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Clonal hematopoiesis (CH) represents the clonal expansion of hematopoietic stem cells
and their progeny driven by somatic mutations. Accurate risk assessment of CH is
critical for disease prevention and clinical decision-making. The size of CH has been
showed to associate with higher disease risk, yet, factors influencing the size of CH are
unknown. In addition, the characteristics of CH in long-lived individuals are not well
documented. Here, we report an in-depth analysis of CH in longevous (290 y old)
and common (60~89 y old) elderly groups. Utilizing targeted deep sequencing, we
found that the development of CH is closely related to age and the expression of aging
biomarkers. The longevous elderly group exhibited a significantly higher incidence of
CH and significantly higher frequency of TET2 and ASXLI mutations, suggesting
that certain CH could be beneficial to prolong life. Intriguingly, the size of CH neither
correlates significantly to age, in the range of 60 to 110 y old, nor to the expression of
aging biomarkers. Instead, we identified a strong correlation between large CH size and
the number of mutations per individual. These findings provide a risk assessment bio-
marker for CH and also suggest that the evolution of the CH is influenced by factor(s)
in addition to age.
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Hematopoietic stem cells (HSCs) gradually lose their proliferation potential in the process
of aging (1). Meanwhile, during their self-renewal process, the HSCs continually accu-
mulate DNA mutations (2). Certain mutations in HSCs can cause increased proliferation
and abnormal differentiation. The clonal expansion of HSCs and their progeny driven by
somatic driver mutations is termed as clonal hematopoiesis (CH) (3, 4). CH becomes
increasingly common with age and is referred to as age-related clonal hematopoiesis
(ARCH). The presence of somatic mutations in malignancy-related genes in blood, with-
out evidence of hematologic malignancy, dysplasia, or cytopenia, along with variant allele
frequencies (VAF) 22% is termed as clonal hematopoiesis of indeterminate potential
(CHIP) (5).

Previous studies have demonstrated a steady increase in the prevalence of CHIP with
age (3, 4, 6, 7). Commonly observed mutations in CHIP affect multiple genes, such as
DNMT3A, TET2, PPM1D, TP53, STAT3, IDHI1, IDH2, and ASXLI, most of which are
known to be associated with hematological malignancies. These mutated genes can be
categorized as epigenetic regulators, splicing factors, DNA damage response factors, and
hematopoietic transcription factors (2, 8, 9). In addition to age, the development of CHIP
is also influenced by factors such as inflammation, cancer-related treatments, smoking,
and genetic factors (10-14).

CHIP is associated with an increased risk of hematological malignancies such as acute
myeloid leukemia (AML), clonal cytopenia of undetermined significance, myelodysplastic
syndromes (15, 16), and non-hematological diseases, such as cardiovascular diseases (17, 18),
solid tumors (19), and autoimmune diseases (20), as well as increased overall mortality
(21). CHIP can also provoke an inflammatory response in the body and display strong
tolerance to this inflammatory environment, enhancing the adaptability of CH (22) and
increasing the risk of sepsis, severe coronavirus infections (COVID-19) (23), and other
infections (24).

Not all CH evolves into hematological malignancies or other diseases. Risk assessment
of CH is therefore critical in disease prevention and clinical practices. It has been shown
that the evolution of CH is influenced by both mutation types and non-mutation-related
factors (25, 26). Studies have also revealed that the size of CH is linked to disease pro-
gression and prognosis (27), with larger clones associated with higher disease risks. Previous
studies have found that individuals with high VAF (210%) have a significantly increased
risk of lung cancer (28), gout (29), major adverse cardiac events (MACE) (30). The size
of CH is also included in the CH risk score for prediction of myeloid malignancies
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(26, 31). However, the factors influencing the size of CH and its
underlying molecular mechanisms remain unknown.

