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Abstract

Purpose of Review: Clonal Hematopoiesis of Indeterminate Potential (CHIP) is characterized 

by persistent clonal expansion of adult hematopoietic stem cells, which has been increasingly 

found to be associated with cardiovascular disease and adverse outcomes in heart failure. Here we 

outline emerging studies on the prevalence of CHIP, and its association with cardiovascular and 

heart disease.

Recent Findings: Previous genomic studies have found CHIP mutations to be associated with 

increased risks of arterial disease, stroke, and mortality. Murine studies exploring TET2, 
DNMT3A, and JAK2 mutations have shown changes in cellularity that decrease cardiac function 

after insult, as well as increase inflammasome activation.

Summary: Mutations in driver genes are associated with worse clinical outcomes in heart failure 

patients, as a potential result of the proinflammatory selection in clonal hematopoiesis. Advances 

in the field have yielded therapeutic targets tested in recent clinical studies and may provide a 

valuable diagnostic of risk in heart failure.
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INTRODUCTION

Heart failure (HF) is a significant medical burden, comprising the leading cause of 

hospitalization in patients over 65 and exceeding $31B annually in care expenditures. [1] 

Thus, early diagnostic and prognostic tools are becoming increasingly emphasized in the 

clinical arena. Traditional risk factor assessments include HF risk scores, imaging modalities 

such as echocardiography and cardiac MRI, and electronic health record-based algorithmic 

approaches. [2–7] However, while these approaches are effective at risk assessment, 

additional strategies such as genomic measures may provide a complementary resource to 

other clinical modalities.
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Germline Variation

It is known that HF involves a complex interplay of environmental and genetic factors 

affecting risk, progression, and therapeutic response. [8] Much work identifying genetic HF 

risk has focused on germline variation, such as found in familial cardiomyopathies. [9] 

Familial cardiomyopathy accounts for 50% of total dilated cardiomyopathy cases, with 40% 

of these having known genetic causes. [10] Additionally, hypertrophic cardiomyopathy often 

presents as a monogenic disorder, associated with single mutations in up to 18 genes. [11] 

Therefore, genetic testing is recommended for patients with family members presenting with 

dilated, hypertrophic, and restrictive cardiomyopathies. [12]

To date, nearly 300 HF-associated variants have been identified, with a meta-analysis of 

more than 73,000 subjects revealing 52 loci of interest, correlating to QRS phenotypes and 

myocardial hypertrophy. [13, 14] Recently, a genome-wide association study (GWAS) meta-

analysis of 47,309 HF cases and 930,014 controls identified 12 variants at 11 new genomic 

loci. [15] Nevertheless, a relatively small fraction of HF cases have been attributed to single-

gene cardiomyopathies and GWAS investigations have provided limited insights, leaving the 

observed genetic contribution of HF largely unexplained. For example, a sequence analysis 

of 7,855 cardiomyopathy subjects compared to more than 60,000 control subjects 

highlighted wide variability in penetrance of known disease mutations – highlighting the 

challenges of clinical application. [16] While somatic mutations known to be associated with 

malignancies are often tested as part of routine care, this variation within non-malignant 

conditions such as HF is comparatively understudied, leaving additional opportunity for 

characterizing disease mechanisms.

Clonal Hematopoiesis

Adult humans have an estimated 10,000 to 200,000 hematopoietic progenitor and stem cells, 

where each cell may acquire approximately 170 DNA mutations with each decade of life. 

[17] While most are likely benign, the rare mutation providing a selective advantage may in 

turn facilitate expansion of a blood cell clone, known as “clonal hematopoiesis” (CH). CH 

refers to clonal persistence of hematopoietic adult stem cells. [18] Although most somatic 

mutations in adult stem cells are lost from cell turnover, a subset may persist and accumulate 

throughout life, which could lead to increased risk of hematologic malignancies and non-

malignant conditions with age. [19, 20]

Clonal hematopoiesis was first observed in patients with chronic myelogenous leukemia 

using cytogenetic studies, establishing the clonal nature of hematologic cancers. [21] Later 

studies of healthy women looking at non-random X-inactivation in peripheral leukocytes 

suggested the association of CH and aging, particularly women over the age of 60, although 

specific mechanisms to account for this genetic skewing could not be determined at the time. 

[22] CH mutations are found in both early and late stages of hematopoietic differentiation. 

