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ABSTRACT 

Ataxia Telangiectasia is a very rare severe pleiotropic neurodegenerative disease, 

with no currently available cure. Beneficial effects on neurologic features in AT 

patients have been described with dexamethasone (dex) administration by 

autologous erythrocytes EryDex in a phase II clinical trial, leading the researchers 

to explore the molecular mechanisms behind the drug action. For this purpose, in 

the attempt to explain dex outcomes in AT cells, we reported two novel biomolecular 

pathways specifically induced by dex in AT cells. The first one promotes a non-

epigenetic function of HDAC4 and improves autophagy progression, a usually AT 

compromised pathway. The second one modulates Lamin A/C dynamics and its role 

in gene expression regulation, contributing to clarify the positive effects of dex in AT 

patients. Additionally, a simulation of patients’ treatment has been performed, 

revealing a differential gene expression variation between WT and AT cells.  

Afterwards, ATM variants, originated from alternative splicing of ATM messenger 

and detected in vivo in the blood of AT patients treated with EryDex, were 

characterized in fibroblast cell lines. We were able to describe their positive role in 

overcoming ATM absence in AT cells, supporting their capability in partially 

reversing AT phenotype and supporting their potential application for gene therapy 

for the treatment of AT patients and/or ATM mutations.      

 

 

STRUCTURE OF THE THESIS  

This thesis is divided into 6 chapters. Chapter 1 gives a general introduction of 

Ataxia Telangiectasia disease; chapter 2, 3 and 4 report papers already published, 

while chapter 5 describes confidential results patent pending. Chapter 6 

summarizes the aspects faced in this thesis, giving rise to future perspectives. The 

references of the section “General introduction of Chapter 1” and of the Chapters 5 

have been placed in the section “References” at the end of the thesis. 
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1.1 ATAXIA TELANGIECTASIA DISEASE  

Ataxia-Telangiectasia (AT) (OMIM #208900) is a very rare autosomal recessive 

multisystemic disorder, caused by biallelic mutations in the Ataxia Telangiectasia 

Mutated (ATM) gene that codes for the protein of the same name ATM, a member 

of the phosphatidylinositol 3-kinase-related kinase (PIKK) family [1]. The several 

substrates activated by ATM give rise to a pleiotropic phenotype even though the 

disease is monogenic. The pathology affects 1 in 40 000 to 100 000 people 

worldwide live births, while the mutated gene frequency is about 3% of the general 

population [2]. The first patient with AT was illustrated by Syllaba and Henner in 

1926 [3], while the disorder was first described by Boder and Sedgwick in 1958 [4].  

 

1.2 CLINICAL FEATURES  

AT clinical manifestations are usually divided into two forms: the ‘classic form’ with 

more severe features, and the ‘mild form’ associated with milder symptoms that 

appear at older age with slow progression, and a greater life expectancy. 

The main features that characterize AT patients are the progressive cerebellar 

ataxia and oculocutaneous telangiectasia. In the classic form, ataxia is observable 

by the ages of 2 to 5 years, when children develop motor disabilities and they do not 

show mobility improvement. In primary school they need walking supports, and 

during the second decade (around the age of 10 to 15 years) they require a 

wheelchair [5]. Cerebellar ataxia will anyway occur during the disease progression, 

despite different ataxia severity and different onset of age. It is due to the atrophy of 

the cerebellar cortex, with loss of Purkinje and granule cells and a flattening of the 

molecular layer [5]. Cerebellar impairment results in compromised coordination and 

in compromised coarse and fine movements, therefore AT children usually present 

oculomotor apraxia and dysarthria. Involuntary movements of hands and feet 

including tremors, jerks, athetosis and dystonia are also AT features [6].  

The neurological features are evaluated using scale for assessing ataxia: Scale for 

the Assessment and Rating of Ataxia (SARA) and International Cooperative Ataxia 

Rating Scale (ICARS), while recently more appropriate scale for AT specific 

neurological characteristics have been developed: the AT Index or Crawford Score 

[7], and AT Neurological Examination Scale Toolkit (AT Nest) [8]. Modified 
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International Cooperative Ataxia Rating Scale (mICARS) for the ex-US, and the 

Rescored mICARS (RmICARS) for the US, have also been used.  

Ocular and cutaneous telangiectasias generally appear by the age of 5-8 years but 

could also appear at older age, or not be present in AT patients, without excluding 

the diagnosis [9]. How ATM deficiency is related to telangiectasia is not yet known.  

AT subjects also show immunodeficiency with low levels of IgG, IgA, IgE, or IgG 

subclasses, and low numbers of lymphocytes T CD4+ and B, but without reduced 

number of Natural Killer [10, 11]. Thymus could not be detected in autopsy, 

revealing its absence in AT patients, due to defect in its development rather than 

atrophy of the organ. The compromised immune system predisposes AT subjects 

to develop infections, mainly respiratory (sinopulmonary infections), that could lead 

to other lung complications. Respiratory infections are considered lethal in most 

cases, especially if dysphagia is also present. Recently, it has been shown that AT 

patients have systemic inflammation, confirmed by high serum level of IL-6 and IL-

8 [12, 13], that may be related to a defect in the innate immune system due to 

excessive production of Type I interferons (IFNs) by DNA repair impairment [14, 15]. 

A current study confirmed the AT chronic inflammation condition, since peripheral 

blood mononuclear cells from AT subjects displayed upregulation of genes involved 

in inflammation process and immune system modulation [16].  

AT children have a very high risk of cancer, especially lymphoid tumours [17], while 

adults have susceptibility to both lymphoid and solid tumours. Chromosomal 

translocations of genes involved in the immune system and oncogenes may 

promote tumour growth. AT carriers, normally healthy, have more probability to 

cancer development, indeed Swift et al. [18] demonstrated that women that are 

carriers of mutation in the ATM gene are more prone to develop breast cancer. 

Furthermore, it has been shown that sporadic leukaemia is correlated to ATM gene 

mutations [19]. 

There is also evidence of liver disease, causing hepatic alterations since ATM 

absence is correlated to hyper-lipidemia and metabolic syndrome [20]. Additionally, 

AT patients exhibit endocrine abnormalities such as growth delay [21]; gonadal 

atrophy leading to infertility [22]; insulin resistance that could lead to type 2 diabetes 

[23] and premature aging [24]. At cellular level, they display high levels of Reactive 

Oxygen Species (ROS), spontaneous chromosomes abnormalities and 
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chromosome instability with increase breaks after exposure to ionizing radiation 

[25].  

All these features make AT a devastating disease, with a life expectancy of 25 years, 

mainly caused by tumours and respiratory insufficiency.  

 

1.3 DIAGNOSIS  

The diagnosis of AT is usually performed by combining clinical features and 

laboratory defects. 98% of AT patients display elevated level of serum alpha-

fetoprotein (AFP) after the age of two with a gradual increase [26]. This parameter 

is used for AT diagnosis and for excluding other related disorders [27], despite it 

may not represent an early diagnosis since all new-borns have high AFP, and few 

patients could not display increases in the plasma levels of AFP. It remains unknown 

why AT patients have high AFP levels, but it seems be due to defects in RNA 

transcription regulation by ATM deficiency [28]. The elevated levels of AFP 

combined with neurodegeneration and ocular telangiectasia facilitate the diagnosis, 

whereas the absence of progressive ataxia, or telangiectasia or the presence of 

milder symptoms make the diagnosis much more complicated. Currently, the 

increased amount of neurofilament light chain in the bloodstream has been 

associated with neurodegeneration and considered a new biomarker for AT 

progression [29-31]. In addition, high levels of IL-6 and IL-8 are used to detect those 

patients that have a greater risk to develop defects in lung functions [13]. 

Cytogenetic analyses display chromosome instability and translocations, involving 

chromosome 7 and 14 in cultured lymphocytes and fibroblasts [32], accelerated 

telomer shortening [33] and reduced survival to ionizing radiation exposure [34]. 

Furthermore, laboratory abnormalities including low levels of immunoglobulins and 

lymphopenia, and cerebellar atrophy determined by MRI might support the 

diagnosis. Mutational analyses could help to understand the disease; however, they 

are not accurate due to the huge size of the gene and the absence of common 

mutations. The diagnosis is then confirmed by the absence or deficiency of ATM 

protein and the absence of ATM kinase activity [35]. The general pattern to follow is 

AFP dosage, ATM protein level by Western blotting, radiosensitivity test and 

molecular analysis of ATM mutated gene.   
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1.4 ATM GENE 

The gene causing the pathology was first localized on the chromosomic region 

11q22.3-23.1 by Gatti and his research team [36], while it was discovered by 

Savitsky et al. [37] who named it ataxia-telangiectasia-mutated (ATM). The ATM 

gene covers a genomic region of 150 kb, composed of 66 exons and resulting in a 

mRNA of about 13 kb, with an open reading frame (ORF) of 9054 nt. It is transcribed 

in 27 different mRNAs of which only 18 can be translated into proteins [38-43]. Most 

AT patients with the classic AT form are compound heterozygotes, while few AT 

patients show homozygosis for a truncating mutation [40]. Over 400 ATM mutations 

have been identified on the ATM gene: 85% are non-sense mutations with early 

truncation of the protein causing its functional loss [44, 45], while 15% of the 

mutations are missense, causing amino acid substitutions or short in frame deletions 

and insertions [28, 46, 47] producing unstable variants of the protein. Mutations are 

found throughout the gene without hot-spots, or often within the 5’ or 3’ splice 

junctions. 

 

1.4.1 GENOTYPE-PHENOTYPE CORRELATION 

The severity of the disease depends on residual presence and function of ATM 

protein [48]. Patients with some residual kinase activity present milder symptoms 

and a longer survival, whereas the full deficiency of kinase activity, from both alleles, 

resulting from the total loss of ATM protein is related to the most critical clinical 

features (the classic form of AT) [49, 50]. 

Verhagen et al. [48] grouped 51 AT patients into 4 categories based on type of 

mutation in the ATM gene, residual protein presence and residual kinase activity: 

“Group 1 with no ATM protein, likely caused by non-sense mutations; group 2 

presented ATM residual protein but without kinase activity, triggered by alternative 

splice mutations; group 3 with residual protein production and residual kinase 

activity resulting from missense mutations; protein dosage and kinase activity not 

available belong to group 4. Group 3 has a longer lifespan and a late symptoms 

onset with a later diagnosis”.  
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1.5 ATM PROTEIN 

ATM protein is a kinase protein of 350 kDa with 3056 amino acids, belonging to the 

phosphatidylinositol 3-kinase-related kinases (PIKK) family, which includes ATR 

(Ataxia Telangiectasia and Rad3 related), DNA-PKcs (DNA-dependent protein 

kinase catalytic subunit), mTOR (mammalian Target Of Rapamycin), SMG1 

(suppressor of mutagenesis in genitalia 1) and TRRAP (Trasformation/transcription 

domain-associated protein, that is the only protein of this family without catalytic 

activity) [51]. The PIKK family keeps the serine/threonine kinase activity of PI-3Ks, 

but not their lipid kinase activity. They share three conserved domains at the C-

terminal region: a FAT domain (derived from FRAP-ATM-TRRAP), a kinase domain 

PI3K, and a FATC domain (FAT C-terminal) [52, 53]. In addition, a leucine zipper 

motif [37, 54] and a 10 aa interacting region with c-Abl (non-receptor tyrosine kinase) 

[55] have been identified at the ATM N-terminal region, involved in the interaction 

with ATM substrates. The N-terminal domain of PIKK family members is composed 

of different numbers of HEAT (huntingtin, elongation factor3, A subunit of protein 

phosphatase 2A, TOR1) repeat domains that differentiate all the PIKK members 

(Figure 1). 

 

 

 

Figure 1. ATM domains and their functions. The N-terminal region is composed of HEAT repeat domains, 

while the C-terminal region is divided into three conserved domains: FAT, PI3K, FATC. A leucin zipper motif 

and an interacting region with c-Abl are also present in N-terminal domain [56]. 
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ATM, ATR, SMG-1 e DNA-PKcs phosphorylate their substrates on serine or 

threonine followed by glutamine (SQ/TQ), while mTOR phosphorylates the same 

residues, but followed by proline [57]. PIKK family members are involved in 

controlling cellular homeostasis [58], and present an active kinase function only 

when interacting with proteins, otherwise being auto-inhibited [59]. ATM protein is 

constitutively expressed in several tissues, with high levels in testicles, spleen, and 

thymus. It primarily responds to DNA damage, particularly in Purkinje cells of the 

cerebellum and brain cells, conjunctiva endothelium, and skin. It is mainly localized 

in the cellular nucleus of dividing cells maintaining genome integrity, however recent 

studies have demonstrated its presence in other organelles of the cytoplasm, 

including peroxisomes [60], mitochondria [61], and cytoplasmic vesicles [62]. 

Boehrs et al. demonstrated that ATM moves from the nucleus to cytoplasm in SH-

SY5Y neuroblastoma cells [63], suggesting a protective cytoplasmic role of ATM in 

post-mitotic cells. Accordingly, other findings localized ATM predominantly in the 

cytoplasm in Purkinje cells and granular neurons [64, 65]. All these pleiotropic 

functions in the cytoplasm may contribute to the neurodegenerative process, 

associated with ATM defects, and are still under investigation.  

The 3-D structure of ATM has lately been illustrated [66-68]. 

 

1.6 NUCLEAR ROLES OF ATM:  

 

1.6.1 ATM ACTIVATION AFTER DNA DAMAGE RESPONSE (DDR) 

The most studied role of ATM is its response to DNA damage. ATM and DNA-PK 

are activated after DNA double-strand breaks (DSBs), while ATR is involved in the 

response to DNA single-strand breaks (SSBs) and to replication fork blocks. Upon 

break site the MRN complex (Meiotic Recombination Protein-11 

(Mre11)/Rad50/Nijmegen Breakage Syndrome-1 (Nbs1)), starts to process DNA 

strand breaks, thus enabling their binding to repair protein and initiate the signalling 

cascade [69]. This process is required to promptly repair DNA breaks in both the 

non-homologous end joining (NHEJ) DNA repair, and the direct homologous 

recombination repair (HRR) system. NHEJ is the prevalent repair mechanism in 

mitotic cells, activated after DSB by nuclease or Ionizing radiation (IR) 

predominantly in G0/G1 cell cycle phase, whereas HRR repair is usually involved in 
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late phase S2/G2 phase of the cell cycle, after DNA damage caused by IR or 

replication fork arrest [70]. MRN recruits ATM to the DNA double strand break sites 

[71], and the inactive ATM dimer (linked through non-covalent bonds between FAT 

and kinase domain) becomes an active monomer that leads to auto- 

transphosphorylation on Ser1981 at FAT domain, probably to avoid monomer 

reassembly [72] (Figure 2.1). In addition, other autophosphorylation events are 

required for ATM kinase activity: at Ser367, Ser1893, Ser2996, all occurring after 

ionizing radiation stimulus [73, 74]. Acetylation in Lys3016 by Tip60 (HIV-Tat 

interactive protein) in the FAT-C domain is also involved in the activation of ATM 

[75].  

 

 

Figure 2.1. Structure and activation of ATM. a) Primary structure; b) Inactive dimer; c) Active monomer formed 

after DNA damage and autophosphorylation on Ser367, 1983 and 1981 [72, 73].  

 

Active ATM phosphorylates all three members of the MRN complex [76] and several 

substrates in response to DNA damage, the first of which is the H2A Histone Family, 

Member X (H2AX) on Ser139 [77], forming nuclear foci. H2AX is phosphorylated 

around the break sites and helps the docking of several proteins that propagate the 

DNA damage signal, enabling the cellular response to DSBs, including breast 

cancer susceptibility protein-1 (BRAC1), mediator of DNA-damage checkpoint 

protein (MDC1), and p53-binding protein (53BP1) [78-80]. ATM also phosphorylates 

KRAB-associated protein 1 (KAP-1) on Ser824 in response to DNA damage, leading 
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to chromatin relaxation and ensuring the access of repair proteins to DSB sites [81]. 

ATM coordinates the response to DSBs, that could lead to cell cycle arrest, DNA 

repair or apoptosis, when there is excessive DNA damage, in both proliferative and 

post-mitotic cells (Figure 2.2). DNA repair is relevant in the thymus, ovary, and testis 

development, and particular in the nervous system. Therefore, any permanent 

accumulation of DNA damage may lead to AT phenotype [82].  

 

 

Figure 2.2. ATM role in DSBs. The huge DNA damage response pathway shows ATM as principal effector 

and other substrates involved, that could lead to DNA repair, cell cycle arrest, chromatin remodelling, or 

apoptosis [56]. 

 

1.6.2 ATM AND CELL CYCLE CHECKPOINT SIGNALING  

Phosphorylated ATM also activates cell cycle-checkpoint signalling, ensuring that 

DNA is repaired before cell cycle progression [83]. Consequently, cells from AT 

patients exhibit defective cell-cycle checkpoints since most of ATM substrates, with 

defective phosphorylation, are effectors of the cell cycle, leading to genomic 

instability and a higher susceptibility to cancer [84].    

ATM protein controls both G1 and S phases, causing cell cycle arrest. G1 arrest is 

induced by ATM phosphorylation on tumor suppressor p53 at Ser15 after DNA 

damage [85]. Phosphorylated p53 in turn, induces the transcription of p21, inhibiting 
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cyclin E, cyclin A and Cyclin Dependent Kinase 2 (CDK2) functions, responsible for 

the progression from G1 to S phase. S phase arrest is due to ATM- Checkpoint 

kinase 2 (CHK2) pathway, leading to degradation of phosphatase Cell division cycle 

25 A (Cdc25A) and inactivation of complex cyclin A and CDK2 [86]. S phase arrest 

is also due to Nijmegen-breakage-syndrome-gene (NBS1) phosphorylation on 

Ser343 by ATM, resulting in the inhibition of the new DNA synthesis site [87]. G2-M 

checkpoint is likewise activated after DNA damage but through CHK2 

phosphorylation at Thr68 by ATM, that in turn phosphorylates Cell division cycle 

25C (Cdc25c), enabling its binding to 14-3-3  a Heat-Shock–related Molecular 

Chaperone, and leading to Cdc25C nuclear export, causing cell cycle arrest [88-91].  

An odd ATM checkpoint after mitosis damage has been discovered in Xenopus 

involving a relationship between ATM and XCEP63 [92], although its role in humans 

is poorly understood. ATM binding to AURORA B kinase seems to be involved in 

the control of the spindle assembly checkpoint [93]. 

ATM also induces apoptosis through p53 and CHK2, a protective pathway in 

neurons for eliminating damaged cells, in a dependent [94, 95] or independent 

manner [96]. The apoptotic pathway is also regulated by ATM activity on nuclear 

factor kappaB (NFkB) [97]. 

 

1.6.3 ATM AND TELOMERE LENGTH MAINTENANCE 

ATM is also implicated in telomere length maintenance, in fact it has been observed 

that ATM deficiency leads to increased telomere loss in humans, and telomeric 

fusion in AT lymphocytes, causing accelerated premature aging in AT patients [33, 

98]. 

 

 

1.7 CYTOPLASMIC ROLES OF ATM  

 

1.7.1 ATM ACTIVATION AFTER OXIDATIVE STRESS  

Beyond its nuclear activation after DSBs, ATM was found to be activated in the 

cytoplasm in response to oxidative stress. Studies in vitro [99] have demonstrated 

a new kinase activation mechanism of ATM under H2O2, independently of DNA 

damage and MRN complex, since they did observe p53 and CHK2 phosphorylation, 
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but not H2AX and Kap1 phosphorylation. In addition, oxidative stress disrupted the 

DNA bound to MNR, suggesting that at high level of ROS, only the oxidation could 

activate ATM [99]. Under oxidative condition a disulphide bond was formed, 

ascribed to a covalent bond between Cysteine 2991 residues in the FATC domain 

(Figure 2.3).  

 

 

Figure 2.3. Active dimer after activation by ROS. The disulphide bridge is formed by Cysteine 2991 residues 

in the FATC domain [99]. 

 

ATM could in this way, control the redox homeostasis of the cell through several 

pathways, as demonstrated by Kozlov et al., who found, by proteomics analyses, 

several phosphorylated proteins activated in response to ROS production and not 

after DNA damage [100]. 

Under oxidative stress, ATM modulates the pentose phosphate pathway (PPP), 

stimulating the production of NADPH [101] through the induction of glucose-6-

phosphate dehydrogenase (G6PDH), and therefore promoting an antioxidant 

response. Furthermore, ATM activation by high levels of ROS represses 

mammalian Target Of Rapamycin (mTOR) through the Liver Kinase B1 

(LKB1)/AMP-activated protein kinase (AMPK) axis [102], improving the autophagy 

pathway, which plays a protective role in eliminating damaged proteins, and in 

maintaining the neuronal survey and homeostasis [103]. A recent work of Guo et al. 

pinpointed a new role of ATM-CHK2-Beclin 1 axis in the progression of autophagy, 

in response to oxidative stress condition. This pathway activation suppresses ROS 

production, removing damaged mitochondria [104].  
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Further studies also related oxidative stress and proteostasis dysfunction to ATM 

deficiency. Poletto et al. showed accumulation of oxidized proteins in AT fibroblast 

cells, suggesting proteostatic stress [105]. They also observed high quantity of the 

ubiquitin-like modifier Interferon-stimulated-gene-15 (ISG15) in these cells, 

confirming a previous study [106]. Similarly, protein aggregation was found in AT 

cells due to the absence of ATM activation in response to ROS [107], in agreement 

with aberrant protein homeostasis and oxidation in other neurodegenerative 

diseases [108].  

Oxidative stress caused by ATM absence, also leads to high levels of extracellular 

signal-regulated kinase 1 and 2 (ERK1/2) in astrocytes of the cerebella of Atm−/− 

mice, that could lead to astrocyte dysfunctions [109]. The enhanced activation of 

p38 mitogen-activated protein kinase (MAPK) and ERK1/2 in response to ROS has 

also been correlated to a defect in neural stem cell (NSC) proliferation and survival 

in Atm-/- NSC. Therefore, oxidative stress and activation of MAPK kinases in Atm-/- 

cells might cause neuronal degeneration and impairment in NSC proliferation [110, 

111].  Additionally, MAPK overexpression due to high levels of ROS resulting from 

lack of ATM, also caused deficiencies in the regeneration of haematopoietic stem 

cells (HSCs), while treatment with N-acetyl cysteine and p38 MAPK inhibitors 

rescued HSCs survival [112-114].  Accordingly, treatment with antioxidants could 

instead correct some defects of AT phenotype in Atm -/- mice [115, 116], thus 

highlighting the role of ATM in counteracting oxidative stress condition. 

Taken together the recent descriptions of all these ATM pathways (Figure 3), make 

this protein a redox sensor, besides its DDR role, contributing to the generation of 

the severe clinical picture of AT.   

