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Abstract

Coronary artery calcification (CAC) frequently occurs in patients with coronary heart disease, strongly predicting risk for fu-

ture cardiovascular events. However, it could be detected until it increases in quantity. Roles of aberrant expression of RNAs

in  CAC have  been  proposed,  yet  limited  studies  have  systematically  investigated  the  crosstalk  among  various  RNA tran-

scripts. Here, we have comprehensively identified and analyzed the differentially expressed mRNAs, lncRNAs, miRNAs and

circRNAs  in  peripheral  blood  of  CAC  patients  with  high-throughput  RNA  sequencing.  Gene  Set  Enrichment  Analysis

(GSEA) showed that these dysregulated RNAs correlate with several critical biological processes such as RNA modification,

and RNA metabolism. RT-qPCR with 30 pairs of clinical CAC samples were used for the validation of some differentially ex-

pressed  RNAs.  We have  also  constructed  the  co-expression  network  between  lncRNA and mRNA,  and  for  the  first  time
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established  the  circRNA-miRNA-mRNA  in  CAC.  Predicted  functional  mechanism  of  the  circRNAs  as  miRNA  sponges

were further validated and discussed with AGO2 RNA immunoprecipitation (RIP). This study provides valuable prospec-

tive insights to understand the RNA involvement and regulation in CAC for future in-depth investigations.
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Figure: Graphical abstract

Introduction

Coronary artery calcification (CAC) predicts high

morbidity and mortality risk worldwide, which is character-

ized  by  pathological  deposition  of  minerals  in  the  artery

wall and is currently considered to be related to atheroscle-

rosis [1-6]. The degree of coronary artery calcification cor-

rectly  assigns  patients  into  low-risk  and  high-risk  cate-

gories.  Patients  with  high  level  of  coronary  calcification  is

commonly  observed  in  almost  all  patients  with  coronary

artery disease (CAD), which is a significant feature for coro-

nary artery disease events [6,7]. The biogenesis of CAC oc-

curs at  the very early stage of  atherosclerosis,  but it  can be

hardly  detected  before  it  increases  in  quantity  and  is  ob-

served with professional imaging systems. The CAC scoring

(CACS) has been widely used as a measure that could help

with risk assessment and cardiac event prediction, with ad-

vantages  of  directly  visualizing  and  precisely  detecting  the

plaques  using  computed  tomography  (CT),  making  it  as  a

surrogate  marker  for  atherosclerotic  plaque  burden  [8,9].
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Unlike  conventional  risk  factors  that  could  only  provide  a

statistical  probability  for  patients  developing  CAD,  CAC

scoring  can  also  be  assessed  using  Agatston  calcium  scor-

ing, enabling a direct evaluation of each patient on an indivi-

dual  basis  [10].  Compared with  the  conventional  coronary

angiography (CCA), which is invasive, expensive, and incon-

venient for patients, CAC scoring is currently more used in

the  routine  clinical  practice  as  a  noninvasive  technique.

CAC  scoring  of  certain  degree  helps  reclassify  the  risk  of

many  patients  and  estimate  future  cardiovascular  events,

and that of greater than 400 is associated with worse clinical

outcomes.  However,  these techniques only provide reliable

prediction  at  early  stages  of  existing  CAD  with  prognosis

implications,  and  requires  professional  clinical  input.  The

genetic basis of CAC for both prognostic and diagnostic ap-

plication  still  need  to  be  elucidated.  Specific  and  effective

biomolecules  for  CAC  early  clinical  prevention  and  treat-

ments is still lacking.

With  the  advent  of  the  next-generation  sequenc-

ing, dysregulated RNA has recently revealed its significance

in  multiple  human  diseases  such  as  various  cancers,  neu-

rodegenerative  diseases,  cardiovascular  diseases,  etc.

[11-13]. It is widely acknowledged that less than 2% of hu-

man genome is gene-coding, while the vast majority of hu-

man genome is non-coding. Varying mRNAs, miRNAs, ln-

cRNAs and circRNAs are reported to be involved in biogen-

esis  and  progression  of  cardiovascular  calcification,  with

some of them have long regarded as potential clinical predic-

tors in CAC treatments. For example, Genome-wide associa-

tion  studies  (GWASs)  further  suggest  that  CAC  is  highly

heritable,  with  genetic  cause  of  CAC  is  increasingly  being

recognized [14]. Genes encoding for ionic channel subunits,

inflammation, and connexin that involve in CAC have been

constantly  discovered  over  the  last  few  decades  [15-17].

TREML4,  screened  from  peripheral  blood  with  RNA-se-

quencing, was upregulated in CAC, and it  colocalized with

areas of microcalcification within coronary plaques [18]. A

series  of  CAC-related  genes  have  also  been  identified  in

gene expression microarrays and cell culture replication in a

cell-based investigations [19].

MiRNAs are  critical  regulators  involved in multi-

ple  physiological  and  pathological  processes,  including  de-

velopment,  organogenesis,  apoptosis,  cell  proliferation and

differentiation [20]. Dysregulation of miRNA often leads to

impaired cellular function and disease progression, includ-

ing CAC. MiRNA-32a has been reported to be upregulated

in CAC and it functions by activating phosphoinositide 3-ki-

nase  (PI3K)  signaling  and  increasing  RUNX2  expression

and phosphorylation in mouse vascular smooth muscle cell

(VSMC)  [21].  Also,  a  series  of  circulating  miRNAs  were

found to  be  closely  related to  the  level  of  CAC in  sympto-

matic patients [22].

