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ARTICLE INFO ABSTRACT

Keywords: Acute Myeloid Leukemia, the most common form of acute leukemia in adults, is an aggressive
Clonal hematopoiesis hematopoietic stem cell malignancy that is associated with significant morbidity and mortality.
CHIP Though AML generally presents de novo, risk factors include exposure to chemotherapy and/or
ARCH

radiation, as well as both familial and acquired bone marrow failure syndromes. Clonal
Hematopoiesis (CH) refers to an expansion of blood or marrow cells resulting from somatic
mutations in leukemia-associated genes detected in individuals without cytopenias or hemato-
logical malignancies. While CH is considered part of normal ageing, CH is also significantly
associated with cardiovascular disease, solid tumors, and hematological malignancies. In this
review, we will discuss evidence linking CH with the development of AML, as well as describe
challenges in and strategies for monitoring patients with high risk CH mutations.

Myelodysplastic syndrome
Acute myeloid leukemia

Introduction

Acute Myeloid Leukemia is the most common acute leukemia in adults with a median age at diagnosis of 66 years according to the
SEER database [1]. In the United States, the age-adjusted incidence of AML in 2007-2011 was 13.0 per 100,000 persons per year with
a mortality of 7.1 per 100,000 persons per year [1]. For older patients, long-term outcomes are dismal, with cure rates of less than
10% and median survival of less than a year [2,3]. The pathogenesis of AML is characterized by serial acquisition of somatic
mutations, but how and when these events occur is unknown. Several large-scale sequencing studies have shown that acquired
mutations in leukemia-associated genes, are common in older people and associated with an increased risk of hematological ma-
lignancies [4-6]. Clonal Hematopoiesis (CH) refers to an expansion of blood or marrow cells resulting from somatic mutations in
leukemia-associated genes detected in individuals without cytopenias or hematological malignancies [7]. CH is believed to occur as a
result of age-related hematopoietic stem cell attrition, combined with acquired clonal populations of cells with enhanced fitness and
survival [8]. With novel deep-sequencing technologies, CH mutations have found to be nearly ubiquitous in older patients [9]. Thus,
clearly, the frequency of detectable mutations is much higher than the rate of hematological malignancies in the general population.
Identification of cell-intrinsic and extrinsic factors related to the malignant evolution of CH is an area of intensive research and will
hopefully lead to strategies for early detection, monitoring, and, eventually, disease interception.

CH and AML risk in normal populations

The association between CH and the development of AML was established by two seminal studies that compared peripheral blood
samples from healthy individuals banked several years before the diagnosis of AML to matched controls who never developed AML
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[10,11](Table 1). Desai et al. evaluated 212 AML cases and 212 matched controls and found an association between CH mutations
with variant allele frequency (VAF) > 1% and increased odds of AML (OR 4.86, 95% C.I. 3.07-7.77) [10]. Abelson et al. (n = 95
AML cases and 414 controls) showed an increased risk of developing AML in individuals with CH mutations with a cut off over 0.5%
VAF [11]. In yet another study by Young et al., of 35 AML patients and matched controls, the odds of developing AML were increased
using a VAF cutoff of =1% (OR: 5.4, 95% CI: 1.8-16.6; p = 0.003) [12]. These three studies lowered the cutoff of detection of CH
below the 2% VAF that had been previously utilized for defining Clonal Hematopoiesis of Indeterminate Potential (CHIP) [7] and
found a positive association at the lower cutoff values.

The Desai and Abelson studies reached similar conclusions. Utilizing targeted deep sequencing, both studies found CH in ap-
proximately 70% of patients who eventually developed AML, versus approximately 30% in controls, with an average latency of 8.9
years and 6.8 years, respectively, for the two studies [10,11]. The most common mutations detected in patients who eventually
developed AML included DNMT3A, TET2, spliceosome mutations, TP53, IDHI1, IDH2, and JAK2. While other studies of CH have
shown that these mutations can be readily identified in healthy older patients using deep sequencing [9], an increased risk of AML
has been shown only with VAF > 0.5-1%. Even using this cutoff in the high risk genes, individuals who harbor these mutations may
not develop AML. Thus, increased understanding of the specific mutation pattern, clonal complexity, and behavior of AML-predis-
posing clones is required.

