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Abstract

NRG-1f (neuregulin-1p) serves multiple functions during embryonic heart development by
signalling through ErbB family receptor tyrosine kinases (ErbB2, ErbB3 and ErbB4). Previous
studies reported that NRG-1p induces cardiomyogenesis of mESCs (mouse embryonic stem cells)
at the later stages of differentiation through ErbB4 receptor activation. In the present study we
systematically examined NRG-1[3 induction of cardiac myocytes in mESCs and identified a novel
time window, the first 48 h, for NRG-1p-based cardiomyogenesis. At this time point ErbB3, but
not ErbB4, is expressed. In contrast with the later differentiation of MESCs in which NRG-18
induces cardiomyogenesis via the ErbB4 receptor, we found that knocking down ErbB3 or ErbB2
with siRNA during the early differentiation inhibited NRG-1p-induced cardiomyogenesis in
mESCs. Microarray analysis of RNA expression at this early time point indicated that NRG-13
treatment in mESCs resulted in gene expression changes important to differentiation including
upregulation of components of PI3K (phosphoinositide 3-kinase), a known mediator of the
NRG-1p/ErbB signalling pathway, as well as activation of CREB (CAMP-response-element-
binding protein). Further study demonstrated that the NRG-1B-induced phosphorylation of CREB
was required for cardiomyogenesis of MESCs. In summary, we report a previously unrecognized
role for NRG-1B/ErbB3/CREB signalling at the pre-mesoderm stage for stem cell cardiac
differentiation.
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INTRODUCTION

PSCs (pluripotent stem cells), such as ESCs (embryonic stem cells) and induced PSCs, hold
tremendous promise for repairing damaged heart tissues because of their capability to
differentiate into all body cell types, including cardiovascular cells. However, the
mechanisms of PSC cardiomyogenesis are largely unknown, and generating sufficient
quantities of cardiomyocytes remains a formidable challenge. Our laboratory and others are
currently investigating the potential for small molecules and growth factors to facilitate
cardiomyogenesis and thereby improve the outcome of currently existing stem cell therapies
[1-3].

NRG-1p (neuregulin-1p), a member of the epidermal growth factor family, is required for
cardiac development as well as homoeostasis and repair of the postnatal heart. The
biological function of NRG-1p is exerted via tyrosine kinase receptors of the ErbB family
(ErbB2, ErbB3 and ErbB4) [4-11]. NRG-1p directly binds to the tyrosine kinase receptors
ErbB3 or ErbB4, inducing heterodimerization with ErbB2 as well as homodimerization of
ErbB4 with subsequent stimulation of tyrosine kinase activity of the ErbB2 and ErbB4
receptors leading to activation of intracellular signalling. The importance of NRG-1p/ErbB
signalling in cardiac development is highlighted by the facts that mice with disrupted
expression of NRG-1, ErbB2, ErbB3 or ErbB4 die in utero with failure of ventricular
trabeculation and cardiac cushion formation [6,7,12,13]. Additionally, we and others have
demonstrated important effects of NRG-1f on postnatal and adult myocytes, such as
regulation of cell survival, growth, proliferation and stress responses in vitro [14-20].
Moreover, activation of NRG-18/ErbB signalling using recombinant NRG-1p resulted in
improved left ventricular function in rats after myocardial infarction, and clinical trials with
recombinant forms of NRG-1f3 have shown positive effects on the cardiac function of
patients with heart failure [21,22].

Previously, NRG-1p has been shown to promote cardiac induction in mESCs (mouse ESCs)
when cells were treated at the later differentiation stages [23—-25]. These studies
demonstrated that NRG-1f induces cardiomyocyte formation in mESCs by signalling
through the ErbB4 receptor [24,25]. We sought to examine more systematically the effects
of NRG-1p on cardiomyogenic ability in mESCs at various time windows, and found that
NRG-1f can actually induce two waves of cardiomyocyte differentiation from mESCs at
two distinct treatment time windows, namely early pre-mesoderm stage (day 0-2) and the
later differentiation stage (day 3—-7). We demonstrated further that NRG-1p-induced
cardiomyogenesis at the early treatment time frame occurs via the ErbB3 receptor and
activation of CREB (cAMP-response-element-binding protein).

