
Novel biotherapeutics for myocardial 
ischemia and heart failure

Synthetic peptides or 
recombinant proteins

Gene Therapy 
Protein-coding cDNA? 
siRNA? miRNA? Which 

vector? Syringe containing factor, 
vector or stem cells

Cell Therapy 
Stem cell? Source?

Neoangiogenesis 
Myocardial protection 

Myocardial regeneration

border zoneinfarct

Source of stem cells for potential heart 
injection

Transvascular 
 Intracoronary (stop-flow balloon cathether) 
 Intravenous 
 After progenitor cell mobilization 

Direct injection in the ventricular wall 
 Transendocardial injection 
 Transepicardial injection (during CABG) 
 Transcoronary vein injection

Modes of cell delivery 

BM mononuclear cells 
EPCs (CD133+ CD34+ VEGR2+) 
Culture-expanded myelomonocytic EPCs (CD14+ CD34-) 
Mesenchymal Stem Cells (CD34- CD133-) 
Skeletal myoblasts 
Resident Cardiac Stem Cells 
Embryonic Stem Cells

"Stem cells" from the bone 
marrow

Sources of adult stem cells
Bone marrow:  HSC and MSC 

Peripheral blood:  HSC, hemangioblast? 

Brain and spinal cord: NSC  

Skin:  bulge zone cells, SKP in the dermis 

Liver:  oval cells 

Pancreas:  ductal stem cells 

Eye:  corneal and retinal stem cells 

Skeletal muscle:  satellite cells and SP 

Kocher AA., Nature Medicine, Apr. 2001



Vascular injury 
Organ regeneration 
Tumor growth

Mobilization

Contribute to neoangiogenesis in:

Wound healing 
Limb ischemia 
Postmyocardial infarction 
Endothelization of vascular grafts 
Atherosclerosis 
Retinal neovascularization 
Vascularization during tumor growth

Endothelial progenitor cells (EPCs) 
Origin: Bone Marrow

 

 

 

Circulating endothelial progenitors 
Origin: Peripheral Blood

 

Ischemic tissue

 

Role of EPCs in adult revascularization
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Genome reprogramming 
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The evolving concept of a stem cell: 
entity or function?

“…rather then referring to 
a discrete cellular entity, a 
stem cell most accurately 
refers to a biological 
function that can be 
induced in many distinct 
types of cells, even 
differentiated cells.”

H. Blau. Cell, 2001



Different ways for BMCs transplantation into the 
heart The NOGA system for transmyocardial injection

An injection catheter is incorporates 
the mapping capabilities of the 
system. This provide a means by 
which tissues with different degrees 
of viability and ischemia can be 
mapped in detail, allowing therapy to 
be precisely targeted (eg, at the 
border zone of an infarct)

The NOGA system for transmyocardial injection

An injection catheter is incorporates the mapping capabilities of 
the system. This provide a means by which tissues with different 
degrees of viability and ischemia can be mapped in detail, 
allowing therapy to be precisely targeted (eg, at the border zone 
of an infarct)

Left, electromechanical linear 
local shortening map from a 
stem cell injection procedure. 
The red color represents low 
contractility (severe 
cardiomyopathy). The black 
dots are injection sites. 
Right, similar map at 4 month 
follow-up, showing dramatic 
improvement in contractility at 
the site of prior cell injection.

REPAIR-AMI

Randomized, placebo controlled, multicentric trial of 
intracoronary infusion of BMC after successful PCI for acute 
myocardial infarction 

At 4 months, the absolute improvement in the global left 
ventricular ejection fraction (LVEF) was significantly greater in 
the BMC group than in the placebo group 
mean increase: 5.5±7.3% vs. 3.0±6.5%; P = 0.01 

Significant inverse relation between the baseline LVEF and the 
absolute change in LVEF at 4 months in the BMC group

7.5
2.5 4.03.7

TOPCARE-CHD



The relative improvement in LVEF after infusion of BMC at 6 months was no longer 
significant at 18 months  

The main effect was an acceleration of recovery

BOOST ASTAMI

No improved LVEF, no reduction of left ventricular end-diastolic volume or infarct size at 6 months; 
the study was powered to have an 80% chance of detecting a change of 5% in LVEF (smaller effects might have been missed)

STEMMI

Is it true plasticity? It might be, but 
there are other possibilities…



Transgenic mice in which the cardiac-specific MHC promoter drives the 
expression of a nuclear beta-gal

A rare GFP cardiomyocyte in the peri-infarct region, after BMT (MHC 
staining) and a single rod-shaped enzymatically dispersed cardiomyocyte

Voice of caution

Irving Weissman, Stanford University

No proof of transdifferentation or 
myocardial regeneration in human trials ! 

Only 1.3-2.6% of infused bone marrow 
cells are retained in the heart

Paracrine effect?

Stem cell therapyCell therapy

Myoblasts: skeletal mononucleated 
unipotent progenitor cells that can 
be expanded in vitro

Animal studies have shown that grafted myoblasts form myotubes in the myocardium and eventually 
mature to become well formed myofibers with a contractile apparatus, with a significant functional 
improvement in damaged hearts

The ability of the skeletal myoblasts to differentiate into cardiomyocyte-like cells with intercalated discs 
and make meaningful electromechanical connections with the host cells is questionable

desmin

2-3 week expansion

Muscle biopsy

109 cells 
(90% CD56+)

Early results of autologous skeletal myoblasts transplantation in patients 
with severe ischemic heart failure

Results:

Multiple sites injections within 
and at the borders of the scar

Menasche’ P. (Paris, France)

• 1 early post-operative death 
• 4 patients with uneventful post-operative course 
• follow-up 2-10 months:

symptomatic improvement 
13% increase in EF 
new systolic thickening of the grafted scar 
new-onset metabolic viability (PET e NMR)5 patients (39-72 years) 

– severe impairment of LV function (LVEF < 34%) 
– akinetic and metabolically nonviable (PET) 
– indication for CABG in remote, viable and ischemic areas



Howard Leonhardt founded Bioheart in 1999 around a process, Myocell, which 
involves biopsying a patient’s thigh muscle to obtain skeletal myoblasts, culturing them 
and expanding them over a course of about four weeks, then injecting them back into 
the heart using a percutaneous injection catheter

Preliminary results: 
1st patient implanted in 2001 
15 patients enrolled in Phase I/II study in 2002, with 6 month completed follow-up 
20% average improvement by injecting  150 million cells

Why myoblasts?

• They differentiate into muscle cells capable of active contraction 
• They can survive in ischemic scar tissue better than other types of 

cells 
• Contact inhibition prevents them from over-proliferation

BIOHEART PRODUCT PIPELINE

Status/Phase

Clinical

Pre-ClinicalResearch I II IIIIndicationProduct Comments

MyoCell
Myocardial Infarction & 
congestive heart failure

Phase I/II. Human clinical trials in 
Europe. In phase I Clinical Trials 
in U.S.

SR-200
Endoventricular cell & drug 
delivery device

In Phase I/II Clinical Trials in 
Europe

MyoCell VT
Ventricular Tachycardia

Modified myoblasts to treat VT 
conditions.  
Pre-clinical development. 
Dr. Charles Murray, University of 
Washington.

BioPace Atrial Arrythmia
Pre-clinical development. 
Dr. Randall Lee, UCSF

A surgical approach (500,000 CABG per year represent a significant market)

A phase II multinational trial started, recruiting 300 randomized patients that have 
conformed scar following a myocardial infarction (the largest trial to date). 
3 arms :

“ Don’t tell us you have improved ejection fraction and wall motion. Show us a reduction in 
major adverse coronary events”

• placebo 
• 600 million cells 
• 800 million cells

“ I do not want to get to the end of the trial with uninterpretable data that do not tell me 
whether or not I am producing a clinical benefit that anybody would find valuable to pay for”

Duke Collier, executive vice president

ES-cells

Can embryonic 
stem cells be 
used for 
cardiac repair?

Evans MJ and Kaufman MH (1981), Nature 292, 154-156 

Establishment in culture of pluripotent cells 
from mouse embryos

Normal caryotype! 
Pluripotency!



Pluripotency of mouse embryonic 
stem cells (ES)

Embryoid 
bodies

Chimera from ES

Teratocarcinoma

ES cells transplanted into the heart 
develop into a teratoma: 

- extensive replacement of the ventricular wall and cavity 
with tumor, with central necrosis 

- Multiple nodules of cartilage (mesodermal) at the 
interface with host myocardium 

- Several poorly differentiated epithelial cells 
- Gut epithelium and ciliated respiratory epithelium 

(endodermal) 
- Stratified squamous epithelium (ectodermal) 

C. Murry (University of Washington, Seattle)

Stem cell based 
tissue engineering for 
myocardial repair

Generation and 
implantation of Pouch-
Like EHT

In Italia la materia è regolamentata dalla legge 40 del 2004

Max 3 embrioni alla volta, tutti da impiantare 
- ridotta efficienza di gravidanza per ciclo ormonale, necessità di ricorrere a più cicli 
- impossibilità di ricavare nuove linee ES 

Divieto di utilizzo degli embrioni sovrannumerari prodotti in 
passato (circa 30,000 embrioni intoccabili in Italia) 
- però è possibile usare cellule ES ottenute in altri paesi 

Giugno 2005: 4 referendum per abrogare parte della L40

90% dei votanti a favore dell’abrogazione ma solo 26% di 
affluenza ai seggi 

Il problema principale legato alle cellule staminali embrionali 
non e' pero' di natura scientifica ma 
di natura metafisica ed e' legato al concetto di inizio della vita 
umana 

Can ES cells be obtained 
without egg fertilization?



J.B. Gurdon

Jan Wilmut

These cells, which were designated iPS (induced 
pluripotent stem) cells, exhibit the morphology and 
growth properties of ES cells and express ES cell 
marker genes.

Induction of pluripotent stem cells from 
mouse embryonic or adult fibroblasts by 
introducing four factors, Oct3/4, 
Sox2, c-Myc, and Klf4 in the FBX15 
locus, under ES cell culture conditions.

1- Subcutaneous transplantation of iPS cells into nude 
mice resulted in tumors containing a variety of tissues 
from all three germ layers.  

2- Following injection into blastocysts, iPS cells 
contributed to mouse embryonic development, but 
embryos failed to develop beyond mid-gestation stage.

Various tissues present in 
teratomas derived from 
iPS

Neural tissues and muscles 
in teratomas

In vitro embryoid body 
formation and 
differentiation

In vitro differentiation into 
all three germ layers.

Does the heart contain 
resident stem cells?

Cardiac stem cells 
(CSCs):  

do they exist?

Adult cardiac stem cells are multipotent and support myocardial regeneration. 
Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, Musso E, Urbanek K, Leri A, Kajstura J, Nadal-Ginard 
B, Anversa P.



Cardiac stem cells: do they exist?

