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Abstract 

 Barth Syndrome (BTHS) is a mitochondrial disease which develops secondary to 

functional deletion of the tafazzin (TAZ) gene.  TAZ mutation leads to defective synthesis of 

cardiolipin, a phospholipid of the mitochondrial inner membrane important in oxidative 

phosphorylation.  While diagnosis and treatment of symptoms has led to increased rates of 

survival and quality of life, there is no cure for Barth Syndrome, and cardiac dysfunction via 

heart failure or arrhythmia can be fatal.  Human induced pluripotent stem cells (iPSCs) were 

used to evaluate disease mechanisms, through the establishment of an in vitro human model for 

Barth Syndrome.  Using three different methods, iPSCs derived from BTHS patients were 

differentiated into cardiomyocytes to offer insight into the molecular mechanisms underlying 

heart failure of BTHS patients.  Cardiomyocytes were enriched using two approaches, by 

targeting VCAM1 for magnetic nanoparticle sorting and by exploiting cardiac capacity for lactate 

metabolism to eliminate non-cardiomyocytes.  Using the more recent method of traction force 

microscopy, contractile output will be calculated in future experiments to test the overall 

hypothesis that BTHS iPSC-derived cardiomyocytes will exhibit weaker cardiac contractility 

compared to an unaffected control, resulting from less efficient energy production caused by 

cardiolipin abnormalities.   

 

Introduction 

 Barth Syndrome (BTHS) is a rare X-linked mitochondrial genetic disease.  BTHS has an 

incidence of only 1 in 200,000 male infants, but it has a low survival rate due in large part to the 

high risk of heart failure.  This condition generally has female carriers with a 50% chance of 

transmission to their sons, although there have been incidences of new causative mutations and 

one recently documented case of Barth Syndrome in a female patient. [1]  In addition to the 

potential for heart failure, BTHS patients experience a range of symptoms which include dilated 

cardiomyopathy, neutropenia, hypotonia, muscle weakness, reduced skeletal muscle 

development, growth retardation, exercise intolerance, and 3-methylglutaconic aciduria, with 

cardiomyopathy being the primary cause of death. [2] 



 In this condition, there is a recessive loss of function mutation of the TAZ gene (also 

called G4.5, located at the distal portion of Xq28), which encodes tafazzin, a protein most highly 

expressed in cardiac and skeletal muscle cells.  Tafazzin is a phospholipid acyltransferase, 

responsible for remodeling the mitochondrial phospholipid, cardiolipin.  Cardiolipin is the 

signature lipid component of the mitochondrial inner membrane; it functions to stabilize the 

membrane complexes of the electron transport chain within the mitochondrial inner membrane 

during oxidative phosphorylation.  TAZ mutation results in defective cardiolipin maturation, 

leading to a decrease in cardiolipin levels, abnormal cardiolipin fatty acyl composition, and 

overall, inefficient energy metabolism and subsequently decreased energy levels. [1,2]  This is 

considered to lead to mitochondrial dysfunction, as well as the various symptoms of BTHS, 

although the mechanisms underlying heart failure are not yet understood. 

 Historically, BTHS patients died from heart failure or bacterial infection by the age of 3.  

Advances in diagnosis techniques as well as the monitoring and treating of clinical symptoms 

have led to an improvement in survival rate and life expectancy. [1]  However, a cure for Barth 

Syndrome has yet to be found, and mechanisms of the disease are still poorly understood.  

Thus, there is sufficient ongoing research focused on Barth Syndrome.  Cardiac dysfunction via 

heart failure or cardiac arrhythmia remains fatal, therefore research involving cardiac tissue is 

most critical and relevant to studying the disease. 

 Multiple animal models and even a yeast model have been developed to study Barth 

Syndrome, but they are not adequate for evaluating specifically how TAZ mutations lead to 

dysfunctional cardiac tissues. [2]  Unfortunately, access to live BTHS cardiac tissue is extremely 

limited.  For this reason, human induced pluripotent stem cells from patients with Barth 

Syndrome were used in this study to create an in vitro human model for investigating the 

disease.  

 The heart has little, if any, regenerative capacity.  During development, secondary to the 

establishment of binucleated cardiomyocytes, most of the mature myocardial cells withdraw 

from the cell cycle and become terminally differentiated. [3]  The discovery of human pluripotent 

stem cells (hPSCs) has allowed researchers to focus on finding methods to direct pluripotent 

stem cell differentiation to the cardiac lineage, using both human embryonic stem cells (ESCs) 

and human induced pluripotent stem cells (iPSCs) to do so. 

 iPSCs are a type of cell in which pluripotency has been artificially generated by 

dedifferentiating mature somatic cells through the expression of certain exogenous transcription 

factors, most commonly the combination of Oct4, Sox2, Klf4, and c-Myc. [2]  iPSCs allow the 

study of cells which are not easily-accessible by biopsy, such as cardiomyocytes and neurons.  



They are produced from skin biopsies or blood samples taken from patients, which are then 

cultured with specific growth factors in vitro to prompt redifferentiation into specialized cells.  

These specialized cells derived from iPSCs are ideal for research purposes because they retain 

the genetic information of the patients from which they come.  The relatively recent successful 

induction of both ESCs and iPSCs into cardiomyocytes has led to increased efforts to improve 

efficiency and reproducibility of differentiation protocols, so that cardiomyocytes may be 

produced on a clinically relevant scale. [3] 

 There are three major sources for producing de novo cardiomyocytes:  hPSCs, adult 

heart-derived cardiac progenitor cells, and directly reprogrammed fibroblasts.  This study 

focuses on the use of hPSCs to generate cardiomyocytes.  The differentiation process from 

pluripotency through various mesoderm derivatives to the cardiovascular lineage is highly 

specific and time-sensitive.  The most successful cardiac induction protocols involve stage-

specific activation and inhibition of the major signaling pathways of cardiac development—

activin, BMP, FGF, and WNT—with precise temporal windows, simulating key steps in 

cardiomyogenesis in the early embryo, using several growth factors and small molecules to do 

so. [3]   

