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The heterogeneity of heart failure 

Heart failure (HF) is a cardiovascular disease with a high prevalence, severe morbidity, and high 

mortality.1,2 Despite the enormous effort of the researchers in the cardiovascular field, it still remains 

challenging to tailor the optimal treatment for HF patients due to the complex nature of HF, including 

different clinical presentations, various underlying etiologies, and additional risk factors and modifiers. 

Based on the left ventricular ejection fraction (LVEF), HF can be divided into three types, namely HF with 

preserved ejection fraction (HFpEF, LVEF≥50%), HF with mid-range ejection fraction (HFmrEF, LVEF =40%-

49%), and HF with reduced ejection fraction (HErEF, LVEF<40%).3 Although HFpEF accounts for more than 

50% of the HF population,4,5 available treatments (i.e. ꞵ-blockers) fail to show promising effects in HFpEF 

patients when compared to their efficiency in treating HFrEF patients.6 Common causes of HF are 

ischaemic heart disease, hypertension, valvular disease, and cardiomyopathies.7 Within cardiomyopathies, 

which are defined as cardiac muscle disorders of known etiology (i.e. genetic mutations) or unknown 

etiology, there are several subtypes based on the ventricular morphology and physiology, such as 

hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), arrhythmogenic cardiomyopathy 

(ACM), etc.8 This heterogeneity of cardiomyopathies further contributes to the complexity of HF. 

Therefore, it is critical to investigate the precise pathomechanism(s) and key regulators underlying each 

HF-causing etiology and/or risk factor in order to optimize the HF prevention and management. 

HF induced by risk factors, such as hypertension, and comorbidities, are considered as acquired HF. One 

major risk factor of acquired HF is chronological aging. Age-related features, including reduced endurance 

capacity, weakened muscle strength, increased arterial stiffness, and declined mitochondrial function, are 

associated with HF.9,10 In addition, prolonged exposure of the heart to deleterious stimuli, like 

hypertension and disrupted metabolism, also contributes to increased HF prevalence in the elderly.10 At 

the molecular level, an increased accumulation of genetic mutations, which is accompanied by a 

decreased repair ability due to a decline in mitochondrial function, directly contributes to HF development 

upon aging.10 Interestingly, HFpEF patients are generally older and often have hypertension when 

compared to HFrEF patients.3,11 In line with this clinical observation, studies have already shown the 

mechanism of hypertension in triggering the hypertrophic responses in the myocardium, which 

subsequently leads to HF.12 Within the elderly population, women have a higher risk of development 

HFpEF when compared to men, and women outnumber men by a 2:1 ratio in the HFpEF patient population, 

suggesting the sex-related effects on the development of HFpEF.13,14 Studies have revealed multiple 

factors that contribute to the high prevalence of HFpEF in elderly women, such as the higher LVEF and the 

https://paperpile.com/c/tXVlEH/9KaA
https://paperpile.com/c/tXVlEH/mtTH
https://paperpile.com/c/tXVlEH/gvNt
https://paperpile.com/c/tXVlEH/ASjM
https://paperpile.com/c/tXVlEH/KZ6G
https://paperpile.com/c/tXVlEH/kMCq
https://paperpile.com/c/tXVlEH/sJDa
https://paperpile.com/c/tXVlEH/uYzF
https://paperpile.com/c/tXVlEH/VuO8
https://paperpile.com/c/tXVlEH/3Y1B
https://paperpile.com/c/tXVlEH/3Y1B
https://paperpile.com/c/tXVlEH/3Y1B
https://paperpile.com/c/tXVlEH/gvNt
https://paperpile.com/c/tXVlEH/pWTI
https://paperpile.com/c/tXVlEH/hGcu
https://paperpile.com/c/tXVlEH/6PAP
https://paperpile.com/c/tXVlEH/IEHY
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predominant pattern of hypertrophic remodeling in women when compared to men.15 Strikingly, estrogen 

deficiency shows a significant impact on these pathophysiological changes of HFpEF, possibly by affecting 

several mechanisms, including mitochondrial function, calcium hemostasis, renin-angiotensin-

aldosterone system, and interstitial inflammation.13 Higher estrogen level, on the other hand, shows the 

potential in attenuating cardiac hypertrophy.16,17 Combined, these findings point out a putative important 

role of estrogen during HFpEF development, and the decline and/or loss of estrogen during and after 

menopause could contribute to the higher HFpEF prevalence in the elderly women. 

Due to the bidirectional interaction between heart and kidney function, kidney disease is also a major risk 

factor of acquired HF. More than 50% of HF patients have kidney disease,18,19, and ~20% of patients with 

chronic kidney diseases have the de novo HF.20 Strikingly, around 80% of kidney patients who receive 

dialysis have HFpEF.21 Kidney disease-induced hypertension is one key component that contributes to this 

tightly linked cardio-renal syndrome.22,12 Additionally, the removal of uremic toxins is insufficient due to 

kidney dysfunction, resulting in the accumulation of uremic toxins circulating in the bloodstream, which 

has been shown in in vitro and animal studies to impair the (micro)vasculature and subsequently 

contribute to the HF development.23,24 Uremic toxins impaired the endothelial function by triggering the 

coagulant response, inflammation, and oxidative stress.25 Protein-bound uremic toxins that are poorly 

removed during hemodialysis, such as p-cresyl sulfate and indoxyl sulfate, exhibit significantly deleterious 

effects on the endothelium.26 Therefore, uremic toxins-related microvascular diseases play a critical role 

in the heart and kidney interactions.27 Although a systematic overview of the molecular and clinical 

perspectives have been presented in the past, reliable biomarkers and evident-based beneficial treatment 

for cardio-renal diseases are currently not available.20 

Unlike the causes in acquired HF, inherited HF is a cardiac disorder associated with genetic mutations, 

which pass down from generation to generation. Although inherited HF is commonly divided into four 

subtypes, namely HCM, DCM, ACM, and restrictive cardiomyopathy,28 it is important to note that there is 

no one-to-one genotype-to-phenotype association. For example, more than 1,500 pathogenic mutations 

have been identified in HCM, which is characterized by the thickened left ventricular wall with preserved 

LVEF (HFpEF).29 The majority of these mutations occur in the cardiac β-myosin heavy chain (MYH7) and 

cardiac myosin binding protein-C (MYBPC3). Similarly, MYH7 and MYBPC3 mutations are presented in 

DCM, which is associated with impaired systolic function (HFrEF).30,31 The PLN mutations are associated 

with DCM and ACM with a high risk for life-threatening ventricular arrhythmias.32 Within the Netherlands, 

a rather large population of patients (>1,500) exists that carry the same founder PLN R14del mutation.33 

https://paperpile.com/c/tXVlEH/TfeQ
https://paperpile.com/c/tXVlEH/6PAP
https://paperpile.com/c/tXVlEH/38WQ
https://paperpile.com/c/tXVlEH/z0mE
https://paperpile.com/c/tXVlEH/D8wE
https://paperpile.com/c/tXVlEH/wAfX
https://paperpile.com/c/tXVlEH/WJgU
https://paperpile.com/c/tXVlEH/11lG
https://paperpile.com/c/tXVlEH/tXUH
https://paperpile.com/c/tXVlEH/hGcu
https://paperpile.com/c/tXVlEH/11ef
https://paperpile.com/c/tXVlEH/PI3u
https://paperpile.com/c/tXVlEH/wXRH
https://paperpile.com/c/tXVlEH/p1WM
https://paperpile.com/c/tXVlEH/EUin
https://paperpile.com/c/tXVlEH/WJgU
https://paperpile.com/c/tXVlEH/JeZ5
https://paperpile.com/c/tXVlEH/0omc
https://paperpile.com/c/tXVlEH/ZOWl
https://paperpile.com/c/tXVlEH/DPJO
https://paperpile.com/c/tXVlEH/eajH
https://paperpile.com/c/tXVlEH/Sa2f
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PLN plays a key role in the calcium uptake and PLN R14del mutation inhibits the transportation of cytosolic 

calcium to the sarcoplasmic reticulum, which disturbs the cardiac contraction and relaxation and results 

in systolic dysfunction (HFrEF).34 However, individuals with PLN R14del mutation may present as 

symptomatic and asymptomatic carriers, and the precise signaling that drives towards the symptomatic 

phenotype remains unclear.33,35 Besides the complex genotype-to-phenotype association among different 

individuals, recent studies also demonstrate the cell-to-cell differences within the same individual, which 

further contribute to the variable phenotypes observed for the same mutation.36,37 Next to genetic 

mutations, environmental factors, such as inflammation, toxins, and diet, may further modify the 

phenotypes in inherited HF.38 Therefore, studies that aid in the understanding of the affected biological 

processes per mutation on the single-cell basis as well as the gene-environmental interactions are 

required. 

 

Next-generation sequencing: From fundamental research to therapeutic strategies 

Next-generation sequencing (NGS) techniques, such as whole-genome sequencing (WGS), chromatin 

immunoprecipitation and sequencing (ChIP-seq), and RNA sequencing (RNA-seq), have been widely used 

to study the molecular mechanisms underlying complex diseases and serve in clinical diagnostics.39,40 Due 

to its broad scale and sensitive sequencing feature, NGS can provide comprehensive information on the 

genome-wide scale, even with limited materials.41,42 The ChIP-seq technique can reveal the chromatin 

reorganization, which is a hall hallmark of the disease.43,44 Changes in chromatin profile can, directly and 

indirectly, affect the transcription factor binding affinity, which subsequently alters the gene transcription 

and the biological signaling.45 RNA-seq reveals the transcriptome landscape, which further illustrates the 

cellular responses to the disease.46 Oncology studies using NGS have successfully identified multiple 

mutations and provide novel and direct targets for treatments.47 Besides oncology, NGS has also identified 

autoimmune diseases-related mutations, and it further demonstrates the potential influences of 

environmental factors on genetic allele expression and subsequently biological signaling.48  

Likewise, NGS is increasingly employed to study HF. A previous study using WGS identified novel 

pathogenic variants in HCM patients, not previously included in the genetic testing panel for the diagnosis 

of HCM.49 Another study used RNA-seq and revealed a set of dysregulated long non-coding RNAs in HCM 

hearts, next to the known coding RNAs that are prevalent in HCM.50 By pooling the transcriptional profiles 

obtained by RNA-seq from multiple DCM studies, Alimadadi and co-workers presented a set of genes that 

https://paperpile.com/c/tXVlEH/uZPN
https://paperpile.com/c/tXVlEH/Sa2f
https://paperpile.com/c/tXVlEH/LANW
https://paperpile.com/c/tXVlEH/pXHA
https://paperpile.com/c/tXVlEH/AJNk
https://paperpile.com/c/tXVlEH/S2YY
https://paperpile.com/c/tXVlEH/XDLi
https://paperpile.com/c/tXVlEH/wTIX
https://paperpile.com/c/tXVlEH/NDgP
https://paperpile.com/c/tXVlEH/sBW4
https://paperpile.com/c/tXVlEH/LxrY
https://paperpile.com/c/tXVlEH/AotE
https://paperpile.com/c/tXVlEH/9Q54
https://paperpile.com/c/tXVlEH/hHYO
https://paperpile.com/c/tXVlEH/ytVk
https://paperpile.com/c/tXVlEH/8Srm
https://paperpile.com/c/tXVlEH/6X7e
https://paperpile.com/c/tXVlEH/AwGr
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participate in the deleterious biological processes in DCM.51 Within the diseased hearts, Sweet and 

colleagues showed disease-specific gene expression patterns in DCM versus ischemic HF using RNA-seq, 

which subsequently elucidated the unique biological functions per disease etiology.52 Next to these 

studies in the bulk myocardium, Gilsbach and colleagues showed a distinct epigenomic landscape 

between fetal, infant, and adult cardiomyocytes, which served as a unique dataset to understand the 

development and maturation of the cardiomyocytes and the heart.53 By comparing failing and non-failing 

human cardiomyocytes, they further revealed a set of chromatin regions and genes that could be specific 

for HF. Another study used ChIP-seq coupled with different antibodies targeting either active DNA 

regulatory regions or poised DNA regulatory regions and showed considerable changes of chromatin 

activities in cardiomyocytes from acquired hypertrophic hearts.54 Connecting the chromatin remodeling 

data to the transcriptome data using RNA-seq, the authors identified a set of genes and their enhancers 

that played key roles in the hypertrophic response. 

In parallel, accumulating studies are investigating new therapeutic approaches, namely the use of 

epigenetic drugs, which are designed to target specific chromatin regions in treating HF.55 Several studies 

have shown the potential of histone deacetylase inhibitors in attenuating the cardiac maladaptations by 

regulating pathways, such as inflammatory responses and autophagy.56,57 Several oncology clinical trials 

have been launched to study the bromodomain and extraterminal domain (BET) inhibitors, which mediate 

the activation of transcription factors.58 Recently, the clinical potential of BET inhibitors in HF starts to be 

recognized as well.59,60 Besides the potential use of these drugs that target epigenetic modifications, RNA-

seq has become a powerful tool to study drug repurposing in cardiac and non-cardiac disorders.61,62,63 

 

Thesis outline 

The primary aim of this thesis is to investigate the epigenetic and transcriptional changes in diseased 

hearts using multi-omics approaches (Figure 1), enabling us to better understand the pathological 

mechanisms underlying the diseases. The first part of the thesis focuses on acquired heart failure due to 

several common causes, including kidney disease, aging, gender, and aortic stenosis-induced 

hypertension. The second part of the thesis focuses on inherited heart failure due to multiple mutations. 

Both hypertrophic and dilated cardiomyopathies are addressed, followed by a set of promising candidates 

and their regulated biological functions per disease. 

https://paperpile.com/c/tXVlEH/ZpwR
https://paperpile.com/c/tXVlEH/I6x0
https://paperpile.com/c/tXVlEH/3bHP
https://paperpile.com/c/tXVlEH/1us2
https://paperpile.com/c/tXVlEH/gJYi
https://paperpile.com/c/tXVlEH/5Z9z
https://paperpile.com/c/tXVlEH/buCG
https://paperpile.com/c/tXVlEH/aJlv
https://paperpile.com/c/tXVlEH/Jqgb+4CMU
https://paperpile.com/c/tXVlEH/laom
https://paperpile.com/c/tXVlEH/QH6k
https://paperpile.com/c/tXVlEH/KhfN
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Since kidney dysfunction, female gender, and aging are three key risk factors of acquired heart failure, in 

Chapter 2 we studied the influence of estrogen on cardiorenal syndrome. Particularly, we presented an 

overview of the biological signaling of estrogen on the microvasculature, which plays a central role in 

cardiac and kidney interactions. In Chapter 3 we investigated the deleterious effect of accumulated 

uremic toxin (indoxyl sulfate) due to kidney dysfunction on the endothelium using RNA-seq. We obtained 

the transcriptome changes in endothelial cells exposed to the toxin and studied their affected pathways. 

In Chapter 4 we revealed the histone modification in remodeled non-failing human hearts due to aortic 

stenosis-induced hypertension using ChIP-seq. Connecting these chromatin changes to the gene 

expression changes obtained by RNA-seq, we presented a list of transcription factors that could pose a 

dominant influence on myocardial remodeling. In Chapter 5 we employed ChIP-seq, RNA-seq, and 

proteomics to investigate HCM hearts carrying MYBPC3 mutations. Using two independent analytical 

methods to process the multi-omics data, we obtained a set of candidates that were driving the biological 

processes in HCM hearts. Chapter 6 presents the database of the altered protein profiles in HCM versus 

control hearts. Moreover, by comparing HCM hearts with and without known mutations, we identified 

mutation-specific changes and investigated the affected signaling in disease-mimicking mouse models. 

In Chapter 7 we examined the association between 52 QRS-related loci and altered DNA regulatory 

regions in HCM versus control hearts. We performed a comprehensive in silico functional annotations and 

identified a novel set of potentially disease-causing genes. In Chapter 8 we first studied the epigenomic 

and transcriptional changes in end-stage DCM hearts carrying PLN R14del mutation. From the promising 

candidates obtained at the tissue level, we further investigated their mRNA and protein expression 

patterns in human induced pluripotent stem cell-derived cardiomyocytes with and without PLN R14del 

mutation. Chapter 9 provides a general summary of the key findings in the previous chapters and 

discusses their potentials with future therapeutic and diagnostic directions. 
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Figure 1. Genetic risk factors and/or non-genetic disease modifiers of heart failure can interfere with the cellular 
genome, regulome, transcriptome, and/or proteome, which subsequently affect cardiac function. LV: left ventricle; 
RV: right ventricle.
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Abstract  

Female gender, post-menopause, chronic kidney disease (CKD) and (CKD linked) microvascular disease 

are important risk factors for developing heart failure with preserved ejection fraction (HFpEF). 

Enhancing our understanding of the interrelation between these risk factors could greatly benefit the 

identification of new drug targets for future therapy. This review discusses the evidence for the 

protective role of estradiol (E2) in CKD-associated microvascular disease and related HFpEF. Elevated 

circulating levels of uremic toxins (UTs) during CKD may act in synergy with hormonal changes during 

postmenopause and could lead to coronary microvascular endothelial dysfunction in HFpEF. To 

elucidate the molecular mechanism involved, published transcriptome datasets of indoxyl sulfate (IS), 

high inorganic phosphate (HP) or E2 treated human derived endothelial cells from the NCBI Gene 

Expression Omnibus database were analyzed. In total, 36 genes overlapped in both IS- and HP-

activated gene sets, 188 genes were increased by UTs (HP and/or IS) and decreased by E2, and 572 

genes were decreased by UTs and increased by E2. Based on a comprehensive in silico analysis and 

literature studies of collected gene sets, we conclude that CKD-accumulated UTs could negatively 

impact renal and cardiac endothelial homeostasis by triggering extensive inflammatory responses and 

initiating dysregulation of angiogenesis. E2 may protect (myo)endothelium by inhibiting UTs-induced 

inflammation and ameliorating UTs-related uremic bleeding and thrombotic diathesis via restored 

coagulation capacity and hemostasis in injured vessels. 

 

Key words: cardiorenal syndrome; menopause; microvascular dysfunction; estrogen; indoxyl sulfate; 

high phosphate.  
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1. Complex interrelationship between chronic kidney disease and heart failure with preserved 

ejection fraction 

Heart failure (HF) is a growing major public health problem that affects ~2% of the western population 

[1]. It has two main subtypes, HF with reduced ejection fraction (HFrEF) and HF with preserved ejection 

fraction (HFpEF). Within the HF population, more than 50% suffer from HFpEF [2]. Interestingly, 

chronic kidney disease (CKD) occurs in 26% to 53% of the HFpEF population and the subclinical diastolic 

dysfunction appears to be the most common echocardiographic feature in  asymptomatic CKD 

patients on hemodialysis, suggesting a strong link between CKD and HFpEF [3, 4]. Furthermore, clinical 

studies showed a linear relationship between the progression of CKD and the worsening of 

longitudinal function of the left ventricle in the HFpEF population [5]. The cardiac parameters in 

patients with CKD stage 2 and 3 already resemble early HFpEF, and the cardiac mechanics have been 

reported to become worse in patients with CKD stage 4 and 5. In a large cohort study on the 

development of heart dysfunction during 11 years of follow-up, Brouwers and colleagues 

demonstrated that increased urinary albumin excretion and cystatin C were more associated with the 

onset of HFpEF when compared to HFrEF [6]. In particular, older females with increased urinary 

albumin excretion or cystatin C were more vulnerable to develop HFpEF. These findings indicate a 

clear association between CKD and HFpEF, especially in the elderly female population.  

Important findings in the field further prove that impaired renal function is a major risk for developing 

HFpEF [7]. Although several mechanisms underlying how CKD contribute to HF in general have been 

well established, including increased inflammatory responses and activated neurohomronal pathways 

[8], studies on the driving mechanisms on CKD-related HFpEF are limited. A recent publication by 

Paulus et al. proposed a disease mechanism in which renal dysfunction caused systemic changes in 

circulating factors that activated inflammation and led to microvascular disease (MVD), cardiomyocyte 

stiffening, and a hypertrophic response [7]. MVD often occur ubiquitously throughout the body in 

patients with cardiovascular disease [9]. Paulus and co-workers further proposed that identified 

metabolic syndrome linked cardiovascular comorbidities, such as diabetes and obesity, could act as 

inducers of systemic inflammation that trigger global and coronary endothelial dysfunction, leading to 

myocardial hypertrophy, impaired myocardial relaxation and increased myocardial stiffness [10]. In 

relation to cardiovascular disease in general, endothelial dysfunction is well known to be able to serve 

as a strong predictor of coronary artery disease onset [9]. CKD, a common cardiovascular comorbidity 

associated with metabolic risk factors, leads to hyperphosphatemia and accumulation of uremic toxins 

(UTs) that trigger inflammation and MVD, which could subsequently contribute to HFpEF onset and 

progression [11].  
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Early stage of kidney disease can already be detected by the presence of proteinuria, and a continuous 

retention of UTs results in a toxic circulatory environment due to the reduction of glomerular filtration 

rate during the progression of CKD [12]. Serum levels of some uremic toxin compounds, such as 

methionine sulfoxide and hydroxyproline, accumulate significantly as glomerular filtration rate 

declines and have been proposed as markers for detecting early stage of CKD [13]. Most UTs circulate 

in the bloodstream in albumin bound form, and they are not able to directly pass an intact endothelial 

barrier [14, 15]. However, alterations in endothelial barrier do occur in response to various 

inflammatory mediators and atherogenic metabolic particles [16]. Many UTs, such as indoxyl sulfate 

and p-cresyl sulfate, have been shown to compromise the endothelial barrier function [17], which 

could promote protein leakage, causing direct exposure of surrounding non-vascular cells like 

cardiomyocytes to (protein bound) UTs. However, the exact mechanisms underlying CKD-triggered 

MVD and corresponding HFpEF remain to be further elucidated, especially at the molecular level. 

In this review we focused on the microvasculature in female CKD patients before and after menopause, 

which will improve our understanding on the subsequent development of HFpEF. Firstly, female 

gender and aging, two major risk factors of HFpEF, will be addressed. Secondly, the evidence for the 

role of estrogen (E2) mediated protection mechanisms in the onset and progress of renal disease-

related MVD and HFpEF will be summarized. Finally, we will further discuss the new information that 

we have gathered from the analysis of publicly available NCBI Gene Expression Omnibus (GEO) 

database sets for the transcriptome response of endothelial cells (ECs) to E2 and CKD associated 

circulatory factors. Based on this, we propose putative pathways of CKD-related MVD that are 

susceptible to E2 protection. 

 

2. Postmenopausal women are at high risk of developing HFpEF  

The prevalence of HFpEF increases with age and HFpEF patients are typically older than those with 

HFrEF [18]. In general, the average age of HFpEF patients are between 73 and 79 years old [19].  Aging 

has been proposed as an independent risk factor for abnormal diastolic function [20].  Age-dependent 

increase in left ventricular mass index has been observed in humans, and age-dependent increase in 

cardiomyocyte size has been observed in animals. In addition, increased interstitial fibrosis has also 

been noticed in aged myocardium. These changes due to aging contribute to myocardial stiffness, 

putatively leading to diastolic dysfunction in HFpEF. Unfortunately, clinical trial data of treatments for 

HF were mostly collected from the young and the middle-aged patients, leading to the lack of 

adequate evidence in treating the elderly, not to mention the older HFpEF patients specifically [21].   
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Besides the elderly population, women are consistently ~2 times more at risk than men to develop 

HFpEF and outnumber men by a 2:1 ratio in the HFpEF patient population [22]. Women also differ 

from the male HFpEF population as they show less evidence of coronary artery disease but are more 

vulnerable for coronary MVD, indicating a sex-based difference in the underlying pathology of HFpEF 

[22, 23]. Left ventricular diastolic dysfunction (LVDD) can be considered as a pre-stage of HFpEF. In the 

female population, LVDD onset and progression into HFpEF is strongly associated to the 

postmenopausal period [24]. High estrogen levels appear to protect the premenopausal heart from 

ventricular remodeling triggered by hypertension, although the specific mechanism remains to be 

further defined. Therapeutic interventions for HFpEF have failed to improve the mortality rate. At the 

moment early detection and treatment of LVDD appears to be the only effective strategy to prevent 

progression into HFpEF. 

Since both aging and female gender appear to be important risk factors for LVDD and HFpEF, it has 

been postulated that gender specific hormones and changes in hormone levels may play an important 

role in the higher prevalence of HFpEF in women, particularly in the postmenopausal population [25]. 

Studies in the early 1990s already showed the beneficial effects of menopausal hormone therapy 

(MHT) on preventing coronary heart disease [26]. However, subsequent randomized clinical trials 

failed to demonstrate that MHT prevents secondary events in ischemic heart disease, cerebrovascular 

events, or progression of coronary atherosclerosis in postmenopausal patients with already 

established coronary disease [27, 28]. Recently, reevaluation of those trails and the initiation of new 

clinical trials have shed light on how to improve MHT. In particular, the effects of early versus late 

MHT intervention were evaluated, as comparison between previous MHT responsive and non-

responsive groups have indicated that women who received intervention at the early postmenopause 

stage without pre-existing coronary disease were more likely to benefit from MHT than older patients 

with pre-existing coronary disease [29]. A recent retrospective single-center study showed that MHT 

was significantly associated with improved left ventricular relaxation indices, which is in line with the 

reported improvement in diastolic function following MHT in postmenopausal women, pointing 

towards the need for further investigation of the use of MHT in treatment of HFpEF [30]. Together, 

these clinical studies indicate the postmenopausal women are at high risk of developing HFpEF. 

 

3. Postmenopausal estrogen depletion in female CKD patients and microvascular dysfunction 

A limited number of studies have started to reveal the putative disease mechanisms of LVDD and 

HFpEF in women with CKD. An in vitro study showed that the contraction rate in uremic toxin p-cresol 

treated cardiomyocytes was decreased, and p-cresol impaired cardiomyocytes gap junctions by 
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increasing the activity of protein kinase Cα [31]. UTs have also been shown to induce cardiac 

remodeling response via estrogen receptor dependent mitogen-activated protein kinase and nuclear 

factor-κB pathways, suggesting that estrogen receptor signaling could interfere with the negative 

effects of UTs [32]. 

Brunet et al. have summarized two major mechanisms of how UTs contribute to vascular dysfunction 

[33]: (1) UTs promote inflammation by stimulating leukocyte activation and endothelial adhesion 

molecule expression. Activated inflammation and immune responses increase the migration and 

proliferation of vascular smooth muscle cells (VSMCs). However, UTs also inhibit the proliferation of 

ECs and enhance the apoptosis of endothelial progenitor cells, thus impairing vascular repair. (2) UTs 

stimulate the transdifferentiation of VSMCs into osteoblast-like cells and reduce digestibility of 

collagen and other extracellular matrix proteins by forming irreversible crosslinks, which subsequently 

lead to an increased vessel stiffness and vascular dysfunction. Among over 150 UTs that have been 

listed to date, some UTs like indole-3-acetic acid strongly accumulate in the circulation of patients who 

are still in an early stage of CKD as compared to normal levels observed in healthy individuals [34]. The 

concentrations of 11 different uremic toxins have been reported to be 2.3 to 44.7 times increased in 

patients with stage 3 and stage 4 CKD (moderate to severe CKD stage but before stage 5 (dialysis stage)) 

versus the plasma levels found healthy controls [35]. Protein-bound UTs, such as ADMA, p-cresyl 

sulfate and indoxyl sulfate (IS), also accumulate in patients with early CKD stages with continuous 

concentration build up during CKD progression [36]. These protein-bound toxins have been shown to 

exhibit high endothelial and vascular toxicity [36, 37]. A common pathway for these UTs is the 

activation of NAD(P)H oxidase, a reactive oxygen species (ROS) inducer, leading to oxidative stress in 

ECs and a reduction of nitric oxide (NO) bioavailability in the micro-environment [38]. NO contributes 

to vasorelaxation and inhibits platelet aggregation, expression of adhesion molecules and 

proliferation of VSMCs. Through activated oxidative stress and the subsequent activation of the p38/ 

mitogen-activated protein kinase pathway, UTs also affects immune cells as demonstrated by 

increased cell-surface expression of the immune activation marker beta2-integrin Mac-1 

(CD11b/CD18) in the leukocyte and monocyte cell populations of CKD patients. 

Unlike the deleterious influence of UTs on endothelium, clinical studies showed that E2 administration 

increased flow-mediated vasodilation response, indicating that E2 is an important regulator of 

protective endothelial function [39]. The non-genomic and genomic pathways of E2 that act via its 

three receptors (ERα, ERβ, and GPER) have been shown to be able to increase endothelial NO synthase 

(eNOS) in various cell types [39, 40]. In E2 treated human ECs, ERα signaling via PI3K triggers the 

activation of protein kinase B, extracellular-signal-regulated kinase 1/2, and phosphorylation and 

activation of eNOS. Increased eNOS and NO bioavailability promote vascular relaxation, ECs migration 
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and proliferation. A rapid increase in intracellular calcium is also observed after E2 stimulation [40]. A 

recent paper demonstrated that activated GPER increased the expression of calmodulin and 

prolonged cytoplasmic Ca2+ signals via the transactivation of epidermal growth factor receptor and 

the activation of mitogen-activated protein kinase cascade in porcine aortic ECs [41]. Calmodulin is a 

transducer of Ca2+ signals, and an activated calmodulin/Ca2+ system is able to modulate eNOS 

function. Interestingly, E2 treatment was shown to increase the number of endothelial progenitor cells 

in a NO-dependent way, which in return restored vascular repair activities [42]. Furthermore, Osako 

et al. showed that the activation of ERα suppressed the cascade of the receptor activator of nuclear 

factor-κB and its ligand, which subsequently promoted expression of a calcification inhibitor matrix 

Gla protein while inhibiting the expression of a calcification inducer bone morphogenetic protein 2 in 

both human aortic ECs and VSMCs, implying a beneficial effect of E2 in preventing vascular calcification 

[43].  

A community-based study showed that 18.2% of 445 women at the mean age of 45.2 years old had 

reduced glomerular filtration rate (<60 mL/min/1.73m2), indicating a high prevalence of CKD in 

perimenopausal women [44]. Furthermore, clinical studies showed that MHT protected renal function 

by increasing the glomerular filtration rate in healthy postmenopausal women. This was coincided 

with a lower left ventricular mass index when compared to other healthy postmenopausal women 

with lower glomerular filtration rate who did not receive MHT [45]. Taken together, we postulate that 

reduced estrogen levels during and after menopause could increase the vulnerability of these CKD 

patients for MVD, which may lead to LVDD and HFpEF. To further elucidate this process, we analyzed 

published transcriptome datasets of UTs or E2 treated human derived ECs from NCBI GEO database. 

We investigated genes and pathways that may be involved in UTs-triggered MVD in CKD. We obtained 

a gene set (group A) that poses deleterious effects on endothelial function and could be inhibited by 

E2 stimulation, and a second gene set (group B) with an endothelial protective effect that could be 

induced by E2 (Supplemental Table 1). Based on these two gene sets, we propose several target genes 

and their associated biological pathways, which may assist future studies in identifying valuable 

biomarkers and drug targets for early diagnosis and treatment of the CKD postmenopausal population 

at risk of developing MVD and subsequent HFpEF. 

 

3.1 UTs impair microvascular homeostasis 

Following a systematic pipeline (Figure 1), we obtained two GEO datasets that provide information of 

gene expression changes in ECs under CKD condition. Briefly, keywords “chronic kidney disease” and 

“uremic toxin” were coupled with “endothelial cells” separately to gather datasets from NCBI GEO 
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database. Available datasets were further filtered for “Organism: Homo sapiens” and “Study type: 

Expression profiling by array”. Two GEO datasets were found according to these criteria (Table 1). 

GSE34259 contains information of the transcriptome profile of human umbilical vein endothelial cells 

(HUVECs) in response to IS treatment. GSE60937 contains information of the transcriptome profile of 

HUVECs in response to high inorganic phosphate (HP) treatment. Both raw datasets were downloaded 

and sorted by R script provided by NCBI’s GEO2R program. These sorted gene expression datasheets 

were analyzed as followed: (1) Based on default setting stated in GEO2R, p-value below 0.05 was used 

to filter genes that reached significance; (2) Selected genes with logFC value above 0 represented 

increased expressions, and those with logFC value below 0 represented decreased expressions. (3) 

Genes with increased or decreased expression were mapped between IS and HP groups to obtain 

overlapping genes. We identified 36 genes with significantly increased expression under both IS and 

HP stimulation, whereas 14 gene decreased expressions under both IS and HP stimulation (Figure 2A, 

Supplemental Table 2). 

Figure 1. Overview of the workflow for identifying interesting gene groups from three included GEO datasets, 
representing gene expressions in HUVECs under indoxyl sulfate (IS), high level inorganic phosphates (HP) and 
estrogen (E2) stimulations. A) Workflow of dataset collection by searching for key words in GEO datasets, 
followed by filtering “Organism: Homo sapiens” and “Study Type: Expression profiling by array” and screening 
for the relevance. Three datasets were finally included after removing duplicates in filtered datasets. B) 
Significantly up- and down-regulated genes in HUVEC under UTs (IS and HP) and E2 were identified based on 
their fold change and p values. C) By mapping genes that were regulated by both UTs and E2, we identified a 
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group of genes (group A) that were upregulated by UTs (IS and/or HP) and downregulated by E2, and another 
gene group (group B) in which genes were inhibited by UTs and increased by E2. 

 

Table 1. Included GEO (Gene Expression Omnibus) datasets 

GEO Series Cell type Stimulus Number of up-regulated 
genes Number of down-regulated genes 

GSE16683 HUVECs E2 2816 1670 
GSE34259 HUVECs IS 286 50 
GSE60937 HUVECs HP 1633 3175 

HUVECs: human umbilical vein endothelial cells; E2: estradiol; IS: indoxyl sulfate; HP: high inorganic phosphate. 

 

3.2 Functional annotation of UTs activated genes include positive regulation of prostaglandin synthesis 

and prostaglandin-related processes 

Based on the 36 genes that were significantly activated by both IS and HP, we performed 

comprehensive functional annotations by using the ToppGene Suite tool ToppFun (Correction: FDR; 

P-Value cutoff: 0.05; Gene limits: 1≤ n ≤2000). The most enriched biological processes include positive 

regulation of prostaglandin biosynthetic process (GO:0031394) and prostaglandin-related processes 

(GO:2001280, GO:2001279, GO:0031392, GO:0046890, Supplemental Table 3). In addition, cardiac 

chamber morphogenesis (GO:0003206) was identified as the 7th most enriched biological process. By 

building a protein-protein interaction network with these 36 genes using STRING, we identified PTGS2, 

NRG1, ICAM1, PPKCA, PLA2G4A and ADAMTS1 as key regulators within the constructed networks 

(Figure 2B, confidence score ≥0.4). Basal levels of prostaglandin production are very low but increase 

significantly during inflammation, indicating UTs may promote inflammation of the endothelium. 

Many of the identified key mediators of this gene set, including PTGS2, ICAM1 and PLA2G4, indeed 

exhibit pro-inflammatory properties. During inflammation, arachidonic acid is released from the 

plasma membrane by PLA2G4-encoded phospholipase 2, followed by PTGS2 mediated conversion of 

arachidonic acid to prostaglandins [46]. ICAM1 is a ligand for lymphocyte function-associated antigen 

1 on leukocytes, and upregulation of ICAM1 expression in ECs during endothelial activation is essential 

for leukocytes recruitment [47]. Interestingly, Hadad et al. showed that phospholipase 2 increased 

ICAM1 expression via two transcription factors nuclear factor-κB and CREB in ECs [48]. These data 

indicate that prostaglandin regulation may represent a common pro-inflammatory pathway 

underlying MVD, which is induced by both IS and hyperphosphatemia. 
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Figure 2. Identification of genes with significantly increased and decreased expressions in response to IS, HP 
and/or E2 stimulation in HUVECs. A) Venn diagram of genes stimulated by UTs and suppressed by E2 (group A, 
indicated in red) and genes inhibited by UTs and enhanced by E2 (group B, indicated in black). B) Among 36 genes 
increased by both IS and HP, ADAMTS1, PTGS2, NRG1, ICAM1, PRKCA and PLA2G4A were identified as the key 
mediators by STRING (confidence score ≥0.4). Stronger associations are represented by thicker lines. C) 
Biological functions of identified key genes regarding endothelium homeostasis based on literature studies. 
Green arrow: gene promotes the process; red indicator: gene inhibits the process. 

 

3.3 Dysregulation of angiogenesis in UTs exposed vasculature 

Inflammation-induced angiogenesis aids in the replacement of lost microvasculature and restores 

microvascular density in CKD [49]. Other identified key mediators of this gene set such as PRKCA and 

NRG1 are known to promote angiogenesis, whereas ADAMTS1 blocks angiogenesis:  An in vitro study 

showed that inhibition of PRKCA resulted in decreased expression of VEGF, a crucial angiogenic factor 

[50]. Endothelial-derived NRG1 has been reported to bind to ERBB receptors, and the downstream 

cascade involves the activation of angiogenesis-related tyrosine kinase receptors, like VEGF receptors 

and Eph receptors [51]. ADAMTS1 has been proposed to block angiogenesis via two mechanisms, i.e. 

by suppressing EC proliferation by disrupting VEGF signaling or by releasing anti-angiogenic peptides 

from angiogenesis-related proteins thrombospondin 1 and 2 [52]. Based on our analysis, we propose 

that increased circulating UTs could negatively impact renal and cardiac endothelial homeostasis by 
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triggering inflammation and initiating vascular damage. In addition, vascular repair activity appears to 

be impaired by UTs-activated genes, leading to further progression of MVD. 

 

4. E2 actives microvascular protective mechanisms 

We also searched for gene expression changes in ECs under postmenopausal condition. Keywords 

“menopause” and “estrogen” were coupled with “endothelial cells” separately to gather datasets 

from NCBI GEO database. Available datasets were further filtered for “Organism: Homo sapiens” and 

“Study type: Expression profiling by array” (Figure 1). One GEO dataset (GSE16683) was found 

according to these criteria, which showed the transcriptome response of E2 stimulated HUVECs (Table 

1). Gene transcripts that were significantly increased and decreased by E2 were identified in the same 

way as previously described. In order to evaluate the susceptibility of UTs influenced genes to E2 

regulation, we mapped genes with increased and/or decreased expressions among IS, HP and E2 

groups. We identified 188 overlapping genes that were increased in expression by UTs (IS and/or HP) 

and inhibited by E2 in group A, and 572 overlapping genes that were decreased in expression by UTs 

and increased by E2 in group B. Group A represents genes which are possibly involved in MVD-inducing 

mechanistic pathways that could be suppressed by E2 protection. Group B represented genes in 

putative protective MVD-preventive pathways that could be induced by E2.  

 

4.1 E2 protects microvasculature by suppressing UTs-induced inflammation 

Based on 188 genes in group A, the most enriched biological processes (Table 2, Supplemental Table 

4) that were annotated by using ToppFun include “regulations of nitrogen compound metabolic 

process”, “potassium ion import” and “neutrophil migration”, which are known to influence 

microvascular homeostasis directly and could lead to MVD [53, 54]. During inflammation, neutrophils 

extravasate the vasculature by migrating between ECs to inflamed sites. Increased ROS levels, 

produced by neutrophils, disrupt endothelial integrity by inhibiting endothelial occludin expression in 

tight junctions and by activating the phosphorylation of VE-cadherin, β-catenin and P120 catenin in 

adherens junctions, leading to increased diapedesis of inflammatory cells [53]. Excessive ROS also 

activates the JNK cascade, which is responsible for apoptosis, and could lead to tissue injury. 

