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Abstract
Atherosclerosis (AS) is one of the most common and important vascular diseases. It is 
believed that the abnormal expression of circular RNAs (circRNAs) plays an important 
role in AS. Hence, we investigate the function and mechanism of circ-C16orf62 in AS 
development.

In this study,  oxidized low-density lipoprotein (ox-LDL)-treated human macrophages 
(THP-1) were used as pathological conditions of AS in vitro. The expression of circ-
C16orf62, miR-377 and Ras-related protein (RAB22A) mRNA was detected by real-time 
quantitative polymerase chain reaction (RT-qPCR) or western blot. Cell viability or cell 
apoptosis was assessed by cell counting kit-8 (CCK-8) assay or flow cytometry assay. 
The releases of proinflammatory factors were investigated using enzyme-linked immu-
nosorbent assay (ELISA). The production of malondialdehyde (MDA) and superoxide 
dismutase (SOD) was examined to assess oxidative stress. Total cholesterol (T-CHO) level 
was detected, and cholesterol efflux level was tested using a liquid scintillation counter. 
The putative relationship between miR-377 and circ-C16orf62 or RAB22A was verified 
by dual-luciferase reporter assay and RNA immunoprecipitation (RIP) assay.

circ-C16orf62 expression was elevated in AS serum samples and ox-LDL-treated THP-
1 cells. Apoptosis, inflammation, oxidative stress and cholesterol accumulation induced by 
ox-LDL were suppressed by circ-C16orf62 knockdown. Circ-C16orf62 could bind to miR-
377 and thus increased the expression level of RAB22A. Rescued experiments showed 
that circ-C16orf62 knockdown alleviated ox-LDL-induced THP-1 cell injuries by increas-
ing miR-377 expression, and miR-377 overexpression lessened ox-LDL-induced THP-1 
cell injuries by degrading RAB22A level.

In conclusion,  circ-C16orf62 played a crucial role in the regulation of apoptosis, in-
flammation, oxidative stress and cholesterol accumulation in ox-LDL-treated human mac-
rophages via mediating the miR-377/RAB22A axis, hinting that circ-C16orf62 might be 
involved in AS progression.
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Introduction

Atherosclerosis (AS) is one of the common chronic inflammatory diseases, leading to a vari-
ety of cardiovascular diseases, such as acute myocardial infarction, coronary heart disease 
and so on [1]. Oxidized low-density lipoprotein (ox-LDL) is considered to be a key factor 
in the occurrence and development of AS, which can promote the formation of foam cells 
and the destruction of the homeostasis of cholesterol uptake and efflux in macrophages [2]. 
Macrophages play crucial roles in all stages of AS [3]. In the progressive stage of AS, the 
accumulation of ox-LDL, the promotion of inflammation responses and the activation of 
oxidative stress can facilitate the formation of vulnerable plaques through promoting mac-
rophage apoptosis [4]. Vulnerable plaque rupture contributes to the formation of thrombus, 
leading to cardiovascular diseases [4]. Therefore, it is of great significance to explore effec-
tive treatment strategies to inhibit the abnormal characteristics of macrophages to inhibit 
the progression of AS.

Increasing studies have reported that circular RNAs (circRNAs) are implicated in the 
development of AS through multiple regulatory modes, including the modulation of vascu-
lar endothelial cell injuries and the mediation of vascular smooth muscle cell proliferation 
[5, 6]. However, the implication of circRNAs in macrophage activities and functions is still 
lacking, even though the great advances of other non-coding RNA (ncRNA) molecules, 
such as long ncRNA (lncRNA) and microRNA (miRNA), have been made in the functions 
of macrophage in AS [7–9]. Certain circRNAs are involved in specific physiological and 
pathological processes through transcriptional or post-transcriptional regulatory mecha-
nisms [10], including the development of heart and blood vessels, cardiac abnormalities 
such as coronary heart disease and other cardiovascular diseases [11]. Ox-LDL is widely 
used to treat vascular endothelial cells, vascular smooth muscle cells, or macrophages to 
mimic AS cell conditions in vitro [12]. A previous study utilized ox-LDL to treat monocytic 
THP-1 cells pretreated with phorbol 12-myristate 13-acetate (PMA), and circRNA expres-
sion profiling (GSE107522) showed that several circRNAs were differently expression after 
treatment [13], including increased circ_0003645 (circ-C16orf62). The detailed role of circ-
C16orf62 needs to be further explored in ox-LDL-treated THP-1 cells.

It is well canonical that certain circRNAs compete with mRNAs for target miRNA 
response elements (MREs) via a competing endogenous RNA (ceRNA) mechanism [14], 
and the circRNA-miRNA-mRNA networks are widely identified to expound the functional 
modes of circRNAs in human diseases [14]. The development of bioinformatics analysis 
makes it easy to predict potential targets of circRNA or miRNA [15]. Based on this, miR-
377 is predicted to be one of the targets of circ-C16orf62, and miR-377 was documented to 
be involved in AS progression [16]. Thus, miR-377 was screened in our study for further 
exploration. Moreover, bioinformatics analysis shows that Ras-related protein (RAB22A) is 
a putative target of miR-377. It is worth exploring the interaction among them to construct 
a potential regulatory network for circ-C16orf62 in AS progression.

In the present study, we determined the expression of circ-C16orf62 in clinical AS serum 
samples and ox-LDL-treated THP-1 macrophages. Loss-function experiments were con-
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ducted to explore the function of circ-C16orf62 on apoptosis, inflammatory responses, 
oxidative stress and cholesterol accumulation in macrophages. Besides, the circ-C16orf62-
miR-377-RAB22A network was proposed to elucidate the regulatory mechanism of circ-
C16orf62, aiming to provide an additional therapeutic target for AS.

