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ABSTRACT OF THE DISSERTATION

Notch activated protective signaling in damaged mammalian myocardium

By

Natalie A. Gude

Doctor of Philosophy in Biology

University of California, San Diego 2010

San Diego State University 2010

Professor Mark A. Sussman, Chair

Professor Christopher C. Glembotski, Co-Chair

Rebuilding the human myocardium following pathological injury remains
a significant challenge both at the level of basic research and clinical
application. In the last decade, cell based therapy has emerged as a
promising option for repairing damaged heart tissue, but a universally
available treatment still eludes the medical profession. The work presented

here investigates the cardiac response to injury in the context of crosstalk
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between stem cell and survival kinase signaling. The hypothesis of this thesis
is that activated Notch participates in a HGF/PI3K/Akt mediated survival
signaling response to cardiac injury, and that Notch signaling drives cardiac
differentiation of cardiac progenitor cells (CPCs).

Notch, a critical cue in the developing heart, is activated in damaged
myocardium. Likewise, following myocardial infarction, c-Met, the tyrosine
kinase receptor for hepatocyte growth factor (HGF), colocalizes with activated
in nuclei of surviving cardiomyocytes. HGF stimulates Notch activity in
neonatal rat cardiomyocytes (NRCMs) when applied in vitro and when injected
into the intact heart. Moreover, exogenous Notch increases levels of cardiac
phospho-Akt both in vitro and in vivo. Genetic tools were developed to
manipulate activated Notch signaling and investigate regenerative/survival
signaling crosstalk in intact heart as well as cardiac progenitor cells. A
regulatable, intracellular Notch (KNIC) fused to the mutated estrogen receptor
(mER) was created and tested for induction by tamoxifen. KNICmER was
engineered into adenovirus for transient expression and lentivirus for stable
integration into cardiac progenitor cells. Likewise, cardiac specific transgenic
mice were created expressing KNICmER, and this construct will be subcloned
downstream of the c-kit promoter to create a transgenic line with regulatable
Notch activity in the progenitor population. These reagents will be applied in

future studies aimed at improving the inherent reparative capacity of the

XXV



mammalian heart as well as enhancing the regenerative success of adoptive
transfer of cardiac progenitor cells into the damaged myocardium.

Overall, this study demonstrates that activated Notch participates in
cardiac protection following pathologic injury, in part by activation of the
PI3K/Akt survival pathway, and that activated Notch also impacts cardiac

progenitors by pushing them toward a cardiogenic lineage.
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INTRODUCTION OF THE DISSERTATION



Heart disease statistics are sobering. The American Heart Association
estimates that in 2006, 80 million Americans had some form of cardiovascular
disease and that cardiovascular disease comprised more than one third of all
deaths in the US in 2005. Simply put, one in three Americans have heart
disease, and over one in three deaths are a consequence of heart disease.
Heart attack, or myocardial infarction, falls into the subset of ailments known
as coronary artery disease. Blockage of coronary arteries, the vessels feeding
the heart, starves the downstream tissue of oxygen and nutrients, resulting in
myocardial death. Eventually, scar tissue replaces what was once contractile
myocardium, compromising overall heart function. Treatments currently
available for heart disease improve function of the surviving myocardium, but
do not repair or replace the heart tissue that is lost following injury. The latest
wave of cardiac research focuses on cardiac regeneration and potential cell-
based therapies for rebuilding damaged hearts; stem cell therapy for heart
disease is at the forefront of cardiovascular medicine. As many laboratories
investigate the regenerative potential of what was once thought to be a post-
mitotic organ incapable of self repair, understanding the interactions of survival
signaling pathways and stem cell regenerative cascades is essential to
devising therapies that will exploit the inherent regenerative capacity of the
heart.

Notch is a stem cell regulatory protein critical to proper embryonic heart

development. The Notch network regulates multiple cellular processes,



including cell fate determination, development, differentiation, proliferation,
apoptosis and regeneration. These processes are regulated via Notch-
mediated activity that involves HGF/c-Met receptor and PI3K/Akt signaling
cascades. The PI3K/Akt survival signaling axis has been well documented in
adult myocardium. The work presented in Chapter | of this thesis investigates
the role of Notch as a survival and regenerative signal in damaged adult heart
with a specific focus on crosstalk between the Notch and PI3K/Akt signaling
cascades.

The impact of HGF upon Notch signaling was assessed following
myocardial infarction as well as in cultured cardiomyocytes. In the infarcted
mouse heart, Notch1 is activated in border zone cardiomyocytes and is
coincident with nuclear c-Met following infarction. Intramyocardial injection of
HGF enhances Notch1 and Akt activation in adult mouse myocardium.
Corroborating evidence in cultured cardiomyocytes shows that treatment with
HGF or insulin increases levels of the Notch effector Hes1, while
overexpression of the activated Notch intracellular domain prompts a four-fold
increase in phosphorylated Akt. Infarcted hearts injected with recombinant
adenovirus encoding Notch intracellular domain (NICD) exhibit improved
hemodynamic function compared to control mice four weeks following
infarction and treatment with virus, implicating Notch signaling in a

cardioprotective role following cardiac injury. These results indicate that Notch



activation in cardiomyocytes is mediated through c-Met and Akt survival
signaling pathways, and that Notch1, in turn, enhances Akt activity. This
mutually supportive crosstalk suggests a positive survival feedback
mechanism between Notch and Akt in the adult myocardium following injury.

In Chapters Il and Ill, a regulatable Notch-mER fusion construct
(KNICmER) was developed to provide temporally controlled activation of
Notch signaling in cardiac myocytes and progenitor cells in vitro and in vivo.
Activation of KNICmER in NRCMs increased transcripts of known Notch target
Hes1 and increased activity of the RBPJ-k luciferase reporter. Interestingly,
transcript levels of Notch ligand Jagged1 were also upregulated, implicating
Jagged1 as a potential Notch target or as part of a feedback mechanism within
the Notch signaling pathway, consistent with the model proposed in Chapter I.
The mouse model expressing KNICmER in cardiomyocytes provides an
interesting system to explore the role of Notch activation in cardiac
regeneration both in myocytes and cardiac progenitors.

In addition to Notch signaling in surviving myocardium, Chapter |l
addresses the impact of Notch activation in cardiac progenitor cells.
Controlling differentiation of CPCs into the desired cardiac lineages to form
functional cardiomyocytes and vasculature is an important goal of cardiac
stem cell research. As a known effector of stem cell renewal or lineage

commitment, Notch serves as an excellent target for manipulation of CPC



differentiation. Extended Notch activity in CPCs pushes them away from the
progenitor phenotype, possibly toward a smooth muscle or pre-myocyte
lineage. Experiments with the KNICmER construct indicate that transcripts of
Notch network members Hes1, Hey1l and Jaggedi all increase in CPCs
following induction of Notch activity with tamoxifen. Additionally, smooth
muscle actin (SMA), an marker of smooth muscle lineage and recently shown
to be a transcriptional target of Notch, increases both at the transcript and
protein level in CPCs following KNICmER activation. Conversely, CD31
transcript levels decrease with Notch activation. The KNICmER CPC lines will
provide valuable reagents for investigating the role of Notch activity in CPC
differentiation and for enhancing reparative capacity of adoptively transferred
CPCs used in cardiac cell based therapies. Finally, the transgenic mouse
proposed in Chapter lll, c-kit-KNICmER, provides an in vivo correlate for
adoptive transfer experiments. As opposed to limited numbers of KNICmER
CPCs applied to a damaged heart, the entire endogenous stem and progenitor
population in a c-kitKNICmER system is engineered to respond to Notch
activation by tamoxifen. Overall, this dissertation presents Notch as a mediator
of cardioprotection and repair both in the myocardium and cardiac progenitor

populations.



CHAPTER I

NOTCH-MEDIATED PROTECTIVE SIGNALING IN THE MYOCARDIUM.



Introduction

Two decades have passed since the Notch gene was originally cloned
in Drosophila melanogaster, with pursuant research resulting in a substantial
body of literature.”” Functional activities of Notch have been linked to diverse
cellular processes such as differentiation, proliferation, apoptosis, adhesion
and epithelial-to-mesenchymal transition. Deregulation of the Notch pathway
results in a variety of tumor types that can arise from either abundance or lack
of appropriate activity. Properties of increased cellular survival and
proliferation, via manipulating Notch activity, have recently been touted as a
potential approach for enhancing stem cell expansion for regenerative
medicine.? In the context of the myocardium, studies with embryonic tissues
implicate Notch in cell fate determination and suppression of cardiogenic

signaling, 2

and Notch has a longstanding association with regulation of
cardiac development and morphogenesis.'®'® However, the function of Notch
signaling in the mature myocardium has been largely overlooked. As has
been reported in research related to tumorigenesis and stem cell proliferation,

the relevance of Notch in the heart may lie with survival or proliferative

signaling in response to pathological damage.

The Notch receptor, originally identified in Drosophila and having four
orthologs in mammals, is a large transmembrane protein important for cell fate

decisions, cellular development, differentiation, proliferation, and apoptosis.'”



'® Notch signaling plays an important role in embryonic heart development '
22 while defective Notch1 protein has been linked to aortic valve disease.?®
Notch receptor activation occurs via binding to Notch ligands, the Delta and
Serrate families in Drosophila, or Delta-likes and Jagged families in mammals.
Target genes of Notch signaling include the basic helix-loop-helix transcription
factors Hairy and enhancer of split 1 (Hes1) and the Hairy-related transcription
factor family (HRT), which are found in the developing and adult heart.?* HRT
proteins bind GATA transcription factors and inhibit GATA4-mediated
transcription of ANP in vitro; Akt1/PKB alleviates this repression through an

unknown mechanism.?®

Notch signaling is triggered through binding to cognate ligands such as
Delta. Activation of the c-Met receptor induces expression of Delta in MDCK
cells, activating Notch and upregulating expression of Hes1. Hes1, in turn,
represses transcription of c-Met, indicating a negative feedback loop for c-Met
activity.?® c-Met is a receptor for hepatocyte growth factor (HGF) that is
increased in hypertrophic and infarcted cardiac tissue.?”” 2 Upon activation by
HGF, c-Met participates in numerous downstream signaling pathways,
including activation of ERK and Akt/PKB survival signaling in the heart. Notch
and Akt/PKB signaling pathways interact through complex molecular webs in
developing, adult and neoplastic tissues ® 292, and the Akt/PKB cascade is a

well-known effector of cell survival in the myocardium.*** These precedents



for a network of crosstalk between Notch, HGF, c-Met, and Akt/PKB implicate
Notch-driven signaling as a mediator of cell survival. Furthermore, the
presence of c-Met on cardiac stem cells (CSC) may facilitate HGF-dependent
migration of these cells to sites of damage, with enhanced survival, thereby
directing repair or regeneration of infarcted myocardium.>® Elucidating
interplay between Notch, c-Met and PI3K/Akt signaling in pathologically

challenged myocardium constitutes the focus of this study.
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Methods

Surgical Procedures

Myocardial infarction (MI). Adult male FVB mice (2 —3 Months Old)
under isoflurane anesthesia were intubated and ventilated. A lateral
thoracotomy was performed, exposing the anterior surface of the heart. The
anterior descending branch of the left coronary artery was ligated using 8-0
suture (Ethicon). Sham operations were conducted by passing the suture
under the coronary artery at the position used for ligation. Cyanosis and
akinesia of the affected area were observed to confirm complete ligation of the
coronary vessel, after which the chest was closed. Hearts were harvested
following cervical dislocation and the margin of ischemic and non-ischemic
area was carefully dissected and snap-frozen for western blot analysis. For
immunohistochemistry analysis, hearts were arrested in diastole with
relaxation buffer (333 mM KCI, 67 mM CdCI2, 33 mM Tris pH 7.0) and were
fixed in 4% Neutral Buffered Formalin for 24 hours. Tissues were embedded in
paraffin and sectioned at a thickness of 4 microns using standard techniques.

Intramyocardial injection

Adult male mice were anesthetized using 2% Isoflurane, intubated, and
an incision made between the 4th and 5th left ribs to expose the heart.
Adenovirus encoding activated Notch-EGFP (NICDEGFP) or EGFP purified by
FPLC to a titer of 1.0 x 109 in PBS, HGF diluted in PBS (200 ng/mL) or PBS

alone were delivered directly to the mouse myocardium. The pericardium was
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carefully removed and a 32 gauge blunt needle attached to a 10 microliter
glass syringe (Hamilton Co., Reno) was advanced into the myocardium at a
shallow angle to the surface of the heart. Five microliters of solution per
injection were administered with six injections per animal. Upon sacrifice,
hearts were collected and the apical region was isolated and either snap
frozen for western blot analysis or embedded in paraffin as described above.
For intramyocardial injections of adenovirus following myocardial infarction,
female C57BI/6 mice were used. Injection of virus or vehicle occurred
immediately after ligation, with five injections of five microliters placed at the
margin of ischemic and non-ischemic tissue. Echocardiography was
performed weekly to assess gross cardiac structure and function. After four
weeks, in vivo hemodynamics was performed and hearts were harvested for
paraffin embedding. Signals were quantitated using EMKA, Microsoft Excel
and Prizm software. Values are expressed as average +/- standard deviation
using one-way ANOVA with Tukey’s post hoc test to determine significance.

