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Abstract

Cancer results from multistep pathogenesis, yet the pre-malignant states that precede the 

development of many hematologic malignancies have been difficult to identify. Recent genomic 

studies of blood DNA from tens of thousands of people have revealed the presence of remarkably 

common, age-associated somatic mutations in genes associated with hematologic malignancies. 

These somatic mutations drive the expansion from a single founding cell to a detectable 

hematopoietic clone. Owing to the admixed nature of blood that provides a sampling of blood cell 

production throughout the body, clonal hematopoiesis is a rare view into the biology of pre-

malignancy and the direct effects of pre-cancerous lesions on organ dysfunction. Indeed, clonal 

hematopoiesis is associated not only with increased risk of hematologic malignancy, but also with 

cardiovascular disease and overall mortality. Here we review rapid advances in the genetic 

understanding of clonal hematopoiesis and nascent evidence implicating clonal hematopoiesis in 

malignant and non-malignant age-related disease.

Introduction

The identification of pre-malignant states, such as cervical dysplasia and colonic tubular 

adenomas, and early interventions to prevent malignancy are major achievements in public 

health and cancer biology. However, pre-cancerous states for some hematologic 

malignancies, especially those of myeloid lineages, have proved elusive. In the 1990s, 

experimental evidence for blood clonality among healthy women raised the possibility that 

clonal hematopoiesis is an early step in the multistep pathogenesis of hematologic 

malignancy[1]. More recently, large-scale studies enumerating the common mutations in 

hematologic malignancies have enabled the targeted search for the cellular and molecular 

basis of pre-cancerous lesions in hematopoiesis. Finally, over the past few years, a number 

of researchers using a diversity of genomic technologies have converged on the finding that 

clonal hematopoiesis is indeed common, age-related, and pre-malignant.

Adult stem cells are an important but imperfect defense against the accumulation of 

oncogenic mutations. Most mutations, even bona fide oncogenic drivers, either occur in 
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post-mitotic cells, or are acquired and lost harmlessly through cellular differentiation and 

turnover[2,3]. Somatic genetic lesions in adult stem cells, by contrast, can accumulate and 

persist throughout life[4]. In aged people, the genetic diversity within the HSC compartment 

is significant: the human body harbors approximately 10,000–20,000 HSCs[5], and each 

HSC may acquire on the order of one exonic somatic mutation per decade[6]. Given a large 

enough population, every base pair in the genome will be mutated within at least one HSC. 

These mutations provide the substrate for clonal selection—the majority will have no effect 

on fitness, or will be deleterious and lead to clonal extinction. Rarely, mutations arise that 

drastically spur the expansion of the progeny of a single stem cell, leading to the state of 

clonal hematopoiesis.

Rapid advances in the biologic and clinical understanding of clonal hematopoiesis may 

reveal numerous opportunities to benefit patient care. For all that we currently know about 

the genetics of cancer, we may look back on the 2010s and find that we understood relatively 

little about the profound effects of somatic mutations and pre-malignant lesions on diverse 

disease states throughout the body. Here we review our current genetic understanding of 

clonal hematopoiesis and associations with malignant and non-malignant age-related 

disease.

Biological, Clinical, and Technologic Convergence on Clonal 

Hematopoiesis

Studies in healthy women provided the first evidence that hematopoiesis can become 

oligoclonal with increasing age. Clonal skewing, inferred from non-random X-allele 

inactivation, was observed in peripheral leukocytes in 20–25% percent of healthy women 

over 60 years of age[7,8], but much less frequently in younger women. X-inactivation-based 

assays were also used to demonstrate that hematologic malignancies are clonal diseases, 

even in the absence of a clone-defining cytogenetic abnormality[9,10], and clonal remissions 

implied the persistence of pre-leukemic clones in the multistep pathogenesis of AML[11].

This led to a proposed model of leukemogenesis in which driver somatic mutations were 

hypothesized to occur sequentially in HSCs[4]. In support of this model, pre-leukemic HSCs 

harboring initiating but not late mutations have been prospectively separated from people 

with hematologic malignancies in CLL[12,13], HCL[14], and AML[15–17]. Anecdotal 

examples of separate myeloid and lymphoid malignancies sharing a common TET2-mutant 

precursor underscore the multilineage potential of pre-malignant clones[18]. Populations of 

non-leukemic HSC from AML patients with DNMT3A and TET2 mutations were found to 

carry high allelic burdens of these mutations and sometimes harbor multiple driver 

mutations, consistent with numerically significant and genetically complex expansions of 

pre-leukemic HSCs[15–17].

These two ideas, that clonal hematopoiesis may be common in advanced age, and that 

leukemia evolves from pre-leukemic HSCs, supported the idea that leukemogenic mutations 

could generate pre-malignant clones in healthy people. Direct genomic study of women with 

clonal hematopoiesis inferred from X-inactivation skewing revealed that a small fraction of 

clonal hematopoiesis was associated with recurrent somatic mutations in TET2[19], 

Jan et al. Page 2

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



solidifying a mechanistic foundation shared between clonal hematopoiesis and hematologic 

malignancy.

Clonal Hematopoiesis Harbors Hematologic Malignancy-Associated 

Mutations

Supported by these studies, several recent studies have queried genomic datasets for 

evidence of somatic mutations in blood DNA from tens of thousands of people, which have 

profoundly expanded our knowledge of the genetics and epidemiology of clonal 

hematopoiesis[20–24].

Single nucleotide polymorphism (SNP) microarray data from blood DNA has been mined to 

identify acquired copy number alterations (CNA) and uniparental disomy (aUPD) [25]. Two 

analyses of over 50,000 SNP microarrays detected age-associated increases in the frequency 

of mosaicism for large chromosomal abnormalities in the blood, approaching 2% of people 

by age 80, as well as a positive association between blood mosaicism and risk for 

subsequent hematologic malignancy[20,21]. Recurrent CNAs included deletions of 13q, 

11q, and 17p, as well as trisomy 12, all characteristic findings in CLL[26]. Recurrent focal 

deletions involving DNMT3A and TET2 were also observed, though only rarely[20].

Three studies analyzed existing blood DNA exome sequencing datasets from thousands of 

people without known hematologic neoplasms to identify somatic variants indicative of 

clonal hematopoiesis[22–24]. One study analyzed sequence data from 2,728 people enrolled 

in The Cancer Genome Atlas (TCGA) with one of 11 non-hematologic cancer types and no 

prior chemotherapy or radiation therapy [24]. This cohort provided the unique opportunity to 

compare sequence data from blood DNA to a patient-matched non-hematopoietic tissue 

control. The TCGA cohort is unlikely to be representative of the greater population, and may 

be enriched for genetic or environmental factors that influence the risk for solid tumors or 

clonal hematopoiesis. The two other studies analyzed cohorts that were unselected for 

hematologic parameters or malignancy and, importantly, included longitudinal health 

information. One of these studied 12,380 Swedish research participants with schizophrenia, 

bipolar disease, or no psychiatric diagnosis[23]. Finally, our study analyzed sequence data 

from 17,182 people enrolled either in the Jackson Heart Study or one of 22 type 2 diabetes 

(T2D) association studies[22].

Overall, these independent studies of separate datasets demonstrated remarkable agreement 

regarding the prevalence, age association, and spectrum of mutations characteristic of clonal 

hematopoiesis. Somatic mutations in blood are a rare finding in people under 40 (<1%), but 

rise with age, affecting 10–20% of people in their eighth decade (Figure 1A). Mutations in 

the most recurrently mutated genes mirrored the coding changes seen in these genes in 

malignancy[23]. The majority of mutations were C-to-T transitions, consistent with an age-

related signature of mutations seen across many cancer types[22,27]. The majority of people 

with detectable mutations had a single mutation. In all studies, DNMT3A was the most 

commonly mutated gene, followed by TET2 and ASXL1, and two thirds of the driver 

mutations causing clonal hematopoiesis occurred in just these three genes (Figure 1B). 

TP53, JAK2, SF3B1, CBL, SRSF2, GNAS, PPM1D, BCOR, and BCORL1 were also 
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recurrently mutated in multiple studies, and a long tail of rare clonal hematopoiesis 

mutations is likely to be identified in larger datasets.

The size of the mutant clone detected in these studies is substantial; our study found a 

median clone size of ~18% of peripheral blood cells[22]., suggesting a dramatic expansion 

for clones which initiate from a single HSC. It is important to note that the observed median 

clone size is inversely proportional to the sensitivity of the method used to detect mutations. 

