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ABSTRACT 
 

 
Heart failure due to genetic cardiomyopathy is associated with a range of phenotypic expression. The 

studies in this body of work interrogated the role of noncoding variation in modifying cardiomyopathy 

phenotypes. We used cap analysis of gene expression in heathy and failed left ventricles to define the 

regulatory environment of heart failure. By combining our data with publicly-available datasets, we 

identified enhancers regulating the cardiomyopathy genes, MYH7 and LMNA.  We conducted functional 

validation of enhancer regions in induced pluripotent stem cell derived cardiomyocytes. To overcome 

technical challenges in these cells, we developed a multigene qPCR normalization panel. Our findings 

implicated a super enhancer in the switch of MYH6 and MYH7 expression. Sequence variants within 

transcription factor binding sites were shown to modify enhancer function. We extended our methodology 

genomewide using a computational pipeline and identified rs875908, which is 2KB 5’ of MYH7. This 

variant disrupts the function of an overlapping an MYH7 enhancer. rs875908 also correlated with 

longitudinal clinical features of cardiomyopathy in a biobank with clinical imaging and genetic data. Our 

findings indicate that noncoding variation is phenotypically relevant and may have clinical utility.  
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I. Prologue 

Mendelian inheritance was first described in pea plants where traits were inherited independently in 

defined ratios. In humans, inheritance of mendelian disease can follow a more complex pattern. Genetic 

variants are inherited in defined ratios, but many mutations demonstrate incomplete penetrance or 

variable expressivity. The phenotypic expression of a pathogenic mutation is driven by complex 

interactions between an individual’s genetic background and environmental exposures. To improve the 

clinical utility of genetic information, we need a more mechanistic understanding behind mutation 

expression. In this body of work, I study the effect of genetic background in the expression of 

cardiomyopathy causing mutations  

Heart failure is a clinical syndrome that leads to significant morbidity and mortality. One important 

cause of heart failure is cardiomyopathy, which refers to a group of disorders where there is an intrinsic 

insult to the cardiomyocyte. Mutations in the coding sequence of many genes have been shown to cause 

cardiomyopathy. A challenge to the clinical management of these patients is phenotypic heterogeneity in 

mutation carriers. Even within families, where the same pathogenic mutation is causing disease, 

individuals can have mild or severe phenotypes. Heterogeneity prevents using genetic information for risk 

stratification and more tailored management, which can improve clinical outcomes. This phenotypic 

variability is the result of modifiers, which includes genetic and environmental effects. One class of 

genetic modifiers are additional variants within the noncoding region of the genome. Next generation 

sequencing techniques have allowed for analysis of the noncoding area of the genome and many 

cardiomyopathy-relevant datasets are publicly available. The studies performed in this body of work focus 

on using epigenomic analyses and functional assays to identify and test noncoding cardiomyopathy 

modifier variants.  

 

II. Gene Expression and Organization of the Human Genome 

The human genome can be broadly organized into coding and noncoding regions. The coding region, 

which contains genes that produce protein coding RNAs, makes up < 2% of the entire genome (2). The 

other 98% is referred to as noncoding DNA. Initially, the function of noncoding DNA was unclear and was 
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famously referred to as “junk DNA” (3).  Years of investigation have determined that the noncoding 

genome is not completely “junk”, but some regions control the expression of coding regions. 

 

Coding DNA Features. The coding DNA contains genes that are transcribed into RNA which is translated 

into protein. The process of gene transcription is complex and involves hundreds of proteins. This 

process has been well reviewed elsewhere (4, 5). Not all sequences within a coding gene code for 

proteins, as intronic regions can have regulatory functions (6, 7). 

 

Regulatory Noncoding DNA Features. The regulatory features of the noncoding DNA include gene 

promoter regions and cis-acting regulatory regions. Gene promoter regions are directly upstream of 

genes and serve as docking sites for RNA polymerase. The gene promoter is bound by many regulatory 

proteins, including transcription factors (TFs). TFs are proteins that bind specific DNA sequences and 

recruit additional proteins that modify gene expression. The expression of these TF’s is often time and 

tissue specific, resulting in specific gene expression patterns. Gene promoters also contact additional 

DNA sequences through three-dimensional folding of the DNA molecule. These additional DNA 

sequences are referred to as cis-acting regulatory regions because they are on the same DNA molecule 

as their target promoter. Cis-acting regulatory regions can be inhibitory (silencers) or activating 

(enhancers). Enhancer regions can also be grouped together, where many individual enhancers are 

arranged in tandem. These groups of enhancers are often referred to as “super enhancers” (8). 

Importantly, TFs also bind cis-acting regulatory regions, which implies a model where gene promoters, 

enhancers, TFs, and other transcriptional machinery form a three-dimensional complex to regulate gene 

expression.   

An important concept driving enhancer-promoter interactions is that interactions can span great 

distances in linear space, but still interact in three-dimensional space. These interactions are not without 

limits, however. Studies of chromatin conformation have indicated that genomic regions are organized 

into structural domains, which are referred to as topologically associated domains (TADs) (9). TADs are 

large, on the order of megabases, and promoter-enhancer interactions are typically confined to the same 
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TAD. Therefore, TAD information can help focus enhancer searches and link enhancers to their promoter 

targets. 

 
III. Detecting and Testing Human Left Ventricle Enhancer Regions  
 
Enhancer regions are cis-regulatory sequences that interact with gene promoters and drive gene 

expression. Initially, enhancer region identification was limited to testing specific regions around genes 

(10, 11).  With the explosion of next generation sequencing technologies, it has become possible to assay 

enhancer activity genome wide. Since enhancer function is tissue and developmentally restricted, assays 

for left ventricle enhancers much be conducted in relevant cells/tissues. This section will focus on 

methods for detecting enhancers and review publicly available cardiac datasets. We focus on datasets 

derived from human tissue, but where human datasets are unavailable, we provide alternatives from 

animal or cellular models. Datasets are organized into Table 1.1. 

 

Cardiac Model Systems. The human left ventricle (LV) is the major chamber responsible for systolic 

function and cardiac output. The field of cardiovascular genetics lacks an ideal model of the human LV. 

Many studies have used the mouse LV to study regulatory regions, but genomic and physiologic 

differences between mice and humans can limit broader applicability (12, 13). Mouse models are 

genetically tractable and allow for precise developmental staging, which can assay developmentally 

specific regulatory regions. Cardiomyocyte cell lines are limited in nature. In vivo, mature cardiomyocytes 

are withdrawn from cell cycle. Thus, an immortal cell line is inherently dedifferentiated and has lost many 

essential elements of the mature cardiomyocyte. The HL-1 cardiomyocyte cell line is derived from a 

mouse atrial tumor and can be cultured indefinitely. These cells maintain minimal contractile properties 

and express some cardiac genes (14). However, the atrial and neoplastic nature of these cells may 

influence studies of LV regulatory regions. There are additional cell lines available including immortalized 

human ventricular Ac16 cells and iAM1 cells, which are derived from rat atrial cells. Both lines fail to 

express many mature cardiomyocyte markers. 

Human LV tissues can also be assayed for enhancer function. Most human hearts available for 

research are available as discarded material after heart transplantation, and so represent end-stage failed 
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hearts. Studies in the failed LV may not be relevant to the healthy heart because the failure state has 

been shown to influence enhancer usage (6, 15).  Healthy human LV samples are difficult to obtain, but 

can be obtained during failed transplants or by endocardial biopsy during surgery. Although it is rare that 

a completely healthy heart is being subjected to cardiac surgery. Fetal heart samples from aborted 

tissues have also been studied but have limited access due to ethical considerations and prohibitions on 

using federal funds for fetal tissue research. 

Induced pluripotent stem cell (iPSC) technology offers an alternative to assaying human tissues. 

Somatic human cells from a variety of sources can be reprogramed into iPSCs (16, 17). IPSCs 

differentiate into cardiomyocyte-like (iCMs) cells that express many cardiac markers (18). This process 

modulates the WNT signaling pathway in a manner that mimics human cardiac development. iCMs 

contract spontaneously and can be formed into tissue-like structures called engineered heart tissues 

(EHTs) (19). iPSCs are also amenable to genome editing, allowing for studies of cardiac regulatory 

regions on isogenic backgrounds. However, iCMs are transcriptionally immature with gene expression 

patterns that are more similar to fetal cardiomyocytes, which implies an immature regulatory system (20) . 

An additional challenge to using iCMs is significant variability in the differentiation process. Studies that 

utilize these cells must include controls to normalize cell purity and maturation level across samples, 

which are often missing.  

 

Methods for Detecting Regulatory Function in the Human Left Ventricle. The most widely used method for 

detecting enhancer function genome wide is chromatin immunoprecipitation followed by sequencing 

(ChIP-seq). In ChIP-seq experiments, an antibody directed to a transcription factor or other protein 

marker enriches for DNA fragments that have been crosslinked to these proteins (or protein 

modifications). The enriched DNA fragments are sequenced and mapped to genomic regions of interest 

either specifically or  genome wide. Two large scale projects, the Roadmap Epigenomics Project and the 

Encyclopedia of DNA elements (ENCODE), were formed to generate a repository of ChIP-seq data 

across healthy human tissues and cells (21, 22). A major advantage of these large projects is consistency 

in library preparation and informatic processing that aids in data comparison across samples.  
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In the mammalian genome, DNA is wrapped around protein complexes called histones. Histone 

tails are common sites of post-translational modifications that can influence the dynamics of DNA-histone 

interactions. The proteins that bind regulatory sequences create specific post-translational modifications 

on histone tails. Therefore, ChIP-seq directed towards these histone modifications is a common method 

for detecting regulatory regions. The correlation between certain modifications and regulatory function 

(“the histone code”) has been reviewed extensively (23, 24). Promoter regions are mainly marked by 

H3K4me3, while enhancer regions are marked by both H3K4me1 and H3K27ac. The Roadmap and 

ENCODE projects include ChIP-seq data for these marks from human left ventricle for adult, child, and 

fetal samples. These samples are useful as reference epigenomic data, but do not capture population-

level diversity. The Roadmap data was generated from male adult (34 years) and male child (3 years). 

The ENCODE data comes from two adult females (51 and 53 years). Roadmap also includes right 

ventricle data from the same subjects and data from one fetal (91 days) heart sample.  

A. Regulatory Function Datasets 
Region Type Target Assay Species Sex/Age Tissue(s

)  
Accession(s) Ref 

I. Histone Modifications 
Promoters H3K4me3 ChIP-seq Human Female/51

Y, 53Y. 
Male/3Y, 
34Y, 91D.  

LV, Heart ENCSR181ATL, 
ENCSR901SIL, 
ENCSR377KDN, 
ENCSR487BEW, 
ENCSR358RVW 

(21, 
22) 

Enhancers H3K27Ac ChIP-seq Human Female/51
Y, 53Y. 
Male/3Y, 
34Y 

LV ENCSR702OVJ, 
ENCSR854OX, 
ENCSR150QXE, 
ENCSR557DFM 

(22) 

Enhancers  H3K4me1 ChIP-seq Human Female/51
Y, 53Y. 
Male/3Y, 
34Y, 91D, 
105D 

LV ENCSR449FRQ, 
ENCSR438QZN, 
ENCSR111WGZ, 
ENCSR230VEM, 
ENCSR480OF, 
ENCSR676ZKW 

(21, 
22) 

II. General Transcription Factor Binding 

Promoters/Enhancers
/TAD Boundaries 

CTCF ChIP-seq Human Female/51
Y, 53Y. 

LV ENCSR718SDR, 
ENCSR791AYW, 
ENCSR544APK 
 

(22) 

Enhancers P300 ChIP-seq Human Male/16W, 
45Y 

LV GSE32587 
 

(25) 

Promoters POL2A ChIP-seq Human Female/51
Y, 53Y. 

LV ENCSR699ZGH, 
ENCSR336YRS 

(22) 

III.  Tissue Specific Transcription Factor Binding 
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Enhancers/Promoters GATA4, 
TBX5 

ChIP-seq Human 2 Female. 2 
Male 

iPSC-CM GSE85631 (26) 

Enhancers/Promoters NKX2-5 ChIP-seq Human 5 Female, 2 
Male 

iPSC-CM GSE125540 

 
(27) 

Enhancers/Promoters GATA4, 
TBX5, 
NKX2-5, 
SRF, 
MEF2A. 
(Tagged) 

ChIP-seq Mouse - HL-1  GSE21529 
 

(28) 

Enhancers/Promoters GATA4, 
TBX5, 
NKX2-5, 
MEF2A/C, 
SRF, 
TEAD1 
(Tagged) 

ChIP-seq Mouse E12.5,P42 LV GSE124008 
 

(29) 

Enhancers/Promoters GATA4, 
TBX3/5, 
NKX2-5 

ChIP-seq Mouse Adult Heart GSE35151 (30) 

IV. Open Chromatin 

Enhancers/Promoters Open 
Chromatin 

DNase- 
Seq 

Human Female/ 
53Y.Male/2
7Y, 35Y.  

LV, Heart ENCSR070CMW
,ENCSR000EJQ 
 

(21, 
22)
* 

Enhancers/Promoters Open 
Chromatin  

ATAC-
Seq 

Human Female/51
Y, 53Y. 

LV, 
iPSC-CM 

ENCSR117PYB, 
ENCSR851EBF, 

GSE85330, E-

MTAB-8983 

(22, 
31-
33) 

V. eRNA Expression 

Enhancers eRNA 
Expression 

CAGE-
Seq 

Human Female/73
Y,92Y,76Y,
26Y. 
Male/62Y,4
7Y,20Y,16
Y,54Y 

LV, Heart FANTOM 
consortium 
webpage, 
GSE147236 

(6, 
34) 

Enhancers eRNA 
Expression 

GRO-
Seq 

Mouse 9W Heart GSE57926 
 

(35) 

B. Regulatory Target Datasets 

Enhancers/Promoters
/TAD Boundaries 

3D 
Chromatin 
Interactions 

Hi-C Human - LV, 
iPSC-
CMs 

GSE58752, E-
MTAB-6014, 
GSE116862  
 

(33, 
36, 
37) 

Enhancers/Promoters 3D 
Promoter-
Enhancer 
Interactions 

pcHi-C Human - LV, 
iPSC-
CMs 

GSE86189, 
GSE100720, E-
MTAB-6014,  
 

(37-
39) 

 

Table 1.1 Available epigenomic datasets identifying regulatory regions in cardiomyopathy-relevant 
systems. * Roadmap contains many fetal DNase-seq samples from multiple ages. LV, left ventricle. 
IPSC-CM, induced pluripotent stem cell derived cardiomyocyte  

 
ChIP-seq can also target DNA binding proteins that bind specifically to regulatory regions. 

ENCODE contains ChIP-Seq data for two of these proteins, CTCF and POLR2A. CTCF plays an 
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important role in the three-dimensional structure of chromatin and is enriched at the boundaries of 

topologically associated domains (TADs) and promoter-enhancer interactions (40). POLR2A is the largest 

subunit of the RNA polymerase II complex, which binds promoter regions to transcribe mRNAs. The 

ENCODE project includes human left ventricle ChIP-seq for these two proteins. Another protein, p300, 

acts as a histone acetyltransferase and binds to enhancer regions. ChIP-seq for p300 from human left 

ventricle tissue is available from a male fetal (16 weeks) heart and an adult (45 years) failing heart (25).  

Tissue specific transcription factors (TFs) also bind to enhancer and promoter regions. There are 

many TFs critical for cardiac development and maintenance, including GATA4, TBX3/5, NKX2-5, MEF2, 

HAND, and SRF (41). Large projects like ENCODE and Roadmap that study multiple tissue types usually 

do not include ChIP-seq datasets targeting tissue specific TFs. Another challenge is the technical 

difficulty in having high quality, high affinity antibodies that can detect TFs in the nuclei of the 

myocardium. As a result, there are no datasets available for cardiac TF ChIP-seq derived from human 

heart tissues. The only human datasets available are ChIP-seq data using antibodies to GATA4, TBX5, 

and NKX2-5 derived from iCMs (26) (27). TF ChIP-seq data is also available in murine model systems, 

but may only be appropriate for highly conserved sites as signals must be lifted over to the human 

genome. One study examined GATA4, NKX2-5, TBX5, SRF and MEF2A binding sites in HL-1 

cardiomyocytes by over-expressing epitope tagged versions of TFs (28). A similar approach was used to 

map the same transcription factors in the fetal and adult mouse ventricles (29). Over-expression systems 

may have low specificity as TF’s at super-physiologic levels may occupy sites that TFs at endogenous 

levels would not. Untagged endogenously-expressed TBX3, NKX2-5 and GATA4 were also assessed in 

the wildtype mouse heart (30). Intersecting data from these cell line and murine sources can provide 

evidence of enhancer function, but additional studies in human left ventricle tissue are needed.  

An important feature of tissue specific TFs is their affinity for binding a particular DNA sequence 

motif, referred as a TF binding site. These motifs are usually short (~10bp) and contain both highly 

conserved and degenerate positions. Genome wide analysis of a TF motif identifies potential binding 

sites, but these algorithms have low specificity. However, binding motifs that overlap ChIP-seq peaks 

combine informatic and experimental data are, therefore, more sensitive to implicate a particular DNA 

sequence required for TF binding at that location. Motifs are determined by analyzing ChIP-seq binding 
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data for overrepresented sequences. HOMER contains the binding motifs for many of the core cardiac 

TFs (42). 

Another mark for regulatory regions stems from the idea that active regulatory regions must be 

accessible by proteins. Therefore, regulatory regions are euchromatic and “open”. DNase-seq uses a 

bacterial DNAse to selectively cut open chromatin, which can be isolated and sequenced (43). DNase-

seq from heart tissues are available from Roadmap and ENCODE. Roadmap contains 12 human DNase-

seq datasets from fetal tissues (both sexes, various ages) and one from a male child (3 years). ENCODE 

contains two additional fetal datasets and two adult male hearts (27 and 35 years old). A newer method, 

Transposase-Accessible Chromatin followed by sequencing (ATAC-seq), uses a transposase to insert 

sequencing adapters into open chromatin. The location of adapters can be identified with sequencing, 

which gives a genome wide view of open chromatin.  ATAC-seq is faster and requires much less input 

material than DNase-seq (44). ENCODE includes two ATAC-seq datasets from female human left 

ventricles (51 and 53 years). There are also ATAC-seq datasets available from iCMs (32, 33, 45). 

Much of the noncoding genome is transcribed into RNAs. One class of these RNAs originate from 

enhancer regions and have been termed enhancer RNAs (eRNAs). These eRNAs are short, 5’-methyl 

capped, not polyadenylated, and transcribed in a bidirectional pattern (46-48). eRNAs are unstable and 

quickly degraded, which makes them difficult to detect. The function of eRNAs are a major area of 

investigation. The levels of eRNAs originating from an enhancer region has been shown to correlate with 

target gene expression level, implying a regulatory function (49, 50). Whatever their function, eRNA 

expression can be used to map active enhancer regions genome wide. Given their quick turnover, 

methods that assay active transcription will be most sensitive. Global run-on sequencing (GRO-seq) 

assays active transcription by selectively sequencing transcripts that incorporated a labeled nucleotide. 

There is a GRO-seq dataset derived from mouse hearts available (35). There is also GRO-seq data 

available in a porcine model of cardiac ischemia (45). Additional studies using GRO-seq in human cells 

and tissue are needed to further our knowledge of eRNAs in the human heart. Other methods to detect 

eRNAs enrich the steady state RNA population for eRNAs. Cap analysis of gene expression (CAGE-seq) 

enriches for all RNAs that have a 5’methyl cap using biotinylation and a streptavidin pull down (51). This 

method enriches for any RNA transcribed by the RNA polymerase II complex, including eRNAs and 
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mRNAs. Therefore, deep sequencing is required to achieve adequate signal from eRNAs. The FANTOM 

consortium contains CAGE-seq data from many human cells and tissues, including human heart. 

FANTOM used heart RNA that was commercially available and includes one adult healthy left ventricle 

(female, 73 years), one post-infarction adult heart (female, 92 years), and two pooled samples of multiple 

adult and fetal hearts (34). While this data is useful, the major challenge with FANTOM data is the lack of 

sequencing depth as most of the heart samples have < 10 million mapped tags. As part of this thesis, we 

generated CAGE-seq data from 3 healthy heart samples and four cardiomyopathic failed hearts with high 

read depth and this dataset is publicly available (6).  

 

Methods for Determining Left Ventricle Enhancer Targets. The above methods are useful for determining 

if a genomic region has enhancer activity, but do not provide information about an enhancer’s target 

gene. Some studies simply choose the nearest gene in linear space as an enhancer target, but it is clear 

that this assumption is not true in many cases (37). Chromatin conformation studies cross link regions of 

the genome together and allow for direct detection of interactions. Targeted experiments like 3C and 4C 

require a priori knowledge of an interacting fragment and can be useful for targeted questions. Hi-C is 

unbiased and utilizes next generation sequencing to detect all interactions. There is a single Hi-C dataset 

available from the human left ventricle (36), and an additional 4 left ventricle samples may be available 

soon (52). There are also datasets available in iCMs (33, 37). Hi-C data can be used to define TAD 

boundaries, which can confine an enhancer’s target gene to the same TAD.  

