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Background: Clonal hematopoiesis of indeterminate potential (CHIP), which is defined as 
the presence of blood cells originating from somatically mutated hematopoietic stem cells, 
is common among the elderly and is associated with an increased risk of hematologic ma-
lignancies. We investigated the clinical, mutational, and transcriptomic characteristics in 
elderly Korean individuals with CHIP mutations.

Methods: We investigated CHIP in 90 elderly individuals aged ≥60 years with normal 
complete blood counts at a tertiary-care hospital in Korea between June 2021 and Febru-
ary 2022. Clinical and laboratory data were prospectively obtained. Targeted next-genera-
tion sequencing of 49 myeloid malignancy driver genes and massively parallel RNA se-
quencing were performed to explore the molecular spectrum and transcriptomic charac-
teristics of CHIP mutations.

Results: We detected 51 mutations in 10 genes in 37 (41%) of the study individuals. CHIP 
prevalence increased with age. CHIP mutations were observed with high prevalence in 
DNMT3A (26 individuals) and TET2 (eight individuals) and were also found in various 
other genes, including KDM6A, SMC3, TP53, BRAF, PPM1D, SRSF2, STAG1, and ZRSR2. 
Baseline characteristics, including age, confounding diseases, and blood cell parameters, 
showed no significant differences. Using mRNA sequencing, we characterized the altered 
gene expression profile, implicating neutrophil degranulation and innate immune system 
dysregulation.

Conclusions: Somatic CHIP driver mutations are common among the elderly in Korea and 
are detected in various genes, including DNMT3A and TET2. Our study highlights that 
chronic dysregulation of innate immune signaling is associated with the pathogenesis of 
various diseases, including hematologic malignancies.
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INTRODUCTION

Clonal hematopoiesis of indeterminate potential (CHIP) is char-

acterized by a fraction of peripheral blood cells carrying somatic 

mutations in genes previously implicated in hematologic can-

cers, but without the presence of hematological diseases [1, 2]. 

Individuals with CHIP are at a significant risk for hematologic 

malignancies, cardiovascular disease, and increased mortality 

from non-hematological diseases [3-6].

  Inflammation plays a pivotal role in the pathogenesis of CHIP 

caused by mutations in DNMT3A and TET2 and CHIP-associ-

ated diseases [7-9]. Macrophages and dendritic cells derived 

from Tet2-deficient mice exhibited aberrant production of inflam-

matory cytokines, such as interleukin-6, when compared with 

wild-type cells [8]. Mast cells from Dnmt3a-deficient mice pro-

duced high levels of interleukin-6, tumor necrosis factor α, and 

interleukin-13 in response to stimulation with IgE [7].

  However, how CHIP mutant clones mechanistically play a role 

in the development and progression of the disease and their clin-

ical implications for prognostication of disease risk are poorly 

understood. Furthermore, CHIP has rarely been studied in non-

Caucasian populations. We investigated the clinical, mutational, 

and transcriptomic characteristics in elderly Korean individuals 

with CHIP mutations.

MATERIALS AND METHODS

Study population
We included individuals aged ≥60 years with normal complete 

blood counts (Hb, absolute neutrophil count, and platelets) and 

peripheral blood cell morphology. Ninety individuals examined 

between June 2021 and February 2022 at the Soonchunhyang 

University Bucheon Hospital (a tertiary referral hospital in Bu-

cheon, Korea) were prospectively enrolled. Peripheral blood 

(3–6 mL) was collected in EDTA tubes and refrigerated, and nu-

cleic acids were extracted. Main clinical and laboratory data at 

the time of initial hospital visit, including age, sex, common age-

related morbidities, such as hypertension and diabetes, leuko-

cyte count, Hb level, platelet count, and mean corpuscular vol-

ume of red cells, were collected. This study was approved by 

the Institutional Review Board of Soonchunhyang University Bu-

cheon Hospital (SCHBC 2021-05-009). Written informed con-

sent was obtained from all individuals in accordance with the 

Declaration of Helsinki 2013.

