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Abstract 
 
Background: T-box 3 (Tbx3) is a transcription factor that plays a key role in the 

embryonic development of multiple organs, such as mammary glands, limbs and heart. 

Although Tbx3 is selectively expressed in the cardiac conduction system in healthy 

hearts, our recent observations suggest that Tbx3 is also expressed in ventricular 

tissues in response to injury. This study aims to investigate if expression of Tbx3 in 

ventricular myocytes affects cell survival. 

Methods and Results: Adenovirus was used to express Tbx3 in primary culture of 

neonatal rat ventricular myocytes (NRVMs). Flow cytometry was performed to quantify 

cells in early-phase apoptosis (i.e., Annexin V positive cells), which started to increase 

at 48 h after Ad-Tbx3 virus transduction (24.7% vs. 11.8% in control Ad-GFP), and at 

72 h the apoptotic cells were increased to 59.1% (vs. 21.3% in Ad-GFP). To further 

investigate the effect of Tbx3 on apoptosis, TUNEL staining was used to detect DNA 

cleavage and fragmentation, an event of late-phase apoptosis. TUNEL-positive cells 

in the Ad-Tbx3 group were 2.5%, 15.0% and 24.9% at 24, 48, and 72 h, respectively, 

while the control Ad-GFP group had a very low level of TUNEL-positive cells (0.4%, 

1.7% and 3.7%, respectively). The P2x1 gene, encoding an ATP-gated cation channel, 

was identified by RNA sequencing as a top upregulated gene by Tbx3 in NRVMs. Flow 

cytometry demonstrated that Tbx3-induced apoptosis was further increased by a 

P2X1 agonist but was attenuated by a P2X1 antagonist. RNA sequencing revealed 

that several other apoptosis-related genes, such as Fas, were also updated in Tbx3-

expressed NRVMs.  
Summary: Our study demonstrated a pro-apoptotic role of Tbx3 in ventricular 

myocytes with P2X1 as one of the mediators. 
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Introduction 
 
1. Tbx3 
The T-box (Tbx) transcription factor family is characterized by an evolutionarily 

conserved DNA binding domain (DBD) known as T-box (Papaioannou 2001). The T-

box domain recognizes and binds to a palindromic sequence called T-element, which 

either activates or inhibits target gene transcription (Coll, Seidman et al. 2002). In 1927, 

mutations of a T-box gene locus were first reported to cause truncated tails in mice 

(Dobrovolskaia-Zavadskaia 1972). Subsequent studies demonstrated the critical roles 

of T-box genes in both embryonic development and adult biology (Xanthos, Kofron et 

al. 2001, Bruce, Howley et al. 2003). 

The T-box 3 gene (Tbx3) belongs to the Tbx2 subfamily, and the human TBX3 

gene is located on the chromosome, consisting of 7 exons (Bamshad, Lin et al. 1997, 

He, Wen et al. 1999, Carlson, Ota et al. 2001). Tbx3 protein is a 712~740 amino acid 

protein with a T-box domain, two repression domains, an activation domain, and a 

nuclear localization signal (NLS) (Carlson, Ota et al. 2001). In 2002, Coll et al. 

demonstrated that T-box domain in Tbx3 binds to the palindromic T-element (5’-

TAATTTCACACCTAGGTGTGAAAT-3’) or the core 10 bp half T-element (5’-

TTTCACACCT-3’) (Coll, Seidman et al. 2002). The Tbx3 protein can function as a 

transcriptional repressor and activator via its repression and activation domains in a 

context-specific manner (Boogerd, Wong et al. 2008, Lu, Yang et al. 2011) and 

depending on the presence of co-factors (Willmer, Peres et al. 2015).  

Tbx3 is highly expressed in various carcinomas (a type of cancer of the skin 

tissue or the tissue covering internal organs) and sarcomas (a type of cancer of bone 

or soft tissue) (Willmer, Cooper et al. 2016, Dong, Dong et al. 2018, Wang 2018). As 

a tumor-promoting factor, Tbx3 increases tumor cell proliferation, inhibits its apoptosis, 

promotes tumor formation and migration (Feng, Yao et al. 2018, Krstic, Kolendowski 

et al. 2019). For example, Tbx3 is upregulated in uracil-induced rat urinary bladder 

papillomatosis, and inhibition of Tbx3 with antisense oligos induced apoptosis in rat 

bladder carcinoma cell line (Ito, Asamoto et al. 2005). T Willmer et al. found that Tbx3 

is increased in chondrosarcoma, promoting tumor cell proliferation by directly inhibiting 

p21WAF1 (Willmer, Hare et al. 2016).  The p21WAF1, p16INK4a and p14ARF are cell cycle 

repressors (Brugarolas, Chandrasekaran et al. 1995, Deng, Zhang et al. 1995, Lukas, 

Parry et al. 1995, Quelle, Zindy et al. 1995), and their transcriptions are inhibited by 
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Tbx3 either directly or indirectly to promote tumor formation (Lingbeek, Jacobs et al. 

2002). In addition, M Rodriguez et al. and X Feng et al. demonstrated that Tbx3 

downregulates the expression of E-cadherin in human melanoma cell lines and human 

hepatocellular carcinoma cells, which facilitates tumor cell migration and invasion 

(Rodriguez, Aladowicz et al. 2008, Feng, Yao et al. 2018). 

Tbx3 also plays a critical role in embryonic development. In 1997, Bamshad M 

et al. reported that haploinsufficiency of TBX3 is associated with human ulnar-

mammary syndrome (UMS), which is characterized by congenital limb malformations, 

apocrine/mammary gland hypoplasia, and dental and genital anomalies  (Bamshad, 

Lin et al. 1997). Tbx3 is the first gene in the T-Box family found to be associated with 

abnormal yolk sac: homozygous mutation in Tbx3 results in aberrant yolk sac and 

embryonic lethality (Davenport, Jerome-Majewska et al. 2003). In addition, Tbx3 is 

important for heart development. Hoogaars WM et al. demonstrated that the 

expression of Tbx3 is required for the formation of the cardiac conduction system 

(CCS) (Hoogaars, Tessari et al. 2004). Tbx3 regulates CCS formation by controlling 

cell division and repressing cell differentiation into chamber myocardium (Christoffels, 

Hoogaars et al. 2004, Washkowitz, Gavrilov et al. 2012). In the adult heart, Tbx3 is 

expressed in the sinoatrial node (SAN) and atrioventricular node (AVN) but not in the 

atrial/ventricular myocardium (Moorman, Soufan et al. 2004). The differential gene 

expressions between SAN/AVN tissues and atrial/ventricular myocardium are partly 

due to Tbx3, which represses the expression of atrial/ventricular-specific genes in 

SAN/AVN, such as Cx43 (Gja1), Smpx, Nppa and Cx40 (Gja5) (Hoogaars, Engel et 

al. 2007). Bakker ML et al. found that ectopic expression of Tbx3 in chamber 

(atrial/ventricular) myocardium decreased chamber-specific genes and converted 

cardiomyocytes into pacemaker-like cells (Bakker, Boink et al. 2012). Moreover, they 

showed that tamoxifen-induced ectopic expression of Tbx3 in chamber 

cardiomyocytes in adult mice led to the development of heart failure and mice died 

within 10 days after tamoxifen treatment. In contrast to the pro-proliferative role of 

Tbx3 in the highly proliferative cancer cells, Tbx3 may play an anti-survival role in the 

terminally-differentiated, non-proliferative cardiomyocytes.   

 

2. Cell death  
Cell death is a critical physiological process in the multicellular organism, which 

maintains the balance between “old” and “new” cells. In physiological conditions, cell 
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death removes unnecessary cells or tissue. For instance, programmed cell death 

removes tissue between fingers and toes during embryonic development (Zakeri and 

Ahuja 1997). However, dysregulation of cell death results in a variety of diseases. 

Failure of cell death and accumulation of damaged cells in multicellular organisms 

may lead to cancer and give cancer cells the ability to resist chemotherapeutic drugs 

(Hanahan and Weinberg 2011, Alfarouk, Stock et al. 2015), while excessive cell death 

induces neurodegenerative disease (Bredesen, Rao et al. 2006). Extensive efforts 

have been made to understand the mechanisms behind different types of cell death 

with the hope of developing new therapeutic strategies for human diseases. 

Programmed cell death was first described in the 1960s (Kerr 1965, Lockshin and 

Williams 1965). Cell death was traditionally classified as (1) Type I cell death - 

apoptosis. Apoptosis is a highly regulated process in which cells exhibit cell shrinkage, 

membrane blebbing, nuclear condensation, and later apoptotic body formation. The 

inflammatory response is not induced as apoptotic bodies can be removed by 

neighboring cells or phagocytes (D'Arcy 2019). (2) Type II cell death - autophagy. Cell 

contents that need to be degraded are surrounded by double-membrane vesicles, 

known as autophagosomes, and then transport to lysosomes where proteases are 

present. Some cellular organelles, such as mitochondria, directly fuse with lysosomes 

(Levine and Kroemer 2008). (3) Type III cell death - necrosis. Necrosis is associated 

with cell swelling and membrane rupture followed by spilling of cell contents into the 

extracellular space (Kung, Konstantinidis et al. 2011), inducing inflammatory 

responses (Whelan, Kaplinskiy et al. 2010). More recently, a large body of scientific 

evidence suggested that cell death has more complex forms, and the classification 

based on cell morphology has limitations. Accordingly, the Nomenclature Committee 

on Cell Death (NCDD) has proposed to define cell death in terms of morphology, 

biochemical basis and functions (Galluzzi, Bravo-San Pedro et al. 2015, Galluzzi, 

Vitale et al. 2018). Apoptosis, autophagy, regulated necrosis/necroptosis, ferroptosis, 

and pyroptosis, which are controlled by a series of molecular machineries and can be 

intervened by drugs or genetic modifications, are defined as regulated cell death 

(RCD). Programmed cell death, a type of RCD, specifically refers to the physiological 

process in embryonic development and mature tissues. In contrast, accidental cell 

death (ACD) refers to death happening under extreme conditions, such as high 

temperatures/pressure, extreme pH changes, or shear force, and cannot be 

intervened (Galluzzi, Vitale et al. 2012). 
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Figure 1. Cell Death Pathways. Apoptosis: With the binding of ligands, Fas or TNF 
receptors activate caspase-8, and cleaved caspase-8 activates the effector caspase-
3. In the intrinsic pathway, mitochondrial injury leads to the insertion of Bad and Bax 
on the mitochondrial outer membrane and subsequent cytochrome c release. 
Cytochrome c activates caspase-9. Then, activated caspase-9 activates caspase-3. 
Necrosis: Na+ and Ca2+ overload leads to the opening of the mitochondrial permeability 
transition pore (mPTP). The consequences of mPTP are ATP synthesis cessation and 
mitochondria swelling. Autophagy: Autophagosome formation is the key event 
regulated by Beclin 1 and Light Chain 3 (LC3). (Figure created with BioRender.com 
with permission) 
 
 

 

2.1 Cell death and heart diseases 
Cell death plays a critical role in the pathogenesis of myocardial infarction (MI) and 

the development of heart failure. MI occurs when a major coronary artery branch is 

blocked (Foo, Mani et al. 2005). When coronary flow is reduced or stopped, the 

myocardium forms the ischemic zone, where cardiomyocytes are deprived of oxygen, 

nutrients, and survival factors, causing myocardial apoptosis and necrosis (Del Re, 

Amgalan et al. 2019). Although both apoptosis and necrosis are involved in ischemic 

injuries, studies have shown that apoptotic cardiomyocyte death predominates in the 

early stage of MI in both human patients (Saraste, Pulkki et al. 1997, Veinot, Gattinger 
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et al. 1997) and animal studies (Palojoki, Saraste et al. 2001). Since the adult 

mammalian heart lacks a significant endogenous regenerative mechanism, excessive 

loss of cardiomyocytes causes increased load on the non-infarcted myocardium 

leading to ventricular hypertrophy (Bhatt, Ambrosy et al. 2017). The late-stage cardiac 

remodeling after MI causes chamber dilation and wall thinning (Pfeffer and Braunwald 

1990). 

Increased myocyte apoptosis has been reported in the myocardium of patients 

with MI, arrhythmogenic right ventricular cardiomyopathy and congestive heart failure 

(Mallat, Tedgui et al. 1996, Olivetti, Abbi et al. 1997). Ischemia/reperfusion (I/R), 

mechanical stretching and doxorubicin treatment also induce apoptosis in 

cardiomyocytes (Cheng, Li et al. 1995, Narula, Haider et al. 1996, Kumar, 

Kirshenbaum et al. 1999). Under these cardiac conditions, apoptosis is mediated by 

two different pathways (Kang and Izumo 2003, Whelan, Kaplinskiy et al. 2010) 

(Fig.1A): extrinsic pathway involves extracellular ligands and their cognate surface 

receptors, e.g., TNF-α/TNF receptor or Fas Ligand/Fas receptor. The binding of 

ligands to their receptors leads to the formation of Death Inducing Signaling Complex 

(DISC), and subsequent activation of initiator caspase (caspase-8). Caspase-8 

activates the effector caspase-3/7 (Marin-Garcia and Akhmedov 2016, Moe and 

Marin-Garcia 2016), which initiates key apoptotic events, such as phosphatidylserine 

exposure on the surface of the bilayer lipid plasma membrane and DNA cleavage in 

the nucleus. The intrinsic pathway involves damaged mitochondria within cells. 

