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ABSTRACT

Wingless-related integration site (Wnt) signaling has proven to be a fundamental mechanism in
cardiovascular development as well as disease. Understanding its particular role in heart formation has
helped to develop pluripotent stem cell differentiation protocols that produce relatively pure
cardiomyocyte populations. The resultant cardiomyocytes have been used to generate heart tissue for
pharmaceutical testing, and to study physiological and disease states. Such protocols in combination
with induced pluripotent stem cell technology have yielded patient-derived cardiomyocytes that exhibit
some of the hallmarks of cardiovascular disease and are therefore being used to model disease states.
While FDA approval of new treatments typically requires animal experiments, the burgeoning field of
tissue engineering could act as a replacement. This would necessitate the generation of reproducible
three-dimensional cardiac tissues in a well-controlled environment, which exhibit native heart
properties, such as cellular density, composition, extracellular matrix composition, and structure-
function. Such tissues could also enable the further study of Wnt signaling. Furthermore, as Wnt
signaling has been found to have a mechanistic role in cardiac pathophysiology, e.g. heart attack,
hypertrophy, atherosclerosis, and aortic stenosis, its strategic manipulation could provide a means of
generating reproducible and specific, physiological and pathological cardiac models.



INTRODUCTION

Through decades of diligent work, researchers have come to understand the enormous effect a
cell’s environment has on cellular processing and responses. Embryogenesis is a prime example of how
precisely timed exposure to specific doses of intracellular and extracellular factors can induce cell
differentiation and axis patterning [1,2]. In the case of the heart, this precise molecular signaling begins
in the embryo and continues in the fetus [3] and is heavily dependent upon the wingless-related
integration site (Wnt) family of molecules [4]. This article will provide a brief overview of the role of the
canonical (B-catenin-dependent) Wnt signaling pathway in heart development, cardiac repair,

cardiovascular disease and its current and potential utility in cardiac tissue engineering.

OVERVIEW OF CANONICAL WNT SIGNALING

Wnt genes and proteins play a critical role in cell fate decisions, axis patterning, cell
proliferation, and cellular migration [5-8]. The Wnt family of proteins are secreted signaling molecules
that initiate a variety of intracellular signaling pathways [9]. In this review, we will restrict our discussion
to the canonical Wnt/B-catenin signaling pathway in cardiogenesis, cardiac repair and cardiac disease
development. A more detailed description of Wnt signaling can be found in the following reviews of the

topic [9-12].

Whnt signaling begins with the secretion of Wnt ligands into the extracellular space, which
requires the post-translational modification of the Wnt proteins by the resident ER acyltransferase
Porcupine [13] (Figure 1). In the canonical pathway, Wnt binds to the receptor Frizzled (Frz) [14] and the
co-receptor, low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6), to form a trimeric
complex. Formation of this complex inhibits the glycogen synthase kinase 3 (GSK-3) destruction

complex, which prevents the degradation and promotes the stabilization of the cytosolic B-catenin pool



[15]. Accumulation of B-catenin in the cytoplasm results in its translocation to the nucleus where it binds
to T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors that turn on Wnt-responsive

genes.

(insert Figure 1 here)

WNT SIGNALING IN CARDIOGENESIS

During gastrulation, the embryo becomes organized into three main germ layers—the
ectoderm, mesoderm and endoderm, which establish the nascent shape of vital organs. The mammalian
heart derives from the mesoderm, which originates from an earlier transient structure, the primitive
streak. While the precise regulation of primitive streak formation and germ layer induction is not yet
understood in its entirety, bone morphogenic protein 4 (BMP4), Nodal, and Wnt signaling pathways are
all involved [3,10,16]. The coordinated regulation of these three pathways by means of the variable
expression levels of agonists and the restricted expression of inhibitors to defined regions, has been

demonstrated to create signaling domains that guide primitive streak and germ layer development [17].

