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ABSTRACT

Rationale: Cardiomyocytes differentiated from human pluripotent stem cells (PSCs) are increasingly

being used for cardiovascular research including disease modeling and hold promise for clinical
applications. Current cardiac differentiation protocols exhibit variable success across different PSC lines
and are primarily based on the application of growth factors. However, extracellular matrix (ECM))is
also fundamentally involved in cardiac development from the earliest morphogenetic events such as
gastrulation.

Obijective: We sought to develop a more effective protocol for cardiac differentiation of human PSCs by
using(ECM in combination with growth factors known to promote cardiogenesis.

Methods and Results: PSCs were cultured as monolayers on Matrigel, anlECM preparation, and
subsequently overlayed with Matrigel. The matrix sandwich promoted an epithelial-to-mesenchymal
transition as in gastrulation with the generation of N-cadherin” mesenchymal cells. Combining the matrix
sandwich with sequential application of growth factors (Activin A, BMP4, and bFGF) generated
cardiomyocytes with high purity (up to 98%) and yield (up to 11cardiomyocytes/input PSC) from
multiple PSC lines. The resulting cardiomyocytes progressively mature over 30 days in culture based on
myofilament expression pattern and mitotic activity. Action potentials typical of embryonic nodal, atrial
and ventricular cardiomyocytes were observed, and monolayers of electrically coupled cardiomyocytes
modeled cardiac tissue and basic arrhythmia mechanisms.

Conclusions: Dynamic Egﬂ application promoted EMT of human PSCs and complemented growth

factor signaling to enable robust cardiac differentiation.

Keywords:
Cardiogenesis, cardiomyocytes, embryonic stem cells, induced pluripotent stem cells, extracellular matrix

Non-standard Abbreviations:

AP action potential

bFGF basic fibroblast growth factor
BMP4 bone morphogenetic protein 4
CM  cardiomyocyte

DAPI 4’,6’-Diamidino-2-Phenylindole
EB embryoid body

ECM extracellular matrix

EMT epithelial-mesenchymal transition
ESC embryonic stem cells

GFR  growth factor reduced

iPSC  induced pluripotent stem cell
MEFs mouse embryonic fibroblasts
PSC  pluripotent stem cell

WGA wheat germ agglutinin
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INTRODUCTION

Cardiac differentiation protocols for human pluripotent stem cells (PSCs) have evolved from the
inefficient and variable serum-based embryoid body (EB) methods to monolayer and EB protocols in
defined conditions using the sequential application of growth factors that reflect the changes in Wnt,
Activin/Nodal and BMP signaling during normal cardiac development.'” The optimization of cardiac
differentiation protocols has focused primarily on the timing of application and concentration of growth
factors. Variability in the endogenous signaling pathways among different human PSC lines during
differentiation has required cell line-specific titration of growth factors and sometimes stage-specific
inhibition of signaling pathways.*° However, cell behavior and stem cell fate choices are also critically
impacted by -.7’ ¥ Although studies have described-preparations, including
synthetic surfaces, effective for attachment and culture of undifferentiated human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs),” " the ability of-to promote in vitro cardiac
differentiation has not been described.

Human ESCs and iPSCs resemble epiblast cells present in the bilaminar embryo based on gene
expression patterns and active cell signaling pathways.'*'> During gastrulation, some epiblast cells
undergo an epithelial-mesenchymal transition (EMT) and ingress in the primitive streak to generate the
mesodermal cells fated to give rise to heart muscle.'® Primitive streak formation requires not only
appropriate growth factor signaling, but-is critical for the process.® The provides an adhesive
substrate for cell migration as well as allowing essential crosstalk between receptors and growth
factor receptors. In addition, can sequester and store growth factors to enable spatio-temporally
controlled release necessary for morphogenesis. The can also sense and transduce mechanical
signals which impact cell fate decisions.” 17-signalin is dynamic during development with constant
remodeling by proteases and changes in expression ofiproteins, such as increased fibronectin

. . . . . 18-20
expression associated with mesoderm induction.

Here we report that overlaying monolayer-cultured human PSCs with the Matrigel, a
commercially available extracellular matrix preparation, promotes EMT required for generation of
precardiac mesoderm. Combining with growth factor signaling, we describe a robust method for
differentiation of multiple human PSC lines to functional cardiomyocytes (CMs) in defined conditions.

METHODS

Human iPSC and ESC culture.

Three iPSC lines derived from foreskin fibroblasts without integration of vector and transgene sequences
(DF6-9-9T, DF19-9-7T and DF19-9-11T) and the lentiviral-generated iPS cell line IMR90 clone 4
(IMR90 C4) were used in this study.*-** Human ES cell lines of H1, H9 were used for comparison.’ The
iPSCs and ESCs were either maintained on irradiated mouse embryonic fibroblasts (MEFs) in 80%
DMEM/F12 basal medium, 20% KnockOut serum replacer, 0.1 mmol/L non-essential amino acids, 1
mmol/L L-glutamine (all from Invitrogen), and 0.1 mmol/L B-mercaptoethanol (Sigma), supplemented
with 100 ng/ml zebrafish basic fibroblast growth factor (zbFGF) (purified from a bacterial expression
system by us) for iPSCs, and 4 ng/ml human recombinant bFGF (Invitrogen) for ESCs as previously
described. *""** % Cell lines were used continuously between passages of 25-60.

Cardiac differentiation using the matrix sandwich protocol.

Human iPSCs and ESCs maintained on MEFs were passaged on Matrigel (GFR, BD Biosciences) thin
coated 6-well plates (8.7 ug/cm?) and cultured in mTeSR1 medium (WiCell Institute) for 5-6 days to
deplete the feeder cells. Cells were washed with PBS and incubated with 1 ml/well Versene solution
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(Invitrogen) at 37°C for 5 minutes to singularize the cells and seeded on Matrigel coated plate at the
density of 100,000 cells/cm” in mTeSR1 medium supplemented with 10 uM ROCK inhibitor (Y-27632,
CalBiochem). The medium was changed daily, and after 3-4 days when the monolayer of cells reached
80-90% confluence, a thin layer of Matrigel was overlaid by freshly mixing Matrigel (GFR), 0.5 mg
(faster growing lines, i.e. DF19-9-11T, DF19-9-7T, IMR90 C4 or H9) or 1 mg (slower growing lines, i.e.
DF6-9-9T, H1), in 15 ml ice cold mTeSR1 medium and replacing the medium in each well of a 6-well
plate with 2.5 ml of Matrigel containing mTeSR1. Cells were cultured in mTeSR1 medium for another 1-
2 days until the cells were 100% confluent, which is referred to as day 0 when the medium was replaced
with 2.5 ml of RPMI 1640 basal medium (Invitrogen) plus B-27 without insulin supplement (Invitrogen)
containing Activin A (100 ng/ml, R&D Systems) and Matrigel (0.5 mg Matrigel/6-well plate). After 24
hours, the medium was changed with the same medium as day 0 (3 ml/well) without Matrigel but
supplemented with BMP4 (5-10 ng/ml, R&D Systems) and bFGF (5-10 ng/ml, Invitrogen) for another 4
days without medium change. At day 5, the medium was changed to RPMI plus B27 complete
supplement (Invitrogen), and the medium was changed every 2-3 days. For H9 cells, 1% KnockOut serum
replacer (Invitrogen) was added at day 0 in a subset of experiments.

Calculation of the yield of cardiomyocytes from matrix sandwich protocol .

The input iPSCs or ESCs were initially seeded at 100,000 cells/cm? at day -5. The output CMs were
determined by flow cytometry of cTnT " cells at 15 days differentiation. The yield of CMs was calculated
by the number of ¢cTnT" cells divided by the number of input iPSCs or ESCs.

Electron microscopy.

Human iPSCs and ESCs cultured in 6-well plate with or without matrix sandwich were fixed overnight at
4°C in a 2.5% gluteraldehyde, 2% paraformaldehyde, 0.1 M phosphate buffer solution and then post-fixed
with 1% osmium tetroxide. Samples were dehydrated with increasing concentrations of ethanol up to
100% and kept in a 1:1 mixture of 100% EtOH: Durcupan embedding medium overnight. Samples were
desiccated under vacuum for 3 hours, exchanged with fresh Durcupan and then kept at 60°C overnight for
polymerization of embedding medium. A 1 cm” sample of the culture plate was cut with a jeweler’s saw
for microtome processing. Ultrathin 60 nm sections were cut perpendicular to the culture surface at the
interface of the plate and embedded cells. The sections were placed on a copper grid and stained with
uranyl acetate and lead citrate. Samples were visualized on a Phillips CM120 STEM. Photographs were
taken with an attached digital camera.