Materials and Methods

Serum Samples

Blood samples were collected from the Second Affiliated Hospital of Hainan Medical Uni-
versity, including blood samples from AS patients (n = 29) and blood samples from normal 
participants (n = 18, without AS). The clinical parameters of these subjects were listed in 
Table  1. The use of these samples was approved by each subject with written informed 
consent. AS patients were enrolled following the exclusion criteria: patients with severe 
infection or malignant disease, with severe liver or kidney damage, receiving any surgical 
intervention on the heart in history, body mass index over 35. Serum samples were obtained 
from blood samples by centrifugalization and then frozen in the − 80℃ conditions until 
use. Importantly, this study was approved by the Ethics Committee of the Second Affiliated 
Hospital of Hainan Medical University (LW2022241).

Cells and ox-LDL Treatment

Human monocytic THP-1 cells were purchased from EK-Bioscience (Shanghai, China) and 
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% 
fetal bovine serum (FBS; EK-Bioscience) at a 37℃ incubator with 5% CO2.

THP-1 cells plated into a 6-well plate were induced into macrophages using the phorbol-
12-myristate acetate (PMA, 100 nM; Sigma-Aldrich, St. Louis, MO, USA) for 48 h at 37℃ 
prior to subsequent experimentation.

For dose effect analysis, THP-1 macrophages were treated with ox-LDL (Solarbio, Bei-
jing, China) for 48 h, at the dose of 0, 25, 50 and 100 µg/mL. For time effect analysis, THP-1 
macrophages were treated with 50 µg/mL ox-LDL for different time (0, 12, 24 and 48 h). 
The subsequent functional experiments were performed using THP-1 macrophages treated 
with 50 µg/mL ox-LDL for 48 h.

Parameters Normal group (n = 18) AS group (n = 29)
Gender (male/female) 10/8 12/17
Age (years) 52.3 ± 5.6 59.2 ± 7.3
LDL-C(mg/dL) 98.6 ± 15.7 156.3 ± 26.9
HDL-C(mg/dL) 39.2 ± 5.2 31.4 ± 9.5
T.CHOL (mg/dL) 138.7 ± 38.6 201.3 ± 47.6
Body mass index 23.6 ± 1.4 28.6 ± 2.1

Table 1  The clinical parameters 
of all subjects in this study
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Real-time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA isolated using a Trizol reagent (Invitrogen, Carlsbad, CA, USA) was checked 
using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). For circ-C16orf62, 
C16orf62 and RAB22A, cDNA synthesis and RT-qPCR were performed using Super-
Script™ III One-Step RT-PCR System (Invitrogen) and SYBR GreenER™ qPCR Super-
Mix (Invitrogen). For miR-377, cDNA synthesis and RT-qPCR were performed using 
miRcute Plus miRNA First-Strand cDNA Kit (TianGen, Beijing, China) and miRcute Plus 
miRNA qPCR Kit (SYBR Green) (TianGen). The relative expression was calculated using 
the 2−ΔΔCt method, with Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH, for circ-
C16orf62 and RAB22A) or U6 (for miR-377) as the internal reference. The following PCR 
cycling conditions were used: initial denaturation at 95 °C for 5 min, 1 cycle; denaturation 
at 95 °C for 30 s, annealing at 61 °C for 30 s, and extension at 72 °C for 30 s, 35 cycles. The 
primers used were listed follows:

circ-C16orf62, F: 5’-CCTCTCCCAAGTGCACTCA-3’ and R: 5’-AGAACAG-
GCTCCAGATTGCA-3’; C16orf62, F: 5’-ATCAGAGGGATCGGAGACCC-3’ and R: 
5’-CTTCCATTCCCACCCGGC-3’; miR-377, F: 5’-CGCGATCACACAAAGGCAAC-3’ 
and R: 5’-AGTGCAGGGTCCGAGGTATT-3’; RAB22A, F: 5’-TTTTGGCC-
GCTTTGTAGCAC-3’ and R: 5’-CAGAAGCTTGGCAAACCACC-3’; GAPDH, F: 
5’-GAATGGGCAGCCGTTAGGAA-3’ and R: 5’-AAAAGCATCACCCGGAGGAG-3’; 
U6, F: 5’-CTCGCTTCGGCAGCACA-3’ and R: 5’-AACGCTTCACGAATTTGCGT-3’;

Subcellular Distribution

The RNA from cytoplasmic fraction or nuclear fraction of THP-1 cells using the Cytoplas-
mic & Nuclear RNA Purification Kit (Norgen Biotek, Ontario, Canada). The expression 
of circ-C16orf62 in cytoplasmic fraction or nuclear fraction was detected using RT-qPCR, 
with U6 as an interference in the nucleus and GAPDH as an interference in the cytoplasm.

RNase R Treatment

Total RNA was isolated and then exposed to RNase R (3 U/µg; Epicentre, Madison, 
WI, USA) for 15 min at 37℃. Subsequently, the expression of circ-C16orf62 and linear 
C16orf62 was detected by RT-qPCR using these treated RNA samples.

Cell Transfection

Small interference RNA (siRNA)-mediated circ-C16orf62 knockdown (si-circ-C16orf62) 
and its negative control (si-NC) were obtained from Integrated Biotech Solutions (IBSBIO; 
Shanghai, China). The mimic and inhibitor of miR-377 (miR-377 or anti-miR-377) were 
purchased from Ribobio (Guangzhou, China), using mimic control (miR-NC) or inhibi-
tor control (anti-miR-NC) as corresponding control. pcDNA3.1(+) CircRNA Mini Vector 
was used for circ-C16orf62 overexpression (circ-C16orf62), which was constructed by EK-
Bioscience, with empty pcDNA3.1(+) (pcDNA) as a control. Besides, RAB22A sequence 
was cloned into pcDNA vector for RAB22A overexpression (RAB22A) by EK-Bioscience. 
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These sequences or plasmids were transfected into THP-1 cells for functional analyses 
using Lipofectamine 3000 transfection kit (Invitrogen).

Cell Counting kit-8 (CCK-8) Assay

To detect cell viability, THP-1 macrophages with treatment or transfection were planted into 
a 96-well plate (2000 cells/well) to incubate cells. At 48 h post-incubation, cells in each well 
were treated with 10 µL CCK-8 reagent (Sigma-Aldrich) for another 2 h. Subsequently, the 
absorbance at 450 nm was detected using a microplate reader (Thermo Fisher Scientific) to 
monitor cell viability.

