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Abstract

Through local cell-cell interactions, Notch signaling pathway controls tissue formation and
homeostasis during embryonic and adult life. In the heart, Notchl is expressed in a variety of cell
types such as cardiomyocytes, smooth muscle cells and endothelial cells. In cardiomyocytes,
Notchl is activated in proliferating embryonic and immature cardiomyocytes, and is
downregulated in the myocardium during postnatal development. However, Notch signaling in the
adult myocardium could be activated transiently in response to myocardial injury, suggesting that
Notch signaling may contribute to cardiac repair. Indeed, activation of Notchl intracellular
domain blunts the severity of myocardial injury and improves myocardial hemodynamic function.
Conversely, genetic ablation of the Notchl gene, either systemically or in bone marrow-derived
cells, leads to impaired cardiac repair following myocardial infarction. In this review, we will
discuss the complex mechanisms of Notch signaling and its role in cardiac repair and regeneration
after myocardial infarction.

Introduction

The Notch signaling pathway is important for multiple cellular processes, including cell fate
determination, differentiation, proliferation, apoptosis, and regeneration (Miele and Osborne
1999; von Boehmer 2001). Recent studies suggest that Notch receptors are important
regulators of cardiovascular development and homeostasis (Chiba 2006; del Monte et al.
2011; High and Epstein 2008; Nemir and Pedrazzini 2008; Niessen and Karsan 2008). In
mammals, four Notch receptors (Notch1-4) and five structurally similar Notch ligands
(Delta-likel, Delta-like3, Delta-like4, Jagged1, and Jagged?) have been identified (Bolos et
al. 2007; Chiba 2006). Both Notchl and Jagged-1 have been shown to be critical for
vasculogenesis and blood flow recovery in ischemic limbs (Kwon et al. 2009; Takeshita et
al. 2007). Furthermore, diminished Jagged-1 expression in endothelial cells leads to
abnormal smooth muscle development, which may contribute to pulmonary artery stenosis
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(High et al. 2008). In the heart, Notch1l is activated in proliferating embryonic and immature
cardiomyocytes (Campa et al. 2008; Collesi et al. 2008; Kratsios et al. 2010), and is
downregulated in the postnatal myocardium (Collesi et al. 2008; Gude et al. 2008).
However, Notch signaling in the adult myocardium could be activated transiently following
myocardial infarction (Gude et al. 2008; Kratsios et al. 2010; Li et al. 2011), suggesting that
Notch signaling could have a protective role following cardiac injury. Indeed, the activation
of Notch signaling limits the extent of ischemic injury and improves heart function after
myocardial infarction (Boni et al. 2008; Gude et al. 2008; Kratsios et al. 2010; Li et al.
2011). The mechanisms underlying Notch-mediated cardiac protection are complex and
include preventing cardiomyocyte apoptosis, recruiting cardiac progenitor cells (CPCs) and
immature cardiomyocytes, promoting neovascularization, and possible mediating cellular
trans-differentiation. Furthermore, genetic ablation of Notch1 gene, either systemically or in
bone marrow (BM)-derived cells, leads to impaired cardiac repair (Li et al. 2011),
suggesting a critical role of Notch signaling in BM-derived cells.

Role of Notchl in Bone Marrow-derived Cells in Cardiac Repair

Recruitment of BM-Derived Cells following Myocardial Injury

Following ischemic myocardial injury, systemic Notch1 deficient (N1*/-) mice (Krebs et al.
2004) developed larger myocardial infarct size and worsening heart function compared to
wild-type (WT) mice, suggesting a protective role of Notchl following myocardial
infarction. When the BM of N1*/~ mice were transplanted into WT mice (i.e., BM-specific
Notch1-deficient mice), infarct size and heart function were worsened and
neovascularization in the infarct border area was reduced compared to WT mice
transplanted with WT BM. In contrast, transplantation of WT BM into N1*/~ mice lessened
the myocardial injury observed in N1*/~ mice. These findings from reciprocal BM
transplantation models suggest that Notchl in BM-derived cells contributes to cardiac repair
following myocardial injury. When GFP-labeled BM-derived cells were used, GFP-N1*/~
BMT mice showed decreased GFP expression and GFP-positive cells in the infarct border
area compared to GFP-WT BMT mice, suggesting that Notch1 regulates the recruitment of
BM-derived cells into the injured hearts. For example, there were more Ki-67* proliferative
and less cleaved-Caspase3* apoptotic BM-derived cells in the infarct border zone in WT
BMT mice than in N1*/~ BMT mice. These findings suggest that Notch1 promotes
proliferation and suppresses apoptosis of BM-derived cells (Li et al. 2011).

