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Abstract  Aging is a multifaceted process charac-
terized by a gradual decline in physiological func-
tion and increased susceptibility to a range of chronic 
diseases. Among the molecular and cellular mecha-
nisms driving aging, genomic instability is a funda-
mental hallmark, contributing to increased mutation 
load and genetic heterogeneity within cellular popu-
lations. This review explores the role of genomic 
instability and genetic heterogeneity in aging in 

the hematopoietic system, with a particular focus 
on clonal hematopoiesis of indeterminate potential 
(CHIP), monoclonal gammopathy of undetermined 
significance (MGUS), and monoclonal B-cell lym-
phocytosis (MBL) as biomarkers. CHIP involves the 
clonal expansion of hematopoietic stem cells with 
somatic mutations. In contrast, MGUS is character-
ized by the presence of clonal plasma cells produc-
ing monoclonal immunoglobulins, while MBL is 
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characterized by clonal proliferation of B cells. These 
conditions are prevalent in the aging population and 
serve as measurable indicators of underlying genomic 
instability. Studying these entities offers valuable 
insights into the mechanisms by which somatic muta-
tions accumulate and drive clonal evolution in the 
hematopoietic system, providing a deeper understand-
ing of how aging impacts cellular and tissue homeo-
stasis. In summary, the hematopoietic system serves 
as a powerful model for investigating the interplay 
between genomic instability and aging. Incorporat-
ing age-related hematological conditions into aging 
research, alongside other biomarkers such as epige-
netic clocks, can enhance the precision and predictive 
power of biological age assessments. These biomark-
ers provide a comprehensive view of the aging pro-
cess, facilitating the early detection of age-related dis-
eases and hopefully enabling personalized healthcare 
strategies.

Keywords  Biological age · Biomarker · Aging · 
Clock · Mutation

Introduction

Aging is a complex and multifaceted process charac-
terized by a gradual decline in physiological function 
and increased vulnerability to diseases, ranging from 
cardiovascular diseases, neurodegenerative diseases, 

and musculoskeletal diseases to cancers. Over the 
past two decades, significant advances in research 
have elucidated various molecular and cellular mech-
anisms that drive aging, collectively known as the 
hallmarks of aging [1–4]. These hallmarks provide a 
comprehensive framework for understanding the bio-
logical underpinnings of aging and include genomic 
instability, telomere attrition, epigenetic alterations, 
impaired cellular resilience and loss of proteostasis, 
deregulated nutrient sensing, mitochondrial dysfunc-
tion and oxidative stress, cellular senescence, stem 
cell exhaustion, and altered intercellular communica-
tion [4–6].

Among these hallmarks, genomic instability 
stands out as a fundamental mechanism contribut-
ing to aging [6–15]. Genomic instability encom-
passes a range of genetic alterations, including muta-
tions, chromosomal aberrations, and DNA damage, 
which accumulate over time [10, 16–22]. This DNA 
damage accumulation results in increased mutation 
load and genetic heterogeneity (“somatic mosai-
cism” [23]) within dividing cellular populations, 
ultimately impairing tissue function and organismal 
health [24–39]. The accumulation of mutations with 
age varies significantly between different organs and 
cell types [25, 34–36, 40–46]. Somatic mosaicism 
predominantly affects tissues with high rates of cell 
turnover (e.g., skin, liver, and hematopoietic cells) 
[23]. The role of age-related genomic instability is 
especially important in stem cells [44]. Stem cells are 
responsible for the maintenance and regeneration of 
tissues throughout the life of an organism. As stem 
cells divide, they pass on accumulated genetic dam-
age to their progeny, leading to clonal expansion of 
mutated cells. This can disrupt tissue homeostasis 
and contribute to the functional decline seen in aging 
tissues.

The hallmarks of aging are interconnected: age-
related oxidative stress is a critical driver of DNA 
damage, while impaired DNA repair is a key compo-
nent of the age-related decline in cellular resilience 
[4]. Many of these age-related changes are regulated 
at the level of the epigenome, where modifications 
in DNA methylation and histone modification pat-
terns influence gene expression and cellular function. 
Cellular senescence, a state of permanent cell cycle 
arrest in response to stress, is closely linked to DNA 
damage. Increased cellular senescence with aging is 
causally associated with heightened DNA damage, 
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contributing to the overall decline in tissue function 
and increased susceptibility to age-related diseases 
[18, 28, 29]. These interconnected processes under-
score the complexity of aging and highlight the cen-
tral role of genomic instability.

