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Summary
Background Clonal haematopoiesis driven by mutations in DNMT3A or TET2 has recently been identified as a new
risk factor for cardiovascular disease. Experimental studies suggest that these mutations may enhance inflammation
which accelerates the disease progression. We aim to investigate the prevalence of mutations in DNMT3A and TET2
and their association with prognosis of patients with ST-segment elevation myocardial infarction (STEMI).

Methods Targeted deep sequencing for DNMT3A and TET2 and inflammatory cytokines (IL-1b, IL-6, TNF-a, INF-
g) were analyzed in 485 patients with STEMI. Major adverse cardiac events (MACE) was a composite of death, myo-
cardial infarction, stroke, or hospitalization due to heart failure.

Findings Patients carrying DNMT3A- or TET2-CH-driver mutations with a variant allele frequency (VAF) �2% were
found in 12.4% (60 of 485) of STEMI patients and experienced an increased incidence of the death (30.9% vs 15.5%,
P = 0.001) and MACE (44.5% vs 21.8%, P < 0.001) compared to those who did not, during a median follow up of
3.0 (interquartile range: 2.4�3.4) years. After adjusting for confounders, mutation remained an independent predic-
tor of death (HR = 1.967, 95% CI 1.103�3.507, P = 0.022) and MACE (HR = 1.833, 95% CI 1.154�2.912, P = 0.010).
Concentrations of plasma IL-1b (P = 0.010) and IL-6 (P = 0.011) were significantly elevated in DNMT3A/TET2
VAF�2% group.

Interpretation DNMT3A- or TET2-CH-driver mutations with a VAF�2% were observed in over 10% STEMI
patients, and were significantly associated with poorer prognosis, which might be explained by higher levels of
inflammatory cytokines in mutations carriers.
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Introduction
Clonal hematopoiesis of indeterminate potential
(CHIP), defined as the presence of expanded somatic

blood cell clones in individuals in the absence of other
hematological abnormalities, has been found to be sig-
nificantly associated with a high risk of coronary heart
disease (CHD).1�5 The most commonly mutated genes
in CHIP are the DNA methyltransferase DNMT3A and
the DNA demethylase TET2, both of which were experi-
mentally shown to regulate the inflammatory response
of circulating leukocytes, increase release of inflamma-
tory cytokines (including IL-1b, IL-6, TNF-a and INF-g)
and accelerate atherosclerosis and heart failure (HF)
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development in mice.5�11 Recent studies12�15 using tar-
geted sequencing showed that DNMT3A- and TET2-
CH-driver mutations were associated with profoundly
impaired long-term survival and increased disease pro-
gression in patients with chronic HF, or aortic valve ste-
nosis undergoing transfemoral aortic valve
implantation. Despite use of various therapies, recur-
rent ischemic events or HF continue to occur in some
patients post-myocardial infarction (MI), which are con-
sidered to be associated with chronic inflamma-
tion.16�20 Therefore, we hypothesized that patients with
ST-segment elevation myocardial infarction (STEMI)
and carrying DNMT3A- and TET2-CH-driver mutations
had higher level of pro-inflammatory cytokines and

experienced poorer prognosis, compared to those that
did not.

However, to date, no studies have quantified the
prevalence and assessed the prognostic significance of
DNMT3A- and TET2-CH-driver mutations in patients
with STEMI. In addition, the mean sequencing depth of
whole exome sequencing (WES) used in the previous
studies1�4 analyzing the relationship of CHIP-driver
mutations and CHD was relatively low (about 84£)
compared to that of targeted deep sequencing (about
4000£). Therefore, our study used hybridization cap-
ture-based targeted deep sequencing to analyze the prev-
alence of DNMT3A- and TET2-CH-driver mutations in
patients with STEMI and to associate their presence
with clinical outcomes.

