
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Anthony Hunter,
Emory University, United States

REVIEWED BY

Lachelle Dawn Weeks,
Dana–Farber Cancer Institute,
United States
Alexander Coltoff,
Medical University of South Carolina,
United States

*CORRESPONDENCE
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Silent, but not innocent:
the emerging role of
clonal hematopoiesis in
predicting therapy-related
myeloid neoplasms

Şerife Emre Ünsal*

Department of Hematology, Faculty of Medicine, Erciyes University, Kayseri, Türkiye
Therapy-related myeloid neoplasms (t-MNs), which develop following cytotoxic

chemotherapy or radiotherapy, remain one of the most significant clinical

challenges in modern hematology due to their aggressive clinical course and

poor survival outcomes. The traditional paradigm regarded the development of t-

MNs as a consequence of de novo genetic damage induced by anticancer

therapies. However, recent data concerning genomics and clonal evolution

have fundamentally transformed our understanding of the biological origins of

the disease. Current evidence demonstrates that low-level, clinically silent he-

matopoietic clones are present in the peripheral blood or bone marrow years

prior to disease onset in a substantial proportion of t-MN cases. The pathogenesis

of t-MNs is therefore being reconceptualized, not merely as the emergence of de

novo treatment-induced mutations, but rather as the expansion and progression

tomalignant transformation of pre-existing silent clones under selective pressure.

Clonal hematopoiesis (CH) is a dynamic biological process characterized by the

acquisition of a proliferative advantage by specific cell populations, resulting from

somatic mutations accumulated by hematopoietic stem cells (HSCs) throughout

life. A clinically defined subgroup of this process, including CH of indeterminate

potential (CHIP) and clonal cytopenia of undetermined significance (CCUS), are

defined as the presence of somatic mutations with a variant allele frequency (VAF)

of ≥2% in genes associated with myeloid malignancies. Both are recognized as

clinically meaningful pre-cancerous states, differentiated primarily by the pre-

sence of unexplained cytopenias in CCUS. The presence of CH by itself is

insufficient to drive malignant transformation. The observation that only a small

fraction of individuals harboring CHIP or CCUS ultimately develop myeloid

neoplasia indicates that clonal progression is not solely dictated by the presence

of a mutation, but rather by the biological characteristics of the clone, the specific

mutation type, clone size, environmental stressors, and the bone marrow micro-

environment. The fundamental paradigm has thus shifted from simply asking

“which patients have CH?” to determining “which silent clones possess the

potential to evolve into aggressivemyeloid neoplasms in the future?” The concept

of the “power of silent clones” provides a novel biological perspective in t-MN risk
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stratification, establishing a foundational framework for the future development

of personalized surveillance, early intervention, and targeted preventative strat-

egies. Deciphering CH enables precise risk stratification and helps intercept

myeloid malignancies before clinical onset.
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1 Introduction

Clonal hematopoiesis (CH) is an age-related physiological

condition characterized by the acquisition of somatic mutations

or copy number alterations that confer a selective proliferative

advantage on hematopoietic stem cells (HSCs). The prevalence of

CH increases markedly with advancing age. A more clinically

relevant sub-classification of CH, known as clonal hematopoiesis

of indeterminate potential (CHIP) and clonal cytopenia of unde-

termined significance (CCUS), is present in approximately 10% of

individuals over 60. This is defined by the presence of a somatic

mutation in a gene associated with myeloid malignancy (1).

Somatic cells continuously accumulate mutations throughout

human life. The fifth edition of the World Health Organization

Classification of Hematolymphoid Tumors and the International

Consensus Classification formally describe both CHIP and CCUS as

clinically significant pre-cancerous conditions. Both are character-

ized by the detection of one or more somatic mutations in genes

associated with myeloid malignancies, with a variant allele fre-

quency (VAF) of at least 2%, in the blood or bone marrow (2, 3).

While CHIP is identified based on the absence of unexplained

cytopenia, CCUS is distinguished by its presence.

Silent clones are defined as non-malignant, pre-leukemic he-

matopoietic clones without the overt morphological and clinical

features of active myeloid neoplasia but that contain somatic

mutations conferring a selective advantage. The most compelling

evidence elucidating their role in the pathogenesis of therapy-

related myeloid neoplasms has emerged from studies investigating

mutations in TP53, PPM1D, TET2, DNMT3A, and spliceosome

genes. In particular, mutations within DNA damage response genes

confer a profound selective advantage under the evolutionary

pressure exerted by cytotoxic therapies. HSCs harboring TP53

and PPM1D mutations acquire a distinct survival advantage by

evading the apoptotic response to chemotherapy- or radiotherapy-

induced DNA damage, ultimately driving their gradual expansion

into dominant clonal populations.

Overall, only a small fraction of individuals with CHIP develop

hematological malignancies during their lifetimes. Factors predic-

tive of an increased risk of progression include a higher VAF, the

presence of ≥2 mutations, and mutations in specific genes. Notably,

these high-risk alterations involve spliceosome genes (such as

SRSF2, SF3B1, and U2AF1), IDH2, JAK2 (particularly predisposing

to myeloproliferative neoplasms), and TP53 (which is strongly

associated with therapy-related neoplasms (t-MNs)) (4–7).

Three novel risk prediction models have recently been intro-

duced to the literature for predicting the risk of myeloid neoplasm
02
development in individuals diagnosed with CH and CCUS: CHRS,

the “MN-predict” model, and the “Clonal Cytopenia Risk Score”

(CCRS) (7–9). These seek to optimize clinical risk stratification and

assessment processes using population-based data. The CHRS

model incorporates the presence of CCUS, mutational patterns,

patient age, red blood cell indices, and additional clinical factors as

key parameters. In the corresponding study, individuals with a

CHRS of ≥12.5 were classified into a high-risk cohort, demonstrat-

ing a five-year cumulative incidence of progression to a myeloid

neoplasm of 24% (7). Another risk stratification tool, the MN-

predict model, integrates genotypic, phenotypic, and biochemical

data to estimate the annual probability of myeloid neoplasm

transformation over a 15-year period (8). In addition to these

established systems, recent research has introduced a novel prog-

nostic model known as the CCRS. This model is based on three core

parameters: the presence of an RNA splicing mutation, a platelet

count of <100 × 109/L, and the co-occurrence of two or more

mutations (9). This clinically significant model has the potential to

optimize individualized patient management, standardize clinical

trials, and accelerate the development of novel, CCUS-specific

therapies. However, the CHRS exhibits a higher discriminatory

power, evidenced by a larger C-index, compared to the CCRS.

Furthermore, owing to its robust predictive capacity, the CHRS is

currently being employed to define clinical trial eligibility for CCUS

trials (10).

