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Abstract

Background—Heart development is tightly regulated by signaling events acting upon a defined
number of progenitor and differentiated cardiac cells. While loss-of-function of these signaling
pathways leads to congenital malformation, the consequences of cardiac progenitor cell (CPC) or
embryonic cardiomyocyte loss are less clear. In this study, we tested the hypothesis that
embryonic mouse hearts exhibit a robust mechanism for regeneration following extensive cell
loss.

Methods and Results—BY combining a conditional cell ablation approach with a novel
blastocyst complementation strategy, we generated murine embryos that exhibit a full spectrum of
CPC or cardiomyocyte ablation. Remarkably, ablation of up to 60% of CPCs at embryonic day 7.5
was well-tolerated and permitted embryo survival. Ablation of embryonic cardiomyocytes to a
similar degree (50-60%) at embryonic day 9.0 could be fully rescued by residual myocytes with
no obvious adult cardiac functional deficit. In both ablation models, an increase in cardiomyocyte
proliferation rate was detected and accounted for at least some of the rapid recovery of myocardial
cellularity and heart size.
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Conclusions—Our study defines the threshold for cell loss in the embryonic mammalian heart
and reveals a robust cardiomyocyte compensatory response that sustains normal fetal
development.

Keywords

cardiac development; cardiac progenitor cells; cardiomyocyte; regeneration; stem cell plasticity

INTRODUCTION

The development of the mammalian four-chambered heart requires a close interplay
between extracellular morphogens and signals (e.g. Wnt, TGF-$, FGF, Notch, and
Hedgehog) and cell-intrinsic effectors such as transcription factors and epigenetic
modifiersl: 2. Some of these factors regulate early lineage specification, while others
mediate cellular expansion and maturation. Pioneering work on model organisms such as
Drosophila, Xenopus, chick, zebrafish, and mouse has revealed the exquisite sensitivity of
the early embryo to perturbations in these pathways that result in morphological defects and
subsequent early embryonic lethality3. Disruption in these formative events during
embryonic development also has a profound impact on human life, as congenital heart
disease remains the most common cause of birth defects world-wide?.

While cardiogenesis is in many ways a delicate process, the heart is nonetheless able to
withstand injury and regenerate throughout the lifespan of some animal species as
demonstrated by studies in amphibians and lower vertebrates such as the newt and
zebrafish® 8. In these organisms, it has been proposed that an increased rate of proliferation
by preexisting cardiomyocytes is the predominant endogenous mechanism responsible for
cardiac injury repair’-°. Collectively, these non-mammalian models have motivated efforts
to define the extent of heart regeneration present in mice and humans and to identify
underlying repair mechanisms that could represent potential targets for therapeutic
intervention. Indeed, recent reports suggest that the neonatal murine heart can regenerate
after experimental injury in a process that depends on Meis1-regulated cardiomyocyte
proliferationl® 11, Furthermore, a prior study from Drenckhahn and colleagues found that
healthy embryonic cardiomyocytes can augment their rate of proliferation to compensate for
the reduced proliferation rate of diseased cardiomyocytes that are deficient in
holocytochrome-c synthase, an enzyme that is essential for mitochondrial respiration2.
While this approach and others examined the role of cell competition during cardiac
development!3, they did not directly address the consequences of cardiomyocyte loss.
Accordingly, the ability of an embryonic mammalian heart to regenerate following rapid and
extensive cell loss has yet to be addressed.

In this study, we used a novel blastocyst complementation strategy to test the ability of a
mammalian embryonic heart to compensate for rapid cardiac cell loss and to quantitatively
define the extent of cardiac lineage cell ablation that is compatible with normal
development. We hypothesized that genetically-mediated cell loss in the mouse heart can be
fully compensated by residual non-ablated cells if a robust regenerative mechanism exists at
the cardiac progenitor cell (CPC) or immature cardiomyocyte (CM) stage of development
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and found that ablation of up to 50-60% of CPCs or immature CMs is well-tolerated and
supports live birth to adulthood. Furthermore, we found that proliferation of residual
cardiomyocytes is involved in the cell replacement process. Our findings encourage further
investigation of the endogenous mechanisms responsible for replacing lost CPCs and CMs
in the embryonic heart. In the context of adult mammalian cardiac injury, advances in this
area may lead to therapies that direct the post-injury response towards cellular regeneration
rather than fibrosis.

An expanded Methods section is available in the Supplemental M aterials.

Experimental Animals

An Nkx2.5C7¢* knock-in mouse line was kindly provided by Dr. Robert Schwartz4. An
aMHCC e+ transgenic mouse line was kindly provided by Dr. E. Dale Abel'>.
ROSA26°GFP-DTA and ROSA26M-2¢Z mouse lines were purchased from the Jackson
Laboratory!8: 17, Experimental animal protocols were approved by the Institutional Animal
Care and Use Committees of Massachusetts General Hospital and Stanford University. All
experiments were performed on somite-matched embryos or sex-matched adult mice.

