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overview

Unexplained blood cytopenias can be a clinical challenge for patients and clinicians alike. The relationship

between these cytopenias and myeloid neoplasms like myelodysplastic syndromes (MDS) is currently an area

of active research. There have beenmarked developments in our understanding of clonal hematopoiesis based

on findings of somatic mutations in genes known to be associated with MDS. This has led to newer terms to

describe precursor states to MDS, such as clonal hematopoiesis of indeterminate potential (CHIP) and clonal

cytopenia of undetermined significance (CCUS). These conditions may allow earlier diagnosis, modify sur-

veillance for MDS, and guide additional therapies. This review summarizes recent updates in the field for

affected patients.

INTRODUCTION

At the bedside, patients with peripheral blood cyto-
penias can present a diagnostic and therapeutic
challenge. Complicated boundaries and categories
now exist as we sort through precursor states or other
etiologies of unexplained cytopenia. Refractory ane-
mias, or bilineage and trilineage cytopenia in the
context of normocellular or hypercellular bonemarrows
(BMs), in particular, can often present with concern for
myelodysplastic syndrome (MDS) and related disor-
ders, especially in individuals as they advance in years.1

Specifically, MDS is a heterogeneous collection of
clonal hematopoietic malignancies characterized by
poor overall survival as a result of ineffective hema-
topoiesis, progressive cytopenias, and transformation
to acute myeloid leukemia (AML).2 MDS remain a di-
agnosis most are zealous to rule in or out, as the clinical
course and survival can vary widely for an individual; it
is this precision clinicians strive for in patients. We are
now in an era when next-generation sequencing (NGS)
technology permits additional diagnostic information to
provide important clinical insights that may or may not
allow earlier identification of predisposition states to
MDS as well as more accurate capacity to diagnosis
MDS.3,4

Specifically, patients with unexplained cytopenia are
increasingly undergoing these NGS molecular genetic
tests of peripheral blood or BM for diagnostic purposes.
It has been recognized that these tests have the ability
to detect genetic mutations that do not have definitive
morphologic correlates to MDS. As such, new entities
have been recently defined to lessen the risk of in-
correct diagnoses of MDS as well as increase our
knowledge about precursor states that may evolve to

frank MDS.5-7 Therefore, it is important to define and
explain these conditions in more detail and to define
them for clinical practice with as much precision as
possible but also with appropriate patient relevance.

CURRENT DIAGNOSTIC APPROACH TO PATIENTS WITH
PERIPHERAL BLOOD CYTOPENIA

Uni- or multilineage peripheral blood cytopenia often
results from a wide range of hematologic or non-
hematologic disorders, including viral infections, au-
toimmune disorders, liver diseases, iatrogenic toxicity,
and vitamin deficiencies, along with hematologic
cancers and BM failure syndromes.8 The term un-
explained cytopenia is used to define a condition
characterized by peripheral blood cytopenia in which
origin is not attributable to causes detectable with
conventional tests or to any concomitant diseases.9

A critical step in the diagnostic approach to patients
with cytopenia is to distinguish reactive causes of
cytopenia from clonal hematologic disorders, espe-
cially myeloid neoplasms. In the context of myeloid
malignancies, peripheral blood cytopenia is a typical
manifestation of myelodysplasia, a condition charac-
terized by ineffective differentiation and maturation,
associated with morphologic abnormalities, in one or
more of the hematopoietic lineages.10 Myelodysplasia
is a typical feature of MDS, but it can be found also in
other myeloid neoplasms of the World Health Orga-
nization (WHO) classification, including myelodys-
plastic/myeloproliferative neoplasms (MDS/MPNs) and
secondary AML.11 In addition, emerging evidence
suggests that primary myelofibrosis, currently included
in the category of MPNs by the WHO classification of
hematopoietic tumors, shares mixed myeloproliferative
and myelodysplastic features at both molecular and
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clinical levels.12 Recognizing or excluding a myeloid neoplasm
may be evenmore relevant in individuals previously exposed to
chemotherapy or radiotherapy for nonmyeloid malignancies,
including either solid tumors or lymphomas, who are at higher
risk of developing therapy-related myeloid neoplasms.11

