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Abstract

Phase I clinical trials applying autologous progenitor cells to treat heart failure have yielded 

promising results; however, improvement in function is modest, indicating a need to enhance 

cardiac stem cell reparative capacity. Notch signaling plays a crucial role in cardiac development, 

guiding cell fate decisions that underlie myocyte and vessel differentiation. The Notch pathway is 

retained in the adult cardiac stem cell niche, where level and duration of Notch signal influence 

proliferation and differentiation of cardiac progenitors. In this study, Notch signaling promotes 

growth, survival and differentiation of cardiac progenitor cells into smooth muscle lineages in 

vitro. Cardiac progenitor cells expressing tamoxifen-regulated intracellular Notchl (CPCeK) are 

significantly larger and proliferate more slowly than control cells, exhibit elevated mTORCl and 

Akt signaling, and are resistant to oxidative stress. Vascular smooth muscle and cardiomyocyte 

markers increase in CPCeK and are augmented further upon ligand-mediated induction of Notch 

signal. Paracrine signals indicative of growth, survival and differentiation increase with Notch 

activity, while markers of senescence are decreased. Adoptive transfer of CPCeK into infarcted 

mouse myocardium enhances preservation of cardiac function and reduces infarct size relative to 

hearts receiving control cells. Greater capillary density and proportion of vascular smooth muscle 

tissue in CPCeK-treated hearts indicate improved vascularization. Finally, we report a previously 

undescribed signaling mechanism whereby Notch activation stimulates CPC growth, survival and 

differentiation via mTORCl and paracrine factor expression. Taken together, these findings suggest 

that regulated Notch activation potentiates the reparative capacity of CPCs in the treatment of 

cardiac disease.
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Introduction

Heart disease remains the premier cause of death in the United States. The discovery that 

resident cardiac progenitor cells (CPCs) participate in cardiac homeostasis and repair has 

overturned the traditional view of the heart as a non-regenerative organ. However, 

endogenous repair by CPCs remains limited in the face of strong pathological challenge 

such as infarction, necessitating further understanding of the molecular mechanisms 

underlying CPC proliferation, survival and differentiation. Phase l clinical trials utilizing 

adoptive transfer of autologous CPCs into cardiac patients are promising; however, CPCs 

from patients with advanced cardiac disease may have compromised regenerative capacity 

[3, 20, 36, 43, 51]. Therefore, enhancement of CPC reparative potential is a necessary 

advancement in cell-based therapy as a treatment for heart disease [41].

The Notch signaling pathway plays a central role in cardiac development [12, 21, 45] and 

more recently has been associated with survival and proliferative signaling in adult heart 

tissue following injury [6, 10, 18, 32, 42, 44, 46, 53]. Canonical activation of the Notch 

cascade ensues upon binding of the extracellular domains of ligands to corresponding 

receptors on adjacent cells, triggering proteolytic cleavage and release of the receptor 

intracellular domain. The Notch intracellular domain (NICD) translocates to the nucleus and 

binds to the CBF1/RBP-JK/Suppressor of Hairless/LAG-1 (CSL) transcription factor, 

activating transcription of downstream targets including the Hairy and Hairy-related family 

of transcriptional repressors.

Notch signaling persists in the adult cardiac stem cell niche, with Notch receptors identified 

on the signal receiving stem cells, and Jagged1 ligand localized to myocyte and fibroblast 

niche support cells [54]. Activation of the pathway in adult cardiac progenitors stimulates 

proliferation and expression of Nkx2.5, while in vivo pharmacological inhibition of Notch 

activity following infarction interferes with endogenous progenitor commitment and repair 

[4, 53].

Successful enhancement of CPC reparative capacity through overexpression of Pim1 kinase 

has been established in mouse models of myocardial infarction [13, 39, 40]. In this study, we 

exploit the cardiogenic potential of Notch signaling by engineering stable CPC lines 

overexpressing intracellular mouse Notch1 (CPCeK). CPCeK exhibit increased size and 

resistance to oxidative stress compared to CPCe controls, and enhanced expression of 

vascular smooth muscle lineage markers. Proliferation is blunted with Notch activity in both 

