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Abstract

Background—Notch signaling has previously been shown to play an essential role in regulating
cell fate decisions and differentiation during cardiogenesis in many systems including Drosophila,
Xenopus and mammals. We hypothesized that Notch may also be involved in directing the
progressive lineage restriction of cardiomyocytes into specialized conduction cells.

Methods and Results—In hearts where Notch signaling is activated within the myocardium
from early development onwards, Notch promotes a conduction-like phenotype based on ectopic
expression of conduction system-specific genes and cell autonomous changes in
electrophysiology. Using an /n vitro assay to activate Notch in newborn cardiomyocytes, we
observed global changes in the transcriptome as well as in action potential characteristics
consistent with reprogramming to a conduction-like phenotype.

Conclusions—Notch can instruct the differentiation of chamber cardiac progenitors into
specialized conduction-like cells. Plasticity remains in late-stage cardiomyocytes, which has
potential implications for engineering of specialized cardiovascular tissues.
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Introduction

Diseases of the cardiac conduction system (CCS) are a significant cause of morbidity and
mortality, where few therapeutic options exist for treatment outside of implantation of
electronic pacemakers. Limitations of current pacemaker technology include minimal
autonomic responsiveness, infection, the potential for contractile dyssynchrony that may
contribute to heart failure, and the requirement for life-long maintenance and replacement,
an especially troubling aspect in the pediatric population. Biologic pacemakers may
eventually represent a viable alternative to electronic devices, even if only under limited
circumstances, and proof of principle studies suggest initial promise (reviewed in 1). The
ability to instruct cardiomyocytes to become “conduction-like”, either through directed

Address for Correspondence: Stacey Rentschler, Center for Cardiovascular Research and Department of Developmental Biology,
Washington University School of Medicine, 660 S. Euclid Avenue, Campus Box 8103, St. Louis, MO 63110,
stacey.rentschler@wustl.edu.

Conflict of Interest Disclosures: None.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rentschler et al.

Page 2

differentiation of human embryonic stem cells or iPS cells, or through direct reprogramming
of cardiomyocytes /in vivo into conduction-like cells, may be an evolving paradigm for
reversing or treating degenerative conduction disease. Deciphering signals that can instruct
cardiomyocytes to adopt a conduction phenotype is a prerequisite for progress with this
therapeutic approach.

The CCS consists of the sinoatrial (SA) node, which generates impulses that travel through
atrial tissue to arrive at the atrioventricular (AV) node. At the AV node, there is a delay in
impulse propagation to allow the atria to contract. Impulses then travel rapidly through the
ventricular conduction system comprised of the His bundle, right and left bundle branches,
and peripheral Purkinje fiber network which coordinates activation of the heart from apex to
base. Cells of the CCS can be identified as distinct from atrial and ventricular “working” or
“chamber” myocardium based on unique action potential morphologies and gene expression
profiles. Lineage studies in both chick and mice have demonstrated that cells of the
conduction system share a common origin with cardiomyocytes, with the exception of the
sinus node, which is recruited from mesenchymal cells just outside the heart field.2= In the
murine heart, Cx40-positive embryonic trabeculae give rise to both conduction and working
myocytes at early embryonic stages.* Whether the potential for cardiomyocyte plasticity
between conduction and chamber myocardium exists at later stages of development remains
to be elucidated.

Endothelin-1 and neuregulin-1 are two factors secreted by endothelial cells that play
important roles in the development of ventricular trabeculae and can direct the
differentiation of embryonic cardiomyocytes into Purkinje-like cells during discrete
developmental windows.> & However, the effects of these inductive signals are likely to be
context dependent, as treatment of human embryonic stem cells with neuregulin-1s leads to
increased working-type cells, while a neuregulin-1s inhibitor or ErbB inhibitor promotes an
AV nodal phenotype.’ Several transcription factors operate both at the level of conduction
system morphogenesis and differentiation to control the elecrophysiologic properties of
cells. T-box containing transcriptional repressors including Thx18, Thx3 and Tbx5 play a
role in the specification of the SA node, AV bundle and bundle branches. Thx18 controls the
formation of the SAN head from mesenchymal precursors, onto which Thx3 subsequently
imposes the pacemaker gene program by repressing expression of atrial “working”
myocardial genes.8 Overexpression of Thx3 in atrial tissue results in conversion of atrial
cardiomyocytes to a nodal-like phenotype.® 10 Nkx2.5 is a critically important transcription
factor in conduction system formation and maintenance, as evidenced by a hypoplastic AV
node and postnatal defects in Purkinje fiber differentiation in global haploinsufficient
mice.11 12 Thx5 and Nkx2.5 cooperate to mediate expression of /a2, a helix-loop-helix
transcription factor that represses myogenic genes and promotes ventricular conduction
system differentiation.13