The current diagnostic approach to a suspect myeloid
neoplasm with myelodysplasia includes morphologic
studies of peripheral blood and BM aspirate smears, BM
biopsy, and cytogenetic or molecular genetic studies aimed
at identifying selected chromosomal abnormalities or ge-
netic lesions recognized of diagnostic value by the WHO
classification.8,13

Targeted sequencing of a limited number of genes can
detect mutations in almost any patient with a myeloid

neoplasm with myelodysplasia,14-16 and a screening for
somatic mutations on peripheral blood cells promises to be
a valuable complement to the current diagnostic work-up of
unexplained cytopenia by providing candidate biomarkers
for identifying individuals with, or at high risk of developing,
a myeloid neoplasm. However, the interpretation of muta-
tion profiles in patients with cytopenia has been challenging,
as some of these genes are commonly detected in elderly
adults showing a normal blood count as well as in in-
dividuals with nonmalignant BM failure syndromes.5,7,17

GENETIC LANDSCAPE OF MYELOID NEOPLASMS
WITH MYELODYSPLASIA

To appreciate the utility of these panels in peripheral
cytopenia, we will first describe their relevance in true
myeloid neoplasms or MDS. In the past decade, compre-
hensive analyses of known or candidate genes relevant in
myeloid neoplasms using massive parallel sequencing
showed that more than 90% of patients with myeloid ma-
lignancy with myelodysplasia carry one or more oncogenic
mutations (Table 1).14-16

A high prevalence of somatic mutations in genes that control
DNA methylation (TET2, DNMT3A, IDH1, IDH2) or histone
modification (ASXL1, EZH2) has been reported in patients
with myeloid neoplasms.18-21 Mutations in these genes are
common drivers of age-related clonal hematopoiesis in
individuals without hematologic phenotype, and consistent
clinical and experimental evidence supports the notion that
these lesions are common drivers of premalignant clones
occurring frequently during aging as well as after exposure
to chemoradiotherapy for solid tumors.5,7,22-24

More than 50% of patients suffering from a myeloid neo-
plasmwithmyelodysplasia carry somatic mutations in genes
encoding splicing factors, mainly SF3B1, SRSF2, and
U2AF1.25-27 Mutations of the RNA splicing machinery are
most often early events in these malignancies, with a variant
allele frequency (VAF) typically between 40% and 50%.
Genotype-phenotype correlation studies consistently show
strong associations between spliceosome mutations and
myelodysplasia. In fact, SF3B1 mutations were proven
highly predictive of ring sideroblasts, and a direct link be-
tween abnormal splicing of target genes and disease
pathophysiology was proven.28,29 Likewise, SRSF2 muta-
tions were detected in approximately half of patients with
MDS/MPN with monocytosis.26,30,31

TP53 mutations are consistently detected in almost all
subtypes of myeloid neoplasm, mainly associated with
complex karyotype and unfavorable clinical outcome, and
are greatly enriched in patients with therapy-related myeloid
neoplasms.32,33 Recent studies of clonal hematopoiesis
have confirmed an enrichment of mutations in TP53 in
cohorts of patients previously exposed to cytotoxic therapy
relative to their frequency in unselected cohorts.23,34,35 This

PRACTICAL APPLICATIONS

• In the context of unexplained cytopenia, there is
diagnostic value of a somatic mutation analysis
on DNA from peripheral blood cells for patients,
which can lead to identification of CHIP or
CCUS.

• Knowledge of this biologic information can allow
earlier diagnoses, modify the surveillance, and
possibly guide earlier therapy (when clinically
appropriate).

• Transformation to overt malignancy from CHIP
or CCUS generally requires the sequential ac-
quisition of multiple mutations.

• Individuals with CHIP have an approximately
10-fold increased risk of developing a hemato-
logic malignancy, with the risk increasing with
the size of the clone and overall risk estimated at
0.5% to 1% per year.

• CHIP is associated with increased overall
mortality as well as an increased risk of car-
diovascular disease.