Clonal complexity in CH mutations increase risk of AML

Clonal complexity, defined as the presence of more one CH mutation, is a strong predictor of increased risk of AML, with AML risk
increasing proportionately with clonal complexity. In the study by Desai et al., 46.8% of cases with AML had multiple CH mutations a
median of 8.9 years before diagnosis of AML, while only 5.5% of controls had a co-mutation [10]. In both the Desai and Abelson
studies, the number of mutations per individual increased with age [10,11]. Of note, the presence of more than 4 mutations at
baseline was only found in individuals who eventually developed AML [10]. The presence of co-mutation in DNMT3A and spli-
ceosome genes was also associated with an increased odds of developing AML within 5 years (OR 14.8, 95% C.I. 1.63-136, p = 0.01)
[10]. It remains unknown whether multiple mutations arise from different clones, or from serial acquisition of new mutations in a
single clone. It is possible that the risk of AML may be different based on the origin of these mutations. Future studies using single cell
sequencing may prove helpful in answering this question.

The risk of AML is mutation-specific

DNMT3A (DNA methyltransferase 3 alpha) and TET2 (Ten-Eleven Translocation-2) are the most prevalent mutations in individuals
with CH accounting for 45-55% and 10-30% of all CH mutations respectively [13,14] and obviously the most common mutations in
individuals who eventually develop AML. DNMT3A and TET2 are important genes involved in regulation of DNA methylation and are
recurrently found mutated in 23-25% and 8-10% respectively of patients with AML [15,16]. Although the presence of DNMT3A and
TET2 CH mutations is associated with an increased risk of AML (Desai et al. DNMT3A: OR 2.6, TET2: OR 5.79, p < 0.001) [10], the
vast majority of individuals with CH mutations in DNMT3A and TET2 will never develop AML. Therefore, it is essential to identify
distinguishing features between individuals with DNMT3A and TET2 who will and will not eventually progress to AML. The presence
of DNMT3A and TET2 mutations with high allele frequencies (> 10% VAF) is associated with a higher risk of AML, as is clonal
complexity (presence of a co mutation in a different gene). In the study by Desai et al., the presence of more than one variants in the
DNMT3A and TET2 genes was also more commonly present in individuals who eventually developed AML while the control po-
pulation mostly had single variant mutations in DNMT3A or TET2 (DNMT3A 2 + vs. 1 variants OR 12.6 vs. 2.1, TET2 2 + vs. 1
variants OR 69.3 vs. 3.29) [10]. Interestingly, while DNMT3A R882 mutations are the most common subtype of DNMT3A mutations
(65%) in AML [16], their prevalence is lower in CH comprising of 18% of all DNMT3A variants [10,12]. While Desai et al. and
Abelson et al. did not find a difference in the risk of AML by DNMT3A subtype [10,11], Young et al. demonstrated a 14-fold increase
in risk of AML with DNMT3A R882 H/C mutations (OR 14, 95% C.I. 1.7-113.8, p = 0.01) [12].

IDH1/2 (isocitrate dehydrogenase 1/2) mutations have been associated with significant risk of AML progression in population
studies [10,11]and generally mutated in 15-20% of newly diagnosed AML [15,16]. In Desai et al. and Young et al., all individuals
with IDH1/2 mutations at the time of baseline sampling ultimately progressed to AML [10,12]. The IDH mutations seen in these
studies were in the known pathogenic hotspot regions that are frequently seen in AML. Importantly, IDH mutations are associated
with a long latency of up to 20 years prior to the development of AML, although rising VAF was associated with faster time to overt
disease [10]. In Abelson et al., although IDH1/2 mutations were associated with an increased risk of AML, 20% of individuals with an
IDH2 mutation did not develop AML during the study follow-up period [11]. It is possible that these individuals continue to be at risk
for AML development. Unlike with DNMT3A and TET2, the risk of AML with IDH1/2 CH mutations was independent of clone size
(VAF) [10].