Cytotoxic stimuli, such as hypoxia, heat, and radiation, cause mitochondrial injury 

leading to cytochrome c release from the mitochondria, which induces apoptosis 

(Konstantinidis, Whelan et al. 2012). For example, cytoplasmic Ca2+ overload 

activates Bad (a pro-cell death protein of the Bcl-2 family) and Bax (Bcl-2-associated 

X protein) via Ca2+/calmodulin-dependent calcineurin, and the subsequent insertion of 

Bad and Bax on mitochondrial outer membrane that forms pores for cytochrome c 

release into the cytosol (Takemura and Fujiwara 2004). 

Necrosis is also controlled by a series of signal pathways, including extrinsic 

and intrinsic pathways. Unlike apoptosis, necrosis evokes the inflammatory response 

and induces fibrosis in the heart (Whelan, Kaplinskiy et al. 2010). The features of 

necrosis are cell membrane ruptures and mitochondria swelling. In cardiomyocytes, 

diverse stimuli, such as ischemia and ischemia/reperfusion, trigger necrotic cell death. 

Opening of the mitochondrial permeability transition pore (mPTP) is a major event in 
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necrosis (Nakagawa, Shimizu et al. 2005) (Fig.1B). During ischemia, deprivation of 

oxygen induces anaerobic metabolism and H+ accumulation (acidosis) in 

cardiomyocytes (Cohen, Yang et al. 2007). In order to remove excess H+, Na+-H+ 

exchanger (NHE) is stimulated, which results in redundant Na+ influx (Murphy, 

Perlman et al. 1991). In response, Na+ overload in ischemic cardiomyocytes 

stimulates Na+-Ca2+ exchanger (NCX) and leads to intracellular Ca2+ overload 

(Griffiths, Ocampo et al. 1998). Excess cytosolic Ca2+ is transported into mitochondria 

and Ca2+ overload in mitochondrial matrix promotes opening of mPTP (Nakagawa, 

Shimizu et al. 2005). The consequences of mPTP are ATP synthesis cessation and 

mitochondria swelling (Briston, Roberts et al. 2017). On the other hand, it is now 

recognized that a new type of necrotic cell death, termed necroptosis, can be initiated 

by the death receptors, such as Fas, but with caspase inhibition (Vercammen, 

Brouckaert et al. 1998, Degterev, Huang et al. 2005, Hitomi, Christofferson et al. 2008, 

Shan, Pan et al. 2018). The necroptotic and apoptotic pathways share some of the 

upstream components, and the downstream signaling for necroptosis involves the 

RIP1-RIP3-MLKL pathway, as well as other less-characterized pathways. In human 

end-stage heart failure, the protein levels of RIP1, pSer227-RIP3 and pThr357- MLKL 

are increased, indicating activation of the necroptotic pathways (Szobi, Goncalvesova 

et al. 2017, Corsetti, Chen-Scarabelli et al. 2019). Inhibition of RIP1 by Necrostatin-1 

attenuated adverse cardiac remodeling in the ischemia-reperfusion animal model 

(Oerlemans, Liu et al. 2012). Thus, necroptosis is an emerging mechanism of cell 

death in heart disease, but the role of necroptosis in MI is not clear. 

Cardiomyocytes are terminally differentiated cells and lack the ability to divide 

(Kikuchi and Poss 2012), and many therapeutic efforts for heart disease patients 

aimed to reduce cardiomyocyte death. However, many recent studies targeting cell 

death pathways have been unsuccessful in the clinic. For example, the strategy of 

neutralizing circulating TNF-α with a recombinant soluble TNF receptor failed to 

improve the heart function of patients and even aggravated heart failure, although it 

showed promise in animal studies and small pilot clinical trials (Kadokami, Frye et al. 

2001, Balakumar and Singh 2006). This may reflect an incomplete understanding of 

the mechanisms of cardiomyocyte death in heart disease. Therefore, it is critical to 

further investigate the mechanism of cardiomyocyte deaths in heart disease, which 

would guide the designing of effective therapeutic strategies for patients. 
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2.2 Other types of regulated cell deaths in heart diseases 
Autophagy promotes cell survival during cellular starvation. Degradation of lipids and 

proteins within lysosomes can provide materials used for ATP generation and new 

protein synthesis (Levine and Yuan 2005). It also plays an important role in recycling 

cellular components, creating new cellular structures and organelles and removing 

senescent cells from aged tissues (Mizushima, Levine et al. 2008). In the heart, 

autophagy activation is found in ischemia either with or without reperfusion and in 

heart failure (Stutz, Kolbe et al. 2017). Beclin 1 is one of the critical factors for early 

autophagosome formation (Fig.1C), and single Beclin 1 allele knockout attenuated the 

cardiac dysfunction after pressure overload, while Beclin 1 overexpression aggravated 

cardiac dysfunction (Zhu, Tannous et al. 2007). This suggests that autophagy is 

detrimental in heart disease. However, cardiac-specific knockout of autophagy-related 

5 (Atg5), which is critical for autophagosome formation, induced left ventricular 

dilatation, systolic dysfunction and heart failure, and was accompanied by increased 

cardiomyocyte apoptosis (indicated by TUNEL assay). In addition, thoracic transverse 

aortic constriction (TAC)-induced pressure overload in Atg5 knockout mice resulted in 

greater cardiac dysfunction and left ventricular dilatation than in control wild-type mice 

within 1 week (Nakai, Yamaguchi et al. 2007). These observations suggest that 

autophagy may play either a detrimental or protective role in cardiac remodeling after 

injury and further investigations are needed to better understand its role in different 

cardiac diseases.  

Ferroptosis is a form of regulated cell death mediated by iron-dependent lipid 

peroxidation (Dixon, Lemberg et al. 2012). Fe3+ induces reactive oxygen species (ROS) 

generation and oxidative damage to cellular membranes, and iron chelator or anti-lipid 

peroxidation can protect cells from ferroptosis. The morphological characteristics of 

ferroptosis include mitochondrial shrinkage and cristae disappearing, which are 

distinct from apoptosis and necrosis (Dixon, Lemberg et al. 2012). Baba et al. found 

iron overload in both cardiomyocytes and non-cardiomyocytes in the I/R animal model 

(Baba, Higa et al. 2018). In the primary culture of adult mouse cardiomyocytes, Fe3+ 

or ferroptosis activators induced ferroptosis, while antioxidant ferrostatin-1 rescued 

cells (Baba, Higa et al. 2018). Fang et al. demonstrated that ferrostatin-1 or the iron 

chelator reduced scar size and serum cardiac biomarkers during ischemia/reperfusion 

(I/R) in vivo (Fang, Wang et al. 2019). Another study also indicated that ferrostatin-1 
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decreases cardiomyocyte death in heart transplantation (Li, Feng et al. 2019). These 

findings suggest that ferroptosis plays a role in cardiomyocyte death in heart diseases. 

Pyroptosis is a form of regulated cell death that is also involved in heart 

diseases. It is closely associated with immune response, characterized by pore 

formation on the plasma membrane and the release of inflammatory cytokines 

(D'Souza and Heitman 2001). Pathogen-associated molecular patterns (PAMPs) and 

danger-associated molecular patterns (DAMPs) promote inflammasome assembly 

and the procaspase-1 activation. Caspase-1 (activated procaspase-1) cleaves 

gasdermin D (GSDMD), which forms pores on the plasma membrane (He, Wan et al. 

2015, Shi, Zhao et al. 2015). During ischemia either with or without reperfusion, 

inflammasome components, activated caspase-1 and pro-inflammatory cytokines 

were increased in both non-cardiomyocytes and cardiomyocytes, and the inhibition of 

inflammasome function was reported to be cardioprotective (Kawaguchi, Takahashi et 

al. 2011, Mezzaroma, Toldo et al. 2011). On the other hand, caspase-1 plays a role in 

the crosstalk between pyroptosis and apoptosis in ischemic heart disease. Syed et al. 

investigated I/R injury in mice with cardiomyocyte-specific overexpression of 

procaspase-1, and found that the increased caspase-1 led to caspase-3 activation, 

which is a pro-apoptotic factor (Syed, Hahn et al. 2005). Another study showed that 

caspase-1 overexpression induces cardiomyocyte apoptosis and cardiac failure in 

transgenic mice (Merkle, Frantz et al. 2007). These studies suggest that proptosis play 

a role in ischemic heart disease.  

 

3. Ca2+ homeostasis in heart 
The contraction of cardiomyocytes is triggered by the increases in cytosolic, typically 

to ~100µmolL-1, primarily due to Ca2+ release from intercellular sarcoplasmic reticulum 

(SR) (Fabiato and Fabiato 1975). During systole, the opening of L-type calcium 

channels (LTCC) allows Ca2+ influx that increases the Ca2+ level near the Ryanodine 

Receptors (RyR) on SR (Bassani, Yuan et al. 1995). Activation of RyR causes the 

release of Ca2+ stored inside the SR to the cytosol. This mechanism is called Ca2+ 

induced Ca2+ release (CICR). Increased cytosolic Ca2+ induces cardiomyocyte 

contraction by activating the cross-bridge cycling of the thick and thin myofilaments. 

During diastole, ~80% of the cytosolic Ca2+ is removed and transported to SR via 

sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) (Bhogal and Colyer 1998), while the 
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rest of cytosolic Ca2+ is transported to the extracellular space by Na+-Ca2+ exchanger 

(NCX) located on the sarcolemma (Trafford, Diaz et al. 1997, Trafford, Diaz et al. 

2001). Thus, Ca2+ homeostasis is tightly controlled by ion channels and transporters 

in cardiomyocytes.  

Dysregulation of the SR calcium cycling can lead to heart disease. Studies 

showed that reduced SERCA2a function impaired cardiomyocyte contractility and 

relaxation. For example, the SERCA2a knockout mice had slower cytosolic Ca2+ 

removal during diastole and reduced SR Ca2+ content, and these transgenic mice 

developed end-stage heart failure (Andersson, Birkeland et al. 2009, Louch, Hougen 

et al. 2010, Li, Louch et al. 2012). On the other hand, overexpression of SERCA2a 

restored intracellular Ca2+ handling and improved cardiac function in mice with heart 

failure (He, Giordano et al. 1997, Muller, Lange et al. 2003, Chen, Escoubet et al. 

2004). Clinical trials suggested that adenoviral overexpression of SERCA2a had 

beneficial effects on heart failure patients with improved cardiac contractility and 

calcium handling (Jaski, Jessup et al. 2009).  

 

4. P2X1 
P2 receptors are a group of purinergic receptors, which are found in all human organ 

systems and participate in various physiological activities (Burnstock and Knight 2004, 

Burnstock 2018). The P2 receptors are grouped into two families: P2X receptors which 

are ligand-gated ion channels,  and P2Y receptors which are G-protein-coupled 

receptors (Abbracchio and Burnstock 1994).  P2X1, a member of the P2X purinergic 

receptor-cation channel family, is an ATP-activated ion channel with high Ca2+ 

permeability (Burnstock 2017). Micromolar nucleotides are able to activate P2X1, 

resulting in Ca2+ influx (Valera, Hussy et al. 1994). Studies have revealed unique 

features of P2X1 as compared to other P2X receptors. For example, P2X1 possesses 

higher fractional calcium currents and calcium permeability among other ligand-gated 

ion channels (Egan and Khakh 2004). P2X1 receptors can be quickly internalized 

(movement from plasma membrane to cytoplasm), and return back to the plasma 

membrane, which regulates their responsiveness to repeated ATP stimulation (Dutton, 

Poronnik et al. 2000, Ennion and Evans 2001, Lalo, Allsopp et al. 2010). 

P2X1 plays a role in cardiovascular physiology and disease. Previous studies 

demonstrated that P2X1 is mainly located on arterial smooth muscle (Vulchanova, 

Arvidsson et al. 1996, Glass, Townsend-Nicholson et al. 2000), and knockout of P2X1 
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induces a slight increase in blood pressure in rats (Gonzalez-Montelongo and 

Fountain 2021). Immunohistochemistry showed a low expression level of P2X1 in 

cardiomyocytes, primarily located in the intercalated discs (Jiang, Bardini et al. 2005). 

However, P2X1 is upregulated in heart diseases. Hou et al. demonstrated that a 2.7-

fold increase in mRNA of P2X1 was found in rat heart failure (Hou, Malmsjo et al. 