MIMICKING HEART DEVELOPMENT /N VITRO

While cardiogenesis is a tightly regulated and complex process, it has been demonstrated that it
can be mimicked in vitro starting with human pluripotent stem cells (hPSCs). Spontaneously beating
cardiac-like cells can be obtained by culturing hPSCs as embryoid bodies (EBs) with serum rich media,
wherein the pluripotent cells follow their innate cardiogenic pathway [18]. While the beating cells
obtained through this method were found to possess cardiac-specific ion channels and intracellular

contractile proteins, there was no specificity of cardiac cell subtype, i.e. a mixed population of cells with



ventricle, atrial, and pace-maker action potential profiles were obtained [19], and this protocol yielded
<1% cardiomyocytes (CMs). Early attempts at directed differentiation used timed administration of
activin A to initiate Nodal-like signaling in monolayers of hPSCs to induce mesoderm and endoderm. This
step was followed by administration of BMP4 to further specify cardiac fate. This protocol improved the
yield of CMs to >30% [20]. However, greater success has been obtained by manipulating the Wnt/3-
catenin signaling pathway in directed differentiation cultures. The role of Wnt/B-catenin signaling in
cardiogenesis is biphasic: activation of Wnt/B-catenin signaling during EB formation (before specification
of three germ layers) was found to promote mouse embryonic stem cell differentiation into CMs,
whereas activation in the late phase after EB formation (during gastrulation) inhibited CM formation
[21,22]. By including the Wnt inhibitor dickkopf-related protein 1 (DKK1)—a Wnt inhibitor that binds
LRP6 [23,24]—during the stage of cardiac mesoderm induction and specification, the CM yield was
increased to >50% [25]. Furthermore, Lian and colleagues robustly generated directed differentiation
cultures with yields of up to 98% CMs by sequential treatment with a small molecule Wnt agonist,
CHIR99021, followed by a small molecule Wnt antagonist, Wnt inhibitor of Wnt production 4 (IWP4)
[26,27]. More recently, differentiation strategies further manipulating cellular signaling have shown

control over individual cardiac cell types such as atrial, ventricular and nodal cells [28-30].

Although briefly reviewed here, cardiogenesis is a precise multi-step process. Despite this,
researchers have harnessed our as yet incomplete understanding of heart development to generate
robust protocols for the directed differentiation of hPSCs into cardiomyocytes. Such protocols have
revolutionized the field of cardiac tissue engineering by providing a ready and reliable source of
cardiomyocytes from which cardiac tissues can be generated for regenerative therapy applications or as

in vitro models.



WNT SIGNALING IN CARDIAC REPAIR AND DISEASE

With a thorough understanding of the implications of Wnt signaling in cardiac development,
disease, and repair on a cellular basis, it stands to reason that we may one day be able to exploit these
processes in the development of engineered heart tissues. To this end, we will provide an overview of
the various physiological and pathological processes in which there is evidence of Wnt/B-catenin

signaling.

Whnt signaling abnormalities have been identified as risk factors for various cardiovascular
diseases and can be used clinically to predict future cardiovascular complications. For example,
mutations in the LRP6 protein have been linked to early coronary artery disease and hypertension [31],
and decreased Wnt1 protein levels have been associated with premature myocardial infarction (Ml) in
patients [32]. In addition, high serum levels of the Wnt antagonists secreted frizzled related protein-3
(sFRP-3), dickkopf-1 (DKK-1), and Wnt inhibitory factor-1 (WIF-1) were identified in patients with
symptomatic aortic stenosis in contrast to healthy controls, and the circulating levels of WIF-1 and DKK-
1 were found to be predictive of mortality [33]. The differentiation of porcine valve interstitial cells into
osteoblast-like cells, a process involved in the calcification of the aortic valve, was found to significantly

increase the expression of GSK-3 and B-catenin [34].

Whnt signaling has also been implicated in a variety of cardiac repair processes that at times
appear contradictory, indicating a highly sophisticated and complex regulatory mechanism. Activation of
Whnt signaling through Wnt3a has been shown to interfere with cardiac progenitor self-renewal,
whereas inhibition of Wnt signaling through sFRP-based antagonism or myocyte-specific loss of -
catenin has been demonstrated to be cardioprotective [35—-38]. In addition, activation of the Wnt/B-
catenin signaling pathway can promote fibrosis in cardiac repair, whereas antagonism of Wnt3a or

global overexpression of the sFRP family of Wnt antagonists inhibits fibrosis and inflammation [39,40],