Clonal expansion driven by somatic mutations not only occurs
in the hematopoietic system but also commonly develops in nor-
mal tissues throughout the body (32). Although some clonal
expansion can evolve into cancer and/or facilitate the development
of other diseases, certain clonal expansion may also play beneficial
homeostatic roles in certain states by countering stress and aging
conditions (33). The hematopoietic capacity of HSCs declines
gradually as people age, and such change becomes more dramatic
after 70 y of age (1). Although CH has been detected in various
age groups, it has not been systematically studied in the longevous
populations (90 y of age and above).

In this study, we compared the CH in longevous (=90 y old) and
common (60~89 y old) elderly groups and found that the prevalence
of CH is significantly higher in the longevous elderly group, with
significant increase of 7E72 and ASXLI mutations. Unexpectedly,
the size of CH exhibited no significant correlation with age, in the
range of 60 to 110y old, nor with the expression of aging biomarkers.
Instead, we observed a significant correlation between the size of CH
and the number of mutations per individual. These findings provide
a risk assessment biomarker for CH and suggest that the evolution
of the CH is influenced by factor(s) in addition to age.

Results

Elevated Incidence of CH in the Longevous Elderly Group. We
collected blood samples from 105 longevous elderly individuals
aged 90 to 110y, referred to as the longevous elderly group; and
126 common elderly individuals aged 60 to 89 vy, referred to as
the common elderly group, as the control. To identify individuals
with CH, we analyzed somatic mutations in 46 CH-related genes
(81 Appendix, Table S1) by targeted next-generation sequencing
(NGS). In this context, CH with a VAF >2% is referred to as
CHIP, and that with all VAFs is referred to as CH. The incidence
of both CH and CHIP increased continuously with age until 100y
old (Fig. 1 A and B). Although the incidence of CH and CHIP
was trending lower in individuals aged 100 to 110 y (Fig. 1 A
and B), statistical analysis using the chi-square test indicates that

the difference in CH and CHIP incidence between individuals
aged 100 to 110 y and those aged 90 to 99 vy is statistically
insignificant (P = 0.834 and P = 0.437, respectively).

Next, we compared the occurrence of CH between the two elderly
groups. Within the longevous group, 74.3% (78 out of 105) exhib-
ited CH and 66.7% (70 out of 105) harbored CHIP. In contrast,
the common elderly group had 44.4% (56 out of 126) with CH and
39.7% (50 out of 126) with CHIP (Fig. 1 Cand D). The fraction
of individuals with CH (CH") and CHIP (CHIP") in the longevous
group was significantly higher than that of the common elderly group
(P < 0.001). There was no significant difference in the incidence of
CH or CHIP between two genders in the tested individuals from
both age populations (S7 Appendix, Fig. S1).

Significantly More TET2 and ASXL1 Mutations in the Longevous
Elderly Group. Through the analysis of CH in both longevous and
common elderly groups, a total of 200 mutated genes and a total of
237 mutant alleles in 133 individuals were identified (S/ Appendix,
Table S2). To elucidate the relationship between the number of
mutations and CH, we assigned a value to the mutation count,
with each mutated gene or mutant allele receiving one point.
We then compared both the number of mutated genes and the
number of mutant alleles between the longevous elderly group and
the common elderly group and found that the longevous elderly
group had a significantly higher number of mutated genes per
individual (Fig. 24), as well as a significantly higher number of
mutant alleles per individual (Fig. 2B) compared to the common
elderly group, both in females and males.