TABLE 1. Major Driver Genes in Myeloid Neoplasms With Myelodysplasia
Pathway/Function Genes

DNA Methylation DNMT3A, TET2, IDH1, IDH2

Chromatin
Modification

ASXL1, EZH2, KDM6A, JARID2, PHF6

RNA Splicing SF3B1, SRSF2, U2AF1, ZRSR2, SF1, PRPF8

Transcription
Regulation

RUNX1, ETV6, GATA2, BCOR, BCORL1, CUX1, IRF1

Signaling NRAS, KRAS, CBL, NF1, PTPN11, GNAS, PTEN, KIT,
FLT3, JAK2, MPL, CALR

Cell Cycle TP53, PPM1D, CDKN2A

Others NPM1, SETBP1

Clonal Hematopoiesis and NGS in ICUS, CCUS, and CHIP
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is true to an even greater degree with mutations in PPM1D,
a phosphatase that negatively regulates multiple compo-
nents of the DNA damage response pathway. Cells with
PPM1D mutations have a powerful competitive advantage
under the selective pressure of chemotherapy, as occurs in
the development of therapy-related myeloid neoplasms.36,37

Additional driver mutant genes in myeloid neoplasm with
myelodysplasia include transcription regulation (RUNX1,
CUX1), signal transduction (NRAS, KRAS, CBL) and
cohesin complex (STAG2,RAD21). In most cases, these are
the subclonal genetic events driving disease progression.14-16

The presence of mutations in splicing factors, epigenetic
regulators, or cohesin complex also defines a core set of
mutations that is highly specific to cases of secondary
AML with an antecedent MDS phase.38 Notably, muta-
tions in the same genes are also a typical finding in the
majority of primary myelofibrosis occurrences, either in
association or not with MPN-restricted driver genes. In
this disorder, the presence of these mutated genes in-
creases the myelodysplastic features and the severity of
the disease.12

CLINICAL SIGNIFICANCE OF SOMATIC MUTATION IN
UNEXPLAINED BLOOD CYTOPENIA

Despite the potential ambiguities in the interpretation of
mutation profiles in the context of unexplained cytopenia,
recent studies explored the diagnostic value of a somatic
mutation analysis on DNA from peripheral blood cells in
patients with cytopenia, providing useful hints for their
disentangling.4,39

A recent study applying targeted sequencing of genes re-
currently mutated in myeloid malignancies on DNA from
peripheral blood cells to a prospective cohort of individuals
with unexplained cytopenia undergoing a comprehensive
diagnostic work-up showed that both the number of somatic
mutations per patient and the size of the mutant clone, as
defined by the VAF, had clinically meaningful predictive
value to recognize or rule out a diagnosis of myeloid neo-
plasm. In fact, having two or more mutations or having
a somatic mutation with VAF greater than 10% was highly
predictive of a diagnosis of myeloid neoplasm. Conversely,
the absence of mutations in the set of genes studied had
a high negative predictive value for such malignancies. In
addition, considerable differences were found between
different mutant genes. In agreement with previous biologic
and clinical observations, mutations in spliceosome genes
showed the highest predictive value. By contrast, the pre-
dictive value of isolated mutations in genes frequently
mutated in age-related clonal hematopoiesis, like TET2,
DNMT3A, and ASXL1, was low, whereas the concomitant
detection of concurrent mutations was highly predictive of
a diagnosis of myeloid neoplasm. Notably, the positive
predictive values of the number of somatic mutations were

comparable using different sets of 10 to 40 genes, whereas
the negative predictive value tended to increase with the
number of genes analyzed.4

A more recent study examined the use of mutational
analysis in the investigation of patients presenting with
a monocytosis in most cases in the context of uni- or
multilineage peripheral blood cytopenia. Somatic mutations
were detected in 79% of patients, being invariably identified
in those with a confirmed diagnosis of myeloid neoplasm
though also in 57% of patients with nondiagnostic BM
features. Objective outcome measures, including overall
survival and longitudinal blood counts, indicated that the
presence of a mutation was associated with outcome in-
distinguishable from that of patients with myeloid neoplasm
and notably worse than patients without a mutation. Fur-
thermore, the presence of a mutation was associated with
a progressive fall in hemoglobin and platelet levels and
increasingmonocyte counts compared with patients without
a mutation.40

