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Abstract

Aims Somatic mutations in haematopoietic stem cells can lead to the clonal expansion of mutated blood cells, known as
clonal haematopoiesis (CH). Mutations in the most prevalent driver genes DNMT3A and TET2 with a variant allele frequency
(VAF) ≥ 2% have been associated with atherosclerosis and chronic heart failure of ischemic origin (CHF). However, the effects
of mutations in other driver genes for CH with low VAF (<2%) on CHF are still unknown.
Methods and results Therefore, we analysed mononuclear bone marrow and blood cells from 399 CHF patients by deep
error-corrected targeted sequencing of 56 genes and associated mutations with the long-term mortality in these patients
(3.95 years median follow-up). We detected 1113 mutations with a VAF ≥ 0.5% in 347 of 399 patients, and only 13% had
no detectable CH. Despite a high prevalence of mutations in the most frequently mutated genes DNMT3A (165 patients)
and TET2 (107 patients), mutations in CBL, CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2 were associated with increased
death compared with the average death rate of all patients. To avoid confounding effects, we excluded patients with
DNMT3A-related, TET2-related, and other clonal haematopoiesis of indeterminate potential (CHIP)-related mutations with a
VAF ≥ 2% for further analyses. Kaplan–Meier survival analyses revealed a significantly higher mortality in patients with muta-
tions in either of the seven genes (53 patients), combined as the CH-risk gene set for CHF. Baseline patient characteristics
showed no significant differences in any parameter including patient age, confounding diseases, severity of CHF, or blood cell
parameters except for a reduced number of platelets in patients with mutations in the risk gene set in comparison with pa-
tients without. However, carrying a mutation in any of the risk genes remained significant after multivariate cox regression
analysis (hazard ratio, 3.1; 95% confidence interval, 1.8–5.4; P < 0.001), whereas platelet numbers did not.
Conclusions Somatic mutations with low VAF in a distinct set of genes, namely, in CBL, CEBPA, EZH2, GNB1, PHF6, SMC1A,
and SRSF2, are significantly associated with mortality in CHF, independently of the most prevalent CHIP-mutations in DNMT3A
and TET2. Mutations in these genes are prevalent in young CHF patients and comprise an independent risk factor for the
outcome of CHF, potentially providing a novel tool for risk assessment in CHF.

Keywords Blood cell mutations; Clonal haematopoiesis; Heart failure; Age

Received: 17 July 2020; Revised: 7 December 2020; Accepted: 24 February 2021
*Correspondence to: Michael A. Rieger, Department of Medicine, Hematology/Oncology, Goethe University Hospital, Theodor-Stern-Kai 7, 60590 Frankfurt, Germany.
Email: m.rieger@em.uni-frankfurt.de
Andreas M. Zeiher, Department of Medicine, Cardiology, Goethe University Hospital, Theodor-Stern-Kai 7, 60590 Frankurt, Germany.
Email: zeiher@em.uni-frankfurt.de
Stefanie Dimmeler, Andreas M. Zeiher, and Michael A. Rieger shared last authorship.

ORIG INAL RESEARCH ART ICLE

© 2021 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

ESC HEART FAILURE
ESC Heart Failure 2021; 8: 1873–1884
Published online 28 March 2021 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.13297

https://orcid.org/0000-0002-4158-5872
mailto:m.rieger@em.uni-frankfurt.de
mailto:zeiher@em.uni-frankfurt.de
http://creativecommons.org/licenses/by-nc/4.0/


