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Abstract 

Despite all the years of intense research on heart failure, it is still the number 

one cause of death worldwide, and thus, finding new therapeutical target 

possibilities to develop a treatment is vital. The discovery of stem cells in the adult 

heart and the fact that cardiomyocyte renewal was shown to occur throughout life 

contradict the long standing belief that the heart is a post mitotic organ. However, 

upon injury the heart is not able to regenerate itself and administration of exogenous 

stem cells show controversial results without relevant neomyogenesis. Thus, 

unravelling the mechanisms that drive endogenous cardiac regeneration may be a 

powerful tool to provide rationale on how this process is regulated and what 

strategies might be used to enhance myocardial regeneration after injury. 

Upon injury the heart responds to a variety of biochemical and hemodynamic 

stressors through adverse cardiac remodeling which is comprised of pathological 

hypertrophy, fibrosis and tissue loss. This response induces DNA duplication and 

nuclear division followed by cell cycle arrest, contrary to what happens in 

physiological hypertrophy where cardiomyocyte renewal is maintained or enhanced 

which was associated with increased levels of CREB-binding protein (CBP)/p300-

interacting transactivator with ED-rich carboxy-terminal domain 4 (CITED4). 

Left ventricular assist devices relieve the pressure overload from the heart 

and promote great functional recovery to heart failure patients including reversal of 

chamber enlargement, fibrosis and stress markers. 

In this work we developed a unique unloading mice model to study 

endogenous cardiac regeneration after TAC induced pressure overload. Vehicle or 

tamoxifen treated α-MHC-MCM-CITED4f/f were used to investigate the cardiac 

specific role of CITED4 in the unloading induced regeneration. We demonstrate that 

lack of CITED4 in the heart hampers fast cardiac regeneration in response to 

unloading that is accompanied by persistence of fibrosis and elevated stress marker 

expression. Moreover, we provide evidence that mitosis of cardiomyocytes takes 

part in the recovery process upon unloading and that cardiac CITED4 is essential 

herein.  

 

 

Key Words: cardiac unload, endogenous cardiac regeneration, cardiac remodeling, 

cardiomyocyte renewal, CITED4
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Resumo 

Apesar de intensa investigação em falência cardíaca, esta continua a ser a 

causa número um de morte no Mundo, e portanto, é vital descobrir novos alvos 

terapêuticos para desenvolvimento de uma terapia. A descoberta de células 

estaminais no coração adulto e o facto da renovação de cardiomiócitos ao longo da 

vida ter sido demonstrada contraria a natureza pós-mitótica do coração em que se 

acreditava. No entanto, após danos no coração, este não é capaz de se regenerar 

e a administração de células estaminais exógenas tem demonstrado efeitos 

controversos sem neomiogénese relevante. Desta forma, entender os mecanismos 

endógenos que promovem regeneração cardíaca poderá ser importante para 

perceber como este processo é regulado e que estratégias adotar para tornar a 

regeneração do miocárdio mais eficiente após patologias cardíacas.  

Patologias cardíacas induzem uma resposta de remodelação cardíaca 

adversa que consiste em hipertrofia patológica, fibrose e morte celular. Esta 

resposta promove duplicação do DNA e divisão nuclear seguida de paragem do 

ciclo celular, contrariamente ao que acontece em condições de hipertrofia 

fisiológica em que a renovação de cardiomiócitos é mantida ou melhorada 

associada ao aumento dos níveis de CREB-binding protein (CBP)/p300-interacting 

transactivator with ED-rich carboxy-terminal domain 4 (CITED4). 

Dispositivos de assistência ventricular esquerda aliviam a pressão no 

coração e promovem uma grande recuperação funcional em pacientes com falência 

incluindo regressão do alargamento das câmaras cardíacas, de fibrose e dos 

marcadores de stress. 

Neste trabalho desenvolvemos um modelo animal único composto por 

alterações hemodinâmicas no coração com o objetivo de estudar a regeneração 

cardíaca endógena. Ratinhos α-MHC-MCM-CITED4f/f tratados com veículo ou 

tamoxifen foram usados para investigar a função específica de CITED4 na 

regeneração induzida pela redução de pressão no coração. Aqui demonstramos 

que a falta de CITED4 no coração dificulta a rápida resposta de regeneração que 

é, então, acompanhada por persistência de fibrose e elevada expressão de 

marcadores de stress. Adicionalmente, evidenciamos que mitose de cardiomiócitos 

está envolvida na recuperação promovida pelo modelo e que CITED4 desempenha 

um papel essencial neste processo. 

 

Palavras-chave: alívio de pressão cardíaca, regeneração cardíaca endógena, 

remodelação cardíaca, renovação de cardiomiócitos, CITED4  
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I. Introduction 

Heart failure (HF), is a life-threatening condition characterized by structural 

or functional impairment of ventricular filling or ejections of blood (1), often 

associated with considerable emotional and socio-economic burden. In fact, 

according to the World Health Organization, cardiovascular diseases were the 

leading cause of death in 2012, killing 17.5 million people in that year. Considering 

the overall rise in ageing of the general population and high prevalence of risk 

factors as well as improved survival from cardiovascular events, it is expected that 

the incidence of heart failure will increase with time along with the direct medical 

costs associated to it.   

Adverse Cardiac Remodeling 

Upon injury, the heart responds to a variety of biochemical and 

hemodynamic stressors through a process called cardiac remodeling which involves 

molecular, cellular and interstitial alterations that are reflected further in size, shape 

and function of the heart (2). The initial response is adaptive and tries to keep up 

with the decline in the pumping capacity of the heart. However, prolonged stress 

stimulation progressively contributes to deteriorate ventricular function and cause a 

decompensated dysfunction (3), leading ultimately to heart failure (FIGURE 1). 

Mechanisms that underlie cardiac remodeling are not yet fully understood, however, 

three hallmarks are generally considered important for pathological cardiac 

remodeling: hypertrophy, fibrosis and cell death. 

FIGURE 1 | Normal Progression of Heart Failure includes adverse cardiac remodeling. 

Prolonged stress stimuli on the heart induces adverse remodeling that is initially characterized by 

hypertrophy, fibrosis and cardiomyocyte loss. Overtime this response is deleterious inducing dilatation 

of the cardiac cavities further leading to systolic dysfunction. Adapted from Finsterer J and Cripe L, 

2014 (4). 
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Pathological Hypertrophy 

Pathological hypertrophy happens when stress stimuli are maintained for a 

long time. Under these conditions, pathological remodeling of the heart is induced 

which is characterized by enlargement of existing cardiomyocytes to cope with 

augmented demand on the heart  (5–8).  

During mechanical stress, cardiomyocytes secrete angiotensin II (Ang II) 

and extracellular regulated kinase (ET-1) (8) in response to various neural-humoral 

agonists/effectors. These molecules bind to Gq protein-coupled receptors (GPCR) 

promoting its activation (8) and the subsequent activation of  downstream effectors. 

Calcineurin and MAP kinases like extracellular signal regulated kinases 1 and 2 

(ERK1/2)(6) are the most thoroughly studied effectors (FIGURE 2). 

Calcium-calmodulin-activated protein phosphatase 2B (PP2B), also called 

calcineurin (9) is a serine/threonine phosphatase that is specifically activated when 

there is a persistent increase in intracellular calcium [Ca2+] levels (8). In the 

presence of such stimuli, calmodulin (calcium binding protein) gets saturated and 

promotes the activation of calcineurin. Once activated, calcineurin is responsible for 

the direct dephosphorylation of members of the nuclear factor of activated T-cells 

(NFAT) transcription factor family located in the cytoplasm. This, induces NFAT 

translocation to the nucleus (8) where it, in coordination with other transcription 

factors such as GATA4 and myocyte enhancer factor 2 (MEF2), regulate expression 

of several cardiac hypertrophy related genes including skeletal α actin and brain 

natriuretic peptide (BNP)(10, 11).  

Accordingly, Wilkins and colleagues (12) showed that calcineurin/NFAT 

signaling was a key enzyme involved in pathological but not physiological 

hypertrophy of the heart since NFAT activity was upregulated in mouse models of 

pathological cardiac hypertrophy induced by pressure overload or following 

myocardial infarction. On the other hand, the same study failed to show significant 

calcineurin/NFAT coupling in the heart in physiological hypertrophy induced by two 

different exercise models. Additionally, calcineurin inhibition was proved to prevent 

the development of cardiac hypertrophy in rodent models of cardiomyopathy and 

pressure-overload induced hypertrophy (13). 

Mitogen-activated protein kinase (MAPK) signaling in the heart has also 

been implicated to have a role in promoting cardiac hypertrophy. Briefly, stress 

stimulus from the cells activate MAPK kinase kinase (MAPKKK) which, in turn 

activate a MAPK kinase MAPKK) through three-tiered sequential phosphorylation 

events. MAPKK subsequently activates the MAPK through serial phosphorylation. 
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MAPK subfamilies include ERK1/2, c-Jun NH2-terminal kinases (JNK1, -2 and -3), 

p38 kinase (α, β, γ, δ), and BMK or ERK5 which have different roles in the cell. 

Growth factors exert the main stimulation type of ERK 1/2 pathway whereas JNK 

and p38 [collectively called stress-activated MAPKs (SAPKs)] are mainly induced 

by stress agents. The ERK5/BMK pathway has been associated with both growth 

and stress stimuli (14).  

  

FIGURE 2 | Brief schematic representation on the main described signaling pathways 

underlying pathological and physiological forms of hypertrophy. On the left panel, angiotensin II 

(AT), endothelin I (endo) activate G proteins by binding to the receptors they are coupled to. 

