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Abstract

Aging is associated with increased mutational burden in every tissue stud-
ied. Occasionally, fitness-increasing mutations will arise, leading to stem cell
clonal expansion. This process occurs in several tissues but has been best
studied in blood. Clonal hematopoiesis is associated with an increased risk
of blood cancers, such as acute myeloid leukemia, which result if additional
cooperating mutations occur. Surprisingly, it is also associated with an in-
creased risk of nonmalignant diseases, such as atherosclerotic cardiovascular
disease. This may be due to enhanced inflammation in mutated innate im-
mune cells, which could be targeted clinically with anti-inflammatory drugs.
Recent studies have uncovered other factors that predict poor outcomes in
patients with clonal hematopoiesis, such as size of the mutant clone, mutated
driver genes, and epigenetic aging. Though clonality is inevitable and largely
a function of time, recent work has shown that inherited genetic variation
can also influence this process. Clonal hematopoiesis provides a paradigm
for understanding how age-related changes in tissue stem cell composition
and function influence human health.
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INTRODUCTION

Clonal hematopoiesis of indeterminate potential (CHIP) is a recently discovered aging phe-
nomenon with broad health implications (1-3). It is defined by the presence of specific,
cancer-associated somatic mutations in hematopoietic cells in the absence of a hematological
malignancy or other clonal disorder (4). These mutations are thought to confer a fitness advantage
to hematopoietic stem cells (HSCs), allowing them to expand clonally but still undergo normal
hematopoiesis. It is considered an aging phenomenon because the prevalence increases with age,
reaching 10-30% in individuals over 70 (1, 5-7). The most frequent mutations in CHIP are
loss-of-function or truncating alleles in the epigenetic regulator genes DNMT3A4, TET?2, and
ASXL1, which are also frequently mutated in myeloid cancers. While CHIP itself is defined by
the absence of hematological malignancies, it does associate with increased risk of developing
hematological malignancies. CHIP is also associated with an increased risk of all-cause mortality,
which may be due to an increased risk of nonmalignant diseases of aging such as coronary artery
disease (CAD). Advances over the last several years have revealed insights into the causes and
consequences of CHIP.

CHIP AND MALIGNANCIES

Clonal hematopoiesis in the healthy population was first described in the 1990s in studies on
nonrandom X chromosome inactivation (XCI) in females (8, 9). These studies showed a clear link
between age and skewed XCI in blood, implying that hematopoiesis became more oligoclonal with
aging, although it was not clear why this was a frequent occurrence at the time these studies were
published. Advances in sequencing technologies made it feasible to search for cancer-associated
drivers in these cases, leading to the identification of TET2 mutations in a subset of women with
XCI (10). Larger studies using whole-exome sequencing of blood DNA from tens of thousands
of persons found that such cancer-associated mutations were strikingly common in the course of
normal aging, with >10% of subjects aged 70 or older harboring a cancer-causing mutation in
their blood (1, 5). The presence of these mutations also increased the risk of developing hemato-
logical cancer by approximately tenfold, signifying that CHIP represents a bona fide premalignant
state. The majority of malignancies that developed were myeloid in origin.

There has been intense interest in identifying factors that promote progression to malig-
nancy. In one early study, the size of the mutant clone, approximated by variant allele fraction
(VAF), showed a positive correlation with malignancy risk (1). In subsequent studies of clonal
hematopoiesis preceding acute myeloid leukemia (AML), the VAF of the CHIP clone at baseline
was confirmed to be an important factor for risk of transformation (11, 12). These studies also
found that the specific driver mutation tracked with risk, as mutations in TP53, SF3B1, SRSF2,
or U2AF1I had a particularly high risk of transforming to AML, suggesting that the risk differs
considerably by the mutated driver gene.

While most of the work on risk of malignancy due to CHIP has focused on single-nucleotide
variants (SNVs) and small insertions and deletions (indels), it is known that large structural
changes to chromosomes, known as mosaic chromosomal alterations (mCAs), can also drive
clonal expansion (13, 14). Recent work in UK Biobank (UKB) (15) and Biobank Japan (16) found
that the presence of either SNVs/indels alone or mCA alone was associated with a relatively
low risk of cancer transformation, but that the combined presence of both forms of clonal
hematopoiesis was associated with a greater risk of transformation. In addition, some forms of
mCA predisposed to lymphoid cancers (L-CHIP), while others were more likely to result in
myeloid cancers (M-CHIP) (15).