Long  noncoding  RNAs  (lncRNAs)  play  crucial

roles in numerous biological processes, including epigenetic

regulation,  imprinting,  cell-cycle,  cellular  differentiation,

splicing, nuclear/cytoplasmic trafficking, and transcription/-

translation [23].  Recent  studies  have also suggested critical

roles of lncRNAs in modulating the initiation and progres-

sion of cardiovascular diseases, including myocardial infarc-

tion,  heart  failure,  and atherosclerosis  [24-27].  Lrrc75a-as1

could  attenuate  rat  vascular  smooth  muscle  cells  calcifica-

tion via decreasing the expression of osteoblast-related fac-

tors [28]. Long noncoding RNA LIPCAR was found down-

regulated early  after  myocardial  infarction but  upregulated

during  later  stages  which  could  potentially  predict  future

death in patients with heart failure [26]. LncRNAs were also

identified  as  proper  and  specific  biomarkers  for  coronary

artery diseases [29].

CircRNAs  are  a  special  class  of  noncoding  RNAs

with a covalently closed loop through 5’ to 3’ ends generally

via  backsplicing  in  animals,  which  are  involved  in  various

diseases  including coronary artery  diseases  [30-32].  Recent

advances indicate that circRNAs might function with multi-

ple mechanisms, such as miRNA sponge, RNA-binding pro-

tein (RBP) scaffold, transcriptional regulation [31]. Dysregu-

lation of circRNAs were observed in the progression of coro-

nary artery  diseases.  For  example,  hsa_circ_0004104 is  up-

regulated  in  coronary  artery  disease  patients,  and  it  might

contribute  to  the  pathogenesis  of  coronary  artery  disease

[33].  Interestingly,  hsa_circ_0004104  is  downregulated  in

the persistency of atrial fibrillation and could be a potential

regulator and biomarker [34]. A heart-related circRNA (HR-

CR) functions as miR-223 sponge to compromise its activi-

ty and hence increase ARC expression, a target for miR-223,

indicating that it  could be used as an attractive therapeutic

target for cardiac hypertrophy and heart failure [35]. Circ--
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Foxo3  interacts  with  transcriptional  factors  such  as  ID-1,

E2F1, FAK, and HIF1α and suppresses their anti-senescent

and  anti-stress  roles,  leading  to  increased  cellular  senes-

cence  [36].

The aim of this study is to explore the differential-

ly expressed mRNAs, lncRNAs, miRNAs and circRNAs dur-

ing  the  process  of  CAC,  and  tentatively  reveal  the  interac-

tions  and  potential  functional  mechanisms  of  the  RNAs.

We hypothesized that certain dysregulated RNAs could ex-

ert their functions either individually or cooperatively,  and

some  of  them  could  be  exploited  as  potential  biomarkers.

Here, we have comprehensively identified differentially ex-

pressed  mRNAs,  miRNAs,  lncRNAs,  and  circRNAs  in  pe-

ripheral  blood  of  CAC  patients  through  high-throughput

RNA sequencing. GSEA analysis showed that these dysregu-

lated RNAs correlate with several critical biological process-

es  such as  RNA modification,  RNA metabolism,  and RNA

processing.  To  demonstrate  the  potential  interactions  be-

tween lncRNAs and their interacting mRNAs, we have con-

structed  the  lncRNA-mRNA  co-expression  network  in

CAC. For the validated circRNAs, we have analyzed the fea-

tures of the circRNAs and predicted their potential function-

al mechanisms in CAC. We further for the first time estab-

lished  the  circRNA-miRNA-mRNA  network  in  CAC,  and

validated with AGO2 RIP, which provides valuable prognos-

tic or predictive resource for future CAC research and clini-

cal treatments.

Methods

Clinical Samples

All fresh peripheral blood samples of four patients

with CAC and four non-CAC patients from The First Affili-

ated  Hospital  of  University  of  Science  and  Technology  of

China, which was approved by the Human Research Ethics

Committee of University of Science and Technology of Chi-

na (2019KY ER No.165). Written informed consent was ob-

tained from each patient for this study. All patients enrolled

have no chronic  diseases  such as  diabetes,  hypertension or

renal  inadequacy.  All  methods  were  carried  out  in  accor-

dance with relevant guidelines and regulations (Declaration

of Helsinki).

CAC Scoring
CAC scoring was performed by multislice comput-

ed tomography (CT) (Revolution 256 Slice CT, General Elec-

tric Healthcare; Software: ADw 4.2) using prospective elec-

trocardiographic  gating  and  the  Agatston  scoring  method

[37]. A factor of 1 (+) for 130–199 H, a factor of 2 (++) for

200–299 H, a factor of 3 (+++) for 300-399 H, and a factor

of 4 (++++) for densities greater than 400 H. The total calci-

um score was calculated as the sum of the individual lesion

scores  in  all  coronary  arteries.  All  patients  in  normal  con-

trol group were diagnosed with total calcium score less than

130 H. All patients in CAC group were diagnosed with total

calcium score more than 400 H. Coronary angiography was

performed  to  further  confirm  the  CAC  severity,  and  thus

calcification  and  normal  groups  were  classified.  Informa-

tion of patients for RNA-seq was listed in Table S1. Informa-

tion  of  patients  for  RNA  qPCR  validation  was  listed  in

Table  S2.

Table S1: Information of patients for RNA-sequencing

Number Gender Age Diabetes Hypertension Renal inadequacy CTA Coronary angiography

N1 M 49 no no no - -

N2 M 55 no no no - -

N3 M 56 no no no - -

N4 F 78 no no no - -

C1 M 68 no no no ++++ ++++

C2 M 72 no no no ++++ ++++

C3 M 79 no no no ++++ ++++

C4 M 65 no no no ++++ ++++

- : No calcification; ++++: Calcification with H＞400. CTA: Computed tomography angiography
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Note: All patients are enrolled during April-May, 2019. Patients with chronic diseases are excluded from the study.