CPCeK and Jagged1 stimulated CPCe, while MTT assay measurements and Akt and rS6 

activity are elevated in response to Notch signaling. Cardiac function is slightly but 

significantly improved and infarct size reduced in infarcted mouse hearts following 

administration of CPCeK versus CPCe treatment. The proportion of smooth muscle 

expressing tissue and capillary density are significantly higher in CPCeK versus CPCe-

treated hearts, suggesting that CPCeK cell therapy promotes formation or protection of 

vasculature in injured myocardium. Engraftment of adoptively transferred cells is nominal in 

both treatment groups. Therefore, survival signaling and possible stimulation of endogenous 

vascularization through paracrine effects by CPCeK may contribute to the improved function 

measured in CPCeK-treated hearts.
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Materials and methods

Notch cloning, generation of lentivirus

Mouse intracellular Notch1 was subcloned from constructs kindly provided by Dr. Raphael 

Kopan, Washington University, St. Louis, MO (KNIC). KNIC was fused in frame to a FLAG 

tag mutated estrogen receptor fusion construct kindly provided by Dr. Christopher 

Glembotski, SDSU, San Diego, CA, to confer tamoxifen-mediated regulation of Notch 

activity (KNICmER, Fig. 1a). KNIC-mER insert was subcloned into the MND-VSV 

multiple cloning site upstream of an IRES_GFP encoding sequence (Fig. 1b [13]).

Cardiac progenitor cell culture and creation of stable cell lines

Adult mouse cardiac progenitor cells were isolated as previously described [15]. Briefly, 

adult male FVB mouse hearts were digested and dissociated with collagenase, spun at low 

speed to pellet myocytes, and supernatant subjected to MACS selection for c-Kit expressing 

cells. CPCs were then transduced with either control IRES-GFP or KNIC-mER-IRES-GFP 

encoding lentivirus, passaged twice and subjected to clonal dilution by FACS sorting for 

GFP into 96-well plates. Clones were expanded (Fig. 1c, d), and KNICmER expression 

verified by immunoblot (Fig. 1e). Localization of KNICmER and elevation of Notch activity 

were verified by immunostaining using antibodies to Notch1 and downstream target Hes1 in 

CPCeK treated for 1 day with PBS or 1 iM tamoxifen (Fig. 1f, g). Live images were 

captured with a Leica DFC 340FX camera, DMIL fluorescence microscope, and FireCam 

1.8.0 software. Diameters of dissociated cells were measured in ImageJ software using a 

hemocytometer to set the scale.

Immunostaining and immunoblotting

Hearts were arrested in diastole and retroperfused with formalin, then processed for paraffin 

embedding as previously described [18]. Paraffin sections were subjected to antigen retrieval 

and probed with antibodies to according to standard methods [18]. Fluorescent tyramide 

detection was used to enhance signal when necessary using the Perkin Elmer/NEN tyramide 

reagents. For immunofluorescent staining of cells, samples were fixed in 4 % buffered 

paraformaldehyde, washed in PBS, blocked in PBS with 10 % horse serum, and primary 

antibodies were applied in blocking buffer at 4 °C overnight. Fluorescent secondary 

antibodies were applied in blocking buffer. Fluorescent images were collected on a Leica 

SP2 or SP8 confocal laser scanning microscope and processed using Photoshop software. 

Area of isolectin B4 and sm22 staining was measured using NIH ImageJ software. Capillary 

density was measured by counting the number of capillaries per field of area in isolectin B4 

stainings using NIH ImageJ software. Vessel length density (VLD) was measured as 

previously described with some modifications [49]. Briefly, paraffin sections were stained 

with isolectin B4 and smooth muscle actin to identify vascular endothelium and smooth 

muscle cells, respectively. Vessel length was measured in the remote region of the left 

ventricle in overlaid images captured using a Leica SP8 confocal microscope. VLD was 

measured in 3–5 fields from each of three hearts per group by tracing the total length of 

vessels in each field divided by the area of the field (mm of vessel length/mm2 of surface 

area). Analyses were performed using LASX software (Leica).
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For immunoblotting, whole cell lysates were separated on Novex Bis/Tris gradient gels in 

MES running buffer and transferred to Immobilon-P PVDF membranes. Primary antibodies 

were incubated overnight in blocking buffer (8 % nonfat skim milk in Tris-buffered saline 

with 0.1 % Tween-20) at 4 °C, and secondary antibodies were incubated for 90 min at room 

temperature in blocking buffer. Secondary antibodies raised in donkey were purchased from 

Jackson Immuno or Life Technologies. Fluorescent signals were detected using a Typhoon 

Trio Imager and quantitated with Image Quant software. Primary antibodies and dilutions 

for immunostaining and immunoblotting are listed in Supplemental Table l.