[41,42]. Although able to produce distinct effects, both activation and inhibition of Wnt signaling plays a
complex and necessary role in both the protection and repair of cardiac tissue post Ml. The beneficial
outcomes of attenuating fibrosis through inhibiting Wnt signaling have been demonstrated by a
reduction in infarct size (18% of left ventricle circumference vs. 30% in controls) 30 days post Ml in mice
overexpressing sFRP-1 (also known as FrzA) [35]; and a reduction in infarct expansion and improved
cardiac function 5 weeks post Ml in mice treated with a Wnt3a/Wnt5a inhibitor [43]. Additionally, the
co-expression of Frz1 and Wnt3a has been shown to promote the differentiation of fibroblasts to
myofibroblasts, specialized cells that function in cardiac repair inflammatory response [44]. However,
inhibition of Frz receptors have also been demonstrated to increase myofibroblast numbers and
improve cardiac function [45]. Equally contradictory, activation of Fzrl and Frz2 by Wnt3a was found to
attenuate fibroblast migration [44], while Frz2 was found to be upregulated in migrating myofibroblasts
[46]. It is evident that inhibition of Wnt/B-catenin signaling leads to positive cardioprotective and anti-
fibrotic effects, but its role in myofibroblast function is unclear. It should be noted that though scar
formation and inflammation are fundamental components of the repair process post injury, when
excessive or chronic in nature, they can contribute to pathological cardiac remodeling resulting in

cardiac dilation and impaired function [47—-49].

Whnt/B-catenin signaling processes are not-only involved in regulating fibrosis and inflammation
in cardiac repair; recent findings have also linked Wnt signaling to endothelialization and angiogenesis in
injured heart tissue, including the endothelial-to-mesenchymal transition (EndMT). Activation of Wnt
signaling was found to mark cells undergoing the EndMT seven days post Ml in a murine model [50].
Similar to fibrosis and inflammation, in the case of angiogenesis both the activation and inhibition of
Wnt signaling have been implicated. The Wnt antagonist sFRP-1/FrzA was found to be expressed during
neovessel formation but not in fully mature vessels; to promote migration and tube formation; and

when overexpressed, to promote an increased density of vessels characterized by a comparatively



larger, longer, more mature phenotypes relative to controls [46]. However, Wnt activation through
Wntl has also been demonstrated to have proangiogenic effects in human endothelial progenitor cells
and to promote increased blood flow and capillary density when injected into murine ischemic hind
limbs [47]. There is a need for further investigation as it is possible that the choice of pathway might

yield independent downstream outcomes that are not apparent in these experiments.

Cardiac hypertrophy is a common response by cardiomyocytes to mechanical and
neurohormonal stimuli. However, post Ml hypertrophy results from the inundation of these
biomechanical stresses on the myocardium. In adults, hypertrophy is typically associated with
pathological cardiac remodeling, impaired cardiac function and ultimately heart failure [51,52].
Expression of B-catenin is indicative of canonical Wnt signaling in a cell, and has been implicated in the
development of hypertrophy in cardiomyocytes. Cytosolic f-catenin was found to be elevated and
sustained for a longer period in neonatal rat ventricular cardiomyocytes treated with hypertrophic
stimuli and in rat hearts subjected to pressure overload [36]. Similarly, heterozygous deletion of -
catenin in a pressure overload mouse model induced a significant upregulation of the fetal gene
program—B-myosin heavy chain, atrial and brain natriuretic peptides (ANP and BNP, respectively)—
compared to wild-type controls; however no differences in functional improvements were observed
between the groups [53]. Promotion of cardiac hypertrophy has been linked to overexpression of the
Whnt signaling agonist Dishevelled-1 (Dvl-1), characterized by an increased heart-to-body weight ratio,
increased cardiomyocyte size, a 12-fold increase in ANP expression, increased left ventricular dilation
and reduced ejection fraction relative to the control at 3 months, with premature death before 6
months, in a rat pressure overload model [51]. Furthermore, depletion of the Dvl-1 protein has been
shown to induce the reverse effect of reducing cardiac hypertrophy by maintaining left ventricular wall
thickness and decreasing ANP and BNP expression, compared to wild-type controls in a murine pressure

overload model after 7 days [38]. Attenuation of hypertrophy has also been attributed to increased



activity of the Wnt inhibitor GSK-3 [15,38,54] and to overexpression of the Wnt inhibitor DKK-3 [55];
whereas exacerbation of cardiac hypertrophy has been attributed to the Wnt agonist Dapper-1 [56] and
deletion of DKK-3. Hence, with few exceptions it can be said that activation of Wnt/B-catenin signaling

promotes cardiac hypertrophy and inhibition of Wnt/B-catenin signaling has the opposite effect.