1999). In human failing hearts, western blot showed the protein level of P2X1 was 

increased in the atria (Berry, Barden et al. 1999), and the authors hypothesized that 

upregulation of P2X1 expression is a potential mechanism for increased cell death 

observed in dilated cardiomyopathy patients due to Ca2+ cytotoxicity. Cardiac injury is 

associated with increased ATP release (Vassort 2001), which may provide an 

endogenous agonist for P2X receptors. For example, stretching of rat atrial myocytes 

leads to ATP lease, which acts on P2X7 stimulating cardiomyocyte apoptosis (Pustovit, 

Kuzmin et al. 2016). Since P2X1 is sensitive to ATP and has a high permeability to 

Ca2+, it is likely that increased P2X1 in cardiomyocytes induces intercellular Ca2+ 

overload and cell death after cardiac injuries. In the immune system, ATP-binding 

P2X1 activation has been demonstrated to mediate thymocyte apoptosis (Chvatchko, 

Valera et al. 1996). Future studies are needed to investigate the mechanisms for 

increased P2X1 expression in failing hearts and how it contributes to the pathogenesis 

of heart diseases.  
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Objectives and Hypothesis 
 
Although Tbx3 expression is restricted to the cardiac conduction system in healthy 

adult hearts, our recent studies suggest that its expression is induced in ventricular 

myocytes in response to cardiac injuries. The objective of this project is to investigate 

the effects of Tbx3 on cardiomyocyte survival and the underlying mechanisms. We 

will test the hypothesis that Tbx3 induces apoptosis in ventricular myocytes. 
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Methods 
 
1. Primary culture of neonatal rat ventricular myocytes 
The lower one-third part of the cardiac ventricles of 2-day-old neonatal rats (Sprague-

Dawley, Harlan, Charles River, Montreal) was collected, cut into small strips, and 

digested in Hanks’ Balanced Salt Solution (HBSS, calcium-free, ThermoFisher, 

14170112) containing 0.25% trypsin (ThermoFisher, Catalogue No.:15090046) 

overnight. The next day, ventricular tissues were digested with collagenase (type II, 

Worthington Biochemical, Catalogue No.: LS004177) at 1 mg/ml in HBSS. Isolated 

cells were incubated in M-199 medium (Life Technologies, Catalogue No.: 11150067) 

supplemented with 10% fetal bovine serum (FBS), 19.4 mM glucose, 2 mM-glutamine, 

2 unit/mL penicillin, 0.8 μg/mL vitamin B12, 10 mM HEPES, and 1x MEM nonessential 

amino acids. Cells were pre-plated twice for 1-hour to remove non-cardiomyocytes, 

and then plated at 2 million per well in 6-well plates that were pre-coated with 0.1% 

gelatin (StemCell Technologies, Catalogue No.: 07903). 

 

2. Adenoviral gene transfer in NRVMs 
Isolated NRVMs were transduced with adenovirus that expresses mouse Tbx3 and 

GFP (Ad- Tbx3, Vector Biolabs) or control adenovirus that only expresses GFP (Ad-

GFP, Vector Biolabs) at an MOI (multiplicity of infection) of 1-5. At 24 h after virus 

treatment, ~95% of NRVMs were GFP-positive suggesting successful transduction.  

Cells were collected at 24, 48, and 72 h after transduction, and used for flow cytometry 

and TUNEL assay as described below. 

 

3. RNA isolation and Real-time Quantitative PCR 
Total RNA was isolated from NRVMs using RNeasy mini kit (Qiagen, Catalogue No.: 

74104) and genomic DNA was removed by on-column digestion with RNase-Free 

DNase (Qiagen, Catalogue No.: 79254) according to the manufacturer’s instructions. 

One microgram of total RNA was used for cDNA synthesis using the High-Capacity 

cDNA Reverse Transcription Kit (ThermoFisher, Catalogue No.: 4368814). Real-time 

qPCR was performed with iTaq Universal SYBR green Kit (Bio-Rad) on a CFX 

Connect Real-Time PCR Detection System (BioRad). The relative transcript levels of 

the tested genes were analyzed with the 2 -ΔΔ C(t) method. 
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4. Western Blot 
NRVMs cultured in 6-well plates were washed with ice-cold PBS and then collected in 

RIPA buffer (ThermoFisher, Catalogue No.: 89900) that was supplemented with Halt 

Protease Inhibitor Cocktail (ThermoFisher, Catalogue No.: 78430). The protein 

concentration of the NRVM samples was determined using Pierce Rapid Gold BCA 

Protein Assay Kit (ThermoFisher, Catalogue No.: A53227). Equal amounts of proteins 

were run on 4%-12% SDS-polyacrylamide and transferred to a PVDF membrane. The 

transferred membrane was incubated with primary antibodies overnight at 4°C and 

followed by a 2-hour incubation with a peroxidase-conjugated secondary antibody 

(Cell Signaling, Catalogue No.: 7074, 1:2000). Immunoreactivity was detected by 

chemiluminescence (ECL Western Blotting analysis system, Amersham Biosciences). 

Primary antibodies include anti-Tbx3 antibody (Abcam, Catalogue No.: ab99302, 

1:1000), anti-GAPDH (Cell Signaling Technology, Catalogue No.: 3683s, 1:10000), 

and anti-P2X1(Alomone Labs, Catalogue No.: APR-001, 1:1000). 

 

5. TUNEL assay 
NRVMs cultured on 8-chamber culture slides were used for TUNEL assay (In Situ Cell 

Death Detection Kit, Fluorescein and TMR red, Roche, Catalogue No.:11684795910 

and 12156792910). Cells were fixed with freshly made 4% paraformaldehyde in PBS 

for 30 min, and permeabilized in 0.1% Triton X-100 in 0.1% sodium citrate for 2 min. 

The TUNEL reaction mixture was added to the cells and incubated for 1 h at 37°C. 

Apoptotic cells were identified by TUNEL assay with the help of DAPI counterstaining 

of cell nuclei. The images of cells were obtained using a Leica DMi8 fluorescent 

microscope at 200x magnification, and the number of TUNEL+ cells was analyzed by 

ImageJ. 

 

6. Immunofluorescence 
NRVMs were fixed with fresh 4% paraformaldehyde for 10 min at room temperature, 

and then blocked in 0.5% Triton X-100/1% BSA/10% goat serum/PBS at room 

temperature for 30 min and followed by incubation with primary antibody diluted in 0.5% 

Triton X-100/1% BSA/3% goat serum/PBS for overnight. Cells were washed with 1% 

BSA/PBS and incubated with secondary antibodies at room temperature for 1 h. Cells 

were then mounted with ProLong gold antifade reagent containing DAPI (Life 
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Technologies, Catalogue No.: P36941). Primary antibodies used include goat anti-

Tbx3 (Santa Cruz, Catalogue No.: sc-166623, 1:50), mouse anti-α-sarcomeric activin 

(α-SA, Sigma, Catalogue No.: A7811, 1:100), goat anti-cardiac troponin C (Abcam, 

Catalogue No.: ab30807, 1:100). Secondary antibodies include anti-mouse lgG (Alexa 

Fluro-568, 1:300), anti-goat lgG (Alexa Fluro-647, 1:300). 

 

7. Flow cytometry 
At 24, 48 or 72 h after transduction with Ad-Tbx3 or Ad-GFP, NRVMs were lifted with 

trypsin (TrypLE, Gibco, Catalogue No.:12604021) and dispersed into single cells. 

Annexin V conjugated to Phycoerythrin (PE) (PE Annexin V Apoptosis Detection Kit I, 

BD, Catalogue No.: 559763) was used to identify apoptotic cells at an earlier stage, 

and 7-Amino-Actinomycin (7-AAD), which is permeable in cells with damaged plasma 

membrane, was used to detect cells with necrosis or late apoptosis. Cells were 

resuspended in 1x binding buffer at a concentration of 1 x 10^6 cells/ml, and then 100 

μl of the cell solution was transferred to a 1.5 ml culture tube. After adding 5 μl of PE-

Annexin V and 5 μl 7-AAD, the cell solution was incubated for 15 min at RT (25°C) in 

the dark, and then analyzed by FACS Flow Cytometer (BD FACS Aria III) within 1 h. 

 

8. Statistics 
Statistical analyses were performed using SPSS software (version 23; IBM, Armonk, 

NY, USA). Data were presented as the mean ± standard deviation (SD) with p<0.05 

considered significant. Differences between two groups were analyzed with the two-

tailed t-test. Differences between three or more groups were analyzed by one-way 

ANOVA and, if significant differences were detected, followed by Bonferroni post-hoc 

comparisons. 
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Results 
 
1. Adenoviral expression of Tbx3 in neonatal rat ventricular myocytes (NRVMs) 
Primary culture of neonatal rat ventricular myocytes (NRVMs) was chosen as the cell 

model in this project because of their ease of isolation and maintenance in cell culture, 

making them an excellent system for mechanistic studies of cardiomyocyte biology 

(Kapoor, Liang et al. 2013, Liang, Cho et al. 2015, Lu, Kamkar et al. 2020). 

Recombinant adenovirus confers high-efficient gene transfer in NRVMs and was 

chosen for Tbx3 gene transfer in this project.   Adenovirus expressing the mouse Tbx3 

and GFP under two independent CMV promoters (Ad-Tbx3) or control adenovirus 

expressing GFP only under one CMV promoter (Ad-GFP) was used to transduce 

NRVMs. At 48 h after viral transduction, immunocytostaining with anti-Tbx3 and anti-

cTnC (cardiac troponin C) antibodies demonstrated that Tbx3 was not expressed in 

control Ad-GFP-transduced NRVMs, but is robustly expressed in Ad-Tbx3-transduced 

NRVMs (Fig. 2). The Tbx3 fluorescence in Ad-Tbx3 group overlapped with DAPI, 

suggesting localization of Tbx3 protein at the nuclei consistent with its role as a 

transcription factor (Fig. 2).  

 

 

Figure 2. Adenoviral expression of Tbx3 in neonatal rat ventricular myocytes 
(NRVMs). Primary culture of neonatal rat ventricular myocytes (NRVMs) was 
transduced with adenovirus expressing Tbx3 and GFP (Ad-Tbx3 group) or control 
adenovirus expressing GFP only (Ad-GFP group). Cells were fixed with 4% 
paraformaldehyde at 48h after transduction, and stained with anti-Tbx3 (red), anti-
cTnC (cardiomyocyte marker, yellow) and DAPI (blue). 
 



 16 

2. Expression of Tbx3 induces apoptosis in neonatal rat ventricular myocytes 
(NRVMs) 
Because Tbx3 is expressed in the sinoatrial node (the primary pacemaker of the heart) but 

not in healthy ventricular myocytes, our lab has been interested to see if artificial expression 

of Tbx3 in ventricular myocytes will confer a pacemaker-like phenotype. In our previous 

studies, we observed the suppression of ventricular genes, such as Scn5a/Nav1.5 (Lu, 

Kamkar et al. 2020) in NRVMs at 48 h after Ad-Tbx3 transduction.  We also noticed that, to 

our surprise, many NRVMs had rounded up and became detached by day 3-4 after Ad-

Tbx3 transduction, suggesting that they may have undergone cell death. In contrast, the 

control Ad-GFP-transduced NRVMs maintained a normal morphology. As this 

phenomenon was consistently observed in multiple independent experiments, it is 

important to investigate how Tbx3 expression leads to cell death in NRVMs. In this project, 

we measured cell apoptosis in Tbx3-expressing NRVMs with two approaches. 

We first performed flow cytometry to quantify cells in early phase apoptosis (Godard, 

Deslandes et al. 1999), which showed that the percentages of apoptotic cells (defined 

as Annexin V+/7-AAD- cells) in the Ad-Tbx3 group increased to 24.7% (vs. 11.8% in 

Ad-GFP) at 48 h and to 59.1% (vs. 21.3% in Ad-GFP) at 72 h (Fig. 3A). The relatively 

high level of Annexin V+/7-AAD- cells in the Ad-GFP group at 48 and 72 h may be due 

to damages to the cells during the chemical and physical detachment of the cells from 

culture plates.  

The increased apoptosis was also confirmed by TUNEL staining, which detects 

apoptotic DNA fragmentation. TUNEL+ cells in Ad-Tbx3 started to increase at 24 h, 

and further increased to 15% at 48h and 24.9% at 72 h (Fig. 3B), while the percentage 

of TUNEL+ cells in Ad-GFP was very low (0.4%, 1.7% and 3.7%). These results 

suggest that forced expression of Tbx3 in healthy ventricular myocytes promotes cell 

apoptosis. 
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Figure 3. Adenoviral expression of Tbx3 induces apoptosis in neonatal rat 
ventricular myocytes (NRVMs).  (A) Cells treated with staurosporine (0.5 μM, 24 h) 
were the positive control (gating control). **p<0.01, ***p<0.001, n=5 per group. Data 
are presented as the mean ± standard deviation of two individual experiments. (B) 
Cells were fixed with 4% paraformaldehyde at 72h after transduction with Ad-Tbx3 or 
Ad-GFP, and stained with TUNEL (red), anti-alpha-sarcomeric actinin (alpha-SA, 
cardiomyocyte marker, green) and DAPI (blue) (imaging data at 24 h and 48 h are not 
shown). The bar graph (right panel) summarizes the percentage of apoptotic cells. 
**p<0.001, ***p<0.0001. Data are presented as the mean ± standard deviation of two 
individual experiments. 
 

