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Abstract 

 

CARDIAC MTSS1 DOWNREGULATION PROTECTS AGAINST DILATED CARDIOMYOPATHY IN A SEX-SPECIFIC 

MANNER 

 

Dongwook Choe 

 

Kiran Musunuru 

 

Thomas P. Cappola 

 

Enhancer variants that reduce the expression of MTSS1 in the human left ventricle have been associated 

with cardioprotective traits in genome-wide association studies. However, the effect of MTSS1 

downregulation on the development of heart disease had not been studied in cell or animal models and 

warranted further investigation. In this study, we evaluated whether cardiac MTSS1 downregulation 

could be protective against dilated cardiomyopathy. To do this, we 1) assessed the associations of 

MTSS1 enhancer variants with a variety of cardiac structural and functional traits, as well as phenome-

wide traits, in the UK Biobank cohort, both in the general cohort and stratified by sex. We also 2) used a 

mouse model of dilated cardiomyopathy [Tg(Myh6-Tpm1*D230N)HJcf] to test the effect of 

heterozygous knockout of the mouse Mtss1 ortholog on cardiac structural and functional traits 

separately in female mice and male mice. Finally, we 3) knocked out MTSS1 in two induced pluripotent 

stem cell-cardiomyocyte models of dilated cardiomyopathy [TNNT2 R173W] [TPM1 D230N] and 

measured their spontaneous beating rate response to isoproterenol induction. 

 

In summation, my thesis provides 1) evidence that cardiac MTSS1 downregulation in the female sex 

protects against dilated cardiomyopathy and 2) evidence that cardiac MTSS1 downregulation in the 

male sex has no effect against dilated cardiomyopathy. 
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CHAPTER 1: INTRODUCTION 

 

Heart Failure 

 

In 2021, the Heart Failure Society of America, the Heart Failure Association of the European Society of 

Cardiology, and the Japanese Heart Failure Society formed a committee to develop a consensus 

definition of heart failure.1 Traditionally, heart failure was defined around the pathological reduction of 

cardiac output to levels incapable of sustaining an individual’s metabolic requirements.2 However, such 

definitions invariably excluded patients who physicians would otherwise agree suffered from heart 

failure—for example, patients with elevated natriuretic peptide levels or advanced cardiac remodeling. 

What many definitions agree on is that heart failure is a clinical syndrome; it encompasses an entire 

constellation of symptoms and signs lumped under the same terminology. Some of these symptoms 

include the aforementioned increased intracardiac pressure and reduced cardiac output. Others include 

“dyspnea, fluid retention/edema, fatigue, activity intolerance, and exercise limitation”, all alongside 

some form of heart disease.1 The committee agreed that existing definitions of heart failure included 

three separate elements: structural cardiac disease, common heart failure symptoms, and common 

heart failure signs. 

 

While heart failure is difficult to define with specificity, heart failure’s consequences are not. In the 

United States alone, heart failure was thought to affect over 6 million people in 2020.3 Globally, around 

64 million people were thought to suffer from heart failure in 2017.4 Heart failure has a 50% median 

five-year mortality rate and is responsible for over one-third of deaths from cardiovascular causes 

nationally.3 Heart failure’s prevalence per thousand person-years in African-Americans, Hispanics, 

https://www.zotero.org/google-docs/?MnL0uM
https://www.zotero.org/google-docs/?YchaVD
https://www.zotero.org/google-docs/?XAGrBq
https://www.zotero.org/google-docs/?yj2HrE
https://www.zotero.org/google-docs/?slgjgS
https://www.zotero.org/google-docs/?2BsXdG
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Caucasians, and Asians is 4.6, 3.5, 2.4, and 1.0 respectively.2 Both the prevalence and cost of heart 

disease are projected to rise over time; in 2012, the American Heart Association estimated that over 8 

million Americans will have heart failure by 2030, with direct medical costs increasing from $21 billion to 

$53 billion over the same time frame.5 As a result, both basic and translational research into underlying 

etiologies leading to heart failure could have clear clinical impact on cardiovascular mortality. 

 

The Heart 

 

The heart is a hollow muscular organ that is responsible for powering circulation of blood throughout an 

organism’s body through rhythmic contraction and dilation (Figure 1.1). In humans (and many other 

vertebrates), the heart consists of four chambers: two upper chambers—the atria—and two lower 

chambers—the ventricles. The pulmonary veins connect the left atria to the lungs; the superior and 

inferior vena cava connect the organs to the right atria; the aorta connects the other organs from the 

left ventricle, and the pulmonary artery leads to the lungs from the right ventricle. The left ventricle and 

left atria are separated by the mitral valve, while the right ventricle and right atria are separated by the 

tricuspid valve. Likewise, the aortic valve controls blood flow from the left ventricle to the aorta, and the 

pulmonary valve fulfills a similar function between the right ventricle and pulmonary artery. Over the 

course of one cardiac cycle, deoxygenated blood from the body flows into the vena cavae and through 

the right atrium and right ventricle, and then is sent to the lungs for oxygenation via the pulmonary 

artery; freshly oxygenated blood from the lungs flows from the pulmonary veins into the left atrium, 

then the left ventricle, and out the aorta. As broken into discrete steps (Figure 1.2):6 

https://www.zotero.org/google-docs/?3rZ6CE
https://www.zotero.org/google-docs/?MesSC9
https://www.zotero.org/google-docs/?gmJmFa
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(Figure 1.1) A figure of the heart (transverse section). The arrows denote the directionality of blood 

flow. Figure adapted from (Sahu et al., 2015). 
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1: Isovolumetric Relaxation: at the start of the cycle, the aortic valve, pulmonary valve, mitral valve, and 

tricuspid valve are closed. This allows the ventricular volume to remain constant while cardiac pressure 

drops to meet atrial pressure, thereby opening the mitral and tricuspid valves. 

 

2: Ventricular Passive Filling: The opening of the mitral and tricuspid valves allows blood from the atria 

to flow into the right and left ventricles. 

 

3: Atrial Contraction: As ventricular filling slows down, the atria actively contract and increase both 

volume and pressure in the ventricles. The mitral and tricuspid valves close at the end of this phase. End 

Diastolic Volume (EDV) refers to the total volume of blood in a given ventricle by the end of atrial 

contraction. 

 

4: Isovolumetric Contraction: With the mitral/tricuspid/aortic/pulmonary valves closed, the heart begins 

to contract until ventricular pressure reaches that of the pulmonary artery and aorta. This causes the 

opening of the aortic valve and pulmonary valve. 

 

5: Ventricular Ejection: The ventricles contract and reduce their volume, expelling blood into the 

pulmonary artery and aorta. The atria relax and increase in volume, thereby collecting blood from the 

vena cava and pulmonary veins. The final volume of any given ventricle at the end of this phase is known 

as the End Systolic Volume (ESV). At the very end of this phase, the aortic and pulmonary valve close, 

thereby setting the conditions for step (1). 
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(Figure 1.2): The steps of the cardiac cycle. Figure adapted from (Regazzoni et al., 2023). 

 

 

In humans, the cardiac cycle repeats roughly 60-100 times per minute under resting conditions; for 

smaller mammals such as mice, the number may be closer to 500-700.7,8 The regular and consistent 

operation of the cardiac cycle must occur at levels capable of sustaining healthy metabolic activity. As a 

result, defining and quantifying cardiac cycle dynamics and physiology is of utmost importance to the 

medical community. A list is provided below (Table 1.1), but two require additional detail. 