Taken together, these findings suggest that mutation pro-
filing on peripheral blood cells may be a valuable com-
plement to the current diagnostic work-up of unexplained
cytopenia.13,41 The number of mutations identified in each
patient, the size of the mutant clone as defined by the VAF,
and mutation profiles have high predictive values for
identifying individuals with a myeloid neoplasm. Further-
more, the absence of somatic mutations has a high negative
predictive value for an underlying myeloid malignancy.
Optimization of the sequencing design to detect clinically
relevant copy number alterations by targeting single nu-
cleotide polymorphisms is likely to further improve the
sensitivity of mutation analysis, enabling simultaneous de-
tection of both gene mutations and cytogenetic abnor-
malities in a single assay.15 The implementation of
noninvasive diagnostic procedures are in turn expected to
improve compliance to diagnostic tests, in particular in the
frail population of elderly individuals, and overall the di-
agnostic accuracy of myeloid neoplasms.

ICUS, CHIP, AND CCUS: DEFINITIONS AND
CLINICAL CORRELATES

During the past decade, an alphabet soup of acronyms has
been evolving with the goal of further subdividing patients
and their hematologic conditions for clinical management in
the setting of what is known about somatic mutations. It has
been intended for clarity but has actually added layers of
complexity at the bedside for patients and clinicians alike.
These newly coined acronyms represent idiopathic cyto-
penia of undetermined significance (ICUS), clonal hema-
topoiesis of indeterminate potential (CHIP), and clonal
cytopenia of undetermined significance (CCUS; Sidebar 1).6,42

Additional acronyms used less often include IDUS
(i.e., idiopathic dysplasia of unknown significance) and

DeZern, Malcovati, and Ebert
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ARCH (i.e., age-related clonal hematopoiesis). These pre-
cursor diagnoses go beyond simple clonal hematopoiesis
but do not include frank MDS WHO criteria,43 as they lack
increased blasts, cytogenetic abnormalities, or morphologic
dysplasia in at least 10% of cell lines. It is worth noting that
all hematopoiesis is clonally derived, but diseases or clinical
problems can arise when hematopoiesis is abnormal or
marked by acquired mutations, and this is the clinical
benefit of following these precursor conditions. These newer
entities may be initially classified in a clinician’s mind in
various ways, though the nuances are a challenge to de-
scribe to patients and do still lack some precision for
therapy. For understanding, there are those conditions with
preserved blood counts (i.e., CHIP) compared with those
with irregular blood counts (i.e., ICUS and CCUS). There are
the disorders with no mutations (i.e., ICUS) and those with
somatic mutations confirmed by NGS (i.e., CHIP and
CCUS). These broader categories can be helpful for lon-
gitudinal follow-up and for relay of information to patients. In
any patient in whom one of these states has been di-
agnosed, the concern of evolution to MDS dictates that
proper monitoring should be pursued. This includes further
studies and markers such as flow cytometry, cytogenetics,
molecular, and immunohistochemical studies in order to
confirm or exclude definitively the MDS diagnosis.

ICUS

ICUS is defined as peripheral cytopenia lacking fulfillment of
the formal diagnostic criteria for MDS.44 Specifically, ICUS
characterized by persistent cytopenia in one or more cell
lineages (leukocytes, erythrocytes, or platelets) of any de-
gree (Sidebar 1). In patients with ICUS, the cytopenic state
cannot be explained by any other (hematologic or non-
hematologic) etiology.45 In the pathology literature, ICUS

has been further subdivided into ICUS-anemia, ICUS-
neutropenia, ICUS-thrombocytopenia, and ICUS-bi/pancy-
topenia,45 but these criteria are not routinely implemented in
practice, as the clinical utility or prognostic impact of this
categorization remains ambiguous.

CHIP

CHIP is a condition with no peripheral blood cytopenia but
documented presence of a somatic mutation in a leukemia-
associated driver gene at a VAF greater than or equal to 2%.6

The diagnosis of CHIP is based on (1) the presence of at
least one somatic mutation that is relevant clinically and is
otherwise found in MDS (or other myeloid neoplasms), (2)
the absence of persistent cytopenia, and (3) the exclusion of
MDS and of all other hematopoietic neoplasms (and other
diseases) as the causal underlying condition (Sidebar 1).6

