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Abstract Clonal hematopoiesis (CH), in which hematopoietic stem and progenitor cell
(HSPC) clones and their progeny expand in the circulating blood cell population, occurs fol-
lowing the acquisition of somatic driver mutations. Individuals diagnosed with clonal hema-
topoiesis of indeterminate potential (CHIP) carry somatic mutations in hematological
malignancy-associated driver genes, historically at or above a variant allele frequency of
2%, but do not exhibit abnormal blood cell counts or any other symptoms of hematologic
disease. However, CHIP is associated with moderately increased risk of hematological can-
cer and a greater likelihood of cardiovascular and pulmonary disease. Recent advances in
the resolution of high-throughput sequencing experiments suggest CHIP is much more
prevalent in the population than once thought, particularly among those aged 60 and
over. Although CHIP does elevate the risk of eventual hematological malignancy, only
one in 10 individuals with CHIP will receive such a diagnosis; the problem lies in the contin-
ued difficulty in accurately separating the 10% of CHIP patients who are most likely to be in a
premalignant state from those who are not, given the heterogeneity of this condition and
the etiology of the associated hematological cancers. Concerns over the risk of eventual ma-
lignancies must be balanced with growing recognition of CH as a common age-dependent
occurrence, and efforts to better characterize and differentiate oncogenic clonal expansion
from that which is much more benign. In this review, we discuss evolutionary dynamics of
CH and CHIP, the relationship of CH to aging and inflammation, and the role of the epige-
nome in promoting potentially pathogenic or benign cellular trajectories. We outline mo-
lecular mechanisms that may contribute to heterogeneity in the etiology of CHIP and the
incidence of malignant disease among individuals. Finally, we discuss epigenetic markers
and modifications for CHIP detection and monitoring with the potential for translational ap-
plications and clinical utility in the near future.

INTRODUCTION

Although clonal hematopoiesis of indeterminant potential (CHIP) has been identified as a
risk factor for hematological cancers, cardiovascular and pulmonary disease, clonal hemato-
poiesis (CH) has come to be recognized as a universal mechanism of aging that produces an
age-dependent increase in cell mosaicism (Acuna-Hidalgo et al. 2017). The largest risk fac-
tors for developing CHIP are chronological age and previous exposure to cytotoxic (e.g.,
chemotherapeutic) agents (Miller and Steensma 2020). Clonal hematopoiesis confers
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Clonal hematopoiesis of indeterminate potential

some putatively elevated risk but is more likely to be benign in cases in which clones are not
large in size, do not carry multiple mutations, and do not have mutations in particularly high-
risk drivers (e.g., TP53, IDH1, IDH2, JAK2) (Miller and Steensma 2020). CHIP occurs when
hematopoietic stem and progenitor cells (HSPCs) acquire driver mutations that promote
their clonal proliferation, resulting in certain clonal cell lineages making up a disproportion-
ate fraction of circulating blood cells (Watson et al. 2020). Individuals with CHIP do not ex-
hibit abnormal blood cell counts or other symptoms of hematologic disease (Jaiswal and
Ebert 2019; Valent et al. 2019). In contrast, CH refers to the more canonical phenomenon
of clonal expansion among hematopoietic stem cells. Most clones will carry evolutionarily
neutral mutations, which are typically associated with smaller clone size and are more likely
to be of benign effect (Miller and Steensma 2020). Only one in 10 individuals with CHIP will
eventually receive an associated cancer diagnosis, but the consequences of a prognosis that
either overlooks premalignant disease or results in unnecessary treatment are significant,
emphasizing the need for continued study of this condition.

A challenge inherent to understanding any aspect of human health influenced by aging is
the marked heterogeneity in how biological change manifests over time in different individ-
uals. This naturally includes age-related change in the human hematopoietic system, in ad-
dition to variation in the risk conferred by such change depending on the individual. Reliably
distinguishing high-risk CHIP diagnoses (i.e., in those who are likely to develop leukemia or
are predisposed to cardiovascular disease [CVD] and/or pulmonary disease) from low-risk
cases remains an important step in effective preventative efforts and management of
CHIP as a condition. Although no single definitive biomarker exists to differentiate the trajec-
tory of benign, canonically age-related clonal hematopoiesis (ARCH) from that which will
eventually progress to hematological malignancy, a number of risk factors have been asso-
ciated with the likelihood of malignancy and can be used as indicators for closer or more fre-
quent monitoring, or the possibility of therapeutic intervention, such as clone size; the
identity, type, and count of driver mutations; and mutations in splicing factor genes, among
other factors (Fig. 1; Miller and Steensma 2020; Robertson et al. 2022).