Table S2: Information of patients for RNA qPCR validation

Normal control group Coronary calcification group

Pair number Gender Age CTA Coronary angiography Gender Age CTA Coronary angiography

1 M 66 - - M 70 ++++ ++++

2 M 70 - - M 77 ++++ ++++

3 M 61 - - M 57 ++++ ++++

4 M 76 - - M 74 ++++ ++++

5 F 76 - - F 67 ++++ ++++

6 M 57 - - M 51 ++++ ++++

7 F 68 - - F 67 ++++ ++++

8 M 73 - - M 73 ++++ ++++

9 M 62 - - M 63 ++++ ++++

10 M 65 - - M 65 ++++ ++++

11 M 61 - - M 57 ++++ ++++

12 F 56 - - F 64 ++++ ++++

13 M 69 - - M 70 ++++ ++++

14 F 52 - - F 56 ++++ ++++

15 M 55 - - M 54 ++++ ++++

16 M 63 - - M 65 ++++ ++++

17 M 72 - - M 75 ++++ ++++

18 M 68 - - M 72 ++++ ++++

19 M 73 - - M 73 ++++ ++++

20 M 63 - - M 56 ++++ ++++

21 M 79 - - M 80 ++++ ++++

22 M 64 - - M 58 ++++ ++++

23 F 70 - - F 68 ++++ ++++

24 M 72 - - M 76 ++++ ++++

25 M 62 - - M 57 ++++ ++++

26 M 78 - - M 74 ++++ ++++

27 M 64 - - M 56 ++++ ++++

28 M 77 - - M 58 ++++ ++++

29 M 78 - - M 76 ++++ ++++

30 M 72 - - M 73 ++++ ++++

- : No calcification; ++++: Calcification with H＞400. CTA: Computed tomography angiography

Note: All patients are enrolled during July-October, 2019, Patients with chronic diseases are excluded from the study.

Cell Culture

HASMC cells originated from the ATCC and were

cultured with DMEM (Gibco). All cells were cultured under

standard  conditions  including  10%  FBS  and  1%  peni-
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cillin/streptomycin at 37°C under 5% CO2. Cells were tested

for mycoplasma by DAPI staining, to ensure the absence of

contamination.

Total RNA Extraction

The peripheral  blood samples  and TRizol  reagent

(Invitrogen, USA) are evenly mixed in a ratio of 1:3, total of

12 ml. Total RNA was extracted by using TRizol reagent ac-

cording to the manufacturer’s instructions.

Total RNAs from four pairs of patients with CAC

and  without  CAC  blood  samples  were  extracted  for  high-

-throughput  sequencing.  Whole  transcriptome  libraries

were  constructed  by  the  TruSeq  Ribo  Profile  Library  Prep

Kit (Illumina, United States), according to the manufactur-

er’s instructions. In brief, 10 mg total RNA was depleted rR-

NA  with  an  Illumina  Ribo-Zero  Gold  kit  and  purified  for

end repair and 50-adaptor ligation. Then, reverse transcrip-

tion  was  performed  with  random  primers  containing  30

adaptor  sequences  and  randomized  hexamers.  Finally,  the

cDNAs  were  purified  and  amplified  with  thermo  cycler.

The PCR products of 300–500 bp were purified, quantified

and stored at -80℃ before sequencing. The libraries were

subjected to 151 nt paired-end sequencing with an Illumina

Nextseq 500 system (Novogene, China).

The  high-throughput  sequencing  tools,  Hisat2

[38] and featureCounts [39], were used to map clean reads

to Homo sapiens reference genome (hg19) and calculate the

gene expression level which was normalized to z-score. To

determine the differentially expressed mRNA and lncRNA,

the “DEseq2” [40] package in R software was used with the

corresponding cutoff (q < 0.05, |log2(fold change)| > 1 for

mRNA and lncRNA). To predict circular RNA (circRNA)

expression, we identified the possible candidates with find_-

circ [41] with the junction reads were normalized to z-s-

core. Standard of P < 0.05, and | log2(fold change)| > 1 was

used  to  identify  differentially  expressed  circRNAs.  Can-

cer-Specific  CircRNA  database  (CSCD,  https://gb.whu.

edu.cn/CSCD/) was used for the prediction of microRNA re-

sponse element (MRE) and RNA binding protein (RBP)

among differentially expressed circRNAs.

Small RNA Data Analysis

For small RNA (sRNA) sequencing, eight sRNA li-

braries  were  generated  with  TruSeq  small  RNA  (Illumina,

United States) according to the manufacturer’s instructions.

Then the prepared libraries were sequenced with an Illumi-

na  Nextseq  500  system  (Novogene,  China).  After  filtering

out the reads shorter than 15 nt,  the remaining reads were

mapped  to  the  human  genome  (hg19)  and  the  miRNA

database in miRBase with bowtie (-v 1)  [42].  The differen-

tially  expressed  miRNAs  were  determined  by  DEseq2  [37]

with the cutoff of P < 0.05, TPM≧1, |log2(fold change)|≧1.

Construction of Co-expression and ceRNA Network

For the co-expression network of significantly dys-

regulated  lncRNAs  and  mRNAs,  Pearson’s  correlations

were used to calculate the co-expression analysis according

to the expression level. A criterion of the coefficient parame-

ter  R-squared  more  than  0.99  was  used  for  the  remaining

RNAs to further construct the network. For the competing

endogenous RNAs (ceRNA) network of significantly dysreg-

ulated circRNAs and mRNAs, the miRNA/mRNA and miR-

NA/circRNA  interaction  were  predicted  with  TargetScan-

Human7.2 [43].  The above networks  were both performed

with Cytoscape [44].

Gene Set Enrichment Analysis (GSEA)

The GSEA analysis was performed to annotate the

function  of  protein-coding  genes  (PCGs)  and  lncRNAs  in

blood of CAC patients. These PCGs and lncRNAs were prer-

anked  and  the  GSEA  analysis  was  implemented  in  GSEA

software  (version  4.1.0,  https://www.gsea-msigdb.org)

[45,46].