Vasodilation regulated by “positive regulation of nitrogen compound metabolic process” and 

“potassium ion import”, further promotes a persistent inflammatory response [55]. In the cardiac 

microvasculature, it has been reported that increased ROS levels lowers the activity of protein kinase 

G and titin hypophosphorylation, which resulted in an increased resting tension of cardiomyocytes 
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[56]. In addition, lower the activity of protein kinase G contributed to cardiomyocyte hypertrophy, and 

subsequently increased left ventricle wall stiffness. Based on these observations, we conclude that E2 

could protect the (myo)endothelium by inhibiting UTs-induced inflammation, especially via 

downregulation of genes involved in ROS signalling. 

 

4.2 E2 facilitates vascular repair activity by activating platelet coagulation and hemostasis at injured 

sites 

Based on the 572 genes in group B, the most enriched biological processes that are annotated by using 

ToppFun include “responses to stress”, “wounding and growth factors” and “hemostasis” (Table 2, 

Supplemental Table 4). These processes have been linked in literature to mechanisms that restore 

microvascular homeostasis [57-60]. In addition, nerve growth factor signaling (ID106459) was one of 

the top pathways annotated in this gene set (Figure 3) and is known to play a regulatory role in 

promoting angiogenesis in vascular disease. For example, Park et al. showed that the binding of nerve 

growth factor to its receptor TrkA increased matrix metalloproteinase 2 expression via the activation 

of PI3K/Akt pathway and the AP-2 transcription factor [57]. Another significantly enriched pathway is 

the interleukin 6 signaling pathway (ID198864, Figure 3), which has been positively linked to 

coagulation [58]. Blood coagulation, a significantly enriched Biological process (GO:0007596, p-

value<0.01), is in line with the observations of estrogen-related pro-coagulation capacity in clinical 

studies and represents an important step in hemostasis [61]. During hemostasis, tissue factor and the 

serine protease factor VIIa activate factor X and IX, which initiate the coagulation cascade and lead to 

the formation of thrombin [62]. Thrombin cleaves fibrinogen to generate insoluble fibrin, forming a 

fibrin mesh to strengthen and stabilize the blood clot and stop bleeding at the site of injury. By cleaving 

2 protease activated receptors, PAR1 and PAR4, thrombin also activates platelets. Activated platelets 

express receptor GPIb-IX-V and receptor GPVI to bind von Willebrand factor and collagen in the sub-

endothelial matrix, which further facilitates platelet adhesion. In addition, activated platelets secrete 

both pro- and anti-angiogenetic factors to repair and replace damaged blood vessels and restore 

homeostasis [59]. 

Based on these findings, we suggest that E2 could counter the UTs-induced inhibition of the platelet 

coagulation and hemostasis response of the (micro)vasculature. Indeed, it has been long recognized 

that the coagulation system of patients with renal insufficiency and uremia is profoundly affected, 

demonstrating frequent symptoms of severe bleeding or thrombosis that lead to significant increase 

in morbidity and mortality [63]. The expression data of group B imply that UTs may contribute to the 

pathogenesis of uremic bleeding and thrombotic diathesis, which can be counteracted by the effects 
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of E2 protection. In relation to uremic bleeding, treatment with conjugated E2 has been proposed and 

shown to be effective [64]. Interestingly, uremic bleeding has been linked to high NO bioavailability. 

Early studies have shown that monomethyl-L-arginine mediated inhibition of NO could normalize 

platelet dysfunction and bleeding time of uremic rats [65]. Likewise, systemic inhibition of NO 

production in healthy human volunteers could significantly shorten the bleeding time [66]. E2 has been 

shown to normalize vascular expression of NO-producing enzymes and NO plasma levels in uremic 

rats [67], whereas induction of NO diminished the protective effects of estrogen in uremic bleeding 

[68]. As NO has been indicated to play a central role in cardiac endothelial dysfunction, linking 

microvascular disease to onset of HFpEF, the uncovered putative mechanism of UTs regulation of the 

coagulation system may be an important step in the pathogenesis that requires further study, 

particularly in relation to post-menopausal estrogen levels. 

 

Table 2. Most enriched biological processes in uremic toxins-increased and estrogen-inhibited groups (group 
A) and uremic toxins-decreased and estrogen-enhanced groups (group B).   

GO Rank ID Name 
FDR-

corrected  
p-value 

Number of  
input/annotation 

genes 
Group A 

1 GO:0031328 Positive regulation of cellular biosynthetic 
process 7.410E-6 37/1872 

2 GO:0097368 Establishment of Sertoli cell barrier 7.799E-6 3/5 

3 GO:0051173 Positive regulation of nitrogen compound 
metabolic process 8.883E-6 37/1887 

4 GO:0010107 Potassium ion import 1.431E-4 4/29 
5 GO:0002027 Regulation of heart rate 2.602E-4 6/95 
6 GO:0010657 Muscle cell apoptotic process 3.711E-4 5/66 
7 GO:1902622 Regulation of neutrophil migration 4.168E-4 4/38 
8 GO:0001666 Response to hypoxia 4.293E-4 10/293 

Group B  
1 GO:0007010 Cytoskeleton organization 1.747E-9 72/1142 
2 GO:0007049 Cell cycle 4.609E-9 97/1780 
3 GO:0033554 Cellular response to stress 4.610E-3 97/1983 
4 GO:0033043 Regulation of organelle organization 2.126E-6 62/1116 
5 GO:0007599 Hemostasis 4.903E-6 38/574 
6 GO:0016032 Viral process 6.011E-6 48/810 
7 GO:0009611 Response to wounding 7.165E-6 60/1109 
8 GO:0022008 Neurogenesis 8.600E-6 88/1848 
9 GO:0070848 Response to growth factor 9.128E-6 53/944 

10 GO:0044764 Multi-organism cellular process 9.172E-6 48/823 
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Figure 3. Top 5 statistically significant pathways based on 572 genes in group B using the ToppGene Suite tool 
ToppFun (Correction: FDR; P-Value cutoff: 0.05; Gene limits: 1≤ n ≤2000). The number of input genes and genes 
involved in each pathway are also listed. 

 

4.3 Possible UTs and E2 regulate gene targets in EC-cardiomyocyte paracrine crosstalk 

Since ECs are located at a distance of maximum 5 µM from cardiomyocytes, UTs and/or E2 induced 

signaling in ECs could further influence cardiac function in a paracrine fashion. In order to identify 

possible genes that are involved in EC-cardiomyocyte paracrine crosstalk, genes in Group A and B were 

re-analyzed using ToppFun regardless of their p-value (p-value cutoff: 1), and the obtained 

enrichments (including Molecular function, Biological process, Pathway, Mouse phenotype, Human 

phenotype and Disease) were further filtered for terms including “cardio”, “cardiac”, “myocard” and 

“heart”. Following this procedure, an enrichment list of 58 genes (31%) in group A, and 138 genes 

(24%) in group B were produced that matched the above described criteria (Figure 4C and 4D).  

Gene functions annotated from these 58 cardiac related genes in group A include “leukocyte 

migration”, “immune system development”, “positive regulation of cell motility”, “response to lipid”, 

“regulation of JNK cascade”, “vascular process in circulatory system”, and “regulation of cellular 

response to stress” (Figure 4A). Immune responses are known to be linked to endothelial dysfunction, 

which in turn is related to a lower activity of protein kinase G, titin hypophosphorylation, and an 

increased resting tension of cardiomyocytes and a hypertrophic response [56]. Endothelial 

dysfunction-related impaired NO bioactivity also results in endothelial-to-mesenchymal transition, 

during which ECs differentiate into (myo)fibroblasts and contribute to cardiac fibrosis. The 

identification of inflammation and MVD related mechanisms in the gene set of group A, thus imply 
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that these initiating factors that contribute to LVDD and HFpEF could be mainly induced by circulating 

UTs during post-menopause. 

Gene functions annotated from the 138 cardiac related genes in group B include “Notch signaling 

pathway”, “ERBB signaling pathway”, “fibroblast growth factor receptor signaling pathway” and 

“downregulation of immune process” (Figure 4B). During embryonic ventricular development, Notch 

activation induces the expression of EPHRINB2, NRG1 and BMP10, resulting in trabecular 

differentiation and the proliferation of trabecular cardiomyocytes. In addition, Notch pathway, 

especially NOTCH1, is important in regulating endothelial function in the aortic valve, whereas  

endothelial dysfunction is associated with aortic valve calcification [69]. In response to pressure 

overload of the left ventricle due to aortic valve calcification, the myocardium becomes hypertrophic, 

eventually leading to diastolic dysfunction [70, 71]. A recent paper showed an increased level of Notch 

ligand DLL1 was associated with diastolic dysfunction, but no significant association between serum 

level of DLL1 and HF patients with LVEF>50% was found [72]. 

ERBB signaling is activated by endothelium-derived neuregulins. Parodi et al. indicated that during 

heart development, neuregulins-ERBB4 complex initiates dimerization with ERBB2, leading to a 

neuregulins/ERBB signaling cascade that promotes cardiomyocytes proliferation and differentiation 

[73]. Protein levels of ERBB2 and ERBB4 have been reported to be extremely reduced in HF patients, 

suggesting a key role of ERBB signaling in maintaining cardiac function [73]. In line with this notion, 

genetic knockdown of FRG receptor 1 and 2 in ECs of myocardial infarcted mice led to decreased vessel 

density, increased apoptosis and worsened cardiac function measured by echocardiography, 

suggesting a protective role of fibroblast growth factor signaling in vascular adaptation for 

cardiomyocyte function during ischemic heart injury [74]. 

To conclude, these findings imply that E2 might protect the heart against UTs by suppressing 

inflammatory responses, protecting cardiac vessel density and facilitating cardiomyocyte proliferation 

in an EC-cardiomyocyte paracrine crosstalk dependent manner. 
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Figure 4. Gene annotations based on 38 genes and 138 genes related to cardiac function in group A and B. A, B) 
Gene functions including; immune response, apoptosis, response to lipid and stress signals in blood vessel cells 
were annotated by GeneMANIA (default parameters) in group A, whereas gene functions including; 
downregulation of immune-related process, ERBB signaling pathway, Notch signaling pathway and fibroblast 
growth factor receptor signaling were annotated in group B. Genes in black and/or with lines within the nodes 
are input gene and genes in grey and/or without lines within the nodes are annotation genes. C, D) Proportions 
of cardiac function-related genes within group A and B, respectively. 

 

5. Conclusion 

In the current review, we aimed to gain more insight into the gene expression profiles of ECs that are 

predisposing and preventing MVD and MVD-related HFpEF in postmenopausal women with CKD. By 

analyzing three published microarray datasets based on the transcriptome responses of IS-, HP- and 

E2-treated HUVECs, we conclude that transcriptional changes of ECs exposed to CKD-associated 

circulatory risk factors IS and HP are characterized by increased expression of genes that are related 

to activation of inflammation and dysregulation of angiogenesis. In addition, these deleterious 

pathogenic expression profiles may be ameliorated by E2 protection during the premenopausal period 

by a gene expression profile that promotes suppression of UTs-induced inflammation and facilitates 

angiogenesis by restoring coagulation and hemostasis in injured vessels. Reduced estrogen levels 

during and after menopause could accelerate the development of cardiorenal syndrome and CKD-

associated HFpEF in CKD patients due to loss of E2 protection of the endothelium in the deleterious 
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environment of UTs. Our analysis provides, for the first time to our knowledge, a comprehensive in 

silico analysis of possible genes involved in CKD associated MVD that are regulated by E2 and may be 

more affected during postmenopause period. Other mechanisms, which could also contribute to CKD-

related HFpEF, might interact or work in parallel with our proposed mechanism. Clinical studies of the 

high-risk population of postmenopausal patients with cardiorenal syndrome are required to further 

verify our findings and to reveal the precise disease mechanisms involved. Eventually, improved 

insight into the link between loss of estrogen protection, MVD onset and progression in the CKD 

postmenopausal population could yield new and more dedicated biomarkers and drug targets for the 

development of new diagnostic tools and pharmacotherapies for HFpEF for this specific patient 

population. 
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Abstract 

Indoxyl sulfate (IS) is an accumulative protein-bound uremic toxin found in patients with kidney 

disease. It is reported that IS impairs the vascular endothelium, but a comprehensive overview of all 

mechanisms active in IS-injury remains currently lacking. Here we performed RNA sequencing in 

human umbilical vein endothelial cells (HUVECs) after IS or control medium treatment and identified 

1,293 genes that were affected in a IS-induced response. Gene enrichment analysis highlighted 

pathways involved in altered vascular formation and cell metabolism. We confirmed these 

transcriptome profiles at the functional level by demonstrating decreased viability and increased cell 

senescence in response to IS treatment. In line with the additional pathways highlighted by the 

transcriptome analysis, we further could demonstrate that IS exposure of HUVECs promoted tubule 

formation as shown by the increase in total tubule length in a 3D HUVECs/pericytes co-culture assay. 

Notably, the pro-angiogenic response of IS and increased ROS production were abolished when 

CYP1B1, one of the main target genes that was highly upregulated by IS, was silenced. This observation 

indicates IS-induced ROS in endothelial cells is CYP1B1-dependent. Taken together, our findings 

demonstrate that IS promotes angiogenesis and CYP1B1 is an important factor in IS-activated 

angiogenic response. 

 

Keywords: indoxyl sulfate; chronic kidney disease; reactive oxygen species; CYP1B1; angiogenesis 
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1. Introduction 

Indoxyl sulfate (IS) is a uremic retention solute that accumulates in the systemic circulation due 

to renal impairment [1]. Unlike other uremic retention solutes that are water-soluble or non-protein-

bound, IS binds to albumin (66.5kDA) and cannot be cleared effectively via dialysis, which is the main 

method to remove uremic toxins in end-stage chronic kidney disease (CKD) patients [1]. Compared to 

healthy individuals, serum IS levels are nearly 50 times higher in patients with acute kidney injury (AKI) 

and reach the highest level in patients with end-stage CKD [2]. Circulating IS has been shown to play 

an important role in the progression of CKD and the development of cardiac disease, such as left 

ventricular hypertrophy [3]. Although treatment with the carbonaceous adsorbent AST-120 to lower 

serum IS level showed improvement on renal and cardiac function in both animal models and a phase 

II study, it failed to demonstrate promising results in the subsequent phase III trial [4, 5]. More studies 

based on a genome wide analysis approach could shed new light on the working mechanism of IS 

associated cardiorenal disease and provide new targets for the development of new therapeutic 

approaches. 

Studies have implied that IS first impairs endothelial function, which subsequently contributes to 

the worsening of kidney function and the development of cardiovascular disease [6]. Flow-mediated 

endothelial dilation (FMD), which is a clinical parameter for endothelial function, is significantly lower 

in CKD patients when compared to healthy individuals and hypertensive patients [7]. Notably, by 

lowering IS level, FMD increases in CKD patients and correlates inversely with IS levels. In vitro studies 

have revealed that IS inhibits nitric oxide (NO) production, which is a critical regulator of vascular tone, 

while it promotes reactive oxygen species (ROS) release, resulting in oxidative stress [7-9]. 

Furthermore, IS inhibits the proliferation ability of endothelial cells (ECs) by activating aryl 

hydrocarbon receptor-mediated cell senescence [10]. Besides the direct deleterious effect of IS on 

ECs, IS also interferes with the immune system and actives inflammatory cytokines, such as IL-1β, E-

selectin and TNF-α, which contribute to EC apoptosis and result in endothelial dysfunction [11, 12]. 

Thus IS appears to have a broad and complex effect on endothelial function. A genome-wide 

transcriptome study would aid in mapping the key driving signalling factor(s) underlying this important 

IS-induced disease mechanism. 

In the present study, we conducted a genome-wide transcriptome analysis using RNA sequencing 

(RNA-seq) to reveal the transcriptome profile of IS-treated human umbilical vein endothelial cells 

(HUVECs). Based on the set of IS influenced genes, we performed gene enrichment analyses and 

obtained indications on altered pathways involved in cell migration, angiogenesis, apoptosis and cell 

metabolism. We studied these enriched biological processes at the functional level using an 

established 3D collagen-based in vitro model for angiogenesis [13, 14]. An activated angiogenic 
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response was observed under IS stimulation. Furthermore, cytochrome P450 1B1 (CYP1B1) was 

identified as one of the strongest up-regulated genes in IS-treated HUVECs. Silencing of CYP1B1 

decreased IS-induced ROS and attenuated angiogenic response under IS stimulation, implying a role 

for CYP1B1-dependent ROS production in the IS-induced angiogenic response. 

 

2. Results 

2.1.RNA-seq reveals differentially expressed genes in IS treated HUVECs 

We studied transcriptome changes in HUVECs after 24 hr stimulation of 250 µM IS as compared 

to the potassium salt (KCl) control using RNA-seq. Heatmap depicts clustering of samples based on all 

differentially expressed genes between the two groups (Figure 1A). Volcano plot shows both fold 

change and p-value of all genes in log 2 scale, and differentially expressed genes were highlighted in 

red (Figure 1B). In total, we identified 1,293 genes that were differentially expressed between KCl 

control and IS groups (p-value<0.05, Table 1, Supplementary Table 1). Of these, 643 genes were up-

regulated by IS as compared to the control group, and gene enrichment analysis showed that they 

were mostly involved in cell migration, angiogenesis and programmed cell death processes (Figure 

1C); 650 genes were down-regulated by IS, and these were mainly enriched for biological processes 

related to cell metabolism, such as cell cycle process, chromosome segregation, and cell division 

(Figure 1D). 

2.2. IS inhibits cell viability at high concentration 

As the transcriptome profile indicated that apoptosis was enhanced by IS in HUVECs, we 

performed MTT assay to examine the viability of IS-treated HUVECs. IS at 250 µM decreased cell 

viability as compared to the control, although the decrease was not significant (p-value=0.07, Figure 

2A). A significant decrease of cell viability was achieved in 500 µM and 750 µM IS treated HUVECs (p-

value<0.05, Figure 2A). 

2.3. IS induces cell senescence 

The transcriptome data also indicated that cell cycle progression was impeded by IS exposure. 

For validation, we examined IS-induced senescence features. HUVECs were incubated with 250 µM IS 

or control buffer for 24 hr incubation before the X-gal assay for senescent cell detection. We observed 

more X-gal positive cells (blue) in IS group when compared to the control (Figure 2B). In line with this 

finding, the expression level of cell senescence marker CDKN1A was significantly higher in IS group 
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when compared to the KCl control, whereas the expression level of cell proliferation marker KI67 was 

significantly lower in IS group, as shown by RT-qPCR validation (Figure 2C). 

 

 
Figure 1. Comparison of the transcriptome profile of HUVECs treated with IS to KCl treated control groups. (A) 
Heatmap depicts clustering of samples based on all differentially expressed genes between two groups. (B) 
Volcano plot presents fold change (x-axis) and p-value (y-axis) of all genes in log 2 scale. Differentially expressed 
genes are shown in red. (C) Top 5 Enriched biological processes (green) and pathways (orange) based on IS 
upregulated genes. (D) Top 5 Enriched biological processes (green) and pathways (orange) based on IS 
downregulated genes. 
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Table 1. Top 10 genes that were significantly up- or down-regulated in IS-treated HUVECs when compared 
to the KCl treated control. 

Category Ensembl ID Gene 
symbol 

Gene name Angiogenic 
function† 

Fold change 
(log2 ) P-value 

Up-
regulation 

ENSG00000138061 CYP1B1 
Cytochrome P450 

Family 1 Subfamily B 
Member 1 

Promote 
angiogenesis 1.434 1.390E-38 

ENSG00000114812 VIPR1 Vasoactive Intestinal 
Peptide Receptor 1 Not known 1.321 1.072E-36 

ENSG00000137809 ITGA11 Integrin Subunit Alpha 
11 Not known 1.272 4.190E-32 

ENSG00000178695 KCTD12 
Potassium Channel 

Tetramerization 
Domain Containing 12 

Not known 0.883 3.247E-17 

ENSG00000063438 AHRR Aryl-Hydrocarbon 
Receptor Repressor Not known 0.872 4.144E-15 

ENSG00000007908 SELE Selectin E Not known 0.746 1.240E-13 

ENSG00000137331 IER3 Immediate Early 
Response 3 Not known 0.736 5.396E-19 

ENSG00000163659 TIPARP 
TCDD Inducible 

Poly(ADP-Ribose) 
Polymerase 

Not known 0.734 8.865E-20 

ENSG00000144476 ACKR3 Atypical Chemokine 
Receptor 3 

Promote 
angiogenesis 0.695 1.596E-13 

ENSG00000144802 NFKBIZ NFKB Inhibitor Zeta Not known 0.663 3.022E-10 

Down-
regulation 

ENSG00000117724 CENPF Centromere Protein F Not known -0.586 1.114E-14 

ENSG00000143476 DTL 
Denticleless E3 

Ubiquitin Protein 
Ligase Homolog 

Not known -0.554 8.619E-08 

ENSG00000163808 KIF15 Kinesin Family Member 
15 Not known -0.510 1.195E-06 

ENSG00000138778 CENPE Centromere Protein E Not known -0.490 1.912E-08 

ENSG00000137812 CASC5 Kinetochore Scaffold 1 Not known -0.483 8.198E-08 

ENSG00000184661 CDCA2 Cell Division Cycle 
Associated 2 Not known -0.482 2.314E-06 

ENSG00000066279 ASPM Abnormal Spindle 
Microtubule Assembly Not known -0.473 7.741E-10 

ENSG00000156802 ATAD2 ATPase Family AAA 
Domain Containing 2 

Inhibit 
angiogenesis -0.470 9.314E-09 

ENSG00000196549 MME Membrane 
Metalloendopeptidase Not known -0.465 9.572E-08 

ENSG00000132646 PCNA Proliferating Cell 
Nuclear Antigen Not known -0.461 3.809E-09 

†: Established biological function of each gene in relation to angiogenesis was collected from NCBI Gene 
(https://www.ncbi.nlm.nih.gov/gene). 

 

2.4. IS does not influence cell migration ability 

Transcriptome data implied that IS enriched transcripts of genes were involved in cell migration. 

We used both invasive wound healing assay and non-invasive plug assay to study the influence of IS 
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on the cell migration capacity. After 24 hr incubation with either IS or KCl control buffer, the migration 

distances of HUVECs were comparable between two groups at three difference concentrations using 

the wound healing assay (Fig. 2D and 2E). Likewise, no difference was detected between the two 

groups on the number of migrated HUVECs into the cell-free area using the plug assay (Figure 2F and 

2G). 

 

Figure 2. Functional examination of the identified IS related processes: Assessment of cell viability, senescence 
and migration in response to IS. (A) Cell viability was studied using a MTT assay. IS diminished viability of HUVECs 
when compared to the control at three difference concentrations (n=4). (B) A representative image of X-gal 
activity in HUVECs treated with 250 μM IS or KCl control buffer, at 10x magnification. More X-gal positive cells 
(blue) were observed in IS group when compared to the control. (C) RT-qPCR results showed a higher expression 
level of cell senescence marker CDKN1A and a lower expression level of cell proliferation marker KI67 in HUVECs 
after exposing to 250 μM IS when compared to the KCl control (n≥5). (D) An invasive wound healing assay was 
performed to study the influence of IS on cell migration ability. No difference on the migration distances of 
HUVECs was shown between two groups at three difference concentrations (n=3). (E) Examples of migrated 
HUVECs after exposure to 250 μM IS or KCl control after 24 hr in the wound healing assay, at 4x magnification. 
(F) A non-invasive plug assay was also performed to study the influence of IS on cell migration ability. No 
difference on the migrated HUVECs into the cell-free area was shown between two groups at three difference 
concentrations (n=6). (G) Examples of migrated HUVECs after exposure to 250 μM IS or KCl control after 24 hr 
in the plug assay. 2x magnification was used. All values are presented as mean ± SEM and they are shown in 
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arbitrary units (AU), #p-value<0.1, *p-value<0.05. White lines indicate migration area in wound healing and plug 
assay. 
 

2.5. IS promotes angiogenic response 

The main biological process enriched in upregulated genes of the IS response was blood vessel 

morphogenesis. To validate this, we used a 3D collagen-based co-culture model to study the influence 

of IS on endothelial reorganization and tubule formation. In this assay, HUVECs-GFP cells and 

pericytes-DsRED were cultured together in type I collagen and incubated with IS or control buffer for 

3 days. In control conditions, these vascular cells will undergo EC sprouting, tubule formation and 

pericytes-induced stabilization of neovascular structures in 3-5 days. Compared to the standard 

culture medium, the KCl-adjusted control medium did not affect formation of vascular structures. No 

difference on the number of branches, the number of tubules and total tubule length was detected 

between IS and KCl control treated co-cultures at day 1 post-stimulation. At day 3 both the number of 

branches and tubules in IS groups were higher than the controls (p-value=0.063 and p-value=0.062 

respectively). The total tubule length in IS group was significantly higher compared to control (p-

value<0.05, Figure 3A and 3B). Combined, these in vitro data, except for the migration assays, confirm 

the findings from transcriptome analysis, and demonstrate the complex effects of IS on ECs 

homeostasis and regenerative capacity. 

2.6. Depletion of CYP1B1 inhibits tubular formation  

CYP1B1 showed the highest fold change among IS up-regulated genes based on the RNA-seq data. 

To investigate the role of CYP1B1 in IS-treated HUVECs, we first validated its expression level using RT-

qPCR and obtained a consistent result (Figure 4A). Compared to the siSham transfected HUVECs, a 

significant lower mRNA expression level of CYP1B1 was observed in CYP1B1 silenced HUVECs 3 days 

post transfection (Figure 4B). Next, we investigated the possible involvement of CYP1B1 in relation to 

IS-induced angiogenesis in the previously described co-culture assay. After exposure to 250 µM IS, the 

number of branches, the number of tubules and total tubule length were significantly lower in CYP1B1 

silenced HUVECs when compared to siSham transfected cells at day 3, and remained highly suppressed 

at day 4 after IS stimulation (Figure 4C and 4D). 
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Figure 3. Examination of IS affected angiogenic responses. (A) A 3D co-culture model, in which HUVECs-GFP cells 
and pericytes-DsRED were cultured together in type I collagen, was used to study the influence of IS on 
angiogenesis at 250 μM. No difference on the number of branches, the number of tubules, and the total tubule 
length was detected between the two groups at 24 hr after incubation. After 3 days, IS showed a tendency to 
promote angiogenesis by increasing all three parameters when compared to the KCl control (n≥25). (B) Confocal 
images showing representative examples of vascular formation at day 3 post 250 μM IS or KCl control 
stimulation. Images shown in the upper row were taken at 20x magnification and zoomed-in views are shown in 
the lower row. In red are shown DsRED marked pericytes. In green are shown GFP marked HUVECs. All values 
are mean ± SEM, #p-value<0.1, *p-value<0.05. 
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Figure 4. Investigation of increased CYP1B1 expression in IS influenced angiogenic responses. (A) Bar graphs 
show results of RT-qPCR evaluation of CYP1B1 expression level in HUVECs treated with  250 μM IS compared to 
the KCl controls (n=6). (B) Bar graphs show results of RT-qPCR evaluation of CYP1B1 expression level in CYP1B1 
silenced HUVECs when compared to siSham transfected cells at day 3 post transfection (n=4). (C) Bar graphs 
show the number of branches, the number of tubules, and the total tubule length in CYP1B1 targeting siRNA 
transfected HUVECs (siCYP1B1) compared to sham transfected HUVECs (siSham) 3 days and 4 days after 250 μM 
IS stimulation (n≥3). (D) Examples of vascular formation at day 3 post 250 μM IS in siSham and siCYP1B1 treated 
HUVECs. In red are shown DsRED marked pericytes. In green are shown GFP marked HUVECs. 20x magnification 
was used. All values are presented as mean ± SEM and they are shown in arbitrary units (AU), *p-value<0.05, 
**p-value<0.01, ***p-value<0.001. 
 

2.7. CYP1B1 plays an important role in IS-increased ROS production  

ROS plays an important role in the induction of endothelial dysfunction and has been shown to 

trigger the angiogenic response [15]. Next, we studied the possible involvement of CYP1B1 in IS-

induced ROS production. In line with previous reports, IS-treated HUVECs showed significantly higher 

ROS level when compared to the control at three different concentrations (p-value<0.05, Figure 5A 

and 5B), indicative of enhanced cellular oxidative stress. However, HUVECs transfected with siRNA 

targeting CYP1B1 transcripts demonstrated a decrease in ROS production compared to control sisham 
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transfected groups at three difference concentrations (Figure 5C and 5D). Additionally, we further 

investigate this effect in cardiac microvascular endothelial cells (CMECs) to access whether it holds 

true in the arterial vascular bed, in particular cardiac microcirculation. Notably, we also observed a 

significantly increase of ROS production in IS-treated CMECs, which was attenuated after silencing 

CYP1B1 (Fig. 5E). Combined, these data indicate a regulatory role of CYP1B1 in endothelial ROS 

production.  

 

Figure 5. Detection of intracellular ROS production and the involvement of CYP1B1 in IS influenced ROS level. 
(A) IS or control treated HUVECs were loaded with CM-H2DCFDA, a fluorescent indicator for ROS. Bargraphs 
show detected fluorescent signal representing ROS production in IS group when compared to the KCl control at 
three difference concentrations (n=4). (B) Confocal figures showing representative examples of ROS signals in 
HUVECs treated with 250 μM IS compared to the KCl controls. (C) ROS signal measured in HUVECs treated with 
siRNA targeting CYP1B1 (siCYP1B1) versus non-targeting siRNA shams (siSham) with different doses of IS or 
equivalent doses of KCl control stimulation. (n≥9 for each group). (D) Confocal figures showing typical examples 
of ROS signals in siSham or siCYP1B1 treated HUVECs at 24hr after exposure to 250 μM IS or KCl control. 20x 
magnification was used. (E) ROS signal measured in CMECs treated with siCYP1B1 versus siSham (n=3) with or 
without 250 μM IS stimulation. All values are mean ± SEM and they are shown in arbitrary units (AU), *p-
value<0.05, **p-value<0.01. 
 

3. Discussion 

In the present study, we demonstrated using whole genome transcriptome analysis that the IS 

affected genes in ECs were mostly enriched in biological functions related to vascular formation, cell 
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apoptosis, and cell cycle. Consistent with previous studies, we validated in in vitro assays that IS indeed 

induced an EC phenotype with reduced cell viability and increased activated cellular senescence [9, 

10]. Paradoxically, we also observed enhanced angiogenic capacity of vascular cells in our 3D co-

culture system in response to IS stimulation, which was in line with our transcriptome findings. We 

identified CYP1B1 as a new downstream target of IS and demonstrated the pro-angiogenic effect of IS 

was likely to be regulated via CYP1B1 modulation of endothelial ROS levels. 

Dou and colleagues showed that IS decreased cell proliferation ability of HUVECs, but it did not 

affect cell viability at tested concentrations (from 100 μM to 1 nM) using the trypan blue exclusion 

test, which stains only dead cells [16]. We did not observe an effect on cell viability after 250 μM IS 

stimulation, however we showed that 500 μM and 750 μM impaired cell viability using the MTT assay, 

which more reflects metabolic activity. Dou et al. also showed that in the presence of 4% human 

albumin, IS decreased the wound repaired at the concentration of 125 μg/mL and 250 μg/mL. This 

reduction remained but was milder in IS-treated cells without the addition of albumin. Contradictory, 

we did not find any effect of IS on cell migration and would healing ability, which might be explained 

by difference in assay setups: No albumin was used in our stimulation buffer and the effect we 

obtained might resemble more of the non-bound IS. However, the exact effect of albumin binding of 

IS on endothelial cell response remains to be further evaluated.  

Patients with AKI suffer from oxidative stress, during which oxygen radicals could lead to cell 

injury and trigger apoptosis and senescence [17, 18]. The application of antioxidants in lowering ROS 

level and to modulate AKI has been extensively studied and reviewed in previous studies [19]. In CKD 

patients, ROS level remains at a high level, especially in patients with end stage kidney disease, and 

has been proposed as an important mediator in CKD-associated cardiovascular diseases [20, 21]. 

Consistent with previous studies showing the ability of IS to induce ROS [6, 9], we also showed IS-

induced ROS production. IS is a protein-bound toxin and around 90% of IS bind to plasma proteins [22, 

23]. Most previous in vitro studies used a range from 62.5 μM to 1000 μM “free” IS  [24-26] or 2 mM 

to 20 mM protein-bound IS [27, 28]. Additionally, 250 μM IS is comparable to the mean serum level in 

CKD patients [29, 30], and the maximum IS concentration in the circulation of patients is 

approximately 236 mg/L (939.1μM) as reported by the European Uremic Toxin Work Group [31]. 

Therefore, we examined IS at a broad range of concentrations from 250 μM to maximum 750 μM. 

Furthermore, we observed this effect in both HUVECs and CMECs, suggesting a potential role of IS-

induced ROS in cardiorenal syndrome. 

Excessive ROS has been shown to promote angiogenesis by inducing proangiogenic factors in ECs, 

such as VEGF, MMPs, ANGPT1, and VEGFRs [32]. ROS also oxidize phospholipids and the resulting 

oxidant products could contribute to angiogenesis via TLR signalling [15]. The transcriptome data 
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indicated that IS exposure significantly increased expression levels of VEGFC, MMP1, MMP24-AS1 and 

MMP25-AS1 in ECs. Furthermore, in our co-culture assay, we found a significant increase in total 

tubule length 3 days after exposing to IS, indicating IS activated a (micro)vascular angiogenic response. 

A major source of ROS is cytochrome P450 activity [33]. Cytochrome P450 is a large complex of 

enzymes, which are actively involved in more than 70% of all drug metabolism by initiating 

monooxygenase or hydroxylation reaction via other substrates (i.e. oxygen and NADPH) [34]. During 

the reaction, P450 produces active oxygen species and subsequently contribute to excessive ROS 

formation [33].  

CYP1B1, the biggest known human P450 protein in terms of size of mRNA and amino acids, is 

highly expressed in tumour cells and studies have highlighted its important role in tumour 

development [35]. Compared to the general population, the prevalence of cancer is higher in patients 

with moderate CKD and patients received dialysis or kidney transplantation [36]. Notably, McFadyen 

and colleagues showed a higher CYP1B1 expression in renal cell carcinoma when compared to the 

normal kidney [37]. Gondouin et al. further showed that IS increased CYP1B1 expression in HUVECs 

using a microarray setup [38]. Consistent with previous studies, we also demonstrated an increased 

in CYP1B1 expression levels in response to IS. In fact, our RNAseq based analysis showed that CYP1B1 

had the highest fold change increase among all IS-activated genes. So far, only a limited number of 

studies have shown the involvement of CYP1B1 in angiogenesis. Dallaglio and colleagues showed that 

both the RNA and protein expression levels of CYP1B1 were significantly down-regulated in HUVECs 

after exposing to metformin, which inhibited vascular formation in vitro [39]. Tang and colleagues 

showed that the number of retinal blood vessels was decreased in mice that lacked CYP1B1 [40]. They 

also confirmed that the lack of CYP1B1 impaired endothelial cell sprouting in vitro, which could be 

reversed by restoring CYP1B1 expression. Both studies used only one vascular cell type (ECs) in a 2D 

Matrigel based model. A later study from Palenski and colleagues examined the involvement of 

CYP1B1 in both retinal ECs and pericytes that were isolated from mice [41]. They also observed 

impaired vascular formation using the Matrigel model, in which ECs that lacked CYP1B1 were cultured 

with normal pericytes. Expanding on these previous findings, using our established 3D type I collagen 

human-derived EC and pericyte co-culture model that allows complex vascular structure formation 

[13, 14], we provide evidence that the enhanced angiogenic response under IS stimulation is partially 

mediated via CYP1B1 upregulation by IS in endothelial cells. 

Interestingly, multiple studies show defective angiogenesis in CKD patients. Futrakul and 

colleagues showed that CKD patients had nearly 17-fold increase of circulating endothelial cells that 

reflected vascular injury when compared to healthy individuals. This was also linked to a decrease in 

VEGF/endostatin ratio that indicated a decline in angiogenic capacity [42]. A recent study included a 
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larger population of both CKD patients and healthy individuals, and showed a decrease in 

angiopoietin-1/VEGF-A ratio in CKD patients when compared to the control, indicating impaired 

angiogenesis and enhanced endothelial leakage [43]. In AKI, hypoxia impaired angiogenesis has also 

been identified, which has been proposed to contribute to the transition from AKI to CKD [44]. 

However, only a limited number of studies are focused on the influence of IS on angiogenesis. Hung 

and colleagues showed that accumulated IS in nephrectomised mice inhibited the maturation of 

endothelial progenitor cells (EPCs) and subsequently suppressed neovascularization [45]. By treating 

these mice with AST-120 that removes IS precursor indole in the intestine, they showed a decreased 

plasma level of IS and an improvement in the EPC-based neovascularization. Another study showed IS 

inhibited the chemotactic motility and the colony-forming ability of human EPCs [46]. In our study, IS 

activated genes were highly enriched for angiogenesis. We also showed increased branches and 

tubule formation at 3 days after IS stimulation in vitro, and the total tubule length was significantly 

higher in IS group. Combined, our data suggest enhanced vascular formation activity in response to IS. 

It is important to point out that different cell types were used in previous studies and in our study, 

namely EPCs and HUVECs respectively [47]. Besides, instead of vasculogenesis during which vascular 

formation occurs from in situ differentiating EPCs [48], we used a well-established model to study 

angiogenesis of differentiated ECs. Additionally, tubular structures seem to decline from day 3 post IS 

stimulation to day 4 in CYP1B1 silenced cells, whereas it remained stable or slightly increased between 

day 3 and day 4 in absence of IS stimulation (Supplementary Figure 1). Further studies are required to 

examine the long-term effect of IS on angiogenesis. Combined, they could explain the different 

findings between previous studies and the present study. 

IS has been shown to function as a ligand for aryl hydrocarbon receptor (AhR), and the AhR 

signaling is activated upon binding [49]. Notably, the expression level of AhR is relatively high in kidney 

[50], and the highest level of accumulated IS has also found in kidney as compared to lung, heart and 

liver [51]. A positive correlation between the increased activation of AhR signaling and CKD has also 

been shown [52], suggesting the deleterious effect of AhR signaling in kidney disease. The downstream 

targets of AhR signaling vary among cell types [53-56]. To investigate the regulation between IS and 

AhR signaling in ECs, we collected 266 established AhR targets (systematic name: M9986 and M17378) 

from Molecular Signature Database v6.2 and performed gene set enrichment analyses (GSEA) to 

examine the representation level of AhR targeted genes in differentially expressed genes from our 

study. We observed an over-representation of AhR downstream targets in the IS-activated genes 

under the default settings (FDR<25%, Supplementary Report 1 and Supplementary Figure 2), implying 

the activation of AhR pathway by IS in HUVECs. Taken together, these data highlight an important 

main regulatory pathway through which IS could negatively impact the regenerative capacity of the 
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renal vasculature in renal disease. More studies are required to investigate the effect of IS-mediated 

AhR signaling on angiogenic response in ECs. 

In terms of disease, we previously reported increased capillary networks in heart and kidney of 

obese ZSF1 rat with cardiorenal metabolic syndrome when compared to the controls, indicating an 

activated angiogenic response [57]. Despite the enriched ECs foci and pericytes foci, the lack of regular 

vascular endothelial luminal surface and the decrease of peritubular and glomerular endothelium 

suggested non-functional vasculature. Furthermore, they recruited macrophages, which subsequently 

contributed to the fibrotic formation. It is important to note that other risk factors, such as 

hypertension and onset of heart failure with preserved ejection fraction, were also observed in this 

obese ZSF1 rat model and could interfere with the impaired vascular formation. In the light of these 

findings, the observed IS-activated angiogenic responses need further investigation, especially in 

relation to their functional activities, the paracrine signaling with the immune system and the possible 

influence from other metabolic risk factors. 

