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Abstract

Background Clonal hematopoiesis of indeterminate potential (CHIP) is defined as the aging-related clonal expan-
sion of preleukemic mutations in hematopoietic stem cells. While CHIP has been studied in cardiometabolic diseases
(CMDs), its role in the long-term progression from the absence of CMD to the development of a single CMD, cardio-
metabolic multimorbidity (CMM), and eventual mortality remains uncertain. This study aimed to investigate the asso-
ciation between CHIP and gene-specific CHIP subtypes with the progression of CMD transitions.

Methods We included UK Biobank participants without CMD at baseline. The primary outcomes were the first

CMD, CMM, and death. We evaluated associations between any CHIP (variant allele fraction [VAF] > 2%), large CHIP
(VAF > 10%), and gene-specific CHIP subtypes (DNMT3 A, TET2, ASXL1, JAK2, PPM1D/TP53 [DNA damage genes],

and SF3B1/SRSF2/U2 AF1 [spliceosome genes]) with CMD transitions via multistate model analyses. We estimated mul-
tivariable-adjusted hazard ratios (HRs) and 95% Cls with age as the time scale, and adjusted for sex, race, Townsend
Deprivation Index, body mass index (BMI), smoking, alcohol, physical activity, sleep duration, and hypertension.

Results The study included 371,544 participants, with a mean age of 56.60 (+8.03) years, and 44.2% of whom were
male (CHIP: n=11,570 [3.1%]; large CHIP: n=7156 [1.9%)]). During a median follow-up period of 14.49 years, 54,805
individuals developed at least one CMD, 8090 experienced CMM, and 26,218 died. In the fully adjusted multistate
models, CHIP and large CHIP were associated with adjusted hazard ratios (HR) of 1.11 (95% Cl 1.07-1.16) and 1.14 (95%
Cl 1.08-1.20), respectively, for transitioning from a CMD-free condition to a single CMD. The mortality risk associa-
tions were strongest, with adjusted HR of 1.45 (95% Cl 1.36-1.55) and 1.64 (95% Cl 1.52-1.77) for those without CMD,
1.39 (95% Cl 1.26-1.54) and 1.59 (95% Cl 1.41-1.79) for individuals with single CMD, and 1.58 (95% Cl 1.31-1.91)

and 1.61 (95% Cl 1.29-2.02) for those with CMM. No significant association was observed with CMM development.
Gene-specific analyses identified DNMT3 A, TET2, DNA damage genes, and spliceosome genes as the primary con-
tributors to increased CMD risk. While CHIP showed no association with CMM progression, spliccosome genes were
linked to a 1.72-fold higher risk (adjusted HR 1.72, 95% Cl 1.14-2.59) of recurrent CMD events. All CHIP subtypes were
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4.12-11.2).

strongly related to a heightened risk of mortality, with JAK2 presenting the highest adjusted odds ratio at 6.79 (95% Cl

Conclusions CHIP serves as an independent risk factor for transitioning to the first CMD incidence and for mortal-
ity but is not associated with CMM development. CHIP-targeted management may represent a promising strategy
for the primary prevention of CMD and for reducing mortality risk.

Keywords Cardiometabolic diseases, Clonal hematopoiesis, Multistate model, UK Biobank

Background

Cardiometabolic multimorbidity (CMM) refers to the
co-occurrence of two or more cardiometabolic diseases
(CMDs), including coronary heart disease (CHD), stroke,
and type 2 diabetes (T2D) [1], impacting over a third of
the individuals above the age of 60 [2], and significantly
reduces quality of life [2, 3]. Compared to individuals
with single CMD, those with CMM face a greater risk
of all-cause mortality [1] and adverse outcomes [4—6].
Given the growing burden of CMM, it is necessary to
investigate the factors that drive the progression of CMD,
including specific disease status, as the same exposures
may exert differing effects across distinct stages of CMD
progression [7], from the absence of CMD to CMD, fol-
lowed by CMM, and ultimately leading to death. The
increase of age remains the primary risk factor for CMD
incidence and progression [7-9]. Aging is typically
related to chronic, systemic, low-grade inflammation
in middle-aged and senior individuals, termed inflam-
maging. Inflammaging is involved in cardiovascular and
metabolic diseases [10, 11], even though the fundamental
mechanisms are not fully comprehended.

Clonal hematopoiesis of indeterminate potential
(CHIP) is an age-associated condition defined by the
expansion of hematopoietic cell clones, driven by muta-
tions in hematopoietic stem cells with a survival advan-
tage [12]. CHIP is prevalent among older individuals,
affecting more than 10% of those aged over 70 [12, 13],
and CHIP mutations contribute to the increased inflam-
mation associated with aging and age-related diseases
[14-16]. CHIP is primarily driven by epigenetic regula-
tors (e.g., DNMT3 A, TET2, ASXLI, and JAK2), DNA
damage genes (e.g., TP53 and PPM1D), and spliceosome
genes (e.g., SRSF2, SF3B1, and U2 AFI) [17]. Emerg-
ing evidence highlights that CHIP is connected to the
development of specific CMDs in the general popula-
tion, including CHD (17, 18], T2D [17, 19], and stroke
[17, 20]. CHIP is also linked to all-cause mortality [17,
21], an effect that cannot be fully attributed to hemato-
logic cancers alone and may be partly mediated by the
increased risk of CMDs [21, 22]. Prior investigations have
yielded contradictory outcomes concerning the relation-
ship between CHIP and CMM risk in individuals with
one specific CMD. Some research implies that CHIP,

particularly involving DNMT3 A and TET2 mutations,
is a predictor of recurring vascular events and mortal-
ity among those with CHD and stroke [21, 23-25]. This
association may be driven by CHIP-mediated enhance-
ment of monocyte/macrophage-related chronic inflam-
mation [26, 27] and accelerated atherosclerosis [28].
However, other studies have reported no relationship
between CHIP and recurrent coronary incidents in CHD
patients [29]. However, these studies vary in terms of
study populations and designs, and systematic research
on the connection between CHIP and CMD progres-
sion is lacking. Moreover, owing to heterogeneity in
CHIP calling and study approaches, the effects of CHIP
reported in previous studies are not directly comparable.