Progression of CH from early-state mutations have led to both myeloid and lymphocytic 

malignancies, with a potential to advance to a wide range of hematologic malignancies. [20]
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Clonal Hematopoiesis of Indeterminate Potential (CHIP)

Despite this, CH mutations do not categorically lead to hematologic malignancy, evolving 

the term “Clonal Hematopoiesis of Indeterminate Potential” (CHIP) to indicate substantive 

clonal expansion in individuals without cytopenias or dysplastic hematopoiesis. [20] CHIP 

distinguishes CH on the basis of non-hematologic clinical significance. Specifically, CHIP is 

the presence of a cancer-associated mutation without hematologic malignancy, where the 

clone must have a variant allele frequency (VAF) of at least 2%. [23] VAF is calculated as 

the percentage of sequencing reads containing a mutant allele at a specific location divided 

by the total number of reads mapping to that location, with the current 2% threshold 

resulting from the resolution of whole-exome sequencing at ubiquitous 60–80x coverage. 

[24]

CH can be categorized based on its etiology, including therapy- and age-associated CH, and 

neutral drift. Therapy-associated CH is a result of prior radiation or chemotherapy, resulting 

in increased promotion of driver genes. [25] A study by Gibson et al. revealed a 30% CH 

incidence rate in patients treated with stem cell transplantation for non-Hodgkin lymphoma, 

associated with a higher risk for all-cause and CVD-related mortality. [26] Nonetheless, the 

prevalence of CHIP appears to be largely age-dependent. A study by Xie et al. examined 

patient data in The Cancer Genome Atlas, identifying CHIP mutations in >2% of the 2728 

samples, rising to 5–6% in those older than 70 years. [27] A 2014 sequencing study of 

12,380 patients with a 2- to 7-year follow-up found a 1% incidence in individuals less than 

50 years old, increasing to 10% incidence for those greater than 65 years old. [28] Likewise, 

a study by Jaiswal et al. analyzed 17,182 samples from individuals without hematological 

malignancies, though at risk for diabetes, finding similar incidence rates. [29] While all three 

studies found a strong age association, CHIP was also found to be common after identifying 

specific somatic driver mutations in genes commonly mutated in myeloid cancers - 

including DNMT3A, TET2, ASXL1, TP53, JAK2, and SF3B1. [27–29] Collectively, most 

CHIP mutations have been found in the DNMT3A gene, followed by TET2, both epigenetic 

regulators of gene expression. [30] DNMT3A (DNA Methyltransferase 3A) is a DNA 

methyltransferase involved in de novo synthesis of 5-methylcytosine (5mC). [31] TET2 
(Ten-Eleven Translocation-2) is a methylcytosine dioxygenase responsible for converting 

5mC to 5-hydroxymethylcytosine (5hmC), which is an early step in DNA demethylation. 

[32]

As the cost and availability of genomic sequencing continues to improve, larger cohorts with 

deeper sequencing coverage makes analysis of sub-clonal variants more accessible. Though 

low frequency variants are difficult to measure reliably, targeted sequencing with ultra-deep 

coverage provides an opportunity to capture evolving clonal mutations. Furthermore, in 

addition to single base mutations and small insertions/deletions, clonal expansion has been 

characterized as having large copy number alterations. [33] Though routine screening for 

CHIP mutations would offer an opportunity to assess hematologic malignancies and other 

comorbidities, there is currently no standardized recommendation due to present lack of 

targeted or palliative therapies. [18]
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CHIP and Coronary Artery Disease (CAD)

The GWAS analysis by Xie et al. identified an association between increasing age and CHIP 

mutations, as well as an increase in all-cause mortality. [27] The work by Jaiswal et al. 

corroborated this, and further characterized CHIP-associated cardiovascular outcomes. CHIP 

was found to be associated with CAD (HR 2.0) and stroke (HR 2.6), even after adjusting for 

age, sex, diabetes, and BMI. [29] Interestingly, hematologic-related somatic mutations were 

found to be associated with a higher incidence of type 2 diabetes, after controlling for age, 

sex, and ancestry – substantiating previous observations of large somatic mutations in 

peripheral blood cells of type 2 diabetes patients. [34] A later study by Jaiswal compared 

CHIP between 4,726 CAD patients and 3,529 controls, and reported an increased risk of 

CAD (HR 1.8) when adjusting for these factors in addition to total cholesterol, HDL, 

smoking, and hypertension. [35] Interestingly, this cohort exhibited a significantly increased 

risk in premature myocardial infarction (OR 4.0), with higher indices of calcification in 

coronary arteries. Using a VAF of 10%, cardiac coronary events were found to be twice as 

likely in those with mutations compared to controls.

