
Leukocytes carrying Clonal Hematopoiesis of 

Indeterminate Potential (CHIP) Mutations invade Human 

Atherosclerotic Plaques 

Short title: CHIP in atherosclerotic plaque  

Moritz von Scheidt1,2, Sabine Bauer1,2, Angela Ma3, Ke Hao3, Thorsten Kessler1,2, Baiba 

Vilne2,4,5, Ying Wang6, Chani J. Hodonsky7, Saikat K.B. Ghosh8, Michal Mokry9,10, Hua Gao11, 

Kenji Kawai8, Atsushi Sakamoto8,12, Juliane Kaiser13, Dario Bongiovanni14,15, Julia Fleig1, Lilith 

Oldenbuettel1, Zhifen Chen1,2, Aldo Moggio1,2, Hendrik B. Sager1,2, Judith S. Hecker16, Florian 

Bassermann16, Lars Maegdefessel2,17, Clint L. Miller18, Wolfgang Koenig1,2, Andreas M. 

Zeiher19, Stefanie Dimmeler19, Matthias Graw13, Christian Braun13, Arno Ruusalepp20,21,22, 

Nicholas J. Leeper10,23, Jason C. Kovacic24,25,26, Johan L.M. Björkegren*3,21,27, Heribert 

Schunkert*1,2  

*Authors contributed equally 

 

Affiliations  

1 Department of Cardiology, German Heart Center Munich, Technical University Munich, 

Munich, Germany. 

2 Deutsches Zentrum für Herz- und Kreislaufforschung (DZHK), Partner Site Munich Heart 

Alliance, Munich, Germany. 

3 Department of Genetics and Genomic Sciences, Institute of Genomics and Multiscale 

Biology, Icahn School of Medicine at Mount Sinai, New York, USA. 

4 Bioinformatics Lab, Riga Stradiņš University, Riga, Latvia.  

5 SIA Net-OMICS, Riga, Latvia. 

6 Department of Pathology and Laboratory Medicine, Centre for Heart Lung Innovation, 

University of British Columbia, Vancouver, Canada. 

7 Center for Public Health Genomics, University of Virginia, Charlottesville, VA, USA. 

8 CVPath Institute, Inc, Gaithersburg, USA. 

9 Laboratory of Experimental Cardiology, Department of Cardiology, University Medical 

Center Utrecht, University Utrecht, Utrecht, Netherlands. 

10 Central Diagnostics Laboratory, University Medical Center Utrecht, Utrecht, The 

Netherlands 

11 Division of Vascular Surgery, Department of Surgery, Stanford University School of 

Medicine, Stanford, USA. 

12 Division of Cardiology, Internal Medicine III, Hamamatsu University School of Medicine, 

Hamamatsu, Japan. 

13 Institute of Legal Medicine, Faculty of Medicine, LMU Munich, Germany. 

14 Department of Internal Medicine I, Cardiology, University Hospital Augsburg, University of 

Augsburg, Germany. 

15 Department of Cardiovascular Medicine, Humanitas Clinical and Research Center IRCCS 

and Humanitas University, Rozzano, Milan, Italy. 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 26, 2023. ; https://doi.org/10.1101/2023.07.22.23292754doi: medRxiv preprint 

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.

https://doi.org/10.1101/2023.07.22.23292754
http://creativecommons.org/licenses/by-nd/4.0/


2 
 

16 Department of Medicine III, Technical University of Munich (TUM), Klinikum rechts der 

Isar, Munich, Germany. 

17 Department for Vascular and Endovascular Surgery, Klinikum Rechts der Isar, Technical 

University Munich, Munich, Germany. 

18 Center for Public Health Genomics, Department of Public Health Sciences, Department of 

Biochemistry and Molecular Genetics, University of Virginia, Charlottesville, VA, USA. 

19 Institute for Cardiovascular Regeneration, Goethe University Frankfurt am Main, Frankfurt 

am Main, Germany. 

20 Department of Cardiac Surgery, The Heart Clinic, Tartu University Hospital, Tartu, 

Estonia.  

21 Clinical Gene Networks AB, Stockholm, Sweden. 

22 Institute of Clinical Medicine, Faculty of Medicine, Tartu University, Tartu, Estonia. 

23 Stanford Cardiovascular Institute, Stanford University, Stanford, USA. 

24 Victor Chang Cardiac Research Institute, Darlinghurst, Australia.  

25 St. Vincent's Clinical School, University of New South Wales, Sydney, Australia.  

26 Cardiovascular Research Institute, Icahn School of Medicine at Mount Sinai, New York, 

USA. 

27 Department of Medicine, Huddinge, Karolinska Institutet, Karolinska 

Universitetssjukhuset, Stockholm, Sweden. 

 

Corresponding authors 

Prof. Dr. med. Heribert Schunkert, MD; ORCID 0000-0001-6428-3001 and  

Dr. Dr. med. Moritz von Scheidt, MD; ORCID 0000-0001-7159-8271 

Deutsches Herzzentrum München (German Heart Center Munich) 

Klinik für Herz- und Kreislauferkrankungen 

Lazarettstr. 36 

D-80636 München 

Telephone: +49-89-1218-2849  

Fax: +49-89-1218-4013 

Email: schunkert@dhm.mhn.de; moritz.scheidt@tum.de; 

 

Total word count  

9,590 (including Title Page, Abstract, Text, References, Tables and Figure Legends) 

 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 26, 2023. ; https://doi.org/10.1101/2023.07.22.23292754doi: medRxiv preprint 

mailto:schunkert@dhm.mhn.de
mailto:moritz.scheidt@tum.de
https://doi.org/10.1101/2023.07.22.23292754
http://creativecommons.org/licenses/by-nd/4.0/


Background: Leukocyte progenitors derived from clonal hematopoiesis of undetermined 1 

potential (CHIP) are associated with increased cardiovascular events. However, the 2 

prevalence and functional relevance of CHIP in coronary artery disease (CAD) are unclear, 3 

and cells affected by CHIP have not been detected in human atherosclerotic plaques. 4 

Methods: CHIP mutations in blood and tissues were identified by targeted deep-DNA-5 

sequencing (DNAseq: coverage >3,000) and whole-genome-sequencing (WGS: coverage 6 

>35). CHIP-mutated leukocytes were visualized in human atherosclerotic plaques by 7 

mutaFISHTM. Functional relevance of CHIP mutations was studied by RNAseq.  8 

Results: DNAseq of whole blood from 540 deceased CAD patients of the Munich 9 

cardIovaScular StudIes biObaNk (MISSION) identified 253 (46.9%) CHIP mutation carriers 10 

