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ABSTRACT 

 

 
To counteract DNA damage, cells have evolved several mechanisms collectively termed as 

the DNA damage response (DDR). A key member of DDR signaling in mammalian cells is 

ATR (Ataxia Telangiectasia and Rad3-related protein), a PIKK kinase that is activated by 

single-strand DNA lesions in response to replication stress. Severe ATR deficiency owing 

to hypomorphic germline mutations in ATR causes the Seckel syndrome, a 

neurodevelopmental and premature aging disorder. 

Besides its role in the DDR, ATR is activated by a variety of stimuli, including topological, 

osmotic and mechanical stress and contributes in the maintenance of proper nuclear integrity 

and membrane tension. Notably, ATR-defective cells exhibit intrinsic nuclear softness and 

fragility, raising the possibility that cells and tissues constantly undergoing mechanical 

strain, such as the heart muscle, might be particularly affected by ATR loss. 

To address this point, we analyzed cardiac muscle tissue from a mouse model of the human 

ATR Seckel syndrome (ATRS). 

By functional echocardiography and immunohistochemistry analysis, we showed that ATR 

Seckel cardiac tissue presents major morphological defects, particularly affecting 

cardiomyocytes’ nuclei, accompanied by a reduced cardiac functionality. Accumulation of 

nuclear and DNA damage due to lack of ATR contributes to the mis-localization of 

cardiomyocyte self-DNA from the nucleus to the cytoplasm and to the consequent activation 

of inflammatory processes through the STING pathway.  

In the current study, we show that lack of ATR strongly impacts cardiac tissue structure and 

function and contributes to development of cardiac inflammation; the insights gained from 

understanding the interplay between ATR signaling, DNA damage response and 

inflammation will help in the diagnosis of cardiac diseases in Seckel Syndrome and in the 

development of therapies to improve one of the pathological consequences of this disorder.  
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1. INTRODUCTION 

 

1.1 The Genomic Challenge: maintaining Genome Stability 
 

Genome contains all the necessary information for cellular and organismal existence. 

Maintenance and faithful transfer of genetic material is essential to ensure life propagation;  

for these reasons, cells employ several processes to guarantee the preservation of genome 

integrity and to promote an efficient propagation of genetic material. Nevertheless, in a 

proliferating cell, an efficient and error-free DNA replication represents a challenging task.  

Genome instability broadly refers to the range of genetic alterations, varying from point 

mutations to chromosome rearrangements that lead to incorrect or loss of genetic 

information (Aguilera and Gomez-Gonzalez, 2008; Hoeijmakers, 2009; Hanahan and 

Weinberg, 2011). 

Genomic instability includes small structure variations, such as increased frequencies of base 

pair mutations, micro- and mini- satellite instability (MSI), as well as significant variations 

in chromosome number or structure, which are also referred to as chromosome instability 

(CIN) and gross chromosomal rearrangements (GCRs) caused by base translocations, 

duplications, inversions or deletions. 

Genome instability is mainly due to sporadic replication or repair errors but can also take 

place in response to developmental or environmental signals; genome in fact is constantly 

exposed to threatens of different entity originating from both external and intrinsic sources 

(Figure 1). 

The genome in fact receives thousands of damages on a daily basis, damages arising from 

both physiological processes such as DNA replication, hydrolytic reactions, non-enzymatic 

DNA methylation and generation of reactive oxygen species (ROS) as well as damages 

posed by environmental factors including UV light, Ionizing Radiation and chemical toxins 

which can ultimately contribute to genomic alterations (Jackson & Bartek, 2009; Lindahl & 

Barnes, 2000; Valko et al, 2006; Wogan et al, 2004). 

Even though genomic instability and variation might have some positive consequences, 

especially for what concerns evolution and generation of genetic diversity, the majority of 

genome instability events underlie pathological conditions including premature ageing, 

cancer predisposition and degenerative disorders (Hoeijmakers, 2009). 
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Figure 1 - Causes and consequences of DNA damage. Endogenous and exogenous sources of stress can lead 

to DNA damage. Failure of DNA repair and defective DNA repair mechanisms leads to genome instability 

through small and gross DNA structure variations.   
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1.2 The DNA Damage Response (DDR) 

 
To combat threats posed by DNA instability, cells have evolved a network of mechanisms 

collectively termed as the DNA-Damage Response (DDR) to detect the damages, signal their 

presence and promote their repair.  

The diversity of DNA-lesion types necessitates multiple distinct DNA-repair mechanisms 

(Figure 2); while some lesions can be directly repaired, most of them are subject to a 

sequence of catalytic events mediated by multiple protein complexes. 

DNA repair pathways are divided into five major categories:  

 

- Base Excision Repair (BER), 

- Nucleotide Excision Repair (NER), 

- Mismatch Repair, 

- Double-Strand Break Repair, 

- Repair of Inter-Strand Cross-Links. 

 

Base-Excision Repair is employed to eliminate subtle modifications, including oxidative 

lesions, small alkylation products and single strand breaks. Usually, the damaged base is 

first recognized by a DNA glycosylase enzyme that mediates its removal before the gap is 

refilled by DNA synthesis (Hoeijimakers et al., 2009). 

Nucleotide-Excision Repair is employed to eliminate the helix-distorting base lesions 

(Hoeijimakers et al., 2009). 

NER system is broadly divided into two sub-categories that differ in the mechanism of lesion 

recognition: transcription-coupled NER (TC-NER), which specifically targets lesions that 

block transcription and global genome NER (GG-NER), that represents NER-mediated 

repair across the whole genome. 

Mismatch Repair systems are present in all cells to correct those errors that are not subject 

to proofreading. These systems consist of at least two proteins; one detecting the mismatch 

and the other recruiting an endonuclease that cleaves the newly synthesized DNA strand 

close to the region of damage (Li et al., 2008). 

 

Non-Homologous End Joining (NHEJ) and Homologous Recombination (HR) systems are 

the two major pathways employed for the repair of DNA double-strand breaks. 

In NHEJ, two ends of broken DNA are brought together and sealed. NHEJ is highly error 

prone and operates in any phase of the cell cycle (Lieber et al., 2010). By contrast, 
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Homologous Recombination, the most sophisticated mechanism for double strand break 

repair, is generally restricted to S and G2 phases of the cell cycle to ensure an error-free 

repair of the damage (Lieber et al., 2010). 

HR acts through a series of complex DNA transactions involving a large set of proteins. It 

uses the identical sister chromatid to properly align the broken ends and accurately insert 

missing information at the site of damage (Wright et al., 2018). 

Inter-Strand Cross-Link repair resolves cytotoxic cross-links thereby preventing strand 

separation and effectively arresting transcription and replication at the site of damage 

(Sancar et al., 2004; Hoeijmakers, 2009). 

Cells also present DNA damage tolerance (DDT) pathways that promote the duplication of 

the genome, even in presence of unrepaired lesions. These lesions-bypass pathways run 

through two main mechanisms, Trans-Lesion Synthesis (TLS) and Template Switching. 

TLS allows the DNA replication machinery to replicate past DNA lesions; it involves 

specialized trans-lesion polymerases with larger active sites respect to regular DNA 

polymerases that can facilitate the insertion of bases opposite damaged nucleotides 

(Vaisman et al., 2012). 

Template Switching-Repair mediates the dissociation between the 3’end of the blocked 

strand from the damaged template and the consequent re-annealing to the complementary 

nascent DNA strand (Nikolaishvili-Feinberg and Cordeiro-Stone, 2000; Hoeijmakers et al., 

2009). 

To allow completion of lesion removal prior to DNA replication or cell division, damage 

sensing systems are linked to an intricate signal transduction cascade, named as DNA-

damage checkpoints (Bartek et al., 2007; Callegari and Kelly, 2007). Depending on the 

nature of the DNA injury and the phase of the cell cycle in which the lesion happens, DNA-

damage checkpoints can promote cell cycle arrest (Zhou and Elledge, 2000) or, alternatively, 

when too many injuries are encountered, can trigger apoptosis in order to protect the 

organism from potentially harmful cells (Bernstein et al., 2002). Checkpoints together with 

repair and apoptosis are integrated in a circuit that determines the ultimate response of a cell 

to DNA damage. 

Central to all DNA-damage-induced checkpoint responses are a family of large protein 

kinases, with catalytic domains related to the phosphatidylinositol 3-kinases (PI3Ks) and a 

catalytic subunit of DNA-dependent protein kinase, required for DNA-breaks repair (Melo 

et al., 2002). 

ATM (Ataxia Telangiectasia Mutated) protein kinase for example is directly recruited and 

activated by the DSB-recognizing protein complex MRN. Following phosphorylation, this 



 13 

kinase interacts with a high number of adapter and transducer proteins to activate 

downstream effector kinases, such as Chk2 (Falck et al., 2002).  

On the other side, the presence of single-strand DNA lesions is recognized and bound by 

RPA, which recruits ATR via its association with ATRIP (ATR interacting protein) and 

activates the checkpoint protein Chk1 (Tibbetts et al., 2000; Chen and Sanchez, 2004). DNA 

damage and repair pathways and their interconnection are of essential importance for 

understanding the pathogenesis and treatment of many disease processes. 

ATM and ATR are expressed in most tissues, and mutations in the encoding genes result in 

the autosomal recessive disorders ataxia telangiectasia (Lavin, 2008) and Seckel syndrome 

(O'Driscoll et al., 2003), respectively. After their activation, both ATM and ATR upregulate 

cell cycle checkpoint pathways, inducing cell cycle arrest and DNA repair.  

Much of the knowledge gained with regard to ATR and ATM signaling cascades has been 

derived from the treatment of various cell types with high doses of DNA-damaging agents, 

which result in a burst of ATR and ATM activity, and downstream signaling. These studies 

might, nonetheless, underestimate the impact of ATR- and ATM-mediated phosphorylation 

events that are elicited under more physiological conditions, particularly in light of the 

accumulating evidence that suggests that ATM- and ATR-mediated pathways are not 

restricted to nuclear events and DDR. Recent observations are expanding the roles of these 

kinases outside the nuclear environment and several proteomic screens have identified 

alternative substrates phosphorylated by ATM and ATR.  

Activation of the ATR–ATRIP complex initiates a signaling cascade that coordinates cell 

cycle progression with DNA metabolic processes. ATR activity is necessary for the 

stabilization of stalled replication forks and for fork restart following replication stress. Thus, 

ATR response ensures an efficient replication through different processes, including 

replication forks stabilization (Paulsen and Cimprich, 2007), prevention of fragile-site 

expression (Casper et al., 2002; Cha and Kleckner, 2002), control on replication origin firing 

(Chen et al., 2015b; Shechter et al., 2004) and also coordination of replication with 

transcription (Bermejo et al., 2011). 

The ATR-mediated Chk1 pathway also has a central role in preventing cells from entering 

into mitosis with unreplicated or damaged DNA (Brown and Baltimore, 2003). Furthermore, 

our group have shown that ATR responds to osmotic and mechanical stress by re-localizing 

at the nuclear envelope (NE) and mediating an appropriate response to coordinate chromatin 

dynamics and nuclear plasticity (Kumar et al., 2014) and, more recently, ATR has been 

implicated in the preservation of cell mechanics and nuclear integrity during interstitial 

migration (Kidiyoor et al., 2020). When undergoing interstitial migration, ATR-defective 

nuclei collapse accumulating nuclear envelope ruptures and perinuclear cGAS, which 
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indicate loss of nuclear envelope integrity, indicating that ATR ensures mechanical coupling 

of the cytoskeleton to the nuclear envelope and accompanying regulation of envelope-

chromosome association (Kidiyoor et al., 2020). Thus confirming that ATR-regulated 

biological processes extends well beyond its canonical role in triggering biochemical 

implementation of the DNA damage response. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - Types of DNA lesions and DNA repair pathways. The genome is exposed to several kinds of 

damage, such as SSB, DSB, bulky adducts, base mismatch, insertion and deletion. The choice of repair pathway 

depends on the type of lesion.  
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1.3 DNA Damage and immunity: a strong inter-connection  
 

Cells employ genome maintenance pathways directed ‘inward’ to counteract DNA damage, 

so they can detect lesions and repair them; on the other side, adaptive and innate immune 

mechanisms are often directed ‘outward’ in order to protect cells from external pathogens; 

DNA damage and immunity are tightly interconnected and have presumably evolved 

together (Alt et al., 2013), in fact proteins involved in DNA repair and the DDR also play 

active roles in innate immune signaling. 

Non-Homologous End-Joining is involved during the development of lymphocytes (Boboila 

et al., 2012) and similarly, programmed DNA lesions followed by error-prone DNA repair 

dramatically increase antibody diversity by triggering somatic hypermutation of 

immunoglobulin variable genes (Di Noia and Neuberger, 2007). Furthermore, innate 

immune cells such as natural killer (NK) often rely on DDR to activate nuclear factors (Liu 

et al., 1996; Frontini et al.,2009), cell surface ligands (González et al., 2008), intercellular 

adhesion molecules (Gorgoulis et al., 2003), or cytokines or chemokines in response to stress 

(Peeper et al., 2009). 

Furthermore, the presence of DNA damage is able to activate transcription factors that 

regulates both innate and adaptive immunity such as NF-κB (Nuclear Factor Kappa-light-

chain-enhancer of Activated B Cells) (Hayden and Ghosh, 2008) and the Interferon 

Regulatory Factors (IRFs) which are immune-related transcription factors with a role in 

DNA repair processes (Frontini et al.,2009) (Figure 3).  

The strength of DNA and immunity interconnection is also proved in presence of pathogens. 

Since endogenous DNA in eukaryotes is stored in the nucleus, when foreign DNA enters the 

cytoplasm it is detected by the host’s immune system. Bacterial DNA has been shown to 

activate the innate immune system and stimulate inflammatory responses (Xia et al., 2015).  

Intriguingly, not only viral and bacterial foreign DNA but also damaged endogenous DNA 

can trigger inflammatory gene expression (Brzostek et al., 2011; Pateras et al., 2015; 

Ribezzo et al., 2016).  

The role of DNA damage sensors in detecting aberrant DNA structures is not only restricted 

to the nucleus. Several studies showed that some DNA damage sensors play a role in the 

detection of DNA in the cytoplasm thus leading to the activation of immune signaling. For 

instance, the DNA repair protein Ku70 and the DNA dependent protein kinase (DNA-PK), 

known to be involved in the detection of dsDNA breaks and in the initiation of NHEJ (Ciccia 

and Elledge, 2010), act as pathogen recognition receptors (PRRs) for DNA in the cytoplasm.  
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In response to cytosolic DNA, Ku70 induces the production of IFN-λ1 via the activation of 

IFN regulatory factor (IRF)-1 and IRF-7 (Zhang et al., 2011), while DNA-PK induces the 

expression of IFN-β, cytokine and chemokine genes through the activation of IRF-3, TBK1, 

and STING (Ferguson et al., 2012).  

Additional studies supporting a link between DNA damage and immunity revealed that the 

DNA damage sensor MRE11 recognizes cytosolic dsDNA and initiates a signaling cascade 

leading to the induction of type I IFNs and others immunomodulatory genes (Kondo et al., 

2013).  

This complexity arising from the different levels of organization present in the organism 

confirms that the DNA damage response and the immunity response are highly coordinated 

(Velimezi et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3 - Model illustrating connections between DNA damage and innate immunity. Adaptive immunity 

relies on programmed DNA damage events and error-prone DNA repair mechanisms, such as the NHEJ to 

increase antibody diversity during VDJ recombination in developing lymphocytes or the BER or MMR in Ig 

genes differentiation. Random DNA damage events trigger the activation of DDR-driven pro-inflammatory 

signals, including NFkB or various interleukins leading to chronic inflammation and disease. DNA damage 

accumulates gradually with age, leading to the persistent activation of DNA damage sensors and the DNA 

damage response (DDR). Chronic activation of DDR triggers inflammatory responses that underlie distinct 

phenotypic outcomes, including age-related pathologies, metabolic complications, and cancer.  
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1.3.1 Cytosolic DNA, STING and inflammation 
 

Among the studies providing mechanistic insights on how DNA damage induces immune-

regulatory cytokines and molecules, a cytosolic DNA sensing pathway has emerged as the 

major link between the two processes.  

DNA normally resides in the nucleus and mitochondria; therefore, its presence in the 

cytoplasm serves as a danger-associated molecular pattern (DAMP) to trigger immune 

responses.  

Cells present several sensors that can detect cytoplasmic DNA, can signal its presence and 

can induce the production of type I IFNs and other inflammatory molecules (Sun et al., 

2013).  

Among those, the adaptor protein Stimulator of IFN Genes (STING, also known as MITA, 

MPYS, and ERIS) (Ishikawa and Barber, 2008; Jin et al., 2008; Zhong et al., 2008; Sun et 

al., 2009) was recently shown to detect cytoplasmic DNA species and to form complexes 

with self-or pathogen-related single-stranded (ss)DNA and dsDNA molecules to trigger host 

defense-related innate responses. 

STING is a transmembrane protein located on the endoplasmic reticulum with its functional 

domain in the cytosol; upon cytoplasmic DNA presence, STING trans-locates to the Golgi, 

where it interacts with TANK-binding kinase 1 (TBK1), an IκB kinase (IKK)-related kinase 

that controls the activation of the transcription factor interferon regulatory factor 3 (IRF3) 

(Lan et al., 2014; Härtlova et al., 2015; Bartsch et al., 2017; Erdal et al., 2017; Glück et al., 

2017; Harding et al., 2017; Mackenzie et al., 2017; Yang et al., 2017). 

Activated IRF3 dimerizes and translocates to the nucleus to regulate the transcription of 

interferons. As representative cytokines in immune responses, interferon (IFN) family 

members are currently divided into three types, type I IFNs, type II IFN (IFN-γ) and type III 

IFNs (IFN-λs), on the basis of their structural and functional properties. Type I IFNs are a 

family of structurally related cytokines with a hallmark function of anti-viral activity, and of 

note are its roles in innate immunity. Most of the intensive studies have focused mainly on 

IFN-α/β. These members are commonly induced in cells infected by various RNA and DNA 

viruses to confer an anti-viral state on uninfected cells. Type I IFN has multiple immune-

stimulatory functions promoting the maturation, migration, and activation of multiple 

immune cells such as dendritic cell (DC), T cell, and natural killer cell (NK) (Ishikawa and 

Barber, 2008). 

In addition, STING can activate nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) pathway by binding to IκB kinase (IKK) and NF-κB-inducing kinase (NIK). 
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Activated NF-κB pathway collaborates with TBK1-IRF3 pathway to induce the expression 

of proinflammatory cytokines and chemokines (Zhong et al., 2008) (Figure 4). 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4 - The cGAS-STING pathway detects cytoplasmic DNA after DNA damage and activate type I 

IFNs and other cytokines.  

 

Over the past decade, many candidate cytosolic DNA sensors have been proposed. Nucleic 

acid receptors may be classified into two types in terms of subcellular localization: 

membrane type and cytosolic type. Essentially, each type of receptor contains either an RNA 

or DNA recognition motif. For example, TLR9 (Toll-like Receptor 9) recognizes endosomal 

DNA and induces IFN production by plasmacytoid dendritic cells; the Aim2-like receptors 

(ALRs) detect cytosolic DNA, leading to an inflammasome response characterized by the 

production of interleukins of various kind. In 2010, the Bowie group reported that the human 

ALR family member IFI16 is a DNA sensor upstream of STING (Unterholzner et al.,2010). 

In 2011, the Liu group proposed that the DEAD-box helicase DDX41 is an essential DNA 

sensor, also upstream of STING. Several other candidate DNA sensors such as DNA-PK, 

Mre11, and PQBP1 have also been proposed. Still, understanding how apparently parallel 

pathways could be essential for the IFN response to DNA presence is unclear, mainly due to 
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lack of biochemical mechanisms to explain how binding to dsDNA by a candidate sensor is 

translated into an IFN response. 