Histology

Masson’s Trichrome staining was performed on paraffin sections using standard histological 

methods. Overview images were acquired with a Leica DMI6000 bright field microscope 

using the tiling function in LASX software. Length and area of infarct were measured using 

NIH ImageJ software.

Quantitative real-time PCR

Cells or tissues were harvested using the Zymo Research Quick-RNA MiniPrep kit (cat. 

#R1055). Reverse transcription to generate cDNA was performed using iScript according to 

manufacturer’s instructions and quantitative real-time PCR performed using iQ SYBR 

Green on a CFX96 Connect thermal cycler (all BioRad). Sequences of primers used to 

amplify mouse message targets are listed in Supplemental Table 2.

Proliferation and survival assays

Jaggedl was immobilized onto tissue culture plates as previously described [31]. Briefly, 

wells were treated with 25 μg/ml Goat anti-Human IgG (Fc specific, Sigma I2136) in PBS 

for 1 h at 37 °C, washed one time with PBS, blocked with 1 % BSA in PBS for 1 h at 37 °C, 

coated with either PBS or recombinant rat Jagged1-Fc chimera (RNDSystems 599-JG-100) 

5 μg/ml in PBS for 1 h at 37 °C, and washed in PBS prior to plating. CPCe, CPCe grown on 

Jagged1-treated plates, or CPCeK were plated at 500 cells per well of a 96-well dish in 

growth media and assayed for cell number over 3 days using the Direct CyQuant method 

(Life Technologies) detected on a Tecan SpectraFluor Plus plate reader. Proliferation was 

plotted as fold change normalized to signal at day 0. Cell survival was assayed in CPCe, 

CPCe grown on Jagged1-treated plates or CPCeK plated at 50,000 cells per well of a 6-well 

dish in growth media. Media containing low serum (2.5 % FBS) was applied the following 

day for 24 h, then cells were treated with varying concentrations of stabilized hydrogen 

peroxide in low serum media. After 3–5 h when visible cell detachment became apparent, 

cells were detached and assayed for cell death by staining for AnnexinV (BD 550475, 

apoptosis) and 7-AAD (BD 51–6898E, necrosis). Cells positive for both AnnexinV and 7-

AAD were chosen to define the percentage of cells undergoing cell death.

Surgery, echocardiography and in vivo hemodynamics

Myocardial infarction and intramyocardial injection of CPCs was performed in mice as 

previously described [13, 40]. Briefly, the left ascending coronary artery (LAD) was ligated 

and a total of 100,000 CPCe or CPCeK were injected into the border zone region adjacent to 
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the infarct via five injections of 5 μl each. Cardiac function was monitored by 

echocardiography using a Visual Sonics Vevo 770, 707b probe at 1, 2 and 6 weeks following 

infarction. All animal procedures and treatments are approved by San Diego State University 

Institutional Animal Care and Use Committee.

Statistics

Statistical analysis was performed using GraphPad Prism 6.0 (Graphpad Software Inc; http://

www.graphpad.com). Significance between two groups was measured using Student’s two-

tailed t test. For comparison of more than two groups either one-way or two-way ANOVA 

statistical analysis was applied. A p value <0.05 was considered significant.

Results

CPCs engineered with tamoxifen-regulatable intracellular Notch1 express nuclear Notch 
and respond to ligand-mediated induction of Notch activity

The intracellular domain of mouse Notch1 was cloned in frame with a FLAG epitope tagged 

mutated estrogen receptor fusion protein (KNICmER, Fig. 1a). Mouse CPCs derived from 

male FVB hearts were transduced with lentivirus encoding KNICmER upstream of an IRES 

GFP construct (Fig. 1b) or IRES GFP only, then sorted for GFP expression by flow 

cytometry as single cells into 96-well plates to create clonal control (CPCe, Fig. 1c) and 

KNIC-mER expressing (CPCeK, Fig. 1d) cell lines. Overexpression of KNICmER was 

confirmed by immunoblot for FLAG tag and activated Notch1 (Fig. 1e) and immunolo-

calization in a non-clonal CPCeK line treated with PBS or tamoxifen overnight to verify 

nuclear localization of intracellular Notch (Fig. 1f) and tamoxifen-mediated induction of 

Notch1 target Hes1 (Fig. 1g).

Augmented Notch activity increases area and roundness of cardiac progenitor cells in 
vitro

Notch signaling modulates proliferation, differentiation or cell cycle arrest in stem cells 

depending on cell type, context and signal dose [19]. CPCs were cultured on Jagged1-coated 

surfaces to activate endogenous Notch signaling. Jagged1-treated CPCs (CPCe JGD1, Fig. 