Immunohistochemistry and immunoblot analyses

Paraffin sections were treated for immunohistochemistry as previously
described®’. For immunoblotting, neonatal rat cardiomyocytes (NRCMs) or
mouse heart samples were lysed in sample buffer (150mM Tris pH6.8, 8M
Urea, 50 mM DTT, 2% SDS, 15% sucrose, 2 mM EDTA, 0.01%
bromomphenyl blue, Sigma protease and phosphatase inhibitor cocktails),

sonicated, boiled and run through a 4-12% Bis/Tris gel using 1X MES buffer
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(Invitrogen), transferred to Immobilon PVDF membrane (Millipore) and blocked
in 10% nonfat milk in TBST (150 mM NaCl, 50 mM Tris pH 7.5, 0.1% Tween-
20). Membranes were probed with primary antibodies overnight at 4°C in
blocking buffer, washed in TBST, probed with secondary antibodies in
blocking buffer at room temperature for 90 minutes, washed, and fluorescent
signal detected using a Typhoon 9410 imaging system (Molecular Dynamics).
Signals were quantitated using ImageQuant (Molecular Dynamics) and
Microsoft Excel software. Values are expressed as average +/- standard
deviation using Student’s T-test to determine significance. Antibodies used for
immunoblot analyses include: goat anti-Notch1 (Santa Cruz #sc-6015), rabbit
anti-Hes1 (Santa Cruz #sc-25392), goat anti-Jagged1 (RNDSystems #AF599),
goat anti-Akt1/2 (Santa Cruz #sc-1619), rabbit anti pS473Akt (Biosource #44-
621G or CST #9271), rabbit anti-pT308Akt (CST# 9275), rabbit anti-PDK1
(Biosource #AHZ0512), mouse anti-GAPDH (Chemicon #MAB374).
Immunoprecipitation was performed using rabbit anti-c-myc (Sigma #C3956)
or rabbit anti-GFP (Molecular Probes #A11122). Antibodies used for
immunohistochemistry include: rabbit anti-cleaved Notch1 (Rockland #100-
401-407), mouse anti-tropomyosin (Sigma #T19283), goat anti-DLL4
(RNDSystems #AF1389), goat anti-GFP (Rockland #600-101-215), goat anti-
HGF(RNDSystems #AF2207), goat anti-Jagged1 (RNDSystems #AF599),

rabbit anti c-Met (Santa Cruz #sc-161), rat anti-Ki67 (Dako #M7249), rabbit
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anti tropomodulin (Sussman), rat anti-Tenascin-C (RNDSystems #MAB2138),
goat anti-c-kit (RNDSystems #AF1356).

Cell culture and treatments

NRCMs were isolated and cultured as previously described®. For
activation of Notch, cells were incubated overnight in serum free medium
containing 0.1% BSA and treated with recombinant mouse HGF (RNDSystems
#1389-D4) or insulin (Sigma 15500) at the concentrations and times described.
For inhibition of PI3K in insulin or HGF stimulated NRCMs, 30 uM LY294002
(Sigma L9908) was applied one hour prior to stimulation and included in serum
free/0.1% BSA media with HGF or insulin. For baseline inhibition, NRCMs
were incubated in 20 puM PD98059 MAPK inhibitor (Sigma P215), 10 pM
Tricirbine (Akt inhibitor V, Calbiochem 124012) or 10 uM rapamycin (Alexis
ALX-380-004) in media containing 2% FBS for three hours prior to harvest of
whole cell lysates for immunoblot analysis. Adenoviruses used include
adNICDEGFP courtesy of Dr. Ken Tezuka® and adEGFP from the University
of Pittsburgh Cancer Institute Vector Core Facility. Antibodies used for
immunocytochemistry include: mouse anti-a actinin (Sigma # A7811), rabbit
anti-PDK1 (Biosource #AHZ0512), mouse anti-PCNA (Santa Cruz #sc-56),
rabbit anti-desmin (Biomeda #V2022), rabbit anti-Hes1 (Santa Cruz # sc-

25392).
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Results

Notch expression and signaling declines during postnatal development

The relationship between postnatal development and expression levels
for cleaved Notch1 or downstream target protein Hes1 protein (indicative of
Notch activity) was assessed. Notch1 and Hes1 levels are highest in neonatal
heart samples and stabilize by two months postnatal age and thereafter
(Figure 1.9A). Quantitation reveals that Hes1 levels decrease 4 to 5-fold from
two days to two months (Figure 1.9B), whereas cardiac Notch1 levels
decrease approximately 3-fold during postnatal development (Figure 1.9C).

Noich1 is activated in adult injured myocardium

Notch levels decrease in adult myocardium relative to neonatal tissue
(Figure 1.1) but increase in response to acute infarction by permanent
coronary artery occlusion. Four days after infarction, nuclear Notch
accumulates in surviving cardiomyocytes restricted to the border zone of the
infarct region (Figure 1.10A, white arrows, Figure 1.1A, white arrows, Notch
ICD, green in overlay). Similarly, immunoreactivity for Notch ligands Jagged1
or Delta4 is also observed. Jaggedi appears within cardiomyocytes in a
perinuclear distribution (Figure 1.1B, white arrows, Jagged1, green in overlay),
whereas DLL4 is predominantly expressed in interstitial areas (Figure 1.1C,
white arrow, DLL4, green in overlay). Interstitial cells labeled for both DLL4
and Notch (Figure 1.1C, arrow) or cardiomyocytes positive for activated Notch

(Figure 1.1C, arrowhead) were observed. Corresponding immunoblot analysis
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of myocardial lysates taken from the combined infarct and border zone region
demonstrates that Notch1, Hes1 and Jaggedi levels are significantly
increased four days post infarction (Figure 1.1D, E and F respectively),
indicative of Notch activation. Notch signaling is also observed in non-
myocyte tissue in infarcted myocardium, as indicated by a c-kit+ cell (Figure
1.10C, green in overlay) expressing activated Notch (NICD, red in overlay) in
the tenascin-C rich border zone area or c-kit+ (green) cells lining a vessel wall
(Figure 1.10D, red in overlay, white arrows).

c-Met and HGF localization in infarcted myocardium

Interplay between HGF receptor c-Met and expression of HGF in
relation to Notch signaling prompted examination of infarcted tissue for
immunolocalization of HGF and c-Met. HGF levels increase following acute
infarction.**** Confocal microscopy reveals strong HGF staining of vessel
walls in proximity to the infarct, as well as localization in the infarct region
(Figure 1.2A, 1.2B, white arrow, HGF green in overlay, BZ denotes border
zone, |Z denotes infarct zone) at four days post injury. In comparison, nuclear
staining for c-Met is observed in border zone cardiomyocytes (Figure 1.10B,
white arrows, c-Met green in overlay, Figure 1.2B, white arrowheads, c-Met
red in overlay, Figure 1.2C, white arrows, c-Met green in overlay). In Figure
1.2B, border zone myocytes (blue) with nuclear staining pattern for c-Met (red)

are localized in proximity to an HGF positive vessel (green).
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HGF stimulates Notch in vitro and in vivo

The relationship between HGF and Notch-mediated signaling was
assessed using cultured neonatal rat cardiomyocytes (NRCMs) treated with
recombinant HGF, wherein Hes1 levels increased within five minutes and
remained elevated for six hours (Figure 1.3A, 1.3B). In comparison, the effect
of HGF is similar to insulin-mediated Hes1 induction (Figure 1.3B, Figure
S3A). Both HGF and insulin promote Akt activation, so involvement of Akt in
induction of Hes1 expression was examined by pretreatment of NRCM with
PI3K inhibitor LY294002 prior to stimulation with HGF or insulin. Inhibition of
PIBK by LY294002 significantly suppresses both basal and stimulated
expression of Hes1 protein without significantly altering Akt protein expression
levels (Figure 1.3C, 1.3D). Inhibition of MAPKK by PD95089 or mTOR by
rapamycin did not reduce Hes1 levels significantly, whereas treatment with
triciribine (Akt inhibitor V) reduced Hes1 levels by more than half (Figure
1.11B), indicating specific crosstalk between Akt and Notch signaling in
NRCMs. These findings demonstrate that the PI3K/Akt pathway mediates
activation of Notch1 in NRCMs, and that the stimulatory effect of HGF is

regulated in part by PI3K.

Induction of Notch activity by HGF in the intact myocardium was
confirmed by intramyocardial injection of HGF (Figure 1.4A). The area of

myocardium surrounding the injection site positive for activated Notch (yellow
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line) relative to the area of the injection site (blue line) was measured,
revealing a two-fold increase in the area of myocardial tissue expressing
Notch and a four-fold increase in the average distance extending from the
injection lesion to the perimeter of Notch activation (Figure 1.4B). Myocardial
samples harvested at multiple time points following HGF injection exhibit a 2.5
fold increase in phospho-AktS473 levels compared to PBS injected controls
(Figure 1.4D). Similarly, Notch activation increases two-fold in the same
samples (Figure 1.4C). No significant induction of phospho-Akt™%® was
observed in these samples (data not shown). Previous studies have shown
differential phosphorylation of Akt at the T308 and S473 residues.*
Collectively, these results indicate that HGF activates Notch signaling in intact
myocardium, and that this effect is associated with Akt activation.

Notich1 signaling supports Akt activation in vitro and in vivo

The impact of Notch signaling on Akt activity was assessed using an
adenoviral vector that expresses the human Notch intracellular domain fused
to EGFP (adNICDEGFP, gift of K. Tezuka %), which accumulates in the nuclei
of cardiomyocytes (Figure 1.5A). NRCMs overexpressing adNICDEGFP show
induction of Hes1 by immunoblot analysis (Figure 1.5A) relative to cells
expressing EGFP (adEGFP), demonstrating that this construct is active in our
system. Levels of phospho-Akt>*’® are increased six-fold in the adNICDEGFP
versus noninfected and three-fold over adEGFP infected NRCMs (Figure

1.5A). The ability of adNICDEGFP to activate Akt was confirmed in the adult
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myocardium by direct injection of the virus into the apex of hearts.
Immunolabeling for EGFP verifies viral expression three days after injection
(Figure 1.5B). Immunoblotting reveals elevated phospho-Akt®*7® levels in
adNICDEGFP-injected tissue compared to PBS or adEGFP-injected tissue
(Figure 1.5C). In addition to Akt activation, NRCMs overexpressing
adNICDEGFP exhibit increased nuclear localization of Pdk1, as well as
increased overall levels of Pdk1 compared to noninfected and adEGFP
overexpressing controls (Figure 1.12A-C). Interestingly, Pdk1 is required for
Notch-mediated trophic and proliferative effects in T-cell development.*’
Additionally, pulldown experiments in lysates of NRCMs overexpressing both
adNICDEGFP and nuclear-targeted myc-tagged Akt reveal association
between these two exogenously expressed proteins (Figure 1.13D). Taken
together, these results provide further evidence for crosstalk between the
Notch and PI3K/Akt signaling pathways in cardiac myocytes.

Activated Notch stimulates proliferative signaling in vitro and in vivo

Transgenic mice overexpressing activated Notch in the male
reproductive tract exhibit higher numbers of Proliferating Cell Nuclear Antigen
(PCNA) positive cells versus nontransgenic epididymal epithelial cells.*®* PCNA
is detected in the nucleus of adNICDEGFP-overexpressing myocytes (Figure
1.6A) but nuclear localization is not seen in adEGFP infected cells (Figure

1.6B), whereas surviving myocytes expressing adenoviral activated Notch
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stained positive for Ki67 (Figure 1.6C). Collectively, these results suggest
activated Notch stimulates proliferative signaling in cardiomyocytes.

Noich signaling is cardioprotective in injured myocardium

Relationships established between Notch activity and Akt (Figs. 1.3 —
1.5) prompted studies to determine if Notch activity confers cardioprotection in
the wake of infarction challenge. ADNICDEGFP was injected into the ischemic
border region of mouse heart tissue at the time of infarction. Both the EGFP
and NICDEGFP viruses express protein in myocytes of the border zone region
three days post infarction and injection (Figure 1.7A and 1.7B, respectively).
Heart function was assessed by in vivo hemodynamic analysis four weeks
after infarction. Hearts treated with adNICDEGFP exhibit improved function
with maximum and minimum rates of change in pressure over time (dP/dt) and
developed pressure of adNICDEGFP treated hearts significantly improved
over adEGFP injected hearts (Figure 1.7C). Additionally, echocardiographic
analysis at 1, 2 and 3 weeks after infarction reveal improved anterior wall
thickness in adNICDEGFP versus vehicle treated hearts (Figure 1.13A) and
function in adNICDEGFP versus vehicle and adEGFP treated hearts (Figures
1.13B and 1.13C). Infarct area was also decreased in adNICDEGFP versus
vehicle or adEGFP-treated hearts four weeks post infarction, as demonstrated
in Figure 1.13D. Overall these functional and morphological analyses
demonstrate that transient overexpression of exogenous activated Notch in

infarcted myocardium attenuates heart failure four weeks post treatment.
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Discussion

This study shows that convergence of Notch, c-Met and Akt pathways
in border zone cardiomyocytes of infarcted myocardium protects from acute
pathological injury. Integrated and coordinated activity of the HGF / Notch / c-
Met / Akt signaling axis is a survival response of border zone cardiomyocytes.
Our findings point to a protective role for Notch signaling in damaged
myocardium, reminiscent of lower vertebrates.*® The Notch pathway crosstalks
with other signaling pathways including bidirectional influences upon and from
the PI3K/AkiB cascade,® %* *" ** and HGF/c-Met signaling leads to Notch
activity in tumor cell lines.?® Interplay of these three signaling pathways
contributes to cardioprotective effects conferred by activated Notch.

Levels of embryonic and neonatal cardiac proteins such as beta myosin
heavy chain, decrease in postnatal heart as the myocardium hypertrophies
and matures to the adult hormonal and contractile state. Similarly, Notch1 and
Hes1 levels decline steadily after birth (Figure 1.9). Enhanced Notch signaling
following tissue injury has been documented in various tissues. Elevated
levels of Notch ligands and receptors have been reported in damaged and
regenerating teeth, liver, pancreas, brain and vessels.’'*® Re-expression of
fetal genes is an adaptive response following pathological insult in adult

myocardium, and increased Notch signaling in the context of acute infarction
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(Figure 1.1 and Figure 1.10) is associated with survival of myocardium as well
as possibly signaling to regenerate damaged tissue.

c-Met and HGF are expressed during early cardiac development.®’
Multiple studies document elevated HGF levels following myocardial infarction
40-42, 44, 45, 58 a5 well as protective effects conferred upon myocytes following
cardiac ischemic insult.?® %% Additionally, c-Met nuclear localization occurs in
low density cell culture.®® Border zone cardiomyocytes experience disruption
of cell-cell contacts and may sense this as a “low density” environment that,
combined with elevated HGF stimulation, results in nuclear c-Met localization.
Given the molecular signaling between HGF/c-Met and Notch that leads to
negative feedback of c-Met expression by Notch activation, it is tempting to
speculate that a similar cascade occurs in border zone cardiomyocytes.?