In summary, we presented a comprehensive list of IS affected genes in ECs. Gene enrichment 

analyses indicated altered angiogenesis and cell metabolism. IS induced enhanced ROS production in 

ECs, which was CYP1B1-depedent. Furthermore, IS activated an angiogenic response in HUVECs-

pericytes co-culture. CYP1B1 deficiency in ECs resulted in a suppressed angiogenic response, indicating 

a critical role of CYP1B1 in IS-activated angiogenesis. We hypothesize that IS induces ROS level in ECs, 

which initiates the activation of the observed angiogenic responses. However, the influence of a 

chronic status of high ROS level on the balance between pro- and anti-angiogenic factors in vivo is 

more complex and remains to be elucidated. With the transcriptome data generated in our study, we 

offer a detailed overview of putative functional chances in EC-behaviour in response to IS, and we 

identified CYP1B1 as a key regulator in the process, shedding light into the underlying mechanism of 

IS-regulated vascular formation and maturation. 

 

4. Materials and Methods 

4.1. Cell culture 

Human umbilical vein endothelial cells (HUVECs) were cultured in EGM2 medium (Lonza) with 

100 Uml-1 penicillin-streptomycin (PS). Pooled donor HUVEC were purchased from Lonza and used in 

all functional assays in this study. For the sequencing purpose, HUVECs were isolated from three 

newborns anonymously and obtained from the Department of Gynecology, Utrecht (The 

Netherlands), with the informed consent under the EPD term. Human brain vascular pericytes 

(ScienCell) were cultured in DMEM (Gibco) supplied with 10% FCS and 100 Uml-1 PS. All cells were 
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cultured in the gelatin-coated dishes (Greiner Bio-One) in a 5% CO2 incubator at 37˚C. Cells between 

passage 3 and 8 were used in this study. 

4.2. RNA-seq and data analysis 

HUVECs were incubated with 250 µM IS for 24 hr. Potassium chloride (KCl) was used as a control, 

because IS is a potassium salt. Total RNA isolation was isolated using the RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s recommendations. Polyadenylated mRNA was further selected using 

Poly(A) Beads (NEXTflexTM) and libraries were generated using the NEXTflexTM Rapid RNA-seq Kit (Bio 

Scientific). Libraries were sequenced by the Nextseq500 platform (Illumina). Sequencing data were 

analysed as described previously [58]. Briefly, reads were aligned to the human reference genome 

GRCh37 and mapped to the transcriptome. Reads per kilobase million for each refseq gene were 

calculated [59] and a list of differentially expressed genes between IS and control groups was obtained 

at p-value<0.05 [60]. 

4.3. Gene enrichment analysis 

Differentially expressed genes were enriched for their biological functions using ToppGene Suite 

tool ToppFun (default setting: FDR correction, p-value cut off at 0.05 and gene limit set between and 

including 1 and 2000 per pathway) [61].  

4.4. Cell metabolism assay 

Cells were seeded to a gelatin-coated 96-well plate and incubated overnight for adhesion. Cells 

were washed once with PBS and incubated with either IS or control buffer for 24 hr. Afterwards, 

stimulation buffers were removed and cells were washed once with PBS, followed by 4 hr incubation 

with 100 µl MTT buffer (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 0.5 mg/mL, 

Sigma). MTT buffer was removed and 200 µl dimethyl sulfoxide (DMSO) per well was added to dissolve 

formed Formazan crystals. The plate was shaken gently using the IKA microplate shaker for 30 min in 

the dark. Absorbance was measured at 570 nm by the microplate reader (Bio-Rad). To correct for 

batch effects, an additional condition of cells cultured in the standard growth medium was included 

in each independent experiment. 

4.5. Senescence-associated beta galactosidase activity 

Cellular senescence was examined using the Senescence Detection Kit (Abcam). Briefly, treated 

HUVECs were washed once with PBS and fixed using Fixative Solution for 15 min in the incubator. 

Afterwards, HUVECs were washed twice with PBS and incubated with staining buffer containing 25 
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mg/mL X-gal overnight. TNFα (40 ng/mL) treated HUVECs were used as positive control. Images of 

random views were taken at 10x magnification using inverted fluorescence microscope. 

4.6. Wound healing assay 

Cells were seeded to a gelatin-coated 24-well plate (Greiner Bio-One) and were grown till 95% 

confluency in the growth medium. A scratch was made to create a cell-free area. Cells were washed 

once with PBS and incubated with IS or control buffer. Images were taken at 0 hr and 24 hr post 

stimulation. Area covered by migrated cells from the leading edge of the scratch was measured. To 

avoid batch effect, an additional condition of cells cultured in the standard growth medium was 

included in each independent experiment. 

4.7. Cell migration plug assay 

Cell stoppers (OrisTM) were pre-inserted to a gelatin-coated 96-well plate (Greiner Bio-One) to 

create a cell-free area. Cells were seeded to the plate and incubated overnight for adhesion. The 

following day cell stoppers were removed and cells were stimulated by IS or control buffer for 24 hr. 

Afterwards, cells were stained by calcein-AM (BD-Bioscience) and images were taken by the 

fluorescence microscopy. Cells that migrated into the cell-free area were analysed. 

4.8. 3D collagen co-culture assay 

Lentivirus green fluorescent protein transduced HUVECs (HUVECs-GFP) and lentivirus discosoma 

sp. Red fluorescent protein transduced pericytes (pericytes-DsRED) were mixed at 5:1 ratio in co-

culture medium, which is basal EBM medium supplied with 2% FCS, rhFGF-B, ascorbic acid and 100 

Uml-1 PS. Cell mixture supplied with growth factors, including IL-3, SCF-1 and CXCL12 (BD Bioscience), 

at the volume of 300µl was added to 200 µl bovine collagen type I (Gibco). NaOH was used to adjust 

pH to 7.5. Cell-collagen mixture was added to 96-well plate (50µl per well). After 1 hr incubation, 100 

µl EGM2 was added per well and the plate was incubated overnight. The following day IS or control 

buffer was added to the cells. Images were taken from day 1 till day 3 after stimulation using inverted 

fluorescence microscope and analysed by AngioSys 2.0. To correct for batch effects, an additional 

condition of cells cultured in the standard co-culture medium was included in each independent 

experiment. 

4.9. Detection of intracellular ROS levels in HUVECs 

Cells were seeded to a gelatin-coated 96-well plate and incubated overnight for adhesion. Next 

day, IS or control buffer was added to the cells. After 24 hr, stimulation buffer was removed and cells 

were exposed to 10 µM CM-H2DCFDA (Life Technologies) for 30 min in the dark. Excessive CM-
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H2DCFDA was washed twice with PBS, followed by the addition of 100 µl PBS supplied with 0.2% 

Bovine Serum Albumin. Images were taken using the Leica SP8X confocal microscope at 20x 

magnification, and the fluorescence intensity was measured at the wavelength of 485 nm (excitation) 

and 538 nm (emission) using the fluorescent plate reader (FluoroskanTM). 

4.10.Detection of intracellular ROS levels in cardiac microvascular endothelial cells (CMECs) 

Besides HUVECs, we also examined the impact of IS on ROS production in cardiac microvascular 

endothelial cells (CMECs). The culture of CMECs (Lonza, CC-7030) and cytoplasmic reactive oxygen 

species measurement were performed as previously described [62]. Briefly, 6 hours after exposure to 

250μm IS, CEMCs were washed once and incubated with 5µM CM-H2DCFDA (ThermoFischer, C6827) 

for 30min in phosphate buffer saline (Braun, 220/12257974/1110). Excessive CM-H2DCFDA was 

washed. Images were taken using the on a Zeiss Axiovert 200M Marianas inverted fluorescence 

microscope (Intelligent Imaging Innovations, Denver, CO, USA) with a 63x oil-immersion objective at 

37°C and 5% CO2 environment. All fluorescent images were corrected for background and negative 

controls. Quantification of all fluorescent images was performed using digital cell masking software 

(Slidebook 6, Intelligent Imaging Innovations). 

4.11. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis 

RNA was isolated from HUVECs treated by 250 µM IS for 24h or control buffer. The quality and 

quantity of RNA was measured by a spectrophotometer (DeNoVIX). Complementary DNA was 

transcribed using iScript Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions. RT-qPCR 

was performed to measure mRNA level of targeted genes using SYBR-GREEN-Cycler IQ5 detection 

system (Bio-Rad). β-actin was used as the housekeeping gene. Primer sequences were as follows: 

CYP1B1 (forward: 3’-TGATGGACGCCTTTATCCTC-5’; reverse: 5’-ACGACCTGATCCAATTCTGC-3’), 

CDKN1A (forward: 3’- GACACCACTGGAGGGTGACT-5’; reverse: 5’-ACAGGTCCACATGGTCTTCC-3’), KI67 

(forward: 3’- AAGCCCTCCAGCTCCTAGTC-5’; reverse: 5’-TCCGAAGCACCACTTCTTCT-3’), and beta-actin 

(forward: 3’-TCCCTGGAGAAGAGCTACGA-5’; reverse: 5’-AGCACTGTGTTGGCGTACAG-3’). 

4.12. Short interference RNA 

HUVECs were grown to 60% confluence and transfected with 200 nM CYP1B1-siRNA or non-

targeting Sham-siRNA (DharmaconTM) using lipofectamine according to the manufacturer’s 

instructions. The silencing effect of CYP1B1 expression in HUVECs was validated using RT-qPCR at 24 

hr and 72 hr post transfection. Successfully transfected cells were further used for comparing the 

intracellular ROS production and angiogenic response between IS and control groups as explained 

above. 
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4.13. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 7.02. Unpaired t-test was used to 

evaluate the difference between treatment and control groups. One-way ANOVA was used to evaluate 

the difference when three groups were included. All means are reported with SEM. P-values <0.05 

were considered statistically significant. 

4.14. Data availability 

RNA-seq data have been deposited in the National Center for Biotechnology Information Gene 

Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE132410. 

Differentially expressed genes in HUVECs with or without IS stimulation is presented in the 

Supplementary Table 1. 
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Supplementary Files – Online 

Supplementary Table 1. Differentially expressed genes in indoxyl sulfate stimulated HUVECs as 

compared to control. 

Supplementary Figure 1. IS-affected angiogenic responses compared to the control group with no IS 

stimulation at day 3 and day 4 respectively in a 3D co-culture model, in CYP1B1 silenced HUVECs. 

Supplementary Figure 2. Gene set enrichment plot for the AhR signalling. 

Supplementary Report 1. GSEA Report for differentially expressed genes.  
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ABSTRACT 

Background: H3K27ac histone acetylome changes contribute to the phenotypic response in heart 

diseases, particularly in end-stage heart failure. However, such epigenetic alterations have not been 

systematically investigated in remodeled non-failing human hearts. Therefore, valuable insight into 

cardiac dysfunction in early remodeling is lacking. This study aimed to reveal the acetylation changes 

of chromatin regions in response to myocardial remodeling and their correlations to transcriptional 

changes of neighboring genes. 

Results: We detected chromatin regions with differential acetylation activity (DARs, Padj.<0.05) 

between remodeled non-failing patient hearts and healthy donor hearts. The acetylation level of the 

chromatin region correlated with its RNA polymerase II occupancy level and the mRNA expression 

level of its adjacent gene per sample. Annotated genes from DARs were enriched in disease-related 

pathways, including fibrosis and cell metabolism regulation. DARs that change in the same direction 

have a tendency to cluster together, suggesting the well-reorganized chromatin architecture that 

facilitates the interactions of regulatory domains in response to myocardial remodeling. We further 

show the differences between the acetylation level and the mRNA expression level of cell-type-specific 

markers for cardiomyocytes and 11 non-myocyte cell types. Notably, we identified transcriptome 

factor (TF) binding motifs that were enriched in DARs and defined TFs that were predicted to bind to 

these motifs. We further showed 64 genes coding for these TFs that were differentially expressed in 

remodeled myocardium when compared with controls. 

Conclusions: Our study reveals extensive novel insight on myocardial remodeling at the DNA 

regulatory level. Differences between the acetylation level and the transcriptional level of cell-type-

specific markers suggest additional mechanism(s) between acetylome and transcriptome. By 

integrating these two layers of epigenetic profiles, we further provide promising TF-encoding genes 

that could serve as master regulators of myocardial remodeling. Combined, our findings highlight the 

important role of chromatin regulatory signatures in understanding disease etiology. 
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Myocardial remodeling, histone acetylation, transcriptome, transcription factor 
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INTRODUCTION 

Myocardial remodeling is defined as changes in the size, shape, structure, and function of the heart from 

cardiac injury due to various causes [1,2]. It is a complex process resulting from the interplay between 

cardiomyocytes (hypertrophy), cardiac fibroblasts (fibrosis), vascular smooth muscle cells (vascular 

stiffening), vascular endothelial cells (endothelial dysfunction), and leukocytes (inflammation) [2]. 

Pathological myocardial remodeling has a poor prognosis related to a higher risk of heart failure and 

sudden cardiac death [3]. Given the scarce availability of patient and control cardiac biopsies in humans, 

most mechanistic studies on myocardial remodeling are based on animal models or cultured cells [4–6] 

that do not necessarily represent the patient’s situation completely [7–9]. Human myocardial biopsies 

have been used to investigate remodeling between health and disease on the level of the methylome, 

transcriptome, and proteome [10–14]. However, chromatin regulation, defined as the dynamic 

modification of chromatin architecture to control gene expression [15,16], has not been systematically 

investigated. However, a previous study mapped the epigenome in failing human hearts [17]. Although 

the epigenetic regulation of specific classes of genes has been suggested to contribute to the phenotypic 

response throughout the mild-stage to the end-stage heart failure [18], there is still a lack of insight into 

the early-stage of cardiac dysfunction, which could be elucidated by studying chromatin regulation 

changes between healthy and remodeled non-failing human hearts. 

Chromatin immunoprecipitation and sequencing (ChIP-seq) is widely utilized to study chromatin 

regulation [19]. Key DNA regulatory regions and pathways in several (mostly inflammatory) diseases have 

been identified using ChIP-seq [20,21]. Histone 3 lysine 27 acetylation (H3K27ac) is found at both active 

enhancers and promoters, which are accessible to transcription factors (TFs), polymerases, and other 

members of the transcriptional complex in order to regulate transcription of genes [22]. Histone 

acetylome studies using the H3K27ac mark have successfully identified chromatin regulation changes 

under healthy and diseased conditions [23,24]. Additionally, the H3K27ac level correlates with gene 

expression levels [16]. Other histone marks that are indicative of transcription include promoter-regions-

associated H3K4me3 and H3K9ac and gene-bodies-associated H3K36me3 and H3K79me3 [25]. A recent 

paper further indicates that the H3K27ac and H3K36me3 marks serve as the best predictive marks for 

pathological gene programming in diseased human cardiomyocytes when compared with other histone 

marks [17]. Additionally, studies have shown that H3K27ac exhibits the best correlation with both active 

promoters and enhancers when compared with other marks [26,27]. Despite the rapid increase of ChIP-

https://paperpile.com/c/zaGcKb/yBGv+VXHd
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seq data over the last decade [28,29], the H3K27ac landscape that defines myocardial remodeling has 

been only scarcely investigated [17], mainly due to the lack of proper samples and controls. 

To improve our understanding of myocardial remodeling at the DNA regulatory level, in this study we 

employ a ChIP-seq approach to characterize the H3K27ac binding landscape. Our findings provide new 

insights into the early disease etiology, revealing genome-wide histone acetylation changes between rare 

remodeled non-failing myocardial biopsies from patients with severe aortic stenosis (AS) [30] and control 

samples from non-transplanted donor hearts. Firstly, our study yields a unique list of differentially 

acetylated regions (DARs) between these two groups. Secondly, by studying the chromatin dynamics, we 

show the well-organized chromatin structure that physically facilitates gene regulation. Enrichment 

analysis using annotated genes from DARs indicate altered extracellular matrix (ECM) organization and 

cell metabolism regulation in remodeled myocardium. Thirdly, we investigate the correlation between 

histone acetylation changes and the transcriptome changes using data from our study and published 

studies. Fourthly, we present the differences between the acetylation levels and the mRNA expression 

level of markers specific for cardiomyocytes and 11 non-myocyte cell types in response to myocardial 

remodeling, suggesting the additional mechanism(s) between chromatin acetylation and gene 

transcription. Lastly, we have identified TF binding motifs that are enriched in DARs and genes coding for 

TFs predicted to bind to these enriched motifs. Notably, 64 TF-encoding genes are differentially expressed 

in remodeled myocardium versus controls, and they may serve as candidate master regulators of 

myocardial remodeling. 

 

RESULTS 

DARs between non-failing remodeled hearts and control hearts 

We studied histone acetylation activity using H3K27ac ChIP-seq in myocardium from AS patient hearts 

when compared with control hearts, followed by multiple in silico analyses to illustrate chromatin 

structural dynamics and biological functions enriched by annotated genes in remodeled myocardium 

(Supplementary Figure 1). On average, we obtained 40,745±9,656 and 16,734±6,896 regions using 

H3K27ac ChIP-seq in control and patient samples, respectively. Among detected H3K27ac regions, 27,879 

regions were supported by at least two independent samples, out of which 11,358 unique regions showed 

significantly different H3K27ac occupancy between two groups (adjusted p-value<0.05, Figure 1a, 1b and 

1c, Supplementary Table 1). From these, we identified 5,634 regions with increased signal in patients 

https://paperpile.com/c/zaGcKb/iymK+is1P
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(hyperacetylation) and 5,724 regions with increased signal in controls (hypoacetylation). Examples of 

hyper- and hypoacetylated regions are shown in Figure 1d. This altogether demonstrates extensive 

changes in histone acetylation upon myocardial remodeling. 

 

Adjacent DARs tend to have the same direction in their acetylation changes  

A growing number of studies using chromatin conformation capture techniques (i.e. 4C-seq and Hi-C) have 

shown that compartments and topologically associating domains (TADs) are tissue-specific and contain 

preferential interactions of certain regulatory elements and genes [31]. Changes within and among TADs 

influence gene regulation, and such changes have been observed in cancer [31]. We found that regions 

with the same direction in acetylation change upon myocardial remodeling are more likely located next 

to each other (Figure 2a, 2b, and 2c). Using the adjacent (5kb-100kb) peak pairs we have found that one 

DAR is more likely followed by regions with the same direction of acetylation change when compared with 

randomized regions (p-value=2.4e-108, Figure 2d). Similar behavior was also observed in more distal 

(100kb-1Mb) peak pairs (p-value=0.00012, Figure 2d, and Supplementary Table 2). This suggests that 

adjacent DARs with the same direction in acetylation change might function together as larger regulatory 

domains or potential subdomains within TADs. 

https://paperpile.com/c/zaGcKb/An6h
https://paperpile.com/c/zaGcKb/An6h
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Figure 1. Differentially acetylated H3K27ac regions between patients and controls. a Principal component analysis 
(PCA) plot showing the clustering of patient and control samples based on H3K27ac profiles (using 500 regions with 
the highest variance). b MA plot showing the mean acetylation levels of all samples (x-axis) and the fold changes 
between two groups in the log2 scale (y-axis). Colored dots represent hyper (aqua)- and hypoacetylated (coral) 
regions in patients compared with controls respectively (adjusted p-value<0.05). c Heatmap depicts the clustering 
of samples based on all DARs acetylation levels. d Examples of DARs in the UCSC genome browser. Dot plots depict 
the acetylation level in patients (blue) and controls (orange). ENCODE =public ENCODE data default display. H3K27ac 
mark=ChIP-seq data of 7 cell types obtained from ENCODE. DHS =DNaseI hypersensitivity clusters in 125 cells. TFs 
=ChIP-seq data of 161 transcription factors. 

 

Figure 2. Distribution of tandem regulated chromatin domains (TRCDs). a Manhattan plot depicting the distribution 
of differentially H3K27 acetylated regions in patients vs. controls: non-significant regions (grey), hyperacetylated 
regions (aqua), and hypoacetylated regions (coral). b Zoomed-in view of clusters of TRCDs in the short-range 
(indicated with the bar with higher acetylation level in patients than in controls on chromosome 10. c Zoomed-in 
view of clusters of TRCDs in the short-range (indicated with the bar) with lower acetylation level in patients than in 
controls on chromosome 6. d Number of identified active and repressed TRCDs in short- and long-genomic distance 
respectively in real and randomly distributed dataset. 

 

Annotated genes from DARs are well correlated with their transcriptome changes  

We performed region-to-gene annotation from DARs. Briefly, we mapped genes located in the vicinity of 

DARs using a conservative window of ±5kb from the transcription start site (TSS), which is recognized to 

be within the promoter region range of most genes. In total, we annotated 1,294 and 5,886 genes in the 
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hyper- and hypoacetylated regions, respectively (Supplementary Table 3). Examples of noteworthy 

annotated genes in the hyper- and hypoacetylated regions are shown in Figure 1d. 

First, we confirmed that the H3K27ac signal corresponded to gene expression levels as proxied by RNA 

polymerase II (RNAPII) occupancy and RNA sequencing (RNA-seq) per sample (Figure 3a and 

Supplementary Figure 3). Next, we employed gene set enrichment analysis to examine the correlation of 

annotated genes from DARs with their mRNA expression changes in the transcription profiles obtained in 

this study and in previously published studies [11,12]. Based on 4,240 differentially expressed genes 

between patients and controls from the RNA-seq dataset in our study (P value<0.05, Supplementary 

Figure 4 and Supplementary Table 4), we showed a significant correlation between annotated genes from 

the hypoacetylated regions and genes with lower expression levels in patients (FDR<0.001, Figure 3b). In 

contrast, annotated genes from the hyperacetylated regions were not enriched in the pool of genes with 

higher expression levels in patients when compared with controls. However, annotated genes from the 

hyperacetylated regions showed a statistically significant correlation with genes with higher expression 

levels in patients when compared with controls from two published studies (FDR=0.007 and FDR<0.001). 

There was no significant correlation between the annotated genes from the hypoacetylated regions in the 

pool of lower expressed genes in these two studies (FDR=0.84 and FDR=0.22, Figure 3b). Taken together, 

these data suggest that the presence of an H3K27ac signal near TSS is positively correlated with the gene 

expression levels at the same sample level (Figure 3a), whereas changed H3K27ac signals near TSS and 

differentially expressed genes between patients and controls are not always correlated (Figure 3b). 

 

Annotated genes from DARs are enriched for remodeling-associated biological processes 

Next, we studied their enriched biological functions and pathways (Supplementary Figure 5). The most 

enriched biological functions in genes close to the hyperacetylated regions were linked to extensive ECM 

regulation and cell binding (Figure 4a). STRING analysis identified key gene-encoded proteins based on all 

genes involved in ECM-related processes, including TGFB1, FBN1, MFAP2, FBLN5, MFAP4, and a cluster of 

collagen encoding genes (Figure 4c). Likewise, genes involved in enriched Pathway and Biological Process 

“Hemostasis” and “response to wounding” were annotated by STRING to provide information on 

interactions in the wound healing process (Figure 4d). The most enriched GO Biological Processes in the 

hypoacetylated regions were summarized in Figure 4b, and a considerable number of them were involved 

in (transcriptional) regulation of protein synthesis. 

https://paperpile.com/c/zaGcKb/xpyn+mU57
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Figure 3. Correlation analysis of H3K27ac ChIP-seq data , RNAPII ChIP-seq data, and RNA-seq data. a Correlation 
between H3K27ac ChIP-seq vs. RNAPII ChIP-seq data (left plot) and RNA-seq data (right plot) in the same sample, 
respectively. H3K27ac ChIP-seq data is presented on the y-axis, whereas RNAPII ChIP-seq data and RNAseq data are 
shown on the x-axis and z-axis (log2 scale).  b Correlation between annotated genes from differentially acetylated 
regions and differentially expressed genes from transcriptome profiles from our study and two published studies. 
Differentially expressed genes per study are ranked by their fold changes and shown on the x-axis. The running 
correlation throughout the gene set is shown by the curve (green) and the running enrichment score (ES) is shown 
in the y-axis. Enrichment score normalized for gene set size (NES) and the false discovery rate (FDR) are shown above 
each plot. Black bars indicate annotated genes from differentially acetylated regions that are presented among the 
transcriptome profiles. 

 

Figure 4. Functional analysis based on genes identified from DARs. a Top enriched Pathways and GO Biological 
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Process based on 1,924 annotated genes in the vicinity of hyperacetylated regions that locate within a ±5kb range 
from the transcription start site. b Top enriched Pathways and GO Biological Process based on 5885 annotated genes 
in the vicinity of hypoacetylated regions that locate within a ±5kb range from the TSS. c Interaction of extracellular 
matrix-related genes, including TGF𝛃𝛃 pathway associated genes and a cluster of collagen encoding genes detected 
(STRING). d Interaction of genes that are involved in the wound healing process, gene-encoded proteins in platelet 
activation are indicated in red nodes (STRING). 

 

Acetylation levels and transcriptional levels per cell-type-specific marker 

To estimate from which cardiac cell type the H3K27ac signal and RNA-seq data are mainly derived, we 

further examined H3K27ac occupancy and mRNA expression level of cell-type-specific markers in our bulk 

data set. First, we collected validated markers for cardiomyocytes and 11 types of non-myocytes as shown 

by two recent studies in murine hearts in which single-cell RNA sequencing was used [32]. The promoter 

acetylation level and the mRNA expression level of each marker per cell type in all of our samples, in 

patients only, and in controls only, are shown in Figure 5a and Figure 5b, respectively. Interestingly, the 

acetylation levels of these marker genes remained consistent among the 12 cell types, and they were 

comparable between patients and controls. Their transcriptional levels were also consistent among the 

11 non-myocyte cell types and remained comparable between patients and controls. However, the mRNA 

expression levels of cardiomyocyte-specific markers in all samples were more profoundly expressed when 

compared with all non-myocyte markers, and this expression pattern was also observed in both patients 

and controls. We further highlighted the individual markers whose nearest upstream regions were 

significantly differentially acetylated (Figure 5c) and markers whose mRNA expression levels were 

significantly differentially expressed between patients and controls (Figure 5d). Out of 19 cardiomyocytes 

markers, the nearest chromatin regions of 7 markers were significantly differentially acetylated, while 

another 2 markers were significantly differentially expressed (Figure 5d). For the non-myocytes, some 

markers showed significant changes in both acetylation and transcriptional levels (i.e. fibroblast marker 

LAMC1). The comparable acetylation and mRNA expression levels of cell-type-specific markers between 

patients and controls suggest that the cell compositions in healthy and patient-derived cardiac tissues 

were not significantly different. Given the strikingly higher mRNA expression levels of markers for 

cardiomyocytes when compared with markers for 11 non-myocytes cell types, the RNA data were more 

likely to be representative of the transcriptional profile of the cardiomyocyte pool. 

https://paperpile.com/c/zaGcKb/37xE
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Figure 5. The promoter acetylation and mRNA expression levels of cell-type-specific markers. a The acetylation levels 
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of all makers per cell type in all samples, patient samples, or controls. b The mRNA expression levels of all markers 
per cell type in all samples, patient samples, or controls. c Markers, which showed significantly different acetylation 
levels at the 2.5kb upstream window from the transcription start sites between patients and controls, were shown. 
Each point represents a marker, and the fold change value was used and corresponds to the point size.  d Markers, 
which showed significantly different mRNA expression level between patients and controls, were shown. Each point 
represents a marker, and the fold change value was used and corresponds to the point size. RPM: reads per million, 
which were normalized. 

 

Discovery of transcription factor binding motifs (TFBMs) and candidate TFs in regulating myocardial 

remodeling 

To identify the possible upstream regulators of the observed chromatin activity changes, we investigated 

the occurrence of TFBMs in DARs. In total, we identified 304 and 540 TFBMs in the hyper- and 

hypoacetylated regions, respectively (Supplementary Table 5). We could assign 48 and 288 TFs with the 

ability to bind to TFBMs that were exclusively overrepresented in the hyper- and hypoacetylated regions, 

respectively (Figure 6a). Also, we could assign 231 TFs to TFBMs that were overrepresented in both hyper- 

and hypoacetylated regions. Genes coding for TFs that were identified in the hypoacetylated regions 

significantly correlated with genes with lower mRNA expression levels in patients when compared with 

controls (FDR<0.001, Figure 6a). However, genes coded for the predicted TFs from the hyperacetylated 

regions were not enriched in the pool of upregulated genes. By overlapping the annotated TFs in the 

hyperacetylated regions (48+231=279 in total) with the differentially expressed genes, we identified 16 

TFs (e.g. SMAD2 and ELF3) that were enriched in the hyperacetylated regions and were also presented 

with higher mRNA levels in patients when compared with controls. In addition, the overlap analysis 

showed that 48 annotated TFs (e.g. CEBPB and KLF6) in the hypoacetylated regions (288+231=519 in total) 

also showed lower mRNA levels in patients versus controls (Figure 6b). 

To further investigate if the observed epigenetic regulation is mainly derived from the cardiomyocyte pool, 

we studied the involvement of those 64 TFs, which bind to enriched TFBMs and showed altered mRNA 

expression levels in remodeled hearts when compared with controls, using a gene set in hypertrophic 

human stem cell-derived cardiomyocytes from a published study [33]. Four suppressed TFs identified in 

our study (EGR1, EGR2, EPAS1, and ZFHX3) also showed lower mRNA expression levels in mechanically 

induced hypertrophic cardiomyocytes when compared with controls. This finding suggests that some of 

our identified TFs could be highly relevant for cardiomyocytes. 

https://paperpile.com/c/zaGcKb/19TU
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Figure 6. Transcription factors (TFs) annotated from enriched transcription factor binding motifs (TFBMs) in the 
differentially acetylated regions (DARs). a A Venn diagram shows the overlap of motif-encoded TFs that were linked 
to TFBMs found to be enriched in DARs. In the graph below are shown the gene set enrichment analysis of genes 
encoding these TFs with differentially expressed genes between patients and controls. Differentially expressed genes 
per study are ranked by their fold changes and shown on the x-axis. The running correlation throughout the gene 
set is shown by the curve (green) and the running enrichment score (ES) is shown in the y-axis. Enrichment score 
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normalized for gene set size (NES) and the false discovery rate (FDR) are shown above each plot. Black bars indicate 
annotated genes from differentially acetylated regions that are presented among the transcriptome profiles. b A 
subset of TFs that present the same direction in the acetylation activity and mRNA expression change in remodeled 
myocardium as compared to the controls. 

 

DISCUSSION 

In this study, we report the first histone acetylome profile based on H3K27ac ChIP-seq to reveal changed 

chromatin activities in remodeled non-failing myocardium from AS patients as compared to healthy donor 

hearts. We identified 5,634 hyperacetylated regions and 5,724 hypoacetylated regions upon myocardial 

remodeling. We also showed that re-organized chromatin regions, which changed in the same direction 

in response to myocardial remodeling, tended to cluster together. Genes annotated to these altered 

regulatory regions are associated with the development of fibrosis formation and the regulation of cell 

metabolism, and their acetylation levels are correlated with their expression levels between patients and 

controls, as shown in the mRNA data  obtained from our study and published studies. We further 

demonstrated the acetylation level and mRNA level of markers specific for cardiomyocytes and 11 non-

myocyte cell populations. Lastly, by integrating the acetylome and transcriptome datasets, we identified 

a list of TFs that presented with the same direction in the acetylation change and the mRNA expression 

changes in remodeled myocardium. Several of these TFs, such as EGR1 and EPAS1, have already been 

shown to be downregulated in hypertrophic cardiomyocytes [33]. These TFs could be promising 

candidates in elucidating the key TFs-DNA interactions that are involved in the pathomechanisms in 

remodeled myocardium, and may serve as potential druggable targets for future epigenetic therapies. 

Recent studies demonstrate that alterations in chromatin domains could lead to altered gene expression 

and disease [34]. A review from van Steensel and Furlong on the spatial organization of the genome 

showed that the interaction between enhancer and promoter is often found within the same TAD and 

subsequently regulates transcription [35]. They further indicated the possible influence of active 

transcription on the chromatin architecture within the subdomains of TADs (sub-TADs). However, little is 

known about TAD regulation in human myocardium. A previous study mapped the global chromatin 

structural changes in heart failure using a murine model [36]. Here, we showed that adjacent regions, 

which might serve as putative (sub-)TADs, were more likely to interact in the same fashion, indicating 

well-organized chromatin structures that could physically facilitate the interactions of regulatory domains. 

Yet, additional studies are required to further elucidate these identified adjacent regions as (sub-)TADs 

using circular chromosome conformation capture and sequencing. We are the first to demonstrate that 

differences of H3K27ac occupancy are not limited to quantitative and qualitative analyses of detected 

https://paperpile.com/c/zaGcKb/19TU
https://paperpile.com/c/zaGcKb/IbM4
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regions between healthy and diseased conditions, but also provide insights into the highly-ordered 

chromatin structural rearrangements in response to the disease. 

A recent epigenetic study showed that gene expression levels in cardiomyocytes from end-stage failing 

human hearts correlated with levels of active histone marks, especially the H3K27ac mark [17]. Consistent 

with previous studies, we also observed that the H3K27ac occupancy level correlated well with both RNA 

polymerase II occupancy level using RNAPII ChIP-seq and gene expression level using RNA-seq per sample. 

Using differentially expressed gene profiles obtained in the present study and from two published studies, 

we further observed that the annotated gene set in DARs was statistically significantly correlated with 

differentially expressed genes. Nevertheless, it is important to note that not all datasets were significantly 

correlated, which could be due to the different number of genes between the gene set and the expression 

database and the different turnover ratios between histone acetylation and mRNAs [37]. Previous 

epigenomic studies that aimed to identify novel targets in heart diseases also clearly demonstrated the 

importance of combining transcriptome data with epigenetic data to reveal different perspectives of the 

epigenetic regulation of the disease [38]. For example, genes, which showed the same direction between 

H3K27ac signal and expression level in patients and controls (i.e. chr1:209,973,800-209,977,199/IRF6 and 

chr16:56,639,200-56,646,949/MT2A), could improve our understanding of the affected biological 

networks and serve as potential targets for chromatin modifiers and/or gene therapy-related strategies 

in remodeled hearts. 

The most enriched biological processes by genes annotated to the hyperacetylated regions are related to 

ECM regulation. ECM organization is an important component of cardiac remodeling and extensive 

cardiac fibrosis is a hallmark of maladaptive hypertrophy [39,40]. TGFβ, a key mediator in ECM formation, 

is regulated by the activation of SMAD3 and the phosphorylation of ATF2 [41]. We also identified SMAD3 

in the hyperacetylated regions and ATF2 in the hypoacetylated regions. An important TGFβ1-related 

signaling cascade is activated in cardiac fibroblasts from patients with coronary artery disease when 

compared with controls, and the inhibition of IL11, a main downstream target of TGFβ1, leads to reduced 

fibrosis in the heart using murine model [42]. In line with these findings, we also observed a higher mRNA 

expression levels of TGFβ1 and IL11 in patients versus controls. Furthermore, ECM homeostasis is also 

regulated by a tight balance between matrix metalloproteinases (MMPs), which degrade ECM proteins, 

and tissue inhibitors of metalloproteinases (TIMPs) [39,43]. We annotated MMP2, MMP23A, TIMP3, and 

TIMP4 in hyperacetylated regions and a group of MMPs that showed higher mRNA expression levels in 

patients. These data imply the activation of genes involved in fibrogenic pathways at the chromatin level 

https://paperpile.com/c/zaGcKb/HAgS
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and transcriptional level, which is in line with previous studies that reveal a strong fibrogenic response in 

left ventricular remodeling [39]. Although we performed bulk sequencing and the histological staining 

showed extensive fibrosis in remodeled myocardium, it is important to note that cardiomyocytes also 

express ECM-related genes [44]. Transcriptional processes and cell cycle were mostly enriched by genes 

annotated in the hypoacetylated regions, indicating the downregulation of cell metabolism in patients. 

Cellular mechanotransduction has been demonstrated in the heart and mechanical forces are greatly 

increased in AS [45,46], suggesting the potential influence of mechanotransduction during myocardial 

remodeling. Among various pathways that are involved in the mechanical signaling, the Hippo pathway 

and its regulation of the YAP/TAZ protein complex have been highlighted to play a central role [46–48]. 

The core regulators of the Hippo pathways, including MST1/2, SAV1, TAO-family kinases (TAO), and 

MAP4K kinases, activate LATS1 and LATS2 kinases, which subsequently phosphorylate YAP/TAZ, thereby 

stimulating proteolysis of the YAP/TAZ complex and limiting its transcription regulatory capacity. In our 

study, we observed that the chromatin acetylation levels of MST1, MST2 (also known as STK3), and TAOK2 

were higher in patients than controls. However, the mRNA expression levels of these genes remained 

comparable between both groups. In addition, the chromatin acetylation levels and the mRNA expression 

levels of MAP4K2-5 members and LAST1/2 were not significantly changed in patient hearts when 

compared with controls. Downstream targets YAP and TAZ also showed similar chromatin acetylation and 

mRNA expression levels in patient versus control hearts (Supplementary Table 8). As we have conducted 

bulk sequencing, any subtle changes in the Hippo pathway on single type cell level might remain hidden. 

Furthermore, changes in pathways related to mechano-activation might mainly present itself on protein 

level (e.g. level of phosphorylation of the YAP/TAZ complex). Future single cell (type) sequencing based 

studies in combination to proteomics studies are needed to further elucidate the effect of mechanical 

forces on different cell types in myocardial remodeling.  

Sex differences in myocardial remodeling have been identified by previous studies [49–52]. For example, 

there is a higher expression level of genes involved in fibrosis and inflammation in male hypertrophic 

hearts compared with female hypertrophic hearts [53,54]. In the present study, we did not observe a sex-

based clustering of hearts with concentric remodeling based on differentially acetylated regions and 

differentially expressed genes (Supplementary Figure 6). This was most likely due to the limited number 

of healthy hearts from women and men (n=2 and n=3, respectively). Additionally, unlike left ventricular 

hypertrophy, concentric remodeling is defined as a normal cardiac mass despite a thickened left 

ventricular wall [55]. Therefore, the maladaptation of myocardial remodeling is worse in left ventricular 

https://paperpile.com/c/zaGcKb/YFIl
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hypertrophy than in concentric remodeling, which could also lead to the different observations on the sex 

dimorphism between this study and previous studies from us and others. Last but not least, the difference 

in location from which cardiac specimens were collected between our study and previous studies may 

also play a role. Combined, it is likely that the sex-specific acetylome and transcriptome were less 

profound in hearts with moderate myocardial remodeling than advanced myocardial remodeling. 

Certainly, future studies are needed to investigate sex differences with additional healthy control samples 

and a larger patient group size. 

Notably, several TF-encoding genes that were identified in the present study have previously been shown 

affected on the gene expression level, either in animal models with remodeled myocardium by our group 

or in hypertrophic human stem cell-derived cardiomyocytes by others. Previous studies showed a list of 

TFs with altered mRNA expression levels in pigs with remodeled left ventricle when compared with 

controls, such as the upregulation of SMAD3 and SPIB, and the downregulation of FOSL2, MEF2D, STAT3 

and ATF7 [56,57]. These studies also identified TFs with significantly affected binding activities in 

hypertrophic conditions using protein/DNA array analysis, such as EGR1, ETS1, and ETS2 [57]. In line with 

these reports, these same TFs were also found in the present study, which showed matched acetylation 

and/or mRNA levels changes in remodeled hearts when compared with controls. Furthermore, the mRNA 

expression levels of several TFs also showed consistent changing patterns in hypertrophic human stem 

cell-derived cardiomyocytes when compared with controls, including EGR1, EGR2, EPAS1, and ZFHX3 [33]. 