Establishment of ESC Lines

Derivation of the V6.518 and R119 ESC lines has been described previously. For generation
of Nkx2.5C7€+: ROSA26°CFP-DTA and oMHCC e+ :ROSA26CGFP-DTA compound transgenic
ESC lines, timed matings were performed between male Nkx2.5"¢* mice or aMHCCre/*
mice with female ROSA265GFP-DTA mjce. At 3.5 days post-coitum (dpc), females were
sacrificed and blastocysts were flushed from the uterine horns with M2 medium (Sigma-
Aldrich, M7167) and washed several times. Using a mouth pipette with a pulled glass
capillary, blastocysts were plated individually onto 24-well gelatin-coated plates containing
mitomycin-C (Sigma-Aldrich, M4287) inactivated mouse embryonic fibroblast (MEF)
feeder layers in ESC Derivation Media and cultured, undisturbed, at 37°C in 5% CO> in
humidified air for 5-7 days without media changes. As blastocysts hatched from their zona
pellucidae, the inner cell mass (ICM) outgrowth was identified and transferred into 200 pL
of 0.25% trypsin-EDTA solution (Life Technologies, 25200) for 5 min at 37°C and gently
dissociated by pipetting. Trypsin was inactivated with fetal bovine serum (FBS, Atlanta
Biologicals, S11550), and the ICM cells were centrifuged and reseeded onto fresh MEFs in
ESC Maintenance Media supplemented with 2i20: 21, Undifferentiated ES colonies were then
gradually expanded to establish ESC lines. Lines were selected for further use based on
undifferentiated morphology, the presence of the Cre transgene and Y chromosome by PCR,
and expression of eGFP. Primer sequences used for genotyping are listed in Supplementary
Table 1. ESC Derivation and Maintenance Media compositions are reported in
Supplementary Methods.

Chimera Production

Embryos were staged by vaginal plugging of the mother, with noon on the day of
appearance of the plug designated as embryonic day (E) 0.5. For the initial studies,
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approximately 10-20 low passage (P5-P10) Nkx2.5C"€+; ROSA268CGFP-DTA of
aMHCC¥*:ROSA265CGFP-DTA ESCs were microinjected into E3.5 blastocysts from
superovulated CD-1 females (Charles River Laboratories). For the reverse complementation
studies, P15-P25 V6.5 or R1 ESCs were microinjected into E3.5 blastocysts from
superovulated ROSA26°CFP-DTA females which had been mated to Nkx2.5S"®*+ males. For
both approaches, the injected blastocysts were subsequently transferred into the uterus of 2.5
dpc pseudopregnant 6-8-week-old CD-1 foster mothers previously mated with vasectomized
males?2. Genotype was identified based upon expression of eGFP and the presence of the
Cretransgene by PCR. Chimeric contribution was determined by flow-cytometric analysis
as described in Supplementary Methods.

Ex vivo single-cell clonal analysis

Details regarding single-cell culture studies can be found in the Supplementary Methods.

Immunohistochemistry

For cell culture experiments in 96-well plates, cells were fixed for 5 minutes in 4%
paraformaldehyde and washed with PBS. E8.5 embryos were fixed for 10 minutes in 4%
paraformaldehyde and embedded in OCT compound on dry ice. E9.5-E10.5 embryos and
live-born mouse tissues were fixed overnight in 4% paraformaldehyde and embedded in
paraffin. Tissue blocks were cut at 5 um thickness. Paraffin-embedded sections underwent
antigen retrieval in a pressure cooker for 3 minutes in citrate-based unmasking solution, pH
6.0 (Vector Labs, H-3300). Plated cells and tissue sections were blocked and permeabilized
with 10% goat serum, 1% BSA, and 0.1% saponin in PBS for 1 hour and then incubated
overnight at 4° C with the primary antibody. Primary antibodies utilized are listed in
Supplementary Table 2. Samples were then washed with PBS and incubated at room
temperature for 1 hour with corresponding secondary antibodies conjugated to Alexa Fluor
488, Alexa Fluor 546, or Alexa Fluor 647 (Invitrogen, 1:400 dilution). Samples were
subsequently rinsed in PBS and stained with NucBlue Fixed Cell ReadyProbes DAPI
Reagent (Life Technologies, R37606). Slides were mounted in ProLong Gold Antifade
Reagent (Life Technologies, P-36930). For tissue sections, epifluorescence images were
acquired on a Zeiss Axiolmager M1 upright widefield fluorescence/DIC microscope with
dual CCD cameras. Immunostaining was performed on 3-5 embryos/group. For cell culture
experiments, each well of a 96-well plate was individually imaged using a BioTek Cytation
3 Cell Imaging Multi-Mode Reader.

Quantification of Cardiomyocyte Proliferation

For assessment of cardiomyocyte proliferation, embryo tissue sections were prepared as
described in Immunohistochemistry using antibodies to cTnT, CD31, and pH3 or Ki-67. 1
mm z-stack immunofluorescence images of each section were acquired on a Zeiss LSM710
confocal microscope at 20x magnification to confirm that each DAPI* cell nucleus counted
was associated with a cardiomyocyte (if surrounded in three dimensions by cTnT stain) or
an endocardial cell (if surrounded in three dimensions by a CD31 stain).

Circulation. Author manuscript; available in PMC 2016 July 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sturzu et al. Page 5

Echocardiography

Echocardiography was performed on 4-5 week-old mice using a 13-MHz linear-array
transducer with a digital ultrasound system (Vivid 7; GE Medical Systems, Milwaukee, WI).
The mice were lightly sedated using an intraperitoneal injection of ketamine (50 mg/kg).
Heart rate, left ventricular internal diameter at end-diastole (LVIDgp), and left ventricular
internal diameter at end-systole (LVIDgs) were measured, and the LV fractional shortening
was calculated by using an M-Mode echocardiogram obtained at the midpapillary level. For
each mouse, all values were averaged from measurements obtained from 9 cardiac cycles.
All measurements and calculations were performed by an operator blinded to the mouse
genotype.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6.02 for Windows
(GraphPad Software, San Diego, California, USA) and RStudio version 0.98.1102 for
Windows (Boston, Massachusetts, USA). For comparisons between groups where multiple
measurements per mouse were recorded (embryonic cell proliferation, embryonic CM size,
and adult CM size), a likelihood ratio test via ANOVA was computed on a linear mixed-
effects model using RStudio. For comparisons between three groups (cardiomyocyte
binucleation, adult heart weight ratios, left ventricular dimensions, and left ventricular
fractional shortening), a one-way ANOVA was used with adjustment for multiplicity using
Dunnett's multiple comparison test, or, when data did not conform to a normal distribution
(ex vivo cardiomyocyte colony sizes), the Kruskal-Wallis test was used with Dunn's
correction for multiple comparisons. A p-value of <0.05 was considered significant.

