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Abstract

Coronary artery disease (CAD) is the most common type of heart disease and the leading cause of death. CAD results from athero-

sclerosis damage in coronary arteries.

Genetic studies have identified causal genes and mutations that underlie atherosclerotic CAD. Germline mutations have been iden-
tified and characterized for rare monogenic familial CAD and lipoprotein disorders. However, the potential causal role of somatic
mutations in the development of atherosclerosis CAD remains unclear. This review summarizes the recent findings in associations
between blood phenotypes and incident CAD and exploring the role of TET2Z somatic mutations in blood cells in atherosclerosis CAD.
By whole-exome sequencing of DNA from the peripheral-blood cells of Caucasians in population-based cohorts somatic mutations
leading to clonal outgrowth of hematopoietic cells were frequently found. The most commonly mutated gene was DNMT3A, TETZ and
ASXL1. Individuals carrying a somatic mutation as compared with those without a mutation had a 2 fold increase for incident CAD
by multivariable analyses. TET2 encodes an epigenetic regulatory enzyme that catalyzes the oxidation of 5-methylcytosine (5 mC) in
DNA to 5-hydroxymethylcytosine (5 hmC). TETZ mutations have been associated with increased CAD incidence and all-cause mor-
tality. Clonal hematopoiesis induced by Tet2 loss-of-function plays an important role in atherosclerosis. These findings may provide

new clues for the underlying mechanism, risk prediction and prevention of CAD.
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Introduction

Coronary artery disease (CAD), also known as ischemic heart disease (IHD), is the most common type of heart disease and the lead-
ing cause of death [1]. CAD results from atherosclerosis damage or diseased coronary arteries that supply blood to the heart. Depending
on partially or totally block of the blood flow of coronary arteries, patients with CAD exhibit a range of clinical presentations including
asymptomatic subclinical atherosclerosis, angina pectoris, myocardial infarction (MI) or sudden cardiac death. Known key risk factors
for CAD include high blood pressure, smoking, elevated total cholesterol, low-density lipoprotein (LDL), high-density lipoprotein choles-
terol (HDL-C) and triglyceride [2].

Genetics plays an important role in the etiology of CAD and MI [3]. Genetically, CAD is heterogeneous. Genetic studies using various
approaches, including candidate gene, family-based linkage analysis, genome-wide association studies (GWAS) and high throughput
sequencing have identified causal genes and mutations that underlie atherosclerotic CAD [2]. Germline mutations are inherited from
parents and detected by sequencing analysis of genomic DNA that are typically 50% of allele reads; whereas somatic mutations occur in
somatic tissues that arise spontaneously during the process of aging and are detected by analysis of tissue DNA with less than 50% allele
reads. Germline mutations have been identified and well characterized in ST6GALNACS, CYP27A1, MEF2A, LRP6 as causal for rare mono-
genic familial CAD; in LDL receptor, PCSK9, ApoB-100, LDLRAP1 and ARH for high LDL; and in monogenic lipid disorders: in ABCA1 and
LCAT for low HDL; and in Apo C-1I for high triglyceride [3-4]. It is known that accumulation of somatic DNA mutations has been associ-
ated with a range of human diseases including future development of cancer [5]. However, the potential causal role of somatic mutations
in the development of atherosclerosis CAD remains unclear. This review summarizes the recent findings in associations between blood

phenotypes and incident CAD and exploring the role of TETZ somatic mutations in blood cells in atherosclerosis CAD.

Associations between blood phenotypes and atherosclerotic CAD

A meta-analysis of prospective cohort study of 1,764 CAD cases from 30,374 individuals, reported associations between total white
blood cell, granulocyte, and neutrophil counts and incident CAD [6]. People with higher baseline total leukocyte counts have about a
40% increased risk of CAD than these with lower total leukocyte count [7]. In an effort to identify causal genes and pathways in hema-
tological traits, the International Human Epigenome Consortium (IHEC) analyzed a total of 173,480 European ancestry individuals from
three large-scale UK studies which reveals associations between blood cell indices and various common diseases, including CAD. GWAS
interrogates 36 traits across the hematopoietic system and identified a total of 2,706 associated variants [8]. A multivariable Mendelian
randomization analysis identified weak but significant positive association between hemolysis and CHD risk. Lymphocyte count had
positive associations with 10% increase in incidence of CAD and 17% increase in schizophrenia, 28% increase in multiple sclerosis, as
well as 20% lower incidence of asthma and 25% lower incidence of celiac disease. Removal of the major histocompatibility complex
(MHC) region made the association with CAD as well as schizophrenia and asthma disappear and only the associations with multiple
sclerosis and celiac disease were robust. These data strongly suggest that genes within MHC predominantly are the major driver of the
association of CAD and hemolysis. Moreover, there was an association of 1.12 fold increased CHD risk with reticulocyte indices and an
association of 8% reduced CHD risk with mean platelet volume (MPV) [8]. Reticulocyte count and percentage from erythrocyte turnover
are increased with hemolysis to release more circulating free hemoglobin. Cell-free hemoglobin-based blood substitutes were associated
with a 30% increase in mortality and a nearly threefold rise in the rate of MI in a meta-analysis [9]. Free hemoglobin reduces nitrous