Methods

Study population and study design
This was a post hoc analysis of patients enrolled in a
prospective, observational cohort study (ClinicalTrials.
gov ID: NCT03297164). In this cohort, 4862 patients
presented with acute myocardial infarction were
recruited between January 2017 and September 2019
and were followed up prospectively through September
2021. In the present analysis, only STEMI patients were
selected using simple random sampling Figure 1.a
details the process of patient selection. At baseline,
blood samples were collected from the arterial access
site during interventional procedures and separated
into whole blood, plasma, serum and white blood cells,
and then stored at -80 ℃. Table S1 shows that baseline
characteristics of the sampling cohort were comparable
to those of the total cohort, and the age distribution
between the sampling and total cohort was similar (Fig.
S1). Finally, 485 patients were included for final analy-
sis. Fifteen patients were excluded from the analysis
due to the following reasons: 4 subjects were excluded
due to insufficient blood samples, and 8 subjects were
excluded due to an inadequate concentration of DNA
isolated from their blood samples, and 3 subjects were
excluded due to death in hospital. STEMI was defined
as continuous chest pain for > 30 min, ST-segment ele-
vation > 0.1 mV in at least two contiguous leads, or new
left bundle-branch block on the 12-lead electrocardio-
gram (ECG), and elevated cardiac markers (troponin T/
I or creatine kinase-MB). Timely reperfusion was
defined as first medical contact (FMC) -to-needle
�30 min for patients undergoing thrombolytic therapy
or FMC-to-wire crossing �120 min for patients under-
going primary percutaneous coronary intervention
(PCI). Family history of CHD was defined as an imme-
diate relative receiving a diagnosis of having CHD
before age 60 years. The study design was shown in
Figure 1b.

Research in context

Evidence before this study

Clonal hematopoiesis of indeterminate potential has
been found to be significantly associated with a high
risk of coronary heart disease. The most commonly
mutated genes, DNMT3A and TET2, were experimen-
tally shown to regulate the inflammatory response of
circulating leukocytes, increase release of inflammatory
cytokines and accelerate atherosclerosis and heart fail-
ure development in mice. Recent studies using targeted
sequencing showed that DNMT3A- and TET2-CH-driver
mutations were associated with profoundly impaired
long-term survival and increased disease progression in
patients with chronic heart failure, or aortic valve steno-
sis undergoing transfemoral aortic valve implantation.
However, no studies quantified the prevalence and
assessed the prognostic significance of DNMT3A- and
TET2-CH-driver mutations in patients with ST-segment
elevation myocardial infarction.

Added value of this study

We report the prevalence and prognosis of STEMI
patients with CH-driver mutations. The main findings of
our study are as followed: (1) DNMT3A- and TET2-CH-
driver mutations with a VAF�2% are not infrequent
(12.4%) in patients with STEMI. (2) the presence of
DNMT3A- and TET2-CH-driver mutations are associated
with profoundly worse outcomes following STEMI. (3)
patients carrying DNMT3A- or TET2-CH-driver mutations
with a VAF�2% have significantly higher levels of IL-1b
and IL-6.

Implications of all the available evidence

Our study has revealed that STEMI patients carrying
DNMT3A- or TET2-CH-driver mutations had worse out-
comes and higher levels of inflammatory cytokines.
These findings suggest that increased inflammatory sta-
tus may be worthy of consideration as a new therapeu-
tic target for these patients.
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Study endpoints
The major adverse cardiac events (MACE) was a com-
posite of all-cause death, recurrent nonfatal MI, nonfatal
stroke, or hospitalization due to HF. Detailed defini-
tions of all endpoints are provided in Table S2. After dis-
charge, all patients were followed at 1 month, 6 months,
1 year, and yearly thereafter up to 4 years by phone call
or interview. Unscheduled follow-up was carried out if
needed.

Targeted deep sequencing
Targeted sequencing was performed by iGenetect Ltd
(Beijing, China). In brief, a custom panel comprising 51
CHIP genes (including DNMT3A and TET2; Table S3)
commonly mutated in hematologic malignancy was
designed to detect the presence of DNMT3A and TET2-
clonal hematopoiesis (CH)-driver mutations in patients.
DNA was isolated from deep-frozen samples of periph-
eral blood and the DNA concentration was determined
using the Qubit dsDNA HS Assay Kit (Life Technolo-
gies) on a Qubit Fluorometer (Life Technologies). The
patients’ libraries were generated with the Nextera Flex
for enrichment kit (Illumina, San Diego, CA, USA), and
sequences for 51 genes were enriched with the iGenetect
hybridization capture of DNA libraries protocol and cus-
tomized probes (iGenetect Ltd, Beijing, China). The
libraries were subsequently sequenced on an Illumina
NovaSeq 6000. The mean of target mean depth of all
485 samples was 4037£, and the minimum of target
mean depth was 2062£. The sequence reads were
aligned to the hg19 human reference genome, and var-
iants calling was performed using GATK, and variant
annotation was performed using ANNOVAR.