TP53 (tumor protein p53) mutations comprise another CH mutation subgroup with a high risk for developing AML. TP53 mutations
comprise 4% of CH mutations in the population [14]and have been reported to be present in 7% of newly diagnosed AML [15,16]and
23% of therapy related AML [17-21]. In Desai et al., TP53 CH mutations were present only in pre-AML cases, not in controls (OR
47.2, p < 0.001) [10]. Abelson et al., also reported an increased risk of AML (HR 12 per 5% increase in clone size, 95% C.I.
5.0-50.0), but TP53 mutations were also identified in controls who did not develop AML [11]. While TP53 mutations are known to
occur in patients with therapy-related myeloid neoplasms and evidence points toward clonal selection post chemotherapy [22,23],
the TP53 mutations detected in the Desai et al. study were reported in patients who did not have a history of cancer or chemotherapy
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exposure [10]. The behavior of clones arising competitively at clinically significant VAFs (> 1%) in the presence of exposure-naive
hematopoietic stem cells may be different with respect to risk of AML compared to expansion of clones post-chemotherapy. The high
risk of AML with TP53 was seen regardless of low (< 10%) versus high (=10%) VAF or the specific location of the TP53 mutation.
TP53 mutations were also associated with increased odds of developing AML within 5 years (OR 5.24, 95% C.I. 1.9-14.49, p = 0.001)
[10].

Spliceosome mutations: SRSF2 (serine and arginine rich splicing factor 2), U2AF1 (U2 small nuclear RNA auxiliary factor 1),
SF3B1(splicing factor 3b subunit 1), ZRSR2 (zinc finger CCCH-type, RNA binding motif and serine/arginine rich 2) comprise 5% of CH
mutations [14]but are very common in MDS (50%) and AML (denovo AML: 10%, secondary AML 10-55%) [24]. The presence of
spliceosome mutations was associated with increased odds of developing AML (OR 7.43, 95% C.I. 1.71-32.22, p = 0.002) [10]. When
assessed individually, U2AF1 seems to be associated with a higher risk of AML compared to other spliceosome mutations [11]. As
with mutations in IDH and TP53, the risk of AML with spliceosome mutations was independent of clone size [10,11]. Though SRSF2
and IDH2 mutations are frequently co-mutated [10], spliceosome mutations retained an independently increased risk of AML, even
with adjustment for concomitant IDH co-mutations.

JAK2-V617F (Janus Associated kinase 2) mutations are commonly present in myeloproliferative disorders (MPD) [25]and have
been associated with increased risk of thrombosis even in patients who do not have a diagnosis of MPD. The presence of JAK2-V617F
mutations as part of CH was associated with increased risk of AML in the Abelson and Desai studies (OR 6.1, 95% C.I. 1.2-61.1,
P = 0.03) [10,11]. Interestingly, in patients with MPD, the presence of a TET2-mutated clone prior to acquisition of JAK2 mutation
had a negative impact on the ability of JAK2 to up regulate genes associated with myeloproliferation and a decreased clinical
response to ruxolitinib [26]. The impact of concomitant TET2 mutations on the risk of AML in patients with CH who have JAK2-
V617F is unknown.

ASXL1 (ASXL transcriptional regulator 1) mutations are the most common mutations after DNMT3A and TET2 and make up 9% of
CH mutations [14]but are relatively uncommon in AML (1.5%) [16]. Although common in CH, ASXL1 mutations have an unclear
impact on risk of AML. While Abelson et al. found an increased risk of AML with the presence of ASXLI [11], no association was
found in the study by Desai et al. [10]. Thus, the specific risk for AML conferred by ASXL1 mutations remains controversial.

PHF6 (PHD finger protein 6) and RUNX1 (runt related transcription factor 1) mutations are not commonly found as part of CH
mutations (n = 3/424 in Desai et al., n = 8/105 in Young et al.) but warrant discussion as all individuals with PHF6 mutations in the
above mentioned studies [10-12], developed AML and in one study was associated with rapid development of AML within 5 years
[10]. In the study by Desai et al., PHF6 (n = 3) was always co-mutated with RUNX1 (n = 3) thus making it difficult to ascertain
whether the rapid development of AML and even the absolute risk seen in the study was attributable to the presence of PHF6 or
RUNX1 [10]. However, in the study by Abelson et al. and Young et al., PHF6 mutations always progressed to AML while RUNX1
mutations did not carry this absolute risk, although 80% of those patients eventually developed AML [11]. Interestingly, efforts are
underway to prospectively monitor patients with known RUNX1 familial predisposition syndromes as these individuals carry a high
risk of AML (median incidence 35%) and are known to have a high prevalence of CH mutations (67%) [27]. The relative contribution
of CH in these patients to the risk of AML is unknown.

