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Abstract

Clonal hematopoiesis (CH) broadly describes the expansion of a clonal population of blood cells 

with one or more somatic mutations. Individuals with CH are at greater risk for hematological 

malignancies, cardiovascular disease, and increased mortality from non-hematological cancers. 

Understanding the causes of CH and how these mutant cells interact with cells of other tissues will 

provide critical insights into preleukemic development, stem cell biology, host-immune 

interactions, and cancer evolution. Here we discuss the clinical manifestations of CH, mechanisms 

contributing to its development, the role of CH in clonal evolution toward leukemia, and the 

contribution of CH to non-hematological disease states.

Introduction

From the onset of an organism’s development, each cell possesses the same set of genes and 

template genetic sequence. How cells turn on and off these genes allows for the development 

of distinct tissues and functions within the organism. However, as organisms age, there is 

increasing evidence that cells acquire somatic mutations or encounter environmental 

mutagens that induce mutations (Alexandrov et al., 2013; López-Otín et al., 2013). In many 

cases, these mutations will have a neutral effect, landing in non-coding or non-regulatory 

regions of the genome. Sometimes these mutations may land in essential genes and lead to 

negative selection against the cells and their lineage progeny. In converse, sometimes 

mutations are positively selected for, allowing cells to grow at a faster rate than their 

neighbors and leading to clonal expansion. This process of mutation acquisition and clonal 

selection is a consequence of time and environmental exposure. At its extreme end, there is 

cancer and malignant development whereby a proliferative cell acquires a series of 

mutations that can lead to unrestrained growth. However, antecedent to malignant 
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transformation, there is thought to be an expansion of cells that may pose little risk to the 

organism as whole, but may serve as a reservoir for future disease development. In some 

tissues, these premalignant cells will undergo senescence or be removed by a surveying 

immune system (Collado et al., 2005; Schreiber et al., 2011). How these small collections of 

cells develop into larger disease and what effects they have on the function of the tissue in 

which they inhabit are important clinical and biological questions with impacts on aging, 

inflammation, and malignancy.

The hematopoietic system provides an interesting lens into this premalignant process. As a 

whole, the hematopoietic system is responsible for producing trillions of cells a day, of 

which there is a multitude of cell types including erythrocytes, megakaryocytes, platelets, 

lymphocytes, monocytes, and granulocytes (Doulatov et al., 2012). To achieve this output, 

hematopoiesis employs an extensive cellular hierarchy sequestering self-renewal to a select 

few hematopoietic stem cells (HSCs) and offering proliferative capacity to amplifying 

progenitors (Orkin and Zon, 2008). Thus, the progenitors and mature cells produced from a 

single stem cell represent a clonal lineage. When an HSC divides, it can either do so 

symmetrically, producing two daughter HSCs, or asymmetrically, producing both an HSC 

and a daughter cell primed for differentiation and subsequent production of mature cells 

(Signer and Morrison, 2013). In addition, symmetric division of an HSC into two 

progenitors will effectively end the clonal lineage, as the progenitor cells possess limited 

self-renewal potential. This hierarchy allows for rapid production of cells upon infection or 

blood loss while safeguarding the hematopoietic system from mutation acquisition, as most 

cells will terminally differentiate and die.

However, with time, even slowly dividing HSCs may acquire mutations that are passed on to 

the next generation of cells, affecting both the HSC compartment and daughter cells. While 

many somatic events will have a neutral effect (Welch et al., 2012), mutations that promote 

increased self-renewal of the stem cell state, increased proliferation, and/or reduced cell 

death have the capacity to expand the HSC clone at a disproportionate rate compared to 

other clones. This fitness advantage relative to other clonal lineages is the defining feature of 

CH. Given the technological advances for detection, somatic mutations have perhaps 

become the most well-studied conduit for clonal expansion; however, other mechanisms 

include immune-mediated clonal selection and stochastic drift in clones. The spectrum of 

physiological consequences of CH is vast, with many instances of CH posing little to no 

overt effect on the individual. Whereas on the other extreme, CH cases may represent an 

antecedent permissive state for leukemic development, where secondary and/or tertiary 

mutations in HSCs or more differentiated progenitors may result in a fulminant leukemia 

(Bonnet and Dick, 1997; Corces-Zimmerman et al., 2014; Reya et al., 2001; Shlush et al., 

2014; Welch et al., 2012). As such, understanding this spectrum of outcomes will be critical 

to distinguishing the technical identification of CH from a medically relevant event. The 

process of clonal expansion progressing toward hematological abnormality or leukemic 

transformation provides a critical window into identifying at-risk individuals and offering 

therapeutic options that might prevent the onset of leukemic development. While the clinical 

implementation of such a vision may be forward thinking, the easily accessible blood 

samples provide a window that is simply unavailable for more inaccessible solid tumors.
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Furthermore, hematopoietic cells travel to different tissues of the body, affecting 

homeostasis among a number of different organ systems. Thus, clonal expansion of the bone 

marrow not only poses a risk of malignancy, but also presents an intersection point with 

many organ systems, whereby biological alterations within an HSC may lead to aberrant 

activation of pathways in terminally differentiated cells, such as macrophages, derived from 

that mutant HSC. Reports have demonstrated that these altered immune cells profoundly 

impact cardiovascular disease (Jaiswal et al., 2017), and we speculate that there might be 

broad impacts on diabetes, cancer, and other inflammatory syndromes.

Here we focus on reviewing the clinical identification of CH, the selective pressures 

associated with CH, how the mutations underlying CH inform our understanding of stem 

cell biology, and how these mutations impact leukemic development and non-hematological 

disease.

Identification of CH and Distinction from Other Clonal Hematologic 

Disorders

Herein, our working definition of CH is the expansion of one lineage of cells, or a clone, at a 

rate disproportionately greater than other clones. The first characterization of CH through 

modern molecular biologic techniques utilized PCR-based methods to identify non-random 

X inactivation in a cohort of women (Busque et al., 1996). This study found that women >60 

years of age were more likely to possess skewed allelic ratios of X inactivation, while 

younger women showed no significant alterations. Since then, next-generation sequencing 

technology has allowed the detection of somatic variants with greater sensitivity for rare 

events. Whole-exome sequencing (WES) has offered a technical lower limit of detection for 

clones with a Variant Allele Frequency (VAF) at 0.07% (Jaiswal et al., 2014). Targeted 

sequencing to greater depth increases the sensitivity to 0.01% (Coombs et al., 2017), while 

newer methods utilizing targeted error correction sequencing have increased the sensitivity 

even further to 0.0003% (Young et al., 2016). Meanwhile, lower coverage whole-genome 

sequencing (WGS) studies have greatly expanded the breadth of possible variants at a cost of 

less sensitivity (Zink et al., 2017).