Supplementary Table 2 .  C o mparison of isl1+ cardioblasts, cardiac sca-1+ cells and cardiac side population (SP) cells. 
 
 isl1+ cardioblasts cardiac sca-1+ cells1 

 
cardiac SP cells2 
 

1. Hoechst 33342 dye efflux 
  

Hoechst dye excluding cells: 
4.5%   

Hoechst dye excluding cells: 
3.6%  

Hoechst dye excluding cells: 
100% 

2. Marker expression sca1                     negative 
CD31                    negative     
c-kit                      negative 
Nkx2.5                  positive 
GATA4                 positive 
myocytic marker   negat ive 

sca1                     positive 
CD31                   positive    
c-kit                     negative 
Nkx2.5                 negative 
GATA4                 positive 
myocytic marker  negat ive 

sca1                     positive 
CD31                   negative   
c-kit                      positive (low)  
Nkx2.5                 negative 
GATA4                negative 
myocytic marker  negat ive 

3. in vivo localization  • outflow tract 
• free wall of atria 
• intra-atrial septum 
• conus muscle 
• right ventricle 

• adjacent to basal lamina 
• no preferred heart region 

• not determined 

4. Progenitor identity determined 
by lineage tracing 

• isl1 identifies cardiac progenitor 
cells  
• established embryonic lineage 
marker for the heart 

• sca-1 surface marker used for 
cell purification 
• no cardiac lineage marker  

• Abcg2 activity used for Hoechst 
dye efflux 
• no cardiac lineage marke r  

5. Myocytic differentiation in  vitro -actinin expression with 
sarcomeric structure : 22%  
cardiac troponin T : 25%  

-actin expression without 
sarcomeric structure : 4.6% 
cardiac troponin I : 2.8% 

-actinin expression without 
sarcomeric structure : % not 
determined 

6. Myocytic differentiation in vivo 
after cell transplantation 

not determined ischemia/reperfusion injury: 
~1.5% differentiation 
~1.5% cell fusion  

not determined 

7. Functional evaluation of in 
vitro differentiated cells  

• Ca2+ transients 
• EC coupling 
• -adrenergic response 
• action potentia l s  

not determined not determined 

 
1Oh et al. Cardiac progenitor cells from adult myocardium : Homing, differentiation, and fusion after infarction. Proc. Natl. Acad. Sci. 
(USA): 100, 12313-12318 (2003)  
2Martin et al. Persistent expression of the ATP-binding cassette transporter, Abcg2, identifies cardiac SP cells in the developing and 
adult heart. Dev. Biol.: 265, 262-275 (2004 )  

Laugwitz, Nature 2005

c-Kit+ cells (Anversa) 
Sca-1 cells (Schneider) 
Side population cells (Liao) 
Islet-1 cells (Chien) 
Cardiosphere-forming cells (Messina/Marban) 
SSea-4+ cells (Taylor) 

Resident cardiac stem cells 

One of the least regenerative organ in the body has 
multiple non-overlapping populations of 
cardiomyocyte progenitors?? 

GFP-labeled CSCs delivered to the coronary 
arteries 4 hr after ischemia-reperfusion 

Ventricular function monitored by 
echocardiography 

Myocardial regeneration by histology

Cardiospheres
1) Biopsy 4) Cardiospheres 2) Explants

     

5) Cardiosphere- 
derived cells

3) Cardiosphere- 
forming cells

 

cTnI 
cMHC

L. Barile



Harvard and the Brigham call for more than 30 
retractions of cardiac stem cell research

STATNEWS, OCTOBER 14, 2018

Harvard Medical School and Brigham and Women’s Hospital have recommended that 31 papers from a former lab director 
be retracted from medical journals.

The papers from the lab of Dr. Piero Anversa, who studied cardiac stem cells, “included 
falsified and/or fabricated data”

Anversa has previously corrected 8 of his papers, many for failures to disclose conflicts of 
interest. He “practically invented the field of cardiac stem cell therapy when he first reported 
that cardiac cells were capable of regeneration,” Cardiobrief and MedPage Today wrote about 
him last year. 
Anversa’s work was based on the idea that the heart contains stem cells that could regenerate 
cardiac muscle. He and his colleagues claimed that they had identified such cells, known as c-
kit cells. When various research teams tried to reproduce the results, however, they failed. 
Scientists have tried to inject c-kit cells into damaged hearts, with mixed results at best.


Still, he said, a small number of researchers continue to publish findings that agree with Anversa’s. “Maybe these 31 
retractions will keep pushing the pendulum a little further to the right and these people will slowly start to back off even more,” 
he said. “It’s just discouraging when you see these papers keep popping up,” Molkentin said. “There are no stem cells in the 
heart. Quit trying to publish those results.”

“There are no stem cells in the heart. Quit 
trying to publish those results.”

JEFFERY MOLKENTIN, CINCINNATI CHILDREN'S

“For 10 years, he ran everything,” said Jeffery Molkentin, a researcher at Cincinnati Children’s whose lab was among the first 
to question the basis of Anversa’s results in a 2014 paper in Nature. “It really is a relief that this has been corrected. I think this 
is good for everybody.”

ARTICLE
doi:10.1038/nature13309

c-kit1 cells minimally contribute
cardiomyocytes to the heart
Jop H. van Berlo1,2*, Onur Kanisicak1*, Marjorie Maillet1, Ronald J. Vagnozzi1, Jason Karch1, Suh-Chin J. Lin1, Ryan C. Middleton3,
Eduardo Marbán3 & Jeffery D. Molkentin1,4

If and how the heart regenerates after an injury event is highly debated. c-kit-expressing cardiac progenitor cells have
been reported as the primary source for generation of new myocardium after injury. Here we generated two genetic
approaches in mice to examine whether endogenous c-kit1 cells contribute differentiated cardiomyocytes to the heart
during development, with ageing or after injury in adulthood. A complementary DNA encoding either Cre recombinase
or a tamoxifen-inducible MerCreMer chimaeric protein was targeted to the Kit locus in mice and then bred with reporter
lines to permanently mark cell lineage. Endogenous c-kit1 cells did produce new cardiomyocytes within the heart,
although at a percentage of approximately 0.03 or less, and if a preponderance towards cellular fusion is considered, the
percentage falls to below approximately 0.008. By contrast, c-kit1 cells amply generated cardiac endothelial cells. Thus,
endogenous c-kit1 cells can generate cardiomyocytes within the heart, although probably at a functionally insignificant level.

The adult mammalian heart was originally proposed to be essentially
incapable of renewal after injury or with ageing; although some recent
studies have shown that the heart is capable of new cardiomyocyte for-
mation with varying degrees of regenerative potential1. The concept that
stem cells are the source for cardiomyocyte regeneration arose from initial
observations in which bone-marrow-derived c-kit1 haematopoietic stem
cells (HSCs) showed restoration of the myocardium after infarction injury
when given exogenously2. However, subsequent studies demonstrated
that HSCs possessed essentially no ability to make cardiomyocytes, call-
ing into question these earlier reports3,4, at which time the field shifted
to a focus on endogenous c-kit1 cardiac progenitor cells (CPCs) resid-
ing within the myocardium5. Such cells isolated from the rat heart were
reported to differentiate into cardiomyocytes, smooth muscle cells and
endothelial cells, even after clonal derivation, and when injected into the
infarct region they produced substantial new myocardium6. Mouse and
human c-kit1 CPCs were also isolated and marked, and after injection
into an infarcted mouse heart, were shown to generate substantial levels
of labelled cardiomyocytes, capillaries and fibroblasts7. More recently,
resident c-kit1 CPCs were reported to be both necessary and sufficient
for complete repair and functional restoration of the myocardium after
isoproterenol-induced cardiomyocyte killing, whereas bone-marrow-
derived c-kit1 cells had no regenerative effect8. However, other studies
with adult cardiac resident c-kit1 cells have reported the opposite: that
these cells do not possess the ability to generate cardiomyocytes in vivo4,9,10.
To address ongoing controversy, we generated mice in which the Kit
locus was used for lineage tracing analysis to examine if and how fre-
quently c-kit1 cells generate cardiomyocytes in vivo.

c-kit1 contribution to the growing heart
The Kit locus was targeted with a cDNA encoding Cre recombinase fused
to an internal ribosome entry sequence (IRES) to concurrently express
enhanced green fluorescent protein (eGFP)-tagged with a nuclear local-
ization signal (nls) (Fig. 1a). These Kit1/Cre mice were bred to LoxP site-
dependent Rosa26-CAG-loxP-STOP-loxP-eGFP (R-GFP) reporter mice

to irreversibly mark any cell that previously or currently expresses this
Kit locus (Fig. 1a). Four to twelve weeks after birth, the fidelity of the
genetic system was assessed in comparison with known domains of
c-kit protein expression, such as melanocytes of the skin, Leydig cells
in the testis, interstitial cells of the intestine, lung and wide areas of the
spleen, all of which showed eGFP cellular labelling (Fig. 1b and Extended
Data Fig. 1a)11–13. In bone marrow, 83% of the c-kit-antibody-detected
cells were eGFP1 by standard fluorescence-activated cell sorting (FACS)
analysis (Fig. 1c), while imaging cytometry analysis detected coincident
eGFP1 expression and c-kit immunoreactivity in 88% of the bone mar-
row cells and 76% of the non-myocyte fraction from the heart (Fig. 1d, e).
To further verify the specificity of the Kit-Cre allele we examined real-
time eGFPnls expression in the heart, ileum and skeletal muscle for
co-expression of c-kit protein (antibody), which was always coincident
(Fig. 1f, g and Extended Data Fig. 1b, c). In bone marrow, 94% of the
eGFP1 cells were Lin1, indicating a high degree of fidelity with the Kit-
Cre allele (Extended Data Fig. 1d). In the heart c-kit-antibody-positive
mononuclear cells were predominantly eGFP1 at 4 weeks of age using
the Kit1/Cre 3 R-GFP reporter strategy, whereas in testis recombina-
tion was only observed in Leydig cells, of which .80% were eGFP1

(Extended Data Fig. 1e, f). Thus, the specificity of the Kit-Cre allele appears
identical with known regions of c-kit protein expression in vivo.

In an exhaustive search by histological methods across four hearts
from Kit1/Cre mice for current eGFPnls expression at 4 weeks of age,
no eGFP1 cardiomyocytes or endothelial cells were identified (only
mononuclear CPC-like cells were observed), strongly suggesting that
the Kit locus is not spontaneously activated in differentiated cell types
of the heart (Fig. 1f). However, in conjunction with the R-GFP reporter
allele for ongoing c-kit lineage tracing, the myocardium showed many
eGFP1 differentiated cell types, although cardiomyocytes were very rare
(Fig. 1h, i). Even more rarely, areas suggestive of cardiomyocyte clonal
expansion were identified (Fig. 1i). No eGFP1 cells were observed in
hearts of single R-GFP mice (data not shown). To more rigorously
quantify the extent of cardiomyocyte recombination-based labelling,

*These authors contributed equally to this work.

1 Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio 45229, USA. 2Department of Medicine, division of Cardiology, Lillehei Heart Institute, University of Minnesota,
Minneapolis, Minnesota 55455, USA. 3 Cedars-Sinai Heart Institute, 8700 Beverly Boulevard, Los Angeles, California 90048, USA. 4Howard Hughes Medical Institute, Cincinnati Children’s Hospital Medical
Center, Cincinnati, Ohio 45229, USA.
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analysis of the P0 heart with a sarcomeric cardiomyocyte marker showed
that nearly all of the eGFP1 cells were non-myocytes, although definable
cardiomyocytes were clearly present at very low levels, including rare
areas of cardiomyocyte clonal expansion (Extended Data Fig. 3d–g).

c-kit1 lineage tracing in adult heart
To specifically address the question of new cardiomyocyte formation
within the adult heart, we generated a mouse model in which the
tamoxifen-inducible MerCreMer protein was targeted to the Kit locus
(Kit1/MCM), followed by cross breeding with the R-GFP reporter line
(Fig. 3a). To verify the fidelity of this system, Kit1/MCM 3 R-GFP mice
were given tamoxifen during postnatal maturation for approximately
4 weeks followed by collection of tissues with known sites of c-kit expres-
sion (Extended Data Fig. 4a). Kit1/MCM 3 R-GFP mice showed <70%
overlap in recombination-dependent eGFP expression and endogen-
ous c-kit protein in Leydig cells of the testis (Extended Data Fig. 4b).
Importantly, no eGFP1 cells were observed in the absence of tamox-
ifen at any age examined or after myocardial infarction injury, dem-
onstrating that the MerCreMer system does not ‘leak’ (Extended Data
Fig. 4c). Kit1/MCM 3 R-GFP mice were also given tamoxifen from day 1

through 6 months of age for continuous labelling (Fig. 3b), which pro-
duced eGFP expression in greater than 60% of bone marrow cells, but
again no signal in the absence of tamoxifen (Fig. 3c–e). Histological
analysis of the heart after 6 months of labelling showed rare examples
of eGFP1 adult cardiomyocytes and a relatively large number of non-
myocytes (Fig. 3f, g). Careful analysis of the non-myocyte fraction in
these hearts showed fibroblasts (rarely), smooth muscle cells (rarely),
endothelial cells and immune cells, with the majority again being CD311

(Extended Data Fig. 5a–g). Myocardial infarction injury also doubled
the number of CD31 cells that were eGFP1 in the adult heart with
8 weeks of prior tamoxifen labelling (Extended Data Fig. 5h). We also
conducted c-kit lineage labelling from 6–12 weeks of age, just after the
postnatal developmental period (Fig. 3h). Upon disassociation of these
hearts we observed 0.0055% eGFP1 adult cardiomyocytes (Fig. 3i, j),
confirmed as extremely low by PCR and quantitative PCR (qPCR) for
Rosa26 locus recombination (Extended Data Fig. 6a–c).