2b) changed morphologically compared to BSA control-treated cells (CPCe BSA, Fig. 2a), 

increasing over twofold in area and roundness, and decreasing by half in length-to-width 

ratio within 4 days (Fig. 2d).

Similarly, stable CPC lines expressing KNICmER (CPCeK) exhibited morphological 

changes parallel to those observed after Notch activation by immobilized Jaggedl (Fig. 2c). 

Relative cell area increased more than threefold, roundness by more than twofold, and 

length-to-width ratio decreased by half in CPCeK versus CPCe (Fig. 2d). Average diameters 

of resuspended CPCe and CPCeK were 18 and 23 μm, respectively (Fig. 2e, f). The inner 

diameter of the needle used for intramyocardial injection is 147 μm, therefore resuspended 

CPCeK are sufficiently small for adoptive transfer. Acutely elevated Notch activity in 

CPCeK by tamoxifen treatment increased cell area further by nearly fourfold within 2 days 

compared to PBS-treated CPCeK (Fig. 2g–i). Similarly, length-to-width ratio was decreased 

and roundness augmented, indicative of CPC whole cell responsiveness to Notch activation. 
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CPCe morphology was unchanged in response to tamoxifen treatment (Figure S1C). These 

results demonstrate that elevated Notch activity directs CPC morphology away from the 

spindle shape associated with proliferative stem cells to a larger, flatter appearance 

indicative of a more differentiated phenotype.

Elevated Notch activity decreases proliferation in CPCs in vitro

Stem cell proliferation and growth in response to Notch signaling varies depending on cell 

type, context and signal dose [1,4]. Proliferation rate was assessed in CPCs treated with 

immobilized Jagged1 (CPCe JGD1) or genetically engineered intracellular Notch1 (CPCeK) 

using the CyQuant assay. Proliferation of CPCe decreased by nearly half after 3 days of 

exposure to Jagged1 ligand compared to BSA controls (Fig. 3a) while CPCeK proliferation 

decreased by one-third at 3 days relative to CPCe (Fig. 3b). Boosting Notch activity in 

CPCeK by tamoxifen treatment further blunted proliferation (Figure S1B), but had no effect 

on CPCe proliferation rate (Figure S1A, C). Interestingly, assay of cell growth by MTT, 

which measures metabolic activity, gave inverse results to the Cyquant assay such that CPCe 

JGD1 and CPCeK readings were one-third higher than CPCe BSA and CPCe controls at 3 

days, respectively (Fig. 3c, d). Taken together, these results indicate that Notch signaling 

slows CPC proliferation and may increase metabolic activity in conjunction with increased 

size.

Notch activity increases phosphorylation of mTORC1 and Akt in CPCs

The impact of Notch activity on CPC cell size and proliferation, and associated increase 

MTT values suggests that Notch upregulates growth signaling in CPCs. Therefore, levels of 

phosphorylated ribosomal S6 (rS6) and Akt were measured in CPCe JGD1 and CPCeK in 

low serum conditions. Jagged1-mediated induction of Notch signaling in CPCe resulted in a 

nearly eightfold increase in phospho-rS6 levels over BSA-treated controls and a modest but 

significant increase of one-third of phospho-Akt S473 (Fig. 4a). Levels of phospho-rS6 and 

phospho-Akt S473 were similarly elevated in CPCeK over CPCe (Fig. 4b). The effect 

persisted in full serum media, with a threefold increase in 70 % higher phosphor-Akt S473 

in CPCeK versus CPCe (Figure S2A). Furthermore, increases in phospho-S6 kinase and 

phospho-4EBP1, but not phoshpo-ERK 1/2 (Figure S2B, C), in CPCeK substantiate that 

mTORC1 signaling is activated by Notch signaling in these cells and may be the growth 

signal driving CPCeK size increase. Notch signaling has been shown to activate protective 

Akt signaling in cardiomyocytes [18], therefore the impact of Notch activation on cell 

survival was assessed in CPC subjected to oxidative stress. The percentage of cells in late 

apoptosis coincident for apoptosis (Annexin V) and cell death (7-AAD) was measured by 

flow cytometry in CPCe, CPCe JGD1 and CPCeK treated with increasing doses of H2O2. 