RESULTS

Fractional ablation of embryonic CPCs by chimeric complementation

The myocardial lineage of the heart arises from first and second heart field cells that express
Nkx2.5, a key transcription factor in early heart formation (Figure S1)23. We performed
targeted genetic ablation of Nkx2.5" cardiac progenitor cells during embryonic development
in order to examine the innate recovery response by the remaining non-ablated cells. By
crossing a previously described Nkx2.5-Cre knock-in mouse line (Nkx2.55€+)14 with a
mouse line that expressed diphtheria toxin A (DTA) following Cre-dependent excision of a
constitutively active eGFP transgene (ROSA265GFP-DTAYI6 \ye show that cardiac cells were
abolished entirely in double transgenic embryos (Figure 1A).

While the complete ablation of CPCs demonstrates the essential requirement of these cells in
normal embryogenesis, it does not lend itself to a strategy for examining the regenerative
potential of the fetal heart. One solution may be to use a drug-inducible cardiac-specific Cre
model; however, our prior experience with either doxycycline or tamoxifen-inducible mice
suggests too much inter-embryo variability in drug metabolism in utero for that strategy to
be reliable for our purposes24. Hence, we employed a novel strategy that involves injection
of double transgenic Nkx2.5C7€+:ROSA26eCGFP-DTA embryonic stem cells (ESCs) into wild-
type eGFP~ blastocysts to ablate CPCs in quantifiable fractions (Figure 1B). Since ESC
injection into mouse blastocysts is well-known to generate chimeric embryos and mice with
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a wide spectrum of ESC contribution2, this assay enabled us to determine the expected
percentage of CPC ablation by assessing the overall contribution of the eGFP*
Nkx2.5C7¢/*+: ROSA26CFP-DTA ESCs to the embryo.

We first generated several independent ESC lines carrying both the Nkx2.5C"¢* and
ROSA265GFP-DTA gljeles (Figure 1C). These ES clones were eGFP* under fluorescence
microscopy, indicating the presence and expression of the floxed eGFP transgene. Three
such clones (Nkx-DTA1, Nkx-DTAZ2, and Nkx-DTA3) that exhibited normal proliferation
rates and an otherwise healthy in vitro phenotype were subsequently injected into wild-type
eGFP~ blastocysts and fostered in pseudopregnant female mice. Following injection of 602
wild-type blastocysts, we obtained 414 embryos and mice with a broad range of eGFP* ESC
contribution (Figure 1D). Within each chimeric embryo, CPCs derived from injected eGFP*
ESCs were expected to die due to Cre-mediated expression of DTA so that directly assessing
the percentage of cardiac contribution by eGFP* ESCs would not have been possible (Figure
1E). To overcome this limitation, we examined the expected variance in ESC contribution to
the heart relative to other portions of the embryo body (e.g. head, limbs, tail, etc.) by
injecting wild-type eGFP~ ESCs into eGFP* mouse blastocysts or red fluorescent
tdTomato* ESCs into wild-type mouse blastocysts. By flow cytometric (FACS) analysis, we
found that 97% (29/30) of embryos showed a difference of <12% in ESC contribution to the
heart compared to their mean contribution to the rest of the embryo (Figure S2A-D).
Remarkably, our analysis of the embryonic day 10.5 (E10.5) chimeric embryos from
Nkx2.5Cre+: ROSA26°GFP-DTA ESC injections showed that the ablation of up to ~60% of
CPCs, as determined by FACS, appears compatible with normal development, while degrees
of ablation >60% lead to overall developmental arrest (Figure 1F).

Immunohistological analysis of chimeric embryos showed that eGFP* cell contribution was
homogenously distributed throughout the embryo, except for the heart region where eGFP*
cells were completely absent within the cardiac troponin T* (¢cTnT) cell population (Figure
2A). Consistent with this, the hearts of chimeric embryos showed an absence of eGFP
fluorescence (arrows), supporting the high efficiency of CPC ablation and compensation
from adjacent non-ablated eGFP~ cardiac cells (Figure 1F). Of note, sporadic eGFP™ cells
could be found in the endocardium, consistent with the previously described incomplete
expression of Nkx2.5 in these cells?® (Figure 2A). Interestingly, the gross morphology and
myocardial cellularity were similar between surviving embryos with up to 60% ablation and
their stage-matched littermate controls without ESC chimerism, supporting the presence of a
regenerative process to compensate for lost CPCs and their myocardial descendants (Figure
2A).