 

 

 
  



 18 

 
3. Tbx3-induced apoptosis is likely mediated by upregulation of P2X1, an ATP-
gated Ca2+ channel. 
 

To investigate the underlying mechanism of Tbx3-induced myocyte apoptosis, our lab 

has performed RNA sequencing studies. RNA sequencing of NRVMs at 48 h after Ad-

Tbx3 transduction suggested that Tbx3 overexpression decreases transcripts of 

multiple calcium handling genes, such as Atp2a2 (encoding SERCA2a, the calcium 

pump responsible for transporting Ca2+ back into sarcoplasmic reticulum) and Slc8a1 

(encoding the Na+/Ca2+ exchanger responsible for transporting Ca2+ to the outside of 

the cells) (Fig. 4A). This suggests that Tbx3-expressing NRVMs likely have impaired 

handling of Ca2+ during diastole. In addition, we also found that Tbx3 increased the 

mRNA level of P2X1 among the P2X family (Fig. 4B).  

 
 
Figure 4. Tbx3 induces upregulation of P2X1 (Ca2+ channel) and downregulation 
of Ca2+ handling protein genes in cardiomyocytes. (A) and (B) NRVMs were 
collected at 48 h after transduction with Ad-Tbx3 and Ad-GFP and analyzed by RNA 
sequencing (n=4). Data are presented as the mean ± standard deviation. 
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The upregulation of P2X1 protein in the Ad-Tbx3 group was confirmed by 

western blot (Fig. 5A). Flow cytometry showed that ATP treatment (an agonist of P2X 

receptors) further increased the apoptosis in the Ad-Tbx3 group, but had no effects in 

Ad-GFP cells (Fig. 5B). In addition, treatment of NRVMs with Evans Blue (an 

antagonist of P2X receptor) attenuated Ad-Tbx3-induced apoptosis, but had no effects 

in Ad-GFP cells (Fig. 5C). These observations suggest that the P2X1 receptor is likely 

one of the mediators for Tbx3-induced apoptosis in NRVMs. 

 

 
 
 
Figure 5. Tbx3 induces upregulation of P2X1 (a Ca2+ channel) and 
downregulation of Ca2+ handling protein genes in cardiomyocytes. (A) NRVMs 
were collected at 48 h after transduction with Ad-Tbx3 and Ad-GFP and analyzed by 
western blot (n=4). (B) and (C) Flow cytometry showed the percentage of apoptotic 
cells treated with P2X1 agonist (ATP) and antagonist (Evans blue) after Tbx3 
overexpression. n=3 or 4 per group, *p<0.05. Data are presented as the mean ± 
standard deviation. 
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4. Tbx3-induced apoptosis in NRVMs is also associated with upregulation of Fas 
 
Our RNA sequencing indicated that, in addition to P2X1, other apoptosis-associated 

genes, such as Fas, were also upregulated in Ad-Tbx3-transduced NRVMs. 

Specifically, overexpression of Tbx3 increased the mRNA of Fas by ~15 fold at 48 h 

as compared to control Ad-GFP NRVMs (Fig. 6A). qPCR analyses confirmed that the 

mRNA level of Fas was significantly increased in the Ad-Tbx3 group by 4-fold (Fig. 

6B), and western blot also confirmed the upregulation of Fas protein by Tbx3 (Fig. 6C). 

This suggests that the Fas/Fas ligand system is another potential mediator of Tbx3-

induced apoptosis in NRVMs. 

 
Figure 6. Tbx3-induced upregulation of Fas in cardiomyocytes. (A) and (B) 
NRVMs were collected at 48 h after transduction with Ad-Tbx3 and Ad-GFP and 
analyzed by RNA sequencing, qPCR and western blot (n=4). *p<0.05, **p<0.001, 
***p<0.001. Ad-GFP, n=3; Ad-Tbx3, n=3 or n=4. Data are presented as the mean ± 
standard deviation. 
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Discussion 
 
Although Tbx3 has been shown to promote proliferation (Willmer, Hare et al. 2016) 

and inhibit apoptosis (Carlson, Ota et al. 2002) in highly proliferative cancer cells, the 

present study demonstrates that Tbx3 promotes apoptosis in ventricular 

cardiomyocytes as demonstrated by both Annexin V flow cytometry and TUNEL 

staining. In this study, we further showed that Tbx3 upregulates P2X1, which is one of 

the downstream effectors of Tbx3-induced apoptosis in ventricular cardiomyocytes.  

A previous study has reported the effects of tamoxifen-induced Tbx3 expression in adult 

mouse atrial and ventricular myocytes.(Bakker, Boink et al. 2012) While the authors 

focused on the effects of Tbx3 on cardiac electrophysiology, they also noticed that these 

mice rapidly developed heart failure and died at 8-10 days after the start of daily tamoxifen 

injections (i.e. they died at 4-5 days after the last tamoxifen injection). Although the 

mechanism for Tbx3-induced rapid heart failure was not investigated by the authors, their 

observations are consistent with our findings that ventricular myocytes die at day 3-4 after 

Tbx3 expression.    

In the present study, both Annexin V and TUNEL assays were used to detect 

apoptotic cardiomyocytes. While Annexin V staining showed no difference between 

Ad-Tbx3 and Ad-GFP groups at 24 h after virus transduction, TUNEL staining 

demonstrated increased apoptosis in Ad-Tbx3 group at this early timepoint. This 

observation may be explained by the different sensitivities of two approaches. Gatti et 

al. (Gatti, Belletti et al. 1998) reported that only cells with significant changes in 

adhesion surface were Annexin V positive, while early apoptotic cells with few changes 

in adhesion surface were Annexin V negative. In addition, the flow cytometric analysis 

of Annexin V-stained cells required that samples were prepared in the cell suspension. 

Some cells were likely damaged during the chemical and physical detachment of cells 

from their culture(van Engeland, Ramaekers et al. 1996, Micoud, Mandrand et al. 

2001).  This likely caused a higher background apoptosis in both Ad-Tbx3 and Ad-

GFP groups, which masked the small difference in apoptosis between these two 

groups at 24 h. By contrast, both TUNEL and Annexin V analysis demonstrated 

increased apoptosis in Ad-Tbx3 group at 48 h and 72 h when the difference between 

Ad-Tbx3 and Ad-GFP was greater.  



 22 

Intracellular Ca2+ is tightly regulated in cardiomyocytes and is the key mediator 

of excitation-contraction coupling (Bers 2002, Aronsen, Louch et al. 2016). In addition, 

Ca2+ homeostasis also plays important roles in many cellular processes, including cell 

death. Previous studies have suggested a role of Ca2+ in cardiomyocyte apoptosis and 

necrosis (Foo, Mani et al. 2005, Kwong and Molkentin 2015). For example, Ca2+-

activated calpain induces caspase-12 cleavage and triggers apoptosis (Nakagawa 

and Yuan 2000). A key step in cardiomyocyte necrosis is the opening of mPTP due to 

Ca2+ overload (Santulli, Xie et al. 2015, Luongo, Lambert et al. 2017). Therefore, in 

healthy cardiomyocytes, Ca2+ influx equals its efflux to maintain a relatively constant 

level of intracellular Ca2+ (Eisner, Bode et al. 2013). SERCA and NCX are two major 

mechanisms that remove cytosolic calcium to allow muscle relaxation during diastole. 

(Andersson, Birkeland et al. 2009, Eisner, Bode et al. 2013). Our RNA-sequencing 

study showed that both SERC2A and NCX gene transcripts were reduced by Tbx3 in 

NRVMs. This suggests that the calcium removal mechanism is likely impaired in Tbx3-

expressing NVRMs. Future studies to measure SERCA and NCX protein levels and 

functional changes are required to test this hypothesis.  

The present study also demonstrated that Tbx3 upregulates the transcript and 

protein of P2X1 in ventricular cardiomyocytes. P2X1 is a member of the P2X purinergic 

receptor-cation channel family. The P2X1 channel is activated by ATP and is 

permeable to Ca2+(Erlinge and Burnstock 2008). Musa.H et al. demonstrated that the 

mRNA level of P2X1 is higher in SAN than in left ventricle and right atrium of healthy 

mouse hearts (Musa, Tellez et al. 2009). Western blot and immunohistochemistry 

studies by other groups showed a low level of P2X1 expression in intercalated discs 

of ventricular cardiomyocytes, but their functional role is not clear (Vulchanova, 

Arvidsson et al. 1996, Hansen, Bennett et al. 1999). Because Tbx3 is expressed in 

SAN but not in atrial or ventricular tissues, the expression pattern of P2X1 mirrors that 

of Tbx3.  During myocardial ischemia, ATP is released from multiple cell types in the 

heart, such as sympathetic nerve terminals, vascular endothelial cells, red blood cells 

and cardiomyocytes (Bodin and Burnstock 2001, Cinar, Zhou et al. 2015, Dong, Yang 

et al. 2016, Burnstock 2017). ATP-induced activation of P2X receptors, such as P2X4 

and P2X7, have been shown to induce apoptosis (Ferrari, Los et al. 1999, Solini, 

Santini et al. 2007, Yang, Elner et al. 2011). Several studies have shown that P2X1 

was increased in left ventricular tissues in both animal and human failing hearts (Hou, 

Malmsjo et al. 1999, Jiang, Bardini et al. 2005). Consistent with the role of P2X1 in 
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Tbx3-induced apoptosis in NRVMs, our flow cytometry analysis demonstrated that a 

P2X1 agonist further increased the percentage of Annexin V+ cardiomyocytes in the 

Ad-Tbx3 group, while a P2X1 inhibitor attenuated it. Although the downstream 

pathways were not investigated in the present study, it is speculated that activation of 

P2X1 enhances the Ca2+ influx in Tbx3-expressing cardiomyocytes. The increased 

Ca2+ influx, together with the impaired Ca2+ removal mechanisms (SERCA2a and 

NCX), may cause intracellular Ca2+ overload and trigger apoptosis in ventricular 

cardiomyocytes.  

Our studies also showed that Ad-Tbx3 increased the mRNA and protein level 

of Fas, which is the cell death receptor in apoptotic pathway (He, Zhu et al. 2016, Zhao 

and Zhang 2017, Lin, Tsai et al. 2021, Song, Tian et al. 2021). Under physiological 

conditions, the expression level of Fas is low in cardiomyocytes (Feng, Li et al. 2003). 

However, ischemia (Jeremias, Kupatt et al. 2000), hypoxia (Tanaka, Ito et al. 1994), 

volume overload (Wollert, Heineke et al. 2000, Setsuta, Seino et al. 2004) and 

cardiotoxicity (Nakamura, Ueda et al. 2000) have been shown to induce Fas 

expression and cardiomyocyte apoptosis. Future studies are warranted to investigate 

a potential role of Fas in Tbx3-induced apoptosis in ventricular cardiomyocytes.  

One limitation of the present study is that NRVMs are relatively immature, and 

do not fully represent the characteristics of adult cardiomyocytes. Further studies are 

needed to verify our key findings using adult cardiomyocytes.  

 

Conclusions 
 
Our results are consistent with the conclusion that Tbx3 is pro-apoptotic in ventricular 

cardiomyocytes with P2X1 as one of the mediators.  
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Future Directions 
 

The present study demonstrated a role of Tbx3 in ventricular cardiomyocyte apoptosis. 

Further work will investigate if Tbx3 is involved in cardiomyocyte death in heart disease, 

as well to further investigate the mechanisms for Tbx3-induced cell apoptosis.  

Both animal and human studies suggested that the Wnt/β-catenin signaling is 

activated in the myocardium after myocardial infarction (Malekar, Hagenmueller et al. 

2010, Dawson, Aflaki et al. 2013, Hou, Ye et al. 2016). Our recent study has 

demonstrated that Wnt/β-catenin signaling directly activates the transcription of Tbx3 

in ventricular myocytes (Lu, Kamkar et al. 2020). Therefore, we are interested to see 

if Tbx3 expression is activated in post-MI hearts. Our preliminary data showed that 

Tbx3 was induced in both the infarct area and border zone at 12 h and 24 h after MI 

as compared with the sham group. Co-staining of TUNEL, Tbx3 and cTNC (cardiac 

troponin C, cardiomyocyte marker) on cryosections of rat hearts in the sham and MI 

groups showed that a subset of TUNEL+ cells (indicating apoptosis) colocalized with 

Tbx3+ cardiomyocytes, indicating that Tbx3 is likely involved in MI-induced apoptosis 

in the rat hearts. Moreover, we also cultured NRVMs in a hypoxic environment to 

mimic the condition of in vivo MI. Western blot showed that lowering the O2 level from 

20% (air) to 5% caused upregulation of Tbx3 and activation of caspase-3 (cleaved 

form, indicating activation of apoptosis).  

