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Background: Genetic risk factors substantially contributed to the development of
coronary atherosclerosis. Genome-wide association study (GWAS) has identified
many risk loci for coronary atherosclerosis, but the translation of these loci into
therapeutic targets is limited for their location in non-coding regions. Here, we
aimed to screen the potential coronary atherosclerosis pathogenic genes expressed
though TWAS (transcriptome wide association study) and explore the underlying
mechanism association.
Methods: Four TWAS approaches (PrediXcan, JTI, UTMOST, and FUSION) were used
to screen genes associated with coronary atherosclerosis. Enrichment analysis of
TWAS-identified genes was applied through the Metascape website. The summary-
data-based Mendelian randomization (SMR) analysis was conducted to provide the
evidence of causal relationship between the candidate genes and coronary
atherosclerosis. At last, the cell type-specific expression of the intersection genes
was examined by using human coronary artery single-cell RNA-seq, interrogating
the immune microenvironment of human coronary atherosclerotic plaque at
different stages of maturity.
Results: We identified 19 genes by at least three approaches and 1 gene (NBEAL1) by
four approaches. Enrichment analysis enriching the genes identified at least by two
TWAS approaches, suggesting that these genes were markedly enriched in asthma
and leukocyte mediated immunity reaction. Further, the summary-data-based
Mendelian randomization (SMR) analysis provided the evidence of causal relationship
between NBEAL1 gene and coronary atherosclerosis, confirming the protecting
effects of NBEAL1 gene and coronary atherosclerosis. At last, the single cell cluster
analysis demonstrated that NBEAL1 gene has differential expressions in
macrophages, plasma cells and endothelial cells.
Conclusion: Our study identified the novel genes associated with coronary
atherosclerosis and suggested the potential biological function for these genes,
providing insightful guidance for further biological investigation and therapeutic
approaches development in atherosclerosis-related diseases.
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Introduction

Coronary artery disease (CAD), a leading global cause of death, is influenced by lifestyle,

interactions of environmental, genetic risk factors and so on (1). Environmental and lifestyle

factors were well-established coronary atherosclerosis risk factors, including physical activity,

body mass index (BMI), smoking, healthy diet score and blood pressure (BP), total
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cholesterol (TC) and fasting plasma glucose (FPG), as defined by

American Heart Association (2, 3).

Meanwhile, genetic risk factors substantially contributed to the

development of coronary atherosclerosis (4, 5). A study of more

than 20,000 Swedish twins confirmed a heritability of ∼50% for fatal

coronary atherosclerosis among close relatives. Another analysis

study using updated genome-wide approaches similarly quantified

the heritability of coronary atherosclerosis at 40%–50% (6, 7).

Recently, the genome-wide approaches have laid the foundation to

understand the underlying genetic architecture of coronary

atherosclerosis, to uncover novel biology and to apply these findings

to clinical practice. More than 250 risk loci for coronary

atherosclerosis have been identified though genome-wide association

study (GWAS), helping to inform experimental interrogation of

putative causal mechanisms for coronary atherosclerosis (8).

However, the translation of these loci into therapeutic targets is

limited. One of the possible reasons is that most of these risk loci are

located in the non-coding region of the human genome. The

biological explanations are thus not straightforward. In order to

solve this problem, TWAS (transcriptome wide association study)

has been developed to identify and prioritize disease genes. TWAS

may point to causal genes at risk sites identified by GWAS,

thereby providing further insight into biological mechanisms

(9, 10). In addition, TWAS can provide higher sensitivity to

identify susceptibility genes missed by traditional GWAS analyses.

In this study, four different TWAS methods were used to

systematically prioritize the potential coronary atherosclerosis

pathogenic genes expressed in coronary arteries tissues, and to

further reveal the underlying mechanism association through

pathway enrichment analysis, providing novel evidence for the

genetic mechanisms of coronary atherosclerosis.
Methods

Study design

First, we extracted the complete summary data from the

GWASs for coronary atherosclerosis. Then we performed a

TWAS analysis using four different methods with pre-trained

gene expression models. Third, the summary-data-based

Mendelian randomization (SMR) was used to assess the causal

relationship between the intersection of genes and coronary

atherosclerosis risk. Finally, we utilized public single-cell

transcriptome data to explore the cell type-specific expression of

the intersection genes in the coronary artery.
The data source for gene-expression
models and coronary atherosclerosis