To elucidate potential compensatory processes that might account for the recovery of lost
CPCs, we performed immunostaining for transcription factors (i.e. Gata4, Mef2c, Islet-1)
and signaling mediators (i.e. p-catenin and Yap) that have been reported to regulate CPC
number or myocardial growth27-29 (Figure 2B-2G). However, these proteins exhibited high
baseline expression during this early stage of development in control embryos; thus, no
qualitative difference in expression could be observed in the ablated embryo heart by
immunofluorescence staining. We also examined whether the expression of sarcomeric
proteins (i.e. cTnT, a-actinin, myosin light chain 2v) varied between ablated and control
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hearts and found no difference in these parameters (Figure 2H-2J). Together, these data
support an efficient compensatory response by residual un-ablated CPCs and/or their
myocardial descendants to rapidly recover full myocardial cellularity in the ablated heart.

Since the robustness of our experimental conclusions depends heavily on having an accurate
assessment of the degree of ESC contribution to the hearts of chimeric embryos, we sought
to exclude the possibility that Nkx2.5"€+:ROSA266CFP-DTA ESCs harbor an unexpected
defect in their ability to contribute to heart-forming cells. To address this, we developed a
complementary strategy involving the injection of wild-type eGFP~ ESCs into blastocysts
derived from the mating of Nkx2.5°"®* and ROSA26°GFP-DTA mice (Figure S3A). In
particular, we assessed chimeric embryos or mice that are eGFP* [i.e. derived from
Nkx2.5C7€/*:ROSA26CFP-DTA (gblated) or Nkx2.5*/+;ROSA265CFP-DTA (control)
blastocysts]. Following injection of 639 blastocysts using two different wild-type ESC lines
(V6.5 and R1), we obtained 394 embryos or mice, with roughly half (226) being eGFP™.
Similar to our Nkx2.5C7¢*+;ROSA26eGFP-DTA ESC injection results above, we found that
wild-type V6.5 and R1 ESCs exhibit a broad range of contribution (Figure S3B). The total
number of recovered control ROSA26°CFP-DTA empbryos and mice (144) was greater than the
number of ablated Nkx2.5C"¢+;ROSA26°CFP-DTA animals (82), presumably due to lethality
in ablated embryos with insufficient wild-type ESC contribution. Consistent with our earlier
findings, embryos with up to 60% CPC loss were able to maintain normal embryonic
development (Figure S3C). When all surviving embryos and mice were stratified by their
degree of wild-type ESC chimerism, it was apparent that up to 60% ablation of CPCs could
be tolerated (Figure S3D-S3E, Figure S4A-S4C). As we expected, no eGFP* cells were
present in the cTnT* myocardium in the ablated mice (Figure S3F). Taken together, these
findings support a robust compensatory mechanism in embryonic mouse hearts following
CPC ablation.

Fractional ablation of embryonic CMs by chimeric complementation

While our CPC ablation model demonstrates loss of CPCs with exquisite temporal
resolution, it does not reveal whether the regenerative response to ablation requires CPCs or
whether developing cardiomyocytes are capable of responding to the loss of cardiac cells
during development. To address this, we performed fractional ablation of developing
immature cardiomyocytes using a previously published a-myosin heavy chain-Cre
(aMHCCr¥*) transgenic mouse line (Figure S5)1°. Embryos with compound aMHCCe*
and ROSA265CFP-DTA transgenes have a well-formed heart tube at E8.0, but exhibit a
hypocellular looped heart at E9.5 and the absence of a heart with pericardial edema and
developmental arrest at E10.5 (Figure 3A). We generated several
aMHCC®*:ROSA268GFP-DTA ESC lines and selected three (MHC-DTAL, MHC-DTAZ2, and
MHC-DTAZ3) for further study based upon their capacity to contribute to chimeric embryos
and mice with a broad range of efficiency (Figure 3B-3C). Interestingly, we found that these
chimeric embryos were also able to tolerate up to 50-60% ablation of their immature
myocytes (Figure 3D and Figure S4D-S4E). Immunohistological staining for eGFP and
cTnT expression showed a progressive decrease in myocardial cellularity in E9.5 chimeric
embryos with higher than 50% contribution by aMHCC ®*;ROSA26eCFP-DTA ESCs (Figure
3E). A rare number of eGFP* CMs could be observed which may represent residual non-
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ablated CMs or CMs that were dying but had not been completely eliminated. Additional
immunostaining for apoptotic cells confirmed that at least a fraction of these eGFP* CMs
underwent cleavage of caspase-3 (cCsp3) or were positive for TdT-mediated dUTP nick end
labeling (TUNEL) (Figure S6A-S6B). Similar to embryos that had undergone CPC ablation,
there was no apparent phenotypic difference after E10.5 between surviving embryos with a
high degree of ablation (i.e. 50-60%) compared to those with less fractional ablation. Taken
together, these results demonstrate a robust myocardial compensatory response when cell
ablation occurs during the immature cardiomyocyte stage of development.