Crucially, while these models exhibit significant clinical useful-

ness in the general population and de novo settings, it must be

emphasized that none has been validated for risk prediction in the

specific context of t-MNs. This represents a critical gap in current

risk stratification paradigms, since the evolutionary dynamics of CH

clones under cytotoxic selective pressure differ fundamentally from

age-related clonal expansion.

t-MNs typically develop several years following exposure to

radiotherapy or chemotherapy. Due to their aggressive clinical

course and adverse survival outcomes, they represent one of the

most formidable clinical challenges in modern hematology. Close

monitoring of therapy-related CHIP, which can emerge following

prior cytotoxic or radiation therapies, is highly important for

predicting progression to high-risk clinical states. t-MNs exhibit a

markedly more aggressive clinical trajectory than de novo malig-

nancies. The median overall survival (OS) time post-diagnosis is a

mere eight months, with a five-year survival rate of less than 10%

(11). A previous study showed that one-year OS rates in t-MN

ranged from 56% to 100% when stratified by patient gender,

treatment type (allogeneic stem cell transplantation, chemother-

apy), and specific subdiagnosis (12). Takahashi et al. demonstrated
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that clonal hematopoiesis mutations were already detectable in the

peripheral blood prior to the initiation of primary cancer therapy in

74% of t-MN cases. In light of these data, research has shown that

the presence of clonal hematopoiesis increases the risk of t-MN

development four-fold under the selective pressure of cytotoxic

stress (5).

There is currently no established standard-of-care for CHIP,

and response rates to existing therapeutic modalities remain per-

sistently low. It is therefore essential to identify high-risk patients

for inclusion in novel clinical trials aimed at halting dis-

ease progression.

Elucidating the molecular mechanisms underlying clonal ex-

pansion and lineage differentiation will pave the way for strategies

designed to mitigate adverse clinical risks while potentially har-

nessing any protective aspects of this biological process. The present

review focuses on the CHIP and t-MN axis, with particular

emphasis on the predictive power and clinical significance of

silent clones in risk stratification.
2 Inflammation-driven clonal
expansion in clonal hematopoiesis

During the aging process, somatic mutations steadily accumu-

late within the HSCs of numerous individuals, predisposing these to

the development of CH. The pathogenesis of these conditions is

driven by various mutational processes, together with the uncon-

trolled proliferation of pro-inflammatory myeloid lineages, such as

macrophages and mast cells.

Chronic, low-grade inflammation associated with aging

(inflammaging) impairs the function of normal HSCs in the bone

marrow, reducing their self-renewal potential, while conferring a

selective survival and growth advantage on mutant clones such as

TET2 and DNMT3A (13) While normal stem cells are prone to

exhaustion under inflammatory stress, these specific mutant clones

exhibit resistance to stress and proliferate disproportionately.

Increased interleukin (IL)-1b in aging bone marrow directly en-

hances the self-renewal capacity of TET2-deficient HSPCs. This

cytokine upregulates the expression of genes (Erg, Meis1, and Egr1)

that support cell maintenance and limit differentiation in TET2-

mutant cells. In contrast, normal HSPCs undergo cellular exhaus-

tion under chronic IL-1b exposure (14, 15). In normal HSCs under

chronic IL-1b inflammation, the PU.1 transcription factor prevents

abnormal growth (excessive expansion) by limiting protein synthe-

sis and cell cycle activity (16, 17). However, TET2 mutations disrupt

this suppressive function of PU.1 by causing aberrant methylation

at PU.1 binding sequences. This causes TET2-mutant cells to

expand uncontrollably by maintaining active protein synthesis

and cell cycle progression, even under inflammatory stress (18).

As a foundational study exploring the association between

TET2-driven CHIP and atherosclerosis, the authors revealed

that Tet2-mutant macrophages release increased amounts of

IL-1b. Furthermore, they showed that inhibiting the NLRP3

inflammasome effectively neutralizes this atherogenic impact

(14, 19).
Frontiers in Oncology 03
TET2-deficient HSPCs gain a survival advantage by upregulat-

ing anti-apoptotic pathways in response to inflammatory cytokines

in their environment. Following TNF exposure, the expression of

pro-apoptotic genes (Tnfrsf1a, Tnfrsf1b, Fas, Casp3, and Casp8) is

suppressed, while that of anti-apoptotic molecules (Bcl2, Birc2) is

increased (20).

The concept of mutation-driven CH first appeared in the

literature in 2012, when acquired TET2 mutations were linked to

age-related skewing of X-chromosome inactivation (21).

In vivo models have demonstrated that Dnmt3a^R878H/+

mutant HSCs engrafted into aged recipient mice exhibit a signifi-

cant long-term proliferative advantage compared to their wild-type

counterparts. Furthermore, the aged bone marrow microenviron-

ment has been shown to enhance the lymphoid progenitor capacity

of these mutant cells, thereby facilitating a higher mutant B

cell output.

Transcriptomic RNA sequencing analyses from aged murine

models provide robust evidence that mutant HSC expansion is

directly mediated by the TNF-a signaling pathway. The upregula-

tion of tumor necrosis factor (TNF)-a observed within the aged

bone marrow niche points to a pathological mechanism that closely

mirrors the biology of DNMT3A-mutated human CH (22).

In addition to genetic alterations, the chronic inflammatory

microenvironment is recognized as a critical determinant in the

onset and progression of CH. Inflammatory cytokines not only

foster the expansion of pre-existing mutant clones, but also shape

clonal selection by directly influencing the self-renewal capacity, cell

fate, and differentiation programs of HSCs. In particular, TET2-

mutant HSCs acquire a selective advantage in the face of inflamma-

tory stimuli, thus facilitating the eventual dominance of these mutant

clones. Among these inflammatory mechanisms, TNF-a is one of the

most extensively investigated mediators. Experimental ex vivo studies

have revealed that while exogenous TNF-a exposure suppresses the

proliferation and self-renewal capacity of wild-type HSCs, TET2-

mutant HSCs exhibit profound resistance to this TNF-mediated

suppression. With this selective survival advantage, these mutant

cells preserve their self-renewal capabilities while markedly skewing

their differentiation trajectory toward the lymphoid lineage (22).

Findings corroborated by single-cell transcriptomic analyses

have revealed that TNF-a, a primary mediator of the chronic

inflammatory microenvironment, exerts a receptor-specific dual

effect in mutant CH. Following activation by inflammatory stimuli,

the TNF-a/TNFR1 signaling axis enables mutant cells to evade

apoptosis, thereby sustaining their proliferation and self-renewal

capacity. Conversely, the TNF-a/TNFR2 signaling axis orchestrates
the lineage commitment of HSCs toward the lymphoid, rather than

the myeloid, lineage via chromatin modifications. These findings

indicate that under inflammatory stress, the regulation of clonal

burden and mature blood cell differentiation are governed by

mutually independent molecular mechanisms (22).

The functionally divergent roles of TNF-a receptors have been

further validated by means of genetic deletion models. TNFR1

deletion abrogates the competitive advantage and self-renewal

capacity of mutant HSCs, triggering apoptosis without altering

their lymphoid or myeloid differentiation trajectories. Conversely,

while TNFR2 deletion preserves the competitive dominance of
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mutant cells, it disrupts the differentiation equilibrium. It sup-

presses lymphoid development and consequently drives the expan-

sion of pro-inflammatory myeloid cells. Meanwhile, pan-TNF

inhibitors, which achieve simultaneous inhibition of both receptors,

suppress the competitive advantage of mutant cells, although they

induce a complex phenotype characterized by marked, concurrent

myeloid progenitor differentiation (22).

In addition to TNF-a, the IL-1 signaling pathway has

emerged as a crucial therapeutic target in the context of CHIP.