Hi-C data provides information about all interactions, but we are often most interested in 

enhancer-promoter interactions. Hi-C libraries can be enriched for interaction fragments that include gene 

promoter regions in a process called promoter-capture Hi-C (pcHi-C) (53). There is a pcHi-C dataset from 

human left ventricle available (38) and two datasets from iCMs (37, 39). These datasets are very valuable 

and can be used to focus enhancer searches to regions that interact with particular gene promoters.   

An additional method for predicting enhancer targets takes advantage of common sequence 

variation. Using large datasets of genotyped RNA-seq data, noncoding variants can be statistically 

correlated with gene expression in a process called expression quantitative trait mapping (eQTL). Multiple 

eQTL datasets in the human heart are available (54, 55). Given the genome-wide nature of these studies, 
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many signals may be lost to failing to meet genome wide significance after multiple testing correction. 

Therefore, it is important to view associations individually with targeted hypotheses about variants and 

target gene associations.   

 

Methods for Validating Left Ventricle Enhancer Regions. Once potential regulatory regions have been 

identified, additional experiments are needed to validate those predictions. As mentioned above, the 

tissue specificity of enhancer regions requires that validation studies be done in relevant experimental 

systems. To test human LV enhancers, mouse LVs and iCMs are commonly used model systems.  

The simplest test of a putative enhancer region is a reporter assay. In these assays, the 

candidate enhancer is inserted into plasmid DNA upstream of a minimal promoter driving expression of a 

reporter gene. Any reporter gene can be used, but firefly luciferase is often used because it is easily 

detectable and quantitative (56). This plasmid is introduced into a cellular system where the plasmid is 

transcribed episomally by cell TFs and transcription machinery. DNA sequences with enhancer function 

will increase expression of the reporter gene when compared to an empty plasmid or other non-enhancer 

genomic region. Enhancer containing plasmids can also be injected into mouse embryos to asses tissue 

expression patterns. The VISTA enhancer database contains results from > 3,000 enhancer regions 

tested with this transgenic mouse strategy (57). However, reporter assays are limited by their low 

throughput nature, relatively high expense, and technical variability.  

A newer class of reporter assays aim to increase enhancer testing throughput. Massively parallel 

reporter assays (MPRA) can test the activity of thousands of regulatory regions in a single experiment. In 

MPRA experiments, candidate regulatory regions are synthesized with a unique barcode. This library is 

cloned into a plasmid and an open reading frame (ex. GFP) is inserted between the candidate enhancer 

and barcode. When this library is transfected into cells, regulatory regions with enhancer activity will 

increase expression of the inserted open reading frame and barcode. Next generation sequencing can be 

used to quantify the relative quantities of barcodes, which is directly proportional to the strength of the 

candidate regulatory region (58). This process is limited by the size of the synthesized regulatory regions 

(~150bp) and the ability to adequately deliver the library to the system of interest.  
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One study used an AAV vector to deliver the library of interest into the mouse heart (29). The 

study design resembled self-transcribing active regulatory region sequencing (STARR-seq). In STARR-

seq, the candidate regulatory regions are cloned downstream of an open reading frame (59). Active 

enhancer regions will interact with the upstream promoter and drive transcription of the open reading 

frame and their own sequence. Therefore, the amount of RNA matching the enhancer region sequence is 

directly proportional the enhancer’s activity. With this technology, barcodes are no longer necessary, 

which significantly decreases the cloning complexity. The candidate enhancer sequences can also be 

derived from cells or synthesized. Future MPRA or STARR-seq experiments in iCMs or mouse hearts 

have great potential to inform our knowledge of human left ventricle enhancers. 

While the above methods can provide evidence of enhancer function, they provide no information 

on that enhancer’s target gene. CRISPR/Cas9 technology offers multiple methods for detecting enhancer 

target genes. IPSCs are amenable to CRSIPR/Cas9 mediated gene editing (60). The simplest experiment 

is to delete a candidate enhancer region in IPSCs and measure its effect on gene expression in iCMs. 

One study used this technique to delete an intronic regulatory region in PHACTR1 in IPSCs, which is a 

gene linked to myocardial infarction risk by genome wide association studies (61). At present, iCMs are 

the best system to test enhancer deletions in a human context, but requires that the target gene be 

expressed in iCMs. CRISPR/Cas9 technology also offers two related methods for detecting enhancer 

targets, CRISPR-activation (CRISPRa) and CRISPR-interference (CRISPRi). In these methods, a 

catalytically inactive cas9 (“dead cas9”) is linked to an activating or inhibitory protein (62, 63). The dead 

cas9 will recruit the linked protein to specific genomic regions determined by the guide RNA. These 

methods are complementary and can be done in high throughput formats to test many different 

guides/candidate enhancers at once. iCMs are well positioned for CRISPRa and CRISPRi studies to 

define enhancer targets. 

 
IV. Genetic Cardiomyopathy and Phenotypic Heterogeneity 
 
Heart failure is a clinical syndrome caused by a reduction in cardiac output. Cardiomyopathy causes 

morphologic changes to the heart, which can reduce heart function and cardiac output. Genetic 

mutations, largely in the coding regions of genes, have been linked to multiple autosomal dominant forms 
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of cardiomyopathy including dilated, hypertrophic, restrictive and arrhythmogenic (64, 65). In dilated 

cardiomyopathy (DCM), the left ventricular chamber progressively dilates and the ventricular wall thins. A 

dilated left ventricle is unable to efficiently eject blood during systole. In hypertrophic cardiomyopathy 

(HCM), the ventricular wall progressively thickens, which decreases the chamber size. Early in disease 

progression, hypertrophic hearts may be hyperdynamic and able to maintain cardiac output. As the walls 

get thicker, however, the chamber becomes unable to fill appropriately during diastole and cardiac output 

falls. Wall thickening can also cause the mitral valve to move during systole and block the ventricular 

outflow track. In both DCM and HCM, arrhythmias can further alter heart function. Both of these disease 

processes are associated with significant burden (66, 67). 

 

Genes linked to Cardiomyopathy. With the implementation of next generation sequencing and clinical use 

of genetic testing, around a hundred genes have been associated with genetic forms of cardiomyopathy, 

although not all are “high confidence” genes or variants. DCM is a genetically heterogenous disease. 

Cardiomyopathy causing mutations have been found in proteins that form many structures of the 

cardiomyocyte, including the sarcomere, plasma and nuclear membrane, the nucleus, and the 

desmosome. In individuals with a clinical picture consistent with genetic DCM, targeted gene sequencing 

can identify a casual pathogenic variant in ~30-40% of cases (68). Of those mutations identified, 20% are 

truncating mutations in titin (TTN) (69).  TTN is the largest human gene and encodes a sarcomeric protein 

that stretches from the M line to the Z disk and provides stability and elasticity to the sarcomere. ~8% of 

familial DCM mutations are in the intermediate filament protein, lamin A/C (LMNA). This protein forms a 

lattice on the inner nuclear membrane and has been implicated in a variety of functions and phenotypes 

(70, 71). Importantly, mutations in LMNA are associated with an increased risk of arrhythmias and 

conduction disease. The remaining DCM-associated mutations are within many genes including the 

sarcomeric genes, MYH6 and MYH7.  

The genetics of HCM are less heterogenous. Broadly, HCM mutations can be divided into 

sarcomeric and non-sarcomeric causes with clear phenotypic differences between the two (72). 60% of 

individuals with HCM have mutations in one of eight sarcomeric proteins including MYH7, MYPBC3, 

TNNT2, TNNI3, TPM1, MYL2, MYL3, and ACTC1 (73). Most mutations are either nonsense MYBPC3 or 
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missense MYH7 variants. Non-sarcomeric causes of HCM are rare, but include mutations in PRKAG2 

and LAMP2. Loss of function mutations in MYBPC3 are thought the control the contraction dynamics of 

the sarcomere and contribute to the hypercontractility seen in HCM (74). Missense mutations in MYH7 

are more difficult to interpret, but some mutations, especially in the myosin head domain, affect the 

relaxed state of the myosin molecule (75). 

 

Phenotypic Variability in Genetic Cardiomyopathy. Genetic cardiomyopathy is characterized by significant 

phenotypic heterogeneity. Mutations display an age-related onset, variable penetrance and range of 

expressivity. The same mutation within 

families can present with multiple 

different phenotypes. Figure 1.1 shows 

two example family pedigrees where 

cardiomyopathy mutations exhibit 

variable phenotypes. DCM-related 

mutations are also seen in the 

population at higher rates than would 

be expected based on disease 

prevalence, which implies that many 

mutations have low penetrance (76).  A 

large study of kindreds with identical 

MYH7 mutations saw differences in the 

rate of sudden cardiac death and 

syncope (77).  Mutations within the 

same gene can also result in different 

morphological remodeling (i.e. DCM vs HCM) (78, 79) .  

The range of phenotypes seen in cardiomyopathy cases is due to modifiers. Environmental 

exposures and additional genetic mutations may act as modifiers. Modifier coding variants have been 

identified in the adrenergic receptors, HSPB7, CLCNKA, LTBP4, ACE, and others (80-85). However, the 

 
Figure 1.1. Pedigrees demonstrating phenotypic 
heterogeneity in genetic cardiomyopathy. A. Pedigree 
from (1) of a family with a tropomyosin I (TPM1) mutation 
demonstrating variable penetrance. B. Pedigree of a family 
with a MYH7 missense mutation demonstrating variable 
expressivity and variable remodeling phenotypes. EF, 
ejection faction. CHF, congestive heart failure. SCD, sudden 
cardiac death. LVNC, left ventricular non-compaction  
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exact mechanism of many of these variants needs further investigation. While multiple coding modifiers of 

cardiomyopathy phenotypes have been found, noncoding modifiers are just beginning to be investigated.  

 

V. Studies of Noncoding Variation in Cardiac Disease  
 
The noncoding genome refers to intergenic and intronic regions. These regions contain sequences that 

regulate coding genes. Genome wide association studies (GWAS) have linked common variants within 

noncoding regions to many cardiac phenotypes (86).  In addition, many sub-threshold GWAS hits within 

noncoding regions may represent true associations (87). This section will provide an overview of studies 

that have linked noncoding variation to cardiac phenotypes.  

 

Noncoding mutations linked to congenital heart disease. Given the important role that enhancers play in 

development, it is expected that enhancer variants could result in developmental phenotypes. One study 

focused on the TBX5 gene, which encodes a transcription factor with key roles in forelimb and heart 

development. Many coding mutations in TBX5 are linked to congenital heart disease and forelimb 

abnormalities referred to as the Holt-Oram Syndrome. This study identified three enhancers around TBX5 

with cardiac expression patterns. They searched for variation within these enhancers in a large cohort of 

patients with congenital heart disease. They identified a homozygous variant ~90kb downstream of TBX5 

that was highly conserved across vertebrates and disrupted a transcription factor binding site. Further 

analysis indicated that this variant reduced enhancer function in the zebrafish heart. Therefore, a 

noncoding variant was linked to disruption of enhancer function and a resulting congenital defect (88). 

 

Noncoding mutations linked to arrhythmias. Coding mutations in ion channel genes have been linked to 

inherited arrhythmias. KCNH2 encodes the voltage-gated potassium channel, and coding mutations result 

in long QT syndrome. Additionally, GWAS studies have identified common variants outside of KCNH2’s 

coding sequence associated with QT interval. One study used an integrative analysis of epigenomic data 

to identify candidate enhancers around the KCNH2 gene (89). They discovered multiple candidates, but a 

region ~75kb downstream of the KCNH2 transcriptional start site (TSS) showed the strongest luciferase 

activity in HL-1 cells, HEK293T cells, and HEPG2, hepatocellular carcinoma cell line. 4C experiments in 
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the murine heart confirmed that this region interacted with the KCNH2 TSS. Removal of this enhancer 

region in mice resulted in reduced expression of KCNH2. Additionally, a bidirectional RNA was detected 

originating from this locus. When this RNA was reduced using antisense oligonucleotides in HL-1 cells, 

KCNH2 expression was also reduced, indicating that this RNA likely represents a functional eRNA. None 

of the QT-interval associated GWAS variants directly overlapped this region, but the variants did overlap 

another candidate region that failed to generate activity in reporter assays, likely due to limitations in the 

cell culture models used in the study.   

Genetic variants near the HAND1 gene have been implicated in QRS duration (90). Using 

evolutionary conservation as a guide, a study identified an enhancer ~15kb upstream of the HAND1 TSS 

(91). This enhancer showed reporter activity, and when deleted in mice, resulted in reduced HAND1 

expression. Mice with homozygous deletions of this enhancer have electrocardiogram (EKG) 

abnormalities, including an increased QRS duration. This enhancer also contains two GATA4 binding 

sites that are disrupted by GWAS signals. Mice with the minor alleles of both of these variants also have 

abnormal ventricular conduction systems, matching the phenotype seen in the enhancer deletion (91). 

This study is an excellent example of using GWAS data to identify functional noncoding variants. 

However, this method lacks sensitivity as many subthreshold GWAS hits may also be functional or the 

GWAS signal may be in linkage disequilibrium with the genetic variant(s) responsible for the outcome 

(87).  

Atrial fibrillation is also under significant genetic control. A study that set out to define the 

regulatory targets of all noncoding GWAS hits associated with atrial fibrillation identified enhancers 

predicted to regulate GJA1, KCNN3, and ZFHX3 (92).  The region expected to regulate GJA4 was 680kb 

downstream of the GJA4 TSS.  Removing this enhancer in mice showed a significant downregulation of 

GJA1, and the study did not describe the effect any specific variants within this region. A combination of 

epigenetic datasets was used to predict functional variants within other enhancers, and allele specific 

activity was detected for 3 of 11 variants assayed in the rat atrial line, iAM1. This study made good use of 

epigenomic datasets, but the massive number of potentially functional noncoding variants makes it 

difficult to validate findings on a genome wide scale.   
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A recent genome wide study assayed GWAS signals associated with EKG traits. Using NKX2.5 

ChIP-seq from iCMs, the authors identified regions of allele specific binding, defined as variants where 

ChIP-seq reads are biased towards one allele or the other (27). A variant within an intron of the SSBP3 

gene that is associated with P-wave duration was observed to reduce the overlying enhancer’s luciferase 

activity in iCMs. An intronic variant in CAV1 was described in a GWAS for atrial fibrillation and PR interval 

(93, 94). This variant reduced the overlying enhancer’s luciferase activity in iCMs (27). This study is 

notable for its use of a human model system, and these findings indicate that key regulatory variants can 

disrupt transcription factor binding sites. Additionally, this study also highlights the importance of intronic 

enhancers.  

The SCN5A-SCN10A locus has been well studied because GWAS studies have multiply 

associated this locus with EKG traits. SCN5A and SCN10A encode subunits of voltage-gated sodium 

channels and SCN5A is important for cardiomyocyte depolarization. Coding mutations with SCN5A have 

been linked to the Long QT syndrome and Brugada syndrome (95). In the genome, SCN5A and SCN10A 

are organized in tandem. Multiple regulatory regions have been identified in this cluster including one 

within a SCN10A intron that harbors a GWAS variant associated with decreased SCN5A expression (96). 

Multiple enhancer regions have also been identified downstream of SCN5A. These enhancers are in 

close proximity and are likely part of a super enhancer. Deletion of this super enhancer in mice results in 

not only reduced SCN5A expression, but also disrupts the three-dimensional chromatin architecture of 

the locus. This super enhancer also contains a QRS-duration associated variant that prevents a response 

to NKX2-5 and GATA4 in a cellular reporter assay (97). The organization of the SCN5A-SCN10A locus 

may be a common mechanism for controlling tissue specific genes that are arranged in tandem, including 

TBX3-TBX5 and NPPA-NPPB (98, 99).  

 

Noncoding mutations linked to cardiomyopathy. The studies described above focused on congenital heart 

disease and arrhythmias. Noncoding variation has yet to be substantially linked to heart failure, 

cardiomyopathy and/or ventricular chamber or wall dimensions. Studies of noncoding variation and 

arrhythmia phenotypes have been aided by rich GWAS results because EKG measures are easily 

obtainable quantitative traits with high reproducibility and lower technical variability. GWAS studies of 
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cardiomyopathy phenotypes have mainly relied on echocardiographic measures, but results have been 

less robust (100). As a result, there are many fewer studies of noncoding variation linked to 

cardiomyopathy traits. One study assayed a variant upstream of the MTSS1 gene that has been linked to 

LV end-diastolic dimensions. The region harboring this variant drove heart expression in a transgenic 

zebrafish and the minor haplotype had lower activity in a cellular reporter assay. This variant is an eQTL 

for MTSS1 and deletion of MTSS1 in mice lowered ventricular dimensions. Therefore, this variant’s 

GWAS signal likely results from reduced expression of MTSS1.  

A recent study assayed a GWAS variant for heart failure upstream of ACTN2 (33). Mutations in 

ACTN2 have been linked to various forms of cardiomyopathy (101, 102). Using iCMs, this study showed 

that open chromatin, H3K27Ac, and H3K4me1 signals arise at the variant site during iCM differentiation. 

Hi-C data demonstrated an interaction between the overlapping enhancer and the ACTN2 promoter. Loss 

of the enhancer region also reduced ACTN2 expression. Even though this study did not test the effect of 

the actual enhancer variant, it provides evidence of an enhancer influencing heart failure phenotypes.  

 
 
VI. Summary 
 
The human genome contains regions that regulate the expression of coding genes. Many techniques 

exist to detect these regions, predict their targets and validate those predictions. Years of investigation 

have readily available LV-relevant datasets that are a rich source of information. Cardiomyopathy has a 

large genetic component and is associated with high levels of phenotypic variation. Variants within the 

noncoding regions of the genome are thought to play a major role in modifying cardiomyopathy 

phenotypes. Driven by strong GWAS results, most studies of noncoding variation in the heart have 

focused on arrhythmia/EKG phenotypes. The impact of noncoding variation on cardiomyopathy 

phenotypes has been underexplored and is positioned to aid in clinical management of heart failure.  
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V. THESIS OVERVIEW 

This section provides a brief overview of the content in the following chapters. 

 

Chapter 2. Enhancer and promoter usage in the normal and failed human heart.  

The failed left ventricle is associated with significant changes in gene expression. I set out to assay the 

regulatory regions active in both the healthy and failed heart with Cap Analysis of Gene Expression 

(CAGE-seq). CAGE-seq identified enhancer and promoters active in healthy and failed hearts, providing 

a left ventricle enhancer and promoter map. Additionally, I identified promoters and enhancers that 

changed in the failure state, which are attractive therapeutic targets to ameliorate ventricular remodeling 

and heart failure severity.    

 

Chapter 3. Integrative epigenomic analysis identifies enhancer modifying variants linked to 

cardiomyopathy genes. 

Coding mutations in many gens can result in cardiomyopathy. A well-recognized feature of genetic 

cardiomyopathy is varying phenotypic expression, which may be due to modifier variants within the 

noncoding genome.  I used over >20 publicly-available heart enhancer datasets to identify enhancer 

regions regulating the cardiomyopathy genes, MYH7 and LMNA. I validated these enhancer regions with 

multiple complementary approaches in iCMs. Sequence variants within transcription factor binding sites 

altered enhancer function. Additional analysis identified a variant upstream of MYH7 that correlates with 

MYH7 expression and a worse cardiomyopathy phenotype over time. 

 

Chapter 4. A transcriptional method for assaying IPSC-derived cardiomyocyte purity and maturity level. 

Currently, induced pluripotent stem cell derived cardiomyocytes (iCMs) are the best model for studying 

human left ventricle enhancer regions. Variable differentiation purity and maturity pose a significant 

technical challenge when using iCMs. I developed a transcriptional purity/maturity assay that relies on 

publicly-available iCMs differentiation RNA-seq data. Using this data, I identified a panel of qPCR 

normalization genes that minimize variability in MYH6 and MYH7 expression measurements.  
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Chapter 2. 

Enhancer and promoter usage in the normal and failed human heart 
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Abstract 

The failed heart is characterized by re-expression of a fetal gene program, which contributes to 

adaptation and maladaptation in heart failure. However, the genomic regulatory changes that contribute 

to these changes are not well understood. To define genomewide enhancer and promoter use in heart 

failure, Cap Analysis of Gene Expression (CAGE-seq) was applied to three healthy and four failed human 

left ventricles to define RNAs associated with both promoters and enhancers.  Healthy hearts were 

derived from donor hearts unused in transplantation and failed hearts were obtained as discarded tissue 

after transplantation.  Integration of CAGE-seq data with RNA sequencing identified a combined ~17,000 

promoters and ~1,800 putative enhancers active in healthy and failed human left ventricles.  Comparing 

promoter usage between healthy and failed hearts highlighted promoter shifts which altered amino-

terminal protein sequences.  Comparing putative enhancer usage between healthy and failed hearts 

revealed a majority of differentially utilized heart failure enhancers were intronic and primarily localized 

within the first intron, identifying this position as a common feature associated with tissue-specific gene 

expression changes in the heart. This dataset defines the dynamic genomic regulatory landscape 

underlying heart failure and serves as an important resource for understanding genetic contributions to 

cardiac dysfunction.  Additionally, regulatory changes contributing to heart failure are attractive 

therapeutic targets for controlling ventricular remodeling and clinical progression.  
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Introduction 

The failed heart is characterized by reduced function, impaired filling, and altered metabolism, all of which 

contribute to an inability to meet the body’s demands for normal activity.  Heart failure is associated with 

global changes in gene expression and splicing, some of which directly drive pathological and adaptive 

remodeling.(103)  For example, the failed heart shifts its metabolism towards glycolysis, driven in part by 

gene expression changes.(104)  Within the failed human heart, a distinct isoform of myosin heavy chain 

is expressed,(105, 106) as are alternatively spliced forms of TNNT2 and TTN, encoding troponin T and 

titin, respectively, and these changes directly modify contractility and compliance.(107-109)  In addition, 

mutations in many of these genes directly lead to cardiomyopathy and heart failure.(65, 110)  The 

regulatory regions responsible for driving normal and pathological gene expression in the heart are 

incompletely understood.  For some genes, specific genetic regulatory regions have been 

characterized,(29, 111) but comparatively few genomewide analyses have been conducted.  Surveys of 

the cardiac epigenome have been used to infer regulatory regions in the developing mouse heart and 

embryonic stem cell derived-cardiomyocytes.(112, 113)  Using mouse hearts subjected to pressure 

overload, chromatin conformational state was evaluated to indicate potential regulatory regions active in 

this setting.(114)  However, much less is known about the promoter and enhancer shifts underlying 

human heart failure. 

