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Figure 1. Angiogenesis-induced myocardial hypertrophy. An
increase in capillary mass leads to increased production and
release of endothelium-derived NO. NO promotes proteasomal
degradation of regulator of G-protein signaling 4 (RGS4), and,
thereby, relieves G protein-coupled receptor (GP CR)-mediated
hypertrophic signaling involving the phosphatidylinositol 3-kinase
(P13Ky)/Akt/mammalian target of rapamycin C1 (mTORC1) pathway.

VEGF s acritical angiogenic factor, which is essential for coor-
dinated myocardial angiogenesis in pressure-overloaded hearts.

GATA4, a cardiac-enriched zinc finger transcription fac-
tor,*® plays important roles both in cardiac hypertrophy?!
and in myocardial angiogenesis (Figure 2).* GATA4 was
abundantly expressed in cardiomyocytes from early embry-
onic stages, regulated cardiac-specific gene expression, and
was downregulated in adult hearts.*® However, GATA4 was
reused when the heart is under stress conditions.®® Analyses
of cardiac-specific GATA4-deleted mice highlighted its im-
portant roles in hypertrophic growth, stress responses, and
survival of cardiac myocytes in adulthood.** Furthermore,
cardiomyocyte-specific overexpression of GATA4 in the adult
heart increased capillary density in the myocardium, whereas
myocyte-specific deletion of GATA4 resulted in rarefaction
of myocardial capillaries.? In addition, overexpression of

] Hypertrophic stimuli |

[ Hypoxialischemia |——

Angiogenesis

Cardiomyocyte Vasculature
Figure 2. Hypertrophic responses induce myocardial
angiogenesis. Hypertrophic stimuli activate intracellular signaling
and transcription factors, such as GATA4 and Hif-1. GATA4
induces the gene expression of structural and contractile proteins,
resulting in hypertrophy. Hif-1 is also activated by relative
hypoxia/ischemia of the hypertrophied myocardium, and Hif-1
transactivates VEGF gene expression to induce angiogenesis.
GSK indicates glycogen synthase kinase; mTOR, mammalian
target of rapamycin; and VEGF, vascular endothelial growth factor.
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GATA4 in cardiac myocytes increased VEGF-A secretion and
enhanced angiogenesis in a paracrine manner. The Vegf-A gene
promoter has GATA-binding sites and was transactivated by
GATA4.* However, sustained pathological stimuli suppressed
GATAA4 levels, which might have contributed to the reduction
of capillary numbers in the failing heart.* Therefore, GATA4
is involved in the transcriptional regulation of both myo-
cyte hypertrophy and angiogenesis in the heart under stress
conditions.

Molecular Mechanisms of Transition From
Compensated to Decompensated Hypertrophy
Complex pathophysiological changes have been reported to
occur in hypertrophied hearts, including suppressed angio-
genesis, vascular rarefaction,>!® endothelial dysfunction,3
ventricular dilation and remodeling,**® and fibrosis, which
physically hamper oxygen diffusion.* These complex chang-
es predispose the myocardium to advanced hypoxia/ischemia.
For example, progression of heart failure was related to NO
imbalance and endothelial dysfunction, and dysregulation of
coronary circulation resulted from altered endothelial func-
tion.* NO reduction in heart failure influenced endothelial pro-
genitor cells, impairing endothelial repair and regeneration.*!

The action of VEGF is mainly mediated by 2 receptor ty-
rosine kinases: VEGF receptor 1 (VEGFR-1, also known as
FMS-like tyrosine kinase 1) and VEGFR-2 (also known as
Flk-1/kinase insert domain protein receptor).”* VEGFR-1 and
its soluble form VEGFR-1* were upregulated in the heart, and
soluble form of VEGFR-1 prevented capillary growth by trap-
ping VEGF in pressure-overloaded hearts of rats.* Inhibition
of soluble form of VEGFR-1 by PIGF, which caused the re-
lease of VEGF, was sufficient to induce angiogenesis and to
provide cardioprotective effects.* These results suggest that
soluble form of VEGFR-1 is one of the causative factors in-
hibiting myocardial angiogenesis, and that VEGF is needed to
maintain angiogenesis and cardiac function.

Suppression of capillary density and angiogenesis in the
myocardium has been observed in the transition from com-
pensated hypertrophy to decompensated heart failure.?” In the
pressure-overloaded heart, the myocardium becomes ischemic,
and the DNA-binding activity of hypoxia inducible factor-1
(Hif-1) increased significantly.?” Hif-1 is a transcription fac-
tor that is stabilized in hypoxic conditions to transactivate
various genes encoding hypoxia- and angiogenesis-associated
proteins, such as VEGF (Figure 2) and erythropoietin.**
However, in the course of prolonged pathological hypertro-
phy, Hif-1 and VEGF were downregulated despite persistent
myocardial hypoxia in the hypertrophied myocardium.?” This
mismatch of Hif-1 downregulation in pathologically hypertro-
phied hearts is one of the critical mechanisms that underlies
exacerbated myocardial hypoxia and accelerated myocardial
damage and dysfunction.

Suppression of Hif-1 in the Hypoxic
Myocardium in the Failing Heart
We have recently reported that transformation-related pro-
tein 53 (p53), a tumor suppressor protein, was critically
involved in this paradoxical downregulation of Hif-/ in
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pressure-overloaded hearts.”” Significant accumulation of
p53 was observed in hypertrophied myocardium (Figure 3).%
Low levels of intracellular p5S3 were maintained in cardiac
myocytes by degradation through the ubiquitin-proteasomal
pathway, involving E3 ubiquitin ligases, such as transformed
mouse 3T3 cell double minute 2 (MDM?2).%4 However, p53
accumulated in cardiac myocytes in response to adriamycin-
induced genotoxic stress® and in response to hypoxic stress
induced by pressure overload or MIL*"! We also observed
pS3 accumulation in a mouse model of human dilated car-
diomyopathy® and in adriamycin-induced cardiomyopathy.*®
These observations suggest that p53 accumulation in the heart
is a critical part of the common transition from a function-
ally healthy heart to heart failure. In general, p53 degrada-
tion is mediated by MDM2-dependent ubiquitination, and
mRNA expression of MDM2 is positively regulated by p53
in a negative-feedback loop.** However, p53 accumulation
in the failing heart occurs through various molecular mecha-
nisms. For example, in adriamycin-treated hearts, p53 levels
were elevated in response to reactive oxygen species—mediat-
ed indirect genomic DNA damage.®®* DNA damage activates
the DNA damage response pathway, in which phosphory-
lated ataxia telangiectasia mutated kinase phosphorylates
p53 at its amino terminus, thus, stabilizing p53 by inhibit-
ing MDM2 binding.*® Another trigger for p53 accumulation
was hypoxia in cardiac myocytes and nonmyocytes,”> the
mechanism of which differs from that of p53 accumulation
induced by other stresses, such as DNA damage.*® Hif-1 was
required for hypoxia-induced p53 accumulation and induced
p53-dependent transcription via direct binding to p53.5 In the
heart, we identified the carboxyl terminus of heat shock cog-
nate protein 70-interacting protein (CHIP) as one of the E3
ubiquitin ligases required for p53 degradation.’ CHIP, origi-
nally isolated as a cochaperone of heat shock cognate protein
70, had ubiquitin ligase activity, which was attributed to its
U-box domain. Although expression of CHIP was not induced
by p53 to form a negative-feedback loop-like MDM?2, CHIP
expression was closely related to p53 expression in cardio-
myocytes under hypoxic conditions.’! We also revealed that
Hif-1 mediated suppression of mRNA transcription of CHIP
under hypoxic conditions, and that transcriptional suppression
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of CHIP mRNA was responsible for p53 accumulation in car-
diac myocytes under hypoxia and in infarcted hearts of mice.’!
However, in pressure-overloaded hearts, transcriptional sup-
pression of CHIP mRNA by Hif-1 was not observed, and
further investigations are needed to clarify molecular mecha-
nisms underlying p53 accumulation in the failing heart.

Considering these previous reports, what are the functional
roles of accumulated p53 in heart failure? Two major roles
of p53 are (1) cell cycle arrest® and (2) inhibition of blood
vessel formation.>® In response to severe cellular damage, p53
arrests proliferative cells in the G, stage of the cell cycle to
induce apoptosis or senescence. Although cardiac myocytes
do not proliferate after birth, accumulation of p53 induced
apoptotic cell death in cardiac myocytes. In hearts, in vivo
chemical inhibition of p53 accumulation or transcriptional ac-
tivity mitigated adriamycin-induced cardiomyopathy*>*® and
heart failure after MI.>'%5 However, previous studies using p53
knockout mice revealed that functional significance of p53
in the regulation of myocyte apoptosis differed according to
the disease models. For example, genetic deletion of p53 pre-
vented myocyte apoptosis and cardiac dysfunction in mouse
model of heart failure induced by adriamycin treatment,®
mutation of cardiac a-actin gene (Actcl),® and pressure
overload.”” However, p53 deletion did not affect apoptosis of
cardiac myocytes in mouse model of heart failure induced by
coronary artery ligation.5!