We used the recently released data of the Genotype-Tissue

Expression (GTEx, https://gtexportal.org/home/) project (V8), which

includes RNA sequencing data and whole-genome sequencing

(WGS) data of coronary artery (N = 213). The training methods of

gene-expression models can be found in previous studies (11–13).
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We utilized the pre-trained prediction models from Zenodo (https://

doi.org/10.5281/zenodo.3842289) and TWAS/FUSION website

(https://s3.us-west-1.amazonaws.com/gtex.v8.fusion/EUR/GTExv8.EU

R.Artery_Coronary.tar.gz) for further transcriptome-wide association

analyses. We collected the GWAS summary data of coronary

atherosclerosis from FinnGen, a significant public-private

partnership that aims to gather and analyze genetic and health data

from more than 500,000 people. The latest release is from

December 2022, including 342,499 participants (190,879 females

and 151,620 males) and 20,175,454 variants. The diagnosis of

coronary atherosclerosis from the hospital discharge registry and

cause of death registry was based on the International Classification

of Disease. In total, 42,421 cases and 285,621 controls were

identified (https://www.finngen.fi/en/access_results).
Transcriptome-wide association study

We performed a summary-based TWAS using four different

approaches, including the joint-tissue imputation (JTI) method

(11), the PrediXcan (12), the modified unified test for molecular

signatures (UTMOST) (11, 13), and the FUSION (14). Overall,

the JTI borrows information on each tissue-tissue pair (or cell

type) to improve the prediction quality. The PrediXcan uses the

elastic net to determine the optimal hyperparameter. UTMOST

borrows information across tissues using a sparse group-LASSO

method. Similarly, FUSION is a suite of tools for performing

TWAS. A combination of complementary methods may improve

the reliability of results. We also applied Bonferroni corrections

for multiple comparisons, considering the total number of tested

genes across different methods.
Summary-data-based Mendelian
randomization

We further validated the TWAS results using the SMR analysis

followed by the heterogeneity in dependent instrument (HEIDI)

test (15). The SMR was used to test for the potential causal effect

of the expression level of a gene on coronary atherosclerosis using

summary GWAS data and expression quantitative trait loci

(eQTLs) studies. Genes were considered plausible causal gene only

if they passed both SMR and HEIDI tests (PSMR < 0.05 and HEIDI

P > 0.05).
Enrichment analysis and cell-type
specificity analysis

We performed the enrichment analysis of TWAS-identified

genes using the Metascape website (16). We examined the cell

type-specific expression of the intersection genes by using human

coronary artery single-cell RNA-seq, interrogating the immune

microenvironment of human coronary atherosclerotic plaque at

different stages of maturity. Clusters were annotated by taking

default parameters with an online tool to visualize single-cell
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data (17). Finally, we performed differential expression analysis to

determine whether these candidate genes were differentially

expressed in some specific cell types.
Results

Transcriptome-wide significant genes for
coronary atherosclerosis

Four TWAS approaches (PrediXcan, JTI, UTMOST, and

FUSION) were used to screen genes associated with coronary

atherosclerosis (Supplementary Tables S1–S4). Finally, we

identified 19 genes with TWAS P-value passing multiple testing,

such as NBEAL1, CEACAM19, AC243964.3, INO80E, et al.

Among these candidate genes, only one gene (NBEAL1) was

identified by all TWAS approaches. Figure 1 shows the Venn

diagram of the TWAS-identified genes. Table 1 summarizes the

19 associated genes identified by at least three TWAS approaches.
Enrichment analysis of the TWAS-identified
genes

Enrichment analysis of the genes identified at least by two

TWAS approaches results were shown in Figure 2. Several

significant biological process terms and pathways were detected,

such as asthma (hsa05310), positive regulation of telomere

maintenance (GO:0032206), positive regulation of biological

process (GO:0048518), negative regulation of neuron projection

development (GO:0010977), immune system process

(GO:0002376) and so on. We found that among all the significant

biological process terms and pathways, the genes identified at least

by two TWAS approaches were markedly enriched in asthma and

leukocyte mediated immunity reaction (Figure 2).
Causal relationships between NBEAL1 and
coronary atherosclerosis

