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Abstract
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Pathogenic causes underlying nonischemic cardiomyopathies are increasingly being resolved, yet
repair therapies for these commonly heritable forms of heart failure are lacking. A case in point is
human dilated cardiomyopathy 10 (CMD10; Online Mendelian Inheritance in Man #608569), a
progressive organ dysfunction syndrome refractory to conventional therapies and linked to mutations
in cardiac ATP-sensitive K+ (KATP) channel sub-units. Embryonic stem cell therapy demonstrates
benefit in ischemic heart disease, but the reparative capacity of this allogeneic regenerative cell source
has not been tested in inherited cardiomyopathy. Here, in a Kir6.2-knockout model lacking functional
KATP channels, we recapitulated under the imposed stress of pressure overload the gene-environment
substrate of CMD10. Salient features of the human malignant heart failure phenotype were
reproduced, including compromised contractility, ventricular dilatation, and poor survival.
Embryonic stem cells were delivered through the epicardial route into the left ventricular wall of
cardiomyopathic stressed Kir6.2-null mutants. At 1 month of therapy, transplantation of 200,000
cells per heart achieved teratoma-free reversal of systolic dysfunction and electrical synchronization
and halted maladaptive remodeling, thereby preventing end-stage organ failure. Tracked using the
lacZ reporter transgene, stem cells engrafted into host heart. Beyond formation of cardiac tissue
positive for Kir6.2, transplantation induced cell cycle activation and halved fibrotic zones,
normalizing sarcomeric and gap junction organization within remuscularized hearts. Improved
systemic function induced by stem cell therapy translated into increased stamina, absence of anasarca,
and benefit to overall survivorship. Embryonic stem cells thus achieve functional repair in
nonischemic genetic cardiomyopathy, expanding indications to the therapy of heritable heart failure.
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Introduction
Increasingly recognized as primary disorders of heart muscle, nonischemic cardiomyopathies
are a major cause of morbidity and mortality worldwide [1]. Considerable genetic
heterogeneity suggests that deficits in multiple molecular pathways can lead to progressive
decline in myocardial structure and function, causing a heritable form of heart failure [2].
Genetic defects render the myocardium vulnerable to stress, resulting in maladaptation and
ultimately poor outcome [3]. The clinical course of cardiomyopathic disease is associated with
a mortality rate of up to 50%, halving affected cohorts within 5 years of diagnosis [1]. Although
advances in molecular medicine have accelerated our understanding of the gene-environment
interrelationship that underlies myocardial susceptibility to the development of a
cardiomyopathic phenotype, effective and potentially curative therapies are still lacking,
limiting disease management to palliative care [4].
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The ontological spectrum of cardiomyopathy-associated mutant genes has traditionally
included those encoding contractile, cytoskeletal, or nuclear proteins and was recently
expanded to the distinct class of proteins that regulate cardiac ion homeostasis [2,4]. This latter
group includes the ATP-sensitive K+ (KATP) channel, as mutations in the ABCC9-encoded
regulatory channel subunit SUR2A have been demonstrated in a subset of patients with dilated
cardiomyopathy and ventricular arrhythmia [5]. The clinical entity associated with KATP
channelopathy is malignant in nature, and in the spectrum of cardiomyopathic diseases it has
been designated CMD10 (Online Mendelian Inheritance in Man #608569;
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=608569) [5]. A link between KATP
channel defects and susceptibility to severe myopathic disease has been recapitulated in
knockout models, underscoring the vital role of intact channels in cardioprotection [6,7].
Compromised KATP channel function renders the heart vulnerable to acute or chronic stress,
implicating this metabolic sensor in the homeostatic response that would normally prevent or
delay progression of heart disease [8–12]. The defective response to metabolic distress signals
in the KATP channel knockout sets in motion calcium overload and pathological cardiac
remodeling, resulting in fulminant organ failure and death under conditions of stress load [6,
7]. Control of myocardial calcium influx has a prophylactic value in the setting of KATP channel
deficiency [6], yet curative strategies capable of reversing the progression of genetic
cardiomyopathy have not been established.
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The emergence of stem cell technology and the opportunity for myocardial repair provide the
foundation for a regenerative approach to the therapy of cardiovascular disease [13,14]. Stem
cell transplantation has progressed from preclinical promise to clinical trials, with adult
autologous stem cell approaches applied to improve function and rectify damage sustained
following myocardial infarction [15–17]. In nonischemic genetic cardiomyopathy, however,
more limited information is available on the benefit of adult stem cell therapy [18]. Notably,
the patient-derived autologous stem cell genome bears disease-causing mutations, and although
phenotypic expression may be lacking at the time of transplantation, cell progeny carries the
risk of manifesting myopathic traits compromising long-term therapeutic outcome.
