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Abstract
Background: To improve the regenerative capacity of aged individuals, we reconstituted bone
marrow (BM) of aged mice with young Sca-1 cells, which repopulated cardiac progenitors and
prevented cardiac dysfunction after a myocardial infarction (MI). However, the mechanisms involved
were incompletely elucidated. This study aimed to investigate whether young, highly regenerative
BM Sca-1 cells exert their cardio-protective effects on the aged heart through reactivation of the
epithelial-to-mesenchymal transition (EMT) process.
Methods: In vitro, BM Sca-1 cells were co-cultured with epicardial-derived cells (EPDCs) under
hypoxia condition; mRNA and protein levels of EMT genes were measured along with cellular
proliferation and migration. In vivo, BM Sca-1+ or Sca-1- cells from young mice (2-3 months) were
transplanted into lethally-irradiated old mice (20-22 months) to generate chimeras. In addition,
Sca-1 knockout (KO) mice were reconstituted with wild type (WT) BM Sca-1+ cells. The effects of
BM Sca-1 cell on EMT reactivation and improvement of cardiac function after MI were evaluated.
Results: In vitro, BM Sca-1+ cells increased EPDC proliferation, migration, and EMT relative to Sca-1cells and these effects were inhibited by a TGF-β blocker. In vivo, more young BM Sca-1+ than Sca-1cells homed to the epicardium and induced greater host EPDC proliferation, migration, and EMT
after MI. Furthermore, reconstitution of Sca-1 KO mice with WT Sca-1+ cells was associated with
the reactivation of EMT and improved cardiac function after MI.
Conclusions: Young BM Sca-1+ cells improved cardiac regeneration through promoting EPDC
proliferation, migration and reactivation of EMT via the TGF-β signaling pathway.
Key words: stem cells, aging, rejuvenation, heart

Introduction
In heart development, the fetal epicardium
secretes factors that promote growth of the
myocardium [1]. A subpopulation of epicardial cells
also undergo epithelial-to-mesenchymal transition
(EMT) to form epicardium-derived cells (EPDCs) that

migrate to the underlying myocardium where they
give rise to coronary vascular smooth muscle cells,
adventitial, and interstitial fibroblasts [2]. EPDCs have
been reported to differentiate into cardiomyocytes
(CMs) and endothelial cells during normal heart
http://www.thno.org
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development, although this process remains
controversial [3]. The adult epicardium is quiescent
under normal physiological conditions, but can be
reactivated and produces EPDCs after injury [4].
Following myocardial infarction (MI) in the adult
mouse heart, a rapid and robust epicardial response
has been well studied [5]. The epicardial response is
characterized by an initial expression of an embryonic
gene program. Using lineage analyses in the mouse,
van Wijk et al. demonstrated the formation of a WT1
(wilms tumor 1)-positive sub-epicardial mesenchyme,
from which predominantly fibroblasts were derived,
followed by coronary endothelium and, at later
stages, a modest number of CMs [4]. Furthermore, by
complementary paracrine actions, EPDCs and cardiac
progenitor cells can synergistically improve cardiac
function after MI [6]. Therefore, activated EPDCs can
contribute to new vasculature and CMs to repair the
injured heart.
In mammals, the transcription factors Tbx18 and
WT1 are expressed in the proepicardium and
embryonic epicardium during development [7, 8] and
are down regulated in normal adult epicardium [9].
Previous studies showed that in fetal heart, cardiac
WT1 expression was largely restricted to the
epicardium [3, 9, 10], and in postnatal mouse and
human heart, WT1 was also detected in epicardial
cells, although at a reduced frequency compared with
fetal epicardium [9]. The expression of these
molecules is upregulated after injury [9, 11, 12]. Zhou
et al. showed that fetal epicardial genes Wt1, Tbx18,
and Raldh2 were dynamically upregulated after MI,
peaking between 1 and 5 days and declining to
near-baseline levels by 4 weeks, and that the fraction
of WT1+ cells increased from approximately 25% in
normal heart to approximately 75% after MI [9].
Therefore, WT1 and TBX18 were considered as the
first sign of the reactivation of epicardial genes after
MI.
During EMT in many tissues, epithelial cells lose
their junctions and apical–basal polarity, reorganize
their cytoskeleton, downregulate their epithelial gene
expression signature and activate genes that help to
define the mesenchymal phenotype—increased cell
protrusions and motility—and, in many cases, enable
the development of an invasive phenotype. Thus, the
reactivation of EMT after MI can be confirmed
stepwise. First, at the transcription level, the Snail
proteins (encoded by Snai1 and Snai2) are the key
factors that drive EMT progression. Snail1 and Snail2
(also known as Slug) are activated by EMT-inducing
stimuli such as TGF-β and Notch [13, 14, 15]. Snail
binds to conserved E-box elements within the
promoters of adhesion protein genes such as
E-cadherin, directly repressing their transcription.
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Loss of E-cadherin is considered to be a fundamental
event in EMT. Therefore, Snail1 and Slug are usually
defined as the re-activation of EMT at the
transcriptional level. The second step during EMT is
the downregulation of the expression of epithelial
proteins. Two epithelial markers that are consistently
down-regulated upon EMT induction are Krt14 [16,
17] and BVES [18]. Therefore, Krt14 and BVES are
generally examined to confirm the down-regulation
of the epithelial genes. The third step of EMT is the
deconstruction of cell junctions. The dissolution of
tight junctions during EMT is accompanied by
decreased claudin and occluding expression and the
diffusion of zonula occludens 1 (ZO-1) from cell–cell
contacts [19]. The fourth step during EMT is the
induction of mesenchymal genes, including Calponin
[20], Snail [21], Sox9 [22], Cdh6 [23], Col7a1[24],
MMP10 [25], and OPG [26, 27, 28]. Therefore, the
diffusion of ZO-1 and the induction of Calponin,
Cdh6 and Collage7a1 are considered as the sign of
mesenchymal transition. Lastly, EMT is characterized
by increased cell contractility and actin stress fiber
formation, and increased cell protrusions and motility
through SMA expression [9, 29].
In the aged heart, diminished stem cell numbers
decrease tissue regeneration capacity after injury.
Previously, we showed that young bone marrow (BM)
cells can restore aged recipient progenitors in both the
BM and, most important, the myocardium, by BM
reconstitution [30]. Subsequently, we found that stem
cell antigen 1+ (Sca-1+) cells are a key BM cell type
involved in the rejuvenation of the aged heart [31].
However, the underlying mechanisms remain
unknown. Considering the reported functional role of
epicardial cells and EMT in the repair of the infarcted
myocardium, we postulated that BM Sca-1 cells may
exert their cardio-protective effects through activation
of epicardial cells, thereby stimulating the EMT
process.
The present study investigated the possible
cross-talk between BM Sca-1 cells and the cardiac
EMT process using in vitro and in vivo experimental
models, including reconstitution of Sca-1 knockout
(KO) mice with wild type (WT) BM Sca-1+ cells to
study the effects of Sca-1 cell on EMT and the
molecular mechanisms responsible for Sca-1
cell-mediated EMT activation after MI.