Focused sequencing assays on genes known to be implicated in hematologic malignancy—

including TET2 (Busque et al., 2012) and DNMT3A (Shlush et al., 2014)—have been used 

to identify somatic variants in the blood of healthy adults. These studies were followed by 

larger unbiased sequencing studies including an analysis of 2,700 blood samples used as 

germline controls across 11 cancer types in the Cancer Genome Atlas (TCGA) (Xie et al., 

2014). This study found age-associated recurrent mutations in DNMT3A, TET2, JAK2, 
ASXL1, SF3B1, PPM1D, and TP53, all of which are known to be mutated in acute myeloid 

leukemia (AML), myelodysplastic syndrome (MDS), or myeloproliferative neoplasms 

(MPNs) (Lindsley et al., 2017; Rampal et al., 2014). Even further, the mutational spectrum 

within a given gene possess distinct distributions. For example, where the DNMT3A-R882H 

hotspot mutation is enriched in AML, it is less abundant in healthy individuals with CH 

(Buscarlet et al., 2017). Interestingly, other AML-related mutations in genes such as FLT3, 
NPM1, IDH1, and IDH2 were rarely found in the blood of TCGA patients (Xie et al., 2014). 

Bowman et al. Page 3

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These data demonstrate that not all hematological-related mutations are equally present in 

the blood of cancer patients, suggesting a context-dependent selective advantage for 

mutations. While the TCGA cohort is unlikely to represent the general population, a similar 

spectrum of mutant genes were identified in a second cancer-enriched cohort (Coombs et al., 

2017), as well as large cohorts of patients with cardiovascular disease (Jaiswal et al., 2017) 

and type 2 diabetes (Jaiswal et al., 2014), along with healthy adults (Genovese et al., 2014; 

McKerrell et al., 2015; Young et al., 2016). The technological differences between WGS, 

WES, and targeted sequencing have generated sometimes-conflicting data on the relative 

enrichment of hotspot mutations; however, as a whole the complimentary nature of these 

studies has revealed much about the mutation spectrum in CH.

Perhaps unsurprisingly, the studies above identified an increased rate of development of 

hematological malignancy when somatic mutations were found in the blood (Coombs et al., 

2017; Genovese et al., 2014; Jaiswal et al., 2014). This indicates a preleukemic state of these 

cells, but also blurs the lines between what appears to be clinically benign clonal expansion 

and a more meaningful abnormality.

A series of terms have been used to describe these states, including CH of indeterminate 

potential (CHIP), age-related CH (ARCH), idiopathic cytopenias of undetermined 

significance (ICUS), and clonal cytopenias of undetermined significance (CCUS), which 

share many overlapping and similar clinical descriptions (Bejar, 2017). Generally ARCH 

and CHIP are technical findings, not diseases, described as a somatic variant present without 

a cytopenia, while ICUS is considered to present with a low-level cytopenia without a 

detectable somatic variant (Steensma et al., 2015). CCUS has been offered as verbiage for a 

patient presenting with both a cytopenia and a somatic variant, from a normal bone marrow 

exam (Kwok et al., 2015; Malcovati et al., 2017) (Figure 1). Here, WHO guidelines indicate 

thresholds for cytopenia as hemoglobin <10 g/dl, absolute neutrophil count <1.8 × 109/l, or 

platelet count <100 × 109/l (Arber et al., 2016). In addition to these parameters, 

distinguishing these states requires a VAF cutoff to demarcate whether an individual 

possesses a bona fide somatic mutation that is relevant to hematologic malignancy. Steensma 

et al. have suggested that a VAF of 2% serve as a cutoff, a value that will likely be revised as 

sequencing technology develops and more data become available (Steensma et al., 2015). 

Importantly, identification of a particular VAF cutoff is of importance if it affects clinical 

decision-making, but until that time it remains of technical concern.

There has been some effort to distinguish between these relatively benign hematological 

states from MDS, which can present with clinically significant cytopenias and dysplasias 

(Arber et al., 2016). The distinction may be difficult except when MDS present with excess 

blasts (>5%), recurrent chromosomal abnormalities, and/or multilineage dysplasia 

(abnormal cellular morphology) on a bone marrow exam (Arber et al., 2016). Many of the 

genes associated with MDS development, and the more indolent cytopenias (CCUS), are 

also present in CH clones, including mutations in ASXL1 and TET2 (Cargo et al., 2015; 

Malcovati et al., 2017). These data suggest that both CCUS and MDS may be natural, albeit 

not obligatory, progressions from an antecedent CH clone. Thus, secondary AML, resultant 

from an MDS or MPN diagnosis, may be the emergent malignant event produced by 

progression of a CH clone to CCUS, MDS, and finally AML (Figure 1). This path, however, 
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is not the obligatory outcome of all CH events, nor is it the only path toward AML 

formation. Herein lies the hurdle in translating the detection of somatic mutations to 

implementing clinical action. When is a mutation a clone, and when is that clone likely to 

exert a pathophysiological effect? This is likely to depend on both the mutation present in 

the emergent clone and the circumstances that likely generated the clone. Understanding the 

selective pressures that drive a mutated cell to become a clonal event will provide greater 

insights into the natural history of any ensuing hematological state.

Selective Pressures Associated with CH

Here we will review the selective pressures and features of the fitness landscape that 

contribute to CH. This includes aging-associated CH and therapy-induced selective 

pressures that drive the emergence of a select number of clones (Figure 2). In addition, 

autoimmunity and microenvironmental alterations are likely to contribute to clonal 

selections and are reviewed elsewhere (Medyouf, 2017). While these features are discussed 

discretely below, there is likely an intricate interplay between these factors at any given point 

in time.

Aging-Associated Mutation Acquisition and Selective Pressure

The most clear clinical correlate with CH development is aging, a finding that has been 

recapitulated in nearly every study to date (Buscarlet et al., 2017; Busque et al., 2012; 

Genovese et al., 2014; Gillis et al., 2017; Jaiswal et al., 2014, 2017; Takahashi et al., 2017; 

Xie et al., 2014). Fitting with the propensity for progression of CH to a more malignant 

hematological state, aging is also associated with a number of hematological complications 

including anemia, defects in innate and adaptive immunity, and increased prevalence in 

MDS, MPN, and AML (Adams et al., 2015; Geiger et al., 2013). To understand the 

mechanisms by which aging contributes to CH, we must consider both the cumulative effect 

of time on clonal distribution and the molecular and cellular properties of aged HSCs.

On a per cell basis, previous work has demonstrated that aged HSCs possess decreased 

engraftment capacity, despite an overall increase in the number of immuno-phenotypically 

defined HSCs (Kuranda et al., 2011; Pang et al., 2011). This alteration in functionality likely 

creates a fitness landscape such that the HSCs that best retain their self-renewal and 

differentiation capacity are most likely to expand. The molecular mechanisms behind this 

functional decline may involve age-associated increases in DNA damage (Flach et al., 2014) 

and oxidative stress associated DNA damage (Yahata et al., 2011). Flach and colleagues 

found that aged HSCs possessed increased replication-associated DNA damage response, a 

finding that did not extend to general cytotoxic agents. This endogenous genotoxic stress has 

the capacity to both trigger apoptosis and end a clonal lineage, but also potentially generate 

new mutations that might alter the fitness of the clone (Tubbs and Nussenzweig, 2017). 

