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H I G H L I G H T S

• We offered a transcriptome-wide overview of aberrantly expressed circRNAs in CAD patients.

• hsa_circ_0001879 and hsa_circ_0004104 were identified as novel circRNA biomarkers for diagnosing CAD.

• Hsa_circ_0004104 might contribute to the pathogenesis of atherosclerosis and CAD by regulating atherosclerosis related genes expression.
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A B S T R A C T

Background and aims: The role of circular RNAs (circRNAs) in coronary artery disease (CAD) remains elusive.
The aim of the present study was to profile circRNAs expression in CAD patients and assess diagnostics bio-
markers for CAD.
Methods: The circRNA profiles of 24 CAD patients and 7 controls were assessed by microarray. The expression
levels of candidate circRNAs were further verified by qRT-PCR in large cohorts. Logistic regression analysis and
receiver operating characteristic were conducted to assess the diagnostic value. Gain-of-function approach was
used to determine the functional significance of validated circRNA in THP-1-derived macrophages.
Results: A total of 624 circRNAs and 171 circRNAs were significantly upregulated and downregulated, respec-
tively, in CAD patients relative to controls. Hsa_circ_0001879 and hsa_circ_0004104 were validated to be sig-
nificantly upregulated in large cohorts. The receiver operating characteristics analysis of hsa_circ_0001879 and
hsa_circ_0004104 in CAD patients and controls showed that the area under curve was 0.703 (95% confidence
interval: 0.656–0.750; p < 0.001) and 0.700 (95% confidence interval: 0.646–0.755; p < 0.001), respectively.
The combination of hsa_circ_0001879 and hsa_circ_0004104, together with CAD risk factors, had the better
performance to discriminate CAD patients from healthy controls. Overexpression of hsa_circ_0004104 resulted in
dysregulation of atherosclerosis-related genes in THP-1-derived macrophages.
Conclusions: We offered a transcriptome-wide overview of aberrantly expressed circRNAs in CAD patients and
identified two novel circRNA biomarkers to diagnose CAD. Upregulation of hsa_circ_0004104 might contribute
to the pathogenesis of CAD.

1. Introduction

Coronary artery disease (CAD) is one of the most common forms of

cardiovascular diseases and becomes a severe threat to public health
[1]. Although current diagnosis and treatment strategies of CAD, in-
cluding medications and surgery methods, have been developing,
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mortality has remained dismal and prognosis ineligible [2]. The main
reason accounting for this discrepancy is lack of a highly efficient and
convenient diagnosis of CAD. Therefore, it is urgent to search for sen-
sitive and specific biomarkers for early diagnosis of CAD.

Circular RNAs (circRNAs) are a class of endogenous RNA composed
of transcripts from exons, introns, or both to form a closed continuous
loop [3]. Because circRNAs do not have 5′ or 3′ ends, they are free of
exonuclease-mediated degradation and more stable than most linear
RNAs [4]. CircRNAs regulate gene expression through multiple me-
chanisms [5]. They may act as “miRNA sponges”, which can competi-
tively bind to microRNAs (miRNAs), thus suppressing miRNA activity
and participating in post-transcriptional regulation of miRNA target
genes [6].

Recently, studies have shown that circRNAs are implicated in a
variety of pathological conditions, including myocardial infarction [7],
heart failure [8], colorectal cancer [9]. Due to their stability and se-
quence conservation characteristics, circRNAs have been reported to
become a novel class of biomarkers for human diseases [10–13].
However, expression profiles and the biological functions of circRNAs
in CAD remain elusive.

In this study, we profiled transcriptome-wide circRNAs expression
in peripheral blood mononuclear cells (PBMCs) of CAD patients and
controls, validated two circRNAs of a four-circRNA signature in a large
cohort, and found that hsa_circ_0001879 and hsa_circ0004104 could be
diagnostic biomarkers for CAD. Gain-of-function approach was used to
explore the functional significance of hsa_circ0004104 in human
monocytic cell line (THP-1)-derived macrophages.