Given that the sensitivity of next-generation sequenc-
ing (NGS)21,22 is in the region of variant allele frequency
(VAF) 1%, only variants with a VAF�1% were consid-
ered. VAF was calculated by using the formula

VAF=alternate reads/(reference + alternate reads). Com-
mon single-nucleotide polymorphisms with a minor
allele frequency of at least 1% in either the 1000
Genome Project, ESP6500, or ExAC, gnomAD data-
bases were excluded, and synonymous, non-frameshift
insertion/deletion variants were also excluded. In addi-
tion, variants occurring in more than 5% of the patients
in our cohort were considered as technical artifacts and
excluded, and variants with fewer than 1000 reads were
also filtered out. Furthermore, variants with a VAF of
0.4 to 0.6 or �0.9 were considered as potential germ-
line variants and excluded. Finally, the variants were val-
idated according to the previous literature or the
Catalogue of Somatic Mutations in Cancer (COSMIC)
and ClinVar.

Enzyme-linked immunosorbent assay (ELISA) of
inflammatory cytokines
Selected inflammatory cytokines, plasma IL-1b, IL-6,
TNF-a and INF-g were tested by ELISA (ELISA array
kit, Boster, Wuhan, China) as per standard man-
ufacturer’s protocol. Plasma for ELISA and whole blood
for targeted deep sequencing were from the same blood
sample.

Statistical analysis
The Kolmogorov�Smirnov test was used as a distribu-
tion normality test. Continuous variables were reported
as mean § standard deviation for normally distributed
data or as median (25th�75th percentiles) for non-nor-
mally distributed data. Independent sample t-test or
Mann-Whitney U test was performed for comparison of
continuous variables between groups. Categorical data
were shown as counts (proportions) and were compared
with the x2 test or Fisher exact test as appropriate.
Logistic regression model was used to adjust for age

Figure 1. Workflow diagram and study design. Workflow diagram (a) showing selection of 485 STEMI patients undergoing stent
implantation from the total cohort and study design (b) showing the overview of methods used in the study. AMI = myocardial
infarction; CAG = coronary angiogram; NSTEMI = non-ST-segment elevation myocardial infarction; IRA = infarct related artery.
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when we analyzed whether female was associated with
the presence of DNMT3A- or TET2-CH driver muta-
tions independently.

For survival analysis, time-to-first event curves were
generated by Kaplan-Meier analysis, and compared
using the log-rank test. In addition, univariate and mul-
tivariable Cox proportional-hazards regression models
were used to estimate hazard ratios (HRs) and 95% con-
fidence intervals (CI). Adjustments were made for base-
line difference and potentially confounding prognostic
factors. In adjusted model 1, age, sex, diabetes mellitus,
dyslipidemia, hypertension, smoking status were
adjusted for, and in adjusted model 2, besides those fac-
tors, log-transformed N-terminal pro-B-type natriuretic
peptide (NT-proBNP), hyper-sensitivity C-reactive pro-
tein (hs-CRP) and left ventricular ejection fraction
(LVEF) were also adjusted for. Cox proportional hazards
assumptions were tested using Schoenfeld residuals.
VAF 2% is typically used as the threshold to define
CHIP,12,13,15,23 but for sensitivity analysis, 1 or 5% was
also set as the threshold in the COX regression models.

Statistical significance was assumed at p less than
0.05, and all reported p values are 2-sided. Statistical
analysis was performed with SPSS (Version 22.0) and
Stata (Version 16.0).

Ethics
All procedures were performed according to the Decla-
ration of Helsinki. This study was approved by the
Ethics Committee of the 2nd Affiliated Hospital of Har-
bin Medical University (KY2017-249), and all patients
provided written informed consent.

Role of funders
The funders have no role in study design; collection,
management, analysis, and interpretation of data; writ-
ing of the report.

Results

Detection of CH-driver mutations
Targeted deep sequencing was performed in a total of
485 patients with STEMI to detect DNMT3A- or TET2-
CH-driver mutations in their peripheral blood samples.
60 of 485 patients (12.4%) carried DNMT3A- (n = 43)
and/or TET2- (n = 28) CH-driver mutations (Table S4)
with a VAF�2%, with 6 patients (1.2%) harboring
mutations in both genes. Furthermore, a VAF�1% was
identified in 111 of 485 patients (22.9%) carrying
DNMT3A- (n = 90) and/or TET2- (n = 52) CH-driver
mutations, with 17 patients (3.5%) harboring mutations
in both genes. Fig. S2 showed the distributions of VAFs
of all the DNMT3A- and TET2- CH-driver mutations

The patients had a median age of 62 years (range
25�91), and 133 subjects (27.4%) were female. As

shown in Figure 2a, the prevalence of DNMT3A- or
TET2-CH-driver mutations with a VAF�1% in the pres-
ent cohort with STEMI increased with age from 6.8% (5
out of 74) in the age group of 25�49 years, to 39.4% (13
out of 33) at age 80�91 years. The mutations with a
VAF�1% showed a higher incidence in females (30.8%)
than that in males (19.9%) (Figure 2b). After adjusted
for age in the multivariate logistic regression analysis,
female was on longer associated with the presence of
mutations with a VAF�1% (Unadjusted Model: odds
ratio (OR) = 1.795, 95% CI 1.143-2.820, P = 0.011;
Adjusted Model: OR = 1.483, 95% CI 0.932�2.359,
P = 0.096). Furthermore, when we considered muta-
tions in DNMT3A or TET2 separately, the age or sex dis-
tribution showed similar patterns (Fig. S3).

