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ABSTRACT OF THE DISSERTATION 

 
In Vitro Modeling of Variable Heart Diseases due to LMNA Mutation via Patient iPSC-

derived Cardiomyocytes 
 

By 
 

Mehrsa Mehrabi 
 

Doctor of Philosophy in Biomedical Engineering 
 

 University of California, Irvine, 2020 
 

Professor Anna Grosberg 
 

 

 

Although it is widely acknowledged that heart disease is the number one killer of 

Americans, what may not be so commonly known is that genetic mutations can cause heart 

diseases. According to numerous studies, many mutated genes cause heart diseases such as 

cardiomyopathies, and arrhythmias, yet the practical diagnosis and treatment for them are scarce. 

Lamin A/C gene (LMNA) is one of the genes that can cause dilated cardiomyopathy, arrhythmia, 

and heart failure. This gene codes for proteins, which create a mesh-like layer under the nucleus 

envelope known as the nuclear lamina. Even though nuclear lamina exists in almost every 

nucleated cell in the body, there are individuals with LMNA splice site mutation (c.357-2A>G) 

who mainly have heart problems. The mechanisms by which LMNA mutations cause heart 

dysfunctions remain a mystery. In this project, human-induced Pluripotent Stem Cells (hiPSCs) 

derived cardiomyocytes have been used to develop an in vitro model of the consequences of the 

mutation on heart function. We demonstrated that it is possible to recapitulate the pathological 

phenotype in vitro by using patient-specific derived cells and tissue engineering techniques, even



 

	 xi 

though the patients do not exhibit symptoms until later in life. Moreover, this in vitro model of 

cardiomyocytes tissues can be utilized to correlate gene profiles, structure, and function of the 

hiPSC-derived cardiomyocytes; thus, elucidating the disease-causing mechanisms. 
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INTRODUCTION 

 Lamin A/C gene (LMNA) is one of the genes that can cause variable heart diseases such as 

dilated cardiomyopathy, arrhythmia, and heart failure [1-3]. A Lamin A/C gene mutation can also 

cause an early aging disease, progeria [4], which is an extreme genetic disorder and less severe 

disease, Emery- Dreifuss Muscular Dystrophy (EDMD)[5]. 

LMNA is located on chromosome 1q21.2-21.3 in humans [6] and codes for lamin A and lamin C 

proteins, which are intermediate filament protein V [7]. They form a mesh-like layer under the 

nucleus envelope known as nuclear lamina [8]. Although both types A and C are encoded from 

the same gene, some post-translation modification result lamin A 664 amino acids, and lamin C 

574 amino acids [6]. The first 566 amino acids of Lamin A and Lamin C are the same. However, 

Lamin A starts its synthesis process as a precursor called prelamin A, which has 98 C-terminal 

amino acids unique to itself. The Cys-Ser-Ile-Met amino acids at the C-terminus of prelamin A 

enzymatic trigger reactions cause farnesylation and carboxymethylation of the cysteine amino 

acid, and endoproteolytic cleavage of the Ser-Ile-Met peptide. After farnesylation, ZMSTE24 an 

endoprotease cleaves 15 of the amino acids connected to the terminal cysteine of prelamin A and 

prelamin A converts to lamin A. Lamin C, on the other hand, only has six unique amino acids in 

the C-terminus, and post-translational farnesylation does not take place for it [6]. Furthermore, the 

lamin A/C is categorized into two groups of released and tethered based on their mobility[9]. The 

unbound lamin is free in the nucleoplasm, and it has more movement than the incorporated lamins 

in the nuclear lamina structure. These two forms of lamins switch their position during the cell 

cycle by (de-) phosphorylation manner [10, 11].  

Besides lamin A/C, there are more proteins involved in nuclear lamina, including two other lamins 

from the lamin family, lamin B1, and lamin B2. Despite lamin A/C, lamin B1 and lamin B2 are 
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encoded from unlike genes located on different chromosomes [12, 13]. In addition to the lamin 

family, there are more proteins, some of which are included in Table 1.1, which directly or 

indirectly interact with lamin A/C proteins [14]. 

Table 1.1: Some proteins interact with lamin A/C 

Genes Protein Name 
ACTB     Actin, beta 
BNIP3L  BCL2/adenovirus E1B 19kDa interacting protein 3-like 
CCND3 Cyclin D3 
EMD     Emerin 
EPB41    protein 4.1R 
FOS      FBJ murine osteosarcoma viral oncogene homolog (c-Fos) 
LEMD3  LEM domain containing 3 (MAN1) 
MAPK1  mitogen-activated protein kinase 3 (ERK2) 
MAPK3  mitogen-activated protein kinase 3 (ERK1) 
MLIP     muscular LMNA-interacting protein 
NARF     nuclear prelamin A recognition factor 
NUP153  nucleoporin 153kDa 
PCNA     Proliferating cell nuclear antigen 
PRKCA  protein kinase C, alpha 
SRB1      Retinoblastoma 1 
RBBP4  retinoblastoma binding protein 4 
SREBF1  Sterol regulatory element-binding transcription factor 1 
SUN1     Sad1 and UNC84 domain containing 1 
SUN2     Sad1 and UNC84 domain containing 2 
TMPO     thymopoietin ( Lamina-Associated Polypeptide 2) 
TTN  Titin (Zastrow 2006) 
URB2     URB2 ribosome biogenesis two homolog (LCO1) 
ZNF239  Zinc finger protein 239 (MOK2) 
SYNE1    spectrin repeat containing, nuclear envelope 1 (Nesprin-1) 
SYNE2    spectrin repeat containing, nuclear envelope 2 (Nesprin-2) 
SIRT1 Sirtuin 1 
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Each protein has a specific or cross interaction with lamin A/C in three groups of connecting lamin 

protein to the cytoskeleton, nucleoplasm, and membrane. Hence, based on which group lamin A/C 

is collaborating with, it has a wide range of accountabilities. As a primary and the most tangible 

responsibility,  lamin A/C maintains the integrity and stabilizes the structure of nuclei [8]. Thus, 

any mutation in LMNA appears in nuclei phenotype primarily as “blebbing” [4, 15]. Moreover, 

lamin A/C incorporates in regulating gene expression, DNA replication [16], mechanotransduction 

[17], signal transduction, chromatin organization, and transcription [18]. 

Lamin A/C exists in almost all nucleated cells in the human body, and it plays an essential role in 

the development, proliferation, and differentiation of the cells [19]. Human embryonic stem cells 

do not express this protein, but by the time the cells transform to the more developed state, a trace 

of lamin A/C appears, and it increases throughout the differentiation pathway [20].  

The amount of laminA/C varies in different organs in the human body and scales with increasing 

the extracellular matrix stiffness of the organ [21]. Based on the elasticity of the tissue, the brain 

has the lowest, and bone has the highest amount of lamin A/C. The amount of lamin A/C in the 

heart and skeletal muscle is similar, and the level is between the lung and bone tissues.  

Since LMNA expresses in all nucleated cells in the human body, there is an expectation that any 

mutation in the gene affects the whole body. In progeria, this expectation is valid as the individuals 

with progeria have extreme symptoms all over their body, including skin, bone, skeletal muscle, 

and heart [22]. The symptoms appear 12-18 months after birth, and they get worst with age such 

that an eight-year-old kid has the appearance of an 80-year-old individual. Their life span, on 

average, is not more than 14.5 years, and they pass away because of heart failure.  

The less cruel disease due to LMNA mutation is EDMD. The individuals with this disease have 

primary symptoms in their skeletal muscles when they are ten years old, and they start having heart 
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symptoms in their early 30s. The expectancy of having a wide range of symptoms all over the body 

due to LMNA mutation is not followed because the third group of patients with an LMNA mutation 

has exclusive heart diseases. All diseases mentioned above happens due to different mutations in 

LMNA, which exists all over the body and they have different severity and consequences in various 

part of the body, but almost all patients die because of heart failure or heart diseases. The 

mechanism of how the differences happen in various diseases due to LMNA mutation is unknown. 

Therefore, this thesis focus on patients with specific LMNA splice site mutation (c.357-2A>G) 

who have exclusive heart diseases to elucidate the mechanism of diseases and correlate the gene 

profile with function and structure of cardiomyocytes via induced Pluripotent Stem Cells (iPSCs) 

derived cardiomyocytes in vitro.  
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Abstract 

 Nuclear shape defects are a distinguishing characteristic in laminopathies, cancers, and 

other pathologies. Correlating these defects to the symptoms, mechanisms, and progression of 

disease requires unbiased, quantitative, and high-throughput means of quantifying nuclear 

morphology. To accomplish this, we developed a method of automatically segmenting 

fluorescently stained nuclei in 2D microscopy images and then classifying them as normal or 

dysmorphic based on three geometric features of the nucleus using a package of Matlab codes. As 

a test case, cultured skin-fibroblast nuclei of individuals possessing LMNA splice-site mutation 

(c.357-2A>G), LMNA nonsense mutation (c.736 C>T, pQ246X) in exon 4,  LMNA missense 

mutation (c.1003C>T, pR335W) in exon 6, Hutchinson-Gilford Progeria Syndrome, and no 

LMNA mutations were analyzed. For each cell type, the percentage of dysmorphic nuclei, and 

other morphological features such as average nuclear area and average eccentricity were obtained. 

Compared to blind observers, our procedure implemented in Matlab codes possessed similar 

accuracy to manual counting of dysmorphic nuclei while being significantly more consistent. The 

automatic quantification of nuclear defects revealed a correlation between in vitro results and age 

of patients for initial symptom onset. Our results demonstrate the method’s utility in experimental 

studies of diseases affecting nuclear shape through automated, unbiased, and accurate 

identification of dysmorphic nuclei. 

 

 

Keywords: Nuclear Envelope, Dilated Cardiomyopathy, Computer-Assisted Image Analysis, LMNA Mutations, 

Fluorescence Microscopy 
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Introduction 

Abnormal cellular structures arising from proteins expressed by mutant genes can 

negatively impact tissue and organ function, predisposing individuals inheriting genetic mutations 

to disease [23-25]. One particularly severe example is Hutchinson-Gilford Progeria Syndrome 

(HGPS) in which a mutation in the Lamin A/C (LMNA) gene causes premature aging up to seven 

times faster than normal, usually culminating in death due to cardiovascular complications [23]. 

Other types of LMNA gene mutations are associated with a range of heart disease symptoms 

including cardiomyopathy, heart failure, and arrhythmia [2, 24, 26]. While the exact mechanism 

by which LMNA mutations cause heart disease is under investigation, it is known that the LMNA 

gene expresses both the Lamin A and C proteins via alternative splicing. These proteins form the 

integral meshes of the nuclear lamina, which provides structural support to the nucleus [27]. 

Consequently, deficiencies in the nuclear lamina have been shown to perturb nuclear shape by, for 

example, causing the formation of blebs [28]. Indeed, in some patients, different cell types will 

exhibit varied nuclear envelope imperfections such as large defects in cardiomyocyte nuclei and 

the fibroblast defects [29]. This is especially interesting as some nuclear envelope protein 

mutations lead to organ-specific pathologies in patients. For example, there are a variety of LMNA 

mutations including heterozygous splice site, nonsense, and missense mutation, which cause 

diverse heart diseases with no other major pathologies [2, 30, 31]. Furthermore, even patients with 

the same mutation can exhibit a variety of heart disease symptoms with different presentation ages 

from 36-54 years [2]. So far, it has not been shown if subtle differences exist in fibroblasts of these 

patients that would be informative of the variability among the patients with the same mutation. 

LMNA mutations are widely hypothesized to alter the mechanical properties of cell nuclei through 

the production of defective structural proteins, thus compromising the functionality and health of 
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certain cell types [7, 24, 32, 33]. Alterations in nuclear shape have been correlated with changes 

in cellular processes such as gene expression and cell viability [7, 33-35]. Nuclear deformity is 

therefore a pertinent deficiency in cell structure to be considered in investigations patient 

variability. 