 

Stroke Volume (SV) is the volume of blood displaced by a ventricle in a single cardiac cycle. While stroke 

volume typically refers to the left ventricle (and will exclusively refer to the left ventricle in this thesis), 

right ventricular stroke volume is also a possible measurement.9,10 Stroke volume is a derived statistic: it 

https://www.zotero.org/google-docs/?m2ScAB
https://www.zotero.org/google-docs/?WjF8bM
https://www.zotero.org/google-docs/?jBWEWe
https://www.zotero.org/google-docs/?wJnDhK
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is found by subtracting ventricular volume at its maximum (End Diastolic Volume) from ventricular 

volume at its minimum (End Systolic Volume). 

 

SV = EDV - ESV 

 

Ejection Fraction (EF)—specifically, left ventricular ejection fraction—is an important and common 

indicator of cardiac strength.11,12 Ejection fraction measures the fraction of blood expelled from the 

heart in a single cardiac cycle. Much like stroke volume, ejection fraction is also a derived statistic: it is 

calculated by dividing stroke volume by end diastolic volume, then multiplying the resulting fraction by 

100%.13 Heart failure is often categorized by ejection fraction; while reduction of ejection fraction is a 

common finding in patients with heart failure (Heart Failure with reduced Ejection Fraction: HFrEF), 

heart failure can still occur with no change in ejection fraction (Heart Failure with preserved Ejection 

Fraction: HFpEF).14,15 

 

EF = (SV / EDV) * 100 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?rp8zAA
https://www.zotero.org/google-docs/?GEfDcA
https://www.zotero.org/google-docs/?BA59qT
https://www.zotero.org/google-docs/?4T8MAo
https://www.zotero.org/google-docs/?NqCXUn
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Name Calculation Summary 

Body Weight (BW) or 

Body Mass (BM)  Weight of subject 

Cardiac Output (CO) SV * HR 

Total volume of blood pumped per 

unit time 

Ejection Fraction (EF) (SV / EDV) * 100 

Fraction of blood expelled during 

one cardiac cycle 

End Diastolic/Systolic 

Volume (EDV/ESV)  

Volume of blood in ventricle at 

end of diastole/systole 

End Diastolic/Systolic 

Dimension   

Diameter of ventricle at 

diastole/systole 

Left Ventricular 

Internal Dimension 

(LVID(s,d))  

The diameter of the left ventricle 

(at a given stage of the cardiac 

cycle) 

Heart Rate (HR)  

Number of heart beats per unit 

time 

Fractional Shortening 

(FS) (LVID(d) - LVID(s) / LVID(d)) * 100 

Percent reduction of ventricle 

dimension between systole and 

diastole 

Stroke Volume (SV) EDV-ESV 

Volume of blood expelled from 

heart between diastole and systole 

(Table 1.1) A list of definitions used for quantifying cardiac function. 

 

 

Given the importance of the left ventricle for cardiac function, other quantitative measures have been 

adopted that assess left ventricular performance. One such measure is myocardial strain: the change in 

myocardial fiber length over the cardiac cycle.16 During the cardiac cycle, the left ventricle shortens 

longitudinally and circumferentially but thickens radially. As a result, left ventricular myocardial strain 

https://www.zotero.org/google-docs/?JlXUv1
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can be observed across all three modes of deformation. As heart muscle is not compressible, left 

ventricular circumferential strain (Ecc) practically measures myocardial diameter changes due to wall 

thickening. This measurement is defined by the change in length of the myocardium along the 

circumferential axis of the left ventricle; as the myocardium typically shortens in systole, this value is 

normally negative.17,18 Unlike the prior measurements, left ventricular circumferential strain can be both 

measured globally and regionally; by convention, 17 individual elements of the left ventricle across the 

basal, mid, and apical left ventricle can be measured for circumferential strain (Figure 1.3). 

 

 

https://www.zotero.org/google-docs/?QxHyhA
https://www.zotero.org/google-docs/?ho817k
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(Figure 1.3) Ventricular segmentation mapping for the left ventricle. The top panel shows the standard 

American Heart Association polar mapping schematic for segments. Adapted from (Verani et al., 2002). 

 

 

Dilated Cardiomyopathy 

 

Dilated cardiomyopathy (DCM) is one of the most common causes of heart failure on the planet; its 

estimated global prevalence in the general population is between 1:250 to 1:2500, and its annual 

mortality rate is 10,000 people in the United States alone.19 DCM is characterized by progressive 

remodeling and enlargement of the left ventricle leading to a reduction in left ventricular ejection 

https://www.zotero.org/google-docs/?dlpONE
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fraction.20 The majority of DCM cases present in patients between the ages of 20 to 60; DCM is more 

common in men than women.21 Signs of DCM can include fatigue, chest pain, palpitations, or shortness 

of breath.22 However, the progression of DCM is often asymptomatic—its first manifestation in patients 

is usually advanced heart failure.23 While DCM’s 5-year survival rate can be as low as 50%, therapeutic 

intervention can slow disease progression or even trigger reverse remodeling of the left ventricle.19,23,24 

 

DCM can be caused by environmental factors such as alcohol abuse or adenovirus infection.22 However, 

it is estimated that between 30-40 percent of DCM cases are genetic in nature.25 Most of these 

mutations appear to be heritable as autosomal dominant traits. Furthermore, most heritable dilated 

cardiomyopathies appear to be caused by mutations in genes encoding cytoskeletal, nuclear envelope, 

or cardiomyocytic sarcomere proteins.19 A list of the most frequently implicated genes in DCM can be 

found in Table 1.2. However, the search for genes linked to DCM has not been exhaustive and remains 

ongoing. 

 

 

https://www.zotero.org/google-docs/?huAhPS
https://www.zotero.org/google-docs/?A4Nv5Q
https://www.zotero.org/google-docs/?0AUgj8
https://www.zotero.org/google-docs/?1CN3So
https://www.zotero.org/google-docs/?GUhByB
https://www.zotero.org/google-docs/?WeN6dY
https://www.zotero.org/google-docs/?PwNxBz
https://www.zotero.org/google-docs/?7uWcVo
https://www.zotero.org/google-docs/?Ej10dW
https://www.zotero.org/google-docs/?gyXOQY


11 
 

 

(Table 1.2) A partial list of genes associated with dilated cardiomyopathy. Adapted from (Kim et al., 

2021). 

 

 

 

Genome-Wide Association Studies 

 

Genome-wide association studies (GWASs) are a research approach designed to identify points of 

common variation in DNA associated with a trait in question.26 These studies involve collecting and 

analyzing genetic data from large populations; some studies involve sequencing reads from well over a 

https://www.zotero.org/google-docs/?vxux4v
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million people.27 GWASs have become increasingly influential in the search for genetic markers of 

disease; as of 2021, over 5,700 GWASs have been conducted for over 3,300 traits.27 These studies have 

been used to identify genetic loci associated with diseases ranging from obesity to autoimmunity.28,29 

 

Although the structure of any given GWAS can vary, the basic framework remains consistent. First, an 

appropriately sized population needs to be identified for the experiment in question (Figure 1.4, A). This 

population can either be gathered directly or identified in a previously established biobank. Depending 

on the nature of the study, this population may be screened for ethnicity, sex, education, and other 

variables that differentiate them from the general public at large.27 This population must then be 

genotyped (Figure 1.4, B). Genotyping can vary from whole genome sequencing to exome sequencing to 

microarrays that focus principally on common genetic variants, such as single nucleotide 

polymorphisms; while whole genome sequencing is more thorough, it is also more expensive per 

person. Like population identification, genotyping data may also be collected from a biobank. Data 

collected from genotyping must then be processed for further analysis (Figure 1.4, C and D). This can 

include anonymization, ancestry/relatedness adjustment, rare variant removal, and phenotypic 

matching with genotyped data. 

