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Abstract

This study describes a simple approach to generate rela-
tively pure cultures of cardiomyocytes from differentiating
murine embryonic stem (ES) cells. A fusion gene consisting
of the a-cardiac myosin heavy chain promoter and a cDNA
encoding aminoglycoside phosphotransferase was stably
transfected into pluripotent ES cells. The resulting cell lines
were differentiated in vitro and subjected to G418 selection.
Immunocytological and ultrastructural analyses demon-
strated that the selected cardiomyocyte cultures (> 99%
pure) were highly differentiated. G418 selected cardiomyo-
cytes were tested for their ability to form grafts in the hearts
of adult dystrophic mice. The fate of the engrafted cells was
monitored by antidystrophin immunohistology, as well as
by PCR analysis with primers specific for the myosin heavy
chain-aminoglycoside phosphotransferase transgene. Both
analyses revealed the presence of ES-derived cardiomyocyte
grafts for as long as 7 wk after implantation, the latest time
point analyzed. These studies indicate that a simple genetic
manipulation can be used to select essentially pure cultures
of cardiomyocytes from differentiating ES cells. Moreover,
the resulting cardiomyocytes are suitable for the formation
of intracardiac grafts. This selection approach should be ap-
plicable to all ES-derived cell lineages. (J. Clin. Invest. 1996.
98:216-224.) Key words: myocardial repair « infarct « so-
matic cell therapy

Introduction

Cardiomyocyte loss in the adult mammalian heart is irrevers-
ible and frequently leads to diminished cardiac function. The
ability to increase the number of functional cardiomyocytes in
a diseased heart would have obvious therapeutic potential. Re-
cent studies have suggested that cellular engraftment can be
used to augment myocyte number in the adult heart. Although
several different types of myocyte preparations have been suc-
cessfully engrafted (1-8), the inherent electrophysiologic, struc-
tural, and contractile properties of cardiomyocytes strongly sug-
gest that they are the ideal donor cell type. However, difficulties
in obtaining sufficient numbers of fetal donor cells might con-
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stitute a serious impediment for the widespread implementa-
tion of intracardiac engraftment. Identification of an alterna-
tive source of donor cardiomyocytes would thus be of value.

Embryonic stem (ES)! cells, totipotent cell lines derived
from the inner cell mass of blastocysts, have the ability to dif-
ferentiate into a variety of cell lineages in vitro (9). Cardio-
genic induction during ES differentiation is manifest by the
appearance of spontaneously and rhythmically contracting
myocytes. ES-derived cardiomyocytes express a- and B-car-
diac myosin heavy chain (MHC) (10), a-tropomyosin (11), my-
osin light chain 2v (MLC-2v) and atrial natriuretic factor (12),
phospholamban (13) and type B natriuretic factor (14), and ex-
hibit normal contractile sensitivity to calcium (15). Electro-
physiologic analyses have identified action potentials typical
for atrial, ventricular, and conduction system cardiomyocytes
from ES-isolated cell preparations (16, 17). Furthermore, cell
cycle withdrawal and multinucleation in ES-derived cardiomy-
ocytes follow a temporal program roughly similar to that
observed during cardiogenesis in vivo (18). These attributes
suggested that differentiating ES cells might constitute a re-
newable source of donor cardiomyocytes suitable for cardiac
engraftment.

However, successful use of ES-derived donor cells would
require the generation of essentially pure cardiomyocyte cul-
tures, as engraftment of pluripotent or totipotent ES cells
would likely result in teratoma formation. In this study, totipo-
tent ES cells were genetically modified so as to permit cardio-
myocyte enrichment. ES cell lines carrying a fusion gene com-
prised of the a-cardiac MHC promoter and sequences
encoding aminoglycoside phosphotransferase were generated.
Expression of the fusion gene in ES-derived cardiomyocytes
facilitated their selection with G418 after in vitro differentia-
tion. Immunohistologic and ultrastructural analyses revealed
that the selected cardiomyocytes were highly differentiated.
The G418 selected cardiomyocytes were tested for their ability
to form grafts in the hearts of adult mice. Stable ES-derived
cardiomyocyte grafts were observed as long as 7 wk after im-
plantation. Thus, a relatively simple scheme of genetic selec-
tion can be used to generate pure cultures of differentiated
cardiomyocytes. Moreover, the selected cells were able to
form stable intracardiac grafts. This selection approach should
be applicable to all ES-derived cell lineages.

Methods

Generation of the myosin heavy chain—aminoglycoside phosphotrans-
ferase transgene. A molecule carrying both an a-cardiac myosin heavy
chain—aminoglycoside phosphotransferase (MHC-neo’) and a phos-
phoglycerate kinase (pGK)-hygromycin resistant transgene in a com-
mon pBM20 vector backbone (Boehringer Mannheim, Indianapolis,

1. Abbreviations used in this paper: ES, embryonic stem; LIF, leuke-
mia inhibitory factor; MHC, myosin heavy chain; MLC, myosin light
chain; neo’, neomycin resistance; pGK, phosphoglycerate kinase.