RNA Immunoprecipitation

AGO2 antibody (SAB4200085, Sigma) was incubat-

ed with Dynabeads Protein G (10003D, Invitrogen) accord-

ing to the manufacturer’s recommendations [47]. Cells were

harvested 48 hours post transfection and washed twice with

PBS  and  fixed  with  1%  formaldehyde.  RIPA  buffer  (50

mmol/L Tris-HCl, pH8.0, 150 mmol/L NaCl, 5 mmol/L ED-

TA,  1%  NP-40,  0.1%  SDS)  was  used  to  lysis  the  cells  fol-

lowed  by  sonication  for  10  min  and  centrifugation  at

13,000×g  for  15  min  at  4°C.  Cell  lysate  was  preserved  and

then  incubated  with  antibody  coupled  beads  for  the  im-

munoprecipitation.  After  4  hours  incubation,  beads  were

washed three times with RIPA buffer and 100µl of the sam-
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ples were preserved for Western blot analysis. The rest was

subjected to TRIzol RNA extraction followed by standard re-

verse  transcription  (RT)  and  quantitative  realtime  PCR

(qPCR).  Oligos  used  are  shown  in  Table  S3.

Table S3: List of qRT-PCR primer pairs used in this study

human circRNA detection primers   

Name Forward primer 5'-3' Reverse primer 5'-3'

circTOP1 CCCAGAGTTGGATGGTCAGG CGCCGAGCAGTCTCGTATTT

circDTL AGGTCATCAATGCAGCCTCA CCTTCTTCATTGGCAACTGCT

circHAGH CCTTCAGCGGATTTGGGGAT TGGGCCTCACCTCACTCTC

circLZIC GCAGGTGCTATACTCAGCCA AACCTTGTCCGAAGCTGACC

circMCU TTCACGCAGGGGAAACTTGA AGCAGCTAAGATGTCACTGGC

circPHF7 CTTCCAGTTTGCTGGCTATGC TGAGGACAATACAGGCTCTTCC

circKIAA2026 GCAAAACACAAGAAGCACAAATCT CGACGCCTTGTTGAGGTACA

AL133477.2 GCCTCTGACATTATGGGCTGT TTCCAGGAGCAAAGCTGAGG

AL136526.1 TTCCGGGGATTCAACTGCAA GAACCTCGGTCGTCGGTAAG

AC007686.4 GGTAGCAGAAGGGAAGGGTG TTATCCCAGCATGAGGCGTG

CAV1 GTCAACCGCGACCCTAAACA ATGCCAAAGAGGGCAGACAG

CCDC152 AGCAAACTTTATCAGGACATGCAG TCTTAGCTTTGCATTTAACTCTGAA

MEST TCGGGTGATTGCCCTTGATT GTTGATCCTGCGGTTCTGGA

TSPAN13 TTGCGCTTGTTTAGCCCTGA CTTCGGAACCCACAGCAGTT

GMPR GCTCAAGCTCTTCTACGGGA TGAGCTCCTTGAGTTTGGCG

MKRN1 CAGAGGACTGGGTGAATGCTA CACACAGTTCTCCCCGTATC

TNS1 TACCCCTGAGGAACGGGAC ACGGGAAACTCCCCACTGA

YBX3 AAGCACCAACTGAGAACCCT GTGTTGGTTAAGGTTGTGGCCT

PROSER2 TCATCGACTTAGTGCAGCCA GGTGGAGGAGTCTCAGCATC

TRIM58 GCAGAGAACATCCCCATGGAA CCTCCATGGTTCTCCATCCTG

FECH CAGTACCGCAGGATTGGAGG GCAATAGCCCTTTCTAGGCCA

GAPDH CTTCATTGACCTCAACTACATGG CTCGCTCCTGGAAGATGGTGAT

Reverse  Transcription  and  Real-Time  Quantitative
PCR

cDNA  was  synthesized  using  GoScript  Reverse

Transcription  System  (Promega,  USA)  according  to  the

manufacturer’s  protocol.  Quantitative  real-time  PCR  was

performed  with  GoTaq  SYBR  Green  qPCR  Master  Mix

(Promega, USA) on a PikoReal 96 real-time PCR system fol-

lowed by 40 amplification cycles (Thermo Fisher Scientific,

USA) according to standard procedures. Actually, all ampli-

fication  curves  already  reached  stationary  stage  before  35

amplification cycles,  and the Ct value were obtained at  the

exponential  stage.  Relative  RNA  level  was  normalized  to

GAPDH  mRNA.  All  primers  are  shown  in  Table  S3.

Availability of Data and Materials

The  datasets  generated  and  analyzed  during  the

current study are available in the in the GEO (Gene Expres-

sion Omnibus). The accession number is GEO: GSE194304

Statistical Analysis

In  order  to  determine  whether  the  data  follows

normal  distribution,  the  nortest  (v  1.0.4)  R  package  was

used in all experiments. Student’s t-tests were used to calcu-

late P-values by t.test function in R software, as indicated in
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the figure legends. The values reported in the graphs repre-

sent average of actual number of independent experiments,

with error bars showing SD. To calculate correlation coeffi-

cients between all groups, the cor function in R software

was used. The cluster analysis in heatmaps was conducted

by cluster (v 2.1.2) R package and the heatmaps were gener-

ated by pheatmap R package (v 1.0.12). The bar plots and

scatter plots were generated by ggplot2 (v 3.3.3). After analy-

sis of variance with F-tests with R software, the statistical sig-

nificance and P-values were evaluated with Student’s t-tests.

