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A Proteomics Perspective of Postnatal Swine Heart Development 

 
Timothy J. Aballo1, David S. Roberts2, Elizabeth F. Bayne2, Morgan W. Mann3, Wuqiang Zhu4, Gregory 

Walcott5, Ahmed I. Mahmoud1, Jianyi Zhang5, Ying Ge1,2 

 

1Department of Cell and Regenerative Biology, University of Wisconsin-Madison, Madison, WI 
2Department of Chemistry, University of Wisconsin-Madison, Madison, WI 
3Department of Medicine, University of Wisconsin-Madison, Madison, WI 

4Department of Cardiovascular Diseases, Mayo Clinic Arizona, Scottsdale, AZ  

5Department of Biomedical Engineering, University of Alabama at Birmingham, Birmingham, AL 
 
Background: The neonatal swine heart possesses an endogenous ability to regenerate injured 
myocardium through the proliferation of pre-existing cardiomyocytes (CMs), but this regenerative 
capacity is lost shortly after birth. The molecular mechanisms governing the proliferative capacity of CMs 
are unknown; therefore, there is great need to define the proteomic landscape during development to 
identify potential regulators of this regenerative process. Using an integrated top -down and bottom-up 
proteomics approach, we comprehensively characterized the molecular changes that occur throughout 
postnatal heart development to gain novel information about the regenerative window.  
 
Methods: Left ventricular (LV) tissue was isolated from swine at postnatal days 1, 7, 28 and 56 (n=3  for 
each group). For bottom-up analysis, 5 mg LV tissue was homogenized in 0.2% Azo, and proteins were 
digested for 1 hour with trypsin prior to reversed phase liquid chromatography (RPLC) interfaced with a 
trapped ion mobility spectrometer (TIMS) quadrupole time-of-flight (Q-TOF) mass spectrometer (Bruker 
timsTOF Pro). MSFragger, DAPAR, DEP, and IHW were used for bottom-up data analysis. For top-down 
analysis, myofilament proteins were enriched from 5 mg LV tissue using a differential pH extraction 
(HEPES, pH = 7.4 and TFA, pH = 2) and were analyzed by RPLC-mass spectrometry (Bruker Q-TOF 
Impact II). Bruker DataAnalysis v4.3 and MASH Explorer were used for top-down data analysis. 
 
Results and Discussion: We hypothesized there would be significant alterations in expression of 
proteins involved in cell cycle regulation, metabolism, and contraction. Bottom-up analysis of the global 
cardiac proteome provided insight into how a diverse array of cardiac proteins changed throughout 
development, while top-down analysis of myofilament protein extracts gave a “bird’s eye view” of 
myofilament composition, allowing for simultaneous quantif ication of protein expression levels and 
proteoform abundance at different stages of development in the swine heart. 
 
Our global bottom-up proteomic analysis quantif ied over 4,000 proteins, identif ied more than 800 
differentially expressed proteins, and revealed distinct expression level changes in proteins related to cell 
cycle regulation, developmental processes, and metabolism. Specifically, we identif ied a shift in protein 
expression that supports oxidative phosphorylation over glycolysis and a decrease in expression of 
proteins related to cardiac development and cellular proliferation. 
 
With our top-down proteomics platform, we observed a transition of fetal sarcomeric isoforms to their 
mature adult counterparts. As sarcomere disassembly is uniquely observed during CM proliferation, 
these fetal isoforms may play an important role in this process during cardiac regeneration. For example, 
throughout development, we identif ied the transition of slow skeletal troponin I (ssTnI) to its mature 
counterpart (cardiac TnI), the decrease in abundance of atrial isoforms of myosin light chain 1 and 2 with 
an increase of mature ventricular counterparts, and a decrease phosphorylation of alpha-Tropomyosin, 
a phenomenon that also occurs during the maturation of human embryonic stem cell -derived CMs. 
 
Overall, we harnessed the power of global bottom-up proteomics and targeted top-down proteomics to 
provide a comprehensive view of how the swine heart proteome changes throughout development to 
guide future investigations into the molecular mechanisms associated with endogenous heart 
regeneration. We envision these results will help guide future investigations to comprehensively 
understand endogenous cardiac regeneration toward the development of novel therapeutic strategies for 
heart failure. 
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Identifying and Dissecting Cardiac Regeneration Enhancers Dually Regulated by Activation and 

Repression 

 

Ian J. Begeman1, Kwangdeok Shin1, Daniel Osorio-Méndez1, Andrew Kurth1, Benjamin Emery1, Steffani 

Manna1,Trevor J. Chamberlain2, Francisco J. Pelegri2, Junsu Kang1,3 

 
1 Department of Cell and Regenerative Biology, School of Medicine and Public Health, University of 

Wisconsin–Madison 
2 Laboratory of Genetics, University of Wisconsin–Madison 

3 UW Carbone Cancer Center, School of Medicine and Public Health, University of Wisconsin–Madison 

 

Heart regeneration in regeneration-competent organisms can be accomplished through remodeling gene 

expression in response to cardiac injury. This dynamic transcriptional response relies on the activities of 

tissue regeneration enhancer elements (TREEs). However, the mechanisms underlying TREEs are 

poorly understood. We dissected a cardiac regeneration enhancer in zebrafish to elucidate the 
mechanisms governing spatiotemporal gene expression during heart regeneration.  Cardiac leptin b 

regeneration enhancer (cLEN) exhibits dynamic, regeneration-dependent activity in the heart. We found 

that multiple injury-activated regulatory elements are distributed throughout the enhancer region. This 

analysis also revealed that cardiac regeneration enhancers are not only activated by injury, but 

surprisingly are also actively repressed in the absence of injury. Our studies identified a short 22-bp DNA 

element containing a key repressive element. Comparative analysis across Danio species indicated that 

the repressive element is conserved in closely related species. By analyzing sequence similarity to the 
cLEN repressive element, evolution conservation, epigenomic and transcriptomic profiles of uninjured 

and regenerating hearts, and candidate target gene function, we have identif ied candidate cardiac 

regeneration enhancers in the genomes of zebrafish, mice, and humans that may also be dually regulated 

by activation and repression. Using transgenic assays, we demonstrated cardiac regeneration-

dependent activation of multiple candidate enhancers. Incorporating both activation and repression 

components into the mechanism of tissue regeneration constitutes a new paradigm that may be  

extrapolated to other regeneration scenarios. Further, by identifying additional dually regulated 
regeneration enhancers, we may improve our understanding of transcriptional mechanisms underlying 

heart regeneration, build gene regulatory networks, and identify potential targets for improving heart 

repair. 

 

 

 

 

 

 

 

 

 

 



Poster #3 
 

Top-Down Proteomics Reveals MLC-1v, but not MLC-2v, is Ventricular-Specific in Healthy 
Human Donor Hearts 

Elizabeth F. Bayne1, Kalina J. Rossler2,3, Timothy J. Aballo2,3, David S. Roberts1, Emily A. Chapman1, 

Tianhua Zhou4, and Ying Ge1,2,3,5* 

1Department of Chemistry, 2Molecular and Cellular Pharmacology Training Program, 3Department of 
Cell and Regenerative Biology, 4Department of Medicine, 5Human Proteomics Program, University of 

Wisconsin-Madison, Madison WI, USA 53706 

Background: Myosin light chains (MLC) 1 and 2 are essential components of  the hexameric myosin 

holoenzyme and provide structural stability and regulation of function of the myosin motor . MLC-2v is 

thought to be restricted to the ventricular segment during development and remain in the ventricular 

chambers throughout adult life, leading to its use as a marker for ventricular specification during hPSC-

CM maturation. However, the chamber-specific localization of MLC isoforms has been questioned, 

casting doubt over the effectiveness of MLC-2v as a marker. To characterize expression of MLC isoforms 

across the four cardiac chambers in healthy adult donors, we used top-down mass spectrometry (MS)-

based proteomics, a powerful technology analyzing proteins intact, enabling unbiased identification and 

quantif ication of each MLC isoform and their post-translational modifications (PTMs).  

 

Methods: Myocardial tissue from the left ventricular (LV), right ventricular (RV), left atrial (LA), and right 

atrial (RA) free walls from adult donor hearts with no history of cardiovascular disease (n=16; 8 male, 8 

female) was analyzed. Sarcomeric proteins were enriched from tissue using differential pH extraction 

and separated by reversed phase liquid chromatography. MS data were acquired using a Bruker Impact 

II quadrupole time of flight (Q-TOF) mass spectrometer and analyzed using DataAnalysis. 

 

Results: We employed top-down MS-based proteomics to characterize the distribution of MLC-1 and -2 

isoforms across the four cardiac chambers of human donors (n=16). MLC-1v and MLC-2a were detected 

only in the ventricles and atria, respectively. However, MLC-2v was found in LA and RA ranging from 0-

68.2% total MLC-2 content. Tandem MS (MS/MS) scans confirmed the identity of MLC-2v in the atrial 

free walls, with N- and C-terminal fragment ions matching previously-reported sequence (UniProt ID 

P10916) with PTMs phosphorylation, Nα-methylation and N-terminal methionine excision. Additionally, 

fragment ion spectra revealed a shift in isotopomer abundance matching deamidation (+0.98 Da) and 

was localized to residues Asn14/16 for fragments found in LA and RA. This PTM was not observed in LV 

or RV.  

 

Discussion: Top-down MS-based proteomics enables a “bird’s eye view” of the myosin light chains by 

analyzing them intact, revealing unique patterns of isoform expression and PTMs across four chambers 

in adult non-failing human hearts. First, we found MLC-1v but not MLC-2v exhibits ventricular-restricted 

expression. These results may have implications for use of maturation markers for in vitro hiPSC-CM 

models, suggesting MLC-1v may be a more accurate marker for ventricular cardiomyocytes than MLC-

2v. Additionally, we found MLC-2v in atria contained a deamidation localized to Asn14/16 and was not 

observed in LV and RV. The site of deamidation is adjacent to the regulatory phosphorylation site Ser15. 

The additional negative charge imparted by deamidation adjacent to the site of phosphorylation mimics 

the pattern of the bis-phosphorylation of MLC-2a at sites Ser22/23. The atrial-specific deamidation of 

MLC-2v may have functional implications relating to cardiac force generation in atrial chambers.  
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Structural Elucidation of Human Cardiac Troponin Complexes by Native Mass Spectrometry 
 

Emily A. Chapman1, David S. Roberts1, Timothy N. Tiambeng1, Jake A. Melby1, Kyle A. Brown1,2, 
Donguk Kim1, Andrew Alpert3, Song Jin1, Ying Ge1,4 

 
1. Depart. Of Chemistry, University of Wisconsin (UW)-Madison 2. Depart. Surgery, UW-Madison 

3. PolyLC, Columbia, MD 4. Human Proteomics Program, UW-Madison 
 

Background: The cardiac troponin complex (cTn; ~77 kDa) plays critical roles in cardiac contractility and 
is composed of three subunits (troponin I, T, C). Calcium ions (Ca2+) bind to cTnC, the Ca2+- binding 
sensor of cTn, inducing a conformational change of cTn that initiates muscle contraction. While 
alterations in cTn Ca2+ sensitivity and binding are associated with cardiac dysfunction, proteomics 
methods for characterizing endogenous cTn by native mass spectrometry (MS) remain challenging due 
to diff iculties in the isolation and stability of cTn under non-denaturing conditions. Thus, we have 
developed a novel “native nanoproteomics” technique incorporating surface -functionalized nanoparticles 
and native MS-analysis to enrich and structurally characterize endogenous cTn complexes from human 
cardiac tissues to provide new insights into cTn structure and Ca2+ binding interactions.  
 
Methods: Proteins were extracted from human cardiac tissues using a LiCl extraction (pH 7.5) and 
incubated with surface-functionalized nanoparticles to enrich for cTn. A metallic ion chelator with high 
affinity for calcium was added to the enriched cTn complexes at varying concentrations. Online size-
exclusion chromatography (SEC) analysis was performed on a Waters nanoAcquity UPLC system for  
online buffer exchange (OBE) into 200 mM ammonium acetate (pH 7.0) and analyzed by a Bruker maXis 
II quadrupole time of flight mass spectrometer. Offline native SEC fraction collection was performed and 
fractions were directly infused to the Bruker 12 T SolariX FT-ICR mass spectrometer for characterization 
using an Advion TriVersa NanoMate. Data analysis was performed using Bruker DataAnalysis v. 4.3 and 
MASH Native. 