oxide and increases vasoconstriction, which may contribute to the increased risk of MI.

Somatic mutations in the blood cells of atherosclerosis CAD

Accumulation of somatic DNA mutations in hematopoietic progenitor and stem cells throughout life is a feature of aging, most of
which are nonpathogenic but some somatic mutations may cause clonal hematopoiesis. Single-nucleotide variants (SNVs) and small

indels in the blood of the elderly who are not known to have any hematologic abnormalities were examined by whole-exome sequencing
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of DNA in the peripheralblood cells of 17,182 Caucasians in 22 population-based cohorts in three consortia. Somatic mutations leading
to clonal outgrowth of hematopoietic cells were frequently found in 10% of persons older than 70 years of age carried these lesions, a
median of 18% of peripheral-blood leukocytes were part of the abnormal clone. Longitudinal analysis showed that clonal hematopoiesis

with somatic mutations persisted over a time period of 4 to 8 years [5].

The most commonly mutated gene was DNMT3A (403 variants), TET2 (72 variants) and ASXL1 (62 variants) [5]. Notably, clonal
expansions are detected in these three genes that are most frequently involved somatic mutations and previously been implicated in he-
matologic cancers. Clonal hematopoiesis was a strong risk factor for subsequent hematologic cancer (hazard ratio, 12.9; 95% confidence
interval, 5.8 to 28.7) and present more than 6 months before a first diagnosis of cancer in approximately 42% of hematologic cancers
in a large cohort of 12,380 subjects [10]. In addition, metaanalysis of the two cohorts adjusted for age, sex, and status with respect to
type 2 diabetes, clonal hematopoiesis led to an 11 fold increase of the incidence of hematologic cancers. In particular, among persons
with a variant allele fraction of 0.10 or greater (indicating a higher proportion of cells in the blood carrying the mutation), the risk of a
hematologic cancer was increased nearly 50 fold [5]. However, the majority of persons with clonal mutations in peripheral blood did not
develop the myelodysplastic syndrome or some other hematologic cancers. Surprisingly, individuals who had clonal hematopoiesis with
somatic mutations as compared with those without exhibited a significant 1.4 fold increase in all-cause mortality, which could not be
accounted for alone by the increase in death from a hematologic cancer. Overall, a hematologic cancer developed during the study period
only in approximately 4% of persons with a mutation. This indicates the absolute risk to develop a hematologic cancer for these with

clonal hematopoiesis with somatic mutations is small.

Somatic mutations in genes known to cause hematologic cancers were also significantly associated with a 30% increase in risk of
type 2 diabetes, even after adjustment for potential confounding variables. These who had clonal hematopoiesis with somatic mutations
demonstrated an increased cumulative incidence of both CAD and ischemic stroke, even in the presence of traditional risk factors of
smoking, total cholesterol level, and HLD cholesterol level [5]. In multivariable analyses including age, sex, status with respect to type 2
diabetes, systolic blood pressure, and body-mass index as covariates, individuals carrying a somatic mutation as compared with those
without a mutation had a 2 fold increase for incident CAD and 2.6 fold for ischemic stroke, respectively. A cause-specific mortality analy-

sis revealed that individuals with mutations had a higher risk of death from cardiovascular causes but not from cancer.

Red blood cell distribution width (RDW) is a measure of red blood cell volume variations. The presence of a somatic mutation was
significantly associated with a higher RDW. An elevated RDW has been associated with 3.7 fold increased risk of death as compared with
those who had a normal RDW and did not have mutations [5,11]. Clonal expansion in individuals with somatic mutations may lead to
perturbation of hematopoiesis and high RDW; patients with higher RDW values had decreased red blood cell deformability and impaired
blood flow through the microcirculation contributing to the pathophysiology of CAD and MI. Studies have shown that RDW is a predictor
of poor clinical outcomes in patients with CAD [12]. Furthermore, red blood cells count (RBC) and HDL-C level were evaluated in 3,534
CAD patients who were performed coronary angiography. Lower HDL-C increased CAD incidence 55%; higher RBC levels can reduce
the risk of CAD in patients with lower HDL-C levels, which suggest RBC may play an atheroprotective role in patients with coronary

atherosclerosis [13].