Cell ablation triggers cardiomyocyte expansion ex vivo

Since the overall cardiac morphology in both ablation models was largely indistinguishable
between surviving <50-60% ablated and control embryos, we examined whether there is a
proliferative response to cell ablation by surveying the behavior of residual un-ablated
cardiac cells ex vivo. We first dissected the heart tubes from E9.5 un-ablated control
embryos, CPC-ablated embryos, and CM-ablated embryos. Next, we FACS-purified residual
eGFP~ cardiac cells, which are presumably responsible for recovering myocardial cellularity
after ablation (Figure S7A), deposited one cell per well into a 96-well plate, and cultured the
cells ex vivo for 7 or 14 days (Figure 4A). Approximately 9.5% of 5605 plated cells survived
single-cell cloning. Examination of cells within each well revealed several patterns of
specification. 36% of single-cell clones from control hearts and 20% and 44% of CPC or
CM-ablated clones, respectively, were classified as cardiomyocytes (Figure 4B), exhibiting
spontaneous beating and well-organized Z-lines marked by sarcomeric a-actinin expression
(Figure 4C). Cardiomyocyte binucleation was also observed, but did not significantly differ
among groups (Figure S7B). A small minority of clones (2% of control, 1% of CPC-ablated,
and 1% CM-ablated clones) expressed CD31 and were highly proliferative, possessing a
polygonal morphology, consistent with an endocardial/endothelial cell phenotype (Figure
4D). The remaining majority of clones (62% of control, 79% of CPC-ablated, and 54% CM-
ablated clones) lacked significant sarcomeric a-actinin or CD31 expression (Figure 4E).
These might have represented hematopoietic, epicardial, endocardial cushion mesenchyme,
or neural crest-derived cells. No clones expressed smooth muscle myosin heavy chain, the
definitive marker for the smooth muscle lineage.

To examine the effect of CPC or CM ablation on clonal cell growth potential, we counted
the cardiomyocyte colony sizes resulting from single-cell plating on day 7 or 14. A
normality plot indicated the colony size distribution deviated significantly from a Gaussian
distribution, necessitating a nonparametric analysis of the data (Figure S7C). The presence
of rare colonies with many cardiomyocytes suggests a hierarchical contribution to normal
myocardial development and to the recovery of cardiomyocytes after ablation. On day 7, the
median cardiomyocyte number per colony was significantly greater in colonies derived from
CM-ablated embryos compared to un-ablated controls (5 versus 3) (Figure 4F). In contrast,
no statistically significant difference was observed in cardiomyocyte number per colony
between control and CPC-ablated embryos, although there was a trend toward greater
colony size in CPC-ablated embryos at day 14 (Figure 4F). The lack of a significant
difference in cardiomyocyte colony size between CPC-ablated and control embryos was
most likely because CPC-ablated embryos had largely recovered their myocardial cellularity
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by E9.5, while the CM-ablated embryos were still actively recovering. These results indicate
that CM ablation triggers a modest increase in cellular proliferation at E9.5 to increase
cardiomyocyte number ex vivo.

Embryonic CM proliferation is involved in myocardial regeneration after ablation in vivo

We next examined whether there is a proliferative response in vivo to compensate for the
loss of cardiomyocytes, as suggested by our ex vivo experiments, or whether the recovery
following cell ablation is due merely to a hypertrophic response in residual un-ablated
CMs30, In the case of hypertrophy, the individual cardiomyocyte size should increase
without a corresponding change in myocardial cell proliferation rate, whereas in the case of
proliferation, cardiomyocyte size should remain constant or decrease accompanied by an
increase in the rate of proliferation. We first performed immunostaining for proliferation
markers in embryo sections from both CPC or CM ablation models using the mitosis marker
phosphorylated histone H3 (pH3), and the cell proliferation marker Ki-67 (Figure 4G-4J).
We found that embryos from both CPC and CM ablation models exhibited increases in
expression of both proliferation markers within their cTnT* CMs. To see whether this
correlated with changes in cardiomyocyte size, we quantified the ratio of myocardial area to
the number of nuclei within cTnT* CMs. We found, however, the CM area per nucleus was
not statistically different between ablated embryos and controls despite a trend towards
smaller cell size (Figure S8A-S8B). This suggests that an increase in proliferation is the
prevailing mechanism involved in the morphological recovery of the ablated heart.

In light of the interdependence between the myocardium and neighboring endocardium to
maintain normal cardiac development3!, we also examined whether the development of the
endocardium is affected by ablation of CPCs or CMs. At E8.5 in the CPC ablation model
and at E9.5 in the CM ablation model, the endocardium in ablated embryos exhibited similar
CD31 expression relative to controls consistent with normal endocardial differentiation
(Figure 4G-4J). In addition, we quantified the degree of endocardial cell proliferation in
CPC or CM-ablated embryos by assessing the percentage of Ki-67* or phospho-histone H3*
endocardial cell nuclei. However, we did not observe a consistent difference in endocardial
cell proliferation between ablated embryos and controls (Figure 4G-4J).

Since cardiomyocyte maturation is accompanied by changes in structure of the contractile
unit including greater myofibril density, more organized alignment, and an increase in
sarcomere length32, we examined whether CM maturation was delayed in ablated embryos
at the ultrastructural level by transmission electron microscopy (Figure S8C-S8E). We found
that at E10.5, hearts from CPC-ablated embryos exhibited a modest decrease in sarcomere
thickness despite a lack of change in sarcomere length. This suggests that compensating
cardiomyocytes may be phenotypically less mature due to their need for an increased rate of
cell proliferation.

CPC and CM-ablated embryos can survive into adulthood with no overt cardiac defect

The above results demonstrate that a majority of embryonic CPCs or CMs can be ablated
without triggering gross embryonic defects. To rule out more subtle congenital phenotypes
in CPC- or CM-ablated embryos that would not manifest until late gestation or after birth,
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we collected chimeric live-born mice that had undergone an average of approximately 40%
CPC or CM ablation and assessed their cardiac structure by histology and their cardiac
function by echocardiography at 4-5 weeks of age (Figure 5A). We found that these
chimeric mice displayed the expected coat color chimerism (Figure 5B) with few to no
residual eGFP* cells in the heart (Figure 5C). Compared to control un-ablated mice, their
hearts showed similar gross overall size at the whole organ level (Figure 5C-5D) and had
similar heart weights (Figure 5E), LV chamber dimensions (Figure 5F-5H), and contractile
function (Figure 51) as measured by echocardiography. We also assessed whether a
hypertrophic response occurred in ablated hearts, which could indicate whether there had
been a transient history of heart failure with remodeling changes. We found, instead, no
evidence of hypertrophic changes as measured by mean cardiomyocyte size in ablated
versus control hearts (Figure 5J-5K). These findings further support our conclusion that
acute CPC or CM loss during early embryogenesis is well-tolerated in mice due to a rapid
and efficient compensatory proliferative response that supports the development of normal
organ size, CM number, and contractile function into early adulthood.