These preliminary data suggest that Tbx3 is increased in ventricular 

cardiomyocytes with hypoxia as a potential upstream mediator. Therefore, future 

studies are required to answer the following important questions: What are the time 

courses of Tbx3 expression and apoptosis in ventricular myocytes after MI? How does 

Tbx3 regulate apoptotic genes in leading to apoptosis in ventricular myocytes? Does 

inhibition of Tbx3 reduce cardiomyocyte apoptosis and improve heart function after 

myocardial infarction? Answers to these questions may identify an important role of 

Tbx3 in heart disease.  

 

 

 
  



 25 

References 
Abbracchio, M. P. and G. Burnstock (1994). "Purinoceptors: are there families of P2X and P2Y 
purinoceptors?" Pharmacol Ther 64(3): 445-475. 
Alfarouk, K. O., C. M. Stock, S. Taylor, M. Walsh, A. K. Muddathir, D. Verduzco, A. H. Bashir, O. 
Y. Mohammed, G. O. Elhassan, S. Harguindey, S. J. Reshkin, M. E. Ibrahim and C. Rauch (2015). 
"Resistance to cancer chemotherapy: failure in drug response from ADME to P-gp." Cancer 
Cell Int 15: 71. 
Andersson, K. B., J. A. Birkeland, A. V. Finsen, W. E. Louch, I. Sjaastad, Y. Wang, J. Chen, J. D. 
Molkentin, K. R. Chien, O. M. Sejersted and G. Christensen (2009). "Moderate heart 
dysfunction in mice with inducible cardiomyocyte-specific excision of the Serca2 gene." J Mol 
Cell Cardiol 47(2): 180-187. 
Aronsen, J. M., W. E. Louch and I. Sjaastad (2016). "Cardiomyocyte Ca2+ dynamics: clinical 
perspectives." Scand Cardiovasc J 50(2): 65-77. 
Baba, Y., J. K. Higa, B. K. Shimada, K. M. Horiuchi, T. Suhara, M. Kobayashi, J. D. Woo, H. Aoyagi, 
K. S. Marh, H. Kitaoka and T. Matsui (2018). "Protective effects of the mechanistic target of 
rapamycin against excess iron and ferroptosis in cardiomyocytes." Am J Physiol Heart Circ 
Physiol 314(3): H659-H668. 
Bakker, M. L., G. J. Boink, B. J. Boukens, A. O. Verkerk, M. van den Boogaard, A. D. den Haan, 
W. M. Hoogaars, H. P. Buermans, J. M. de Bakker, J. Seppen, H. L. Tan, A. F. Moorman, P. A. t 
Hoen and V. M. Christoffels (2012). "T-box transcription factor TBX3 reprogrammes mature 
cardiac myocytes into pacemaker-like cells." Cardiovascular research 94(3): 439-449. 
Bakker, M. L., G. J. Boink, B. J. Boukens, A. O. Verkerk, M. van den Boogaard, A. D. den Haan, 
W. M. Hoogaars, H. P. Buermans, J. M. de Bakker, J. Seppen, H. L. Tan, A. F. Moorman, P. A. t 
Hoen and V. M. Christoffels (2012). "T-box transcription factor TBX3 reprogrammes mature 
cardiac myocytes into pacemaker-like cells." Cardiovasc Res 94(3): 439-449. 
Balakumar, P. and M. Singh (2006). "Anti-tumour necrosis factor-alpha therapy in heart failure: 
future directions." Basic Clin Pharmacol Toxicol 99(6): 391-397. 
Bamshad, M., R. C. Lin, D. J. Law, W. C. Watkins, P. A. Krakowiak, M. E. Moore, P. Franceschini, 
R. Lala, L. B. Holmes, T. C. Gebuhr, B. G. Bruneau, A. Schinzel, J. G. Seidman, C. E. Seidman and 
L. B. Jorde (1997). "Mutations in human TBX3 alter limb, apocrine and genital development 
in ulnar-mammary syndrome." Nat Genet 16(3): 311-315. 
Bassani, J. W., W. Yuan and D. M. Bers (1995). "Fractional SR Ca release is regulated by trigger 
Ca and SR Ca content in cardiac myocytes." Am J Physiol 268(5 Pt 1): C1313-1319. 
Berry, D. A., J. A. Barden, V. J. Balcar, A. Keogh and C. G. dos Remedios (1999). "Increase in 
expression of P2X1 receptors in the atria of patients suffering from dilated cardiomyopathy." 
Electrophoresis 20(10): 2059-2064. 
Bers, D. M. (2002). "Cardiac excitation-contraction coupling." Nature 415(6868): 198-205. 
Bhatt, A. S., A. P. Ambrosy and E. J. Velazquez (2017). "Adverse Remodeling and Reverse 
Remodeling After Myocardial Infarction." Curr Cardiol Rep 19(8): 71. 
Bhogal, M. S. and J. Colyer (1998). "Depletion of Ca2+ from the sarcoplasmic reticulum of 
cardiac muscle prompts phosphorylation of phospholamban to stimulate store refilling." Proc 
Natl Acad Sci U S A 95(4): 1484-1489. 
Bodin, P. and G. Burnstock (2001). "Purinergic signalling: ATP release." Neurochem Res 26(8-
9): 959-969. 
Boogerd, K. J., L. Y. Wong, V. M. Christoffels, M. Klarenbeek, J. M. Ruijter, A. F. Moorman and 
P. Barnett (2008). "Msx1 and Msx2 are functional interacting partners of T-box factors in the 
regulation of Connexin43." Cardiovasc Res 78(3): 485-493. 



 26 

Bredesen, D. E., R. V. Rao and P. Mehlen (2006). "Cell death in the nervous system." Nature 
443(7113): 796-802. 
Briston, T., M. Roberts, S. Lewis, B. Powney, M. S. J, G. Szabadkai and M. R. Duchen (2017). 
"Mitochondrial permeability transition pore: sensitivity to opening and mechanistic 
dependence on substrate availability." Sci Rep 7(1): 10492. 
Bruce, A. E., C. Howley, Y. Zhou, S. L. Vickers, L. M. Silver, M. L. King and R. K. Ho (2003). "The 
maternally expressed zebrafish T-box gene eomesodermin regulates organizer formation." 
Development 130(22): 5503-5517. 
Brugarolas, J., C. Chandrasekaran, J. I. Gordon, D. Beach, T. Jacks and G. J. Hannon (1995). 
"Radiation-induced cell cycle arrest compromised by p21 deficiency." Nature 377(6549): 552-
557. 
Burnstock, G. (2017). "Purinergic Signaling in the Cardiovascular System." Circ Res 120(1): 
207-228. 
Burnstock, G. (2018). "Purine and purinergic receptors." Brain Neurosci Adv 2: 
2398212818817494. 
Burnstock, G. and G. E. Knight (2004). "Cellular distribution and functions of P2 receptor 
subtypes in different systems." Int Rev Cytol 240: 31-304. 
Carlson, H., S. Ota, C. E. Campbell and P. J. Hurlin (2001). "A dominant repression domain in 
Tbx3 mediates transcriptional repression and cell immortalization: relevance to mutations in 
Tbx3 that cause ulnar-mammary syndrome." Hum Mol Genet 10(21): 2403-2413. 
Carlson, H., S. Ota, Y. Song, Y. Chen and P. J. Hurlin (2002). "Tbx3 impinges on the p53 pathway 
to suppress apoptosis, facilitate cell transformation and block myogenic differentiation." 
Oncogene 21(24): 3827-3835. 
Chen, Y., B. Escoubet, F. Prunier, J. Amour, W. S. Simonides, B. Vivien, C. Lenoir, M. 
Heimburger, C. Choqueux, B. Gellen, B. Riou, J. B. Michel, W. M. Franz and J. J. Mercadier 
(2004). "Constitutive cardiac overexpression of sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase delays myocardial failure after myocardial infarction in rats at a cost of increased 
acute arrhythmias." Circulation 109(15): 1898-1903. 
Cheng, W., B. Li, J. Kajstura, P. Li, M. S. Wolin, E. H. Sonnenblick, T. H. Hintze, G. Olivetti and 
P. Anversa (1995). "Stretch-induced programmed myocyte cell death." J Clin Invest 96(5): 
2247-2259. 
Christoffels, V. M., W. M. Hoogaars, A. Tessari, D. E. Clout, A. F. Moorman and M. Campione 
(2004). "T-box transcription factor Tbx2 represses differentiation and formation of the cardiac 
chambers." Dev Dyn 229(4): 763-770. 
Chvatchko, Y., S. Valera, J. P. Aubry, T. Renno, G. Buell and J. Y. Bonnefoy (1996). "The 
involvement of an ATP-gated ion channel, P(2X1), in thymocyte apoptosis." Immunity 5(3): 
275-283. 
Cinar, E., S. Zhou, J. DeCourcey, Y. Wang, R. E. Waugh and J. Wan (2015). "Piezo1 regulates 
mechanotransductive release of ATP from human RBCs." Proc Natl Acad Sci U S A 112(38): 
11783-11788. 
Cohen, M. V., X. M. Yang and J. M. Downey (2007). "The pH hypothesis of postconditioning: 
staccato reperfusion reintroduces oxygen and perpetuates myocardial acidosis." Circulation 
115(14): 1895-1903. 
Coll, M., J. G. Seidman and C. W. Muller (2002). "Structure of the DNA-bound T-box domain 
of human TBX3, a transcription factor responsible for ulnar-mammary syndrome." Structure 
10(3): 343-356. 



 27 

Corsetti, G., C. Chen-Scarabelli, C. Romano, E. Pasini, F. S. Dioguardi, F. Onorati, R. Knight, H. 
Patel, L. Saravolatz, G. Faggian and T. M. Scarabelli (2019). "Autophagy and 
Oncosis/Necroptosis Are Enhanced in Cardiomyocytes from Heart Failure Patients." Med Sci 
Monit Basic Res 25: 33-44. 
D'Arcy, M. S. (2019). "Cell death: a review of the major forms of apoptosis, necrosis and 
autophagy." Cell Biol Int 43(6): 582-592. 
D'Souza, C. A. and J. Heitman (2001). "Dismantling the Cryptococcus coat." Trends Microbiol 
9(3): 112-113. 
Davenport, T. G., L. A. Jerome-Majewska and V. E. Papaioannou (2003). "Mammary gland, 
limb and yolk sac defects in mice lacking Tbx3, the gene mutated in human ulnar mammary 
syndrome." Development 130(10): 2263-2273. 
Dawson, K., M. Aflaki and S. Nattel (2013). "Role of the Wnt-Frizzled system in cardiac 
pathophysiology: a rapidly developing, poorly understood area with enormous potential." J 
Physiol 591(6): 1409-1432. 
Degterev, A., Z. Huang, M. Boyce, Y. Li, P. Jagtap, N. Mizushima, G. D. Cuny, T. J. Mitchison, M. 
A. Moskowitz and J. Yuan (2005). "Chemical inhibitor of nonapoptotic cell death with 
therapeutic potential for ischemic brain injury." Nat Chem Biol 1(2): 112-119. 
Del Re, D. P., D. Amgalan, A. Linkermann, Q. Liu and R. N. Kitsis (2019). "Fundamental 
Mechanisms of Regulated Cell Death and Implications for Heart Disease." Physiol Rev 99(4): 
1765-1817. 
Deng, C., P. Zhang, J. W. Harper, S. J. Elledge and P. Leder (1995). "Mice lacking p21CIP1/WAF1 
undergo normal development, but are defective in G1 checkpoint control." Cell 82(4): 675-
684. 
Dixon, S. J., K. M. Lemberg, M. R. Lamprecht, R. Skouta, E. M. Zaitsev, C. E. Gleason, D. N. Patel, 
A. J. Bauer, A. M. Cantley, W. S. Yang, B. Morrison, 3rd and B. R. Stockwell (2012). "Ferroptosis: 
an iron-dependent form of nonapoptotic cell death." Cell 149(5): 1060-1072. 
Dobrovolskaia-Zavadskaia, N. (1972). "Sur la mortification spontanee de la chez la souris 
nouveau-nee et sur l'existence d'un caractere (facteur) hereditaire, non-viable." C. R. Acad. 
Sci. Biol. 97: 114-116. 
Dong, F., X. J. Yang, T. B. Jiang and Y. Chen (2016). "Ischemia triggered ATP release through 
Pannexin-1 channel by myocardial cells activates sympathetic fibers." Microvasc Res 104: 32-
37. 
Dong, L., Q. Dong, Y. Chen, Y. Li, B. Zhang, F. Zhou, X. Lyu, G. G. Chen, P. Lai, H. F. Kung and M. 
L. He (2018). "Novel HDAC5-interacting motifs of Tbx3 are essential for the suppression of E-
cadherin expression and for the promotion of metastasis in hepatocellular carcinoma." Signal 
Transduct Target Ther 3: 22. 
Dutton, J. L., P. Poronnik, G. H. Li, C. A. Holding, R. A. Worthington, R. J. Vandenberg, D. I. 
Cook, J. A. Barden and M. R. Bennett (2000). "P2X(1) receptor membrane redistribution and 
down-regulation visualized by using receptor-coupled green fluorescent protein chimeras." 
Neuropharmacology 39(11): 2054-2066. 
Egan, T. M. and B. S. Khakh (2004). "Contribution of calcium ions to P2X channel responses." 
J Neurosci 24(13): 3413-3420. 
Eisner, D., E. Bode, L. Venetucci and A. Trafford (2013). "Calcium flux balance in the heart." J 
Mol Cell Cardiol 58: 110-117. 
Ennion, S. J. and R. J. Evans (2001). "Agonist-stimulated internalisation of the ligand-gated ion 
channel P2X(1) in rat vas deferens." FEBS Lett 489(2-3): 154-158. 



