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ABSTRACT

The transcriptional profiles of cardiac cells derived from murine
embryos and from mouse embryonic stem cells (MESCs) have
primarily been studied within a cell population. However, the
characterization of gene expression in these cells at a single-cell
level might demonstrate unique variations that cannot be appreciated
within a cell pool. In this study, we aimed to establish a single-cell
quantitative PCR platform and perform side-by-side comparison
between cardiac progenitor cells (CPCs) and cardiomyocytes (CMs)
derived from mESCs and mouse embryos. We first generated a
reference map for cardiovascular single cells through quantifying
lineage-defining genes for CPCs, CMs, smooth muscle cells (SMCs),
endothelial cells (EDCs), fibroblasts and mESCs. This panel was then
applied against single embryonic day 10.5 heart cells to demonstrate
its ability to identify each endocardial cell and chamber-specific CM.
In addition, we compared the gene expression profile of embryo- and
mESC-derived CPCs and CMs at different developmental stages and
showed that mESC-derived CMs are phenotypically similar to
embryo-derived CMs up to the neonatal stage. Furthermore, we
showed that single-cell expression assays coupled with time-lapse
microscopy can resolve the identity and the lineage relationships
between progenies of single cultured CPCs. With this approach, we
found that mESC-derived Nkx2-5° CPCs preferentially become
SMCs or CMs, whereas single embryo-derived Nkx2-5° CPCs
represent two phenotypically distinct subpopulations that can
become either EDCs or CMs. These results demonstrate that
multiplex gene expression analysis in single cells is a powerful
tool for examining the unique behaviors of individual embryo- or
mESC-derived cardiac cells.

KEY WORDS: Cardiac progenitor cells, Cardiogenesis, Embryonic
stem cell, Nkx2-5, Differentiation

INTRODUCTION

The heart is the first organ to form during mouse embryonic
development (DeRuiter et al., 1992; Icardo, 1996), a process
involving multiple cell fate decisions. One such important decision
is the differentiation of cardiac progenitor cells (CPCs) into multiple
types of functional cells, such as cardiomyocytes (CMs), endothelial
cells (EDCs) and smooth muscle cells (SMCs) (Harvey, 2002;
Laugwitz et al., 2008; Martin-Puig et al., 2008; Sturzu and Wu,
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2011). Our group and others have described the isolation and
characterization of multipotent CPCs derived from mouse
embryonic stem cells (mESCs) and embryos (Cai et al., 2003;
Kattman et al., 2006; Moretti et al., 2006; Wu et al., 2006; Yang
et al., 2008). We have previously generated a transgenic mouse line
that expresses eGFP reporter driven by a 2.1 kb cardiac-specific
enhancer of Nkx2-5, an important transcription factor in embryonic
heart development (Lien et al., 1999). The endogenous level of
Nkx2-5 expression is low in CPCs and increases in CMs; however,
the eGFP expression driven by Nkx2-5 cardiac enhancer (Nkx2-5—
eGFP) appears only in CPCs and early immature CMs (Lien et al.,
1999; Wu et al., 2006). Consequently, the Nkx2-5-eGFP* cells
represent CPCs only in the early embryonic stage, and those
progenitor cells were shown to differentiate into multiple types of
cells when cultured in vitro (Moretti et al., 2006; Wu et al., 2006).
However, no previous study has addressed heterogeneity and lineage
relationships among progenitor cells during differentiation at a
single-cell level.

Single-cell gene expression analysis offers a way to address
these variations within a cell population (Guo et al., 2010; Tay
et al., 2010). Microfluidic-enabled multiplex PCR arrays
(Fluidigm) can perform quantitative real-time PCR (qPCR)
reactions for up to 96 genes in 96 cells simultaneously (Citri
et al., 2011; Narsinh et al., 2011; Sanchez-Freire et al., 2012).
These arrays have been used successfully to dissect cellular
composition and transcriptional heterogeneity in human colon
tumors (Dalerba et al., 2011). Additionally, Buganim et al. profiled
single cells at various stages during cellular reprogramming and
found that this process consisted of an early stochastic and a late
hierarchic phase (Buganim et al., 2012). These findings support
the use of single-cell PCR arrays as a powerful system to explore
mechanisms regulating cellular heterogeneity and cell lineage
determination. Interestingly, Guo et al. employed this technology
to generate an expression signature of hematopoietic stem cell
differentiation in mice and found significant variation within the
apparently uniform myeloid and lymphoid progenitor cell
population (Guo et al., 2013). However, no study thus far has
employed this approach to closely examine the heterogeneity of
CPCs at a single-cell level.