IN) was generated. The a-cardiac MHC promoter consisted of 4.5 kb
of 5' flanking sequence and 1 kb of the gene encompassing exons 1
through 3 up to but not including the initiation codon (19). The ami-
noglycoside phosphotransferase (neo’) cDNA was subcloned from
pMCl-neo poly A (Stratagene, La Jolla, CA). The pGK-hygromycin
sequences were described previously (20). The transgene is depicted
schematically in Fig. 1. Transgene insert (containing both the
MHC-neo" and pGK-hygromycin sequences) was isolated by diges-
tion with Xhol and HinDIII and transfected into ES-D3 stem cells
(American Type Culture Collection, Rockville, MD) via electropora-
tion. Transfected clones were selected by growth in the presence of
hygromycin (200 pg/ml; Calbiochem-Novabiochem, La Jolla, CA).
PCR analyses were used to confirm that both the MHC-neo" and
pGK-hygromycin sequences were present in the resulting cell lines.
The ES cells were maintained in the undifferentiated state by cultur-
ing in high glucose DME containing 10% FBS, nonessential amino
acids, and 0.1 mM 2-mercaptoethanol. The medium was supple-
mented to a final concentration of 100 U/ml with conditioned me-
dium containing recombinant leukemia inhibitory factor (LIF) as de-
scribed (21).

In vitro differentiation and selection of ES-derived cardiomyo-
cytes. To induce differentiation, 2 X 10° freshly dissociated ES cells
were plated onto a 100-mm bacterial Petri dish containing 10 ml of
DME lacking supplemental LIF. After 3 d in suspension culture, the
resulting embryoid bodies were plated onto plastic 100-mm cell cul-
ture dishes and allowed to attach. Regions of cardiogenesis were
readily identified by the presence of spontaneous contractile activity.
For cardiomyocyte selection, the differentiated cultures were grown
for 8 d in the presence of G418 (200 pg/ml; Gibco Laboratories,
Grand Island, NY).

To determine the cardiomyocyte content in nonselected cultures,
plates were treated with trypsin 16 d after cardiogenic induction, and
the resulting suspension was plated at low density onto fibronectin-
coated cell culture dishes to permit visualization of individual cells.
After 24 h of culture, the cells were fixed in acetone and processed
for immunocytology with MF20, an anti-MHC antibody (see below).
To determine the cardiomyocyte content following physical enrich-
ment protocols, rhythmically contracting regions were microdissected
with a sterile Pasteur pipette 16 d after cardiogenic induction, dissoci-
ated with trypsin, and processed for MHC immunoreactivity. To de-
termine the cardiomyocyte content in selected cultures, ES cells were
allowed to differentiate for 8 d following cardiogenic induction. The
cultures were then subjected to G418 selection for an additional 8 d.
The selected cells were dissociated and processed for MHC immu-
noreactivity.

Immunofluorescence analyses of cultured ES-derived cardiomyo-
cytes. Cultures of selected EA3 cardiomyocytes were treated with
trypsin, and the resulting suspension was cultured at low density onto
fibronectin-coated cell culture dishes for 24 h to permit visualization
of individual cells. The cultures were then fixed in acetone, and non-
specific immunoreactivity was blocked by incubation in 1% BSA,
10% goat serum, 1X PBS. The primary antibodies used were: MF20
(antisarcomeric myosin), 9D10 (antititin), EA-53 (anti-a-actinin;
Sigma Immunochemicals, St. Louis, MO), D3 (antidesmin), and 6-10
(antidystrophin). Secondary antibody was fluorescein- or rhodamine-

MHC-neo'

Promoter El Ell Ell  Promoter
| |

| 1 ™ —

neo hygro

1 ko

PGK-hygro

Figure 1. Structure of the MHC-neo"/pGK-hygromycin transgene.
The plasmid backbone was pBM?20.

conjugated anti-mouse or anti-rabbit IgG F(ab’), fragment (Boeh-
ringer Mannheim). All samples were counterstained with Hoechst
33342 (Molecular Probes, Inc., Eugene, OR) and visualized by epiflu-
orescence.

Ultrastructural analysis of selected ES-derived cardiomyocytes.
Selected cell cultures were fixed in 2% glutaraldehyde in 0.1 M so-
dium cacodylate buffer (pH 7.4) containing 0.1 M sucrose and 0.05%
caCl,, followed by postfixation in 2% osmium tetroxide in the same
buffer (Stevens Metallurgical Corp., New York). All other chemicals
were obtained from Ladd Research Industries, Inc. (Burlington, VT).
Samples were stained with 2% uranyl acetate in pH 5.2 maleate
buffer (0.05 M), dehydrated, and embedded in Ladd LX-112. After
trimming, the block was thin sectioned and stained with uranyl ace-
tate and lead citrate. Specimens were viewed on a Phillips 400 trans-
mission electron microscope.