Intracellular Ca2+ release is induced which activates calcineurin that further dephosphorylates nuclear 

factor of activated T cells (NFAT family members) promoting its nuclear translocation. NFAT 

complexes with the cofactors GATA4 or myocyte enhancer factor-2 (MEF2) to transactivate the 

transcription of typically maladaptive hypertrophic genes. Pathological cardiac hypertrophy is also 

mediated by p38 and c-Jun N-terminal kinase (JNK) branches of the MAPK cascade which 

phosphorylate and activate GATA4. On the right panel, insulin-like growth factor 1 (IGF-1) pathway, 

which is the most well described signaling cascade that promotes physiological hypertrophy is 

depicted. Upon exercise, IGF-1 is released and binds to IGF-1 receptor (IGF-1R), inducing its 

activation. Two downstream effectors that are important for physiological cardiac growth are 

phosphoinositide 3-kinase p110 α [PI3K(p110 α)] and Akt1. This signaling pathway induces the 

transcription of adaptive hypertrophy genes promoting protein synthesis and cell survival, eventually 

enhancing heart function. Adapted from Maillet M et al. 2013 (15). 
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Next to a change in myocyte phenotype, the hypertrophic response of the 

stressed adult heart is accompanied by fetal gene programme reactivation including 

atrial natriuretic factor (ANF), BNP, skeletal αactin and βmyosin heavy chain 

(βMHC)(16). The reactivation of fetal genes seems to be a beneficial adaptive 

response to increased workload, since for example the fetal isoform of MHC (β -

MHC) is bio-energetically more efficient than that of the adult (αMHC), since its 

slower at catalyzing hydrolysis of ATP(16). However, on the long term, these 

quantitative changes in the composition of the contractile apparatus of the stressed 

heart are associated with depressed contractility and heart failure (16). Another part 

of the return to a fetal programme is the fact that the failing heart also exhibits a 

metabolic pattern that is hallmarked by impaired mitochondrial fatty acid oxidation 

and a shift to further reliance on glucose metabolism (15). Due to the lowered 

consumption and the subsequent accumulation of fatty acids, increased synthesis 

of uncoupling proteins and the deterioration of the electrochemical gradient across 

the inner mitochondrial membrane, hampers mitochondrial activity causing reduced 

ATP production and diminished cardiac function (17).  

Fibrosis and Cardiomyocyte loss 

In the adult mammalian myocardium, fibroblasts are the most abundant 

interstitial cells (18, 19). They are the major producers of extracellular matrix 

proteins and are thus responsible for keeping cardiac matrix integrity contributing to 

preservation of cardiac geometry (20).  

Following myocardial injury, fibroblasts are activated and participate in 

cardiac remodeling. Associated with intense angiogenesis, fibroblasts and 

endothelial cells infiltration of the damaged area (21, 22). During this phase, 

fibroblasts are activated by transforming growth factor β (TGF-β) and 

transdifferentiate into myofibroblasts (21). Cardiac Myofibroblasts, expressing α-

smooth muscle actin (α–SMA) and other contractile proteins (22), synthesize and 

release matrix protein needed for maintenance of the structural integrity of the 

myocardium (19). In this phase cellular proliferation ceases and matrix is used to fill 

the damaged area ultimately leading to the establishment of a dense collagen-

based scar that results from matrix cross-linking mostly referred to as replacement 

fibrosis  (23). This is mostly perivascular around intramyocardial blood vessel and 

in areas of extensive cardiomyocyte death  (24). Cardiomyocyte loss is a major 

contributor to the later phase of cardiac remodeling and there is clinical and 

pathological evidence for all the three well described death mechanisms (25). In 
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fact, upon sustained stress, cardiomyocytes lose sarcomeric organization and 

increase cytoskeletal elements which leads to progressive ventricular dilatation, 

characterized by ventricular enlargement and wall thinning (26). Enlargement of the 

ventricle not proportionally to wall thickness is responsible for increased wall stress 

that further stimulates already overloaded myocyte region triggering cell death (27). 

Physiological Hypertrophy 

Physiological hypertrophy is known for driving the growth of the heart from 

birth to early adulthood as well as during pregnancy or repetitive exercise (15). 

Physiological remodeling differs in its structural and molecular profile from 

pathological hypertrophy. Contrary to the latter, it maintains or enhances cardiac 

function through development of bigger and better sarcomeric structure that is 

reflected on increased heart size (28) without signs of fibrosis or cell death (16).The 

most well-known signaling pathway that regulates physiological cardiac hypertrophy 

is that which is initiated by insulin-like growth factor 1 (IGF-1). In response to 

systemic growth hormone (GH), IGF-1 is produced and secreted by the liver and 

then targeted to the different tissues to promote growth. In addition, target tissues 

can also produce IGF-1 (15).   Upon exercise induced hypertrophic stimuli, IGF-1 

levels increase and bind to IGF-1 Receptor (IGF-1R) promoting its activation (6). 

Once activated, it directly stimulates phosphoinositide-3 kinase (PI3K) (5, 6), that 

further leads to the phosphorylation and activation of protein kinase B (Akt) through 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) (6, 29, 30). In fact, PI3K is vital not 

only for inducing physiological hypertrophy but also to protect the heart against 

pathological stimuli (6). Miyamoto and colleagues showed that PI3K-Akt pathway 

was proved to be crucial in the determination of heart size since activation of Akt 

was predominant in volume-overloaded hearts (29). The heart also express both 

isoforms of glycogen synthase kinase 3 (GSK3), GSK3α and GSK3β, that are 

inhibited by the action of Akt and further promote cardiac hypertrophy (16). Akt is 

also responsible for increased protein translation through Inhibition of GSK3β and 

activation of mammalian target of rapamycin (mTOR).  Moreover, Akt induces 

overall reduced protein turnover and catabolism through the inhibition of the activity 

of forkhead box protein O3 (FOXO3), favoring the net protein accumulation needed 

for hypertrophy (15).  

Furthermore, contrary to pathological hypertrophy, physiological 

hypertrophy has been associated with maintenance or improved cardiomyocyte 

renewal, both through the differentiation and further proliferation of stem cells and 
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the cycling of pre-existing cardiomyocytes. Mechanisms involved in physiological 

hypertrophy provide a good environment for hyperplasia of cardiomyocytes and 

activation of stem cells as seen during endurance exercise (31–33). Although 

increased proliferation markers have been reported in the border zone of an infarct 

area in Humans, regeneration of the heart post injury is not significant (34–36). 

Therefore it might be postulated that these cardiomyocytes underwent nuclear 

duplication, without complete cell division (37). Hence it is believed that unlike 

pathological hypertrophy, physiological hypertrophy (in which a clear benefit in 

function is seen), myocytes can undergo cytokinesis and complete the cell cycle, 

contributing to new myocyte formation.  

Mechanistically, activation of IGF-1 pathway was shown to stimulate 

myocyte proliferation both in culture of newborn rat isolated cardiomyocytes (38) 

and in mice overexpressing IGF-1 in the heart (39). Moreover, IGF-1 inhibition in 

isolated cardiomyocytes  led to a decrease in growth, nuclear mitosis and DNA 

synthesis (38). Overall, downstream signaling of IGF-1 seems to play a role in the 

delicate balance between cardiomyocyte division and hypertrophy. Akt was shown 

to promote cardiomyocyte hypertrophy when overexpressed at non-physiological 

levels (40) while its physiological translocation to the nucleus was implicated in 

hyperplastic phenotype with increased number of cell division (41). IGF-1 signaling 

has also been correlated with protection against senescence through the increase 

in telomerase activity and contribution for the maintenance of the cardiac stem cell 

pool (42). In summary, IGF-1 has an important role in cell division and adaptive 

hypertrophy, possibly being a valuable pathway to manipulate in order to achieve 

regeneration after injury. 

Current Treatment Approaches 

Considering the impact of HF worldwide, finding a strategy to restore cardiac 

function or prevent its decrease is of urgent concern.  

Currently, several pharmaceutical drugs and surgical techniques are used to 

prevent further decline in heart function or to restore the function of a failing heart, 

with the ultimate goal of prolonging patients’ life. Among all treatments available, 

the ones most widely used include beta-blockers (43, 44), angiotensin converting 

enzyme inhibitors (45, 46), valve replacement or reconstruction (47, 48) and 

reperfusion/ revascularization (49). Although, these therapeutic options proved 

beneficial and substantially decreased mortality rates over the past 30 years, the 

only treatment available for end-stage heart failure is heart transplantation. 



20 

Unfortunately, heart transplantation presents some limitations including reduced 

organ supply and life-long immune suppression, with a variety of associated 

complications. Therefore transplantation will not be a complete solution for heart 

disease problems.  

Another avenue for restoring heart function that has recently become more 

popular is cardiac regeneration research, focusing mostly on stem cell therapies for 

improvement of endogenous cardiac regeneration. 

Stem cell therapies raised attention when in 2003, Beltrami et al. (50) first 

described the existence of Lin- c-kit+ cells in the adult heart. These cells were shown 

to behave as cardiac stem cells since they were self-renewing, multipotent and 

clonogenic as well as  able to differentiate into myocytes, smooth muscle and 

endothelial cells (50). Following the discovery of these cells in the heart, other 

cardiac stem cell like cells were reported such as Stem cell antigen 1 (Sca-1) 

positive cells, isl1+ cells and side population cells, all of them showing some 

potential to differentiate into cardiomyocytes (51–54).  

Considering the promising capacity of stem cells to differentiate and 

eventually restore the damaged myocardium upon injury, there was a boost on stem 

cell research for possible therapy development. In a randomized and blinded clinical 

trial (REPAIR-AMI), functional improvements and reduction of major adverse 

cardiovascular events at 2 years post transplantation were observed (55). However, 

two recent clinical trials show discouraging results upon evaluation of safety and 

efficacy of bone-marrow-derived cell therapies (56). Other than aiming to 

understanding the effect of bone marrow-derived cell therapy after myocardial 

infarction, Timing In Myocardial infarction Evaluation (TIME) trial and the 

POSEIDON trial have little in common. The first, failed to show any improvement on 

left ventricular ejection fraction, measure for the ventricular function after 

intracoronary delivery of autologous bone marrow cells (57). Although the latter trial 

was able to demonstrate a safety profile, it did also not show significant 

improvement in ventricular function after transendocardial delivery of bone marrow-

derived cells in ischemic cardiomyopathy patients (58). Moreover, skeletal muscle 

has been shown to efficiently regenerate through satellite cells (progenitor cell pools 

in skeletal muscle). However, functional integration of skeletal muscle cells in the 

heart does not occur in vivo (MAGIG trial) (59, 60). While progress has been made 

with increasing number of clinical trials running worldwide, there remain technical 

and biological hurdles that limit current success of these approaches. For example, 

no consensus has been achieved regarding the ideal cell type for transplantation, 

the best method of cell delivery or the mechanisms of potential efficacy. Ultimately, 
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although clinical trials have shown some efficacy, the therapy still showed poor 

homing and/or low engraftment of these stem cells in the heart  without relevant 

neomyogenesis (61, 62). 