In the zebrafish heart notchlb is important for central conduction system formation.14 Our
recent work has demonstrated that loss of myocardial Notch signaling in a murine model
results in abnormal AV nodal formation and function, while activation of myocardial Notch
signaling leads to ventricular preexcitation.1# 15 Based on this previous work, we
hypothesized that Notch may influence progressive cardiomyocyte cell lineage decisions
involving components of the conduction system, and we investigated this possibility further
using both /n vivo and in vitro approaches.
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Materials and Methods

Mice

All mice were maintained on a mixed genetic background. M/c2/~"€* mice were genotyped
using Cre-specific primers, CCS-LacZt® with LacZ-specific primers, and Cntn2-EGFP
with GFP-specific primers. We used mice in which a dominant-negative Mastermind-like
gene and the Notch intracellular domain (DNMAML and NICD, respectively, knocked into
the constitutively active Rosa26 locus) are expressed in a tissue-specific manner after
activation by Cre recombinase.18 DNMAML and N/CD mice were genotyped with ROSA26
locus primers. Littermate animals were compared in all experiments unless otherwise noted.
All animal protocols were approved by the University of Pennsylvania Institutional Animal
Care and Use Committee.

Histology and immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded sections with antibodies
recognizing Contactin-2 (R&D Systems, AF4439), Thx3 (sc-17871, Santa Cruz) and Ki67
(sc-15402, Santa Cruz). Secondary antibody-fluorescent conjugates included anti-rabbit
Alexa 568 (Invitrogen) and anti-goat Alexa 488 (Invitrogen). Histology,
immunohistochemistry and whole mount Xgal images were analyzed using Adobe
Photoshop. Control and mutant images were treated identically in all cases where brightness
and contrast were altered.

Proliferation Index of AV Node

Sections from 3 regions within newborn M/c2v<"¢*: NICD and NICD hearts were costained
for Thx3 and Ki67 as described above. The total number of Thx3 positive and Thx3/Ki67
double positive cells were counted in n=3 hearts of each genotype. The proliferation ratio
was calculated by dividing the Tbx3/Ki67 double positive cells by the total number of Thx3
positive cells.

Cardiomyocyte Culture and Viral Infection

Perinatal hearts were isolated in chilled PBS followed by digestion in 0.10% trypsin diluted
in HBSS with 1mg/mL type IV collagenase (Sigma) for 20 minutes rotating at 37°C with
gentle trituration every 5 minutes. FBS was then added at a 1:1 ratio, following by plating of
the cells on gelatin-coated wells at a density of 1.5-2.0 x 10”6 cells per well.
Cardiomyocytes were cultured in myocyte media (65% DMEM, 20% M-199, 1.7 mM L-
glutamine, 85 mM HEPES, 10% horse serum, 5% FBS). Hearts from 14.5 dpc embryos
were treated similarly except they were digested in 0.15% trypsin diluted in DMEM with
lug/mL type IV collagenase (Sigma). After 24 hours in culture, cardiomyocytes were
treated with either the constitutively active Notch1 adenovirus (ICNX9) or control
adenovirus (EGFP or lacZ) at an MOI of 100, followed by analysis of the cells 48 hours
after infection.

Reverse Transcription-Quantitative Real Time PCR (RT-gPCR)

Total mMRNA was isolated from hearts or cultured cells using Trizol (Invitrogen) and DNase
treated using TURBO DNA-free DNase Treatment Kit (Ambion). cDNA was synthesized
using the SuperScript 11 First-Strand Synthesis System (Invitrogen). g°PCR was performed
with Power SYBR Green 2X Master Mix (Applied Biosystems) using the Applied
Biosystems 7900 HT Fast Real-Time PCR System using SDS2.4 software. Relative gene
expression was normalized to B actin. Primer sequences are provided in Supplemental
Methods.
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Isolation of Adult Ventricular Cardiomyocytes

Adult murine ventricular myocytes were isolated using the method described by Mitra and
Morad.20 Briefly, mice were injected with 100 Units of heparin intraperitoneally,
anesthetized with pentobarbital 50 mg/kg and hearts excised through a sternotomy. Hearts
were mounted on a Langendorf apparatus, perfused with Ca2+-free Tyrode’s solution for 6
min at 3.0-3.5 ml/min and a temperature of 36-37 °C, followed by 12—-15 min of perfusion
with Ca2+-free Tyrode’s solution containing: collagenase B and collagenase D (Roche
Chemical Co.) plus protease (Fraction 1V, Sigma Chemical Co.). When the hearts appeared
pale and flaccid they were removed from the Langendorf apparatus and the ventricles were
dissected away and kept in Ca2+-free Tyrode’s solution with 1 mg/ml of bovine serum
albumin (Fraction XIV, Sigma Chemical Co.). The ventricles were teased into small pieces
and then triturated gently with a Pasteur pipette to dissociate individual myocytes.