Role of Notchlin BM-Derived Mesenchymal Stem Cells

To determine which subgroups of BM-derived cells could be regulated by Notch1, GFP*
cells in the heart were co-stained with different cellular markers. In contrast to CD34*,
CD45%, c-kit*, CD4*, CD68*, CD14*, and CD11b* cells, more CD105" and Sca-1* cells
were found in the GFP-WT BMT mice compared to GFP-N1*/~ BMT mice, suggesting that
Notchl may increase the recruitment and/or proliferation of BM-derived mesenchymal stem
cells (MSC) to the injured heart. The importance of Notch signaling in MSC is underscored
by the finding that injection of infarcted hearts with MSC overexpressing NICD decreases
infarct size and improves heart function. Conversely, injection of Notchl-deficient MSC
into the infarcted heart leads to increased infarct size and worsening of cardiac function (Li
etal. 2011).

Decreased expression of Heyl and HeyL in Notchl-deficient MSC suggests that they may
be potential targets of Notch1 signaling in BM-derived MSC. Furthermore, downregulation
of CSF3R and CXCR4 expression in N1*/~ MSC suggests that Notch1 may mediate the
mobilization and migration of BM-derived cells through CSF3R and CXCR4 signaling
pathways. Indeed, G-CSF/CSF3R and SDF-1/CXCR4 signaling contribute importantly to
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the recruitment of BM-derived cells to injured tissues (Abbott et al. 2004; Li et al. 2006).
Interestingly, Notchl upregulates CXCR4 (Wang et al. 2009) and mediates BM-derived
cells response to GCSF by its intracellular cdc10 repeat domain (Bigas et al. 1998). Taken
together, these findings suggest a critical role of Notch signaling in the recruitment of BM-
derived MSC.

Role of Notchlin Neovascularization

Notch signaling regulates the function of vascular cells such as endothelial and smooth
muscle cells during pathological states (Kratsios et al. 2010; Kwon et al. 2009; Li et al.
2009; Takeshita et al. 2007). Previous studies reveal a potential cross-talk between Notch
and other vascular signaling pathways such as vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), Wnt, hedgehog, and bone morphogenic protein
(BMP) in regulating arteriogenesis (Espinosa et al. 2003; Lawson et al. 2002; Niessen and
Karsan 2007). For the injured heart, microvessel formation in the infarct border zone as well
as VEGF expression were greatly reduced in BM-specific Notch1-deficient mice,
highlighting the role of Notchl in BM-derived cells in the neovascularization process.
Indeed, BM-derived cells could secrete growth factors and cytokines that promote
neovascularization and prevent cardiomyocyte apoptosis in the infarct border zone (Li et al.
2006; Uemura et al. 2006). When BM-derived cells in the injured heart were co-stained with
smooth muscle and endothelial cell markers, Notchl appears to promote the differentiation
of BM-derived cells into vascular-like cells (i.e., smooth muscle actin and isolectin B4
positive). These findings suggest that Notchl in BM-derived cells may contribute to
vascularization through paracrine effects as oppose to transdifferentiation of BM-derived
cells into definitive vascular cells.

Notch Signaling Mediates Interaction between MSC and Cardiomyocyte

BM-derived cells could prevent cardiomyocyte apoptosis in the infarct border zone (Li et al.
2006; Li et al. 2011). When neonatal cardiomyocytes were co-cultured with mouse BM-
derived MSC, MSC were found to enhance cardiomyocyte growth through juxtacrine
Notch-1/Jagged-1 signaling and paracrine mechanisms (Sassoli et al. 2011). For example,
the proliferative response of neonatal cardiomyocytes involved the activation of Notch-1
receptor by its ligand Jagged-1 expressed on adjacent MSC. When the cardiomyocytes were
exposed to MSC-derived conditioned medium, the release of VEGF-1 and FGF was greatly
potentiated, indicating the ability of MSC to stimulate growth factor production by
cardiomyocytes through paracrine mechanisms.

Notch-Mediated Cardiomyocyte Protection

Notch is involved in promoting protective signaling in the myocardium following
myocardial injury (Gude et al. 2008; Kratsios et al. 2010). For example, Notch1 is activated
in cardiomyocytes of the infarct border zone coincident with nuclear c-Met (Gude et al.
2008). Furthermore, injured hearts injected with an adenoviral vector expressing NICD leads
to improved heart function and reduced infarct size compared to injection of control
adenoviral vector. In cultured cardiomyocytes, treatment with hepatic growth factor (HGF)
or insulin increases the levels of Notch effector Hes1, whereas overexpression of activated
NICD leads to increased Akt phosphorylation. These findings suggest that the protective
effects of Notch signaling in cardiomyocytes may be mediated through HGF/c-Met and Akt
survival pathway.

The activation of Notchl(Kratsios et al. 2010) leads to the upregulation of Hes-1 and Hey-1
MRNA levels after, suggesting that Hes-1 and Hey-1 may mediate some of the protective
effects of Notch signaling in the adult myocardium. Activation of Notch also increased the
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expression of antiapoptotic gene Bcl-2, whereas the expression of heart failure markers such
Myh6, Myh7, Glut-1, and proapoptotic protease caspase 9 is reduced.