Transcription factors bind promoters and enhancer sequences, which interact in three-

dimensional space to modify gene expression.  Estimates of number of active heart enhancers vary from 

several thousand to tens of thousands depending on the approach used.(25, 115)  One assessment of 

active cardiac enhancers monitored p300/CBP binding sites from one human fetal and one adult failed 

heart.(25)  This analyses evaluated candidate enhancers more than  2.5kb from transcriptional start sites, 

potentially missing proximal enhancers.(25)  Nonetheless, this analysis identified ~5,000 active 

enhancers in fetal tissue and ~2,000 active enhancers in adult tissue, with approximately half of adult 

heart enhancers also active in fetal heart, underscoring the importance of developmental enhancers in 

the adult heart.(25)   A similar approach used normal human and mouse hearts integrating p300/CBP 

binding sites with H3K27ac marks.(115)  This integrated approach described more than 80,000 potential 
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heart enhancers.(115)  These studies provide a valuable datasets, but do not identify the genomic 

alterations seen in human heart failure, a condition known to have distinct gene expression. 

Gene expression changes can also result from shifts in promoter usage.  Alternative promoters 

are estimated to affect 30-50% of human genes.(116)  Alternative promoters may affect the amino-

terminal amino acids of proteins and/or the 5’UTR of transcripts, both of which can mediate functional 

consequences.  Alternative promoters can also influence the effect of genetic variants on protein function 

and thus are vital for accurate variant effect predictions.(117)  Despite the potential of broad proteome 

differences due to alternative promoter usage, a genomewide view of promoter and enhancer shifts in 

human heart failure is lacking.    

Next generation sequencing technologies including Cap-Analysis of Gene Expression (CAGE) 

make it possible to assay transcriptome usage by determining RNA transcriptional start sites at single 

base pair resolution.(51)  Enhancer regions are transcribed into low-abundance enhancer RNAs (eRNAs) 

in a bidirectional pattern,(47, 48) contrasting with the unidirectional transcriptional expression seen near 

gene promoters, which produce high-abundance signals.  Because of the precision with which these 

RNAs can be mapped, it is possible to accurately map enhancer and promoter signals at high resolution.  

To define alternative promoter and enhancer use in heart failure, we generated CAGE sequence datasets 

from healthy and failed human left ventricles.  CAGE sequencing information was integrated with RNA 

sequencing from these same samples, to improve sensitivity in detecting low-abundance eRNAs and 

rarely used gene promoters.  We relied on a no-amplification non-tagging CAGE sequencing protocol, 

which allows for more robust and less biased detection of transcriptional start sites.(51)  These data 

identified unique signatures of housekeeping and tissue specific promoters, as well as a pattern of 

enhancers within first introns that regulate tissue specific expression.  In addition to identifying differential 

candidate enhancer use in heart failure, we cataloged 129 genes with differential promoter usage in heart 

failure.  These alternative promoters have the potential to encode proteins with unique amino-termini, 

highlighting potential protein composition shifts in the failed heart.   
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Methods 

Materials, Code and Data Availability.  All scripts/code used in this analysis are available upon request. 

Sequence data has been uploaded to the NCBI-GEO under accession number GSE147236. 

 

RNA-Extraction, Library Preparation, and Sequencing.  Healthy and failed left ventricle samples were 

obtained from failed transplants or as discarded tissue, respectively.  Living subjects provided consent.  

Healthy left ventricular samples were obtained from hearts provided by the Gift of Hope of Illinois and 

were found to be unsuitable for transplant due to age or prior cardiac surgeries.  All patients were 

declared to be brain dead as the result of cerebral hemorrhage and familial consent was obtained for 

organ use in research.  Tissues were snap-frozen in liquid nitrogen and stored at -80oC until use.  

Approximately 50mg of frozen tissue was ground into a fine powder using a mortar and pestle under 

liquid nitrogen.  Ground powder was added to 1mL TRIzol (Invitrogen) containing 250ul of silica zirconium 

beads. Samples were placed in a bead homogenizer for 1 minute, allowed to cool on wet ice, and 

centrifuged at 12,000xg to remove any unhomogenized tissue pieces followed by chloroform extraction.  

Phases were separated by centrifugation and the upper aqueous layer was added to fresh 70% ethanol.  

The RNA-ethanol mix was used as in input to the Aurum Total RNA Mini Kit (BIORAD).  RNA was 

isolated (including on-column DNAse digestion) following manufacturer’s instructions.  Concentration was 

measured using a NanoDrop spectrophotometer and quality was assessed using an Aligent Bio analyzer.  

Only RNA extractions with RIN values 7 were used.  If necessary, RNA extraction was repeated until 

~10g of RNA was obtained.  

 

Custom nAnT-iCAGE-seq (no-Amplification-no-Tagging Illumina Cap Analysis of Gene Expression 

libraries) libraries were prepared by DNAFORM (Japan) following a previously-described protocol (51).  

Briefly, 5g of RNA was reverse transcribed using random primers. 5’-methyl-caps were biotinylated and 

enriched using streptavidin beads. cDNA was released and sequencing adapters were added using blunt-

ended ligation. Following second strand synthesis, the libraries were quantified using qPCR. ~50pM of 
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pooled libraries were loaded into an entire run on the NextSeq 500 (Illumnia) to yield ~400 million total 

75bp single end reads (Table 2.1).  

 CAGE-Seq RNA-Seq 

Sample pM Total reads 
(75bp SE) 

Uniquely Aligned 
Reads (%) 

Total Reads 
(150bp PE) 

Uniquely 
Aligned Reads 

(%) 

Healthy 1 8.10 59,865,536 45,191,501 (75.49) 53,274,910 41,113,982 
(77.17) 

Healthy 2 7.34 56,226,409 44,062,633 (78.37) 58,609,578 44,742,094 
(76.34) 

Healthy 3 5.07 32,763,023 25,314,481 (77.27) 49,620,253 38,276,453 
(77.14) 

Heart 
Failure 1 

5.30 39,295,214 30,906,318 (78.65) 49,587,645 38,077,307 
(76.79) 

Heart 
Failure 2 

8.25 45,584,689 36,344,157 (79.09) 43,147,599 32,813,912 
(76.05) 

Heart 
Failure 3 

8.03 46,398,662 35,734,514 (77.02) 47,529,437 35,808,836 
(75.34) 

Heart 
Failure 4 

4.53 22,668,805 18,101,857 (79.85) 40,737,687 31,579,044 
(77.52) 

Table 2.1. Sequencing Read Yields and Mapping Rates for CAGE-seq and RNA-seq Libraries. pM, 
picomolar. SE, single end. PE, paired end. 

 

RNA-seq libraries were prepared using the 

TruSeq mRNA-seq library preparation kit 

(Illumina). Libraries were pooled in equimolar 

amounts and loaded on the HiSeq 4000 

(Illumina) to generate ~40 million 150bp 

paired-end reads/sample. 

 

CAGE-Seq Alignment and Clustering.  Raw 

CAGE-seq reads were checked with 

fastQC(v0.11.5) and aligned to the human 

genome (hg19) using STAR (v2.5.2) with 

default settings.(118) Uniquely aligning reads 

were inputted into CAGEr and converted into 

 
Figure 2.1. Example schematic of unidirectional 
(top) and bidirectional (bottom) CAGE clusters 
representing promoters and enhancer regions, 
respectively. Positive (sense) strand signals are 
shown in blue and minus (antisense) signals are 
shown in red.  
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quantified CAGE transcriptional start site (CTSS) coordinates with removal of first G nucleotide 

mismatches.(119)  CTSS coordinates and counts were outputted as bigwig files for input to 

CAGEfightR.(120)  CTSSs from mitochondrial chromosomes and CTSSs only present in a single sample 

were removed.  We clustered CTSSs from all samples into unidirectional and bidirectional clusters 

(Figure 2.1).  CTSS’s were required to have 5 pooled counts be included in a unidirectional cluster and 

all CTSSs within 20bp were merged into the same cluster.  Unidirectional clusters also were required to 

have >1 TPM (tag per million) in at least 2 samples.  Bidirectional clusters were required to have a 

balance score 0.95 and a 200bp window on either side of the midpoint was used to quantify each 

cluster, as described in (50).  Bidirectional clusters were also required to be bidirectional in at least one 

sample and have  2 counts in at least one sample.  These clusters were annotated with Ensembl GTF 

file version 87 annotations (downloaded May 2016), which includes known coding and noncoding RNA 

transcripts (Figure 2.2).  Unidirectional clusters overlapping known rRNA genes were also removed. 

 

 
Figure 2.2. Data analysis pipeline for identifying and analyzing promoters and enhancers from 
CAGE-seq data. TSS, transcriptional start sites.  
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CAGE Cluster Epigenetic and Transcription Factor Overlaps.  Epigenetic datasets of interest were 

downloaded from their respective locations (Table 2.2). Bam files were converted into tag directories 

using HOMER.(42)  HOMER annotatePeaks.pl was used to determine the read depth of each epigenetic 

dataset (normalized for cluster length and number) for each cluster annotation type ( 1000bp of the 

cluster midpoint).  HOMER findMotifsGenome.pl was used to check for enrichment of known transcription 

factors for each annotation type. For unidirectional clusters, the cluster midpoint  200bp was used as 

input.  For bidirectional clusters, the cluster boundaries were used and no additional nucleotides were 

added. Homer generated background sequences generated from a masked genome were used.  

Target Assay Type Tissue Source Accession # 

Open Chromatin ATAC-Seq Female adult (51 years) LV 
Tissue 

ENCSR117PYB 

Open Chromatin DNAse-Seq Female adult (53 years) LV 
Tissue 

ENCFF702IJE 

H3K4me1 ChIP-Seq Male child (3 years) LV Tissue ENCFF901JPP 

H3K4me3 ChIP-Seq Male Adult (34 years) LV Tissue ENCFF527LGE 

H3K27Ac ChIP-Seq Female Adult (51 years) LV 
Tissue 

ENCFF625XET 

CTCF ChIP-Seq Female Adult (53 years) LV 
tissue 

ENCFF738KRH 

POL2A ChIP-Seq Female Adult (53 years) LV 
tissue 

ENCFF318MWF 

Table 2.2. Epigenetic Datasets used for CAGE-Cluster Functional Annotation. ATAC, assay for 
transposase-accessible chromatin. ChIP, chromatin immunoprecipitation. 

 

Promoter Width Analysis.  CAGEfightR was used to calculate the 0.1 to 0.9 inter-quantile range (IQR) 

for unidirectional clusters overlapping known promoter regions.  A cutoff of 10bp was used to define a 

sharp and broad populations of promoters.  The genomic coordinates of each promoter’s predominant 

TSS with 100bp added upstream and 50bp added downstream were inputted into bedtools getfasta to 

obtain genomic sequences.(121)  These sequences were inputted into the WebLogo tool to generate 

visual representations of nucleotide enrichment at each position relative to the predominant TSS.(122)  

The genes of each promoter type were also inputted into the PantherGO online tool to check for 

enrichment of gene ontology terms. (123)  The R package ggplot2 was used to generate violin plots of 

sharp and broad promoter pooled expression levels and basepair width.  To compare promoter IQR 



 
38 

values across failed and healthy hearts, we first filtered out any promoters that were not present in all 

hearts. We used CAGEfightR with sample-specific scores to calculate the IQR of each promoter in each 

sample. We compared the average IQR across all promoters in the three healthy samples to the average 

IQR in the four failed samples using the nonparametric Wilcoxon rank sum test in R.  

 

Intronic Enhancer Analysis.  A custom script was written to generate an annotation file of first intron 

locations for all transcripts present in the Ensembl GTF file version 87 (Downloaded May 2016).  We used 

a custom Python script to evaluate if bidirectional intronic completely overlapped the first intron of any 

transcript.  ggPlot2 was used to generate violin plots of enhancer eRNA expression levels, base pair 

width, and bidirectionality scores.  Genes with first intron and other intron enhancers were inputted into 

the PantherGO online software tool to check for enrichment of gene ontology terms.(123)   

 

RNA-Seq Data Analysis and Comparison with CAGE-Seq Data.  Raw RNA-seq reads were trimmed 

with trimmomatic (v0.36) and aligned to the human genome (hg19) using STAR with default settings 

(118).  Uniquely aligned reads were assigned to genes using htseq-count using the Ensembl GTF file 

version 87 (Downloaded May 2016) as annotations.(124)  Raw count matrices were inputted into EdgeR 

for normalization, dispersion estimation, and glm-model approach measures of differential expression 

between healthy and failed hearts.(125)  Genes were required to have at least 1 count per million in at 

least 3 different samples.  We defined differentially expressed genes as any gene with an FDR-corrected 

p-value of < 0.05.  The read counts of CAGE-seq unidirectional clusters overlapping gene promoters were 

used to quantify overall gene expression.  Expression values from multiple promoters of the same gene 

were collapsed into a gene-level value.  These count values were inputted into EdgeR and analyzed 

similar to the RNA-seq data above.  ggPlot2 was used to graph the log-normalized and depth-normalized 

gene expression values generated by CAGE-seq and RNA-seq.  The R package corrplot was used on the 

normalized count matrix to generate a correlation matrix across all samples.  
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Significantly downregulated and upregulated genes were separated based on the sign of their log fold-

change value.  Ensembl gene IDs were inputted into the PantherGO online tool to check for enrichment of 

gene ontology terms.(123)  

 

Differential Enhancer Analysis.  Raw count values representing eRNA expression levels for 

bidirectional enhancers annotated as intragenic or intronic were exported as a counts table.  This counts 

table was imported into EdgeR for differential expression analysis.(125)  Counts were normalized to 

library size, dispersion estimated, and differential enhancer usage called using glm-models.  EdgeR was 

also used to generate an MDS plot of normalized enhancer counts.  Due to the low count numbers 

associated with eRNA expression, expression values are subject to high levels of variation.  EdgeR, like 

other RNA-seq analysis tools, detects this increased variation and reports higher p-values for calling 

differential expression.  After multiple testing correction, there are too few enhancers surviving for 

downstream analysis. Therefore, raw p-value cutoffs were used.  Enhancers with raw p-values  0.05 

were used as input to HOMER findmotifsGenomewide.pl to find de novo motif enrichments in differential 

enhancers (enhancers with raw p-values > 0.05 were used as background sequences).(42)   

 

Alternative Promoter Usage Analysis.  Unidirectional CAGE clusters overlapping annotated promoters 

were used as our promoter set.  We required that an individual promoter make up at least 1% of total 

gene counts in all samples to be included in our analysis.  A python script was written to count the 

number of promoters per gene.  A python script was also written to calculate the percent usage of each 

promoter.  The percent usage was averaged for the 3 healthy hearts and 4 failed hearts and the 

difference was calculated.  To assess the alternative promoters’ effect on gene protein sequence, a 

custom annotation of all transcripts’ start codons was generated using the Ensembl GTF file version 87 

(Downloaded May 2016).   

 

Enhancer Validation with Other Methods.  Enhancer files from published sources were downloaded.  

To determine overlap with the Vista enhancer browser, enhancers with heart signal, enhancers with any 
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positive signal, and enhancers with no signal were downloaded.(57)  For Dickel et al. 2016, the “Putative 

human heart enhancers identified by integrative analysis” table was used as enhancer predictions.(115)  

For Spurrell et al. 2019, the “Predicted Enhancers in any 2 Samples” file was used as enhancer 

predictions.  For FANTOM data, the “Ubiquitous enhancers organs” file for enhancer regions active in all 

organs tested was used.  The FANTOM left ventricle and cerebellum enhancer sets were determined by 

requiring that the enhancer have non-zero expression in each tissue.(50)  As a negative control, genomic 

coordinates of CAGE-defined enhancer regions were scrambled ~500 times, avoiding placement in 

repeat or gap sequences using bedtools shuffle, which keeps region sizes consistent.  For each 

scramble, we calculated the number of overlaps with downloaded predictions using bedtools intersect and 

requiring at least 1bp overlap (121). Significance was determined by comparing the CAGE-defined 

enhancers overlap value with the normally distributed shuffled control values using R’s pnorm function. 

 

Results 

Identifying genetic regulatory regions of the left ventricle.  CAGE sequencing identifies promoters 

and putative enhancer regions.  Since gene expression patterns differ between normal and failing hearts, 

we generated CAGE sequence datasets from left ventricle (LV) from three healthy and four failed hearts.  

Healthy LV samples were those acquired but not used for transplant due to age or other incompatibility.  

Failed hearts were obtained at the time of transplant from patients with a range of ages (Table 2.3).  The 

small sample size did not allow the consideration of age and primary gene mutation in the analysis.  Each 

Sample Primary 
phenotype 

Additional 
phenotypes 

Sex Race Age  Primary gene 
mutation(s) 

Healthy 1 Healthy - M Caucasian 62 N/A 

Healthy 2 Healthy - M Caucasian 47 N/A 

Healthy 3 Healthy - F Caucasian 76 N/A 

Heart 
Failure 1 

Cardiomyopathy Ventricular 
Tachycardia 

M Caucasian 20 TPM1 D230N 

Heart 
Failure 2 

Cardiomyopathy - M Hispanic 16 TTN c.42521-5 C>G, 
TNNT2 K210del 

Heart 
Failure 3 

Cardiomyopathy Becker Muscular 
Dystrophy 

M Caucasian 54 DMD IVS +1 G>T 

Heart 
Failure 4 

Cardiomyopathy Limb Girdle 
Muscular 
Dystrophy 

F Caucasian 26 LMNA c.1142-
1157+1del17 

Table 2.3.  Left Ventricle Tissue Source Demographics, Phenotypes, and Mutations 
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library was sequenced to high depth with comparable alignment rates (Table 2.1).  To generate a 

comprehensive list of all potential promoters and enhancers, the initial analysis combined the results from 

healthy and failed hearts.  CAGE sequence analysis identified 23,676 promoter regions, defined as 

unidirectional sequence clusters, and 5,647 enhancers, defined as bidirectional sequence clusters. 

Unidirectional CAGE sequence clusters (promoters) were mapped relative to annotated genes.  

70.1% of clusters mapped near transcriptional start sites (100bp), consistent with their putative role as 

promoters (Figure 2.3A).  An additional 8.1% of these unidirectional clusters, mapped between 100 and 

1000bp upstream of transcriptional start sites.  The remaining 21.8% of sequence clusters mapped to 

untranslated regions, exons, noncoding RNAs, introns or intergenic regions.   

We next analyzed clusters for the presence of transcription factor binding motifs.  The 70.1% of 

clusters mapping within 100bp of transcriptional start sites were highly enriched for GFY-Staf, Sp1, and 

Elk/ETS binding motifs, which are transcription factors known to bind promoters.(126)  Clusters mapping 

into other regions showed minimal enrichment of these motifs (Figure 2.3B).  To provide additional 

support for the promoter-enriched sequence clusters, ATAC sequencing and H3K4me3 ChIP-seq 

datasets were compared since these data indicate open chromatin and promoter function; Table 2.2 

provides source information for these datasets.  The promoter clusters overlapped considerably with 

ATAC-seq and H3K4me3 ChIP-seq signals, indicative of open chromatin and active promoter regions 

(Figure 2.3C).  These clusters also showed high CTCF and Pol2A binding, as well as a reduction of 

H3K4me1 histone modifications, which supports their role as promoters and not enhancers (Figure 2.4).  

The bimodal shape of histone methylation patterns is consistent with open chromatin signals being 

flanked by promoter histone marks.  Taken together, the unidirectional CAGE sequence clusters bear the 

genomic signatures of active promoters.  