Introduction

Chronic ischemic heart failure (CHF) is a potentially fatal con-
dition that is age-associated and increases globally.1 Although
there are considerable advances in the treatment of CHF, the
mortality rate remains high, and there is thus an increasing
need to understand the mechanisms underlying the patho-
genesis and development of CHF. Clonal haematopoiesis
(CH) is the emergence of expanded mutated blood cell
clones, originating from somatic mutations in haematopoietic
stem cells (HSCs) in genes such as DNMT3A, TET2, JAK2, TP53,
ASXL1, SF3B1, and PPM1D, known to be associated with
haematologic malignancies.2 CH is present in the absence of
haematologic disorders, and its prevalence increases with
age.3 When the mutated blood cell clone reaches a size of
at least 2% variant allele frequency (VAF), which corresponds
to 4% mutated blood cells assuming the mutation is heterozy-
gous, the technically defined term clonal haematopoiesis of
indeterminate potential (CHIP) has been introduced.3 In re-
cent years, it has been shown that CHIP is associated with in-
creased risk of atherosclerosis, coronary artery disease (CAD),
and coronary calcification and with poor outcome in patients
with CHF as well as in patients with severe aortic stenosis un-
dergoing transcatheter aortic valve implantation.4–10 The
most frequently mutated genes code for the epigenetic mod-
ifiers DNMT3A and TET2. In CHF, patients with DNMT3A or
TET2 mutations with a VAF ≥ 2% show an increased progres-
sion of the disease and increased mortality,9 which correlated
in a dose-dependent manner with the size of the mutated
blood cell clone (VAF). Elegant mechanistic studies in
preclinical models of atherosclerosis and cardiac failure have
demonstrated that TET2-deficiency and DNMT3A-deficiency
in blood cells induce inflammation, atherosclerosis progres-
sion, and cardiac dysfunction.11–13 In contrast, the role of
recurrent mutations in other CH-related genes, especially at
low VAF (≥0.5%), in the development of cardiovascular
diseases is still unknown.

In this study, we aimed to assess the potential prognostic
significance of blood cell mutations in CH-genes other than
DNMT3A and TET2 causing CH at low VAF (between 0.5%
and 2%) in a cohort of patients with CHF due to
post-ischemic origin.

Methods

Study cohort

Clinical data and biological specimens [bone marrow (BM)-
derived or serum-free peripheral blood (PB)] were collected
from a total of 399 patients suffering from CHF and partici-
pated in various controlled trials between January 2002 and

November 2018 at the University Hospital of the Johann
Wolfgang Goethe University, Frankfurt/Main, Germany.

Patients were eligible for inclusion into the study if they
suffered from stable CHF-symptoms with New York Heart
Association ≥ II, had a previous successfully revascularized
myocardial infarction at least 3 months prior to inclusion,
and had a well-demarcated region of left ventricular dysfunc-
tion on echocardiography. Exclusion criteria were the pres-
ence of acutely decompensated heart failure with New York
Heart Association (NYHA) class IV, an acute ischemic event
within 3 months prior to inclusion into the registry, a history
of severe chronic diseases, documented haematological dis-
ease or cancer within the preceding 5 years or unwillingness
to participate.

All patients provided written informed consent for one of
the following registered clinical trials: TOPCARE-CHD (Cross-
over or Registry, n = 310, NCT00289822 or NCT00962364),
Cellwave (n = 65, NCT00326989) or REPEAT (n = 24, NCT
01693042). All patients provided informed consent for ge-
netic testing of BM and PB samples. The ethics review board
of the Goethe University in Frankfurt, Germany, approved the
protocols. The study complies with the Declaration of
Helsinki.

Sample preparation and next generation
sequencing

DNA was isolated with QIAamp DNA Mini Kit (Qiagen,
Netherlands) from either deep-frozen BM mononuclear cells
or serum-free PB cells. The custom panel based on the
Illumina TruSeq Custom Amplicon Low Input assay including
594 amplicons in 56 genes and the next generation sequenc-
ing were applied as previously reported.9 The median cover-
age across all samples was 4354× before unique molecular
identifier (UMI) family clustering and 675× with inclusion of
UMIs.

Variant calling was performed as previously reported.9

Variants with a VAF of 0.45 to 0.55 and ≥0.95 were not
considered to exclude potential germline variants. The
identified variants were processed and filtered using the R

programming language (Ver. 3.3.1). Common SNPs with a
minor allele frequency ≥ 5% in either the 1000 Genome
Project, Exome Variant Server or ExAC databases were ex-
cluded. In addition, variants with a low mapping quality
(<20) and variants occurring in 5% or more of the subjects
in the studied cohort were considered as technical artefacts
and excluded. Furthermore, variants covered with less than
100 reads in at least one set of amplicons (CAT A or CAT
B), variants called with only one of the set of amplicons
(CAT A or CAT B), SNPs identified as common in the dbSNP
database (≥1% in the human population), and variants
with sequence ontology terms ‘LOW’ or ‘MODIFIER’ were
filtered out.
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Statistical analysis

Continuous variables are presented as median (interquartile
range), unless otherwise noted. Gaussian distribution was
tested through a consideration of Kolmogorov–Smirnov test,
Shapiro–Wilk test, and Q–Q plot. Kruskal–Wallis H testing
was used for comparison of continuous and categorical
variables between the groups. Numerical and categorical
variables were compared with the χ² test, correlations were
tested with Spearman correlation as appropriate.