Cellular electrophysiology

Current clamp recordings were performed using the patch clamp technique in the whole-cell
configuration described by Hamill et al.2! Briefly, gigaohm seals were achieved using
pipettes fashioned from borosilicate glass (Harvard Apparatus) with resistances of 2-2.5 MQ
after fire polishing. Action potentials were recorded using an Axopatch 200B amplifier
running the pClamp program (v9.2) on a PC-based computer by injecting 0.2-0.5 nA current
pulses at 1 Hz to 6 Hz with a 2-ms duration. Voltage recordings were filtered at 1-2 kHz and
digitized at 25 kHz using the Digidata 1332A A/D converter (Molecular Devices). Only
cells with resting potentials lower than =50 mV, seal resistances 1 GQ, and access resistance
less than 10 MQ were accepted for analysis. For current clamp recordings, pipette solution
contained 110 mM/I KCI, 5 mM/I Nay-ATP, 11 mM/I EGTA, 10 mM/I HEPES, 1 mM/I
CaCly, 1 mM/I MgCly, pH 7.3, with KOH, and bath solution contained 132 mM/I NaCl, 4.8
mM/I KCI, 10 mM/I HEPES, 1.2 mM/I CaCly, 2 mM/l MgCl,, pH 7.4, with NaOH.

Statistical Analysis

Results

Student’s unpaired 2-tailed #test was used to evaluate differences in gene expression and
electrophysiologic parameters when two groups were compared. One-way ANOVA and
Tukey-Kramer test for post-hoc analysis was used to evaluate differences when gene
expression changes or electrophysiological parameters in more than two groups were
compared. Chi square analysis was performed to evaluate for rescue of preexcitation.
Sample sizes and statistical methods are provided in each figure legend. Data are
represented as mean + SEM. P values of less than 0.05 were considered statistically
significant.

Activation of Notch Signaling in Vivo Results in Up-regulation of Conduction System-
Enriched Genes

The Notch signaling pathway regulates many developmental processes, including
segregating cell lineages from fields of equivalent cells and defining boundaries between
distinct cell populations. We have previously reported that activation of Notch signaling in
the murine myocardium in M/c2vC"e*; NICD mice, in which M/c2/Ce/* activates
expression of the Notch intracellular domain (NICD), results in altered boundary formation
between AV canal myocardium and ventricular myocardium and leads to ventricular
preexcitation.1> Additionally, constitutive activation of Notch signaling within the
myocardium from early development onwards resulted in an enlarged AV node based on an
expanded region of Thx3 expression, while inhibition of canonical Notch signaling in
Mic2vCre* : DNMAML mice results in smaller AV nodes with defective function.> We
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hypothesized that AV nodal defects in Notch mutants may reflect an ability of Notch to bias
cardiomyocytes towards a conduction phenotype during the progressive lineage restriction
of cardiomyocytes and their precursors.

To test whether Notch causes gene expression changes consistent with recruitment to a
conduction-like phenotype, we performed RT-gPCR on adult Notch activated hearts. Atria
were removed, and the ventricles with the base of the interatrial septum (including the AV
nodal region) were analyzed. Increased expression of the canonical Notch target HesZ
reflects activation of the Notch pathway (Supplemental Figure 1). Although few markers
that are specific for the conduction system have been described, a recent transcriptome
analysis of Purkinje fibers purified from CCS-LacZ mice identified Contactin2? (Cnin2), a
cell adhesion molecule with unknown function within the heart, as a specific marker of
conduction cells.16: 17 Therefore, we assayed for the expression of Contactin2, as well as
other conduction system-enriched ion channels, gap junction isoforms, and transcription
factors in adult Notch activated mice.

Cnitn2was significantly up-regulated 3.3-fold in ventricles from Notch activated mice when
compared with controls (Figure 1A). 7hx5and Nkx2-5, encoding transcription factors that
play important roles in AV nodal and ventricular conduction system development with
exquisite dosage-sensitivity, are up-regulated 1.8 fold and 1.5 fold, respectively (Figure 1A).
Connexin isoforms multimerize to form gap junctions and are expressed preferentially
within different regions of the heart. Cx30.2, encoding a low conductance gap junction
isoform expressed exclusively within nodal tissues, is up-regulated 3.4-fold in Notch
activated hearts. Hcnl, encoding a hyperpolarization-activated channel that contributes to
the If pacemaker current, is up-regulated 12-fold. The gene encoding the major sodium
channel expressed in the heart, Scnba, which is also enriched in Purkinje fibers, is up-
regulated 1.7 fold. Taken together, Notch activation in ventricular myocardium results in up-
regulation of both nodal and Purkinje-enriched genes.