Cardiac injury increases cellular turnover in the heart, hence we sub-
jected Kit1/MCM 3 R-GFP mice to myocardial infarction at 10 weeks of
age during a 6-week tamoxifen-labelling protocol (Fig. 3k and Extended
Data Fig. 6d–f). The percentage of eGFP1 cardiomyocytes increased to
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Figure 3 | Inducible Cre expression from the Kit locus shows limited adult
cardiomyocyte formation. a, Genetic cross between Kit1/MCM and R-GFP
reporter mice to lineage trace c-kit-expressing cells when tamoxifen is present.
b, Schematic showing tamoxifen treatment between day 1 and 6 months of
age (panels c–g). c, d, Representative FACS plots with c-kit antibody versus
eGFP from bone marrow of Kit1/MCM 3 R-GFP mice without (c) or with
(d) tamoxifen. e, FACS quantification of eGFP1 cells from bone marrow
of these mice (average from n 5 2 mice for R-GFP and n 5 4 for
Kit1/MCM 3 R-GFP). *P , 0.05 versus R-GFP. f, g, Representative heart
sections from Kit1/MCM 3 R-GFP mice showing c-kit1 lineage cells in green
and cardiomyocytes in red (desmin antibody). White arrow indicates eGFP1

adult cardiomyocyte (n 5 3 mice analysed). h–j, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 6–12 weeks of age followed by disassociation
of cells from the hearts of these mice in h (white arrow in i shows rare

cardiomyocyte) that is quantified in j (127,284 cardiomyocytes across two
hearts, 7 were eGFP1, *P , 0.05 versus R-GFP). k–n, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 8 and 14 weeks of age with myocardial
infarction (MI) on week 10 (n 5 3 mice analysed). l, Immunohistological heart
section for desmin (red) and eGFP (green) with nuclei in blue (arrow shows a
cardiomyocyte from the c-kit1 lineage). m, n, Disassociated cardiomyocytes
show rare but definitive myocyte labelling (white arrow), which was quantified
in n (225,760 cardiomyocytes from 2 myocardial infarction-injured hearts, 37
were eGFP1, *P , 0.05 versus R-GFP). o, p, Tamoxifen treatment between 8
and 12 weeks of age with myocardial infarction injury occurring 3 days after
tamoxifen cessation. p, Average number of eGFP1 cardiomyocytes from
histological sections taken across the entire heart (n 5 2 hearts, .50 sections
each) *P , 0.05 versus R-GFP. All error bars represent s.e.m.
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analysis of the P0 heart with a sarcomeric cardiomyocyte marker showed
that nearly all of the eGFP1 cells were non-myocytes, although definable
cardiomyocytes were clearly present at very low levels, including rare
areas of cardiomyocyte clonal expansion (Extended Data Fig. 3d–g).

c-kit1 lineage tracing in adult heart
To specifically address the question of new cardiomyocyte formation
within the adult heart, we generated a mouse model in which the
tamoxifen-inducible MerCreMer protein was targeted to the Kit locus
(Kit1/MCM), followed by cross breeding with the R-GFP reporter line
(Fig. 3a). To verify the fidelity of this system, Kit1/MCM 3 R-GFP mice
were given tamoxifen during postnatal maturation for approximately
4 weeks followed by collection of tissues with known sites of c-kit expres-
sion (Extended Data Fig. 4a). Kit1/MCM 3 R-GFP mice showed <70%
overlap in recombination-dependent eGFP expression and endogen-
ous c-kit protein in Leydig cells of the testis (Extended Data Fig. 4b).
Importantly, no eGFP1 cells were observed in the absence of tamox-
ifen at any age examined or after myocardial infarction injury, dem-
onstrating that the MerCreMer system does not ‘leak’ (Extended Data
Fig. 4c). Kit1/MCM 3 R-GFP mice were also given tamoxifen from day 1

through 6 months of age for continuous labelling (Fig. 3b), which pro-
duced eGFP expression in greater than 60% of bone marrow cells, but
again no signal in the absence of tamoxifen (Fig. 3c–e). Histological
analysis of the heart after 6 months of labelling showed rare examples
of eGFP1 adult cardiomyocytes and a relatively large number of non-
myocytes (Fig. 3f, g). Careful analysis of the non-myocyte fraction in
these hearts showed fibroblasts (rarely), smooth muscle cells (rarely),
endothelial cells and immune cells, with the majority again being CD311

(Extended Data Fig. 5a–g). Myocardial infarction injury also doubled
the number of CD31 cells that were eGFP1 in the adult heart with
8 weeks of prior tamoxifen labelling (Extended Data Fig. 5h). We also
conducted c-kit lineage labelling from 6–12 weeks of age, just after the
postnatal developmental period (Fig. 3h). Upon disassociation of these
hearts we observed 0.0055% eGFP1 adult cardiomyocytes (Fig. 3i, j),
confirmed as extremely low by PCR and quantitative PCR (qPCR) for
Rosa26 locus recombination (Extended Data Fig. 6a–c).

Cardiac injury increases cellular turnover in the heart, hence we sub-
jected Kit1/MCM 3 R-GFP mice to myocardial infarction at 10 weeks of
age during a 6-week tamoxifen-labelling protocol (Fig. 3k and Extended
Data Fig. 6d–f). The percentage of eGFP1 cardiomyocytes increased to
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Figure 3 | Inducible Cre expression from the Kit locus shows limited adult
cardiomyocyte formation. a, Genetic cross between Kit1/MCM and R-GFP
reporter mice to lineage trace c-kit-expressing cells when tamoxifen is present.
b, Schematic showing tamoxifen treatment between day 1 and 6 months of
age (panels c–g). c, d, Representative FACS plots with c-kit antibody versus
eGFP from bone marrow of Kit1/MCM 3 R-GFP mice without (c) or with
(d) tamoxifen. e, FACS quantification of eGFP1 cells from bone marrow
of these mice (average from n 5 2 mice for R-GFP and n 5 4 for
Kit1/MCM 3 R-GFP). *P , 0.05 versus R-GFP. f, g, Representative heart
sections from Kit1/MCM 3 R-GFP mice showing c-kit1 lineage cells in green
and cardiomyocytes in red (desmin antibody). White arrow indicates eGFP1

adult cardiomyocyte (n 5 3 mice analysed). h–j, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 6–12 weeks of age followed by disassociation
of cells from the hearts of these mice in h (white arrow in i shows rare

cardiomyocyte) that is quantified in j (127,284 cardiomyocytes across two
hearts, 7 were eGFP1, *P , 0.05 versus R-GFP). k–n, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 8 and 14 weeks of age with myocardial
infarction (MI) on week 10 (n 5 3 mice analysed). l, Immunohistological heart
section for desmin (red) and eGFP (green) with nuclei in blue (arrow shows a
cardiomyocyte from the c-kit1 lineage). m, n, Disassociated cardiomyocytes
show rare but definitive myocyte labelling (white arrow), which was quantified
in n (225,760 cardiomyocytes from 2 myocardial infarction-injured hearts, 37
were eGFP1, *P , 0.05 versus R-GFP). o, p, Tamoxifen treatment between 8
and 12 weeks of age with myocardial infarction injury occurring 3 days after
tamoxifen cessation. p, Average number of eGFP1 cardiomyocytes from
histological sections taken across the entire heart (n 5 2 hearts, .50 sections
each) *P , 0.05 versus R-GFP. All error bars represent s.e.m.
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analysis of the P0 heart with a sarcomeric cardiomyocyte marker showed
that nearly all of the eGFP1 cells were non-myocytes, although definable
cardiomyocytes were clearly present at very low levels, including rare
areas of cardiomyocyte clonal expansion (Extended Data Fig. 3d–g).

c-kit1 lineage tracing in adult heart
To specifically address the question of new cardiomyocyte formation
within the adult heart, we generated a mouse model in which the
tamoxifen-inducible MerCreMer protein was targeted to the Kit locus
(Kit1/MCM), followed by cross breeding with the R-GFP reporter line
(Fig. 3a). To verify the fidelity of this system, Kit1/MCM 3 R-GFP mice
were given tamoxifen during postnatal maturation for approximately
4 weeks followed by collection of tissues with known sites of c-kit expres-
sion (Extended Data Fig. 4a). Kit1/MCM 3 R-GFP mice showed <70%
overlap in recombination-dependent eGFP expression and endogen-
ous c-kit protein in Leydig cells of the testis (Extended Data Fig. 4b).
Importantly, no eGFP1 cells were observed in the absence of tamox-
ifen at any age examined or after myocardial infarction injury, dem-
onstrating that the MerCreMer system does not ‘leak’ (Extended Data
Fig. 4c). Kit1/MCM 3 R-GFP mice were also given tamoxifen from day 1

through 6 months of age for continuous labelling (Fig. 3b), which pro-
duced eGFP expression in greater than 60% of bone marrow cells, but
again no signal in the absence of tamoxifen (Fig. 3c–e). Histological
analysis of the heart after 6 months of labelling showed rare examples
of eGFP1 adult cardiomyocytes and a relatively large number of non-
myocytes (Fig. 3f, g). Careful analysis of the non-myocyte fraction in
these hearts showed fibroblasts (rarely), smooth muscle cells (rarely),
endothelial cells and immune cells, with the majority again being CD311

(Extended Data Fig. 5a–g). Myocardial infarction injury also doubled
the number of CD31 cells that were eGFP1 in the adult heart with
8 weeks of prior tamoxifen labelling (Extended Data Fig. 5h). We also
conducted c-kit lineage labelling from 6–12 weeks of age, just after the
postnatal developmental period (Fig. 3h). Upon disassociation of these
hearts we observed 0.0055% eGFP1 adult cardiomyocytes (Fig. 3i, j),
confirmed as extremely low by PCR and quantitative PCR (qPCR) for
Rosa26 locus recombination (Extended Data Fig. 6a–c).