 
Results and Discussion: Our native nanoproteomics technique coupled with native MS revealed distinct 
perturbations in cTn complex stoichiometry and Ca2+ binding interactions. To probe the role of Ca2+ in 
stabilizing the cTn complex, we introduced EGTA as a metallic ion chelator to remove bound Ca2+ ions 
from up to three occupied Ca2+ binding sites. cTnC with three Ca2+ bound within the cTn heterotrimeric 
complex were destabilized upon addition of EGTA (25 mM), with only the cTn (I -T-C) proteoforms 
consisting of doubly Ca2+ -bound cTnC retained. Surprisingly, excess EGTA (100 mM) was unable to 
dissociate or reduce the doubly bound Ca2+ proteoform in the cTn complex, implying that Ca2+ 
interactions cause a substantial difference in cTn structure. Additionally, native MS revealed that the 
binding affinities of Ca2+ is lower in free cTnC monomer compared to Ca2+ bound in cTn complexes 
suggesting that the Ca2+ dissociation rate from cTnC significantly slows upon addition of cTnI and cTnT. 
Overall, these results uncovered the varying stoichiometry of non-covalent Ca2+ cofactors which regulate 
cardiac contractility in endogenous cTn monomers and trimers. This provides important foundation for 
future elucidation of structure-function relationships within human cardiac cTn complexes. Moreover, the 
structural elucidation of endogenous cTn complexes will provide the strongest connection between 
molecular mechanisms and disease for new precision medicine approaches.  
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Using Stem Cell to Study Coronary Artery Disease Risk in Diverse Populations  
 

Carolina de Medeiros Vieira, Elsa Salido, Rohan Zade, Valentina Lo Sardo  
 

Department of Cell and Regenerative Biology, University of Wisconsin-Madison 
 

Background: Coronary artery disease (CAD) is the most common form of cardiovascular disease 
worldwide. It is characterized by atherosclerotic plaque formation, causing the narrowing of the lumen in 
the coronary arteries, leading to a decreased blood supply to the heart, ultimately causing myocardial 
infarction (MI). The 9p21.3 locus is the first discovered and the strongest CAD genetic risk factor. Its 
function is not well understood, perhaps due to the absence of coding genes within it. This locus contains 
~100 Single Nucleotide Polymorphism (SNPs) coinherited (forming a haplotype) in the form risk or non -
risk in most non-African populations. The typical Caucasian risk form of 9p21.3 causes transcriptional 
changes and functional deficits in Pluripotent Stem Cells-derived Vascular Smooth Muscle Cells (iPSC-
VSMCs). VSMCs are the most abundant cell type in the arteries. Interestingly, the 9p21.3 CAD region 
shows remarkable diversity in individuals of African ancestry, with loss of the characteristic haplotype 
and lack of linkage with risk of CAD. 
 
Methods: Cell culture: iPSC maintenance, iPSCs differentiation into VSMCs according to Cheung et. al 
2014. Gene expression: RNA extraction, cDNA synthesis, RT-qPCR Immunocytochemistry: CNN1, 
TAGLN, α-SMA Genotyping: genomic DNA extraction, PCR of the three leading SNPs at 9p21.3 CAD 
region (rs10757278, rs2383207, rs1333049), Sanger Sequencing. 
 
Results: VSMCs differentiation of iPSCs from African American and Caucasian individuals: We 
generated VSMCs from iPSC lines derived from 2 Caucasian (CE, one risk and one non-risk at 9p21.3) 
and 9 African American (AA) individuals. After 17 days, proper lineage differentiation was validated by 
immunocytochemistry for typical VSMC markers (CNN1, TAGLN, α-SMA). Analysis of genes regulating 
VSMCs adhesion and muscle contraction: RNA from fully differentiated VSMCs was used to perform 
qPCR for the following genes - FN1, ITGA3, PDLIM1, MYOF, ITGA11, LAMC2, ROBO2, ADAM22, 
LIMCH1, ITGA9, OBSCN, CDH4, ANRIL. Analysis of gene expression and SNPs genotype: Cells were 
genotyped at three leading SNPs in the 9p21.3 locus by PCR and subsequent Sanger sequencing. Gene 
expression data from iPSC-derived VSMCs were then correlated with the genotype at 9p21.3 of each 
line. 
 
Discussion: The VSMCs derived from all CE and AA iPSCs show proper expression of smooth muscle 
cell markers indicating successful differentiation. Genotyping of three SNPs at 9p21.3 showed that the 
CE lines had a pattern consistent with the linkage disequilibrium in the region, while AA lines showed 
random pattern across the three alleles. Gene expression data of AA VSMCs suggest a profile similar to 
non-risk Caucasian lines. A subset of genes shows a pattern of expression correlating with the genotype 
at 9p21.3 in AA, suggesting a dosage effect of the SNPs at 9p21.3. The use of AA lines with lack of 
linkage disequilibrium among the SNPs is a great resource to understand allele-dosage dependent gene 
expression. 
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ROMK is Found in Cardiac Mitochondria But is Not an ATP Sensitive Mitochondrial Potassium 
Channel 

 
Holly C Dooge, Lara Serban, Adi Tewari, Mohun Ramratnam 

 
University of Wisconsin-Madison, Department of Medicine, Division of Cardiovascular Medicine. 

William S. Middleton Veterans Hospital. 
 
Background: Cardiac ATP-sensitive potassium (KATP) channels are composed of a sulfonylurea receptor 
protein (SUR) coupled to an inward rectifying potassium channel and are responsible for regulating 
membrane potential in response to cellular stress. They are found both in the sarcolemma and inner 
mitochondrial membrane of ventricular cardiomyocytes. Recently, we described a transgenic mouse 
model that overexpresses the mitochondrial splice variant of the sulfonylurea receptor (SUR2A-55) that 
demonstrates cardioprotection from ischemia-reperfusion injury and heightened mitoKATP activity. The 
mitochondrial potassium pore that is associated with SUR2A-55 is unknown leading us to develop a 
mitoKATP assay using isolated mitochondria to test whether the recently identif ied cardiac renal outer 
medullary potassium channel (ROMK) modulates mitoKATP in WT and TGSUR2A-55 mice.  
 
Methods: Cardiac mitochondria were isolated by differential centrifugation from WT and TGSUR2A-55 mice. 
Western blots were used to determine expression levels of candidate  mitoKATP potassium channel 
proteins. The ATP sensitivity of cardiac mitochondrial membrane potential (∆ψm) was performed in a Cary 
Eclipse Spectrophotometer under conditions of varying pH, treatment with the mitoKATP modulator PIP2 

and the ROMK inhibitor Compound A. Data are presented as changes in fluorescence (FU) emission 
intensity. 
 
Results: The cardiac mitochondrial protein expression between WT and TGSUR2A-55 of ROMK (1 ± 0.108 
vs 0.864 ± 0.329, respectively; p = NS) and CCDC51 (1 ± 0.122 vs 1.063 ± 0.335, respectively; p = NS) 
is similar. The ∆ψm of WT mice is sensitive to ATP ([ATP 30μM] 0.5 ± 3.9 AFU vs. [ATP 3000 μM] 7.493 
± 4 AFU; p = 0.035)  Dose response curves demonstrated that mouse WT cardiac ∆ψm  ATP sensitivity 
was reduced by acidic pH and by Phosphatidylinositol Biphosphate (PIP2). Finally, pharmacologic ROMK 
inhibition had no effect on the ATP sensitivity of mitochondrial membrane potential in either WT or 
TGSUR2A-55 mice.  
 
Discussion: We found that the potassium channels, ROMK and CCDC51, are present in the heart 
mitochondria of WT and TGSUR2A-55 mice. Our results demonstrate that cardiac ∆ψm  is sensitive to ATP 
with properties consistent with a mitoKATP channel. Finally, we found that ROMK inhibition has no affect 
on mitoKATP activity in either WT or TGSUR2A-55 heart mitochondria. ROMK is unlikely to participate as a 
mitoKATP channel. Further research to study whether SUR2A-55 associates with CCDC51 as a mitoKATP 
channel are needed. 
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Creation of Disease-Inspired Engineered Aortic Valve Models  
to Study Sexual Dimorphic Features of CAVD Progression 

 

Lysmarie Figueroa-Rios, M.S.1, Noah Pollard, B.S.1, Krystin Masters, Ph.D.1 

1University of Wisconsin Madison - Biomedical Engineering Department  

Calcific aortic valve disease (CAVD) is the most common valve disease, with no effective treatment other 

than total valve replacement. CAVD also exhibits sexual dimorphism, as females present with more 

fibrosis, and males with more calcification, for the same degree of stenosis. The reasons for these sex-
dependent fibrocalcific outcomes remain unknown. In this work, we made 3D tissue-engineered models 

of the valve extracellular matrix (ECM) at different stages of disease, to investigate sexual dimorphism in 

pathological behaviors of male and female valvular interstitial cells (VICs). Early disease was modeled 

by enrichment of glycosaminoglycans (GAGs) in a collagen-based matrix, while late disease combined 

both GAG and collagen fiber enrichment. Sex differences were evident in the early -stage model, with 

males showing higher fibrotic expression. Moreover, while GAG enrichment alone did not stimulate 

significant elevation of disease markers, increased density of collagen fibers significantly increased 
fibrotic hallmarks, particularly in female VICs; the responsiveness of male VICs was more muted. To 

examine whether these outcomes were specific to the increase in fibers or an overall increase in 

collagenous protein, early and late-stage models were adjusted to contain an equal amount of fibers 

without altering total protein density. Results indicated that the fiber enrichment is essential to drive VIC 

fibrotic responses. It was also found that the presence of GAGs in the engineered system was necessary 

to replicate native behaviors. The use of disease-inspired models in CAVD research provides us an 

opportunity to understand the reasons for sex dimorphism in CAVD progression. 
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Do Men and Women Regulate Cerebral Blood Flow Differentially During Hyperoxia? 

 
Travis L. Haley1, Jessica D. Muer1, Kaylin D. Didier1, Brett M. Wannebo1, Sophie Sanchez1, Oliver  

Wieben2,3, Marlowe W. Eldridge4, William G. Schrage1 

 

1University of Wisconsin-Madison, Department of Kinesiology 
2University of Wisconsin-Madison, Department of Medical Physics 

3University of Wisconsin-Madison, Department of Radiology 
4University of Wisconsin-Madison, Department of Pediatrics 

 
Background: Hyperoxia reduces cerebral blood flow (CBF), although substantial variability exists in 
magnitude (8-33%) as well as whether hypocapnia explains some of the vasoconstriction.  Hyperoxic 
vasoconstriction may be mediated by excessive reactive oxygen species (ROS) signaling. Interestingly, 
no studies have directly assessed whether CBF regulation during hyperoxia is sex-specific. This is 
important as men and women may be differentially impacted whether hyperoxia is use in military 
occupations or even intensive care units; given females are broadly predicted to have lower ROS stress 
and/or greater antioxidant capacity than males. Therefore, we hypothesized hyperoxia will decrease CBF  
more in males than females.  
 
Methods: Healthy, young, normal weight adults (n=6; 3 female; 3 male) underwent a magnetic resonance 
imaging (MRI) study visit. 2D phase contrast (2D-PC) MRI was conducted to quantify flow through both 
internal carotid arteries and vertebral arteries, repeated during normoxia and during steady-state 
hyperoxia breathing 100% Oxygen. 1-2% CO2 was supplemented to breathing mask to maintain end-
tidal CO2 (ETCO2).  Heart rate (HR), mean arterial pressure (MAP), and ETCO2 were monitored. CBF 
was analyzed as absolute flow (ml/min) or relative to total brain volume (gray matter + white matter). 
Significance was determined using a repeated measures ANOVA and significance was set at p≤0.05.  
 