In this short review, we discuss the evolutionary processes and genetic and epigenetic
mechanisms at play in the progression (or lack thereof) of CHIP to malignant disease, as
well as its implications in the context of aging and inflammation. We conclude by briefly
detailing methods that hold potential in the biomarker research space, many of which
are grounded in the idea that the transition to hematological malignancy is accompanied
by predictable patterns of genetic and epigenetic change that may enable the eventual
identification of high-risk cellular states and early detection of malignancy in peripheral
blood.

Defining Clonal Hematopoiesis and Risk of Hematologic Malignancy

Although early evidence of hematopoietic clonality dates back to studies from the early
1960s examining X-inactivation in females (Beutler et al. 1962; Lyon 1962), next-generation
sequencing (NGS) technologies have enabled deeper examination and characterization of
the specific loci involved in CH and CHIP over the last decade (Jaiswal et al. 2014;
Steensma et al. 2015; for review, see K&hnke and Majeti 2021). In 2014, three large, inde-
pendent cohort studies discovered an unexpectedly high prevalence of somatic mutations
in genes associated with hematological neoplasia but in the absence of cytopenia (abnormal
blood cell counts) or other clinical evidence of malignant or nonmalignant hematological dis-
ease (Genovese etal. 2014; Jaiswal et al. 2014; Xie et al. 2014), thus identifying the phenom-
enon of ARCH (Jaiswal et al. 2014) and setting the stage for the definition of CHIP 1 year later
(Steensma et al. 2015). Although the risk of progression to malignancy is 0.5%—1% per year
(Steensma et al. 2015), the risk of cancer is estimated to be 10 times greater in individuals
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Figure 1. Risk factors for clonal hematopoiesis of indeterminate potential (CHIP) and for malignant conver-
sion. Risk factors for CHIP are shown in the light blue box at the top of the flowchart. A CHIP diagnosis in a
patient with the characteristics shown in the green box (left side of chart) are those associated with lower
risk of subsequent conversion to malignancy, whereas those shown in the pink box are generally associated
with higher risk. (RDW) Red cell distribution width, measured from complete blood cell counts. Figure created
with BioRender.com.

with CHIP compared to the general population (Genovese et al. 2014; Jaiswal et al. 2014; for
review, see Hoermann et al. 2020).

Historically, CHIP has been diagnosed by the presence of a hematological driver muta-
tion ata variant allele frequency (VAF) of at least 2% (Steensma and Ebert 2020; Kéhnke and
Majeti 2021). Research into CHIP-associated malignant disease has mostly used deep, high-
throughput sequencing of bulk samples to determine whether VAFs for driver mutations
meet the aforementioned 2% threshold. However, with the advancements in the breadth
and depth of high-throughput sequencing experiments in recent years, clonal variants are
being identified at lower and lower VAFs (Acuna-Hidalgo et al. 2017; Uddin et al. 2022);
whereas the increased resolution is generally desirable, the risk conferred by these mutations
atvery low VAFs are often hard to assess because of the heterogeneous nature of the disease
and an unknown magnitude of effect (Robertson et al. 2022).

Acute myeloid leukemia (AML) is the most common malignancy in CHIP patients who go
on to develop cancer. AML is diagnosed when HSPC clonal lineages overproliferate and
eventually HSPCs themselves fail to normally differentiate, leading to the accumulation of
immature leukocytes (myeloblasts) in bone marrow (Stone et al. 2004; Kéhnke and Majeti
2021). Preleukemic clonal abnormalities can precede overt leukemia by several decades,
suggesting that early-life driver mutations do not appreciably alter homeostasis of the hema-
topoietic system earlier in life. However, cooperating mutations acquired later on can oper-
ate synergistically in cells containing the early mutations to catalyze clonal expansion and/or
oncogenic activity (Genovese et al. 2014; Gao et al. 2021). Indeed, founding mutations ac-
quired during embryogenesis typically do not trigger carcinogenesis until subsequent
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mutations arise, in accordance with Knudson’s two-hit hypothesis (Knudson 1971; Tucker
and Friedman 2002).

A challenge associated with CHIP is the variability of its presentation and potential path-
ogenicity, which has made it difficult to identify reliable prognostic indicators to appropriate-
ly risk stratify patients. However, over the last decade, studies have cataloged CH and CHIP
mutations and begun to decipher how the life history of clonally expanded cells influences
each individual's risk of malignant disease. An ultimate goal after identifying who is at great-
est risk of a diagnosis such as AML is to determine the most effective means of extending the
health and functionality of the hematopoietic and immune systems so as to avoid such
conditions.