Mpyocardial engraftment of selected ES-derived cardiomyocytes.
Cultures of selected ES-derived cardiomyocytes were digested with
trypsin, and the resulting single cell preparation was washed three
times with 1X DME and directly injected into the ventricular myo-
cardium of anesthetized, intubated adult mdx mice (The Jackson
Laboratory, Bar Harbor, ME) using a 30-gauge tuberculin syringe as
described previously (8). After extubation and evacuation of the
pneumothorax, the animals were placed at 37°C and monitored until
they recovered from surgery. All animal procedures were in accor-
dance with institutional and National Institutes of Health guidelines.

Immunohistology of hearts. Hearts were harvested, cryoprotected in
30% sucrose, embedded and sectioned at 10 wm on a cryomicrotome
as described previously (7, 8). These studies used fetal mice (embry-
onic day 15 C3HeB/FelJ), normal adult mice (C3HeB/FeJ), and dys-
trophic adult mice (C57B1/10ScSn-mdx/J). All animals were obtained
from The Jackson Laboratory. Nonspecific immunoreactivity was
blocked by incubation in 1% BSA, 10% goat serum, 1X PBS. For an-
tidystrophin immunohistology, sections were incubated with 6-10
(gift of Dr. T. Byers, Indiana University) or DYS1 (Novocastra Labo-
ratories, Newcastle-upon-Tyne, United Kingdom) in 1X PBS, 1%
BSA for 2 h at 25°C, rinsed and reacted with a fluorescein-conjugated
secondary antibody.

Northern blot analyses. Tissue or cells were homogenized in
4.0 M guanidinium thiocyanate and RNA purified by centrifugation
through 5.7 M CsCl using standard protocols as described (22). RNA
samples were quantitated by spectrophotometry at 260 nm. For
Northern analysis, RNA was denatured with glyoxal, separated by
size on 1.2% agarose gels, and transferred to Genescreen (DuPont,
Wilmington, DE). Oligonucleotide probes were labeled using poly-
nucleotide kinase under standard conditions (22). Hybridizations
were for 20 h at 65°C in 4X SSC, 2X Denhardt’s, 0.1% SDS, and 1
mg/ml salmon sperm DNA. Blots were washed at 60°C in 2X SSC,
0.1% SDS, and signal was visualized by autoradiography at —70°C
with an intensifying screen. The MLC-2v probe was 5'-CACAGCCCT-
GGGATGGAGAGTGGGCTGTGGGTCACCTGAGGCTGTGGT-
TCAG-3'; the MLC-2a probe was 5-GAGGTGACCTCAGCC-
TGTCTACTCCTCTTTCTCATCCCCG-3'. Quality of the RNA sam-
ples was confirmed by Northern analysis with a murine 18s rRNA oli-
gonucleotide probe (5'-TCCATTATTCCTAGTGCGGTATCCAGG-
AGGATCGGGCCTGCTTT-3").

Southern blot analyses. DNA from EA3 cells or from sections of
engrafted hearts was prepared by digestion in a solution containing
proteinase K (0.1 pg/ml), 50 mM KCI, 10 mM Tris-HCI, pH 8.3, 2.5
mM MgCl,, 10 mM DTT, 0.005% SDS. The samples were digested at
55°C for 24 h. The proteinase K was heat inactivated and the result-
ing crude nucleic acid preparation was amplified by PCR as described
previously (23). The sense primer (5'-CTCTGACAGAGAAGCAGG-
CACTTTACATGG-3') was located in the «a-MHC promoter and the
antisense primer (5-ATAGCCGCGCTGCCTCGTCCTGCAGTT-
CATTCA-3') was located in the neo’ cDNA. The amplification prod-
ucts were transferred to Genescreen Plus (DuPont) and hybridized
with a nick-translated probe using standard conditions (22). The hy-
bridization probe encompassed sequences of the MHC-neo" trans-
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gene internal to the oligonucleotide primers used for PCR amplifi- five hygromycin-resistant ES cell lines. PCR analyses con-

cation. firmed that the cell lines carried both the MHC-neo" and the
pGK-hygromycin fusion genes (Klug, M.G., unpublished ob-
Results servation). One line, designated EA3, was chosen for subse-

quent analyses. To induce differentiation, EA3 cells were
The structure of the MHC-neo/pGK-hygromycin transgene is plated in suspension culture in the absence of supplementary
depicted in Fig. 1. Initial transfection experiments produced LIF. 3 d later, the resulting embryoid bodies were replated