Besides 43 DNMT3A- and 28 TET2-driver mutations
with a VAF�2%, we also found 31 other genes driver
mutations (Table S4) with a VAF�2%, and all the 102
driver mutations with a VAF�2% occurred in 80
patients. If a patient simultaneously carried two or
more CH-driver mutations in different genes, we con-
sidered that the gene with the highest VAF was the
driver gene here. As shown in Figure 2c, the driver
mutations were identified in the genes DNMT3A (39
patients), TET2 (18 patients), ASXL1 (10 patients),
SF3B1 (4 patients), PHIP (3 patients), PPM1D (2
patients), JAK2, CBL, GNB1, NRAS (1 patient each). 63
of 80 patients carrying driver mutations with a
VAF�2% had a driver mutation in only a single gene,
whereas 17 patients had 2 » 4 driver mutations simulta-
neously.

Baseline characteristics
Typically, a subject carrying CH-driver mutations with a
VAF�2% were considered as CHIP carriers.12,13,15,23 So
patients were divided into DNMT3A/TET2 VAF�2%
group (carrying DNMT3A- and/or TET2-CH-driver
mutations with a VAF�2%) and no-DNMT3A/TET2
VAF�2% group (carrying neither DNMT3A- nor TET2-
CH-driver mutations with a VAF�2%) without consid-
eration of the other CHIP genes. The no-DNMT3A/
TET2 VAF�2% group including 20 patients carrying
other CHIP mutations with a VAF�2% (other-CHIP
VAF�2% group) and 405 patients without any CHIP
mutations with a VAF�2% (no-CHIP VAF�2% group).
Baseline characteristics of DNMT3A/TET2 VAF�2%
group and no-DNMT3A/TET2 VAF�2% group was
summarized Table 1.

As illustrated, patients in the DNMT3A/TET2
VAF�2% group were significantly older, more female
and diabetes mellitus, and had higher serum NT-
proBNP and HbA1c levels than those in the no-
DNMT3A/TET2-VAF�2% group. The incidence of
other cardiovascular risk factors, including hyperlipid-
emia, hypertension, chronic kidney disease, smoking
and family history of CHD, were not significantly
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different between the two groups. In addition, the extent
of coronary artery disease as assessed by SYNTAX score,
total ischemic time, and LVEF showed no difference
between the two groups at baseline.

Prognostic significance of DNMT3A- and TET2-CH-
driver mutations
During a median follow-up of 3.0 years (interquartile
range: 2.4�3.4 years), 72 patients died, 41 experienced
recurrent nonfatal MI, 8 experienced nonfatal stroke
and 23 were readmitted due to HF. All-cause death
occurred in 17 patients (30.9%) in the DNMT3A/TET2
VAF�2% group as compared with 55 patients (15.5%) in
the no-DNMT3A/TET2 VAF�2% group, and MACE
occurred in 25 patients (44.5%) in the DNMT3A/TET2
VAF�2% group as compared with 88 patients (21.8%)
in the no-DNMT3A/TET2 VAF�2% group.

Figure 3a and b illustrated the Kaplan-Meier time-to-
first event curves for the two groups and demonstrated
that patients in the DNMT3A/TET2 VAF�2% group
experienced a significantly worse clinical outcome for

all-cause death (Log-rank test, P = 0.001) and MACE
(Log-rank test, P < 0.001). Additionally, patients in the
DNMT3A/TET2 VAF�2% group had higher rates of
recurrent nonfatal MI and stroke, and hospitalization
due to HF (Fig. S3). Using Cox proportional-hazards
regression models, the presence of DNMT3A- or TET2-
CH-driver mutations with a VAF�2% showed signifi-
cant association with all-cause death (Unadjusted
Model: HR = 2.442, 95% CI 1.417�4.208, P = 0.001;
Adjusted Model 1: HR = 2.053, 95% CI 1.165�3.618,
P = 0.013; Adjusted Model 2: HR = 1.967, 95% CI
1.103�3.507, P = 0.022; Table 2), and with MACE
(Unadjusted Model: HR = 2.319, 95% CI 1.487�3.618,
P < 0.001; Adjusted Model 1: HR = 1.909, 95% CI
1.203�3.031, P = 0.006; Adjusted Model 2: HR = 1.833,
95% CI 1.154�2.912, P = 0.010; Table 2).