Results: Results are mean±SD. HR, MAP, and ETCO2 were similar between sexes and did not change 
between Normoxia and Hyperoxia (p>0.05). Hyperoxia tended to decrease CBF (p=0.07), but this effect 
was not different between sexes (p=0.69). CBF expressed relative to brain volume displayed a similar 
pattern.  
 
Discussion: Contrary to our hypothesis, the CBF response to hyperoxia did not differ between men and 
women. 
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Pairwise Biosynthesis Establishes Ion Channel Balance and Mitigates Arrhythmia. 

Margaret B. Jameson, Erick B. Rios-Perez, Fang Liu, Catherine Eichel, Avtar Roopra, and Gail A. 
Robertson 

 
The coordinated expression of ion channels at the plasma membrane of cells underlies cardiac rhythms, 
neural signaling, cell cycle progression, and a host of other physiological processes involving every cell 
and tissue type in the body. Perturbation of this balance results in disease, yet the underlying 
mechanisms of physiological control are poorly understood. Here we examined ion channel expression 
from transcriptomics to translation. Using human myocardium and cardiomyocytes derived from induced 
pluripotent stem cells, we report that the expression of ion channel transcripts encoding components of 
the ventricular action potential is highly correlated. We showed that ion channels  are synthesized as 
heterotypic pairs from discrete, interacting mRNA molecules through single -molecule fluorescence 
techniques and biochemical and electrophysiological approaches. Remarkably, targeted depletion of one 
species concomitantly reduced expression of the others and mitigated proarrhythmic behavior that would 
otherwise arise from the selective reduction of a single channel species. We propose that, on the 
background of coarse regulation of the transcriptome, pairwise mRNA assemblies, or microtranslatomes, 
confer stability through tandem biosynthesis and coregulation of electrically complementary ion channels 
mediating cardiac repolarization. Such assemblies may be a general mechanism determining the 
composition of macromolecular complexes where the quantitative balance of components is essential to 
function.    
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Background: Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a heritable disease 

characterized by adrenergic stress-induced tachycardia, despite a structurally and functionally normal 

heart at rest. The arrhythmogenic mechanism of CPVT involves disruption of calcium handling caused 

by mutations in the genes encoding ryanodine receptor 2 (RYR2) or cardiac calsequestrin (CASQ2) . This 

genetic disease can lead to sudden cardiac death (SCD) in children and young adults during physical or 

emotional stress. Prior CPVT studies have focused on calcium regulation, but mechanical functionality 
has rarely been investigated in vitro. 

Methods: In this research we combine human induced pluripotent stem cell (hiPSC)-derived 

cardiomyocytes from a patient diagnosed with CPVT harboring the H2464D mutation in RYR2 and a 

healthy familial control with an engineered culture platform to evaluate mechanical function. Substrates 

with Young's modulus ranging from 10 to 50 kPa were used in conjunction with microcontact printing of 

ECM proteins into defined patterns for subsequent attachment. Digital Image Correlation (DIC) was used 

to evaluate full-f ield collections of spontaneously contracting cells. The amplitude of contractile strain, as 
well as the rate of spontaneous contraction events, were utilized as quantitative indicators of functionality 

and disease severity. 

Results: The maximum amplitude of contractile strain was statistically significantly higher in the CPVT 

patient-derived groups compared to the healthy control groups. The maximum contractile strain was 

greater in the patient line by 19.7% (p < 0.0001), 32.8% (p < 0.0001), and 24.3% (p < 0.001) on 10, 30, 

and 50 kPa substrates, respectively. Additionally, the patient cell line had a statistically significantly 

slower intrinsic contraction rate than the control, with the mean contraction rate 45.7% lower in the patient 

line (p < 0.0001).  

Discussion: Differences in mechanical strain have not been previously reported, and hypercontractility 

is not a known characteristic of CPVT. However, functional changes can occur as the disease progresses, 

thus this observation may not represent behavior observed in adolescent and  adult patients. These 

results add to the limited studies of mechanical function of human and murine CPVT cardiomyocytes 

reported in literature and identify functional differences that should be further explored.  
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Background: Human patients carrying genetic mutations in RBM20 develop a clinically aggressive 
dilated cardiomyopathy (DCM) characterized by early onset heart failure, high mortality, and sudden 
death. RBM20 has two primary domains, an RNA recognition motif (RRM) that binds RNA and an 
arginine/serine (RS)-rich domain that mediates spliceosome assembly and nuclear localization. Reported 
data have shown that mutations in the RS domain lead to severe DCM. Loss of the RRM domain in 
RBM20 has been shown to disrupt the splicing of RBM20 target transcripts but does not lead to DCM. 
The objectives of the present study were to determine the functional role of the RS domain in DCM and 
examine the mechanisms. 
 
Methods: Mice expressing RBM20 lacking the RS domain (Rbm20ΔRS) were generated using 
CRISPR/Cas9 technology. Cardiac structure and function in Rbm20ΔRS mice were assessed by histology 
and echocardiography. RBM20 localization was determined in the hearts of Rbm20ΔRS and Rbm20ΔRRM 
mice by immunohistochemical staining. Splicing of titin and other RBM20 target transcripts was evaluated 
by agarose gel electrophoresis and RNA-sequencing, respectively. In silico analysis was performed to 
identify putative nuclear localization signals (NLSs) within the RS domain of RBM20. Mutant RBM20 
constructs were ectopically expressed in H9c2 cells to define the RBM20 core NLS and established the 
roles of RS domain phosphorylation and D1 sequence integrity in nuclear import.  
 
Results: Male and female Rbm20ΔRS mice developed a DCM-like phenotype characterized by ventricular 
dilation and impaired systolic function, that is more severe in females. Splicing of RBM20 target genes, 
including Ttn, was disrupted in both Rbm20ΔRS and Rbm20ΔRRM mice. However, RBM20 was mis-localized 
to the sarcoplasm only in the hearts of Rbm20ΔRS mice, indicating that mis-localization of RBM20 rather 
than disrupted splicing is key in DCM pathogenesis. In silico analysis identif ied two putative NLSs within 
the RS domain of RBM20 (D1 and D2) and follow-up in vitro experiments revealed that only D1 is critical 
for nuclear import. The results of Ser-to-Ala or -Asp mutagenesis indicate that phosphorylation of the RS 
domain does not affect RBM20 localization. Analysis of the localization of RBM20 constructs with DCM-
associated mutations revealed a critical role for D1 amino acid composition, with even conservative 
amino acid substitutions disrupting nuclear import of the protein. 
 
Discussion: We show that the RS domain is a key element for RBM20 cardiomyopathy. Particularly, 
disruption of the amino acid sequence of the D1 core NLS leads to loss of RBM20 from the nucleus and 
is causative in DCM. Phosphorylation in the core NLS is dispensable for nuclear localization.  Our 
experimental data suggest that stabilizing the complex formed between importer proteins and the 
disrupted core NLS sequence may benefit RBM20 cardiomyopathy caused by genetic mutations.  
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Background: Single muscle fibers (SMFs) are multinucleated single cells that are functionally classified 
as fast- or slow-twitch. Post-translational modifications (PTMs) and isoforms of myofilament proteins 
within SMFs have profound effects on fiber functional properties. To better understand biology occurring 
at the single fiber level, methods to analyze proteins within SMFs are needed. Top-down mass 
spectrometry (MS)-based proteomics is a premier technology for the analysis of proteoforms – protein 
products that arise from single genes due to events such as genetic mutations, alternative splicing, and 
PTMs. Conventional proteomics methods extract proteins from large pieces of muscle, which represents 
an ensemble measurement of  heterogeneous mixture of fast/slow-twitch SMFs, connective tissue, and 
blood vessels. Therefore, we have developed a highly sensitive top-down proteomics strategy for the 
analysis of SMF proteoforms, which revealed distinct fiber-to-fiber proteoform profiles.  
 

 

Methods: In brief, SMFs were dissected from rat vastus lateralis (VL), plantaris (PLN), and soleus (SOL) 
hindlimb muscle in relaxation buffer containing protease and phosphatase inhibitors. To minimize sample 
losses, a one-vessel extraction method was used to extract myofilament proteoforms from SMFs using 
MS-compatible solvents and a freeze-thaw lysis. Online liquid chromatography-MS was performed using 
a capillary reversed phase column and a Newomics microflow-nanoelectrospray ionization source 
housing a 10 μm inner diameter multinozzle emitter. MS data were acquired using a Bruker maXis II 
quadrupole time-of-flight mass spectrometer. The MS data was analyzed using Bruker DataAnalysis and 
MASH Explorer. 
 

 

Results: The data revealed distinct differences in PTMs and isoform expression in SMFs across different 
muscles. VL and PLN SMFs expressed myofilament proteoforms in their fast isoforms, whereas SOL 
SMFs contained myofilament proteoforms in their slow isoforms. There were notable instances of 
proteoform heterogeneity in sarcomeric proteins such as α/β tropomyosin, cypher 2s/4s, troponin (I, C, 
T), and myosin light chain (MLC) isoforms. In particular, phosphorylation of MLC-2 was heterogeneous 
across fibers from the SOL and VL, displaying up to six-fold changes. In addition, the online LC-MS/MS 
method effectively characterized highly homologous isoforms such as the fast, slow, and ventricular 
isoforms of MLC-1. Fiber-to-fiber changes in troponin T isoforms were shown, which demonstrates the 
diversity of isoform expression at the single fiber level. Lastly, f iber-specific isoforms of myosin heavy 
chain (223 kDa) were measured for the first time from SMFs and used to classify each SMF.  
 

 

 

Discussion: Our novel top-down proteomics method is highly sensitive which enabled successful 
extraction and characterization of contractile proteoforms within single muscle cells. Performing top -down 
proteomics at the single fiber level provides a more accurate assessment of fiber -specific proteoforms 
compared to bulk tissue analysis, providing new molecular insights at the single fiber level. In the future, 
we plan to implement this high sensitivity top-down proteomics method to measure proteoforms from 
single stem cell derived-cardiomyocytes for the study of maturation during the differentiation process. 
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Background: Heart failure is the leading cause of morbidity and mortality worldwide, with no current 
therapeutic interventions. Stimulation of adult heart regeneration to replace the damaged cardiac tissue 
has enormous therapeutic potential for treatment of heart fai lure. In contrast to the adult heart, the 
neonatal mouse heart demonstrates a remarkable ability to regenerate after injury, which presents a 
unique model to study the mechanisms that regulate heart regeneration. During cardiomyocyte 
maturation a metabolic shift occurs, where the primary energy source shifts from glycolysis to fatty acid 
oxidation, this metabolic shift results in the loss of heart regeneration. Recent work in our lab showed 
that promotion of glycolysis after adult myocardial infarction injury can promote heart regeneration. 
Interestingly, a recent study demonstrated that mechanistic Target of Rapamycin Complex 1 (mTORC1) 
hyperactivity shifted the primary energy source to glycolysis from fatty acid oxidation in the adult heart. 
However, the role of mTORC1 in heart regeneration is not yet defined. Thus, we hypothesize that 
mTORC1 will be required for heart regeneration, and hyperactivation of mTORC1 will stimulate adult 
heart regeneration. Elucidating the role of mTORC1 during heart regeneration will provide key insights 
on the metabolic regulation during heart regeneration, as well as uncover potential targets for therapeutic 
intervention to stimulate adult heart regeneration. 
 
Methods: To examine the role of mTORC1 during heart regeneration I utilized the neonatal mouse 
myocardial infarction (MI) model. In this model a suture was ligated around the left anterior descending 
artery, preventing blood flow to the left ventricle. This resulted in a clinically significant MI in the left 
ventricle that is similar to those observed in human patients. Mice were then treated with the mTORC1 
inhibitors rapamycin or everolimus during the regenerative period. Regeneration was then analyzed via 
histological and immunofluorescent techniques to examine the requirement of mTORC1 during neonatal 
heart regeneration. 
 
Results: mTORC1 inhibition during neonatal regeneration prevents the endogenous heart regeneration, 
resulting in cardiac hypertrophy and scar tissue formation. As cardiomyocyte proliferation is key to 
regeneration through replenishing the damaged myocardium with new cardiomyocytes, we next 
examined cardiomyocyte proliferation, which demonstrated that mTORC1 inhibition significantly 
decreases cardiomyocyte proliferation and cytokinesis after MI. Additionally, mTORC1 inhibited hearts 
undergo cardiac hypertrophy and individual cardiomyocyte hypertrophy. However, it is not yet clear how 
mTORC1 inhibition led to the reduction in cardiomyocyte proliferation that resulted in the loss of heart 
regeneration, thus warranting further studies. 
 
