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found that GFP expression was not strong enough to allow us
to captore all of the Nkx2.57 cells (sce next scctiom).
Therefore, we simultaneously detected the surface expression
of PrP and intracellular sarcomeric proteins. On day 6 or 7, all
of the sarcomeric myosin heavy chain (Myhe)* cells rhat
were derived from the Nkx2.5%'" ES cell (Figure 1B) or
Nkx2.5%"* ES cell population (not shown) were PrP*,
suggesting that the nascent cardiomyocytes were PrP”. Ex-
pression of PrP on Myhc™ cells gradually started to decrease
on day 8. Immunofluorescence in cytospin samples (Figure
1C) and cultured cells (Figure 1D) forther confirmed that PrP
can be used to earich the Myhe™ and GATA-binding protein
4 (Gatad)™ cell populations.

PrP Specifically Identifies a Cardiomyogenic Cell
Population Derived From ES Cells
To determine whether PrP can be used to enrich not only
differentiated cardiomyocytes but also cardiac progenitors,
we used reaggregation assays to assess the cardiomyogenic
activities of cells sorted from pre- or postbeating ¥Bs, Prp™
cells sorted at day 6 (prebeating), day 7 (onset of beating), or
day 8 (beating) generated beating reaggregates, whereas PrP™
cells did not (Figure 2A). In contrast, the PrP™ fraction gave
rise to secondary EBs in Matrigel cultares, suggesting the
presence of undifferentiated cells?! that were not produced
from the PrP* fraction (Figure 2B). We also found that
GEP™PrP* reaggregates derived from Nkx2.5%%* ES cells
had beating foci. Consistent with this result, the GFP™PrP*
cells expressed low levels of mRNA encoding Nkx2.5 and
other cardiac transcription factors (Figure 3A). Thus, enrich-
ing the cardiomyogenic fraction using the cardiogenic marker
PrP yielded better results than when enrichment was per-
formed using Nkx2.5%"""* knock-in ES cells. Importantly,
even withoot using genetically modified ES cells, we were
able to purify the cardiogenic fraction before beating began.
To test whether PrP can be used to separate transplantable
cells, we transplanted reaggregates from day 6 EBs under the
kidney capsules of nude mice. Immunohistochemical analysis
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Figure 2. PrP specifically marks a cardiomyo-
genic population derived from ES cells. A, The
cardiomyogenic potential of the PrP* fraction of
post- and prebeating EBs. Cells were sorted on
day 6, 7, or 8 (beating began on day 7), reaggre-
gated, and cultured in Matrigel for 3 to 4 days.
Beating foci (denoted with yellow arrowheads)
were found in all reaggregates of PrP™ cells.
Error bars represent the standard error of the
mean (n=:3). B, Sorting using PrP depleted the
undifferentiated cell population. Reaggregates of
PrP* or PrP™ cells were grown in Matrigel for 10
days, Clearly visible colonies (secondary EBs)
were scored. Error bars represent the SEMs
(n=3). C, Transplantation and survival of PrP*
cells in vivo. Reaggregates of PrP™* cells were
transplanted under the kidney capsule. Arrow-
heads indicate ¢TnT™ cells.

ent in the PrP™ cell grafts, but not in the PrP™ grafts (Figure
2C). Tumor formation was frequently observed in unsorted
cell grafts (data not shown) but not in PrP* grafts (41
transplanted aggregates). These results suggested that the
PrP* cell population was able to generate cardiomyocytes
and survive in vivo for at least 3 weeks.

PrP* Cells Differentiate From Primitive to
Definitive Cardiomyocytes

Monolayer cultures of PrP™ cells sorted from day 7 or day 8
EBs started to beat within 24 hours. After 5 days of culture,
approximately one third of the cells spontaneously beat (data
not shown). Single-cell recordings of membrane potentials
from 16 of 18 quiescent cells revealed action-potential
profiles similar to those of working (atrial or ventricular)
cardiomyocytes (Figure 3A). The rest of the cells displayed
sinus nodal cell-like spontaneous beating activity. Pharmaco-
logical studies using multielectrode arrays indicated that the
cultured PrP* cells were responsive to isoproterenol and
carbamylcholine, suggesting the presence of functional B
adrenergic receptors and sinoatrial cardiomyocytes, respec-
tively (Figure 3B). Immunofluorescence indicated that PrP™
cells differentiated into ¢Tnl™ (a definitive marker of cardio-
myocytes) cells. These were either myosin light chain 2v
(Mylc2v)™* or Myle2v™ (Figure 3C). A few atrial natriuretic
peptide (ANP)* cells were also detected,

To examine the cell types quantitatively, we performed
flow cytometry with atria and ventricles from mouse embryos
as reference samples (Online Figure 1, E). Among the atrial
and ventricular cells from embryonic day (E)13.5 embryonic
heart, 25% and 2% to 4% were ANP™, respectively. Myosin
light chain 2a (Mylc2a) was detected in both the atrial and
ventricular cells, although higher levels were observed in
atrial cells. Thus, neither ANP nor Mylc2a can be used to
distinguish atrial cells from ventricular cells. In contrast, all
embryonic ventricular cells were Mylc2v*, whereas all atrial
cells were Myle2v™. Approximately 50% of cultured PrP™
cells were Mylc2v™, although the expression level varied

demonstrated that cardiac troponin (¢Tn)T™ cells were pres-_7g- between cells (Figure 3D). Consistent with the immunofluo-
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Figure 3. PrP™ cells differentiate into

cTnl™ definitive cardiomyocytes with an
atrial or a ventricular identity. A, Traces of
the membrane potential recorded from a
single PrP™ czll. PrP* cells sorted on day
8 were cultured for 5 days. Approximately,
one third of the cells spontaneously beat
{data not shown). Sixteen of 18 quiescent
cells exhibited a working myocardium-
type (atrial or ventricle) action potential,
whereas the rest exhibited a pacemaker-
type action potertial. Action potentials
were elicited at 1 Hz. B, Pharmacological
analysis of PrP™ cells. PrP™* cell aggre-
gates were analyzed using multielectrode
arrays and isoproterenol (ISO} (1 pmol/L)
or carbamylcholine (CCh) (10 umol/L). All
aggregates were sensitive to CCh, sug-
gesting that they contained atrial cells.
Error bars represent the SE (n=9 indepen-

dent samples for each group). *P<0.05
from a paired t test. C, Immunofiuores-
cence analysis for ¢Tni {a definitive car-
diomyocyte marker), Mylc2v {(a ventricls

marker), and ANP (a chamber myocardium
marker), PrP™ cells sorted on day 7 were

cultured on gelatin-coated dishes for 4
week. The number of cTni* cells
increased during the culture. Mylc2v™

NP

cells were frequently observed, whereas the parcentage of ANP™ cells was low (1% to 29%). Arrows indicate cells that are
ANPTMLGC2v™, a profile characteristic of left ventricular cardiomyocytes. D, Flow oytometric analysis of PrP™ cell cultures. Sorting on
day 7 revealed that the cardiomyocytes were cTnT* but not ¢Tnl™ (data note shown). After culturing the cells for 13 days, 90% to 95%
expressed both ¢TnT and cTni, 50% to 60% expressed Mylc2v, and 1% expressed ANP. Control experiments using embryonic heart and

PrP™ fractions are shown in Online Figure Il

rescence results, only 1% to 2% of the cells were ANP™. The
PrP™ cell fraction initially contained cells expressing Myhc
and ¢TnT but not cTnl (data not shown).?»?? Interestingly,
after 10 to 13 days of cultore, 90% of the cells differentiated
into ¢Tnl* cardiomyocytes. Collectively, these results sug-
gested that PrP™ cells differentiated from cTnl~ to cTal™
cardiomyocytes with an atrial or a ventricular identity.