EXPERIMENTAL

Cell culture and reagents

CGR8 and R1 mESC lines were grown in 0.2% gelatine-coated dishes as monolayers in
growth medium composed of GMEM (Glasgow minimal essential medium; Sigma—Aldrich)
supplemented with 10% FBS (Gibco), 2 mM c-glutamine (Cellgro), 0.05 mM 2-
mercaptoethanol (Sigma—Aldrich) and 200 units/ml murine LIF (leukaemia inhibitory
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factor; Millipore). Every 24 h, cells were washed in 1 x PBS and the culture medium was
replaced. Cells were passaged when confluence reached 50-60% to preserve the
undifferentiated phenotype. NRG-1p was purchased from R&D Systems.

MESC cardiac differentiation

mESCs were trypsinized and EBs (embryonic bodies) were generated by the hanging-drop
method at day 0. In brief, 500 cells in 20 ul of EB differentiation medium were used to make
EBs in hanging drops for 2 days (day 0-2). The EB differentiation medium was composed
of IMDM (lIscove’s modified Dulbecco’s medium; Gibco) supplemented with 20% FBS, 1.6
mM c-glutamine, 1 x non-essential amino acids, 0.08 mM 2-mercaptoethanol, and either 50
ng/ml NRG-1p or a water vehicle. At day 2 of differentiation (day 2), treatment with
NRG-1p was discontinued. The EBs were transferred on to uncoated Petri dishes and
suspended in differentiation medium for 2 days (day 2—-4). On day 4, the EBs were moved
on to gelatine-coated six-well plates, allowed to attach and then incubated in differentiation
medium until day 12. Throughout this time, the medium was replaced every 48-72 h. Each
day, differentiating cell clusters were microscopically examined for the presence of
contracting cardiomyocytes.

In addition, uncoated 96-well round-bottomed plates was used to form EBs, which allowed
us to quantify the number of beating EBs. Aliquots of 500 ESCs in 100 ul of EB
differentiation medium were distributed in each well of the 96-well plates in the presence of
NRG-1p or a vehicle control. Beginning on day 2, the medium was replaced every 48-72 h
with differentiation medium. EBs were microscopically examined for contracting
cardiomyocytes on days 8-12.

Immunofluorescence and confocal microscopy

EBs treated with NRG-1f or a vehicle control (day 0~2) were plated at day 4 on glass
coverslip culture chambers coated with 1% gelatin. At day 10, EBs were fixed in 5%
formaldehyde at room temperature (23°C) for 30 min, and then permeabilized with
0.2%Triton X-100 in PBS. After blocking with 1 mg/ml BSA in PBS, cells were incubated
with mouse monoclonal anti-a-actinin (Sigma) or mouse anti-cTnT (cardiac troponin T;
Santa Cruz Biotechnology) antibodies at concentrations recommended by the manufacturers.
After overnight incubation, cells were washed several times with PBS and then incubated
with Alexa Fluor™ 488-conjugated rabbit anti-(mouse 1gG) (Molecular Probes) and 5 uM
DAPI. Immunofluorescence images were obtained using both a Leica inverted microscope
(x 10) and a Zeiss inverted LSM 510 confocal microscope (x 40).

gPCR (quantitative real-time PCR)

CGR8 cells were harvested on days 0, 2, 3, 4, 6, 8, 10 and 12 of EB differentiation and
stored at —80°C in the cell lysis buffer RLT (Qiagen). Three independent samples were
collected for each time point studied. Total RNA was extracted using the RNeasy Mini kit
according to the manufacturer’s instructions and treated with RNase-free DNase | (Qiagen).
First-strand cDNA was synthesized with the SuperScript 111 First-Strand Synthesis
SuperMix for gPCR (Invitrogen). Using cDNA as the template, TagMan real-time PCR
assays were performed in triplicate using the ABI Prism 7900 HT sequence detection system
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(Applied Biosystems) according to the manufacturer’s instructions. Data were normalized to
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and the levels of gene expression
were normalized to that of day 0 DMSO-treated cells. The following TagMan probe and
primer sets (Applied Biosystems) were used: nkx2.5 (Mm00657783_m1), myh6
(MmO00440354_m1), brachyury T (Mm00436877_m1) gapdh (Mm99999915 g1), erbB2
(Mm00658541_m1), erbB3 (Mm01159990_g1) and erbB4 (Mm01256793_m1).

