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Abstract

Although both the H1 and HES2 human embryonic stem cell lines (NIH codes: WAO1 and ES02,
respectively) are capable of forming all three germ layers and their derivatives, various lines of
evidence including the need for using different protocols to induce cardiac differentiation hint that
they have distinctive preferences to become chamber-specific heart cells. However, a direct
systematic comparison has not been reported. Here we electrophysiologically demonstrated that the
distributions of ventricular-, atrial- and pacemaker-like derivatives were indeed different
(ratios=39:61:0 and 64:33:3 for H1 and HES2, respectively). Based on these results, we hypothesized
the differences in their cardiogenic potentials are imprinted in the proteomes of undifferentiated H1
and HES2. Using the multiplexing, high-resolution 2-D Differential In Gel Electrophoresis (DIGE)
to minimize gel-to-gel variations that are common in conventional 2D gels, a total of 2000 individual
protein spots were separated. Of which, 55 were >2-fold differentially expressed in H1 and HES2
(p<0.05) and identified by mass spectrometery. Bioinformatic analysis of these protein differences
further revealed candidate pathways that contribute to the H1 and HES2 phenotypes. We conclude
that H1 and HES?2 have predetermined preferences to become ventricular, atrial and pacemaker cells
due to discrete differences in their proteomes. These results improve our basic understanding of
hESCs and may lead to mechanism-based methods for their directed cardiac differentiation into
chamber-specific cardiomyocytes.

Introduction

Normal rhythms originate in the sino-atrial (SA) node, a specialized cardiac tissue consisting
of only a few thousands pacemaker cells. The SA node generates spontaneous rhythmic action
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potentials which subsequently propagate to induce coordinated muscle contractions of the atria
and ventricles for effective blood pumping [1;2]. Since terminally-differentiated adult CMs
normally lack the ability to regenerate[3], malfunctions or significant loss of heart cells due to
disease or aging can lead to lethal consequences. Human embryonic stem cells (hESCs),
isolated from the inner cell mass of blastocysts, possess the ability to remain pluripotent and
propagate indefinitely in vitro. When cultured properly, hESCs uniquely maintain their normal
karyotype and can differentiate into the derivatives of all three germ layers, including such
highly specialized cells as CMs. Thus, hESCs have the potential to act as an unlimited ex
vivo source of CMs for transplantation therapies. However, a number of hurdles remain.
Particularly, the ability to direct the differentiation of hESC into chamber-specific cell types
is crucial for future clinical applications. For instance, while hESC-derived ventricular
cardiomyocytes are useful for myocardial repair, nodal pacemaker derivatives can alleviate the
need of electronic pacemakers for certain arrhythmias [1;2;4—7]. Although several hESC lines
are capable of differentiating into CMs [8;9], various lines of evidence hint that they have
distinctive preferences to become chamber-specific pacemaker-, ventricular- or atrial-like cells
[9;10]. For instance, H1 but not HES2 cells (NIH codes: WAOQ1 and ES02, respectively), can
form three-dimensional (3-D) embryoid bodies (EBs) that contain CMs when plated and grown
in permissive conditions [8;10]. By contrast, HES2 cells do not form EBs under the same
conditions; for forming for spontaneously beating CM-containing outgrowths, they need to be
co-cultured with an immortalized endoderm-like derivative of P19 cells (END2) [9].
Interestingly, the same method of END2 co-culturing can also induce H1 to become CMs
(unpublished observation, JC Moore and RA Li). Taken together, these observations raise the
intriguing possibility that intrinsic differences between the hESC lines, rather than the
differentiation methods per se, underlie their different cardiogenic potentials. Understanding
the basis of these differences will help develop mechanism-based methods to direct cardiac
differentiation into chamber-specific CMs.

The ability to monitor changes in global protein expression and post-translational modifications
is a powerful tool to understand stem cell differentiation. The conventional method for
identifying quantitative differences in global protein levels involves the use of 2-D gels, which
are subject to significant gel-to-gel variability and errors (reviewed in [11]). Since it is often
difficult to distinguish between system and biological variations, accurate quantification of
differences in the expression levels with statistical confidence can be challenging [12]. In
particular, non-abundant proteins important for certain biological processes can be easily
masked by others that are highly expressed. These hurdles can be overcome by the use of the
multiplexing 2-D Differential In-Gel Electrophoresis (DIGE) technique [12]. DIGE uses size-
and charge-matched, spectrally resolvable fluorophores (CyDye) to simultaneously separate
up to three samples on a single 2-D gel. Thus, every spot on a gel has its own internal standard.
After electrophoresis and scanning on an imager, integrated software can be used to co-detect,
locate and analyze protein spots, followed by assigning statistical confidence to each and every
difference via a differential analysis algorithm and thereby avoid gel-to-gel variations. For
instance, differences as little as 10% can be routinely detected with >95% statistical confidence
[13].