Discussion: Previous literature demonstrates that metabolic state during heart regeneration is key to 
the promotion or inhibition of heart regeneration. We demonstrated that the function of known metabolic 
regulator mTORC1 is critical for heart regeneration, with mTORC1 inhibition preventing endogenous 
heart regeneration. Further examinations are needed to examine the mechanism through which 
mTORC1 inhibition prevents heart regeneration, and whether mTORC1 hyperactivation can s timulate 
adult heart regeneration. 
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Background: Human induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs) are commonly 
utilized in in vitro models for heart disease. Three-dimensional engineered cardiac tissue (ECT) 
constructs using purified hiPSC-CMs have emerged as appealing model systems due to their closer 
representation of heart tissue complexity Recent studies suggest that widely-used metabolic (lactate) 
purification of monolayer hiPSC-CM cultures, when compared to magnetic antibody-based (Miltenyi) 
purification, results in an ischemic phenotype with aberrant contractile parameters, poor beta-adrenergic 
response, increased global stress response, and altered sarcomere phosphorylation1. Herein, our 
objective was to investigate if these initial responses to lactate purification persist when the cells are 
subsequently established into ECTs. 
 

Methods: hiPSC-CMs were differentiated using the monolayer-based, bi-phasic modulation of Wnt 
signaling protocol (GiWi protocol) and purified using either a lactate-based media or magnetic antibody-
based depletion of the non-myocyte cell populations. Both purification methods resulted in over 98% 
cTnT+ hiPSC-CMs measured by flow cytometry. After purification, hiPSC-CMs were combined with 
hiPSC-cardiac fibroblasts to create 3D ECT constructs and maintained in culture for four weeks. Isometric 
twitch force and Ca2+ transient measurements were performed to characterize contractile performance 
and beta-adrenergic response between the lactate and magnetic purification ECTs (n=7 for lactate, n=5 
for magnetic). Using the same ECTs2, proteins were extracted and analyzed using integrated liquid 
chromatography-mass spectrometry (LC-MS)-based approaches to obtain a “bird’s eye view” of the 
sarcomere sub-proteome to quantify changes in PTMs as well as a whole-proteome profiling of protein 
expression.  
 

Results: Functionally, the lactate ECTs displayed similar magnitude of twitch force, overall contraction 
times, and overall relaxation times to the magnetic ECTs. Time to peak and decay in calcium transient 
measurements were also the same. Global proteomics revealed little differences between  with 99.45% 
overlap in protein expression (30 differentially expressed proteins out of 5500 proteins quantif ied). 
Reactome, PANTHER, and KEGG pathway analyses reveal no significant pathway trends with 
differentially expressed proteins, particularly in keyword pathways “mitochondria”, “apoptosis”, “reactive 
oxygen species”, and “microtubule”. Total phosphorylation of α-tropomyosin, myosin light chain 2v, and 
cardiac troponin T was consistent between conditions. Relative quantitation of these proteins also 
revealed no significant changes in sarcomeric protein expression levels.  
 

Discussion: Our results reveal that lactate selection of hiPSC-CMs generate 3D ECTs constructs with 
phenotypes similar to magnetically selected hiPSC-CMs. This study suggests that lactate purified hiPSC-
CMs may recover phenotypically in three-dimensional constructs with time in culture. These data support 
the reliability of lactate purification for the generation of 3D hiPSC-CM constructs, with the advantage of 
increased cost savings compared to current magnetic antibody-based approaches. 
 

1 Davis, J. et al. In vitro model of ischemic heart failure using human induced pluripotent stem cell-derived 
cardiomyocytes. JCI Insight 6, (2021). 

2 Melby, J. et al. Functionally Integrated Top-Down Proteomics for Standardized Assessment of Human 
Induced Pluripotent Stem Cell-Derived Engineered Cardiac Tissues. JPR 20, (2021). 



Poster #15 
 

Comprehensive Analysis of Phospholamban Proteoforms Enabled by Photocleavable Azo 
Surfactant and Top-down Proteomics 

Holden Rogers1, Eli Larson1, Kalina Rossler2, Jake Melby1, Austin Carr1, Kyle Brown1,3 and Ying Ge1,4,5 

Department of Chemistry1; Department of Molecular and Cellular Pathology2; Department of Surgery3; 

Department of Cell and Regenerative Biology4; Human Proteomics Program5, University of Wisconsin-

Madison, WI 

Background: Phospholamban (PLN) is a regulatory membrane protein in the cardiac sarcoplasmic 

reticulum; its interaction with Ca2+-ATPase SERCA2a is essential in controlling muscle contraction 

through calcium ion concentration. The function of PLN is determined by post-translational modifications 
(PTMs), most notably palmitoylation and phosphorylation. Both palmitoylation and phosphorylation sites 

have been implicated in cardiomyopathy; however, proteomic-based efforts by mass spectrometry (MS) 

have not been able to distinguish site occupancy of phosphorylated proteoforms. Reproducible 

extractions, chromatographic separation performance, fragment coverage of PLN, and localization of 

phosphorylation sites remain challenging in PLN characterization.  

Methods: We implemented top-down proteomics in conjunction with our novel photocleavable anionic 

surfactant Azo and a robust LC-MS method to analyze PLN in swine and human cardiac tissue. 
Membrane proteins were extracted using a two-stage extraction. Cytosolic proteins were depleted using 

an ammonium bicarbonate extraction. Membrane proteins were extracted by adding Azo to pelleted 

tissue followed by homogenization and centrifugation. Azo was subsequently cleaved by UV-irradiation 

and extracts were concentrated and desalted using molecular weight cutoff f ilters. Proteins were 

separated with a Waters nanoAcquity LC using online reverse-phase liquid chromatography on a C2 

column coupled to a Bruker maXis II quadrupole time-of-flight MS for detection and fragmentation. Data 

was analyzed using Bruker Compass DataAnalysis v. 4.3 and MASH Native v. 1.0.  

Results: Our platform enabled consistent and reliable extraction of hydrophobic proteins from cardiac 

tissue. Total ion chromatograms and extracted ion chromatograms demonstrated reproducibility across 

extraction and injection replicates. The analysis of Azo extracts revealed varying PLN proteoforms, and 

included single/dual phosphorylation, palmitoylation, and their combination. Tandem MS/MS data 

demonstrated reproducible fragmentation coverage of the hydrophobic region of PLN, resulting in 53% 

and 34% sequence converge for the doubly and singly phosphorylated proteoforms, respectively.  

Discussion: Herein, we have developed a reproducible top-down LC-MS/MS method enabled by Azo 

for extraction and chromatographic separation of PLN from cardiac tissue to comprehensively analyze 
proteoforms and localize modifications sites. Fragmentation of the cytosolic region where 

phosphorylation sites reside could be enhanced with multiple tandem MS/MS strategies including online 

electron-transfer dissociation or direct infusion electron-capture dissociation on the FT-ICR. 

Prospectively, this method will be crucial in its application to cardiac diseases such as ischemic 

cardiomyopathy, as well as chamber comparisons that examine the regional heterogeneity in human 

hearts. 
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Background: Cardiac Myosin Binding Protein C (cMyBP-C) is a thick filament accessory protein that 

dynamically interacts with actin and myosin and thus acts as a regulator of cardiac performance. 

Mutations in this protein commonly lead to truncation of cMyBP-C resulting in haploinsufficiency and lead 

to hypertrophic cardiomyopathy (HCM) in humans. cMyBP-C knockout mice exhibit progressive 

hypertrophy, reduced ejection fraction and prolonged relaxation times, mimicking some of the symptoms 
of HCM. The R495Q mutation is located in the C3 domain of cMyBP-C, but the physiologic role of the C3 

domain to overall protein function remains unknown. This mutation alters the predicted electrostatic 

properties of the domain, and the residue is located in a positively charged patch that offers promising 

potential for protein-protein interactions. We aim to elucidate the mechanism by which this mutation 

causes HCM.  

Methods: Human induced pluripotent stem cells (hiPSCs) were CRISPR/Cas-9 edited by the Waisman 

center to introduce the R495Q mutations 495 RR (WT), 495 RQ (heterozygote) and 495 QQ 
(homozygote) into cMyBP-C. We then differentiated these hiPSCs into cardiomyocytes (CMs) following 

a standard protocol. For mRNA expression levels, 30-day-old cardiomyocytes were dissociated from the 

plates and frozen at -80°C. A Cells to CT protocol was followed which allowed us to complete a RT qPCR 

analysis directly from cultured cells. For protein levels, all protein was harvested from 30-day-old 

cardiomyocytes and stored in RIPA buffer at -80°C. A protein BCA assay was performed on all samples 

to give approximate protein concentration levels. We used an automated, capillary-based immunoassay 

(Bio-Techne, Jess) to determine the amount of our target protein (cMyBP-C) in these samples using a 
rabbit primary antibody against human cMyBP-C followed by an anti-rabbit/horseradish peroxidase 

secondary antibody. cMyBP-C protein levels were normalized to the total protein in the sample. 

Results: The results (expressed as mean ± SEM) show that there is no significant difference in mRNA 

expression of cMyBP-C between WT (n=12) and heterozygote (n=11) [1.55 ± 0.222, 1.072 ±0.0475, 

p=0.265], but when we compare WT (n=12) and homozygote (n=11) [1.55 ± 0.222, 2.95 ± 0.291, 

p=0.0002) or heterozygote (n=11) and homozygote (n=11) [1.072 ± 0.0475, 2.95 +/- 0.291, p<0.0001] 

we see increased expression in the homozygote. The results show that for protein, there is no significant 

difference in normalized protein expression levels across the three genotypes: WT (n=13) vs. 
heterozygote (n=11) (p=0.835), WT vs. homozygote (n=12) (p=0.827), and heterozygote vs homozygote 

(p=0.504).  

Discussion: Our data suggest that the homozygous expression of the mutation R495Q in cMyBP-C 

results in an upregulation of cMyBP-C mRNA levels, but that this upregulation results in no increased 

level of cMyBP-C protein. It also suggests that across all genotypes, there is a relatively constant amount 

of cMyBP-C protein in hiPSC-CMs. These results suggest that the phenotype is not due to 

haploinsufficiency of cMyBPC and that our next steps are the following: first we will perform 
immunohistochemistry to confirm that cMyBP-C is incorporating correctly in the sarcomere in the 495 RQ 

and 495 QQ mutants. We will also create engineered heart tissues (EHTs) with and without the R495Q 

mutation in order to measure the force and kinetics of contraction to determine if there is a contractile 

difference across these mutations.  
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Background: The heart relies on opposing signals from sympathetic and parasympathetic nerves to 
regulate essential cardiac functions. These intricate neuronal networks are susceptible to injury and fatal 
misfiring following an adult myocardial infarction (MI). Remarkably, an MI in the neonatal mouse results 
in robust regeneration and restoration of autonomic functions. Yet, the three -dimensional (3D) 
architecture of nerve development and remodeling in these states has been relatively unexplored. In this 
work, we identify 3D cardiac axon architecture during development, disease, and regeneration.  
 
Methods: We map 3D nerve pattering by employing organ clearing, whole-mount staining, confocal 
imaging. We further define the typical nerve architecture by measuring nerve branching, density, and 
neurovascular association using Imaris, a 3D modeling software. We also identify nerve remodeling in 
regenerative and disease states.    
 
Results: We are particularly interested in the parasympathetic nerve pattering, which are thought to only 
innervate the atrial nodes. Excitingly, our results identif y that dense parasympathetic axon bundles 
innervate the cardiac ventricles. Moreover, we demonstrate that parasympathetic and sympathetic axons 
develop synchronously and are intertwined in the ventricles. We also explore how nerves respond to 
injury. Here, we demonstrate dynamic reinnervation in the regenerated heart following injury, whereas 
the non-regenerated hearts undergo pathological denervation. Excitingly, the nerves that reinnervate the 
regenerated myocardium reestablish sympathetic and parasympathetic axon entanglement. These new 
axons also exhibit neurovascular association with the coronary arteries.   
 
