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It has been believed that mammalian adult cardiomyocytes (ACMs) are terminally-differentiated and
are unable to proliferate. Recently, using a bi-transgenic ACM fate mapping mouse model and an in
vitro culture system, we demonstrated that adult mouse cardiomyocytes were able to dedifferentiate
into cardiac progenitor-like cells (CPCs). However, little is known about the molecular basis of their
intrinsic cellular plasticity. Here we integrate single-cell transcriptome and whole-genome DNA
methylation analyses to unravel the molecular mechanisms underlying the dedifferentiation and

cell cycle reentry of mouse ACMs. Compared to parental cardiomyocytes, dedifferentiated mouse
cardiomyocyte-derived CPCs (mCPCs) display epigenomic reprogramming with many differentially-
methylated regions, both hypermethylated and hypomethylated, across the entire genome.
Correlated well with the methylome, our transcriptomic data showed that the genes encoding
cardiac structure and function proteins are remarkably down-regulated in mCPCs, while those for

cell cycle, proliferation, and stemness are significantly up-regulated. In addition, implantation of
mCPCs into infarcted mouse myocardium improves cardiac function with augmented left ventricular
ejection fraction. Our study demonstrates that the cellular plasticity of mammalian cardiomyocytes is
the result of a well-orchestrated epigenomic reprogramming and a subsequent global transcriptomic
alteration.

Heart muscle cells in lower vertebrates such as zebrafish can be substantially regenerated by dedifferenti-
ation and proliferation of pre-existing cardiomyocytes2. On the other hand, the adult mammalian heart
has long been thought to be a non-regenerative organ. This dogma has been challenged by increasing
evidence demonstrating that postnatal cardiomyocytes do proliferate at a low rate and contribute to myo-
cardial renewal either physiologically or under stress*->. More controversial is what role, if any, CPCs may
play in the injured heart®®. Using a genetic cell fate mapping system and a pure cardiomyocyte culture
technique, we recently demonstrated that the mature mammalian cardiomyocytes retained a substantial
cellular plasticity. We found that cardiomyocytes can spontaneously dedifferentiate and re-enter into
cell cycle in primary cell culture, and subsequently recapture, at least partially, the properties of CPCs’.
However, the molecular mechanism regulating the spontaneous dedifferentiation of the adult cardiomy-
ocytes into CPCs is not yet understood. It is unknown if there is a genome-wide epigenomic reprogram-
ing, e.g., change of the methylome, which results in a transcriptomic alteration in CPCs. In current study,
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we test the hypothesis that genome-wide epigenomic reprogramming, e.g., change of DNA methylome,
underlies the transcriptomic alteration and the spontaneous dedifferentiation of ACMs.

Seemingly in a reversal manner to differentiation, cellular dedifferentiation is the regression of a
differentiated, specialized cell or tissue to a primitive state with augmented plasticity. It is a natural
mechanism for tissue regeneration and repair, particularly in lower vertebrates!®-*>. The dedifferentia-
tion process results in remarkable alterations in morphology, function, cellular and molecular features.
Dedifferentiation has been characterized at molecular level in fungi, zebrafish and newt hearts, newt lens,
and murine myotubes'*~'7. While cardiomyocytes in primitive animals can dedifferentiate and then regen-
erate heart muscle, mammalian cardiomyocytes have only been shown to dedifferentiate morphologically
in culture and in injured myocardium. Moreover, the molecular characteristics of dedifferentiated cardi-
omyocytes remain largely undetermined®!®-?%, Our recent studies demonstrated that adult myocytes can
dedifferentiate, re-enter cell cycle, and regain properties of CPCs when cultured for prolonged period.
Such dedifferentiated cells can be re-differentiate into cardiomyocytes with spontaneous contractile activ-
ity®. It has been shown that dedifferentiation occurs prior to the proliferation of neonatal cardiomyocytes
in culture®. Genetically-labeled proliferating cardiomyocytes were smaller and showed less maturation
in injured myocardium***?’. Although the mechanisms underlying acquired pluripotency, e.g., induced
pluripotent stem cells (iPSCs), have been well studied, the spontaneous dedifferentiation of somatic cells
is poorly understood. Cellular dedifferentiation in the induction processes of iPSC is associated with a
genome-wide epigenomic reprogramming??. Epigenomics deals with various epigenetic elements and
the genomic landscape of stable, yet reprogrammable nuclear changes that control gene expression. DNA
methylation is a chief mechanism in the epigenetic modification of gene expression, and it occurs at
cytosines of the dinucleotide sequence CpG. Methylation in promoter regions is generally repressive
of transcription in the associated genes. It has been shown that both the promoter and non-promoter
regions can be regulated by methylation during embryonic development and disease progression®’->2.

Although all cells in an individual organism or tissue may have a virtually identical genome, each
cell has a unique transcriptome that reflects the expression of a subset of genes, which can be affected by
epigenetic states. Single-cell transcriptome analysis allows us to access the gene regulatory network at a
whole-genome scale to identify genes and pathways that underlie the given cell type’s physiological func-
tions, behavior and phenotype during development®. Since dedifferentiation and cellular reprogram-
ming are often asynchronous®, it is essential to investigate the transcriptome at single-cell level, which
may shed light into the understanding of the underlying molecular mechanisms. Moreover, cell-to-cell
variations in gene expression are critical in the development of many tissues®>*¢. Although this variation
is especially important for stem cell differentiation and cellular dedifferentiation, it has been extremely
challenging to measure and interpret data from a single cell in terms of genome-wide transcriptional
activity due to random biological variation which, in certain conditions, may not be functionally conse-
quential, in additional to inherent system measurement errors®->’.

In this study, we captured freshly-isolated single adult cardiomyocytes (controls) and mCPCs derived
from dedifferentiated cardiomyocytes using a microfludic chip coupled with Affymetrix GeneChip for
whole-transcriptome analysis to understand the molecular mechanisms regulating adult cardiomyo-
cyte dedifferentiation and reprogramming. Furthermore, using two types of NimbleGen tiling arrays
including NimbleGen Mouse DNA Methylation 3x720K CpG Island Plus RefSeq Promoter Array and
Comprehensive High-throughput Arrays for Relative Methylation (CHARM)-based DNA methylation
analysis techniques for whole-genome DNA methylome analyses, we found that the dedifferentiated
mCPCs display epigenomic reprogramming with many differentially-methylated regions, both hyper-
methylated and hypomethylated across the entire genome which was well correlated with the transcrip-
tomic change. We observed an inverse correlation between global DNA methylation and transcriptomic
expression, i.e., at methylome level, many genes were hyper-methylated in the promoter regions with
a corresponding down-regulation of their transcripts in mCPCs. Therefore, our results demonstrate
an orchestrated genome-wide epigenomic reprogramming and a subsequent transcriptomic change in
mCPCs with a molecular signature displaying dedifferentiation, cell cycle reprogramming and acquired
stemness.

Results

Dedifferentiation of adult cardiomyocytes into mCPCs and the restoration of cardiac func-
tion of infarcted mouse hearts after mCPC transplantation. Cardiomyocytes from adult heart
demonstrated characteristic dedifferentiation features after continuous cultivation in mitogen-rich
medium, and gave rise to semi-adherent cells that could subsequently self-organize into cardiospheres
capable of spontaneous contraction’. Conceivably, cardiomyocytes exhibiting dedifferentiation features
could come from pre-existing cardiomyocytes or from incomplete cardiac differentiation (maturation)
of progenitor cells. To specifically track cardiomyocytes, we generated MerCreMer/ZEG bi-transgenic
mice>*¥, After Cre-mediated gene recombination induced by tamoxifen treatment, cardiomyocytes
were genetically labeled with green fluorescent protein (GFP) (Fig. 1a), enabling cell fate tracking on
the GFP-expressing cardiomyocytes and their progenies which remain GFP-positive>®*. As shown in
Fig. 1b, GFP-cardiomyocytes and other cells migrated off a fragment of genetically-tagged heart tissue
in culture. Over time, GFP-positive cardiomyocytes rounded up and lost the expression of cardiac-spe-
cific contractile proteins. Notably, ~30% of cells within the culture were GFP"-cardiomyocyte-derived
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Figure 1. Cardiomyocyte dedifferentiation, re-differentiation, and isolation of single cells for whole-
transcriptome analysis. (a) Immunocytochemistry showing cardiac-specific labeling of GFP (green) in
mature myocytes expressing a-MHC (red) but not c-kit (magenta). Adult cardiomyocytes were isolated
from bi-transgenic « MHC-MerCreMer Z/EG mouse hearts after tamoxifen-induced gene recombination
(see Methods for detail). Scale bar, 200 pm. (b) Phase contrast images (upper panels) and fluorescent images
(lower panels, Green- GFP) of transgenic cardiac tissue and derived cells at the beginning of culture (1d)
and at 2 weeks of culture. Scale bar, 200 pm. (c¢) Confocal microscope images showing the re-differentiation
of GFP-mCPCs (green) into cardiomyocytes expressing cardiac troponin (cTnT, red; white arrows, left panel)
and endothelial cells expressing von Willebrand factor (VWE, red; white arrows, right panel) 3 weeks after
implantation into the infarcted myocardium of wild-type background mice. Nuclei were stained with DAPI
(blue). Scale bar, 100 pm. (d) Left ventricular ejection fraction (LVEF) measured at baseline after myocardial
infarction (MI) surgery and 3 week post-MI using echocardiography. Vehicle media (Ctl) was used as a
control for GFP-mCPC cell transplantation (Cell). N=5 mice for Ctl group, and 6 mice for Cell group.