Elevated Notch activity significantly suppressed cell death in both CPCe JGD1 and CPCeK; 

however, the protective effect was stronger in CPCeK (Fig. 4c, d). Collectively, these results 

demonstrate that Notch activation in CPCs stimulates growth and survival signaling, and 

mitigates cell death induced by oxidative stress.
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Notch activation promotes expression of smooth muscle differentiation markers in CPCs 
in vitro

Notch signaling plays an established role in cardiovascular development [22, 27]. Given the 

impact of Notch activation on CPC size, proliferation and survival, we hypothesized that 

Notch signaling drives differentiation in CPCs. We therefore measured mRNA levels of 

known markers of cardiac differentiation in CPCe and CPCeK, with and without Jagged1 or 

tamoxifen treatment by qPCR analysis. Increased expression of hey1, hey2 and Jagged1, 

known targets of canonical Notch signaling, validated augmentation of Notch activity in 

CPCeK and in response to Jagged1 treatment (Figure S3A-C). Smooth muscle actin (sma), 

sm22 and myosin heavy chain 11 (MyHC11), all markers of vascular smooth muscle and 

early myocyte commitment, were significantly upregulated at the message level in CPCeK 

and Jagged1 stimulated CPCs versus controls, and tamoxifen induction in CPCeK further 

augmented expression of all three vascular smooth muscle genes (Fig. 5a–c). Interestingly, 

message levels of the Notch ligand Jagged1 also increased in response to Notch activity 

(Figure S3C), substantiating Jagged1 as a target of Notch involved in formation of vascular 

smooth muscle [38]. Likewise, expression of vascular smooth muscle protein calponin was 

clearly localized in CPCeK (Fig. 5e, white arrows), but not CPCe (Fig. 5d) following 

coculture with neonatal rat cardiomyocytes (NRCMs) as shown by immunostaining. Smooth 

muscle actin (SMA) was detected by immunoblot in CPCeK but not CPCe, and sarcomeric 

actinin levels were 45 % higher in Notch expressing cells (Fig. 5f). Expression of myocyte 

lineage markers GATA4 and MEF2C decreased with elevated Notch activity, as previously 

reported [4, 5]; however, cardiac troponin T mRNA increased significantly with elevated 

Notch signaling. Interestingly, vascular endothelial protein von Willebrand’s factor (vWF) 

levels were markedly decreased in CPCeK, as shown by immunoblot (Figure S4A–D). 

Paracrine survival signals contribute to protective effects following adoptive transfer of 

various progenitor cell types into damaged myocardium [16, 17, 25, 29, 47, 48]. Therefore, 

expression of several cytokines was measured by qPCR and immunoblot in Notch activated 

CPCs. Levels of IL-6, TGF1ß, and VEGF, paracrine factors associated with vascular smooth 

muscle, are higher with Notch activation (Fig. 6a–d). HGF mRNA expression was 

significantly downregulated in CPCe JGD1 and CPCeK (Figure S5A), consistent with 

suppression of HGF following Jagged1-mediated Notch signaling in COS-7 and MRC-5 cell 

lines [57]. Interestingly, expression of Wnt11 mRNA was dramatically upregulated in 

CPCeK following acute activation with tamoxifen. Wnt11, a noncanonical Wnt signaling 

protein, plays an important role in cardiomyogenesis during development, and supports 

cardiac lineage commitment in bone marrow mesenchymal stem cells [14]. Protein levels of 

cell cycle inhibitors p16 and p53 were significantly lower in CPCeK (Fig. 6e), suggesting 

that the increased size and decreased rate of proliferation observed in these cells are not 

consequences of cellular senescence. Collectively these data support the hypothesis that 

Notch activity drives differentiation of CPCs toward a vascular smooth muscle/early 

myocyte lineage in a dose-dependent manner, and that increased size and reduced 

proliferation rate are not due to senescence.

Adoptive transfer of CPCeK into infarcted myocardium blunts loss of cardiac function

Given that CPCeK display enhanced growth, survival and differentiation over CPCe, 

adoptive transfer experiments were performed in infarcted mouse hearts comparing the 
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regenerative potential of CPCe and CPCeK in a cell therapy application. Hearts receiving 

CPCeK at the time of infarction exhibited significantly decreased infarct length and area 

over hearts receiving CPCe, as measured from Trichrome staining (Fig. 7a). Heart weight-

to-body weight ratios were also lower in CPCeK-treated hearts (Fig. 7b). Functional 

measurements by echocardiography (Fig. 7c) and in vivo hemodynamics (Fig. 7d) revealed 

significantly better function in CPCeK versus CPCe-treated hearts 6 weeks post-infarction. 