HGF/c-Met signaling mediates effects via multiple downstream targets,
imparting prosurvival benefits in the heart via PI3K/Akt.?® ¢ Pharmacological
inhibition of PIBK and Akt reduces Hes1 levels in neonatal cardiomyocytes
stimulated with HGF or insulin (Figure 1.3C and 1.3D, Figure 1.11B), indicating
that HGF-induced increases in Hes1 are mediated through PI3K/Akt signaling,
reinforcing the connection of Notch activity to known survival signaling
networks in the heart. Together with HGF-mediated increases in Notch

activation leading to higher levels of phospho-Ak Figure 1.4), an outside-
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in signal transduction cascade extends from HGF/c-Met to Notch and
ultimately PI3K/Akt in the heart (see model, Figure 1.8).

Notch activation supports cell survival via PI3K induction, & *° consistent
with overexpression of activated Notch in neonatal rat cardiomyocytes and
intact mouse myocardium elevating phospho-AktS473 levels (Figure 1.5).
Activated Notch overexpression stimulates proliferative signaling in the mouse

male genital tract *®

and in cardiomyocytes infected with adNICDEGP (Figure
1.6). Previous studies have investigated the role of embryonic signaling in
myocardial repair.®® Border zone cardiomyocytes are known to remodel,
reenter the cell cycle and re-express genes characteristic of earlier points in
development.?® °  The relevance of these signals during regeneration is
emerging as a focus of regenerative medicine.?® 7' Relative contributions of
anti-apoptotic signaling versus reparative and regenerative activity in the
functional improvements resulting from activated Notch1 overexpression in
infarcted myocardium (Figure 1.7, 1.8) remain to be determined. Manipulation
of Notch expression in the heart will be key to dissecting its potential as a
therapeutic agent.

Chapter 1, in full, has been published in Circulation Research
102(9):1025-1035, 2008. Activation of Notch-mediated protective signaling in
the myocardium. Gude NA, Emmanuel G, Wu W, Cottage CT, Fischer K,
Quijada P, Muraski JA, Alvarez R, Rubio M, Schaefer E, Sussman MA. The

dissertation author was the primary investigator and author of this paper.
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Figures

Figure 1.1: Notch signaling proteins are expressed in injured
myocardium.

A. Paraffin sections from hearts subjected to acute infarction harvested four
days post infarction and stained for activated Notch1 (Notch ICD; green),
tropomyosin (red), and To-pro 3 iodide nuclear stain (blue). White arrows
indicate nuclei in surviving myocytes expressing Notch ICD. B. Sections
stained for Jaggedi ligand (green), tropomyosin (red), and To-pro 3 iodide
(blue).  White arrows point to border zone cardiomyocytes containing
perinuclear Jagged1. C. Immunolocalization of a cell (arrow) positive for
Delta4 (DLL4; green) as well as Notch ICD (red) expressed alone in a
neighboring myocyte (arrowhead) with tropomyosin (blue) and To-pro 3
(magenta). DLL4 primarily localizes to cells other than myocytes. BZ = border
zone, IZ = infarcted zone. (D-F) Mouse hearts subjected to acute infarction
with border zone regions harvested at four days post-infarction. gapdh is used
as a loading control and quantitation is in relative fluorescence units. D.
Activated Notch increases approximately three-fold post infarction. E. Hes1
levels increase 1.8-fold at four days post infarction. F. Jaggedi increases
four-fold at four days post infarction. Significance is represented as p<.05 = *,
p<.01 =**, p<.001 = ***,
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Figure 1.2: Immunolocalization of HGF and c-Met in infarcted
myocardium.

Paraffin sections of mouse hearts harvested four days post infarction. BZ =
border zone. 1Z = infarct zone. A. HGF (green) is expressed in vessels
(arrow) and other non-myocyte tissues in the infarct zone (1Z). B. HGF (green,
white arrow) expression in the vessel wall of an infarcted heart adjacent to
border zone myocytes with nuclear c-Met (red, white arrowheads),
tropomyosin (blue) and To-pro 3 iodide (gold). C. c-Met (green) expression in
the nuclei of border zone cardiomyocytes (arrows) with tropomyosin (red) and
To-pro 3 iodide (blue).
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Figure 1.3: HGF and insulin induce Hes1 in cultured neonatal
cardiomyocytes.

A. Neonatal rat cardiomyocytes (NRCMs) serum-starved overnight and
treated with 50ng/ml recombinant mouse HGF or 100mU/ml insulin as a
positive control for the time points indicated. B. NRCMs treated with HGF and
insulin, harvested after 3 and 6 hours and immunoblotted for Hes1, showing
Hes1 levels increase by approximately 2.5 fold following either HGF or insulin
treatment by six hours. Total Akt and induction of phospho-AktS473 by HGF and
insulin are shown to verify stimulation by exogenous treatments. Hes1 levels
are normalized to gapdh and phospho-Akt>*’® levels normalized to total Akt.
C. HGF and insulin treatment of NRCMs for six hours in the presence of PI3K
inhibitor LY294002 shows reduction of phospho-AktS473 level as well as Hes1
protein levels in untreated and HGF or insulin stimulated NRCMs. Significance
is represented as p<.05 =*, p<.01 =**, p<.001 = ***. NS = not significant.
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Figure 1.4: HGF stimulates Notch activation in adult mouse
myocardium.

A. Mouse hearts injected intramyocardially with recombinant mouse HGF
(rmHGF) or PBS vehicle at several sites in the apex, harvested at three days
post injection, and immunostained for activated Notch. The distance and area
surrounding the injection sites were measured for Notch activation by HGF
(panels labeled HGF, ii, iv) versus PBS (panels labeled PBS, i, iii) treated
samples. Cardiomyocytes expressing activated Notch1 (white arrowheads)
were used to mark the boundary of activation. Blue lines delineate
circumference of injection sites, area of Notch activation is depicted by a
yellow boundary. B. Quantitation shows that HGF injection increased the
average area of Notch activation around the lesion. C. Mouse hearts were
injected intramyocardially with rmHGF as described in A, then harvested at the
time points as shown. Lysates were immunoblotted for activated Notch1 and
normalized to gapdh. Hes1 and Notch levels increase by three days after
HGF treatment relative to PBS injected controls. D. HGF-injected heart
lysates were immunoblotted for total Akt and phospho-AktS473. Blots show
HGF induction of Akt phosphorylation. Phospho-AktS473 levels were
normalized to total Akt. Values are average +/- standard deviation, n = 3.
Significance is represented as p<.05 = *, p<.01 = **, p<.001 = ***. NS = not
significant.
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Figure 1.5. Notch signaling activates Akt in vitro and in vivo.

A. NRCMs infected with adenovirus encoding EGFP or NICDEGFP or left
untreated and harvested 24 hours later for immunoblot analysis. Quantitation
for phospho-AktS473 levels relative to total Akt indicates a three-fold increase
over EGFP infected NRCMs. n=4. B. Mouse hearts injected
intramyocardially with PBS or adenovirus encoding either EGFP or
NICDEGFP. Samples collected three days post injection were either
processed for immunohistochemistry or as whole cell lysates for
immunoblotting. Tissue sections immunolabeled for EGFP (green) verify
adenoviral expression with tropomyosin (red) and To-pro 3 iodide (blue). C.
Immunoblotting for phospho-AktS473, total Akt and a-sarcomeric actinin shows
exogenous activated Notch increases phospho-Akt>*®  levels two-fold over
PBS and EGFP-expressing controls after three days of treatment. Significance
is represented as p<.05 =¥, p<.01 =**.
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NICDEGFP

&

Figure 1.6. Activated Notch stimulates proliferative signaling in
cardiomyocytes.

NRCMs infected with adNICDEGFP (A, green) or adEGFP (B, green) were
immunostained for Proliferating Cell Nuclear Antigen (PCNA, red) and desmin
(blue). A. PCNA localizes to the nucleus in NICDEGFP infected myocytes.
B. PCNA localization remains cytoplasmic in EGFP infected myocytes. C.
Mouse hearts subjected to acute infarction and intramyocardial injection of
adNICDEGFP were harvested four days postoperatively for paraffin
embedding. Immunolocalization of adNICDEGFP to visualize viral expression
(green), Ki67 to indicate proliferation (red), tropomodulin as a sarcomeric
marker (blue) and To-pro 3 iodide to stain nuclei (gold) reveals colocalization
of exogenous activated Notch and Ki67 (white arrows).
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Figure 1.6 continued.
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Figure 1.7. Notch signaling is cardioprotective in injured myocardium.
Mouse hearts were subjected to acute infarction and injected 10 minutes post
infarction with vehicle or adenovirus encoding either EGFP or NICDEGFP. A
and B. Hearts harvested three days post infarction demonstrate expression of
EGFP (green, A) and NICDEGFP (green, B) in border zone heart tissue with
tropomyosin (red) and nuclei labeled by To-pro 3 iodide (blue). C. Hearts
injected with virus as described in A,B with cardiac function measured by in
vivo hemodynamic assessment at 28 days post infarction. Significance
measured by one-way Anova with Tukey’s post-hoc test. p<0.05 = #.
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Figure 1.8. Schematic representation of pathway interactions among
HGF/c-Met, PI3K/Akt and Notch signaling pathways.

Activation of the Notch receptor (red) by Delta/Jagged ligands (green) results
in translocation of NICD (red oval) to the nucleus (purple), where the Hes1
repressor (black) is upregulated, leading to downregulation of PTEN and c-Met
transcription 2® %2, NICD also induces proliferative signaling (green box).
Activation of c-Met receptor (brown) by ligand HGF (yellow oval) stimulates
PI3K (pink) and pAkt (blue) signaling. Phospho-Akt may interact with NICD in
the nucleus, potentially increasing expression of Delta/Jagged ligands °.
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Figure 1.9: Notch1 and Hes1 levels decrease in mouse myocardium
during postnatal development.

A. Heart lysates from 2, 14, 66 and 107 day-old mice were immunoblotted for
cleaved Notch1 and Hes1. Gadph was used as a loading control. B.
Quantitation of Hes1 normalized to gapdh expressed as relative fluorescence
units. C. Quantitation of Notch1 normalized to gapdh expressed as relative
fluorescence units. Values are shown as average +/- standard deviation, n=3.
Significance is represented as p<.05 = * p<01 = **, p<001 = ***,
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Figure 1.10: Overview of activated Notch and nuclear c-Met localization
in myocardium and non-myocyte tissues four days post acute infarction.
A. Immunostaining for endogenous activated Notch (Notch ICD, green),
tropomyosin (red) and To-pro 3 (blue) in mouse myocardium four days post
infarction. White arrows indicate border zone myocytes expressing activated
Notch. B. Immunolocalization of nuclear c-Met (green), tropomyosin (red) and
To-pro 3 (blue) in serial section of A. White arrows point to border zone
myocytes containing nuclear c-Met. BZ and IZ denote border zone and infarct
zone, respectively. Numbers next to arrows in A and B denote activated
Notch and nuclear c-Met in corresponding cells. C. Immunolocalization of
activated Notch (NICD, red), c-kit (green), tenascin-C (yellow), tropomyosin
(blue) and To-pro 3 (white) infarcted mouse myocardium four days post
infarction. White arrow points to c-kit+ cell expressing activated Notch, shown
enlarged in upper right corner. Larger white arrowheads point to c-kit+ cells
lacking NICD, and small white arrowheads point to border zone myocytes
expressing NICD. BZ and 1Z denote border zone and infarct zone
respectively. D. Immunolocalization of activated Notch (NICD, red), c-kit
(green), tenascin-C (yellow) and tropomyosin (blue) in cardiac vasculature
endothelium four days post infarction. White arrows point to c-kit+ endothelial
cells expressing activated Notch (NICD, red).
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Figure 1.10 continued.
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Figure 1.11: Phospho-Akt™?® in HGF and insulin treated NRCMS, Hes1
and phospho-Akt®*”® in NRCMs treated with signaling pathway inhibitors.
A. Immunoblot detecting Hes1 and phospho-Akt™® in NRCMs treated with
HGF (50ng/ml) or insulin (100mU/ml) for the times indicated. Hes1 levels
increase two-fold following six hours of treatment with HGF or insulin.
Phospho-Akt™°® levels are elevated only in insulin treated NRCMS after six
hours. B. Immunoblot detecting Hes1 and phospho-Akt**”® in NRCMs treated
for five hours with vehicle (Ctl), 20uM PD98059 (MAPKK inhibitor), 10uM
triciribine (Akt inhibitor V) and 10uM rapamycin (mTOR inhibitor). Hes1 levels
are decreased 3.5-fold following specific inhibition of Akt by triciribine.
Phospho-Akt®*’® levels decrease almost two-fold following triciribine treatment
and increase in both PD98059 and rapamycin treated cells p<0.05="*p<
0.01 =**, p<0.001 = ***,
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Figure 1.12: PDK1 accumulates in the nucleus of NICDEGFP-infected
NRCMs (A-C) and activated Notch and nuclear-targeted Akt associate
when overexpressed in NRCMs (D).

A. Immunostaining for PDK1 (red) and sarcomeric aactinin (blue) in
NICDEGFP infected myocytes (green). PDK1 accumulates in the nucleus. B.
Immunostaining for PDK1 (red) and sarcomeric actinin (blue) in EGFP infected
myocytes (green). PDK1 localization remains primarily cytoplasmic. C.
Immunoblot detecting levels of PDK1 in uninfected, adEGFP or adNICDEGFP
NRCMs. PDK1 levels increase by approximately 60% in whole cell lysates of
NICDEGPF infected myocytes versus uninfected and adEGFP expressing
controls. D. Immunoprecipitation of whole cell lysates coinfected with
nuclear-targeted myc-tagged Akt and adNICDEGFP. Pulldown with anti-myc
tag and immunoblot for gfp reveals association of nuclear-targeted Akt and
NICDEGFP in NRCMs. Loading controls include myc-tag IP blotted for Akt as
well NICDEGFP or EGFP infected lysates pulled down with gfp antibody and
immunoblotted for gfp.
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Figure 1.13. Echocardiographic measurements of infarcted hearts
receiving intramyocardial injection of TBS vehicle, adEGFP or
adNICDEGFP at one, two and three weeks following surgery (A-C).
Measurement of infarct size in hearts treated as in A-C harvested for
paraffin embedding at four weeks postoperatively (D).