(e) Flow cytometry analysis of cardiac explant cultures at 2 weeks showing about 30% cells are GFP positive
in the whole population. (f) Custom phase-switch microfluidic chip for the isolation of single mCPCs.
Individual live single-cell can be encapsulated into as little as 500-pl droplet for downstream analysis.

cells, and ~20% co-expressed c-kit, a putative cardiac progenitor cell marker with controversial roles
(Fig. 1b,e, Supplementary Figs S1 and S2), while Sca-1 was not detected in dedifferentiated cells (data not
shown). In bi-transgenic mouse heart subjected to myocardial infarction (MI), there was an increase in
c-kit" cells that were also GFP" (originated from ACMs) (Supplementary Fig 3). Furthermore, in an in
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Figure 2. Single-cell transcriptomic differences between parental cardiomyocytes (Ctl) and their
derived cardiac progenitor cells (mCPC). (a) Principle Component Analysis (PCA) plot of single-cell
whole transcriptome profiled by Affymetrix GeneChip microarray. Each blue or red dot represents a single
cardiomyocyte (Ctl) or mCPC, respectively. (b) Hierarchical clustering of differentially expressed genes with
|fold-change| > 1.5 plus P = 0.05; (FDR-adjusted p < 0.05). (c) Gene ontology enrichment analysis (GOEA):
Percent down- or up-regulated genes passed FDR-adjusted p < 0.05 in the groups of different gene ontology
categories, including myofilaments and cellular structure, ion channels, and cell cycle and proliferation

were plotted, with Enrichment Scores shown on the right. Ctl: mature cardiomyocytes; mCPC: Mouse
cardiomyocyte-derived cardiac progenitor cells.

vivo cell transplantation experiment, the GFP mCPC cells were able to differentiate into cardiomyocytes
expressing cardiac structure gene Troponin T (cTnT) and endothelial cells expressing von Willebrand
factor (VWF) 3 weeks after they were implanted into the infarcted myocardium of wild-type background
mice (Fig. 1c). Compared to the vehicle control, cell transplantation also improved cardiac function with
augmented left ventricular ejection fraction (LVEF) (Fig. 1d).

Single-cell transcriptome analysis of mCPCs. To address the heterogeneity of the resultant cell
population, we employed a robust microfludic chip system to capture single cells including both adult
cardiomyocytes (ACMs) and mCPCs which were then subject to single-cell whole transcriptome anal-
ysis (Fig. 1f)>*!. The adult cardiomyocytes were used as controls. Previous studies have demonstrated
the feasibility of generating complementary DNA (cDNA) libraries from single cells* %, yet with draw-
backs such as 3’ bias or insufficient product for microarray hybridization**. In this study, we used the
WT-Ovation One-Direct System (NuGen) in which the amplification is initiated at the 3’ end as well as
randomly throughout the whole transcript for each gene. This feature, along with highly-refined ampli-
fication chemistry, makes the WT Ovation One-Direct System ideal for amplification of the smallest
biological samples down to the single-cell level. Amplified cDNAs from single-cells were labeled with
biotin and then hybridized with Affymetrix MG 430 2.0 arrays (Supplementary Fig. $4).

Principal Component Analysis (PCA) showed that there was a distinct difference in the
whole-transcriptome between mCPCs and ACMs (Fig. 2a). Using fold-change (2-fold) plus P < 0.05;
false-discovery rate (FDR)-adjusted P value (<0.05) as threshold, we identified 576 (annotated)
differentially-expressed genes (DEGs, Supplemental Dataset). Hierarchical clustering analysis (HCA)
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showed a clear separation between mCPCs and ACMs based on the DEGs even in a less stringent crite-
ria (1.5-fold plus P = 0.05, FDR < 0.05) (Fig. 2b).

Gene Ontology Enrichment Analysis (GOEA) based on DEGs showed strong functional enrichment
(Fisher Exact test, p<0.05). GOEA revealed that many of these genes were involved in myofilament
and cellular structure, and cardiac ion channels; most genes were down-regulated in mCPCs compared
to AMCs (Fig. 2¢, and Supplementary Table S1). For example, genes related to the specialized cardiac
functions were largely down-regulated in mCPCs compared to AMCs. Among these genes, ryano-
dine receptor, a critical molecule governing cardiac excitation-contraction coupling and metabolism,
decreased >100-fold in mCPCs. Consistently, both - and 3-myosin heavy chain (MHC) genes myh6
and myh?7, cardiac troponin T and I (Tnnt2, Tnni3), and Titin (Ttn) were down-regulated remarkably in
mCPCs, whereas the putative proliferative ether-a-go-go-related (EAG) potassium channel gene Kcnh3
was up-regulated in mCPCs*. Cardiac ion channel genes that typically expressed in normal adult myo-
cytes were decreased significantly in mCPCs, along with parallelly augmented expression of inhibitory
accessory units such as Kcne4 (encoding MirP3)*'. GOEA also revealed the reprogramming of cell cycle
genes in mCPCs, signified by a down-regulation of genes known to suppress muscle cell proliferation
and by an up-regulation of genes promoting cell cycle progression (Fig. 2c, and Supplementary Table S2).
Cell cycle-related genes, such as cyclin D2 (Ccnd2, 5.5-fold), cyclin-dependent kinase 4 (Cdk4, 8-fold)
and CDC28 protein kinase regulatory subunit 2 (Cks2, 47.8-fold) were up-regulated in mCPCs, with
an oscillating decrease of CDK inhibitor 1B (Cdknlb) that transcribes the negative cell cycle protein
p27°>33. Furthermore, other cell proliferation-related genes, such as Ereg (epiregulin, 37.7-fold), Myc
(myelocytomatosis oncogene, 32.3-fold) and Tgf32 (32-transforming growth factor, 6.0-fold) were also
up-regulated significantly (Supplemental Table S3). Notably, Tgf32 is also a multifunctional cytokine
involved in regulating somatic stem cell division (Supplementary Table S4)%.

Ingenuity Pathway Analysis (IPA) further suggested that these differentially-expressed genes were
involved in multiple functional networks, such as tissue morphology, muscular system development,
and metabolism, as well as cell cycle and development functions (Supplementary Information). The top
ranked genes, such as Myh6 (—170-fold), Pln (—171.5-fold), Tnni3 (—130.7-fold), Ttn (—74.2-fold),
Mef2c (—19.9-fold), and ActcI(—112.4-fold) were remarkably down-regulated in mCPCs, whereas Fosl1
(439.4-fold) and Myc (+32.3-fold) were up-regulated in mCPCs as compared to AMCs, underscoring
the dedifferentiation and cell cycle reprogramming in mCPCs. Myc, Cdknla (p21) and Gsk3b were cen-
tral hubs among these regulated molecules. These signaling pathways may be interventional points for
future studies on dedifferentiation, cell cycle reprogramming and cell fate transformation (Supplementary
Fig. S5).

Validation of gene expression by Real-Time qPCR and TLDA at single-cell level. We veri-
fied the expression levels of a number of genes in single cells by either TagMan Real-Time qPCR
(3 genes) or pluripotency/differentiation TagMan Low Density Array (TLDA, 96 genes). To circum-
vent the detection limit of qPCR, a pre-amplification step was performed after synthesis of cDNA from
each single-cell lysate. Pre-amplification remarkably reduced the threshold cycle value (~10 Ct) for the
housekeeping gene Gapdh (data not shown), therefore providing sufficient cDNA for transcript detec-
tion. HCA analysis on a panel of stem cell/pluripotency and differentiation genes detected by TLDA
using single-cell cDNAs revealed a clear segregation between mCPCs and parental ACMs (Fig. 3a,b).
Furthermore, single-cell level TLDA showed that the genes for stem cell pluripotency were mostly not
detected in mature cardiomyocytes, but many of their expressions were elevated in mCPCs. It is clear
that these mCPCs did not express all the stemness genes found in embryonic stem cells or induced pluri-
potent stem cells, and only 52 genes among the full panel had a Ct value lower than 40. Compared with
single-cell microarray (MA) transcriptomic data, single-cell TLDA data showed that mRNA expression
levels for most pluripotency and stemness-related genes and differentiation markers were very similar or
exhibited similar trends (Fig. 3c). For instance, Oct4 (Pou5f1) gene was up-regulated in mCPCs, while
most differentiation markers (e.g., Actcl, Des) were down-regulated, detected by both MA and TLDA.
Furthermore, our single-cell level qRT-PCR also confirmed the single-cell microarray results, e.g., there
was a significant decrease in Myh6 (—157.6 folds by MA, —2463.7 folds by qPCR; note that Myh6 is not
included in the preconfigured TLDA), but an increased gene expression in c-kit (7.4 folds by single-cell
TagMan qPCR; 6.5 folds by TLDA qPCR, though no significant change detected by MA); nevertheless
Sox2 was intriguingly down-regulated in mCPCs (—10.9 folds by single-cell TagMan qPCR, and —20.0
folds by TLDA qPCR, but no significant change by MA (1.1 fold)) (Fig. 3d). The presence of Sox2 tran-
script in cardiomyocytes was unprecedented but was consistently detectable by both single-cell TagMan
RT-qPCR and single-cell TLDA assays. With the state-of-the-art technologies applied in the current
study and the consistent convincing results, we confirmed at a single-cell whole-transcriptomic level the
significant molecular signatures featuring the dedifferentiation and cell cycle reprogramming in mCPCs
derived from adult cardiomyocytes.