 

1.7.2 ATM AND CYTOPLASMIC ORGANELLES  

The cytoplasmic localization agrees with ATM activation after oxidative stress 

without the presence of DNA damage [99]. The association of ATM to peroxisomes 

was initially identified by Watters et al. [60], while ATM role in peroxisomes 

homeostasis has been proposed by Zhang et al. In response to ROS, ATM 

promotes pexophagy by binding (probably through its FATC domain) and 

phosphorylating Peroxisomal Biogenesis Factor 5 (Pex5), followed by Pex5 

ubiquitination and recognition by p62 [117]. 
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ATM mitochondrial localization was first observed by Valentin-Vega et al., showing 

its activation after mitochondria dysfunctions [118]. The protein was found 

associated with the inner mitochondrial membrane of cardiomyocytes under 

physiological conditions, whereas ATM inhibition resulted in a decline in oxidative 

phosphorylation, suggesting an essential cytoplasmic role of ATM in post-mitotic 

cells [119]. In addition, Yeo et al. confirmed mitochondrial localization of ATM, 

especially under nutrient deprivation. They also connected mitochondrial 

dysfunctions to a failure in the interaction between mitochondria and the 

endoplasmic reticulum (ER), due to a defect in the formation of the complex IP3R1 

(inositol 1,4,5-trisphosphate receptors 1)/GRP75 (glucose-regulated protein 

75)/VDAC1 (voltage-dependent anion channel 1) in AT epithelial cells. The number 

of contact sites between these two organelles did not increase after metabolic 

stress, affecting Ca2+ transport from the ER to the mitochondrial matrix, 

mitochondrial activity, and cell survival [120]. The activation of ATM, in this case, 

occurs through a different mechanism than oxidative stress. A recent study 

proposed that, when ATM is activated by ROS, it phosphorylates nuclear respiratory 

factor-1 (NRF1), enhancing its transcriptional activity in the transcription of genes 

required for mitochondrial function, thus overcoming ATP depletion [121]. Fang et 

al. demonstrated aberrant mitophagy in ATM-deficient cells, whereas NAD+ 

restoration improved mitophagy flux [122]. Moreover, the activation of the stimulator-

of-interferon-genes (STING) pathway, responsible of the classical AT senescence 

phenotype, was correlated with the release of cytoplasmic DNA from damaged 

mitochondria in AT fibroblasts and neurons [123]. On the other hand, Desai’s lab 

group highlighted a defective mitophagy in AT cells and mice due to dysfunctional 

ubiquitin pathway, possibly explained by elevated levels of the Interferon-

stimulated-gene-15 (ISG15), that inhibits polyubiquitylation and consequently 

mitophagy dependent on the ubiquitin system [106, 124]. Additionally, it has been 

described for the first time the interaction between ATM and Parkin (E3 ubiquitin 

ligase) in the outer mitochondrial membrane in cancer cells, not involving the kinase 

domain of ATM, but after activation by ROS, stabilizing Parkin and acquiring a role 

in the mitophagy pathway [125, 126]. Another mechanism that relates ATM to 

mitophagy has been recently proposed by Cirotti et al. [127]. They demonstrated 

that ATM dimer, induced by H2O2, triggers mitophagy through indirect upregulation 

of the expression of alcohol dehydrogenase 5 [class III], chi polypeptide 
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(ADH5/GSNOR), that in turn, leads to parkin RBR E3 ubiquitin protein ligase 

(PARK2) denitrosylation. The capacity of ATM to act on denytrosilation activity of 

ADH5 has a protective role in preventing excessive oxidative production and 

apoptosis of lymphocytes and could explain mitochondrial deficiencies in AT 

immune cells. This mechanism of mitophagy improvement occurs only after 

oxidative stimuli [127]. Both pexophagy and mitophagy outcomes are ATM 

dependent and keep peroxisomes and mitochondria homeostasis, the main ROS 

source organelles, playing a role in protection from oxidative stress and preventing 

excessive ROS production.  

Cheng et al. recently demonstrated that ATM is degraded by autophagy and 

accordingly, ATM, and not ATR, colocalized with autophagic proteins. Additionally, 

they found an interaction between ATM and Dynein Light Chain LC8-Type 1 

(DYNLL1), even though it is not a target of the kinase activation, that seems to be 

responsible of the retrograde transport inhibition of lysosomes in favour of the 

anterograde ones, promoting autophagosome-lysosome fusion in wild type cortex 

lysates [128].   

Lim et al. reported a role of ATM in vesicles and protein transport since they found 

an association between ATM and β-adaptin [62]. Other studies revealed a decrease 

in synaptic vesicle release in the absence of ATM, due to its binding to the synaptic 

vesicle proteins vesicle-associated-membrane-protein2 (VAMP2) and Synapsin-I 

[65]. A deeper explanation of ATM role in neuronal synapsis has been elucidated by 

Vail et al., demonstrating a more important presynaptic localization of ATM and a 

reduced synaptic plasticity in its absence [129], confirming ATM extranuclear roles. 

ATM was recently localized to excitatory synaptic vesicles, in opposition to ATR 

presence in the inhibitory ones [130], contributing to central nervous system 

function. 

 

1.7.3 ATM AND OTHER METABOLIC PATHWAYS  

AT patients show high susceptibility to the development of insulin resistance and 

diabetes type II associated with growth retardation and glucose intolerance [131, 

132], probably due to the interaction between ATM and protein Kinase B (AKT). It 

is known that AT cells showed reduced levels of insulin-like growth factor 1 receptor 

(IGF1R) contributing to radiosensitivity [133, 134]. ATM is activated by insulin and 
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is required for AKT phosphorylation at Ser473, that in turn, mobilizes GLUT4 to the 

cell surface for glucose uptake in muscle cells [135]. Cheng et al. reported that ATM 

activity represses oxidative stress and prevented the degradation of Solute Carrier 

Family 2 Member 4 (SLC2A4) through lysosomes, promoting its translocation to the 

plasma membrane and therefore glucose uptake in AT mice neurons [128]. 

ATM also phosphorylates (eIF4E)-binding protein 1 (4E-BP1) at Ser111 in response 

to insulin, stimulating mRNA translation and protein synthesis [136]. ATM 

phosphorylation on p53 on Ser15 also is implicated in controlling glucose 

metabolism and homeostasis [137].  

 

1.8 ATM AND HYPOXIA 

ATM could be activated under hypoxic conditions, but it seemed localized not in the 

cytoplasm but throughout the nucleus, without forming nuclear foci [138]. The 

activation is independent of DNA damage and appeared to involve chromatin 

remodelling, with an increase in H3 lysine 9 trimethylation [139]. In hypoxic 

conditions, ATM phosphorylates Hypoxia-inducible factor 1-alpha (HIF-1α), driving 

transcription of “Regulated-in-development-and-DNA damage-responses-1” 

(REDD1, also named DDIT4, DNA Damage Inducible Transcript 4) and indirectly 

inhibits mTOR. This pathway leads to an improvement of autophagy and cellular 

homeostasis [140]. 
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  Figure 3. ATM cytoplasmic signaling in regulating cellular homeostasis. 

 

1.9 ATM REGULATION BY PHOSPHATASES 

ATM is basically regulated by phosphatases, particularly by protein phosphatase 2A 

(PP2A), which forms a complex with ATM, suppressing its auto-phosphorylating 

activity, and keeps ATM in an inactive state in non-irradiated cells. Conversely, after 

IR exposure this complex rapidly dissociates, leading to loss of PP2A catalytic 

activity, and enabling ATM activation [141]. Also, Wild type p53-induced 

phosphatase-1 (WIP1) is involved in ATM dephosphorylation, promoting its inactive 

state [142]. Protein Phosphatase 5 (PP5) instead provokes ATM activation and S-

phase checkpoint activation after DNA damage induced by irradiation [143].  

 

1.10 NEURODEGENERATION 

Neurodegeneration is one of the most critical features of the pathology, since the 

role of ATM in ensuring the health and survival of neurons in the nervous system is 

complex, and still not entirely understood.  

The main causes of cerebellum degeneration could be due to a defect in DNA-DSBs 

response [144, 145] and in cell-cycle regulation [146]. ATM has a role in protecting 

post mitotic neurons from degeneration by suppressing the cell cycle and eliminating 
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damaged neural cells, guaranteeing a proper nervous system homeostasis without 

genotoxic stress [146]. However, the pathways that lead to the loss of neuronal cells 

remain unknown. 

AT phenotype could also be explained by a defective response to oxidative stress 

with increased ROS production, reviewed by Watters et al., and Ditch et al. [147, 

148]. High levels of ROS result in hyperactivation of MAPK signaling and impairment 

in astrocyte development and neuronal stem cell proliferation, leading to neuronal 

cell loss and degeneration [110, 111]. Moreover, neuronal death might be caused 

by a decrease in energy production resulting from mitochondrial dysfunctions linked 

to ATM deficiency, thus causing reduced neuronal activity [118, 149]. Lately, 

different mechanisms have been proposed for explaining neuron 

neurodegeneration related to mitochondrial impairment. Fang et al. highlighted 

NAD+ depletion in AT neurons as the main cause of neurodegeneration, due to 

mitochondrial impairment. This study also correlated DNA repair to mitochondrion 

function in the brain of AT mice [122]. A further work suggested that the absence of 

ATM, especially in Purkinje cells, failed to activate the translocation to the nucleus 

of Nuclear Respiratory Factor 1 (NRF1) in response to ROS and its transcriptional 

stimulation of mitochondrial genes involved in electron transport chain and in ATP 

synthesis, hence leading to ATP depletion and neurologic phenotype [121]. Yeo et 

al. pinpointed reduced activity of the complex IP31-GRP75-VDAC1 in ATM deficient 

cells, that could negatively regulate both function and survival of Purkinje cells [120], 

since impairment in ER-mitochondrion signalling leads to synaptic failure [150]. 

Moreover, Yang et al. associated neurologic symptoms to the release in the 

cytoplasm of DNA from damaged mitochondria following ATM loss, causing a 

senescent phenotype in AT models [123]. 

Moreover, neurodegeneration caused by defective mitophagy has been ascribed to 

defective ubiquitin pathway that leads to protein aggregates in neurons, possibly 

through high accumulation of ISG15 in AT cells, an inhibitor of ubiquitin pathway 

[106]. Poletto et al. correlated neurodegeneration with aberrant protein homeostasis 

due to protein oxidation in the absence of ATM [105].  

Several works have connected ATM deficiency to oxidative stress, but further 

studies are needed to better understand all the pieces that compose the AT 

neurodegenerative phenotype. 
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Furthermore, altered epigenetic mechanisms could be involved in 

neurodegeneration of AT patients, including Histone Deacetylase 4 (HDAC4) 

nuclear accumulation [151], the increase in H3K27m3 tri-methylation dependent on 

Enhancer of zeste homolog 2 (EZH2) [152], and reduced 5-hydroxymethylcytosine 

[153], contributing to Purkinje cell vulnerability.  

 

1.11 MODELS TO SIMULATE THE DISEASE 

The best experimental model for studying AT would be neuronal cells. In particular, 

olfactory neurosphere [154] and cerebellar cells represent a very good disease 

models, but most of the studies have been conducted on non-neuronal cells due to 

ethical and safety troubles in finding these cells. In addition, rodent models do not 

fully mimic the pathology, but only some neurological aspects. In fact, AT mouse 

models were produced, but unfortunately, they did not present ataxia or cerebellum 

neurodegeneration, even though they showed a reduction in synaptic function at the 

level of hippocampal neurons, dopaminergic neurons and malfunctioning of the 

nigro-striatal pathway, reviewed by Lavin et al. [155]. Quek et al. [156, 157] 

developed an ATM knockout rat model that presented neurodegeneration with loss 

of Purkinje cells or cerebellar atrophy and neuroinflammatory phenotype. Finally, 

the novel interest in induced pluripotent stem cells (iPSCs) has led to the availability 

of neuronal cell cultures [158] differentiated from pluripotent stem cells generated 

from lymphoblasts or fibroblasts of AT patients [159, 160]. This new relevant in vitro 

model might contribute to comprehend this complex multisystemic disease, avoiding 

all the related ethical issues. 

 

1.12 TREATMENT FOR AT PATIENTS  

Unfortunately, there is currently no cure available for AT patients, but only 

supportive therapies with the aim of slowing neurodegeneration, counteracting 

immunodeficiency, and preventing the onset of lymphoid tumours. Since the 

pathology affects different tissues, several approaches must be used to treat all the 

complications, therefore it is better to treat patients under a multidisciplinary 

approach where many specialists are involved to ameliorate their condition. 

Neurological symptoms may be improved by L-DOPA therapy and its derivates. 

Balance failure could react to amantadine, fluoxetine or buspiron. Tremors may 
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respond to propranolol, gabapentine or clonazepam, that might also ameliorate 

speech and coordination (reviewed by Perlman et al. and Lavin et al. [28, 161, 162]). 

Ataxia instead does not respond to multivitamin supplements [28]. Immunoglobulin 

replacement and antibiotic therapy are used to treat respiratory infections, while 

respiratory therapy (inspiratory muscle training) used for cystic fibrosis is also 

employed to improve their life quality [163]. Adding thickeners to liquid may help the 

dysfunctional swallowing and aspiration. AT patients could also benefit from bone 

marrow transplantation [164, 165], leading to the reconstitution of corrected 

hematopoietic progenitors that could prevent leukemias and lymphomas. 

Unfortunately, most patients suffered from higher toxicity of the chemotherapy and 

the radiation therapy before transplantation. To prevent side effects of 

chemotherapy a reduced dose of chemotherapy has been combined with 

monoclonal antibodies or small molecule inhibitors [166].  

Antioxidant treatment has been also administered using lipoic acid and nicotinamide 

in a clinical trial conducted by Dr Howard Lederman at Johns Hopkins Hospital, to 

examine the safety and evaluate new oxidative stress markers, and to investigate 

effects of the treatment in slowing the neurodegeneration process [167]. It has also 

been demonstrated that desferrioxamine enhances the genomic stability of AT cells 

[168]. 

"Translational read-through" studies have also been developed with the aim of 

suppressing the three stop codons in AT, restoring the full-length translation, but 

they also experienced some toxicity, indicating that further investigations have to be 

performed in order to be used in patients [169, 170]. New approaches could involve 

the generation of stem cells in which the ATM mutations have been corrected with 

the CRISPR-Cas9 method [171], for neuronal differentiation and for regenerative 

medicine. 

In the last years, it has been found that treatment with glucocorticoid analogues 

could improve the neurological symptoms of AT patients [172], consistently with the 

anti-inflammatory role of these compounds, as it was also shown for the treatment 

of other diseases such as inflammatory bowel disease [173], asthma [174], and 

rheumatoid arthritis [175].  

In 2006 there was the first occasional evidence of the effect of betamethasone (beta) 

on AT [176], when a 3-year-old child with asthmatic bronchitis was treated with this 

steroid. After a short administration of 0.05 mg/Kg of beta every 12 h for 4 weeks 
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the patient showed an improvement in neurological symptoms after the first days of 

treatment, assessed by Scale for the Assessment and Rating of Ataxia (SARA), 

followed by a huge progress after 4 weeks, when the child became able to go up 

and down the stairs. Unfortunately, the typical steroid side effects appeared, forcing 

to stop the treatment, even though the dramatic neurological improvements 

continued to persist without the therapy. When betamethasone was switched with 

methylprednisolone for additional three weeks, they did not find any significant 

advantages, probably due to its lower anti-inflammatory efficacy and its reduced 

capacity to act on the central nervous system compared to beta. Other studies have 

been conducted for evaluating the effects of beta, showing improvements in SARA 

scale also in six patients treated with 0.1 mg/kg/day of beta for 10 days [172]. The 

improvement was better in those patients with lower cerebellar atrophy, who also 

experienced an increase in the levels of GSH [177]. Broccoletti et al. in 2011 carried 

out a study with six AT patients who received a low dose of beta in order to evaluate 

the neurological outcome without side effects [178]. Moreover, a double-blind 

placebo controlled randomized clinical trial study using betamethasone has been 

performed [179], enrolling 13 Italian children, treated for 30 days. The study showed 

a reduced score in ICARS scale compared to placebo group, but also in this case, 

steroid side effects such as weight gain and moon face, occurred in most of them. 

To overcome the adverse effects of long-term treatment with oral steroids, a new 

approach [180] has been considered for AT treatment: the use of red blood cells as 

carriers for drug delivery. EryDel SpA (Bresso, Milano, Italy), a drug delivery 

company, proposed the EryDex system (Dexamethasone Sodium Phosphate 

delivered through autologous red blood cells) for the treatment of AT. This method 

consists of dexamethasone sodium phosphate encapsulation in erythrocytes drawn 

from 50 ml blood of the patient and leading to a slow release of the active drug 

(dexamethasone) up to one month in the bloodstream, improving its efficacy with 

reduced toxicity (reviewed by Biagiotti et al. [181]).  

 

1.12.1 DEXAMETHASONE AS POSSIBLE THERAPY 

Dexamethasone (dex) was chosen since it is the most similar to betamethasone, 

with high anti-inflammatory potency especially on the central nervous system, 

without mineralocorticoid activity. To investigate the effects of EryDex in AT patients, 
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an open-label, single-arm, multicenter Phase II clinical trial has been performed in 

2010 [182]. It was possible to overcome Phase I of the clinical trial because EryDex 

method safety was already tested by studies conducted on subjects affected by 

cystic fibrosis, Crohn’s disease, ulcerative colitis, chronic obstructive pulmonary 

disease (COPD), confirming an improvement of inflammatory signs, and the 

absence of steroid adverse effects [183-187]. The Phase II clinical trial was 

conducted on 22 patients (18 completed) with absence of ATM kinase activity, 

enrolled in two Italian centres. They received a monthly infusion of the drug for six 

months. Clinical evaluations were performed at screening time and after 1, 3 and 6 

months. Patients showed improvement in neurological symptoms, as suggested by 

reduced score in ICARS scale, and in adaptive behaviour, as validated by an 

increase in Vineland Adaptive Behavior Scale (VABS) [182], without side effects. 

The improvement was more evident in patients that had milder neurological 

symptoms and in patients who were good responders to the drug loading in their 

erythrocytes. In 2012 EryDex has been designed as Orphan Drug to treat AT by US 

FDA. In 4 patients where the treatment continued as compassionate use, with the 

approval of the Ethic Committee for additional 24 months [188], there was a 

progressive improvement in neurological features compared to subjects who 

stopped the therapy and experienced instead worsened neurological symptoms. 

This study did not find any adverse effects related to the drug and confirmed the 

safety and tolerability of the EryDex method. However, the molecular mechanism 

involved in their action is still unknown. In 2012, Menotta et al. tried to give a possible 

explanation of dex positive effects in AT [189]. They found that treatment with dex 

in vitro could restore ATM activity in AT lymphoblastoid cells by a new ATM 

transcript originating from a non-canonical splicing. This mechanism is mediated by 

short direct repeat (SDR) and leads to the fusion of a portion of exon 3 with partial 

exon 52 forming a sequence of 1582 bp, skipping all the internal mutations (Figure 

4.1). The transcript was also found in wild-type (WT) cells, but it was almost 

unaffected by the treatment. The drug seemed to increase the ratio 

ATMdexa1/native ATM. This transcript ‘ATMdexa1’ can be translated into a 

functional protein with reduced activity, named ‘miniATM’ of 252 amino acids and a 

molecular weight of 28 kDa (Figure 4.2). The translation starts from an internal 

translation codon (nucleotide at position 825), otherwise it gives rise to a truncated 

protein. The mini protein is not detected in WT cells, although ‘ATMdexa1’ is 
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present, probably because the native ATM takes over on miniATM, which is 

promptly removed. MiniATM maintains the kinase domain of native ATM and 

partially rescues ATM deficiency, as suggested by its activity in counteracting the 

effect of phleomycin in yeast complementation assay, and by the activation of H2A 

Histone Family, Member X (H2AX) in AT lymphoblastoid cells, showing a role in 

DNA repair. This alternative splicing mediated by SDR was found for the first time 

in plants [190, 191], as a defence mechanism against environmental stress, but 

never in mammals.  

 

 

Figure 4.1. ‘ATMdexa1’ is produced by a non-canonical splicing mediated by SDR, leading to the fusion 

between partial exon 3 and partial exon 52, skipping all the exons from 4 to 51, overcoming most of the 

upstream mutations. 
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Figure 4.2. cDNA sequence of ATMdexa1, and its translation reported in blue. Short direct repeat sequence is 

highlighted in red. Translation starting codon is at nucleotide 825, where there are two ATGATG.  

 

‘ATMdexa1’ has also been identified in vivo in the blood of AT patients treated with 

intra-erythrocyte Dexamethasone in the Phase II Clinical trial [192], while it was not 

detected in untreated AT patients and healthy subjects. The expression of 

‘ATMdexa1’ depends on the treatment and correlates with a positive response to 

dex therapy. In these patients it was also possible to isolate new ‘ATMdexa1’ 

variants, originating from canonical (exons 3–52, 4–53 and 2–52) and non-canonical 

(short direct repeat: 3–52 and 4–51) splicing of the ATM mRNA, each containing the 

coding sequence identified in ‘ATMdexa1’ (Figure 4.3). They were observed in 

different patients and in the same patient at different time points, and even more 

than one variant was present in the same sample. 
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Figure 4.3. Schematic representation of ‘ATMdexa1’ transcripts family, originating both from canonical and 

non-canonical splicing. 

In 2017 an international, multi-center, one-year, randomized, prospective, double-

blind, placebo-controlled, Phase III study clinical trial has been designed to study 

the efficacy of EryDex in a large scale population (NCT02770807). 175 patients were 

collected from United States, Europe, Asia, Australia and Africa, and underwent a 

monthly infusion of EryDex for 6 months. A further 12-months period was added to 

evaluate the long-term safety of the drug. ‘ATMdexa1’ was used as a molecular 

blood marker to evaluate treatment efficacy and predict outcome in AT patients. The 

study has recently been concluded, but not all the results have been analysed yet.  

Preliminary results have already shown positive outcomes especially on 6–9-year-

old subjects, demonstrating an improvement in patients’ health, evaluated by the 

modified International Cooperative Ataxia Rating Scale (mICARS/RmICARS), in the 

clinical global impression of change (CGI-C) and in the quality of life measured by 

Euro-Qol Instrument. None of the patients manifested adverse effects associated 

with a prolonged use of steroids.  

Other studies were performed and are still ongoing to better understand the 

beneficial role of glucocorticoid treatment in AT cells and patients. Biagiotti et al. 

[193] discovered that dex was able to increase the antioxidant response in AT 

lymphoblastoid cells, improving NRF2 content, followed by GSH and NADPH 

boosted expression. A transcriptomic profile has been carried out in vivo on blood 

gene expression of AT patients treated with EryDex [194], revealing a constitutive 

difference between AT and healthy subjects, while the drug appears to partially 
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restore gene expression in AT. In addition, proteomic and transcriptomic analyses 

were performed in lymphoblastoid cells treated with dex to gain insight the 

mechanism of dex action [195], revealing the pathways that were affected by dex in 

AT treated cells. Betamethasone treatment on AT lymphoblastoid cells seemed to 

improve the autophagic flux [103], a commonly compromised pathway in 

neurodegenerative diseases, promoting autophagosome degradation. D’Assante et 

al. suggested that in AT cells there is an impairment in the fusion between 

autophagosomes and lysosomes, possibly restored by the drug treatment.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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AIM OF THE THESIS 

The aim of this thesis was the study of new molecular and cellular approaches for 

potential therapies for Ataxia Telangiectasia, a very rare severe disease with 

pleiotropic phenotype, focusing our attention on dexamethasone effects in AT cells 

and on biochemical characterization of ATM variants for further applications in gene 

therapy. 

Firstly, effects of dexamethasone in AT cell lines were studied to gain insight their 

molecular mechanism, in the attempt to explain their beneficial role in AT patients. 

Particularly, we focused on dex ability of altering HDAC4 localization, one of the 

mechanisms that could lead to neurodegeneration, and on dex effects on LMN A/C 

dynamics, whether dex could act on epigenetic changes and therefore regulate 

gene expression. Also, a patient treatment simulation has been established to 

observe the gene expression variation between WT and AT cells. 

Secondly, the discovery of ATM variants in vivo in the blood of AT patients treated 

with EryDex containing the kinase domain plus additional domains with respect to 

miniATM, led us to develop a lentiviral system carrying ATM variants in AT cell lines 

to investigate their ability in overcoming ATM absence and in reverting AT 

phenotype, in order to pinpoint the roots for their potential application in AT gene 

therapy.  
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ABSTRACT 

Ataxia telangiectasia (AT) is a rare, severe, and ineluctably progressive 

multisystemic neurodegenerative disease. Histone deacetylase 4 (HDAC4) nuclear 

accumulation has been related to neurodegeneration in AT. Since treatment with 

glucocorticoid analogues has been shown to improve the neurological symptoms 

that characterize this syndrome, the effects of dexamethasone on HDAC4 were 

investigated. In this paper, we describe a novel non-epigenetic function of HDAC4 

induced by dexamethasone, through which it can directly modulate HIF-1a activity 

and promote the up-regulation of the DDIT4 gene and protein expression. This new 

HDAC4 transcription regulation mechanism leads to a positive effect on autophagic 

flux, an AT compromised biological pathway. This signaling was specifically induced 

by dexamethasone only in AT cell lines and can contribute in explaining the positive 

effects of dexamethasone observed in AT treated patients. 