2. Materials and methods

2.1. Study population

From January 2011 to January 2014, a total of 436 CAD male pa-
tients were recruited from Fuwai Hospital in Beijing. According to the
ACC/AHA classification, diagnosis of CAD was based on the final di-
agnosis at discharge, including acute myocardial infarction, unstable
angina and stable angina with>50% stenosis of the left main coronary
trunk or> 75% stenosis in a major epicardial artery by coronary an-
giography. A total of 297 age-matched male controls free from CAD or
stroke were recruited from Shijingshan community and Henan province
from September 2013 to June 2014. CAD cases and controls with
congenital heart disease, rheumatic valvular disease, cardiomyopathy,
stroke, diabetes mellitus, malignant tumors, acute or chronic infected
diseases, and severe liver or kidney dysfunction were excluded from the
study. Twenty-four CAD patients and 7 healthy controls were selected
from 436 CAD patients and 297 healthy controls for circRNA micro-
array assay, and 412 CAD patients and 290 healthy controls were used
as replication population for the validation of differentially expressed
circRNAs.

The protocol of this study was approved by the Ethics Committee of
Fuwai Hospital in Beijing, China. Written informed consent was ob-
tained from all patients or their families under the Declaration of
Helsinki.

2.2. PBMCs isolation

Overnight fasting blood samples were drawn from all participants
by venipuncture. PBMCs were isolated from the middle white mono-
layer by density gradient centrifugation using Lymphocyte Separation
Medium (TBD, Tianjin, China), then preserved in TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) at −80 °C.

2.3. RNA isolation and qRT-PCR assay

Total RNA from PBMCs or THP-1-derived macrophages was ex-
tracted using TRIzol reagent and purified with TURBO DNA-free

(Ambion, Austin, USA) according to the manufacturer's protocol. RNA
quantity was assessed using NanoDrop 2000 (NanoDrop Products,
Wilmington, DE). cDNA was synthesized using Transcriptor First Strand
cDNA Synthesis Kit (Roche, Basel, Switzerland), and realtime quanti-
tative reverse transcription polymerase chain reaction (qRT-PCR) was
performed using ABI SYBR master mix with ABI Prism 7900 HT Fast
Real-Time PCR System (Applied Biosystems, Foster City, USA). qRT-
PCR was also used to validate differentially expressed mRNAs selected
from the profiling data of THP-1-derived macrophages infected with
AAV-DJ-hsa_circ_0004104. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used for internal normalization. Primer sequences are
listed in Supplementary Table 1. The relative fold-change was calcu-
lated using the 2−ΔΔCt method normalized to GAPDH. All experiments
were performed in triplicate.

2.4. CircRNA microarray analysis

CircRNA microarray assay was performed by Shanghai
Biotechnology Corporation (Shanghai, P.R. China) with SBC human
circRNA array V1.0 (4×180 K) according to the manufacturer's pro-
cedures. Briefly, each RNA sample was purified with RNeasy Mini Kit
(Qiagen, GmBH, Germany), and quantified by NanoDrop ND-2000
(Thermo Scientific). RNA integrity was assessed using Agilent
Bioanalyzer 2100 (Agilent Technologies). Then, RNA samples of each
group were used to generate fluorescence labeled cRNA targets for
circRNA array. The labeled cRNA targets were then hybridized with the
slides. After hybridization, slides were scanned on the Agilent
Microarray Scanner (Agilent technologies, Santa Clara, CA, US). Data
were extracted with Feature Extraction software 10.7 (Agilent tech-
nologies, Santa Clara, CA, US). Raw data were normalized with the
Quantile algorithm of limma package in the R program. Fold-change
≥1.5 and a p-value< 0.05 were considered as criteria for selecting
differentially expressed genes. The microarray data analyzed in this
study have been deposited in the NCBI GEO database under accession
number GSE115733 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE115733).

2.5. Macrophage differentiation, AAV infection and mRNA expression
profiling

Human monocytic THP-1 cells were obtained from ATCC (Manassas,
VA) and maintained in RPMI 1640 medium (R8758, Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Carlsbad, CA), 1% penicillin/streptomycin solution (Gibco,
Carlsbad, CA) for all experiments. THP-1 monocytes were maintained at
37 °C in a humidified chamber containing 5% CO2, seeded into 12 wells
culture plates and incubated with 100 ng/ml phorbol 12-myristate 13-
acetate (PMA, Sigma, USA) for 48 h to develop the morphology of
differentiated macrophages. Then, medium was removed and replaced
with fresh one. Macrophages were infected with 20 μl of AAV-DJ-
hsa_circ_0004104 and AAV-DJ control (Jisai, China) for 48 h according
to the manufacturer's protocol, respectively. mRNA expression profiling
was performed with Agilent Human mRNA Microarray V6 (8*60 K,
Design ID: 072363) by OE biotech Co., Ltd. (Shanghai, China) ac-
cording to the manufacturer's procedures.