Multiple allogeneic cell types have been isolated from cardiac and noncardiac sources and have
shown to display various degrees of cardiogenicity, with embryonic stem cells derived from
the inner cell mass of the blastocyst possessing the most widely recognized capacity to yield
cardiomyocytes de novo [19–21]. Because of indefinite proliferation in vitro, embryonic stem
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cells provide a reservoir for extensive tissue regeneration [22]. Differentiation of embryonic
stem cells produces progeny that recapitulate the cardiac phenotype-expressing characteristic
cardiac markers and demonstrating functional excitation-contraction coupling associated with
maturation of the cellular energetic matrix [23–25]. Furthermore, when transplanted into
injured hearts, embryonic stem cells generate cardiomyocytes that repopulate significant
regions of dysfunctional myocardium and result in improved contractile performance with
reduced mortality [26–30]. This transition of pluripotent stem cells to lineage-restricted
progeny occurs under the direction of host paracrine signaling that supports cardiac-specific
differentiation [31,32]. The molecular mechanisms of stem cell commitment and integration
with host myocardium are increasingly well understood, with therapeutic benefit documented
in acquired cardiovascular disease, such as myocardial infarction [33]. Although embryonic
stem cells also show promise in preventing developmental cardiac defects in utero [34], limited
information is currently available regarding their usefulness in repair of inherited
cardiomyopathy in the adult.
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Here, we serially monitored the effect of embryonic stem cell therapy in a genetic model of
dilated cardiomyopathy, induced by stress load in the KATP channel-null mutant. Whereas the
malignant, natural progression of disease led to maladaptive cardiomegaly associated with high
mortality, embryonic stem cell transplantation halted myocardial decompensation and restored
contractile performance, electrical synchronization, and structural integrity. Fatality-free
outcome and prevention of end-stage heart failure identify embryonic stem cell-based repair
as a promising strategy in the management of nonischemic heritable cardiomyopathy.

Materials and Methods
Hemodynamic Stress in KATP Channel Gene Knockout
Mice deficient in KATP channels were generated by targeted disruption of the KCNJ11 gene
encoding the inwardly rectifying K+ channel Kir6.2 pore and backcrossed for five generations
into a C57BL/6 background [35]. Because of the proximity of the mutated KCNJ11 gene with
the gene encoding for albino hair color, knockout mice remain white upon backbreeding
[10]. Male Kir6.2-null mutants, 8–12 weeks old, underwent transverse aortic constriction.
Hemodynamic stress was imposed using a 27-gauge needle to standardize the extent of stenosis
and induce continuous pressure overload to the left ventricle [7]. Sham surgery consisted of
transverse aortic exposure without constriction. Constricted and sham-operated KATP channel
knockout mice were followed up to 150 days following surgery to evaluate progression of
stress-induced heart failure in this genetic model.
Cell Therapy Regimen
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R1-derived wild-type embryonic stem cells, engineered to express the lacZ reporter transgene
[29], were propagated in Glasgow’s Minimum Essential Medium (Lonza, Walkersville, MD,
http://www.lonza.com) supplemented with pyruvate (Cellgro; Mediatech Inc., Manassas, VA),
nonessential amino acids (Cellgro), mercaptoethanol (Sigma-Aldrich, St. Louis,
http://www.sigmaaldrich.com), 7.5% fetal calf serum (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com), and leukemia inhibitory factor (ESGRO; Chemicon, Temecula,
CA, http://www.chemicon.com) [32]. At 2 weeks following aortic constriction, pressureoverloaded KATP channel knockout hearts were exposed by thoracotomy. Epicardial injection
of 200,000 or 3,000,000 embryonic stem cells, in 15 μl of propagation medium, was performed
in five separate sites on the anterior wall of the left ventricle under microscopic visualization.
Prospective follow-up evaluated multiple therapeutic endpoints, including cardiac and
systemic effects of stress-induced heart failure.
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Cardiac Electrophysiology and Echocardiography
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Continuous cardiac electrical activity was monitored in the conscious state with implantable
telemetry devices (Data Sciences International, St. Paul, MN, http://www.datasci.com) [7].
Electrical vulnerability was evaluated under isoproterenol challenge (10 mg/kg i.p.) [36].
