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Abstract

Purpose of review: Somatic mutations, described as non-inherited changes in DNA that arise
and are passed on to descendant cells, are well known to cause cancers; however, it is increasingly
appreciated that the propagation of somatic mutations within a tissue may have a role in causing
non-neoplastic disorders and abnormalities in elderly individuals. The non-malignant clonal
expansion of somatic mutations in the hematopoietic system is termed clonal hematopoiesis. This
review will briefly discuss how this condition has been linked to various age-related diseases
outside the hematopoietic system.

Recent findings: Clonal hematopoiesis, resulting from leukemic driver gene mutations or
mosaic loss of the Y chromosome in leukocytes, is associated with the development of

various forms of cardiovascular disease, including atherosclerosis and heart failure, in a mutation-
dependent manner.

Summary: Accumulating evidence shows that clonal hematopoiesis represents a new mechanism
for cardiovascular disease and a new risk factor that is as prevalent and consequential as the
traditional risk factors that have been studied for decades.
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Introduction:

Cardiologists and cardiovascular researchers are well aware of the role that inherited
genetics play in cardiovascular disease; i.e. pathological conditions caused by a DNA variant
in one or more of our genes passed on from parents to children. For example, the mutated
genes that contribute to familial hypercholesterolemia (1) and hypertrophic cardiomyopathy
(2, 3) have been identified, and genome-wide association studies have expanded our
understanding of the heritable basis of cardiovascular disease (CVD) (4). Studies with
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induced pluripotent stem (iPS) cells and knockout mice studies have revealed the effects of
inherited mutations on the development of disease processes in the cardiovascular system.
However, heritable mutations can have relatively small predictive value for the development
of CVD in the population and do little to explain the pathologies of advanced age, which

is the greatest CVD risk factor. In contrast, relatively little progress has been made in
understanding the role that somatic mutations, which linearly accumulate in cells over

a lifetime, play in CVD. Previous studies focusing on post-zygotic mutations have been
conducted primarily in the context of cancer, which rarely arises in cardiovascular organs.
Recently, experimentalists and clinicians have come to appreciate that the accumulation of
somatic mutations in the blood system plays an unexpected role in the progression of CVD
(5, 6).

Clonal hematopoiesis (CH) is the process through which the proportion of mutant leukocytes
increases following the acquisition of driver gene mutations that provide a growth or survival
advantage to hematopoietic stem/progenitor cells (HSPCs). Mutations in HSPCs may occur
early in life, and as people age, the advantages conferred by the acquired driver gene
mutations allow mutant clones to grow to measurable levels. Most people are estimated

to have 10-20 unique and detectable clones in their blood by age 70 (7). Expectedly,

CH can lead to the development of hematologic malignancies; however, the incidence of
progression to frank malignancy is low, and most CH patients display few or no hematologic
manifestations. Rather, manifestations of CH-associated disease can often be seen across
organ systems as mutant blood cells circulate throughout the body and enter tissues of the
nervous, respiratory, musculoskeletal, and cardiovascular systems (8). There, they display
disruptive behavior compared to cells derived from wild type HSPCs, leading to pathological
responses to tissue damage or disease. The behavior of mutant leukocyte clones is dependent
on several variables, including the specific mutation, cell type, or tissue microenvironment.
Some may enhance inflammation in the wall of a blood vessel (9), while others may
promote fibrosis in the heart (10). In this brief review, we discuss the molecular basis of CH
and its variable impact on cardiovascular disease.

Text of review:

From a cardiologist’s perspective, CH can be a foreign concept due to the complexity of
classifying CH and the fact that its association with the cardiovascular system involves
concepts from the fields of hematology, oncology, and immunology. CH is typically defined
simply as the mutation-induced aberrant growth of a single HSPC, regardless of the size of
the mutant clones (the proportion of mutated cells). The sensitivity of the DNA sequencing
methods determines the size of the clone that can be detected. Greater DNA sequencing
depths and error-correction methodologies allow for more sensitive detection of mutant
clones, but this also increases the costs of CH analysis (11). Targeting a panel of fewer,

yet “higher-yield”, regions of the genome instead of the whole genome or exome allows
for a more cost-effective approach to detecting smaller clones. Variant allele frequency
(\VVAF) is a technical measure of the percentage of sequencing reads with mutations, and
the mutant allele frequency in blood is considered a proxy for clone size in the HSPC
compartment. Along with clone size, the type of driver mutation and its locus can provide
further nuance for understanding the physiological effects of a CH mutation. A single gene
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can be affected by single-nucleotide variants (SNVs) or small insertions/deletions (Indels).
Among these, CH caused by mutations in a defined set of genes with a predisposition for
the development of leukemia and having a VAF of more than 2% is known as CHIP (clonal
hematopoiesis of indeterminate potential) (12). There are more than 100 CHIP driver gene
candidates. Mutations most frequently occur in the epigenetic regulators DNMT3A, TET?Z,
and ASXL 1, and clones arising from these variants have been linked to CVD (13). The term
“mosaic chromosomal alternation” (mCA), is used to characterize chromosomal changes
such as chromosomal gain or loss, loss of heterozygosity (LOH), and other chromosomal
modifications of autosomal and sex-linked chromosomes. Hematopoietic loss of the sex-
linked Y chromosome in males is reported to be associated with CVD (10, 14, 15), whereas
chromosomal alternations of autosomes do not appear to be associated with CVD (16).

