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Abstract

Heart is the first organ formed during organogenesis. The fetal heart undergoes several structural
and functional modifications to form the four-chambered mammalian heart. The adult heart shows
different adaptations during compensatory and decompensatory heart failure. However, one
common adaptation in the pathological heart is fetal reprogramming, where the adult heart
expresses several genes and miRNAs which are active in the fetal stage. The fetal reprogramming
in the failing heart raises several questions, such as whether the switch of adult to fetal genetic
programming is an adaptive response to cope with adverse remodeling of the heart, does the
expression of fetal genes protect the heart during compensatory and/or decompensatory heart
failure, does repressing the fetal gene in the failing heart is protective to the heart? To answer
these questions, we need to understand the expression of genes and miRNAs that are
reprogrammed in the failing heart. In view of this, we provided an overview of differentially
expressed genes and miRNAS, and their regulation in this review. Further, we elaborated novel
strategies for a plausible future therapy of cardiovascular diseases.
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1. Introduction

Heart failure is a leading cause of morbidity and mortality across the world [1]. There are
several molecular changes in the myocardium, which lead to structural and functional
remodeling in the failing heart [2,3]. Several co-morbidities such as hypertension, diabetes,
and coronary artery disease promote myocardial apoptosis and ventricular dysfunction
leading to heart failure [2,4-6]. One of the common features of the failing heart is fetal
reprogramming, which is re-activation of fetal miRNAs [7], fetal genes such as A-, and B-
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types of natriuretic peptides, f-myosin heavy chain (3-MHC) [8], a-skeletal actin [9], and
fetal type cardiac ion channels such as hyperpolarization activated cyclic nucleotide-gated
channel and T-type Ca?* channel [10], and suppression of several adult cardiac genes such
as sarco-endoplastic reticulum Ca2* ATPase [11] and a-myosin heavy chain [12]. The
upregulation of fetal genes is often used as a marker of pathological remodeling. For
example, induction of B-MHC is a marker of cardiac hypertrophy [9]. However, the role of
genetic reprogramming in cardiac adaptation is poorly understood. Here, we reviewed the
developmental stages of cardiogenesis leading to formation of a four-chambered heart,
genetics of congenital heart failure, fetal reprogramming of genes and miRNAs and
differential regulation of miRNAs in the failing heart, and novel therapeutic strategies for
treating heart failure.

2. Cardiogenesis to form a four-chambered heart

2.1 The developmental stages of the heart

Heart is formed from mesodermal cells of the primitive streak during early gastrulation [13].
Cardiac progenitor cells present in the anterior mesoderm form cardiac crescent (the primary
heart field) at embryonic day 7.5. The pharyngeal mesoderm, which is located medial and
anterior to the primary heart field, gives rise to the secondary heart field. The primary heart
field later (at day 8) migrates to the midline and forms the heart tube [14]. The expansion of
primary and secondary heart fields give rise to primitive atria and ventricles [14-17]. The
mid—portion of the heart tube becomes twisted to form the ventricular loop, which later
forms left and right ventricles. On day 9, truncus arteriosus, endocardial cushions and future
valves of the heart are formed. The ventricular surface is enclosed by the epicardial cells on
day 10 except the truncus arteriosus, which becomes ensheathed by epicardial cells on day
11. The sub-epicardial connective tissue and capillary containing blood cells are observed on
the 111" day. By day 15, septum in atria and ventricles, and valve are formed. The left
ventricle and left and right atria are formed by primary heart field, whereas the right
ventricle, the outflow tract, and the left and right atria are formed by the secondary heart
field [14]. Different steps of development of the heart are elaborated elsewhere [18-24]. The
timeline and formation of the four-chambered mouse heart from the primary heart crescents
is shown in Figure 1.