Moreover, DNA damage in HSCs has also been shown to trigger differentiation of cells, 

providing another avenue for aging-associated genotoxic stress to affect the HSC pool 

(Wingert et al., 2016). Interestingly, C:T DNA base pair transversions are the most common 

outcome from replicative mutagenesis, a transversion that is a hallmark of aging-associated 

mutagenesis (Alexandrov et al., 2013).
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These molecular events may underlie a fitness landscape that favors HSCs capable of 

retaining self-renewal, blocking differentiation, and resolving DNA damage without 

initiating apoptosis. Mutations in the epigenetic modifiers DNMT3A, TET2, or ASXL1 
would be well-suited to offer a selective advantage over non-mutated clones through 

maximizing self-renewal and enacting a differentiation blockade (discussed below; Figure 

2). Meanwhile, mutations in DNA-damage regulators, such as TP53 and PPM1D, likely 

offer a similar fitness advantage in the face of genotoxic stress.

Therapy-Induced CH and Selective Pressure

In addition to aging-associated mutational processes and endogenous genotoxic stress, 

exogenous stress such as that elicited by radiation or chemotherapy also likely contributes to 

the altered fitness landscape that promotes CH. Two studies in particular were enriched for 

patients who had previously undergone chemotherapeutic treatment either for non-

hematological conditions or as a part of a conditioning regiment for autologous stem cell 

transplant therapy (Coombs et al., 2017; Gibson et al., 2017). In addition to recurrent 

epigenetic modifiers (DNMT3A, TET2, and ASXL1), these studies identified recurrent 

mutations in TP53, PPM1D, ATM, and CHEK2, all of which play some role in the response 

to DNA damage (Kastan and Bartek, 2004; Kastenhuber and Lowe, 2017; Kleiblova et al., 

2013). These mutations suggest that expansion of a DNA-damage-resistant clone may occur 

following genotoxic stress such as chemotherapy or irradiation. In support of this, Wong and 

colleagues analyzed TP53 mutation status in therapy-induced AML (t-AML); they that 

found TP53 mutations were present at a higher frequency in t-AML patients than in de novo 
AML patients (Wong et al., 2015). Critically, the total mutation number did not significantly 

differ between t-AML and primary AML patients, indicating a lack of mutagenic activity 

upon chemotherapy. Instead, in several patients, TP53 mutations were found to be present in 

the blood before the onset of disease, and before prior chemotherapy administration in two 

patients. This is the most clear evidence that TP53 mutations may provide a selective 

advantage upon genotoxic insult leading to clonal expansion, an expansion taken to its 

extreme in t-AML.

Recent genomic studies on large cohorts of patients found that TP53 and PPM1D mutations 

are both enriched in therapy-induced MDS compared to primary MDS (Lindsley et al., 

2017), offering supporting evidence that clones harboring these mutations thrive under 

therapy-induced selective pressure. Likewise, mutations in PPM1D have been found to be 

present in the blood of patients with ovarian (Akbari et al., 2014; Ruark et al., 2013; Swisher 

et al., 2016), prostate (Cardoso et al., 2016), and lung (Zajkowicz et al., 2015) cancer. 

Genetic studies in mice found that Tp53 mutant bone marrow did not possess a clonal 

advantage upon transplantation, but it did exhibit clonal outgrowth following irradiation 

(Marusyk et al., 2010), reinforcing the context-dependent selective advantage offered by 

TP53 mutations. Collectively, these studies suggest that mutations in DNA damage signaling 

pathways are not a result of chemotherapy or prior treatment per se. Rather, the therapy-

induced genotoxic stress applies increased selective pressure such that these previously 

neutral mutations now provide a positive selective advantage relative to the cells with intact 

DNA damage response.
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This is in stark contrast to mutations in genes such as TET2, which provide a direct selective 

advantage to stem cells through increased self-renewal even in the absence of therapy-

induced genotoxic insult (Moran-Crusio et al., 2011). Moreover, recent studies demonstrate 

that point mutations in DNMT3A-R882H increase stem cell frequency, similar to TET2 (Dai 

et al., 2017; Guryanova et al., 2016). However, unlike TET2 mutations, DNMT3A-R882H 

mutations, but not DNMT3A loss of function, led to anthracycline resistance (Guryanova et 

al., 2016). Thus, DNMT3A mutations may possess both a positive selective advantage in the 

absence of therapy and an additional selective advantage in the presence of anthracycline 

treatment depending upon whether or not the mutation occurs at the R882H hotspot. 

Interestingly, this chemoprotective property of DNMT3A mutant cells did not extend to all 

treatments, as DNMT3A status did not affect responsiveness to etoposide (Guryanova et al., 

2016). Future studies profiling how frequent CH mutations affect responsiveness to common 

chemotherapeutic regimens and other therapeutic perturbations will be of critical interest in 

understanding how exogenous selective pressures may skew the bone marrow compartment 

with treatment.

Stochastic Processes Contributing to CH

Both aging-associated and therapy-induced stresses are mechanisms that may support CH 

either through the acquisition of mutations or through bestowing the ability to survive 

external genotoxic insult. In addition to these sources, CH has frequently been associated 

with smoking, another potential source of mutagenic stress contributing to clonal evolution 

(Buscarlet et al., 2017; Coombs et al., 2017; Jaiswal et al., 2014; Zink et al., 2017). 

However, it is also possible that CH can manifest through stochastic processes alone in the 

absence of these stresses. This idea was first proposed and tested using a series of stochastic 

mathematical models and autologous transplant data in large animal models (Abkowitz et 

al., 1996). In human samples, the most compelling evidence for stochastic processes in CH 

was based on WGS data drawn from healthy individuals (Zink et al., 2017). This approach 

demonstrated that the population-wide prevalence of CH is dramatically underestimated 

when mutations in candidate genes alone are used to classify individuals. Critically, Zink 

and colleagues found clonal non-coding somatic variants in a significant fraction of the 

cohort that were not in known candidate drivers of hematologic malignancy (DNMT3A, 
ASXL1, TET2, etc.) (Zink et al., 2017). Interestingly, the presence of CH remained a 

significant prognostic indicator of secondary hematological malignancy, even when no 

candidate drivers were mutated. One trivial explanation for this finding is that the catalog of 

known driver mutations is incomplete, and some of these seemingly silent mutations in fact 

provide a functional selective advantage. However, given the breadth of mutations found, it 

remains more likely that stochastic processes controlling division, apoptosis, and 

differentiation are at play (Figure 2). With this as a possibility, CH may be an inevitable 

emergent property of an aging system, a possibility supported by both Zink et al. and 

McKerrel et al. While mathematical models support stochastic CH as a possibility, the 

burden of proof is high. New methodologies for measuring CH will be necessary, as 

definitively proving the neutral fitness advantage of somatic variants will be an arduous, 

uncertain task given the unknown fitness landscape leading to a snapshot of clonal 

emergence.
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Epigenetic Mutations Associated with CH and Their Role in Stem Cell 

Biology

To properly understand how these selective pressures result in clonal expansion of HSCs, we 

must better understand the biology of the genes that are mutated in these clones. The most 

common somatic mutations present in CH are present in genes associated with epigenetic 

modifications, including TET2, DNMT3A, and ASXL1, and splicing factors, including 

SF3B1, SRSF2, and U2AF1 (reviewed extensively elsewhere; cf. Inoue et al., 2016a). Here 

we will focus on mutations known to affect DNA chemical modifications and histone 

posttranslational modifications.