Therefore, using data from the UK Biobank, we
employed a multistate model to evaluate the role of CHIP
in CMD transitions among a cohort of over 371,544 indi-
viduals free of CMD at baseline. We evaluated how CHIP
and its specific gene subtypes are linked to the progres-
sion from a CMD-free state to the development of CMD,
subsequent CMM, and eventual mortality.

Methods

Study population

Our research utilized data sourced from the UK Biobank
(https://www.ukbiobank.ac.uk/). The UK Biobank is a
population-based biomedical database that includes
above 500,000 participants across the United Kingdom,
aged 40 to 69 years during recruitment from 2006 to 2010
[30]. This study was sanctioned by the North West Multi-
Centre Research Ethics Committee, and separate ethical
clearance is unnecessary for researchers operating under
this approval (updated reference 21/N'W/0157, 18 June
2021). Upon receiving informed consent, the participants
completed questionnaires, participated in interviews,
provided biological samples, and underwent physical
measurements to gather phenotypic data. Additionally,
the participants provided blood samples for biomarker
studies, which encompass array genotyping and whole
exome sequencing (WES). Health-related outcomes were
derived from electronic health record linkages, with the
research conducted through the UK Biobank Resource
under project number 84443.


https://www.ukbiobank.ac.uk/
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Among the 469,761 participants with available exome
sequencing data (Supplemental Fig. 1), individuals were
excluded if they (i) were identified as related (closer than
third degree relatives; kinship coefficient >0.0884, n=
34,558), (ii) had a prevalent hematologic malignancy (n=
2241), or (iii) were diagnosed with CMD at baseline (defi-
nition in Supplemental Table 1, n= 38,133). Participants
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with missing covariate data (n= 23,312) were also
excluded. Finally, 371,544 participants were included.

Exposures

CHIP was identified via blood-derived WES on the Illu-
mina NovaSeq 6000 platform at the Regeneron Genet-
ics Center (Tarrytown, New York, USA) [31, 32]. The

Table 1 Population characteristics according to CHIP status at baseline

Characteristics Overall CHIP status

No Yes
Participants, No. (%) 371544 359974 11570
Age (year), mean (SD) 56.60 (8.03) 56.47 (8.04) 60.83 (6.72)
Male, No. (%) 164 273 (44.2) 159142 (44.2) 5131 (44.3)
White, No. (%) 353851 (95.2) 342672 (95.2) 11179 (96.6)
Townsend Deprivation Index, median (IQR) —2.27 (—3.71,0.25) —2.27(=3.71,0.25) —2.34(-3.74,0.14)
BMI (kg/mz), mean (SD) 27.13 (4.60) 2712 (4.61) 27.18 (4.47)
Current smoking, No. (%) 36 946 (9.9) 35599 (9.9) 1347 (11.6)
Alcohol consumption frequency >3 times/week, No. (%) 168 010 (45.2) 162 484 (45.1) 5526 (47.8)
Regular physical activity, No. (%) 289705 (78.0) 280622 (78.0) 9083 (78.5)
Sleep duration (h/d), mean (SD) 7.15 (1.06) 7.15 (1.06) 7.20(1.10)
Hypertension history, No. (%) 85700 (23.1) 82325(22.9) 3375(29.2)

BMI =body mass index, SD = standard deviation, IQR, interquartile range. Regular physical activity means at least 150 min of walking, moderate activity per week, or

75 min of vigorous activity
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Fig. 1 Graphic schemes of CMD progression in multistate models. The numbers (percentages) of participants experiencing each transition are
labeled. A Pattern A with 4 states and 5 transitions. A total of 371,544 participants were included in the initial state at baseline. B Pattern B, with 6
states and 11 transitions, included 369,776 participants at baseline. No CMD: without CHD, stroke, or T2D. CMD = cardiometabolic disease; CHD
=coronary heart disease; CMM = cardiometabolic multimorbidity; T2D =type 2 diabetes
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somatic variants were detected with the Genome Analy-
sis ToolKit (GATK) Mutect2 tool [33, 34]. CHIP calling
is curated as described previously [31], using a carefully
compiled list of 58 genes commonly mutated in healthy
individuals and myeloid malignancies (Supplemental
Table 2). To decrease false-positive CHIP calls, the vari-
ants selected for further analysis met the following cri-
teria: total read depth >20, minimum alternate allele
depth >5, and variant support observed in both forward
and reverse sequencing reads. The germline variants and
sequencing artifacts were filtered out using methods
described earlier [31].

The coprimary study exposures were the presence of
any CHIP (defined as a variant allele fraction [VAF] >2%)
[35] and a large CHIP (VAF >10%), as previous research
indicates that CHIP variants over this threshold are more
significantly connected with clinical outcomes [21, 36].
Additionally, we conducted a separate analysis of the
most common gene-specific CHIP subtypes, each pre-
sent in more than 10 cases across different CMD transi-
tions, involving both any and large clones (VAF >10%):
DNMT3 A, TET2, ASXLI1, JAK2, DNA damage genes
(TP53 and PPMI1D), and spliceosome genes (SRSF2,
SF3B1, U2 AFI). We also assessed individuals carrying
multiple CHIP variants, defined as the presence of two
or more CHIP variants from the same or different genes.
The VAF of multiple CHIP clones was determined based
on the largest clone. The secondary analyses separately
evaluated individuals with multiple CHIP (VAF >2%)
and those with multiple large CHIP (VAF >10%).

Outcomes

CMD events were identified based on records of diagno-
ses and surgeries for inpatients (Supplemental Table 1).
For each participant having specific CMD, we compare
the initial recorded diagnosis date to their recruitment
date to determine if the disease was present at baseline
or developed during the follow-up period. Individuals
who developed two or more CMDs were categorized as
CMM. The dates of the initial and second CMD occur-
rences were used to determine first CMD and CMM,
respectively. The occurrences and dates of mortality were
confirmed through linkages to the National Health Ser-
vice (NHS) Information Centre in England and Wales
and the NHS Central Register in Scotland (latest follow-
up: April 2022).