2.2 Differentiation of fetal cardiac cell types

Embryonic stem cells differentiate into a primitive tubular heart that forms the adult heart.
The lineage specific precursor cells differentiate into different cells that form myocardium,
vascular endothelium, fibroblasts and smooth muscle cells. These cells contribute to
contractility, conduction system and vasculature of the adult heart [25,26]. An example of
different types of cells in the adult heart is shown in Figure 2. Specific genes are
differentially expressed in a spatial and temporal manner during the development of the
heart. These genes are comprehensively reviewed by Thomas Brand [27].
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3. Pathophysiology of embryonic hearts

3.1 Fetal heart failure

In the fetal heart, progenitor cells differentiate into specific lineages to form specific types of
cells. The differentiation of cells into a particular lineage is a tightly regulated process,
which depends on the microenvironment and the signaling cues in the extracellular matrix
[26,27]. Deregulation of regulatory genes involved in lineage determination, differentiation,
or cardiac development causes fetal heart failure, and may lead to embryonic lethality.
Impaired contractility and myocardial compliance in response to hemodynamic stress
increases the incidence of fetal heart failure [28-31]. The phenotype of fetal cardiac arrest in
mouse is shown in Figure 1.

3.2 Congenital heart disease

Congenital heart disease (CHD) is the manifestation of structural abnormalities of the heart
such as valve defect, hole inside wall of the heart, atrial and ventricular septal defects, and
stenosis before birth [30,32]. CHD leads to heart failure or death and is caused due to
genetic defects, chromosomal abnormalities, excessive use of alcohol during pregnancy,
and/or maternal viral infection [32]. Mutations in the heart muscle specific MYH6 (a-
myosin heavy chain) and several proteins that interact with MYH6 such as GATA4 that
forms complex with the TBX5 (T-box gene 5) lead to heart failure [33]. Mutation of
NKX2-5, another protein that interacts with MYH®6 is associated with ventricular and atrial
septal defects [24]. NKX2-5 is also associated with the electrical conduction and impulse
distribution in the heart. Defects in the electrical conductance in the heart causes arrhythmia,
which is detrimental to the heart [29]. TBXS5 is implicated in the Holt-Oram Syndrome,
which includes abnormalities in neuromuscular electrical conduction and defects of the heart
and upper limb. Another TBX gene, the TBX1 causes DiGeorge Syndrome, which has
symptoms and features including defects of the cardiac outflow tract and Tetralogy of Fallot
(TOF). In TOF, the ventricular septal defect (VSD) causes mixing of oxygenated and
deoxygenated blood in the left ventricle. Further, due to defects in the pulmonary valve,
there is a preference of mixed blood to flow through the aorta [31]. The causes, diagnosis,
symptoms and presently available treatments of CHD are elaborated in a recent review by
Sun et al [32].

4. Functionally identified fetal genes that are re-activated in the failing heart

4.1 Transcriptional regulation of fetal contractile gene expression: -myosin heavy chain

Several fetal genes are re-activated in the failing heart (Figure 3). For example, isoform
switch in the expression of sarcomeric proteins after the birth. Similarly, in the ventricle, p-
myosin heavy chain (MHC) is the predominant isoform in the fetal heart, which is switched
to a-MHC after birth [34]. The change in the MHC isoform appears to be an important
process via which the heart adapts its mechanical performance and efficiency to the
postnatal circulation. During cardiac hypertrophy and heart failure, the expression of -
MHC gene is induced together with several other fetal cardiac genes. In the embryo,
brahma-related gene-1 (Brgl) promotes myocytes proliferation by maintaining Bmp10
(bone morphogenic protein-10) and suppressing p57 (a cyclin dependent kinase inhibitor
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1C) [28]. Brg1l preserves fetal cardiac development and differentiation by interacting with
HDAC (histone deacetylase) and PARP (poly ADP ribose polymerase) to repress a-MHC
and activate B-MHC. In adults, Brgl (Smarca4) is turned off in cardiomyocytes, but is re-
activated by cardiac stress and forms a complex with its fetal partners HDAC and PARP to
induce a pathological a-MHC to B-MHC shift. Preventing Brgl re-expression decreases
hypertrophy and reverses the switching of isoforms of MHC in failing hearts. Brg1 is
activated in patients with hypertrophic cardiomyopathy and its expression level is positively
correlated with severity of the heart failure [35-38]. Brg1 is essential for embryonic
cardiomyocytes. The cross-talk among the three chromatin-modifying factors Brgl, HDAC
and PARP are regulated by epigenetic mechanisms and they control the expression of
developmental and pathological genes [39].