For sensitivity analysis, according to the VAFs of
DNMT3A or TET2-CH driver mutations, we also set 1 or
5% as the threshold to group the patients, and Table S5
showed that patients with a VAF no less than the
threshold were associated with worse outcomes in Cox
proportional-hazards regression models. Further, our

Figure 2. Distribution of driver mutations and driver genes. Distribution of DNMT3A- or TET2-CH-driver mutations in patients
(n = 485) according to age (a) and sex (b). Distribution of driver genes (c).
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Variables Overall (n = 485) No-DNMT3A/TET2VAF�2% (n = 425) DNMT3A/TET2VAF�2% (n = 60) P-value

Age, years 61.8 § 12.0 61.1 § 12.0 66.5 § 10.7 0.001

Age <50 years, n (%) 74 (15.3) 72 (16.9) 2 (3.3) 0.006

Female, n (%) 133 (27.4) 108 (25.4) 25 (41.7) 0.008

Coronary risk factors

Hypertension, n (%) 224 (46.2) 192 (45.2) 32 (53.3) 0.24

Dyslipidemia, n (%) 321 (66.2) 287 (67.5) 34 (56.7) 0.096

Diabetes mellitus, n (%) 110 (22.7) 90 (21.2) 20 (33.3) 0.035

Cigarette smoking 0.81

Non-smoker, n (%) 162 (33.4) 142 (33.4) 20 (33.3)

Former smoker, n (%) 68 (14.0) 58 (13.6) 10 (16.7)

Current smoker, n (%) 255 (52.6) 225 (52.9) 30 (50.0)

BMI, kg/m2 24.5 (22.5�26.8) 24.6 (22.5�26.9) 24.2 (22.4�26.5) 0.37

CKD, n (%) 27 (5.6) 25 (5.9) 2 (3.3) 0.61

Family history of CHD, n (%) 71 (14.6) 60 (14.1) 11 (18.3) 0.39

Previous history

Prior MI, n (%) 11 (2.3) 9 (2.1) 2 (3.3) 0.90

Prior PCI, n (%) 17 (3.5) 15 (3.5) 2 (3.3) 1.00

LVEF, % 58 (51�61) 58 (51�61) 57 (49�62) 0.73

Laboratory data

hs-CRP, mg/l 6.39 (2.43�12.12) 6.27 (2.37�12.00) 7.87 (3.22�13.25) 0.13

NT-proBNP, pg/ml 226 (110�776) 220 (109�692) 426 (125�1774) 0.093

Peak Troponin I, ng/ml 54 (23�131) 55 (23�125) 50 (21�154) 0.78

White blood count, 103/ml 11.5 § 4.0 11.5 § 4.0 11.6 § 3.9 0.84

Haemoglobin, g/dl 14.4 § 2.0 14.4 § 2.0 14.0 § 1.9 0.13

Platelet count, 103/ml 233 § 67 234 § 67 226 § 67 0.43

TC, mg/dl 179 § 41 179 § 42 173 § 37 0.23

Triglyceride, mg/dl 123 (88�176) 125 (89�178) 109 (81�158) 0.21

LDL-C, mg/dl 110 § 36 111 § 36 104 § 32 0.15

HDL-C, mg/dl 49 § 12 48.6 § 12.5 48.9 § 12.4 0.85

HbA1c, % 5.8 (5.5�6.2) 5.8 (5.4�6.1) 5.9 (5.6�6.9) 0.031

Creatinine, mg/dl 1.03 (0.86�1.18) 1.03 (0.87�1.18) 1.03 (0.81�1.16) 0.17

Procedural characteristics

Extent of coronary artery disease 0.69

1-vessel disease, n (%) 36 (7.4) 33 (7.8) 3 (5.0)

2-vessel disease, n (%) 90 (18.6) 81 (19.1) 9 (15.0)

3-vessel disease, n (%) 359 (74.0) 311 (73.2) 48 (80.0)

SYNTAX score 27.6 § 11.4 27.5 § 11.6 28.5 § 10.2 0.55

Total ischemic time, hour 5.0 (3.0�7.5) 5.0 (3.0�7.5) 5.0 (3.5�7.0) 0.67

Pre-hospital fibrinolysis, n (%) 20 (4.1) 17 (4.0) 3 (5.0) 0.99

Type of PCI

Primary PCI, n (%) 438 (90.3) 383 (90.1) 55 (91.7) 0.65

Rescue PCI, n (%) 5 (1.0) 4 (0.9) 1 (1.7)