In patients with solid cancers, the development and evolution of CHIP appear to be driven
by genotoxic stress. Recent studies suggest that clonal hematopoiesis is more prevalent in
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Extrinsic and intrinsic risk factors synergize with somatic mutations in CHIP driver genes to facilitate clonal expansion, leading to
pathological aging outcomes such as hyperinflammation and increased mortality.

cancer cohorts and is associated with increasing age, smoking, and prior exposure to radio-
or chemotherapy (Figure 1) (17). Chemotherapy is a cell-extrinsic factor that reduces the
polyclonality of surviving HSCs by conferring a strong competitive advantage to cells harboring
specific resistance mutations, leading to their enhanced fitness (18). It directly favors growth of
clones with mutations mostly in DNA damage response genes, such as 7P53 and PPM1D, which
then have an impact on the risk of developing secondary hematological malignancies as well as
outcomes due to the primary tumor (19). In different solid tumor studies, almost 98% of patients’
deaths were due to progression of their primary malignancy (20); hence, it is possible that clonal
hematopoiesis influences cancer progression and recurrence, possibly due to cell-cell interactions
between CHIP clones and cancer cells (21), the impact of impaired immune function on immune
surveillance, promotion of an increased inflammatory milieu due to the clonal expansion of
effector cells, or reduced tolerance toward cancer-directed therapy (17, 20).

CHIP AND CARDIOVASCULAR DISEASE

While the link between CHIP and hematological malignancies was expected, several large studies
unexpectedly also associated CHIP with cardiovascular disease (CVD) such as CAD and stroke (1,
22,23). CHIP carriers had a 1.5-2-fold increased risk of developing CAD compared to noncarriers
(1,22,24) and nearly four times the risk of early-onset myocardial infarction (22), though the effect
sizes are somewhat dependent on the cohort. For example, studies in UKB consistently yield lower
effect estimates compared to other cohorts (25, 26), possibly due to a “healthy volunteer bias” in
this data set (27). The increased risk of CAD in CHIP carriers is seen with multiple different
somatic drivers, including DNMT3A4, TET2, ASXL1I, and JAK2.
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To interrogate causal associations between specific CHIP mutations and atherosclerosis, stud-
ies have been performed in mouse models. In 2017, two groups demonstrated that knockout of
Tet2 in myeloid cells significantly accelerated atherosclerosis in a mouse model of atherosclerosis
(22, 28). Mechanistically, loss of 7ét2 promoted a proinflammatory phenotype in macrophages,
with upregulation of critical cytokines such as I11b, 116 and interleukin (IL)-8 family chemokines.
Treatment with a small-molecule inhibitor of the NLRP3 inflammasome, which is responsible for
generating the mature forms of IL-1p and IL-18, reversed the accelerated atherosclerosis pheno-
type (28). Loss of Dnmt3a promoted similar, proinflammatory gene expression changes in murine
macrophages as well as increased plaque lesion size in another study (29). Activating mutations in
JAK?2 have well-known effects on myeloproliferation, but recent studies have also demonstrated
that these mutations promote neutrophil extracellular traps (30) and activation of the AIM2 in-
flammasome (31), thereby explaining some of the proatherosclerotic phenotypes. Little is known
about how ASXLI mutations promote atherosclerosis.

Recent work has also uncovered links between CHIP and outcomes in heart failure (HF).
In a study of 200 patients with HF, 38 of whom had clonal hematopoiesis, mutations in TE7?2
and DNMT3A were associated with worse survival and hospitalization rates (32). In another
study of patients with ischemic HF and reduced ejection fraction, the presence of TET2 and
DNMT3A mutations was associated with accelerated HF progression (33). In murine models
of HEF, introduction of hematopoietic mutations in 7¢t2 or Dnmit3a worsened ejection fraction
and increased macrophage inflammation, effects that were reversed by treatment with NLRP3
inhibition (34, 35).