Gene expression microarrays

CGR8 cells were harvested at day 2 of EB differentiation and total RNA was extracted as
described above. RNA quality measurements using a 2100 Bioanalyzer (Agilent) and further
sample processing were performed in the GSR (Genome Sciences Resource) core at
Vanderbilt University. Processed and labelled samples were subsequently hybridized to the
mouse Gene 1.0 ST whole-transcriptome array (Affymetrix). Three biological replicates
were used for each sample type (cells treated with either 50 ng/ml NRG-1p or a water
vehicle), for a total of six arrays. Raw data files were RMA (robust multi-chip average)
normalized followed by statistical analysis using Partek Genomics Suite version 6.6 [26].
Quality assessment was performed based on Affymetrix internal controls, box whisker plots,
histograms, PCA (principal components analysis) and the S.D. of biological replicates.
Following normalization and quality assessment, Partek was used to perform pairwise
comparisons of average group values and one-way ANOVA. Only transcripts that resulted
in a fold-change of at least 1.5 and a multiple hypothesis [B-H (Benjamini—-Hochberg)]-
corrected P value of less than 0.05 were considered as statistically significantly.

Gene functions, as shown in the Supplementary Online Data (http://
www.hiochemj.org/bj/458/bj4580335add.htm), were determined using publicly available
records of NCBI Entrez Gene, Stanford SOURCE, Aceview, and the PubMed databases.
Statistical analyses (including correction for multiple hypothesis testing) for identification of
overrepresented ontologies and functions were performed using IPA (Ingenuity Pathway
Analysis) software (Ingenuity Systems).

A putative NRG-responsive signalling pathway was inferred from the gene expression
results, gPCR, Western blot analysis, sSiRNA experiments and a variety of publically
available data resources using the 3D pathway builder drawing tool, available online via the
Protein Lounge (http://www.proteinlounge.com/PathwayBuilder.aspx). A combination of
microarray and other experimental results, literature searches, online gene database
information and functional analysis results was used to construct the pathway based on
known signalling pathways and reported research findings.

Western blotting

EB protein lysates were collected on day 10, separated by SDS/PAGE (10% gel) and
transferred on to PVDF membranes. Mouse cTnT expression was detected using the
Odyssey system (Li-Cor Bioscience) following incubation with a mouse anticTnT antibody
(1:200 dilution) and IRDye 800CW-conjugated goat anti-(mouse IgG) (1:5000 dilution; Li-
Cor Bioscience). Rabbit anti-phospho-CREB (Ser!33) antibody (1:1000 dilution; Cell
Signaling Technology) and mouse anti-CREB antibody (1:1000 dilution; Cell Signaling
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Technology) were used to detect phospho-CREB and total CREB respectively. Mouse a-
tubulin antibody (1:2000 dilution; Abcam) was used as a loading control.

ErbB3 and CREB knockdown

CGR8 cells were transfected with siRNA ErbB3 (Santa Cruz Biotechnology) or siRNA
CREB (Cell Signaling Technology) as well as their corresponding siRNA negative controls
by following the manufacturer’s instructions. After overnight incubation, ESCs were
subjected to differentiation as described above. Protein extracts at day 2 were subjected to
Western blotting and RNA from EBs at day 10 were then collected, purified and subjected
to qPCR.

Statistical analysis

All values are expressed as means + S.E.M. for at least three independent experiments.
Comparison of means was conducted using Student’s t test and results were considered
statistically significant at P <0.05.