For example, a subsequent study using deep targeted sequencing for clonal hematopoiesis 

hotspot mutations (>1000x coverage), identified a median clone size of <0.03[28]. Although 

the lower limit for clinically important clone size is unknown, clone size is positively 

correlated with clinical significance, as is detailed below.

The prevalence of clonal hematopoiesis may be underestimated when analysis is limited to 

genes with known mutations in hematologic malignancies. An unbiased analysis revealed 

additional cases of clonal hematopoiesis with three or more putative somatic variants that 

were unlikely to be artifactual because they were age-related and associated with risk of 

leukemia and lymphoma[23]. Underestimation of the prevalence of clonal hematopoiesis 

may be due to the difficulty in detecting coding mutations in known cancer-associated genes 

poorly enriched by exome capture, mutations in genes not currently known to be cancer-

associated, non-coding mutations, epigenetic dysregulation, CNAs, and other mechanisms.

Clonal Hematopoiesis is a Pre-Malignant State

The somatic mutations in clonal hematopoiesis persist for years and do not appear to resolve 

spontaneously, unlike previous studies that found that certain translocations can be 

transiently present in the blood of healthy individuals[29]. Follow-up analysis of 13 patients 

after 4–8 years demonstrated the persistence of all somatic mutations[22]. Analyses of a 

small number of people directly evaluated the evolution from clonal hematopoiesis to 

hematologic malignancy. In two cases of individuals with clonal hematopoiesis who 

subsequently developed AML, tumor specimens were obtained for genetic comparison. 

Somatic mutations and CNVs present in the blood sample were found at high allele fractions 

in the resultant leukemic clone, demonstrating the potential for clonal hematopoiesis to 

progress to acute leukemia[23].

Consistent with the hypothesis that the presence of initiating hematologic neoplasm-

associated mutations is a pre-malignant state, clonal hematopoiesis was found to be 

associated with an increased risk of subsequent hematologic malignancy. Two of the original 

exome sequencing studies included health outcomes after DNA sampling. In >11,000 

Swedish people with 2 to 7 years of national registry health outcomes follow-up data, clonal 

hematopoiesis was associated with a significantly increased risk of subsequent hematologic 

malignancy (hazard ratio (HR) 12.9 in multivariate analysis) [23]. In >3,000 people enrolled 

in the Jackson Heart Study and the Multiethnic Cohort with a median of 8 years of 

longitudinal follow-up, the risk of subsequent hematologic malignancy was increased among 

all people with clonal hematopoiesis (HR 11.1) and especially among the subset of people 

with a variant allele fraction of >0.1 (HR 49). As hematologic malignancies are rare in the 
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general populations, the risk of progression to overt malignancy is approximately 0.5–1% 

per year[22].

Based on the elevated risk of hematologic malignancy and the demonstration of clonal 

progression, clonal hematopoiesis is a pre-malignant state. Clonal hematopoiesis is similar 

to other pre-malignant hematopoietic clonal disorders such as MGUS and MBL with respect 

to age association, and risk of progression to frank malignancy[30,31]. In contrast to MGUS 

and MBL, the spectrum of subsequent hematologic malignancies after CHIP is broad, 

including myeloid, lymphoid, and plasma cell neoplasms, consistent with the likely origin of 

pre-malignant clones in multipotent hematopoietic stem cells.

The cellular and molecular ontogeny of lymphoma is currently under investigation[32]. Pre-

lymphoma uncommitted progenitors have been identified in unique clinical situations[33], 

and some model of lymphomagenesis implicate HSCs[34]. Mutations in TP53 are common 

across hematologic malignancies, whereas other mutations, for example in JAK2, have 

oncogenic effects in specific lineage contexts, therefore the risk of progression to lymphoma 

is likely conferred by a subset of mutations in clonal hematopoiesis.

Somatic Mutations and Clonal Expansion

The classical view of cancer genetics proposed two broad categories of genes involved in 

tumorigenesis: oncogenes and tumor suppressors. Landmark studies from tumor-causing 

viruses and human translocations led to the discovery of oncogenes which typically resulted 

in either abnormal signaling cascades in the mutated cells[35,36] or else aberrantly 

prevented apoptosis[37]. Tumor suppressors, which acted opposite to oncogenes, were first 

proposed to explain the action of inherited cancer genes[38], and were later shown to 

primarily function as checkpoints in cell cycle arrest following insults to the cell’s 

genome[39].

However, the genomics of clonal hematopoiesis, and myelodysplastic syndrome in 

general[40], have not fit neatly into the classical models of cancer genetics. Oncogenic 

mutations analogous to those described above do occur in clonal hematopoiesis (JAK2, 
CBL, GNAS, and GNB1), but together account for less than 10% of clonal 

hematopoiesis[22]. Similarly, classical tumor suppressor mutations occur in TP53, but are in 

only a few percent of clonal hematopoiesis cases.

The vast majority (approximately 80%) of mutations in clonal hematopoiesis affect genes 

broadly involved in epigenetic regulation or RNA splicing with less clear roles in clonal 

dynamics. DNMT3A and TET2 are core regulators of DNA methylation. DNMT3A is a 

DNA methyltransferase responsible for de novo generation of 5mC[41], and TET2 is a 

methylcytosine dioxygenase that converts 5mC to 5-hydroxymethylcytosine (5hmC), an 

initial step in DNA demethylation[42]. Deletions, loss-of-function point mutations, 

frameshift mutations, and splice site mutations are characteristic for both genes[41,43], as 

well as the dominant negative R882 mutations in DNMT3A[44]. ASXL1 is a regulatory 

component of the Polycomb repressive deubiquitinase complex (PR-DUB) that mediates 

post-translational histone modification-based transcriptional repression[45,46]. The majority 
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of ASXL1 mutations truncate C terminal regulatory domains[47], but it remains 

controversial whether these truncating mutations are gain-of-function events, or loss-of-

function[48]. Hotspot missense mutations in the 3’ spliceosome component subunits SRSF2, 

SF3B1, and U2AF1 each lead to unique and characteristic alterations in 3’ splice site 

selection[49]. The clinical and biochemical features of mutations in these genes in myeloid 

malignancies have been reviewed extensively elsewhere[41,42,50–52].

Murine models of loss of TET2 and DNMT3A have recapitulated the competitive advantage 

at the stem cell level inferred from human studies [18,43,53,54]. Surprisingly, Srsf2 
mutation or deletion, heterozygous Sf3b1 mutation or deletion, and transgenic expression of 

mutant U2af1 resulted in impaired self-renewal[55–58], suggesting that the specific splicing 

event(s) that leads to clonal dominance may not be conserved between mouse and man.

How mutations in these genes lead to a clonal advantage for HSCs has been the subject of 

much study. We propose three models that may explain the preponderance of epigenetic and 

splicing gene mutations in clonal hematopoiesis (Figure 2).

1. Mutations in these genes may lead to abnormal expression of genes involved in 

stem cell self-renewal. Because these genes act as transcriptional regulators, 

perturbation of their function is expected to lead to altered gene expression 

patterns. Might there be a shared set of genes that are dysregulated with each of 

these mutations? Intriguingly, models of DNMT3A and ASXL1 loss-of-function 

both have abnormal expression in the HOXA gene cluster[59–61], a feature that 

is shared with MLL-rearranged AML[62]. Splicing factor mutations are also 

expected to affect gene expression levels in addition to splice isoforms. However 

very little commonality in dysregulated gene expression or splicing has been 

seen in the different spliceosome mutant mouse models, or between mouse and 

human samples[55–57].

2. Alternatively, mutations in diverse epigenetic regulators and splicing factors may 

disrupt the highly coordinated process of differentiation and lineage 

specification, increasing stem cell number via inefficient exit from this cell state. 

The specification of differentiated progeny from HSCs requires the 

commissioning and de-commissioning of thousands of enhancer regions[63] 

which involves coordinated changes in DNA methylation, histone marks and 

chromosomal architecture. It is possible that any mutation involved in the 

regulation of enhancer turnover leads to less efficient differentiation. Similarly, 

splicing mutations could cause inefficient differentiation by causing loss of 

expression of key lineage determining genes. Thus, a relative clonal expansion of 

mutant stem cells may occur in the absence of any proliferative or self-renewal 

advantage simply by increasing the number of cycles needed for a self-renewing 

cell to become a committed progenitor in response to instructive cues. In this 

model, a single unifying core gene expression pattern would not be predicted.