Size of the CH clone may impact risk of AML

For mutations in IDH and TP53, the risk of AML is independent of baseline clone size [10]. Baseline VAF =10% was associated
with higher odds of developing AML than VAF < 10% for mutations in DNMT3A (OR 4.8 vs. 2.5, p = 0.002), TET2 (OR 20.4 vs. 3.6,
p = 0.004) and spliceosome genes (OR 14.1 vs. 3.4, p = 0.019) [10]. It should be noted that, with serial follow-up, most of the clones
associated with development of AML increased in VAF up to the time of disease diagnosis. In Abelson et al., the risk of AML increased
two-fold with each 5% increase in VAF, except for DNMT3A and TET2 mutations, where the proportionate increase in risk was lower
[11]. Clone sizes over 30% for DNMT3A and 10% for TET2 were only found in 1% of controls in the Desai et al. study [10]. In
contrast, Young et al. did not identify differences in VAF between individuals who progressed to AML vs. those who did not [12].
Potential explanations for this finding include the smaller size of the study and differences in blood collection time points prior to
AML diagnosis.

CH and risk of therapy-related myelodysplastic syndrome (tMDS) and AML

A unique aspect and application of CH and its impact on risk of AML is in the area of therapy related MDS/AML. CH mutations are
being increasingly and sometimes erroneously reported as part of tumor genomic reports [28-31] and are associated with poor
outcomes in solid malignancies [32]. The risk of tMDS/AML with CH mutations has been reviewed in detail by the authors [33] and is
discussed briefly below.

CH increases risk of t-MDS/AML

Several studies have linked the presence of CH with risk of tMDS/AML [32,34-36]. Two case-control studies of patients who
received chemotherapy for solid or hematological malignancies showed significantly increased prevalence of CH among cases versus
controls [34,35]. In studies by Takahashi et al. and Gillis et al., CH mutations were present in 70% and 62% of cases who developed
tAML, versus 30% and 27% of controls, respectively. Takahashi et al. reported that chemotherapy-treated patients with CH mutations
had a 30% 10-year cumulative incidence of tAML, versus 7% in patients without CH [35]. Similarly, Gillis et al. found that CH

180



P. Desdi, et al. Best Practice & Research Clinical Haematology 32 (2019) 177-185

mutations led to increased odds of AML (OR 5.75, C.I. 1.5-25.09), with positive predictive and negative predictive values of 34.8%
and 89.1%, respectively [34]. Most of the CH mutations were present in blood samples prior to chemotherapy administration, leading
to the hypothesis that they may expand under selective pressure from chemotherapy.

Patients undergoing autologous stem cell transplantation are also at increased risk of t-MDS/AML due to the combination of
chemotherapy-induced cytotoxic damage and selection pressure/cellular stress from rapid hematopoietic stem cell proliferation. In
Gibson et al., the 10-year cumulative incidence of tMDS/AML was 14.1% and 4.3% in patients with and without CH, respectively
[36]. TP53 mutations and clonal complexity, defined as more than one mutation, at the time of autologous transplant were also
associated with increased risk of tMDS/AML, with cumulative incidence of t MDS/AML at 10 years for > 1 mutation 25% vs. 9.9% for
a single mutation. As with the studies of chemotherapy-treated patients [34,35], most of the CH mutations identified in patients
undergoing autologous transplantation were found in baseline blood samples drawn prior to the transplant. Some of the CH clones
were shown in serial samples to expand in size after transplant, while others remained stable until the time of progression to tMDS/
AML.

