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Abstract

In the multi-hit model of carcinogenesis, a precancerous state often precedes overt malignancy.
Identification of these states has been of great interest as they allow for early identification of
at-risk individuals before the appearance of a future cancer. One such condition has recently been
described for blood cancers: Clonal Hematopoiesis of Indeterminate Potential (CHIP). Recent
research advances have elucidated the risk of progression of CHIP to myeloid malignancies, its
potential as a precursor for non-myeloid blood cancers, and its association with non-hematological
cancers. Understanding the evolution of CHIP to hematological malignancy may help identify
CHIP carriers at high risk of transformation and lead to the development of targeted therapies that
can be deployed preemptively.

Introduction

Hematopoietic stem cells (HSCs) reside at the apex of a constantly active hematopoietic
system. To fill this role, these cells are uniquely capable of either self-renewal or initiating

a clonal lineage of progenitors capable of producing about one trillion blood cells daily

[1]. Inherent to the regular cellular divisions HSCs undergo are endogenous stressors such
as reactive oxygen species or stochastic DNA replication errors that result in somatic
mutations [2]. Additionally, as these tissues age certain somatic mutation classes increase

in frequency due to spontaneous deamination of 5-methylcytosine to thymine and incorrect
nonhomologous end joining of DNA double-strand breaks [2,3]. Thus, with about 200,000
HSCs each acquiring about one exonic mutation per decade via these various processes, 1.4
million protein-coding mutations will be distributed across one’s HSC pool by the age of 70
[4°,5]. Importantly, as the top of the hematopoietic hierarchy, any mutations in the founding
HSC will propagate to its clonal descendants. While many of these mutations will be neutral
passenger mutations, just a single driver mutation that confers a fitness advantage may be
sufficient to promote clonal expansion of the mutated HSC’s progeny. This condition may
be referred to as clonal hematopoiesis (CH). Whether these mutations might be precursors to
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frank malignancy was unknown until recently. Here, we will review recent advances in our
understanding of CH and its association to malignancy.

CHIP and Myeloid Cancers

Over the last decade, the advent of accessible next-generation sequencing technologies has
enabled the identification of recurrent drivers of hematological cancers [6-8]. In 2014,

three groups examined whole exome sequencing (WES) data from peripheral blood DNA in
~30,000 people unselected for hematological phenotypes. Remarkably, they found a cancer-
associated mutation in more than 10% of those age 70 or older [9-11], most frequently
loss-of-function mutations in genes DNMT3A and TETZ, which are also commonly mutated
in acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS). The prevalence
of CH, therefore, greatly exceeds the prevalence of frank hematological cancers (Figure
1A-B). The presence of these mutations was associated with a 10-fold increased relative risk
of hematological cancers, while the absolute risk of progression to overt malignancy was
0.5-1% per year. These studies complemented earlier work on patients with AML who were
found to frequently have HSCs with mutations in DNMT3A or TETZ2at remission [12,13].
The functional consequences of these and other common mutations in AML and MDS have
been extensively reviewed elsewhere [14-16]. In order to distinguish the presence of CH
due to a cancer driver mutation in the absence of a malignancy from frank malignancy
(which is also considered a clonal hematopoietic state), the term clonal hematopoiesis of
indeterminate potential (CHIP) was coined [17]. Variant allele fraction (VAF), which is a
measure of the clone size, of at least 2% was proposed for the definition of CHIP. A cutoff
was a practical necessity because, if sequenced deeply enough, we anticipated that nearly
everyone would harbor a very small CH clone, a hypothesis that has subsequently been
validated [18]. If these very small clones are ubiquitous, then comparisons of outcomes
between carriers and non-carriers of CH lack meaning or utility. A VAF of 2% was chosen
based on the fact that the studies prior to 2015 had not examined the consequences of
harboring clones smaller than this size. However, the exact cutoff for this practical definition
of CHIP may be modified as new data emerges. In several recent studies, larger clones

have been associated with an increased risk of pathological consequences such as cancer
and cardiovascular disease, but very small clones appear to not be associated with such risk
[9,19,20*,21*,22]. Further investigation will be required to determine if there is a clinically
significant threshold for risk of transformation, which may differ by driver gene.