Surface electrocardiogram was recorded using four-limb-lead electrocardiography (MP150;
Biopac, Goleta, CA, http://www.biopac.com) under light anesthesia (1.5% isoflurane). Left
ventricular function and structure were quantified in vivo by transthoracic echocardiography
(15L8 transducer, Sequoia 512; Siemens, Malvern, PA, http://www.medical.siemens.com) in
lightly anesthetized mice [37]. Percentage of left ventricular fractional shortening was
calculated as [(LVDd − LVDs)/LVDd] × 100, where LVDd is left ventricular end-diastolic
dimension (mm), and LVDs is left ventricular end-systolic dimension (mm). Velocity of left
ventricular circumferential shortening was calculated as [(LVDd − LVDs)/LVDd]/Et, where
Et is ejection time determined from the actual pulsed-wave Doppler tracings. Ejection fraction
(%) was calculated as [(LVVd − LVVs)/LVVd] × 100, where LVVd is left ventricular enddiastolic volume (μl), and LVVs is left ventricular end-systolic volume (μl). Left ventricular
weight (mg) was derived as [(LVDd + IVST + PWT)3 − LVDd3] × 1.055, where IVST is
interventricular septum thickness (mm), and PWT is posterior wall thickness (mm) [6].
Relative wall thickness was calculated as the sum of IVST and PWT divided by LVDd, and it
was used to monitor the evolution of the heart geometry.
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Exercise tolerance, lung congestion, and survivorship were collectively used to assess systemic
effects of stress-induced heart failure and the impact of cell therapy [7]. The treadmill exercise
protocol (Columbus Instruments, Columbus, OH, http://www.colinst.com) included a stepwise
increase in incline and velocity at 3-minute intervals. Workload (J), a composite parameter
incorporating time, speed, and incline, was calculated as the sum of kinetic (Ek = mv2/2) and
potential (Ep = mgvtsinθ) energy, where m represents animal mass, v is treadmill velocity, g
is acceleration due to gravity, t is elapsed time at a protocol level, and θ is angle of incline
[8]. Post-mortem examination included weight examination of lung and heart and histological
survey of hematoxylin-eosin-stained heart, lung, liver, and spleen [26,32]. Transplanted
embryonic stem cells were tracked by β-galactosidase expression (1:5,000; Abcam,
Cambridge, MA, http://www.abcam.com) in conjunction with cardiac-specific sarcomeric αactinin (1:200; Sigma-Aldrich) [29]. Stem cell engraftment was confirmed by Kir6.2
expression within an otherwise KATP channel-deficient host myocardium using specific
antibodies (1:1,000; Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://www.scbt.com).
Laser confocal microscopy (Zeiss LSM 510 Axiovert; Carl Zeiss, Thornwood, NY,
http://www.zeiss.com) was used to visualize immunofluorescence along with 4′,6′diamidino-2-phenylindole (Molecular Probes, Eugene, OR, http://probes.invitrogen.com)
nuclear staining. Cell proliferation was evaluated with the Ki67 antibody (1:500; clone MIB-1;
Diagnostic Biosystems, Pleasanton, CA, http://www.dbiosys.com) [32]. Cardiac interstitial
fibrosis was quantified by computerized imaging analysis (MetaMorph; Molecular Devices
Corp., Union City, CA, http://www.moleculardevices.com) of 0.5-μm-thick, paraffinembedded Masson’s trichrome-stained sections [6,7]. Ultrastructural evaluation was
performed by transmission electron microscopy (JEOL 1200 EXII; Jeol Ltd., Tokyo,
http://www.jeol.com) in ventricular tissue sections fixed in phosphate-buffered saline
containing 1% glutaraldehyde and 4% formaldehyde (pH 7.2) [26].
Statistical Analysis
Data are presented as means ± SEM or medians with 95% confidence intervals. Student’s t test
or nonparametric test was used to evaluate significance (JMP 6; SAS Institute, Cary, NC,
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http://www.sas.com). Kaplan-Meier analysis with log-rank testing was applied for survival
analysis. A p value <.05 was predetermined.
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Results
KATP Channel Gene Knockout Predisposes to Stress-Induced Malignant Heart Failure
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Stress imposed by transverse aortic constriction, in mice lacking cardioprotective KATP
channels through gene deletion of the Kir6.2 pore, induced acutely physical signs of
biventricular failure with systemic fluid retention and anasarca (Fig. 1A, 1B, acute). The
resultant congestive heart failure chronically reduced ambulation (Fig. 1B, chronic), increased
susceptibility to ventricular arrhythmia (Fig. 1C), and compromised contractility with
ventricular dilatation (Fig. 1D), features of the human dilated CMD10 phenotype associated
with KATP channel gene mutations [5]. Consistent with the decline in cardiac function, aorticconstricted Kir6.2-KO mice (n = 98) displayed cachexia (Fig. 1B, chronic), with a significant
survival disadvantage compared with their sham-operated counterparts (n = 20; p < .01; Fig.