(mean age 78.3 years). DNAseq on myocardium, atherosclerotic coronary and carotid arteries 11 

detected identical CHIP mutations in 18 out of 25 mutation carriers in tissue DNA. MutaFISHTM 12 

visualized individual macrophages carrying DNMT3A CHIP mutations in human atherosclerotic 13 

plaques. Studying monocyte-derived macrophages from Stockholm-Tartu Atherosclerosis 14 

Reverse Networks Engineering Task (STARNET; n=941) by WGS revealed CHIP mutations 15 

in 14.2% (mean age 67.1 years). RNAseq of these macrophages revealed that expression 16 

patterns in CHIP mutation carriers differed substantially from those of non-carriers. Moreover, 17 

patterns were different depending on the underlying mutations, e.g. those carrying TET2 18 

mutations predominantly displayed upregulated inflammatory signaling whereas ASXL1 19 

mutations showed stronger effects on metabolic pathways.  20 

Conclusions: Deep-DNA-sequencing reveals a high prevalence of CHIP mutations in whole 21 

blood of CAD patients. CHIP-affected leukocytes invade plaques in human coronary arteries. 22 

RNAseq data obtained from macrophages of CHIP-affected patients suggest that pro-23 

atherosclerotic signaling differs depending on the underlying mutations. Further studies are 24 

necessary to understand whether specific pathways affected by CHIP mutations may be 25 

targeted for personalized treatment. 26 
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Introduction 29 

Clonal hematopoiesis of undetermined potential (CHIP) is a common age-related condition 30 

and potential precursor to hematological neoplasms. CHIP is defined as presence of a clonally 31 

expanded hematopoietic cell caused by a somatic mutation in individuals without hematologic 32 

abnormalities. Such mutations, predominantly in the epigenetic regulators DNMT3A, TET2 or 33 

ASXL1, have been identified in bone marrow and blood, but these cells have never been 34 

definitively detected in human atherosclerotic plaques.1 Whole-exome sequencing has shown 35 

that CHIP is practically absent in individuals younger than 30 years of age, whereas it is 36 

present in 20% to 30% of individuals aged 50 to 60 years.1, 2 The use of more sensitive 37 

sequencing techniques and access to bone marrow has demonstrated that small clones are 38 

quite common in middle-aged individuals.3, 4 CHIP carriers have an increased risk of 39 

cardiovascular events and mortality, including early onset and aggravated progression of 40 

coronary artery disease (CAD), myocardial infarction, stroke, aortic valve calcification and 41 

chronic ischemic heart failure.5-8 The higher the burden of CHIP-affected cells measured by 42 

the variant allele frequency (VAF), the higher was the reported risk of adverse events.5-8 43 

Indeed, detection of CHIP in peripheral blood may serve as a biomarker for adverse outcomes 44 

in individuals with cardiovascular diseases (CVDs).  45 

Experimental studies deciphered the first mechanistic insights explaining the associations of 46 

CHIP mutations with CVD. Fuster et al. demonstrated that transplantation of bone marrow 47 

containing a Tet2 loss-of-function mutation in hematopoietic cells in mice mimics the human 48 

situation of CHIP including increased numbers of activated macrophages (measured by 49 

upregulation of IL-1β) found in plaques. Aggravated atherosclerosis was triggered by activation 50 

of the inflammatory cascade in these cells. Further, in-vitro LPS-stimulation of macrophages 51 

carrying somatic mutations led to increased expression of IL-6, the downstream mediator of 52 

the inflammasome complex, and IL-1β.9 53 
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Our current understanding is that driver mutations in DNMT3A, TET2 or ASXL1 lead to 54 

expansion of clones in the bone marrow resulting in increased numbers of cells with epigenetic 55 

alterations in the peripheral blood. These changes result in increased expression of genes 56 

associated with inflammatory pathways, which in turn may stimulate the progression of 57 

atherosclerosis.10 Here we studied the prevalence of CHIP in DNA sequence data, whether 58 

CHIP-mutated leukocytes invade atherosclerotic plaques in human arteries and whether 59 

macrophages isolated from CAD patients carrying specific CHIP mutations also present with 60 

specific CAD signatures by examining macrophage RNA-expression profiles and associated 61 

clinical phenotypes (Figure 1).  62 
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Materials and Methods 63 

Ethics approval 64 

The institutional review board and Ethics Committee of the Technical University of Munich, 65 

Germany, approved the protocol of MISSION (2018-325-S-KK – 08/22/2018). The use of 66 

human STARNET samples has been approved by the Estonian Bioethics and Human 67 

Research Committee (Ministry of Social Affairs) (IRB 2771T,17 – 12/01/2018) and by the 68 

written informed consent of the donor, in accordance with the guidelines and regulations for 69 

the use of biological material of human origin. Both studies were conducted in accordance with 70 

the provisions of the Declaration of Helsinki and the International Conference on 71 

Harmonization guidelines for good clinical practice.  72 

Data accessibility 73 

Data used in this study are available in permanent repositories. Human data from MISSION 74 

can be requested by qualified researchers at the German Heart Center Munich from the 75 

corresponding author. Human data from STARNET are accessible through the Database of 76 

Genotypes and Phenotypes (dbGAP).  77 

MISSION – cohort and sample description 78 

The Munich cardIovaScular StudIes biObaNk (MISSION) was started in 2019 and comprises 79 

cardiovascular relevant tissues, including blood and plasma, liver, myocardium, coronary, and 80 

carotid samples from >950 deceased individuals sampled in FFPE and fresh frozen at -80°C. 81 

Prior to freezing and sequencing, all tissues are washed and subsequently conserved in 82 

PBS/DMSO. MISSION provides the full spectrum of coronary phenotypes from healthy to 83 

severe atherosclerosis. DNA of leukocytes and cardiovascular tissues was analyzed by deep-84 

targeted-amplicon-sequencing. The leukocytes derived from whole blood, and the analyzed 85 

tissue encompassed the proximal part of atherosclerosis-affected left anterior descending 86 

(LAD) coronary, atherosclerosis-affected left carotid artery and left ventricular heart muscle. 87 
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DNA extraction from blood and tissue 88 

For the extraction of DNA from whole blood, the Maxwell DNA Blood Kit (Promega) was used. 89 

For this purpose, whole blood was incubated for 20 minutes at room temperature under rotation 90 