While dysmorphic nuclei are a hallmark of many diseases such as laminopathies [7, 28] 

and certain types of cancer [36-38], both unaffected and diseased cell populations can exhibit 

nuclear shape defects [39, 40]. Indeed, nuclei of some cell types are not universally spheroid or 

elliptical, and frequently possess folds, protrusions, and other disturbances in boundary 

smoothness likely involved in normal biological processes [41-44]. This makes the detection of 

additional nuclear defects caused by disease far more difficult. Moreover, the proportion of nuclei 

identified as abnormally shaped through manual observation of either diseased or unaffected cells 

is subjective and user-dependent. Automatic, unbiased detection of dysmorphic nuclei by image 

processing software is, therefore, preferable for both effectively quantifying nuclear shape 

abnormality and determining the extent to which it arises from pathology. 

Many existing methods of automatically detecting irregularities in nuclear morphology 

calculate a single feature related to nuclear shape, measuring nuclear defect levels as the difference 

in mean values of the feature between entire cell populations. Examples include quantifying 

nuclear shape asymmetry averages [45] or the degree of negative boundary curvature averaged 

over entire cell populations [40]. However, such approaches which attempt to capture nuclear 

imperfections as an average of a single morphometric feature across a large number of cells cannot 

identify individual nuclei as normally or abnormally shaped, or determine the proportion of 

dysmorphic nuclei in a tissue. Machine learning is sometimes utilized for the classification of 

disease states based on nuclear morphology, requiring a multitude (>100) of shape features [45]. 
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As with any machine learning algorithm, this is challenging to replicate without performing re-

training and re-validation on each experimental setup. A similar multi-parametric, automated 

approach to describing nuclear morphology using far fewer features could be used to designate 

single nuclei as normal or dysmorphic and evaluate the percentage of defective nuclei within an 

entire population, a simpler, more intuitive, and more easily implemented measure of nuclear 

defect levels.  

 In this work, we have developed a method of automatically segmenting nuclei in two-

dimensional fluorescent images and classifying each as possessing a normal or dysmorphic 

morphology based on three nuclear shape features by a package of Matlab codes. As proof of 

concept, this technique was used to quantify the prevalence of dysmorphic nuclei in skin 

fibroblasts of individuals with three different LMNA mutations (LMNA-CMs), unaffected family 

members and unrelated individuals as negative controls (Controls), and a patient with Hutchinson-

Gilford Progeria Syndrome as a positive control (HGPS). The developed method identifies 

dysmorphic nuclei with accuracy comparable to manual observation in a significantly more 

consistent and unbiased manner and allowed for correlating of subtle differences in nuclear shape 

of fibroblasts to a phenotype the patients presented in the clinic. 

 

Materials & Methods 

Substrate Fabrication 

A 7.6cm x 8.3cm rectangular glass coverslip (Fisher Scientific Company, Hanover Park, IL) was cleaned via 

sonication for 30 minutes in 200 proof ethanol solution. The coverslip was then spin-coated with a 10:1 mixture of 

polydimethylsiloxane (PDMS) and curing agent (PDMS, Ellsworth Adhesives, Germantown, WI), and cured at 65°C 

for at least 12 hours. Finally, the large coverslip was cut into smaller, rectangular 14mm x 12.5mm coverslips using a 

diamond scriber (VWR, Radnor, PA). Coverslips were placed PDMS side facing downward onto 100 µL drops of 
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0.05 mg/mL fibronectin solution for 10 minutes. Coverslips were then rinsed three times in Phosphate Buffered Saline 

(PBS, Life Technologies, Carlsbad, CA) and stored in 4°C PBS until seeded with cells. 

Skin Fibroblast Collection 
  

Human fibroblast cells were collected from three families with different mutations of heterozygous LMNA 

splice-site mutation (c.357-2A>G) [2] (Family A); LMNA nonsense mutation (c.736 C>T, pQ246X) in exon 4 [31] 

(Family B); LMNA missense mutation (c.1003C>T, pR335W) in exon 6 [30] (Family C). Moreover, related 

individuals’ fibroblast cells in each family were collected as mutation-negative controls. Unrelated negative control 

fibroblast cells were purchased from Lonza (catalog# CC-2511) and Coriell (catalog# ND31845, AG14284). Informed 

consent for these studies was performed in accordance with the UC Irvine Institutional Review Board, which specially 

approved this study (IRB# 2014-1253). For positive control, HGPS fibroblast cells were obtained from the Coriell 

Institute for Medical Research (Camden, New Jersey: catalog #AG11513). In this case, the fibroblasts were grown 

from a skin biopsy taken from an 8-year-old female HGPS patient possessing an LMNA G608G point mutation [46]. 

Table 2.1 summarizes the cell sources and the abbreviations used for each group in this manuscript. 

 

Cell Sources Abbreviation Passage # 

Patients in families with LMNA mutations, but only heart 
disease as the main pathology LMNA-CM 7 

The family in which some of the member have splice-site 
LMNA mutation Family A 7 

Individuals with the mutation from family A (Patients from 
family A) LMNA-CM-A 7 

The family in which some of the member have Nonsense 
LMNA mutation Family B 7 

Individuals with the mutation from family B (Patients from 
family B) LMNA-CM-B 7 

The family in which some of the member have Missense 
LMNA mutation Family C 7 

Individuals with the mutation from family C (Patients from 
family C) LMNA-CM-C 7 

Hutchinson-Gilford progeria syndrome (purchased from 
Coriell Institute for Medical Research) HGPS 16 

Siblings of patients from families A-C with no LMNA 
mutations ( Related Negative Control) R.N.-CONTROL 7 

Unrelated Negative Control (commercially purchased cell 
lines) U.N.-CONTROL 7 
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Aggregated Negative Control (Both Related and Unrelated 
Negative controls aggregated into a single group) Neg-CONTROL 7 

 

Table 2.1: This table contains the different experimental groups (cell sources), the abbreviations used to describe each 

group in the manuscript, and the passage number of the cells from that group. 

 

Cell Culture 

LMNA-CM patient and Neg-CONTROL lines were expanded to passage 7 for experiments. HGPS cell lines 

were expanded to passage 16. At 80% to 100% confluency, the cells were passaged using 0.05% Trypsin.  

Cells were seeded on 4-12 isotropic coverslips at the desired passage number and optimal density. Cells were 

then expanded in Minimum Essential Media (MEM) with 10% Fetal Bovine Serum (FBS, Life Technologies, 

Carlsbad, CA) and 1% Antibiotic-Antimycotic (Thermofisher Scientific, Waltham, MA). At 24 hours of incubation, 

the media was changed to MEM with 2% FBS. After an additional 24 hours of incubation, the cells were fixed.  

As the division rate depended on patient age, the optimal cell seeding density was determined by seeding 

cells on isotropic coverslips in amounts varying from 75,000 to 400,000 cells per coverslip, and expanding them as 

described above. After 48 hours of incubation, these coverslips were examined, and the optimal cell seeding density 

for confluency at two days was identified.  

 

Fixing and Immunofluorescent Staining 

Staining was performed using standard techniques [47]. Briefly, upon completion of the cell culture period, 

media was aspirated, and coverslips were rinsed three times in 2-3 mL of warmed PBS. Cells were then incubated in 

a warm 4% paraformaldehyde (PFA) solution (Fisher Scientific Company, Hanover Park, IL) containing 0.0005% 

Triton X-100 (Sigma Aldrich Inc., Saint Louis, MO) for 10 minutes at room temperature. Following fixation, the 

coverslips were again washed three times in 2-3 mL of warmed PBS, allowing 5 minutes between rinses. The fixed 

samples were then stained for nuclei (4’,6’-diaminodino-2-phenylinodole (DAPI), Life Technologies, Carlsbad, CA), 

actin (Alexa Fluor 488 Phalloidin, Life Technologies, Carlsbad, CA), and either fibronectin (polyclonal rabbit anti-

human fibronectin, Sigma Aldrich Inc., Saint Louis, MO) or Lamin A/C (rabbit monoclonal EP4520 (ab133256) Anti-

Lamin A+C, Abcam, San Fransisco, CA). Coverslips were then rinsed three times in PBS to prevent background 

staining. Secondary staining of either fibronectin or Lamin A/C was achieved using goat anti-rabbit IgG antibodies 



 

	 16 

(Alexa Fluor 750 goat anti-rabbit, Life Technologies, Carlsbad, CA). The coverslips were washed in PBS to remove 

residual stain and mounted on glass microscope slides with room temperature Prolong Gold Antifade Mountant (Life 

Technologies, Carlsbad, CA) to prevent fading of fluorescent stains during microscopy. Finally, a commercial, clear 

nail polish was applied as a sealant along the edges of coverslips and then allowed to dry for 24 hours.  

Image Acquisition 

The microscope slides containing the stained samples were imaged using an UPLFLN 40x oil immersion 

objective (Olympus America, Center Valley, PA) and digital CCD camera ORCA-R2 C10600-10B (Hamamatsu 

Photonics, Shizuoka Prefecture, Japan) mounted on an IX-83 inverted motorized microscope (Olympus America, 

Center Valley, PA). Fluorescence images of ten randomly selected fields of view per slide were taken at 40x 

magnification (6.22 pixels/µm resolution) for each sample.  

 

Image Analysis and Feature Extraction from Nuclear Boundary 

 Image analysis was designed and performed with my co-first author. Please find it in the original paper 

[15].  

 

3. Results 
 
Automatic Designation of Abnormally Shaped Nuclei  

 A training data set was created by cropping 243 LMNA-CM patients and control nuclei from their images 

using ImageJ (68 U.N.-CONTROL, 101 R.N.-CONTROL, and 74 LMNA-CM). Please find this result in the original 

paper [15].  

 

Effect of Lamin A/C Staining on Nuclear Shape Analysis 

To demonstrate the method’s versatility, it was used to analyze images of nuclei labeled by different 

fluorescent stains. When the same nuclei were visualized using both Anti-Lamin A/C Antibody (Fig. 2.1A) and DAPI 

(Fig. 2.1B), no significant differences were observed in the area, eccentricity, and mean negative curvature calculated 

by the Matlab codes (Fig. 2.1C). The percentage of nuclei automatically designated as dysmorphic between the two 

image sets were also not significantly different (Fig. 2.1F).  



 

	 17 

 

Figure 2.1: Consistency of nuclear morphology measurements of Matlab codes across multiple fluorescent stains. 

Nuclei were visualized with both a Lamin A+C immunofluorescence label and b DAPI, and then segmented by the 

image analysis Matlab code; c Average area, d average eccentricity, and e average mean negative curvature were then 

calculated based on nuclear boundaries in both the DAPI and Lamin A+C stain images (n = 48 nuclei). f The 

percentage of nuclei designated as dysmorphic was also calculated for all images and averaged by stain type (n = 12 

images). Error bars represent one standard deviation. Scale bar: 25 µm.  
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Figure 2.2: Classification and nuclear morphology measurements in skin fibroblast nuclei. Examples images 

for: (A) HGPS positive control nuclei, (B) R.N.-CONTROL- Family A, and (C) LMNA-CM-A nuclei. Nuclei 
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outlined in green have been designated as normal, while nuclei outlined in red have been designated as 

dysmorphic; (D) Percentage of dysmorphic nuclei and number of nuclei per coverslip; For % dysmorphic, 

significance was found for all pairs except for the ones indicated. For the number of nuclei, only HGPS was 

significantly different. (E) Mean negative curvature; significance is indicated with a matrix on the plot. (F) 

Nuclear area; # denotes significance in an internal pair comparison between overall and dysmorphic condition 

with the t-test; * denotes significance found among conditions with the ANOVA test. (G) Nuclear eccentricity 

with the significance among groups indicated in the matrix. Error bars: one standard deviation. Sample sizes 

for the HGPS, Neg-CONTROL, LMNA-CM, LMNA-CM-A, LMNA-CM-B and  LMNA-CM-Care 11, 101, 

75, 27, 27, and 21 respectively and the passage numbers for all the samples are indicated in Table 2.1. Scale 

bar: 25 µm.  