Targeted next-generation sequencing (NGS)
DNA was isolated from peripheral blood leukocytes using the 

QIAamp DNA Mini Kit (Qiagen, Venlo, Netherlands). Targeted 

NGS for 49 myeloid malignancy driver genes (Supplemental 

Data Table S1) was performed using hybridization oligonucle-

otide probes on the Illumina MiSeqDx platform (Illumina, San 

Diego, CA, USA), producing 2×150-bp paired-end reads with 

a mean depth of coverage of >1,000× [10, 11]. Sequence 

reads were aligned against human genome build 19 (hg19) 

using the Burrows–Wheeler Aligner (v0.7.17, r1188). Variant 

calling was performed using VarScan v2.4.4 and GATK Mu-

tect2 (v4.1.6.0), and variants were annotated using Ensembl 

VEP v104. After variant calling using the commercial software, 

all variants were manually inspected and curated based on the 

following criteria: ≥1% variant allele frequency (VAF) and mini-

mum of 20 mutant reads; and in-house databases for recur-

rent artifacts, polymorphisms, and mutations. Variants with a 

low mapping quality (<20) were considered technical artifacts 

and excluded. Variants with a VAF of 0.4–0.6 and >  0.8 were 

not considered, to exclude potential germline variants. Publicly 

available databases, namely Catalogue of Somatic Mutations in 

Cancer (COSMIC) v90, ClinVar (retrieved on November 18, 

2019), gnomAD (version 2.0.1), and phase 3 of the 1,000 Ge-

nome project, were used to identify rare polymorphisms, which 

were excluded. Our testing protocol was verified using genomic 

DNA samples containing different types of mutations and seri-

ally diluted 1:8-fold, 1:16-fold, and 1:32-fold with wild-type ge-

nomic DNA. The allele frequencies of mutations in genomic 

DNA samples diluted 1:32-fold ranged from 1.0% to 2.3%. All 

target mutations were detected by the targeted NGS panel at 

each dilution.

Massively parallel RNA sequencing
RNA was isolated using the QIAamp RNA Blood Mini Kit (Qia-

gen). mRNA libraries were prepared using an Illumina TruSeq 

Stranded Total RNA with Ribo-Zero Globin kit following the man-

ufacturer’s recommendation. Sequencing was performed using 

the NovaSeq 6000 platform (Illumina), generating paired-end 

101-bp reads. STAR (v2.5.3a) [12] was used to align the reads 

to hg19 and DESeq2 (v3.5e) [13] was used to find differentially 

expressed genes (DEGs), with default parameters. Significant 

DEGs were identified based on adjusted P <0.05 and a log2 fold 

change >1 or <–1. The list of DEGs was subjected to Gene On-

tology (GO) and Protein Analysis Through Evolutionary Relation-

ships (PANTHER) pathway analyses using the Homo sapiens 

reference list (20,589 genes) and the overrepresentation test 



Moon I, et al.
Clonal hematopoiesis in elderly Koreans

https://doi.org/10.3343/alm.2023.43.2.145 www.annlabmed.org    147

(released on February 2, 2022) in PANTHER v17.0 with the de-

fault setting (http://www.pantherdb.org/; released on February 

23, 2022) [14]. Reactome pathway analysis using the Reactome 

Pathway Database v65 (released on October 1, 2021) was used 

to investigate whether dysregulated genes were enriched in any 

particular gene category [15]. Gene set enrichment analysis (GSEA, 

v4.2.3) was used to verify the interpretation of gene expression 

data [16].

Statistical analysis
Baseline characteristics are described as median and range for 

continuous variables and as frequency and percentage for cate-

gorical variables. Comparisons between study subsets were made 

using the chi-square, Fisher’s exact, or Mann–Whitney U-test, 

as appropriate. The Cochran–Armitage test was used to test the 

CHIP mutation frequency for an age trend. For the association 

between CHIP and age, odds ratios with 95% confidence inter-

vals (CIs) were analyzed using univariable logistic regression. 

The PANTHER overrepresentation test incorporates Fisher’s ex-

act test with false discovery rate multiple test correction, and 

adjusted P <0.05 was set as the cutoff value. Statistical analyses 

were performed using SPSS Statistics for Windows v26.0 (SPSS, 

Chicago, IL, USA). Data images were generated using GraphPad 

Prism 9 software (GraphPad Software, San Diego, CA, USA). Two-

sided P <0.05 was considered statistically significant.

RESULTS

Characteristics of the study cohort
The study cohort included 90 individuals with a median age of 

67 years (range, 60–86 years). Sixty-six percent (59/90) of the 

cohort was male. Table 1 summarizes the demographic, clini-

cal, and hematological data for the entire cohort, as well as for 

CHIP mutation carriers and noncarriers. Individuals with CHIP 

did not differ from those without CHIP in various characteristics, 

including age, sex, hypertension, and blood count. 