 In the protocols utilized in this study, the addition of activin A, bone morphogenic protein 

4 (BMP4), and basic fibroblast growth factor (bFGF) at the start of induction is essential to the 

activation and specification of mesoderm differentiation, to form cardiac mesoderm.  Media are 

not changed for several days to allow the secreted factors to accumulate.  From here, vascular 

endothelial growth factor (VEGF) or Dickkopf-related protein 1 (Dkk1, a WNT inhibitor) may be 

used as cardiac specification factors to produce cardiac progenitor cells, with the addition of L-

ascorbic acid improving the efficiency of progenitor production.  At this point additional growth 

factors are no longer needed, and the differentiation process continues on its own, producing 

immature cardiomyocytes and eventually mature cardiomyocytes with mature electrophysiology 

and calcium handling, capable of spontaneous contractions in culture conditions. [3,4]  A 

diagram summarizing cardiac differentiation in this study is shown below (Figure 1). 

Figure 1. Overview of Cardiac Induction. 

 Because the differentiation process is so time-sensitive, cardiac induction protocols 

generally produce a mixture of cardiomyocytes, endothelial cells, smooth muscle cells, other 



mesoderm derivatives, and in some cases undifferentiated stem cells.  In order to use de novo 

cardiomyocytes in both clinical and laboratory settings, isolation of a pure population of 

cardiomyocytes is necessary.  Contamination of the cardiomyocyte population with 

undifferentiated hPSCs could result in the formation of a teratoma after transplantation back into 

patients.  Traditional purification methods rely on genetic modifications involving insertion of a 

selection cassette within the host genome, which may also result in tumorigenesis. [3]  This 

study seeks to try two newer non-invasive methods of cardiomyocyte “enrichment,” or 

purification.  The first method uses an antibody for VCAM1, a cardiac cell surface marker, to 

isolate enriched populations of cardiomyocytes through magnetic nanoparticle sorting. [5]  The 

second method takes advantage of the high capacity of fetal cardiomyocytes to use lactate as a 

major energy source in oxidative phosphorylation, creating a toxic environment for unwanted 

cell populations. [6]  

 Pure populations of de novo cardiomyocytes have numerous applications.  In the case of 

damaged heart tissue (i.e. post-myocardial infarction), donor cardiomyocytes may be used in 

the future to exchange scar tissue with grafts of new functional myocardium in cell replacement 

therapy.  Another important application for de novo cardiomyocytes is drug discovery; studies 

have shown that hPSC-derived cardiomyocytes (hPSC-CMs) will respond to cardioactive drugs 

with the expected reaction, signifying that de novo cardiomyocytes may be used for drug 

discovery, development, and toxicology screening.  Finally, disease modeling and personalized 

medicine are other avenues for investigation; by deriving cardiomyocytes from iPSCs of patients 

with various cardiac diseases, electrophysiological and molecular analyses may be done to 

study the molecular mechanisms behind each disease. [3]  

 Therefore, studying Barth Syndrome iPSC-derived cardiomyocytes (iPSC-CMs) allows 

direct observation of how genetic mutations manifest in cardiac muscle cells in vitro.  Upon 

differentiating BTHS iPSCs into cardiomyocytes and enriching the cultures, it will be possible to 

study the mechanisms underlying heart failure of BTHS patients.  If mitochondrial and cellular 

function can be characterized, then it may be possible to investigate how cardiolipin 

abnormalities lead to heart failure. [2] 

 

Hypothesis and Aims 

 Through the use of Barth Syndrome iPSC-derived cardiomyocytes, the aim of the overall 

study is to examine mitochondrial dysfunction, potential abnormalities in cellular energy and 

redox status, and subsequent cardiomyocyte dysfunction under non-stressed and stressed 



conditions to provide an understanding of the mechanisms that cause cardiac dysfunction in 

clinical BTHS.   

 Specifically for this paper, the main objective will be to evaluate cardiomyocyte 

dysfunction of BTHS iPSC-CMs.  Experiments will be conducted to test the hypothesis that 

BTHS iPSC-CMs will exhibit weaker cardiac contractility in comparison to control hPSC-CMs, 

due to less efficient energy production caused by cardiolipin abnormalities.  To test this, the 

specific aims are as follows:  (1) To use established protocols for cardiac induction and modify 

them as necessary to obtain cardiomyocytes derived from BTHS iPSCs, control iPSCs, and 

control ESCs.  (2) To apply non-invasive experimental methods for cardiomyocyte purification in 

order to obtain enriched cardiomyocyte populations.  (3) To compare cardiac contractility in 

functional testing of BTHS iPSC-CMs with control iPSC-CMs and ESC-derived cardiomyocytes 

(ESC-CMs) using traction force microscopy. [10] 

 

Methods 

hPSC Cell Culture 

 The control human ESC line used was the Rockefeller University Embryonic Stem Cell 

Line 2, RUES2 (NIH approved, hESC-09-0013).  Two different control human iPSC lines were 

used for this study.  One iPSC line was derived from the human fibroblast strain, IMR90 (ATCC, 

line CCL-186) from human fetal lung myofibroblasts.  The other iPSC line was generated from a 

newborn foreskin fibroblast primary cell line, BJ (ATCC, line CRL-2522).   