Characterizations of Nuclear Morphology  

 The nuclei from an HGPS (Fig. 2.2A), Neg-CONTROL (Fig. 2.2B), and LMNA-CM (Fig. 2.2C) conditions 

were analyzed, and average nuclear area, eccentricity, and mean negative curvature were calculated for all groups 

including a breakdown by family. The averages among nuclei automatically designated as dysmorphic were also 

calculated for each group. Consistent with morphological observations of HGPS cell nuclei, the average percentage 

of dysmorphic nuclei was significantly greater in HGPS patient coverslips than in those of all negative control 

individuals (Fig. 2.2D). Surprisingly, the average percentage of dysmorphic nuclei in LMNA-CM group was 

significantly lower than in the Neg-CONTROL group despite a similar average age between the groups. Additionally, 

the average mean negative curvature of dysmorphic nuclei for some of the families was significantly reduced 

compared to their HGPS positive control and Neg-CONTROL counterparts, which did not differ significantly from 

each other (Fig. 2.2E).  

The average area of all HGPS nuclei was significantly lower than that of dysmorphic HGPS nuclei alone 

(Fig. 2.2F). No significant difference in area was observed between dysmorphic nuclei and overall nuclei in the other 

groups, but the area of the LMNA-CM-A dysmorphic nuclei was significantly smaller than in either the positive 

(HGPS) or negative controls (Neg-CONTROL) groups. The area of the defective nuclei for each individual was also 

plotted as a function of age showing no apparent correlations (Fig 2.3). The average eccentricities of HGPS nuclei 

were significantly lower than that of Neg-CONTROLs, while some of the LMNA-CM- families (A & B) had nuclei 

eccentricity that was significantly higher than that of negative controls (Fig. 2.2G).  



 

	 20 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Plot of defective nuclei area as a function of the age at which biopsy was taken for each individual shows 

no correlations for the data. 

 

Correlation with Onset of Clinical Symptoms 

In Figure 2.4A, the percentage of dysmorphic nuclei in the cells from people with no mutations (unrelated 

controls-dark blue, related controls-light blue) was plotted against the age at which the biopsy was taken. As expected 

[48], the percent of dysmorphic nuclei increases with age of biopsy for negative controls (Fig. 2.4A, blue solid line). 

It was found that the patient data for all three families fell within the 95% prediction band of the control trend line.  
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Figure 2.4: Nuclear Defects and Age. (A) Percentage of dysmorphic skin fibroblast nuclei in LMNA-CM 

patients, related and unrelated negative controls, and HGPS patient, versus age of biopsy. Regression line 

(solid dark green line), confidence and prediction intervals (long dark green dashes and short light green 

dashes, respectively) correspond to data of all related and unrelated negative controls (R2 = 0.21, Pslope < 

0.001). Purple line serves as a visual guide of the percentage of dysmorphic skin fibroblast nuclei in the 

HGPS patient. Blue line, as an example, displays difference of dysmorphic nuclei percentage of a patient and 

the control regression line. Each individual (plotted point) represents an average from 4-12 samples, with the 

average sample size n=8.5; (B) At age of biopsy for an individual, the difference between dysmorphic nuclei 

is plotted against age of symptom onset. Regression line (solid black line), confidence and prediction intervals 

(long light gray dashes and short dark gray dashes, respectively) has an R2 = 0.84 and P < 0.003. In addition, 

HGPS data collapses on the master curve of the linear regression trend. Passage number for all the samples 

are indicated in Table 2.1.  

 

Unlike HGPS patients (purple star Fig. 2.4A), the patients in the three families (LMNA-CM) do not exhibit 

skin abnormalities, and thus it is unsurprising that only the HGPS samples lie outside the prediction interval. However, 

majority of the LMNA-CM individuals are below the trend-line, which explains the aggregated average percent 

defective for LMNA-CM and LMNA-CM-A groups. From clinical data [2, 30, 31], we knew that the older patients in 

the cohort (LMNA-CM) developed heart disease later in life. Therefore, we plotted the difference between each 

patient’s cells’ dysmorphic nuclei percentage and the predicted value based on the control trend line (green arrow, 



 

	 22 

Fig. 2.4A) against the age at which patients first presented with heart disease symptoms (Fig. 2.4B). Patients with 

higher positive deviation from negative controls’ trend-line were found to present with heart disease symptoms at a 

younger age (prior to 45 years, vertical dotted line Fig. 2.4B). Indeed, there is a significant linear correlation (R2 = 

0.84, P < 0.003) between patient separation from age-matched negative control prediction and the onset of symptoms 

age. While the Coriell Institute does not provide the information of when this particular patient (catalog # AG11513) 

developed heart disease symptoms, it is typical for individuals with the HGPS disease to present with heart disease 

symptoms very early in life [49, 50]. To compare the HGPS positive control to the LMNA-CM group, it was similarly 

plotted assuming a presentation age at 2 years (purple star - Fig. 2.4B). Interestingly, the normalized data for the HGPS 

cell-line will fall within the prediction limit of the patient trend-line (black line - Fig. 2.4B) as long as heart disease 

symptoms were first developed in this particular patient prior to 16 years of age, which is very likely based on clinical 

reports [49, 50].  

  

Discussion 

The automatic quantification and characterization of nuclei proposed in this work was validated by 

comparing the negative and positive control cell lines. For example, both nuclear area and eccentricity were consistent 

with previously described trends between HGPS and negative control fibroblast nuclei [15, 51, 52]. The automatic 

classification and counting of dysmorphic nuclei provides advantages over the exclusive use of averaged shape 

features such as mean negative curvature. Measuring the proportion of dysmorphic nuclei present in a tissue is in 

many cases a more intuitive metric to compare the prevalence of defective nuclei in cells from specific tissues and 

individuals. Furthermore, the individual identification of dysmorphic nuclei allows researchers to specifically examine 

the morphology of those nuclei. Dermal fibroblasts cultured from most individuals, even those with pathologies which 

cause severe nuclear blebbing such as HGPS, possess a mixture of both dysmorphic and normally shaped nuclei [53]. 

Shape descriptors such as mean negative curvature are unable to provide information pertaining to a subset of these 

populations, always incorporating the measured values of normal nuclei into a calculated average. Additionally, our 

method demonstrated that unlike LMNA-CM patient and control nuclei, dysmorphic and normal HGPS nuclei 

possessed a significant area difference. While differences in average area compared to negative controls and an 

increase in average area by late passages in HGPS nuclei have been previously described, the size difference between 

the normal and dysmorphic nuclei present in the same HGPS cell population prior to this work were either qualitatively 
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observed or not interrogated [15, 53, 54]. One explanation put forth for the prevalence of giant nuclei in HGPS cell 

populations is mitotic abnormalities leading to polyploidy [55]. By providing quantitative data regarding the relative 

size of dysmorphic HGPS nuclei, our Matlab codes may aid in substantiating such hypotheses in the future. Unlike 

previous methods applied to nuclear shape analysis [40, 56-58], we are able to determine whether alterations to nuclear 

morphology other than a misshapen envelope in diseased cell lines, such as changes in area, apply solely to dysmorphic 

nuclei or to the entire population (Fig. 2.2F). 

Automatic classification of images has been extensively studied. Matlab software has substantial image 

analysis capabilities and open source sub-routines used in our method [4, 59-61]. Similar open sourced software, 

CellProfiler, has also been utilized to analyze images [62-64]. Indeed, CellProfiler in combination with Matlab has 

been used to analyze the morphology of the nuclei in multiple cell types to determine the mechanisms of Cofilin [64], 

but the actual CellProfiler and Matlab codes are not provided. The Matlab codes we included in the supporting 

information have already been trained for the described task and provide a variety of unique outputs (Fig. 2.2) not 

readily available from basic CellProfiler or Matlab installations. Another method for automated classification would 

involve machine learning such as neural networks [45, 65-68]. This method is more complex than what was utilized 

in our software codes, but it can be more powerful for classifying subtle differences. For example, classifying 

cancerous breast tissue manually requires pathologists to be trained for multiple years. In such a case, machine learning 

is essential to capture the multitude of image properties analyzed by an experience human eye [68]. Thus in a simpler 

classification problem, such as determining defective nuclei from a fluorescent stain image, there was no need to 

employ the more complex methods of machine learning.  

The capability of our simpler automated method was demonstrated by applying it to characterize fibroblast 

nuclei from LMNA mutation patients who mainly present with heart disease. The significant difference in nuclear area 

(overall and defective) between LMNA-CM-A and both the positive and negative controls (Fig. 2.2F) was not driven 

by one individual (Fig 2.3), but indicates an overall trend. Along with the significantly higher eccentricity of the 

LMNA-CM-A and LMNA-CM-B nuclei (Fig. 2.2G), this indicates potential avenues of investigation in terms of the 

elastic properties of the nuclei lamina caused by specific mutations. Indeed, the larger average eccentricity observed 

in LMNA-CM-A and LMNA-CM-B nuclei compared to either HGPS or controls could indicate greater deformability, 

a quality with potential relevance in diseases such as cardiomyopathies, which affects cyclically contracting and 

mechanically strained tissues. Conversely, the significant reduction in the average percentage of dysmorphic nuclei in 
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the LMNA-CM compared to the negative controls (Fig. 2.2D) is driven by a few individuals who have low numbers 

of defective nuclei for their age group (Fig. 2.4A). For example, the individual from Family A who exhibited an onset 

of heart disease symptoms at age 36  had approximately the same number of nuclei defects as an older patient in 

Family A who did not exhibit heart disease symptoms until age 56 (Fig. 2.4). In general, those below and above the 

trend-line in Fig. 2.4A can be viewed as aging “slower” and “faster” than the average population, respectively. Thus, 

while the amount of defective nuclei in the LMNA-CM patients fell within the prediction interval of a negative control 

population, the “slow aging” individuals seemed to be partially protected from the effects of the mutation and, 

consequently, developed heart disease later in life (Fig. 2.4B). This difference between patients is likely driven by 

genetic modifiers [2], and based on our data, we plan to search for proactive genetic modifiers in Family A. These 

results also help explain the surprisingly low average percent of dysmorphic nuclei in the LMNA-CM population (Fig. 

2.2D). Indeed, the LMNA-CM population is skewed by the lack of “faster aging” elderly patients, which, we believe, 

is the results of these individuals developing heart disease early in life with fatal consequences.  

By individually identifying and characterizing dysmorphic nuclei, our method provides an opportunity to 

explore subtle differences among individuals and populations. As the method was automated, it was possible to 

analyze cell-lines from 22 individuals (over 25 thousand nuclei in total) spanning four different LMNA mutations and 

appropriate age-matched controls. The results provide further avenues of investigation of the genetic modifiers 

protecting some patients as well as the mechanisms linking the mutation to the disease. This powerful method can 

also, in the future, be applied to any other cell type or disease where investigating nuclear morphology could elucidate 

pathological mechanisms. 
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Abstract 

Background: Genetic mutations to the Lamin A gene (LMNA) can cause heart disease, but the 

mechanisms that make cardiac tissues uniquely vulnerable to the mutations remain largely 

unknown. Further, patients with LMNA mutations have highly variable presentation of heart 

disease progression and type. In vitro patient-specific experiments could provide a powerful 

platform for studying this phenomenon, but the use of cardiomyocytes derived from induced 

pluripotent stem cells [iPSC] introduces large heterogeneity in maturity and function making it a 

challenge to interpret the results of any single experiment. We hypothesized that integrating single 

cell RNA sequencing with individual-specific analysis of the tissue architecture and contractile 

function would elucidate some of the probable mechanisms. Methods and results: To test this 

hypothesis, we investigated five individual-specific iPSC-derived cardiac lines, three controls and 

two patients with a (c.357-2A>G) mutation. Through single cell RNA-sequencing, we identified 

differentially expressed genes between control and patient lines beyond the known mutated gene. 

These genes were then linked to quantitative structural and functional changes in the engineered 

tissues and some were cardiac specific, explaining the targeted nature of the disease progression 

seen in patients. Conclusion: The cardiac tissues derived from patient cells had significantly 

weaker stress generation potential than those derived from control lines demonstrating the viability 

of the in vitro approach to study a pathology in the lab that takes decades to develop in patients. 