RT-PCR and Quantitative RT-PCR.

Cell samples were collected using 0.25% trypsin-EDTA (Invitrogen) to remove the cells from cell culture
plates. Total RNA was purified using QIAGEN RNeasy® Mini kit. Possible genomic DNA
contamination was removed by DNase I (Invitrogen) treatment for 15 minutes at room temperature. 500
ng of total RNA was used for Oligo(dT),o— primed reverse transcription using SuperScript™ I First-
Strand Synthesis System (Invitrogen). Standard RT-PCR was carried out using Platinum™ Taq DNA
Polymerase (Invitrogen) or Gotaq Master Mix (Promega) and then subjected to 2% agarose gel
electrophoresis. The primer sequences used in RT-PCR are listed in Online Table I. PCR conditions
included denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for
1 minute, for 35 cycles, with 72°C extension for 7 minutes at the end. ACTB (B-actin) was used as an
endogenous control. Quantitative RT-PCR was performed using Tagman PCR Master Mix and Gene
Expression Assays (Applied Biosystems) in triplicate for each sample and each gene. 0.5 pl from the total
20 pl of RT reaction was added as template for each Q-PCR reaction. The relative expression compared
the expression of the gene of interest to the expression of the endogenous control B-actin. Mean Ct value
was first calculated for technical replicates which is the average of triplicates or quadruplicates for each
gene of each experiment, then ACt was calculated as each gene’s mean Ct value minus the mean Ct value
of the endogenous control. Relative expression was expressed as the fold change calculated using the
formula: fold change = 2 Y.
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Flow cytometry.

Cells were detached from cell culture plates by incubation with 0.25% trypsin-EDTA (Invitrogen) plus
2% chick serum (Sigma) for 5 minutes at 37°C. The chick serum is added for a more gentle dissociation
to single cells without clumping. Cells were vortexed to disrupt the aggregates followed by neutralization
by adding equal volume of EB20 medium.*® About one million cells were used for each flow sample.
Cells were fixed in 1% paraformaldehyde in a 37°C water bath for 10 minutes in the dark, permeabilized
in ice-cold 90% methanol for 30 minutes on ice. Cells were washed once in FACS buffer (PBS without
Ca/Mg”*", 0.5% BSA, 0.1% NaNj) plus 0.1% Triton, centrifuged, and the supernatant was discarded
leaving about 50 pl. Primary antibody was diluted in 50 pl /sample FACS buffer plus 0.1% Triton and
aliquoted to each sample for a total sample volume of 100 ul. Samples were incubated with the primary
antibodies overnight at 4°C. Please refer to Online Supplemental Material for detail of the primary
antibodies. Cells were washed once in 3 ml FACS buffer plus 0.1% Triton, centrifuged, and supernatant
discarded leaving ~ 50 ul. Secondary antibody specific to the primary IgG isotype was diluted in FACS
buffer plus Triton in a final sample volume of 100 pl at 1:1000 dilution. Samples were incubated for 30
minutes in the dark at room temperature, washed in FACS buffer plus Triton and resuspended in 300 —
500 pl FACS buffer plus Triton for analysis. Data were collected on a FACSCaliber flow cytometer
(Beckton Dickinson) and analyzed using FlowJo v8.5.2.

Immunolabeling.

Single CMs were isolated from the matrix sandwich culture using 0.25% trypsin-EDTA (Invitrogen) plus
2% chick serum (Sigma) for 5-10 minutes at 37°C. Cells were washed and plated on glass coverslips
coated with 0.1% gelatin solution in EB20 medium for 2 days to allow attachment. Monolayer (control)
and matrix sandwich cell culture were prepared by directly seeding the PSCs on Matrigel-coated
coverslips in 12-well plates and differentiated using the matrix sandwich protocol. Cells were fixed in 4%
paraformaldehyde for 15 minutes at room temperature, permeabilized in 0.2% Triton X-100 (Sigma) for
1 hour at room temperature. Samples were blocked with 5% non-fat dry milk (Bio-Rad) in 0.2% Triton
X-100 solution and incubated for 2 hours at room temperature on a rotator followed by two washes with
PBS. Primary antibodies (please refer to Online Supplemental Material for details of the primary
antibodies) were added in 0.1% Triton X-100, 1% BSA in PBS solution and incubated overnight at 4°C.
Samples were washed with 0.2% Tween 20 in PBS twice and 1X PBS twice. Secondary antibodiesy
specific to the primary IgG isotype were diluted (1:1000) in the same solution as the primary antibodies
and incubated at room temperature for 1.5 hours in dark on a rotator. Samples were washed with 0.2%
Tween 20 in PBS twice and 1X PBS twice. Glycoproteins on plasma membrane were labeled with wheat
germ agglutinin (WGA) fluorescein conjugates (Invitrogen) for fixed cells by incubation with WGA
conjugate in PBS for 30 minutes at room temperature, followed by 2 washes with PBS. Coverslips were
sealed with Gold Anti-fade Reagent with DAPI (Invitrogen) on glass slides. Slides were examined with
an epifluorescence microscope (Leica DM IRB) with QImaging® Retiga 4000R camera for imaging
analysis or a confocal microscope (Nikon, A1R) with the image analysis by the software of NIS-Elements
BR3.0.

Electrophysiology.

Microdissected beating areas were maintained in EB2 medium for 1 — 10 days prior to recording. CM
electrical activity was measured using sharp microelectrodes (50 — 100 MQ; 3 M KCl) in a 37°C bath
continuously perfused with Tyrode’s solution (mmol/L): 140 NaCl, 5.4 KClI, 1.8 CaCl,, 1 MgCl,, 10
Hepes, 10 glucose, pH 7.4 NaOH.*® Junction potentials and capacitance were nulled and data were
acquired at 10 kHz using an AxoClamp2A amplifier and pClamp 9.2 software (Molecular Devices,
Sunnyvale CA). Electrical field stimulation was performed using two platinum electrodes coupled to a
Grass SD-9 stimulator (Quincy, MA). For analysis, data were filtered off-line using a low pass Gaussian
filter with a cut-off frequency of 2 kHz.
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Optical mapping of monolayer cardiomyocytes derived from human ESCs/iPSCs.

For high resolution optical mapping of action potential propagation, iPSC or ESC-CMs were isolated
from day 30 matrix sandwich differentiated cells using 0.25% trypsin-EDTA (Invitrogen) plus 2% chick
serum (Sigma) for 5-10 minutes at 37°C. CMs were then plated on fibronectin coated 18x18mm
coverslips (20pg/coverslip) at a density of 250,000 cells per monolayer in EB20 supplemented with 10
UM blebbistatin. After 24 hours in EB20, the medium was switched to RPMI supplemented with B27 and
10 uM blebbistatin and cultured for an additional 48 hours. On the day of optical mapping recordings the
monolayers were switched to HBSS (Sigma) and stained with the voltage sensitive dye, Di-SANEPPS (40
uM, Invitrogen). Optical action potential recordings were made using an ultra-sensitive CCD camera
(80x80 pixels, SciMeasure) as described before.”’ First spontaneously occurring APs were recorded,
followed by overdrive electrical pacing. The basic cycle length (BCL) was gradually decreased (1000-
333ms) until loss of 1:1 capture or reentry was induced. Conduction velocity (CV) for spontaneous
activity and for electrically paced propagation were calculated as described previously.”’
Immunohistochemistry of the monolayer CMs with connexin 40 (Millipore), connexin 43 (Abcam) and a-
actinin (Sigma) antibodies was performed using the similar procedure as described previously.”

Statistics.

Data are presented as mean =+ standard error of the mean (SEM) or mean =+ standard deviation as
indicated. Data were first analyzed using the Shapiro-Wilk normality test. For datasets with normal
distributions, statistical significance was determined by Student’s t-test (two-tailed) for two groups or
one-way ANOVA for multiple groups with post-hoc test using Tukey method. For the datasets failing the
normality test, statistical significance was determined by non-parametric test using the Mann-Whitney
test for two groups or Kruskal-Wallis one-way analysis of variance. Statistical analysis was performed
using Microcal Origin, v7.5, P < 0.05 was considered statistically significant.