3. Mutations in these genes may lead to increased epigenetic or transcriptional 

heterogeneity, which allows for selection of particularly advantageous epigenetic 

states. Recent studies have revealed that tumors often have marked 
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transcriptional heterogeneity at the single cell level[64,65], as well as at the level 

of DNA methylation[66]. Such stochastic variation may also be associated with 

poorer prognosis[66], but thus far there is little evidence increased epigenetic or 

transcriptional heterogeneity promotes the selection of advantageous clones. 

Furthermore, while DNA methylation is a stably inherited mark, the stochastic 

changes conferred by histone enzyme or splicing factor mutations in any given 

cell is not expected to be heritable across cell divisions.

Selection of clones following marrow injury

Clonal hematopoiesis has been identified in specific clinical contexts wherein a subset of 

CHIP mutations appears to undergo positive selection. Aplastic anemia is an immune-

mediated bone marrow failure disorder wherein autoreactive T cells suppress hematopoietic 

stem and/or progenitor cells. Clonal hematopoiesis has long been recognized as a common 

but surprising finding in aplastic anemia[67], and people with aplastic anemia are at 

markedly elevated risk for PNH, MDS, and AML. In comparison to aging, the autoimmune 

and inflammatory marrow environment of aplastic anemia may impose both shared and 

distinct selective pressures on HSCs. Multiple recent sequencing analyses have identified 

somatic mutations in aplastic anemia[68–71]. The largest of these studies (439 patients) 

identified somatic mutations in 47% of cases and somatic mutations associated with MDS or 

AML in approximately one third of cases[71]. In aggregate, these aplastic anemia mutations 

shared many features of age-related clonal hematopoiesis, including generally low allele 

fraction, an age-related mutation signature, and increasing prevalence with age. Like age-

related clonal hematopoiesis, mutations in DNMT3A and ASXL1 are common in aplastic 

anemia. These mutations, which likely confer increased self-renewal, may be selected for as 

aging or autoimmunity stimulates the turnover and replacement of HSCs. Mutations in these 

genes, together with TP53, RUNX1, and CSMD1, constituted a subset of aplastic anemia 

with “unfavorable” mutations associated with rising clones over time, poor response to 

immunosuppression, shortened overall survival, and increased risk of progression to MDS/

AML. Surprisingly, not all age-related clonal hematopoiesis mutations are enriched in 

aplastic anemia. TET2, for example, is the second most commonly mutated gene in age-

related clonal hematopoiesis, but TET2 mutations are rare in aplastic anemia [68,71].

Mutations in PIGA, BCOR, and BCORL1, as well as uniparental disomy of 6p (6pUPD) 

constitute a separate group of somatic events seen in aplastic anemia but not age-related 

clonal hematopoiesis. The natural history of aplastic anemia with PIGA/BCOR/BCORL1 
mutations is unique, constituting a “favorable” mutation group with no age association, 

stable clone size, rare progression to myeloid neoplasm, increased response to 

immunosuppressive therapy, and improved overall survival[71]. The 6pUPD event is an 

immune evasive mechanism also seen in AML relapsed after haploidentical stem cell 

transplant, wherein the mismatched HLA haplotype is lost[72]. In aplastic anemia, a 

recurrent pattern of HLA alleles are lost, as the vast majority of cases of 6pUPD remove four 

specific HLA alleles that are overrepresented in people with aplastic anemia [73]. It is not 

known whether PIGA, BCOR, and/or BCORL1 mutations also contribute to immune 

evasion. If so, these mutations could be expected to also confer clonal advantage in other 

clonal diseases limited by immune surveillance. PIGA is required for the biosynthesis of 
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glycosylphosphatidylinositol (GPI)-anchored proteins. CD55 and CD59 are two such GPI-

anchored proteins whose absence explains the susceptibility to complement-mediated 

hemolysis in PNH. It has been hypothesized that PIGA mutations confer selective advantage 

in aplastic anemia by removing GPI-anchored proteins that contribute to immune 

recognition[74], and that autoreactive CD1d+ T cells recognize the GPI glycolipid itself[75]. 

The nuclear proteins BCOR and BCORL1 are both nuclear co-repressors that interact with 

histone deacetylases. BCOR and BCORL1 vary in germline mutation phenotype, subcellular 

localization, additional interaction partners, and domain structure[76]. In addition to being 

common targets of somatic mutation in aplastic anemia, both genes are infrequently but 

recurrently mutated in AML[77,78], MDS[79], and age-related clonal hematopoiesis[22,24]. 

The function of BCOR and BCORL1 mutations in leukemogenesis, clonal hematopoiesis, 

and immune evasion are all unknown.

Chemotherapy is a potent selective pressure that alters the dynamics not only of leukemic 

and precursor clones, but also of unrelated clones potentially relevant to the emergence of 

therapy-related neoplasms. The persistence of leukemia-associated mutations in remission 

after induction chemotherapy is common and is associated with increased risk of 

relapse[80]. Therapy-related myeloid neoplasms (tMNs) are a feared outcome after 

chemotherapy and/or radiotherapy. Relative sparing and expansion of hematopoietic clones 

after cytotoxic therapy may be an intermediate step in the evolution of tMNs. In 5 out of 15 

patients, non-leukemic, unrelated hematopoietic clones with mutations reminiscent of age-

related clonal hematopoiesis rapidly expanded after induction chemotherapy for AML[81]. 

One study of paired analyses of TP53-mutant tMNs and antecedent hematopoietic cells 

identified low levels (0.003%−0.5% allele fraction) of the patient-matched TP53 mutation 

years prior to the tMN. This finding, together with the finding in 22 t-AML genomes that the 

spectrum and number of mutations was similar to de novo AML, supports the idea that a 

pre-existing TP53-mutant clone is relatively spared after chemotherapy, increasing the 

likelihood of clonal evolution[82]. This study elegantly demonstrates that antecedents of 

tMN can precede and be selected by therapy. However, the likelihood that a pre-existing 

hematopoietic clone will evolve to tMN after chemotherapy, as well as the risk for tMN for 

people with or without clones undergoing chemotherapy are currently unknown. As larger 

TP53-mutant clones are not infrequently seen in age-related clonal hematopoiesis and 

aplastic anemia, it remains to be determined whether a TP53-mutant HSC has a clonal 

advantage in an intact marrow, or instead whether TP53-mutant HSC require an insult to the 

hematopoietic system equivalent to cytotoxic therapy for clonal expansion.

PPM1D, also known as WIP1, is a phosphatase whose expression is induced by p53 that 

functions to deactivate and degrade p53[83,84], thus forming a negative feedback loop 

attenuating p53 activation. Mutations in PPM1D in clonal hematopoiesis truncate the C 

terminus of the protein[23,24], resulting in a gain-of-function protein with enhanced 

suppression of p53[85,86]. Among people with solid tumors, prior chemotherapy is 

associated with PPM1D-mutant clonal hematopoiesis. Somatic mutations in PPM1D were 

found in blood cells from patients with breast cancer, ovarian cancer, and lung cancer[86–

88]. Although it was initially unclear whether the PPM1D mutations were antecedent risk 

factors for malignancy, these mutations were subsequently shown to be highly associated 

with prior chemotherapy in a study of patients with ovarian cancer[89]. Moreover, PPM1D 
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mutations were associated with the number of prior chemotherapy regimens, and multiple 

PPM1D mutations were only seen among the most highly pre-treated cohort of patients with 

relapsed ovarian cancer[89], a finding that highlights the survival advantage conferred to 

cells with PPM1D mutations in this context. Interestingly, blood TP53 mutations were not 

similarly enriched among the individuals that had prior chemotherapy.

Finally, it will be important to determine whether more mundane environmental insults, not 

just the extreme examples discussed above, are important factors in clonal expansion of 

mutant HSCs. For example, smoking was found to be associated with clonal hematopoiesis 

in the Swedish cohort[23], but it remains to be seen if this association is generalizable to 

other groups beyond schizophrenics. Excessive use of alcohol is associated with bone 

marrow suppression, but the reason for this association remains unclear. Impairment of 

alcohol metabolism was found to lead to HSC DNA damage and severe functional decline in 

a Fanconi anemia mouse model[90], providing a potential link between alcohol toxicity and 

HSC fitness. More detailed study of epidemiological factors associated with clonal 

hematopoiesis combined with testing in model systems will help determine if these or other 

lifestyle factors influence the frequency and rate of clonal expansion.