Methods
Animal procedures: The Animal Care Committee
of the University Health Network approved all
experimental procedures, which were carried out
according to the Guide for the Care and Use of
Laboratory Animals (NIH, revised 2011).

http://www.thno.org
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Sca-1+ and Sca-1- BM cells from young (Y) GFP
transgenic mice (C57BL/6-Tg-GFP mice, The Jackson
Laboratory) were used to reconstitute irradiated old
(O, C57BL/6) wild type recipient mice, generating
Y(Sca1+)-O and Y(Sca1-)-O chimeras as described
previously (Figure S1) [31]. Male Sca-1 knockout (KO)
mice (C57BL/6 background) and their wild type (WT)
littermates aged 2–3 months were kindly provided by
Dr William L. Stanford [32].
Myocardial infarction and cardiac function
measurement: Twelve weeks after BM reconstitution,
coronary occlusion was performed in Y(Sca-1+)-O and
Y(Sca-1-)-O chimeras as well as Sca-1 KO and
(Sca-1+)-KO mice as previously reported [30]. In brief,
mice were anesthetized with 2% isoflurane and given
buprenorphine (0.05 mg/kg) for analgesia. Mice were
intubated and ventilated with 2% isoflurane. Through
a thoracotomy, the pericardium was dissected and the
left anterior descending (LAD) coronary artery was
ligated. Cell proliferation was measured 3 and 7 days
post-MI. The EMT process of epicardial cells was
evaluated 3 days post-MI (Figure S1B). Cardiac
function was measured with echocardiography before
and at 7, 14, 21 and 28 days after MI [33, 34, 35].
Briefly, mice were sedated with a 2% isoflurane
(Pharmaceutical Partners of Canada) nosecone.
Echocardiographic examinations were performed
using a GE Vivid 7 ultrasound system (GE Healthcare
Canada) with an i13L transducer. Depth and
frequency were set at 1 cm and 14 MHz, respectively.
Short-axis views were obtained from the parasternal
approach. LV dimensions (left ventricular enddiastolic internal diameter (LVIDd) and end-systolic
internal diameter (LVIDs)) were measured in
M-mode. Ejection fraction was calculated as follows:
(LVIDd3 − LVIDs3) / LVIDd3 × 100. Fractional
shortening was calculated as follows: (LVIDd −
LVIDs) / LVIDd × 100. Twenty-eight days after MI,
the hearts were arrested and fixed at physiologic
pressures. Hearts were then cut into 1 mm sections
and photographed for morphometry and processed
for histological staining. The infarct area fraction was
calculated by computerized planimetry (Image-Pro
Plus, Media Cybernetics) of digital images of three
Masson’s trichrome-stained serial LV sections taken at
1.0 mm intervals along the longitudinal axis. To assess
the effect of BM cells on myocardial regeneration, the
area occupied by myocytes in the infarct zone was
measured and expressed as a percentage of the total
infarct area [36]. The infarct area was defined as the
entire area of LV that contained scar in myocardial
sections stained with Masson’s trichrome. The scar
thickness was measured by computerized planimetry
and presented as an average of wall thickness
measurements taken at the middle and at each edge of
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the scar area at its thinnest point. All morphometric
analyses were performed by investigators who were
blind to the treatment allocation.
Statistical analysis: All values are expressed as
mean ± SD. Analyses were performed using
GraphPad InStat software (La Jolla, California, USA).
Student’s t-test was used for two-group comparisons.
Comparisons of parameters among three or more
groups were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey or two-way
ANOVA with repeated measures over time followed
by Bonferroni post-hoc tests for multiple
comparisons. Differences were considered statistically
significant at P<0.05.