CHIP and Chronic Ischemic Heart Failure

Despite these associations, the cellularity of HSPCs in bone marrow due to CHIP mutations 

was yet unexplored. To this end, Dorsheimer et al. conducted exome sequencing of blood 

mononuclear cells and bone marrow from 268 HF patients and found that 19% of patients 

displayed CHIP mutations, with 62% of these harboring TET2 and DNMT3A mutations. 

[36] CHIP patients were older and were observed to have more leukocytes compared to their 

non-CHIP counterparts. Given the high frequency of TET2 and DNMT3A, patients’ HSPCs 

were characterized in bone marrow to assess the potential effect of these driver mutations. 

Interestingly, TET2 mutations enriched hematopoietic stem cells, suggesting the impact of 

CH from bone marrow expansion. Conversely, DNMT3A mutations did not impact the 

cellularity of bone marrow HSPCs. Subsequently, Dorsheimer et al. analyzed bone marrow 

from 200 chronic, post-ischemic HF patients for CHIP-associated prognostic differences. 

[30] The entire cohort had a median age of 65 years, a classification of NYHA II, and an 

LVEF of 31%. Utilizing a 2% VAF threshold, 38 patients were CHIP carriers. Of these, 9 

patients had TET2-related mutations and 14 patients had DNMT3A mutations. These 

carriers had significantly worse clinical outcomes, including death and rehospitalization for 

HF across a 4.4-year follow-up, primarily due to progressive HF and emergent arrhythmia. 

Total CHIP carriers were older and had higher rates of hypertension, an effect that persisted 

even when examining TET2 and DNMT3A mutations specifically. Altering the VAF 

threshold to 0.5% increased the detection of TET2 carriers by 53 patients and DNMT3A 
carriers by 66 – suggesting high penetrance even with low clonal size. Of importance, 

clinical outcomes were independent of canonical signs and markers for prognostic risk, 

including LVEF, NT-proBNP, and traditional HF risk scores. Rather, there was a significant 

dose-response association between the VAF and outcome, suggesting a causal association 

between these mutations and adverse outcomes.
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Ten-Eleven Translocation-2 (TET2)

The majority of studies mentioned herein have highlighted mutations in TET2, suggesting a 

causal, though unexplored, role in CHIP-related cardiovascular outcomes. Given the changes 

in cellularity in bone marrow, Fuster et al. developed a murine model to specifically examine 

the role of TET2 deficiency in atherosclerosis development. [37] In this approach, irradiated 

lipoprotein receptor-deficient mice served as recipients of bone marrow containing 10% 

TET2 knockout mutations, and were subsequently fed a diet high in fat and cholesterol. 

TET2-deficient mice experienced HSPC enrichment without increases in blood cell counts, 

indicating CH. Importantly, these mice fed with the supplemented diet exhibited larger 

plaques with an increase in total macrophage intimal counts, though without effect to lesion 

rupture, apoptosis, or macrophage proliferation. Partial inactivation of TET2 specifically in 

myeloid cells caused an increase in aortic root plaque size, suggesting TET2 mutation 

encourages atherogenesis by HSPC expansion of macrophages. Expanding on this, Sano et 

al. generated a TET2-disrupted murine model with angiotensin-induced HF, relying on 

transplant of CRISPR-edited bone marrow. [38] Clonal expansion was confirmed and after 8 

weeks of angiotensin-II infusion, cardiac function was reduced as evidenced by decreased 

fractional shortening, and increases in cardiac mass and fibrosis. In a later study, Sano et al. 

transplanted TET2-deficient bone marrow into irradiated mice, in conjunction with chronic 

ischemic (left anterior descending artery ligation) or pressure overload (transverse aortic 

constriction) HF models. [39] Mice exhibited reductions in ejection fraction and increases to 

LV systolic and diastolic volume after 4 weeks, accompanied by increased fibrosis and 

adverse remodeling. Fully ablating TET2 in the bone marrow along with arterial ligation 

showed similar results to TET2-deficient mice, though without any differences in mortality. 

Interestingly, selectively ablating TET2 in myeloid cells with aortic constriction led to 

increased cardiac hypertrophy, fibrosis, and lung congestion – again reemphasizing the role 

of macrophages in the development of HF.