2.6. Enzyme-linked immunosorbent assay (ELISA)

Concentrations of MMP-8 and ApoA I in culture supernatants was
measured with in vitro SimpleStep ELISA® (Enzyme-Linked
Immunosorbent Assay) kit (ab219050, ab189576, Abcam, Cambridge,
UK) according to manufacturer's instructions. Concentrations were
calculated according to their corresponding standard curves.

L. Wang, et al. Atherosclerosis 286 (2019) 88–96

89

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115733
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115733
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115733


2.7. Western blot analysis

Total protein was extracted using Cell lysis buffer (Beyotime,
Nanjing, China). An equal amount of protein (10mg) was loaded into
10% SDS polyacrylamide gel and electroblotted to NC membranes. The
blots were blocked with 5% non-fat dry milk in TBS-T, and then in-
cubated with anti-IDO1 antibody (ab211017), anti-CD40 antibody
(ab224639), and anti- GAPDH antibody (ab181602) (Abcam,
Cambridge, UK) at 4 °C overnight, respectively, followed by incubation
with horseradish peroxidase-conjugated secondary antibody for 1 h at
room temperature. Bands were revealed using a chemiluminescence kit
(Thermo Scientific Pierce, Waltham, USA) and band density was
quantified using Quantity One software (Bio-Rad Laboratories, CA,
USA).

2.8. Statistical analysis

Categorical data are presented with count and percentile.
Continuous variables are described as mean ± standard deviation.
Student t-test was used to compare the demographic, clinical patholo-
gical characteristics and circRNAs expression levels between CAD pa-
tients and controls. Chi-squares were used to analyze the categorical
data between two groups. Univariable and multivariable logistic re-
gression analyses were conducted to evaluate whether circRNAs are
independent factors for CAD. Spearman's correlation analysis was per-
formed to investigate cardiac risk factors, conventional CAD markers,
and cardiac function parameters related to circRNAs. The area under
the receiver–operator characteristic (ROC) curve (AUC) was used to
evaluate the diagnostic value of circRNAs for CAD. All analyses were
carried out by R software (version 3.2.4; http://www.r-project.org).
The significant level was set at 0.05 and two-tailed p values < 0.05
were considered statistically significant.

3. Results

3.1. Transcriptome-wide overview of aberrantly expressed circRNAs in CAD
patients

A total of 170,340 circRNA targets were detected by microarray
probes in peripheral blood mononuclear cells (PBMCs) in CAD patients
(n=24) and healthy controls (n=7). Clinical and pathologic char-
acteristics of samples undergoing circRNA expression profiling are
presented in Supplementary Table 2. Hierarchical Clustering was per-
formed to group circRNAs (Fig. 1A) and displayed the levels of cir-
cRNAs in CAD patients and healthy controls according to their ex-
pression levels among the samples, and the results indicated that
circRNA expression profiles in CAD patients were distinctly different
from those in healthy controls. The scatter plot visualizes fold changes
(FC) of circRNA expression and identifies the differentially expressed
circRNAs between CAD patients and healthy controls (Fig. 1B). The
volcano plot shows the statistical significance of differentially expressed
circRNAs (Fig. 1C) between CAD patients and healthy controls and
identifies 795 circRNAs whose levels changed substantially (FC > 1.5),
including 624 upregulated and 171 downregulated circRNAs, with
statistical significance (p < 0.05). In the hierarchical clustering, scatter
plot and volcano plot, red or green, represented upregulated or down-
regulated genes, respectively.

3.2. GO enrichment and KEGG pathway analysis

In order to assess potential regulation mechanisms of circRNAs in
parental gene transcription, we conducted GO enrichment analysis. The
result shows that genes targeted by the differential circRNAs are in-
volved in the innate immune response, cell adhesion and cell migration
(Supplementary Fig. 1A). KEGG analysis demonstrates that several

pathways, such as metabolic pathways, PI3K-Akt signaling pathway,
were related to the differential circRNAs (Supplementary Fig. 1A). In
addition, we also conducted the network of related parental gene
transcription with pathways. The results presented in Supplementary
Fig. 1C reveal that PI3K-Akt was the most relevant process related to
differential circRNAs.