Figure 2. G418 selection of ES-derived cardiomyocytes in vitro and formation of intracardiac grafts. (A4) Hoechst epifluorescence of a nonse-
lected culture of EA3 ES cells 16 d after differentiation was induced. Note the high density of cells present in the field. (B) Antisarcomeric MHC
immunofluorescence (green signal) of the same field depicted in A. Note that only a few cells are cardiomyocytes (arrows demarcate the same
group of cells in A and B). (C) Hoechst epifluorescence of a G418-selected culture of EA3 ES cells 16 d after cardiogenic induction. (D) Antisar-
comeric myosin immunofluorescence (green signal) of the same field depicted in C. Note that all of the cells presented in the G418-selected cul-
ture express sarcomeric myosin (arrows demarcate the same group of cells in C and D). (E-I) Immunocytologic analysis for titin, a-actinin,
desmin, sarcomeric myosin, and dystrophin expression, respectively, in G418-selected EA3 cardiomyocytes. (J and K) Phase-contrast image and
antidystrophin immunofluorescence, respectively, of an mdx heart engrafted with G418-selected cardiomyocytes. The same field is depicted in J
and K, and dystrophin immunoreactivity appears as green signal in K. Arrows indicate myofiber-containing host cells (dystrophin negative),
while arrowheads indicate myofiber-containing donor cells (dystrophin positive). (L) Antidystrophin immunofluorescence of a second G418-
selected cardiomyocyte graft. Dystrophin immunoreactivity appears as green signal.
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Table I. Relative Cardiomyocyte Content in Nonselected,
Physically Selected, and G418 Selected Cultures of
Differentiating EA3 ES Cells

Percent
cardiomyocytes

Sarcomeric myosin
positive cells

Sarcomeric myosin

Preparation negative cells

No selection* 11 2000 0.55
Physical isolation* 68 2000 34
G418 selection® 791 3 99.6

Analyses were performed on multiple dishes obtained from the same
differentiating culture to control for variation in cardiogenic induction.
*16 d after cardiogenic induction, plates were treated with trypsin and
the resulting suspension was plated at low density onto fibronectin-
coated cell culture dishes. After 24 h of culture, sarcomeric myosin im-
munoreactivity was scored (see Methods). ¥16 d after cardiogenic induc-
tion, rhythmically contracting regions were microdissected with a sterile
Pasteur pipette, dissociated with trypsin, and the resulting suspension
was plated at low density onto fibronectin-coated cell culture dishes. Af-
ter 24 h of culture, sarcomeric myosin immunoreactivity was scored. *8 d
after cardiogenic induction, cultures were treated with G418. After cul-
turing in the presence of G418 for a total of 8 additional d, the selected
cells were dissociated with trypsin and the resulting suspension was
plated at low density onto fibronectin-coated cell culture dishes. After
24 h of culture, sarcomeric myosin immunoreactivity was scored.

onto tissue cultures dishes and allowed to form adherent colo-
nies. Hoechst epifluorescence analyses demonstrated a very
high cellular density in these cultures after a total of 16 d of in
vitro differentiation. (Fig. 2 A). Immunofluorescence analysis
of the same field revealed that only a small percentage of the
differentiated cells expressed sarcomeric myosin, indicating
that the vast majority of the cells were not cardiomyocytes
(Fig. 2 B). To quantitate the cardiomyocyte content, the differ-
entiated cultures were digested with trypsin and replated at a
lower density to assess the immunoreactivity of individual
cells. These analyses confirmed that cardiomyocytes (i.e.,
MF20 immunoreactive cells) comprised < 1% of the cultured
cells (Table I).

To determine the extent of cardiomyocyte enrichment ob-
tained by simple physical isolation, EA3 cells were differenti-
ated in vitro for 16 d using the same procedure described
above. Regions exhibiting spontaneous contractile activity
were microdissected, digested with trypsin, and replated at a
density suitable for immunocytologic analysis of individual
cells. Although an ~ 10-fold enrichment of cardiomyocytes
was observed, cardiomyocytes comprised only 3.4% of the
cells present in microdissected cultures (Table I). To deter-
mine the extent of cardiomyocyte enrichment obtained with
genetic selection, EA3 cells were differentiated using the same
approach described above. After 8 d of differentiation, G418
selection was imposed and the cells were cultured for an addi-
tional 8 d. Hoechst epifluorescence analyses indicated that the
cellular density in these cultures was markedly reduced as
compared with similarly aged nonselected EA3 cultures (Fig.
2, C and A, respectively). Immunofluorescence analysis of the
same field of G418-selected cells indicated that the vast major-
ity of the surviving cells exhibited sarcomeric myosin immu-
noreactivity (Fig. 2 D). Inmunofluorescence analysis of single
cell preparations was once again used to quantitate the extent
of cardiomyocyte enrichment. More than 99% of the cells in

G418-selected cultures expressed sarcomeric myosin (Table I).
Thus, in the absence of enrichment, only a few cells in differen-
tiated cultures were cardiomyocytes. In contrast, the G418 se-
lection of differentiating EA3 cells produced essentially pure
cultures of cardiomyocytes.