CHIP does require a thorough investigation of the BM to
exclude any marrow infiltrative neoplasms. It should be
emphasized that the VAF of the detected somatic mutations
must be at least 2% to count as a CHIP-defining mutation.
In patients with CHIP, mild dysplasia—but, again, no
cytopenia—may also be detected. As soon as persistent
(≥ 4 months) cytopenia exist in the presence of confirmed
dysplasia, the diagnosis will formally meet MDS criteria.45

CCUS

CCUS is the presence of a WHO-defined cytopenia as well
as a mutation in an MDS-associated gene.4,42 In CCUS,
there is progressive risk relative to the VAF of the mutation
and number and type of mutations. This definition implies
that a number of examinations must be performed (in-
cluding a thorough BM investigation) to exclude MDS and to
diagnose CCUS. As soon as dysplastic features are present
or there is documentation of MDS-related criteria, the

SIDEBAR 1. Definitions of the Precursor States

Clonal Hematopoiesis of Indeterminate Potential (CHIP)
• Presence of at least one somatic mutation that is relevant clinically and is otherwise found in MDS (or other myeloid neoplasms)
• Absence of persistent cytopenia
• Exclusion of MDS and of all other hematopoietic neoplasms (and other diseases) as the causal underlying condition

Idiopathic Cytopenia of Undetermined Significance (ICUS)
• Relevant cytopenia in one or more lineage persistent for at least 6 months
• Not explained by any other disease
• Diagnostic criteria of myeloid neoplasm not fulfilled

Clonal Cytopenia of Undetermined Significance (CCUS)
• One or more somatic mutations otherwise found in patients with myeloid neoplasms detected in bone marrow or peripheral
blood cells with an allele burden of ≥ 2%

• Persistent cytopenia (≥ 4 months) in one or more peripheral blood cell lineages
• Diagnostic criteria of myeloid neoplasm not fulfilled
• All other causes of cytopenia and molecular aberration excluded

Abbreviation: MDS, myelodysplastic syndrome.

Clonal Hematopoiesis and NGS in ICUS, CCUS, and CHIP
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diagnosis of CCUS changes to MDS. The demarcation be-
tween CCUS andMDSmay be difficult. For example, patients
with CCUS may present with mild dysplasia (, 10%) or rare
(not MDS related) molecular or flow cytometric abnormalities.
The clinical implications of this specific delineation may ul-
timately be of little therapeutic importance, as both CCUS and
lower-risk MDS require watchful waiting in the initial phases.

Excluding or establishing a diagnosis of MDS may be
challenging in the absence of robust morphologic changes
or specific genetic abnormality. In addition, an increasing
number of patients with myeloid neoplasm are diagnosed at
an early phase of disease, without prominent dysplasia at
the BM examination. To describe patients in whom this
diagnosis is possible but not proven, the term ICUS has
been introduced.45,46 Although the rationale underlying
a provisional category of cytopenia of undetermined sig-
nificance is unquestionable, this original definition had
intrinsic limitations. In fact, although an adequate period of
observation is required, even persistent cytopenia of
shorter duration should be carefully considered if a di-
agnosis is not yet apparent. In addition, it must be ac-
knowledged that, unlike other hematologic conditions of
undetermined significance, such as monoclonal gamm-
opathy of undetermined significance or monoclonal B cell
lymphocytosis, a diagnosis of ICUS does not require the
evidence of a clonal disorder.47

Recent studies have shown that a substantial portion of
patients with cytopenia of undetermined significance carry
MDS-associated somatic mutations,42,48 and the definition
of CCUS has been proposed for describing this condition
(Sidebar 1).42,45 Two studies first reported a high prevalence
of somatic mutations in patients with ICUS, with a spectrum
of mutated genes largely, but not completely, overlapping
with that observed in MDS.42,48 In a study involving 369
patients with ICUS, one or more somatic mutations were
identified in 62% of patients with only rare dysplastic
morphology and in 20% of patients with no evidence of
dysplasia. Patients with cytopenia of undetermined signif-
icance had a lower mean number of mutations per patient
than those withMDS and were less likely to have two or more
somatic mutations or to harbor mutations of SF3B1 and
other splicing factors.42