CH with leukemia driver mutations and CVD

Two articles published in the New England Journal of Medicine in 2014 are commonly
referenced to highlight the clinical importance of CHIP (17, 18). In these longitudinal
studies, whole exome sequences of peripheral blood cells from a total of about twenty-nine
thousand individuals were examined. Both of these studies reported that CHIP increases the
risk for all-cause mortality by 40-50%. In a secondary analysis, Jaiswal et al. (18) found that
the risk for coronary artery disease (CAD) and stroke was higher in individuals with CHIP
(HR=2.0; 95% ClI: 1.2 — 3.4 for CAD and HR= 2.6; 95% ClI: 1.4 — 4.8 for stroke). This
seminal finding led to experimental studies of CHIP and CVD (9, 13, 19). Promising results
then spurred investigations, both epidemiological and experimental, into the role of CH in
other age-related diseases, particularly those of the cardiovascular system (8).

A notable study established an epidemiological link between CHIP and heart failure
prognosis. Dorsheimer et al. (20) examined 200 patients from three clinical trials that
evaluated intracoronary autologous bone marrow cell transplantation to treat ischemic
heart failure. Bone marrow cells were sequenced to identify CHIP, and mutations in the
DNMT3A and TETZgenes were present in 38 of the 200 cases. Combined DNMT3A-
and 7E7Z2-mediated CHIP was associated with increased risk for heart failure mortality and
rehospitalization in patients with ischemic heart failure (HR=2.1; 95% CI: 1.1-4.0). This
work was subsequently corroborated and extended by additional analyses (21-25). More
recently, the association between CHIP and the incidence of heart failure was examined
by Yu et al. in a meta-analysis of four TOPMed cohorts (ARIC, CHS, JHS, and WHI)

and the UK Biobank, totaling 56,597 individuals (26). They found that CHIP increased
the risk of heart failure onset by 25% (HR=1.25; 95% CI: 1.13-1.35) and was individually
associated with increased risk of heart failure either with (HR=1.26; 95% CI: 1.07-1.36)
or without previous coronary artery disease (HR=1.21; 95% CI: 0.97-1.64). Additionally,
they found mutations in 7E72, JAKZ, and ASXL 1 were each individually associated with
increased risk for heart failure in a dose-dependent manner (HR=1.29; 95% Cl: 1.18-2.14
for TET2, HR=2.50; 95% CI: 1.35-4.69 for JAKZ, HR=1.58; 95% CI: 1.20-2.08 for
ASXL1). Surprisingly, mutations in the commonly mutated driver gene, DNMT3A, were
not associated with heart failure (HR=1.09; 95% CI: 0.95-1.24).
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Experimental studies have provided evidence for a mechanistic link between hematopoietic
mutations in CHIP driver genes and CVD. While most studies have focused on models

of TET2 CH, other CHIP genes examined include DNMT3A, ASXL1, JAKZ, TP53, and
PPM1D, and the experimental models have included atherosclerosis, ischemic and non-
ischemic heart failure, doxorubicin-induced cardiac toxicity and others (8, 27-33). While
functional differences have been observed between the different CHIP driver genes, all
appear to promote inflammatory processes.

LQOY in leukocytes and CVD

The X and Y sex chromosomes determine the biological sex of an individual. At birth,

men have one X and one Y chromosome in every somatic cell; however, a portion of
somatic cells may lose their Y chromosome with age. This phenomenon is commonly
observed in blood cells, and it is referred to as hematopoietic mosaic loss of Y chromosome
(mLOY). The absence of the Y chromosome in an individual blood cell does not result in
the transformation of a male cell into a female cell; instead, it can be conceptualized as a
transition of genotype from XY to X@. Similar to CHIP, aging is the greatest risk factor

for developing mLOY. A recent study showed that mLOY is detectable in more than 40%
of 70-year-old men, making mLOY the most prevalent somatic mutation in humans (34,
35). A history of smoking can also be a significant risk factor for mLOY, yet population
studies have shown these associations appear to be transient, as it is reversible after smoking
cessation (36).

Epidemiological studies have revealed the associations between mLOY and various age-
related diseases (Figure 1). For example, it has been found that males who display mLOY
are more likely to develop Alzheimer’s disease and certain forms of cancer and have shorter
lifespans by an average of 5.5 years (37). Recently, we investigated the statistical association
between mLOY and cardiovascular (CV) disease using data from the UK Biobank and found
that mLQOY is associated with an increased risk of CVD mortality. Specifically, mLOY in
greater than 40% of leukocytes confers a 1.8-fold greater risk of heart failure death and a
2.4-fold greater risk of congestive heart failure death (10).