Delayed PCI, n (%) 42 (8.7) 38 (8.9) 4 (6.7)

Timely reperfusion, n (%) 412 (84.9) 361 (84.9) 51 (85.0) 0.99

Thrombus aspiration, n (%) 130 (26.8) 115 (27.1) 15 (25.0) 0.74

Number of stents 1.29 § 0.58 1.29 § 0.59 1.28 § 0.52 0.89

Mean stent size 3.13 § 0.40 3.13 § 0.41 3.08 § 0.39 0.35

Total stent length 35.3 § 17.8 35.2 § 17.9 36.1 § 17.6 0.72

Medication at discharge

Aspirin (%) 479 (98.8) 420 (98.8) 59 (98.3) 0.55

Clopidogrel (%) 178 (36.7) 154 (36.2) 24 (40.0) 0.57

Ticagrelor (%) 303 (62.5) 268 (63.1) 35 (58.3) 0.48

Statins (%) 479 (98.8) 420 (98.8) 59 (98.3) 0.55

Table 1 (Continued)
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STEMI cohort was divided into patients without a
VAF�1%; with a VAF of 1, 2%; a VAF of 2�10%; and a
VAF�10%. In survival analysis, Figure 3c and d and
Table S6 showed that the highest VAF group experi-
enced the worst outcomes.

Furthermore, we analyzed Kaplan�Meier survival
curves and Cox proportional-hazards regression models
separately for patients carrying either DNMT3A- or
TET2-CH-driver mutations with a VAF�2% (patients
were classified as DNMT3A VAF�2% group or no-

DNMT3A VAF�2% group without consideration of the
other CHIP genes; so was TET2), and found that both
genes mutations were associated with worse outcomes
(Figure 4; Table S7).

Comparisons of DNMT3A/TET2 VAF�2% group,
other-CHIP VAF�2% group and no-CHIP VAF�2%
group were also performed by Kaplan�Meier survival
curves and Cox proportional-hazards regression models
(Fig. S5; Table S8). Compared to the no-CHIP VAF�2%
group, DNMT3A/TET2 VAF�2% group experienced

Variables Overall (n = 485) No-DNMT3A/TET2VAF�2% (n = 425) DNMT3A/TET2VAF�2% (n = 60) P-value

b-blocker (%) 323 (66.6) 279 (65.6) 44 (73.3) 0.24

ACEI (%) 269 (55.5) 236 (55.5) 33 (55.0) 0.94

ARB (%) 9 (1.9) 8 (1.9) 1 (1.7) 1.00

Table 1: Baseline characteristics of the study cohort.
ACEI = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; BMI = body mass index; CHD = coronary heart disease; CKD = chronic

kidney disease; HbA1c = Hemoglobin A1C; HDL-C = high-density lipoprotein cholesterol; hs-CRP = hyper-sensitivity C-reactive protein; LDL-C = low-density

lipoprotein cholesterol; LVEF = left ventricular ejection fraction; MI = myocardial infarction; NT-proBNP = N-terminal pro brain natriuretic peptide;

PCI = percutaneous coronary intervention; SYNTAX = Synergy Between Percutaneous Coronary Intervention With Taxus and Cardiac Surgery; TC = total

cholesterol.

Figure 3. Kaplan-Meier time-to-first event curves for death and MACE. Patients in the DNMT3A/TET2 VAF�2% group (n = 60) had
higher incidence of death (a) and MACE (b) compared to the no-DNMT3A/TET2 VAF�2% group (n = 425). Further, we divided our
cohort into subjects without a VAF�1% (n = 374); with a VAF of 1, 2% (n = 51); a VAF of 2�10% (n = 46); and a VAF�10% (n = 14),
and found that the higher VAF was associated with poorer outcome (c,d). P-values are for log-rank tests.
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worse outcomes. However, there was no difference
between other-CHIP VAF�2% group and no-CHIP
VAF�2% group.