Despite the presence of stem cells in the heart and their contribution to 

maintain heart function throughout life, upon injury the percentage of 

cardiomyocytes that are derived from c-kit+ cells is astonishingly low (63). The fact 

that normal cardiomyocyte proliferation that maintains cardiomyocyte turnover 

throughout life (64), is insufficient to regenerate the myocardium after injury remains 

puzzling. It might thus be postulated that relevant neomyogenesis that is sourced 

either by stem cells or cardiomyocyte cell division is hampered in the failing heart 

(FIGURE 3). In this light, unravelling the mechanisms that drive endogenous cardiac 

regeneration might be a powerful tool to provide rationale on how this process is 

regulated and what strategies might be used to enhance myocardial regeneration 

after injury (65).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 | Proposed mechanisms of endogenous cardiac regeneration upon injury and 

potential barriers. Cardiomyocyte renewal throughout life is thought to occur mainly through 

cardiomyocyte division and stem cell proliferation and differentiation into cardiomyocytes. However, 

upon injury the heart is not able to regenerate and stem cells therapies, which seemed promising, also 

fail to rescue the failing heart. Hostile microenvironment in the heart might be at the origin of the lack 

of cardiomyocyte renewal after injury. From Segers V and Lee R, 2008 (66). 
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Left Ventricular Assist Devices (LVADs) 

Ventricular assist devices (VAD) that were developed to support heart 

function and reduce the pressure overload effects on the heart (FIGURE 4), provide 

a unique opportunity to understand cardiac endogenous regeneration. Implantation 

of these devices showed great functional recovery in heart function, including 

reversal of chamber enlargement and normalization of cardiac structure with 

reduced stress markers (67–69). A more recent study has evaluated the effect of 

unloading the heart on the extent of fibrosis and levels of TGF-β. It was 

demonstrated in this study that unloading the heart significantly reduces the 

transcription of TGF-β and collagen gene expression as well as a modest reduction 

in tissue fibrosis (70). Morphologically correlating with the recovery observed in 

some patients after unloading, prolonged hemodynamic support of the failing heart 

by LVAD was interestingly associated with reduction in myocyte diameter, size and 

DNA content (71).  Similarly, Wohlschlaeger et al (72) have shown in a bigger 

patient group that LVAD treatment promotes decrease of cardiomyocyte DNA 

content and the number of polyploid cardiomyocytes together with an increase in 

diploid cardiomyocytes (72). This data suggested that upon unloading, the blockade 

of the cell cycle induced by cardiomyocyte hypertrophy in the failing heart is 

released allowing karyokinesis and the subsequent cardiomyocyte division (72). 

Importantly, complete myocyte division demonstrated upon the use of LVADs 

suggest that myocyte cell cycle is a dynamic process and nuclear polyploidization 

and cell cycle arrest in the heart are reversible phenomena. Overall, unloading the 

failing heart has shown success on reversing cardiac remodeling further 

demonstrating the heart’s endogenous capacity for regeneration.   

 

 

FIGURE 4 | Representation of a commonly 

used continuous-flow left ventricular assist 

device. Using the power externally provided by 

the batteries, the device bypasses the normal 

circulation of blood from the left atria to the 

ventricle, reducing pressure overload on the 

heart. From Givertz M, 2011 (73) 
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Myocyte Cell Cycle 

Initially, during prenatal growth of the heart, hyperplasia of cardiomyocytes 

(increase in cardiomyocyte numbers through cell division) constitute the main factor 

contributing for the increase in heart size (74). During fetal life, proliferation of 

cardiomyocytes occurs rapidly, however this ability to proliferate is lost soon after 

birth (37). During late prenatal or early postnatal life there is a transition from 

hyperplasic growth to hypertrophic growth (75). Cardiomyocytes undergo a final 

round of incomplete cell division  which leads to binucleation due to karyokinesis in 

absence of cytokinesis, culminating in  terminal differentiation, in a process called 

endoreduplication (76). Although the physiological importance of binucleation is still 

unclear, it has been suggested that it could be an advantageous response to double 

the capacity of RNA generation in metabolically active cells (37). Concomitantly, 

cardiomyocytes begin to expand their contractile apparatus, enhancing their 

excitation contraction efficiency.  Moreover, remodeling of extracellular matrix takes 

place as an effort to adapt to new demands of the heart. This is further reflected in 

the enlargement of heart chambers and wall and septal thickness (15). 

When the switch for hypertrophic growth is completed, which in Humans 

generally happens before birth, hypertrophy of individual cardiomyocytes becomes 

the most prominent form of postnatal heart growth (74).  

Interestingly, as the heart was envisaged a post-mitotic organ over centuries, 

there are now evidences showing that there is replacement of cardiomyocytes in 

the adult heart under normal or increased physiological workload conditions, such 

as exercise (28). It is now considered that under these situations cardiomyocyte 

renewal may occur mainly through proliferation of stem cells or proliferation of pre-

existent cardiomyocytes, however, the mechanisms that regulate cardiomyocyte 

renewal are poorly understood.  

Compared to what happens in other cell types, cardiomyocyte cell cycle can 

be divided in G1, S and G2 (collectively termed as interphase) and M phase (mitosis).  

Phase progression is tightly regulated through the transduction of mitogenic signals 

such as those from IGF-1 or fibroblast growth factor 2 (FGF-2) to cyclins and cyclin-

dependent kinases (37). Cyclin-dependent kinases (CDKs) are serine-threonine 

kinases which upon complexing with the corresponding cyclin, become 

enzymatically active (37). Cell cycle progression is controlled through a series of 

checkpoints in which accurate regulation of Cyclins and CDKs is required to ensure 

specific events at very specific phases (FIGURE 5). This molecular agents act on 

cell cycle checkpoints that ensure the cell is ready to progress in the cell cycle. The 
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first checkpoint, termed restriction point, regulates the commitment to enter the cell 

cycle at late G1 phase through the assembly of Cdk4 and Cdk6 into holoenzymes 

preferentially with cyclin D1, D2 or D3 (77). Once assembled into complexes, they 

drive the release of E2F transcription factors through the phosphorylation of 

retinoblastoma (Rb) family members (Rb, p107 and p130), enabling them to activate 

transcription and  induce the expression of genes necessary for DNA synthesis and 

further cell cycle regulators (78). The next checkpoint happens before the start of 

new DNA synthesis in S-phase, regulating G1-S phase transition. At this point cyclin 

E is the most expressed and together with Cdk2 are responsible for accelerating 

phosphorylation of the Rb proteins. During S-phase, cyclin A is expressed and binds 

to Cdk2 driving DNA replication. Later on, in late G2 and early M-phase, cyclin A 

complexes with Cdk1 to direct the entry into mitosis. Thereafter, mitosis is regulated 

through cyclin B/ Cdk1 complexing. Cyclin/ Cdk activity is further negatively 

regulated by Cdk inhibitors (Cdki) throughout the whole cycle (37). 

 

FIGURE 5 | Schematic overview of the cell cycle checkpoints and most well described key 

regulators. Cyclin and Cyclin-dependent kinases (cdks) interaction through complex formation is 

tightly regulated throughout the cell cycle to ensure a successful cell division. The specific complexes 

required at each checkpoint are depicted together with E2F and retinoblastoma (RB) regulation. 

Adapted from Chiu, J and Dawes, I, 2012 (79) 

 

Research done by multiple research groups pointing out the differences in 

expression and function of cell cycle regulators during cardiac development 

provided a new light into how cardiomyocyte cell cycle is regulated.  
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Expression of cyclins involved in cell cycle (D1, D2, D3 A, B1 and E) and 

their corresponding kinases was found to be increased in the embryonic heart 

compared to the adult heart (80, 81). Not surprisingly, upregulation of CdkIs was 

demonstrated to inversely correlate with the downregulation of cyclins/Cdks during 

development (77). Cyclin Ds are believed to be expressed throughout the cycle as 

long as the mitogenic signal is still present. Although mice lacking one of the three 

isoforms independently of each other are viable with only narrow and tissue-specific 

phenotype (82), mice lacking all three cyclin D subtypes died during gestation due, 

in part, to heart abnormalities (83). Conversely, mice overexpressing cyclin D1, D2 

or D3 in the adult myocardium showed increased baseline rates of cardiomyocyte 

DNA synthesis (84). Accordingly, Cdk2 and Cdk4 double knockout mice die during 

embryogenesis due to hearts defects (85). Overall, it seems that cyclins and Cdks 

are very important to keep cell division and their reduced expression in adulthood 

might account for the postnatal withdrawal of cardiomyocytes from the cell cycle. 

Along with the changes in cyclin/Cdk expression during development, some 

different temporal expression patterns are seen for Rb family members, also called 

pocket proteins. Rb which is the primary target of G1 Cdks is present in very low 

amounts or undetectable in fetal mouse myocardium at age E12,5 increasing its 

expression during development, eventually becoming the most expressed pocket 

protein in the adult myocardium. p107 and p130 are inversely expressed in the 

myocardium compared with Rb, having both their highest expression during 

embryonic development decreasing its expression thereafter (86). Rb knockout 

animals die during gestation as a result of generalized cell death and abnormal cell 

cycling in different tissues (87). Embryonic stem cells of these animals 

demonstrated a retarded expression of cardiac-specific transcription factors and, 

hence, cardiac differentiation. Furthermore, Rb and p130 were shown to have 

overlapping functions to restrain cell cycle activators and keep quiescence in the 

adult heart, since mice lacking both proteins  displayed a threefold increase in heart 

weight-to-body weight ratio together with increased numbers of 5-Bromo-2-

Deoxyuridine (BrdU) labeled cardiomyocytes and phosphohistone H3 (PH3) 

positive cardiomyocyte nuclei (88). Taken together, it suggest that Rb proteins might 

play a role in regulating cell cycle exit and cardiomyocyte differentiation. 

Another form of regulation of the cell cycle comes from Myc, which 

represents the family of sequence-specific DNA-binding proteins, including c-Myc, 

N-Myc and L-Myc (37). It has been suggested that in the heart, Myc is vital both for 

cell division and hypertrophy. In fact, embryonic ventricular myocytes express Myc 

and the expression decreases during development (89). Accordingly, when lacking 
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it, in c-Myc knockout embryos, cardiac defects are seen that ultimately lead to death 

of the embryo before term (90). On the other hand, when the expression of c-Myc 

is induced embryonically and kept overtime in cardiomyocytes, both atrial and 

ventricular enlargement of these hearts is seen that was further related to myocyte 

hyperplasia (89). However, it has also been reported that overexpression of proto-

ongenes such as Myc may aso result in cell cycle arrest (91). Nonetheless, Myc was 

overall shown to play an important role in mediating hyperplastic cardiac growth. 