Evolutionary Dynamics and the Mechanisms of Clonal Expansion

Hematopoietic stem cells are produced in the bone marrow compartment, but they are also
found in the bloodstream and circulating throughout all organs and tissues. Hematopoietic
stem cells give rise to multipotent progenitor cells that differentiate along two blood cell lin-
eages, myeloid and lymphoid (Niroula et al. 2021). Myeloid progenitor cells can become red
blood cells, platelets, or innate immune cells such as macrophages/monocytes, neutrophils,
basophils, and eosinophils (Kondo 2010; de Haan and Lazare 2018). Lymphoid progenitors
become natural killer (NK) cells, T or B lymphocytes (de Haan and Lazare 2018). Over time,
HSPCs randomly acquire somatic mutations that act as substrates for natural selection, lead-
ing to clonal expansion and sometimes CHIP (Kar et al. 2022). Importantly, CH-associated
mutations in myeloid and lymphoid cells tend to be different from one another, displaying
distinct patterns of distribution throughout the genome. Each is highly predictive of its re-
spective lineage-specific malignancy (Niroula et al. 2021). More than 70 genes have been
found to be recurrently mutated in myeloid malignancies (e.g., AML, myelodysplastic syn-
drome [MDS], myeloproliferative neoplasms [MPN]), but the most common mutations are
overwhelmingly found in DNMT3A and TET2 (Buscarlet et al. 2017; Niroula et al. 2021;
Robertson et al. 2022). In contrast, the 235 most frequently mutated genes in lymphoid ma-
lignancies (e.g., chronic lymphocytic leukemia [CLL], small lymphocytic leukemia [SLL],
Hodgkin lymphoma, diffuse large B-cell lymphoma [DLBCL], follicular lymphoma) are com-
paratively more evenly dispersed throughout the genome (Niroula et al. 2021).

The study of human cancer as an evolutionary process has illuminated our understanding
of oncogenesis at the molecular level and across deeper spans of somatic “evolutionary
time” (at the cellular scale) (Fidler et al. 1978). Evolutionary models such as those depicted
in Figure 2 provide a framework for reconstructions of cancer type-specific molecular time
lines and temporal trends in mutational patterns using data from a single time point (e.g.,
Alexandrov et al. 2020; PCAWG Evolution & Heterogeneity Working Group et al. 2020;
Landi et al. 2021). Such models are useful as typically only one biopsy or blood sample is
available from a patient (Black and McGranahan 2021). Although the majority of somatic mu-
tations are neutral (“passenger mutations”) (Fig. 2C), some provide a fitness advantage by
enhancing survival or proliferative capacity. Under the tenets of Darwinian evolution, rapidly
proliferating clonal cells outcompete their neighbors within their microenvironmental niche
and can therefore achieve clonal dominance in the bloodstream (Jaiswal and Ebert 2019).
However, it should be recognized that all models meant to approximate aspects of human
biology are abstractions of reality used to understand complex systems and identify general
patterns through some degree of simplification (Davis et al. 2017; Enderling and
Wolkenhauer 2021). In reality, the processes underlying cancer development may be best
fit by different evolutionary models depending on the type, stage, and molecular landscape
of the developing tumor, and thus the most accurate model may change depending on the
time and local context. Undergoing cytotoxic therapies (e.g., treatment for previous cancer)

Goldman et al. 2023 Cold Spring Harb Mol Case Stud 9: a006251 4 0of 14



Y COLD SPRING HARBOR
Molecular Case Studies Clonal hematopoiesis of indeterminate potential

A Linear evolution B Punctuated evolution
[} [

o Q

= (=

o o

g g

o o

[} [=}%

© T

c c

S S

(&] (&)

Time Time

D Branching evolution C Neutral evolution

e
<

Time Time

Clonal prevalence

Clonal prevalence

© Driver events

@ Drastic chromosome
and/or genome-wide events

Figure 2. (From top left, clockwise, A-D). Models proposed to explain somatic evolution and clonal lineage
dynamics overtime. Colors represent clonal lineages—that is, cells sharing the same genetic variants and com-
mon cellular ancestor. Green dots indicate molecular driver events that prompt the expansion of new clonal
lineages through natural selection for clones with a fitness advantage. A red dot shows major chromosome-
level or genome-wide event. (A) Model of linear evolution; monoclonal model of tumorigenesis. Successive
driver mutations result in the establishment of successive clonal lineages that expand one after another via
selective sweeps. (B) Model of punctuated evolution; major chromosomal events (e.g., DNA copy-number ab-
errations, whole-genome duplication) occur in a rapid, early burst, followed by a steady clonal expansion. (C)
Model of neutral evolution; clones arise stochastically and natural selection does not shape intratumoral cell
population dynamics; a form of branching evolution in which lineages are lost via genetic drift and intratumoral
heterogeneity is high. (D) Model of branching evolution; clones arise from the same common ancestor but
diverge into multiple clonal lineages and continue to evolve simultaneously. Figure created with
BioRender.com.