Clonal Hematopoiesis of Indeterminate Potential, A Provisional Diagnosis

In order to define the pre-malignant state of clonal hematopoiesis in clinical practice, and to 

distinguish it from MDS, we have proposed a working definition for the entity Clonal 

Hematopoiesis of Indeterminate Potential (CHIP) [91] (Table 1). Individuals with CHIP 

have a detectable clonal mutation or copy number alteration associated with hematologic 

neoplasia in the blood or bone marrow, and lack a known hematologic malignancy or 

defined clonal entity such as paroxysmal nocturnal hemoglobinuria (PNH), monoclonal B 

lymphocytosis (MBL), or monoclonal gammopathy of unknown significance (MGUS). The 

lower limit for allele fraction is provisionally set at 2%, a cutoff that enables the application 

of prevalence and risk association estimates from major studies to date[20–24], and is 

feasible with the resolution of current, standard clinical myeloid malignancy next generation 

sequencing(NGS) assays[92]. CHIP would be more prevalent with the inclusion of lower 

allele fractions[28], yet the clinical impact of small clones is currently unclear.

People with unexplained cytopenias are an important subgroup of CHIP. The provisional 

diagnosis of idiopathic cytopenia of undetermined significance (ICUS) describes a relatively 

common group of people with unexplained chronic cytopenias that do not meet the 

diagnostic criteria for MDS[93]. ICUS is a heterogeneous group that includes a significant 

clonal subset bearing CHIP/MDS-associated mutations, which are termed clonal cytopenias 

of undetermined significance (CCUS) [94]. People with CCUS are included in the 

diagnostic criteria of CHIP. The clinical outcome for CCUS versus MDS or CHIP without 

cytopenia is currently unclear.

We and others have argued against screening for CHIP among healthy adults, because the 

risk of progression to malignancy is low (0.5–1% per year), and there is currently no 

preventative therapy to target clones or retard progression[91]. However, people are 

identified with CHIP during molecular evaluations for other suspected hematologic 
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abnormalities, such as unexplained cytopenias. Clinical monitoring schemes have been 

proposed for people incidentally found to have CHIP, recommending interval differential 

blood counts to monitor for cytopenias or blasts[95]. Although it may be premature to define 

an optimal management algorithm, interval monitoring is reasonable given the low but 

continued risk of neoplastic evolution. In the future, the rationale for detecting and 

monitoring CHIP may also include risk modification of non-malignant sequelae of clonal 

hematopoiesis, which are discussed below.

CHIP and age-associated inflammatory disease: correlation or causation?

Pre-malignant states are generally assumed to have no impact on health in the absence of 

progression to frank cancer. Several reasons suggest that clonal mutations in HSCs might 

lead to organ dysfunction in the absence of malignancy. First, clonal selection and function 

are uncoupled: HSC with clonal advantage are not promoted based on the quality of their 

differentiated effector progeny, but instead at the level of stem cell self-renewal and 

survival[96]. Second, unlike solid tissues, hematopoiesis is not spatially constrained[97], 

thus an HSC clone may expand to be a large fraction of hematopoiesis. Third, HSCs give 

rise to the many differentiated cell lineages which compromise the immune and blood cell 

systems, in contrast to the stem cells in other tissues which typically produce only a limited 

repertoire of mature progeny. HSCs are probably exceeded in diversity of progeny only by 

embryonic stem cells. Thus, mutations in HSCs have the capability of influencing the 

function of many cell types. Finally, mature immune cells traffic to every organ and 

influence the pathophysiology of most disease states. Whereas a tubular adenoma will never 

impact gut absorption, a clone of dysfunctional HSC might generate millions of hyperactive 

B cells, tolerogenic antigen presenting cells, or mispolarized macrophages.

In our study[22], clonal hematopoiesis was associated with all-cause mortality (HR 1.4), 

attributable to cardiovascular disease and not to cancer. Clonal hematopoiesis was associated 

with all-cause mortality (HR 1.4) in a concurrent study[23]. Somatic mutations in blood 

were modestly associated with type 2 diabetes (T2D) in multivariate analyses (odds ratio 

1.3, p<0.001), whereas the association between mosaic large chromosomal anomalies and 

diabetes was pronounced (OR 5.3) [98], a difference that in part may be due to the 

identification only of relatively large clones in the latter study.

The most surprising and impactful risk association is the connection between clonal 

hematopoiesis and cardiovascular disease. In our multivariate analysis, people with clonal 

hematopoiesis were at higher risk of incident coronary heart disease (HR 2.0) and ischemic 

stroke (HR 2.6) [22]. Remarkably, this risk attributable to clonal hematopoiesis was 

comparable or greater in magnitude than the traditional atherosclerosis risk factors of total 

cholesterol >240 mg/dL, smoking status, and hypertension in our study. The association 

between somatic mosaicism and micro- and macrovascular complications of type 2 diabetes 

(T2D) (HR 5.1) further implicates clonal hematopoiesis with atherosclerotic disease[98]. 

Cardiovascular disease is the leading cause of mortality in the United States, and age-related 

clonal hematopoiesis appears to be a common and impactful risk factor with broad public 

health implications.
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The associations between clonal hematopoiesis and cardiovascular disease may be due to 

unknown confounding variables, or they may be shared pathophysiologic consequences of 

aging. Alternatively, clonal hematopoiesis may have a causative role in cardiovascular 

disease, T2D, and potentially other age-related diseases. Macrophages are key regulators of 

inflammation, lipid biology, atheroma architecture, and insulin resistance[99,100]. 

Interestingly, restoration of impaired phagocytosis via anti-CD47 antibody treatment was 

recently shown to suppress atherosclerosis in mouse models[101]. Whether the somatic 

mutations conferring clonal advantage to hematopoietic clones alter the function of clonal 

macrophages and other effector cells is unknown. The finding that TET2 negatively 

regulates IL6 at the resolution of inflammation[102] suggests that the core genetic 

machinery of hematologic malignancies may have important roles in the cellular mediators 

of inflammatory disease.

A number of additional clinical associations have been made with clonal hematopoiesis. A 

modest increase in the risk for non-hematologic cancer was observed in people with 

chromosomal abnormalities in one study[21], and was not significant in another. One male-

specific somatic event, loss of the Y chromosome in blood cells, is reported to be associated 

with shorter survival[103], increased risk of non-hematologic cancer[103], smoking[104], 

and Alzheimer’s disease[105].

Conclusions

Clonal mutations in genes that are recurrently mutated in hematologic malignancies, are 

commonly detected in the blood of otherwise healthy aging people. Rapid progress in our 

understanding of clonal hematopoiesis raises questions spanning from stem cell biology to 

medicine. While model systems affirm a self-renewal advantage for HSCs with Dnmt3a and 

Tet2 mutations, the mechanisms of clonal expansion are poorly understood for these and 

most other CHIP mutations. It also remains to be seen how niche dynamics interact with 

somatically mutated HSCs. With the expansion of HSCs, do HSC niches expand or are 

mutated HSCs selected to be less reliant on niche factors? While clonal advantage may be 

due to altered balance of self-renewal versus differentiation, competition for limited trophic 

signals, as seen in germinal center B cells, is another potential basis for the competitive 

advantage of mutant cells. Ultimately, understanding the mechanisms of clonal advantage 

conferred by somatic mutations is essential to the design of targeted interventions.

Clonal hematopoiesis is a novel risk factor for hematologic malignancy and atherosclerotic 

disease that is common among aged people. Many further insights will come from expansion 

cohorts, such as mutation-specific risk associations, and associations between CHIP and 

additional age-related diseases. There is much to be learned from investigation beyond the 

exome, as noncoding mutations and abnormal epigenetic states may be important drivers of 

clonal hematopoiesis.

Detection of CHIP in routine clinical practice has implications for both refined risk 

assessment and, potentially, for interventions that modify disease risk. If clones can be 

therapeutically suppressed, the role for broad screening for CHIP may become unequivocal. 

Clonal hematopoiesis, now more fully illuminated by genomic techniques, is an opportunity 

Jan et al. Page 11

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for early interventions. With continued basic and translational study, hematologists may 

spend less time managing malignant catastrophes and more time preventing them.