The involvement of these TFs in cardiac remodeling has also been well established by other studies [58,59]. 

Taken into account that we performed tissue-level bulk sequencing and the cellular heterogeneity in the 

heart, our data do not represent changes only in cardiomyocytes. Recent studies have been using single-

cell sequencing to further reveal the transcriptional landscape per cell type in the heart, including 

cardiomyocytes, fibroblasts, and endothelial cells [60]. However, these studies either sorted cells from 

freshly harvested hearts or they isolated nuclei from snap-frozen human hearts. Due to the difficulty of 

obtaining intact cells from snap-frozen hearts, no study has shown the epigenome and/or transcriptional 

regulation at the single-cell resolution in remodeled human myocardium. Nomura and colleagues 

demonstrate that the transcriptional profiles in isolated cardiomyocytes are well correlated with the bulk 

transcriptional profiles of murine hearts [61]. Interestingly, by examining the mRNA expression level of 

markers for cardiomyocytes and 11 non-myocytes in our bulk sequencing data, we observed that 

cardiomyocyte markers displayed around 28-225 fold higher expression levels than all other cell type 

markers, suggesting that the majority of signals at the transcriptional level was likely derived from 

https://paperpile.com/c/zaGcKb/MZFE+St78
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cardiomyocytes. It is important to note that cell-type-specific markers for cardiomyocytes and 11 non-

myocyte cell types were based on findings derived from two single-cell sequencing studies using murine 

hearts. Although some studies showed conserved global gene expression between human and mouse 

hearts, others have shown a poor correlation between species [62–64]. Therefore, the analysis is limited 

in the way that using cell-type-specific markers of murine hearts may not translate one-to-one with 

marker expression on human cardiac cells. Additionally, these markers were not corrected to the number 

of cells per cell type. Yet, this observation is in line with the well correlated transcriptional profiles 

between cardiomyocytes and bulk cardiac tissues shown by Nomura et al [61]. Although the acetylation 

level of cardiomyocyte markers seemed to be slightly higher than other cell type markers, the profound 

mRNA expression pattern was not observed, suggesting additional regulatory machinery between histone 

acetylome and transcriptome. Additional studies on cell-type-specific enhancers are still needed to 

improve our understanding of the chromatin acetylation changes per cell composition. Nevertheless, top 

enriched TFBMs in cardiomyocytes from remodeled murine hearts after transverse aortic constriction 

were also obtained in our study [61]. The paracrine mechanisms between cardiomyocytes and non-

cardiomyocytes play an important role in regulating cardiac function [65]. The direct cell-to-cell crosstalks 

(i.e. the TGFβ signaling between cardiac fibroblasts and cardiomyocytes), and indirect cell-to-ECM 

crosstalks (i.e. via the integrin-related signaling), contribute throughout the (mal)adaptive process of 

cardiac remodeling [66]. Our data could offer valuable and extensive information on these biological 

crosstalks. 

 

CONCLUSIONS 

In conclusion, the identified H3K27ac chromatin regulation landscape shows significant changes in 

remodeled myocardium as compared to controls. Enriched genes and TFBMs in the differentially 

acetylated regions highlight known disease-associated processes, such as fibrosis. TFs that exhibited the 

same direction in their acetylation and mRNA expression changes might shed light on the upstream 

signaling by providing the candidates to build and validate putative key TF-DNA networks. Taken together, 

the dataset as presented here from our study provides valuable new information and aid in the discovery 

of key pathways and transcription mechanisms in the underlying disease etiology. These findings also 

demonstrate the value of genome-wide chromatin analysis in understanding the molecular regulation and 

etiology of myocardial remodeling and cardiovascular disease in general. With the development of single-

cell sequencing techniques in biobanked patient material and the accumulating evidence of cell-to-cell 

https://paperpile.com/c/zaGcKb/QSFE+2oJ7+q1Nx
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heterogeneity within the very same cell population in response to myocardial remodeling [29], we might 

gain knowledge on the chromatin profile at the single-cell resolution. This will allow us to examine gene 

expression, protein level, and the crosstalk between multiple cell types and to investigate the cell-to-cell 

variations after chromatin regulatory activity changes and structural reorganization, further contributing 

to the understanding of DNA mutations in regions with regulatory function and new drug target 

identification for future therapies. 

 

MATERIALS AND METHODS 

Study design and sample information 

This study was approved by the Biobank Research Ethics Committee of University Medical Center Utrecht 

(protocol number 12/387), the Ethics Committee of UK National Research Ethics Service (07/H0715/101), 

and the Washington University School of Medicine Ethics Committee (Institutional Review Board). Written 

informed consent was obtained or in certain cases waived by the ethics committee when acquiring 

informed consent was not possible due to the death of the individual (control samples). All patients with 

cardiac remodeling due to AS were recruited prior to pre-operative assessment, which included a 

comprehensive evaluation with clinical history, resting blood pressure, 6-minute-walk test, 

electrocardiogram, transthoracic 2D-echocardiogram, and cardiac magnetic resonance (CMR). Inclusion 

criteria were patients >18 years with severe AS (2 or more of the following: aortic valve area<1 cm2, peak 

pressure gradient >64 mmHg, mean pressure gradient >40 mmHg, aortic valve velocity ratio <0.25) 

undergoing aortic valve replacement ± coronary artery bypass grafting. Exclusion criteria were 

pregnancy/breastfeeding, estimated glomerular filtration rate <30 mL/min/1.73 m2, CMR incompatible 

devices, inability to complete the protocol, previous valve surgery, or severe valve disease other than AS. 

Patient samples (n=20, 13 men and 7 women) were obtained by either intraoperative scalpel or Tru-Cut 

needle biopsy. Due to the difficulty in obtaining healthy donor hearts, the number of control samples was 

limited (n=5, 3 men and 2 women), and they were either autopsy material or non-transplanted donor 

hearts without signs of cardiac remodeling. Myocardial samples were collected and snap-frozen in liquid 

nitrogen, and stored at -80˚C. For all samples, 8 μm thick histological slices were stained for hematoxylin-

eosin (Supplementary Figure 1). For detailed information per sample, please refer to Supplementary 

Table 6A and 6B. 

  

https://paperpile.com/c/zaGcKb/is1P


 

87 
 

Chromatin immunoprecipitation and sequencing 

To study the changes of histone acetylome between patient and control samples, we isolated chromatin 

from all frozen cardiac tissues. Briefly, all samples were sectioned at the thickness of 10 µm and chromatin 

was isolated using the MAGnify™ Chromatin Immunoprecipitation System kit (Life Technologies) 

according to the manufacturer’s instructions. The anti-histone H3K27ac antibody (ab4729, Abcam) was 

used for immunoprecipitation. Captured DNA was purified using the ChIP DNA Clean & Concentrator kit 

(Zymo Research). Libraries were prepared using the NEXTflex™ Rapid DNA Sequencing Kit (Bioo Scientific). 

Samples were PCR amplified, checked for the proper size range and for the absence of adaptor dimers on 

a 2% agarose gel. Barcoded libraries were sequenced 75 bp single-end on Illumina NextSeq500 sequencer. 

Sequencing reads were mapped against the reference genome (hg19 assembly, NCBI37) using the BWA 

package (mem –t 7 –c 100 –M –R) [67]. Multiple reads mapping to the same location and strand were 

collapsed to single read and only uniquely placed reads were used for peak-calling. Peaks/regions were 

called using Cisgenome 2.0 (–e 150 -maxgap 200 –minlen 200) [68]. Region coordinates from all samples 

were stretched to at least 2000 base pairs and collapsed into a single common list. Overlapping regions 

were merged based on their outmost coordinates. Only regions supported by at least 2 independent 

datasets were further analyzed. Autosomal sequencing reads from each ChIP-seq library were overlapped 

back with the common region list to set the H3K27ac occupancy for every region-sample pair. 

To further verify the detected H3K27ac signal corresponds to the transcription level, we incubated 

chromatins from 4 controls with anti-RBP1 antibody (PB-7G5), a subunit of RNA polymerase II (RNAPII), 

and performed the same ChIP-seq procedure [69]. To visualize the correlation between H3K27ac and 

RNAPII - log2 transformed Reads Per Kilobase per Million (RPKM) in the gene body were correlated to 

H3K27ac ChIP-seq signal on gene promoters (+/- 2.5 kb around the TSS). For more information, please 

refer to Supplementary Figure 3 and Supplementary Table 7. 

 

Identification of differentially acetylated regions 

Next, we identified regions with different H3K27ac occupancy levels between patients and controls using 

DESeq2 with the standard settings (FDR Benjamini & Hochberg Padj.<0.05) [70]. Supervised hierarchical 

clustering was performed with quantile normalized (limma::normalizeQantiles() function in R), log2 

transformed and median centered read counts per common region. To avoid the log2 transformation of 

zero values, one RPKM was added to each region. Genomic regions in which hyper- or hypoacetylated 

https://paperpile.com/c/zaGcKb/7sWX
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peaks/regions located in patients when compared with controls were defined based on the cut-off of 

adjusted P<0.05 and are referred to as ‘DARs’. To visualize the clustering of the samples based on the 

median centered and log2 transformed levels of acetylation in DARs, we used heatmap.2() command from 

gplots package in R. 

  

Identification of tandem regulated chromatin domains 

Next, we studied the direction of the acetylation changes in DARs to verify the chromatin spatio-temporal 

dynamics that play an important role in gene regulation. Adjacent regions that had the same fold change 

(FC) direction and the absolute log2FC >0.4 were considered as possible (sub)compartments due to the 

spatial organization of the genome. Control datasets were generated by shuffling the acetylation fold 

change and significance values while retaining the locations and distances of adjacent peaks. 

  

Region-to-gene annotation and Gene Ontology enrichment analysis  

We also performed in silico region-to-gene annotation using a conservative window of ±5kb from the 

transcription start site (TSS). Annotated gene sets were studied for their biological functions using 

ToppGene Suite tool ToppFun (default setting: Probability density function, FDR correction, p-value cut 

off of 0.05 and gene limit set between and including 1 and 2000 per pathway) [71]. STRING was used to 

identify the key gene-encoded proteins and their interactions within selected gene sets (minimum 

required interaction score: high confidence (0.700)) [72]. 

 

Discovery of transcription factor binding motifs and their putative networks 

In DARs, we also identified enriched transcription factor binding motifs (TFBMs) that could elucidate the 

putative networks between motif-encoded transcription factors and genes. Briefly, repeat masked 

sequences of the DARs were first overlapped with DNAse hypersensitivity site analysis from cardiac 

samples from the ENCODE project [28]. DNA sequences of those overlapping DNAse sites and control 

shuffled sequences were taken by MEME Suite AME tool [73] under the following settings: motif database: 

human (HOCOMOCO v10); background model frequencies:0.25,0.25,0.25,0.25; total pseudo-count added 

to a motif columns: 0.25; Wilcoxon rank-sum test with threshold P<0.05; number of multiple tests for 

https://paperpile.com/c/zaGcKb/vQbd
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Bonferroni correction: #Motifs × #Partitions Tested = 641 × 1 = 641. By overlapping identified motifs and 

annotated genes from DARs, we obtained a list of genes encoding for TFs that were potentially master 

regulators of myocardial remodeling at the chromatin level. 

 

RNA sequencing and gene expression analyses 

Besides the correlation between the H3K27ac signal and RNAPII occupancy level, we also examined the 

H3K27ac signal in correlation with the transcriptome level as revealed by RNA sequencing (RNA-seq). 

Briefly, RNA was isolated from 4 controls according to the manufacturer’s instructions (BioLine) with 

minor changes. Libraries were generated using NEXTflexTM Rapid RNA-seq Kit (Bio Scientific) and 

sequenced by the Nextseq500 platform (Illumina). Sequenced reads were annotated as described 

previously [69]. Reads Per Kilobase Million (RPKM) that presented in all samples were included, and genes 

with the mean RPKM>0.5 were considered expressed. RPKM on the log2 scale were correlated to call reads 

in H3K27ac ChIP-seq using R. 

To compare the transcriptional landscapes between patient and control samples, we performed RNA-seq 

using the CEL-seq protocol - an adapted single-cell RNA-seq method that overcomes the challenge of the 

low input materials due to the limited biopsy size [74]. Briefly, 10ng RNA from each sample was used. 

Primer design, linear mRNA amplification, library construction, and sequencing were performed as 

described previously [75]. Raw read file per sample was used and differentially expressed genes between 

patient and control hearts were identified using the DESeq2 [70] within the Galaxy environment under 

the default settings. A p-value cutoff of 0.05 was used. 

 

Gene set enrichment analysis (GSEA) 

We performed gene set enrichment analyses using GSEA software v3.0 [76] and studied the enrichment 

of annotated genes from DARs in relation to the gene expression levels between patient and control 

hearts. TFs, from which their TFBMs were enriched in DARs, were also examined in the transcriptome 

profile. Briefly, we included genes with significantly different expression levels as revealed by the CEL-seq 

in the present study and two published studies using microarray [11,12]. Differentially expressed genes in 

each of three transcriptome profiles were ranked based on their fold change and uploaded to GSEA as the 
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expression datasets. The annotated gene set from hyper- or hypoacetylated regions was accessed for its 

positive or negative enrichment throughout each expression dataset with the standard settings. 

 

Hypertrophic markers in cardiomyocytes during remodeling 

We also investigated candidates that could play an important role in cardiomyocytes from the bulk 

sequencing data. Briefly, a list of genes that showed the same direction of changes at the histone 

acetylation level and mRNA expression level were selected from our study. They were overlapped with 

genes with altered mRNA expression levels in hypertrophic human stem cell-derived cardiomyocytes due 

to mechanical stress [33]. 
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Supplementary Files – Online 

Supplementary Figure 1: An overview of the workflow in this study. †Detailed information of samples 

used in H3K27ac ChIP-seq, RNAPII ChIP-seq, and RNA-seq are listed in Supplementary Table 2. *: Standard 

RNA-seq and adjusted RNA-seq (3’-RNA-seq) were both performed, detailed information is shown in 

Supplementary Table 7. 

Supplementary Figure 2: Histology of cardiac tissues used in this study. Overview of representative slides 

stained with hematoxylin-eosin from cardiac samples in control and patient groups are shown. Higher 

magnification showing normal myocardium in control (panel A) and patient myocardium with hypertrophy 

of cardiomyocytes and interstitial fibrosis in the patient sample (panel B, both 40x magnification). 

Supplementary Figure 3: Correlation plots between H3K27ac ChIP-seq (red) with RNAPII ChIP-seq (blue) 

and RNAseq datasets (blue), respectively. Correlations in four control samples (from a to d) used in this 

study. Gene expression rank is based on RPKM values. 

Supplementary Figure 4: The mRNA expression level of cell-type-specific markers. Genes labeled red and 

blue were significantly up- and down-regulated in patients versus controls (P<0.05). 

Supplementary Figure 5: Gene Ontology (GO) analysis of genes annotated to DARs using ToppFun. a 

Molecular function enrichment for hyperacetylated regions, b Biological process for hyperacetylated 

regions, c Cellular component for hyperacetylated regions, d Molecular function for hypoacetylated 

regions, e Biological process for hypoacetylated regions, f Cellular component for hypoacetylated regions. 

Supplementary Figure 6: Sex-specific H3K27ac acetylome and transcriptome profiles between male and 

female patients with concentric remodeling. a Principal component analysis (PCA) plot showing the 

clustering of man and woman cardiac samples based on H3K27ac profiles (using 500 regions with the 

highest variance). b PCA plot showing the clustering of man and woman cardiac samples based on the 

transcriptome profiles (using 500 genes with the highest variance). 

Supplementary Table 1: Regions with different H3K27ac occupancy in patients compared with the control 

group (adjusted p-value <0.05). 

Supplementary Table 2: a Identified active tandem regulated chromatin domains (TRCDs) in the short-

range (5Kb-100Kb) in patients when compared with controls. b Identified active TRCDs in the long-range 

(100Kb-1Mb) in patients when compared with controls. C Identified repressed TRCDs in the short-range 

(5Kb-100Kb) in patients when compared with controls. d Identified repressed TRCDs in the long-range 
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(100Kb-1Mb) in patients when compared with controls. e Randomized TRCDs in the short-range (5Kb-

100Kb) in patients when compared with controls. f Randomized TRCDs in the long-range (100Kb-1Mb) in 

patients when compared with controls. 

Supplementary Table 3: a Genes in the vicinity of hyperacetylated regions using a +/-5kb window. b Genes 

in the vicinity of hypoacetylated regions using a +/-5kb window. 

Supplementary Table 4: Differentially expressed genes between patients and controls. 

Supplementary Table 5: Identified transcription binding motifs from differentially acetylated regions. 

Supplementary Table 6: a An overview of general information of all included human cardiac samples. b 

An overview of detailed clinical parameters of the included AS patients. 

Supplementary Table 7: Overview of included samples in H3K27ac ChIP-seq, RNAPII ChIP-seq, and RNA-

seq experiments. 

Supplementary Table 8: The chromatin acetylation changes and the mRNA expression changes of key 

regulators and targets in the Hippo pathway. 
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Chapter 5 
 

Multi-omics integration delineates the key 
regulators and pathomechanisms in 

hypertrophic cardiomyopathy due to 
truncating MYBPC3 mutations 
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ABSTRACT 

Background: Hypertrophic cardiomyopathy (HCM) is the most common genetic disease of the cardiac 

muscle, frequently caused by mutations in MYBPC3. However, little is known about the upstream 

pathways and key regulators causing the disease. Therefore, we employed a multi-omics approach to 

study the pathomechanisms underlying HCM comparing patient hearts harboring MYBPC3 mutations to 

control hearts. 

Results: Using H3K27ac ChIP-seq and RNA-seq we obtained 9,310 differentially acetylated regions (DARs) 

and 2,033 differentially expressed genes, respectively, between 13 HCM and 10 control hearts. We 

obtained 441 differentially expressed proteins between 11 HCM and 8 control hearts using proteomics. 

By integrating multi-omics datasets, we identified a set of DNA regions and genes that differentiate HCM 

from control hearts and 53 protein-coding genes as the major contributors. This comprehensive analysis 

consistently points towards altered extracellular matrix formation, muscle contraction, and metabolism. 

Therefore, we studied enriched transcription factor (TF) binding motifs and identified 9 motif-encoded 

TFs, including KLF15, ETV4, AR, CLOCK, ETS2, GATA5, MEIS1, RXRA, and ZFX. Furthermore, we observed 

an abundance of acetylation signals and transcripts derived from cardiomyocytes compared to non-

myocyte populations in the heart. 

Conclusions: By integrating histone acetylome, transcriptome, and proteome profiles, we identified major 

effector genes and protein networks that drive the pathological changes in HCM caused by mutated 

MYBPC3. Our work identifies 38 highly affected protein-coding genes as potential plasma HCM biomarkers 

and 9 TFs as potential upstream regulators of these pathomechanisms that may serve as possible 

therapeutic targets. 

 

Keywords: HCM, MYBPC3, histone acetylome, transcriptome, proteome, transcription factors 
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INTRODUCTION 

Hypertrophic cardiomyopathy (HCM), characterized by thickening of the myocardium that is not explained 

by abnormal loading conditions, is the most common inherited cardiac disease [1]. More than 1,500 

associated mutations, primarily in genes encoding parts of the sarcomere, such as MYBPC3, MYH7, and 

TNNT2, have been identified. The remodeled myocardium is characterized by cardiomyocyte hypertrophy 

and disarray, extensive fibrosis, and reduced capillary density [2]. HCM is a heterogeneous disease as the 

onset, the disease phenotype, and the severity of the clinical presentations differ greatly among mutation 

carriers [3]. Additionally, different mutated genes exhibit distinct biological impact on cellular contractility, 

energy metabolism, and sarcomeric protein expression in HCM hearts [4]. However, the driving 

pathological mechanisms underlying the heterogenous HCM remains largely unknown. 

Next-generation sequencing technologies (NGS) are instrumental in understanding disease etiology, 

delivering a clinical diagnosis, and discovering new treatment options. Multiple studies employed NGS to 

reveal the epigenetic modifications in heart failure, including DNA methylation and histone 

(de-)acetylation, which provided insights and identification of the driving mechanism underlying the 

disease [5,6]. We previously showed the influence of histone acetylation changes on QRS complex-related 

GWAS loci in HCM [7,8]. Studies also employed RNA sequencing to identify the affected transcription 

factor-mediated upstream regulatory events and the distinct gene expressions that define heart failure 

[9,10]. Furthermore, data-piling studies are now connecting proteomics to NGS to get comprehensive 

information on the disease biology for precision medicine [9]. 

In this study, we aim to understand the pathomechanisms driving HCM by employing a multi-omics 

approach, including chromatin immunoprecipitation sequencing (ChIP-seq), RNA sequencing (RNA-seq), 

and proteomics, using myocardial tissue obtained from clinically well-phenotyped HCM patients with 

truncating MYBPC3 mutations and compared these with non-failing donor hearts. We revealed altered 

histone acetylome, transcriptome, and proteome profiles in HCM versus control hearts and studied 

affected biological functions. Besides, we identified key factors that may play a critical role in regulating 

the pathomechanisms underlying HCM. We also evaluated the contribution of histone acetylation and 

transcription signals in 11 cell types in the heart. Combined, this multi-omics study gives insight into the 

underlying disease pathways driving HCM and identifies promising candidates for therapeutic strategies.  
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RESULTS 

Pairwise comparison between HCM and control hearts reveals distinct histone acetylome profiles 

H3K27ac ChIP-seq was used to capture acetylated DNA regions in each sample and to compare the 

acetylation levels between 13 HCM (n=13) and 10 control hearts (Figure 1A and Supplementary Table 1) 

using DESeq2. In total, we identified 4,226 regions presented higher acetylation levels (hyperacetylated 

regions) and 5,084 regions presented lower acetylation levels (hypoacetylated regions) in HCM versus 

control hearts (Padj.<0.05, Figure 1B, Supplementary Table 2A). Examples of hyper- and hypoacetylated 

regions are shown in Supplementary Figure 1. Region-to-gene annotation using either a 5kb or 50kb 

window from the transcription start site (TSS) revealed genes in the hyperacetylated regions are mostly 

involved in muscle contraction and extracellular matrix (ECM) development-related processes, whereas 

genes in the hypoacetylated regions are mostly involved in metabolic processes (Supplementary Table 2B-

2E). 

 

Pairwise comparison between HCM and control hearts reveals distinct transcriptome profiles  

Following RNA-seq of the same biopsies, the transcriptional profiles between 13 HCM (n=13) and 10 

control hearts were compared using DESeq2. In total, we identified 936 up-regulated genes and 1,097 

down-regulated genes in HCM hearts compared to controls (Padj.<0.05, Figure 1C, Supplementary Table 

3A). The top biological processes enriched by up-regulated genes are involved in the muscle system 

process and energy production. The top biological processes enriched by down-regulated genes are 

involved in lipid metabolism and cell adhesion (Supplementary Table 3B and 3C). 

 

Pairwise comparison between HCM and control hearts reveals distinct proteome profiles  

We also performed proteomics in 11 HCM samples and compared their protein expression levels to 

another control group (n=8) using DESeq2. In total, we identified 216 up-regulated proteins and 225 

down-regulated proteins in HCM hearts compared to controls (P<0.05, Figure 1D, Supplementary Table 

4A). The top enriched biological processes by up-regulated proteins are involved in muscular and ECM 

development. The top enriched biological processes by down-regulated proteins are involved in 

metabolism (Supplementary Figure 2, Supplementary Table 4B, and 4C). 
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Integrating histone acetylome, transcriptome, and proteome changes in HCM  

We also integrated H3K27ac ChIP-seq and RNA-seq data in an unsupervised manner using O2PLS. Notably, 

without predefining the patient and the control groups, the first joint component of both ChIP-seq and 

RNA-seq plots discriminated HCM from control hearts (Figure 1E and 1F). DNA regions and genes that 

contributed to the separation between HCM and control hearts are shown in Supplementary Table 5. Next, 

we aimed to identify key genes that underlie the separation between two groups and show altered 

expression levels in HCM hearts versus controls. Therefore, we overlapped 2,000 genes that discriminate 

HCM hearts and controls from the integrative analysis (O2PLS) with the differentially expressed genes 

from the pairwise comparison with the top and obtained 618 up-regulated genes and 308 down-regulated 

genes (Figure 1G and Supplementary Table 6A). These overlapping genes are enriched for biological 

processes in the circulatory system and muscle contraction and pathways involved in the ECM formation 

and complement system (Figure 1H, Supplementary Table 6B). 

Since only 11 out of 13 HCM samples were included in the proteomics experiment and a different set of 

control samples was used in comparison with the HCM group, we could not apply O2PLS to integrate the 

proteomic data with either H3K27ac ChIP-seq or RNA-seq data. We, therefore, overlapped differentially 

expressed genes supported by DESeq2 and O2PLS analyses with proteomic data and identified 36 up-

regulated protein-coding genes and 17 down-regulated protein-coding genes in HCM versus control 

hearts (Table 1). Notably, the protein levels of 38 protein-coding genes are detectable in the plasma and 

5 out of them were consistently changed in the same direction in HCM versus control hearts at DNA (5kb 

from TSS), RNA, and protein levels, including the up-regulation of ASPN, FMOD, MCAM, and NPPA and the 

down-regulation of AASS, highlighting them as promising candidates for biomarker discovery in HCM 

(Table 1). 
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Figure 1. Pairwise analyses using DESeq2 and integrative analyses using unsupervised O2PLS in all samples. (A) An 
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overview of the study design. (B) Upper plot: principal component analysis (PCA) plot showing the separation 

between HCM and control samples based on the top differentially acetylated regions using DESeq2; Bottom plot: 

MA (ratio intensity) plot showing the hyper- and hypoacetylation regions in HCM samples compared to controls 

using DESeq2.  Mean values of normalized counts in all samples are depicted on the x-axis and fold changes (log2) 

on the y-axis. (C) Upper plot: PCA plot showing the separation between HCM and control samples based on the top 

differentially expressed genes using DESeq2; Bottom plot: MA plot showing the up-regulated and down-regulated 

genes in HCM samples compared to controls using DESeq2. (D) Upper plot: PCA plot showing the separation between 

HCM and control samples based on the top differentially expressed proteins using DESeq2; Bottom plot: MA plot 

showing the up-regulated and down-regulated proteins in HCM samples compared to controls using DESeq2. (E) 

Score plot of the first joint component of the H3K27ac ChIP-seq data showing the separation of HCM hearts from 

controls. (F) Score plot of the first joint component of the RNA-seq data discriminating HCM hearts from controls. 

(G) Venn diagram showing the overlapping targets between the top 2,000 genes obtained using the integrative 

approach (O2PLS) and differentially expressed genes obtained using the pairwise comparison (DESeq2). (H) 

Enrichment analyses using the overlapping targets, which included 618 up-regulated genes and 308 down-regulated 

genes. 

 

Table 1. Promising candidates showing the same changing direction in HCM versus control hearts at multi-omics 

levels. 

Symbol Known 
expression level 

in 
cardiomyocytes* 

Protein level in 
the 

plasma/serum‡ 

Rank in the 
O2PLS 

analysis 

Transcriptome 
change 
(log2FC) 

Proteome 
change 
(log2FC) 

Histone 
acetylome 

change in the 
matched 

direction§ 
AASS Medium Detected 1046 -1.279808444 -0.773247332 Yes 

ABHD11 Medium Detected 669 1.137180651 0.640971138 - 
ACTN2 High Detected 1597 0.570095367 0.184641682 - 
ADH1B Low Detected 1281 -1.081956134 -0.880289941 - 

ARHGAP
1 

Medium Detected 1512 1.763584 0.597291165 Yes 

ASPN Not detected Detected 454 2.204317 1.77725136 Yes 
ATP2A2 High Detected 728 -1.466783433 -0.353968239 - 

BGN Medium Detected 1012 1.832538 1.533815477 - 
C6 Not detected Detected 130 -1.776237721 -0.695516121 - 

CA3 Not detected Detected 43 4.518344 1.686864533 - 
CHCHD6 Medium Not detected 910 2.003514 0.778880421 - 

CHDH Low Not detected 98 -2.209806815 -1.442995937 Yes 
CLGN Not detected Not detected 1751 -1.088152172 -0.808838009 Yes 

DDAH1 Not detected Detected 452 1.764206 1.115473264 Yes 
EFHD1 Not detected Not detected 682 1.865517 1.264459654 Yes 
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FGF12 No data Not detected 62 -2.353022973 -1.079274106 Yes 
FHL2 High Not detected 440 -1.255001122 -0.411782639 - 

FMOD No data Detected 395 2.594323 1.414783229 Yes 
FSCN1 Not detected Detected 1276 1.759951 0.971207984 Yes 
GATM Not detected Detected 277 1.545734889 1.002695568 Yes 
GPD1 Medium Detected 1708 -1.687472289 -1.343895776 Yes 
GPD1L No data Not detected 1342 -1.066784553 -0.526757351 - 
HSPA2 Not detected Detected 171 3.490234 2.652261545 Yes 
HSPB6 High Detected 647 2.253803 0.392977171 - 
LDHA Not detected Detected 974 -1.219034333 -0.474108409 Yes 
LTBP2 Not detected Detected 829 2.1279 2.317830122 Yes 
LUM Not detected Detected 217 2.135187 0.959297891 - 

MAP4 Medium Detected 717 1.851811 1.003525943 Yes 
MCAM Low Detected 1338 1.653115 1.104716402 Yes 
MFAP2 Not detected Not detected 1303 1.84358 0.70531399 Yes 
MYH6 High Detected 40 -2.919038787 -1.009056575 - 

MYL12A Medium Detected 64 2.419604 0.578322489 - 
MYLK3 High Not detected 1904 -1.007764366 -0.747812735 - 

NES Medium Detected 641 1.806419 1.936943877 - 
NPPA Medium Detected 13 1.549472808 0.747781872 Yes 

NUDT4 High Not detected 1531 -1.093022558 -0.695436878 - 
PDK4 High Not detected 1724 -1.07459529 -0.607585372 Yes 

RAB24 No data Not detected 1085 2.211788 1.041018278 - 
RRAS High Detected 1642 1.788982 0.447281909 - 

S100A6 Not detected Detected 1486 1.859224 0.794548978 - 
SAA1 No data Detected 63 -1.173021107 -2.740052623 - 

SERPINE2 No data Detected 338 1.002427623 0.652055032 - 
SGCG High Not detected 1805 0.707480434 0.430185184 Yes 

SLC25A5 High Detected 1634 1.811682 0.613247381 - 
SNCA Not detected Detected 274 2.629958 1.02410125 - 

SORBS2 No data Detected 1991 1.475585 0.484980733 Yes 
STMN1 Not detected Detected 1211 0.77170211 0.807423435 - 

SYNPO2L High Not detected 483 2.306538 1.028059491 Yes 
TANGO2 Low Detected 1086 1.981163 0.733156318 - 

THBS4 Low Detected 618 2.323482 2.106545221 - 
TPM3 Medium Detected 981 2.116673 1.224815654 - 
TPPP Not detected Not detected 1374 -0.898226805 -0.830942802 Yes 

UCHL1 Not detected Detected 44 5.052289 0.933127805 - 
*: The known expression level of each candidate in cardiomyocyte is collected from the Human Protein Atlas 
(https://www.proteinatlas.org/). 
‡: The detectable protein level of each candidate in plasma and serum is collected from the Human Plasma 
Proteome Project Data Central (http://www.peptideatlas.org/hupo/hppp/). 
§: 50Kb window of transcription start site.  
FC=fold change, TSS=transcription start site, -: not matching. 
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Combined omics analyses identify ECM, muscle contraction, and metabolism as the main mechanisms 

altered in HCM 

Genes annotated to differentially acetylated regions in the histone acetylome data, differentially 

expressed genes in the transcriptome data, and differentially expressed proteins in the proteome data 

consistently pointed to biological functions involved in the enhancement of ECM, enhancement of muscle 

contraction, and suppression of metabolism in HCM versus control hearts. To further evaluate these 

biological functions, we collected gene sets that are known to regulate ECM remodeling, muscle 

contraction, and metabolism, and performed GSEA to study whether they are primarily found in the up-

regulated or down-regulated data sets in our study or they are randomly distributed. We observed that 

genes involved in ECM and cardiac muscle contraction were positively correlated with genes annotated 

to the hyperacetylated regions in the ChIP-seq data, the up-regulated genes in the RNA-seq data, and 

genes encoding the up-regulated proteins in the proteomics data (Figure 2A and 2B). Genes that are 

related to fatty acid metabolism were significantly correlated with genes annotated to the hypoacetylated 

regions in the ChIP-seq data, the down-regulated genes in the RNA-seq data, and genes encoding the 

down-regulated proteins in the proteomics data (Figure 2C, Supplementary Figure 3). Combined, we 

confirmed that pathways involved in ECM, muscle contraction, and metabolism were affected in HCM. 

Consistently, protein-coding genes (36 up-regulated and 17 down-regulated ones) were enriched for 

comparable biological processes and pathways as shown in previous analyses, such as ECM and muscle 

contraction (Supplementary Table 6C). We also studied protein networks among them and observed that 

ECM and muscle contraction were the most enriched pathways by the up-regulated protein-coding genes 

and metabolism was the most enriched pathway by the down-regulated protein-coding genes (Figure 3A 

and 3B). 



 

110 
 

Figure 2. Gene set enrichment analysis showing the correlation of the gene set, which are established in extracellular 

matrix organization (A), cardiac muscle contraction (B), and fatty acid metabolism (C), in annotated genes from 

differentially acetylated regions (histone acetylome), differentially expressed genes (transcriptome), and genes 

encoding differentially expressed proteins (proteome), respectively. Differentially expressed genes were ranked by 

their fold changes and shown on the x-axis. The running correlation throughout the gene set is shown by the curve 

(green) and the running enrichment score (ES) is shown in the y-axis. Enrichment score normalized for gene set size 

(NES), Familywise-error rate p-value (FWER), and the false discovery rate (FDR) are shown per enrichment plot. 
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Enriched transcription factor binding motifs in differentially acetylated regions 

To define the actual factors that regulate altered RNA/protein expression in HCM hearts, we studied the 

putative transcription factors (TFs) encoded by enriched transcription factor binding motifs (TFBMs) in 

differentially acetylated regions by scanning through the HOCOMOCO motif database of 769 human 

primary and alternative binding models. We obtained 125 TFBMs in the hyperacetylated regions and 115 

TFs were predicted to bind to them. In the hypoacetylated regions, 120 TFBMs were enriched and they 

encoded for 111 TFs. Out of those, 68 annotated TFs were enriched in both hyper- and hypo-acetylated 

regions (Supplementary Figure 4). 

Notably, 2 TFs (KLF15 and ETV4) that were encoded by enriched TFBMs in the hyperacetylated regions 

showed higher mRNA levels in HCM hearts than controls, and 7 TFs (AR, CLOCK, ETS2, GATA5, MEIS1, 

RXRA, and ZFX) that were encoded by enriched TFBMs in the hypoacetylated regions showed lower mRNA 

levels in HCM hearts than controls (Figure 3C). These TFs are enriched for biological functions involved in 

muscle hypertrophy and lipid metabolism (Supplementary Table 7), suggesting their potential roles in 

regulating the upstream signaling in HCM. 

A schematic overview of all analysis steps is shown in Figure 3D. 
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Figure 3. (A) An overview of protein-protein interactions of up-regulated proteins in HCM versus control hearts. Each 

node represents an individual protein. Nodes highlighted in red are involved in the top enriched pathway in 
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extracellular matrix organization (ECM). Nodes highlighted in blue are involved in the top enriched pathway in 

muscle contraction. (B) An overview of protein-protein interactions of down-regulated proteins in HCM versus 

control hearts. Each node represents an individual protein. Nodes highlighted in green are involved in the top 

enriched pathway in metabolism. (C) Transcription factors enriched in differentially acetylated chromatin regions 

and their corresponding p-values (Fisher test) are shown on the left, and their mRNA expression levels among all 

samples are shown in the heatmap on the right. RPKM: reads per kilobase million. (D) A schematic overview showing 

all analysis steps in histone acetylome, transcriptome, and proteome data used in this study. 

 

Genes discriminating HCM from controls show consistent changes on various levels 

We further selected an example of one down-regulated and one up-regulated gene and examined them 

in more detail to demonstrate the strength of our integrative omic analysis. ATP2A2, one protein-coding 

gene from the overlapping candidates, encodes the sarcoplasmic reticulum Ca2+-ATPase pump SERCA2a 

and plays a critical role in the regulation of calcium handling [10]. We identified ATP2A2 as one of the 

major candidates in discriminating HCM hearts from controls in our integrated H3K27ac ChIP-seq and 

RNA-seq analysis (Figure 4A). Besides, its mRNA and protein levels were significantly lower in HCM versus 

control hearts in the pairwise comparison, and the suppressed protein level was also validated using 

western blot (Figure 4B). 

HSPA2, another protein-coding gene from the overlapping candidates, is involved in protein quality 

control [11]. We demonstrated that HSPA2 acts as another key player in discriminating HCM hearts from 

controls (Figure 4A). Its mRNA and protein levels were significantly higher in HCM versus control hearts in 

the pairwise comparison, and the enhanced protein level was also validated using western blot (Figure 

4C). The upstream regulatory region of HSPA2 also showed a higher acetylation level in HCM versus 

control hearts (Table 1). We further showed a profound HSPA2 expression in HCM compared to the 

control heart (Figure 4D). Moreover, occasional HSPA2 aggregates were observed in cardiomyocytes from 

the HCM heart, whereas no HSPA2 aggregates were shown in the control heart (Figure 4E). 
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Figure 4. Changes of ATP2A/SERCA2a and HSPA2 at the mRNA and protein levels in HCM versus control hearts. (A) 

A plot of the joint component loadings of RNA-seq data showed ATP2A2 and HSPA2 were two major players in 

discriminating HCM hearts from controls. The dashed lines on both positive and negative sides indicate the cutoff 

threshold, with genes with a large contribution to the joint component falling outside of the dash lines. (B) ATP2A2 

mRNA and protein levels in HCM and control samples at the mRNA and protein levels. (C) HSPA2 mRNA and protein 
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levels expression in HCM and control samples. **: P<0.01, ***: P<0.001, ****: P<0.0001. (D) Representative 

immunohistochemistry staining showing higher HSPA2 staining intensity in HCM heart as compared to control. Scale 

bar=400µm (control sample) and 800µm (HCM sample). (E) Representative immunofluorescence staining showing 

HSPA2 aggregates in an HCM heart (indicated by the arrow), whereas the control shows diffuse staining of the 

cytoplasm without aggregates. WGA-AF488 appears in grey to visualise cell membrane and DAPI appears in blue to 

visualise nuclei. Scale bar=16µm. 

 

Allelic imbalance of MYBPC3 in HCM hearts is observed at both DNA and RNA levels 

To further explore the potential of the produced data, we investigated the contribution of both MYBPC3 

alleles in the sequencing datasets. In the patient cohort, three heterozygous truncating mutations were 

present in MYBPC3, namely c.2373dupG (n=5), c.2827C>T (n=6), and c.927-2A>G (n=2). We observed that 

the average acetylation ratio of MYBPC3 with c.2373dupG, c.2827C>T, and c.927-2A>G mutation to 

wildtype allele was 50%, 25%, and 66.6% respectively (Supplementary Figure 5A). The average mRNA 

expression ratio of MYBPC3 with c.2373dupG, c.2827C>T, and c.927-2A>G mutation to wildtype allele was 

6.7%, 19.7%, and 43.4% respectively (Supplementary Figure 5B). The acetylation and mRNA levels of three 

mutations were not observed in control hearts (Supplementary Figure 5C and 5D). It has to be noted that 

it is not possible to effectively distinguish between wildtype and mutant alleles in the proteomics data. 

