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densely packed microbial consortia). Although
the loss of nitrate and ammonium from CH,4 seep
sediments by catabolic bacterial processes (such
as denitrification or anammox) has not yet been
determined, these sinks for fixed N may also
promote enhanced diazotrophy by the in situ
microbial assemblage (3). Additionally, the
current discrepancy in the oceanic fixed N budget
underscores the possibility of new sources of
fixed N in nontraditional and potentially un-
expected habitats (/-3, 7). The extent to which
the ANME-2/DSS consortia contribute to the
putatively missing fraction of global fixed N
inputs is unknown, but their input is probably not
the only missing term in the equation. N, fixation
in ANME-2, combined with the diversity of nif H
genes recovered from marine sediments here and
previously (5, 11, 22), suggests that our inventory
of marine diazotrophs is incomplete and that we
are only beginning to understand the extent and
importance of benthic marine N, fixation.
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Generation of Functional Ventricular
Heart Muscle from Mouse Ventricular

Progenitor Cells

Ibrahim ]. Domian,™?* Murali Chiravuri,** Peter van der Meer,">* Adam W. Feinberg,® Xi Shi,*
Ying Shao,* Sean M. Wu,%? Kevin Kit Parker,>*° Kenneth R. Chien%%t

The mammalian heart is formed from distinct sets of first and second heart field (FHF and

SHF, respectively) progenitors. Although multipotent progenitors have previously been shown to
give rise to cardiomyocytes, smooth muscle, and endothelial cells, the mechanism governing
the generation of large numbers of differentiated progeny remains poorly understood. We have
employed a two-colored fluorescent reporter system to isolate FHF and SHF progenitors from
developing mouse embryos and embryonic stem cells. Genome-wide profiling of coding and
noncoding transcripts revealed distinct molecular signatures of these progenitor populations.
We further identify a committed ventricular progenitor cell in the Islet 1 lineage that is capable
of limited in vitro expansion, differentiation, and assembly into functional ventricular muscle
tissue, representing a combination of tissue engineering and stem cell biology.

he mammalian heart is composed of a
I diversified set of muscle and nonmuscle
cells that arise from multipotent progen-
itors in the first and second heart field (FHF and
SHF, respectively) (/, 2). Defining the precise
progenitor identity and the pathways that lead to
ventricular myogenesis is critical for understand-
ing cardiogenesis and also for regenerative car-
diovascular medicine.
Accordingly, we generated a transgenic mouse
with the red fluorescent protein dsRed under the
control of an Isll-dependent enhancer of the

Mef2c gene whose expression is restricted to
the SHF (3—5). We bred this mouse line with a
transgenic mouse line in which enhanced green
fluorescent protein (eGFP) is controlled by the
cardiac-specific Nkx2.5 enhancer (6, 7). By flu-
orescence microscopy of double transgenic em-
bryos on embryonic day 9.5 (E9.5), the entire
primitive heart tube was eGFP+, but only the
right ventricle (RV) and the outflow tract (OFT)
were also dsRed+. Further, the pharyngeal meso-
derm (PM), which contributes to the RV and
OFT (8, 9), was dsRed+ but eGFP— (Fig. 1, A

to C). To delineate the in vivo expression of the
reporters, we performed immunohistochemistry
on E9.5 embryos and found that dsRed+/eGFP+
cells (R+G+) were restricted to the RV and OFT,
dsRed-/eGFP+ cells (R-G+) to the left ventricle
(LV) and inflow tract (IFT), and dsRed+/eGFP—
cells (R+G-) to the PM (Fig. 1D).

Embryonic stem cell (ESC) lines make use
of many of the in vivo developmental programs,
providing an attractive model system for lineage
commitment. Therefore, we generated multiple
ESC lines that harbor both the Nkx2.5-eGFP
and the SHF-dsRed reporters (fig. S1A). Fluo-
rescence microscopy of chimeric embryos from
these ESC lines revealed faithful recapitula-
tion of marker expression (fig. S1, B and C).
In vitro differentiation by embryoid body (EB)
formation resulted in discrete populations of
R+G+, R+G—, and R-G+ cells by EB day 6
(fig. SID).
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To isolate ESC-derived FHF and SHF pro-
genitor cells, we dissociated day 6 EBs into single-
cell suspension and fluorescence-activated cell
sorting (FACS)—purified four distinct populations

of cells: (i) R+G+, (ii) R+G-, (iii) R-G+, and
(iv) unlabeled (R-G-) (Fig. 2A and fig. S2A).
We then performed DNA microarray analysis
on coding and noncoding RNA. Hierarchical