Janus Kinase 2 (JAK2)

Recently, the role of JAK2 has been implicated as a CHIP-associated risk factor. JAK2 is a 

signaling kinase, transducing intracellular signals for many various cytokine receptors. [40] 

Constitutive activation of JAK2 (most commonly through V617F mutation) is a hallmark of 

myeloproliferative neoplasms, which can result in malignant proliferation of red blood cells 

and platelets. [41] However, JAK2 mutations do have a potential to result in CH with the 

absence of these malignancies. [28] Mouse studies have shown JAK2 activates β1 and β2 

integrin in neutrophils, which promotes thrombus formation and a potential for ischemic 

events. [42, 43] This had been explored in a human cohort by Jaiswal et al. with JAK2-

associated CH, showing increased incidence of coronary artery disease (HR 12.0). [35] 

However, Liu et al. performed a whole-exome analysis of more than 300,000 participants 

and found that while JAK2 may be associated with increased CAD risk, lower levels of 

triglycerides and LDLs were observed – hinting at a lipid-independent mechanism of CAD 

risk. [44] It has been suggested that JAK2-related CHIP may occur as a result of the 

heterogeneity of hematopoietic progenitor cells, resulting in variable penetrance in the 

patient population. [45] Meanwhile, while TET2 and DNMT3A mutations tend to cause an 

indiscriminate proliferative capacity in all leukocytes, JAK2 mutation favors neutrophil and 

monocyte expansion. [46] In fact, one of the limitations of animal studies is that JAK2 
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mutation often results in either hematopoietic proliferation or myeloid amplification, 

potentially obfuscating CHIP-related outcomes. However, Sano et al. attempted a selective 

activation approach, using a lentivirus in transplanted bone marrow to express a V617F 

mutation in monocytes and neutrophils exclusively. [46] With chronic ischemic and pressure 

overload surgical injury, these mice favored myeloid expansion of JAK2 mutants, as well as 

developed larger infarctions, increased fibrosis, and deterioration of echocardiographic 

measurements. JAK2 mutation also exacerbated inflammation, with ischemia resulting in 

increased IL-1β and IL-6, and pressure overload resulting in increased IL-6 and macrophage 

infiltration. [46] Taken together, CHIP-associated JAK2 mutations may increase 

susceptibility to cardiovascular events by fostering clonal subpopulations that increase 

inflammation by cytokine production.

Implications of CHIP: Targeting Inflammasome in Heart Failure

Heart failure is associated with chronic low-grade inflammation, leading to maladaptive 

cardiac remodeling. [47] This persistent inflammation is due largely to the NLRP3 
inflammasome - a complex of intracellular proteins that trigger maturation of 

proinflammatory cytokines including IL-1β, a proinflammatory cytokine associated with 

cardiomyocyte apoptosis and tissue remodeling. [48, 49] NLRP3 inflammasome activity 

first requires an initiation signal (such as danger-associated molecular patterns from sterile 

infection) which increases pro-IL-1β expression, and then an activation signal which 

promotes total inflammasome assembly. [37] In an acute setting of myocarditis, more 

inflammasome-containing leukocytes were found in myocardial tissue corresponding to 

<40% EF and NYHA classes III and IV. [50] Indeed, strategies concentrating on inhibition 

of the inflammasome have gained traction in the field. Bracey et al. examined genetic 

ablation of NLRP3 in a proinflammatory mouse model of cardiac hypertrophy, which 

reduced local caspase-1 and systemic IL-1β, and resulted in decreased apoptosis and 

improved systolic function. [51] In human atrial tissue, in vitro studies revealed that 

inhibition of the proinflammatory cytokine IL-18 resulted in improved contractile function 

after I/R injury. Furthermore, decreasing the cleavage of IL-1β to IL-18 through the 

inhibition of caspase 1 also minimized decreases to contractile function - suggesting the 

importance of the conversion in IL-1β to IL-18 in cytokine-mediated cardiac depression, 

following ischemia. [48] In humans, the 2012 Canakinumab Anti-inflammatory Thrombosis 