To further probe the mechanism for enlarged AV nodes in Notch activated hearts, Thx3-
expressing cells in Notch activated versus control hearts were assessed for proliferation by
Ki67 staining. Since AV nodal and AV junction defects are progressive during the early
postnatal stages of development in Notch activated hearts,15 we assessed proliferation in
newborn hearts. There was no significant difference in the percentage of Thx3+ proliferating
cells (MIc2vCe*; NICD 0.091% + 0.014 versus N/CD 0.094%z 0.010, p=0.88), consistent
with a recruitment effect and not a proliferative effect. Expression of conduction-specific
Cntn2 was similar at birth in control and Notch activated hearts (Supplemental Figure
2A,B), but by 3 weeks of age there was modest ectopic expansion of Cntn2 in Notch
activated hearts in regions where conduction tissue is not characteristically found, most
prominently in the right ventricle near the AV junction and in an expanded region in the
interventricular septum near the right bundle branch (Figure 1B). CCS-LacZ, which labels
the conduction system, is expressed normally in Notch activated hearts at birth
(Supplemental Figure 2C), but by 3 weeks of age CCS-LacZ expression is ectopic in the
mutants, resulting in blurring of the boundary between the conduction system and chamber
myocardium (Figure 1B). Similar results were seen using Cnin2-EGFP mice to label the
distal Purkinje fiber network (Supplemental Figure 2D, E). Many of the ectopic Cntn2-
expressing cells also express Cx40, a marker of Purkinje cells (Supplemental Figure 3).
These results support the conclusion that Notch is capable of influencing cardiomyocyte
lineage decisions.
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Activation of Notch Signaling In Vivo Results in Cell Autonomous Electrophysiologic
Changes Consistent with a Conduction-like Phenotype

Individual Notch activated ventricular cells were identified by EGFP, which is activated by
Cre recombinase in M/c2VCe*; Z/EG; NICD mice, and were compared with EGFP* cells
from control M/c2vC"e*; Z/EG mice. Notch activated cardiomyocytes have a similar
morphology to neighboring cardiomyocytes (Figure 2A), consistent with reports of some
adult murine Cntn2-EGFP™ Purkinje fibers having an elongated, rod-shaped phenotype
typical of the Purkinje fibers observed in many species, as well as other Purkinje fibers with
morphologies similar to those of chamber cardiomyocytes.1” Adult mouse Purkinje fiber
action potentials are distinguishable from ventricular cardiomyocyte action potentials by a
prolonged duration and a distinct plateau in phase 2.17 The action potential characteristics of
many Notch activated myocytes look remarkably similar to the action potentials of adult
mouse Purkinje fibers (Figure 2B, C and Supplemental Figure 4). Some Notch activated
myocytes displayed spontaneous depolarizations under current clamp conditions with phase
4 depolarization that further supports transition to a Purkinje-like phenotype (Supplemental
Figure 5), whereas this was not seen in control cells. We noted a relatively wide range of
action potential durations among Notch activated cells, with some cells having APDgyg very
similar to previously described adult murine Purkinje fibers (approximately 140 ms). When
averaged, the APDgyq was significantly prolonged in Notch activated cells compared to
controls (87.5 ms vs. 41.0 ms, p=0.006) while there were no significant differences in the
resting membrane potential or action potential amplitude (Table 1). There was no significant
effect on electrophysiologic parameters in EGFP~ cells between Notch activated M/c2v<e/*;
Z/EG; NICD and control MIc2V°Te*; Z/EG hearts, suggesting a cell autonomous effect
(Table 1). Taken together, in ventricular myocardium there are cells that shift their
phenotype to become indistinguishable from Purkinje cells as evidenced by upregulation of
both Cntn2 and Cx40 and a characteristic action potential morphology, though there are also
cells that appear to be only partially reprogrammed, as well as non-responders
(Supplemental Figure 6).

Transient Notch Activation Converts the Transcriptional Profile of Newborn
Cardiomyocytes to a Conduction-like Phenotype

As mentioned above, inductive cues such as neuregulin-1 and endothelin-1, which can bias
cardiomyocytes toward a conduction phenotype, are often context-dependent.® 7- 17 Since
our /in vivo system activates Notch early and continuously throughout development into
adulthood, we sought an alternative approach to determine whether transient Notch
activation at specific times of cardiac maturity would be sufficient to reprogram cells
towards a conduction-like phenotype. Evidence from transgenic mouse reporter lines
suggests that conduction cells may be specified as early as embryonic day 8.5, and lineage
tracing studies show that cardiomyocytes retain plasticity to become either conduction or
working cardiomyocytes until mid-gestation.# 16 Whether any cell fate plasticity remains at
later stages of development, and whether fully-differentiated chamber cardiomyocytes retain
the potential to become specialized conduction cells, is unclear.