A possible endogenous antagonist of Myc is hypoxia inducible factor-1α 

(HIF-1α). It is a transcription factor that activates or represses the expression of 

genes that contain hypoxic responsive elements. Although numerous studies have 

shown that HIF-1α is necessary for hypoxia induced growth arrest and activation of 

p21 (CdkI that that inhibits the complexes of CDK2 and CDK1), recently a novel 

function in regulating development cell cycle arrest has been attributed to HIF-1α 

(92). It has been shown that HIF-1α is able to antagonize Myc action through its 

displacement from the p21 promoter, inducing cell cycle arrest even in the absence 

of a hypoxic signal (92). For instance, complete deletion of HIF-1α led to lethality by 

E11 in HIF-1α -/- embryos as a result of several defects in cardiovascular 

development including disorganized cardiac morphogenesis with myocardial 

hyperplasia (93). Furthermore, increased protein levels of HIF-1α have been 

reported in the heart in different models of cardiac pathologic hypertrophy (94). 

Although a comprehensive analysis on the role of HIF-1α is still lacking, evidences 

point for an important role of this transcription factor both in hypertrophy and 

myocyte proliferation. 

Although manipulation of several regulators of the cell cycle described above 

proved beneficial effects on the cell cycle, a comprehensive analysis should be 

performed on the most puzzling phase of mitosis in a cardiomyocyte – cytokinesis. 

This is the final step of cell division that culminates with separation of the cytoplasm 

between daughter cells to complete mitosis (95), without which myocytes undergo 

endoreduplication, increasing their ploidy status (37). A study aimed to analyze the 

differences in sarcomeric structure and contractile ring formation between 2 and 4 

days old rats, showed similar pattern of actin organization and formation of ring-like 

structure in early telophase (96). Therefore, it was suggested that molecules 

involved in the later stages of cytokinesis might account for the inability of 

cardiomyocytes to undergo cytokinesis. Furthermore, size differences in 

cardiomyocytes and thus different complexity of sarcomeric organization may play 

a role in blocking cytokinesis, since to undergo cytokinesis, cytoskeleton should be 

disassembled. Accordingly, small mononucleated cardiomyocytes have been 
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reported in some studies to be the most prominent population of proliferating 

cardiomyocytes (34, 97). 

Nonetheless, the ability of cardiomyocytes to renew throughout life after 

injury in LVAD patients brings some opportunities for development of approaches 

to enhance endogenous cardiac regeneration.  

CITED4 

Nuclear accessibility of some transcription factors and transcriptional co-

activators may certainly play an important role on the transcription of pro-

proliferative genes to induce cardiomyocyte renewal. Recently, a new member of 

the CITED family, CREB-binding protein (CBP)/p300-interacting transactivator with 

ED-rich carboxy-terminal domain 4 (CITED4) that is encoded by a single exon, was 

described (98). Upon recruitment to a promoter, CITED4 was shown to bind 

CBP/p300 with high affinity, inducing transcription co-activation. For instance, 

CITED4 demonstrated ability to co-activate transcription factor AP-2 (TFAP2) (98).  

Importantly, CITED4 was found to be significantly increased in exercise 

models correlated with  cardiomyocyte proliferation seen by the increase in ki67 

positive cardiomyocytes and increased incorporation of BrdU by cardiomyocytes 

(32). Moreover, this study has shown that CCAAT-enhancer binding protein-β 

(C/EBPβ) negatively regulates CITED4 in the heart (32). CITED4 role in 

cardiomyocyte division was corroborated in a more recent phenotypic screen on rat 

neonatal cardiomyocytes, where adenoviral overexpression of CITED4 led to 

increase in ki67 proliferation marker and increased myocyte number (99).  

Previous work in this group already showed that transverse aortic 

constriction (TAC) surgery on mice leads to increased levels of TGF-β and tissue 

fibrosis along with impaired cardiomyocyte renewal that is associated with increased 

levels of inhibition of CITED4. Upon unloading, CITED4 levels were restored along 

with the renewal potential (el Azzouzi H, unpublished).  

Main goal and Hypotheses  

Considering the importance of tackling the loss of cardiomyocytes and 

restoring cardiomyocyte renewal after pathological stimuli on the heart, in this 

project we aim to gain insight on the mechanisms that drive endogenous cardiac 

regeneration. For this, we perform transverse aortic constriction (TAC) in a mouse 

group and compare it to their sham operated littermates and to their littermates to 

whom the ligation was removed after development of the pathological phenotype. 
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We hypothesize that upon aortic constriction, mice develop a phenotype 

characteristic of pathological hypertrophy. Moreover, relieving the pressure 

overload from the heart through the removal of the ligation will lead to restored heart 

function. Therefore, we believe that by unloading the heart after a sustained 

pathological stimulation we can further understand what the most striking changes 

in these hearts are and how regeneration is directed after stress. To elucidate 

whether cardiomyocyte renewal after pathological stimuli in the heart is regulated 

by CITED4, we use a cardiac specific deletion of CITED4 together with the 

unloading model. We further postulate that deletion of CITED4 in the heart will 

hamper cardiac recovery after unloading possibly through a deranged regeneration 

potential.  
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II. Materials and Methods 

Mouse model 

CITED4 f/f mice (on a B6CBAF1/J background) were purchased from The 

European Mouse Mutant Archive (EMMA). Mice harboring a tamoxifen-regulated 

form of Cre recombinase (MerCreMer) under control of the murine myh6 promoter 

(αMHC-MerCreMer; MCM mice)(100) in a B6129F1 background, were used to 

generate αMHC-MCM-CITED4f/f mice. Adult α-MHC-MCM-CITED4f/f and CITED4f/f 

mice (10-12 weeks of age) were used for functional and histological analyses. All 

protocols were performed according to institutional guidelines and approved by local 

Animal Care and Use Committees. Investigators were blinded to treatment for 

physiological and biochemical measurements. 

Tamoxifen Injection 

To induce CITED4 deletion, α-MHC-MCM-CITED4f/f mice were treated with 

either vehicle (10/90 v/v ethanol/peanut oil, Sigma P2144) or tamoxifen (45 mg/kg 

per day) by daily intraperitoneal injections for consecutive 5 days prior to unloading. 

To control for possible tamoxifen effects, CITED4f/f mice were given similar 

tamoxifen injections. 

Transverse Aortic Constriction (TAC) and Unloading procedures 

Mice were anaesthetized (ip injection; fentanyl 0.05 mg/kg; dormicum 5 

mg/kg; dormitor 0.5 mg/kg) after which transverse aortic constriction (TAC) or sham 

surgery was performed in 2-3 month-old α-MHC-MCM-CITED4f/f and CITED4f/f mice 

by subjecting the aorta to a defined 27 gauge constriction between the first and 

second truncus of the aortic arch as described previously (101, 102). Sham 

operations were similar except for the constriction of the ligation. Unloading was 

performed after 7 weeks, using the same surgical protocol after which the ligation 

was carefully removed.  

Echocardiography 

For echocardiography, mice were shaved and lightly anaesthetized with 

isoflurane (mean 1.5% in oxygen) and allowed to breathe spontaneously via a nasal 

cone. Non-invasive, echocardiographic parameters were measured using a 



31 

RMV707B (15-45 MHz) scan-head interfaced with a Vevo-770 high frequency 

ultrasound system (VisualSonics Inc., Toronto, Canada). Long-axis EKG-triggered 

cine loops of the left ventricular (LV) contraction cycle were obtained in B-mode to 

assess end-diastolic/systolic volume. Short-axis recordings of the LV contraction 

cycle were taken in M-mode to assess wall thickness of the anterior/posterior wall 

at the mid-papillary level. From B-mode recordings, LV length from basis to apex, 

LV systolic volume (LVVs) was determined.  From M-mode recordings, (FS) was 

calculated with the following formula: (LVIDd-LVIDs)/LVIDd*100). Ejection fraction 

(EF) was calculated as ((SV/Vd)*100) with Vs, systolic volume 

(3,1416*(LVIDs^3)/6)). 

Sacrifice and Isolations 

Mice were sacrificed by cervical dislocation and the hearts were flushed with 

PBS. The hearts were divided in two parts: one was snap frozen in liquid nitrogen 

for further RNA and protein analysis; the other one was fixed in 4% (w/v) 

paraformaldehyde (PFA) for later use in staining protocols.  

Histology 

Harvested hearts were perfusion-fixed in 4% (w/v) PFA overnight prior to 

paraffin-embedding. Paraffin-embedded tissue was cut at 5μm using Microm HM 

335 E microtome and the cut pieces were floated in warm distilled water to expand 

the paraffin cut to its original size. Paraffin-embedded tissue sections were then 

attached to positively charged microscope slides following by their overnight drying 

on a warming plate set at 37ᴼC. 

Prior to all the staining protocols, tissue slides were deparaffinized through 

a xylene/alcohol gradient. 

Hematoxylin and Eosin staining (H&E) 

To evaluate gross morphology of the heart, tissue sections were staining 

with hematoxylin and eosin. Following deparaffinization, slides were incubated in 

hematoxylin solution (Klinipath) for 10 min and then washed for 5 min in running tap 

water. Slides were then incubated for 30 sec in eosin solution [1% (w/v) Eosin 

yellowish (Gurr Certistain); 70% EtOH (Klinipath); 0,05% (v/v) Acetic Acid (Sigma-

Aldrich)]. Finally, slides were washed with distilled water and allowed to dehydrate 
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through an alcohol/xylene (Klinipath) gradient. Sections were mounted with Entellan 

(Klinipath). 

Picrosirius Red staining 

Picrosirius Red staining was used to assess the extent of fibrosis in the 

hearts. Once deparaffinized, slides were colored in picrosirius red solution [0,1% 

(w/v) Sirius Red F3B (Gurr); saturated picrine acid solution, pH=2 (Boom)] and 

washed twice with 0,2N HCl (Sigma-Aldrich) for 5 min followed by 5 min wash with 

distilled water. From this point on, staining procedure was carried as described for 

H&E staining. 