The pathways identified in this investigation can be further explored with other patients and then 

targeted for therapeutic interventions.  

 

Keywords: Lamin A/C mutation, iPSC-derived Cardiomyocyte, Dysmorphic Nuclei and Disease 

Presentation 
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Introduction 

Heart disease, which impacts more than 80 million people just in the USA [26], is caused by a 

variety of factors including genetic mutations [33, 34]. Often the mechanisms by which these 

mutations cause heart disease are not known [27, 32], and the mutation is identified purely by 

studying the genes of large families with a history of heart disease [1-3, 37]. Identifying the culprit 

gene provides relief to the family members who do not have the mutation, but does not usually 

help the individuals with the mutation. To truly impact such patients, it is essential to elucidate the 

mechanism linking the mutation to the pathology. Such studies are often possible only with an in 

vitro platform.  

There are multiple methods of examining the mutations in vitro, but all of them require a source 

of cells that have the mutation of interest [35, 38, 39, 41, 69, 70]. One common way of collecting 

such cells is to extract skin cells from each patient and to utilize these to make induced pluripotent 

stem cells (iPSCs), which can then be differentiated into cardiac cells [39, 41]. However, there are 

many challenges to this approach. First, many inherited mutations do not manifest as heart disease 

in patients for multiple decades. Thus, for this approach to be viable, it is essential to demonstrate 

that a pathological phenotype can be recapitulated in vitro for this particular mutation. Second, 

iPSC-derived cardiac cells are notoriously heterogeneous [31, 42, 43] creating a challenge when 

analyzing bulk cell properties, which makes it non-trivial to correlate gene expression to functional 

phenotypes. If these challenges are successfully addressed, it will be feasible to elucidate possible 

mechanisms for the heart disease trigger in the patients with the mutation as well as to deepen our 

understanding of the heart disease cascades. Such information can potentially impact treatment not 

only in these families but for other patients with unknown heart disease triggers (i.e., no mutation). 
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Indeed, some mutations have correlations with a normal process such as aging [44]. For example, 

lamin mutations have correlations with aging in terms of proteins in the nuclear envelope, and 

variants of these mutations have been extensively studied in vitro [69-74]. Many of these studies 

correlate RNA-sequencing with either structural or functional metrics [69, 71, 74], which provides 

valuable insight into the possible pathways. However, none of the studies considered anisotropic 

tissues, which would impact their findings as it has been previously shown that isotropic tissues 

are weak and have an altered gene expression profile compared to properly organized anisotropic 

tissues [75, 76]. Furthermore, bulk RNA-sequencing is likely to obscure the heterogeneous nature 

of the gene expression profiles [77].   

In this manuscript, we present the results of a study of a Lamin A/C (LMNA) splice site mutation 

(c.357-2A>G) [2], which causes inherited heart disease in patients. We demonstrate that it is 

possible to construct an in vitro platform that has pathology in patient-specific heart tissues when 

compared to a negative control. Simultaneously, we show that single-cell RNA sequencing 

analysis can be used to correlate gene expression profiles and functional data to propose possible 

mechanisms, which potentially trigger pathological heart tissue contractile properties. These 

results can be used to initiate possible avenues of investigation for 1) intervention for the patients 

with the mutation and 2) novel mechanisms of heart disease triggers with, for example, aging. 
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Methods and Materials 

Substrate Fabrication 

Customized coverslips were made for both structural and functional experiments. For structural 

experiments, a 7.6cm x 8.3cm rectangular glass coverslip (Fisher Scientific Company, Hanover 

Park, IL) was cleaned with 30 min sonication in 200 proof ethanol. The cleaned glass coverslip 

was then spin-coated with a 10:1 mixture of polydimethylsiloxane [PDMS] and curing agent 

(Ellsworth Adhesives, Germantown, WI) and cured in 60 °C oven for 12 hours. For functional 

experiments, the glass coverslip was customized according to previously published protocols [78-

80]. Briefly, the cleaned glass coverslip was segmented with protective films, was spin-coated with 

poly (N-isopropyl acrylamide) (PIPAAm, Polysciences, Inc., Warrington, PA), and incubated for 

5 hours at room temperature. The PIPAAm coated glass was spin-coated with a thin layer of PDMS 

and cured for at least 12 hours in the oven. Finally, both versions of coated large glass coverslips 

(structural and functional) were cut into smaller rectangular coverslips, 14mm x 12.5mm, using a 

diamond scriber (VWR, Radnor, PA). Fibronectin (0.05 mg/mL, Sigma), an extracellular matrix 

[ECM], was stamped through microcontact printing [79] on the smaller coverslips in an anisotropic 

pattern (lines of 20µm Fibronectin x 5µm gap).  

Cell culture  

Cell lines used in this project were procured from skin biopsies of four different female individuals 

(Table 1, PA1, PA3, CA1, and CA3) and a female commercial line (Table 1, D2, Lonza (catalog# 

CC-2511)). Skin biopsies were collected as described by Zaragoza, et al. [2]. The patients have a 

heterozygous LMNA splice-site mutation (c.357-2A>G) [2]. Informed consent of all participants 
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was acquired for this study in accordance with UC Irvine Institutional Review Board (IRB# 2014-

1253). All fibroblast lines were reprogrammed with CytoTune-iPS 2.0 Sendai reprogramming kit 

(ThermoFisher Scientific, Cat# A16517) into induced Pluripotent Stem Cells [iPSCs]. The iPSCs 

were then seeded and passaged on Vitronectin (Gibco, Cat# A1470) or Geltrex (Gibco, Cat# 

A1413302) coated plates and fed with complete E8 media (Gibco, Cat# A15170) every day for 

seven days or until they were 80-90% confluent. Colonies of iPSCs were passaged with ReLeSR 

(StemCell Technologies, Cat# 05872) to the 15th passage to eliminate the Sendai virus from 

cultures. Colonies of iPSCs were then singularized with TrypLE (Gibco, Cat# 12604-013) and 

seeded on Vitronectin or Geltrex coated 12-well plates at the desired density for each cell line. 

Each cell line was seeded in a range of cell densities (10×10$ - 50×10$ cells per well with an 

interval of 5x104 cells per well) in 3 to 4 replicates of each to determine the desired density at 

which there was maximum cardiomyocytes differentiation efficiency. Thereafter, singularized 

cells were differentiated with PSC Cardiomyocyte Differentiation Kit (Gibco, Cat#A2921201). 

Usually, on the ninth day of differentiation, beating clusters were observed; however, the cultures 

were not pure cardiomyocytes. To fix this, cultures were purified with Enriched Cardiomyocytes 

Media (ECM, Gibco, Pub. # MAN0014509) to substantially reduce the number of non-

cardiomyocytes through metabolic selection [45]. Usually, on the 16th day of differentiation, 

purified cultures were dissociated with STEMdiff™ Cardiomyocyte Dissociation Kit (StemCell 

Technologies, Cat# 05025). The cardiomyocytes were then seeded on customized coverslips for 

functional and structural experiments with supporting cardiomyocyte media from STEMdiff™ kit, 

and they were fed with M199 media with 10% FBS after 24 hours and with 2% FBS after 48 hours 

from seeding day.   
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Fixing and Immunofluorescence staining 

After four days of culture on coverslips, the cells were fixed with a solution of 4% 

Paraformaldehyde (Fisher Scientific Company, Hanover Park, IL) and 0.0005% Triton X-100 

(Sigma-Aldrich, Saint Louis, MO) for 10 minutes at room temperature. They were stained for 

various Primary Antibodies: Nuclei (4,6-Diamidino-2-Phenylindole Dihydrochloride, DAPI, Life 

Technologies, Cat# D1306), actin (Alexa Fluor 488 Phalloidin, Life Technologies, Cat# A12379), 

and α- actinin (Mouse Anti- α- actinin, Sigma-Aldrich, Cat# A7811). Finally, the primary 

antibodies were tagged with secondary antibody (Alexa Fluor 630 goat anti-mouse, Life 

Technologies, Cat# A121050), mounted with Prolong Gold Antifade Mount (Life Technologies, 

Carlsbad, CA) on to microscope slides, sealed with clear nail polish, and dried overnight.  

Imaging and Image Analysis 

The samples were imaged with a Leica SP8 confocal microscope with 63x (5.54 µm/pixel) oil 

immersion objective. Ten fields of view were randomly imaged for each sample and analyzed with 

customized MATLAB software for different features.  

Nuclei Detection and Evaluation 

Nuclei in DAPI stained z-stacks were detected by first segmenting each z-slice and then grouping 

nuclei that appeared in multiple z-slices. The two-dimensional segmentation was done by first 

binarizing each z-slice using the “CARE” algorithm [46]. After removing small objects, the 

watershed transform was performed on the distance transform, which had been modified to filter 

out tiny local minima [81-84]. Individual nuclei that appeared in multiple z-slices were grouped 

by comparing the segmentation results for each neighboring z-slice. Finally, the maximum 

projection of each single nucleus was saved after being approved by the user. The maximum 

projection of each nucleus was then evaluated by calculating the area, perimeter, eccentricity, 
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maximum negative curvature, mean negative curvature, and relative concavity, as well as 

classified as normal or dysmorphic, as described previously[15]. 

Actin Orientation 

Each actin stained z-slice was enhanced using contrast-limited adaptive histogram equalization 

[51]. After enhancing the contrast of each actin stained z-slice, the orientation of actin at each pixel 

was calculated as described previously [75, 78]. Briefly, each image was filtered with a Gaussian 

kernel and then normalized to have zero mean and unit standard deviation [85]. The orientation 

was estimated using a least mean square orientation estimation algorithm [85, 86]. The orientation 

vectors for each z-slice were concatenated for the entire z-stack (field of view), and the orientation 

vectors of each field of view were concatenated for the entire coverslip. Therefore, the total number 

of actin orientation vectors for a coverslip was calculated by summing the number of orientation 

vectors contained in each field of view. The orientational order of the actin contained in a coverslip 

was quantified by the Orientational Order Parameter [OOP], which varies from zero for completely 

disorganized to one for perfectly aligned vectors and has been described previously [53, 78]. 

Sarcomere Length and Orientation 

After the contrast of each α-actinin stained z-slice was enhanced [51], the entire z-stack was 

median filtered [87]. The sarcomeres in each z-slice were detected by first using the “SarcTrack” 

algorithm, which identifies double wavelets in an image [54]. The angle of each detected double-

wavelet was then compared to the local orientation of actin to remove false sarcomeres, as 

described in “ZlineDetection” [55]. The average sarcomere length, sarcomere OOP, and, as for 

actin, the total number of sarcomeres for each coverslip were calculated after combining all of the 

z-stacks for that coverslip. 
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Contractility Measurement 

The contractility of the engineered cardiac tissues was assessed using the “heart-on-a-chip” 

platform, as previously described [79]. Briefly, the chips were placed in the Normal Tyrode 

solution, the films were cut out, and the experiments performed at 35°- 37°C. The dynamics of the 

films were recorded using a stereoscope (no. SZX-ILLB2, Olympus America, Center Valley, PA) 

while the tissues were either allowed to contract spontaneously or were paced using a MyoPacer 

Field Stimulator (IonOptix, Milton, MA) at 0.5 Hz, 1 Hz, 1.5 Hz, and 2 Hz. The resultant movies 

were analyzed with custom software to extract diastolic stress, systolic stress, active stress, and 

beating frequency [78, 79].  

Single Cell RNA Sequencing and Analyses 

To perform single-cell RNA sequencing analysis, PA1 and CA1 differentiation were done in 

parallel. The cells were collected using a published protocol (10x Genomics, Sample preparation 

demonstrated protocol, Manual part #CG00054) and submitted to UCI genomics high-throughput 

facility for single-cell RNA sequencing. Seurat package (version 3.1) [56] was used to analyze the 

patient and control datasets. The cells not expressing genes ACTC1 or TNNT2 and those with over 

25% mitochondrial counts were filtered out. We then used the SCTransform utility [58] in Seurat 

with default parameters to preprocess the two datasets separately. We next integrated the two 

datasets using Seurat with the top 3000 variable genes. A UMAP coordination shared by the two 

datasets were generated using the top 20 principal components. Wilcoxon test was used to 

determine the globally differentially expressed genes across the datasets. 