RESULTS

NRG-1p induces two waves of cardiomyogenesis in mESCs

To assess the effect of NRG-1 on mESC cardiomyogenesis in a quantitative manner, we
utilized our previously reported method of forming EBs in 96-well microtitre plates [1]. We
administered 50 ng/ml NRG-1p at various time intervals during EB differentiation. PBS
vehicle control typically resulted in approximately 4-6% contracting EBs at day 10 in all
scenarios. NRG-1f treatment from day 0 to 2 led to 75% contracting EBs at day 10, whereas
the contracting EBs dropped significantly to 37.5% when NRG-1 was administrated in
mMESCs during day 1-3. Interestingly, NRG-1p treatment from day 2 to 5 only resulted in
approximately 6%contracting EBs, whereas treatment from day 3 to 5 led to 35%
contracting EBs, implying that treatment during day 2—-3 may have a detrimental effect on
ESC cardiomyogenesis. Consistent with previous reports that NRG-1p treatment during later
stage induction, day 3-7, resulted in robust ESC cardiac formation [23-25], our
quantification method showed contracting EBs were elevated to approximately 57% during
this time frame. Similar cardiac induction was also observed in R1 ESCs (results not
shown), suggesting that the cardiomyogenic effects of NRG-1f were not cell line-restricted.
In summary, our initial observation indicated that NRG-1f can induce two waves of cardiac
formation in mESCs at two distinct time windows (Figure 1a and Supplementary Movie S1
at http://www.biochemj.org/bj/458/bj4580335add.htm). To confirm further our finding, we
formed EBs from CGR8 ESCs using the hanging-drop method on day 0 and administrated
50 ng/ml NRG-1p at various time intervals. RNA samples were then collected on day 10 to
examine cardiac marker myosin heavy chain [Myh6 (myosin, heavy polypeptide 6, cardiac
muscle, a)] gene expression. The gPCR results closely mirrored the contracting EB
counting, and confirmed that NRG-1f treatment during day 0-2 and day 3-7 significantly
elevated Myh6 expression at day 10 (Figure 1b). As early NRG-1[ treatment (day 0-2)
induced a greater cardiac formation than later treatment (day 3-7) as reported previously
[24,25], we focused the present study on the early time window of NRG-1
cardiomyogenesis in mESCs.
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Characterization of NRG-1B-induced cardiomyocytes

To gauge further the extent of cardiomyogenesis, we administrated 50 ng/ml NRG-1f to
CGR8 cells when hanging drops were prepared at day 0. At day 2 of EB formation, NRG-1
was washed out and EBs were resuspended in differentiation medium for an additional 2
days before they were transferred on to gelatin-coated six-well plates (at day 4). The vehicle
PBS was used as a negative control. At day 10, CGR8 cells treated with NRG-1p formed
large synchronously beating areas, whereas relatively fewer beating foci were observed in
the vehicle controls. Consistent with this finding, NRG-1p-treated CGR8 cells from day 0 to
2 of differentiation led to large increases in the expression of several cardiac genes as
measured by gPCR. For instance, NRG-1f3 treatment resulted an approximate 12-fold
increase in the expression of the cardiac marker Nkx2.5 (NK2 homeobox 5) at day 8 and an
83-fold increase in the expression of cardiac Myh6 at day 10, when compared with the
vehicle controls (Figures 2a and 2b). In addition, Western blotting indicated sarcomeric
troponin T protein levels were highly up-regulated after NRG-1f treatment in contrast with
the vehicle controls (Figure 2c). Increased cardiac formation was confirmed further by
immunofluorescence for cardiac proteins a-actinin and ¢cTnT (Figure 2d).

Bry-T (brachyury T) is an early mesoderm marker whose expression is typically initiated at
day 3 in mESCs. Previous studies have demonstrated that two distinct pools of Bry-T™*
mesoderm cells exist sequentially during mESC differentiation. Bry-T* mesoderm cells
isolated at approximately day 3.25 are committed to become haemangioblasts and Bry-T™*
mesoderm cells isolated around day 4.25 are committed to cardiovascular lineages including
cardiomyocytes [1,27]. To understand how NRG-1f treatment from day 0 to 2 induces
cardiac cell differentiation of mESCs, we extracted mRNA from EB samples treated with
NRG-1p or the vehicle control at day 3 and day 4 respectively. The gPCR result indicated
that early NRG-1f treatment (day 0~2) suppressed Bry-T expression at day 3 and up-
regulated Bry-T expression at day 4, suggesting that the early pre-mesoderm NRG-1
treatment promotes cardiac formation in mESCs by suppressing the haemangioblast-
committed mesoderm and up-regulating the cardiac-committed mesoderm pool (Figure 2e).

NRG-1p-induced mESCs cardiomyogenesis at day 0-2 requires ErbB3

As the biological effects of NRG-1p are mediated through tyrosine kinase ErbB receptors,
including ErbB2, ErbB3 and ErbB4, we quantified the mRNA expression levels of the ErbB
receptors during the differentiation of CGR8 cells (Figure 3a). Interestingly, ErbB2 and
ErbB3 were expressed during the first 48 h of mMESC differentiation, but ErbB4 was not
detected until day 3, suggesting that NRG-1f3 induces mESC cardiomyogenesis during the
early time window (day 0-2) via the ErbB3 receptor.