Results
BM Sca-1+ cells homed to the epicardium and
increased proliferation of host epicardial cells
after MI.
Sca-1+ and Sca-1- BM cells from young (Y) GFP
transgenic mice were separated by immunomagnetic
activated cell sorting and were extensively characterized with established markers for hematopoietic,
mesenchymal and angiogenic progenitors using flow
cytometry. The BM Sca-1+ cells were identified as
multipotent progenitors with greater hematopoietic
and angiogenic potentials (Figure S2). The sorted
Sca-1+ and Sca-1- BM cells were used to reconstitute
irradiated old (O) wild type recipient mice, generating
Y(Sca1+)-O and Y(Sca1-)-O chimeras, respectively. MI
was induced 12 weeks after BM reconstitution. First,
the BM-derived cells, identified as GFP+, were
quantified at baseline and 3 and 7 days post-MI in the
infarcted area of the chimeric hearts (Figure 1A). The
total number of GFP+ cells in Y(Sca1+)-O chimeras was
higher than in Y(Sca1-)-O chimeras at 3 and 7 days
post-MI. In comparison to the number of GFP+ cells
homed to 3 layers of chimeric hearts, the number of
GFP+ cells in epicardium was significantly higher than
those in the myocardium and endocardium at 3 and 7
days post-MI (Figure 1B). In the epicardium, the
number of GFP+ cells in Y(Sca1+)-O chimeras was
significantly higher than in Y(Sca1-)-O chimeras.
Next, the epicardial cells, identified as WT1+ (a
specific marker for epicardial cells), were quantified at
3 and 7 days post-MI in the infarcted area of the
chimeric hearts. We found the total number of WT1+
cells (from all three layers of heart in the infarct zone)
in Y(Sca1+)-O chimeras was significantly higher than
that in Y(Sca1-)-O chimeras at 3 days post-MI (Figure
S3). In both chimeric hearts, the number of WT1+ cells
in the epicardium was significantly higher than the
number of cells in the myocardium and endocardium
at 3 days post-MI (Figure 1C). The number of WT1+
http://www.thno.org
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cells in the epicardium of Y(Sca1+)-O chimeras was
significantly higher than in Y(Sca1-)-O chimeras at 3
days post-MI. However, the number of WT1+ cells in
the epicardium at 7 days post-MI declined
significantly compared with that at 3 days post-MI
and there were more WT1+ cells in the myocardium
and endocardium in Y(Sca1+)-O chimeric hearts,
suggesting possible migration of epicardial cells
(Figure 1C). To determine the origin of the epicardial
cells, the number of donor-derived epicardial cells
(WT1+GFP+) or host-derived epicardial cells
(WT1+GFP-) in the infarcted region of the chimeric
hearts was quantified (Figure 1D). Although the
WT1+GFP- cells outnumbered the WT1+GFP+ cells in
both groups, the magnitude of the increase in
WT1+GFP- cells was much higher in the Y(Sca1+)-O
than the Y(Sca1-)-O group, especially at 3 days
post-MI, suggesting the possible activation of host
epicardial cells after MI by BM Sca-1+ cells primarily
homed to the epicardium.
To obtain further evidence for the activation of
epicardial cells by BM Sca-1 cells, BrdU was used to
label proliferating cells in Y(Sca1+)-O and Y(Sca1-)-O
chimeras. Immunofluoresencent labeling was used to
identify donor (GFP+)- or host (GFP-)-derived
proliferating (BrdU+) epicardial (WT1+) cells in the
infarcted region at 3 and 7 days post-MI (Figure 1E).
The number of proliferating epicardial cells
(WT1+BrdU+) peaked at 3 days post-MI in both
chimeric hearts. However, the number of proliferating
epicardial cells in Y(Sca1+)-O chimeric hearts was
significantly higher than in Y(Sca1-)-O chimeric hearts
at both 3 and 7 days post-MI (Figure 1F). Analysis of
the origin of the proliferating epicardial cells revealed
that there were more host-derived proliferating
epicardial cells (WT1+BrdU+GFP-) than donor-derived
proliferating epicardial cells (WT1+BrdU+GFP+) in
Y(Sca1+)-O chimeric hearts compared to Y(Sca1-)-O
chimeric hearts at 3 days post-MI (Figure 1G). This
finding indicates that BM Sca-1+ cells primarily
increased the proliferation of host epicardial cells after
MI. The same trend was observed at 7 days post-MI
(Figure 1H).
For the first time, we showed the cardiac resident
BM Sca-1+ cells in the epicardium contributed to the
stimulation of the host epicardial cell proliferation.
This novel observation led us to build the hypothesis
that young BM Sca-1+ cells may contribute to cardiac
regeneration by promoting EPDC proliferation,
migration and activation of EMT.
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Homed Sca-1+ cells activated the EMT process
after MI.
To confirm that homed Sca-1+ cells not only
stimulated epicardial cell proliferation but also
activated the EMT process of epicardial cells after MI,
the expression of EMT embryonic epicardial genes
(WT1, Tbx18), transcriptional genes (Slug, Snail),
mesenchymal genes (Calponin, Cdh6, Col7a1) and
epithelial genes (BVES, Krt14) were quantified by
RT-qPCR in Y(Sca1+)-O and Y(Sca1-)-O chimeric
hearts at baseline and in the whole infarcted area at 3
days post-MI. The expression of EMT embryonic
epicardial genes (WT1, Tbx18; Figure 2A),
transcriptional genes (Slug, Snail; Figure 2B), and
mesenchymal genes (Calponin, Cdh6, Col7a1; Figure
2C) was significantly higher in the infarcted zone of
Y(Sca1+)-O than Y(Sca1-)-O chimeric hearts at 3 days
post-MI. Conversely, the expression of EMT epithelial
genes (BVES, Krt14) was significantly lower in the
infarcted zone of Y(Sca1+)-O than Y(Sca1-)-O chimeric
hearts at 3 days post-MI (Figure 2D). The increased
expression of mesenchymal genes and the
corresponding decreased expression of epicardial
genes after MI in the Y(Sca1+)-O chimeras suggest the
activation of the EMT process by BM Sca-1+ cells.
Indeed, immunolabeling of mesenchymal proteins,
SMA (Figure 2E), vimentin (Figure 2F), and calponin
(Figure 2G) in the infarcted region showed greater
mesenchymal protein expression in Y(Sca1+)-O than
Y(Sca1-)-O chimeras (Figure S4). These results were
confirmed by Western blot showing significantly
greater SMA, vimentin and calponin protein levels in
the infarcted area of Y(Sca1+)-O than Y(Sca1-)-O
chimeras at 3 days post-MI (Figure 2H).

Co-culture of BM Sca-1+ cells with EPDCs
under hypoxia conditions increased
proliferation and migration and activated the
EMT process in EPDCs.
To confirm the in vivo finding that BM Sca-1+
cells stimulated EPDC proliferation, we isolated
epicardial cells and co-cultured them with BM Sca-1+
or Sca-1- cells under normoxia and hypoxia
conditions. The purity of EPDCs was confirmed by
immunofluorescent staining of WT1 (Figure 3A). BM
Sca-1+ cells stimulated more EPDC proliferation than
BM Sca-1- cells under hypoxia conditions (Figure 3B).
This result was confirmed with BrdU labeling of
EPDCs (Figure 3C-D). Cell migration ability was
detected by transwell and wound-scratch assays
(Figure 3E-H), and was significantly greater in EPDCs
co-cultured with BM Sca-1+ cells than BM Sca-1- cells
under hypoxia conditions.