Covariates

Information on demographics (age, sex, race, and
Townsend Deprivation Index), clinical factors (body
mass index [BMI] and history of hypertension), and life-
style factors (smoking status, frequency of alcohol use,
physical activity levels, and sleep duration) were assessed
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via touchscreen questionnaires, verbal interviews, physi-
cal measurements, and diagnosis records from the UK
Biobank. The Townsend Deprivation Index, reflecting the
level of material deprivation within a specific area, is an
official score corresponding to the output area of their
post-code location, where higher values indicate greater
deprivation [37]. BMI (kg/m?) was obtained by divid-
ing the weight (kg) by the square of height (m?). Physi-
cal activity levels were considered to meet the 2017 UK
Physical Activity Guidelines [38] if participants reported
at least 150 min of walking or moderate activity weekly,
or at least 75 min of vigorous activity each week. The
baseline hypertension history was confirmed through the
patients’ diagnosis records (Supplemental Table 1).

Statistical analysis

The participants were categorized on the basis of CHIP
status. Categorical variables are reported as counts (per-
centages, %), and continuous variables are reported as
the mean/median (standard deviation [SD]/interquartile
range [IQR]).

Age was used as the time scale in subsequent analyses
[39]. The primary analyses were performed to test the
association of CHIP with CMD progression. We used
two model settings: initial models adjusted for sex and
race and fully adjusted models further accounting for the
Townsend deprivation index, BMI, smoking status, alco-
hol consumption frequency, physical activity level, sleep
duration, and baseline hypertension.

First, we utilized a multistate model to evaluate the
associations between CHIP and risk in all transitions
from a healthy state to the first CMD, CMM, and death
(Fig. 1). The multistate model extends competing risk
models by analyzing not only single events but also tran-
sitions across multiple stages, capturing the dynamics of
both intermediate and terminal states, which makes it
ideal for complex event processes [40]. Starting with no
CMD (initial state) and ending with mortality (absorbing
state), we outlined five transitions in pattern A (Fig. 1A):
(i) transition from no CMD to a single CMD; (ii) transi-
tion from no CMD to death; (iii) transition from a sin-
gle CMD to CMM; (iv) transition from a single CMD
to death; and (v) transition from CMM to death. To
determine if CHIP’s role was specific to particular dis-
eases, we substituted the CMD state with 3 separate
states: CHD, stroke, and T2D, creating multistate model
pattern B with 11 potential transitions (Fig. 1B). Sec-
ond, the Cox proportional hazards model was used to
simulate transitions in the multistate model and evalu-
ate the associations between CHIP and the first CMD,
CMM, and mortality (details in Supplemental Meth-
ods). The proportional hazards assumption was verified
via Kaplan—Meier curves (Supplemental Fig. 2). Third,
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CMDs progression trajectory pattern A

HR (95%Cl) P
No CMD to FCMD
Any CHIP 1.11 (1.07 to 1.16) - <0.001
Large CHIP 1.14 (1.08 to 1.20) —a— <0.001
No CMD to Death
Any CHIP 1.45 (1.36 to 1.55) —— <0.001
Large CHIP 1.64 (1.52t0 1.77) — <0.001
FCMD to CMM
Any CHIP 1.06 (0.95t0 1.18) - 0.324
Large CHIP 1.07 (0.93 to 1.22) — 0.331
FCMD to Death
Any CHIP 1.39 (1.26 to 1.54) —a <0.001
Large CHIP 1.59 (1.41 10 1.79) —a— <0.001
CMM to Death
Any CHIP 1.58 (1.31 to 1.91) s <0.001
Large CHIP 1.61 (1.29 to 2.02) & <0.001
I I |
0.75 1 1.5 2

Adjusted HR (95%Cl)

Fig. 2 Associations between CHIP and the CMD progression in multistate model pattern A. In all models, age was included as the time scale. All
models represent multistate models in which participants without CHIP (n=359,974) constitute the reference group. The models were adjusted
for sex, race, Townsend Deprivation Index, body mass index, smoking status, alcohol consumption frequency, meeting physical activity guidelines,
sleep duration, and hypertension at baseline. CHIP = clonal hematopoiesis of indeterminate potential; Cl = confidence interval; FCMD =first
cardiometabolic disease; CMM = cardiometabolic multimorbidity; HR = hazard ratio

to directly compare the risk levels of the baseline CHIP
status for CMD, CMM, and death, we developed a mul-
ticategory outcome variable with four non-overlapping
endpoint events: no events, single CMD, CMM, and
death. The associations between CHIP and the multicat-
egory outcome variable were analyzed using multinomial
regression, which extends logistic regression to handle
dependent variables with multiple categories. As disease
dates were recorded on the basis of observation rather
than exact onset, individuals could theoretically transi-
tion to two states simultaneously. We set the theoreti-
cal previous state as the recorded time point minus 0.5
days [41]. However, in multistate model pattern B, par-
ticipants who were diagnosed with two or more CMDs
at the same time were excluded because the sequence of
disease onset is indeterminate.

The sensitivity analyses were performed to test the
robustness of the findings. First, the participants who
reported CMD or passed away in the first 2 years of fol-
low-up were excluded to minimize potential reverse cau-
sality. Second, to address possible remaining confounding
factors, the analytic models were further adjusted for
total cholesterol, high-density lipoprotein (HDL) choles-
terol, and the use of cholesterol-lowering drugs. The use
of cholesterol-lowering drugs was recorded at baseline.
The collection and processing techniques for the base-
line blood samples, including total and HDL cholesterol

measurement, have been described previously [42].
Third, the participants who simultaneously transitioned
to two different states were not included. Fourth, for par-
ticipants with overlapping states, the date was adjusted by
subtracting 1.0 day. Finally, we investigated the continu-
ous association between VAF and CMD progression. The
VAF was set to 1% in those without CHIP and capped at
25% for CHIP, and hazard ratios were estimated for a 10%
increase in VAF. The threshold for setting VAF as a con-
tinuous variable has been described elsewhere [43].

Additionally, we tested interaction terms (CHIP/large
CHIP xage/sex) within the models and performed strati-
fied analyses by sex (male vs. female) and age group (<
60 vs. > 60 years) to further validate the robustness of the
associations.

All analyses were performed via R software (version
4.3.1), with the mstate package used for multistate model
construction [44]. A two-sided P value of <0.05 was con-
sidered of statistically significance.