RESULTS
Extracellular matrix promotes epithelial-mesenchymal transition of human PSCs.

Human ESCs and iPSCs, when seeded as single cells and grown as monolayer in defined
mTeSR1 medium on Growth Factor Reduced (GFR) Matrigel, exhibit a polarized epithelial cell
phenotype with the basal surface attached to(E: 1\'-and the apical surface demonstrating microvilli and
surface glycoproteins (Figures 1A and 1B). The epithelial adhesion junction protein E-cadherin is present
on the lateral surfaces of the cells (Figure 1C and Online Figure IA). Robust expression of OCT4,
NANOG and SSEA4 (Online Figure IB) in a polarized epithelium is consistent with these cells exhibiting
an epiblast-like phenotype.(ECMcontributes to major morphogenetic events such as gastrulation,® so we
tested the effect of adding{lECMin the form of GFR Matrigel to monolayer cultured human PSCs,
creating a sandwich of extracellular matrix between which the cells grow. The matrix sandwich resulted
in rapid changes in cellular organization within 24 hours with focal areas becoming multilayered (Figure
1A, right), composed of mesenchymal cells below a layer of epithelial cells (Figure 1B, right). The
overlaying matrix was quickly internalized by the epithelium as evidenced by spaces between cells
present in electron micrographs after 24 hours (Figure 1B, right) and by immunolabeling for laminin, a
majorECM component of Matrigel, detected between cells rather than apically (Figure 1A, right). A
hallmark change of EMT is the transition in cadherin expression from the epithelial E-cadherin to
mesenchymal N-cadherin. Co-labeling the cells with E-cadherin and N-cadherin antibodies showed
prominent N-cadherin” foci present in the multilayered areas (Figure 1C) with 6-fold more N-cadherin”
foci in the matrix sandwich compared to the control culture (Figure 1D). These N-cadherin positive cells
were present as clusters of lower layer cells which lacked regular cell-cell contacts and apicobasal
polarity and no longer expressed OCT4 (Figure 1B, right and Figure 1E), suggesting these cells represent
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migratory mesendoderm cells. Gene expression analysis demonstrated that the matrix sandwich resulted
in a significant increase in expression of multiple genes associated with EMT during gastrulation
including the transcription factors SNAIL1, SNAIL2, GSC (goosecoid), the cytoskeletal protein VIM
(vimentin), and the(ECM protein FN1 (fibronectin) (Figure 2). Gene expression also demonstrated
evidence of the EMT cadherin switch with an increase of CDH2 (N-cadherin) expression, but a decrease
in CDH1 (E-cadherin) expression (Figure 2). Together these findings demonstrate that the matrix
sandwich promoted formation of multilayered areas of cells undergoing EMT.

The matrix sandwich protocol for robust cardiac differentiation of human PSC lines.

Effective cardiac differentiation of monolayer cultured H7 human ESCs was previously
demonstrated using a protocol employing the sequential application of Activin A and BMP4;' however,
this protocol was not broadly successful on other human PSC lines such as the vector-free iPSC line
DF19-9-11T (Figure 4A, control) or H1 ESCs.® Building on the results that Matrigel promotes EMT of
the monolayer cultured human PSCs, we combined(ECM application with Activin A and BMP4 treatment
to develop a three-stage protocol for cardiac differentiation using DF19-9-11T iPSCs (Figure 3A). With
Matrigel overlays at day -2 and day 0, we observed a marked reduction in cell death that occurs 24 hours
after the addition of Activin A and the change in medium (Figure 3B). Furthermore, the cell number
increased markedly from day 2 to day 5 in the matrix sandwich culture in contrast to the control (Figure
3B). To investigate for mesodermal committed cells at this stage, we examined the expression of
Brachyury. Immunolabeling revealed that on day 2 cells were primarily growing as clusters of Brachyury"
cells, and the number and size of Brachyury " clusters were markedly increased by the Matrigel overlays
compared to the control (Figure 3C). Flow cytometry showed that the protocol produced a highly
enriched population of Brachyury" cells with 98% of the cells being Brachyury" on day 2 (Figure 3D).
Insulin was found to inhibit early cardiogenesis, so it was not included in the RPMI/B27 medium at stage
2 in agreement with the results of others (Online Figure II).***° On day 5, the medium was changed to
basal RPMI/B27 with insulin. Contracting cells were observed as early as day 7, and the developing CMs
formed contracting sheets of cells by day 15 (Online Movies I and II). Gene expression analysis during
the differentiation protocol showed the sequential up-regulation of early mesoderm genes T and MESP1,
followed by the cardiac transcription factors of GATA4, ISL1 and NKX2-5, and finally the cardiac
myofilament proteins TNNT2, TNNI3, MYL7, and MYL2 (Figure 3E). OCT4 and NANOG were
concurrently down-regulated. Lack of expression of SOX1 and PAX6 suggests the absence of
neuroectoderm, and only transient expression of SOX17 and no FOXA2 expression argues that definitive
endoderm derivatives are likely not present (Figure 3E). Immunolabeling of the matrix sandwich cultures
at 15 days showed dense networks of ¢cTnT labeled CMs (Figure 3F). Up to 98% of the cells in the
preparations at day 30 were cTnT" CMs demonstrated by flow cytometry (Figure 3G). Single CMs
exhibited sarcomeric organization demonstrated by the immunolabeling of myofilament proteins a-actinin
and MLC2a (Figure 3H).

The specificlECM requirements for the successful induction of cardiogenesis using the protocol
were investigated. Comparing a single Matrigel overlay at day-2 or day 0 to two sequential overlays
revealed that the combination of two overlays was optimal for generation of CMs (Figure 4A). Phase
contrast photomicrographs of cultures at various time points during the protocol with and without the
double matrigel overlay demonstrate the typical appearance of cultures during the early differentiation
process and highlight the impact of the Matrigel overlay (Online Figure III).

Because the Matrigel application may impact the growth factor requirements originally described
for monolayer-based cardiac differentiation,' we also examined a range of different growth factor
combinations and concentrations during stage 2 for the iPSC line DF19-9-11T. We tested the application
of a single growth factor, Activin A, for 24 hours of treatment. Activin A alone led to a concentration-
dependent increase in purity and yield of cTnT" cells peaking at 50 ng/ml which produced 20% cTnT"
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cells (Online Figure IV, A); however, this was inferior to the combination of 100 ng/ml Activin A with 10
ng/ml BMP4 and 5 ng/ml bFGF initially tested. Therefore, we tested varying concentrations of Activin A
and bFGF on day 0 followed by the addition of BMP4 (10 ng/ml) and bFGF (5 ng/ml) on days 1-5
(Online Figure IV, B). The addition of bFGF during the exposure to Activin A had little effect, but
Activin A was required for efficient cardiogenesis and displayed a concentration-dependent effect on the
purity and yield of cTnT" cells. At the optimal concentration of 100 ng/ml Activin A, the matrix sandwich
protocol generated 80% cTnT" cells with yield of 11 ¢TnT" cells per input iPSC (Online Figure IV, B).
We also tested various concentrations of BMP4 and bFGF on day 1-5 after Activin A treatment and found
that concentrations of BMP4 of 10 ng/ml or less resulted in a similar purity of CMs (Online Figure IV,

C). Increasing the concentration of BMP4 to 25 ng/ml inhibited cardiogenesis (Online Figure IV, C).
Addition of bFGF (5-25 ng/ml) during this stage generally increased the yield of CMs (Online Figure 1V,
C). In conclusion, we found that 100 ng/ml Activin A added on day 0 followed by 5-10 ng/ml BMP4 with
5-25 ng/ml bFGF on days 1-5 resulted in the highest purity and yield of cTnT" CMs of the iPSC line
DF19-9-11T.