Like previous reports, 7ET2, DNMT3A, and ASXLI are the
most frequently mutated genes in the tested individuals with CH.
Fig. 2C shows the distribution of mutated genes (Lef?) and mutant
alleles (Right) in the longevous elderly group versus the common
elderly group. Univariate logistic regression analysis, accounting
for gender, revealed that the frequency of mutated 7E72 and
ASXLI was significantly higher in the longevous elderly group
than the common elderly group (2 < 0.0001 and P = 0.021,
respectively). Similarly, significantly more mutated 7E72 alleles
were found in the longevous elderly group compared to the com-
mon elderly group (P < 0.0001).
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Fig.1. CHinlongevous elderly group and common elderly group. (A) Proportion of CH in different age intervals. (B) Proportion of CHIP in different age intervals.
(C) Stacked bar plot depicting individuals with CH (CH") and individuals without CH (CH") in the longevous versus common elderly groups. Chi-square test indicates
a significant difference between the two age groups (P < 0.001). (D) Stacked bar plot illustrating individuals with (CHIP*) and individuals without CHIP (CHIP?) in
the longevous versus common elderly groups. Chi-square test indicates a significant difference between the two age groups (P < 0.001).
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Fig.2. CH mutations inthe longevous elderly group versus the common elderly group. (A) Comparison of number of mutated genes per individual in the female
and male longevous elderlies versus the female and male common elderlies. Statistical analysis was conducted using the Wilcoxon's rank-sum test. (B) Comparison
of the number of mutant alleles per individual in the female and male longevous elderlies versus the female and male common elderlies. Wilcoxon's rank-sum
test was used for statistical analysis. (C) Distribution of mutated genes (Left) and mutant alleles (Right) in the longevous elderly group versus the common elderly
groups. The numbers labeled represent the number of individuals harboring the corresponding mutated genes and mutant alleles, respectively.

Occurrence of CH Is Positively Associated with the Level of Aging
Biomarkers. Although aging is age-related, chronological age does
not always accurately reflect biological aging. The serum levels of
IL-8, TNF-a, ITAC, S100A8, and CHIT1 have been reported to
be associated with aging (34-38). To check whether the occurrence
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of CH is also associated with aging, we examined the serum level
of these aging biomarkers in the longevous and common elderly
groups. Consistent with their association with aging, the serum level
of all these proteins was significantly higher in the longevous elderly
group than the common elderly group (Fig. 34). Subsequently,
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we analyzed the association between the expression of these aging
biomarkers and the occurrence of CH. IL-8, TNF-«, ITAC, and
S100A8 were found to be significantly associated with CH (P =
0.033, 0.030, 0.024, 0.049, respectively) (Fig. 3B).

The Size of CH Does Not Associate Significantly with Age and
the Level of Aging Biomarkers in Elderly Individuals. Not all
CH develop into hematological malignancies or other related
diseases. However, large size of CH (VAF = 10%) has been found
to be associated with an increased risk of developing diseases such
as lung cancer (28), gout (29), and MACE (30). In this study,
we categorized the CH clones with VAF < 10% as small clones
and those with VAF > 10% as large clones. In individuals with
multiple clones, the VAF of the largest clone (maxVAF) is used
in the analysis. Both large and small clones were observed in all
ages. The relationship between the size of CH and age assessed by
Spearman’s correlation showed no significant difference (Fig. 44,
P =0.476). The ratio of large to small size of CH also showed no
significant difference between all age intervals (Fig. 48, P=0.983).
We also analyzed the association between the size of CH and aging
biomarkers and found that there was no significant correlation
between the size of CH and the expression of IL-8, TNF-a, ITAC,
S100A8, and CHIT1 (Fig. 4C).

The Number of Mutations Per Individual Correlates Positively
with the Size of CH. The aforementioned results indicate that
the CH clone size is not correlated with age or aging. We then
searched factors that are associated with the expansion of CH. The
relationship between the number of mutant alleles per individual
and the size of CH was assessed by Spearman’s correlation. This
analysis revealed a significant correlation between the number

of mutant alleles and the size of CH (Fig. 54, P < 0.0001). We
also divided the tested individuals with CH into three subgroups
according to their number of mutant alleles and found that the
CH clones are significantly larger in individuals with 2 mutant
alleles than those with 1 mutant allele, and the CH clones is
significantly larger in individuals with 3 or more mutant alleles
than those with 2 or 1 mutant allele(s), respectively (Fig. 5B).

We further categorized the tested individuals with CH into four
subgroups based on maxVAF: <2%, 22% to <5%, >5% to <10%,
and 210% and found that individuals with larger CH clones have
higher proportion of multiple mutant alleles (Fig. 5C).