 

Cellular fraction sub-analysis of bulk cardiac tissue transcriptome indicates cardiomyocyte enrichment 

in a cellular-specific response in HCM 

Since there are multiple cell types present in the heart samples, we collected cell-type-specific markers 

for cardiomyocytes and 11 non-myocyte cell types as revealed by recent single-cell studies in the heart 

[12,13] and examined their expression levels in our bulk sequencing data. Cardiomyocyte-specific markers 

showed higher histone acetylation and mRNA levels than markers of 11 non-myocyte cell types (Figure 

5A and 5B), regardless of health and disease. The mRNA expression of several cell-type-specific markers 

was significantly different between HCM and control hearts (Figure 5C). The upstream regulatory region 

of three cardiomyocyte-specific markers and one T cells-specific marker also showed significantly higher 

acetylation activities in HCM hearts versus controls (Figure 5D).  
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Figure 5. The expression of cell-type-specific markers in 12 cell populations.  (A) The histone acetylation levels of 11 

cell-type-specific markers. Each dot represents the average acetylation value of each marker for all samples, or only 
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control or HCM samples. One-way ANOVA was used to compare the mean of cardiomyocyte-specific markers with 

the mean of non-myocyte markers separately: ns (not significant), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

(B) The mRNA expression levels of 11 cell-type-specific markers. Each dot represents the average expression value 

of each marker for all samples, or only control or HCM samples. One-way ANOVA was used to compare the mean of 

cardiomyocyte-specific markers with the mean of non-myocyte markers separately: ns (not significant), *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. (C) Heatmap showing cell-type-specific markers with significantly changed 

mRNA expression levels in HCM hearts compared to controls. Fold changes of these markers are depicted. Positive 

fold changes (red) and negative fold changes (blue) represent up-regulation and down-regulation in HCM versus 

control hearts respectively. (D) Histone acetylation levels at the upstream (50 kb) of three cardiomyocytes-specific 

markers (red) and one T cells-specific marker (violet) were significantly changed between HCM and control hearts. 

Tracks of one HCM and one control heart were scaled in the UCSC genome browser (ln(x+1): 0-10). Significantly 

changed upstream regions are indicated by the black bar above. The transcription start and end site of each marker 

are indicated by the blue arrow below. 

 

DISCUSSION 

In the present study, we studied changes in histone acetylome, transcriptome, and proteome between 

HCM and control hearts. Integrating these multi-omics data, we present for the first time a set of DNA 

regions and genes that differentiate HCM from control hearts and identified 53 protein-coding genes as 

the major contributors. Since these comprehensive datasets consistently indicated altered biological 

functions involved in ECM, muscle contraction, and metabolism, we further studied and identified the 

upstream TFs that could play a critical regulatory role. We also observed an abundance of acetylation 

signals and transcripts signals from cardiomyocyte-specific markers compared to markers of 11 non-

myocyte populations in the heart. 

By integrating ChIP-seq, RNA-seq, and proteomics data we identified a list of deciding elements in 

discriminating HCM hearts from controls. Among these, ATP2A2/SERCA2a transports cytosolic calcium 

into the sarcoplasmic reticulum, which subsequently regulates the contraction and relaxation of 

cardiomyocytes [14]. Suppressed ATP2A2/SERCA2a expression is associated with impaired relaxation in 

cardiomyocytes and contributes to diastolic dysfunction in HCM [10,15]. Consistent with previous findings, 

we also showed lower mRNA and protein levels in HCM hearts compared to controls. 

Another element HSPA2 (heat shock-related 70 kDa protein 2), which protects cardiac integrity by 

correcting misfolded proteins upon stress [16], showed higher upstream acetylation level, mRNA level, 

and protein level in HCM hearts versus controls. Up-regulated HSPA2 protein level has been observed at 
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both the initial stage of diseased cardiomyocytes and at the end stage of diseased heart with diastolic 

dysfunction [17,18]. We previously also showed elevated HSPA2 protein level in HCM with mutations in 

different sarcomeric proteins when compared to controls and it was negatively correlated with MYBPC3 

peptide counts [11]. Here we further demonstrated a cardiomyocyte-specific elevation of HSPA2 

accompanied by the occasional HSPA2 aggregates in the HCM heart, which may contribute to the disease 

progression by hampering the protein quality control system. 

Interestingly, both ATP2A2/Serca2a- and HSPA2-mediated activities are ATP-dependent. Besides the 

enriched metabolism using the ChIP-seq, RNA-seq, and proteomic data, we also identified several TFs as 

potential key upstream factors in regulating metabolism in HCM, such as KLF15, AR, and RXRA, which 

which are potential key upstream factors in regulating metabolism [19–21]. A review from our group 

summarized the metabolic changes in HCM [22]. Drugs targeting energy metabolism, such as 

trimetazidine, have been investigated in the clinical trial in HCM patients [23]. Combined, identified TFs 

could be potential therapeutic targets in restoring metabolic homeostasis in HCM patients. 

Previous studies from our group and others showed around 30% ratio of mutant to wildtype MYH7- and 

MYBPC3-alleles in HCM patients at the mRNA and the protein levels, respectively [24,25]. In this study, 

we present imbalanced mRNA expression of three truncating mutations in MYBPC3. Notably, we showed 

for the first time the presence of such an imbalance at the DNA level by evaluating allele-specific histone 

acetylation signals. The mutant/wildtype expression ratio differs between truncating mutations and 

between DNA and mRNA levels, suggesting mutation-specific imbalance and additional machinery 

between DNA and mRNA. It is important to point out that H3K27ac ChIP-seq is sensitive in capturing 

upstream regulatory regions of a gene and is restored in covering the core gene body [26], the allelic 

expression based on the histone acetylation level could be limited by the nature of the technique. 

Nevertheless, this finding highlights another utilization of omics data in detecting allelic imbalance for 

genetic diseases. 

As the cell composition changes in diseased hearts, we investigated cell-type-specific signals from 

cardiomyocytes and 11 non-myocyte cell types and observed more ChIP-seq signals and transcripts in 

cardiomyocyte-specific markers than all non-myocyte markers, suggesting a considerable portion of 

cardiomyocytes-derived signals in the bulk sequencing data. Gene set enrichment analysis showed 

enriched pathways in ECM, which is in line with previous reports indicating fibrosis as a hallmark of HCM 

[27]. Apart from fibroblasts, cardiomyocytes also express ECM-related genes, including two fibroblast-

specific markers (DKK3 and ABI3BP) [28]. Because cell-type-specific markers might also be expressed by 



 

119 
 

other cell types and the limitation of capturing pure cell populations from snap-frozen tissues without 

damaging the DNA and RNA integrity, we can only speculate that the majority of the signals were likely 

obtained from cardiomyocytes and it remains a challenge to separate them in bulk sequencing. 

Additionally, we used cell-type-specific markers obtained from the murine models [12,13], which may not 

translate one-to-one across species. Therefore, future studies are required to validate the cellular-specific 

response in HCM by isolating single-cell populations from human cardiac tissues. 

It is important to note that both H3K27ac ChIP-seq and RNA-seq data were generated from the same 13 

HCM and 10 control samples. However, only 11 out of 13 HCM samples were included in the proteomics 

analysis in comparison with 8 different control samples. Thus, different donor samples and group sizes 

might obscure the integrative analysis of the multi-omics data. Besides, we used end-stage cardiac tissues, 

identified candidates can be further examined using early disease models, such as programmed 

cardiomyocytes, engineered heart tissues, and/or cardiac organoids, to study their involvements in the 

chronological progression of HCM, which subsequently provide valuable insights into the identification of 

early disease markers. 

In conclusion, our study presents detailed information in HCM hearts with truncating MYBPC3 mutations. 

These data showed altered ECM, muscle contraction, and metabolism in HCM. Integrative analyses 

further identified a subset of protein-coding genes and upstream TFs that could drive these 

pathophysiological mechanisms and serve as promising diagnostic and/or therapeutic targets. We also 

showed a considerable amount of cardiomyocytes-derived signals compared to non-myocyte cell types, 

providing cardiomyocyte-specific insights to better understand HCM in future studies. 

  

MATERIALS AND METHODS 

Human cardiac samples 

The study protocol was approved by the local medical ethics review committees, including the Biobank 

Research Ethics Committee of University Medical Center Utrecht (protocol number 12/387), the local 

ethics committee of the Erasmus MC (2010-409), the Washington University School of Medicine Ethics 

Committee (Institutional Review Board), and the Sydney Heart Bank (HREC Univ. Sydney 2012/030). 

Cardiac tissue of the interventricular septum of 13 HCM patients undergoing septal myectomy to relieve 

left ventricular outflow tract obstruction was collected in the Erasmus MC. Genetic analyses of all patients 

revealed three truncating pathogenic heterozygous mutations in MYBPC3, namely c.2373dupG in 5 HCM 
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patients, c.2827C>T in 6 patients, and c927-2A>G in 2 HCM patients. Control tissues of 18 non-failing 

donors were obtained from the Biobank of University Medical Center Utrecht, the Washington University 

School of Medicine, and the Sydney Heart Bank. Informed consent was obtained from each patient prior 

to surgery or was waived by the ethics committee when acquiring informed consent was not possible due 

to the death of the donor. Samples were collected and snap-frozen in liquid nitrogen and stored at -80˚C 

up until analysis. Detailed clinical characteristics are shown in Supplementary Table 1 and an overview of 

samples included in the following experiments is shown in Figure 1A. 

  

H3K27ac chromatin immunoprecipitation and sequencing (ChIP-seq) 

We performed chromatin immunoprecipitation and sequencing (ChIP-seq) using the H3K27ac mark to 

study the differences of the histone acetylome between patient and control samples as previously 

described [29]. To study the differences of the histone acetylome between patient and control samples, 

we performed chromatin immunoprecipitation and sequencing (ChIP-seq) using the H3K27ac mark. 

Briefly, all cardiac samples were sectioned at a thickness of 10µm, and chromatin was isolated using the 

MAGnify™ Chromatin Immunoprecipitation System kit (Life Technologies) according to the 

manufacturer’s instructions. The anti-histone H3K27ac antibody (ab4729, Abcam) was used for 

immunoprecipitation. Captured DNA was purified using the ChIP DNA Clean & Concentrator kit (Zymo 

Research). Libraries were prepared using the NEXTflex™ Rapid DNA Sequencing Kit (Bioo Scientific). 

Samples were PCR amplified, checked for the proper size range and absence of adaptor dimers on a 2% 

agarose gel, and barcoded libraries were sequenced 75 bp single-end on an Illumina NextSeq500 

sequencer. Sequencing reads were mapped against the reference genome (hg19 assembly, NCBI37) using 

the BWA package (mem –t 7 –c 100 –M –R)1. Multiple reads mapping to the same location and strand 

were collapsed to single read and only uniquely placed reads were used for peak-calling. Peaks/regions 

were called using Cisgenome 2.02 (–e 150 -maxgap 200 –minlen 200). Region coordinates from all samples 

were stretched to at least 2000 base pairs and collapsed into a single common list. Overlapping regions 

were merged based on their coordinates. Only regions supported by at least 2 independent datasets were 

further analyzed. Autosomal sequencing reads from each ChIP-seq library were overlapped back with the 

common region list to set the H3K27ac occupancy for every region-sample pair. Differentially acetylated 

regions between HCM and control hearts were identified using DESeq2 under the default setting in the 

Galaxy environment [30]. 
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Annotating genes in the vicinity of differentially acetylated regions 

Region-to-gene annotation was performed to study potentially affected genes in the vicinity of DNA 

regions with altered acetylation levels in HCM hearts when compared with controls. Differentially 

acetylated regions located within either +/-5 kb or +/-50 kb window from the transcription start site (TSS) 

of all genes were obtained, and the nearest genes of these regions were collected. 

  

Predicting transcription factor binding motifs in differentially acetylated regions 

To study the putative upstream signaling, we studied the enriched transcription factor binding motifs 

(TFBMs) by differentially acetylated regions and motifs-encoded transcription factors (TFs). DNAse I 

hypersensitivity regions in human cardiac samples, which play a key role in transcription factor 

footprinting [31], were collected from the ENCODE project and overlapped with differentially acetylated 

regions in this study [32]. Overlapping DNA sequences between differentially acetylated regions and 

DNAse I hypersensitivity regions were used to studying the enriched transcription factor binding motifs 

and motifs-encoded TFs using MEME Suite AME tool (HOCOMOCO Human v11 Full, average odds scoring 

method, and Fisher’s exact test) [33]. 

 

RNA sequencing 

We also performed RNA sequencing (RNA-seq) and obtained the transcriptome landscapes in all samples. 

Briefly, RNA was isolated using the RNeasy Micro Kit (Qiagen) or ISOLATE II RNA Mini Kit (Bioline) according 

to the manufacturer's instructions. Sample quality was assessed using the 2100 Bioanalyzer with an RNA 

6000 Pico Kit (Agilent), and sample quantity was measured using Qubit Fluorometer with an HS RNA Assay 

(Thermo Fisher). Afterward, libraries were prepared using the NEXTflexTM Rapid RNA-seq Kit (Bioo 

Scientific) and sequenced by the Nextseq500 platform (Illumina). Sequenced reads were aligned to the 

human reference genome GRCh37 using STAR v2.4.2a [34]. Reads per kilobase million reads sequenced 

(RPKMs) were calculated with edgeR’s RPKM function [35]. To identify a list of differentially expressed 

genes between HCM and control hearts at Padj.<0.05, we employed d DESeq2 to process all the raw 

counts per sample per group in the Galaxy environment [30]. 

 

Allele-specific expression of MYBPC3 in ChIP-seq and RNA-seq data 
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RNA-seq and ChIP-seq reads were processed with TrimGalore (version 0.6.5) to detect and clip off adaptor 

sequences, reads with a remaining length of 20 or more nucleotides, and an average read quality q>20 

were selected. The reads were aligned to the human genome (GRCh37) with transcript annotation from 

Ensembl (version 74) using the STAR aligner (version 2.7.1a). To facilitate the equal alignment of reads 

from wild-type and mutant alleles, alignments were made without clipping off end sequences (STAR 

option alignEndsType set to EndToEnd), and only best scoring alignments were selected (STAR option 

outSAMprimaryFlag set to AllBestScore). Alignments were selected to remove duplicated reads by an in-

house HTSeq based python (version 2.7.10) script [36]. Reads that aligned to the same genomic interval 

and that aligned with identical bases to the two non-indel MYBPC3 SNPs (rs397516082 and rs387907267) 

of interest, were considered duplicates. ChIP-seq reads matching to one of the three SNPs of interest were 

assigned to the wildtype or mutant allele based on the following rules: for the single base polymorphic 

SNPs (rs397516082 and rs387907267), based on having the wildtype or mutant nucleotide aligned to the 

SNP position; for the indel SNP (rs397515963) based on having the exact wildtype or mutant sequence of 

the SNP with 10 surrounding bases in a read aligned to the SNP. In addition, ChIP-seq reads with wildtype 

or mutant assignment were required to have >90% of the bases aligned to the genome. For RNA-seq reads, 

the assignment to be wildtype or mutant allele derived was complicated by changed splice patterns for 

two of the three SNPs. For rs387907267 (c.2827C>T) that has no changed splice patterns, reads were 

classified based on having the wildtype or mutant nucleotide aligned to the SNP position. For rs397515963 

(c.2373dupG) that disrupts the correct splicing of intron 23, reads covering the splice-junction with the 

correct intron spliced out were counted as wildtype reads, whereas reads using either the correct intron 

donor or acceptor site, but not both, were counted as mutant reads. For rs397516082 (c.927-2A>G) that 

disrupts the correct splicing of intron 11, reads covering the splice-junction with the correct intron spliced 

out were counted as wildtype reads, whereas reads that were running through the intron 11 - exon 12 

splice site and into the SNP position were counted as wildtype or mutant based on having the wildtype or 

mutant nucleotide aligned to the SNP position. 

  

Integrating ChIP-seq and RNA-seq data with Two-way Orthogonal Partial Least Squares 

To find common parts between RNA-seq and ChIP-seq data simultaneously across all genes and regions, 

a data integration approach is considered using Two-way Orthogonal Partial Least Squares (O2PLS) [37]. 

O2PLS decomposes both RNA-seq and ChIP-seq datasets into joint, omic-specific, and residual parts. The 

joint subspaces contain variations that are correlated to one another. The Joint Principal Components 
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(JPCs) that span the joint subspaces are obtained by finding linear combinations of genes and regions that 

maximize the covariation. Omic-specific subspaces capture variation unrelated to another omics dataset, 

enabling JPCs to better estimate the underlying system. Here, the rows of the ChIP-seq and RNA-seq data 

should represent the same samples. Note that O2PLS uses all genes and regions in the datasets, and does 

not rely on prior information about the position or function of these features. Furthermore, O2PLS is 

unsupervised, and its algorithm is implemented in the OmicsPLS R package and freely available from CRAN 

[38]. Prior to the analysis, genes with expression lower than 10 counts in at least 22 samples were 

removed. Samples in both datasets were matched and 23 overlapping samples were retained. The 

expression data is normalized. Both datasets were log-transformed, and quantile normalized across 

samples. The dimensionality of the preprocessed datasets is 23 by 15,882  (RNA-seq) and 23 by 33,642 

(ChIP-seq). 

  

Proteomics 

We performed proteomics using cardiac samples from the same patients (n=11) and 8 non-failing donor 

samples from the Sydney heart bank (Supplementary Table 1). Briefly, proteins were loaded to a 4-12% 

NuPAGE Novex Bis-Tris 1.5 mm mini gel (Invitrogen) for separation, followed by fixation (50% ethanol and 

3% phosphoric acid) and staining using 0.1% Coomassie brilliant blue G-250 solution. In-gel digestion was 

performed and the samples were concentrated in a vacuum centrifuge as described previously [39]. Nano-

LC-MS/MS was performed as described previously [40]. Briefly, separated peptides were separated using 

an Ultimate 3000 Nano LC-MS/MS system (Dionex LC-Packings, Amsterdam, The Netherlands) and 

trapped. Eluting peptides were ionized into a Q Exactive mass spectrometer (Thermo Fisher, Bremen, 

Germany), and intact masses were measured in the orbitrap. Among all, the top 10 peptide signals were 

selected and analyzed using the MS/MS. MS/MS spectra were searched against a Uniprot human 

reference proteome FASTA file (Swissprot_2017_03_human_canonical_and_isoform.fasta, 42161 entries) 

using MaxQuant version 1.5.4.1. Differentially expressed proteins between HCM and control hearts at 

P<0.05 were identified using DESeq2 [30]. 

 

Functional enrichment analysis 
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Gene Ontology (GO) enrichment analysis: To study the enriched biological functions, GO enrichment 

analysis was performed using the ToppFun ToppGene Suite under the default settings (FDR correction, p-

value cutoff of 0.05, and gene limits between 1 and 2,000) [41]. 

Gene set enrichment analysis (GSEA): Established gene sets involved in the most enriched biological 

functions in HCM versus control hearts were collected from Molecular Signature Database v7.1 

(Supplementary Table 8) [42,43]. Each gene set per biological function was studied for its positive or 

negative correlation with genes annotated from the altered acetylated levels in the ChIP-seq data, genes 

with altered mRNA levels in the RNA-seq data, and protein-coding genes with altered protein levels in the 

proteomic data in this study. 

Protein-protein interaction (PPI) networks: Protein networks were performed using the STRING Version 

11.0 under the following settings: the meaning of network edges: confident, minimum required 

interaction score: medium confidence (0.400) [44]. 

 

Western blot 

Western blot was performed as described previously [11]. Primary antibodies, including mouse anti-

HSPA2 (heat shock-related 70 kDa protein 2, 66291-1, Proteintech Group), mouse anti-GAPDH (10R-

G109a, Fitzgerald Industries International), anti-ATP2A2 (sarcoplasmic reticulum Ca2+-ATPase 2, also 

known as SERCA2), and anti-β-actin, were used. 

  

Immunohistochemistry and immunofluorescence (IF) staining 

Tissue sections were thawed and left at RT for 20 min inside a closed box. Then the sections were treated 

with peroxidase blocking solution (3% H2O2 in MeOH) and blocked with 1% BSA. HSPA2 (Anti-HSPA2 

rabbit-Polyclonal antibody Prestige Antibodies HPA000798) primary antibodies were incubated for 1 hour 

at RT (1:100 for IF and 1:200 for IHC). Sections were washed and incubated with the secondary antibodies 

for 30 min. Vector Vectastain Universal Elite ABC Kit (PK-6200) was used to enhance the brightfield 

staining (IHC) and WGA (for cell membranes) and DAPI (nuclei) were added to counterstain fluorescence 

staining. The brightfield slides were washed, treated with DAB, counterstained with Mayers Hematoxylin, 

dehydrated, and mounted with DPX. Fluorescence staining was mounted with Mowiol. Images were 

acquired with the Vectra Polaris Scanner (brightfield/IHC) or Confocal Nikon A1 (IF). The analysis was 

performed with QuPath, Fiji, and NIS Nikon software. 
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Availability of data and materials 

All relevant data are available within the article and the supplementary files. Because of the sensitive 

nature of the data collected for this study (13 patient samples and 10 control samples), requests to access 

the raw sequencing dataset from qualified researchers trained in human subject confidentiality protocols 

may be sent to the corresponding authors. It is important to note that processed RNA-seq and H3K27ac 

ChIP-seq data of 11 patient samples and 7 control samples are published in a GWAS study [7] and available 

in Supplementary Table 3 and Supplementary Table 5, respectively. Raw proteomics data within the article 

can be found at the ProteomeXchange Consortium via the PRIDE partner repository with the dataset 

identifier PXD012467 [45]. Currently, the paper is accepted by Circulation: Heart Failure and will become 

publicly available soon. 
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Supplementary Table 1: An overview of the clinical characteristics in all cardiac samples. 

Supplementary Table 2: (A) Differentially acetylated regions between HCM and control hearts from the 

H3K27ac ChIP-seq data. (B) Genes annotated to differentially acetylated regions using the 5 kb window of 

the transcription start site. (C) Genes annotated to differentially acetylated regions using the 50 kb 

window of the transcription start site. (D) Enriched GO terms and pathways by genes annotated to the 

hyperacetylated regions (50 kb window). (E) Enriched GO terms and pathways by genes annotated to the 

hypoacetylated regions (50 kb window). 

Supplementary Table 3: (A) Differentially expressed genes between HCM and control hearts from the 

RNA-seq data. (B) Enriched GO terms and pathways by up-regulated genes in HCM versus control hearts. 

(C) Enriched GO terms and pathways by down-regulated genes in HCM versus control hearts. 

Supplementary Table 4: (A) Differentially expressed proteins between HCM and control hearts from the 

proteomics data. (B) Enriched GO terms and pathways by up-regulated proteins in HCM versus control 

hearts. (C) Enriched GO terms and pathways by down-regulated proteins in HCM versus control hearts. 

Supplementary Table 5: (A) Unsupervised analysis (O2PLS) ranking DNA regions that contributed to the 

separation between HCM and control hearts. (B) Unsupervised analysis (O2PLS) ranking genes that 

contributed to the separation between HCM and control hearts. 

Supplementary Table 6: (A) The overlapping genes between differentially expressed genes using DESeq2 

and the top 2,000 genes that discriminate HCM from control hearts using O2PLS. (B) Enriched GO terms 

and pathways by the overlapping genes. (C) Enriched GO terms and pathways by a subset of the 

overlapping genes, which showed the same changing direction at their protein levels in HCM hearts when 

compared with controls.  

Supplementary Table 7: Enrichment results of identified transcription factors that were supported by 

both ChIP-seq and RNA-seq data in HCM versus control hearts. 

Supplementary Table 8: Gene sets collected from the Molecular Signature Databases. 

Supplementary Figure 1:  Examples of differentially acetylated regions between HCM and control hearts. 

Supplementary Figure 2: (A) Protein-protein interactions between up-regulated proteins in HCM versus 

control hearts. (B) Protein-protein interactions between down-regulated proteins in HCM versus control 

hearts. 
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Supplementary Figure 3: (A) Gene set enrichment report showing the correlation between extracellular 

matrix (ECM) related genes and genes annotated to differentially acetylated regions. (B) Gene set 

enrichment report showing the correlation between ECM-related genes and differentially expressed 

genes. (C) Gene set enrichment report showing the correlation between ECM-related genes and genes 

encoding differentially expressed proteins. (D) Gene set enrichment report showing the correlation 

between cardiac muscle contraction related genes and genes annotated to differentially acetylated 

regions. (E) Gene set enrichment report showing the correlation between cardiac muscle contraction 

related genes and differentially expressed genes. (F) Gene set enrichment report showing the correlation 

between cardiac muscle contraction related genes and genes encoding differentially expressed proteins. 

(G) Gene set enrichment report showing the correlation between fatty acid metabolism-related genes 

and genes annotated to differentially acetylated regions. (H) Gene set enrichment report showing the 

correlation between fatty acid metabolism-related genes and differentially expressed genes. (I) Gene set 

enrichment report showing the correlation between fatty acid metabolism-related genes and genes 

encoding differentially expressed proteins. 

Supplementary Figure 4: (A) Enriched transcription factor binding motifs in the hyperacetylated regions 

in HCM versus control hearts. (B) Enriched transcription factor binding motifs in the hypoacetylated 

regions in HCM versus control hearts. 

Supplementary Figure 5: The acetylation and mRNA levels of the wildtype and mutant MYBPC3 alleles in 

all samples.  
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Abstract 

Background: Hypertrophic cardiomyopathy (HCM) is the most common genetic heart disease. While ~50% 

of HCM patients carry a sarcomere gene mutation (HCMSMP), the genetic background is unknown in the 

other half of the patients (sarcomere mutation-negative, HCMSMN). Genotype-specific differences have 

been reported in cardiac function. Moreover, HCMSMN patients have later disease onset and better 

prognosis than HCMSMP patients. To define if genotype-specific derailments at the protein level may 

explain the heterogeneity in disease development, we performed a proteomic analysis in cardiac tissue 

from a clinically well-phenotyped HCM patient group.  

Methods: A proteomics screen was performed in cardiac tissue from 39 HCMSMP, 11 HCMSMN patients and 

8 non-failing controls. HCM patients had obstructive cardiomyopathy with left ventricular outflow tract 

obstruction and diastolic dysfunction. A novel MYBPC32373insG mouse model was used to confirm functional 

relevance of our proteomic findings. 

Results: In all HCM patient samples we found lower levels of metabolic pathway proteins and higher levels 

of extracellular matrix proteins. Levels of total and detyrosinated α-tubulin were markedly higher in 

HCMSMP than in HCMSMN and controls. Higher tubulin detyrosination was also found in two unrelated 

MYBPC3 mouse models and its inhibition with parthenolide normalized contraction and relaxation time 

of isolated cardiomyocytes. 

Conclusion: Our findings indicate that microtubules and especially its detyrosination contribute to the 

pathomechanism of HCMSMP patients. This is of clinical importance since it represents a potential 

treatment target to improve cardiac function in HCMSMP patients, whereas a beneficial effect may be 

limited in HCMSMN patients. 
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Introduction 

 

Hypertrophic cardiomyopathy (HCM) is characterized by asymmetric left ventricular (LV) hypertrophy and 

diastolic dysfunction, which lead to LV outflow tract obstruction (LVOTO) in the majority of cases1. 

Mutations in genes encoding sarcomere proteins cause HCM and are identified in more than half of the 

patients (sarcomere mutation-positive, HCMSMP). The heterogeneity in genetic background of HCM is large 

with more than 1500 identified HCM-causing mutations2. Approximately 80% of mutations are located in 

MYH7 and MYBPC3. Less frequent are mutations in TNNT2 and TNNI33, 4. Previous research in HCM mouse 

models and humans showed genotype-specific differences in cellular characteristics and cardiac 

remodeling and function. Gene-specific differences in cellular redox and mitochondrial function were 

reported in mice harboring a MYH7 or TNNT2 mutation5. In accordance with studies in HCM mouse models, 

studies on patient myectomy samples reported gene-specific differences in the response to calcium, ADP, 

protein kinase A, and length-dependent activation of myofilaments compared to non-failing 

cardiomyocytes6, 7. Also, a comparison of two different patient-specific induced pluripotent stem cell-

derived cardiomyocyte cell lines, carrying either a mutation in MYBPC3 or TPM1, showed differences in 

calcium handling and electrophysiological properties8. These in vitro studies are strengthened by clinical 

patient studies which revealed a more severe decline in myocardial efficiency in MYH7 than in MYBPC3 

mutation carriers9, accompanied by a different response to therapy10. Notably, there is also a large patient 

population in which a disease-causing mutation cannot be identified, the so-called sarcomere mutation-

negative patients (HCMSMN). While the cause of the disease in these patients is unknown, they present 

with the same clinical phenotype as HCMSMP patients albeit at older age3. Moreover, recent data from the 

SHaRe registry indicate that HCMSMP have a 2-fold greater risk of adverse outcomes than HCMSMN
11. 

Whereas LVOTO can be invasively corrected by surgical myectomy, other symptoms can only be managed 

by pharmacological therapies, which do not halt or reverse cardiac disease1. Knowledge about the cellular 

changes that cause cardiac dysfunction and hypertrophy in HCM patients is needed to design new 

therapies. 

The main goal of this study was to define HCM- and genotype-specific derailments at the protein level, 

which may explain the heterogeneity in cardiac characteristics and disease initiation and progression. 

Therefore, we used an unbiased proteomics approach in a large number of myectomy samples from a 

clinically well-characterized HCM patient group with (HCMSMP) and without (HCMSMN) sarcomere 

mutations. We show that lower levels of metabolic pathway proteins and higher levels of extracellular 

matrix (ECM) proteins are the most prominent genotype-independent HCM-specific disease 
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characteristics. However, abundance and detyrosination of -tubulin was significantly higher in HCMSMP 

than in non-failing (NF) controls, with intermediate levels in HCMSMN. Recent studies in human heart 

failure identified a central role for detyrosinated microtubules in regulating cardiomyocyte function and 

demonstrated the functional benefit upon reversal of this modification12, 13. Our study in a European HCM 

patient cohort and genetic HCM mouse models strengthens the concept that targeting the microtubule 

network represents a therapeutic strategy to correct impaired function, and extends it to HCM caused by 

sarcomere mutations. 

 

Methods 

Human cardiac samples 

Tissue of the IVS of HCM patients was obtained during myectomy surgery to relieve LVOTO or after heart 

transplantation (1 sample, HCM 164). Samples of IVS from 8 healthy NF donors with no history of cardiac 

abnormalities was obtained from the Sydney Heart Bank (HREC Univ Sydney 2012/030) and served as 

controls. The clinical parameters of the HCM and NF groups are summarized in Table S1. In this table we 

organized HCM patients based on their genotype into 5 sub-groups: Patients with the Dutch MYBPC3 

founder mutation (2373insG), where the truncating mutation resulted in MYBPC3 haploinsufficiency14; 

Patients with MYBPC3 mutations other than the 2373insG mutation of which 81.8% were truncating 

mutations as well; Patients with MYH7 mutations; Patients with mutations in less frequently affected 

sarcomere genes (TNNT2, TNNI3 and MYL2); and HCMSMN patients. In line with studies in other cohorts15, 

almost all mutations in MYBPC3 were truncating mutations, whereas mutations in other sarcomeric 

proteins were missense except the truncating mutation c.814C>T in TNNT2. 

 

Extended methods section in the supplementary materials. 

 

Results 

 

No major genotype-specific protein changes 

We performed an unbiased proteomics approach to compare the protein expression profile of 50 

interventricular septum (IVS) samples from HCM patients with 8 NFIVS samples (Table S1; patient 

characteristics). We identified 3,811 proteins of which we included 2,127 into our analysis after applying 

our inclusion criteria of an average normalized count of >1.4 and the protein being detected in >25% of 
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samples. This filtered out low-level proteins that could not be reliably quantified. Samples were grouped 

based on their genotype and protein expression changes were analyzed in different group-wise 

comparisons. Table S2 lists all group-wise comparisons and the corresponding number of significantly 

deregulated proteins that contributed to the subsequent cluster and gene ontology (GO) analysis. An 

unbiased principal component analysis (PCA) of the protein expression data revealed separate clustering 

of the NFIVS and HCM samples, indicating different protein expression profiles between controls and 

patients (Figure 1A). Supervised hierarchical clustering of a multi-group comparison revealed separate 

clusters for NFIVS and HCM samples (Figure 1B). However, in both analysis the HCM samples did not cluster 

according to their genotypes, indicating that the protein profile at the time of myectomy surgery is 

relatively homogeneous with differences between genotypes that are not sufficiently large to distinguish 

them with cluster analysis. Sample HCM 83 did not cluster with any of the other HCM or NFIVS samples 

and turned out to have a very high serum albumin content. This implicated contamination with blood and 

therefore we excluded this sample from all further analyses. Sample HCM 164 also showed a unique 

protein expression pattern. It may reflect the infant proteome due to the young age (2 months), or the 

very severe disease stage since this is the only sample obtained from a heart transplantation. Since the 

variation in this sample is due to a biological reason, we did not exclude it. 

To validate our experimental approach, we checked the expression of proteins involved in 

pathways that are known to be altered in HCM (Figure S1, Table S3). Fibrosis, characterized by an increase 

in ECM components, is a well-established feature of HCM as shown by data from myectomy biopsies and 

cardiac magnetic resonance imaging of patients16, 17. In line with the presence of fibrosis in patients, we 

found increased levels of fibronectin, thrombospondin 4 and periostin (Figures S1A-C). Since hypertrophy 

is a morphological hallmark of HCM, we checked FHL2 expression as a negative regulator of hypertrophy18. 

In line with pro-hypertrophic signaling, reduced FHL2 protein expression was observed (Figure S1D). The 

hypertrophic phenotype was also evident from reduced α-MHC encoded by MYH6, and increased CSRP3 

expression in HCM samples (Figures S1E-F)19, 20. Finally, MYBPC3 haploinsufficiency was confirmed in 

samples with a mutation in MYBPC3 irrespective of whether the mutation is a truncation or missense 

mutation (Figures S1G-H, Table S4)14, 21.  

Additionally, we performed RNA sequencing in a subset of samples. Similar to the proteomics data, 

the PCA plot of the RNA data did not show clustering based on genotype (Figure S2A). The MA-plot depicts 

all genes with the differentially expressed genes in red (Figure S2B).Gene set enrichment analysis of the 

proteomics and transcriptomics data revealed a significant correlation of upregulated proteins with genes 

that showed higher expression levels in HCM compared to NFIVS (FDR<0.001), while less expressed 
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proteins are positively correlated with genes that showed lower expression levels in HCM (FDR=0.008). 

This observation suggested that protein expression changes were well correlated with the mRNA 

expression changes between HCM and NFIVS (Figure S2C-D).  

 

Figure 1: Clustering of proteome of controls and patient samples. (A) Principal component (PC) analysis of the filtered 
protein expression data. (B) Hierarchical clustering of a multi-group comparison of all proteins with p<0.05 when 
comparing HCMall with NFIVS. 
 

HCM-specific protein changes 

To identify HCM disease-specific protein expression patterns we grouped all HCM samples (HCMall) and 

compared them to NFIVS. We identified clusters of interacting proteins for higher and lower expressed 

proteins separately. 

Analysis of all significantly lower expressed proteins of HCMall compared to NFIVS uncovered the 

highest enrichment in oxidative phosphorylation, generation of precursor metabolites and energy, NAD 

metabolic process, translation, fatty acid catabolic process, regulated exocytosis and neutrophil 

degranulation (Figure 2A, more extensive list in Figure S3). This shows that the major changes in tissue of 

HCM patients are in metabolic pathways related to energy metabolism including both glucose and fatty 

acid metabolism. We selected all significantly lower expressed proteins annotated to the pathways and 

created a heatmap displaying the log2-fold change for a detailed visualization of protein changes in the 

pathway. We included RNA expression data of the corresponding genes to check if the protein changes 
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coincide with changes at the RNA level. Strikingly, most of these proteins are not changed on RNA level 

(Figure S4).  

The top clusters of the higher expressed proteins are associated with the GO terms ECM 

organization, actin filament-based process, myofibril assembly, muscle contraction, post-translational 

protein modification, protein folding and microtubule cytoskeleton organization (Figure 2B, more 

extensive list in Figure S5). The biggest cluster of more abundant proteins is ECM organization 

representing different collagens that are components of fibrotic tissue. Interestingly, many of these genes 

showed unaltered RNA levels compared to NFIVS. The same was observed for the other top clusters of 

higher expressed proteins, namely actin filament-based process, myofibril assembly and muscle 

contraction, where RNA levels were unaltered or even lower than in NFIVS (Figure S6).  

Since HCM is characterized by pronounced hypertrophy of the myocardium, we expected a 

protein cluster related to hypertrophy among the significantly increased proteins. Surprisingly, we did not 

find this. This could be because the myocardium is not in a state of active hypertrophic growth at the time 

of sample collection, or because we did not detect low abundant hypertrophy promoting signaling 

proteins. It is also known that several signaling proteins are regulated by post-translational modifications 

rather than by abundance on which our proteomics screen was based. Western blot analysis of the 

expression and phosphorylation of AKT and ERK, two well-known inducers of hypertrophy22, 23, showed 

higher AKT and ERK phosphorylation in HCMall samples, indicating activation of hypertrophic signaling 

(Figure S7). 

Subsequently, we repeated the cluster and GO analysis restricted to proteins that are higher and 

lower expressed if all 5 genotype HCM groups are compared individually to NFIVS to extract the most 

consistent and robust changes. Venn diagrams (Figure S8 and S9) were made to identify overlapping 

protein changes (76 higher and 92 lower expressed), which were subsequently used as analysis input.  

The results confirmed the findings from the initial analysis showing that the major HCM-specific 

protein changes include reduced metabolism, increased ECM remodeling, and pathways including muscle 

related processes. 
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Figure 2: HCM-specific changes in biological processes. Protein interaction cluster of significantly different proteins 
between HCMall and NFIVS were identified and are displayed with the most significant corresponding gene ontology 
(GO) term. (A) Top 10 downregulated protein interaction cluster based on cluster size with the most significant 
biological process related to this cluster. (B) Top 10 upregulated protein interaction cluster based on cluster size with 
the most significant biological process related to this cluster. The color gradient from light to dark indicates an 
increase in fold change. 
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Specific changes for HCMSMP and HCMSMN 

To study the pathways that are characteristic for HCMSMP or HCMSMN and might explain sarcomere 

mutation-specific changes in cardiac function, we created a Venn diagram of significantly different 

proteins in HCMSMP and HCMSMN compared to NFIVS. The Venn diagrams (Figures 3 and 4) illustrate that 

the majority of significantly different proteins are similar in HCMSMP and HCMSMN (191 lower and 121 

higher expressed proteins). However, a substantial number of proteins is only changed in either HCMSMP 

or HCMSMN.  

The 130 proteins that are specifically less abundant in HCMSMP overlap to a large degree with the 

biological processes of the 194 proteins that are significantly less abundant in both HCMSMP and HCMSMN 

(Figure S10). Analysis of the 62 proteins that are specifically less expressed in HCMSMN results in clusters 

related to stress granule assembly, translational initiation and protein folding (Figure 3).  

The majority of the shared higher expressed proteins involve ECM organization (Figure S11). GO 

analysis of the 68 proteins that are specifically more abundant in HCMSMP identified amongst others a 

protein clusters related to microtubule cytoskeleton organization (Figure 4).  