Additional studies were performed to characterize the
G418-selected cells. Previous studies have shown that the pres-
ence of sarcomeric myosin immunoreactivity coupled with the
absence of nebulin immunoreactivity permitted the definitive
identification of cardiomyocytes in differentiating ES cultures
(18). As expected, the G418-selected cells exhibited sarcomeric
myosin immunoreactivity but not nebulin immunoreactivity,
confirming that the selected cultures were comprised of cardi-
omyocytes (Table II). The extent of differentiation in G418-
selected cardiomyocyte cultures was further assessed by immu-
nocytologic analyses. Once again, the selected cultures were
digested with trypsin and replated at a density sufficient for the
analysis of individual cells. Well-developed myofibrillar struc-
ture was detected by titin and «-actinin immunocytology (Fig.
2, E and F, respectively). Intermediate filament structure typi-
cal of cardiomyocytes was detected by desmin immunocytol-
ogy (Fig. 2 G). High power views of the MHC immunoreactiv-
ity revealed the presence of well-aligned myofibers in adjacent
G418-selected cells (Fig. 2 H). Dystrophin immunoreactivity
was also detected in the selected cardiomyocyte cultures (Fig.
2 I); the dystrophin gene product is a well-established marker
for both cardiac and skeletal muscle. The immunocytological
analyses of the selected EA3 cultures are summarized in Table
II. In each instance, cardiac tissue from normal fetal, normal
adult, and dystrophic adult mice were included as controls.

Heterogeneous ANF immunoreactivity was observed in
G418-selected EA3 cultures (Table II). It is well-established
that ANF is expressed constitutively in the atrium during de-
velopment. Although ANF is also expressed at high levels in
the fetal ventricle, both transcription and protein accumula-
tion at this site are dramatically downregulated at birth (24,
see also Table II). Thus, the heterogeneous ANF expression
observed in selected EA3 cultures suggests that these cells
have differentiated into the adult phenotype, and that cells
with attributes similar to either atrial or ventricular cardiomy-
ocytes are present.

To further address this issue, Northern blots were per-
formed with RNA prepared from adult atria, adult ventricles,
undifferentiated EA3 cells, and G418-selected EA3 cardiomy-
ocyte cultures. The blots were hybridized with oligonucleotide
probes from the 3’ untranslated region of the MLC-2v and
MLC-2a genes (Fig. 3). The hybridization signals observed
with the atrial and ventricular RNA samples established the
relative specificity of the probes. No signal was observed with
RNA prepared from undifferentiated EA3 cultures. In con-
trast, both the MLC-2v and MLC-2a probes hybridized to
RNA prepared from selected EA3 cultures, consistent with
the notion that both atrial- and ventricular-like cardiomyo-
cytes can be selected by this process. The relatively low MLC-
2v and MLC-2a signal observed in the selected cardiomyocyte
cultures as compared with the dissected tissue samples most
likely reflects the fact that the cultures are a mixture of atrial-
and ventricular-like cardiomyocytes where the tissue samples
were not. The potential contribution of conduction cells to the
selected cultures would also impact on the relative MLC sig-
nals. In addition, the cultured cells were not under mechanical
load, and as such MLC-2 transcription may not have been
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Table II. Comparative Immunoreactivity of Murine Cardiac Muscle and G418-selected Cardiomyocyte Preparations

Cell type
Normal embryonic Normal adult Dystrophic adult G418-selected
Marker* cardiac muscle cardiac muscle cardiac muscle cardiomyocytes

Myosin heavy chain +F + + +
(MF20)

Titin + + + +
(9D10)

a-Actinin + + + +
(EA-53)

Desmin + + + +
(D3)

Nebulin - - - -
(NB2)

ANF + +$ +$ +$
(MA-APIIT)

Dystrophin + + - +
(6-10)

Dystrophin * + - +
(DYS1)

Utrophin =+l - + =l
(DRP2)

*EA-53 and NB2 were from Sigma Immunochemicals, DYS1 and DRP2 were from Novocastra Laboratories. Sources for the other antibodies are
listed in the Methods and Acknowledgments section. ¥+ indicates strong signal; * indicates heterogenous signal; — indicates no signal. * ANF was de-
tected in the atria but not ventricles of all adult histologic sections. Only a small percentage of the G418-selected cardiomyocytes exhibited ANF im-
munoreactivity. |Utrophin immunoreactivity was heterogeneous in normal embryonic cardiac muscle and in G418-selected cardiomyocytes.

maximally induced. Finally, the RNA input in the selected car-
diomyocyte lanes was low compared with the tissue controls
(compare the relative 18s rRNA signals).