Cardiac injury increases cellular turnover in the heart, hence we sub-
jected Kit1/MCM 3 R-GFP mice to myocardial infarction at 10 weeks of
age during a 6-week tamoxifen-labelling protocol (Fig. 3k and Extended
Data Fig. 6d–f). The percentage of eGFP1 cardiomyocytes increased to
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Figure 3 | Inducible Cre expression from the Kit locus shows limited adult
cardiomyocyte formation. a, Genetic cross between Kit1/MCM and R-GFP
reporter mice to lineage trace c-kit-expressing cells when tamoxifen is present.
b, Schematic showing tamoxifen treatment between day 1 and 6 months of
age (panels c–g). c, d, Representative FACS plots with c-kit antibody versus
eGFP from bone marrow of Kit1/MCM 3 R-GFP mice without (c) or with
(d) tamoxifen. e, FACS quantification of eGFP1 cells from bone marrow
of these mice (average from n 5 2 mice for R-GFP and n 5 4 for
Kit1/MCM 3 R-GFP). *P , 0.05 versus R-GFP. f, g, Representative heart
sections from Kit1/MCM 3 R-GFP mice showing c-kit1 lineage cells in green
and cardiomyocytes in red (desmin antibody). White arrow indicates eGFP1

adult cardiomyocyte (n 5 3 mice analysed). h–j, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 6–12 weeks of age followed by disassociation
of cells from the hearts of these mice in h (white arrow in i shows rare

cardiomyocyte) that is quantified in j (127,284 cardiomyocytes across two
hearts, 7 were eGFP1, *P , 0.05 versus R-GFP). k–n, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 8 and 14 weeks of age with myocardial
infarction (MI) on week 10 (n 5 3 mice analysed). l, Immunohistological heart
section for desmin (red) and eGFP (green) with nuclei in blue (arrow shows a
cardiomyocyte from the c-kit1 lineage). m, n, Disassociated cardiomyocytes
show rare but definitive myocyte labelling (white arrow), which was quantified
in n (225,760 cardiomyocytes from 2 myocardial infarction-injured hearts, 37
were eGFP1, *P , 0.05 versus R-GFP). o, p, Tamoxifen treatment between 8
and 12 weeks of age with myocardial infarction injury occurring 3 days after
tamoxifen cessation. p, Average number of eGFP1 cardiomyocytes from
histological sections taken across the entire heart (n 5 2 hearts, .50 sections
each) *P , 0.05 versus R-GFP. All error bars represent s.e.m.
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analysis of the P0 heart with a sarcomeric cardiomyocyte marker showed
that nearly all of the eGFP1 cells were non-myocytes, although definable
cardiomyocytes were clearly present at very low levels, including rare
areas of cardiomyocyte clonal expansion (Extended Data Fig. 3d–g).

c-kit1 lineage tracing in adult heart
To specifically address the question of new cardiomyocyte formation
within the adult heart, we generated a mouse model in which the
tamoxifen-inducible MerCreMer protein was targeted to the Kit locus
(Kit1/MCM), followed by cross breeding with the R-GFP reporter line
(Fig. 3a). To verify the fidelity of this system, Kit1/MCM 3 R-GFP mice
were given tamoxifen during postnatal maturation for approximately
4 weeks followed by collection of tissues with known sites of c-kit expres-
sion (Extended Data Fig. 4a). Kit1/MCM 3 R-GFP mice showed <70%
overlap in recombination-dependent eGFP expression and endogen-
ous c-kit protein in Leydig cells of the testis (Extended Data Fig. 4b).
Importantly, no eGFP1 cells were observed in the absence of tamox-
ifen at any age examined or after myocardial infarction injury, dem-
onstrating that the MerCreMer system does not ‘leak’ (Extended Data
Fig. 4c). Kit1/MCM 3 R-GFP mice were also given tamoxifen from day 1

through 6 months of age for continuous labelling (Fig. 3b), which pro-
duced eGFP expression in greater than 60% of bone marrow cells, but
again no signal in the absence of tamoxifen (Fig. 3c–e). Histological
analysis of the heart after 6 months of labelling showed rare examples
of eGFP1 adult cardiomyocytes and a relatively large number of non-
myocytes (Fig. 3f, g). Careful analysis of the non-myocyte fraction in
these hearts showed fibroblasts (rarely), smooth muscle cells (rarely),
endothelial cells and immune cells, with the majority again being CD311

(Extended Data Fig. 5a–g). Myocardial infarction injury also doubled
the number of CD31 cells that were eGFP1 in the adult heart with
8 weeks of prior tamoxifen labelling (Extended Data Fig. 5h). We also
conducted c-kit lineage labelling from 6–12 weeks of age, just after the
postnatal developmental period (Fig. 3h). Upon disassociation of these
hearts we observed 0.0055% eGFP1 adult cardiomyocytes (Fig. 3i, j),
confirmed as extremely low by PCR and quantitative PCR (qPCR) for
Rosa26 locus recombination (Extended Data Fig. 6a–c).

Cardiac injury increases cellular turnover in the heart, hence we sub-
jected Kit1/MCM 3 R-GFP mice to myocardial infarction at 10 weeks of
age during a 6-week tamoxifen-labelling protocol (Fig. 3k and Extended
Data Fig. 6d–f). The percentage of eGFP1 cardiomyocytes increased to
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Figure 3 | Inducible Cre expression from the Kit locus shows limited adult
cardiomyocyte formation. a, Genetic cross between Kit1/MCM and R-GFP
reporter mice to lineage trace c-kit-expressing cells when tamoxifen is present.
b, Schematic showing tamoxifen treatment between day 1 and 6 months of
age (panels c–g). c, d, Representative FACS plots with c-kit antibody versus
eGFP from bone marrow of Kit1/MCM 3 R-GFP mice without (c) or with
(d) tamoxifen. e, FACS quantification of eGFP1 cells from bone marrow
of these mice (average from n 5 2 mice for R-GFP and n 5 4 for
Kit1/MCM 3 R-GFP). *P , 0.05 versus R-GFP. f, g, Representative heart
sections from Kit1/MCM 3 R-GFP mice showing c-kit1 lineage cells in green
and cardiomyocytes in red (desmin antibody). White arrow indicates eGFP1

adult cardiomyocyte (n 5 3 mice analysed). h–j, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 6–12 weeks of age followed by disassociation
of cells from the hearts of these mice in h (white arrow in i shows rare

cardiomyocyte) that is quantified in j (127,284 cardiomyocytes across two
hearts, 7 were eGFP1, *P , 0.05 versus R-GFP). k–n, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 8 and 14 weeks of age with myocardial
infarction (MI) on week 10 (n 5 3 mice analysed). l, Immunohistological heart
section for desmin (red) and eGFP (green) with nuclei in blue (arrow shows a
cardiomyocyte from the c-kit1 lineage). m, n, Disassociated cardiomyocytes
show rare but definitive myocyte labelling (white arrow), which was quantified
in n (225,760 cardiomyocytes from 2 myocardial infarction-injured hearts, 37
were eGFP1, *P , 0.05 versus R-GFP). o, p, Tamoxifen treatment between 8
and 12 weeks of age with myocardial infarction injury occurring 3 days after
tamoxifen cessation. p, Average number of eGFP1 cardiomyocytes from
histological sections taken across the entire heart (n 5 2 hearts, .50 sections
each) *P , 0.05 versus R-GFP. All error bars represent s.e.m.
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analysis of the P0 heart with a sarcomeric cardiomyocyte marker showed
that nearly all of the eGFP1 cells were non-myocytes, although definable
cardiomyocytes were clearly present at very low levels, including rare
areas of cardiomyocyte clonal expansion (Extended Data Fig. 3d–g).

c-kit1 lineage tracing in adult heart
To specifically address the question of new cardiomyocyte formation
within the adult heart, we generated a mouse model in which the
tamoxifen-inducible MerCreMer protein was targeted to the Kit locus
(Kit1/MCM), followed by cross breeding with the R-GFP reporter line
(Fig. 3a). To verify the fidelity of this system, Kit1/MCM 3 R-GFP mice
were given tamoxifen during postnatal maturation for approximately
4 weeks followed by collection of tissues with known sites of c-kit expres-
sion (Extended Data Fig. 4a). Kit1/MCM 3 R-GFP mice showed <70%
overlap in recombination-dependent eGFP expression and endogen-
ous c-kit protein in Leydig cells of the testis (Extended Data Fig. 4b).
Importantly, no eGFP1 cells were observed in the absence of tamox-
ifen at any age examined or after myocardial infarction injury, dem-
onstrating that the MerCreMer system does not ‘leak’ (Extended Data
Fig. 4c). Kit1/MCM 3 R-GFP mice were also given tamoxifen from day 1

through 6 months of age for continuous labelling (Fig. 3b), which pro-
duced eGFP expression in greater than 60% of bone marrow cells, but
again no signal in the absence of tamoxifen (Fig. 3c–e). Histological
analysis of the heart after 6 months of labelling showed rare examples
of eGFP1 adult cardiomyocytes and a relatively large number of non-
myocytes (Fig. 3f, g). Careful analysis of the non-myocyte fraction in
these hearts showed fibroblasts (rarely), smooth muscle cells (rarely),
endothelial cells and immune cells, with the majority again being CD311

(Extended Data Fig. 5a–g). Myocardial infarction injury also doubled
the number of CD31 cells that were eGFP1 in the adult heart with
8 weeks of prior tamoxifen labelling (Extended Data Fig. 5h). We also
conducted c-kit lineage labelling from 6–12 weeks of age, just after the
postnatal developmental period (Fig. 3h). Upon disassociation of these
hearts we observed 0.0055% eGFP1 adult cardiomyocytes (Fig. 3i, j),
confirmed as extremely low by PCR and quantitative PCR (qPCR) for
Rosa26 locus recombination (Extended Data Fig. 6a–c).

Cardiac injury increases cellular turnover in the heart, hence we sub-
jected Kit1/MCM 3 R-GFP mice to myocardial infarction at 10 weeks of
age during a 6-week tamoxifen-labelling protocol (Fig. 3k and Extended
Data Fig. 6d–f). The percentage of eGFP1 cardiomyocytes increased to
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Figure 3 | Inducible Cre expression from the Kit locus shows limited adult
cardiomyocyte formation. a, Genetic cross between Kit1/MCM and R-GFP
reporter mice to lineage trace c-kit-expressing cells when tamoxifen is present.
b, Schematic showing tamoxifen treatment between day 1 and 6 months of
age (panels c–g). c, d, Representative FACS plots with c-kit antibody versus
eGFP from bone marrow of Kit1/MCM 3 R-GFP mice without (c) or with
(d) tamoxifen. e, FACS quantification of eGFP1 cells from bone marrow
of these mice (average from n 5 2 mice for R-GFP and n 5 4 for
Kit1/MCM 3 R-GFP). *P , 0.05 versus R-GFP. f, g, Representative heart
sections from Kit1/MCM 3 R-GFP mice showing c-kit1 lineage cells in green
and cardiomyocytes in red (desmin antibody). White arrow indicates eGFP1

adult cardiomyocyte (n 5 3 mice analysed). h–j, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 6–12 weeks of age followed by disassociation
of cells from the hearts of these mice in h (white arrow in i shows rare

cardiomyocyte) that is quantified in j (127,284 cardiomyocytes across two
hearts, 7 were eGFP1, *P , 0.05 versus R-GFP). k–n, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 8 and 14 weeks of age with myocardial
infarction (MI) on week 10 (n 5 3 mice analysed). l, Immunohistological heart
section for desmin (red) and eGFP (green) with nuclei in blue (arrow shows a
cardiomyocyte from the c-kit1 lineage). m, n, Disassociated cardiomyocytes
show rare but definitive myocyte labelling (white arrow), which was quantified
in n (225,760 cardiomyocytes from 2 myocardial infarction-injured hearts, 37
were eGFP1, *P , 0.05 versus R-GFP). o, p, Tamoxifen treatment between 8
and 12 weeks of age with myocardial infarction injury occurring 3 days after
tamoxifen cessation. p, Average number of eGFP1 cardiomyocytes from
histological sections taken across the entire heart (n 5 2 hearts, .50 sections
each) *P , 0.05 versus R-GFP. All error bars represent s.e.m.
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analysis of the P0 heart with a sarcomeric cardiomyocyte marker showed
that nearly all of the eGFP1 cells were non-myocytes, although definable
cardiomyocytes were clearly present at very low levels, including rare
areas of cardiomyocyte clonal expansion (Extended Data Fig. 3d–g).

c-kit1 lineage tracing in adult heart
To specifically address the question of new cardiomyocyte formation
within the adult heart, we generated a mouse model in which the
tamoxifen-inducible MerCreMer protein was targeted to the Kit locus
(Kit1/MCM), followed by cross breeding with the R-GFP reporter line
(Fig. 3a). To verify the fidelity of this system, Kit1/MCM 3 R-GFP mice
were given tamoxifen during postnatal maturation for approximately
4 weeks followed by collection of tissues with known sites of c-kit expres-
sion (Extended Data Fig. 4a). Kit1/MCM 3 R-GFP mice showed <70%
overlap in recombination-dependent eGFP expression and endogen-
ous c-kit protein in Leydig cells of the testis (Extended Data Fig. 4b).
Importantly, no eGFP1 cells were observed in the absence of tamox-
ifen at any age examined or after myocardial infarction injury, dem-
onstrating that the MerCreMer system does not ‘leak’ (Extended Data
Fig. 4c). Kit1/MCM 3 R-GFP mice were also given tamoxifen from day 1

through 6 months of age for continuous labelling (Fig. 3b), which pro-
duced eGFP expression in greater than 60% of bone marrow cells, but
again no signal in the absence of tamoxifen (Fig. 3c–e). Histological
analysis of the heart after 6 months of labelling showed rare examples
of eGFP1 adult cardiomyocytes and a relatively large number of non-
myocytes (Fig. 3f, g). Careful analysis of the non-myocyte fraction in
these hearts showed fibroblasts (rarely), smooth muscle cells (rarely),
endothelial cells and immune cells, with the majority again being CD311

(Extended Data Fig. 5a–g). Myocardial infarction injury also doubled
the number of CD31 cells that were eGFP1 in the adult heart with
8 weeks of prior tamoxifen labelling (Extended Data Fig. 5h). We also
conducted c-kit lineage labelling from 6–12 weeks of age, just after the
postnatal developmental period (Fig. 3h). Upon disassociation of these
hearts we observed 0.0055% eGFP1 adult cardiomyocytes (Fig. 3i, j),
confirmed as extremely low by PCR and quantitative PCR (qPCR) for
Rosa26 locus recombination (Extended Data Fig. 6a–c).