Epigenetic reprogramming of mCPCs. Changes in regional DNA methylation underlie the plas-
ticity of progenitors and stem cells, and have been implicated in the epigenetic reprogramming of iPSCs
derived from somatic cells®?. We used two different Roche NimbleGen tiling arrays (3 x 720k and
CHARM 2.1M designs) with maximal genome coverage and cross-validation each other to interrogate
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Figure 3. Validation of microarray (MA) data by TagMan low density array (TLDA) and by single-cell
TaqgMan qPCR assays (QPCR). (a) PCA plot showing the separation of cardiomyocytes (Ctl, blue) from
mouse cardiomyocyte-derived cardiac progenitor cells (mCPCs, red) in their gene expressions as detected
by TLDA. (b) Hierarchical clustering of TLDA genes detected in either adult cardiomyocytes (Ctl) or their
derived mCPCs with differential expression. (c) Expression level of genes for pluripotency and stemness-
related (top panel) and differentiation markers (lower panel) detected by TLDA. For TLDA, the cDNA from
each single-cell (6 control adult cardiomyocytes and 8 mCPCs, biological replicates) was run. Normalized
probeset intensity exported from Affymetrix Gene Console was used for the calculation of gene expression
fold changes detected microarray for 3 single cardiomyocytes and 3 single mCPCs. (d) Expression levels of
cardiomyocyte gene Myh6, cardiac progenitor gene c-kit, and stem cell gene Sox2 in mCPCs as compared to
control cardiomyocytes. N =5 single cells (mCPCs or adult control cardiomyocytes; technically triplicated for
each cell). Note that the preconfigured pluripotency TLDA did not include Myh6 gene.
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genome-wide DNA methylation patterns. We found that overall, there was a great differential methyla-
tion between mCPC and AMC and this observation was consistent in two different NimbleGen arrays
(Supplementary Fig. S6). Furthermore, the gene expression at transcriptomic level was well orches-
trated with DNA methylation in mCPCs, i.e., there were substantially more down-regulated genes than
up-regulated genes in the transcriptome, whereas there were more regions of hyper-methylation than
regions of hypo-methylation. There was an inverse correlation between DNA methylation at promot-
ers of CpG island regions and the transcript expression for many genes, i.e., while their relative meth-
ylation levels were elevated, their transcriptional expressions were repressed in mCPC (Fig. 4a,b, and
Supplemental datasets).

Consistent with the gene expression GO enrichment results, our GO enrichment analysis based
on differentially methylated genes (DMGs) and/or differentially methylated regions (DMRs) revealed
that many cardiac structure genes, such as sarcomere organization (Mylk3, Mypn, Tcap, and Ttn;
p-value=7.2 x 10%) and muscle structural component (Myl3, Tcap, Ttn; p-value=0.00031), displayed
an elevated DNA methylation in the promoters/CpG islands and a repressed gene expression. Three out
of four sarcomere genes, i.e., Mylk3, Mypn, and Ttn, were shown to have remarkably elevated DNA meth-
ylation in the promoter regions (Fig. 4c), whereas for the fourth gene, Tcap, the increased methylation
was found in the regions located near the downstream of the transcription start site (TSS; Supplementary
Fig. $6). Actually, GO category of sarcomere organization had the 3™ lowest p-value, immediately ranked
after two other related cardiac structure categories, i.e., Z-disc (Csrp3, Homerl, Ldb3, Murc, Mypn, Tcap,
Ttn; p-value=1.4 x 107'%) and muscle filament sliding (Myl3, Teap, Tnncl, Tnni3, Tnnt2, and Tin;
p-value=1.4 x 10~°) (Figs 4b,c and 5). We also found that hypermethylated regions for some genes,
e.g., Titin gene (Ttn), were located at both CpG island and shore areas, covering both promoter and gene
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Figure 4. Epigenetic regulation of transcriptional changes in mCPC cells. (a) Venn diagram of
overlapping differentially-expressed genes (|Fold change| > 1.5 plus P = 0.05, FDR-adjusted p <0.25;
Affymetrix mouse GeneChip 430 2.0) and differentially-methylated genes (defined as p <0.05; combination
of the CHARM analysis on the data from NimbleGen 3 x 720k Promoter array and customer 2.1 M
CHARM array). (b) Model depicting the epigenetic regulation in mCPCs derived from dedifferentiated
cardiomyocytes. The promoters of adult and cardiac specific genes, and sarcomere structure genes become
hypermethylated, resulting in their transcriptional repression in mCPCs, while transcriptional factors
important to cell cycle/proliferation and progenitor stemness are not or less methylated, conferring their
expression in mCPCs. (¢) Visualization of the methylation in promoter regions of sarcomere genes myosin
light chain kinase 3 (Mylk3), myopalladin (Mypn), and Titin (Ttn) detected by the NimbleGen 3 x 720k
DNA methylation promoter array. Top panel shows the chromosomal region flanking these genes. Middle
panel: the middle bar graphs present the DNA methylation levels (1.0=100%) in mCPCs and control
cardiomyocytes (Ctl), as well as the differential methylation level (Diff.) comparing mCPC to Ctl. The
bottom portion shows the Refseq gene structure, the expression of transcript detected by probe(s) for which
green color denotes down-regulation, and the differentially-methylated region in mCPCs vs. cardiomyocytes.

body regions, leading to its suppression in mCPCs compared to control cardiomyocytes (Figs 4c and 5a,
and Supplementary Fig. S7). Additionally, both myh6 and mhy7 were hypermethylated in mCPCs, while
re-expressed Ereg and Sox4 were hypomethylated (Fig. 5b, and Supplementary Figs. S8-9). To examine if
DEGs and DMGs overlap in their signaling pathways and networks, Pathway Enrichment Analysis was
carried out using DEGs and DMGs based on the KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway database. The top ranked pathways converged by both DEGs and DMGs were highly consistent,
including those of cardiac muscle contraction, hypertrophic response, oxidative phosphorylation and
metabolism, with the methylation status reversely correlated to the transcript expression (Fig. 6, and
Supplementary Fig. S10). Together, this indicates that development of muscle contraction in differen-
tiated cells is associated with the loss of methylation in the promoters of these genes®. However, in
dedifferentiated cells derived from mature cardiomyocytes, hypermethylation leads to their transcrip-
tional repression.

Discussion

Cell fate was generally believed to be unidirectional and irreversible although the concept and phenom-
ena of cellular dedifferentiation had been documented for a centry”’. Adult mammalian cardiomyocytes
have traditionally been viewed as terminally-differentiated cells unable to divide. However, mounting
evidence now supports the notion that functionally-specialized cells, ranging from plant to mamma-
lian, can change their fate under the influence of environmental factors. Protoplasts from tobacco leaves
undergo a dedifferentiated phase conferring pluripotency that precedes signal-dependent re-entry into
the cell cycle®. Human chondrocytes, epidermal cells, pancreatic beta cells and adipose stromal cells ded-
ifferentiate and exhibit progenitor cell phenotypes and functions®-%*. Cardiomyocyte dedifferentiation
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Figure 5. Genomic view displaying DNA hyermethylation of Ttn, Myh6 and Myh7 in mCPCs.

(a) Differentially-methylated regions (DMRs) in a portion of the Titin (Ttn) gene detected by CHARM
customer array. DMRs were located in both CpG islands and shores (with, or without red marks in the
middle panel, respectively). Overlaid onto the CpG density plot is the Ttn gene structure —Ttn is on the
minus strand, and the gray box represents exon. The upper panel shows the methylation level (1.0 =100%)
of adult cardiomyocytes (Ctl, red) and their derived cardiac progenitor cells (mCPCs, black). The vertical
dash lines define the edges of the DMR. The lower panel shows the chromosome locations and differential
methylation p values for probes. (b) Genomic view showing differential DNA methylation and differential
gene expression between mCPCs and control cardiomyocytes. The gene expression of Myh6 and Myh7
(dash line boxed) genes was down-regulated in mCPCs compared to control cardiomyocytes, whereas their
promoter regions were hypermethylated. The top panel shows the Refseq transcript structure; and note that
both Myh6 and Myh?7 are on the minus strand. Second panel: gene expression fold change (FC) between
mCPCs and cardiomyocytes detected by Affymetrix GeneChip gene expression array. The third and fourth
panels: transcript and DNA methylation heatmaps. The fifth panel: DMR based on MAT-score on T detected
by Roche 3 x 720k DNA methylation array. The bottom line shows the genome location.
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Figure 6. Integrated pathway enrichment analysis based on differentially expressed genes (DEGs) and
differentially methylated genes (DMGs). The “cardiac muscle contraction pathway” is enriched by both
DEGs and DMGs based on KEGG knowledge database using the DEGs detected by Affymetrix GeneChIP
and the DMGs detected by CHARM 2.1M arrays (p < 0.05). The down-regulation of most genes in this
pathway (left, green color shaded genes) in mCPCs vs. adult cardiomyocytes is well orchestrated with their
DNA hypermethylation (right, genes annotated with non-black colors have relative methylation level >25%
in mCPCs vs control cardiomyocytes). The enrichment p value for Cardiac Muscle Contraction pathway is
5.452 x 1077 for gene expression, and 0.000249 for DNA methylation.