In contrast, a clear biochemical mechanism connects sensing of cytosolic DNA by cGAS to 

the induction of type IIFN. Upon binding to dsDNA, cGAS undergoes a conformational 

change that activates its enzymatic synthesis of cyclic-GMP-AMP (cGAMP), a cyclic 

dinucleotide second messenger. Consistent with the known biochemistry, cells and animals 

in which the cGAS gene has been deleted fail to initiate an IFN response to cytosolic dsDNA 

and DNA viruses (Li et al., 2013).  

In line with this, the ALRs have been proposed to act as essential regulators or cofactors of 

cGAS, perhaps by acting in the nucleus instead of the cytosol (Jakobsen et al., 2013; Liet 

al., 2013a; Orzalli et al., 2012). Most studies have focused on a single human ALR, IFI16, 

for which there is no clear mouse ortholog. RNAi experiments have previously suggested 

that IFI16 is critical for the IFN response to DNA. In contrast, Gray et al. have found that 

IFI16-deficient human fibroblasts, generated by CRISPR/Cas9, exhibit normal IFN 

responses; it is still possible that the IFN response to some stimuli in some cell types is 

ALR-dependent. Despite the cytosolic DNA recognition system has gradually been 

clarified, a more comprehensive identification of the origin of DNA into cytoplasm and of 

DNA sensors may contribute to a better understanding of downstream signaling pathways. 

The presence of DNA into cytoplasm might be caused by different type of damages; for 

instance, DNA damage in the nucleus resulting in the accumulation of cytoplasmic DNA in 

the form of micronuclei.  

Micronuclei are small, DNA-containing structures that are usually produced by chromosome 

damage as a result of genotoxic stress and chromosome mis-segregation during cell division 

(Luzhna et al., 2013). Micronuclei are originally formed with a nuclear envelope (NE), but 

more than half the micronuclei lose compartmentalization after mitosis as their fragile NE 

ruptures, thus leading to DNA leakage (Hatch et al., 2013). DNA encapsulated in 

micronuclei can also be extruded from the cells, degraded by nucleases or maintained in a 

persistent micronuclei state, which is a predominant source of propagating genome 

instability. For example, accumulation of cytoplasmic DNA in cells deficient in the Trex1 

exonuclease is associated with chronic IFN induction and autoinflammatory phenotypes 

(Yang et al., 2007; Stetson et al., 2008; Gao et al., 2015; Wolf et al., 2016).  

Another source of cytoplasmic DNA is DNA ‘speckles’, which are less aggregated than 

micronuclei (Ahn et al., 2014; Lan et al., 2014; Härtlova et al., 2015; Shen et al., 2015; Erdal 

et al., 2017) and contain mostly single-stranded DNA (ssDNA) (Härtlova et al., 2015; Shen 

et al., 2015; Erdal et al., 2017). Several observations in senescent cells have shown that 

senescent nuclei undergo dramatic chromatin changes with DNA speckles budding off the 
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nucleus and triggering persistent inflammation (Rube et al., 2011; Sedelnikova et al., 2004; 

Wang et al., 2009).   

The precise mechanism by which DNA damage induces DNA accumulation in the cytosol 

and leads to immune responses remains unclear although different molecules have been 

proposed to be part of the process, including the already mentioned Trex1 exonuclease and 

MUS81 endonuclease.  

The MUS81-EME1 complex belongs to the family of structure-specific endonucleases that 

resolve inter-strand DNA structures such as stalled replication forks and Holliday junctions 

(Dehé and Gaillard, 2017). MUS81 is required for genomic integrity and tumor suppression, 

indeed mus81−/− mice display increased chromosomal aberrations in T cells and are 

predisposed to lymphomas and other cancers (McPherson et al., 2004).  

It was more recently found that MUS81 is required for the generation of cytoplasmic DNA 

in prostate cancer cells (Ho et al., 2016). The amount of cytoplasmic DNA positively 

correlates with MUS81 protein level and the number of MUS81 nuclear foci, suggesting that 

MUS81 is engaged in the process that converts nuclear DNA into cytoplasmic forms. 

Consistently, MUS81 activity promotes type I IFNs production and thus immune rejection 

of prostate tumor cells (Ho et al., 2016). 

The immunostimulatory effects of DNA are demonstrated by defects in DNA sensing, 

signaling, and regulation, found to be associated with susceptibility to infections or 

inflammatory diseases in humans and model organisms.  

Genetic deficiencies affecting DDR systems are able to induce cytokines thus leading to 

autoinflammatory diseases, through the aberrant activation of the STING pathway (Siddoo-

Atwal et al., 1996; Sugihara et al., 2011). 

For instance, Aicardi-Goutières syndrome (AGS) is an inheritable neurological disease that 

leads to microcephaly, intellectual retardation, and childhood death (Crow and Rehwinkel, 

2009). This disease is driven by chronic IFN signaling caused by recessive mutation in one 

of the genes involved in nucleic acid metabolism, such as Trex1, Rnase-H2a, Rnase-H2b, 

and Samhd1 (Crow and Rehwinkel, 2009). 

Recent studies have shown that STING activation by self-DNA mis-localized presence is 

also linked to more common and complex diseases such as myocardial infarction (MI) and 

age-related macular degeneration (AMD). MI is known to drive inflammation and 

exacerbate lethality; the massive death of cardiomyocytes activates macrophages in the heart 

and strong type I IFN signaling mediated by STING (King et al., 2017; Cao et al., 2018).  

Together, these new findings have demonstrated that the STING pathway connects DNA 

and nuclear damages to inflammatory molecules expression by sensing cytoplasmic DNA 

as a common consequence of genotoxic and replicative stress (Figure 5). 
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Modulation of components of the pathway, including STING agonists and antagonists 

showed significantly improved survival in experimental myocardial infarction models, 

compared with wild-type animals (Cheng et al., 2018), thus confirming the importance of 

STING axis in a variety of diseases. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5 - Inflammatory response is one of the biological outcomes of genomic instability. Genotoxic 

stimuli can induce DNA damage repair, cellular senescence or cell death in a manner that depends on the 

severity of the DNA damage. The STING pathway is activated by DNA damage to mediate antitumor 

immunity, host-defense against pathogens and inflammatory responses. 
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1.4 Genome instability in Aging & Cardiovascular disorders 

 
Aging can be considered as the time-dependent deterioration of physiological integrity and 

function of cells and organs in an organism. Accumulation of cellular and genomic damages 

over time is considered to be one of the main causes for aging (Maslov et al., 2009). 

The process in fact is characterized by several hallmarks including telomere attrition, 

epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial 

dysfunction, cellular senescence, stem cell exhaustion, altered intercellular communication 

and genome instability (Lopez-Otin et al., 2013).  

Genome instability is not only hallmark of aging but it is also a driving force of the process 

itself; the strong link between DNA damage and aging is demonstrated by progeroid 

syndromes. Progeroid syndromes are rare genetic disorders that recapitulate physiological 

aging at an accelerated rate. Most of these syndromes are caused by mutations in genes 

encoding DNA repair proteins, and therefore, they involve genome instability (Yu et al., 

1996). One of the major outcomes of premature aging syndromes are cardiovascular 

diseases; although characterized by features of normal aging such as alopecia, skin 

wrinkling, and osteoporosis, patients with progeroid syndromes are affected by accelerated, 

premature arteriosclerotic disease that leads to heart attacks and strokes. 

The hypothesis that accumulated DNA damage may be responsible for the cardiovascular 

disease in progeroid patients was first suggested by Baker in 1981, who described that 

decreased DNA repair capacity might lead to reduced tissue regeneration, predisposing 

patients to the development of arteriosclerosis at an early age (Baker PB et al., 1981).  

It is now known that defective DNA repair and genome instability, which contribute to the 

premature cardiovascular disease in progeroid syndromes, may also regulate the 

development of common atherosclerosis. 

Molecules that mediate the response to DNA damage and the subsequent cellular outcomes 

of this process contribute to the development of cardiovascular disease. 

For instance, recent experimental and clinical studies have suggested that oxidative stress, 

leading to catastrophic DNA damage, is enhanced in failing hearts as well as in other 

cardiovascular diseases (Kovacic et al., 2011; Niccoli and Partridge, 2012).  

It has also been reported that human atherosclerotic plaques have more DNA double-strand 

breaks (DSBs) when compared with normal tissue (Mahmoudi et al., 2006). 

Similarly, human atherosclerosis exhibits increased oxidative DNA damage and defective 

repair of that damage through the BER pathway in vascular smooth muscle cells (Shah et 
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al., 2018). These findings suggest that accumulation of DNA damage in atherosclerotic 

plaques is mediated, at least in part, by ROS. 

Increased apoptosis and senescence, which are some of the consequences of the DNA 

damage response, have also been shown to occur in the cellular components of 

atherosclerotic lesions (Shah et al., 2018). Mice models with mutations in key proteins 

involved in DDR such as ATM, ATR and BRAP2 exhibit high risk of developing ischemic 

heart disease (Niccoli and Partridge, 2012). 

DNA damage is therefore increasingly recognized as a promoter of cardiovascular diseases; 

understanding both the causes of DNA damage and the consequences of the activation of 

DNA damage responses should help both prevention and treatment of different 

cardiovascular disorders (Figure 6). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - Role of DNA damage and DDR in the cardiac tissue. DNA Damage Responses (DDR) are present 

in post-mitotic cells, including cardiomyocytes; DNA damage leads to impairments in cardiomyocytes function 

and structure. Activation of DDR has been observed during cardiac remodelling after myocardial infarction 

and in mice model of induced-heart failure; 
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1.4.1 Role of innate and adaptive immunity in cardiac injury and repair  
 

Despite the advances that have been made in developing new therapies and cures, as we 

mentioned, cardiovascular diseases still remain the leading cause of worldwide mortality. 

Therefore, understanding the mechanisms underlying cardiovascular tissue injury and repair 

is of prime importance.  

Following cardiac tissue injury, the immune system plays an important and complex role in 

driving both the acute inflammatory response and the consequent reactions (Epelman et al., 

2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7 - Types of heart diseases. (Image adapted from American Physiological Society, 2016). 

 

 

The immune system evolved to enable host defense against pathogens but also to promote 

tissue growth and repair during development (Belkaid et al., 2014). During the past decades, 

it has been well established that inflammatory cells give an important contribution to cardiac 

development, composition and function. Immune cells infiltrate the heart during 

embryogenesis and then remain in the myocardium, where they participate to essential 

functions of the organ throughout life.  

As in most tissues, the primary immune cells that reside in the heart are macrophages, which 

are typically observed near endothelial cells or within the interstitial space (Pinto et al., 2012; 

Epelman et al., 2014).  
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Sparse populations of dendritic cells (DCs) have been found within cardiac tissue, some of 

which are localized in cardiac valves (Dieterlen et al., 2016). Mast cells are also found in 

resting cardiac tissue and are thought to be important early triggers of immune responses 

(Tsai et al., 2013). A small number of B cells and regulatory T cell population are also 

present in cardiac tissue upon physiological conditions, whereas neutrophils are typically 

not found (Sattler et al., 2016) (Figure 10).  

Following any kind of infection, cardiac tissue is able to initiate a dynamic immune response 

that can be divided into the pro-inflammatory phase and the inflammatory reparative phase, 

involving components of both the innate and adaptive immune systems.  

Shortly after the injury occurs, resident mast cells release their preformed granules 

(Frangogiannis et al., 1998), resident macrophages and cardiomyocytes begin to produce 

inflammatory cytokines and chemokines such as IL-1, IL-6 and TNF, cardiac fibroblasts 

release growth factors and endothelial cells become activated. Together, these events induce 

the large-scale production and recruitment of neutrophils and monocytes. 

Upon accumulating in the heart, neutrophils and monocytes participate actively in the 

inflammatory cascade, their main functions include scavenging dead material, such as dead 

and dying cardiomyocytes. Neutrophils do not persist in the damaged myocardium for very 

long; in contrast monocytes continue to accumulate and differentiate into cardiac 

macrophages for several days (Wang et al., 2016; Hulsmans et al., 2017; Butts et al., 2017).  

Over the course of days, a reparative phase takes place over the inflammatory phase 

(Nahrendorf et al., 2007), and is characterized by decreased production of inflammatory 

cytokines, growth factors and chemokines. The consequence of this transition is the 

appearance of cardiac macrophages that promote fibrosis and angiogenesis (Hilgendorf et 

al., 2014). 

A precise calibration and containment of inflammation are critical for cardiac healing. 

Conversely, a prolonged and uncontrolled inflammatory response leads to increased 

cardiomyocytes death, progressive dilatation of the left ventricle, reduced ejection fraction, 

hypertrophy of the myocardium and fibrosis. 
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Figure 8 - Immune cells in the heart. (Adapted from Hua et al., 2019). The majority of immune cells in the 

resting heart are macrophages, which are found primarily in the surrounding endothelial cells but are also seen 

in the interstitium between cardiomyocytes. Mast cells, dendritic cells (DCs), B cells and regulatory T (TReg) 

cells are found sparsely in cardiac tissue, while neutrophils and monocytes are not observed within myocardial 

fibers. 
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1.5 The essential kinase ATR maintains cell and genome integrity 
 

In eukaryotes, the PIKK (phosphatidyl inositol 3' kinase-related kinases) coordinate the 

cellular response to DNA damage and play critical roles in the control of cell growth and 

gene expression. The PIKKs are a small but essential family of Serine/Threonine protein 

kinases, composed of six members: Mechanistic Target of Rapamycin (mTOR), Ataxia-

Telangiectasia Mutated (ATM), Ataxia Telangiectasia Mutated and Rad 3-Related (ATR), 

DNA-Dependent Protein Kinase (DNA-PK), Suppressor of Morphogenesis in Genitalia-1 

(SMG-1) and Transformation/Transcription Domain-Associated Protein (TRRAP).  

We previously mentioned ATM, ATR and DNA-PKs, as they are involved in the DNA 

damage response, while mTOR kinase is a central regulator of cell metabolic pathways and 

cell growth (Saxton et al., 2017). SMG-1 regulates nonsense-mediated mRNA decay and 

TRRAP functions as a regulator of transcriptional activity. Although TRRAP is considered 

as a true PIKK member, it lacks its kinase activity (Templeton et al., 2005). 

PIKKs mediate a variety of stress responses, including DNA damage, mitochondrial stress, 

membrane stress, hypoxia, nutrient starvation and errors in mRNA splicing; they also 

regulate diverse biological functions at different cellular compartments (Lempiäinen and 

Halazonetis, 2009).  

For the goal of this study, we will be discussing ATR in details. 

ATR is an essential PIKK kinase conserved in all eukaryotes (Baretic and Williams, 2014). 

Mecl in S. cerevisiae, Rad3 in S. pombe, ATL in C. elegans and mei-41 in D. melanogaster 

are the orthologs of human ATR in other model organisms (Saldivar et al., 2017; Cimprich 

and Cortez, 2008). 

In eukaryotes, ATR is an essential kinase and its most characterized role is related to the 

maintenance of genome integrity during replication (Cimprich et al., 2008). ATR maintains 

genome integrity by ensuring replication fork stability, by recruiting appropriate repair 

machinery at the site of replication stress and finally by coordinating cell cycle progression 

with DDR via checkpoint activities (Cimprich and Cortez, 2008).  

ATR is involved in repairing single-stranded DNA (ssDNA) lesions, commonly generated 

upon DNA replication stress, such as oncogene induced replication artefacts and stalled 

replication forks. Many genotoxins, including Hydroxy-Urea (HU), Ultra-Violet (UV) 

radiation, DNA polymerase inhibitors and topoisomerase poisons can also contribute to the 

formation of long stretches of ssDNA, thus leading to ATR signaling (Saldivar et al., 2017).  

Stretches of ssDNA are immediately coated by ssDNA-binding protein complex RPA. RPA-

coated ssDNA serves as a substrate for activation of ATR (Wu et al., 2016) along with ATR 

heterodimer formation with its obligatory partner ATRIP (Burrows et al., 2008). ATR-
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ATRIP complex is then recruited at the site of the damage in a Rad9-Rad1-Hus1 (9-1-1) 

complex dependent manner (Pichierri et al., 2012) and can eventually undergo auto-

phosphorylation at Threonine 1989 (Thr1989), thus inducing a feedback loop for signal 

amplification (Liu et al., 2011; Nam et al., 2011).  

Once activated, ATR phosphorylates several repair and response proteins including its major 

target, the checkpoint kinase 1 (CHK1) (Rundle et al., 2017). The phosphorylation of ATR 

substrates has a clear role in the transduction of DNA-damage signals and in the effects of 

ATR on downstream processes such as cell-cycle arrest and DNA repair (Figure 11). 

ATR appears to be the most versatile of the PIKKs, being activated by a variety of stimuli 

and, although its signaling pathway has been fully described, the function and regulation of 

it are yet to be fully appreciated.  
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Figure 9 - Activation of the ATR pathway by ss-DNA lesions caused by DNA damage and DNA 

replication stress.  
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1.6 Beyond the genomic challenge: alternative roles of ATR 

 

Since PIKK members, including ATR, are sensors of distinct cell stress stimuli, they are also 

expected to perform multiple functions in the cell, rather than being confined to a single one. 

However, due to the elevated attention towards DNA damage responses (DDR), possible 

alternative roles for these kinases have been perhaps overlooked.  

Despite this, recent studies confirmed the presence of ATR in the cytoplasm and in other 

cell organelles, contributing to their respective functions in DNA damage-independent ways. 

ATR was shown to play roles at the level of Nuclear Envelope, mitochondria, centrosomes 

and cytoplasm (Figure 12). Moreover, ATR presence was found also in terminally 

differentiated tissues, such as muscles and neurons, which do not undergo any active cell 

division, further supporting DNA damage-independent roles for this kinase. 

Here, we summarize non-canonical roles of ATR at the level of different cellular 

compartments: 

 

a. nuclear envelope (NE) 

At the NE, ATR functions as a stress sensor, responding to changes in phospholipid 

membrane composition, in Lamins architecture, in NE deformations and ruptures and in 

membrane stress (Kidiyoor et al., 2016). Our group showed that ATR can sense mechanical 

stress on the nucleus imposed by external and internal forces (i.e. chromatin condensation) 

(Bozler et al., 2015). In response to such stress, ATR re-localizes at the NE and locally 

phosphorylates CHK1 kinase, and potentially other proteins, required to resolve stress 

(Kumar et al., 2014). In S. cerevisiae, Mec1 resolves collision of replication forks with the 

transcription machinery by untethering the RNA from the nuclear pore and thus relaxing the 

DNA (Bermejo et al., 2011). 

 

b. Mitochondria 

ATR associates with mitochondria through its BH3 domain. In mitochondria ATR interacts 

with several proteins, promoting different anti-apoptotic pathways. This novel non-DDR 

function of ATR seems to be independent of its classical activation components, such as 

RPA and ATRIP (Hilton et al., 2015). In C. elegans defects in ATL-1 (ATR ortholog) results 

in defective mitochondrial DNA copy number and increase in oxidative stress (Mori et al., 

2008; Suetomi et al., 2013). 

 

 

 



 31 

c. Centrosomes 

The relation between ATR and centrosomes appear to be bidirectional, ATR and 

centrosomes can significantly influence each other’s function. During mitosis, ATR is 

recruited at the centrosomes in its phosphorylated form (Ser428) along with other members 

of DDR pathway including ATRIP, CHK1, p53 and BRCA1 (Zhang et al., 2007; Chandris 

et al., 2010). 

Patients with defective ATR expression present supernumerary centrosomes and defective 

mitosis (Griffith et al., 2008). Overexpression of ATR in myoblasts impairs their 

differentiation into muscles through inhibition of MyoD and consequent abnormal 

centrosomal amplifications, aneuploidy and defective cell cycle arrest (Katsura et al., 2009).  