The NBEAL1 gene was identified by all the four TWAS

approaches, suggesting that this gene might be the most reliable

associated gene. We therefore explored the causal relationship

between NBEAL1 expression in the coronary artery and coronary

atherosclerosis using SMR. Our results showed NBEAL1 was a

plausible causal gene in the coronary artery and coronary

atherosclerosis. And it provided a protective role in coronary

atherosclerosis incidence (odds ratio (OR) = 0.84, 95% confidence

interval (CI) = 0.79–0.90, P-value = 5.84−8) (Supplementary

Table S5), showing the same direction as that in TWAS analysis.
Single-cell cluster analysis

To analyze the expression of NBEAL1 gene in immune cells

during the immune response process, we also performed single
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atherosclerotic plaque tissue were annotated into seven clusters,

including endothelial cells, plasma cells, erythrocyte, T cells, mast

cells, macrophages, and Natural killer (NK) cells. The single cell

cluster analysis demonstrated that NBEAL1 gene has differential

expressions in macrophages, plasma cells and endothelial cells

(Figure 3).
Discussion

In this study, we identified 19 genes by at least three TWAS

approaches and one gene (NBEAL1) by four TWAS approaches.

Next, we found that these genes were markedly enriched in

asthma and leukocyte mediated immunity reaction though gene

enrichment analysis approaches. Further, the SMR analysis provide

the evidence of causal relationship between NBEAL1 gene and

coronary atherosclerosis, confirming the protective effects of

NBEAL1 gene and coronary atherosclerosis. Finally, the single cell

cluster analysis demonstrated that NBEAL1 gene has differential

expressions in macrophages, plasma cells and endothelial cells.

CAD is one kind of cardiovascular diseases with a high

prevalence rate, and its etiology is complex, among which genetic

factors play the primary role. Although GWAS has identified

many risk loci for CAD, only a minority of candidate genes

could be experimentally demonstrated for their potential causal

role in atherosclerosis. TWAS, a bioinformatics method based on

expression levels of specific genes in defined tissues, could shed

further insights into biological mechanisms in the

pathophysiological process of diseases. There has been TWAS

analysis identifying 18 novel genes in association with CAD

based on two genetics-of-gene-expression panels (STARNET and

GTEx) (18). More TWAS analyses are needed to explore genes

associated with coronary atherosclerosis diseases.

Atherosclerosis is a chronic, complex inflammatory disease that

is mediated by adaptive and innate immunity (19, 20). However,

the specific molecular mechanisms and gene associated causal

effects on coronary atherosclerosis are still unclear. Our study

identified 19 novel genes by three TWAS approaches and one

novel gene (NBEAL1) by four TWAS approaches associated with

coronary atherosclerosis, and all these genes could be enriched in

leukocyte mediated immunity reaction pathway. Abnormal

immune response could interact with inflammation, metabolic

risk factors, and other effector molecules to initiate and activate

lesions in the arterial tree, inducing and accelerating the

progression of coronary atherosclerosis (21, 22). Leukocytes, as

the body’s predominant immune cells, have traditionally been

recognized as markers of acute or chronic inflammation.

Previous studies have reported leukocytes and their

subpopulations (lymphocytes, neutrophils, monocytes,

eosinophils, and basophils) are associated with CAD (23, 24).

Our recent research has also confirmed the causal relationship

between leukocytes and CAD though Mendelian randomization

(MR) approach. This study reconfirmed the relationship between

leukocyte-mediated immune response and coronary

atherosclerosis at the level of gene and gene function.
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FIGURE 1

Overlap analysis of the coronary atherosclerosis associated genes by different TWAS approaches.
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In addition, the study found the genes identified by TWAS

could also be enriched in asthma pathway. There have been

many researches focusing on the relationship between asthma

and CAD. Some studies demonstrated that adult-onset asthma
Frontiers in Cardiovascular Medicine 04
was associated with CAD, especially in females (25, 26), and the

potential mechanism may involve systemic inflammation and

cellular immunity. However, some bioinformatics analyses (such

as MR) found that asthma was a causal factor for atrial
frontiersin.org
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TABLE 1 TWAS-identified genes associated with coronary atherosclerosis.