Discussion: We defined and modeled 3D nerve architecture in the cardiac ventricles. We also identified 
that physiological reinnervation occurs during neonatal heart regeneration. T ogether, these results 
expand our knowledge of the development and plasticity of the cardiac nerves during homeostasis, 
disease, and regeneration. 
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Coronary Artery Disease (CAD) is the most common type of heart disease, and the primary cause of 
death worldwide. Several genetic risk factors have been identif ied through Genome Wide Association 
Studies (GWAS), but their function is largely unclear. Among these, the most impactful is the 9p21.3 CAD 
risk locus, a 60 kb gene desert region of the human genome, harboring several Single Nucleotide 
Polymorphisms (SNPs) in high linkage disequilibrium in most ethnicities. Previously, we identified a role 
for the risk haplotype at 9p21.3 in influencing vascular smooth muscle cells (VSMCs) homeostasis and 
function. iPSC derived VSMCs from individuals carrying the risk haplotype at 9p21.3 showed a  
dedifferentiation phenotype and functional alterations consistent with the role VSMCs have previously 
been shown to play in early CAD. Specifically, the 9p21.3 CAD Risk haplotype induces downregulation 
of VSMC markers, increases proliferation rate, and causes loss of adhesion and contraction properties 
in VSMCs. Deletion of the risk haplotype restores the non-risk phenotype, suggesting a gain of function 
effect of the risk variants in this locus. Here, we present a single cell transcriptomic analysis of iPSC-
derived VSMCs with different genotypes at 9p21.3 to dissect the role of this locus in causing cell state 
changes in the vascular wall. Analysis of the risk-driven cell state transition and the identif ication of 
disease-prone cell subpopulations suggest early pathological alterations acting in the muscle layer of the 
arteries. This study provides insights into the early stage of CAD pathogenesis driven by the 9p21 risk 
locus and offers a method to explore the functional impact of human genomic risk regions by using large 
scale genome editing approaches and single cell transcriptomic. 
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Background: The purpose of this study is to better explore potential sex differences of varying immune 

responses between individuals. Immune cells, specifically macrophages, play a role in the development 

of cardiovascular diseases. Females exhibit a greater immune response compared to males; however, 
the mechanistic differences remain unclear. We hypothesized monocytes from females would 

demonstrate a greater expression of pro-inflammatory cytokines (IL-6, IL-8, IL-10, and IL-12p70) 

compared to macrophages from males when exposed to tumor necrosis factor alpha (TNFα).  
 

Methods: 6 young (18-40) healthy adult subjects were included in this study (28 ± 5 years, 22.4 ± 0.66 

BMI, 3 F and 3 M) using an institutional review board (IRB)-approved protocol. Women were studied in 

days 1-5 of their menstrual cycle to minimize sex hormone dif ferences. Peripheral blood samples were 

collected to isolate peripheral blood mononuclear cells (PBMCs).  PBMCs were incubated with anti-

human CD14 microbeads for 15 minutes at 4°C. After washing the unbound antibody, cell separation 

was done using an autoMACS Pro Separator. CD14+ immune cells were incubated for 24 hours in culture 

media. CD14+ immune cells were exposed to 20ng/ml of TNF-α for 30 minutes. The culture media was 
recovered, centrifuged at 100 × g for 1 minute to remove any floating cell debris and assayed to measure 

the resulting expression of pro-inflammatory cytokines (IL-6, IL-8, IL-10, IL-12, and TNF-α). Data were 
analyzed using SigmaPlot. Group comparisons were performed using a two-way repeated measures 

ANOVA with a p < 0.05 significance level. 

 

Results: Data are presented as mean ± standard deviation. TNF-α did not change the levels of IL-6 

(p=0.65), IL-8 (p=0.87), IL-10 (p=0.31), and IL-12p70 (p=0.86). There was no difference between sexes 

in the expression of IL-6 (p=0.21), IL-8 (=0.82), IL-10 (p=0.48), and IL-12p70 (p=0.68) when stimulated 

with TNF-α. IL-6 expression in males and females was 11.0 ± 7.9 and 27.9 ± 15 (pg/mL), respectively. 

IL-8 expression in males and females was 748 ± 446 and 838 ± 688 (pg/mL), respectively . IL-10 

expression in males and females was 8.3 ± 12.9 and 23.7 ± 37.7 (pg/mL), respectively. IL -12p70 
expression in males and females was 1.2 ± 1.7 and 2.3 ± 3.5 (pg/mL), respectively.   

 

Discussion: This study showed that males and females demonstrate a similar pro-inflammatory cytokine 

response to TNF-α stimulation. Results from this study could allow for further exploration of the 
relationship between sex hormones and adaptive immunity in response to increased stress and various 

stimuli. 
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Background: As the 15th leading cause of death in the United States, abdominal aortic aneurysm (AAA) 
is characterized by ≥50% dilation of the abdominal aorta. The lack of medical therapies poses a dire need 
for uncovering the mechanism of the disease. Our previous findings demonstrated that matricellular 
protein thrombospondin-1 (TSP1) was elevated in human and murine AAA. Macrophage-specific TSP1 
knockouts presented smaller aneurysms yet increased rupture rates in the Angiotensin II-induced AAA 
model. Single-cell RNA sequencing showed a higher percentage of smooth muscle cells (SMCs) in 
macrophage-specific TSP1 knockout mice relative to the wild type. We hypothesized that the activity of 
proteins in the apoptosis pathway, such as caspases, might be altered by the loss of TSP1.  
  
Methods and Results: We generated a Thbs1 (gene encodes TSP1) deficient SMC line using CRISPR-
Cas9 gene editing. Apoptosis was induced by treating the cells with 30 ng/ul of TNF-alpha for 24 hours. 
Flow cytometry analysis revealed that Thbs1-/- SMCs were resistant to TNF-alpha-induced apoptosis. We 
next examined the apoptosis pathway using Western Blotting, with a focus on caspase 3, 8, and 9. Our 
results showed that caspase 3 activity (measured by the ratio of cleaved- to pro-caspase 3) was 
significantly decreased by Thbs1 deficiency. Additionally, Thbs1-/- SMCs had lower levels of pro-caspase-
3 compared to wild type. The experimental evaluation of caspases 8 and 9 is still ongoing. 
  
Discussion: Our results suggest that TSP1 plays an important role in cellular apoptosis, at least in part 
by altering caspase protein accumulation and/or activation. Exploring one of the multifaceted effects of 
TSP1 could advance our understanding of the role of TSP1 in cardiovascular diseases alongside other 
diseases such as cancer. 
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Background: LYTACs, or Lysosome Targeting Chimeras, are a growing area of targeted protein 
degradation. These LYTACs are heterobifunctional degraders that can target both a protein of interest 
and targeting for cell internalization and lysosome degradation. Of the methods available for lysosome 
targeting, none is more widely applicable than the Mannose-6-phosphate (M6P) and Mannose-6-
Phosphate Receptor (M6PR) pathway, however the current LYTACs based on M6P utilize general design 
and large multivalences of M6P for M6PR binding and cell uptake. Our goal is to create a structurally 
defined ligand for M6PR binder to streamline LYTAC synthesis and apply it to the degradation of various 
protein targets of interest.  
 
Methods: Synthesized peptide chains were decorated with a designed Mannose-6-phosphonate. These 
peptide chains varied in linker distance and composition to study requirements for uptake via the M6PR 
pathway. The glycoconjugates were linked to a targeting moiety for the protein degradation target (either 
biotin for uptake studies, or an antibody for a specific and relevant target). Several rounds of full chimeras 
were then tested for uptake in liver cells using a fluorescent based assay, and subsequently quantified 
for uptake efficacy.  
 
Results: Our synthetic route for LYTACs streamlines those previously explored for M6P based lysosome 
targeting degraders. Cell uptake studies have shown effective uptake of target proteins at sub micromolar 
concentrations of the chimera which validates the refined models. The designed LYTAC proves capable 
of successfully targeting proteins of interest through both small molecule binders in the model system of 
biotin and streptavidin and antibodies in the specific degradation of epidermal growth factor receptor 
(EGFR). Studies to expand the potential targets it can degrade are ongoing. 
 
Discussion: The synthesis of a Mannose-6-phosphonate for conjugation to a peptide backbone has 
been successful. This synthetic process is streamlined compared to previously explored and is easily 
conjugated to the peptide backbone through a thiol-ene based reaction. While preliminary cell uptake 
studies have been successful and the full chimera was able to bring both a model target and a specific 
relevant target into a cell with good effectivity, there remains further areas for exploration in increasing 
synthetic efficiency and application to degrading a more therapeutically relevant target of interest. We 
plan to utilize the most efficacious LYTAC to degrade relevant proteins in cardiovascular diseases and 
other diseases.  
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BACKGROUND: Normal automaticity of Sino-atrial node (SAN) pacemaker cells is regulated by 
integrated functions within a system of two coupled clocks. The so-called “membrane clock”, dependent 
on the funny current (If), and the denominated “calcium (Ca2+ ) clock”. Intracellular Ca2+ release by 
RyR2 is a key component of the “Ca2+ clock” that accelerates heart rate during sympathetic stimulation 
of SAN cells. So far, the interplay between voltage and the Ca2+ clocks is not completely understood in 
health and disease. Under stress, the pacemaker accelerates its rate due to β-adrenergic stimulation. As 
a result, cAMP levels increase in the SAN cells and the PKA is activated, phosphorylating different 
targets. While cAMP can shift If activation threshold and increase its peak, thus modulating the voltage 
clock, it is not known whether phosphorylation of RyR2 has any effect on the SAN modulation. To 
investigate its role in SAN cells, we generated mice with total phospho-ablation (S2030A) and constitutive 
phosphorylation (S2030D) of this site. The aim is to investigate whether and how RyR2 phosphorylation 
on Ser2030 modulates pacemaker activity.  
 
METHODS: Experiments were performed in homozygous RyR2-S2030A, RyR2-S2030D knock in mice 
and 129S1/SvlmJ wild-type (WT) controls. SAN tissue was isolated and loaded with Fluo-4 AM (20 µM) 
for 1h at 37°C.Intracellular calcium variations were recorded using confocal microscopy to analyze Ca2+ 
transients, waves and sparks in basal conditions and in the presence of 20 nM isoproterenol (Iso).  
 
RESULTS: We show that S2030A and S2030D does not affect the frequency of spontaneous Ca2+ 
transients after treatment with Iso but S2030D show slower frequency in control. However, SAN Ca2+ 
transients decay time is not accelerated in S2030A after Iso compared to S2030D and WT. Moreover, 
S2030A and S2030D show higher Ca2+ spark frequency in stress conditions than WT. Based on overall 
observations, S2030A present cases of pauses and Ca2+ waves triggered by Ca2+ transients as well as 
irregular Ca2+ transients or alternans in S2030D compared to WT but those events need further analysis. 
Those results suggests that altering RyR2 phosphorylation could favor an arrhythmogenic pattern.  
 
DISCUSSION: In conclusion, altering RyR2 phosphorylation at S2030 modifies Ca2+ spark frequency, 
Iso response and favor proarrhythmogenic behavior. Elucidating the mechanisms that control RyR2 
phosphorylation and the functional consequences of this process for the Ca2+ homeostasis of cardiac 
SAN cells is necessary for a better understanding of arrhythmias associated with cardiac pathologies.  
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Background: Heart disease is the largest contributor to death worldwide and research is limited by a 
lack of adequate human tissue in vitro models. To address this need, we developed a protocol for 
generating stretchable, 3D, atrial-like engineered cardiac tissue (ECT) constructs comprised of cardiac 
myocytes (CM) and cardiac fibroblasts, both derived from human-induced pluripotent stem cells (hiPSC).  
 