The PrP*PDGFRa™* Population Contains Myhe™
Cardiomyogenic Progenitors

Although PrP expression was first detected at day S, we
were unable to enrich the cardiomyogenic population using
this marker until day 6. To determine whether combination
with other surface markers would allow better enrichment
of the progenitor population at day 5, we examined Flkl1,
c-kit, and platelet-derived growth factor receptor
(PDGFR)a as secondary surface markers. Flk1 is a marker
of cardiovascular progenitors: common progenitors for
cardiac, smooth muscle, and endocardial cells.s PrP™ cells
cxpressed 4 very low level of Flkl on day 5 and even less
on day 6 (Online Figure IV, A), suggesting that PrP™" cells
may have already diverged from the vascular lineage.
c-kit, which is reported to be a cardiovascular stem cell
marker in adult and embryonic heart,® was not expressed
on PrP™ cells. PDGFR« is widely expressed in mesoderm,
including the cardiac lineage, although its expression is
gradually downregulated in heart tube (elsewhere?® and
Online Figure VI). PrP expression was first observed on
day 5 on PDGFRa™ and PDGFRa™ cells (Figure 4A).
Molecular analysis indicated that the PrP*PDGFRa™ cell

including Nkx2.5, 7Thx5, and Isl], whereas the
PrPPPDGFRa™ cell fraction did not (Figure 4B and 4C).
Consistent with these data, only the PrPYPDGFRe™ cell
fraction gave rise to beating reaggregates (Online Figure
IV, D). These results suggested that double-positive
PrP*PDGFRa™" cells, hereafter referred to as PRa cells,
are the earliest known cardiomyogenic population.

PRa Cells Differentiate Into Cardiac Cells and
Smooth Muscle Cells

To test the cardiomyogenic potential of PRa cells, we used
PRa cells sorted from day 5.5 EBs, at which point Myhe
was not expressed (data not shown), and directly differen-
tiated the cells as 3D reaggregates (3D cultures) or as
sparsely cultured 2D monolayers (2D cultures). The re-
aggregates developed into beating cardiomyocytes,
whereas the monolayer cultures did not (Online Figure V,
D). Reaggregate cultures expressed such cardiac-specific
genes as Myl7 (encoding Mylc2a), Myh6 (encoding myosin
heavy chain «), and Tnni3 (encoding c¢Tnl) (Figure SA). In
contrast, smooth muscle genes, including Tagin (encoding
SM22«), Acta2 (encoding smooth muscle actin, SMA),
and Myh/l (encoding smooth muscle myosin heavy chain
[SMMyhc]), were expressed in the monolayer cultures.
Interestingly, adding Wnt3a (wingless-related MMTV in-
tegration site 3A)} to the reaggregates inhibited cardiac
differentiation (Figure 3C). Wnt, however, did not increase
the levels of smooth muscle markers, suggesting that it did
not drive the progenitors to a smooth muscle fate, Immu-
nostaining experiments revealed that aggregates expressed

fraction from day 5 EBs expressed cardiac marker genes,_79.. the cardiac muscle proteins Myhc and cTnl, whereas the
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Figure 4. The PrP"PDGFRa* (PRa) popula-
tion contains bipotential cardiomyogenic
progenitors that can differentiate into cardio-
myocytes or smooth muscle cells. A, Flow
cytometric analysis of EBs using PrP- and
PDGFRa-specific antibodies. PrP™ cells
detected on day 5 were PDGFRa™ or

B = ; s e i PGDFRa™. The expression profiles of
P PDGFRa and PrP overlapped on day 6 and
B8 hogri dSor i sarted then gradually receded as diﬁerentiai,ion

POGFRE

% proceeded. B, RT-PCR analysis of hegp7-

EE derived cells sorted using PrP (P), PDGFRa
% {R), Fiki {F), and GFP (G). PrP" cells on day
2 5 were PDGFRa™ or PDGFRa ™ and

F3 FIk1*""~ (see Online Figure If). Compared

g with the unsorted fraction, Nkx2.5, Tbx5,

and Isl1 were expressed at significantly
higher levels in the P*R™ fraction (pink bars)
and P*G™ fraction (blue) on day 5, as well
as in the PTG™ fraction (green) on day 8. Error bars represent the SEM (n=3 independent samples for each group). *£<0.05 from an
unpaired Student ¢ test. Other marker genes are shown in Online Figure il

monolayer cells expressed such smooth muscle proteins as PRa cell fraction contained 2 different lineages and/or

SMA, SM22¢, and calponin (Figure 5B). SMMyhc, a very bipotential progenitors. To examine the latter possibility,

specific marker of smooth muscle cells,® was also detected we next cultured single cells isolated from days 5 to 5.5

in the monolayer cells. These results suggested that the EBs in methylcellulose (MEC). Typically, ~100 colonies
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Figure 8. Developmental potential of PRa cells, A, Differentiation of reaggregated cultures of PRa cells. PRa cells sorted on day 5.5, at which
point the cells were still negative for Myhc (Online Fig V), were allowed to differentiate as reaggregates (3D} or sparse monolayers {2D) with or
without Wnt or the Wnt inhibitor Dkk1 (dickkopf homolog 1). After 2 days of culture, cardiac (My!7, Myh6, Tnni3) and smooth muscle (Tagin,
Acta2, Myh11) markers were analyzed in RT-PCRs, Error bars represent the SEMs (n==3 independent samples for each group). B, Immino-
staining of 3D or 2D cultures of PRa cells for cardiac and smooth muscle marker proteins. PRa cells sorted on day 6.5 were aggregated in
an ultralow binding plate for 2 days and then transferred to a gelatin plate for 3 days (3D-+2D} or were cultured on only a gelatin plate for 5
days (2D). Beating aggregates {marked with the dotted lines) strongly expressed the cardiac proteins Myhe and cTnl. Monolayer cells
expressed a number of smooth muscle cell markers, including SMA, SM22, calponin, and SMMyhe. C, Expansion and differentiation of single
PRa cells. PRa cells sorted on day 5.5 were expanded in MEC at clonal density for 6 days and colonies derived from single cells were
transferred to gelatin-coated muitiwell plates for immunostaining. Colonies composed of SMA™Myhc™ smooth muscle cells only (S only),
SMA*Myhc™ smooth muscle cells and SMA™Myhe™ cardiac muscle cells (S+C), Myhc"SMA™ cardiac muscle cells only (C only), or platelet/endo-
thelial cell adhesion molecule-positive endothelial cells (E) were counted.dgyor bars represent the SEMs {n=5 independent samples for each group).
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A