1E). In fact, following imposition of stress load in the Kir6.2-null mutant, mortality rapidly
progressed to 59% at 2 days, 71% at 7 days, 76% at 14 days, 79% at 21 days, 84% at 60 days,
and 90% at 150 days of follow-up, in contrast to absence of fatality in the sham cohort (Fig.
1E). Poor outcome correlated on autopsy with excessive remodeling and cardiomegaly (Fig.
1E, inset) in hearts from stressed Kir6.2 knockouts, along with ultrastructural damage
characterized by pathognomonic contraction banding (Fig. 1F, 1G). Thus, the KATP channel
knockout recapitulated, under the imposed stress of pressure overload, the gene-environment
cardiomyopathic substrate of the CMD10 heart failure syndrome.
Safety Profile of Embryonic Stem Cell Transplantation
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At 2 weeks following aortic constriction, surviving cardiomyopathic Kir6.2-null mutants (n =
24) were randomized 2:1 into groups without or with embryonic stem cell treatment to evaluate
stem cell-based therapy during the course of disease (Fig. 1H). Following thoracotomy, the
treatment protocol included multiple direct epicardial injections into the left ventricular wall.
Within 1 month of treatment with 200,000 lacZ-labeled embryonic stem cells (Fig. 2A),
cardiomyopathic mice were alert and physically active with no signs of cachexia, in contrast
to their untreated, moribund counterparts. At this dose regimen (n = 8), stem cell transplantation
did not produce cardiac rhythm disturbances (Fig. 2B), and signs of uncontrolled growth were
not detectable on either in vivo imaging (Fig. 2C, top left) or ex vivo macroscopic (Fig. 2C,
middle left) and microscopic (Fig. 2D) system evaluations of the heart, lung, liver, or spleen.
This dose circumvented tumorigenic risk (Fig. 2C, bottom left), typically observed at higher
cell loads [28,32]. Indeed, all Kir6.2-null mutants treated separately with 3,000,000 embryonic
stem cells demonstrated teratoma formation (n = 5; Fig. 2C, bottom left) documented by
echocardiography (Fig. 2C, top right) and on tissue gross inspection (Fig. 2C, middle and
bottom right), with histology indicating differentiation into multiple lineages (Fig. 2E).
Because of a favorable safety profile, the target dose of 200,000 cells per heart was thus selected
for efficacy follow-up.
Benefit of Stem Cell Therapy on Contractile and Electrical Function
The Kir6.2-null mutant myocardium developed a pathological increase in the thickness of the
interventricular and posterior walls within 2 weeks of transverse aortic constriction, that is,
from 1.6 ± 0.1 mm prior to (n = 29) to 1.9 ± 0.1 mm following (n = 20) imposed stress load
(p < .01). Despite equivalent fractional shortening at randomization, serial assessment of left
ventricular function indicated significant disparity in the evolution of organ failure in untreated
(Fig. 3A, 3B, ES(−)) versus embryonic stem cell-treated (Fig. 3A, 3B, ES(+)) cardiomyopathic
hearts. In the untreated cohort, a progressive decline in systolic performance was observed,
measured as reduction in fractional shortening, from 33.4% ± 2.3% (n = 14) to 21.1% ± 4.1%
Stem Cells. Author manuscript; available in PMC 2009 September 14.
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(n = 5; p < .05), calculated from LVDd and LVDs (Fig. 3B). In contrast, embryonic stem celltreated hearts demonstrated steady recovery in fractional shortening during the 4 weeks of
follow-up, that is, from 36.4% ± 2.0% preintervention to 45.9% ± 4.9% postintervention (n =
6; p < .01; Fig. 3B). Moreover, cell treatment significantly improved the velocity of
circumferential shortening, a preload-independent measure of ventricular function, which
deteriorated without treatment but essentially normalized following embryonic stem cell
transplantation. On average, the median value was 4.3 circumferences per second (95%
confidence interval, 2.6–5.5 circumferences per second; n = 5) versus 8.8 circumferences per
second (95% confidence interval, 6.8–11.0 circumferences per second; n = 6) in untreated
compared with treated groups, respectively (p < .05; Fig. 3C). This difference in outcome was
further corroborated by enhanced cardiac cycle area shortening (Fig. 3D) and boosted ejection
fraction (Fig. 3E) in stem cell-treated (n = 6) versus untreated (n = 5) hearts (p < .05). In addition
to parameters indicating functional contractile recovery, stem cell treatment was also
associated with prevention of electrical dispersion (Fig. 3F–3H). Specifically, ventricular
conduction delay, measured as ventricular depolarization (QRS) and repolarization (QT)
intervals, was significantly minimized in treated hearts approaching prestress values. The QRS
interval was shortened from 14.2 ± 1.3 milliseconds in untreated (n = 10) to 10.6 ± 0.6
milliseconds in treated (n = 6) hearts (p < .05; Fig. 3G). Similarly, the QT interval was 53.5 ±
5.4 milliseconds in untreated hearts (n = 5) but retracted to 33.4 ± 6.0 milliseconds in treated
(n = 6) hearts (p < .05; Fig. 3H). Thus, embryonic stem cell therapy reversed mechanoelectrical
dysynchronization, providing contractile and electrical benefit to an otherwise refractory
cardiomyopathy.