(Rotating shaker, Kisker Biotech, Germany). Then, 300µl of whole blood was mixed with 300µl 91 

of lysis buffer and 30µl of proteinase K. The mixture was incubated under rotation for 30 92 

minutes at room temperature, followed by another 30 minutes at 65°C and 600rpm in a heat 93 

block (Thermomixer comfort, Eppendorf, Germany). Every 10 minutes, incubation was 94 

performed at 1500rpm for approximately 1 minute. DNA extraction from human coronary 95 

artery, carotid and left ventricle was performed based on 50mg of frozen tissue samples. 96 

Perivascular tissue was removed from arteries and tissues were washed in 1x PBS. Isolation 97 

was performed based on a modified Maxwell DNA Blood kit (Promega) protocol. After 98 

mechanical homogenization (TissueLyser II, Qiagen, The Netherlands) of the tissues in 300µl 99 

incubation buffer, 1-thioglycerol and proteinase K were added. The mixture was incubated for 100 

4 hours at 65°C and 600rpm in a heat block (Thermomixer comfort, Eppendorf, Germany). 101 

This was followed by the addition of 300µl of lysis buffer and re-incubation for 10 minutes at 102 

600rpm. Finally, the batches (blood and tissue) were transferred to the first well of the cartridge 103 

included in the kit. After addition of the plunger, the cartridge was inserted into the Maxwell 104 

RSC 48 system. The supplied elution tubes (0.5ml) were filled with 65µl of elution buffer and 105 

also inserted into the instrument. Finally, the predefined Maxwell DNA Blood protocol was 106 

selected and DNA was isolated in around 37 minutes. Isolated DNA was measured 107 

fluorometrically with a Qubit 3.0 (ThermoScientific). 108 

Sample preparation and DNA extraction 109 

Whole blood and cardiovascular tissues were analyzed by deep-DNA-sequencing to detect 110 

hematopoietic stem cell derived mononuclear cells with CHIP mutations in cardiovascular 111 

relevant tissues. Samples were sequenced using an Illumina TruSeq Custom sequencing 112 

panel at the Munich Leukemia Laboratory. The concentration of extracted genomic DNA was 113 

determined with a Qubit dsDNA HS assay kit (Life Technologies) and then diluted to 25ng/µl 114 
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in 30µl of nuclease free water. A depth of more than 1000 detections per gene was targeted 115 

for sequencing to reliably detect CHIP-mutated hematopoietic cells in whole blood, 116 

atherosclerosis-affected coronary and carotid artery, and myocardium of the left ventricle.  117 

Deep-DNA-sequencing  118 

A previously established panel containing 594 amplicons in 56 genes was used in the Illumina 119 

TruSeq Custom Amplicon Low Input assay.6 To allow improved identification of low allele 120 

frequency variants, double-strand sequencing was performed. In addition, 6-bp unique 121 

molecular identifiers (UMIs) were included in the target-specific primers. Prior to sequencing, 122 

pooled libraries were diluted and denatured according to the NextSeq System Denature and 123 

Dilute Libraries Guide (Illumina). 1% PhiX DNA was added. Pooled libraries were sequenced 124 

with the NextSeq 500 sequencer (Illumina) using the NextSeq 500/550 Mid Output, Version 2 125 

kit (300 cycles) according to the manufacturer's instructions. The sequencer was run in paired-126 

end sequencing mode with a read length of 2x150bp and an index read length of 2x8bp. The 127 

BCL files were demultiplexed and converted to FASTQ files using the FASTQ Generation tool 128 

on BaseSpace (Illumina). The average coverage of the samples was >3,000 per gene. The 129 

variants were further validated on the basis of being reported in the literature and/or the 130 

Catalogue of Somatic Mutations in Cancer (https://cancer.sanger.ac.uk/cosmic) and ClinVar 131 

(https://www.ncbi.nlm.nih.gov/clinvar). The 56 gene panel was adapted after screening the first 132 

n=192 individuals to a custom 13 gene panel comprising ASXL1, CALR, CBL, DNMT3A, JAK2, 133 

MPL, PPM1D, SF3B1, SRSF2, TET2, TP53, U2AF1 and ZRSR2, thereby covering almost 90% 134 

of known CHIP mutations. The 13 gene panel followed the same analysis pipeline. 135 

Visualization of specific CHIP mutations in human plaques  136 

Mutation specific Fluorescence In Situ Hybridization (mutaFISHTM) analysis on DNMT3A gene 137 

was performed on 3-5µm thick tissue sections from human coronary and carotid arteries of 138 

patients with known mutation (c.2245C>T and c.2333T>G) in the DNMT3A gene. In situ rolling 139 

circle technology was performed using custom made dual color DNMT3A mutation and 140 
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wildtype specific FISH probes (Abnova, Taiwan). The detailed protocol used for pretreatment, 141 

reverse transcription, hybridization, amplification and signal detection is provided in the 142 

supplement. It is based on the manufacturers protocol for mutaFISHTM RNA Accessory Kit and 143 

the protocol for muta FISHTM HER2wt RNA probes with some modifications in target retrieval, 144 

washing buffer and incubation. Negative controls were used to establish unspecific binding 145 

and background. All reagents were prepared with RNAse free (DEPC treated) water/PBS. For 146 

hybridization a Boekel Scientific Slide Moat oven was used. Images were acquired at the 147 

ZEISS Axioscan 7 slide scanner and analysis was performed using Zeiss Software ZEN 3.5 148 

blue edition. 149 

STARNET – Study and sample description 150 

To further study the ability of CHIP-mutated leukocytes to invade atherosclerotic plaques and 151 

to identify their biological impact we leveraged the Stockholm-Tartu Atherosclerosis Reverse 152 

Networks Engineering Task (STARNET) study datasets. Briefly, patients with CAD undergoing 153 

coronary artery bypass grafting (CABG; n=941) donated multiple tissue samples that included 154 

liver, skeletal muscle, subcutaneous fat, visceral abdominal fat, atherosclerotic aortic wall, 155 

internal mammary artery and whole blood as previously described.11 After quality control, WGS 156 

data of all 941 STARNET individuals were suitable for downstream CHIP analysis. 157 

Whole genome sequencing 158 

DNA from whole blood was isolated with the QIAmp DNA Blood Midi kit (Qiagen). DNA 159 

qualities were assessed with the Agilent 2100 Bioanalyzer system (Agilent Technologies, Palo 160 

Alto, CA). Library preparation and sequencing were performed at Beijing Genomic Institute 161 

(BGI). Genomic DNA samples that passed quality control were randomly fragmented by 162 