4.2 Transcriptional regulation of ANP gene expression

Studies using transgenic mice carrying a 500-bp or 2.4-kbp segment of the 5" flanking
region (5’-FR) of the human atrial natriuretic peptide (ANP) gene, or a 638-bp or 3-kbp 5'-
FR segment of the rat ANP gene, and fused to a reporter gene have demonstrated that these
regions are sufficient to confer cardiac-restricted gene expression [40]. Moreover, the
ventricular activities of these 5’-FR segments are down regulated after birth even though the
atrial activity remains high [41].

4.3 Transcriptional regulation of BNP gene expression

4.4 Fetal ion

The 5’-FR of the B-type natriuretic peptide (BNP) gene has also been extensively studied in
order to understand the regulatory mechanisms that control its cardiac-specific and inducible
expression. A study using transgenic mice carrying a 1.8-kbp or 400-bp segment of the 5’-
FR of the human BNP gene coupled to a luciferase gene (-1818hBNPIuc and
-400hBNPluc, respectively) demonstrates that the proximal region of the human BNP
promoter is sufficient to activate ventricle-specific expression [42]. In addition, BNP mRNA
has an AT-rich region in its 3’-untranslated region (UTR), which makes the transcript
unstable. This could be important for post-transcriptional regulation of BNP. The BNP
MRNA has a shorter half-life than ANP mRNA [43].

channel genes: HCN channels

Hyperpolarization-activated cyclic nucleotide gated (HCN) channels are comprised of 1-4
ion channels and they generate local currents in the heart. In the adult heart, these channels
are expressed predominantly in the conduction system, especially in the SA (sinoatrial)
node, where HCN4 is the key isoform that controls cardiac rhythmicity [44]. HCN channels
are widely expressed in ventricular myocytes where HCNZ2 is the dominant isoform. The
levels of HCN channel expression in the adult ventricular myocardium are much lower than
that in the conduction system. During development, HCN channels are profusely expressed
in the fetal ventricular myocardium, but their ventricular expression progressively declines
after birth [45].
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4.5 Fetal reprogramming of skeletal a-actin

Skeletal a-actin (SkA) is a principal component of adult skeletal muscle thin filaments. It is
also a prominent actin isoform in the fetal heart [46,47]. After birth, ventricular expression
of SKA declines and the gene is suppressed in the normal adult ventricular myocardium. In
the hypertrophied and failing hearts, SKA is re-activated [48].

4.6 Transcriptional regulation of SM22a

SM22q« (also named transgelinl) is a member of the calponin family and is specifically
expressed in mature smooth muscle cells. During embryogenesis, SM22a is transiently
expressed in the cardiac and skeletal muscle lineages, but later its expression is restricted to
smooth muscle [49]. The 445-bp SM22« promoter, which contains SRF-binding sequences
(CArG), a SBE (a Smad-binding site), and a TCE (TGF-p control element) is sufficient to
direct the expression of a linked reporter gene in cardiac and skeletal muscle during cardiac
development. In the adult heart, SM22« gene is re-expressed under pathological condition in
both mice and humans [50].

4.7 Transcriptional regulation of T-type Ca2* channel

During fetal development, T-type Ca2* channels are abundantly expressed in embryonic
ventricle, but their expression is reduced in the adult ventricle [10]. However, T-type Ca2*
channels are re-expressed in the ventricle in the failing hearts and contribute to the
pathological cardiac remodeling leading to arrhythmogenesis and systolic dysfunction [51].