More recently, in a prospective study involving 154 in-
dividuals with ICUS, 36% of patients carried one or more
mutations. Patients with CCUS had a probability of de-
veloping a myeloid neoplasm that was 14 times higher than
that of patients with no evidence of clonal disease. In-
dividuals with CCUS tended to be older than those with
unmutated ICUS, with a skewed male-to-female ratio, and
had lower hemoglobin levels. Furthermore, patients with
selected mutation patterns proven highly specific for
a myeloid neoplasm with myelodysplasia, including

spliceosome gene mutations or co-mutated patterns in-
volving epigenetic regulators, had survival and risk of dis-
ease progression comparable to those with myeloid
neoplasm. This observation supports the notion that a
fraction of these clonal cytopenias may represent an early
manifestation of a myeloid neoplasm rather than a pre-
malignant condition and that selected mutation signatures
might provide presumptive evidence of bona fide myeloid
neoplasm even in the absence of diagnostic morphologic
findings, as acknowledged by the WHO classification for
selected cytogenetic abnormalities.4

Clonal Hematopoiesis in Acquired BM Failure Syndromes

Targeted deep sequencing studies showed that approxi-
mately one-third of patients with acquired aplastic anemia,
a BM failure resulting from immune-mediated or toxic
destruction of hematopoietic cells, have mutations in
genes commonly affected in myeloid neoplasms without
having any morphologic evidence of malignancy.17,49 The
prevalence of the mutations increases with age, and the
most frequently mutated genes of DNMT3A, ASXL1, BCOR
and BCORL1, and RUNX1, along with PIGA, drive par-
oxysmal nocturnal hemoglobinuria clones. However,
a considerable diversity was observed in mutation fre-
quencies compared with myeloid neoplasms; mutations in
PIGA and BCOR/BCORL1 were more common in aplastic
anemia. In addition, mutations in aplastic anemia showed
significantly lower VAFs—on average, less than 10%.
Notably, although the size of DNMT3A- or ASXL1-mutated
clones tend to increase over time, that of BCOR/BCORL1-
or PIGA-mutated clones are more likely to decrease or
remain stable. Furthermore, mutations in PIGA and BCOR/
BCORL1 correlate better response to immunosuppressive
therapy and favorable survival, whereas other gene mu-
tations, including DNMT3A and ASXL1, are associated
with worse survival and increased risk of progression to
MDS or AML.17 These specific mutation patterns and
clonal dynamics strongly support the concept of selection
of restricted cell clones under the pressure of an abnormal BM
environment.50,51

POTENTIAL IMPLICATIONS OF DIAGNOSIS OF THE
PRECURSOR STATES

ICUS, CHIP, and CCUS are all currently considered pre-
malignant conditions that can progress to MDS, AML, or
other hematologic malignancies. The main implication for
making these diagnoses is that the monitoring and clinical
follow-up will change so that malignancy, if it occurs, will be
diagnosed efficiently in a patient. Caution is required
though, as progression to malignancy is not a foregone
conclusion and each precursor state does not carry the
same level of risk.42

The clinical course of ICUS is variable and unpredictable. In
a subset of patients, progression to MDS or AML is observed

DeZern, Malcovati, and Ebert
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after a variable time period.47 In some patients with ICUS,
a smaller clone carrying typical chromosome abnormalities
(otherwise found in MDS or AML) is initially detected by
a modality such as fluoresence in situ hybridization.52 These
patients who have ICUS may have a higher risk of trans-
formation into an overt MDS or another BM neoplasm
compared with patients who have ICUS with any detectable
clone that is smaller in size. As soon as the size of the
fluoresence in situ hybridization–positive clone increases or
one or more MDS-associated somatic aberrations (muta-
tions) are detected in a patient with ICUS, the diagnosis
changes to CCUS, provided that diagnostic criteria for the
diagnosis MDS are not met. Therefore, it is important to
repeat cytogenetic and molecular studies during follow-up
in patients with ICUS, idiopathic dysplasia of unkonwn
significance, and CCUS, especially when signs of disease
manifestation are found. In addition, it is equally important
to perform these studies in patients with overt low-risk MDS,
as the prognosis may be affected.53

Patients with CCUS have the highest rates of progression to
MDS of the precursor states, especially if they have mu-
tations such as aU2AF1, ZRSR2, SRSF2, JAK2, or RUNX1.4