Role of TP53 and PPM1D CH mutations in t-MDS/AML

TP53 and PPM1D mutations as part of CH clones are enriched in patients who eventually develop tMDS/AML. TP53 mutations are
present in 23% of tMDS/AML TP53 [18,21]and have been reported to be enriched as part of CH in patients exposed to radiation and/
or chemotherapy [22,23,32]. As CH mutations in TP53 are also known to occur in patients without exposure to chemotherapy [33]
and still lead to increased risk of de novo AML, it is possible that TP53 mutated clones would be especially prone to expansion after
chemotherapy, as they are inherently chemotherapy-resistant [23]. In other scenarios where TP53 clones were shown to appear only
after chemotherapy, it is possible that they are either newly emerging somatic mutations or under the baseline detection threshold.

PPM1D mutations are rarely seen in de novo AML, but are detected in 20% of patients with tMDS/AML [37]and 2-18% of patients
treated with chemotherapy [38]. These mutations lead to inhibition of p53-mediated apoptosis [39,40]and have been linked to
specific chemotherapy exposures, including etoposide, platinum, cytarabine and doxorubicin [37]. Unlike TP53 mutations, PPM1D
mutations are generally not associated with radiation [32]. Interestingly, while CH mutations in TP53 usually expand over time
leading up to and forming the bulk population of mutant clones in t-MDS/AML, PPM1D mutations usually comprise of only a small
fraction of tMDS/AML myeloid cells. Mutations other than TP53 and PPM1D have also been identified in tMDS/AML [22]and little is
understood, to date, about their relative contributions to the disease biology. Importantly, there is no mutation or pattern of mu-
tations that is known to result in definitive progression to tMDS/AML.

Risk of MDS/AML with CH in acquired aplastic anemia

In a study of 438 patients with aplastic anemia (AA) undergoing immunosuppressive therapy (IST), 47% of patients were reported
to harbor CH mutations [41]. Yoshizato et al. demonstrated that these mutations were generally present at diagnosis at low allele
frequencies (< 10%) and over time increased in size. The patterns of DNMT3A, RUNX1 and ASXL1 mutations in AA closely resemble
age-related CH in the general population in terms of C-T transitions as well as clonal expansion over time. BCOR and PIGa mutations,
which are uniquely seen with high frequencies in AA, remain relatively stable over time and tend to be associated with better
response to IST and longer overall survival (HR 0.27, 0.09-0.78; P = 0.016) [41]. As patients with AA have a 10-15% 10-year risk of
MDS/AML [42], distinguishing CH mutations and patterns that would identify individuals at high risk for transformation is of clinical
interest. As expected, increased clonal complexity and acquisition of new clones as well as telomere attrition preceded the devel-
opment of AML of AML [41]. Yet another study of 150 AA patients demonstrated that CH mutations excluding PIGa were detected in
19% of patients with 38% of those patients progressing to MDS/AML compared to 6% in patients who did not harbor a CH mutation
[43]. Still, not all expansions of CH mutations lead to MDS/AML and complex interactions between clonal dominance, stem cell
attrition, and immune factors are almost certainly involved in malignant transformation. In the subset of patients were serial blood
samples were available before and after IST, Yoshizato et al. demonstrated that CH clones rapidly expanded after IST use (p < 0.001)
[41]. It is not clear whether IST itself contributes to expansion of CH clones. While the rate of progression to MDS/AML in AA patients
who underwent allogeneic transplant is reportedly lower than in those treated with IST, there are multiple confounders in this
observation (age, prior therapies, time to treatment, etc.) and the potential role of CH is unknown.

Risk of MDS/AML with CH in inherited bone marrow failure syndromes

Interestingly, CH clones have been associated with improved marrow function and blood counts in patients with inherited bone
marrow failure syndromes, possible due to positive selection of mutant clones that enhance fitness and are able to provide transient
hematopoietic support [44]. For example, Schwachman-Diamond syndrome (SDS) and Diamond-Blackfan Anemia (DBA) are asso-
ciated with increased ribosomal stress and increased TP53 driven apoptosis leading to ineffective hematopoiesis [44,45]. Clones
harboring CH mutations in TP53 would have selective advantage in these individuals. Although the selective advantage and clonal
fitness of CH clones in the setting of inherited bone marrow failure syndromes, may lead to functional complementation and rescue of
hematopoiesis, some of these clonal selections set the stage for a higher risk of MDS/AML [44].