has been reported as an undesirable phenotypic change in previous studies by electrophysiologists who
sought to maintain the adult electrophysiological phenotype of isolated cardiomyocytes®’. While previous
studies have characterized the morphological, electrophysiological and general phenotypic alterations in
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dedifferentiated cardiomyocytes, little is known about the molecular reprogramming!®20-2426656_ Using
lineage tracing specific for adult cardiomyocytes, we demonstrated that the GFP* cardiomyocytes can
undergo dedifferentiation (Fig. 1) and express c-kit, a marker previously thought to be expressed in puta-
tive CPCs>¢768. C-kit-positive cells have been demonstrated to be important for proper cardiac devel-
opment and reach a maximal level in the early postnatal heart®"!, while studies using fate mapping
of their potential contribution to myocardial regeneration revealed a minimal role for cardiogenesis in
normal adult hearts’. An increase of c-kit cells in injured myocardium coincides with the augmentation
of dedifferentiated cardiomyocytes (Supplementary Fig. $3)'%20-2627_ Therefore our data suggest that c-kit
may be a better marker for dedifferentiated cardiomyocytes that may reach a state resembling CPCs; such
cells may re-differentiate when implanted into infarcted myocardium (Fig. 1) or when organized into
spheroid structures®. Although long-term dedifferentiation of cardiomyocytes as found in hibernating
myocardium or in infarcted hearts may be undesirable for proper cardiac function'*?**73, dedifferentia-
tion such as disassembly of sarcomeres is necessary for cell division in both zebrafish and rodent cardio-
myocytes'#?>74, Furthermore, dedifferentiated cardiomyocytes are not apoptotic and presumably reflect
adaptations to abnormal myocardial stress'®”®. Therefore, understanding the molecular reprogramming
of cardiomyocyte dedifferentiation and proliferation and the derived mCPC-like cells may help to for-
mulate strategies for prevention of heart failure and enhancement of cardiac regeneration®.

DNA methylation is a major epigenetic mechanism controlling gene expression. The promoter hyper-
methylation is commonly found in cancers, which induces the transcriptional repression of important
growth regulators including tumor suppressor genes. On the other hand, somatic cells such as skin
fibroblasts and cardiomyocytes can be reprogrammed and dedifferentiated into iPSCs by defined
factors®7¢. Such transformed cells with cellular phenotypes and transcriptomic profiles distinct from
their parental cells present substantial epigenetic reprogramming in which stemness genes are hypo-
methylated. De-methylation in promoter regions of pluripotency factors results in their increased expres-
sion during iPSC formation”’. Hypo-methylated stem cell-specific regions are more likely to present
in the CpG islands, whereas the hyper-methylated stem cell-specific regions are likely to occur in the
non-CpG islands. This suggests that the promoters in CpG islands for stemness genes have a propensity
to be demethylated during reprogramming towards pluripotent stem cells’®. It was reported that human
epithelial cells with a repression of the pl6/pRb pathway, similar to what is in stem cells and many
tumor cells, undergo epithelial-mesenchymal transition (EMT) with a remarkable epigenetic remode-
ling, including DNA methylation of the genes silenced in basal-like breast cancers. Consistent with the
observation of the direct conversion of fibroblasts into other functional cell types such as neuronal cells
or cardiomyocytes which were accompanied with a hypomethylation of the genes specific to neuronal
or cardiac cells”®!, our current study showed that the cardiomyocyte-specific genes which were hypo-
methylated in ACMs became substantially hypermethylated in dedifferentiated cells, i.e., mCPCs. It is
noteworthy that during cardiac maturation, there is a switch of cardiac myosin heavy chain expression
from fetal SBMHC isoform (encode by Myh?) into adult « MHC isoform (encode by Myh6), while « MHC
is down- regulated in hypertrophic heart failure®’. Such a developmental and pathological remodeling
in contractile gene expression is associated with transcriptional regulations by histone modifications®>#.
Thus, DNA methylome reprogramming is an additional and common process during cellular transfor-
mation, for example, dedifferentiation.

Our results demonstrated that the transcriptomic alteration featuring the loss of mature cardiac
molecular properties in mCPCs is a result of epigenomic reprogramming of DNA methylome which
leads to a repression in cardiac genes but an up-regulation of cell cycle and proliferation genes. Given
the small number of genes showing clear epigenetic changes, it is possible that there may be a more
dominant regulator controlling the transcriptional differences between mCPCs and adult cardiomyo-
cytes. To look into this possibility, we used IPA to predict transcription factors with downstream target
showing differential gene expression. We observed a plethora of transcription factors that are predicted
to regulate the transcriptional changes between mCPC and parental cardiomyocytes. When focusing
on the genes showing the strongest differential expression, we could narrow down the list of putative
transcription factors that control the augmented genes in mCPCs. We also found that there are a few
dozen transcription factors that are predicted to regulate the genes that are down-regulated in mCPCs
compared to ACMs (Supplemental Dataset).

Interestingly, many of the transcription factors predicted to cause an up-regulation on the gene
are implicated in many important developmental pathways, such as Smadl, Smad2, Smad3, Smad4,
Notch1%5-%8, The significantly upregulated SMADs and Notchl in mCPCs are critical in embryonic car-
diac development and the generation of cardiac progenitor cells, cell survival and cell cycle reprogram-
ming®47%_ Furthermore, transcription factors that are predicted to be inhibited in mCPCs are likely
important in the function of differentiated cells (adult cardiomyocytes), such as myogenic differentiation
1 (Myod1) and myocardin (Myod).

Cardiac-derived stem cells have recently been evaluated in clinical trials for their potential of healing
the injured heart after myocardial infarction®*®!. The identification of such clinically-promising cells was
primarily based on their phenotypic properties, with little information on their molecular properties.
Compared to bone marrow or mesenchymal c-kit cells, cardiac c-kit cells represent the most primitive
population in the mouse heart®. However, the roles of c-kit cells for myocardial regeneration in adult
hearts remained controversial and uncertain even though it was identified as a putative CPC marker
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for cardiac development®®”17%%3-%_Qur study has shed light into the molecular reprogramming of adult
cardiomyocyte dedifferentiation. Using a microfluidic chip customizable for different cell types, we can
capture single cells with minimal interference. The linear cONA amplification strategy using 3’ initiated
and random primers in this study was demonstrated to suffice for single-cell whole-genome analysis.
Moreover, with pre-amplification of target genes, it is feasible to validate multiple genes of interest using
qPCR at single-cell level. RNA-seq single-cell transcriptome analysis using deep sequencing technique is
likely to reveal more subtle changes which are limited by microarray technology®®-1%!. We also showed
that the GFP mCPCs can redifferentiate into cells of the heart compartment and express cardiomyocyte
and endothelial cell markers. However, without additional fluorescent cardiac lineage reporter system
which is specific for cardiac nuclei, we are limited in isolating live GFP cells featuring cardiomyocyte
phenotypes to analyze their transcriptome and DNA methylome after the re-differentiation of GFP
mCPCs. Given that epigenomic reprogramming is one of the critical regulatory mechanisms in induced
pluripotency in stem cells?®, logical future studies would entail examining the epigenetic intervention on
cardiomyocytes and progenitor cells to promote cardiac regeneration.

In summary, our study demonstrates a remarkable gene expression change across the mouse genome
in cardiac progenitor cells derived from the dedifferentiation of mature cardiomyocytes. The large dif-
ferential gene expression in mCPCs occurred in corresponding to an epigenomic reprogramming, i.e.,
a comprehensive genome-wide alteration in DNA methylation. The repression of mature and cardiac
specific genes was due to the hypermethylation of their genomic DNA, resulting in the suppression of a
number of genes thereby the dedifferentiation and cell cycle reprogramming in mCPCs.