Understanding genomic heterogeneity in aging 
is crucial because it provides insights into the 
dynamic and adaptive nature of cellular populations 
in response to genomic stress. As cells acquire muta-
tions, they diversify, leading to clonal expansions and 
shifts in tissue composition [47–56]. This heteroge-
neity not only reflects the underlying genomic insta-
bility but also influences the aging process and the 
development of age-related diseases.

Much of our understanding of genomic hetero-
geneity in aging stems from cross-sectional studies, 
which provide snapshots of genetic diversity at spe-
cific points in time across different age groups. How-
ever, studying genomic instability longitudinally, 
especially in humans, presents significant challenges. 
One primary obstacle is the invasive nature of obtain-
ing repeated biopsies from the same individual over 
extended periods. While cross-sectional studies offer 
valuable insights, longitudinal studies are crucial for 
understanding the dynamics of genomic instability 
and its impact on aging at the individual level.

A particularly valuable organ system for studying 
the interplay between genomic instability and genetic 
heterogeneity in humans is the bone marrow [46, 
57–59]. The bone marrow is a rich source of hemat-
opoietic stem cells (HSCs) and progenitor cells, mak-
ing it an ideal model for investigating how genetic 
changes accumulate and propagate within a highly 
dynamic cellular environment [23, 46]. For example, 
using single-cell whole-genome sequencing, research-
ers found that somatic mutations in B lymphocytes 
increase from less than 500 per cell in newborns to 
over 3000 per cell in centenarians, with mutational 
hotspots and B cell-specific mutation signatures [46]. 
In recent years, conditions such as clonal hematopoie-
sis of indeterminate potential (CHIP) [23], mono-
clonal gammopathy of undetermined significance 
(MGUS), and monoclonal B-cell lymphocytosis 
(MBL) [60, 61] have emerged as measurable conse-
quences of genomic instability in the bone marrow. 
These clonal hematopoietic entities are characterized 
by the presence of nonmalignant clonal cell popula-
tions that arise from somatic mutations and mosaic 

chromosomal alterations, and they are increasingly 
recognized as biomarkers of aging.

In this review, we will explore the mechanisms by 
which genomic instability contributes to aging, with a 
focus on the hematopoietic system. We will highlight 
the significance of CHIP, MGUS, and MBL as bio-
markers of aging and discuss their potential to com-
plement other aging biomarkers, such as epigenetic 
clocks. By understanding the role of genetic hetero-
geneity and genomic instability in human aging, we 
can gain valuable insights into the aging process and 
identify new avenues for therapeutic intervention.

Genomic instability and aging

Genomic instability refers to the increased frequency 
of mutations within the genome, encompassing a 
broad spectrum of genetic alterations such as point 
mutations, insertions and deletions, chromosomal 
rearrangements, and aneuploidy. These alterations 
arise from intrinsic factors, including DNA replica-
tion errors and reactive oxygen species (ROS), as 
well as extrinsic factors, such as environmental tox-
ins and radiation. The cellular machinery responsible 
for maintaining genomic integrity, including DNA 
repair pathways, the cell cycle checkpoint, and apop-
tosis, becomes less efficient with age. This decline in 
genomic maintenance allows genetic damage to accu-
mulate, leading to increased genomic instability.

Role of mutation load in genetic heterogeneity

As organisms age, the accumulation of genetic muta-
tions contributes to an increasing mutation load 
within cells [24–39]. This heightened mutation bur-
den results in significant genetic heterogeneity among 
cellular populations [24–39]. In tissues with high 
cell turnover, such as the hematopoietic system, this 
heterogeneity is particularly pronounced. Each stem 
cell acquiring unique mutations leads to a mosaic 
of genetically distinct clones within the tissue. This 
clonal diversity can drive various cellular behaviors, 
with some clones potentially gaining a proliferative 
advantage or resistance to apoptosis. Consequently, 
this genetic heterogeneity is a direct outcome of the 
continuous accumulation of mutations, reflecting the 
underlying genomic instability.
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Impact of genomic instability on tissue function and 
aging

Genomic instability and the resultant genetic het-
erogeneity have profound implications for tissue 
function and overall aging [23, 41, 42, 62, 63]. As 
genetically diverse clones expand, they can disrupt 
the normal architecture and function of tissues. For 
instance, in the bone marrow, clonal expansions 
associated with conditions like CHIP and MGUS 
can impair hematopoiesis, leading to reduced pro-
duction of healthy blood cells and increased risk 
of hematological malignancies. Additionally, these 
conditions are associated with an increased inci-
dence of cardiovascular aging phenotypes, includ-
ing a higher risk of thrombotic events and cardio-
vascular diseases [49, 50, 56, 64–70]. Additionally, 
genomic instability can induce cellular senescence, 
a state of irreversible growth arrest, contributing 
to the depletion of stem cell pools and impairing 
tissue regeneration [29]. The cumulative effect of 
these processes accelerates the functional decline 
of tissues, manifesting as the phenotypic hall-
marks of aging and increasing susceptibility to 
age-related diseases. Understanding the impact of 
genomic instability is crucial for developing strat-
egies to mitigate its effects and promote healthy 
aging.