Immunofluorescent Stainings 

Immnofluorescent stainings varied for each antibody used. Details of the 

antibodies used, dilutions and antigen retrieval methods are described in TABLE 1. 

Briefly, tissues slides were deparaffinized, followed by antigen retrieval through 

boiling the slides in the buffer described in the TABLE 1 on a gas burner for 20 

minutes. Primary antibody was incubated overnight at 4ᵒC with the exception of 

lectin from Triticum vulgans (WGA) which was incubated at room temperature for 

30 minutes. Goat anti-Mouse Alexa Fluor®488 (1:800, Life Technologies, #A-

11001) and goat anti-Rabbit Alexa Fluor®555 (1:2000, Life Technologies, #A-

21428) were used as secondary antibodies and were incubated for one hour at room 

temperature. All sections were counterstained with Hoechst 33342 (1:10000, Life 

Technologies, #H1399) and mounted with Fluoromount G (Southern Biotech, 

#0100-01). Negative control sections were included in which the primary antibody 

was omitted.  

 TABLE 1 | List of the antibodies and compounds used for immunofluorescent stainings. The 

antigen retrieval method, blocking buffer and dilution used are also described in detail.  

* - Choice of buffer used depended on the co-staining. 

Antigen 
Retrieval 

Blocking Antibody/ Compound Dilution 

Sodium Citrate 
(Sigma), pH=6 

1%PBSA Rabbit Monoclonal ab anti-Ki67 (clone 
SP6) 
Thermo Scientific #RM_9106_S 

1:100 in 
0,5%PBSA 

Citric Acid 
(Riedel-de 
Haën), pH=6 

1%TBSA Rabbit Policlonal ab anti-Phospho-Histone 
H3 (Ser10) 
Millipore #06-570 

1:200 in 
1%TBSA 

* * Mouse Monoclonal ab anti-Tropomyosin 
Sigma #T2780 

1:200* 

Sodium Citrate 
(Sigma), pH=6 

- Lectin from Triticum vulgaris (wheat), 
FITC conjugate 
Sigma #L4895 

50 µg/ml in 
1%PBSA 
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Microscopy and Image Quantification 

Pictures of the stained tissues were made using Olympus DP71 camera on 

an Olympus BX53 microscope.  

H&E imaging of the four chamber view of the hearts was done at 10x 

magnification while regional images were taken at 20x magnification. 

Picrosirius Red staining was imaged using polarized light and regional 

images were made at 20x magnification. Quantification of the fibrotic area was done 

using ImageJ.   

For Ki67 and PH3 staining, at least 20 random pictures were taken at 20x 

magnification per section or animal and positive cardiomyocyte nuclei were counted 

in a total of 10000 cardiomyocytes. Nuclei were counted as positive when 

surrounded by green indicating cardiomyocyte nature.  

For WGA staining, 5 to 8 images were taken at 20x magnification per heart 

or section and cardiomyocyte surface area was measured using an in house made 

macro on ImageJ. At least a total of 100 cells were measured for each picture taken. 

RNA Isolation and RT-qPCR 

RNA was isolated using Trizol (Invitrogen) and reverse transcribed using 

iScript advanced cDNA Synthesis kit for RT-qPCR (BioRad). One microgram of total 

RNA was used as template for the reverse transcriptase. For quantitative real-time 

PCR, a Bio-Rad iCycler (Bio-Rad) and SYBR Green were used in combination with 

specific primer sets TABLE 2 designed to detect transcripts. Quantification was 

performed using the comparative Cq method with P0 as a housekeeping gene. 

TABLE 2 | List of primer sets used and respective melting temperature (Tm).  

 

Gene Primers Tm 

cited4 F – CTGATGCTCGCCGAGGGCTAC 
R – CAGCGGAGCCCCCCGCGGCC  

60 

acta1 F – CCGGGAGAAGATGACTCAAA  
R – GTAGTACGGCCGGAAGCATA  

60 

myh7 F – CGGACCTTGGAAGACCAGAT 
R – GACAGCTCCCCATTCTCTGT  

60 

nppb F – TGGGAGGTCACTCCTATCCT  
R – GGCCATTTCCTCCGACTTT  

60 

rcan F – CCACACAAGCAATCAGGGAGC  
R – GCTTGACTGAGAGAGCGAGTC  

60 

P0 F – GGACCCGAGAAGACCTCCTT 
R – GCACATCACTCAGAATTTCAATGG 

60 
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cited4, Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 

4; acta1, α-skeletal actin; myh7, β-myosin heavy chain; nppb, brain natriuretic peptide; 

rcan, regulator of calcineurin; P0, large subunit ribosomal protein P0. F and R, represent 

the forward and reverse primer sequences (5’ – 3’) respectively.  

Statistical Analysis 

All values were presented as mean ± SEM unless otherwise indicated. All 

statistical analysis of the results was performed and visualized using GraphPad 

Prism 6.01.  For multiple group comparison, 2way ANOVA test followed by Tukey 

or Holm-Sidak post hoc test correction for multiple comparisons were performed. 

Unpaired, two-tailed Student’s t test was used to compare two experimental groups. 

Values of p<0,05 were considered significant. 
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III. Results 

CITED4 knockout strategy in the heart 

Constriction of the transverse aorta is a commonly used surgical procedure 

that mimics several pathological conditions such as chronic hypertension and aortic 

stenosis seen in Humans (103). Similarly transverse aortic constriction (TAC) 

induces chronic pressure overload  that leads to left ventricular dysfunction over 4 

to 6 weeks in the murine heart (104–106). 

Along with decreased function, pressure overload was previously shown to 

induce cardiac remodeling including fibrosis (107) and cardiomyocyte loss leading 

thinning of the ventricular walls causing dilatation and eventually heart failure (108). 

In a recent work by Boström et al (32), the transcriptional co-activator CITED4 was 

shown to be up-regulated in mice hearts after endurance exercise protocol, 

correlated with upregulation of cell cycle markers, suggesting a role for maintenance 

of  myocyte division.  

Opposite to what was found on a physiological hypertrophy model, previous 

results in this project show that CITED4 levels are reduced both in human heart 

failure and in TAC mouse model (el Azzouzi H, unpublished).  

To understand what the consequences are of deleting this transcriptional co-

activator, we generated cardiomyocyte specific CITED4 deletion through cre-loxP 

system. In this system, the mice have an α-MHC driven MerCreMer (MCM) 

expression that is fused to a mutated ligand-binding domain (LBD) of the estrogen 

receptor (ER).  In this system injected tamoxifen binds Cre recombinase and 

promotes its translocation to the nucleus where it induces recombination and the 

subsequent removal of the CITED4 loxP flanked region. Since α-MHC is specifically 

and constitutively expressed in cardiomyocytes, this system ensures an inducible 

and specific cardiomyocyte knockdown of CITED4 (FIGURE 6).  
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FIGURE 6 | CITED4 knockout strategy in the heart. Schematic representation of the generation of 

the cardiac specific CITED4 deletion mouse model used. Mice expressing MerCreMer (MCM) driven 

by α-MHC promoter (α-MHC-MCM) were breed with mice containing CITED4 flanked by 2 loxP sites 

(CITED4f/f), giving rise to α-MHC- MCM-CITED4f/f mice. Injected tamoxifen binds Cre recombinase 

specifically expressed in cardiomyocytes, promoting its translocation to the nucleus, allowing excision 

of the loxP flanked CITED4. CITED4f/f mice were used as controls for possible tamoxifen negative 

effects. 

Unloading requires CITED4 to fully restore integrity in the heart  

To understand the influence of CITED4 in the heart upon pathological stimuli, 

α-MHC- MCM-CITED4f/f mice underwent TAC or sham surgery and were left for 6 

weeks to develop pathological cardiac remodeling (FIGURE 7 – A). At 6 weeks, a 

randomly selected group of animals were injected with tamoxifen or vehicle during 

5 consecutive days just prior to unloading or sham surgery. This setup allows to 

specifically assess the role of CITED4 in the unloading induced cardiac regeneration 

(FIGURE 7 – A). Using this setup, tamoxifen injection resulted in significant 

knockdown of cited4 transcripts as estimated by real time RT-qPCR (FIGURE 7 – 

A). 

 Analysis of the hearts pos mortem further showed that TAC induced an 

increase in size and weight as depicted by gross morphology and heart weight/body 

weight ratios of both vehicle and Tamoxifen treated α-MHC-MCM-CITED4f/f mice 

(FIGURE 7 – C,D).   
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FIGURE 7 | Unloading requires CITED4 to fully restore integrity in the heart. A. Schematic 

representation of the model used, where 6 weeks after TAC or sham surgery, mice are injected with 

tamoxifen or vehicle and further selected for sham or unloading surgery. Echocardiographies were 

performed at baseline, pre-unload, 3 days and 7 days after unload. Hearts were harvested either at 3 

days or at 7 days; B. Quantitative real time PCR analysis of CITED4 transcripts in vehicle treated and 

tamoxifen treated α-MHC-MCM-CITED4f/f hearts (n=13/group) indicating significantly reduced CITED4 

transcripts in tamoxifen treated α-MHC- MCM-CITED4f/f mice; C. Representative histological images 

of sham, TAC and unloaded mice of indicated genotypes and treatments, 7 days after the unloading 

time-point. Top pannels, representative four chamber view images of the hearts, indicating 

enlargement of the heart upon TAC that is reverse after unload. Scale bars, 5 mm. Middle pannels, 

Hematoxylin and eosin-stained images reveal remarkable myocyte hypertrophy and myofiber disarray 

in mice subjected to TAC surgery that is reversed upon unloading only in vehicle treated group. Scale 

bars, 100µm. Lower pannels, representative images of WGA-labeled tissue sections. Scale bars, 

100µm; D.  Heart weight/body weight ratios of sham, TAC and unload mice of indicated genotypes and 

treatments, 7 days after the unloading time-point, indicating a significant increase in cardiac mass after 

pressure overload that is further decreased upon unloading (n = 6-9/group); E. Quantification of 

individual cardiomyocyte surface area (µm2), showing hypertrophy of individual cardiomyocytes upon 

TAC that is reversed after unloading; F. Quantitative real time PCR analysis of CITED4 transcripts in 

hearts of sham, TAC and unloaded mice of indicated genotypes and treatments, 7 days after the 

unloading time-point, indicating that vehicle treated α-MHC-MCM-CITED4f/f mice decrease CITED4 

transcripts after TAC and further increase transcripts to sham levels after 7 days of unloading. 