5. Differential regulation of non-coding RNAs in adult heart failure

5.1 miRNAs in the adult heart failure

MiRNAs are a novel class of tiny non-coding, conserved, regulatory RNAs [52,53] that
modulate gene expression post-transcriptionally [54], and have emerged as a therapeutic
target for cardiovascular disease [55-57]. Similar to gene reprogramming, the fetal miRNAs
are re-expressed in the failing heart and contribute to the genetic changes in the failing heart
[7]. Several miRNAs are involved in different types of heart failure. For example, miR-208
and Mef2 regulate the decompensation of right ventricular function in pulmonary
hypertension [58], miR-212/132 family regulates cardiac hypertrophy and autophagy [59],
miR-133a is involved in mitigation of cardiac hypertrophy [60] and fibrosis [61] and
emerged as cardioprotective miRNA [62], and miR-17-92 cluster regulates cardiac
ischemia-reperfusion injury [63].

5.2 MiRNAs in pathological remodeling

Differential expressions of specific miRNAs are associated with heart failure [55,56,64—66].
For example, downregulation of miR-1 and miR-133 causes cardiac hypertrophy [60].
Chromosomal deletion of miR-133 prevents the compensatory left ventricular hypertrophy
in mice after transaortic constriction surgery, resulting in dilated cardiomyopathy [67].
Conversely, upregulation of miR-132 and miR-212 contributes to heart failure. Genetic
deletion of miR-132 and miR-212 protects the heart from the pressure overload—induced
ventricular hypertrophy [59]. MiR-378 attenuates hypertrophic growth by suppressing the
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MAPK (mitogen-activated protein kinase) pathway [68]. MiR-21 increases the ability of
fibroblast survival and progression of the cardiac fibrosis by inducing ECM remodeling and
turnover [69]. The global miRNA profile in the failing heart resembles partly with those of
fetal hearts, which indicates these miRNAs play a pivotal role in adaption of the heart in
stress condition by re-activating the fetal genetic program. For example, in the adult heart,
fast and rapid contracting isoform a-MHC is activated and slow contracting B-MHC, which
is active in the fetal heart is suppressed. However, in the failing heart a-MHC is inhibited
and B-MHC is activated to cope with the stress condition and maintain the contractility of
the heart in efficient manner. It is reported that the heart undergoes hypertrophy, fibrosis,
and reduced contractility to respond to the stress condition [70]. The intron region of a-
MHC encode miR-208, which contributes to cardiomyocytes fibrosis, hypertrophy, and
regulates the expression of B-MHC in response to stress [70].

5.3 Circulating miRNAs as biomarkers of heart failure

MiRNAs are transcribed in the tissue and are encapsulated into vesicles such as exosome
before being released into the blood stream, where they remain stable. The plasma level of
miRNAs are emerged as a biomarker for heart failure [71]. Recently, it is demonstrated that
acute and chronic exercise changes the miRNA profile in the plasma [72]. Similarly, the
levels of specific miRNAs change during reduced and preserved left ventricular ejection
fraction [73]. These findings suggest that circulating level of miRNAs can be used as a
biomarker and promising therapeutic target for heart disease [55,64]. However, how the
level of circulatory miRNAs change in the fetal versus adult heart is yet to be explored.

5.4 Long non-coding (Inc) RNAs in regulation of heart failure

LncRNAs are newly emerged regulatory non-coding RNAs, which are defined as transcripts
of greater than 200 nucleotides without protein coding function [74]. On the basis of
molecular mechanisms, they are classified into four categories: 1) Signal, 2) Decoy, 3)
Guide, and 4) Scaffold [74]. The signal IncCRNAs regulate transcriptional silencing of
several genes by recruiting chromatin—-modifying machinery and interacting with chromatin.
In response to specific spatial and temporal stimuli, they initiate transcriptional silencing
[75,76]. The decoy IncRNAs are involved in removing a specific protein by binding to it.
They alter the transcriptome by changing the pattern of alternative splicing [77]. The guide
IncRNAs regulate the localization of ribonucleoproteins to specific chromatin targets. The
change in localization of ribonucleoproteins causes change in gene expression of the
neighboring genes [78]. The scaffold InNcRNAs regulates transcriptional activation and
repression by binding to different proteins with its multiple domains [79]. Although the role
of IncRNAs is beginning to unfold in cardiovascular pathophysiology [80-85], its role in
cardiac development and in the fetal heart is an open avenue for investigation.