The observed association between hyperinflammation and atherosclerosis (36) has motivated
the development of anti-inflammatory treatments to test the hypothesis that blocking inflam-
mation might reduce the risk of CAD. In the CANTOS (Canakinumab Anti-inflammatory
Thrombosis Outcome Study) trial, treatment with canakinumab, an IL-18-blocking antibody,
lowered risk of major adverse cardiovascular events (MACE) in individuals who had prior CAD
and elevated C-reactive protein, providing the first evidence for the inflammatory hypothesis of
CAD in a human trial setting (36). The MACE benefit in CANTOS was modest, with a relative
risk reduction in MACE of ~15% in the trial as a whole, and no benefit for survival due to an
increase in fatal infections in those receiving canakinumab. In a post hoc subgroup analysis, carri-
ers of TET2 mutations were found to have a greater benefit from receiving canakinumab, with a
relative risk reduction in MACE of ~60%, although this did not reach statistical significance (37).
Thus, CHIP with certain mutations may serve as a biomarker for subpopulations that preferen-
tially respond to specific anti-inflammatory therapies, but this hypothesis requires confirmation
in a prospective randomized controlled trial.

Other therapeutic options, such as the NLRP3 inhibitor MCC950, improved atherosclerosis
conditions and provided protection against the development of heart failure in mouse models
by reducing IL-1 production in Tet2-depleted macrophages. The MCC950 treatment led to
significant protection against cardiac remodeling and cardiac hypertrophy. MCC950 treatment
also improved echocardiographic measurements such as left ventricular (LV) systolic volume, LV
diastolic volume, as well as the LV ejection fraction (34).

In addition to CVD, CHIP has been associated with increased risk of chronic obstructive
pulmonary disease (38) and osteoporosis (39), and decreased risk of Alzheimer’s disease (40).
Table 1 summarizes CHIP’s known associations.

GERMLINE RISK OF CHIP

Although CHIP is the result of somatic mutations, there is a strong interest in understanding the
impact of inherited germline variants on the risk of developing mutations that can lead to CHIP.
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Table 1 CHIP has a systemic effect on aging that increases the risk of diseases ranging from cancer to heart disease
even in otherwise healthy individuals

Disease/condition Associations with CHIP References
Hematological malignancies Approximately three- to tenfold increased risk of myeloid neoplasia, 1,5,12,15-17,
though the risk varies considerably with driver mutations and size of 25,26,78
the clone

Modest increase in risk of lymphoid malignancy. Features of CHIP
that confer a higher risk of transformation include mutations in
TP53,SF3B1,SRSF2, U2AF1, VAF >10%, presence of multiple
mutations, and coexistence of mosaic chromosomal alterations

Solid tumors Increased prevalence of clones with mutations in DNA damage 17-19
response genes (TP53, PPM1D) in patients with exposure to
cytotoxic vaccine

Associated with risk of progression, recurrence, and all-cause mortality
in those with solid tumors

CAD 1.1-2-fold increased risk of incident CAD in human observational 1,22,24,25
studies. Risk is greater in those with VAF >10%
Ischemic heart failure DNMT3A and TET?2 mutations associated with worsened survival and 32,33

increased hospitalization due to ischemic HF

Stroke 1.1-2-fold increased risk of hemorrhagic and ischemic stroke. 1,23
Mutations in TET?2 show the strongest association

Methylation aging Increased epigenetic age acceleration as measured by multiple 69,70
methylation clocks

Patients with CHIP and age acceleration have the greatest risk of
mortality and CAD, while patients with CHIP and no acceleration
have no increased risk of mortality and CAD

Other aging diseases 1.6-fold increased risk of COPD 38-40

1.4-fold increased risk of osteoporosis

35% decreased risk of Alzheimer’s dementia

Abbreviations: CAD, coronary artery disease; CHIP, clonal hematopoiesis of indeterminate potential; COPD, chronic obstructive pulmonary disease; HE,
heart failure; VAF, variant allele fraction.