REPORTS I

clustering (/0) showed distinct reproducible ex-
pression patterns for the different cardiac progen-
itor subsets of mRNAs, as well as microRNAs
(miRNAs) (figs. S3 to S5 and table S1). Next, we

Fig. 1. E9.5 SHF—dsRed/Nkx2.5—eGFP transgenic embryos. (A to C)
Whole-mount fluorescence microscopy of double transgenic E9.5 em-
bryos. The LV and IFT are eGFP+ only, the RV and OT are dsRed+ and
eGFP+, and the PM is dsRed+. Right lateral [(A) and (B), with (B) as
close-up view] and left lateral (C) views are shown. Scale bar, 500 um (A);

100 pum [(B) and (QO)]. (D) Immunofluorescence labeling of E9.5 double
transgenic mouse embryo shows that cells in the RV and OFT are R+G+,
in the PM are R+G—, and in the LV and IFT are R—G+. Section levels are
shown as a cartoon. eGFP, green; dsRed, red; overlay, yellow. Scale bar,
50 um.
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Fig. 2. Isolation of cardiac progenitors. (A and B) Representative flow
cytometry plots of double transgenic day 6 EBs (A) and E9.5 embryos (B)
showing four populations of cells: (i) R+G+, (i) R+G—, (iii)) R—G+, and (iv)
R—G—. (€) QPCR analysis of mRNA and miRNA isolated from embryonic
progenitors. Values are normalized against an unlabeled control. Error bars
indicate SD. Differences between groups were highly statistically significant

www.sciencemag.org SCIENCE

(see tables S2 and S3). (D) Hoechst staining and FACS-based cell cycle
analysis of undifferentiated ESCs, EB dayé progenitors, and differentiated
progeny. (E) ESC-derived cardiac progenitors were cultured for 5 days. 47,6 -
diamidino-2-phenylindole and Ki67 staining was performed to quantify the
total cell number and proportion of cycling cells (Ki67+ cells/total cells).
Error bars indicate SD (n = 4).
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FACS-purified E9.5 embryonic progenitors (Fig.
2B and fig. S2B). Quantitative real-time fluores-
cence polymerase chain reaction (QPCR) analy-
sis on 100 mRNAs and 10 miRNAs revealed that
ESC- and embryonic-derived progenitors, iso-
lated immediately after FACS sorting, displayed
similar but nonidentical patterns of expression
(Fig. 2C and fig. S6). mRNAs and miRNAs
implicated in cardiac development and disease
were enriched in the colored cells compared with
in unlabeled cells. Isl1, a marker for the SHEF,
was appropriately enriched in only the R+G+

Fig. 3. Differentiation
potential of cardiac pro-
genitors. Embryonic- and
ESC-derived cardiac pro-
genitors were cultured
on fibronectin-coated
slides (fibronectin) or mi-
cropatterns for 5 days.
(A and B) Representative
immunofluorescence mi-
croscopy of embryonic-
(A) or ESC-derived (B)
progenitors cultured on
micropatterns are shown.
Nuclei, blue; smMHC,
red; and sarcomeric a-
actinin, green. Scale bar,

cell patch clamp record-
ings were performed. AP
morphology was assessed
for typical four-phase ven-
tricular AP. (B) Repre-
sentative spontaneous AP
from R+G+-derived cardio-
myocytes. (C) ESC-derived
R+G+ progenitors were
used to generate MTF as
described in the SOM and
in (15). Field stimulation

0.0%

Diastole

(10 V, 10-ms pulse width) induced a 0.5-Hz cyclical contraction and rhythmic MTF bending (see movie S1).