Bidirectional eRNA clusters indicate likely enhancer regions.  We similarly annotated bidirectional 

CAGE clusters for the position relative to genes.  Only 44.5% of bidirectional clusters mapped 100bp 

within transcriptional start sites.  In contrast to unidirectional clusters,  
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Figure 2.3.  Promoters and enhancers of human left ventricles.  CAGE sequencing was used to 
identify putative regulatory regions used in the LV.  A. The majority of promoter regions (70.1%) mapped 

near 100bp to the transcriptional start sites.  B. Promoter regions were enriched for three transcription 
factor (TF) binding motifs. C. Left ventricle signals of open chromatin (ATAC-seq) and a promoter-
associated histone mark (H3K4me3) across these predicted promoters, consistent with their role as active 
promoters.  D. Only 44.5% of enhancers mapped in promoter regions and 24.3% mapped in introns.  E. 
Enhancer regions were enriched for cardiac transcription factor binding sites, and these sites mapped 
preferentially to introns and intergenic regions.  F. These enhancer regions also had signals of active 
enhancer function, seen as ATAC-seq and H3K4me1 and H3K27Ac histone marks.  Dashed lines in C 
and F represent negative control signals from genomic regions created by scrambling the location of 
unidirectional and bidirectional clusters, respectively.  
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24.3% of clusters mapped to gene introns and 7.6% were intergenic (Figure 2.3D).  Intergenic and 

intronic clusters showed 

enrichment of GATA, GRE, and 

MEF2 transcription factor binding 

motifs, and each of these 

transcription factors are essential 

for cardiomyocyte specification and 

maintenance (Figure 2.3E).(127)  

Intergenic bidirectional clusters 

showed enrichment of open 

chromatin signals (ATAC-seq), 

H3K4me1, and H3K27Ac histone 

modifications in human left 

ventricles.  Intronic clusters also 

showed a similar pattern, but with 

lower magnitude (Figure 2.3F).  

The intergenic and intronic 

bidirectional clusters showed 

enrichment of CTCF and Pol2A 

binding as well as reduced 

H3K4me3 modifications (Figure 

2.4).  These patterns are highly 

consistent with the role of bidirectional CAGE sequence clusters as being enhancers, rather than 

promoters.  Furthermore, these patterns represent multiple, independently-derived sources of evidence 

that bidirectional eRNA transcription signify functional enhancers. 

 

 
Figure 2.4. Additional left ventricle epigenetic signals of 
unidirectional and bidirectional CAGE clusters. A. Left ventricle 
open chromatin (DNAse-seq), protein binding (CTCF, Pol2A), 
and enhancer histone marks (H3K27Ac and H3K4me1) signals 
for unidirectional CAGE clusters of all annotation classes. B. 
Left ventricle open chromatin (DNAse-seq), protein binding 
(CTCF, Pol2A), and promoter histone marks (H3K4me3) 
signals for bidirectional CAGE clusters. Dashed lines in A and 
B represent signals from genomic regions created by 
scrambling the location of unidirectional and bidirectional 
clusters, respectively. 
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CAGE sequence-predicted promoters show shape divergence.  Mammalian promoters can initiate 

transcription across broad or narrow genomic regions, and these promoter shapes, broad or narrow 

(sharp), correlate with distinct transcriptional regulatory mechanisms.(128)  We evaluated cardiac 

promoters predicted from CAGE clusters for these two major types of promoters by calculating the 

interquantile range (IQR) of promoter CAGE clusters by determining the base pair distance between 10% 

and 90% of a promoter’s total signal.  We observed the expected two distinct populations, defined as 

sharp (IQR < 10bp) and broad promoters (IQR  10bp) (Figure 2.5A).  Broad promoters were those 

associated many different cellular functions, including housekeeping genes.  In contrast, genes linked to 

 
Figure 2.5. Cardiac promoters have sharp or broad transcriptional start sites.  A. Histogram of 
interquantile range (IQR) to identify sharp (narrow) and broad promoters.  IQR was defined as the 
number of basepairs between 10% and 90% of a total signal from a given promoter.  B. Genes 
driven by broad promoters had housekeeping functions while sharp promoters were found across all 
gene ontology categories including tissue specific genes like muscle filament and muscle contraction 
genes.  C. Nucleotide compositions of the upstream and downstream sequences from the 
transcriptional start site for sharp and broad promoters identified that sharp promoters used TATA 
regulatory motifs, while broad promoters are defined by CpG islands.  D. Violin plots comparing the 
expression level and width of sharp and broad promoters showed that sharp promoters were 
expressed higher.  E. Violin plot comparing the interquantile range of promoters in healthy and failed 

hearts.  Significance determined by two-tailed nonparametric Mann Whitney Test (p  0.05(*),  
0.0005 (***)). TSS, transcriptional start site. IQR, interquantile range. bp, basepair. 
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the sharp (narrow) promoters encoded genes important for tissue specific functions seen by the presence 

of muscle and cardiac gene ontology terms (Figure 2.5B).  Thus, tissue specific genes important for left 

ventricular specification and function were more likely to have sharp promoters.  

Sharp and broad promoters also displayed differential enrichment of upstream sequence DNA-

binding motifs.  Sharp promoters had TATA motifs at positions 30-33 upstream of the predominant 

transcriptional start site, representing canonical TATA boxes (Figure 2.5C).  Broad promoters were 

devoid of TATA motifs, but did show enrichment of GC nucleotides consistent with CpG-islands.(129)   

Sharp, tissue-specific promoters were also more highly expressed compared to broad promoters, and this 

observation was driven by a smaller population of very highly expressed sharp promoters, for example 

those encoding sarcomere 

genes (Figure 2.5D).  We 

compared promoter shape 

between healthy and failed 

hearts and found a small but 

significant genomewide 

increase in promoter IQR in 

failed hearts, consistent with a 

slight widening of 

transcriptional start sites in 

heart failure (Figure 2.5E).  

 

Predicted enhancers map 

within the first Intron.  A 

large proportion of the 

predicted enhancers mapped 

to introns.  These intronic 

clusters shared transcription factors and epigenetic marks with intergenic CAGE clusters, consistent with 

their roles as enhancers (Figure 2.3E).  We observed that the majority (69%) of intronic enhancers in this 

 
Figure 2.6. The majority of intronic cardiac enhancers 
localize to the first intron.  A. Approximately 70% of intronic 
enhancers were within the first intron of an overlapping 
transcript.  B. Violin plots comparing enhancer expression levels, 
enhancer width, and enhancer bidirectionality score between 
enhancers in the first intron and enhancers in other introns 
indicating that first intronic enhancers were similar to other 
enhancers except that there were expressed more highly.  C. 
Gene ontology analysis of genes with first intron enhancers and 
genes with other intron enhancers indicates tissue specific 
genes are more likely to have first intron enhancers.  
Significance determined by two-tailed nonparametric Mann 

Whitney Test (p  0.05(*)). 
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dataset mapped to the first intron (Figure 2.6A).  First introns are more conserved than other introns and 

correlate with higher levels of gene expression.(130)  In the LV CAGE sequence data, these first intron 

enhancers generated more eRNA than enhancers in other introns, but were not wider and did not differ in 

their balance of bidirectionality (Figure 2.6B).  Notably, these intronic enhancers mapped within genes 

enriched for cardiac and muscle gene ontology terms (Figure 2.6C).  

 

Correlation of CAGE-sequencing and RNA-sequencing.  RNA sequencing was carried out on the 

same LVs and compared to CAGE sequencing.  Since CAGE sequencing quantifies promoter 

expression, it reflects overall gene expression.  Consistent with this, there was a tight correlation between 

CAGE sequencing and RNA sequencing results (Figure 2.7A).  Additionally, we assessed correlations 

between pairs of samples.  In general, healthy hearts correlated best with other healthy hearts, and failed 

hearts compared best with failed hearts.  The RNA sequence and CAGE sequence expression estimates 

were most correlated for matched samples except for Failed Heart 4, which likely reflects the lower CAGE 

sequence read depth in this sample (Figure 2.7B).  We next compared gene expression differences 

between failed and nonfailed hearts using both CAGE and RNA sequence datasets.  RNA-seq identified 

more upregulated and downregulated genes, and approximately half of the genes identified by CAGE-seq 

were also identified by RNA-seq (Figure 2.7C).  Gene ontology analyses on differentially expressed 

genes were similar in both sequence datasets.  Genes associated with developmental pathways and 

extracellular matrix organization were upregulated in heart failure while genes associated with catabolism 

were downregulated in heart failure (Figure 2.7D), consistent with prior gene expression profiling of failed 

hearts.(103, 104) 
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Figure 2.7.  Comparison of CAGE-seq and RNA-seq gene expression levels.  A. Scatter plot of 
CAGE-seq gene expression values versus RNA-seq expression values for healthy (teal) and failed (red) 
samples demonstrating tight correlation.  B. Sample level correlation matrix of Spearman’s correlation 
coefficient of genomewide gene expression levels.  C. Venn diagrams displaying the number of 
differentially upregulated and downregulated genes determined by CAGE-seq and RNA-seq.  D. Gene 
ontology analysis of genes identified as differentially upregulated or downregulated by CAGE-seq and 
RNA seq. 
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CAGE sequencing-defined enhancer regions are validated by other enhancer datasets.  Of the 

~1,800 candidate enhancer regions identified by CAGE sequencing, data was available from 45 of these 

in the Vista Enhancer Browser, a list of enhancers tested in an in vivo reporter assay using transgenic 

mouse 

embryos.(57)   Of 

the 45 present in 

Vista, 31 (70%) 

demonstrated 

enhancer activity in 

the developing 

mouse heart 

(Figure 2.8A).  We 

also compared 

CAGE sequence-

predicted 

enhancers to those 

predicted by 

H3K27Ac and p300 

ChIP sequencing 

from developing and adult human and mouse tissues.(115)  CAGE-sequence-defined enhancers showed 

significantly higher overlap to H3K27Ac/p300 ChIP regions compared to length-matched scrambled 

control regions (Figure 2.8B).  One study with H3K27Ac ChiP-seq data from healthy and failed human 

hearts was similarly compared and showed significant overlap (Figure 2.8C).(15)  Finally, we compared 

CAGE sequence-defined enhancer predictions from the FANTOM consortium, which used CAGE 

sequencing across many non-diseased tissues to define enhancers.(50)  We observed significant overlap 

with FANTOM predictions (Figure 2.8D), but we found many additional enhancers beyond the  FANTOM 

predictions because we used a higher depth of sequencing (Table 2.1).  The intersection of these 

 
Figure 2.8. CAGE-defined enhancers overlapped enhancers determined by 
independent methods. A. Pie chart of Vista Enhancer Browser data 
displaying the results of functional testing of 45 CAGE enhancers. B & C. Bar 
charts showing the number of overlapping enhancers when comparing CAGE 
and two independent methods. D. Bar charts indicating the percentage of 
FANTOM enhancers that overlap CAGE enhancers for five different groups 
of FANTOM enhancers. Scrambled controls represent the number of 
overlaps obtained when randomly shuffling the genomic location of CAGE 

enhancers. Significance determined by pnorm function in R (p  0.0005 (***)). 
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orthogonal datasets corroborates the cardiac enhancers now identified by CAGE sequence in both 

healthy hearts and failed hearts. 

 

Alternative promoter usage in heart failure.  In the LV, 3,032 (23%) expressed genes had evidence for 

more than one promoter (Figure 2.9A).  For these multi-promoter genes, we compared the average 

percent-usage of each promoter in healthy and failed hearts and found 609 promoters in 325 genes with 

a shift  10% (Figure 2.9B).  Of these, 149 promoters in 124 genes occurred after the exon containing 

the start codon, indicating the potential to alter the amino-terminal amino acid sequence of the resulting 

protein (Figure 2.9C).  Of the 124 genes identified as having alternative promoters that occur after start 

codons in heart failure, many are associated with sarcomere regulation or muscle structure development, 

including TNNT, MYOT, and SPEG.  This indicates the heart failure can result in alternative proteins due 

to promoter shifts.  We annotated a significant promoter switch in PRKAG2, a gene linked to hypertrophic 

cardiomyopathy and critical to heart metabolism.(131)  Three major PRKAG2 promoters were identified, 

encoding three different isoforms- 2a, 2-3b, and 2b (Figure 2.9D).  In healthy hearts, the relative 

expression of these three transcripts is 53% 2b, 28% 2-3b, and 17% 2a.  In heart failure, these 

percentages significantly shift with 29% 2b, 59% 2-3b, and 10% 2a isoform (Figure 2.9E).  Notably, 

the 2-3b isoform encodes a unique 32 amino acid sequence at the amino-terminus (Figure 2.9F).  Total 

expression of PRKAG2 was not different between healthy and failed hearts.  We interrogated the 30kb 

upstream of the 2b and 2-3b isoforms for transcription binding motifs and found an enrichment of Smad 

and GRE motifs upstream of the 2-3b isoform, suggesting a role for these transcription factors (Table 

2.4). 
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Figure 2.9. Heart failure was associated with significant changes in LV promoter usage.  A. The 
fraction of genes using more than one promoter is indicated.  B. Histogram displaying the distribution of 
average promoter percent usage changes in heart failure. The x-axis represents the difference between a 
promoter’s average percent usage in three healthy left ventricles and four failed left ventricles.  Left-
shifted promoters make up a greater percentage of gene expression in failed ventricles and right-shifted 
promoters are a greater percentage in healthy ventricles.  C. Pie chart of the relationship to an 

overlapping transcript’s start codon for promoters that undergo a  10% shift in heart failure.  D. Genome 
browser representation of the alternative promoter structure of the PRKAG2 gene.  Three known isoforms 
of PRKAG2 are represented at the bottom. Above the promoter of each transcript, the CAGE-seq signal 
for healthy (blue) and failed (red) hearts is shown and the scales of each representation are indicated in 
black.  E. Quantification of the CAGE-seq signals shown in D indicating the promoter percent usage of 
each isoform in healthy and failed hearts.  Significance determined by a two-tailed Student’s t-test.  F. 

Schematic of the predicted amino acid sequences translated from each PRKAG2 isoform. (p  0.05(*),  
0.005(**)) PRKAG2, Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma. 
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Enhancer usage shifts in heart failure.  The CAGE sequence analysis identified ~1,800 enhancer 

regions actively transcribed in human LV (Figure 2.3A).  Multidimensional scaling of normalized 

expression levels showed an overall similar profile of enhancer usage across the healthy LVs, but 

disparate enhancer usage across the four failed LVs (Figure 2.10A).  Comparing enhancer usage across 

heathy and failed LV revealed 264 enhancers that changed significantly in heart failure (raw p-value  

0.05).  To assess whether differential enhancer transcription was associated with differential transcription 

factor binding site profiles, we compared transcription factor motif instances across enhancers in healthy 

and failed LVs.  We found SMAD2, NFIX, NFAT, TCF7L2, ZNF740, and AR motifs enriched in enhancers 

that changed in heart failure.  SMAD2, NFIX, TCF7L2, and AR motifs were found more in downregulated 

enhancers.  While NFAT and ZNF740 motifs were found more in upregulated enhancers.  RNA-

sequencing demonstrated that SMAD2 and NFAT5 were significantly upregulated in heart failure (Figure 

2.10C).   

Figure 2.10D illustrates alternative enhancer use within the first intron of TRPM7, which encodes 

the transient receptor potential cation channel subfamily M member, a gene implicated in ischemic 

cardiomyopathy and cardiac rhythm.(132, 133)  This intronic enhancer showed  

Motif 
Upstream 2b  
Motif Counts 

Upstream 2-3b 
Motif Counts 

2-3b Enrichment 

 
GRE(NR) 

 
1 8 8.00 

 
KLF1(Zf) 

 
4 22 5.50 

 
Smad2(MAD) 

 
11 31 2.81 

 
Smad3(MAD) 
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54 1.35 

Table 2.4. Selected transcription factor motifs upstream of PRKAG2 isoforms 



 
52 

 

Figure 2.10. Differential enhancer usage in heart failure.  A. Multidimensional scaling plot of enhancer 
expression levels showing tighter clustering of healthy LVs than failed LVs.  B. Differentially used 
enhancers are shown in light gray.  Left shifted enhancers are expressed higher in failed hearts and right 
shifted enhancers are expressed higher in healthy hearts.  C. De novo transcription factor motif 
enrichment analysis comparing differentially changed enhancers to unchanged enhancers.  The best 
match of enriched motifs is listed to the left.  A purple asterisk indicates that the matching transcription 
factor was differentially expressed by RNA-seq.  Up/down indicates the instances of the identified motif in 
upregulated and downregulated enhancers, respectively.  D. Genome browser representation of a 
differentially expressed enhancer within the first intron of the TRPM7 gene. The gene annotation is at the 
bottom and the healthy and failed CAGE-seq signals are graphed above on the same scale.  E. 
Quantification of the healthy and failed CAGE-seq signals for the intronic TRPM7 enhancer in D.  F. 
Quantification of TRPM7 overall gene expression by RNA-seq.  Additional failed hearts were added to 

increase power. Significance determined by EdgeR using a generalized linear model approach. (p  

0.05(*),  0.0005 (***)). FC, fold change. TRPM7, transient receptor potential cation channel subfamily M 
member 7. 
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significantly lower eRNA expression in heart failure (Figure 2.10E), concomitant with a significantly lower 

expression of TRPM7 in failed hearts (Figure 2.10F).  We also identified an enhancer cluster upstream of 

the NPPA/NPPB 

gene loci (Figure 

2.11).  NPPA/NPPB 

encode natriuretic 

peptides, which 

serve as important 

clinical biomarkers of 

volume overload in 

heart failure.  One 

enhancer of this 

cluster was detected 

in all samples and 

showed higher 

expression of eRNA 

in heart failure 

(Figure 2.11C), 

consistent with the 

regulatory region responsible for the upregulation of natriuretic proteins in heart failure.   

 
Discussion 

Defining the promoterome of the human LV in health and disease.  Heart failure is known to be 

accompanied by shifts in gene expression, including a re-expression of developmental genes.  This 

analysis provides a detailed depiction of genomewide promoter usage in left ventricle, and further 

highlights how promoter usage shifts in the failed heart.  In total, we report ~17,000 high likelihood 

promoters active in the adult human heart.  We observed two major promoter types, the sharp TATA-box-

associated and the broad CpG island-associated.(129)  Sharp promoters had single or a few 

 
Figure 2.11.  An enhancer upstream of NPPA/NPPB carries the 
signature of activation in heart failure. A. Genome browser 
representation of the NPPA/NPPB locus, which encodes ANP and BNP and 
is known to be upregulated in heart failure, shows three upstream CAGE-
defined enhancers (purple) overlapping H3K27Ac ChIP-seq (blue) and 
ATAC-seq (red) signals. B.  Depiction of the CAGE-defined enhancers in A 
with pooled healthy hearts (blue) and pooled failed hearts (red) CAGE-seq 
transcriptional start sites on the same scale. C. eRNA expression 

quantification from enhancer 1 in B for healthy and failed hearts. (p 
0.005(**)) 
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transcriptional start sites and were linked to highly-expressed, tissue-specific genes like MYH7, TTN, and 

MYL2.  Broad promoters had a wider distribution of transcriptional start sites and included both 

housekeeping and some tissue specific genes.  We observed an increase in genomewide promoter width 

in failed left ventricles, suggesting a loss of tight regulation of transcriptional start sites.  This widening of 

promoters may reflect epigenetic modifications or transcriptional factor profile differences. 

 

Alternative promoter usage in heart failure.  The data indicate that ~20% of genes active in the human 

left ventricle have multiple active promoters, correlating well with previous estimates from different cell 

types.(134, 135)  Promoter switches that alter the noncoding regions can affect translational efficiency, 

imparting developmental and tissue specificity.(136)  Some promoter switches can directly shift the 

amino-terminus of the resulting protein.  We provide as an example a failure-linked promoter shift in the 

PRKAG2 gene.  Mutations in PRKAG2 cause hypertrophic cardiomyopathy and arrhythmias.(131)  In 

healthy left ventricles, we found that ~55% of transcripts originated from the 2b promoter and ~35% 

originate from the 2-3b promoter.  In failed left ventricles ~60% of the PRKAG2 transcripts represent the 

2b-3b isoform.  The 2b-3b isoform includes a unique 32 amino-acids that may affect the ability of the 

PRKAG2/AMPK complex to interact with troponin I and regulate contraction dynamics.(137)  In the UK 

Biobank, a polymorphism, rs10224210, in the first intron of the y2-3b isoform links to cardiovascular 

disease.  This specific sequence could alter 2b-3b isoform expression through a first intron enhancer or, 

alternatively, may be in linkage disequilibrium with other coding or promoter sequences.  This signal 

provides additional evidence that the 2b-3b isoform may be an important mediator of heart failure.  

Upregulation of the 2b-3b isoform in failed hearts may also influence how mutations in PRKAG2 are 

expressed.  GTEx expression data indicates that the 2b isoform is expressed in healthy left ventricle and 

in cultured fibroblasts, indicating the effect of isoform shifts could alter multiple cell types in the heart.   