Results

This study aimed to use bioinformatics analysis to

investigate  the  differentially  expressed  mRNAs,  lncRNAs,

miRNAs and circRNAs in CAC to unveil  the potential  dy-

namic changes of both coding and noncoding RNAs. GSEA

analysis revealed that multiple RNA-related pathways might

be involved in the  progression of  CAC. Further,  qRT-PCR

was implemented to validate the RNAs in 30 pairs of CAC

samples  and  the  validations  are  in  accordance  of  the  se-

quencing results with high confidence. We have also estab-

lished  mRNA-lncRNA  co-expression  network  and  circR-

NA-miRNA-mRNA network to unveil the potential interact-

ing mechanisms of these RNAs in CAC, which may help elu-

cidate  the  functions  and  functional  mechanisms  of  these

RNA candidates in the future, and provide potential targets

for both diagnosis and treatments.

Identification  of  Differentially  Expressed  Rnas  in
CAC

To identify CAC-related RNAs, we used fresh pe-

ripheral blood samples from four CAC patients for RNA se-

quencing.  Fresh  peripheral  blood  from  four  patients  with-

out  calcification  in  coronary  artery  were  used  as  controls.

Three types of RNA libraries were constructed to further in-

vestigate the differentially expressed RNAs and their respec-

tive  networks  in  CAC (Figure  1a).  More  specifically,  lncR-

NA library was constructed for long noncoding RNAs and

mRNAs,  small  RNA  library  was  constructed  for  microR-

NAs  (miRNAs)  (Figure  1a).  RNase  R  digestion  is  the  gold

standard for the verification and enrichment of circRNAs as

it  degrades  all  linear  RNAs with short  3’  tails  but  does  not

degrade lariat or circular forms. CircRNA library was hence

constructed  followed  by  RNase  R  treatment  (Figure  1a).

The  differentially  expressed  mRNA,  lncRNAs,  circRNAs,

and  miRNAs in  CAC were  analyzed.  Pearson’s  correlation

coefficient analysis was used to evaluate the relationship be-

tween CAC groups and the control groups, which revealed

that CAC groups were positively correlated with each other,

and control groups also showed strong positive correlation

(Figure 1b).

Figure 1: RNA-seq analysis of differentially expressed RNAs from peripheral blood of coronary artery calcification (CAC) patients. a, The
workflow of CAC RNA-seq and in-depth investigations in this study. The bioinformatics software were also indicated. b, Heatmap of correla-

tion between calcification (C) or normal samples (N) by Pearson’s correlation coefficient analysis
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Analyses  of  the  Differentially  Expressed  mRNAs
and  lncRNAs

We first set out to more specifically investigate the

differentially  expressed  mRNAs  and  lncRNAs  with  filtra-

tion  criteria  (fold  changes  ≥2.0  and  p-values  ≤0.05).  Hi-

erarchical clustering heatmap was performed to evaluate th-

ese RNAs, in which CAC and control samples were respec-

tively classified into different branches (Figure 2a,b). We to-

tally identified 238 mRNAs and 155 lncRNAs that were dif-

ferentially  expressed.  Among  them,  91  mRNAs  (38.24%)

and  64  lncRNAs  (41.29%)  were  upregulated.  147  mRNAs

(61.76%) and 91 lncRNAs (58.71%) were downregulated. It

seems  evident  that  the  four  CAC  samples  differed  more

from  normal  samples  than  among  themselves,  presumably

due to the individual heterogeneity. Accumulative evidence

suggest that functions of lncRNAs mainly exert their func-

tions through regulation of the co-expressed protein-coding

gene  expression  with  various  mechanisms.  Hence  lncR-

NA-mRNA  co-expression  network  was  constructed  to  re-

veal  the  co-regulatory  relationship  network  of  CAC  based

on their potential multi-reciprocal interactions, which pro-

vided the potential  functional  interactions of  lncRNA-mR-

NA for future studies (Figure 2c).

Figure 2: Bioinformatics analysis of differentially expressed mRNAs and lncRNAs in CAC. a, Hierarchical cluster heatmap of the differential-
ly expressed mRNA in CAC. b, Hierarchical cluster heatmap of the differentially expressed lncRNAs in CAC. c, Representation of the lncR-

NA-mRNA co-expression network (correlation coefficient absolute value >0.99). The boxes represent mRNA, and the circles represent lncR-
NA. Red, upregulated; blue, downregulated
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GSEA Analysis  of  the  Differentially  Expressed  mR-
NAs

To investigate the potential pathways and biologi-

cal  processes  that  these  dysregulated  RNAs  involve  in,  we

performed GSEA analysis with either upregulated or down-

regulated differentially expressed RNAs (Figure 3a). The re-

sults demonstrated that they were closely related to certain

critical  pathways  that  might  impact  the  development  of

CAC such as tRNA metabolic process, ribosomal large subu-

nit biogenesis, innate immune response in mucosa. We also

analyzed  the  enrichment  plot  of  six  Gene  Ontology  (GO)

among  RNA  process,  which  evidently  showed  that  RNA

metabolic processes and RNA modifications such as methy-

lation are most enriched, indicating that the biogenesis and

development of CAC may be closely associated with involve-

ment of RNA metabolism and its epigenetics (Figure 3b).

Figure 3: Gene Set Enrichment Analysis (GSEA) analysis of differentially expressed mRNAs in CAC RNA-seq. a, GSEA bar plot of the up-reg-
ulated or down-regulated gene ontology (GO) term in CAC. b, Representation of enrichment plot of the six RNA process-related GO on-

tology
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Validation  of  the  Dysregulated  mRNAs  and  lncR-
NAs  in  Clinical  Samples

To  validate  the  results  from  our  CAC  RNA-seq,

we  chose  8  dysregulated  mRNAs  and  3  lncRNAs  for  RT-

qPCR validation with 30 calcified patient sample pairs (Fig.