Outcomes Study (CANTOS) examined the effect of IL-1β inhibition by canakinumab on the 

incidence of myocardial infarction, stroke, and cardiovascular death in patients with 

coronary artery disease and elevated CRP. [52] Subsequent analysis found significant 

decreases in CRP with administration and modest reduction in MACE incidence at higher 

doses. [53] Indeed, IL-1β blockade has been promising – the use of the IL-1 receptor 

agonist, anakinra, in patients after myocardial infarction reduced cardiac remodeling 

evidenced through echocardiographic indices. [54, 55] In the face of these efforts, CH 

represents another avenue in which therapies for inflammation may prove fruitful. The link 

between leukemic transformation and the incidence of cardiovascular disease is underscored 

by chronic inflammation and its ability to initiate clonal evolution and CH. [56] This 

common denominator has not been ignored in the aforementioned studies. The study by 

Fuster et al. also observed the effect of TET2 deficiency on the inflammasome, showing that 
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increased IL-1β production in macrophages could be rescued by the NLRP3 inhibitor, 

MCC950, without changes to cellularity. [37] Additionally, CRISPR disruption of TET2 and 

DNMT3A by Sano et al. led to increases in inflammatory cytokines, including IL-6, Ccl5, 

IL-1β, Cxc11, and Cxcl2. [38] Subsequent examination in mice with the chronic ischemic 

and pressure overload surgical models mirrored these findings, as well as corroborated 

MCC950 treatment with the rescue of echocardiographic measures and diminished fibrosis. 

[39]

Conclusions

With origins in hematological cancers and common incidence in older populations, CHIP is 

developing increasing pertinence in the cardiovascular arena. Studies thus far have 

demonstrated the roles of common mutations - such as in TET2, DNMT3A, and JAK2 – in 

CH, as well as cytokine changes that increase inflammation. A large portion of these studies 

mentioned explore the relationship between CHIP and ischemic heart pathologies, and our 

understanding may be improved with longitudinal studies to characterize the evolution of 

CAD with CHIP mutations. However, the association with non-ischemic HF is less clear. 

Undoubtedly, increases to inflammation, like those found with CHIP mutations, may 

adversely affect cardiovascular outcomes. Additionally, while most genomic studies have 

focused on exome sequencing, the role of non-coding variation in transcription and 

translation is still unknown and could confer additional metrics for HF risk. While the 

etiology between CHIP and HF is yet incomplete, recent work has highlighted a novel and 

promising angle for identifying and disseminating clinical risk. As the role of CHIP in HF 

becomes clearer, so do the opportunities for reducing these risks and ameliorating adverse 

outcomes.

Funding Support:

Dr. Tang is partially supported by grants from the National Institutes of Health and the Office of Dietary 
Supplements (R01DK106000, R01HL126827).

References

* Of Importance

1. Virani SS, Alonso A, Benjamin EJ, et al. (2020) Heart Disease and Stroke Statistics-2020 Update: A 
Report From the American Heart Association. Circulation 141:e139–e596 [PubMed: 31992061] 

2. Dunlay SM, Pereira NL, Kushwaha SS (2014) Contemporary strategies in the diagnosis and 
management of heart failure. Mayo Clin Proc 89:662–676 [PubMed: 24684781] 

3. Agarwal SK, Chambless LE, Ballantyne CM, et al. (2012) Prediction of incident heart failure in 
general practice the atherosclerosis risk in communities (ARIC) study. Circ Hear Fail 5:422–429

4. Lewis EF (2017) The Hope That Early Detection Can Tip the Scale Towards Heart Failure 
Prevention. JACC Heart Fail 5:191–193 [PubMed: 28254125] 

5. Sun J, Hu J, Luo D, Markatou M, Wang F, Edabollahi S, Steinhubl SE, Daar Z, Stewart WF (2012) 
Combining knowledge and data driven insights for identifying risk factors using electronic health 
records. AMIA Annu Symp Proc 2012:901–910 [PubMed: 23304365] 

6. Wang Y, Ng K, Byrd RJ, Hu J, Ebadollahi S, Daar Z, deFilippi C, Steinhubl SR, Stewart WF (2015) 
Early detection of heart failure with varying prediction windows by structured and unstructured data 
in electronic health records. Conf Proc. Annu Int Conf IEEE Eng Med Biol Soc IEEE Eng Med Biol 
Soc Annu Conf 2015:2530–3

Bazeley et al. Page 7

Curr Heart Fail Rep. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Choi E, Schuetz A, Stewart WF, Sun J (2017) Using recurrent neural network models for early 
detection of heart failure onset. J Am Med Inform Assoc 24:361–370 [PubMed: 27521897] 