 

 



 

	 44 

Statistics 

For structural data, the student t-test was used to compare single pairs of data, and ANOVA with 

Student-Newman-Keuls post hoc test was used for multi-pair comparison. The stress data was 

determined to be log-normally distributed. Therefore, a t-test was used on the log normalized data 

to compare the patient and control groups.  

Results 

To elucidate the consequences of the LMNA splice site mutation (c.357-2A>G) [2], we first took 

skin biopsies previously gathered [2] and created iPSC lines for individuals summarized in Table 

3.1. These iPSC lines were then differentiated into cardiomyocytes and engineered to be 

anisotropic cardiac tissues (Fig 3.1A). To ensure that the structural and functional data could be 

correlated to gene expression variations, one pair (PA1 and CA1) were analyzed with single-cell 

RNA sequencing (Fig 3.1B). The cardiac tissues were confirmed to have sarcomeres by staining 

and imaging (Fig 3.1A). Additionally, single-cell RNA sequencing showed that on average, 99% 

of cells were positive for Troponin 2 (TNNT2) and Actin Alpha Cardiac Muscle 1 (ACTC1) cardiac 

markers (Fig 3.1C). Interestingly, the clusters for the patient cell line (PA1) and the control cell 

line (CA1) look similar (Fig 3.1C). 
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Figure 3.1: iPSC-derived Cardiomyocytes. (A) Confocal images of cardiac tissues for one of the individuals. Stained 

for actin fibrils (green), nuclei - DAPI (blue), and sarcomeric z-lines – α-actinin (red). Scale bar: 20 microns. (B) 

Single cell RNA sequencing of PA1 and CA1 cell lines represented with a heat map for the top ninety genes shows a 

varied expression profile for the two cells lines. (C) Feature maps for the two cells lines show mostly matching clusters 

for both cell lines, and the two cardiac-specific markers indicate that 99% of the cells are considered cardiomyocytes. 
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Table 3.1: Table of age of biopsy and symptoms of the individuals.  

 

Variants of LMNA mutations are known to adversely impact the nuclear shape [4]. To investigate 

this possibility for the (c.357-2A>G) mutation, the single-cell RNA sequencing data was mined 

for nuclei related genes. The findings align with the identified mutation [2] with a significantly 

lower expression of LMNA for PA1 compared to CA1 (Fig 3.2A (i)). Other lamin proteins, LMNB1 

(Fig 3.2A (ii)) and LMNB2 (Fig 3.2A (iii)), did not have as much of a difference even though 

LMNB2 was statistically significant. Out of the proteins that interact with LMNA directly and help 

to maintain nuclei structural integrity, there was a statistically significant difference in TMPO, 

coding for LAP2 protein, and SYNE2, coding for Nesperin-2. Interestingly, TMPO is expressed at 

lower levels in the patient line, which is, on its own, known to be associated with the dilated 

cardiomyopathy (DCM) in patients [88]. By contrast, SYNE2 has higher expression levels in the 

patient line, indicating that there are compensation mechanisms. Thus, to understand how this gene 

expression landscape emerges into cell and tissue phenotype, the nuclei of the cardiomyocytes 

were stained with DAPI and imaged via a confocal microscope (Fig 3.2B). Each nucleus was 

extracted from the image stack using customized code and analyzed with previously developed 

Line Age of 
biopsy 

First age of 
presentation of 

diseases 
Symptoms 

Patient A1 (PA1) 38 36 
Bradycardia, Premature ventricular contractions, 
Non-sustained ventricular tachycardia, 
Mild Dilated Cardiomyopathy (DCM), Pacemaker 

Control A1 (CA1) 49 N/A No Symptoms 

Patient A3 (PA3) 70 49 Bradycardia, Atrial fibrillation, Pacemaker, Dilated 
Cardiomyopathy (DCM), Heart Failure 

Control A3 (CA3) 68 N/A No Symptoms 

Donor 2 (D2) 40 N/A No Symptoms 
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metrics [15] (Fig 3.2C). While there was no significant difference between the percentage of 

dysmorphic nuclei in the patient and control groups (Fig 3.2C (i)), it appears that PA1 dysmorphic 

nuclei have more severe defects (Fig 3.2B) quantitatively indicated by greater nuclear mean 

negative curvature (Fig 3.2C (ii)), relative concavity (Fig 3.2C (iii)), maximum negative curvature 

(Fig 3.2C (iv)), and nuclear area (Fig 3.2C (v)). Analysis of PA3 nuclei showed some indicators 

of more severe defects like the mean negative curvature (Fig 3.2C (i)) and relative concavity (Fig 

3.2C (ii)), but the other indicators did not follow the same trend as PA1 (Fig 3.2C(iv,v)). These 

findings align with PA3 developing heart disease much later in life than PA1. The percent of 

dysmorphic nuclei was also compared for each individual between fibroblasts and cardiomyocytes 

(Fig 3.2C (vi)) [15]. As expected [88], for each individual the amount of dysmorphic nuclei was 

significantly higher in cardiac tissue than in fibroblasts. The increase itself was significantly 

greater for PA1 (Fig 3.2C (vii)) who developed heart disease at an early age than for the other cell 

line (Table 3.1).  

There has been evidence that in heart failure, the extracellular matrix (ECM) undergoes 

remodeling that contributes to further pathological changes [59, 60]. Therefore, the single-cell 

RNA sequencing data were compared between patient and control cells for the expression of ECM 

proteins known to be indicative of heart disease [59]. Laminin (LAMA4), Collagen IV (COL4A1), 

and Collagen VI (COL6A1) were found to be overexpressed in patient cells indicating possible 

essential consequences of the mutation (Fig 3.3). 

The next series of genes code for a variety of cytoskeleton proteins (Fig 4A). There was a 

statistically significant difference between PA1 and CA1 for TMOD1, SGCA, and DMD; all of 

which had higher expression in the patient cells (Fig 4A). TMOD1 codes for a member of the 

tropomodulin family of Proteins, which are responsible for regulating tropomyosin and inhibiting 
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depolymerization and elongation of the pointed end of the actin [61]. As a result, an increase in 

the expression of TMOD1 can result in shortened sarcomeres. Alternatively, overexpression of 

TMOD1 can lead to degeneration of the myofibrils, which is associated with some clinical 

presentations of cardiomyopathies [62]. It is important to note that many cells in the patient 

populations have the same expression level of TMOD1 as the control cells, but there are more cells 

with a higher expression in PA1 leading to the higher average expression (Fig 4A (i)). The other 

two genes, SGCA and DMD, that are overexpressed in PA1 code for proteins that bind together 

and stabilize the muscle fibers and prevent injury during the contraction cycles [63-65]. These 

results indicate that the emergent phenotypes for the patients might be highly variable depending 

on whether the distractive or protective factors dominate.   

To examine the emergent cardiac cytoskeleton architectures, the tissues were stained for actin and 

z-lines (a-actinin) (Fig 1A). The images were analyzed by customized code (Fig 4B). The analysis 

indicated that the number of sarcomeres per unit volume of cardiac tissue is the same for patient 

and control lines (Fig 4C). However, one of the patient lines (PA3) has significantly shorter 

sarcomeres compared to all of the other individuals, and its sarcomeres were not as well organized 

(Fig 4E (i)).  
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Figure 3.2: Nuclei Analysis. (A) Nuclei related gene expressions from single cell RNA-sequencing of two cell lines 

– PA1 (cell number=13028) and CA1 (cell number=12591). (B) Example images of normal and defective nuclei, 

stained for DAPI, for a patient and control cell line. Scale bar: 5 microns. (C) Quantitative analysis of nuclear 

morphology for all five cell lines (error bars are standard deviations; black horizontal lines indicate significance of p 
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< 0.05). Unless otherwise indicated sample sizes (n) is the number of nuclei analyzed for each condition: (i) Percent 

dysmorphic nuclei grouped by mutation status - controls (CTRL) and patients (PT) (sample sizes (n) based on the 

number of coverslips). (ii) Mean negative curvature, (iii) Relative concavity, (iv) Maximum negative curvature, and 

(v) Area for all controls and for each individual patient line. (vi) Comparison of dysmorphic nuclei percentage for 

both cardiomyocytes and fibroblasts in all individual cell lines (sample sizes (n) based on the number of coverslips). 

(vii) The increase in dysmorphic nuclei percentage from fibroblasts to cardiomyocytes for each individual (errors were 

propagated from part (vi) and smaller sample size was used for each comparison).  

Based purely on structural findings, PA1 had more nuclear defects, while PA3 had sarcomere 

architecture problems. Either of these could lead to changes in functional properties. Therefore, 

the genes associated with electrophysiology and known contractility properties were mined next. 

Two genes were overexpressed by PA1 cells, RYR2 and SCN5A (Fig 5A). RYR2 is a calcium 

channel protein that dysregulates calcium transition when overexpressed, which decreases the 

systolic contraction of the ventricle [66]. The SCN5A codes for a sodium channel protein, and its 

overexpression leads to the shorter P-wave duration and P-R intervals [67, 68], which implies a 

shorter period for diastolic filling. These findings indicate a possibility of functional pathologies 

within the myocardium. To test this, the “Heart-on-a-chip” platform was used to measure 

contractile properties in all five individuals (Fig 3.5B). Due to the stem cell origin of the 

cardiomyocytes, there was inconsistency in tissues’ response to induced pacing (Fig 3.5C-D), 

which made it challenging to relate the finding to the gene expression data. However, when 

considering generated stress, tissues that were beating at approximately 1 Hz, were statistically 

significantly weaker in the systolic and active stress generation for patient versus control groups 

(Fig 3.5E). Interestingly, the stress measurements were log-normally distributed for both control 

and patient lines indicating that the mechanisms influencing contraction strength multiply in effect. 

Additionally, it is curious that there was no statistically significant difference between PA1 and 
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PA3 stress generation (Fig 3.6) even though the type of structural defects were different for the 

two patients. 

 
 
Figure 3.3: Extracellular Matrix. Extracellular matrix gene expression levels for CA1 (cell number=12591) and 

PA1 (cell number=13028) cell lines for (A) Laminin, (B) Collagen 4, and (C) Collagen 6. 

Discussion 

In this work, we have demonstrated that even though (c.357-2A>G) mutation does not manifest in 

patients as heart disease for multiple decades (Table 3.1,[2]), the in vitro platform makes it possible 

to study pathological function (Fig 3.5E) within a few weeks of differentiation. The functional 

difference is statistically significant even though the stem cell-derived cardiomyocytes are highly 

heterogeneous for each cell line. The log-normal distribution of stress generated by iPSC-derived 

cardiomyocytes probably arises from the total stress being the multiplication of such factors as 

sarcomere density, which is highly variable locally (Fig 3.4B-C), sarcomere length, and the amount 

of force produced by each sarcomere. This type of data could significantly aid in future models of 

iPSC-derived cardiomyocyte contractility [79]. As an approach to combat the uncertainty arising 

from large heterogeneities, we have also demonstrated the power of combining single-cell RNA 
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sequencing analysis with functional data and quantitative metrics extracted from 3-dimensional 

confocal images of highly heterogeneous stem cell-derived cardiac tissues.  

 

Figure 3.4: Cardiomyocyte cytoskeleton. (A) Expression levels for cytoskeleton related genes that were 

differentially expressed in CA1 (cell number=12591) and PA1 (cell number=13028) lines. (B) Example analysis of 
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actin orientation (left image, green arrows) and sarcomere identification (right image sarcomeres identified with purple 

(longer) and blue (shorter)). (C) The density of sarcomeres averaged for three control lines (CTRL) and two patient 

lines (PT). (D) Quantification of myofibril architecture (error bars are standard deviations; black horizontal lines 

indicate significance of p < 0.05): (i) Average sarcomere length for each individual cell line; Orientational order 

parameter (OOP) for the (ii) sarcomeres and (iii) actin. Sample sizes (n) are based on the number of coverslips analyzed 

for each condition. 