TP53 mutated clones have selective advantage in bone marrow failure syndromes like Schwachman-Diamond syndrome (SDS)
and Diamond-Blackfan Anemia (DBA), leading to TP3 activation, ribosomal stress, and growth arrest [44]. In SDS, recurrent chro-
mosomal abnormalities in isochromosome 7, del (20q) and monosomy 7 have been reported. While isochromosome 7 and del (20q)
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have generally been linked to a benign clinical course, monosomy 7 was associated with progression to AML [46,47]. TP53 mutations
were noted in 48% of patients with SDS [48] and in another study TP53 mutations were present in all AML patients with biallelic
SBDS mutations [49]. Since 36% of patients with SDS syndrome are expected to develop AML by age 30 years [50]and the general
prevalence of TP53 CH mutations is approximately 48% [48], detection and monitoring of TP53 CH, as well as potential clinical trials
of disease interception strategies may be appropriate for these patients. TP53 CH mutations are also known to occur in DBA, although
with lower rates of progression to MDS/AML with a cumulative incidence of 5% by 46 years of age [51].

In patients with Fanconi Anemia (FA), development of CH has been associated with improved in blood counts [52]. Of note,
patients with FA who progress to MDS/AML, often have a complex karyotype at diagnosis of MDS/AML without concomitant TP53
mutation. The occurrence of CH mutations in RUNX1, as well as the chromosomal abnormalities 3q+ and monosomy 7/del (7q),
have been strongly correlated with malignant transformation in FA patients, suggesting alterative pathways of progression [53-55].
Patients with Severe Congenital Neutropenia (SCN) have an increased risk of AML with a cumulative incidence of 22% after 15 years
of G-CSF use [56]. While acquired mutations in CSF3R are common in patients with SCN, additional mutations in RUNX1 were
present only in patients who eventually developed AML, suggesting that late acquisition of RUNX1 may play an important role in the
evolution of AML in SCN patients [57].

The mechanisms that govern the development of CH in patients with inherited bone marrow failure syndromes and their ultimate
progression to AML are varied depending on the underlying germ line defect. The detection of specific CH mutations in the right
context should trigger a closer follow up and bone marrow evaluation.

Correlation of CH with clinical and laboratory values

CH mutations have been associated with smoking and increased red cell distribution width (RDW). In an attempt to identify a
population at risk for AML and CH, Abelson et al. demonstrated that the presence of increased RDW (> 14) was associated with an
increased the risk of AML in a large electronic health database (p = 0.0016) [11]. Similar increased risk with regards to RDW was
seen in the case control cohort of 95 cases and 412 controls (with CH mutation testing) and this effect was significant even when
individuals without CH mutations were excluded from analysis. Using a machine learning algorithm model on electronic health
records that incorporated RDW and other blood count measurements, AML could be predicted 6-12 months prior to diagnosis with a
sensitivity of 25% and specificity of 98.2%. However, the correlation of this model prediction to actual detection of CH in these
patients remains unknown.

Conclusions, challenges, and future directions

While the association between CH and increased risk of AML has been well-established in the literature, significant work remains
to be done before this information will become clinically actionable. While CH mutations have been associated with an increased risk
of AML in various clinical scenarios (Fig. 1), clearly it would be both unfeasible and massively anxiety-inducing to propose screening
of general populations for CH with the objective of identifying individuals at risk for AML. However, as a result of expanded
applications of sequencing panels, CH is already being identified in a variety of clinical scenarios, including in tumor genomics
reports from patients with both hematologic and solid malignancies, in liquid biopsies performed for solid tumor patients, and in
increasingly popular and readily available personal genomics platforms [29-31,58]. CH mutations are also frequently discovered
during the evaluation of unexplained cytopenias. Doctors and many patients are well-aware that CH has been associated with
increased cardiovascular mortality, as well as with potentially inferior cancer outcomes, and it is completely understandable that the
identification of CH, whether expected or incidental, generates both concern and a desire to intervene.