A. Anterior wall dimension (AWD) is significantly greater in NICDEGFP
treated versus vehicle treated hearts four weeks following treatment. B.
Fractional Shortening (FS) and C. Ejection Fraction (EF) are significantly
greater in NICDEGFP treated hearts four weeks following treatment compared
to vehicle and EGFP treated controls. Significance determined by one-way
Anova with Tukey’s post hoc test . TBS vs. NICD p < 0.05 = &. EGFP vs.
NICD p <0.05 = #. D. Area of infarct was measured in paraffin cross sections
of midwall left ventricle of hearts treated as described above immunostained
for tropomyosin. Infarct area was divided by total left ventricle area. p<0.05="*
adNICDEGPF vs. TBS, p< 0.01 = ** adEGFP vs. adNICDEGFP.
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Introduction

Traditional thinking dictates that the heart is a terminally differentiated
organ with little to no regenerative capacity. However, in the last decade this
perception has been challenged by a growing body of literature investigating
myocardial regeneration and cardiac stem cell biology ¢ © ¢ 7275 Several
studies demonstrate clusters of self-renewing cardiac progenitor cells in
discreet locations within the heart comprising cardiac stem cell niches. These
cardiac precursor cells respond to cardiac tissue injury by proliferating and
migrating to sites of damage, where they replace damaged myocardium by
differentiating into new functional cardiac tissue. On the receiving end of this
process resides the surviving myocardium adjacent to the site of injury, the
border zone. Cells in this region have been known to remodel, re-enter the
cell cycle and re-express genes characteristic of earlier points in development
49.69.70. 76 Many of the precise molecular signals received and generated by
surviving cardiomyocytes remain uncharacterized. Since this region acts as
both recipient and target of stem cell mediated repair following infarction,
understanding the signaling behavior of border zone cardiomyocytes is crucial
to further understanding and manipulating myocardial regeneration.

The Notch receptor, originally identified in Drosophila and having four
orthologs in mammals, is a large cell-surface transmembrane protein
important for cell fate decisions, cellular development, differentiation,

17, 18
).

proliferation, and apoptosis (reviewed in Notch signaling plays an
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important role in heart development %

, while defective Notch1 protein
expression has been linked to aortic valve disease . Activation of Notch
signaling is achieved through binding to its ligands, the Delta and Serrate
families in Drosophila or the Delta-like and Jagged families in mammals, which
are also transmembrane proteins. When the extracellular domains of Notch
and its ligands interact through adjacent or possibly same-cell contact, an
initial cleavage event by the protease Adam/TACE releases the extracellular
portion of Notch. A second proteolytic cleavage by gamma
secretase/presenilin within the membrane releases the Notch intracellular
domain (NICD), which translocates to the nucleus and binds the CSL
transcription factors, activating target genes through displacement of
corepressors and recruitment of target gene activators. Target genes of Notch
include the basic helix-loop-helix transcriptional repressors Hairy and
enhancer of split 1 (Hes1) and the Hairy-related transcriptional repressor
family (HRT), which are found in the developing and adult heart 24 HRT
proteins have been shown to bind GATA transcription factors and inhibit
GATA4-mediated transcription of ANP in vitro; this repression is alleviated by
Akt1 through an unknown mechanism .

The Notch signaling pathway is important for cell fate determination and
differentiation in the developing heart, but the significance of Notch expression

in adult cardiomyocytes is less clear. Evidence exists for Notch activity in
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regenerating tissue (skeletal muscle, zebrafish heart, vessels, pancreas, liver,

bone and tooth) # 4% 53 55, 78:81

These studies indicate that Notch signaling
confers tissue plasticity by contributing to regenerating cell growth and
differentiation, adhesion and migration, precursor cell activation, injured cell
dedifferentiation, restoration of regenerative potential and overall activation of
the regeneration process. Recently, application of the Notch ligand Delta-like 4
(DLL4), combined with fibroblast growth factor (FGF) to injured rat brain has
been shown to improve motor function compared to untreated controls,
presumably through activation of the Notch signaling pathway and enhanced
proliferation of adult neuronal progenitor cells ®'. Notch signaling has been

implicated in the pro-survival effects or Akt as well as mTOR 3 &;

moreover,
crosstalk between the Notch and PI3K pathways has recently been
demonstrated in T-cell leukemia 2 and receptor tyrosine kinases, integrins and
Notch are postulated to interact in lipid rafts in neural stem cells 3. Although
activated Notch has been reported in regenerating zebrafish heart *°, the
significance of Notch activity and its effectors in injured and regenerating adult
mammalian myocardium remains uncharacterized.

Notch expression during cell fate determination is tightly regulated
spatially, temporally and quantitatively 8. 85 Constitutive overexpression of

Notch in mouse cardiomyocytes in vivo does not simulate the endogenous

temporal and quantitative regulation of Notch activity needed to examine the
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impact of this protein in damaged heart tissue. The mutated estrogen receptor
(mER) can block protein activity when fused to transgenes of interest such that
activity can be induced at desired times and levels using tamoxifen %%, The
mER fusion protein binds to heat shock protein 90 (hsp90), which envelopes
the overexpressed protein of interest and blocks activity until application of
tamoxifen, resulting in release of hsp90 from mER . The protein of interest is
then available to interact with upstream or downstream effectors. This
approach has been successfully used by our colleagues in Dr. Glembotski’s
laboratory to study cardiac ER stress response in transgenic mice
overexpressing an ATF6-mER construct under control of the alpha-myosin
heavy chain (aMyHC) promoter %. Therefore, this strategy was adapted for
generating inducible activation of intracellular Notch1 in intact mouse
myocardium. A schematic representation of the mER fusion constructs

created for this study is illustrated in Figure 2.1.
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Methods

Subcloning and creation of adenovirus

To create KNICmER and mNICDmER adenoviruses, FLAGmMER was
PCR cloned from pCDNA3.1FLAGmMER (kindly provided by Dr. Chris
Glembotski, SDSU) into pDC315 shuttle vector at the Nhel site using Spel
containing primers (see Appendix). Both the full-length intracellular domain of
Notch (mNICD, V1744-K2531) and the Kopan Notch Intracellular (KNIC,
V1744-S2184) domain were cloned upstream of the FLAGmMER fusion
construct into the EcoRI site (Figure 1). The mNICD fragment was PCR
amplified with gene specific primers using mouse heart cDNA as template,
and KNIC was PCR amplified from an established Notch clone generously
provided by Dr. Raphael Kopan at Washington University. As a positive control
for constitutively active Notch, KNIC was also PCR cloned upstream of EGFP
in a pDC315EGFP fusion intermediate at the EcoRI site. Adenovirus was then
generated through cotransfection with the pGlox adenovirus genomic plasmid
into HEK293 cells. Cells were monitored for lysis for two weeks, indicating
recombination of the shuttle and pGlox plasmids to generate virus, then
expanded in HEK293 cells and purified by cesium chloride gradient
centrifugation followed by dialysis. Titer was measured both by absorbance at

OD 260 and 280 nm (pu/ml) or plaque assay (pfu/ml).
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Quantitative real time PCR

RNA was extracted from cells using the Zymo micro RNA Il kit
according to manufacturer instructions. Briefly, for a six well dish, media was
removed and cells were lysed in 600 microliters per well of RNA buffer.
Extract was purified through a column, washed, eluted and quantitated by
OD260 and 280 readings. First strand synthesis of cDNA was performed on
total RNA (between 0.1 and 1.0 micrograms) using Applied Biosystems
reverse transcriptase and OligodT18 primer. Quantitative real time PCR was
performed with Qiagen SybrGreen reaction mix and a Bio-Rad/MJ Opticon
thermal cycler using 10 to 50 ng cDNA template. Signals were normalized to
GAPDH or B-actin transcript levels and fold induction of transcript level was
measured both with respect to untreated NLSGFP as well as vehicle treated
sample within each infection group. Primer sequences were designed using
Primer Express software to span two exons in order to avoid amplification of
genomic DNA. Each primer set was initially tested for efficiency by running
standard curves of fourfold serial dilutions ranging from 50 nanograms to 0.8
nanograms of positive control cDNA template per 25 microliter reactions.
Product integrity was checked by a melting curve programmed at the end of
40 cycles.

Transgenesis

The KNICmER and KNICGFP constructs were PCR cloned into the

Hindlll site of C26aMyHC, a backbone designed for cardiac-specific
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expression of transgenes in mouse heart under control of the alpha myosin
heavy chain promoter (gift of Dr. Jeffrey Robbins, Cincinnati Children’s

90, 91

Hospital) The injection fragments for transgenesis were generated by
digestion with BamHI and gel purification of the 5.5 kb aMyHC-KNICmER or
aMyHC-KNICGFP fragment. Transgenesis was performed in FVB mice by
standard methods practiced at the SDSU Genomics facility. Briefly, the
linearized aMyHC-KNICmER or aMyHC-KNICGFP construct was injected into
0.5 dpc embryos, which were transferred into pseudopregnant females. All
pups were screened at 2 — 3 weeks of age by PCR using primers specific to
the aMyHC promoter and KNIC transgene (see list of mouse primers in
Appendix).

Immunoblotting

Whole cell lysates were separated on Bis-Tris gradient gels (Invitrogen)
and transferred to Immobilon-P membranes (Millipore). Membranes were
briefly stained with PonceauS to confirm uniform transfer, then washed in
TBST (150 mM NaCl,50 mM Tris, 0.1% Tween-20, pH 7.5) and blocked for
one hour at room temperature in 10% nonfat milk reconstituted in TBST. Blots
were rinsed with TBST and primary antibodies applied in blocking buffer
overnight at 4C. After washing in TBST, secondary antibodies were applied
for 90 minutes at room temperature in blocking buffer, washed in TBST and

scanned for fluorescent signal on a Typhoon 9410 (Molecular Dynamics).
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Immunostaining

Neonatal rat cardiomyocytes were washed with PBS, fixed in 4% PFA
(4% paraformaldehyde in Mcllvane’s buffer) for at least 30 minutes, washed in
PBS, permeabilized in PBS/0.1M Glycine/0.1% TritonX-100 for five to ten
minutes, washed twice in PBS and blocked for one hour at room temperature
in 10% horse serum in PBS (HS/PBS). Primary antibodies were applied in
blocking buffer at 4C overnight, slides were then washed in PBS and
secondaries applied in blocking buffer for 90 minutes at room temperature. To
label nuclei, To-pro 3 iodide was included in the final wash at a concentration
of 1/5000, then slides were coverslipped with Vectashield mounting media and

visualized using a Leica SP2 confocal scanning laser microscope.
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Results

The Notch Intracellular Domain mER fusion constructs exhibit nuclear

expression in vitro

KNICmER, KNICGFP and mNICDmER-expressing adenoviruses infect
neonatal rat cardiomyocytes and exhibit nuclear localization as indicated by
immunostaining for FLAG (KNICmER, mNICDmER) or GFP fluorescence
(KNICGFP) and activated Notch (Figure 2.2A-C). Immunostaining for Hes1, a
downstream target of Notch, is elevated in KNICmER cells treated with
tamoxifen compared to uninfected cells and KNICmER expressing cells
treated with vehicle. Interestingly, cells expressing mNICDmMER exhibit strong
Hes1 staining in the nucleus, with and without tamoxifen, suggesting that in
vitro, the mNICDmER fusion construct exhibits less regulation by tamoxifen
than KNICmER. (Figure 2.2D-1). Immunoblotting of KNICmER expressing
NRCMs reveals only slightly elevated levels of Hes1 in untreated KNICmER
cells versus NLSGFP expressing cells, and significantly lower Hes1 levels
than cells infected with the constitutively active KNICGFP expressing
adenovirus (Figure 2.2J). Collectively, these data indicate that the KNICmER
fusion construct is regulated by tamoxifen, as evidenced by tamoxifen-
dependent Hes1 expression, whereas mNICDmMER may retain elevated Notch

activity under basal conditions.
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KNICmER but not mNICDmMER activity is responsive to tamoxifen treatment in

vitro

NRCMs infected with adenovirus encoding Nuclear Localized GFP
(NLSGFP), KNICmER, mNICDmER and KNICGFP were treated with vehicle
or 1 uM tamoxifen for 24 hours, then harvested for g°PCR analysis. As shown
in Figure 2.3, tamoxifen treated samples infected with KNICmER, but not
mNICDmER, exhibited elevated transcript levels of the Notch target Hes1.
Interestingly, the transcript for Jagged1, a Notch ligand expressed in heart,
was clearly upregulated in KNICmER expressing myocytes treated with
tamoxifen, but less so in tamoxifen treated cells expressing mNICDmER.