Alterations in ATR expression, resulting in Seckel syndrome, can also be caused by 

mutations affecting the gene encoding centrosomal protein Pericentrin (PCNT), which is 

involved in the ATR signaling pathway (Tibelius et al., 2009). PCNT-Seckel patients in fact 

show defective ATR signaling pathway (Griffith et al., 2008; Rauch et al., 2008). Other 

centrosomal gene mutations including CEP152, CPAP, MCPH1 have been shown to cause 

microcephaly and dwarfism, similarly to ATR Seckel syndrome phenotype (Klingseisen et 

al., 2011). 

 

d. Cytoplasmic ATR 

ATR has been occasionally found in the cytoplasm. In brain tissues for example, ATR was 

shown to be more cytoplasmic than nuclear distributed, interacting with ATM and 

phosphorylating the synaptic vesicle protein VAMP2, thus suggesting a potential role in 

neuronal synapses (Li et al., 2009). ATR Seckel fibroblasts also exhibit hyper-

phosphorylation of endocytosis protein Caveolin1, normally present in the cytoplasm (Tivey 

et al., 2013).  

 

 

Although ATR is considered to be a DNA damage response kinase, it is clear that it plays 

relevant roles in a variety of cellular and tissutal functions independently of DNA damage. 

Intricate crosstalk between ATR and organelles that regulate active cell dynamics leads to 

hypothesize the involvement of ATR in different processes such as cell migration and tissue 

differentiation. This is also supported by the fact that ATR-depleted cells and tissues 

accumulate progressive defects due to failures in various processes throughout development 

and post-development, suggesting that ATR has a more general role in controlling cell and 

tissue plasticity and integrity rather than controlling only genome integrity.  
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Figure 10 - Non-canonical activation of ATR, independent of DNA damage. (Modified from 

Kidiyoor…Giovannetti et al., unpublished). Summary of the different cellular activators of ATR. Activation 

of ATR at the NE, nucleoli and mitochondria and its functions at centrosomes and actin fibers. 
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1.7 ATR Seckel Syndrome: when ATR is defective  

 
We anticipated that ATR is an essential gene; ATR depletion leads to embryonic lethality, 

with embryos exhibiting severe chromosomal fragmentation (Brown and Baltimore, 2000; 

de Klein et al., 2000).  

Hypomorphic mutations of ATR instead are associated with a disorder referred to as Seckel 

Syndrome (OMIM 210600) (O'Driscoll et al., 2003). 

ATR Seckel syndrome, or microcephalic primordial dwarfism (also known as Bird-Headed 

Dwarfism, Harper's Syndrome, Virchow–Seckel Dwarfism and Bird-Headed Dwarf of 

Seckel) (Vardhan et al., 2007) is an extremely rare (<1:10 000 live births) congenital 

disorder, with autosomal recessive inheritance (Wyndrandt et al., 2008).  

ATR Seckel syndrome was first published by Helmut Paul George Seckel in 1960, who 

analyzed around 20 cases of the syndrome. The disease is characterized by intrauterine 

growth retardation and postnatal dwarfism with small head, narrow bird-like face with a 

beak-like nose, receding mandible and intellectual disability (Shanske et al., 1997). 

ATR Seckel syndrome-1 (SCKL1) is caused by homozygous or compound heterozygous 

mutation in the ATR gene on chromosome 3q23. Seckel syndrome is indeed subject to a 

high genetic heterogeneity, other forms of Seckel syndrome have been associated to 

mutations of genes involved in centrosome biogenesis and dynamics (CENPJ, CEP152, 

CEP63, NIN), in cell proliferation (RBBP8), in chromosome maintenance (NSMCE2) and 

also in the innate immune signaling (TRAIP). (Borglum et al., 2001; Qvist et al., 2011; 

Shaheen et al., 2014). 

The genetic heterogeneity of the syndrome is accompanied by a prominent diversity of the 

clinical features, apart from the main traits typical of this disorder, other symptoms include: 

• intellectual disability (more than half of the patients have an IQ below 50) 

• pancytopenia  

• cryptorchidism 

• low birth weight 

• dislocations of pelvis and elbow 

• unusually large eyes 

• low ears 

• small chin 

Due to its essential role in the organism, ATR functions in animals have been explored to a 

limited degree. More recently, researchers have employed sophisticated approaches to 
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down-regulate ATR-function in the mouse system thus providing novel insight into the 

consequences of ATR-deficiency at the organismal level (O’Driscoll et al., 2009). 

Oscar Fernandez Capetillo and colleagues created a ‘humanized’ ATR-knockdown mouse; 

as described in their publication, (Murga et al., Nature Genetics, 2009) they modelled the 

human ATR mutation (A2101G) causative of Seckel syndrome into the mouse germline. 

The Seckel syndrome A2101G ATR mutation is synonymous but significantly impairs the 

proper splicing of exons 8-10 via an as yet unknown mechanism, producing a premature stop 

codon (O’Driscoll et al., 2008).  

To recapitulate the splicing defect caused by ATR mutation, Murga and colleagues 

introduced the human genomic region containing these exons and their respective introns 

into the corresponding mouse locus (Figure 13). In fact, in a parallel study, Ragland et al. 

found that engineering the A2101G ATR-Seckel syndrome mutation alone into the 

equivalent residue in mouse ATR exon 9 did not impair the proper splicing of mouse ATR 

exons 8–10 (Ragland et al., 2009).  

Murga et al.’s approach recapitulated the splicing defect found in humans and obtained an 

animal that reproduced practically all the clinical features characteristic of Seckel syndrome, 

including the craniofacial abnormalities such as receding forehead and micrognathia, dental 

malocclusion, growth retardation and microcephaly (Murga et al., 2009) (Figure 14). 

Interestingly, ATRS mice die within six months of birth exhibiting cachexia and displaying 

a premature ageing phenotype with hair greying and osteoporosis (Ruzankina et al., 2007; 

Murga et al., 2009). Furthermore, the ATRS mice were not born at Mendelian frequency 

thus highlighting the requirement of optimal ATR function during embryonic development. 

One of the major benefits of this ‘humanized’ ATR-Seckel syndrome mouse model is that it 

allows the examination of the consequences of reduced ATR-function during embryonic 

development. 

In parallel, Eric Brown and colleagues constructed a tamoxifen-inducible ATR targeting 

system using Cre-technology to specifically down-regulate ATR expression in all tissues of 

the adult animal (Ruzankina et al., 2007).  A reduced ATR expression under these conditions 

resulted in a significant loss of tissue homeostasis, particularly in those tissues characterized 

by continuous regenerative cellular proliferation.  

This resulted in the rapid development of a progeroid syndrome phenotype associated with 

hair greying, alopecia and skeletal degeneration typified by kyphosis and osteoporosis, 
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similarly to what observed in Murga’s model. Interestingly, signs of cardiac deterioration 

consequent of premature aging, including development of interstitial fibrosis and 

cardiomyocytes’ size were also detected in the animals, indicating that sudden loss of ATR 

has an impact also on tissues which are not characterized by a high proliferative rate.  
 

When the ATRS mouse is compared to the adult conditional ATR knock-down model of 

Ruzankina et al. it is clear that the prominent clinical features of ATR-Seckel syndrome, 

particularly growth retardation and microcephaly, have an embryonic origin and further 

analysis has allowed Murga et al. to potentially explain why.  

They found spontaneously increased levels of gH2AX positive cells throughout the embryos, 

suggestive of elevated levels of DNA breakage (Murga et al., 2009).  

These findings were interpreted as loss of ATR function causing increased embryonic 

replicative stress, consistent with the known role of ATR in maintaining replication fork 

stability.  

Collectively, these studies imply that in the absence of optimal ATR activity, different 

cellular and tissutal factors may converge to result in the particular phenotype of the 

syndrome and highlight the importance of investigating ATR functions and regulation in the 

organism. 
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Figure 11 - Generation of a humanized allele of ATR Seckel Syndrome. (Image adapted from Murga et al., 

2009). a, Schematic representation of the strategy used to generate the mutant allele. The rearranged allele 

contains the genomic region encompassing human exons 8-10 (pink) inserted into the equivalent region of the 

murine ATR gene (red exons). The SS mutation is indicated in E9. b, Visualization of the location and sequence 

homology of the humanized ATR protein in the region encoded in E8-E10.  
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Figure 12 - ATRS mice recapitulate human Seckel syndrome phenotype. (Image adapted from Murga et 

al., 2009). (a–d) Representative pictures and weights of ATR+/+ and ATRS/S mice at 3 months of age (a, b) or 

at birth (c, d). (e) Picture of the heads of ATR+/+ and ATRS/S littermates. An outline is drawn to illustrate the 

protruding nose (red arrow) due to the receding forehead. (f) Computerized tomography of the heads of 

ATR+/+ and ATRS/S littermates illustrating the receding forehead and micrognathia. (g) MRI scans illustrating 

the AgCC (corpus callosum, 1) and the presence of cysts (2) in Seckel brains.  
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1.7.1 Linking ATR Seckel Syndrome and heart diseases  
 

Despite the clinical heterogeneity of ATR Seckel phenotype, cardiac anomalies have been 

described in only few cases of the syndrome; specifically, clinical reports describing ATR 

Seckel cardiac defects and anomalies are:  

 

- Fukuda et al., Seckel’s syndrome associated with atrial septal defect: a case report 

and review of the literature in Japan, 1991; 

- Ucar et al., Seckel syndrome associated with atrioventricular canal defect: a case 

report, 2004; 

- Can et al., A case of Seckel syndrome with Tetralogy of Fallot, 2010; 

- Chentli et al., Seckel’s-Like Syndrome with Primordial Dwarfism, Marked Mental 

Retardation, and Severe Heart Malformation, 2013; 

- Ramasamy et al., Seckel syndrome with sever Sinus Bradycardia, 2015. 

 

The reported abnormalities include atrial-ventricular defects, inter-ventricular 

communication defects and other malformations such as complex ductus arteriosus, Fallot’s 

tetralogy and atrial-septal defects (Can et al., 2010; Chentli et al., 2014).  

These types of heart malformations can be very severe, causing death before birth or 

immediately after, which probably explains the rarity of the described syndrome.  

The different cardiac manifestations of ATR Seckel syndrome require an early diagnosis as 

well as a deep investigation about the cellular and molecular mechanisms linking lack of 

ATR and the pathogenesis of heart diseases.  

Given the versatile role of ATR in cells and tissues, more than one hypothesis emerges to 

potentially explain the impact of the kinase on the cardiac system. 

As previously mentioned, presence and activation of DDR responses is observed not only in 

mitotic cells but also in post-mitotic cells, including cardiomyocytes (Siggens et al., 2012).  

Various types of DNA damage including DNA oxidation, SSBs and DSBs are observed in 

the failing hearts where they lead to impairments in cardiomyocytes function and structure. 

Activation of DDR plays an important role in cardiac remodeling after myocardial 

infarction, through induction of cardiomyocyte apoptosis (Higo et al., 2017) and it is also 

observed in cardiomyocytes of patients with end-stage and pressure-overload induced heart 

failure. (Sano et al., 2007).  

Taken all together, these observations suggest a strong impact of DNA damage in the 

pathophysiology of heart diseases; however, the exact type of DNA damage and of DDR 

components involved in the process remain partially unclear and it is currently unknown 
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whether and how cardiomyocytes integrate their physiological conditions with DNA damage 

and repair. 

More recently, another important player has been implicated in the maintenance of cardiac 

structure and function, the nuclear envelope (NE). NE is a double membrane bilayer, which 

compartmentalizes the nuclear environment from the cytoplasm and physically mediates the 

communication between the nuclear and cytoplasmic domains. NE is implicated in 

mechanotransduction signalling and gene expression, through interactions with the 

cytoskeleton and the chromatin. The involvement of the NE in the cardiac content has come 

from the discovery that a number of diseases, collectively termed as envelopathies, arise as 

a result of mutations in genes encoding for NE components and the fact that almost all these 

envelopathies are manifest with cardiac complications.  

Envelopathies vary in severity and tissue specificity. Cardiac abnormalities associated with 

NE mutations are clinically varied as well and include dilated (DCM) and hypertrophic 

cardiomyopathy (HCM). Often, these anomalies are present in combination with other 

muscle phenotypes, such as Emery-Dreifuss muscular dystrophy (EDMD) reflecting the 

major influence of NE perturbations on mechanical tissues. 

Discovered in 1994, the EMD gene that codes for emerin, was the first molecular etiology 

for X-linked Emery-Dreifuss Muscular Dystrophy (EDMD) (Cohn et al., 2000). At the time, 

several mutations affecting sarcolemmal proteins had been shown to be responsible for 

muscular dystrophies. However, emerin was also found to be embedded in the inner nuclear 

membrane (INM) (Burke et al., 2002).   

Since the discovery of the EMD gene, mutations in other genes encoding components of the 

INM or outer nuclear membranes (ONM), or the nuclear lamina covering the inner side of 

the nuclear envelope were found to be responsible for nuclear envelopathies. Surprisingly, 

most of these diseases are tissue-specific, affecting the skeletal muscle, heart, peripheral 

nerves, bone(s) or adipose tissue, whereas they are caused by mutations in ubiquitously 

expressed proteins. Mutations in LMNA, encoding lamins A and C, two main components 

of the nuclear lamina mediating the interactions with chromatin and gene expression 

regulators, lead to the initial hypothesis that the mutated nuclear lamina could be responsible 

for an alteration of the interactions between tissue-specific transcription factors. Since, 

mutations in nesprins and SUN proteins, transmembrane proteins forming a physical link 

between the nucleoskeleton and the cytoskeleton (LINC complex) suggest that nuclear 

envelope disorganization could mechanically lead to nuclear fragility, mis-response to 

mechano-transduction and aberrant signaling events. Thus, these kind of mutations have 
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been associated with cardiac phenotypes, characterized by a very peculiar co-existence of 

structural abnormalities and electrical instability. As a consequence, progressive dilated 

cardiomyopathy (DCM), atrioventricular conduction disorders and both atrial and 

ventricular tachyarrhythmias are commonly found in these patients, leading to severe heart 

failure (HF) or sudden cardiac death (SCD). As a result, the study of NE architecture and 

integrity has become increasingly relevant in the context of cardiomyocyte structure and 

function and for the study of NE-associated cardiac decline in these pathologies.   

Nowadays, several non-exclusive pathophysiological mechanisms have been proposed, 

none of them completely explaining the observed defects in patients. 

There are two hypotheses to explain why defects in the NE lead to cardiac cell dysfunction. 

The first suggests that mutations of NE proteins lead to structural changes that render cells 

more susceptible to mechanical stress (Worman and Courvalin 2004; Worman and Bonne 

2007). The second hypothesis suggests that mutations in NE proteins lead to abnormal 

cardiac gene expression (Worman and Courvalin 2004; Worman and Bonne 2007; Capell 

and Collins 2006). These hypotheses are not mutually exclusive and several observations 

have identified the deregulation of different cell signalling pathways as factors contributing 

to cardiac tissue organization and integrity.  
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1.8 ATR Seckel Syndrome and Cardiac disease: a matter of DNA? 
 

Mutations in genes encoding DNA repair proteins, such as ATR, are responsible for a wide 

spectrum of diseases mainly characterized by premature senescence, cancer predisposition 

and cardiovascular disorders.  

More recently, studies on DNA damage and DNA repair mechanisms have uncovered 

several connections with the immune system and in fact, mutations in genes involved in the 

DNA Damage Response (DDR) are shown to contribute to inflammatory diseases and 

aberrant immune responses (Li et al., 2016; Tang et al., 2016; Gaidt et al., 2017; Gulen et 

al., 2017; Larkin et al., 2017). 

In the current study, we aimed at addressing if and how lack of ATR could impact cardiac 

functionality and could contribute to development of cardiac inflammation.  

Our group has recently unravel a non-canonical role for ATR in maintaining the normal 

properties of the NE and in mediating a communication between the cytoplasm and the 

nuclear interior (chromatin/chromosomes). These observations, together with previous 

findings show that ATR is a giant HEAT repeat protein, ideal for sensing mechanical stress 

and it relocalizes at the NE following mechanical stress, thus suggesting that ATR might 

directly sense and transduce mechanical stress in general and at the NE (Kidiyoor et al., 

2016). 

A variety of nuclear defects owing to ATR depletion or inactivation are described, some of 

which are evident already in unchallenged cells; others become obvious when cells 

experience mechanical deformations. Although some of the nuclear defects likely represent 

a direct consequence of ATR inactivation/depletion, others may be related to long-term 

adaptive responses to limiting ATR (Kumar et al., 2014). 

It has been shown that ATR is critical also for the nuclear response to more severe 

mechanical challenges. ATR-defective cells fail to properly respond to compression and 

undergo extensive nuclear collapse characterized by NE ruptures. NE fragmentation under 

high level of mechanical stress exposes nuclear DNA into the cytoplasm, leading to 

activation of the cGAS-STING pathway (Bell et al., 2016) . The functional consequences of 

the ATR and cGAS connection remain unexplored but may hold relevant pathological 

implications, particularly in tissues undergoing mechanical stress. 

Since a proper cardiac morphology and functionality relies on both genome stability with an 

efficient DDR system as well as on NE integrity against mechanical forces and given that 
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ATR plays a key role in the maintenance of both (Kumar et al., 2014; Kidiyoor et al., 2020), 

we hypothesized that ATR and ATR Seckel mutation might have an impact and can 

contribute to the maintenance of cardiac function.  

The aim of this study is to characterize the relationship between DNA damage response 

protein ATR and its contributions to cardiac tissue functionality (Figure 15).  

The knowledge gained from understanding how the presence or absence of ATR impacts 

cardiomyocytes and vice versa may be translated into innovative therapies for a variety of 

human diseases, including the treatment of cardiac inflammation or senescence-associated 

diseases.   
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Figure 13 - Aim of the project: understanding the role of ATR in cardiac tissue and cardiomyocytes. 
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2. MATERIALS AND METHODS  

 
2.1 Animals  
 

ATRS ( ATRS/S) and control mice (ATR+/+, ATR+/S) were previously described in Murga et 

al., 2009. 

Mice were obtained from Oscar Capetillo laboratory. For each mouse model, heterozygous 

mice were crossed to obtain homozygous mutants (ATRS), heterozygous mice and wild-

type (WT) littermates. For both in-vivo and in-vitro studies, cells and tissues were isolated 

from a single mouse and counted as a single replicate.  

All data are based on at least two independently derived primary tissues or cell lines for each 

genotype.  

 

2.2 Genotyping 
 

Prior to each experimental procedure, ATRS ( ATRS/S) and control mice (ATR+/+, ATR+/S) 

genotype was determined through RT-PCR.  

Tail or ear tips from each animal has been used to extract DNA for genotyping and processed 

in tail lysis buffer (400µL) supplemented with 4µL of 10 mg/MI Proteinase over-night at 56 

degree.  

 

Tail lysis buffer: 

 

Tris HCL 1M pH 8.5 100 mL 

EDTA 0,5 M.              10 mL 

SDS 20%.                    40 mL 

MQ                              up to 1L 

 

 

After tails/ ears were completely dissolved, a quick-spin was given and supernatant was 

transferred to a new 1,5 mL Eppendorf tube.  

2.5 the volume of supernatant of 100% Isopropanol was added to each sample. After a further 

centrifugation step, supernatant was discarded and a DNA tiny pellet was let dry at RT for 

at least 1 hour. Once Isopropanol was completely evaporated, pellet was resuspended in 300 
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µL of MilliQ water and shacked at 50 degree for at least 30 minutes to obtain a fully 

resuspension of the pellet. 

 

 

 For each RT-PCR reaction, the number and amount of reagents (Promega) used was: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Each RT-PCR reaction has been set-up as follow: 

 

 

 

 

 

 

 

 

 

 

 

PCR products were then separated through an agarose gel run (2% gel). WT band 

corresponds to 330 bp, ATRS band to 500 bp compared to ladder.  