Research has demonstrated that receptor-specific Il1r1 gene dele-

tion or pharmacological inhibition via anakinra, a Federal Drug

Administration-approved IL-1 receptor antagonist, effectively sup-

presses IL-1b-mediated aberrant myeloid expansion, ameliorates

splenomegaly, and significantly prolongs OS in both in vivo models

and genetically engineered human hematopoietic stem cell models

(1). These findings suggest that pharmacological targeting of the

IL-1 signaling axis represents a promising early intervention strat-

egy for abrogating TET2-driven myeloproliferation and averting

subsequent clonal progression.

Recent studies increasingly emphasize the central role of in-

flammation in the pathogenesis of CH. In particular, TET2 muta-

tions have been shown to confer a selective advantage upon HSCs

within the inflammatory microenvironment, rendering them resis-

tant to the suppressive effects of pro-inflammatory cytokines. This

process establishes a positive feedback loop that promotes the

expansion of mutant clones via the upregulation of IL-6 production

(23–25). Furthermore, the translocation of microbial products into

the systemic circulation, as a result of compromised intestinal

barrier integrity, further amplifies IL-6 production. This, in turn,

accelerates disease progression by enhancing the proliferation of

TET2-mutant progenitor cells (26, 27).

Inhibition of the IL-6 signaling axis has been shown to signifi-

cantly attenuate the cardiovascular risk associated with CH. At the

same time, specific pro-inflammatory cytokines have been shown to

selectively foster the expansion of DNMT3A-mutant clones (28, 29).

Considered together, these findings indicate that the inflammatory

cytokine network acts as more than just a microenvironmental driver

of clonal expansion; it also plays a decisive role in the selective

outcompetition of clones harboring distinct mutations. The thera-

peutic targeting of inflammatory pathways, particularly TNF-a, IL-1,
and IL-6, therefore, represents a highly promising future strategy for

suppressing specific CH subtypes and mitigating the risk of leuke-

mic transformation.
3 General molecular drivers of clonal
hematopoiesis

3.1 TET2 biology

TET2 is a fundamental epigenetic regulator that mediates

active DNA demethylation by catalyzing the oxidation of 5-

methylcytosine. It thus plays a critical role in orchestrating the

self-renewal, proliferation, and differentiation processes of HSCs

(30, 31). It governs gene expression by modulating methylation
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patterns across myriad genomic loci, including gene bodies, en-

hancer regions, and DNA methylation canyons (32, 33). Despite

exhibiting biochemically antagonistic functions to DNMT3A, mu-

tations in both genes yield a convergent phenotype characterized by

enhanced stem/progenitor cell proliferation, impaired differentia-

tion, and the subsequent development of CH (34, 35). This indicates

that distinct epigenetic dysregulations can culminate in shared

pathobiological outcomes. The prevailing consensus of opinion

suggests that TET2, similarly to DNMT3A, epigenetically modu-

lates gene expression to promote cellular differentiation, while

simultaneously repressing aberrant self-renewal capacity (35).

The great majority of TET2 mutations identified in CH are loss-

of-function alterations, representing one of the most frequently

encountered genetic abnormalities in CHIP cohorts (36–39). In vivo

murine models have shown that hematopoietic stem and progenitor

cells (HSPCs) harboring a Tet2 deletion exhibit a markedly en-

hanced self-renewal capacity, thus conferring a selective growth

advantage on the mutant clones (36–40). However, this genetic

advantage becomes substantially more pronounced following inter-

action with the inflammatory microenvironment, thus accelerating

disease pathogenesis. Indeed, elevated systemic levels of pro-

inflammatory cytokines, especially IL-1b, IL-6, and TNF-a, have
been demonstrated in both TET2-mutant individuals and murine

models (23, 27, 41).

This inflammatory cytokine network, further amplified by

secondary stressors such as intestinal microbiota alterations and

atherosclerosis, exerts a robust selective pressure that favors the

aberrant myeloid expansion of mutant cells (27, 42). In mechanistic

terms, IL-6 and TNF-a promote cellular survival by conferring

increased apoptosis resistance in TET2-mutant cells compared to

wild-type HSCs. In contrast, the IL-1b signaling cascade directly

stimulates long-term HSCs and myeloid-biased multipotent pro-

genitors in the bone marrow and spleen, driving their proliferation.

Under this inflammatory stress, rather than committing to terminal

differentiation, Tet2-deleted stem cells preserve the stem cell pool

by remaining quiescent in the G0/G1 phase of the cell cycle; they

consequently skew their differentiation trajectory toward the mye-

loid lineage, predominantly generating pro-inflammatory MHCII+

macrophages (1, 20, 23).

Single-cell transcriptomic (scRNA-seq) and epigenetic profiling

studies have elucidated the molecular mechanisms by which Tet2-

deleted HSCs adapt to the inflammatory microenvironment. Mutant

cells exposed to IL-1b-mediated inflammatory stress have been

shown to become enriched for transcriptional programs associated

with inflammation tolerance and self-renewal capacity, thereby

upregulating genes that support cellular survival, such as Erg,

Meis1, and Egr1 (1). From an epigenetic perspective, while wild-

type stem cells undergo global DNA demethylation under inflam-

matory stress, Tet2-deleted cells resist this process, preserving a

hypermethylated state. This hypermethylation is particularly pro-

nounced at genomic loci regulating lymphoid and erythroid differ-

entiation, as well as at the binding sites of key transcription factors

governing terminal differentiation, such as PU.1, ELF4, CEBPB, and

JUN. This epigenetic reprogramming ultimately precludes the ter-

minal differentiation of mutant cells, thereby fueling their sustained

proliferation and aberrant myeloid expansion (1).
frontiersin.org

https://doi.org/10.3389/fonc.2026.1943135
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Emre Ünsal 10.3389/fonc.2026.1943135
3.2 DNMT3A mutations

DNMT3A is a fundamental epigenetic regulator that orches-

trates de novoDNAmethylation in HSCs, thus playing a critical role

in determining cell fate, controlling self-renewal capacity, and

sustaining cellular differentiation (43, 44).

In vivo murine models have shown that the loss of DNMT3A

markedly enhances the self-renewal capacity of HSCs, while sup-

pressing their differentiation, leading to the progressive accumula-

tion of phenotypically normal, yet functionally defective stem cells

(45–47). During this process, pronounced hypomethylation occurs,

particularly at enhancer regions and DNA methylation canyons;

secondary to this, the expression of genes involved in maintaining

the stem cell phenotype, such as Hoxa9, Meis1, and Evi1, is

upregulated (45). Analogous epigenetic alterations and

upregulations in self-renewal-associated gene expression have

been corroborated in DNMT3A-mutated human hematopoietic

cells (48, 49). However, an isolated DNMT3A mutation is widely

acknowledged to be insufficient to initiate malignant transforma-

tion. The progressive accumulation of additional genetic events is

required for the development of acute myeloid leukemia (AML) and

other hematological malignancies. Furthermore, the biological

effects of DNMT3A in driving CH cannot be attributed to DNA

methylation perturbations alone. Researchers have postulated that

histone modifications, functional interactions with TET proteins,

three-dimensional chromatin organization, and methylation-inde-

pendent epigenetic mechanisms also contribute significantly to

this process.

DNMT3A mutations rank among the most frequently identi-

fied genetic alterations in CH, accounting for approximately 50% of

all cases (39, 50). In the context of CH, these mutations primarily

manifest as heterozygous loss-of-function alterations and exhibit a

broad distribution across the entire gene. In contrast to myeloid

neoplasms, mutations in CH cases do not exhibit pronounced

clustering at the R882 hotspot (51).