In this study, we used the Fluidigm expression system to profile
cardiac lineage-associated genes at single-cell level in six standard
cell types: CPCs, CMs, fibroblasts (FBs), SMCs, EDCs and
undifferentiated mESCs (Boyer et al., 2005; Souders et al., 2009;
Sturzu and Wu, 2011). Using this as a reference map, we
characterized single mESC-, mouse embryo- and adult heart-
derived cardiac cells. Furthermore, we evaluated the lineage choice
made by a single CPC during in vitro differentiation by assessing the
final identity of each of its progenies under identical culturing
condition. Our results demonstrate the utility of single-cell gene
expression profiling to study cell fate, maturity and lineage choices
in the developing heart.
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RESULTS

Transcriptional analysis of single cardiovascular cells

The cardiovascular lineage consists of multiple cell types during
embryonic development. During the early stage, CPCs predominate
and give rise to CMs, SMCs and EDCs upon differentiation
(Fig. 1A). In an adult heart, cardiac FBs are present and account for a
significant proportion of cell nuclei (Ieda et al., 2009). These
cardiovascular cell types can also be generated using in vitro
differentiation of mMESC. Employing a previously described Nkx2-5
cardiac enhancer-driven eGFP (Nkx2-5—-eGFP) mESC (Wu et al.,
2006), we differentiated these cells towards the cardiovascular
lineages and purified the eGFP" CPCs or CMs by fluorescence-
activated cell sorting (FACS). We first confirmed that the
differences in expression of pluripotent and cardiomyocyte genes
can be reliably detected in single ESCs and CMs by single-cell real-
time qPCR analysis (supplementary material Fig. S1; Table S1).
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Next, we established a reference set of genes for the determination
of the main cardiovascular cell types as well as undifferentiated
mESC (supplementary material Table S2). This gene set was then
applied to single cells from the five main cardiovascular cell types
(CPCs, CMs, SMCs, EDCs and FBs) and undifferentiated mESCs,
using a microfluidic-enabled multiplex PCR platform from
Fluidigm (Biomark HD) (Fig. 1B). We show that a high degree of
plate-to-plate consistency in gene expression can be achieved based
on the expression of the housekeeping gene B-actin (supplementary
material Fig. S2). Furthermore, we found a distinct expression
signature from this reference gene panel for each of our cell types of
interest (Fig. 1C). As expected, the expression levels of Pou5f1 (also
known as Oct4) and Sox2 were high in undifferentiated mESCs,
whereas the expression of sarcomeric or endothelial cell genes was
absent. In designing mESC-specific probes, the lack of introns in
Pou5f1 and Sox2 prevents the creation of intron-spanning primers
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Fig. 1. Transcriptional analysis of cardiac lineage cells at a single-cell level. (A) Mouse ESCs in vitro differentiate to become CPCs that are capable of giving
rise to CMs, SMCs, EDCs and FBs. (B) Process diagram of cardiovascular lineage single-cell profiling using the microfluidic-enabled multiplex PCR platform

(Fluidigm). (C) Reference gene expression panel for standard cardiac cells. Each column represents one cell, and each row represents one gene assay. Note that
for some genes there are two probes used (e.g. Tnnt2_1 and Tnnt2_2) against the same target cDNA to safeguard against rare cases of amplification failure.
Yellow to red color scale indicates high to low/no expression for a particular marker. ‘—’ represents a negative control containing no cDNA, whereas ‘+’ represents
mouse universal cDNA. (D) PCA on the reference single-cell gene expression data. Notably, the same type of cell colorized with the same color clustered

together. Data represent the results from two independent experiments.
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that would exclude genomic DNA during cDNA amplification. We
therefore detected a low background signal in non-ESCs. To further
validate the expression of Pou5fl and Sox2 in mESCs but not in
CMs, we performed additional amplification reactions using
different primer sets against these genes (supplementary material
Fig. S3; Table S3). Similarly, the expression of EDC lineage genes,
such as Vwf, Vcaml, Pecam]1 and CdhS5, were expectedly high in
EDCs, as was that of Calponin 1 (Cnnl) and Myhl1 in SMCs.
Interestingly, fibroblast and SMCs shared a number of expressed
genes, supporting the phenotypic similarity between these cell
types. This is not entirely surprising, as it is well known that FBs and
coronary SMCs in the heart are both descendants from the
developing epicardium (Cai et al., 2008; Zhou et al., 2008).

The expression of transcripts for sarcomeric proteins and cardiac
transcription factors was expectedly high in CMs, whereas genes
that represent CPC (e.g. Pdgfra, Flk1/Kdr — Mouse Genome
Informatics, cKit, and cardiac transcription factors, such as Isll,
Nkx2-5, Handl, Hand2 and Gata4) were generally present at
modest to low levels. To determine the consistency in gene
expression for each single cell within the same cell type, we
performed a principal component analysis (PCA) (Fig. 1D) and a
Pearson correlation coefficient analysis (supplementary material
Table S4) on the single-cell expression data and found that cells
within each cell type show highly similar expression profiles across
all genes examined. These results indicate that our cardiovascular
gene expression panel can uniquely identify each single
cardiovascular cell, especially CMs and EDCs, which exhibit a
more distinct gene signature.