 

 

REAGENT 
Amount 

(µL) 

Water 11,65 

5x buffer 5 

25mm MgCl2 3 

25mm dNTPs 0,4 

10 µm primer 3'E8 1,25 

10µm primer 5'Neo 1,25 

10µm primer 5'Ln 7-8 1,25 

Taq (Flexi) 0,20 

Aliquot 24 

Add DNA 1 

 
Temperature Time 

1x 94°C 04:00 

35x 

94°C 00:45 

60°C 00:45 

72°C 00:45 

1x 72°C 10:00 

1x 4°C ∞ 
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2.3 Echocardiogram Analysis 

 

2.3.1 Experimental protocols 

In order to study the effects of ATR depletion on cardiac morphology and function, 

echocardiography was performed at different timepoints (1st month until 6th month, every 30 

days).  We performed the experiments in collaboration with Centro Cardiologico Monzino 

(Milan, Italy), that provided us the echocardiograph instrument and helped us with the 

analysis of the read-outs.  

Groups of 4 ATRS (ATRS/S) and 4 wild-type mice (ATR+/+, ATR+/S) were assessed at each 

timepoint.  

Mice were anesthetized by Isoflurane inhalation and secured on a heated pad (37°C), with 

sensor for heart rate (HR, expressed in beats per minute, bpm) and respiratory frequency 

monitoring. The level of anesthesia was adjusted at need to obtain a target HR of 450/580 

beats per minute (bpm).  

Left ventricular (LV) end-systolic and end-diastolic diameters (LVESD and LVEDD), LV 

end-systolic and end-diastolic volumes (LVESV and LVEDV), LV ejection fraction 

percentage (EF), LV fractional shortening percentage (FS), HR, LV outflow tract (LVOT) 

area and velocity time integral by pulsed wave doppler (VTI), were assessed in all mice by 

echocardiographic high resolution imaging (Vevo3100, VisualSonics, Toronto, Canada) 

with MX550D linear array transducer at 32-55 MHz (Centre Transmit: 40 MHz Axial 

Resolution: 40µm). 

The parameters FS, EF and CO are calculated as follows: 

 

𝐹𝑆% =
𝐿𝑉𝐸𝐷𝐷 − 𝐿𝑉𝐸𝑆𝐷

𝐿𝑉𝐸𝐷𝐷 	∗ 100 

𝐸𝐹% =
𝐿𝑉𝐸𝐷𝑉 − 𝐿𝑉𝐸𝑆𝑉

𝐿𝑉𝐸𝐷𝑉 	∗ 100 

𝐶𝑂 = 𝐿𝑉𝑂𝑇	𝑎𝑟𝑒𝑎	 ∗ 	𝑉𝑇𝐼	 ∗ 	𝐻𝑅 
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By positioning mice in the left lateral decubitus, a parasternal short-axis view was obtained 

for LV M-mode imaging at the papillary muscle level. In this context LV chamber 

dimensions were determined. End-diastolic and end-systolic measurements were obtained at 

the time of maximal internal chamber dimensions and at the minimal internal chamber 

dimensions, respectively.  

By positioning mice in right parasternal position, a parasternal long-axis view was obtained 

to measure LVOT area the VTI across LVOT tract. 

All measurements were averaged from a minimum of three cycles of diastole and systole 

corresponding to the electrocardiogram.  

Data and images were analyzed using the VisualSonics Cardiac Measurements Package by 

a blinded investigator. Due to the different body size of the ATRS/S respect to the ATR+/+, 

ATR+/S siblings, data were normalized on body weight. At the end of the experiment, the 

animals were removed from the heated pad, placed in a heated cage for recovery and 

observed until awakening.      

 

2.3.2 Body and heart weight comparison 

Before each echocardiographic session, mice were weighed to monitor body weight 

differences between experimental groups. To assess differences in cardiac size and cardiac 

morphometric parameters, mice for each experimental group were euthanized at 1 month 

and 6 months of age, every 30 days. Hearts were then explanted, weighed and used for 

morphometric comparison (LV wall thickness determination) or immunostaining.  

 

2.3.3 Anesthetics 
 

Isoflurane anesthesia was administered with the use of a vaporizer. For each mouse, 

isoflurane induction was performed over a 1-min period in an isolation chamber at a 

concentration of 5.0% Isoflurane in 100% O2. Thereafter, a steady-state sedation level was 

maintained throughout the procedure by placing the mouse snout within a cone connected 

to the anesthesia system, delivering 0.5 % to 1.5% isoflurane mixed with 0.5 L/min 100% 

O2. A toe or tail pinch was performed to confirm sedation. All mice within each 

echocardiography time-point were studied at the same time of the day within a 6 hours period 

of time. 
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2.3.4 Statistical analysis 
 

Data are averaged and reported as means ± SEM unless otherwise stated. Comparisons of 

the two groups were made by Student's unpaired t-tests. Results were considered statistically 

significant in all analyses at P < 0.05. 

 

2.4 Cardiac Tissue collection and processing 
 

All procedures involving animals were previously approved by the appropriate animal use 

and care body of our Institute (IFOM-OPBA). 

Animals were exposed to CO₂ until complete cessation of breathing was observed for a 

minimum of 2 minutes (a total of approximately 5 to 10 minutes was usually required). 

Visually inspect of the animals for the absence of movement and respiration was done too. 

Heart biopsies were obtained surgically by quickly opening the chest through a midline skin 

incision, from mid abdomen to the jaw, then entering the peritoneum with the large scissors, 

clearing the diaphragm by blunt dissection and cutting away the rib cage using the scissors 

with cuts up to the chest wall on the lateral aspect of both sides. Fibrous connections between 

the heart and chest wall was snipped away and the rib cage was removed. Using the small 

forceps and scissors, heart was gently lifted by the apex and veins were cut until heart was 

free to be removed. 

Heart has been quickly washed in autoclaved 1X PBS and placed in 10% buffered Formalin 

for fixation.  

 

2.5 Immunohistochemistry and immunofluorescence staining  

 
Cardiac tissues were fixed in 10% PBS-buffered formalin then dehydrated and embedded in 

paraffin at postnatal day 7, day 30 and at 6 months of age.  

For general immunohistochemistry analysis, tissues were sectioned, mounted on coverslips 

using Eukitt (Bio-Optica) and stained with Hematoxylin and Eosin (HE) (Diapath) and 

Masson’s Trichrome kit (Diapath) following the respective suggested kit protocols. Antigen 

retrieval was carried out using pre-heated target retrieval solution for 35 minutes at RT. 

Tissue sections were blocked with FBS serum in 1X PBS for 60 mins at RT and incubated 

overnight with primary antibodies. 
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Antibodies used for IHC and IF tissue staining: 

• Anti-CD45 Rabbit Polyclonal Antibody anti Mouse Human Cod. ab10558 1:500 Abcam 

• Anti- Lamin A+C Rabbit Monoclonal Antibody (Clone EPR4068) Cod. ab108922 1:100 

Abcam 

• Anti- Iba1 Rabbit Polyclonal Antibody anti Mouse, Human Cod. ab33168 1:100 Abcam 

• Anti- Alpha-SMA Mouse Monoclonal Antibody (Clone 1°4/asm-1) Cod. CM 001 

concentrated 1:500 BioCare 

• Anti- STING Rabbit Monoclonal Antibody (Clone D2P2F) Cod. #13647 Cell Signaling 

1:50  

• Anti-CD3 Rabbit Polyclonal Antibody anti Mouse, Human Cod. ab5690 1:100 Abcam 

• Anti- Ki67 Rabbit Polyclonal Antibody anti Mouse Human Cod. ab15580 1:1000 Abcam 

• Anti- 53BP1 Rabbit Polyclonal Antibody anti Mouse, Human Cod. NB100-304   1:1000 

Novus  

• Anti-Mus81 orb185337 Rabbit Polyclonal 1:1000 

• Anti-pP38 MAPK ab4822 Rabbit Polyclonal 1:1000 Abcam 

• Anti-cTnT ab4822 Rabbit Polyclonal 1:500 Abcam 

• Anti-STING/TMEM173 Antibody (NBP2-24683), Rabbit Polyclonal, Novus 

Biologicals, 1:400 

• Anti-DNA Antibody, double stranded, mouse monoclonal, clone AE-2, Cod: MAB1293, 

Sigma-Aldrich, 1:400 

• Anti-gamma H2A.X (phospho-S139) Rabbit polyclonal antibody (ab11174), Abcam, 

1:500 

• Anti Iba1, Rabbit polyclonal (for Paraffin Section) Cod:013-27691, 1:500 

• Anti-Cardiac Troponin-T antibody [1F11], Mouse monoclonal (ab10214), Abcam, 1:4 

• Anti-MUS81 rabbit polyclonal antibody, Biorbyt, cod: orb185337, 1:500 

• Mm IL-6 RNA scope Probe Cod. 315891 

• Mm IL-8 RNA scope Probe Cod. 409101 

• Mm UBC RNA scope Probe Cod. 310771 

• Mm IFNb1 RNA scope Probe Cod. 406531 

Antibody binding was detected using a Polymer-Detection Kit (GAR-HRP, Microtech) 

followed by a Diaminobenzidine Chromogen Reaction (Peroxidase substrate kit, DAB, SK-

4100; Vector Lab).  All sections were counterstained with Mayer's Hematoxylin and 

visualized using a bright-field microscope.  
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Immunofluorescent signals were visualized by fluorophore-conjugated secondary antibody, 

counterstained with DAPI (VectaShield) and further analysed by confocal or brightfield 

microscope.  

To perform PLA assay, we took advantage of the Duolink® PLA Brightfield kit (Sigma) and 

of the protocol provided by the company which describes the use of Duolink® PLA reagents 

for the brightfield detection, visualization, and quantification of protein interactions in tissue.  

 

2.5.1 Image acquisition 

Mounted cardiac muscle sections were imaged with a BX63 Motorized Upright Microscope 

or with a Leica TCS SP2 inverted AOBS. Images were collected using 20X air, 40X air and 

63X oil-immersion (NA = 1.4) objectives.  

 

2.5.2 Image analysis  
Image sequences were analyzed using ZEN (Zeiss), ImageJ, or MATLAB (Mathworks) 

using only linear adjustments uniformly applied to the entire image region. Region of interest 

intensities were extracted using ZEN or ImageJ. To quantify cell area and myofibers, 

confocal image Z-stacks were reconstructed and displayed as maximum intensity 

projections. 

 

2.5.3 Statistical Analysis 

 
Unless otherwise noted, the results were obtained from at least three independent 

experiments and in-vivo data were taken from at least 2 animals per genotype. For data with 

normal distribution, we used either student’s T-tests (comparing two groups) or one-way 

ANOVA (for experiments with more than two groups) with post-hoc tests. When multiple 

comparisons were made, we adjusted the significance level using Bonferroni corrections. 

All tests were performed using GraphPad Prism. Unless otherwise noted, * denotes p ≤ 0.05, 

** denotes p ≤ 0.01, and *** denotes p ≤ 0.001. Unless otherwise indicated, error bars 

represent the standard error of the mean (SEM). 

 

2.6 Tissue lysate preparation for Western Blot 

The following protocol was used to prepare whole cell extracts from cardiac biopsies of mice 

of 7 days, 30 days and 6-months old age: 
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• Organs were placed in conical tube or microfuge tube with screw cap. (For large organs 

1/4 sections were cut) 

• Lysis buffer prepared at room temperature was added (10% (w/v) SDS, 100 mM TRIS, 

10 mM EDTA, pH 8.0. Dilute to 1X with dH2O before use)  

•  Lysis buffer volume was added based upon desired concentration, which was based on 

the estimated mass. Samples were kept at room temperature 

• Samples were sonicated in 5-20 second intervals until buffer was clear and could be 

easily pipetted without clogging 

• Samples were heated at 95oC for 10 minutes and cooled to room temperature 

• Lysates were centrifuged (1800 x g for 5 minutes) to pellet cell debris 

• Steps 1-3 were repeated if debris was present.  

• Lysates were placed in fresh conical or microfuge tube and stored 

 

2.6.1 BCA protein quantification 
Whole tissue protein extracts were quantified using the PierceTM BCA Protein Assay Kit 

(Thermo Scientific). The procedure is described on the online guide for the users. 

 

2.7 RNA extraction and RT-qPCR protocols 
 

In order to extract RNA from snap-frozen cardiac biopsies, we used Maxwell® RSC simply-

RNA Tissue Kit from Promega. 

 

Sample Preparation: 

1. Tissues have been homogenized in the chilled 1-Thioglycerol/Homogenization Solution 

until no visible tissue fragments remain. The final volume of the homogenate added to the 

cartridge should be 200μl. Add 1-Thioglycerol/Homogenization Solution as needed to bring 

samples to a final volume of 200μl. 

2. Optional: RNA yield from larger amounts of some tissues may be increased by heating 

homogenates at 70°C for 2 minutes, then allowing homogenates to cool (approximately 1 

minute) before proceeding to Step 3. This is recommended for 10mg or more of liver tissue. 

3. Shortly before processing samples on the Maxwell® Instrument, 200μl of Lysis Buffer 

were added (Part# MC501C) to 200μl of homogenate. The mix was mixed vigorously for 15 
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seconds, then 400μl of it was transferred to well #1 (the largest well) of the Maxwell® RSC 

Cartridge. 

4.5μl of DNase I Solution was added to well #4 (yellow reagent). When using more than 

5mg of tissues with high DNA content (e.g., liver or spleen), 10μl of DNase I Solution were 

added to well #4. After adding the blue DNase I Solution, the reagent in well #4 will be 

green.  

 

Maxwell® Automated RNA Purification: Cartridge Preparation 

1. The cartridge to be used is placed in the deck tray with well #1 (the largest well) facing 

away from the elution tube. 

3. Plungers were placed in well #8 of each cartridge. Well #8 is the well closest to the elution 

tube. 

4. 0.5ml Elution Tubes were placed in the front of the Deck Tray. Add 50μl of Nuclease-

Free Water to the bottom of each Elution Tube. 

 

Purified RNA concentrations were analyzed with Nanodrop. The recommended procedure 

is the following: 

1. Bring RNA samples as well as the water used to elute them on ice to the 

spectrophotometer 

2. Wash the sample reader with molecular grade water and dry with a Kim Wipe 

3. Following the software’s instructions, load 2 µL of elution water (blank) and initialize 

the system 

4. Change the computer’s setting to RNA and click the blank button 

5. Load 2 µL of sample and click the measure button 

6. After the read is complete, record the A260/A280 and A260/A230 ratios as well as the 

amount of RNA recovered (in ng/µL) 

7. Wipe the sample reader with a clean, dry Kim Wipe between samples and repeat steps 

5. 

cDNA synthesis has been performed using Superscript™ VILO™ Master Mix (Invitrogen) 

following the protocol provided by the company.  

1. For a single reaction, combine the following components in a sterile PCR tube or plate 

well on ice.  

Component Volume 
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SuperScript™ VILO™ MasterMix 4 μL 

DEPC treated water to 20 μL 

RNA (up to 2.5 μg) X μL 

2. Gently mix and incubate at 25°C for 10 minutes. 

3. Incubate at 42°C for 60 minutes. 

4. Terminate the reaction at 85°C for 5 minutes. 

5. Use the diluted or undiluted cDNA in qPCR or store at –20°C. 

Target genes and relative primers were designed and obtained from Eurofins.  

• IL6 5’-GTTCTCTGGGAAATCGTGGA-3’ 

• IL8 5’-ATGGCTGCTCAAGGCTGGTC-3’ 

• IRF3 5’-ATTGCTGCAGACCATGGAAACCCCGAAACC-3’ 

• GAPDH 5’-ATGGTGAAGGTCGGTGTGAAC-3’ 

• IL6 Reverse GGATGGGTTAAAGGTTACG 

• IL8 Reverse TATCACAACTCGTACTTTTCGGA 

• IRF3 Reverse GGTCCGGTGACCTTTATAGACTAGATCTTCGA 

• GAPDH Reverse CGCTCTGGGGTGATTGTAGTT 

For RT-qPCR Light Cycler® 480 SYBR Green I Master from Roche Life Science was used. 

Each reaction was set up as follow: 

 

qPCR 
 

1 
 

MQ 3 

Primer 1 1 

Primer 2 1 

Master Mix 10 

Tot. Volume 15 

+ 
 

cDNA 5 

Tot. Vol. per reaction 20 
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Gene expression was analyzed considering the mean Cq value of loaded duplicates. Each 

Cq value was obtained by at least 3 different experiments (n=3). 

 

2.8 Cell Culture 

 

2.8.1 Human iPSCs-derived Cardiomyocytes maintenance and 

differentiation  

 
(Protocol adapted from Batalov et al., 2015) 
Human-iPS Cells were plated on Matrigel hESC-coated plates. hiPS cells were split into 1:2 

- 1:4, in medium supplemented with mTeSR + Y27632 (10uM).  

Differentiation started when cells were at 70-80% of confluence. Medium as replaced with 

RPMI supplemented with Glutamine (2mM), Na Pyruvate (100 mM), B27 w/o Insulin (100 

mM) and CHIR99021 (10µM).  

After 24 hours, media was again replaced with RPMI supplemented with Glutamine (2mM), 

Na-Pyruvate (100 mM) and B27 w/o Insulin (100 mM). On day 3 of the differentiation 

process, IWP-2 inhibitor is added (5uM). On day 7 of differentiation process, media was 

replaced with RPMI supplemented with Glutamine (2mM), Na-Pyruvate (100mM) and B27 

with insulin (100 mM). Medium was changed regularly at day 10, 13, 16 and 19 using the 

same composition.  

 

 

 

 

 

 

 

 

 

 

 

Detailed hiPSCs-derived Cardiomyocytes maintenance and differentiation protocol: 

  Dilution Stock 

Final 

Concentration 

RPMI   
 

  

Glutamine 1:100 200mM 2mM 

NaPyruvate 1:100 10M 100mM 

B27 w/o Insulin 50x - - 

CHIR99021 1:1000 10mM 10uM 

Geltrex 1:100 / / 
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Day1. Full medium change with: 

 

  Dilution Stock 

Final 

Concentration 

RPMI   1%   

Glutamine 1:100 200mM 2mM 

NaPyruvate 1:100 10M 100mM 

B27 w/o Insulin 50x - - 

Geltrex 1:100 / / 

 

Day3. Addition of IWP-2 inhibitor.  

 

Combined medium was prepared by replacing 2mL of old medium from each well with 2 

mL of the following medium: 

 

 
Dilution Stock 

Final 

Concentration 

RPMI 
 

1% 
 

Glutamine 1:100 200mM 2mM 

NaPyruvate 1:100 10M 100mM 

B27 w/o Insulin 50x - - 

IWP-2 1:1000 5mM 5uM 

Geltrex 1:100 / / 

 

Day5. Medium replaced with: 

 

  Dilution Stock 

Final 

Concentration 

RPMI 
 

1% 
 

Glutamine 1:100 200mM 2mM 

NaPyruvate 1:100 10M 100mM 

B27 w/o Insulin 50x - - 

 

Day7. Medium replaced with: 
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  Dilution Stock 

Final 

Concentration 

RPMI   1%   

Glutamine 1:100 200mM 2mM 

NaPyruvate 1:100 10M 100mM 

B27 50x - - 

 

 

Full medium changed at day 10, 13, 16 and 19 following day 7 media composition. 

 

Reagents: 

 

REAGENT CAT. N. SOURCE 

B27 Supplement 50x 17504-044 GIBCO-Thermo Scientific 

B27 w/o INSULIN A18956-01 GIBCO 

IWP-2 3533 TOCRIS 

Geltrex A14132-02 GIBCO-Thermo Scientific 

CHIR99021 

130-103-

926 Miltenyi 

mTESR 85852 STEMCELL 

Matrigel hES-qualified 354277 CORNING 

Y27632 1254 TOCRIS 

RPMI 12-167F Lonza 

Glut ECB3000D Euroclone 

Na Pyr L0642-100 Biowest 

 

 

 

2.8.2 hiPSC-CMs harvest and dissociation 

On the day of assay, CMs were harvested and dissociated to single cells by an 8-minute 

treatment with Cell Dissociation solution (40% Gentle Cell dissociation Buffer, 40% RPMI 

media, 20% trypsin-EDTA). Following dissociation, 1 mL media with serum was added and 
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the CMs were dissociated to single cells. According to the assay to be performed, CMs are 

re-plated onto fibronectin-coated wells or coverslips.  