This cluster representing tubulin subunits is solely more abundant in HCMSMP. Since the tubulin 

network is highly regulated by post-translational modifications, we determined the levels of total α-

tubulin, tyrosinated and detyrosinated tubulin by western blot (Figure 5, Figure S12). In line with the 

proteomics data we found an increase in total α-tubulin which is more prominent in HCMSMP than in 

HCMSMN (Figure 5A). A post-translational modification of tubulin that leads to increased stiffness of 

cardiomyocytes is detyrosination of α-tubulin12. We found markedly elevated detyrosinated tubulin only 

in HCMSMP samples (Figure 5C), while levels of tyrosinated tubulin were slightly increased in both HCMSMP 

and HCMSMN (Figure 5B). Our data show that high levels of tubulin in HCMSMP represent mostly the 

detyrosinated form. We also determined desmin protein levels by Western blot since this protein is 

associated with microtubules in cardiomyocytes. Accordingly, desmin levels were elevated in HCM with 

the largest increase in HCMSMP (Figure 5D).  
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Figure 3: Differences in downregulated proteins between HCMSMP and HCMSMN. Protein interaction cluster of 
proteins that are only significantly downregulated for the HCMSMP vs NFIVS or the HCMSMN vs NFIVS comparison were 
identified and are displayed with the most significant corresponding gene ontology (GO) term. The top 5 protein 
interaction clusters of downregulated proteins are displayed. The color gradient from light to dark indicates an 
increase in fold change. 
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Figure 4: Differences in upregulated proteins between HCMSMP and HCMSMN. Protein interaction cluster of proteins 
that are only significantly upregulated for the HCMSMP vs NFIVS or the HCMSMN vs NFIVS comparison were identified 
and are displayed with the most significant corresponding gene ontology (GO) term. The top 5 protein interaction 
clusters of upregulated proteins are displayed The color gradient from light to dark indicates an increase in fold 
change. 
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Figure 5: Tubulin expression and posttranslational modifications in HCM patients. Protein levels of α-tubulin (A), its 
tyrosinated (B) and detyrosinated forms (C) and desmin (D), all normalized to GAPDH, in tissue of HCM patients. 
Kruskal-Wallis test with Dunn’s multiple comparisons test, **** p<0.0001, *** p=0.0003 in (B), *** p=0.0009 in (D), 
** p=0.0074, * p=0.0437 in (A), * p=0.0499 in (B) and * p=0.0357 in (D). Average of the control group is set to 1. 
n(NFIVS/HCMSMP/HCMSMN)=6/38/11 for (A), 8/36/11 for (B-C), 8/37/11 for (D). 
 

Inhibition of tubulin detyrosination corrects cardiomyocyte dysfunction in MYBPC32373insG mice 
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Based on previous studies in human heart failure13, our data in human myectomy samples indicate that 

microtubules may represent a treatment target to correct cardiac dysfunction in HCM. To provide proof 

for a role of tubulin in modulating cardiomyocyte function in HCM caused by a sarcomere gene mutation, 

we generated a HCM knock-in (KI) mouse model of the Dutch founder mutation c.2373insG in MYBPC3 

(Figures S13A-B). This mutation introduces a new splice donor site in exon 25 leading to a frameshift and 

premature stop codon resulting in an expected truncated protein of 95 kDa24. As no truncated protein is 

found in HCM patients carrying this mutation at the heterozygous state14, degradation of mutant mRNA 

and/or protein is likely. Accordingly, Western blot analysis did not reveal any truncated MYBPC3 protein 

in homozygous MYBPC32373insG mice (Figure S13C). 

Levels of total and tyrosinated α-tubulin did not differ between the groups, whereas the 

detyrosinated tubulin level was markedly higher in MYBPC32373insG than in wildtype (WT) mice (Figures 6A-

C). To evaluate whether these findings were specific to this model, we assessed the levels of total and 

detyrosinated tubulin in a second HCM mouse model carrying a different MYBPC3 mutation25. 

Homozygous MYBPC3772G>A mice showed a strong accumulation of α-tubulin and no difference in 

tyrosinated tubulin compared to their WT littermates. In addition, a trend to higher levels of detyrosinated 

tubulin was observed (Figures 6D-F). Overall, these mouse models consistently show tubulin changes in 

cardiomyopathy caused by MYBPC3 gene mutations. 

MYBPC32373insG mice had a severe cardiac phenotype characterized by higher ventricular weight to 

body weight ratio, increased LV anterior wall diameter, lower ejection fraction and longer isovolumetric 

relaxation time than WT mice (Figures 7A-D). Single cardiomyocytes from MYBPC32373insG hearts showed 

contractile deficits compared to WT as shown by an increase in time to peak of contraction and an 

impaired relaxation shown by an increase in time to baseline (Figures 7E-F). Inhibition of detyrosination 

by treatment with parthenolide (PTL) normalized the contraction and relaxation times in MYBPC32373insG 

mice to baseline WT levels (Figures 7E-F), whereas it had no effect on calcium release and reuptake time 

in MYBPC32373insG mice (Figure S14A-B), indicating a direct effect on myofilament function.  
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Figure 6: Tubulin composition in MYBPC32373insG and MYBPC3772G>A mouse models. Quantification and representative 
western blot images of (A) α-tubulin, (B) tyrosinated tubulin and (C) detyrosinated tubulin in MYBPC32373insG mice 
and (D-F) in MYBPC3772G>A mice, respectively. (A) is normalized to total protein stain (TPS), (B-F) are normalized to 
GAPDH. Lanes in (A) were run on the same gel but were noncontiguous. n(WT/MYBPC32373insG/772G>A)=6/6 (4 females, 
2 males/3 females, 3 males of 20-27 weeks for MYBPC32373insG and the corresponding WT; 2 females, 4 males for of 
55-59 weeks for MYBPC3772G>A and the corresponding WT) for (A, C-F) and 6/5 (4 females, 2 males/3 females, 2 males; 
20-27 weeks) for (B), unpaired two-tailed t-test, *** p=0.0001, ** p=0.0014. 
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Figure 7: Morphometric and phenotypic analysis of MYBPC32373insG mice and contractile function of isolated 
MYBPC32373insG cardiomyocytes upon inhibition of tubulin detyrosination. Quantification of the hypertrophy 
parameters (A) ventricle weight (VW)/body weight (BW) ratio and (B) wall thickness measured by echocardiography 
as left ventricular anterior wall diameter in diastole (LVAWd). (C) shows systolic function measured by ejection 
fraction and (D) diastolic function assessed by isovolumetric relaxation time (IVRT). n(WT/MYBPC32373insG)=9/9 (4 
females, 5 males; 20-27 weeks) for (A) and 8/7 (3 females, 5 resp. 4 males; 25-27 weeks) for (B-D), unpaired two-
tailed t-test, **** p<0.0001, *** p=0.0001. (E) displays the effect of tubulin detyrosination inhibition by PTL on the 
contractile parameter time to peak 70% and (F) on the diastolic parameter time to baseline 70%. The dotted line 
visualizes the WT baseline level. (G) shows example force transients for each condition of the single cell 
measurements. For (E-F) N(WT mice)=4 (2 females and 2 males, 13-33 weeks) with total n(cells DMSO/PTL)=191/99 
and N(MYBPC32373insG mice)=6 (2 females and 4 males, 13-35 weeks) with total n(cells DMSO/PTL)=169/123. (E) and 
(F) were analyzed by 2way-ANOVA, ** p<0.01, **** p<0.0001.  
 

Discussion 

In this study we compared the protein profile of cardiac tissue from HCM patients with different disease-

causing gene mutations to identify common HCM disease changes as well as genotype-specific protein 

changes. The majority of detected protein changes were common for all HCM samples and independent 

of the underlying gene mutation. Our approach revealed different protein profiles in the presence or 

absence of a sarcomere gene mutation. While hypertrophic remodeling in HCMSMP is characterized by an 

increase in the levels of proteins involved in microtubule cytoskeleton organization, HCMSMN samples 

show reduced levels of proteins involved in protein translation. 

 

Deregulated energy metabolism proteome 

Our analysis revealed that the majority of deregulated proteins are related to energy metabolism and 

show a consistent lower expression of proteins involved in oxidative phosphorylation, glycolysis and fatty 

acid oxidation. Especially subunits of mitochondrial respiratory chain complex I, which are part of cluster 

1 in Figure 2A, are consistently lower expressed. This is in line with another recent proteomics study of 

HCM tissue samples in which reduced levels of energy metabolism proteins was one of the main findings26. 

It also matches observations of energy deficiency in animal models27 and human studies28, 29. Energy 

deficiency has been proposed as the primary mutation-induced pathomechanism leading to 

compensatory hypertrophy30, which is supported by the fact that even asymptomatic mutation carriers 

without hypertrophy display reduced cardiac energetic status9, 29. The reduced cardiac efficiency was 

larger in MYH7 mutation carriers compared to MYBPC3 mutation carriers pointing towards genotype-

specific functional differences9. Our proteomic analyses did not show gene-dependent differences in 

proteins involved in cardiac energy metabolism. This indicates that the deregulated energy metabolism 

proteome is a secondary consequence due to cellular stress that is similar in patients with advanced HCM.  
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Lack of direct correlation between changes in protein and mRNA level in selected pathways 

Interestingly, most of the significantly different proteins did not show the same changes at the RNA level 

(Figure S4, S6), despite an overall correlation of proteomics and transcriptomics data (Figures S2C-D).

 A partial mismatch of RNA and protein expression data has also been observed in an integrated 

omics analysis of heart failure and sudden cardiac death31, demonstrating that this finding is not unique. 

The divergence of RNA and protein expression may partly be explained by post-translational regulation 

and different half-life of proteins and RNAs with RNAs being less stable than proteins. The mRNA 

expression data can give indications about ongoing processes in the cell as reaction to the pathological 

stimulus, while changes at the protein level reflect the actual functional response.  

 

Protein homeostasis differs between HCMSMP and HCMSMN 

Interestingly, proteins involved in protein translation are less abundant, particularly in HCMSMN patient 

tissue implying that the protein translation system is either more impaired or differently regulated in 

HCMSMN. Among the more abundant proteins, we observed a protein cluster related to protein folding. 

Protein folding proteins (chaperones) are needed for correct folding of de novo synthesized proteins as 

well as for refolding of misfolded mutant or damaged proteins. Since our data show downregulation of 

protein translation, it is unlikely that protein folding proteins are upregulated for folding of newly 

synthesized proteins. Instead, we speculate that their expression is upregulated to repair or remove 

misfolded (mutant) proteins32. This is in line with recent data describing an upregulation of protein folding 

proteins specifically in HCMSMP samples33. Protein folding proteins represent potential treatment targets 

since boosting their expression has already shown beneficial effects in animal models of other cardiac 

diseases and in cardiomyopathies34-36. Furthermore, activation of autophagy in MYBPC3772G>A mice 

rescued cardiac dysfunction37. Induction of heat shock proteins also produced beneficial effects in a model 

for atrial fibrillation38 and myocardial infarction39. In the latter study, the induction of mitochondrial heat 

shock proteins preserved mitochondrial function, which would be a desirable result in HCM patients to 

counteract the prominent mitochondrial dysfunction. 

 

Impact of increased tubulin network on cardiomyocyte function in HCM 

A striking observation was the specific upregulation of microtubule subunits and post-translational 

modification detyrosination in HCMSMP compared to HCMSMN. Previous studies indicated important 

regulatory roles of microtubules in cardiomyocyte function40. Recent reports showed that the translation 
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of the sarcomere proteins is localized to the myofilaments which points to a role of microtubules in the 

transportation of mRNA to the myofilament41, 42. Increased expression of tubulin subunits strengthens the 

microtubule network and facilitates the transportation of mRNAs to the sarcomere and concomitant 

increasing cardiomyocyte stability. In addition to tubulins, desmin protein level was significantly higher in 

HCMSMP than in HCMSMN. In the healthy heart, desmin is localized at the Z-discs forming a striated pattern 

and playing a central role in cardiomyocyte mechanical stability43. Overall, these protein changes suggest 

a compensatory mechanism of the cell to ensure sarcomere stability in the presence of a sarcomere gene 

mutation. 

Furthermore, microtubules and their post-translational modifications play an important role in 

cardiomyocyte mechanics, especially in regulating cardiomyocyte stiffness44, 45. Detyrosinated tubulin 

stabilizes microtubules by inhibiting disassembly46 and can anchor microtubules to the Z-discs of the 

sarcomere, most likely via desmin, and enhance stability and stiffness of the myofilaments and the 

microtubular network44. Tubulin detyrosination is enzymatically regulated by the tubulin tyrosine ligase 

(TTL) and tubulin carboxypeptidases (TCPs) that have detyrosinating activity. Recently, vasohibins have 

been identified as the first tubulin detyrosinating enzymes47, 48, and act in complex with small vasohibin-

binding protein (SVBP). In accordance with findings by Robison et al. in explanted hearts of heart failure 

and cardiomyopathy patients12, we observed a specific upregulation of tubulins and enhanced 

detyrosination in our genetically well-characterized HCM myectomy samples. Notably, we found the 

increase in tubulin detyrosination specific for HCMSMP samples. Chen et al. have already demonstrated the 

reversibility of tubulin detyrosination in isolated cardiomyocytes from explanted HCM hearts associated 

with an improvement of contractile function13, 49. Here we performed proof-of-concept studies in HCM 

mouse models to define the impact of tubulin detyrosination in the presence of a sarcomere mutation. 

Homozygous MYBPC32373insG mice replicated the tubulin detyrosination without an increase in total α-

tubulin levels, whereas homozygous MYBPC3772G>A mice display an increase in total α-tubulin with a trend 

to increased tubulin detyrosination. In MYBPC32373insG mice we showed that the increase in tubulin 

detyrosination is accompanied by reduced contraction and relaxation kinetics in isolated intact 

cardiomyocytes. Inhibition of tubulin detyrosination by PTL restored contraction and relaxation kinetics 

to WT levels in MYBPC32373insG cardiomyocytes. The used concentration of PTL has already been proven to 

be sufficient to reduce detyrosination of tubulin12, 50 and Chen et al. and Robison et al. have demonstrated 

that the PTL-induced effects on kinetics of contraction are the same as obtained by overexpression of 

TTL12, 13, which specifically lowers tubulin detyrosination. The positive effect of PTL on cardiomyocyte 
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function of MYBPC32373insG cardiomyocytes is therefore explained by a decrease in cardiomyocyte stiffness 

due to lower levels of detyrosinated tubulin. 

Overall, our findings in a European HCM patient cohort strengthens the evidence that increased 

detyrosination of microtubules contributes to cardiomyocyte stiffness and dysfunction in HCM. 

Importantly, we show that this is especially true in the presence of a sarcomere mutation.  

 

Study limitations and clinical implications 

The number of genotype-specific protein changes was low, which is likely due to the fact that all samples 

were obtained from obstructive HCM patients. Genotype-specific differences might have occurred at 

earlier disease stages and declined with disease progression. Due to unavailability of myocardial biopsies 

from asymptomatic mutation carriers, animal models and human-derived cardiomyocyte muscle models 

should provide insight into gene-specific pathomechanisms at early disease stages.  

Most of the patients in this study have been on drug therapy, therefore we cannot exclude that some of 

the proteomic changes are caused by medication. However, some of the main findings, e.g. energy 

deficiency, have also been observed in animal models27, and the number of patients on the most 

commonly used drugs does not differ between HCMSMP and HCMSMN (Table S7). Therefore it is more likely 

that the observed changes are driven by disease rather than medication.  

Although we detected and quantified a large number of proteins in this study, we are limited to more 

abundant cardiac proteins why our list of deregulated proteins is incomplete. Also, we did not assess post-

translational modifications in the proteomics study which have important regulatory functions. The 

changes at the protein level reflect whole tissue alterations and cannot be solely assigned to the mutation-

carrying cardiomyocytes but might also arise from other cell types. However, cardiomyocytes are 

responsible for most of the tissue volume and therefore drive most of the protein changes.  

Homozygous MYBPC32373insG mice do not resemble a perfect model of HCM since human patients carry 

heterozygous mutations. But due to the lack of phenotype in heterozygous mice they provide a suitable 

genetic model of loss of MYBPC3 protein levels. 

On the basis of our proteomic screen in a large set of human HCM samples and functional studies 

in a novel HCM mouse model, we propose that an increase in detyrosinated tubulin contributes to the 

clinical and cellular differences that we see between HCMSMP and HCMSMN samples (Figure 8). 

Detyrosinated microtubules may represent a target for therapeutic intervention in genetic heart disease 

because reducing detyrosination improves contractile function in isolated cardiomyocytes. Therefore, a 

specific inhibitor of detyrosination needs to be developed due to the known off-target effects of PTL. As 
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sarcomere mutation carriers are identified before disease onset, targeting the microtubules may 

represent a preventive treatment option.  

 

 

Figure 8: Schematic representation of genotype-independent changes in HCM and genotype-specific differences in 
the microtubular system. Our analysis shows that all HCM patients display downregulation of metabolic pathways 
(electron transport chain (ETC), tricarboxylic acid (TCA) cycle, β-oxidation (β-oxid)) and ribosomal proteins 
(Translation), as well as an upregulation of protein folding proteins (heat shock proteins, HSPs) and extracellular 
matrix (ECM) proteins. HCMSMP patients have a large increase in microtubules and levels of its detyrosinated form, 
whereas HCMSMN patients only have a slight increase compared to non-failing controls. 
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Abstract 

Background: Regulatory elements may be involved in the mechanisms by which 52 loci influence 

myocardial mass, reflected by abnormal amplitude and duration of the QRS complex on the 

electrocardiogram (ECG). Functional annotation thus far did not take into account how these elements 

are affected in disease context. 

Methods: We generated maps of regulatory elements on hypertrophic cardiomyopathy (HCM) patients 

(ChIP-seq N=14, RNA-seq N=11) and non-diseased hearts (ChIP-seq N=4, RNA-seq N=11). We tested 

enrichment of QRS-associated loci on elements differentially acetylated and/or directly regulating 

differentially expressed genes between HCM patients and controls. We further performed functional 

annotation on QRS-associated loci using these maps of differentially active regulatory elements. 

Results: Regions differentially affected in disease showed a stronger enrichment (p=8.6×10−5) for QRS-

associated variants than those not showing differential activity (p=0.01). Promoters of genes differentially 

regulated between HCM patients and controls showed more enrichment (p=0.001) than differentially 

acetylated enhancers (p=0.8) and super-enhancers (p=0.025). We also identified 74 potential causal 

variants overlapping these differential regulatory elements. Eighteen of the genes mapped confirmed 

previous findings, now also pinpointing the potentially affected regulatory elements and candidate causal 

variants. Fourteen new genes were also mapped. 

Conclusions: Our results suggest differentially active regulatory elements between HCM patients and 

controls can offer more insights into the mechanisms of QRS-associated loci than elements not affected 

by disease. 

 

Keywords: ECG; heart failure; epigenetics; gene regulation; genetics; bioinformatics; functional 

annotation; OMICS data integration 
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Introduction 

The QRS complex on the electrocardiogram (ECG) represents cardiac depolarization and conduction of 

the electrical signal through the ventricular muscle. Duration and amplitude of the QRS complex is used 

as a proxy for left ventricular mass1, 2. Abnormalities of the QRS complex are associated with an increased 

risk of cardiovascular (CV) mortality and morbidity3, 4.  

A recent large-scale genome-wide association study (GWAS) meta-analysis of four correlated and clinically 

used QRS traits (Sokolow-Lyon, Cornell, 12-lead-voltage duration products (12-leadsum), and QRS 

duration) identified 52 independent loci at p<1×10−8 5. However, the identification of causal variants, their 

target genes and disturbed mechanisms remain an important challenge. In a given GWAS locus, the SNP 

with the most significant association with the disease (lowest p-value) is usually reported as the ‘lead’ SNP. 

This lead SNP is not necessarily the causal variant, and a SNP in high linkage disequilibrium (LD) with the 

lead SNP may be the causal one6. Only three of the 52 SNPs reported in the original study are located in 

coding regions of the genome5. A non-synonymous variant in high LD with a high deleteriousness score, 

such as CADD score > 12.377, can also be considered candidate for causality, and that is the case of 14 

variants in nine QRS-associated loci (Supplemental Table 1). Potential mechanisms for causality in the 

remaining loci include disturbance of regulatory elements, genomic regions that play a crucial role in 

transcriptional regulation. Indeed, increasing evidence shows multiple GWAS variants regulate 

transcription8, 9. Non-coding variants often affect gene expression in a cell-type specific manner by altering 

the function of enhancer and promoter elements10, 11. Results from in silico analyses have suggested 

strong enrichment of QRS-associated variants in specific chromatin states associated with active 

enhancers, promoters, and transcription in the human heart12. By contrast, no enrichment was observed 

for transcriptionally repressive histone marks5, 13. Although using relevant cell-types, these previous 

studies did not include regulatory information obtained from tissue in disease state. Highlighting possible 

differences in transcription from control to diseased myocardial tissue may help understand the 

underlying mechanisms of changes in left ventricular mass. To gain insight into these mechanisms, we 

integrate genome, regulome and transcriptome information to test whether regions differentially 

affected in disease can be more informative than the regulatory landscape of non-diseased tissue. We use 

regulatory information obtained from non-diseased myocardium and diseased tissue from patients with 

hypertrophic cardiomyopathy (HCM). We also co-localize candidate causative QRS-associated variants 

and regulatory regions that show differential activity (proxied by H3K27ac levels or by gene expression) 

in HCM tissues compared to controls, in order to identify regulatory elements potentially altered by the 
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variation. Taken together, our results may enhance our understanding on the regulatory mechanisms 

underlying increased myocardial mass. 

 

Methods 

The procedures for obtaining human samples were approved by the scientific advisory board of the 

biobank of the University Medical Center Utrecht (protocol number 12/387), the Washington University 

School of Medicine Ethics Committee (Institutional Review Board) and the local ethics committee of the 

Erasmus MC, and written consent was obtained. Biopsies on HCM patients are septal myomectomy 

specimens. Control samples were obtained from donor hearts not used for transplantation. Mutation and 

clinical data of patients are given in Table 1. 

Because of the sensitive nature of the data collected for this study, requests to access the dataset from 

qualified researchers trained in human subject confidentiality protocols may be sent to the corresponding 

author at F.W.Asselbergs@umcutrecht.nl. The methods of our study are detailed in the supplemental 

data. 

 

Results 

In this study, we functionally annotated and fine-mapped 52 QRS-associated loci. We used regulatory 

information (promoters from RNA-seq experiments, H3K27ac regions highlighting active promoters and 

enhancers, and super-enhancers from ChIP-seq experiments) obtained from non-diseased myocardium 

and diseased tissue from HCM patients (Table 1, Supplemental Table 2). Categorizing as expressed genes 

with average RPKM > 0.5 across samples of each group, 12,136 genes were expressed on HCM group and 

12,540 on control group (Supplemental Tables 2 and 3). Differential expression analysis between the 11 

HCM patients and 11 controls resulted in 1557 up-regulated and 1202 down-regulated genes 

(Supplemental Table 4). Differential acetylation analysis between 14 HCM patients and 4 controls resulted 

in 4068 up-acetylated and 2983 down-acetylated regions (Supplemental Table 5). From the total set of 

super-enhancers identified, 1048 were unique to the HCM group, not overlapping with the control group 

(Supplemental Table 6). Promoter, enhancer and super-enhancer regions were further narrowed down to 

those overlapping regions of open chromatin, in order to retain only sequences accessible to TF binding. 

We used these regulatory features to test the enrichment of QRS-associated variants and vicinity in LD. In 
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order to identify an optimal LD cutoff, we identified variants in LD with the 52 QRS-associated SNPs, and 

divided them into bins, as described in the Methods section. We overlapped each bin with regulatory 

elements differentially regulated/acetylated in HCM, and performed 10k permutation tests to calculate 

enrichment (Supplemental Figure 1). Although LD thresholds showed fluctuations on enrichment, we 

observed a continuous decrease in enrichment as the LD threshold becomes more lenient. We defined LD 

r2>0.5 as cutoff to expand the set of candidate causal QRS-associated variants, from 52 lead SNPs to 4620 

SNPs. We co-localized these candidate causal QRS-associated variants and regulatory regions that show 

differential activity in disease, in order to identify regulatory elements potentially altered by the variation. 

We also investigated which set of regulatory features showed more enrichment for QRS-associated 

variants, and thus has the potential to be more informative for fine-mapping efforts. 

 

Disease-affected regulatory regions show more enrichment for QRS-associated variants than all tissue-

specific regulatory regions identified in control and disease patients 

We performed enrichment tests aiming to identify which set of regulatory regions is more informative for 

fine-mapping efforts. Regulatory features differentially regulated/acetylated in HCM were more enriched 

(p=8.6×10−5) than those not showing differential activity (p=0.01), suggesting these can offer more insight 

into mechanisms altered by genetic variation than general tissue-specific regulatory elements (Figure 1A). 

 

Promoters of differentially expressed genes show more enrichment than regions highlighted by 

differential acetylation 

Given the strong enrichment of QRS-associated variants in differentially regulated promoters and 

differentially acetylated regulatory elements in HCM (Figure 1A), we overlapped candidate causative SNPs 

and enriched regulatory features to identify variants that might be altering the function of these elements. 

Of the 4620 candidate QRS-associated SNPs, 74 co-localized with differential regulatory features (Figures 

1 and 2, Supplemental Table 1), more than expected by chance (p=8.6e-5). These variants show more 

enrichment in differentially expressed promoters from RNA-seq experiments (p=0.001) than differentially 

acetylated regulatory elements highlighted by H3K27 from ChIP-seq experiments (enhancers p=0.8, 

super-enhancers p=0.02) (Figure 1B). These results highlight the potential of integrating regulatory 

elements that show differential behavior in disease, especially promoter regions.



 

 
 

 Table 1. Patient characteristics. 

Sample name ChIP-seq RNA-seq Sex Cardiac 
region 

Age (at 
operation) 

Mutation Type of 
mutation 

BMI Ejection Fraction 
(%, via Echo) 

Cause of death 

HCM_1 x x M Septum 32 MYBPC3 truncation 
   

HCM_2 x 
 

M Septum 60 MYBPC3 truncation 
   

HCM_3 x x M Septum 17 MYBPC3 truncation 
   

HCM_4 x 
 

M Septum 26 MYBPC3 truncation 
   

HCM_5 x x M Septum 33 MYBPC3 truncation 
   

HCM_6 x x M Septum 27 MYBPC3 truncation 
   

HCM_7 x x F Septum 24 MYBPC3 truncation 
   

HCM_8 x x M Septum 33 MYBPC3 truncation 
   

HCM_9 x x M Septum 49 MYBPC3 truncation 
   

HCM_10 x x F Septum 21 MYBPC3 truncation 
   

HCM_11 x x F Septum 53 MYBPC3 truncation 
   

HCM_12 x x M Septum 53 MYBPC3 truncation 
   

HCM_13 x 
 

M Septum 48 MYBPC3 truncation 
   

HCM_14 x x M Septum 22 MYBPC3 truncation 
   

CONTROL_ChIP_1 x 
 

F Septum NA 
  

NA NA 
 

CONTROL_ChIP_2 x 
 

M LV NA 
  

NA NA 
 

CONTROL_ChIP_3 x 
 

M Septum NA 
  

NA NA 
 

CONTROL_ChIP_4 x 
 

F Septum NA 
  

NA NA 
 

CONTROL_RNA_1 
 

x M RV 46 
  

32.9 60-65 Intracranial 
hemorrhage/Stroke 

CONTROL_RNA_2 
 

x M LV 46 
  

32.9 60-65 Intracranial 
hemorrhage/Stroke 

CONTROL_RNA_3 
 

x M RV 50   
 

27.4 65 Intracranial 
hemorrhage/Stroke 

CONTROL_RNA_4 
 

x F RV 56 
  

31.4 60-65 Intracranial 
hemorrhage/Stroke 

CONTROL_RNA_5 
 

x F LV 56 
  

31.4 60-65 Intracranial 
hemorrhage/Stroke 

CONTROL_RNA_6 
 

x F LV 59 
  

22.8 45-50 Head trauma 
CONTROL_RNA_7 

 
x M RV 46 

  
25.4 55 Head trauma 



 

 
 

CONTROL_RNA_8 
 

x M LV 46 
  

25.4 55 Head trauma 
CONTROL_RNA_9 

 
x M RV NA 

  
NA NA NA 

CONTROL_RNA_10 
 

x F RV 61 
  

40.9 NA Cerebrovascular/stroke 
CONTROL_RNA_11 

 
x F LV 61   

 
40.9 NA Cerebrovascular/stroke 

 

  



 

169 
 

Fine-mapping pinpoints potential causal variants and candidate genes 

The 74 variants overlapping regulatory elements affected in HCM are spread through 20 QRS-associated 

loci (Supplemental Figures 2–21). We investigated which genes are the potential targets of the 74 QRS-

associated variants. We retrieved the three genes nearest to each of the 74 variants. We found 13 of the 

nearest genes are down-regulated and 12 are up-regulated in HCM versus controls (Supplemental Table 

1). eQTL mapping with LV tissue from GTEx portal14 confirmed the involvement of these differentially 

regulated genes with QRS-associated candidate regulatory variants in three loci (ACP2/MADD, 

FADS1/FADS2, PROCR/EDEM2). Eighteen of the 68 candidate genes that were identified by the original 

study were confirmed with this new approach5. The functional annotation performed in this study 

pinpoints the likely regulatory elements affected by the variation that in turn affect expression of these 

genes, as well as candidate causative SNPs (Supplemental Tables 1 and 7). The function of the new 

fourteen candidate genes potentially involved in myocardial mass is described in Table 2. Visualization 

and further description of each of the 20 QRS-associated loci overlapping regulatory regions of interest 

can be found on the Supplemental Material. 

Figure 1. A) Mean number of regulatory elements overlapping with QRS-associated loci (red circle) compared with 
10,000 matched control sets (gray bars). Differentially acetylated / regulated elements in HCM show more 
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enrichment (p=8.6e-5) for QRS-associated candidate causal variants than those not showing differential activity 
(p=0.01). B) Promoters of genes differentially regulated between HCM patients and controls showed more 
enrichment (p=0.001) for QRS-associated variants than differentially acetylated enhancers (p=0.8) and super-
enhancers (p=0.025). 

 

Figure 2. Overview of functional annotation pipeline. We expanded the search from 52 lead SNPs to include variants 
in LD (r2>0.5), leading to 4620 candidate variants. Of these, 74 overlapped one or more regulatory feature of interest: 
differentially acetylated (H3K27ac) regions between HCM and control patients, differentially expressed promoter 
regions between HCM and control patients, and super-enhancers specific to HCM or LV. In the 20 loci where these 
overlaps were observed, differential expression analysis on HCM patients and controls and or/eQTL mapping in LV 
identified 32 candidate genes. Eighteen of these validate the findings of the previous study 5, now also pinpointing 
causal variants and the potential mechanisms by which they account risk. In addition, 14 new candidate genes were 
identified, some with cardiac function and previously implicated in other studies on ECG traits (Table 2, Supplemental 
Tables 1 and 7). 

 

Table 2. Description of new candidate genes identified mapped to QRS-associated loci overlapping regulatory 
regions with abnormal expression / acetylation between HCM and control patients. 

LIPH - Lipase H 

Lipase H is a phosphatidic acid-selective phospholipase A1 (PLA1) that 
produces 2-acyl lysophosphatidic acid (LPA). LPA is a lipid mediator with 
diverse biologic properties, including induction of platelet aggregation, 
smooth muscle contraction, and stimulation of cell proliferation15. 
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CPNE5 - Copine 5 

This gene is one of several genes that encode a calcium-dependent protein 
containing two N-terminal type II C2 domains and an integrin A domain-like 
sequence in the C-terminus. Has been implicated in previous GWAS in heart 
rate16. 

DPY19L1 - Dpy-19 Like C- 
Mannosyltransferase 1 

Function unknown. Automated annotations supported by experiments on 
knockout mouse models associate this gene to abnormal heart morphology 
and enlarged heart17. 

TTC39A - 
Tetratricopeptide repeat 
domain 39A 

Function unknown. Automated annotations supported by experiments on 
knockout mouse models associate this gene to increased heart weight and 
increased circulating phosphate level18. 

PROCR - Endothelial 
protein C receptor 

The protein encoded by this gene is a receptor for activated protein C, a 
serine protease activated by and involved in the blood coagulation pathway. 
The encoded protein is an N-glycosylated type I membrane protein that 
enhances the activation of protein C. Mutations in this gene have been 
associated with venous thromboembolism, myocardial infarction and 
coronary artery disease19, 20. 

PRKCD - Protein kinase C 
delta 

Protein kinase C (PKC) is a family of serine- and threonine-specific protein 
kinases that can be activated by calcium and the second messenger 
diacylglycerol. Studies both in human and mice demonstrate that PRKCD 
kinase is involved in B cell signaling and in the regulation of growth, 
apoptosis, and differentiation of a variety of cell types21. 
 
 
 

CORO6 - Coronin 6 
Involved in actin filament binding. Overexpressed in heart and skeletal 
muscle22. Has been implicated in previous GWAS in coronary artery 
disease19. 

TCEA3 - Transcription 
Elongation Factor A3 

This gene is associated to other measure of amplitude of the 
electrocardiogram, ST-T wave23 and QT- interval24. Overexpressed in 
heart22. 

FUT11 - 
Fucosyltransferase 11 

Function unknown. 

CENPA - Centromere 
protein A 

Histone H3-like variant which exclusively replaces conventional H3 in the 
nucleosome core of centromeric chromatin at the inner plate of the 
kinetochore25. Required for recruitment and assembly of kinetochore 
proteins, mitotic progression and chromosome segregation. May serve as 
an epigenetic mark that propagates centromere identity through replication 
and cell division26, 25, 27, 28. 

AGBL5 - ATP/GTP binding 
protein- like 5 Function unknown. 
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KCNK3 - Potassium 
channel, subfamily K, 
member 3 

PH-dependent, voltage-insensitive, background potassium channel protein. 
Rectification direction results from potassium ion concentration on either 
side of the membrane. Acts as an outward rectifier when external potassium 
concentration is low29. 

KHK - ketohexokinase 

Catalyzes the first step of metabolism of dietary fructose, conversion of 
fructose to fructose-1- phosphate. It has been shown that myocardial 
hypoxia influences fructose metabolism in human and mouse models of 
pathologic cardiac hypertrophy through hypoxia-inducible factor 1-alpha 
activation of SF3B1 and SF3B1-mediated splice switching of KHK-A to KHK-
C30, 31. In mice, heart-specific depletion of SF3B1 or genetic ablation of KHK 
suppressed pathologic stress-induced fructose metabolism, growth, and 
contractile dysfunction31. 

FADS1 - Fatty Acid 
Desaturase 1 

A member of the fatty acid desaturase (FADS) gene family. Component of a 
lipid metabolic pathway that catalyzes the biosynthesis of highly 
unsaturated fatty acids from precursor essential polyunsaturated fatty 
acids, linoleic acid, and alpha-linolenic acid. SNPs of the FADS gene cluster 
have been associated with polyunsaturated fatty acids in a cohort of 
patients with cardiovascular disease32. 

 

Discussion 

We performed functional annotation of 52 loci influencing myocardial mass, considering regulatory 

elements with differential activity between diseased (HCM) heart samples and control donors may act as 

mediators between genetic variation and gene expression. The 52 QRS-associated variants showed 

enrichment on the set of differential regulatory elements in comparison to non-differential regulatory 

elements. In addition, differentially expressed promoters identified by RNA-seq in HCM and controls 

showed more enrichment of QRS-associated variants, than the other differential regulatory elements 

analyzed. These results can aid the study design of future fine-mapping studies. 

Our functional annotation showed twenty loci showed overlapping with the enriched differential 

regulatory regions. We identified the variants in LD with the lead QRS-associated SNP overlapping 

regulatory features, thus pinpointing the potential causative variants and mechanisms through which 

these variants account risk for disease. We observed that some loci showed enrichment of more than one 

candidate SNP in the same regulatory feature. Studies indeed show that several variants can be causal 
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inside a disease-associated locus33, 34. In addition, more than one gene can be causal inside the same loci35, 

and we indeed identified more than one candidate gene per locus in some cases. Further assays, such as 

chromatin conformation capture36–40, can add evidence on the interaction between QRS-candidate 

regulatory SNPs and each candidate gene, preferably also taking into account the disease context41. These 

experiments can also reveal whether regions identified as promoters also function as enhancers42–44. 

Moreover, genes potentially influenced by the regulatory elements affected by QRS-associated variants 

that are not in the immediate vicinity can also be detected45. 

We observed that 18 genes mapped by the previous study were confirmed by differential expression 

and/or eQTL mapping, adding evidence for the role of these genes in natural variance in myocardial mass. 

We also identified 14 genes not previously mapped to the QRS-associated variants, some with known 

cardiac function and previously implicated in studies on ECG parameters and/or heart phenotypes. 

Definitive assignment of function(s) to putative cis-regulatory elements requires perturbation of these 

elements46. A promising approach is deletion and manipulation of nucleases through CRISPR/Cas9, which 

was successful in recent studies47, 10. 

Future efforts can unravel the mechanisms of the remaining QRS-associated loci by also taking into 

account other regulatory elements apart from enhancers and promoters, such as silencers, highlighted by 

different histone modifications. In addition, other histone modifications can also help identify additional 

enhancer elements. A subset of active enhancers has been identified in mouse embryonic stem cells that 

lack H3K27ac but are marked by H3K122ac and/or H3K64ac, H3K4me1 and enhancer RNAs (eRNAs)48. This 

evidence shows that although H3K27ac highlights enhancer activity, enhancers that lack H3K27ac are not 

necessarily inactive, and other histone marks can carry out the activating role of H3K27ac49. Moreover, as 

chromatin states are spatially and temporally dynamic along disease progression, regulatory information 

is needed in more different conditions including different stages of disease progression. This will allow a 

more precise and complete fine-mapping and functional annotation. It can also help answer whether QRS-

associated SNPs promote aberrant function of regulatory elements, or the SNPs alter the activity of 

regulatory elements following disease establishment. Finally, the low number of control heart samples 

included in our ChIP-seq experiments might partly explain the lower degree of enrichment for 

enhancer/super-enhancer regions as compared to the promoter regions identified from RNA-seq 

experiments. Increasing sample sizes may help unravel more regulatory regions and their enrichment for 

QRS-associated variants. 
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Taken together, our results show the importance of using differential regulatory elements in disease tissue 

on fine-mapping studies, since influence from cell conditions are crucial for epigenetic modifications, 

chromatin accessibility, TF binding and consequently gene regulation50. We also expand the view of the 

epigenetic and regulatory aspects involved in myocardial mass by pinpointing potential causal variants, 

mechanisms potentially affected by genetic variation, and candidate genes. Validation of the identified 

candidate causal variants through methods such as genome-editing technologies will broaden our 

knowledge on how QRS-associated variants contribute to disease. 
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ABSTRACT 

Background: Carriers of the R14del mutation in the phospholamban (PLN) gene develop cardiomyopathy 

and have an increased risk for life-threatening ventricular arrhythmias potentially due to adipocyte 

infiltration and fibrosis in the myocardium. The precise pathophysiological mechanisms underlying the 

severe fat infiltration in PLN R14del mutation carriers remain unknown. This study explores the role of 

epigenetic changes and their subsequent biological influences on metabolic changes in cardiac tissues and 

programmed cardiomyocytes from PLN R14del carriers. 