 

After these steps, the data can finally be tested for genetic associations (Figure 1.4, E). In this step, each 

individual genetic variant is tested for association with the experimental phenotype. For binary traits, 

this is typically done via logistic regression models that compare allele frequencies between cases and 

controls. For continuous traits, the model is typically linear in nature. Given the multiple testing burden 

in a genome-wide study, GWASs typically use P < 5 × 10–8 as the testing threshold for statistical 

significance in studies of common genetic variants; should more data be required to have sufficient 

https://www.zotero.org/google-docs/?bXcgkK
https://www.zotero.org/google-docs/?I3IPav
https://www.zotero.org/google-docs/?2Y6dsa
https://www.zotero.org/google-docs/?RBr6Ba
https://www.zotero.org/google-docs/?kb7IuR
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power to achieve statistical significance, additional biobanks or other sources of data can be added to 

the study (Figure 1.4, F). Replication of results via an untested dataset can also enhance validity of a 

study before further analysis is conducted (Figure 1.4, G and H). 

 

 
 

(Figure 1.4) An overview of steps for conducting GWAS. Adapted from (Uffelmann et al., 2021). 
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Ideally, at the end of this process, a list of genetic variants, their locations in the genome, and their 

associations with the tested phenotype will be generated. However, this information is not ordinarily 

enough to prove that any given variant has a causal effect on the phenotype. Linkage disequilibrium—

the degree to which one variant is inherited alongside another—may cause noncausal variants to appear 

highly associated with a phenotype as long as they are disproportionately inherited alongside a causal 

variant.30,31 One popular method of correcting for this problem is co-localization; through the 

combination of a separate expressive quantitative loci (eQTL) study that identifies loci associated with 

RNA expression in a tissue of relevance with GWAS, it is possible to prioritize variants that affect 

regulation of relevant genes and also associate with related traits.27,32 

 

Multiple studies have used GWASs to identify genetic variants associated with cardiac structural traits 

that precede heart failure. In 2017, a GWAS meta-analysis using 46,533 subjects from 30 different 

studies found ten single-nucleotide polymorphisms associated with systolic or diastolic function traits.33 

The genes near these polymorphisms included MTSS1, ATXN2, KCNRG, CACNA1C, PALMD, TMEM16A, 

FGGY, GOSR2, CFDP1, and IQCH (Table 1.3). A separate 2020 meta-analysis focusing on heritable cardiac 

disease found MYOZ1, SYNPO2L, BAG3, and CDKN1A as significant loci responsible for heart failure.34 

The most recent study covered in this thesis, an analysis conducted in 2022, found loci associated with 

DNAJC18, MTSS1, SQLE, BCKDHA, ABO, ALPK3, and PROM1 to be most strongly associated with heart 

failure.35 However, mass screening of genetic loci can only go so far; individual loci require experimental 

validation to prove association with suspected gene regulation. 

 

 

https://www.zotero.org/google-docs/?jOMBXg
https://www.zotero.org/google-docs/?AKQIIB
https://www.zotero.org/google-docs/?nbfBFu
https://www.zotero.org/google-docs/?N7ghA6
https://www.zotero.org/google-docs/?qRZu9d
https://www.zotero.org/google-docs/?Y2y8bo
https://www.zotero.org/google-docs/?F6DBB5
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(Table 1.3) Genetic loci associated with echocardiographic traits of LV structure and systolic function (P 

< 5.0E-8). Adapted from (Wild et al., 2017). 

 

 

MTSS1 

 

As alluded to in the previous section, the lead variant rs12541595 in the Metastasis suppressor-1 

(MTSS1) locus was previously identified as being associated with left ventricular end diastolic dimension 

in EchoGen.33 It was also strongly associated with MTSS1 expression in left ventricular samples collected 

from individuals of European descent in the Myocardial Applied Genomics Network (MAGNet) 

consortium.36,37 After comparison of the association between rs12541595 and MTSS1 expression across 

multiple human tissues in the Genotype-Tissue Expression Project, it was discovered that the 

rs12541595 minor allele was associated with both reduced left ventricular end diastolic dimension and 

reduced MTSS1 expression. Further interrogation of the locus via the MAGNet study revealed that 

rs12541595 marks a cluster of variants that influence left ventricular MTSS1 expression (Figure 1.5).36 

 

https://www.zotero.org/google-docs/?7cOHqq
https://www.zotero.org/google-docs/?DbKwvj
https://www.zotero.org/google-docs/?IxFJjO
https://www.zotero.org/google-docs/?DbKwvj


16 
 

 

(Figure 1.5) A) association of minor allele (T) with MTSS1 expression in human left ventricle (P = 6E-23). 

B) cis associations with left ventricular MTSS1 expression. Adapted from (Morley et al., 2019). 

 

 

Due to these findings, validation of the locus was carried out in animal and cell models. Zebrafish 

embryos injected with a fluorescent reporter construct containing the 1-kb predicted enhancer region 

showed high cardiac and myocyte-specific enhancer activity, predominating in the ventricle. Likewise, 

deletion of the same region in WM266-4 melanoma cells showed reduction of MTSS1 expression (Figure 

1.6).  
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(Figure 1.6) C) Zebrafish embryo containing green fluorescent reporter downstream of enhancer 

element. D) excised zebrafish heart (ventricle = V, atrium = A, outflow tract = OFT). Nuclei are 

counterstained blue, sarcomeric actin (F-actin) red. E) CRISPR-Cas9 enhancer deletion in WM266-4 cells. 

Adapted from (Morley et al., 2019). 

 

 

The variant rs12541595 was not only linked to cardiac MTSS1 expression and left ventricular dimension; 

it appeared to be linked to DCM and cardiac health as well. Given a collection of 1540 cases of DCM in 

patients, an 18% risk reduction per copy of the minor allele was observed (P = 1 × 10–4). The presence of 

the minor allele was also associated with increased left ventricular fractional shortening (P = 3 × 10–5) 

and a decrease in left ventricular dimension and mass. A similar trend was detected in a murine model; 

Mtss1 knockout mice showed greater fractional shortening and reduced left ventricular dimension than 
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their wild-type counterparts (Figure 1.7). These results suggested that cardiac MTSS1 downregulation is 

cardioprotective. 

 

 
 

(Figure 1.7) H) Association of minor allele (T) with cardiac traits in sampled human population. J) 

Echocardiographic measurements of left ventricular traits in Mtss1+/+ and Mtss1-/- mice. LVM = left 

ventricular mass. Adapted from (Morley et al., 2019).  

 

 

Unfortunately, the function of MTSS1 in cardiac tissue has remained unclear. MTSS1 was originally 

known as Missing in Metastasis (MIM); as the name implies, MTSS1 is best known as a tumor suppressor 

that reduces cell proliferation/invasion in breast, bladder, and kidney cancer cells.38,39,40 Structurally, 

MTSS1 appears to be a multifunctional scaffold protein.41 MTSS1 possesses an I-BAR domain that can 

bind and deform cellular membranes; it may also interact with actin through a WH2 domain and affect 

multiple actin cytoskeleton regulatory proteins such as Rac1 GTPase or cortactin.41 Overexpression of 

MTSS1 can lead to changes in cell morphology such as filopodia and lamellipodia.42 MTSS1 appears to 

act at the interface of the plasma membrane and cytoskeleton, influencing cell morphology and cellular 

interactions.41 How, if at all, MTSS1’s function protects against heart failure has remained unknown. 