8. Skrzynia C, Berg J, Willis M, Jensen B (2014) Genetics and Heart Failure: A Concise Guide for the 
Clinician. Curr Cardiol Rev 11:10–17

9. Mazzarotto F, Tayal U, Buchan RJ, et al. (2020) Reevaluating the Genetic Contribution of 
Monogenic Dilated Cardiomyopathy. Circulation 141:387–398 [PubMed: 31983221] 

10. Hershberger RE, Hedges DJ, Morales A (2013) Dilated cardiomyopathy: The complexity of a 
diverse genetic architecture. Nat Rev Cardiol 10:531–547 [PubMed: 23900355] 

11. Watkins H, Ashrafian H, Redwood C (2011) Inherited cardiomyopathies. N Engl J Med 364:1643–
1656 [PubMed: 21524215] 

12. Ackerman MJ, Priori SG, Willems S, et al. (2011) HRS/EHRA expert consensus statement on the 
state of genetic testing for the channelopathies and cardiomyopathies: this document was 
developed as a partnership between the Heart Rhythm Society (HRS) and the European Heart 
Rhythm Association (EHRA). Europace 13:1077–109 [PubMed: 21810866] 

13. Buniello A, Macarthur JAL, Cerezo M, et al. (2019) The NHGRI-EBI GWAS Catalog of published 
genome-wide association studies, targeted arrays and summary statistics 2019. Nucleic Acids Res 
47:D1005–D1012 [PubMed: 30445434] 

14. van der Harst P, van Setten J, Verweij N, et al. (2016) 52 Genetic Loci Influencing Myocardial 
Mass. J Am Coll Cardiol 68:1435–1448 [PubMed: 27659466] 

15. Shah S, Henry A, Roselli C, et al. (2020) Genome-wide association and Mendelian randomisation 
analysis provide insights into the pathogenesis of heart failure. Nat Commun 11:163 [PubMed: 
31919418] 

16. Walsh R, Thomson KL, Ware JS, et al. (2017) Reassessment of Mendelian gene pathogenicity 
using 7,855 cardiomyopathy cases and 60,706 reference samples. Genet Med 19:192–203 
[PubMed: 27532257] 

17. Lee-Six H, Øbro NF, Shepherd MS, et al. (2018) Population dynamics of normal human blood 
inferred from somatic mutations. Nature 561:473–478 [PubMed: 30185910] 

18. Ziaeian B, Fonarow GC (2016) Epidemiology and aetiology of heart failure. Nat Rev Cardiol 
13:368–378 [PubMed: 26935038] 

19. Mardis ER, Ding L, Dooling DJ, et al. (2009) Recurring mutations found by sequencing an acute 
myeloid leukemia genome. N Engl J Med 361:1058–1066 [PubMed: 19657110] 

20. Steensma DP, Bejar R, Jaiswal S, Lindsley RC, Sekeres MA, Hasserjian RP, Ebert BL (2015) 
Clonal hematopoiesis of indeterminate potential and its distinction from myelodysplastic 
syndromes. Blood 126:9–16 [PubMed: 25931582] 

21. Nowell C (1962) The minute chromosome (Ph1) in chronic granulocytic leukemia. Blut Zeitschrift 
für die Gesamte Blutforsch 8:65–66

22. Busque L, Gilliland DG (1998) X-inactivation analysis in the 1990s: promise and potential 
problems. Leukemia 12:128–35 [PubMed: 9519772] 

23. Patel AP, Natarajan P (2019) A New Murine Model of Clonal Hematopoiesis Investigates 
JAK2V617F in Heart Failure. JACC Basic to Transl Sci 4:698–700

24. Abelson S, Collord G, Ng SWK, et al. (2018) Prediction of acute myeloid leukaemia risk in 
healthy individuals. Nature 559:400–404 [PubMed: 29988082] 

25. Sano S, Wang Y, Walsh K (2019) Clonal hematopoiesis and its impact on cardiovascular disease. 
Circ J 83:2–11

26. Gibson CJ, Lindsley RC, Tchekmedyian V, et al. (2017) Clonal Hematopoiesis Associated With 
Adverse Outcomes After Autologous Stem-Cell Transplantation for Lymphoma. J Clin Oncol 
35:1598–1605 [PubMed: 28068180] 

27. Xie M, Lu C, Wang J, et al. (2014) Age-related mutations associated with clonal hematopoietic 
expansion and malignancies. Nat Med 20:1472–1478 [PubMed: 25326804] 

28. Genovese G, Kähler AK, Handsaker RE, et al. (2014) Clonal hematopoiesis and blood-cancer risk 
inferred from blood DNA sequence. N Engl J Med 371:2477–2487 [PubMed: 25426838] 

Bazeley et al. Page 8

Curr Heart Fail Rep. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29*. Jaiswal S, Fontanillas P, Flannick J, et al. (2014) Age-related clonal hematopoiesis associated 
with adverse outcomes. N Engl J Med 371:2488–2498 [PubMed: 25426837] Key paper showing 
age-related clonal hematopoiesis with adverse outcomes.