DISCUSSION

In this study, we developed a novel strategy to quantitatively examine the ability of a
mammalian embryonic heart to compensate for rapid cell loss. Specifically, we made use of
a blastocyst complementation assay that gives rise to chimeric embryos with fractional CPC
or immature CM ablation during embryonic development. We found that embryos with up
to 60% CPC loss were fully viable and could survive to adulthood. The compensatory
process following CPC ablation at E7.5 was rapid and complete with little to no evidence of
molecular alteration or cardiac cellular deficiency by E10.5. To examine the capacity of
immature cardiomyocytes to respond to cell loss, we induced CM ablation at E9.0 and
found, with remarkable consistency, that the loss of 50-60% of immature CMs was well-
tolerated during embryonic development and that adult heart size and function in these
animals were completely normal. Consistent with findings from newt and zebrafish cardiac
regeneration, increased CM proliferation was evident in both CPC and CM ablation models.
These data illustrate the significant capacity for myocardial injury repair in the embryonic
mouse heart and raise the prospect that postnatal cardiac regeneration may be achievable in
the mammalian heart if key mechanisms for triggering the expansion of proliferation-
competent cardiomyocytes can be identified for therapeutic gain.

Our study employed a Cre-mediated conditional cell ablation strategy in mice to examine
the response of an embryonic heart to fractional cell loss. Earlier studies have shown the
remarkable ability of an adult zebrafish heart to replenish as much as a 70-80% loss of
cardiomyocytes33: 34, While the study by Drenckhahn and colleagues illustrated the ability
of an embryonic mammalian heart to increase cardiomyocyte proliferation in healthy cells to
compensate for impaired proliferation in cardiomyocytes with metabolic derangement, the
approach used was associated with an absence of apoptosis in the diseased cells and their
subsequent retention.12 To our knowledge, no study has demonstrated complete myocardial
regeneration in the embryonic mouse heart following extensive and temporally-controlled
cell ablation. However, it should be recognized that fetal cardiomyocytes are proliferative at
baseline and the ablation studies described here are likely an assessment of both the normal
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generative potential of fetal cardiomyocytes during cardiac development, as well as their
regenerative potential given the increase in cardiomyocyte and/or cardiomyocyte precursor
proliferation in the setting of cardiac cell ablation. Regardless, our data supports the
remarkable capacity of the fetal heart to recover from experimental cell ablation during
embryonic development.

We found that the embryonic mouse heart can replace as much as 50-60% of developing
CPCs or immature CMs after Cre-mediated ablation and that proliferation of immature
cardiomyocytes is involved in the compensatory response. In the absence of cell ablation,
we observed expression by the majority of embryonic day 8.5-9.5 cardiomyocytes of the
proliferation marker Ki-67, which is detectable during the active stages of the cell-cycle,
including late G1, S, G2 and M phases, but which is absent in resting cells (G0)3°. While
this supports that cardiomyocytes are highly proliferative during this stage of development,
we found that both CPC and CM ablation triggered a further increase in myocyte
proliferative capacity. Likewise, histone H3 phosphorylation was also found to be increased
upon CPC or CM ablation. However, its expression was only observed in a small fraction of
developing myocytes, consistent with the fact that its phosphorylation is limited primarily to
mitosis (M phase)3¢ (Figure 4G-4J). Due to the rapid differentiation of CPCs into immature
cardiomyocytes at embryonic day 7.5 to 8.5 of development, we were unable to document
an increase in the number of Isl-1+ CPCs in the residual heart after cell ablation (Figure 2D).
Further studies using a combination of inducible cell ablation and blastocyst
complementation assays will be necessary to specifically address the role of first or second
heart field CPCs in the regenerative process.

Our findings also raise questions regarding the potential mechanisms involved in replacing
the number of CPCs and CMs following ablation. While we believe that CPC and CM
ablation by intracellular DTA expression should be a relatively cell-autonomous process
without an exogenous inflammatory response from circulating leukocytes, differences in the
amount of locally secreted signals from non-ablated cardiac cells may trigger the observed
proliferative response. In addition, cell-cell contact has been well-described to regulate the
rate of cell division3”. The acute loss of CPCs or CMs may result in de-repression of this
intrinsic negative regulator of cell proliferation. Furthermore, since the developing heart at
this stage is continually receiving a new influx of cells from the second heart field (SHF), it
is possible that an increase in migration and proliferation of SHF-derived cells may be
involved in myocardial regeneration in the right ventricle and outflow tract. Further work
will be necessary to clarify the precise mechanisms responsible for embryonic myocardial
regeneration at distinct stages of development and within each heart field.

One important caveat of our findings that should be considered carefully is the potential role
of other non-myocardial cells (e.g. endocardial and/or epicardial cells) in the compensatory
process. It is well-known that signaling factors released from endocardial and epicardial
cells play important roles in myocardial development38: 39, OQur CPC ablation model
depends on the expression of Cre from the endogenous Nkx2.5 promoter, which is known to
express in pharyngeal endoderm at later stages of development, as well as endocardial and
epicardial cells?®. Consequently, this model may underestimate the degree of regeneration
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possible since it may ablate both the CPCs involved in myocardial formation as well as the
endocardial/epicardial cells that regulate the compensatory process.