This risk may be as high as 80%–90% at 5 years with some
of these mutations or in the presence of multiple (greater
than two) mutations. The risk of progression to MDS is
currently thought to be lower (50% at 5 years) in the
presence of single mutations of TET2, DNMT3A, or ASXL1.4

Risk of Hematologic Malignancy

CHIP diagnoses have recently had two unique implications
for patients (Fig. 1). Toward our oncology thoughts, the
concept of CHIP is in keeping with the multiple hit theory in
cancer evolution.54 However, individuals with CHIP gen-
erally have a single somatic mutation and do not, by defi-
nition, have an overt malignancy. The mutations found in
CHIP are commonly mutated in myeloid malignancies, in-
cluding AML,MDS, andMPN as well as some lymphomas.55

Transformation to malignancy, in most cases, requires the

FIGURE 1. Clinical Consequences of
CHIP

Individuals with CHIP have an ap-
proximately 10-fold increased risk of
developing a hematologic malignancy,
with a cumulative risk of transformation
to malignancy of approximately 0.5%
to 1% per year. CHIP is also associated
with increased of myocardial infarction,
playing a direct functional role in the
pathogenesis of atherosclerosis. Fi-
nally, individuals with CHIP who are
treated for solid tumors have an ele-
vated risk of therapy-related myeloid
neoplasms and increased overall
mortality.
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sequential acquisition of multiple mutations. Individuals
with CHIP have an approximately 10-fold increased risk of
developing a hematologic malignancy, with the risk in-
creasing with the size of the clone (Fig. 2).5,7 Overall, the risk
of transformation to malignancy is approximately 0.5% to
1% per year, roughly the same as the risk of transformation
of monoclonal gammopathy of undetermined significance
to multiple myeloma.

Risk of transformation to AML has been evaluated specif-
ically in large prospective cohort studies. Specific features
predicted a three- to five-fold increased risk of developing
AML. In particular, mutations in TP53 and genes encoding
splicing factors were associated with an elevated risk of
developing leukemia.56,57

Therapy-related myeloid neoplasms represent a unique
clinical scenario in which chemotherapy or radiation may
select for a mutant hematopoietic stem cell clone, in-
creasing the risk that this clone will acquire additional
mutations and progress to malignancy.33,58 In particular,
mutations in TP53 and PPM1D gain a selective advantage
in response to radiation or chemotherapy.23,33,36,37,59 In-
dividuals with CHIP who are treated for solid tumors have an
elevated risk of t-MNs and increased overall mortality.34,35,59

Nonmalignant Consequences of CHIP

CHIP is associated with increased overall mortality.5,7 The
increased risk of hematologic malignancies does not explain
this mortality risk, as blood cancers are relatively rare. In
human genetic studies, CHIP was surprisingly associated
with myocardial infarction, with a hazard ratio greater than
many of the established risk factors for cardiovascular

disease, such as blood pressure, cholesterol levels, and
smoking.7 Validation studies have confirmed this associa-
tion, with CHIP approximately doubling the risk of myo-
cardial infarction.60 Consistent with this finding, patients
with MDS have an elevated risk of cardiovascular mortality.61

In addition, patients with heart failure and CHIP have
a particularly poor prognosis.62

Atherosclerosis is mediated to a large extent by blood cells,
including monocytes, macrophages, and neutrophils. Two
groups demonstrated functionally that TET2 inactivation in
murine blood cells, following BM transplantation, is suffi-
cient to accelerate atherosclerosis in low density lipoprotein
receptor–knockout mice.60,63 In addition, JAK2 mutations
can enhance atherosclerosis in a murine model.64 These
studies indicate that the CHIP plays a direct functional role
in the pathogenesis of atherosclerosis.