Figure 8. PrP is expressed before Myhe in
mouse embryonic cardiac mesoderm. A,
Whale-mount in situ hybridization analysis
for Prnp mRNA {a through ¢) and immuno-
histochemical analysis for PrP protein (d).
Note that Prnp mRNA was expressed in the
cardiac mesoderm (CM) beginning at the
late-bud stage (LB) and expression was

FOGFRa .

maintained in the cardiac crascent (Cc) and
heart tubs (Ht) at the late headfold stage
{LHF), 1 to 2 somite stage (1 to 2ss), and 3
to 4 somite stage {hot shown). PrP was also
expressad in the node (N). PrP protein was
detacted in the cardiac crescent at the late
headfold stage {see Online Fig. VI). At the 5-
to 6-somite stage, expression was also

observed in the sinus venosus (Sv). Non-
specific staining was detected in extraem-
bryonic membrane (EM). B, Flow cytometric

analysis of surface and intracellular proteins.
After staining the cell surfaces with anti-PrP
and anti-PDGFR« antibodies, cells were
fixed and permeabilized. Myhc™ cells were
first detected in 1- to 2-somite stage

embryos and were exclusively observed in
the PRa fraction. C, RT-PCR analysis of
sorted cells from pools of late-bud to late
headfold embryos (LB-EHF-LHF) or 1 to 2
somite embryos (1 o 2 ss). Note that the

Raintive mRNA (BB d851.0)

LB-BHF-LHE

were created from 5000 single-cell isolates (Online Figure
III, C). Colony formation was inhibited by the addition of
the Wnt inhibitor Dkkl (dickkopf homolog 1) and pro-
moted by Wnt3a or a glycogen synthase kinase-38 inhib-
itor, suggesting that the proliferation of PRa cells was
dependent on canonical Wat signaling. Individual colony
analysis indicated that approximately 25% of Myhc™ PRa
cell--derived colonies expressed both smooth and cardiac
muscle proteins (Figore 5C), whereas the rest of the
colonies expressed only smooth muscle proteins. Endothe-
lial cell differentiation, assessed based on platelet/endo-
thelial cell adhesion molecule expression, was not ob-
served. These results strongly suggested that the Myhc™
PRa cells contained bipotential (cardiac and smooth mus-
cle) progenitor cells.

Expression of PrP in Mouse Embryos

We next examined the spatial and temporal profiles of PRa
cells in embryos. Transgenic mouse studies using
B-galactosidase suggested that Prap is expressed in em-
bryonic heart at E8.5.2¢ Endogenous expression of PrP
mRNA and protein during embryonic early stages (E7 to
E7.5) has not been adequately elucidated, however.256 To
examine the expression of PrP in early mouse embryos, we
performed whole-mount in sito hybridizations and immu-
nohistochemical analysis. During early developmental

PRa cell fraction from presomite stages,
before Myhc was expressed, was specifi-
cally enriched with cardiac markers. Evor
bars represent the SEMs (n=:3 independent
samples for each group).

the cardiac mesoderm during late-bud stage (Figure 6A).
We also detected PrP protein in the cardiac crescent at
headfold stages and in the heart tube at somite stages
{Online Figure VI). On the other hand, PDGFR« expres-
sion was observed widely in the mesoderm, including
cardiac mesoderm, of late-bud to 1 to 2 somite stage
embryos (Online Figure VI). PDGFR« expression gradu-
ally decreased in cardiomyocytes after they reorganized
into the heart tube.

We next analyzed PrP expression in mouse embryos
using flow cytometry. As expected from the immunohis-
tochemical analysis, PrP™ cells were either PRa cells or
PrP*PDGFRa™ cells from the E7 pool (primarily consist-
ing of presomite stage mouse embryos) and the E8 pool
(primarily consisting of somite stage mouse embryos)
(Online Figure VII, A). As observed in ES cell-derived
cells, little overlap between PrP and Flkl expression was
detected at these stages. Sorting using PrP clearly enriched
the cardiac marker—expressing cells from the ES pool
(Online Figure VII, B), suggesting that PrP was a specific
marker of cardiomyocytes at these stages. To determine
whether the PRa population contained both Myhc™ cardio-
myocytes and Myhc™ progenitor cells, flow cytometric
analysis was performed with embryos at different devel-
opmental stages. Myhc™ cells were detected at 1 to 2
somite stages but not at presomite stages. The nascent

stages, we observed specific expression of Prup mRNA in-g1- Myhc™ cells were exclusively identified in the PRa cell
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Figure 7. Analysis of single PRa cell-derived colonies from
mouse embryos. A, Schematic of the experiment. B, Represen-
tative colonies from MEC cultures of E7 pool (2} and E8 pool (b)
embryos. Individual colonies from MEC cultures derived from E7
poal, E7.5 pool, or E8 pool embryos were transferred to 96-well
plates for immunofluorescence analysis. C, Percentages of the
colony types based on immunofluorescence analysis. Embry-
onic stages in each pool used {top) and colony types derived
from each pool {bottom) are shown. The numbers of colonies
composed of SMA™ cells (S only), SMA*Myhc™ cells and SMA™
cells (5+C), or SMA*Myhc™ cells (C only) were counted. Eigh-
teen of 20 colonies from the E8 pool contained only cardiomyo-
cytes (C only) and exhibited spontaneous beating.

fraction (Figure 6B). PRa cells sorted from presomite stage
embryos (a pool of late-bud to headfold stage embryos)
expressed mRNA encoding Nkx2.3, Isll, TbxS, and other
cardiac transcription factors (Figure 6C). PrP*PDGFRa”
cells, probably from such extracardiac regions as node, did
not express cardiac genes. These results suggested that the
embryonic PRa population, similar to ES cell-derived PRa
cells, contained Myhc™ nascent cardiomyocytes as well as
Myhe™ cardiomyogenic progenitors.