Inflammatory cytokines
As shown in Figure 5, plasma concentrations of IL-1b
[Mann-Whitney test, 3.52 (2.34�5.43) vs 2.83
(1.68�4.63) pg/ml, P = 0.010] and IL-6 [Mann-Whitney

test, 2.94 (1.62�5.38) vs 2.38 (1.35�3.87) pg/ml,
P = 0.011] in the DNMT3A/TET2 VAF�2% group were
significantly higher than those observed in the no-
DNMT3A/TET2 VAF�2% group, while plasma concen-
trations of TNF-a [Mann-Whitney test, 12.21
(9.16�16.60) vs 10.69 (4.27�21.35) pg/ml, P = 0.179]
and IFN-g [Mann-Whitney test, 3.29 (1.18�5.78) vs 2.52
(0.73�6.05) pg/ml, P = 0.406] showed no significant
difference. After Bonferroni correction to account for

Event Unadjusted Model Adjusted Model 1 Adjusted Model 2

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

MACE 2.319 (1.487�3.618) <0.001 1.909 (1.203�3.031) 0.006 1.833 (1.154-2.912) 0.010

All-cause Death 2.442 (1.417�4.208) 0.001 2.053 (1.165�3.618) 0.013 1.967 (1.103-3.507) 0.022

Nonfatal MI or Stroke 2.821 (1.463�5.440) 0.002 2.551 (1.277�5.099) 0.008 2.563 (1.283-5.117) 0.008

Hospitalization due to HF 3.417 (1.405�8.308) 0.007 2.295 (0.895�5.887) 0.084 2.297 (0.875-6.027) 0.091

Table 2: Univariate and multivariable COX regression models of DNMT3A/TET2 VAF�2% group compared to No- DNMT3A/TET2 VAF�2%
group.
Adjusted Model 1: adjusting for age, sex, hypertension, dyslipidemia, diabetes mellitus, smoking status.

Adjusted Model 2: adjusting for age, sex, hypertension, dyslipidemia, diabetes mellitus, smoking status, LVEF, ln_NT-proBNP, hs-CRP.

HF = heart failure; HR = hazard ratio; hs-CRP = hyper-sensitivity C-reactive protein; LVEF = left ventricular ejection fraction; MACE = major adverse cardic

events; MI = myocardial infarction; NT-proBNP = N-terminal pro brain natriuretic peptide.

Figure 4. Kaplan-Meier Time-to-First Event Curves of DNMT3A or TET2 Separately for Death and MACE. No matter patients with
DNMT3A- (a, b) (no-DNMT3A VAF�2% group, n = 444; DNMT3A VAF�2% group, n = 41) or TET2- (c,d) (no-TET2 VAF�2% group,
n = 460; TET2 VAF�2% group, n = 25) CH-driver mutations with a VAF�2% had higher incidence of death and MACE. P-values are
for log-rank tests.
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multiple testing with a P-value of 0.0125, the difference
in concentrations of IL-1b and IL-6 remained statisti-
cally significant.

Fig. S6 showed the comparisons of cyokines concen-
trations of DNMT3A VAF�2% group, TET2 VAF�2%
group and no-DNMT3A/TET2 VAF�2% group (5 of 6
patients carrying both genes mutations with a VAF�2%
were classified as DNMT3A VAF�2% group here, since
the VAFs of DNMT3A were higher than those of TET2).
The IL-1b and IL-6 levels in DNTMT3A VAF�2% group
or TET2 VAF�2% group tended to be higher than those
in no-DNMT3A/TET2 VAF�2% group.

Discussion
This study investigated the prevalence and prognostic
significance of DNMT3A- and TET2-CH-driver muta-
tions in patients with STEMI by targeted deep sequenc-
ing. The main findings of our study are: (1) DNMT3A-
and TET2-CH-driver mutations with a VAF�2% are not
infrequent (12.4%) in patients with STEMI. (2) the pres-
ence of DNMT3A- and TET2-CH-driver mutations are
associated with profoundly worse outcomes following
STEMI. (3) patients carrying DNMT3A- or TET2-CH-
driver mutations with a VAF�2% have significantly
higher levels of IL-1b, and IL-6, which might contribute
to disease progression and worse clinical outcomes.

The association of CHIP and atherosclerotic cardiovas-
cular disease was preliminarily described using whole
exome sequencing with mean sequencing depth of
approximately 84£, which cannot detect SNP mutations
with a VAF<3.5% or indel mutations with a VAF<7%,
resulting in a comparatively low prevalence of mutations.
However, CH-driver mutations with a VAF�1% can be
fully identified by targeted deep sequencing performed in
our study, and we found that DNMT3A- and TET2-CH-
driver mutations were not infrequent (VAF�2%, 12.4%;
VAF�1%, 22.9%) in STEMI patients. Consistent with pre-
vious studies,1,2,12,14 the prevalence of mutations increased
with patients age. Besides, women were observed to have
a higher prevalence of mutations. However, given that
women presented at an older age than men (mean age
65.9 years vs 60.2 years) and that the association did not
remain significant after adjusting for age, the gender dif-
ference in mutation frequency might be associated with
the difference in age. We also found that DNMT3A- or
TET2-CH mutation carriers had higher prevalence of dia-
betes and higher levels of HbA1c, which is in agreement
with previous studies1,10 revealing that diabetes is associ-
ated with CHIP mutations in 22 population-based cohorts
and that somatic TET2 mutations contribute to insulin
resistance in mouse models.