Results

CHIP frequency and baseline characteristics

The final study sample included 371,544 individuals, of
whom 11.570 (3.1%) had CHIP with VAF >2% and 7156
(1.9%) had CHIP with VAF >10%. Supplemental Table 2
shows the distribution of CHIP driver variants among
the participants. The most common driver was DNMT3
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A (n=7259; 62.7% of CHIP carriers), followed by TET2
(n= 1859; 16.1%), ASXL1 (n= 1139; 9.8%), DNA dam-
age genes (TP53 and PPM1D; n= 571; 4.9%), spliceosome
genes (SRSF2, SF3BI1, and U2 AFI; n= 342; 3.0%), and
JAK2 (n= 86; 0.7%). Among the 11,570 CHIP carriers,
597 (5.2%) had mutations in more than one driver gene.

Table 1 shows the baseline characteristics of the par-
ticipants. The mean age when DNA samples were col-
lected was 56.60 years. Among the participants, 164,273
(44.2%) were male and 353,851 (95.2%) were white. Com-
pared with individuals without CHIP, CHIP carriers
tended to be older, predominantly White, less socioeco-
nomically deprived, and are more prone to being current
smokers. Additionally, CHIP carriers had greater alco-
hol consumption, longer sleep duration, and a greater
prevalence of preexisting hypertension. According to
Supplemental Table 3, baseline characteristics were com-
parable between participants with CHIP and VAF <10%
and those with VAF >10%.

During a median follow-up duration of 14.49 years,
54,805 participants (14.8%) experienced CMD, and
18,009 (4.8%) died without CMD. Of those with CMD,
8090 developed CMM, while 6500 died from a single
CMD and 1709 died with CMM (Fig. 1A). Upon examin-
ing particular diseases, 23,222 (6.3%) participants expe-
rienced CHD, 18,093 (4.9%) developed T2D, and 11,811
(3.2%) experienced stroke as their first event (Fig. 1B).

CMD progression analysis

CHIP was associated with the progression of CMD
and mortality (Fig. 2). The strongest associations were
observed in transitions leading to death in multistate
models. Supplemental Table 4 shows that in the fully
adjusted multistate models, CHIP carriers had a 45%
higher risk of death in those without CMD (adjusted
hazard ratio [HR] 1.45, 95% CI 1.36-1.55), 39% in those
with a single CMD (adjusted HR 1.39, 95% CI 1.26-1.54),
and 58% in those with CMM (adjusted HR 1.58, 95% CI
1.31-1.91). Large CHIP was related to a 64% increased
risk of transitioning from no CMD to death and a 59%
increased risk from single CMD to death, respectively
(adjusted HR 1.64, 95% CI 1.52-1.77; adjusted HR 1.59,
95% CI 1.41-1.79, respectively). CHIP carriers without
CMD were at a slightly higher risk of experiencing their
first CMD (adjusted HR 1.11, 95% CI 1.07-1.16). Those
with large CHIP had a 14% higher risk of developing their
first CMD (adjusted HR 1.14, 95% CI 1.08-1.20). Sup-
plemental Table 5 presents the Cox regression results
for CHIP-associated CMD transitions. Aligning with the
result in multistate models, CHIP carriers showed a 1.41-
fold elevated risk of mortality from no CMD (adjusted
HR 1.41, 95% CI 1.34—1.48). The Cox regression analysis
also reveals a 1.25-fold higher risk of death progressing
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from a single CMD at baseline (adjusted HR 1.25, 95% CI
1.12-1.39), consistent with the multistate model findings
of a 39% increased risk for the same transition (adjusted
HR 1.39, 95% CI 1.26-1.54). Large CHIP was associated
with even higher risk, particularly in mortality from no
CMD (adjusted HR 1.59, 95% CI 1.50-1.69). These find-
ings are consistent with the trends observed in multistate
models.

In analyses focusing on particular CMDs, CHIP was
linked to all transitions to the initial specific CMDs and
all transitions leading to death, with the strongest asso-
ciation observed in death-related transitions (Fig. 3). In
the fully adjusted multistate models, CHIP was related to
1.11-fold higher risk of developing first CHD (adjusted
HR 1.11, 95% CI 1.04-1.19), 1.14-fold of first T2D
(adjusted HR 1.14, 95% CI 1.06-1.23), and 1.11-fold of
first stroke (adjusted HR 1.11, 95% CI 1.02—1.21) among
all CMDs. In comparison, large CHIP was associated
with higher increased risks of first CHD and first stroke
development. Further, CHIP was associated with a 44%
increased risk of death in individuals with CHD (adjusted
HR 1.44, 95% CI 1.23-1.70), a 40% increased risk in those
with T2D (adjusted HR 1.40, 95% CI 1.15-1.70), a 30%
increased risk in those with stroke (adjusted HR 1.30,
95% CI 1.08-1.56), and a 56% increased risk in those with
CMM (adjusted HR 1.56, 95% CI 1.27-1.92). Large CHIP
was associated with a comparable or slightly higher risk.
The detailed results for pattern B are presented in Sup-
plemental Table 6.

Gene-specific analyses in the multistate model revealed
that CHIP subtypes were primarily associated with tran-
sitions from a CMD-free state to single CMD, and transi-
tions from having no CMD or a single CMD to mortality
(Table 2), with similar trends observed in Cox regres-
sion models (Supplemental Table 7). The most preva-
lent subtype, DNMT3 A CHIP, was related to transitions
from no CMD to one CMD, from no CMD to mortality,
and from one CMD to mortality, similar to TET2 CHIP
and DNA damage genes, as shown by multistate analy-
ses. Large DNMT3 A, TET2, and DNA damage gene
CHIP subtypes were associated with even higher risks
for these transitions. ASXLI CHIP was associated with
higher mortality risk developing from no CMD or sin-
gle CMD. JAK2 CHIP carriers had a 5.73-fold greater
risk of death in individuals without CMD (adjusted HR
5.73, 95% CI 3.84-8.55), which was the highest among
all CHIP subtypes and the highest risk according to the
Cox regression model. Spliceosome genes were the only
gene-subtype that associate with all transitions. The spli-
ceosome genes were related to a 72% increased risk of
the transition from single CMD to CMM (adjusted HR
1.72, 95% CI 1.14-2.59), and were related to the high-
est risks with single CMD development (adjusted HR
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CMDs progression trajectory pattern B