Hematopoietic system: a model for studying aging 
processes

The hematopoietic system is a complex network 
responsible for the production and regulation of 
blood cells. It encompasses the bone marrow, 
where hematopoietic stem cells (HSCs) reside 
and differentiate into various blood cell lineages, 
including red blood cells, white blood cells, and 
platelets. This system also includes peripheral 
blood, lymphoid tissues, and organs such as the 
spleen and thymus, which are essential for immune 
function and blood cell maturation. The hemat-
opoietic system maintains homeostasis through a 
finely tuned balance of cell proliferation, differen-
tiation, and apoptosis, ensuring a constant supply 
of functional blood cells throughout an individual’s 
life.

Relevance of the hematopoietic system in aging 
research

As individuals age, the functionality of the hemat-
opoietic system declines, leading to reduced regen-
erative capacity, impaired immune responses, and 
increased susceptibility to diseases, including infec-
tions, anemia, and hematological cancers [71–74]. 
Age-related changes in the hematopoietic system 
include the exhaustion of HSCs, shifts in cell lineage 
potential, loss of reconstitution potential, and altera-
tions in the bone marrow microenvironment. These 
changes provide a window into the broader impacts of 
aging on tissue function and organismal health, mak-
ing the hematopoietic system an excellent model for 
studying the mechanisms of aging.

One significant application of studying the hemat-
opoietic system in aging research is the use of blood 
cell analysis to determine biological age [75]. Bio-
logical age, which may differ from chronological 
age, reflects an individual’s physiological state and 
susceptibility to age-related diseases [75–78]. Stand-
ard laboratory parameters derived from blood cell 
analysis, such as white blood cell counts and lympho-
cyte-to-monocyte ratios, have been incorporated into 
various “biological clocks” [75, 78]. These clocks 
are computational models that estimate biological 
age by integrating multiple hematological param-
eters with other laboratory parameters and/or physi-
ological measurements [78]. Such measures provide 
a comprehensive assessment of an individual’s health 
and biological aging, offering the potential for early 
detection of age-related decline and guiding interven-
tions to promote healthy aging.

Benefits of using the hematopoietic system to study 
genomic instability and genetic heterogeneity

The hematopoietic system offers numerous advan-
tages for studying genomic instability and genetic 
heterogeneity [23]. Its high cellular turnover and the 
presence of long-lived HSCs make it highly suscep-
tible to the accumulation of genetic mutations over 
time. These mutations contribute to clonal hemat-
opoiesis, where specific cell clones expand due to 
their growth advantage, resulting in a diverse genetic 
landscape within the hematopoietic system.

One notable condition related to genomic insta-
bility in the hematopoietic system is CHIP. CHIP is 
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characterized by the presence of clonal blood cell 
populations derived from HSCs that harbor somatic 
mutations or mosaic chromosomal alterations [49–51, 
70, 79–81]. These clonal populations can impact 
hematopoiesis and are associated with an increased 
risk of hematological malignancies and cardiovascu-
lar disease, making CHIP a valuable biomarker for 
aging research [49–51, 70, 79–81].

CHIP, as defined, is usually not associated with 
detectable peripheral blood count abnormalities. The 
progression of clonal myeloid cells may result in 
clonal cytopenias similar to those observed in myelo-
dysplasia (MDS) or, rarely, polycythemia/thrombocy-
tosis similar to those observed in myeloproliferative 
neoplasm (MPN). On the other hand, the progression 
of clonal lymphoid cells may result in monoclonal 
B-cell lymphocytosis (MBL) or, in rare instances, 
T-cell clones of uncertain significance (TCUS) [82]. 
Additionally, the proliferation of clonal B cells that 
mature to produce abnormal monoclonal immuno-
globulins consequently leads to monoclonal gam-
mopathy of unknown significance (MGUS) [83–87]. 
MGUS is considered a precursor to multiple mye-
loma, other plasma cell dyscrasias, and more rarely to 
other lymphoproliferative diseases and is more preva-
lent with advancing age [83–85]. Studying MGUS 
provides insights into how genomic instability and 
clonal expansions in B cells contribute to aging and 
disease.