For survival analysis within the individual groups, Kaplan–
Meier and Cox-regression analyses were used and both 95%
confidence intervals (CI) and hazard ratios (HR) were
calculated. Log rank (Mantel–Cox) testing was applied for
comparison of event-free survival analysis.

Statistical significance was assumed if P < 0.05, all
reported P values are two-sided. Statistical analysis was per-
formed with SPSS (Version 26.0, SPSS Inc.). The mutation ma-
trix was created with paplot-0.5.6.post3 (Python-2.7.10.0).

Results

High frequency of CH-mutations with a
VAF ≥ 0.5% in CHF patients

We analysed mononuclear BM and PB cells of 399 CHF pa-
tients by error-corrected deep targeted amplicon sequencing
of 56 genes associated with myeloid malignancies and CH.9,14

Utilizing an advanced variant calling, we reached a sensitivity
of the VAF of 0.5% in our cohort, meaning that clones
representing 1% of heterozygote mutated blood cells
could be detected. To avoid VAF quantification artefacts, we
included UMI in our sequencing analysis and determined
the presence of the mutation with independent primer pools
on both DNA strands. Patients in our cohort had a median
age of 63 years, NYHA class II, and a median follow-up time
of 3.95 years (interquartile range, 2.4–4.9). The median left
ventricular ejection fraction was 30% owing to a previous
myocardial infarction.

We identified 1,113 mutations in 347 CHF patients
(Supporting Information, Table S1), which result in
non-synonymous alterations of the coding sequence or in
alterations of the splicing sites. All synonymous mutations
were not considered in this study. Eighty-seven per cent of
the patients carried at least one mutation with a
VAF ≥ 0.5%, and only 52 patients did not show any mutation
above the detection threshold. Intriguingly, 82% of patients
younger than 50 years old harboured at least one CH-muta-
tion. The prevalence of CH even further increased with age
(P = 0.026, Figure 1A). We detected at least one mutation
in 81.6% in patients between age 50–59 years, 90.7% in pa-
tients between age 60–69 years, 88.8% in patients between

age 70–79 years, and 100% in patients older than 80 years
(Figure 1A).

Mutations in the CH driver gene DNMT3A (226 muta-
tions) were most frequent, followed by mutations in the
genes TET2 (133 mutations), BCORL1 (78 mutations), ATRX
(54 mutations), STAG2 (50 mutations), and in 43 other
genes. (Figure 1B and Table S1). Twenty-one per cent of
the patients carried 1 mutation, 47% showed 2 to 4 muta-
tions, and 19% of the patients carried 5 to 12 CH-mutations.
Only 13% CHF patients had no detectable mutations
(Figure 1C). The median number of CH-mutations per
patient remained relatively stable for the age groups
under the age of 70 but increased with age (P = 0.003)
(Figure 1D). Furthermore, the median VAF of CH-mutations
increased significantly with age (P < 0.001, Figure S1).
The median VAF of each individual gene is displayed in
Figure S2. Among the single nucleotide substitutions, the
appearance of mainly transitions from C to T (67%) and from
A to G (23%) over transversions (in total less than 10%) has
been described as age-associated mutation signature also
being predominant in CH (Figure S3).15,16

Prognostic significance of clonal
haematopoiesis-mutations in chronic heart
failure patients

During the follow-up of the study, 81 patients died (20%). In
Figure 2, the death rate of CHF patients is shown in relation
to mutations in different CH driver genes. Our results dem-
onstrate that patients with mutations in genes such as
SETBP1, KMT2A, CBL, CEBPA, and SRSF2, among other
genes, showed an increased death rate compared with the
average death rate of all patients (Figure 2). On the basis
of these findings, we analysed the effects of 26 genes with
a death rate of at least 25% to identify their relative contri-
butions to increase death rate by employing a forest plot
analysis (Figure 3A). Mutations in the CH driver genes
SETBP1, KMT2A, CBL, CEBPA, SRSF2, U2AF1, SMC1A, EZH2,
GNB1, and PHF6 resulted in statistically significant increased
HR in comparison with patients without CH mutations.
Although mutations in SETBP1, U2AF1, and KMT2A had a
large effect on CHF survival, as indicated by increased HR
(Figure 3A), the very low number of cases (two, two, and
three patients, respectively) precludes any interpretation of
the results, and these mutations were excluded for further
analysis.