HR (95%ClI) P
No CMD to CHD
Any CHIP 1.11 (1.04 to 1.19) —-— 0.001
Large CHIP 1.14 (1.05 to 1.24) —-— 0.001
No CMD to T2D
Any CHIP 1.14 (1.06 to 1.23) —-— <0.001
Large CHIP 1.14 (1.04 to 1.25) —-— 0.008
No CMD to Stroke
Any CHIP 1.11 (1.02 to 1.21) —-— 0.019
Large CHIP 1.15(1.03 to 1.28) —a— 0.011
No CMD to Death
Any CHIP 1.46 (1.37 to 1.55) —a— <0.001
Large CHIP 1.64 (1.53 t0 1.77) —a— <0.001
CHD to CMM
Any CHIP 0.97 (0.80 to 1.17) 0.736
Large CHIP 1.00 (0.79 to 1.27) 1 0.980
CHD to Death
Any CHIP 1.44 (1.23 t0 1.70) — = <0.001
Large CHIP 1.81 (1.51 t0 2.17) —a—> <0.001
T2D to CMM
Any CHIP 1.04 (0.86 t0 1.26) ~——@— 0.709
Large CHIP 1.11 (0.87 to 1.40) —_—— 0.394
T2D to Death
Any CHIP 1.40 (1.15t0 1.70) —_— <0.001
Large CHIP 1.45(1.14 to 1.84) = 0.003
Stroke to CMM
Any CHIP 1.19 (0.93 to 1.52) S 0.175
Large CHIP 1.04 (0.75 to 1.44) = 0.816
Stroke to Death
Any CHIP 1.30 (1.08 to 1.56) —_— 0.005
Large CHIP 1.42 (1.15 to 1.76) —_.— 0.001
CMM to Death
Any CHIP 1.56 (1.27 to 1.92) - <0.001
Large CHIP 1.73 (1.36 t0 2.19) = <0.001
1 1
0.75 1 15 2

Adjusted HR (95%Cl)

Fig. 3 Associations between CHIP and the CMD progression in multistate model pattern B. In all models, age was included as the time scale.

All models represent multistate models in which participants without CHIP (n =358 271) constitute the reference group. The models were
adjusted for sex, race, Townsend Deprivation Index, body mass index, smoking status, alcohol consumption frequency, meeting physical activity
guidelines, sleep duration, and hypertension at baseline. CHD = coronary heart disease; CHIP = clonal hematopoiesis of indeterminate potential; Cl
=confidence interval; CMM = cardiometabolic multimorbidity; HR =hazard ratio; T2D =type 2 diabetes

1.67, 95% CI 1.38-2.02), with death following first CMD
(adjusted HR 3.46, 95% CI 2.53-4.72), and with death
after CMM (adjusted HR 3.66, 95% CI 2.16—6.22). Carri-
ers of any and large multiple CHIP mutations had a 116%
and 199% higher risk of death following CMM, respec-
tively. Gene-specific analyses of CHIP via Cox regression

models yielded similar results (Supplemental Table 7).
ASXL1 CHIP was the only subtype associated with a
greater risk of death from CMM (adjusted HR 1.74, 95%
CI 1.16-2.61). JAK2 CHIP remained the strongest pre-
dictor of death without CMD (adjusted HR 4.69, 95% CI
3.28-6.71).



Zuo et al. European Journal of Medical Research (2025) 30:414 Page 8 of 14
Table 2 Association of gene-specific CHIP subtypes with CMDs progression in multistate model pattern A
Any CHIP (n=11,570) CHIP with VAF >10% (n=7156)
Model 12 Model 2° Model 12 Model 2°
HR (95% Cl) p HR (95% CI) p HR (95% Cl) HR (95% CI) p
No CMD — FCMD
DNMT3 A 1.08 (1.02, 1.14) 0.009  1.07(1.01,1.13) 0.018  1.07(0.99,1.15) 0.100  1.06(0.98,1.14) 0.126
TET2 1.15(1.04,1.28) 0.007 2(1.01,1.24) 0.028  1.23(1.10,1.38) < 0.001 22(1.08,1.37) 0.001
ASXLT 1.16(1.03,1.32) 0.017 (O 94, 1.20) 0333  1.12(0.95,1.31) 0.166 01(0.86, 1.18) 0.934
JAK2 1.25(0.78,2.01) 0.356 (O 83,2.15) 0234 1.25(0.78,2 01) 0.356 (O 83,2.15) 0.234
DNA damage genes 137(1.16,1.62) < 0.001 0(1.10,1.54) 0.002 41(1.14,1.73) 0.001 3(1.08,1.64) 0.007
Spliceosome genes 1.70 (140, 2 05) <0.001 67 (1.38,2.02) <0.001 1.85(151,2 27) <0.001 1.83(149,224) <0.001
No CMD — Death
DNMT3 A 1.24(1.13,1.35) <0.001 121(1.11,1.32) < 0.001 136 (1.21,1.52) <0.001 1.33(1.19, 1.49) < 0.001
TET2 148 (1.27,1 72) <0001 149(1.28,1.73) <0001 1.68(1.42,1.98) <0001 1 72( 46,2.03) < 0.001
ASXLT 2.04(1.74,2.39) < 0.001 1.80(1.53,2.11) <0001 231(1.92,277) < 0.001 01 (1.67,242) <0.001
JAK2 5.34(3.58,7.97) <0001 573(3.84,8.55) <0001 5.34(358,797) <0001 573(3.84,8.55) < 0.001
DNA damage genes 2.09(1.67,2.63) <0.001 206 (1.64,2.58) <0.001 2.20(1.66,291) <0.001 212(1.61,2871) < 0.001
Spliceosome genes 348 (2.78,4.36) <0001 336(269 4.21) <0.001 393(3.10,4.97) < 0.001 81 (3.00,4.82) < 0.001
FCMD — CMM
DNMT3 A 1.03(0.90, 1.19) 0.652  1.03(0.89,1.19) 0663  1.01(0.83,1.23) 0.931 1.01(0.83,1.22) 0.955
TET2 1.20(0.93,1.55) 0.164  1.19(0.92,1.53) 0.193  1.25(0.94,1.67) 0.130  1.25(0.93, 1.66) 0.138
ASXLT 1.32(1.00, 1.76) 0.054 1.23(0.93,1.64) 0.150  1.44(1.00, 2.06) 0.047 1.32(0.92,1.89) 0.128
JAK2 - - - - - - - -
DNA damage genes 0.63(0.37,1.09) 0.101  0.61(0.35,1.05) 0.075 0.84(047,1.52) 0.565 0.83 (046, 1.50) 0.534
Spliceosome genes 1.73(1.15,2.61) 0.009  1.72(1.14,2.59) 0.009 1.75(1.14, 2.69) 0010 1.74(1.14, 2.68) 0.011
FCMD — Death
DNMT3 A 1.21 (1.05, 1.40) 0.010  1.18(1.02,1.36) 0.026  1.34(1.11,1.61) 0.002  1.30(1.08, 1.56) 0.006
TET2 1.89(1.51,2.36) <0.001 1.90(1.52,2.38) <0.001 2.11(1.66,2.70) <0.001 215(1.69,275) < 0.001
ASXLT 1.58 (1.19, 2.09) 0.001  1.45(1.09,1.92) 0010 2.04(1.47,2.84) <0.001  1.87(1.35,2.60) < 0.001
JAK2 - - - - - - -
DNA damage genes 1.53(1.04,2.25) 0.031  143(097,2.10) 0.070 1.87(1.21,291) 0.005  1.73(1.11,2.68) 0.015
Spliceosome genes 3.57(2.61,4.87) <0001 346(253,4.72) <0.001 341(245,4.76) <0.001  3.30(2.36,4.60) < 0.001
CMM — Death
DNMT3 A 1.52(1.18,1.97) 0.001  1.51(1.17,1.95) 0.002 54(1.10,2.15) 0.012  1.50(1.07,2.10) 0.018
TET2 1.32(0.83,2.10) 0242  1.34(0.84,2.14) 0215  1.44(0.87,240) 0.157  1.49(0.89, 2.48) 0.126
ASXLT 1.55 (0.96, 2.50) 0.074 1.48(091,238) 0112 - - - -
JAK2 - - - - - - - -
DNA damage genes - - - - - - - -
Spliceosome genes 3.37(1.99,5.72) <0001 366(2.16,6.22) <0001 366(2.11,6.33) <0.001 4.00(2.30,6.94) < 0.001