It was recently reported that precise optimization of Activin A and BMP4 signaling for each
individual human ESC and iPSC line is needed for efficient cardiac differentiation in EBs, * so we tested
whether the optimal concentrations of Activin A (100 ng/ml) and BMP4 (5 ng/ml) and bFGF (10 ng/ml)
determined using the matrix sandwich protocol for the iPSC line DF19-9-11T (Online Figure IV) can
result in efficient cardiac differentiation of other cell lines. Lentiviral generated iPSC line (IMR90 C4),”
and non-integrating iPSC lines (DF6-9-9T and DF19-9-7T),** and 2 hESC lines (H1 and H9)* underwent
differentiation by the matrix sandwich protocol yielding an average 40 to 92% cTnT" cells (Figure 4B).
Furthermore, the matrix sandwich protocol resulted in high yields of CMs ranged from 4-11 CMs per
iPSC/ESC initially seeded. Differentiation of these same cell lines in EBs using a serum-based approach
demonstrated much lower efficiencies and much greater variability from line to line (Online Figure V).
Six disease iPSC lines were also differentiated to CMs efficiently using the matrix sandwich protocol
without further growth factor optimization (data not shown). In addition, although all presented data are
from human PSC lines maintained on MEFs, in other experiments we observed similar results for human
PSCs maintained on Matrigel in mTeSR as previously described.’

Characterization of human PSC-derived cardiomyocytes.

The expression pattern of cardiac myofilament proteins can provide information regarding
diversity and maturity of the CMs, so we examined the expression of the two major myosin light chain 2
isoforms expressed in heart, MLC2a and MLC2v. In developing mouse and human hearts, MLC2a
expression is present in all chambers. In the postnatal heart, MLC2a expression becomes restricted to the
atria in mouse, but persists in both atria and to some extent in ventricles in humans.***"** In both mouse
and human cardiac development, MLC2v expression is restricted to the ventricular chambers, and a
ventricular-specific distribution persists into adulthood.***"-** In both mouse and human embryoid
bodies, MLC2a mRNA is detectable before MLC2v mRNA suggesting that 2v is a marker not only of
myocyte cell type but also maturity.’"** Immunolabeling for MLC2a and MLC2v in 30 day differentiated
CMs revealed three distinct patterns: MLC2a only, MLC2a and MLC2v, and MLC2v only (Figure 5A).
To provide a quantitative assessment of the expression pattern of MLC2a and MLC2v, we performed
flow cytometry on cells after 15 and 30 days differentiation. Co-labeling with ¢cTnT/MLC2a demonstrated
that almost all of the cTnT" cells express MLC2a at both day 15 and day 30 of differentiation. Co-labeling
with ¢cTnT/MLC2v and MLC2a/MLC2v revealed little or no expression of MLC2v at 15 days
differentiation. However, a substantial population of cells expressing MLC2v was present after 30 days of
differentiation, and the majority of these cells co-expressed MLC2a (Figures 5B and 5C).

As another assessment of the maturity of the differentiating CMs, we examined the expression of

smooth muscle actin (SMA), which is expressed in the earliest embryonic CMs but not in later-stage
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CMs.* In addition, this protein is expressed in smooth muscle cells and fibroblasts. Flow cytometry of
cTnT/SMA co-labeling revealed that 53% cells were cTnT/SMA" double positive at 15 days
differentiation; however, by 30 days differentiation, the cTnT'/SMA" population decreased to 22% with a
concurrent increase in the cTnT"/SMA™ population (Online Figure VI, A). Immunolabeling re-plated cells
from the matrix sandwich culture with antibodies to SMA and ¢TnT confirmed distinct populations of
cells expressing these proteins (Online Figure VI, B). These results are consistent with the CMs
undergoing maturation during this time in culture.

The presence of a small (7%) cTnT/SMA" population suggests that either fibroblasts and / or
smooth muscle cells are also present. To examine what cell types are present in the small ¢cTnT
population in the matrix sandwich culture after 30 days differentiation, we characterized the cells by flow
cytometry using antibodies for fibroblasts (clone TE-7), smooth muscle myocytes (SM-MHC),
endothelial cells (CD31) and undifferentiated stem cells (OCT4). In the cell preparations that contained
on average 74% CMs (cTnT"), there were 8% fibroblasts and 2% smooth muscle cells (SM-MHC")
(Online Figure VII). Endothelial cells (CD31") and undifferentiated stem cells (Oct4") were not detected
in the culture. Thus, besides the majority population of CMs resulting from matrix sandwich protocol,
relatively small fractions of smooth muscle and fibroblast cells were present in culture. Approximately
16% of the cells were not recognized by any of these antibodies.

As CMs mature during normal cardiac development, they become post-mitotic; therefore, we
examined the proliferative activity of CMs by co-labeling cells for sarcomeric myosin (MF20) and the
proliferation marker Ki-67. After 15 days of differentiation for two iPSC lines (DF6-9-9T and DF19-9-
11T) and one ESC line (H1) approximately 60% of the MF20" CMs were also Ki67" (Figure 6). After 30
days, approximately 30% of the MF20" CMs were Ki-67". Thus, there is a continued loss of mitotic
activity in CMs during the 30 days of observation consistent with ongoing maturation.

The electrophysiological phenotype of matrix sandwich protocol differentiated CMs was also
investigated to assess the heterogeneity and maturity of CMs. Sharp microelectrode recordings of
spontaneous action potentials (APs) from iPSC- and ESC-CMs at 30 days differentiation revealed three
distinct AP morphologies comparable to prior studies using serum-based EB protocols (Figure 7A).2% **
The ventricular-like AP morphology was the predominant form (64/76, 84%) with atrial-like APs (9/76,
12%) and nodal-like APs (3/76, 4%) being less commonly observed. AP properties showed variability
among the ventricular-like CMs studied within each cell line, and generally the ventricular AP properties
were not significantly different comparing the cell lines with the exception of H9 CMs (Figure 7B). The
AP properties are more comparable to human embryonic CMs than adult CMs based on the lower
upstroke maximum rate (dV/dt,,,) and more depolarized maximum diastolic potential (MDP).***’
However, the observed AP properties are similar to those from EBs differentiated for 60-90 days,*
suggesting the matrix sandwich protocol enables more rapid maturation of functional CMs than serum-
based EB protocols.”®**

Human PSC- derived cardiomyocytes form functionally coupled monolayers.

Heart muscle acts as a functional syncytium with individual CMs tightly coupled by adhesion
junctions which provide mechanical and electrical connections. Cultured neonatal rat ventricular
myocytes have been used to generate electrically coupled monolayers of CMs to study impulse
conduction and mechanisms of arrhythmias,***" and so we tested if the matrix sandwich-differentiated
CMs exhibited the purity and functional characteristics which would enable formation of 2-dimensional
monolayers of coupled CMs. The enriched CMs preparations from the matrix sandwich culture were re-
plated on fibronectin coated coverslips at a high density (250,000 cells/coverslip) to form monolayers.
After two days of culture, the monolayers were labeled with the voltage sensitive dye, Di-8-ANEPPS and
optical mapping was performed. Optical signals demonstrated that the monolayers were spontaneously
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active, and activation maps showed a relatively uniform spread of the electrical impulse with average
conduction velocities ranging from 13-18 cm/s in iPSC- and ESC-derived CMs monolayers (Figures 8A-
D). Overdrive pacing the monolayers resulted in basic cycle length (BCL) dependent conduction velocity
(BCL) typical of cardiac muscle (Figure 8C). Single pixel APs demonstrated predominantly ventricular
type AP morphology (Figure 8E). Immunolabeling revealed that the coupling between CMs was provided
by Cx43 not Cx40 gap junctions (Figure 8F). Rapid electrical stimulation could induce periodic reentrant
waves of conduction called rotors (Figure 8E and Online Movie III), demonstrating that this culture
system provides a powerful model for studying human arrhythmia mechanisms.

DISCUSSION

Here we demonstrate that appropriately timed application of extracellular matrix and key growth
factors results in the robust cardiac differentiation of human PSCs. The overlay of monolayer-cultured
hPSCs with Matrigel along with Activin A application promoted the initial EMT process leading to the
generation of a highly enriched population of mesodermal progenitors (Brachyury ). Subsequent
application of BMP4 and bFGF resulted in the efficient generation of CMs from multiple hPSCs lines
with high purity (up to 98% cTnT") and high yield (up to 11 CMs/seeded ESC or iPSC). Furthermore, the
matrix sandwich protocol does not require any subsequent steps such as Percoll density gradient or other
methods to select CMs. The resulting CMs exhibit progressive maturation in culture, but after 30 days in
culture the CMs display significant heterogeneity in their maturity based on myofilament expression
pattern, mitotic activity, and electrophysiological properties. As observed with other hPSC differentiation
protocols, a mixture of CM cell types arise, including nodal-like, atrial-like and ventricular-like CMs
based on their electrophysiological properties. However, most of the CMs (>80%) are ventricular-like and
can functionally couple in monolayers to exhibit classic cardiac electrophysiological properties and basic
arrhythmia mechanisms.