Frequency and spectrum of CHIP mutations
A targeted NGS panel was available for all 90 individuals. CHIP 

was detected in 37 individuals (41%), who carried a total of 51 

mutations in 10 genes (Fig. 1A). The prevalence of CHIP in-

creased with age (Fig. 1B) (P <0.001). We detected at least one 

mutation in 35% (19/54) of individuals between the ages of 60–

69 years, 46% (13/28) of individuals between the ages of 70–

79 years, and 63% (5/8) of individuals older than 80 years. Thir-

teen individuals (14%) had two or more mutations, which also 

increased in prevalence with age (Fig. 1B) (P =0.001). The in-

crease in CHIP prevalence with age was predominantly driven 

by mutated TET2 clones (odds ratio, 1.2; 95% CI, 1.09–1.45; 

P =0.003) (Fig. 1C). Among individuals with CHIP, 65% (24/37) 

had a driver mutation in only one gene and 35% (13/37) of in-

dividuals showed two or more mutations, including one individ-

Table 1. Demographic, clinical, and hematological data according to the presence of CHIP mutations

Variable Overall (N=90)
CHIP mutation

P
No (N=53) Yes (N=37)

Age (yr) 67 (60–86) 66 (60–83) 69 (60–86) 0.093

Male (N) 59 (66) 31 (58) 28 (76) 0.116

Female (N) 31 (34) 22 (42) 9 (24) 0.116

BMI (kg/m2) 25 (18–32) 25 (20–31) 25 (18–32) 0.517

Hypertension (N) 64 (71) 38 (72) 26 (70) 1.000

Diabetes (N) 28 (31) 16 (30) 12 (32) 0.822

Dyslipidemia (N) 46 (51) 27 (51) 19 (51) 1.000

Leukocyte count (×109 L) 6.6 (2.8–11.7) 6.6 (2.8–9.6) 6.3 (4.1–11.7) 0.733

Absolute neutrophil count (×109 L) 4.0 (1.6–8.1) 4.0 (2.2–7.0) 4.0 (1.6–8.1) 0.989

Lymphocyte count (×109 L) 1.8 (0.7–3.4) 1.8 (0.7–3.2) 2.0 (0.9–3.4) 0.481

Hb (g/L) 139 (119–166) 139 (119–166) 138 (120–163) 0.706

Mean corpuscular volume (fL) 93.0 (81.5–102.0) 93.6 (81.5–101.2) 92.1 (83.5–102.0) 0.218

Platelet count (×109 L) 215 (150–375) 219 (154–375) 202 (150–347) 0.233

Values are median (range) or number (%).
Abbreviations: CHIP, clonal hematopoiesis of indeterminate potential; BMI, body mass index.
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ual who carried three mutations (Fig. 1D). Supplemental Data 

Table S2 lists all CHIP mutations detected. 

  The most frequently mutated genes (Fig. 1A) were DNMT3A 

(32 mutations, affecting 26 individuals, 29% of the cohort) and 

TET2 (eight mutations, affecting eight individuals, 9%). Two in-

dividuals presented mutations in both DNMT3A and TET2. In 

total, 32 individuals (36%) presented DNMT3A and/or TET2 mu-

tations. Of 26 individuals with a DNMT3A mutation, five (19%) 

carried multiple mutations in this gene, including four with two 

mutations (15%, 4/26) and one with three mutations (4%, 1/26). 

Cohesin complex (SMC3 and STAG1, 3% of the cohort), splice

osome (SRSF2 and ZRSR2, 2%), and TP53 (2%) mutations were 

observed in considerably lower proportions of the cohort.

  The median VAF of total CHIP mutations was 2.0% (range, 

1.0%–22.2%) (Fig. 1E). The median VAFs of mutations in DN-
MT3A, TET2, and other genes were 2.0%, 2.5%, and 2.0%, re-

spectively (Fig. 1F). The majority (82%, 42/51) of CHIP muta-

tions were small mutant clones with a VAF<10%, which was 

the threshold used in a previous study to distinguish CHIP with 

small versus large mutant clones [4]. In total, 84% (27/32) of 

DNMT3A mutations and 75% (6/8) of TET2 mutations had a 

VAF<10%, and 82% (9/11) of mutations in other genes had a 

VAF below this threshold.

DEGs and transcriptional signatures
Massively parallel RNA sequencing was available for 12 individ-

uals, including six CHIP-positive and six CHIP-negative individu-

als. The 31 most significant DEGs (adjusted P <0.05) are shown 

in a heatmap with sample-wise dendrograms by hierarchical 

clustering in Fig. 2. CHIP-positive samples are largely segregated 

from CHIP-negative samples, except for an outlier. Samples of 

individuals carrying DNMT3A mutation alone or in combination 

with TET2 mutations are also segregated from those of individuals 

carrying TET2 mutations alone or other gene mutations (Fig. 2). 

