhibited 
higher PD-L1 protein levels than those without MG-132 
treatment. Interestingly, circ-0000512 knockdown did not 
obviously affect the PD-L1 protein level in MDA MB 231 
and Hs578T cells. Therefore, circ-0000512 knockdown 
inhibited PD-L1 protein level by destroying its stability. 
Based on results from ubiquitination assay, circ-0000512 
knockdown prominently promoted the PD-L1 protein 
ubiquitination level (figure  2G). These data demon-
strated that circ-0000512 knockdown destroyed the PD-L1 
protein stability by promoting its ubiquitination.

circ-0000512 knockdown enhanced PD-L1 protein 
ubiquitination modification in TNBC cells by inhibiting CMTM6 
expression
According to a previous study, CMTM6 and CSN5 have 
the function of inhibiting the ubiquitination of PD-L1 
protein.25 Thus, in order to explore the depth molec-
ular mechanisms by which circ-0000512 promotes TNBC 
progression, this study researched the expression of 
CMTM6 and CSN5 in the circ-0000512 silenced-TNBC 
or circ-0000512 overexpressed-TNBC cells. The mRNA 
and protein expression levels of CMTM6 and CSN5 in 
MDA MB 231 and Hs578T cells were detected by qRT-
PCR and WB assays. Compared with Control group, the 
CMTM6 protein and mRNA expression levels in MDA 
MB 231 and Hs578T cells of circ-0000512 group signifi-
cantly increased (p<0.01). Conversely, relative to shNC 
group, the CMTM6 protein and mRNA expression levels 
distinctly decreased in MDA MB 231 and Hs578T cells of 
sh-circ-0000512-#1 group and sh-circ-0000512-#2 group 
(p<0.01). However, CSN5 protein and mRNA expres-
sion levels were not obviously changed by circ-0000512 
upregulation or downregulation (figure  3A,B). These 
data implied that circ-0000512 could promote the expres-
sion of CMTM6 (rather than CSN5). Therefore, in the 
following study, CMTM6 was selected as the subject.

Next, the function of CMTM6 on the ubiquitination 
of PD-L1 protein in TNBC cells was verified. Compared 
with shNC group, CMTM6 protein and mRNA levels, 
and PD-L1 protein level significantly decreased in 
MDA MB 231 and Hs578T cells of sh-CMTM6 group 
(p<0.01). Oppositely, in comparison with Control 
group, the CMTM6 protein and mRNA levels, and 
PD-L1 protein level were markedly increased in MDA 
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MB 231 and Hs578T cells of CMTM6 group (p<0.01). 
However, PD-L1 mRNA levels in MDA MB 231 and 
Hs578T cells were not obviously affected by CMTM6 
upregulation or downregulation (figure  3C,D). In 

this regard, CMTM6 promoted PD-L1 expression at 
protein level but not mRNA level.

CHX and MG-132 were used respectively to 
treat MDA MB 231 and Hs578T cells. According to 

Figure 2  circ-0000512 knockdown inhibited PD-L1 protein expression in TNBC cells by promoting its ubiquitination. (A and 
B) The mRNAs levels of genes related to cell proliferation (CCND1, BCL2, CDKN1A, E2F1, MYC and PCNA) and immune 
escape (PD-L1, CXCL10, CCL2, IL2, IFNG and STAT1) in MDA MB 231 and Hs578T cells as detected by qRT-PCR. *P<0.05 or 
**p<0.01 vs Control group. ##P<0.01 vs shNC group. (C) PD-L1 protein expression in MDA MB 231 and Hs578T cells as 
researched by Western blot. **P<0.01 vs Control group or shNC group. (D) circ-0000512 precipitation by PD-L1 protein in 
MDA MB 231 and Hs578T cells as assessed by RIP assay. (E) After protein synthesis inhibitor (CHX) treatment, PD-L1 protein 
expression in MDA MB 231 and Hs578T cells as researched by Western blot. (F) After proteasome inhibitor (MG-132) treatment, 
PD-L1 protein expression in MDA MB 231 and Hs578T cells as evaluated by Western blot. (G) The ubiquitination of PD-L1 
protein in MDA MB 231 and Hs578T cells as explored by Western blot. NC, negative control; qRT-PCR; quantitative reverse 
transcription PCR; RIP, RNA immunoprecipitation; TNBC, triple-negative breast cancer.
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figure 3E,F, CMTM6 knockdown obviously shortened 
the half-life of PD-L1 protein. Moreover, MG-132 
treatment increased the PD-L1 protein expression in 
MDA MB 231 and Hs578T cells. Thus, CMTM6 knock-
down destroyed the stability of PD-L1 protein. Ubiq-
uitination assay displayed that, CMTM6 knockdown 
increased the ubiquitination level of PD-L1 protein 