 The BTHS iPSC line, BTH003, was produced before the start of the study from human 

dermal fibroblasts of a patient with Barth Syndrome, through retroviral transduction of 

transcription factors Oct4, Sox2, c-Myc, and Klf4.  By genotyping using HotStarTaq DNA 

polymerase, it was previously established that BTHS patient 003 possessed a missense 

mutation GàT at position 170 in Exon 2 of the TAZ gene, causing a change in the amino acid 

sequence from arginine (CGA) to leucine (CTA). [7] 

 hPSCs (RUES2, IMR-90, BJ, and BTH003) were maintained in feeder-free culture on 

Matrigel-coated dishes (1:100 dilution) in mTeSR1 (Stem Cell Technologies) medium.  Culture 

medium was changed daily.  Cells were kept at 37oC in 5% CO2.  

 hPSCs were passaged every 6-7 days using either Ethylenediaminetetraacetic acid 

(also called EDTA, Life Technologies) or the StemPro EZPassage Disposable Stem Cell 

Passaging tool (Life Technologies).  For EDTA dissociation, EDTA was added directly to the cell 

culture dishes following removal of the culture medium and gentle washing with PBS (Mg2+ and 



Ca2+ free, Corning Cellgro); after incubating with EDTA for 3-4 minutes at room temperature, 

colonies began to separate; EDTA was then neutralized by adding mTeSR1 medium, and the 

mixture was pipetted drop-wise into new culture dishes.  For manual dissociation, after gently 

washing with PBS, the culture medium was replaced with fresh mTeSR1, and colonies were cut 

to roughly equal size using the EZ Passage roller; cells were gently rinsed with culture medium 

to lift cut colonies from the plate; the mixture was then pipetted drop-wise into new culture 

dishes. 

Differentiation of hPSC-derived Cardiomyocytes (adapted from Carpenter et al) [8] 

 Four or five days before the start of differentiation, BJ iPSC and BTH003 iPSC lines 

were each manually dissociated into colonies of roughly equal size using the EZPassage tool in 

Essential 8 medium (Life Technologies) onto Matrigel-coated plates.  On day 0, the start of the 

induction, Essential 8 was replaced with a base medium containing StemPro-34 SFM (Life 

Technologies) with 1% Penicillin/Streptomycin (Life Technologies), 2 mM L-glutamine (Life 

Technologies), 400 µM Monothioglycerol (Sigma), and 50 µg/ml Ascorbic Acid (Sigma).  At this 

time, 0 hours, the base medium was supplemented with 50 ng/ml Activin A for 4 hours; then 5 

ng/ml Activin A, 10 ng/ml BMP4, and 5 ng/ml bFGF (Life Technologies) for 44 hours.  On day 2, 

the medium was refreshed with new base medium, supplemented with the same cytokine 

concentrations from hours 4 to 48, with no change in medium for another 48 hours.  On day 4, 

cells were cultured in the base medium with no supplementary cytokines, with a change in 

medium every other day from this point on.  Cell masses were expected to show spontaneous 

contractions by day 10. 

Differentiation of hPSC-derived Cardiomyocytes (adapted from Ye et al) [9] 

 Four days before starting the induction, the IMR90 iPSC line was dissociated into single 

cells by exposure to Accutase (Stem Cell Technologies) for 7 minutes at 37oC to generate a 

single cell suspension.  Cells were seeded at a density of 250,000 cells per cm2 onto growth 

factor reduced Matrigel in mTeSR1 medium.  Fresh mTeSR1 was added daily over the next 4 

days.  Cell cultures were supplemented with 1 µM ROCK inhibitor (also called Y-27632 

dihydrochloride, Tocris) to encourage single-cell survival.  Once the monolayer was confluent, 

cells were considered ready for cardiac differentiation.  On day 0, the start of the induction, 

iPSCs were cultured for 24 hours with RPMI 1640 medium (Corning Cellgro) supplemented with 

B27 without insulin (Life Technologies), 50 ng/ml Activin A (Life Technologies), and 25 ng/ml 

BMP4 (Life Technologies).  On day 1, the cardiac induction medium was changed to RPMI 1640 

medium supplemented with B27 without insulin and 10 ng/ml VEGF (Life Technologies) and 



was left unchanged for 72 hours.  On day 4, the cells were maintained in RPMI 1640 medium 

supplemented with B27 complete (Life Technologies), to be changed every other day.  Cells 

were expected to start spontaneously beating on day 10 or 11. 

Differentiation of hPSC-derived Cardiomyocytes (adapted from Uosaki et al) [5] 

 Two to three days before the start of differentiation, RUES2 ESC, BJ iPSC, and BTH003 

iPSC lines were each dissociated into a monolayer by exposing colonies to EDTA for 5-6 

minutes at room temperature.  Cells were seeded at a density of 100,000 cells per cm2 growth 

area onto Matrigel-coated plates in mTeSR1 medium supplemented with 1 µM ROCK inhibitor.  

On the day before induction, hPSCs were covered with a Matrigel overlay (1:60 dilution in 

DMEM:F12, Life Technologies).  At the start of the induction, mTeSR1 medium was replaced 

with RPMI+B27 base medium containing RPMI 1640 medium supplemented with B27 without 

insulin and 2mM L-glutamine.  At this time, day 0, the base medium was supplemented with 100 

ng/ml Activin A for 24 hours.  On day 1, the RPMI+B27 was refreshed and then supplemented 

with 10 ng/ml BMP4 and 10 ng/ml bFGF with no change in medium for 96 hours.  On day 5, for 

48 hours, the medium was replaced with RPMI+B27 base medium supplemented with 100 

ng/ml Dkk1 (Life Technologies).  On day 7, cells were cultured in RPMI+B27 base medium 

without supplementary cytokines; from this point on, the medium was refreshed every other day.  

Spontaneous contractions were expected on day 8 or 9.  

hPSC-derived Cardiomyocyte Maintenance and Passaging 

 During maintenance of the hPSC-CMs, at day 21 of the Uosaki protocol [5], the 

RPMI+B27 maintenance medium was changed to include the B27 complete supplement. 

 hPSC-CMs were passaged on day 39 of the Uosaki protocol [5] using two different 

enzymes onto plates coated with four different materials.  Half of the cells were exposed to 

Accumax (Sigma) for 5 minutes at 37oC and then diluted with DMEM:F12 and 10% FBS (Atlanta 

Biologicals), centrifuging at 1,000 rpm for 3 minutes.  The other half were exposed to 0.25% 

Trypsin-EDTA (Corning Cellgro) for 5 minutes at 37oC and then inactivated with DMEM:F12 and 

10% FBS, centrifuging at 1,000 rpm for 3 minutes.  Plates were coated with 0.6 µg fibronectin 

(Life Technologies) per ml H2O, 10 µg laminin (Sigma) per ml DMEM:F12, and 0.1% gelatin 

(Millipore), incubated at 37oC for 2 hours, and also with Matrigel (1:100 dilution), incubated at 

room temperature for 2 hours.  Cells were resuspended in “EB20” medium [10], containing 

DMEM:F12, 20% FBS, 1% 100x NEAA (Life Technologies), and 0.1 mM β-mercaptoethanol 

(Life Technologies).  Cells were seeded at 50,000 cells per cm2 growth area, in small clumps of 

cells.  After 24 hours, the medium was changed back to the maintenance RPMI 1640 medium 



supplemented with B27 complete.  Spontaneous contractions were observed in the small 

clumps of cells, as early as 24 hours after passaging. 