Identification of single embryonic day 10.5 heart cells
To demonstrate the utility of the single-cell expression panel, we
employed it to determine the identity of unselected single embryonic
day 10.5 (E10.5) heart cells (Fig. 2A). When these single E10.5 heart
cells were profiled along with standard cell types, we found by
unsupervised hierarchical clustering analysis that they organized
into three distinct clusters (I, II, IIT) (Fig. 2B). Cluster I cells
resemble standard CMs, which highly express sarcomeric protein
genes (e.g. Myh6, Tnnt2) and many cardiac transcription factors
(e.g. Mef2c, Gatad). Cluster II cells appear to represent immature
CMs, which grouped between CMs and CPCs and expressed both
Pdgfra, a marker for CPCs, as well as Tnnt2, a sarcomeric protein
marker. Cluster III cells expressed EDCs genes (e.g. CdhS, PECAM/
CD31) at a high level and are most likely EDCs (Fig. 2B). The
identity of these E10.5 embryonic mouse heart cells as CMs,
immature CMs and EDCs is further supported by PCA of these cells
against standard cell types (supplementary material Fig. S4A) and
the Pearson correlation coefficient of the cluster I, II and III cells
against their standard cells (supplementary material Fig. S4B).
Given the ability of our single-cell expression profile to identify
each cell, we wished to determine whether cells from the E10.5 heart
exhibit additional variation (e.g. higher order dimensions) that could
be revealed when these cells are plotted in a lineage tree diagram
based on the similarity of their gene expression. To accomplish this,
we used the spanning-tree progression of density-normalized events
(SPADE) program (Linderman et al., 2012; Qiu et al., 2011) to
convert the multi-dimensional expression data into a lineage tree of
interconnected cell populations (Fig. 2C). Cells with nearly
identical gene expression are grouped within one node and the
number of cells within the node is represented by the size of each
node. The black-colored SPADE tree indicates the most likely cell
identity of each node or collection of nodes. The multi-colored
SPADE trees show the expression levels of cell type-specific genes
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listed next to each tree. For example, all EDCs are found within one
node that exhibits the highest level of endothelial cell gene
expression. Furthermore, differentiated CMs (e.g. cluster I)
exhibit a high level of sarcomeric protein gene expression. When
we further analyzed all CMs based on the expression of Handl,
which is known to be expressed preferentially in first heart field and
in the left ventricle (LV) (McFadden et al., 2005; Thomas et al.,
1998), we found a distinct cluster of nodes that are Hand1", most
likely representing CMs in the LV, as well as Hand1~ CMs that are
most likely CMs in the right ventricle (RV) and atria (Fig. 2C). We
performed additional single-cell Fluidigm studies to assess the
specificity of Hand1 for LV CMs compared with other genes, such
as Citedl and connexin 40 (Gja5 — Mouse Genome Informatics),
and confirmed that Hand1 expression is the most specific marker for
LV CMs (supplementary material Fig. S5; Table S5). Together,
these results demonstrate the power of single-cell multiplexed gene
expression profiling to uncover previously unsuspected
subpopulations of cells at a defined stage of cardiac development.

Transcriptional similarity between immature cardiac cells
derived from mESCs and mouse embryos

Whereas in vitro differentiation of mESCs provides a useful platform
to generate cardiac lineage cells for in vitro studies, these cardiac
cells have not been directly compared with mouse embryo-derived
cardiac cells in a stage-by-stage fashion at the transcriptional level.
Here, we isolated single eGFP" cells from in vitro differentiation
of Nkx2-5-eGFP mESCs by FACS at days 5, 6, 7 and 8 of
differentiation, along with eGFP" cells from Nkx2-5-eGFP
transgenic mouse embryos at embryonic days 7.5, 8.5, 9.5 and
10.5 (supplementary material Fig. S6), and performed expression
profiling on the Fluidigm arrays (Fig. 3A). We found highly similar
expression profiles between mESC-derived and embryo-derived
cardiac cells at these early stages of development (Fig. 3B,C).
Interestingly, whereas single eGFP" cell derived from mESC at day 5
of differentiation consisted mainly of CPCs, these cells quickly
transitioned into CMs (87.6%) by day 7 of differentiation (Table 1).
This pattern of gene expression change appears to characterize
embryo-derived eGFP™ cells at days 7.5 and 8.5 of development as
well, with the exception that a fraction of the early embryo-derived
eGFP" cell population expressed EDC genes, whereas a few of the
early mESC-derived eGFP™ cells expressed SMC genes (Table 1).
To determine whether eGFP* cells from embryonic day 7.5 heart
contain EDCs, we performed additional anti-CD31 flow cytometry
analysis and confirmed that a proportion of these eGFP* cells are
indeed EDCs (supplementary material Fig. S7).

To provide a global unbiased assessment of the similarity or
difference in gene expression profile between mESC- and embryo-
derived eGFP" cells, we analyzed our data from the expression heat
maps using the gene expression dynamics inspector (GEDI)
program that plots signature genes from an expression dataset that
provides the best discrimination between different biological
samples (Eichler et al., 2003). This analysis confirmed that,
whereas mESC- and embryo-derived eGFP' cells show some
degree of variability early on, they become highly similar beyond
D7 of mESC in vitro differentiation or day 8.5 of embryonic
development (Fig. 3D,E).