The effects of receptor-diverse and homogene-
ous clonal hematopoiesis differ in their impact on 
immune function and disease risk. Receptor-diverse 
clones, which arise due to antigenic stimulation, tend 
to maintain a higher level of immune competence, 
preserving a range of T-cell or B-cell receptors. In 
contrast, homogeneous clonal hematopoiesis, where a 
single dominant clone expands, can reduce immune 
diversity and increase susceptibility to infections or 
immune dysregulation, as seen in conditions such as 
MGUS and MBL. This diversity or lack thereof may 
also influence the risk of progression to hematologic 
malignancies, with homogeneous clones potentially 
harboring a higher risk due to the lack of immune 
regulation and increased vulnerability to additional 
mutations.

Advances in single-cell sequencing and other high-
throughput techniques have enhanced our ability to 
analyze the genetic and functional diversity of cells 
within the hematopoietic system [40, 46, 73]. These 

technologies allow for detailed mapping of mutation 
patterns, clonal dynamics, and cellular behaviors, 
providing a comprehensive understanding of how 
genomic instability drives genetic heterogeneity and 
impacts aging [88–91].

Clonal hematopoiesis of indeterminate potential 
(CHIP)

Definition and prevalence of CHIP

CHIP is characterized by the presence of an expanded 
clone of hematopoietic cells that harbor somatic 
mutations in genes commonly associated with hema-
tologic malignancies in the absence of overt blood 
cancer or other hematologic abnormalities [23, 49, 
50, 67, 70, 80, 81]. The present definition established 
the variant allele fraction (VAF) of ≥ 2% of somatic 
alterations of hematologic malignancy-associated 
genes, because the clinical consequence of variants 
below this threshold is less detectable [61]. CHIP is 
identified through genetic sequencing of blood cells, 
revealing specific mutations that confer a growth or 
survival advantage to particular cell clones [53, 54, 
56, 92]. The prevalence of CHIP increases with age, 
affecting approximately 10–20% of individuals over 
the age of 70 [66, 80, 93]. Although it is asympto-
matic and often detected incidentally, CHIP is a sig-
nificant marker of clonal expansion within the hemat-
opoietic system [23, 53, 54, 63, 93, 94].

Mechanisms leading to CHIP and its association with 
aging

The development of CHIP is driven by somatic muta-
tions and mosaic chromosomal alterations affecting 
genes involved in hematopoietic cell regulation [23, 
48, 49, 51, 53, 54, 56, 63, 64, 67, 80, 92, 95, 96]. 
These mutations occur in HSCs and confer a selec-
tive growth advantage preferentially to myeloid or 
lymphoid lineages, allowing the mutant clones to 
expand over time. Both myeloid and lymphoid driver 
gene mutations and mosaic chromosomal abnormali-
ties can be detected, distinguishing between myeloid 
and lymphoid CHIP (M-CHIP and L-CHIP). Recent 
studies indicate that M-CHIP is more prevalent than 
L-CHIP [97]. Age-related declines in DNA repair 
mechanisms facilitate the accumulation of these 
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mutations, increased oxidative stress, and the over-
all aging of the hematopoietic stem cell pool. As a 
result, both M- and L-CHIP become more prevalent 
with advancing age, reflecting the broader phenom-
enon of genomic instability associated with the aging 
process. In M-CHIP, somatic mutations in three genes 
DNMT3A, TET2, and ASXL1 (DTA) were implicated 
in approximately 80% of cases, all involved in epige-
netic regulation. On the contrary, L-CHIP variants 
were more evenly spread across a larger number of 
genes [23, 97]. Several genes connected to L-CHIP 
are involved in DNA damage response, chromatin 
modifications, and maintaining genomic integrity, 
such as ATM, KMT2D, KMT2C, and SPEN [97].

Clinical implications of CHIP in the context of aging 
and disease

Although CHIP is believed to be asymptomatic, its 
presence has significant clinical implications [23, 49, 
51, 52, 56, 67, 70, 93–95]. CHIP is a premalignant 
condition: individuals with CHIP have an increased 
risk of developing hematologic malignancies due to 
the potential for further genetic mutations that drive 
malignant transformation [51, 92, 98]. Myeloid and 
lymphoid CHIP variants clearly differentiate the type 
of malignancies: M-CHIP increases the likelihood 
of myeloid malignancies, while L-CHIP may lead to 
a higher incidence of lymphoid malignancies [97]. 
Additionally, preclinical and clinical studies indicate 
that the M-CHIP clonal events contribute to abnormal 
inflammatory and metabolic changes [23]. In humans, 
M-CHIP is associated with an elevated risk of cardio-
vascular disease, including atherosclerotic vascular 
disease leading to myocardial infarction [48–50, 56, 
64, 67, 70, 79, 81] and stroke [66, 96], consequently 
adversely influencing the overall survival. The car-
diovascular complications associated with M-CHIP 
may be explained by the loss of function related to 
the three main driver genes. However, the mecha-
nisms underlying this association are not fully under-
stood but may involve the pro-inflammatory effects of 
clonal hematopoietic cells, their migration to athero-
sclerotic lesions, and their contribution to both local 
and systemic inflammation [48–50, 56, 64, 67, 70, 79, 
81]. On the contrary, L-CHIP is not associated with 
cardiovascular complications and increased mortality 
[97].