PrediXcan JTI UTMOST FUSION

Z score P value Z score P value Z score P value Z score P value
NBEAL1 −5.16 2.47 × 10−7 −5.26 1.43 × 10−7 −5.02 5.12 × 10−7 −7.62 2.43 × 10−14

CEACAM19 11.85 2.13 × 10−32 9.12 6.90 × 10−20 9.43 3.88 × 10−21 – –

AC243964.3 9.37 6.98 × 10−21 7.82 4.93 × 10−15 7.35 1.95 × 10−13 – –

INO80E 6.50 8.30 × 10−11 6.26 3.74 × 10−10 6.59 4.33 × 10−11 – –

WNT3 −6.09 1.10 × 10−9 −5.86 4.51 × 10−9 −6.13 8.52 × 10−10 – –

C17orf107 6.09 1.15 × 10−9 5.01 5.28 × 10−7 5.18 2.13 × 10−7 – –

SCIMP 6.06 1.34 × 10−9 6.04 1.48 × 10−9 4.84 1.25 × 10−6 – –

HLA-DQA2 −5.81 6.09 × 10−9 −5.87 4.29 × 10−9 −5.47 4.36 × 10−8 – –

YPEL3 −5.81 6.25 × 10−9 −4.92 8.58 × 10−7 −6.05 1.40 × 10−9 – –

KANSL1-AS1 −5.71 1.08 × 10−8 −5.61 1.99 × 10−8 −5.36 7.98 × 10−8 – –

LACTB 5.48 4.05 × 10−8 5.65 1.55 × 10−8 5.34 9.07 × 10−8 – –

SLC26A1 −5.45 4.89 × 10−8 −5.10 3.31 × 10−7 −5.00 5.65 × 10−7 – –

KAT8 −5.39 6.95 × 10−8 −6.27 3.50 × 10−10 −6.08 1.18 × 10−9 – –

EPHX2 5.38 7.27 × 10−8 5.10 3.28 × 10−7 4.86 1.16 × 10−6 – –

CHRNE 5.26 1.41 × 10−7 5.30 1.11 × 10−7 5.33 9.68 × 10−8 – –

LRRC37A2 −5.25 1.51 × 10−7 −5.51 3.44 × 10−8 −5.19 2.10 × 10−7 – –

NDUFAF6 4.78 1.68 × 10−6 5.00 5.73 × 10−7 5.43 5.61 × 10−8 – –

AC135050.3 −4.65 3.29 × 10−6 −4.71 2.38 × 10−6 −4.50 6.55 × 10−6 – –

EARS2 4.46 7.97 × 10−6 4.72 2.34 × 10−6 4.68 2.83 × 10−6 – –

Zhao et al. 10.3389/fcvm.2023.1149113
fibrillation and heart failure, but not for CAD (27, 28). Therefore,

more research is needed to explore the relationship between asthma

and coronary atherosclerosis.

The NBEAL1 is a new coronary atherosclerosis associated

maker gene screened by four TWAS approaches in our study.

The NBEAL1 gene, located on human chromosome 2q33–2q34

was consisted of 25 exons spanning about 73 kb of the human

genome. NBEAL1 gene transcripts showed high expression in the

human brain, kidney, prostate, and testis while low expression in

the ovary, small intestine, colon and peripheral blood leukocyte.

NBEAL1 was first found higher expression in glioma tissues
FIGURE 2

(A) Enrichment analysis of the TWAS-identified genes. (B) Enrichment analysis
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compared to the normal brain tissue, suggesting its correlation

with the glioma (29). Besides, some research also revealed its

association with stroke, cerebral small vessel disease and

hereditary breast cancer (30–32).

Recently, a gene-based analyses from the NIH Exome

Sequencing Project has identified the association between

NBEAL1 gene and early onset myocardial infarction, emphasizing

the potential contributions of genetic variation in NBEAL1 to the

pathogenesis of premature atherosclerosis (33). However, there is

few reports on the causal relationship between NBEAL1 gene and

coronary atherosclerosis. In this research, we further identified
of the immune system process.
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FIGURE 3

Single cell cluster analysis. (A) UMAP by cell type. To observe the expression of NBEAL1 gene in cells, the darker the color, the higher the expression. (B)
Expression dot plot. The size of the dot represents the proportion of the NBEAL1 gene in the immune cells and the shade of the dot represents the degree
of expression, the darker the color, the higher the expression.

Zhao et al. 10.3389/fcvm.2023.1149113
the causal relationship between NBEAL1 gene and coronary

atherosclerosis though SMR analysis, and we found NBEAL1

gene was a protective causal gene maker for CAD. Combined

with our previous enrichment analysis results, we speculate that

NBEAL1 gene might mediate the development of coronary
Frontiers in Cardiovascular Medicine 06
atherosclerosis through the immune inflammatory pathway.