In the last several years, there have been multiple investigations of the pathways by which LMNA 

mutation could potentially cause a variety of heart disease symptoms [69-74]. The varied 

approaches were able to elucidate the effect of the mutations on apoptosis [72], electrophysiology 

[69, 74], sarcomere alignment [69, 73], and qualitative tissue architecture [69, 71-73]. However, 

as we demonstrated (Fig. 3.5), multiple factors contribute to the emergent tissue force generation, 

which is the function that best correlates with the clinical ejection fraction of the left ventricle. 

These works identified multiple pathways by which the mutation could affect the heart, such as 

PDGF pathway [69] and ERK1/2 pathway [71]. However, these investigations did not correlate 

the variable gene expression landscapes to the emergent contractile force generation of the tissue, 

and thus it is likely that more pathways are involved than those identified in the prior works. Some 

of these papers performed bulk RNA-sequencing, which elucidated the gene expression level for 

whole tissue in culture [69, 71, 74]. Nevertheless, the lack of single cell gene expression resolution 

means that it is unclear if all the cells with the mutation have a different gene expression level or 

if there are variable populations of cells. As a result, the identification of any single pathway of 

disease progression is likely to miss concurrent pathologies.   

Single-cell RNA sequencing is a powerful method for investigating cell populations [31]. Prior to 

this work, it was unknown if the patients in this family had a small cell population in their hearts 

that would lead to the clinical symptoms when the pathological cell number exceeded some critical 
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level or if cardiac cells were naturally more susceptible to damage because of the mutation. 

Through this work, we have shown that there are no unique clusters in the patient line (Fig 3.1C) 

even though there are structural (Fig 3.2B-D, Fig 3.4C-E) and functional (Fig 3.5E) differences 

from the control line.  
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Figure 3.5: Contractility of Cardiac Tissues. (A) Expression levels for genes, which contribute to contractile 

properties, differentially expressed for PA1 (cell number=13028) and CA1 (cell number=12591). (B) An image of a 

“heart-on-a-chip” device for systole and diastole. Blue outlines the length of the film when it lies flat, and red bars 

track the horizontal projection of the films that is used to calculate stress as a function of time. Scale bar: 1 mm. 

Measured beating frequency vs. pacing frequency with a linear regression for (C) control tissues (sample size Table 
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S1) and (D) patient tissues (sample size Table S1). (E) Log normalized Diastolic (i), Systolic (ii), and Active (iii) 

stresses averaged for the three control and two patient lines shows a statistically significant difference for systolic and 

active stresses. 

Table 3.2: Sample sizes for Heart chip data in Fig 3.5C and Fig 3.5D 

One of the big motivators behind this study was to elucidate the possible mechanisms for the 

initiation and progression of the pathology in the patients. Our integrated approach demonstrated 

Sample Name Induced Frequency (Hz) Sample Size 

D2 0.5 11 

D2 1 12 

D2 1.5 11 

D2 2 12 

CA1 0.5 11 

CA1 1 12 

CA1 1.5 13 

CA1 2 13 

CA3 0.5 7 

CA3 1 8 

CA3 1.5 8 

CA3 2 9 

PA1 0.5 7 

PA1 1 8 

PA1 1.5 8 

PA1 2 8 

PA3 0.5 4 

PA3 1 4 

PA3 1.5 4 

PA3 2 4 
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that there are competing factors leading to the wide distribution of symptoms in the patients. For 

example, the higher expression of TMOD1 could lead to either shortening of sarcomeres or the 

degeneration of myofibrils during contraction [61, 62]. The identification of TMOD1 a cardiac 

specific isoform as one of the culprits of the loss of function would also explain why the patients 

in this family have no skeletal muscle pathology. However, complicating the story, there are 

possible compensating mechanisms that are also triggered, which are indicated by the higher 

expression of SGCA and DMD (Fig 3.4A). These competing factors could explain why patients 

with the same mutation could have such different disease presentations [2, 3, 15, 25]. 

 
 
Figure 3.6: Diastolic, Systolic, and Active Stresses grouped for all control lines (CTRL) and split up for the individual 

patient lines. 

Similar compensation mechanisms are seen in the genes responsible for the nuclear shape and 

structural integrity. Indeed, even though the LMNA expression level is significantly lower in the 

patient than control cells, SYNE2, which has a stabilizing effect on the nuclear structural integrity, 

has a higher expression in the patient cells. This type of compensation mechanism could explain 

the thirteen-year difference in the initial presentation of the disease (Table 3.1). 
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Minor nuclear defects are a normal feature of nucleated cells. It has been shown that the amount 

of dysmorphic nuclei increases with age [15], and that cardiac cells have more dysmorphic nuclei 

than skin fibroblasts [88], which is also confirmed by our data (fig 3.2C (vi)). It is curious that if 

the amount of dysmorphic nuclei is taken as a symptom of aging, some individuals seem to age 

slower than others [15]. Indeed, we have previously shown [15] that PA3 fibroblasts, unlike PA1 

fibroblasts, exhibit significantly fewer dysmorphic nuclei than would be expected for their 

respective age groups. It is possible that in PA3, the protective mechanisms help maintain nuclear 

structural integrity better than PA1, which is born out in the quantification of nuclear defects (Fig 

3.2C). Furthermore, if the number of dysmorphic nuclei in the cardiac tissue is compared between 

age-matched pairs, PA1 cardiomyocytes have significantly more defective nuclei than D2 

cardiomyocytes. In contrast, PA3 cardiomyocytes have fewer defective nuclei than CA3. In sum, 

these results point to individual-to-individual variability, which makes experiments with patient-

specific cells a critical component of these studies.  

In cardiomyopathies, the extracellular matrix is often remodeled [59, 60] changing the mechanical 

environment in which the cardiomyocytes are contracting. In light of this, the correlation between 

the symptoms of the patients with dilated cardiomyopathy and the higher expression of ECM 

proteins associated with DCM (Fig 3) hints at another pathway that could be detrimentally 

affecting contraction in the patients who clinically are known to have DCM. Coupled with the 

findings of abnormal expression levels of some of the electrophysiology associated genes, it is 

clear that these patients could be entering the heart disease cascade through slightly different 

mechanisms, all of which originate at the LMNA mutation. However, the one consistent emergent 

property of tissues engineered from patient cardiomyocytes was that they generate significantly 

less stress than non-mutated tissues (Fig 3.5E, Fig 3.6). 
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Conclusion 

There are varieties of LMNA mutations, which have heart disease as the only devastating 

pathology [2, 89]. It has been a mystery how a mutation to the nuclear lamina, which should 

manifest in all nucleated cells, only affects the heart. Further, many patients with these mutations 

have widely varying symptoms of presentation. Here we demonstrated an integrative method that 

elucidated the multiple possible mechanisms through which the disease could be initiated. None 

of the methodologies on their own would have been able to show the intricate connection among 

gene expression, cell and tissue structure, and cardiac tissue function. Our approach yielded a 

platform that can be used for further studies of these mutations and illustrated the importance of 

evaluating patient-specific tissues. In the future, this approach can be made even more potent by 

considering more individuals with and without the mutation as well as the implications to the 

general aging population.  
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The current state of iPSCs differentiation requires modification and optimization of protocols for 

each line. Optimizations, such as changing extracellular matrix, purifying the cardiomyocytes 

culture, and determining the effect of iPSC proliferation rate in the effectiveness of 

cardiomyocytes differentiation, were performed for each cell line in family A.  

4.1. iPSC differentiation:  

Three patients (PA1, PA2, and PA3), three related controls (CA1, CA2, andCA3), and one 

unrelated control (D2) iPSCs were differentiated to cardiomyocytes. Various optimization and 

characterization were performed to gain more iPSC-derived cardiomyocytes. Density trials were 

performed for each cell line to find out the best density of singularized iPSCs for optimizing the 

differentiation process to get maximum cardiomyocytes. The density of singularized cells was 

varied from 70K to 350K by 10 to 50K intervals per well in 12-well plates and kept in culture for 

four days. On the fourth day, the differentiation media was added to the plates. Each density had 

at least three wells as replicates to eliminate technical variables.  

Since the cells were expecting to beat synchronously on the 9th day of differentiation, by 

inspecting the number of clusters beating in each well, the desired density was chosen. Most often, 

the density with more than 70% beating clusters was picked as the ideal density to pursue the 

experiments (Table 4.1).  
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Table 4.1: Cell line name, gender, age, and cell density.  

 

As can be seen from Table 4.1, no optimal density was identified for PA2 and CA2. The following 

hypotheses were considered to explain why PA2 and CA2 did not differentiate efficiently. One 

hypothesis was about the difference in gender among these two samples and the others (Table 4.1). 

There were not sufficient individuals in this family to prove or disprove this hypothesis, but it can 

be a very interesting project for the future. The second hypothesis was how the proliferation rate 

of iPSCs could affect the efficiency of the differentiation. Therefore, two proliferation assays, 

including BrdU staining and counting iPSCs before starting differentiation, were performed. The 

BrdU assay by staining and flow cytometry did not have reliable results, and it needed more 

optimization for the cell lines in this project. Alternatively, the iPSCs were counted with cells 

Cell line Gender Age of skin biopsy Optimum density 

D2 Female 40 100K 

PA1 Female 38 100K 

CA1 Female 49 110K 

PA3 Female 70 100K  

CA3 Female 68 80K 

PA2 Male 62 - 

CA2 Male 69 - 
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singularized and seeded 50K per well (12 well plate), and then on the fourth day in culture before 

starting differentiation, the cells were detached by TrypLe and counted manually with a 

hemocytometer under the microscope.The only significant difference was between proliferation 

rate of D2 and PA1 (Fig 4.1), in which the differentiation efficiency differences were not observed, 

and even the optimal density for PA1 and D2 were the same. Moreover, no statistical difference 

was observed between cell lines that were successfully differentiation and those that did not (CA2 

and PA2). 

While PA2 and CA2 iPSCs did not differentiate to the cardiomyocytes properly within the project 

of this thesis, some suggestions can be pursued in the future to overcome the problem. As 

mentioned before, extracellular matrix and their concentrations were changed for the cell lines to 

obtain high efficiency; one of the suggestions is to change the concentration of the extracellular 

matrix in a broad range for PA2 and CA2. Moreover, trying other extracellular matrices besides 

Vetronectin, Matrigel, and Geltrex. Both cardiomyocytes differentiation kit from Gibco and Stem 

Cell Technologies were tried in parallel on iPSCs. After a few tries eventually, the Gibco kit was 

chosen because it had better results in beating efficiency on the various cell lines. Since non of the 

kits worked for PA2 and CA2 differentiation, a different protocol is recommended for these two 

cell lines. 
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Fig 4.1: Proliferation plot of iPSC cell lines. There is just a significant difference between PA1 and D2.  

 

4.2. Chromatin marker imaging: 

Some previous studies have shown that LMNA mutation changes chromatin arrangements, which 

can affect gene expression [90]. It was observed that in cells with LMNA mutation, there is less 

heterochromatin in the peripheral region of the nucleus than cells without LMNA mutation [90]. 

Heterochromatin is a condensed chromatin structure, which is inactive for transcription, and it is 

mostly located in the periphery of the nucleus with enriched H3k9me3 islands [91]. Another 

version of chromatin, euchromatin, is lightly packed and enriched in genes. It is located in the 

inner body of the nucleus, and it has a significant amount of H3k9me2 islands [92]. One of the 
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future research directions is to examine chromatin arrangments and locations in the nucleus. As a 

preliminary exploration of this, we examined chromatin locations and arrangements in PA1 and 

CA1 iPSC-derived cardiomyocytes by immunostaining for H3k9me2 and H3k9me3 markers. Ten 

random fields of view per coverslip were then imaged with an inverted fluorescent microscope 

(Fig. 4.2 and 4.3).  