Performing a genome-wide association study (GWAS) in a cohort of more than 10,000 Icelanders,
Zink et al. were the first to describe a common (minor allele frequency of 0.41) small intronic dele-
tion (rs34002450) mapping to the TERT locus as a risk allele for CHIP [odds ratio (OR) = 1.3]
(41). Recent GWAS (7, 25) of the National Heart, Lung, and Blood Institute Trans-Omics for Pre-
cision Medicine (TOPMed) (42) and the UKB/Geisinger MyCode Community Health Initiative
(GHS) (43) cohorts have identified >10 additional independently associated polymorphisms for
the TERT 5pl5 locus with effects on the risk of developing CHIP. TERT encodes a telomerase
reverse transcriptase—a catalytic subunit of the telomerase complex. While telomerase is tran-
scriptionally silenced in early human development, leading to gradual telomere shortening with
aging, it can be upregulated in frequently dividing cells such as HSCs to mitigate telomere attri-
tion and cellular senescence (44, 45). Short telomeres promote genomic instability and have been
linked to a variety of malignancies (46, 47). The striking association of the TERT locus with CHIP
risk implies a role for telomere regulation in CHIP. Indeed, CHIP risk is inversely correlated with
leukocyte telomere length (LTL) (41). In a recent study that investigated the relationship of CHIP
and LTL in the TOPMed and UKB cohorts using causal inference by Mendelian randomization
(48), this finding was replicated (49). When considering mutations in specific genes, associations of
CHIP and measured LTL (mLTL) were more heterogeneous and gene-specific: Whereas TET?2,
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ASXL1, PPMID, 7AK2, and TP53 were significantly associated with shorter mLTL, no associa-
tion was found with DNMT3A. Counterintuitively, bidirectional Mendelian randomization studies
suggest that longer mLTL increases the risk to acquire CHIP, while telomeres of affected cells
shrink upon CHIP emergence, a phenomenon termed the telomere paradox. A possible model
could be that longer telomeres confer cellular longevity and extend the time window for poten-
tial mutagenic hits. Once a CHIP driver mutation is acquired, increasing proliferation and cell
divisions expedite telomere shortening (Figure 1) (49).

The largest study in the UKB/GHS cohort of almost 630,000 participants, which includes
~40,000 CHIP carriers, has identified 57 independent common CHIP susceptibility variants at
27 loci that reached genome-wide significance (25): In addition to TERT, lead single-nucleotide
polymorphisms (SNPs) include rs73154592 in SMC4 (OR = 1.13), 152275652 upstream of CD164
(OR = 0.88), 5228606 in NPAT (OR = 1.12), and rs3219104 in PARPI (OR = 1.11) with mostly
modest effects. The mechanisms through which these variants increase or decrease risk of CHIP
are not known. However, all of them are expression quantitative trait loci that influence gene ex-
pression in a cis- and trans-regulatory fashion (25). The PARP1 enzyme has a well-established role
in initiating DNA repair after single-strand breaks and maintaining genomic integrity (50), which
can be therapeutically inhibited in BRCA-positive cancer to induce cell death (51). Likewise, the
NPAT cofactor regulates ATM expression, which is involved the in DNA damage response path-
way (52). CD164 encodes a transmembrane sialomucin and cell adhesion molecule that regulates
proliferation, adhesion, and migration of HSCs (53), while SMC#4 is involved in chromosome
assembly and segregation (54) and its overexpression has been shown to promote cancer (55).

In addition to SNPs associating with overall CHIP risk, some variants are specific to CHIP sub-
types (7,25). Most of these susceptibility loci have been identified for DNMT3A4-CHIP as the most
common subtype and overlap with overall CHIP risk alleles. A majority of the risk variants confer
consistent effects across different subtypes—with some noteworthy exceptions that show opposing
effects: studies in TOPMed and UKB/GHS have identified a locus in TCL1A4 with lead variants
rs11846938-G, rs2887399-T, and rs2296311-A predisposing carriers to develop DNMT3A-CHIP
while protecting against TET2- and ASXLI-CHIP. Interestingly, the rs2887399-T variant has
been shown to reduce risk for loss of chromosome Y (LOY) clonal mosaicism (56, 57).