 

https://www.zotero.org/google-docs/?jP6emt
https://www.zotero.org/google-docs/?G7jlPV
https://www.zotero.org/google-docs/?rzjqWy
https://www.zotero.org/google-docs/?oAyMzh
https://www.zotero.org/google-docs/?nvXxDM
https://www.zotero.org/google-docs/?ZssbJs
https://www.zotero.org/google-docs/?A4pRkR
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Despite demonstration of MTSS1’s impact on physiological phenotypes associated with improved left 

ventricular health, it has remained unclear whether MTSS1 downregulation has a protective effect 

against genetic DCM in vivo or vitro. Nor has the mechanism of this effect been studied. In this thesis, I 

attempted to do both. 

 

CHAPTER 2: METHODS 

 

Bioinformatics 

 

We wanted to test whether cardiac traits associated with MTSS1 downregulation are consistent across 

both male and female populations. To do this, we performed a genetic association study between the 

MTSS1 lead SNPs and the MRI cardiac traits from the UK Biobank using PLINK2 (version 2.0). 10,895 men 

(mean ± SD age 55.8 ± 7.5 years) and 11,476 women (54.4 ± 7.2 years) underwent genotyping and 

cardiac magnetic resonance (CMR) imaging; associations between 82 CMR traits and variants within 100 

kb of the MTSS1 enhancer at chr 8:124845117 were fine-mapped and tested independently using the 

below additive model.  

 

CMR trait ~ MTSS1 SNP + sex + weight + height + age + PC1:PC10  

 

PC1 through PC10 were integrated as covariates in order to adjust for genetic backgrounds.  

 

To better understand whether the lead MTSS1 SNPs regulated gene expression levels, we extracted the 

expression quantitative trait loci (eQTLs) of the lead MTSS1 SNPs from the Genotype-Tissue Expression 
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project (GTEx, v8 release) (https://gtexportal.org/home/).37 Data were derived from left ventricular 

samples taken from subjects of European ancestry. The data can be downloaded here: 

 

https://console.cloud.google.com/storage/browser/gtex-resources 

 

To determine whether the above two association studies were colocalized, we performed colocalization 

analysis using the coloc package (version 5.2.2) (https://cran.r-

project.org/web/packages/coloc/index.html). We computed the probability that each CMR trait and the 

MTSS1 expression level were associated and shared a single causal SNP using the function coloc.abf(). 

We focused on the region of 105 bases upstream and downstream of the lead SNP rs12541595. We 

harmonized the GWAS results from human genome version hg19 to human genome version hg38 using 

MetaXcan (https://github.com/hakyimlab/MetaXcan/wiki/Tutorial:-GTEx-v8-MASH-models-integration-

with-a-Coronary-Artery-Disease-GWAS). 

 

After finishing the mixed-sex analysis, we stratified the subjects in UK Biobank by sex and repeated the 

above analyses. We did not stratify the eQTL data by sex; according to the GTEx expression data, sex 

does not significantly impact MTSS1 expression.43 

 

Murine Genetic Model 

 

We wanted to test whether MTSS1 downregulation would result in cardioprotective effects in a mouse 

model of human cardiomyopathy. We already possessed a characterized C57BL/6 global Mtss1 knockout 

(KO) mouse, previously generated by the Musunuru lab.36 However, we required a genetic DCM mouse 

https://gtexportal.org/home/
https://www.zotero.org/google-docs/?FOtRyl
https://github.com/hakyimlab/MetaXcan/wiki/Tutorial:-GTEx-v8-MASH-models-integration-with-a-Coronary-Artery-Disease-GWAS
https://github.com/hakyimlab/MetaXcan/wiki/Tutorial:-GTEx-v8-MASH-models-integration-with-a-Coronary-Artery-Disease-GWAS
https://www.zotero.org/google-docs/?Dfhb4t
https://www.zotero.org/google-docs/?oCofMF


21 
 

model that shared the same genetic background as the Mtss1 knockout mouse, manifested DCM traits 

reliably, and had previously been characterized. 

 

We settled on a transgenic DCM mouse model previously created by Dr. Jill Tardiff’s laboratory.44 The 

Tardiff laboratory had linked the D230N point mutation in alpha tropomyosin (TPM1) with severe DCM 

in two separate human families; to create their genetic model, a Tpm1 D230N transgene was inserted 

into mouse embryos of the FVB inbred strain via pronuclear injection. These mice were then 

backcrossed onto the C57BL/6J inbred strain for over ten generations. 

 

The following primers were used for genotyping of the mice: 

● Forward Mtss1 WT primer: AGCATATCCCCACCCATGTT 

● Reverse Mtss1 WT primer: CCCCGGCATCTTTGTACACT 

● Forward Mtss1 KO primer: AGTCACATCTTGGTGGACGC 

● Reverse Mtss1 KO primer: GGTAGCCCCATGACAGAAGG 

● Forward TPM1 D230N primer: ACCTAGAGGGAAAGTGTCTT 

● Reverse TPM1 D230N primer: AGTTCATCTTCAGTGCCCTT 

 

The resulting C57BL/6J Tg(Myh6-Tpm1*D230N)Tg/0 mice consistently manifested a progressive DCM 

phenotype. As quantified by echocardiography, Tg(Myh6-Tpm1*D230N)Tg/0 mice showed greater left 

ventricular systolic and diastolic dimensions, end-diastolic volume, and end-systolic volume than their 

wild-type counterparts by two months of age (Table 2.1). The same transgenic mice also demonstrated 

lower ejection fraction and fractional shortening. 

 

https://www.zotero.org/google-docs/?lrxr8H
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(Table 2.1) Echocardiographic measurements of transgenic mice. *: P less than or equal to 0.05, **: P 
less than or equal to 0.01. Adapted from (Lynn et al., 2017) 

 

 

As we planned on using echocardiography as the primary readout, we obtained the above transgenic 

mice and crossed them with our Mtss1 knockout mice for our murine experiments. Mtss1 knockout 

mice were genotyped as previously described; the same is true for the transgenic DCM mice.36,44  All 

animal experiments described in this thesis were performed according to institutional guidelines and 

were approved by the University of Pennsylvania Institutional Review Board. 

 

M-mode Echocardiography 

 

Mice from the above-mentioned crosses were subjected to echocardiography at 4.4-5.6 months of age 

(Figure 2.1). Due to the large number of mice to be analyzed and limitations in equipment and 

personnel availability, it was not possible to analyze all mice at exactly the same age. Ultrasonographic 

https://www.zotero.org/google-docs/?WDEPrv
https://www.zotero.org/google-docs/?KTsPb7
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examination was performed by the Mouse Cardiovascular Phenotyping Core. Echocardiograms were 

acquired using a Vevo 2100 Fujifilm VisualSonics Ultrasound System. Mice were anesthetized with an 

intraperitoneal injection with ketamine, then were taped onto a heated pad after hair removal. 

Echocardiograms were acquired by a blinded echocardiography technician. M-mode images were 

recorded, then analyzed using Vevo Lab Software (VisualSonics). The resulting data was graphed via 

GraphPad Prism. Statistical significance was assessed by Tukey’s Post-Hoc test. 

 
(Figure 2.1) Genotypes and quantities of mice analyzed with M-mode echocardiography. 