Acknowledgements

This work was supported by grants from the NIH (R01 HL082945, R24 DK099808), the Department of Defense, 
the Edward P. Evans Foundation, and the Leukemia and Lymphoma Society. SJ is supported by the Training 
Program in Molecular Hematology T32 training grant (Brigham and Women’s Hospital) and the Burroughs 
Wellcome Fund Career Award for Medical Scientists.

References

[1]. Busque L, Gilliland DG, X-inactivation analysis in the 1990s: promise and potential problems, 
Leukemia. 12 (1998) 128–135. [PubMed: 9519772] 

[2]. Limpens J, Stad R, Vos C, de Vlaam C, de Jong D, van Ommen GJ, et al., Lymphoma-associated 
translocation t(14;18) in blood B cells of normal individuals, Blood. 85 (1995) 2528–2536. 
[PubMed: 7727781] 

[3]. Bose S, Deininger M, Gora-Tybor J, Goldman JM, Melo JV, The presence of typical and atypical 
BCR-ABL fusion genes in leukocytes of normal individuals: biologic significance and 
implications for the assessment of minimal residual disease, Blood. 92 (1998) 3362–3367. 
[PubMed: 9787174] 

[4]. Weissman I, Stem cell research: paths to cancer therapies and regenerative medicine, Jama. 294 
(2005) 1359–1366. doi:10.1001/jama.294.11.1359. [PubMed: 16174694] 

[5]. Abkowitz JL, Evidence that the number of hematopoietic stem cells per animal is conserved in 
mammals, Blood. 100 (2002) 2665–2667. doi:10.1182/blood-2002-03-0822. [PubMed: 
12239184] 

[6]. Welch JS, Ley TJ, Link DC, Miller CA, Larson DE, Koboldt DC, et al., The Origin and Evolution 
of Mutations in Acute Myeloid Leukemia, Cell. 150 (2012) 264–278. doi:10.1016/
j.cell.2012.06.023. [PubMed: 22817890] 

[7]. Busque L, Mio R, Mattioli J, Brais E, Blais N, Lalonde Y, et al., Nonrandom X-inactivation 
patterns in normal females: lyonization ratios vary with age, Blood. 88 (1996) 59–65. [PubMed: 
8704202] 

[8]. Champion KM, Gilbert JG, Asimakopoulos FA, Hinshelwood S, Green AR, Clonal haemopoiesis 
in normal elderly women: implications for the myeloproliferative disorders and myelodysplastic 
syndromes, Br. J. Haematol 97 (1997) 920–926. [PubMed: 9217198] 

[9]. Fialkow PJ, Singer JW, Adamson JW, Berkow RL, Friedman JM, Jacobson RJ, et al., Acute 
nonlymphocytic leukemia: expression in cells restricted to granulocytic and monocytic 
differentiation, N Engl J Med. 301 (1979) 1–5. doi:10.1056/NEJM197907053010101. [PubMed: 
286882] 

[10]. Fialkow PJ, Singer JW, Adamson JW, Vaidya K, Dow LW, Ochs J, et al., Acute nonlymphocytic 
leukemia: heterogeneity of stem cell origin, Blood. 57 (1981) 1068–1073. [PubMed: 6939452] 

[11]. Fialkow PJ, Janssen JW, Bartram CR, Clonal remissions in acute nonlymphocytic leukemia: 
evidence for a multistep pathogenesis of the malignancy, Blood. 77 (1991) 1415–1417. [PubMed: 
2009365] 

[12]. Kikushige Y, Ishikawa F, Miyamoto T, Shima T, Urata S, Yoshimoto G, et al., Self-renewing 
hematopoietic stem cell is the primary target in pathogenesis of human chronic lymphocytic 
leukemia, Cancer Cell. 20 (2011) 246–259. doi:10.1016/j.ccr.2011.06.029. [PubMed: 21840488] 

[13]. Damm F, Mylonas E, Cosson A, Yoshida K, Della Valle V, Mouly E, et al., Acquired Initiating 
Mutations in Early Hematopoietic Cells of CLL Patients, Cancer Discovery. 4 (2014) 1088–1101. 
doi:10.1158/2159-8290.CD-14-0104. [PubMed: 24920063] 

[14]. Chung SS, Kim E, Park JH, Chung YR, Lito P, Teruya-Feldstein J, et al., Hematopoietic Stem 
Cell Origin of BRAFV600E Mutations in Hairy Cell Leukemia, Sci Transl Med. 6 (2014) 
238ra71–238ra71. doi:10.1126/scitranslmed.3008004.

Jan et al. Page 12

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[15]. Jan M, Snyder TM, Corces-Zimmerman MR, Vyas P, Weissman IL, Quake SR, et al., Clonal 
Evolution of Preleukemic Hematopoietic Stem Cells Precedes Human Acute Myeloid Leukemia, 
Sci Transl Med. 4 (2012) 149ra118–149ra118. doi:10.1126/scitranslmed.3004315.

[16]. Corces-Zimmerman MR, Hong W-J, Weissman IL, Medeiros BC, Majeti R, Preleukemic 
mutations in human acute myeloid leukemia affect epigenetic regulators and persist in remission, 
Proc. Natl. Acad. Sci. U.S.a 111 (2014) 2548–2553. doi:10.1073/pnas.1324297111. [PubMed: 
24550281] 

[17]. Shlush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V, et al., Identification of pre-
leukaemic haematopoietic stem cells in acute leukaemia, Nature. 506 (2014) 328–333. 
doi:10.1038/nature13038. [PubMed: 24522528] 

[18]. Quivoron C, Couronné L, Della Valle V, Lopez CK, Plo I, Wagner-Ballon O, et al., TET2 
inactivation results in pleiotropic hematopoietic abnormalities in mouse and is a recurrent event 
during human lymphomagenesis, Cancer Cell. 20 (2011) 25–38. doi:10.1016/j.ccr.2011.06.003. 
[PubMed: 21723201] 

[19]. Busque L, Patel JP, Figueroa ME, Vasanthakumar A, Provost S, Hamilou Z, et al., Recurrent 
somatic TET2 mutations in normal elderly individuals with clonal hematopoiesis, Nat Genet. 44 
(2012) 1179–1181. doi:10.1038/ng.2413. [PubMed: 23001125] 

[20]. Laurie CC, Laurie CA, Rice K, Doheny KF, Zelnick LR, McHugh CP, et al., Detectable clonal 
mosaicism from birth to old age and its relationship to cancer, Nat Genet. 44 (2012) 642–650. 
doi:10.1038/ng.2271. [PubMed: 22561516] 

[21]. Jacobs KB, Yeager M, Zhou W, Wacholder S, Wang Z, Rodriguez-Santiago B, et al., Detectable 
clonal mosaicism and its relationship toaging and cancer, Nat Genet. 44 (2012) 651–658. 
doi:10.1038/ng.2270. [PubMed: 22561519] 

[22]. Jaiswal S, Fontanillas P, Flannick J, Manning A, Grauman PV, Mar BG, et al., Age-Related 
Clonal Hematopoiesis Associated with Adverse Outcomes, N Engl J Med. (2014). doi:10.1056/
NEJMoa1408617.

[23]. Genovese G, Kähler AK, Handsaker RE, Lindberg J, Rose SA, Bakhoum SF, et al., Clonal 
hematopoiesis and blood-cancer risk inferred from blood DNA sequence, N Engl J Med. 371 
(2014) 2477–2487. doi:10.1056/NEJMoa1409405. [PubMed: 25426838] 

[24]. Xie M, Lu C, Wang J, McLellan MD, Johnson KJ, Wendl MC, et al., Age-related mutations 
associated with clonal hematopoietic expansion and malignancies, Nat Med. (2014). doi:10.1038/
nm.3733.