 

2.8.3 Lipofectamine transfection 

 
The following protocol was used for the transient transfection of DNA plasmids into Human 

iPSCs-derived Cardiomyocytes. 

The following protocol is valid for one cell culture plate of 10 cm diameter: 

 

• Cells were plated in order to get 60-80% confluency at the day of transfection 

• Media was removed 

• Cells were washed once with 1X PBS 

• 4ml of Opti-MEM media was added to the cells 

• A 1.5ml Eppendorf tubes with 500μl of Opti-MEM was prepared 

• 6μl of Lipo2000 was added in one vial and 2μg of plasmid was added in the 

second vial. Solutions were incubated for 5 minutes at RT 

• DNA solution was added dropwise to the Lipo2000 vial and mixed well 

• Solution was incubated for 25 minutes at RT 

• Total volume of the transfection solution (1mL) was added dropwise to the cells 

and incubated at 37°C for 4-6 hours.  

• Opti-MEM medium was removed and normal medium added  

• 24 hours after, the efficiency of transfection was checked by 

Immunofluorescence 

• 24-72 hours after transfection cells were used for the experiments 

 

Reagents used: 

- Lipo2000: lipofectamine 2000 Life Technologies 11668-019 

- Opti-MEM: OPTIMEM-I w/Glutamax Life Technologies 51985-042 

 

 

2.8.4 Lentiviral transduction 
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This protocol was used to obtain long-term knockdown of Mus81 in Human iPSCs-derived 

Cardiomyocytes through the stable integration of DNA constructs encoding shRNA 

targeting the MUS81 gene. 

All the procedures were performed in Virus rooms of safety level II. 

The following protocol is valid for one cell culture plate of 10 cm diameter: 

 

Day1 (Lentiviral Packaging) 

 

• Plate HEK293T cells in a 10cm plate at 5x 106 cells/plate 

• HEK239T calcium phosphate transfection reagents used: 

 

§ ENV (VSV-G) 2.8μg 

§ pMDL (gag&pol) 5μg 

§ REV 2.5μg 

§ Lentiviral vector 10μg 

§ CaCl2 2M 62.4μg 

§ 0.1x TE (pH 8) sterile up to 500μl 

 

• All the transfection reagents were mixed and added into 500μL of 2xHBS. 

Solution was incubated up to 5 minutes at RT 

• Solution was added dropwise to the medium (1mL/plate) and left overnight at 

37°C. 

• Target cells (Human iPSCs-derived Cardiomyocytes) were plated to reach 30% 

confluency the day of infection. 

 

Day2 (Virus Concentration) 

 

• 293T transfection medium was replaced with 5.5mL of fresh medium. 

 

Day3 (Infection of Target Cells) 

 

• Viral supernatant was filtered using a 0.45μm filters 

• Polybrene was added to the medium (8μg/ml) 

• Target cells were infected with 5ml per 10cm plate of viral supernatant. 
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• Cells were incubated for 24 hours at 37°C and then viral supernatant was replaced 

with normal medium 

Day5 

• Puromycin selection (Puromycin 1μg/ml) was added 

 

Successfully infected cells were selected with puromycin for 2 days, the efficiency of 

MUS81 knockdown was assayed by western blot. For the whole duration of the experiments 

the cells were cultured under puromycin selection. 

 

Mus81 knock-down reagents used: 

- MUS81 shRNA Plasmid (h): sc40751-SH Santa Cruz Biotechnology 

- Plasmid Transfection Reagent: sc108061 Santa Cruz Biotechnology  

 

For optimal transfection, we followed the kit suggested protocol. 

 

2.8.5 Imaging of fixed samples 
 

For immunofluorescence analysis, cardiomyocytes were plated on fibronectin-coated 

coverslips, the day of the experiment cells were washed with 1X PBS for 5 minutes and then 

fixed with 4% formaldehyde (15 minutes at RT) or with 100% ice-cold Methanol (10 

minutes, -20). 

After fixation cells were washed three times with 1X PBS (10 minutes/wash), and 

permeabilized with 0.5% TritonX-100 PBS (5 minutes at RT).  

Blocking was done after permeabilization by incubating the cells with 3% BSA 0.1% TX-

100 PBS for one hour. 

Primary antibody incubation was done using the appropriate antibody diluted in blocking 

buffer (2 hours at RT), followed by three washes in 1X PBS (10 minutes each).  

Species-specific secondary antibodies were added to samples and incubated (1 hour, RT), 

followed by three washes with 1X PBS. Samples were mounted on coverslips with mounting 

medium containing DAPI (VectaShield). 

 

Antibodies used for immunofluorescences: 

 

• Anti-ATR #2790 Rabbit Polyclonal, Cell Signalling, 1:500 

• Anti-phospho-ATR (Ser428) Rabbit Polyclonal, Abcam, 1:500 
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• Anti-STING/TMEM173 NBP2-24683 Rabbit Polyclonal 1:1000 

• Anti- cGAS NBP1-86761 Rabbit Polyclonal 1:1000 

• Anti- gH2AX (pS139) ab11174 Rabbit Polyclonal 1:1000 

• Anti-53BP1 ab36823 Rabbit Polyclonal 1:1000 

• Anti-MUS81 orb185337 Rabbit Polyclonal 1:1000 

• Anti-Ki67 PA5-19462 Rabbit Polyclonal 1:2000 

• Anti-cTnT ab4822 Rabbit Polyclonal, Abcam, 1:500 

• Anti-STING/TMEM173 Antibody (NBP2-24683), Rabbit Polyclonal, Novus 

Biologicals, 1:400 

• Anti-DNA Antibody, double stranded, mouse monoclonal, clone AE-2, Cod: 

MAB1293, Sigma-Aldrich, 1:400 

 

2.8.6 Image acquisition 

 

Mounted cells on coverslips were imaged with a Leica TCS SP2 AOBS inverted. Images 

were collected using 20X air, 40X air and 63X oil-immersion (NA = 1.4) objectives.  

We mention our active collaboration with Prof. Claudio Tripodo group from University of 

Palermo (Italy) who helped us with both the in-situ hybridization and the Proximity 

Ligation Assay. 

 

2.8.7 Image analysis 

 
Image sequences were analyzed using ZEN (Zeiss), ImageJ, or MATLAB (Mathworks) 

using only linear adjustments uniformly applied to the entire image region. Region of interest 

intensities were extracted using ZEN or ImageJ. To quantify cell area and myofiber, confocal 

image stacks were dimensionally reconstructed and displayed as maximum intensity 

projections. 

 

2.8.8 Cell lysate preparation for Western Blot 
 

Protocol used to prepare whole cell protein extracts from a 10cm culture plate of Human 

iPSCs-derived Cardiomyocytes: 

 

- Remove the culture medium 
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- Wash once with 1X sterile PBS  

- Add 400μl of lysis buffer to each plate 

- Proceed with cell scraping to remove the cells from the plate and mix them in the lysis 

buffer 

- Collect the solution of cell and lysis buffer in 1.5ml Eppendorf tube 

- Store the tubes on ice for 30 minutes/ 1 hour 

- Centrifuge at maximum speed for 30 minutes at 4°C 

- Transfer the supernatant in a new Eppendorf tube 

- Add 1X Laemmli buffer  

- Boil the samples at 95°C for 10 minutes 

- Store the samples at -20°C 

 

Cell lysis buffer composition: 

 

• Tris-HCl pH 8.0 50mM 

• MgCl2 1mM 

• NaCl 200mM 

• CaCl2 1mM 

• Glycerol 10% 

• NP-40 1% 

• Protease Inhibitors 1:100 (Complete Inhibitors, Roche) 

• Phosphatase Inhibitors 1:200 (Phosphatase Inhibitor Cocktail 2, Sigma) 

 

 

Laemmli 1X buffer composition: 

 

• Tris-HCl pH 6.8 50mM 

• SDS 2% 

• Glycerol 10% 

• β−mercaptoethanol 0.1% 

• Bromophenol blue 0.0005% 
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2.9 Western Blot 
 

Proteins were separated by SDS-page electrophoresis using polyacrylamide precast gels 

(Bio-Rad). The % of acrylamide was chosen according to the protein mass. Proteins were 

separated through an SDS-PAGE running buffer then transferred on a nitrocellulose 

membrane of 0.2 μm (protein with a molecular weight< 100 kDa) or 0.45 μm pore sizes 

(proteins of higher molecular weight). For gradient precast gels a membrane of 0.45μm was 

chosen. 

The transfer was carried for 1 hour at 100V in cold room using wet/tank blotting systems 

(Bio-Rad). The transfer buffer (Glycin 1%, Tris-HCl 0.02 M) was prepared with methanol 

10% for large proteins or 20% for smaller proteins. After the transfer the nitrocellulose 

membrane was coloured with Ponceau S staining solution (Ponceau S 1gr, acetic acid 50 ml, 

up to 1000 ml ddH2O) to allow the visualization of the total protein extracts and to check 

the quality of the transfer. The Ponceau staining was removed washing the membrane with 

washing buffer PBST (0.2% Tween 20 PBS).  

Blocking was performed overnight (or 1-hour RT at least) with 5% milk in PBST. After 

blocking, the primary antibody diluted in 5% milk PBST was added for 3 hours at RT or 

overnight at 4 degrees, then washed with PBST for three times (10 minutes each) to remove 

the excess of antibody. The horseradish peroxidase-conjugated secondary antibody diluted 

in 5% milk PBST was added for 1 hour followed by 3X PBST washes of 10 minutes.  

Proteins were visualized using SuperSignal West Dura Extended Duration Substrate 

(Thermo Scientific). SuperSignal West Femto Chemiluminescent Substrate (Thermo 

Scientific) was used in case of weak signals. The signal was developed using ChemiDoc 

(Bio-Rad, Molecular Imager ChemiDoc XRS+). Imagelab volume tool was used for the 

quantification of the signal. 

 

Primary antibodies used: 

 

• Anti-ATR #2790 Rabbit Polyclonal 1:500 

• Anti-phospho ATR (Ser428) Rabbit Polyclonal 1:500 

• Anti-STING/TMEM173 NBP2-24683 Rabbit Polyclonal 1:1000 

• Anti- cGAS NBP1-86761 Rabbit Polyclonal 1:1000 

• Anti- gH2AX (pS139) ab11174 Rabbit Polyclonal 1:1000 

• Anti-53BP1 ab36823 Rabbit Polyclonal 1:1000 

• Anti-Mus81 orb185337 Rabbit Polyclonal 1:1000 
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• Anti-Ki67 PA5-19462 Rabbit Polyclonal 1:2000 

• Anti-gamma Tubulin ab16504 Rabbit Polyclonal 1:5000 

• Anti-Histone H3 Loading Control ab1791 Rabbit Polyclonal 1:5000 

• Anti-pP38 MAPK ab4822 Rabbit Polyclonal 1:1000 

• Anti-IRF-3 (D83B9) Rabbit mAb #4302, 1:1000 

 

Secondary antibodies used: 

 

• Anti-mouse, Goat polyclonal (Bio-rad #170-6516) IgG-HRP (H+L), 1:10000 

• Anti-rabbit Goat polyclonal (Bio-rad #170-6515) IgG-HRP (H+L), 1:10000 

 

 

BCA protein quantification: 
 

Whole cell protein extracts were quantified using the PierceTM BCA Protein Assay Kit 

(Thermo Scientific). The procedure is described on the online guide for the users. 

 

2.9.1 Beating Rate Analysis 
 

Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes were cultured in a 6-

well plate until a synchronously beating layer formed (minimum 15 days after completing 

differentiation process). Cells were then treated with either DMSO (1 µM) or ATR inhibitor 

VE821 (10 µM) for a total of 48 hours and assessed for compound effects on beating and 

viability. 

 

Live cell imaging acquisitions of beating cardiomyocytes were performed on an UltraVIEW 

VoX Spinning-Disk Confocal System (PerkinElmer) equipped with an EclipseTi inverted 

microscope (Nikon) provided with a Nikon Perfect Focus System and a Hamamatsu CCD 

camera (C9100-50) and driven by Volocity software (Improvision; Perkin Elmer). All 

images were acquired through a NIKON Plan Apo 20x (NA 0.75) and cells were maintained 

in an environmental chamber at 37°C in a 5% CO2 atmosphere. 

 

Videos of the beating hiPSC-CMs were recorded every 5 minutes for 48 hours, 24 optical 

sections were acquired in bright-field and were analyzed with ImageJ Software.  
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2.10 Reagents, in-vivo and in-vitro models 

 
• Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes were 

provided by IFOM, Cell Culture Facility.  

• ATRS ( ATRS/S) and control mice (ATR+/+, ATR+/S) models have been previously 

described (Murga et al., 2009) and were obtained from Oscar Capetillo laboratory. 

• To inhibit ATR, cardiomyocytes were treated with: 

 

- VE821 Selleckchem S8007 

- AZ-20 Tocris 5198 

- DMSO Sigma Aldrich D2650  
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3. RESULTS 
 

The aim of this study is to investigate the contribution of ATR in the maintenance of cardiac 

morphology and functionality and the consequences of ATR loss in cardiomyocytes. 

As pointed out in the introduction (Chapter 2), several observations highlight a connection 

between genes encoding DNA repair proteins and inflammatory responses. Given the role 

of ATR in the maintenance of genome stability and taking into consideration the multiple 

roles that ATR performs inside the cell and particularly at the nuclear envelope where it 

preserves nuclear structure and integrity (Kumar et al., 2014; Kidiyoor et al., 2016; Kidiyoor 

et al., unpublished), we decided to analyze ATR contribution in a Seckel mouse model. Since 

ATR defective cells accumulate DNA damage as well as major nuclear defects, including 

nuclear invaginations, micronuclei and nuclear envelope ruptures, here we explored how 

these phenomena lead to mis-localization of damaged self-DNA from cardiomyocytes nuclei 

to the cytoplasm and to consequent inflammation at the cardiac level through STING. 

By combining in-vivo and in-vitro analysis, we aimed at elucidating the mechanisms behind 

DNA damage and the induction of cardiac immune-regulatory cytokines and molecules. 

 

 

3.1 ATRS myocardium presents major morphological defects 
 

For this study, we took advantage of a humanized ATR Seckel (ATRS) mouse model 

developed by Capetillo and colleagues (Murga et al., 2009) which recapitulates all the 

clinical features of Seckel syndrome, including growth retardation, microcephaly, 

craniofacial abnormalities such as receding forehead and micrognathia, and premature aging. 

ATRS mice were born at a  sub-mendelian ratio: (ATR+/+ =33%, ATR+/S =56%, ATRS/S 

=11%) and presented a reduced growth and severe dwarfism already noticeable at birth 

(Figure 16 A). 

ATRS cells carry a splicing defect of the humanized transcript at the E8-E10 region of ATR 

gene (Murga et al., 2009) with consequent severe ablation of ATR protein to levels 

comparable with those found in cells from ATR Seckel patients. 

We analyzed the genotype of the animals by PCR and Western Blot before proceeding with 

each experimental procedure (Figure 16 B). 

For the aim of our study, we monitored the progression of an eventual age-related phenotype 

of ATRS mice, specifically at 7 days after birth (P7), 1 month after birth (P30) and 6 months 

of age (6 m.o.). 
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To examine the role of ATR in heart morphology and structure, we started by monitoring 

body weight (BW) and heart weight (HW) of the animals at the different time-points; body 

weight of age-matched WT and ATRS mice was significantly different but remained 

proportional to the reduced size of the mutant animals. Interestingly, the HW difference 

between the groups revealed a progressive increase in the mutant animals’ hearts (Figure 16 

C). 

As a result, the HW/BW ratio increased in ATRS mice, particularly at 1 and 6 months of age 

(Figure 16 D). 

Since the HW/BW ratio is an index of cardiac hypertrophy (Hein et al., 1995), we 

hypothesized that its increase in ATRS mice might arise from ATR deficiency, progressively 

affecting heart morphology and function. 

In line with the observed larger size of ATRS hearts, longitudinal sections of heart biopsies 

stained with Hematoxylin/Eosin revealed significant differences in cardiac wall thickness, 

particularly related to the left ventricle (Figure 16 E-F). 

The left ventricular (LV) wall thickness is an important and routinely measured cardiologic 

parameter and the increase we observed in ATRS positively correlates with the increase in 

the total HW (Haudek et al., 2010). 

Pathological examination of cardiac tissue sections stained by Hematoxylin/Eosin evidenced 

a disordered orientation and progressive irregular morphology of ATRS myocardial fibers 

(Figure 16 G). 

The general disarray of the fiber’s architecture was also associated with an overall increase 

in nuclear pleiomorphism, attested by the abnormally increased variability in size, shape and 

distribution of the nuclei (Figure 16 G) (Houben et al., 2009). 

Taken all together, these observations suggest that lack of ATR contributes to LV 

remodeling towards a condition of hypertrophy. 
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Figure 14 - ATRS myocardium presents major morphological defects. A) Representative images of wild-

type and ATRS littermates mice at 1 month of age. B) PCR and Western blot analysis of ATR gene and protein 

expression in WT and ATRS heart biopsies from 1-month old mice. C-D) Body weight (BW) and heart weight 

(HW) in WT and ATRS mice at 7 days, 30 days and 6 months of age. ATRS animals present a higher HW/BW 

ratio (ratio of heart-weight to body-weight ratio measured in ATRS and in WT animals). (n = 4 animals per 

group, P < 0.0001 in both cases). E) Cross-section of hearts from WT and ATRS mice at 7 days, 30 days and 

6 months of age, showing increases in LV thickness of the latter. F) Quantification of LV increased wall 

thickness in ATRS myocardia (µm). G) Hematoxylin and Eosin staining of WT and ATRS myocardial biopsies 

at P7, P30 and 6 months, evidencing in the ATRS progressive structural alterations, a disordered orientation 

and an irregular morphology of the fibers. Original magnification 20X. 
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3.2 ATRS myocardium develops left ventricular dysfunction 

 
Left ventricular (LV) remodelling refers to changes in the size, shape, structure and function 

of the left ventricle. Remodelling is regulated by mechanical, neurohormonal and genetic 

stimuli and may be a physiological and adaptive response during normal growth or 

pathological due to myocardial infarction, cardiomyopathy or valvular heart disease. 

Pathological left ventricular remodelling occurs in response to several cardiac injuries and 

might result, on a histologic level, in myocyte hypertrophy and apoptosis and in increased 

interstitial collagen deposition, which ultimately leads to a progressive loss of contractility 

of the entire cardiac muscle (Epelman et al., 2014). 

For instance, LV remodelling associated with myocardial infarction results in the fibrotic 

repair at the infarcted necrotic zone and in consequent scar formation. After infarction, LV 

volumes increase, myocytes become hypertrophic in the non-infarcted zone, thus resulting 

in wall mass increase and chamber enlargement. These changes, together with a decline in 

performance of the hypertrophied myocyte and interstitial fibrosis cause a progressive 

decline in ventricular function. 

Remodelling of the heart can be evaluated by performing echocardiography. An 

echocardiography, echocardiogram or cardiac echo, is an ultrasound of the heart; this 

technique relies on standard two-dimensional, three-dimensional and Doppler ultrasound to 

create images of the heart, thus providing helpful information about the size, the shape of 

the organ, its pumping capacity and the location and extent of any eventual tissue damage. 

Echocardiography is one of the most widely used tests in cardiology for both the diagnosis 

and the follow-up of patients with suspected or known heart diseases. An echocardiogram 

can also provide measurements of heart function, including the calculation of the cardiac 

output, ejection fraction and diastolic function. 

To perform reliable measurements of cardiac function in ATRS mice, we employed a high-

resolution echocardiography equipment, specifically designed for small animal in-vivo 

micro-imaging: Vevo3100 (VisualSonics, Toronto, ON); this system provides a non-

invasive echocardiography procedure for the diagnosis of various cardiac injuries. 