http://www.thno.org
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Figure 1. BM Sca-1+ cells homed to the epicardium and increased proliferation of host epicardial cells after MI. Sca-1+ and Sca-1- bone marrow (BM, 2×106) cells
from young (Y) GFP (green fluorescent protein) transgenic mice were used to reconstitute irradiated old (O, 9.5 Gy) wild type mice, generating Y(Sca1+)-O and Y(Sca1-)-O
chimeras, respectively. Twelve weeks after BM reconstitution, coronary occlusion was performed to induce myocardial infarction (MI). To detect cell proliferation after MI, BrdU
(50 mg/kg) was administered to mice by intraperitoneal injection for 3 consecutive days. Coronary artery ligation was performed 1 day later. (A) Immunofluorescent staining of
GFP and WT1 in chimeric hearts at baseline, 3 and 7 days post-MI. (B) Quantification of GFP+ in the epicardium, myocardium, and endocardium of chimeric hearts at baseline
and in the infarcted region at 3 and 7 days post-MI. (C) Quantification of WT1+ cells in the epicardium, myocardium, and endocardium of the infarct area in the chimeric hearts.
(D) Quantification of WT1+GFP- or WT1+GFP+ cells in the infarcted region of the chimeric hearts. (E) Immunofluorescent staining of GFP, WT1, and BrdU in chimeric hearts
at baseline, 3 and 7 days post-MI. Yellow arrows indicate GFP, WT1, and BrdU triple-positive cells. White arrows indicate WT1 and BrdU double-positive cells. (F)
Quantification of WT1+BrdU+ (proliferating epicardial cells) cells in the infarcted region of the chimeric hearts at 3 and 7 days post-MI. Quantification of WT1+BrdU+GFP(host-derived proliferating epicardial cells) and WT1+BrdU+GFP+ cells (donor-derived proliferating epicardial cells) in the infarcted region of the chimeric hearts at 3 (G) and 7
(F) days post-MI. n= 6/group, mean ± SD; *P<0.05, **P<0.01. BrdU: bromodeoxyuridine; WT1: wilms tumor 1.
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Figure 2. BM Sca-1+ cells activated EMT of epicardial cells after MI. Bone marrow (BM; 2×106) Sca-1+ and Sca-1- cells from young (Y) GFP (green fluorescent protein)
transgenic mice were used to reconstitute irradiated old (O, 9.5 Gy) wild type mice, generating Y(Sca1+)-O and Y (Sca1-)-O chimeras, respectively. Twelve weeks after BM
reconstitution, coronary occlusion was performed to induce myocardial infarction (MI). Quantification of EMT embryonic epicardial genes (A), transcriptional genes (B),
mesenchymal genes (C), and epithelial genes (D) at baseline and in the infarcted region at 3 days post-MI by RT-qPCR. (E) Immunofluorescent staining of smooth muscle actin
(SMA) at 3 days post-MI. Yellow arrows indicate GFP, WT1, and SMA triple-positive cells (donor-derived epicardial cell obtained the mesenchymal phenotype). White arrows
indicate WT1 and SMA double-positive cells (host-derived epicardial cell obtained the mesenchymal phenotype). (F) Immunofluorescent staining of vimentin at 3 days post-MI.
(G) Immunofluorescent staining of calponin at 3 days post-MI. (H) Protein levels of SMA, vimentin, and calponin (mesenchymal phenotype) at baseline and in the infarcted region
of the chimeric hearts were determined by Western blot and normalized by GAPDH. n=6/group, mean ± SD; **P<0.01.
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Figure 3. Co-culture of BM Sca-1+ cells with EPDCs under hypoxia conditions increased proliferation and migration of EPDCs. Epicardial-derived cells
(EPDCs, abbreviated as E) were isolated and co-cultured with bone marrow (BM) Sca-1+ cells or Sca-1- cells under normoxia and hypoxia (0.1% O2) conditions. (A)
Representative
images
of
EPDCs
and
immunofluorescent
labeling
of
WT1.
(B)
Cell
proliferation
was
determined
by
the
MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. (C, D) Immunofluorescent staining of BrdU and quantification of BrdU+ (proliferating epicardial cells) cells.
EPDCs, co-cultured with BM Sca-1+ cells or Sca-1- cells under normoxia (Nor) and hypoxia (Hypo) conditions for 72 h, were pulse-chased with BrdU (10 µM) for labeling of
proliferative cells. Cell migration was evaluated by the transwell (E, F) and wound-scratch (G, H) assays after co-culture for 24 h. n=6/group, mean ± SD; **P<0.01. BrdU:
bromodeoxyuridine.

Next, the expression of EMT transcriptional
genes (Slug, Snail; Figure 4A), epithelial genes (BVES,
Krt14; Figure 4B), and mesenchymal genes (Calponin,
Cdh6, Col7a1; Figure 4C) was evaluated by RT-qPCR.
The expression of EMT transcriptional and
mesenchymal genes was significantly higher in the
Sca-1+ cell co-cultured group compared with both the
control (EPDC alone) and Sca-1- cell co-cultured
groups. Conversely, the expression of EMT epithelial
genes (BVES, Krt14) was significantly lower in the
Sca-1+ cell co-cultured group. Accordingly, immunofluoresent labeling revealed that BM Sca-1+ cells
stimulated the expression of mesenchymal proteins,
such as SMA, vimentin, and calponin in EPDCs under
hypoxia conditions (Figure 4D). Conversely, EPDCs
were reorganized and lost the cell-cell contacts
marked by ZO-1 expression (tight junction protein for
EPDCs) by co-culture with BM Sca-1+ cells under

hypoxia conditions (Figure 4D). The upregulation of
mesenchymal proteins, vimentin and calponin, in the
BM Sca-1+ cells stimulated EPDCs was confirmed by
Western blot (Figure 4E). All of these data illustrated
the ability of BM Sca-1+ cells to activate the EMT
process in EPDCs under hypoxia conditions.