Activated Notch does not suppress PTEN transcription in NRCMs

PTEN transcript levels were measured by gPCR in NRCMs expressing
NLSGFP, mNICDmMmER, KNICmER and KNICGFP, with or without tamoxifen
treatment. As indicated in Chapter I, Notch activation stimulates the PI3K/Akt
pathway in cardiomyocytes in vitro and in vivo, yet the mechanism of this
stimulation remains unclear. In the cancer literature, suppression of PTEN
gene transcription by Hes1 serves as a mechanism for enhanced PI3K/Akt
activity in T-cell lymphoblastic leukemias and lymphomas (T-ALL)*; however
PTEN transcript levels do not change in NRCMs expressing constitutively
active or mER-regulatable intracellular Notch, as shown in Figure 2.4. No
apparent suppression of PTEN mRNA by activated Notch is apparent in these

cells, suggesting that this mechanism does not apply in normal cardiac
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myocytes which lack gain-of-function Notch mutations such as T-ALL cells.
Another potential target to examine is the IGF1 receptor, which is upregulated
at the transcriptional level by Notch activity in adenocarcinoma cells®2.

aMyHC-KNICmER is expressed in the mouse myocardium

The aMyHC-KNICGFP and aMyHC-KNICmER fragments were injected
into mouse embryos and transferred to pseudopregnant females in order to
generate transgenic lines expressing KNICGFP or KNICmER in the mouse
heart. After twelve embryo transfers (roughly 350 embryos), no founders were
established with the aMyHC-KNICGFP fragment. Furthermore, litter sizes
were unusually small, averaging three to four pups per litter as opposed to ten
to twelve seen in standard mouse litters. This suggests that the aMyHC-
KNICGFP construct is lethal if expressed during development, consistent with
a recent publication in which overexpression of activated Notch in the
developing heart resulted in congenital heart defects **. In contrast, three
founder lines were established for the aMyHC-KNICmER transgene. Three
founders out of twenty-two pups born following 4 embryo transfers falls well
within the normal transgenic founder rate of 5 — 25% of viable pups. These
founders are currently being bred back into the FVB/N line purchased from
Jackson Labs. Germline transmission was confirmed by western blotting of
heart lysates from all three lines; antibodies to FLAG and NICD detect a band
of the appropriate size for the KNICmER fusion protein (Figure 2.5).

KNICmER transgenic hearts at one month appeared normal at the gross
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morphology level.  Further characterization of these lines will include
immunolocalization of the FLAG and NICD signals in paraffin sections as well
as tamoxifen treatment to confirm induction Notch activity in vivo. The
difference in viability between oaMyHC-KNICGFP and oaMyHC-KNICmER
transgenics suggests that Notch activity is sufficiently suppressed in the

KNICmER line to prevent embryonic lethality.
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Discussion

Notch is a potent stem cell signal critical for proper cardiac
development. Several recent studies have examined the role of endogenous
activated Notch following pathological challenge and have shown that Notch
can confer protective and proliferative signaling in differentiated
cardiomyocytes. Genetic manipulation of activated Notch reveals that, as with
many developmental proteins, precise timing and dose of the signal is
essential for proper heart formation and perhaps also following cardiac insult

d 2" 99 Thus far, inducible

(i.e. infarction, pressure overload) in adulthoo
constructs for activated Notch are irreversible Cre-recombinase systems in
which, once the signal is turned on, it cannot be reversed. The ligand-
regulated mER fusion protein described in this chapter incorporates simplicity
and reversibility into its design, as well as the potential for titration of the Notch
signal using varying doses or times of tamoxifen treatment. Induction of Notch
activity with tamoxifen has been demonstrated in primary cultures of neonatal
rat cardiomyocytes using KNICmER encoding adenoviruses, and these
reagents will be used in future studies to dissect further the crosstalk between
Notch and other signaling pathways, namely PISK/Akt in cardiomyocytes. For
in vivo analysis, the aMyHC-KNICmER line has been established and protein
expression in the heart confirmed. Pending appropriate induction of the

transgene by tamoxifen in vivo, this mouse model will serve as a tool to

examine the role of Notch signaling in cardiac injury and repair, confirming
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how the Notch pathway interacts with survival signals in the heart following
pathological challenge. The tools are in place to pursue the biological
questions of cardioprotection and signaling crosstalk outlined in the following
future directions:

Activation of the KNICmER fusion confers protection against apoptotic stimuli

in neonatal rat cardiomyocytes

The hypothesis put forth is that Notch signaling is cardioprotective in
neonatal rat cardiomyocytes. Regulation of timing and levels of KNICmER
expression by tamoxifen treatment will allow precise control of protective
Notch signaling, enabling further dissection of Notch and PI3K/Akt pathway
interactions. NRCMs will be infected with the KNICmER or control
adenoviruses and treated with vehicle or tamoxifen at varying times and
doses, and assayed by immunostaining and immunoblotting for downstream
effectors of Notch as well as components of the PI3K/Akt signaling pathway,
namely PDK1, phospho-PDK1, Akt and phospho-Akt. To determine whether
Notch signaling confers protection from apoptotic stimuli via stimulation of
PI3K/Akt, NRCMs infected with AKNICmER or control adenovirus will be
subjected to apoptotic insult and assayed for cell death by TUNEL and
AnnexinV FACS assay. Apoptotic stimuli will include treatment with
staurosporine, hydrogen peroxide and doxorubicin. Specificity of Akt signaling
will be demonstrated through use of Akt inhibitors. Activation of KNICmER in

NRCMs is expected to increase pS473Akt and these effects are expected to
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be reversible upon withdrawal of tamoxifen. Induction of Notch activity in
myocytes should confer protection from apoptosis via PI3K/Akt signaling; thus,
inhibitors of PI3K/Akt are expected to blunt these protective effects.

Mice expressing cardiac-specific, conditionally active intracellular Notch exhibit

enhanced reqgenerative capacity in response to pathological challenge

As illustrated in Chapter I, Notch is activated in the damaged mouse
myocardium, implicating this pathway in the cardiac response to injury.
Additionally, exogenous Notch can ameliorate the decline in cardiac function in
mice following infarction. The precise mechanism by which Notch exerts
these effects remains undefined, although intramyocardial injection of
adNICDEGFP into intact mouse heart increases levels of pS473Akt in whole
heart lysates. Synergy between the Notch and PI3K/Akt signaling pathways
has been demonstrated in cancer cell lines, providing a template to follow
while investigating crosstalk between these pathways in the mammalian
myocardium.

Time and dose dependent activation of aMyHC-KNICmER by tamoxifen

Once aMyHC-KNICmER expression is confirmed in cardiac tissue for at
least three generations, experiments for activation of NICD with tamoxifen will
be performed. As published in previous studies, 20mg/kg tamoxifen or vehicle
will be injected intraperitonealy for five days, after which hearts will be
harvested for paraffin embedding or immunoblot analysis %¢. Paraffin sections

will be stained for NICD, FLAG tag and Hes1. Western blots will be probed for
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NICD, FLAG tag, Hes1 as well as Akt and pS473Akt. A time course will be
performed between 1 and 10 days to determine maximal activation by
tamoxifen, and a dose response curve will be performed to determine optimal
tamoxifen dosage to elicit NICD activation.

Infarction and treatment with tamoxifen

Once the oMyHC-KNICmER mouse line is established, acute
myocardial infarction will be surgically induced by ligating the left anterior
descending coronary artery. Tamoxifen will be injected for at least three days,
after which animals will be monitored by echocardiography along with sham
operated aMyHC-KNICmER and nontransgenic infarcted counterparts. After a
minimum of four weeks, heart function will be assessed by in vivo
hemodynamics and hearts harvested for paraffin processing. Paraffin sections
will be immunostained for tropomyosin and infarct area measured to determine
the protective effects of temporary NICD activation following infarction. The
aMyHC-KNICmER construct expresses the fusion protein specifically in
mouse cardiomyocytes. Notch activity is expected to increase in
cardiomyocytes following treatment with tamoxifen and to subside following
cessation of treatment. Mice carrying this transgene are anticipated to
withstand cardiac insult better than nontransgenic counterparts; aMyHC-

KNICmER hearts will exhibit improved function following infarction and
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tamoxifen treatment than vehicle treated, oaMyHC-KNICmER infarcted

controls.

Potential problems/alternative approaches

The aMyHC-KNICmER construct may not function as anticipated in
vivo. The MER fusion may not sufficiently repress Notch activity, or
conversely tamoxifen treatment may not sufficiently de-repress the fusion
protein. In the former case, it may be necessary to put a MER module
upstream and downstream of the KNIC protein, or to remove residues in KNIC
module known to interact with the canonical RBPJk direct target, potentially
reducing basal activity while preserving sufficient regulation such that
tamoxifen will activate the KNICmER fusion. The KNICGFP construct has
been cloned into a CMV-Tet-On construct and tested in vitro. Preliminary
results in cells cotransfected with tetO-KNICGFP and transactivator plasmid
tTA indicate that basal activity is low and that detectable induction of
expression occurs following application of doxycycline. In addition to boosting
PIBK signaling, activated KNICmER may also stimulate proliferation in
neonatal rat myocytes and treated hearts. Immunostaining for Ki67 and PCNA
will be performed on neonatal myocytes and KNICmER hearts treated with
tamoxifen versus vehicle treated controls to localize proliferating cells.
Additionally BrdU incorporation will be used to measure increased DNA

synthesis in tamoxifen versus vehicle treated KNICmER hearts.
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Figures

Figure 2.1: Schematic representation of recombinant Notch constructs
for adenoviral recombination (A,B,C) or cardiac transgenesis (D).

Kopan Intracellular Notch fused to GFP (KNICGFP,A) or mER (KNICmER, B)
or full length intracellular Notch fused to mER (mNICDmER, C) were cloned
into adenoviral shuttle vector pDC315. KNICmER was cloned downstream of
the cardiac specific a-myosin heavy chain promoter (aMyHC-KNICmER) to
generate transgenic mice expressing regulatable Notch in cardiomyocytes (D).
Protein sequences for full length (mNICD) and truncated intracellular Notch
(KNIC) are illustrated in (E). The red “v” residue represents the cleavage site
Valine 1744 of Notch by presenilin/gamma secretase.
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Figure 2.2: KNICmER, KNICGFP and mNICDmER are expressed in the
nucleus following adenoviral infection of neonatal rat cardiomyocytes.
Myocytes infected with adenovirus expressing KNICmER (A), EGFP (B) or
KNICGFP (C) were immunolabeled for NICD (green), FLAG (blue, A) or
scanned for GFP fluorescence (blue, B,C). NRCMs infected with KNICmER
(E,G,H), mNICDmER (F,l) or no virus (D) were treated with vehicle (E,F),
0.1uM tamoxifen (G) or 1uM tamoxifen (D,H,l,) for 24 hours and
immunolabeled for FLAG (blue) Hes1 (green) or Phalloidin (red). Levels of
Hes1 in NRCMs infected with NLSGFP, KNICmER and KNICGFP were
detected by immunoblot (J). Hes1 signal was normalized to GAPDH as a
loading control. T-test was used to measure significance between KNICmER
and KNICGFP signals. *** = p<.001.
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Figure 2.2 continued.
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Figure 2.3: Induction of hes1 and jagged1 mRNA in NRCMs expressing
regulatable activated Notch.

NRCMs were infected with adenovirus encoding NLSGFP, mNICDmER,
KNICmER and KNICGFP, treated with vehicle or 1 uM tamoxifen for 24 hours
and harvested for RNA. Transcript levels for hes1 (A) or jagged1 (B) were
measured by qPCR using the ddCT method with B-actin as in internal control.
Fold change was calculated relative to vehicle treated NLSGFP (top panel) or
to vehicle treated for each construct. Jagged1 transcripts were compared
between NRCMs expressing KNICmER and mNICDmER treated with 0, 0.1
and 1.0 uM tamoxifen (C). Levels were calculated using the ddCT method
with gapdh as an internal control. Fold change (FC) was relative to the vehicle
treated samples. T-test was used to measure significance between vehicle
and treated samples. * = p<.05, ** = p<.01, *** = p<.001.
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Figure 2.4: PTEN transcript is not suppressed by Notch in NRCMs.
NRCMs infected with NLSGFP, mNICDmMER, KNICmER and KNICGFP were
treated with 1 uM tamoxifen for 24 hours. Transcript levels of PTEN were
measured by qPCR using the ddCT method with -actin as an internal control.
Fold change was calculated relative to untreated NLSGFP sample (top panel)
or untreated sample for each construct (bottom panel). Significance between
vehicle and tamoxifen treatment for each sample was measured by T-test,
n=3. * = p<.05.
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Figure 2.5: FLAG and NICD are expressed in cardiac tissue of a MyHC-
KNICmER transgenic mice.

Hearts from F1 descendants of three aMyHC-KNICmER founder lines were
prepared for immunoblotting. Samples from PCR negative (13-) and positive
(13+, 11+, 12+) offspring and an unrelated FLAG expressing transgenic line
(aVS+) were probed for NICD, FLAG and Hes1 expression. NRCMs infected
with KNICmER encoding adenovirus served as a positive control (+). GAPDH
was used as a loading control.
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Appendix

for immunohistochemistry
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(IHC-P  or IF),

immunoblotting (Western) and immunoprecipitation (IP):

Antibody Application dilution Catalog number

Goat anti-mouse c-kit | IHC-P, Western | 5 ug /ml, RNDSystems AF1356
0.5 ug/ml

Rat anti-mouse Ki67 IHC-P 1/100 DAKO #M7249

Rabbit anti-NICD1 IHC-P, Western | 1/100, Rockland #100-401-407
1/1000

Goat anti-Jagged1 IHC-P, Western | 5 ug /ml, RNDSystems #AF599
0.5 ug/ml

Goat anti-DLL4 IHC-P 5 ug /ml RNDSystems #AF1389

Mouse anti- IHC-P 1/100 Sigma #T9283

Tropomyosin

Rabbit anti-Desmin IHC-P 1/200 Biomeda #V2022

Goat anti-HGF IHC-P 5 ug /ml RNDSystems #AF2207

Rabbit anti-c-Met IHC-P 1/50 Santa Cruz #sc-161

Mouse anti-GAPDH Western 1/3000 Millipore/Chemicon

#MAB374

Goat anti-Akt1/2 Western 1/400 Santa Cruz #sc-1619

Rabbit anti-p(S473)Akt | Western 1/1000 CST #9271

Rabbit anti-Hes1 Western, IF 1/400, Santa Cruz #sc-25392
1/40

Goat anti-Notch1 Western 1/400 Santa Cruz #sc-6015

Mouse anti-Flag M2 Western, IF 1/1000, 1/100 Stratagene #200472
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Antibody Application dilution Catalog number