Furthermore, capillary density, as measured by isolectin B4 staining fluorescence and 

capillary numbers per field of view, were 35 % higher in CPCeK versus CPCe-treated hearts 

(Fig. 7e), while the percentage of tissue area positive for smooth muscle protein was 40 % 

higher with CPCeK treatment. Vessel length density (VLD) was 9 % higher in the remote 

region of CPCeK-treated hearts (Fig. 7f). Immunostaining for GFP did not reveal convincing 

evidence for engraftment of either CPCe or CPCeK (data not shown), perhaps due in part to 

low cell retention following injection [23]. These data indicate that the moderate but 

significantly increased protective effects of CPCeK may be mediated by enhanced growth 

and survival signaling following adoptive transfer, and possible stimulation of endogenous 

vascular repair mechanisms in CPCeK recipient hearts.

Discussion

Cardiac regeneration in adult mammals is restricted by the limited response of endogenous 

progenitor cells and proliferative cardiomyocytes to pathologic challenge. Recent clinical 

trials, in which heart failure patients showed functional improvement after receiving an 

intracoronary infusion of autologous cardiac stem cells, demonstrate feasibility and safety of 

cell-based therapy for the treatment of heart disease [3, 9, 36, 37]. However, cells derived 

from elderly or chronically ill patients may have compromised function, underscoring the 

need to enhance the reparative capacity of autologous adult stem cells. Modification of 

mouse and human CPCs with Pim1 survival kinase improves survival, engraftment and 

differentiation following adoptive transfer into infarcted mouse hearts, corroborating this 

approach for cell-based therapy [13, 40]. Within the cardiac stem cell niche, Notch/Jagged1 

signaling mediates communication between niche support and stem cells to maintain a 

balance between self-renewal, proliferation and differentiation [4, 53]. In this study, CPCs 

engineered with activated Notch display morphological and molecular changes indicative of 

cardiac differentiation, and mitigate infarction damage, possibly through paracrine and 

survival signaling stimulated by elevated Notch activity.

Notch has been engineered into various stem cell types to drive proliferation, cardiac 

differentiation, or both. Forced expression of Notch4 receptor in mouse embryonic stem 

cells directs hemangioblasts to a cardiac cell fate, and transient overexpression of 

intracellular Notch in cardio-sphere-derived cells (CDCs) facilitates smooth muscle cell 

differentiation in vitro and in vivo [7, 8]. Likewise, overexpression of intracellular Notch1 in 

cardiac stem cells (CSCs) isolated from newborn mice stimulates differentiation into a 

transient amplifying pool of early myocytes [53]. Bone marrow from mice with a global 

hemizygous deletion in Notch1 (N1+/−) fails to decrease injury following transfer into 

infarcted wild-type hearts, while wild-type bone marrow transfer lessens injury in N1+/− 

infarcted myocardium [34]. Results presented here agree and conflict with these reports, 

such that Notch activation in adult CPCs decreases proliferation but drives differentiation 
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toward a vascular smooth muscle and, to a lesser extent, myocyte phenotype in vitro. Cell 

origin and method of culture may explain these discrepancies. The CPCs described in this 

study are clonal stable lines created from adult mouse c-Kit+ selected cardiac progenitor 

cells. CPCeK lines exhibited a level of Notch activity consistent with cells subjected to 

ligand-mediated Jagged1 activation, driving morphological change while permitting 

proliferation. Deletion of Notch1 from fibroblasts has been reported to increase 

proliferation, while overexpression reverses the effect via induction of Wnt11 and 

downstream WISP1 [35]. Consistent with these findings, acute augmentation of Notch 

activity in CPCeK led to dramatic arrest of proliferation, increased cell size, and 

upregulation of Wnt11 expression, underscoring the sensitivity of these cells to Notch 

signaling levels and the potency of the Notch signal in progenitor cell differentiation and 

commitment.