Discussion

In this study, we found that the development of CH and CHIP
increased continuously with age until 100 y old (Fig. 1 A and B).
Although the decrease did not reach statistical significance, the
incidence of CH and CHIP was trending lower in individuals
aged 100 to 110 y old (Fig. 1 A and B). The decline of incidence
of CH and CHIP in individuals aged 100 to 110 y may reflect
the influence of longevity factors, such as lower mutation rate, on
all aspects of health.

Previous studies have revealed that large size of CH (VAF >
10%) correlates more with the development of diseases such as
lung cancer (28), gout (29), and MACE (30), and the prognosis
of many other diseases (6). Intriguingly, we found that the size of
CH does not exhibit significant correlations with age within the
range of 60 to 110 y nor to the expression of aging biomarkers
(Fig. 44). This suggests that factors other than age may play
pivotal roles in driving the expansion of CH. Our findings align
with a large-scale longitudinal study with 3,359 participants,
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Fig.3. Association analysis of CH and age-related biomarkers. (A) Comparison of the expression of aging biomarkers between the longevous elderly group and
the common elderly group. Wilcoxon’s rank-sum test was used for statistical analysis, with the resulting P-value labeled for each comparison. (B) Comparison
of the expression of aging biomarkers between individuals with CH (CH") and individuals without CH (CH"). Wilcoxon’s rank-sum test was used for statistical

analysis, with the resulting P-value labeled for each comparison.
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Fig.4. Correlation between the size of CH versus age and aging biomarkers. (A) Scatter plot illustrating the size of CH (reflected by maxVAF) in each CH-positive
individual across age. The relationship between the size of CH and age was assessed by Spearman’s correlation. Calculated correlation coefficient and P-value
are labeled. The orange-yellow band represents the 95% Cl for the linear regression. (B) Stacked bar plot depicting CH with VAF > 10% (Large) and CH with VAF
<10% (Small) in 5 age groups. Statistical analysis using the chi-square test indicates no significant difference between the groups (P = 0.983). (C) Comparison of
the expression of aging biomarkers between individuals harboring CH with VAF > 10% (Large) and individuals harboring CH with VAF < 10% (Small). Wilcoxon's
rank-sum test was used for statistical analysis, with the resulting P-value labeled for each comparison.

demonstrating that age does not affect clonal expansion in their
studied cohort (25).

Our study shows that the size of CH correlates significantly
with the number of mutations per individual (Fig. 5). These find-
ings provide a risk assessment biomarker for CH and suggest that
the evolution of the CH is influenced by factor(s) in addition to
age. The higher number of mutations may reflect a greater muta-
tion rate of the individuals. Defects in DNA repair and the main-
tenance of genome stability could expedite CH development.

The prevalence of CH in the elderly population in China seems
higher than CH in western populations initially reported (3, 4).
However, the incidence of CH varies dramatically in recent pub-
lications. For example, CH was detected in 305 out of 385 indi-
viduals (79.2%) aged 55 to 93 y (7). Although we cannot rule out
the possibility that CH incidence is higher in Chinese population,
the difference could be due to the depth of sequence, technique,
and variant calling.

Although this study mainly compared CH in longevous versus
common elderly groups, we also analyzed the CH in 50 to 59 y
old (28 individuals) and 40 to 49 y old (33 individuals) groups.
CH in age 50s group is about 14%, whereas CH in age 40s group
is approximately 6%. These data show again that CH is age-related
and develops under the aging condition. To this end, it is of note
that in our recent study on the comprehensive genomic profiling
of a large cohort of AML, CH-related gene mutations constitute
the major genomic abnormalities in elderlies whereas gene fusion
events tend to be main disease drivers in younger patients (see
accompanying paper by Li JE et al.)