Comparison of gene expression profile from single mESC-
derived CMs after extended culturing with those from an
adult mouse heart

To address whether a single mESC-derived CM can achieve
a transcriptional profile similar to a single CM derived from a
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Fig. 2. Characterization of the identities of unselected single E10.5 heart cells. (A) Schematic showing isolation and identification of unselected single
embryonic heart cells. (B) Unsupervised hierarchical clustering analysis of the unselected single embryonic heart cells against the profiles of reference cardiac
cells. Note that the unselected E10.5 heart cells self-organized into three distinct clusters (CI. I, II, 1l). (C) SPADE analysis of E10.5 heart cells. Single-cell data
from unsupervised hierarchical clustering were plotted as cell-lineage tree based on the similarity of their gene expression. Cells with nearly identical gene
expression are grouped within one node and the number of cells within the node is represented by the size of each node. Nodes that are most similar in gene
expression are displayed closest to each other in the tree diagram. The SPADE tree in black displays the cell identity for each node in the tree. The colored SPADE
trees display the expression levels of the representative genes listed next to each tree. The color legend below indicates the level of gene expression, in which red
represents the highest expression level, whereas blue represents little to no expression. Data represent the results from two independent experiments.
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embryo-derived single cardiac cell profiling. (B) Expression profiles for single eGFP" cells from in vitro differentiation of Nkx2-5—~eGFP mESCs at days 5, 6,7 and 8
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independent experiments.
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Table 1. Quantification of different cardiac cell types present within
FACS-purified Nkx2-5-eGFP™ cell population at different developmental
stages

CPC CM EDC SMC
D5 87.5 0 0 12.5
D6 90.0 10.0 0 0
D7 12.5 87.5 0 0
D8 0 100 0 0
E7.5 53.6 0 46.4 0
E8.5 0 80.0 20.0 0
E9.5 0 100 0 0
E10.5 0 100 0 0

neonatal or an adult mouse heart, we profiled GFP* CMs from day
23 and 29 of o-MHC-CRE/ROSA26-mTmG mESC in vitro
differentiation, as well as dispersed single atrial and ventricular
CMs from the hearts of neonatal and adult mice of the same
genotype (Fig. 4; supplementary material Fig. S8; supplementary
material Movies 1 and 2). The gene-expression heat maps showed
that the mESC-derived CMs from both day 23 and 29 are highly
similar to each other (Fig. 4A). Interestingly, the expression of genes
in single CMs derived from neonatal and adult mouse hearts differs
according to their chamber of origin. For example, atrial CMs
expressed a high level of sarcolipin (SIn) and no MLC2v (Myl2),
whereas ventricular CMs expressed a high level of Myl2 and no Sln.
Furthermore, atrial CMs downregulated their expression of cardiac
B-myosin heavy chain (Myh7) from neonatal to adult stages,
whereas ventricular CMs maintained some expression of Myh?7
even in adult CMs. Between adult mouse-derived CMs and mESC-
derived CMs, it appears that the expression of sarcomeric protein
genes is generally higher in adult mouse-derived CMs (Fig. 4A,B).
These findings were further validated bioinformatically using GEDI
analysis (Fig. 4C). To confirm these single-cell expression data, we
isolated neonatal and adult mouse CMs as cell populations and
quantified the expression of sarcomeric protein genes and cardiac
transcription factors using real-time qPCR analysis (Fig. 4D-F;
supplementary material Table S6). These results show general
consistency with our single-cell data, in that the expression of most
sarcomeric protein genes is modestly to significantly increased in
both atrial and ventricular CMs from neonatal to adult heart,
whereas the expression of cardiac transcription factors are relatively
unchanged. These results are also distinct from the mESC-derived
single-cell and pooled gPCR data, in which the sarcomeric protein
gene expression is relatively unchanged even with extended
culturing (Fig. 4A,D).

Characterization of lineage decision by single CPCs during

in vitro differentiation

We have previously described the ability of single eGFP* CPCs
derived from Nkx2-5-eGFP mESCs to undergo bi-potential
differentiation into CMs and SMCs (Wu et al., 2006). However,
we were unable to determine quantitatively the frequency of CPC
differentiation into either CMs or SMCs, as there was no tool
available to assess exact identity of each individual progeny. By
combining time-lapse video microscopy with single-cell multiplex
PCR array, we are now able to observe each cell division event that
takes place during the 5 days of CPC in vitro differentiation.
Furthermore, we can assess the identity of each progeny as well
using the Fluidigm array (Fig. 5A). Our representative video
microscopy data showed that single CPCs undergo cell division
with varying rates (Fig. 5B; supplementary material Movie 3). By
carboxyfluorescein succinimidyl ester (CFSE) staining to re-capture

live progenies (supplementary material Fig. S9), we found that,
under the basal differentiation media condition, mESC-derived day
5 eGFP" CPCs become mostly immature SMCs/FBs (Im-SMCs/
FBs), with a rare number of cells becoming mature SMCs after
5 days of culturing (Fig. 5C). Only by isolating day 7 eGFP™ cells
did we observe the ability of a single cell to display a firm CM
phenotype after culturing, a finding that suggests that some of these
eGFP" cells have already committed to immature CM fate.
Interestingly, when we performed a similar assay using Nkx2-5—
eGFP mouse embryo-derived cells at E7.5 and E8.5 stages of
development (equivalent to mESC days 5 and 7), we observed that
these cells become either differentiated CMs or endothelial/
endocardial cells (EDCs) (Fig. 5D), a cell type that was not
observed in the mESC study.