Commitment Status of PRa Cells Derived From
Mouse Embryos

We then cultured PRa cells from mouse embryos, Similar
to cells from EBs, PRa cells from embryos formed colonies
in MEC cultures (Figure 7A). Immunostaining analysis
revealed that one of ten colonies derived from an E7 pool
contained Myhe™ cells (Figure 7B-C). The other colonies
expressed the smooth muscle proteins SMA, SM22, and
SMMyhe. PRa cells from the E7.5 pool frequently gener-
ated Mhyc* cardiomyocyte—containing colonies (10 of
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nies, suggesting from the presence of bipotential progeni-
tors. PRa cells from the E8 pool generated small beating
cardiac colonies. Such beating colonies exclusively con-
tained cardiomyocytes, and not smooth muscle cells,
suggesting that the isolated cells were committed to the
cardiomyogenic lincage. These resuits suggested that PRa
cells isolated from the cardiac mesoderm could ditferenti-
ate into either cardiac or smooth muscle cells. Thus, PRa
cells from movse embryos and EBs may share common
differentiation and proliferation potentials.

Discussion

In this study, we have demonstrated that the suorface
marker PrP can be used to enrich cardiomyocytes derived
from ES cells. Several groups have examined methods to
enrich cardiomyocytes vsing gravity or introduction of a
selectable marker. Surface markers that allow cardiomyo-
cytes to be selected directly, however, have not been
extensively elucidated. Importantly, up to 90% of cells
derived from PrP™ cell cultures expressed ¢Tul (a marker
for definitive cardiomyocytes). The other cells expressed
SMA, suggesting that the cultures contained at least 2
different lineages. To improve the purity of the population,
other markers or directional differentiation methods should
be combined with PrP expression. We also showed that the
cultured PrP* cells differentiated into both atrial and
ventricle cardiomyocytes. Hend protein, a specific marker
for sinus node, was barely detectable. Because spontane-
ous pacemaker-like activity was detected in immature
atrial or ventricular cardiomyocytes, PrP* cells may not
have differentiated into mature sinus node cells, at least
under our culture conditions. Cells expressing ANP, a
marker of chamber myocardium,?” were not found in
significant numbers in the PrP™ cell cultures, suggesting
that the PrP™ cells had not differentiated into chamber
myocardium cells. Consistent with this idea, flow cytomet-
ric analysis of the expression patterns of Mylc2v and ANP
produced results that were more similar to those observed
for E9.5 heart than for E13.5 heart.

At earlier stages, PrP did pot define a cardiomyogenic
population. The PrP* PFGFRa™ fraction (PRa cells) con-
tained nascent cardiomyocytes and their progenitors. It
would be interesting to understand the relationship be-
tween PRa cells and previously described cardiovascular
progenitor/stem cells. Because PRa cells did not markedly
express Flk1, they may have segregated from the endothe-
lial lincage. Consistent with this idea, we did not observe
endothelial cell differentiation from PRa cell-derived cells
even in the OPY culture system, which efficiently sup-
ported endothelial cell differentiation (Online Figure V).
The proliferation and differentiation of PRa cells are
regulated positively and negatively by Wat signals, respec-
tively. The presence of Isi1™ cells in the PRa cell popula-
tion (Online Figure IV, E) indicates that PRa cells repre-
sent an intermediate progenitor, located between Isli™
multipotential cells and committed cardiomyocytes. Other
groups have described bipotential progenifors, such as
c-kit"Nkx2.5"* cells and Thx18™ epicardial cells.?*? Be-

12). These samples also contained smooth muscle colo-_go.. cause PRa cells did not display surface expression of c-kit,
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they are likely not related to c-kit*Nkx2.5" cells. Inter-
estingly, we observed Tbx18 expression in PRa cell-
derived 2D cultures but not in 3D cultures (data not
shown). Recent studies showed that the Nkx2.5" lineage
also diverges into Tbx18" epicardial cells.® Thus, it
would be intriguing to know if PRa cells can differentiate
into epicardial cells.

Embryonic localization in the cardisc crescent and their
limited differentiation potential strongly suggest that PRa
cells include progenitors from the primary heart ficld. Con-
sistent with this idea, PRa cells sorted from presomite-stage
embryos expressed Thx5. On the other hand, PRa cells also
include progenitors from the secondary heart field, because
they also expressed Thxl and Isll. Flow cytometric analysis
farther revealed that PRa cells were present in the outflow
tract segment, which is derived from the secondary lineage
(Online Figure VII, C). As in the carly somite stages,
outflow-derived PRa cells included Myhc* cells. Thus, PRa
can serve as a pan-marker for cardiomyogenic progenitors
independent of the heart field lineage. Interestingly, com-
pared with embryo-derived PRa cells, EB-derived PRa cells
expressed lower levels of Tbx1. This suggests that, under our
culture conditions, primary heart lineage progenitors prefer-
entially developed. However, it should be determined
whether or not BEB-derived PRa cells differentiated into
outflow cardiomyocytes.

Based on molecular studies and in vitro cultures of isolated
cells, we propose that PRa cells include a cardiomyogenic
population, which can differentiate into cardiac or smooth
muscle cells (Online Figure VII). Considering their limited
differentiation potential, PRa cclls may be downstream of
FIk1* cells, separate from the endothelial lineage. Immediate
early progenitors may be in the Flk1 PDGERa™ fraction,
because this transient cell faction (observed on day §)
specifically expressed Mespl (data not shown). Multipotent
or pluripotent stem cells, including induced pluripotent stem
cells, are expected to be a powerful tool for transplantation
therapy and drug screening. Testing the ability of ES cell-
derived cardiomyocytes to rescue in vivo heart function has
been hampered by a lack of markers that allow scalable
purification of the population without recourse to the genetic
manipulations required to insert lineage- or stage-specific
selectable markers. The mouse cell surface marker PrP
defines a cardiogenic population in differentiating ES cells,
enabling efficient isolation and enrichment of ES cell-
derived cardiomyocytes.
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Supplement Material
Materials and Methods

Flow cytometry.

Embryos and EBs were dissociated to single cells by treating them with collagenase type II (Sigma) for
10-12 min at 37°C, which was followed by treatment with Cell Dissociation Buffer (enzyme-free,
Hanks'-based, Invitrogen) for 5-8 min. Cells were stained with allophycocyanin (APC)-, phycoerythrin
(PE)-, or biotin-conjugated anti-PrP (SPI-Bio, mouse monoclonal, clone SAFS83), anti-Flkl (BD
Bioscience, rat monoclonal, clone Avas 12a.l), or anti-PDGFRo (eBioscience, rat monoclonal, clone
APAS5) antibodies. Biotin-conjugated antibodies were further stained with PE-Cy7-conjugated
streptavidin. To detect surface and intracellular antigens simultaneously, live cells were first stained for
surface antigens, and then fixed and permeabilized using Foxp3 staining buffer (eBioscience). Primary
antibodies for intracellular antigens were detected with AlexaFluor 488- or AlexaFluor 647-conjugated
anti-mouse or anti-rabbit IgG antibodies (Invitrogen). Analyses were carried out using a FACSCanto
flow cytometer (Beckton Dickinson, San Jose, CA). Cell sorting was performed using a FACSAria cell
sorter (Beckton Dickinson). Flow cytometric data were analyzed using FlowJo software (Treestar, San
Carlos, CA).