BM Sca-1+ cells activated the EMT process in
EPDCs through TGF-β1 signaling.
To identify the possible mediators by which BM
Sca-1+ cells activate the EMT process in EPDCs, BM
Sca-1+ and Sca-1- cells were isolated and subjected to
hypoxia conditions. RT-qPCR was performed to
screen for possible targets. Under hypoxia conditions,
BM Sca-1+ cells had significantly higher expression
levels of TGF-β1 (Figure 5A), PDGFB, and FGF-2
(Figure S5) than BM Sca-1- cells.
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Figure 4. Co-culture of BM Sca-1+ cells with EPDCs under hypoxia conditions activated EMT of EPDCs. Epicardial-derived cells (EPDCs, abbreviated as E) were
separately co-cultured with bone marrow (BM) Sca-1- cells or Sca-1+ cells under normoxia and hypoxia (0.1% O2) conditions for 72 h. Young Sca1+ or Sca1- BM cells (1×105/cm2)
in serum-free DMEM medium were plated in the transwell cell culture inserts (1 μm diameter pores). EPDCs (2×104/cm2) were cultured in the lower compartment.
Quantification of the expression of EMT transcriptional genes (A), epithelial genes (B) and mesenchymal genes (C) in EPDCs. (D) Immunofluorescent labeling of mesenchymal
markers (smooth muscle actin (SMA), vimentin, calponin) and epithelial tight junction protein (ZO-1) in EPDCs. (E) Protein levels of vimentin and calponin in EPDCs were
determined by Western blot and normalized by GAPDH. n=6/group, mean ± SD; **P<0.01.
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An ELISA assay confirmed that BM Sca-1+ cells
secreted significantly more TGF-β1 homodimer than
BM Sca-1- cells (Figure 5B). TGF-β1 was also
measured in the supernatant and cell lysate of EPDCs
with or without hypoxia for 72 h. It showed that
EPDC secreted TGF-β1 but at much lower amounts
than BM Sca-1+ cells (Figure 5A-B). The level of
TGF-β1 mRNA was also significantly higher in
Y(Sca1+)-O than Y(Sca1-)-O chimeric hearts 3 days
post-MI (Figure 5C). To confirm that TGF-β1 was the
mediator involved in the BM Sca-1 cell-activation of
EMT in EPDCs, EPDCs were separately co-cultured
with BM Sca-1- cells, Sca-1+ cells, TGF-β1 or Sca-1+
cells with a TGF-β1 blocking antibody under hypoxia
conditions. As shown in Figure 5D, BM Sca-1+ cells
increased cell proliferation in EPDCs to the same
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extent as TGF-β1. However, this effect of BM Sca-1+
cells was completely blocked when a TGF-β1 blocking
antibody was used. The same observation was found
with BrdU pulse-chasing, and showed that the effect
of BM Sca-1+ cells on the proliferation of EPDCs was
blocked by a TGF-β1 blocking antibody (Figure 5E).
Moreover, the TGF-β1 blocking antibody inhibited
BM Sca-1+ cell-stimulated EPDC migration when
measured by both the transwell (Figure 5F) and
wound-scratch (Figure 5G) assays. On the other hand,
the insufficiency of Sca1- cells to stimulate EPDC
migration was rescued by the addition of TGF-β1 and
EPDC migration was restored to a level comparable
with the Sca-1+ cell- or TGF-β1-treated groups (Figure
5F-G).

Figure 5. BM Sca-1+ cells increased proliferation and migration of EPDCs through TGF-β1 signaling. Epicardial-derived cells (EPDCs, abbreviated as E), bone
marrow (BM) Sca-1+ and Sca-1- cells were isolated and subjected to normoxia and hypoxia (0.1% O2) conditions. (A) Higher expression levels of TGF-β1 mRNA were found in
BM Sca-1+ cells than in EPDCs and Sca-1- cells under hypoxia conditions for 72 h. (B) TGF-β1 homodimer secretion in EPDCs, BM Sca-1+ and Sca-1- cell lysate and culture
medium under normoxia and hypoxia conditions for 72 h was quantified by ELISA. (C) TGF-β1 mRNA expression was measured in the Y(sca-1+)-O and Y(sca-1-)-O chimeric
hearts at baseline and in the infarcted area at 3 days post-MI. Epicardial-derived cells (EPDCs, abbreviated as E) were co-cultured with BM Sca-1- cells (S-), Sca-1+ cells (S+), TGF-β1
(T, 5 ng/mL), Sca-1+ cells with TGF-β1 blocking antibody (S++BL, 1 µg/mL) or Sca-1- cells with TGF-β1 (S-+T) under hypoxia conditions. The following assays were conducted in
EPDCs: (D) MTT assay measured cell proliferation; (E) EPDCs, co-cultured with BM Sca-1+ cells or Sca-1- cells under normoxia and hypoxia conditions for 72 h, were
pulse-chased with BrdU (10 µM) for labeling of proliferative cells; (F) transwell and (G) wound-scratch assays measured migration areas and number of EPDCs after co-culture
for 24 h, respectively. Insufficiency of Sca1- cells on EPDC migration can be rescued by TGF-β1, and EPDC migration was restored to a level comparable with that of the Sca-1+
cell- or TGF-β1-treated groups. n=6/group, mean ± SD; **P<0.01. BrdU: bromodeoxyuridine; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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To further confirm that TGF-β1 not only
cell-stimulated
EPDC
mediated
BM
Sca-1+
proliferation and migration but was also involved in
the activation of the EMT process by BM Sca-1+ cells,
an RT-qPCR array was conducted to determine the
expression levels of the genes related to EMT in
EPDCs. Indeed, the EMT transcriptional genes, Snail
and Slug, were upregulated by BM Sca-1+ cells to the
same extent as TGF-β1 (Figure 6A) and this
upregulation was lost when a TGF-β1 blocking
antibody was presented (Figure 6A). Conversely, the
expression of EMT epithelial genes was decreased in
EPDCs co-cultured with BM Sca-1+ cells, but this
effect was reversed by a TGF-β1 blocking antibody
(Figure 6B). An inverse correlation was found for
mesenchymal gene (calponin, Col7a1, Cdh6)
expression in EPDCs where expression was increased
by both BM Sca-1+ cells and TGF-β1. However, the
upregulation of mesenchymal genes by BM Sca-1+
cells was blocked by adding a TGF-β1 blocking
antibody (Figure 6C). In agreement with the gene
expression profile, BM Sca-1+ cells increased
mesenchymal protein (SMA, vimentin, and calponin)
expression and reorganized epithelial tight junction
protein (ZO-1) expression to a level comparable to the
TGF-β1-treated EPDCs. However, the effects of BM
Sca-1+ cells on the EMT protein expression of EPDCs
were also blocked by the TGF-β1 blocking antibody
(Figure 6D). Quantification of the mesenchymal
proteins (vimentin, calponin) by Western blot showed
the same trend with a TGF-β1 blocking antibody,
which blocked the upregulation of mesenchymal
proteins in EPDCs by BM Sca-1+ cells (Figure 6E).