Statistically, we found that almost all (92%) of the day 5 eGFP*
cells from mESC committed to Im-SMC/FB cell fate; however, in
day 7 eGFP" cells, this percentage drops to 50%, as the rest of the
cells adopt a CM fate (Fig. SE). We did not observe any EDC
differentiation from mESC-derived Nkx2-5-eGFP" cells under our
assay conditions. For mouse embryo-derived eGFP" cells, we
found a significant number of immature SMCs/FBs from
differentiation of E7.5 eGFP" cells; however, this quickly
resolved into three populations — CMs, immature SMCs and
EDCs — when E8.5 eGFP" cells were isolated and cultured. To test
whether the cell culture medium harbors an instructive role in cell
lineage decision, we cultured both mESC- and embryo-derived
progenitor cells in endothelial cell culture medium (EDC medium).
We found that, for embryo-derived progenitor cells, a significant
number of the surviving progeny represent EDCs, whereas none of
the surviving progeny from mESC-derived progenitor cells
represent EDCs (supplementary material Fig. S10). Although it
might seem that the EDC medium played an instructive role in
directing embryo-derived progenitor cells to differentiate into
EDCs, we found that CMs exhibit differential survival in EDC and
SMC medium (data not shown). Hence, it is likely that the
increased frequency of EDC in the progeny is due to selective
survival of committed EDCs in the eGFP" cell population. To
confirm the specificity of the Fluidigm results for different cell
lineages, we assessed the expression of CM, SMC and EDC genes
at the protein level by immunofluorescence staining against
lineage-specific markers, such as MF20, SM-MHC and CD31,
respectively. We show that CM, SMC and EDC markers are
expressed robustly in the differentiated single-cell progenies
(Fig. 5F).

DISCUSSION

The comparison of cardiac cells derived from mESCs in vitro and
murine heart in vivo on a population basis might overlook
important behavioral differences at the single-cell level (Reiser
et al., 1994; van den Heuvel et al., 2014; Xu et al., 2009; Yang
et al., 2014). To address this issue, we employed a microfluid-
enabled multiplex quantitative single-cell PCR assay to generate a
reference gene expression panel to uniquely identify five main
types of cardiac lineage cells (e.g. cardiac progenitor cells,
cardiomyocytes, smooth muscle cells, endothelial cells and
fibroblasts) based on their specific gene expression pattern. This
reference panel was applied to single cells from unselected E10.5
embryonic mouse hearts to demonstrate its ability to identify each
cell as CM, EDC or SMC/FB. In addition, we compared the
transcriptional profiles for single cells derived from in vitro
differentiated mESCs and murine hearts at different developmental
stages. We found that mESC-derived CPCs and CMs are
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Fig. 4. Comparison of gene expression profiles of single mESC-derived CMs after extended culture and those from adult mouse heart.

(A) Expression profiles of single eGFP* cells from in vitro differentiation of o-MHC-CRE/ROSA26-mTmG mESCs at days 23 and 29 of differentiation.

(B) Expression profiles of single CMs from neonatal and adult mouse atrial and ventricular chambers. (C) GEDI plots for gene expression signatures of single
cells at various stages. Note the difference between adult atrial and ventricular CMs and CMs generated from mESC differentiation. Some differences can

also be observed between neonatal and adult CMs in the atria and ventricles.

(D) gPCR analysis of sarcomeric protein genes and cardiac transcription

factors from pooled eGFP" cells at days 23 and 29 of in vitro o-MHC-CRE/ROSA26-mTmG mESC differentiation. (E) Same as in D, except that pooled
neonatal and adult CMs were studied. The expression of Myl2 in these atrial CMs is relative to neonatal ventricular CMs. (F) Same as in D, except that pooled
neonatal and adult ventricular CMs were studied. The expression of Sin in these ventricular CMs is relative to neonatal atrial CMs. Error bars represent s.e.m.

*P<0.01. Data represent two independent experiments performed in triplicates.

transcriptionally similar to embryo-derived CPCs and CMs up to
the neonatal stage of murine development. Furthermore, we
compared the lineage choices for single CPCs derived from
mESCs and mouse embryos, and found a differential propensity of
mESC-derived CPCs for becoming SMCs or CMs, and of single
embryo-derived CPCs for becoming EDCs or CMs. Taken
together, our single-cell transcriptional profiling revealed
similarities between mESCs and in vivo-derived CMs up to the
neonatal stage of development and showed distinct phenotypes in
single isolated CPCs from mESCs and embryonic heart. These
findings highlight the utility of a single-cell gene expression
profiling approach combined with bioinformatics analysis to
observe CPC behavior at greater resolution, and might enable us
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to identify new markers and pathways that regulate CPC
differentiation.

Although our single-cell analysis has revealed unique
properties between mESC- and embryo-derived cardiac cells,
an important caveat regarding this assay should be considered.
The sensitivity of this assay for identifying the cell type of
interest is highly dependent on the choice of probes (i.e.
lineage-specific primer pairs) and the starting cell population.
For example, we set out to develop a single-cell gene panel that
can identify the five main cell types from different stages of the
developing heart (e.g. CPCs, CMs, SMCs, EDCs and FBs).
Therefore, we were unable to detect any epicardial cells or
neural crest cells because we did not choose to incorporate
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Fig. 5. Characterization of lineage decisions by single CPCs during in vitro differentiation. (A) The lineage decision for each single CPC during in vitro
differentiation was determined through profiling the gene expression in each individual progeny of that CPC. (B) Representative lineage trees of single CPCs (black
dots) based on time-lapse video microscopy data. Note the varying behaviors of each CPC. (C) Identity of lineage progenies from single eGFP* CPCs that have been
isolated from day 5 (D5) and 7 (D7) of in vitro mESC differentiation. (D) Same as in C, except that Nkx2-5—eGFP mouse embryo-derived eGFP™ cells at E7.5and E8.5
of development were studied. (E) Summary of the frequency that each single Nkx2-5-eGFP" cell became a CM, SMC/FB or EDC during in vitro differentiation.
(F) Immunofluorescence staining of CPC progenies for specific cell-lineage markers. Scale bars: 100 um. Data represent the results from two independent

experiments.