Primary mouse ventricular cardiomyocytes from perinatal pups were isolated and infected
with the ICNX adenovirus expressing constitutively active Notchl intracellular domain
(N1ICD) or control GFP adenovirus. After forty-eight hours in culture, Notch activation
robustly up-regulates the known Notch targets HrtZ, Hrt2, Hrt3and Jagl (Figure 3). CntnZ2is
robustly up-regulated more than 10-fold with transient Notch activation (Figure 3). Nkx2-5
and its downstream target Hopx, a gene expressed in the His-Purkinje system,22 are
significantly up-regulated. Of the connexin isoforms, the His-Purkinje enriched Cx40is
increased, while the predominantly chamber myocardial Cx43is decreased and nodal
specific Cx30.2is unchanged. Notch activation results in a significant up-regulation of the
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pacemaker channel gene HcnZ2, which is enriched within the bundle branches of the
conduction system,2% and a trend toward increased expression of Hcn4 and the His-Purkinje
enriched Scnba. Globally, the transcriptional changes induced by Notch activation represent
a phenotypic transition toward a His-Purkinje conduction cell phenotype. Many of the
effects of transient Notch expression in 14.5 dpc ventricular cardiomyocytes are similar to
the transcriptional changes seen in newborn ventricular cardiomyocytes (Supplemental
Figure 7).

Notch Converts the Cellular Electrophysiology of Newborn Ventricular Cardiomyocytes to
a Purkinje-like Phenotype

To determine whether transient Notch activation can alter the cellular electrophysiology of
newborn cardiomyocytes, we performed current clamp studies on ventricular
cardiomyocytes derived from Cnin2-EGFP mice, where the effects of transient Notch
activation on cellular electrophysiology can be compared with that of endogenous Purkinje
cells. In comparison with control Cntn2-EGFP negative (Cntn2-EGFP~) ventricular
cardiomyocytes, Cntn2-EGFP* Purkinje cells exhibited a significant action potential
prolongation (APDsg Cntn2-EGFP~ 85 ms vs Cntn2-EGFP* 129 ms, p=0.006) as well as a
slight hyperpolarization of the resting membrane potential (Figure 4A-D). Adenoviral-
mediated expression of N1ICD resulted in Cntn2-EGFP~cells becoming more “Purkinje-
like” based on action potential prolongation at 50% and 90% repolarization, as well as
changes in the action potential morphology (APDsgg 133 ms, p=0.0004 when compared with
control, Figure 4A-C, E). Electrophysiologic changes occurred in all newborn
cardiomyocytes in response to Notch activation. Taken together with the gene expression
changes, this suggests that Notch activation is capable of reprogramming newborn
cardiomyocytes to a conduction cell-like phenotype.

Notch-Mediated Reprogramming is Mediated Through Canonical Signaling

Recent data suggests that in addition to canonical CSL (CBF-1, suppressor of hairless,
Lag-1; or RBPj-kappa) -dependent Notch signaling, non-canonical Notch signaling plays
important roles in development and disease, including its role in modulation of the Wnt
signaling pathway.2* To address the mechanism of Notch-induced conduction system
reprogramming, we inactivated canonical Notch signaling in Notch activated mice by
inhibiting activation of genes downstream of Mastermind-likel protein using a dominant-
negative approach (M/c2vC"¢* - NICD/DNMAML). Inactivation of canonical signaling by
DNMAML rescues ectopic up-regulation of expression of the pacemaker channel gene Henl
(7.7 fold upregulation in M/c2VC*; NICD vs 2.7 fold upregulation in M/c2VCre*: NICD/
DNMAML, Figure 5, p=0.02). For comparison, levels of the known canonical Notch target
Hes1 are decreased to a similar degree in the presence of DNMAML (Supplemental Figure
8). We previously have examined a cohort of over fifty Notch activated mice and found that
100% have ventricular preexcitation by 3 weeks of age. In contrast, only 7/11 M/c2/Cre/*
NICD/DNMAMIL mice are preexcited, while 12/12 littermate M/c2vCTe*: NICD mice are
preexcited by four weeks of age (Chi square p=0.027). These results suggest that the effects
of Notch activation to promote a conduction-like phenotype are at least partially MAML
dependent and therefore mediated by canonical Notch signaling.