 

 

2D Echocardiography 

 

2D echocardiographic images were captured at the same time as M-mode echocardiography for future 

analysis. These images were analyzed by the Mouse Cardiovascular Phenotyping Core for additional 

information. All personnel involved in image analysis were blinded. Some images were lost due to 

corrupted data before analysis; as a result, the number of mice per group for 2D echocardiography do 

not match those of M-mode echocardiography (Figure 2.2). The resulting data was graphed via 

GraphPad Prism. Statistical significance was assessed via Tukey’s Post-Hoc test. 
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(Figure 2.2) Genotypes and quantities of mice analyzed for 2D echocardiography. 

 

 

RNAseq 

 

We collected left ventricular tissues from mice sacrificed at around 5 months of age (Figure 2.3). These 

tissues were flash frozen in liquid nitrogen and were sent to Genewiz for RNA extraction and RNA 

sequencing (RNAseq). As some samples were swapped during this process, sample verification was 

conducted via RT-qPCR for Mtss1 or Tpm1 count after RNAseq. Paired-ended RNAseq reads were 

aligned to the mouse reference genome (mm10) using STAR (version 2.7.9a).8 Fastqc (version 0.11.7) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check the quality of the 

reads. Picard (https://broadinstitute.github.io/picard/) was then used to mark duplicates, compute 

RNAseq metrics and estimate library complexity. We then calculated the raw read counts using the 

Rsubread package (version 2.0.3). Genes where 25% of samples had less than one count per million 

https://broadinstitute.github.io/picard/
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were removed from further analysis. We used the voom function from the Limma package (version 

3.56.1) to transform/normalize the data, and the toptable function to output the differential analysis 

result.  GraphPad Prism was used to plot the resulting data. 

(Figure 2.3) Genotypes and quantities of mice analyzed for RNASeq. 

 

 

FLAG Immunohistochemistry 

 

In order to assess Mtss1 localization and expression, we generated a tagged Mtss1 variant. We decided 

to add a 3× FLAG tag to either the C-terminus or N-terminus of the sequence encoded by Mtss1. Mtss1 

3× FLAG C-terminus and 3× FLAG N-terminus mice were created by the University of Pennsylvania 

Transgenic Mouse Core via CRISPR-mediated homology-directed repair in C57BL/6J mouse embryos. 

Unfortunately, 3× FLAG N-terminus mice demonstrated embryonic lethality and thus were unusable. 

However, the 3× FLAG C-terminus mice were viable; the below experiment was conducted using this 

model. 
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Male mice heterozygous for the 3× FLAG allele were mated with female mice heterozygous for the 3× 

FLAG allele. Female mice were sacrificed for whole embryo extraction at day E14.5. Embryos were then 

fixed in 10% paraformaldehyde and sent to the Penn Cardiovascular Institute Histology Core for sagittal 

sectioning and immunohistochemistry. Visualization and image capture was performed using a Keyence 

BZ-X800 Microscope with a TRIT-C filter cube. 

 

The following primers were used for genotyping of the mice: 

● Forward FLAG N-terminus primer: CGGTTTTCTCTGCACCAAGA 

● Reverse FLAG N-terminus primer: GACTCTTTCCTGCAGCCAAG 

 

Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-qPCR) 

 

Left ventricular tissue was taken from mice at around 5 months of age. This tissue underwent 

homogenization and RNA extraction via a Qiagen RNEasy Kit. Extracted RNA then underwent reverse 

transcription with random hexamers and was quantified with TaqMan Gene Expression Assays for 

murine Tpm1 (Thermo Fisher Scientific Mm00460614_m1, #4448892) and Gapdh (Applied Biosystems 

#4351309). Tpm1 expression was normalized against Gapdh expression. The resulting data was graphed 

via GraphPad Prism. Statistical significance was assessed via the Student t-test (wild-type male vs. wild-

type female, Tg male vs. Tg female, Tg male vs. wild-type male, Tg female vs. wild-type female). 
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Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Genetic Models 

 

While murine models phenocopy the pathogenic effects of DCM reasonably well, mice are biologically 

distinct from humans. As a result, we wanted to test MTSS1 downregulation in a genetically human in 

vitro system. Much like our in vivo experiments, we sought genetic DCM models. For our in vitro 

experiments, we settled on two such models; troponin T (TNNT2) R173W human induced pluripotent 

stem cell (iPSC)-derived cardiomyocytes, and TPM1 D230N iPSC-derived cardiomyocytes. 

 

The TNNT2 R173W iPSC-cardiomyocyte model had previously been generated and characterized by the 

Dr. Joseph Wu’s laboratory.45 The TNNT2 R173W mutation had been discovered in a three-generation 

family carrying the aforementioned point mutation. iPSCs were generated from patients in this family, 

then differentiated into iPSC-cardiomyocytes. Relative to familial control iPSC-cardiomyocytes, TNNT2 

R173W iPSC-cardiomyocytes showed impaired response to beta-adrenergic stimulation; they exhibited 

blunted spontaneous beating rates after isoproterenol addition (Figure 2.4).45 

 

https://www.zotero.org/google-docs/?h1IjRb
https://www.zotero.org/google-docs/?bFtM5C
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(Figure 2.4) A-B) Representative recording of spontaneous calcium transient of control and TNNT2 
R173W iPSC Cardiomyocytes. C-D) As A-B, excepting the addition of 1 uM isoproterenol. E) Decay Tau 
(ms) before and after isoproterenol addition. F) Beating rate before and after isoproterenol addition. †: 
P < 0.05, **: P < 0.01. Adapted from (Wu et al., 2015). 
 

Following the publication of the Wu laboratory’s work, the Musunuru laboratory introduced the TNNT2 

R173W mutation into the male-karyotype DiPS 1016 SevA iPSC line via genome editing.46 For our 

studies, we used Cas9 with two guide RNAs to knock out MTSS1 via excision of exon 1 in this iPSC line 

(Figure 2.5). Editing and selection of MTSS1 knockout iPSCs was performed according to a previously 

described protocol.47 We ultimately used three isogenic iPSC lines: the original wild-type DiPS 1016 SevA 

iPSC line, the TNNT2 R173W line, and the TNNT2 R173W MTSS1 knockout line. 

https://www.zotero.org/google-docs/?A2SZO3
https://www.zotero.org/google-docs/?nXhQrR


29 
 

 
Forward WT primer: AGTCACATCTTGGTGGACGC 
Reverse WT primer: AGTCACATCTTGGTGGACGC 
 
Forward KO primer: AGTCACATCTTGGTGGACGC 
Reverse KO primer: AGTCACATCTTGGTGGACGC 
 
(Figure 2.5) Schematic of MTSS1 knockout in iPSC lines via Cas9. 
 

In consultation with the Penn Center for Inherited Cardiovascular Disease, we learned that two female 

DCM patients receiving care at the Center possessed the TPM1 D230N mutation. Under the Center’s 

IRB-approved protocol, iPSCs were generated from these patients by the Penn Cardiovascular Institute 

iPSC Core. One of these iPSC lines underwent Cas9-mediated MTSS1 knockout. The same iPSC line 

underwent correction of the TPM1 D230N mutation back to its wild-type analogue via Cas9-mediated 
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homology directed repair with a DNA template (Figure 2.6). We ultimately used three iPSC lines: the 

corrected TPM1 line (wild-type), the original pathogenic TPM1 D230N line, and the TPM1 D230N MTSS1 

knockout line. 