These initial studies were powered to be able to show that CHIP as a whole was associated
with cancer risk, but did not have enough people who developed hematological cancers to
determine risk at the level of the individual driver mutations. More recently, studies have
examined the risk of progression of CH (including CHIP with VAF > 2% as well as clones
below this size, which would not be considered CH) to acute myeloid leukemia (AML)

in case-control studies within large cohorts of individuals with peripheral blood samples
collected before the onset of disease [20*,21°*]. According to these studies, CH mutations
can be found in approximately three-quarters of the AML patients before diagnosis and are
presumed to be founder mutations for the subsequent cancer [20°°]. These studies also found
factors that were predictive of AML development. One such factor was VAF, which was also
found to be associated with malignancy development in a prior study [19]. CHIP carriers
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who went on to develop AML had not only larger clones, but also a different mutational
profile compared to CHIP carriers who never developed AML. CHIP carriers who did not
develop AML tended to harbor mutations such as 7E72and DNMT3A, while those who
progressed to AML had a bigger representation of mutations such as 7P53, spliceosome
mutations (SF3B1, SRSFZ2, U2AFI), and in one study /DHI1//DHZ2 mutations (Figure 2)
[20%*,21°*]. However, there was no difference in clonal expansion rates between pre-AML
and non-leukemic CHIP carriers [21**]. Not all AMLs have a demonstrable antecedent
CHIP phase, especially those which occur in younger populations where CHIP is less
frequent. It has been observed that approximately 75% of younger patients have cytogenetic
rearrangements or other chromosomal structural changes that could act as drivers of the
disease [7,23,24]. In contrast, nearly 50% of adult AML patients, mostly comprised of
elderly individuals, do not have any abnormal karyotype status and only harbor point
mutations that commonly occur in AML [23,24]. This suggests that CHIP may become

a more important factor in the development of AML relative to cytogenetic rearrangements
as individuals age.

So far, there have been limited studies on the transformation of CHIP to MDS. However,
many of the most commonly mutated genes seen in CHIP are also commonly mutated

in MDS [8], therefore, it is expected that CHIP is also a pre-malignant state for MDS.
Idiopathic cytopenia of undetermined significance (ICUS) is defined by the presence of
unexplained cytopenias in patients that do not meet criteria for myeloid neoplasms such as
MDS and AML. Approximately 35% of individuals diagnosed with ICUS [25,26] have
detectable CHIP mutations, which is referred to as clonal cytopenia of undetermined
significance (CCUS). This frequency is substantially higher than in populations without
known cytopenias, suggesting that in some cases the clones may be causally responsible for
low blood counts. Indeed, one study found that some individuals with CCUS have similar
outcomes as those with low risk MDS [27]. Certain features were more predictive of MDS
development in these patients, for example, VAF = 10% or harboring 2 or more mutations.
The presence of SF3B1, SRSF2, U2AF1, JAKZ, and RUNX1 mutations alone had high
positive predictive value for the risk of transforming to myeloid neoplasms, but the presence
of TET2, DNMT3A or ASXL1 mutations were only strongly predictive in the presence of

a co-mutation with another gene, which suggests synergy between certain genes to drive
malignant transformation [27]. In sum, these studies suggest that mutational patterns may be
more indicative of outcome in patients with CCUS than morphological criteria.

The myeloproliferative neoplasms (MPNSs), polycythemia vera and essential
thrombocythemia, are largely driven by mutations that lead to JAK/STAT pathway activation
[28]. The most commonly mutated gene in MPNs is JAKZ, which is also one of the most
commonly mutated genes in CHIP. Based on mouse models of the JAK2V617 F mutation
and the lack of other driver mutations in many patients with MPN, it has been presumed
that the mutation is sufficient for development of an MPN phenotype in humans [29-31].
However, the prevalence of large JAK2 mutant clones in unselected populations of middle-
aged individuals is approximately 1 in 1000 [32°], which is much higher than the prevalence
of MPNs. The factors which influence the progression of MPN from JAKZ mutated CHIP
remain unknown.
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CHIP and Other Blood Cancers

In addition to predisposing carriers to myeloid malignancies, CHIP mutations have been
associated with some lymphomas.