Materials and Methods

Bi-transgenic mouse model and modified cardiac explant culture. All experimental proto-
cols were approved by the Institutional Biosafety Committee and Animal Care and Use Committees
at Cedars-Sinai Medical Center. The methods were carried out in accordance with the approved
guidelines. Bi-transgenic MerCreMer/ZEG mice were produced by crossbreeding the cardiomyo-
cyte-specific aMHC-MerCreMer mice and the ZEG reporter mice (Jackson Laboratory) as described
previously®#19219 Ty induce Cre-mediated gene recombination for GFP labeling specifically in cardi-
omyocytes, genotype-verified double heterozygous MerCreMer-Z/EG mice (2-month old) were treated
with 4-OH-tamoxifen for 2 weeks followed by a waiting period of 2 weeks as described previously®?.
Cardiomyocytes were isolated using enzymatic dissociation method as described®?. To maximize the
viability of transgenic mouse cardiomyocytes and follow their dedifferentiation, modified cardiac explant
culture techniques described previously were used to generate mouse cardiomyocyte-derived progenitor
cells (mCPCs)*!%*. Briefly, tamoxifen-treated bitransgenic mouse hearts were partially digested in calci-
um-free Tyrode’s physiological solution supplemented with 0.15 Wiinsch unit/mL of collagenase made
from Liberase Blendzyme 4 (Roche Applied Science), followed by washing for 3min in KB solution.
The hearts were cut into small pieces in ~0.1 mm? and rinsed in KB solution for 3 times. Tissues were
transferred to laminin-coated 10mm tissue culture dishes, with M199 medium containing 100 U/mL
penicillin, 100pg/mL streptomycin, 5% FBS (Invitrogen), 25uM Blebbistatin, ITS (5pg/ml insulin
and transferrin, 5ng/ml selenium), and 10mM (3-hydroxybutyric acid for the first two days of culture.
Blebbistatin, ITS, and (3-hydroxybutyric acid were replaced with bFGF 0.1 ng/ml and TGF-33 1ng/ml,
and FBS increased to 20% in subsequent cell culture. Medium was partially replaced every 2-3 days.
Loosely adherent mCPCs were harvested by gentle pipetting 3 times with a disposable transfer pipette.
Flow cytometry was used to characterize the immuno phenotypes of cardiac explant-derived cells as
described previously'®.

mCPC cell transplantation and cardiomyocyte dedifferentiation in mouse myocardial infarc-
tion model.  Acute myocardial infarction (MI) was made in adult female wildtype B6129SF/J mice by
permanent ligation of the left anterior descending coronary artery (LAD) as described previously?*1%.
Immediately after LAD ligation with 7-0 prolene, hearts were intramyocardially injected with a total of
21 pl of either vehicle (PBS, Control group, N=>5 mice) or 100,000 GFP-positive mCPCs isolated from
cardiac explant culture of bi-transgenic mouse hearts (Cell group, N=6 mice) at 3 points in the bor-
der zone of infarct area. Transthoracic echocardiography was performed in mice 4hours (baseline) and
3 week post-MI using a Vevo 770 imaging system (VisualSonic, Toronto, Ontario, Canada). Left ventricu-
lar ejection fraction (LVEF) was measured based on the 2D images in long axis view at the level of the
greatest LV diameter. The re-differentiation of mCPCs was assessed by fluorescent immunohistochemis-
try detecting the co-expression of GFP with cardiac troponin T (cTnT) for cardiomyocyte marker or von
Willebrand factor (VWF) for endothelial cell marker?®1%7,

To examine the dedifferentiation of cardiomyocytes in vivo, LAD ligation-induced MI model was cre-
ated in tamoxifen-treated bitransgenic MerCreMer-Z/EG mice at 10 weeks of age. Sham control animals
underwent the same procedures except for the coronary artery ligation. Mice were euthanized 3 weeks
after surgery and hearts were collected for histological studies.

Microfluidic capture of single cardiomyocytes and cardiac progenitor cells. Freshly isolated
adult (~3-month old) cardiomyocytes and mCPCs (derived from GFP-cardiomyocytes) were captured
using microfludic chip (Fig. 1f)*"'%. The adult cardiomyocytes were used as controls. Briefly, isolated
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adult cardiomyocytes were preserved in EGTA-free KB solution’, while mCPCs were kept in cold PBS
during microfludic separation. Single-cells were isolated by encapsulation in droplet using a microfluidic
device as described previously'®!'%®. Once individual cells were isolated and verified under microscope,
each was lysed with 2 pl of a customized buffer for whole genomic amplification for transcriptomic
profiling. Alternatively, 5pl Cell-to-Ct lysis buffer supplemented with DNase I (Ambion) was used to
lyse each single cell for the validation of gene expression by Real-Time TagMan single qPCR assays or
by TLDA qPCR array.

cDNA synthesis and amplification from single cardiomyocytes and cardiac progenitor
cells.  For microarray study, first strand cDNA was synthesized from single cell lysate using a unique
first strand DNA/RNA chimeric primer mix and reverse transcriptase provided by NuGEN Technologies.
The primers had a DNA portion that hybridizes either to the 5" portion of the poly (A) sequence or ran-
domly across the transcript. Reverse-transcription extended the 3" DNA end of each primer generating
first strand cDNA. The resulting cONA/mRNA hybrid molecule contained a unique RNA sequence at
the 5 end of the cDNA strand and subsequently, double stranded cDNA with DNA/RNA heteroduplex
at one end was generated. Ribo-SPIA amplification of cDNA produced enough amount of cDNA for
labeling and microarray hybridization.

cDNA biotin labeling, microarray hybridization and data processing for transcriptomic pro-
filing. For each single cell, 5pug amplified cDNA was fragmented and used for biotin labeling with
NuGen’s Encore Biotin Module. The biotin labeled cDNA was hybridized for 40 hours with Affymetrix
Mouse Genome 430 2.0 array. After the hybridization, the chips were washed with GeneChip Fluidics
Station 450 (Affymetrix) according to the standard fluidic protocol EUKGE-WS2V5_450 (Affymetrix).
Microarray images were acquired and processed using GeneChip Scanner 3000 7G (Affymetrix) and
gene expression values were analyzed using Affymetrix Gene Expression Console®”®.

Validation of gene expression by TagMan RT-qPCR and TLDA at single-cell level. c¢DNA
synthesis from individual cell of additional single cardiomyocytes and mCPCs was performed using
Cell-to-Ct protocol with pre-amplification option (Ambion). Cardiomyocyte-specific gene (Myh6) and
putative progenitor and stem cell genes (c-kit and Sox2) together with two endogenous controls (Actb and
Gapdh) were validated by TagMan RT-qPCR assays (Applied Biosystems) at single-cell level. Moreover,
a panel of genes for stem cell pluripotency and differentiation covered by TagMan Low Density Array
(TLDA, 96 genes including house-keeping genes such as Gapdh, Applied Biosystems) were profiled in
a separated subset of single cells using our optimized streamline protocols including single-cell lysis,
cDNA synthesis, and pre-amplification. Real-time qPCR was performed on a 7900HT Fast Real-Time
PCR System (Applied Biosystems) and data collected and analyzed using SDS 2.3 software suite. Ct val-
ues were normalized to endogenous controls, and comparative 222 method was used to evaluate the
relative gene expression in mCPCs vs. cardiomyocytes®’. DataAssist 2.0 (Applied Biosystems) was used
to analyze the expression changes. As for comparison, normalized intensity of probe(s) of specific genes
was used to calculate gene expression fold changes detected by microarray.

DNA methylation analysis. Genomic DNA was isolated from population adult cardiomyocytes
and population mCPCs using Qiagen AllPrep DNA/RNA Micro Kit. Ten (10) ng of genomic DNA was
first subject to a whole genome amplification using Sigma’s GenomePlex Complete Whole Genome
Amplification (WGA2) kit. The amplified DNA products were used for whole-genome DNA methylome
analyses by microarrays using either NimbleGen Mouse 2.1M Array or NimbleGen Mouse 3x720K CpG
Islands Pus RefSeq Promoter Array Tiling Array. Modified standard CHARM protocol with reduced
starting amount of amplified genomic DNA (2.5 pg) triplicated in each group was used for two types
of arrays'!®!!!, Restriction enzyme McrBC was used to digest amplified genomic DNA as it recognizes
the site (A/G)™C(Nyg_3000)(A/G) ™C, with an optimal separation of 55-103bp, covering nearly half of all
possible 5-methylcytosine nucleotides in the genome!'2. For each sample, half of the amplified genomic
DNA (2.5 pg) with sizes ranging 100-1000 bp was subjected to McrBC digestion thereby methylated
cytosines were cut into smaller fragments. The other half of amplified genomic DNA (2.5 pg) was not
treated with McrBC enzyme. Both McrBC-treated and untreated portions were fractionated by 1% aga-
rose gel. The McrBC-treated portion was methyl-depleted (MD) DNA and the untreated (UT) portion
represented the total genomic DNA input. Amplified MD (equivalent to experimental sample) and UT
(equivalent to input/control sample) samples were labeled with Cy5 and Cy3, respectively, according to
standard NimbleGen Array protocol. Labeled DNA samples were hybridized to either types of arrays
according to NimbleGen Array User Guide, and the arrays were scanned using MS 200 Microarray
Scanner (Roche NimbleGen) and features extracted by NimbleScan software.

Relative DNA Methylation in cardiomyocytes and mCPCs was analyzed using Roche NimbleGen
2.1 M mouse genome CHARM 2.1M array and NimbleGen DNA Methylation CpG Islands Pus RefSeq
Promoter array (3 x 720K). Labeled DNA samples were hybridized to arrays according to NimbleGen
Array User Guide, and arrays scanned using MS 200 Microarray Scanner (Roche NimbleGen) and fea-
tures extracted by NimbleScan software.
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Microarray and TLDA gPCR data analysis. Gene expression data analysis was performed using
Partek Genomics Suite (Version 6.6; Partek, Inc., St. Louis, MO) as described previously?*'®°. Gene
expression values were RMA normalized!'®. Fold-change values were calculated based on the least-squares
mean, and FDR values were calculated using the method of Benjamini and Hochberg (based on the
distribution of p-values calculated via 1-way ANOVA)'". In the analysis for visualization, gene ontol-
ogy enrichment, and DNA methylation integration, a probe was defined as differentially expressed if it
showed a |fold-change| > 1.5 and FDR-adjusted p < 0.25. If a functional group has a GO enrichment
score over 1, the functional category is overexpressed; a value of 3 or greater corresponds to a p value
of 0.05 or less. The greater the score, the more differentially expressed in the functional group of genes.
However, in the transcription factor analysis using IPA (Ingenuity® Systems), slightly more stringent
criteria were utilized (|fold-change| > 1.5 and FDR < 0.05) due to the large number of predicted tran-
scriptional regulators. Alternatively, enriched signaling pathways by these significant genes were visual-
ized using GeneSpring GX11 software (Agilent). TLDA data were analyzed using DataAssist 2.0 (Applied
Biosystems) and Partek Genomics Suite.