 After this initial trial, in subsequent cardiomyocyte passaging, cells were dissociated 

using Accumax for 5 minutes at 37oC onto fibronectin-coated plates. 

Purification of hPSC-derived Cardiomyocytes using Lactate [6] 

 Glucose-free DMEM (no glucose, pyruvate, or glutamine, Corning Cellgro) medium was 

supplemented with 4 mM lactate (Sigma), made by diluting lactate stock solution (60 g per 100 

ml) in sterile 1 M Na-HEPES (Corning Cellgro).  At differentiation day 21, hPSC-derived 

cardiomyocytes from the Uosaki protocol [5] were treated with the lactate selection medium, 

with one well from each cell line remaining untreated for comparison purposes.  The selection 

medium was refreshed every day to remove dead, unwanted cells.  After exposing cells to the 

selection medium for 96 hours, the medium was changed back to cardiac maintenance medium 

containing RPMI 1640 and B27 complete.   

Purification of hPSC-derived Cardiomyocytes with Magnetic Nanoparticle Separation [5]  

 For magnetic nanoparticle separation, the EasySep Biotin Selection kit (Stem Cell 

Technologies) was used, and the manual protocol using “The Big Easy” Silver EasySep magnet 

was followed.  

 At differentiation day 21 of hPSC-CMs from the Uosaki protocol [5], a single cell 

suspension was prepared by exposing cells to Accumax for 10 minutes at 37oC and 

resuspending dissociated cells in a round bottom tube at a concentration of 2.5 x 107 cells per 

250 µl of the recommended medium:  PBS (Mg2+ and Ca2+ free), with 2% FBS and 1 mM EDTA.  

100 µl Anti-Human CD32 FcR Blocker, the blocking antibody, per ml of suspension was added 

to the round bottom tube followed by 2 µg/ml biotin anti-human CD106 antibody (Bio Legend), 

the primary antibody; the mixture was incubated at room temperature for 15 minutes.  The biotin 

selection cocktail was added at 100 µl/ml, incubating for 15 minutes at room temperature.  50 

µl/ml magnetic nanoparticles were then mixed in vigorously, incubating for 10 minutes at room 

temperature.  The cell suspension was brought up to a total volume of 5 ml by adding additional 

recommended medium and was then placed in the magnet for 5 minutes.  Afterwards, the 

magnet was inverted for 2-3 seconds, with the flow-through fraction poured off into a separate 

container.  At this point, the positively selected, magnetically labeled hPSC-CMs should have 

remained in the tube, and unlabeled, unwanted cells should have been in the flow-through.  The 

tube was removed from the magnet and filled with 5 ml recommended medium, after which the 

tube was placed back into the magnet for 5 minutes.  This process was repeated for another 5-



minute separation in the magnet, with the flow-through again poured off and the tube removed 

from the magnet.  Finally, cells were resuspended in RPMI 1640 supplemented with B27 without 

insulin and 5% FBS and replated onto laminin and 0.1% gelatin coated plates.   

 Prior to this positive CD106-selection process, a negative selection was performed to 

remove dead cells that nonselectively attached to the nanoparticles.  Both the flow-through cells 

from the positive selection and the nonselectively bound cells were replated onto laminin and 

0.1% gelatin coated plates. 

Quantitative Real-Time PCR (qPCR) 

 Total RNA was extracted from various cells and tissues using the RNAqueous kit 

(Ambion) for phenol free total RNA isolation.  The Turbo DNA-free kit (Ambion) was used for 

DNase treatment to remove contaminating DNA from the RNA preparation.  OD260/OD280 ratio 

was measured for each sample using a Gen5 plate reader with a Take3 microspot plate (Bio-

Tek).  First-strand cDNA synthesis was performed under RNase-free conditions using the High 

Capacity cDNA Reverse Transcription kit using random primers (Applied Biosystems).  Reaction 

tubes were incubated in the thermal cycler at 25oC for 10 minutes, 37oC for 120 minutes, 85oC 

for 5 seconds, and 4oC overnight. 

 For quantitative analysis, cDNA was diluted to 0.5 ng/ml across all samples and was 

then used as the template in quantitative real-time polymerase chain reaction (qPCR) assays 

using Power SYBR Green dye (Applied Biosystems).  The primers (Nanog, Nkx2.5, vWF, and 

aSMA) were designed using Primer3 software to comply with suggested guidelines of the SYBR 

Green PCR Master Mix Protocol (Applied Biosystems).  All samples were run in duplicate or 

triplicate, with standard curves generated for each primer set on each PCR run.  Reactions were 

performed using StepOne Plus (Applied Biosystems) at 95oC for 10 minutes then 40 cycles 

alternating between 95oC for 15 seconds and 60oC for 1 minute.  Expression level was 

calculated through the comparative CT method, using either β-actin or GAPDH for normalization. 

Immunofluorescence 

 Cells were exposed to Accumax for 5 minutes at 37oC and seeded at 25,000 cells per 

cm2 onto sterile coverslips within a 12 well plate.  Cells were then left to grow for 96 hours to 

guarantee protein re-expression after passaging.  All media were used at room temperature 

unless otherwise specified.  On the coverslips, cells were rinsed with 1x PBS, then fixed with 

4% PFA (Sigma) for 10 minutes.  Cells were washed four times with 1x PBS for 5 minutes each 

time on a rotator and then permeabilized with 0.1% Triton X (Sigma) in 1x PBS for 5 minutes.  