In summary, we found that quantitative and fractional ablation of developing mouse CPCs
and immature CMs leads to cardiac cell loss that can be compensated for by residual
unablated cells. This process is efficient and can rescue normal fetal development in hearts
that have undergone up to 50-60% CPC or CM ablation. The mechanism for this
compensatory response involves, in part, increased proliferation from residual immature
CMs. Identification of the mechanisms involved in responding to the loss of CPC and CM
number by triggering their increase in proliferation may enable us to devise improved
therapies for heart failure due to myocardial cell loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

A wealth of studies support the importance of developmental signaling molecules to
promote proper heart formation from lineage commitment to cellular expansion and
maturation. Disruption in these formative events during embryonic development has a
profound impact on human life, as congenital heart disease remains the most common
cause of birth defects worldwide. However, whether there is a requirement for a specific
number of progenitor cells to fashion a normal mammalian heart and the potential
mechanisms that exist to compensate for unexpected cell loss during embryonic
development have not been explored. To investigate whether a mechanism is present in
the developing heart to compensate for the loss of cardiac cells during the earliest stages
of heart formation, we employed a novel cell ablation strategy that could temporally
ablate cardiac progenitor cells or immature cardiomyocytes in quantifiable fractions. By
doing so, we found that, remarkably, mouse embryos could compensate for up to a 60%
loss of cardiac cells without obvious morphological or functional defect. Furthermore, we
show that increased proliferation of residual immature cardiomyocytes is at least partly
responsible for this regenerative activity. These data provide direct evidence for the
existence of a robust regenerative mechanism in the embryonic heart to compensate for
cardiac progenitor cell and immature cardiomyocyte loss during development. In
addition, the strategy we developed for fractional lineage-specific cell ablation should
also be applicable for investigators in other organ systems to address the role of
progenitor cell number in development and disease and their mechanism of regeneration.
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Figure 1.

Fractional ablation of embryonic CPCs by chimeric complementation. (A) Schematic
diagram of the eGFP/DTA construct before and after Nkx2.5-Cre-mediated excision of the
floxed eGFP transgene (upper panel). Brightfield and GFP fluorescence images of E9.5
Nkx2.5C7€*+  ROSA26eCGFP-DTA and Nkx2.5C7€+: ROSA265GFP-DTA transgenic embryos
(lower panel). Note the absence of a heart in the compound transgenic embryo (arrow). (B)
Schematic diagram of fractional ablation of CPCs by injection of
Nkx2.5C7€*:ROSA26°GFP-DTA ESCs into wild-type CD-1 blastocysts. (C) Generation of
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Nkx2.5Cr€*:ROSA26eGFP-DTA ESC [ines. Brightfield and GFP fluorescence microscopy
images are shown for the three ESC lines used. (D) Summary table demonstrating the
complementation efficiency for each ESC line based upon the total number of animals
collected. (E) Anticipated progression of CPC loss and regeneration in rescued embryos at
approximately 50% ESC chimerism. (F) Brightfield and GFP images of E10.5 chimeric
Nkx2.5C7€*:ROSA26eCGFP-DTA embryos with varying degrees of CPC ablation. The embryo
with ~68% CPC ablation shows a pericardial effusion and developmental arrest. Arrow:
heart. Scale bars: 500 um for (A); 200 um for (C); 1 mm for (F).
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Figure 2.
Histological analysis of CPC-ablated embryos shows a rapid recovery in the heart. (A)

eGFP, troponin T (cTnT), and DAPI staining of E8.5 and E10.5 chimeric embryos with up
to ~50% CPC ablation. By E8.5, all eGFP* myocardial cells have been ablated in the heart.
Rare, scattered eGFP* endocardial cells can be identified (arrow). Cardiac chamber
morphology and cellularity in the compact and trabecular compartments are similar between
control and ablated hearts suggesting a rapid restoration of myocardial cell number after
ablation. Note: eGFP* staining in the atria of the E10.5 control embryo represents auto-
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fluorescent blood cells. (B-J) Immunostaining of control and ablated hearts. Cardiac
transcription factor expression is shown at E8.5 for Gata4 (B) and Mef2c (C), and E9.5 for
Islet-1 (D). Expression of genes regulating cardiomyocyte proliferation is shown at E8.5 for
Yap (E), nuclear -catenin (F), and total f-catenin (G). Sarcomeric protein expression is
shown at E8.5 for a-actinin (H) and ¢cTnT (1), and at E9.5 for Mlc2v (J). Nuclei are stained
with DAPI and cardiomyocytes are identified by cTnT (A, B, C, E, G) or Mic2v (D and F).
For (B-J): degree of ablation in CPC-ablated sections = 41 + 9% (mean £ SD). ca, common
atrium; cv, common ventricle; oft, outflow tract. Scale bars: 100 pm for (A-G); 20 um for
(H-J).
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Figure 3.
Fractional ablation of embryonic CMs by chimeric complementation. (A) Schematic