Nevertheless, the precise localization of the mutation is a crucial

determinant of both residual enzymatic activity and biological

behavior. The dominant-negative DNMT3A R882 variant drasti-

cally curtails functional enzyme activity to approximately 20% of

wild-type levels, while in non-R882 heterozygous mutations, resid-

ual enzymatic activity is preserved at roughly 50% (52, 53).

Researchers have proposed the existence of an inverse correlation

between the decrease in residual DNMT3A activity and both the

proliferation rate of mutant clones and the subsequent risk of AML

development (52, 53). Establishing a risk stratification system based

on mutation type and localization is therefore of paramount

importance, particularly for the rigorous monitoring of high-risk

individuals harboring the R882 mutation and for the development

of prophylactic strategies aimed at averting AML transformation

(52–54).

The biological implications of DNMT3A mutations extend

beyond mere clonal expansion. In particular, DNMT3A-driven

CH has been shown to confer a survival advantage in hematopoietic

stem cell transplant recipients by promoting the generation of

mutant T-lymphoid cells, thus contributing to the preservation of

functional T-cell immunity in the elderly population (55, 56).
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3.3 JAK2 V617F and clonal evolution

The JAK2 V617F mutation represents one of the pivotal driver

mutations in CH, detected in approximately 3% of cases, and

responsible for the constitutive activation of the JAK-STAT signal-

ing pathway (57). The frequent manifestation of this mutation as

the solitary genetic driver event in myeloproliferative neoplasms

highlights its decisive role in HSC biology. Studies involving

experimental murine models have shown that HSCs harboring

the JAK2 V617F mutation acquire a modest competitive growth

advantage compared to their wild-type counterparts (58, 59).

However, comprehensive single-cell transcriptomic and functional

analyses have revealed that the JAK2 V617F mutation actually

reduces the long-term self-renewal capacity of HSCs, while con-

versely driving the proliferation and expansion of myeloid progen-

itor cells. This phenomenon not only promotes the expansion of

differentiated cell populations, but also facilitates clonal evolution

by establishing a biological milieu conducive to sustained clonal

expansion and the progressive accumulation of additional somatic

mutations (60).
4 Molecular drivers of therapy-related
clonal hematopoiesis

Cytotoxic chemotherapy and radiotherapy regimens are capable

of functioning as prominent environmental drivers, shaping the

selection of CH clones. Notably, clones harboring mutations in

genes associated with DNA damage response (DDR) pathways

(TP53, PPM1D, and CHEK2) acquire a pronounced proliferative

advantage and undergo marked clonal expansion following expo-

sure to cytotoxic cancer therapies, outcompeting clones with other

genetic alterations (4). Indeed, competitive clonal dynamic analyses

within a cohort of 34 patients harboring concurrent DDR and non-

DDR mutations demonstrated that DDR-mutant clones acquire a

statistically significant selective growth advantage under cytotoxic

stress compared to non-DDR-mutant clones residing within the

same patient (4). Moreover, the evaluation of 34 additional cases

that progressed from post-treatment CHIP to t-MN revealed that

59% of the t-MN cases already harbored at least one driver mutation

during the CH stage, whereas 41% possessed two or more.

Remarkably, TP53 mutations were identified in 44% of the t-MN

cohort, and the presence of the mutation was confirmed to be

detectable as early as the CHIP stage in 73% of these specific cases.

Conversely, the complex karyotype abnormalities observed in 73%

of the patients following t-MN development were notably absent

during the antecedent CHIP phase (4).

4.1 DNA damage response pathways

TP53 and PPM1D are particularly prominent among the most

frequently mutated DNA DDR genes in cases of CH, with PPM1D

mutations being detected in approximately 3–4% of the cohort in

one study (50). While early studies predominantly associated

PPM1D alterations with non-hematological malignancies,
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contemporary data have revealed that these mutations are strongly

correlated with prior exposure to cytotoxic therapies and the

subsequent development of therapy-related acute myeloid leukemia

(t-AML) (61–64).

It is important to remember that the evolutionary trajectories

and progression rates to t-MN differ significantly between TP53 and

PPM1D mutations. While TP53 mutations possess a robust intrin-

sic capacity to drive malignant transformation under cytotoxic

stress, isolated PPM1D mutations appear insufficient to trigger t-

MN development on their own. Recent data demonstrate that

PPM1D-mutant clones typically require the acquisition of concur-

rent genetic events, such as TP53 co-mutations or complex cyto-

genetic aberrations, to progress fully to a myeloid neoplasm.

Although PPM1D mutations are rapidly selected and enriched

following genotoxic therapies, the risk of developing t-MN, whether

these mutations are present in isolation or else co-occur with TP53

mutations, remains strikingly lower compared to TP53-mutant or

double wild-type cases. A dynamic clonal competition unfolds

between PPM1D and TP53 mutant clones during the progression

toward malignancy. Under the selective pressure exerted by che-

motherapy, PARP inhibitors (PSRPis), or radiopharmaceuticals,

PPM1D mutations are selected early, driving clonal expansion

and precipitating marked cytopenias. However, upon transitioning

to the phase of malignant progression, PPM1D-mutant clones are

superseded or entirely outcompeted by TP53-mutant clones, which

possess a more aggressive and robust clonal advantage. Serial

sampling analyses corroborate that, in the rare subset of patients

who progress to t-MN, the PPM1D-mutant clone contracts, evi-

denced by a declining variant allele frequency (VAF) or becomes

completely undetectable at the time of disease progression (65).

PPM1D is a phosphatase that functions as a negative regulator

of the DNA damage response, suppressing the DDR signaling

pathway by dephosphorylating various cellular targets, most nota-

bly p53 (61, 66). Mutations arising in this gene augment the stability

of the protein, which leads to a further attenuation of DDR function

(61, 66). Experimental studies have revealed that PPM1D-mutant

cells acquire a selective advantage through a mechanism distinct

from that of DNMT3A and TET2 mutations. By gaining a pro-

nounced competitive superiority over wild-type cells due to their

enhanced survival capacity, particularly following cytotoxic chemo-

therapy, these mutant clones can eventually achieve population

dominance driven by the cumulative impact of recurrent treatment

cycles. Furthermore, the resulting clonal expansion can remain

stable over extended periods (61). During this dynamic process,

shifts in the VAF are dictated by factors such as the initial mutation

burden, the absolute number of hematopoietic cells, and the

intensity of the therapy administered (61).

Similarly to TP53 mutations, researchers have postulated that

PPM1Dmutations bolster cellular survival under cytotoxic stress by

enhancing apoptosis resistance, thereby conferring a marked selec-

tive advantage upon the mutant clones (67).

The precise mechanism by which PPM1D-mutant cells acquire

a selective advantage remains to be fully elucidated. Although the

fact that these mutations suppress chemotherapy- or radiotherapy-

induced apoptosis is well established, it is still unclear how the

inhibition of apoptosis directly contributes to mutation
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accumulation within HSCs. Furthermore, it is still uncertain

whether this survival advantage is mediated exclusively through

p53 dephosphorylation, or if other cellular targets within the DDR

pathway also contribute to this process.