3.3. Validation of differentially expressed circRNAs

To evaluate applicable biomarkers for CAD, we screened specific
circRNA markers with high efficiency and the ability to identify CAD
according to the expression levels. After using six different classifiers
combining survival forest algorithms, we constructed a four-circRNA
(hsa_circ_0001879, hsa_circ_0004104, hsa_circ_004432, hsa_circ_007142)
signature. The diagnostic value of the four-circRNA signature in CAD is
presented in Supplementary Table 3, indicating that the four-circRNA
signature is capable of identifying CAD with 100% accuracy according to
the expression levels in microarray stage.

To further assess the diagnostic value of circRNAs, we validated the
expression levels of the four circRNAs by qRT-PCR in a large population
(412 CAD patients and 290 controls). Clinical and pathologic char-
acteristics of the validation sample are presented in Supplementary
Table 2. The expression levels of circRNAs in PBMCs of CAD patients
and controls are listed in Table 1. Hsa_circ_0001879 and hsa_-
circ_0004104 showed significant higher expression levels in CAD pa-
tients than controls (p < 0.001, Fig. 2A and B). However, there was no
significant difference in hsa_circ_004432 or hsa_circ_007142 expression
levels between the two groups (p > 0.05, Fig. 2C and D). Hsa_-
circ_0001879, located at chr9:107521543-107535189, was derived
from Intron 4 of NIPSNAP3A gene, and hsa_circ_0004104, located at
chr5:151043647-151049345, was derived from Exon 4–7 of SPARC
gene. We focused on evaluating the diagnostic value of hsa_-
circ_0001879 and hsa_circ_0004104 as potential CAD biomarkers in
further statistical analysis.

3.4. Correlation of hsa_circ_0001879 and hsa_circ_0004104 expression
levels with clinical characteristics

To further investigate the potential value of hsa_circ_0001879 and
hsa_circ_0004104 as CAD biomarkers, we conducted Spearman's rank
correlation analysis to test whether hsa_circ_0001879 and hsa_-
circ_0004104 expression levels were correlated with cardiac risk fac-
tors, conventional CAD biomarkers. The results summarized in Table 2
showed that hsa_circ_0001879 expression level correlated with body
mass index (BMI), SBP, DBP and Gensini score in CAD patients
(p < 0.05), while the expression level of hsa_circ_0004104 correlated
with HDL-C in CAD patients (p < 0.05). These results indicated that
hsa_circ_0001879 and hsa_circ_0004104 might be involved in the pa-
thogenesis of CAD.

3.5. Identification of hsa_circ_0001879 and hsa_circ_0004104 as
independent predictors of CAD

Univariate and multivariate logistic regression was conducted to
identify whether hsa_circ_0001879 and hsa_circ_0004104 could be
predictors of CAD occurrence. As showed in Table 3, with a unit in-
crease of hsa_circ_0001879 level, the odds ratio (OR) for CAD occur-
rence was 1.576 (95% CI: 1.289–1.926; p < 0.001) after adjusting for
age, BMI, hypertension status, smoking, drinking, TC, LDL, fasting
blood glucose and SBP. In addition, the adjusted OR was 2.527 (95% CI:
1.677–3.809; p < 0.001) with a unit increase of hsa_circ_0004104. The
results imply that hsa_circ_0001879 and hsa_circ_0004104 might in-
crease the risk of CAD.
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3.6. Evaluation of hsa_circ_0001879 and hsa_circ_0004104 as potential
biomarkers for CAD

ROC analysis was performed to explore the diagnostic value of
hsa_circ_0001879 and hsa_circ_0004104 in CAD patients and controls.
The results in Fig. 3A and B showed that the AUC of hsa_circ_0001879
was 0.703 (95% CI: 0.656–0.750; p < 0.001), the sensitivity and spe-
cificity were 0.831 and 0.543, respectively. The AUC of hsa_-
circ_0004104 was 0.700 (95% CI: 0.646–0.755; p < 0.001), the sen-
sitivity and specificity were 0.707 and 0.614, respectively. In addition,
we conducted ROC analysis for the combination of the two circRNAs to
test the diagnostic value of this combination for CAD. As Fig. 3C shows,
the AUC was slightly higher (AUC: 0.742, 95% CI: 0.688–0.797;
p < 0.001) when compared to each circRNA alone, while the sensi-
tivity and specificity were 0.769 and 0.620, respectively. Furthermore,
Fig. 3D shows that after introducing the risk factors and conventional
marker for CAD (smoking, TC and serum creatinine), the AUC increased
to 0.832 (95% CI: 0.788–0.876; p < 0.001), the sensitivity was 0.668
and the specificity was 0.890. The results showed that hsa_-
circ_0001879 and hsa_circ_0004104 could both serve as a potential
biomarker for CAD. The combination of hsa_circ_0001879 and