 

INTRODUCTION 

Ataxia telangiectasia (AT) is a rare neurodegenerative disease caused by biallelic 

mutations in the ataxia telangiectasia mutated (ATM) gene (Chr 11q22.3-23.1), 

which encodes for the ATM protein, a member of the PI3 kinase-like kinase (PIKK) 

family [1, 2]. 

AT patients show a complex phenotype characterized primarily by an early-onset 

progressive cerebellar ataxia, loss of Purkinje cells, oculocutaneous telangiectasias, 

immunodeficiency, proneness to the development of tumors (lymphoma and 

leukaemia) and infections (respiratory infections) [3-6]. 

ATM, initially discovered as a protein with nuclear functions, as it is activated after 

DNA damage [7, 8], modulating cell‐cycle‐checkpoint signaling [9], also has 

pleiotropic effects in the cytoplasm. These effects are still under investigation [10-

15]. 

Unfortunately, there is currently no cure available for AT patients, but only 

supportive therapies to ameliorate their pain. However, in the last few years, 

observational studies and clinical trials have shown that treatment with 

glucocorticoid analogues improves the neurological symptoms of AT patients, 

although their mechanism of action has only partially been elucidated [16-20]. The 

limitations observed with the use of oral corticosteroids, leading to undesirable side 

effects have been overcome with the administration of a sustained released delivery 
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system via patients’ red blood cells [16-17]. Several studies have been carried out 

in order to gain insight into the biological effects of glucocorticoids in AT patients 

and in cellular models, highlighting their role in redox balance, gene expression, 

protein regulation and organelle dynamics [21-27]. Li et al. reported the role of ATM 

in balancing HDAC4 function in AT neurons [28]. Among class II HDACs, HDAC4 is 

implicated in the control of gene expression, and it is also important for several 

cellular functions and is the major player in synaptic plasticity [29]. HDAC4 is 

expressed particularly in the heart, skeletal muscle and in the brain, where it seems 

to be predominantly localized in the cytoplasm [30, 31]. Loss of HDAC4 cytoplasmic 

distribution induces neuronal cell death. HDAC4 is normally phosphorylated by 

calcium/calmodulin-dependent kinases (CaMKs), enabling its binding to the 

chaperones 14.3.3 protein family, and leading to its nuclear export while preventing 

its nuclear import [32-34]. Protein phosphatase 2A (PP2A) in turn, regulates the de-

phosphorylation of HDAC4, promoting its nuclear shift [35]. A lack of ATM causes 

the deregulation of PP2A and subsequent HDAC4 nuclear accumulation, inhibiting 

the transcription factors myocyte enhancer factor 2A (MEF2A) and cAMP response 

element-binding protein (CREB), thus promoting the repression of neuronal survival 

genes and leading to neurodegeneration [28]. 

In light of the above-mentioned dynamics involved in AT pathology and based on 

our previous investigations regarding dexamethasone (dex) action in AT cells and 

patients [36], we decided to investigate whether dex can alter HDAC4 cellular 

localization and function in AT fibroblast cell lines. Dexamethasone treatment was 

found to promote a new non-epigenetic role of HDAC4, consisting in HDAC4 

mediated HIF-1a regulation which leads to an ATM-independent DDIT4 

transcription involved in the autophagy process that was restored after dex 

administration. These data can contribute in understanding the beneficial effect of 

dexamethasone in the treatment of AT.  
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MATERIALS AND METHODS 

Cell cultures 

Fibroblasts WT AG09429 (ATM+/+) and AT GM00648 (ATM -/-) from Coriell Institute 

(Camden, NJ, USA) were used as a cellular model. The hTERT antigen cell 

immortalization Kit (Alstem Cell Advancements) was used to immortalize the cells. 

The selected AT GM00648 hTERT (AT 648 hT) and WT AG09429 hTERT (WT hT) 

were grown in MEM (Eagle formulation). The medium was supplemented with 2 

mmoL/L L-glutamine, 100 U/mL penicillin and 0.1 mg/mL streptomycin (Sigma 

Aldrich), 10% fetal bovine serum (Thermo Fisher Scientific) and 10 mM glucose. All 

cells were incubated at 37 °C with 5% CO2 and treated with 100 nM dex for 48 hours 

prior to each analysis. Dimethylsulfoxide (DMSO) was used as the drug vehicle and 

thus was administered in untreated cells as a control. 

 

Western blotting 

Total proteins were extracted by using the Protein Extraction Reagent Type 4 (P4, 

Sigma Aldrich). Cells were sonicated with 10 pulses of 15s at 45 Watts Labsonic 

1510 Sonicator (Braun) and clarified by centrifugation for 10 minutes at 10000 RCF. 

Cytosolic and nuclear fractions were obtained lysing the cells in Buffer A (10 mM 

Hepes/KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM dithiothreitol (DTT), 0.1% 

Nonidet-P40) completed with protease inhibitors (Roche Applied Science) and 

phosphatase inhibitors (10 mM NaF, 2 mM Na3VO4) in ice for 10 min. Cells were 

centrifuged at 5000 RCF for 10 minutes and the supernatants containing the 

cytosolic fraction were collected. The pellets were then lysed in P4 and sonicated 

for 10 pulses of 10 seconds at 45 Watts. After clarification, the supernatants 

containing the nuclear fractions were collected. Protein concentration was 

determined by the Bio-Rad Protein Assay, based on Bradford's method. 

Twenty micrograms of proteins were separated by SDS–PAGE according to the 

Laemmli protocol [37] (Novex Tris-Glycine gels) and then transferred to 

nitrocellulose (0.22 µm, Bio-Rad) by wet transfer and Towbin blotting buffer (50 mM 

Tris, 150 mM NaCl, 20% (v/v) methanol). Membranes were probed with the primary 

antibodies and corresponding secondary HRP-coupled antibodies diluted in 5% w/v 

non-fat dry milk or 5% BSA in TBS-T. The following antibodies were used in the 

analyses : anti-HDAC4 (Cell Signaling Technology CST, Thermo Fisher Scientific, 

TFS), anti-phospho HDAC4 Ser632 (CST), anti-NFE2L2  (Santa Cruz 



34 

 

Biotechnology, SCBT), anti-HIF1-a (CST, TFS) anti-DDIT4 (Bethyl and CST), anti-

4E-BP1 (CST) anti-phospho 4E-BP1 Thr37/46 (CST), anti-p70S6K (CST and 

Bethyl), anti-phospho p70S6K Thr389  (CST), anti-LC3B (CST), anti-SQSTM1/p62 

(CST), anti-VPS18 (TFS), anti-AKT (CST) anti-phospho AKT Ser473 (CST), anti-

GSK-3a/b (CST), anti-phospho GSK-3a/b Ser21/9 (CST). Immunoreactive bands 

were recorded using the enhanced chemiluminescence (Advansta) by ChemiDoc 

Touch Imaging System (Bio-Rad).  

The whole lane normalization strategy was adopted in all western blot analyses by 

using a trihalo- compound for protein visualization [38-40]. 

Acquired images were analysed by Image Lab software 5.2.1 (Bio-Rad) [41]. 

 

Indirect immunofluorescence microscopy 

Cells were grown on Lab-Tek II chamber slide (Nunc). After stimulation, they were 

fixed with 4% formaldehyde for 10 minutes and then with 100% cold methanol for 

10 minutes. They were subsequently permeabilized with 0.5% NP-40 in PBS for 

another 10 minutes. 

After performing the blocking procedure for 1h at room temperature, primary 

antibodies were applied in 0.1% Triton X100, 1% BSA in PBS overnight at 4°C. The 

following antibodies were used:  anti-HDAC4 (Cell Signaling Technology, Thermo 

Fisher Scientific), anti-phospho HDAC4 Ser632 (Cell Signaling Technology) and 

anti-HIF1-a (Cell Signaling Technology, Thermo Fisher Scientific). 

The following day, slides were incubated with secondary anti-mouse TRITC-

conjugated antibody (Sigma-Aldrich) or anti-rabbit FITC-conjugated antibody 

(Sigma-Aldrich) in 0.1% Triton X100, 1% BSA in PBS for 1h at 37°C. After washing 

procedures, DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI) at a final 

concentration of 0.2 µg/ml. Washed slides were mounted and embedded with 

ProLong Antifade (Thermo Fisher Scientific). Slides were observed by Olympus 

IX51, and the images were acquired by ToupCam camera (ToupTek Europe). Image 

analyses were performed by ImageJ (NIH). 

 

Quantitative real-time PCR 

Total RNA was extracted from WT hT and AT 648 hT fibroblast cell lines treated 

with dex or not treated using the RNeasy mini kit (QIAGEN).  Five hundred 

nanograms of RNA were employed in each experiment to obtain cDNA 
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PrimeScript™ RT Master Mix (Takara). One nanogram of cDNA was used in each 

PCR reaction for TaqMan Gene Expression Assays (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. PPIC and PPIA gene expressions were 

used as housekeeping genes. Amplification plots were analysed using the ABI 

PRISM 7500 sequence detection system (Applied Biosystems) and the relative 

expression data were calculated by the ½ ΔCt method. 

 

HDAC4 cysteines reduction assay  

The extent of cysteine reduction in HDAC4 was determined by biotinylated–

iodoacetamide (BIAM) as reported in [42, 43]. Briefly, cells were lysed with Buffer A 

(10 mM Hepes/KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.1% Nonidet-P40), 

completed with protease inhibitors (Roche Applied Science) and phosphatase 

inhibitors (10 mM NaF, 2 mM Na3VO4) and BIAM 400 µM, in ice for 10 minutes. 

Nuclei were centrifuged for 10 minutes to collect the supernatant containing the 

cytosolic fraction. The pellets were resuspended in Ripa Buffer (150 mM NaCl, 50 

mM Tris-HCl pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 

protease and phosphatase inhibitors and BIAM 400 µM. Cells were sonicated with10 

pulses of 15 seconds at 45 Watts in ice and centrifuged for 10 minutes to collect the 

supernatant containing the nuclear fraction.  

The enrichment of reduced proteins was performed with hybridization between 

100µg samples and 60µL of 50% streptavidin agarose beads (Pierce) in PBS 

containing protease inhibitors. The hybridization on a rotating bascule at 4°C lasted 

for 2 hours. Biotinylated proteins were purified as reported by Jasca et al. [44] and 

subsequently separated by SDS–PAGE (Novex 8-16%) and transferred to 

nitrocellulose. Membranes were probed with the primary antibody anti-HDAC4 and 

immunoreactive signals were detected as previously described. 

 

Transcription Factors Array 

Protein nuclear extracts were obtained from WT hT and AT 648 hT cells, with or 

without dex treatment, extracted in native conditions, according to the 

recommendations of the Panomics Protein/DNA arrays II kit. Transcription Factor 

activity was evaluated using the enhanced chemiluminescence detection following 

the manufacturer’s instructions. 
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HDAC4 Co-immunoprecipitation 

Co-immunoprecipitation of nuclear protein fractions was performed using standard 

methods. Briefly, cells were lysed in cytosolic lysis buffer (10 mM Hepes, pH7.5, 1.5 

mM MgCl2, 10 mM KCl, 10% glicerolo, 0.2% NP-40, 1 mM DDT and protease 

inhibitors) in ice for 10 minutes. After centrifugation, nuclei pellet were lysed in 

nuclear lysis buffer (10 mM Hepes, pH 7.5, 1.5 mM MgCl2, 300mM KCl, 10% 

glicerolo, 0.2% NP-40, 1 mM DTT protease inhibitors) for 30 minutes at 4°C. Five 

hundred micrograms of nuclear protein were immunoprecipitated with 3 μg of anti‐

HDAC4 antibody (CST or TFS) in nuclear lysis buffer at a final concentration of 150 

mM KCl. Immuno-precipitates were incubated with Protein A/G agarose beads, at 

4°C for 4 hours. Agarose beads were copiously washed in wash buffer (10 mM 

Hepes, pH7.5, 1.5 mM MgCl2, 150 mM, KCl, 0.25% NP-40, and 10% glycerol). 

Immunoprecipitated protein complexes were directly boiled in Laemmli's buffer and 

subjected to western blot analysis as previously described using anti-HDAC3 (CST), 

anti-14.3.3ζ (CST) and anti-HIF-1a (CST and TFS). 

 

Chromatin Immunoprecipitation ChIP 

AT 648 hT cells were fixed with 1% formaldehyde at 37°C for 15 minutes, and 

subsequently the reaction was stopped adding 0.125 mM glycine at room 

temperature for 5 minutes. Cells were then rinsed with cold PBS, scraped and 

centrifuged. To separate the DNA associated with chromatin, pellet was re-

suspended in 1mL of cell lysis buffer (5mM HEPES-KOH pH 7.5, 85 mM KCl, 0.5% 

NP-40, protease and phosphatase inhibitors) on ice for 10 minutes and then 

centrifuged. The obtained pellet was re-suspended in nuclear lysis buffer (50mM 

Tris pH 8, 10mM EDTA, 1% SDS, protease and phosphatase inhibitors) on ice for 

30 minutes. Samples were sonicated with 10-20 pulses of 15 seconds at 45 Watts 

to achieve a chromatin average size between 200 and 400 base pairs. For ChIP, 10 

µg of DNA, 50 µl of 50% agarose-beads, 5 μg of HIF1-a or HDAC4 antibodies were 

mixed in 1 ml binding buffer (0.1% SDS, 1% Triton X100, 150 mM NaCl, 2 mM 

EDTA, 0.5 mM EGTA, 20 mM Tris pH 8, and protease inhibitors) at 4°C overnight. 

Irrelevant IgG was used as a control. Samples were subsequently centrifuged and 

washed several times in wash buffer (0.1%SDS, 1% Triton X100, 2 mM EDTA, 150 

mM NaCl, 20 mM tris-HCl pH 8) and lastly, in a final wash buffer (0.1% SDS, 1% 

Triton X100, 2mM EDTA, 500 mM NaCl, 20 mM tris-HCl pH8). After centrifugation, 
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the surfactant of each sample was reversed cross-linked in the presence of RNase 

A, and proteinase K at 65°C overnight and subsequently purified (GenElute PCR 

clean-up Kit Sigma). Quantitative PCRs were performed using SYBR Green Premix 

Ex Taq Tli RNaseH Plus (Takara) using the primers surrounding the HIF-1a binding 

site in DDIT4 promoter; forward 5’-GTTCGACTGCGAGCTTTCTG–3’, reverse 5’-

GCACGTAAGCAACGTTCTCT-3’. 

 

Electrophoretic Mobility Shift Assay EMSA 

Native nuclear proteins of WT hT and AT 648 hT were extracted as described in the 

TFs array section and used in EMSA. The double-stranded DNA encompassing the 

HIF-1-a binding site (TACGTG) of the DDIT4 promoter was obtained and labelled 

by PCR amplification using 5’FAM modified forward primer 5’-

GTTCGACTGCGAGCTTTCTG-3’ and reverse 5’–CCTTCTCTGCGCCACGACCC-

3’. 

DNA-protein binding and gel migration were performed as previously reported [45]. 

Anti-HDAC4 and anti- HIF-1a were added in super shift assays before probe 

binding.  

 

RNA Interference 

RNAi experiments were performed with 6nM siRNA against HIF-1a or HDAC4 

(Ambionᴿ Silencerᴿ Select Pre-designed siRNAs) using Lipofectamine RNAiMAX 

(Invitrogen) according the guidelines provided by the manufacturers. The Select 

Pre-designed scramble 6nM siRNA was used as a control. SiRNAs were added in 

the last 24 hours of 48-hour dex stimulation. RNA and proteins were extracted as 

previously described. 

 

Autophagy flux monitoring treatments 

In order to analyse the autophagic flux, treated and untreated cells were incubated 

for 48 hours and subsequently treated with the vehicle (control group), with 

chloroquine 100µM (Sigma-Aldrich) and with chloroquine plus Pepstatin A 10µg/µl 

(Sigma-Aldrich) for an additional 4 hours. Proteins were then analysed as previously 

illustrated. 
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Statistical analysis 

GraphPad Prism was used for statistical analyses and graph generation. Statistical 

tests were chosen according to sample size and variance homogeneity. The 

following tests were used: t-test for data from IF experiments, test U Mann-Whitney 

in case of unpaired medians comparisons, Wilcoxon test in case of paired medians 

comparisons and Kruskal-Wallis test (nonparametric ANOVA) when more than two 

groups were compared. Means or medians were considered statistically different 

with p ≤ 0.05.  

 

RESULTS 

HDAC4 nuclear accumulation by cysteine reduction    

The first aim of this study was to evaluate if dex was able to alter HDAC4 nuclear 

localization, thus reversing the phenotype induced by its nuclear dysfunction.  

The intracellular distribution of HDAC4 (Fig 1A) and p-HDAC4 (Fig 1B) was assayed 

by indirect immunofluorescence (IF) in both WT hT and AT 648 hT cells treated with 

dex or untreated. Their quantified amounts are reported in Fig 1C and Fig 1D 

respectively. Consistent with the findings of Li et al., AT cells showed a larger 

amount of nuclear HDAC4 than did WT cells, and its magnitude further increased 

only in AT 648 hT after dex stimulation. The amount of nuclear p-HDAC4 was found 

to be slightly increased (not statistically significant) only in AT cells.  

These findings were also verified by western blot analyses of nuclear and total 

protein extracts using anti-HDAC4 and anti-p-HDAC4 antibodies (Fig 1E). AT 648 

hT cells showed an increase in nuclear HDAC4 after stimulation with dex compared 

to untreated cells. No significant difference was found in WT hT cells in terms of 

protein quantity (Fig 1F).  In agreement with IF quantification, AT 648 hT cells were 

found to have more nuclear HDAC4 protein than WT hT cells at basal conditions, 

but the amount of the protein was enhanced after dex only in AT cells. Nuclear 

HDAC4 phosphorylation status (Fig 1G), as observed by IF, showed a slight 

increase in nuclear p-HDAC4/HDAC4 only in the dex-treated AT 648 hT cell line, 

though the increase was not statistically significant. Western blot analyses of total 

protein extracts with the anti-HDAC4 antibody showed a significant increase in 

HDAC4 only in AT 648 hT cells (Fig 1H). Total phosphorylated HDAC4 was also 

tested and the ratio between pHDAC4/ HDAC4 showed an increase in treated AT 

648 hT cells, while in WT hT cells, the ratio decreased after dex treatment (Fig 1I). 
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The increased HDAC4 phosphorylation status was in disagreement with its nuclear 

localization, since the phosphorylated protein should be shuttled to the cytosol [33]. 

HDAC4 gene expression was also performed by qPCR assay, as illustrated in 

Supplemental Fig 1S. AT 648 hT cells showed an upregulation of HDAC4 gene 

expression after stimulation with dex compared to untreated AT 648 hT, whereas 

no significant differences were found between treated and untreated WT hT cells in 

terms of mRNA. 
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Figure 1. HDAC4 and p-HDAC4 are specifically modulated in AT cells by dex. 

A and B. Typical images illustrating the nuclear localization of HDAC4 and p-HDAC4 in control and dex treated 

WT hT and AT 648 hT cells stained by IF.  

C and D. Quantification of the signals derived from the IF experiments. At least 200 nuclei were counted for data 

processing. HDAC4 only accumulated in AT 648 hT cells after dex treatment (p=0.012 t-test), while no statistical 

differences were appreciable for p-HDAC4 quantitation.  

E-I. Western blot analysis on nuclear protein extracts and total protein extracts of all the tested cell lines. The 

quantitation of the immunoreactive bands is also reported. Nuclear HDAC4 only accumulated in AT 648 hT 

treated cells (Wilcoxon test p=0.0313 n=9), while no differences were recorded for nuclear p-HDAC4. The 

analysis of total protein extracts showed an increment of HDAC4 in AT 648 hT treated cells (Wilcoxon test p= 

0.313 n=9), while p-HDAC4 was downregulated in WT hT and up-regulated in AT 648 hT treated cells (Wilcoxon 

test p=0.0216, n=9). 
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It is known that numerous post translational modifications regulate HDAC4 

subcellular localization and activity, reviewed by Mielcarek et al. [46], Di Giorgio and 

Brancolini [47] and Wang et al. [48]. In particular, the reduction of the disulphide 

bridge between cystein-667 and cystein-669, inhibits its nuclear export, in spite of 

its phosphorylation status [43]. Therefore, we investigated the possible activity of 

dex on HDAC4 redox status, and consequently whether HDAC4 nuclear 

accumulation was related to its reduced state. We evaluated HDAC4 redox status 

by BIAM assay, as described in the material and methods section [42, 43]. As 

illustrated in Fig 2A and B, HDAC4 reduction was greatly increased only in treated 

AT 648 hT cells, whereas no significant differences were observed in WT hT cells. 

As reported by Ago et al., in mice, Thioredoxin (TXN) is able to regulate the 

localization of HDAC4, since the complex TXN-TBP-DNAJB5 reduces its disulphide 

bridge 667–669, promoting HDAC4 nuclear accumulation regardless of its 

phosphorylation status.  

We then proceeded to investigate TXN gene expression by qPCR assay, as 

reported in Fig 3A. Higher mRNA expression levels of TXN were observed in both 

treated WT hT and AT 648 hT cell lines, suggesting that TXN overexpression may 

actually influence the nucleocytoplasmic shuttling of HDAC4 by cysteine reduction. 

Nuclear factor erythroid 2-related factor 2 (NFE2L2) is a key player in cellular redox 

balance, and the activation of NFE2L2 results in the induction of genes involved in 

oxidative stress protection, including TXN [49, 50]. Since dex could enhance the 

cellular nuclear translocation of NFE2L2 in AT lymphoblastoid cell lines (LCLs) [27], 

NFE2L2 nuclear localization was investigated by western blotting analysis as shown 

in Fig 3B. Surprisingly, we were not able to record any nuclear shift in the tested 

cells. However, we did observe a higher nuclear amount of NFE2L2 in AT fibroblasts 

than WT.  

The likelihood of HDAC4 nuclear accumulation by reduction is also supported by an 

auto-regulatory feedback loop involving HDAC4 and miR-206 [51]. HDAC4 in a 

reduced state suppresses miR-206 expression, thus avoiding the degradation of 

HDAC4 mRNA, a specific target of the previously mentioned miR. It has been shown 

through qPCR analysis that HDAC4 is overexpressed specifically in treated AT cells.  
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Figure 2.  HDAC4 cysteines are reduced after dex treatment. 

A. Representative Western blot image of the reduced HDAC4 immunoreactive bands obtained by biotin-

modified cysteines captured by monomeric avidin beads and probed with anti-HDAC4 antibodies. 

B. Western Blot quantification. Dex improved the reduced status of HDAC4 only in AT 648 hT cells, promoting 

its nuclear translocation (p=0.0313 Wilcoxon test, n=5). 

 

 

 

Figure 3. TXN is upregulated by dex in NFE2L2 in an independent manner. 

A. HDAC4 reduction should be mediated by TXN, which is actually overexpressed upon dex treatment in both 

WT hT and AT 648 hT cells (Wilcoxon test p=0.0239 and p=0.041 respectively, n=5). 