Cultures of sorted cells.

To examine the cardiac differentiation of PrP* cells, sorted cells were plated at 5 x 10* cells/cm? in
gelatin-coated plates containing GMEM medium supplemented with 10% FCS. To examine the
cardiomyogenic potential of PRa cells, sorted cells were plated at 1 x 10° cells/well in low-cluster
96-well plates (Ultra Low Attachment, U-bottom, Costar 7007) to promote the formation of reaggregates
or in gelatin-coated 96-well plates to promote the formation of monolayers. For long-term cultures (>
Day 10), reaggregates were embedded and cultured in Matrigel (BD Bioscience). When indicated, Wnt3a
(R&D Systems, 100 ng/ml) or Dkk1 (R&D Systems, 150 ng/ml) was added to the reaggregates. To form
single cell-derived colonies, sorted cells were plated at a clonal density (500 cells/cm?) in
methylcellulose (MEC, R&D Systems) as described previously,” although DT4 conditioned medium was
not added to the samples. Instead of 150 ng/ml DKkkl, 100 ng/ml Wnt3a, or 2.5 uM
(2'Z 3'E)-6-bromoindirubin-3'-oxime (BIO, GSK3p inhibitor IX, Calbiochem) was added to the samples.
Six days after plating, the colonies that formed in the MEC were individually transferred onto
gelatin-coated 96-well plates and further cultured for immunofluorescence analysis.

RT-PCR.

RNA was extracted from different samples using Trizol Reagent (Invitrogen). cDNA was generated with
SuperScript III (Invitrogen). Real-time PCRs were performed with SYBR Green ER qPCR SuperMix
(Invitrogen) and the products were analyzed using an ABI PRISM 7900 sequence detection system
(Applied Biosystems). Levels of GAPDH mRNA were determined using rodent GAPDH control reagents
(Applied Biosystems) and used to normalize the cDNA levels of other genes. Levels of expression
relative to uterus (for Myhil), Day-4 EBs (Mespl and T), or Day-8 EBs (for the rest of the genes) are
shown. The primers are listed in Online Table I. RT-PCR data with error bars in the figures are from at
least three independent experiments, and are not a result of replicates of the PCRs.

Immunohistochemistry and in situ hybridization.

Immunohistochemistry and immunofluorescence analyses were carried out with the antibodies listed in
Online Table II. To detect PrP in fixed samples, clone SAF32 was used instead of SAF83. Embryos or
cultured cells were fixed in 4% paraformaldehyde at 4°C. Unlabeled primary antibodies were detected
with secondary antibodies conjugated to AlexaFluor 488, AlexaFluor 546, or horseradish peroxidase
(Nichirei). APC-conjugated anti-PECAM or Cy3-conjugated anti-SMA antibodies were also used.
Whole-mount mouse immunohistochemistry was performed according to protocols from Dr. Andras

Nagy’s laboratory (http://www.mshri.on.ca/nagy/). Whole-mount in situ hybridization was performed as
described previously. * ‘

Patch clamp.
Membrane potentials were recorded in P-positive cells on a cover slip using the patch clamp technique in
1
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the whole-cell configuration and an amplifier (Axopatch-1D, Axon Instruments, Burlingame, CA). The
bath temperature was maintained at 37°C and cells were perfused with normal Tyrode’s solution (143
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 0.25 mM MgCl,, 0.25 mM NaH,PO,4, 5 mM HEPES, and 5 mM
glucose at pH 7.4). The pipette solution contained 80 mM KCl, 60 mM KOH, 40 mM aspartate, 5 mM
HEPES, 10 mM EGTA, 5 mM MgATP, 5 mM sodium creatine phosphate, and 0.65 mM CaCl; (pH 7.3).
Action potentials were elicited at 1.0 Hz. Data were analyzed using pClamp software (Clampfit, Axon
Instruments).

Transplantation of sorted cells.

Reaggregates of PRa cells were labeled with Dil, mixed with Matrigel and injected under the kidney
capsules of nude mice using a glass capillary tube. One week following transplantation, Dil-labeled cells
were detected. Three weeks following transplantation, the kidneys were fixed ovemight in 4%
paraformaldehyde at 4°C and embedded in Optimal Cutting Temperature compound. After
cryosectioning (7 pm), cardiomyocytes were detected with anti-cardiac troponin T antibodies.

Figure legends

Online Fig. I. A, RT-PCR analysis of EBs. Expression of PrP was observed 2 days before spontaneous
beating began. Arrows indicate the onset of spontaneous beating. Representative results from two or
three independent experiments are shown. B, Immunodetection of PrP protein in ES cell-derived cells.
Note that most of the area that was positive for tropomyosin (green) also contained PrP (red).

Online Fig. II. A, Experiments using EB3 ES cells, which show different differentiation kinetics than
those of ht7 cells (see Online Fig. IA). (a) Cytospin analysis of Myhc' cells after sorting on Day 7 (1 day
after beating began). The PrP* cell fraction contained Myhc" cells, whereas the PrP” cell fraction did not.
(b) The PrP" cell fraction sorted on Day 5 (1 day before beating began) gave rise to beating reaggregates,
whereas the PrP fraction did not. (¢) Additional culturing of the PrP" cell fraction produced secondary
EB-like cells, suggesting the presence of undifferentiated cells. Values are the means + SE from three
independent experiments. B, RT-PCR analysis of hcgp7 cells (Nkx2.5%F* ES cell). Cells were sorted on
Day 8 using PrP (P) and GFP (G). The GFPPrP" (G-P+) cell fraction expressed cardiac markers. Values
are means * SE from five independent experiments.

Online Fig, III. A, Flow cytometry analysis of intracellular proteins in embryonic heart-derived cells.
Whole hearts dissected from ES.5 embryos, and atria and ventricles dissected from E13.5 embryos were
dissociated using collagenase and dissociation buffer (Invitrogen). Cells were fixed, permeabilized, and
stained with anti-cTnT, anti-cTnl, anti-Mylc2v, anti-Mylc2a, and anti-ANP antibodies. Note that
ventricular cardiomyocytes were Mylc2v* and atrial cells were Mylc2v', suggesting that Mylc2v can be
used to distinguish ventricular cells from atrial cells. ANP, a chamber myocardium marker, is
preferentially expressed in atrial cardiomyocytes; the percentage of positive cells was similar to that
observed in the immunofluorescence analysis of cultured cells (approximately 20%; data not shown).
Mylc2a was expressed in both atria and ventricles, although higher expression levels were observed in
atria. B, Flow cytometry analysis of PrP” and PrP* cell cultures. Cells were sorted on Day 7 and cultured
on gelatin-coated plates for 10 days. Note that PrP” cells did not markedly differentiate into ¢TnT"
cardiomyocytes. In PrP” cell cultures, cTnT" cells were SMA”, suggesting that the noncardiomyocytes in
the cultures were smooth muscle cells.