Cardiac injury increases cellular turnover in the heart, hence we sub-
jected Kit1/MCM 3 R-GFP mice to myocardial infarction at 10 weeks of
age during a 6-week tamoxifen-labelling protocol (Fig. 3k and Extended
Data Fig. 6d–f). The percentage of eGFP1 cardiomyocytes increased to
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Figure 3 | Inducible Cre expression from the Kit locus shows limited adult
cardiomyocyte formation. a, Genetic cross between Kit1/MCM and R-GFP
reporter mice to lineage trace c-kit-expressing cells when tamoxifen is present.
b, Schematic showing tamoxifen treatment between day 1 and 6 months of
age (panels c–g). c, d, Representative FACS plots with c-kit antibody versus
eGFP from bone marrow of Kit1/MCM 3 R-GFP mice without (c) or with
(d) tamoxifen. e, FACS quantification of eGFP1 cells from bone marrow
of these mice (average from n 5 2 mice for R-GFP and n 5 4 for
Kit1/MCM 3 R-GFP). *P , 0.05 versus R-GFP. f, g, Representative heart
sections from Kit1/MCM 3 R-GFP mice showing c-kit1 lineage cells in green
and cardiomyocytes in red (desmin antibody). White arrow indicates eGFP1

adult cardiomyocyte (n 5 3 mice analysed). h–j, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 6–12 weeks of age followed by disassociation
of cells from the hearts of these mice in h (white arrow in i shows rare

cardiomyocyte) that is quantified in j (127,284 cardiomyocytes across two
hearts, 7 were eGFP1, *P , 0.05 versus R-GFP). k–n, Tamoxifen treatment of
Kit1/MCM 3 R-GFP mice between 8 and 14 weeks of age with myocardial
infarction (MI) on week 10 (n 5 3 mice analysed). l, Immunohistological heart
section for desmin (red) and eGFP (green) with nuclei in blue (arrow shows a
cardiomyocyte from the c-kit1 lineage). m, n, Disassociated cardiomyocytes
show rare but definitive myocyte labelling (white arrow), which was quantified
in n (225,760 cardiomyocytes from 2 myocardial infarction-injured hearts, 37
were eGFP1, *P , 0.05 versus R-GFP). o, p, Tamoxifen treatment between 8
and 12 weeks of age with myocardial infarction injury occurring 3 days after
tamoxifen cessation. p, Average number of eGFP1 cardiomyocytes from
histological sections taken across the entire heart (n 5 2 hearts, .50 sections
each) *P , 0.05 versus R-GFP. All error bars represent s.e.m.
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Anversa published at least 55 papers that listed Harvard as an affiliation. In 2014, a former research fellow described an 
atmosphere of fear and information control in his lab.

Anversa, who according to publications was most recently affiliated with the Cardiocentro Ticino and University of Zurich, 
could not be reached for comment. An email to his address at Cardiocentro Ticino bounced back. A number of Anversa’s co-
authors either did not immediately respond to a request for comment, or declined.


Anversa was born in Parma, Italy, in 1940 and received his medical degree from the University of Parma in 1965. He gained 
prominence as a stem-cell researcher at New York Medical College in Valhalla, N.Y., where he worked before moving to 
Harvard Medical School and the Brigham in 2007. Anversa became a full professor in 2010.


Throughout his career, Anversa has received several commendations, including a research achievement award from the 
American Heart Association, which in 2004 also named him a “distinguished scientist.”

Although journals often act on retraction recommendations by universities, they do not always do so, and it sometimes takes 
a while. Journals retract roughly 1,400 scholarly papers each year, out of some 3 million total publications. Anversa’s total 
would put him in the top 20 list of scientists with the most retractions in the world. The 10 scientists worldwide with the most 
retracted papers have at least 39, and in one case — Japanese anesthesiologist Yoshitaka Fujii — 183 such articles.

So what do the calls for retraction mean for cardiology?

“What seems obvious to me is a need for transparency,” Yale cardiologist Dr. Harlan Krumholz told STAT and Retraction 
Watch. “The scientific community needs to know what was found, why papers were retracted, and what is recommended with 
regard to his work going forward. Also, what has happened to work that was based on his work. Without this knowledge it is 
hard to know what it means.”

Braggadacio, information control, and fear: Life 
inside a Brigham stem cell lab under investigation

Regular readers of Retraction Watch will note the recent news regarding the work conducted in the laboratory of Piero Anversa at Brigham and Women’s Hospital, a Harvard Medical School 
affiliate. In the early 2000s, his laboratory published a series of papers regarding the regenerative qualities of bone marrow-derived and cardiac-resident “stem cells.”
Those initial findings, as well as the research conducted since those early studies, have always been surrounded by controversy, as many have been unsuccessful in efforts to replicate their 
results. Controversy among competitors is not uncommon in our profession, but this particular one has blossomed into a formal investigation of their findings, and has, to date, led to the 
retraction of one paper and an expression of concern about another.
The “Science”
I think that most scientists, perhaps with the exception of the most lucky or most dishonest, have personal experience with failure in science—experiments that are unreproducible, hypotheses 
that are fundamentally incorrect. Generally, we sigh, we alter hypotheses, we develop new methods, we move on. It is the data that should guide the science.
In the Anversa group, a model with much less intellectual flexibility was applied. The “Hypothesis” was that c-kit (cd117) positive cells in the heart (or bone marrow if you read their earlier 
studies) were cardiac progenitors that could: 1) repair a scarred heart post-myocardial infarction, and: 2) supply the cells necessary for cardiomyocyte turnover in the normal heart.
This central theme was that which supplied the lab with upwards of $50 million worth of public funding over a decade, a number which would be much higher if one considers collaborating 
labs that worked on related subjects.
In theory, this hypothesis would be elegant in its simplicity and amenable to testing in current model systems. In practice, all data that did not point to the “truth” of the hypothesis were 
considered wrong, and experiments which would definitively show if this hypothesis was incorrect were never performed (lineage tracing e.g.).
Further, controls that suggested that the data might be artifactual were ignored or not conducted. However, I challenge the readers to determine any of this information from the published 
manuscripts. So how does this slip through the cracks for years? The fault for this can likely be attributed to multiple sources although a conspicuous lack of stringency in the peer review 
process of the journals in which they were published come to mind.
Beyond the science, ironically, a certain braggadocio also existed surrounding this hypothesis. Anyone who attended the pertinent sessions at the American Heart Association Scientific 
Sessions could attest to this. In essence, to Dr. Anversa all investigators who questioned the hypothesis were“morons,” a word he used frequently at lab meetings. For one within the group to 
dare question the central hypothesis, or the methods used to support it, was a quick ticket to dismissal from your position.
Information Segregation + Machiavellian Principles = Successful Lab
The day to day operation of the lab was conducted under a severe information embargo. The lab had Piero Anversa at the head with group leaders Annarosa Leri, Jan Kajstura and Marcello 
Rota immediately supervising experimentation. Below that was a group of around 25 instructors, research fellows, graduate students and technicians. Information flowed one way, which was 
up, and conversation between working groups was generally discouraged and often forbidden.
Raw data left one’s hands, went to the immediate superior (one of the three named above) and the next time it was seen would be in a manuscript or grant. What happened to that data in the 
intervening period is unclear.
A side effect of this information embargo was the limitation of the average worker to determine what was really going on in a research project. It would also effectively limit the ability of an 
average worker to make allegations regarding specific data/experiments, a requirement for a formal investigation.
The general game plan of the lab was to use two methods to control the workforce: Reward those who would play along and create a general environment of fear for everyone else. The 
incentive was upward mobility within the lab should you stick to message. As ridiculous as it sounds to the average academic scientist, I was personally promised money and fame should I 
continue to perform the type of work they desired there. There was also the draw of financial security/job stability that comes with working in a very well-funded lab.
On the other hand, I am not overstating when I say that there was a pervasive feeling of fear in the laboratory. Although individually-tailored stated and unstated threats were present for lab 
members, the plight of many of us who were international fellows was especially harrowing. Many were technically and educationally underqualified compared to what might be considered 
average research fellows in the United States. Many also originated in Italy where Dr. Anversa continues to wield considerable influence over biomedical research.
This combination of being undesirable to many other labs should they leave their position due to lack of experience/training, dependent upon employment for U.S. visa status, and under 
constant threat of career suicide in your home country should you leave, was enough to make many people play along.
Even so, I witnessed several people question the findings during their time in the lab. These people and working groups were subsequently fired or resigned. I would like to note that this lab is 
not unique in this type of exploitative practice, but that does not make it ethically sound and certainly does not create an environment for creative, collaborative, or honest science.
Lessons Learned
So what, if anything, did I learn from spending a period of my life in my scientific nightmare? The conditions I have written about are not unique, although the particulars of how the misconduct 
happened may be. The simplest explanation is that, in spite of the efforts of ethical watchdogs, these are behaviors that science is selecting for with its current funding and publication 
mechanisms. I was glad to learn of the investigation regarding this lab but without vigilance and alterations to current structures, newer, more careful versions of Piero Anversa will 
undoubtedly move in to take his place.

Exosomes (CAP-2003)
CAP-2003 represents exosomes isolated from the company’s proprietary cardiosphere-derived cells
(CDCs), and is being developed as a next-generation therapeutic platform in regenerative medicine. 
Exosomes are nano-sized, membrane-enclosed vesicles, or “bubbles” that are secreted by cells and 
contain bioactive molecules, including proteins, RNAs and microRNAs. They act as messengers to 
regulate the functions of neighboring cells, and pre-clinical research has shown that exogenously-
administered exosomes can direct or, in some cases, re-direct cellular activity, supporting their 
therapeutic potential. Their size, ease of crossing cell membranes, and ability to communicate in native 
cellular language makes them an exciting class of potential therapeutic agents. CAP-2003 consists of 
exosomes secreted by CDCs, and is believed to mediate many of the effects that are observed with 
these cells, including anti-inflammatory, anti-angiogenic, anti-apoptotic, and anti-fibrotic effects. Capricor 
is currently conducting pre-clinical studies to explore the possible therapeutic benefits that exosomes 
may possess, with a focus on ophthalmologic, dermatologic and oncologic disease. Capricor expects to 
initially develop CAP-2003 for ocular graft-versus-host disease.
CSMC has granted Capricor worldwide rights to its CDC Exosome technology under an exclusive license 
agreement with Cedars-Sinai Medical Center.