6. Novel therapeutic strategies

Despite gigantic strides made towards treating heart disease, it is the number one cause of
mortality in the world, which warrants novel therapeutic strategies to ameliorate heart
failure. The recent emergence of non-coding RNAs, the miRNAs and IncRNAs in the
regulation of pathological remodeling and heart failure suggest that they have potential to be
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a novel therapeutic target for heart disease. It is also necessary to understand the role of
different genes and specifically those genes, which change their expression in the failing
heart. In this regard, the genes and miRNAs that express in the fetal heart and reactivate in
the failing heart are promising targets because these genes inherently and physiologically
important for the cardiac adaptation in the stress condition. Understanding the specific role
of these genes and their regulation may provide a novel therapeutic strategy to inhibit
progression of adverse remodeling and thereby mitigate cardiac dysfunction. Recent studies
show that fibroblast can be trans-differentiated into cardiomyocytes with the help of specific
transcription factors and miR-133a [86,87].

Reprogramming of non-myocytes is also emerged as novel strategy for cardiac repair
[88,89]. These findings suggest that regulating specific gene/transcription factors and or
miRNA has potential to turn the devil (fibroblasts, because in the failing heart accumulation
of fibroblasts leads to fibrosis) into god (cardiomyocytes, which are less in number due to
increased apoptosis or are hypertrophied due to excessive workload in the failing heart).
Further, it is plausible to ameliorate cardiac dysfunction in the failing heart by manipulating
the above regulators. These are novel therapeutic strategies to find a better cure for heart
disease.
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Figure 1. Schematic presentation of embryonic cardiac developmental stages, growth and
formation of four chambered heart

A. Formation of primary heart crescent at ~E7.5. B. Development of heart tube at ~E8.5
from the cardiac crescent cells. C. Formation of primitive atria and ventricles at ~E9.5 by
looping of heart tube. D. Heart chamber formation at ~E10.5 from primitive chambers. E (i)
Defective cardiac development leads to embryonic heart failure and in-utero death by
cardiac arrest at ~E14.5. E (ii) Formation of the four-chambered heart at ~E14.5. The
successive developmental stages during mouse embryogenesis are shown in top panel with
representative pictures. Abbreviations: HF, Heart Fields; CM, Cardiogenic Mesoderm; AP,
Avrterial Pole; OT, Outflow Tract; HT, Heart Tube; VP, Venous Pole; RV, Right Ventricle;
LV, Left Ventricle; RA, Right Atrium; LA, Left Atrium; PA, Pulmonary Artery; A; Aorta.
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Figure 2. Schematic presentation of cardiac cell types
The adult heart consists of several cell types, which maintain structural, mechanical,

electrical and functional integrity of the heart. A. Fibroblasts contribute in the formation of
extracellular matrix, which provides mechanical support to the heart. B. Atrial
cardiomyocytes contribute to contractility of atrium. C. Endothelial cells form the inner
lining of cardiac blood vessels. D. Conduction cells generate electrical impulses for cardiac
contractility. E. Ventricular cardiomyocytes are involved in contractility of the ventricles. F.
Smooth muscle cells render support to the coronary arteries and vasculatures.
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Figure 3. Schematic presentation of cardiac genetic reprogrammingin thefetal, adult, and
failing heart

A. The four-chambered fetal heart. The genes and miRNAs involved in normal development
of the fetal heart are highlighted in the box. B. Representation of transverse sections of the
adult heart with normal ventricular myocardium. Genes and miRNAs that are upregulated
and downregulated during heart failure are highlighted in the box. C. Representative
transverse sections of the failing heart with abnormal ventricular myocardium and
hypertrophy. Genes and miRNAs that are upregulated and downregulated are highlighted in
the box. D. Adaptive remodeling in the failing heart through re-activation of the fetal genetic
programing to generate new cardiac cells through differentiation of cardiac progenitor cells
and trans-differentiation of fibroblasts into cardiomyocytes can be induced for the therapy of
heart failure.

J Nat Sci. Author manuscript; available in PMC 2015 April 13.