The main parameters used to evaluate the global functions of the LV are fractional 

shortening (FS), ejection fraction (EF), cardiac output (CO) and left ventricular end-diastolic 

volume (LVVd), which were calculated as described in Material and Methods (Chapter 3). 

These parameters measure the overall ability of the cardiac muscle to efficiently pump 

oxygenated blood to tissues all over the body (Haudek et al., 2010). 
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We performed echocardiography on groups of 4 ATRS (ATRS) and 4 wild-type (ATR+/+) 

mice at different timepoints (1st month until 6th month of age, every 30 days) and confirmed 

what previously observed with the morphological analysis (Figure 17A). 

Lack of ATR induces a progressive reduction in the FS and the EF, which is also 

accompanied by a decrease in the CO, particularly starting from the 4 month of age of the 

animals, this reduction in LV functionality is accompanied by an increase in LVVd (Left 

Ventricular end-diastolic volume) (Figure 17 B-E). This feature did not correlate with the 

overall decrease of cardiac performance attested by reduced EF, FS and CO, which suggests 

the development of cardiac hypertrophy. The impairment in the end-diastolic volume is in 

fact a more common feature of dilated cardiomyopathy (Schultheiss et al., 2019). Dilated 

cardiomyopathy (DCM) is a condition in which the heart's ability to pump blood is decreased 

because the left ventricle is enlarged and weakened. Despite some findings reporting that in 

failing hearts a decrease in cardiac output can be associated with a progressive increase in 

the end-diastolic volume (Farrell et al., 2011), we still need to fully understand the precise 

cause behind the increase of this parameter in ATRS mice.  

Taken all together, these measurements, along with the changes in ATRS cardiac macro-

morphology suggest a strong impact caused by the lack of ATR on LV function, with a 

possible progressive development of cardiac hypertrophy. 
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Figure 15 - ATRS myocardium develops left ventricular dysfunction. A) Representative echocardiography 

data in mice showing M-mode tracing of left ventricle (LV) functionality. B) Echo analyses of ATRS mice at 

different ages showing significant decrease in the Fractional Shortening, C) Ejection Fraction and D) Cardiac 

Output percentage respect to the wild type. (* = significantly different from ATR+/+, n = 4 animals per group). 

E) Analysis of LV end-diastolic volume (LVVd) showing a progressive increase. This parameter is used to 

evaluate left ventricular (LV) chamber diastolic dilatation, abnormally increased in ATRS case (n=4 animals 

per group). 
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3.3 Left ventricular dysfunction is associated with fibrosis and chronic 

inflammation in ATRS myocardia 
 

It is now well established that alterations in the interstitial extracellular matrix (ECM) play 

a major role in the development of pathological structural myocardial remodeling that 

determines the evolution of heart failure. Myocardial fibrosis is defined by the persistent 

accumulation of collagen in the myocardial interstitium. Fibrosis contributes to left 

ventricular (LV) dysfunction in many disorders and predisposes patients to develop heart 

failure with either preserved ejection fraction or reduced ejection fraction (Hinderer et al., 

2019). 

Histologically, myocardial fibrosis is characterized by deposition of excess fibrous tissue, 

such as collagen. Collagen is physiologically present in the heart to provide structural 

support to the organ and initially ECM deposition is a protective mechanism that can be 

beneficial for processes such as wound healing and tissue regeneration. However, persistent 

and excessive ECM deposition leads to abnormalities in matrix composition and quality, as 

well as to an impaired heart muscle function (Chandris et al., 2010). 

Myocardial fibrosis represents a final common outcome following a variety of injuries 

(Haudek et al., 2010). Regardless of the pathophysiologic mechanisms responsible for 

development of the fibrotic response, several cell types are implicated in fibrotic remodeling 

of the heart and interestingly the expression of pro-inflammatory cytokines such as TNF-α, 

IL-1β and IL-6 is consistently induced in fibrotic hearts.  

We hypothesized that interstitial fibrosis could contribute to left ventricular dysfunction of 

ATRS hearts and analyzed the amount of deposed collagen by Masson’s Trichrome staining 

(Figure 18A). ATRS hearts showed a progressive increase in collagen accumulation which 

become significant from the first month of age.  

As previously mentioned, fibrosis can be associated with inflammation; cardiac injuries of 

various kind can initiate an inflammatory response in the heart and also systemic 

inflammation can itself trigger several inflammatory pathways within the cardiac tissue. 

While acute cardiac inflammation could result in rapid decline of cardiac function, chronic 

inflammation causes progressive structural damage, including cardiac fibrosis (Figure 18B).  

We therefore decided to analyzed the presence of inflammatory infiltrates in ATRS 

myocardia by performing immunostaining and in-situ RNA hybridization (ISH) for CD45 

(Figure 18C),  a pan-leucocytes marker, and for interleukin-6 (IL6) and 8 (IL8), two potent 

pro-inflammatory cytokines known to be responsible for the maintenance and propagation 
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of inflammation in the cardiac microenvironment (Coppe et al., 2008; Coppe et al., 2010) 

(Figure 18 E-G). 

The percentage of both CD45 and IL6/IL8 positive cardiomyocytes as well as their mRNA 

levels were consistently higher in ATRS myocardia at all the time-points, indicating the 

presence of an active and probably intrinsic inflammatory process (Figure 18 D-F-H-I). 

To detect heart-tissue resident macrophages, we performed immunohistochemistry using an 

Iba1 (Ionized Calcium-Binding Adapter Molecule-1) antibody, which is a well-known 

macrophage marker (Suenaga et al., 2016; Italiani et al., 2014). 

The number of Iba1 positive macrophages in ATRS heart tissue was increased compared to 

WT (Figure 18 J-K). 

Taken all together, our observations suggest that a condition of persistent inflammation leads 

to excessive fibrosis and contributes to left ventricular dysfunction, ultimately leading to 

progressive decline of ATRS heart muscle.  
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Figure 16 - Left ventricular dysfunction is associated with fibrosis and chronic inflammation in ATRS 

myocardia. A) Representative images showing Masson’s trichrome staining of WT and ATRS myocardium 

at P7, P30 and 6 months. Note a significantly increased collagen deposition in ATRS biopsies, compared to 

WT biopsies. Scale bars: 500 µm. B) Quantitative evaluation of fibrotic deposition in ATRS cardiac tissue at 

all time-points. Data are expressed as mean ± SEM for multiple independent experiments. Statistical 

comparison was made using unpaired Student's t-test. *(p≤0.05). C) IHC for CD45 in WT and ATRS heart 

biopsies at P7, P30 and 6-months. D) Quantification of CD45+ infiltrating leucocytes in cardiomyocytes at all 

the timepoints. The increase in inflammatory content in ATRS myocardium is significant. Errors are SEM. 

Statistical significance was determined by Student's t test; *p < 0.05; **p < 0.01; ***p < 0.001. E-G) 

Representative RNA in-situ hybridization for pro-inflammatory cytokines Interleukin-6 (IL6) and Interleukin- 

8 (IL8) in both the genotypes at P7, P30 and 6-months. F-H) Quantification of IL6+ and IL8+ positive 

cardiomyocytes at all the timepoints. Errors are SEM. Statistical significance was determined by Student's t 

test; *p < 0.05; **p < 0.01; ***p < 0.001. I) qPCR analysis of the mRNA levels of IL6 and IL8 in WT and 

ATRS myocardia at 1 month of age. Each column represents the mean Cq (quantitation cycle) values of 

triplicate measurements normalized against the values obtained for GAPDH gene for the same samples. J) IHC 

of Iba1 (Ionized Calcium-Binding Adapter Molecule-1) showing enhanced expression in ATRS myocardium 

as a consequence of cardiac inflammation. K) Quantification of Iba1 presence in ATRS myocardium at all 

timepoints. Errors are SEM. Statistical significance was determined by Student's t test; (*p < 0.05; **p < 0.01; 

***p < 0.001.  
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3.4 DNA and nuclear damages contribute to inflammation in ATRS 

myocardium 
 

While analyzing ATRS mouse model, Murga et al. found spontaneously increased levels of 

gH2AX positive cells throughout the embryos, suggesting elevated levels of DNA breakage. 

These findings are consistent with the known role of ATR in maintaining replication fork 

stability and the fact that ATR loss causes replicative DNA damage (Murga et al., 2009). 

We analyzed the presence of DNA damage in ATRS myocardium by immunostaining tissue 

sections with  gH2AX and 53BP1 markers, along with the CM-specific cardiac Troponin-T 

marker (Figure 19 A-D). In accordance with previous data (Murga et al., 2009), ATRS 

myocardium presented persistent increased levels of DNA damage from the neonatal stage. 

As previously mentioned, ATR is not only involved in the maintenance of genome integrity, 

but also contributes to nuclear envelope stability (Kumar et al., 2014; Kidiyoor et al., 2016). 

Lack of ATR leads to softer and fragile nuclei, nuclear ruptures and invaginations (Kidiyoor 

et al., 2016), thus leading to nuclear collapse in response to mechanical forces. 

Consistent with these observations, it is confirmed that DNA damage and DNA repair rely 

heavily on the nuclear architecture of the cells and that a compromised nuclear integrity can 

lead to accumulation of DNA lesions. 

Furthermore, recent publications have also underlined how cells with fragile nuclei caused 

by mutations in nuclear envelope (NE) components, such as in Emery-Dreyfuss muscular 

dystrophy, Hutchinson–Gilford progeria and other diseases collectively known as 

‘envelopathies’ are hypersensitive to mechanical forces (Houben et al., 2009).  

Indeed, patients and mice with envelopathies have higher rates of nuclear rupture, especially 

in mechanically active tissues like muscles (Earle et al., 2019). 

We analyzed the impact of ATR Seckel mutation on the nuclear structure and integrity of 

cardiomyocytes by staining the nuclei with a Lamin A/C antibody and by analyzing their 

size and roundness (Figure 19 E).  

Notably, ATRS cardiomyocytes presented large nuclei with aberrant shapes, a convolute 

contour and NE invaginations that become more prominent with the age of the animals 

(Figure 19 F-G). 

These phenotypes positively correlate with ATR Seckel myocardial inflammation; it is well 

established that cells with persistent DNA damage can trigger inflammation (Garinis et al., 

2014; Rodier et al., 2009; Campisi et al., 2007) and production of several pro-inflammatory 

molecules (Erdal et al., 2017; Glück et al., 2017; Harding et al., 2017; Mackenzie et al., 

2017; Yang et al., 2017). 
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Innate immune responses driven by intrinsic genome instability or chronic exposure to 

exogenous genotoxins is causal to age-related pathologies, metabolic complications and 

cancer (Coussens and Werb, 2002). 

Direct evidence linking DNA damage to chronic inflammation also arises from recent 

findings in progeroid syndromes and their relative mouse models that carry inborn DNA 

repair defects. 

Taken all together, our observations so far suggest a continuous cycle of persistent DNA 

damage and pro-inflammatory signals in ATRS myocardium, leading to chronic 

inflammation, tissue malfunction and degeneration; this hypothesis will associate with the 

fact that in DNA repair-deficient patients, the rapid accumulation of DNA damage would 

trigger the uncontrolled activation of DDR signaling leading to the early manifestation of 

age-related phenotypes associated with chronic inflammation (Ermolaeva et al., 2013). 
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Figure 17 - DNA and nuclear damages contribute to inflammation in ATRS myocardium. A-C) 

Representative images of the increase in the percentage of γH2AX and 53BP1 positive cells in ATRS 

myocardial biopsies at P7, P30 and 6 months. B- D) Quantification of γH2AX and 53BP1 positive cells in WT 

and ATRS myocardium. Errors are SEM. Statistical significance was determined by Student's t test; *p < 0.05; 

**p < 0.01; ***p < 0.001. E) Lack of ATR induces severe nuclear abnormalities in cardiomyocytes, including 

nuclear invaginations visible by Lamin A/C immunofluorescence at all the time-points. Scale bar, 200 µm. F) 

Quantification of nuclear roundness, significant impaired in ATRS cardiomyocytes compared to WT. Errors 

are SEM. Statistical significance was determined by Student's t test; *p < 0.05; **p < 0.01; ***p < 0.001. G) 

Western blot analysis of γH2AX, 53BP1 and Lamin A/C protein levels in heart tissue lysates from WT and 

ATRS mice. Tubulin used as normalization. 
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3.5 DNA Damage arises through unscheduled MUS81 endonuclease 

activity and not through cell proliferation in ATRS cardiomyocytes 

 
Surprisingly, the accumulation of persistent DNA damage we observed did not correlate 

with an abnormal proliferative activity of ATR Seckel cardiomyocytes. 

For decades, the heart was considered a post-mitotic organ (Zak, 1973). Although recent 

studies have indicated that adult human cardiomyocytes can be replaced at a low but 

detectable rate, this native capacity is still insufficient to compensate for the large- scale 

tissue damage associated with heart diseases (Bergmann et al., 2009). For instance, after 

myocardial infarction, the subsequent heart growth is usually due to hypertrophy of existing 

cardiomyocytes in young and adults’ hearts with essentially no turnover or addition of new 

muscle cells. 

The adult heart responds to physiologic or pathologic stresses by undergoing hypertrophy, 

with reactivation of aspects of the fetal program, but is unable to fully generate new muscle 

through active proliferation (Hashimoto et al., 2018). 

Since DNA damage mainly arises during DNA replication, we were expecting the 

accumulation observed in ATRS cardiomyocytes to be a consequence of an altered 

proliferative activity. By staining the tissue for Ki67, general marker for cell proliferation, 

we could notice the presence of a residual proliferative activity at the beginning of the post-

natal life of both WT and mutant mice, but proliferation rate rapidly decreases along with 

the age of the animals, as expected, and the process follows the same pattern as in wild-type 

as well as in ATR Seckel cardiomyocytes (Figure 20 A-B). 

This feature let us hypothesize that the cause behind the increase in gH2AX and 53BP1 levels 

was probably due to the unscheduled activity of other molecules expressed in ATRS hearts.  

Among the several DNA repair molecules, DNA nucleases are essential players. Damaged 

DNA needs to be removed, and this removal is achieved through both exonucleases which 

are those nucleases that progressively cut DNA from the ends, or through endonucleases that 

make single incisions within strands of DNA (Forment et al., 201; Techer et al., 2016; Matos 

et al., 2020). 

Removal of damaged DNA by nucleases needs to be done both efficiently and accurately. 

Even small errors in the substrate recognition or location of the incision can be deleterious 

to the cell and can cause more DNA damage and genomic instability (Zhao et al., 2018).  

MUS81 is a structure-specific DNA endonuclease that plays a critical role in cleaving DNA 

aberrant structures at stalled replication forks thus ensuring genome stability (Kim et al., 

2018). 
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It has been recently found that MUS81 and ATR activities are tightly interconnected; ATR 

in fact mediates a feedback loop required to fine-tunes MUS81 activity thus preventing 

excessive cleavage of reversed replication forks (Matos et al., 2020);  

Furthermore, generation of DNA damage in absence of ATR- Chk1 activity has been found 

to rely on MUS81 (Forment et al., 2011). When ATR or Chk1 activity are compromised, the 

generation of DNA double-strand breaks is due to MUS81 endonuclease; ATR mediates the 

protection of replication forks from excessive MUS81 cleavage and, consequently, MUS81 

depletion alleviates the amount of DNA damage and increases cell survival (Forment et al., 

2011; Técher et al., 2016).  

Therefore, we hypothesized that the cause for persistent DNA damage in ATRS 

cardiomyocytes was due to uncontrolled MUS81 endonuclease activity, with excessive 

cleavage of DNA and generation of DNA damage due to intrinsic lack of ATR in Seckel 

mice.  

We analyzed the expression as well as the intracellular localization of MUS81 in WT and 

ATRS myocardia at all the time-points (P7, P30 and 6 months) (Figure 20 C). 

We noticed an increase in MUS81 protein levels both by Western blot and IF analysis that 

positively correlates with the increase in DNA damage content, along with a marked re-

localization of the endonuclease in nuclear foci in ATRS cardiomyocytes compared to WT 

(Figure 20 D-E). 

Thus, we confirmed that DNA damage in ATRS cardiomyocytes arises from the overall 

genomic instability consequent of lack of ATR and especially from MUS81 de-regulation, 

which strictly depends on proper ATR expression. Absence of ATR is causative for MUS81 

translocation inside Seckel cardiomyocytes nuclei with the possible consequent unscheduled 

nuclease activity.   
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Figure 18- DNA damage arises through unscheduled MUS81 endonuclease activity and not through cell 

proliferation in ATRS cardiomyocytes. A) Representative Ki67 staining of WT and ATRS cardiac tissue 

showing an initial cell proliferation in both genotypes at P7 and a similar drop in proliferation at P30 and 6 

months. B) Quantification of Ki67 positive cardiomyocytes at the different timepoints. No significant 

difference between the phenotypes. Errors are SEM. Statistical significance was determined by Student's t test; 

*p < 0.05; **p < 0.01; ***p < 0.001. C) Representative double immunofluorescence staining showing higher 

MUS81 expression in ATRS cardiac tissue of 7-days, 30-days and 6-months old mice compared to WT. Nuclei 

are counterstained with DAPI. Scale bar, 200 µm. 

D) Quantitative analysis of MUS81 expression in WT and ATRS myocardia at all the time-points. Errors are 

SEM. Statistical significance was determined by Student's t test; *p < 0.05; **p < 0.01; ***p < 0.001. 

E) Western Blot analysis of Ki67 and MUS81 expression in protein lysate from WT and ATRS cardiac tissue. 

Tubulin used as normalization. 
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3.6 Leakage of nuclear DNA from cardiomyocytes nuclei induces cardiac 

inflammation through STING pathway 
 

Trying to connect the observed inflammatory phenotype of ATRS myocardium with the 

prominent nuclear and genome instability consequent to the lack of ATR, we reasoned about 

the possible causes and triggers of the process and we thought about STING.  

A growing body of evidence has suggested that STING (Stimulator of Interferon Genes), a 

proinflammatory molecule that forms a major DNA-sensing mechanism in the cytoplasm of 

mammalian cells, plays a critical role in tissue inflammation and destruction, as mentioned 

in Chapter 2. 

DNA damage along with nuclear damages can generate cytoplasmic forms of DNA, the 

presence of DNA into cytoplasm recruits and activates STING, which in turn promotes the 

production of several immune molecules through Interferon Regulatory Factor 3 (IRF3) and 

Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B cells (NF-kB) (Luo et al., 

2020). 

Given all our previous observations, we hypothesized that in ATRS myocardium the loss of 

nuclear integrity and stability might favor leakage of genomic DNA into the cytosol, where 

it would then activate the STING pathway thus driving the production of inflammatory 

molecules. 

Interestingly, it has been recently found that the DNA structure-specific endonuclease 

MUS81 takes part in the generation of cytoplasmic DNA in prostate cancer cells (Ho et al., 

2016); the cleavage of genomic DNA by MUS81 leads to the accumulation of cytosolic 

DNA that in prostate cancer cells stimulates STING expression and promotes phagocytosis 

and T cell immune responses. 

Following our hypothesis, we analyzed the presence of cytoplasmic ds-DNA by staining 

tissue sections with a specific double-strand DNA antibody and found that lack of ATR not 

only compromises DNA and nuclear integrity but also produced a significant accumulation 

of cytoplasmic DNA in ATRS cardiomyocytes (Figure 21 A-B). Further immunostaining 

revealed that STING expression was persistently higher in ATRS myocardia (Figure 21 C-

D). 

Utilizing a further in-situ Proximity Ligation Assay (PLA), we confirmed the interaction 

between cytoplasmic ds-DNA with endogenous STING and found the co-localisation of the 

signal to be enhanced in ATRS cardiomyocytes (Figure 21 E-F).  