 

Differential enhancer usage in heart failure.  Heart failure is associated with transcriptional 

changes.(103)  We found that predicted enhancer usage was more variable in failed ventricles, which 

may indicate genomewide dysregulation of gene expression.  SMAD2 binding motifs were enriched in 
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differentially used heart failure enhancers, and this is highly consistent with the known upregulation of 

TGF- signaling in failing hearts.(138, 139)  The enrichment of this motif in differential enhancers may 

reflect increased TGF-/SMAD activation in cardiomyocytes and/or a larger proportion of cardiac 

fibroblasts in the failed left ventricle tissues.  SMAD motifs were found more often in downregulated 

enhancers, implying a repressive role for TGF-/SMAD signaling in heart failure.  We highlighted a 

specific differential enhancer located within the first intron of the TRPM7 gene. TRPM7 encodes kinase 

domain-containing cation channel.  Deletion of Trpm7 in mice disrupts cardiac automaticity and causes 

cardiac hypertrophy and fibrosis.(133)  In ischemic cardiomyopathy, TRPM7 was significantly down 

regulated in the left atria and ventricle.(132)  Together, these findings support a reduction in TRPM7 in 

the setting of end stage heart failure.  Sequences upstream of the NPPA/NPPB gene loci were also 

identified as differentially activated in heart failure.  The orthologous region in the mouse genome has 

been shown to regulate expression of these genes, validating its function in vivo.(98)  As natriuretic 

peptide elevation serves as a biomarker for heart failure, this enhancer region may be an attractive target 

to modulate natriuretic factor expression in heart failure. 

 

Study Limitations and Conclusions.  This study used CAGE sequencing to define a broad spectrum of 

predicted cardiac promoters and enhancers, with focus on their differential use in heart failure.  Due to the 

small cohort size, age, sex, and race could not be considered in the analysis.  The majority of samples 

were of European descent, and controlling for age was not possible as age correlates with heart failure 

status.  Therefore, this analysis was uncorrected for these covariates, and thus may limit the broader 

applicability of this data.  The use of bidirectional eRNA transcription as a genomewide mark of enhancer 

function is relatively new and the exact role of eRNAs is unknown.  To address this, we relied on multiple 

independent sources of data to support enhancer predictions, but even so, these approaches may over or 

underestimated the true number active enhancer regions.  We observed variability in differential promoter 

and enhancer usage in failed heart, as the normal control hearts showed tighter correlations.  This 

variability may reflect the end stage process of heart failure.  While a larger dataset may be more 

revealing, the diversity of response in the failed hearts mirrors what has been observed when RNA 
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sequencing was used to define transcripts produced for TTN, a large gene that has been examined in 

multiple failed hearts.(140, 141)  The wide array of transcripts produced from even this single gene may 

underscore that a lack of uniform response itself could contribute to heart failure.   
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Chapter 3. 

Integrated epigenomic analysis identifies enhancer modifying variants linked to cardiomyopathy 

genes. 
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Abstract 

Inherited cardiomyopathy associates with a range of phenotypic expression.  We superimposed epigenomic profiling 

from multiple sources, including promoter-capture chromatin conformation information, and identified candidate 

enhancer regions for two cardiomyopathy genes, MYH7 and LMNA.  Enhancer function was validated in human 

cardiomyocytes derived from induced pluripotent stem cells and revealed enhancer regions implicated the switch of 

MYH6 and MYH7 expression.  By querying human genomic variation, we identified multiple sequence changes that 

modified enhancer function by creating or interrupting transcription factor binding sites.  rs875908, which is 2KB 5’ of 

MYH7, associated with longitudinal clinical features of cardiomyopathy in a biobank with clinical imaging and genetic 

data.  This integrated approach identified noncoding modifiers of cardiomyopathy and is broadly applicable to other 

cardiomyopathy genes.  
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This work is under review at Nature Genetics: 

Gacita AM, Fullenkamp D, Ohiri J, Pottinger T, Puckelwartz MJ, Nobrega MA, McNally EM. 
Integrative epigenomic analysis identifies enhancer modifying variants linked to cardiomyopathy 
genes. Nature Genetics (in review).   
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Introduction 
 
Mutations in more than 100 genes have been linked to autosomal dominant cardiomyopathy, which leads 

to heart failure and significant burden (64-66).  A well-recognized clinical feature of genetic 

cardiomyopathy is varying phenotypic expression.  Genetic cardiomyopathy demonstrates an age-

dependent penetrance, variable expressivity, and variable clinical presentations.  Even with identical 

primary mutations, there is a range of clinical outcomes (1, 85). Genetic variants in protein coding regions 

have been described as altering the phenotypic expression of a primary cardiomyopathy-causing 

mutation (85, 142, 143).  However, the contribution of noncoding variation has been less well 

investigated.  

 

Noncoding regions of the genome harbor important regulatory sequences that control the expression of 

genes through both distal enhancers and proximal gene promoters (144).  ChIP-seq, ATAC-seq, and 

CAGE-seq can mark genomic regions as having regulatory function, but do not provide information on 

their gene target.  Chromatin conformation assays evaluate genomic three-dimensional organization and 

link enhancers to their target genes.  However, as enhancer function is dependent on tissue-specific 

transcription factors, assays for enhancer function or targets require the context of relevant tissues/cells.  

 

To define the contribution of noncoding variation, we evaluated the regulatory regions for two commonly 

mutated cardiopathy genes, MYH7 and LMNA.  Mutations in MYH7 are a common cause of hypertrophic 

cardiomyopathy while mutations in LMNA are a common cause of dilated cardiomyopathy with 

arrhythmias (1, 145).  MYH7 sits in tandem with MYH6 on human chromosome 14.  MYH7 encodes -

myosin heavy chain (MHC), which is the major left ventricular myosin heavy chain in the adult human.  

MYH6 encodes -MHC and is the major myosin heavy chain in the developing ventricle and adult atrium.  

In mice this relationship is not conserved; adult murine ventricular myocardium is dominated by -MHC, 

further underscoring the importance of studying MYH7 regulatory regions in human systems.  
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We used an integrative analysis that relied on >20 publicly-available heart enhancer function and 

enhancer target datasets to identify MYH7 and LMNA left ventricle enhancer regions.  We confirmed the 

activity of these regions using reporter assays and CRISPr-mediated deletion in human cardiomyocytes 

derived from induced pluripotent stem cells (iCMs).  These regulatory regions contained sequence 

variants within transcription factor binding sites that altered enhancer function.  Extending this strategy 

genomewide, we identified an enhancer modifying variant upstream of MYH7.  This common variant 

correlated with MYH7 expression in the GTEx eQTL dataset.  Finally, we identified this variant also 

correlated with a more dilated left ventricle over time.  These findings link noncoding enhancer variation to 

cardiomyopathy phenotypes and provide direct evidence of the importance of genetic background.   

 

Methods 
 
Epigenetic Dataset Downloads and Visualization.  Epigenetic datasets were identified from the 

Encode data repository or GEO.  For histone ChIP-Seq datasets and ATAC-seq datasets, the “fold 

change over negative control” bigwig file was downloaded.  For transcription factor Chip-seq datasets, 

peak bed files were downloaded.  For Homer computational predictions, a bed file representing the 

location of the transcription factor motif genome-wide was downloaded. Files were imported into the 

UCSC genome browser for visualization.  When necessary, datasets from mouse cells/tissues or hg38 

were overlaid to hg19 using the UCSC liftover tool. For pcHiC data, the CHiCAGO pipeline raw output of 

three replicates of iCM promoter capture Hi-C data were downloaded (37).  Probe-probe interactions 

were filtered.  1kb was added to both ends of regions interacting with gene promoters.  We intersected 

data from each replicate using bedtools and retained only genomic interactions that were present in at 

least two replicates (121).  Bed files representing pcHi-C interactions were visualized in the UCSC 

genome browser.   

A UCSC genome browser session containing all tracks used for left ventricle enhancer 

identification is available by searching for “Gacita_et_al_LV_Enhancer_Tracks” in UCSC’s public 

sessions repository.   
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Enhancer Region Cloning.  Candidate enhancer regions were ligated into luciferase plasmids using a 

Gateway cloning strategy.  Candidate enhancer regions were amplified from human genomic DNA using 

primers with a 5’-CACC overhang using Phusion High-Fidelity DNA polymerase (NEB).  An aliquot of the 

PCR reaction was separated on a 1% agarose-TBE gel to confirm amplification, and the remaining 

reaction was purified using a PCR Purification Kit (Qiagen).  In cases where PCR failed to generate an 

adequate product, the enhancer region sequence (matching hg19) was synthesized as a dsDNA gGlock 

gene fragment (IDT).  Approximately 5ng of PCR product or gBlock was ligated into the pENTR/D-TOPO 

vector following manufacturer’s instructions (ThermoFisher).  The enhancer region was recombined into 

pGL4.23-GW (Addgene #60323) using LR Clonase II Enzyme mix (Thermo) with 150ng of each plasmid.  

EndoFree Maxipreps (Qiagen) were used to prepare DNA.  Plasmids were confirmed using Sanger 

Sequencing.   

 

Luciferase Reporter Assay.  HL-1 cardiomyocytes (Millipore Sigma Cat#SCC065) were cultured on 

fibronectin coated flasks in Claycomb media with 10% HL-1 qualified FBS as previously described. (14)  

Twenty-four hours before transfection, 140,000 HL-1 cells per well were plated on to a 12-well plate. On 

the day of transfection, HL-1 cells were transfected using Lipofecamine 3000 (Thermo Fisher) following 

manufacturer’s instructions.  Each well was transfected with 6l of 0.15M enhancer firefly luciferase 

plasmid, 50ng of pRL-SV40 (Promega), 2.5l of Lipofecamine3000, and 6l of P3000 in 100l of Opti-

MEM.  Cells were allowed to incubate for 6-8 hours, following which half the media was replaced with 

Claycomb media.  Forty-eight hours after transfection, the luciferase assay was performed with the Dual-

Glo luciferase assay kit (Promega) according to manufacturer’s instructions.  The firefly luciferase signal 

from each well was recorded from three separate replicates and internally normalized to Renilla luciferase 

signal.  Each enhancer construct was tested in a minimum of two separate wells on three separate days.  

Induced pluripotent stem cell (iPSC)-derived cardiomyocytes (iCMs) were generated according to 

standard protocols (18).  At approximately day 10 of differentiation, cardiomyocytes were re-plated on to 

white clear-bottom 96-well plates at 40,000 cells per well.  The media was changed every two days and 

cells began to beat as a syncytium day 14-16.  On day 18, cardiomyocytes were transfected with 
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Lipofecamine3000 (Thermo Fisher) according to manufacturer’s instructions.  Each well was transfected 

with 0.2l of 0.15M enhancer firefly luciferase plasmid, 5ng of pRL-SV40 (Promega), 0.15l 

Lipofecamine3000, and 0.2l of P3000 in 10l of Opti-MEM.  Forty-eight hours after transfection, the 

luciferase assay was performed with the Dual-Glo luciferase assay kit (Promega) according to 

manufacturer’s instructions.  Firefly luciferase signal was read using 96-well plate reader and signals were 

internally normalized to the same well’s Renilla luciferase signal.  Each enhancer construct was tested in 

8 separate wells on at least three separate cardiomyocyte differentiations.  

 

IPSC Reprogramming, Culturing, and IPSC-CM Differentiation.  Human skin fibroblasts were obtained 

from Coriell (sample name GM03348, 10 year old male) and cultured in DMEM containing 10% FBS.  

Fibroblasts were re-programmed into induced pluripotent stem cells (IPSCs) via electroporation with 

pCXLE-hOCT3/4-shp53-F (Addgene plasmid 27077), pCXLE-hSK (Addgene plasmid 27078), and 

pCXLE-hUL (Addgene plasmid 27080) as described previously (146).  IPSCs were maintained on 

Matrigel-coated 6-well plates with mTeSR-1 (Stem Cell technologies, Cat#85850) and passaged as 

colonies every 5-7 days using ReLeSR (Stem Cell technologies, Cat#05872).  

IPSCs were differentiated into cardiomyocytes (iCMs) using Wnt modulation as previously 

described (18).  Differentiation was conducted in CDM3 (RPMI 1640 with L-glutamine, 213 g/mL L-

asorbic acid 2-phosphate, 500g/mL recombinant human albumin) (18).  Cells were grown to ~95% 

confluency and treated with 6M - 10M CHIR99021 for 24 hours and allowed to recover for 24 hours. 

Cells were treated with 2M Wnt-C59 for 48 hours and then media was changed with CDM3 every two 

days until beating cardiomyocytes were obtained (~day 6-10).  In order to prevent cell detachment, 

beating cardiomyocytes re-plated on to new plates using TrypLE (Thermo Fisher). Media was changed 

every two days until downstream assays were performed (~day 20).  

 

CRISPr Enhancer Deletion in IPSCs.  To delete enhancer regions, guides targeting the 5’ and 3’ end of 

enhancer regions were designed using CRISPOR (147).  Guides were ligated into pSpCas9(BB)-2A-Puro 

(Addgene plasmid #62988) after the U6 promoter using either Bbs1 digestion and ligation or Gibson 
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assembly.  DNA preparations of plasmid were prepared using an EndoFree plasmid kit (Qiagen), and 

plasmid sequences were confirmed with Sanger sequencing.  IPSCs were nucleofected using the Neon 

transfection system (Thermo Fisher).  Briefly, GM03348 IPSCs were grown to ~70% confluency and 

treated with mTeSR-1 containing 2M thiazovivin (TZV) for one hour.  Cells were digested with TrypLE, 

collected and counted. 3.75 million IPSCs per nucleofection were pelleted at 300g for 3min.  Cell pellets 

were resuspended in 125l of buffer R and added to an Eppendorf tube containing 1.5g or 2.5g of each 

plasmid.  Cells were nucleofected in the Neon system in a 100l tip with the following settings: 1400 V, 20 

ms, 2 pulses.  Nucleofected cells were expelled into a single well of Matrigel-coated 6-well plate 

containing mTeSR-1 supplemented with ClonR (Stem Cell Technologies, Cat#05888) and 2M TZV.  For 

each round, a pSpCas9(BB)-2A-GFP (Addgene plasmid #48138) control was included.  Twenty-four 

hours later, cells were treated with mTeSR-1 containing 0.15g/mL puromycin. The next day, selection 

was continued with 0.2g/mL puromycin until no viable cells were seen in the GFP control (~2-3 days).  

Cells were switched to mTeSR-1 supplemented with ClonR and 2M TZV and media was changed daily 

until colonies appeared (5-7 days).  Colonies were picked on to 96-well plates, expanded, and split on to 

two duplicate plates.  The first plate was used for cryopreservation in 50% mTeSR-1/ClonR/2M TZV and 

50% KnockOut Serum replacement/25% DMSO.  The second plate was processed for gDNA isolation 

using the DirectPCR lysis reagent (Viagen, Cat#301-C) following manufacturer’s instructions.  Colonies 

were screened for successful enhancer deletion using a 3-primer PCR approach.  PCR products were 

cloned using the TOPO TA cloning kit (Thermo Fisher) and sequenced to determine alleles present.  

Positive colonies were thawed from the frozen plate, expanded, re-genotyped, and used for 

differentiation. In cases where no homozygous deletions were obtained, a heterozygous colony was 

treated with a second round of CRISPr editing.  

 

IPSC Chromosome Analysis and CRIPSr-Off Target Analysis.  IPSC Chromosome analysis was 

conducted using the hPSC genetic analysis kit (Stem Cell Technologies, Cat#07550) following 

manufacturer’s instructions. IPSC lines must show no amplification or deletion in at least 8 of the 9 tested 

sites to pass our karyotypic quality control standards. We used the output from the CRISPOR(147) guide 
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design tool to identify the most likely off target cut sites. We selected any regions with < 3 mismatches 

and additional off targets that were within or near genes important for cardiac function. Primers were 

designed to amplify putative off target sites and regions were amplified from gene edited cell gDNA. PCR 

products were purified using ExoSAp-IT (Thermo) or Ampure XP beads (Beckman Coulter) and 

sequenced with sanger sequencing.  Primers used are available upon request. Sanger traces from 

unedited IPSCs were compared to gene edited lines to identify any off-target changes.  

 

IPSC-CM RNA Extraction and qPCR.  At ~day 10 of differentiation, 1 million IPSC-derived 

cardiomyocytes were plated on a well of 12-well plate.  At ~day 20, cells were washed with PBS and 

400l of TRIzol (Thermo Fisher) was added directly to the well.  Cells were collected into an Eppendorf 

tube using a cell scraper.  Trizol was kept at -80oC until further processing.  Six hundred l of additional 

TRIzol was added to the cells and the entire sample was added to a tube containing 250l of silica-

zirconium beads.  Tubes were placed in a bead beater homogenizer (BioSpec) for 1 minute and 

immediately cooled on ice.  Samples were incubated at room temperature for 5min and then centrifuged 

at 12,000g for 5min to remove unhomogenized cell aggregates.  Supernatant was transferred to a new 

tube and 200l of chloroform was added.  After vigorous shaking for 30 seconds followed by 10 min 

incubation with periodic shaking, samples were centrifuged at 12,000g for 15 min.  The upper aqueous 

layer was added to an equal volume of fresh 70% ethanol and used an input to the Aurum Total RNA Mini 

Kit (Biorad).  RNA was processed according to manufacturer’s instructions including on-column DNase 

digestion.  RNA was eluted twice with 30l of warmed water and the concentration was measured using a 

nanodrop spectrophotometer.  

The qScript cDNA SuperMix (Quantabio) was used to generate a 100ng cDNA library.  A 1:10 

dilution was used as a template in a 3-step SYBR-green qPCR region with a 57oC annealing temperature.  

We used a panel of primers targeting cardiomyocyte references genes (TNNT2, MYBPC3, TNNI3, 

SLC8A1, MYOZ2 and GAPDH) that passed optimization studies confirming primer specificity and 

efficiency.  For enhancer deletion measurements, changes in MYH6 and MYH7 expression were 
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calculated using the delta-delta Cq method using the geometric mean expression of cardiomyocyte 

reference genes.  

 

SDS-PAGE of Myosin Heavy Chain Isoforms.  We prepared a 6.25% acrylamide/bis-acrylamide(99:1) 

resolving gel by combining 7.5mL of 25% Acrylamide/bis-acrylamide (99:1), 5.65mL of 2M Tris pH 8.8, 

16.55mL of ddH20, 300l of 10% SDS (w/v), 312l 10% ammonium persulfate, and 12.5l of TEMED.  

The resolving gel was allowed to polymerize for 1 hour at room temperature.  A 5% acrylamide/bis-

acrylamide (99:1) stacking gel was prepared by combining 2mL of 25% Acrylamide/bis-acrylamide(99:1), 

2.5mL of 0.5M Tris pH 6.8, 5.325mL of ddH20, 100l of 10% SDS (w/v), 90l 10% ammonium persulfate, 

and 6l of TEMED.  The stacking gel was allowed to polymerize for 8 hours.  Lysates of ~day 20 iCMs 

were prepared and protein concentrations were quantified with the Quick-Start Bradford Protein Assay 

(Bio-Rad). ~7g of protein was mixed 1:1 with 2x Laemmli Sample Buffer containing -mercaptoethanol.  

Samples were loaded into the SDS-polyacrylamide gel described above and separated at 13mA for 

20min, and 15mA for 21 hours.  After electrophoresis, gels were fixed with a 7% acetic acid/50% 

methanol solution for 1 hour at room temperature.  Protein was visualized with the Sypro Ruby Protein 

Gel Stain (Thermo Fisher) following manufacturer’s instructions.  Quantification of band intensities was 

done using Fiji(148).  

 

Engineered Heart Tissue Generation and Measurement of Contractile Properties.  Engineered heart 

tissues (EHTs) were generated according to previously published methods (19).  iCMs were differentiated 

as previously described and when beating cells were present (~day 10), cells were washed with PBS and 

digested with TrypLE (Thermo).  One million cells per EHT were centrifuged at 500g for 5min and 

resuspended in 65l of EHT media (CDM3(18), containing 10% of heat-inactivated FBS, 2M thiazovivin, 

33g/mL aprotinin, and 5U/mL penicillin/streptomycin), 25l of 25mg/mL fibrinogen and 10l of Matrigel 

(Corning). 100l of this EHT mix was added to 3l of 100U/mL thrombin and mixed. The whole mixture 

was pipetted between PDMS posts (EHT Technologies) in an EHT mold created from 2% agarose and a 

Teflon spacer in a 24-well Nunc plate (Thermo Fisher).  Fibrin gel was allowed to polymerize for 2 hours 
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and then 200l of CDM3 was added to the EHT to help detach it from the mold.  After 30min, the PDMS 

posts were lifted from the mold and the EHT was placed into a new 24 well plate containing 1.6 mL of 

RPMI containing B27 supplement (Thermo Fisher) and 33g/mL aprotinin.  Media was changed every 

other day until further processing. After 20 days of culture, videos of EHT contraction were taken on a 

KEYENCE BZ-X microscope at 50fps with 4x4 pixel binning.  Videos were imported into Fiji and analyzed 

with MUSCLEMOTION macro with default settings (149).  The contraction parameters for each 

contraction were averaged to give an EHT level measurement.  

 

Flow Cytometry Analysis of IPSC-CM Purity.  At approximately day 20 of differentiation, iCMs were 

collected using TrypLE (Thermo Fisher).  Cells were resuspended in 1mL of PBS and added to 1mL of 

8% PFA in PBS for fixing.  Cells were fixed at 37oC for 10min with shaking.  Cells were collected by 

centrifugation at 600g for 5min and resuspended in 100l ice-cold 90% methanol in PBS per 500,000 

starting cells. Cells were stored at -20o C until further processing.  On the day of flow, ~1 million cells 

were aliquoted into two tubes containing 2mL of 0.5mg/mL BSA in PBS and pelleted.  One tube was 

resuspended in 100l of PBS containing 1:200 dilution of TNNT2-Alexa Fluor 694 (BD Pharmingen 

#565744) and 1:200 MYBPC3-Alexa Fluor 488 (Santa Cruz Biotechnology #sc-137180 AF488) and the 

other tube was suspended in PBS alone.  Cells were stained for 1 hour at room temperature.  Four mL of 

0.5mg/mL BSA in PBS was added to each tube and cells were pelleted.  Cells were resuspended in 100l 

in PBS and analyzed on a flow cytometer.  The percentage of TNNT2-positive cells was determined by 

using PBS only as a negative control.  