(figure 3G). These data revealed that CMTM6 knock-
down reduced the PD-L1 protein level by enhancing 
its ubiquitination. Consequently, circ-0000512 knock-
down might enhance PD-L1 protein ubiquitination 
through inhibiting CMTM6 expression.

Figure 3  circ-0000512 knockdown enhanced PD-L1 protein ubiquitination modification in TNBC cells through inhibiting 
CMTM6 expression. (A) CMTM6 and CSN5 proteins expression in MDA MB 231 and Hs578T cells as assessed by Western 
blot. **P<0.01 vs Control group or shNC group. (B) CMTM6 and CSN5 mRNAs expression in MDA MB 231 and Hs578T cells 
as researched by qRT-PCR. **P<0.01 vs Control group. ##P<0.01 vs shNC group. (C) CMTM6 and PD-L1 proteins expression in 
MDA MB 231 and Hs578T cells as explored by Western blot. **P<0.01 vs Control group or shNC group. (D) CMTM6 and PD-
L1 mRNAs expression in MDA MB 231 and Hs578T cells as investigated by qRT-PCR. **P<0.01 vs shNC group. ##P<0.01 vs 
Control group. (E) After protein synthesis inhibitor (CHX) treatment, PD-L1 protein expression in MDA MB 231 and Hs578T cells 
as researched by Western blot. (F) After proteasome inhibitor (MG-132) treatment, PD-L1 protein expression in MDA MB 231 
and Hs578T cells as evaluated by Western blot. (G) The ubiquitination of PD-L1 protein in MDA MB 231 and Hs578T cells as 
explored by Western blot. NC, negative control; qRT-PCR; quantitative reverse transcription PCR; TNBC, triple-negative breast 
cancer.
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circ-0000512 promoted CMTM6 expression by sponging miR-
622 in TNBC
By analysis based on Circular RNA Interactome, nine 
miRNAs were found to be interacted with circ-0000512, 
including miR-622. Meanwhile, according to miRDB-
based analysis, 96 miRNAs were discovered to be inter-
acted with CMTM6, including miR-622. Notably, miR-622 
was the only miRNA that interacted with circ-0000512 
and CMTM6, which was thereby selected as the research 
object.

The binding site between circ-0000512 and miR-622 is 
displayed in figure 4A. Dual luciferase reporter gene assay 
was performed on MDA MB 231 and Hs578T cells. As a 
result, miR-622 upregulation markedly reduced the lucif-
erase activity of circ-0000512-WT (p<0.01), but did not 
obviously change that of circ-0000512-MUT (figure 4B). 
RIP assay demonstrated that both miR-622 and circ-
0000512 in MDA MB 231 and Hs578T cells were signifi-
cantly precipitated by anti-Ago2 (p<0.01) (figure  4C). 
Furthermore, circ-0000512 upregulation suppressed the 
expression of miR-622, whereas circ-0000512 downreg-
ulation elevated the expression of miR-622 in MB 231 
and Hs578T cells (p<0.01) (online supplemental figure 
1A,B).Therefore, circ-0000512 could directly repress the 
expression of miR-622.