can alter the adaptive landscape and selective pressures in the microenvironmental niche of
the bone marrow compartment, and such changes in clonal evolutionary dynamics should
then be taken into account when considering treatment regimens to ensure the greatest
rate of success. Unsurprisingly, there is active and ongoing debate surrounding which model
of clonal evolution reflects the most accurate depiction of the underlying processes.

Other evolutionary forces and factors beyond the influence of natural selection affect
cancer cell clonal growth and size. Clonal growth dynamics are affected not only by muta-
tion, but by genetic drift, population size, and the genetic background in which a mutant al-
lele arises (Watson et al. 2020; Ni Leathlobhair and Lenski 2022). Thus, it is also important to
remember not all clonal and subclonal mutational lineages that occur at a high prevalence
are the product of positive selection. Depending on the age and size of clonally expanded
lineages, and the particular point in time at which they are sampled, it is possible for dele-
terious alleles to become prevalent, or, alternatively, to “drop out” at random via genetic
drift, although it is notable that drift is probably not the dominant force shaping cancer ge-
nomes (Watson et al. 2020; Mitchell et al. 2022).
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Although specific mutations involved in CHIP have been established, the link between
genotype, associated cellular phenotype, and the nature and consequences of the fitness
advantages conferred is complex. Here, longitudinal analyses prove highly advantageous
in resolving ambiguity regarding the ground truth of the evolutionary dynamics of clonal
growth, a sacrifice that is inherent to estimating molecular time lines rather than directly pro-
filing them (Robertson et al. 2022). Results from recent work suggest the relationship be-
tween fitness and clonal growth is nuanced, not always linear, and is often difficult to
capture in the absence of longitudinal sampling to reconstruct clonal evolution. High fitness
variants that occur at low frequencies can play a role in disease predisposition and severity,
despite going undetected using the traditional threshold of at least 2% VAF (Robertson et al.
2022), although clone size and growth rate are nonetheless generally significant predictors
of malignant conversion (Miller and Steensma 2020). Much still remains to be learned about
the evolutionary dynamics and sources of interindividual variation in CHIP and its growth tra-
jectories, but it appears that prevalent variants in genes associated with hematologic malig-
nancies are only one part of a larger, more intricate biological narrative. An analysis of nearly
100,000 peripheral blood samples found that both noncoding mutations in the germline and
coding mutations acquired somatically in TETZ interact to moderate how CHIP manifestsin a
given individual, highlighting how inherited and acquired genetic variation can affect risk of
oncogenesis (Bick et al. 2020). Additionally, the same authors found differences in the in-
flammatory phenotypes under CHIP depending on the identity of the mutated driver
gene, with TET2 CHIP mutations associating with higher expression of IL-1pB, whereas those
in JAK2 and SF3B1 were associated with production of IL-18 (Bick et al. 2020).

CHIP-associated driver mutations display unique trends of clonal expansion over time.
Fabre et al. (2022) found that DNMT3A-mutant clones are more likely to expand earlier in
life, but that HSPC lineages with mutations in DNMT3A and TP53 exhibited the slowest
rate of annual growth (5%), with clonal lineages carrying TET2, ASXL1, PPM1D, and
SF3B1 mutations expanding about twice as rapidly, and those with mutations in splicing fac-
tors SRSF2, PTPN11, and U2AF1 growing at an average rate of 15%-20% annually (Fabre
et al. 2022); the rapid growth rate of the latter set may contribute to worse prognoses and
disease severity observed for CH-associated mutations in splicing factor genes (Hou et al.
2016). One particular somatic variant, SRSF2FP?°H \was found to facilitate much more rapid
expansion than other mutations in the same gene, whereas most somatic variants that oc-
curred within the same gene were associated with similar rates of clonal growth (Fabre
etal. 2022). Truncating and missense mutations in the same gene had similar effects on rates
of clonal expansion in most cases, with the exception of clones carrying TP53 missense mu-
tations, which grew 10% more rapidly than those with truncating mutations in the same gene;
the reverse was found for missense mutations in CBL, where clones with truncating mutations
expanded 11% more rapidly (Fabre et al. 2022). Notably, the growth rate of nearly all clonal
lineages slowed at later stages of life, highlighting the nonlinear dynamics and resulting chal-
lenge of discerning trajectories of molecular and cellular changes that occur over the long
course of a human life span (Black and McGranahan 2021; Fabre et al. 2022).