4).  Housekeeping  gene  GAPDH  was  used  as  the  endoge-

nous  control.  The  relative  expression  level  of  RNAs in  pa-

tients  or  control  was  confirmed to  follow normal  distribu-

tion.  In  the  mRNA  group,  CAV1,  CCDC152,  MEST,  TS-

PAN13 were significantly upregulated in blood of CAC pa-

tients  compared  to  the  normal  controls;  GMPR,  MKRN1,

TNS1  and  YBX3  were  significantly  downregulated  com-

pared  to  the  normal  controls  (Figure  4a).  In  the  lncRNA

group, AL133477.2 was significantly upregulated in CAC pa-

tients, while AL136526.1 and AC007686.4 were significantly

downregulated  in  CAC  patients,  compared  to  the  normal

controls  (Figure  4b).  The  present  results  showed  that  the

RT-qPCR verification was in accordance with RNA-seq re-

sults with high confidence.

Figure 4: Validation of mRNAs and lncRNAs identified from RNA-seq by RT-qPCR in clinical CAC samples. a, The RT-qPCR validation re-
sults of 8 dysregulated mRNAs. b, The RT-qPCR validation results of 3 dysregulated lncRNAs. The patients information of the CAC samples

for validation are included in the Table S3. Data are median SD. *p < 0.05, **p < 0.01, ***p < 0.001 are based on the Student’s t-test

Analysis of the Dysregulated circRNAs and miRNAs

CircRNAs and miRNAs, as well as their functional

interactions,  play vital  roles in the regulation of  many bio-

logical processes including CAC. We then set out to analyze

the differentially expressed circRNAs and miRNAs with fil-

tration criteria (fold changes ≥2.0 and p-values ≤0.05).  Hi-

erarchical clustering heatmap was performed to evaluate th-

ese RNAs, in which CAC and control samples were respec-

tively classified into different branches (Figure 5a,b). Total-
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ly  22  miRNAs  and  39  circRNAs  were  differentially  ex-

pressed, with 11 miRNAs (50%), and 28 circRNAs (71.79%)

upregulated,  while  11  miRNAs  (50%),  and  11  circRNAs

(28.21%) were downregulated. For circRNAs, no significant

difference  in  the  overall  circRNA  expression  was  observed

(Figure S1a,b),  however,  we noticed that the spliced length

of the these circRNAs in CAC group is significantly shorter

than the control group, which might also account for a signi-

ficant  feature  of  CAC  patients,  which  need  further  studies

(Figure S1c,d).

Figure 5: The bioinformatics analysis and RT-qPCR validation of the differentially expressed circRNAs and miRNAs. a, Hierarchical cluster
heatmap of differentially expressed circRNA. b, Hierarchical cluster heatmap of differentially expressed miRNA. c, RT-qPCR validation of cir-

cRNAs identified from RNA-seq in clinical CAC samples. The patients information of the CAC samples for validation are included in the
Table S3. Data are median SD. *p < 0.05, **p < 0.01, ***p < 0.001 are based on the Student’s t-test

To  validate  the  differentially  expressed  circRNAs

from CAC RNA-seq, we chose 6 dysregulated circRNAs for

RT-qPCR  validation  with  30  calcified  patient  sample  pairs

(Figure 5c). Housekeeping gene GAPDH was used as the en-

dogenous  control.  CircDTL,  circHAGH,  circLZIC,  circM-

CU, circPHF7 and circTOP1 were significantly upregulated

in blood of patients with CAC compared to the normal con-

trol,  which  were  all  in  accordance  with  RNA-seq  results

with  high  confidence.
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Figure S1: Expression profiling analysis for circRNAs in CAC. (A) Venn plot of the circRNAs identified in CAC and control group. C: CAC;
N: normal. (B) Box plot of all circRNAs expression level in CAC and control group.(C) Box plot of all circRNAs spliced sequence length dis-

tribution in CAC and control group. (D-E) The distribution of circRNAs spliced sequence length in CAC and control group

Construction  of  circRNA-miRNA-mRNA  Network
of  CAC

CircRNAs participate in a variety of biological pro-

cesses  through  multiple  mechanisms  due  to  their  unique

structures and properties. We then investigated the above 6

validated circRNAs based on their structures and predicted

their  functional  mechanisms (Figure 6a).  Three criteria for

circRNAs were mainly focused: MRE (MicroRNA Element)

for potential miRNA binding capabilities; RBP (RNA Bind-

ing  Protein)  for  circRNA-RBP  interaction;  ORF  (Open

Reading  Frame)  for  circRNA  as  a  potentially  translatable

template.  All  the  circRNAs  examined  have  predicted  RBP

binding sites, suggesting they might function as RNA-bind-

ing  protein  scaffold.  CircDTL,  circHAGH  and  circTOP1

have  ORF  which  indicated  that  they  possess  capability  for

translation and may serve as functional polypeptides. CircR-

NAs  with  miRNA  binding  sites  could  bind  directly  to  the

corresponding miRNAs to inhibit miRNA activity and thus

regulate  the expression of  target  genes.  All  the  6  circRNAs

have  miRNA  binding  sites,  indicating  they  might  function

through miRNA sponging, which is also the most reported

circRNA function. In order to investigate the potential func-

tion  for  circRNAs  acting  as  miRNA  sponges  in  CAC,  we

hence constructed circRNA-miRNA-mRNA network based

on our validated 6 circRNAs, and their corresponding regu-

lating  miRNAs  and  mRNAs  in  CAC.  16  miRNAs,  and  31

mRNAs were  found to  be  correlated with this  ceRNA net-

work (Figure 6b).
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Figure 6: Construction of circRNA-miRNA-mRNA network. a, Predicted functional mechanisms of the validated six circRNAs in the RNA-
seq. MRE, miRNA response elements. RBP, RNA binding protein. ORF, open reading frame. b, circRNA-miRNA-mRNA interacting net-

work for the validated circRNAs (correlation coefficient absolute value 0.99) . Boxes represent differentially expressed mRNA, triangles repre-
sent differentially expressed miRNA, circles represent differentially expressed circRNAs. Red line, circRNA-miRNA interaction; grey line mR-