 

 

 
 
(Figure 2.6) TPM1 was corrected back to its non-pathogenic form for use in downstream experiments. 
First, Cas9 was used to cut DNA directly upstream and downstream of the D230N mutation. Donor 
single-stranded oligodeoxynucleotides were used to repair the resulting cut, correcting the affected 
amino acid from N to D. The donor strand also introduced synonymous mutations to both guide RNA 
protospacer-adjacent motif sites, preventing cuts after correction. A HindIII site was also introduced for 
ease of screening corrected iPSCs. 
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Isoproterenol Assay 

 

TNNT2R173W/+MTSS1+/+, TNNT2R173W/+MTSS1-/-, and TNNT2+/+MTSS1+/+ iPSC lines were differentiated into 

iPSC-cardiomyocytes per the described protocol (Figure 2.7).48 Individual cardiomyocytes were then 

patch-clamped. 1 µM isoproterenol was then added to the patch-clamped cells. The cardiomyocyte 

spontaneous beating rate was recorded before isoproterenol addition, as well as ten minutes after 

isoproterenol addition. TPM1D230N/+MTSS1+/+, TPM1D230N/+MTSS1-/-, and TPM1+/+MTSS1+/+ cells were also 

differentiated and patch-clamped per the same protocol. Data was visualized via GraphPad Prism. 

Statistical significance was determined using Tukey’s Post-Hoc Test. 

 
 
(Figure 2.7) A schematic of the cytokines and media used in the iPSC-cardiomyocyte differentiation 
protocol. 
 
 
 
 
 

https://www.zotero.org/google-docs/?17jNZa
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CHAPTER 3: BIOINFORMATICS 

 

Combined Dataset 

 

For the complete dataset (Figure 3.1), fine-mapped association analysis shows that left ventricular 

MTSS1 enhancer variants are associated with cardiac magnetic resonance (CMR) phenotypes such as 

global left ventricular circumferential strain (Ecc_Global), left ventricular ejection (LVEF), left ventricular 

end-systolic volume (LVESV), and left ventricular end-diastolic volume (LVEDV). Colocalization analysis 

between GWAS associations and GTEx human left ventricular MTSS1 expression reveals strong 

colocalization between MTSS1 variants, MTSS1 expression, and CMR phenotypes. MTSS1 expression 

reduction is linked to higher LVEF, lower LVESV, lower LVEDV, and lower global left ventricular 

circumferential strain (ColocPR: LVEF = 0.994, LVESV = 0.993, LVEDV = 0.764, Ecc_Global = 0.995). 

Multiple local left ventricular segments concentrated in the apical and mid septal through inferior 

regions—plus the basal inferior region—also showed strong linkages (ColocPR: Ecc_AHA_14 = 0.993, 

Ecc_AHA_9 = 0.993, Ecc_AHA_10 = 0.980, Ecc_AHA_7 = 0.960, Ecc_AHA_4 = 0.915, Ecc_AHA_15 = 0.908, 

Ecc_AHA_8 = 0.865, Ecc_AHA_3 = 0.865) (Figure 3.2). 
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(Figure 3.1) Association of MTSS1 enhancer variation with CMR traits and colocalization with MTSS1 

expression in GTEx for the combined sex dataset. 
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(Figure 3.2) Visualization of co-localization probabilities for left ventricular circumferential strain 

segments from (Figure 3.1) on a 17-section polar chart of the left ventricle. 
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Male Dataset 

 

The male-only dataset is visible in (Figure 3.3). Fine-mapped association analysis does not show strong 

associations between MTSS1 enhancer variants and CMR traits. In particular, associations that were 

evident in the combined dataset for LVEF, left ventricular circumferential strain, LVESV, and LVEDV are 

absent. Colocalization analysis between enhancer variants, expression, and CMR traits shows limited to 

no co-localization for CMR traits such as LVEF, LVESV, LVEDV, or global left ventricular circumferential 

strain (ColocPR: LVEF = 0.658, LVESV = 0.311, LVEDV = 0.050, Ecc_Global = 0.378). The same lack of 

colocalization is displayed by left ventricular circumferential strain segments (Figure 3.4). 
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(Figure 3.3) Association of MTSS1 enhancer variation with CMR traits and colocalization with MTSS1 

expression in GTEx for the male-only dataset. 
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(Figure 3.4) Visualization of co-localization probabilities for left ventricular circumferential strain 

segments from (Figure 3.3) on a 17-section polar chart of the left ventricle. 
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Female Dataset 

 

Fine-mapping associations between MTSS1 enhancer variants and CMR traits for biologically female 

subjects reveals associations between variants and traits such as LVESV, LVEDV, left ventricular global 

circumferential strain, and LVEF (Figure 3.5). Strong colocalizations exist between MTSS1 expression, 

enhancer variants, and CMR traits; MTSS1 reducing alleles are linked with lower LVESV, higher LVEF, 

lower left ventricular global circumferential strain, and lower LVEDV (ColocPr: LVESV = 0.991, LVEF = 

0.990, Ecc_Global = 0.990, LVEDV = 0.784). For individual left ventricular segments, strong co-

localization is detected in mid and apical septal/inferior regions, plus the apical anterior segment (Figure 

3.6). 
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(Figure 3.5) Association of MTSS1 enhancer variation with CMR traits and colocalization with MTSS1 

expression in GTEx for the female-only dataset. 
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(Figure 3.6) Visualization of co-localization probabilities for left ventricular circumferential strain 

segments from (Figure 3.5) on a 17-section polar chart of the left ventricle. 
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Chapter 4: MURINE STUDIES 

 

M-mode Echocardiography 

 

Female mice with genetic DCM and global Mtss1 downregulation exhibit amelioration of their DCM 

phenotype. Non-transgenic Mtss1+/+ and Mtss1+/-  mice show no statistically significant differences in 

heart rate or left ventricular mass and dimensions quantified via echocardiography (Figure 4.1, A). 

Consistent with prior published results, Tg(Myh6-Tpm1*D230N) Mtss1+/+ mice (hereafter referred to as 

Tg/Mtss1+/+) show elevated left ventricular mass/mass index, reduced fractional shortening, and 

increased left ventricular systolic/diastolic dimension relative to their non-pathogenic wild-type 

(WT)/Mtss1+/+ counterparts. Tg/Mtss1+/- mice demonstrate a statistically significant reduction in left 

ventricular mass, left ventricular mass index, and left ventricular systolic/diastolic dimension compared 

with transgenic Mtss1+/+ mice  (Figure 4.1, B and C). Although statistical significance was not reached, a 

trend towards increased fractional shortening may also exist between the same two groups of mice. 

 

Male mice with DCM, in contrast to their female counterparts, do not appear to be affected by Mtss1 

haploinsufficiency. Similar to their female counterparts, WT/MTSS1+/+ and WT/MTSS1+/-  mice have no 

statistically significant differences in cardiac phenotypes quantified via echocardiography (Figure 4.1). 

The Tg/Mtss1+/+ mice show significantly elevated left ventricular mass, mass index, diastolic dimension, 

and systolic dimension relative to non-transgenic  Mtss1+/+ mice, consistent with prior published results. 

Unlike the trend observed in female mice, Tg/Mtss1+/+ and Mtss1+/- male mice do not have any 

significant echocardiographic differences with respect to left ventricular mass, systolic dimension, or 

diastolic dimension. No trend is apparent for fractional shortening or left ventricular mass index. 
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(Figure 4.1) A) Body weight and heart rate of mice. B) Left ventricular mass, left ventricular mass index, 

and fractional shortening. C) Left ventricular internal dimension systole/diastole. D) Relative wall 

thickness, intraventricular septal end-systole/diastole. E) Left ventricular posterior wall systole/diastole. 