Crosstalk between Notch and multiple signaling pathways plays a central role in stem cell 

proliferation, differentiation and survival [26]. Endogenous survival signaling in CPCs has 

been demonstrated in vivo [55] and in CPCs subjected to serum starvation, oxidative stress 

and hypoxic preconditioning [24, 28, 30, 50]. IGF-1-mediated Akt activation in CPCs 

isolated from patients undergoing cardiac bypass surgery was found to be one predictive 

indicator of postoperative cardiac remodeling [11]. Like-wise, we find here that elevated 

Notch activity enhances survival and growth signaling in CPCeK and CPCe JGD1, 

suggesting a role for Notch-mediated protection in adult CPCs. Moreover, adoptive transfer 

of CPCeK cells possessing enhanced growth and survival signaling may contribute to the 

improved cardiac function in recipient hearts. The paracrine profile for CPCeK is consistent 

with a vascular smooth muscle phenotype. Notch and TGFβ1 have been reported to promote 

differentiation of human mesenchymal stem cells (MSCs) into smooth muscle cell (SMCs) 

through induction of Notch ligand Jagged1 by TGFp [33]. IL-6 signaling through STAT3 

decreases proliferation and promotes satellite stem cell myogenic differentiation [52]. 

Interestingly, results here indicate that Notch activation upregulates TGFβ1 and IL-6 

message and protein levels, suggesting crosstalk among these signaling pathways during the 

CPC to SMC transition.

Combinatorial cell therapy is emerging as a promising strategy for boosting cardiac repair 

and regeneration by exploiting the regenerative potential of diverse, defined stem cell types 

[2, 56]. The improvement in cardiac function and vascular content of CPCeK-treated hearts 

does not appear to result from dramatically enhanced engraftment or differentiation of 

CPCeK at 6 weeks post-injection. Future studies investigating earlier time points after 

infarction and cell treatment will be required to assess the mechanistic role of Notch 

signaling on adoptive cell retention, proliferation and differentiation in vivo. However, the 

paracrine profile of CPCeK and resistance to oxidative stress suggest that CPCeK serve to 

protect recipient myocardium and stimulate endogenous cardiac repair mechanisms 

following injury. These properties, in addition to the predisposition toward a vascular 

smooth muscle phenotype, complement those of other modified cells such as CPCs 

expressing Pim1 kinase (CPCeP), which exhibit enhanced proliferation, endothelial 

commitment, engraftment and differentiation into cardiac myocytes. Concomitant 

administration of CPCeP and CPCeK would be expected to confer enhanced protection and 
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repair beyond that observed with either cell type alone as a therapeutic treatment for cardiac 

injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Constructs for creation of cell lines encoding intracellular Notch1. Schematic of construct 

encoding mouse intracellular Notch1 (KNIC) fused to the mutated estrogen receptor (mER) 

with protein sequence defining intracellular Notch as adapted from clones kindly provided 

by Professor Raphael Kopan of Washington University, St. Louis, MO. a Schematic 

representation of lentiviral construct encoding KNICmER used to generate stable CPCeK. b 
Live image of CPC transduced with control (c, CPCe) or Notch expressing virus (d CPCeK). 

Overexpression of KNICmER verified by immunoblot for activated Notch1 intracellular 
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domain (NICD) and FLAG in CPCeK versus CPCe (e). Nuclear localization of 

overexpressed NICD (Notch1, red) in CPCeK treated with PBS (F) or 1 μM tamoxifen for 1 

day (g). Increased expression of Hes1 (green) following activation of KNICmER by 

tamoxifen as shown by immunostain (f, g). Scale bar equals 40 μm in all images
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Fig. 2. 
Notch activation increases area of cardiac progenitor cells. Live fluorescence images of 

CPCe cultured on control (a) or Jagged1 Fc-treated (b) plates for 4 days. CPCeK cultured on 

control-treated (c) plates. Quantitation of relative area, roundness and length-to-width (L/W) 

ratios as measured using NIH ImageJ (d), minimum three images per sample, at least ten 

measurements per image. Bright field images of resuspended CPCe (e) and CPCeK (f) with 

quantitation of cell diameter from multiple fields of view as measured in NIH ImageJ. Live 

fluorescence images of CPCeK treated with PBS (g) or 1 μM tamoxifen (h) for 2 days. 
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Morphological measurements are shown in i. Scale bar 40 μm in all images. **p < 0.01, 

***p < 0.001, significance determined using two-tailed t test
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Fig. 3. 
Notch activity decreases proliferation and increases metabolic activity in CPCs. Proliferation 

measured by CyQuant assay in CPCe cultured on BSA or Jagged1-coated surfaces (a) or in 

CPCe versus CPCeK (b). Metabolic activity in BSA versus JGD1-treated CPCe, and CPCe 

versus CPCeK as determined by MTT (c, d). Data combine at least three experiments, 

multiple replicates per data point. Significance determined by two-way ANOVA using 