Why do zebrafish respond to cardiac injury with 
regeneration, whereas fibrosis predominates in 
other vertebrates?

mps1 mutant zebrafish form normal fibrin clots by 
day 8, but cardiac myofibers do not penetrate the 
clot 

In these mutants, the ventricular wall cannot be 
restored; instead, the injured hearts retained fibrin 
deposits and developed large connective-tissue 
scars

Mps1 is a mitotic checkpoint kinase that is up-
regulated in many proliferative cell types

Scarring might complement regeneration, so that the vigor of myocyte 
proliferation within a given species would determine the predominant 
response. According to this model, the inhibition of regeneration would 
lead to scarring

Regenerated cardiomyocytes are 
derived from differentiated, pre-
existing cardiomyocytes

Differentiating cardiomyocytes 
re-enter the cell cycle

Regenerating cardiomyocyte 
partially disassemble the 
contractile apparatus but not 
revert to an embryonic stage



A 25-year-old heart replaces about 1% of all 
cardiomyocytes over a year; a 75-year-old about half 
that. 

Retrospective Birth Dating of Cells
137

cal neurogenesis under physiological conditions, from
a technical point of view, comes from electron micro-
scopic detection of [3H]thymidine neurons in the occipi-
tal cortex of the rat (Kaplan, 1981).

We therefore set out to retrospectively determine the
age of neurons in the adult human occipital cortex, to
establish whether there is any appreciable addition of
neurons in this brain region postnatally. 14C levels in
unsorted total occipital cortex showed an average age
substantially younger than the individual, pointing to
cell turnover (Figures 3 and 6). To specifically analyze
the age of neurons and nonneuronal cells, we isolated
NeuN-positive and -negative cells by flow cytometry.
14C levels in NeuN-positive neurons from individuals
born after the bomb pulse demonstrated levels corre-
sponding to the average age of the cells being as old
as the individual (Figures 6A and 6B). We can currently
establish the age of a cell population with a precision
of ±2 years, and the time of birth of the individual was
within this error margin in all measurements of NeuN-
positive neurons from occipital cortex. The NeuN-nega-
tive cells, which are mainly glial cells, were substantially
younger (Figures 6A and 6B). We additionally analyzed
cells from individuals born before the bomb pulse,
which provides a very sensitive measure of postnatal
cell turnover. The 14C levels in genomic DNA from
NeuN-positive neurons corresponded to those in the
atmosphere prior to the nuclear bomb tests (Figures 6C
and 6D), which suggests that adult neurogenesis does
not occur in this region.

Discussion

Cell turnover may be necessary under physiological or
pathological conditions to maintain certain organs, yet
our knowledge regarding this process in most human
tissues is scarce due to a lack of means to study this
process. We describe here a general strategy to study
cell renewal in man. The dramatic increase in atmo-
spheric 14C levels and the subsequent exponential de-
cline have resulted in different amounts of 14C being
integrated into the DNA of cells depending on the time
point the DNA was synthesized. We all therefore have
a date-mark in our DNA, and we show here that this
can be used to establish the age of cells.

DNA as a Time Capsule
Most molecules in a cell are in constant flux, and DNA
is likely to be the most stable molecule after a cell has
undergone its last mitosis. It is important to consider

Figure 3. Cell Age in Different Adult Human Organs the stability of DNA for the validity of the current tech-
Analysis of 14C levels in genomic DNA from cerebellar gray matter, nique since turnover of nucleotides in the absence of
occipital-cortex gray matter, and small intestine (jejunum) from cell division would give a false impression of a cell pop-three representative individuals (A–C) born at different times (indi-

ulation being younger than its actual age. DNA damage,cated by vertical lines) reveals the differing turnover rates of cells
followed by nucleotide exchange, mainly occurs duringin different tissues.
DNA replication (Nouspikel and Hanawalt, 2002). Since
DNA repair during cell division will not influence the
current analysis, it is most important to consider theand Rakic, 2001). It has been suggested that some pos-

itive results were due to technical shortcomings, in- potential turnover of DNA in very rarely dividing or post-
mitotic cells. DNA repair in postmitotic cells is limited tocluding unspecific labeling with BrdU or mistaken colo-

calization due to low-resolution microscopy (Kornack transcribed genes, and untranscribed DNA in terminally
differentiated cells, including human neurons, does notand Rakic, 2001; Nowakowski and Hayes, 2000; Rakic,

2002b). Perhaps the strongest indication of adult corti- appear to be repaired even after massive experimental

Carbon dating of cardiomyocytes in human hearts 
indicates a lifetime turnover rate of 50%. 

After the Second World War, tests of nuclear 
bombs spewed carbon-14 pollution into the 
atmosphere. This isotope was incorporated 
into plants and the people who consumed 
them. After above-ground tests were stopped 
in 1963, levels of the isotope started to fall. 
The 14C in a cell's DNA corresponds to the 
amount of the isotope in the atmosphere at 
the time it was dividing, providing a way to 
date a cell's birth. 

Fewer than 50% of cardiomyocytes are exchanged during a 
normal life span.
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The human heart is believed to grow by enlargement but not
proliferation of cardiomyocytes (heart muscle cells) during post-
natal development. However, recent studies have shown that
cardiomyocyte proliferation is a mechanism of cardiac growth
and regeneration in animals. Combined with evidence for cardio-
myocyte turnover in adult humans, this suggests that cardiomyo-
cyte proliferation may play an unrecognized role during the period
of developmental heart growth between birth and adolescence.
We tested this hypothesis by examining the cellular growth
mechanisms of the left ventricle on a set of healthy hearts from
humans aged 0–59 y (n= 36). The percentages of cardiomyocytes in
mitosis and cytokinesis were highest in infants, decreasing to low
levels by 20 y. Although cardiomyocyte mitosis was detectable
throughout life, cardiomyocyte cytokinesis was not evident after
20 y. Between the first year and 20 y of life, the number of cardio-
myocytes in the left ventricle increased 3.4-fold, which was consis-
tent with our predictions based on measured cardiomyocyte cell
cycle activity. Our findings show that cardiomyocyte proliferation
contributes to developmental heart growth in young humans. This
suggests that children and adolescents may be able to regenerate
myocardium, that abnormal cardiomyocyte proliferation may be
involved in myocardial diseases that affect this population, and
that these diseases might be treatable through stimulation of car-
diomyocyte proliferation.

heart failure | pediatrics

Heart failure, a leading public health problem worldwide (1), is
linked to the loss of cardiomyocytes (2–4). The only currently

available, definitive therapy—heart transplantation—is limited
by donor availability. New approaches, such as cell transplan-
tation, have shown encouraging results in clinical trials (5, 6).
However, a third, complementary strategy has emerged, based
on stimulating endogenous regenerative mechanisms. One ap-
proach for developing such regeneration strategies is to examine
the cellular mechanisms of myocardial growth, since mecha-
nisms of regeneration should be similar to the mechanisms of
development.
Although stem and progenitor cells are important for mor-

phogenesis of the myocardium, developmental growth in a number
of nonhuman species is largely driven by cardiomyocyte pro-
liferation (7–9). In biological models that, unlike adult humans,
regenerate myocardium, cardiomyocyte proliferation is important
for regeneration as well as postnatal heart growth (10, 11). For
example, in mice, developmental cardiomyocyte proliferation
continues for up to day 7 after birth, which coincides with the loss
of regenerative capacity (11, 12). The close temporal relationship
between cardiomyocyte proliferation and heart regeneration in
animals raises the question of whether and to what age and extent
cardiomyocyte proliferation plays a role in humans. The answer
may help us understand the endogenous regenerative potential of
the human heart and possibly indicate strategies for stimulating
cardiomyocyte proliferation to regenerate myocardium.

Our current understanding of human myocardial growth is
limited by an overall lack of reliable data about the underlying
cellular mechanisms (reviewed in refs. 3, 4). Cardiomyocyte nuclei
have been quantified in human fetuses using hematoxylin-eosin
staining (13–15). Radiocarbon birth dating has shown that a small
portion of cardiomyocytes is replaced in humans older than 20 y
(16), but this technique is unreliable for the analysis of recent
samples from individuals younger than 20 y of age (17). The de-
tection of thymidine analogs, used to quantify cardiomyocyte
turnover in adult cancer patients (18), is also not feasible in
children. Thus, due to multiple limitations, little is known about
the cellular growth mechanisms in the human heart in the most
dynamic time window between birth and 20 y of age.
Technical limitations have hampered progress in addressing

these questions. To overcome these limitations, we have developed
and implemented image-based assays. In the present study, we
examined a set of 21 healthy young (age range from 0–20 y) hearts
and an additional set of 15 adult hearts (SI Appendix, Table S1).
Our aim was to determine the extent and timing of cardiomyocyte
cell cycling, proliferation, and hypertrophy and to relate the ac-
tivity of these mechanisms to the growth of the human heart.

Results
Validation of Sampling and Methods. Using digital color thresh-
olding on acid Fuchsin Orange G-stained myocardial samples,
we quantified fibrosis, which was 1.02 ± 0.4%, (Fig. 1A). In
addition, we performed histopathologic evaluation of these
slides, which led to the elimination of four hearts. Thus, evalu-
ation of the selected hearts showed that they are a representative
sample (SI Appendix, Table S1 and Figs. S1 and S2).
To be able to use flash-frozen human myocardial samples, we

developed a unique isolation method, which involves fixing the
myocardium before digestion with collagenase. The resulting
yield of cardiomyocytes was 91.3 ± 3% [weight%, determined
by (original weight – residual)/original weight]. The percentage
of cardiomyocytes with desmosome-containing ends was 92.4 ±
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The human heart is believed to grow by enlargement but not
proliferation of cardiomyocytes (heart muscle cells) during post-
natal development. However, recent studies have shown that
cardiomyocyte proliferation is a mechanism of cardiac growth
and regeneration in animals. Combined with evidence for cardio-
myocyte turnover in adult humans, this suggests that cardiomyo-
cyte proliferation may play an unrecognized role during the period
of developmental heart growth between birth and adolescence.
We tested this hypothesis by examining the cellular growth
mechanisms of the left ventricle on a set of healthy hearts from
humans aged 0–59 y (n= 36). The percentages of cardiomyocytes in
mitosis and cytokinesis were highest in infants, decreasing to low
levels by 20 y. Although cardiomyocyte mitosis was detectable
throughout life, cardiomyocyte cytokinesis was not evident after
20 y. Between the first year and 20 y of life, the number of cardio-
myocytes in the left ventricle increased 3.4-fold, which was consis-
tent with our predictions based on measured cardiomyocyte cell
cycle activity. Our findings show that cardiomyocyte proliferation
contributes to developmental heart growth in young humans. This
suggests that children and adolescents may be able to regenerate
myocardium, that abnormal cardiomyocyte proliferation may be
involved in myocardial diseases that affect this population, and
that these diseases might be treatable through stimulation of car-
diomyocyte proliferation.
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Heart failure, a leading public health problem worldwide (1), is
linked to the loss of cardiomyocytes (2–4). The only currently

available, definitive therapy—heart transplantation—is limited
by donor availability. New approaches, such as cell transplan-
tation, have shown encouraging results in clinical trials (5, 6).
However, a third, complementary strategy has emerged, based
on stimulating endogenous regenerative mechanisms. One ap-
proach for developing such regeneration strategies is to examine
the cellular mechanisms of myocardial growth, since mecha-
nisms of regeneration should be similar to the mechanisms of
development.
Although stem and progenitor cells are important for mor-

phogenesis of the myocardium, developmental growth in a number
of nonhuman species is largely driven by cardiomyocyte pro-
liferation (7–9). In biological models that, unlike adult humans,
regenerate myocardium, cardiomyocyte proliferation is important
for regeneration as well as postnatal heart growth (10, 11). For
example, in mice, developmental cardiomyocyte proliferation
continues for up to day 7 after birth, which coincides with the loss
of regenerative capacity (11, 12). The close temporal relationship
between cardiomyocyte proliferation and heart regeneration in
animals raises the question of whether and to what age and extent
cardiomyocyte proliferation plays a role in humans. The answer
may help us understand the endogenous regenerative potential of
the human heart and possibly indicate strategies for stimulating
cardiomyocyte proliferation to regenerate myocardium.