 

Fig 4.2: Fluorescent microscope images of PA1 and CA1 iPSC-derived cardiomyocytes. Yellow: 

H3k9me2, Blue: DAPI, and Red: α-actinin. Purple box shows the location of nuclei that did not 

get the stain for H3k9me2.  
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Fig 4.3: Fluorescent microscope images of PA1 and CA1 iPSC-derived cardiomyocytes. Yellow: 

H3k9me3, Blue: DAPI, and Red: α-actinin. Purple box shows the location of nuclei that did not 

get the stain for H3k9me3.  

 

As the images show, the H3k9me2 (Fig. 4.2) stain and the H3k9me3 stain (Fig. 4.3) did not fully 

penetrate all the nuclei (purple boxes Fig. 4.2 and Fig. 4.3). However, there are hints from the 

nuclei that were co-stained that this might be an interesting direction to pursue since the 

H3k9me2 and H3k9me3 do not completely match the shapes outlined by DAPI.  
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4.3. Single-cell cardiomyocytes structure:  

 

Cardiomyocytes need to organize and bundle the myofibrils parallel to the contraction direction 

for contracting and producing force properly. Sarcomeres as essential blocks of myofibrils starting 

to arrange and registered from the peripheral of the cell when the cell start spreading. Moreover, 

sarcomeres as a contractile apparatus composing of actin, muscle myosin, α-actinin, titin, etc. One 

block of the sarcomere is occupied between two z-bands, which should arrange parallelly to each 

other that myosins can bind to actin and shorten along myofibrils. The striated appearance of 

cardiac muscles is because of the z-bands location in myofibrils. In the early stage of 

cardiomyogenesis through differentiation of cardiomyocytes from mesoderm, a- actinin and non-

muscle isoform of myosin IIB are present [93, 94] in the form of discrete aggregated bodies that 

called z-bodies [95]. In the pre-myofibril stage, z-bodies look like as fragmented z-bands because 

of being positive for α-actinin. Still, at this step, z-bands are not aligned yet; therefore, there is no 

contraction observes in pre-myofibrils [96]. After some time and before beating occurs, both non-

muscle and muscle myosin are contained in some fibrils [93], and possibly by interacting with 

Titin, z-bodies are getting close to each other. While the concentration of muscle myosin increases 

as thin bundles are overlapping each other to create thick filaments (A-band aligned and 

aggregated), the concentration of non-muscle myosin decreases rapidly [94]. In mature myofibril, 

z-bodies fuse laterally together and form the mature z-bands [95].  

Through the maturation of cardiomyocytes to produce sufficient force, myofibrils arrange based 

on the cell shape and anchor to the integrins around the cells.  

Recently, induced Pluripotent Stem Cells (iPSCs) derived cardiomyocytes have been used to 

model different heart diseases in vitro [97], and there is a controversy of the level of maturation of 
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iPSCs-derived cardiomyocytes, which bring up this question whether they can be a suitable model 

in vitro. In this study, we show the alignment of z-bands and actin in iPSC-derived cardiomyocytes 

in comparison to primary cardiomyocytes. 

To carefully observing the maturation of cardiomyocytes, both cell lines were seeded in single 

islands of different shapes and areas. It is important to emphasize that primary cells are neonatal 

ventricular rat cardiomyocytes, which are also not fully matured yet. However, as expected 

primary cell myofibrils, for example, in triangle shapes spread along the sides and anchor at the 

corners (Fig. 4.4). In contrast, iPSC-derived cardiomyocyte myofibrils try to elongate along the 

sides, but they do not anchor at least to one of the corners of the triangle and the myofibril form 

an arch in the middle of the triangle. Therefore, myofibrils cannot bundle properly, and z-lines 

cannot organize and registered in a way to create long z-lines to produce force in comparison to 

primary cells. These observations are very preliminary because the iPSC-derived cardiomyocytes 

are from PA3, which has an LMNA mutation. Therefore, the current result is not complete without 

a study of all the lines in the family.. Moreover, some proteins such as myosin, titin, and non-

muscle myosin will preferably be examined for a better conclusion regarding iPSC-derived 

cardiomyocytes maturation or understanding more about myofibrillogenesis in cells with an LMNA 

mutation.  

 

 

 



 

	 75 

 

 
 
Fig. 4.4: NRVM and iPSC-derived cardiomyocytes were seeded on the triangle island. Blue: 

DAPI, Red: α-actinin, and Green: actin. Fibrils in NRVM are anchored to each corner of the 

triangle vs. in iPSC-derived cardiomyocytes are not arranged the same.  
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Lamin A/C protein, as part of the nuclear lamina, play a broad range of roles in nucleated cells of 

the human body. Consequently, a mutation to the LMNA gene can result in various diseases 

including heart diseases. These Heart diseases have various presentations, and the patients 

experience a large range of symptoms that often present themselves with different severities and 

later in the patients’ lives. For a better understanding of the effects of LMNA mutation on 

intracellular organelles including nuclei and cytoskeletal structures, patient-specific skin 

fibroblasts and iPSC-derived cardiomyocytes were studied. Further, a functional assay for 

measuring cardiac stress generation and beating frequency was used to analyze the functional 

phenotype of the iPSC-derived cardiomyocytes.  

The results of this thesis show a correlation between the age of presentation of symptoms with the 

prevalence of dysmorphic nuclei in the skin fibroblast normalized by biopsy age. This indicates 

that even though patients with these mutations do not exhibit skin abnormalities, the property of 

the nuclei of the fibroblasts are related to cardiac vulnerability. This also provided an impetus to 

study the patient-specific iPSC-derived cardiomyocytes. In vitro modeling of heart diseases via 

patient-specific iPSC-derived cardiomyocytes and combination with single-cell RNA sequencing 

was valuable in showing the effects of LMNA mutation on regulating some genes and the 

relationship of the genes and mutated LMNA with structure and function of iPSC-derived 

cardiomyocytes. By examining the results including active stress, beating frequency, and some 

related genes, possible compensation pathways were identified to explain the range of severity and 

the appearance of the heart disease symptoms later in life. Although working with iPSC-derived 

cardiomyocytes has been challenging with many experimental modifications, optimizations, and 

some inconsistency in the results, it gave rise to important results due to being patient-specific 

cells. The methods and experiments presented in this thesis demonstrate the ability of tissue 
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engineering techniques to model heart diseases in vitro in a few weeks instead of a few decades. 

Thus, this work represents an important advance in understanding both the consequence of LMNA 

mutations on heart function as well as a general scheme for investigating heart disease in vitro. 
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iPSCs Protocol: 

Thawing, maintaining, passaging, and freezing the iPSCs: 

 

Materials: 

• Frozen iPSCs from Zaragoza Lab (Excel sheet of iPSCs bank is on Grosberg lab Google 

drive (Google drive link is as below) 

https://docs.google.com/spreadsheets/d/1mgsDYeCC4vcOH6wBEyrVBjQd9-

tgqPSP9PgTgSwvuBs/edit#gid=232087173  

• Essential 8 Medium (Cat.no. A15170, Gibco), (Supplement stored in -20ºC and Basal 4 

ºC) 

• DBPS, no calcium, no magnesium (Cat.no.14190, Gibco, stored at room temp) 

• Geltrex (Cat.no. A1413202, Gibco, stored in -20 °C) 

• Revitacells (Cat.no. A2644501, Gibco, stored in -20 ºC) 

•  6 well plate cell culture plate (Any cell culture brand) 

• Filter flask 

• Serological pipette  

• ReLeSR (cat.# 05872, Stem Cell Technologies, stored at room temp) 
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Preparing Essential 8(E8): 

 

E8 complete: E8 supplement + E8 Basal 

  

1) Thaw E8 supplement (50X) in room temperature for 1 hour or until all the ice gets 

melted 

2) Transfer 490ml E8 basal with 50 ml serological pipette to 500 filter flask 

3) Add 10 ml of E8 supplement (50X) to the 490ml basal medium 

** Extra amount of E8 basal and supplement will be left. Measure the extra E8 basal 

and calculate the corresponding amount of supplement for it. Add the calculated extra 

amount of both to the filter flask. (example: 23ml of the basal left. You need a 469ul 

supplement. $&'()
*+()

= -'()
.

) 

4) Store complete E8 at 4 °C for a week or at -20°C for 6 months (If you want to store at 

-20, aliquot for 40ml in 50ml conical)  

** Warm E8 at room temperature for 1 hr prior to use 

** Do not leave medium at room temperature for longer than 2 hr  

 

Coating the plate by GelTrex: 

             

               ** Upon the receipt, store Getrex in -20°C 

1) Thaw the stock vial of Geltrex on the ice (Avoid thawing-freezing cycle. So, every time 

you thaw 5ml Getltrex, aliquot for 40,100,300ul or 1ml, 2ml )  
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2) Prepare GelTrex master mix based on how many wells you are going to prepare. For 6 well 

palte, 1 ml per well. For 12 well plate, 500 ul per well.  

3) Dilute the GelTrex 1:100 DMEM/ F12 by gently mixing GelTrex into cold DMEM/F12. 

For example for one 6 well plate, 60 ul GelTrex is added into 6 ml DMEM/F12.  

           

          ** One 60ul aliquots is sufficient for coating all wells of a 6-well plate 

4) Add 1ml of diluted GelTrex to each well of a 6-well plate (Shake the plate to make sure 

the whole surface of each well is coated) 

5) Incubate the coated culture vessels at 37°C for 1 hr  

** Coated plates can be sealed by parafilm and stored at 4°C for up to 3 days  

** Allow the plate to equilibrate to room temperature for 1 hr prior to use if you stored in 

4 degree 

6) For preparing the vessels to culture, remove the excess GelTrex from the vessel and discard 

before transferring cells 

** It is not necessary to wash the culture vessel after the removal of GelTrex 

 

 

Thawing human iPSCs: 

  

1) Thaw the cells in a 37°C water bath rapidly (1-2 min) 

** Swirl the cryovial gently in the water bath 

** Do not submerge the cap of the cryovial 

2) Transfer the cells from the cryovial into 15ml centrifuge tube  
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3) Add 10 ml complete E8 at room temperature to cells slowly, drop by drop  

** Gently rock the tube back and forth while adding drops to minimize osmotic shock to 

the cells  

** This step is very crucial. Treat the cells as gently as possible 

** Check the cryovial to ensure all the cells are transferred. If not, rinse the tube with 1ml 

E8. 

4) Centrifuge the cells at 200xg for 2 minutes. 

5) Aspirate the supernatant  

6) Gently tap the 15ml tube to dislodge the cell pellet  

7) Add 2ml of E8 to the tube (Depends how many wells you want to seed. It is different 

between cell lines. 2-4 wells depend on the cell line)  

8) Add 20ul of RevitaCell per 2ml of cell suspension to 1x final concentration 

9) Seed into 2 wells of coated 6-well plate 

10)  Gently rock plate side to side, back and forth to spread the cells evenly across the well  

11) Feed the cells every day by removing the 95% of the medium from the wells by aspirating  

** Do not completely remove the medium; a thin film should cover the cell layer to avoid 

drying out the cells 

12) Add 2ml of fresh E8 per well of the 6-well plate by gently adding to the side of the well 

through the wall 

13)  Incubate cells at 37°C/ 5% 𝐶𝑂* 

** Feed the cells daily 

** If cells need to be left for longer periods between media changing, increased volume of 

media depends on cell density. (1.5x-2x the normal amount) 
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** Do not leave more than two days between medium exchanges 

 

 

Freezing iPSCs (Expansion on iPSCs for iPSC bank):  

 

1) Remove the E8 from the vessels (Depends how many wells you want to freeze) 

2) Wash the vessels with 1ml of DPBS (-/-). Aspirate the DPBS and repeat the wash. 