The binding site between miR-622 and CMTM6 is 
shown in figure  4D. According to the results, miR-622 
upregulation distinctly declined the luciferase activity of 
CMTM6-WT in MDA MB 231 and Hs578T cells (p<0.01). 
However, miR-622 upregulation did not obviously change 
the luciferase activity of CMTM6-MUT in MDA MB 231 
and Hs578T cells. Hence, CMTM6 directly bound to miR-
622 (figure 4E).

WB assay exhibited that, compared with NC group, 
the CMTM6 protein level in MDA MB 231 and Hs578T 
cells of miR-622 mimics group significantly decreased 
(p<0.01) (figure  4F,G). Besides, high CMTM6 protein 
expression was detected in tumor tissues of patients with 
TNBC relative to that in adjacent normal tissues (p<0.01) 
(figure 4H). In contrast to adjacent normal tissues, high 
CMTM6 mRNA expression and low miR-622 expression 
were detected in tumor tissues (p<0.01) (figure  4I). 
Simultaneously, in tumor tissues of patients with TNBC, 
the expression of circ-0000512 was negative correlated 
with miR-622 (p=0.0267), but positively correlated with 
CMTM6 (p=0.0072) (online supplemental figure 2A,B). 
All of these results illustrated that circ-0000512 promoted 
CMTM6 expression in TNBC by sponging miR-622.

circ-0000512 knockdown enhanced the T cell killing ability in 
TNBC
In brief, CD8+ T cells were cocultured with MDA MB 
231 and Hs578T cells. Thereafter, the levels of IFNγ 
and IL2 in the supernatant of coculture medium were 
analyzed by ELISA. Relative to shNC group, MDA MB 
231 and Hs578T cells of sh-circ-0000512-#1 group and 
sh-circ-0000512-#2 group presented much higher IFNγ 
and IL2 levels in the supernatant of co-culture medium 

(p<0.01) (figure  5A,B). Flow cytometry revealed that, 
compared with shNC group, sh-circ-0000512-#1 group 
and sh-circ-0000512-#2 group displayed distinctly higher 
percentages of CD8+perforin+ T cells and CD8+TNF-α+ 
T cells (p<0.01) (figure 5C,D). Simultaneously, MDA MB 
231 and Hs578T cells of sh-circ-0000512-#1 group and 
sh-circ-0000512-#2 group exhibited remarkably lower OD 
values than that of shNC group (p<0.01) (figure 5E).

circ-0000512 knockdown inhibited TNBC cell growth both in 
immunodeficient mice and normal immune mice
In brief, MDA MB 231 cells were injected into immu-
nodeficient nude mice. As a result, circ-0000512 knock-
down resulted in the significantly decreased xenograft 
tumor volume and weight (p<0.01) (figure  6A,B). In 
comparison with shNC group, xenograft tumor tissues of 
sh-circ-0000512 group presented remarkably lower circ-
0000512 expression, higher miR-622 expression as well as 
lower CMTM6 mRNA and protein expression (p<0.01) 
(figure 6C,D).

Additionally, 4T1 cells were injected into normal 
immune mice for in vivo study. As shown in figure 6E,F, 
circ-0000512 knockdown markedly reduced the growth 
of 4T1 cells in vivo (p<0.01). Compared with shNC 
group, xenograft tumor tissues of sh-circ-0000512 group 
displayed lower circ-0000512 expression, higher miR-
622 expression, together with lower CMTM6 mRNA and 
protein expression (p<0.01). Meanwhile, circ-0000512 
knockdown did not significantly affect the PD-L1 
mRNA expression, but markedly reduced the PD-L1 
protein expression in xenograft tumor tissues (p<0.01) 
(figure  6G,H). CD8+ T cells in xenograft tumor tissues 
of normal immune mice were detected by IHC. As exhib-
ited in figure  6I, more CD8+ T cells were observed in 
sh-circ-0000512 group than those in shNC group.