MPNs driven by JAK2 mutations are associated with
a striking risk of venous thrombosis. JAK2 mutations are
associated with an increased propensity of neutrophils to
undergo NETosis. Individuals with JAK2-mutant CHIP, who
do not have MPNs, have an approximately 12-fold in-
creased risk of thrombosis.65 JAK2-mutant CHIP is asso-
ciated both with venous thrombosis and myocardial
infarction.60,65

TET2 mutations are associated with the elaboration of in-
flammatory cytokines from macrophages.60,63,66,67 Similarly,
DNMT3A mutations have been linked to aberrant expres-
sion of a number of inflammatory cytokines.68 Altered in-
flammatory response in the blood cells of patients with CHIP
has the potential to influence a wide range of human

FIGURE 2. Models for the Expan-
sion of Hematopoietic Clones and
the Progression Into a Hematologic
Cancer

(A) Expansion of a hematopoietic
stem cell into a clonal population
under the influence of a driver so-
matic mutation conferring a growth
advantage, and progression into
a myeloid neoplasm through the
acquisition of subsequent subclonal
driver mutations. (B) Selection of
a hematopoietic stem cell carrying
a somatic mutation under the
pressure of hematopoietic environ-
ment. The mutated clone is more fit
to survive in an abnormal micro-
environment than in normal stem
cells and may expand sustaining
a clonal hematopoiesis and even-
tually progress through the acqui-
sition of subsequent subclonal
driver mutations.
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pathology, particularly in diseases of aging that are linked to
inflammation.

IMPACT ON CLINICAL PRACTICE

Clinicians value the ability to put symptoms or diseases (and
the patients in whom these affect) into categories to aid in
clinical care. The aforementioned acronyms aid this goal
and have the added utility of predicting with greater ac-
curacy patients who will develop MDS (Fig. 3).4 Additionally,
these entities in many ways justify the use of NGS. This
molecular genetic testing helps confirm a clonal disorder in
a patient with unexplained cytopenia. Furthermore, a neg-
ative test result can also influence diagnostic asses-
smentbecause of the high negative predictive value of
a normal result for a disorder like MDS.41 In some of these
patients, overt MDS may be diagnosed in the follow-up. The
relative frequencies of mutations in these entities are de-
lineated in an ongoing fashion in the literature,5,7,69 and the
acronyms likely are in a bit of evolution as well.

In clinical practice, use of molecular genetic testing is
complicated at the individual patient level, even more so
when the acronyms are applied to form categories and
standards for follow-up.41,70 During the past few years, the
emerging concept of pre-MDS conditions has received at-
tention and acceptance from the medical community, be-
cause the clinical implications of such conditions are
solidifying. Overall, the recommendation is to follow pre-MDS

conditions in the same way as low-risk MDS, but a few
questions remain. For example,must a pre-MDS condition be
factored into decisions if a patient with CHIP requires che-
motherapy for another malignancy? Care should be taken to
avoid prescription ofmedications that could predispose to the
acquisition of additional somatic mutations that could es-
calate evolution to AML. Additionally, given the cardiovas-
cular associations, proactive management of lipids, smoking
cessation, diabetes, and other comorbid illnesses is also
prudent, but we must learn whethersuch attention will alter
the rates of atherosclerotic events.

CONCLUSIONS

We are increasingly fortunate in medicine to have evolving
techniques that add precision to diagnoses and better refine
prognoses and clinical care. As delineated in this article, the
utility of somatic mutational analysis in patients with cyto-
penia has been demonstrated. Some of these mutational
states confer a high likelihood of disease progression and
may allow a provisional diagnosis of a precursor state to
MDS, even if morphologic dysplasia and other diagnostic
criteria are absent. There remain unanswered questions
about the implications of the precursor states, and clinicians
may vary in their comfort with interpreting NGS results to
diagnose these states in patients. Additional studies will be
forthcoming to better refine these entities.

FIGURE 3. Correlations Between
Genotype and Clinical Phenotype in
Clonal Precursors States

CHIP is characterized by the ab-
sence of persistent cytopenia;
however, a passenger CHIPmay be
incidentally detected in a nonclonal
cytopenia of other origin. Con-
versely, CCUS is typically charac-
terized by a persistent cytopenia in
one or more peripheral blood cell
lineages without evidence of dys-
plasia or associated with very mild
dysplasia. Thorough investigations,
including bone marrow examina-
tions, are required to exclude a di-
agnosis of MDS or other myeloid
neoplasm.
Abbreviations: CCUS, clonal cyto-
penia of undetermined signifi-
cance; CHIP, clonal hematopoiesis
of indeterminate potential; MDS,
myelodysplastic syndrome; WHO,
World Health Organization.
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