Covaris technology and 350bp fragments were selected. End repair of DNA fragments was 163 

performed and an "A" base was added at the 3'-end of each strand. Adapters were then ligated 164 

to both ends of the end repaired/dA tailed DNA fragments and amplified by ligation-mediated 165 

PCR (LM-PCR), followed by single strand separation and cyclization. Rolling circle 166 
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amplification was performed to produce DNA Nanoballs (DNBs). The qualified DNBs were 167 

loaded into patterned nanoarrays and pair-end reads were read through on the BGISEQ-500 168 

platform. High-throughput sequencing was performed for each library to ensure that each 169 

sample met the average sequencing coverage requirement of 35x. Sequencing-derived raw 170 

image files were processed by BGISEQ-500 base-calling software with default parameters, 171 

and the sequence data of each individual was generated as paired-end reads.  172 

Raw data in FASTQ format was filtered and raw reads with low quality were removed. Data 173 

was aligned to the human reference genome (GRCh37/HG19) by Burrows-Wheeler Aligner 174 

(BWA) v0.7.12 12, 13 and variant calling was performed by Genome Analysis Toolkit (v3.3.0)14 175 

with duplicate reads removed by Picard tools v1.118.15 176 

The HaplotypeCaller of GATK was used to call both SNPs and InDels simultaneously via local 177 

de-novo assembly of haplotypes in a region showing signs of variation.16, 17 Base quality scores 178 

were recalibrated using GATK BaseRecalibrator and SNPs recalibration was performed using 179 

GATK VariantRecalibrator function.18, 19 180 

CHIP somatic variant identification and validation 181 

Heterozygous missense, nonsense, InDel and splicing variants of one or two base pairs in 182 

coding regions of CHIP-associated genes including ASXL1, TET2, JAK2, and DNMT3A were 183 

identified by filtering data from vcf files according to: 1) genotype quality > 30; 2) minor allele 184 

frequency <1% in 1000 genome database; 3) minor allele frequency <1% in the cohort.  185 

Variant analysis in RNAseq data in blood, aorta, liver, skeletal muscle, subcutaneous fat, 186 

visceral abdominal fat, monocyte derived macrophages and macrophage derived foam cells 187 

from STARNET subjects was performed for identification and validation of somatic mutations 188 

identified via whole genome sequencing. Because bone marrow or hematopoietic cells that 189 

carry somatic mutations could present in leukocytes in whole blood, in atherosclerotic plaques 190 

in the diseased aorta, or in macrophages and foam cells isolated and differentiated from whole 191 

blood, variants that presented in at least one of these four tissues/cell types but not in any 192 
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other tissues (liver, skeletal muscle, subcutaneous fat, visceral abdominal fat) were defined as 193 

somatic mutations. 194 

RNA sequencing and data processing 195 

The effects of CHIP mutations on gene expression were studied in macrophages and foam 196 

cells. After centrifugation of whole blood, the cell pellet was washed with 1x PBS and cells 197 

were plated. After 3-6 hours, the monocytes adhered to the plate and non-adherent 198 

erythrocytes and lymphocytes could be washed off during adhesion purification. The 199 

monocytes were subsequently cultured in human serum, stimulated and differentiated into 200 

macrophages over 48-72 hours. The transition to foam cells was achieved by treatment with 201 

oxidized low-density lipoprotein (LDL) cholesterol. Finally, the macrophages and foam cells 202 

were harvested and RNA was isolated.11 203 

RNA library preparation was based on the Ribo-Zero library preparation method using Illumina 204 

TruSeq nonstranded mRNA kit. Samples were randomized to prevent batch effects. 205 

Sequencing was performed with paired-end reads of 100 base pairs on an Illumina HiSeq, and 206 

quality control was performed using FASTQC3. GENCODE was used to quantify the 207 

expression of genes and isoforms and mapped to the human genome using STAR4. The 208 

average coverage was >40 million reads per sample. Only samples with more than 1 million 209 

unambiguously assigned reads were used for further analysis. 210 

Genetics, imputation and eQTL analysis 211 

Genetic data were analyzed on a genome build 37 background using GenomeStudio 212 

(Illumina). After genetic sex confirmation, quality control was performed using PLINK v 2.05. 213 

Data were imputed using the HRC r1.1 2016 reference panel using minimac4. Cis- and trans-214 

regulated expression quantitative trait loci (eQTLs) in macrophages were determined using R 215 

package matrix eQTL v.2.1.1. Adjustments were made for age, sex, BMI and the first five 216 

genetic principal components. Cis-regulatory SNPs within 1 megabase of the respective gene 217 
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were determined by a linear regression model (hg19 genomes). An FDR <5% was considered 218 

statistically significant. 219 

Differential gene expression and pathway analysis 220 

Differences in gene expression between CHIP mutation carriers and controls were investigated 221 

using the R package limma. Covariates in the linear regression model were age, sex and BMI. 222 

Adjusted p-values <0.05 were considered statistically significant. Differentially expressed 223 

genes were analyzed for overrepresentation of genes from genome-wide association studies 224 

(GWAS) to CAD using PhenoScanner. Differentially expressed genes were analyzed by 225 

binomial test for enrichment of Gene Ontology (GO) terms and by Gene Set Enrichment 226 

Analysis (GSEA). The maximum size of a gene set in GSEA was set to 3,000. Bonferroni-227 

corrected p-values <0.05 were considered statistically significant. 228 

Network and Key Driver Analysis 229 

Regulatory networks were reconstructed using GENIE3, based on a random forests ensemble 230 

method.20 The network was enriched with transcription factors and cis-eQTL-regulated genes 231 

from macrophages as candidate regulators.21, 22 Weighted key driver analysis (wKDA) was 232 

performed using mergeomics.23, 24 Mergeomics allows disease-relevant processes to be 233 

mapped onto molecular interaction networks in order to identify hubs as potential key 234 

regulators. The network visualization was realized with Cytoscape v3.7.0. 235 

Co-expression modules and association with clinical traits  236 

Correlation patterns between gene expression were analyzed using R package Weighted 237 

Gene Co-expression Network Analysis (WGCNA) to construct correlation networks and 238 

identify co-expression modules. Correlations of gene expression with clinical traits were 239 

calculated using Spearman correlation. The association of co-expression modules with clinical 240 

traits was analyzed using Fisher's exact test to calculate the enrichment of the number of 241 

significantly correlated genes in each module.  242 
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Results 243 