Collectively, these data suggest that ATR Seckel mutation in cardiac tissue induces DNA 

damage and defective clearance of self-DNA that can lead to STING pathway activation and 
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then be responsible for chronic inflammation pathogenesis. Taken together, these 

observations align with the notion that cells with inherent defects in DNA-repair pathways 

are permissive to cytoplasmic exposure of DNA, which in turn may induce immunogenicity 

in a STING-IRF3-dependent manner (Parkes et al., 2017). 
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Figure 19- Leakage of nuclear DNA from cardiomyocytes nuclei induces cardiac inflammation through 

STING pathway. A) Representative double immunofluorescence staining showing accumulation of 

cytoplasmic ds-DNA in ATRS cardiac tissue of 7-days, 30-days and 6-months old mice. 

C) Cytoplasmic ds-DNA presence correlates with STING activation in ATRS myocardium. B-D) 

Quantification of ds- cytoplasmic DNA and STING fluorescence intensity in WT and ATRS mice at all the 

timepoints. Errors are SEM. Statistical significance was determined by Student's t test (*p < 0.05; **p < 0.01; 

***p < 0.001). 

E-F) Positive cytoplasmic ds-DNA/STING in-situ PLA assay in ATRS myocardium at all the time-points. IHC 

staining showing multiple increased positive signals indicating nuclear proximity of DNA and STING (original 

magnification, 40X). 
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3.7 Cytoplasmic DNA induces activation of pro-inflammatory cytokines 

but not of Interferon-b1 in ATRS myocardium 

Upon activation, STING recruits and activates TANK binding kinase 1 (TBK1), stimulating 

phosphorylation and nuclear translocation of the transcription factor Interferon Regulatory 

Factor 3 (IRF3) and of Nuclear Factor-kB (NF-κB), thus leading to the production of type 1 

interferons (IFNs) and many other inflammatory cytokines (Ishikawa et al., 2008). 

Once confirmed that STING was the trigger of ATRS myocardial intrinsic inflammation, we 

analyzed the expression of IRF3, since it is a direct STING transcription factor, and of 

Interferon-b1 (IFN-b1), one of the first interferon genes induced by STING upstream 

signaling cascade.  

Surprisingly, we could not detect any increase or change in IRF3 and Interferon-b1 

expression and localization in ATRS myocardia compared to WT (Figure 22 A-C). 

We then reasoned that the activation of STING actually leads to two downstream pathways: 

type I interferon responses through IRF3 and pro-inflammatory responses through NF-κB. 

We confirmed the induction of pro-inflammatory molecules such as IL6 and IL8, as 

previously described, and we hypothesized that the failure in inducing interferon genes 

might be caused by other molecules expressed in ATR Seckel hearts. 

It has been demonstrated that in senescent cells, cytoplasmic chromatin fragments (CCF) 

robustly induce pro-inflammatory genes, but not interferon genes (Dou et al., 2017). 

According to the authors, the failure to induce interferon is caused by activated P38 MAPK 

present in senescent cells which exerts an inhibitory effect on STING-mediated interferon 

induction (Chen et al., 2017).  

P38 MAPK is a member of the mitogen-activated protein kinase (MAPK) family. Like other 

MAPK members, P38 MAPK is activated by phosphorylation that generally occurs rapidly 

(within minutes) and transiently (subsiding within a few hours) in response to acute cellular 

stress (Cuenda and Rousseau, 2007).  P38 MAPK is important for the senescence-induced 

growth arrest due to the ability of the kinase to activate both the p53 and pRb/p16 growth 

arrest pathways. P38 MAPK inhibition delays replicative senescence (Iwasa et al., 2003), 

and the rapid senescence typical of cells from patients with premature aging disorders (Davis 

and Kipling, 2009).  
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Furthermore, Tivey and colleagues reported that loss of ATR results in replication stress, 

activation of P38 MAP kinase and premature organismal aging as a result of upregulation of 

P38-dependent inflammatory molecules secretion (inflamm-aging) and of P38-driven 

premature senescence (Tivey et al., 2013). 

Given all these observations, we analyzed at the expression of pP38 MAPK in ATRS cardiac 

tissues and observed a massive up-regulation of the kinase at all the time-points (Figure 22 

D-F). These observations suggest that the failure in interferon genes induction is actually 

caused by P38MAPK activity and that STING activation results in cardiac inflammation 

through induction of pro-inflammatory molecules rather than of interferons.  

It is important to notice that p38 MAPK activities are implicated in several cardiac 

pathological and physiological processes, including cardiomyocytes hypertrophy, 

inflammatory gene induction, cardiac fibrosis, cardiomyocyte apoptosis, and suppression of 

neonatal proliferation (See et al., 2004).  

Particularly, myocardial p38 MAPK is rapidly activated after myocardial infarction (MI) 

and chronic activation of its signalling pathway has been associated with LV remodeling 

and dysfunction arising from various etiologies both in humans and in animal models (Liao 

et al., 2001; Behr et al., 2001). Cardiac activation of p38 MAPK in transgenic mice results 

in LV remodeling marked by interstitial fibrosis and diastolic dysfunction, and ultimately 

premature death (Braz et al., 2003). Together, the data indicate that p38 MAPK may be a 

common pathway for LV remodeling and dysfunction, and heart failure disease progression 

arising from diverse etiologic origins. 

Although p38 MAPK inhibition has been proposed as a potential therapeutic strategy to treat 

heart diseases (Nediani et al., 2007; Cook et al., 2000) cardiomyocyte-specific knockout of 

p38 results in an exacerbated form of cardiomyopathy and pathological remodeling 

following pressure overload in mice (Sellness et al., 2011; Hope et al., 2009), highlighting 

the complexity of the p38 MAPK pathway in both cardiac physiology and pathogenesis of 

heart failure. 
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Figure 20 - Cytoplasmic DNA induces activation of pro-inflammatory cytokines but not of IFN-β1 in 

ATRS myocardium. 

A) qPCR analysis of the mRNA levels of IRF3 in WT and ATRS myocardia at 1 month of age. Each column 

represents the mean Cq (quantitation cycle) values of triplicate measurements normalized against the values 

obtained for GAPDH gene from the same samples. B) IFN-β1 in ATRS heart is poorly expressed, as revealed 

by IHC staining (20X). C) Quantification of IFN-β1 positive cells in WT and ATRS with no significant 

differences. Errors are SEM. Statistical significance was determined by Student's t test; *p < 0.05; **p < 0.01; 

***p < 0.001. 

D) STING activation in ATRS myocardium correlates with a significant increase in pP38 MAPK expression 

at all the time-points. E) Quantification of pP38 MAPK relative expression in WT and ATRS mice at all the 

timepoints. Errors are SEM. Statistical significance was determined by Student's t test; *p < 0.05; **p < 0.01; 

***p < 0.001. F) Western blot analysis of IFN-β1, IRF3 and pP38 MAPK in heart tissue lysates from WT and 

ATRS mice. Tubulin used as normalization. 
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3.8 Human Induced Pluripotent stem cell-derived Cardiomyocytes 

(hiPSC-CMs) with inactive ATR develop irregularities in their beating 

rate and rhythm  
 

In parallel with the in-vivo approach, we took advantage of human Induced Pluripotent Stem 

Cell derived cardiomyocytes (hiPSC-CMs) to further investigate in-vitro the consequences 

of ATR deficiency on myocardium. These cells are a heterogeneous population that 

efficiently recapitulate CMs features. Indeed, hiPSC-derived CMs spontaneously develop a 

beating capacity, express numerous cardiac specific genes and proteins and recapitulate 

several important electrophysiological features of primary CMs (Pioner et al., 2019). 

Thus, hiPSC-derived CMs can serve as a unique platform for unveiling novel molecular 

targets and mechanisms underlying inherited and acquired cardiac diseases. 

Human iPSC-derived cardiomyocytes provide a great research technology to complement 

studies performed in-vivo using animal models and an easier-to-obtain source of cells than 

primary cardiomyocytes. Despite their relatively immature state and phenotype compared to 

the adult primary cardiomyocytes, these cells represented a useful in-vitro tool for our 

analysis of ATR role and involvement in the maintenance of cardiac functionality.  

As a first step, we standardized the condition for a proper differentiation of hiPS-cells into 

cardiomyocytes and verified the expression of cardiac-specific markers at day 30 of 

differentiation, when the beating activity was well established. 

Different immunostaining confirmed the proper expression of cardiomyocyte markers, such 

as α- Actinin, cardiac Troponin-T and Alpha-Myosin Light Chain (Figure 23 A-B). 

To try to re-capitulate the phenotype observed in-vivo through echocardiogram and to rule 

out the same phenotype was not relying only on developmental issues deriving from lack of 

ATR, we monitored the rate and rhythm of the hiPSC-derived CMs in presence or absence 

of the selective ATR kinase inhibitor (ATRi) (VE821, 10 µM) (Figure 23 C). 

In CMs treated with vehicle (10 µM DMSO), the beating rate upon 48 hours monitoring was 

unvaried and followed a proper wave-like behavior with an origin point and a uniform 

propagation. In contrast, ATR kinase inhibition treatment induced an irregular beating 

rhyhm in CMs, with abnormally high-frequency peaks alternated to extremely slow beats 

per minute (Figure 23 D-E). 
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These observations lead us conclude that ATR inhibition impacts the autorhythmic capacity 

and the proper beating function of cardiomyocyte, independently of developmental issues. 

The effect PI3-kinases activity on mammalian cardiomyocyte development has already been 

published (Lamore et al., 2017; Klinz et al., 1999); in most of the cases, pharmacological 

inhibition of these molecules highly correlated with beat changes, with alterations in cardiac 

electrophysiology and with arrhythmogenesis. Despite the fact that PI3-kinases inhibitors, 

such as Everolimus or Temsirolimus, two mTOR (Mammalian Target Of Rapamycin) 

inhibitors, are well established drugs, approved and used in the clinical treatment of various 

tumor types, many of these approved PI3-kinases inhibitors have been found to evoke severe 

cardiac dysfunctions in some cancer patients;  yet, the full extent of the problem remains 

unclear and is still emerging.  

From the perspective of cardiovascular biology, identifying ATR signaling pathway as a 

novel regulator of cardiomyocyte autorhythmic capacity and functions will potentially 

expand the ability to predict and assess mechanisms of drug-induced cardiotoxicity. 
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Figure 21 - Human Induced Pluripotent stem cell-derived Cardiomyocytes (hiPSC-CMs) with inactive 

ATR develop irregularities in their beating rate and rhythm. A-B) Representative images of hiPSC-CMs 

at day 30, expressing cardiac-specific markers (𝝰-Myosin LC, 𝝰-Actinin and cTnT1). Upper panels are taken 

at 40X magnification, lower panel are taken at 60X magnification, 2.5 zoom. Scale bar 50 𝜇m. C) Phase-

contrast light microscopic images of hiPSC-CMs treated or untreated for 24 hours with DMSO or ATRi 

VE821. 

D) Summary of mean spontaneous beat patterns and of E) beating intervals calculated from 48 hours time-

lapse recordings in absence and presence of 10 µM of ATRi VE821. Note the ATRi treatment induced 

irregularities in the mean beat rate (n=5 replicates). All experiments were performed at 37°C. 
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3.9 hiPSC-CMs accumulate DNA damage upon ATR inhibition 

independently from cell proliferation 
 

To recapitulate the in-vivo observed phenotype, we analyzed the presence of DNA damage 

in hiPSC- derived CMs upon ATR inhibition. 

We inhibited ATR by treating beating cardiomyocytes with ATRi (VE821, 10 µM) for 24 

hours, then fixed and stained the samples for gH2AX, 53BP1 and Ki67 along with cardiac 

Troponin-T. 

Despite the almost absent proliferative activity in both treated and untreated cardiomyocytes, 

upon ATR inhibition we could notice a significant increase in DNA damage content, visible 

by an increase in both gH2AX and 53BP1 foci per cell and by an increase in their protein 

level detected by western blot (Figure 24 A-C). 

These observations are in line with previous publications (Murga et al., 2009; Kumar et al., 

2014) reporting that various sources of endogenous DNA damage are prevented primarily 

by the ATR kinase and suggest ATR as a possible therapeutic regulator of CMs function. 

Thus, we confirmed that lack or inhibition of ATR induces DNA damage independently 

from cell proliferation and impairs cardiomyocyte function.  
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Figure 22 - hiPSC-CMs accumulate DNA damage upon ATR inhibition independently from cell 

proliferation. A) Representatives immunofluorescence staining of hiPSC-CMs after 20 days of differentiation 

in absence or presence of 10 µL of ATRi VE821. CMs are stained for γH2AX, 53BP1, Ki67. Nuclei are 

counterstained with DAPI in all images. Images are representatives of 3 biological replicates. Scale bar 50 𝜇m. 

B) Quantification of 𝞬H2AX+, 53BP1+ and Ki67+ number of foci per cell (n = 150 DMSO and n = 110 ATRi- 

treated CMs at day 20). Data are presented as mean ± SEM. *P<0.05, using Student's t-test. 

C) Western blot analysis of γH2AX, 53BP1, Ki67 protein expression in ATRi-treated and untreated (DMSO) 

cardiomyocytes. Tubulin used as normalization. 
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3.10 hiPSC-CMs accumulate cytoplasmic ds-DNA and STING upon ATR 

inhibition 
 

Recapitulating the entire inflammatory process in-vitro is a challenging task, since 

inflammation is a complex biological response and results from the coordinate activation of 

signaling pathways that regulate inflammatory mediator levels in resident tissue cells and 

inflammatory cells recruited from the blood. 

We tested the effect of ATR inhibition on the beating capacity of hiPSC- derived 

cardiomyocytes for what concern the accumulation of cytoplasmic ds-DNA and the 

activation of STING. 

Previous observations from our group (Kidiyoor et al., unpublished) showed that long- term 

ATR inhibition induces structural alterations of the nuclear envelope of different cell types, 

including HeLa and MEFs (Mouse Embryonic Fibroblasts). These alterations included 

deformed nuclear shape, pathological invaginations of nuclear membranes, compromised 

chromosomal architecture with heterochromatin and nucleoli attached to the NE, and 

increased micronuclei. 

As first step, we verified the integrity of the nuclear envelope by staining beating hiPSC-

CMs with specific antibody for Lamin A/C and confirmed the induction of NE invaginations 

and aberrant nuclear shapes upon ATR inhibition (Figure 25 A-B). 

The presence of cytoplasmic ds-DNA was detected by IF as described by Yang and 

colleagues (Yang et al., 2007), using a specific antibody for ds-DNA on treated and untreated 

hiPSC-CMs that had been fixed without any further processing that might generate 

artifactual ds-DNA. 

Strikingly, ATRi-treated CMs showed positive staining for ds-DNA and the signal was 

almost entirely cytosolic. 

Given our in-vivo data showing that STING expression was much higher in ATRS than in 

WT myocardia, together with the presence of cytoplasmic DNA, we analyzed the expression 

and subcellular localization of STING in ATRi- treated and untreated hiPSC-CMs by both 

Western Blot and IF (Figure 25 C). 

Western blot data showed that STING was upregulated in ATRi-treated cells and IF data 

showed that STING was more intensely distributed in the nuclei of ATRi-treated CMs 

compared to untreated cells (Figure 25 D). These data indicated that upon ATR kinase 

inhibition CMs accumulate cytoplasmic ds-DNA. 
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Figure 23 - hiPSC-CMs accumulate cytoplasmic ds-DNA and STING upon ATR inhibition. A) 

Representatives IF images of hiPSC-CMs after 30 days of differentiation in absence or presence of 10 µM of 

the ATRi VE821. CMs are stained for Lamin A/C to confirm nuclear defects already observed in-vivo. Nuclei 

are counterstained with DAPI in all images. Images are representatives of 3 biological replicates. Scale bar 50 

𝜇m. 

B) Quantification of nuclear roundness (n = 120 DMSO and n = 110 ATRi-treated CMs at day 20). Data are 

presented as mean ± SEM. *P<0.05, using Student's t-test. 

C) Cytoplasmic DNA presence correlates with STING activation in hiPSC-CMs upon ATR inhibition. CMs 

are stained for STING and cytoplasmic ds-DNA to confirm the phenotype observed in-vivo. Nuclei are 

counterstained with DAPI in all images. Images are representatives of 3 biological replicates. Scale bar 50 𝜇m. 

D) Western blot analysis of STING expression in treated and untreated CMs. Tubulin used as normalization. 
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3.11 MUS81 knock-down partially rescues cytoplasmic DNA accumulation 

in hiPSC-CMs  

 
MUS81 suppresses chromosomal instability arising from stalled replication forks by 

cleaving potentially detrimental DNA structures (Ciccia et al., 2008), we also demonstrated 

that MUS81 is involved in the accumulation of genomic DNA into the cytosol of ATRS 

cardiomyocytes. 

 

Consistent with these in-vivo observations, we hypothesized that genetic inhibition of 

MUS81 endonuclease activity using shRNAs could abrogate or at least partially rescue the 

accumulation of cytosolic DNA and the activation of STING in hiPSC-CMs in both presence 

or absence of active ATR. 

To confirm the hypothesis, hiPSC-CMs cells were transduced with Mus81 shRNAs or with 

control shRNAs, and then treated with or without 10 µM of ATR inhibitor (VE821) for 24 

hours. Cells were then stained with antibodies against MUS81, cytoplasmic ds-DNA and 

STING and assessed by fluorescence microscopy.   

Interestingly, inhibition of ATR resulted in increased levels of cytosolic ds-DNA and in 

increased MUS81 nuclear foci (Figure 26 A) and of STING expression (Figure 26 B). 

The amount of cytoplasmic DNA also positively correlates with MUS81 protein levels 

(Figure 26 E), suggesting that MUS81 is engaged in the process that converts nuclear DNA 

into cytoplasmic forms in hiPSC-CMs upon ATR inhibition as previously observed in ATRS 

myocardia. 

Similarly, control shRNA hiPSC-CMs displayed a significant accumulation of cytoplasmic 

DNA and an elevated STING fluorescence intensity upon ATR inhibition, in line with our 

previous in-vivo observations (Figure 26 B). 

Interestingly, the levels of STING protein and of cytosolic ds-DNA in Mus81-ablated 

hiPSC-CMs decreased to similar amounts found in control cells (Figure 26 B, lower panel). 

Thus, MUS81 deficiency in hiPSC-CMs correlates to a reduction in the amount of cytosolic 

dsDNA. (Figure 26 C-D). 

Taken all together, our data are consistent with MUS81 involvement in the generation of 

cytoplasmic DNA in hiPSC- CMs. 
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Figure 24 - MUS81 knock-down partially rescues cytoplasmic DNA accumulation in hiPSC-CMs. A) 

Representative confocal images of hiPSC-CMs treated with 10 µM of DMSO or with 10 µM ATRi (VE821), 

indicating positive correlation between the number of MUS81 nuclear foci and the amount of cytoplasmic 

DNA accumulated. Nuclei are counterstained with DAPI in all images. Images are representatives of 3 

biological replicates, n=100 DMSO, 105 ATRi cardiomyocytes. Scale bar 100 𝜇m. B) Representative confocal 

images of hiPSC-CMs transduced with a lentiviral vector encoding either control shRNAs or a Mus81-specific 

shRNAs and then treated with 10 µM of DMSO or with 10 µM ATRi (VE821). The expression of both dsDNA 

and STING is reduced in absence of MUS81, also upon ATR inhibition. Cells were labeled with dsDNA-

specific (red) and STING- specific (green) antibodies. Nuclei are counterstained with DAPI (blue). Images are 

representatives of 3 biological replicates. Scale bar 100 𝜇m. 

C) Quantification of cytoplasmic ds-DNA and STING (D) fluorescence intensity in absence and presence of 

10 µM ATRi and upon MUS81 knock-down. Fluorescent microscope images were analyzed using ImageJ 

software. Bar graphs show quantification of the AFI of cytoplasmic ds-DNA staining (n ≥ 100 cells) and of 

STING (n=100). Data are presented as mean ± SEM. *P<0.05, using Student's t-test. 