Dorsheimer et al.,12 who investigated the relation-
ship between the outcome of chronic ischemic HF and
CHIP, revealed that in patients harboring
DNMT3A or TET2 mutations, most deaths were related
to progression of HF and arrhythmia. However, besidesFi
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HF events, in the present study focusing on STEMI
patients, DNMT3A- or TET2-CH-driver mutations
were also associated with ischemic events, including
fatal or nonfatal MI, and ischemic stroke. Previous
studies6�9 and our data revealed that mutations in
either DNMT3A or TET2 were associated with the
activation of the inflammasome complex, or
increased gene expression of inflammatory cytokines,
such as IL-1b and IL-6. Therefore, a possible driver
for recurrent ischemic events relates to plaque events
associated with untreated “vulnerable” non-culprit
lesions or accelerated in-stent neoatherosclerosis
exposed to a high inflammatory state. It is logical to
propose that the increased inflammation associated
with DNMT3A- and TET2 mutations may serve as a
new therapeutic target to prevent the potential
adverse events post-MI.

Typically, 2% VAF have been used as the thresh-
old to define CHIP,12,13,15,23 and indeed, we demon-
strated that STEMI patients carrying DNMT3A- or
TET2-CH-driver mutations with a VAF�2% were
associated with worse outcomes and higher levels of
plasma IL-b and IL-6. However, in our cohort,
patients carrying DNMT3A- or TET2-CH-driver muta-
tions with a VAF of 1-2% also experienced more
MACE, compared to patients without a VAF�1%,
which was consistent with the previous studies
revealing that there was a dose-response association
between clone size and death in HF patients12 and
that optimized VAF cut-off values of DNMT3A- and
TET-CH-driver mutations for prediction of death
were 1.15% and 0.73%, respectively.14 So, more stud-
ies are needed to identify disease-specific threshold
levels of VAF in cardiovascular diseases.

In our study, we found that patients in DNMT3A/
TET2 VAF�2% group had higher plasma concentra-
tions of IL-1b and IL-6 compared to those in no-
DNMT3A/TET2 VAF�2% group, but levels of TNF-a,
INF-g and hs-CRP showed no difference between the
two groups. Previous cohort studies showed contradic-
tory results about hs-CRP. Some3,12�14 found no signifi-
cant difference in hs-CRP levels between CHIP carriers
and non-CHIP carriers, while only a larger single-centre
study24 consisting of patients with coronary artery dis-
ease revealed that CHIP carriers had 21% higher hs-
CRP levels compared with their noncarrier counter-
parts. Besides, in a study using single-cell
RNA�sequencing found that patients carrying
DNMT3A or TET2 mutations displayed increased
expression of IL-1b and IL-6. Therefore, we considered
that plasma levels of IL-1b or IL-6, rather than hs-CRP,
could serve as the possible biomarker to help identify
carriers of DNMT3A- or TET2- mutations.

The limitations of our study are as follows: firstly,
this was a single center study. However, the present
study investigating the role of CHIP in this subset of
population included the largest number of STEMI

patients. Secondly, according to the sensitivity of tar-
geted deep sequencing performed in our study, only
mutations with a VAF�1% were considered. Therefore,
the impact of mutations with a VAF<1% on prognosis
is unclear. However, with a median of 3.0 years of fol-
low-up, the incidence of MACE in patients without a
VAF�1% was relatively low. Thus, it is reasonable to
consider that hazard ratio of DNMT3A/TET2-CH-driver
mutations with a VAF<1% is limited. Thirdly, consider-
ing the definitive evidence from experiments6�9 that
DNMT3A and TET2 were associated with inflammation
and comparatively low prevalence of other CH-driver
mutations, we mainly focused on mutations in
DNMT3A and TET2. Therefore, the impacts of muta-
tions in other CHIP genes need to be further investi-
gated.

In conclusions, DNMT3A- or TET2-CH-driver muta-
tions with a VAF�2% were observed in over 10%
STEMI patients, and were significantly associated with
poorer prognosis, which may be explained by higher lev-
els of inflammatory cytokines in mutations carriers.
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