CHIP subtypes observed in fewer than 10 cases are excluded from the analysis. In all models, age was included as the time scale. All models represent multistate
models in which participants without CHIP (n =359 974) constitute the reference group. DNA damage genes include TP53 and PPM1D. Spliceosome genes
include SRSF2, SF3B1, and U2 AF1. CHIP = clonal hematopoiesis of indeterminate potential; Cl = confidence interval; FCMD =first cardiometabolic disease; CMM
= cardiometabolic multimorbidity; HR = hazard ratio; VAF, variant allele frequency

2 Model 1: adjusted for sex and race

b Model 2: further adjusted for Townsend Deprivation Index, body mass index, smoking status, alcohol consumption frequency, meeting physical activity guidelines,
sleep duration, and hypertension at baseline

Multinomial logistic analysis

In the multinomial logistic regression, we established a
multicategory outcome variable consisting of four dis-
tinct events: no events (n= 298,730; 80.4%), only CMD

(n= 40,215; 10.8%), CMM (n= 6381; 1.7%), and death
(n= 26,218; 7.1%). Compared to non-CHIP individuals,
those with CHIP had a 6% increased odds of CMD inci-
dence (Supplemental Table 8). The associations between
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both any CHIP and large CHIP and all-cause mortal-
ity were robust (any CHIP-related odds ratio [OR] 1.46,
95% CI 1.37-1.54; large CHIP-related OR 1.67, 95% CI
1.56-1.79).

Gene-specific multinomial logistic regression analyses
revealed strong associations between all CHIP subtypes
and death (Supplemental Table 9). Consistent with the
multistate analyses, JAK2 ranks highest among all gene
subtypes in the odds of all- cause mortality (adjusted OR
6.79, 95% CI 4.12-11.2). DNA damage genes were asso-
ciated with 1.47-fold increased odds of incident CMD
(adjusted OR 1.47, 95% CI 1.16—1.85). No gene-specific
CHIP subtype was associated with the odds of CMM.

Sensitivity analyses

Supplemental Tables 10 and 11 display the outcomes
of the sensitivity analyses. After removing 7378 par-
ticipants who either reported CMDs or died within the
initial 2 years of follow-up, further adjusting for total
cholesterol, HDL cholesterol, and the use of cholesterol-
lowering medications, excluding 2119 participants who
simultaneously transitioned to two states, or altering the
date calculation for participants whose time points over-
lap (analysis 1-4), the results remained consistent with
those of the primary analyses. In analysis 5, the adjusted
HRs for each CMD transition per 10% increase in CHIP
clone size were 1.06 (95% CI 1.03-1.09), 1.24 (95% CI
1.19-1.29), 1.01 (95% CI 0.94-1.09), 1.21 (95% CI 1.13—
1.29), and 1.36 (95% CI 1.20-1.54), respectively (Supple-
mental Table 12).

Stratification analysis

As shown in Supplemental Table 12, we conducted strati-
fied analyses of the multistate model by sex and age.
Among the five CMD transitions, an increased risk of
death without CMD was observed in younger partici-
pants (P eraction = 0-016) and in males (P, eraction = 0-039).
These associations remained in individuals with large
CHIP (Pjeraction= 0-035 and 0.004, respectively). How-
ever, the associations between CHIP and other CMD
transitions were not significantly different when patients

were stratified by sex and age.

Discussion

Our findings suggest that CHIP independently con-
tributes to CMD progression in middle-aged and older
individuals, with its relationship with disease-specific
transitions varying from CHD to stroke to T2D. These
results were validated via multistate and Cox propor-
tional hazards models and further assessed via multi-
nomial logistic regression. We observed increased risks
of CMD incidence and mortality, which were greater in
individuals with larger CHIP clones, with the strongest
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association observed in mortality from CMM (adjusted
HR 1.58, 95% CI 1.31-1.91; Supplemental Table 4).
The gene-specific analyses revealed that mutations in
DNMT3 A, TET2, DNA damage genes, and spliceosome
genes were primarily responsible for the increased risk of
CMD, with all variants strongly associated with mortality.