To test this hypothesis, we transfected CGRS8 cells with ErbB3 siRNA overnight at day -1,
and then initiated NRG-1B-induced differentiation of EBs in hanging droplets from day 0 to
2. EBs were harvested at day 2 and day 10 for RNA isolation. The qPCR results showed that
ErbB3 was effectively knocked down by siRNA (results not shown), and cardiac gene
expression of Myh6 at day 10 was dramatically down-regulated in ErbB3 siRNA-treated
CGR8 cells (Figure 3b). In addition, as ErbB3 lacks an active kinase domain, and it has to
form a heterodimer with ErbB2 to exert the biological function of NRG-1p, we knocked
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down ErbB2 further with siRNA in the presence of NRG-1p. The gPCR results show that
ErbB2 knockdown reduced significantly NRG-1B-induced Myh6 expression at day 10
(Figure 3b). Taken together, these results indicate that NRG-18 induces early mESC
cardiomyogenesis after 48 h of treatment via the ErbB3 receptor. This is in contrast with
NRG-1B-induced cardiac induction of mESCs at the later differentiation stage treatment,
which occurs via the ErbB4 receptor [23-25].

NRG-1p promotes global gene expression changes important for cardiomyogenesis

To assess transcriptional responses to NRG-1p that might account for the observed
cardiomyogenesis, microarrays were used to measure early gene expression changes in
NRG-1p-treated CGR8 cells compared with the vehicle-treated controls. NRG-1f treatment
resulted in the alteration of 1058 probes representing 767 characterized genes (Figure 4 and
Supplementary Online Data). Although the fold differences were generally subtle (ranging
from 10% to 60% induction), functional analysis indicated that these genes were highly
related to one another and thus might represent an early indication of the transcriptional
process involved in cardiomyogenesis. On the basis of this functional analysis, the most
statistically significant biological processes were embryonic development (B-H P value =
1.9 x 1079), cell morphogenesis involved in cell differentiation (B-H P value = 1.4 x 107%),
and regulation of cell adhesion and migration (B-H P value = 3.4 x 1074).

Signalling pathway analysis identified several important pathways involved in self-renewal
and differentiation of ESCs treated with NRG-1p. Differential genes in these categories were
researched further to identify interrelated associations with each other and in known
signalling cascades. When up- and down-regulated genes were displayed based on their
known locations within these pathways, two major processes were readily apparent.
Multiple genes encoding proteins that promote stem cell renewal were down-regulated in
ESCs in response to NRG-1f3 treatment (Supplementary Figure S1, shown in green, at http://
www.biochemj.org/bj/458/bj4580335add.htm). Conversely, genes important for
cardiomyogenesis, cytoskeletal stability and contraction were generally up-regulated
(Supplementary Figure S1, shown in red).

Activation of CREB is involved in mESC cardiomyogenesis

NRG-1p treatment induced up-regulation of the genes that encode the catalytic and
regulatory subunits of PI3K (phosphoinositide 3-kinase) (Pi3kcg and Pi3krl respectively),
which is a known component of the ErbB signalling pathway leading to activation of Akt
[also known as PKB (protein kinase B)]. Akt has been shown to directly activate the
transcription factor CREB by phosphorylation at Ser!33, and phosphorylated CREB
regulates a variety of cellular processes related to cell fate, including proliferation,
differentiation and survival [28-31]. More recently, CREB was identified as a regulatory
target of Akt that is important for the differentiation of pancreatic cells [32]. We therefore
probed NRG-1p-treated ESC protein lysates at day 2 for CREB phosphorylated at Serl33
(phospho-CREB). Immunaoblots demonstrated that NRG-1f increased phospho-CREB
levels, whereas knocking down ErbB3 significantly attenuated phospho-CREB levels at day
2, leading to a dramatic reduction in NRG-1p-induced Myh6 expression at day 10 (Figures
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3b and 5a). These results suggest that NRG-1p/ErbB3 signalling in the context of early
cardiomyogenesis may involve activation of the transcription factor CREB.

CREB knockdown significantly reduces NRG-1p-induced ESC cardiomyogenesis

Because the phospho-CREB level is dramatically elevated upon NRG-1f induction at the
early pre-mesoderm stage during ESC cardiomyogenesis, we next examined whether CREB
activation is indispensable for cardiomyocyte formation. We transiently reduced CREB
using siRNA during the early stages of ESC differentiation in the presence of NRG-1p, and
then examined the expression of the cardiac marker Myh6 on day 10. Western blotting
confirmed that CREB was effectively reduced by siRNA during the first 48 h of
differentiation (Figure 5b), and the qPCR results demonstrated that Myh6 was significantly
down-regulated on day 10 when CREB expression was reduced (Figure 5c), suggesting that
CREB activation was required for NRG-1p/ErbB3-induced ESC cardiomyogenesis.