Interactions between Aging and Clonal Hematopoiesis

Somatic mutations that lead to clonal expansion are a universal feature of biological aging,
not just in blood but in nearly all other tissues (Kar et al. 2022). Numerous studies have shown
clone size is positively associated with risk of carcinogenesis and other adverse health events
(Jaiswal et al. 2014, 2017; Abelson et al. 2018; Desai et al. 2018; Bolton et al. 2019). Even in
young adulthood, establishment of clonal lineages in the bloodstream is already beginning
to occur (Acuna-Hidalgo et al. 2017), although notably, such mutations are not examples of
CHIP (because of their occurrence at too low a VAF) but of CH more generally.
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Age is the predominant risk factor for cancer and other chronic, noncommunicable dis-
eases, which are sometimes referred to as “diseases of aging” (Wick et al. 2000). Although
the majority of patients who meet the criteria for CHIP will not develop malignant hemato-
logical disease (Valent et al. 2017), CHIP has also been causally linked to elevated risk of ath-
erosclerotic cardiovascular disease (for review, see Hoermann et al. 2020) and increased
incidence of type 2 diabetes (Fuster et al. 2020) and chronic obstructive pulmonary disease
(Miller et al. 2022), all of which also become more common with increasing age. Although
causal relationships between CH, aging, and malignant and other diseases have been chal-
lenging to disentangle, distinctions in clonal lineage dynamics are emerging that may help
to explicitly delineate the different manifestations and trajectories of CH and their down-
stream implications.

Between the ages of 60 and 70, there is a massive decline in hematopoietic clonal diversity
(Mitchell et al. 2022), and the proportion of circulating blood cells derived from single hema-
topoietic lineages (i.e., cells all derived from the same HSPC ancestor) can reach as high as 60%
(Young et al. 2016; Zink et al. 2017). Initial estimates put the prevalence of CH among those
overage 70 at 10%—-20%, but subsequent work suggests that it may in fact be a ubiquitous fea-
ture of human aging after the sixth or seventh decade of life (Young et al. 2016; Zink et al. 2017;
Uddin et al. 2022). A study by Mitchell et al. (2022) used deep sequencing of clonal colonies
grown from single HSPCs from donors aged 0 to 81 yr and determined that clonal lineages with
VAFs >1% were universally present in those >70 yr of age.

Additionally, ancestral mutations of clonally expanded lineages appear to have originat-
ed before participants reached age 40, in accordance with the two-hit model (Knudson 1971;
Mitchell et al. 2022). This observation naturally begs the question of how clonal expansion is
held in check in most individuals despite the presence of known hematologic driver muta-
tions, and by what mechanisms this apparent homeostatic state is able to be maintained.
In the same study by Mitchell et al. clonal lineages were found to undergo rapid expansion
after age 60, and clonal diversity collapsed as the influence of natural selection faded (i.e.,
with advancing age). The authors posit that, given HSPC driver mutations conferring fitness
advantages occur at a constant rate over an individual’s lifetime, other age-related physio-
logical and/or microenvironmental changes must occur as a result of accumulated molecular
damage that enable these HSPC lineages to clonally expand.

Finally, although ARCH and CHIP are sometimes used synonymously in the literature,
several recent publications by leading authors in the field maintain the distinction (Jaiswal
and Ebert 2019; Jaiswal 2020; Kéhnke and Majeti 2021), likely because the difference, al-
though nuanced and not completely understood, remains biologically meaningful. As
such, Jaiswal (2020) proposes that while the current diagnostic criteria for CHIP may be re-
defined in the future, for now they help to define a “sensible working definition” to assist
in the design of experimental research. There have also been efforts to clarify and promote
more consistent use of CHIP-related terminology; this includes calls for a more granular dis-
tinction of CHIP from CHOP (clonal hematopoiesis of oncogenic potential), the latter of
which distinguishes itself by the specific types and number of mutations, both of which
are related to an increase in malignancy risk (Valent et al. 2019).