Prior cardiac differentiation protocols have exhibited significant variability across different cell
lines and at different passages when examined, and cell line-specific titration of growth factors is required
for efficient differentiation in an EB-based protocol.’ In some cases, inhibiting endogenous signaling in
particular lines was necessary to enable cardiogenesis® and in another case activating an additional
signaling pathway (Wnt) was needed for differentiation of a given cell line.® Although the matrix
sandwich protocol shows a steep concentration dependence primarily of Activin A, all of the cell lines
tested differentiated relatively well under the same conditions without individualization of growth factor
concentrations, which suggests that addition offECM provides a favorable microenvironment
complementing the added growth factors to promote a more robust differentiation process. ThelECM
effect likely reflects the behavior of cells during normal development in which dynamic changes in both
ECM Jand growth factors are critical. However, the detailed of mechanisms by which the Matrigel
promotes EMT and cardiogenesis will require future investigations focused on the individual components
of this complex{ECM mixture and potential cellular receptors and signaling pathways.

Although the matrix sandwich protocol was broadly successful across the human PSC lines
studied, this required optimal culture conditions. Several factors were noted to be critical to the success
of the protocol and may be considered for troubleshooting purposes:

1. The starting hPSC cultures must robustly express markers of pluripotency and exhibit minimal or no
background differentiation which can dramatically hinder success of the protocol.

2. Growth factor lots are variable and may require testing of new lots for optimization. We found that
exceeding a threshold of BMP4>10 ng/ml can potently inhibit cardiogenesis. Furthermore, optimal
storage of the labile growth factors is essential.
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Matrigel lots are also variable, and it may be necessary to test more than one lot.

4. The initial Matrigel overlay can be optimized from 0.5 mg/6-well plate for rapidly growing lines to 1.0
mg/6-well plate for slower growing lines as described in the Methods.

5. High passage cells (~>p65) or cells that begin to demonstrate a change in growth patterns have an
increased risk of genetic or karotypic abnormalities impairing the differentiation.

6. For human iPSCs, lack of expression of exogenous transgenes and a stable reprogrammed phenotype
after 20 or more passages promotes more reproducible differentiation.

7. A control human PSC line that works robustly in the protocol can be used in parallel with new cell lines

to validate that conditions are optimal.

Robust differentiation protocols for human PSC lines in fully defined conditions to generate cell
lineages of interest are essential to advance biomedical research and clinical applications. For example,
research using the growing number of cardiac disease-specific and patient-specific iPSC lines will be
greatly facilitated by the availability of robust cardiac differentiation protocols that do not require cell
line-specific optimization. The matrix sandwich protocol is also amenable to scale-up using large parallel
plate bioreactors technology, since the protocol starts with single cell seeding and does not require further
cell processing until harvest of the CMs. Future advances are needed to generate homogenous populations
of specific CM cell types and to enhance the maturation of CMs. Matrix-enhanced protocols could also
prove valuable for generating a variety of other cell lineages in the future.
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FIGURE LEGENDS

Figure 1. Extracellular matrix overlay promotes epithelial-mesenchymal transition of human PSCs.
(A) Confocal imaging of iPSCs (DF19-9-11T) seeded as single cells on Matrigel coated surface and
propagated in mTeSR1 for 4 days without Matrigel overlay (Control) or with a Matrigel overlay (Matrix
Sandwich) for the last 24 hours. 3D reconstructed z-series of images labeled with an antibody to laminin,
fluorescent-conjugated WGA for glycoproteins, and DAPI for nuclei. Scale bars are 20 um. (B) Electron
micrographs of control cultures demonstrate confluent monolayers compared to matrix sandwich cultures
which are multilayered with an upper epithelial layer and mesenchymal cells below. Arrows indicate
microvilli. Scale bars are 5 um. (C) Epifluorescence images of control and matrix sandwich cell culture
24 hours after Matrigel overlay immunolabeled with E-cadherin and N-cadherin antibodies. Scale bars are
100 pm. (D) Comparison of average number of N-cadherin” foci (per 1.8 cm? surface area) in control and
matrix sandwich cell cultures (DF19-9-11T). Error bars represent SEM, N=3. Data were compared using
Student’s t-test with ** indicating significantly different, P < 0.01. (E) Confocal images of the
multilayered areas in the matrix sandwich culture as described in (A) immunolabeled for E-cadherin, N-
cadherin, and Oct4. DAPI identifies nuclei. The bottom panel shows a slice view reconstructed from the
z-series highlighting the different cell layers. Scale bars are 20 um.

Figure 2. Quantitative RT-PCR of EMT-related gene expression in control and matrix sandwich
culture (DF19-9-11T). Light grey bars are the control and dark grey bars are the matrix sandwich culture.
Total RNA was isolated from monolayer and matrix sandwich culture 48 hours after Matrigel overlay.
The relative gene expression was analyzed from three replicates and normalized to the endogenous B-
actin. Error bars represent SEM, N=3. Data were compared using Student’s t-test with * indicating
significantly different, P < 0.05.

Figure 3. Matrix sandwich method for efficient cardiogenesis of iPSC line DF19-9-11T. (A)
Schematic of the matrix sandwich protocol. (B) Total cells present per 35 mm well of the control (without
Matrigel overlay) or the matrix sandwich culture for days 0 to 5 with Activin A (100 ng/ml) added on d0
followed by BMP4 (10 ng/ml) and bFGF (5 ng/ml) added on d1-d5. Data from one experiment are shown
which are representative of 4 experiments. (C) Fluorescence images of day 2 cells differentiated using the
protocol defined in (A) of the Control (without Matrigel overlay) or the Matrix sandwich culture
immunolabeled with Brachyury (Bry) antibody. Scale bars are 200 pm for the left and middle panel, 50
um for the right panel. (D) Quantification of Brachyury" cells at day 1, 2 and 3 by flow cytometry. NC
indicates negative control of the cell sample without primary antibody. (E) RT-PCR analysis of gene
expression of matrix sandwich differentiated cells over 30 days of differentiation. (F)
Immunofluorescence image of day 15 matrix sandwich culture identifying ¢cTnT with DAPI for nuclei.
Scale bar is 100 um. (G) Flow cytometry of cells from matrix sandwich culture for cTnT at 30 days
differentiation, NC shows the negative control with secondary antibody only. (H) Epifluorescence images
of single CM isolated from the matrix sandwich culture shows sarcomeric organization. Re-plated CMs
from the matrix sandwich culture were co-labeled with anti-a-actinin antibody which marks the Z-lines
and anti-MLC2a antibody that shows the A-bands in the sarcomere. Scale bars are 20 pm.

Figure 4.{ECM requirements for matrix sandwich protocol-based cardiac differentiation and
robust application to multiple hPSC lines. (A) Effect of single or double Matrigel overlays on cardiac
differentiation using the protocol defined in Figure 3 (A) with Activin A (100 ng/ml), BMP4 (10 ng/ml)
and bFGF (5 ng/ml). Cardiogenesis efficiency was measured by flow cytometry for cTnT" CMs at 15
days differentiation of the iPSC line DF19-9-11T. Control is the cell culture without Matrigel overlay.
Error bars represent SD, N=9. (B) Cardiac differentiation of multiple hPSC lines assessed by flow
cytometry for cTnT at 15 days differentiaton using the matrix sandwich protocol. Error bars represent SD,
N=15 for IMR90 C4; N=15 for DF6-9-9T; N=13 for DF19-9-7T; N=21 for DF19-9-11T; N=24 for H1;
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N=16 for H9. Data were compared using one-way ANOVA with * indicating significantly different, P <
0.05.