Regulated by TP53 expression, PPM1D functions as a negative

regulator of p53 activity, thereby abrogating DNA damage-induced

apoptosis (61, 66). The frameshift and nonsense mutations fre-

quently observed in CH generate a truncated PPM1D protein with

enhanced stability. This mutant protein subsequently dephospho-

rylates various DDR components, effectively inhibiting chemother-

apy- and radiotherapy-induced, DDR-dependent apoptosis (61). In

contrast to TP53 mutations, PPM1D mutations do not exhibit a

strong correlation with pronounced genomic instability or poor

prognosis, and they can be detected at low VAF levels, even in

clinically healthy individuals. Nevertheless, despite their typically

low clonal burden in the general population, the presence of

PPM1D mutations in approximately one-fifth of patients with

therapy-related hematological neoplasms is suggestive of a substan-

tial role for these alterations in therapy-driven clonal selection

(61, 68).

In vivo murine models have demonstrated that PPM1D regu-

lates the competitive fitness and self-renewal capacity of HSCs, even

in the absence of genotoxic stress, thus supporting the idea that that

the biological effects of this gene are not strictly contingent upon

cytotoxic therapy (69). Despite these insights, the exact role of

PPM1D in the context of CH and malignant transformation

remains to be fully characterized. Their detectability at low VAF

levels in healthy individuals suggests that undocumented cytotoxic

exposures or alternative selective pressures may contribute to the

emergence of these mutations.

Although TP53 is one of the most comprehensively studied

DDR genes in the context of hematopoiesis, the underlying biolo-

gical mechanisms by which its mutations confer a selective advan-

tage in HSCs have not yet been fully elucidated (67). While

heterozygous TP53 mutations confer a pronounced selective ad-

vantage on mutant cells, particularly following cytotoxic therapy,

they can also emerge in CH cases in the absence of any overt

selective pressure. Research has demonstrated that the p53 protein

is implicated in a multitude of cellular processes, including stem cell

differentiation, and that the loss of TP53 imparts a dose-dependent

competitive advantage in both young and aged HSCs (70, 71). The

impact of TP53 mutations in CH cannot therefore be solely

attributed to heightened genomic instability, and researchers have

postulated that distinct mechanisms affecting stem cell biology also

contribute to this process. In particular, biallelic TP53 loss coupled

with cytotoxic therapy exposure significantly increases the risk of

malignant transformation (72). Furthermore, the biological behav-

iors of different TP53 mutation classes exhibit distinct variations,

which can in turn exhibit a differential effect on the progression

from CH to leukemia (73).

The role of TP53 mutations in therapy-related myeloid neo-

plasms is supported by an extensive body of research. Analyses of t-

AML patients reveal that TP53 mutations are frequently present in

the bone marrow at very low VAFs years before the initiation of

primary cancer treatment and the onset of clinical disease (67).

Indeed, a study evaluating seven t-AML patients harboring a clonal
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TP53 mutation demonstrated that the mutation driving the t-AML

clone was present in the bone marrow years before the initiation of

anticancer treatment in four of these cases. Those authors also

reported that using ultra-sensitive next-generation sequencing

(NGS) methodologies, TP53 mutations were detected at VAFs

ranging from 0.01% to 0.37% in nine out of 19 clinically healthy

elderly individuals. In vivo experiments involving chimeric murine

models have also confirmed that TP53-mutant cells acquire a

distinct survival and proliferative advantage following cytotoxic

chemotherapy (67). The expansion of TP53-mutant clones, as

evidenced by increased VAF levels following cytotoxic therapy, is

strongly correlated with the development of therapy-related acute

myeloid leukemia and adverse clinical outcomes (67, 74).

Additionally, mutations detected in spliceosome genes, such as

SRSF2 and SF3B1, have been closely associated with previous

anticancer treatment. These findings suggest that cytotoxic therapies

may exert a selective pressure that favors not only DNA damage

response genes, but also genes involved in RNA processing (4).
5 Effects of cancer treatments on
clonal hematopoiesis

5.1 Chemotherapy-related effects

Therapy-related myeloid neoplasms are a fatal consequence of

exposure to cytotoxic chemotherapy during cancer treatment, and

account for approximately 15% of all myeloid neoplasm cases

(75, 76).

Cytotoxic agents widely used in cancer treatment, such as

platinum-based drugs, exert a strong selective pressure on HSPCs

within the bone marrow. Hematopoietic clones harboring muta-

tions in DNA damage response (DDR) genes, such as TP53, which

are present at very low levels (below the limit of detection) prior to

chemotherapy, are resistant to the genotoxic stress induced by

platinum therapy. While normal cells are eradicated by chemother-

apy, these mutant clones gain a selective survival and proliferative

advantage, expanding rapidly. This dynamic represents the primary

driving force behind the development of t-MNs (77). Following

platinum-based chemotherapy in patients with small cell lung

cancer, CH mutations in DDR pathway genes, such as TP53,

PPM1D, and CHEK2, were detected in 57% of patients in the

placebo group in another study. Furthermore, the growth rates of

clones harboring DDR mutations during platinum-based chemo-

therapy were significantly higher compared to a control group that

did not receive chemotherapy (77).

In the 5th edition of the World Health Organization (WHO)

classification (2022), patients exposed to PARP inhibitors were

formally included together with those exposed to chemotherapy

and radiotherapy within the definition of “myeloid neoplasms post-

cytotoxic therapy” (2). This inclusion underscores the clinical

recognition of the leukemogenic potential of PARP inhibitor

therapy. In recent years, PARPs have been increasingly applied in

the management of solid tumors, particularly ovarian and breast
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cancers (78). The reported cumulative incidence of t-MN develop-

ment in women with epithelial ovarian cancer treated with PARP

inhibitors was 6.9% in the initial study and 8.7% in the subsequent

expanded study (79). Although a lower t-MN incidence of approx-

imately 1% was reported among ovarian cancer patients treated

with PARP inhibitors in another study, a heightened relative risk

was nonetheless confirmed (80). Cases of t-MN developing follow-

ing PARP inhibitor exposure harbor a highly adverse and refractory

genetic signature. According to Marmouset et al. and Martin et al.,

complex karyotypes and/or TP53 mutations have been identified in

over 60% of patients who developed t-MN following PARP inhib-

itor therapy (81, 82). Unfortunately, the prognosis for t-MN cases

developing after PARP inhibitor therapy is remarkably poor.

Studies have reported that the median OS for patients who develop

t-MN following exposure to PARP inhibitors is critically short,

ranging from only 4.3 to five months (83).

While t-MNs are traditionally associated with hematological

malignancies, due to the higher epidemiological prevalence of solid

cancers, the numbers of t-MN cases developing following solid tumor

treatment are not inconsiderable. In that context, DNA-damaging

chemotherapeutic agents, particularly platinum-based regimens, and

PARP inhibitors exert a profound selective pressure on HSCs.

The conventional threshold of a variant allele frequency (VAF)

≥2% for defining clinically significant CH may be inadequate in the

specific setting of cytotoxic selection. Current evidence indicates

that clinically “silent” clones with a VAF well below 2% can expand

rapidly and drive t-MN transformation in patients treated with

platinum-based chemotherapy (84). This highlights the critical need

for ultra-sensitive sequencing methodologies, since even exceed-

ingly small mutant clones possess substantial malignant potential

under specific therapeutic pressures.