DNA methylation data analysis was conducted using the dmrFind function in the CHARM package
in R'%, Regions were defined as differentially methylated if they showed an unadjusted p-value <0.05
(with a predicted FDR of 0.077 for the 3 x 720k array and 0.10 for the custom 2.1 M CHARM array).
Genes were defined as differentially methylated if a CHARM peak was within 2000 bases pairs upstream
and/or 500 base pairs downstream of the transcription start site (for any transcript described within
RefSeq)!">. 3 x 720k arrays were also analyzed using Partek Genomic Suite with Tiling Array module:
Pair files were imported and Loess normalization was performed to obtain M values, and differentially
methylated regions were identified using a p < 0.001 with |MAT score on T-statistic| > 2 in ANOVA anal-
ysis. Custom scripts were used to produce .wig files which were then visualized in Integrative Genomics
Viewer (IGV) for the methylation and expression patterns''®. Alternatively, differentially expressed and
methylated genome regions were also drawn using Partek Genomics Suite.

Statistical Analysis. Results are presented as Mean= SD, unless otherwise specified separately in
other sections for genomic data analysis. Two-tailed unpaired Student ¢ test was used for comparisons
between groups. Differences were considered statistically significant when p < 0.05.

Microarray data. Microarray data can be accessed at the ArrayExpress database with the following
accession numbers: E-MTAB-3984, E-MTAB-3982, E-MTAB-3981.

References
1. Jopling, C. et al. Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation. Nature 464, 606-609
(2010).
. Kikuchi, K. et al. Primary contribution to zebrafish heart regeneration by gata4(+) cardiomyocytes. Nature 464, 601-605
(2010).
. Bergmann, O. et al. Evidence for cardiomyocyte renewal in humans. Science 324, 98-102 (2009).
. Porrello, E. R. et al. Transient regenerative potential of the neonatal mouse heart. Science 331, 1078-1080 (2011).
. Senyo, S. E. et al. Mammalian heart renewal by pre-existing cardiomyocytes. Nature 493, 433-436 (2013).
. Ellison, G. M. et al. Adult c-kit(pos) cardiac stem cells are necessary and sufficient for functional cardiac regeneration and
repair. Cell 154, 827-842 (2013).
7. Uchida, S. et al. Scal-derived cells are a source of myocardial renewal in the murine adult heart. Stem Cell Reports. 1, 397-410
(2013).
8. Henning, R. J. Stem cells for cardiac repair: problems and possibilities. Future. Cardiol. 9, 875-884 (2013).
9. Zhang, Y. et al. Dedifferentiation and proliferation of mammalian cardiomyocytes. PLoS. One. 5, 12559 (2010).
10. Odelberg, S. J. Cellular plasticity in vertebrate regeneration. Anat. Rec. B New Anat. 287, 25-35 (2005).
11. Jopling, C., Boue, S. & Izpisua Belmonte, J. C. Dedifferentiation, transdifferentiation and reprogramming: three routes to
regeneration. Nat. Rev. Mol. Cell Biol. 12, 79-89 (2011).
12. Kikuchi, K. Dedifferentiation, Transdifferentiation, and Proliferation: Mechanisms Underlying Cardiac Muscle Regeneration in
Zebrafish. Curr. Pathobiol. Rep. 3, 81-88 (2015).
13. Leri, A., Rota, M., Pasqualini, E S., Goichberg, P. & Anversa, P. Origin of cardiomyocytes in the adult heart. Circ. Res. 116,
150-166 (2015).
14. Ausoni, S. & Sartore, S. From fish to amphibians to mammals: in search of novel strategies to optimize cardiac regeneration. J.
Cell Biol. 184, 357-364 (2009).
15. Katoh, M. et al. An orderly retreat: Dedifferentiation is a regulated process. Proc. Natl. Acad. Sci. USA 101, 7005-7010 (2004).
16. Odelberg, S. J., Kollhoff, A. & Keating, M. T. Dedifferentiation of mammalian myotubes induced by msx1. Cell 103, 1099-1109
(2000).
17. Tsonis, P. A. et al. MicroRNAs and regeneration: Let-7 members as potential regulators of dedifferentiation in lens and inner
ear hair cell regeneration of the adult newt. Biochem. Biophys. Res. Commun. 362, 940-945 (2007).
18. Ausma, J. et al. Chronic ischemic viable myocardium in man: Aspects of dedifferentiation. Cardiovasc. Pathol. 4, 29-
37. (95 A.D.).
19. Ausma, J. et al. Dedifferentiated cardiomyocytes from chronic hibernating myocardium are ischemia-tolerant. Mol. Cell
Biochem. 186, 159-168 (1998).
20. Ausma, J. et al. Dedifferentiation of atrial cardiomyocytes as a result of chronic atrial fibrillation. Am. J. Pathol. 151, 985-997
(1997).
21. Ausma, J. et al. Time course of atrial fibrillation-induced cellular structural remodeling in atria of the goat. J. Mol. Cell Cardiol.
33, 2083-2094 (2001).
22. Benardeau, A. et al. Primary culture of human atrial myocytes is associated with the appearance of structural and functional
characteristics of immature myocardium. J. Mol. Cell Cardiol. 29, 1307-1320 (1997).

N

o Ul W

SCIENTIFIC REPORTS | 5:17686 | DOI: 10.1038/srep17686 12



www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.
49.
50.
51.

52.
53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.
66.

67.
68.

Driesen, R. B. et al. Structural adaptation in adult rabbit ventricular myocytes: influence of dynamic physical interaction with
fibroblasts. Cell Biochem. Biophys. 44, 119-128 (2006).

Driesen, R. B. et al. Structural remodelling of cardiomyocytes in the border zone of infarcted rabbit heart. Mol. Cell Biochem.
302, 225-232 (2007).

Li, F, Wang, X., Capasso, ]. M. & Gerdes, A. M. Rapid transition of cardiac myocytes from hyperplasia to hypertrophy during
postnatal development. J. Mol. Cell Cardiol. 28, 1737-1746 (1996).

Malliaras, K. et al. Cardiomyocyte proliferation and progenitor cell recruitment underlie therapeutic regeneration after
myocardial infarction in the adult mouse heart. EMBO Mol. Med. 5, 191-209 (2013).

Kubin, T. et al. Oncostatin M is a major mediator of cardiomyocyte dedifferentiation and remodeling. Cell Stem Cell 9, 420-432
(2011).

Xu, H. et al. Highly efficient derivation of ventricular cardiomyocytes from induced pluripotent stem cells with a distinct
epigenetic signature. Cell Res. 22, 142-154 (2012).

Lister, R. et al. Hotspots of aberrant epigenomic reprogramming in human induced pluripotent stem cells. Nature 471, 68-73
(2011).

Laurent, L. et al. Dynamic changes in the human methylome during differentiation. Genome Res. 20, 320-331 (2010).
Nguyen, C. et al. Susceptibility of nonpromoter CpG islands to de novo methylation in normal and neoplastic cells. J Natl.
Cancer Inst. 93, 1465-1472 (2001).

Robertson, K. D. & Jones, P. A. DNA methylation: past, present and future directions. Carcinogenesis 21, 461-467 (2000).
Tang, F. et al. mRNA-Seq whole-transcriptome analysis of a single cell. Nat. Methods 6, 377-382 (2009).

Egli, D., Birkhoff, G. & Eggan, K. Mediators of reprogramming: transcription factors and transitions through mitosis. Nat. Rev.
Mol. Cell Biol. 9, 505-516 (2008).

Chang, H. H., Hemberg, M., Barahona, M., Ingber, D. E. & Huang, S. Transcriptome-wide noise controls lineage choice in
mammalian progenitor cells. Nature 453, 544-547 (2008).

Wernet, M. F. et al. Stochastic spineless expression creates the retinal mosaic for colour vision. Nature 440, 174-180 (2006).
Fraser, H. B., Hirsh, A. E., Giaever, G., Kumm, J. & Eisen, M. B. Noise minimization in eukaryotic gene expression. PLoS. Biol.
2, €137 (2004).

Janes, K. A., Wang, C. C., Holmberg, K. J., Cabral, K. & Brugge, J. S. Identifying single-cell molecular programs by stochastic
profiling. Nat. Methods 7, 311-317 (2010).

Kurimoto, K. & Saitou, M. Single-cell cDNA microarray profiling of complex biological processes of differentiation. Curr. Opin.
Genet. Dev. 20, 470-477 (2010).