 

Find Regulatory Variants Computational Pipeline.  Figure 5 shows a schematic of the Find Regulatory 

Variants computational pipeline.  The pipeline relies on the bedtools tool to sequentially filter the starting 

variant list for variants that overlap regions with epigenetic evidence of enhancer modifying potential 

(121).  The pipeline finds variants that are predicted to disrupt or create transcription factor binding sites. 

In order to use find new transcription factor binding sites created by variants, we used the GATK 

FastaAlternaitveReferenceMaker to insert SNP variants into the reference genome(150).  We then used 
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Homer’s scanMotifGenomeWide.pl to search for GATA4 and TBX5 sites in the alternative reference and 

kept only sites that were new(42). These additional sites were used in the pipeline alongside sites present 

in the unchanged reference.  

 

Association of Enhancer Variant with Phenotypic Data.  Phenotypic measurements of heart function 

and whole genome sequencing data were accessed as in (32).  Individual measures were obtained for 

left ventricular internal diameter-diastole (LVIDd) and left ventricular posterior wall thickness during 

diastole (LVPWd) from echocardiogram reports and spanned as much as 14 years of echocardiogram 

data.  The diagnosis of heart failure was determined by ICD9 diagnosis codes 425 and all sub-codes, and 

ICD10 diagnostic codes I42 and all sub-codes.  Trajectory analysis of echo measurements was 

conducted as in (32). Briefly, we used PROC TRAJ in SAS 9.4, (151) which uses a likelihood function to 

assign a each individual a phenotypic cluster and probability of belonging to that cluster. An individual’s 

variant status was regressed against cluster probability and was controlled for genetic race (PC1-3) and 

sex in R.  

 

Code Availability. All code and scripts used in this manuscript are available upon request. 

 
 
Results 

Integrated epigenetic analysis identifies candidate enhancer regions for MYH7 and LMNA.  To 

identify enhancer regions active in the human left ventricle, multiple datasets were overlaid including 

human left ventricle-derived H3K27Ac ChIP-seq and ATAC-seq as well as ChIP-seq data targeting 

GATA4, TBX3/5, and NKX2.5 from multiple cell/tissue sources (complete list shown in Table 3.1).  

Promoter-capture Hi-C data from iCMs was used to identify genomic regions predicted to interact with 

promoters (37).  We focused on regulatory regions of two genes linked to cardiomyopathy, MYH7 and 

LMNA, since these genes display tissue specific and broad expression, respectively.  Intersection of 

these datasets identified two enhancer clusters for MYH7 and three for LMNA (Figure 3.1).  MYH7 cluster  
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Target Dataset 
Accession 

Number 
Reference 

H3K27Ac 
Histone 

Modification 
Human LV- ChiP-Seq ENCSR150QXE 

Roadmap Epigenomics 
Consortium, et al. 

2015(21) 

H3K4me3 
Histone 

Modifications 
Human LV- ChiP-Seq ENCFF045RCM 

Roadmap Epigenomics 
Consortium, et al. 

2015(21) 

Open Chromatin 
Human LV-ATAC-Seq ENCFF148ZMS 

ENCODE Project. 
2018(22) 

iCM- ATAC-Seq GSE85330 Liu, Q. et al. 2017(31) 

p300 Human LV- ChiP-Seq GSE32587 May, D. et al. 2012(25) 

CTCF Human LV- ChiP-Seq ENCFF482ZNO 
ENCODE Project. 

2018(22) 

Promoter 
Interactions 

iCM Promoter-Capture 
Hi-C 

E-MTAB-6014 
Montefiori, L. et al. 

2018(37) 

TAD Boundaries Human LV- Hi-C GSE58752 Leung, D. et al. 2015(36) 

GATA4 Binding 
Sites 

iCM-ChIP-Seq GSM2280004 Ang, Y. et al. 2016(26) 

HL-1- ChIP-Seq GSM558904 He, A. et al. 2011 

Mouse LV- ChIP-Seq GSM862697 
van den Boogaard, M. et 

al. 2012(30) 

Computational 
Predictions 

HOMER Heinz, S. et al. 2010(42) 

TBX5/3 Binding 
Sites 

iCM-ChIP-Seq GSM2280011 Ang, Y. et al. 2016(26) 

HL-1- ChIP-Seq GSM558908 He, A. et al. 2011(28) 

Mouse LV- ChIP-Seq GSM862695 
van den Boogaard, M. et 

al. 2012(30) 

Computational 
Predictions 

HOMER Heinz, S. et al. 2010(42) 

NKX2.5 Binding 
Sites 

HL-1- ChIP-Seq GSM558906 He, A. et al. 2011(28) 

Mouse LV- ChIP-Seq GSM862698 
van den Boogaard, M. et 

al. 2012(30) 

Computational 
Predictions 

HOMER Heinz, S. et al. 2010(42) 

eRNA 
Expression 

Human LV-CAGE-Seq GSE147236 Gacita, A. et al. 2020(6) 

Experimentally 
Validated Heart 

Enhancers 

Reporter Expression in 
Transgenic Mouse 

Embryos 

VISTA Enhancer 
Browser 

Visel, A. Et al. 2007(57) 

Table 3.1. Datasets used for epigenomic identification of candidate enhancers  
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Figure 3.1.  Integrated epigenomic analysis identifies candidate regulatory regions for MYH7 and 

LMNA.  MYH7 encodes -myosin heavy chain (MHC), the major contractile protein in the human left 
ventricle; mutations in MYH7 are a leading cause of inherited cardiomyopathy.  Mutations in LMNA, which 
encodes lamin A/C also contribute to inherited cardiomyopathies.  A. The MYH6/7 genes are in close 
proximity with two clusters of candidate enhancers highlighted in yellow boxes.  B.  Integrated epigenomic 
analysis identified three candidate enhancer clusters at the LMNA locus.  The labels on the left indicate 
the data and cell/tissue source (full source listing is found in Table 3.1).  pcHi-C, promoter capture Hi-C. 
LV, left ventricle. iCMs, IPSC-derived cardiomyocytes. 
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1 overlaps the MYH6 promoter, consistent with their co-regulation in the left ventricle (152).  MYH7 cluster 

2 is ~7kb upstream of MYH7 and is marked by H3K27Ac, CTCF, ATAC signal, transcription factor binding 

and relatively low H2K4me3 marks.  Although many more interactions were identified by promoter capture 

Hi-C, the integrated analysis highlighted three clusters for LMNA.  Cluster 1 was located > 100kb from the 

LMNA gene within the ARHGEF2 gene, while LMNA cluster 2 was located directly upstream of LMNA.  

Cluster 3 mapped to the large first intron of LMNA, overlapping the second exon.  Similar to the MYH7 

sites, the LMNA sites showed H3K27Ac and CTCF marks and open chromatin enrichment.  The low 

H3K4me3 signals differentiated these sites from promoter regions.  No enhancer clusters crossed TAD 

boundaries defined by human left ventricle Hi-C (36). 

 

Candidate enhancers display regulatory activity in cardiomyocytes.  Individual candidate enhancer 

regions were assessed for regulatory activity in iCMs using a luciferase reporter assay.  We used 

promoter-capture Hi-C data to define the boundaries of individual enhancers within clusters.  Because of 

size, enhancers were further dissected in some cases.  Four of five MYH7 enhancer regions showed 

significant activity in iCMs compared to a negative control genomic desert region (Figure 3.2A and 

Figure 3.4).  MYH7-C3, which is ~7kb upstream of MYH7 had the strongest signal, consistent with its 

abundant H2K27Ac ChIP-seq marks.  MYH7-C2, which overlaps the MYH6 promoter, was active but with 

lower magnitude.  The MYH7-C2 region had higher activity in mouse atrial HL-1 cardiomyocytes, 

consistent with its role in MYH6 expression (Figure 3.3).  Both of these regions also showed activity in 

mouse embryonic hearts in the VISTA browser (57).  MYH7-C4, located further upstream than MYH7-C3 

also demonstrated significant activity.  For LMNA, five of six candidate enhancer regions showed 

significant activity in iCMs (Figure 3.2B).  LMNA enhancer activity was generally lower than MYH7 

enhancer activity, consistent with lower LMNA expression in iCMs.  LMNA C5, located at the 3’ end of 

LMNA’s large first intron showed the highest activity.  This region shows low H3K4me3 signal, consistent 

with its role as an enhancer and not a promoter.  LMNA C3 showed modest activity iCMs but was active 

in mouse embryonic hearts in VISTA (57).  
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Figure 3.2.  Enhancer activity in IPSC-Derived Cardiomyocytes (iCMs).  A luciferase reporter assay 
was used to test for enhancer activity in iCMs.  The position of candidate enhancers is shown along the 
top in colored boxes.  The clusters in Figure 1 were evaluated as smaller regions.  A.  Regions from 4 of 
5 candidate enhancer regions demonstrated activity in iCMs, with the highest activity for MYH7 C3.  B.  
Five of six candidate enhancer regions for LMNA showed activity in iCMs, with the highest being LMNA 

C5.  Data is displayed as fold change to negative control 500bp genomic desert region with mean SD.  
Significance vs negative control determined by nonparametric one-way ANOVA. *<0.03, **<0.0021, 
***<0.0002, ****<0.0001. 
 

 

Figure 3.3.  Reporter assay for candidate enhancer regions of MYH7 and LMNA in HL-1 cells.   A. 
Above, color-coded schematic of candidate MYH7 enhancers identified in figure 1. Below, data from 
luciferase reporter assay in HL-1s for full and partial candidate enhancer regions.  B. Above, color-coded 
schematic of candidate LMNA enhancers identified in figure 1. Below, data from luciferase reporter assay 
in HL-1s for full and partial candidate enhancer regions. Data displayed as fold change to negative control 
genomic 500bp desert region with mean +/- SD. Significance vs negative control determined by 
nonparametric one-way ANOVA. *<0.03, **<0.0021, ***< 0.0002, ****< 0.0001. 
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Figure 3.4.  Negative control region reporter assay activity in HL-1 cells and iCMs.  HL-1 cells are a 
mouse atrial cell line (14).  Expression of MYH6/7 differs between atrial and ventricles and between 
mouse and human ventricles (13).  A. Luciferase assay using HL-1 cells including multiple negative 
control regions.  B. Luciferase assay data for multiple negative control regions in iCMs.  Desert 
represents genomic regions with little or no evidence of enhancer function in left ventricle tissue.  
Scrambled represents randomly selected nucleotides. Significance vs desert 500bp determined by 
nonparametric one-way ANOVA. *<0.03, **<0.0021, ***<0.0002, ****<0.0001. 
 

 

Loss of the C3 MYH7 enhancer shifts from MYH7 to MYH6, altering protein levels and increasing  

contractile speed in engineered heart tissues.  To test if candidate enhancers are required for target  

gene expression, we deleted regions of interest in IPSCs using gene editing.  We focused on MYH7-C3 

and MYH7-C4 due to high activity in reporter assays and intergenic position.  LMNA-C3 was not 

evaluated due to low activity and the potential to disrupt LMNA splicing.  We employed a dual cutting 

CRISPr-Cas9 strategy to remove the candidate enhancer regions (Figure 3.6).  PCR  

genotyping confirmed the expected heterozygous and homozygous deletion in independent lines (Table  

3.4).  All edited cells passed karyotypic and off-target quality control testing (Figure 3.7, Table 3.5).  We 

differentiated enhancer-deleted IPSCs into cardiomyocytes and measured MYH7 and MYH6 mRNA 

expression using qPCR.  MYH7-C3+/- and -/- cells had a significant decrease in MYH7 expression and 

increase in MYH6 expression, with dose-dependency (Figure 3.5A).  We evaluated protein expression  
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Figure 3.5.  Deletion of the MYH7 C3 enhancer increases MYH6 and reduces MYH7 mRNA and 
protein and produces hyperdynamic function in engineered heart tissues.  A.  Gene editing was 
used to delete the MYH7 C3 enhancer heterozygously (+/-) or homozygously (-/-).  MYH6 and MYH7 
mRNA expression was assayed by qPCR and showed a dose-dependent increase in MYH6 expression 
and reduction in MYH7 expression.  B. Deletion of the MYH7 C4 enhancer had little effect, demonstrating 

a specificity of these findings to MYH7 C3. C. -MHC and -MHC protein ratios were quantified using 

SDS-PAGE.  D. Quantification of -MHC/-MHC protein ratios in C.  E. Representative images of 
engineered heart tissues (EHTs) containing unedited or MYH7 C3 homozygous deleted iCMs.  F. 
Average time to peak measurements of EHT contractions containing unedited or MYH7 C3 deleted cells 

showed an increase in time to peak in MYH7 C3 deleted EHTs, consistent with the shift from MYH7/-

MHC to MYH6/-MHC and the known faster ATPase cycle for -MHC.  Each point represents the 
average time to peak measurement of a single EHT across multiple contractions.  All data shown as 

mean SD. * determined by one-way ANOVA. *<0.03, **<0.0021, ***<0.0002, ****<0.0001. 
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and found MYH7-C3+/- and -/- iCMs demonstrated a significant increase in the -MHC to -MHC protein 

ratio (Figure 3.5E&F).  Loss of MYH7-C4 region had no effect on MYH7 or MYH6 mRNA or protein levels 

(Figure 3.5D&E).  To 

ensure comparable maturity 

and purity, MYH7 and 

MYH6 gene expression 

measurements were 

normalized using a panel of 

cardiomyocyte genes in 

order to control for iCM 

purity and maturation 

status.  Additionally, there 

were no significant 

differences between 

genotypes in iCM purity as 

measured by cardiac 

tropninin T (cTNT) flow 

cytometry (Figure 3.7).  -

MHC, encoded by MYH6, 

hydrolyzes ATP at a higher rate than MYH7, which leads to a faster rate of force generation (153).  We 

evaluated the contractile properties of engineered heart tissues (EHTs) generated from MYH7-C3 deleted 

cardiomyocytes and unedited controls (Video 3.1 & Video 3.2).  EHTs deleted for MYH7-C3 showed a 

more rapid time to peak measurement, consistent with an increased rate of force generation (Figure 

3.5F).  Therefore, deletion of MYH7-C3 decreases MYH7 and increases MYH6, which translates to a 

more hyperdynamic tissue. 

 

 

 
Figure 3.6. CRISPr-Cas9 enhancer deletion strategy successfully 
removes MYH7 enhancer regions. A. Schematic of CRISPr-Cas9 
deletion strategy and PCR primers used for genotyping. B. Agarose 
gels of 3-pimer PCRs on genomic DNA from IPSCs treated with guides 
targeting MYH7 candidate enhancers 3 and 4 demonstrating 
successful knockout. C. Top, schematic representation of the location 
of the MYH6/7 regulatory variant. Bottom, agarose gel of 3-pimer PCR 
on genomic DNA from IPSCs treated with guides targeting the region 
overlapping the MYH6/7 regulatory variant showing successful 
deletion. 
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Figure 3.7.  Validation of gene edited iPSCs and iCMs.  Nonhomologous end joining CRISPr-Cas9 
was used to generate guided deletions in iPSCs.  Resulting clones were treated isolated analyzed for 
common chromosomal rearrangements.  A.  Results from the hPSC genetic analysis test kit (Stem Cell 
Technologies) assaying common chromosomal rearrangements in CRISPr treated IPSCs.  B.  iCM purity 
measurements evaluating the percent cardiac troponin T (cTNT) cells across different enhancer deletion 
lines. cTnT, cardiac troponin T. No significant differences were found between unedited and CRISPr 
treated cells by one-way ANOVA.  
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Figure 3.8.  Genomic variation in MYH7 enhancer regions.  A. We queried MYH7 enhancers for 
naturally occurring sequence variants for those that overlapped cardiac transcription factor binding motifs, 
and/or were correlated with MYH7 expression in the GTEx eQTL dataset. rs7403916 and rs373958405 
fall within MYH7 C2 and disrupt NKX2.5 motifs. These variants were evaluated for reporter activity in 
iCMs and rs373958405 demonstrates reduced activity compared to the reference allele. B.  MYH7 C3 
contains rs7149564 and chr14_23912371_C. rs7149564 disrupts an NKX2.5 motif and results in a 
trending reduction in iCM luciferase signal. chr14_23912371_C generates a TCF21 motif and results in 
an increased iCM luciferase signal. MYH7 C4 contains rs116554832 and rs10873105.  rs116554832 
disrupts a TBX5 motif and results in a reduced iCM luciferase signal.  rs10873105 is correlated with 
MYH7 expression in GTEx skeletal muscle data and creates a Hox10 motif.  This variant results in an 
increased iCM luciferase signal.  The ChIP-seq and homer datasets are listed in Table 1.  All data shown 

as mean  SD. Significance determined by unpaired t-test. *<0.03, **<0.0021, ***<0.0002, ****<0.0001. 
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Active cardiac enhancers harbor genetic variants in transcription factor binding sites.  We queried 

MYH7 enhancers in Figure 2 for naturally occurring sequence variants using the gnomAD database and 

selecting those that 

overlapped cardiac 

transcription factor 

binding motifs, and/or 

were correlated with 

MYH7 expression in the 

GTEx eQTL dataset (55, 

154).  We identified six 

unique variants within 

MYH7  

enhancers that 

overlapped transcription 

factor binding motifs and 

were within or nearby 

ChIP-seq peaks 

showing transcription 

factor binding in cardiac 

cells (Figure 3.8A&B, 

top).  We compared 

luciferase signals from 

plasmids carrying the 

reference or alternative 

allele in iCMs.  A variant 

(rs373958405) upstream 

of MYH6 disrupts a highly conserved site in the NKX2.5 binding motif, and plasmids encoding this variant 

demonstrated significantly reduced signals in iCMs compared to the reference allele (Figure 3.8A, top 

 
Figure 3.9.  Computational pipeline to identify enhancer modifying 
variants.  A. Schematic of pipeline filtering steps to identify enhancer 
modifying variants (EMVs).  All datasets used were generated in iCMs 
(see Table 1 for more information.)  B. This strategy disproportionately 
identified significant GTEx eQTLs from heart tissues versus non-heart 
tissues, and disproportionately identified rare alleles (C).  Significance 
determined in B & C by Fisher’s exact test.  D. Luciferase reporter assay 
in iCMs for selected regions containing variants of interest identified 
through this analysis.  Significance vs negative control was determined 
by nonparametric one-way ANOVA.  E. Luciferase signal for reference 
and alternative alleles of selected variants identified through this pipeline.  
Positive enhancer modifying variants highlighted in yellow.  Significance 

determined by unpaired t-test.  All data shown as mean  SD. *<0.03, 
**<0.0021, ***<0.0002, ****<0.0001. 
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right).  Within MYH7-C3, we identified rs7149564 which disrupted a less conserved site in the NKX2.5 

motif, and consequently, showed a modest trending reduction in luciferase signal (Figure 3.8B, bottom 

left).  A nearby variant (chr14_23912371_C), also in MYH7-C3, creates a TCF21 motif and correlated 

with higher luciferase activity, relative to reference.  Within MYH7-C4, a variant (rs116554832) that 

overlapped a highly conserved site within a TBX5 motif resulted in a reduction in signal (Figure 3.8B, 

bottom middle).  A second C4 variant (rs10873105) correlated with MYH7 expression in GTEx skeletal 

muscle samples.  This variant generates a Hox10 motif and causes an increased signal in reporter 

assays (Figure 3.8B, bottom right).  These enhancer modifying variants (EMVs) are positioned to 

regulate cardiac function.   

 

Genomewide evaluation of enhancer modifying variants identifies variants controlling the activity 

of cardiac enhancers.  Since we identified EMVs within MYH7 enhancers, we sought variants regulating 

other cardiac genes by applying this strategy genomewide.  We created a computational filtering pipeline 

to use publicly available data from iCMs to identify variants within enhancer regions that alter transcription 

factor binding (Figure 3.9A).  We benchmarked this pipeline using variant sets from GTEx and gnomAD 

(55, 154).  As expected, eQTLs in heart tissues were more likely to be found using this strategy (Figure 

3.9B).  Rare variants were also more likely to survive the filtering steps of this pipeline, consistent with 

transcription factor binding sites within enhancer regions being under greater constraint (Figure 3.9C).  

From the surviving gnomAD variants, we selected five that were predicted to regulate MICAL2, MYH6, 

NPPA, TNNT2, and GATA4, which are proteins important for cardiac function or development (155-158).  

The genomic regions harboring these variants were tested for activity in iCMs, and four of the five 

variants overlapped active enhancer regions (Figure 3.9D).  We tested expression of the reference and 

alternative alleles in iCMs.  The alternative allele of variants predicted to regulate MYH6 and GATA4 

showed significantly reduced function.  