30*. Dorsheimer L, Assmus B, Rasper T, et al. (2019) Association of Mutations Contributing to Clonal 
Hematopoiesis with Prognosis in Chronic Ischemic Heart Failure. JAMA Cardiol 4:25–33 
[PubMed: 30566180] First report of association between patients with chronic ishcemic heart 
failure with clonal hematopoiesis.

31. Okano M, Bell DW, Haber DA, Li E (1999) DNA methyltransferases Dnmt3a and Dnmt3b are 
essential for de novo methylation and mammalian development. Cell 99:247–257 [PubMed: 
10555141] 

32. Ko M, Huang Y, Jankowska AM, et al. (2010) Impaired hydroxylation of 5-methylcytosine in 
myeloid cancers with mutant TET2. Nature 468:839–843 [PubMed: 21057493] 

33. Norton N, Li D, Rieder MJ, et al. (2011) Genome-wide studies of copy number variation and 
exome sequencing identify rare variants in BAG3 as a cause of dilated cardiomyopathy. Am J Hum 
Genet 88:273–282 [PubMed: 21353195] 

34. Bonnefond A, Skrobek B, Lobbens S, et al. (2013) Association between large detectable clonal 
mosaicism and type 2 diabetes with vascular complications. Nat Genet 45:1040–1043 [PubMed: 
23852171] 

35*. Jaiswal S, Natarajan P, Silver AJ, et al. (2017) Clonal Hematopoiesis and risk of atherosclerotic 
cardiovascular disease. N Engl J Med 377:111–121 [PubMed: 28636844] Key paper linking 
CHIP with adverse cardiovascular outcomes.

36. Dorsheimer L, Assmus B, Rasper T, et al. (2019) Hematopoietic alterations in chronic heart failure 
patients by somatic mutations leading to clonal hematopoiesis. Haematologica haematol. 
2019.224402

37*. Fuster JJ, MacLauchlan S, Zuriaga MA, et al. (2017) Clonal hematopoiesis associated with TET2 
deficiency accelerates atherosclerosis development in mice. Science (80- ) 355:842–847This is 
one of the first papers to mechanistically linked TET2 mutations and atherosclerotic development

38. Sano S, Oshima K, Wang Y, Katanasaka Y, Sano M, Walsh K (2018) CRISPR-mediated gene 
editing to assess the roles of TET2 and DNMT3A in clonal hematopoiesis and cardiovascular 
disease. Circ Res 123:335–341 [PubMed: 29728415] 

39*. Sano S, Oshima K, Wang Y, et al. (2018) Tet2-Mediated Clonal Hematopoiesis Accelerates Heart 
Failure Through a Mechanism Involving the IL-1β/NLRP3 Inflammasome. J Am Coll Cardiol 
71:875–886 [PubMed: 29471939] This papers to mechanistically linked TET2 mutations with 
heart failure progression and inflammasomes in animal models

40. Quintás-Cardama A, Kantarjian H, Cortes J, Verstovsek S (2011) Janus kinase inhibitors for the 
treatment of myeloproliferative neoplasias and beyond. Nat Rev Drug Discov 10:127–140 
[PubMed: 21283107] 

41. James C, Ugo V, Le Couédic JP, et al. (2005) A unique clonal JAK2 mutation leading to 
constitutive signalling causes polycythaemia vera. Nature 434:1144–1148 [PubMed: 15793561] 

42. Gupta N, Edelmann B, Schnoeder TM, Saalfeld FC, Wolleschak D, Kliche S, Schraven B, Heidel 
FH, Fischer T (2017) JAK2-V617F activates β1-integrin-mediated adhesion of granulocytes to 
vascular cell adhesion molecule 1. Leukemia 31:1223–1226 [PubMed: 28096537] 