Figure 5. Expression pattern of myosin light chain 2 isoforms, MLC2a and MLC2v, during cardiac
differentiation of hPSCs using matrix sandwich protocol. (A) Co-labeling of the re-plated CMs from
matrix sandwich culture after 30 days differentiation of iPSCs (DF19-9-11T) with MLC2a and MLC2v
antibodies. Scale bar is 50 pm. (B) Dot plots of flow cytometry analysis of cells after 15 and 30 days
differentiation of the iPSCs (DF19-9-11T) for expression of cardiac myofilament proteins cTnT, MLC2a
and MLC2v. (C) Average of the percentage of cells expressing cTnT; MLC2a (without MLC2v); MLC2a
and MLC2v; and MLC2v (without MLC2a) measured by flow cytometry at 15 and 30 days differentiation
of the iPSCs (DF19-9-11T). Error bars represent SEM, N=3. Isotype controls were performed for each
antibody combination used in the flow cytometry, data not shown.

Figure 6. Proliferation of human PSC-derived cardiomyocytes in the matrix sandwich culture. Top
panel shows the dot plots of flow cytometry of cells after 15 and 30 days differentiation of iPSCs (DF19-
9-11T) labeled with MF20 and Ki-67 antibodies. Bottom panel shows the average of the percentage of
Ki-67" CMs measured by flow cytometry at 15 and 30 days differentiation in multiple cell lines. Error
bars represent SEM, N=10 for DF6-9-9T; N=10 for DF19-9-11T; N=8 for H1. Data were compared using
Student’s t-test with ** indicating significantly different, P <0.01.

Figure 7. Electrophysiology properties of human PSC-derived cardiomyocytes from matrix
sandwich culture. (A) Representative sharp microelectrode recordings of nodal-, atrial-, and ventricular-
like action potentials from CMs differentiated from the iPSCs (DF19-9-11T). Dotted line indicates 0 mV.
Right, Single action potentials at an expanded timescale taken from traces on the left. (B) Comparison of
action potential properties measured from CMs differentiated using the matrix sandwich protocol. Solid
lines through distributions indicate population means. Data were compared using one-way ANOVA with
# indicating significantly different from all other cell lines or from cell lines indicated, P < 0.05.

Figure 8. Optical mapping of transmembrane voltage from monolayer cultures of PSC-derived
CMs. (A) Activation map showing uniform action potential propagation across the monolayer. (B)
Spontaneous activation rate for H9, H1, and the DF19-9-11T monolayers. The spontaneous activation
rates were 1.54 £+ 0.32 (H9, N=8), 1.26 + 0.04 (H1, N=6), and 1.04 +£0.17 Hz (DF19-9-11T, N=13). (C)
Spontaneous and average conduction velocities of the DF19-9-11T cell line measured as a function of
pacing frequency (basic cycle length, BCL): Spontaneous (N=13); BCL 1000 (N=5); BCL 500 (N=5);
BCL 450 (N =5); BCL 400 (N=5); BCL 350 (N=5). (D) Average conduction velocities for the H9 (N=3),
H1 (N=6), and DF19-9-11T (N=5) monolayers measured at 2 Hz pacing. (E) Representative snapshots
from phase movies showing electrical rotors in H9 and DF 19-9-11T CM monolayers. Green represents
the depolarization phase of the propagating action potential, phase zero; red represents phase 2 or the
plateau phase of the action potential; finally orange and yellow represent phase 3 repolarization of the
action potential. The white asterisk indicates the phase singularity, the point where all phases of the action
potential converge which is the organizing center of the arrhythmic reentry. The white arrows denote the
direction of the rotation of the reentrant waves. (F) Immunolabeling of iPSC-CM monolayer (DF19-9-
11T) for sacromeric protein a-actinin in combination with o.-smooth muscle actin (SMA) and gap
junction protein Cx43 and Cx40, respectively. Note abundant staining for a-actinin and Cx43 but no
staining for SMA or Cx40. Scale bars are 25 um. Error bars where shown represent SEM.
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Novelty and Significance

What Is Known?

e Human pluripotent stem cells (PSCs), including human embryonic stem cells and induced
pluripotent cells, are a promising source of human cardiomyocytes that can be used for basic
research such as disease modeling, drug development and potentially in clinical applications.

e Current protocols to generate cardiomyocytes from human PSCs are primarily based on the
sequential application of key growth factors, but these protocols have had variable success and
often require optimization for different human PSC lines.

e Extracellular matrix (ECM) signaling plays critical roles in development, but the efficacy off ECM
has not been tested in protocols for generation of cardiomyocytes from human PSCs.

What New Information Does This Article Contribute?

e Sandwiching human PSC cultures between layers of Matrigel, a commercially available(ECM
preparation, promotes an epithelial-to-mesenchymal transition in cell phenotype and thus initiates
the differentiation process needed to form cardiomyocytes.

e The matrix sandwich protocol combines dynamic application of Matrigel with sequential
applications of growth factors (Activin A, bFGF, BMP4) and results in efficient generation of
functional cardiomyocytes with high purity (up to 98%) and high yield (up to 11 cardiomyocytes
per input PSC) from multiple human PSCs lines.

Advances in stem cell technology including the ability to generate disease- and patient-specific induced
pluripotent stem cells have led to an increasing need to obtain cardiomyocytes from various human PSC
lines. However, existing protocols for cardiac differentiation are either inefficient or highly cell line-
dependent. Most cardiac differentiation protocols employ either serum or sequential application of
growth factors. In the present study, we tested whether application offECM can promote cardiac
differentiation. We find that sandwiching human PSCs by overlaying the monolayer cells with Matrigel
promotes an epithelial-to-mesenchymal transition which is an essential first step in generating
cardiomyocytes. Combining the Matrigel overlay with application of growth factors (Activin A, bFGF,
and BMP4) results in the generation of cardiomyocytes in high yield and purity from multiple human
PSC lines. The resulting cardiomyocytes are functionally competent, based on spontaneous contractions
and action potentials. The matrix sandwich protocol could advance the use of human PSCs for
cardiovascular applications by providing investigators access to a robust method for cardiac
differentiation and enable research requiring large numbers of cardiomyocytes as well as future clinical
applications.
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Figures with Legends
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Figure 1. Extracellular matrix overlay promotes epithelial-mesenchymal transition of human PSCs.
(A) Confocal imaging of iPSCs (DF19-9-11T) seeded as single cells on Matrigel coated surface and
propagated in mTeSR1 for 4 days without Matrigel overlay (Control) or with a Matrigel overlay (Matrix
Sandwich) for the last 24 hours. 3D reconstructed z-series of images labeled with an antibody to laminin,
fluorescent-conjugated WGA for glycoproteins, and DAPI for nuclei. Scale bars are 20 um. (B) Electron
micrographs of control cultures demonstrate confluent monolayers compared to matrix sandwich cultures
which are multilayered with an upper epithelial layer and mesenchymal cells below. Arrows indicate
microvilli. Scale bars are 5 pm. (C) Epifluorescence images of control and matrix sandwich cell culture
24 hours after Matrigel overlay immunolabeled with E-cadherin and N-cadherin antibodies. Scale bars are

Downloaded from http://circres.ahajournals.org/ by guest on November 8, 2013


http://circres.ahajournals.org/
http://circres.ahajournals.org/
Administrator
Highlight