Reconstitution of Sca-1 KO mice with WT BM
Sca-1+ cells restored EMT response and
cardiac function after MI.
To further seek definitive evidence, Sca-1 KO
mice were utilized and reconstituted with WT BM
Sca-1+ cells for 3 months, then underwent MI. Cardiac
function was evaluated by echocardiography at
baseline (before MI) and at 7, 14, 21, and 28 days after
MI in WT, Sca-1 KO, and Sca-1 KO reconstituted with
WT BM Sca-1+ cells mice ((Sca-1+)-KO; Figure 7A).
After MI, there was a significant decrease in fractional
shortening (FS; Figure 7B) and ejection fraction (EF;
Figure 7C) and an increase in left ventricular internal
end systolic dimension (LVIDS; Figure 7D) and left
ventricular internal end-diastolic dimension (LVIDD;
Figure 7E) in Sca-1 KO mice compared with WT mice.
However, there was an improvement in all of these
parameters in the Sca-1 KO mice that received BM
Sca-1+ reconstitution when compared with both WT
and Sca-1 KO mice (Figure 7A-E). To assess the effect
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of BM cells on myocardial regeneration, the area
occupied by myocytes in the infarcted zone was
measured and expressed as a percentage of the total
infarcted area. The fraction of viable myocardium in
the total infarcted area at 28 days post-MI was
significantly less in Sca-1 KO mice than in WT mice
(Figure 7F-G). However, there was more viable
myocardium in the total infarcted area in the Sca-1 KO
mice that received BM Sca-1+ reconstitution when
compared with both WT and Sca-1 KO mice,
suggesting
greater
myocardial
regeneration
stimulated by BM Sca-1+ cells (Figure 7F-G). Similarly,
Scar thickness was significantly lower in Sca-1 KO
mice than in WT mice (Figure 7H). However, the scar
thickness was even greater in Sca-1 KO mice that
received BM Sca-1+ reconstitution when compared
with both the WT and Sca-1 KO mice (Figure 7F-H).
To confirm that WT BM Sca-1+ cells indeed
activated the EMT process. The expression of EMT
embryonic
epicardial
genes
(WT1,
Tbx18),
transcriptional genes (Slug, Snail), mesenchymal
genes (Calponin, Cdh6, Col7a1) and epithelial genes
(BVES, Krt14) were quantified by RT-qPCR in the
infarcted region of WT, Sca-1 KO, and (Sca-1+)-KO
mouse hearts at 3 days post-MI. The expression of
EMT embryonic epicardial genes (Figure 8A),
transcriptional genes (Figure 8B), and mesenchymal
genes (Figure 8C) was significantly lower in Sca-1 KO
than WT mice hearts at 3 days post-MI. Conversely,
the expression of EMT epithelial genes was
significantly higher in Sca-1 KO mice hearts compared
with that of the WT mice (Figure 8D). However, after
WT BM Sca-1+ cell reconstitution, the expression of
EMT embryonic epicardial genes, transcriptional
genes, and mesenchymal genes was significantly
higher in (Sca-1+)-KO mouse hearts compared with
the other two groups. And, the expression of EMT
epithelial genes was significantly lower in (Sca-1+)-KO
hearts compared with the other two groups (Figure
8A-D). Indeed, immunolabeling of mesenchymal
proteins, SMA, vimentin, and calponin (Figure 8E),
showed greater mesenchymal protein expression in
the infarcted region of (Sca-1+)-KO mouse hearts
compared with the other two groups at 3 days
post-MI (Figure S6). These results were confirmed by
Western blot showing significantly greater SMA,
vimentin and calponin protein levels in the infarcted
region of (Sca-1+)-KO mouse hearts compared with
the other two groups (Figure 8F). All these results
clearly established that reconstitution of Sca-1 KO
mice with WT BM Sca-1+ cells restored the EMT
response and cardiac function after MI.
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Figure 6. BM Sca-1+ cells activated EMT of EPDCs through TGF-β1 signaling. Epicardial-derived cells (EPDCs, abbreviated as E) were separately co-cultured with
Sca-1- cells (S-), Sca-1+ cells (S+), TGF-β1 (T, 5 ng/mL) or Sca-1+ cells with a TGF-β1 blocking antibody (S++BL, 1 µg/mL) under hypoxia (0.1% O2) conditions for 72 h. Young Sca1+
or Sca1- BM cells (1×105/cm2) in serum-free DMEM medium were plated in the transwell cell culture inserts (1 μm diameter pores). EPDCs (2×104/cm2) were cultured in the
lower compartment. EMT transcriptional genes (A), epithelial genes (B) and mesenchymal genes (C) in EPDCs were quantified by RT-qPCR. (D) Immunofluorescent staining
of mesenchymal markers (smooth muscle actin, vimentin, calponin) and epithelial tight junction protein (ZO-1) in EPDCs. (E) The protein levels of vimentin and calponin in
EPDCs were determined by Western blot and normalized by GAPDH. n=6/group, mean ± SD; **P<0.01.
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Figure 7. Reconstitution of Sca-1 KO mice with WT BM Sca-1+ cells restored cardiac function after MI. Sca-1 knock-out (KO) mice were reconstituted with wild
type (WT) bone marrow (BM) Sca-1+ cells (2×106, (Sca-1+)-KO) for 3 months, then underwent myocardial infarction (MI). Cardiac function was measured by echocardiography
at baseline (before MI), 7, 14, 21, and 28 days after MI in WT, Sca-1 KO and (Sca-1+)-KO groups. (A) Representative M-mode echocardiographic images. (B) Fractional
shortening. (C) Left ventricular internal end systolic dimension (LVIDs). (D) Left ventricular internal end-diastolic dimension (LVIDd). (E) Eject fraction (EF). (F) Representative
images of whole sectioned hearts; H&E and Masson’s Trichrome staining in WT, Sca-1 KO and (Sca-1+)-KO groups at 28 days after MI. (G) Viable myocardium (identified as red
with Trichrome’s staining) in the ischemia zone was quantified and expressed as a percentage of the total infarcted area. (H) Scar size thickness is presented as an average of wall
thickness measurements taken at the middle and at each edge of the scar area at its thinnest point. (B-E), n=5/group; (G-H), n=6/group; mean ± SD; * vs. WT, P<0.01; # vs. KO,
P<0.05.