Proteomic studies have been done to compare the differentiation profiles of such stem cell
types as human mesenchymal stem cells, murine ESCs, neuroblastoma cells, etc [14-17].
However, only two studies analyzing the protein expression profile of hESCs have been
reported to date [18;19]. The first of these studies used mass spectroscopy to identify proteins
resolved by conventional SDS-PAGE [18]. Using a subtraction method, van Hoof et al
identified several previously unknown factors involved in hESC self-renewal. In addition, they
were able to verify the presence of these newly identified factors in 3 undifferentiated hESC
lines: EES2, HUES-1 and NL-hESC-03 [18]. The second study used conventional 2-D gels to
compare the undifferentiated proteomes of the Royan H2, H3 and H5 hESC lines [19]. In the
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present study, we hypothesized that the H1 and HES2 lines have distinct preferences to become
chamber-specific heart cells, and that their different cardiogenic potentials are predetermined
at the pluripotent stage due to discrete differences in their proteomes.

Materials and Methods

Please see Supplemental Material for additional details.

Human ESC Culture and Differentiation

The H1 (WiCell, Madison, WI) [1;20;21] and HES2 (ESI, Singapore) [5;22] lines were cultured
and differentiated as described previously.

Electrophysiology

2-D DIGE

Results

Spontaneously beating HES2- and H1-derived cardiomyocytes were dissected from hESC
aggregates 14-21 days after initiating differentiation. After collagenase dissociation, action
potential (AP) recordings from single cells were performed using Axopatch 200B, Digitize
1322 and pClamp8 (Axon Burlingame, CA, USA). Patch pipettes typically had resistances of
4-6 M'Q when filled with an internal solution containing (mM): 110 K* aspartate, 20 KCI, 1
MgCl,, 0.1 Na-GTP, 5 Mg-ATP, 5 Nay-phospocreatine, 1 EGTA, 10 HEPES, pH adjusted to
7.3 with KOH. The external Tyrode’s bath solution consisted of (mM): 140 NaCl, 5 KCI, 1
CaCly, 1 MgCl,, 10 glucose, 10 HEPES, pH adjusted to 7.4 with NaOH.

Cells from all three different passages were combined and lysed in 2-D lysis buffer. Each
sample was labeled with a different CyDye (GE Healthcare/Amersham). CyDye-labeled
protein samples were mixed and 250 pl was loaded per IEF strip (GE Healthcare/Amersham).
IEF was then done for a total of 25000 volt-hours with standard conditions using Ettan
IPGPhore Il. After the IEF, electrophoresis was performed at 16°C. The resulting 2-D gel was
scanned using a Typhoon Trio scanner (GE Healthcare/Amersham). Analyses were performed
using the ImageQuant and DeCyder softwares (GE Healthcare/Amersham). Selected protein
spots were excised from the gel using Ettan spot picker (GE Healthcare/Amersham), subjected
to in-gel digestion and protein IDs were determined by MS/MS analysis using a MALDI-ToF/
ToF mass spectrometer, ABI-4700 (Applied Biosystems, Inc.)

HES2 and H1 Lines Differ in Cardiogenic Potentials

Previous work by us and others has clearly shown that H1 and HES2 hESCs can be
differentiated into CMs [1;5;8-10;23-27]. In particular, the cell-attached recordings of multi-
cellular clusters by Mummery et al [9] and Moore et al [5] demonstrate that nearly 85% of
HES2-derived CMs are ventricular-like (with the remaining 6% and 3% as atrial- and
pacemaker-like, respectively), while extracellular recordings of intact beating EB outgrowths
derived from H1 resulted in a nearly equal distribution of ventricular- and atrial-like derivatives
[1;27]. These studies hint at the possibility that the H1 and HES2 cell lines may have distinct
preferences to differentiate into chamber-specific cardiac phenotypes although a definitive
conclusion cannot be made due to the different experimental conditions and recording
techniques. For instance, different time-windows were studied (40-95 days of He et al versus
12 days in the case of Mummery et al) [9;27]. Furthermore, multiple separate impalements and
recordings were performed in the same outgrowths by He et al. Adding an extra layer of
complexity to the measurements, interconnected cardiomyocytes electrically influence each
other via connexin-mediated gap junctions. Given the above-mentioned experimental
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differences, we sought to specifically electrophysiologically probe these differences by
dissociating HES2- and H1-derived spontaneously contracting clusters into single cells for
high-resolution patch-clamp recordings.