hsa_circ_0004104 did not have higher diagnostic value. However, the
combination of the two circRNAs with CAD risk factors and conven-
tional marker increased the value for CAD identification.

3.7. Influence of hsa_circ_0004104 overexpression in THP-1-derived
macrophages

Gain-of-function approach was used to determine the influence of
hsa_circ_0004104 overexpression on gene expression alterations of
THP-1-derived macrophages. The expression of recombined plasmid
K4ssAAV.CMV.GFP.WPRE-hsa_circ_0004104 in 293 T cells was verified
by qRT-PCR and Sanger sequencing, and the result showed that hsa_-
circ_0004104 gene was successfully overexpressed as circRNA, with
sequence of back-splicing junction site identical to the sequence in
circbase (Fig. 4A). Then, AAV-DJ-mediated delivery of hsa_-
circ_0004104 into THP-1-derived macrophages led to relative higher
expression of hsa_circ_0004104 (Fig. 4B), and overexpression of hsa_-
circ_0004104 altered gene expression profile assessed by mRNA mi-
croarray. The volcano plot shows the statistical significance of differ-
entially expressed mRNAs between the AAV-hsa_circ_0004104 group
and AAV-DJ group (Fig. 4C), and IPA indicated that among the top 10
function categories, differentially expressed mRNAs were involved in
atherosclerosis signaling pathway, and inflammation related pathways,
such as leukocyte extravasation signaling pathway (Fig. 4D). We se-
lected differentially expressed mRNAs involved in these significant
pathways or based on literature on cardiovascular disease. qRT-PCR
confirmed that transcripts for proatherosclerotic genes, such as IDO1,
MMP-8, CD40, were significantly up-regulated in the AAV-hsa_-
circ_0004104 group, and transcripts for antiatherosclerotic genes, such
as ApoA I, RNASE1, were significantly down-regulated in the AAV-
hsa_circ_0004104 group (Fig. 4E).

Corresponding to mRNA levels, IDO1 protein and CD40 protein

Fig. 1. Differentially expressed circular RNAs
(circRNAs) between CAD patients and healthy con-
trols.
(A) Heat map analysis of circRNA microarray profile
in CAD patients (n= 24) and controls (n= 7). The
expression of circRNAs is hierarchically clustered on
the y-axis; CAD patients and controls are hier-
archically clustered on the x-axis. Expression values
are presented in red and green to indicate upregu-
lation and downregulation, respectively. g134 in-
dicates CAD patients and g2 controls. (B) Scatter
plot. X-axis: controls (normalized), Y-axis: CAD pa-
tients (normalized). The red and blue lines represent
fold change. The circRNAs above the red line and
below the blue line indicate more than 2.0- fold
change in circRNAs between CAD patients and con-
trols. (C) Volcano plot. X-axis: log2 (fold change); Y-
axis: log10 (p-value). The vertical white lines in-
dicate 2.0 folds up and down, and the horizontal
white line represents a p-value of 0.05. The red
points indicate circRNAs 1.5 fold upregulated sig-
nificantly and the blue points represent circRNAs 1.5
fold downregulated with statistical significance. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Table 1
The expression levels of circRNAs in validation population.

circRNAs CAD group
(n= 412)

Control group
(n= 290)

Fold
change

p

hsa_circ_0001879 1.63 ± 1.51 0.98 ± 1.25 1.66 < 0.001
hsa_circ_0004104 1.34 ± 1.03 0.74 ± 0.66 1.81 < 0.001
hsa_circ_004432 1.19 ± 0.92 1.12 ± 0.88 1.06 0.529
hsa_circ_007142 1.30 ± 0.94 1.11 ± 0.82 1.17 0.052