Our results align with those of previous studies on the
relationship between CHIP incidence and the incidence
of CMD alone. The population-based studies have shown
that CHIP increases the risk of CHD [17, 45], stroke [17,
46-48], and T2D [17, 22]. The most recent meta-analysis
by Singh et al. included 88 original studies and reported a
1.76-fold and 1.16-fold risk of CHD and stroke associated
with CHIP, respectively [49]. Tobias, D.K. et al. reported
an HR of 1.23 (95% CI 1.03, 1.46) for T2D risk related
to CHIP by combining six prospective cohorts among
17,637 participants [22]. Similarly, our results in multi-
state model pattern B (Supplemental Table 6) revealed
that participants with CHIP had 11, 11, and 14% higher
risks of new-onset CHD, stroke, and T2D, respectively.
Our findings differed slightly from those of previous stud-
ies regarding the impact of CHIP on the development of
the first CMD, which could be attributed to changes in
baseline characteristics, cohort composition [50, 51],
and CHIP calling parameters [31]. Specifically, our main
analyses excluded participants with CMD at baseline.
Also, the UK Biobank population may not fully represent
the general population, as the “healthy volunteer” effect
could have led to an overrepresentation of healthier
individuals [50]. Together, these factors suggest that our
findings may be understated. Additionally, we employed
a more stringent CHIP calling approach that filters vari-
ants with a minimum allele depth of >5 [31] than the cri-
teria employed by Tobias et al. [22], which filter CHIP by
a minimum allele depth of >3 and define CHIP as a VAF
>10% in the primary study.

Furthermore, we emphasize the critical role of CHIP in
mortality risk among individuals with no CMD, a single
CMD, or two or more CMDs. Our results for multistate
model pattern A (Fig. 2) revealed that CHIP was associ-
ated with a 45% greater risk of death in individuals with-
out CMD, a 39% greater risk in single CMD participants,
and a 1.58-fold greater risk of death in those with CMM.
The findings from multistate model pattern B showed a
multivariable-adjusted CHIP-related 1.44-fold, 1.40-fold,
and 1.19-fold higher risks of mortality developing from
CHD, T2D, and stroke. These findings are consistent with
population-based studies showing a relationship between
CHIP and increased death risk [17, 21, 23, 24, 29]. A
recent meta-analysis reported a 1.34-fold increased risk
of all-cause mortality associated with CHIP [49], and
the mortality risk in populations with incident CHD or
ischemic stroke ranged from 1.11-fold to 1.28-fold [21,
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23, 29]. Specifically, a study investigating the prognostic
role of DNMT3 A and TET2 mutations demonstrated a
1.967-fold increased risk of death among 485 patients
with a history of ST-segment elevation myocardial infarc-
tion[24]. In support of the role of DNMT3 A and TET2
mutations in mortality risk in CHD patients, our find-
ings revealed that DNMT3 A and TET2 were associated
with a 18% and 90% increased risk of death in those with
a single CMD, respectively (Table 2). Overall, our results
highlight the predictive role of CHIP in mortality, regard-
less of CMD status.

Although CHIP is significantly associated with the inci-
dence of single CMD and mortality risk across different
disease states, we did not observe similar associations
between CHIP and the transitions with CMM as the out-
come. Notably, spliceosome genes were the only CHIP
subtype linked to the risk of recurrent CMD incidence,
with mutations in SF3B1 and SRSF2 likely contributing
to this association through their role in increased inflam-
mation [52, 53]. The role of CHIP in the transition from
a single CMD to a CMM remains controversial. Some
research in individuals with stroke or CHD indicates no
significant association between CHIP and recurrent vas-
cular events [25, 29, 54], including nonfatal stroke and
myocardial infarction, which supports our findings that
CHIP is not associated with CMM incidence. The lack
of significant association between CHIP and CMM pro-
gression may suggest that systemic inflammation driven
by CHIP predominantly accelerates the primary onset
of CMDs rather than contributing to multimorbidity.
Indeed, CMD patients often receive medical treatments
that could potentially modulate the effects of CHIP [55].
Additionally, the presence of competing mortality risks
in CMD patients might attenuate the observed risks on
CMM progression. On the basis of the previous work of
Singh-Manoux et al. [7], which suggested a changing role
of risk factors across the CMD progression trajectory, it
was rational that CHIP-related adverse effects were tran-
sition specific. However, a few other studies have shown
a CHIP-related risk of recurrent cardiovascular events
(HR 1.24, 95% CI 1.08-1.43) [21], as well as DNMT3 A-
or TET2-related incident CMD in CHD patients [24, 25].
Therefore, further analysis with a larger sample size is
warranted to provide more robust insights.