In the pathological hypertrophied heart, p53 elevation in the
myocardium attenuated capillary formation by inhibiting the
transcriptional activity of Hif-1 (Figure 3).2” The expression
level of Hif-1mRNA and transcriptional activity of Hif-1 were
increased in pressure-overloaded hearts, possibly because of
reduced oxygen supply in the hypertrophied myocardium.
Activated Hif-1 promoted angiogenesis to prevent progres-
sion of hypoxia and maintained functional homeostasis of the
myocardium. However, sustained accumulation of p53, by an
undefined mechanism, inhibited the transcriptional activity of
Hif-1 and, thereby, promoted progression of maladaptive heart
failure.?’” These findings indicate that p53 plays pivotal and
pathogenic roles in the progression of heart failure via various
pathways, including apoptotic cell death and suppression of
angiogenesis in the heart.

Failing Heart

Figure 3. Suppression of hypoxia
inducible factor-1 (Hif-1) by
transformation-related protein 53
(p53) in the hypoxic failing heart. In

the hypertrophied heart, myocardial
angiogenesis is maintained by vascular
endothelial growth factor (VEGF), which
is induced by Hif-1 in relative hypoxic
conditions. However, in the advanced
hypoxic condition of the failing heart, Hif-
1 is inhibited by p53 accumulation in the
myocardium, resulting in the suppression
of myocardial angiogenesis and cardiac
dysfunction.

Reduced angiogenesis by p53 accumulation
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Therapeutic Myocardial Angiogenesis as a
Potential Therapy for Heart Failure

In hearts manifesting pathological hypertrophy, the capillary
density decreased during the transition from cardiac hypertro-
phy to heart failure.® This phenomenon is clinically relevant
because an intravascular ultrasound study demonstrated that
coronary flow reserve was reduced in patients with hyperten-
sion with left ventricular hypertrophy when compared with
those without left ventricular hypertrophy.®® The change of
coronary angiogenesis also accompanies cardiac hypertrophy
not resulting from pressure overload. When capillary patterns
were studied in histological sections, a significant decrease in
capillary density was observed in the hearts of patients with
dilated cardiomyopathy, ischemic cardiomyopathy, or inflam-
matory cardiomyopathy.® On the basis of these experimental
and clinical observations, we found that the therapeutic myo-
cardial angiogenesis is emerging as a promising approach for
the prevention and treatment of heart failure.%

Several strategies to enhance myocardial angiogenesis
have been investigated, including delivery of angiogenic
genes or growth factors. The candidate angiogenic factors
include VEGF-A,%-% VEGF-B,* fibroblast growth fac-
tor-2,%877 fibroblast growth factor-5,>7 stromal cell-de-
rived factor-1,7"® hepatocyte growth factor,” and midkine.*
Although long-term stimulation with VEGF-A promoted im-
mature angiogenesis and increased vascular permeability,®!
simultaneous stimulation with VEGF-A and angiopoietin-1
yielded coordinated vascular growth and improved cardiac
perfusion and function in rodent®#? and porcine® models of
MI. A combination of fibroblast growth factor-2 and hepa-
tocyte growth factor synergistically stimulated angiogenesis
and prevented progression of heart failure in a rat model of
MI.# To improve the efficacy and safety of the therapeutic
interventions for myocardial angiogenesis, further studies are
required to determine the optimal combination of angiogenic
growth factors and to improve the technology of delivery
methods to the myocardium.

One of the potential therapeutic targets is Hif-1, a key tran-
scriptional regulator for the hypoxic induction of angiogenic
growth factors.*” Cobalt is known to stabilize Hif-1o and pre-
vent the decline of contractile function in perfused rat hearts
under hypoxia-reoxygenation.®® According to recent studies,
cobalt-induced stabilization of Hif-1a is dependent on cop-
per.5%7 Furthermore, copper supplementation reversed con-
tractile dysfunction and prevented transition to heart failure in
pressure-overloaded mice, at least in part through promotion
of myocardial angiogenesis.® In addition to cobalt and copper
function, several approved drugs have been reported to affect
myocardial angiogenesis. For example, pitavastatin induced
myocardial angiogenesis and prevented progression of heart
failure in pressure-overloaded mice.® The calcium channel
blocker, benidipine, increased capillary density and reduced
left ventricular stiffness in Dahl salt-sensitive rats.”® Although
the promotion of myocardial angiogenesis needs much further
study before it becomes an established remedy for heart fail-
ure patients, a certain amount of preclinical evidence has been
accumulated, and the translation of this concept into clinical
practice will likely continue in a steady progression in the
years to come.

Angiogenesis and Cardiac Hypertrophy 569

Conclusions

In this review, we summarize the functional association be-
tween cardiac hypertrophy and myocardial angiogenesis at
molecular and cellular levels. We also discuss dysregulation
of capillary angiogenesis in the hypertrophied heart in relation
to the transitional process from compensated hypertrophy to
decompensated heart failure. Accumulated experimental data
provide insights about potential therapeutic strategies for heart
diseases. It may be advantageous to stimulate angiogenesis to
prevent or reverse heart failure in general or to treat heart fail-
ure with a combination of antihypertrophic and proangiogenic
agents. However, we still have an array of unanswered ques-
tions about an integrative understanding of cardiac hypertrophy
and angiogenesis in physiological and pathological conditions.
Although it is well established that neurohumoral factors, me-
chanical and oxidative stresses, metabolic changes, and DNA
damage are accompanied by cardiac dysfunction, precise trig-
gers and mechanisms for the disruption of coordinated angio-
genesis remain unclear. At the cellular level, it is still unclear
how cardiomyocytes, endothelial cells, fibroblasts, and smooth
muscle cells coordinate myocardial hypertrophy and angio-
genesis in response to environmental changes. Furthermore,
experimental studies in this field have been performed mainly
using pressure overload and MI, but there is less information
about dilated cardiomyopathy or other types of heart failure.
Although in theory we consider combination therapy for an-
tihypertrophy and proangiogenesis to be promising, potential
molecular targets and mechanisms are still unknown. Further
investigations with multidisciplinary approaches would be
necessary to resolve these challenging questions and to clarify
the whole picture comprised the inextricable link between hy-
pertrophy and angiogenesis in the heart.
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Background: A rapid heart rate (HR) during atrial fibrillation (AF) and atrial flutter (AFL) in left ventricular (LV)
dysfunction often impairs cardiac performance. The J-Land study was conducted to compare the efficacy and
safety of landiolol, an ultra-short-acting B-blocker, with those of digoxin for swift control of tachycardia in AF/AFL in
patients with LV dysfunction.

Methods and Resulis: The 200 patients with AF/AFL, HR >120beats/min, and LV ejection fraction 25-50% were
randomized to receive either landiolo! (n=93) or digoxin (n=107). Successful HR control was defined as 220% reduc-
tion in HR together with HR <110beats/min at 2h after starting intravenous administration of landiolol or digoxin. The
dose of landiolol was adjusted in the range of 1-10ug- kg~ - min-' according to the patient’s condition. The mean HR
at baseline was 138.2+15.7 and 138.0+15.0beats/min in the landiolol and digoxin groups, respectively. Successful
HR control was achieved in 48.0% of patients treated with landiolol and in 13.9% of patients treated with digoxin
(P<0.0001). Serious adverse events were reported in 2 and 3 patients in each group, respectively.

Conclusions: Landiolol was more effective for controlling rapid HR than digoxin in AF/AFL patients with LV dysfunc-
tion, and could be considered as a therapeutic option in this clinical setting. (Circ J 2013; 77: 908—-916)

Key Words: Atrial fibrillation; Atrial flutter; 8-blocker; Landiolol; Left ventricular dysfunction

trial fibrillation (AF) and atrial flutter (AFL) are com- exhibit AF.12 In these patients, AF/AFL are often associated
A mon arrthythmias in patients with left ventricular (LV) with arapid ventricular response during the worsening of heart
dysfunction. Over 20% of patients with heart failure failure.>* However, a sustained rapid ventricular response may
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further deteriorate cardiac function,’ accelerating the symp-
toms of heart failure.6-3

Editorial p 893

Intravenous administration of digoxin is considered the stan-
dard therapy for controlling the rapid ventricular response in
AF/AFL patients with cardiac dysfunction or heart failure.*?
Although digoxin has some beneficial effects for treating heart
failure, because of its positive inotropic effects, digoxin may
also have a negative chronotropic effect as a result of vagal
stimulation that develops much more slowly, often taking sev-
eral hours to reach the maximal effect.”!? Short-acting paren-
teral B-blockers can act more rapidly than digoxin, and may
provide swift control of the heart rate (HR) in these clinical
settings. However, there is concern that S-blockers may de-
press cardiac function and further deteriorate ventricular dys-
function, accelerating heart failure.

Landiolol, an ultra-short-acting -blocker, is rapidly metabo-
lized to inactive forms in the blood and liver, resulting in a
short half-life of approximately 4 min in human blood. In ad-
dition, it selectively binds to 81 receptors, with a 1 receptor
selectivity ($1/62) as high as 251.1! Based on these properties,
landiolol has been reported to be useful for treating several
acute disorders, including arthythmias during heart surgery,*
acute myocardial infarction,’® acute decompensated heart fail-
ure,'* and refractory electrical storm.!s

Ultra-short-acting -blockers may be useful to control the
HR with minimal effects on cardiac function because the neg-
ative inotropic effect is not sustained after decreasing the dose
or stopping administration of these drugs. Therefore, the pres-
ent study was designed to evaluate the efficacy and safety of
intravenous landiolol for achieving rapid control of tachycar-
dia in patients with AF/AFL and L'V dysfunction.