DISCUSSION

NRG-1B/ErbB signalling plays critical roles in cardiac development, homoeostasis and heart
repair. Previously it has been shown that NRG-1f can induce the cardiomyogenesis of
mMESCs at late-stage differentiation by signalling through the ErbB4 receptor [24,25]. In the
present study, we add to this literature by demonstrating that NRG-1p can actually induce
two waves of cardiomyocyte formation from mESCs at two distinct treatment time
windows, namely a previously unidentified early pre-mesoderm stage (day 0-2) and a later
differentiation stage (day 3-7). In contrast with the later stage of differentiation in which
NRG-1p signals through the ErbB4 receptor for cardiomyogenesis of mESCs, we found that
NRG-1f can induce substantial cardiomyocyte formation in mESCs via the ErbB3/ErbB2
receptors at the early pre-mesoderm stage of treatment, presumably by suppressing
haemangioblast-committed mesoderm cells and up-regulating the cardiac-committed
mesoderm pool [1,27].

The observed NRG-1p/ErbB3 signalling-mediated induction of cardiomyogenesis is an
interesting and, to some extent, unexpected finding. Previous studies demonstrated that
ErbB3 is not absolutely required for early cardiogenesis in mouse embryos including
formation of ventricular myocytes [13], and NRG-1 signalling in fully differentiated
cardiomyocytes occurs via ErbB2/ErbB4 heterodimers [23-25]. These facts, together with
the report that adult cardiomyocytes do not typically express ErbB3 at appreciable levels
[33], raise an interesting question: whether NRG-1B/ErbB3 signalling at the pre-mesoderm
stage can induce context-dependent pre-cardiac mesoderm progenitor cell formation. This
question warrants further investigation as it may lead to identification of a novel population
of progenitor cells for potential cell therapies.

Moreover, CREB activation by phosphorylation at Ser133 (phospho-CREB) is known to
protect the myocardium from apoptosis by up-regulating the anti-apoptotic proteins of the
Bcl-2 family [34-36]. However, the role of activated CREB in cardiac differentiation has
not been reported. On the basis of our microarray analysis and subsequent verification
experiments, we found that NRG-1p/ErbB3 signalling induced CREB phosphorylation and
increased mESC development to cardiomyocytes. In addition, transient knockdown of
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CREB with siRNA during early differentiation significantly reduced NRG-1p-induced
cardiomyogenesis in mESCs, suggesting that CREB activation by NRG-1p/ErbB3 signalling
is indispensable during ESC cardiomyogenesis. Further elucidation of the role of phospho-
CREB in ESC cardiac commitment and dissection of the molecular mechanism of NRG-1f/
ErbB3/phospho-CREB regulation may uncover new biological insights relevant to
cardiomyogenesis.

Previously NRG-1B/ErbB4 signalling was reported to regulate cardiac subtype specification
in hESCs (human ESCs) [37]. This raises an interesting question of whether subtypes of
cardiomyocytes (i.e. pacemaker nodal cells and atrial and ventricular cardiomyocytes)
generated through NRG-1f/ErbB3 signalling at the early pre-mesoderm stage are the same
as those generated through NRG-1p/ErbB4 signalling at the later differentiation stage.
Further investigation to address this question in ESCs would provide important insights into
cardiac subtype cell development in early embryonic heart formation, providing practical
approaches to derive homogenous cardiomyocyte populations for future clinical translation
of stem cell-based therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

B-H Benjamini—-Hochberg

Bry-T brachyury T

CREB CAMP-response-element-binding protein
cTnT cardiac troponin T

EB embryonic body

ESC embryonic stem cell

GAPDH glyceraldehyde-3-phosphate dehydrogenase
mESC mouse ESC

Myh6 myosin, heavy polypeptide 6, cardiac muscle, a
Nkx2.5 NK2 homeobox 5

NRG neuregulin
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Figure 1. Recombinant NRG-18 promotes formation of beating EBs at critical time windows
(a) Time windows for cardiac induction in mESCs by NRG-1p treatment were