Bonferroni’s multiple comparisons test. **p < 0.01, ***p < 0.001
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Fig. 4. 
Notch signaling increases ribosomal S6 and Akt activity, and promotes resistance to 

oxidative stress in CPCs. Levels of phosphorylated ribosomal S6 (p-rS6) and Akt (p-Akt) in 

CPCe cultured on BSA versus Jaggedl (JGD1)-coated surfaces quantitated by immunoblot 

(a). Levels of p-rS6 and p-Akt in CPCe versus CPCeK quantitated by immunoblot (b). Cell 

death in response to H2O2 treatment at concentrations indicated was measured by flow 

cytometry analysis of AnnexinV and 7AAD signal in BSA versus JGDl-treated CPCe, and 

CPCe versus CPCeK (c, d). Significance for a and b determined by two-tailed t test. 
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Significance for c and d determined by two-way ANOVA with Bonferroni’s multiple 

comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5. 
Smooth muscle differentiation markers are increased in CPCeK. Message levels of smooth 

muscle actin (sma, a), myosin heavy chain 11 (MyHC11, b) and sm22 (c) in response to 

Notch activity induced by Jaggedl treatment (CPCe JGD1) or overexpression of intracellular 

Notch (CPCeK PBS or CPCeK TMX) measured by qPCR. CPCeK treated with 1 μM 

tamoxifen (CPCeK TMX) display acute induction of Notch activity in CPCeK. Calponin 

(red) localizes to CPCeK (green, e) but not CPCe (green only, d) following coculture with 

NRCMs as detected by immunolabeling. Myocytes are labeled with alpha sarcomeric actinin 
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(blue) and CPCe or CPCeK are identified by EGFP (green). Colocalization of EGFP and 

Calponin appears orange (white arrows). Protein levels of sarcomeric actinin and smooth 

muscle actin (SMA) in CPCe versus CPCeK, as measured by immunoblot (f). Significance 

in a-c determined by ordinary one-way ANOVA using Tukey’s multiple comparisons test. 

Significance in f determined by two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001 versus 

CPCe BSA or CPCe PBS. #p < 0.05, ##p < 0.01, ###p < 0.001 versus CPCe JDG1 or CPCe 

TMX. $p < 0.05, $$p < 0.01, $$$p < 0.001 versus CPCeK BSA or CPCeK PBS. Scale bar 40 

μM
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Fig. 6. 
Notch activation induces expression of TGFßl, IL-6 and VEGF, but not p16 or p53. Message 

levels of TGFßl (a), IL6 (b) and VEGF (c) measured by qPCR in CPCe and CPCeK treated 

with Jagged1 or tamoxifen. Protein levels of TGFß1 and IL6 (d) and p53 and p16 (e) in 

CPCe and CPCeK quantitated by immunoblot. e CPCe, K CPCeK. Significance in a-c 

determined by ordinary one-way ANOVA using Tukey’s multiple comparisons test. **p < 

0.01, ***p < 0.001 versus CPCe BSA or CPCe PBS. #p < 0.05, ##p < 0.01, ###p < 0.001 
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versus CPCe JDG1 or CPCe TMX. $p < 0.05, $ $ $p < 0.001 versus CPCeK BSA or CPCeK 

PBS. Significance for d and be determined by two-tailed t test. **p < 0.01, ***p < 0.001
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Fig. 7. 
CPCeK provide enhanced protection to infarcted myocardium. Percentage of infarct length 

and area relative to total left ventricle (LV) in hearts receiving CPCe or CPCeK as measured 

by Masson’s Trichrome staining (a). Heart weight-to-body weight ratio in sham, CPCe and 

CPCeK-treated hearts (b). Cardiac function in CPCe and CPCeK-treated hearts during 6 

weeks following infarction as measured by echocardiography (c) and in vivo hemodynamics 

(d). Capillary density in CPCe and CPCeK-treated hearts quantitated from isolectin B4 

staining (e green, scale bar 40 μm). Area of smooth muscle in left ventricle as measured by 
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sm22 staining (green, scale bar 500 μm) analyzed in NIH ImageJ, and vessel length density 

(VLD) as measured in isolectin B4 staining colocalized to smooth muscle actin analyzed in 

LASX (f). Significance between two groups was determined by two-tailed t test analysis. 

Significance between two or more groups over time was determined by two-way ANOVA. 

*p < 0.05, **p < 0.01. n = 4 for Sham and 9 for CPCe and CPCeK-treated groups for 

functional analyses
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