Results: Using cardiac tissue of PLN R14del patients and donors, we identified differentially acetylated 

promoters and enhancers (H3K27ac ChIP-seq) with annotated enriched transcription factor (TF) binding 

motifs located in those regions and identified differentially expressed genes (RNA-seq). In line with 

previous studies showing the fibrofatty replacement in PLN R14del hearts at the histological levels, here 

we observed the downregulation of PPARA and KLF15, two key TF regulators in fatty acid oxidation (FAO) 

metabolisms in our multi-omics analyses. We further used a human induced pluripotent stem cell-derived 

cardiomyocytes (iPSC-CMs) from a PLN R14del patient and a healthy donor to study their transcriptional 

regulations using RNA-seq. Consistently, differentially expressed genes between PLN and wild type iPSC-

CMs were highly enriched for biological processes involved in cellular metabolism. Seahorse assays were 

performed comparing the mitochondrial FAO function and glycolysis of PLN and wild type iPSC-CMs 

cultured in media with a variable composition of lipid and glucose, the two major sources of energy 

substrate for healthy cardiomyocytes. PLN R14del iPSC-CMs showed an enhanced preference for glucose 

utilization using the glycolysis pathway over FAO, and limited flexibility to switch between energy 

substrates as compared to the wild type. Using Nile red staining, we also detected an increased amount 

of the lipid droplet formation in PLN R14del iPSC-CMs when compared with the wild type allele. 

Interestingly, CRISPR-Cas9 corrected isogenic iPSC-CMs reversed the lipid droplet phenotype, suggesting 

a tight association between PLN R14del and the altered FAO. 

Conclusion: Using multi-omics approaches, we obtained a unique list of chromatin regions and genes, 

including TF coding genes, which played important roles in the metabolism-related signaling in PLN R14del 

hearts. Furthermore, we confirmed these findings obtained from the end-stage cardiac tissue in the early 

stage PLN iPSC-CMs when compared to the wild type. Combined, the switch of the metabolic substrate 

preference in PLN R14del cardiomyocytes from mitochondrial fatty acid oxidation to cytoplasmic 

glycolysis provides several options for biomarkers to monitor disease progression as well as treatment 

strategy in PLN R14del, and beyond. 
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INTRODUCTION 

The R14del mutation in the phospholamban (PLN) gene is associated with dilated cardiomyopathy (DCM) 

and/or arrhythmogenic (biventricular) cardiomyopathy (ACM) with a high risk for life-threatening 

ventricular arrhythmias.1,2 To date, there is no effective treatment available for PLN R14del patients. This 

mutation explains a large proportion of Dutch DCM and ACM cases, 15% and 12%, respectively, which is 

linked to a shared haplotype originated around the year 1400 A.D. in the northern parts of The 

Netherlands.3,4 Additional families carrying the PLN R14del mutation have been detected in other 

European countries, the United States, and Canada.5 PLN is a small phosphoprotein located in the 

cardiomyocyte sarcoplasmic reticulum (SR) acting as the major regulator of SERCA2a/ATP2A2 activity and 

calcium (Ca2+) cycling. Previous research in PLN R14del cardiomyocytes confirmed disturbed Ca2+ cycling 

and abnormal cytoplasmic distribution of the PLN protein.1,6 Aggregation, aggresome formation, and 

autophagy of the mutant PLN R14del protein in patient cardiac tissue have also been described.7 

Macroscopically, the end-stage PLN R14del heart shows a biventricular subepicardial fibrofatty tissue 

replacement of the myocardium, which is accompanied by profound interstitial fibrosis, transmural 

adipocyte infiltration, and islands of isolated cardiomyocytes between the adipocytes.8–10 

Adipocyte infiltration and fibrosis in the myocardium serve as an anatomical barrier and thus create a 

substrate for fatal arrhythmias resulting from re-entry of the electrical signal.11 The distribution of 

fibrofatty tissue replacement in PLN R14del carriers measured by late gadolinium enhancement can 

distinguish mutation carriers with and without ventricular arrhythmias.12 Many diseases, such as the 

various types of acquired (e.g. ischemic) and genetic (e.g. due to mutations in PKP2, DSG2, DSP, DSC2, JUP, 

SCN5A, and TNNT2) cardiomyopathies, myotonic dystrophy, obesity, and atrial fibrillation, exhibit 

fibrofatty infiltration as one of the pathophysiological hallmarks.11,13–15 However, it is still unclear which 

cell type(s) or mechanisms are responsible for the adipocyte infiltration by either the activation of the 

already existing pool of adipocytes or transdifferentiation of (cardiac) cells into adipocytes.11 Interestingly, 

next to the extracellular adipocyte infiltration, abnormalities in intracellular cardiomyocyte lipid 

metabolism have been observed in arrhythmogenic right ventricular cardiomyopathy (ARVC) caused by 

mutations in PKP2. The production of lipid droplets and adipogenic markers in PKP2 mutant 

cardiomyocytes have also been reported.16 Induced pluripotent stem cell-derived cardiomyocytes (iPSC-

CMs) with a homozygous PKP2 mutation showed aggressive lipogenesis, elevated apoptosis, and reduced 

metabolic flexibility.17 Furthermore, there are several forms of childhood cardiomyopathies caused by 

mutations in the mitochondrial fatty acid oxidation (FAO) pathway genes, such as HADHA, HADHB, CPT2, 
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ACADVL, which shown intracellular cardiomyocyte lipid droplet storage and adipocyte infiltration in the 

myocardium and other organs. Given the fact that lipid droplets and adipocyte infiltration is observed in 

various types of (genetic) forms of cardiac remodeling, a metabolism-related mechanism could be 

responsible for the progression of cardiomyopathies in general. 

During heart failure, stressed cardiomyocytes suffer from an impaired capacity to oxidize fatty acids.18 The 

failing heart subsequently switches to glycolysis for energy production,19 resembling the energy balance 

of the fetal heart. However, the compensatory increase of glucose oxidation in the fetal-like energy 

management manner is not sufficient to meet adult energy consumption needs and will disturb the 

capacity of FAO-based ATP synthesis, leading to further starvation of the heart.20,21 Two key regulators of 

glucose and fatty acid metabolism on a molecular level, glucose transporter 1 (GLUT1) and peroxisome 

proliferator-activated receptor alpha (PPARA), respectively, are both downregulated in failing hearts,22 

indicating insufficient energy production. Accumulation of lipid droplets has been shown in murine hearts 

by suppressing PPARA expression.23 Myocardial adipogenesis in patients with cardiomyopathies, including 

PLN R14del carriers, is considered as a form of aberrant remodeling that is associated with the myocardial 

loss.24 Nevertheless, the metabolic adaptation and the precise pathophysiological mechanisms in PLN 

R14del mutation carriers involved in severe fat infiltration remain unknown. 

Here, we used multiple next-generation-sequencing approaches in a hypothesis-free manner to study the 

compact myocardial area of PLN R14del patients and healthy control hearts, in which the fatty epicardial 

layers were removed. We first profiled the activity of H3K27ac assayed by chromatin immunoprecipitation 

and sequencing (ChIP-seq) in human cardiac tissue from PLN R14del cardiomyopathy patients in 

comparison to healthy donor hearts. Based on the list of differentially acetylated regulatory regions 

between PLN patients and controls, we performed in silico region-to-gene annotations and TFBMs 

enrichment analysis. We also obtained the transcriptional changes in PLN versus control hearts using RNA 

sequencing (RNA-seq). By integrating the information at the DNA and RNA levels, we identified a set of 

TFs, which played a critical role in the end-stage PLN R14del hearts, enriched for the energy metabolism. 

To further characterize the identified TFs and their regulated metabolic signaling in the early stage at the 

cellular level, we used iPSC-CMs harboring the PLN R14del mutation and examined their metabolic 

changes in comparison to wild type iPSC-CMs at the RNA and the protein levels. Multiple in vitro assays 

were performed to elucidate the early-stage pathological phenotype in relation to the late-stage ex vivo 

results. 
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METHODS 

Study design and samples 

This study was approved by the Biobank Research Ethics Committee, University Medical Center Utrecht, 

Utrecht, The Netherlands, under protocol number 12-387 (cardiac tissues), and 14-513 (skin biopsies). 

Written informed consent was obtained or in certain cases waived by the ethics committee when 

obtaining informed consent was not possible due to the death of the individual. Heart samples collected 

at autopsy or transplantation were obtained from a homogeneous cohort of patients whom all carried 

the same pathogenic PLN R14del mutation (n=6). Four control hearts obtained from rejected organ donors 

(n=3) or autopsy (n=1) were used as a reference. To further elaborate on PLN R14del-specific changes, 

hearts from patients with ischemic cardiomyopathy (n=4) and non-ischemic cardiomyopathy based on 

mutations in genes encoding sarcomeric proteins (n=6) were also included. An overview of cardiac tissues 

is presented in Table S1A. Cardiac tissues used for ChIP-seq and RNA-seq were obtained from regions 

halfway between the atrioventricular valves and the apex and were stored at -80°C. From each individual, 

an adjacent block of tissue from the same biopsy was used for ChIP-seq and was paraffin-embedded and 

stained with Masson’s trichrome (Figure S1A). High resolution systematic digital histological quantification 

of fibrosis and fatty tissue in trichrome stained slides was used to create schematic overviews showing 

mean fibrosis or adipose tissue in the PLN and control groups (Figure S1B). If applicable, macroscopically 

visible regions of subepicardial fat or myocardial fibrofatty replacement were removed from frozen tissue 

blocks and 12-30 tissue slices of 10 µm thick were cut to achieve a comparable amount of myocardial 

tissue in the sequenced material. For all the other samples ten 10 µm thick frozen slices were collected. 

Dermal fibroblasts were obtained from a 4mm skin biopsy under informed consent from one PLN R14del 

patient and one healthy donor, followed by the reprogramming of iPSC. Wild type and PLN R14del iPSC 

cell lines were kindly provided by Dr. Joseph Wu (Stanford Medicine) and Prof. Mark Mercola (Stanford 

Medicine), respectively. Wild type cardiomyocytes (CVI-111) and PLN R14del cardiomyocytes (D4) were 

differentiated from three different iPSC colonies (n=3) per group, and they were included in all cell-based 

experiments as shown below. In terms of the immunofluorescence staining, an additional cardiomyocyte 

cell line (C31), in which the PLN R14de mutation was corrected using CRISPR/Cas9 from the PLN R14del 

iPSC cell lines, was included. An overview of iPSC-CMs is presented in Table S1B. 

 

Chromatin H3K27ac immunoprecipitation and sequencing of human cardiac tissues 
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Chromatin was isolated from frozen cardiac tissues using the MAGnify™ Chromatin Immunoprecipitation 

System kit (Life Technologies) according to the manufacturer’s instructions. In brief, the obtained cardiac 

tissue was crosslinked with 1% formaldehyde and the crosslinking was stopped by adding 1.25 M glycine. 

Cells were lysed using the kit-provided lysis buffer and nuclei were sonicated using Covaris microTUBE 

(duty cycle 5%, intensity 2, 200 cycles per burst, 60s cycle time, 10 cycles). Sheared chromatin was diluted 

based on the expected number of isolated cells and was incubated with an anti-H3K27ac antibody (ab4729, 

Abcam) pre-coupled to magnetic beads for 2 hours at 4°C. Beads were extensively washed and crosslinking 

was reversed by the kit-provided reverse crosslinking buffer with 20 mg/mL Proteinase K. DNA was 

purified using ChIP DNA Clean & Concentrator kit (Zymo Research). Isolated DNA was additionally sheared, 

end-repaired, sequencing adaptors were ligated and the library was amplified by PCR using primers with 

sample-specific barcodes according to our modification to manufacturer’s recommendations. After PCR, 

the library was purified and checked for the proper size range and for the absence of adaptor dimers on 

a 2% agarose gel and sequenced on SOLiD Wildfire sequencer. 

 

H3K27ac ChIP-seq analyses 

Sequencing reads were mapped against the reference genome (hg19 assembly, GRCh37) using the BWA 

package (-c, –l 25, -k 2, -n 10).25 Multiple reads mapping to the same location and strand were collapsed 

to single reads and only uniquely placed reads were used for peak/region calling. Regions were called 

using Cisgenome 2.0 ( –e 150 -maxgap 200 –minlen 200).26 Next, to obtain a common reference, region 

coordinates from all PLN and control samples were stretched to at least 2000 base pairs and collapsed 

into a single common list. Overlapping regions were merged based on their outmost coordinates. Only 

the autosomal regions supported by at least 2 independent datasets were further analyzed. Sequencing 

reads from each ChIP-seq library were overlapped with the common region list, to set the H3K27ac 

occupancy for every region-sample pair. Obtained regions were further examined in 4 analyses (Table S2). 

Detection and gene annotation of differentially acetylated regions (Analysis 1): Regions with differential 

H3K27ac occupancy between PLN and control hearts were identified using DESeq2 standard settings 

(p<0.05 as calculated by Wald test)27 and are referred to as ‘differentially acetylated regions’. Supervised 

hierarchical clustering was performed with quantile normalized (limma::normalizeQiantiles() function in 

R), log2 transformed and median centered read counts per common region. To avoid the log2 

transformation of zero values, one read was added to each region. Region to gene annotation was 

performed in silico using a conservative window of +/-5kb from the transcription start site (TSS). 

https://paperpile.com/c/KX6ubr/8h0Ct
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Enrichment of TF binding motifs (TFBM) in differentially acetylated regions (Analysis 2): A total of 3396 

cardiac DNAse hypersensitivity sites (DHS) obtained from the ENCODE database (Heart_OC, Primary 

frozen heart tissue from NICHD donor ID:1104, Male, Caucasian, 35 years old)28 overlapping with 

differentially acetylated regions in the PLN vs. control group (both hypo- and hyperacetylated) were used 

for this analysis. The genomic sequence of DHS was repeat masked and the enrichment of TFBM was 

calculated against the shuffled sequences using the Analysis Motif of Enrichment (AME tool) of the MEME 

Suite29 with the following settings: motif database: human (HOCOMOCO v9), background model sequence 

set to 0.29182,0.20818,0.20818,0.29182, pseudo count added to a motif column: 0.25, Wilcoxon rank-

sum test (quick), p<0.05), number of multiple tests for Bonferroni correction: #Motifs× #PartitionsTested 

= 426×1 = 426. The functional annotation of the enriched TFs was performed as described above. 

PLN-specificity analysis of differentially acetylated regions (Analysis 3): Sequencing reads from each ChIP-

seq sample (PLN (n=6), control (n=4), ischemic (n=4), and sarcomeric (n=6) groups) were compared to the 

common differentially acetylated region list to set the H3K27ac occupancy for every region-sample pair. 

Raw read counts were quantile normalized (limma::normalizeQiantiles() function in R), log2 transformed 

and median centered (to avoid log2 transformation of zero values, one read was added to each region). 

The median value from each sample group was used to construct an n x k table where n = 4 (one value 

per each sample type) and k represent the number of differentially acetylated regions. The k-means 

(nstart = 200) function in R was used to partition the regions into 12 different clusters. To enable the 

reproducibility of identified clusters set.seed(10) R command was called before the clustering. Annotation 

of clusters with PLN-specific patterns was performed as described above. 

Pathway analysis of genes annotated to differentially acetylated regions (Analysis 4): ToppFun and STRING 

were used for gene list enrichment analysis and candidate gene prioritization based on functional 

annotations and protein interactions networks.30,31 For ToppFun, the list of hyper- and hypoacetylated 

genes was tested using probability density function p-value calculation method, FDR B&H correction, p-

value cut-off of 0.05, and gene limit of 1-2,000 genes per term. Since the pre-build gene/protein networks 

integrated into ToppFun were not created using the same criteria and the annotated number of genes 

varies significantly, we reported also genes belonging to known disease pathways even below the p-value 

threshold (where indicated). For protein network interaction visualization STRING v10.0 was used with a 

minimum required interaction score at the highest confidence setting for all differentially acetylated 

peaks. 

https://paperpile.com/c/KX6ubr/uXyRt
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Transcriptome analysis of human cardiac tissues using RNA sequencing 

RNA was isolated using ISOLATE II RNA Mini Kit (Bioline) according to the manufacturers’ instructions with 

minor adjustments. After the selection of mRNA, libraries were prepared using the NEXTflexTM Rapid 

RNA-seq Kit (Bioo Scientific). Libraries were sequenced on the Nextseq500 platform (Illumina), producing 

single-end reads of 75bp. Reads were aligned to the human reference genome GRCh37 using STAR 

v2.4.2a.32 Picard’s AddOrReplaceReadGroups v1.98 (http://broadinstitute.github.io/picard/) was used to 

add read groups to the BAM files, which were sorted with Sambamba v0.4.5 and transcript abundances 

were quantified with HTSeq-count v0.6.1p1 using the union mode.33,34 Subsequently, reads per kilobase 

per million mapped reads (RPKMs) were calculated with edgeR’s RPKM function.35 DESeq2 was used to 

identify differentially expressed regions using the cutoff of p<0.05 in the Galaxy environment (default 

settings).36 

 

Differentiation of iPSC into cardiomyocytes 

Reprogrammed Sendai (kit) accordingly as described before.37 Briefly, human iPSCs (>p20 <p50) were 

grown to ~90% confluence in 6 wells format and maintained in E8 medium for at least three passages 

before starting cardiac lineage differentiation. Upon differentiation, the medium was changed to medium 

without insulin (INS- medium), as insulin inhibits cardiac mesoderm formation.52 On day zero (day 0) 3 

ml/well medium with insulin (INS+ medium) was supplemented with 6-8 μM CHIR99021 (Selleck 

Chemicals). After one night incubation, an additional 2 ml of the INS- medium was carefully added (day 1), 

and an additional 1 ml of the INS- medium was added on day 2. On day 3, the medium was replaced by 3 

ml/well INS- medium supplemented with 2 μM Wnt-C59 (Tocris Bioscience). Afterward, the culturing 

medium was changed every other day and contracting cells were generally seen between day 7 and day 

9. After day 9, the INS- medium was replaced by 3ml/well INS+ medium. To metabolically select and purify 

iPSC-CMs, INS+ was replaced with a purification medium (without D-glucose) for 2 days. Purified iPSC-CMs 

were continuously cultured in INS+ for 2 days to recover. On day 15 iPSC-CMs were detached by 10 mins 

incubation of 10X TrypLE select (Thermo Fisher) at 37°C. Detached cells in TrypLE solution were flushed 

using INS+ medium and cell pellets were obtained by centrifuging at 300g for 3 mins. After aspiration, 

iPSC-CMs were resuspended in INS+ medium supplemented with ROCK inhibitor and KO-serum (Thermo 

Fisher) and filtered through a 100 µm pore filter (Corning). Approximately three million iPSC-CMs were 

re-plated into Matrigel-coated wells in a 6-well plate and further cultured for 2 days in INS+ medium for 

https://paperpile.com/c/KX6ubr/kct7S
https://paperpile.com/c/KX6ubr/NmPLq
https://paperpile.com/c/KX6ubr/ykYHJ
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recovery. To ensure the purity of iPSC-CMs, they were cultured in purification medium for 2 days before 

all cell-based experiments in this study (e.g. RNA-seq and Seahorse assays). 

 

Media used for the cultivation of iPSC-CMs  

To mature iPSC-CMs, we used the maturation medium developed in the Mercola lab (D. Feyen, et al. 2020, 

under revision, Cell Reports). After the 2nd purification as indicated above, INS+ medium was replaced by 

the maturation medium (Table S3) for a minimum of 3 weeks, which metabolically matured iPSC-CMs. 

Next, to study the metabolic capacity of iPSC-CMs, they were continuously cultured in glucose-rich 

medium or lipid-rich medium (Table S3) for another 3 weeks before the seahorse assays and the 

immunofluorescence analyses. 

 

RNA isolation and transcriptome analysis of iPSC-CMs using RNA sequencing 

Total RNA was isolated from cells using TriZol (Ambion) according to the manufacturer’s instructions. 

DNase treatment was carried out using the RNase-Free DNase Set (Qiagen). The quality of total RNA was 

first examined using Bioanalyzer 6000 Pico Kit (Agilent), and mRNA was selected. Libraries were prepared 

and sequenced as indicated above. Raw counts per gene per sample were imported to the Galaxy server 

and differentially expressed genes between PLN and wild type iPSC-CMs were identified using DESeq2 as 

indicated above.36 

 

Measure iPSC-CMs metabolism using seahorse assay 

Metabolic activity of purified iPSC-CMs was determined by mitochondrial fatty acid β-oxidation (FAO) and 

cytosolic glycolysis using the Seahorse XFe24 Extracellular Flux Analyzer (Seahorse Bioscience). Briefly, 

long-term cultured iPSC-CMs (77-159 days old) were first seeded to Matrigel-coated Seahorse XFe24 assay 

plates at a density of 50,000 cells/well and cultured in the standard culture medium for 2 days. Afterward, 

the standard culture medium was replaced by glucose-rich or lipid-rich medium and refreshed every other 

day (Table S3). To measure the oxygen consumption rate (OCR, pmol/min/µg protein) and extracellular 

acidification rate (ECAR, mpH/min/µg of protein), iPSC-CMs were first washed three times with 0.5 ml 

fresh seahorse medium (Agilent Technologies/Seahorse Bioscience) supplemented with 2% B27, 1% 

https://paperpile.com/c/KX6ubr/37A3J
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Chemically Defined Lipid Concentrate (Gibco), 4mM L-glutamine (Gibco), and 10mM glucose (Agilent, 

103577-100) and then kept in the same medium for 1 hour in a non-CO2 incubator at 37 °C. Afterward, 

100 µM etomoxir (ETO, a specific irreversible inhibitor of carnitine palmitoyltransferase 1, Agilent)16 was 

added to determine FAO dependency by measuring the oxygen consumption rate (OCR, pmol/min/µg 

protein), followed by the addition of 50 mM 2-Deoxy-D-glucose (2DG competitive glycolytic inhibitor, 

Sigma-Aldrich)16 to determine cytosolic glycolysis by measuring extracellular acidification rate (ECAR, 

mpH/min/µg of protein). Three measurements were taken before and after each injection and mixing 

cycle. Both OCR and ECAR were compared between PLN R14del and wild type iPSC-CMs. 

Seahorse mitochondrial FAO assay by measuring OCR: Each parameter for % OCR from baseline were 

measured and processed as follows: (1) Baseline: the last measurement of basal respiration before ETO 

injection (time point 3) was normalized to 100%, and the base measurement was defined by combining 

three measurements normalized to time point 3. (2) FAO: the three measurements after ETO injection 

normalized to time point 3. (3) Glycolysis: the three measurements after 2-DG injection normalized to 

time point 3. (4) FAO dependency: the percentage of fatty acids dependence was calculated by quantifying 

the change in basal OCR after ETO-inhibited FAO compared to the total mitochondrial function from other 

substrate oxidation. (5) Metabolic flexibility: the maximal respiration due to the utilization of other 

substrates was determined by the OCR after 2-DG-inhibited glycolysis.  

 Seahorse glycolysis assay by measure ECAR: Each parameter for % ECAR from baseline were measured 

and processed as follows: (1) Baseline: the last measurement of baseline before ETO injection (time point 

3) was normalized to 100%, and the base measurement was defined by combining three measurements 

normalized to time point 3. (2) Glycolysis: the three measurements after ETO injection normalized to time 

point 3. Glycolysis was quantified as the maximum percentage increase of ECAR over baseline. (3) 

Glycolysis inhibition: the three measurements after 2-DG injection normalized to time point 3. (4) 

Glycolysis dependency: the degree of glycolysis dependency was determined by the reduction of glycolysis 

after 2-DG injection. (5) Glycolytic reserve was determined by the average ECAR level after ETO injection 

substrated with the average ECAR level after 2-DG injection. 

 Statistical analysis of OCR and ECAR measurements: The experiment was done in 3 biological replicates, 

with each replicate consisting of 5–12 technical repeats per condition. OCR and ECAR rates were 

normalized to the non-glycolytic acidification rate per well and all values were further normalized to the 

in situ nuclear staining cell counts (Mean ± SD, n=3 counts/well). To compare OCR and ECAR between PLN 

R14del and wild type iPSC-CMs, an unpaired t-test or one-way ANOVA (biological replicates n=3, n=5-12 

https://paperpile.com/c/KX6ubr/9OISq
https://paperpile.com/c/KX6ubr/9OISq
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wells per replicate) was used. All data was represented as Mean ± SD and significance was displayed by 

*p < 0.05; **p < 0.01; ***p < 0.001, 0.001 and ****P ≤.0001. All ANOVA tests were subsequently analyzed 

using Tukey’s post hoc test. Statistical analysis was performed using the GraphPad Prism 8.3 software. 

 

Morphological characterization of iPSC-CMs   

iPSC-CMs were cultured on Matrigel-coated coverslips, fixed in paraformaldehyde (4%), and 

permeabilized in blocking/permeabilization buffer (5% BSA/0,3% Triton-X-100 in PBS) for 30 minutes. 

Primary antibodies were added as shown in Table S4 and incubated in 1:5 diluted 

blocking/permeabilization buffer DPBS overnight at 4°C. Cells were washed four times with PBS (5 mins 

each time) and incubated with Alexa-conjugated secondary antibodies (Life Technologies) diluted in 1:5 

blocking/permeabilization buffer (Table S4) in the dark at room temperature for 1 hr. Cells were washed 

as previously described and nuclei were stained using 1 µg/ml Hoechst (Life Technologies) for 15 mins. 

Coverslips were mounted using Fluoromount-G (Southern Biotech) and images were acquired using a 

Leica SP8X confocal microscope. Immunofluorescence stainings of Nile-red were quantified by the lipid 

mask macro of Image J, displaying the number of lipids/nuclei and were quantified by using one-way 

ANOVA (n=3/3 coverslips/images per well, n=3 biological replicates, n=>10 wells per condition). 

 

RESULTS 

The histone acetylome of PLN R14del cardiac tissue differs from the controls 

Firstly, using an unbiased ChIP-seq approach on cardiac tissues we identified 28,149±9,538, and 

25,721±8,460 regions with differential H3K27ac binding in PLN and control hearts, respectively (Table S2). 

Next, we combined regions that were identified in at least two independent samples into a set of 23,356 

regions to assess differentially acetylated regions between two groups. In total, 2,107 autosomal regions 

showed differential H3K27ac levels (Figure 1A). Among these, 958 and 1,149 regions were identified as 

hyper- and hypoacetylated in PLN hearts as compared to the controls, respectively (Table S5). Although 

we used end-stage cardiac tissues from PLN R14del hearts, a reasonable number of differentially acylated 

regions were identified in PLN versus control hearts, followed by several in silico analyses. 
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Figure 1: A) Differentially acetylated regions between PLN and control hearts. B) An overview of annotated genes 
from the hyper- and the hypoacetylation regions. C) Selected examples of differentially acetylated regions depicted 
using the UCSC Genome Browser. In each example the region overlaps with the putative promoter (upstream region, 
5’UTR, first exons in region tracks) and shows a significant difference between PLN patients and controls (dot plots). 
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Arrow beginning indicates gene transcription start site (TSS). More region details can be found in Table S3 and S4. 
AcS = acetylation signal. ENCODE = publicly available ENCODE consortium data default display. H3K27ac = layered 
H3K27ac ChIPseq data in 6 cell types (GM12878 - red, H1-hESC – orange, HSMM – green, HUVEC – light blue, K562 
– dark blue, NHEK – purple, NHLF – pink). DHS – DNaseI hypersensitivity clusters in 125 cells, TFs = ChIPseq for 161 
TFs.  

 

Genes annotated to differentially acetylated regions in PLN R14del cardiac tissue are enriched in 

remodeling and metabolic pathways 

Next, we focused on differentially acetylated regions in close vicinity to gene bodies. We have chosen a 

conservative cutoff and followed only genes with differentially acetylated regions using a window of ±5kb 

between the peak center and transcription start site (TSS) of a gene. In total, 295 genes were identified in 

the close vicinity to 251 hyperacetylated peaks, including 233 protein-coding genes, 2 pseudogenes, 38 

long and 22 short non-coding RNA genes. We have also detected 568 genes close to 462 hypoacetylated 

peaks, including 476 protein-coding genes, 5 pseudogenes, 53 long and 34 short non-coding RNA genes 

(Figure 1B, Table S5). Selected examples of regions in the vicinity of 4 cardiac genes (FST, SMAD7, PROB1, 

and MYO15B) compared to H3K27ac signals from the ENCODE project are shown in Figure 1C. 

To predict altered biological processes in PLN hearts when compared with controls, we performed gene 

enrichment analysis of 863 genes annotated to differentially acetylated regions using ToppFun (padj<0.05). 

The analysis of 295 hyperacetylated genes resulted in several enriched GO terms and pathways of various 

sources related to three main groups: 1. fibrosis (extracellular matrix components, collagen synthesis, 

TGF-beta signaling pathway, cell adhesion, and immune system), 2. (cardiovascular) development and 3. 

chromatin assembly (histone function, nucleosome, cell senescence and proliferation, Table S6A). 

Significantly enriched processes related to chromatin assembly were mostly based on the core histone H1 

cluster on chromosome 6 based on 5 neighboring significantly hyperacetylated regions. On the other hand, 

gene enrichment analysis of hypoacetylated 568 genes resulted in two main groups: 1. (lipid) metabolism 

(fatty acid beta-oxidation, transferase activity) and 2. mitochondrial function (Table S6B). 

 

The predicted transcription factor binding sites located in differentially acetylated regions in PLN R14del 

cardiac tissue are enriched in remodeling and metabolic pathways 

Next, we studied TFBMs that were enriched in the differentially acetylated regions, which might be 

involved in the pathogenesis of the end-stage heart failure. We employed the AME program to test the 

enrichment of TFBMs using the DNA sequence of differentially acetylated peaks and detected enrichment 
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in 202 TFBMs and annotated them to 200 TF-encoding genes (Table S7A). In line with previous results, 

gene enrichment analysis of annotated TFs pointed to similar biological processes, among others, those 

involved in adipogenesis, myogenesis, mitochondrial structure, TGF beta signaling in fibrosis, heart 

development, and cell death (Table S7B). Protein interactions of several TFs linked to notable heart failure 

pathways are shown in Figure 2A, including the well-described key TFs involved in heart development, 

such as GATA4, TBX5, and MEF2C.38 Interestingly, the regulatory regions in the close vicinity of gene bodies 

encoding seven TFs with enriched TFBM also showed differential acetylation level: ESR1, ESRRA, KLF3, 

MAFG, MYC, NFATC2, and ZFHX3. Based on the enriched TFBMs inside differentially acetylated regions, 

we thus provide evidence that point to TFs working together with genes with differentially acetylated 

regulatory regions in the development of heart failure. Examples of several TFs with their enriched TFBMs 

are shown in Figure 2B. 

 

Metabolic pathways are overrepresented in PLN R14del cardiomyopathy as compared to other types of 

cardiomyopathies 

To further characterize specific pathways involved in PLN R14del and to exclude general events linked to 

end-stage heart failure, we also compared H3K27ac profiles of patients with other genetic types of 

ischemic cardiomyopathy (n=4) and non-ischemic dilated cardiomyopathy (sarcomeric group, n=6). K-

mean analysis was used to partition the PLN R14del-specific regions into 12 distinct clusters, which were 

then compared to clusters of regions linked to control or other cardiomyopathies (Table S8A). Based on 

this analysis, we focused on the main clusters showing a PLN R14del-specific pattern (Figure 3A). We have 

identified two clusters with hyperacetylation (cluster 1 and 12) linked to 50 genes and two clusters with 

hypoacetylation (clusters 3 and 4) linked to 158 genes that are unique in PLN 14del when compared with 

the other groups (Table S8B). We show PLN R14del-specific patterns of eight regions in the vicinity of 

genes, such as LINC01140, WIPF1, OSR1, IFFO2, LTBP1, GCGR, or CNNM4 (Figure 3B). At least 13 genes 

from the hyperacetylated group and 55 genes from the hypoacetylated group are known to be involved 

in various pathways related to (phospho)lipid and lipoprotein synthesis and metabolism, including genes 

such as DGKZ, HADHA/HADHB, INPP5J, MLYCD, PLCD3, and PLPP1. Thus, by comparing differentially 

acetylated regions in PLN patients to other types of dilated cardiomyopathy, we detected region clusters 

that distinguishes PLN R14del from other types of cardiomyopathies. 

 

https://paperpile.com/c/KX6ubr/MGpIe


 

196 
 

Figure 2: Enrichment of TF binding motifs in differentially acetylated regions. A) Selected examples of STRING protein 
database output used to detect interacting TFs annotated by both hyper- and hypoacetylated regions. Only the 
highest confidence interactions are displayed. Disconnected nodes were removed from the network image. B) 
Selected examples of TFs with both differentially acetylated promoter as well as enrichment of binding motif in the 
differentially acetylated regions. Dot plots represent the acetylation signal (AcS) measured for each sample. 
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Figure 3: K-mean clusters of PLN R14del cardiomyopathy (red), healthy controls (green), ischemic cardiomyopathy 
(dark blue) and sarcomeric non-ischemic cardiomyopathy (light blue) based on H3K27ac signal was user to partition 
the regions into 12 different clusters. Selected were clusters considered to be specifically hyperacetylated in PLN 
R14del (A) and hypoacetylated in PLN R14del (B) as compared to other conditions. (n=number of detected regions). 

 

Differentially expressed genes in PLN R14del cardiac tissue are enriched in remodeling and metabolic 

pathways 

Using RNA-seq on cardiac tissues from exactly the same PLN and control hearts samples that were used 

for epigenetic analysis, we obtained 3,541 differentially expressed genes between PLN and control hearts. 

Among these, 1,668 and 1,873 genes were identified as up- or downregulated genes in the PLN group as 
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compared with the control group, respectively (Table S9). Similar to the isolated chromatin data, mRNAs 

isolated from end-stage heart failure tissue of explanted hearts also provided a reasonable number of 

differentially expressed genes for further annotation. 

To study the biological processes that occur in PLN hearts as compared with the controls, we examined 

the pathways enriched by the differentially expressed genes. Consistent with the results using annotated 

genes from differentially acetylated regions, the enriched GO terms and pathways by 1,668 upregulated 

genes were mostly involved in fibrosis (extracellular matrix organization, cell adhesion, collagen binding, 

TGF-beta signaling pathway), and cardiovascular development (circulatory system development, blood 

vessel development, Figure 4A, and 4B, Table S10A). Similarly, gene set enrichment analysis of 1,873 

downregulated genes was dominantly involved in energy metabolism (oxidative phosphorylation, ATP 

synthesis coupled proton transport, acetyl-CoA C-acyltransferase activity) and mitochondrial function 

(Table S10B). 

 

Integrative analysis of the ChIP-seq and RNA-seq data in PLN versus control hearts further validates 

enrichment of identified TFs involved in remodeling and metabolic pathways 

To investigate the upstream players that could play a major role in regulating the subsequent biological 

processes, we performed an integrative analysis using both the ChIP-seq and the RNA-seq data. We 

collected all 200 TF-encoding genes, which were annotated from the enriched TFBMs in differentially 

acetylated regions using the ChIP-seq data, and examined their mRNA expression changes between the 

PLN and the control groups using the RNA-seq data. As a result, 26 and 13 annotated TF coding genes also 

showed significantly up- and downregulated mRNA expression levels in PLN versus control hearts (Figure 

4C). Notably, several overlapping TF coding genes are well-known to play a critical role in the most 

enriched GO terms and pathways that were identified using the ChIP-seq and/or RNA-seq data, such as 

ECM-related SMAD3 (upregulated) and metabolism-related KLF15 (downregulated). 
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Figure 4: A) Top 5 enriched GO terms by upregulated genes in PLN versus control hearts; B) Top 5 enriched GO terms 
by downregulated genes in PLN versus control hearts; C) TF coding genes, which were predicted to bind to enriched 
motifs in H3K27ac ChIP-seq data, with altered mRNA expression levels between PLN and control hearts. 
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Differentially expressed genes in PLN iPSC-cardiomyocytes are enriched in remodeling and metabolic 

pathways 

Besides the findings obtained at the tissue level using the end-stage PLN hearts, we also studied the 

transcriptome profiles in PLN R14del iPSC-CMs when compared with wild type iPSC-CMs. In total, we 

obtained 963 differentially expressed genes between PLN and wild type iPSC-CMs (Table S11A), which 

were both long-term cultured (77-159 days old) in maturation medium (From now referred to as early-

stage (PLN) iPSC-CMs). Among these, 727 and 226 genes were identified as up- and downregulated genes 

in PLN versus the wild type iPSC-CMs, respectively. We also examined the transcriptome profiles of PLN 

and wild type iPSC-CMs cultured in glucose-rich medium or lipid-rich medium to further investigate their 

energy metabolism. In the glucose-rich medium, we obtained 1,321 differentially expressed genes 

between the PLN and the wild type groups (Table S11B), composed of 419 upregulated and 902 

downregulated genes. In contrast, in the lipid-rich medium, we obtained 2,104 differentially expressed 

genes between the PLN and the wild type groups (Table S11C), which included 680 upregulated and 1,424 

downregulated genes. 

Next, we performed enrichment analyses using differentially expressed genes between PLN and wild type 

iPSC-CMs (Figure 5). Interestingly, the most enriched GO terms and pathways defined by upregulated 

genes were involved in fibrosis, regardless if they were exposed to maturation medium, the lipid-rich 

medium, or glucose-rich medium (Table S12A-C). Likewise, the most enriched GO terms and pathways 

defined by downregulated genes were involved in energy metabolism, similarly regardless of the type of 

their culture media. Nevertheless, it is important to note that the more detailed biological processes in 

the energy metabolism differed among the three culturing conditions. Consistent with the results 

obtained from the cardiac tissues, the general metabolic processes, such as oxidative phosphorylation 

and ATP synthesis coupled proton transport, remained the top enriched GO terms and pathways under 

the maturation condition (Table S12A). Enriched metabolic processes under the glucose-rich condition 

were more related to contraction regulation, such as cardiac muscle contraction and actin filament-based 

movement (Table S12B). Enriched metabolic processes under the lipid-rich condition were more 

associated with the endoplasmic reticulum activities, such as protein localization to the endoplasmic 

reticulum (ER) and protein targeting to ER (Table S12C). Strikingly, glycolysis, a glucose-based metabolic 

pathway, was also significantly enriched by the downregulated genes under the lipid-rich condition. 
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Figure 5: Top enriched GO terms by differentially expressed genes between PLN and wild type iPSC-CMs cultured in 
the maturation medium, the glucose-rich medium, and the lipid-rich medium. 

 

Fatty acid oxidation (FAO) and metabolic flexibility are impaired in PLN R14el iPSC-cardiomyocytes 
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Next we used Seahorse analysis to investigate mitochondrial FAO at the functional level, using a protocol 

that combines irreversible ETO-FAO blockade with 2-DG glycolysis blockade to evaluate mitochondrial 

respiration (Figure 6A). First, we compared the basal OCR of PLN and wild type iPSC-CMs cultured in 

maturation medium, which represents the mitochondrial function at the baseline level. We observed a 

comparable basal OCR between the PLN and the wild type groups (Figure 6B and 6C). After blocking FAO 

using ETO to drive iPSC-CMs to rely on non-fatty acid oxidation, the OCR rates remained comparable 

between the two groups (Figure 6C and 6D), suggesting a similar FAO-dependence. By blocking glycolysis 

with 2-DG, we observed some increase in OCR of wild type iPS-CMs, whereas the OCR of PLN iPSC-CMs 

continued to decrease and became significantly lower than the OCR of wild type iPSC-CMs (Figure 6B and 

6E). This observation suggests that the wild type iPSC-CMs are less dependent on glycolysis and have more 

metabolic flexibility when cultured under maturation medium conditions. 