Methods

Study Design and Patients

This study was designed as a central registration, prospective,
multicenter, single-blind, randomized, parallel-group study for
examining tachycardia in patients with AF/AFL and LV dys-
function. It was conducted in 95 hospitals in Japan between

March 2011 and August 2012. The main inclusion criteria were:
male or female inpatients aged >20 years; New York Heart
Association (NYHA) class IT or IV; and AF/AFL with an LV
ejection fraction (EF) of 25-50% and a HR =120 beats/min.
The main exclusion criteria were: necessity for electrical car-
dioversion; serious valve stenosis; confirmed or suspected hy-
perthyroidism; implantable cardiac pacemaker and/or implant-
able defibrillator; necessity for mechanical ventilation; and
cardiogenic shock (systolic blood pressure (BP) <90 mmHg).
The use of antiarrhythmic drugs, sympathomimetic drugs, sym-
patholytic drugs, defibrillator use, catheter ablation, and pace-
maker therapy were prohibited from administration until com-
pleting all observations at 2 h after starting treatment. However,
patients being treated with oral S-blockers (carvedilol or biso-
prolol) or oral digitalis preparations for chronic heart failure,
chronic AF, and/or chronic AFL could participate in the study
under continued treatment without changes in their doses.

The enrolled patients gave informed consent before ran-
domization to either treatment. The study protocol was ap-
proved by the institutional review boards at all of the partici-
pating institutions, and the study was conducted in accordance
with the Declaration of Helsinki.

Study Protocol

The study protocol is shown in Figure 1. After enrolment,
each patient was randomized to receive landiolol or digoxin
using the permuted block method. In the landiolol group, con-
tinuous intravenous administration of landiolol was started at
a dose of 1ug-kg'-min-! and titrated to a maximum dose of
10pg- kg - min! according to the patient’s condition. Landio-
lol was administered for >22h and up to 72h. In the digoxin
group, digoxin was intravenously administered at an initial
dose of 0.25mg and could be uptitrated within 72 h according
to the patient’s condition. For patients treated with oral digi-
talis, the parenteral digoxin dose could be reduced to 0.125mg
according to the patient’s condition to prevent digitalis intoxi-
cation.

The primary efficacy endpoint was the percentage of pa-
tients with both a HR <110beats/min and >220% decrease from
baseline at 2h after administration. The secondary endpoints
were HR at 0.5, 1, and 2 h, conversion to normal sinus rhythm,
and subjective symptoms and objective findings (palpitations,
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chest pain, dizziness, dyspnea, and edema) at these times.

The safety endpoint was the incidence of adverse events
related or unrelated to the study drugs. Adverse events that
resulted in death, were life-threatening, required hospitaliza-
tion or prolonged hospitalization, resulted in persistent or sig-
nificant disability/incapacity, and crucial medical events were
classified as serious adverse events.

After completing the observations at 2h after starting the
administration of landiolol, it was replaced with an oral
B-blocker, as deemed necessary, at the investigator’s discre-
tion.

Statistical Analysis

Data are expressed as the mean+standard deviation or per-
centages of patients. Student’s t-test and A? test were used to
compare the means and percentages, tespectively, between the
2 groups. The primary endpoint was compared between the 2
groups using a linear probability model with HR and LVEF
measured immediately before starting the study drug as co-
variates. The changes in HR and BP after starting the study
drugs were compared between the 2 groups using a linear
mixed-effects model with adjustment for HR/BP and LVEF
before starting the study drug. The following covariance struc-
tures were considered: unstructured, compound symmetrical,
first-order autoregressive, and Toeplitz. The covariance struc-
ture that provided the best fit according to the Akaike informa-
tion criterion was used in the analysis. Assessment times were
treated as categorical factors. Student’s t-test was used to
compare outcomes between the 2 groups at each time, while
the paired t-test was used to compare values between baseline
and each time within each group. Bonferroni correction was
used for multiple comparisons, except for the change in BP,
which was assessed as a safety parameter. Subjective symp-
toms and objective findings (palpitations, chest pain, dizzi-
ness, dyspnea, and edema) were analyzed using the Wilcoxon
rank sum test for comparisons between the 2 groups and the
Wilcoxon signed rank sum test for comparisons within each

group. Values of P<0.05 were considered statistically signifi-
cant (2-sided). All analyses were performed using SAS ver-
sion 9.2 for Windows (SAS Institute, Cary, NC, USA).

Resulis

Patient Disposition and Baseline Characteristics

The disposition of patients in this study is shown in Figure 2.
A total of 214 patients were randomized to either landiolol
(n=99) or digoxin (n=115). Of these, 14 patients were not
treated (landiolol group, n=6; digoxin group, n=8) and 2 pa-
tients in the landiolol group did not comply with the protocol.
Therefore, 200 patients (landiolol, n=93; digoxin, n=107) were
included in the safety analysis set and 198 patients were in-
cluded in the efficacy analysis set (landiolol group, n=91; di-
goxin group, n=107). .

The demographics of the study patients are shown in
Table 1. There were no differences in the general characteris-
tics of the 2 groups. The mean age was 71.6+11.5 years, and
106 patients (53.0%) were male. The type of atrial tachyar-
rhythmia at entry was AF in 174 patients (87.0%), AFL in 21
patients (10.5%), and a mixture of AF/AFL in 4 patients (2.0%).
The cardiovascular disease was hypertension in 133 patients
(66.5%), ischemic heart disease in 30 patients (15.0%), and
cardiomyopathy in 13 patients (6.5%). The mean HR was
138.1£15.3 beats/min and the mean LVEF was 36.6+7.6%.
The NYHA class was Il in 163 patients (81.9%) and IV in 36
patients (18.1%). Before starting study treatment, diuretics
were used in 100 patients (50.0%), oral S-blockers were used
in 41 patients (20.5%), and nitrate was used in 29 patients
(14.5%).

Effects of Landiolol on AF and AFL

The changes in HR and BP for 2h after starting the admin-
istration of landiolol and digoxin are shown in Figure 3.
Landiolol and digoxin significantly decreased the HR from
baseline for over 30min after administration. However, the
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Tahle 1. Baseline Characteristics of Patients With Atrial Fibrillation or Flutter and Left Ventricular
Dysfunction
(nez00) Hiess) (o) P value
Demographic characteristics
Age (years) 71.6+11.5 70.5+12.0 72.5+11.0 0.221
Male, n (%) 106 (53.0) 50 (53.8) 56 (52.3) 0.840
Weight (kg) 60.5+13.2 60.8+13.4 60.2+13.1 0.732
Baseline arrhythmia, n (%)
Atrial fibrillation 174 (87.0) 80 (86.0) 94 (87.9) 0.095
Atrial flutter 21 (10.5) 8 (8.6) 13 (12.1)
Atrial fibrillation or flutter 4 (2.0) 4 (4.3) 0(0)
Other 1(0.5) 1(1.1) 0(0)
History of heart failure, n (%) 120 (60.0) 57 (61.3) 63 (58.9) 0.728
Baseline CV disease, n (%)
Hypertension 133 (66.5) 63 (67.7) 70 (65.4) 0.729
Ischemic heart disease 30 (15.0) 12 (12.9) 18 (16.8) 0.439
DCM 11 (56.5) 6 (6.5) 5 (4.7) 0.582
HCM 2(1.0) 2 (2.2) 0 (0) 0.127
Hemodynamic parameters
HR (beats/min) 138.1+15.3 138.2+15.7 138.0+15.0 0.934
SBP (mmHg) 125.7+£21.8 124.6:19.8 126.6+23.5 0.523
DBP (mmHg) 84.2+19.2 81.5+16.5 86.5+21.1 0.068
LVEF (%) 36.6+7.6 36.4+7.9 36.7x7.3 0.753
Creatinine (mg/dl) 0.98::0.32 0.98+0.33 0.97+0.32 . 0.883
BNP (pg/ml) 661.7+561.0 688.0+£663.8 639.0+456.6 0.540
NYHA class, n (%)
1 163 (81.9) 71 (77.2) 92 (86.0) 0.108
I\ 36 (18.1) 21 (22.8) 15 (14.0)
Treatment before administration, n (%)
Diuretic 100 (50.0) 48 (51.6) 52 (48.6) 0.671
hANP 67 (33.5) 28 (30.1) 39 (36.4) 0.343
B-blocker (oral) 41 (20.5) 18 (19.4) 23 (21.5) 0.708
ARB 31 (15.5) 13 (14.0) 18 (16.8) 0.579
Nitrate 29 (14.5) 11 (11.8) 18 (16.8) 0.317
Aldosterone antagonist 25 (12.5) 11 (11.8) 14 (13.1) 0.789
ACE inhibitor 17 (8.5) 7(7.5) 10 (9.3) 0.645
Digitalis (oral) 8 (4.0) 6 (6.5) 2(1.9) 0.099

Data are mean =standard deviation, or n (%).

One patient with PSVT who violated the study protocol was enrolled, but the NYHA class was missing.

ACE, angiotensin-converting enzyme; ARB, angiotensin type 1 receptor blocker; BNP, B-type natriuretic peptide; CV,
cardiovascular; DBP, diastolic blood pressure; DCM, dilated cardiomyopathy; hANP, human atrial natriuretic peptide;
HCM, hypertrophic cardiomyopathy; HR, heart rate; LVEF, left ventricular ejection fraction; NYHA, New York Heart
Association; PSVT, paroxysmal supraventricular tachycardia; SBP, systolic blood pressure.