 28 

Erlinge, D. and G. Burnstock (2008). "P2 receptors in cardiovascular regulation and disease." 
Purinergic Signal 4(1): 1-20. 
Fabiato, A. and F. Fabiato (1975). "Contractions induced by a calcium-triggered release of 
calcium from the sarcoplasmic reticulum of single skinned cardiac cells." J Physiol 249(3): 469-
495. 
Fang, X., H. Wang, D. Han, E. Xie, X. Yang, J. Wei, S. Gu, F. Gao, N. Zhu, X. Yin, Q. Cheng, P. 
Zhang, W. Dai, J. Chen, F. Yang, H. T. Yang, A. Linkermann, W. Gu, J. Min and F. Wang (2019). 
"Ferroptosis as a target for protection against cardiomyopathy." Proc Natl Acad Sci U S A 
116(7): 2672-2680. 
Feng, Q. Z., T. D. Li, L. X. Wei, X. Qiao, J. Yi, L. Wang and T. S. Yang (2003). "Tempero-spatial 
dissociation between the expression of Fas and apoptosis after coronary occlusion." Mol 
Pathol 56(6): 362-367. 
Feng, X., W. Yao, Z. Zhang, F. Yuan, L. Liang, J. Zhou, S. Liu and J. Song (2018). "T-box 
Transcription Factor Tbx3 Contributes to Human Hepatocellular Carcinoma Cell Migration and 
Invasion by Repressing E-Cadherin Expression." Oncol Res 26(6): 959-966. 
Ferrari, D., M. Los, M. K. Bauer, P. Vandenabeele, S. Wesselborg and K. Schulze-Osthoff (1999). 
"P2Z purinoreceptor ligation induces activation of caspases with distinct roles in apoptotic 
and necrotic alterations of cell death." FEBS Lett 447(1): 71-75. 
Foo, R. S., K. Mani and R. N. Kitsis (2005). "Death begets failure in the heart." J Clin Invest 
115(3): 565-571. 
Galluzzi, L., J. M. Bravo-San Pedro, I. Vitale, S. A. Aaronson, J. M. Abrams, D. Adam, E. S. 
Alnemri, L. Altucci, D. Andrews, M. Annicchiarico-Petruzzelli, E. H. Baehrecke, N. G. Bazan, M. 
J. Bertrand, K. Bianchi, M. V. Blagosklonny, K. Blomgren, C. Borner, D. E. Bredesen, C. Brenner, 
M. Campanella, E. Candi, F. Cecconi, F. K. Chan, N. S. Chandel, E. H. Cheng, J. E. Chipuk, J. A. 
Cidlowski, A. Ciechanover, T. M. Dawson, V. L. Dawson, V. De Laurenzi, R. De Maria, K. M. 
Debatin, N. Di Daniele, V. M. Dixit, B. D. Dynlacht, W. S. El-Deiry, G. M. Fimia, R. A. Flavell, S. 
Fulda, C. Garrido, M. L. Gougeon, D. R. Green, H. Gronemeyer, G. Hajnoczky, J. M. Hardwick, 
M. O. Hengartner, H. Ichijo, B. Joseph, P. J. Jost, T. Kaufmann, O. Kepp, D. J. Klionsky, R. A. 
Knight, S. Kumar, J. J. Lemasters, B. Levine, A. Linkermann, S. A. Lipton, R. A. Lockshin, C. 
Lopez-Otin, E. Lugli, F. Madeo, W. Malorni, J. C. Marine, S. J. Martin, J. C. Martinou, J. P. 
Medema, P. Meier, S. Melino, N. Mizushima, U. Moll, C. Munoz-Pinedo, G. Nunez, A. Oberst, 
T. Panaretakis, J. M. Penninger, M. E. Peter, M. Piacentini, P. Pinton, J. H. Prehn, H. 
Puthalakath, G. A. Rabinovich, K. S. Ravichandran, R. Rizzuto, C. M. Rodrigues, D. C. 
Rubinsztein, T. Rudel, Y. Shi, H. U. Simon, B. R. Stockwell, G. Szabadkai, S. W. Tait, H. L. Tang, 
N. Tavernarakis, Y. Tsujimoto, T. Vanden Berghe, P. Vandenabeele, A. Villunger, E. F. Wagner, 
H. Walczak, E. White, W. G. Wood, J. Yuan, Z. Zakeri, B. Zhivotovsky, G. Melino and G. Kroemer 
(2015). "Essential versus accessory aspects of cell death: recommendations of the NCCD 
2015." Cell Death Differ 22(1): 58-73. 
Galluzzi, L., I. Vitale, S. A. Aaronson, J. M. Abrams, D. Adam, P. Agostinis, E. S. Alnemri, L. 
Altucci, I. Amelio, D. W. Andrews, M. Annicchiarico-Petruzzelli, A. V. Antonov, E. Arama, E. H. 
Baehrecke, N. A. Barlev, N. G. Bazan, F. Bernassola, M. J. M. Bertrand, K. Bianchi, M. V. 
Blagosklonny, K. Blomgren, C. Borner, P. Boya, C. Brenner, M. Campanella, E. Candi, D. 
Carmona-Gutierrez, F. Cecconi, F. K. Chan, N. S. Chandel, E. H. Cheng, J. E. Chipuk, J. A. 
Cidlowski, A. Ciechanover, G. M. Cohen, M. Conrad, J. R. Cubillos-Ruiz, P. E. Czabotar, V. 
D'Angiolella, T. M. Dawson, V. L. Dawson, V. De Laurenzi, R. De Maria, K. M. Debatin, R. J. 
DeBerardinis, M. Deshmukh, N. Di Daniele, F. Di Virgilio, V. M. Dixit, S. J. Dixon, C. S. Duckett, 
B. D. Dynlacht, W. S. El-Deiry, J. W. Elrod, G. M. Fimia, S. Fulda, A. J. Garcia-Saez, A. D. Garg, 



 29 

C. Garrido, E. Gavathiotis, P. Golstein, E. Gottlieb, D. R. Green, L. A. Greene, H. Gronemeyer, 
A. Gross, G. Hajnoczky, J. M. Hardwick, I. S. Harris, M. O. Hengartner, C. Hetz, H. Ichijo, M. 
Jaattela, B. Joseph, P. J. Jost, P. P. Juin, W. J. Kaiser, M. Karin, T. Kaufmann, O. Kepp, A. Kimchi, 
R. N. Kitsis, D. J. Klionsky, R. A. Knight, S. Kumar, S. W. Lee, J. J. Lemasters, B. Levine, A. 
Linkermann, S. A. Lipton, R. A. Lockshin, C. Lopez-Otin, S. W. Lowe, T. Luedde, E. Lugli, M. 
MacFarlane, F. Madeo, M. Malewicz, W. Malorni, G. Manic, J. C. Marine, S. J. Martin, J. C. 
Martinou, J. P. Medema, P. Mehlen, P. Meier, S. Melino, E. A. Miao, J. D. Molkentin, U. M. 
Moll, C. Munoz-Pinedo, S. Nagata, G. Nunez, A. Oberst, M. Oren, M. Overholtzer, M. Pagano, 
T. Panaretakis, M. Pasparakis, J. M. Penninger, D. M. Pereira, S. Pervaiz, M. E. Peter, M. 
Piacentini, P. Pinton, J. H. M. Prehn, H. Puthalakath, G. A. Rabinovich, M. Rehm, R. Rizzuto, C. 
M. P. Rodrigues, D. C. Rubinsztein, T. Rudel, K. M. Ryan, E. Sayan, L. Scorrano, F. Shao, Y. Shi, 
J. Silke, H. U. Simon, A. Sistigu, B. R. Stockwell, A. Strasser, G. Szabadkai, S. W. G. Tait, D. Tang, 
N. Tavernarakis, A. Thorburn, Y. Tsujimoto, B. Turk, T. Vanden Berghe, P. Vandenabeele, M. 
G. Vander Heiden, A. Villunger, H. W. Virgin, K. H. Vousden, D. Vucic, E. F. Wagner, H. Walczak, 
D. Wallach, Y. Wang, J. A. Wells, W. Wood, J. Yuan, Z. Zakeri, B. Zhivotovsky, L. Zitvogel, G. 
Melino and G. Kroemer (2018). "Molecular mechanisms of cell death: recommendations of 
the Nomenclature Committee on Cell Death 2018." Cell Death Differ 25(3): 486-541. 
Galluzzi, L., I. Vitale, J. M. Abrams, E. S. Alnemri, E. H. Baehrecke, M. V. Blagosklonny, T. M. 
Dawson, V. L. Dawson, W. S. El-Deiry, S. Fulda, E. Gottlieb, D. R. Green, M. O. Hengartner, O. 
Kepp, R. A. Knight, S. Kumar, S. A. Lipton, X. Lu, F. Madeo, W. Malorni, P. Mehlen, G. Nunez, 
M. E. Peter, M. Piacentini, D. C. Rubinsztein, Y. Shi, H. U. Simon, P. Vandenabeele, E. White, J. 
Yuan, B. Zhivotovsky, G. Melino and G. Kroemer (2012). "Molecular definitions of cell death 
subroutines: recommendations of the Nomenclature Committee on Cell Death 2012." Cell 
Death Differ 19(1): 107-120. 
Gatti, R., S. Belletti, G. Orlandini, O. Bussolati, V. Dall'Asta and G. C. Gazzola (1998). 
"Comparison of annexin V and calcein-AM as early vital markers of apoptosis in adherent cells 
by confocal laser microscopy." J Histochem Cytochem 46(8): 895-900. 
Glass, R., A. Townsend-Nicholson and G. Burnstock (2000). "P2 receptors in the thymus: 
expression of P2X and P2Y receptors in adult rats, an immunohistochemical and in situ 
hybridisation study." Cell Tissue Res 300(2): 295-306. 
Godard, T., E. Deslandes, P. Lebailly, C. Vigreux, F. Sichel, J. M. Poul and P. Gauduchon (1999). 
"Early detection of staurosporine-induced apoptosis by comet and annexin V assays." 
Histochem Cell Biol 112(2): 155-161. 
Gonzalez-Montelongo, M. D. C. and S. J. Fountain (2021). "Neuropeptide Y facilitates P2X1 
receptor-dependent vasoconstriction via Y1 receptor activation in small mesenteric arteries 
during sympathetic neurogenic responses." Vascul Pharmacol 136: 106810. 
Griffiths, E. J., C. J. Ocampo, J. S. Savage, G. A. Rutter, R. G. Hansford, M. D. Stern and H. S. 
Silverman (1998). "Mitochondrial calcium transporting pathways during hypoxia and 
reoxygenation in single rat cardiomyocytes." Cardiovasc Res 39(2): 423-433. 
Hanahan, D. and R. A. Weinberg (2011). "Hallmarks of cancer: the next generation." Cell 
144(5): 646-674. 
Hansen, M. A., M. R. Bennett and J. A. Barden (1999). "Distribution of purinergic P2X receptors 
in the rat heart." J Auton Nerv Syst 78(1): 1-9. 
He, H., F. J. Giordano, R. Hilal-Dandan, D. J. Choi, H. A. Rockman, P. M. McDonough, W. F. 
Bluhm, M. Meyer, M. R. Sayen, E. Swanson and W. H. Dillmann (1997). "Overexpression of 
the rat sarcoplasmic reticulum Ca2+ ATPase gene in the heart of transgenic mice accelerates 
calcium transients and cardiac relaxation." J Clin Invest 100(2): 380-389. 