100 pm. (D) Comparison of average number of N-cadherin® foci (per 1.8 cm? surface area) in control and
matrix sandwich cell cultures (DF19-9-11T). Error bars represent SEM, N=3. Data were compared using
Student’s t-test with ** indicating significantly different, P < 0.01. (E) Confocal images of the
multilayered areas in the matrix sandwich culture as described in (A) immunolabeled for E-cadherin, N-
cadherin, and Oct4. DAPI identifies nuclei. The bottom panel shows a slice view reconstructed from the
z-series highlighting the different cell layers. Scale bars are 20 pm.
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Figure 2. Quantitative RT-PCR of EMT-related gene expression in control and matrix sandwich
culture (DF19-9-11T). Light grey bars are the control and dark grey bars are the matrix sandwich culture.
Total RNA was isolated from monolayer and matrix sandwich culture 48 hours after Matrigel overlay.
The relative gene expression was analyzed from three replicates and normalized to the endogenous
control B-actin. Error bars represent SEM, N=3. Data were compared using Student’s t-test with *
indicating significantly different, P < 0.05.
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Figure 3. Matrix sandwich method for efficient cardiogenesis of iPSC line DF19-9-11T. (A)
Schematic of the matrix sandwich protocol. (B) Total cells present per 35 mm well of the Control
(without Matrigel overlay) or the Matrix sandwich culture for days 0 to 5. Activin A (100 ng/ml) for d0,
BMP4 (10 ng/ml) and bFGF (5 ng/ml) used were for d1-d5. Data from one experiment are shown which
are representative of 4 experiments. (C) Fluorescence images of day 2 cells differentiated using the
protocol defined in (A) of the Control (without Matrigel overlay) or the Matrix sandwich culture
immunolabeled with Brachyury (Bry) antibody. Scale bars are 200 pum for the left and middle panel, 50
um for the right panel. (D) Quantification of Brachyury” cells at day 1, 2 and 3 by flow cytometry. NC
indicates negative control of the cell sample without primary antibody. (E) RT-PCR analysis of gene
expression of matrix sandwich differentiated cells over 30 days of differentiation. (F)
Immunofluorescence image of day 15 matrix sandwich culture identifying cTnT with DAPI for nuclei.
Scale bar is 100 um. (G) Flow cytometry of cells from matrix sandwich culture for cTnT at 30 days
differentiation, NC shows the negative control with secondary antibody only. (H) Epifluorescence images
of single CM isolated from the matrix sandwich culture shows sarcomeric organization. Re-plated CMs
from the matrix sandwich culture were co-labeled with anti-a-actinin antibody which marks the Z-lines
and anti-MLC2a antibody that shows the A-bands in the sarcomere. Scale bars are 20 um.
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Figure 4.(ECM requirements for matrix sandwich protocol-based cardiac differentiation and
robust application to multiple hPSC lines. (A) Effect of single or double Matrigel overlays on cardiac
differentiation using the protocol defined in Figure 3 (A) with Activin A (100 ng/ml), BMP4 (10 ng/ml)
and bFGF (5 ng/ml). Cardiogenesis efficiency was measured by flow cytometry for cTnT* CMs at 15
days differentiation of the iPSC line DF19-9-11T. Control is the cell culture without Matrigel overlay.
Error bars represent SD, N=9. (B) Cardiac differentiation of multiple hPSC lines assessed by flow
cytometry for cTnT at 15 days differentiaton using the matrix sandwich protocol. Error bars represent SD,
N=15 for IMR90 C4; N=15 for DF6-9-9T; N=13 for DF19-9-7T; N=21 for DF19-9-11T; N=24 for H1,;
N=16 for H9. Data were compared using one-way ANOVA with * indicating significantly different, P <
0.05.
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Figure 5. Expression pattern of myosin light chain 2 isoforms, MLC2a and MLC2v, during cardiac
differentiation of hPSCs using matrix sandwich protocol. (A) Co-labeling of the re-plated CMs from
matrix sandwich culture after 30 days differentiation of iPSCs (DF19-9-11T) with MLC2a and MLC2v
antibodies. Scale bar is 50 um. (B) Dot plots of flow cytometry analysis of cells after 15 and 30 days
differentiation of the iPSCs (DF19-9-11T) for expression of cardiac myofilament proteins cTnT, MLC2a
and MLC2v. (C) Average of the percentage of cells expressing cTnT; MLC2a (without MLC2v); MLC2a
and MLC2v; and MLC2v (without MLC2a) measured by flow cytometry at 15 and 30 days differentiation
of the iPSCs (DF19-9-11T). Error bars represent SEM, N=3. Isotype controls were performed for each
antibody combination used in the flow cytometry, data not shown.
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Figure 6. Proliferation of human PSC-derived cardiomyocytes in the matrix sandwich culture. Top
panel shows the dot plots of flow cytometry of cells after 15 and 30 days differentiation of iPSCs (DF19-
9-11T) labeled with MF20 and Ki-67 antibodies. Bottom panel shows the average of the percentage of
Ki-67" CMs measured by flow cytometry at 15 and 30 days differentiation in multiple cell lines. Error
bars represent SEM, N=10 for DF6-9-9T; N=10 for DF19-9-11T; N=8 for H1. Data were compared using
Student’s t-test with ** indicating significantly different, P < 0.01.
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Figure 7. Electrophysiology properties of human PSC-derived cardiomyocytes from matrix
sandwich culture. (A) Representative sharp microelectrode recordings of nodal-, atrial-, and ventricular-
like action potentials from CMs differentiated from the iPSCs (DF19-9-11T). Dotted line indicates 0 mV.
Right, Single action potentials at an expanded timescale taken from traces on the left. (B) Comparison of
action potential properties measured from CMs differentiated using the matrix sandwich protocol. Solid
lines through distributions indicate population means. Data were compared using one-way ANOVA with
# indicating significantly different from all other cell lines or from cell lines indicated, P < 0.05.

Downloaded from http://circres.ahajournals.org/ by guest on November 8, 2013


http://circres.ahajournals.org/
http://circres.ahajournals.org/
Administrator
Highlight
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Figure 8. Optical mapping of transmembrane voltage from monolayer cultures of PSC-derived
CMs. (A) Activation map showing uniform action potential propagation across the monolayer. (B)
Spontaneous activation rate for H9, H1, and the DF19-9-11T monolayers. The spontaneous activation
rates were 1.54 + 0.32 (H9, N=8), 1.26 + 0.04 (H1, N=6), and 1.04 £0.17 Hz (DF19-9-11T, N=13). (C)
Spontaneous and average conduction velocities of the DF19-9-11T cell line measured as a function of
pacing frequency (basic cycle length, BCL): Spontaneous (N=13); BCL 1000 (N=5); BCL 500 (N=5);
BCL 450 (N =5); BCL 400 (N=5); BCL 350 (N=5). (D) Average conduction velocities for the H9 (N=3),
H1 (N=6), and DF19-9-11T (N=5) monolayers measured at 2 Hz pacing. (E) Representative snapshots
from phase movies showing electrical rotors in H9 and DF 19-9-11T CM monolayers. Green represents
the depolarization phase of the propagating action potential, phase zero; red represents phase 2 or the
plateau phase of the action potential; finally orange and yellow represent phase 3 repolarization of the
action potential. The white asterisk indicates the phase singularity, the point where all phases of the action
potential converge which is the organizing center of the arrhythmic reentry. The white arrows denote the
direction of the rotation of the reentrant waves. (F) Immunolabeling of iPSC-CM monolayer (DF19-9-
11T) for sacromeric protein a-actinin in combination with a-smooth muscle actin (SMA) and gap
junction protein Cx43 and Cx40, respectively. Note abundant staining for a-actinin and Cx43 but no
staining for SMA or Cx40. Scale bars are 25 pm. Error bars where shown represent SEM.
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SUPPLEMENTAL MATERIAL

Detailed Methods

Primary antibodies used in flow cytometry

Monoclonal anti-human brachyury ~APC (R&D Systems); mouse monoclonal ¢cTnT (IgG1, Thermo Scientific, 1:200
dilution); mouse monoclonal smooth muscle actin (IgG2a, Thermo Scientific, 1:100 dilution); mouse monoclonal
MLC2a (1gG2b, Synaptic Systems, Germany, 1:400 dilution); rabbit polyclonal MLC2v (1gG, ProteinTech Group,
1:200 dilution); mouse monoclonal antibody for sarcomeric myosin, MF20 (IgG2b, Developmental Studies Hybridoma
Bank, lowa City, 1A, 1:20 dilution); mouse anti-human Ki-67 (IgG1, BD Biosciences, 1:100 dilution); FITC mouse
anti-human CD31 (BD Biosciences Cat. No. 555445); anti-myosin, smooth muscle (rabbit 1gG, Biomedical
Technologies, Inc., 1:500 dilution); mouse anti-human fibroblasts (clone TE-7) (IgG1, Chemicon, 1:100 dilution).

Primary antibodies used in immunolabeling

Mouse monoclonal Oct3/4 (1gG,p, Santa Cruz, 1:100 dilution); rabbit polyclonal Nanog (IgG, Cosmo Bio Co Ltd, 1:100
dilution); mouse monoclonal SSEA4 (1gGs, Abcam 1:200 dilution); goat polyclonal anti-human E-cadherin (IgG, R&D,
1:100 dilution); rabbit polyclonal N-cadherin (1gG, Santa Cruz, 1:100 dilution); rabbit polyclonal laminin (IgG, Sigma,
1:500 dilution); goat polycolonal brachyury (IgG, R&D, 1:50 dilution); mouse monoclonal cTnT (1gG;, Thermo
Scientific, 1:200 dilution); mouse monoclonal a-actinin (IgG,, Sigma, 1:500 dilution); mouse monoclonal smooth
muscle actin (1gG,,, Thermo Scientific, 1:100 dilution); mouse monoclonal MLC2a (IgG,p, Synaptic Systems,
Germany, 1:400 dilution); rabbit polyclonal MLC2v (1gG, ProteinTech Group, 1:200 dilution).