HR was significantly lower in the landiolol group than in the
digoxin group at 1h (117.3 vs. 125.4beats/min) and 2h (110.2
vs. 122.3 beats/min) after starting administration. The magni-
tude of the reduction in HR was significantly greater in the
landiolol group than in the digoxin group (mixed-effects model:
group, P=0.0001; time, P<0.0001; interaction [group X time],
P<0.0001). The change in HR from baseline to 2h was —27.0+
13.3 beats/min in the landiolol group and —16.0£13.0beats/min
in the digoxin group. By contrast, the changes in systolic and
diastolic BPs over time were not significantly different between
the 2 groups (mixed-effects model: group, P<0.0001 and P=0.06;
time, P=0.001 and P=0.03; interaction [group xtime], P=0.14
and P=0.14, respectively). However, systolic BP was signifi-
cantly different between the 2 groups at 30 min onward (30min:
118.1vs. 129.5mmHg; 1h: 112.9 vs. 127.9mmHg; 2h: 114.1

Circulation Journal

vs. 127.7mmHg). Diastolic BP was also significantly different
between the landiolol and digoxin groups at 30min (79.7 vs.
85.3mmHg) and 1h (76.4 vs. 84.5mmHg).

The results for the primary endpoint are shown in Figure 4.
The percentage of patients with both a HR <110 beats/min and
220% decrease from baseline to 2h after administration was
determined to examine the influence of HR and LVEF at base-
line. Overall, 48.0% (n=40/82) of patients in the landiolol group
and 13.9% (n=13/98) of patients in the digoxin group achieved
the primary endpoint, with a between-group difference of 34.1%
(95% confidence interval, 22.1-46.2; P<0.0001). AF/AFL was
converted to sinus rhythm within 2hin 2 patients (2.2%) in the
landiolol group and in 2 patients (1.9%) in the digoxin group.
The mean dose of landiolol at 2h was 6.723.2ug-kg-! - min-’.
The percentage of patients who achieved the primary endpoint
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Figure 4. Comparison of the primary endpoint with the incidence of serious adverse events (AEs) or AEs resulting in study drug
discontinuation. The percentages of patients with the primary endpoint (based on both heart rate <110 beats/min and >20% de-
crease in heart rate from baseline at 2 h after administration) were compared using a linear probability model with heart rate and
left ventricular ejection fraction at baseline as covariates (landiolol, n=82; digoxin, n=98). Safety data are expressed as the inci-
dence of serious AEs or AEs leading to study drug discontinuation within 2 h after administration (landiolol, n=93; digoxin, n=107).
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Table 2. lncidence of AEs in Patients With Atrial Fibrillation or Flutter and Left Ventricular Dystnction
Treated With Landiolol or Digoxin
Landiolol (n=93) Digoxin (n=107)
0-2h Total 0-2h Total
All, n (%) 8(8.6) 30 (32.2) 2(1.9) 35 (32.7)
Any serious AE, n (%) 1(1.1) 2(2.2) 0 (0) 3(2.8)
Any AE leading to study drug discontinuation, n (%) 3(8.2) 3(3.2) 0(0) 0(0)
AEs occurring in >3%, n (%)
Hypotension 3(3.2) 7 (7.5) 0 (0) 4 (3.7)
Vomiting 0 (0) 4 (4.3) 0(0) 1(0.9)
Nausea 0(0) 3(3.2) 0(0) 0(0)
Increased creatinine” 0(0) 3(3.2) 0(0) 3(2.8)
Increased urea* 0(0) 3(3.2) 0(0) 1(0.9)
Constipation 0(0) 0 (0) 0 (0) 4(3.7)

Data are n (%). “0-2h” included the number of patients with events occurring within 2h after starting treatment.
“Total” included the number of patients with events occurring between the start of treatment and the final observation.
Only AEs occurring at a frequency of 23% are shown.

*Defined as an increase in values from normal to abnormal or worsening of the parameter from baseline; these
events were judged by the investigators as an AE based on the clinical significance of the change. AEs, adverse
events.

Tabie 3. Changes in Parameters at the Final Observation in Patients With Atrial Fibrillation or Flutter and
Left Ventricular Dysfunction Treated With Landiolol or Digoxin =
Landiolol (n=93) ' Digoxin (n=107)
Pre Final Pre Final

HR {beats/min) 138.2+15.7 98.3x17.6 138.0x15.0 102.3+19.8
SBP (mmHg) 124.6+19.8 113.3+18.4 126.6+23.5 115.5x£18.0
DBP (mmHg) 81.5+16.5 72.8+14.3 86.5+21.1 721+15.1
LVEF (%) 36.4+7.9 43.1+13.1 36.7+7.3 44.2+11.0
Creatinine (mg/dl) 0.98+0.33 0.99+0.35 0.97+0.32 0.94+0.31
NYHA class, n (%)

None 0 (0) 1(0.9)

I 12 (13.6) 12 (11.3)

Il 50 (56.8) 51 (48.1)

i 71 (77.2) 24 (27.3) 92 (86.0) 40 (37.7)

v 21 (22.8) 2 (2.3) 15 (14.0) 2(1.9)

The final observation was performed at 48h after the end of administration of landiolol or at 48 h after the final dose in
the digoxin group. Abbreviations as in Table 1.
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in the landiolol group at each dose is shown in Figure 5. The
effective dose of landiolol ranged from 1 to 10 yg-kg' - min-!
without dose-dependency.

The changes in subjective symptoms and objective findings
(palpitations, chest pain, dizziness, dyspnea, and edema) dur-
ing the study treatment are shown in Table S1. Palpitations,
dyspnea, and edema improved significantly from baseline to
2hin both groups. However, there were no clinically relevant
differences in subjective symptoms or objective findings be-
tween the 2 groups. The mean duration of treatment with landio-
lol was 20.4420.8h (range, 0.8-72h), and the mean dose of
landiolol throughout the treatment was 6.3+3.5ug- kg - min'.
After the study treatment period, landiolol was replaced biso-
prolol in 47 patients (50.5%) and by carvedilol in 27 patients
(29.0%), at maintenance doses of 1.8+1.3mg and 3.2+2.7mg,
respectively.

Safety

The incidence of adverse events is shown in Table 2. Adverse
events occurred in 30 patients (32.3%) in the landiolol group
and in 35 patients (32.7%) in the digoxin group, which was
not statistically significant (P=0.95). During the 2-h treatment
period, adverse events occurred in 8 patients (8.6%) in the
landiolol group and in 2 patients (1.9%) in the digoxin group,
which was statistically significant (P=0.029). Hypotension was
reported as an adverse event in 7 patients (7.5%) in the landio-
lol group and in 4 patients (3.7%) in the digoxin group, show-
ing no significant difference between the 2 groups (P=0.24).
Vomiting and nausea were reported in 4 patients (4.3%) and 3
patients (3.2%), respectively, in the landiolol group. Vomiting
was reported in 1 patient (0.9%) in the digoxin group, but
nausea was not reported in this group.

Serious adverse events were reported in 2 patients in the
landiolol group (congestive heart failure and embolic stroke in
1 patient each) and in 3 patients in the digoxin group (sinus
arrest, diabetes insipidus, and pneumonia in 1 patient each).
One patient in the landiolol group developed acute exacerba-
tion of congestive heart failure at 12h after the end of admin-
istration of landiolol. Despite the intensive treatments, the
patient died at 31 h after the end of administration of landiolol.
The administration of landiolol was stopped in 3 patients be-
cause of an adverse event (embolic stroke, hypotension, and
asthma in 1 patient each).

The changes in the hemodynamic parameters, renal func-
tion, and symptoms at the final observation are shown in
Table 3. The period to the final observation was 66.6422.5h
in the landiolol group and 49.9+11.9h in the digoxin group.
None of the laboratory parameters worsened from baseline to
the end of the study in either group. The brain natriuretic pep-
tide levels did not increase from baseline in either group
(Figure S1).

Discussion

The results of this study show that continuous intravenous
administration of landiolol in a dose-escalating manner ef-
fectively controlled rapid HR in patients with AF/AFL and LV
dysfunction. Landiolol and digoxin were effective in 48.0%
and 13.9% of patients, respectively, at 2h after starting treat-
ment, indicating that the ultra-short-acting landiolol is more
useful than the slow-acting digoxin. Regarding the safety of
these drugs for rapid control of HR, the incidence of hypoten-
sion was similar in both groups. During treatment with landio-
lol, which rapidly reaches steady state and has a half-life of
4min, the risk of hypotension may be low because its dose can

be carefully adjusted according to the patient’s condition.
Other adverse effects associated with a reduction in HR in-
clude gastrointestinal symptoms such as nausea/vomiting
caused by blood flow stasis. However, there were no abnormal
changes in laboratory data, including serum bilirubin levels.

It has been reported that the control of HR in patients with
tachycardic AF/AFL helps to prevent worsening of heart fail-
ure and ventricular dysfunction, because it contributes to im-
provements in circulatory dynamics and subjective symp-
toms.'6-18 However, the optimal target HR in the treatment of
AF/AFL in patients with LV dysfunction has not been clearly
established. In patients with LV dysfunction, a rapid and vig-
orous decrease in HR might be detrimental if accompanied by
a decrease in cardiac output. However, in the RACE 1I study,
which was conducted in patients with persistent AF and nor-
mal to moderate LV dysfunction, there were no differences
in prognosis, including mortality, incidence of heart failure,
and improvements in subjective symptoms, between the le-
nient control (resting HR <110beats/min) and strict control
(resting HR <80 beats/min and HR during moderate exercise
<110beats/min) groups.!® In the present study conducted in
patients with LV dysfunction and NYHA class I or IV symp-
toms, the target HR of <110beats/min, corresponding to the
lenient criterion in the RACE II study, may be reasonable
based on the results of earlier studies. In addition, a 20% de-
crease in HR from baseline has been conventionally used to
verify the drug-induced HR reduction in AF.?*2! Accordingly,
the primary endpoint in this study combined both criteria.