Beyond its role as a precursor to malignancy and 
cardiovascular disease, CHIP serves as a valuable 
biomarker for aging and age-related health risks 
[52]. Its detection can inform risk stratification 
and guide monitoring strategies for individuals at 
higher risk of adverse outcomes [52, 65, 99–103]. 
An important large-scale study by Nachun et  al. 
demonstrated that CHIP is strongly associated with 
epigenetic age acceleration in multiple clocks [52]. 
Similar conclusions were reached by other stud-
ies as well [103]. CHIP carriers with mutations in 
multiple CHIP genes exhibit the most significant 
epigenetic age acceleration, which also associates 
with decreased telomere length [52]. The associa-
tion of CHIP and epigenetic age acceleration identi-
fied a population at high risk of all-cause mortal-
ity (HR, 2.9) and coronary heart disease (HR, 3.24) 
[52]. Thus, the assessment of CHIP as a biomarker 
of age-related genomic instability offers potential 
avenues for early intervention and prevention of 
age-related diseases in high-risk populations.

Clonal cytopenia of unknown significance (CCUS)

Definition and prevalence of CCUS

Although the presence of CHIP mutations usually 
does not affect red cell distribution width (RDW), 
clonal cytopenia of undetermined significance 
(CCUS) [104–106] is characterized by the pres-
ence of M-CHIP along with one or more persistent 
cytopenias that cannot be explained by other hema-
tologic or non-hematologic conditions and do not 
fulfill the diagnostic criteria for specific myeloid 
neoplasms. The definitions of cytopenias for CCUS, 
myelodysplastic syndromes (MDS), and MDS/mye-
loproliferative neoplasms (MDS/MPN) are harmo-
nized and include the following: hemoglobin levels 
below 12–13 g/dL in females and males for anemia, 
an absolute neutrophil count below 1.8 × 109/L for 
leukopenia, and platelet counts below 150 × 109/L 
for thrombocytopenia. Anemia is the most preva-
lent form of cytopenia in older adults and serves as 
a key clinical and phenotypic marker of hematopoi-
etic aging.
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Mechanisms leading to CCUS and its association 
with aging: clinical applications

Anemia in the elderly is most commonly attributed to 
nutrient deficiencies and chronic inflammation (ACI) 
[107, 108]. Despite extensive diagnostic resources, 
the cause of anemia remains unidentified in around 
one-third of the cases, regarded as unexplained ane-
mia of the elderly (UAE) [109]. A large case–con-
trol study investigating the background of anemia 
revealed a higher prevalence of clonal hematopoiesis 
(M-CHIP) in cases with ACI and UAE compared to 
cases with nutrient deficiencies [110]. Although the 
occurrence of commonly detected DTA mutations 
did not differ between anemic and control cases, the 
anemia group exhibited a higher frequency of other 
mutations, including TP53 and SF3B1 [110]. Even a 
mild form of anemia in the elderly is correlated with 
significant morbidity and mortality [110].

Monoclonal B‑cell lymphocytosis (MBL)

Definition, classification, and prevalence of MBL

MBL is characterized by the presence of a small 
monoclonal chronic lymphocytic leukemia/small 
lymphocytic lymphoma (CLL/SLL) phenotype B-cell 
clone in peripheral blood without diagnostic signs 
of B-lymphoproliferative disorder [60, 111–113]. In 
populations above the age of 40, the prevalence is 
estimated to be around 5–15% [114], and it rises to 
approximately 35% in individuals aged 70–79  years 
[111–113, 115].

MBL cases are categorized into low-count 
MBL (< 0.05 × 109/L) and high-count MBL 
(0.05–0.5 × 109/L) based on the number of clonal 
lymphocytes, with high-count MBL comprising 
5–15% of all MBL cases [116]. This subset has the 
potential to progress to chronic lymphocytic leuke-
mia/small lymphocytic lymphoma (CLL/SLL) [116]. 
Immunophenotyping further divides MBL into three 
subtypes: CLL-type MBL (representing 75–85% of 
cases), atypical CLL-type MBL, and non-CLL-type 
MBL [117]. CLL-type MBL is the most common 
and shares many features with CLL, while the atypi-
cal and non-CLL types are less common and exhibit 
different immunophenotypic characteristics [117]. 
This classification aids in understanding the clinical 

significance and potential progression of MBL to 
more serious conditions.