Data is expressed as mean ± standard deviation.
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were drastically up-regulated in the AAV-hsa_circ_0004104 group
(Fig. 5A and B), MMP-8 protein levels in culture supernatants of the
AAV-hsa_circ_0004104 group detected using ELISA was significantly
increased, compared with the control group (Fig. 5C), and ApoA I
protein levels in culture supernatants of the AAV-hsa_circ_0004104
group was significantly decreased, compared with that of the control
group (Fig. 5D). The results confirmed a role for the overexpression of
hsa_circ_0004104 in positively regulating proatherosclerotic genes ex-
pression and negatively regulating antiatherosclerotic genes expression
in THP-1-derived macrophages, indicating a potential proathero-
sclerotic effect of the upregulation of hsa_circ_0004104 in the patho-
genesis of atherosclerosis.

4. Discussion

In the present study, we first profiled circRNAs expression in the
peripheral blood of CAD patients and controls. By means of computa-
tional analysis, we selected four candidate circRNAs to explore their
diagnostic value as CAD biomarkers in large cohorts. Hsa_circ_0001879
and hsa_circ_0004104 were validated to be significantly upregulated in
CAD patients. The AUC of hsa_circ_0001879 and hsa_circ_0004104 were
0.703 and 0.700, respectively. Moreover, the Spearman's correlation
test demonstrated that hsa_circ_0001879 significantly correlated with

Fig. 2. qRT-PCR analysis of expression of 4 circRNAs in a large sample of CAD patients (n=412) and healthy controls (n= 290).
(A) hsa_circ_0001879. (B) hsa_circ_0004104. (C) hsa_circ_004432. (D) hsa_circ_0007142. ***p < 0.001 vs. control group (two-tailed t-test).

Table 2
Correlation between baseline characteristic and circRNAs level in CAD patients.

Parameters hsa_circ_0001879 hsa_circ_0004104

Coefficient p Coefficient p

Age (years) 0.015 0.784 −0.018 0.777
BMI (kg/m2) 0.115 0.045* −0.006 0.922
SBP (mmHg) 0.135 0.017* 0.009 0.888
DBP (mmHg) 0.167 0.003* −0.035 0.577
Hypertension 0.026 0.649 0.011 0.854
Smoking 0.068 0.227 −0.010 0.869
Drinking −0.084 0.139 −0.037 0.551
TC (mg/dL) −0.023 0.686 −0.040 0.518
TG (mg/dL) 0.068 0.233 −0.126 0.151
HDL-C (mg/dL) −0.088 0.121 −0.147 0.018*
LDL-C (mg/dL) −0.027 0.629 −0.042 0.500
Fasting blood glucose (mg/dL) −0.088 0.122 −0.107 0.083
Serum creatinine (μmol/L) 0.003 0.955 −0.052 0.398
CKMB (ng/mL) −0.040 0.480 −0.099 0.109
Gensini score 0.134 0.027* −0.055 0.400

*p < 0.05.
BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; TC: total cholesterol; TG: triacylglycerol; HDL-C: high-density lipo-
protein cholesterol; LDL-C: low-density lipoprotein cholesterol; CKMB: creatine
kinase-myocardial band.
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blood pressure and hsa_circ_0004104 negatively correlated with HDL-C,
implying that hsa_circ_0001879 and hsa_circ_0004104 might be deeply
involved in the pathologies of CAD. Our data show hsa_circ_0001879
and hsa_circ_0004104 could be used as novel circRNA biomarker for
diagnosing CAD.

CAD is a multifactorial disease with high morbidity and mortality,
causing a huge burden on social economies. The identification of early
biomarkers for CAD should be part of risk prediction. CircRNAs may be
generated from exonic or intronic sequences that are abundant in body

fluids [14]. CircRNA is more stable than linear RNA because of the
circular structure and resistance to RNA exonuclease, which makes it a
better biomarker in human diseases. There is growing evidence of cir-
cRNA biomarkers in various cancers [11,13,15,16]. Up to now, only
hsa_circ_0124644 and hsa-circ-11783-2 were reported to be used as
potential diagnostic biomarkers for CAD [17,18], and circRNA MICRA
improved risk classification after myocardial infarction, supporting the
added value of this novel biomarker in future prognostication strategies
[19], indicating that circRNAs have the potential to improve the

Table 3
Univariate and multivariate logistic regression analysis to identify circRNAs as independent predictors of CAD.