The G418-selected cardiomyocytes exhibited spontaneous
and rhythmic contractile activity, with adjacent cells beating
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Figure 3. MLC-2a and
MLC-2v are expressed
MLC-2v = in G418-selected EA3

cultures. RNA from
adult atria, adult ventri-
cles, undifferentiated
EA3 cells, or G418-
selected EA3 cultures
was hybridized to oligo-
nucleotide probes from
the MLC-2v (top) or
MLC-2a (middle)
genes. The integrity
and quantity of the
RNA samples was as-
sessed by hybridization
with an 18s rRNA
probe (bottom).
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synchronously. Cultures of selected, beating cardiomyocytes
could be maintained for as long as 11 mo (Klug, M.G., unpub-
lished observation). Ultrastructural analyses further estab-
lished the differentiated status of EA3 cardiomyocyte cultures
(Fig. 4). Normal adult sarcomeric structure was apparent in the
selected cells. Intercalated discs composed of fascia adherens,
desmosomes, and gap junctions were observed to connect ad-
jacent cells (Fig. 4 B). The laminar structure of the gap junc-
tions was confirmed by examination at high magnification
(Fig. 4 C). Myosin synthesis was observed to occur along free
ribosomes in many of the selected cells (Fig. 4 D). Collectively,
these light and electron microscopic analyses indicated that
G418 selection did not impact negatively upon cardiomyocyte
differentiation.

Selected cardiomyocytes were tested for their ability to
generate intracardiac grafts. G418-treated EA3 cultures were
digested with trypsin, and ~ 1 X 10* cells were delivered into
the left ventricular free wall of dystrophic mdx recipient mice.
Given that the selected cardiomyocytes expressed dystrophin
(see Fig. 2 I and Table II) whereas the myocardium of the re-
cipient mdx mice did not (see Table II, also reference 25), the
fate of engrafted donor cells was readily monitored by antidys-
trophin immunohistology. Phase-contrast microscopic exami-
nation of cryosections of the recipient hearts revealed that en-
grafted regions frequently exhibited normal myocardial
topography (Fig. 2.J). Immunocytologic assays with antidystro-
phin antibody 6-10 revealed the presence of dystrophin-posi-
tive G418-selected cardiomyocytes (Fig. 2 K and L). Compari-
son of phase-contrast and antidystrophin images of the same
field revealed the presence of myofibers in the engrafted
G418-selected cardiomyocytes (Fig. 2,J and K, respectively).



Figure 4. Ultrastructural analysis of selected EA3 cardiomyocytes. (A) Low-power transmission electron micrograph of a G418-selected cardi-
omyocyte: n, nucleus; m, mitochondria; s, sarcomere. (B) High-power electron micrograph showing the presence of a desmosome (arrowhead),
fascia adherens (arrow), and gap junctions (boxed), which are the ultrastructural components of intercalated discs. (C) High-power view of the
boxed region in B demonstrating the laminar structure of the gap junctions. (D) High-power electron micrograph demonstrating the presence of

myosin synthesis (arrows) along free ribosomes (arrowheads).

6-10, a relatively high-affinity polyclonal antibody, recog-
nizes the rod domain of dystrophin (amino acid residues 1991—
3112). To confirm that this immunoreactivity was not artifactual
(i.e., an “immunologic revertant,” see reference 25), adjacent
sections of the engrafted hearts were examined with an anti-
dystrophin monoclonal antibody (DYS1) which recognizes a
different epitope (amino acid residues 1181-1388). 83% of the
6-10 positive grafts exhibited DYS1 immunoreactivity on adja-
cent sections (Table III). Importantly, no DYS1 immunoreac-
tivity was observed in multiple sections of control mdx sam-
ples. Given the unequivocal nature of the DYS1 control
experiment, the positive signal observed in these hearts
strongly suggests that the G418-selected cardiomyocytes were
engrafted successfully. Six of the eight animals analyzed devel-
oped grafts exhibiting both 6-10 and DYS1 immunoreactivity;
a similar success rate was obtained with fetal cardiomyocyte
grafts (7, 8).