Mechanisms leading to MBL

MBL emerges as the immune system is continu-
ously stimulated throughout our lives, with geno-
typic changes occurring during each cell division. 
Certain genotypic alterations drive the expansion of 
B cells, leading to the propagation and formation of 
clones. These clones can retain their evolutionary 
advantages, continuing to expand even if the initial 
trigger stimuli are no longer present. Whole-genome 
sequencing of both low- and high-count MBL, as 
well as ultra-stable CLL (patients who do not show 
progression for over 10 years from initial diagnosis), 
revealed indistinguishable genomic profiles with low 
genomic complexity at both chromosomal and gene 
levels. The presence of somatic mutations in these 
cases indicated similar alterations, which likely occur 
before disease onset, probably at the hematopoietic 
stem cell level [118]. This suggests that MBL shares 
a common genetic background with CLL, including 
clinically relevant copy number alterations on a chro-
mosomal level such as del13q, trisomy 12, del11q, 
and del17p [119], as well as gene mutations in TP53, 
NOTCH1, and SF3B1.

Clinical implications of MBL in the context of aging 
and disease

MBL is an asymptomatic, premalignant stage of CLL 
with approximately a 1% annual risk of progression 
to CLL [120]. While individuals with low-count 
MBL have a 4.3 times higher risk of developing lym-
phoid malignancies compared to the general popula-
tion, those with high-count MBL face a dramatically 
increased risk, estimated to be 74 times higher [116].

Monoclonality in MBL leads to a degree of 
immune impairment, increasing susceptibility to 
infections [115, 121]. This immune dysfunction is 
due to the clonal nature of the B cells, which affects 
the overall diversity and function of the immune sys-
tem. Some studies have demonstrated decreased over-
all survival even in individuals with low-count MBL 
[122], although the literature is not entirely conclu-
sive on this point, particularly regarding survival out-
comes in low-count MBL cases [116].
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Monoclonal gammopathy of undetermined 
significance (MGUS)

Monoclonal gammopathy of undetermined signifi-
cance (MGUS) is a condition characterized by the 
presence of an abnormal monoclonal protein (M 
protein) in the blood, produced by a clone of plasma 
cells [83, 87, 90]. Unlike multiple myeloma and 
other plasma cell dyscrasias, MGUS typically does 
not cause significant symptoms, organ damage, or a 
high level of M protein. MGUS is most commonly 
detected through blood tests conducted for unre-
lated reasons. It is a common condition, particularly 
among older adults, with a prevalence of over 5% in 
individuals 70 years of age or older and increasing to 
over 7.5% in those 85 years of age or older [83]. In 
the recent iStopMM study, the Icelandic population 
above the age of 40 years was systematically screened 
for the presence of MGUS, and 3.9% was found posi-
tive (5% in the > 50 years old population) [123, 124].

Mechanisms leading to MGUS and its association 
with aging

MGUS is a premalignant condition that precedes 
multiple myeloma and carries an overall 1% annual 
risk of progression [125, 126]. The development 
of MGUS is believed to result from genetic and 
environmental factors that contribute to the clonal 
expansion of plasma cells producing monoclonal 
immunoglobulins. Targeted analyses have identified 
specific genetic abnormalities in MGUS, including 
IGH translocations, RB1 deletions, 1q gains, hyper-
diploidy, and RAS gene mutations [125]. Somatic 
mutations in genes regulating cell growth, survival, 
and differentiation play a critical role in the pathogen-
esis of MGUS. In approximately half of the MGUS 
cases, hyperdiploidy is the founding genetic altera-
tion. Recently, using an ingenious clonal mutation 
analysis approach, it was demonstrated that the first 
hyperdiploidy event may occur as early as the age 
of 20 years. As individuals age, the accumulation of 
age related as well as plasma cell-specific mutations 
and the decline in immune surveillance allow the 
abnormal plasma cell clones to expand, leading to the 
detection of M protein in the blood [90]. Age-related 
changes in the immune system, including immunose-
nescence and chronic inflammation, may create a 

microenvironment conducive to the emergence and 
persistence of these clonal plasma cells [127–130].