Variable hsa_circ_0001879 hsa_circ_0004104

OR 95% CI p OR 95% CI p

lower upper lower upper

Univariate analysis 1.555 1.298 1.862 <0.001 2.553 1.826 3.571 <0.001
Multivariate logistic regression model 1 1.536 1.281 1.843 <0.001 2.684 1.881 3.831 <0.001
Multivariate logistic regression model 2 1.490 1.240 1.790 <0.001 2.610 1.829 3.726 <0.001
Multivariate logistic regression model 3 1.507 1.242 1.829 <0.001 2.401 1.605 3.592 <0.001
Multivariate logistic regression model 4 1.576 1.289 1.926 <0.001 2.527 1.677 3.809 <0.001

Model1 included age, BMI.
Model2 included age, BMI, smoking, drinking.
Model3 included age, BMI, hypertension, smoking, drinking, TC, LDL.
Model4 included age, BMI, hypertension, smoking, drinking, TC, LDL, fasting blood glucose, SBP.
OR: odds ratio; CI: confidence interval.

Fig. 3. ROC curve analysis of circRNAs for discrimination of CAD patients (n= 412) from healthy controls (n= 290).
(A) ROC of hsa_circ_0001879. (B) ROC of hsa_circ_0004104. (C) ROC of hsa_circ_0001879 with hsa_circ_0004104. (D) ROC of hsa_circ_0001879 and hsa_circ_0004104
combining CAD risk factors.
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diagnosis and prognosis of CAD. However, the expression profile, bio-
logical functions and diagnostic value of circRNAs in CAD remain to be
extensively investigated. We performed GO analysis to investigate the
enriched GO of differentially expressed circRNAs. The results showed
that differentially expressed circRNAs were involved in innate immune
response, cell adhesion and cell migration. Mounting evidence showed
that innate immune response was involved in the pathogenesis of CAD
[20–22]. CAD risk factors triggered activation of circulating innate
immune cells, and promoted leukocyte adhesion and migration to
vascular endothelium, and phenotype transformation of smooth muscle
cells from contractile to synthetic phenotype, both playing essential
roles in the onset of atherosclerosis [23,24]. KEGG pathway analysis
revealed that differentially expressed circRNAs were involved in me-
tabolic pathways and PI3K-Akt signaling pathway. Previous studies
showed that glucose metabolic pathway perturbation was the down-
stream mediator for cardiovascular diseases onset [25]. PI3K/Akt sig-
naling pathway could be involved in metabolic regulation, activation of
hypertrophy and survival pathways and its activation could be inter-
connected to activation of Ca2+ signaling, which is crucial for cells of
the cardiovascular system by balancing contractility [26]. Furthermore,
we combined the parental gene transcription with related pathways,

indicating a similar result that PI3K/Akt signaling pathway was the
most relevant process.

In addition, current complementary methods of diagnosing CAD
include routine electrocardiogram (ECG), Holter monitoring, treadmill
exercise test (TET), and coronary computed tomography angiography
(CTA). The sensitivities of these methods have been shown to be 0.29
[27], 0.65 [28], 0.79 [29] and 0.92 [30], respectively. The specificities
are 0.67 [27], 0.90 [28], 0.80 [29] and 0.75 [30], respectively. In our
study, the sensitivity and specificity of hsa_circ_0001879 were 0.83 and
0.54, respectively. The sensitivity and specificity of hsa_circ_0004104
were 0.71 and 0.61, respectively. The diagnostic value of hsa_-
circ_0001879 and hsa_circ_0004104 was greater than that of routine
ECG, and approximately equal to that of Holter monitoring, TET and
CTA. When combined with CAD risk factors and conventional markers,
the diagnostic value of hsa_circ_0001879 and hsa_circ_0004104 was
even higher. Considering the cost and convenience of diagnostic
methods, hsa_circ_0001879 and hsa_circ_0004104 might ameliorate the
diagnosis of CAD.