Gene-specific CHIP subtypes confer distinct risk mag-
nitudes and mechanisms in CMD progression. For exam-
ple, the DNMT3 A CHIP has a mixed effect on CHD. An
early meta-analysis of three observational cohorts [18]
reported a 1.7-fold increased risk of CHD in individuals
with DNMT3 A. However, a recent analysis of the com-
plete 450,000-person UK Biobank exome dataset failed to
replicate this association [56]. Our gene-specific analysis
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in multistate models revealed a slightly higher risk of
CMD incidence associated with DNMT3 A (adjusted HR
1.07, 95% CI 1.01-1.13; Table 2). Recent studies from
prospective cohorts and biobanks revealed no associa-
tions between DNMT3 A and T2D [22] or stroke [46].
However, TET2 and ASXL1 were associated with 48%
and 76% increased risks of T2D, respectively, whereas
TET2 was associated with a 1.82-fold increased risk of
stroke. In contrast, our study revealed no association
between ASXL1 and CMD but identified a 1.12-fold and
1.22-fold increased risk of first-ever CMD in healthy indi-
viduals associated with any and large TET2 (Table 2). We
also found that all CHIP subtypes were strongly associ-
ated with death risk, whether due to death without CMD
(Table 2) or all-cause mortality (Supplemental Table 9).
JAK?2 ranks the top in the likelihood of mortality among
all subtypes (Table 2, Supplemental Table 9), followed by
spliceosome genes that have a 4.75-fold increased odd of
all-cause mortality (Supplemental Table 9) and 3.36-fold
increased risk for death without CMD (Table 2). Our
findings of gene-specific CHIP risks are consistent with
previous work on atherosclerotic cardiovascular disease
[21], in which spliceosome genes tops in the risks of car-
diovascular events (adjusted HR 2.41, 95% CI 1.45-4.00)
and JAK2 has the highest risk of mortality (adjusted HR
3.44, 95% CI 1.29-9.20). It is noteworthy that the wide
CIs for JAK2 were primarily attributed to the small num-
ber of carriers in specific CMD transitions (No CMD
—FCMD: n= 17; No CMD — Death: n= 24). A similar
pattern of limited sample size and wide CIs was observed
for DNA damage genes and spliceosome genes. Mecha-
nistically, DNMT3 A and TET2 systemically activate
inflammation and increase interleukin (IL)-6 and IL-1p
signaling pathways [26, 57], whereas JAK2 accelerates
atherosclerosis, partly through activation of the AIM2
inflammasome [58]. TP53, a DNA damage repair gene,
promotes atherosclerosis across the arterial system by
inducing macrophage accumulation within atheroscle-
rotic plaques [59]. SF3B1 and SRSF2 are critical compo-
nents of the mRNA spliceosome, and mutations in these
genes may amplify innate immune signaling, leading to
increased production of circulating IL-6 and IL-18 [52,
60]. Further research is needed to elucidate the pathways
underlying CMD risk in individuals with CHIP, particu-
larly those with driver mutations in DNA damage repair
or spliceosome genes.

Our analysis benefits from a large sample size and a
standardized comparison of CMD and death within the
same cohort, further assessing the risks associated with
gene-specific CHIP mutations. Notably, CHIP exhibited
pronounced associations with first CMD incidence and
transitions toward death, with particularly high risks



Zuo et al. European Journal of Medical Research (2025) 30:414

observed for spliceosome genes in CMD and CMM
development and JAK2 in mortality, and large CHIP and
CHIP subtypes are generally at higher risk. In summary,
this research is the first large-scale, systematic assess-
ment of the link between CHIP and CMD progression,
showing that CHIP drives the progression of CMD and
mortality, with the strongest association observed for
mortality.

Currently, there is no conclusive evidence on the opti-
mal timing and target populations for CHIP screen-
ing and intervention [61, 62]. Our stratified analysis
suggested that male CHIP carriers under the age of 60
without a history of CMD are at high risk of mortality.
Specifically, men are prone to elevated leukocyte activa-
tion [63] and mutations in myeloid malignancy-related
genes [64], which increases their risk for all-cause mor-
tality [21]. Our primary results also suggest that CHIP
carriers with one or more CMDs are most affected.
Indeed, hematopoietic stem cell mutations can occur
early in life, and the speed of clonal expansion are influ-
enced by both internal and external selective pressures.
CHIP is closely linked to aging [17, 61], and its preva-
lence varies across sex [65] and racial groups [66]. More-
over, exposure to chemotherapy and radiotherapy can
expand DNA damage-related CHIP [67-69], smoking
exacerbates ASXL1 mutations [70], and obesity may also
accelerate CHIP progression [71]. CHIP itself drives tel-
omere shortening [72] and atherogenesis [28], which in
turn further promote clonal expansion. These findings
suggest potential interventions to prevent the onset of
CHIP, such as smoking cessation and weight loss, which
could slow clonal expansion and reduce CHIP-related
adverse outcomes. In addition, the CANTOS trial, which
investigated the effects of canakinumab (an anti-IL-1f
antibody) in participants with a history of myocardial
infarction [73], revealed that those carrying TET2 CHIP
showed better prognostic outcomes and a reduced risk of
major adverse cardiovascular events when treated with
canakinumab, compared to participants without CHIP
or those with other CHIP subtypes. This highlights the
potential of precision medicine for high-risk CHIP car-
riers. Therefore, we emphasize the role of CHIP in mor-
tality risk and particularly in young men without CMD.
Large CHIP carriers, especially those with TET2 muta-
tions or mutations in DNA damage repair and spliceo-
some genes, may benefit the most from CHIP-targeted
therapies, such as anti-IL-1p or anti-IL-6 strategies, with
both cytokines potentially acting as downstream media-
tors of CHIP-related pathophysiology [26].

Our research has limitations. First, our study used
population-scale WES to identify CHIP carriers, find-
ing a CHIP prevalence of 3.1%, which is relatively low
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compared with deeper targeted sequencing studies that
reported CHIP prevalence ranging from 8 to 18% [73—
75]. However, participants in these studies had prior
atherosclerosis, which may promote clonal hematopoie-
sis [28] and increase CHIP prevalence. Furthermore, a
rigorous protocol was employed for CHIP identifica-
tion, which minimizes false-positive calls and ensures
a high-fidelity CHIP call set [31]. This approach may
misclassify some individuals and reduce the sensitivity
for detecting CHIP at VAF <10%, which may lead to an
underestimated CHIP prevalence. Second, the possibil-
ity of reverse causality and residual confounding cannot
be excluded. However, we attempted to address reverse
causality by excluding participants who developed CMD
or mortality within the first two years of follow-up, and
the findings remained largely unchanged. To mitigate
residual confounding, we further adjusted for total cho-
lesterol, HDL cholesterol, and the use of cholesterol-
lowering medications, and the results remained stable.
The results of the other sensitivity analyses also remained
robust. Third, existing evidence suggests that the preva-
lence of CHIP and the incidence of CMD vary across dif-
ferent ethnic groups [2, 76]. Given that most participants
in the UK Biobank are self-identified as White or of Euro-
pean ancestry, our findings may not be generalizable to
other racial groups. Fourth, CHIP was measured only at
baseline in the UK Biobank, limiting our ability to study
its longitudinal dynamics. The absence of identifying
developed CHIP mutations during follow-up could lead
to incorrect classification of the study exposure. Fifth, the
statistical power for detecting less common driver muta-
tions is limited.

Conclusion

CHIP is a risk factor for transitioning from health to sin-
gle CMD and all-cause mortality. It plays a significant
role in specific CMDs and mortality, highlighting CHIP
management as a possible strategy for primary and sec-
ondary prevention of CMDs.
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