Goat anti- IF 1/100 RNDSystems AF1638

Nucleostemin

Rabbit anti-NICD IF, Western 1/100, CST #2421

1/1000

Mouse anti-sarcomeric | IF 1/100 Sigma # A7811

actinin

Rat anti-Tenascin C IHC-P 4 ug /ml RNDSystems #MAB2138

Rabbit anti-PDK1 IF, 1/50, Biosource #AHZ0512
Western 1/500

Goat anti-GFP IHC-P, 1/200, Rockland #600-101-215
Western 1/1000

Rabbit anti-p(T308)Akt | Western 1/1000 CST# 9275

Rabbit anti-c-myc P 1 ug /ml Sigma #C3956

Rabbit anti-GFP P 1 ug /ml Molecular Probes #A11122

Rabbit anti- IF, IHC-P 1/50 Sussman lab

tropomodulin

Mouse anti-PCNA IF 1/40 Santa Cruz #sc-56

Rat anti-Tubulin IF 1/50 Chemicon #CBL270

Rabbit anti-GATA4 IF, 1/50, Santa Cruz #sc-9053
Western 1/500

Rabbit anti-Smooth IF 1/100 Anaspec #29553

Muscle Actin (SMA)




Primers for cloning and genotyping:

To clone into pDC315 shuttle vector for adenovirus:

3xFlag Spel Forward
5-GG ACTAGT CGA CTA CAA AGA CCACGACGG TG-3

mER Spe1 Stop Reverse
5-GG ACTAGT TCA GAT CGT GTT GGG GAA G-3

mNICD EcoRI Kozak Forward
5-GCC GAATTC ACCATG GTG CTG CTG TCC CGC AAG CGC-3

mNICD EcoRI Fusion Reverse
5-GCC GAATTC TTT AAATGC CTC TGG AAT GTG G-3

Kopan NIC (KNIC) EcoRI Fusion Reverse
5-GCC GAATTC CGA GCT GTC CAA CAG GCA GC-3
To clone into C26aMyHC for transgenic mice:

KNIC Hindlll Kozak Forward:
5-GCC AAGCTT ACCATG GTG CTG CTG TCC CGC A-3

EGFP Hindlll Stop Reverse:
5-GATC AAGCTT TTA CTT GTA CAG CTC GTC CAT GCC GA-3

mER Hindlll Reverse Stop
5'-GG AAGCTT TCA GAT CGT GTT GGG GAA G-
To genotype KNICmER mice:

Genotyping primer for c MyHC Forward:
5-GGG TGC TCT CTT ACC TTC CTC-3

Genotyping primer for KNIC Reverse
5-GAG GGG CTC TCT CCG CTT C-3



Primers for rat gPCR:

Rat hes1, Accession # NM_024360.3
For: 5-GAAATTACGAATGGCTGTTCGGT-3’
Rev: 5-CGCGGTACTTCCCCAACAC-3

Rat hey1, Accession # XM_342216.3
For: 5- GAAGCGCCGACGAGACCGAATCAA-3
Rev: 5- CAGGGCGTGCGCGTCAAAATAACC-3

Rat jagged1, Accession # NM_019147.1
For: 5-TTGCAGCGAATTGAGGAATCT-3
Rev: 5- GGATGTCTTCGGCAGAAATGG-3

Rat pten, Accession # NM_031606.1
For: 5-CAGTGGCGGAACTTGCAATC-3’
Rev: 5-CGCGTGGGTCCTGAGTTG-3'

Rat gapdh, Accession # (several)
For: 5-GACATGCCGCCTGGAGAAAC-3’
Rev: 5-AGCCCAGGATGCCCTTTAGT-3
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Introduction

Cell-based therapy for treatment of heart disease continues to gain
momentum as the future for myocardial regenerative medicine. Multiple
studies over the last decade have established the existence of cardiac
progenitors (CPCs) and demonstrated functional improvement in damaged
hearts following adoptive transfer of a wide range of cell types in experimental
models of heart failure and human subjects®. Despite the optimism and
promise associated with these findings, improvements are often modest and
transient depending upon the cell type or disease model under investigation.
To overcome this limitation, genetic modification of progenitor cells to improve
survival, engraftment and persistence into mature heart tissue shows
remarkable results for enhancing cell-based myocardial therapeutics %%,
However, directing appropriate lineage commitment of adoptively transferred
cells while maintaining survival and proliferative capacity remains elusive. The
Notch pathway is a well-documented stem cell signaling network known to be
critical in heart development, as well as stem cell self-renewal and
specification. Recent studies of Notch signaling in mouse hearts and
progenitor cells suggest that prudent manipulation of this critical signaling
trigger will boost myocardial regeneration.

Notch participates in multiple cellular processes in various tissues
throughout the cellular life cycle and as such is subject to several layers of

regulation. Notch expression during cell fate determination is tightly regulated
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spatially, temporally and quantitatively ®* 8°. Recent publications delve into the
regulatory complexity of this pathway by analyzing posttranslational regulation
or by creating computational models of context-dependent Notch signaling '°®
197 A recurring theme that emerges from these publications is that levels and
timing of Notch expression are subject to sophisticated controls in order to
achieve appropriate cellular specification and tissue formation. As such, it is
increasingly apparent that constitutive overexpression of activated Notch does
not adequately emulate in vivo dynamics for this potent arbiter of intercellular
communication.  Optimal utilization of Notch for therapeutic molecular
intervention rests upon a new generation of constructs capable of reversible
and titratable expression, in conjunction with tissue-targeted regulatory
elements incorporated into vector design. This dissertation delineates a
strategy to create a system facilitating reversible regulation of Notch activity in
CPCs with two parallel approaches: 1) a transgenic mouse possessing
regulatable Notch activation under control of the mouse c-kit promoter, and 2)
genetically engineered CPC lines with regulatable Notch activity for adoptive
transfer.

To incorporate regulation of Notch activity, an inducible and reversible
expression system is essential to achieve a physiologically relevant outcome.
As a fusion protein, the mutated estrogen receptor (mER) confers control of
protein activity via application of tamoxifen %¢%°. The mER fusion protein binds

to heat shock protein 90 (hsp90), thereby enveloping the overexpressed
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protein and blocking activity until displaced by treatment with tamoxifen ®. The
protein of interest is then available to interact with upstream or downstream
effectors. This approach has been successfully used by the Glembotski
laboratory here at San Diego State . In this study, Kopan Notch Intracellular
domain (KNIC) fused to mER will be targeted to CPCs in vivo using the c-kit
promoter as previously described % % This KNICmER fusion construct has
been cloned into a lentiviral expression plasmid and transduced into CPCs to
create stable cell lines. These cells will be used in adoptive transfer
experiments to boost cardiac repair following myocardial infarction in mice with
or without tamoxifen treatment. A schematic representation of the proposed

constructs is illustrated in Figure 3.1.
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Methods

Subcloning and creation of lentivirus

KNICmER was cloned by PCR amplification from
pDC315KNICFLAGmMER (Chapter Il) into the CGW and PGK lentiviral vector

backbones at the Pacl and BamHI sites, respectively. See Primers for cloning,

Chapter lll, Appendix for primer sequences. CGWKNICmER, PGKGFP and
PGKKNICmER constructs shown in Figure 3.1C-E were each co-transfected
with three packaging plasmids pMDLg/pRRE, pRSV-rev, and vesicular
stomatitis virus-G (VSVG) into 293T cells. Viral supernatant was harvested
and either concentrated using ultracentrifugation as previously described
(PGKGFP) " or retained as unconcentrated virus (PGKKNICmER and
CGWKNICmER) and then applied directly to CPC cultures. Cells expressing
PGKGFP and CGWKNICmER are detectable by EGFP expression, the latter
being driven off the lentiviral IRES. After four passages cells were tested for
protein expression of intracellular Notch and FLAG in order to verify integration
of the transgene and establishment of the cell line (Fig. 3.8).

Luciferase assay

HEK293 or CPCs were seeded in six well dishes at approximately 50
percent confluency. The following day cells were transfected with mammalian
expression plasmids encoding NLSGFP, KNICGFP, KNICmER or mNICDmER
together with either control or RBPJk-luciferase encoding plasmid

(Superarray). Cells were maintained in growth medium for 24 - 48 hours in
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order to allow for plasmid protein expression, treated with either vehicle or 1
uM tamoxifen for 24 hours and then harvested in extraction buffer for
measurement of luciferase activity according to manufacturer's instructions
(Promega Dual Luciferase Kit) as follows: Luciferase activity was measured on
a Tecan plate reader using the _ settings. Signals were normalized to
luciferase transfection controls.

Immunoblotting

Whole cell lysates were separated on Bis-Tris gradient gels (Invitrogen)
and transferred to Immobilon-P membranes (Millipore). Membranes were
briefly stained with PonceauS to confirm uniform transfer, then washed in
TBST (150 mM NaCl,50 mM Tris, 0.1% Tween-20, pH 7.5) and blocked for
one hour at room temperature in 10% nonfat milk reconstituted in TBST. Blots
were rinsed with TBST and primary antibodies applied in blocking buffer
overnight at 4C. After washing in TBST, secondary antibodies were applied
for 90 minutes at room temperature in blocking buffer, washed in TBST and
scanned for fluorescent signal on a Typhoon 9410 (Molecular Dynamics).
Refer to list of Antibodies in Appendix, Chapter Il for antibodies used in
immunoblotting.

Quantitative real time PCR

RNA was extracted from cells using the Zymo micro RNA Il kit
according to manufacturer instructions. Briefly, for a six well dish, media was

removed and cells were lysed in 600 microliters per well of RNA buffer.
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Extract was purified through a column, washed, eluted and quantitated by
OD260 and 280 readings. First strand synthesis of cDNA was performed on
total RNA (between 0.1 and 1.0 micrograms) using Applied Biosystems
reverse transcriptase and OligodT18 primer. Quantitative real time PCR was
performed with Qiagen SybrGreen reaction mix and a Bio-Rad/MJ Opticon
thermal cycler. Primer sequences were designed using Primer Express
software to span two exons in order to avoid amplification of genomic DNA.
Some primer sequences were obtained from publications and verified by
Primer Express'''. Each primer set was initially tested for efficiency by
running standard curves of fourfold serial dilutions ranging from 50 nanograms
to 0.8 nanograms of positive control cDNA template per 25 microliter reaction.
Product integrity was checked by a melting curve programmed at the end of

40 cycles. See primers for mouse gPCR, Chapter lll, for primer sequences

used in real time PCR.

Immunostaining

Cardiac progenitors were washed with PBS, fixed in 4% PFA (4%
paraformaldehyde in Mcllvane’s buffer) for at least 30 minutes, washed in PBS
and blocked for one hour at room temperature in 10% horse serum in PBS
(HS/PBS). Primary antibodies were applied in blocking buffer at 4C overnight,
slides were then washed in PBS and secondaries applied in blocking buffer for
90 minutes at room temperature. To label nuclei, To-pro 3 iodide was

included in the final wash at a concentration of 1/5000, then slides were
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coverslipped with Vectashield mounting media and visualized using a Leica
SP2 confocal scanning laser microscope. Refer to List of Antibodies in

Appendix, Chapter Il for antibodies used for immunostaining.
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Results

Constructs for expression in adenovirus, lentivirus and in c-kit progenitors in

vivo

Murine NIC was obtained from Dr. Raphael Kopan (Washington
University) as a cDNA (KNIC) and spans V1744-S2184, omitting the PEST
domains that target intracellular Notch for degradation (Chapter Il, Figure 2.1).
KNIC was cloned by PCR amplification into the pDC315 shuttle vector for
adenoviral expression to create both a constitutively active green fluorescent
fusion protein (KNICGFP, Figure 3.1A) and a ligand regulated Notch mER
fusion protein (KNICmER, Figure 3.1B). KNICmER was subcloned by PCR
amplification into lentiviral constructs under control of a viral promoter (Figure
3.1C) or the mammalian PGK promoter (Figure 3.1E). As a control for
creating stable cell lines, the PGK-EGFP lentivirus was used (Figure 3.1D).
Figure 3.1F illustrates the construct that will be used to generate transgenic
mice expressing regulatable intracellular Notch under control of the c-kit
promoter in order to manipulate Notch signaling in c-kit expressing stem and
progenitor cells.

Protein expression of KNICGFP and KNICmER in CPCs and induction of

RBPJ-k luciferase reporter

CPCs were transfected with pDC315 KNICGFP and KNICmER
constructs. Fusion protein expression was confirmed by immunoblot analysis

for FLAG (KNICmER), GFP (KNICGFP) and Notch Intracellular Domain (NIC,
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Figure 3.2A). Regulation of KNICmER by tamoxifen was demonstrated using
a RBPJk-luciferase reporter system (SuperArray) combined with the Dual
Luciferase assay (Promega). CPCs were cotransfected with the RBPJk-
luciferase construct and either KNICmER or a negative control EGFP-
encoding vector. As an additional negative control, cells were cotransfected
with KNICmER and a control vector provided by the manufacturer. After 24
hours, cells were treated with vehicle or 1 uM tamoxifen, harvested and
assayed for luciferase activity. The top panel represents activity as absolute
values of luminescence units, while the bottom panel represents tamoxifen
induction of luciferase activity in each sample set as normalized to vehicle
treated control (Figure 3.2B). The KNICmER construct is regulation by
tamoxifen, with tamoxifen treated luciferase activity two and a half fold higher
than vehicle treated control (bottom panel). Basal levels of RBPJk-luciferase
in vehicle treated KNICmER samples were elevated above the KNICmER and
GFP negative controls.