[25]. Forsberg LA, Rasi C, Razzaghian HR, Pakalapati G, Waite L, Thilbeault KS, et al., AR 
TICLEAge-Related Somatic Structural Changesin the Nuclear Genome of Human Blood Cells, 
The American Journal of Human Genetics. 90 (2012) 217–228. doi:10.1016/j.ajhg.2011.12.009. 
[PubMed: 22305530] 

[26]. Rawstron AC, Bennett FL, O’Connor SJM, Kwok M, Fenton JAL, Plummer M, et al., 
Monoclonal B-cell lymphocytosis and chronic lymphocytic leukemia, N Engl J Med. 359 (2008) 
575–583. doi:10.1056/NEJMoa075290. [PubMed: 18687638] 

[27]. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV, et al., 
Signatures of mutational processes in human cancer, Nature. 500 (2013) 415–421. doi:10.1038/
nature12477. [PubMed: 23945592] 

[28]. McKerrell T, Park N, Moreno T, Grove CS, Ponstingl H, Stephens J, et al., Leukemia-Associated 
Somatic Mutations Drive Distinct Patterns of Age-Related Clonal Hemopoiesis, Cell Rep. 10 
(2015) 1239–1245. doi:10.1016/j.celrep.2015.02.005. [PubMed: 25732814] 

[29]. Müller JR, Janz S, Goedert JJ, Potter M, Rabkin CS, Persistence of immunoglobulin heavy 
chain/c-myc recombination-positive lymphocyte clones in the blood of human immunodeficiency 
virus-infected homosexual men, Proc. Natl. Acad. Sci. U.S.a 92 (1995) 6577–6581. [PubMed: 
7604036] 

[30]. Kyle RA, Therneau TM, Rajkumar SV, Larson DR, Plevak MF, Offord JR, et al., Prevalence of 
monoclonal gammopathy of undetermined significance, N Engl J Med. 354 (2006) 1362–1369. 
doi:10.1056/NEJMoa054494. [PubMed: 16571879] 

[31]. Shanafelt TD, Ghia P, Lanasa MC, Landgren O, Rawstron AC, leu2009287a, Leukemia. 24 
(2010) 512–520. doi:10.1038/leu.2009.287. [PubMed: 20090778] 

Jan et al. Page 13

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[32]. Weigert O, Weinstock DM, The evolving contribution of hematopoietic progenitor cells to 
lymphomagenesis, Blood. 120 (2012) 2553–2561. doi:10.1182/blood-2012-05-414995. 
[PubMed: 22869790] 

[33]. Weigert O, Kopp N, Lane AA, Yoda A, Dahlberg SE, Neuberg D, et al., Molecular ontogeny of 
donor-derived follicular lymphomas occurring after hematopoietic cell transplantation, Cancer 
Discovery. 2 (2012) 47–55. doi:10.1158/2159-8290.CD-11-0208. [PubMed: 22585168] 

[34]. Green MR, Vicente-Dueñas C, Romero-Camarero I, Long Liu C, Dai B, González-Herrero I, et 
al., Transient expression of Bcl6 is sufficient for oncogenic function and induction of mature B-
cell lymphoma, Nat Commun. 5 (2014) 3904. doi:10.1038/ncomms4904. [PubMed: 24887457] 

[35]. Witte ON, Dasgupta A, Baltimore D, Abelson murine leukaemia virus protein is phosphorylated 
in vitro to form phosphotyrosine, Nature. 283 (1980) 826–831. [PubMed: 6244493] 

[36]. Levinson AD, Oppermann H, Levintow L, Varmus HE, Bishop JM, Evidence that the 
transforming gene of avian sarcoma virus encodes a protein kinase associated with a 
phosphoprotein, Cell. 15 (1978) 561–572. [PubMed: 214242] 

[37]. Vaux DL, Immunopathology of apoptosis--introduction and overview, Springer Semin. 
Immunopathol 19 (1998) 271–278. [PubMed: 9540156] 

[38]. Knudson AG, Mutation and cancer: statistical study of retinoblastoma, Proc. Natl. Acad. Sci. 
U.S.a 68 (1971) 820–823. [PubMed: 5279523] 

[39]. Goodrich DW, Wang NP, Qian YW, Lee EY, Lee WH, The retinoblastoma gene product regulates 
progression through the G1 phase of the cell cycle, Cell. 67 (1991) 293–302. [PubMed: 1655277] 

[40]. Papaemmanuil E, Gerstung M, Malcovati L, Tauro S, Gundem G, Van Loo P, et al., Clinical and 
biological implications of driver mutations in myelodysplastic syndromes, Blood. 122 (2013) 
3616–3627. doi:10.1182/blood-2013-08-518886. [PubMed: 24030381] 

[41]. Yang L, Rau R, Goodell MA, DNMT3A in haematological malignancies, Nat Rev Cancer. 15 
(2015) 152–165. doi:10.1038/nrc3895. [PubMed: 25693834] 

[42]. Ko M, An J, Pastor WA, Koralov SB, Rajewsky K, Rao A, TET proteins and 5-methylcytosine 
oxidation in hematological cancers, Immunol. Rev 263 (2015) 6–21. doi:10.1111/imr.12239. 
[PubMed: 25510268] 

[43]. Ko M, Huang Y, Jankowska AM, Pape UJ, Tahiliani M, Bandukwala HS, et al., Impaired 
hydroxylation of 5-methylcytosine inmyeloid cancers with mutant TET2, Nature. 468 (2010) 
839–843. doi:10.1038/nature09586. [PubMed: 21057493] 

[44]. Russler-Germain DA, Spencer DH, Young MA, Lamprecht TL, Miller CA, Fulton R, et al., The 
R882H DNMT3A mutation associated with AML dominantly inhibits wild-type DNMT3A by 
blocking its ability to form active tetramers, Cancer Cell. 25 (2014) 442–454. doi:10.1016/
j.ccr.2014.02.010. [PubMed: 24656771] 

[45]. Dey A, Seshasayee D, Noubade R, French DM, Liu J, Chaurushiya MS, et al., Loss of the tumor 
suppressor BAP1 causes myeloid transformation, Science. 337 (2012) 1541–1546. doi:10.1126/
science.1221711. [PubMed: 22878500] 

[46]. Scheuermann JC, de Ayala Alonso AG, Oktaba K, Ly-Hartig N, McGinty RK, Fraterman S, et 
al., Histone H2A deubiquitinase activity of the Polycomb repressive complex PR-DUB, Nature. 
465 (2010) 243–247. doi:10.1038/nature08966. [PubMed: 20436459] 

[47]. Abdel-Wahab O, Pardanani A, Patel J, Wadleigh M, Lasho T, Heguy A, et al., leu201158a, 
Leukemia. 25 (2011) 1200–1202. doi:10.1038/leu.2011.58. [PubMed: 21455215] 

[48]. Balasubramani A, Larjo A, Bassein JA, Chang X, Hastie RB, Togher SM, et al., Cancer-
associated ASXL1 mutations may act as gain-of-function mutations of the ASXL1-BAP1 
complex, Nat Commun. 6 (2015) 7307. doi:10.1038/ncomms8307. [PubMed: 26095772] 

[49]. Ntziachristos P, Abdel-Wahab O, Aifantis I, emerging concepts of epigenetic dysregulation in 
hematological malignancies, Nat Immunol. (2016) 1–9. doi:10.1038/ni.3517.

[50]. Abdel-Wahab O, Levine RL, Mutations in epigenetic modifiers in the pathogenesis and therapy 
of acute myeloid leukemia, Blood. 121 (2013) 3563–3572. doi:10.1182/blood-2013-01-451781. 
[PubMed: 23640996] 

[51]. Lindsley RC, Ebert BL, The biology and clinical impact of genetic lesions in myeloid 
malignancies, Blood. 122 (2013) 3741–3748. doi:10.1182/blood-2013-06-460295. [PubMed: 
23954890] 

Jan et al. Page 14

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[52]. Yoshida K, Ogawa S, Splicing factor mutations and cancer, Wiley Interdiscip Rev RNA. 5 (2014) 
445–459. doi:10.1002/wrna.1222. [PubMed: 24523246] 

[53]. Challen GA, Sun D, Jeong M, Luo M, Jelinek J, Berg JS, et al., ng.1009, Nat Genet. 44 (2011) 
23–31. doi:10.1038/ng.1009. [PubMed: 22138693] 

[54]. Moran-Crusio K, Reavie L, Shih A, Abdel-Wahab O, Ndiaye-Lobry D, Lobry C, et al., Tet2 Loss 
Leads to Increased HematopoieticStem Cell Self-Renewal and Myeloid Transformation, Cancer 
Cell. 20 (2011) 11–24. doi:10.1016/j.ccr.2011.06.001. [PubMed: 21723200] 

[55]. Kim E, Ilagan JO, Liang Y, Daubner GM, Lee SC-W, Ramakrishnan A, et al., SRSF2 Mutations 
Contribute to Myelodysplasia by Mutant-Specific Effects on Exon Recognition, Cancer Cell. 27 
(2015) 617–630. doi:10.1016/j.ccell.2015.04.006. [PubMed: 25965569] 