markers that are specific for these cell types. Furthermore, as
epicardial and neural crest cells represent a relatively rare cell
population in the E10.5 heart, we would not have been able to
discover a distinct subpopulation of these rare cells (<1-2%
of total heart cells), as we only profiled ~72 E10.5 cells.
Similarly, other cell types in the heart (e.g. blood cells) or
contaminants (e.g. hepatocytes or neurons) will most likely
appear indistinguishable from one another, due to their
generally absent expression of cardiovascular lineage genes.

Use of single-cell transcriptional profiling to explore
phenotypically similar subgroups within a cell population

The panel of lineage-specific markers that we established for this
study has enabled the determination of the identity of individual
cardiovascular cells within a cell population. We applied this
marker panel against five known cardiovascular cell types and
found in a PCA that each standard cell type clustered tightly
together and away from other standard cell types (Fig. 1). These
data support the robustness of our single-cell profiling strategy to
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reliably determine the identity of each single cardiovascular cell.
When we applied this reference gene panel to an unselected
population of single cells derived from E10.5 heart, we found
three distinct clusters of cell types that represent CMs, immature
CMs and ECs (Fig. 2B). Interestingly, we show that, within the
CM population (cluster I and II), there are subpopulations that
can be identified in SPADE analysis based on their expression of
Handl (Fig. 2C). Given the relatively restricted expression of
Handl in the developing LV (McFadden et al., 2005; Thomas
et al., 1998), we believe this Handl-expressing subpopulation
most likely represents single CMs derived from the LV or the
interventricular septum of the E10.5 heart. Consistent with this,
we found that Hand1 expression best correlates with an LV CM
identity compared with other reported LV markers, such as
Citedl or Cx40 (supplementary material Fig. S5). The presence
of an immature and a more mature CM subpopulation within the
E10.5 cells also raises interesting questions regarding the
differences in their developmental origin [e.g. first heart field
(FHF) versus second heart field (SHF)] and growth regulation.
Although we are unable to determine whether some of these CMs
are descendants from FHF versus SHF progenitor cells, as the
expression of SHF markers such as Isll is largely absent in CMs
(Cai et al., 2003), we found that immature CMs retain their
expression of progenitor markers such as Pdgfra (Fig. 2B) and
downstream targets of Wnt signaling, such as Lefl and Axin2
(data not shown). Indeed, a recent paper by Buikema et al. has
highlighted the importance of Wnt signaling activity in fetal
cardiomyocyte proliferation and myocardial development
(Buikema et al., 2013). Taken together, our results support the
use of single-cell Fluidigm assays to identify and characterize
phenotypically similar cardiomyocyte subgroups within the
developing heart.

Characterization of lineage decisions from single CPCs
during in vitro differentiation

Previous efforts to identify the lineage descendants of CPCs have
assessed mRNA expression of multiple lineage-specific genes by
gPCR or protein expression by immunostaining in a population of
cells (Kattman et al., 2006; Moretti et al., 2006; Wu et al., 2006).
Our single-cell multiplex PCR assay has enabled us to quantify 33
unique genes for each progeny of CPCs and can unequivocally
identify the type of cell that is represented in the differentiated
progeny pool. Our finding that Nkx2-5" progenitor cells derived
from mESCs differentiated preferentially into SMCs and CMs,
and that similar cells derived from mouse embryos generated
either EDCs or CMs, is quite intriguing. It has been reported
recently by Lescroart et al. and Devine et al., using single-cell
lineage tracing in vivo, that FHF cells give rise to only EDCs or
CMs but not to both, and that SHF cells give rise to both CMs
+SMCs or CMs+ECs (Devine et al., 2014; Lescroart et al., 2014).
Our results are consistent with these findings, as we did not
observe any bi-potent progenitor cell that gives rise to both CMs
and ECs from a single cell (Fig. 5). However, we did find cells that
can give rise to both immature SMCs and CMs from the same
single cell, which might represent descendants from a SHF
progenitor cell. Our finding suggests that the combination of time-
lapse video microscopy, single-cell gene expression array
and high-resolution immunofluorescence imaging might allow
the characterization of progenies from single progenitor cell
differentiation to assess cell fate commitment in vitro, provided
that appropriate fluorescent reporters are available for the selective
isolation of FHF and SHF progenitor cells.
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It is worth pointing out that the propensity for mESC- and
embryo-derived CPCs to differentiate and survive in vitro into a
specific cell type can be highly media dependent. When we
cultured embryo-derived CPCs in EDC medium, we found a
greater number of EDCs within the progeny population. This
might be due to either preferential differentiation or survival
advantage. Indeed, we noted that the survival of mESC-derived
CMs in EDC medium is reduced compared with those cultured
in our standard differentiation medium, and is completely
abolished in SMC medium (data not shown). Furthermore,
Nkx2-5 expression is fairly broad in early mouse embryos and
might encompass many true endocardial cells at the time of
isolation (Stanley et al., 2002). Indeed, our single-cell gene
expression data from mouse embryo-derived Nkx2-5" CPCs
showed that some of these CPCs already express a number of
EDC genes (e.g. VE-Cadherin/Cdh5, Pecaml, Vwf, Flk-1/Kdr)
upon isolation at E7.5 (Fig. 3). Taken together, these data
support the early commitment of multipotent FHF CPCs to an
EDC or CM fate (prior to E7.5), and suggest that our EDC
media study most likely represents the differential survival of
eGFP" cells that have already committed to an EDC fate.