TET2 and DNMT3A Coordinate DNA Methylation in Stem Cells

DNA methylation plays a critical role in gene regulation and shaping cell identity, with 

methylation, particularly at promoters, generally considered a repressive mark (Smith and 

Meissner, 2013). Central to this regulatory process are the enzymes responsible for 

establishing methylation marks, DNA methyltransferases (DNMTs) and the ten-eleven 

translocation (TET) family, which are capable of removing these marks (Smith and 

Meissner, 2013) (Figure 3). DNMT1 is generally considered to have a role in maintaining 

established methylation marks, while DNMT3A/B are considered responsible for 

establishing de novo methylation marks (Smith and Meissner, 2013). The three TET family 

members TET1/2/3 are methylcytosine dioxygenases primarily responsible for catalyzing 

the conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) and 

subsequent hydroxylation events (Ito et al., 2010, 2011; Ko et al., 2010; Tahiliani et al., 

2009). Thus loss of TET2 is associated with DNA hypermethylation, while loss-of-function 

mutations in the DNA methyltransferase 3A (DNMT3A) is associated with 

hypomethylation, associations that persist into malignancy (Figure 3) (Figueroa et al., 2010; 

Zhang et al., 2016). While other TET and DNMT family members are capable of catalyzing 

these reactions, TET2 and DNMT3A remain the primary family members that are mutated 

in hematological malignancies (Papaemmanuil et al., 2016) and the most commonly mutated 

genes in CH (Buscarlet et al., 2017).

The consequences of DNMT3A loss of function have been informed through mechanistic 

studies in the mouse. Complete knockout of Dnmt3a and Dnmt3b in mice, and thus 

elimination of de novo DNA methylation, led to a reduction in HSC self-renewal, but 

without any skewing in lineage commitment (Tadokoro et al., 2007). Subsequent studies 

revealed that, given enough time, loss of Dnmt3a alone was sufficient to drive expansion of 

stem cells, inevitably leading to the development of both lymphoid and myeloid leukemias 

(Challen et al., 2014). These leukemias possessed global hypomethylation with lineage-

specific alterations, with a striking hypermethylation in lymphoid malignancies at promoters 

(Challen et al., 2014). While similar methylation patterns have been identified in AML 

patient studies, understanding the role and potential kinetics of methylation in CH has been 

limited due to a lack of studies on the methylation status of DNMT3A mutant non-leukemic 

cells. One study, however, profiled the blood of a 9-year-old patient who possessed a 

germline DNMT3A-R882H mutation and displayed characteristics of Tatton-Brown-

Rahman Syndrome (Spencer et al., 2017). Here the authors found hypomethylation similar 
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to that of AML patients when compared to a healthy sibling. Despite the caveats of the 

germline nature of the mutation and the age of the patient, these data suggest that the 

hypomethylation pattern found in DNMT3A-mutant AML precedes leukemic development 

and may play a role in CH progression.

In contrast to DNMT3A loss, TET2 loss-of-function mutations are associated with 

hypermethylation. Mouse studies using a conditional Tet2 loss-of-function mutant revealed 

an expansion of Lineage−Sca1+cKit+ (LSK) cells concomitant with decreased 5hmC levels 

(Moran-Crusio et al., 2011; Quivoron et al., 2011). In healthy individuals with CH, the ratio 

of 5hmC to 5mC has been shown to track with TET2 VAF, such that higher mutant VAF 

leads to lower 5hmC, supporting the prevalence of these biochemical processes in human 

biology (Buscarlet et al., 2017). The exact mechanisms by which TET2 loss of function 

results in increased stem cell expansion remains an unsolved issue, though the self-renewal 

and differentiation phenotypes likely involve complex pleiotropic regulation of multiple loci. 

One study focused on erythropoiesis identified dynamic changes in 5hmC during 

differentiation with increases in methylation at genomic loci associated with binding of the 

erythroid enriched transcription factors GATA1, GATA2, and KLF1 (Ge et al., 2014). These 

studies suggest that loss of 5mC and increases in 5hmC are associated with differentiation, 

revealing that perhaps TET2 activity permits stem cells to engage in signal-dependent 

differentiation processes.

If TET2 loss of function leads to a differentiation blockade, what role, if any does TET2 

provide under homeostasis in HSCs? The answer to this may lie in the cofactors necessary 

for TET2 enzymatic activity. TET2 is an Fe(II), alpha-ketoglutarate, O2-dependent 

dioxgenase whose activity has been shown to be induced by vitamin C (Blaschke et al., 

2013). Recent studies in mice have demonstrated that vitamin C is abundant within HSCs 

and its withdrawal mimics TET2 loss of function leading to HSC expansion (Agathocleous 

et al., 2017). In addition, HSCs have been shown to reside in a hypoxic perivascular niche 

(Boulais and Frenette, 2015; Chen et al., 2016). Combined, these factors may contribute to 

finely tuned control of TET2 enzymatic activity in HSCs. Future studies modulating TET2 
activity with vitamin C in the setting of CH may offer insights into the potential reversibility 

of clonal expansion.

One curiosity among the genes associated with CH is the relative absence of mutations in 

IDH1 and IDH2, since frequent early hits in AML (Papaemmanuil et al., 2016) are 

exceedingly rare in CH (Coombs et al., 2017; Jaiswal et al., 2014, 2017). Mutations in IDH1 
and IDH2 lead to the production of the neometabolite 2-hydroxyglutarate (2-HG), a potent 

inhibitor of alpha-ketoglutarate-dependent dioxygenases, including TET2. Mutations in 

IDH1/2 and TET2 are largely mutually exclusive in myeloid malignancies, supporting the 

idea that mutant IDH1/2 function in part through the downstream inhibition of TET2. 

Understanding why IDH1/2 mutations are not as equally enriched in CH as TET2 mutations 

will likely lend insights into whether different mechanisms are responsible for CH 

development and AML initiation without CH. One answer might lay in the pleiotropic 

effects of 2-HG function; in addition to inhibiting TET2, 2-HG inhibits, among a number of 

enzymes, a series of histone demethylases leading to increases in methylation of H3K27, 

H3K9, and H3K4 (Inoue et al., 2016b; Xu et al., 2011). This histone methylation led to 
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condensation of chromatin around the DNA damage regulator Atm, decreasing expression 

levels particularly in aged mice. Subsequently IDH1/2 mutant cells were found to have 

increased 53BP1 foci and increased sensitivity to daunorubicin (Inoue et al., 2016b). Thus, 

IDH1/2 mutants may present the opposite scenario from DNMT3A-R882H mutant clones, 

where IDH1/2 mutations lead to a negative selective pressure in the presence of genotoxic 

stress. IDH1/2 mutant cells further diverge from TET2 mutants upon aging, where IDH1 

mutants possess a decreased frequency of long-term HSCs, while aging exacerbates the 

expansion of these cells in TET2 mutants (Inoue et al., 2016b). Additional explanations may 

include potential non-cell-autonomous effects on 2-HG on the surrounding bone marrow 

niche, generating a supportive environment for AML development.