TET2 mutations and atherosclerosis CAD

TET2 encodes an epigenetic regulatory enzyme that catalyzes the oxidation of 5 methylcytosine (5 mC) in DNA to 5-hydroxymethyl-
cytosine (5 hmC) [14-15]. TET2 mutations have been associated with increased CAD incidence and all-cause mortality [5]. Over 70 mu-
tations in TETZ have been identified, which were specific to individuals with clonal hematopoiesis without hematological malignancies
[16]. However, the molecular mechanism of a TET2 mutation leading to CAD pathogenesis remains unclear. For the purpose of investigat-

ing how clonal expansion of Tet2-deficient hematopoietic cells contributes to atherosclerosis, atherosclerosis-prone Ldlr-/- chimeric
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mice with a small proportion of Tet2-deficient HSPCs were generated with a competitive bone marrow transplantation (BMT) strategy.

This strategy mimics those human cells carrying somatic TET2 mutations are transplanted into immune-deficient mice [17].

Mice with clonal expansion of Tet2-deficient BM cells on high fat/high cholesterol (HFHC) diet exhibited a significantly increased
atherosclerosis with 60% larger plaques in the aortic root than controls, which was independent of alterations in systemic metabolism,
changes in blood cell counts or macrophage proliferation or apoptosis in the plaque. Tet2-heterozygous cell expansion was slower yet
sufficient to accelerate atherosclerosis. In atherosclerosis-prone mice exhibiting Tet2 deficiency restricted to myeloid cells, partial in-
activation of Tet2 in BM-derived macrophages led to an increase in plaque size in the aortic root of HFHC-fed mice [17]. These findings

provide strong evidence that Tet2-deficiency in myeloid cells promotes atherogenesis.

Tet2-deficient hematopoietic stem and progenitor cell (HSPC) expanded preferentially into the macrophage population in the ath-

erosclerotic vascular wall.

However, Tet2 deficiency did not affect macrophage proliferation, apoptosis, oxidized LDL (oxLDL) uptake or the expression of
cholesterol trafficking regulators. It was reported previously that Tet2 selectively mediates active repression of interleukin-6 (IL-6)
transcription during inflammation resolution in innate myeloid cells [18]. Affymetrix microarray and quantitative RT-PCR analyses
revealed that genes in these classes with known pro-inflammatory actions were mostly up-regulated in Tet2-deficient macrophages.
Loss of function of Tet2 affects NLRP3-mediated IL-1f secretion [17], which is essential for the atherogenic consequences of clonal
expansion of Tet2 deficient cells. P-selectin expression was significantly correlated with IL-1f in the aorta and significantly increased
in Tet2-deficient BM cells. These support that IL-1f3 contributes to the aortic expression of P-selectin which recruits monocytes to the
atherosclerotic plaque [17]. Tet2 deficiency led to increased IL-6 levels in macrophage culture supernatants [17], which further sup-
ports that Tet2 represses pro-inflammatory responses. The repression of Tet2 on IL-6 and pro-inflammatory responses and resolving
inflammation may result from the gene-specific transcription repression activity of Tet2 via histone deacetylation [17-18]. In addition,
TETZ is necessary master epigenetic regulator of smooth muscle cell differentiation [19]. Moreover, TETZ plays a central role in mast
cell differentiation, cytokine production, and proliferation, and loss of TETZ leads to extensive changes in transcriptome and 5 hmC
landscape [20]. TET2 somatic mutations may be associated to the etiology of CAD by impairing epigenetic regulation and/or inflamma-

tion responses.

Collectively, these findings strengthen support that blood cell properties are important contributors for CAD and that somatic
mutations in blood cells have been linked to CAD. Clonal hematopoiesis induced by Tet2 loss-of-function plays an important role in
atherosclerosis. Studies on evaluating the impact of somatic mutations in TETZ and other genes to the overall incidence of CAD are war-
ranted. The findings may provide new clues for the underlying mechanism, risk prediction and prevention of CAD, which will facilitate

the development of effective novel therapies or preventive care strategies for atherosclerosis CAD.
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