Transcriptional profiling of mESCs and adult heart-derived
CMs reveals differences that might reflect the degree of
cardiomyocyte maturation

Although ESC/iPSC-derived CMs may hold significant promise
for cell-based therapy and as in vitro platforms for disease
pathway and therapeutic drug discovery, their phenotype has
been recognized as largely immature (Feinberg et al., 2013; Lieu
et al., 2009; Liu et al., 2007; Martinez-Fernandez et al., 2013;
Pillekamp et al., 2012; Robertson et al., 2013; Satin et al., 2008;
Snir et al., 2003; Yang et al., 2014). Using our single-cell
multiplex PCR expression analysis, we compared stage-by-stage
the expression of main cardiac sarcomeric genes and
transcription factors at distinct stages of development. We
found that CMs derived from mESCs largely resemble CMs
derived from the embryonic mouse heart up to the neonatal stage
of development (Fig. 4A,B). However, CMs from adult mouse
hearts exhibit modest variations compared with CMs from
neonatal heart, particularly in the expression of sarcomeric
protein genes, in which some genes show significant increases.
We confirmed this finding by performing qPCR analysis on cell
populations of purified adult atrial and ventricular CMs, and
compared them with neonatal atrial and ventricular CM
populations. These results suggest that CM maturation that
normally takes place during neonatal development is absent
during mESC in vitro differentiation. Further studies examining
the difference in gene expression at the protein level between
mESC-derived and neonatal/adult mouse-derived CMs should
help to clarify these phenotypic differences.

Conclusion

We demonstrate in this study that application of single-cell
multiplex PCR array might reveal the identity of each single
cardiovascular cell derived from mESC differentiation in vitro as
well as from embryonic heart in vivo. Our results support the
transcriptional similarity between mESC and embryo-derived
cardiac cells up to the neonatal stage of development. We believe
that single-cell expression profiling is a powerful tool to address
transcriptionally distinct subpopulations and might be useful to
elucidate novel cell surface or intracellular markers when combined
with genome-wide expression analysis.
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MATERIALS AND METHODS

Cells preparation from embryoid bodies

Embryoid body-based (EB) differentiation of Nkx2-5-eGFP mESCs or
o-MHC-CRE/ROSA26-mTmG mESCs derived from mice generated through
mating of o-MHC-CRE mice with ROSA26-mTmG mice, was carried out
according to Huang and Wu (2010). In brief, after specific days of
differentiation, EBs were dissociated with trypsin and collagenase
sequentially. Single cells were isolated by FACS, based on eGFP expression
and lack of SSEA-1 expression, which is used to eliminate contaminating
undifferentiated mESCs. For CPC isolation, eGFP" cells were derived from
5 days differentiation of Nkx2-5-eGFP ESCs. For CM isolation, GFP™ cells
were derived from o-MHC-CRE/ROSA26-mTmG ESCs after 29 days of
differentiation. The numbers of cells that have been profiled at each
developmental stage are listed in supplementary material Table S4.

Preparation of standard cells from embryonic or postnatal mice
Mouse embryos were harvested from pregnant Nkx2-5-eGFP female
mice at 7.5, 8.5, 9.5 and 10.5 days post coitum and their hearts were
treated with trypsin to dissociate into single cells. The eGFP" cells were
then isolated by FACS (supplementary material Fig. S6). To isolate
postnatal CMs, neonatal [i.e. postnatal day 1 (P1)] and adult (three-
months old) mice were sacrificed and their atrial and ventricular
chambers dissociated into single cells using collagenase. The resulting
single cells with intact shape and rectangular CM morphology were used
for single-cell gene expression profiling. It was important to choose only
the highest quality 2-5% of the adult CMs (e.g. ones that exhibit rod/
rectangular shape and are able to beat in vitro) (see supplementary
material Movies 1 and 2) for single-cell profiling, as adult CMs degrade
easily after dissociation. To determine the expression of sarcomeric
protein genes in pooled CMs, six high quality CMs from each cardiac
chamber were pre-amplified with gene-specific primer pairs and the
resultant cDNA was pooled for qPCR analysis. Mouse SMCs were
derived from CD31" cells within the aorta of E14.5 embryos, and cardiac
FBs and EDCs were derived from Thyl* and CD31" cells from E16.5
hearts, respectively. The numbers of cells that were profiled at each
developmental stage are listed in supplementary material Table S7. All
procedures involving animals were performed in accordance with a
protocol approved by the Institutional Animal Care and Use Committee
at Stanford University.