ASXL1 Mutations and Regulation of the Polycomb Repressive Complex

In addition to the regulation of DNA methylation described above, epigenetic regulation of 

histones through posttranslational modifications is another major regulator of cellular state. 

Among the many readers and writers of histones reviewed extensively elsewhere (Allis and 

Jenuwein, 2016), the polycomb repressive complex (PRC) is of particular interest given its 

role in stem cell biology (Avgustinova and Benitah, 2016) and Hox gene regulation. ASXL1 
is one of three mammalian homologs of the Drosophila gene Asx, a member of the PRC 

(Fisher et al., 2003), and exhibits its effects through two different polycomb repressive 

complexes. The PRC2 complex catalyzes methylation of lysine 27 of the histone H3 tail 

(H3K27me3), a reaction that is executed by the methyltransferases EZH1 and EZH2. 

Meanwhile the PRC1 complex binds H3K27me3 by the protein CBX and catalyzes the 

ubiquitination of lysine 119 on Histone H2A (H2AK119ub). Both of these marks lead to a 

repression of transcription and the formation of a heterochromatin state at multiple loci 

across the genome including Hox genes (Schwartz and Pirrotta, 2013). In mammals, ASXL1 
loss has been shown to alter the activity of the PRC2 complex with global downregulation of 

H3K27me3 and general narrowing of repressive domains, a phenomenon attributed to 

decreased EZH2 association with chromatin (Figure 3). Interestingly, while loss of 

Drosophila Asx leads to a reduction in H2AK119Ub levels, the evidence for a similar event 

for ASXL1 loss in mammals is unclear. Mouse models of hematopoietic-specific Asxl1 loss 

revealed progressive anemia and leukopenia in aged animals as well as an expansion of the 

stem cell compartment. This expansion of stem cells was associated with increased Hox 

gene expression and decreased H3K27me3 at this locus. These models mirror what is seen 

in patients, with recurrent frameshift and nonsense mutations in exon 11 and exon 12 of 

ASXL1 in MDS, MPN, and secondary AML patients. Whether these truncation mutants lead 

to stable protein products remains an area of active study, with some reports finding no 

stable ASXL1 truncation products and others reporting truncated products in cell lines.

Clonal Evolution to Hematological Abnormalities and Leukemic 

Transformation

In multiple studies, the presence of CH mutations has been associated with an increased 

propensity toward developing hematological malignancies (Coombs et al., 2017; Genovese 

et al., 2014; Jaiswal et al., 2014; Jaiswal et al., 2017). While the selective pressures 

associated with the previously discussed mutations are obvious explanations for this 
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predisposition, other answers might lay in the biology associated with the mutated genes, 

and how they synergize with secondary and tertiary mutations. Given the baseline rate of 

mutation in normal, nonleukemic HSCs, there are many mutations that are present in 

leukemic samples that are likely to be passengers, acquired before leukemic transformation 

(Welch et al., 2012). Genomic studies have aided the identification of recurrent, potentially 

synergistic mutations; yet, causality and distinction between driver mutations and passenger 

events requires verification in model systems.

CH in Aplastic Anemia

The connection between CH and leukemic development involves evolutionary progression, 

where clones may acquire additional mutations conferring increased fitness to the clone. 

Similar principles apply to bone marrow failure syndromes, including aplastic anemia where 

immune processes impose a selective pressure limiting the HSC pool (Young et al., 2006). 

Recent genomic studies on the blood of aplastic anemia patients identified recurrent 

mutations in BCOR, BCORL1, and PIGA, as well as the often-mutated DNMT3A and 

ASXL1 identified in other CH-related studies (Yoshizato et al., 2015). The authors found 

that while the incidence of DNMT3A and ASXL1 mutations increased with age, PIGA and 

BCOR/BCORL1 mutations were equally represented across all age groups. Moreover, 

PIGA/BCOR/BCORL1 mutations were associated with increased responsiveness to 

immunotherapeutic intervention, while patients with the AML/MDS-related mutations were 

less responsive. These data suggest at least two distinct modes for aplastic anemia 

development: (1) immune-evasion-mediated clonal selection and (2) HSC self-renewal-

mediated clonal selection (Ogawa, 2016). While the role of BCOR/BCORL1 in aplastic 

anemia remains unsolved, some evidence exists for the other commonly mutated genes. 

PIGA mutations are well known in Paroxysmal nocturnal hemoglobinuria (PNH), where 

PIGA mutant cells are destroyed in a complement-mediated manner. Despite this killing 

mechanism, PIGA mutant clones expand, a finding likely explained by the decreased 

production of glycosylphosphatidylinositol, a potential target of CD1D+ restricted T cells 

(Gargiulo et al., 2013). The evidence for DNMT3A and ASXL1 mediating stem cell self-

renewal is described above; however, if and how these mutations specifically interact with 

the immune system remains to be seen.

Mutations in DNMT3A Synergize with Oncogenic Mutations to Promote Malignant 
Transformation

DNMT3A is one of the most commonly mutated genes in CH among both healthy cohorts of 

patients and those with other hematological and non-hematological malignancies. 

Furthermore, DNMT3A is one of the most commonly mutated genes in adult AML and T 

cell acute lymphoid leukemia (ALL) with mutated frequency averaging between 22% and 

35% of patients depending upon the cohort (Ley et al., 2010; Yang et al., 2015). In stark 

contrast, DNMT3A mutations are exceedingly rare in pediatric disease (Bolouri et al., 2018). 

These findings lend insight into the role of CH as a precursor to adult disease, but suggest 

that other mechanisms might be at play in pediatric leukemias. Large adult AML cohorts 

have identified co-mutations in the receptor tyrosine kinase FLT3; RAS signaling pathway 

members NRAS, KRAS, and PTPN11; and mutations in the multifunctional nuclear protein 

NPM1 (Ley et al., 2013; Papaemmanuil et al., 2016). Experimental studies in mice have 

Bowman et al. Page 11

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confirmed these findings; with conditional loss-of-function Dnmt3a mice developing both 

myeloid and lymphoid malignancy with age (Mayle et al., 2015). While few recurrent 

mutations outside of Notch1 were found in these aged mice, Dnmt3a mutations were found 

to synergize with mutant Nras expression, leading to the rapid development of leukemia. 

Similar studies were performed with mutant Flt3 overexpression, leading to the development 

of both myeloid and lymphoid leukemias (Yang et al., 2016). In contrast, a genetic mouse 

model of the Dnmt3a-R882H (R878H in mouse) combined with Flt3-ITD, as well as Npm1 
mutations, led to robust AML formation (Guryanova et al., 2016), a combination that is a 

poor prognostic mutational genotype in patients (Papaemmanuil et al., 2016).