Clinical implications of MGUS in the context of 
aging and pathogenesis of age‑related diseases

While MGUS is generally asymptomatic, its presence 
has important clinical implications, particularly in 
the context of aging [87, 90]. MGUS is considered a 
precursor condition to more serious plasma cell dis-
orders, such as multiple multiple myeloma [90, 131]. 
The gross annual risk of progression from MGUS 
to multiple myeloma or related malignancies is 
approximately 1%, necessitating regular monitoring 
of individuals diagnosed with MGUS [90, 128, 131]. 
Patients with a “high-risk” MGUS may present with 
an M protein > 15  g/L, and/or abnormal serum free 
light chain ratio and/or a non IgG M protein. If all 
three clinical features are present, a more advanced 
MGUS situation is detected and the 20-year chance 
for myeloma progression is 58%, significantly more 
than the canonical overall 1% per year value [132]. 
Progressive or evolving MGUS may also be rechar-
acterized as “early myeloma” as frequently myeloma-
specific genetic events (such as DNA damage- or 
APOBEC-related mutations) could be identified in 
the isolated plasma cells.

Although CHIP and MGUS share comparable 
annual progression rates, MGUS involves the expan-
sion of lineage-committed cells, whereas CHIP 
affects hematopoietic stem cells or less mature pro-
genitor cells. Consequently, CHIP serves as a pre-
cursor state for a wider variety of hematologic neo-
plasms [80]. Early detection of progression can 
enable timely intervention and potentially improve 
clinical outcomes. In addition to its potential pro-
gression to malignancy, MGUS is associated with an 
increased risk of other health complications, includ-
ing neuropathy [90, 133], nephropathy [134–138], 
skin changes [139–142], and occasionally even kera-
topathy [143–146]. It has also been shown that the 
thrombosis risk is increased in MGUS, but the risk 
is not related to the M protein level [68]. The exact 
mechanisms linking MGUS to these conditions are 
not fully understood but may involve the effects of the 
monoclonal protein on various tissues and organs, as 
well as the underlying genetic and immune changes 
associated with clonal plasma cell expansion [90]. 
Taken together, MGUS represents a significant 
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example of how genomic instability and clonal 
expansion manifest in the aging hematopoietic sys-
tem. Thus, MGUS may serve as a valuable biomarker 
for aging and age-related diseases. Its detection can 
also provide insights into an individual’s risk profile 
for developing hematologic malignancies and other 
complications.

T‑cell clones of uncertain significance (TCUS)

T-cell clones of uncertain significance (TCUS) repre-
sent the clonal expansion of T-cell large granular lym-
phocytes (T-LGL) and are considered a likely precur-
sor state to T-cell large granular lymphocyte leukemia 
(LGLL) [147]. TCUS does not present symptoms 
typical of lymphoproliferative disease. Evaluation for 
TCUS is indicated when there is a persistent presence 
of at least 0.5 × 109/L of abnormal T lymphocytes, 
identified by flow cytometry as CD3 + CD8 + or 
CD3 + CD4 + with associated cytotoxic markers, for 
over 6  months, provided that other conditions, par-
ticularly viral infections, have been excluded [148]. 
Detection methods for TCUS include next-generation 
sequencing (NGS) and flow cytometry. Evidence sug-
gests that the initial expansion of these T-cell clones 
is antigen-driven [149]. Genomic profiling may reveal 
mutations in STAT3 and STAT5B, which are predic-
tive of malignant transformation [148]. Currently, the 
therapeutic approach for TCUS is a “watch and wait” 
strategy, similar to other premalignant conditions, as 
there is no effective treatment available for the condi-
tion at this time.

Hematologic premalignant conditions 
as biomarkers of aging

Hematologic premalignant conditions are emerging 
as valuable biomarkers of aging due to their strong 
association with genomic instability. All these clonal 
conditions reflect underlying genetic alterations that 
accumulate with age, providing a measurable indica-
tion of genomic instability within the hematopoietic 
system [150, 151]. Importantly, in a recent study of 
777 patients with a median age of 91  years (range 
81–104), CHIP and MGUS prevalence were 17.5% 
and 9.5%, respectively, and the association between 
the two did not reach statistical significance (p = 0.09) 