EdU Assay

EdU proliferation was performed using Cell-Light EdU Apollo567 Kit (Ribobio). Sim-
ply put, cells with transfections were planted in 96-well plates (2000 cells/well). At 48 h 
post-incubation, cells were cultured with EdU for 4 h, fixed by 4% paraformaldehyde, and 
stained by Apollo567 and 4, 6-diamidino-2-phenylindole (DAPI). Images were taken by a 
fluorescence microscope (Leica, Wetzlar, Germany), and the number of EdU-positive cells 
was counted.

Flow Cytometry Assay

Cell apoptosis was assessed using the Annexin V-FITC Apoptosis Detection Kit (Beyotime, 
Shanghai, China). Briefly, the experimental cells were collected at 48 h post-transfection 
and suspended in phosphate-buffered saline (PBS). Then, cells (5 × 104) were used to incu-
bate with 195 µL Annexin V-FITC binding buffer, followed by 5 µL Annexin V-FITC and 
10 µL propidium iodide (PI). The apoptotic cells were sorted and analyzed using a FACScan 
(Beckman Coulter, Fullerton, CA, USA), and then processed using the FlowJo software.

Enzyme-linked Immunosorbent Assay (ELISA)

Human IL-8 ELISA Kit (ab214030; Abcam, Cambridge, MA, USA), Human IL-1 beta 
(Interleukin 1 beta) ELISA kit (ab214025; Abcam), and Human TNF alpha ELISA kit 
(ab181421; Abcam) were utilized to examine the release of proinflammatory factors in cell 
culture medium, including IL-8, IL-1β and TNF-α, according to the protocols. Cells with 
transfections were cultured for 48 h, and the supernatant cell culture medium was collected 
for detection.

Detection of Malondialdehyde (MDA) and Superoxide Dismutase (SOD)

The production of MDA and SOD was examined using MDA assay kit (Sigma-Aldrich) 
and SOD assay kit (Sigma-Aldrich) to assess oxidative stress. The procedures were imple-
mented following the protocols.
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Total Cholesterol (T-CHO) Level Detection and Cholesterol Efflux Level Analysis

T-CHO level in THP-1 macrophages was determined using a Total cholesterol quantitation 
kit (Sigma-Aldrich) by a colorimetric or fluorometric test according to the manufacturer’s 
instructions.

THP-1 cells were incubated in RPMI 1640 containing 0.5 µCi/mL [3  H] cholesterol 
(radiolabeled cholesterol; PerkinElmer, Waltham, MA, USA) for 24  h. Then, cells were 
washed with PBS and cultured in RPMI 1640 containing 0.1% BSA to equilibrate [3 H] 
cholesterol in all cell pools. Subsequently, cells were washed with PBS again and incubated 
in RPMI 1640 containing 0.1% BSA and 25 µg/mL apolipoprotein A-I (apoA-I; Sigma-
Aldrich) for 6 h. The efflux medium was next collected to remove cell debris by centri-
fuging. Cells were treated with scintillation lysis, and the liquid scintillation counter was 
applied to assess medium and cell-associated [3 H] cholesterol.

Bioinformatics Analysis

Bioinformatics tools, such as circular RNA interactome (https://circinteractome.nia.nih.
gov/) and starbase (http://starbase.sysu.edu.cn/), were used to analyze the putative targets of 
circ-C16orf62 and miR-377.

Dual-luciferase Reporter Assay

According to the binding sites between miR-377 and circ-C16orf62 or RAB22A, lucifer-
ase reporter plasmids were constructed using pmirGLO vector (Promega, Madison, WI, 
USA), including WT-circ-C16orf62 (circ-C16orf62 fragment harboring miR-377 binding 
sites), MUT-circ-C16orf62 (circ-C16orf62 fragment harboring mutated miR-377 binding 
sites), RAB22A 3’UTR-WT (RAB22A 3’UTR fragment harboring miR-377 binding site)
and RAB22A 3’UTR-MUT (RAB22A 3’UTR fragment harboring mutated miR-377 bind-
ing site). Any one of these reporter plasmids was transfected with miR-377 or miR-NC into 
THP-1 cells. At 48 h post-transfection, luciferase activity in cells was checked using the 
dual-luciferase reporter assay system (Promega).

RNA Immunoprecipitation (RIP) Assay

RIP assay was implemented using a Magna RIP RNA-Binding Protein Immunoprecipita-
tion Kit (Millipore, Billerica, MA, USA). THP-1 cells were lysed using lysis buffer, and cell 
lysates were incubated with the beads coated with human Argonaute 2 antibody (anti-Ago2; 
Millipore) or mouse Immunoglobulin G antibody (anti-IgG; Millipore). The RNA com-
pounds bound to conjugated beads were eluted for RT-qPCR analysis.

Western Blot Assay

The protein was extracted using RIPA reagent (Solarbio) and then separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Polyvinylidene fluo-
ride (PVDF) membranes (Bio-Rad, Hercules, CA, USA) stained with protein blots were 
blocked by 5% skim milk and then incubated with the primary antibodies (all purchased 

1 3

6591

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
http://starbase.sysu.edu.cn/


Applied Biochemistry and Biotechnology (2023) 195:6586–6606

from Abcam) against RAB22A (anti-RAB22A; ab138505; dilution: 1/3000), total caspase-3 
(anti-caspase-3; ab32150; dilution: 1/1000), cleaved-caspase-3 (anti-cleaved-caspase-3; 
ab2302; dilution: 1/200), Bcl-2 (anti-Bcl-2; ab32124; dilution: 1/1000) or Bax (anti-Bax; 
ab182733; dilution: 1/2000), followed by the incubation with the secondary antibody 
(ab205718; Abcam; dilution: 1/5000). The protein visualized by enhanced chemilumines-
cent (ECL) Detection Reagents (Beyotime) were quantified using Image J software (NIH, 
Bethesda, MA, USA).