Cells were again washed with 1x PBS four times for 5 minutes on a rotator.  Cells were then 



blocked for 1 hour in 10% rabbit anti-mouse serum (Sigma) in 1x PBS-T (0.05% Triton X).  The 

primary antibody, mouse monoclonal sarcomeric α-actinin (1:100 dilution, Sigma), diluted in 

10% serum in 1x PBS-T, was added and kept overnight at 4oC in a humid environment, with the 

cell side in contact with the antibody.  Coverslips were washed four times with 1x PBS for 5 

minutes on a rotator.  The secondary antibody, AlexaFluor 488 (green dye, 1:500 dilution, Life 

Technologies), was added in 10% serum in 1x PBS-T for 1 hour in a dark, humid environment, 

with the cell side in contact with the antibody.  Cells were washed three times with 1x PBS for 5 

minutes on a rotator then once with H2O for 5 minutes.  Coverslips were air dried overnight in 

the dark.  The next day, coverslips were mounted to slides with VectaShield HardSet mounting 

medium with DAPI for 15-20 minutes, and stained cells were detected by fluorescence 

microscopy (Zeiss). 

 

Results 

 Cardiomyocyte differentiation was attempted using three different directed differentiation 

protocols (Figure 2). 

 



 
Figure 2. Schematic representation detailing differences between cardiomyocyte inductions. 

Protocols were revised as needed from (A) Carpenter et al [8], (B) Ye et al [9], and (C) Uosaki et 

al [5].  This diagram presents the many similarities and minute differences between induction 

protocols, including the estimated start of contractions. 

 The first cardiac induction attempt was based on a protocol used by Carpenter et al [8], 

modified only in that cells were cultured in colonies of similar size rather than in a monolayer.  

Before the induction, control BJ iPSCs (5 samples) and BTH003 iPSCs (5 samples) exhibited 

typical undifferentiated morphology characterized by a large nucleus and little cytoplasm.  By 

day 2, following initial cytokine treatment, the centers of colonies had died, leaving a ring of 

cells.  Differences in morphology typical of differentiation were identified, including elongated 

holly-shaped cells characteristic of early mesoderm derivatives and a 3-dimensional geographic 

growth pattern.  On day 8, a distinctive dark cobblestone pattern, characteristic of endothelial 

cells was observed as well as 3-dimensional clumps of round cells with possible cardiac 

morphology.  By day 15, large dense regions were discernible around the colony center along 

with extensive outgrowth of cells.  Cardiomyocytes are known to spontaneously contract in cell 

culture, with the presence of beating implying successful differentiation, but no contractions 

were observed in any of the samples, suggesting that iPSC-CMs had not been produced. 

 The second cardiac differentiation attempt was based on a protocol outlined by Ye et al 

[9].  Only IMR90 iPSCs (6 samples) were used in this induction.  Prior to initiating differentiation, 

control iPSCs maintained typical stem cell morphology.  Initial attempts at establishing a 

monolayer were unsuccessful, possibly due to the lack of cell attachment after passaging, low 

cell viability caused by passaging reagents, and the use of older Matrigel and mTeSR1 medium.  

After adjustments were made and ROCK inhibitor was added at the start to help establish single 

cell attachment and survival, a confluent monolayer was observed (Figure 3A), and the rest of 

the cardiac induction protocol was followed as reported.  Following treatment with Activin A, 

there was substantial cell death, with rounding up occurring as cells died; large patches 

detached with additional cytokine treatment (Figure 3B).  By day 7, holly-shaped cells were 



observed and groups of cells became more 3-dimensional (Figure 3C).  Maintenance of cells 

with RPMI 1640 and B27 complete was continued, and by day 15, in addition to the 

characteristic cobblestone endothelial cells, 3-dimensional clumps of cells with possible cardiac 

morphology were observed (Figure 3D).  However, there were no visible contractions in any of 

the 6 samples.   

 
Figure 3. Different phases of the Ye et al cardiac induction. 

10x objective microscopic images from (A) day -3, (B) day 3, (C) day 7, and (D) day 15. 

 RNA isolated from a differentiated RUES2 sample from day 21 of a previously 

successful Carpenter induction was compared using qPCR analysis to differentiated IMR90 

samples from day 17 of the Ye cardiac induction (Figure 4).  Nkx2.5 was used as a marker for 

cardiac lineage cells, and Nanog was used as an indicator for pluripotency, expressed if any 

pluripotent cells remained within the culture.  In both cases, undifferentiated RUES2 was used 

as the control (RQ = 1).  All samples showed Nkx2.5 expression, indicating development of 

some cardiac mesoderm derivatives, although at relatively lower levels in the Carpenter sample 



than in the Ye samples.  Additionally, relative to the undifferentiated control ESC sample, there 

was little to no Nanog expression in the Ye samples, signifying that essentially all cells had 

differentiated; however Nanog expression in the Carpenter sample had decreased but did not 

disappear altogether, implying that undifferentiated ESCs remained in the culture.  Both the 

lower Nkx2.5 expression and higher Nanog expression in the Carpenter sample compared to 

the Ye samples may have been caused by the greater difficulty in exposing all cells to the 

necessary cytokines when cultured in colonies versus a monolayer.  Overall however, while 

qPCR analysis indicates that the Ye induction was slightly more successful regarding gene 

expression than the previous Carpenter induction, neither cardiac induction had been 

successful this time in producing cardiomyocytes since cells did not exhibit spontaneous 

contractions in culture. 

 
Figure 4. qPCR results: Ye induction compared with previous Carpenter induction. 

Undifferentiated RUES2 was used as a control (RQ value = 1), and all results were normalized 

to β-actin. (A) Expression levels of Nkx2.5, a cardiac marker, in hPSC-derived cells.  