Discussion

The results presented here demonstrate that Notch can modify the transcriptome and cellular
electrophysiology of cardiac myocytes to resemble cells of the specialized conduction
system. These findings are relevant to the better understanding of how to control
cardiovascular progenitor cell differentiation and how to engineer regenerative cardiac
tissues.

Circulation. Author manuscript; available in PMC 2013 August 28.
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Various approaches have been suggested for the generation of a biological pacemaker.
These have included the manipulation ex-vivo of human embryonic stem cell or induced
pluripotent stem cells to become pacemaker cells, followed by implantation into diseased
hearts. However, many important barriers remain to be overcome with a cell therapy
approach, including cell-cell coupling between injected cells and native myocardium. A
second approach involves gene therapy. For example, adenoviral-mediated delivery of Hcn2
channels, which contribute to the “funny current”, has been performed in dogs, and this type
of biological pacemaker compared favorably with that of electronic units in the same animal
(3527 and reviewed in 1). A third approach, supported by the results reported in this
manuscript, is to directly reprogram existing cardiomyocytes /n vivoto a conduction-like
phenotype. Results from Cx40-Cre lineage analysis suggest that the differentiation step to
the ventricular conduction system has definitively occurred by 16.5 dpc in the mouse®.
However, it is encouraging that our findings indicate that plasticity of mature myocytes to
adopt a conduction-like phenotype persists later in life than previously appreciated. We have
clearly demonstrated the ability to reprogram a small percentage of cells in vivo to Purkinje-
like cells using a single factor. Thus, although further characterization of the effects of
Notch will need to be undertaken prior to meeting a bar for convincing therapeutic value,
this study suggests the possibility that cellular reprogramming strategies may be a viable
strategy. It will be interesting to determine whether adenovirally-delivered Notch, either
alone or in combination with other factors, may enhance the development of conduction
tissue from adult myocardium and whether this effect is stable once the Notch signal is
turned off.

Amongst the genes up-regulated by Notch activation in vivo are Nkx2-5and Thx5, which
have been previously implicated in development and function of the conduction

system.11. 28-30.31 | jke Notch, Nkx2-5 and Thx5 each function to regulate cardiac
morphogenesis and cellular electrophysiology. Our ex-vivo experiments using myocytes
isolated at various ages indicate that Notch can activate Nkx2-5at all times tested, while up-
regulation of 7bx5was restricted to prenatal stages. Future studies will address the
mechanism for differential responsiveness under specific developmental contexts.

The development of cardiac preexcitation resembling Wolff-Parkinson-White syndrome in
Notch activated mice®® is likely to result from the combined effects of several distinct Notch
functions, including effects on morphogenesis and cellular electrophysiology. Mispatterning
of the AV boundary likely contributes to the abnormal presence of myocardium traversing
between atrium and ventricle. However, the ability of Notch to alter cellular
electrophysiology, and specifically to promote a Purkinje fiber-like phenotype in ventricular
cardiomyocytes, may be equally significant for altering the electrical conducting properties
of accessory pathway tissue, which is required for a bypass tract to become functional and
for the animal to manifest preexcitation. In Notch activated newborn hearts, and in neonatal
human hearts32, isolated strands of cardiomyocytes are observed in the absence of electrical
preexcitaton; these remnants of AV canal myocardium are not electrically active. In Notch
activated mice, as in some humans, preexcitation emerges only later in life, perhaps due to
Notch-mediated changes in cellular electrophysiology of bypass myocardium. 76x2and
PRKAGZ, genes implicated in preexcitation syndromes, also regulate the expression and/or
function of ion channel genes such as Scn5a.33: 34 Thus, changes in cellular
electrophysiology may play an integral role in the development of preexcitation syndromes,
antegrade conduction properties of accessory pathways, and risk of sudden cardiac death.
Future studies will aim to determine the individual currents regulated by Notch, and to
clarify the degree to which the role of specific currents and ion channel functions are
conserved between mouse and human in specialized conduction tissue.

Circulation. Author manuscript; available in PMC 2013 August 28.
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Microdeletions of Bone Morphogenetic Protein-2 (BMP-2) have recently been associated
with a syndrome of WPW together with Alagille syndrome.3> JAGGED1, known to be
implicated in Alagille syndrome, is located 3.8 MB centromeric from BMP-2, raising the
question of whether altered Notch signaling contributes to the observed WPW phenotype in
this human syndrome. Almost one-third of WPW patients develop atrial fibrillation at a
young age, which often resolves with ablation of the bypass tracts. An intriguing hypothesis
is whether Notch pathway induced alterations in ion channel expression within the atrium,
or near the atrial insertion of the accessory pathway, may play a role in the genesis of atrial
fibrillation in humans.