Previous studies with a canine dystrophic model used utro-
phin immunohistology to provide a second, albeit negative,
marker for engrafted cardiomyocytes (8). Although utrophin-
negative, dystrophin-positive cardiomyocytes were detected in
the engrafted hearts in this study, the heterogeneous pattern of
utrophin expression observed in cultured EA3 cardiomyocytes

precluded the use of this assay as second marker for engrafted
cells. Therefore PCR amplification with primers specific for
the MHC-neo" fusion gene was used to confirm the presence of
engrafted G418-selected cardiomyocytes. DNA was prepared

Table I1I. Summary of Dystrophin Immunoreactivity and PCR
Analyses of mdx Hearts Engrafted with G418-selected
Cardiomyocytes

Dystrophin Dystrophin

Mouse (6-10) (DYS1) PCR
1 +* + -
2 + - ND#
3 - - ND
4 + + +
5 - - ND
6 + + +
7 + + +
8 + + +

*+ indicates signal detected; — indicates no signal detected; ND indi-
cates not determined. *PCR analyses were performed only on those
grafts which exhibited both 6-10 and DYS1 immunoreactivity.
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Figure 5. Southern blot analysis of PCR-amplified DNA prepared
from mdx hearts engrafted with G418-selected ES-derived cardiomy-
ocytes. DNA from 10%, 103, 102, or 10' EA3 cells, from a nonengrafted
heart section (—), or from engrafted heart sections exhibiting DYS1
immunoreactivity was amplified with primers specific for the MHC-
neo’ transgene (mouse number refers to the designations presented in
Table IIT). The resulting amplification products were separated on
agarose gels, transferred to nylon membrane, and hybridized with a
nick-translated probe corresponding to sequences of the transgene
internal to the primers used for PCR amplification. The 409-bp
MHC-neo" transgene amplification product was readily detected in
the samples prepared from DYS1-positive engrafted hearts, as well as
in the positive control samples from EA3 cells. No signal was de-
tected in the amplification products generated from nonengrafted
heart sections.

from engrafted heart sections exhibiting DYS1 immunoreac-
tivity, as well as from sections of nonengrafted control hearts.
DNA from the parental EA3 cell line was used as a positive
control. The DNA samples were subjected to PCR amplifica-
tion, and the products were separated on agarose gels, trans-
ferred to nylon membranes, and hybridized with a nick-trans-
lated probe which encompassed sequences of the MHC-ned'
transgene internal to the oligonucleotide primers used for
PCR amplification. Amplification of control EA3 DNA pro-
duced an appropriately sized band which hybridized to the
transgene probe on the Southern blot (Fig. 5). An identical
band was observed in amplification products of DNA pre-
pared from DYSI1-positive sections, but not in the amplifica-
tion products of nonengrafted samples (Fig. 5). These results
provided a second independent marker for the presence of en-
grafted G418-selected cardiomyocytes. The results of the graft
analyses are summarized in Table III.

Discussion

This report describes a simple genetic modification which per-
mitted the generation of essentially pure cultures of cardiomy-
ocytes from differentiating ES cells. Cardiomyocytes express-
ing an MHC-neo" transgene survived G418 selection and
remained stable in culture for extended periods of time. In
contrast, noncardiomyocyte cell lineages derived from the pa-
rental ES cell did not express the fusion gene and conse-
quently were eliminated by G418 selection. This procedure re-
producibly yielded cardiomyocyte cultures which were > 99%
pure, as based on sarcomeric myosin immunoreactivity in iso-
lated cell preparations. Expression of the MHC-neo' transgene
did not impact negatively on cardiogenic differentiation, as ev-
idenced by the spontaneous contractile activity of selected
cells. This observation was supported by both immunofluores-
cence and ultrastructural analyses, which documented the
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presence of well-developed myofibers in the selected cells. In-
tercalated discs were observed to couple juxtaposed selected
cardiomyocytes, consistent with the observation that adjacent
cells exhibited synchronous contractile activity. Collectively
these data indicate that the selection process gives rise to
highly differentiated cells. Furthermore, the selected cardi-
omyocytes were able to form stable intracardiac grafts, with
the engrafted cells aligned with host cardiomyocytes.

The differentiated status of ES-derived cardiomyocytes is
well established. Molecular, cytological, electrophysiological,
and contractile analyses have demonstrated that ES-derived
cardiomyocytes exhibit many of the physical and molecular at-
tributes observed in typical cardiomyocytes (9-18). Although
the analyses of selected EA3-derived cardiomyocytes pre-
sented here were of a more limited scope, all of the markers
examined were consistent with a highly differentiated cardi-
omyocyte preparation. A priori, one would anticipate that the
entire spectrum of differentiated characteristics seen in naive
ES-derived cardiomyocyte preparations would also be present
in the EA3-selected cells. Refinement of the selection proce-
dure (i.e., selection of atrial versus ventricular cardiomyocytes,
or selection of conduction system versus working cardiomyo-
cytes) should be possible simply by choosing an appropriately
cell type-restricted promoter to target aminoglycoside phos-
photransferase expression. Combinatorial approaches using
multiple promoters and selectable markers also can be envi-
sioned. The observation that cells with attributes similar to
atrial or ventricular cardiomyocytes were present in G418-
selected cultures bodes well for the feasibility of isolating spe-
cific cardiomyocyte subtypes.