Stem Cell Therapy Halts Maladaptive Remodeling and Decompensation
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Embryonic stem cell therapy of cardiomyopathic hearts halted ventricular enlargement (Fig.
4A– 4F). Specifically, the end-diastolic dimension of the left ventricle increased from 3.2 ±
0.2 mm (n = 14) to 4.5 ± 0.3 mm (n = 7; p < .01) in the absence of cell therapy within 4 weeks
of follow-up (Fig. 4A). During the same period, stem cell-treated hearts displayed stable
diastolic dimensions at 3.2 ± 0.1 mm (n = 6) and 3.4 ± 0.2 mm (n = 6; p < .01 vs. untreated;
Fig. 4A). Similarly, the pathologic expansion in end-diastolic left ventricular volume that
characterized untreated hearts was reduced by stem cell therapy (Fig. 4B). In fact, the
exaggerated increase in left ventricular mass (Fig. 4C) or overall heart weight (Fig. 4D) in
untreated hearts (n = 7) was blunted by embryonic stem cell therapy (n = 6; p < .01). In the
absence of cell therapy, continuous stress load induced cardiomegaly, which was prevented by
cell therapy (Fig. 4E). During the natural course of the disease, the progressive enlargement
of untreated hearts was associated with a massive wall thickening followed by fulminant
ventricular dilatation, indicating maladaptive remodeling and ultimately de-compensation
(Fig. 4F). The relative wall thickness/left ventricular mass relationship provides a predictive
index of the severity of cardiomyopathy [38]. In contrast to untreated hearts (n = 7), 4 weeks
of embryonic stem cell treatment (n = 6) protected heart geometry from gains in relative wall
thickness and left ventricular weight (Fig. 4F). The benefit of cell therapy was validated on
autopsy, with treated hearts avoiding not only gross cardiac dilation (Fig. 4E), but also
retrograde pulmonary edema (Fig. 4G, 4H) observed in the untreated cohort. Thus, embryonic
stem cell therapy stabilized the underlying ventricular structure in genetic cardiomyopathy,
preventing end-stage disease progression.
Stem Cell-Based Repair
Transplanted embryonic stem cells, engineered to express the reporter lacZ transgene,
engrafted into host myocardium and were detected by positive β-galactosidase expression (Fig.
5A). Cellular colocalization of β-galactosidase with cardiac-specific sarcomeric α-actinin
indicated an aptitude for cardiomyogenic differentiation of the injected embryonic stem cell
pool within cardiomyopathic hearts (Fig. 5A). Stem cell fate was confirmed by positive Kir6.2
Stem Cells. Author manuscript; available in PMC 2009 September 14.
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immunofluorescence within an otherwise KATP channel-deficient myocardium (Fig. 5B).
Beyond formation of new cardiac tissue, transplantation of embryonic stem cells induced cell
cycle activation, detected by a significant increase in resident cells expressing Ki67, a marker
of proliferation (Fig. 5C). The percentage of Ki67-positive cells over the total cell number was
3.7% ± 0.7% in untreated (n = 5) compared with 15.4% ± 1.4% in treated (n = 5) heart fields
(p < .05; Fig. 5D). Moreover, whereas interstitial fibrosis was prominent in the untreated
cardiomyopathic hearts, accounting for 10.2% ± 1.1% of overall muscle area (n = 5), stem cell
therapy halved fibrotic zones to 4.7% ± 1.0% (n = 5) of the remuscularized hearts (p < .05;
Fig. 5E, 5F). Electron microscopy verified, at the ultrastructural level, normalization of
sarcomeric organization following stem cell therapy contrasting fibrosis and disarray with
prominent contraction banding of the untreated cardiomyopathic hearts (Fig. 6A, 6B).
Furthermore, untreated heart sections demonstrated disorganized mitochondria (Fig. 6C) and
lacked tight junctions (Fig. 6E), in contrast to dense mitochondrial patterns and intact gap
junction formations within the treated ventricular samples (Fig. 6D, 6F). Thus, core repair
processes, set in motion by transplant-host interaction, contributed to stem cell-based therapy.