To eliminate confounding effects caused by the presence
of DNMT3A and TET2 CHIP-mutations, we excluded patients
with DNMT3A-related, TET2-related, and other CHIP-related
mutations with a VAF ≥ 2% for further analysis. Kaplan–Meier
analysis for overall survival showed that CHF patients with a
CH driver mutation in CBL have a worse outcome of their dis-
ease than patients with no mutations in the genes CBL,
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CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2 (Figure 3B).
Similarly, Kaplan–Meier survival analyses revealed that muta-
tions in CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2 are as-
sociated with increased mortality in CHF (Figure 3C–H),
independent from the presence of CHIP-driver mutations in
DNMT3A, TET2, and other genes.

Recurrent mutations in a distinct set of genes are
associated with reduced survival of chronic heart
failure patients

We restricted our further analyses on the effects of CBL,
CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2, hereby called

Figure 1 Prevalence of clonal haematopoiesis (CH) according to age and number of mutations in chronic heart failure (CHF) patients. (A) Prevalence of
CH mutations with variant allele frequency (VAF) ≥ 0.5% in CHF patients. The number of patients analysed per group is given. Significance was tested
with Spearman correlation. (B) Number of CH-associated mutations with VAF ≥ 0.5% in the 56 analysed genes. Because some CHF patients carried
more than 1 mutation, the total number of identified mutations per gene exceeds the number of patients with CH. The list of individual mutations
(n = 1113) can be found in Table S1. (C) Number of CHF patients carrying different number of CH-associated mutations with VAF ≥ 0.5%. (D) Number
of CH-associated mutations with VAF ≥ 0.5% increases significantly per age group. Tukey box plot indicates the median, first and third quartiles. Cor-
relation was tested with a two-tailed Spearman’s correlation.

A

C

D

B

1876 K.C. Kiefer et al.

ESC Heart Failure 2021; 8: 1873–1884
DOI: 10.1002/ehf2.13297



‘risk gene set’, in survival of CHF patients. After excluding pa-
tients with other CHIP-related mutations with a VAF ≥ 2%, we
could detect 66 mutations in the genes of the risk gene set
carried by 53 patients (42 patients had 1 mutation, 9 patients
2 mutations, and 2 patients 3 mutations in genes of the risk
gene set (Figures S4 and S5).

Chronic heart failure patients carrying mutations in this
gene set showed significantly lower survival compared with
patients with mutations in any other gene (P < 0.001) and
patients without any mutations (P = 0.002) (Figure 4A). The
effects were independent of the number of mutations in
the gene set (P < 0.001) (Figure 4B). Additionally, the HR
was significantly increased in patients carrying a mutation in
the risk gene set compared with the patients without any
mutation (HR, 3.3; 95%-CI, 1.5–7.5; P = 0.004), while there
is no significant difference between the patients without
any mutation and patients with mutations with a VAF < 2%
in other genes than in the risk gene set (HR, 0.95; 95%-CI,
0.4–2.0; P = 0.9). To further demonstrate the independence
of the increased risk of patients carrying a mutation in the
gene set from the coexistence of mutations in DNMT3A and
TET2, two prominent CH-driver genes with reported associa-
tion with worse outcome in CHF,9 we excluded all patients
in our cohort with any DNMT3A or TET2 mutation. Yet the
Kaplan–Meier survival analysis demonstrated a significant de-
crease of survival when patients carry a mutation in the gene
set (P = 0.0003), in comparison with patients without any mu-
tation or mutations in other genes (Figure S6), independent
on the presence of mutations in DNMT3A and TET2.