As of this publication, the CH genes associated with risk of AML transformation include DNMT3A, TET2, IDH1, IDH2, TP53,
SRSF2, U2AF1, SF3B1, ZRSR2, and PPM1D [11,12,32-36]. If an individual is identified to have one or more of these high-risk genes,
serial follow-up with monitoring of the complete blood count (CBC) is reasonable. It is difficult to make definitive recommendations
regarding the VAF, but the following parameters can be considered in selecting individuals for monitoring:

e CH mutations in IDH, TP53, spliceosome genes at any VAF
e CH mutations in DNMT3A and TET2 with high VAF (> 10%)
e CH mutations with clonal complexity, including multiple mutations per gene

The optimal timing for clinical follow-up is also unknown, but we currently suggest at least twice yearly CBC monitoring, with
close examination of a manual differential. We consider more frequent monitoring in individuals with DNMT3A and TET2 mutations
over 30% VAF and/or in those with clonal complexity with concomitant detection of more than 4 CH mutations. If abnormalities
and/or changes in the CBC are detected, we consider bone marrow biopsy and more frequent monitoring, but it must be stated that
there are no data yet confirming that this type of monitoring will either save lives or reduce disease morbidity. Serial assessments of
CH in individuals with or without evidence of an underlying disease are highly controversial and should ideally be performed as part
of prospective clinical studies. Disease interception strategies in high risk individuals are currently lacking. If such strategies become
available in the future, there are several questions with regards to ethics, efficacy, timing of intervention and a consensus on clinical
endpoints need to be answered before such trials could be envisioned.

We believe that the most immediate application of the discovery that specific CH mutations are associated with increased risk of
AML is to start prospective monitoring and laboratory investigation trials of individuals at highest risk for this scenario, including
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SDS: TP53, monosomy 7

High risk include TP53, IDH,
SHESEES High risk mutations include DBA: TP53

spliceosome, DNMT3A, TET2, .
> DNMT3A, RUNX1, ASXL1 SCN: RUNX1

JAK2, PPM1D ( for t MDS/AML) FA: RUNX1, 3g+, monosomy
7/del(7q)

Clonal progression?

Cooperating cell extrinsic events?

Fig. 1. Association of high risk CH mutations and risk of AML in various populations. CH mutations can be detected incidentally in patients during
workup of cytopenias, as part of tumor genomic profile in solid and non-myeloid hematological malignancies and available commercial whole
genome testing. CH testing can also be done during work up of congenital and acquired bone marrow failure syndromes. SDS: Schwachman-
Diamond syndrome; DBA: Diamond-Blackfan Anemia (DBA); SCN: Severe Congenital Neutropenia; FA: Fanconi Anemia.

chemotherapy-treated patients with persistent, post-treatment CBC abnormalities. Other populations that have high risk of MDS/AML
include inherited and acquired bone marrow failure syndromes as well as individuals with known familial predisposition syndromes
(e.g. RUNX1, Li-Fraumeni, etc). We envision prospective monitoring of CBC, bone marrow biopsies, and clonal complexity and VAF,
with the ultimate goal of disease interception strategies for individuals with evidence of progression.

Summary: The presence of Clonal Hematopoiesis (CH) is associated with increased risk of both de novo and therapy-related AML.
CH mutations in TP53, IDH1/2, DNMT3A, TET2 and spliceosome mutations have been associated with newly diagnosed AML, while
PPM1D and TP53 CH mutations confer a higher risk of tMDS/AML. Strategies to identify and monitor high-risk CH mutations in
appropriate patient populations are needed in conjunction with ongoing translational efforts to better define the disease patho-
genesis.

Practice points

e CH may be identified in a variety of scenarios, including as part of molecular genetics reports associated with solid and hema-
tological malignancies, liquid biopsies obtained for solid tumors, and commercially available personal genomics platforms.

o The presence of CH in high risk mutations is associated with increased risk of AML and should prompt referral to a specialist in
this area.

o Widespread screening for CH in general populations is not recommended at this time.

Research agenda
e Factors that govern the unequivocal progression of CH mutations towards AML need to be determined.
® Prospective monitoring of CH mutations as part of clinical trials is warranted to determine optimal monitoring strategies

e Clinical milestones prompting early intervention strategies in patients with high-risk CH mutations need to be tested in clinical
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