Tamoxifen treated α-MHC-MCM-CITED4f/f mice show lower levels of CITED4 in all time-points. Error 

bars are represented as Mean ± SEM; n.s., not significant; * p<0,05; ** p<0,01; ***p<0,001. 

 

Considering the fact that pressure overload is associated with cardiac 

remodeling, we further looked into cell integrity. Hematoxylin and eosin (H&E) 

staining showed that cardiomyocytes lose integrity upon TAC-induced pressure 

overload when compared to sham hearts (FIGURE 7 – C). Unloading the vehicle 

treated α-MHC-MCM-CITED4f/f mice fully restored size and reduced signs of 

histopathology in cardiomyocytes (FIGURE 7 – C, D). Although, tamoxifen treated 

α-MHC-MCM-CITED4f/f mice showed diminished heart size compared to their TAC 

cohorts, individual cardiomyocytes displayed signs of disintegration (FIGURE 7 – C, 

D). WGA staining was performed to visualize cell membranes and allow 

measurement of the individual cardiomyocyte surface area. Similarly, 

cardiomyocyte surface area increased upon TAC (FIGURE 7 – C, E), indicating a 

hypertrophic response which possibly accounts for the increase in size and weight 

of these hearts (FIGURE 7 – C, D). Unloading the hearts promoted a decrease in 

cardiomyocyte surface area, indicating regression of hypertrophy in both vehicle 

and tamoxifen treated α-MHC-MCM-CITED4f/f mice (FIGURE 7 – C, E). Strikingly, 

although removal of pressure overload caused a reduction in heart size, individual 
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cardiomyocytes from tamoxifen treated α-MHC-MCM-CITED4f/f mice displayed 

severe disintegration (FIGURE 7 – C). 

Given the fact that cardiomyocyte disintegration is persistent both in TAC 

surgerized mice and CITED4-deficient unloaded hearts suggests a role for CITED4 

in cardiomyocyte physiology following injury. Indeed, cited4 transcript levels were 

reduced upon TAC surgery and restored after unloading in vehicle treated α-MHC-

MCM-CITED4f/f mice but not in tamoxifen treated α-MHC-MCM-CITED4f/f mice 

(FIGURE 7 – F).  

Cardiomyocyte disarray has been considered to drive tissue loss in failing 

hearts which is also hallmarked by extensive fibrosis (109). To evaluate whether 

these hearts have developed fibrosis, we performed picrosirius red staining on 

cardiac sections of all mice cohorts. Pressure overloaded mice hearts showed 

extensive interstitial fibrosis which was reversed to sham levels after 7 days of 

unloading of vehicle treated α-MHC-MCM-CITED4f/f mice (FIGURE 8 – A, B). 

Strikingly, tamoxifen treated α-MHC-MCM-CITED4f/f mice showed no significant 

reduction of fibrotic area (FIGURE 8 – A, B). Fibrotic quantification of tamoxifen 

treated α-MHC-MCM-CITED4f/f mice that were sham operated showed comparable 

fibrotic events to their vehicle treated cohorts (FIGURE 8 – A, B). 

Next to fibrosis and cardiomyocyte disarrangement, reactivation of fetal gene 

expression characterizes pathological remodeling of the heart. To assess this, 

transcript levels of nppb (brain natriuretic peptide), myh7 (β-myosin heavy chain), 

rcan (regulator of calcineurin) and acta1 (α-skeletal actin) were analyzed using 

qPCR (FIGURE 8 – C-F). In general, all genes were found to be up regulated after 

pressure overload in both vehicle and tamoxifen treated α-MHC-MCM-CITED4f/f 

mice (FIGURE 8 – C-F). Unloading resulted in reduced transcript levels of these 

stress markers in vehicle treated α-MHC-MCM-CITED4f/f mice (FIGURE 8 – C-F) 

coherent with the reverse remodeling  observed in these hearts indicated by  lower 

cardiomyocyte disarray (FIGURE 7 – C) and reduced fibrosis (FIGURE 8 – A, B). 

On the other side, unloading of tamoxifen treated α-MHC-MCM-CITED4f/f mice 

showed no reversal of acta1, myh7, nppb and rcan transcript levels (FIGURE 8 – 

C-F). 

Taken together, these data points CITED4 to be crucial for the beneficial 

effects of unloading the heart including maintenance of cardiomyocyte integrity, 

reversal of fibrosis and stress markers.  
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FIGURE 8 | Persistent fibrosis and altered stress marker transcripts in cardiac CITED4-deficient 

mice upon unloading. A. Representative picrosirius red staining histological images of sham, TAC 

and unloaded mice of indicated genotypes and treatments, 7 days after the unloading time-point, 

showing great extension of intersticial fibrosis upon TAC and after unload in the tamoxifen treated α-

MHC-MCM-CITED4f/f mice.  Scale bars, 100µm; B. Quantification of extension of fibrosis (%) in the 

hearts, indicating an increase in fibrotic area in TAC that is reversed in vehicle treated animals but not 
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in tamoxifen treated α-MHC- MCM-CITED4f/f mice (n=4-7/group; n=2 for tamoxifen treated α-MHC-

MCM-CITED4f/f sham operated mice); C–F. Quantitative real time PCR analysis of (C.) acta1 (α-

skeletal actin), (D.) nppb (brain natriuretic peptide) and (E.) myh7 (β-myosin heavy chain) and (F.) rcan 

(regulator of calcineurin) in hearts of sham, TAC and unloaded mice of indicated genotypes and 

treatments, 7 days after the unloading time-point, indicating increased transcript levels of these stress 

markers after TAC that is fully reversed in vehicle treated α-MHC-MCM-CITED4f/f mice after unload 

(n=5-6/group). Tamoxifen treated α-MHC-MCM-CITED4f/f mice showed transcript levels of acta1, 

nppb, myh7 or rcan after unloading comparable to TAC operated animals. Error bars are represented 

as Mean ± SEM; n.s., not significant; * p<0,05; **/ ## p<0,01; ***p<0,001. 

Aortic constriction induces pathological remodeling that requires 

CITED4 for a full recovery upon unloading 

To functionally determine the effect of CITED4 knockdown on pressure 

overload-induced hemodynamic changes in the heart, we performed M-mode 

echocardiography at 7 weeks after TAC (prior to unloading) and at 3 and 7 days 

following unloading (FIGURE 7 – A). Representative images of M-mode recordings 

of all experimental groups are displayed in FIGURE 9. Pressure overloaded mice 

hearts showed ventricular wall thinning characterizing end-stage heart failure which 

was fully reversed to sham levels after 7 days of unloading of vehicle treated α-

MHC-MCM-CITED4f/f mice (FIGURE 9 – A). Interestingly, although tamoxifen 

treated α-MHC-MCM-CITED4f/f mice showed some increase in ventricular wall 

dimensions, this was not comparable to their vehicle treated counterparts (FIGURE 

9 – A).  

In line, measurements at 7 weeks showed reduced cardiac contractility of 

the TAC operated vehicle or Tamoxifen treated α-MHC-MCM-CITED4f/f mice. Both 

ejection fraction (FIGURE 9 – B) and fractional shortening (FIGURE 9 – C), which 

represent the percentage of blood that is pumped out of the left ventricle in each 

contraction and the difference in ventricular diameters in systole and diastole, 

respectively were reduced after 7 weeks of pressure overload. Unloading the TAC 

hearts allowed the vehicle treated α-MHC- MCM-CITED4f/f mice to fully recover 

cardiac function within 3 to 7 days as depicted by left ventricular ejection fraction 

and fractional shortening (FIGURE 9 – B, C). However, tamoxifen treated α-MHC- 

MCM-CITED4f/f mice showed impaired functional recovery within the same period 

of time (FIGURE 9 – B, C). Interestingly, although tamoxifen treated α-MHC-MCM-

CITED4f/f mice showed impaired recovery after 3 days of unloading, cardiac 

contractility increased in the following 4 days, indicating delayed recovery in these 

hearts (FIGURE 9 – B, C).  In line with the observed early recovery, vehicle treated 

α-MHC-MCM-CITED4f/f mice showed maintenance of recovery of cardiac function 
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reaching sham levels. In contrast, tamoxifen treated α-MHC-MCM-CITED4f/f mice 

did not recover to sham levels even after 7 days of unloading (FIGURE 9 – B, C). 

Sham operated animals maintained their cardiac function throughout the whole 

procedure irrespective of tamoxifen treatment advocating a prominent role of 

CITED4 in the healing process. Coherent with the findings on the contraction 

parameters, α-MHC-MCM-CITED4f/f pressure overloaded hearts showed severe 

increase in left ventricular internal volume in systole (LViVs) regardless of tamoxifen 

treatment (FIGURE 9 – D). Unloading vehicle treated α-MHC-MCM-CITED4f/f hearts 

showed a more prominent decrease in LViVs than their tamoxifen treated 

counterparts reaching sham levels within 7 days. Together, these data suggests 

that functional recovery coincides with structural improvement seen in vehicle but 

not in tamoxifen treated α-MHC-MCM-CITED4f/f mice.  

Considering the differences in the recovery of unloaded α-MHC-MCM-

CITED4f/f mice with respect to their treatment, CITED4 may be proposed as an early 

mediator in the healing process that may function together with transcriptions factors 

to initiate recovery.   
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FIGURE 9 | Aortic constriction induces decrease of heart function that requires CITED4 for a 

full recovery upon unloading. A. representative M-mode images of mice with the indicated genotype 

and treatment 7 days after the unloading time-point, indicating increased LV internal dimensions after  

pressure overload that are reversed upon unloading for both treatments. Time scale and size indication 

are depicted in the M-mode images. B-D. Graphical representation of (B.) fractional shortening (FS), 

(C.) ejection fraction (EF) and (D.) LV internal volume at systole (LViVs), indicating increased functional 

and geometrical deterioration after TAC that is completely reversed in vehicle treated α-MHC-MCM-

CITED4f/f mice within 3 to 7 days of unloading and not fully in tamoxifen treated α-MHC-MCM-CITED4f/f 

mice (n=5 – 9/ group). Error bars are represented as Mean ± SEM; n.s., not significant; * p<0,05; ** 

p<0,01; ***p<0,001. 