Based on the signature action potential (AP) profiles (Supplemental Table 1), chamber-specific
identities were assigned. Of all the HES2-derived CMs measured (n=33; Figure 1A-B), 63.6%
had the characteristic ventricular-like AP phenotype, while 33.3% were consistent with and
categorized as the atrial-like phenotype. The remaining (3.1%) belonged to the pacemaker-like
phenotype. By comparison, H1-derived CMs resulted in 35.0, 60.0 and 5.0% ventricular-,
atrial- and pacemaker-like cells, respectively (n=20; Figure 1C-D). Thus, the H1 and HES2
cell lines undergoing cardiac differentiation via the most commonly used protocol for each cell
line have distinctive preferences to become chamber-specific cells.

2-D DIGE of HES2 and H1

To test the hypothesis that H1 and HES2 cells are predisposed to differentiate into chamber-
specific cell types with distinct preferences due to intrinsic differences in their proteomes, we
next attempted to identify proteins that are differentially expressed in undifferentiated H1 and
HES? cells. ~106 undifferentiated HES2 and H1 cells were lysed and labeled with Cy3 and
Cyb, respectively. As an internal standard, equal amounts of HES2 and H1 cell lysates were
mixed and labeled with Cy2. Figures 2A and B show the separation of proteins present in
undifferentiated HES2 and H1 cells, respectively. Superimposition of the two images enabled
the visualization of the differences in protein expression: In Figure 2C, green and red protein
spots corresponded to proteins that are over-expressed in HES2 and H1 cells, respectively. By
contrast, yellow spots represented protein spots that were equally expressed in both hESC lines
(c.f. Figure 2D). A total of 3 biological repeats were performed (Figure 3). Overall, a total of
2000 individual protein spots were separated and detected, 55 of which were significantly up-
regulated in either HES2 or H1 (p<0.05; Table 1).

Identification of Differentially Expressed Proteins

All 55 statistically significant protein spots identified were chosen for mass spectrometry. As
examples, Figure 4 shows the DeCyder software analysis for one such differentially regulated
protein spot - tropomyosin. Specifically, the topographical representation of the expression
levels of each particular protein spot (lower panels) show that the levels of the protein in
question but the neighboring proteins differed between the two samples. The corresponding
original gel regions were also given (upper panels). The spots excised from the gel and in-gel
digested with trypsin to obtain peptide fragments (Figure 2C), were identified by MALDI-
TOF/TOF MS/MS analysis (Supplemental Table 2). Proteins found to be differentially
expressed in H1 and HES?2 included ones involved in cytoskeletal functions such as villin,
MAPRE1, moesin, and actin. Most interestingly, tropomyosin and annexin I, two proteins
known to have roles in cardiac differentiation and cardiomyocyte functions [28;29] were up-
regulated in undifferentiated HES?2 cells that favored the derivation of ventricular-like CMs.
These observations raise the intriguing possibility of expression of certain cardiac proteins in
pluripotent hESCs may bias their cardiogenic differences.

Pathway Analysis

Using the Ingenuity Pathway Analysis software (www.ingenuity.com), we explored molecular
functions and known pathways that are differentially expressed in pluripotent H1 and HES2
cells. Out of the 55 non-redundant proteins, 48 were successfully mapped to genes in the
Ingenuity Pathways Knowledge Base (IPKB). There were 37 Network Eligible Genes which
interact with other genes based on the IPKB and 34 Functions/Pathways genes that have at
least one functional annotation associated with the genes in IPKB. Based on the analysis of
these genes, networks that were had the highest differential expression between the H1 and
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HES?2 lines (score >20) were: 1) Cell Death, Protein Synthesis, Gene Expression and 2) Cellular
Assembly and Organization, Cell Death, Cell Morphology. From these networks, the
significant molecular functions are: 1) Cellular Assembly and Organization (p = 1.43e-5), 2)
RNA-Post-Transcriptional Modification (p = 9.92e-5), and 3) Carbohydrate Metabolism (p =
1.20e-4).