In Table 1, the baseline characteristics of patients with mu-
tations in the gene set, patients carrying mutations in other
genes, and patients without any mutations at all (with
VAF ≥ 0.5% to <2%) are summarized. There were no signifi-
cant differences in any parameter including the age of the

patients, confounding diseases, severity of the CHF disease,
heart failure risk assessments (according to the NYHA and Se-
attle Heart Failure Model) and blood cell parameters except
for the number of platelets. Patients with mutations in the
risk gene set presented slightly reduced platelet numbers in
the PB. However, multivariable Cox regression analysis re-
vealed that death remained independently associated with
the presence of mutations in the risk gene set (HR, 3.1;
95% CI, 1.8–5.4; P < 0.001), whereas the number of platelets
was no more significant (P = 0.084) (Table S2).

Patients with mutations in the risk gene set did not har-
bour larger clones but had significantly more mutations than
CHF patients with mutations in other genes (Figure S7A,B).
There was no statistically relevant association of mutations
in the gene set and co-operating mutations in other
CH-driver genes in our cohort except of CSF3R (Table S3).

Interestingly, mutations in CBL, CEBPA, EZH2, GNB1, PHF6,
SMC1A, and SRSF2 were abundant also in patients under the
age of 60, and there was not a consistent increase of the
prevalence of mutations in these genes in older individuals
(P = 0.249; Figure S7C). These results suggest that accumula-
tion of driver mutations in these specific risk genes may con-
fer a profound increase in mortality even in younger CHF
patients.

Discussion

We demonstrate here that recurrent mutations in a distinct
set of genes, namely, in CBL, CEBPA, EZH2, GNB1, PHF6,
SMC1A, and SRSF2, are significantly associated with increased
mortality in patients with CHF of ischemic origin. Importantly,
these effects were not confounded by co-occurring

Figure 2 Association between mutated genes and incidence of death. Bubble chart showing the association between clonal haematopoiesis mutations
in the indicated genes with variant allele frequency ≥ 0.5% and death. The bubble size represents the number of mutated patients per gene. The ab-
solute numbers of mutated patients are given next to the genes. The two lines denote average death rate in total cohort (dotted) and in patients with-
out any mutation (solid).
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CHIP-mutations in DNMT3A, TET2, or other CHIP-driver genes
with a VAF ≥ 2%. This is the first study implicating blood cell
mutations with low VAF (0.5–2%) in the risk gene set in
decreased long-term survival of CHF patients.

While first functional studies and correlative clinical
patient data provide mechanisms of action for the association
of DNMT3A and TET2 mutations in blood cells with the
progression and outcome of cardiovascular diseases including
CHF,4–14 the functional consequences of mutations in the risk
set genes await further clarification.

CBL is an E3 ubiquitin protein ligase mediating the
ubiquitination and degradation of activated receptor and
non-receptor tyrosine kinases, and thereby regulating cyto-
kine and growth factor cell signalling. CBL has been

implicated as a negative regulator of immune responses.
Genetic deletion of CBL augmented pro-inflammatory
cytokine production and lung inflammation.17 CBL interferes
with production of inflammatory cytokines by IgE-activated
mast cells.18 CBL deficiency activates inflammatory cell
recruitment19 and augmented microglia-mediated CNS
inflammation after LPS stimulation.20 These results indicate
that loss-of function mutations in CBL could be involved in
sustaining chronic inflammation.

CEBPA is a myeloid transcription factor determining
haematopoietic cell fate by inhibiting erythroid and inducing
myeloid differentiation,21 and it is important for terminal
differentiation and maturation of granulocytes.22–25 Mice
deficient in CEBPA in HSCs are highly vulnerable to

Figure 3 Forest plot and Kaplan–Meier survival analyses of individual mutated genes. (A) Forest plot of the indicated genes showing the association
between CH mutations with variant allele frequency ≥ 0.5% and death. The patients without any mutation in any gene were used for comparison. The
horizontal lines denote 95% confidence intervals. For each gene, the hazard ratio is indicated by the diamant. The hazard ratio (HR), the 95% confi-
dence interval (CI) and the P value are indicated to the right of the forest plot. (B–H) Kaplan–Meier curves of survival, defined as the time between
sample collection and death or last follow-up. Survival curves are stratified according to the mutations with variant allele frequency ≥ 0.5% in the in-
dicated genes in CHF patients. The control group is defined as the patients without a mutation in the gene set (CBL, CEBPA, EZH2, GNB1, PHF6, SMC1A,
and SRSF2). Patients with mutations with a VAF ≥ 2% were excluded from the analyses. Statistical significance was tested with Log Rank (Mantel–Cox).
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LPS-induced septic shock and CEBPA-deficient macrophages
show altered functionality and produce less IL-10, an anti-
inflammatory cytokine.26 CEBPA interferes with the produc-
tion of pro-inflammatory cytokines.27,28 These results suggest
that CEBPA is a negative regulator of inflammation and in
this way loss-of function mutations may contribute to CHF
disease progression.