While our in vitro studies demonstrate an effect of activating Notch on a large percentage of
infected cardiomyocytes, the effect in vivo is more modest. In ventricular myocardium, there
are cells that shift their phenotype to become similar to Purkinje cells as evidenced by
upregulation of both Cntn2 and Cx40 and a characteristic action potential morphology,
though there are also cells that can best be described as transitioning towards a Purkinje
phenotype in response to Notch activation, as well as non-responders (Supplemental Figure
4). The identification of additional signals that augment or restrict the degree of conversion
will require further study. In Notch-activated hearts, we observed spatially-restricted non-
homogenous up-regulation of Cntn2 and phenotypic variability in cellular
electrophysiology. Possible explanations include additional combinatorial signals, either
cooperative or inhibitory, which contribute to the competency of ventricular cardiomyocytes
to respond to activated Notch in vivo. Alternatively, there may be a stronger bias against
conduction system reprogramming inherent in a subset of cardiomyocytes, which is
overcome by higher amounts of activated Notch provided by adenoviral delivery in the in
vitro system. One future approach to address these possibilities might be to inject activated
Notch into neonatal rodent ventricles, an approach that has been employed previously
(Palatinus et al. Am J Phys., 2011). Whether Notch is also required during conduction
system development, apart from its previously demonstrated effects on the AV nodel® or
whether alternative signaling pathways can instruct cardiomyocytes to become conduction
cells in the absence of Notch signaling, is not entirely clear. However, Notch-regulated
genes appear to be important for patterning the ventricular conduction system as evidenced
by postnatal patterning defects observed with CCS-LacZ.

Notch signaling controls many facets of development, postnatal homeostasis and disease in
many organ systems. The results presented here reveal a novel function for Notch signaling
to influence cardiomyocyte cell fate decisions, and future investigations will further probe
the interactions between Notch and other signaling pathways known to orchestrate
conduction system lineage decisions in the heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Conduction disorders are a significant cause of morbidity and mortality, often requiring
implantation of electronic pacemakers to coordinate activation of the heart. Though
pacemaker technology is quite advanced, there are important limitations to electronic
devices when compared with native conduction tissues. Cellular based replacement
strategies and regenerative approaches for the treatment of several cardiac diseases,
including heart failure, are currently being tested in animals and humans. One
suchstrategy involves reprogramming, or converting one cell type into another cell type.
We provide evidence that a single factor, Notch, is capable of reprogramming
cardiomyocytes into Purkinje-like conduction cells both in vivo and in vitro. Notch
activation produces changes in gene expression and cellular electrophysiology in
cardiomyocytes as late as the perinatal period. The ability to manipulate cardiomyocyte
cell fate toward cells of the conduction lineage may enable development of therapies to
replace or augment electronic pacemakers in individuals with conduction disorders.
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Figure 1.

Activation of Notch Signaling Upregulates Conduction System-Enriched Genes. (A) RT-
gPCR of conduction-enriched genes in ventricular samples from M/c2vCTe*: NICD mice
with transcript levels normalized to control littermates. Whereas there was no change in
expression of the pan-cardiac marker Actcl (alpha-cardiac actin), Notch activation up-
regulates conduction-enriched transcription factor, gap junction, and ion channel genes. (B)
Immunohistochemistry for the conduction-specific protein Cntn2 (green) demonstrates
ectopic expression in Notch activated hearts when compared with control, including within
the right ventricle near the atrioventricular junction and in the interventricular septum near
the right bundle. The arrow demonstrates Cntn2-expressing cells within the interventricular
septum in a region distant from the endocardium. Whole mount analysis of CCS-LacZ
expression similarly demarcates ectopic conduction tissue along the right bundle with a
blurring of the boundary between conduction and chamber myocardium in Notch activated
hearts. Eosin stained sections from Notch activated hearts along the left side of the
interventricular septum demonstrate ectopic CCS-LacZ expression broadly in the
subendocardial region. Scale bars = 100M, whole mount CCS-LacZ images are at 6.3x
magnification. A=atrium, V=ventricle. Control mice are N/CD. N=3 each genotype. Group
comparison was performed using a Student’s unpaired 2-tailed #test. *p<0.05
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Figure 2.

Notch Activation in Ventricular Myocardium Converts Cellular Electrophysiology to
Resemble Purkinje Cells. (A) Phase contrast image of ventricular cardiomyocytes isolated
from Notch activated hearts with superimposed fluorescence microscopy to identify EGFP*
Notch activated cells. The cellular morphology of Notch activated adult ventricular
cardiomyocytes is similar to that of surrounding EGFP~ cells. (B) Action potential
morphologies from EGFP* Notch activated cells reveal a prolonged action potential duration
and a plateau in phase 2 of the action potential, similar to adult mouse Purkinje cell action
potentials recorded from Cntn2-EGFP* mice (C). Scale bar A = 20uM.
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Figure 3.