diagram of the eGFP/DTA construct before and after aMHC-Cre-mediated recombination
(left panel). Brightfield and GFP fluorescence images of ROSA265CGFP-DTA control and
aMHCCre+:ROSA26°GFP-DTA transgenic embryos (right panel) at E8.5, E9.5, and E10.5 of
development. Note the compound transgenic embryo shows a progressive defect in cardiac
morphogenesis by E9.5 and is completely missing a heart structure at E10.5. (B) Generation
of aMHCCe*+:ROSA268CFP-DTA ESC lines. Brightfield and GFP fluorescence microscopy
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images are shown for the three ESC lines used. (C) Fractional CM ablation by injection of
aMHCCre*:ROSA268GFP-DTA ESCs into wild-type CD-1 blastocysts (upper panel). The
summary table demonstrates the complementation efficiency for each ESC line tested based
upon the total number of animals collected (lower panel). (D) Brightfield and GFP
fluorescence images of E10.5 chimeric aMHCC"®+:ROSA26°CGFP-DTA empbryos. Note that
embryos with >50% ablation are developmentally arrested and exhibit impaired cardiac
morphogenesis. A pericardial effusion is occasionally observed. (E) eGFP, troponin T
(cTnT), and DAPI staining of E9.5 chimeric embryos with progressively increasing amounts
of cardiomyocyte ablation. Some residual unablated eGFP* cardiomyocytes remain in the
hearts at this stage. Scale bars: 500 um for (A); 200 pm for (B and E); 1 mm for (D).
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Figure4.
Embryonic CM proliferation is involved in myocardial recovery. (A) Schematic diagram of

single-cell isolation and culture of E9.5 cardiac cells. For (B-J): experimental variables are
represented as follows: [group: # of mice examined, mean percent ablation + SD]. For (B-
F): [control: n=9; CPC ablation: n=6, 45 + 11%; CM ablation: n=6, 50 + 12%]. (B)
Percentage of single-cell derived colonies classified as cardiomyocytes, endocardial/
endothelial cells, or other cells from dissociated E9.5 embryo hearts. (C-E) Histological
analysis of single-cell derived colonies from E9.5 hearts. (C) Sarcomeric a-actinin*
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cardiomyocytes showing well-organized Z-lines and sarcomeric structure. (D) CD31*
endocardial/endothelial cells. (E) Non-cardiomyocyte/non-endothelial cell lacking
significant sarcomeric a-actinin or CD31 expression. (F) Box-and-whisker plot
demonstrating median cell number and interquartile range among wells classified as
containing cardiomyocyte colonies. Whiskers span the 10-90% range of values. Statistical
comparisons were performed using the Kruskal-Wallis test with Dunn's correction for
multiple comparisons. For (G-J): [control: n=4; CPC ablation: n=4, 41 + 9%; CM ablation:
n=4, 53 + 12%]. Immunofluorescence confocal microscopy with 1 mm z-stack imaging for
proliferative cardiomyocytes and endocardial cells in CPC-ablated (G and H) or CM-ablated
(1 and J) hearts at E8.5 or E9.5, respectively. The percentage of phospho-histone H3* (pH3)
(Gand 1) or Ki-67* (H and J) cardiomyocytes in control and ablated hearts (filled arrows)
was defined by co-localization with a DAPI* nucleus that is circumscribed in all dimensions
by a troponin T* (cTnT) cell. Similarly, the percentage of phospho-histone H3* or Ki-67*
endocardial cells (thin arrows) was defined by co-localization with a DAPI* nucleus that is
circumscribed in all dimensions with a CD31* cell. Each symbol in the dot plot represents
the fraction of cTnT* or CD31" cells staining positive for pH3 or Ki-67 in a single cardiac
histology section; each symbol shape represents an independent mouse; a horizontal bar
indicates the mean value for each group. 100-600 cTnT™ cells and 50-300 CD31* cells were
counted per section. Statistical comparisons were performed using a likelihood ratio test on
a linear mixed-effects model. NS, non-significant. Scale bars: 100 um for (C-E); 50 pm for
(G-J).
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Figureb5.

CPC and CM-ablated embryos can survive into adulthood with no overt cardiac defect. (A)
Strategy used for generation and analysis of 4-5 week-old mice undergoing CPC or CM
ablation. (B) Representative images of control and ablated chimeric adult mice. (C)
Brightfield and GFP fluorescence images of the dissected whole hearts. GFP signal is nearly
absent in the hearts that have undergone ablation. (D) H&E staining of representative heart
sections from control and ablated hearts. For (E-K): experimental variables are represented
as follows: [group: # of mice examined, mean percent ablation + SD]. For (E-I): results are
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displayed using box-and-whisker plots demonstrating median value and interquartile range.
Whiskers span the minimum and maximum range of values. (E) Heart weight to body
weight ratio and heart weight to tibia length ratio in wild-type and ablated hearts [control:
n=28; CPC ablation: n=11, 39 £+ 9%; CM ablation: n=6, 42 + 11%] (F-I) Representative M-
mode echocardiography images (F) and left ventricular dimensions (G and H) and function
(I) quantified by fractional shortening [control: n=16; CPC ablation: n=9, 40 + 10%; CM
ablation: n=7, 41 £ 10%]. (J and K) Wheat germ agglutinin (WGA) staining of control and
ablated hearts (J) and dot plot (K) displaying mean CM size. Each symbol in the dot plot
represents the mean CM size in an individual heart section; a minimum of three 32x fields
per section were counted; each symbol shape represents an independent mouse; a horizontal
bar indicates the mean value for each group. [control: n=3; CPC ablation: n=3, 51 + 6%; CM
ablation: n=3, 51 + 7%]. FS, fractional shortening; LVIDgp, left ventricular internal
diameter at end-diastole; LVIDgs, left ventricular internal diameter at endsystole; NS, non-
significant. Scale bars: 2 mm for (C and D); 50 um for (J).
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