Several studies have demonstrated a strong association between certain CHIP mutations and
T-cell lymphomas, particularly angioimmunoblastic T cell lymphoma (AITL), peripheral T
cell lymphoma not otherwise specified (PCTL-NOS), and adult T cell leukemia/lymphoma
(ATLL). TETZ2mutations have been found in 33-100% of AITL cases, 20%-60% of
PTCL-NOS cases, and 8-14% of ATLL cases [33-38]. DNMT3A mutations have also been
identified in 23-33% of AITL cases, 12%—-28% of PTCL-NOS cases, and 2% of ATLL
cases [34,37,39]. In addition to being a frequent finding in T-cell lymphomas, there is also
evidence of a CHIP state preceding the development of these cancers. In one study, a patient
with AITL was shown to have had a founding heterozygous 7E£72mutation present in

all bone marrow cells [34]. This mutation was followed by two different 7£72 mutations

in two smaller subclones leading to biallelic inactivation of 7E72in the majority of the
hematopoietic cells. This was subsequently followed by an ASXL 1 mutation, and a RHOA
mutation which led to the development of AITL [39,40]. Another study performed DNA
sequencing of in vitro derived CD34+ single cell colonies to demonstrate that CHIP status
predated transformation to T-cell lymphoma. One patient acquired a 7£72mutation in a
bone marrow HSC clone, which was followed by several additional mutations that were
ultimately only found in the tumor population [33]. Similar to the previous case study,
acquisition of a CHIP mutation in the bone marrow predated and possibly predisposed
carriers to a subsequent peripheral T-cell lymphoma carrying the original CHIP mutation.

Amongst B-cell lymphomas, 7£72 mutations have been reported in 5% of mantle cell
lymphoma and 0-12% of diffuse large B-cell lymphoma (DLBCL) cases [33,41-43].
Furthermore, a mouse model demonstrated that the loss of 7et2 predisposes to malignant
transformation of germinal center B-cells into DLBCL, which was accompanied by
widespread alteration of methylation at enhancer elements [40]. Thus, CHIP may also be
a precursor state for B-cell malignancies with TET72 mutations.

CHIP in solid tumors

Multiple studies have shown that CHIP mutations are more common in patients with
lymphoid cancers and solid cancers compared to the general population [44-46]. This seems
to be driven by selection for specific mutations, likely due to the iatrogenic pressures seen in
the cancer setting. In patients with B-cell lymphoma, there was an increased prevalence of
DNA damage response (DDR) mutations, primarily PPM1Dand T7P53, compared to cancer-
free CHIP carriers, likely due to selection from therapy-related genotoxic stress. These
DDR mutations were strongly associated with poorer late overall survival, inferior event-free
survival, and significantly increased incidence of therapy-related myeloid neoplasms (tMN)
following autologous stem-cell transplantation (ASCT) for lymphoma[47-49]. Common
CHIP mutations, such as DNMT3A, TETZ, and ASXL1, did not associate with survival
outcomes of patients following chemotherapy and ASCT compared to non-CHIP carriers in
one study [47], while they did in another [48].
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CHIP may also be of concern for patients receiving treatments for non-hematological
cancers, as the presence of CHIP was associated with increased risk for developing tMN

in solid tumor patients [50°]. In this study, prospective analysis demonstrated that mutations
seen in the pre-malignant CHIP phase formed the dominant clone in the tMN [50°*]. While
previous work had shown that mutations in 7P53and PPM1D were strongly associated

with prior cancer therapy, more recent studies have shown that prior radiation therapy and
chemotherapy with platinum and topoisomerase 1l inhibitors place patients at particularly
high risk for these mutations [44,50"].