5.2 Clonal hematopoiesis in stem cell
transplantation

In patients undergoing high-dose chemotherapy and autolo-

gous hematopoietic stem cell transplantation (auto-HSCT), cells

harboring CH are harvested during leukapheresis, thus being

shielded from the direct cytotoxic effects of myeloablative condi-

tioning regimens such as melphalan. Following reinfusion post-

transplantation, these cells can rapidly expand by acquiring a

selective proliferative advantage, driven by the depleted hemato-

poietic niches created by chemotherapy within the bone marrow,

alongside the immunosuppressive and pro-inflammatory microen-

vironment. Nevertheless, the heterogeneous expansion rates of

mutant clones among individuals and the fact that overt leukemia

develops in only a subset of patients suggest that environmental and

extrinsic selective pressures, in addition to stochastic genetic events,

play a crucial role in the clonal evolution process (85). Determining

the role of the bone marrow microenvironment and the extrinsic

environmental factors that govern the emergence and clonal ex-

pansion of CH is therefore attracting growing interest (86).

Data from human HSC transplantation studies show that these

extrinsic factors can represent critical determinants of clonal

expansion (87, 88). Particularly in the context of sibling-donor
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allogeneic HSC transplantation, the observation that donor-derived

CH clones reach greater clonal burdens in the recipient than in the

donor suggests that the post-transplant bone marrow microenvi-

ronment and the reconstituting hematopoietic system actively

support the selection of mutant clones (89). Although these

observations are based on a limited number of cases, the allogeneic

transplantation setting provides invaluable insights into the biology

of CH and the mechanisms driving clonal expansion (89).

In the autologous transplant setting, the clinical significance of

CH becomes particularly pronounced in terms of the development

of t-MNs. The presence of CH clones harboring mutations in genes

involved in DDR pathways, most notably PPM1D and TP53, has

been identified as a robust and independent predictor of post-

transplantation t-MN development (90, 91). Furthermore, a com-

prehensive meta-analysis also demonstrated that the presence of

persisting or engrafting clonal hematopoiesis following autologous

hematopoietic stem cell transplantation (auto-HSCT) is associated

with a significantly elevated risk of t-MN development, in addition

to shortened OS and progression-free survival (PFS) (92). This

heightened risk is especially pronounced in patients harboring CH

clones with mutations in genes responsible for DNA damage repair

and the maintenance of genomic stability, such as PPM1D, TP53,

RAD21, and BRCC3, thus representing a clinically high-risk sub-

group for the development of secondary myeloid neoplasms (93).

The clinical implications of CH in patients undergoing auto-

HSCT have been more clearly elucidated in large patient cohorts.

One large-scale, single-center study involving 1,507 patients who

underwent auto-HSCT reported that PPM1D and TP53 mutations

detected within the context of CH of post-transplant t-MNs (90).

Similarly, a recent retrospective analysis evaluating 1,931 lym-

phoma and multiple myeloma patients treated with auto-HSCT

revealed that the presence of CHIP represents a significant risk

factor, not only for t-MN, but also for the development of non-

myeloid secondary malignant neoplasms. Notably, the risk of

developing non-myeloid secondary malignancies was significantly

elevated in patients harboring CHIP clones with a high VAF or

TP53 mutations (91).

The persistence of CH following treatment is also of clinical

importance, particularly concerning the interpretation of minimal

residual disease (MRD) in patients with AML. CH-associated

mutations, such as those in DNMT3A, TET2, ASXL1, SRSF2,

SF3B1, U2AF1, and JAK2, have frequently been shown to persist

in patients with AML cases achieving complete remission following

standard induction and consolidation chemotherapy. However, the

post-treatment persistence of these mutations is not, in isolation,

considered an indicator of an adverse prognosis or residual leuke-

mic disease. In contrast, other studies have reported that these CH

clones are largely eradicated following allogeneic hematopoietic

stem cell transplantation (allo-HSCT); this in turn suggests that

allogeneic transplantation is capable of eliminating, not only the

leukemic clones, but also the underlying CH clones (94, 95).

A recent meta-analysis compared the outcomes of allo-HSCT

and auto-HSCT in the setting of CH engraftment. The analysis

demonstrated that the presence of donor-derived CH following

allo-HSCT was associated with a decrease in disease relapse.

However, it had no significant impact on OS, PFS, or non-relapse
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mortality. In contrast, the presence of CH in patients undergoing

auto-HSCT was correlated with shorter OS and PFS, together with a

markedly elevated risk of t-MN development (96). In corroboration

of these findings, a second meta-analysis reported that CH-positive

patients undergoing auto-HSCT exhibited inferior peripheral blood

stem cell mobilization and prolonged platelet engraftment times.

These results suggest that CH may adversely affect, not only long-

term oncological outcomes, but also the early hematopoietic recov-

ery processes that dictate transplant success (93).

In their evaluation of clonal behavior following allogeneic

transplantation, Boettcher et al. investigated CH dynamics in 42

long-term surviving allo-HSCT donor-recipient pairs. In four out of

five cases (80%) in which donor-derived CH was detected, the

clonal burden in the recipients, as measured by VAF, was shown to

have expanded compared to the donors. Nevertheless, the modest

extent of the observed clonal expansion suggests that the recipient’s

hematopoiesis was not dominated by a single mutant stem cell

clone. Furthermore, the development of myelodysplastic syndrome

(MDS) during follow-up in both a CH-harboring donor and the

corresponding recipient was highlighted as a compelling observa-

tion, strongly suggesting that donor-derived CH can precipitate

clinically significant consequences under specific conditions (89).

5.3 CAR-T therapy

Current evidence indicates that, rather than inducing de novo

CH mutations, CAR-T cell therapy establishes a microenvironment

conducive to the selective proliferation and clonal expansion of pre-

existing mutant clones. The profound systemic inflammation,

immune dysregulation, and hematopoietic stress that develop

during treatment are regarded as the fundamental drivers of this

process. Consistent with preclinical studies, the microenvironment

orchestrated by inflammatory cytokines suppresses normal hema-

topoiesis, while simultaneously conferring a marked survival and

proliferative advantage, particularly on CH clones harboring TP53

mutations, thus promoting clonal selection within the

bone marrow.

The most striking aspect of these profound alterations in the

immune microenvironment is that CAR-T therapy does not uni-

formly expand all CH clones, but rather specifically fosters the

selective expansion of TP53-mutant clones. Researchers have pos-

tulated that the hematological toxicity, intense immune activation,

and inflammatory stress secondary to CAR-T therapy exert a robust

selective pressure favoring TP53-mutant clones within the bone

marrow. This biological process facilitates the dominance of high-

risk clones and is regarded as a pivotal mechanism that may

contribute to the subsequent development of secondary myeloid

neoplasms, such as MDS or AML, in a subset of patients (97).

5.4 Radiotherapy

Radiotherapy is recognized as a prominent therapy-induced

selective pressure capable of influencing the development of CH.

Cancer patients undergoing radiotherapy have been reported to

exhibit an approximately two-fold increased risk of developing CH,

specifically those harboring DNMT3A mutations, compared to the
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general population. A large-scale study evaluating 772 patients who

had received radiotherapy at least six months prior to blood

sampling reported that mutations in at least one CH-associated

gene were detected in 5.1% of the cohort. Subgroup analyses

stratified according to primary tumor localization revealed a sig-

nificantly higher propensity for CH development in patients re-

ceiving radiotherapy for endometrial and vulvar cancers, as well as

for hematological malignancies such as leukemia and multiple

myeloma. Conversely, no significant correlation was established

between the cumulative radiation dose, calculated as the equivalent

dose in 2 Gy fractions (EQD2), and the incidence of CH (98).