Whnt signaling has also been linked to the development of atherosclerotic plaques. Macrophage-
induced inflammation in blood vessels walls has been implicated in the development of atherosclerosis
[57]. While Wnt5a proteins have been found in macrophages stimulated by bacterial pathogens [58,59],
they have also been found in the macrophage-rich regions in both murine and human atherosclerotic
lesions [59], implying their importance in both pathological an physiological development of
atherosclerosis. Genetic phenotype assessment of atherosclerotic tissue further implicates Wnt5a as an
inflammatory mediator in this disease [60]. Recent findings have shown that various LRP co-receptors
are highly expressed in atherosclerotic lesions, and can control the rate of lipid accumulation in aortic
vessels through macrophages involvement [61,62]. LRP5 knockout mice fed a hypercholesterolemic diet
developed larger atherosclerotic lesions, as well as increased serum cholesterol levels and increased
total lipid coverage along vessel walls, compared with wild-type mice [62]. The activation of Wnt/B-
catenin signaling is therefore postulated to be protective against atherosclerotic progression. This is also
evidenced by the report that the Wnt inhibitor DKK-1 was increased in both the serum and lesions of

ApoE knockout mice and patients with clinical atherosclerosis [63].

Table 1 summarizes the number and diversity of processes that have been linked to Wnt/B-
catenin signaling in cardiac repair and cardiovascular disease. This complex network of molecular
communication is astonishing and illustrates the absolutely critical function of this pathway in the
cardiac system. With each additional investigation, our understanding of the relationship between Wnt
signaling and the heart grows, as does the potential utility of Wnt signaling molecules and regulators as

a source of therapeutic solutions for cardiac disease and as a source of targets that can be manipulated
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for in vitro and in vivo disease and cardiac repair model development. However, it is obvious that the
Whnt signaling pathway is finely-tuned and will require quite a high degree of accuracy in the choice of

regulator, concentration and timing used, to be able to control the outcome with precision.

(insert table here)

CARDIAC TISSUE ENGINEERING

As our understanding of the outcomes of activating and inhibiting Wnt pathway at specific times in the
development, repair and pathological processes develops, it can be envisioned that we will be able to
generate a large variety of specialized cardiac tissue models. Current models are capable of recreating
diseased 3D tissue in a well-controlled micro-environment to closely mimic pathophysiological condition
in cellular density, composition and extracellular matrix proteins [67]. Specific diseases such as cardiac
hypertrophy, atherosclerosis and aortic stenosis can be mimicked in a 3D tissue engineered
environment [68—71]. Although these studies do not directly investigate the role of Wnt related
signaling, its function is essential to obtain contractile cardiac cells from PSCs. Similar models could
prove useful in delineating more of the specific roles Wnt signaling plays in each disease. We will be able
to model cardiac repair in vitro and follow the process towards a physiological or pathological outcome.
We will then be able to use these in vitro tissue models or in vivo animal models for drug discovery and
regenerative therapy investigation which could act to reduce, refine and potentially replace the usage of

animal models [72].

Whnt/B-catenin signaling has been demonstrated to be a vital component of the heart in
development, cardiac repair and in cardiac disease pathogenesis. It has also been demonstrated that by
manipulating the Wnt/B-catenin signaling cascade in vitro hPSCs can be differentiated to provide a large
robust supply of cardiac cells for tissue engineering and regenerative therapy applications, a much

needed resource. However, the potential of the Wnt/B-catenin pathway in tissue engineering and



modeling applications needs to be further explored. Given the central role of the Wnt/B-catenin
signaling pathway in both health and disease, it is obvious that any manipulation will need to be very
strategic and precise in order for specified outcomes to be achieved, but the success of the directed

differentiation protocols shows that it is possible and probable to achieve this goal.
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