B. The overexpression of TXN was not mediated by NFE2L2 since no further accumulation in the nucleus is 

observed after dex treatment in all the analysed cell lines. However, a higher basal amount of nuclear NFE2L2 

was observed in AT cells than in WT cells (Test U Mann-Whitney p=0.317, n= 5). 
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HDAC4 does not influence HDAC3, MEF2A and CREB 

When situated in the nucleus, HDAC4 can play numerous roles, the first of which is 

the deacetylase function. For this activity, HDAC4 binds directly to HDAC3 in order 

to activate its deacetylase domain, becoming competent for epigenetic alterations 

[52, 53]. To test nuclear HDAC4 deacetylase activity, we co-immunoprecipitated 

HDAC4 and then verified the presence of HDAC3 by western blotting using the anti-

HDAC3 antibody, as reported in Supplemental Fig 2S. The interaction between 

HDAC4 and HDAC3 remained unaltered in AT 648 hT samples. In WT samples dex 

seemed to reduce HDAC4/HDAC3 binding.  

Nuclear HDAC4 has an additional role in MEF2A and CREB activity suppression, 

promoting the downregulation of neuronal survival genes, leading to 

neurodegeneration in AT patients [28]. The activity of MEF2A and CREB in the 

investigated cells was therefore tested by a transcription factor (TF) array analysis, 

which also contained the assays for the above-mentioned TFs. MEF2A and CREB 

activity was undetectable in both AT 648 hT and WT hT fibroblasts, regardless of 

dex stimulation (Supplemental Fig 3S). However, among the TFs that were 

modulated in AT 648 hT by dex, the hypoxia inducible factor-1 a (HIF-1a) was noted.  

 

Dex increases HIF1-a/HDAC4 interaction 

HIF-1a is a heterodimer consisting of two subunits, oxygen-sensitive HIF-1a and 

constitutively expressed HIF-b. In hypoxic conditions, HIF-1a becomes stabilized, 

dimerizes with HIF-b and can translocate to the nucleus [54]. HIF-1a is involved in 

the modulation of numerous proteins and enzymes of glucose metabolism and the 

glycolytic pathway [55]. Tang et al. [56] reported that HDAC4 has the ability to 

stabilize HIF-1a by 14.3.3ζ, promoting the expression of Epithelial–mesenchymal 

transition (EMT or SLC22A1) transcription.  

Since dex stimulates HIF-1a in AT 648 hT cells but not in WT hT cells, we focused 

our attention on whether HDAC4 nuclear accumulation could directly modulate HIF-

1a activity in the proposed AT cellular model. Accordingly, the interaction between 

HIF-1a and HDAC4 was assayed by co-immunoprecipitation of HDAC4, and the 

immuno-complex was tested by western blotting with anti- HIF-1a and anti-

14.3.3ζ/δ. Fig 4A shows the interaction enhancement in AT 648 hT cells after dex 

treatment between HIF-1a and HDAC4; only a weak signal was obtained in WT hT 

samples. The 14.3.3ζ interaction with HDAC4 was also assessed, and it seemed to 
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decrease in AT cells after dex treatment. HIF-1a nuclear localization was performed 

on nuclear protein extracts as reported in Fig 4B, and a significant HIF-1a increase 

was observable in treated AT 648 hT cells, while we did not find significant 

differences between treated and untreated WT hT samples. The IF assay, with anti-

HIF1a and anti-HDAC4 antibodies (Fig 4C) showed an HIF-1a fluorescent signal 

that was higher in dex stimulated AT 648 hT cells. A co-localization signal with 

HDAC4 was also observable in these cells. 

 The findings described above led us to investigate several HIF-1a downstream 

target genes, including SLC22A1, by qPCR, to assess their transcriptional activity. 

The expression of SLC22A1 was undetectable (in contrast with Tang et al. [56]) in 

all the tested samples, while atypical outcomes were obtained testing the expression 

of vascular endothelial growth factor A (VEGFA), solute carrier family 2, facilitated 

glucose transporter member 1 (SLC2A1), insulin like growth factor binding protein 1 

(IGFBP-1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Supplemental 

Fig 4S). Consequently, additional HIF-1a activities were investigated. 
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Figure 4. HDAC4 interaction with HIF-1a is boosted after dex treatment. 

A. Representative western blot of HIF-1a and 14.3.3 ζ/δ probed membranes containing HDAC4 co-

immunoprecipitated proteins. Dex enhanced HDAC4-HIF-1a interaction in AT 648 hT cells. Weak signals were 

observed in other lanes. Dex seemed to reduce the HDAC4-14.3.3 ζ interaction in AT 648 hT cells. 

B. Representative western blot analysis of the HIF-1a nuclear amount from all cell line conditions. Quantitation 

is also reported and HIF-1a only accumulated in AT 648 hT cells after dex stimulation (Wilcoxon test p<0.0313 

n=7).  

C. HIF-1a nuclear localization (green) was also observed by indirect immunofluorescence imaging of AT cells 

treated with dex or untreated, and in some loci it co-localizes with HDAC4 (red). 
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HIF-1a/HDAC4 interaction bypasses ATM dependent DDIT4 transcription 

Cam et al. [11] reported that ATM is able to phosphorylate HIF-1a in Ser696 in 

hypoxic conditions, driving DDIT4 (also known as REDD1) expression in AT mouse 

embryonic fibroblasts (MEFs) and in human AT fibroblasts. DDIT4 in turn, indirectly 

leads to the suppression of the mammalian target of rapamycin (mTORC1) [57], 

therefore improving the autophagy process, one of the compromised biological 

pathways in AT cells [58]. This prompted us to assess whether dex might somehow 

modulate HIF-1a by HDAC4, bypassing the HIF-1a phosphorylation by ATM, and 

controlling the HIF-1a mediated DDIT4 transcription. We therefore first assessed 

DDIT4 mRNA expression and protein levels after dex treatment by qPCR and 

western blotting, using the anti-DDIT4 antibody as shown in Figs 5A and 5B, 

respectively. The DDIT4 transcript was found to be significantly overexpressed only 

in treated AT 648 hT, whereas no significant changes were observed in WT hT. In 

contrast, the DDIT4 protein showed a slight increase in WT hT cells after dex 

treatment, but showed its largest increase in AT 648 hT cells treated with dex.  
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Figure 5. DDIT4 gene expression is specifically induced by dex in AT. 

A. Analysis by qPCR shows that dex specifically modulates the DDIT4 transcript only in AT 648 hT treated cells 

(Wilcoxon test p=0.0313 n=7). 

B. Representative western blot and matching quantification of DDIT4 in total protein extracts. A DDIT4 protein 

boost was evident in treated AT 648 hT (Wilcoxon test p=0.0355 n=6). At the protein level, a small increment 

was also observable in WT hT dex treated cells (Wilcoxon test p=0.035 n=6). 
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Once it had been established that DDIT4 expression is influenced by dex action, we 

turned our attention to the possible HIF-1a/HDAC4 interaction in the HIF-1a binding 

site localized in the DDIT4 promoter [59]. 

Firstly, we performed a gel shift assay by using a probe surrounding the HIF-1a 

binding site. As reported in Supplemental Fig 5S, at least three protein-DNA 

complexes were observable in all conditions. The super-shift by HDAC4 or HDAC4 

and HIF-1a antibodies seemed to affect the composition of the complexes, 

especially in the treated AT 648 hT sample. In order to obtain further confirmation 

of the gel shift results, the immunoprecipitation of chromatin (ChIP) on AT 648 hT 

cells was achieved with HDAC4 and HIF-1a antibodies. The fragments surrounding 

the DDIT4 promoter HIF-1a binding site were quantified by qPCR. As shown in Fig 

6A, there was no significant difference between treated and untreated AT 648 hT in 

terms of the amount of HIF-1a in the DDIT4 promoter, while qPCR on anti-HDAC4 

ChIP showed a larger amount of HDAC4 in the same promoter locus in dex treated 

AT 648 hT cells.  

DDIT4 transcription dependence on HIF-1a/HDAC4 was assayed by gene silencing 

experiments and DDIT4 expression was evaluated. In both HIF-1a and HDAC4 

silencing, we observed a reduction in the amount of transcript (a downregulation of 

about 50%-60%, Figs 6B and 6C respectively) only in AT 648 hT cells. In fact, in all 

WT hT conditions and in untreated AT 648 hT cells, the mRNA levels remained 

unaffected by siRNA treatments, thus reinforcing the idea that HDAC4 is responsible 

for HIF-1a DDIT4 transcription. In silencing experiments, the DDIT4 protein amount 

was also evaluated as reported in Fig 6D (quantified in Supplemental Fig 6SA), and 

its expression matched the mRNA amount. Additional results, including HIF-1a 

downregulation in siRNA experiments and the relationship between the amount of 

HIF-1a and DDIT4 expression, are reported in Supplemental Figs 6SB and C 

respectively.  

Taken together, these findings show that DDIT4 is actually transcribed by the HIF-

1a-HDAC4 complex after dex induction, bypassing ATM activity selectively in AT 

cells. 
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Figure 6. DDIT4 is selectively transcribed in AT cells by the HIF-1a-HDAC4 complex after dex stimulation.  

A. qPCR quantification of ChIP outcome in AT 468 hT cells revealed that the amount of HIF-1a in the DDIT4 

promoter was unaltered (Wilcoxon test p=0.14, n=5), while the amount of HDAC4 was markedly increased after 

dex treatment (Wilcoxon test p=0.0355, n=5) 

B-C. The silencing of HIF-1a and HDAC4 by siRNAs, decreased DDIT4 expression in treated AT 648 hT cells 

by approximately 70% (siRNA HIF-1a, Wilcoxon test p=0.0313 n=7) and by approximately 50% (siRNA HDAC4, 

Wilcoxon test p=0.0084 n=6) when compared to the siRNA SCR dex-treated control. No differences between 

siRNA SCR and siRNA HIF-1a or siRNA HDAC4 untreated AT cells were observed. DDIT4 transcription is 

improved by HDAC4 HIF-1a stabilization upon dex stimulation specifically in AT cells. 

D. DDIT4 protein amounts in HIF-1a and HDAC4 targeting siRNAs in all the tested cell lines. DDIT4 protein 

levels were also reduced in treated AT 648 hT after HIF-1a and HDAC4 silencing. DDIT4 HIF-1a silenced 

western blot quantification is reported in Supplemental Fig S6. 
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Autophagy is enhanced by dex without mTORC1 activation  

DDIT4 can activate the TSC1/2 complex, which converts Rheb to the inactive GDP-

bound state, leading to the inhibition of mTORC1 activity [60] and indirectly 

promoting autophagy [61, 62]  

Autophagy dysfunctions are involved in several neurodegenerative diseases [63] 

and these impairments have also been described in AT [58]. Since the above-

mentioned results concern DDIT4 increase, we decided to investigate the 

autophagy pathway in dex treated AT cells. To detect autophagic flux, microtubule-

associated protein light chain 3 (LC3) was assayed as an autophagy marker. During 

autophagy, the cytoplasmic form LC3-I is recruited to autophagosomes and 

converted to LC3-II through lipidation, and LC3-II associates with autophagosomal 

membranes. The amount of the lipidated form LC3-II is correlated with the number 

of autophagosomes, [64, 65]. Considering that LC3B-II is rapidly degraded inside 

autolysosomes, LC3 immunoblotting may not reflect the real autophagy activation 

[66-68]. Hence, to investigate the accurate autophagic flux we performed LC3B 

degradation blocking experiments (Fig 7A). In basal conditions, without inhibitor 

treatment, the level of LC3B-II decreased in both dex treated WT and AT cells, 

although the reduction was more evident in AT samples. Under chloroquine 

treatment, AT 648 hT showed an increase in LC3B-II, whereas WT cells exhibited 

a decrease after dex treatment, but both outcomes were not statistically significant. 

In the chloroquine plus pepstatin condition, no differences were observable in WT 

hT cells, while a statistically significant LC3B-II accumulation was detected in dex-

treated AT 648 hT samples. To monitor autophagic flux, in addition to LC3B, the 

p62 (SQSTM1/sequestosome 1) marker was also tested. Its degradation reflects an 

enhancement of the autophagic process. p62-ubiquitin and LC3B are associated 

with mature autophagosomes and then degraded into autolysosomes [69]. The p62 

protein level was assayed on total protein extracts via western blot analysis with 

anti-p62 antibody. Fig 7B shows a significant decrease in p62 in AT treated cells. 

On the other hand, no significant difference was observed in the WT hT sample. 

Finally, the VPS18 autophagy marker was also evaluated. VPS18 is a central 

subunit of the VPS-C core complex involved in fusion between endosomes and 

lysosomes or autophagosomes and lysosomes [70, 71]. VPS18 is critical for 

autophagosome clearance [72]. VPS18 protein level was assessed by using anti-

VPS18 and the quantifications are illustrated in Fig 7C. The amount of VPS18 
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protein decreased in AT 648 hT after dex treatment bringing VPS18 to the same 

levels as those found in WT hT cells, which were unaffected by dex stimulation. The 

VPS18 gene expression was detected by qPCR (Supplemental Fig 7S). VPS18 

mRNA content was increased in AT treated cells, while there was not a significant 

difference in the WT hT sample. The results for LC3B, p62 and VPS18 support the 

positive dex-induced effects on autophagic flux in AT fibroblasts. 

 

 

 

Figure 7. Autophagy is specifically improved in dex-treated AT cells. 

A. Representative western blot of total protein extracts of the LC3-I and LC3-II immunoreactive bands of all the 

experimental conditions after 4 hours of treatment with chloroquine and chloroquine plus pepstatin A. The 

western blot quantification shows the LC3-II/LC3-I ratio.  The increased LC3 II/I ratio after chloroquine-pepstatin 

A was only detected in treated AT 648 hT, suggesting an autophagic flux improvement (Wilcoxon test p= 0.138 

n=8). A slight decrement of LC3 II/I ratio was observed both in unblocked WT hT and AT 648 hT treated with 

dex (Wilcoxon test p= 0.0345 n=8 and p= 0.035 n=8 respectively). 

B. p62/SQSTM1 western blot and quantification of total protein extracts of all the tested cell lines. The p62 

downregulation confirmed the enhancement of the autophagic flux in AT 648 hT after dex stimulation. WT hT 

did not show any significant differences in terms of p62 content. (Wilcoxon test p=0.026 n=8). 

C. Western blot quantification of VPS18 of whole protein extracts of all the tested cell lines. AT cells showed a 

higher basal amount of the VPS18 protein than the WT cells (Test U Mann-Whitney p=0.0038 n= 7), suggesting 

an impairment of the autophagosome-lysosome fusion. Dex decreased and restored the amount of the VSP18 

protein in AT 648 hT bringing its level to that of the WT hT protein (Wilcoxon test p=0.0140 n=7).  
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DDIT4 should stimulate autophagy by acting indirectly on mTORC1 complex, which 

is an atypical serine/threonine protein kinase. DDIT4 is the master regulator of cell 

growth and coordinates the cellular response to growth factors and nutrient 

sufficiency [73]. The main downstream targets of DDIT4, p70 ribosomal protein S6 

kinase (p70S6K) and eukaryotic translation initiation factor 4E (eIF4E)-binding 

protein 1 (4E-BP1), are involved in the translation initiation process [74]. Therefore, 

the activity of mTORC1 was investigated by testing p70S6K and 4E-BP1 

phosphorylation. We expected a decreased phosphorylation of both targets in AT 

cells treated with dex, but surprisingly no significant differences among the samples 

were observed (Supplemental Fig 8S). This unexpected outcome led us to test the 

effects of dex on HIF-1a silenced fibroblasts. In Fig 8, p-p70S6K normalized signal 

is reported. Only in dex stimulated AT 648 hT did we observe a large amount of 

phosphorylated p70S6K, while no differences were observed in p-4E-BP1.  

This behaviour could be due to mTORC1 activation in AT cells after dex treatment, 

since its upstream pathway was found to be activated, as reported in Fig 9A. Dex 

induced AKT phosphorylation, especially in AT 648 hT cells, which also showed 

increased p-GSKb levels (Fig 9B). The AKT signaling in AT cells should promote 

mTORC1 activation, but the simultaneous DDIT4 expression counteracts this 

stimulation at the mTORC1 level. 
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Figure 8. p-p70S6K is activated in treated HIF-1a silenced AT cells. 

p-p70S6K and p70S6K representative western blots of HIF-1a silenced WT hT and AT 648 hT cells and 

corresponding quantification. The silenced dex-treated AT 648 hT sample showed a high phosphorylation of 

p70S6K (Wilcoxon test p=0.0313 n=6). 
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Figure 9. Dex stimulates upstream activator of mTORC1. 

A. Western blot representation of p-AKT and AKT and quantification of p-AKT/AKT ratio in WT hT and AT 648 

hT cells. Dex induced AKT phosphorylation especially in AT 648 hT cells and to a lesser extent in WT hT cells 

(Wilcoxon test p=0.009 and p=0.031 respectively n=13). 

B. Western blot image of p-GSKb and GSKb and quantification of p-GSKb/GSKb ratio of all tested cells with or 

without dex. GSKb is more phosphorylated only in the treated AT 648 hT sample (Wilcoxon test p=0.0156 n=8). 

 

Inferring HDAC4 and DDIT4 expression in AT patients 

We have previously described the blood gene expression variation in AT patients 

enrolled in the EryDex clinical trial (IEDAT EudraCT Number 2010-022315-19) [16], 

in healthy subjects and in untreated AT patients by microarray analysis [21]. 

Among the differentially expressed probes in patients who received the treatment 

and the untreated subjects, we observed an expression increment in HDAC4 and 

DDIT4 genes. These indications were validated in the present investigation by 

qPCR, confirming that HDAC4 and DDIT4 gene expression is modulated in AT 

patients receiving dex (Figs 10A and B respectively). HDAC4 expression was found 

to be statistically different in all three tested groups. This means that dex can 

improve HDAC4 expression deficiency in AT patients raising it to levels found in 

healthy subjects. DDIT4 was found to be statistically downregulated in AT patients 

compared to healthy subjects. Dex improved DDIT4 expression in EryDex AT 

patients, but not in all subjects (p=0.1). 
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Figure 10. HDAC4 and DDIT4 are also modulated by dex in AT patients. 

A. HDAC4 qPCR on patients’ samples, previously tested by microarray analyses, revealed that HDAC4 is 

downregulated in AT patients compared to healthy subjects, and the gene expression in AT patients who 

received EryDex was restored (Kruskal-Wallis p=0.036 followed by Dunn test). 

B. Like HDAC4, DDIT4 was downregulated in AT patients compared to healthy subjects (Kruskal-Wallis p=0.016 

followed by Dunn test), and dex improved DDIT4 mRNA levels only in some treated patients.  
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DISCUSSION 

Ataxia Teleangiectasia is a severe syndrome, and no effective disease-modifying 

treatment is available. Only supporting therapies are used to care for patients. 

However, in the last few years, observational studies and clinical trials have shown 

that treatment with glucocorticoids improves symptoms and neurologic functions in 

patients with AT. The authors of the present study have previously described the 

influence of dex in AT patients and in LCLs.  

Since the lack of ATM leads to HDAC4 induced neurodegeneration [28], we 

assessed whether dex could reverse this state by re-locating HDAC4 in cells. Our 

findings have led us to propose a new molecular mechanism for the non-epigenetic 

regulation of gene expression by HDAC4. In contrast to previous published data by 

Li et al. reporting that nuclear HDAC4 promoted neurodegeneration, we suggest a 

different role for HDAC4, which was found to act as a direct transcription regulator 

in AT fibroblasts, leading to an unexpected outcome. 

Our initial results showed an extra nuclear HDAC4 accumulation in AT cells after 

dex treatment, by cysteine reduction and not by phospho-signaling. Since this 

observation of such a dex effect in AT cells was unexpected, we decided to 

investigate this event thoroughly. The clinical data of patients treated with dex [16, 

17, 21, 36] actually showed an improved neurological outcome, and it was hard to 

consider the HDAC4 nuclear shift as a side effect. In fact, the findings reported in 

the present paper are not in agreement with those reported in literature. First, the 

accumulation by cysteine reduction should be TXN mediated [43, 51], and our 

results showed a dex dependent increment of TXN expression, but unlike previously 

published data, concerning AT LCLs [27], this overexpression seemed to be 

NFE2L2 independent. Second, cysteine mediated nuclear localization of HDAC4 is 

not related to its deacetylase activity, as the interaction with the HDAC3 protein 

remained unaltered in AT after dex treatment. Hence, redHDAC4 probably has 

some other functions. Third, the effect of HDAC4 on the transcription factors MEF2A 

and CREB was not observable in the proposed fibroblasts; thus, their repression by 

HDAC4 was unquantifiable. 

 Several other transcription factors were dex modulated in the TF array experiments. 

Among these, HIF-1a was selected as a potential partner of HDAC4, and this 

interaction was investigated. Actually, dex is capable of selectively increasing the 

interaction between HIF-1a and HDAC4 only in AT cells, and its nuclear amount 
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was increased. The described interaction is able to stabilize HIF-1a transcription 

activity [56], but the described gene modulation (SLC22A1) was not evident in AT 

fibroblasts. In addition, a panel of classical genes regulated by HIF-1a was 

evaluated, but the results were unusual and contradictory. The HIF-1a pathway 

analysis led us to investigate the possibility that HDAC4 HIF-1a interaction might be 

able to modulate DDIT4 expression bypassing ATM activation, which is responsible 

for inducing HIF-1a activity in hypoxia conditions. Obviously, we were not interested 

in hypoxia conditions, but simply in testing whether the axis dex-HDAC4-HIF-1a and 

DDIT4 could activate and restore autophagy, a compromised molecular mechanism 

in AT cells [58]. It is known that dex induces DDIT4 in some cells such as 

lymphocytes [62] and thymocytes [75], in rat skeletal muscle [76] and rat 

hippocampus [77]. However, in the above-mentioned papers, the administered dex 

was in the micromolar concentration range, and the overexpression disappeared 

after 24-36 hours depending on the cell type. In contrast, our data showed an 

increase in DDIT4 mRNA and protein amounts only in AT fibroblasts, while WT cells 

were unaffected. Furthermore, the induction was present at nanomolar dex 

concentrations, and DDIT4 expression was protracted until 72 hours. Moreover, the 

molecular mechanism of action of DDIT4 induced by dex in all the investigated cell 

lines was unknown. The present paper illustrates for the first time a likely 

mechanism of action through which dex can modulate DDIT4 expression, although 

this mechanism seems to be limited to AT cells. Indeed, the HIF-1a stabilization and 

activity by HDAC4 on the DDIT4 gene was observable only in AT cells and not in 

WT samples. The induction of DDIT4 represented a very important pathway, since 

it is involved in the autophagy process that was restored after dex administration as 

reported in the results section. In addition, the utilized AT fibroblasts showed vesicle 

fusion impairment as documented by D’Assante et al. Actually, the amount of 

VPS18 messenger was lower in AT than in WT samples at the basal condition [58]. 

Furthermore, the analysis of VPS18 protein, markedly higher in AT untreated 

samples, suggested a large amount of CORVET and HOPS tethering complexes in 

the cells. This may be due to the large amount of vesicles/autophagosomes that are 

not able to correctly fuse to lysosomes. The LC3B-II analyses confirm an 

improvement in autophagic flux in AT cells and further reinforce the idea that the 

problem in the AT autophagy process is the fusion between autophagosomes and 

lysosomes, since the LC3B-II/I ratio is statistically boosted in chloroquine-pepstatin 
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A experiments [68]. Dex treatment of AT cells reinstated the levels of VPS18 protein 

to levels found in WT and the mRNA level was also restored, which is consistent 

with the improved autophagic flux. Finally, p62 levels confirmed the enhancement 

of autophagy. 

Since autophagy is typically tuned by the mTORC1/DDIT4 pathway, we decided to 

test the mTORC1 activity, which should have been downregulated. The mTORC1 

targets were assayed, but they were inexplicably unaffected after dex 

administration, and thus unaffected by DDIT4 overexpression. At this point, we 

wondered if some other signaling was activated upstream. To this aim, we 

investigated the activity of mTORC1 when the axis HIF-1a-DDIT4 was switched-off. 