EZH2 is as a histone-lysine N-methyltransferase the enzy-
matic component of the polycomb repressive complex II and
involved in such in gene repression, regulating cell cycle,

proliferation, and differentiation.29–32 Mutations in EZH2 can
lead to gain-of-function or loss-of-function and exert con-
text-specific and cell-specific effects. Several studies have
provided evidence suggesting EZH2 as an important regulator
of immune responses. EZH2 regulates maintenance and
proliferative capacity of B cells.33 EZH2 plays also important
roles in CD4 + and CD8 + T cell function, TH1 and TH2 differen-
tiation, and Treg differentiation.34–36 Moreover, EZH2 is highly
expressed in activated lymphocytes,37 and it is an important
regulator of macrophage activation and inflammation and its

Figure 4 Kaplan–Meier survival analyses of chronic heart failure (CHF) patients with a mutation in the risk gene set. Kaplan–Meier curves of survival,
defined as the time between sample collection and death or last follow-up. Patients with mutations with a VAF ≥ 2% were excluded. Statistical signif-
icance was tested with Log Rank (Mantel–Cox). (A) Survival curves are stratified according to the mutations with VAF ≥ 0.5% in genes of the gene set
(CBL, CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2) in CHF patients. (B) Survival curves are stratified according to the number of driver mutations with
VAF ≥ 0.5% in genes of the gene set per CHF patient. Non-gene set mutation, patients with mutations in any other gene; No mutation, patients without
any mutation.
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inhibition leads to suppressed activation of BM-derived
macrophages and reduces inflammatory responses.38 These
results suggest that the involvement of EZH2 in regulation of
immune responses maybe a potential mechanism by which
EZH2 contributes to the progression of CHF.

GNB1 encodes the β subunit of heterotrimeric G proteins,
which are essential to the signalling function of G-protein-
coupled receptors.39 GNB1 plays an important role during
inflammation being involved in integrin activation and leuko-
cyte recruitment and arrest.40 Conversely, GNB1 inhibits the
NLRP3 inflammasome activation in macrophages.41 The exact
role of GNB1 in CHF remains to be investigated.

PHF6 is a chromatin-binding transcriptional regulator of
the self-renewal of HSCs by enhancing TNF-α mediated
growth inhibition in HSCs.42 PHF6 inactivating mutations
are commonly observed in human myeloid and T-cell
malignancies.43 Interestingly, decreased numbers of
granulocyte-monocytic progenitors but increased haema-
topoietic stem and progenitor cells (HSPCs) were found in
the BM of PHF6 knockout mice.44 Moreover, PHF6 deficient
mice have reduced numbers of CD4 + T and CD8 + T cells
and increased numbers of B cells in the PB.44 These results
suggest that alterations in PHF6 expression and function
may result in changes in the composition of lymphocytes
subsets and by this way contribute to disease progression
in CHF.45

SMC1A is a core component of the cohesin complex that is
required for proper cohesion and correct segregation of sister
chromatids during cell division. Mutations in SMC1A have
been also associated with Cornelia de Lange Syndrome char-
acterized by cardiac malformations.46 Individuals with Corne-
lia de Lange Syndrome display decreased ratios of certain T
cell subsets.47 Cohesin proteins control inflammatory gene
expression in HSPCs,48 and their differentiation in response
to inflammation and aging.49 It can be speculated that
changes in SMC1A/cohesion function due to mutations may
result in enhanced inflammatory responses and in this way
contribute to adverse outcomes in CHF patients.