Methods: Control and atrial-like hiPSC-CM were produced using GiWi differentiation protocol 
supplemented without and with 0.75 µM retinoic acid, respectively. ECTs were generated using hiPSC-
cardiac fibroblasts and Day 30 hiPSC-CM combined in a fibrin matrix and molded via a FlexCell Tissue 
TrainTM system. ECTs were cultured for 30 days and then evaluated for action potentials (AP) as well as 
mRNA and protein expression profiles. A subset of control ECTs were cyclically  and sequentially 
stretched for 7 days up to 18% elongation. Stretch-induced changes were evaluated via transmission 
electron microscopy (TEM) and cell culture medium (LC-MS/MS). 
 
Results: Atrial-like ECTs recapitulated molecular and functional adult atrial phenotypes. They exhibit an 
atrial-like AP with a lack of plateau phase, shorter AP duration, and an increased repolarization fraction 
(p<0.05). Atrial-like ECT show atrial-specific mRNA/protein expression, such as lower ventricular-like 
MYL2 and higher atrial-like MYL7 levels (p<0.05). They also demonstrate distinct contraction mechanics 
with faster kinetics (p<0.05) and decreased normalized contraction force, compared to control ECT. 
Cyclic stretch reduced cardiomyocyte membrane convolution index (estimating membrane tension) and 
density of caveolae membrane structures (p<0.05). The latter was rescued via neutral sphingomyelinase 
inhibitor GW4869 (20 µM, p<0.05) added during stretch. LC-MS/MS of stretch-conditioned culture 
medium revealed decreases in relative sphingomyelins and phosphatidylcholines (p<0.05), indicating 
neutral sphingomyelinase activation and ostensibly, membrane damage. These stretch-induced changes 
were similarly reversed by GW4869. 
 
Discussion: Overall, our findings demonstrate retinoic acid-induced atrial-like phenotype in hiPSC-CM 
is sustained in ECT form at both electrophysiological and molecular levels. We also introduce a novel 
ECT stretch protocol that recapitulates critical changes observed in animal models of pressure/volume 
heart overload that we believe can be leveraged to develop therapies that limit the effects of high 
mechanical stress on cardiac disease pathogenesis.  
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Calcific aortic valve disease (CAVD) is the most prevalent valve disease, affecting 2.5% people in the 

US; this statistic rises sharply to 25% in adults over 65 years of age. Although several characteristics of 

end-stage CAVD have been described, there is still a large gap in knowledge regarding the onset and 

progression of CAVD. This knowledge gap is especially important, as it has hindered the development of 

pharmacological therapies for CAVD; total valve replacement remains the only option for CAVD 

treatment. There are several factors that increase risk of developing CAVD, such as age, smoking, 
hyperlipidemia, diabetes, and biological sex. In CAVD, male sex is not only an indicator of increased risk 

but also a different disease presentation wherein for the same extent of sclerosis, males have prominent 

calcification while females tend to have a fibrotic presentation. Sex differences can arise due to both 

inherent cellular sex and acquired as a result of sex hormones. One such hormone, estrogen, has been 

well-established to exhibit cardioprotective properties in adult females. We suggest that cellular sex is a 

major contributor towards the lower incidence of valve disease in females. Additionally, we also 

hypothesize that sex and estrogen play independent roles in the divergence of disease progression 
among sexes. We will examine the commencement and progression of inflammation and fibrosis in 

valvular cells using pathological stimuli, such as pathological shear stress and pro-fibrotic stimulus TGF-

1. Cells will be treated with estrogen simulating the three main hormonal stages in females, pre-

pubescence, adulthood, and menopause. The cell response to pathological s timuli in the presence of 

absence of estrogen will be documented using a variety of protein and gene expression analyses. Results 

quantifying nascent ECM production of cells over 96h indicate that presence of estrogen affects ECM 

production in both activated and quiescent valvular interstitial cells (VICs) and that estrogen may play a 

protective role in quiescent VICs. We also examined the effect of TGF-1 treatment of estrogen receptor-

 (ER-) levels and discovered that the reduction in ER- upon TGF-1 treatment is smaller in the 

presence of estrogen. This suggests estrogen might mitigate the effect of TGF- signaling via increased 

levels of ER- targeting the Smad pathway. In this study, we will investigate how biological sex and sex 
steroids like estrogen may contribute to progression of CAVD, thereby allowing us to map potential 

pathways involved in the process and informing the future development of sex-specific treatments.  
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Background: Endocardial progenitor cells (EPCs) hold great potential for cardiac and valvular heart 
disease modeling, drug discovery and tissue engineering; yet robust differentiation protocols to 
generate EPCs are lacking. In the current study we developed a monolayer based, small molecule 
induced, hPSC derived EPCs.  
 
Methods: HES3-NKX2.5eGFP/w reporter line was used. hPSCs were cultured for 5d until confluency on 
Matrigel coated plates in mTeSR1 medium and on d0 of differentiation the medium was changed to RPMI 
1640 + B27 supplement without insulin augmented with CHIR99021 (WNT activator) for 24hrs. At d2.75 
the cells were transferred to EPC induction media supplemented with FGF2 and at d5 SLF (FKBP12 

inhibitor) and SB525334 (TGF inhibitor) were added until d9. Cells were collected from d0-d9 for qRT-
PCR or flow cytometry. To promote EPC endothelial to mesenchymal transition (EndMT), d9 EPCs were 
plated on decellularized, porcine aortic valve hydrogels in EndMT differentiation media for 48hrs.  
 
Results: Transient Wnt activation in hPSCs leads to significant expression of MESP1 at d2.75 (qRT-
PCR, P<0.001). Subsequent activation of FGF2 promotes upregulation of HAND2 and ISL1 genes by d5 
as compared to hPSCs (qRT-PCR, P<0.001), consistent with generation of a second heart f ield (SHF) 

precursor.  Addition of BMP type I receptor activator with concurrent inhibition of TGF signaling (SLF + 
SB525334) at the time of SHF intermediary leads to enrichment of a subpopulation of NKX2.5 +CD31+ 

EPCs at d9 as assessed by flow cytometry (46.7%2.0), which also co-express endothelial markers KDR 
and TIE2. qRT-PCR of EPCs is notable for significant upregulation of endocardial genes NFATC1, NPR3, 
and NRG1 (P<0.001). As an initial test of functional capacity, EPCs plated on decellularized valve 
hydrogels undergo EndMT with upregulation of TWIST, MSX1, SMAD6, and downregulation of E-
cadherin (qRT-PCR, P<0.001).  
 
Conclusions: Transient canonical Wnt activation in hPSCs leads to enrichment of MESP1+ precursors, 

which can be specifically differentiated to EPCs through sequential modulation of FGF, BMP, and TGF 
signaling via SHF intermediary. This robust EPC differentiation protocol holds great promise given the 
central role of the endocardium in heart development and pathophysiology.  
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Background: Adolescents are in a key growth period that heavily influences future brain health. 
Approximately 1 in 5 adolescents are obese in the US, and up to half of them exhibit some form of insulin 
resistance (IR). Notably, insulin acts as a metabolic hormone, a neurotrophic growth factor, and a 
vasodilator. Reduced vasodilation may lead to reduced cerebral perfusion, and lower perfusion in older 
adults is associated with reduced cognition and increased risk of stroke and neurologic disease. Given 
this background, IR may negatively impact adolescent brain health in part due to lower brain perfusion. 
Therefore, we hypothesized cerebral perfusion would decrease as the level of insulin resistance increased  
in adolescents.  
  
Methods: Adolescents (n=14, 8 males, 6 females, age 15±2.5 yrs) were studied. IR was estimated by 
calculating HOMA-IR (using fasting glucose and insulin), which spanned a spectrum of IR up to , but 
excluding, diabetes. Subjects underwent a magnetic resonance imaging (MRI) study visit to assess 
cerebral perfusion using arterial spin labeling (ASL). Heart rate (HR) and mean arterial pressure (MAP) 
were assessed at baseline. Significance was determined using linear regression and set at p≤0.05.    
  
Results: Results are mean±SD. HR and MAP were similar across HOMA-IR. Resting total gray matter 
perfusion (ml/100g/min) decreased as HOMA-IR increased (r2=0.425, p<0.012). White matter perfusion 
did not correlate to HOMA-IR (r2=0.024, p<0.671). 
  
Discussion:  Our results suggest that gray matter perfusion decreases as insulin resistance increases 
in adolescents. However, we found no association between white matter perfusion and insulin resistance. 
These findings partially support our hypothesis that cerebral perfusion is associated with in sulin 
resistance in adolescents, which may negatively impact long-term brain health. 
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Background: The purpose of this study is to determine the effect of sex on the pro-inflammatory signaling 

response of immune cells to radiation. Steroid sex hormones impact adaptive immune responses in 
opposite directions, such that estrogen is immune-stimulating, while testosterone acts in an immune-

suppressive manner. We hypothesize that CD14+ immune cells from females will exhibit an amplif ied 

inflammatory response compared to males, as demonstrated by larger increases in pro-inflammatory 

cytokines (IL-6, IL-8, IL-10, IL-12p70, and TNF-α) expression 24 hours post radiation exposure. 

Methods: Human venous blood was collected from 6 healthy young adults (28 ±5 years, 22.4 ± 0.66 

BMI, 3 Male) using an institutional review board (IRB)-approved protocol. Women were studied in days 

1-5 of menstrual cycle. Peripheral blood mononuclear cells (PBMCs) were harvested by density gradient 
separation. PBMCs were re-suspended and incubated with anti-human CD14 microbeads for 15 minutes 

at 4°C. After washing unbound antibody, cell separation was done using an autoMACS Pro Separator. 

CD14+ immune cells were incubated in plates, exposed to 4 gray (Gy) of x-ray radiation, and then 

incubated for 24 hours. CD14+ immune cells were exposed to 20ng/ml of TNF-α for 30 mins. The culture 
media was recovered, centrifuged at 100 × g for 1 minute to remove any floating cell debris and assayed 

for secreted factors, specifically for IL-6, IL-8, IL-10, IL-12p70, and TNF-α. 

Results: Radiation exposure (4 Gy) did not change the levels of IL-6 (p=0.36), IL-8 (p=0.73), IL-10 

(p=0.37), IL-12p70 (p=0.29), and TNF-α (p=0.31) for males and females. TNF-α stimulated expression 
levels of IL-6 (p=0.72), IL-8 (p=0.89), IL-10 (p=0.87), and IL-12p70 (p=0.43) for males and females were 

not different post radiation. There were no sex differences in of IL-6 (p=0.36), IL-8 (p=0.82), IL-10 

(p=0.39), IL-12p70 (p=0.22), and TNF-α (p=0.81) after radiation exposure. 

Discussion: This study demonstrated that male and female immune cells are not different in the 

expression of pro-inflammatory signals after exposure to acute radiation. Further studies are needed to 

investigate if higher doses and increased duration of exposure to radiation could lead to sex differences 

in the adaptive immune response. Future findings could lead to utilization of sex-specific cell-based 
countermeasures focused on harnessing inflammatory response to therapeutic or space exploration 

radiation exposure.  
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Cardiac IKr is an important repolarizing potassium current of the human ventricular action potential. It is 
conducted by heteromeric assemblies of the human ether-à-go-go-related gene (hERG1) 1a and 1b 
subunits. These subunits are encoded by alternate transcripts of the hERG1/KCNH2 gene and differ only 
in their amino-terminal regions. hERG1a/1b heteromerization is vital for normal CM function, as the 
imbalance of the subunit’s expression and/or function results in cellular pro -arrhythmic behaviors. 
hERG1a/1b assembly is mediated by the co-translational association of the encoding mRNAs in HEK293 
cells, cardiomyocytes derived from human induced pluripotent stem cells, and human myocardium. New 
evidence suggests that neither 1a nor 1b proteins are required for the co-translational complex assembly. 
Thus, we hypothesize that hERG1a and 1b mRNAs’ physico-chemical properties, especially their 
structure, contribute to their co-translational association. In an in vitro reconstitution assay, hERG1a and 
1b mRNA transcribed and labeled with Cy3 and Cy5, respectively, undergo phase separation in isolation. 
When mixed, the two transcripts modulate each other’s morphology as represented by size, shape, and 
area covered, suggesting they interact. Synonymous mutations predicted to alter hERG1a secondary 
structure, without affecting channel function, reduce hERG1a and 1b interaction in vitro. Confocal live -
cell imaging in HeLa cells transfected with labeled hERG1a and 1b mRNA show condensate 
morphologies consistent with those seen in vitro. Co-transfection of the in-vitro labeled mRNAs results in 
spatial overlap of the respective signals as well as translation of hERG1b protein apparently within the 
same macromolecular complexes, indicating they are translational. In addition, the findings indicate that 
co-transcription of the mRNAs is not required for their cotranslational association. These results suggest 
that 1a and 1b mRNA physico-chemical properties modulate their association and subsequent co-
translation in live cells. 
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Background: Atrial f ibrillation (AF) often occurs in the setting of atrial volume/pressure overload that is 
associated with atrial dilation and elevated stretch. Stretch-induced Ca2+ mishandling has been 
proposed to underlie the development of atrial ectopic beats that trigger AF, while the molecular 
mechanisms remain elusive. Caveolae membrane structures have been linked to the mechano-chemical 
signal transduction in cardiomyocytes via modulation of cyclic adenosine monophosphate (cAMP)/Ca2+ 
signaling; however, their role in stretch-induced atrial arrhythmogenesis is unknown. 
 