How can the post-natal loss of a sex-determination chromosome in blood cells affect
illnesses in elderly men? One explanation is that hematopoietic mLOY is a biomarker

of an individual’s genomic instability, affecting their susceptibility to diseases throughout
the body. In fact, it has been reported that germline variants associated with the risk of
mLOY involve genes implicated in cell proliferation, cell cycle regulation, DNA damage
response, and apoptosis, and that these variants overlap with cancer susceptibility (34,

38). Another possibility is that blood cells lacking the Y chromosome behave differently
from euploid blood cells, and they directly impact the organs they infiltrate. The latter
possibility is supported by transcriptomic analyses of human leukocytes, which reveal that
genes expressed by the Y chromosome, or autosomes, are dysregulated in mLOY leukocytes
(39). Thus, we carried out mouse experiments to test whether a causal link potentially exists
between mLOY and CV disease (10). By employing CRISPR/Cas9 technology to target

the repetitive regions in the centromere of the Y chromosome, it was possible to produce
hematopoietic stem/progenitor cells (HSPCs) deficient for the entire Y chromosome. Mice
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reconstituted with HSPCs without the Y chromosome (mLOY mice) were prone to fibrosis
in the lungs, kidneys, and heart upon unperturbed aging, indicating that mLOY plays a direct
role in the age-related decline of organ function in males (Figure 2). Additionally, mLOY
mice developed more severe heart failure following cardiac stress induced by surgical
constriction of the aorta. Histologically, the hearts of MLOY mice showed increased fibrosis
and a greater number of cardiac fibroblasts. Importantly, unlike the hematopoietic cells, the
cardiac fibroblasts in the mLOY mice retain their Y chromosome, and theoretically, their
genotype should be identical to that of wild-type cells. Therefore, we hypothesized that the
over-activation of fibroblasts observed in mLOY mice would be a response to the presence
of blood cells lacking the Y chromosome. Single-cell RNA sequencing analysis and
immunohistochemical analysis revealed that Y-chromosome deficient macrophages recruited
to the heart showed aberrant profibrotic differentiation and greater production of profibrotic
molecules such as TGF-B1. In turn, the cardiac fibroblasts in the hematopoietic mLOY

mice displayed elevated TGF-p/SMAD pathway activation. These findings imply that
cardiac macrophages lacking the Y chromosome stimulate cardiac fibroblasts to produce
extracellular matrix. Furthermore, post-surgical treatment with a neutralizing antibody that
blocks TGF-p ameliorated the difference in experimental heart failure severity between
mLOY and control mice. Thus, understanding a patient’s mLOY status is expected to aid in
the identification of high-risk patient groups for diseases associated with excessive fibrosis,
and this could aid in treatment decisions.

Conclusion:

CH due to somatic mutations in leukemic driver genes or mosaic loss of Y chromosome

in leukocytes is epidemiologically associated with age-associated diseases, including worse
prognosis in coronary artery disease and heart failure outcomes. Experimental studies in
mice have shown that CH mutations are causally linked to CVD via enhancing inflammatory
and fibrotic processes in the tissues they infiltrate. Future studies will need to further

extend these studies to humans to assess whether mutated human leukocytes display pro-
inflammatory and pro-fibrotic characteristics similar to murine cells (21), and whether
anti-inflammation therapy in the case of CHIP or anti-fibrosis therapy in the case of mLOY
ameliorates CH-driven CVD (40).
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Key points:

There are several genetic patterns of CH including mutations in leukemic
driver genes, mosaic chromosomal alternation in autosomes, and the loss of
sex chromosomes.

CHIP and mLOY in leukocytes are common in elderly individuals and are
associated with inferior survival and age-related CVDs such as atherosclerosis
and heart failure.

Murine macrophages with leukemic driver mutations enhance inflammation
in a gene-dependent manner.

mLOQY in leukocytes accelerates tissue aging, including lung, renal and
cardiac fibrosis in mice.

Cardiac macrophages deficient in the Y chromosome promote fibrotic
responses in the heart.
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Figure 1. Associations between mosaic loss of Y chromosome (LOY) in leukocytes and various
age-associated diseases.

LOY has been epidemiologically associated with many diseases and mortality, yet
mechanistic mechanisms linking LOY to specific diseases have been understudied.
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Figure 2. Loss of Y chromosome in leukocytes is causally linked to heart failure.
A male is considered to have hematopoietic mosaic loss of Y chromosome (mLOY') when

the fraction of leukocytes in blood rises over the detection threshold. Compared to controls,
aged mice with hematopoietic mMLOY developed more fibrosis in their lungs, kidneys.
Circulating mLOY monocytes recruited to the heart are more likely to differentiate into
pro-fibrotic macrophages, resulting in TGFp-dependent activation of cardiac fibroblasts,
fibroblast proliferation, and extracellular matrix tissue deposition.
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