SRSF2 is a splicing factor involved in the proliferation and
differentiation of HSPCs, and mutations in SRSF2 have been
associated with many myeloid diseases. Additionally, SRSF2
has been associated with a variety of immune disorders in-
cluding systemic lupus erythematosus,50 and human immu-
nodeficiency virus infection.51 Furthermore, SRSF2 is known
to regulate gene expression of many T-cell molecules,52 sug-
gesting that SRSF2 may regulate T-cell functions and in this
way inflammatory responses.

Future studies on the functional alterations and patho-
genic mechanisms induced by distinct mutations in the risk
gene set in blood cell lineages and their role in the develop-
ment and progression of CHF must be conducted using rele-
vant preclinical models.

Table 1 Baseline characteristics of chronic heart failure patients according to their low-variant allele frequency mutation status

Characteristic
Total cohort
n = 328

No mutation
n = 52

Non-gene set mutation
n = 223

Gene set mutation
n = 53 P value

Age (years, n = 328) 61 (54; 69) 57 (51; 64) 62 (54; 69) 62 (55; 69) 0.219
Sex (male/female, n = 328) 275/53 43/9 190/33 42/11 0.554
BMI (kg/m2, n = 323) 27 (24; 30) 28 (24; 30) 27 (25; 30) 27 (24; 31) 0.752
Hypertension (%, n = 328) 71 69 71 72 0.960
Hypercholesterolemia
(%, n = 318)

77 73 79 72 0.344

Diabetes mellitus (%, n = 325) 30 29 30 30 0.986
Smoking history (%, n = 317) 71 79 68 78 0.624
Family history of CAD (%, n= 312) 53 43 55 54 0.151
Extent of CAD 1/2/3 vessel disease
(%, n = 315)

32/24/44 30/36/34 34/22/44 25/23/52 0.082

Atrial fibrillation (%, n = 321) 80 82 77 90 0.081
NYHA I/II/III/IV (%, n = 321) 17/42/39/2 22/42/36/0 15/45/38/2 20/29/45/6 0.199
Left ventricular ejection fraction
(%, n = 302)

30 (23; 40) 30 (20; 40) 30 (25; 40) 30 (25; 40) 0.511

SHFM Score (n = 243) 0.24 (�0.23;0.82) 0.20 (�0.3;0.63) 0.20 (�0.28;0.79) 0.51 (�0.08;1.0) 0.262
Creatinine (mg/dL, n = 326) 1.08 (0.91; 1.27) 1.01 (0.88; 1.17) 1.09 (0.92; 1.3) 1.07 (0.9; 1.56) 0.499
C-reactive protein
(mg/dL, n = 319)

0.35 (0.2; 0.95) 0.3 (0.16; 0.42) 0.36 (0.23; 0.95) 0.54 (0.21; 1.46) 0.143

Haemoglobin (g/dL, n = 326) 14 (13; 15) 14.4 (13.5; 15.2) 14 (13; 15) 14 (13; 15.2) 0.969
Haematocrit (%, n = 326) 42 (40; 45) 42 (40; 45) 42 (40; 45) 43 (39; 46) 0.467
Platelets (109/L, n = 276) 211 (181; 249) 233 (183; 262) 211 (182; 247) 199 (177; 229) 0.038
White blood cells (109/L, n = 328) 8 (6; 9) 8 (7; 9) 8 (6; 9) 7 (6; 9) 0.814

Patients with clonal haematopoiesis of indeterminate potential (CHIP)-mutations with a variant allele frequency ≥ 2% were excluded. Con-
tinuous variables are presented as median (interquartile range [IQR]). Continuous (not Gaussian distributed) and categorical variables
were compared with the Kruskal–Wallis H test. Nominal variables were compared with the χ² test.
BMI, body mass index; CAD, coronary artery disease; NYHA, New York Heart Association; SHFM Seattle Heart Failure Model.
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The high prevalence of CH in our cohort of CHF patients
was striking. Even at relatively young age (younger than
50 years), most patients carried at least one CH-mutation
with a VAF ≥ 0.5%. Although a few other studies have re-
ported on a high prevalence of CH cases in middle age people
by increasing the sensitivity and accuracy of the detection
method,53 they have not reported such a high frequency of
CH with a VAF of at least 0.5% as in our CHF patients.54–56 In-
terestingly, CHF patients in our cohort carried increased num-
bers of CH mutations with low VAF ≥ 0.5% independently of
their age. These results suggest that the presence of muta-
tions in distinct CH-related genes in HSPCs, although it may
not lead to haematological malignancies, may contribute to
the development of other diseases, such as heart failure
in the presence of other risk factors. Strikingly, mutations in
the risk gene set were identified in all age groups, and they
were abundant even in younger individuals. Taken together,
these findings suggest that mutations in certain CH-related
genes contribute to the development of cardiovascular dis-
eases and heart failure independent of age, in contrast to
previous reports, demonstrating a correlation between CHIP
mutations, age, and cardiovascular disease progression.