This triple combination of mutations appears to be particularly enriched in younger patients, 

suggesting against its enrichment in patients with antecedent CH. Indeed, further evidence 

beyond the presence of a DNMT3A somatic mutation is necessary to declare that a patient’s 

AML proceeded from a CH clone. One approach to retroactively identify AML patients with 

antecedent CH clones is to determine the VAF of the presumed initiating mutation in both 

myeloid and lymphoid cells. If a mutation is present in both AML blasts and T cells, it 

suggests a cell of origin in a stem cell compartment capable of mutlilineage differentiation, 

consistent with CH. It is worth noting that the converse is not necessarily true, that the 

absence of a mutation in T cells formally excludes an antecedent CH clone, especially given 

the myeloid bias in aged stem cells (Pang et al., 2011). Regardless, Shlush and colleagues 

identified recurrent DNMT3A mutations that appeared in both AML blasts and sorted T 

cells, while the AML-restricted NPM1c mutation was only found in AML blasts (Shlush et 

al., 2014). This study demonstrated that in some cases, mutated HSCs capable of 

multilineage differentiation might serve as preleukemic clones. More recently, Thol and 

colleagues found that DNMT3A mutant AML patients that possessed mutations in both 

myeloid and lymphoid cells (lympho-myeloid CH or LM-CH) had a distinct mutational 

spectrum from those that bore no DNMT3A mutations in the lymphoid lineage (Thol et al., 

2017). LM-CH patients were enriched for additional mutations in TET2, RUNX1, and 

EZH2, while patients without LM-CH were enriched for the aforementioned NPM1 and 

FLT3 mutations.

In this cohort of patients, the DNMT3A-R882H hotspot mutation was enriched in patients 

with LM-CH compared to those without LM-CH. This was a surprising finding, given that 

this hotspot mutation is underrepresented in individuals with CH compared to de novo AML 

patients. One explanation is that CH clones with DNMT3A hotspot mutations may be more 

likely to go on to form AML compared to those with other DNMT3A mutations. In such a 

setting, it will be of interest to determine if a patient ever had CH per se, or if they were 

already in the early stages of leukemic development. The distinction between these states 

might depend upon the latency between second or third mutations that are acquired 

following the initial DNMT3A mutation. Whether this is an important feature of disease 

development remains to be seen. In addition, this highlights the possibility that some 

individuals with CH who do not possess hematological abnormalities at the time of sample 

collection may rapidly progress to AML or other myeloid malignancies. Such a scenario 

complicates the interpretation of studies assessing the rate at which patients progress to 

secondary hematological malignancy.
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TET2 Mutations Cooperate with JAK2 and FLT3 Mutations to Promote Myeloid 
Transformation

Like Dnmt3a, Tet2 mutant mice have been shown to synergize with Flt3 mutant mice, 

leading to the development of AML with full penetrance (Shih et al., 2015). As an expected 

consequence of Tet2 loss, many loci were hypermethylated. Interestingly, these sites 

changed dramatically with the combined Flt3 mutation, demonstrating a synergy between 

the two mutations. While the methylation state of many loci changed, methylation and 

transcription-repression at the Gata2 locus in particular seemed to play a causative role in 

disease development. Indeed, Gata2 re-expression blunted leukemia formation and resulted 

in differentiation. This locus may serve as an interesting biomarker for monitoring TET2 
mutant CH and its progression toward a more aggressive condition.

In addition to FLT3, mutations in TET2 have been shown to cooperate with expression of 

mutant Kit in mast cells (De Vita et al., 2014), AML-ETO (Rasmussen et al., 2015), and loss 

of Notch signaling (Lobry et al., 2013). However, in each case, the specific disease 

phenotype differs, suggesting that the subsequent mutations acquired by the CH clone play 

an instructive role in dictating disease phenotype. A recent study identified a 

hypermutagenicity phenotype in aged Tet2 knockout mice compared to wild-type littermates 

(Pan et al., 2017a), providing an additional potential source for oncogenic allele generation. 

These mutations were enriched at sites of 5hmC accumulation in wild-type mice, suggesting 

a potential site-specific protective role of genotoxic stress for TET2. Importantly, these 

mutations were largely enriched for G:C and A:T transversions, suggestive of a mutational 

process distinct from that of aging-associated mutational acquisition, which is characterized 

by C:T transitions.

While clearly associated with CH, TET2 mutations are not always present as the first, or 

dominant, clonal mutation in leukemias. In TET2 mutant AML, a study inferring clonality 

and temporal mutation acquisition through variant allele frequency has proposed that 

patients’ disease may arise as either TET2-first or JAK2-first (Ortmann et al., 2015). In this 

setting, patients with JAK2-first disease appeared to have more aggressive disease with 

increased risk of thrombosis and polycythemia vera. These studies lend insight into the 

situation during which two CH mutations intertwine, demonstrating that the natural history 

of the ensuing disease can be altered based on the order of event acquisition. Similar 

cooperation between JAK2 and TP53 mutations has been shown to result in aggressive 

leukemia formation in the mouse (Rampal et al., 2014), a combination prevalent among 

secondary AML patients. Given the selective pressures that influence TP53 mutant clonal 

emergence, this provides a second interesting scenario where mutation order may reflect 

distinct courses of disease development.

CH Mutations in Cardiovascular Disease

CH mutations are associated with an expansion of the stem cell pool likely serving as 

antecedent clones for potential future hematological disease; however, the differentiation 

blockade is not completely penetrant. Indeed, CH mutant stem cells give rise to mature, 

differentiated cells that contribute to homeostasis and host defense. Thus understanding how 
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TET2 loss, for instance, affects mature myeloid development and function may provide 

insights into what role CH may play in homeostasis and aging-associated disease.

One study by Zhang et al. identified a role for Tet2 in inflammation resolution through the 

suppression of IL-6 (Zhang et al., 2015). Tet2 knockout mice displayed greater tissue 

damage to both the lung upon exposure to LPS and the gut following dextran sodium sulfate 

(DSS) treatment. This disruption of tissue architecture following inflammatory insult poses 

the hypothesis where individuals with CH may be at increased risk in inflammatory disease. 

Indeed, one study found that the presence of TET2 mutant clones was associated with the 

development of COPD/asthma (Buscarlet et al., 2017), while another study demonstrated an 

increased association with smoking behavior, pulmonary disease, and psychiatric treatment 

(Zink et al., 2017) (Figure 4). Another study found that elderly individuals (age >70) with 

CH mutations had a greater risk of all-cause mortality (Jaiswal et al., 2014), specifically 

associated with an increased risk in developing type 2 diabetes and coronary heart disease. 

Follow-up studies on a larger patient cohort revealed that individuals with CH possessing 

mutations in DNMT3A, JAK2, ASXL1, and TET2 were at greater risk for cardiovascular 

disease (Jaiswal et al., 2017). Collectively these data demonstrate that CH is associated with 

inflammatory conditions; however, with the exception of cardiovascular disease described 

below, there remains limited understanding into whether these associations are causal. For 

instance, future studies will need to determine whether the association of TET2 mutation 

status with COPD is a direct association with smoking, or whether TET2 mutant cells might 

play a mechanistic role in exacerbating COPD.