Pre-amplification and qPCR analysis with 48x48 Fluidigm
dynamic arrays

Single cells derived from mESCs, mouse embryonic or adult hearts were
added into one well of a 96-well plate at one cell per well in lysis buffer and
kept in —20°C or immediately used. For pre-amplification, each plate
underwent reverse transcription and PCR amplification with the following
conditions: 50°C for 15 min, 70°C for 2 min, 20 cycles of 95°C for 15 s
and 60°C for 4 min. After pre-amplification, the cells were either frozen at
—20°C or used immediately. Amplified products were diluted fivefold with
Tris-EDTA and used as templates for microfluidic PCR reactions using
lineage-specific gene primers (Sanchez-Freire et al., 2012).

Single CPC culturing and analysis of gene expression in
progenies by gPCR

Each single CPC derived from mESCs or mouse embryos was introduced
into one well of a 96-well plate pre-loaded with CM differentiation media
[82% (v/v) IMDM, 2 mM L-glutamin, 15% (v/v) serum, 0.01%o (v/v)
monothioglycerol and 50 pg/ml ascorbic acid] or EDC differentiation media
[EGM-2 Bulletkit (Lonza, Basel, Switzerland), 50 ng/ml VEGF, 10 ng/ml
bFGF]. After culturing for 6 days, CFSE (Invitrogen), a green fluorescent
dye, was added to visualize live cells in each well and the wells with
progenies were then dissociated with trypsin. Each dissociated progeny was
then pipetted into one PCR tube pre-loaded with CellsDirect reaction mix
for subsequent reverse transcription and cDNA synthesis (Invitrogen).

Analysis of gene expression in cell populations by qPCR
FACS-purified o-MHC-CRE/ROSA26-mTmG mESC-derived CMs after
23 days (D23) or 29 days (D29) of differentiation were lysed with TRIzol

(Invitrogen) and underwent RNA extraction according to the manufacturer’s
specifications. Equal quantities of total RNA from D23 and D29 mESC-
CMs were used for cDNA synthesis followed by qPCR. All qPCR gene
expression data were normalized against the housekeeping gene gapdh.

Bioinformatics analysis of Fluidigm single-cell data

The heat maps of single-cell gene expression in this study reflect the
Log,EX value, which is derived from the Ct value in each reaction
subtracted from the limit of detection (LoD). The LoD for all single-cell
data was set as 25, following a pre-amplification step of 20 cycles. Cells
that failed to amplify B-actin or GADPH above our pre-specified threshold
(Ct=21) were eliminated. As all of the Fluidigm chips were well
controlled, because all samples were prepared with automatic platforms,
the technical variations were minimized and allowed for parallel
comparison of different samples without normalization (Guo et al.,
2013). A detailed discussion on single-cell data normalization is also
provided in the Fluidigm single-cell application guidance online (www.
fluidigm.com/single-cell-guidance-request.html). The quantile-quantile
plots and Pearson correlation coefficients of the housekeeping gene f-
actin among different Fluidigm arrays were analyzed and supported the
premise that gene expression among different plates can be directly
compared due to low plate-to-plate variation (supplementary material
Fig. S2).

The hierarchical clustering and PCA were both performed with the
manufacturer-supplied program SINGuLAR 1.3.1 analysis toolset in R
(Fluidigm). The signature GEDI plot for each cell type was generated using
GEDI 2.1 (Eichler et al., 2003), which translated high-dimensional gene
expression data into a two-dimensional (2D) mosaic image through
unsupervised learning neural networks, known as self-organizing map
(SOM). SOM organizes genes by grouping together those with similar
expression levels. In the mosaic image, each tile represents an individual
SOM cluster, and their color correlates with the level of gene expression
(Eichler et al., 2003). The expression signature for each of the cell types was
generated based on the average of all signatures for that cell type at a
particular stage of development.

A SPADE analysis was performed with CytoSPADE software (Bendall
etal., 2011; Linderman et al., 2012; Qiu et al., 2011). Specifically, cardiac
lineage gene assays were divided into five clusters (e.g. sarcomeric protein
cluster, EDC cluster, cardiac transcription factor cluster, Pdgfra cluster
and Handl cluster) according to their expression patterns. For those
clusters with more than one assay, the average value (Ct) of all gene assays
in each single cell was calculated and used as the cluster expression value
in that single cell. The cluster expression values of all single cells were
then analyzed with the SPADE program, which examined the data
geometry with a topological method, extracted a hierarchy in an
unsupervised manner and visualized the hierarchy in a branched tree
structure.

The Fluidigm single cell profiling data have been deposited in the GEO
database with the accession number GSE64938.

Immunofluorescent staining of progenies of single CPCs after
culturing

Single Nkx2-5-eGFP" CPCs were isolated by FACS from EBs at day 5 or
day 7 and from embryos at E7.5 or E8.5, and were cultured for 5 additional
days in one well of a 96-well plate. Cells in 96-well plates were then directly
fixed with 4% PFA and permeabilized with 0.025% Triton X-100 (Sigma).
These cells were then blocked with blocking buffer (TBS containing 1%
BSA, 0.1% Tween20 and 10% normal goat serum) and incubated overnight
with primary antibodies against CD31 (BectonDickinson, 558737; 1:200),
sarcomeric myosin heavy chain (MF20; 1:500) (Developmental Studies
Hybridoma Bank, University of lowa, USA) and smooth muscle myosin
heavy chain (SM-MHC) (Biomedical Tech, BT-562; 1:200). The following
day, secondary antibodies were used to detect for the presence of protein
expression.
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