Although the results of this study demonstrate that muta-
tions in the risk gene set associate with poor survival in CHF
patients, we provide no functional evidence demonstrating
how the characterized mutations are involved in CHF. Func-
tional studies in relevant preclinical models will enlighten
the mechanisms by which these mutations contribute to
the outcome in CHF. Due to the fact that the patients studied
in this cohort are not a consecutive series of patients and the
sample size is limited, future studies will have to validate our
findings in larger CHF patient cohorts. Moreover, it would be
of great importance to assess the potential prognostic value
of genetic testing of the risk gene set in addition to, for exam-
ple, N terminal pro brain natriuretic peptide (NT-proBNP) se-
rum levels or the Seattle Heart Failure Model score in CHF
patients in a larger cohort.

In conclusion, we show in this study that somatic mutations
with low VAF in a distinct set of genes, namely, in CBL, CEBPA,
EZH2, GNB1, PHF6, SMC1A, and SRSF2, are significantly asso-
ciated with mortality in CHF, independently of mutations in
the classical CHIP-driver genes DNMT3A and TET2. Mutations
in the CH risk gene set are prevalent in young CHF patients
and comprise an independent risk factor for the outcome of
CHF, potentially providing a novel tool for cardiovascular risk
assessment and precision medicine in CHF.
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analysed genes. Tukey Box Plot indicates the median, first
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Figure S3. Single nucleotide variants in 56 genes identified in
our cohort of CHF patients. A predominance of transitions
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(purine–purine or pyrimidine–pyrimidine) was observed, over
transversions. The most frequent C to T substitutions have
been shown to represent a mutational signature characteris-
tic of aging. Transitions, C > T and A > G; transversions,
A > C, A > T, C > A, C > G.
Figure S4. Mutation matrix showing the mutated genes in 53
CHF patients with a mutation in the risk gene set (CBL,
CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2). Patients with
any mutation with a VAF ≥ 2% were excluded.
Figure S5. Mutation matrix showing the mutated genes in the
CHF patient cohort. Patients with mutations in the risk gene
set (CBL, CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2) are
marked in red. Patients with any mutation with a VAF ≥ 2%
were excluded.
Figure S6. Kaplan–Meier survival analyses of CHF patients
with a mutation in the gene set. Kaplan–Meier curves of sur-
vival, defined as the time between sample collection and
death or last follow-up. All patients with a mutation in
DNMT3A or TET2 above VAF ≥ 0.5% and patients with a
mutation in any other gene with a VAF ≥ 2% (CHIP patients)

were excluded from the analysis, to avoid any confounding
gene mutations. Statistical significance was tested with Log
Rank (Mantel-Cox). Survival curves are stratified according
to the mutations with VAF ≥ 0.5% in genes of the gene set
(CBL, CEBPA, EZH2, GNB1, PHF6, SMC1A, and SRSF2) in CHF
patients. Non-gene set mutation, patients with mutations in
any other gene; No mutation, patients without any mutation.
Figure S7. Comparison of parameters between patients, who
are mutated in the gene set with patients carrying a mutation
in another gene. A. Tukey Box Plot showing the mean of the
sum of all VAFs from each CHF-patient. Significance was
tested with Mann–Whitney-U. Tukey Box Plot indicates the
median, first and third quartiles. B. Tukey box plot showing
the number of CH-mutations of each CHF-patient. Signifi-
cance was tested with Mann- Whitney-U. Tukey Box Plot indi-
cates the median, first and third quartiles. C. Prevalence of
CH -associated mutations with VAF ≥ 0.5% in the risk gene
set according to age group. Significance was tested with
Spearman’s correlation.
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