Similarly, in the glucose-rich medium, both the basal OCR and the decrease in OCR after ETO-inhibited 

FAO were comparable between the PLN and the wild type groups (Figure 6F, 6G, and 6H). After 2-DG-

inhibited glycolysis, the OCR was significantly higher in wild type iPSC-CMs than PLN iPSC-CMs, once again 

suggesting more metabolic flexibility in wild type iPSC-CMs (Figure 6F, 6G, and 6I). 

In the lipid-rich medium, the basal OCR was significantly lower in PLN iPSC-CMs than in the wild type 

(Figure 6J and 6K), implying that FAO was impaired in the PLN iPSC-CMs. However, FAO dependency was 

not significantly different. OCR of both PLN and wild type iPSC-CMs continued to decrease after ETO-

inhibited FAO and 2-DG-inhibited glycolysis, but wild type iPSC-CMs consistently showed higher OCR rate 

when compared with PLN iPSC-CMs (Figure 6K, 6L, and 6M). These findings indicate that in conditions of 

excess lipids in the medium, PLN iPSC-CMs are less efficient in FAO, are more glycolysis dependent and 

metabolic flexibility is lower in PLN deficient iPSC-CMs similar to all the other medium conditions. 
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Figure 6: A) Seahorse XF24 Extracellular Flux assay measuring the oxygen consumption rate (OCR) to study the 
activity of the fatty acid oxidation (FAO) in PLN and wild type iPSC-CMs by manipulating the fatty acid oxidation and 
glucose metabolism using etomoxir (ETO) and 2-deoxyglucose (2-DG). B) OCR of iPSC-CMs cultured in the maturation 
medium (grey arrow indicates a switch in energy substrates). C) Quantification of basal, β-oxidation and glycolysis 
OCRs in PLN and wild type iPSC-CMs normalised to nuclei count. D) FAO dependency of cells cultured in the 
maturation medium. The degree of FAO dependency is determined by the reduction of mitochondrial function after 
ETO injection. E) Metabolic flexibility of cells cultured in the maturation medium. The degree of metabolic flexibility 
is determined by the OCR after 2-DG injection. F) OCR of iPSC-CMs cultured in the glucose-rich medium. G) 
Quantification of basal, β-oxidation and glycolysis OCRs in PLN and wild type iPSC-CMs normalised to nuclei count. 
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H) FAO dependency of cells cultured in the glucose-rich medium. I) Metabolic flexibility of cells cultured in the 
glucose-rich medium. J) OCR of iPSC-CMs cultured in the lipid-rich medium. K) Quantification of basal, β-oxidation 
and glycolysis OCRs in PLN and wild type iPSC-CMs normalised to nuclei count. L) FAO dependency of cells cultured 
in the lipid-rich medium. M) Metabolic flexibility of cells cultured in the lipid-rich medium. Data are presented as 
mean (±SD), biological replicates are 3 individual differentiations with each N= 5-10 wells. All P-values were 
calculated by using one-way ANOVA or Student's t-tests. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

PLN iPSC-CMs show higher glucose dependency 

We also studied glucose metabolism by comparing ECAR between the two groups. Similarly, we first drove 

the cells towards glucose utilization by blocking FAO using ETO, ensuring that the increased level of ECAR 

represents the maximum level of glycolysis. Next, we depleted glycolysis using 2-DG. The reduction of 

ECAR from the maximum level represents the glycolysis capacity (Figure 7A). 

In the maturation medium, we showed that the ECAR rate was significantly lower in PLN versus wild type 

iPSC-CMs after either ETO-inhibited FAO or 2-DG-inhibited glycolysis (Figure 7B and 7C). After 2-DG-

inhibited glycolysis, the decrease in ECAR in PLN versus wild type iPSC-CMs was particularly profound 

(Figure 7 and 7C). This indicates that compared to the wild type, PLN iPSC-CMs has a lower glycolysis 

capacity, and a higher dependency on glycolysis in the absence of other energetic substrates (Figure 7D). 

PLN iPSC-CMs also showed a higher glycolytic reserve than wild type iPSC-CMs ((Figure 7E). Combined, 

these data suggested that an increased glucose dependency and a decreased metabolic flexibility in PLN 

iPSC-CMs. 

In glucose-rich medium, ECAR levels remained comparable between two groups after either ETO-inhibited 

FAO or 2-DG-inhibited glycolysis (Figure 7F and 7G), However, the decrease in ECAR after glycolysis 

inhibition was more profound in PLN versus wild type iPSC-CMs, once again indicating a higher glycolysis 

dependence and a higher glycolytic reserve of the PLN iPSC-CMs (Figure 7H and 7I). 

In lipid-rich medium, PLN iPSC-CMs had a higher ECAR level after ETO-inhibited FAO and showed a 

significant ECAR reduction upon glycolysis inhibition when compared with the wild type (Figure 7J and 7K) 

resulting in a higher glycolysis dependency in PLN iPSC-CMs (Figure 7L). PLN iPSC-CMs also had a higher 

glycolytic reserve than the wild type (Figure 7M). These findings suggested that in the presence of lipids 

and glucose, PLN iPSC-CMs favored glucose as the substrate for mitochondrial respiration.  
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Figure 7: A) Seahorse XF24 Extracellular Flux assay measuring extracellular acidification rate (ECAR) to study the 
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activity of the glycolytic pathway in PLN and wild type iPSC-CMs by manipulating the fatty acid oxidation and glucose 
metabolism using etomoxir (ETO) and 2-deoxyglucose (2-DG). B) ECAR of iPSC-CMs cultured in the maturation 
medium (grey arrow indicates a switch in energy substrates). C) Quantification of ECAR at the baseline level, after 
ETO injection, and after 2-DG injection, values were normalized to nuclei count. D) Glycolysis dependency of cells 
cultured in the maturation medium. The degree of glycolysis dependency is determined by the total glycolysis minus 
the non-glycolytic acidification (after 2-DG injection). E) Glycolytic reserve of cells cultured in the maturation medium. 
The glycolytic reserve ability is determined by ECAR after ETO injection minus ECAR after 2-DG injection. F) ECAR of 
iPSC-CMs cultured in the glucose-rich medium. G) Quantification of ECAR at the baseline level, after ETO injection, 
and after 2-DG injection, values were normalized to nuclei count. H) Glycolysis dependency of cells cultured in the 
glucose-rich medium. I) Glycolytic reserve of cells cultured in the glucose-rich medium. J) ECAR of iPSC-CMs cultured 
in the lipid-rich medium. K) Quantification of ECAR at the baseline level, after ETO injection, and after 2-DG injection, 
values were normalized to nuclei count. L) Glycolysis dependency of cells cultured in the lipid-rich medium. M) 
Glycolytic reserve of cells cultured in the lipid-rich medium. Data are expressed as mean ±SD, biological replicates 
are 3 individual differentiations with each N= 5-12 wells, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, One-way 
ANOVA with Tukey's post-hoc comparison or Student's t-tests were used to compute statistical significance from the 
combined experiments.  

 

Intracellular lipid droplet accumulation is a feature of PLN R14del iPSC-CMs 

We also examined lipid accumulation in PLN and wild type iPSC-CMs. First, we demonstrated the presence 

of cardiomyocyte sarcomeres and mitochondrial in both groups cultured using α-actinin (green) and 

Tomm20 (red, Figure 8A), respectively. The nuclei of iPSC-CMs were stained by Hoechst and shown in blue. 

Both PLN and wild type iPCS-CMs showed well-developed cellular structure. Next, we examined the lipid 

accumulation in PLN and wild type iPSC-CMs cultured in maturation, glucose rich, and lipid rich media. 

We observed more accumulated lipids in PLN iPSC-CMs when compared with the wild type ones 

regardless of the type of culture medium (Figure 8B). However, this lipid accumulation in PLN iPSC-CMs 

became much more extensive when the cells were cultured in the glucose-rich medium and the lipid-rich 

medium. Notably, we further included a PLN-corrected isogenic iPSC-CMs as an additional control group 

to study the direct association between PLN R14del and lipid accumulation. We found that the level of 

lipid accumulation was more profound in PLN iPSC-CMs when compared to the wild type and the 

corrected isogenic iPSC-CMs (Figure 8C and 8D). 
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Figure 8: A) Examination of the iPSC-CMs structure. B) Nile red staining showing the lipid accumulation in PLN iPSC-
CMs and wild type iPSC-CMs cultured in three different media. C) Nile red staining showing the lipid accumulation 
in PLN iPSC-CMs, wild type iPSC-CMs, and PLN-corrected isogenic iPSC-CMs. D) Quantification of intracellular lipid 
formation in wild type, PLN R14el, and PLN-corrected isogenic iPSC-CMs (n ≥ 4 per group). Immunofluorescence 
images were taken at 63x magnification. Data were normalized to nuclei and shown as mean ±SD, and one-way 
ANOVA was used to compute statistical significance (***P<0.001, ns= not significantly different). 
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DISCUSSION 

This study provides unprecedented information on changes of chromatin activity and global 

transcriptional regulation in the end-stage hearts from cardiomyopathy patients carrying PLN R14del 

mutation when compared with the healthy donor hearts and hearts with other types of cardiomyopathies. 

Integrating these multi-omics data in a hypothesis-free manner, we showed an inhibited lipid metabolism 

in PLN hearts and identified several key transcription factors (e.g. PPARA and KLF15), which may play 

critical roles in regulating the altered metabolism. Besides the information obtained from the end-stage 

hearts, we compared the transcriptome profiles between PLN and control iPSC-CMs, which allowed us to 

study the biological changes due to PLN R14del in the early stage. Consistently, we observed the decrease 

in metabolic-related processes in PLN iPSC-CMs when compared to wild type iPSC-CMs. To further 

characterize the signaling at the functional level, we performed multiple Seahorse assays to measure the 

mitochondrial FAO function and the glycolysis pathways in PLN and wild type iPSC-CMs. We showed that 

PLN iPSC-CMs had a lower FAO and showed a preference for using glucose over fatty acids when compared 

with the wild type cells. Additionally, the metabolic flexibility was lower in PLN versus wild type iPSC-CMs. 

We also detected an increased amount of lipid droplet formation in PLN iPSC-CMs than the wild type using 

Nile red staining. Strikingly, PLN-corrected isogenic iPSC-CMs showed attenuation of lipid accumulation. 

It has been shown that regulatory regions display a high level of tissue specificity and that enrichment of 

GO terms based on the annotation to genes with the closest TSS similarly demonstrate cell-specific 

patterns.39,40 Here we present for the first time, data on cardiac gene regulation in patients with a PLN 

R14del mutation. Based on our analysis of the chromatin activity in heart tissue from both annotated 

genes in the vicinity of differentially acetylated regions as well as their TFBM enrichment, the findings 

point towards known pathways involved in end-stage cardiomyopathies, such as fibrosis, cell death or 

impairment of muscle function and lipid (energy substrate) metabolism.41,42,43 We have annotated several 

notable genes to differentially acetylated regions. For example, the regulatory region in the vicinity of FST 

had the strongest observed hyperacetylation status in our dataset. It is associated with extracellular 

matrix-related and calcium-binding proteins and its expression is altered during heart failure.44 

Differentially acetylated regions were detected also within ±5kb from TSS of CHKB, DES, FHL2, 

HADHA/HADHB, KCNQ1, MLYCD, MYH7, MYL3, PDLIM3, PLEC, and PNPLA2, and binding motifs were 

enriched for TFs GATA4 and POU1F1, which are genes previously were shown to cause genetic forms of 

dilated cardiomyopathy.45 It has to be noted we have not detected a significant difference between the 
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level of H3K27ac binding in the PLN gene itself, nor its binding partners such as ATP2A1, ATP2A2, PRKG1, 

PRKG2 or EDA (Source: Gene Cards, STRING). 

By comparing PLN R14del with diseased hearts without PLN R14del-related cardiomyopathies, we 

identified a list of PLN R14del-specific regions and annotated several notable genes in these regions, 

including many known genes involved in lipid metabolism (e.g. AGPAT2, GLIPR1, HADHA/HADHB, MLYCD, 

MSMO1, PLPP1, PTGDS, and INPP5J21). In addition, notable extracellular matrix-associated genes 

involved in fibrosis formation have been found, such as COL6A3, COL8A1, COL14A1, CFT1, LAMB2, LUM, 

and MMP223, in addition to genes crucial for sarcomeric contraction: CNN3, DES, MB, MYH7, MYL3, MYL7, 

and MYLPF19. We also identified differentially expressed genes in PLN versus control hearts using RNA-

seq and showed similar enrichment results, including activated fibrosis formation and suppression of 

energy metabolism. Notably, many annotated genes from PLN R14del-specific regions also showed 

significantly differentially expressed mRNA expression between PLN and control hearts, such as HADHA, 

HADHB, PTGDS, COL14A1, and LUM. 

By integrating H3K27ac ChIP-seq and RNA-seq data, we identified 39 TF coding genes which could play 

critical roles in regulating the pathological mechanisms in PLN R14del hearts. KLF15, one of the identified 

TF coding gene from the integrative analysis with a suppressed mRNA level, is a key regulatory in the 

cardiac lipid metabolism.46 A decrease in FAO and increase in glycolysis are observed in KLF15-insufficient 

hearts. Furthermore, the direct targets and the direct cooperator of KFL15, such as PDK4 and PPARA,46 in 

the regulation of FAO have also been identified in our H3K27ac ChIP-seq and/or RNA-seq data. 

Apart from these findings in cardiac tissues, in vitro, a set of downregulated genes PLN versus wild type 

iPSC-CMs was able to confirm suppression of specific process involved in metabolic regulation, regardless 

of the availability of fatty acids or glucose in the culture medium. It is important to note that despite the 

excessive access to fatty acids in the lipid-rich medium, PLN iPSC-CMs still showed a lower FAO profile 

than the wild type at the transcriptional level. We could further confirm the decrease in FAO in PLN versus 

iPSC-CMs at a functional level by measuring mitochondrial respiration, and by demonstrating increased 

lipid accumulation in PLN iPSC-CMs. Similarly, previous studies also showed inhibition of FAO and 

accumulated lipids in iPSC-CMs carrying PKP2 mutation when compared with controls.47,16 FAO changes 

serve as the indicator for early adapted or maladapted metabolic response.48 To meet the energy demand 

of the heart, fatty acids, especially the free circulating fatty acids, are transported to cardiomyocytes via 

the translocases like CD36, whereas the activated key metabolic regulator AMPK promotes the 

mitochondrial FAO.49 In impaired cardiomyocytes responding to e.g. saturated fatty acid treatment to 
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mimic metabolic cardiomyopathy, FAO decreases whereas intracellular lipid accumulation increases, 

resulting in the lipotoxicity of cardiomyocytes and cell death.50,51 Interestingly, by activating Cpt1b-

mediated FAO, the fatty acid clearance is significantly improved, thereby attenuating the lipotoxicity and 

related apoptosis.50 Combined, we hypothesize a vicious loop between the increase in energy cost for 

Ca2+ regulation due to PLN R14del mutation, the decrease in FAO in the cardiomyocytes, and enhanced 

cell death due to the intracellular lipid accumulation. 

Next to FAO suppression, we showed that PLN R14del iPSC-CMs exhibited a preference for glucose 

utilization during oxidation. Although healthy adult cardiomyocytes prefer fatty acids over other oxidative 

substrates (e.g. glucose and lactase) during the energy production,52 the increase in glucose utilization has 

been previously shown in cardiomyocytes from hypertrophic cardiomyopathies and failing hearts.53 It is 

worth noting that increased glucose metabolism in return inhibits FAO by malonyl coenzyme A-mediated 

signaling.54 Two key transporters, GLUT1 and GLUT4, are responsible for the exogenous glucose uptake, 

followed by rapid phosphorylation of intercellular glucose for glycolysis or being stored as glycogen.55 To 

generate the same amount of ATP, glucose metabolism requires less oxygen than fatty acid metabolism, 

indicating a higher efficiency of using glucose for energy production.55 However, in the long term, glucose-

dependent energy metabolism has been associated with the progression of cardiac dysfunction, 

suggesting that the switch from fatty acid to glucose utilization might be an early pathological process in 

the diseased heart.53 Additionally, like the lipotoxicity, high glucose levels also have deleterious effects on 

cardiomyocytes by increasing the oxidative stress-related cell death and decreasing the contractile 

force.56,57 

Cardiomyocytes show the flexibility in switching energy subtracts under different conditions, such as from 

glucose-dependent fetal condition into fatty acids-dependent adult condition and from fatty 

acids/glucose-dependent non-fasting condition to ketones-dependent fasting condition.53 Similar to PLN 

R14del related mitochondrial dysfunction, Bround et al. showed that cardiomyocytes with reduced 

mitochondrial metabolism due to the depletion of RYR2 had lower mRNA levels of key regulators in the 

fatty acid metabolism (e.g. Sirt1, Foxo1, Ppargc1a, Pparα, Pparγ, and Klf15) as well as glucose metabolism 

(e.g. Glut4 and Pck1), suggesting impaired flexibility in switching substrates.58 Thus, reduced metabolic 

flexibility may be a critical factor for maintaining normal cardiac function and preventing cardiac 

maladaptation in response to the disease or other stressors.59 
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This metabolic impairment remains difficult to study in PLN R14del cardiomyopathy. A previous study 

using a murine model demonstrated that DCM hearts carrying another mutation (p.Arg9Cys) in PLN 

showed increasing mRNA levels of profibrotic cytokines and ECM markers from the early to the severe 

stages. These include TGFβ, connective tissue growth factor, periostin, and thrombospondin.60 Notably, 

transcriptional changes in cardiomyocytes from the early stage DCM hearts showed significant repression 

of genes in aerobic metabolism (e.g. FAO and oxidative phosphorylation) and activation of genes in 

glucose metabolism when compared with wild type cardiomyocytes, indicating the switch from fatty acid 

to glucose utilization occurs at a early stage. Furthermore, when comparing cardiomyocytes from the end-

stage DCM hearts and controls, PPAR signaling was the most enriched metabolic pathway in the 

downregulated genes set, including Ppara, Ppargc1a, Rxrg, Klf15. Several PPARA agonists that regulate 

fatty acid metabolism have been approved by the FDA,61,62 and have shown protective effects by reducing 

the progression of cardiomyopathies.63 Many of these metabolic-related genes also showed suppressed 

acetylation levels and/or mRNA levels in PLN R14 del hearts and iPSC-CMs in the present study. 

Although fat is a normal component of the heart, especially in the epicardium,64 the precise pathological 

mechanism underlying fat infiltration related cardiomyopathies remains unclear.65 A previous study 

showed the possibility of differentiating adipose-derived stromal vascular fraction cells into 

cardiomyocyte-like cells.66 Another study showed the transduction of cardiac mesenchymal progenitors 

into adipocytes.67 Additionally, fibroblasts can also be differentiated into adipocytes directly and indirectly, 

by promoting the differentiation of adipose progenitor cells.68,69 These studies highlight the complex 

networks that exist between cardiomyocytes and non-myocyte cell types during metabolic (mal)adaption. 

Future studies are should focus on investigating cell-to-cell interactions during the cardiac energy 

rearrangement in PLN R14del cardiomyopathy. 

Taken together, we have cataloged valuable information on the chromatin acetylation activities and 

transcriptome regulations in PLN R14del hearts when compared with controls. We also revealed the 

transcriptome regulations in PLN R14del iPSC-CMs when compared with controls. Combining these multi-

omics data altogether, we identified disturbed energy metabolism in cardiac cells with a PLN R14del 

mutation, which we further validated using multiple functional assays and have highlighted several key 

metabolic regulators involved in the process. The in-depth analysis of integrating data using human end-

stage PLN hearts combined with in vitro findings in early-stage PLN iPSC derived cardiomyocytes 

presented in this study revealed for the first time the link between PLN R14del mutation, the impairment 

of FAO, and intracellular lipid accumulation. Additionally, the identified TFs and genes involved in the 
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metabolic pathway could contribute to the pathological progression of PLN R14del cardiomyopathy, and 

may serve as promising therapeutic targets for future treatments. 
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Summary and General discussion 

This chapter summarizes the findings presented in the previous chapters and discusses their application 

for a better understanding of the pathological mechanisms and identifying the driving factor(s) per heart 

failure (HF) etiology. 

 

Summary 

The major risk factors concerning acquired HF were addressed in Chapters 2, 3, and 4. Chronic kidney 

disease (CKD) occurs in 26% to 53% of the HF with preserved ejection fraction (HFpEF) population, and 

the subclinical diastolic dysfunction appears to be the most common echocardiographic feature in 

asymptomatic CKD patients on hemodialysis,1,2 indicating a tightly linked cardiac and kidney functions. 

Furthermore, elderly females with increased urinary albumin excretion or cystatin C are more vulnerable 

to develop HFpEF than the rest population.3 In Chapter 2, we focused on the microvasculature, which 

plays an important role in the kidney and cardiac interactions, and conducted a meta-analysis on the 

protective impact of estradiol (E2) on the endothelium against the uremic toxins (UTs) induced deleterious 

effects due to the kidney disease. By collecting the transcriptional changes of human-derived endothelial 

cells (ECs) treated by E2, indoxyl sulfate (IS), or a high concentration of inorganic phosphate (HP) from 

published studies using the microarray approach, we identified 188 genes that were increased by UTs 

(either IS and/or HP) and decreased by E2 and 572 genes that were decreased by UTs and increased by 

E2. Gene set enrichment analyses using the identified genes suggested that E2 could protect the 

(myo)endothelium by inhibiting UTs-induced inflammation and facilitating angiogenesis in injured vessels. 

In Chapter 3, we looked into the IS-treated ECs and studied alterations in the transcriptome using RNA 

sequencing (RNA-seq), which is a more sensitive technique in revealing the gene expression profile than 

microarray analysis.4 Enriched pathways that were identified by affected genes were involved in altered 

vascular formation and cell metabolism. We further examined the effect of IS on angiogenesis and cell 

metabolism at the functional level. Consistent with the transcriptome analysis, we also observed activated 

angiogenic response, decreased viability, and increased cell senescence in IS-treated ECs. Additionally, we 

showed that by blocking the mRNA expression level of CYP1B1, the top 1 up-regulated gene in IS-treated 

ECs, the pro-angiogenic response of IS was attenuated. IS activated reactive oxygen species (ROS) 

production, which promotes angiogenesis,5 was also diminished after silencing CYP1B1 expression. 

Combined, these findings suggested a critical role of CYP1B1 in IS-activated angiogenic response. 
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Chapter 4 profiles the histone acetylome changes in remodeled non-failing human hearts due to severe 

aortic stenosis. We presented a novel dataset of chromatin regulatory regions that showed different 

acetylation levels between the disease hearts and the healthy controls. Furthermore, we identified 

transcription factor (TF) binding motifs that were enriched in these differentially acetylated regions and 

annotated a list of TF that bind to these motifs. Out of these, we also showed that 64 TF-encoding genes 

were differentially expressed at the mRNA level using RNA-seq. Therefore, they could present as 

promising upstream regulators in mediating biological signals upon myocardial remodeling. 

Chapters 5 and 6 focus on inherited HCM carrying the MYBPC3 mutations from multiple perspectives, 

namely the DNA, RNA, and protein levels. In Chapter 5, we first revealed the histone acetylation landscape 

and the transcriptome profile in the HCM versus the control hearts. Next, we employed two independent 

analyses to process the DNA and the mRNA datasets. By integrating both analyses, we identified a list of 

genes that played a key role in regulating the biological processes in HCM hearts. Likewise, we also 

compared differentially expressed proteins between the HCM and the control groups. Connecting the 

changed proteins to the list of genes obtained from the integrative analysis, we provided 53 candidates 

that could serve as promising targets to restore the altered cardiac functions in HCM hearts.  

Chapter 6 further focused on the genotype-to-phenotype relationship in HCM at the proteomics and 

functional levels. In line with the findings from our previous studies and other published studies, 

differentially expressed proteins in HCM versus the healthy control hearts indicated activated fibrotic 

formation and inhibited metabolic pathways. Notably, within HCM hearts, we compared those which 

carry sarcomere mutations with those without known mutations. Increased tubulin and an altered 

posttranslational modification pattern were observed in mutation-positive versus mutation-negative HCM 

hearts. We further investigated the altered tubulin using the HCM mouse model and showed that 

decreased tubulin detyrosination normalized the contraction and relaxation of cardiomyocytes. 

Combined, these findings suggest that the tubulin network could play a role in the pathological 

mechanism in HCM hearts with a sarcomere mutation. 

In Chapter 7, we studied the association of 52 general genetic loci, which affect myocardial mass and lead 

to an abnormal QRS complex on the electrocardiogram,6 with the chromatin histone regulation in HCM 

hearts. By integrating genome, regulome, and transcriptome information, we observed that QRS-related 

loci had a higher correlation with differentially acetylated regions, particularly the promoter regions, than 

the non-differentially acetylated regions. Next, we collected a set of 4,620 candidate QRS-related 

causative single nucleotide polymorphisms (SNPs) in high linkage disequilibrium (LD) with the 52 loci. Out 
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of these, 74 SNPs co-localized with the leading loci in the differentially acetylated regions. By overlapping 

genes located next to these 74 SNPs with the transcriptome profile, we identified 25 genes that were 

differentially expressed between HCM versus control hearts, highlighting this integrative analytic 

approach in identifying potential causative SNPs and their influences on gene transcription. 

Chapter 8 investigated the chromatin transcriptional regulation in inherited DCM carrying the PLN-R14del 

mutation. Using cardiac tissue of PLN-R14del patients and healthy donors, we first identified differentially 

acetylated regions (including promoters and enhancers) and studied the enriched TF binding motifs in 

these regions. We also obtained differentially expressed genes between the PLN-R14del and control 

hearts. By integrating the histone regulome and the transcriptome data, we identified key TF regulators 

in the fatty acid oxidation (FAO) metabolism. Interestingly, previous studies from our group and others 

also demonstrated the typical fibrofatty replacement in PLN-R14del hearts, suggesting an altered FAO 

metabolism. Next, we validated the inhibited metabolism and accumulated lipid droplets in human 

induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) from a PLN-R14del patient versus 

hiPSC-CMs from a healthy donor at the transcriptional and the protein levels. Furthermore, we performed 

multiple Seahorse assays to compare the glycolysis and FAO in the PLN-R14del and the control hiPSC-CMs 

cultured in media with a variable composition of lipid and glucose, two major sources of energy substrate 

for healthy cardiomyocytes. We observed that PLN-R14del hiPSC-CMs had higher glycolysis dependent 

and less metabolic flexibility in switching the energy substrates as compared to the controls. Combined, 

these findings provide several options for biomarkers to monitor disease progression as well as treatment 

in PLN R14del, and beyond. 
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Discussion 

Based on the knowledge learned in all chapters, the possible improvements and future directions in the 

field of HF are discussed briefly, which may benefit the next-generation clinics for individuals who have 

HF or at a high risk of developing HF. 

 

From the tissue to the single-cell level 

We performed bulk sequencing to study the regulome, transcriptome, and/or proteome changes in 

diseased versus healthy hearts (Chapter 4-6 and Chapter 9). The heart is composed of multiple cell types, 

among which cardiomyocytes, endothelial cells (ECs), and fibroblasts are the most abundant cell types in 

the healthy adult hearts.7 A previous study showed 24 cell types with distinct transcriptome profiles in the 

mouse heart using single-cell RNA sequencing (scRNA-seq).8 Another scRNA-seq study revealed 9 major 

cell types and 20 subclusters of cell types in the human heart based on their cellular transcriptome 

profiles.9 Multiple subtypes have also been identified in the same cell type in the heart, including 

cardiomyocytes and ECs.10,11 In the diseased hearts, myocardium remodels and cellular composition 

changes, resulting in for example fewer cardiomyocytes (myocyte necrosis and apoptosis) and more 

fibroblasts (increased fibrosis).12 Therefore, dissecting the cell-type-specific signals could provide valuable 

insight into the diseases.  

Using scRNA-seq and H3K27ac ChIP-seq, a previous study identified the upstream TFs ELK1 and NRF1/2 

that played an important role in regulating the cardiomyocyte hypertrophy in murine hearts with pressure 

overload.13 In line with this finding, we also showed that both ELK1 and NRF1 were annotated to the 

enriched TFBMs by the hyperacetylated chromatin regions in human pressure overloaded hearts caused 

by aortic stenosis when compared with controls (Chapter 4). Martini and colleagues employed scRNA-seq 

to study the immune responses in pressure overloaded hearts, and they found activated genes that were 

specific for the immune cell subpopulations, including the upregulated CCR2 in macrophages, CXCR5 in B 

cells, PDCD1 in T cells, and IL6 in mast cells. We also obtained enriched inflammatory responses in the 

upregulated genes of aortic stenosis-related hearts versus controls. However, we could not identify signals 

that indicated the activation of specific immune cell subpopulations in our bulk sequencing data (Chapter 

4). A recent scRNA-seq study showed DNA damage response served as the hallmark in failing 

cardiomyocytes from DCM hearts versus normal cardiomyocytes from control hearts.14 Consistently, 

enrichment in DNA damage response was identified in our bulk sequencing data comparing DCM hearts 
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against controls (Chapter 8). Apart from cardiomyocytes, Li et al. employed scRNA-seq and identified a 

subpopulation of cardiac-specific resident ECs that were leading the angiogenic responses after 

myocardial infarction.15 We observed pro-angiogenic responses in ECs treated with uremic toxins (Chapter 

3). By connecting the transcriptome profile of the cardiac-specific resident ECs revealed by their study 

with the transcriptome profile shown in ours, we may obtain a list of genes that are highly relevant for 

mediating the neovasculogenesis in injured vessels from patients with the cardiorenal syndrome for 

future studies.  

Other research based on the scRNA-seq approach has shown the novel pro-fibrotic marker CAP4 (also 

known as CASP8) to be exclusively upregulated in active fibroblasts when compared with other cell types 

in ischemic hearts.16 The mRNA expression level of CASP8 was significantly higher in hypertrophic hearts 

due to aortic stenosis and dilated hearts with PLN R14del when compared with controls (Chapter 4 and 

Chapter 8). Whereas, the mRNA expression level of CASP8 was compatible between hypertrophic hearts 

carrying mutated MYBPC3 and controls (Chapter 5). Strikingly, aortic stenosis-related hypertrophic hearts 

and PLN-related dilated hearts showed a more extensive formation of fibrosis than MYBPC3-related 

hypertrophic hearts, further confirming the involvement of the active fibroblasts.  

Since bulk sequencing of whole tissue could easily miss the cell type-specific information that 

characterizes the (mal)adaption of myocardial remodeling in HF, piling studies in HF are now frequently 

employing single-cell sequencing techniques. However, it is important to note that most of these scRNA-

seq studies are limited to analysis of heart tissues from disease-mimicking animal models, due to easier 

handling and quick accessibilities.16,17 The conservation of global gene expression between human and 

other mammal species is still debatable.18,19,20,21 Thus, the single cellular responses in disease hearts as 

observed in animal models may not fully translate into the cellular responses in human hearts. Tucker and 

colleagues recently performed single nuclear RNA-seq in isolated nuclei from healthy human hearts and 

revealed 9 main clusters and over 20 subclusters of cell types.9 However, this technique neglects a 

significant part of the mRNA signals in the cytoplasm. Until now, dissecting human hearts on a single-cell 

level without damaging the cell integrity in the wet lab procedure remains difficult, and a highly sensitive 

and flexible technique to capture single cells with various sizes and shapes in a consistently high 

throughput bulk approach is still lacking.22 To tackle these methodical limitations, several studies have 

employed in situ sequencing to analyze the transcriptome landscape in the cardiac tissue, thus 

circumventing the typical problems associated with cell dissociation procedures.23,24 Nevertheless, this 

new technique of in situ sequencing is still limited by the available antibodies and/or probes to detect 
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gene expression at the genome-wide scale, and further developments are needed to fully investigate 

cellular changes on a single-cell level in the (human) heart. 

 

Beyond the central dogma 

Since transcriptome profiling shows great potential in understanding the disease pathologies and 

providing clinical indications,25,26 we studied the acquired HF with a focus on the mRNA expression level 

in Chapters 2 and 3. Besides the transcriptome profiling, we focused on the histone acetylation level in 

acquired HF in Chapter 4, because histone acetylation plays a major role in regulating gene transcription.27 

To further broaden our understanding of inherited HF, we integrated informative from the DNA, mRNA, 

and/or protein levels in Chapter 5-8. We noticed that the histone acetylation level correlates with the 

mRNA expression level in the same sample, however, the correlation between the global acetylation level, 

mRNA level, and/or protein level after the pairwise comparison becomes less promising. 

Although the central dogma of cellular information transition from DNA, RNA, to protein is a key concept 

of molecular biology, increasing evidence has indicated that this linear mechanism is oversimplified.28,29 

For example, only a minor portion of our genome consists of the sequences that encode all proteins. In 

addition, a large portion of sequences encodes for reverse transcriptases, proteins which reverse the 

transcription, indicative of the role of additional machinery required during the translation of mRNA to 

protein.30 Small molecules (e.g. polyketides and riboswitches), which are synthesized in the cells, can 

modulate the biological processes and thereby contribute to the genotype-to-phenotype variations.31 

Similarly to our studies, a previous study showed that the correlation between polymerase II occupancy 

and the mRNA expression level was weaker than the correlation between polymerase II occupancy and 

the TF occupancy at the genome-wide scale.32 Another study showed a modest correlation between 

mRNA and protein expression levels.33 Furthermore, variations among the correlation between DNA copy 

number and mRNA expression, mRNA expression and protein expression, and DNA copy number and 

protein expression have also been revealed.34 The degradation of mRNA is one of the major factors that 

result in the poor correlation between DNA copies and mRNA expression. A rapid turnover rate of mRNA, 

defined as the ratio of mRNA synthesis and degradation, is essential to facilitate the dynamic biological 

processes in response to various stimuli.35 Cytoplasmic mRNA can be degraded from 3’ to 5’ untranslated 

regions via PAN2/PAN3 and CCR4/NOT deadenylation complexes or from 5’ to 3’ untranslated regions via 

the decapping enzyme DCP2 or NUDT16.36,37,38 The interaction between mRNA and specific RNA-binding 
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proteins, such as Puf proteins, can result in the degradation of mRNA.39 The cytoplasmic foci in mammalian 

cells capture non-translating mRNAs and recruit the deadenylation complexes or the decapping enzymes, 

leading to mRNA degradation.40 Small RNAs, such as microRNAs (miRNAs) and short interfering RNAs 

(siRNAs), bind to mRNA and repress the post-translational gene expression.41 Naturally occurring genetic 

variants also influence the mRNA expression in the hearts.42 Likewise, protein degradation could hamper 

the correlation between mRNA expression and protein expression. The degradation of misfolded and/or 

unfolded proteins is most commonly regulated by the ubiquitin-proteasome pathway (UPP) and 

autophagy.43 In UPP, ubiquitin targets proteins directly and directs them towards proteasome for 

degradation in an ATP-dependent manner.44 During autophagy, proteins are degraded by lysosomes.45 

However, both UPP and autophagy can regulate proteolysis via the inhibition of the mammalian target of 

rapamycin (mTOR).46 A recent study indicated a new machinery in which the translating ribosome 

regulates the backtracked elongation complexes and subsequently reactivate the transcription, which 

further contributes to the complexity of the correlation between mRNA and protein expressions.47 

Ribosome profiling also shows a better ability in predicting the final protein level when compared to RNA-

seq.42 

Taken together, the correlation between DNA, RNA, and protein expression levels from our studies and 

others could be due to numerous factors, including the post-translational cleavage, mRNA, and/or protein 

degradation. A review from our group already highlighted the importance of proper multi-omics data 

integration in providing deep insights into the disease etiology.48 In conclusion, an optimal way to 

integrate multi-omics data rather than a simple correlative and the discovery of new types of machinery 

beyond the central dogma is needed in future studies. 

 

Clinical application of the extensive multi-omics data 

The advantage of high-throughput sequencing techniques is its ability in generating large data even from 

a small sample size at a single level, such as the global gene expression.49 More and more studies now are 

employing integrative analysis, which crosses multi-omics data from different levels, to characterize the 

disease subtyping, understand the complex mechanism underlying the diseases, and identify predictive 

biomarkers.50 Furthermore, connecting the clinical parameters to multi-omics data shows great potential 

in creating a prediction model of the disease outcome.51,52 Specific target that is obtained by integrating 

multi-omics data can serve as a potential therapeutic target and/or biomarker.53 Besides, the biological 
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network that is supported by multi-omics data also facilitates drug discovery.54 Clinical trials in HF have 

already been launched to study the precision medicine using multi-omics approaches (i.e. 

ClinicalTrials.gov Identifier: NCT04196842). Our studies show comprehensive information in both 

acquired and inherited HF at different levels using multi-omics profiling. For example, we performed 

integrative analysis and showed that the mRNA and protein levels of MCAM (also known as CD146) were 

significantly higher in HCM hearts than the controls (Chapter 5). Interestingly, MCAM has been proposed 

as a biomarker for endothelial damage,55 and endothelial dysfunction is highly associated with HCM and 

HF.56,57 The inhibition of fatty acid metabolism that we identified in the PLN R14del hearts using the 

integrative analysis (Chapter 8) has also been shown in failing hearts,58,59,60 and its metabolite serves as 

the biomarker for adverse cardiac events.61 Additionally, we presented a novel approach to study QRS-

associated loci that affect LV mass by integrating these loci with altered chromatin regulation regions and 

genes in hypertrophic hearts versus controls (Chapter 7). Besides these, we also showed other promising 

and novel candidates that play a critical role during the HF progression. Comparing the altered biological 

processes that are revealed in aortic stenosis-related hypertrophic hearts (HFpEF), mutated MYBPC3-

related hypertrophic hearts (HFpEF), and PLN R14del-related dilated hearts (HFrEF), we can further 

present the general pathways in HF and the disease-specific pathways. 

Besides ex vivo hearts and in vitro hiPSC-CMs, future studies using engineered heart tissues and cardiac 

organoids are also needed to investigate promising candidates and their involved biological functions. 

Their 3-dimensional structures allow us to further elucidate cell-to-cell and cell-to-matrix networks, which 

resemble the tissue-level organization have more clinical relevance when compared to the traditional 2-

dimensional cell culture.62,63 Furthermore, unlike the limited access to cardiac samples from the early 

stage diseased hearts, hiPSC-CMs, engineered heart tissues, and cardiac organoids can mimic the 

chronological progression of HF,64,65,66 which subsequently provide valuable insight to the identification of 

early disease markers and the understanding of the heterogeneity among patients. By connecting the 

information obtained from multi-omics approaches and in situ sequencing-based single-cell imaging in 

various models, we can dissect the regulome, the transcriptome, and the proteome landscape of each cell 

in the heart and integrate the druggable genome and study the potentially druggable genes per cell type.9 

These will further benefit the tailored therapeutic strategies per disease etiology in HF.  

 

Taken together, this thesis presents the unique and comprehensive data in HF and provides key 

regulators/factors that may drive the pathological mechanism(s) underlying the disease. Changes of 
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chromatin regulatory region activities in diseased hearts compared to control hearts provide valuable 

insights into identifying TF binding sites and related TFs, which regulate the downstream transcription. 

Changes of the transcriptional landscape further elucidate on the disease-driving and/or disease-related 

biological processes and pathways. Changes of proteome profile show the final products of the affected 

genes, which subsequently reveals the complex protein-protein networks and serve as potential clinical 

or diagnostic biomarkers to monitor the disease onset and disease progression. Integrative analysis of 

these data at DNA, mRNA, and protein levels strengthens our confidence in identifying the key factors 

underlying the disease. These identified candidates and their regulated biological networks can be further 

investigated in early disease models to elucidate their roles during the disease progression and targeted 

using pharmacological treatments, which are of great interest for further translational steps towards 

clinical implementation. 
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