In general, the optimal dose of -blockers in patients with
LV dysfunction should be determined according to the pa-
tient’s cardiac function and general condition. It should also
be noted that the response to S-blockers in patients with AF
varies depending on polymorphisms (eg, G389R and S49G)
in the 1 receptor gene.?? In fact, the present study showed that
the optimal dose varied among the patients with variable re-
sponse to landiolol. Therefore, the optimal dose of S-blocker
for HR control cannot be determined before treatment. The
dosage of rate-controlling drugs for treating AF/AFL in pa-
tients with LV dysfunction should be highly adjustable, ac-
cording to the patient’s hemodynamic response. The efficacy
and safety results of this study provide support for the ultra-
fast-acting and easily adjustable landiolol for swift control of
rapid HR in patients with AF/AFL and LV dysfunction. How-
ever, in the present study, there were no significant differences
between the 2 groups in the subjective symptoms reported
within 2h after starting administration. The rapid decrease in
HR elicited by landiolol may not necessarily be associated
with symptomatic relief in these patients. These findings sug-
gest that it is difficult to evaluate how rapid HR contributes to
the hemodynamic status and symptoms of heart failure in pa-
tients with AF/AFL.

The guidelines of the American Heart Association and the
European Society of Cardiology recommend digitalis and ami-
odarone for acute rate-control therapy in patients with AF and
LV dysfunction.®?3?* Although amiodarone is classified as a
rhythm-control drug, it can also decrease the HR because it
blocks K+ channels, Ca®* channels, and f receptors. However,
because amiodarone has a long half-life, it is difficult to adjust
its dose according to the patient’s condition.

In the present study, we observed better control of HR with
landiolol than with digoxin. As landiolol was the only intrave-
nous fB-blocker used in this study, the efficacy of esmolol,
propranolol, and amiodarone in this setting remains unknown.
Thus, we cannot confirm whether landiolol is more effective
than these drugs. Nevertheless, landiolol may be easier to use
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than other drugs for acute rate-control therapy in patients with
AF/AFL and LV dysfunction because it is faster-acting and
shows greater selectivity for 1 receptors than esmolol, pro-
pranolol or amiodarone. In addition, this study was intended
to test the usefulness of landiolol in acute rate-control therapy
with up to 5 days of follow-up. Therefore, the medium- and
long-term prognosis of these patients after treatment with
landiolol should be studied in future.

Gonclusions

In the treatment of AF/AFL in patients with LV dysfunction,
landiolol rapidly decreased the HR in approximately 50% of
the patients, and was more effective for urgent HR control
than digoxin, without an increase in the incidence of adverse
events. Landiolol is an ultra-short-acting, highly cardioselec-
tive intravenous S-blocker that could be a promising drug for
controlling rapid HR in patients with AF/AFL and LV dys-
function.
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Heart disease remains a leading cause of death worldwide. Owing
to the limited regenerative capacity of heart tissue, cardiac regen-
erative therapy has emerged as an attractive approach. Direct
reprogramming of human cardiac fibroblasts (HCFs) into cardio-
myocytes may hold great potential for this purpose. We reported
previously that induced cardiomyocyte-like cells (iCMs) can be
directly generated from mouse cardiac fibroblasts in vitro and
vivo by transduction of three transcription factors: Gata4, Mef2c,
and Tbx5, collectively termed GMT. In the present study, we
sought to determine whether human fibroblasts also could be
converted to iCMs by defined factors. Our initial finding that
GMT was not sufficient for cardiac induction in HCFs prompted us
to screen for additional factors to promote cardiac reprogram-
ming by analyzing multiple cardiac-specific gene induction with
quantitative RT-PCR. The addition of Mesp1 and Myocd to GMT
up-regulated a broader spectrum of cardiac genes in HCFs more
efficiently compared with GMT alone. The HCFs and human dermal
fibroblasts transduced with GMT, Mesp1, and Myocd (GMTMM)
changed the cell morphology from a spindle shape to a rod-like
or polygonal shape, expressed multiple cardiac-specific proteins,
increased a broad range of cardiac genes and concomitantly sup-
pressed fibroblast genes, and exhibited spontaneous Ca®* oscilla-
tions. Moreover, the cells matured to exhibit action potentials and
contract synchronously in coculture with murine cardiomyocytes.
A 5-ethynyl-2’-deoxyuridine assay revealed that the iCMs thus
generated do not pass through a mitotic cell state. These findings
demonstrate that human fibroblasts can be directly converted to
iCMs by defined factors, which may facilitate future applications in
regenerative medicine.

cell fate conversion | regeneration | cardiogenesis

Cardiovascular disease remains a leading cause of death
worldwide, for which current therapeutic regimens remain
limited. Given that adult human hearts have little regenerative
capacity after injury, the demand is high for cardiac regener-
ative therapy. The recent discovery of induced pluripotent stem
cells (iPSCs) allows the direct generation of specific cell types
from differentiated somatic cells by overexpression of lineage-
specific factors.

Several previous studies have demonstrated that such direct
lineage reprogramming can yield a diverse range of cell types,
including pancreatic B cells, neurons, neural progenitors, blood
progenitors, and hepatocyte-like cells (1-5). We previously re-
ported that a minimum mixture of three cardiac-specific tran-
scription factors—Gatad4, Mef2c, and Tbx5 (GMT)—directly
induced cardiomyocyte-like cells (iCMs) from mouse fibroblasts
in vitro (6). Following our report, three other groups also reported
generation of functional cardiomyocytes from mouse fibroblasts
with various combinations of transcription factors, either with
GMT plus Hand2 (GHMT) or Mef2c, Myocd, and Tbx5 or using

www.pnas.org/cgi/doi/10.1073/pnas. 1304053110

microRNAs (7-9). Although full reprogramming into beating
cardiomyocytes was not efficient in vitro (10, 11), gene transfer
of GMT or GHMT into mouse hearts generated new car-
diomyocytes from endogenous cardiac fibroblasts and improved
cardiac function after myocardial infarction (7, 12, 13). The
foregoing studies suggest that direct cardiac reprogramming may
be a useful therapeutic approach for regenerative purposes, and
that identification of reprogramming factors in human cells is
important for the development of this technology (14-16).

In the present study, we sought to generate cardiomyocytes
directly from postnatal human fibroblasts. We found that GMT
was not sufficient for cardiac reprogramming in human cells. We
then screened additional reprogramming factors for their ability
to induce cardiac reprogramming by analyzing multiple cardiac
gene induction, and found that the addition of Mespl and Myocd
to GMT was able to generate cardiomyocyte-like cells from human
fibroblasts in vitro.

Results
Gatad, Mef2c, Thx5, Mesp1, and Myocd Induce Multiple Cardiac Gene
Expression in Human Cardiac Fibroblasts. We first developed a cul-
ture system for human cardiac fibroblasts (HCFs) following our
mouse cardiac fibroblast isolation protocol. Human atrial tissues
were obtained from 36 patients (age 1 mo to 80 y; average age,
35 y) undergoing cardiac surgery with informed consent follow-
ing the guidelines of the Keio University Ethics Committee. The
Thyl*/CD31~ FACS-sorted fibroblasts did not express cardio-
myocyte or cardiac progenitor cell (CPC) genes, but did express
fibroblast genes on quantitative RT-PCR (qRT-PCR) analysis
(Fig. S1.4A-C). HCFs expressed fibroblast proteins, vimentin, and
fibronectin, but not markers of cardiomyocytes, CPCs, smooth
muscle cells, or endothelial cells (Fig. 14 and Fig. S1D). The
antibody immunoreactivities were confirmed in the positive
controls (Fig. SLE). FACS analyses also demonstrated that the
HCF population did not contaminate cardiomyocytes (Fig. 1B).
For transduction, we first used the sequential lentivirus/eco-
tropic retrovirus infection following the iPSC generation protocol
from human dermal fibroblasts (HDFs) (17). The transduction
efficiency was <20% in HCFs (Fig. 1C). We then directly infected
HCFs using other types of retroviruses, produced by PLAT-A cells
and PLAT-GP cells (18). We achieved high transduction efficiency
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Fig. 1. Gatad, Mef2¢, Tbx5, Mesp1, and Myocd induce cardiac gene expres-
sion in HCFs. (A) Morphology and characterization of HCFs by phase-contrast
imaging, with vimentin, fibronectin, and c¢TnT immunostaining [passage
number 1 (P1) HCFs, 57-y-old patient; n = 3]. The antibody immunoreactivities
were confirmed in HESC-CMs (Fig. S1E). (B) FACS analysis for a-actinin™ cells
(HESC-CMs as a positive control) showed no expression in HCFs (P1 HCFs, 58-y-
old patient; n = 3). (C) FACS analysis of the HCFs transduced by sequential
infection of Slc7al lentivirus and ecotropic GFP retrovirus (Slc7a1-PLAT-E),
amphotropic GFP retrovirus produced by PLAT-A cells (PLAT-A), and pantropic
GFP retrovirus produced by PLAT-GP cells (PLAT-GP) (P1 HCFs from patients
aged 1 mo and 50 y; n = 4). (D) Histogram of GFP intensity in the transduced
HCFs determined by FACS analysis (P1 HCFs from 50-y-old patient; n = 3). GFP
expression was high in cells transduced with retrovirus produced by PLAT-GP.
(E) Image of HCFs infected by the GFP retrovirus produced by PLAT-GP. (F—H)
mRNA expression of cardiac genes (Tnnt2, Nppa, and Ryr2) in HCFs transduced
with GMT plus individual factors as determined by qRT-PCR after 1 wk of
transduction (P1 HCFs, 71-y-old patient; n = 3). Data were normalized against
the GMT values. See also Fig. $2 A-F and Movie S1. (/-K) The mRNA expression
of cardiac genes in HCFs transduced with GMTM plus Mesp1, Nkx2.5, Pitx2c, or
all three genes was determined by qRT-PCR after 1 wk of transduction (P1
HCFs, 59-y-old patient; n = 3). Data were normalized against the GMT values.
(L) Multiple cardiac genes were up-regulated in GMTMM-HCFs after 1 wk of
transduction (P1 HCFs, 2-y-old patient; n = 3). Representative data are shown
in each panel. All data are presented as mean + SD. *P < 0.05; **P < 0.01 vs.
relevant control. (Scale bars: 100 pm.)