Discussion
The
present
study
demonstrated
that
reconstitution of aged BM with young Sca-1 cells
promoted the activation of the cardiac EMT process,
thereby restoring cardiac function post-MI. BM Sca-1+
cells primarily homed to the epicardium and activated
host epicardial cells after MI. In vitro, co-culture
assays showed that BM Sca-1+ cells stimulated more
proliferation and migration of epicardial cells than
did BM Sca-1- cells. Subsequently, BM Sca-1+ cells
activated epicardial cell EMT and increased
mesenchymal protein expression under hypoxia
conditions. Furthermore, we found that BM Sca-1+
cells activated the EMT process of EPDCs through
TGF-β1, and blocking the TGF-β1 signaling pathway
inhibited the activation of EMT by BM Sca-1+ cells.
Our in vivo study also demonstrated that cardiac
function after MI in Sca-1 KO mice was depressed

compared with WT mice. The EMT response after MI
in Sca-1 KO mice hearts was lower compared with
WT mice. However, after BM reconstitution of Sca-1
KO mice with WT BM Sca-1+ cells, cardiac function
was restored in the reconstituted Sca-1 KO mice and
this effect was likely mediated through the activation
of EMT. The present study provides further insight
into the cellular and molecular mechanisms
underlying the ability of BM Sca-1+ cells to improve
cardiac repair post-MI. Identification of these
mechanisms may provide targets for new therapies to
rejuvenate the aged heart and restore heart function
after a MI.
Extensive research has been done to investigate
the Sca-1-related signaling pathway. It has been
shown that Sca-1 may serve as a negative regulator of
Src family kinase signaling [37]. Sca-1 antisense
expression resulted in premature activation of Fyn,
sustained proliferation, and reduced differentiation in
http://www.thno.org
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Figure 8. Reconstitution of Sca-1 KO mice with WT BM Sca-1+ cells restored EMT response after MI. Sca-1 knock-out (KO) mice were reconstituted with wild
type (WT) bone marrow (BM) Sca-1+ cells (2×106, (Sca-1+)-KO) for 3 months, then underwent myocardial infarction (MI). Quantification of EMT embryonic epicardial genes
(A), transcriptional genes (B), mesenchymal genes (C), and epithelial genes (D) at the infarcted region of WT, Sca-1 KO and (Sca-1+)-KO hearts at 3 days post-MI by RT-qPCR.
(E) Immunofluorescent staining of smooth muscle actin (SMA), vimentin, and calponin at the infarcted region of WT, Sca-1 KO and (Sca-1+)-KO hearts at 3 days post-MI. (F)
Protein levels of SMA, vimentin, and calponin at the infarcted region of WT, Sca-1 KO and (Sca-1+)-KO hearts were determined by Western blot and normalized by GAPDH.
(A-D), n=5/group; (F), n=6/group; mean ± SD; * vs. WT, P<0.01; # vs. KO, P<0.05.

C2C12 myoblasts [38]. Sca-1 was also shown to be
involved in ERK and PI3K signaling pathway
regulation. Research has revealed that the MAPK/
ERK pathway plays a synergistic role with the
Wnt/β-Catenin pathway to promote proliferation of
Sca-1+ hepatic progenitors [39]. Sca-1 expression
activated the ERK pathway and promoted the
proliferation of myeloid cells during bacteremia [40].
The proliferation of BM Sca-1+ cells can be activated
by FGF-2 and FGF-4 through the ERK1/2 and
PI3K-Akt signaling pathways [41]. In addition, Sca-1+
cells can survive under oxygen and glucose
deprivation conditions by PI3K/Akt-dependent
caspase-3 down regulation [42]. In the present study,
we compared differential growth factor expression
between BM Sca-1+ cells and Sca-1- cells under
normoxia and hypoxia conditions and found that BM
Sca-1+ cells secreted more TGF-β1 homodimer than
BM Sca-1- cells under hypoxia conditions, which is