In addition to external beam radiotherapy, the recent introduc-

tion of radioligand therapies, which are becoming increasingly used

in the management of prostate and neuroendocrine cancers, has

introduced a new class of therapeutic selective pressure.

The current literature shows that radioligand therapies are

significantly associated with an increased risk of newly emerging

therapy-related CH (and subsequent t-MN development. The

profound impact of these increasingly widely used therapies neces-

sitates close monitoring for clonal evolution in these growing

patient populations.

A study comparing the prevalence of CH following novel

radioligand therapy with the alternative standard-of-care

cabazitaxel chemotherapy in metastatic castration-resistant prostate

cancer reported a higher frequency of CH with radioligand therapy

compared to cabazitaxel. PPM1D mutations were most frequently

observed among DDR genes, accounting for 42% of cases. These

findings strongly support the integration of longitudinal monitoring

for long-term hematological sequelae, particularly since radioligand

therapy is increasingly being implemented earlier in the prostate

cancer treatment paradigm (99).

In another study suggesting that the hematological toxic effects

of peptide receptor radionuclide therapy (PRRT) can be persistent,

patients with neuroendocrine tumors developed persistent

cytopenias following PRRT exposure. The expansion of mutant

TP53, CHEK2, and PPM1D clones was also observed concurrently

with the onset of these cytopenias (100).
6 Discussion

Novel models developed in recent years to predict the risk of

myeloid malignancy in individuals with CH are intended to better

elucidate the clinical significance of these silent clones. The CHRS

seeks to identify high-risk individuals by incorporating age, the

presence of cytopenias, mutational patterns, and hematological

parameters. Similarly, the MN-predict model estimates the long-

term risk of myeloid neoplasia by integrating genotypic, pheno-

typic, and biochemical data. In the future, these prognostic models

may facilitate the standardized monitoring of patients with CHIP

and clonal cytopenia of undetermined significance, thus contribut-

ing to the early identification of high-risk individuals.

Research has demonstrated that in a significant proportion of

adult patients who develop t-MNs following oncological treatment,

CH mutations present in the circulation prior to primary cancer

therapy undergo selective clonal expansion over time, transforming
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into dominant malignant clones (4). The genotoxic stress induced

by cytotoxic therapies exerts a strong selection pressure on these

pre-existing resistant clones, thereby accelerating the process of

malignant transformation.

The molecular basis of this selection pressure is explained by the

fact that different anticancer therapies confer a specific proliferative

advantage on CH clones harboring particular mutations. By eval-

uating CH dynamics in a large cancer cohort undergoing chemo-

therapy and radiotherapy, Bolton et al. demonstrated that

antineoplastic therapies are not only mutagenic agents, but can

also act as critical driver factors that select for pre-existing CH

clones. The authors also reported that SRSF2 and SF3B1 mutations

were strongly associated with prior anticancer therapies, while

ASXL1 mutations were highly correlated with smoking (4).

Among the various anticancer treatment modalities, radiother-

apy, radionuclide therapy, and cytotoxic chemotherapy, in partic-

ular, exhibit the strongest association with CH-harboring myeloid

driver gene mutations (101). These findings are further supported

by sequential genetic analyses involving 525 patients with solid

tumors who received cytotoxic chemotherapy and/or external

radiotherapy (61%) or targeted therapy/immunotherapy (31%),

the presence of CH being detected in 74% of these cases (4).

The critical role of TP53 mutations in the development of t-

MNs is emphasized by the detection of these mutations at low VAF

levels years before disease diagnosis. The marked expansion of

TP53-mutant clones following cytotoxic therapy suggests that the

treatment primarily selects for pre-existing resistant clones, rather

than inducing de novo mutations. Similarly, PPM1D mutations

confer a robust clonal advantage, particularly following chemother-

apy exposure, emerging as a crucial biological determinant in the

pathogenesis of t-MNs. The observation that PPM1D-mutant

clones may initially exist at very small clone sizes implies that

these can elude traditional surveillance methods, emphasizing that

their “silent” nature does not equate to biological insignificance.

In contrast, mutations in epigenetic regulatory genes, such as

TET2 and DNMT3A, exhibit a distinct pattern of clonal behavior.

Loss of function in TET2 enhances the self-renewal capacity of

HSCs and drives the selective expansion of mutant clones through

complex interactions with the inflammatory microenvironment. In

particular, proinflammatory cytokines such as IL-1b, IL-6, and
TNF-a have been shown to establish a positive feedback loop that

bolsters the survival of TET2-mutant cells. This phenomenon

emphasizes that CH is not exclusively a genetic event, but in fact

a dynamic evolutionary process sculpted by the inflamma-

tory microenvironment.

DNMT3A mutations constitute one of the most frequently

observed genetic alterations within CHIP, driving a reduction in

the differentiation capacity of HSCs while at the same time

enhancing their self-renewal potential. However, a solitary

DNMT3A mutation is generally not considered sufficient to pre-

cipitate malignant transformation. Instead, the acquisition of addi-

tional genetic events or the imposition of environmental stressors

are required. The clinical evaluation of DNMT3A-mutant clones

must therefore extend beyond the mere presence of the mutation,

necessitating a comprehensive assessment of the specific mutation

type, the VAF level, and any concurrent genetic alterations.
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Longitudinal studies have demonstrated that different chemo-

therapeutic agents exert selective pressure on clones harboring

specific gene mutations. Specifically, platinum compounds, radio-

nuclide therapies, and topoisomerase I/II inhibitors significantly

promote the expansion of clones harboring mutations in genes

involved in DDR pathways, such as TP53 and PPM1D (67, 102,

103). Similarly, lenalidomide, an agent widely used in the treatment

of multiple myeloma, induces the ubiquitination and degradation of

the CK1a protein, which normally triggers apoptosis by enabling

p53 activation. However, cells harboring TP53 mutations bypass

this apoptotic mechanism, thus acquiring a significant survival and

proliferation advantage under lenalidomide therapy (104, 105). In

recent years, next-generation targeted therapies, such as peptide

receptor radionuclide therapy and poly (ADP-ribose) polymerase

inhibitors, have also been reported to similarly modulate the cellular

stress response, promoting the selective expansion of clones specif-

ically carrying TP53 and PPM1D mutations, which may ultimately

contribute to the development of t-MNs (100, 106).

Cancer-associated CH is not only closely associated with

therapy-related myeloid malignancies, but also with the overall

development of secondary hematological malignancies. Even silent

variants, which do not alter the protein sequence, have been shown

to be of predictive value for this progression. Furthermore, the

presence of CH, detected in approximately 29.7% of patients with

solid tumors, has been reported to approximately double the risk of

developing a therapy-related hematological malignancy (107).