Hsieh, P. C. et al. Evidence from a genetic fate-mapping study that stem cells refresh adult mammalian cardiomyocytes after
injury. Nat. Med. 13, 970-974 (2007).

Li, Z., Zhang, C., Weiner, L. P,, Zhang, Y. & Zhong, ]. F. Molecular characterization of heterogeneous mesenchymal stem cells
with single-cell transcriptomes. Biotechnol. Adv. 31, 312-317 (2013).

Iscove, N. N. et al. Representation is faithfully preserved in global cDNA amplified exponentially from sub-picogram quantities
of mRNA. Nat. Biotechnol. 20, 940-943 (2002).

Kurimoto, K. et al. An improved single-cell cDNA amplification method for efficient high-density oligonucleotide microarray
analysis. Nucleic Acids Res. 34, e42 (2006).

Todd, R. & Margolin, D. H. Challenges of single-cell diagnostics: analysis of gene expression. Trends Mol. Med. 8, 254-257
(2002).

Ginsberg, S. D., Che, S., Counts, S. E. & Mufson, E. J. Single cell gene expression profiling in Alzheimer’s disease. NeuroRx. 3,
302-318 (2006).

Kamme, E. & Erlander, M. G. Global gene expression analysis of single cells. Curr. Opin. Drug Discov. Devel. 6, 231-236 (2003).
Klein, C. A. et al. Combined transcriptome and genome analysis of single micrometastatic cells. Nat. Biotechnol. 20, 387-392
(2002).

Fan, J. B. et al. Highly parallel genome-wide expression analysis of single mammalian cells. PLoS ONE 7, €30794 (2012).
Pardo, L. A. et al. Oncogenic potential of EAG K(+) channels. EMBO J. 18, 5540-5547 (1999).

Wang, H. et al. HERG K+ channel, a regulator of tumor cell apoptosis and proliferation. Cancer Res. 62, 4843-4848 (2002).
Levy, D. I et al. The membrane protein MiRP3 regulates Kv4.2 channels in a KChIP-dependent manner. J. Physiol 588,
2657-2668 (2010).

Boehm, M. & Nabel, E. G. The cell cycle and cardiovascular diseases. Prog. Cell Cycle Res. 5, 19-30 (2003).

Schleker, T., Shimada, K., Sack, R., Pike, B. L. & Gasser, S. M. Cell cycle-dependent phosphorylation of Rad53 kinase by Cdc5
and Cdc28 modulates checkpoint adaptation. Cell Cycle 9, 350-363 (2010).

Langer, J. C., Henckaerts, E., Orenstein, J. & Snoeck, H. W. Quantitative trait analysis reveals transforming growth factor-beta2
as a positive regulator of early hematopoietic progenitor and stem cell function. J. Exp. Med. 199, 5-14 (2004).

Abbey, D. & Seshagiri, P. B. Aza-induced cardiomyocyte differentiation of P19 EC-cells by epigenetic co-regulation and ERK
signaling. Gene 526, 364-373 (2013).

Zhou, Y., Kim, J., Yuan, X. & Braun, T. Epigenetic modifications of stem cells: a paradigm for the control of cardiac progenitor
cells. Circ. Res. 109, 1067-1081 (2011).

Charleton, H. M. Tissue culture: a critical summary. J. Exp. Biol. 1, 131-151 (2007).

Zhao, J. et al. Two phases of chromatin decondensation during dedifferentiation of plant cells: distinction between competence
for cell fate switch and a commitment for S phase. J. Biol. Chem. 276, 2277222778 (2001).

Bar, Y. et al. Redifferentiation of expanded human pancreatic beta-cell-derived cells by inhibition of the NOTCH pathway. ]
Biol. Chem. 287, 17269-17280 (2012).

de la Fuente, R. et al. Dedifferentiated adult articular chondrocytes: a population of human multipotent primitive cells. Exp.
Cell Res. 297, 313-328 (2004).

Karl, M. O. & Reh, T. A. Regenerative medicine for retinal diseases: activating endogenous repair mechanisms. Trends Mol.
Med. 16, 193-202 (2010).

Li, H,, Fu, X,, Zhang, L., Sun, T. & Wang, J. In vivo dedifferentiation of human epidermal cells. Cell Biol. Int. 31, 1436-1441
(2007).

Russ, H. A, Bar, Y., Ravassard, P. & Efrat, S. In vitro proliferation of cells derived from adult human beta-cells revealed by cell-
lineage tracing. Diabetes 57, 1575-1583 (2008).

Fares, N., Bois, P, Lenfant, J. & Potreau, D. Characterization of a hyperpolarization-activated current in dedifferentiated adult
rat ventricular cells in primary culture. J. Physiol 506(Pt 1), 73-82 (1998).

Bird, S. D. et al. The human adult cardiomyocyte phenotype. Cardiovasc. Res. 58, 423-434 (2003).

Rucker-Martin, C., Pecker, F, Godreau, D., & Hatem, S. N. Dedifferentiation of atrial myocytes during atrial fibrillation: role
of fibroblast proliferation In vitro. Cardiovasc. Res. 55, 38-52 (2002).

Hosoda, T. C-kit-positive cardiac stem cells and myocardial regeneration. Am. J Cardiovasc. Dis. 2, 58-67 (2012).

Zhang, Y., Mignone, J. & MacLellan, W. R. Cardiac Regeneration and Stem Cells. Physiol Rev. 95, 1189-1204 (2015).

SCIENTIFIC REPORTS | 5:17686 | DOI: 10.1038/srep17686 13



www.nature.com/scientificreports/

69.

70.
71.

72.
73.
74.
75.
76.

77.
78.

79.
80.
81.
82.
83.

84.
85.

86.
87.

88.
89.

90.
91
92.
93.
. Hosoda, T. et al. Clonality of mouse and human cardiomyogenesis in vivo. Proc. Natl. Acad. Sci. USA 106, 17169-17174 (2009).
95.
96.

97.

98.
99.

100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.

113.

Jesty, S. A. et al. c-Kit+ precursors support postinfarction myogenesis in the neonatal, but not adult, heart. Proc. Natl. Acad.
Sci. USA 109, 13380-13385 (2012).

Li, M. et al. c-Kit is required for cardiomyocyte terminal differentiation. Circ. Res. 102, 677-685 (2008).

Tallini, Y. N. ef al. c-kit expression identifies cardiovascular precursors in the neonatal heart. Proc. Natl. Acad. Sci. USA 106,
1808-1813 (2009).

van Berlo, J. H. et al. c-kit+ cells minimally contribute cardiomyocytes to the heart. Nature 509, 337-341 (2014).

Ausma, J. et al. Chronic ischemic viable myocardium in man: Aspects of dedifferentiation. Cardiovasc. Pathol. 4, 29-37 (1995).
Kuhn, B. et al. Periostin induces proliferation of differentiated cardiomyocytes and promotes cardiac repair. Nat. Med. 13,
962-969 (2007).

Dispersyn, G. D. et al. Dissociation of cardiomyocyte apoptosis and dedifferentiation in infarct border zones. Eur. Heart J. 23,
849-857 (2002).

Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 126, 663-676 (2006).

Polo, J. M. et al. A molecular roadmap of reprogramming somatic cells into iPS cells. Cell 151, 1617-1632 (2012).

Nishino, K. et al. DNA methylation dynamics in human induced pluripotent stem cells over time. PLoS. Genet. 7, €1002085
(2011).

Han, D. W. et al. Direct reprogramming of fibroblasts into neural stem cells by defined factors. Cell Stem Cell 10, 465-472
(2012).

Ieda, M. et al. Direct reprogramming of fibroblasts into functional cardiomyocytes by defined factors. Cell 142, 375-386 (2010).
Zou, Q. et al. Direct conversion of human fibroblasts into neuronal restricted progenitors. J Biol. Chem. 289, 5250-5260 (2014).
Nakao, K., Minobe, W., Roden, R., Bristow, M. R. & Leinwand, L. A. Myosin heavy chain gene expression in human heart
failure. J Clin. Invest 100, 2362-2370 (1997).

Pandya, K., Pulli, B., Bultman, S. & Smithies, O. Reversible epigenetic modifications of the two cardiac myosin heavy chain
genes during changes in expression. Gene Expr. 15, 51-59 (2010).

Backs, J. & Olson, E. N. Control of cardiac growth by histone acetylation/deacetylation. Circ. Res. 98, 15-24 (2006).

Fei, T. et al. Genome-wide mapping of SMAD target genes reveals the role of BMP signaling in embryonic stem cell fate
determination. Genome Res. 20, 36-44 (2010).

Pal, R. & Khanna, A. Role of smad- and wnt-dependent pathways in embryonic cardiac development. Stem Cells Dev. 15, 29-39
(2006).

Euler-Taimor, G. & Heger, J. The complex pattern of SMAD signaling in the cardiovascular system. Cardiovasc. Res. 69, 15-25
(2006).

Massague, J., Seoane, J. & Wotton, D. Smad transcription factors. Genes Dev. 19, 2783-2810 (2005).

Mercola, M., Ruiz-Lozano, P. & Schneider, M. D. Cardiac muscle regeneration: lessons from development. Genes Dev. 25,
299-309 (2011).