Surprisingly, p70S6K was found to be activated in only silenced treated AT samples, 

leading us to hypothesize that dex might exert an upstream activation of mTORC1 

in AT, probably through the AKT signaling, which was strongly activated and its 

pathway sustained GSKb phosphorylation in AT. We therefore suggest that DDIT4 

may counteract mTORC1 dependent AKT stimulation. AKT in turn can be regulated 

by PDK1 [78, 79] or by the mTORC2 complex [80]. PDK1 can also directly act on 

p70S6K [78], which was always found to be unaffected by dex action in the tested 

cells; thus, we can assume that AKT phosphorylation is mediated by mTORC2. 

How dex can stimulate AKT signaling through the above-mentioned mechanisms 

remains unclear, even though a short-term glucocorticoid nongenomic pathway was 

described by Matthews et al. [81]. The authors described a dexamethasone AKT 

activation lasting only a few minutes after treatment; on the contrary, we observed 

this event for at least 4 days treatment (also noted in another type of AT cells [22]).  

In light of all of these findings, we can propose that, only in AT treated cells, there 

is a signaling branching through which the growing signaling (AKT-mTORC1-

p70S6K), reviewed by Jewell and Guan [82] and by Saxton and Sabatini [83], is 

switched to survival and proliferation signaling (AKT-GSKb) [84, 85]. 

At this point, the described autophagic flux improvement after dex treatment seems 

to be mTORC1 independent, but the mechanisms of its activation should be further 

investigated. In any case, we can hypothesize that an additional DDIT4 function can 

also be exerted in AT cells in the same manner that it can be exerted in human 

osteosarcoma cells and mouse embryo fibroblasts, as proposed by Qiao et al. In 

fact, DDIT4 can also control autophagosome-lysosome fusion by inhibiting ATG4b-

mediated LC3-II delipidation to LC3-I [61]. Lipidated LC3B is essential for the correct 
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movement forward of lysosomes and a proper fusion [86]. This possible DDIT4 

activity through dex in the reported cellular model is in agreement with confirmed 

findings that the impairment of autophagic flux in AT is due to autophagosome-

lysosome fusion deficiency. Nevertheless, the slight autophagy enhancement can 

endure the described DDIT4-AKT mediated survival and proliferation signaling from 

an energy balance standpoint. Based on all of the findings described above, the 

proposed signaling that occurs specifically in AT fibroblasts treated with dex is 

shown in Fig 11. Finally, the availability of AT patients’ data led us to explore the 

possibility that the aforementioned biological pathway may occur in dex-treated 

subjects. Indeed, HDAC4 was found to be statistically altered in AT patients 

compared to healthy subjects, and dex changed this state. DDIT4 varied between 

healthy and AT subjects; some, but not all patients treated with dex improved their 

DDIT4 gene expression level. The number of analysed patients is critical for the 

correct outcome estimation and the patient’s genetic variability might contribute to 

their response to dex. It could be interesting to extend these gene expression 

variations in an ongoing phase III clinical trial (EDAT-02-2015 NCT02770807). It has 

to be noted that in the last few years, DDIT4 has been incongruously described as 

being involved in several types of malignancies and cancer therapy [87]. In the light 

of the findings reported here and the fact that AT patients are particularly prone to 

tumour development, we propose that the DDIT4 pathway should be carefully 

evaluated and further investigated for the thorough treatment of these patients. 
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Figure 11. Hypothesized Biomolecular pathway induced by dex in AT. 

Schematic representation of the probable pathways that regulate autophagy and proliferation selectively 

modulated by dex treatment in AT cells. Only treated AT cells showed a biological switch: the proliferation and 

survival pathways are predominant over the growing pathway. Autophagic improvement can sustain this switch. 
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Supplemental Figures 

 

 

 

 

 

Supplemental Figure S1. HDAC4 gene expression is improved specifically in AT cells. 

WT hT and AT 648 hT cells treated with dex or untreated for 48 hours and tested for HDAC4 

gene expression. An improvement is noted only in treated AT cells (Wilcoxon test p=0.0086 

n=9). 
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Supplemental Figure S2. HDAC4 deacetylase activity is unaltered.  

HDAC4 interaction with HDAC3 was assayed by co-IP to verify its deacetylase activity, 

which depends on HDAC3 association. No variations were observed in AT samples treated 

with dex even though HDAC4 accumulated in the nucleus.  
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Supplemental Figure S3. Transcription factor array analysis revealed HIF-1a activation. 

Transcription factor array analysis, also containing the assays for MEF2A and CREB 

activity, which were undetectable in both AT 648 hT and WT hT fibroblasts, regardless of 

dex stimulation.  Among the dex altered TFs, hypoxia inducible factor-1 a (HIF-1a) was 

shown to be slightly activated (red circle). The arrays are representatives of three replicates. 
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Supplemental Figure S4. Classical HIF-1a regulated genes are unaltered by HIF-1a 

activation. 

 Hif1-a activation in dex-treated AT cells was tested by assaying several classical Hif1-a 

regulated genes, namely VEGF, GLUT1, IGFBP-1and G3PDH. The expected gene 

expression improvement was not observed in all the tested targets. Only a downregulation 

of VEGFA in WT cells (Wilcoxon test p=0.0217 n=7) was observed and surprisingly, IGFBP-

1 was downregulated by dex action AT cells (Wilcoxon test p=0.0137 n=7). 
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Supplemental Figure S5. HDAC4 and HIF-1a reside on the HIF-1a binding element in the 

DDIT4 promoter. 

Electrophoretic mobility shift assays (EMSAs) using a fragment of the DDIT4 promoter 

containing the HIF-1a binding element as a probe. Three DNA/protein complexes were 

observable in all samples. The super-shift assay, using the anti-HDAC4 antibody, reduced 

the complex II amount in the dex-treated AT 648 hT sample. By using both anti-HDAC4 and 

anti-HIF-1a antibodies, all complexes were altered and only the AT 648 hT treated sample 

showed shifted complexes I, II and III.  
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Supplemental Figure S6. DDIT4 gene expression depends on HIF-1a activity. 

A. Quantification of DDIT4 protein amounts of the western blot illustrated in Figure 6D 

regarding HIF-1a silenced experiments. With respect to the DDIT4 mRNA amount, the 

protein is statistically downregulated in HIF-1a silenced AT 648 hT cells treated with dex 

(Wilcoxon test p=0.0345 n=5, SCR silencing controls). 

B. Representative western blot analysis of HIF-1a downregulation after 24 hours siRNA 

HIF-1a treatment of cells stimulated with dex for 48 hours. The protein was downregulated 

by almost 70% compared to the control siRNA SCR (scramble siRNA). 

C. DDIT4 gene expression proportionally depends on the amount of HIF-1a. The X axis is 

expressed as the protein amount in arbitrary units. The relationship derived from the AT 

648 hT cell line treated with dex and silenced for HIF-1a (n=4). 
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Supplemental Figure S7. Dexamethasone restores VPS18 expression. 

VPS18 expression has been described as an autophagy marker, impaired in AT cells, and 

downregulated if compared to WT cells (Test U Mann-Whitney p=0.0412 n=6). 

Dexamethasone improves the gene expression (Wilcoxon test p=0.0335, n=6) to WT cells 

level (Test U Mann-Whitney p=0.30 n=6). 

 

 



77 

 

 

 

Supplemental Figure S8. Downstream mTORC1 targets are unaffected by DDIT4 

overexpression. 

DDIT4 overexpression activity was assayed by testing the phosphorylation of mTORC1 

downstream targets 4E-BP1 and p70S6K. Surprisingly, both targets were unaffected in AT 

648 hT cell lines (Wilcoxon test p=0.3125 and p=0.5271 respectively, n=6).   
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Abstract 

Ataxia telangiectasia (AT) is a rare genetic neurodegenerative disease. To date, 

there is no available cure for the illness, but the use of glucocorticoids has been 

shown to alleviate the neurological symptoms associated with AT. While studying 

the effects of dexamethasone (dex) in AT fibroblasts, by chance we observed that 

the nucleoplasmic Lamin A/C was affected by the drug. In addition to the structural 

roles of A-type lamins, Lamin A/C has been shown to play a role in the regulation of 

gene expression and cell cycle progression, and alterations in the LMNA gene is 

cause of human diseases called laminopathies. Dex was found to improve the 

nucleoplasmic accumulation of soluble Lamin A/C and was capable of managing 

the large chromatin Lamin A/C scaffolds contained complex, thus regulating 

epigenetics in treated cells. In addition, dex modified the interactions of Lamin A/C 

with its direct partners lamin associated polypeptide (LAP) 2α, Retinoblastoma 1 

(pRB) and E2F Transcription Factor 1 (E2F1), regulating local gene expression 

dependent on E2F1. These effects were differentially observed in both AT and wild 

type (WT) cells. To our knowledge, this is the first reported evidence of the role of 

dex in Lamin A/C dynamics in AT cells, and may represent a new area of research 

regarding the effects of glucocorticoids on AT. Moreover, future investigations could 

also be extended to healthy subjects or to other pathologies such as laminopathies 

since glucocorticoids may have other important effects in these contexts as well. 
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Introduction 

Ataxia Telangiectasia (AT) is a rare autosomal recessive disease caused by the 

ataxia telangiectasia mutated (ATM) gene [1-3] encoding for the ATM protein, a 

large serine/threonine kinase belonging to the PI3 kinase-like kinase (PIKK) family 

[4]. AT has a prevalence of 1:40.000 to 1:100.000 [5], and it belongs to a premature 

onset group of childhood ataxias, characterized by neurodegenerative disorders, 

ataxia, oculocutaneous telangiectasias, immunodeficiency, radio sensitivity and 

proneness to cancer. The AT disorder has a very complex phenotype, which is 

probably dependent on the residual kinase activity of ATM [6, 7] and on its amount 

since this protein has pleiotropic downstream targets, partners and molecular 

functions [8] [9], in addition to its involvement in double strand breaks (DSB). No 

cure is currently available for this disease, and typically, AT patients are wheel-chair 

dependent by the age of ten, and their life expectancy is around twenty-five years. 

However, several studies have shown that glucocorticoid administration can 

ameliorate the quality of life and neurological symptoms of AT patients [10-13].  

Studies have been carried out to elucidate the mechanism of action of 

glucocorticoids in AT cellular models, revealing they can specifically modulate 

several cellular functions, namely splicing, gene and protein expression, 

metabolism, red-ox homeostasis, and autophagy [14-21]. While pursuing this line of 

research, specifically investigating the effects of dexamethasone in AT fibroblasts, 

we unwittingly observed a variation in the amount of nucleoplasmic Lamin A/C in AT 

fibroblasts after dexamethasone (a glucocorticoid analogue) administration. A-type 

lamins are encoded by the LMNA gene and are the main constituents of nuclear 

lamina, acting as a shell to regulate nuclear shape functions [22, 23]. In addition to 

their purely mechanical function involving their interaction with other nuclear 

periphery components [24, 25], in the last few years a growing body of evidence has 

revealed another role of nucleoplasmic lamin. Specifically, Bridger et. al [26] and 

Hozak et al. [27] (nucleoplasmic lamin foci and nucleoplasmic lamin filaments 

respectively) were the first to show that A-type lamins exist in a mobile and low 

assembly state in the nuclear interior [28, 29]. Not only do A-type lamins play a direct 

role in the chromatin shape modulation, but they are also able to directly influence 

gene transcription, functioning as an interacting molecular switch. In fact, lamina 

associated polypeptide (LAP) 2α, a non-membrane bound isoform of the LAP2 

family, is able to interact with Lamin A/C in the nuclear interior [30-32]. The two 
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partners, in turn, can interact with the pRB/E2F repressor complex, thus regulating 

E2F target genes [33-35]. In addition, in the last few years, a double function of 

LAP2α as a positive or negative proliferation regulator, has been reported by Vidak 

et. al [36, 37]. 

Mutations in the LMNA gene cause several human diseases called laminopathies 

[38], and one of the most severe of the laminopathies is the premature aging disease 

called Hutchinson-Gilford progeria syndrome (HGPS). This pathology shows 

several cellular defects such as impaired cell signaling and cell cycle regulation, 

compromised DNA repair and premature senescence [39, 40]. The precise 

molecular mechanisms underlying these cellular defects are under investigation but 

still unknown. DNA repair impairment and premature ageing are also features of AT 

[8]. 

Against this backdrop, after observing by chance that dex treatment in AT primary 

cells specifically triggered Lamin A/C nuclear accumulation, we investigated 

whether glucocorticoid treatment could alter the Lamin A/C mediated cell response 

in AT and WT. We focused on the overall lamin-genome organization and its 

relationship with the whole gene expression and subsequently evaluated the local 

E2F target genes regulated by the Lamin A/C interactors LAP2α-pRB. We were able 

to show that dex can alter Lamin dynamics and signaling, thus opening a 

challenging new area of investigation concerning not only cell biochemistry but also 

the specific role that dex can play in the AT pathology.  
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Results 

Dexamethasone increase nucleoplasmic Lamin A/C in primary and 

immortalized AT cells 

Lamin A/C quantification was initially performed as a loading control for western 

blotting experiments of nuclear protein extracts, obtained from primary WT and AT 

fibroblasts by gentle extraction procedures, to investigate dex action in primary AT 

cells. As reported in Fig. 1A, the amount of Lamin A/C was consistently higher in AT 

cells after dexamethasone treatment. In order to verify the data from the western 

blots indirect IF labeling was performed, and the outcome, which confirmed the 

western blot results, is reported in Fig. 1B. The amount of accumulation was 

inversely dependent on cell passage numbers. The documented phenotype was 

therefore tested on derived hTERT immortalized fibroblasts WT hT and AT 648 hT 

and by using this cellular model, we were able to further confirm the dex dependent 

nuclear accumulation of Lamin A/C. Although the accumulation was reduced, it was 

independent of cell passage numbers. Hence, the immortalized cellular model was 

adopted for all subsequent investigations. The amounts of Lamin A/C in all the 

tested hT cell lines were inferred by confocal microscopy, as reported in Fig. 2A and 

B. The WT hT cell presented a smaller quantity of nucleoplasmic Lamin A/C than 

did the AT 648 hT cells in basal conditions. Dex was able to induce a statistically 

significant increase in the nucleoplasmic amount of Lamin A/C in AT cells (an 

average increase of about 50% p<0.001).  
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Figure 1. Nuclear accumulation of Lamin A/C. (A) Initially used as loading control for western blots of soft RIPA 

nuclear extracts for another research topic. It then became clear, after repeating the test, that it was not a good 

housekeeping protein for dex-treated AT primary cells. The amount of Lamin A/C was higher after dex treatment 

in AT cells, but depended on the cell passage number. Original image S1O in supplementary information. (B) 

Indirect immunofluorescence images produced using Diatheva anti-Lamin A/C on WT and AT primary fibroblasts 

treated or not with dex for 72 h. The image was obtained from one of the first primary cell passages. In WT, the 

very low signal stems from the need to avoid CCD saturation when analyzing AT samples.   
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Figure 2. The amount of nucleoplasmic Lamin A/C increased after dex also in immortalized cells.  (A) 

Representative images obtained by IF and confocal microscopy of the analyzed WT hT and AT 648 hT samples 

treated or not with dex for 72 h. (B) The nuclear Lamin A/C signals were quantified. On average 300 nuclei were 

counted and plotted. The increment was statistically significant only in AT 648 hT cells (Welch test, p<0.0001).  
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In order to define the extend of soluble lamin levels of the total nucleoplasmic lamin 

amount, a solubilization assay was performed as described by Kolb et al. [29] As 

illustrated in Fig. 3, the A type lamins were about at 50-60% in a less complex 

assembly state, possibly containing dimers or short polymers. Dex improved the 

solubilization process of Lamin A/C in both tested samples (p<0.05) despite its lower 

amount in WT hT nucleoplasm cells as above stated. Lamin C showed a higher 

mobility rate then Lamin A (Fig. 3B and C, p<0.01).  

The amount of Lamin A/C in IF was initially determined using two different antibodies 

from different suppliers. Although both antibodies led to the same accumulation 

result, the antibody from the supplier Diatheva seemed to be more sensitive to 

nucleoplasmic Lamin A/C, while the antibody from the CST supplier was also able 

highlight the nuclear perimeter (Fig. 4). All investigations were performed by using 

CST antibody, since it was able to stain all lamin types and only the preliminary 

results on primary cell were obtained by antibody from Diatheva. 
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Figure 3. Lamin A/C solubilization assay. (A) Illustrative image of the lamins amount in pellets and soluble 

fractions from WT hT and AT 648 hT cells treated or not with dex. In (B) Lamin A and in (C) Lamin C quantified 

amounts. In both samples dex increased the soluble Lamin A (p<0.05, Wilcoxon test n=4) and Lamin C (p<0.01). 

Intensities are corrected for loading factor as described in materials and methods. In all samples dex reduced 

the amounts of insoluble Lamin C (p<0.05 in WT hT and p<0.01 in AT 648 hT) but only Lamin A was altered in 

WT hT cells (p<0.05). Original images in the series of figures labeled S3O in supplementary information. 
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Figure 4. Indirect immunofluorescence images of dex-treated AT 648 hT cells by simultaneously using Diatheva 

and CST anti-Lamin A/C. Diatheva preferentially labeled nucleoplasmic lamins, while CST also highlighted the 

nuclear rim. 

 

Different molecular mechanisms can induce A-type lamin solubilization, and one of 

the main factors that maintains the Lamin A/C pool in the nucleoplasm is its 

interaction with the protein LAP2α. We therefore evaluated the effects of dex on this 

interaction by proximity ligation assay (PLA). As reported in Figs. 5A and B (and in 

supplementary Fig. S1), dex was able to statistically enhance the Lamin A/C 

interaction with LAP2α in both WT hT and AT 648 hT cells (p<0.001). The interaction 

increase was consistently more elevated in AT 648 hT cells than in WT cells. Lamin 

A/C nucleoplasm accumulation and solubilization may also be due to two 

independent phosphorylations. One of the phosphorylations usually acts during cell 

division in S22 [41], while the other acts in S404 [42]. We tested both possibilities 

by Western blot (Fig. 6A and B) and serine residues were similarly and statistically 

more phosphorylated only in AT 648 hT cells after dex treatment (p<0.05). Notably, 

using whole protein extraction in the strong denaturating conditions used for western 

blotting, the amount of total A-type lamins was almost the same in both samples, 

thus confirming that the drug was able to change the mobility status of Lamin A/C 
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but not its amount. Taken together, all the mechanisms described above may 

contribute to the Lamin A/C solubilization and nucleoplasmic accumulation. 

 

 

 

Figure 5. PLA assays revealed that dex promoted Lamin A/C-LAP2α interaction.  One of the mechanisms by 

which Lamin A/C can be solubilized in the nuclear interior is its interaction with LAP2Αα and dex was able to 

increase this interaction both in WT hT and AT 648 hT cells. (A) Representative images of PLA assays. The 

images are DAPI PLA merged. (B) Quantification of fluorescence signals; WT hT cells showed a lower basal 

amount of interaction than AT cells (in accordance with the lower amount of soluble Lamin A/C). On average, 

there was a four-fold increment in both samples (p<0.0001 Welch test). 
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Figure 6. Dex promoted the phosphorylation of S22 and S404 in Lamin A/C. Phosphorylations can participate 

in A-type lamin A type solubilization. (A) Typical Western blot by using anti phospho S22 Lamin A/C antibody. 

Only in AT 648 hT cells was the phosphorylation increment statistically significant (Wilcoxon test p<0.05, n=7). 

(B) The typical Western blot using the anti phospho S404 Lamin A/C antibody. AT 648 hT cells showed a 

statistically significant phosphorylation increment (Wilcoxon test p<0.05, n=8). Original images in the series of 

figures labeled S6O in supplementary information. 

 

Lamin A/C chromatin binding is modulated by dex 

Recent reports on the role of lamins in other cell models [34, 43, 44], suggest that 

A-type lamins may also associate with chromatin in the nuclear interior, thus 

regulating whole gene expression. Hence, after having tested the probable 

mechanism of action of nuclear lamin accumulation, we turned our attention to this 

possible association. We performed ChIP for Lamin A/C. Tester and respective 

control samples were analyzed by deep sequencing. The enrichment domain 

detector (EDD) peak-calling algorithm [45] allowed us to identify 2244 and 1656 

EDD enriched domains in dex-treated WT hT and AT 648 hT samples respectively, 

with an average length (medians) of 80 and 90 Kbp ranging to over 500 kbp as 

reported in supplementary Fig. S2. In order to identify the genes potentially 

influenced by chromatin/A-type lamin binding, we recovered them from the regions 

enclosed and surrounding (+- 10kbp) the retrieved genomic intervals. 3590 and 

5448 gene symbols were retrieved in dex-treated AT 648 hT and WT hT samples 

respectively (supplementary file S1). The dex treated samples had 387 shared EDD 

calls containing 745 gene symbols. These data suggest that dex could alter Lamin 

A/C -chromatin binding in both WT and AT samples though in different ways.  
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Microarray data analysis and integration with Lamin A/C-chromatin binding 

The matching between overall gene expression variations and Lamin A/C chromatin 

binding distribution after dex action was then carried out. Gene expression analysis 

was performed by microarray technology. Using the adopted DEG selection criteria, 

it was possible to identify 5901 upregulated and 4638 downregulated gene symbols 

in dex-treated WT hT samples, while in dex-treated AT 648 hT samples, a total of 

5595 upregulated and 7150 downregulated gene symbols were identified 

(supplementary file S2). The biological and molecular functions of the analyzed 

gene sets were retrieved (Reactome FI networks, plots in supplementary Fig. S3) 

and are summarized in Table 1, while the full biological processes (BPs) and 

pathway enrichments of the networks are reported in supplementary file S3. As 

previously stated in other published papers by our group, we observed differences 

in how dex acted in regulating gene expression in healthy and AT cells, including 

fibroblast cells. Consequently, the resulting biomolecular pathways modulated by 

the drug were also different. We subsequently verified the possible pairing of the 

whole gene expression with the size of the detected EDD genomic regions, testing 

whether the up- or downregulated genes were dependent on the length of the Lamin 

A/C genome binding. The genes highlighted by microarray (subdivided into up- and 

downregulated genes) were therefore matched to those obtained by EDD region 

gene fetching and the genomic intervals were retrieved. The output of the analysis 

is illustrated in Fig. 7. The graphs show a similar pattern (Fig. 7A) and the gene 

expression appears to be independent of the extent of the Lamin A/C binding in the 

corresponding gene location. There was only a slight difference between WT hT and 

AT 648 hT downregulated genes, in the 50-80 kbp range, and a minor difference in 

both down- and upregulated genes in the 200 kbp region between the WT hT and 

AT 648 hT datasets. Notably, different quantities of EDD calls were matched to up- 

and downregulated genes. In fact, in both WT and AT samples, a greater number 

of calls were related to downregulated genes (Fig. 7B). Specifically, in WT cells, 716 

and 1112 calls matched with up- and downregulated genes respectively, while in AT 

cells, 606 and 1039 calls matched with up- and downregulated genes respectively.  
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Figure 7. Relationship between EDD peak size and enclosed dex up- or downregulated genes. Dex modified 

the binding of A-type lamin to chromatin and altered the gene expression of treated fibroblasts. (A) Up (red) or 

down (green) gene expression variation was independent of the binding size of lamin to chromatin in both WT 

and AT cells since the graphs are mostly overlapping. (B) A larger amount of EDD regions preferentially matched 

with downregulated genes. This evidence is consistent with the current consensus that large Lamin A/C 

complexes bind heterochromatin. 

 

Local Lamin A/C interactors and gene regulation 

In order to gain insight into the possible role of Lamin A/C accumulated after dex 

treatment in AT cells we focused our analysis on this possible role at a lower genetic 

level. One of the most studied functions of Lamin A/C in gene control is its role in 

regulating the transcription factor E2F1 by establishing a dynamic interaction with 

the partners of the complex, LAP2α and pRB. The total and nuclear amounts of 

these proteins were evaluated before and after dex treatment by western blotting. 
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Fig. 8A and 8B show representative images of the total and nuclear amounts of the 

tested targets, respectively. The corresponding quantifications are illustrated in Fig. 