  In reactome pathway analysis, the “innate immune system” 

pathway was enriched in CHIP-positive samples, and its sub-

family pathway, the “neutrophil degranulation” pathway, was 

also enriched in this cohort (Table 2 and Fig. 3). In GO enrich-

Fig. 1. Number and distribution of CHIP mutations in the study cohort. (A) Number of CHIP mutations identified using a targeted NGS 
panel of 49 myeloid malignancy driver genes. (B) The frequency of CHIP mutation increases with age. (C) Forest plot showing the odds ra-
tio with 95% CI for the presence of CHIP mutation according to a 1-year increase in age. (D) Numbers of CHIP mutations per individual. (E) 
VAFs of CHIP mutations detected in the study cohort. Mutations in DNMT3A, TET2, and other genes are indicated by specific symbols. (F) 
Distribution of the VAF of CHIP mutations per gene. Dotted lines indicate median VAFs of 2.0%, 2.5%, and 2.0% mutations in DNMT3A, 
TET2, and other genes, respectively.
Abbreviations: CI, confidence interval; CHIP, clonal hematopoiesis of indeterminate potential; NGS, next-generation sequencing; VAF, variant allele frequency.
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Fig. 2. Heatmap and hierarchical clustering of the 31 most significant DEGs by CHIP status. CHIP-positive samples (purple; N=6) are seg-
regated from CHIP-negative samples (light purple; N=6), except for an outlier. All genes listed had a log2 fold change >1 or <–1 and ad-
justed P <0.05 in DESeq2 (v3.5e) analysis. The heatmap color range is from positive (red) to negative (blue) Z-score values.
Abbreviations: DEG, differentially expressed gene; CHIP, clonal hematopoiesis of indeterminate potential. 

Table 2. Results of GO and PANTHER pathway enrichment analyses in CHIP-positive individuals

Source Term name Term ID Gene (N) Fold enrichment Raw P FDR

GO:CC Specific granule lumen GO:0035580   9 20.81 1.50E-09 3.06E-06

GO:CC Tertiary granule lumen GO:1904724   7 17.95 2.64E-07 1.08E-04

GO:CC Specific granule GO:0042581 10 8.87 3.38E-07 1.15E-04

GO:CC Secretory granule lumen GO:0034774 14 6.17 1.07E-07 1.10E-04

GO:CC Cytoplasmic vesicle lumen GO:0060205 14 6.11 1.07E-07 1.10E-04

GO:CC Tertiary granule GO:0070820   9 7.74 3.86E-06 9.85E-04

GO:CC Vesicle lumen GO:0031983 14 6.07 1.29E-07 6.57E-05

GO:CC Secretory vesicle GO:0099503 23 3.11 1.57E-06 4.58E-04

GO:CC Secretory granule GO:0030141 20 3.22 4.84E-06 1.10E-03

Reactome Neutrophil degranulation R-HSA-6798695 17 5.03 7.66E-08 1.91E-04

Reactome Innate immune system R-HSA-168249 23 2.93 4.17E-06 5.20E-03

Abbreviations: FDR, false discovery rate; GO, Gene Ontology; GO:CC, GO cellular component; CHIP, clonal hematopoiesis of indeterminate potential; PAN-
THER, Protein Analysis Through Evolutionary Relationships (http://www.pantherdb.org/).

ment analysis of cellular components, GO terms related to gran-

ules or vesicles were overrepresented among the DEGs (log2 fold 

change >1 or <–1 and adjusted P <0.05), whereas GO analy-

sis of biological process or molecular function did not yield any 

significant results (Table 2). GSEA confirmed that the pathway 

of neutrophil degranulation was enriched in the CHIP-positive 

cohort, albeit not significantly (normalized enrichment score of 

1.16 and nominal P =0.34) (Fig. 3).

DISCUSSION

We found that 41% (37/90) of the elderly Korean individuals ex-



Moon I, et al.
Clonal hematopoiesis in elderly Koreans

150    www.annlabmed.org https://doi.org/10.3343/alm.2023.43.2.145

Fig. 3. Enrichment of the neutrophil degranulation pathway in CHIP-positive samples. (A) Differential expression of neutrophil/innate im-
munity-related genes, compared between individuals with CHIP mutations and those without. Data are presented as the median and inter-
quartile range. (B) Upper panel: enrichment plot of the neutrophil degranulation pathway shown as a snapshot of the GSEA. Lower panel: 
heatmap showing the expression of genes belonging to the set with the annotation of genes ordered. *P <0.05, **P <0.01.
Abbreviations: CHIP, clonal hematopoiesis of indeterminate potential; GSEA, gene set enrichment analysis.