The approach presented here can generate as many as 10°
ES-derived cardiomyocytes with an initial input of 10° stem
cells. However, the inherent variability of cardiogenic induc-
tion in differentiating ES cultures can have a significant impact
on the ultimate yield in a given preparation. Preliminary stud-
ies have indicated that many factors can influence the cardio-
myocyte yield. These factors include serum content, length of
growth in suspension culture, and initial embryoid body plat-
ing density. Thus, while the yield of G418-selected cardiomyo-
cytes currently is somewhat variable, it is likely that optimiza-
tion and standardization of the induction, culture, and
selection protocols will result in improved and more reproduc-
ible preparations.

Cellular engraftment is emerging as a viable approach to
augment myocyte number in adult hearts. To date several my-
ocyte preparations have been grafted successfully into the
adult myocardium. These include AT-1 tumor cardiomyocytes
(1, 2), both naive and genetically engineered myoblasts (3-6),
and fetal cardiomyocytes (7, 8). The limited studies reported to
date suggest that fetal cardiomyocyte engraftment may hold
the greatest potential to effect myocardial repair, as the en-
grafted donor cells were observed to form nascent intercalated
discs with host cardiomyocytes (7, 8). While it remains to be
established if any form of cellular engraftment can effect myo-
cardial repair (see reference 26 for a critical review), it is virtu-
ally certain that human fetal donor cardiomyocytes cannot be
obtained in sufficient numbers for use in a clinical setting. As
such, identification of an alternative source of donor car-
diomyocytes would constitute an important advancement. The
observation that selected EA3 cardiomyocytes form stable in-
tracardiac grafts raises the possibility that ES-derived cells
may constitute a viable alternative source of donor cells. Im-



portantly, the frequency of successful engraftment with EA3
cardiomyocytes was similar to that observed with fetal murine
cardiomyocytes (7, 8). Engrafted myofiber-containing donor
cells were observed to be aligned and tightly juxtaposed with
host cardiomyocytes. The generation of stable intracardiac
grafts in the absence of teratoma formation further attests to
both the cardiomyocyte purity and cell cycle withdrawal at-
tained with the selected cultures. Collectively these observa-
tions suggest that ES-derived cardiomyocyte preparations may
be a useful surrogate for fetal cardiomyocytes in cardiac en-
graftment procedures.

The EA3 cells also may prove to be a useful cell culture re-
source. Given the limited proliferative capacity of naive mam-
malian cardiomyocytes (27), most in vitro experiments have
used primary cultures of fetal or neonatal cells. Although the
utility of such cell preparations is well established, the cultures
are cumbersome to generate and frequently can be overrun by
fibroblasts. Efforts to generate myocardial cell lines have fo-
cused largely on the targeted expression of oncogenes, either
in cultured cardiomyocytes or in the myocardium of transgenic
animals (for reviews see references 28 and 29). Although nu-
merous cell culture resources have been generated in this man-
ner, to date no established cell lines exhibiting contractile ac-
tivity after repeated passage have been reported. While the
EA3 ES cells can be cultured and passaged in the undifferenti-
ated state, it should be stressed that the proliferative capacity
of the nascent cardiomyocytes is limited. Indeed, previous
analyses of nonselected cultures have indicated that ES-
derived cardiomyocytes withdraw from the cell cycle in a tem-
poral pattern roughly similar to that observed for cardiomyo-
cytes during normal murine development (18). Moreover, ES-
derived cardiomyocyte cell cycle withdrawal was accompanied
by a shift toward multinucleation, a hallmark of cardiomyocyte
cell cycle withdrawal in vivo. While the selection procedure
described here does not provide a source of continuously pro-
liferating cardiomyocytes, the ability to propagate the parental
EA3 cell provides a continuously renewable ex vivo source of
pure cardiomyocyte cultures. Importantly, selected cardiomy-
ocytes with spontaneous contractile activity can be cultured for
extended periods of time without encroachment by other cell
lineages.

The selection procedure described here should be applica-
ble to all ES-derived cell lineages, provided that suitable cell
type—specific promoters are available. Given that numerous
cell lineages of ecto-, endo-, and mesodermal origin are repre-
sented in differentiating ES cultures (9), it is likely that ES-
derived cellular transplantation strategies can be extended to
other organ systems. To date, ES lines capable of cardiogenic
differentiation have been generated in a number of species, in-
cluding mouse, rat, rabbit, mink, pig, and most recently pri-
mates (30). If cardiomyocyte engraftment proves to be of ther-
apeutic value, the generation of cardiogenic human ES cell
lines would preclude the requirement for either human fetal or
xenotrophic tissue. The existence of pluripotent human em-
bryonic carcinoma cell lines is encouraging with regards to the
prospects of generating cardiogenic human ES cells.
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