8C-H. AT cells expressed a larger amount of LAP2α (p<0.01) and its nuclear 

quantity was also more elevated than it was in WT (p<0.5, in C and D). Moreover, 

dex was capable of reducing its nuclear localization statistically only in AT (p<0.05). 

The expression of the corresponding gene (TMPO) was downregulated in both 

samples. The total quantity of the pRB protein was downregulated by dex only in 

the AT 648 hT sample (in E, p<0.05), while the nuclear amount was higher in AT 

648 hT than it was in WT hT under basal conditions (p<0.01). On the other hand, 

dex increased the nuclear amount of pRB in both WT hT and AT 648 hT (in F, 

p<0.05). The matching gene expression was not affected by the drug in either of the 

samples. The total amount of E2F1 was decreased by dex only in AT 648 hT (in G, 

p<0.05), while the E2F1 in the nuclear compartment was considerably more 

elevated in AT cells than in WT cells (p<0.001), and dex reversed this condition (in 

H, p<0.001). E2F1 gene expression was not regulated by the drug.  

The possible interactions between the partners and the effects of dex in altering 

these dynamic interactions were then evaluated by PLA. Representative images of 

the PLA assays are reported in supplementary Fig. S4-6. The signal quantifications 

are illustrated in Fig. 9. All the interactions were assessed as previously reported in 

the literature and dex was found to be capable of influencing those interactions as 

described for Lamin A/C-LAP2α. The Lamin-pRB (A) interaction was decreased by 

dex in both WT and AT samples (p<0.001) with a large reduction in AT 648 hT. In 

addition, the E2F1-Lamin (B) interaction increased in both samples, but to a larger 

extent in AT 648 hT (p<0.05 in WT and p<0001 in AT), while no modulation was 

statistically recorded for the pRB-E2F1 tests (C). Taken together, these results show 

that the well-known interacting complex LMN-LAP2α-pRB-E2F1(abbreviated in 

LLRE) can be dex modulated, and consequently the downstream gene expression 

as well.  
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Figure 8. The cellular quantities of LLRE complex components are dex modulated.  (A) Typical Western blots 

of total E2F1, pRB and LAP2α protein amounts. (C) AT cells showed a larger amount of LAP2α than WT (Mann-

Whitney test p<0.01, n=8). Dex altered the pRB (in E) and E2F1 (in G) amounts only in AT 648 hT sample 

(Wilcoxon test p<0.05, n=8). (B) Representative Western blots of nuclear E2F1, pRB and LAP2α (D) Also in the 

nuclear compartment LAP2α is more abundant in the AT sample than in the WT sample (Mann-Whitney test 

p<0.05, n=8), and dex reduced the amount of LAP2α only in AT 648 hT cells (Wilcoxon test p<0.05, n=8). (F) 

Nuclear pRB was higher in AT than in the WT cell line (Mann-Whitney test p<0.01, n=8). Dex increased the 

nuclear amount of pRB in both samples (Wilcoxon test, p<0.05 n=8). (H) The nuclear amount of E2F1 was more 

elevated in AT than WT cells (Mann-Whitney test p<0.001, n=8), and dex considerably reduced its quantity only 

in AT 648 hT cells (Wilcoxon test, p<0.001 n=8). Original images in the series of figures labeled S8O in 

supplementary information. 
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Figure 9. PLA assay outcomes showed that dex altered the interactions between the LLRE elements. (A) Dex 

decreased the extent of nuclear interaction between Lamin A/C and pRB both in WT hT and AT 648 hT cells 

(Welch test p<0.001). (B) Dex increased the extent of nuclear interaction between Lamin A/C and E2F1 in the 

WT sample (Welch test p<0.05) and in the AT 648 hT sample (Welch test p<0.001). (C) No changes were 

detected in the interaction between pRB and E2F1.  
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Focusing on the involvement of these interactions in specific gene regulation we 

turned our attention to two chosen E2F1 regulated genes. We used TFactS, a 

software that predicts which transcription factors are regulated, inhibited or activated 

in a biological system, based on lists of upregulated and downregulated genes 

generated in microarray experiments. We selected BRAC1, a gene that is only 

downregulated in AT648 hT, and THBS1, which, on the contrary, is only upregulated 

in AT. Neither of the genes was listed in supplementary file S1, thus they were likely 

lamins epigenetic role independent. 

The direct relationship between gene expression and E2F1 partner regulation was 

assessed by ChIP using all the antibodies against LLRE components, followed by 

qPCR analysis of the fragment surrounding the E2F1 binding site in the promoters 

of the above-mentioned genes. The amounts of the proteins localized in the 

promoters are shown in Fig. 10 (THBS1) and Fig. 11 (BRAC1). In the BRCA1 

promoter, the only difference observed was the significant increase in the amount 

of Lamin A/C in treated AT 648 hT cells (p<0.05). The graphically observable 

reductions in LAP2α and pRB were not statistically significant. Regarding THBS1, 

the quantity of lamins increased in the treated WT sample promoter (p<0.01), the 

amount of LAP2α increased only in treated AT 648 hT (p<0.01) with a concomitant 

reduction in pRB (p<0.05), and E2F1 showed a statistically significant decrease in 

WT, while it increased in AT (p<0.05) following treatment.  
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Figure 10. LLRE complex composition on E2F1 binding site of THBS1 promoter. THBS1 is specifically 

upregulated by dex only in AT 648 hT cells and likely transcribed by E2F1. In the E2F1 consensus binding site 

the amounts of (A) Lamin A/C, (B) LAP2α C) pRB and (D) E2F1 are reported for all samples. The E2F1 improved 

transcription of THBS1 only in AT 648 hT. This improvement seemed to be dependent on the increase in E2F1 

itself, an increase in LAP2α and a concomitant decrease in pRB.  
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Figure 11. LLRE complex composition at the E2F1 binding site of the BRCA1 promoter. BRCA1 is specifically 

downregulated by dex only in AT 648 hT cells, and likely transcribed by E2F1. At the E2F1 consensus binding 

site the amounts of (A) Lamin A/C, (B) LAP2Αα (C) pRB and (D) E2F1 are reported for all samples. 

In this context, the only reasonable explanation is the inhibitory repressor effect of Lamin A/C on the LLRE 

complex, while all other factors remain unchanged.  

 

 

Discussion 

The present investigation is the product of an accidental discovery made when 

Lamin A/C was used as a housekeeping protein to normalize western blot signals 

for the relative quantification of the nuclear proteins. Surprisingly, Lamin A/C was a 

bad target to normalize signals since it was upregulated after dex treatment in 

primary cells. Since during the investigation we adopted a weak method for protein 

extraction, we deduced that the extracted lamins were in soluble form, as previously 

described [29, 46]. 

We further investigated the issue by microscopy and different kinds of antibodies, 

concluding that the increase in lamins in the nucleoplasm accounted for the findings 

obtained with western blots. Since the phenomenon was cell passage number 
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dependent, we refocused our research on immortalized cells, previously used in 

other investigations [47]. An increase in nucleoplasmic lamins, albeit a smaller one, 

was also observed in this new cellular modal regardless of cell passage numbers. 

These results suggest that cell senescence may contribute to the observed 

phenotype. The total amount of lamins persisted unaltered (indeed, a slight but 

statistically insignificant decrease was observed), for at least 72h after treatment. 

We should also bear in mind that the different procedures that were used for total 

and nuclear protein extractions might contribute to these results. In fact, it is likely 

that the strong denaturing whole cell lysis also dissolved the structural lamins in the 

cell ring and inner scaffolds, while for the nuclear fraction, some structural lamins 

might have been lost in the debris because of the softer extraction buffer. The 

amount of little assembled lamins was quantified by a solubilization assay that 

confirmed the increment of unstructured A type lamins. As previously reported in 

literature [29] the C type lamin showed a higher mobility then A type, and it was 

much more soluble after dex treatment in AT cells. Dex was indeed capable to 

increment the nucleoplasmic lamin in soluble form, this indication was observed 

both in WT hT and AT 648 hT cells, with less extent in WT especially for the Lamin 

C. The non-statistical decrease of Lamin A in AT pellets suggested that a fraction of 

Lamin was not easily extracted by detergent compared to WT. Taken together these 

indications indicate that probably in AT the incremented nucleoplasmic Lamin A/C 

existed in both soluble and less solvable forms, the lasts may be caused by 

differential assembly not present in WT hT samples. 

The complexity of lamin arrangement was also supported by the results obtained by 

IF microscopy using two different antibodies, which allowed us to observe dispersed 

Lamin A/C in the nucleus. The CST antibody preferentially recognizes the lamin C-

terminal, generally referred to as lamin, involved in forming higher-order chromatin 

structures by various interactions, especially with polycomb (PcG) complexes [43, 

48-52]. These complexes are generally associated with heterochromatin regions 

such as the nuclear ring, which was well stained in our experiments, or in the inner 

foci of nuclei. The Diatheva antibody recognized the full length lamin and therefore 

also the N-terminal, which is generally associated with the more soluble portion of 

lamins in the euchromatic regions, thus probably liable diffused Lamin A/C signal 

increment detected in the proposed cellular model. 
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The amounts of A type lamins in nuclear rims were also quantified (not shown) and 

within the measurement possibility limit, we did not observed variations. Anyway, a 

deeper investigation is necessary to assess this matter in more accurate manner, 

with certain regard to the interaction with other lamin types. 

To our knowledge, this is the first report to show that glucocorticoids can act on 

Lamin A/C dynamics. Nayebosadri et al. previously reported a relationship between 

lamins and glucocorticoids [53, 54,], with particular interest in GC receptors, but in 

completely different experimental conditions and without citing any evidence 

regarding the effects of dex on nucleoplasmic lamins. We therefore believe that the 

present investigation may pave the way for a new branch of research concerning 

the effects of glucocorticoids on Lamin A/C and all downstream related effects. We 

have shown that the solubilization of lamins and their localization in the nucleoplasm 

are probably due to three concomitant events, namely the phosphorylation of two 

residues and the interaction with the partner LAP2α. Notably, it has been reported 

that phosphorylation in Ser404 is a downstream process mediated by AKT activation 

[42], and we have previously shown that AKT is strongly activated by dex [47] and 

probably triggered the Ser404 modification. 

We then sought to determine the consequences of the observed changes in the 

Lamin A/C dynamics in the nuclear interior. It has been shown that LAP2α-Lamin 

A/C complexes act on chromatin modelling and thus play a role in epigenetics and 

indirect gene expression regulation. We used a specific bio-informatic approach, 

specifically designed for broad enrichment domains of ChIP-seq data, using the 

lamin antibody. We found that dex was able to alter the binding capacity of Lamin 

A/C with chromatin. The way that the binding capacity was altered varied between 

WT and AT samples. In any case, the number of counted domains was surprising. 

In fact, we had expected a larger number of EDD calls in the AT samples, due to 

the larger amount of nucleoplasmic Lamin A/C, yet fewer interacting regions were 

calculated. It is therefore likely that dex promoted the release of Lamin A/C from 

large chromatin complexes (LADs lamina-associated domain), measured as peak 

by EDD, promoting smaller Lamin A/C interacting regions or non-interacting Lamin 

A/C monomers. The peak calls were higher in WT cells, where a small amount of 

nucleoplasmic lamins were measured, and lower in the AT samples, where a large 

amount of soluble A-type lamins were detected. Moreover, the Lamin C mobility was 
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particularly different in AT, and its distinct role in ChIP procedure cannot be 

excluded.  

The complexity of LADs in the functional organization of the genome was recently 

thoroughly reviewed by Briand and Collas [55]. In the scenario described by these 

authors, the dynamic interconnection of several factors such as Polycomb proteins, 

Histones, HDACs and other scaffold proteins can be the source of Lamin A/C 

release with subsequent gene regulation in both hetero and euchromatin regions. It 

has been reported that phosphorylated Ser22 A-type lamin (soluble lamin, as 

reported by the authors) binds to active enhancers in premature aging syndrome 

[56]. Moreover, we cannot exclude its function in the gene regulation of non-

pathogenic conditions, an important topic that warrants further investigation. The 

effects of dex-Lamin A/C chromatin remodelling on whole gene expression revealed 

that dex affected WT and AT cells differently. The result regarding AT cells was in 

agreement with our published paper concerning transcriptome analysis [20] (and 

Ricci et al., submitted paper). Furthermore, in the present investigation, in the 

cellular AT model, dex influenced several AT impaired pathways, including the DNA 

repair pathway.  

The relationship between the overall gene expression and Lamin A/C chromatin 

regulation in dex-treated samples was inferred by matching microarray data with 

ChIP-seq data. The association between the EDD call size in the genome and the 

enclosed up- or downregulated genes seemed constant, suggesting that the down 

or overexpression of enclosed genes was independent of the binding size. However, 

the gene symbols from the transcriptome analysis, like those contained in EDD calls, 

were preferentially downregulated genes. This supports the idea that the EDD calls 

preferentially belonged to the heterochromatin domains, while a portion, 

representing about the 30-40% of the calls, was associated with euchromatin. The 

global gene expression variation showed an up-down regulated gene ratio of about 

1.1 in WT and 0.6 in AT. Clearly, other factors at higher or lower levels may 

contribute to gene expression regulation, and lamins only partially correlate with the 

global annotation, but the role of A-type lamin in euchromatin in the nucleoplasm 

can also exist at lower levels. Among the contributing factors, the released soluble 

Lamin A/C by dex acts as a direct gene regulator through the previously described 

LAP2Α-Lamin A/C complexes (Foisner group), in regulating pRB and E2F 

transcription factors. Indeed, several mechanisms have been proposed to explain 
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how nucleoplasmic Lamin A/C and LAP2α-affect pRb-E2F functions [33, 57-62]. 

When we focused on these factors, we observed that dex was able to modulate their 

nuclear amounts and their reciprocal interactions, suggesting that the downstream 

effectors were also altered.  

Firstly, AT cells showed an unbalanced nuclear and total amount of the proteins 

Lamin A/C, LAP2α, pRB and E2F in basal conditions. Such a condition might be 

associated with ATM deficiency. The crosstalk between ATM and pRB-E2F1 has 

been described in the literature as controlling cell cycle progression and apoptosis 

[63-65] pathways possibly through ATM kinase activity, the lack of which might 

contribute to the observed quantities and redistribution of these factors in AT cells. 

No evidence has previously been reported for LAP2α in the AT condition showing a 

divergent pattern from WT cells. This may be due to the behavior of the above-

mentioned proteins, but also to the reported distinctive Lamin A/C dynamic in AT 

cells. Notably, the amount of LAP2α in basal conditions in AT cells correlated with 

a greater number of interactions with lamins. This did not occur in WT cells. Dex 

promoted a reduction in the LAP2α nuclear amount, driving the AT condition towards 

a WT condition, but at the same time, increasing the LAP2α Lamin A/C interaction. 

Hence, dex was able to alter the above-mentioned picture, and it is likely that it also 

altered the downstream effectors. The role of dex in pRB phosphorylation in cell 

cycle regulation and apoptosis is well known [66-70], but its role in interaction 

regulation has never been described. If dex, at 100 nM, is able to reduce the 

phosphorylation level of pRB [71], the full LLRE complex (inhibitory on E2F1 target 

genes) should increase its quantity. On the contrary, based on our PLA results, we 

only observed an increase in Lamin A/C-E2F1 and LAP2α-Lamin A/C interactions, 

but a concomitant decrease in LaminA/C-pRB interactions and an unaltered 

interaction between pRB and E2F1. Similar results were obtained in both samples, 

although to a larger extent in AT samples. 

It may be that the LLRE complex can also be constituted in other ways, either by 

the unbalanced partner mode, dissimilar to those described in the literature to date, 

or through dex, which may somehow alter its behavior. To link the LLRE complex 

composition to gene expression regulation we focused the analysis on two AT 648 

hT differentially expressed gene promoters, shown to be E2F1 regulated by 

microarray bioinformatics output. 
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The downregulation of BRCA1 gene expression only seemed to depend on the 

increase in the Lamin A/C amount in the E2F1 promoter. The E2F1 transcription 

factor was physically present in all conditions and was likely inhibited by the Lamin 

A/C increase in the LLRE complex, the only difference compared to the WT sample, 

where BRCA1 expression is unaltered. The overexpression of THBS1 in AT 648 hT 

depended on the E2F1 increase in its promoter binding site together with a 

concomitant increase in LAP2α and a decrease in the pRB inhibitor.  The possibility 

that LAP2α might directly bind E2F1, acting as an enhancer represents a future topic 

to be explored. It should be noted that the relationship between gene expression 

upregulation and an increase in LAP2α is consistent with the observation of Gesson 

et. al [43], who noted that the A-type lamin is capable of binding euchromatin, and 

the latter is regulated by LAP2Αα. The proposed THBS1 and BRCA1 gene 

expression examples clearly did not consider all the other possible transcription 

factors and regulators that may play a role in their activation. An illustration 

summarizing the finding we describe in the paper is shown in Fig. 12. The present 

study has shown that dex treatment can somehow act on the nucleoplasm Lamin 

A/C dynamics, especially in AT cells, both on the high level of chromatin epigenetic 

structures and on the lower level of gene regulation by driving differential interaction 

with E2F1 partners. In the last few years also some muscular dystrophies caused 

by Lamin A/C mutations have been treated with corticosteroids [72], thus it may be 

useful to enhance our knowledge of how this drug works in laminopathies, 

pathologies that share some characteristics with AT, and in other conditions, 

including progeroid syndromes and aging were Lamin A/C can have a role.  
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Figure 12. Condensing illustration of the effects of dex on Lamin A/C and downstream partners. In AT cells, 

globally dex promoted the release of Lamin A/C from higher level organized chromatin structures, as revealed 

by EDD peaks, probably by phosphorylation and LAP2α interaction.  Locally, dex altered the LLRE composition 

determining a different outcome in gene regulation. The LLRE component colors on gene promoters represent 

increased (red), decreased (green) or unaltered (yellow) amounts of the indicated proteins on E2F1 binding site. 

 

 

Methods 

Cell culture and treatments 

Primary fibroblasts WT AG09429 (ATM+/+), AT GM00648 (ATM -/-), AT GM02052 

(ATM -/-) were obtained from Coriell Institute (Camden, NJ, USA). The hTERT 

immortalized cells WT AG09429 hTERT (WT hT) and AT GM00648 hTERT (AT 648 

hT) were obtained as described previously [47].  

Primary and hTERT fibroblasts were grown in MEM (Eagle formulation). The 

medium was supplemented with 2 mmol/l L-glutamine, 100 U/mL penicillin and 0.1 

mg/mL streptomycin (Sigma Aldrich), with the addition of 15% fetal bovine serum 

(Thermo Fisher Scientific) for primary cells, and of 10% fetal bovine serum (Thermo 

Fisher Scientific) and 10 mM glucose for hTERT cells. 

All cells were incubated at 37 °C with 5% CO2 and treated with 100 nM dex for 72 h 

prior to each analysis. Dimethylsulfoxide (DMSO) was used as the drug vehicle and 

thus was administered in untreated cells as a control. 
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Antibodies 

The antibodies listed below were purchased from commercial sources: anti Lamin 

A/C (Cell Signaling Technology CST #4777 and Diatheva #ANT0072), FITC-

conjugated anti Lamin A/C (CST #8617), anti LAP2α (BETHYL, A304-839A-M), anti 

phospho S22 Lamin A/C (CST #13448), anti phospho S404 Lamin A/C was kindly 

provided by Prof. Marmiroli [42], anti pRB (CST #9309, BETHYL #A302-433A-T), 

anti E2F1 (Santa Cruz Biotechnology #sc-251, BETHYL #A300-766A-M). HRP-

conjugated secondary antibodies used for Western blotting were purchased from 

Bio-Rad, while fluorescence-conjugated secondary antibodies were purchased from 

MERCK.  

  

Western blotting 

Total proteins were extracted by using the Protein Extraction Reagent Type 4 (P4, 

MERCK). Cells were sonicated with 10 pulses of 15 s at 45 Watts Labsonic 1510 

Sonicator (Braun) and clarified by centrifugation for 10 min at 10000 RCF. 

Nuclear fractions were obtained lysing the cells in Buffer A (10mM Hepes/KOH pH 

7.9, 1.5mM MgCl2, 10mM KCl, 2mM dithiothreitol (DTT), 0.1% Nonidet-P40) 

containing protease inhibitors (Roche Applied Science) and phosphatase inhibitors 

(10mM NaF, 2mM Na3VO4) in ice for 10 min. Cells were centrifuged at 5000 RCF 

for 10 min and the supernatants containing the cytosolic fraction were discarded. 

The nuclear pellets were then lysed as described by Marullo et al. [50]. After 

clarification, the supernatants containing the nuclear fractions were collected. 

Protein concentration was determined by Bio-Rad Protein Assay. Twenty 

micrograms of proteins were separated by SDS–PAGE according to the Laemmli 

protocol (Novex 10-20% Tris-Glycine gels) and then transferred to nitrocellulose 

(0.22 µm, Bio-Rad) by wet transfer and Towbin blotting buffer (50mM Tris, 150mM 

NaCl, 20% (v/v) methanol). Membranes were probed with the primary antibodies 

and corresponding secondary HRP-coupled antibodies diluted in 5% w/v non-fat dry 

milk or 5% BSA in TBS 0.1%Tween. Immunoreactive signals were acquired using 

the enhanced chemiluminescence (Advansta) by film or acquired by ChemiDoc 

Touch Imaging System (Bio-Rad). The whole lane normalization strategy was 

adopted in all western blot analyses by using a trihalo-compound for protein 

visualization [73, 74]. Image analyses were performed by Image-Lab v6 (Bio-Rad). 

For Lamin A/C solubilization test in hTERT cells, nuclei obtained after buffer A 
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incubation were subsequently treated with detergent containing buffer (NP40 0.5%) 

as described by Kolb et al. [29] and after centrifugation, the pellets were 

resuspended in Protein Extraction Reagent Type 4. For western blotting, a ratio of 

3/1 of pellets soluble fractions were loaded on gels. Immunoreactive signals were 

acquired as previously described. Full-length images are included in Supplementary 

Material. The missing of adequate length of some original images is due to blots cut 

prior to hybridization with antibodies, or because maximum zoom during signal 

acquisition by ChemiDoc Touch Imaging System was employed. 

 

 

Indirect immunofluorescence microscopy 

IF was performed as previously reported [47]. Briefly, the cells to be examined were 

seeded in Lab-Tek II chamber slides (NUNC). After stimulation, they were fixed for 

10 min with 4% formaldehyde and then with 100% cold methanol. They were 

subsequently permeabilized with 0.5% NP-40 in PBS for 10 min. After performing 

the blocking procedure for 1.5 h at room temperature, primary antibodies were 

applied in 0.1% Triton X100, 1%BSA in PBS overnight at 4°C.  

After three washes by 0.1% Triton X100 in PBS at room temperature, the cells were 

incubated with secondary anti-mouse or anti-rabbit FITC-conjugated antibody 

(Sigma-Aldrich) in 0.1%Triton X100, 1%BSA in PBS for 1 h at 37°C. After washing 

procedures, the slides were mounted and embedded with ProLong Antifade 

(Thermo Fisher Scientific) and observed by Olympus IX51.The images were 

acquired by the ToupCam camera (ToupTek Europe) or by the Leica TCS SP5 

confocal setup mounted on a Leica DMI6000 CS inverted microscope (Leica 

Microsystems). Image analyses were performed by ImageJ (NIH). 