The Role of Inflammation in Clonal Hematopoiesis

Inflammation naturally increases with age, a condition referred to as “inflamm-aging” (Xia
et al. 2016; Franceschi et al. 2018). Although we know that clonal expansion is not exclusive
to blood but occurs in many other tissues (e.g., skin, Martincorena et al. 2015; bronchus,
Yoshida et al. 2020; endometrium, Suda et al. 2018, Moore et al. 2020; and esophagus,
Martincorena et al. 2018), it has been best studied in the context of the hematopoietic sys-
tem, in part because of the accessible nature of peripheral blood. Blood cells are not
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constrained by the structural and geographical limitations of solid tissues, and immune cells
produced by HSPCs reside in most tissues of the body, enabling them to interact with and
potentially influence the inflammatory condition of different tissue-specific microenviron-
ments (Jaiswal and Ebert 2019).

A two-step process has been proposed to explain the role of inflammation in the etiology of
preleukemic and/or myelodysplastic disease: First, signaling patterns are altered via disruption
to supramolecular organizing centers. This is followed by proinflammatory changes within
the bone marrow microenvironment that promote expansion of clonal HSPC populations
(Trowbridge and Starczynowski 2021). From an evolutionary perspective, one way that clonal
HSPC populations have been shown to gain a competitive advantage over normal HSPCs is
through noncanonical activation of the transcription factor NF-kB, which inhibits canonical func-
tions related to innate immunity, inflammation, and communicating signals of pathogen invasion
to mobilize cellular resistance (Salminen and Kaamiranta 2010). Inflammation may thus act as a
selective pressure that favors the persistence of HSPCs with somatic driver mutations.

The most common CHIP mutations occur in genes with epigenetic regulatory function
(Buscarlet et al. 2017): DNMT3A is a methyltransferase involved in de novo cytosine methyla-
tion, and TETZ2 is a methylcytosine dioxygenase that facilitates demethylation by initiating the
conversion of 5-methylcytosine (SmC) to 5-hydroxymethylcytosine (5hmC) preferentially in a
CpG context (Zhang et al. 2016; Buscarlet et al. 2017; Zink et al. 2017; Tulstrup et al. 2021).
Cell lineages carrying mutations in DNMT3A or TET2 display atypical responses to inflamma-
tion: DNMT3A mutant cells show resilience to inflammatory conditions that are expected to
cause normal HSPCs to differentiate and lose their self-renewal capacity (SanMiguel et al.
2022), whereas Tet2 mutant cells have shown increased differentiation in the presence proin-
flammatory cytokines and more rapid myeloproliferation in response to microbial-driven in-
flammation in mice (Meisel et al. 2018; Kdhnke and Majeti 2021; McClatchy et al. 2022).

Why some CHIP clonal variants are adapted to inflammatory environmental conditions
remains incompletely understood, although recent work has begun to illuminate more of
the evolutionary dynamics that govern the etiology of CHIP. A study by SanMiguel et al.
(2022) used a knockout mouse model to identify a CHIP mutation (Dnmt3a8"8%*) whose fit-
ness advantage is mediated by TNFR1, a proinflammatory cytokine receptor for tumor ne-
crosis factor-alpha (TNF-a) (SanMiguel et al. 2022). In humans, TET2 mutations engender
dominance of clonal HSPC lineages by facilitating cell-intrinsic resistance to TNF-a while
simultaneously perpetuating the inflammatory microenvironmental conditions that select
for such mutations (Trowbridge and Starczynowski 2021). Collectively, these lines of evi-
dence support a role for the proinflammatory extrinsic milieu as an evolutionary pressure
that selects for mutant HSPCs and facilitates clonal expansion. Inflammation related to
CHIP is also expected to be a key contributor to higher risk of cardiovascular and pulmonary
disease in this patient population (Jaiswal et al. 2017; Miller and Steensma 2020).

CURRENT APPROACHES TO THE STUDY AND DIAGNOSIS OF CHIP

Although many of the mechanisms contributing to increased cancer risk have been identified
and are known to be overlapping with those that underlie age-related decline, what triggers
these mechanisms and how they interact to produce variation in health and disease out-
comes is not well-understood. Hematologic driver mutations are typically acquired many
years before AML or other malignancies may be diagnosed (Jaiswal and Ebert 2019).
Whole-exome sequencing (WES) or targeted gene panels have traditionally been used to
diagnose CHIP, using the aforementioned criterion of the presence of a hematologic driver
mutation with a VAF of at least 2% in apparently healthy individuals (Steensma et al. 2015;
Valent et al. 2019).
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Technologies like targeted error-corrected sequencing are now available and enable
easy detection of clonal mutations that exist at VAFs of 0.1%, and may be sensitive enough
to detect mutant VAFs as low as 0.00001% (Young et al. 2016; Hoermann et al. 2020).
Although such mutations are not considered to be indicative of CHIP and are common in
the aging population, there is interest in elucidating the relationship between prevalent mu-
tations and the molecular mechanisms that help promote or prevent disease (Valent et al.
2019). To fully differentiate premalignant and benign forms of CH and CHIP more specifi-
cally, a comprehensive understanding of HSPC genetics and epigenetic dynamics in individ-
uals who never develop malignant or other severe disease would shed additional light on the
steps that make up the trajectory that leads (or does not lead) to adverse health outcomes.