Online Fig. IV. A, Flow cytometry analysis of cell fractions sorted using PrP (P), PDGFR (R), and Fik1
(F). B, RT-PCR analysis of cell fractions. Relative mRNA levels are shown (Day-4 EB = 1.0 for T and
Mespl; Day-8 EB = 1.0 for the rest of the genes). Expression levels of Nkx2.5, Tbx35, Isll (see Fig 3),
Hand2, and Gata4 were enriched in the PrP'PDGFRo." (PRa) fraction (pink bars) on Day 5, whereas
cardiac contractile protein markers were not expressed. Kdr (also known as Flkl), T (primitive streak
marker), Mespl (mesoderm marker), Gatal (hematopoietic cell marker), Tbxl (second heart field
marker), and Nfatcl (endocardial cell marker) were not expressed in the PRa cell fraction. The PR"
fraction may contain progenitors that are earlier in the developmental process than PRa cells, because
Mespl expression was detected in this fraction. Error bars represent the standard errors of the mean
(n = 3). C, The percentage of beating reaggregates of sorted cells. Cells were sorted on Day 5 and plated
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in a 96-well ultra-low binding plate. Wells containing beating aggregates were counted. The PRa cell
fraction frequently gave rise to beating aggregates. Error bars represent the standard errors of the mean

(n=735).

Online Fig. V. A, Schematic diagram of the culture methods for PRa cells. Sorted PRa cells were plated
on OP9 stromal cells or in methylcellulose (MEC) at a clonal density to obtain colonies derived from
single cells. Colonies grown in MEC were picked on Day 6 and plated on gelatin-coated plates. To
differentiate cells directly, cells were cultured on gelatin-coated plates (2D cultures) or after
reaggregation in ultra-low binding multiwell plates (3D cultures). B, Analysis of the ability of the OP9 or
MEC culture system to support the undifferentiated state. PRa or P'R" cell fractions were sorted and
cultured on OP9 cells (b, ¢, d) or in MEC (a, e, f, g, h) for 8-9 days. After cell dissociation, cell surface
and intracellular markers were analyzed using flow cytometry. We found that OP9 cells expressed
PDGFRo (data not shown) and could be distinguished from ES cell-derived cells (pink open circles in b
and c; the PDGFRa." fraction was gated out in d). Whereas OP9 cells induced the differentiation of both
endothelial (CD31%, b) and smooth muscle cells (SMA*, d), MEC did not (a, c, ¢), suggesting that MEC
supported the undifferentiated state. When MEC colonies were cultured on gelatin-coated plates for 3
days (MEC — 2D), they started to differentiate into smooth muscle cells and cardiomyocytes (h). In
contrast to P'R” cells, the PRa cell fraction did not give rise to endothelial cells (d, g), suggesting that the
PRa cell fraction did not contain multipotent cardiovascular progenitors. C, Colony formation from
single PRa cells in MEC cultures depended on Wnt signaling. The colonies derived from Day-5.5 PRa
cells were counted. D, Differentiation of Day-5.5 PRa cells after 2D or 3D cultures. Bars represent
standard errors of the mean from three independent experiments.

Online Fig. VI. A, Immunohistochemical analysis of PrP protein. PrP was detected in cardiac crescent
(Cec, black arrowhead) and node (N, yellow arrowhead) at the late headfold stage (LHF). Expression of
PrP persisted in heart tube (Ht) from E8.5 to E10.5. PrP expression was detected in ganglia at E9.5
(vellow arrowheads). Background staining was observed in extraembryonic mesoderm (EM). B,
Immunohistochemical analysis of PDGFRo.. PDGFRo. expression was observed in mesodermal tissues,
including cardiac mesoderm (CM) at the early headfold stage (EHF) and in cardiac crescent (Cc) at E8.0.
At E8.25, PDGFRo was expressed in the sinus venosus (SV, black arrowheads), whereas expression
levels were downregulated in the heart tube (white arrowhead). C, Immunofluorescence analysis of PrP
and PDGFRo.. Overlapping expression was observed in cardiac crescent (Cc) at the late headfold stage
(LHF) and in heart tube (Ht) at the 6-7 somite stage (6-7ss). D, In situ hybridization analysis of cardiac
transcription factor mRNA at the early headfold stage. Nkx2.5, ThxS5, and Is/] mRNA was detected
cardiac mesoderm (CM).

Online Fig. VIL A, Flow cytometry analysis of surface proteins on mouse embryo—derived cells. Mouse
embryos were dissected and the extraembryonic region was removed. E8 pools (containing embryos
from LHF to 7ss) were stained with antibodies specific for PrP, PDGFRa., and Flk1. B, RT-PCR analysis
of sorted cells from E8 pool embryos. Note that the PrP"* fraction was specifically enriched for cardiac
markers. Representative results from three independent experiments are shown. C, Flow cytometry
analysis of PrP, PDGFRa, and Myhc in the outflow tract (OFT) segment derived from E9.5 embryos.
The OFT was dissected, dissociated, and analyzed using flow cytometry. Overlapping expression of PrP
and PDGFRa was observed. Intracellular staining revealed that PRa cells included Myhc" cells.

Online Fig. VIIL. Potential and committed cardiac progenitor cells based on ES cell studies. The earliest
cardiomyogenic population was the PRa cells. PRa cells include Myhc" nascent cardiomyocytes as well
as Myhc™ bipotential progenitors that can differentiate into cardiac or smooth muscle cells. PrP can also
be used to isolate nascent cardiomyocytes that differentiate into atrial or ventricular cardiomyocytes.
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Online Table I. Primers used for real-time RT-PCRs

(SMA)