Statistical Analysis

Three independent experiments were included in this study to obtain the data in each fig-
ure. All data analyzed by GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) 
were expressed as the mean ± standard deviation (SD). Student’s t-test was used to analyze 
the significance between two groups, and multiple comparisons among multiple groups 
were performed using analysis of variance (ANOVA). The correlation between miR-377 
expression and circ-C16orf62 expression or RAB22A expression in serum samples was 
determined using Pearson correlation analysis. It was considered statistically significant 
when p-value < 0.05.

Results

Circ-C16orf62 was Overexpressed in AS Serum Samples and ox-LDL-treated THP-1 
Cells

At first, we explored the expression levels of circ-C16orf62 in serum samples and ox-LDL-
treated THP-1 cells. Noticeably, the expression of circ-C16orf62 in serum samples from AS 
patients (n = 29) was higher than that in serum samples from normal participants (n = 18) 
(Fig. 1A). As well, the expression of circ-C16orf62 was significantly increased in ox-LDL-
administered THP-1 cells compared to Control in a dose-dependent manner, also in a time-
dependent manner (Fig. 1B C). Further expression analysis showed that circ-C16orf62 was 
chiefly located in the cytoplasm but not in the nucleus of THP-1 cells (Fig. 1D). RNase 
R test manifested that circ-C16orf62, compared to linear C16orf62, was more resistant to 
RNase R digestion (Fig. 1E). We investigated the expression and characteristics of circ-
C16orf62, showing that circ-C16orf62 might be involved in AS.

Ox-LDL Induced Apoptosis, Inflammation, Oxidative Stress and Cholesterol 
Accumulation in THP-1 Cells

THP-1 cells were treated with different concentrations of ox-LDL. CCK-8 assay showed 
that cell viability was notably impaired in these treated cells in a dose-dependent manner 
(Fig. 2A). Flow cytometry assay introduced that the apoptotic rate of these treated cells was 
rapidly increased in a dose-dependent manner (Fig. 2B). EdU assay showed that ox-LDL 
treatment significantly reduced the number of EdU-positive cells in a dose-dependent man-
ner, suggesting that ox-LDL inhibited cell proliferation (Fig. 2C). Additionally, the protein 
levels of cleaved-caspase-3 and Bax were strikingly enhanced, while the protein level of 
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Bcl-2 was strikingly reduced in THP-1 cells treated with ox-LDL (Fig. 2D and E). ELISA 
led us to realize that ox-LDL enhanced the releases of proinflammatory factors, including 
IL-8, IL-1β and TNF-α, in a dose-dependent manner (Fig. 2F). In addition, the production 
of MDA and SOD was detected to assess oxidative stress. The level of MDA was mark-
edly increased, while the level of SOD was lessened in ox-LDL-treated THP-1 cells in a 
dose-dependent manner (Fig.  2G H). Moreover, we monitored the levels of T-CHO and 
cholesterol efflux, and the data showed that T-CHO levels were markedly reinforced in 
ox-LDL-treated THP-1 cells in a dose-dependent manner, while cholesterol efflux levels 
were declined (Fig. 2I J). ABCA1, also known as the cholesterol efflux regulatory protein 
(CERP), is a major regulator of cellular cholesterol and phospholipid homeostasis [17]. 
Herein, we monitored that ABCA1 protein expression was gradually weakened in ox-
LDL-treated THP-1 cells in a dose-dependent manner (Fig. 2K). These data suggested that 
ox-LDL induced a range of abnormal cellular functions and injuries, including apoptosis, 
inflammation, oxidative stress and cholesterol accumulation.

Circ-C16orf62 Knockdown Relieved ox-LDL-induced Apoptosis, Inflammation, 
Oxidative Stress and Cholesterol Accumulation

Next, we addressed the function of circ-C16orf62 in ox-LDL-treated THP-1 cells. As 
shown in Fig.  3A, circ-C16orf62 expression was largely repressed in ox-LDL-treated 
THP-1 cells transfected with si-circ-C16orf62 compared to si-NC, suggesting the available 
efficiency of si-circ-C16orf62. In function, ox-LDL-blocked cell viability was rescued by 

Fig. 1  circ-C16orf62 was highly expressed in AS serum samples and ox-LDL-treated THP-1 cells. 
(A) RT-qPCR was performed to detect the expression of circ-C16orf62 in serum samples from AS pa-
tients (n = 29) and normal participants (n = 18). (B) THP-1 cells were treated with different concentra-
tions of ox-LDL (Control, 25, 50 and 100 µg/mL) for 48 h, and the expression of circ-C16orf62 was 
detected using RT-qPCR. (C) THP-1 cells were treated with 50 µg/mL ox-LDL for different time (0, 12, 
24 and 48 h), and the expression of circ-C16orf62 was detected using RT-qPCR. (D) Cytoplasmic RNA 
and nuclear RNA were isolated to detect the distribution of circ-C16orf62 using RT-qPCR. (E) The ef-
fect of RNase R on the expression of circ-C16orf62 and linear C16orf62 was determined by RT-qPCR. 
**P < 0.01, ***P < 0.001, and ****P < 0.0001
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combined circ-C16orf62 knockdown (Fig. 3B), while ox-LDL-induced cell apoptotic rate 
was largely inhibited by circ-C16orf62 knockdown (Fig.  3C). EdU assay indicated that 
ox-LDL-inhibited cell proliferation was recovered by circ-C16orf62 knockdown (Fig. 3D). 
The protein levels of cleaved-caspase-3 and Bax were largely repressed, while the pro-
tein level of Bcl-2 was largely restored in ox-LDL-treated THP-1 cells after circ-C16orf62 
knockdown (Fig. 3E F). Besides, the transfection of si-circ-C16orf62 largely weakened the 
releases of IL-8, IL-1β and TNF-α that were promoted by ox-LDL treatment (Fig. 3G). In 
addition, circ-C16orf62 knockdown alleviated ox-LDL-induced oxidative stress because 
si-circ-C16orf62 transfection weakened the level of MDA and reinforced the level of SOD 
(Fig. 3H and 3I). Moreover, the level of T-CHO accumulated by ox-LDL was partly reduced 
by circ-C16orf62 knockdown, and the level of cholesterol efflux blocked by ox-LDL was 