25.0%

and the R+G— populations, whereas T-box tran-
scription factor 5 (Tbx5), a marker of the FHF
(11, 12), was appropriately enriched only in the
R-G+ population. The R+G+ cells appeared to
resemble more closely the myogenic population
based on the expression of myocardial markers
such as cardiac troponins, cardiogenic transcrip-
tion factors, and bone morphogenetic protein sig-
naling molecules. Further, the R+G— population of
the PM expressed high levels of Snai2, a transcrip-
tion factor regulating epithelial-to-mesenchymal
transition (EMT) and necessary for cell migra-

B-

40 um. (C and D) Cell HCM ESM BCMESM
counting was used to (_') micro-pat. :| &0 Q? micro-pat. 1 :| 54
quantify the( relative num- = |fibronectin - ——— P fibronectin & P=
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No significant differences
were observed in SM dif- 0.0% 20.0% 40.0% 60.0% 80.0% 100.0% 0.0% 20.0% 40.0% 60.0% 80.0% 100.0%
ferentiation (P = 0.38 to Relative number Relative number
1.0). P values for the dif-
ferences in CM differentiation are displayed. Error bars indicate SD (n = 4).
Fig. 4. Engineered ven- A Ventricular-like Action Potential B +50 |
tricular tissue from R+G+
progenitors. (A) R+G+ R+G- - \
(n=12), R+G— (1 =5) ]p—0.44 - :
and R=G+ (n = 5) pro- R-G+ [ p=0.001 o { \
genitors were allowed to ]p=0. 04 \
differentiate, and single- R+G+ I

50.0% 75.0% 100.0%

Systole

tion (13, 14), suggesting that SHF/PM pro-
genitors undergo EMT before migrating during
cardiogenesis. In addition, miRNA199a/b were
preferentially expressed in the R+G— popula-
tion, and miRNA200a/b in the R-G+ popula-
tion, and may therefore be considered cardiac
markers for the SHF and FHF, respectively
(fig. S7).

Because a hallmark of progenitor cells is their
capacity for expansion before differentiation, we
performed Hoechst staining and FACS-based cell
cycle analysis on undifferentiated ESC, EB day 6

Diastole
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cardiac progenitors, and their differentiated prog-
eny (d6+5). ESC and EB day 6 progenitors had
40 to 55% of cells in combined S and G, phase,
but the differentiated progeny had less than 15%
of cells in S phase with none in G, phase (Fig.
2D). For validation, we isolated EB day 6 pro-
genitors and allowed them to expand in vitro for
an additional 5 days. Immunostaining with Ki67,
a marker for actively cycling cells, showed that
24 hours after isolation, most cells were actively
cycling, but this activity decreased over 5 days.
Conversely, total cell number increased fourfold
over the same 5-day period (Fig. 2E). Further-
more, the expression of the progenitor markers
Isl1 or Tbx5 was maximal at the time of progenitor
isolation but decreased with further differentia-
tion (fig. S8). In contrast, Troponin T expression
continued to increase with differentiation (fig.
S8). Thus, the progenitor populations have a real
but limited in vitro expansion potential. The drop
off in expansion is concomitant with differenti-
ation and loss of progenitor marker expression,
suggesting that an endogenous clock may limit
their proliferative capacity.

To examine progenitor myogenic potential,
we cultured embryonic- and ESC-derived progen-
itors on either fibronectin-coated slides or mi-
cropatterns of 20-um-wide lines of fibronectin
alternating with 20-um-wide lines of Pluronic
F127 (a surfactant that blocks cell adhesion).
After 5 days of in vitro expansion and differ-
entiation, we performed immunofluorescence
staining for sarcomeric o-actinin and smooth
muscle myosin heavy chain (smMHC), label-
ing cardiomyocytes and smooth muscle, respec-
tively. Plating embryonic- and ESC-derived
R+G+ cells on micropatterned surfaces re-
sulted in anisotropic tissue consisting of longi-
tudinally aligned myocardial fibers (Fig. 3, A
and B). In contrast, plating the progenitor
populations on unpatterned slides resulted in
isotropic unaligned tissue (fig. S9). Cell count-
ing showed that embryonic- and ESC-derived
R+G+ progenitors primarily gave rise to car-
diomyocytes independent of surface culture
conditions. In contrast, the R+G— and R-G+
populations gave rise to a more heterogeneous
population of both smooth muscle and cardio-
myocytes (Fig. 3, C and D). It remains unclear
whether these cells represent homogenous popula-
tions of multipotent progenitors or heterogeneous
populations of unipotent progenitors. Culturing
R+G- (but not other) progenitors on micropat-
terned surfaces resulted in a statistically significant
increase in the proportion of cardiac myocytes,
suggesting that this population’s myogenic po-
tential may be modulated by microenvironmental
geometric cues. Single-cell patch clamp exper-
iments demonstrated that R+G+ progenitors
differentiated into ventricular cardiac myocytes
with typical four-phase action potential (AP),
whereas R+G— and R—G+ progenitors differ-
entiated into more heterogeneous cell types
(Fig. 4, A and B; fig. S10; and table S4). Fur-
ther, R+G+ cardiomyocytes showed sodium-