(>90%) using the pantropic retrovirus from PLAT-GP cells, and
used this virus in subsequent experiments (Fig. 1 C-E).

We next transduced HCFs with a mixture of GMT retro-
viruses. The GMT overexpression induced very few o-actinin®
cells, suggesting that this mixture is insufficient for human cardiac
reprogramming (Fig. 24). To identify reprogramming factors, we
screened an additional 11 factors for use in combination with
GMT and analyzed the induction of multiple cardiac genes by

12668 | www.pnas.org/cgi/doi/10.1073/pnas.1304053110

gRT-PCR after 1 wk of transduction. Of these 11 factors, only
Myocd strongly induced Tnnt2 expression (Fig. 1F). Myocd also
induced Nppa, but did not induce Ryr2 (ryanodine receptor 2). In
contrast, Mespl, Nkx2.5, and Pitx2c strongly induced Ryr2 ex-
pression (Fig. 1 G and H).

Consistent with our gRT-PCR results, FACS analysis and
immunocytochemistry demonstrated that the addition of Myocd
to GMT increased the expression of sarcomere proteins o-actinin
and ¢TnT in HCFs compared with Mespl In contrast, threefold
more cells exhibited spontaneous Ca** oscillations by transduction
of GMTMespl compared with GMTMyocd after 4 wk of culture
(Fig. S2 A-E and Movie S1).

We next investigated whether the addition of Mespl, Nkx2.5, or
Pitx2c to GMT and Myocd could induce multiple cardiac gene ex-
pression. We found that Nkx2.5 and Pitx2c inhibited Tnn2 mRNA
expression, but that addition of Mespl up-regulated all three car-
diac genes (Fig. 1 I-K). Moreover, transduction of Gata4, Mef2c,
TbxS, Mespl, and Myocd (GMTMM) up-regulated the ex-
pression of a panel of cardiac genes related to different functions,
including sarcomere structure, ion channels, and transcription
factors, compared with GMT or mock infection, suggesting
a more comprehensive reprogramming by GMTMM than by
GMT (Fig. 1L).

GMTMM-HCFs

GMTMM-HCFs

w-actinin

cTnT

GMTMM-HCFs E GMTMM-HCFs

Fig. 2. Generation of cardiomyocyte-like cells from HCFs with GMTMM. (A)
Immunostaining for «-actinin and DAPI in HCFs and GMT- or GMTMM-
transduced HCFs at 4 wk after transduction (P1 HCFs, 3-y-old patient; n = 4).
Note that GMTMM induced abundant and strong «-actinin expression. {Inset)
High-magnification view of the area in the white box showing sarcomeric
organization (see Fig. S1£ for a positive control). (B) Morphology of mock- and
GMTMM-infected HCFs by phase-contrast imaging and with a-actinin immu-
nostaining (P1 HCFs, 57-y-old patient; n = 3). (C) Quantitative data of a-actinin®
(P1 HCFs, 3-mo-old patient; n = 3) and ¢TnT* (P1 HCFs, 5-mo-old patient; n = 3)
cells in GMTMM-HCFs and HESC-CMs (n = 3). (D and £) GMTMM-HCFs ex-
pressed both «-actinin and ANP at 4 wk after transduction (P1 HCFs, 5-y-old
patient; n = 2). ANP was expressed at the perinuclear site. (F and G) Induced
cardiomyocyte-like cells expressed ¢TnT and ¢Tnl at 8 wk after GMTMM
transduction (P1 HCFs, 5-y-old patient; n = 2). (Inset) High-magnification
view representing the area in the white box. Representative data are shown
in each panel. (Scale bars: 100 um in A, B, D, F, and G; 50 um in £.)
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Gatad, Mef2c, Thx5, Mesp1, and Myocd Induce Cardiac-Specific Proteins
and Sarcomeric Structures in HCFs. We next used immunocyto-
chemistry to examine whether cardiac proteins were expressed in
HCFs by GMTMM. We found that more GMTMM-transduced
HCFs (GMTMM-HCFs) expressed a-actinin with higher intensity
compared with GMT, and that the a-actinin* cells had sarcomere-
like structures after 4 wk of culture (Fig. 24). Morphologically,
mock-infected HCFs were spindle-shaped, whereas GMTMM-
HCFs appeared thicker and refractive on phase-contrast micros-
copy, with a polygonal or rod-like shape (Fig. 2B). FACS analysis
demonstrated that approximately 5% of the GMTMM-HCEFs ex-
pressed the endogenous cardiac proteins a-actinin and c¢I'nT (Fig.
2C). In addition to a-actinin, the GMTMM-HCFs expressed several
cardiomyocyte-specific proteins, including atrial natriuretic peptide
(ANP), cTnT, cTnl, and connexin 43 (Cx43), at similar levels as
those in the human ES cell-derived cardiomyocytes (HESC-CMs)
(Fig. 2 D-G and Figs. S1E and S2F). Approximately 40% of
a-actinin® cells expressed ANP, and most ¢cInT" cells expressed
¢Tnl, another cardiomyocyte-specific sarcomere protein (Fig. 2. D-
G). The addition of Nkx2.5 reduced c¢TnT expression, confirming
the qRT-PCR results (Fig. 1I and Fig. S2G). These findings
suggest that GMTMM induces multiple cardiac proteins and
cardiomyocyte-like structures in HCFs.

GMTMM Up-Regulates a Broad Range of Cardiac Genes and Suppresses
Fibroblast Gene Expression. Next, to decipher the global transcrip-
tional changes induced by GMTMM transduction, we investigated
the gene expression profiles of HCFs, GMTMM-HCEFs, and hearts
by microarray analyses. We analyzed the mRINA expression of
GMTMM-HCFs after 1 wk of infection at the early reprog-
ramming stage, because we were not able to isolate human iCM
populations from GMTMM-HCFs, and the percentage of iCMs
relative to the total number of GMTMM-HCFs decreased over
time owing to their loss of proliferative capacity. Among the 24,462
genes analyzed, 1,432 genes were differentially expressed by more
than twofold between HCFs and GMTMM-HCFs, with 1,018
genes up-regulated and 414 genes down-regulated in GMTMM-
HCFs (Fig. 34). The genes up-regulated in GMTMM-HCFs were
significantly enriched in hearts compared with HCFs (P = 1.6E-86)
and, conversely, the down-regulated genes were enriched in fibro-
blasts (P = 4.7E-67) (Fig. 3B).

Gene Ontology (GO) analyses demonstrated that the genes
up-regulated in GMTMM-HCFs were enriched related to car-
diomyocyte functions, whereas the down-regulated genes were
enriched for fibroblast functions, including cell division, mitotic
cell cycle, cell proliferation, and cell adhesion (Fig. 3C). Heat-
map and qRT-PCR analyses of a panel of cardiac and fibro-
blast genes in HCFs, GMTMM-HCFs, and hearts revealed that
GMTMM up-regulated cardiac genes and concomitantly sup-
pressed fibroblast gene expression (Fig. 3 D and E).

GMTMM Directly Induces Cardiomyocyte-Like Cells from Fibroblasts.
We next asked whether GMTMM also could induce smooth
muscle cells or endothelial cells from fibroblasts. Microarray and
gRT-PCR analyses revealed induction of smooth muscle genes,
but not endothelial cell genes, in GMTMM-HCFs (Fig. 4 A and
B). Consistent with this finding, immunostaining demonstrated
that CD31 was not expressed in GMTMM-HCFs, whereas cal-
ponin and smooth muscle myosin heavy chain (SMMHC), mark-
ers for smooth muscle cells, and a-smooth muscle actin (a-SMA),
a marker of smooth muscles and embryonic cardiomyocytes (19),
were induced by GMTMM transduction (Fig. 4 C and D and Fig.
$34). Coimmunostaining revealed that a-actinin® cells expressed
a-SMA but not SMMHC, suggesting that the iCMs were relatively
immature . cardiomyocytes without a mixed phenotype between
cardiomyocytes and smooth muscle cells (Fig. 4 E-G).