Fig. 2  Ox-LDL induced THP-1 cell apoptosis, inflammation, oxidative stress and cholesterol accu-
mulation. THP-1 cells were treated with different concentrations of ox-LDL (Control, 25, 50 and 100 µg/
mL), and (A) cell viability was detected by CCK-8 assay. (B) Cell apoptosis was monitored by flow cy-
tometry assay. (C) Cell proliferative capacity was determined by EdU assay. (D and E) The expression of 
cleaved-caspase-3, Bax and Bcl-2 was detected by western blot. (F) The levels of IL-8, IL-1β and TNF-α 
were examined using ELISA kits. (G and H) The levels of MDA and SOD production were checked using 
detection kits. (I) The levels of T-CHO were examined using a total cholesterol test kit. (J) The levels of 
cholesterol efflux were determined using a liquid scintillation counter. (K) The protein level of ABCA1 
was examined by western blot. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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recovered by circ-C16orf62 knockdown (Fig. 3J and 3K), suggesting that circ-C16orf62 
knockdown inhibited cholesterol accumulation. ABCA1 protein expression impaired by ox-
LDL was largely restored by circ-C16orf62 knockdown in THP-1 cells (Fig. 3L). In short, 
we characterized that circ-C16orf62 deficiency could alleviate ox-LDL-induced THP-1 cell 
dysfunctions and injuries.

Fig. 3  circ-C16orf62 knockdown alleviated ox-LDL induced THP-1 cell apoptosis, inflammation, 
oxidative stress and cholesterol accumulation. THP-1 cells treated with ox-LDL were transfected with 
si-circ-C16orf62 or si-NC. (A) The expression of circ-C16orf62 in these cells was measured by RT-qPCR. 
(B) Cell viability was assessed by CCK-8 assay. (C) Cell apoptosis was assessed by flow cytometry assay. 
(D) Cell proliferation was detected by EdU assay. (E and F) The protein levels of cleaved-caspase-3, Bax 
and Bcl-2 were quantified by western blot. (G) The releases of IL-8, IL-1β and TNF-α were checked using 
ELISA kits. (H and I) The levels of MDA and SOD in these experimental cells were checked using detec-
tion kits. (J and K) The levels of T-CHO were examined using a total cholesterol test kit, and the levels 
of cholesterol efflux were determined using a liquid scintillation counter. (L) The protein level of ABCA1 
was examined by western blot. **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Circ-C16orf62 Bound to miR-377, and miR-377 was Downregulated in AS Serum and 
ox-LDL-treated THP-1 Cells

Our previous data suggested that circ-C16orf62 was mainly distributed in the cytoplasm, 
hinting that circ-C16orf62 might regulate miRNA expression through ceRNA mecha-
nism. From the prediction of circular RNA interactome, miR-377 was a putative target of 
circ-C16orf62, with special binding sites between their sequences (Fig. 4A). The putative 
relationship between miR-377 and circ-C16orf62 was then validated by dual-luciferase 
reporter assay and RIP assay. The data presented that only the cotransfection of miR-377 
and WT-circ-C16orf62 could significantly reduce luciferase activity compared to other 
groups (Fig. 4B), and both circ-C16orf62 and miR-377 bound to Ago2 antibody but not 
lgG antibody could be enriched in the RIP assay (Fig. 4C). The expression of miR-377 was 
remarkably downregulated in serum samples from AS patients (n = 29) compared with that 
from normal participants (n = 18) (Fig. 4D), and miR-377 expression was also decreased in 
ox-LDL-administered THP-1 cells in a dose-dependent manner, also in a time-dependent 
manner (Fig. 4E F). In AS serum samples (n = 29), miR-377 expression was negatively cor-
related with circ-C16orf62 expression (Fig. 4G). The expression of circ-C16orf62 was ele-
vated in ox-LDL-treated THP-1 cells, and circ-C16orf62 expression was further increased 

Fig. 4  MiR-377 was a target of circ-C16orf62. (A) MiR-377 was predicted as a target of circ-C16orf62 
by circular RNA interactome. (B and C) The putative relationship between miR-377 and circ-C16orf62 
was verified by dual-luciferase reporter assay and RIP assay. (D) RT-qPCR was performed to detect the 
expression of miR-377 in serum samples from AS patients (n = 29) and normal participants (n = 18). (E) 
The expression of circ-C16orf62 was detected using RT-qPCR in THP-1 cells treated with different con-
centrations of ox-LDL (Control, 25, 50 and 100 µg/mL) for 48 h. (F) The expression of circ-C16orf62 
was detected using RT-qPCR in THP-1 cells treated with 50 µg/mL ox-LDL for different time (0, 12, 24 
and 48 h). (G) The correlation between miR-377 expression and circ-C16orf62 expression in AS serum 
samples was analyzed by Pearson correlation analysis. (H) The efficiency of circ-C16orf62 overexpres-
sion in ox-LDL-treated THP-1 cells was checked by RT-qPCR. (I) The expression of miR-377 in ox-
LDL-treated THP-1 cells with circ-C16orf62 knockdown or overexpression was measured by RT-qPCR. 
**P < 0.01, ***P < 0.001, and ****P < 0.0001
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by the transfection of circ-C16orf62 compared to pcDNA (Fig.  4H). In ox-LDL-treated 
THP-1 cells, si-circ-C16orf62 transfection significantly enhanced the level of miR-377, and 
circ-C16orf62 transfection significantly impaired the level of miR-377 (Fig. 4I). All data 
verified that miR-377 was a target of circ-C16orf62.