Christian et al. found that NBEAL1 is shown to be expressed

most abundantly in arteries and could regulate cholesterol

metabolism through modulation of LDLR expression in a

mechanism which involves interaction with SCAP and PAQR3
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and subsequent SREBP2-processing (34). Low expression of

NBEAL1 may lead to increased risk of CAD by downregulation

of LDLR levels. In depth, it is still unclear whether NBEAL1 gene

associated immune inflammatory reaction could lead to the

occurrence and development of coronary atherosclerosis though

cholesterol metabolism pathway, and more research are needed

to identify this.

Further, single cell cluster analysis found that NBEAL1 gene

has differential expressions in macrophages, plasma cells and

endothelial cells. All these cells are the key cells involved in the

occurrence and development of coronary atherosclerosis.

Macrophages contribute to the maintenance of the local

inflammatory response by producing reactive oxygen and

nitrogen species and secreting chemokines, proinflammatory

cytokines (including IL-6, TNF-α and IL-1β) (35–37). In

pathological condition, the inflammatory cycle can be amplified

with increased retention of lipoproteins (38, 39), finally

promoting the formation of complicated atherosclerotic plaques.

Endothelial cells are important barrier covering the wall of the

arteries, regulating vascular tone, preventing platelet aggregation,

and maintaining fluid homeostasis (40–42). Endothelial

dysfunction plays a central role in all phases of the

atherosclerotic process. Once more, the single cell cluster analysis

results illustrate that the NBEAL1 gene enriched in these key

cells may be an important intervention target for prevention and

treatment of coronary atherosclerosis.

However, there are still some limitations in our study. We did

not exhibit molecular biology experiment to further explore the

specific mechanism association between the maker genes and

coronary atherosclerosis, and we will perform this part of

research in future. Besides, our research results are obtained

through bioinformatics methods, and we did not revalidate our

findings in the coronary atherosclerosis population. This is also

an important part of our future research directions.
Conclusion

In conclusion, we identified the novel genes associated with

coronary atherosclerosis and suggested the potential biological

function (inflammatory immune pathway) for these genes,

providing insightful guidance for further research and therapeutic

approaches development in atherosclerosis-related diseases.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Frontiers in Cardiovascular Medicine 07
Ethics statement

This study is a secondary analysis conducted through existing

GWAS data. The specific ethics and consent statements reviewed

in this study can be accessed in the original publication.
Author contributions

All authors participated in the field survey and data collection.

QZ and YML contributed to the study conception. QZ, RL, MB

and XY drafted the manuscript. YML, HC, YL and JD analyzed

the data. QZ obtained the funding. All authors contributed to

the article and approved the submitted version.
Funding

Henan Provincial Medical Science and Education Research

Program project jointly built by the Ministry (SB201903022),

Henan Province Key and Joint Construction Project of Medical

Science and Technology (LHGJ20210102), Henan Province Key

and Joint Construction Project of Medical Science and

Technology (LHGJ20220103).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.

1149113/full#supplementary-material

SUPPLEMENTARY FIGURE S1

Transcriptome comparison of NBEAL1 gene in publicly available data
(GSE43292). G1 is for control group, G2 is for experimental group.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2023.1149113/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1149113/full#supplementary-material
https://doi.org/10.3389/fcvm.2023.1149113
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Zhao et al. 10.3389/fcvm.2023.1149113
References
1. Malakar AK, Choudhury D, Halder B, Paul P, Uddin A, Chakraborty S. A review
on coronary artery disease, its risk factors, and therapeutics. J Cell Physiol. (2019)
234:16812–23. doi: 10.1002/jcp.28350

2. Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel LJ, Van Horn L,
et al. Defining and setting national goals for cardiovascular health promotion and
disease reduction: the American Heart Association’s strategic impact goal through
2020 and beyond. Circulation. (2010) 121:586–613. doi: 10.1161/
CIRCULATIONAHA.109.192703

3. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ,
et al. 2019 ACC/AHA guideline on the primary prevention of cardiovascular
disease: executive summary: a report of the American College of Cardiology/
American Heart Association task force on clinical practice guidelines. J Am Coll
Cardiol. (2019) 74:1376–414. doi: 10.1016/j.jacc.2019.03.009

4. Kathiresan S, Srivastava D. Genetics of human cardiovascular disease. Cell. (2012)
148:1242–57. doi: 10.1016/j.cell.2012.03.001