Methods and Results: Cardiomyocyte stretch was induced in ex vivo Langendorff-perfused mouse 
hearts by means of caval and pulmonary vein occlusion. Intra-atrial pressure was equalized through the 
perforated interatrial septum and raised to 15 cm H2O by increasing the pulmonary outflow fluid column. 
Post-experimental histological analysis showed a significant increase (p <0.05) in both cell width (~15%) 
and length (~25%). In isolated myocytes, cell stretch was modelled by hypotonic swelling, which 
increased cell width (by ~30%, p<0.05), but not cell length. Hypotonic swelling induced a reversible rise 
in Ca2+ transient (CaT) amplitude and spontaneous Ca2+ spark (CaSp) frequency. Scanning  ion 
conductance and transition electron microscopy revealed cardiomyocyte surface flattening, with a 2 -fold 
decrease in caveolae density after swelling. Similarly, disruption of caveolae via (1) 10 mM methyl -β-
cyclodextrin or (2) genetic knockout of caveolin-3 increased CaSp level. In all three conditions of caveolae 
disruption, an increase in CaSp activity was prevented via inhibition of cAMP production by adenylyl 
cyclases suggesting a crucial role of cAMP in the observed phenotype. Atrial myocytes were transfected 
with either sarcolemma- or cytosol-targeted Förster Resonance Energy Transfer (FRET) Epac2- camps 
sensors. Swelling induced a sharp reduction of cAMP density close to the sarcolemma and a transient 
rise in cytosol compartment. Immunohistochemical analysis showed higher levels of the cAMP-
dependent protein kinase A (PKA)-phosphorylated RyRs (at both Ser2030 and Ser2808). Inhibition of 
PKA by 1 μM H-89 reduced the level of Ca2+ sparks in swelled cells to the baseline (p <0.05). Then, we 
tested whether the proposed mechanism is present in atrial myocytes from pressure-overloaded 4-weeks 
transaortic constriction (TAC) mice. TAC atrial myocytes showed a 1.6 times higher Ca2+ sparks 
frequency than wild-type myocytes (p <0.01) after inhibition of cAMP production. Computational modeling 
studies linked the observed changes to microdomain-specific redistribution of phosphodiesterases 3 and 
4, which led to abnormal cAMP fluxes and Ca2+ signaling remodeling during stretch.  
 
Conclusions: Our findings demonstrate that stretch provokes Ca2+ mishandling in atrial myocytes via 
caveolae/cAMP/PKA mechano-chemical signal transduction. This mechanism could contribute to atrial 
arrhythmogenesis in the setting of chronically elevated atrial dilation, including hypertension, heart failure, 
and valvular disease. 
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Background: KCNJ2 encodes inwardly rectifying potassium channels (Kir2.1) and plays a key role in 
establishing resting membrane potential and cell excitability. Mutations in KCNJ2 have been linked to 
several clinical phenotypes associated with ventricular arrhythmia and sudden death including Andersen-
Tawil syndrome (ATS) and Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)-like 
phenotypes. It is unclear if the underlying structural-functional relationship is the cause for different 
clinical phenotypes. Here we combine computational molecular modeling and ion current analysis of four 
patients’ KCNJ2 mutations from the Inherited Arrhythmia Clinic: i) 2 (R218L, G300D) with ATS 
phenotype, ii) and 2 (R67Q, V227F) who present with a CPVT-like phenotype. 
 
Methods: Whole-cell patch clamp experiments of WT-Kir2.1 and all four selected mutations were 
performed on stably transfected HEK293 cells using a standard protocol. For structure-based 
investigation, a full-length 3D Kir2.1 tetramer model was developed and mutations were individually 
introduced to the channel. The molecular dynamics (MD) simulation was carried out for 50ns to assess 
each mutation's impact on overall channel conformation compared to WT.  
 
Results: Electrophysiology experiments of homomeric CPVT-like R67Q-Kir2.1 and V227F-Kir2.1 
displayed no current showing that these are loss-of-function mutations. Similarly, homomeric ATS 
mutations G300D-Kir2.1 and R218L-Kir2.1 also showed loss of function and no measurable current. The 
MD simulations revealed that WT conformation of Kir2.1 was more stable compared to mutant structures. 
The conformational changes may disrupt PIP2 binding with the channel that subsequently alter the pore 
region and block the ion conductance path. 
 

Discussion: Combined ionic current and molecular dynamic analysis provided deeper structurefunction 
as well as mechanistic insight into the molecular mechanisms of disease. Comparative conformational 
analysis of WT and mutant revealed the channel's overall behavior and impact on channel functioning. 
This will further help in understanding mutation-specific channel pharmacology and developing targeted 
therapeutic strategies. 
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Background: Caveolar domains in cardiac myocytes coordinate ion channels and signaling molecules. 
Caveolin-3 is expressed in cardiac tissue and is responsible for forming caveolae. IK1, comprised 
dominantly of Kir2.1, has been previously demonstrated to co-localize and directly interact with Caveolin-
3. We previously published that Cav3 and Kir2.1 associate at the sarcolemma, intercalated discs and T-
tubules. However, whether Kir2.1 resides in caveolar domains has not been clearly established. Here we 
investigate the relationship between Kir2.1 and cardiac microdomains. 
 
Methods: Isolated ventricular myocytes from C57/BL6J or Caveolin-3 KO mice were analyzed by voltage 
clamp using standard protocols. Whole heart lysates were analyzed by discontinuous sucrose gradient 
and western blot to isolate caveolar membranes using standard protocols. Sucrose gradient fractions 
were analyzed by co-immunoprecipitation and western blot using standard protocols.  Whole heart 
cryosections were analyzed by Super resolution microscopy (STED) using standard protocols.  
 

Results: Kir2.1 localized to caveolar domains, analyzed by discontinuous sucrose gradient, confirmed by 
the presence of caveolin-3. β2AR localized to the same fractions. Nav1.5 was also found in those same 
microdomains. Interestingly, the majority of Kir2.1 and β2AR was found in fractions representing the bulk 
sarcolemma, suggesting that Kir2.1 co-localizes with β2AR outside of caveolae. Additionally, co-
immunoprecipitation of pooled caveolar fractions (5-7) and sarcolemmal fractions (8-12) revealed Kir2.1 
and Cav3 associated in those fractions. STED microscopy showed striated staining patterns for β2AR, 
indicating t-tubular localization. Additionally, β2AR localized to intercalated discs and the sarcolemmal 
membrane. β2AR showed significant co-localization with Cav3, supporting that β2AR localizes to the 
same membrane domains as Cav3. 
 

Discussion: Kir2.1, β2AR and Nav1.5 were found in caveolar membrane fractions and sarcolemmal 
fractions. The association of IK1 and β2-adrenergic receptor appears independent of caveolar 
microdomains. β2AR also co-localized with Cav3 in whole heart cyrosections, suggesting β2AR localizes 
to caveolar domains. 
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Normal function of the heart is achieved by the orchestrated activity of ion channels and disruption in 
their functional expression can lead to life-threatening arrhythmias. We have found a cotranslational 
interaction between KCNH2, SCN5A, CACNA1C, and KCNQ1 transcripts respectively encoding the 
human ERG (hERG) potassium channel, NaV1.5 sodium channel, CaV1,2 calcium channel and KV7.1 
potassium channel in human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). 
Additionally, mRNA levels and current densities from these channels exhibit an interesting co-knockdown 
effect upon silencing of KCNH2 or SCN5A. Here, we hypothesize that co-depletion of associated 
transcripts and serves a compensatory role, preventing an imbalance of ion channels that could trigger 
arrhythmia. To test this, we recorded electrophysiological activity on a multielectrode array (MEA) from 
iPSC-CMs monolayers serving as proxy for cardiac tissue. Direct block of hERG channels with IC 50 
concentrations of dofetilide significantly prolonged a proxy for action potential duration (pAPD) and 
increased beat-to-beat variability, both markers of pro-arrhythmia. In contrast, transduction of KCNH2 
shRNA resulted in no change in the pAPD, or an unexpected shortening, despite  a reduction of hERG 
mRNA levels by ~60% determined by qPCR. Reduction of SCN5A mRNA levels similarly evoked little 
change in action potential parameters. These results suggest that mRNA association during biogenesis 
acts as a mechanism to maintain cardiac electrophysiology homeostasis. Ongoing experiments are 
aimed at elucidating the mechanism by which shRNA leads to coordinate depletion of associated 
transcripts. Supported by NIH/NHLBI R01HL131403 (GAR). 
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Background: Cardiovascular disease (CVD) is the primary cause of death world-wide. Plasma lipoproteins 
(LDL and HDL) play critical roles in CVD development and progression. The lipid and protein composition 
of lipoprotein particles and how they might influence particle functionality is not well understood. Identifying 
genetic drivers of lipoprotein lipid composition can provide key insights into lipoprotein particle functionality 
and contributions to CVD development. 
 
Methods: In a genetic screen of 500 Diversity Outbred (DO) mice fed a high-fat, high-sucrose diet, plasma 
lipoproteins were surveyed by ion mobility mass spectrometry, enabling us to perform quantitative trait locus 
(QTL) analysis. We identif ied 19 QTL for lipoprotein subclasses in mice. To refine the QTL and link them 
to disease risk in humans, we identified human homologues at each locus that contain SNPs associated 
with lipids in human GWAS. 
 
Results: Asah2, a neutral ceramidase, was identified as strong candidate driver of HDL-2b. Wild-type (+/+), 
or whole-body heterozygous (+/-), or homozygous (-/-) Asah2 knockout mice were fed a high-fat/high-
sucrose diet for 16 weeks. Plasma from female and male mice for each genotype was separated by fast 
protein liquid chromatography (FPLC) to determine cholesterol and triglyceride levels in lipoprotein 
subfractions. Male Asah2-/- mice showed increased cholesterol in typically-LDL sized particles. Cholesterol 
levels were intermediate in male Asah2+/- mice, and unchanged in female Asah2+/- or Asah2-/- mice. 
Cholesterol-enriched fractions from male Asah2-/- mice contained both ApoB and ApoA1, key proteins in 
LDL and HDL particles, respectively. 
 
Discussion: Leveraging natural genetic variation within the DO mouse panel, we identif ied Asah2 as a 
novel driver of plasma cholesterol and lipoprotein size. Additional candidate genes were identified at several 
other QTL and are being considered for experimental validation. Our approach provides insights into 
genetic regulation of lipoprotein size, composition, and functionality, as well as mechanisms by which 
lipoprotein subfractions affect cardiovascular disease risk. 
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Background: Long QT syndrome is characterized by prolongation of the QT interval in the ECG, syncope 
and sudden death. Mutations in genes encoding sarcolemmal ion channels and interacting  proteins 
account for approximately 80% of all cases; however, the genetic links of the remaining 20% cases are 
unknown. Studies of LQTS patients negative for the most common gene mutations have recently 
revealed novel variants in the cardiac ryanodine receptor (RyR2), the Ca2+ release channel of 
sarcoplasmic reticulum that provides the majority of Ca2+ for cardiac contraction. Mutations in RyR2 have 
been implicated in arrhythmia syndromes such as catecholaminergic polymorphic ventricular tachycardia 
(CPVT). R2920Q, an uncharacterized RyR2 mutation, was identif ied in a patient with family history of 
sudden death, syncope and prolonged QT interval. 80 cardiogenes were simultaneously sequenced 
using Haloplex design on a MiSeq device (Illumina) and found negative for mutations. All novel or low 
frequency variants predicted to be damaging were confirmed by Sanger sequencing.   