[56]. Matsunawa M, Yamamoto R, Sanada M, Sato-Otsubo A, Shiozawa Y, Yoshida K, et al., 
Haploinsufficiency of Sf3b1 leads to compromised stem cell function but not to myelodysplasia, 
Leukemia. 28 (2014) 1844–1850. doi:10.1038/leu.2014.73. [PubMed: 24535406] 

[57]. Obeng EA, Chappell RJ, Seiler M, Chen MC, Campagna DR, Schmidt PJ, et al., Physiologic 
Expression of Sf3b1, Cancer Cell. 30 (2016) 404–417. doi:10.1016/j.ccell.2016.08.006. 
[PubMed: 27622333] 

[58]. Shirai CL, Ley JN, White BS, Kim S, Tibbitts J, Shao J, et al., Mutant U2AF1 Expression Alters 
Hematopoiesis and Pre-mRNA Splicing In Vivo, Cancer Cell. 27 (2015) 631–643. doi:10.1016/
j.ccell.2015.04.008. [PubMed: 25965570] 

[59]. Yan X-J, Xu J, Gu Z-H, Pan C-M, Lu G, Shen Y, et al., Exome sequencing identifies somatic 
mutations of DNA methyltransferase gene DNMT3A in acute monocytic leukemia, Nat Genet. 
43 (2011) 309–315. doi:10.1038/ng.788. [PubMed: 21399634] 

[60]. A.-W. OA. ML. LG. JH. TS. AP. SP. JC. YK. RP. FZ. XT. JP. CC. MM. AN. SJ. JA. IB. BLevine 
R, Adli M, LaFave LM, Gao J, Hricik T, Shih AH, et al., ASXL1 Mutations Promote Myeloid 
Transformation through Loss of PRC2-Mediated Gene Repression, Cancer Cell. 22 (2012) 180–
193. doi:10.1016/j.ccr.2012.06.032. [PubMed: 22897849] 

[61]. Abdel-Wahab O, Gao J, Adli M, Dey A, Trimarchi T, Chung YR, et al., Deletion of Asxl1 results 
in myelodysplasia and severe developmental defects in vivo, Journal of Experimental Medicine. 
210 (2013) 2641–2659. doi:10.1182/blood-2011-12-399683.

[62]. Krivtsov AV, Twomey D, Feng Z, Stubbs MC, Wang Y, Faber J, et al., Transformation from 
committed progenitor to leukaemia stem cell initiated by MLL–AF9, Nature. 442 (2006) 818–
822. doi:10.1038/nature04980. [PubMed: 16862118] 

[63]. Lara-Astiaso D, Weiner A, Lorenzo-Vivas E, Zaretsky I, Jaitin DA, David E, et al., 
Immunogenetics. Chromatin state dynamics during blood formation, Science. 345 (2014) 943–
949. doi:10.1126/science.1256271. [PubMed: 25103404] 

[64]. Dalerba P, Kalisky T, Sahoo D, Rajendran PS, Rothenberg ME, Leyrat AA, et al., single-cell 
dissection of transcriptional heterogeneity in human colon tumors, Nat Biotechnol. 29 (2011) 
1120–1127. doi:10.1038/nbt.2038. [PubMed: 22081019] 

[65]. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al., Single-cell RNA-
seq highlights intratumoral heterogeneity in primary glioblastoma, Science. 344 (2014) 1396–
1401. doi:10.1126/science.1254257. [PubMed: 24925914] 

[66]. Landau DA, Clement K, Ziller MJ, Boyle P, Fan J, Gu H, et al., Locally Disordered Methylation 
Formsthe Basis of Intratumor Methylome Variation in Chronic Lymphocytic Leukemia, Cancer 
Cell. 26 (2014) 813–825. doi:10.1016/j.ccell.2014.10.012. [PubMed: 25490447] 

[67]. van Kamp H, Landegent JE, Jansen RP, Willemze R, Fibbe WE, Clonal hematopoiesis in patients 
with acquired aplastic anemia, Blood. 78 (1991) 3209–3214. [PubMed: 1683796] 

[68]. Kulasekararaj AG, Jiang J, Smith AE, Mohamedali AM, Mian S, Gandhi S, et al., Somatic 
mutations identify a subgroup of aplastic anemia patients who progress to myelodysplastic 
syndrome, Blood. 124 (2014) 2698–2704. doi:10.1182/blood-2014-05-574889. [PubMed: 
25139356] 

[69]. Heuser M, Schlarmann C, Dobbernack V, Panagiota V, Wiehlmann L, Walter C, et al., Genetic 
characterization of acquired aplastic anemia by targeted sequencing, Haematologica. 99 (2014) 
e165–e167. doi:10.3324/haematol.2013.101642. [PubMed: 24907358] 

Jan et al. Page 15

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[70]. Lane AA, Odejide O, Kopp N, Kim S, Yoda A, Erlich R, et al., Low frequency clonal mutations 
recoverable by deep sequencing in patients with aplastic anemia, Leukemia. 27 (2013) 968–971. 
doi:10.1038/leu.2013.30. [PubMed: 23370706] 

[71]. Yoshizato T, Dumitriu B, Hosokawa K, Makishima H, Yoshida K, Townsley D, et al., Somatic 
Mutations and Clonal Hematopoiesis in Aplastic Anemia, N Engl J Med. 373 (2015) 35–47. 
doi:10.1056/NEJMoa1414799. [PubMed: 26132940] 

[72]. Vago L, Perna SK, Zanussi M, Mazzi B, Barlassina C, Stanghellini MTL, et al., Loss of 
mismatched HLA in leukemia after stem-cell transplantation, N Engl J Med. 361 (2009) 478–
488. doi:10.1056/NEJMoa0811036. [PubMed: 19641204] 

[73]. Katagiri T, Sato-Otsubo A, Kashiwase K, Morishima S, Sato Y, Mori Y, et al., Frequent loss of 
HLA alleles associated with copy number-neutral 6pLOH in acquired aplastic anemia, Blood. 
118 (2011) 6601–6609. doi:10.1182/blood-2011-07-365189. [PubMed: 21963603] 

[74]. Ogawa S, Clonal hematopoiesis in acquired aplastic anemia, Blood. 128 (2016) 337–347. 
doi:10.1182/blood-2016-01-636381. [PubMed: 27121470] 

[75]. Gargiulo L, Papaioannou M, Sica M, Talini G, Chaidos A, Richichi B, et al., 
Glycosylphosphatidylinositol-specific, CD1d-restricted T cells in paroxysmal nocturnal 
hemoglobinuria, Blood. 121 (2013) 2753–2761. doi:10.1182/blood-2012-11-469353. [PubMed: 
23372165] 

[76]. Tiacci E, Grossmann V, Martelli MP, Kohlmann A, Haferlach T, Falini B, The corepressors 
BCOR and BCORL1: two novel players in acute myeloid leukemia, Haematologica. 97 (2011) 
3–5. doi:10.3324/haematol.2011.057901.

[77]. Li M, Collins R, Jiao Y, Ouillette P, Bixby D, Erba H, et al., Somatic mutations in the 
transcriptional corepressor gene BCORL1 in adult acute myelogenous leukemia, Blood. 118 
(2011) 5914–5917. doi:10.1182/blood-2011-05-356204. [PubMed: 21989985] 

[78]. Grossmann V, Tiacci E, Holmes AB, Kohlmann A, Martelli MP, Kern W, et al., Whole-exome 
sequencing identifies somatic mutations of BCOR in acute myeloid leukemia with normal 
karyotype, Blood. 118 (2011) 6153–6163. doi:10.1182/blood-2011-07-365320. [PubMed: 
22012066] 

[79]. Damm F, Chesnais V, Nagata Y, Yoshida K, Scourzic L, Okuno Y, et al., BCOR and BCORL1 
mutations in myelodysplastic syndromes and related disorders, Blood. 122 (2013) 3169–3177. 
doi:10.1182/blood-2012-11-469619. [PubMed: 24047651] 

[80]. Klco JM, Miller CA, Griffith M, Petti A, Spencer DH, Ketkar-Kulkarni S, et al., Association 
Between Mutation Clearance After Induction Therapy and Outcomes in Acute Myeloid 
Leukemia, Jama. 314 (2015) 811. doi:10.1001/jama.2015.9643. [PubMed: 26305651] 

[81]. Wong TN, Miller CA, Klco JM, Petti A, Demeter R, Helton NM, et al., Rapid expansion of 
preexisting nonleukemic hematopoietic clones frequently follows induction therapy for de novo 
AML, Blood. 127 (2016) 893–897. doi:10.1182/blood-2015-10-677021. [PubMed: 26631115] 

[82]. Wong TN, Ramsingh G, Young AL, Miller CA, Touma W, Welch JS, et al., Role of TP53 
mutations in the origin and evolution of therapy-related acute myeloid leukaemia, Nature. (2014). 
doi:10.1038/nature13968.