Favorable Outcome of Stem Cell Therapy on Heart Failure Syndrome
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Systemically, genetic cardiomyopathy is characterized by an overt congestive heart failure
symptomatology. This includes the triad of clinically relevant endpoints, namely a poor
exercise tolerance (Fig. 7A, 7B), severe cachexia (Fig. 7C), and pronounced mortality (Fig.
7D), all of which are recapitulated in the KATP channel knockout model under stress. Despite
the continuous imposition of transverse aortic constriction, 1 month following initiation of
embryonic stem cell therapy, cardiomyopathic Kir6.2-null mutants (n = 6) demonstrated an
apparent normalization of exercise capacity. This was documented on the treadmill by a longer
running distance (Fig. 7A) and a higher achieved workload (Fig. 7B), compared with the
underperformance of the untreated counterparts (n = 7; p < .05), and approaching target levels
of the prestress controls (n = 16). Improvement in systemic function induced by stem cell
therapy translated into an amelioration of overall stamina and absence of anasarca (Fig. 7C),
with significant survival benefit and no mortality observed in the treated group by the end of
the follow-up period (Fig. 7D). Thus, the therapeutic impact afforded by stem cell delivery in
genetic nonischemic cardiomyopathy encompasses, beyond the heart itself, rescue from the
systemic, malignant consequences of end-stage heart failure.

Discussion
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Cardiomyopathies result from complex interactions between the genetic make-up of an
individual and the imposed environmental stress [39]. Although decoding of disease-causing
mechanisms and cardioprotective molecular circuits has provided a real opportunity for
development of predictive strategies using emerging genomic information [40], management
of heritable cardiomyopathies remains largely palliative in scope, limited to treatment of
symptoms. Despite advances in pharmacotherapy and introduction of cardiac
resynchronization in the treatment of congestive heart failure, prognosis is poor overall,
mandating consideration of new modalities capable of targeting the root cause of disease
[41].
The prevalence of ongoing cell death in the chronic failing heart and the limited capacity for
innate regeneration impede effective repair [42–45]. Resident stem cell compartments are
endowed with the aptitude to acquire the distinct cell lineages of the myocardium and actively
contribute to heart homeostasis, yet functional exhaustion and aging of progenitor cells in
patients with heart failure limit the available autologous stem cell pools, contributing to disease
progression [46,47]. Moreover, diseases with a genetic origin potentially preclude the full
effectiveness of an autologous reparative approach [18], warranting consideration of nonself
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sources as alternative therapeutic platforms devoid of the inheritance of disease-causing
mutations. The present study conducted in the Kir6.2 knockout, a surrogate model that
recapitulates features of the human life-threatening cardiomyopathic CMD10 syndrome
associated with mutations in cardioprotective KATP channels [5], provides the first evidence
that transplantation of allogeneic embryonic stem cells achieves functional and structural repair
in stress-precipitated, nonischemic genetic cardiomyopathy.
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Hearts lacking KATP channels are characterized by loss of action potential control of calcium
influx, creating under stress a severe susceptibility to contractile dysfunction, heart failure, and
ultimately death [7,8,11]. The malignant cascade of exaggerated cardiac remodeling associated
with ventricular dilatation was here demonstrated in the Kir6.2-null mutant under the chronic
stress of transverse aortic constriction, precipitating a moribund state that led to serious survival
disadvantage. Epicardial transplantation of 200,000 embryonic stem cells into
cardiomyopathic hearts restored systolic performance, over the course of 1 month, and
prevented progression of dysynchronization and structural maladaptive deterioration, which
are known predictors of poor outcome [1,39,40]. Therapeutic benefit was demonstrated in situ,
by echocardiography and electrocardiography, and verified ex vivo at the macroscopic,
microscopic, and ultrastructural levels, in line with the robust capacity of embryonic stem cells
for cardiomyogenic differentiation both in vivo and in vitro [21,31,48]. The innate cardiogenic
potential of embryonic stem cells facilitates electrical and mechanical coupling of derived
cardiomyocytes with the native myocardium [26,27,49]. It was first linked to de novo
remuscularization in models of ischemic heart disease [29,30,31], and here extended to
nonischemic cardiomyopathy.