Methods & Results: To study the mechanisms by which RyR2 dysfunction might lead to LQT, we 
generated a mouse model harboring the RyR2-R2919Q mutation (R2920Q in humans) using CRISPER 
technology.  By echocardiography mice heterozygous and homozygous for the mutation had 
hemodynamic parameters indistinguishable to control littermates (WT).   On the other hand, QTc interval 
in surface ECG of anesthetized mice was prolonged in homozygous mice compared to WT (76±6 vs. 
57±6 ms, respectively). Correspondingly, at the cellular level, ventricular myocytes of homozygous mice 
had prolonged action potential duration at APD75 and APD90 (118±27 and 278±44 ms) compared to WT 
(44±19 and 92±22 ms); 64% of the cells recorded presented early after depolarization (EADs: 9 out of 14 
cells from 3 mice).  In addition, the ventricular myocytes of homozygous mice have depolarized resting 
membrane potential (RMP) -74±1 ms compared to WT -80±2 mV. At the molecular level, we are using 
[3H]ryanodine binding assays and Western blots to determine intrinsic properties of the channel protein.  

Conclusion: We identified a novel RyR2 mutation from a patient with LQT syndrome that resulted in LQT 
phenotype in mice. We are analyzing the mechanisms by which this mutation leads to LQT instead of the 
“classical” RyR2-linked arrhythmogenic syndrome CPVT.  
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Background: Brugada syndrome (BrS) is an inherited cardiac arrhythmia characterized by a pattern of 
coved ST-segment elevation on the electrocardiogram in the right precordial leads and an increased risk 
of ventricular fibrillation and sudden cardiac death. Loss-of-function mutations in SCN5A gene have been 
associated with BrS in 20-25% of patients. The primary manifest pathology in BrS occurs in the right 
ventricular outflow tract (RVOT) with areas of low voltage and scar and associated repolarization 
abnormality. Animal models and transient heterologous expression systems to investigate BrS are unable 
to fully model the human right ventricle and outflow tract. Human induced pluripotent stem cell -derived 
cardiomyocytes (hiPSC-CMs) provide a source of patient-specific cells to enable new understanding of 
inherited heart disease like BrS, but efficient differentiation approaches to generate specific 
cardiomyocyte subtypes such as RVOT-CMs are lacking. 
Methods: A BrS patient-derived hiPSC line carrying the heterozygous D356N mutation in SCN5A was 
generated (BRSM1). A genetically engineered human embryonic stem cell (hESC) reporter line, hES3- 
TBX5TdTomato/W/NKX2-5eGFP/W, and a normal hiPSC line were also used in this study. The hESC 
reporter line utilizes two important transcription factors in cardiac development, NKX2-5 and TBX5, 
whose combined expression enables recognition and isolation of first heart f ield (FHF) and second heart 
f ield (SHF) progenitors and their derived CMs. Three monolayer -based differentiation protocols were 
developed by modulation of canonical Wnt, insulin, FGF, BMP and noncanonical Wnt signaling to direct 
hPSCs to differentiate to FHF and SHF progenitors and their derived left ventricle (LV) - and RVOT-CMs 
respectively. Flow cytometry, immunolabeling, qRT-PCR, western blot, optical mapping and single cell 
patch- clamp are used to identify and characterize the FHF and SHF progenitors and FHF - and SHF 
CMs. 
Results: Our previously published GiFGF protocol activates the Wnt pathway using the GSK3β inhibitor 
(CHIR) to form mesodermal progenitors followed by bFGF signaling to generate SHF progenitors (NKX2- 
5+/TBX5- ) by day 6-9 in the protocol. Treatment with Wnt5a (noncanonical Wnt ligand), BMP4 and IWP2 
(canonical Wnt inhibitor) of the SHF progenitors promoted differentiation of NKX2-5+/TBX5- , RVOT-like 
CMs using the reporter line. In contrast, differentiation using bi-phasic modulation of Wnt signaling (GiWi 
protocol) promoted NKX2-5+/TBX5+ FHF progenitors by day 9 in the protocol. The hPSC-CMs 
differentiated in the GiWi protocol are primarily NKX2.5+ CMs and all CMs are TBX5+. Interestingly, 
adding insulin at day 0-1 of the GiWi protocol significantly inhibited TBX5 expression and generated 
NKX2-5+/TBX5- SHF progenitors in the early differentiation, and majority of the CMs differentiated by 20 
days being TBX5- , RVOT-like CMs. qRT-PCR showed adding insulin in the GiWi protocol inhibited FHF 
gene expression including TBX5 and HCN4, but promoted SHF gene expression including TBX1, ISL1 
and CXCR4 in the hPSC lines. Since insulin inhibited cardiac differentiation in an Activin A/BMP4 directed 
differentiation protocol, insulin may modulate Activin/BMP signaling. Western blot showed adding insulin 
at the mesoderm formation in the GiWi protocol suppressed phosphorylation of SMAD1/5, but not 
phosphorylation of SMAD 2/3, suggesting insulin inhibited activation of BMP signaling during the 
mesoderm induction. We then tested adding the DMH1, a selective inhibitor of the BMP receptor, instead 
of insulin at day 0-1 in both the GiWi and GiFGF protocols using the reporter line, it showed inhibition of 
TBX5 expression in both protocols. Using above developed protocols, we have different iated the BRSM1 
iPSCs to SHF-RVOT and FHF-LV like hiPSC-CMs with purity of 78-90% cTnT+ cells.  
Discussion: Protocols enabling the differentiation of heart f ield-specific CMs are described which will 
enable disease modeling of BrS in relevant RVOT-like iPSC-CMs as well as provide specific CM types 
for other applications including therapies. 
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Background: Ryanodine receptor 2 (RyR2) is the Ca2+ release channel of the sarcoplasmic reticulum. 
Ca2+ release through RyR2 is an essential component of cardiac excitation-contraction coupling, the 
process that converts action potentials into mechanical contraction. Mutations in RyR2 classically are 
linked to catecholaminergic polymorphic ventricular tachycardia (CPVT), an inherited arrhythmogenic 
disorder with normal heart structure. Emerging reports from patients suggest that RyR2 mutations also 
lead to structural heart disease, notably arrhythmogenic right ventricular cardiomyopathy (ARVC). Unlike 
CPVT, ARVC is a progressive cardiomyopathy characterized by fibrofatty replacement of myocardial 
tissue in addition to ventricular arrhythmia and sudden death. However, the role of RyR2 in ARVC still 
remains controversial due to lack of characteristic histology findings in experimental mice. Here we found 
that the missense mutation RyR2-V2475F, previously identif ied in a 9-year-old patient who suffered 
unexplained drowning, triggers sudden death and ventricular wall thinning with fibrotic infiltrations in 
homozygous (Homo) rabbits. 
 
Methods: RyR2-V2475F rabbits were generated using CRISPR/Cas9 at the Center for Advanced Models 
and Translational Sciences and Therapeutics (CAMTraST) at the University of Michigan.  Rabbits were 
breed and housed in Clinical Science Center. Hearts were collected and fixed in 10% formalin within 12 
hours after sudden death for H&E and Masson’s trichrome staining. Lead II ECGs were obtained in 
conscious rabbits by telemetry under basal conditions, after mild emotional stress or following 
subcutaneous injection 0.5 mg/Kg of isoproterenol to test arrhythmia susceptibility. Mild emotional stress 
was applied by transporting the animal around the laboratory for 30 s. Echocardiography was monitored 
every two months for rabbits under anesthesia at 5-9 months old. 
 
Results: The homozygous RyR2-V2475F mutation in mice is embryonic lethal, as previously reported. 
However, homozygous rabbits are obtained in the expected Mendelian ratio (p=0.632; chi-square). 
Remarkably, 36.84% (14/38) Homo rabbits have experienced sudden death at an average age of 
22.51±3.80 weeks old. Hearts collected from animals suffering sudden death show varied degrees of 
cardiac remodeling: from a normal structure at 12 weeks of age to cardiomyopathy of RV dominance to 
biventricular dilated cardiomyopathy. This phenotype is reminiscent of the progressive stages of ARVC. 
Histological studies confirmed the grossly observed ventricular enlargement with muscle loss and fibrotic 
replacement. During the 4-month echo monitoring, 50% Homo rabbits developed sudden death (2 of 4). 
Hearts of these animals showed RV cardiomyopathy by histology, while left ventricular structure and 
contractile function were normal prior to death (EF%: Homo 42.87±6.17% vs WT 45.62±3.84%, p=0.72). 
These suggest that the left ventricle and RV were affected differently with cardiomyopathy. 
Under basal conditions, Homo rabbits have significant bradycardia (144.6±11.1 bpm) with prolonged QT 
interval (QTc: 180.4±8.2 ms, n=6) compared to WT (HR: 224.9±4.2 bpm, p=0.04; QTc: 157.4±5.3 ms, 
p=0.02, n=5). After isoproterenol injection, WT rabbits showed the expected positive chronotropic 
response (HR: 367±10 bpm, n=3) while Homo animals developed bouts of ventricular tachycardia with 
significantly higher heart rate of 523.2±10 bpm (n=2, p=0.0026). Mild emotional stress triggered 
ventricular arrhythmia in 100% (5/5) Homo rabbits, while WT littermates were unaffected (0/5, p=0.008). 
 
Discussion: This rabbit model, for the first time, recapitulates the characteristic histological and electrical 
features of ARVC in an animal model carrying RyR2 mutation, supporting RyR2 as a causal gene in RV-
predominance cardiomyopathy pathogenesis. This rabbit model will give valuable insights into the 
mechanisms of cardiomyopathy initiated by a primary alteration in a Ca2+-handling protein RyR2. 
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Background: Deep vein thrombosis (DVT) is a common clinical problem, but its cellular and molecular 

mechanisms, particularly the contribution of the vein wall, still remain incompletely understood.  

Methods and Results: We utilized single-cell RNA sequencing to determine the cellular and molecular 
changes within the vein wall during the acute phase (24 h) of DVT, using mouse inferior vena cava (IVC) 

ligation model. Unbiased clustering identif ied 9 cell types composed of multiple subpopulations in both 

DVT and sham conditions. Percentages of each population and their gene expression patterns were 

compared between DVT-bearing and sham groups, revealing early transcriptomic changes across 

vascular and immune cells. Immunostaining confirmed the shift of cell type composition and the existence 

of sub-populations. Notable transcriptome changes induced by DVT included a marked inflammatory 

response, elevated cell death and hypoxia pathways, and globally reduced myogenesis. Moreover, cell-
cell communication analysis uncovered that signaling sent from monocytes/macrophages to vascular 

cells was significantly enhanced by DVT. One of the top 3 elevated pathways was Thrombospondin 

signaling, and the increased expression of  Thbs1 (encodes Thrombospondin-1, TSP1) was responsible 

for the signaling alteration. To examine the role of TSP1 in DVT, we performed IVC ligation in Thbs1 

global deficient mice and myeloid-specific Thbs1 knockout mice. Unexpectedly, in global Thbs1 

knockouts, both male and female mice developed larger thrombi than controls, while myeloid-specific 

Thbs1 knockout increased DVT formation only in male mice.  

Conclusion and Discussion: The vein wall responds to DVT induction with complex cellular and 

transcriptomic changes. At the acute phase, inflammation and cell death and loss of myogenesis are 

prominent. Despite of the established function of TSP1 in platelets, global Thbs1 gene deficiency 

increased thrombus formation. The anti-thrombotic function of TSP1 is likely to be mediated through 

myeloid cells in male mice. Future studies will focus on delineation of the roles of TSP1 in myeloid cells, 

and more importantly investigating whether the sex-dependent functions of TSP1 affect human DVT 

formation and treatments. 

 

 

 

 