We next examined the reprogramming kinetics by analyzing
the cardiomyocyte and smooth muscle cell gene induction by
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Fig. 3. GMTMM up-regulates cardiac genes and down-regulates fibroblast
genes. (A) Heatmap image of microarray data, illustrating differentially
expressed genes between control-HCFs and GMTMM-HCFs (P1 HCFs, 65-y-old
patient; n = 1). The scale is -1 to +1 in log10. Red indicates increased ex-
pression, and green indicates decreased expression. “Up” indicates the
genes up-regulated in GMTMM-HCFs compared with HCFs, and “down”
indicates the genes down-regulated by GMTMM transduction compared
with HCFs. (B) Paired scatterplots of the up-regulated and down-regulated
genes in the GMTMM-HCFs. The up-regulated genes were significantly
enriched in heart, whereas the down-regulated genes were enriched in
HCFs. (C) GO term analyses of the up-regulated and down-regulated genes
in GMTMM-HCFs compared with HCFs. The top five GO categories are
shown. (D) Heatmap image of gene expression of cardiomyocyte (CM)- and
fibroblast (Fib)-enriched genes in HCFs, GMTMM-HCFs, and heart. The scale
is -2 to +2 in log10. () mRNA expression in HCFs, GMTMM-HCFs, and heart
were determined by qRT-PCR (P1 HCFs, 2-y-old patient; n = 3). Data were
normalized against the control-HCF values. All data are presented as mean,
and the scales are log10 in Actcl, Tnnt2, Nppa, and Scn5 mRNA expression (£).

gRT-PCR. The cardiomyocyte-specific genes Actcl, Nppa, Ryr2,
and Tnnt2 and smooth muscle-specific gene Myhll were up-
regulated from 4 d and subsequently down-regulated at 28 d by
GMTMM, because these reprogrammed myocytes were not pro-
liferative (Fig. 4H). We then performed 5-ethynyl-2'-deoxyuridine
(EdU) incorporation assays to determine whether the conversion
of fibroblasts to cardiomyocyte-like and smooth muscle-like cells
is mediated through a mitotic cell state. A 2-hr pulse labeling of
EdU after 4 or 24 h of transduction demonstrated significantly
reduced cell proliferation in the GMTMM-HCF's, consistent
with the GO term analysis results (Fig. S3 B-D). Long-term
pulse labeling of EAU throughout a 4-wk culture period dem-
onstrated that a vast majority of a-actinin™ and SMMHC™ cells
did not express EdU. These results suggest that most induced
cardiac and smooth muscle cells do not pass through a mitotic
cell state and start to express cardiac or smooth muscle genes
from the early stage of reprogramming (Fig. 4 I-K).

Induced Cardiomyocyte-Like Cells Exhibit Action Potentials and
Contractile Ability in Coculture with Murine Cardiomyocytes. To
determine whether the iCMs derived from HCFs have the func-
tional properties of cardiomyocytes, we analyzed intracellular Ca**
oscillations after 4 wk of culture. We did not observe Ca®*
oscillations in mock-infected HCFs. In contrast, approximately 1%
of GMTMM-HCFs showed spontaneous Ca?* oscillations, albeit
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Fig. 4. Generation of induced cardiomyocyte-like cells is not mediated
through mitotic cells. (A) Heatmap image of gene expression of smooth
muscle cell (SMC)- and endothelial cell (EC)-enriched genes in HCFs and
GMTMM-HCFs (P1 HCFs, 65-y-old patient; n = 1). The scale is -2 to +2 in
log10. (B) mRNA expression in control-HCFs and GMTMM-HCFs as determined
by gRT-PCR (P1 HCFs, 2-y-old patient; n = 3). (C) Coimmunostaining for
a-SMA and calponin in the GMTMM-HCFs (P1 HCFs, 50-y-old patient, n = 3).
(D) Immunostaining for SMMHC in the GMTMM-HCFs (P1 HCFs, 80-y-old
patient; n = 3). See also Fig. S1£. (E) Coimmunostaining for o-SMA and
a-actinin in the GMTMM-HCFs (P1 HCFs, 5-mo-old patient; n = 3). (F and G)
Double immunostaining for SMMHC and w«-actinin in the GMTMM-HCFs,
along with quantitative data for a-actinin® cells, SMMHC? cells, and a-acti-
nin*/SMMHC* cells (P1 HCFs, 5-mo-old patient; n = 3). (H) Time course of
mMRNA expression in GMTMM-HCFs at day 0 and at 4, 7, 14, and 28 d after
infection, determined by gRT-PCR (P2 HCFs, 6-y-old patient; n = 3). (/)
Schematic representation of EdU treatment on HCFs during reprogramming.
(/ and K) Immunocytochemistry for a-actinin and SMMHC in GMTMM-HCFs
at 28 d after infection, coupled with EdU incorporation. The majority of
immunopositive cells were negative for EdU. Quantitative data are shown in
K (P1 HCFs, 1-y-old patient; n = 3). All data are presented as mean + SD. *P <
0.05; **P < 0.01 vs. relevant control. (Scale bars: 100 pm.)

at a lower frequency compared with HESC-CMs (Fig. 5 4-D
and Movies S2 and S3). Despite longer periods of culture, the
GMTMM-HCFs did not beat spontaneously. Consequently,
we next tested whether coculture with murine cardiomyocytes
could induce further cardiac maturation. We transduced HCFs
with GMTMM and GFP by separate vectors or GFP alone to
mark the transduced cells, and after 1 wk of transduction, replated
the cells onto neonatal rat cardiomyocytes. We found expression
of cardiac markers, such as o-actinin, ¢TnT, and Cx43, in the
GMTMM/GFP-HCFs, but not in the GFP-HCFs (Fig. SE and Fig.
5S4 A-C). After 7 d of cocultivation, 5% of the GMTMM/GFP*

12670 | www.pnas.org/cgi/doi/10.1073/pnas. 1304053110

cells contracted synchronously with surrounding cardiomyocytes;
however, conditioned media from rat cardiomyocytes did not in-
duce spontaneous contraction in the GMTMM-transduced cells.
The beating iCMs revealed periodic Ca oscillations and action
potentials (APs) similar to those of HESC-CMs (Fig. 5 F-J and
Movie S4) (20). Atrial-like APs were the most frequently recorded
in the HCF-iCMs (n = 27; 0 nodal type, 19 atrial type, and 8
ventricular type) (Fig. 57). Of note, we injected Alexa Fluor 568
dye into the patched cells and confirmed that the recorded elec-
trical activities came from the GMTMM/GFP* iCMs (Fig. 5H).
Next, to investigate cell fusion events, we transduced GMTMM
and DsRed retrovirus mixtures into the HCFs and cocultured with
GFP-labeled cardiomyocytes. Cellular contraction was apparent in
DsRed" cells but not in DsRed/GFP™ cells, suggesting that cell
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Fig. 5. Functional analyses of induced cardiomyocyte-like cells derived from
HCFs. (A and B) Spontaneous Ca®* oscillations were observed in HCF-iCMs
(arrows in A) and HESC-CMs (arrows in B) (P1 HCFs, 5-mo-old patient; n = 3).
Rhod-3 signals at maximum and minimum Ca* are shown. See also Movie S2.
(C and D) HCF-iCMs showing spontaneous Ca®* oscillation (C), similar to HESC-
CMs (D; see also Movie $3). Rhod-3 intensity traces are shown. (E) Immuno-
cytochemisty for a-actinin in the GMTMM/GFP-expressing HCF-iCMs (P2 HCFs,
57-y-old; n = 2) cocultured with rat cardiomyocytes. See also Fig. 54 A-C. (F
and G) iCMs cocultured with rat neonatal cardiomyocytes showing Ca®*
oscillations (P1 HCFs, 77-y-old patient; n = 2). See also Movie S4. (H) APs
recorded from iCMs (P1 HCFs, 57-y-ald, 1-y-old, and 4-y-old patients; n = 27).
The cells were injected with Alexa Fluor 568 to confirm that APs were obtained
from the GFP™ iCMs. (/) APs from HCF-iCMs and HESC-CMs. HESC-CMs revealed
variable APs. (J) Summary of the measured AP parameters. MDP, maximum
diastolic potential; AMP, amplitude; dV/dt, maximum rate of rise of AP; APD90,
AP duration at 90% of repolarization. P1 HCFs from 57-y-old, 1-y-old, and 4-y-
old patients were used for the experiments in the HCF-iCMs (n = 27). (K) HCF-
iCMs (DsRed) cocultured with rat cardiomyocytes (GFP) (P1 HCFs, 17-y-old pa-
tient; n = 4). The DsRed™ cell is beating without cell fusion. See also Fig. 54D
and Movies S5 and S6. All data are presented as mean + SEM. Representative
data are shown in each panel. (Scale bars: 100 um in A, B, E, and K.)
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fusion was unlikely for cardiac differentiation in the coculture
(Fig. 5K, Fig. S4D, and Movies S5 and S6).

Induction of Human Cardiomyocyte-Like Cells from Dermal Fibroblasts.
To exclude the possibility of contamination with rare CPCs or
cardiomyocytes in our initial fibroblast populations, we tested
whether HDFs also could be converted into iCMs by GMTMM.
Neonatal foreskin dermal fibroblasts transduced with GMTMM
expressed a-actinin, ¢TnT, and ANP and showed sarcomeric
structures (Fig. 6 4 and B). FACS analysis revealed that most
HDFs were Thyl*/CD31~ fibroblasts, which also expressed cardiac
genes after GMTMM transduction (Fig. S5.4 and B). GMTMM-
HDFs expressed cardiac-specific genes at levels comparable to
GMTMM-HCFs on gRT-PCR analysis (Fig. 6C). Microarray
analyses of HDFs, GMTMM-HDFs, and hearts demonstrated
that the up-regulated genes in the GMTMM-HDFs were cardiac-
enriched genes (P = 1.2E-21) and the down-regulated genes were
fibroblast-enriched genes (P = 1.5E-74) (Fig. 6D and Fig. S5C).
The top five GO categories enriched in the up-regulated genes
included muscle contraction and muscle filament sliding (Fig.
S5D). A panel of cardiac-specific genes, including Actcl, Tnncl,

Nppa, Nppb, Myl7, Pln (phospholamban), and Ckm, were up-

regulated, whereas fibroblast genes Col3al, Col6a3, Coll6al,
Ecm2, Pm, and Tnc were down-regulated in GMTMM-HDEFs
(Fig. 6E). We also observed that some GMTMM-HDFs exhibited
cellular contraction and APs in coculture with murine cardio-
myocytes (n = 6, nodal/atrial/ventricular type = 0/2/4) (Fig. 6 F,
G, and K; Fig. S5 E and F; and Movie S7). These results exclude
the possibility that the iCMs arose from contaminating car-
diomyocytes or CPCs in initial fibroblast populations.