(S};;ebol Sense primers (5'—3") Antisense primers (5'—3")
Early T TCCCGAGACCCAGTTCATAG | GGTCGTTTCTTTCTTTGGCA
mesoderm Mespl GCGACATGCTGGCTCTTCTA | TGGTATCACTGCCGCCTCTTCC
é‘ﬁ’d) GGCGGTGGTGACAGTATCTT | CTCGGTGATGTACACGATGC
Pdgfra CAACCACACTCAGACGGATG | CTCCCGTTATTGTGCAAGGT
Cardiac Isi1 TCATCCGAGTGTGGTTTCAA | CCATCATGTCTCTCCGGACT
transcription
factons Thxl COACAAGCTGAAACTGACC | ACTGTCTTTTCGAGGGTCCA
TbxS GGAGCCTGATTCCAAAGACA | TTCAGCCACAGTTCACGTTC
Hand? E}CAAGGCGGAGATCAAGAA TGGTTTTCTTGTCGTIGCTG
Handl GCCTACTTGATGGACGTGCT | GCGCCCTTTAATCCTCTTCT
Niox2-5 ACCCAGCCAAAGACCCTC | GACAGGTACCGCTGTTGCTT
Gatad TCTCACTATGGGCACAGCAG | GCGATGTCTGAGTGACAGGA
Mef2c ACTGGGAAACCCCAATCTTC | ATCAGACCGCCTGTGTTACC
Thx2 GGTCATCTGCTAGCCTCAGT | AAAGTGGGCATTGGGATT
Thx3 CCTTCCACCTCCAACAACAC | GCATGCTGTTCAAATTGAGG
Tbx18 ACGAAATAGGCACCGAGATG | CCTGCCACCATCCACTTAGA
Endocardial | Narel TCATCCTGTCCAACACCAAA | TCACCCTGGTGTTCTTCCTC
?2:;?”‘“ Gatal AGCATCAGCACTGGCCTACT | AGGCCCAGCTAGCATAAGGT
Cardiac Prap CTGAAGCATTCTGCCTTCCT | GCCGACATCAGTCCACATAG
muscle
?ﬁ’ﬁcm AAAGAGGCTCCAGGTCCAAT | CCTCTCTGCTTGTGTGGTCA
é‘ﬁ’ﬁcza) TCAGCTGCATTGACCAGAAC | AAGACGGTGAAGTTGATGGG
Z; ’fg% CTGCCAACTACCGAGCCTAT | CTCGTTCCATCTCCTGCTTC
Myh6 GAGATTTCTCCAACCCAG | TCTGACTTTCGGAGGTACT
Hend CTGGGGTCAACAAATTCTCC | ATCAGCAACAGCATCGTCAG
AGTGGACTAGGCTGCAACAG | ACACACCACAAGGGCTITAGGA
Nppa
CTTC TC
Smooth Myhll
CAAATGAAGCCTCGTTTCCT | ATGAGGCCACAGAGAGCAAT
muscle (SMMyhc)
(Tgffgm GATGGAACAGGTGGCTCAAT | TTTTGGTCACAGCCAAACTG
Acta2 AGCCAGTCGCTGTCAGGAA | CTTACAGAGCCCAGAGCCAT
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Online Table II. Antibodies used in this study

Protein Name Abbreviation | Antibody source (clone | Label
used in this name)
study
Surface staining of live cells | Prion protein PrP SPI-BIO, mouse Biotin
monoclonal (SAF83) APC
PDGF Receptor | PDGFRo eBioscience, rat Biotin,
o monoclonal, (APAS) PE, APC
Flk1 Fik1 BD Bioscience, rat PE
monoclional,
(Avasi2al)
c-kit c-kit eBioscience, rat PE
monoclonal,
PECAM CD31 eBioscience, rat APC
monoclonal,
Intracellular | Transcription | Gatad Gatad Santa Cruz, rabbit
staining of factors polyclonal
fixed cells Islet-1 Isl1 Hybridoma Bank,
mouse monoclonal
(clone 39.4.D5)
Cardiac Prion protein PrP SPI-BIO, mouse
proteins monoclonal (SAF32)
Myosin heavy Myhc Hybridoma Bank
chain (clone MF20)
Tropomyosin Tm Sigma, mouse
monoclonal (clone
CHD)
Cardiac c¢Tnl DSMZ, mouse
troponin I monoclonal (clone
TI-D
Cardiac c¢TnT Santa Cruz, goat
troponin T polyclonal
Cardiac cTnT Abcam, mouse
troponin T monoclonal (clone
13-11)
Atrial ANP Protos Biotech (rabbit
natriuretic polyclonal)
peptide
Myosin light Mylc2v Alexis, mouse
chain 2v monoclonal (clone
F109.3E1)
Myosin light Mylc2a Sigma, rabbit
chain 2a polyclonal
Hyperpolarizati | HCN4 Chemicon, rabbit
on activated polyclonal
cyclic
nucleotide-gate
d potassium
channel 4
Smooth Smooth muscle | SMA Sigma, mouse
muscle o, actin monoclonal (1A4)
proteins SM22a. SM22 Abcam, goat polyclonal
Calponin Calp Abcam, rabbit
monoclonal
5




Smooth muscle | SMMyhc Biomedical
myosin heavy Technologies, rabbit

chain polyclonal

References

1. Hidaka K, Lee JK, Kim HS, Ihm CH, lio A, Ogawa M, Nishikawa S, Kodama I, Morisaki T.
Chamber-specific differentiation of Nkx2.5-positive cardiac precursor cells from murine
embryonic stem cells. Faseb J. 2003;17:740-742.

2. Kattman SJ, Huber TL, Keller GM. Multipotent flk-1+ cardiovascular progenitor cells give
rise to the cardiomyocyte, endothelial, and vascular smooth muscle lineages. Dev Cell
2006;11:723-732.

3. Wilkinson D. In Situ Hybridization: A Practical Approach. New York: Oxford University
Press. 1992.

4. Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S. Isll identifies a cardiac
progenitor population that proliferates prior to differentiation and contributes a majority of
cells to the heart. Dev Cell, 2003,;5:877-889. ’

5. Prall OW, Menon MK, Solloway MdJ, Watanabe Y, Zaffran S, Bajolle F, Biben C, McBride Jd,

Robertson BR, Chaulet H, Stennard FA, Wise N, Schaft D, Wolstein O, Furtado MB, Shiratori
H, Chien KR, Hamada H, Black BL, Saga Y, Robertson EJ, Buckingham ME, Harvey RP. An
Nkx2-5/Bmp2/Smadl negative feedback loop controls heart progenitor specification and
proliferation. Cell 2007;128:947-959.

-90-




>

ht7 (cGRs derived) ) EB3 (e14tg2a derived) B ht7 (d8)