43. Edelmann B, Gupta N, Schnoeder TM, et al. (2018) JAK2-V617F promotes venous thrombosis 
through beta-1/beta-2 integrin activation. J Clin Invest 128:4359–4371 [PubMed: 30024857] 

44. Liu DJ, Peloso GM, Yu H, et al. (2017) Exome-wide association study of plasma lipids in 
>300,000 individuals. Nat Genet 49:1758–1766 [PubMed: 29083408] 

45. Mead AJ, Mullally A (2017) Myeloproliferative neoplasm stem cells. Blood 129:1607–1616 
[PubMed: 28159736] 

46. Sano S, Wang Y, Yura Y, et al. (2019) JAK2V617F-Mediated Clonal Hematopoiesis Accelerates 
Pathological Remodeling in Murine Heart Failure. JACC Basic to Transl Sci 4:684–697This 
papers to mechanistically linked JAC2 mutations with cardiac remodeling in animal models

47. Abbate A (2013) The heart on fire: inflammasome and cardiomyopathy. Exp Physiol 98:385 
[PubMed: 23349530] 

Bazeley et al. Page 9

Curr Heart Fail Rep. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48. Pomerantz BJ, Reznikov LL, Harken AH, Dinarello CA (2001) Inhibition of caspase 1 reduces 
human myocardial ischemic dysfunction via inhibition of IL-18 and IL-1β. Proc Natl Acad Sci U 
S A 98:2871–2876 [PubMed: 11226333] 

49. Butts B, Gary RA, Dunbar SB, Butler J (2015) The Importance of NLRP3 Inflammasome in Heart 
Failure. J Card Fail 21:586–593 [PubMed: 25982825] 

50. Toldo S, Kannan H, Bussani R, et al. (2014) Formation of the inflammasome in acute myocarditis. 
Int J Cardiol. 10.1016/j.ijcard.2013.12.137

51. Bracey NA, Beck PL, Muruve DA, et al. (2013) The Nlrp3 inflammasome promotes myocardial 
dysfunction in structural cardiomyopathy through interleukin-1β. Exp Physiol 98:462–72 
[PubMed: 22848083] 

52. Ridker PM, Thuren T, Zalewski A, Libby P (2011) Interleukin-1β inhibition and the prevention of 
recurrent cardiovascular events: rationale and design of the Canakinumab Anti-inflammatory 
Thrombosis Outcomes Study (CANTOS). Am Heart J 162:597–605 [PubMed: 21982649] 

53. Ridker PM, Everett BM, Thuren T, et al. (2017) Antiinflammatory therapy with canakinumab for 
atherosclerotic disease. N Engl J Med 377:1119–1131 [PubMed: 28845751] 

54. Abbate A, Van Tassell BW, Biondi-Zoccai G, et al. (2013) Effects of interleukin-1 blockade with 
anakinra on adverse cardiac remodeling and heart failure after acute myocardial infarction [from 
the virginia commonwealth university-anakinra remodeling trial (2) (vcu-art2) pilot study]. Am J 
Cardiol 111:1394–1400 [PubMed: 23453459] 

55. Abbate A, Kontos MC, Grizzard JD, et al. (2010) Interleukin-1 blockade with anakinra to prevent 
adverse cardiac remodeling after acute myocardial infarction (Virginia Commonwealth University 
Anakinra Remodeling Trial [VCU-ART] Pilot study). Am J Cardiol 105:1371–1377.e1 [PubMed: 
20451681] 

56. Hasselbalch HC (2012) Perspectives on chronic inflammation in essential thrombocythemia, 
polycythemia vera, and myelofibrosis: Is chronic inflammation a trigger and driver of clonal 
evolution and development of accelerated atherosclerosis and second cancer? Blood 119:3219–
3225 [PubMed: 22318201] 

57. Yura Y, Sano S, Walsh K (2020) Clonal Hematopoiesis: A New Step Linking Inflammation to 
Heart Failure. JACC Basic to Transl Sci 5:196–207

Bazeley et al. Page 10

Curr Heart Fail Rep. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	Germline Variation
	Clonal Hematopoiesis

	Clonal Hematopoiesis of Indeterminate Potential (CHIP)
	CHIP and Coronary Artery Disease (CAD)
	CHIP and Chronic Ischemic Heart Failure
	Ten-Eleven Translocation-2 (TET2)
	Janus Kinase 2 (JAK2)

	Implications of CHIP: Targeting Inflammasome in Heart Failure
	Conclusions
	References