While some clonal expansion can evolve into cancer and/or facil-
itate the development for other diseases, certain clonal expansion may

PNAS 2024 Vol.121 No.8 e2319364121

also play beneficial homeostatic roles in certain states by countering
stress and aging conditions (33). For instance, clonal expansion due
to BCOR/BCORLI and PIGA mutations is beneficial for the prog-
nosis of aplastic anemia treatment (39). Notch1 gene mutations have
been found to drive clonal expansion in normal esophageal epithe-
lium but impair esophageal tumor growth (33, 40). In case of CH,
it may offer protection against the risk of Alzheimer’s Disease (41).
It is well known that with aging, the body exhibits stem cell exhaus-
tion, reduced regenerative abilities (42), and decreased blood cell
counts (43). In individuals over 70 y old, due to aging of HSC:s, there
is a sharp decline in hematopoietic function, leading to an increased
risk of anemia, blood cancer, weakened infection resistance, and other
age-related conditions (1). Here, we found that CH is common in
the longevous group (Fig. 1), suggesting that certain CH could be
beneficial to prolong life.

Our study found that individuals aged 90 and above have sig-
nificantly higher frequency of 7E72 and ASXLI mutations
compared to the common elderly population (Fig. 2C). TET2
mutations were also previously found to increase consistently with
age in individuals with CH (7). However, there were only a few
individuals over 90 y old in the study (7). As cancer incidence
peaks approximately age 85 to 89 y (44), one possible explanation
of their results is that 7E72 mutations may be associated with
increased cancer incidence. Our results, showing that 7E72 muta-
tions are significantly higher in the longevous group (Fig. 2C),
indicate that 7E72 mutations may play a protective role in pro-
longing life. Consistent with the finding that 7E72 mutations
may play a protective role, more 7E72 mutations were found
in CH associated with lower risk of Alzheimer’s disease (41).
A possible mechanism is that 7E72 mutations may promote

https://doi.org/10.1073/pnas.2319364121
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Fig.5. Correlation between the size of CH versus the number of mutant alleles
per individual. (A) Scatter plot illustrating the number of mutant alleles per
individual and the size of CH [expressed as log;(maxVAF(%))]. The relationship
between the number of mutant alleles per individual and the size of CH was
assessed by Spearman's correlation. Calculated correlation coefficient and P-
value are labeled. The orange-yellow band represents the 95% Cl for the linear
regression. (B) Comparison of the number of mutant alleles per individual,
as indicated, and the size of CH [expressed as log,,(maxVAF(%))]. (C) Stacked
bar plot depicting CH-positive individuals with different numbers of mutant
alleles, as indicated, in 4 different CH size (represented as maxVAF) groups.
(0,2),[2,5),[5,10), and [10, +) represent the VAF of CH size groups <2%, >2% to
<5%, =5% to <10%, and =10%, respectively.

myeloid cell differentiation and produce more microglial cells
(41). The benefitting of clonal expansion might be the result of
selection made by the aging organism to maintain stability and
counteract aging and stress. These possibilities warrant further
exploration in future studies.

Material and Methods

Subject Recruitment. We enrolled a total of 231 Han Chinese individuals from
Lingao County, Hainan Province, China.This cohort is comprised of 105 longevous
elderly individuals (=90 y old, average age: 99.4 = 4.37 y; gender: 76 females
and 29 males) and 126 common elderly individuals (60 to 89 y old, average
age: 73.8 = 8.22 y; gender: 73 females and 53 males). Blood samples of lon-
gevous elderlies were collected at participants' home with the support of Lingao
Health Commission. Participants in longevous elderly group all live in normal life
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without serious illness. Blood samples of common elderlies were collected during
their annual physical exam in Lingao People’s Hospital. Participants in common
elderly group are healthy individuals confirmed by their blood examination tests
(Dataset). To ensure accurate age verification, we recorded the ages of all partic-
ipants from their identification cards and further corroborated this information
by recalling their life events, especially for the longevous elderly participants.
The research protocol was approved by the Ethics Committee at Hainan Medical
University (HYLL-2023-407). Written informed consent was obtained from each
of the participants prior to the study.