The linear length of hsa_circ_0001879 exceeds 10 thousand bps, so it
is not feasible to overexpress hsa_circ_0001879 in cells. Then we ex-
plored the functional significance of hsa_circ_0004104 in THP-1-

Fig. 4. Influence of hsa_circ_0004104 overexpression in THP-1-derived macrophages.
(A) The verification of sequence in the back-splicing junction site of hsa_circ_0004104 by qRT-PCR and Sanger sequencing. (B) qRT-PCR analysis of overexpression
efficiency of AAV-DJ-hsa_circ_0004104 after infection for 48 h in THP-1-derived macrophages. (C) Volcano plot of differentially expressed mRNAs between the AAV-
DJ -hsa_circ_0001879 group and AAV-DJ-GFP group assessed by mRNA microarray. (D) Top 10 canonical pathways of differentially expressed mRNAs. (E) qRT-PCR
validation of differentially expressed mRNAs involved in these significant pathways or based on literature about cardiovascular disease. Data are presented as
represent mean ± standard error. **p < 0.01 and ***p < 0.001 vs. the control group. Each experiment was performed three times.
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derived macrophages using a gain-of-function approach. We success-
fully overexpressed hsa_circ_0004104 in THP-1-derived macrophages
through the AAV-DJ system, and determined gene expression pattern
altered by the overexpression of hsa_circ_0004104 using mRNA mi-
croarray, qRT-PCR validation and Western blot or ELISA. Among the
dysregulated genes, indoleamine 2,3-dioxygenase 1 (IDO1) is a rate-
limiting enzyme that catalyzes the degradation of tryptophan along the
kynurenine pathway, and the absence of Ido1 protects against athero-
sclerosis through increase of IL-10 [31]. MMP8, one member of the
family of zinc-dependent proteases, belonging to the metzincin super-
family [32], is involved in atherosclerosis pathogenesis and progres-
sion, atherosclerotic plaque destabilization, neointima formation fol-
lowing vascular injury, and abdominal aortic aneurysm development
and expansion [33–35]. Soluble CD40 ligand promotes macrophage
foam cell formation in the etiology of atherosclerosis [36], and tar-
geting CD40-induced TRAF6 signaling in macrophages reduces ather-
osclerosis [37]. Apolipoprotein AI (ApoA I) is the major protein com-
ponent of HDL, and transgenic mice with high plasma ApoA I and HDL
levels are significantly protected from the development of fatty streak
lesions [38]. Recombinant ApoA I Milano/phospholipid complex (ETC-
216), administered intravenously for 5 doses at weekly intervals, pro-
duces significant regression of coronary atherosclerosis [39]. Upregu-
lation of ApoA I expression contributes to the reduction of athero-
sclerosis by KLF14 activated by perhexiline [40]. Extracellular RNA
(eRNA) is involved in high-fat diet-induced atherosclerosis and neoin-
tima formation after injury in atherosclerosis-prone mice, while
RNASE1 could function as natural antagonists of eRNA [41]. Treatment
with RNase1 not only diminished the increased plasma level of eRNA
evidenced after injury, but also reduced neointima formation in com-
parison with vehicle-treated ApoE−/−controls and was associated with

a significant decrease in plaque macrophage content in a model of ac-
celerated atherosclerosis after arterial injury in ApoE−/− mice [42].
Therefore, upregulation of atherosclerosis-susceptible genes, such as
IDO1, MMP8, CD40, and downregulation of anti-atherosclerosis genes,
such as ApoA I, RNASE1, by overexpression of hsa_circ_0004104 in
THP-1-derived macrophages indicates that the upregulation of hsa_-
circ_0004104 in CAD patients might contribute to the pathogenesis of
atherosclerosis and CAD.

It should be noted that there are some limitations in our study. For
their utility as biomarkers for diagnosing CAD, hsa_circ_0001879 and
hsa_circ_0004104 should be further validated across different clinical
settings. Due to the lack of follow-up information for CAD patients,
prognostic values of these two circRNA biomarkers in major cardio-
vascular events (MACE) should be evaluated in subsequent studies.
Compared with RNA-seq, circRNA microarray does not allow for de
novo circRNAs identification for the principle of designing probes based
on sequences of existing circRNAs.

In summary, this study offered a transcriptome-wide overview of
aberrantly expressed circRNAs in CAD patients and identified hsa_-
circ_0001879 and hsa_circ_0004104 as novel circRNA biomarkers to
diagnose CAD. Finally, we discerned the function of hsa_circ_0004104
in THP-1-derived macrophages. In future studies, we will focus on the
roles and underlying mechanisms of hsa_circ_0004104 in the patho-
genesis of atherosclerosis and CAD.
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