Circ-C16orf62 Knockdown Relieved ox-LDL-induced Apoptosis, Inflammation, 
Oxidative Stress and Cholesterol Accumulation by Increasing miR-377 Level

The expression of miR-377 was strikingly elevated in ox-LDL-treated THP-1 cells trans-
fected with si-circ-C16orf62, while miR-377 expression was decreased in ox-LDL-treated 
THP-1 cells cotransfected with si-circ-C16orf62 + anti-miR-377 (Fig. 5A). In function, circ-
C16orf62 knockdown promoted cell viability impaired by ox-LDL, while combined miR-
377 inhibition largely reduced cell viability (Fig. 5B). Besides, in ox-LDL-treated THP-1 
cells, the reintroduction of anti-miR-377 strengthened the apoptotic rate that was blocked 
by si-circ-C16orf62 alone (Fig. 5C). EdU assay showed that circ-C16orf62 knockdown-res-
cued cell proliferative capacity was partially repressed by miR-377 inhibition (Fig. 5D). The 
protein levels of cleaved-caspase-3 and Bax were inhibited by circ-C16orf62 knockdown 
but restored by miR-377 downregulation in ox-LDL-treated THP-1 cells, while the expres-
sion pattern of Bcl-2 was opposite to cleaved-caspase-3 and Bax (Fig.  5E). In addition, 
ox-LDL-induced the releases of IL-8, IL-1β and TNF-α were alleviated by circ-C16orf62 
knockdown, while further miR-377 inhibition restored the releases of these factors (Fig. 5F). 
Moreover, the reintroduction of anti-miR-377 partly enhanced the level of MDA and less-
ened the level of SOD compared to single si-circ-C16orf62 transfection in ox-LDL-treated 
THP-1 cells (Fig. 5G H). The level of T-CHO repressed in ox-LDL-treated cells with si-
circ-C16orf62 transfection alone was largely recovered in ox-LDL-treated cells with si-circ-
C16orf62 + anti-miR-377 cotransfection, while the level of cholesterol efflux was opposite 
to the level of T-CHO (Fig. 5I J). Circ-C16orf62 deficiency recovered ABCA1 level that 
was repressed by ox-LDL, while further miR-377 inhibition largely reduced ABCA1 level 
(Fig. 5K). We concluded from these data that circ-C16orf62 knockdown alleviated ox-LDL-
induced THP-1 cell dysfunctions and injuries by enriching the level of miR-377.

MiR-377 Combined to RAB22A 3’UTR

RAB22A was predicted to be a target of miR-377 by starbase, and miR-377 bound to 
RAB22A 3’UTR through a special binding site (Fig. 6A). Next, dual-luciferase reporter 
assay showed that the luciferase activity was strikingly reduced in THP-1 cells cotrans-
fected with miR-377 and RAB22A 3’UTR-WT but not RAB22A 3’UTR-MUT (Fig. 6B). 
Besides, both miR-377 and RAB22A could be abundantly detected in the compounds from 
the Ago2-RIP group compared to IgG-RIP group (Fig.  6C). The data demonstrated that 
RAB22A was a target of miR-377. The mRNA level and protein level of RAB22A were 
both significantly elevated in the serum samples from AS patients (n = 29) compared with 
that from normal participants (n = 18) (Fig. 6D and E). The mRNA level of RAB22A was 
negatively correlated with miR-377 level in the serum samples from AS patients (n = 29) 
(Fig. 6F). Likewise, the protein level of RAB22A was also remarkably promoted in ox-
LDL-treated THP-1 cells in a dose-dependent manner (Fig. 6G), also in a time-dependent 
manner (Fig.  6H). Furthermore, miR-377 expression was enhanced in ox-LDL-treated 

1 3

6597



Applied Biochemistry and Biotechnology (2023) 195:6586–6606

THP-1 cells transfected with miR-377 but largely reduced in ox-LDL-treated THP-1 cells 
transfected with anti-miR-377 (Fig. 6I), and on the contrary, RAB22A expression was strik-
ingly weakened in ox-LDL-treated THP-1 cells transfected with miR-377 but largely rein-
forced in ox-LDL-treated THP-1 cells transfected with anti-miR-377 (Fig. 6J), suggesting 
that miR-377 negatively regulated RAB22A.

Fig. 5  circ-C16orf62 knockdown alleviated ox-LDL induced THP-1 cell apoptosis, inflammation, 
oxidative stress and cholesterol accumulation by upregulating miR-377. THP-1 cells treated with 
ox-LDL were transfected with si-circ-C16orf62, si-NC, si-circ-C16orf62 + anti-miR-377 or si-circ-
C16orf62 + anti-miR-NC. (A) The expression of miR-377 in these experimental cells was detected by 
RT-qPCR. (B) Cell viability was assessed by CCK-8 assay. (C) Cell apoptosis was monitored by flow 
cytometry assay. (D) Cell proliferation was assessed by EdU assay. (E) The expression of cleaved-cas-
pase-3, Bax and Bcl-2 was detected by western blot. (F) The releases of IL-8, IL-1β and TNF-α in these 
experimental cells were checked using ELISA kits. (G and H) The levels of MDA and SOD in these 
experimental cells were checked using detection kits. (I) The levels of T-CHO in these experimental cells 
were examined using a total cholesterol test kit. (J) The levels of cholesterol efflux in these experimental 
cells were determined using a liquid scintillation counter. (K) The protein level of ABCA1 was examined 
by western blot. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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MiR-377 Overexpression Alleviated ox-LDL-induced Apoptosis, Inflammation, 
Oxidative Stress and Cholesterol Accumulation by Suppressing RAB22A

THP-1 cells treated with ox-LDL were transfected with miR-377, miR-NC, miR-
377 + RAB22A or miR-377 + pcDNA to monitor whether miR-377 could suppress the func-
tion of RAB22A. The protein level of RAB22A was notably declined in ox-LDL-treated 