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Traced using a sensitive reporter transgene [29], transplanted stem cells engrafted into the
KATP channel-deficient host myocardium, contributing to formation of new cardiac tissue,
along with cell cycle activation. Remuscularization of cardiomyopathic hearts was associated
with the emergence of Kir6.2 immunofluroscence, consistent with restitution of the originally
deleted KATP channel subunit. Moreover, cell transplantation eliminated contraction banding
and reduced noncontracting fibrotic regions characteristic of a failing heart, normalizing
sarcomeric and junctional organization. It has been established in this regard that the host
myocardium secretes cardiogenic growth factors implicated in cardiac differentiation of stem
cells, promoting expression of cardiac contractile and gap junction proteins [31]. In addition,
other cardiovascular cell types could arise directly from injected stem cells or through local
recruitment leading to neovascularization, augmenting the metabolic support to the healing
myocardium [30]. Convergence of multifactorial stem cell-based repair processes contributes
to a synergistic reparative mechanism [13,19,21], suspending disease progression. Indeed,
improved cardiac condition following embryonic stem cell therapy translated into a systemic
benefit associated with prevention of end-stage disease, improved global performance, and
increased survival.
The observed absence of deleterious arrhythmia or dysregulated growth 1 month following
transplantation of stem cells is consistent with electromechanical integration within host tissue
[50]. The mitogenic potential associated with pluripotency may, however, hinder therapeutic
translation, because of the risk of uncontrolled growth once stem cells are transplanted outside
the native embryonic niche [22,28,51], as here observed when the dose regimen exceed the
threshold for guidance by the host environment. Accordingly, the therapeutic index for
allogeneic stem cell application is narrow [21,28,32,52], necessitating careful dose titration to
avoid teratoma formation while maintaining engraftment and therapeutic efficacy. It has
recently been demonstrated that successfully engrafted embryonic cells do not generate
immunological memory, exerting local immunosuppression and enabling engraftment across
allogeneic barriers [53–56].
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The present study provides initial evidence supporting an expanded indication for embryonic
stem cell-based therapy to include nonischemic genetic cardiomyopathy, beyond the
previously established treatment of myocardial infarction [26–31]. In view of the multiple
etiologies causing cardiomyopathic phenotypes [2], as well as the increased implication of
KATP channelopathies in cardiac disease [5,57,58], embryonic stem cell therapy needs to be
further validated before its broader value can be established. Optimization of the safety and
efficacy profile of embryonic stem cells [59–62] is now a critical step in fully harnessing their
multifaceted reparative capacity. In this regard, lineage-specified cardiogenic precursors,
rather than undifferentiated embryonic stem cells, deserve particular consideration, as
approaches to cardiopoietic programming and biomarker-based selection are increasingly
available [32,63]. Moreover, issues of stem cell origin also need to be addressed. Patientspecific approaches are attractive but may be limited to monogenic disease etiologies, where
genetic repair by homologous recombination could complement pluripotent reprogramming
of an adult source [49]. Furthermore, a close evaluation of genetic variations among individuals
to identify optimal disease targets and customize stem cell cytotypes for therapy [64–66] opens
a new era of personalized regenerative medicine.
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Figure 1.
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KATP channel knockout model recapitulates human cardiomyopathy. KATP channel Kir6.2null mutants prior to (prestress) (A) and following transverse aortic constriction (stressed)
(B). Under hemodynamic overload, stressed Kir6.2-null mutants displayed signs of
biventricular failure and anasarca ([B], acute) with reduced ambulation and cachexia ([B],
chronic). Predisposition to ventricular tachyar-rhythmia was demonstrated by telemetry either
spontaneously (acute) or under isoproterenol challenge (chronic) (C), and left ventricular
dilatation with compromised contractility was documented by echocardiography (D). In (D),
dotted line, LVDd; solid line, LVDs; velocity, peak velocity at the left ventricular outflow tract.
Continuous stress induced a significant increase in left ventricular mass ([E], inset), with
survivorship curves demonstrating a poor survival of the stressed cohort (E). On electron
microscopy (F, G), CB were present in cardiomyopathic stressed myocardium displaying
sarcomeric disarray (G). From the initial cohort of 98 Kir6.2-null mutants, following 2 weeks
of stress, 24 surviving cardiomyopathic mutants were randomized 2:1, in ES(−) or ES(+)
treatment groups (H). Numbers of animals per group (n) are indicated in (E, H). Abbreviations:
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CB, contraction band; ES, embryonic stem cell; LVDd, left ventricular end-diastolic
dimension; LVDs, left ventricular end-systolic dimension; ms, millisecond.
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Figure 2.
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Safety profile of ES transplantation. (A): Wild-type ES were engineered to express the lacZ
reporter transgene visualized by optical analysis. (B): Cardiomyopathic Kir6.2-knockout mice
treated with 200,000 ES per heart (ES(+); unless otherwise indicated) had no arrhythmic events
on four-limb electrocardiography throughout the follow-up period. (C): Uncontrolled growth
was not detectable at this dose on echocardiography (top left) or macroscopic (middle left and
bottom left) evaluation. (D): Microscopy confirmed the absence of multiorgan seeding in heart,
lung, liver, and spleen following treatment with 200,000 ES per heart. Treatment with
3,000,000 ES, however, regularly demonstrated teratoma formation ([C], right panels)
containing multiple lineages (E). Scale bars = 5 mm. Abbreviations: ES, embryonic stem cell;
LV, left ventricle; ms, millisecond; wks, weeks.