systematically examined from day 0 to 2, day 1 to 3, day 2 to 4, day 2 to 5, day 3 to 4, day 3
to 5, day 3to 6, day 3 to 7 and day 0 to 7. The percentages of contracting EBs at day 10 of
differentiation demonstrated that NRG-1p treatment during day 0-2 and day 3-7 can induce
two waves of cardiac differentiation in mESCs. Results were obtained from at least 48 EBs
for each time point in three individual experiments (P <0.001). (b) gPCR analysis confirmed
that NRG-1p treatment during day 0-2 and day 37 significantly induced the cardiac marker
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Myh6 gene expression in mMESCs. CGR8 ESCs were treated with 50 ng/ml NRG-1p at the
different time intervals, and RNA samples collected on day 10 were subjected to qPCR to
determine Myh6 gene expression. Myh6 RNA expression induced by NRG-1f at day 0~2
was set to 1, and the relative RNA expression level was calculated by normalizing Myh6
RNA expression at each specific NRG-1p treatment time window with its RNA expression
induced by NRG-1f at day 0~2. gPCR results were obtained from two independent
experiments.
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Figure 2. NRG-1B treatment from day 0 to 2 of ESC differentiation strongly induces
cardiomyogenesis

(aand b) NRG-1p treatment from day 0 to 2 increases the expression of the cardiac markers
Nkx2.5 and Myh6. The gPCR results represent the relative expression normalized to that of
PBS vehicle-treated cells at day 0. Measurements were obtained from at least three
independent experiments for each time point (*P <0.01). (c) Western blotting showing
induction of cTnT protein in NRG-1B-treated mESCs on day 10 in comparison with the
PBS-treated controls. An antibody against a-tubulin was used as a loading control. (d)
mESCs treated with NRG-1f differentiated to cardiomyocytes that expressed the sarcomere
proteins a-actinin (upper panels) and cTnT (lower panels). Confocal images were taken
using a Zeiss inverted LSM 510 confocal microscope (x 40). Topro 3, TO-PRO-3™
(Molecular Probes). () NRG-1f treatment from day 0 to 2 down-regulated BryT* at day 3
(*P <0.01), but led to a higher expression of BryT* at day 4, in comparison with vehicle
controls (**P <0.05). The relative RNA expression level of each marker was calculated by
normalizing the marker RNA expression at each specific day with the RNA expression at
day 0.
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Figure 3. ErbB3 receptor isrequired for NRG-1B-induced mESC car diomyogenesis
(a) mMRNA expression of the ErbB receptors was quantified during mESC differentiation.

MRNA expression of ErbB2, ErbB3 and ErbB4 was measured by gPCR during
differentiation at day 0, 2, 4, 6, 8 and 10. Measurements were obtained from at least three
independent experiments for each time point. (b) Transient knock down of ErbB3 or ErbB2
with siRNA at the early differentiation stage significantly blunted the NRG-1p-induced
cardiac formation in mESCs at day 10. The gPCR results were obtained from at least three

inde

pendent experiments (*P <0.01 and **P <0.05).
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Figure 4. Hierarchical clustering of genes differentially expressed between the NRG-1B- and
vehicle-treated mMESCs

Hierarchical clustering of the 125 most significantly differential probes (at least 1.5-fold
change; P <0.05) between vehicle- and NRG-1p-treated mESCs at day 2. Bright red, bright
blue and grey indicate the highest, lowest and median normalized signal values respectively
as indicated below the heat map. For each sample type, control (orange) and NRG treatment
(teal) as labelled, there were three biological replicates. Columns represent individual genes.
Rows and vertical dendrograms indicate individual sample clustering.
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Figure5. Activation of CREB isinvolved in NRG-1B-induced cardiomyogenesis of mESC
differentiation

NRG-1 treatment from day 0 to 2 significantly induced active phospho-CREB (p-CREB)
and transient knockdown of ErbB3 with siRNA dramatically attenuated active phospho-
CREB in the presence of NRG-1p (a). CREB siRNA effectively reduced CREB expression
and levels of phospho-CREB during the initial 48 h of mESC treatment with 50 ng/ml
NRG-1p (b) and prevented cardiomyogenesis as indicated by reduced Myh6 expression on
day 10 (c). Myh6 RNA expression in the siRNA control (Ctr) samples was set to 1, and the
relative RNA expression level was calculated by normalizing Myh6 RNA expression with its
RNA expression in the siRNA control samples. The gPCR results were obtained from two
independent experiments.
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