5. Khera AV, Kathiresan S. Genetics of coronary artery disease: discovery, biology
and clinical translation. Nat Rev Genet. (2017) 18:331–44. doi: 10.1038/nrg.2016.160

6. Marenberg ME, Risch N, Berkman LF, Floderus B, de Faire U. Genetic
susceptibility to death from coronary heart disease in a study of twins. N Engl J
Med. (1994) 330:1041–6. doi: 10.1056/NEJM199404143301503

7. Zdravkovic S, Wienke A, Pedersen NL, Marenberg ME, Yashin AI, De Faire U.
Heritability of death from coronary heart disease: a 36-year follow-up of 20 966
Swedish twins. J Intern Med. (2002) 252:247–54. doi: 10.1046/j.1365-2796.2002.
01029.x

8. Aragam KG, Jiang T, Goel A, Kanoni S, Wolford BN, Atri DS, et al. Discovery and
systematic characterization of risk variants and genes for coronary artery disease in
over a million participants. Nat Genet. (2022) 54:1803–15. doi: 10.1038/s41588-022-
01233-6

9. Wainberg M, Sinnott-Armstrong N, Mancuso N, Barbeira AN, Knowles DA,
Golan D, et al. Opportunities and challenges for transcriptome-wide association
studies. Nat Genet. (2019) 51:592–9. doi: 10.1038/s41588-019-0385-z

10. Zhang W, Voloudakis G, Rajagopal VM, Readhead B, Dudley JT, Schadt EE,
et al. Integrative transcriptome imputation reveals tissue-specific and shared
biological mechanisms mediating susceptibility to complex traits. Nat Commun.
(2019) 10:3834. doi: 10.1038/s41467-019-11874-7

11. Zhou D, Jiang Y, Zhong X, Cox NJ, Liu C, Gamazon ER. A unified framework
for joint-tissue transcriptome-wide association and Mendelian randomization
analysis. Nat Genet. (2020) 52:1239–46. doi: 10.1038/s41588-020-0706-2

12. Gamazon ER, Wheeler HE, Shah KP, Mozaffari SV, Aquino-Michaels K, Carroll
RJ, et al. A gene-based association method for mapping traits using reference
transcriptome data. Nat Genet. (2015) 47:1091–8. doi: 10.1038/ng.3367

13. Hu Y, Li M, Lu Q, Weng H, Wang J, Zekavat SM, et al. A statistical framework
for cross-tissue transcriptome-wide association analysis. Nat Genet. (2019) 51:568–76.
doi: 10.1038/s41588-019-0345-7

14. Gusev A, Ko A, Shi H, Bhatia G, Chung W, Penninx BW, et al. Integrative
approaches for large-scale transcriptome-wide association studies. Nat Genet. (2016)
48:245–52. doi: 10.1038/ng.3506

15. Zhu Z, Zhang F, Hu H, Bakshi A, Robinson MR, Powell JE, et al. Integration of
summary data from GWAS and eQTL studies predicts complex trait gene targets. Nat
Genet. (2016) 48:481–7. doi: 10.1038/ng.3538

16. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of systems-level
datasets. Nat Commun. (2019) 10:1523. doi: 10.1038/s41467-019-09234-6

17. Ma WF, Hodonsky CJ, Turner AW, Wong D, Song Y, Mosquera JV, et al.
Enhanced single-cell RNA-seq workflow reveals coronary artery disease cellular
cross-talk and candidate drug targets. Atherosclerosis. (2022) 340:12–22. doi: 10.
1016/j.atherosclerosis.2021.11.025

18. Li L, Chen Z, von Scheidt M, Li S, Steiner A, Güldener U, et al. Transcriptome-
wide association study of coronary artery disease identifies novel susceptibility genes.
Basic Res Cardiol. (2022) 117:6. doi: 10.1007/s00395-022-00917-8

19. Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ Res. (2019)
124:315–27. doi: 10.1161/CIRCRESAHA.118.313591

20. Ruparelia N, Choudhury R. Inflammation and atherosclerosis: what is on the
horizon? Heart. (2020) 106:80–5. doi: 10.1136/heartjnl-2018-314230

21. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl
J Med. (2005) 352:1685–95. doi: 10.1056/NEJMra043430