Fig. 6  RAB22A was a target of miR-377. (A) RAB22A was predicted as a target of miR-377 by star-
base. (B and C) The putative interaction between RAB22A and miR-377 was verified by dual-luciferase 
reporter assay and RIP assay. (D and E) RT-qPCR and western blot were performed to detect the expres-
sion of RAB22A in serum samples from AS patients (n = 29) and normal participants (n = 18). (F) The 
correlation between RAB22A mRNA level and miR-377 level in serum samples from AS patients (n = 29) 
was analyzed by Pearson correlation analysis. (G) The expression of RAB22A was detected using western 
blot in THP-1 cells treated with different concentrations of ox-LDL (Control, 25, 50 and 100 µg/mL) for 
48 h. (H) The expression of RAB22A was detected using western blot in THP-1 cells treated with 50 µg/
mL ox-LDL for different time (0, 12, 24 and 48 h). (I) The efficiency of miR-377 mimic and inhibitor 
in ox-LDL-treated THP-1 cells was checked by RT-qPCR. (J) The expression of RAB22A in ox-LDL-
treated THP-1 cells with miR-377 overexpression or inhibition was measured by western blot. **P < 0.01, 
***P < 0.001, and ****P < 0.0001
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cells transfected with miR-377 compared to miR-NC, while the protein level of RAB22A 
was largely recovered in ox-LDL-treated cells transfected with miR-377 + RAB22A com-
pared to miR-377 + pcDNA (Fig. 7A). In function, ox-LDL-suppressed cell viability was 
recovered by single miR-377 transfection, while miR-377 + RAB22A cotransfection largely 
impaired cell viability (Fig.  7B). MiR-377 overexpression suppressed ox-LDL-induced 
cell apoptosis, while RAB22A reintroduction recovered the apoptotic rate of THP-1 cells 

Fig. 7  MiR-377 overexpression alleviated ox-LDL-induced THP-1 cell apoptosis, inflammation, oxi-
dative stress and cholesterol accumulation by mediating RAB22A. THP-1 cells treated with ox-LDL 
were transfected with miR-377, miR-NC, miR-377 + RAB22A or miR-377 + pcDNA. (A) The expression 
of RAB22A in these transfected cells was detected by western blot. (B) Cell viability in these indicated 
cells was assessed by CCK-8 assay. (C) Cell apoptosis was monitored by flow cytometry assay. (D) Cell 
proliferation was assessed by EdU assay. (E) The expression of cleaved-caspase-3, Bax and Bcl-2 was 
detected by western blot. (F) The releases of IL-8, IL-1β and TNF-α in these indicated cells were evalu-
ated using ELISA kits. (G and H) The levels of MDA and SOD in these indicated cells were checked using 
detection kits. (I) The levels of T-CHO in these indicated cells were examined using a total cholesterol 
test kit. (J) The levels of cholesterol efflux in these indicated cells were determined using a liquid scintil-
lation counter. (K) The protein level of ABCA1 was examined by western blot. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001
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(Fig. 7C). EdU assay displayed that ox-LDL-inhibited cell proliferation was recovered by 
miR-377 restoration but repressed by the reintroduction of RAB22A (Fig. 7D). The pro-
tein levels of cleaved-caspase-3 and Bax were reduced in ox-LDL-treated THP-1 cells 
transfected with miR-377 alone but largely increased in ox-LDL-treated THP-1 cells trans-
fected with miR-377 + RAB22A, while the level of Bcl-2 was recovered by alone miR-377 
transfection but largely repressed by miR-377 + RAB22A transfection in ox-LDL-treated 
THP-1 cells (Fig. 7E). The releases of IL-8, IL-1β and TNF-α were markedly suppressed 
in ox-LDL-treated THP-1 cells transfected with miR-377 but partly restored in ox-LDL-
treated THP-1 cells cotransfected with miR-377 + RAB22A (Fig. 7F). MiR-377 restoration 
decreased the level of MDA and increased the level of SOD in ox-LDL-treated THP-1 cells, 
while RAB22A reintroduction recovered the level of MDA and diminished the level of 
SOD (Fig. 7G H), suggesting RAB22A overexpression recovered oxidative stress inhibited 
by miR-377. Additionally, the level of T-CHO was impaired, while the level of cholesterol 
efflux was elevated in ox-LDL-treated cells transfected with miR-377. However, RAB22A 
reintroduction reversed their levels (Fig. 7I J). MiR-377 enrichment increased ABCA1 pro-
tein level that was repressed by ox-LDL, while further RAB22A overexpression largely 
impaired ABCA1 expression (Fig. 7K). In short, we concluded from these results that miR-
377 overexpression alleviated ox-LDL-induced THP-1 cell dysfunctions and injuries by 
sequestering RAB22A.

Circ-C16orf62 Increased the Level of RAB22A by Targeting miR-377, thus Promoting 
AS Progression

In ox-LDL-treated THP-1 cells transfected with si-circ-C16orf62, we found the expression 
of RAB22A was largely declined compared to si-NC, while the expression of RAB22A was 
largely recovered in ox-LDL-treated THP-1 cells cotransfected with si-circ-C16orf62 + anti-
miR-377 compared to si-circ-C16orf62 + anti-miR-NC at both mRNA and protein levels 
(Fig. 8A and 8B), suggesting that circ-C16orf62 positively regulated RAB22A expression 
by competitively targeting miR-377.

Circ-C16orf62 Regulated the miR-377/RAB22A axis to Mediate NF-κB Signaling

Regarding the key regulatory effect of NF-κB on inflammatory cytokine expression, we 
investigated the activity of NF-κB signaling affected by circ-C16orf62 network. As depicted 
in Fig. 9A, the ratio of p-P65/P65 and p-IκBα/IκBα was considerably enhanced in ox-LDL-
administered THP-1 cells. However, circ-C16orf62 downregulation effectively recovered 
the ratio of p-P65/P65 and p-IκBα/IκBα in ox-LDL-administered THP-1 cells. Further 
miR-377 inhibition or RAB22A overexpression partly reversed the effect of circ-C16orf62 
downregulation, thus restoring the ratio of p-P65/P65 and p-IκBα/IκBα (Fig. 9B). Overall, 
circ-C16orf62 regulated the miR-377/RAB22A axis to mediate NF-κB signaling.
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Discussion

Macrophages play a vital role in the development of AS and the formation and rupture 
of arterial plaques [18]. Restricted cholesterol efflux accelerates cholesterol accumulation 
and thus triggers the formation of foam cells, which is an early event in the development 
of AS [19]. Previous studies reported that ox-LDL treatment resulted in the promotion of 
macrophage apoptosis, inflammation and cholesterol accumulation [8, 9]. Consistently, in 
our study, we found that ox-LDL induced THP-1 cell apoptosis, stimulated the releases of 
inflammatory factors and promoted oxidative stress and cholesterol accumulation, suggest-
ing that ox-LDL induced THP-1 cell injury and dysfunction.