Niroula et al. (2021) examined mosaic chromosomal aberrations (MCAs) associated with
myeloid and lymphoid driver mutations. Using lineage-specific genetic aberrations in con-
junction with complete blood count data, the authors were able to predict risk of developing
myeloid malignancies, CLL and SLL. This may be a viable means of identifying individuals
with CHIP who are at high risk of malignant conversion in a clinical setting. Utility of such
an assay would be limited to known CHIP-associated mCAs and driver mutations that occur
above a certain frequency, and would fail to identify individuals carrying rare, high-fitness
CHIP variants. Uddin et al. (2022) recently published a cost-effective assay for CHIP detection
(single-molecule molecular inversion probe sequencing, or smMIPS) targeting the 11 most
commonly affected CHIP genes in addition to four hotspots for recurrent mutations.
Results from Robertson et al. (2022) expand on the findings of Uddin et al. (2022), providing
finer-grained molecular details on CHIP clonal dynamics. They have proposed a novel algo-
rithmic approach, LiFT, for CHIP detection that is better able to detect relevant variants com-
pared to VAF thresholding at >2%. Using LiFT, Robertson et al. (2022) were able to identify
high-fitness CHIP mutations existing at very low variant allele frequencies.

Abelson et al. (2018) proposed two models for predicting transition to AML, one based
on the somatic mutations in pre-AML and benign ARCH cases, and the other on clinical data
commonly stored in electronic health records (e.g., complete blood count data). The timing,
number, and type of mutations in CHIP were all relevant factors to disease prognosis, and
cases of benign and malignant CHIP have different mutational profiles (for review, see
Hoermann et al. 2020). Abelson et al. (2018) identified 95 individuals who went on to
develop AML but were sampled (on average 6.3 yr) prior to diagnosis, out of more than
500,000 samples that underwent targeted sequencing from a large European cohort
(Sellar et al. 2018). They found that mutations in most hematologic driver genes increase
AML risk by approximately twofold for every 5% increase in clone prevalence, and that mu-
tations in TP53 and spliceosome genes such as U2AFT were associated with especially aug-
mented risk of AML (Abelson et al. 2018). Additionally, mutations in putative driver genes as
well as an increased number of mutations were associated with heightened AML risk
(Abelson et al. 2018). They further found that red cell distribution width (RDW) was positively
associated with elevated risk of AML, and developed a model using blood count data to pre-
dictthe development of AML between 6 and 12 mo prior to disease diagnosis (Abelson et al.
2018). Although the sensitivity of the blood count-based model was too limited (26%) to be
clinically useful in isolation, the study is promising and offers a conceptual foundation for the
development of predictive models using novel data types (Sellar et al. 2018).

Epigenetic Mechanisms with Biomarker Potential for Investigating Clonal
Hematopoiesis

The recent advancements and declining cost of next-generation sequencing technologies
have underscored the potential for integrating new types of NGS data to better understand
and monitor the dynamics of CHIP over time. It is important to note that although the costs of
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NGS are declining, WGS or related genome-wide assays have not been widely available to
all patients, and such data may be more useful for research purposes than it is directly to pa-
tients at this time, because of the uncertainty that comes with such a clinical diagnosis.