CHIP screening by deep DNA sequencing 244 

In MISSION, a total of 540 individuals who died at an age between 40 to 98 years old (mean 245 

age 75.1 years) were found to have CAD at autopsy. These subjects were screened for CHIP 246 

mutations with a mean sequencing depth of 3,592-fold, with at least 1,000-fold per gene. A 247 

total of 253 individuals (46.9%) carried 445 individual CHIP mutations in whole blood. The 248 

prevalence of CHIP mutations increased with age (R=0.76; p<0.001), the mean age of 249 

mutation carriers was 78.3 years and 113 (44.7%) were female. 78 individuals carried at least 250 

one CHIP mutation with a VAF >10%, 130 individuals carried at least one CHIP mutation with 251 

a VAF >2% and 45 individuals were identified with clonal hematopoiesis with a VAF <2% 252 

(Supplemental Figure 1). The greatest burden of CHIP was found in an 85-year-old man who 253 

carried 6 unique mutations. Most somatic mutations were identified in DNMT3A (155 254 

mutations), TET2 (152) and ASXL1 (32). Further, CHIP mutations were detected in BCOR, 255 

CBL, CALR, CBL, EZH2, GNAS, GNB1, IDH1, JAK2, KRAS, PPM1D, RAD21, SETBP1, 256 

SF3B1, SMC1A, SMC3, SRSF2, TP53, U2AF1 and ZRSR2 (Supplemental Table 1).  257 

The presence of CHIP mutations in cardiovascular tissues was studied on DNA level in a 258 

subset of 25 confirmed CHIP mutation carriers. Specifically, we looked for respective mutations 259 

in atherosclerosis-affected coronary and carotid arteries, and myocardium of the left ventricle. 260 

Samples with VAF between 0.5% and 30.0% were analyzed. 18 identical CHIP mutations (i.e. 261 

in 72.0% of cases) were identified in at least one corresponding tissue, whereas no de novo 262 

mutation was detected on tissue level – serving as internal quality control. In 13 (52.0%) 263 

atherosclerosis-affected samples of the proximal left anterior descending (LAD) coronary 264 

artery CHIP mutations were retrieved: DNMT3A (5 mutations), TET2 (4), ASXL1 (1), CBL (1), 265 

PPM1D (1), and SMC3 (1). In atherosclerosis-affected carotid artery samples 10 mutations in 266 

DNMT3A (6 mutations), TET2 (3) and PPM1D (1) were identified, as well as 4 in the 267 

myocardium of the left ventricle of atherosclerosis-affected individuals in DNMT3A (1), TET2 268 
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(2) and SMC3 (1). In general, leukocytes are the only DNA-containing cells in whole blood. In 269 

arterial tissue, various cells - e.g. smooth muscle cells, endothelial cells, leukocytes - carry 270 

DNA. Given the low proportion of leukocytes in atherosclerotic arterial tissue, an enrichment 271 

of CHIP-affected leukocytes - as identified for PPM1D - is likely in plaques (Table 1, 272 

Supplemental Figure 2). 273 

Visualization of specific CHIP mutations 274 

To further detect and visualize specific point mutations of interest on RNA level in single cells 275 

custom made mutaFISHTM probes (Abnova, Taiwan) were designed.25, 26 The targeted 276 

DNMT3A mutations c.2245T>C and c.2333G>T, initially identified in whole blood of CAD 277 

patients, were identified in leukocytes of the corresponding mutation carriers in human 278 

atherosclerotic plaque (Figure 2). For optimal orientation, all arterial samples were also 279 

stained for hematoxylin and eosin (HE) and Elastin van Gieson (EvG) (Supplemental Figure 280 

3). Further, staining for CD68 revealed that CHIP-affected leukocytes in these cases could be 281 

identified as macrophages (Supplemental Figure 4). CHIP-mutated macrophages were 282 

mainly identified in the shoulder regions of advanced and inflammation rich plaques of human 283 

coronary and carotid samples (Figure 2, Supplemental Figure 4+5).  284 

CHIP screening by WGS 285 

The 941 patients of the STARNET study undergoing open heart surgery were younger (65.9 286 

years) and WGS sequencing had a lower depth (35-fold) than deep-DNAseq carried out in 287 

MISSION.11 Overall, 159 specific CHIP mutations in the genes ASXL1, DNMT3A, JAK2 or 288 

TET2 were identified in 134 (14.2%) individuals in STARNET (Supplemental Table 2). Mean 289 

age of these CHIP mutation carriers was 67.1 years and 27 (17.0%) were female. 51 CHIP 290 

mutations could be confidentially replicated on RNA level in at least one tissue. Variant analysis 291 

in RNAseq data confirmed the CHIP mutations at the RNA level in whole blood (43 mutations), 292 

monocyte derived cultured macrophages (10 mutations) and cultured macrophage derived 293 

foam cells (5), as well as in atherosclerosis-affected aortic tissue (18) of CAD patients.  294 
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CHIP in macrophages 295 

To study the effects of CHIP mutations on gene expression in macrophages we grouped 296 

individuals carrying TET2 and ASXL1 mutations and compared these to age- and sex-matched 297 

non-mutation carriers (controls). Most macrophages (>80%) belonged to the M0 subtype. 298 

Differential gene expression analysis of TET2-mutated macrophages 299 

Mean age of TET2 CHIP mutation carriers (n=3; c.6819G>T; c.6834C>T and c.7698T>C) and 300 

matched controls (n=21) showed no significant difference (60.3±12.0 vs 61.8±8.2 years). 301 

Detailed information on patient characteristics can be found in Supplemental Table 3. In total, 302 

1,523 genes were differentially expressed in TET2 mutation carriers compared to controls. 303 

1,098 genes were upregulated and 425 genes were downregulated in CHIP mutation carriers. 304 

Top upregulated genes were LINC01882, IGKV3-15, IGHG2 and IGHA1, top downregulated 305 

genes were BMS1P10 and ZCCHC4 (padj.<0.05).  306 

GO analysis revealed as top enriched GO terms T cell receptor complex (GO:0042101), 307 

opsonization (GO:0008228) and immune response by circulating immunoglobulin 308 

(GO:0002455). In general, immune system and inflammation associated pathways were 309 

upregulated (Figure 3). 310 

Weighted Gene Co-expression Network Analysis (WGCNA) was used to establish co-311 

expression modules based on macrophage RNAseq data from STARNET, to identify functional 312 

relations between genes, and based on genetic regulatory networks (GRN) to identify key 313 

driver genes. A total of 23 modules were generated from 10,267 transcripts with module sizes 314 

ranging between 36 to 2473 genes using the complete macrophage RNAseq data from 315 