(B) Expression levels of Nanog, a pluripotency marker, in hPSC-derived cells. 



 The last cardiac induction protocol used a previous report by Uosaki et al [5] as the 

foundation, with modifications as previously mentioned in methods—the main adjustment being 

that cells were cultured in mTeSR1 before induction, rather than conditioned MEF-CM medium.  

The biggest difference in this protocol as compared to the others was the use of a Matrigel 

overlay to prevent cell death by keeping cells from detaching en masse.   

 In the first cardiac induction using this method, control RUES2 ESCs (1 sample), control 

BJ iPSCs (4 samples), and BTH003 iPSCs (2 samples) were used.  Prior to the start of 

differentiation, hPSCs showed morphology typical of undifferentiated stem cells.  The cardiac 

differentiation protocol was followed as directed, and a confluent monolayer was observed by 

day -1.  As expected, there was less cell detachment after initial cytokine treatment than 

occurred using the other two methods, but cell death was not nonexistent.  On day 5, longer 

holly-shaped cells with dark cytoplasm and less visible nuclei were observed in some samples, 

while other wells contained lighter round-shaped cells characteristic of cardiac derivatives.  By 

day 11, the cobblestone growth pattern of endothelial cells and a build-up of 3-dimensional 

clumps of rounder cells were observed, although there was no sign of beating in any of the 

samples.  Finally on day 20, spontaneous contractions were observed in all 4 BJ samples in flat 

areas with rounded cells; unfortunately, the RUES2 and BTH003 samples had been 

contaminated with fungi.  The BJ iPSC-CM samples were kept for maintenance and purification, 

and the other samples were discarded.   

 On day 21, a separation using 

magnetic nanoparticles was attempted on 

the 4 BJ iPSC-CM samples.  Vascular cell 

adhesion molecule 1 (VCAM1, also called 

CD106) was the cardiac cell surface marker 

used to identify iPSC-CMs [5], through the 

use of biotin anti-human VCAM1 antibody.  

Ideally the magnetic beads would recognize 

biotin, which would be conjugated in a 

tetrameric antibody complex with an 

antibody for VCAM1 (Figure 5); 

subsequently using a magnet, cells expressing VCAM1 could be selected for.  First, a negative 

selection was performed to remove cells (i.e. dead cells with “stickier” membranes) that would 

attach nonselectively to the magnetic beads; approximately 1 x 107 nonselectively bound cells 

were removed in this way and kept in a separate container.  After this, the VCAM1 sorting 

Figure 5. Tetrameric Antibody Complex 
(Stem Cell Technologies EasySep manual) 



protocol was followed as directed.  At the end of the purification process, VCAM1-sorted cells 

were replated on both laminin and 01% gelatin plates, to determine whether there was a 

preference for attachment on either coating.  Additionally, both the flow-through cells from 

positive selection and the nonselectively bound cells with no antibody from negative selection 

were replated, to be analyzed in an impending gene expression study to ensure neither group 

contained iPSC-CMs.  All samples were observed for signs of contractions after replating; if 

everything went as planned, only wells with VCAM1-sorted cells would contain beating 

cardiomyocytes.  However, in the following week, there were no observable contractions in any 

of the groups, and it was determined that the BJ iPSC-CMs had been lost during the purification 

process.  This may have been caused by low replating cell density, low cell viability, or lack of 

reattachment after dissociation. 

 
Figure 6. qPCR results from VCAM1 nanoparticle separation. 

Expression levels of vWF (endothelial cell marker), aSMA (smooth muscle marker), and Nkx2.5 

(cardiac cell marker) were compared in negatively selected cells with no antibody (used as the 

control, RQ value = 1), cells from the flow-through of the positive selection, and VCAM1-sorted 

cells.  All results were normalized to GAPDH. 

 At day 28, RNA was isolated for qPCR analysis (Figure 6).  Nkx2.5 was again the 

cardiac marker used.  Primers for vWF, an endothelial cell specific marker, and α-smooth 

muscle actin (aSMA), specific for vascular smooth muscle cells, were also used to determine 

the success of the enrichment.  Standard amplification curves for the vWF primer were not well 

spaced or complete, indicating that vWF was not a good primer set for this analysis; 

nevertheless, from the data it can be tentatively determined that endothelial expression was 

similar across all groups.  Surprisingly, VCAM1-sorted cells contained the lowest cardiac Nkx2.5 



expression with smooth muscle aSMA expressed more than three times that amount, and cells 

from the flow-through expressed the highest amount of Nkx2.5.  Likely, these results are due to 

the fact that RNA was collected over a week after replating, rather than immediately after the 

separation.  Thus, assuming that many of the cardiomyocytes and other iPSC-derived cells did 

not attach after replating, this RNA analysis was misrepresentative of the original samples.  As 

such, overall, the only thing that can be definitively concluded from qPCR analysis is that 

cardiomyocyte enrichment did not definitely occur.  This does not mean enrichment did not 

occur at all; it only means it cannot be proven one way or the other.  

 In the second cardiac induction using the Uosaki method [5], control RUES2 ESCs (4 

samples), control BJ iPSCs (5 samples), and BTH003 iPSCs (3 samples) were used.  The 

cardiac differentiation protocol was followed in the same way as the first induction.  On day -1, 

BJ and BTH003 iPSCs showed a confluent monolayer while RUES2 ESC samples contained 

many holes throughout.  On day 7, BTH003 and RUES2 samples revealed a similar morphology 

to the first induction, while BJ samples exhibited a much more 3-dimensional, geographic 

growth pattern.  By day 11, one RUES2 group already contained a spontaneously beating 

clump of cells.  By day 17, there were 3-dimensional clumps of beating cells, sitting on top of the 

monolayer, in all 4 RUES2 samples (Figure 7A); the holes in the monolayer appeared to have 

filled in with elongated cells characteristic of smooth muscle cells.  One of the BTH003 samples 

contained a single contracting region with a large flat surface area, completely different in 

morphology from the RUES2 ESC-CMs but more similar to BJ iPSC-CMs of the previous 

induction.  This difference in morphology is observable when comparing Figures 7B and 7C.  