Tamoxifen induces Notch activity in KNICmER expressing CPCs

CPCs were transfected with pDC315 plasmids encoding nuclear-
targeted GFP (GFPNLS), KNICGFP and KNICmER (Figure 3.1A, 3.1B), and
after 24 — 48 hours were treated with vehicle or 1uM tamoxifen for 24 hours.
Samples extracted for RNA and qPCR was performed on cDNA, as described

in Materials and Methods. Expression of both jagged1 and heyl mRNA was
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increased in the KNICmER-expressing cells following tamoxifen treatment, as
measured by qPCR. In this assay, p-actin served as the internal control and
signal strength was based on a standard curve using mouse embryo cDNA
template for each primer set (Figure 3.3A). KNICmER was subcloned into
two constructs for creating lentivirus to generate CGWKNICmER and
PGKKNICmER (Figure 3.1C and 3.1E, respectively). @ CGWKNICmER
contains a viral MND promoter, whereas PGKKNICmER utilizes the
mammalian PGK promoter. Cell lysates of transient transfections for both
constructs were tested by immunblot for FLAG and NICD to confirm
appropriate expression of the KNICmER fusion (data not shown). The
PGKKNICmER construct was transfected into CPCs and tested for tamoxifen
regulation via qPCR analysis of hey1, jagged1 and smooth muscle actin
(SMA) transcripts (Figure 3.3B, 3.3C, 3.3D, respectively). GAPDH served as
the internal control for each sample, and fold change was calculated relative to
either the vehicle treated PGKGFP control sample (PKGFP, top panel) or to
the vehicle treated sample for each construct (bottom panel). Fold change
was calculated using the delta CT method. Jagged1, heyl and SMA
transcripts were all upregulated following tamoxifen treatment of the
PGKKNICmER-expressing cells versus cells expressing PGKGFP or control
cells (PKntg). While jagged1 and hey1 represent Notch signaling family

members, smooth muscle actin is a differentiation marker for either vascular
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smooth muscle cells or a differentiation intermediate in the transition from
cardiac progenitor to cardiac myocyte.

Sustained Notch activation pushes CPCs away from progenitor phenotype

CPCs were infected with adenovirus expressing either constitutively
active or regulatable NIC for at least five days. Cells were monitored for gross
morphological changes and analyzed by qPCR for changes in Notch target
transcripts and cardiac differentiation markers. Initially cells were infected with
adenovirus expressing either EGFP or NICDEGFP (human NICD, gift of Dr.
Ken Tezuka, Japan). After six days, cells were fixed and stained for
nucleostemin (white), a nucleolar protein present in stem cells and lost
following differentiation, GATA4 (red), a transcription factor associated with
cardiac lineage commitment, and tubulin (blue) to mark the cell body. EGFP
fluorescence (green) was scanned directly. After six days of NICDEGFP
expression, CPCs were larger and flatter than EGFP expressing counterparts
which retained the rounder, more spindle shaped morphology typical of
progenitor cells. Cells expressing high NICDEGFP had less intense
nucleostemin and GATA4 staining (Figure 3.4B, arrowheads) than cells with
lower levels of NICDEGFP (arrows). Immunoblots for c-kit and hes1 illustrate
biochemical changes in CPCs overexpressing activated Notch for one or six
days versus EGFP controls (Figure 3.4C). Hes1 levels were elevated in
NICD-expressing cells after one and six days, whereas c-kit and GATA4 levels

were unchanged compared to EGFP controls at one day but decreased
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noticeably after six days of NICD expression. CPCs were then infected with
adenovirus encoding EGFP, KNICGFP or KNICmER and treated with either
PBS vehicle or 1 uM tamoxifen for five days. Cells were monitored for
morphological changes and harvested for analysis by qPCR. KNICmER-
expressing cells treated with vehicle resembled EGFP-expressing cells treated
with tamoxifen after five days. By contrast, KNICmER cells treated with
tamoxifen for five days were similar on a macroscopic level to cells expressing
KNICGFP for five days (Figure 3.5). A parallel set of cells were plated on
chamber slides and received the same treatment, vehicle or tamoxifen for five
days in growth medium. Immunostaining for smooth muscle actin (SMA, red)
and Notch (green) shows that vehicle treated KNICmER cells remain smaller
and have nominal staining for SMA similar to EGFP cells under the same
conditions. However KNICmER cells receiving tamoxifen have many large,
SMA positive cells consistent with stainings of KNICGFP expressing cells
(Figure 3.6). At the molecular level, real time qPCR performed on cDNA
extracts revealed similar results: transcripts for hey1, jagged1 and SMA were
increased in KNICmER cells treated with tamoxifen while vehicle treated
KNICmER cells retained transcript levels near those of the EGFP controls.
Interestingly, mRNA levels of CD31, which is a differentiation marker for
endothelial lineage, were decreased in response to elevated Notch activity.

Collectively, these results indicate that elevated Notch activity is impacting
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CPC morphology and lineage commitment. In this set of experiments the cells
were maintained in complete growth medium, which may influence the
direction in which Notch “pushes” the progenitor cells. Future experiments will
combine induction of Notch activity with media conditions favoring progenitor
differentiation, such as adding dexamethasone and removing serum, coculture
with NRCMs, or manipulating other developmental cues such as Wnt or
noncanonical Wnt signaling known to be important in cardiac development and
lineage commitment.

Cell lines of cardiac progenitors transduced with lentivirus encoding KNICmER

express FLAG and NICD

CPCs were transduced with crude stock of CGWKNICmER (Figure
3.1C) or PGKKNICmER (Figure 3.1E). After one day, cells were washed in
PBS, re-fed with cardiac stem cell growth media, and monitored for expression
of GFP (CGWKNICmER contains an IRES driving GFP expression) and
density. Cells were passaged at least four times before freezing and storage
as established cell lines. Immunostaining and immunoblotting indicate that
these lines retain the transgene after four passages as shown in Figure 3.8.
Cells were fixed in paraformaldehyde and immunostained for FLAG tag
(green), intracellular Notch (NICD, red) or tubulin (blue). Additionally, cell
lysates were immunoblotted for FLAG tag and NICD to confirm expression of
the transgene (Figure 3.8G). Nontransgenic cells clearly lack the FLAG and

NICD bands, while both CGWKNICmER cells at passage 3 and
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PGKKNICmER cells at passage 4 retain expression of the transgene. Future
experiments will focus on induction of Notch targets in these cells following
tamoxifen treatment, as well as changes in morphology and cardiac lineage
markers.

KNICGFPTetOn constructs are inducible with doxycycline

A common concern with inducible systems is “leakiness” or high basal
levels of transgene expression prior to the inductive stimulus. As an
alternative method for expressing inducible Notch activity, KNICGFP was
subcloned by PCR amplification into the pTight Tet-On plasmid (Clontech) at
the Hindlll site and tested for inducible NICD activity in parallel with the
PGKKNICmER lentiviral construct (Figure 3.9). For the KNICTetOn construct,
cells were cotransfected with the transactivator plasmid. Whereas the
KNICmER construct is expressed prior to activation by tamoxifen, the
KNICTetOn protein is not expressed until treatment with doxycycline. Cells
expressing KNICmER, KNICGFP and PGKGFP were treated with vehicle or
tamoxifen, and KNICTetOn cells received 1uM doxycycline for 24 hours.
Within a few hours of doxycycline treatment, KNICTetOn transfected cells
began to exhibit green fluorescence, indicative of KNICGFP expression. Cells
were harvested for gPCR analysis, and as shown in Figure 3.9, transcripts of
jagged1 were elevated in KNICTetOn induced cells as well as PGKKNICmER
tamoxifen treated cells, although not to the same absolute extent.

Nonetheless, KNICTetOn cells exhibited lower basal activity compared to
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PGKKNICmER samples, which could be an important feature if slightly
elevated basal levels of Notch activity in CPCs over time would be sufficient to

push them away from self renewal and toward lineage commitment.
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Discussion

This chapter investigates novel approaches for enhancing the
effectiveness of cardiac stem cell therapy through development of in vitro and
in vivo models of genetically engineered cardiac progenitor cells (CPCs)
expressing regulatable activated Notch, a potent regenerative stem cell signal.
The overall hypothesis is that temporal and reversible control of Notch
signaling in CPCs will improve their reparative function in damaged
myocardium. The overall goal is to manipulate key cellular signals driving
survival and differentiation to strengthen the regenerative capacity of CPCs as
reagents for cell-based therapeutics in the treatment of heart disease.

Carefully timed Notch signaling is expected to improve cardiogenic
potential in CPCs. Regulation of timing and levels of inducible Notch
activation by tamoxifen treatment will allow more precise control of
regenerative Notch signaling as well as enable further dissection of Notch and
survival signaling pathway interactions. Using this regulatable system we will
optimize differentiation conditions under which Notch activity pushes CPCs
into the mature cardiac lineages: endothelial, vascular smooth muscle and
cardiomyocyte. The purpose of harnessing inducible Notch activity is to
improve CPC survival, engraftment and commitment to cardiac lineages
following adoptive transfer into injured myocardium. Therefore it will be
important to assess the impact of pulsatile Notch activation on KNICmER CPC

proliferation and differentiation in vitro and in vivo. CPCs are cultured in
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growth medium to promote proliferation and pluripotency. Alternatively, by
removing cytokines, serum and factors which promote “stemness” and adding
reagents such as dexamethasone or coculturing with NRCMs in low serum
myocyte medium, CPCs can be induced to stop dividing and assume a
differentiated phenotype. In future studies, control and KNICmER CPCs will
be treated with tamoxifen in either growth or differentiation medium in order to
activate KNICmER in both conditions and determine the impact on CPC
differentiation.

In addition to characterization of KNICmER CPCs in vitro, it will be
necessary to test their efficacy in myocardial repair in vivo. To this end,
mouse KNICmER CPCs will be delivered via intramyocardial injection into
FVB mouse models of acute myocardial infarction. Groups will include sham
operated mice and mice with infarcted hearts receiving intramyocardial
injection of buffer, control CPCs or KNICmER CPCs. All animal groups will
receive intraperitoneal injection of either vehicle or tamoxifen at varying times
and dosages as estimated by the induction parameters determined in the
KNICmER CPC cultures to promote cardiogenic differentiation of the
transgenic cells in vivo. Collectively, these studies will determine if activated
KNICmER CPCs regenerate damaged myocardium more effectively than
control CPCs. Additionally, these experiments will define conditions under
which the potent regenerative Notch signal can be manipulated to promote

cardiac progenitor proliferation, differentiation and cardiac lineage commitment



102

in a cell based therapy application. This will provide an important
advancement to optimizing cardiac progenitor efficiency for treatment of
damaged myocardium.

Recent work from our group reveals elevation of endogenous NIC in
damaged mouse myocardium and demonstrates that exogenous NIC
overexpression ameliorates the decline in cardiac function following infarction
% A transgenic mouse model in which cardiomyocyte-specific KNICmMER is
expressed under control of the a-MyHC promoter ''? has recently been
created in our laboratory to extend understanding of myocyte-specific effects
(Chapter 1I). In contrast, the mouse model described here expresses
conditionally activated Notch under control of the c-kit promoter, which has
previously been used by our group to track c-kit+ cells via GFP expression'®®
1% KNICmER fusion protein will be expressed in c-kit+ cells throughout the
body and will be activated following administration of tamoxifen either by
injection or in the food supply. This transgenic line will provide a tool to
determine the effect of temporally controlled activated Notch on c-kit+ stem
cell activation, proliferation, engraftment and differentiation in vivo. Allowing
for KNICmER expression in all c-kit+ cells provides the advantage that stem
cells outside the heart are included in the regulatable system, allowing for a
more “whole body” approach to stem cell repair of the heart. Instead of

constitutive Notch activation by an irreversible genetic recombination event,

the mER fusion system has the built in flexibility of timing Notch activation with
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application of tamoxifen, as well as diminishing activity by withdrawal of the
tamoxifen stimulus. Additionally, it may be possible to titrate the activation
response by varying the dose as well as duration of tamoxifen.

The overall purpose of creating this mouse model is to examine the
benefit of increased Notch activity in CPCs in situ following myocardial injury.
To assess how enhanced activated Notch in the c-kit+ progenitor population
impacts cardiac repair at the functional and immunohistochemical level, acute
MI will be surgically induced by ligating the left anterior descending coronary
artery (LAD). Tamoxifen (20mg/kg) will be injected intraperitoneally for up to
14 days, after which heart function and morphology will be monitored by
echocardiography along with sham operated ckit-KNICmER and
nontransgenic infarcted counterparts treated with vehicle or tamoxifen. After a
minimum of four weeks, heart function will be assessed by in vivo
hemodynamics and hearts harvested for paraffin processing.

In the c-kitKNICmER mouse KNIC will be expressed in c-kit positive
cells throughout the body and subject to mER regulation. However, we posit
this transgene will demonstrate the impact of controlled pulses of Notch
activity in stem cells following cardiac injury. Since the activation of KNICmER
will be temporary, it is not predicted that other tissues will be severely affected
and that the injured myocardium will be the primary site of stem cell activity.
Indeed, other tissues such as intestine, testes or ovaries, bone marrow and

other sites of active c-kit expression will serve as “in house” positive controls
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for construct expression and induction. The ideal cardiac progenitor specific
expression construct would target KNICmER only to stem cells residing in the
heart, however to date there is no universally approved cardiac progenitor
marker available to drive expression in these cells in the adult heart. The Tet
inducible system in which a cardiac specific transactivator line is crossed with
a tet-inducible c-kit line (or vice versa) provides an alternate inducible
approach to the mER fusion system proposed here. Currently c-kit—rtTA,
aMyHCmIn™°, aMyHC-tTA and aMyHC-rTA lines exist '™ ™ however only
cardiac progenitors with aMyHC activity would express the transgene in the
last three. Although expression of aMyHC driven transgenes has been
detected in CPCs'"™® all potential CPCs including circulating c-kit+ cells will be

transgenic in the proposed model.
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Figures
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Figure 3.1: Schematic representation of recombinant DNA constructs
Vectors to be used for adenoviral recombination (A,B) lentiviral transduction
(C,D,E) and progenitor transgenesis (F)
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Figure 3.2: Regulatable Notch clones express NICD and increase
luciferase reporter activity following tamoxifen treatment.