Horizontal bars represent mean and standard error. *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 
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0.0001. Male mice: wt/Mtss1 +/+ (12) wt/Mtss1 +/- (22) Tg/Mtss1 +/+ (15) Tg/Mtss1 +/- (26). Female 

mice: wt/Mtss1 +/+ (18), wt/Mtss1 +/- (11), Tg/Mtss1 +/+ (22), Tg/Mtss1 +/- (21). 

 

2D Echocardiography 

 

Upon assessment with 2D echocardiographic analysis, female mice exhibit similar cardiac phenotypes 

across genotypes as those shown with M-mode echocardiography. No group of mice shows significant 

differences between one another for heart rate or body mass (Figure 4.2, A). Female Tg/Mtss1+/+ mice 

show elevated end-systolic and end-diastolic volumes and reduced ejection fraction relative to their 

wild-type counterparts (Figure 4.2, B and C). Female Tg/Mtss1+/- mice show a statistically significant 

reduction in end-systolic volume and end-diastolic volume compared to Tg/Mtss1+/+ mice; they also 

exhibit a significant reduction in ejection fraction (P: EDV = 0.0136, ESV < 0.0001, EF = 0.0005). 

 

Male mice, as observed with M-mode echocardiography, do not show any normalizing effect from 

Mtss1 heterozygosity with 2D echocardiography. No significant differences in heart rate or body weight 

appear to exist across genotypes (Figure 4.2, A). Like their female counterparts, male Tg/Mtss1+/+ mice 

demonstrate increased end-systolic and end-diastolic volumes, suggesting left ventricular enlargement. 

They also exhibit reduced ejection fraction (Figure 4.2, B and C). Unlike in females, male Mtss1 

heterozygosity in the transgenic DCM model does not appear to affect DCM phenotypes such as left 

ventricular end-systolic volume, end-diastolic volume, or ejection fraction. 
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(Figure 4.2) A) Body weight and heart rate of mice. B) Ejection fraction and end-diastolic volume (index). 
C) End-systolic volume and end-diastolic volume. Horizontal bars represent mean and standard error. *: 
P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001. Male mice: wt/Mtss1 +/+ (11), Tg/Mtss1 +/+ (13), 
Tg/Mtss1 +/- (25). Female mice: wt/Mtss1 +/+ (15), Tg/Mtss1 +/+ (18), Tg/Mtss1 +/- (19). 
 

RNA Sequencing 

 

We did not detect changes in the transcriptomes of murine left ventricular tissue in response to global 

Mtss1 heterozygosity in adult mice. A comparison of the transcriptomic profiles between the left 

ventricular tissues of wild-type mice and heterozygous Mtss1 knockout mice did not identify any gene 

that had a statistically significant difference in expression across genotypes (Figure 4.3). Likewise, no 

notable differences in gene expression were identified in left ventricular tissues harvested from 

Tg/Mtss1+/+ and non-transgenic Mtss1+/+ mice, although Tpm1 transcript abundance was elevated in Tg 

mice when compared to non-Tg littermates, as expected. Additionally, we were unable to identify 

significant differences in sex-stratified analyses (Figure 4.4, Figure 4.5). 
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(Figure 4.3) Volcano plots for gene expression changes. The top left plot compares gene expression for 

wild-type mice (4 male plus 3 female) against Mtss1 heterozygotes (4 male plus 5 female). The top right 

plot compares transgenic mice (3 male plus 4 female) against transgenic mice heterozygous for Mtss1 (5 

male plus 4 female). The bottom left plot compares transgenic mice (3 male plus 4 female) against wild-

type mice (4 male plus 3 female). Note that these figures display nominal P values on a negative log 

scale. No changes were statistically significant for either the transgenic or wild-type heterozygous Mtss1 

comparisons after adjusting P values for multiple comparisons.  
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(Figure 4.4) Volcano plots for gene expression changes for male mice only. The top left plot compares 

gene expression for wild-type mice (4) against Mtss1 heterozygotes (4). The top right plot compares 

transgenic mice (3) against transgenic mice heterozygous for Mtss1 (5). The bottom left plot compares 

transgenic mice (3) against wild-type mice (4). Note that these figures display nominal P values on a 

negative log scale. No changes were statistically significant for either the transgenic or wild-type 

heterozygous Mtss1 comparisons after adjusting P values for multiple comparisons. 
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(Figure 4.5) Volcano plots for gene expression changes for female mice only. The top left plot compares 

gene expression for wild-type mice (3) against Mtss1 heterozygotes (5). The top right plot compares 

transgenic mice (4) against transgenic mice heterozygous for Mtss1 (4). The bottom left plot compares 

transgenic mice (4) against wild-type mice (3). Note that these figures display nominal P values on a 

negative log scale. No changes were statistically significant for either the transgenic or wild-type 

heterozygous Mtss1 comparisons after adjusting P values for multiple comparisons. 
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FLAG Immunohistochemistry 

 

High levels of fluorescence were detected in E14.5 embryonic neural tissue between the 3× FLAG C-

terminus mice and their wild-type siblings (Figure 4.6). Differences in fluorescence between control and 

3× FLAG embryonic cardiac tissue were indeterminate, although there appear to be some signal in the 

endocardium. 
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(Figure 4.6) Sagittal section of E14.5 embryos. The top embryo is homozygous for the 3× FLAG C-

terminus allele. The bottom embryo is wild-type. 

 

 

 

 

 

 

RT-qPCR 



57 
 

 

We assessed Tpm1 expression in adult hearts to ensure there was no differential transgene expression 

by sex. Both wild-type males and females had significantly lower levels of Tpm1 expression relative to 

their transgenic counterparts (P < 0.001). Statistical significance was not observed for sex-specific 

differences in Tpm1 expression for either wild-type or transgenic mice (Figure 4.7). 

 
 (Figure 4.7) Normalized Tpm1 count in wild-type and transgenic mice. Normalization was conducted 

across all genotypes by the division of the raw Tpm1 count by the averaged wild-type male Tpm1 count. 

***: P < 0.001. 

 

 

Chapter 5: iPSC-CARDIOMYOCYTES 
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TNNT2 R173W iPSC-cardiomyocytes 

 

MTSS1 knockout restores isoproterenol sensitivity to TNNT2 R173W iPSC-cardiomyocytes. We first 

introduced the TNNT2 R173W variant, a known DCM pathogenic variant, into iPSCs from a healthy 

person (DiPS 1016 SevA, termed 1016, obtained from the Harvard Stem Cell Institute iPS Core Facility), 

by CRISPR-Cas9-mediated homology-directed repair. Non-pathogenic 1016 iPSC-cardiomyocytes showed 

an increase in spontaneous beating rate after exposure to the isoproterenol treatment (Figure 5.1). 

Pathogenic TNNT2 R173W iPSC-cardiomyocytes showed a statistically significant decrease in 

spontaneous beating rate relative to their non-pathogenic counterparts (P = 0.001). Then we used 

CRISPR-Cas9 with two guide RNAs to knock out MTSS1 via excision of exon 1 and differentiated the cells 

into cardiomyocytes. iPSC-cardiomyocytes carrying the TNNT2 R173W mutation and also homozygous 

for MTSS1 knockout had a beating rate comparable to that of non-pathogenic iPSC cardiomyocytes. 
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(Figure 5.1) The beating response ratio of iPSC-cardiomyocytes after addition of 1 µM isoproterenol. 