The advent of single-cell, multiomics technologies (such as scNMT-seq [Clark et al.
2018], which generates single-cell nucleosome occupancy, DNA methylation, and gene ex-
pression data simultaneously) have further expanded our capacity to more precisely deci-
pher the information content of the epigenome. This offers a novel opportunity to marry
mutational signature and timing data (e.g., PCAWG Evolution & Heterogeneity Working
Group et al. 2020) with methods that produce data on gene expression (RNA-seq), DNA
methylation (whole-genome bisulfite sequencing [WGBS]), chromatin accessibility (e.g.,
ATAC-seq, MNase-seq), histone modifications and/or transcription factor binding (ChIP-
seq, CUT&RUN, CUT&TAG), and distal chromatin looping involving three dimensional
changes in chromatin structure and organization (e.g., HI-C, ChIA-PET) (Chawla et al.
2021) to interrogate the molecular effects of different mutational signatures. This will also ex-
pand our understanding of how these mutations mechanistically enhance leukemia risk. For
example, the dynamic nature of DNA methylation can be used to model patterns of molec-
ular change, the rate at which such changes are occurring, assuming canonical patterns of
DNA methylation status and change over time can be established at informative CpG sites
(Gabbutt et al. 2022). Lower-density clusters of CpG sites exhibiting intermediate methyla-
tion may begin to show a “W"-shaped methylation fraction distribution indicative of increas-
ingly heterogenous methylation among clonal cells (Gabbutt et al. 2022). Monitoring
epigenetic activity, such as the degree and pace of methylation change, under CHIP may re-
veal novel variation indicative of a potentially pathogenic change. Buscarlet et al. (2017)
found that the ratio of 5mC to 5hmC is indicative of TET2 zygosity, consistent with the
role of TET2 in 5mC demethylation; deviations from the expected ratio could be used as
an indicator of potential loss of function mutations in this gene. Finally, allele-specific meth-
ylation and allele switching of methylation are both more common in tumor tissue, pointing
to other ways that epigenetic modifications may be used to identify pertinent deviations
from expectations indicative of increased disease risk (Do et al. 2020).

FUTURE DIRECTIONS

The cost of whole-genome sequencing (WGS) has historically been prohibitive to its use in
clinical practice, with some exceptions. However, as the price of WGS continues its rapid
descent and the “<$100 genome” moves closer to reality, WGS may soon be a feasible op-
tion for clinical screening, monitoring, and prevention for a much wider array of individuals.

However, although WGS and NGS technologies in general have rapidly declined in cost
over the past several years, these may not be the optimal choice for CHIP screening, because
of the unknown risk conferred by many low-frequency variants that may be detectable but
not particularly useful to clinicians or their patients, as well as the inability to separate the pre-
malignant cases from those that are benign or increase risk of nonmalignant disease with
high certainty. Such knowledge is, again, essential to avoiding over- and undertreatment
and achieving the best cost/benefit ratio for patients to help them maintain their quality of
life (Strom 2016).

Nonetheless, substantial advances in the understanding of hematological malignancies
have been made in recent years. Bick et al. (2020) recently published on characteristics of
three specific subgroups of mutations that tend to malfunction under CHIP in different
ways (e.g., genes that acquire mutations due to loss of function in genes that maintain geno-
mic integrity vs. those implicated in up-regulated self-renewal capacity). Further characteri-
zation of the nuances of this CHIP and its potential molecular subtypes should pave the way
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for enhanced understanding of shared and unique features of CHIP etiology that may lead to
more informed and efficacious treatment and monitoring protocols.

Epigenetic analyses aimed at detecting or monitoring CHIP and risk of transition to ma-
lignancy will benefit substantially from using single-cell sequencing whenever possible,
given the confounding influence of cell type composition in bulk NGS analyses of epigenetic
data (Black and McGranahan 2021). Use of mutational signatures associated with
specific types of cancer from genomic studies in conjunction with transcriptomic and epige-
nomic modalities at relevant loci may elucidate how different mutations can mechanistically
affect dynamic and regulatory activity involved in cancer development (e.g., Ocsenas and
Reimand 2022). The association between CHIP and nonmalignant, noncardiovascular dis-
ease also warrants further investigation, as intriguing relationships have been identified be-
tween CHIP mutations and insulin resistance (Fuster et al. 2020), as well as a surprising,
potentially protective effect of CHIP against Alzheimer's disease (Bouzid et al. 2021).
Future analyses should aim to further identify and connect cellular phenotypes that promote
clonal expansion to underlying genetic and epigenetic variation to build a comprehensive
portrait of CHIP dynamics, aging, and cancer risk.

An outstanding challenge in this field is the uncertainty surrounding what a diagnosis of
CHIP ultimately means for an otherwise healthy patient. It is unknown whether CH plays a
consequential or even causal role in age-related functional and systemic decline in humans
after age 70. Both clinicians and their patients must weigh the costs and benefits of having
such knowledge and the option for intervention with the degree of uncertainty inherent to a
CHIP diagnosis and the generally low risk of transition to malignancy. This is why personal-
ized approaches that consider a person’s age, medical history, and any other relevant health
factors are the best path forward. As research in this field continues to progress, we expect to
see additional longitudinal studies that simultaneously track genetic and epigenetic changes
in individuals over time, which will reveal more about the complex and heterogenous dy-
namics of this phenomenon.
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