One limitation in these large cohorts is that individuals included are predominantly of Eu-
ropean ancestry, and genomes of African, Asian, and American individuals are underrepresented,
limiting the applicability of these findings in non-European ancestries. In the TOPMed cohort,
only a single variant (rs144418061), which is specific to individuals of African ancestry (minor al-
lele frequency of 0.035) and maps to the TET?2 locus, was associated with CHIP (7). Carriers of
an A allele had a 2.4-fold higher risk of developing CHIP, and the association was equally robust
for DNMT3A-, TET2-,and ASXL1-CHIP. This has not been replicated in the UKB/GHS cohort
(25). Interestingly, the authors of the TOPMed study hypothesized that the TET?2 variant affects
enhancer activity. Using an in silico activity-by-contact model to predict which enhancers regu-
late TET2 expression in CD34" HSCs enabled them to identify a causal variant (rs79901204-T)
at this locus that disrupts a GATA-E-Box motif at the TET?2 distal enhancer, resulting in increased
HSC self-renewal.

CHIP AND METHYLATION/AGING

Given the prominence of DNMT3A and TET?2 as the most commonly mutated genes in CHIP,
there is a growing interest in understanding the effects of these mutations on DNA methylation
(Figure 1). The canonical enzymatic functions of DNMT3A (58) and TET?2 (59) are to methylate
and demethylate cytosines, respectively. Knockdown of DNMT3A expression using short hairpin
RNA in CD34* HSCs was found to have variable effects depending on the affected isoform, with
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underexpression of some isoforms leading to hypermethylation, in contradiction to the enzymatic
function of DNMT3A (60). One proposed explanation for this paradoxical finding is that there
may be a compensatory increase in expression of other methyltransferases such as DNMT3B, but
the regulation of the activity of these other genes may differ from DNMT3A4 (60). Knockout of
Dnmt3a and Tet2 in mouse HSCs led to methylation changes consistent with the enzymatic func-
tion of each gene, while a double knockout resulted in a combination of “counteractive” effects,
where the two mutations nullified each other and methylation was similar to controls, and “syn-
ergistic” hypomethylation, where the additional loss of TET2 led to greater hypomethylation of
some CpGs than was seen in the DNMT3A-only knockout (61).

In a study of whole-blood methylation in CHIP patients with DNM7T3A4 and TET2, only a
modest number of CpGs were differentially methylated in DNMT3A4 mutation carriers compared
to controls, but these were exclusively hypomethylated, while far more CpGs were significantly
hypermethylated TET2 mutation carriers. Integrating these results into a coherent model of the
effects of DNMT3A and TET?2 mutations on DNA methylation is difficult because existing studies
have been performed in different cell types, and only weak correlation between gene methylation
and expression has been observed (62).

Although a detailed understanding of the effects of CHIP on DNA methylation remains elu-
sive, there is evidence that CHIP affects clinically significant methylation phenotypes such as
epigenetic clocks. The development of these clocks was motivated by the observation that age
and methylation are highly correlated (63). The earliest clocks focused on directly predicting age
from methylation in blood (64, 65) or across tissues (66), while later efforts have focused on pre-
dicting mortality from blood methylation (67, 68). Most studies relating methylation clocks to
disease focus on age acceleration or deceleration—the difference between a subject’s epigenetic
and chronological ages—rather than the epigenetic age estimate itself. Age acceleration is believed
to represent pathological aging and has been associated with increased mortality and risk of CAD
(68), while age deceleration is associated with healthy aging. In two recent studies (69, 70), CHIP
was found to significantly increase several different measures of epigenetic age acceleration (EAA).
Strong evidence was also found for a pathological interaction between CHIP and EAA. Subjects
with CHIP in the absence of EAA showed no increase in mortality and incident CAD compared
to controls, while mortality and risk of incident CAD were tripled in subjects with both CHIP
and EAA, a much larger effect than that conferred by CHIP or EAA alone (70). These findings
suggest that CHIP may be a risk factor for EAA and that they may interact to worsen pathological

aging.

CLONAL TRAJECTORIES AND DYNAMICS

Human blood cells are derived from a steady-state pool of 50,000 to 250,000 HSCs per individual
(71-73). At younger ages, HSCs contribute equally to blood production; however, with aging,
hematopoiesis shows a more oligoclonal pattern. A sharp decline in clonal diversity above the age
of 70 is relatively consistent across individuals, as revealed by a recent study that sequenced 3,579
genomes from single-cell-derived colonies of hematopoietic progenitor cells and HSCs from 10
healthy individuals followed by phylogenetic mapping to identify clonal relationships (71). The
decrease of clonality is mainly caused by positive selection of nonsynonymous mutations that
randomly occur throughout the lifespan of an HSC (72). However, the fitness advantage can be
influenced by various cell-extrinsic factors that can lead to earlier clonal expansion, e.g., infection
(74, 75), chemotherapy (17, 76), and smoking (25).