 30 

He, M., L. Wen, C. E. Campbell, J. Y. Wu and Y. Rao (1999). "Transcription repression by 
Xenopus ET and its human ortholog TBX3, a gene involved in ulnar-mammary syndrome." 
Proc Natl Acad Sci U S A 96(18): 10212-10217. 
He, S. F., H. J. Zhu, Z. Y. Han, H. Wu, S. Y. Jin, M. G. Irwin and Y. Zhang (2016). "MicroRNA-
133b-5p Is Involved in Cardioprotection of Morphine Preconditioning in Rat Cardiomyocytes 
by Targeting Fas." Can J Cardiol 32(8): 996-1007. 
He, W. T., H. Wan, L. Hu, P. Chen, X. Wang, Z. Huang, Z. H. Yang, C. Q. Zhong and J. Han (2015). 
"Gasdermin D is an executor of pyroptosis and required for interleukin-1beta secretion." Cell 
Res 25(12): 1285-1298. 
Hitomi, J., D. E. Christofferson, A. Ng, J. Yao, A. Degterev, R. J. Xavier and J. Yuan (2008). 
"Identification of a molecular signaling network that regulates a cellular necrotic cell death 
pathway." Cell 135(7): 1311-1323. 
Hoogaars, W. M., A. Engel, J. F. Brons, A. O. Verkerk, F. J. de Lange, L. Y. Wong, M. L. Bakker, 
D. E. Clout, V. Wakker, P. Barnett, J. H. Ravesloot, A. F. Moorman, E. E. Verheijck and V. M. 
Christoffels (2007). "Tbx3 controls the sinoatrial node gene program and imposes pacemaker 
function on the atria." Genes Dev 21(9): 1098-1112. 
Hoogaars, W. M., A. Tessari, A. F. Moorman, P. A. de Boer, J. Hagoort, A. T. Soufan, M. 
Campione and V. M. Christoffels (2004). "The transcriptional repressor Tbx3 delineates the 
developing central conduction system of the heart." Cardiovasc Res 62(3): 489-499. 
Hou, M., M. Malmsjo, S. Moller, E. Pantev, A. Bergdahl, X. H. Zhao, X. Y. Sun, T. Hedner, L. 
Edvinsson and D. Erlinge (1999). "Increase in cardiac P2X1-and P2Y2-receptor mRNA levels in 
congestive heart failure." Life Sci 65(11): 1195-1206. 
Hou, N., B. Ye, X. Li, K. B. Margulies, H. Xu, X. Wang and F. Li (2016). "Transcription Factor 7-
like 2 Mediates Canonical Wnt/beta-Catenin Signaling and c-Myc Upregulation in Heart 
Failure." Circ Heart Fail 9(6). 
Ito, A., M. Asamoto, N. Hokaiwado, S. Takahashi and T. Shirai (2005). "Tbx3 expression is 
related to apoptosis and cell proliferation in rat bladder both hyperplastic epithelial cells and 
carcinoma cells." Cancer Lett 219(1): 105-112. 
Jaski, B. E., M. L. Jessup, D. M. Mancini, T. P. Cappola, D. F. Pauly, B. Greenberg, K. Borow, H. 
Dittrich, K. M. Zsebo, R. J. Hajjar and I. Calcium Up-Regulation by Percutaneous Administration 
of Gene Therapy In Cardiac Disease Trial (2009). "Calcium upregulation by percutaneous 
administration of gene therapy in cardiac disease (CUPID Trial), a first-in-human phase 1/2 
clinical trial." J Card Fail 15(3): 171-181. 
Jeremias, I., C. Kupatt, A. Martin-Villalba, H. Habazettl, J. Schenkel, P. Boekstegers and K. M. 
Debatin (2000). "Involvement of CD95/Apo1/Fas in cell death after myocardial ischemia." 
Circulation 102(8): 915-920. 
Jiang, L., M. Bardini, A. Keogh, C. G. dos Remedios and G. Burnstock (2005). "P2X1 receptors 
are closely associated with connexin 43 in human ventricular myocardium." Int J Cardiol 98(2): 
291-297. 
Kadokami, T., C. Frye, B. Lemster, C. L. Wagner, A. M. Feldman and C. F. McTiernan (2001). 
"Anti-tumor necrosis factor-alpha antibody limits heart failure in a transgenic model." 
Circulation 104(10): 1094-1097. 
Kang, P. M. and S. Izumo (2003). "Apoptosis in heart: basic mechanisms and implications in 
cardiovascular diseases." Trends Mol Med 9(4): 177-182. 
Kapoor, N., W. Liang, E. Marban and H. C. Cho (2013). "Direct conversion of quiescent 
cardiomyocytes to pacemaker cells by expression of Tbx18." Nature biotechnology 31(1): 54-
62. 



 31 

Kawaguchi, M., M. Takahashi, T. Hata, Y. Kashima, F. Usui, H. Morimoto, A. Izawa, Y. Takahashi, 
J. Masumoto, J. Koyama, M. Hongo, T. Noda, J. Nakayama, J. Sagara, S. Taniguchi and U. Ikeda 
(2011). "Inflammasome activation of cardiac fibroblasts is essential for myocardial 
ischemia/reperfusion injury." Circulation 123(6): 594-604. 
Kerr, J. F. (1965). "A histochemical study of hypertrophy and ischaemic injury of rat liver with 
special reference to changes in lysosomes." J Pathol Bacteriol 90(2): 419-435. 
Kikuchi, K. and K. D. Poss (2012). "Cardiac regenerative capacity and mechanisms." Annu Rev 
Cell Dev Biol 28: 719-741. 
Konstantinidis, K., R. S. Whelan and R. N. Kitsis (2012). "Mechanisms of cell death in heart 
disease." Arterioscler Thromb Vasc Biol 32(7): 1552-1562. 
Krstic, M., B. Kolendowski, M. J. Cecchini, C. O. Postenka, H. M. Hassan, J. Andrews, C. D. 
MacMillan, K. C. Williams, H. S. Leong, M. Brackstone, J. Torchia, A. F. Chambers and A. B. 
Tuck (2019). "TBX3 promotes progression of pre-invasive breast cancer cells by inducing EMT 
and directly up-regulating SLUG." J Pathol 248(2): 191-203. 
Kumar, D., L. Kirshenbaum, T. Li, I. Danelisen and P. Singal (1999). "Apoptosis in isolated adult 
cardiomyocytes exposed to adriamycin." Ann N Y Acad Sci 874: 156-168. 
Kung, G., K. Konstantinidis and R. N. Kitsis (2011). "Programmed necrosis, not apoptosis, in 
the heart." Circ Res 108(8): 1017-1036. 
Kwong, J. Q. and J. D. Molkentin (2015). "Physiological and pathological roles of the 
mitochondrial permeability transition pore in the heart." Cell Metab 21(2): 206-214. 
Lalo, U., R. C. Allsopp, M. P. Mahaut-Smith and R. J. Evans (2010). "P2X1 receptor mobility and 
trafficking; regulation by receptor insertion and activation." J Neurochem 113(5): 1177-1187. 
Levine, B. and G. Kroemer (2008). "Autophagy in the pathogenesis of disease." Cell 132(1): 
27-42. 
Levine, B. and J. Yuan (2005). "Autophagy in cell death: an innocent convict?" J Clin Invest 
115(10): 2679-2688. 
Li, L., W. E. Louch, S. A. Niederer, J. M. Aronsen, G. Christensen, O. M. Sejersted and N. P. 
Smith (2012). "Sodium accumulation in SERCA knockout-induced heart failure." Biophys J 
102(9): 2039-2048. 
Li, W., G. Feng, J. M. Gauthier, I. Lokshina, R. Higashikubo, S. Evans, X. Liu, A. Hassan, S. Tanaka, 
M. Cicka, H. M. Hsiao, D. Ruiz-Perez, A. Bredemeyer, R. W. Gross, D. L. Mann, Y. Y. Tyurina, A. 
E. Gelman, V. E. Kagan, A. Linkermann, K. J. Lavine and D. Kreisel (2019). "Ferroptotic cell 
death and TLR4/Trif signaling initiate neutrophil recruitment after heart transplantation." J 
Clin Invest 129(6): 2293-2304. 
Liang, W., H. C. Cho and E. Marban (2015). "Wnt signalling suppresses voltage-dependent 
Na(+) channel expression in postnatal rat cardiomyocytes." The Journal of physiology 593(5): 
1147-1157. 
Lin, W. Y., B. C. Tsai, C. H. Day, P. L. Chiu, R. J. Chen, M. Y. Chen, V. V. Padma, H. N. Luk, H. C. 
Lee and C. Y. Huang (2021). "Arecoline induces heart injure via Fas/Fas ligand apoptotic 
pathway in heart of Sprague-Dawley rat." Environ Toxicol 36(8): 1567-1575. 
Lingbeek, M. E., J. J. Jacobs and M. van Lohuizen (2002). "The T-box repressors TBX2 and TBX3 
specifically regulate the tumor suppressor gene p14ARF via a variant T-site in the initiator." J 
Biol Chem 277(29): 26120-26127. 
Lockshin, R. A. and C. M. Williams (1965). "Programmed Cell Death--I. Cytology of 
Degeneration in the Intersegmental Muscles of the Pernyi Silkmoth." J Insect Physiol 11: 123-
133. 



 32 

Louch, W. E., K. Hougen, H. K. Mork, F. Swift, J. M. Aronsen, I. Sjaastad, H. M. Reims, B. Roald, 
K. B. Andersson, G. Christensen and O. M. Sejersted (2010). "Sodium accumulation promotes 
diastolic dysfunction in end-stage heart failure following Serca2 knockout." J Physiol 588(Pt 
3): 465-478. 
Lu, A., M. Kamkar, C. Chu, J. Wang, K. Gaudet, Y. Chen, L. Lin, W. Liu, E. Marban and W. Liang 
(2020). "Direct and Indirect Suppression of Scn5a Gene Expression Mediates Cardiac Na(+) 
Channel Inhibition by Wnt Signalling." Can J Cardiol 36(4): 564-576. 
Lu, A., M. Kamkar, C. Chu, J. Wang, K. Gaudet, Y. Chen, L. Lin, W. Liu, E. Marban and W. Liang 
(2020). "Direct and indirect suppression of Scn5a gene expression mediates cardiac Na+ 
channel inhibition by Wnt signalling." Canadian Journal of Cardiology 36(4): 564-576. 
Lu, R., A. Yang and Y. Jin (2011). "Dual functions of T-box 3 (Tbx3) in the control of self-renewal 
and extraembryonic endoderm differentiation in mouse embryonic stem cells." J Biol Chem 
286(10): 8425-8436. 
Lukas, J., D. Parry, L. Aagaard, D. J. Mann, J. Bartkova, M. Strauss, G. Peters and J. Bartek 
(1995). "Retinoblastoma-protein-dependent cell-cycle inhibition by the tumour suppressor 
p16." Nature 375(6531): 503-506. 
Luongo, T. S., J. P. Lambert, P. Gross, M. Nwokedi, A. A. Lombardi, S. Shanmughapriya, A. C. 
Carpenter, D. Kolmetzky, E. Gao, J. H. van Berlo, E. J. Tsai, J. D. Molkentin, X. Chen, M. Madesh, 
S. R. Houser and J. W. Elrod (2017). "The mitochondrial Na(+)/Ca(2+) exchanger is essential 
for Ca(2+) homeostasis and viability." Nature 545(7652): 93-97. 
Malekar, P., M. Hagenmueller, A. Anyanwu, S. Buss, M. R. Streit, C. S. Weiss, D. Wolf, J. Riffel, 
A. Bauer, H. A. Katus and S. E. Hardt (2010). "Wnt signaling is critical for maladaptive cardiac 
hypertrophy and accelerates myocardial remodeling." Hypertension 55(4): 939-945. 
Mallat, Z., A. Tedgui, F. Fontaliran, R. Frank, M. Durigon and G. Fontaine (1996). "Evidence of 
apoptosis in arrhythmogenic right ventricular dysplasia." N Engl J Med 335(16): 1190-1196. 
Marin-Garcia, J. and A. T. Akhmedov (2016). "Mitochondrial dynamics and cell death in heart 
failure." Heart Fail Rev 21(2): 123-136. 
Merkle, S., S. Frantz, M. P. Schon, J. Bauersachs, M. Buitrago, R. J. Frost, E. M. Schmitteckert, 
M. J. Lohse and S. Engelhardt (2007). "A role for caspase-1 in heart failure." Circ Res 100(5): 
645-653. 
Mezzaroma, E., S. Toldo, D. Farkas, I. M. Seropian, B. W. Van Tassell, F. N. Salloum, H. R. 
Kannan, A. C. Menna, N. F. Voelkel and A. Abbate (2011). "The inflammasome promotes 
adverse cardiac remodeling following acute myocardial infarction in the mouse." Proc Natl 
Acad Sci U S A 108(49): 19725-19730. 
Micoud, F., B. Mandrand and C. Malcus-Vocanson (2001). "Comparison of several techniques 
for the detection of apoptotic astrocytes in vitro." Cell Prolif 34(2): 99-113. 
Mizushima, N., B. Levine, A. M. Cuervo and D. J. Klionsky (2008). "Autophagy fights disease 
through cellular self-digestion." Nature 451(7182): 1069-1075. 
Moe, G. W. and J. Marin-Garcia (2016). "Role of cell death in the progression of heart failure." 
Heart Fail Rev 21(2): 157-167. 
Moorman, A. F., A. T. Soufan, J. Hagoort, P. A. de Boer and V. M. Christoffels (2004). 
"Development of the building plan of the heart." Ann N Y Acad Sci 1015: 171-181. 
Muller, O. J., M. Lange, H. Rattunde, H. P. Lorenzen, M. Muller, N. Frey, C. Bittner, W. 
Simonides, H. A. Katus and W. M. Franz (2003). "Transgenic rat hearts overexpressing 
SERCA2a show improved contractility under baseline conditions and pressure overload." 
Cardiovasc Res 59(2): 380-389. 