Recent studies utilizing genetic mouse models of atherosclerosis development support a 

causative role for subclonal TET2 loss of function in atherosclerosis development (Fuster et 

al., 2017). Using an Ldlr-deficient model of atherosclerotic plaque formation, the authors 

transplanted either WT or Tet2-deficient bone marrow at a subclonal ratio, such that mutant 

cells only made up 10% of the hematopoietic compartment. This led to an increase in plaque 

size, a finding that was recapitulated with a macrophage-specific knockout of Tet2. In line 

with previous studies, the authors identified an increase in IL-6 expression, as well as an 

inability to suppress IL-1beta expression following the resolution of an inflammatory 

challenge with LPS (Figure 4). The increase in expression was complemented by increased 

secretion and activation of the NLRP3 inflammasome, a necessary component in IL-1beta 

activity. Functionally, the authors found that inhibition of the NLRP3 inflammasome, and 

thus IL-1beta, led to reduced plaque size in the Tet2 mutant mice, with little activity in wild-

type controls. Similar results were reported in the aforementioned study that highlighted the 

key role of CH mutations in cardiovascular risk (Jaiswal et al., 2017). Further insights into 

how CH mutations impact cardiovascular disease development may provide a framework for 

integrating personalized CH-relevant therapy into risk reduction strategies.

This study provides striking mechanistic insight into how a CH mutation may alter non-

hematologic disease progression through specific alterations of differentiated cell biology. 

Critically the authors found that suppression of IL-1beta did not depend upon the catalytic 

activity of Tet2 (Fuster et al., 2017). These data suggest that that not all TET2 mutations are 

the same, and perhaps only those that lead to truncated or nonsense protein products may 

pose a risk to cardiovascular disease development, while mutations leading to reduced 
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catalytic function may offer a preleukemic risk. This non-enzymatic loss of function also 

suggests that boosting enzymatic activity with increased vitamin C availability, an approach 

that appears to provide value in the setting of leukemia (Cimmino et al., 2017), might not be 

applicable in the setting of TET2 mutant-associated cardiovascular disease.

CH Mutations in Non-hematological Malignancy

Recently, a large cohort of cancer patients was analyzed for the prevalence of CH mutations 

in the blood (Coombs et al., 2017). Among the 8,800 patients, over 25% acquired a mutation 

in a gene commonly mutated in CH. Mutations in DNMT3A and TET2 were the most 

common among all patients, with mutant TP53 and PPM1D being specifically enriched in 

patients that were previously exposed to chemo and radiotherapy. Perhaps unsurprisingly, 

the patients with CH mutations were found to be significantly older than non-CH patients, 

were more likely to have undergone prior chemo or radiotherapy, and were more likely to be 

current or former smokers. These findings suggest that aging and exposure to mutagenic 

environments likely contribute to the acquisition and/or selective expansion of CH 

mutations. Indeed, the most commonly mutated genes can be divided into those that have 

been shown to be related to aging and therapy-naive hematologic malignancy (DNMT3A, 
TET2, ASXL1, JAK2, and SF3B1) or are related to DNA damage repair (TP53, PPM1D, 
ATM, and CHEK2). These mutations were further classified based on their association as 

potential drivers (PDs) in hematological malignancy. Furthermore, while CH status was 

found to not be an independent prognostic indicator, CH-PD status was found to be 

associated with worse prognosis independent of age, gender, and smoking history, largely 

due to progression of the primary non-hematologic tumor.

These findings suggest that it is not simply clonal skewing of the hematopoietic 

compartment that alters disease course, but also molecular functions of the mutant alleles 

that elicit the CH phenotype. DNMT3A was the most commonly mutated gene in this cohort 

and included truncating alleles, a broad spectrum of missense mutations, and the mutational 

hotspot R882H that is highly prevalent in AML (Papaemmanuil et al., 2016). The third most 

commonly mutated gene was PPM1D, which appeared to be overrepresented here relative to 

studies of CH in the general population. This is likely due to the selection bias in this cohort 

of patients who were either currently or had previously undergone chemo or radiotherapy. 

Collectively these findings suggest that CH in cancer patients may be either derived from an 

antecedent clonal expansion or induced by chemotherapeutic treatment and/or selection. It 

will be of future interest to determine whether these two paths are indeed distinct and 

perhaps elicit different effects systemically or locally in the tumor microenvironment 

(TME).

In addition to the studies that focused on the prevalence of CH mutations in the blood of 

patients, other studies have identified somatic mutations in the stroma of breast (Kurose et 

al., 2002; Patocs et al., 2007) and bladder (Paterson et al., 2003) cancer patients. In an 

analysis targeted to hematopoietic cells, Kleppe et al. performed targeted sequencing and 

WES on CD45+ tumor-initiating lymphocytes (TILs) as well as CD45− epithelial cells 

isolated from the primary breast cancer samples (Kleppe et al., 2015). Through both flow 

cytometry assisted cell sorting and laser microdissection, these analyses identified mutations 
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in NOTCH2, EZH2, NF1, TET2, BCOR, DNMT3A, and JAK1, all of which were 

selectively found in TILs, but not the tumor epithelium, indicating the hematopoietic origin 

of these mutants. TET2 and DNMT3A mutations are clearly abundant in CH; however, the 

remaining mutations, while relevant to hematological malignancy as a whole, are not 

particularly abundant or enriched in individuals with CH. A finer understanding of the origin 

of these mutant cells may offer insights into whether the CH-associated mutations represent 

a distinct biological entity from the remaining mutant cells. These studies also identified 

mutations in the blood that were present in the TILs, albeit at a lower VAF. While the sample 

size was limited, this suggests that certain CH mutations may lead to greater accumulation 

of TILs within the TME. Future studies will be critical to determine if this expansion in the 

TME is due to increased recruitment from the periphery or expansion within the TME.

Beyond changes in cellular abundance, it remains to be seen what, if any, functional effects 

these CH mutations may elicit on the cells of the TME. Recent reports by Pan et al. have 

demonstrated that Tet2 expression and 5hmC accumulation was increased in tumor-

associated macrophages (TAMs) as disease progressed (Pan et al., 2017b). Importantly, loss 

of Tet2 in myeloid cells led to a reduction in tumor growth accompanied by a skewing of 

CD4+ and CD8+ lymphocytes. While this offers an informative look into the role of Tet2 in 

TAMs, it will be of further interest to determine the consequences of subclonal Tet2 loss of 

function in these models, given that most patients with CH possess a VAF substantially 

lower than the recombination efficiency of the LysM:Cre line.

Importantly, future analyses on tumor samples will be necessary to determine whether 

mutations are enriched in lymphocytes, myeloid cells, or both in order to properly 

contextualize the potential role these mutations play in disease. Previous studies on AML 

patients identified an accumulation of DNMT3A mutations across mature lymphocyte 

populations as well as myeloid cells (Shlush et al., 2014). Additional studies found that 

secondary AML patients were enriched for this lymphomyeloid mutational distribution, 

while primary AML patients tended to possess mutations restricted to the myeloid lineage 

(Thol et al., 2017). These studies suggest that there is at least the potential for mutations to 

manifest in multiple lineages; however, future studies are necessary to determine whether 

this remains true in patients without AML and how these findings in the periphery relate to 

the tumor.