CPCs transfected with control FLAGmMER, KNICGFP and KNICmER plasmids
were immunoblotted and probed for activated Notch (NICD), GFP or FLAG
fusion tags (A). Lysates from HEK293 cells transfected with control pDC315
or MNICDmER plasmid were immunoblotted and probed for NICD and FLAG
fusion tag. GAPDH was used as a loading control (B). Dual luciferase reporter
assay of CPCs cotransfected with negative control or RBPJk-luciferase
reporter and plasmids encoding KNICmER or GFP treated with PBS or 1 uM
tamoxifen for 24 hours (C).
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Figure 3.3: Induction of jagged1, hey1 and smooth muscle actin (SMA)
mRNA in tamoxifen treated CPCs expressing inducible activated Notch.
Quantitative PCR of jagged1 (A) and hey1 (B) using cDNA derived from
nontransgenic CPCs transfected with adenoviral plasmids encoding nuclear
targeted GFP (GFPNLS), intracellular Notch GFP fusion (KNICGFP) and
intracellular Notch mER fusion (KNICmER) treated with PBS or 1 uM
tamoxifen for 24 hours standardized to B-actin control. Transcript levels for A
and B are based on a standard curve derived from embryonic cDNA control.
Transcript levels of jagged1 (C), hey1 (D) and SMA (E) were measured by
gPCR of cDNA derived from CPCs transfected with lentiviral constructs
encoding GFP (PKGFP), regulatable Notch (PKKNICmER) or buffer (PKntg)
treated with vehicle (- tamoxifen) or 1 uM tamoxifen (+ tamoxifen) for 24 hours.
GAPDH was used as an internal control. Signals were expressed as fold
change (FC) relative to the vehicle treated PKGFP (top panel) or to the vehicle
treated sample for each vector (bottom panel) using the ddCT method. T-test
was used to measure significance. * = p<.05, ** = p<.01, *** = p<.001. n per
sample = 3.
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Figure 3.4: Overexpression of activated Notch1 alters cardiac progenitor
cell morphology and c-kit levels.

CPCs infected with adEGFP A. or adNICDEGFP B. for six days stained for
GATA4 (red), nucleostemin (white) and tubulin (blue). C. Western blot of
uninfected CPCs (NI), CPCs infected with adEGFP (EGFP) or adNICDEGFP
(NICD) for six days immunoblotted for GATA-4, c-Kit and Hes1, and GAPDH
as a loading control.
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Figure 3.5: CPCs respond to induction of Notch activity.

CPCs were infected with adenoviruses encoding GFP, KNICmER or
KNICGFP and treated with either vehicle or 1 uM tamoxifen in growth medium
for five days. Mouse CPCs infected with adenovirus encoding A) EGFP B)
KNICGFP or C,D) KNICmER.
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Figure 3.6: CPCs express smooth muscle actin (SMA) following
induction of Notch activity.

Mouse CPCs infected with adenovirus encoding A) EGFP B) KNICGFP and
C,D) KNICmER were treated with PBS or tamoxifen for five days, fixed and
stained for smooth muscle actin (SMA, red), Notch (green) or DNA (To-pro 3).
EGFP (A, green) was detected directly. KNICmER cells treated with PBS (C)
retained morphology similar to EGFP cells (A) and weak staining for SMA.
KNICmER cells treated with tamoxifen (D) became large and flattened and
stained strongly for SMA, similar to KNICGFP cells with (B) or without
tamoxifen.
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Figure 3.7: Induction of jagged1, hey1 and smooth muscle actin (SMA)
mRNA in CPCs expressing inducible activated Notch treated with
tamoxifen for six days.

Cardiac progenitors were infected with adenovirus encoding GFP (egfp),
constitutively active intracellular Notch fused to GFP (KNICGFP), or
regulatable intracellular Notch fused to mER (KNICmER). Cells were treated
in growth medium with vehicle or 1uM tamoxifen for six days and harvested for
RNA. Transcript levels for hey1 (A), jagged1 (B), SMA (C) and CD31 (D) were
measured by gPCR using the ddCT method with B-actin as an internal control.
Signals were normalized to vehicle treated EGFP expressing samples.
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Figure 3.8: Cell lines established from cardiac progenitors transduced
with lentivirus encoding regulatable activated Notch:

CPCs transduced with CGWKNICmER (A-C) or PGKNICmER (D-F) express
the FLAG tag (green) and intracellular Notch (NICD, red) after at least four
passages. Tubulin staining is in blue. Western blotting (G) verifies expression
of FLAG and NICD in these cell lines with and without tamoxifen treatment
compared to untransduced nontransgenic CPCs (NTG).
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Figure 3.8 continued.
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Figure 3.9: Upregulation of jagged1 mRNA expression in CPCs using
TetOn inducible or mER fusion regulatable construct.

Mouse CPCs were transfected with KNICTetOn+TA, PGKNICmER,
KNICGFP or PGKGFP plasmids and treated with vehicle or inducing agent
(doxycycline for TetOn, tamoxifen for others). Top: fold change relative to
uninduced KNICTetOn. Bottom: fold change versus untreated for each
construct.
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Appendix

Primers for mouse qPCR

Mouse hes1, Accession # NM_008235.2
For: 5-GAGGCTGCCAAGGTTTTTGG-3
Rev: 5-GCTGGTGTAGACCGGGATGA-3’

Mouse hey1, Accession # NM_010423.2
For: 5-TGAATCCAGATGACCAGCTACTGT-3
Rev: 5-TACTTTCAGACTCCGATCGCTTAC-3’

Mouse notch1, Accession # NM_008714
For: 5-TCAATGCCGTGGATGACCTA-3
Rev: 5-CCTTGTTGGCTCCGTTCTTC-3’

Mouse jagged1, Accession # NM_013822
For: 5- CGGGATGGAAACAGCTCAC-3
Rev: 5- CACCAAGCAACAGACCCAAG-3

Mouse pten, Accession # NM_008960
For: 5- GACAAGGCCAACCGATACTTC-3
Rev: 5-TGCTAGCCTCTGGATTTGATG-3’

Mouse p-actin, Accession # NM_007393
For: 5-CCGTGAAAAGATGACCCAGA-3
Rev: 5-AGGCATACAGGGACAGCACA-3

Mouse aSMA, Accession # NM_007392.2
For: 5-GTTCAGTGGTGCCTCTGTCA-3
Rev: 5-ACTGGGACGACATGGAAAAG-3

Mouse CD31, Accession # NM_008816.2
For: 5-AGTTGCTGCCCATTCATCAC-3
Rev: 5-CTGGTGCTCTATGCAAGCCT-3

Mouse gapdh Accession # XM_001473623.1
For: 5-CATGGCCTTCCGTGTTCCTA-3
Rev: 5-CCTGCTTCACCACCTTCTTGAT-3
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Primers for cloning:

To clone into CGW lentiviral backbone:

KNIC Pacl Kozak Forward:
5-GCC TTAATTAAACCATG GTGCTG CTG TCC CGC A-3

mER Pacl Stop Reverse:
5-GG TTAATTAA TCA GAT CGT GTT GGG GAA G-3'

To clone into PGK lentiviral backbone:

KNIC BamHI Kozak Forward:
5-GCC GGATCC ACCATG GTG CTG CTG TCC CGC A-3

mER BamHI Stop Reverse:
5'-GG GGATCC TCA GAT CGT GTT GGG GAA G-3
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The role of Notch signaling in damaged myocardium and cardiac repair
is the focus of increasing investigation. Reactivation of Notch in postmitotic
cardiomyocytes has been reported to promote proliferative signaling, blunt
hypertrophy and fibrosis, mitigate damage from infarction and stimulate

protective signaling cascades®™ %%

Interestingly, constitutive cardiac
overexpression of activated Notch during development leads to cardiac
defects, arrested cardiomyocyte proliferation and differentiation, and perinatal
lethality®> °* ' Clearly the timing of Notch signaling is critical for proper heart
field specification and development, suggesting that candidate progenitor cell
populations for cell based therapy will also be sensitive to timing and dose of
Notch activity. Several studies have investigated the impact of Notch signaling
on cardiac differentiation in various progenitor populations, including

circulating endothelial progenitors, CPCs and mouse embryonic stem cells''”

20 The consensus is that Notch activation pushes these cell types toward a
cardiac fate, facilitating their regenerative potential following transplantation
into damaged myocardium. The work presented here reports reactivation of
the endogenous Notch pathway in adult myocardium following infarction,
documenting elevated protein levels of Jagged1 ligand, NICD and
downstream target Hes1 in infarcted heart lysates. Furthermore, NICD is
localized to border zone cardiomyocytes, a novel finding that was replicated in

subsequent studies®. Colocalization of c-Met with NICD in nuclei of border

zone cardiomyocytes, prompted the investigation of potential crosstalk
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between the Notch and HGF signaling cascades. HGF, also upregulated
following myocardial infarction, acts as a cardioprotective cytokine that
reduces apoptosis, infarct area and fibrosis, and increases vascularization and
proliferative signaling in surviving myocytes; this protective effect is mediated
via the PI3K/Akt pathway?® 43 58:63.67. 121125 * The cyrrent study demonstrates
activation of Notch by HGF in cardiomyocytes in vitro and in vivo, and reveals
that this effect is mediated through the PI3K/Akt signaling axis; inhibitors of
PIBK and Akt blunt the elevation of Hes1 in HGF treated NRCMs.
Furthermore, transient overexpression of exogenous NICD in NRCMs and
intact myocardium increases phospho-Akt levels in these tissues, pointing to
supportive signaling between Notch and PI3K/Akt pathways in heart.

Crosstalk between the Notch and PI3K/Akt pathways has been

30-32, 92, 126129 55 well as in noncancerous

documented in the cancer literature
cell types®® . Mechanisms to explain stimulation of PI3K signaling include:
transcriptional repression of PI3K antagonist PTEN by Hes1, upregulation of
IGF-R expression, formation of a complex between Notch1, p56(Ick) and PI3K
to stimulate Akt, and upregulation of Deltex1, which can stimulate PI3K
signaling through recruitment of signaling kinases. The first mechanism
addresses canonical Notch signaling whereby the intracellular domain
translocates to the nucleus, binds to RBPJ-k and stimulates expression of

downstream targets such as Hes1. To test this mechanism in our system,

PTEN transcript levels were measured in NRCMs expressing activated Notch
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(Figure 4, Chapter IlI). Contrary to reports in leukemia and adenocarcinoma
cells, PTEN transcripts are not decreased by Notch activation in NRCMs. Itis
interesting to note that Jagged1 transcripts are elevated in KNICGFP and
tamoxifen treated KNICmER expressing myocytes and CPCs. Jagged1 has

1128 Based

been implicated in the noncanonical activation of PI3K by Deltex
on these cumulative results, future experiments will measure IGF-R transcript
and protein levels as well as Deltex1 transcripts in KNICGFP and KNICmER
expressing myocytes to uncover the mechanism underlying activation of
PI3K/Akt by Notch.

Genetic tools for manipulating Notch signaling in intact heart and cell
culture systems were designed to probe these molecular interactions further.
The mutated estrogen receptor fusion system was chosen for its simplicity and
flexibility, allowing direct activation by tamoxifen. Previously an intracellular
Notch estrogen receptor fusion construct was utilized in studies of Notch
activation on B cell gene expression''. The mutated estrogen receptor, mER,
is unresponsive to estrogen but is activated by tamoxifen, a distinct advantage
for in vivo models susceptible to hormonal fluctuations. Additionally, our
collaborators in the laboratory of Professor Christopher Glembotski have used
the mER fusion system successfully to discover targets of ATF6-mediated

86, 132135 Of the intracellular

endoplasmic reticulum stress in myocardium
Notch mER fusion constructs tested, KNICmER exhibits the best induction of

Notch activity following tamoxifen treatment as evidenced by RBPJ-k
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luciferase reporter activity, quantitative real time PCR measurements of Notch
target transcripts, and immunostaining and blotting for Hes1 protein.
Therefore, this construct was chosen to confer regulatable Notch activity in
adenovirus, lentivirus and the cardiac specific transgenic systems.

Constitutive Notch activation in developing heart results in cardiac
malformation and lethality. The transgenic mouse line expressing KNICmER
under control of the alpha myosin heavy chain promoter has been verified for
NICD protein expression in conjunction with the FLAG tag. Given that the
corresponding positive control construct, aMyHC-KNICGFP, which expresses
constitutively active Notch in cardiomyocytes, produced no founders, it would
appear that the mER fusion is suppressing Notch activity of KNICmER
sufficiently to allow viable offspring. Preliminary analysis of hearts from
KNICmER F1 offspring reveals no gross defects in cardiac morphology; heart
and body weights are comparable to nontransgenic littermates and KNICmER
transgenic mice seem healthy. The finding that aMyHC-KNICGFP produced
no viable founders is consistent with previous reports of constitutive Notch
activity during development leading to cardiac defects and lethality®>. Once
tamoxifen regulation is established in this line, pathological challenge will be
surgically induced (infarction via LAD ligature, pressure overload via TAC
banding) and mice treated with vehicle or tamoxifen. Since Notch activation in

cardiomyocytes is thought to play a key role in zebrafish heart regeneration’,
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it is anticipated that a well timed burst of Notch signaling in KNICmER mouse
myocardium following injury will result enhanced cardiac repair.

The final chapter of this thesis investigates the role of Notch signaling in
cardiac progenitor cell differentiation and cardiogenesis. The regulatable
KNICmER construct was introduced into CPCs and induction of Notch target
genes confirmed by gqPCR. Notch is a known regulator of cardiac
specification, so not surprisingly, CPCs expressing activated Notch for five
days changed shape and gene expression profiles, losing progenitor markers
c-kit and nucleostemin, and upregulating SMA. Two KNICmER expressing
lines were created using lentiviral transduction, the first of which utilizes the
viral MND promoter and has been successfully in this laboratory to establish
Pim-1 expressing CPCs used in adoptive transfer experiments. The second
line, PGKKNICmER, utilizes the ubiquitous mammalian PGK promoter in order
to avoid potential transgene silencing that can occur with viral promoters
introduced into mammalian systems'®. The KNICmER CPC lines will be used
to manipulate Notch signaling as it pertains to CPC differentiation into cardiac
lineages both in vitro and in vivo. The companion in vivo model, a transgenic
mouse expressing KNICmER under control of the c-Kit promoter, will serve as
a whole body system for elucidating the mechanisms through which Notch

impacts CPC differentiation and repair in the heart.
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In conclusion, the ultimate goal of this research is to define conditions,
which enhance cardiogenesis and cardiac repair following pathologic
challenge. The reagents described here have all been designed with that
endpoint in mind and will be employed to dissect molecular mechanisms of
Notch and survival signaling crosstalk, and to enhance myocyte and

progenitor based cardiac regeneration in vivo.
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