one of the key factors modulating the EMT process of
EPDCs.
EMT is regulated through several pathways that
are triggered by TGF-β, HGF, EGF, FGF, VEGF, Wnt,
SHH, IL6, HIF1α, and other proteins. Among these,
the TGF-β family signaling plays a predominant role.
In development, the TGF-β superfamily appears to
promote both epicardial and endocardial EMT. Molin
et al [43], using in situ hybridization, showed that by
embryonic day 12.5 the epicardium expresses all three
TGF-β genes. Studies [44, 45] using cardiac explants
either from 4 days in ovo embryonic chick heart or
from embryonic day (E) 11.5 mouse embryos grown
on collagen matrices, showed that TGF-β1 and
TGF-β2 induce loss of epithelial morphology,
cytokeratin, and membrane-associated ZO-1 and
increase the smooth muscle markers calponin and
caldesmon. Inhibition of activin receptor-like kinase
(ALK) 5 blocks these effects. Sridurongrit et al. [46]
using GATA5-Cre-mediated Alk5 inactivation
http://www.thno.org
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confirmed the requirements of ALK5 and, thus, TGF-β
signaling in epicardium in mouse embryos, where
cGATA5-Cre-mediated Alk5 inactivation abrogated
EMT in vitro and caused abnormal epicardial
attachment, impaired myocardial growth, and
coronary vessel abnormalities in vivo. Both Goumans
[47] and Barnett [48] and colleagues, using in vitro
models for human adult epicardial cells, showed that
TGF-β induced loss of epithelial characteristics and
initiated the onset of mesenchymal differentiation in
human adult epicardial cells. All this evidence
pointed to the role of TGF-β as an important EMT
regulator of epicardial cells during development.
TGF-β also plays an important regulatory role
under the pathological condition of MI. Following
MI, TGF-β isoforms are markedly induced and
rapidly expressed in the infarcted myocardium [49].
Members of the TGF-β family, via their potent effects
on the epicardium, are capable of playing a central
role in infarcted healing, cardiac repair and left
ventricular remodeling. However, the diversity of
their effects elicits multiple, and often opposing
cellular responses. Experimental studies suggest that
TGF-β signaling is a central mediator involved in the
inflammatory and fibrotic phase of the infarcted
healing [49]. Regarding its role in the inflammatory
response, TGF-β is generally considered as
pro-inflammatory in this setting [49]. However, its
effects on macrophages are primarily deactivating,
suppressing chemokine and pro-inflammatory
cytokine synthesis. In addition, Frangogiannis et al.
showed that TGF-β inhibits chemokine synthesis in
cytokine-stimulated endothelial cells [50]. Ikeuchi et
al. found that inhibition of TGF-β signaling in the limb
skeletal muscles resulted in enhanced neutrophil
infiltration and increased pro-inflammatory cytokine
and chemokine gene expression when applied early
following coronary occlusion [51]. These findings
suggested an important role for TGF-β signaling in
resolution of inflammation and repression of cytokine
and chemokine gene synthesis. In addition, mice with
disruption of TSP-1, a critical activator of TGF-β [52]
or TSP-1 null mice exhibit enhanced and prolonged
inflammation following MI. For the fibrotic response,
TGF-β1 is mostly pro-fibrotic. TGF-β1 expression
post-MI increases fibroblasts and promotes matrix
deposition by inducing extracellular matrix protein
expression by fibroblasts and by inhibiting matrix
degradation through upregulation of TIMPs and
PAI-1 [49]. TGF-β is critically involved in phenotypic
modulation of fibroblasts into myofibroblasts and
induces acquisition of the myofibroblastic phenotype
in isolated cardiac fibroblasts [53]. Both Tsutsui [51]
and Fujiwara [54] and colleagues showed that TGF-β
inhibition after the inflammatory phase of infarcted
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healing resulted in decreased fibrous tissue
deposition in the infarcted area.
Regarding therapeutic interventions of TGF-β,
experimental studies suggested that the effects of
anti-TGFβ treatment are depended on the timing of
the intervention [54]. Anti-TGF therapy within 24 h
following infarction enhanced cytokine and
chemokine synthesis and increased neutrophil
infiltration, resulting in exacerbated left ventricular
dysfunction and increased mortality [51]. In contrast,
late TGF-β inhibition decreased interstitial fibrosis in
the remodeling heart, reducing left ventricular
dilatation and dysfunction. Thus TGF-β inhibition
during the inflammatory phase of infarcted healing is
detrimental. On the other hand, late TGF-β inhibition
has beneficial actions through attenuation of fibrotic
and hypertrophic remodeling.
To our knowledge, the present study is the first
one to identify TGF-β1 as a key modulator of BM
Sca-1+ cell-mediated re-activation of EMT of EPDCs.
We used an RT-qPCR array to screen for possible
targets and found significantly higher expression
levels of TGF-β1, PDGFB, and FGF-2 in
hypoxia-treated BM Sca-1+ cells. Most importantly, by
using a TGF-β1-blocking antibody, we excluded other
factors and confirmed that BM Sca-1+ cells, through
TGF-β1, increased EPDE migration, decreased the
expression of EMT epithelial genes, induced the EMT
transcriptional genes and the mesenchymal genes.
Furthermore, we found that BM Sca-1+ cells, through
TGF-β1, increased mesenchymal protein expression.
All this evidence supported the notion that TGF-β1
was the mediator involved in BM Sca-1 cell-mediated
re-activation of EMT in EPDCs. On the other hand, as
mentioned above, TGF-β1 is pro-fibrotic and the
epicardium, particularly in the ischemic setting, is a
rich source of fibroblasts. Therefore, it is critical to
understand the complexity of TGF-β signaling and
modify it to therapeutically shift the balance of EPDC
contribution towards EMT activation and away from
fibrosis.
Reactivation of the embryonic program of
epicardial cells after an MI is an essential component
of the process of intrinsic cardiac repair. Recent
studies in zebrafish found that, after injury, epicardial
tissue can generate a new epithelial cover for the
exposed myocardium: the epicardial cells undergo
EMT, and the cells migrate to the wound, providing
new vasculature for muscle regeneration [55]. In
mammals, the fetal epicardium can also undergo EMT
to form CMs, coronary ECs, smooth muscle cells, and
interstitial fibroblast lineages [56]. Although the adult
epicardium is quiescent under normal physiological
conditions, it can be reactivated after injury and
produce EPDCs [4]. However, data on the fate of
http://www.thno.org
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EPDCs using lineage tracing in the mouse are
controversial. Van Wijk et al. found that the formation
of a WT1+ sub-epicardial mesenchyme, from which
mostly fibroblasts were derived, resulted in a small
contribution of coronary endothelium and, at later
stages, CMs [4]. However, Zhou et al. found no
epicardial CM or endothelial cell contribution post-MI
from WT1+ EPDCs, but did find secretion of
pro-angiogenic paracrine signals by WT1+ EPDCs.
They postulated that EPDCs secreted growth factors
that promoted angiogenesis, reduced infarct size, and
improved heart function [9]. Consistent with these
findings, we found reactivation of the EMT process
after MI, which was characterized by active
proliferation of epicardial cells and subsequent
transition to the mesenchymal lineage. Most
important, we demonstrated that young BM Sca-1+
cells primarily homed to the epicardium of the aged
recipient and augmented the EMT process. Homed
BM Sca-1+ cells stimulated proliferation and
subsequent activation of EMT in host epicardial cells
after MI through TGF-β1 signaling and these effects
may significantly contribute to improved cardiac
function.

Conclusions
We demonstrated the effects of BM Sca-1+ cells
on promoting the EMT process of epicardial cells
using in vivo BM reconstitution and in vitro co-culture
assays. Furthermore, we identified TGF-β1 as a key
modulator of BM Sca-1+ cell-mediated activation of
the EMT of EPDCs. Future studies should be
conducted using transgenic mice to better elucidate
the cellular and molecular mechanisms responsible
for BM Sca-1+ cell-mediated cardiac regeneration
through reactivation of the EMT process.
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