Supplemental Figures

100 pm

Online Figure I. Monolayer cultured human PSCs exhibit epithelial phenotype and express pluripotency
markers. (A) Immunolabeling of monolayer cells (DF19-9-11T) cultured in mTeSR1 medium showing the adhesion
junction protein E-cadherin present on the lateral surfaces of the cells. Scale bar is 20 pm. (B) Immunolabeling of
monolayer cells (DF19-9-11T) for OCT4, NANOG and SSEA4 showing robust expression of these pluripotency
markers. Scale bars are 100 pm.
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Online Figure I1. Insulin inhibits cardiogenesis of human PSCs during stage 2 of the matrix sandwich protocol.
Total RNA was isolated from cells at days 0-5 of the matrix sandwich protocol in the RPMI medium supplemented B27
with or without insulin. Quantitative RT-PCR for early mesoderm markers and cardiac transcription factors was
performed. The relative gene expression was normalized to the endogenous control -actin. Samples without insulin
generally showed a greater expression of cardiac genes. Error bars represent SEM.
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Online Figure I11. Phase contrast images showing iPSCs DF19-9-11T from day -4 to day 8 of differentiation for
both control (without Matrigel overlays) and matrix sandwich culture using the protocol as shown in Figure 3A.
Images were taken under 5X, 10X and 20X objectives every 24 hours after single cell seeding on Matrigel coated 6-well
plate, d0 images show the cells before adding Activin A.
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Online Figure IV. Concentration-dependent effects of Activin A, BMP4 and bFGF on cardiogenesis of human
PSCs using the matrix sandwich protocol. Cardiogenesis was measured by flow cytometry of cTnT" CMs at 15 days
differentiation. The purity and the yield of cTnT* CMs are displayed in the tables as mean + SEM and associated with
the heat map. (A) The effect of single growth factor, Activin A, added at day 0 of the matrix sandwich protocol. (B)
The effect of different concentrations of Activin A and bFGF added on day 0, followed by BMP4 (10 ng/ml) and bFGF
(5 ng/ml) at day 1 of the matrix sandwich protocol. (C) The effect of different concentrations of BMP4 and bFGF added
at day 1 following 24 hour treatment with Activin A (50 ng/ml) and bFGF (10 ng/ml).
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Online Figure V. Low efficiency and variable cardiac differentiation of hPSC lines using serum-based EB
method. Efficiency of cardiac differentiation was measured by flow cytometry for cTnT* CMs in EB culture at 30 days
of differentiation. Error bars represent SD. One-way ANOVA with Tukey test showed that the percentages of cTnT"
cells fromH9 and IMR90 C4 were significantly different from the other cell lines, P<0.05.
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Online Figure VI. Expression of smooth muscle actin (SMA) in early and late differentiated CMs using the
matrix sandwich protocol. (A) Flow cytometry analysis comparing matrix sandwich differentiated cells (DF19-9-11T)
after 15 and 30 days for expression of cTnT and SMA. (B) Immunofluorescence images of re-plated cells differentiated

from the iPSCs (DF19-9-11T) for 30 days using the matrix sandwich protocol and labeled with antibodies to the cTnT
and SMA. Scale bar is 100 pm.
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Online Figure VII. Characterization of non-CMs in the matrix sandwich culture differentiated from human
PSCs. Human ESCs and iPSCs were differentiated for 30 days using the matrix sandwich protocol and labeled with
fibroblast (clone TE-7), smooth muscle myosin heavy chain (SM-MHC), CD31 and Oct4 antibodies for flow cytometry.
CD31 labeling was performed with live cell labeling, negative control was secondary antibody only, and positive
control was the endothelial cells differentiated from hESCs. The average data from iPSCs DF19-9-11T for fibroblast,
SM-MHC, Oct4 and CD31 positive cells were plotted in the bar graph. Error bars represent SEM.
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Supplemental Tables

Online Table I. Primers for RT-PCR and quantitative RT-PCR

Primers for RT-PCR
Genes Sequences (5' - 3")

OCT4 F: CAGTGCCCGAAACCCACAC
R: GGAGACCCAGCAGCCTCAAA

NANOG F: CAGAAGGCCTCAGCACCTAC
R: ATTGTTCCAGGTCTGGTTGC

NKX2-5 F: GCGATTATGCAGCGTGCAATGAGT
R: AACATAAATACGGGTGGGTGCGTG

TNNT2 F: TTCACCAAAGATCTGCTCCTCGCT
R: TTATTACTGGTGTGGAGTGGGTGTGG

MYHG6 F: GGGGACAGTGGTAAAAGCAA
R: TCCCTGCGTTCCACTATCTT

ACTN2 F: GGCGTGCAGTACAACTACGTG
R: AGTCAATGAGGTCAGGCCGGT

MYL7 F: GAGGAGAATGGCCAGCAGGAA
R: GCGAACATCTGCTCCACCTCA

MYL2 F: ACATCATCACCCACGGAGAAGAGA
R: ATTGGAACATGGCCTCTGGATGGA

HPPA F: GAACCAGAGGGGAGAGACAGAG
R: CCCTCAGCTTGCTTTTTAGGAG

PLN F: ACAGCTGCCAAGGCTACCTA
R: GCTTTTGACGTGCTTGTTGA

ACTB F: CCTGAACCCTAAGGCCAACCG
R: GCTCATAGCTCTTCTCCAGGG

SOX1 F: CAATGCGGGGAGGAGAAGTC
R: CTCTGGACCAAACTGTGGCG

PAX6 F: GGCAGGTATTACGAGACTGG
R: CCTCATCTGAATCTTCTCCG

Size (bp)

161

111

220

165

542

580

449

164

406

191

400

464

427
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SOX17

FOXA2

MESP1

GATA4

ISL1

TNNI3

F: CGCACGGAATTTGAACAGTA
R: GGATCAGGGACCTGTCACAC

F: GGGAGCGGTGAAGATGGA
R: TCATGTTGCTCACGGAGGAGTA

F: CTTCCCTGAGACCCAGTTCA
R: CAGGGTTGGGTACCTGTCAC

F: CGCTATATCGGCCACCTGTC
R: GGCATCCAGGTCTCCAACAG

F: TCCAAACCAGAAAACGGAAG
R: AAGACCAGGCTGTTCCAAGA

F: CACAAGCGTCTCGGGATT
R: AGTGGCAAGTCTTCCGACA

F: CTGCAGATTGCAAAGCAAGA
R: CCTCCTTCTTCACCTGCTTG

Primers for quantitative RT-PCR

Genes

ACTB

CDH1

CDH2

SNAIL1

SNAIL2

GSC

VIM

FN1

T

MIXL1

MESP1

TagMan® Gene Expression Assay ID
Hs99999903_m1
Hs01023894 m1
Hs00983056_m1
Hs00195591_m1
Hs00950344_m1
Hs00418279_m1
Hs00185584_m1l
Hs01549976_m1
Hs00610080_m1
Hs00430824_g1

Hs00251489_m1

180

326

289

378

352

202

379

Size (bp)
171

61

66

66
86
81
73
81
132
152

80
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SOX17

GATA4

ISL1

NKX2-5

TNNT2

Hs00751752_s1
Hs00171403_m1
Hs00158126_m1
Hs00231763_m1

Hs00165960_m1

Legends for Video Files

149

68

57

64

89

Online Movie 1 and 2. Contracting sheet of CMs differentiated from the transgene-free iPSCs (DF19-9-11T)
using the matrix sandwich protocol. Movies were taken at 15 days differentiation. Movie S1 was taken with 20X

magnification, and Movie S2 was with 100X magnification.

Online Movie 3. Optical mapping demonstrating reentry in human PSC-derived CM monolayers. Phase movies
showing electrical reentry in ESC-H9 (left) and iPSC-DF19-9-11T (right) CM monolayers. Green represents the
depolarization phase of the propagating action potential, phase zero; red represents phase 2 or the plateau phase of the
action potential; finally orange and yellow represent phase 3 repolarization of the action potential.
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