Beating response ratio is equal to the post-isoproterenol spontaneous beating rate divided by the pre-

isoproterenol spontaneous beating rate. Horizontal bars indicate mean and standard error.  **: P < 0.01, 

****: P < 0.0001. 
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TPM1 D230N iPSC-cardiomyocytes 

 

TPM1 D230N iPSC-cardiomyocytes did not exhibit isoproterenol insensitivity. Much like our prior 

experiment with TNNT2 R173W iPSC-cardiomyocytes, non-pathogenic iPSC-cardiomyocytes showed an 

increased spontaneous beating rate in response to isoproterenol (Figure 5.2). Unlike TNNT2 R173W 

cells, TPM1 D230N cells increased their spontaneous beating rate with isoproterenol exposure. This 

increase was statistically indistinguishable from non-pathogenic iPSC cardiomyocytes. MTSS1 knockout 

in this model did not cause any detectable change in spontaneous beating rates in either the wild-type 

or TPM1 D230N model. 
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(Figure 5.2) The beating response ratio of iPSC-cardiomyocytes after addition of 1 µM isoproterenol. 

Beating response ratio is equal to the post-isoproterenol spontaneous beating rate divided by the pre-

isoproterenol spontaneous beating rate. Horizontal bars indicate mean and standard error. **: P < 0.01, 

****: P < 0.0001. 
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CHAPTER 6: DISCUSSION 

 

Our in vitro results indicate that MTSS1 reduction may be cardioprotective. Our TNNT2 R173W iPSC 

cardiomyocyte line did not respond to isoproterenol exposure, replicating prior published results with 

this DCM model (Figure 5.1). However, MTSS1 knockout in the TNNT2 R173W iPSC-cardiomyocyte 

model restored the isoproterenol sensitivity to the level that wild-type iPSC-cardiomyocytes possess. 

This finding supports past work in mice and bioinformatic analyses that also suggested a 

cardioprotective function for MTSS1 reduction (Figure 1.7).36 

 

However, our human genetic studies and animal experiments paint a more nuanced picture; MTSS1 

reduction may be preferentially cardioprotective in the female sex. In our transgenic Tpm1 D230N DCM 

mouse model, only female transgenic mice with Mtss1 heterozygosity displayed an intermediate 

echocardiographic phenotype between those of wild-type and the transgene-only groups for 

measurements pertaining to DCM (left ventricular ejection fraction, fractional shortening, 

systolic/diastolic volume, and mass/dimension); male mice did not show this effect. Concordantly, 

associations between MTSS1 enhancer variants and CMR traits in the UK Biobank cohort appear to be 

almost entirely driven by its female population; male associations are absent both before and after 

colocalization analysis, whereas female associations are robust. 

 

We have yet to identify the mechanism responsible for the effect of MTSS1 on cardiac physiology. 

Attempts to identify key genes associated with MTSS1 downregulation via RNAseq did not yield 

statistically significant targets of note. Sample sizes were small (minimum of 3 per group), which may 

have limited power to detect changes, and several samples were swapped, though we were able to 

https://www.zotero.org/google-docs/?Mt4nNh
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reassign them to the correct group by assessing Tpm1 and mtss1 expression via RNAseq and qPCR.   

While FLAG immunohistochemistry demonstrated high Mtss1 expression in neural tissue, no 

noteworthy differences from the wild-type embryo were apparent in cardiac tissue. Nor did our attempt 

to create a TPM1 D230N iPSC-cardiomyocyte model succeed; there was no difference in isoproterenol 

response between the DCM and non-pathogenic iPSC-cardiomyocyte lines. 

 

The biological effect of sex on heart failure and cardiac disease is poorly understood.49 Historically, 

women have been underrepresented in both human and experimental models of cardiovascular 

disease.50 The sex chromosomes remain understudied in large-scale genetic studies; as of 2021, only 25 

percent of the genome-wide summary statistics reported in the NHGRI-EBI GWAS Catalog provide 

results for the X chromosome, and only three percent provide results for the Y chromosome.51 Much of 

this difficulty is due to a few quirks unique to the sex chromosomes themselves. Women have two X 

chromosomes while men have just one; this lowers the signal associated with male variants in standard 

array genotyping platforms.52 X chromosomes commonly undergo random silencing in women; worse, 

roughly a third of the genes on the X chromosome are expressed on both the silenced and active 

chromosome (with varying degrees of inactivation escape). X inactivation thereby poses analytical 

challenges that require X-specific approaches.53 

  

To our knowledge, the work in this thesis represents the first time that MTSS1 has been linked with a 

cardioprotective effect against genetic dilated cardiomyopathy in a sex-specific manner. This represents 

a significant addition to prior work concerning the effect of MTSS1 on dilated cardiomyopathy, as 

discussed in the Introduction. However, the mechanism of action for the sex-specific cardioprotective 

https://www.zotero.org/google-docs/?6RyUWx
https://www.zotero.org/google-docs/?GGiG0b
https://www.zotero.org/google-docs/?T1FVqh
https://www.zotero.org/google-docs/?OYBAwo
https://www.zotero.org/google-docs/?6yyqyy
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effect remains to be defined. As such, there are multiple different directions in which this work can be 

taken in the future. 

 

We could deepen our search into the mechanism of effect of MTSS1 on DCM. One possibility is that the 

primary effect of MTSS1 takes place during development, not in adulthood; the majority of our animal 

experiments were performed in adult mice. RNAseq on embryonic left ventricular tissue could be of 

interest for pursuing this line of study. We could also utilize our 3× FLAG C-terminus mouse model; for 

example, we could section embryos at varying stages of development to track changes in Mtss1 

expression. 

 

It is unclear whether the sex specificity exhibited by MTSS1 vis-à-vis cardioprotection is the result of 

direct or indirect regulation of activity of MTSS1 by a sex hormone. Ovariectomy of female mice or 

orchiectomy of male mice could be a next step for testing hypotheses related to sex hormone regulation 

of MTSS1. If no difference is found, it may be possible that some other factor located on the X or Y 

chromosome has an effect on MTSS1. 

 

More broadly, the timing of any potential MTSS1 regulation may be of interest. Our qPCR results 

indicate that MTSS1 mRNA does not appreciably differ in quantity between the sexes; pre-

transcriptional regulation is unlikely. However, post-transcriptional and post-translational regulation are 

both possibilities, with post-translational being more likely. While we were unable to identify other 

binding partners of MTSS1 via co-immunoprecipitation/pulldown, other assays such as biotinylation 

identification may yield better results. 

 



65 
 

An alternative mechanistic possibility is that the effect of MTSS1 is correlated with sex specificity, not 

caused by it. For example, one possibility is that the action of MTSS1 is linked to body size. As women 

are smaller than men on average, biological sex could be a correlated variable, not a causative one. 

Covariate analysis in the UK Biobank or Penn Medicine BioBank may be useful for ruling out these 

possibilities. Another possibility is that the effect of MTSS1 is driven through action on one of the many 

cell types that comprise cardiac tissue; it has been previous established that cardiac cellularity is 

dependent on gonadal hormones.52 Restricting Mtss1 expression in cardiomyocytes via a Cre-lox system 

driven by a cardiomyocyte-specific promoter may be of use for testing this hypothesis. 

 

Instead of focusing narrowly on the mechanism of MTSS1, we could broaden our analyses to better 

understand the impact of sex on the genetic underpinnings of heart failure. The genetic basis of DCM is 

diverse.54 Furthermore, numerous other loci have been implicated in heart failure. However, few of 

them have been tested for sex-specific effects. Sex-stratified analyses may be able to sort loci associated 

with DCM into sex-agnostic and sex-specific categories for further examination. Select loci could then be 

tested in a similar manner as performed with the MTSS1 locus in this thesis. 
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