Targeted Sequencing, Variant Calling, and Filtering. Genomic DNA was
randomly sheared through ultra-sonication to generate paired-end libraries
with an average insert size of ~300 bp and subjected to library construction
using KAPA HyperPrep Kits (KAPA Biosystems), followed by hybridization cap-
ture using custom IDT xGen Lockdown Probes and Reagents (Integrated DNA
Technologies). As the main component, the custom hybridization capture panel
targets 120 kb of the human genome containing all coding exons of 46 myeloid
and lymphoid driver genes (S/Appendix, Table S1). Targeted NGS was performed
using hybridization oligonucleotide probes on the lllumina Nextseq 550 platform
(Hllumina, San Diego, CA, USA) in Ruijin Hospital, producing 2 x 150 bp paired-
end reads. The mean number of aligned consensus reads was 11329801, with
a coverage of >1,000x for 84% of all targeted regions. The paired-end reads
from whole-exome sequencing were mapped to human genome (version hg19)
by BWA aligner (v0.7.17) (45). Mapping results were then sorted and marked
for duplications via Picard (v2.23.0, https://broadinstitute.github.io/picard) (46).

Single nucleotide variants (SNVs) and small insertions and deletions (INDELs)
were obtained by taking the union of three callers GATK4 Mutect2 (http://www.
broadinstitute.org/gsa/wiki/index.php/The_Genome_Analysis_Toolkit) (47),
VarDict (v1.5.8, https://github.com/AstraZeneca-NGS/VarDict) (48), and MuTect
(v1.1.7, https://github.com/broadinstitute/mutect) (49) using default parameters
oraccording to those recommended by the authors. All mutations were annotated
by SnpEff (v4.2, https://pcingola.github.io/SnpEff/) and ANNOVAR (v2019Dec03,
http://www.openbioinformatics.org/annovar/). All functional mutations, including
missense, nonsense, splicing, nonstop SNVs, and INDELs, were obtained. The
raw variant sites were screened by the following standards: homemade pipeline
was used to filter SNVs and INDELs detected by the above software, excluding
1) mutations called only one software; 2) germline mutations detected from
250 custom control samples; 3) population-related variants reported in 1,000
Genomes (dbSNP 151) as common SNPs and not included in the Catalogue of
Somatic Mutations in Cancer version v85; 4) VAFs were <1% and <20 individual
mutant reads.

For pathogenic annotation, each filtered mutation annotated by “Pathogenic”
and “Likely Pathogenic"” with supporting evidence were retrieved from ClinVar
database (50). In addition, we use SIFT and PolyPhen-2 to predict the effect of
the change on protein function (51, 52).

Measurement of Serum Level of IL-8, TNF-«, ITAC, S100A8, and CHIT1.
The serum concentrations of IL-8, TNF-a, ITAC, S100A8, and CHIT1, in partici-
pants were measured with commercial ELISA kits (Shanghai Zhenke biological
Technology Co. Ltd.) following the manufacturer's instructions. The signals were
detected at 450 nm using the Spark multimode reader (Tecan, Switzerland). The
measurements were normalized to a negative serum control.

Statistics and Reproducibility. Statistical analyses were performed using
the R statistical software (version 4.3.1), with visual plots drawn with the help
of R packages "ggplot2" (https://github.com/tidyverse/ggplot2) and "PICH"
(https://github.com/hfang-bristol/PICH). All statistical tests were two-sided
to compute statistical significance (P-value) and odds ratio where applicable.
Categorical variables were compared using the chi-squared tests, while the
Wilcoxon's rank-sum test was employed to compare continuous variables.
Univariate logistic regression analysis was utilized to compare differences in the
number of mutations between individuals in the longevous elderly group and
individuals in the common elderly group. The relationship between CH clone
size versus age and the relationship between CH clone size versus the number
of mutant alleles were analyzed by Spearman'’s correlation. The reproducibility
is enabled at http://www.genetictargets.com/CH/index.html, including data,
codes, and instructions.
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Data, Materials, and Software Availability. Anonymized targeted DNA
sequencing data have been deposited in http://www.genetictargets.com/CH/
index.html (53) (open access).
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