STARNET. The gene functions of the co-expression modules were analyzed using GO terms. 316 

TET2 mutations in macrophages led to significant perturbation in the darkgreen module 317 

(p<0.001), which consists of 38 genes and is primarily involved in immune system related 318 

pathways (GO:0019814, GO:0003823, GO:0006959, GO:0006958, GO:0002455, 319 
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GO:0006956, GO:0002768, GO:0002764, GO:0016064, GO:0019724; all p<0.001). Most 320 

relevant key driver genes in this module were BACH2, BANK1, BLK, FCRL3, MS4A1 and 321 

PAX5. Significant associations were identified for the presence of severity and complexity of 322 

CAD based on coronary angiograms, measured by SYNTAX score (Figure 3). 323 

Differential gene expression analysis of ASXL1-mutated macrophages 324 

After matching, mean age of ASXL1 CHIP mutation carriers (n=3; c.2331C>T; c.4890A>G and 325 

c.5137G>A) and controls (n=27) showed no significant difference (67.3±5.5 vs 67.3±5.6 326 

years). Detailed information on patient characteristics can be found in Supplemental Table 4. 327 

In macrophages of ASXL1 CHIP mutation carriers 1,222 genes were differentially expressed 328 

compared to controls. 665 genes were upregulated and 557 genes were downregulated in 329 

CHIP mutation carriers. Top upregulated genes were HLA-DQB2, ASNS and SLC25A16, top 330 

downregulated genes were NPIPB2, HNRNPH1 and POLA2 (padj.<0.05). GO analysis revealed 331 

intracellular anatomical structure (GO:0005622), RNA binding (GO:0003723) and heterocyclic 332 

compound binding (GO:1901363) as top enriched terms. ASXL1 mutations led to upregulation 333 

of cell cycle and metabolic process associated pathways (Figure 4). 334 

ASXL1 mutations in macrophages led to significant perturbation in the black module (p<0.001), 335 

which consists of 468 genes and is involved in the intracellular translation of RNA into proteins 336 

(GO:0022626, GO:0006614, GO:0019083, GO:0006613, GO:0045047, GO:0006413, 337 

GO:0072599, GO:0000184, GO:0019080, GO:0070972; all p<0.001). Most relevant key driver 338 

genes in the black module were ANAPC16, CZIB, RPL7A, RPL14 and SNHG6. The black 339 

module was significantly associated with cardiometabolic relevant traits including low-density 340 

lipoprotein (LDL) and total cholesterol plasma levels, blood glucose and BMI, inflammation 341 

measured by plasma C-reactive protein (CRP) levels, and with the presence and complexity 342 

of coronary lesions (Figure 4). 343 

Discussion 344 
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To further explore the role of CHIP mutations in CAD, we carried out large-scale, targeted 345 

deep-sequencing of genes prone to cause clonal hematopoiesis in MISSION, one of the largest 346 

postmortem biobanks focusing on cardiovascular disease. We found at least one characteristic 347 

mutation in about 46% of individuals who died with CAD at an average age of 78 years, 348 

highlighting that CHIP mutations were significantly more common in CAD patients than 349 

previously reported for subjects with unknown CAD status.2, 5, 27, 28 350 

In about 70% of affected individuals, the same mutation could be detected within 351 

cardiovascular tissues, either in DNA or – in case of coding variants – around one third in RNA. 352 

Albeit the cellular composition is different in blood and various tissues, a similar percentage of 353 

cells carrying CHIP mutations was found in respective samples. Exemplary visualization of two 354 

different DNMT3A mutations was achieved within macrophages residing in atherosclerotic 355 

human coronary and carotid arteries by in situ fluorescent staining. CHIP mutations, which are 356 

thought to promote the development and progression of ischemic heart failure,6, 29, 30 were also 357 

detected in left ventricular myocardial samples of CAD patients.  358 

The implications of CHIP mutations were then investigated using the STARNET datasets, 359 

focusing on CAD patients undergoing open heart surgery (average age 67 years).11, 31 Based 360 

on whole-genome sequencing and RNAseq data – carried out at a lower depth than the 361 

targeted deep-sequencing in MISSION – CHIP mutations were found in about 14% of CAD 362 

patients, who most likely represented higher VAFs in affected individuals. Mutations were also 363 

detected in aortic samples affected by atherosclerosis, monocyte-derived macrophages, and 364 

foam cells. This allowed us to further study the implications of CHIP mutations with respect to 365 

clinical presentations and RNA expression patterns.  366 

RNA sequencing revealed large numbers of differentially expressed genes in macrophages of 367 

CHIP mutation carriers – as compared to patients free of these mutations. Interestingly, 368 

patterns of gene expression also differed between those having mutations in TET2 and ASXL1, 369 

i.e. two of the most prominent CHIP mutations. 370 
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Patients carrying TET2-mutations had a higher CAD burden and – as measured by SYNTAX 371 

score – more complex CAD. Macrophages generated in vitro by transformation of monocytes 372 

from these patients revealed multiple differentially expressed genes. Enrichment analysis 373 

revealed upregulation of immune system and inflammation associated pathways. Specifically, 374 

TET2 mutations related to perturbation of a small atherosclerosis relevant macrophage gene 375 

expression network with most relevant key driver genes being BACH2, BANK1, BLK, FCRL3, 376 

MS4A1 and PAX5 mainly involved in immune response, cell migration and leukocyte 377 

differentiation.  378 

ASXL1 CHIP mutation carriers revealed upregulation of cardiometabolic relevant traits 379 

including low-density lipoprotein (LDL) cholesterol plasma levels, inflammation measured by 380 

plasma C-reactive protein (CRP) levels, and – like TET2 mutations – a higher prevalence and 381 

complexity of CAD. In macrophages, ASXL1 CHIP mutations revealed differentially expressed 382 

genes, of note inflammasome related genes were upregulated. Enrichment analysis of 383 

differentially expressed genes revealed that ASXL1 mutations related to perturbations of 384 

pathways associated with cell cycle and metabolic processes. Top key drivers affected by 385 

CHIP mutations were ANAPC16, CZIB, RPL7A, RPL14 and SNHG6 mainly involved in 386 

regulation of metabolic processes, ubiquitination and protein synthesis. 387 

Given the relevance of inflammation and cardiovascular conditions that have been associated 388 

with CHIP, there appears to be an opportunity to treat selected patients with specific anti-389 

inflammatory strategies,32-34 for example, by targeting the NLRP3 inflammasome, IL-1β or IL-390 