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Figure 3.

Benefit of ES therapy on cardiac function. Serial echocardiography (A–E) demonstrated
significant improvement in systolic contractile function in ES-treated (ES(+)) compared with
untreated (ES(−)) cardiomyopathic Kir6.2-null mutants. Fractional shortening in M-mode (A,
B), velocity of circumferential shortening (C), and LV ejection fraction (D, E) all demonstrated
significant improvement following cell therapy. In (A), dotted line, LVDd; solid line, LVDs.
(F–H): Ventricular conduction intervals in ES-treated cardiomyopathic hearts were shorter
than those in untreated ones. Data are presented as means ± SEM (B, G, H) or medians with
95% confidence intervals (C, E). †, p < .05 versus Pre (0 weeks); *, p < .05 versus ES(−).
Abbreviations: ES, embryonic stem cell; LV, left ventricular; LVDd, left ventricular enddiastolic dimension; LVDs, left ventricular end-systolic dimension; ms, millisecond; Pre,
prestress; s, second; wks, weeks.
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Figure 4.
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Stem cell intervention prevents maladaptive remodeling and cardiomegaly in genetic
cardiomyopathy. Untreated (ES(−)) Kir6.2-knockout cardiomyopathic hearts were larger (A,
B) and heavier on echocardiographic (C) and post-mortem (D, E) examination compared with
ES-treated (ES(+)) counterparts. LV (C) and heart (D) weights were adjusted to BW (at day 0
of transverse aortic constriction). In (F), LV weight was plotted as a function of relative wall
thickness, calculated as the sum of interventricular septum thickness and posterior wall
thickness divided by LVDd. The evolution of heart geometry was monitored up to 6 wks
following initiation of stress load imposed following randomization at 2 wks (closed circle)
into treated (ES(+); red) and untreated (ES(−); black) groups. Data points represent an average
of 5–24 Kir6.2-knockout mice. (G, H): Pulmonary congestion was reduced following cell
therapy. †, p < .05 versus Pre; *, p < .05 versus ES(−). Scale bars = 5 mm. Abbreviations: BW,
body weight; ES, embryonic stem cell; LA, left atrium; LL, left lobe; LV, left ventricular;
LVDd, left ventricular end-diastolic dimension; LVVd, left ventricular end-diastolic volume;
Pre, prestress; RL, right lobe; RV, right ventricle; wks, weeks.
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Figure 5.

Engraftment of transplanted stem cells. KATP channel-deficient cardiomyopathic hearts treated
with ES, engineered to express the lacZ reporter transgene (ES(+)) demonstrated β-gal ([A],
pink) nuclear expression with cellular coexpression of actinin ([A], green), along with Kir6.2
expression ([B], red) within otherwise KATP channel-deficient cardiomyocytes. Treated hearts
had a significant increase in cells positive for Ki67 ([C, D], pink), a cellular marker for
proliferation, and a decrease in interstitial fibrosis ([E]; [F], blue), compared with untreated
hearts (ES(−)). In (A–C), blue indicates DAPI. *, p < .05 versus ES(−). Abbreviations: actinin,
sarcomeric α-actinin; DAPI, 4′,6′-diamidino-2-phenylindole; ES, embryonic stem cell; β-gal,
β-galactosidase.
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Figure 6.

Ultrastructure in untreated versus treated cardiomyopathic hearts. Untreated Kir6.2-knockout
cardiomyopathic hearts (ES(−)) displayed significant fibrosis and CBs (A), disorganized Mito
(C), and a paucity of tight junctions (E). (B, D, F): In contrast, stem cell-treated hearts (ES(+))
demonstrated proper sarcomeric ultrastructure (B), dense mitochondrial clusters (D), and
desmosome with tight junction formation ([F], arrowheads and arrows). Abbreviations: CB,
contraction band; ES, embryonic stem cell; Mito, mitochondria.
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Figure 7.

ES therapy produces favorable systemic outcome on morbidity and mortality. Exercise running
capacity and workload evaluated by treadmill (A, B), overall fitness (C), and mortality (D)
were all favorably affected by a 1-month-long treatment with ES (ES(+)) in KATP channelnull mutants mice despite the stress of continuous transverse aortic constriction. †, p < .05
versus Pre; *, p < .05 versus ES(−). Abbreviations: ES, embryonic stem cell; min, minutes;
Pre, prestress.
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