22. Gerling IC, Ahokas RA, Kamalov G, Zhao W, Bhattacharya SK, Sun Y, et al.
Gene expression profiles of peripheral blood mononuclear cells reveal
Frontiers in Cardiovascular Medicine 08
transcriptional signatures as novel biomarkers of cardiac remodeling in rats with
aldosteronism and hypertensive heart disease. JACC Heart Fail. (2013) 1:469–76.
doi: 10.1016/j.jchf.2013.09.003

23. Wheeler JG, Mussolino ME, Gillum RF, Danesh J. Associations between
differential leucocyte count and incident coronary heart disease: 1764 incident cases
from seven prospective studies of 30,374 individuals. Eur Heart J. (2004)
25:1287–92. doi: 10.1016/j.ehj.2004.05.002

24. Madjid M, Fatemi O. Components of the complete blood count as risk
predictors for coronary heart disease: in-depth review and update. Tex Heart Inst J.
(2013) 40:17–29.

25. Lee HM, Truong ST, Wong ND. Association of adult-onset asthma with specific
cardiovascular conditions. Respir Med. (2012) 106:948–53. doi: 10.1016/j.rmed.2012.
02.017

26. Liu H, Fu Y, Wang K. Asthma and risk of coronary heart disease: a meta-analysis
of cohort studies. Ann Allergy Asthma Immunol. (2017) 118:689–95. doi: 10.1016/j.
anai.2017.03.012

27. Chen H, Chen W, Zheng L. Genetic liability to asthma and risk of cardiovascular
diseases: a Mendelian randomization study. Front Genet. (2022) 13:879468. doi: 10.
3389/fgene.2022.879468

28. Zhou Y, Liang ZS, Jin Y, Ding J, Huang T, Moore JH, et al. Shared genetic
architecture and causal relationship between asthma and cardiovascular diseases: a
large-scale cross-trait analysis. Front Genet. (2021) 12:775591. doi: 10.3389/fgene.
2021.775591

29. Chen J, Lu Y, Xu J, Huang Y, Cheng H, Hu G, et al. Identification and
characterization of NBEAL1, a novel human neurobeachin-like 1 protein gene from
fetal brain, which is up regulated in glioma. Brain Res Mol Brain Res. (2004)
125:147–55. doi: 10.1016/j.molbrainres.2004.02.022

30. Wu BS, Chen SF, Huang SY, Ou YN, Deng YT, Chen SD, et al. Identifying causal
genes for stroke via integrating the proteome and transcriptome from brain and blood.
J Transl Med. (2022) 20:181. doi: 10.1186/s12967-022-03377-9

31. Traylor M, Zhang CR, Adib-Samii P, Devan WJ, Parsons OE, Lanfranconi S,
et al. Genome-wide meta-analysis of cerebral white matter hyperintensities in
patients with stroke. Neurology. (2016) 86:146–53. doi: 10.1212/WNL.
0000000000002263

32. Glentis S, Dimopoulos AC, Rouskas K, Ntritsos G, Evangelou E, Narod SA, et al.
Exome sequencing in BRCA1- and BRCA2-negative Greek families identifies MDM1
and NBEAL1 as candidate risk genes for hereditary breast cancer. Front Genet. (2019)
10:1005. doi: 10.3389/fgene.2019.01005

33. Hixson JE, Jun G, Shimmin LC, Wang Y, Yu G, Mao C, et al. Whole exome
sequencing to identify genetic variants associated with raised atherosclerotic lesions
in young persons. Sci Rep. (2017) 7:4091. doi: 10.1038/s41598-017-04433-x

34. Bindesbøll C, Aas A, Ogmundsdottir MH, Pankiv S, Reine T, Zoncu R, et al.
NBEAL1 controls SREBP2 processing and cholesterol metabolism and is a
susceptibility locus for coronary artery disease. Sci Rep. (2020) 10:4528. doi: 10.
1038/s41598-020-61352-0

35. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, et al.
Transcriptome-based network analysis reveals a spectrum model of human
macrophage activation. Immunity. (2014) 40:274–88. doi: 10.1016/j.immuni.2014.01.
006

36. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of the
human monocyte-to-macrophage differentiation and polarization: new molecules and
patterns of gene expression. J Immunol. (2006) 177:7303–11. doi: 10.4049/jimmunol.
177.10.7303

37. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation.
Nat Rev Immunol. (2008) 8:958–69. doi: 10.1038/nri2448

38. Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic
balance. Nat Rev Immunol. (2013) 13:709–21. doi: 10.1038/nri3520