To control for the possible effect of tamoxifen on the mice, CITED4f/f mice 

were treated as previously described for the study groups (FIGURE 7 – A). 

Echocardiographic data from these animals showed no differences compared to the 

vehicle treated α-MHC-MCM-CITED4f/f mice of all conditions (sham, TAC, unload) 

(Supplementary FIGURE 11), indicating that tamoxifen treatment on itself did not 

influence cardiac function before or after unloading. Considering that CITED4f/f 

tamoxifen injected mice did not develop any cardiac relevant alterations when 

compared to vehicle treated α-MHC-MCM-CITED4f/f mice, only α-MHC-MCM-

CITED4f/f genotype was further investigated. 

Unloading related functional outcomes are associated with 

myocyte division 

Previous work in the group showed that unloaded hearts display a significant 

increase in cycling cardiomyocytes in the myocardium compared to sham operated 

or pressure overloaded hearts (el Azzouzi, H, unpublished). Unloading the heart 

through LVAD in Humans was also shown to induce cardiomyocyte proliferation and 

further division, reducing the number of multinucleated cardiomyocytes and 

polyploid nuclei within the same cardiomyocyte (71, 72), further proposing 

cardiomyocyte re-entry in the cycle as a mechanism by which cardiomyocyte 

renewal is achieved in the unloaded hearts. Although stem cell activation and 

mobilization are generally pointed as a source for cardiomyocyte renewal, previous 

work in the group did not find evidences of major stem cell contribution to the healing 

process in these hearts (el Azzouzi, H, unpublished).   

To understand whether the impaired recovery seen in cardiac CITED4-

deficient mice is related to attenuated cardiomyocyte renewal, we investigated the 

proliferative capacity of cardiomyocytes in these hearts by immunofluorescence 

imaging of Ki67, a marker for active cell cycle. Although unloaded hearts of vehicle  
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FIGURE 10 | Unloading related functional outcome is associated with myocyte division. A. 

Representative images from immunofluorescent staining for Ki67 of sham, TAC and unloaded mice of 

indicated genotypes and treatments, 3 days after the unloading time-point. Scale bars, 100µm; B. 

Quantification of the number of Ki67 positive cardiomyocyte nuclei per 10000 cardiomyocytes (%)(n=4-

7/group); C. Representative images from immunofluorescent staining for phospho-histone H3 (PH3) 

of sham, TAC and unloaded mice of indicated genotypes and treatments, 3 days after the unloading 

time-point. Scale bars, 100µm; D. Quantification of the number of PH3 positive cardiomyocyte nuclei 

per 10000 cardiomyocytes (%) (n=4-7/group); Error bars are represented as Mean ± SEM; n.s., not 

significant; ## p<0,01; ***p<0,001. 

 

treated α-MHC-MCM-CITED4f/f mice showed a prominent increase in numbers of 

ki67 positive cardiomyocyte nuclei compared to pressure overloaded hearts, this 

was not significant (FIGURE 10 – A, B). On the other hand tamoxifen treated α-MHC-

MCM-CITED4f/f hearts showed very low numbers of ki67 positive cardiomyocyte 

nuclei, at a comparable level to their pressure overloaded counterparts (FIGURE 10 

– A, B). 

In general, cell cycle activation has been shown by several groups to be 

required for cardiomyocyte renewal. However, cell cycle is a dynamic process that 

is thoroughly controlled at several checkpoints and thus activation of the cell cycle 
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solely is insufficient for completing myocyte division. A more relevant approach to 

cardiomyocyte division in these hearts was done through immunofluorescent 

imaging of Phosphoshistone H3 (PH3), a marker for mitosis. Interestingly, vehicle 

treated α-MHC-MCM-CITED4f/f mice showed a striking significant increase in PH3 

positive cardiomyocyte nuclei number compared to sham operated or TAC operated 

mice (FIGURE 10 – C, D). However, α-MHC-MCM-CITED4f/f mice treated with 

tamoxifen showed very low counts of PH3 positive cardiomyocyte nuclei, displaying 

similar numbers to what is seen for their sham operated and pressure overloaded 

counterparts (FIGURE 10 – C, D). Overall, these data suggests CITED4 as a major 

player in cardiomyocyte cell cycle progression through mitosis.  
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IV. Discussion 

Despite intense research on mechanisms underlying cardiac regeneration 

over the past years, this process remains poorly understood. The discovery of stem 

cells in the adult heart and the fact that renewal of cardiomyocytes is maintained 

throughout life contradicted the initial thought that the heart was a post mitotic organ 

and brought a new avenue for cardiac regeneration research. However, upon injury 

endogenous stem cells are insufficient to restore cardiac function and the same is 

often seen in clinical trials upon injection of exogenous stem cells in the heart after 

injury (57, 58). It is therefore of utmost importance to understand the mechanisms 

that underlie cardiomyocyte renewal.  

On the other hand, by reducing the demand on the heart, LVADs have been 

shown to improve recovery after injury through cardiomyocyte division and removal 

of fibrosis. In this light, the possibility of regenerating the heart and the study of the 

mechanisms that regulate cardiomyocyte renewal herein are becoming increasingly 

relevant. 

Here we describe a unique model to comprehensively understand the 

mechanisms that drive endogenous cardiac regeneration. α-MHC-MCM-CITED4f/f  

mice underwent TAC or sham surgery and were left for 6 weeks to develop the 

pathological phenotype. At 7 weeks, they were injected with tamoxifen or vehicle 

with single injections for five consecutive days. Following this, a group of mice were 

selected for further unloading while the others were sham operated. Injection of 

tamoxifen ensures specific cardiomyocyte deletion of CITED4 immediately before 

unloading the heart, allowing the precise study of the effect of this transcription co-

activator in the recovery process.  

Coherent with previous work on the unloading model, vehicle treated α-

MHC-MCM-CITED4f/f mice showed an exceptional recovery 3 days after unloading 

which was comparable to sham levels after 7 days. However, mice lacking CITED4 

in the heart showed blunted recovery, with no significant recovery after 3 days and 

only showing some improvement in function thereafter. Functional measurements 

reflected the observed dilatation, individual cardiomyocyte disarrangement and 

persistence of fibrosis seen after unloading cardiac specific CITED4 knockout 

hearts.  

CITED4 was recently investigated in a physiological hypertrophy model 

where its expression in the hearts was linked to increased number of mitotic 

cardiomyocytes after an exercise protocol. Our work showed that both Ki67 and 

PH3 positive cardiomyocyte nuclei were increased after unloading in the vehicle 
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treated α-MHC-MCM-CITED4f/f mice but not in tamoxifen treated cohorts. Although 

Ki67 did not show any statistically significant change between groups, which would 

possibly be solved by increasing the population size per condition, the depicted 

trend suggests cardiomyocyte re-entry in the cell cycle.  

Since Ki67 is expressed from G1 until the end of M phase, quantification of 

the number of cardiomyocytes expressing this marker does not give any information 

about the cell cycle phase of the individual cardiomyocyte. In fact, several groups 

have reported the number of Ki67 positive cardiomyocyte nuclei to be increased in 

the border zone of a myocardial infarct (36, 110), however, these cycling 

cardiomyocytes are not enough to restore cardiac function and ultimately cardiac 

tissue loss is the most prominent phenomenon. Indeed, pathological stimuli on the 

heart induces hypertrophy of cardiomyocytes which initially promotes cell cycle 

activation, increasing the DNA content per nuclei or the nuclei per cell. Increasing 

DNA content per cell might be beneficial in terms of fast mRNA production for future 

protein translation. However, the increase in cardiomyocyte and nuclei size which 

is concomitant with a decrease in contractile function exacerbates the stress stimuli 

on the neighboring cardiomyocytes inducing tissue loss. In this light, actual 

cardiomyocyte division is crucial for keeping the cardiomyocyte physiology and to 

functionally restore the damaged myocardium. Accordingly, the findings observed 

with immunofluorescent imaging of PH3 positive cardiomyocyte nuclei in this study 

explain the differences in the recovery profile of α-MHC-MCM-CITED4f/f mice 

respective to the treatment. Since PH3 is only expressed by cells undergoing 

mitosis, it therefore represents a valid detection method for dividing cardiomyocytes. 

Functionally, it is intriguing to see that the great functional improvement of vehicle 

treated α-MHC-MCM-CITED4f/f hearts upon unloading is hampered in the absence 

of CITED4, which is marked by the inability to complete cardiomyocyte division. To 

further assess cytokinesis in these models, additional stainings such as Aurora B 

marker could potentiate the understanding of the proliferative capacity of 

cardiomyocytes herein.  

Another interesting point to evaluate in this model is the polyploidy status 

and multinucleation of the cardiomyocytes. Work on LVAD use in patients suggest 

that polyploidy status decrease together with a decrease in the number of 

multinucleated cardiomyocytes in the myocardium (71, 72), suggesting the 

relevance of division of pre-existing cardiomyocytes over stem cell proliferation and 

differentiation into cardiomyocytes. Therefore, it would be valuable to verify whether 

the same holds true in our unloading model and whether CITED4 has a specific role 

herein.  
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Statistically significant changes were not found in the counts for ki67 or PH3 

positive cardiomyocyte nuclei between sham operated and TAC operated animals 

from both groups. This data suggests that cardiomyocyte turnover might be 

maintained during pressure overload in the heart. However, this prolonged stress 

stimuli induces a pathological response in cardiomyocytes which shifts the normal 

turnover balance of cardiomyocytes towards a cell death outcome that is 

pronounced in TAC but not in sham operated animals regardless of the treatment.  

Furthermore, CITED4 knockout in the heart at a short time point does not hamper 

cardiomyocyte division under physiological (sham) or pathological (TAC) conditions. 

In fact, considering the natural decrease of CITED4 in the heart upon TAC in vehicle 

treated α-MHC-MCM-CITED4f/f, differences in outcome due to CITED4 knockout in 

the heart were not expected, which was further supported by our data. 