 

A variant ~2kb upstream of MYH7 correlates with cardiomyopathic features in longitudinal 

echocardiographic imaging.  rs875908, which was predicted to regulate MYH6 by the computational  
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Figure 3.10. Deletion of the C6 enhancer region alters MYH6/7 expression.  A.  Schematic 
demonstrating the location of the MYH6/7 C6 enhancer region, which contains rs875908.  B.  iCM MYH6 
and MYH7 expression levels in cells deleted heterozygously or homozygously for the C6 enhancer region 
containing rs875908.  MYH6/7 levels were assayed by qPCR, and show a dose-dependent reduction in 
MYH7.  C. SDS-PAGE analysis of myosin heavy chain protein isoforms in MYH7 C6 -/+ and -/- cells.  D. 

Quantification of -MHC/-MHC ratios in C. Significance determined by one-way ANOVA. *<0.03, 
**<0.0021, ***< 0.0002, ****<0.0001. 
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Figure 3.11. Correlation of MYH6/7 rs875908 EMV with MYH7 mRNA cardiac expression and 
longitudinal shift in left ventricular dimensions over time.  A. UCSC genome browser screenshot 
showing the location of the MYH6/7 regulatory variant and overlaps with epigenetic datasets. B. eQTL 
data from the GTEx project correlating regulatory variant genotype and MYH7 expression in three muscle 
tissues. C. Association of variant status with LVIDd/BSA over time in cardiomyopathy cases from NU 
genomes cohort. D. Association of variant genotype with LVPWd/BSA over time in in cardiomyopathy 
cases from NU genomes cohort. Significance determined using a linear regression model corrected for 
race and sex. LVIDd/BSA, left ventricular internal diameter during diastole corrected for body surface 
area. LVPWd/BSA, left ventricular posterior wall thickness during diastole corrected for body surface 
area.  
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pipeline, is an EMV located ~2kb upstream of MYH7 (Figure 3.10A).  We deleted the region harboring 

this variant, MYH7-C6, in IPSCs (Figure 3.6).  Heterozygous removal of this region in iCMs caused a 

reduction in MYH7 expression but no change in MYH6 expression in iCMs (Figure 3.10B).  Homozygous 

deletion of this region showed an ~100 fold reduction in MYH7 expression levels and a qualitative, but no 

significant increase in MYH6 levels (Figure 3.10B).  Homozygous deleted cells also showed a significant 

increase in the /-MHC protein ratio (Figure 3.10C&D).  The rs875908 variant was identified because it 

is bound by GATA4 and TBX5 and also disrupts a TBX5 motif (Figure 3.11A).  GTEx eQTL data shows 

this variant correlates with lower MYH7 expression in skeletal muscle with trending significance for 

expression in left ventricle (Figure 3.11B).   

To ascertain whether rs875908 correlates cardiac outcomes, we evaluated trajectory probabilities 

of left ventricular dimensions over time using genomic and echocardiographic information derived from 

the Northwestern biobank.  This approach assigns a probability of maintaining an echocardiographic 

change overtime (32).  The rs875908 variant correlated with a more dilated left ventricle over time in 

participants selected with cardiomyopathy diagnosis codes (Figure 3.11C).  This correlation was not 

observed when using 

clinical data from 

nonselected biobank 

participants (Figure 

3.12).  The rs875908 

also variant correlated 

with a thinner left 

ventricle posterior wall 

thickness at end-

diastole (LVPWd) over 

time in those with 

cardiomyopathy 

diagnostic codes (Figure 3.11B).  Variant association with left ventricular wall thickness was also present 

 
 
Figure 3.12.  Phenotypic regressions using the NU genomes cohort.  
A. Association of variant status with LVIDd/BSA over time in the NU 
genomes cohort (n=387).  B. Association of variant genotype with 
LVPWd/BSA overtime in the NU genomes cohort. Significance determined 
using a linear regression model corrected for race and sex. LVIDd/BSA, 
left ventricular internal diameter during diastole corrected for body surface 
area. LVPWd/BSA, left ventricular posterior wall thickness during diastole 
corrected for body surface area 
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with all subjects, but with a weaker signal (Figure 3.12).  The majority of these diagnostic codes were for 

dilated cardiomyopathy, in which a thinner wall over time translates to a more diseased heart. These data 

support that the EMV rs875908 correlates with a more severe dilated cardiomyopathy phenotype.  

 

Discussion   

An MYH7/6 Super Enhancer.  Promoter capture Hi-C data from human cardiomyocytes (37) indicates 

that the MYH7 and MYH6 gene promoters contact each other within 3-dimensional space.  Further, an 

enhancer cluster positioned ~7kb upstream of MYH7 also interacts with the MYH7 gene promoter.  Since 

multiple individual parts of this enhancer cluster have activity in human cardiomyocytes, it is likely this 

cluster represents a super enhancer (159).  Super enhancers are known to regulate critical cell identity  

genes (160).  We now showed that deletion of the C3 enhancer region reduced MYH7 expression in 

iCMs, and, correspondingly, deletion of the C3 enhancer increased MYH6 expression resulting in an 

MHC/MHC ratio that increased heart function in EHTs.  These data favor a model where the MYH6 

and MYH7 promoter regions form a 3-dimensional complex with the super enhancer upstream of MYH7 

(Figure 3.13).  In this model, the super enhancer, containing C3 and additional MYH7-specific enhancer 

regions induce MYH7 expression, which is critical during heart development, and this same region may 

 
Figure 3.13. Schematic diagram of the MYH6/7 locus during cardiac development. At the 
uninduced locus, the MYH7 and MYH6 promoter regions form a complex with a super enhancer 
containing the MYH7 C3 enhancer (the effect of the super enhancer is depicted as the yellow hue). In 
early development, this super enhancer is primarily in contact with the MYH6 promoter, which 
recruits cardiac transcription factors, chromatin remodelers, and transcription machinery to drive 
MYH6 expression.  During development, activation of the MYH7 C3 region reorganizes the complex 
and the MYH7 promoter preferentially contacts the regulatory regions. Through competition for 
transcriptional machinery or through an independent separate mechanism, the MYH6 gene is 
downregulated. TFs, transcription factors 
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be employed in heart failure.  The increase in MYH6 expression that we observed may be due to an 

inhibitory function in C3 or an independent mechanism that compensates for reduced MYH7 expression. 

These findings are reminiscent of the murine Scn5A-Scn10A locus, a region important for regulating 

electrical control of the heart (97).   

 

Integrated genomics to identify EMVs.  The rs875908 variant upstream of MYH7 mapped to the C6 

enhancer region.  This variant correlated with lower MYH7 expression levels and with having a more 

severe dilated cardiomyopathy phenotype over time, as marked by a more dilated, thinner walled 

ventricle.  The MYH6/7 ratio is known to shift during heart failure, with end stage hearts exhibiting an 

increase in MYH7 and a decrease in MYH6.  With prolonged shift of myosin expression, or a specific 

magnitude of shift, this change in myosin expression may actually contribute to heart failure (161).  

Supporting this, the MYH6/7 ratio has previously been implicated in heart failure phenotypes (162).  A 

distinct contributory mechanism could involve variants within MYH6/7 enhancers, variants in linkage 

disequilibrium or even pathogenic coding mutations.  Varied expression of pathogenic MYH7 mutations 

has been shown to affect cardiomyopathy phenotypes (163, 164).  A region related to the C6 enhancer, 

containing the EMV rs875908, was previously deleted in a mouse.  Mice missing this C6 orthologous 

region had reduced MYH7/-MHC but no change in MYH6/-MHC (115), similar to what was shown here 

in human cells.  This study measured MYH7 expression in the mouse embryonic heart, which differs from 

the human developing and mature heart.  Consistent with the human genetic findings, mouse hearts 

lacking this enhancer region demonstrated reduced fractional shortening and higher amounts of myofiber 

disarray, which additionally support the functionality of this region.  

 

As deep sequencing data of intergenic regions becomes more available, the importance of noncoding 

annotation of disease genes will become vital and permit the integration of this information into clinical 

care.  Targeted assessment of EMVs annotated by specific epigenetic marks can have clinical utility.   
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Name Sequence(s) Experiments/Notes 

MYH7_C3_KO_G1 GCCTAGAAGTCCGGACACCG 
Guide used to remove C3 

Enhancer 

MYH7_C3_KO_G2 GTGGTGTGGAACAAAGCGAA 
Guide used to remove C3 

Enhancer 

MYH7_C3_KO_Homo_G1 CCTAGAAGTCCGGACAACCG 
Guide used to remove C3 
Enhancer in het. IPSCs 

MYH7_C3_KO_Homo_G2 TGGTGTGGAACAAAGCCGAA 
Guide used to remove C3 
Enhancer in het. IPSCs 

MYH7_C4_KO_G1 
ATGGGATTGTGAACAGCGGA 

 
Guide used to remove  C4 

Enhancer 

MYH7_C4_KO_G2 CGTGATTTGGACTGGCGATC 
Guide used to remove  C4 

Enhancer 

MYH7_C6_KO_G1 CAGAGCCTCCCAAACCCGAA 
Guide used to remove C6 

Enhancer 

MYH7_C6_KO_G2 TTTGTGGGGAGTGACCGGTC 
Guide used to remove C6 

Enhancer 

MYH7_C6_KO_Homo_G1 CAGAGCCTCCCAAACCGAA 
Guide used to remove C4 
Enhancer in het. IPSCs 

MYH7_C3_3PrimerGenotyping_Mix 
1.AAGACAGTGGAGTGACGAGG 
2.AAAGACCTCTAGTGCACCCC 
3.AGAAGAGAACGAAGCGGGAA 

Primers used for genotyping C3 
enhancer KO IPSCs 

MYH7_C4_3PrimerGenotyping_Mix 
1.GAGAGGGTGGAGGAGGGT 
2.TGCATTCCAGGCTGAGTGA 

3.CCCCTTGGTACTGTCCTCAC 

Primers used for genotyping C4 
enhancer KO IPSCs 

MYH7_C6_3PrimerGenotyping_Mix 
AAAGGGTGCTTGGGACGTAG 
CCTCACTCTCCCCACAAGG 
GCCTGAGTAGCCCTGGAAA 

Primers used for genotyping C6 
enhancer KO IPSCs 

hsMYH7_qPCR 
F.GCAGCTAAAGGTCAAGGCC 
R.AGCTACTCCTCATTCAAGCC 

Gene expression in IPSC-CMs 
Efficiency= 1.04 

hsMYH6_qPCR 
F.AAGTCCTCCCTCAAGCTCATGGC 

R.ATTTTCCCGGTGGAGAGC 
Gene expression in IPSC-CMs 

Efficiency= 0.96 

hsTNNT2_qPCR 
F.AGGAGACCAGGGCAGAAGATG 
R.CTGGGCTTTGGTTTGGACTCC 

Gene expression in IPSC-CMs 
Efficiency=0.98 

hsMYBPC3_qPCR 
F.CCCCATCTGAGTACGAGCG 
R.AGCCAGTTCCACGGTCAG 

Gene expression in IPSC-CMs 
Efficiency= 0.95 

hsSLC8A1_qPCR 
F.AGTGCTGGGGAAGATGATGACGACG 
R.AGGATGGAGACAATGAAACACGCCC 

Gene expression in IPSC-CMs 
Efficiency= 1.02 

hsTNNI3_qPCR 
F.CGTGTGGACAAGGTGGATGA 
R.CCGCTTAAACTTGCCTCGAA 

Gene expression in IPSC-CMs 
Efficiency=1.06 

hsMYOZ2_qPCR 
F.AACACCCCAGATCCACGAAG 
R.GCCTCTAAAAGCTCCGGATC 

Gene expression in IPSC-CMs 
Efficiency=1.02 

hsGAPDH_qPCR 
F.GTGGACCTGACCTGCCGTCT 
R.GGAGGAGTGGGTGTCGCTGT 

Gene expression in IPSC-CMs 
Efficiency= 0.96 

Table 3.2. Guides and primers used in this study. 
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Region Name Primers 
Size 
(bp) 

Coordinates (hg19) 

MYH7-C1-2 
AGTTCAGCCCCATGAGGTAG 

GGTACCGAGGCGAGGGATATGGTGAAGG 
673 chr14:23870150-23870823 

MYH7-C1-3 
GGGTCAGGTCTTTCACAAGC 
TTTTCCTCCTGTGCCCAAGAC 

698 chr14:23870761-23871458 

MYH7-C1-4 
TCTTGGGCACAGGAGGAAAATTC 

TCCCTTCCTCCATTCACCC 
697 chr14:23871436-23872136 

MYH7-C2 
CTGGCCTTGGCTTTTCTCCAG 
CAAACCAGGGTGGCCTCAAG 

2072 chr14:23876121-23878188 

MYH7-C2-1 
AAACCTCCTCTTACCTGGGC 
TTGGGGAACAGAAGGAGACC 

694 chr14:23877446-23878141 

MYH7-C2-2 
GCCCTACTCACCTTCCCATTC 
TGCCTCTCTGCTTCTAACCC 

838 chr14:23876221-23877058 

MYH7-C2-3 
ACCTGGTTATCCCTTCACGG 

TGTCACCTCCAGAGCCAAAGG 
844 chr14:23876782-23877626 

MYH7-C3 GBLOCK 961 chr14:23912000-23912961 

MYH7-C4-1 
TGTTCACAATCCCATCCCCA 
AGTGGGTCTCTGAAAAGGCA 

1400 chr14:23913940-23915344 

MYH7-C4-2 
TGGCTGGATTCCTGATGTG 

CGGACTTTGCCCTTCATAGCACC 
2209 chr14:23915187-23917391 

MYH7-C5 
 

GCCAGAGGCTGAGCGTGAATTAG 
GCAATTTGAATATGATATGCCCAGG 

2223 chr14:23922666-23924886 

MYH7-C5-1 GBLOCK 790 chr14:23923381-23924171 

LMNA-C1-1 
CCTGTCCTGGAGTGGCTAAATC 
GGGCAGGGGTTAGAATTCCTG 

1156 chr1:155937201-155938359 

LMNA-C1-2 
CATTCGGACTCTCTCTCCCC 
TTTAGCCACTCCAGGACAGG 

1210 chr1:155936009-155937220 

LMNA-C2 
GTTAGGTGCCGGGTTTTCTG 
TGATATGTGCATGTACGGCG 

928 chr14:23904382-23905597 

LMNA-C3-1 
CTCTCTCGTCCATCCTCCAC 

GCTCCTCTTCGGGTCTTGAAAG 
1108 chr1:156074366-156075480 

LMNA-C3-2 
ACTCCTCTAACAGCTGTGGG 
CCCCTTGGTGAATGGATCCA 

1199 chr1:156073216-156074415 

LMNA-C4-1 
GAAAGGGATTGGAGCGGAAAG 

CAGCAGCCCCTTAACTCTC 
1211 chr1:156092084-156093294 

LMNA-C4-2 
TAACACTGCCACCTTCTGC 

TTGGCTAGTCTGTGGGTCTG 
1392 chr1:156093103-156094494 

LMNA-C5 
TGAGATCACCTGGGCGAC 

AGAAGGGCTGGGCATCCTG 
850 chr1:156095724-156096574 

LMNA-C6 
CCAGAAAAGGTGAGGGAGGTG 
GGGAGGGCCTAGGTAGAAGAG 

1101 chr1:156099538-156100640 

Table 3.3. Luciferase constructs tested in iCMs and HL-1 cells 
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Target Clone 
Genotype 

Call 

Allele 1 Allele 2 

Guide 1 Site Guide 2 Site Guide 1 Site Guide 2 Site 

MYH7 C3 1 Heterozygous WT +1 (T) WT +1 (C) Deletion +0 Deletion +0 

MYH7 C3 18 Homozygous Deletion +2 (CT) Deletion +2 (CT) Deletion -1 (T) Deletion -1 (T) 

MYH7 C4 2 Heterozygous WT +1 (G) WT +0 Deletion -6 Deletion -3 

MYH7 C4 4 Homozygous Deletion +0 Deletion +1 (G) Deletion +0 Deletion -10 

MYH7 C6 9 Heterozygous WT +1 (G) WT +0 Deletion -9 Deletion -10 

MYH7 C6 2 Homozygous Deletion +0 Deletion +0 Deletion -9 Deletion -10 

Table 3.4.  Genotypes of enhancer deleted cells as determined by Sanger sequencing.   
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# Guide #Mismatches Location (hg19) Annotation (Gene) Result 

1 MYH7_C3_KO_G1 3 
chr3:43948037-

43948059- 

Intergenic (RP4-
672N11.1-RP4-

555D20.3) 
Negative 

2 MYH7_C3_KO_G2 2 
chr3:8242570-

8242592:+ 
Intron (LMCD1-AS1) Negative 

3 MYH7_C3_KO_G2 3 
chr2:196514628-

196514650:- 
Intron (SLC39A10) Negative 

4 MYH7_C3_KO_G2 3 
chr4:25160613-

25160635:- 
Exon (SEPSECS) Negative 

5 MYH7_C3_KO_G2 4 
chr2:179579180-

179579202:- 
Exon (TTN) Negative 

6 MYH7_C4_KO_G1 2 
chr2:237534886-

237534908:- 
Intergenic (ACKR3-

AC011286.1) 
Negative 

7 MYH7_C4_KO_G1 3 
chr18:55971940-

55971962- 
Intron (NEDD4L) Negative 

8 MYH7_C4_KO_G1 3 
chr1:237019608-

237019630:+ 
Intron (MTR) Negative 

9 MYH7_C4_KO_G1 4 
chrX:33011884-

33011906:+ 
Intron (DMD) Negative 

10 MYH7_C4_KO_G2 3 
chr5:37853503-

37853525:+ 
Intron (GDNF-AS1) Negative 

11 MYH7_C4_KO_G2 3 
chr2:43370103-

43370125:- 
Intergenic 

(AC093609.1-THADA) 
Negative 

12 MYH7_C6_KO_G1 3 
chr2:19143341-

19143363:+ 

Intergenic 
(AC106053.1-
AC092594.1)  

Negative 

13 MYH7_C6_KO_G1 3 
chr9:134519754-

134519776:- 
Intron (RAPGEF1) Negative 

14 MYH7_C6_KO_G2 3 
chr22:18336723-

18336745:+ 
Intron (MICAL3) Negative 

15 MYH7_C6_KO_G2 4 
chr2:224012528-

224012550+ 
Intron (KCNE4) Negative 

16 MYH7_C6_KO_G2 4 
chr1:32712994-

32713016:- 
Exon (FAM167B) Negative 

Table 3.5. Off target analysis in CRISPr-treated IPSCs.  
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Chapter 4. 

A transcriptional method for assaying IPSC-derived cardiomyocyte purity and maturity level 
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Abstract 

The field of cardiac genetics is missing a model system that closely recapitulates human left ventricular 

biology. Induced pluripotent stem cell derived cardiomyocytes (iCMs) offer an alternative, but are limited 

by technical challenges including variable purity and maturation.  When measuring the effect of 

noncoding variation on cardiac gene expression, transcriptional maturity is vital. In order to study the 

regulation of the MYH6-MYH7 gene cluster, we set out to determine the best normalization factors for 

MYH6/7 expression in iCMs. Using publicly available RNA-seq data of iCM differentiation we identified 

gene clusters that shared temporal expression patterns. We tested genes that correlated with MYH6/7 

expression values during differentiation as normalization factors. We differentiated an IPSC line 30 times 

and tested the ability of our normalization factors to reduced MYH6/7 expression variability. Our 

normalizers performed well for MYH6/7 and can likely be applied to other genes that are expressed 

adequately in iCMs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
91 

 
Introduction 
 
The field of cardiac genetics is in need of a human model system that can adequately evaluate genetic 

perturbations. Mouse model systems are powerful, but physiological, genomic, and transcriptomic 

differences between human and mouse hearts can complicate translation (12, 165). Current cell line 

models fail to express many important cardiac genes (14, 166). Induced pluripotent stem cell (IPSCs) 

technology offers an alternative. IPSCs can be generated from a variety of human somatic cell sources. 

Using a Wnt modulation protocol, IPSCs can be differentiated into cardiomyocyte-like cells (iCMs) that 

express many cardiac genes, contract in vitro, and have measurable action potentials and calcium 

transients(18). While iCMs recapitulate some features of adult cardiomyocyte biology, their transcriptional 

phenotype more closely resembles immature fetal cardiomyocytes (20, 167). Additionally, the process of 

iCM differentiation is complex and prone to technical variations both between and within labs. The 

variability of iCMs is a major challenge and needs to be addressed before iCMs can reach their full 

potential as research tools and potential therapeutics.  

 

There is currently no clear agreement in the cardiac field as to what defines an adequately mature iCM. In 

studying the effect of noncoding variation, the transcriptional maturity of iCMs is of paramount 

importance. When compared to human ventricular cardiomyocytes, iCMs show lower expression of many 

important tissue-specific genes, including MYH7, TTN, TNNI3, SCN5A, and RYR2 (168). These genes 

are of particular focus because mutations in these genes are known to cause cardiomyopathy and 

arrhythmias (1, 169). Many biochemical and physical techniques have been employed improve iCM 

maturity (for a review see (168)), but the field has not settled on a standard toolset.  