DISCUSSION
The present work was the first to explore the function of 
circ-0000512 in TNBC progression. It was revealed that 
circ-0000512 was aberrantly upregulated in patients with 
TNBC and cells. In terms of the underlying mechanism, 
circ-0000512 might inhibit PD-L1 ubiquitination through 
sponging the miR-622/CMTM6 axis, thus promoting 
TNBC progression and immune escape. The intuitive 
molecular mechanism is presented in figure 7.

At present, data regarding the effect of circ-0000512 
on human diseases are still lacking. This study exactly 
revealed that circ-0000512 knockdown attenuated the 
proliferation and migration of TNBC cells and enhanced 
their apoptosis. qRT-PCR assay revealed that circ-0000512 
knockdown reduced the mRNA levels of CCND1, BCL2, 
E2F1, MYC and PCNA, and elevated those of CDKN1A, 
CXCL10, CCL2, IL2, IFNG and STAT1. By contrast, circ-
0000512 overexpression had opposite effects. CCND1, 
BCL2, E2F1, MYC and PCNA are the well-known onco-
genes, which facilitate tumorigenesis and progression 
through multiple approaches, such as promotion of cell 

https://dx.doi.org/10.1136/jitc-2022-005461
https://dx.doi.org/10.1136/jitc-2022-005461
https://dx.doi.org/10.1136/jitc-2022-005461


11Dong L-F, et al. J Immunother Cancer 2023;11:e005461. doi:10.1136/jitc-2022-005461

Open access

Figure 4  circ-0000512 promoted CMTM6 expression by sponging miR-622 in TNBC. (A) The binding site between 
circ-0000512 and miR-622. (B) The targeting relationship between circ-0000512 and miR-622 as researched by dual luciferase 
reporter gene assay. **P<0.01 vs NC group. (C) circ-0000512 and miR-622 precipitation in MDA MB 231 and Hs578T cells as 
reflected by RIP assay. **P<0.01 vs anti-Ago2 group. (D) The targeting relationship between miR-622 and CMTM6 as explored 
by dual luciferase reporter gene assay. **P<0.01 vs NC group. (E) CMTM6 protein expression in MDA MB 231 and Hs578T cells 
as investigated by Western blot. **P<0.01 vs NC group. (F) CMTM6 mRNA expression in MDA MB 231 and Hs578T cells as 
researched by qRT-PCR. **P<0.01 vs NC group. (G) CMTM6 protein expression in patients with TNBC as assessed by Western 
blot. **P<0.01 vs adjacent normal tissues. (H) CMTM6 mRNA and miR-622 expression in patients with TNBC as evaluated by 
qRT-PCR. **P<0.01 vs adjacent normal tissues. NC, negative control; qRT-PCR; quantitative reverse transcription PCR; TNBC, 
triple-negative breast cancer.
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cycle progression from G1 phase to S phase, apoptosis 
repression, proliferation and metastasis induction.26–30 
On the contrary, CDKN1A is confirmed as a tumor-
suppressor gene due to its activities of proliferation 
repression and apoptosis induction.31 Therefore, in this 

study, circ-0000512 knockdown might inhibit the malig-
nant phenotypes of TNBC by downregulating CCND1, 
BCL2, E2F1, MYC and PCNA and upregulating CDKN1A. 
Immune escape is a classic feature of tumorigenesis and 
progression. Tumor cells can avoid T cells capture and 