 33 

Murphy, E., M. Perlman, R. E. London and C. Steenbergen (1991). "Amiloride delays the 
ischemia-induced rise in cytosolic free calcium." Circ Res 68(5): 1250-1258. 
Musa, H., J. O. Tellez, N. J. Chandler, I. D. Greener, M. Maczewski, U. Mackiewicz, A. 
Beresewicz, P. Molenaar, M. R. Boyett and H. Dobrzynski (2009). "P2 purinergic receptor 
mRNA in rat and human sinoatrial node and other heart regions." Naunyn Schmiedebergs 
Arch Pharmacol 379(6): 541-549. 
Nakagawa, T., S. Shimizu, T. Watanabe, O. Yamaguchi, K. Otsu, H. Yamagata, H. Inohara, T. 
Kubo and Y. Tsujimoto (2005). "Cyclophilin D-dependent mitochondrial permeability 
transition regulates some necrotic but not apoptotic cell death." Nature 434(7033): 652-658. 
Nakagawa, T. and J. Yuan (2000). "Cross-talk between two cysteine protease families. 
Activation of caspase-12 by calpain in apoptosis." J Cell Biol 150(4): 887-894. 
Nakai, A., O. Yamaguchi, T. Takeda, Y. Higuchi, S. Hikoso, M. Taniike, S. Omiya, I. Mizote, Y. 
Matsumura, M. Asahi, K. Nishida, M. Hori, N. Mizushima and K. Otsu (2007). "The role of 
autophagy in cardiomyocytes in the basal state and in response to hemodynamic stress." Nat 
Med 13(5): 619-624. 
Nakamura, T., Y. Ueda, Y. Juan, S. Katsuda, H. Takahashi and E. Koh (2000). "Fas-mediated 
apoptosis in adriamycin-induced cardiomyopathy in rats: In vivo study." Circulation 102(5): 
572-578. 
Narula, J., N. Haider, R. Virmani, T. G. DiSalvo, F. D. Kolodgie, R. J. Hajjar, U. Schmidt, M. J. 
Semigran, G. W. Dec and B. A. Khaw (1996). "Apoptosis in myocytes in end-stage heart 
failure." N Engl J Med 335(16): 1182-1189. 
Oerlemans, M. I., J. Liu, F. Arslan, K. den Ouden, B. J. van Middelaar, P. A. Doevendans and J. 
P. Sluijter (2012). "Inhibition of RIP1-dependent necrosis prevents adverse cardiac 
remodeling after myocardial ischemia-reperfusion in vivo." Basic Res Cardiol 107(4): 270. 
Olivetti, G., R. Abbi, F. Quaini, J. Kajstura, W. Cheng, J. A. Nitahara, E. Quaini, C. Di Loreto, C. 
A. Beltrami, S. Krajewski, J. C. Reed and P. Anversa (1997). "Apoptosis in the failing human 
heart." N Engl J Med 336(16): 1131-1141. 
Palojoki, E., A. Saraste, A. Eriksson, K. Pulkki, M. Kallajoki, L. M. Voipio-Pulkki and I. Tikkanen 
(2001). "Cardiomyocyte apoptosis and ventricular remodeling after myocardial infarction in 
rats." Am J Physiol Heart Circ Physiol 280(6): H2726-2731. 
Papaioannou, V. E. (2001). "T-box genes in development: from hydra to humans." Int Rev 
Cytol 207: 1-70. 
Pfeffer, M. A. and E. Braunwald (1990). "Ventricular remodeling after myocardial infarction. 
Experimental observations and clinical implications." Circulation 81(4): 1161-1172. 
Pustovit, K. B., V. S. Kuzmin and D. V. Abramochkin (2016). "Diadenosine tetra- and 
pentaphosphates affect contractility and bioelectrical activity in the rat heart via P2 purinergic 
receptors." Naunyn Schmiedebergs Arch Pharmacol 389(3): 303-313. 
Quelle, D. E., F. Zindy, R. A. Ashmun and C. J. Sherr (1995). "Alternative reading frames of the 
INK4a tumor suppressor gene encode two unrelated proteins capable of inducing cell cycle 
arrest." Cell 83(6): 993-1000. 
Rodriguez, M., E. Aladowicz, L. Lanfrancone and C. R. Goding (2008). "Tbx3 represses E-
cadherin expression and enhances melanoma invasiveness." Cancer Res 68(19): 7872-7881. 
Santulli, G., W. Xie, S. R. Reiken and A. R. Marks (2015). "Mitochondrial calcium overload is a 
key determinant in heart failure." Proc Natl Acad Sci U S A 112(36): 11389-11394. 
Saraste, A., K. Pulkki, M. Kallajoki, K. Henriksen, M. Parvinen and L. M. Voipio-Pulkki (1997). 
"Apoptosis in human acute myocardial infarction." Circulation 95(2): 320-323. 



 34 

Setsuta, K., Y. Seino, T. Ogawa, T. Ohtsuka, K. Seimiya and T. Takano (2004). "Ongoing 
myocardial damage in chronic heart failure is related to activated tumor necrosis factor and 
Fas/Fas ligand system." Circ J 68(8): 747-750. 
Shan, B., H. Pan, A. Najafov and J. Yuan (2018). "Necroptosis in development and diseases." 
Genes Dev 32(5-6): 327-340. 
Shi, J., Y. Zhao, K. Wang, X. Shi, Y. Wang, H. Huang, Y. Zhuang, T. Cai, F. Wang and F. Shao 
(2015). "Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death." 
Nature 526(7575): 660-665. 
Solini, A., E. Santini, D. Chimenti, P. Chiozzi, F. Pratesi, S. Cuccato, S. Falzoni, R. Lupi, E. 
Ferrannini, G. Pugliese and F. Di Virgilio (2007). "Multiple P2X receptors are involved in the 
modulation of apoptosis in human mesangial cells: evidence for a role of P2X4." Am J Physiol 
Renal Physiol 292(5): F1537-1547. 
Song, Z., X. Tian and Q. Shi (2021). "Fas, Caspase-8, and Caspase-9 pathway-mediated bile 
acid-induced fetal cardiomyocyte apoptosis in intrahepatic cholestasis pregnant rat models." 
J Obstet Gynaecol Res 47(7): 2298-2306. 
Stutz, A., C. C. Kolbe, R. Stahl, G. L. Horvath, B. S. Franklin, O. van Ray, R. Brinkschulte, M. 
Geyer, F. Meissner and E. Latz (2017). "NLRP3 inflammasome assembly is regulated by 
phosphorylation of the pyrin domain." J Exp Med 214(6): 1725-1736. 
Syed, F. M., H. S. Hahn, A. Odley, Y. Guo, J. G. Vallejo, R. A. Lynch, D. L. Mann, R. Bolli and G. 
W. Dorn, 2nd (2005). "Proapoptotic effects of caspase-1/interleukin-converting enzyme 
dominate in myocardial ischemia." Circ Res 96(10): 1103-1109. 
Szobi, A., E. Goncalvesova, Z. V. Varga, P. Leszek, M. Kusmierczyk, M. Hulman, J. Kyselovic, P. 
Ferdinandy and A. Adameova (2017). "Analysis of necroptotic proteins in failing human 
hearts." J Transl Med 15(1): 86. 
Takemura, G. and H. Fujiwara (2004). "Role of apoptosis in remodeling after myocardial 
infarction." Pharmacol Ther 104(1): 1-16. 
Tanaka, M., H. Ito, S. Adachi, H. Akimoto, T. Nishikawa, T. Kasajima, F. Marumo and M. Hiroe 
(1994). "Hypoxia induces apoptosis with enhanced expression of Fas antigen messenger RNA 
in cultured neonatal rat cardiomyocytes." Circ Res 75(3): 426-433. 
Trafford, A. W., M. E. Diaz and D. A. Eisner (2001). "Coordinated control of cell Ca(2+) loading 
and triggered release from the sarcoplasmic reticulum underlies the rapid inotropic response 
to increased L-type Ca(2+) current." Circ Res 88(2): 195-201. 
Trafford, A. W., M. E. Diaz, N. Negretti and D. A. Eisner (1997). "Enhanced Ca2+ current and 
decreased Ca2+ efflux restore sarcoplasmic reticulum Ca2+ content after depletion." Circ Res 
81(4): 477-484. 
Valera, S., N. Hussy, R. J. Evans, N. Adami, R. A. North, A. Surprenant and G. Buell (1994). "A 
new class of ligand-gated ion channel defined by P2x receptor for extracellular ATP." Nature 
371(6497): 516-519. 
van Engeland, M., F. C. Ramaekers, B. Schutte and C. P. Reutelingsperger (1996). "A novel 
assay to measure loss of plasma membrane asymmetry during apoptosis of adherent cells in 
culture." Cytometry 24(2): 131-139. 
Vassort, G. (2001). "Adenosine 5'-triphosphate: a P2-purinergic agonist in the myocardium." 
Physiol Rev 81(2): 767-806. 
Veinot, J. P., D. A. Gattinger and H. Fliss (1997). "Early apoptosis in human myocardial 
infarcts." Hum Pathol 28(4): 485-492. 



 35 

Vercammen, D., G. Brouckaert, G. Denecker, M. Van de Craen, W. Declercq, W. Fiers and P. 
Vandenabeele (1998). "Dual signaling of the Fas receptor: initiation of both apoptotic and 
necrotic cell death pathways." J Exp Med 188(5): 919-930. 
Vulchanova, L., U. Arvidsson, M. Riedl, J. Wang, G. Buell, A. Surprenant, R. A. North and R. 
Elde (1996). "Differential distribution of two ATP-gated channels (P2X receptors) determined 
by immunocytochemistry." Proc Natl Acad Sci U S A 93(15): 8063-8067. 
Wang, Y. (2018). "Expression level of TBX3 gene in renal carcinoma and its clinical 
significance." Oncol Lett 15(4): 4235-4240. 
Washkowitz, A. J., S. Gavrilov, S. Begum and V. E. Papaioannou (2012). "Diverse functional 
networks of Tbx3 in development and disease." Wiley Interdiscip Rev Syst Biol Med 4(3): 273-
283. 
Whelan, R. S., V. Kaplinskiy and R. N. Kitsis (2010). "Cell death in the pathogenesis of heart 
disease: mechanisms and significance." Annu Rev Physiol 72: 19-44. 
Willmer, T., A. Cooper, D. Sims, D. Govender and S. Prince (2016). "The T-box transcription 
factor 3 is a promising biomarker and a key regulator of the oncogenic phenotype of a diverse 
range of sarcoma subtypes." Oncogenesis 5(2): e199. 
Willmer, T., S. Hare, J. Peres and S. Prince (2016). "The T-box transcription factor TBX3 drives 
proliferation by direct repression of the p21(WAF1) cyclin-dependent kinase inhibitor." Cell 
Div 11: 6. 
Willmer, T., J. Peres, S. Mowla, A. Abrahams and S. Prince (2015). "The T-Box factor TBX3 is 
important in S-phase and is regulated by c-Myc and cyclin A-CDK2." Cell Cycle 14(19): 3173-
3183. 
Wollert, K. C., J. Heineke, J. Westermann, M. Ludde, B. Fiedler, W. Zierhut, D. Laurent, M. K. 
Bauer, K. Schulze-Osthoff and H. Drexler (2000). "The cardiac Fas (APO-1/CD95) Receptor/Fas 
ligand system : relation to diastolic wall stress in volume-overload hypertrophy in vivo and 
activation of the transcription factor AP-1 in cardiac myocytes." Circulation 101(10): 1172-
1178. 
Xanthos, J. B., M. Kofron, C. Wylie and J. Heasman (2001). "Maternal VegT is the initiator of a 
molecular network specifying endoderm in Xenopus laevis." Development 128(2): 167-180. 
Yang, D., S. G. Elner, A. J. Clark, B. A. Hughes, H. R. Petty and V. M. Elner (2011). "Activation 
of P2X receptors induces apoptosis in human retinal pigment epithelium." Invest Ophthalmol 
Vis Sci 52(3): 1522-1530. 
Zakeri, Z. F. and H. S. Ahuja (1997). "Cell death/apoptosis: normal, chemically induced, and 
teratogenic effect." Mutat Res 396(1-2): 149-161. 
Zhao, L. and B. Zhang (2017). "Doxorubicin induces cardiotoxicity through upregulation of 
death receptors mediated apoptosis in cardiomyocytes." Sci Rep 7: 44735. 
Zhu, H., P. Tannous, J. L. Johnstone, Y. Kong, J. M. Shelton, J. A. Richardson, V. Le, B. Levine, 
B. A. Rothermel and J. A. Hill (2007). "Cardiac autophagy is a maladaptive response to 
hemodynamic stress." J Clin Invest 117(7): 1782-1793. 
 