 

iCM purity is related to, but distinct from iCM maturity. Purity refers to the percentage of cells that have 

committed to the iCM lineage. Maturity is more concerned with how the iCMs change their functional 

properties overtime. However, in order to determine iCM purity, they must be mature enough to 

differentiate from non-cardiomyocyte cells.  The variability of the differentiation process can affect iCM 

purity/maturity between groups and lead to spurious findings. Currently, the field has settled on assaying 
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the percentage of cells expressing cTnT (cardiac troponin T) protein, which is cardiomyocyte specific, to 

assay iCM purity. Standard protocols can consistently generate iCM populations with 80-90% cTnT+ cells 

and biochemical methods have been reported to increase that percentage to > 99% (170). 

Transcriptionally, TNNT2 is expressed early during differentiation and therefore may be a good marker of 

cardiomyocyte-committed cells. However, cTnT positive cells may still be quite immature and fail to 

demonstrate expected phenotypes.  

 

The myosin heavy chain genes, MYH6 and MYH7, encode for the major molecular motor protein of the 

sarcomere. Coding mutations in MYH7 are a common cause of hypertrophic cardiomyopathy (HCM) and 

mutations in MYH6 have been linked to various cardiomyopathy phenotypes (1, 65). During development 

of the human left ventricle, MYH6 expression switches to MYH7. This process is recapitulated in iCMs. In 

order to study the regulatory regions responsible for MYH7/6 expression, we needed to determine 

baseline expression levels. We also needed normalization factors for MYH6/7 expression that can reduce 

technical variability.  To meet these needs, we downloaded a publicly available RNA-seq dataset of iCM 

differentiation (171). This data demonstrated clusters of genes that change expression in similar patterns 

over time. We selected potential normalization genes from genes that were within the same clusters as 

MYH6/7. To test our predictions, we differentiated an IPSC line 30 times and measured the variability of 

MYH6/7 expression when normalized by each gene and identified a robust normalization strategy. Our 

method was useful for MYH6/7, but can be applied other genes adequately expressed in iCMs.  

 

Methods 

RNA-Seq Download and Count Normalization 

We used the SRA toolkit to download the raw fastq files of RNA-seq data representing iCM differentiation 

(GSE81585) (171, 172). Raw RNA-seq reads were trimmed with trimmomatic (v0.36) and aligned to the 

human genome (hg19) using STAR with default settings (118).Uniquely aligned reads were assigned to 

genes using htseq-count using the Ensembl GTF file version 87 (Downloaded May 2016) as annotations 

(124). Raw count matrices were inputted into EdgeR for normalization (125). Genes were required to 



 
93 

have at least 1 count per million in at least 3 different samples. We used EdgeR to generate an MDS plot 

using the “common” option to compare the same genes across samples.  

 

Gene Clustering and Gene Ontology Analysis 

The 500 genes with the most variability across samples was determined by calculating the variance of 

each gene and keeping genes with the 500 largest values. R’s hclust function was used with default 

settings to cluster samples and genes. Heatmaps were generated using ggplot’s heatmap.2 function with 

row normalization. GeneID’s from each cluster were inputted into the PANTHER gene ontology online 

tool (123).  

 

Linear Regressions and Pearson Correlation Matrix Calculations 

For RNA-seq data, we averaged the three replicates to determine an expression value for each day of 

differentiation. We inputted the log transformed averages into PRISM and ran a linear regression analysis 

to determine an R2 value. To calculate Pearson correlation coefficients, we used the corr.plot function in 

R on a matrix of average expression values across differentiation.  

 

IPSC-CM Differentiation, qPCR Data Generation and qPCR Analysis 

IPSCs were differentiated into cardiomyocytes (iCMs) using Wnt modulation as previously described(18).  

Differentiation was conducted in CDM3 (RPMI 1640 with L-glutamine, 213 g/mL L-asorbic acid 2-

phosphate, 500g/mL recombinant human albumin) (18).  Cells were grown to ~95% confluency and 

treated with 6M CHIR99021 for 24 hours and allowed to recover for 24 hours. Cells were treated with 

2M Wnt-C59 for 48 hours and then media was changed with CDM3 every two days until beating 

cardiomyocytes were obtained (~day 6-10).  In order to prevent cell detachment, beating cardiomyocytes 

re-plated on to new plates using TrypLE (Thermo Fisher). 1 million IPSC-derived cardiomyocytes were 

plated on a well of 12-well plate.  At ~day 20, cells were washed with PBS and 400l of TRIzol (Thermo 

Fisher) was added directly to the well.  Cells were collected into an Eppendorf tube using a cell scraper.  

Trizol was kept at -80 oC until further processing.  Six hundred l of additional TRIzol was added to the 
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cells and the entire sample was added to a tube containing 250l of silica-zirconium beads.  Tubes were 

placed in a bead beater homogenizer (BioSpec) for 1 minute and immediately cooled on ice.  Samples 

were incubated at room temperature for 5min and then centrifuged at 12,000g for 5min to remove 

unhomogenized cell aggregates.  Supernatant was transferred to a new tube and 200l of chloroform was 

added.  After vigorous shaking for 30 seconds followed by 10 min incubation with periodic shaking, 

samples were centrifuged at 12,000g for 15 min.  The upper aqueous layer was added to an equal 

volume of fresh 70% ethanol and used an input to the Aurum Total RNA Mini Kit (Biorad).  RNA was 

processed according to manufacturer’s instructions including on-column DNase digestion.  RNA was 

eluted twice with 30l of warmed water and the concentration was measured using a nanodrop 

spectrophotometer.  

 

The qScript cDNA SuperMix (Quantabio) was used to generate a 100ng cDNA library.  A 1:10 dilution 

was used as a template in a 3-step SYBR-green qPCR region with a 57oC annealing temperature.  We 

used a panel of primers targeting cardiomyocyte genes (MYH6, MYH7,TNNT2, MYBPC3, TNNI3, 

SLC8A1, MYOZ2 and GAPDH) that passed optimization studies confirming primer specificity and 

efficiency.  The delta-delta Cq method was used with various second normalizations to determine the 

variation of MYH6/7 expression compared to the average of all differentiations.  Primers used are shown 

in Table 3.2. 

 

Results 

RNA-Seq of IPSC-CM Differentiation Identifies Clusters of Gene Expression Patterns 

We downloaded the raw RNA-seq data from a published dataset of iCM differentiation (171). This study 

differentiated IPSCs into cardiomyocytes with the commonly used Wnt modulation protocol three 

separate times. They collected RNA every day of differentiation until day 9 and then at three additional 

time points at day 14, day 30, and day 90 (Figure 4.1A). We analyzed the raw data using standard 

methods and assayed the library size-normalized gene expression values. An MDS plot demonstrated a 

bell-shaped curve that separated samples according to differentiation day along PC2 (Figure 4.1B). In 
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order to understand what genes were contributing to this clustering pattern, we focused on the 500 genes 

with the most variability across all days. Hierarchical clustering separated samples based on 

differentiation state, matching our MDS plot (Figure 4.2A). The largest transcriptional difference occurred 

at day 6. Same-day replicates generally clustered together, but not always, underscoring the variability of 

the differentiation process. We repeated this clustering process on the expression values of the 500 most 

variable genes to identify shared temporal expression patterns. Genes clustered into 6 different groups 

(Figure 4.2B). Gene ontology (GO) analysis identified both shared and unique gene functions (Figure 

4.2C). Cluster 1 contained 156 genes and represented genes that increased gradually with differentiation 

and were mainly associated with muscle development GO terms. Cluster 2 genes also were induced with 

differentiation and showed highest expression in the long term cultures (day 30 and day 90). Cluster 2 

GO terms included muscle development, but also more specific striated muscle development terms. 

Cluster 3 contained 108 genes that were expressed early in differentiation and decreased over time.  

Cluster 3 GO terms included gastrulation and germ layer differentiation. Cluster 4 genes were induced 

with differentiation, but were lost in long term cultures. These genes were enriched for extracellular 

structure organization and generalized tissue morphogenesis terms. Cluster 5 genes were similar to 

cluster 1, but showed a more variable induction time. Cluster 5 GO terms were more specific for heart 

development.  

 
 

 
Figure 4.1. RNA-seq captures transcriptional changes during IPSC-CM differentiation. A. 
Schematic of IPSC differentiation protocol. Bulk RNA-seq data was obtained at each day from 
three separate differentiations. B. MDS plot of samples for 500 genes with the largest standard 
deviations across samples color coded by day.  
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Selected Cardiomyocyte Genes Normalize iCM MYH6 and MYH7 Expression Values 

We set out to use the clustering analysis above to identify genes that can serve as normalization factors 

for MYH6 and MYH7 expression. MYH6 and MYH7 expression in iCMs follows a pattern similar to human 

development, where MYH6 expression switches to MYH7 expression over time (Figure 4.3A&B) (152). 

We selected TNNT2, MYBPC3, SLC8A1, and MYOZ2 as they were members of the same expression 

pattern clusters as MYH6 and MYH7. We also included TNNI3 because this gene has recently been used 

for normalization (173). We also included GAPDH as a control as it is a commonly used qPCR 

normalization factor.  

 

We used the iCM RNA-seq data to assay the relationship between MYH6/7 expression and our selected 

cardiomyocyte reference genes expression. We hypothesized that genes with expression values that 

correlate across differentiation, will be good choices for normalization across differentiations. If well 

correlated, technical variation in the expression of in the normalization gene should correct for technical 

variation in MYH6/7 expression levels.  We assayed the linear relationships between MYH6/7 expression 

changes and reference gene expression changes by calculating a “goodness of fit” R2 value for each 

comparison. MYH7 expression was most correlated with MYBPC3 and MYOZ2 expression, indicating that  
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Figure 4.2. Unsupervised clustering of RNA-seq data identifies modules of gene expression 
Changes. A. Dendrogram of hierarchical clustering results on the normalized counts values for the 500 
most variable genes. B. Row-normalized heatmap of the expression values of the 500 most variable 
genes. Dendrogram of hierarchical clustering of genes was cut at the gray line to generate 6 clusters. C. 
Top 5 significantly enriched gene ontology terms for the clusters identified in B.  
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Figure 4.3. RNA-seq data demonstrates relationships between selected cardiomyocyte genes. A. 
Row-normalized heatmap of selected cardiomyocyte gene RNA-seq expression levels during 
differentiation. B. Time course of gene RNA-seq expression levels during differentiation. C. Linear 
relationships between MYH7 expression and other cardiomyocyte genes throughout differentiation. D. 
Linear relationships between MYH6 expression and other cardiomyocyte genes throughout differentiation. 
E. Matrix of Pearson correlation coefficients between selected cardiomyocyte genes.  
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Figure 4.4. Normalization genes reduce variation of MYH6/7 qPCR expression data. A. Schematic of 
IPSC-CM differentiation protocol used in this study. All differentiations were cultured until day 20. B. 
Linear relationships between MYH6 expression and cardiomyocyte genes at day 20 of differentiation. C. 
Linear relationships between MYH7 expression and cardiomyocyte genes at day 20 of differentiation.  D. 
Matrix of Pearson correlation coefficients of gene expression values at day 20 of differentiation. E. MYH6 
expression values normalized to expression value of each cardiomyocyte gene and the geometric mean 
and mean of reference genes. The coefficient of variation is listed at the top. F.MYH7 expression values 
normalized to expression value of each cardiomyocyte gene and the geometric mean and mean of 
reference genes. The coefficient of variation is listed at the top. 
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changes in MYH7 are correlated with changes in MYBPC3 and MYOZ2 expression during differentiation 

(Figure 4.3C). MYH6 expression was most correlated with TNNT2 and SLC8A1 expression (Figure 

4.3D). In general, MYH7 linear relationships were stronger than MYH6 relationships. We also calculated 

Pearson correlation coefficients for pairwise comparisons between all genes. As expected, the Pearson 

correlation coefficients for MYH6/7 matched the results we obtained from our linear regressions (Figure 

4.3E).  Overall, these findings indicate that MYBPC3 and MYOZ2 can normalize MYH7 expression levels 

and TNNT2 and SLC8A1 can normalize MYH6 expression levels.  

 

We set out to test these predictions by generating qPCR data from iCMs. We differentiated a single IPSC 

line (Coriell, GM03348) 30 times using a standard protocol (Figure 4.4A). All differentiations were 

matured to day 20 and processed similarity to generate qPCR data for MYH6, MYH7, TNNT2, MYBPC3, 

SLC8A1, TNNI3, MYOZ2, and GAPDH. For each differentiation, we calculated each gene’s difference to 

the mean value over all differentiations. Using a linear model approach, we assayed the relationship 

between MYH6/7’s variation from the mean and reference gene variation from the mean. For example, if 

one differentiation had lower MYH6/7 expression compared to the mean, we tested if the reference genes 

were also reduced. MYH6 expression was most related to TNNT2 and SLC8A1 expression, matching the 

RNA-seq data predictions (Figure 4.4B). MYH7 expression was most related to TNNI3 expression and 

was also related to MYBPC3 expression (Figure 4.4C). Interestingly, when we averaged (both mean and 

geometric mean) the difference values across all the reference genes (TNNT2, MYBPC3, SLC8A1, 

TNNI3, MYOZ2, GAPDH), we saw a strong relationship with MYH7 expression, but not MYH6. Overall 

qPCR R2 values were lower than RNA-seq R2 values likely due to the technical variability of qPCR and 

measurements across many more iCM differentiations. We also calculated Pearson correlation 

coefficients for the mean difference values and our results matched those from linear regression findings.  

 

Finally, we calculated MYH6 and MYH7 expression normalized for each reference gene. As all 

differentiations were identical, we expect the expression of MYH6/7 to be consistent across samples. For 

each normalization, we calculated the coefficient of variation (CV) by dividing the standard deviation by 

the mean value. For MYH6, TNNT2 and geometric mean showed the lowest CV (Figure 4.4E). For 
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MYH7, TNNI3 and the mean values showed the lowest CV (Figure 4.4F). As hypothesized, the 

normalization genes with the best linear fits and Person coefficients resulted in the lowest CV values.  

 

Discussion 

Gene Expression Changes During iCM Differentiation Cluster into Common Patterns 

RNA-seq analysis of iCM differentiation identified multiple clusters of genes that share a similar 

expression pattern. Some clusters represent the induction of cardiomyocyte/muscle genes, while others 

represent downregulation of pluripotency genes. Induction clusters are enriched for cardiomyocyte 

specific genes and cardiomyopathy-associated genes. Additional genes within this cluster may represent 

new cardiomyopathy-associated genes and analysis of variation within these genes will likely yield 

interesting findings.  

 

Another cluster of genes was identified that turns on during differentiation but is lost in longer term 

cultures. The most enriched term for these genes was extracellular structure organization. These 

changes could represent the genes that help cardiomyocytes remodel the extracellular matrix, which has 

been implicated in cardiomyopathy and heart failure (174). These genes could also explain why long-term 

cultures of iCMs tend to delaminate from surfaces. Further analyses of these genes may identify modifiers 

of cardiomyopathy and lead to technical advances in iCM maturation.  

 

Gene-Specific iCM Transcriptional Maturity Measure 

We determined normalization factors for MYH6/7 expression by using RNA-seq data to find genes that 

are co-expressed. The RNA-seq data was able to predict normalizers for MYH6/7, but the variation in the 

MYH6 qPCR data was still high. Additional RNA-seq datasets from a variety of IPCS over many more 

differentiations would be revealing and likely identify even better normalizers. qPCR is also more prone to 

technical variation than RNA-seq and with the falling costs of sequencing, targeted RNA-sequencing may 

be more commonly used.  
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The results with MYH6/7 are supportive of our approach. iCMs express high levels MYH6/7 and their 

relative expression changes significantly over time. Other genes that are expressed at lower levels or in 

different patterns may not have strong normalizers. However, many cardiomyopathy genes are cardiac-

specific and expressed at high levels in iCMs. We propose that our system can readily be applied to 

these genes to determine gene-specific normalization factors. 
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Chapter 5. 

Summary and Conclusions 
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Summary and Conclusions 

The phenotypic variability associated with cardiomyopathy mutations has intrigued scientists for many 

years. The search for genetic modifiers began in the coding genome with some success, but a large 

proportion of variance was left unexplained. This thesis expanded the search of genetic modifiers into the 

noncoding genome. We applied both genome wide techniques and targeted analyses around the 

cardiomyopathy genes MYH7 and LMNA. Our analysis identified promoters and enhancers that change 

activity in the heart failure state, which are likely to contain modifying sequence variants.  The targeted 

analysis presented here identified two enhancer regions responsible for MYH7 expression in iCMs. We 

identified sequence variants within these enhancers that altered enhancer function. Importantly, a 

common enhancer variant upstream of MYH7 correlated with cardiomyopathy phenotypes over time. 

These findings indicate that genome wide and targeted analysis can identify functional noncoding 

modifiers of cardiomyopathy phenotypes. 

 

Healthy and Failed Human LV Promoter/Enhancer Map 

In Chapter 2, I evaluated CAGE-seq data from healthy and failing human left ventricles (LV).  CAGE-seq 

allowed the detection and comparison of promoter and enhancer RNA expression in healthy and failed 

human LVs.  We identified heart failure-specific promoters and generated an evidence-based promoter 

map of the human left ventricle. This map will be a useful source of information for LV biology and aid in 

future studies of LV gene expression. This map can improve variant annotation tools by prioritizing 

transcripts expressed in the human LV. Future chromatin conformation experiments can also utilize this 

map to ensure the assessment of LV-relevant promoter interactions.  

 

We also found that many eRNA producing enhancer regions are located with the first intron of genes and 

also identified failure-induced enhancers. The first intron of genes has been implicated in enhancer 

function before and should be considered when assaying enhancer regions around genes (130). 

Enhancers that change expression during heart failure are of particular interest. The robust gene 

expression changes seen in the failure state are presumably driven by changes in enhancer function. 

Sequence variants that modify the function of these enhancers are well positioned to modify the gene 
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expression changes in heart failure and therefore affect organ function and clinical presentations. Future 

analyses of sequence variants within these regions, with a particular focus on common eQTL variants, 

are likely to yield novel noncoding modifiers.  

 

Regulation of the MYH6-MYH7 Gene Cluster 

The regulation of the MYH6-MYH7 gene cluster has been the target of study for decades. MYH6 and 

MYH7 encode a vital components of the sarcomere in the heart and, the two encoded proteins have 

differences in ATP-utilization and force generation, which are specified by differences in their protein 

coding regions. During development in humans, the left ventricle downregulates MYH6 and upregulates 

MYH7. Interestingly, a similar downregulation of MYH6 occurs in the failing LV. In Chapter 3, I identified 

two genomic regions important for MYH7 expression in iCMs. One region ~7kb upstream of MYH7 

contains a super enhancer that is required to switch from MYH6 to MYH7 during iCM differentiation, since 

deletion of this region affected the expression of both genes in coordinated manner. Another region, ~2kb 

upstream of MYH7, emerged as more specific for MYH7 expression as homozygous deletion caused 

~100-fold reduction in transcript levels, with comparatively less effect on MYH6 expression. As part of 

these studies, I developed a transcriptional assay of multiple cardiomyocyte genes that when used 

together helps to reduce the variable purity/maturity of iCM populations (Chapter 4). I propose a specific 

model where the MYH6 and MYH7 promoter regions are part of a complex with the upstream super 

enhancer. In this model, during development changes in transcription factor expression increase MYH7 

promoter-enhancer interactions and concomitantly decrease MYH6 promoter-enhancer interactions. It is 

likely that the separate MYH7-specific enhancer is also part of this complex, but more important for MYH7 

induction and less important for MYH6 reduction. I hypothesize a common super enhancer model may 

also be present at other gene clusters like TBX3-TBX5, SCN5A-SCN10A, and NPPA-NPPB, genes which 

likely arose from gene duplication events and where each gene evolved to adopt spatiotemporal-specific 

regulation. 

 

Application to Clinical Care of Cardiomyopathy 
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The overarching goal of this body of work is to improve the mechanistic understanding of the clinical 

variability in cardiomyopathy. Current clinical genetic testing focuses on assaying coding regions of 

known cardiomyopathy-causing genes to find a causative mutation. If the regulatory regions of known 

cardiomyopathy genes are evaluated, then targeted noncoding sequencing could be integrated to inform 

clinical decision making. With large datasets of noncoding variants and phenotypic data, machine 

learning algorithms may be able to provide estimations of expected phenotypic courses. There are likely 

gene-specific and general noncoding modifiers. For example, the MYH7 noncoding modifier rs875908 

variant is likely a general noncoding modifier as there were phenotypic correlations across individuals 

without pathogenic coding MYH7 mutations. Knowledge of an individual’s precise genetic risk can allow a 

clinician to tailor a clinical care strategy that maximizes effectiveness.  

 

Future Directions 

There is already a massive amount of epigenomic data readily available relevant to cardiomyopathy 

phenotypes (outlined in Chapter 1.)  Future studies around other cardiomyopathy genes like TTN, DES 

and ACTN1 can utilize this data to predict potential regulatory regions. Many cardiac model systems lack 

the transcriptional maturity to accurately validate many of these predictions. However, the field is rapidly 

advancing and new biochemical and physical techniques are constantly being developed to overcome 

this challenge. The regulatory map of MYH7 enhancer regions created in this work is the first step to 

developing a map of enhancer regions associated with all cardiomyopathy genes and delivering on the 

potential of clinical genetic testing.  
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