There is a long standing belief among the scientific community that left 

ventricular hypertrophy (LVH) regression brings beneficial effects in the function of 

the heart. However the actual functional significance of LVH in the recovery from 

heart failure has never been accurately appreciated (111). In this work we show that 

unloading reverses hypertrophy regardless of the treatment. Quite surprising was 

the fact that although tamoxifen treated α-MHC-MCM-CITED4f/f mice significantly 

decreased their heart weight/ body weight ratio, heart and individual cardiomyocyte 

size upon unloading, comparable to vehicle treated mice, they did not show a great 

functional recovery. Considering the observations on our model, we suggest that 

unloading the pressure overloaded heart is enough to remove the stress 

environment in the heart allowing the cessation of the pathological pro-hypertrophic 

stimuli that keeps the cardiomyocytes hypertrophied. Therefore unloading the heart 

is sufficient to cause regression of hypertrophy regardless of the treatment. 

Moreover, one might postulate that hypertrophy is required to cope with the 

increased demand on the heart seen under pathological conditions and its 

regression is a natural response after relief of this pressure.  

 Nevertheless, it remains extremely intriguing to understand the mechanisms 

that underlie this regression and the long term effects on muscle physiology in 

general.  

In accordance with the reduced functional recovery after unloading on 

tamoxifen treated α-MHC-MCM-CITED4f/f mice, stress marker (acta1, myh7, nppb 

and rcan) expression did not reverse to sham levels in these animals. On the other 

hand, vehicle treated α-MHC-MCM-CITED4f/f mice demonstrated complete reversal 

of all the markers 7 days after unloading. Similarly, lowered levels of myh7 and nppb 

in patients that underwent LVAD support were previously reported (112). This data 
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suggests that fetal gene reprogramming that is induced upon TAC, is reversed upon 

unloading dependent of CITED4. In line, it can be postulated that relief of pressure 

overload in the heart is not sufficient to lower stress marker expression in the heart. 

Fibrosis has been described as a characteristic of heart failure in several 

pathological models, however its exact role in heart failure is still under debate. 

Another evidence of failure in the rescue of pressure overloaded cardiac CITED4-

deficient mice lies in the fact that extensive fibrosis was persistent after unloading 

significantly differing from the reduced fibrotic area seen in vehicle treated α-MHC-

MCM-CITED4f/f mice. The extensive fibrosis areas seen in these animals might 

account for the lack of functional improvement since scar tissue is not contractile 

and although it helps keeping the integrity of the heart, it does not support its 

pumping function.  

Considering the different cardiomyocyte division profile seen in these two 

groups of animals, it can be proposed that in the absence of CITED4 in the heart, 

the previously existing fibrosis due to pressure overload is not replaced by new 

functional cardiomyocytes at the same rhythm as it is in their vehicle treated 

counterparts and thus fibrotic events are predominant. Another possible explanation 

for persistence of fibrosis after unloading in tamoxifen treated α-MHC-MCM-

CITED4f/f mice could be the induction of cardiomyocyte death and replacement with 

fibrosis. In this setting, additional experiments to measure cell loss in our model 

could should shed a light on the complex relation between tissue loss and fibrosis 

on one hand and cardiomyocyte renewal on the other hand. 

Cardiac hypertrophy and fibrosis are associated with the induction of 

myocardial TGF-β synthesis that is consistently highly upregulated in animal models 

of heart failure (113). Previous data showed that unloading the pressure overloaded 

heart decreases the levels of TGF-β which was concomitantly linked with reduced 

fibrosis in these animals (114)(el Azzouzi H, unpublished). It would be relevant to 

verify whether TGF-β levels differ between the treated groups and whether this 

reflects the removal of fibrosis in vehicle treated but not tamoxifen treated α-MHC-

MCM-CITED4f/f mice or the observed regression of hypertrophy of both unloaded 

groups.  

Previously in the group TGF-β signaling has been shown to indirectly inhibit 

CITED4 through the activation of miR-24 (el Azzouzi H, unpublished). Accordingly, 

different group showed that silencing miR-24 in vivo through antagomir therapy in a 

TAC model prevented the decrease in cardiac function seen in a later stage of TAC 

(115). Considering this, future experiments should be designed to evaluate the 

interaction between miR-24 and CITED4 and whether differences in miR-24 
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expression could underlie the delayed recovery seen in tamoxifen treated α-MHC-

MCM-CITED4f/f mice. 

miR-222 is another micro-RNA that may be relevant to assess using the 

model described in this work. It was recently reported that miR-222 increases in 

mice following exercise protocol and the expression of this miR was linked to an 

increase in PH3 numbers one week after ischemia injury. Moreover, expression 

profiling depicted a CITED4 induced increase by miR-222, indicating that miR-222 

acts upstream CITED4 (116). Therefore, it would be of great interest to verify 

whether miR-222 has a role in the recovery process induced by unloading in vehicle 

treated α-MHC-MCM-CITED4f/f mice probably through the activation of CITED4.  

Next to a change in micro-RNA profiling upon unloading, long non-conding 

RNAs (lncRNA) were found to be markedly altered in response to LVAD support 

(117). The same authors demonstrated that lncRNA expression signature 

discriminates failing hearts from hearts that recovered with LVAD support (117). 

Although not a lot is known concerning the function of specific lncRNAs in the heart, 

evaluating the expression profile of lncRNAs in our model would bring a new avenue 

for future research on the mechanisms underlying cardiac regeneration upon relief 

of pressure overload in the heart. 

CITED4 has just recently raised attention and therefore there is not a lot 

known on its upstream activation or downstream targets. Our model would provide 

a valuable tool to investigate the key activators of CITED4 re-expression after 

unloading and the possible downstream targets. IGF-1, which is highly recognized 

to take a role in physiological hypertrophy, would be a candidate to be further 

analyzed as a possible upstream activator of CITED4 expression, since it is known 

to regulate several cell cycle genes that were upregulated upon CITED4 expression, 

such as cyclin-D1, E2F and myc family members (32, 118, 119). TFAP2 was shown 

to be co-activated by CITED4 (98) and thus, it might be postulated that it may 

promote TFAP2 regulated gene transcription. Considering that CITED4 showed a 

promising role on cardiomyocyte division, the expression of genes regulated by 

TFAP2 that are known to play a role in cell cycle might be a valuable tool to 

investigate possible downstream targets of CITED4 and their importance on 

cardiomyocyte renewal.  

Overall, although our setup does not allow to investigate the long term 

deletion of CITED4 under normal or pathological conditions, it points CITED4 as a 

major player in the recovery process in pressure overloaded hearts.
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V. Conclusions and Future Perspectives 

In this work we describe a unique model consisting of unloading a pressure 

overloaded heart that enables the study of the mechanisms that drive endogenous 

cardiac regeneration. Indeed, the exceptional functional outcome observed after 

unloading the vehicle treated α-MHC-MCM-CITED4f/f TAC surgerized hearts 

supports the dynamic state of the heart and its endogenous regeneration potential.  

CITED4 is a transcription co-activator that has been pointed before as a key 

player in physiological hypertrophy with its overexpression accounting for increased 

mitotic figures in exercised hearts (32). Taken together with previous data from the 

group that showed CITED4 downregulation after TAC and restore after unload, we 

coupled the unloading model with the cardiac knockout strategy of CITED4, creating 

a valuable tool to verify the role of CITED4 in the recovery process following 

pressure overload.  

The cardiac specific deletion of CITED4 prior to unload significantly 

hampered recovery from pressure overload in tamoxifen treated α-MHC-MCM-

CITED4f/f mice 3 days after unloading. Only after 7 days did these mice show 

functional recovery, though not reaching sham levels. Correlating with the delay in 

functional recovery in these hearts, reversal of fibrosis and stress marker expression 

was hampered, indicating a possible role of CITED4 herein. Strikingly, regression 

of LVH occurred in all the unloaded hearts regardless of the treatment and unrelated 

to the functional outcome. Therefore, we suggest that regression of LVH is a natural 

outcome when there is relief of pressure overload and does not account solely for 

enhanced cardiac function. 

Furthermore, here we provide clear evidence for mitosis in cardiomyocytes 

as a necessary step in cardiac function improvement after unloading the pressure 

overloaded heart. Lack of CITED4 in the heart hinders cell cycle progression to 

mitosis that is probably reflected on lack of neomyogenesis accounting for a shift 

towards prominent cell death and fibrosis replacement.   

Taken together our data suggests CITED4 is an important mediator of 

cardiac regeneration which is necessary for a ready recover from pressure overload. 

Considering that cardiac CITED4 deficient mice showed delayed recovery in 

response to unloading, it might be hypothesized that by acting as a transcription co-

activator it favors the activation of key transcription factors for a fast gene 

transcription.  

Understanding the role of CITED4 on different heart failure models in the 

future would be beneficial and might open avenues for the use of CITED4 as a 
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therapeutical target for cardiac pathologies. In order to use CITED4 as a 

therapeutical target, further research should focus on unravelling specific CITED4 

regulators that can be used to stimulate CITED4 activity in the heart. Non-coding 

RNAs, specifically miRNA and lncRNAs, will probably play a role herein that need 

confirmation in further research. 

Although CITED4 is crucial to trigger a fast recovery from pressure overload 

in the heart, the effect of exogenous activation of CITED4 should be thoroughly 

appreciated regarding a possible use in therapy. Importantly, CITED4 has raised 

interest in cancer field for inhibiting hypoxia-inducible factor-1α transcriptional 

antagonist activity in cancer cells, which might explain tumor enhancement of 

hypoxia–inducible factor expression and leading to a more aggressive cancer 

phenotype (120). Further research on CITED4 binding partners should be 

performed to enable prevention from undesired cancer related outcomes. 

Overall our research points CITED4 has an important key regulator of mitosis 

in the recovery from pressure overload that contributes considerably for a fast 

healing process. Although promising as a possible therapeutical target, further 

research is required to ensure safety of CITED4 stimulation in the Human heart. 
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VII. Supplements 

 

FIGURE 11 | Aortic constriction induces decrease of heart function that is fully restored upon 

unloading in CITED4f/f mice. A. representative M-mode images of tamoxifen treated CITED4f/f mice 

7 days after the unloading time-point, indicating increased LV internal dimensions after  pressure 

overload that are reversed upon unloading. Time scale and size indication are depicted in the M-mode 

images. B-D. Graphical representation of (B.) fractional shortening (FS), (C.) ejection fraction (EF) and 

(D.) LV internal volume at systole (LViVs), indicating decreased function and geometrical deterioration 

after TAC that is reversed upon unloading (n=3 – 6/ group). Error bars are represented as Mean ± 

SEM; n.s., not significant; * p<0,05; ** p<0,01. 

 

 

 

  

 

 

 