[83]. Oliva-Trastoy M, Berthonaud V, Chevalier A, Ducrot C, Marsolier-Kergoat M-C, Mann C, et al., 
The Wip1 phosphatase (PPM1D) antagonizes activation of the Chk2 tumour suppressor kinase, 
Oncogene. 26 (2006) 1449–1458. doi:10.1038/sj.onc.1209927. [PubMed: 16936775] 

[84]. Lu X, Ma O, Nguyen T-A, Jones SN, Oren M, Donehower LA, The Wip1 Phosphatase Acts as a 
Gatekeeper in the p53-Mdm2 Autoregulatory Loop, Cancer Cell. 12 (2007) 342–354. 
doi:10.1016/j.ccr.2007.08.033. [PubMed: 17936559] 

[85]. Kleiblova P, Shaltiel IA, Benada J, evčík J, Pecháčková S, Pohlreich P, et al., Gain-of-function 
mutations of PPM1D/Wip1 impair the p53-dependent G1 checkpoint, J Cell Biol. 201 (2013) 
511–521. doi:10.1038/35042675. [PubMed: 23649806] 

[86]. Ruark E, Snape K, Humburg P, Loveday C, Bajrami I, Brough R, et al., Mosaic PPM1D 
mutations are associated withpredisposition to breast and ovarian cancer, Nature. 493 (2013) 
406–410. doi:10.1038/nature11725. [PubMed: 23242139] 

Jan et al. Page 16

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[87]. Akbari MR, Lepage P, Rosen B, McLaughlin J, Risch H, Minden M, et al., PPM1D mutations in 
circulating white blood cells and the risk for ovarian cancer, J. Natl. Cancer Inst 106 (2014) 
djt323. doi:10.1093/jnci/djt323. [PubMed: 24262437] 

[88]. Zajkowicz A, Butkiewicz D, Drosik A, Giglok M, ski RSN, Rusin M, Truncating mutations of 
PPM1D are found in blood DNA samples of lung cancer patients, British Journal of Cancer. 112 
(2015) 1114–1120. doi:10.1038/bjc.2015.79. [PubMed: 25742468] 

[89]. Swisher EM, Harrell MI, Norquist BM, Walsh T, Brady M, Lee M, et al., Somatic Mosaic 
Mutations in PPM1Dand TP53in the Blood of Women With Ovarian Carcinoma, JAMA Oncol. 2 
(2016) 370. doi:10.1001/jamaoncol.2015.6053. [PubMed: 26847329] 

[90]. Langevin F, Crossan GP, Rosado IV, Arends MJ, Patel KJ, Fancd2 counteracts the toxic effects 
ofnaturally produced aldehydes in mice, Nature. 475 (2011) 53–58. doi:10.1038/nature10192. 
[PubMed: 21734703] 

[91]. Steensma DP, Bejar R, Jaiswal S, Lindsley RC, Sekeres MA, Hasserjian RP, et al., Clonal 
hematopoiesis of indeterminate potential and its distinction from myelodysplastic syndromes, 
Blood. (2015). doi:10.1182/blood-2015-03-631747.

[92]. Kuo FC, Dong F, Next-Generation Sequencing-Based Panel Testing for Myeloid Neoplasms, 
Curr Hematol Malig Rep. 10 (2015) 104–111. doi:10.1007/s11899-015-0256-3. [PubMed: 
25933675] 

[93]. Malcovati L, Cazzola M, The shadowlands of MDS: idiopathic cytopenias of undetermined 
significance (ICUS) and clonal hematopoiesis of indeterminate potential (CHIP), Hematology 
Am Soc Hematol Educ Program. 2015 (2015) 299–307. doi:10.1182/asheducation-2015.1.299. 
[PubMed: 26637737] 

[94]. Kwok B, Hall JM, Witte JS, Xu Y, Reddy P, Lin K, et al., MDS-associated somatic mutations and 
clonal hematopoiesis are common in idiopathic cytopenias of undetermined significance, Blood. 
126 (2015) 2355–2361. doi:10.1182/blood-2015-08-667063. [PubMed: 26429975] 

[95]. Heuser M, Thol F, Ganser A, Clonal Hematopoiesis of Indeterminate Potential, Dtsch Arztebl Int. 
113 (2016) 317–322. doi:10.3238/arztebl.2016.0317. [PubMed: 27215596] 

[96]. Goodell MA, Rando TA, Stem cells and healthy aging, Science. 350 (2015) 1199–1204. 
doi:10.1126/science.aab3388. [PubMed: 26785478] 

[97]. Wright DE, Wagers AJ, Gulati AP, Johnson FL, Weissman IL, Physiological migration of 
hematopoietic stem and progenitor cells, Science. 294 (2001) 1933–1936. doi:10.1126/
science.1064081. [PubMed: 11729320] 

[98]. Bonnefond A, Skrobek B, Lobbens S, Eury E, Thuillier D, Cauchi S, et al., ng.2700 (1), Nat 
Genet. 45 (2013) 1040–1043. doi:10.1038/ng.2700. [PubMed: 23852171] 

[99]. Libby P, Inflammation in atherosclerosis, Nature. 420 (2002) 868–874. doi:10.1038/nature01323. 
[PubMed: 12490960] 

[100]. Olefsky JM, Glass CK, Macrophages, Inflammation, and Insulin Resistance, Annu. Rev. Physiol 
72 (2010) 219–246. doi:10.1146/annurev-physiol-021909-135846. [PubMed: 20148674] 

[101]. Kojima Y, Volkmer J-P, McKenna K, Civelek M, Lusis AJ, Miller CL, et al., CD47-blocking 
antibodies restore phagocytosis and prevent atherosclerosis, Nature. (2016) 1–20. doi:10.1038/
nature18935.

[102]. Zhang Q, Zhao K, Shen Q, Han Y, Gu Y, Li X, et al., Tet2 is required to resolve inflammation 
by recruiting Hdac2 to specifically repress IL-6, Nature. (2015). doi:10.1038/nature15252.

[103]. Forsberg LA, Rasi C, Malmqvist N, Davies H, Pasupulati S, Pakalapati G, et al., Mosaic loss of 
chromosome Y in peripheral blood is associated with shorter survival and higher risk of cancer, 
Nat Genet. 46 (2014) 624–628. doi:10.1038/ng.2966. [PubMed: 24777449] 

[104]. Dumanski JP, Rasi C, Lönn M, Davies H, Ingelsson M, Giedraitis V, et al., Mutagenesis. 
Smoking is associated with mosaic loss of chromosome Y, Science. 347 (2015) 81–83. 
doi:10.1126/science.1262092. [PubMed: 25477213] 

[105]. Dumanski JP, Lambert J-C, Rasi C, Giedraitis V, Davies H, Grenier-Boley B, et al., AR 
TICLEMosaic Loss of Chromosome Y in Blood Is Associated with Alzheimer Disease, The 
American Journal of Human Genetics. (2016) 1–12. doi:10.1016/j.ajhg.2016.05.014.

Jan et al. Page 17

Semin Hematol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
(A) Prevalence of clonal hematopoiesis per decade in three recent studies. (B) Recurrent 

mutations identified from exome sequence data from three recent studies.
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Figure 2: 
Mechanisms of clonal advantage in HSCs. Red box represents injury and cell death. 

Enhanced self-renewal and impaired differentiation may have similar HSC dynamics but 

differences in gene expression that primarily enforce self-renewal or impair differentiation, 

respectively.
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Table 1:

Clinical criteria for idiopathic cytopenia of undetermined significance (ICUS), clonal hematopoiesis of 

indeterminate potential (CHIP), and myelodysplastic syndrome (MDS). Clonal cytopenia of undetermined 

significance (CCUS). Adapted from[91].

Non-clonal ICUS CHIP Lower Risk MDS Higher Risk MDS

Clonality − + + + +

Dysplasia − − − + +

Cytopenia + − + (CCUS) + +

BM Blast % <5% <5% <5% <5% <19%

Overall Risk Very Low Very Low Low (?) Low High
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