 

PLA experiments 

Protein interaction detection was performed using the Duolink system (Sigma-

Aldrich) according to the manufacturer’s instructions. Cells were seeded and fixed 

as previously described. The antibody specificity setup was determined by 

examining the experimental control outputs at different antibody dilutions. Once 

each optimum condition was found, the PLA experiments were carried out. Nuclei 

were stained with 4′,6-diamidino-2-phenylindole (DAPI) at a final concentration of 

0.2 µg/ml or were highlighted by FITC anti Lamin A/C adopting the approach 
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indicated by the manufacturer Duolink. Signals were anlyzed by ImageJ using 

nuclear ROI and subtracting the average background. 

 

Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) 

Chip was performed for each culture condition. Briefly, cells were cross-linked for 

10 min with 1% formaldehyde and the nuclei were prepared by cell lysis buffer (5mM 

HEPES-KOH pH7.5, 85mM KCl, 0.5%NP-40 1x complete protease inhibitor, 10 min. 

in ice). Nuclei-containing pellets were resuspended in lysis buffer (50mM Tris-HCl 

pH8, 10mM EDTA, 1%SDS, 1x complete protease inhibitor) and subsequently 

sonicated by  Bioruptor Plus for 12-16 cycles in order to obtain a comparable 

fragment size range among the samples, between 100-600 bp. Fifty micrograms of 

input chromatin was diluted in binding buffer (Final: 0.2% SDS, 1%Triton X100, 

150mM NaCl, 2mM EDTA, 0.5mM EGTA, 10mM Tris pH8.5 1x complete protease 

inhibitor) and incubated with antibodies overnight after a pre-cleaning step. 

Complexes were purified with A/G beads and after washing, chromatin was de-

crosslinked, RNAase A and proteinase K were treated, and DNA was purified. The 

ChIP was performed in triplicate. 

The libraries to be processed by Illumina cBot were prepared by ovation Ultralow 

Library System v2 kit (NuGEN, San Carlos, CA) following, for each step of the 

procedure, the manufacturer’s instructions. After clusters generation on the flow cell, 

single-end 50 bp mode sequencing was utilized in HiSeq2500 (Illumina, San Diego, 

CA). The CASAVA 1.8.2 version of the Illumina pipeline was used to process raw 

data for both format conversion and de-multiplexing. 

After GC correction, regions of enrichment (peaks) were identified using EDD 

version 1.0.2 compiled by Python v2.7 on Xfce Desktop Environment v4.8. The 

parameters were set “-b 10 –g 5 –FDR 0.1” (bin size 10kb, gap penalty 5). ChIP-

seq data (peaks and log ratios) were visualized with the Integrative Genomics 

Viewer [75], while genome interval manipulations were performed by BedTools.   

 

Microarrays  

Total RNA extracts were obtained from all tested cell lines using the RNeasy Plus 

Mini Kit (QIAGEN). RNA labelling was performed using the WT Pico kit and Clariom 

D chips were used and subsequently imaged by the GeneChip Scanner 3000 7G 

(Affymetrix). The data analyses, after pre-processing at the probe level (CEL files), 
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were performed by RMA background adjustment, quantile method for normalization 

and median polish for summarization. Differentially expressed genes were selected 

by Affymetrix TAC console 4, employing a linear F/C > and <1.5 and FDR<0.05 

between three technical replicates of control and treated samples. Network analysis 

was performed by the Reactome FI Functional Interaction Network plugin for 

Cytoscape [76, 77]. The matching and retrieving of genomic intervals of up- or 

downregulated genes with genomic regions (obtained by EDD) were performed by 

list comparison software developed in-house. The probability of transcription factors 

activating genes selected by microarray analyses was computed by TFactS [78, 79] 

using the Q-value and FDR to 0.05. 

 

Chromatin immunoprecipitation followed by qPCR 

For THBS and BRCA1 promoter- pRB, LAP2Αα, E2F1 and Lamin A/C binding 

studies, the chromatin was prepared as previously described and 

immunoprecipitated with the specific antibodies. MOCK samples were prepared as 

controls. The obtained purified DNAs, recovered as previously described, were 

amplified by qPCR using the SYBR Green Premix Ex Taq Tli RNaseH Plus (Takara). 

The employed primers surrounding the E2F1 binding site in the BRCA1 promoter 

[80] were: forward 5’-CACAGGTCTCCAATCTATCCA-3’ and reverse 5’-

GTCAGAATCGCTACCTATTGTC-3’, while for THBS1 [81] they were: forward 5’-

TTTCTAGCTGGAAAGTTGCG-3’ and reverse 5’-

GTAGAGGTTGCTCCTGGAGAG-3’. The qPCRs efficiency was established by 

standard curves (on average 95% efficiency), ensuring that last standard dilution 

was sample CT inclusive. Amplification plots were analyzed using the ABI PRISM 

7500 sequence detection system (Applied Biosystems) and the relative DNA 

amounts were calculated by the ½ ΔCt method. 

 

Statistical analysis 

GraphPad Prism was used for statistical analyses and graph generation. Statistical 

tests were chosen according to sample size and variance homogeneity. The 

following tests were used: t-test, Welch Test, test U Mann-Whitney, Wilcoxon test. 

Means or medians were considered statistically different with p ≤ 0.05. 
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Data availability All data generated or analyzed during this study are included in 

this published article (and its Supplementary Information files) and available from 

the corresponding author on reasonable request. Microarray raw data are under 

investigation for splicing analysis at the time of paper submission. 
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Supplementary figure S1. PLA images of LAP2α - Lamin A/C interactions in treated or 

untreated WT hT and AT 648 hT cells. Dex was capable improving the interaction between 

the two proteins in both samples.   
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Supplementary figure S2. EDD peak call interval distribution of WT hT and AT 648 hT 

treated cells over the respective controls. Comparisons revealed no significant differences. 
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Supplementary figure S3. Plots of the Reactome FI networks obtained by microarray gene 

expression analyses. The numbers correspond to the module clusters summarized in Table 

1 and fully reported in supplementary file S3. 
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Supplementary figure S4. Representative images of PLA assays in all tested conditions. 

Interaction signals between Lamin A/C and pRB. Quantification is reported in Figure 9 A. 
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Supplementary figure S5. Representative images of PLA assays in all tested conditions. 

Interaction signals between Lamin A/C and E2F1. Quantification is reported in Figure 9 B. 
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Supplementary figure S6. Representative images of PLA assays in all tested conditions. 

Interaction signals between pRB and E2F1. Quantification is reported in Figure 9 C. 
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WT hT Module # AT 648 hT 

Regulation of transcription 0 Regulation of transcription 

Phosphatidylinositol- 

phosphorylation signal transduction 

1 Phosphatidylinositol- 

phosphorylation signal transduction 

Cell division- mitotic cell cycle 2 Cell adhesion 

Cytokine-mediated signaling pathway 3 SWH pathway 

Cell adhesion 4 G protein-coupled receptor signaling  

Cellular protein metabolic process 5 DNA repair 

Detection of chemical stimulus-G 

protein-coupled receptor signaling 

pathway 

6 Cell cycle 

Protein ubiquitination 7 Detection of chemical stimulus-G 

protein-coupled receptor signaling 

pathway 

Xenobiotic metabolic process 8 mRNA splicing, via spliceosome 

mRNA splicing, via spliceosome 9 GTPase mediated signal transduction 

Cornification- cellular protein 

metabolic process 

10 Vesicle docking 

DNA replication- DNA repair 11 Macroautophagy 

Calcium homeostasis-signaling 12 Cytoskeleton organization 

Cytoskeleton organization and 

signaling 

13 Vesicle-mediated transport 

Complement activation 14 Glutathione metabolic process 

Vesicle docking 15  

Regulation of cell shape and 

axonogenesis 

16  

Macroautophagy 17  

Cell adhesion- SWH pathway 18  

Wnt signaling pathway 19  

 

Table 1. Reactome FI network clusters extrapolated by gene lists obtained by microarray 

analysis. 
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Abstract: Dexamethasone administered by autologous red blood cells (RBCs) is 

used in clinical trials and as compassionate therapy to alleviate ataxia telangiectasia 

(AT) symptoms, providing long-term delivery of low doses of the drug. In the present 

paper, we report a dexamethasone-induced variation in gene expression that 

differed between healthy and AT primary fibroblasts simulating patient conditions. 

Gene expression levels were analyzed by a microarray platform. The obtained 

gene-set data were used for biological pathway analysis by Reactome functional 

network clustering. Over 3,000 probes were differentially modulated by 

dexamethasone in wild-type (WT) and AT fibroblasts. Consequently, the biological 

pathways induced by dexamethasone treatment also differed between the two 

samples. Some of the pathways were the same as those normally altered in AT 

compared to WT cells. Our results were consistent with earlier studies on HDAC4 

and DDIT4 dynamics. The 30-day low dose dexamethasone treatment induced 

differential gene expression in AT and WT cells, leading to the partial recovery of 

genes that are usually dysregulated in AT. This is probably due to glucocorticoid 

receptor diversity in AT, which is likely genetically imprinted in AT, thus accounting 

for the differential response of AT cells to dexamethasone treatment. 

 

Introduction 

Ataxia telangiectasia (AT) is a rare severe genetic disease caused by the biallelic 

mutation of the ATM (ataxia telangiectasia mutated) gene, which codes for a large 

protein called ATM, a member of the PI3 kinase-like kinase (PIKK) family [1, 2]. First 

discovered as a protein with nuclear functions, because it is activated after DNA 
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damage [3, 4] modulating cell‐cycle‐checkpoint signaling [5], ATM also has defined 

functions as well as several other functions that are still under investigation in the 

cytoplasm [6-14]. 

Subjects with AT are wheelchair dependent by the age of ten and show a varied 

phenotype, characterized by ataxia, oculocutaneous telangiectasias, 

immunodeficiency, proneness to cancer and respiratory infections [15-19]. No 

definitive cure is available for the pathology and supporting therapies are 

administered to care for patients. Nevertheless, several studies and clinical trials 

have shown that glucocorticoid administration in AT patients can improve their 

clinical outcome and quality of life [20-24]. However, the mechanism of action of 

glucocorticoids in AT patients has only been partially elucidated; therefore, we have 

focused our research on investigating the effects of dexamethasone (dex) in both 

cellular models [25-28] and patients [29-31]. We had the opportunity to test whole 

blood gene expression variation in patients treated with autologous dexamethasone 

loaded RBCs [32]. Using this method, the loaded dexamethasone is slowly released 

into the bloodstream at a therapeutic dose, thus avoiding the glucocorticoid side-

effects. The pharmacokinetic study on dexamethasone RBC administration release 

[33] was then assessed, showing that the circulating drug concentration ranged from 

approximately 3nM (one day after the infusion) to 50pM (three weeks after the 

infusion). In light of these findings, we decided to investigate whether a low 

dexamethasone concentration administered over a long period was able to alter 

gene expression in AT fibroblasts. In the present study, we investigated the genes 

that were altered by the treatment and their role in the cells using biological network 

analysis.  

 

 

Materials and methods 

Cell cultures 

Primary fibroblasts WT AG09429, GM02673 (ATM+/+) and AT GM00648, 

AG04405, AG03058 (ATM -/-) from the Coriell Institute (Camden, NJ, USA) were 

used as cellular models. Cells were grown in MEM (Eagle formulation) 

supplemented with 2 mmol/l L-glutamine, 100 U/mL penicillin and 0.1 mg/mL 

streptomycin (Sigma-Aldrich), 10% or 15% of fetal bovine serum (depending on cell 

line, Thermo Fisher Scientific) and 5 mM glucose. All cells were incubated at 37 °C 
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with 5% CO2 and treated with 1nM dexamethasone every medium change (twice a 

week) for 30 days prior to RNA extraction. Two technical replicates were assessed 

for each cell line. Dimethylsulfoxide (DMSO) was used as the drug vehicle and thus 

was administered in untreated cells as a control.  

 

Microarray analysis 

Total RNA was extracted from all the investigated cell lines using the RNeasy kit 

plus (QIAGEN). Quality control of RNA was assayed by Nanodrop and Agilent 

Bioanalyzer-Tape Station (RIN >8). The labelling procedure was performed using 

the Affymetrix GeneChip WT Pico kit. Two ng of RNA was assessed, and the 

labeling was achieved as recommended by the manufacturer. Human Clariom D 

array chips from Affymetrix were used, and the procedures were carried out 

according to the manufacturer’s instructions. The GeneChip Scanner 3000 7G 

platform was used for data acquisition. The data analysis, after pre-processing at 

the probe level (CEL files), was performed by RMA background adjustment, using 

the quantile method for normalization and median polish for summarization.  DEGs 

(differentially expressed genes) were selected by the Affymetrix TAC console for 

functional annotation using an FDR p-value ≤0.05 (Limma Bioconductor package). 

 

Quantitative PCR 

Some of the genes that were found to be modulated by dexamethasone were further 

investigated by qPCR. For this purpose, 500ng of RNA were employed in each 

experiment to obtain cDNA by PrimeScript™ RT Master Mix (Takara). One ng of 

cDNA was employed in each TaqMan Gene Expression Assay (Thermo Fisher 

Scientific) for the FKBP5, HDAC4 and DDIT4 genes according to the manufacturer’s 

instructions. PPIC and PPIA gene expressions were used as housekeeping genes, 

averaging their expression by geometric mean [34]. Amplification plots were 

analyzed using the ABI PRISM 7500 sequence detection system (Applied 

Biosystems) and the relative expression data were calculated by the ΔΔCt method 

[35, 36] and represented as 1/2ΔCt. 

 

Data analysis and functional networks 

Statistical analyses and graph plotting were performed by GraphPad Prism. 

Statistical tests were chosen according to the sample size and variance 
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homogeneity (parametric or non-parametric tests).  The gene symbol lists resulting 

from the gene selection procedure and the matching gene expression values were 

used to compute functional networks by using the Reactome (FI) Functional 

Interaction Network plugin for Cytoscape [37]. Biological processes (BP) and 

pathway enrichment of moduli were assessed by FDR p-value ≤0.01, while the 

whole network functions were computed using FDR ≤0.1. 

 

 

Results 

Basal differences between AT and WT cells 

We have previously reported the effects of dexamethasone on whole blood gene 

expression in AT patients observing a basal difference between healthy and AT 

subjects. In the present investigation, we first assessed whether differences were 

also observable between untreated AT and WT fibroblasts. After the array analyses, 

5995 probe sets (3835 gene symbols) were found to be differentially expressed 

between AT and WT fibroblasts. The gene symbol list and the matching fold 

changes are reported in Material S1a. WT cells showed 4137 upregulated and 1858 

downregulated probe sets, (2371 upregulated and 1464 downregulated gene 

symbols) compared to AT fibroblasts. In order to define their biological functions 

Reactome FI clustering was performed. The functional network that was obtained is 

illustrated in Figure 1 and all coupled biological processes, pathway enrichments of 

moduli and the whole network pathway enrichment are reported in Material S2. 

Sixteen pathways were found to be altered in AT fibroblasts compared to WT 

samples, including the DNA replication-DSB repair cluster and the mTOR signaling- 

autophagy cluster, two pathways that are known to be altered in AT cells and 

patients [3, 4, 11, 13, 38, 39], thus making our model biologically relevant. The other 

highlighted pathways were receptors and cell signaling; mRNA metabolism; 

phosphorylation; protein catabolism and chromatin dynamics. 
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Figure 1. Reactome FI network from gene symbols achieved comparing WT and AT fibroblasts in basal 

conditions. Numbers indicate the matching moduli order from the Reactome clustering procedure reported in 

Material S2. Red perimeters of the nodes indicate upregulated genes, while the green ones indicate 

downregulated genes. 

 

Dexamethasone differentially alters gene expression in AT and WT cells. 

The 30-day low-dose dexamethasone treatment was able to alter the behavior of 

the primary AT and WT fibroblasts used in the present study. As regards the AT 

samples, dexamethasone was able to alter the expression of 3021 probes after one 

month of treatment (Material S1b). There were 1215 upregulated and 703 

downregulated genes. The effects of the dexamethasone were assessed by 

analyzing the expression of the gene that is usually altered by the drug, namely 

FKBP5 [26, 29]. FKBP5 is one of the useful reporters and, in the analyzed gene set, 

it was also upregulated (F/C 3.15).  FKBP5 expression was also validated by qPCR 

(Figure 2). Two additional reporter genes that are used to gage the effects of 

dexamethasone are DUSP1 and TSC22D3, but in the current investigation they 

were not altered (data not shown). In WT treated samples, dexamethasone 

increased the expression of 1160 gene symbols, while 1308 genes were 

downregulated (Material S1c), and the reporter gene FKBP5 was congruently 

overexpressed (about 5 F/C in the array gene set) and was confirmed by qPCR 
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(Figure 2). The biological functions of the two gene sets were extrapolated using the 

Reactome FI clustering procedure. The obtained plotted functional networks are 

reported in Figure 3 and Figure 4 respectively, while the biological processes and 

pathways of moduli with the whole network pathway enrichments are described in 

Material S3 and 4, respectively. Nine principal biological processes were controlled 

by dexamethasone in AT, while twelve processes were defined in WT. Of these 

processes, pathways involved in transcription, splicing, translation, receptor 

signaling and chromatin organization were controlled in both AT and WT. Signaling 

mediated by neurotransmitter, cytoskeleton and vesicle transport were exclusive 

pathways in AT treated samples, whereas processes involved in cell cycle, 

necrosis/apoptosis, glycoprotein and ubiquitination appeared to be WT specific 

pathways. 

 

 

 

 

Figure 2. FKBP5 expression in AT and WT samples treated or not with dexamethasone. As illustrated, the drug 

was able to improve the gene expression in both samples (p<0.05, Wilcoxon test). 
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Figure 3. Reactome FI network from gene symbols achieved comparing AT-dex vs AT fibroblasts. Numbers 

indicate the matching moduli order from the Reactome clustering procedure reported in Material S3.  Red 

perimeters of the nodes indicate upregulated genes, while the green ones indicate downregulated genes. 

 

 

 

 

Figure 4. Reactome FI network from gene symbols achieved comparing WT-dex vs WT cells. Numbers indicate 

the matching moduli order from the Reactome clustering procedure reported in Material S4.  Red perimeters of 

the nodes indicate upregulated genes, while the green ones indicate downregulated genes. 
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Gene-set and biological pathway comparisons 

The comparisons of the three gene sets were subsequently carried out.  Figure 5a 

shows the Venn diagram obtained by comparing all the gene symbols of the three 

samples. The output lists from the matching processes are reported in Material S5. 

A total of 3787 gene symbols were found to be differentially expressed between WT 

and AT fibroblasts, and 404 of those were modulated by dexamethasone in AT 

fibroblasts. Dexamethasone effects influenced the gene expression of both treated 

AT and WT cells (1898 and 2432 gene symbols respectively), but 1747 gene 

symbols in AT and 2281 in WT were specifically modulated, and only 151 gene 

symbols were mutually modified. These results show that dexamethasone alters 

gene expression according to cell genotype. 

In addition, the functional pathways in moduli were compared in the investigated 

dataset. The intersection is illustrated in Figure 5b in a Venn diagram, while the 

detailed lists are reported in Material S6. Dexamethasone controlled 24 pathways 

in moduli out of the 180 that were altered in WT and AT fibroblasts. Furthermore, 

dexamethasone treatment induced different cellular responses because only 15 

pathways in moduli were common to both treated WT and AT fibroblasts, and 29 

pathways were specifically modulated by dexamethasone only in AT (Material S6). 

The latter are involved in biological processes, such as cytoskeleton modelling and 

vesicles, organelle transport, and cellular signaling, involving DAG-IP3 and P38-P53 

axis. 

Comparisons among the whole network pathway enrichments were also made. The 

resulting output is illustrated in a Venn diagram in Figure 5c and as lists in Material 

S7. Reflecting the gene symbols and pathways in moduli, the pathways in networks 

were also found to be dissimilar as basal behaviour between WT and AT fibroblasts. 

In fact, 59 pathways were altered, and dexamethasone action in AT fibroblasts 

specifically influenced four of them (extracellular matrix organization, pathways in 

cancer, proteoglycans in cancer, thromboxane A2 receptor signaling), while one 

pathway was also found in the WT-dex vs WT dataset (ErbB signaling pathway). 

As mentioned above, the action of dexamethasone was likely dependent on 

genotype and therefore the retrieved pathways were also probably genotype 

dependent. Only two biological pathways were common to both dexamethasone 

treated groups, Chromatin organization and ErbB signaling pathway, two well-

known dexamethasone modulated pathways in several cell lines [40, 41].  
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Figure 5.  Venn diagram of data inferred from the three sample comparisons. In (a), the cross comparison of 

the three gene symbol datasets. The corresponding gene symbol lists are reported in Material S5. In (b), the 

cross comparison of the pathway enrichments of the moduli inferred from three data sets. The corresponding 

lists are reported in Material S6. In (c), the cross comparison of the pathway enrichments of the whole networks. 

The corresponding lists are reported in Material S7. 
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HDAC4 is also overexpressed at low drug concentration 

We recently reported a dexamethasone induced DDIT4 transcription mechanism 

mediated by HDAC4 in AT fibroblasts treated with 100nM dexamethasone. 

Furthermore, in all treated AT patients, HDAC4 expression was upregulated as it 

was in cells, while DDIT4 was upregulated only in some patients [25]. We 

investigated if these two target genes behaved in the same way in the experimental 

setup described herein. Using microarray analysis, we found that HDAC4 was 

upregulated after 30 days of low dose dexamethasone treatment, as previously 

demonstrated in AT fibroblasts treated with higher dexamethasone concentrations, 

while DDIT4 overexpression was not statistically significant. On the contrary, using 

qPCR assay, DDIT4 was found to be slightly overexpressed in AT samples, while 

the HDAC4 result was confirmed (Figure 6, p<0.05 Wilcoxon test). 

 

 

 

Figure 6.  HDAC4 and DDIT4 gene expression assayed by qPCR in AT and WT samples treated or not with 

dexamethasone. As illustrated, the drug was able to increase the gene expression of the two targets in both 

samples (p<0.05, Wilcoxon test). 
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Discussion 

We have been investigating the effects of dexamethasone in AT patients and cells 

since glucocorticoid administration has been shown to have a positive impact on the 

quality of life of AT patients [20-24]. The pharmacokinetics of dexamethasone 

administrated by autologous RBCs results, in a three to four weeks treatment, in the 

nano/pico molar range; hence, we decided to simulate these conditions in human 

primary WT and AT fibroblasts. Using microarray analysis, we found that 30 days of 

low dose dexamethasone treatment was also able to modulate gene expression in 

fibroblasts in vitro. As in our previous studies [26, 29], a gene expression variation 

between untreated WT and AT was also found in the present report. Apparently, 

some differences stem from genetic variability, but others, such as the biological 

function “DSB repair processes”, which are well-known to be altered in AT [3], 

depend on the lack of ATM, and we found that these processes differed between 

WT and AT samples that also showed differences in autophagy signaling, one of 

the compromised pathways in AT [12, 39]. 

The administration of dexamethasone in cell cultures concomitant to medium 

change led to an oscillation of the drug concentration in the nano-pico molar range 

(due to dexamethasone availability by FBS scavenger effect and dexamethasone 

half-life) for 30 days in both WT and AT fibroblasts. The modification of gene 

expression was greater than expected. More than 3,000 probes were altered in both 

models by dexamethasone, but in different ways. In fact, of the approximately 2000 

gene symbols in each group, only 152 were found in both groups. The distinct 

molecular action of dexamethasone is presumably dependent on the genomic 

arrangement of the testers, which in turn, is dependent on ATM activity. Importantly, 

some of the deficient biological functions found in AT were dexamethasone 

regulated, and 11 of these functions were specifically modulated only in AT and not 

by the overall effect of the drug in cells. Vesicle transport, G-protein signaling and 

transcription are biological pathways that appeared to be dexamethasone recovered 

or regulated. The involvement of vesicle transport has been already described as 

glucocorticoid regulated by IL7 receptor recycling in AT patients [42]. Moreover, we 

previously reported the effects of glucocorticoid on FKBP5 and DUSP1gene 

expression in AT [29, 31]. Surprisingly, only FKBP5 expression was affected by the 

applied drug administration. The dexamethasone concentration was likely too low 

to induce the classical DUSP1 anti-inflammatory response, but high enough to 
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induce the expression of the stress related gene FKBP5. This finding reinforces the 

hypothesis that glucocorticoid administration has multiple impacts on cells and 

organisms, with a range of biological outcomes that depend on glucocorticoid 

concentrations.  