Cardiac fibroblast-myofibroblast transformation (CMT) is a critical event in the initiation of
myocardial fibrosis, which could further impair cardiac function following myocardial
injury. A recent study suggests that Notch signaling may negatively regulate CMT (Fan et
al. 2011). The study found that decreased expression of Notchl, Notch3 and Notch4 in
response to TGF-B1 leads to increased a-SMA expression and collagen synthesis. Thus,
Notch signaling may play an important role in reducing myocardial fibrosis after injury, by
regulating the degree of CMT.

In cardiac-specific Notch1 deficient (C-N17/~) mice, the loss of Notch1 in postnatal
cardiomyocyte surprisingly did not affect the severity of myocardial injury. These findings
suggest that Notchl signaling in cardiomyocytes does not contribute to cardiac repair. In
WT mice, the expression of all Notch receptors was increased following myocardial
infarction. However, in C-N17/~ mice, the expression of Notch2 and Notch3 was further
increased, suggesting that Notch2 and Notch3 may compensate for the loss of Notchl in
adult cardiomyocytes (Li et al. 2011).

Role of Notch1 in c-Kit* Cells and Immature Cardiomyocytes

Nkx2.5 is a target gene of Notch1 in c-kit* cardiac progenitor cells (CPCs) (Boni et al.
2008). The c-kit* cells express Notchl receptor, with supporting cells expressing the Notch
ligand Jaggedl. The nuclear-translocated NICD binds to RBP-Jk and form a protein
complex, which in turn, binds to the Nkx2.5 promoter thereby initiating transcription and
myocyte differentiation. In contrast, c-kit mutant mice (compound heterozygote KitW/KitW-v
mice) exhibit an intrinsic defect in hematopoietic stem cell mobilization. Furthermore, bone
marrow-derived c-kit* cells can lead to an improvement in cardiac function (Fazel et al.
2006). Taken together, these results suggest that Notch1l regulates the function and
recruitment of either resident c-kit" CPCs or bone marrow-derived c-kit* precursor cells.
Indeed, inhibition of Notch1 decreases the commitment of c-kit* cells to the myocyte
lineage. This may results in decreased cardiomyogenesis, myocardial regeneration, and
cardiac function.

Several in vitro and in vivo studies demonstrate that cell cycle-related genes, such as c-Myc,
cyclin D1, and cyclin dependent kinase inhibitors (CKIs), are transcriptional targets of
Notch signaling (Carlson et al. 2008; Klinakis et al. 2006; Ronchini and Capobianco 2001).
Notch activation induces cell cycle reentry in quiescent cardiomyocytes (Campa et al. 2008;
Collesi et al. 2008) and plays an important role in cardiac cell differentiation (Nemir et al.
2006; Schroeder et al. 2006). The proliferative potential of immature cardiomyocytes is
stimulated by the sustained activation of the Notch pathway (Collesi et al. 2008). Notchl
activation by Jagged1 or increased Notch signaling by constitutive expression of its
activated form markedly stimulated proliferative signaling such as G1/S cyclins and p38
MAPK and promote immature cardiomyocytes expansion. Furthermore, the activation of
Notch signaling leads to increased immature cardiomyocytes, which exhibit low or
undetectable levels of the cyclin-dependent kinase inhibitors (CKIs), p27KiP1 and p21CirL,
and the Cdt1 inhibitor geminin (Collesi et al. 2008). In contrast, fully differentiated
cardiomyocytes expressed abundant levels of CKls, whereas the G1/S cyclins are almost
undetectable. These features are consistent with the forced activation of Notch2, which
promotes reentry of cardiomyocytes into the cell cycle (Campa et al. 2008). Indeed, the
activation of Notch signaling in the adult heart inhibits cardiogenic differentiation of cardiac
precursors and favors cellular proliferation by triggering incomplete cell cycle progression
in cardiac myocyte (Kratsios et al. 2010; Croquelois et al. 2008). These finding suggests that
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the maintenance or reactivation of Notch signaling might represent an important therapeutic
target to protect adult heart after myocardial damage.

Studies using genetic ablation or activation of Notch signaling have shown that Notch
signaling, especially that of Notch1, plays a critical role in cardiac repair and regeneration
after myocardial injury. The activation of Notch signaling improves cardiac function,
minimizes myocardial fibrosis, suppresses cardiomyocytes apoptosis, and increases
neovascularization. These effects of Notch signaling provide a novel paradigm for
improving outcome after myocardial infarction. The mechanisms involve a complex
interplay between different cell types (Figure 1). As mentioned, Notch target cells include
BM-derived cells such as MSC, immature and mature cardiomyocytes, CPC, and vascular
cells. Furthermore, Notch target genes are important regulators of cell migration,
differentiation, angiogenesis, proliferation, and apoptosis. Thus, Notch signaling serves to
link various signaling pathways to the survival and regeneration of the injured myocardium.
This coordinate response may offer a therapeutic approach for modulating cardiac repair and
regeneration following myocardial infarction.
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Figure 1.

Notch signaling cardiac repair and regeneration action. BM: bone marrow; MSC:
mesenchymal stem cell; Notch-EC: Notch extracellular domain; NICD: Notch intracellular
domain; CPC: cardiac progenitor cell.
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