6 with agents like canakinumab (monoclonal antibody against IL-1β),35  anakinra (an IL-1β 391 

receptor antagonist),36-39 tocilizumab (monoclonal antibody against the IL-6 receptor),40, 41 392 

ziltevekimab (anti-IL-6 ligand monoclonal antibody),42 or colchicine.43-45 Interestingly, an 393 

exploratory retrospective analysis of the CANTOS trial that studied the effects of canakinumab 394 

in patients with an acute coronary syndrome suggested increased inflammatory activation and 395 

more cardiovascular events, as well as specific treatment benefits in carriers of CHIP-396 

mutations. However, the value of this analysis is limited as only 40% of the initial CANTOS 397 
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population was screened for CHIP mutations such that the overall number of CHIP mutation 398 

carriers was low.46 Our study supports the concept that specific CHIP mutations might identify 399 

subgroups of patients with explicit alterations in gene expression in various cardiovascular 400 

relevant tissues – mainly stimulating pro-inflammatory mechanisms – which might be relevant 401 

in the future for directing specific treatments to these individuals.  402 

Limitations 403 

Our study has several limitations. Firstly, as we have no longitudinal data, it is unclear how 404 

long individual CHIP mutations have been present. CHIP mutations are acquired over decades 405 

and their related risks may grow over time. However, the exact time of acquisition of CHIP 406 

mutations is difficult to determine and unknown in most cases. Secondly, the limited depth of 407 

WGS in STARNET and the focused CHIP screening panel in MISSION may have left mutation 408 

carriers undetected. Overlooking CHIP mutation carriers in STARNET may have impaired our 409 

sensitivity to discriminate their related effects on clinical and transcriptional characteristics. 410 

Thirdly, different DNA sequencing platforms have different levels of coverage, specificity and 411 

sensitivity, making it difficult to compare results from different platforms. Standardization of 412 

sequencing methods and analysis pipelines would be desirable to ensure comparability of 413 

results and improve the accuracy of CHIP screening in the future. Fourth, the relevance of 414 

respective mutations and the quantitative burden of VAFs need further clarification. The VAF 415 

of CHIP mutations is an essential factor in determining their biological significance, but there 416 

is a limited knowledge of optimal VAF ‘cut-offs’ for individual CHIP mutations. Yet, high VAF 417 

has been associated with an increased risk of cardiovascular events. In chronic ischemic heart 418 

failure (CHF), individual clone size thresholds of less than 2% in DNMT3A and TET2 have 419 

already been associated with worse outcomes.29 It remains to be clarified which VAF threshold 420 

is relevant for individual CHIP mutations and specific phenotypes, and whether these could 421 

serve as novel biomarkers or support treatment decisions. Fifth, the relevance of respective 422 

mutations in one or the other gene, including the additive effects of multiple mutations needs 423 

further investigation. An essential key for future personalized therapy approaches will be to 424 
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validate these CHIP related outcomes in well-powered, prospective RCTs. Finally, the local 425 

effects of individual CHIP-mutated macrophages residing within cardiovascular tissues needs 426 

spatial investigation. 427 

Conclusions 428 

Our data highlight that blood derived circulating CHIP-affected leukocytes have the potential 429 

to invade human atherosclerotic lesions in coronary and carotid arteries, aorta, and heart 430 

muscle. We visualized CHIP-mutated leukocytes with single cell resolution in human 431 

atherosclerotic plaques and staining confirmed these leukocytes as CD68+ macrophages. 432 

Since these acquired CHIP mutations originate from hematopoietic stem or progenitor cells in 433 

the bone marrow and were identified in whole blood, the visualized CHIP mutations cannot 434 

originate from resident arterial macrophages. Further, RNA sequencing identified CHIP 435 

specific signatures in macrophages, novel key regulators and associations with clinical traits 436 

like burden and complexity of CAD (Figure 1). Future studies are needed to further 437 

characterize underlying molecular mechanisms by which individual mutations contribute to 438 

CVDs and whether targeting specific pathways may be valuable for precision medicine in 439 

patients carrying mutations encoding for CHIP.   440 
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Novelty and Significance  441 

What is known? (2-3 bullet points) 442 

- CHIP represents an independent risk factor for the onset and progression of 443 

cardiovascular diseases and death 444 

- CHIP mutations are associated with inflammatory activation of circulating monocytes 445 

and T-cells 446 

- Individual CHIP mutations could be important as biomarkers in the future and help 447 

identify high-risk patients suitable for anti-inflammatory therapy 448 

What new information does this article contribute? (max. 200 words) 449 

Our work provides insights on three open questions in the field. Firstly, we provide higher 450 

estimates of the proportion of CAD patients affected by CHIP mutations, if these are studied 451 

by focused deep-sequencing in whole blood. Next, we show that CHIP-mutated leukocytes 452 

have the potential to invade human plaques and thereby contribute locally to atherosclerosis. 453 

Specifically, we visualized macrophages at single cell resolution by a specific DNMT3A CHIP 454 

mutations probe in coronary plaques. We also identified blood derived CHIP mutations in 455 

human coronary and carotid arteries and heart muscle on DNA level. Additionally, we describe 456 

previously unknown key-regulatory genes and pro-atherosclerotic alterations at the RNA level 457 

of CHIP mutated macrophages. Importantly, different CHIP mutations appear to affect different 458 

pathways, networks and modules, which nevertheless all have relevance for CAD progression. 459 

These novel results (Figure 1) appear to be of relevance for future personalized medicine 460 

approaches specifically designed for CHIP mutation carriers.  461 
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Table 1 – This study provides evidence that CHIP-mutated leukocytes have the potential to 715 

invade human atherosclerotic plaques in coronary and carotid arteries, and heart muscle from 716 

peripheral blood. Out of 25 unique CHIP mutations (identified in whole blood), 18 mutations 717 

(shown) were identified in at least one corresponding tissue of interest. Tissue sequencing of 718 

CHIP mutation carriers revealed that identical CHIP mutations were identified in the 719 

corresponding coronary artery (n=13), carotid artery (n=10) and left ventricular heart muscle 720 

(n=4) (right). Provided are mutations on DNA level and variant allele frequency (VAF) in %. 721 

CHIP-affected gene 

(mutation) 

Whole Blood 

(VAF in %) 

Coronary 

(VAF in %) 

Carotid 

(VAF in %) 

Heart Muscle 

(VAF in %) 