3) Add 1ml of ReLeSR to each culture vessels  

4) Incubate for 1 minutes at room temperature 

5) Remove the ReLeSR from the vessel 

6) Incubate for 7-9 minutes at room temperature 

7) Add 1 ml E8 to each vessel and tap the plate to detach the colonies 

            Transfer the cells to 50ml conical tube 

8) Centrifuge the cell suspension at 200xg for 4 min at room temperature 

9) Aspirate the supernatant and re-suspend the pellet in an appropriate amount of room 

temperature BAMBanker. Depends on the confluency and number of the wells, the amount 

of the BAMBanker is different. Transfer 1ml of the mixture to each cryovial. Put the vials 

in Mr. frosty and put it in -80 degrees overnight and transfer them to liquid nitrogen storage 

the day after it.  
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Passaging iPSCs:  

 

Split ratio: (Depends on cell line the split ratio is different)  

             ** Passage the cells when they are approximately 70%-80% confluent or if the   colonies 

are growing up on same plate for more than 7 days.  

             ** colonies should not become too dense or display enhanced differentiation 

10) Remove the E8 from the vessels  

11) Wash the vessels with 1ml of DPBS (-/-). Aspirate the DPBS and repeat the wash 

12) Add 1ml of ReLeSR to each culture vessels  

13) Incubate for 1 minutes at room temperature 

14) Remove the ReLeSR from the vessel 

15) Incubate for 7-9 minutes at room temperature 

16) Add 1 ml E8 to each vessels and tap the plate to detach the colonies 

17) Transfer the cells to 50ml conical tube  

18) Add complete E8 based on the appropriate split ratio  

19) Transfer the cells to the wells, gently rock plate side to side, back and forth to spread the 

cells evenly across the well  

20) Incubate the plate in 37°C/ 5% 𝐶𝑂*    

    ** Feed the cells daily 
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Harvesting iPSCs to transfer to the appropriate plate to differentiate: 

Materials: 

• 12 well plate from FALCON (Cat. # 353225, Thermofisher) 

** This is very important that the plates should be FALCON 

• DBPS, no calcium, no magnesium (Cat.no.14190, Gibco, stored at room temp) 

• GelTrex (Cat.no. A1413202, Gibco, stored in -20 °C)  

• Revitacells (Cat.no. A2644501, Gibco, stored in -20 ºc) 

• Essential 8 Medium (Cat.no. A15170, Gibco), (Supplement stored in -20ºc and 

Basal 4 ºc) 

• TrypLE (Cat# 12604-013, Gibco, stored at room temp) 

1) sD1: (day of singularizing):    

2) ** The iPSCs culture should have 70-80% confluence  

3) Make 1:100 GelTrex for 12 well plate (For each 6ml DMEM/F12, 60ul GelTrex), coat 

wells by 500ul per well with GelTrx and incubate at 37°C  

4) Aspirate the spent medium from 6 well plates and rinse each well with 2 ml DPBS (-/-) 

5) Aspirate DPBS 

6) Add 1 ml pre-warmed TrypLE to 6 well plates and incubate in 37°C until the cells round 

up (about 7-10min)  

7) Add 2 ml of E8 to each well and collect the cells and pool them in 50ml conical 

8) Centrifuge the cell suspension at 200xg for 4 min at room temperature 

9) Aspirate the supernatant and re-suspend the pellet in a 6ml of room temperature E8  

10) Count the cells   

** At this stage the cell viability is typically >95% 
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11) Count cells based on the lines and number of wells you want for each line. 

Calculation of 75k per well for 4 plates and 100k per well for 5 plates is showed as bellow: 

75k: 

75K (Cells needed) x 4(plate)x 12(Wells)= 3600K cells    (48 wells) 

100K: 

100Kx5x12= 6M cells           (60 wells) 

12) Calculate the amount of volume of the cells and media for each one  

13) Add Revita cell (20ul for 2ml mixture) 

14) Add 1ml of the cell suspension into each well 

15) Rock the plate back and forth, right and left to spread the cells evenly 

16) Incubate the cells in 37°C/ 5% 𝐶𝑂*    

17)  Refeed the cells with 1ml pre-warmed E8, every day for 3 days 
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Differentiate the iPSCs to cardiomyocyte: (On the fourth day of singularization sD4 or dD1) 

     Materials:  

• PSC differentiation kit including Cardiomyocyte media A (CMA), Cardiomyocyte media B 

(CMB), and Cardiomyocyte maintenance media (CMM) (cat#A29209-01, Gibco, stored in 4 

ºc) 

     ** Cells should be 30-70% confluent 

 

1) dD1: 

i) Aspirate the spent E8       

    ii)Add 1ml/well of pre-warmed (1hr incubate in room temperature prior to using) 

Cardiomyocyte Differentiation Medium A (CMA) 

  iii) Incubate the cells in 37°C/ 5% 𝐶𝑂*    

2) dD2:  

** The cells will start to opaque 

** Do not change media  

3) dD3:  

i)Aspirate the spent medium and replace with 1ml/well of pre-warmed (1hr incubate in room 

temperature prior to using) Cardiomyocyte Differentiation Medium B (CMB) 

ii) Incubate the cells in 37°C/ 5% 𝐶𝑂*    

 

4) dD4: 

** The cells will be more opaque 

** Do not change media  
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5) Aspirate the spent medium and replace with 1ml/well Cardiomyocyte Maintenance Medium 

every other day (CMM), (dD5, dD7, dD9) 

**Check cells for beating. If the amount of beating cells in total is more than 60%-80% on day 

9, transit to purification phase 

** Contracting cardiomyocyte can appear as early as day 6  

 

 Purification cardiomyocytes: (Start on dD10)  

1) dD10:  

i) Aspirate the spent Cardiomyocyte Maintenance Medium  

ii)Add 1ml/well of pre-warmed (1hr incubate in room temperature in prior of using) 

Cardiomyocyte Enrichment Media (CEM), (Protocol is attached at the end) 

2) dD11:  

** Do not change media  

3) dD12:  

i) Aspirate the spent Cardiomyocyte Enrichment Medium  

ii)Add 1ml/well of pre-warmed (1hr incubate in room temperature in prior of   using) 

Cardiomyocyte Enrichment Media (Protocol is attached at the end) 

 

4) dD13: (Re-plating) 
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** If you see your cells are getting weak during the purification process and you are loosing 

beating cardiomyocytes, Replate the cells on dD12 instead of dD13.  

 

Re-plating Cardiomyocytes: (dD13) 

1) Prepare 2, 12 well plate 1:100 GelTrex 

2) Aspirate the spent medium from 12 well plates and rinse each well with 2 ml DPBS (-/-) 

3) Aspirate DPBS 

4) Add 1ml pre-warmed in 37°C water bath Dissociation media (StemCell Technologies,  

STEMdiff™ Cardiomyocyte Dissociation Kit, Catalog #05025 ) to 12 well plates and incubate in 

37°C until the cells round up (about 10-12min)  

5) Add 1ml of Prewarmend in room temperature one hour in advance Supporting media (StemCell 

Technologies,  STEMdiff™ Cardiomyocyte Dissociation Kit, Catalog #05025) to each well and 

collect the cells and pool them in 50ml conical 

6) Centrifuge the cell suspension at 300xg for 5 min at room temperature 

7) Aspirate the supernatant and re-suspend the pellet in an 6ml of room temperature of supporting 

media, pipette up and down with 1ml pipette to singularize the cells 

** If there is a lot of ECM or cells clump together, filter the cells with 100ul filter size 

8) Count the cells   

9) Calculate 3M cells per well  

10) Add 20ul Revitacell per 2ml mixture 

11) Aspirate vitronectin from the wells 

12) Transfer the mixture 1ml/well 

13) Rock the plate back and forward, righ and left top spread the cells evenly 
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14) Incubate the cells in 37°C/ 5% 𝐶𝑂* 

**Feed the cells on the day after dD14  

**Do not feed on dD15 

15) Seed the cells on fibronectin stamped (line 22x3) PDMS coated squared coverslips for 12 well 

plate 

             

                Seed cardiomyocytes on squared coverslips: (dD16) 

                 

1) Stamp 12 PDMS coated coverslips with fibronectin structural purpose and 4 PDMS/PIPAAM 

coated coverslips with fibronectin for heart chips 

2) Aspirate the spent medium from 12 well plates and rinse each well with 2 ml DPBS (-/-) 

3) Aspirate DPBS 

4) Add 1ml pre-warmed Dissociation media to 12 well plates and incubate in 37°C until the cells 

round up (about 10-12min)  

5) Add 1ml of supporting media to each well and collect the cells and pool them in 50ml conical 

6) Centrifuge the cell suspension at 300xg for 5 min at room temperature 

7) Aspirate the supernatant and re-suspend the pellet in an 6ml of room temperature of  supporting 

media , pipette up and down with 1ml pipette to singularize the cells 

** If there is a lot of ECM or cells clump together, filter the cells with 100ul filter size 

8) Count the cells   

9) Calculate 500k per coverslips 

10) Add 20ul Revitacell per 2ml mixture 

11) Transfer 1ml/well of the mixture to the plate 
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12) Feed the cells on dD17 with M199(10% FBS) 

13) Feed the cells on dD18 with M199(2% FBS) 

14) Fix and stain the structural plate on dD19 

15) Do MTF experiment the heart chip on dD19 
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Media: 

 

E8: E8 complete: E8 supplement + E8 Basal (500ml) 

  

            1) Thaw E8 supplement (50X) in room temperature for 1 hour  

            2) Transfer 490ml E8 basal with 50 ml serological pipette to 500 filter flask 

            3) Add 10 ml of E8 supplement (50X) to the 490ml basal medium 

** Extra amount of E8 basal and supplement will be left. Measure the extra E8 basal and calculate 

corresponding amount of supplement for it. Add the calculated extra amount of both to the filter 

flask. (example: 23ml of basal left. You need 469ul supplement. $&'()
*+()

= -'()
.

) 

5)Store complete E8 at 4 °C for week or at -20°C for 6 months (If you want to store at -20, aliquot 

for 40ml in 50ml conical)  

** Warm E8 to room temperature for 1 hr prior to use 

** Do not leave medium at room temperature for longer than 2 hr  

 

 

            Cardiomyocyte Enrichment Media (CEM):  

 

Materials:  

• RPMI 1640 Medium, without glucose (Cat. no. 11879-020)  

• Bovine Albumin Fraction V (7.5% solution) (Cat. no. 15260-037)  

• HEPES (1M) (Cat. no. 15630-106)  

• Sodium Lactate (Syrup, 60% w/w), Fisher Chemical (Fisher Scientific, Cat. no. S326-500)  
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•  L-Ascorbic acid sodium salt, 99%, ACROS Organics™ (Fisher Scientific, Cat. no. AC35268-

1000)  

•  Dulbecco’s Phosphate Buffered Saline (DPBS), without calcium and magnesium (Cat. no. 

14190-250)  

 

A) 250X ascorbic acid solution (10 mL)  

1. To prepare 10 mL of ascorbic acid solution at a final concentration of 500 mM, aseptically mix 

the following components:  

Ascorbic acid 1 g  

UltraPure™ DNase/RNase-Free Distilled Water 6 mL  

2. Dissolve ascorbic acid until it goes into solution. Heating or vortexing may be required.  

3. Once dissolved into solution, add remaining balance of water to QS to 10 mL.  

4. Aliquot and store at –20°C, protected from light, for up to 6 months. Once thawed, use 

immediately; do not store at 4°C.  

 

B) 1 M lactate solution (10 mL)  

1. To prepare 10 mL of lactate solution at a final concentration of 1 M, aseptically mix the 

following components:  

Sodium Lactate 60% 1.43 mL  

1 M HEPES 8.57 mL  

2. Once mixed, store at 4°C, protected from light, for up to 6 months.  
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Cardiomyocyte enrichment medium (CEM) (100 mL of complete medium)  

1. To prepare 100 mL of complete cardiomyocyte enrichment medium (CEM), aseptically mix the 

following components:  

 

• RPMI 1640 Medium without glucose                             96.17 mL  

• Bovine Albumin Fraction V (7.5% solution)                  3.3 mL  

• 1M Lactate solution                                                        0.4 mL 

• 250X ascorbic acid solution                                            0.13 mL  

2. Sterilize through 0.22-µm filter and store at 4°C for up to 2 weeks.  

 
 