A B

amined had single or multiple CHIP driver mutations. Biological 

pathways enriched in the CHIP-positive cohort were neutrophil 

degranulation and innate immunity. This study was the first to 

estimate the CHIP mutation load and to present its transcrip-

tomic characteristics in Koreans.

  This study provided several important results. First, the most 

commonly mutated genes in CHIP were DNMT3A and TET2, 

similar to findings in previous studies [2, 4, 6]. However, we also 

found mutations in other genes, revealing a diverse molecular 

spectrum. In previous studies [2, 4, 6], CHIP mutations were 

commonly observed in ASXL1 and JAK2 after DNMT3A and 

TET2, but we found no mutations in these genes. Rather, CHIP 

mutations were more frequently observed in genes related to 

the cohesion complex (SMC3 and STAG1) and spliceosome 

(SRSF2 and ZRSR2), and in various other genes, such as TP53, 

PPM1D, and BRAF. Mutations in cohesion complex genes, such 

as SMC1, SMC3, RAD21, STAG1, and STAG2, lead to transcrip-

tional dysregulation from defective chromatin accessibility and 

impaired differentiation of hematopoietic stem and progenitor 

cells [17, 18]. Additionally, recent data have revealed that cohe-

sion plays a role in controlling the inflammatory response, which 

is associated with myeloid cell differentiation [17, 19]. Recur-

rent somatic mutations in the cohesion complex are frequent in 

hematologic malignancies, including myelodysplastic syndromes 

(11%–17%) [20] and acute myeloid leukemia (6%–13%) [21–

23].

  Second, our transcriptomic results support a previous report 

that CHIP has a dysregulation role in inflammation and immu-

nity [24]. In our study, of the differentially upregulated genes in 

the CHIP-positive cohort, 23 were recognized by the PANTHER 

overrepresentation test (adjusted P <0.05) as being involved in 

pathways related to neutrophil degranulation and/or innate im-

munity (Table 2, Supplemental Data Table S3). However, neu-

trophil counts and lymphocyte counts did not significantly differ 

between the CHIP-positive and CHIP-negative groups (Table 1). 

Neutrophils are key cells in the innate immune system that me-

diate host defense through various effector functions, including 

phagocytosis and degranulation [25]. Although neutrophil gran-

ules are a major attribute of antimicrobial function, studies have 

suggested that excessive degranulation is associated with the 

pathogenesis of various inflammatory diseases, including can-

cer [26-28]. Individuals with a CHIP mutation have increased 

serum levels of certain pro-inflammatory cytokines and chemo-

kines compared to those without mutation [29]. Altered gene 

expression in the innate immune system may be associated with 

chronic inflammatory responses and the dysregulated granulo-
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cyte maturation observed in myelodysplasia.

  Of note, we lowered the threshold of CHIP mutation calling to 

a VAF of 1% in this study. The generally accepted threshold for 

CHIP variant calling is a VAF of 2% [3], but recent studies have 

reported on the clinical implications for CHIP of low VAFs of <2% 

[30, 31]. In 399 individuals with chronic heart failure, Kiefer, et 
al. [30] demonstrated that individuals carrying a CHIP mutation 

with low a VAF of 0.5%–2.0% showed significantly poorer sur-

vival than those without mutations. Another study revealed that 

CHIP mutations at a VAF of ≥1% were more frequently detected 

in elderly individuals with anemia (46.6%) than in control indi-

viduals (39.1%) [31]. In our study, 49% (25/51) of CHIP muta-

tions were small mutant clones, with VAFs between 1% and 2%. 

Further studies using a large population-based cohort with long-

term follow-up are required to investigate the effects and prog-

nostic value of CHIP mutations detected in this study.

  The strengths of the present study include the clinical char-

acterization of elderly individuals with or without CHIP mutation 

and comprehensive genomic and transcriptomic sequencing 

analyses. This study was limited mainly by its small sample size, 

which needs to be considered when interpreting our results. An-

other limitation is that prognostic analysis of disease risk was not 

possible because of the short follow-up period. Nevertheless, 

our results expand on previous data from the Caucasian popu-

lation and lend support to the hypothesis that CHIP mutations 

are associated with immune system dysfunction.

  Taken together, our results demonstrate that CHIP driver mu-

tations are common in the elderly Korean population and occur 

in various genes, with loss-of-function mutations being the most 

common in DNMT3A and TET2. Our study also indicates that 

the most prominent gene expression differences in individuals 

with and without CHIP involve neutrophil degranulation and the 

innate immune system.
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