ASXL1 (c.1772dup) 5.2 1.2 0 0 

CBL (c.1211G>A) 9.1 2.2 0 0 

DNMT3A (c.1628G>C) 21.6 0 5.4 0 

DNMT3A (c.976C>T) 20.5 0 2.4 0 

DNMT3A (c.2333T>G) 6.5 2.5 0 0 

DNMT3A (c.2245C>T) 5.6 1.5 0 1.5 

DNMT3A (c.1726_1729delinsC) 22.6 5.9 5.8 0 

DNMT3A (c.1969G>A) 5.3 1.0 1.1 0 

DNMT3A (c.2204A>G) 11.3 0 2.5 0 

DNMT3A (c.2104G>T) 11.8 1.4 2.7 0 

PPM1D (c.1535del) 0.7 0 2.0 0 

PPM1D (c.1535del) 0.9 1.8 0 0 

SMC3 (c.3598G>A) 6.0 1.1 0 1.0 

TET2 (c.2839C>T) 19.2 4.0 5.1 0 

TET2 (c.4193T>G) 6.4 2.1 2.1 0 

TET2 (c.1219del) 27.7 4.4 0 2.0 

TET2 (c.4546C>T) 29.7 5.1 0 2.6 

TET2 (c.5454_5458del) 9.8 0 2.1 0 
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  722 

Figure 1. Central illustration – important novel findings from this study. Left panel: Over 300 CHIP 723 

mutation carriers from the Munich cardIovaScular StudIes biObaNk (MISSION) and the Stockholm-Tartu 724 

Atherosclerosis Reverse Networks Engineering Task (STARNET) studies were evaluated. Upper 725 

panel: In our study, we confirmed blood derived CHIP mutations in human atherosclerotic plaques of 726 

coronary artery, carotids and heart muscle on DNA level. Middle panel: For the first time we were able 727 

to visualize macrophages with specific DNMT3A CHIP mutations using mutaFISHTM at single cell 728 

resolution in human atherosclerotic plaques. Enrichment of CHIP mutated cells in human plaques was 729 

confirmed. Lower panel: Previously unknown pro-atherosclerotic alterations in gene expression of 730 

CHIP mutated macrophages at the level of regulatory key-drivers, pathways, networks, and modules 731 

with relevance for CAD progression were identified.  ASXL1: ASXL Transcriptional Regulator 1; CAD: 732 

Coronar artery disease; CHIP: Clonal hematopoiesis of indeterminate potential; DNMT3A: DNA 733 

Methyltransferase 3 Alpha; HSC: hematopoietic stem cell; mutaFISH: mutation-specific Fluorescence 734 

In Situ Hybridization; TET2: Tet Methylcytosine Dioxygenase 2.735 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 26, 2023. ; https://doi.org/10.1101/2023.07.22.23292754doi: medRxiv preprint 

https://doi.org/10.1101/2023.07.22.23292754
http://creativecommons.org/licenses/by-nd/4.0/


32 
 

 736 

Figure 2 – CHIP-mutated cells have the potential to invade from the peripheral blood into human atherosclerotic lesions. mutaFISH™ allowed detection of single 737 
nucleotide exchanges at the RNA level in single cells. Staining for a specific DNMT3A mutation (mut) and wild type (wt) at the RNA level was performed in situ in 738 
advanced atherosclerotic plaques of human FFPE coronary tissue. Left panel: merged overview of an advanced atherosclerotic plaque. Red boxes highlight areas 739 
of interest enlarged in the following panels. Middle panel: CHIP-affected leukocytes were identified in the inflammatory shoulder regions of human atherosclerotic 740 
plaque (white arrow). Right panel: The DNMTA3 mutation c.2333G>T was detected on single cell resolution via the green signal, the DNMT3A wild type via the 741 
red signal and the cell nuclei (DAPI) via the blue signal. DAPI: 4′,6-Diamidin-2-phenylindole; EEL: external elastic lamina; FFPE: formalin-fixed paraffin embedded; 742 
IEL: internal elastic lamina; LU: lumen; mutaFISH: mutation-specific Fluorescence In Situ Hybridization. 743 
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 744 

Figure 3 – Differentially expressed genes in TET2 CHIP mutation carriers (n=3) versus age and sex matched non-mutation controls (n=21) were enriched in 745 

darkgreen module in STARNET macrophage RNAseq data. Left upper panel: Volcano plot of differentially expressed genes between TET2 CHIP mutation carriers 746 

versus age and sex matched non-mutation controls in STARNET CAD cases. Differentially expressed genes were highlighted in lightblue. Top upregulated and 747 

downregulated genes with the smallest p-values or with the biggest log2 fold changes were labeled with gene names. Differentially expressed genes that overlap 748 

with darkgreen module genes were highlighted in darkgreen. Left bottom panel: Top 10 enriched gene ontologies for differentially expressed genes in TET2 CHIP 749 

mutation carriers versus non-mutation controls. Bonferroni corrected p<0.05 was considered statistically significant. Right upper panel: Visualization of darkgreen 750 

module inferred from STARNET macrophage RNAseq data. Top key drivers were highlighted in yellowgreen. Right bottom panel: Dot plot indicating the 751 

association of darkgreen module genes with clinical traits. P-value <0.05 (-log10(p) >1.3, cut off was indicated by vertical red line) is considered statistically 752 

significant.GO: Gene Ontology; BP: biological pathway; CC: cellular component; MF: molecular function.   753 
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 754 

Figure 4 – Differentially expressed genes in ASXL1 CHIP mutation carriers (n=3) versus age and sex matched non-mutation controls (n=27) were enriched in 755 

black module in STARNET macrophage RNAseq data. Left upper panel: Volcano plot of differentially expressed genes (DEGs) between ASXL1 CHIP mutation 756 

carriers versus age and sex matched non-mutation controls in STARNET CAD cases. Differentially expressed genes were highlighted in pink. Top upregulated and 757 

downregulated genes with the smallest p-values or with the biggest log2 fold changes were labeled with gene names. Differentially expressed genes that overlap 758 

with black module genes were highlighted in black. Left bottom panel: Top 10 enriched gene ontology (GO) terms for differentially expressed genes in ASXL1 759 

CHIP mutation carriers versus non-mutation controls. Bonferroni corrected p<0.05 was considered statistically significant. Right upper panel: Visualization of black 760 

module inferred from STARNET macrophage RNAseq data. Top key drivers were highlighted in pink. Right bottom panel: Dot plot for the association of black 761 

module genes with clinical traits. P-value <0.05 (-log10(p) >1.3, cut off was indicated by vertical red line) is considered statistically significant. GO: Gene Ontology; 762 

BP: biological pathway; CC: cellular component; MF: molecular function. 763 
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