This time, BJ samples did not contain any contracting areas.   

 From this induction, a cardiomyocyte enrichment using lactate selection medium was 

attempted.  Through oxidative phosphorylation, cardiomyocytes are able to generate energy 

efficiently from numerous substrates, including glucose, fatty acids, and lactate.  Fetal 

cardiomyocytes have even greater capacity for lactate metabolism, taking advantage of the 

lactate-rich environment of the placenta during development.  In a previous study, it was found 

that culturing pluripotent stem cell derivatives with lactate-rich medium containing no glucose, 

pyruvate, or glutamine led to survival of only cardiomyocytes. [6]  Thus, on day 21, the hPSC-

derived cardiomyocytes were purified using this lactate selection medium.  Treatment was 

applied as directed to samples (RUES2, BJ, BTH003) regardless of whether contractions were 

present or not, leaving one sample of each type untreated for comparison.  After 96 hours with 

the selection medium had passed, it was obvious that some cells had died, especially the 

elongated cells characteristic of smooth muscle cells (Figures 7B and 7C).  However, many of 



the remaining cells were not beating, implying that some non-cardiomyocytes had survived the 

lactate purification.  After enrichment, the previously observed flat region of beating BTH003 

iPSC-CMs significantly increased in size, and several other contracting areas were identified in 

both of the treated BTH003 samples, indicating that lactate selection medium may potentially be 

used as an identification tool for cardiomyocytes.  Unfortunately, treated BJ samples still did not 

demonstrate signs of contracting and unexpectedly did not show much cell death after lactate 

treatment.  In general however, the lactate enrichment was successful in some purification of 

hPSC-CMs, although adjustments would need to be made to obtain completely pure 

cardiomyocyte cultures. 

 
Figure 7. Images from videos of contracting hPSC-CMs. 

10x objective microscopic videos of contractions were taken of RUES2 ESC-CMs at days 19 

and 25, (A) 2 days before and (B) after the 96 hour lactate exposure.  Videos of BTH003 iPSC-

CMs were taken only (C) after enrichment on day 25.  Areas circled in red exhibited 

spontaneous contractions in culture. 



 RUES2 and BTH003 hPSC-CMs were passaged on day 39, and BJ iPSC samples were 

discarded.  On day 41, RUES2 ESC-CMs and BTH003 iPSC-CMs were dissociated onto 

coverslips for staining (Figure 8).  For immunofluorescence staining, α-actinin, a sarcomeric 

actin-binding protein with a specific striation pattern for skeletal and cardiac muscle cells, was 

targeted using AlexaFluor 488 (green); DAPI, a nuclear counterstain, was used to identify nuclei 

to indicate cell presence.  The difference in morphology between RUES2 ESC-CMs and 

BTH003 iPSC-CMs is again apparent in the staining (Figures 8A and 8B).   

 
Figure 8. Immunofluorescent staining for α-Actinin (green). 

Presence of blue nuclei (DAPI counterstain) alongside green fluorescence indicates the 

presence of hPSC-CMs.  Lactate purified RUES2 ESC-CMs are shown at (A) 20x and (C) 63x, 

exhibiting 3-dimensional clumps of cardiomyocytes.  Lactate purified BTH003 iPSC-CMs are 

shown at (B) 20x and (D) 63x, exhibiting a one-dimensional plane of interconnected, more 

widely-spread cardiomyocytes.  While slightly blurry, images (C) and (D) show how α-actinin 

manifests in the striations of cardiac muscle cells. 



 
Figure 9. qPCR results from Uosaki cardiac induction and lactate purification. 

All results were normalized to GAPDH. (A) Expression levels of Nkx2.5, a cardiac marker, in the 

hPSC-derived cells.  Human heart cDNA was used as the control (RQ value = 1).   

(B) Expression levels of Nanog, a pluripotency marker, in the hPSC-derived cells. 

Undifferentiated RUES2 was used as the control (RQ value = 1). 

 Additionally on day 41, RNA was extracted for qPCR analysis (Figure 9).  For cardiac 

marker Nkx2.5, cDNA from adult human heart tissue obtained from a colleague was used as the 

control (RQ = 1).  For pluripotency marker Nanog, undifferentiated RUES2 cDNA was used as 

the control (RQ = 1).  The four experimental samples showed varying degrees of Nkx2.5 

expression, enough so that development of cardiomyocytes can be successfully concluded in 

each sample, when also taking contraction presence into consideration.  In all cases, samples 

demonstrated lower Nkx2.5 expression than the adult human heart sample, although it is 

difficult to tell whether this was due to lower overall expression or lower percentage of 

cardiomyocytes; most likely both are true.  Lactate purified RUES2 ESC-CMs expressed Nkx2.5 

at about 25% of the level of human heart tissue, whereas unpurified RUES2 ESC-CMs 

expressed slightly more than half of that.  Lactate purified BTH003 iPSC-CMs expressed Nkx2.5 



at about 1% of the level of the human heart tissue, whereas unpurified BTH003 iPSC-CMs also 

expressed slightly more than half of that, although it is difficult to tell from the figure.  Flow 

cytometry would be needed to know conclusively, but the overall increase of Nkx2.5 expression 

from unpurified samples to lactate purified samples implies that the cardiomyocyte enrichment 

was fairly successful.  Moreover, compared to control ESC expression, there was little to no 

Nanog expression in the four experimental samples, suggesting that essentially all cells had 

differentiated and were no longer pluripotent.  Overall, qPCR results as well as video recordings 

of cardiomyocyte contractions (Figure 7) suggest that this was a successful cardiac 

differentiation and a somewhat successful cardiomyocyte purification.   