Our data showed that circ-C16orf62 was highly expressed in serum samples from AS 
patients, as well as in ox-LDL-treated THP-1 macrophages, which was consistent with the 
data from a previous study [13], hinting that circ-C16orf62 might play crucial effects in AS. 
It was previously recorded that high expression of circ-C16orf62 was closed with unfavor-
able prognosis of non-small cell lung cancer (NSCLC), and circ-C16orf62 functioned as 
an oncogene to promote NSCLC progression through the miRNA/mRNA network [20]. 
Recently, silencing circ-C16orf62 was reported to inhibit ox-LDL-induced endothelial cell 
apoptosis and inflammation via the inactivation of the NF-κB pathway [21], suggesting 
that circ-C16orf62 also participated in AS progression by regulating endothelial cell phe-
notypes. LncRNA MEG3 was upregulated in ox-LDL-treated Raw264.7 macrophages, and 
MEG3 knockdown alleviated ox-LDL-triggered cell apoptosis and inflammatory responses 

Fig. 8  circ-C16orf62 was involved in AS progression by upregulating RAB22A via targeting miR-
377. (A and B) The mRNA level and protein level of RAB22A in ox-LDL-treated THP-1 cells transfected 
with si-circ-C16orf62, si-NC, si-circ-C16orf62 + anti-miR-377 or si-circ-C16orf62 + anti-miR-NC were 
measured by RT-qPCR and western blot. **P < 0.01, ***P < 0.001, and ****P < 0.0001
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[8]. Concerning our results, similarly, circ-C16orf62 knockdown ameliorated ox-LDL-
induced apoptosis, the releases of proinflammatory factors, oxidative stress and T-CHO 
level in THP-1 macrophages, which contributed to the inhibition of AS progression, repre-
senting that circ-C16orf62 knockdown might be a strategy against AS.

MiR-377 was one of the targets of circ-C16orf62, which was verified by dual-luciferase 
reporter assay and RIP assay. Previous studies harbored the view that miR-377 inhibited 
the progression of AS because miR-377 restoration impaired plasma triglyceride levels and 
suppressed ox-LDL-induced vascular smooth muscle cell proliferation and migration [16, 
22, 23], which contributed to the inhibition of plaque rupture. Our study illustrated that 
miR-377 deficiency reversed the effects of circ-C16orf62 knockdown and thereby recov-
ered ox-LDL-induced apoptosis, inflammation, oxidative stress and cholesterol accumu-
lation in THP-1 cells, while miR-377 overexpression remarkably blocked these injuries. 

Fig. 9  Circ-C16orf62 regulated the miR-377/RAB22A axis to mediate NF-κB signaling. (A) The lev-
els of p-P65/P65 and p-IκBα/IκBα were quantified by western blot in ox-LDL-treated THP-1 cells. (B) 
The levels of p-P65/P65 and p-IκBα/IκBα were quantified by western blot in ox-LDL-treated THP-1 
cells after si-circ-C16orf62, si-circ-C16orf62 + anti-miR-377 or si-circ-C16orf62 + RAB22A transfection. 
***P < 0.001, and ****P < 0.0001
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Combined with our data and previous findings, miR-377 was a core mediator against the 
processes of AS.

MiRNAs are well-known to regulate gene expression and function by binding to 3’UTR 
of protein-coding transcripts [24]. The analysis from starbase showed that miR-377 could 
bind to RAB22A 3’UTR, and miR-377 restoration significantly inhibited the expression 
of RAB22A. Functional analysis revealed that RAB22A overexpression recovered miR-
377-inhibited apoptosis, inflammation, oxidative stress and cholesterol accumulation in 
ox-LDL-treated THP-1 cells. RAB22A involving in ox-LDL-treated THP-1 cells was previ-
ously discussed [25]. RAB22A inhibition promoted cholesterol efflux and blocked inflam-
mation in ox-LDL-treated THP-1 cells [25]. Besides, RAB22A was a target of miR-654-3p, 
involving in the lncRNA ZFAS1-miR-654-3p-RAB22A network in AS [25]. All of these 
findings supported that RAB22A was a promoter in AS. Importantly, in our study, we estab-
lished the circ-C16orf62-miR-377-RAB22A network to reveal the new mechanism of circ-
C16orf62, miR-377 and RAB22A function in ox-LDL-induced macrophages.

However, there still are limitations in our current study. For example, we mainly checked 
the role of circ-C16orf62 in ox-LDL-treated THP-1 cells, and the data in corresponding 
animal models were lacking. Animal model of AS should be constructed in future work to 
further verify the effects of circ-C16orf62 in vivo.

Overall, circ-C16orf62 was highly expressed in AS serum samples and ox-LDL-treated 
THP-1 cells. Ox-LDL induced macrophage apoptosis, inflammation, oxidative stress and 
cholesterol accumulation, which was partly attributed to increased expression of circ-
C16orf62. In mechanism, circ-C16orf62 acted as a ceRNA to increase the expression of 
RAB22A by functioning as a miR-377 sponge, which was implicated in ox-LDL-mediated 
macrophage phenotypes. This new finding provides additional options for targeted therapy 
in patients with AS. We speculate that circ-C16orf62 targeted inhibition may be a promising 
therapeutic strategy for AS through improving macrophage functions.
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