[150, 152]. In another small-scale study, investigat-
ing bone marrow samples from 37 patients diagnosed 
with MGUS, a positive association between CHIP 
and MGUS was reported [153]. In this study, initial 
CHIP was frequent (27%) in MGUS patients, but this 
has to be confirmed in future larger-scale studies. The 
findings of the aforementioned study highlight poten-
tially distinct pathways for CHIP and MGUS, while 
suggesting they share similar underlying mechanisms 
related to the aging process [150, 152]. The observed 
limited statistical association between CHIP and 
MGUS can be explained by the stochastic nature of 
mutations and clonal expansion. Since somatic muta-
tions arise randomly, the occurrence and expansion 
of clonal populations in different cell types, such as 
hematopoietic stem cells in CHIP and plasma cells in 
MGUS, are not expected to have a direct one-to-one 
relationship. These clonal expansions are influenced 
by different biological processes and selective pres-
sures within each cell population, leading to vari-
ability in their presence and extent. Therefore, while 
both conditions are indicative of age-related genomic 
instability, their independent occurrence reflects 
the complexity of clonal dynamics across different 
hematopoietic lineages. The detection of CHIP and 
MGUS in individuals can thus serve as a proxy for 
the broader genomic instability occurring throughout 
the body, highlighting their utility in aging research 
and underscoring the usefulness of incorporating both 
biomarkers into aging clocks to provide a more com-
prehensive assessment of biological aging.

In the realm of aging biomarkers, CHIP and 
MGUS offer unique insights compared to other 
widely studied measures such as epigenetic clocks. 
Epigenetic clocks estimate biological age based on 
specific patterns of DNA methylation, providing 
a quantifiable measure of age-related epigenetic 
changes. While epigenetic clocks are powerful 
tools for assessing biological age and predicting 
lifespan, CHIP and MGUS add an additional layer 
of information by directly indicating somatic muta-
tions and clonal expansions. Unlike epigenetic 
changes, which are potentially reversible and influ-
enced by environmental factors, the mutations lead-
ing to CHIP and MGUS are permanent and accu-
mulate over time. This makes CHIP and MGUS 
particularly robust markers of cumulative genomic 
damage and clonal dynamics, complementing the 
temporal insights provided by epigenetic clocks. 
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The integration of CHIP and MGUS with exist-
ing biomarkers in aging studies holds significant 
potential for enhancing our understanding of the 
aging process and improving risk stratification for 
age-related diseases [50, 64, 66, 67, 81, 98, 154]. 
By combining the mutation-based insights from 
CHIP and MGUS with the information from epi-
genetic, proteomic, metabolomic, and/or lipidomic 
clocks, it may be possible to achieve a more com-
prehensive assessment of the biological age of an 
individual.

Furthermore, the inclusion of CHIP and MGUS 
in longitudinal aging studies can provide valuable 
data on the progression of genomic instability and 
its impact on health over time. This can facilitate 
the identification of early biomarkers of disease 
and the development of preventative measures. 
As research advances, the combined use of CHIP, 
MGUS, and other biomarkers will likely lead to a 
deeper understanding of the mechanisms driving 
aging and the discovery of novel therapeutic tar-
gets to promote healthy aging and longevity. The 
ability to detect and analyze these clonal events 
provides a valuable window into the dynamic pro-
cesses underlying aging at the molecular and cel-
lular levels.

One promising area of investigation is the devel-
opment of anti-aging therapeutic interventions 
based on modulation of inflammation, which plays 
a central role in the progression of CHIP-related 
diseases [49, 155–158]. Anti-inflammatory thera-
pies, such as IL-1 inhibitors like canakinumab, 
have demonstrated efficacy in reducing cardiovas-
cular events in individuals with elevated inflamma-
tion driven by clonal hematopoiesis. In addition to 
inflammation modulation, targeted therapies that 
address the specific genetic mutations commonly 
associated with CHIP, including DNMT3A, TET2, 
and ASXL1, are being explored. These interven-
tions aim to limit clonal expansion and its down-
stream effects. Cardiovascular risk reduction strate-
gies, such as lipid-lowering therapies (e.g., statins) 
and antithrombotic agents, are also critical in 
addressing the heightened risk of thrombotic events 
seen in CHIP carriers. Together, these approaches 
hold promise for reducing both the hematologi-
cal and cardiovascular risks associated with clonal 
expansions in aging populations.

Conclusions

In summary, premalignant hematologic conditions are 
powerful biomarkers that offer unique and complemen-
tary insights into genomic instability and aging. Their 
incorporation into aging research, alongside other 
biomarkers such as epigenetic clocks, can enhance 
the precision and predictive power of biological age 
assessments. By providing a more comprehensive view 
of the aging process, CHIP and MGUS contribute to 
a deeper understanding of how genomic instability 
drives aging and age-related pathologies [159–169]. 
This knowledge can lead to more effective strategies 
for managing and mitigating the impacts of aging on 
human health. Ultimately, leveraging these biomarkers 
can improve early detection, risk stratification, and per-
sonalized interventions, promoting healthier aging and 
better quality of life for older adults.
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