www.sciencemag.org SCIENCE VOL 326

channel dependency, consistent with ventricular
APs (fig. S11).

Next, we used the R+G+ progenitors to en-
gineer two-dimensional cardiac tissue into a
muscular thin film (MTF), as described in the
supporting online material (SOM) and (/5). The
MTF beat spontaneously at a rate of ~20 con-
tractions per minute and could be paced by field
stimulation at 0.5 and 1.0 Hz. To measure con-
tractility, the MTF was fixed as a cantilever on
one end, and the contracting cardiomyocytes
bent the MTF toward the cell side during systole
(Fig. 4C and movie S1). During diastole, the
elastic polydimethylsiloxane film provided the
antagonistic force that returned the MTF back
to the relaxed position. The change in radius of
curvature is inversely proportional to cardio-
myocyte stress generation and was measured at
~5 kPa for the progenitor-derived cardiac tissue
at peak systole (fig. S12), similar to MTFs en-
gineered from neonatal rat ventricular cardiomyo-
cytes (15).

This development of an in vivo multicolor
reporter system in embryos and ESC lines now
allows for the purification of distinct subsets
of the earliest heart field progenitors. Whereas
Islet-1 primarily marks the SHF (4, 16-18),
there have been no distinct markers for the FHF
lineages that contribute to the LV. Here we doc-
ument distinct transcriptional signatures for the
FHF and SHF lineages, including the expression
of unique subsets of miRNAs, which suggest
that these lineages have distinct identities. The
identification of independent FHF markers should
allow a rigorous analysis of their role in heart
development and disease.

A critical step in cardiogenesis is the forma-
tion and expansion of the ventricular myocyte
lineage. The discovery and purification from em-
bryos and corresponding ESC lines of committed
ventricular progenitors (CVPs) uncovers a mech-
anistic pathway for organogenesis through lim-
ited expansion and assembly of CVPs into fully
functional ventricular muscle tissue. Thus, directed
differentiation from multipotent islet progenitors
to a specific differentiated progeny occurs via
the formation of transient committed interme-
diate progenitors that are destined to become
specific cell types. This finding suggests a gen-
eral paradigm for the conversion of multipotent
islet progenitors to other differentiated cell types,
such as endothelial or conduction system cells
(fig. S13). Furthermore, recent work has now
identified multiple Isll intermediate progenitor
populations in human embryonic hearts and hu-
man ESCs (79), suggesting that it may be pos-
sible to isolate self-expanding human ventricular
progenitors.

A central challenge for cell-based therapy has
been the identification of an optimal cell type to
drive robust cardiac myogenesis. The ideal heart
progenitor cell would be derived from a renew-
able cell source in sufficient quantities to drive
clinically relevant levels of cardiac myogenesis.
In addition, it would be critical to direct the dif-

REPORTS

ferentiation of progenitor cells into functional
ventricular myocytes, instead of related lineages
such as smooth muscle cells. The ability to gen-
erate functional ventricular MTF from these pro-
genitor cells displaying limited expansion potential
should allow the direct chemical screening of
previously unknown molecular entities for ther-
apeutic endpoints that can only be measured on
intact muscle tissue, including force develop-
ment and conduction velocity. With recent ad-
vances in the generation of induced pluripotent
stem cells (20-22), it should now be possible to
isolate patient- and disease-specific cardiac pro-
genitors. The combination of tissue engineering
technology with stem cell biology, therefore, rep-
resents an approach for the development of hu-
man models of human disease and a platform for
drug discovery and design.
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