Our current understanding of human myocardial growth is
limited by an overall lack of reliable data about the underlying
cellular mechanisms (reviewed in refs. 3, 4). Cardiomyocyte nuclei
have been quantified in human fetuses using hematoxylin-eosin
staining (13–15). Radiocarbon birth dating has shown that a small
portion of cardiomyocytes is replaced in humans older than 20 y
(16), but this technique is unreliable for the analysis of recent
samples from individuals younger than 20 y of age (17). The de-
tection of thymidine analogs, used to quantify cardiomyocyte
turnover in adult cancer patients (18), is also not feasible in
children. Thus, due to multiple limitations, little is known about
the cellular growth mechanisms in the human heart in the most
dynamic time window between birth and 20 y of age.
Technical limitations have hampered progress in addressing

these questions. To overcome these limitations, we have developed
and implemented image-based assays. In the present study, we
examined a set of 21 healthy young (age range from 0–20 y) hearts
and an additional set of 15 adult hearts (SI Appendix, Table S1).
Our aim was to determine the extent and timing of cardiomyocyte
cell cycling, proliferation, and hypertrophy and to relate the ac-
tivity of these mechanisms to the growth of the human heart.

Results
Validation of Sampling and Methods. Using digital color thresh-
olding on acid Fuchsin Orange G-stained myocardial samples,
we quantified fibrosis, which was 1.02 ± 0.4%, (Fig. 1A). In
addition, we performed histopathologic evaluation of these
slides, which led to the elimination of four hearts. Thus, evalu-
ation of the selected hearts showed that they are a representative
sample (SI Appendix, Table S1 and Figs. S1 and S2).
To be able to use flash-frozen human myocardial samples, we

developed a unique isolation method, which involves fixing the
myocardium before digestion with collagenase. The resulting
yield of cardiomyocytes was 91.3 ± 3% [weight%, determined
by (original weight – residual)/original weight]. The percentage
of cardiomyocytes with desmosome-containing ends was 92.4 ±
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0.4% (Fig. 1 B and C), and sarcomereres were present (Fig. 1D),
indicating that most of the isolated heart muscle cells were intact.
To determine whether immunofluorescence microscopy could

reliably differentiate between cardiomyocytes and noncardi-
omyocytes, we used two different structural markers: a sarco-
meric marker (α-actinin and/or troponin I) as well as a membrane
marker (caveolin-3). Confocal microscopy and visual quantifica-
tion showed agreement between these markers in the identifica-
tion of cardiomyocyte nuclei (SI Appendix, Fig. S3). We noted
that H&E staining overestimated the number of cardiomyocyte
nuclei compared with caveolin-3 and troponin I staining (SI Ap-
pendix, Fig. S3 G and H). The optical dissector method for
quantifying cardiomyocyte (Fig. 1E) and noncardiomyocyte nu-
clei (Fig. 1F) on three random myocardial sections from different
sites of the same left ventricle (LV) showed no significant dif-
ferences in the nuclear density in different compartments of the
same LV, indicating that our sampling method yielded a probe
representative of the whole LV. We determined fixation-related
tissue shrinkage to be 21 ± 5.8% and corrected the results ac-
cordingly (SI Appendix, Fig. S6). In summary, the applied sam-
pling methods yield representative probes of human hearts.

Human Hearts Show Evidence of Cardiomyocyte Cell Cycle Activity.
Having established the validity of our methods, we visualized
mitotic cardiomyocytes with antibodies against phosphorylated
histone H3 (a marker for M-phase) and sarcomeric markers
(α-actinin, Fig. 2 A and B). Using laser-scanning cytometry (LSC)
as an automated and unbiased method for quantification on
isolated cardiomyocytes, we determined that during the first year
of life the percentage of cardiomyocytes in M-phase was 0.04 ±
0.01% (n = 6, Fig. 2C). Between 10 and 20 y, this decreased to
0.009 ± 0.006% (n = 5, P < 0.05, Fig. 2C) and remained de-
tectable in hearts from subjects older than 40 y.
To cross-check these results, we quantified cardiomyocytes in

M-phase with a different approach, using confocal microscopy of
tissue sections (Fig. 2B, SI Appendix, and Movies S1 and S2). The
quantification showed that in the first year of life, the percentage
of M-phase cardiomyocytes was 0.012 ± 0.003% (Fig. 2D). The
percentage of M-phase cardiomyocytes decreased significantly
over the first two decades of life but was still detectable above
40 y. The percentages of M-phase cardiomyocytes determined on
stained sections correlated well with the results from the LSC
analysis of isolated cardiomyocytes, indicating that cardiomyocyte
cell cycle activity is higher in young than in adult humans.
Analysis of isolated cardiomyocytes showed that M-phase

cardiomyocytes were predominantly mononucleated (P < 0.001),
which is in agreement with previous reports of cycling mono-
nucleated cardiomyocytes in growing cats (19), rats (20), and
mice (21).

Young Humans Show Evidence of Cardiomyocyte Division. Detection
of the contractile ring provides evidence of cardiomyocyte cyto-
kinesis. The contractile ring consists of regulatory and motor
proteins (22), including the mitotic kinesin-like protein (MKLP-1),
a component of the centralspindlin complex, which is required for
completion of cytokinesis (23). We developed a cardiomyocyte
cytokinesis assay by staining thick (30 μm) myocardial sections
with antibodies against MKLP-1 and α-actinin (Fig. 3A). Confo-
cal stacks and 3D reconstructions showed contractile rings tra-
versing cardiomyocytes (Movies S3, S4, S5, and S6). For
quantification, we identifiedMKLP-1–positive cardiomyocytes on
myocardial sections by confocal microscopy. In the age range of
0–1 y, 0.016 ± 0.003% of cardiomyocytes were in cytokinesis (n =
6). Between 2 and 10 y, it was 0.01 ± 0.002% (n = 4), and in the
second decade of life, this value decreased to 0.005 ± 0.005% (n =
5, P < 0.05, Fig. 3B). We did not detect cardiomyocytes in cyto-
kinesis in subjects older than 20 y (n = 9). In summary, human
infants show evidence of cardiomyocyte cytokinesis, which
decreases during childhood and adolescence to nondetectable
levels in adults.

Human Cardiomyocytes Show an Increase of Nuclear Ploidy with Age.
Cell cycle activity in cardiomyocytes may lead not only to division
but also to formation of binucleated and polyploid daughter
cells (3). Therefore, to determine the association between car-
diomyocyte cell cycle activity and cellular proliferation, it is
necessary to account for these nonproductive cell cycles. To de-
termine the percentage of mononucleated cardiomyocytes in our
samples, we quantified the number of nuclei in isolated human
cardiomyocytes by visual count as well as automatically using LSC
(SI Appendix, Fig. S4). The results obtained with both methods
were highly correlated (Fig. 4A), thus validating the LSC method.
Using LSC, we determined that the percentage of mononucleated
cardiomyocytes did not change significantly between the first year
(67.8± 3%) and 10 and 20 y of life (63.5± 2.2%, P> 0.05, Fig. 4B)
and remained unchanged throughout life. The percentage of
mononucleated cardiomyocytes in children has not been pub-
lished previously, but the percentage in adults is in agreement
with a prior study (24). In conclusion, humans do not display
the transition to predominantly binucleated cardiomyocytes,
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Fig. 1. Sampling and isolation methods yield representative probes of
healthy human hearts. (A) Analysis of AFOG-stained tissue sections reveals
no increased fibrosis; data fitted with linear regression, slope: –0.007 ±
0.002, P = 0.007. (B) Isolation from a 9-y-old donor heart using the fixation-
digestion method yields intact cardiomyocytes. (C) Staining of desmosomes
with an antibody against pan-cadherin shows intact cardiomyocytes. (D)
α-actinin shows intact sarcomeres. (E) Optical dissector method quantifying
cardiomyocyte and (F) noncardiomyocyte nuclei on three random myocar-
dial sections from different sites of the same LV shows no significant dif-
ferences in the nuclear density in different compartments of the same LV.
Statistical significance was tested with ANOVA. The results are mean ± SD.
Scale bar: 50 μm (B–D).
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Kajstura et al. (38) reported 0.01% H3P-positive cardio-
myocytes between 1–10 y, 0.004% between 10–20 y, 0.003%
between 21–40 y, and 0.006% above 40 y. Our corresponding
results are 2–3.5-fold higher up to 40 y of age and sixfold lower
above 40 y (SI Appendix, Table S5). However, Kajstura et al. (38)
used their birth-dating results to arrive at cardiomyocyte gener-
ation rates that are 5- to 10-fold higher up to 40 y of age and 80-
fold higher above 40 y. In contrast, we did not detect cardiomyocyte
cytokinesis in hearts from subjects older than 20 y. This may be
because, unlike using the mean birthdate of cardiomyocytes, as
done by Bergmann et al. (16) and Kajstura et al. (38), our cyto-
kinesis assay is based upon direct visualization and quantification
of individual dividing cardiomyocytes. An alternative interpretation
of the lack of detection of cardiomyocyte cytokinesis above 20 y is
that the corresponding cell cycle activity that we detected using
the H3P assay is exclusively associated with nonproductive cell
cycle events. In summary, the pattern of cardiomyocyte cell cycle
activity in our study, which included more and younger hearts
than prior studies, confirms the suggestion that young humans
show more cardiomyocyte cycling and division than adults.
The number of generated cardiomyocytes in our stereologic

estimates (Fig. 5 C and E) may include those that originate from

cardiogenic stem and progenitor cells, as well as those generated
by division of preexisting, differentiated cardiomyocytes. Both
mechanisms are not mutually exclusive and may occur simulta-
neously. Current knowledge of cardiac development would place
cardiogenic stem and progenitor cells upstream of dividing car-
diomyocytes, but available methods in humans cannot differen-
tiate these two processes (3, 18, 39, 40).
Regardless of the origin of the cycling cardiomyocytes, the

findings from our study and others (SI Appendix, Table S5)
establish the importance of cardiomyocyte proliferation in the
growth and development of postnatal human hearts. In addition
to providing a new cell-based growth model for the human heart,
our findings point to a potential opportunity for stimulating myo-
cardial growth and regeneration in humans—through the manip-
ulation of endogenous mechanisms of cardiomyocyte proliferation.

Materials and Methods
Study Population and Tissue Sampling. The Muscle Research Unit at the Uni-
versity of Sydney (Australia) provided LV myocardial samples from 28 unused
donor hearts that were procured for transplantation. The National Institute of
Child Health and Human Development Brain and Tissue Bank at the University
of Maryland provided eight samples from cadaveric hearts with short post-
mortem intervals (SI Appendix, Table S1 and Figs. S1 and S2). Sample ascer-
tainment was approved by the Institutional Review Boards of St. Vincent’s
Hospital (H03/118) and the University of Sydney (09-2009-12146).

Isolation of Cardiomyocytes from Flash-Frozen Tissue. Myocardial samples
were flash frozen and stored in liquid nitrogen. For isolation, 1 mm3 blocks of
tissue were fixed in 3.7% (vol/vol) normal buffered formaldehyde (Sigma)
and incubated on a slow bench top rocker at room temperature for 2 h.
The tissue was then washed in PBS for 5 min and digested with collagenase
B (1.8 mg/mL, Roche) and collagenase D (2.4 mg/mL, Roche) on a rotator at
37 °C overnight.

Quantification of Fibrosis. Myocardial tissue samples were stained with AFOG
to visualize cardiomyocytes (red) and collagen (blue), and 15 random images
per slide were assessed with a Zeiss Axioplan2 microscope and 20× lens. We
quantified the proportion of fibrosis by digital color thresholding (Meta-
morph). The same slides were used for histopathologic evaluation.