NA-miRNA interaction. Pink, upregulated; blue, down-regulated

It  is  known that  circRNAs could serve as  miRNA

sponges  to  regulate  gene  expression  in  different  diseases,

and  these  circRNA-miRNA  interactions  are  mediated  by

the RNA-induced silencing complex (RISC) containing Arg-

onaute2  (AGO2)  and  many  associated  proteins.  We  thus

conducted AGO2 RIP assay to determine whether these vali-

dated  circRNAs  in  this  study  could  function  as  miRNA

sponges (Figure 6c). Only circTOP1 exhibited strong bind-

ing  capability  towards  AGO2,  indicating  functionally  circ-

TOP1 might interact with one or multiple miRNAs in CAC.

On  the  other  hand,  the  rest  of  the  circRNAs  examined

showed  no  binding  with  AGO2,  which  revealed  that  miR-

NA sponge mechanistically might not be a common feature

for most circRNAs despite multiple predicted miRNA bind-
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ing sites, at least for the circRNAs examined in this study.

Discussion

Coronary  artery  disease  is  a  significant  cause  of

morbidity  and  mortality  and  the  leading  cause  of  sudden

cardiac death in adults [48]. Coronary artery calcification, a

critical  feature  of  coronary  artery  disease,  is  universally

found  in  coronary  artery  disease  patients,  especially  those

with severe symptoms. CAC was previously thought to be a

benign  process  that  increases  with  aging  [6].  Subsequent

studies  suggest  that  CAC  associates  with  arterial  stiffness,

which increases risk for adverse cardiovascular events [49].

Notably,  CAC  is  positively  associated  with  the  degree  of

atherosclerosis and future cardiac events, and the high pre-

valence  of  CAC  in  coronary  heart  disease  patients  makes

percutaneous  coronary  intervention  (PCI)  difficult  to  per-

form [6,50]. As CAC could be hardly detectable during the

early  stage  of  atherosclerosis,  it  calls  for  early  and  fast

means  of  prognosis  and  diagnosis  for  CAC.

High-throughput sequencing technologies have fa-

cilitated the detection of  aberrantly  expressed both protein

coding and noncoding genes in human at transcriptome lev-

el.  The  number  of  studies  focusing  on  the  disease-related

RNAs is fast increasing as differential expression of specific

genes  would  positively  or  negatively  correlate  with  disease

pathology.  Increasing  evidence  long  suggest  that  lncRNAs,

miRNAs, and circRNAs along with mRNAs could massive-

ly involve in the progression of many diseases, with some of

them  being  identified  as  potentially  suitable  biomarkers.

The  pervasiveness  of  the  bloodstream  and  its  perfusion

through  all  organs  and  tissues  enables  specific  noncoding

RNAs to be distributed and function throughout the circula-

tion.  Lines  of  evidence  suggest  that  circulating  noncoding

RNAs are promising molecules to serve as a minimally inva-

sive diagnostic  and prognostic  biomarker for various types

of cardiovascular disease. The applications of these RNAs of-

ten provides  critical  information to identify  and categorize

patients toward an individual risk profile; monitor the con-

ditions of disease dynamically, and offer effective prognosis

for patients with appropriate treatments. Besides, the circu-

lating noncoding RNAs exhibit  tissue-  and disease-specific

expression patterns, as well as their high stability in the cir-

culatory  system,  which  make  them  suitable  molecules  for

targeted therapy [51]. Recent advances for the development

of noncoding RNA-based targeted strategy are mostly com-

ing from cancer research, with multiple clinical trials are on-

going. For instance, PCA3 (prostate cancer antigen 3) is one

of the first noncoding RNA biomarkers in the treatment of

prostate  cancer  [52].  It  remains  to  be  seen  in  the  next  de-

cade how this  field  would develop with more precising se-

quencing  technologies  and  detection  measures  to  validate

the feasibility of noncoding RNAs.

However, there is only a limited number of studies

for  the  universal  investigations  on  the  dysregulated  RNAs

of CAC, especially circRNAs. In this study, we utilized RNA

deep-sequencing  from  peripheral  blood  of  CAC  patients,

and  totally  identified  238  mRNAs,  155  lncRNAs,  22  miR-

NAs and 39 circRNAs that were differentially expressed. To

the  best  of  our  knowledge,  it  is  the  first  comprehensive

study that  identifies  and analyzes  the  dysregulated mRNA,

miRNA,  lncRNA and  circRNA in  CAC.  We also  validated

some  of  the  dysregulated  RNAs  which  was  in  accordance

with the RNA-seq with high confidence. We also performed

GSEA analysis with either upregulated or downregulated dif-

ferentially expressed RNAs. Several critical pathways that as-

sociate  with  CAC  were  found  in  the  analysis,  especially

RNA  modifications  and  RNA  metabolism  [53,54],  both  of

which are strongly correlated with progression of coronary

artery disease, including CAC. m6A-SNPs were found to be

associated  with  coronary  artery  diseases,  in  which  SNP

rs12286 was significantly associated with coronary artery

disease at genome-wide level and might regulate the expres-

sion of ADAMTS7 [55]. Besides, m6A also participates in

vascular calcification, and study on both cell and rat models

of calcification reveals that METTL14-dependent m6A plays

a  vital  role  in  the  underlying  pathomechanisms  [56].