Perspective on Clonal Evolution and Somatic Mosaicism

CH presents an opportunity to view the early stages of cancer development. While many 

solid tumors are nearly undetectable until the later, inoperable malignant state of disease, 

leukemias and other hematological malignancies may be readily detectable as sequencing 

technology allows even greater sensitivity in detecting mutant alleles in the blood. However, 

unlike solitary solid tumors that can be surgically removed, it remains unclear how to best 

eradicate these premalignant threats in blood, or whether any actions are necessary. As 

clinical data continues to build, and mechanistic studies reveal the role of hematopoietic-

derived somatic mutations on homeostasis, one might imagine a scenario where CH 

mutations offer a biomarker for nonhematologic disease intervention. In this setting, 

eradication of a clone, or attempts at doing so, must be taken with care so as to not provide a 

Bowman et al. Page 16

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selective pressure leading to the emergence of a more aggressive clone capable of 

hematological malignancy.

Easy access to blood samples has provided a logical opportunity to study somatic mosaicism 

in homeostasis in disease development; however, it is unlikely to be the only major organ 

system to attain somatic mutations leading to clonal dominance. Indeed, somatic alterations 

in copy number and retrotransposon mobility have been well studied in neuron 

differentiation and skin (Abyzov et al., 2012; Muotri et al., 2005). Interestingly, the somatic 

mosaicism here is predominately established during development (McConnell et al., 2017); 

as neurons are largely post mitotic, they offer a biological example of the distinction 

between somatic mosaicism with and without clonal expansion. Another example involves 

patients with hereditary tyrosinemia type I, who possess loss-of-function mutations in 

fumarylacteoacetate hydrolase (Kvittingen et al., 1994). Reversion of mutations in this gene 

has been identified in clusters of hepatocytes within the livers of these patients, indicating 

clonal expansion under selective pressure. Given the rate of cancer development across such 

a wide variety of tissues, it is likely that somatic variations are abundant across multiple 

organ systems (O’Huallachain et al., 2012). The nature of the hematopoietic system and its 

accessibility to nearly every tissue befits an opportunity for these somatic mutations to 

impact both homeostasis and pathology in a widespread manner.

Future Clinical Perspective on CH

In the past few years, CH has emerged from an intriguing observation (Busque et al., 1996) 

to the focus of intense research. The studies discussed here demonstrate that CH is a 

common, age-dependent state, and that CH is associated with an increased risk of 

subsequent hematologic malignancies, an increased cardiovascular risk, and adverse 

outcomes in patients with advanced malignancies. From the clinical context, this leads to 

several important considerations. The first and foremost of these relates to diagnosis. Should 

we screen for CH on a population basis, and if so, to what depth and for which genetic 

alterations? Should patients have CH screening as part of their risk assessment for 

cardiovascular disease? To address this critical question, it will take careful assessment of 

the ever-expanding data being assembled from population-based studies.

The broader issue relates to whether age-dependent CH represents our first glimpse into the 

role of somatic mutations in tissue-resident stem cells as a pathogenic factor in human 

disease. It is likely that CH will have an impact on a broad spectrum of age-associated 

diseases, in part through mutant-derived inflammatory signaling and likely through yet-to-be 

defined additional mechanisms. Such investigations will lead to novel insights into the 

relationship between CH and additional disease states, and more importantly, will elucidate 

additional risk factors that justify screening for CH in the general population. More broadly, 

it is likely that somatic mutations will be identified in stem cells in non-hematopoietic 

lineages and that this contributes to a broad suite of human diseases. We would contend that 

CH is likely our first glimpse into a broader phenomenon.

Most importantly, it is incumbent upon the field to determine if there are therapeutic 

strategies that can be used to target CH and reduce the fitness advantage of mutant 
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hematopoietic cells. Such approaches would have the potential to reduce the risk of 

hematopoietic malignancies, cardiovascular disease, and likely additional age-dependent 

disease states. We would expect such approaches to be tailored to specific mutations such 

that a “one size fits all” mindset to targeting CH will not be the optimal approach, and 

discovery studies will be required to identify mutant-specific dependencies in different CH 

genotypes. Such an approach would represent the beginning of a new era of “precision” 

prevention, in which we can tailor intervention studies to genetically defined at-risk 

populations to prevent subsequent adverse outcomes. Until precise risk factors are identified, 

the clinical significance of CH in individuals with normal blood counts is undetermined.
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Figure 1. Clonal Hematopoiesis in Relation to Selective Pressures and Secondary Hematological 
Disease
Highlighted in orange are potential sources of mutagenic stress that can generate somatic 

variation in CH, and these include aging-associated mutagenesis, chemotherapy-induced 

somatic variation, and exposure to exogenous genotoxic stresses, including smoking. 

Chemotherapy and aging also serve as selective pressures (indicated by double-headed 

arrows) whereby somatic variants may be selected for if they have better fitness. These 

selective pressures can lead to clonal outgrowth (as depicted in Figure 2) and the 

development of CH. Somatic variants can also lead directly to de novo AML or MDS 

formation. CH can be followed by the development of cytopenias as evident in CCUS, with 

additional dysplasia resulting in MDS. AML development as a result of CH can arise from 

an MDS intermediate, but can also likely bypass this progression. CH, clonal hematopoiesis; 
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CCUS, clonal cytopenias of undetermined significance; MDS, myelodysplatic syndrome; 

AML, acute myeloid leukemia.
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Figure 2. Clonal Expansion under Selective Pressure
(A) Schematic depicting clonal evolution under negative selection with a deleterious event, 

no somatic variation, neutral selection, and positive selection with an advantageous event.

(B–D) Depiction of selective pressures: (B), aging; (C), chemotherapy; and (D), immune-

mediated pressure. Clonal outgrowth is represented with time on the×axis and relative 

abundance of HSC clones on the y axis. The dashed line indicates the duration of time that 

the selective pressure is present. The color of the dot indicates the somatic variants as 

indicated.
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(E) Stochastic drift is shown with the outgrowth of a single HSC clone yielding somatically 

distinct neutral daughter cells indicated by differing shades of blue. The bar plot on the right 

indicates abundance of HSCs following stochastic drift for each clone following three 

generations of HSC division.
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Figure 3. Epigenetic Regulators of Clonal Hematopoiesis
Schematic of DNMT3A catalyzing CpG methylation (black circles), TET2 generating 5hmC 

(blue circles), and ASXL1 generating H3K27 trimethylation (red circles) by recruiting the 

PRC2 complex member EZH2. Associations with loss of function and hematological disease 

are listed to the right. Findings supported by mouse and human data are denoted with an “m” 

and “h,” respectively.
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Figure 4. CH-Associated TET2 Mutations and Interaction with Nonhematologic Disease
Schematic of TET2-dependent repression of IL-6 and IL-1beta by recruitment of HDAC 

proteins. TET2 loss of function leads to de-repression of Il6 and Il1b cytokine expression. 

This deregulation has impacts on atherosclerotic plaque formation, inflammation resolution, 

and the tumor microenvironment. Age-related myeloid skewing and mutation-dependent 

lymphoid department skewing alters the tumor microenvironment immune landscape.
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