We next used a doxycycline-inducible system to assess the
requirement for exogenous reprogramming factors in maintain-
ing a cardiac phenotype in iCMs. We found that transduction
efficiency was ~70%, and that transgene expression was instantly
diminished by withdrawal of doxycycline, with complete loss after
10 d (Fig. S5G). Expression of GMTMM for 5 wk induced
a-actinin and ¢TnT expression in HCFs (Fig. 6H and Fig. S5H).
We then withdrew doxycycline after 1 wk, 10 d, or 2 wk of in-
duction, and cultured the cells for 3 wk without doxycycline.
Doxycycline removal after 1 wk and 10 d did not induce cardiac
reprogramming, whereas 2 wk of induction maintained en-
dogenous a-actinin and cTnT expression in the iCMs, and the
cells exhibited APs in coculture with murine cardiomyocytes
(n = 7; 0 nodal type, 7 atrial type, 0 ventricular type) (Fig. 6
H-K and Fig. S5I). These results suggest that the fibroblasts
were stably converted into cardiomyocyte-like cells after 2 wk
of GMTMM transduction.

Discussion

Here we demonstrate that human fibroblasts can be directly
converted to cardiomyocyte-like cells by overexpression of de-
fined factors. We found that a pantropic retrovirus was more
efficient for transduction into HCFs compared with amphotropic
or lentivirus/ecotropic retrovirus systems. Given that high trans-
duction efficiency is critical for reprogramming, the pantropic
retrovirus might be widely useful for direct reprogramming from
difficult-to-infect cells (11).

Compared with mouse counterparts, induction of human iCMs
required two additional factors, Mesp1 and Myocd. Generation of
human iPSCs and neuronal cells also required different culture
conditions or other transcription factors in addition to the mouse
reprogramming factors (21, 22). Mespl is expressed in CPCs and
programs nascent mesoderm toward a cardiovascular cell fate,
whereas Myocd regulates the development of cardiomyocytes and
smooth muscle cells (23-25). Islas et al. (26) recently reported that
overexpression of Ets2 and Mespl reprogrammed HDFs into
CPCs, and that the induced CPCs differentiated into immature
cardiomyocytes. Mespl overexpression activated some of the
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Fig. 6. GMTMM converts HDFs into cardiomyocyte-like cells. (A) Immunocy-
tochemistry for a-actinin in GMTMM-HDFs at 4 wk after transduction (P3 HDFs;
n = 3). (B) Immunocytochemistry revealing ¢TnT and ANP expression in GMTMM-
HDFs (P3 HDFs; n = 3). (Insets) High-magnification views. (C) mRNA expression of
cardiac genes in HDFs, GMTMM-HDFs (P3 HDFs), and GMTMM-HCFs as de-
termined by gRT-PCR (n = 3). (D) Plots of gene expression up-regulated and
down-regulated by more than twofold by GMTMM transduction in HDFs (P3
HDFs; n = 1). See also Fig. S5 C and D, heatmap image of microarray data and
GO analyses. (F) Heatmap image of gene expression for cardiomyocyte (CM)-
and fibroblast (Fib)-enriched genes in HDFs, GMTMM-HDFs, and heart. (F and G)

- APs recorded from GMTMM/GFP-expressing HDF-iCMs cocultured with rat car-

diomyocytes (P3 HDFs; n = 6). The cells were injected with Alexa Fluor 568.
Quantitative data are shown in K. See also Fig. S5 £ and F and Movie S7. (H)
(Upper) Immunostaining for a-actinin and ¢TnT in iCMs at 5 wk after Dox in-
duction of the lentivirus. (Lower) Cells after 2 wk of Dox administration and 3 wk
of Dox withdrawal (P1HCFs, 50-y-old patient; n = 2). See also Fig. S5 G-I. (I-K)
APs recorded from iCMs at 2 wk after Dox withdrawal of the lentivirus (Dox-off
iCMs) in coculture with cardiomyocytes (P1HCFs, 6-y-old patient; n = 7). Quan-
titative data are shown in K. Representative data are shown in each panel. Data
are presented as mean + SD in C and as mean + SEM in K. *P < 0.05; **P < 0.01
vs. GMTMM-transduced HCFs. (Scale bars: 100 pm in A, B, and H.)

core cardiac transcription factors but failed to convert fibroblasts
to CPCs. Given that their induced CPCs were highly replicative
cells, the route of cardiac induction by Ets2/Mesp1 differed from
that by GMTMM. More recently, Nam et al. (27) reported that
overexpression of Gata4, Hand2, Tbx5, Myocd, miR-1, and miR-
133 reprogrammed human fibroblasts into cardiac-like myocytes.
Consistent with our results, they also found that neither of the
mouse reprogramming factors GHMT or GMT was sufficient for
cardiac reprogramming in human fibroblasts, and that the ad-
dition of Myocd significantly increased the expression of cardiac
sarcomeric proteins. In addition, they reported that Hand2 was
critical for inducing tropomyosin and ¢I'nT in HDFs, and that
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the addition of miR-1 and 133 further improved cardiac reprog- .

ramming and eliminated the requirement for Mef2c.

In their study, by transduction using the six factors, 13% of
adult HCFs expressed ¢InT and a small subset of the cells
exhibited spontaneous contractions after 11 wk of culture, sug-
gesting greater reprogramming efficiency than with GMTMM.
However, the functional properties of the induced cardiac-like
myocytes remain unclear, and further investigation may be
needed to clarify this point. Myocd overexpression induces
smooth muscle cells from fibroblasts by forming transcriptional
complexes with Srf and promotes cardiomyocyte differentiation
by interacting with Gata4 and Tbx5 (28-30). Stoichiometry of
transcription factors might determine the cell fate of GMTMM-
transduced cells to iCMs or smooth muscle-like cells in our
study. As demonstrated by the fact that addition of Myocd up-
regulated sarcomeric genes and Mespl induced intracellular
Ca** oscillations, Myocd and Mesp! differentially regulate cardiac
gene expression in human cardiac reprogramming.

The human iCMs generated by GMTMM seem to be relatively
immature cardiomyocytes, as indicated by their cell morphology,
expression of embryonic cardiomyocyte marker a-SMA, and slow
Ca®* oscillations. Compared with mouse iCMs, human iCMs
require coculture with murine cardiomyocytes to differentiate
into beating cardiomyocytes. In this sense, the human iCMs may
be similar to the early stage of embryonic cardiomyocytes before
the start of contraction. Alternatively, the cells might be partially
reprogrammed cardiomyocytes, much like the pre-iPSCs that can
become fully pluripotent with additional stimuli.

Although the iCMs expressed a panel of cardiac-specific genes,
their similarity of human iCMs to bona fide cardiomyocytes re-
mained unclear. To address this question, we attempted to FACS-
sort iCM populations using a fluorescent dye that labels mito-
chondria to selectively mark cardiomyocytes in ESC culture (31);
however, we could not use this dye owing to the abundant labeling
of mitochondria in the nonconverted HCF population. Further
study is needed to thoroughly optimize conditions for human
iCM generation and maturation and characterize the proper-
ties of iCMs.

It is possible that the immature iCM phenotypes could reflect
the low percentage of iCMs and low cell—cell contact in the
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heterogeneous culture, and that enrichment of iCMs may en-
hance cardiac reprogramming. Given that secreted proteins, elec-
trical and mechanical stimulation, and cell-cell contact might
promote cardiac differentiation and reprogramming in the co-
culture, the in vitro system might represent a valuable platform
for screening such key factors. From a practical standpoint,
GMTMM may be sufficient human cardiac reprogramming fac-
tors, considering that the in vivo environment might be more
permissive than culture dishes for reprogramming (7, 13). Fur-
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cation of this technology in potential regenerative therapies.

Materials and Methods

Human atrial tissues were obtained from 36 patients undergoing cardiac
surgery (age 1 mo to 80 y; average age, 35 y) with informed consent in
conformation with the guidelines of the Keio University Ethics Committee.
HCFs were obtained following the mouse protocol as detailed in S/ Materials
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scribed in S/ Materials and Methods.

Note Added in Proof. Nam et al. (27) reported that overexpression of Gatad,
Hand2, Tbx5, Myocd, miR-1, and miR-133 reprogrammed human fibroblasts into
cardiac-like myocytes. We found that a different combination of cardiac
reprogramming factors— Gatad, Mef2c, Thx5, Mesp1, and Myocd-also reprog-
rammed human fibroblasts into cardiomyocyte-like cells. Qur induced car-
diomyocytes did not beat spontaneously, but matured to exhibit action potentials
and contract synchronously in coculture with murine cardiomyocytes.
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