 

Discussion and Conclusions 

 There are various protocol options available for differentiating human pluripotent stem 

cells into cardiomyocytes.  Directed differentiation from pluripotency through multipotent 

mesodermal cells to terminally differentiated cardiomyocytes focuses on stage-specific 

activation and inhibition of cardiomyogenic signaling pathways.  Numerous attempts to direct 

differentiation into the cardiac lineage have provided the current understanding of the stages of 

cardiac development, pictured below (Figure 10). [3]  Many of the pathways shown should be 

familiar, as they may have been targeted by the cardiac differentiation protocols used in this 

paper. 

 
Figure 10. Overview of current knowledge of factors involved in hPSC cardiac differentiation. 

From Burridge et al. [3] 



 In this study, originally hPSCs were differentiated using the Carpenter et al [8] protocol, 

as this lab had been previously successful in obtaining contracting cardiomyocytes using this 

method. [7]  Other than past success, a major draw for using this protocol was the reduced 

Activin A concentration for 92 hours, following a 4 hour high dose treatment.  Ideally the toxic 

effects of Activin A should have been mitigated by this shortened high concentration exposure.  

While cell survival was improved, there was still substantial cell death after 24 hours.  Moreover, 

there was low cardiomyocyte yield in the previously successful induction, and no contractions at 

all in subsequent experiments of this paper.  Following suggestions made by a colleague, the 

Ye et al [9] protocol was next attempted, but there were similar issues with cell death.  

Treatment with Activin A and other growth factors was harsh on cells, and cell death led to large 

patches of detachment.  The Uosaki et al [5] protocol was then chosen because it addressed 

this issue through the use of a Matrigel overlay to prevent mass cell detachment from cytokine 

treatment.  This method produced a relatively high cardiomyocyte yield. 

 Following successful cardiac induction, it was necessary to determine an efficient 

method for cardiomyocyte enrichment.  Initially magnetic nanoparticle separation was attempted 

because this was the enrichment method used by Uosaki et al [5].  Unfortunately it was 

unsuccessful, potentially either due to compromised viability after enzymatically dissociating 

cells or due to a suboptimal sorting procedure.  After again obtaining a culture of contracting 

cardiomyocytes, an enrichment method outlined by Tohyama et al [6], relying on a lactate-rich 

selection medium containing no glucose, pyruvate, or glutamine, was next tried because it did 

not require dissociation to purify hPSC-derived cardiomyocytes.  While the enrichment did not 

result in a completely pure cardiomyocyte culture, it was successful in eliminating some non-

cardiomyocyte cell types—most noticeably smooth muscle cells.  Purification of cardiomyocytes 

was not measured quantitatively, but it can be qualitatively observed from the results of real-

time PCR (Figure 9). 

 Regular maintenance as well as future assays for functional testing would require 

dissociation of cardiomyocytes, so to determine the optimal conditions for cardiomyocyte 

passaging, RUES2 and BTH003 hPSC-CMs were passaged using two enzymes (Accumax and 

0.25% Trypsin-EDTA) onto 4 different coatings (fibronectin, laminin, 0.1% gelatin, and Matrigel).  

Spontaneous impulses were observed in all samples as early as 24 hours after passaging, and 

cells attached well across all coatings.  It was determined qualitatively that hPSC-CM 

contractions seemed improved after enzymatic passage by Accumax.  Subsequent passaging 

was thus accomplished using Accumax for dissociation of cardiomyocytes onto fibronectin-

coated dishes.  



 Overall, while much progress was made through the establishment of a fairly pure BTHS 

cardiomyocyte culture, this study remains incomplete because the hypothesis has yet to be 

addressed and remains an important avenue of further study.  

 

Future Directions 

 To test the hypothesis of this paper that BTHS iPSC-CMs will demonstrate weaker 

cardiac contractility compared to control hPSC-CMs, secondary to less efficient energy 

metabolism, cells were plated onto hydrogels (Figure 11) and will be analyzed in future through 

traction force microscopy analysis with help from Hazeltine et al.  The normal cardiac response 

to an increase in blood flow is to linearly increase contractile output; certain diseased 

phenotypes fail to maintain this functional response.  By providing a source for contraction 

resistance, hydrogel substrate stiffness was previously used successfully by Hazeltine et al [10] 

to simulate changes in contractile demand to study contractile output.  Fluorescent beads were 

added to provide a means for tracking hydrogel displacement—and thus movement by 

cardiomyocytes.  Traction force microscopy uses algorithms in computational analysis to 

resolve bead displacement into cell tractions.  Figure 11 provides an example of how 

cardiomyocyte contractions may be measured in this way, through the use of vectors and video 

analysis to calculate cardiac contractility.   

 
Figure 11.  Images from videos of contracting hPSC-CMs. 

Videos of contractions in RUES2 ESC-CMs produced from this study were taken both (A) 

without and (B) with vectors to indicate strength and direction of cardiomyocyte contractions.  

After adjustments are made to fluorescent bead spacing, contractile output will be measured by 

computer analysis in future studies. 



 Many assays for evaluating mitochondrial function require pure cardiomyocyte cultures.  

While some cardiomyocyte enrichment was observed in this study following lactate purification, 

the protocol still needs to be modified in order to obtain an entirely pure cardiomyocyte 

population.  It may be beneficial to apply the lactate selection medium for 8 days, as Tohyama 

et al [6] did, rather than for 4 days as applied in this study.  Furthermore, enriching a 

cardiomyocyte population after enzymatic dissociation would be worth attempting, as cells are 

more spread out after passaging and would be more sensitive to treatment. 

 As part of the goal for the overall study, once an essentially pure population of 

cardiomyocytes has been obtained, additional assays for functional testing can be done to 

evaluate mitochondrial dysfunction in Barth Syndrome iPSC-derived cardiomyocytes.  

Mitochondrial functioning can be investigated by comparing BTHS iPSC-derived 

cardiomyocytes with healthy control hPSC-derived cardiomyocytes, more specifically in protein 

expression, ROS production, O2 consumption, and ATP production.  Once mitochondrial and 

cellular function are characterized, it may be possible to investigate how cardiolipin 

abnormalities lead to heart failure, providing a greater understanding of the disease 

mechanisms of Barth Syndrome. 
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