Discussion

Although self-renewable hESCs present a promising option for cell-based heart therapies, a
number of important hurdles need to be overcome. As a first step, we functionally investigated
the cardiogenic potentials of H1 and HES2 cells to become chamber-specific derivatives via
electrical recordings, followed by probing the underlying proteomic differences to shed
mechanistic insights into human cardiogenesis. The preferences of various murine (m) ESC
lines to differentiate into the ventricular-, atrial- and pacemaker-like phenotypes have been
documented [30;31] but the same has not been systematically compared in any hESC lines. In
either case, the basis for the different chamber-specific distribution is unknown [9;10;27].
Indeed, different ESC lines may require different methods for inducing cardiac differentiation.
For instance, the methods of hanging drops and suspension have been developed for
differentiating mouse and human ESCs, respectively. Specifically, H1 can be differentiated by
either EB formation or END2 co-culture. By contrast, cardiac derivatives can be differentiated
from HES2 only by co-culturing with END2. The different requirements may stem from the
original method(s) of isolation, culturing conditions for maintaining pluripotency and/or other
procedural differences. Pragmatically, however, the precise cause and nature of these
phenotypic differences are perhaps not as important as the differences themselves per se; by
identifying these differences, a better understanding of the basis of the resulting consequences
can be obtained which in turn may subsequently lead to novel methods for directed
differentiation.

Using 2-D DIGE, we have done the first quantitative studies to compare the proteomes of the
H1 and HES2 cell lines. We have identified 46 unique proteins that are differentially expressed
in H1 and HES2. Of particular interest are the cytoskeletal proteins and the fact that the
Ingenuity Pathway Analysis suggests that H1 and HES2 cells are different in their functional
pathways controlling cellular assembly and organization. Given the role that the cytoskeleton
plays during differentiation [32], the initial expression levels of proteins involved in these
pathways shed insights into the cardiogenic preferences of H1 and HES2. Of note, the present
analysis is limited by the current information in Ingenuity Pathway Knowledge Database. 78%
of the proteins identified were able to be used in the pathway analysis. The analysis results
may need to be revised as the database expands.

Future experiments can involve genetic overexpression or suppression of the differentially
expressed proteins identified in H1 and HES2 to obtain further insights into why HES2 cannot
form EBs, why END2 co-culturing can uniquely induce cardiogenesis of HES2, and what
underlie their different preferences to become chamber-specific cell types. Furthermore, it will
be necessary to study the proteomes of hESC-derived CMs. Technically, however, the
purification of chamber-specific derivatives for proteomic experiments remain a major
challenge. During the course of this study, Huber et al reported a genetic way to identify hESC-
derived ventricular derivatives by expressing GFP under the transcriptional control of the
myosin light chain (MLC)-2v promoter [33]; while this promoter employed is indeed
ventricular-restricted in adult, it remains unclear whether such is also the case in early CMs
such as those derived from ESCs (as reviewed by Moorman et al) [34]. Successful selection
methods for hESC-derived atrial and pacemaker CMs have not been reported to date.
Additionally, the typically very low yield of cardiac differentiation of hESCs also makes the
harvesting of enough purified proteins from hESC-CMs even more difficult. Recent protocols
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to substantially improve the yield of CMs have been reported [35-37] but the heterogeneity of
chamber-specific CMs have not been studied.

Collectively, the present study lays an important groundwork for further understanding the
basic biology of hESC, and the poorly defined human cardiogenesis. Our results suggest that
the preference to become chamber-specific heart cells is predetermined in H1 and HES2, and
that the same is likely to apply to other existing hESC and tissue-specific lineages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Action potentials of ventricular, atrial and pacemaker cardiomyocytes derived from A) HES2
and C) H1 hESCs. The corresponding pie graph (B and D).
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Figure 2.

2-D gel scanned for A) HES2 (i.e. Cy3) and B) H1 (i.e. Cy5). C) Overlay of the HES2 and H1
gels where Cy5 and Cy3 are red and green, respectively. Circled and labeled protein spots
correspond to the ones isolated from the gel and identified by MALDI TOF/TOF. D).
Schematic representation of the colored spots. Green and red spots represent proteins that are
more highly expressed in HES2 and H1, respetively. Proteins that are equally expressed in both
samples are yellow.
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Figure 3.
Three biological Repeats of H1 vs HES2.
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Figure 4.
Gel images and DeCyder Software Analysis Output for tropomyosin of HES2 and H1.
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Table 1
Summary of differential spots.
Total Number of Number of Up- Number Up- Number of Up-
Proteins Identified regulated Proteins regulated Proteins regulated Proteins
in HES2 in H1
>2000 55 15 40
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