Immunofluorescence and Optical Dissector Method. For each heart, 210 con-
secutive cryosections were prepared on 70 slides. We selected the initial slide
with a random number generator and picked every fifteenth slide after that
for staining and microscopy in a random-systematic fashion. Six researchers,
blinded with respect to the samples’ corresponding ages and identities,
quantified cellular events, either by manual count or by digital thresholding
(image segmentation and creation of a binary image from a gray scale).
Software analysis of the converted binary images was performed with Image
Processing and Analysis in Java (Image J). To quantify the number of car-
diomyocyte nuclei per cubed centimeter, we used the optical dissector
method (29) and validated it with two cardiomyocyte-specific structural
markers (SI Appendix, Fig. S3). To calculate the number of cardiomyocyte
nuclei per LV, we multiplied the number of cardiomyocyte nuclei per cubed
centimeter with the LV volume (see below and ref. 27). We quantified tissue
shrinkage and corrected all results accordingly (SI Appendix, Fig. S6).

Determination of LV Myocardial Mass. The LV reference mass of each heart for
which heart weight was not available as the mean normal value for body
surface area was calculated according to normal z-score values described in
ref. 41. Our calculations were based on data from 576 healthy humans
obtained at Boston Children’s Hospital within an institutional review board–
approved study. Quantification of the number of cardiomyocytes per LV us-
ing the predicted heart weights matched very closely with estimations based
on actual heart weights for those seven hearts where this information was
available (SI Appendix, Fig. S8).

Cardiomyocyte Volume Determination. To determine the cellular volumes of
isolated cardiomyocytes, we visualized the cytoplasm with CellMask (Invi-
trogen, 5 μg/mL, 5 min at room temperature). To select cardiomyocytes for
volume analysis, we scanned the stained slide with a ×60 water objective and
selected one random cardiomyocyte from every fourth field of view. We
acquired confocal stacks with a step size of 1.2 μm (Olympus FV 1000; SI
Appendix, Fig. S5A). We used digital thresholding to determine the area of
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Fig. 5. Human cardiomyocytes proliferate and enlarge after birth. (A)
Cardiomyocyte nuclear density, determined by the optical dissector method,
decreases with age. (B) Number of cardiomyocyte nuclei per LV increases
with age. (C) Number of cardiomyocytes per LV, calculated from number of
cardiomyocyte nuclei (B) and percentages of mono-, bi-, and multinucleated
cardiomyocytes. (D) Mean volume of cardiomyocytes increases with age. (E
and F) The number (E) and mean volume (F) of cardiomyocytes from in-
dividual LVs were graphed over age and modeled using locally weighted
scatter plot smoothing (LOWESS). Blow-up graphs of results from the first 3.5
mo of life are shown. Dotted lines indicate 95% confidence intervals. R2

values are indicated. *P < 0.05. n, number of hearts analyzed.
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Human cardiomyocytes proliferate and enlarge after birth.

Clinical case

Haubner et al., Circulation Research 2016 

•Boy born at the end of 39th week, uneventful 
labor, umbilical arterial blood ok 

•After birth severe cyanosis, reduced oxygen 
saturation 

•ECG: signs of acute ischemia 
•Echocardiography: severe LV dysfunction 
•Increased BNP, Troponin T and CK 
•Coronary angiography
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To determine the cause of myocardial damage, we per-
formed Doppler echocardiography. We observed a block 
in blood flow in the left anterior descending artery (LAD; 
Figure 2A), indicative of occlusion of this key coronary 
blood vessel. To directly demonstrate LAD obstruction, 
we performed cardiac angiography. We indeed observed 
a complete thrombotic occlusion of the proximal LAD 
without any detectable collateral blood flow (Figure 2B). 
No obvious cause for thrombus formation could be identi-
fied, for example, there was no enhanced coagulation and 
illicit drug abuse of the mother was excluded. The child 
developed acute left ventricular heart failure necessitating 
inotropic therapy and the implantation of an extracorpo-
real membrane oxygenation device (Online Figure IA). 
Intravenous thrombolysis was initiated ≈28 hours after 
the first symptoms. Importantly, Doppler echocardiogra-
phy as well as repeated angiography showed reopening 
of the occluded LAD lesion (Figure 2A and 2B). Despite 
re-establishment of coronary blood flow, the child contin-
ued to present with myocardial damage as evidenced by 

anteroseptal edema and regional hypokinesis at the area 
of infarction (Figure 3A and 3B; Online Movies I and II). 
Moreover, after thrombolysis, we detected pathological 
ECG Q waves (Figure 3C), further supporting myocardial 
damage. Thus, the newborn had LAD occlusion for >20 
hours, resulting in massive MI.

The following subacute phase was characterized by con-
tinuous cardiac improvement without any complications. All 
serum markers for cardiac damage, that is, troponin T and 
creatine kinase, rapidly returned to normal levels (Figure 4A). 
Moreover, N-terminal pro B-type natriuretic peptide serum 
level returned to background levels (Figure 4B). In line with 
normalized N-terminal pro B-type natriuretic peptide levels, 
cardiac function, that is, fractional shortening and ejection 
fractions, markedly improved to levels observed in age-
matched, healthy normal children (Figure 4C and 4D). The 
child was discharged one and a half months after birth with 
apparently normal heart parameters. The patient was followed 
up on a regular basis for ≤1 year; and the boy’s development 
was indistinguishable to age-matched healthy babies (Online 
Figure IIA). Neither morphological nor neurological deficits 
were found up to his first birthday. Most importantly at 1 year 
of age, echocardiography and N-terminal pro B-type natri-
uretic peptide evaluations showed normal cardiac morpholo-
gies and heart function (Figure 4B and 4C; Online Figure IIA 
and IIB). Thus, based on all available evidence this child had 
no apparent signs of any structural heart abnormalities and 
completely recovered cardiac function.

Figure 2. Thrombotic occlusion of the proximal left anterior 
descending artery (LAD). A, Doppler echocardiography 
of the patient’s LAD before and after thrombolysis. Data 
are from the day of birth (before thrombolysis) and 3 days 
later (after thrombolysis). B, Invasive coronary angiography 
confirmed a proximal thrombotic LAD occlusion leading to 
anteroseptal myocardial infarction. Left, Angiographic pictures 
of the target lesion (arrows) from 2 different imaging planes 
(top=anteroposterior view and bottom=lateral view). After 
initiation of thrombolysis, angiography proved reopening of the 
coronary vessel (right). Data are from the day of birth (before 
thrombolysis) and 3 days later (after thrombolysis).

Figure 3. Severe ischemic myocardial damage. A, B-mode 
image of the patient’s left ventricle (right) after successful 
reperfusion therapy showed massive myocardial edema spanning 
from the septum to the anterior wall (yellow framed area and 
asterisks). Moreover, marked pericardial effusion was observed 
(#). A representative image from an age-matched healthy child 
is shown. Data are from day 3 after birth. B, Online Movies 
demonstrating significantly impaired left ventricular function in 
the patient at day 3 after birth compared with a healthy control 
child. C, Electrocardiographic evaluation of the patient’s heart 
after reperfusion therapy showed pathological Q waves (arrows) 
indicative of persistent myocardial damage. Data are from the 
third day after birth. x axis=50 mm/s. LA indicates left atrium; and 
LV, left ventricle.
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•Thrombolysis at 28 hours from first symptoms
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To determine the cause of myocardial damage, we per-
formed Doppler echocardiography. We observed a block 
in blood flow in the left anterior descending artery (LAD; 
Figure 2A), indicative of occlusion of this key coronary 
blood vessel. To directly demonstrate LAD obstruction, 
we performed cardiac angiography. We indeed observed 
a complete thrombotic occlusion of the proximal LAD 
without any detectable collateral blood flow (Figure 2B). 
No obvious cause for thrombus formation could be identi-
fied, for example, there was no enhanced coagulation and 
illicit drug abuse of the mother was excluded. The child 
developed acute left ventricular heart failure necessitating 
inotropic therapy and the implantation of an extracorpo-
real membrane oxygenation device (Online Figure IA). 
Intravenous thrombolysis was initiated ≈28 hours after 
the first symptoms. Importantly, Doppler echocardiogra-
phy as well as repeated angiography showed reopening 
of the occluded LAD lesion (Figure 2A and 2B). Despite 
re-establishment of coronary blood flow, the child contin-
ued to present with myocardial damage as evidenced by 

anteroseptal edema and regional hypokinesis at the area 
of infarction (Figure 3A and 3B; Online Movies I and II). 
Moreover, after thrombolysis, we detected pathological 
ECG Q waves (Figure 3C), further supporting myocardial 
damage. Thus, the newborn had LAD occlusion for >20 
hours, resulting in massive MI.

The following subacute phase was characterized by con-
tinuous cardiac improvement without any complications. All 
serum markers for cardiac damage, that is, troponin T and 
creatine kinase, rapidly returned to normal levels (Figure 4A). 
Moreover, N-terminal pro B-type natriuretic peptide serum 
level returned to background levels (Figure 4B). In line with 
normalized N-terminal pro B-type natriuretic peptide levels, 
cardiac function, that is, fractional shortening and ejection 
fractions, markedly improved to levels observed in age-
matched, healthy normal children (Figure 4C and 4D). The 
child was discharged one and a half months after birth with 
apparently normal heart parameters. The patient was followed 
up on a regular basis for ≤1 year; and the boy’s development 
was indistinguishable to age-matched healthy babies (Online 
Figure IIA). Neither morphological nor neurological deficits 
were found up to his first birthday. Most importantly at 1 year 
of age, echocardiography and N-terminal pro B-type natri-
uretic peptide evaluations showed normal cardiac morpholo-
gies and heart function (Figure 4B and 4C; Online Figure IIA 
and IIB). Thus, based on all available evidence this child had 
no apparent signs of any structural heart abnormalities and 
completely recovered cardiac function.

Figure 2. Thrombotic occlusion of the proximal left anterior 
descending artery (LAD). A, Doppler echocardiography 
of the patient’s LAD before and after thrombolysis. Data 
are from the day of birth (before thrombolysis) and 3 days 
later (after thrombolysis). B, Invasive coronary angiography 
confirmed a proximal thrombotic LAD occlusion leading to 
anteroseptal myocardial infarction. Left, Angiographic pictures 
of the target lesion (arrows) from 2 different imaging planes 
(top=anteroposterior view and bottom=lateral view). After 
initiation of thrombolysis, angiography proved reopening of the 
coronary vessel (right). Data are from the day of birth (before 
thrombolysis) and 3 days later (after thrombolysis).

Figure 3. Severe ischemic myocardial damage. A, B-mode 
image of the patient’s left ventricle (right) after successful 
reperfusion therapy showed massive myocardial edema spanning 
from the septum to the anterior wall (yellow framed area and 
asterisks). Moreover, marked pericardial effusion was observed 
(#). A representative image from an age-matched healthy child 
is shown. Data are from day 3 after birth. B, Online Movies 
demonstrating significantly impaired left ventricular function in 
the patient at day 3 after birth compared with a healthy control 
child. C, Electrocardiographic evaluation of the patient’s heart 
after reperfusion therapy showed pathological Q waves (arrows) 
indicative of persistent myocardial damage. Data are from the 
third day after birth. x axis=50 mm/s. LA indicates left atrium; and 
LV, left ventricle.
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LAD re-opening after 3 days
Persisting myocardial damage evident at 
echocardiography, ECG and blood markers
Diagnosis: LAD occlusion for >20 hours, massive MI

MCQ: Outcome of the patient?
1. Complete recovery at 45 days 
2. Persisting signs of cardiac 

dysfunction at repeated follow-up 
3. Heart failure at 1 year 
4. Death at 2 months



How to mend a 
broken heart 

(Bee Gees 1971)

Adult stem cells 
Bone marrow (?) 
Cardiac stem cells 

ES cells 
From the embryo 
By cloning 
iPSCs 

Transdifferentiation 
Direct regeneration