Transient Notch Activation Converts the Transcriptional Profile of Newborn
Cardiomyocytes to a Conduction-like Phenotype. RT-qPCR analysis of induced gene
expression changes for canonical Notch target genes and conduction system-enriched genes
after activation of Notch signaling (black bars) for 48 hours in cultured perinatal ventricular
cardiomyocytes. All fold changes are normalized to control cells infected with a GFP-
expressing adenovirus (white bars). Notch activation up-regulates known Notch targets, as
well as Purkinje fiber-enriched transcripts. n=7 replicates. Data are expressed as mean +
SEM. Group comparison was performed using a Student’s unpaired 2-tailed t-test. *p<0.05

Circulation. Author manuscript; available in PMC 2013 August 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rentschler et al.

Page 17

1504 . . 400 . 0
. z

= __ 300 =20
S 100. 9 £
@ 7} s

E E 2 40
= = 200 s
D‘“ DQ f=]
2 50 e £
£

100 3 -60-
['4

o ol -80

Control Notch Purkinje Control Notch Purkinje Control  Notch Purkinje

Contro| s Purkinje === Control e Notch ===

Figure 4.

Notch Converts the Cellular Electrophysiology of Newborn Ventricular Cardiomyocytes to
a Purkinje-like Phenotype. Comparison of the action potential duration (APD) at 50% (A) or
90% (B) repolarization in newborn cardiomyocytes isolated from Cntn2-EGFP mice, which
identifies endogenous Purkinje fibers. EGFP~ chamber cardiomyocytes (white bars, n=9)
have a significantly shorter APDsg and APDgg when compared with EGFP* Purkinije cells
(grey bars, n=8). Notch activation in EGFP~ chamber cardiomyocytes (black bars, n=10)
results in a significant prolongation of both the APD5q and APDgq towards a Purkinje-like
phenotype. (C) The resting membrane potential was not significantly different between
chamber cardiomyocytes, Purkinje cells, and Notch activated cells though there was slight
membrane hyperpolarization in Purkinje cells and with Notch activation. (D) Superimposed
action potentials from a control lacZ-infected (blue) and EGFP* Purkinje cell (red). (E)
Superimposed action potentials from a control lacZ-infected (blue) and Notch activated cell
(red) demonstrate Notch-induced changes in the action potential morphology similar to
those in Purkinje cells. Group comparison was performed using a one-way ANOVA and
Newman-Keuls test for post-hoc analysis. *p<0.05
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Figure5.

Reprogramming to a Conduction-like Phenotype /n Vivois Dependent on Canonical Notch
Signaling. (A) RT-gPCR analysis of Hcnl gene expression changes within the mid-
ventricular region of Notch activated hearts, with and without downstream inactivation of
canonical Notch signaling via DNMAML (M/c2VCe* : NICD versus MIc2/<"¢"*; NICD/
DNMAML). Henl levels are nearly 8-fold upregulated with Notch activation, however in
the presence of DNMAML, Hcnl levels are significantly reduced. This suggests that the
effects of Notch activation to promote a conduction-like phenotype are largely MAML-
dependent and therefore mediated by canonical Notch signaling. Control mice are N/CD or
NICD/DNMAML littermates. n=9 control, n=8 MIc2V°"e"*; NICD, n=6 MIc2V°"¢*; NICD/
DNMAML. Data are expressed as mean + SEM. Group comparison was performed using a
one-way ANOVA and Tukey-Kramer test for post-hoc analysis. *p<0.05
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Table 1
Action Potential Characteristics
RMP,mV  APA,mV  APDgyms APDg, ms
EGFP* Mic2/e/* -66.6+07 1238%45 129%07 410%28
EGFP* MIc2©®*; NICD  ~62.6+18 1150%21 272+41° 875+123"
EGFP~ Mic2V“e* 619+33 110544 146+08 408%06
EGFP~ Mic2/Cre*: NICD  67.6+16 1162+65 168+21  504+99

Data are expressed as mean = SEM.

*
p<0.05.

n =9 EGFPY MIc2/Cre/* n=11 EGFP* Mic2/CTe/*: NICD, n=4 EGFP™ Mic2/CTe/*, n=5 EGFP™ Mic2VCTe/*: NICD. RMP = resting
membrane potential; APA = action potential

amplitude; APD5( = action potential at 50% repolarization; APDg( = action potential at 90% repolarization.
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