Makkar, R. R. et al. Intracoronary cardiosphere-derived cells for heart regeneration after myocardial infarction (CADUCEUS):
a prospective, randomised phase 1 trial. Lancet 379, 895-904 (2012).

Malliaras, K. et al. Validation of contrast-enhanced magnetic resonance imaging to monitor regenerative efficacy after cell
therapy in a porcine model of convalescent myocardial infarction. Circulation 128, 2764-2775 (2013).

Dey, D. et al. Dissecting the molecular relationship among various cardiogenic progenitor cells. Circ. Res. 112, 1253-1262
(2013).

Beltrami, A. P. et al. Adult cardiac stem cells are multipotent and support myocardial regeneration. Cell 114, 763-776 (2003).

Cheng, K. et al. Relative roles of CD90 and c-kit to the regenerative efficacy of cardiosphere-derived cells in humans and in a
mouse model of myocardial infarction. ] Am. Heart Assoc. 3, €001260 (2014).

Gago-Lopez, N. et al. THY-1 Receptor Expression Differentiates Cardiosphere-Derived Cells with Divergent Cardiogenic
Differentiation Potential. Stem Cell Reports. 2, 576-591 (2014).

Guo, L. et al. Rat toxicogenomic study reveals analytical consistency across microarray platforms. Nat. Biotechnol. 24, 1162-1169
(2006).

Nguyen, G. K. et al. Novel biomarkers of arterial and venous ischemia in microvascular flaps. PLoS ONE 8, 71628 (2013).
Shi, L. et al. The MicroArray Quality Control (MAQC) project shows inter- and intraplatform reproducibility of gene expression
measurements. Nat. Biotechnol. 24, 1151-1161 (2006).

Wang, C. et al. The concordance between RNA-seq and microarray data depends on chemical treatment and transcript
abundance. Nat. Biotechnol. 32, 926-932 (2014).

SEQC/MAQC-III Consortium. A comprehensive assessment of RNA-seq accuracy, reproducibility and information content by
the Sequencing Quality Control Consortium. Nat. Biotechnol. 32, 903-914 (2014).

Novak, A., Guo, C., Yang, W,, Nagy, A. & Lobe, C. G. Z/EG, a double reporter mouse line that expresses enhanced green
fluorescent protein upon Cre-mediated excision. Genesis. 28, 147-155 (2000).

Verrou, C., Zhang, Y., Zurn, C., Schamel, W. W. & Reth, M. Comparison of the tamoxifen regulated chimeric Cre recombinases
MerCreMer and CreMer. Biol. Chem. 380, 1435-1438 (1999).

Smith, R. R. ef al. Regenerative potential of cardiosphere-derived cells expanded from percutaneous endomyocardial biopsy
specimens. Circulation 115, 896-908 (2007).

Davis, D. R. et al. Validation of the cardiosphere method to culture cardiac progenitor cells from myocardial tissue. PLoS. One.
4, €7195 (2009).

Cheng, K. et al. Magnetic targeting enhances engraftment and functional benefit of iron-labeled cardiosphere-derived cells in
myocardial infarction. Circ. Res. 106, 1570-1581 (2010).

Barth, A. S. et al. Functional Impairment of Human Resident Cardiac Stem Cells by the Cardiotoxic Antineoplastic Agent
Trastuzumab. Stem Cells Trans Med 1, 289-297 (2012).

Zhong, J. F et al. A microfluidic processor for gene expression profiling of single human embryonic stem cells. Lab Chip. 8,
68-74 (2008).

Chen, Y. & Zhong, J. E. Microfluidic devices for high-throughput gene expression profiling of single hESC-derived neural stem
cells. Methods Mol. Biol. 438, 293-303 (2008).

Irizarry, R. A. et al. Comprehensive high-throughput arrays for relative methylation (CHARM). Genome Res. 18, 780-790
(2008).

Ladd-Acosta, C., Aryee, M. J., Ordway, J. M. & Feinberg, A. P. Comprehensive high-throughput arrays for relative methylation
(CHARM). Curr. Protoc. Hum. Genet. Chapter 20, Unit-19 (2010).

Sutherland, E., Coe, L. & Raleigh, E. A. McrBC: a multisubunit GTP-dependent restriction endonuclease. ] Mol. Biol. 225,
327-348 (1992).

Irizarry, R. A. et al. Exploration, normalization, and summaries of high density oligonucleotide array probe level data.
Biostatistics. 4, 249-264 (2003).

SCIENTIFIC REPORTS | 5:17686 | DOI: 10.1038/srep17686 14



www.nature.com/scientificreports/

114. Benjamini, Y. & Hoechberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing.
Journal of the Royal Statistical Society. Series B (Methodological) 57, 289-300 (1995).

115. Pruitt, K. D., Tatusova, T., Brown, G. R. & Maglott, D. R. NCBI Reference Sequences (RefSeq): current status, new features and
genome annotation policy. Nucleic Acids Res. 40, D130-D135 (2012).

116. Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24-26 (2011).

Acknowledgements

This work was supported mainly by the Cedars-Sinai Medical Center Stem Cell Initiative Seed Grant (to
C.W.) and the NIH grant RO1HL083109 (to E.M.). The single-cell transcriptome analysis, whole-genome
DNA methylome analyses by microarrays, single-cell gene expression validation by TagMan qPCR and
TLDA were all covered by the CSMC Stem Cell Initiative Seed Grant (to C.W.). It was also partially
supported by the NSF grant CHE-1213161 (to ]J.E.Z.), and the Canadian Heart and Stroke Foundation
Research Fellowship Award (to Y.Z.). The authors thank Sean Nisperos for single-cell isolation, Ning
Ye for technical support in single-cell microarray and Xiaojin Li for CHARM DNA methylome
microarray experiments. Charles Warden provided technical support in bioinformatics analysis and data
visualization. We thank Dr. Martin Aryee (Massachusetts General Hospital & Harvard Medical School)
for the technical inputs in CHARM analysis.

Author Contributions

C.W. and Y.Z. conceived and designed the study and analyzed the data. C.W. designed and funded the
single-cell whole-transcriptome, single-cell TagMan qPCR and TLDA validation and whole-genome DNA
methylation analyses. C.W. performed single-cell whole transcriptome analysis. Y.Z. performed single-
cell TLDA and qPCR validation experiments. J.EZ. designed and optimized the microfludic system for
single-cell isolation and collected single cells. Y.Z. and E.M. produced bi-transgenic MerCreMer/ZEG
mice. Y.Z., JEZ., H.Q., WR.M., EM. and C.W. wrote the manuscript. All authors discussed and analyzed
the results and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: Dr. Marban is a founder and equity holder in Capricor Inc. Capricor
provided no funding for the present study. The other authors report no conflicts.

How to cite this article: Zhang, Y. et al. Epigenomic Reprogramming of Adult Cardiomyocyte-Derived
Cardiac Progenitor Cells. Sci. Rep. 5, 17686; doi: 10.1038/srep17686 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17686 | DOI: 10.1038/srep17686 15


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Epigenomic Reprogramming of Adult Cardiomyocyte-Derived Cardiac Progenitor Cells

	Results

	Dedifferentiation of adult cardiomyocytes into mCPCs and the restoration of cardiac function of infarcted mouse hearts afte ...
	Single-cell transcriptome analysis of mCPCs. 
	Validation of gene expression by Real-Time qPCR and TLDA at single-cell level. 
	Epigenetic reprogramming of mCPCs. 

	Discussion

	Materials and Methods

	Bi-transgenic mouse model and modified cardiac explant culture. 
	mCPC cell transplantation and cardiomyocyte dedifferentiation in mouse myocardial infarction model. 
	Microfluidic capture of single cardiomyocytes and cardiac progenitor cells. 
	cDNA synthesis and amplification from single cardiomyocytes and cardiac progenitor cells. 
	cDNA biotin labeling, microarray hybridization and data processing for transcriptomic profiling. 
	Validation of gene expression by TaqMan RT-qPCR and TLDA at single-cell level. 
	DNA methylation analysis. 
	Microarray and TLDA qPCR data analysis. 
	Statistical Analysis. 
	Microarray data. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Cardiomyocyte dedifferentiation, re-differentiation, and isolation of single cells for whole-transcriptome analysis.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Single-cell transcriptomic differences between parental cardiomyocytes (Ctl) and their derived cardiac progenitor cells (mCPC).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Validation of microarray (MA) data by TaqMan low density array (TLDA) and by single-cell TaqMan qPCR assays (qPCR).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Epigenetic regulation of transcriptional changes in mCPC cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Genomic view displaying DNA hyermethylation of Ttn, Myh6 and Myh7 in mCPCs.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Integrated pathway enrichment analysis based on differentially expressed genes (DEGs) and differentially methylated genes (DMGs).



 
    
       
          application/pdf
          
             
                Epigenomic Reprogramming of Adult Cardiomyocyte-Derived Cardiac Progenitor Cells
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17686
            
         
          
             
                Yiqiang Zhang
                Jiang F. Zhong
                Hongyu Qiu
                W. Robb MacLellan
                Eduardo Marbán
                Charles Wang
            
         
          doi:10.1038/srep17686
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17686
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17686
            
         
      
       
          
          
          
             
                doi:10.1038/srep17686
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17686
            
         
          
          
      
       
       
          True
      
   