Similar to what has been seen in the healthy population, the presence of CHIP is associated
with increased mortality rate in patients with solid cancers. The excess mortality seen

in these patients is most often due to relapse of their initial neoplasm rather than to
development of tMN derived from the mutated hematopoietic clone [50°°]. It is uncertain
why this is the case, but it is plausible that this may be a causal association. It has

been reported that loss of 7et2 switches tumor-associated macrophages (TAMS) into a
proinflammatory, M1-like phenotype from an immunosuppressive, M2-like phenotype in a
mouse model of melanoma [51]. The pro-inflammatory cytokine interleukin-1 beta (IL-1B)
has been shown to be upregulated in murine macrophages and the plasma of humans

who have TETZmutations [19,32°,52]. In humans, treatment with an antibody against
IL-1B reduced the number of lung cancers that developed in an exploratory analysis of

the CANTOS trial [53]. Thus, one hypothesis for adverse outcomes in cancer patients with
CHIP is a pro-tumorigenic, inflammatory microenvironment due to infiltration by mutated
immune cells. Indeed, it has been observed that patients with breast cancer have leukocytes
within the tumor microenvironment that harbor CHIP-associated mutations [54].

Recently, cell-free DNA (cfDNA) analysis has been used for the early detection of solid
cancers. Perhaps unsurprisingly, many variants found in cfDNA were shown to be from CH,
and this was especially problematic for JAKZand 7P53 mutations [55]. A subsequent study
using high-depth sequencing of cfDNA and matched blood cell DNA determined that the
majority of mutations that were detected in cfDNA were canonical CH mutations, which led
the authors to conclude that matched white blood cell samples can help to filter mutations
that may be due to CH [56]. Thus, while early detection of solid tumors using cfDNA
remains promising, its utility may be limited by confounding due to CH.

Clonal expansions of hematopoietic cells are very common in aging humans. While CHIP is
clearly causally linked to subsequent hematologic cancers, it is currently not recommended
to screen for these mutations in the general population. This is primarily due to 1) imprecise
ability to predict the likelihood of progression to malignancy and 2) lack of low-risk
therapeutic options in those at risk for transformation. For the former, we foresee the
development of novel biomarkers, which, when combined with known parameters such

as mutated driver gene(s), VAF, and clinical parameters, may offer more precise risk
stratification. For the latter, a greater mechanistic understanding of the causes of clonal
expansion of the size of the clone is necessary to rationally design therapeutic interventions
that prevent progression to frank malignancy. Despite the lack of actionability at the present

Curr Opin Genet Dev. Author manuscript; available in PMC 2021 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mitchell et al.

Page 6

moment, clonal hematopoiesis is an exemplar of a pre-malignancy that will continue to yield
important insights into cancer biology.
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Figure 1. Agingincreasesrisk for clonal hematopoiesis and hematological malignancies.
A) Representation of CH driver mutations as a function of aging. After clonal

expansion, CH clones may acquire additional secondary mutations that induce malignant
transformation. B) Prevalence of CHIP and AML as a function of age. Data for the
prevalence of CHIP were adopted from studies found in Jaiswal et al. 2014 [9]. Prevalence
of AML among patients in the US were reported using Surveillance Research Program,
National Cancer Institute SEER*Explorer (seer.cancer.gov/explorer) for AML patients
diagnosed between 2013-2017 [57].
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Figure 2. Risk factorsfor progression of CHIP to malignancies.
CHIP is derived from clonal hematopoiesis (CH) once clonal mutated cells carry a VAF of at

least 2% and harbor at least one mutation commonly found in hematological malignancies.
CHIP may progress to clonal cytopenia, MDS, or AML in some people. Several features
distinguish non-malignant carriers of CHIP from those at high-risk of transformation. Those
who progress to MDS or AML are more likely to have larger VAFs in comparison to
control groups. Patients who go on to develop malignancy also typically harbor a different
mutational profile and carry multiple driver mutations in comparison to those who are

non-malignant carriers.
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