. Prnp onset of beatin+g
2
Q
< 200 um
£0
= | Nkx2-5
=
5
[0}
o
0 -

234567829
Days after differentiation

Online Fig. I. A, RT-PCR analysis of EBs. Expression of PrP was observed 2 days before
spontaneous beating began. Arrows indicate the onset of spontaneous beating.
Representative results from two or three independent experiments are shown. B,
Immunodetection of PrP protein in ES cell-derived cells. Note that most of the area that was
positive for tropomyosin (green) also contained PrP (red).
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Online Fig. Il. A, Experiments using EB3 ES cells, which show different differentiation kinetics than
those of ht7 cells (see Fig. S1A). (a) Cytospin analysis of Myhc* cells after sorting on Day 7 (1 day
after beating began). The PrP* cell fraction contained Myhc+ cells, whereas the PrP- cell fraction did
not. (b) The PrP* cell fraction sorted on Day 5 (1 day before beating began) gave rise to beating
reaggregates, whereas the PrP- fraction did not. (c) Additional culturing of the PrP- cell fraction
produced secondary EB-like cells, suggesting the presence of undifferentiated cells. Values are the
means * SE frasm,Hige:indenendent exreriments. R RTRGR analmisplhsgnh cells (Nkx2. 55FPH
ES cell). Cells were sorted on Day 8 using PrP (P) and GFP (G). The GFP-PrP* (G-P+) cell fraction
expressed cardiac markers. Values are means * SE from five independent experiments.
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Online Fig.lll. A, Flow cytometry analysis of intracellular proteins in embryonic
heart-derived cells. Whole hearts dissected from E9.5 embryos, and atria and
ventricles dissected from E13.5 embryos were dissociated using collagenase and
dissociation buffer (Invitrogen). Cells were fixed, permeabilized, and labeled with
anti-cTnT, anti-cTnl, anti-Mylc2yv, anti-Mylc2a, and anti-ANP antibodies. Note that
ventricular cardiomyocytes were Mylc2v* and atrial celis were Mylc2v-, suggesting
that Mylc2v can be used to distinguish ventricular cells from atrial cells. ANP, a
chamber myocardium marker, is preferentially expressed in atrial cardiomyocytes;
the percentage of positive cells was similar to that observed in the
immunofluorescence analysis of cultured cells (approximately 20%; data not
shown). Mylc2a was expressed in both atria and ventricles, although higher
expression levels were observed in atria. B, Flow cytometry analysis of PrP- and
PrP* cell cultures. Cells were sorted on Day 7 and cultured on gelatin-coated

plates for 10 days, Note that PrP: %glls’gaid not markedly differentiate jnto cTnT*
Carciomy e L BA CEIV AR TP ST st B A ha the

noncardiomyocytes in the cultures were smooth muscle cells.
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Online Fig. IV. A, Flow cytometry analysis of cell fractions sorted using PrP (P), PDGFRa (R), and Fik1 (F). B,
RT-PCR analysis of cell fractions. Relative mRNA levels are shown (Day-4 EB = 1.0 for T and Mesp1; Day-8
EB = 1.0 for the rest of the genes). Expression levels of Nkx2.5, Tbx5, Isl1 (see Fig 3), Hand2, and Gata4
were enriched in the PrP*PDGFRo* (PRa) fraction (pink bars) on Day 5, whereas cardiac contractile protein
markers were not expressed. Kdr (also known as Flk1), T (primitive streak marker), Mesp7 (mesoderm
marker), Gata1 (hematopoietic cell marker), and Nfatc? (endocardial cell marker) were not expressed in the
PRa cell fraction. The P-R+ fraction may contain progenitors that are earlier in the developmental process
than PRa cells, because Mesp1 expression was detected in this fraction. Error bars represent the standard
errors of the mean (n = 3). C, The percentage of beating reaggregates of sorted cells. Cells were sorted on

Day 5 and plated in a 95wl uitraslom.Rinding.plate. Weliaeqniainiog E&@Wﬁ%{;@%ﬁ@s were counted. The

PRa cell fraction frequently gave rise to beating aggregates. Error bars represent the standard errors of the
mean (n = 5).
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Online Fig. V. A, Schematic diagram of the culture methods for PRa cells. Sorted PRa cells were plated on
OP9 stromal cells or in methylcellulose (MEC) at a clonal density to obtain colonies derived from single
cells. Colonies grown in MEC were picked on Day 6 and plated on gelatin-coated plates. To differentiate
cells directly, cells were cultured on gelatin-coated plates (2D cuitures) or after reaggregation in ultra-low
binding multiwell plates (3D cultures). B, Analysis of the ability of the OP9 or MEC culture system to support
the undifferentiated state. PRa or P-R+ cell fractions were sorted and cuitured on OP9 cells (b, ¢, d) orin
MEC (a, e, f, g, h) for 8-9 days. After cell dissociation, cell surface and intraceliular markers were analyzed
using flow cytometry. We found that OP9 cells expressed PDGFRo (data not shown) and could be
distinguished from ES cell-derived cells (pink open circles in b and c; the PDGFRa+ fraction was gated out
in d). Whereas OP9 cells induced the differentiation of both endothelial (CD31*, b) and smooth muscle
cells (SMA*, d), MEC did not (a, c, ), suggesting that MEC supported the undifferentiated state. When
MEC colonies were cultured on gelatin-coated plates for 3 days (MEC — 2D), they started to differentiate
into smooth muscle ceils and cardiomyocytes (h). In confrast to P-R+ cells, the PRa cell fraction did not
give rise to endothelial cells (d, g), suggesting that the PRa cell fraction did not contain multipotent
cardiovascular progenitors. C, Colony formation from single PRa cells in MEC cultures depended on Wnt
signaling. The coloniedetived fiam:Bays§b-RRascelsiwererapuntad dyDifferentiation of Day-5.5 PRa
cells after 2D or 3D cultures. Bars represent standard errors of the mean from three independent
experiments.
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Online Fig. VI. A, Immunohistochemical analysis of PrP protein. PrP was detected in cardiac
crescent (Cc, black arrowhead) and node (N, yellow arrowhead) at the late headfold stage
(LHF). Expression of PrP persisted in heart tube (Ht) from E8.5 to E10.5. PrP expression was
detected in ganglia at E9.5 (yellow arrowheads). Background labeling was observed in
extraembryonic mesoderm (EM). B, Immunohistochemical analysis of PDGFRa. PDGFRa
expression was observed in mesodermal tissues, including cardiac mesoderm (CM) at the
early headfold stage (EHF) and in cardiac crescent (Cc) at E8.0. At E8.25, PDGFRo was
expressed in the sinus venosus (SV, black arrowheads), whereas expression levels were
downregulated in the heart tube (white arrowhead). C, Immunofluorescence analysis of PrP
and PDGFRo. Overlapping expression was observed in cardiac crescent (Cc) at the late
headfold stage (LHF) and in heart tube (Ht) at the 6-7 somite stage (6-7ss). D, In situ
hybridization analysis of cardiac transcription factor mRNA at the early headfold stage.
Nkx2.5, Tbx5, and Is/T mRNA was detected cardiac mesoderm (CM).
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Online Fig. VII. A, Flow cytometry analysis of surface proteins on mouse embryo-derived
cells. Mouse embryos were dissected and the extraembryonic region was removed. E8
pools (containing embryos from LHF to 7 somite stage) were labeled with antibodies
specific for PrP, PDGFRa, and Flk1. B, RT-PCR analysis of sorted cells from E8 pool
embryos. Note that the PrP* fraction was specifically enriched for cardiac markers.
Representative results from three independent experiments are shown. C, Flow cytometry
analysis of PrP, PDGFRa, and Myhc in the outflow tract (OFT) segment derived from E9.5
embryos. The OFT was dissected, dissociated, and analyzed using flow cytometry.
Overlapping expression of PrP and PDGFRo was observed. Intracellular staining revealed
that PRa cells included Myhc* cells.
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