Figure 5  circ-0000512 knockdown enhanced T cell killing ability in TNBC. (A,B) CD8+ T cells were cocultured with MDA MB 
231 and Hs578T cells. IFNγ and IL2 level in the coculture medium supernatant was detected using ELISA. (C,D) The percentage 
of CD8+ perforin+ T cells and CD8+ TNF+ T cells as assessed by flow cytometry. (E) MDA MB 231 and Hs578T cells viability as 
researched by crystal violet staining. **P<0.01 vs shNC group. NC, negative control; TNBC, triple-negative breast cancer.
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Figure 6  circ-0000512 knockdown inhibited TNBC cells growth both in immunodeficient mice and normal immune 
mice. (A) The image of xenograft tumor tissues in immunodeficient nude mice. (B) Xenograft tumor volume and weight of 
immunodeficient nude mice. (C,D) circ-0000512, miR-622 and CMTM6 mRNA and protein expression in xenograft tumor tissues 
of immunodeficient nude mice as researched by qRT-PCR and Western blot respectively. (E) The image of xenograft tumor 
tissues in normal immune nude mice. (F) Xenograft tumor volume and weight of normal immune nude mice. (G,H) circ-0000512, 
miR-622, CMTM6 and PD-L1 mRNAs and proteins expression in xenograft tumor tissues of normal immune nude mice as 
explored by qRT-PCR and Western blot respectively. (I) CD8+ T cells in xenograft tumor tissues of normal immune nude mice 
as detected by IHC. **P<0.01 vs shNC group. IHC, immunohistochemistry; NC, negative control; qRT-PCR; quantitative reverse 
transcription PCR; TNBC, triple-negative breast cancer.
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induction of death during the immune escape process.32 
CXCL10, CCL2, IL2, IFNG and STAT1 are the common 
immune activation genes, which can repress immune 
escape of tumor cells by enhancing the immune respon-
siveness, and facilitate T cells proliferation and expansion 
to tumor lesion site.33 34 Thus, circ-0000512 knockdown 
might suppress the immune escape of TNBC cells by 
inducing the expression of CXCL10, CCL2, IL2, IFNG 
and STAT1.

Intriguingly, this study found that circ-0000512 knock-
down or overexpression did not significantly affect PD-L1 
mRNA expression, but markedly reduced the PD-L1 
protein expression in TNBC cells. Further research illus-
trated that circ-0000512 knockdown reduced the PD-L1 
protein expression in TNBC cells by promoting its ubiq-
uitination. The opposite results were found on circ-
0000512 overexpression. PD-L1 is an immunosuppressive 
molecule expressed by tumor cells, which can facilitate 
tumor progression by suppressing the T cell-mediated 
immune response.25 The post-translational modifica-
tion of PD-L1 is a crucial mechanism of tumor immune 
suppression.25 Ubiquitination is one of the main ways of 
PD-L1 post-translational modification, which effectively 
enhances the immunosuppression activity of PD-L1 and 
then attenuates the immune escape of tumor cells.35 This 
study revealed that circ-0000512 knockdown might atten-
uate the immune escape of TNBC cells by promoting 
PD-L1 ubiquitination.

As previously reported, CMTM6 and CSN5 are two 
important genes in suppressing the ubiquitination of 

PD-L1.25 This study researched the effect of circ-0000512 
on the expression of CMTM6 and CSN5. It was discov-
ered that circ-0000512 knockdown reduced CMTM6 
expression at both mRNA and protein levels, but did no 
significant affect CSN5 expression at both mRNA and 
protein levels. In-depth research revealed that CMTM6 
knockdown reduced PD-L1 expression at protein level 
by promoting its ubiquitination. CMTM6 is an important 
regulator of PD-L1 expression. Its knockdown can prom-
inently reduce PD-L1 expression on the surface of TNBC 
cells, thereby attenuating TNBC aggressiveness and 
immune escape.36 The high CMTM6 expression indi-
cated unfavorable PFS of patients with TNBC.18 This study 
revealed that CMTM6 was highly expressed in patients 
with TNBC. CMTM6 knockdown reduced PD-L1 protein 
expression in TNBC cells by promoting its ubiquitination. 
Therefore, circ-0000512 knockdown might weaken TNBC 
progression and immune escape by promoting PD-L1 
ubiquitination through reducing CMTM6 expression.