In order for leukemic transformation to occur, however, the

acquisition of additional genetic events beyond the TP53mutation, or

the presence of a strong selection pressure supporting the expansion

of TP53-mutant clones, is frequently required. This phenomenon is

particularly evident in cancer patients undergoing chemotherapy

and/or radiotherapy. The resulting genomic instability at the final

stage manifests with characteristic cytogenetic alterations. Exposure

to alkylating agents has been shown to be strongly associated with 5q

and 7q deletions, observed in approximately 76% of therapy-related

myeloid neoplasm cases presenting with an abnormal karyotype

(108). In contrast, in therapy-related acute myeloid leukemias (t-

AML) associated with topoisomerase inhibitors, characteristic trans-

locations involving the 11q23 and 21q22 chromosomal regions have

been detected in approximately 5–20% of cases (109, 110).

The inflammatory environment associated with CH not only

acts as a precursor to hematological malignancies, but can also

significantly impact solid tumor outcomes. Recent research into

tumor-infiltrating CH has revealed that mutant myeloid cells can

migrate into the solid tumor microenvironment, modulate local

immune responses, and potentially alter the cancer trajectory and

therapeutic efficacy.

Following the recognition of these mutant clones, clinical

interest in the therapeutic targeting of CH, specifically for the

prevention of t-MN, is growing rapidly. As highlighted in recent

pivotal presentations, novel targeted interventions aimed at sup-

pressing specific mutant clones or mitigating their inflammatory

drivers are currently being investigated. The transition from passive

observation to proactive intervention holds tremendous promise in

terms of altering the natural course of therapy-related mye-

loid neoplasms.
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The post-HSCT setting represents one of the most compelling

clinical models illustrating the biological significance of silent

clones. In patients undergoing autologous HSCT, pre-existing

CHIP clones can undergo marked expansion, driven by the selective

pressure exerted by conditioning chemotherapy and the profoundly

altered post-transplant bone marrow microenvironment, thereby

predisposing the patient to the development of t-MNs. Notably,

mutations in TP53 and PPM1D have been identified as robust

predictors of the risk of post-transplantation myeloid neoplasia.

These findings suggest that pre-transplant molecular screening may

be of significant value, as both a prognostic tool and as a critical

cornerstone for the development of preventative clinical strategies.

In the future, the mere detection of existing mutations will be

insufficient for an accurate t-MN risk assessment. A comprehensive

evaluation must concurrently integrate clone size, clonal growth

kinetics, the functional impact of the specific mutations, interac-

tions with the inflammatory microenvironment, and post-thera-

peutic clonal dynamics. Furthermore, the application of

ultrasensitive next-generation sequencing methodologies and

single-cell analysis technologies will facilitate the early identification

of clinically silent clones that harbor a high malignant potential.

In order to translate these preventive concepts into clinical

practice, several active clinical trials are currently investigating

targeted interventions for individuals with high-risk CH or

CCUS. For instance, ongoing studies (10) are evaluating the

safety and efficacy of novel therapeutic agents designed to halt

clonal expansion and prevent cytopenia progression. Future re-

search should focus on prospective, randomized controlled trials to

determine whether early molecular screening and pharmacological

intervention, such as targeted mutation inhibitors or immune

modulators, in patients harboring high-risk t-CH clones can effec-

tively delay or prevent the onset of therapy-related myeloid neo-

plasms. Crucially, these future strategies must be carefully balanced

to ensure that targeted CH interventions do not compromise the

curative efficacy of the primary cancer treatments.

A recently published study presented a groundbreaking phar-

macological strategy and future perspectives for targeting CH

clones, particularly DDR pathway mutations such as TP53, to

prevent t-MN. That research showed that transient CDK4/6 inhi-

bition (e.g., using trilaciclib or palbociclib) administered prior to

platinum therapy effectively prevents the adverse effects induced by

platinum-based chemotherapy. The authors emphasized that the

success rate of therapies administered after the onset of t-MN are

exceedingly low, and that the disease is almost universally fatal.

They therefore advocated for a paradigm of upfront prevention

rather than relying on treatment. Suppressing CH clonal expansion

during cytotoxic chemotherapy, representing the earliest stage of t-

MN development, has been proposed as the highest-yield strategy

for eradicating this fatal disease. Mechanistically, while CDK4/6

inhibition induces a protective quiescent state (G0/G1 phase arrest)

in normal HSCs, it triggers apoptosis (programmed cell death) in

Trp53-mutant stem cells, thereby abrogating their platinum-

induced stemness advantage. Normal stem cells are thus preserved,

while TP53-mutant clones undergo apoptosis. Twenty-four active

clinical trials investigating the combination of trilaciclib with

various cytotoxic chemotherapy regimens are currently reported
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to be underway. That article anticipates that evaluating the results of

these trials will yield critical insights into the safety of CDK4/6

inhibitors and will guide the design of large-scale clinical trials

dedicated to the prevention of t-MN (77).
7 Conclusion

Considered from a broader perspective, CH emerges as a

significant risk factor for the development of t-MNs following

cytotoxic chemotherapy, radiotherapy, and autologous hematopoi-

etic stem cell transplantation. Indeed, research has shown that

preleukemic CH clones present prior to cancer therapy are fre-

quently detected in patients who subsequently develop t-MN.

Current data reveal that cytotoxic therapies exert a strong selection

pressure, particularly on HSC clones harboring mutations in genes

associated with the DNA damage response, such as PPM1D and

TP53, thereby promoting their expansion. The evaluation of CH

mutations, especially high-risk TP53 mutations that undergo pos-

itive selection during treatment, in cancer patients prior to and

during therapy follow-up may contribute to the early identification

of patients at a high risk of developing t-MN.

An improved understanding of the biological mechanisms

involved in CH may assist the development of more individualized

therapeutic approaches in patients at a high risk of treatment-

related hematological toxicity and secondary malignancies. In this

context, avoiding agents with high leukemogenic potential, consid-

ering dose modifications, or selecting alternative therapeutic op-

tions may represent an appropriate strategy in patients harboring

high-risk CH clones. However, such decisions must be made on a

case-by-case basis and through a multidisciplinary approach, care-

fully weighing the survival benefit derived from the treatment of the

primary malignancy against the risk of developing a therapy-related

myeloid neoplasm. For example, individualized treatment strategies

can be planned by considering the potential effects of lenalidomide

therapy, which has been reported to support the selective expansion

of TP53-mutant clones in multiple myeloma, in patients carrying

high-risk CH.

Current evidence indicates that CHIP is a significant prognostic

biomarker not only for hematological malignancies, but also for

numerous clinical outcomes. Nevertheless, discrepancies in the

definition of CHIP, the sequencing methods used for its detection,

VAF thresholds, and reporting criteria complicate the direct trans-

lation of these findings into routine clinical practice. Furthermore,

the effects on CH of environmental exposures capable of mimicking

the cellular stress and selection pressure induced by chemotherapy

in healthy individuals have not yet been fully elucidated.

In conclusion, t-MNs should no longer be regarded merely as

secondary malignancies arising post-treatment. Instead, they must

be recognized as the culmination of protracted, silently progressing

clonal evolutionary processes that frequently originate years previ-

ously. The concept of the “power of silent clones” provides a novel

biological perspective in t-MN risk stratification, establishing a
Frontiers in Oncology 11
foundational framework for the future development of personalized

surveillance, early intervention, and targeted preventative strategies.

Elucidating the profound molecular underpinnings of CH will not

only enable the precise identification of high-risk individuals, but

will also pave the way for the development of innovative therapeutic

approaches aimed at intercepting myeloid malignancies prior to

their clinical onset.
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