A longstanding question in cancer biology has been when the initiating mutations that will
lead to tumorigenesis arise. Using similar single-HSC colony sequencing methods, a recent study
examined this question for those who developed myeloproliferative neoplasms as adults. Strikingly,
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the mean latency between the acquisition of the initial driver and development of cancer was
30 years, and in many cases the mutations were acquired in early childhood or even in utero (77).

In nearly every study of CHIP, the size of the mutant clone is associated with the likelihood
of developing malignant and nonmalignant diseases (1, 78), but the factors that influence clonal
expansion over time are less well understood. This is a difficult question to address, as determina-
tion of clonal expansion rate requires studying large cohorts with serially sampled blood specimens
over longer time periods. A recent study analyzed blood DNA samples from 385 adults aged 54—
93 years at study entry and without known hematological malignancies (79). The samples, which
were collected a median of four times over a median span of 13 years, revealed important novel
insights:

1. Atolder ages, the vast majority of CHIP clones expanded at a constant exponential rate, with
the exception of 74K2-V617F-mutant clones, which exhibited very unstable trajectories.

2. Growth rate was determined by the gene that was affected: Slowest growth was observed
for DNMT3A or TP53 clones (5% per year), whereas clones harboring mutations in TE7?2,
ASXLI, PPMID,and SF3B1 (10% per year) and particularly in SRSF2 and U2AF1 (15-20%
per year) expanded much faster.

3. Specific clones, e.g., DNMT3A or TP53 mutants, emerged earlier in life and markedly decel-
erated prior to reaching a stable growth rate in the elderly, whereas splicing factor-mutant
clones originated late in life and showed very aggressive expansion. These observations
are in line with findings that the risk of progression to AML is particularly high for these
mutations (78).

A recent approach to overcome the lack of longitudinal blood sampling is to infer clonal
expansion rates from single-time-point data using a novel methodology termed PACER
(passenger-approximated clonal expansion rate) (68). PACER takes advantage of the fact that
HSCs acquire passenger mutations at a constant rate throughout their lifespan, allowing infer-
ence of clone birth date, and hence growth rate, using the passenger count in the CHIP clone (17,
71, 79-82). Performing a GWAS of PACER revealed a common inherited variant (rs2887399)
in the TCL1A promotor that was associated with a slower clonal expansion. The same SNP was
previously linked to reduced risk of LOY mosaicism and increased risk of DNMT3A-CHIP (7,
25,56, 57). Carriers of the rs2887399-T variant showed an allele dosage—dependent protective
effect against mutations in TET2, ASXLI, SF3B1, and SRSF2 but increased odds of developing
mutations in DNMT3A (81). An in vitro study on human CD34" cells found that TCL1A4, which
is physiologically not expressed in HSCs, is aberrantly upregulated by mutations in TET?2 and
ASXL1, but not DNMT3A, thereby promoting clonal expansion (81). However, the rs2887399-T
variant prevented TCLIA expression in TET2- and ASXLI-mutant cells and reduced the ex-
pansion potential of these mutant clones close to baseline levels. This study implicates aberrant
expression of TCLIA as the dominant factor driving clonal expansion downstream of several
common driver genes. This study also shows that germline variation can influence the clonal
composition of aging HSCs by altering the relative fitness of driver mutations in certain genes.

CONCLUDING REMARKS

Clonal hematopoiesis is a seemingly inevitable consequence of aging. While its implications are
becoming better understood, many unanswered questions remain. Ongoing studies may reveal
the full extent to which mutant HSC clones can influence a variety of human diseases, beyond
cancer and CVD. More work is needed to uncover additional genetic and environmental factors
that influence clonal expansion, which could suggest novel therapeutic avenues for preventing
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leukemic transformation. It also remains unclear whether the increased risk of atherosclerotic
disease associated with CHIP is druggable, though preclinical and preliminary clinical data are
promising. Finally, with the increasing appreciation that clonality is an inevitable consequence of
aging with implications for disease, many of the lessons learned from clonal hematopoiesis may
be applied to the study of other tissues.
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