Further research was performed to verify the above 
speculation. It was demonstrated that circ-0000512 
directly suppressed miR-622 expression, while miR-622 
directly reduced CMTM6 expression at both mRNA and 
protein levels. Meanwhile, miR-622 was lowly expressed 
in patients with TNBC. Therefore, circ-0000512 might 
inhibit PD-L1 ubiquitination via sponging the miR-622/
CMTM6 axis, thus promoting TNBC progression and 
immune escape. Previous study has detected the downreg-
ulated miR-622 expression in patients with BC, which is 
associated with unfavorable clinical outcomes.37 miR-622 

Figure 7  The molecular mechanism of circ-0000512/miR-622/CMTM6 axis in regulating TNBC progression. TNBC, triple-
negative breast cancer.
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is also demonstrated as a tumor suppressor in some other 
human tumors, such as CRC, glioma, prostate cancer 
and renal cell carcinoma.38–41 As a result, these data indi-
cated that circ-0000512 knockdown might weaken TNBC 
progression and immune escape by promoting PD-L1 
ubiquitination through sponging the miR-622/CMTM6 
axis.

CD8+ T cells play a crucial role in tumor immunity, 
which can induce the death of tumor cells. However, the 
lack of CD8+ T cells will result in immune evasion of tumor 
cells,42 while the immune escape of tumor cells to CD8+ T 
cells can induce tumor progression.21 Additionally, IFNγ 
and IL-2 can support the survival of tumor-reactive T cells 
and maintain the lethality of T cells against tumor cells.43 44 
In this study, the activated CD8+ T cells were cocultured 
with TNBC cells. The results revealed that circ-0000512 
knockdown increased the secretion of IFNγ and IL-2, as 
well as the proportions of CD8+ perforin+ T cells and 
CD8+ TNF-α+ T cells, but reduced the OD value of TNBC 
cells. It should be noted that the levels of IFNγ and IL-2 
were detected in the coculture medium after coculture of 
TNBC cells and CD8+ T cells. Therefore, it was difficult 
to verify the changes in IFNγ and IL2 secreted by CD8+T 
cells in this coculture system. The changes in IFNγ and 
IL2 levels might be a result of a joint alteration of TNBC 
cells and CD8+ T cells. Nevertheless, one conclusion that 
could still be confirmed was that circ-0000512 knockdown 
enhanced the T cell killing ability.

More importantly, in vivo experiment indicated that 
circ-0000512 knockdown reduced tumor growth both in 
immunodeficient nude mice and normal immune mice. 
Simultaneously, circ-0000512 knockdown increased the 
CD8+ T cell proportion in xenograft tumors of normal 
immune mice. These in vivo data provided more solid 
theoretical foundation for the application of circ-0000512 
as a therapeutic target for TNBC.

This paper had limitations. In this paper, circ-0000512 
was proved to promote the expression of CMTM6, while 
CMTM6 could inhibit the ubiquitination and prolong 
the half-life of PD-L1 in TNBC cells. In order to visually 
validate that circ-0000512 could inhibit the ubiquitina-
tion and prolong the half-life of PD-L1 by promoting 
CMTM6 expression, it should be better to do experi-
ments about the half-life and ubiquitination of PD-L1 
after overexpressing CMTM6 in circ-0000512 knockdown 
cells. Furthermore, the expression and function of circ-
0000512 in non-TNBC should be researched. These will 
be carried out in our future studies as current laboratory 
conditions do not allow us to perform these experiments.

Conclusion
In summary, this article was the first to investigate the 
function of circ-0000512 in TNBC progression. It was 
discovered that circ-0000512 was highly expressed in 
patients with TNBC and cells. circ-0000512 knockdown 
attenuated the progression and immune escape of TNBC 
both in vitro and in vivo. Meanwhile, circ-0000512 knock-
down enhanced the lethality of CD8+ T cells against 

TNBC cells. Typically, the mechanism might be that circ-
0000512 inhibited PD-L1 ubiquitination by sponging the 
miR-622/CMTM6 axis, thus promoting TNBC progres-
sion and immune escape. Therefore, circ-0000512 might 
be an effective therapeutic target for TNBC.
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