Studies also indicated that metabolic syndrome (MS) was

correlated  with  an  increased  risk  of  CAC  [57].  Further

studies are worthy of investigating whether the dysregulated

RNAs function in these biological processes.

lncRNA-mRNA interaction is one of the most fre-

quent  functional  mechanisms  of  lncRNA  [23].  We  also

established lncRNA-mRNA co-expression network in CAC,

based  on  ceRNA  mechanism  which  is  similar  to  circR-

NA-miRNA interaction. It is long acknowledged that RNA-

seq-based  lncRNA-mRNA  network  has  become  a  useful
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tool to predict functional lncRNAs and their potential func-

tional  mechanisms,  which  is  widely  used  in  many  disease

models  and  clinical  samples  [58,59].  Our  lncRNA-mRNA

network  in  CAC  would  hopefully  provide  useful  informa-

tion to the future CAC investigations.

Lines of evidence reveal that circRNAs participate

in various biological  processes,  including cell  proliferation,

protein metabolism, autophagy, tumor immunology, signal

transduction,  genome  stability,  etc.  [31,60].  In  this  study,

we presented 6 circRNAs that were also validated in the sub-

sequent  experiments,  and  we  demonstrated  their  potential

mechanisms according to their nucleotide sequences. CircR-

NAs  are  generally  found  to  function  with  multiple  mech-

anisms, such as miRNA sponge, protein scaffold, transcrip-

tional regulation and translation [31,60]. Of note, circRNA

acting as miRNA sponge was first found in 2013 and has be-

come one of the most investigated mechanisms in almost all

disease  models  [41,61].  It  is  believed  that  circRNA,  which

harbors  miRNA  binding  sites,  would  sequester  miRNA(s)

like a sponge and thus alleviate miRNA’s suppression of its

target protein(s). Based on this, we first constructed the cir-

cRNA-miRNA-mRNA network in CAC, and 6 circRNAs, 7

miRNAs, 116 mRNAs were potentially correlated and were

involved in the occurrence and progression of CAC, which

indicates potential biological or clinical mechanisms for fu-

ture  studies.  AGO2  RIP  further  indicated  that  circTOP1

might  function  as  miRNA  sponge,  whereas  the  rest  circR-

NA  examined  in  this  study  showed  no  significant  binding

capability towards AGO2. This finding suggests that circR-

NA may, but not generally, function as sponge for miRNA,

at  least  in  this  study.  However,  there  is  certain  possibility

that  these  circRNAs  might  functionally  interact  with  miR-

NAs in other contexts due to the cell- and tissue- specificity

of  circRNAs.  Together  with  lncRNA-mRNA co-expression

network, we believe that a comprehensive understanding of

the complex networks of interactions that these dysregulat-

ed  RNAs  would  provide  a  unique  opportunity  for  better

therapeutic  interventions

The findings of this study uncover potentially im-

portant RNAs, pathways and RNA networks that are associ-

ated with CAC, and provide a prospective view towards the

underlying the functions and functional mechanisms of the

differentially  expressed  RNAs.  Compared  to  the  previous

work [62-67], this study conducted a comprehensive RNA-

seq  and  bioinformatics  analysis  of  RNAs,  especially  circR-

NAs,  an emerging RNA molecule  with unique criteria  and

clinical potential. CAC is closely associated with future car-

diovascular disease events but few study investigated the dif-

ferential  expression  of  multiple  RNAs  in  this  context.  We

thereby aimed to investigate both the RNAs and their poten-

tial functional mechanisms, and most importantly, establish

the interaction networks, especially the circRNA-miRNA-m-

RNA network in CAC, which provides sufficient novelty to

this study.

However,  some  further  questions  remain  that  re-

quire future investigations. First in our preliminary design,

we aimed to choose patients in both groups in which none

of them has chronic diseases such as hypertension, diabetes,

and chronic renal insufficiency, which narrowed our enroll-

ment  for  patients.  Despite  some  previous  work  used  com-

parable number of sample pairs for RNA-seq [68-71], more

CAC samples are still expected for the RNA-seq and analy-

sis  based  on  sample  size  estimation,  which  could  help  us

more  optimize  the  study  design  for  differential  expression

detection with high confidence. Second, it  should be noted

that we used peripheral blood from CAC patients for RNA-

seq  rather  than  calcified  lesion  on  the  coronary  artery  due

to lack of these samples in clinical practices. It would be ben-

eficial to include calcified lesion samples from coronary ar-

teries in future studies to provide a more direct assessment

of  the  disease  process.  Generally,  diagnostic  value  of  the

established biomarkers may be limited by the heterogeneity

of  many  factors  of  patients.  Addition  of  calcified  lesion

from a larger cohort of patients would provide more accu-

rate landscape of CAC. Third, the RNA regulatory networks

are only based on bioinformatics predictions and lack practi-

cal  experiment  for  verification  which  requires  future  in-

-depth studies with in vivo  and in vitro  experiments. Be-

sides, use of animal models facilitates the investigations in

cardiovascular  diseases  [72,73],  therefore  these  models

would also help provide a systematic view on the potential

functions and evolutionary conservation of the RNAs dur-

ing CAC. To investigate further the conserved functions of

the differentially expressed RNAs, we are currently committ-

ed  to  studying  these  potential  mechanisms  with  CAC

mouse models.
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Conclusions

In this study, we have comprehensively sequenced

and analyzed the dysregulated mRNAs, lncRNAs, miRNAs

and  circRNAs  in  peripheral  blood  of  CAC  patients,  with

some  of  the  RNAs  validated  in  clinical  samples.  Also,  we

constructed  the  lncRNA-mRNA  co-expression  network,

and for the first time established the circRNA-miRNA-mR-

NA in CAC. GSEA pathway analysis indicated the progres-

sion  of  CAC  might  correlate  with  RNA  modifications  and

RNA metabolism, which provides better insights for the fu-

ture studies in the CAD research. All the present results pro-

vide valuable resources for the future clinical prognosis and

predictions of CAC.
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