E) Western Blot analysis of MUS81 and STING protein expression in treated, untreated and MUS81-depleted 

hiPSC-CMs. 
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4. DISCUSSION 

 
Each cell in the organism receives tens of thousands of DNA lesions per day, some of them 

arise from endogenous physiological processes, such as DNA mismatches or DNA strand 

breaks, while others arise from environmental agents including UV, Ionizing Radiation and 

oxidative stress (Hoeijimakers et al., 2009). 

To counteract DNA damage, cells have evolved a network of mechanisms collectively 

termed as the DNA Damage Response (DDR) to detect DNA lesions, signal their presence 

and mediate a specific response. Such responses are mediated by a cascade of sensors, 

transducers and effectors and impact a wide range of cellular events including cell cycle 

progression, transcription, DNA repair, senescence and apoptosis (Baretic and Williams, 

2014, Lempiainen and Halazonetis, 2009). 

A key DDR signaling component in mammalian cells is ATR (Ataxia-telangiectasia-mutated 

and Rad3-related protein), which is recruited and activated by RPA-coated ssDNA (Baretic 

and Williams, 2014). Once activated, ATR phosphorylates several substrates including its 

major target Chk1 and leads to different cellular outcomes (Jackson et al., 2009). ATR 

signaling can enhance repair by inducing DNA-repair-proteins and by recruiting repair 

factors to the damage, it can promote cell cycle arrest and eventually triggers apoptosis if 

the damage cannot be removed. 

ATR is an essential gene, its homozygous elimination leads to chromosome breaks, 

proliferative failure in culture and early embryonic lethality. In humans, hypomorphic 

mutations in the ATR gene have been linked to ATR Seckel syndrome. 

ATR Seckel syndrome is a rare autosomal recessive disorder, resulting in low levels of ATR 

in affected individuals and characterized by intrauterine and post-natal growth retardation, 

microcephaly with a peculiar bird-headed profile and accelerated aging.  

These main features are accompanied by several associated anomalies, making the clinical 

phenotype of ATR Seckel syndrome strikingly heterogeneous, with patients displaying 

features commonly found in other syndromes associated with impaired response to DNA 

damage and other features failing to show any marked or consistent defects linked to DDR 

(Faivre et al., 2005). 

Interestingly, ATR is also expressed in terminally differentiated tissues such as muscles and 

neurons, which do not undergo any active cell division and some of the symptoms of ATR 

Seckel syndrome, such as skeletal deformations, progressively increase after the complete 

development, arguing for DNA damage-independent roles of the kinase.  
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Moreover, recent studies confirmed the presence ATR in different cellular organelles, 

contributing in their respective functions in DNA damage-independent pathways; ATR has 

been shown to respond to a variety of stress stimuli such as mechanical stress, osmotic stress 

and thermal shock. Since ATR is a sensor of distinct cell stress responses, it is also expected 

to perform multiple functions in organs and tissues, rather than being confined to a particular 

one (Bozler et al., 2015; Bermejo et al., 2011). 

Our group recently discovered a novel role for ATR in responding to mechanical stress and 

regulating cell plasticity (Kumar et al., 2014; Kidiyoor et al., 2016; Kidiyoor et al., 

unpublished).  

ATR binds to the nuclear envelope (NE) following mechanical stimuli such as membrane 

stretching and compression, and, by interacting with cytoskeleton and LINC complex, 

contributes in the maintenance of nuclear envelope stability and membrane tension. ATR-

defective cells present softer and fragile nuclei, that fail to counteract mechanical forces and 

undergo nuclear collapse by forming NE invaginations, NE ruptures and micronuclei 

(Kidiyoor et al., unpublished). 

 

Given the multiple roles of ATR, we hypothesize that the phenotypes exhibited by ATR 

Seckel patients are the final outcome of accumulated defects due to failures in various 

cellular processes throughout development and post development, rather than be caused by 

excessive damaged DNA alone. We reasoned that lack of ATR might affect organs and 

tissues in the organism that are constantly exposed to mechanical stress and we focused our 

attention on the cardiac muscle. Despite the clinical heterogeneity of ATR Seckel phenotype 

in fact, cardiac anomalies have been described in only a few cases. 

Furthermore, DNA damage and DDR molecules are observed in a variety of both inherited 

and acquired heart diseases. Various DNA damages are present in the infarcted heart and 

activation of DDR plays an important role in cardiac remodelling after myocardial injuries; 

however, the impact of DDR in the pathophysiology of heart diseases remains partially 

unclear. 

In the current study, we took advantage of a well-established ATR Seckel mouse model 

(Murga et al., 2009) to address if and how lack of ATR could impact tissue integrity and 

functionality, with a focus on cardiac tissue, which has been poorly investigated so far.  
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4.1 ATR strongly impacts cardiac tissue morphology, structure and 

function 
 

Analysis of ATR Seckel hearts revealed a progressive increase in the size of the organ, 

associated with an increase in left ventricular (LV) wall thickness. 

Echocardiograph analysis of the left ventricle showed an overall decrease in fractional 

shortening (FS), cardiac output (CO) and ejection fraction (EF), accompanied by an increase 

in left ventricular end-diastolic volume (LVVd). These observations suggest a left 

ventricular remodeling towards a condition of cardiac hypertrophy. 

Similarly, to what previously observed in in-vitro human models (Kumar et al., 2014; 

Kidiyoor et al., unpublished), absence of ATR severely affected nuclear morphology and 

structure. ATRS cardiomyocytes in fact presented major nuclear defects, including a 

convolute contour and nuclear envelope invaginations.  

Moreover, in line with previous reports by Capetillo and colleagues (Bermejo et al., 2011) 

and by Murga and colleagues (Murga et al., 2009), we observed a persistent presence of 

DNA damage (gH2AX and 53BP1) in cardiomyocytes from ATR Seckel mice.  

Since there is evidence suggesting that cells with persistent DNA damage can trigger 

inflammation and the production of several pro-inflammatory molecules (Erdal et al., 2017; 

Glück et al., 2017; Harding et al., 2017; Mackenzie et al., 2017; Yang et al., 2017), we 

therefore investigated the presence of inflammation in ATR Seckel hearts. 

We found that ATRS myocardium undergoes an intrinsic inflammatory process, with a 

persistent production of pro-inflammatory molecules (Interleukin-6 and 8) as well as a 

significant presence of resident leucocytes (CD45) and of macrophages (Iba1).  

Furthermore, as a long-term consequence of chronic inflammation, ATRS myocardium is 

enriched in collagen, with prominent accumulation of ECM within the muscle fibers 

(Masson’s Trichrome staining).  

Excessive collagen deposition may lead to fibrosis, a condition leading to excessive 

thickening of the cardiac muscle, that well correlates with our previous observations 

regarding left ventricle functionality and the continuous production of inflammatory 

molecules. 

Taken all together, our data indicate that absence of ATR has a strong impact on cardiac 

tissue morphology, structure and function.  

Interestingly, the ATR Seckel cardiac phenotype resembles the one observed in cardiac 

envelopathies, a group of rare genetic disorders caused by mutations in genes encoding 

proteins of the nuclear envelope. 
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Envelopathies include a wide spectrum of structural defects such as fragile, mechanically 

unstable nuclei, loss of peripheral heterochromatin, disrupted DNA replication and deficient 

DNA repair (Capell et al., 2006). 

At the clinical level, envelopathies are characterized by a high phenotypic heterogeneity, 

including heart disease, neuromuscular disorders, premature aging and metabolic disorders 

(Burke et al., 2001).  

Cardiac involvement as a consequence of these diseases is characterized by a very peculiar 

co-existence of structural abnormalities and electrical instability (Peretto et al., 2018). 

Although the phenotypes of ATR Seckel syndrome and of envelopathies may partially 

overlap, no changes in Lamin A/C expression in ATR-depleted cells and tissues have been 

reported (Kumar et al., 2014; Kidiyoor et al., unpublished). It is also interesting to note that 

ATR Seckel mice develop progeroid phenotypes (Murga et al., 2009) much earlier in 

development compared to LMNA-/- mice (Sullivan et al., 1999).  

Hence, ATR depletion results in morphological defects of the nucleus that are progeroid-

like but are not caused by alterations in Lamins. 

Since ATR is essential for maintaining the architecture and structural integrity of the nuclear 

envelope (Kumar et al., 2014; Kidiyoor et al., unpublished), one hypothesis is that 

development of some nuclear envelopathies is the result of mechanical stress imposed on 

fragile nuclei. This may be followed by progressive nuclear deterioration with consequent 

exposure of genetic material in the cytoplasm (Somech et al., 2005).  

Another, parallel option could be that stressed pathogenic cells, such as ATR Seckel 

cardiomyocytes, first develop DNA and nuclear envelope damages which are followed by 

alterations in the transcriptional activation of tissue specific genes.  

Although some pathophysiological mechanisms, derived from the functions of nuclear 

envelope proteins, including ATR, have been suggested (Cattin et al. 2013), further analysis 

are needed to fully disclose all the implications of nuclear envelope proteins in cardiac 

development, function and disease, as well as to propose eventual therapeutic interventions 

for patients. 
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4.2 Absence of ATR is causative of genome instability, loss of nuclear 

integrity and inflammation 
 

Several studies have provided mechanistic insights on how DNA damage induces immune-

regulatory cytokines and molecules and have indicated a cytosolic DNA sensing pathway as 

the major link between DNA damage and immunity, the STING (Stimulator of Interferon 

Genes) pathway (Li et al., 2018; King et al., 2017; Rodero et al., 2016). 

The presence of DNA into cytoplasm might be caused by different type of damages, 

including excessive DNA damage that leaks broken fragments of DNA into cytoplasm (Ho 

et al., 2016) or mutations in nuclear envelope components, such as in envelopathies, which 

lead to more fragile and weak nuclei, as previously mentioned (Lammerding et al., 2020).  

As a consequence, nuclei are more prone to undergo nuclear breakages, especially at the 

muscular level where they experience a continuous contraction (Earle et al., 2019), leading 

to exposure or leakage of DNA into the cytoplasm. 

Given all the structural and morphological defects we encountered in ATR Seckel cardiac 

tissue and in cardiomyocytes, we hypothesized that the intrinsic inflammation could be 

caused by self-DNA displacement from the nucleus to the cytoplasm and by the consequent 

activation of STING.  

We confirmed that lack of ATR induces aberrant nuclear structures and also a significant 

accumulation of cytoplasmic DNA in cardiomyocytes. 

ATR is a critical component of the cellular DNA damage response and in its absence the 

balance between DNA damage and repair is lost. The result is an increase in unrepaired 

damage as well as in DNA processing. We reasoned that one possible signal linking ATR 

deficiency to cytoplasmic DNA accumulation would be the increase of fragments of 

unrepaired genomic DNA that ended up moving to the cytoplasm upon nuclear envelope 

damages.  

Further analysis revealed that the persistent presence of cytoplasmic DNA in ATR Seckel 

cardiomyocytes positively correlates with cellular re-localization and higher expression of 

STING. 

Once activated, STING is able to induce a massive production of pro-inflammatory 

cytokines, including IL6 and IL8, which leads to inflammatory cascades. 

Among the molecules contributing to this process in ATR Seckel heart, we found P38 

MAPK massively upregulated, as also reported by Tivey and colleagues who have indicated 

activation of P38 MAPK and of P38-dependent inflammatory molecules production as one 

of the consequences of ATR loss (Tivey et al., 2013; Li et al., 2018). Interestingly, we 
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hypothesized that P38 MAPK activity is indeed the cause for the ‘preference’ in the 

induction of pro-inflammatory molecules rather than of interferons genes, since several 

analysis (Chen et al., 2017; Dou et al., 2017) suggested that in senescent cells, the presence 

of cytoplasmic chromatin fragments (CCF) is associated with induction of these genes, but 

not of interferons and that the failure in inducing interferons is caused by activated P38 

MAPK as it inhibits STING-mediated interferon induction. 

Hence, we concluded that the absence of Interferon genes expression did not exclude STING 

activation as the cause for ATR Seckel inflammation but indicated a ‘preference’ in the 

inflammatory pathways to be activated.  

Another important player we found in ATR Seckel cardiac inflammatory process is MUS81, 

a DNA-structure specific endonuclease. 

MUS81 is required for the maintenance of genome integrity, specifically for resolving inter-

strand DNA structures. Its activity is highly regulated to guarantee the efficient resolution 

of these structures; at the same time, MUS81 needs to be tightly controlled to avoid the 

unscheduled cleavage of DNA intermediates, which could lead to genomic instability due to 

chromosomal rearrangements, high levels of chromatid exchanges or faulty replication 

(Lisby et al., 2004; Tkach et al., 2012). 

The function of MUS81 is also important for cell survival under DNA damage conditions, 

which can be caused by both endogenous and environmental agents. MUS81 re-localization 

and abundance is a hallmark of the cellular response to DNA damage or replicative stress 

(Chen etl al., 2001; Lisby et al., 2004; Tkach et al., 2012),  

More recently, it has been found that MUS81 localization in the nucleus generates 

cytoplasmic DNA in prostate cancer cells (Ho et al., 2016), suggesting that the endonuclease 

is engaged in the process that converts nuclear DNA into cytoplasmic forms. Consistently 

with these observations, MUS81 promotes type I IFNs and thus immune rejection of prostate 

tumor (Ho et al., 2016).  

In line with this hypothesis, ATR Seckel cardiomyocytes showed an increase in MUS81 

expression, accompanied by a sub-nuclear and nuclear re-localization. Moreover, MUS81 

expression positively correlated with the amount of double-strand cytoplasmic DNA 

accumulated in ATR-defective cardiomyocytes.  

Hence, it is highly likely that MUS81 is responsible for cytoplasmic DNA presence and 

consequent activation of STING in ATR Seckel cardiac tissue. However, more elaborate 

experiments are needed to understand the contribution of nuclear envelope fragility and of 

other nucleases to this process.  

In the current study, we addressed how lack of ATR impacts the cardiac tissue functions; we 

discovered that lack of ATR induces major nuclear defects and damage, that, along with 
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accumulation of DNA damage, lead to mis-localization of self-DNA from the nucleus to the 

cytoplasm and to consequent STING activation. We validated the hypothesis that 

cytoplasmic DNA is generated from damaged nuclear genome and involves MUS81 

endonuclease activity.  

 

 

4.3 Inhibition of ATR negatively affects human Induced Pluripotent Stem 

Cell–derived cardiomyocytes (hiPSC-CMs) function 
 

In parallel with the in-vivo approach, we took advantage of a useful in-vitro tool to further 

characterize the consequences of ATR Seckel syndrome on the cardiac system: human 

Induced Pluripotent Stem cell derived Cardiomyocytes (hiPSC-CMs).  

In order to rule out the contribution of developmental issues in ATR-mediated regulation of 

cardiac functions and to try to re-capitulate the phenotype observed in-vivo, we monitored 

the beating rate and rhythm of the hiPSC- derived cardiomyocytes in presence or absence of 

active ATR by treating cells with specific ATR inhibitors. 

In line with our in-vivo observations, after ATR inhibition, hiPSC-derived cardiomyocytes 

developed irregular beating rate patterns. Hence, inactivation of ATR has a negative impact 

on the autorhythmic capacity of hiPSC-derived cardiomyocytes and affects their 

physiological parameters. 

These results suggest that ATR can play a role in regulating cardiac functions independently 

from intrinsic developmental issues caused by the lack of the kinase itself. 

To further understand our considerations, it would be of interest to analyze the effect of 

reduced ATR expression in adult mice.  

A possible approach could be the analysis of cardiac tissue and cardiomyocytes in the mouse 

model proposed by Brown and colleagues (Ruzankina et al., 2007).  

Differently from the model developed by Capetillo, Eric Brown and colleagues constructed 

a tamoxifen-inducible ATR-targeting system using Cre-technology to specifically down-

regulate ATR expression in all tissues of the adult animal.  

These conditions resulted in a dramatic loss of tissue homeostasis particularly in those 

tissues characterized by continuous regenerative cellular proliferation (Ruzankina et al., 

2007; Ragland et al., 2009). 

Similarly to what observed in the ‘humanized’ mouse model, ATR-knockdown animals 

quickly develop a progeroid syndrome associated with hair greying, alopecia and skeletal 

degeneration (Ruzankina et al., 2007; Ruzankina et al., 2008). Interestingly, no structural 
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defects or degeneration was observed in the brain of these animals, even when ATR was 

specifically down-regulated in post-mitotic neurons, suggesting that ATR-function is not 

strictly required for the homeostasis of tissues lacking a high replicative capacity. 

A deep analysis of the structure and function of cardiomyocytes from ATR-knockdown mice 

would be interesting to elucidate the mechanism behind the observed phenotype.   

Taken all together, our observations indicate that ATR, and most likely other PI3-kinases, 

play many important protective roles in the heart, and that reduced PI3K signaling may 

contribute to the development of cardiac diseases (Force et al., 2007). 

Over the past decade, kinase inhibitors (KIs) have emerged as a new class of targeted cancer 

therapy that has dramatically improved the prognosis for a number of cancers. Despite these 

important findings, number of KIs have been shown to confer a risk for cardiotoxicity, 

leading to transient reductions in ejection fraction (EF) and chronic heart failure in a small 

number of patients (Alvarez et al., 2010; Kolaja et al., 2011).  

It would be of great interest to analyze the effects of such drugs on patients with pre-existing 

cardiac risk factors which may result in adverse cardiac events, owing to important 

cardioprotective roles of PI3K signaling in the adult heart. 

Furthermore, a deep understanding of the specific mechanisms of ATR on cardiac 

electrophysiology will be important for elucidating side effects of kinase inhibitors in 

patients. 

 

 

4.4 Concluding remarks 
 

Our findings support the hypothesis that defects in DNA Damage response proteins and in 

DNA-processing enzymes impact the immune response at the cardiac level (Figure 27 A-

B). Still, further work has to be done to properly address remaining questions. 

For example, a complete understanding of how cytoplasmic DNA is generated from 

damaged nuclear genome is required. Although we demonstrated that MUS81 regulates the 

accumulation of cytoplasmic DNA from genomic DNA, additional factors may be required 

for this process; also, the exact cellular mechanism responsible for exporting genomic DNA 

fragments from the nucleus to the cytoplasm remains to be elucidated.  

Another critical topic will be to better understand the regulation of STING in space and time. 

STING is considered to be present in most, if not all, immune and non-immune cells, but its 

functions in each individual cell type and tissue remain to be characterized (Civril et al., 

2013; Kranzusch et al., 2013). 
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The knowledge gained from understanding how the STING inflammatory pathway impact 

the DDRs and vice versa may be translated into innovative therapies for cardiac and systemic 

inflammation, including development of agonists and antagonists of STING or MUS81 that 

will be potentially useful in blocking uncontrolled pro-inflammatory molecule expression.  

It is possible that suppressing STING activity may help to avoid autoinflammatory disease 

in ATR Seckel patients. Thus, designing drugs that trigger or repress STING activation and 

signaling could be of interest to the anti-inflammatory and cardiovascular research fields. 

It is also important to note that ATR Seckel syndrome is a variegated disease; hence, the 

severity of the phenotypes might differ from case to case. This variability may influence 

both the diagnosis and the cause of premature death of patients. Death of ATR Seckel 

animals is usually associated with a generalized organic failure, with several organs showing 

phenotypes resembling age-related dysfunction (Murga et al., 2009).  

Our findings could contribute to the elaboration of a more specific diagnosis for congenital 

and non-congenital cardiac defects in Seckel Syndrome and to the development of therapy 

to improve, at least in part, one of the consequences of the disease. For example, the usage 

of small molecule drugs that target ATR, STING or p38 MAPK could abrogate the persistent 

cardiac inflammation we observed.   

A concern about using such modulators in treatments of inflammation or senescence-

associated diseases would be a potential increase of susceptibility to infectious diseases as 

well as cancer.  

Hopefully, selection of appropriate doses of DDR and inflammation-modulatory drugs 

would permit therapeutic benefits to these patients without compromising their immunity to 

infections and tumorigenesis and perhaps would even prevent certain aspects of the normal 

ageing process. 
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Figure 25 - A) Working model summary. B) Graphical representation of the proposed molecular mechanism.  
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