39. Williams KJ, Tabas I. The response-to-retention hypothesis of early
atherogenesis. Arterioscler Thromb Vasc Biol. (1995) 15:551–61. doi: 10.1161/01.
ATV.15.5.551

40. Herrero-Fernandez B, Gomez-Bris R, Somovilla-Crespo B, Gonzalez-Granado
JM. Immunobiology of atherosclerosis: a complex net of interactions. Int J Mol Sci.
(2019) 20. doi: 10.3390/ijms20215293

41. Marchio P, Guerra-Ojeda S, Vila JM, Aldasoro M, Victor VM, Mauricio MD.
Targeting early atherosclerosis: a focus on oxidative stress and inflammation. Oxid
Med Cell Longev. (2019) 2019:8563845. doi: 10.1155/2019/8563845

42. Lee DY, Chiu JJ. Atherosclerosis and flow: roles of epigenetic modulation in
vascular endothelium. J Biomed Sci. (2019) 26:56. doi: 10.1186/s12929-019-0551-8
frontiersin.org

https://doi.org/10.1002/jcp.28350
https://doi.org/10.1161/CIRCULATIONAHA.109.192703
https://doi.org/10.1161/CIRCULATIONAHA.109.192703
https://doi.org/10.1016/j.jacc.2019.03.009
https://doi.org/10.1016/j.cell.2012.03.001
https://doi.org/10.1038/nrg.2016.160
https://doi.org/10.1056/NEJM199404143301503
https://doi.org/10.1046/j.1365-2796.2002.01029.x
https://doi.org/10.1046/j.1365-2796.2002.01029.x
https://doi.org/10.1038/s41588-022-01233-6
https://doi.org/10.1038/s41588-022-01233-6
https://doi.org/10.1038/s41588-019-0385-z
https://doi.org/10.1038/s41467-019-11874-7
https://doi.org/10.1038/s41588-020-0706-2
https://doi.org/10.1038/ng.3367
https://doi.org/10.1038/s41588-019-0345-7
https://doi.org/10.1038/ng.3506
https://doi.org/10.1038/ng.3538
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1016/j.atherosclerosis.2021.11.025
https://doi.org/10.1016/j.atherosclerosis.2021.11.025
https://doi.org/10.1007/s00395-022-00917-8
https://doi.org/10.1161/CIRCRESAHA.118.313591
https://doi.org/10.1136/heartjnl-2018-314230
https://doi.org/10.1056/NEJMra043430
https://doi.org/10.1016/j.jchf.2013.09.003
https://doi.org/10.1016/j.ehj.2004.05.002
https://doi.org/10.1016/j.rmed.2012.02.017
https://doi.org/10.1016/j.rmed.2012.02.017
https://doi.org/10.1016/j.anai.2017.03.012
https://doi.org/10.1016/j.anai.2017.03.012
https://doi.org/10.3389/fgene.2022.879468
https://doi.org/10.3389/fgene.2022.879468
https://doi.org/10.3389/fgene.2021.775591
https://doi.org/10.3389/fgene.2021.775591
https://doi.org/10.1016/j.molbrainres.2004.02.022
https://doi.org/10.1186/s12967-022-03377-9
https://doi.org/10.1212/WNL.0000000000002263
https://doi.org/10.1212/WNL.0000000000002263
https://doi.org/10.3389/fgene.2019.01005
https://doi.org/10.1038/s41598-017-04433-x
https://doi.org/10.1038/s41598-020-61352-0
https://doi.org/10.1038/s41598-020-61352-0
https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.1038/nri2448
https://doi.org/10.1038/nri3520
https://doi.org/10.1161/01.ATV.15.5.551
https://doi.org/10.1161/01.ATV.15.5.551
https://doi.org/10.3390/ijms20215293
https://doi.org/10.1155/2019/8563845
https://doi.org/10.1186/s12929-019-0551-8
https://doi.org/10.3389/fcvm.2023.1149113
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Transcriptome-wide association study reveals novel susceptibility genes for coronary atherosclerosis
	Introduction
	Methods
	Study design
	The data source for gene-expression models and coronary atherosclerosis
	Transcriptome-wide association study
	Summary-data-based Mendelian randomization
	Enrichment analysis and cell-type specificity analysis

	Results
	Transcriptome-wide significant genes for coronary atherosclerosis
	Enrichment analysis of the TWAS-identified genes
	Causal relationships between NBEAL1 and coronary atherosclerosis
	Single-cell cluster analysis

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