It is interesting to note that the “Neurotransmitter signaling” pathway is specifically 

modulated in AT. The constituents of this modulus might help to explain the 

relationship between dexamethasone administration and the neurological 

improvements observed in AT patients. Clearly, the results reported in herein only 

concern gene expression variation and linking those variations to biological pathway 

outcomes is certainly partially speculative. In fact, in the last few years it has been 

ascertained that the overall matching between mRNA and protein levels is less than 

expected [43-46]. The main finding to emerge from the gene expression data are 

the differential outcomes of glucocorticoid treatment in the two tested cell lines and 

the possible effects on biochemical pathways. 

The specificity of gene regulation in AT by dexamethasone can rely only on the lack 

of ATM and it is likely that the response depends on the plethora of ATM influenced 

pathways and signaling. The link between ATM signaling and glucocorticoid 

receptors is probably more complex than once thought [47]. The effects of a low 

dose of dexamethasone for 30 days can probably trigger different events. Early on, 

direct dexamethasone action on glucocorticoid receptors or on other unknown 

mechanisms directly regulates gene expression. Further along in the treatment, 

effects may consist in genome re-arrangement induced by long term 

dexamethasone action on proteins involved in chromatin remodeling, thus 

regulating the accessibility of transcription factors by relaxing or not relaxing DNA 

scaffolds [48, 49]. The genome re-arrangement in turn may depend on 

glucocorticoid receptor activity and organization [50] leading to a combinatory 

puzzling outcome in regulating gene expression. All of the above-mentioned 

circumstances might contribute to the dexamethasone induced AT outcome 

described herein. 

We have previously investigated short-term dexamethasone stimulation and the 

differential response of WT and AT cells to dexamethasone has already been 

observed [25-27], and probably only the differential glucocorticoid receptor-ATM 

balance could trigger the outcome observed in the long-term glucocorticoid treated 

cells. Based on the findings reported herein, we can speculate that a similar 
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dexamethasone early-late modulation might also take place in vivo. It would be 

worthwhile to verify this hypothesis by monitoring patients during glucocorticoid 

treatment. 

Among the short-term dexamethasone effects, the role of HDAC4-DDIT4 in 

autophagy has recently been described [25]; they were capable of inducing a slight 

autophagy flux improvement in AT fibroblasts. The examination of the expression of 

these two genes in the 30-day stimulated model revealed that they behaved in the 

same manner as mentioned above. Hence, the dexamethasone induced expression 

of some genes appears to be likely, even if different mechanisms of action on gene 

regulation coexist.  The observation regarding the HDAC4-DDIT4 axis is important, 

and the reported findings reinforce the notion that dexamethasone can modulate 

this signaling even when it is administered at low concentrations for a long period, 

emulating the patient’s conditions during the EryDex administration where both 

genes behaved in the same way. 

In conclusion, the treatment of the AT cellular model and WT cells with low 

concentrations of dexamethasone for 30 days is able to modulate gene expression 

and the variation between AT and WT fibroblasts was found to be distinguishable, 

thus providing further support for the concept of a specific dexamethasone function 

in AT fibroblasts. Direct and indirect mechanisms of action are probably triggered 

thanks to early and late dexamethasone treatment responses. Further studies 

performing whole proteomic investigations and integrating all types of data, 

transcriptomic and proteomic, may reveal exciting glucocorticoid biological action 

and could help to shed light on the molecular mechanisms of action of 

glucocorticoids in the AT pathology. 
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Supplementary Material captions.  

Material S1. Excel file containing the full lists of probes differentially expressed in 

the tested samples. Sheet a shows a comparison between WT and AT fibroblasts; 

sheet b, the AT-dex vs AT comparison outcome; and sheet c the WT-dex vs WT 

output.  

Material S2. Excel file containing the biological processes, the pathways in moduli 

and the pathway in network obtained from the clustering of the gene symbols from 

WT vs AT comparison. 

Material S3. Excel file containing the biological processes, the pathways in moduli 

and the pathway in network obtained from the clustering of the gene symbols from 

AT-dex vs AT comparison. 

Material S4. Excel file containing the biological processes, the pathways in moduli 

and the pathway in network obtained from the clustering of the gene symbols from 

WT-dex vs WT comparison. 

Material S5. Excel file containing the gene symbol lists from the cross comparison 

of the three datasets. 

Material S6. Excel file containing lists of the pathway enrichment of moduli cross 

comparison of the three datasets. 

Material S7. Excel file containing lists of the pathway enrichment of network cross 

comparison of the three datasets. 
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CHAPTER 5 

Unpublished data. Submission of the patent “DNA or RNA sequences coding 

fragments of ATM for the treatment of ataxia- telangiectasia patients and/or ATM 

mutations”  

 

This research is based on previous findings. ATM RNA variants originating from 

canonical and non-canonical splicing of ATM messenger have been identified in 

vivo in the blood of AT patients treated with EryDex, coding additional domains than 

miniATM itself [189, 192]. Biochemical and functional characterization of these ATM 

variants led us to assume their beneficial role in rescuing AT phenotype and in a 

potential use for gene therapy to treat AT patients and to treat somatic diseases 

caused by ATM gene mutation.  

 

DNA or RNA sequences coding fragments of ATM for the treatment of ataxia- 
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DNA or RNA sequences representing fragments of ATM for the treatment of 

ataxia telangiectasia patients and/or ATM mutations  

 

5.1 INTRODUCTION: 

Ataxia Telangiectasia (AT) is a rare neurodegenerative disease with a prevalence 

of 1/8000 worldwide (between 1 in 40,000 and 1 in 100,000 live births), caused by 

biallelic mutations in the Ataxia Telangiectasia Mutated (ATM) gene (Chr 11q22.3-

23.1). ATM gene codes for the protein of the same name ATM, a member of the 

phosphatidylinositol 3-kinase-related kinases (PIKK) family [1, 36], that is primarily 

activated after DNA damage response [72, 73], modulating cell cycle-checkpoint 

signaling and ensuring that DNA is repaired before cell cycle progression [83]. This 

protein exists as an inactive dimer that, after DNA double strand breaks (DSBs), is 

recruited to the break sites by the MRN complex [71] and is activated into an active 

monomer by auto-transphosphorylation of Ser1981, Ser367 and Ser1893 [196]. 

Upon activation, ATM phosphorylates various substrates to start the DNA repair 

signaling cascade and prevent DNA damage accumulation. Among its downstream 

target, phosphorylation of histone H2AX (γH2AX) is considered one of the first 

events after DSBs [77], forming nuclear foci easily detectable at the break sites. 

Other direct ATM targets are p53 and CHK2, two well-known cell cycle checkpoint 

effectors, helping to keep genomic integrity under physiological conditions. Besides 

ATM, also Ataxia telangiectasia and Rad3-related protein (ATR), another member 

of PIKK family, is activated after DNA breaks and can control the DNA damage 

response and can induce the phosphorylation of the cell cycle checkpoint substrates 

[197]. Both proteins have specific different functions, but there could also be several 

cross talks at the same substrates during the DNA damage response (DDR) [57]. 

Beyond its nuclear role, ATM was found to be triggered by Reactive Oxygen Species 

(ROS) in the cytoplasm as an active dimer, formed through disulfide bond of 

Cysteines at position 2991 in the FATC domain, in an independent manner from 

DNA DSBs activation [99]. Currently, several studies correlated ATM dimer 

activation to ROS production, suggesting new roles of ATM in regulating oxidative 

stress, autophagy, mitophagy and protein homeostasis [61, 102, 105, 118, 148, 198, 

199]. All these ATM pleiotropic effects are still under investigation, since they could 

contribute to explain the neurodegenerative process that occurs in AT patients. The 
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severity of the disease indeed, depends on the residual presence and function of 

ATM protein [48], leading to the classical AT form when ATM protein and its function 

are absent, and to the mild form if some ATM activity is preserved. Classically, AT 

patients show a complex phenotype, characterized primarily by an early-onset 

progressive cerebellar ataxia with loss of Purkinje cells and oculocutaneous 

telangiectasias. Further features include sensitivity to ionizing radiation, 

immunodeficiency, high susceptibility to the development of tumors (lymphoma and 

leukemia), infections (respiratory infections), and endocrine abnormalities [27, 200-

202]. Unfortunately, no cure is currently available for these patients, but only 

supportive therapies to ameliorate their pain. However, in the last decade, 

observational studies and clinical trials have shown that treatment with 

glucocorticoid analogues improves the neurological symptoms of AT patients, 

although their mechanisms of action are still under investigation [172, 176, 179, 182, 

188]. Particularly, it has been found that treatment with dexamethasone (dex) may 

partly restore ATM activity in AT lymphoblastoid cells by a new ATM transcript 

originating from a non-canonical splicing. This transcript ‘ATMdexa1’ can be 

translated into a functional protein with reduced activity, named ‘miniATM’, that 

could maintain the kinase domain of native ATM and partially rescue ATM deficiency 

[189]. ‘ATMdexa1’ has also been identified in vivo in the blood of AT patients treated 

with intra-erythrocyte Dexamethasone (EryDex) in a phase II Clinical trial [182, 188]. 

The expression of ‘ATMdexa1’ depends on the treatment and correlates with a 

positive response to dex therapy [192]. In these patients, it was also observed that 

additional new ATM variants are present, and isolation of the same permitted us to 

conclude that these ATM variants can originate from canonical (exons 3–52, 4–53 

and 2–52) and non-canonical (short direct repeat: 3–52 and 4–51) splicing of the 

ATM mRNA, expressed at very low levels in blood of patients.  Each of these 

variants contained the starting codon identified in ‘ATMdexa1’ and therefore could 

be translated into miniATM [192] and, moreover, they can be translated by using the 

canonical starting codon of wild type ATM or by using internal starting codons 

different from the miniATM one. In both cases the resulting proteins have additional 

domains than miniATM itself, that could be useful to provide some functions of the 

native ATM. 

Gene therapy could be an optimal strategy for this severe disease, but other findings 

are needed before it could be used in AT patients. It has been previously reported 
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by researchers that the introduction of wild type ATM cDNA with HSV amplicon 

vector could restore some functions in AT human fibroblasts [203, 204]. Also, its 

injection into AT mouse cerebella would lead to a retained ATM expression [204, 

205]. However, vectors used for this purpose are not entirely safe [206] and since 

they are not integrative, the transduction of the protein is only transient. Also, the 

reconstitution of corrected hematopoietic progenitors might help AT patients, thus 

leading to an improvement of neurological functions [164, 165]. The development of 

lentiviral vectors could overcome the biosafety issues connected with the vectors 

described above and could also transduce non-dividing cells and produce a stable 

protein. These features make lentivirus a very attractive candidate for creating viral 

vectors for gene therapy. Carranza et al. constructed a lentiviral vector containing a 

full-length ATM capable to rescue AT deficiencies in repairing radiation-induced 

DSBs and regaining radio-sensitivity, despite a low transduction efficiency [207]. In 

this regard, prompted by the likely beneficial function of ‘miniATM’, we have 

investigated the potential role of the new selected ATM variants (named: ATM 3-52, 

ATM 4-53) when expressed in AT fibroblasts by lentiviral system. We were able to 

demonstrate that these ATM variants have the ability to bypass the DNA DSBs and 

the other ATM extra-nuclear biochemical functions, including autophagy and 

mitochondrial activity. Unexpectedly, an in silico built ATM variant, named ATM 

SINT, never found in the cells of AT, showed the best performance in restoring DNA 

lesions upon DNA damage, when transfected in AT cells. Moreover, the 

transduction of fibroblast cells with ATM variants through a lentiviral system, here 

described, achieved a high transduction efficiency (almost 100%) due to their 

reduced cDNA size, and therefore could be more advantageous for vectors 

nowadays approved for gene therapy to treat AT patients, leading to a new hope for 

the development of innovative therapies.  

 

 

 

 

 

 



149 

 

5.2 MATERIALS AND METHODS 

Cell culture and treatments 

Fibroblasts WT AG09429 (Atm+/+) and AT GM00648 (Atm−/−) from Coriell Institute 

(Camden, NJ, USA) were used as a cellular model. The hTERT antigen cell 

immortalization Kit (Alstem Cell Advancements) was used to immortalize the cells. 

The selected AT GM00648 hTERT (AT 648 hT) and WT AG09429 hTERT (WT hT) 

were grown in MEM (Eagle formulation). The medium was supplemented with 2 

mmoL/L L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Sigma 

Aldrich), 15 % fetal bovine serum (Thermo Fisher Scientific) and 10 mM glucose. All 

cells were incubated at 37°C with 5% CO2. Human embryonic kidney (HEK) 293T 

cells (ATCC® CRL-3216™), used for transfection in lentiviral particles production, 

were grown in D-MEM (Eagle formulation). The medium was supplemented with 2 

mmoL/L L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Sigma 

Aldrich), and 10 % fetal bovine serum (MERK). 

 

 

ATM Variants description  

ATM 3-52 possesses the complete Phosphatidyl Inositol 3 Kinase (PI3K) and the 

FAT-C-terminal (FATC) domains (miniATM contains only a partial PI3K) because its 

translation could start 714 bp upstream than miniATM starting codon, even though 

not the native one. ATM 4-53 (1740 bp) splicing derived ATM messenger can be 

translated from the native starting codon. This confers to the translated protein the 

Telomere-length maintenance and DNA damage repair (TAN) domain as well as the 

full PI3K and FATC domains. A third variant named ATM SINT has been designed 

in silico and it contains the native starting codon with the TAN domain, the leucine 

zipper domain, the FAT domain (FRAP-ATM-TRRAP: from amino acids 2123 to 

2496, purposely achieved without Ser1981), the PI3K and FATC domains. 

The sequences of the tested variants are reported as follow: 
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ATM 3-52: 

atga gtc tag tac tta atg atc tgc tta tct gct gcc gtc aac tag aac atg ata gag ct

a  

  -   V   -   Y   L   M   I   C   L   S   A   A   V   N   -   N   M   I   E   L

   

cag aac gaa aga aag aag ttg aga aat tta agc gcc tga ttc gag atc ctg aaa caa tta

  

 Q   N   E   R   K   K   L   R   N   L   S   A   -   F   E   I   L   K   Q   L 

  

aac atc tag atc ggc att cag att cca aac aag gaa aat att tga att ggg atg ctg ttt

  

 N   I   -   I   G   I   Q   I   P   N   K   E   N   I   -   I   G   M   L   F 

  

tta gat ttt tac aga aat ata ttc aga aag aaa cag aat gtc tga gaa tag caa aac caa

  

 L   D   F   Y   R   N   I   F   R   K   K   Q   N   V   -   E   -   Q   N   Q 

  

atg tat cag cct caa cac aag cct cca ggc aga aaa aga tgc agg aaa tca gta gtt tgg

  

 M   Y   Q   P   Q   H   K   P   P   G   R   K   R   C   R   K   S   V   V   W 

  

tca aat act tca tca aat gtg caa aca gaa gat cga aca gag gct gca aat aga ata ata

  

 S   N   T   S   S   N   V   Q   T   E   D   R   T   E   A   A   N   R   I   I 

  

tgt act atc aga agt agg aga cct cag atg gtc aga agt gtt gag gca ctt tgt gat gct

  

 C   T   I   R   S   R   R   P   Q   M   V   R   S   V   E   A   L   C   D   A 

  

tat att ata tta gca aac tta gat gcc act cag tgg aag act cag aga aaa ggc ata aat

  

 Y   I   I   L   A   N   L   D   A   T   Q   W   K   T   Q   R   K   G   I   N 

  

att cca gca gac cag cca att act aaa ctt aag aat tta gaa gat gtt gtt gtc cct act

  

 I   P   A   D   Q   P   I   T   K   L   K   N   L   E   D   V   V   V   P   T 

  

atg gaa att aag gtg gac cac aca gga gaa tat gga aat ctg gtg act ata cag tca ttt

  

 M   E   I   K   V   D   H   T   G   E   Y   G   N   L   V   T   I   Q   S   F 

  

aaa gca gaa ttt cgc tta gca gga ggt gta aat tta cca aaa ata ata gat tgt gta ggt

  

 K   A   E   F   R   L   A   G   G   V   N   L   P   K   I   I   D   C   V   G 

  

tcc gat ggc aag gag agg aga cag ctt gtt aag ggc cgt gat gac ctg aga caa gat gct

  

 S   D   G   K   E   R   R   Q   L   V   K   G   R   D   D   L   R   Q   D   A 

  

gtc atg caa cag gtc ttc cag atg tgt aat aca tta ctg cag aga aac acg gaa act agg
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 V   M   Q   Q   V   F   Q   M   C   N   T   L   L   Q   R   N   T   E   T   R 

  

aag agg aaa tta act atc tgt act tat aag gtg gtt ccc ctc tct cag cga agt ggt gtt

  

 K   R   K   L   T   I   C   T   Y   K   V   V   P   L   S   Q   R   S   G   V 

  

ctt gaa tgg tgc aca gga act gtc ccc att ggt gaa ttt ctt gtt aac aat gaa gat ggt

  

 L   E   W   C   T   G   T   V   P   I   G   E   F   L   V   N   N   E   D   G 

  

gct cat aaa aga tac agg cca aat gat ttc agt gcc ttt cag tgc caa aag aaa atg atg

  

 A   H   K   R   Y   R   P   N   D   F   S   A   F   Q   C   Q   K   K   M   M 

  

gag gtg caa aaa aag tct ttt gaa gag aaa tat gaa gtc ttc atg gat gtt tgc caa aat

  

 E   V   Q   K   K   S   F   E   E   K   Y   E   V   F   M   D   V   C   Q   N 

  

ttt caa cca gtt ttc cgt tac ttc tgc atg gaa aaa ttc ttg gat cca gct att tgg ttt

  

 F   Q   P   V   F   R   Y   F   C   M   E   K   F   L   D   P   A   I   W   F 

  

gag aag cga ttg gct tat acg cgc agt gta gct act tct tct att gtt ggt tac ata ctt

  

 E   K   R   L   A   Y   T   R   S   V   A   T   S   S   I   V   G   Y   I   L 

  

gga ctt ggt gat aga cat gta cag aat atc ttg ata aat gag cag tca gca gaa ctt gta

  

 G   L   G   D   R   H   V   Q   N   I   L   I   N   E   Q   S   A   E   L   V 

  

cat ata gat cta ggt gtt gct ttt gaa cag ggc aaa atc ctt cct act cct gag aca gtt

  

 H   I   D   L   G   V   A   F   E   Q   G   K   I   L   P   T   P   E   T   V 

  

cct ttt aga ctc acc aga gat att gtg gat ggc atg ggc att acg ggt gtt gaa ggt gtc

  

 P   F   R   L   T   R   D   I   V   D   G   M   G   I   T   G   V   E   G   V 

  

ttc aga aga tgc tgt gag aaa acc atg gaa gtg atg aga aac tct cag gaa act ctg tta

  

 F   R   R   C   C   E   K   T   M   E   V   M   R   N   S   Q   E   T   L   L 

  

acc att gta gag gtc ctt cta tat gat cca ctc ttt gac tgg acc atg aat cct ttg aaa

  

 T   I   V   E   V   L   L   Y   D   P   L   F   D   W   T   M   N   P   L   K 

  

gct ttg tat tta cag cag agg ccg gaa gat gaa act gag ctt cac cct act ctg aat gca

  

 A   L   Y   L   Q   Q   R   P   E   D   E   T   E   L   H   P   T   L   N   A 

  

gat gac caa gaa tgc aaa cga aat ctc agt gat att gac cag agt ttc aac aaa gta gct
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 D   D   Q   E   C   K   R   N   L   S   D   I   D   Q   S   F   N   K   V   A 

  

gaa cgt gtc tta atg aga cta caa gag aaa ctg aaa gga gtg gaa gaa ggc act gtg ctc

  

 E   R   V   L   M   R   L   Q   E   K   L   K   G   V   E   E   G   T   V   L 

  

agt gtt ggt gga caa gtg aat ttg ctc ata cag cag gcc ata gac ccc aaa aat ctc agc

  

 S   V   G   G   Q   V   N   L   L   I   Q   Q   A   I   D   P   K   N   L   S 

  

cga ctt ttc cca gga tgg aaa gct tgg gtg tga  

 R   L   F   P   G   W   K   A   W   V   -   

 

ATM 4-53: 

atg agt cta gta ctt aat gat ctg ctt atc tgc tgc cgt caa cta gaa cat gat aga gct
  
 M   S   L   V   L   N   D   L   L   I   C   C   R   Q   L   E   H   D   R   A 
  
aca gaa cga aag aaa gaa gtt gag aaa ttt aag cgc ctg att cga gat cct gaa aca att
  
 T   E   R   K   K   E   V   E   K   F   K   R   L   I   R   D   P   E   T   I 
  
aaa cat cta gat cgg cat tca gat tcc aaa caa gga aaa tat ttg aat tgg gat gct gtt
  
 K   H   L   D   R   H   S   D   S   K   Q   G   K   Y   L   N   W   D   A   V 
  
ttt aga ttt tta cag aaa tat att cag aaa gaa aca gaa tgt ctg aga ata gca aaa cca
  
 F   R   F   L   Q   K   Y   I   Q   K   E   T   E   C   L   R   I   A   K   P 
  
aat gta tca gcc tca aca caa gcc tcc agg cag aaa aag atg cag gaa atc agt agt ttg
  
 N   V   S   A   S   T   Q   A   S   R   Q   K   K   M   Q   E   I   S   S   L 
  
gtc aaa tac ttc atc aaa tgt gca aac aga aga gca cct agg cta aaa tgt caa gaa ctc
  
 V   K   Y   F   I   K   C   A   N   R   R   A   P   R   L   K   C   Q   E   L 
  
tta aat tat atc atg gat aca gtg aaa gat tca tct aat ggt gct att tac gga gct gat
  
 L   N   Y   I   M   D   T   V   K   D   S   S   N   G   A   I   Y   G   A   D 
  
tgt agc aac ata cta ctc aaa gac att ctt tct gtg aga aaa tac tgg tgt gaa ata tct
  
 C   S   N   I   L   L   K   D   I   L   S   V   R   K   Y   W   C   E   I   S 
  
cag caa cag tgg tta gaa ggc ata aat att cca gca gac cag cca att act aaa ctt aag
  
 Q   Q   Q   W   L   E   G   I   N   I   P   A   D   Q   P   I   T   K   L   K 
  
aat tta gaa gat gtt gtt gtc cct act atg gaa att aag gtg gac cac aca gga gaa tat
  
 N   L   E   D   V   V   V   P   T   M   E   I   K   V   D   H   T   G   E   Y 
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gga aat ctg gtg act ata cag tca ttt aaa gca gaa ttt cgc tta gca gga ggt gta aat
  
 G   N   L   V   T   I   Q   S   F   K   A   E   F   R   L   A   G   G   V   N 
  
tta cca aaa ata ata gat tgt gta ggt tcc gat ggc aag gag agg aga cag ctt gtt aag
  
 L   P   K   I   I   D   C   V   G   S   D   G   K   E   R   R   Q   L   V   K 
  
ggc cgt gat gac ctg aga caa gat gct gtc atg caa cag gtc ttc cag atg tgt aat aca
  
 G   R   D   D   L   R   Q   D   A   V   M   Q   Q   V   F   Q   M   C   N   T 
  
tta ctg cag aga aac acg gaa act agg aag agg aaa tta act atc tgt act tat aag gtg
  
 L   L   Q   R   N   T   E   T   R   K   R   K   L   T   I   C   T   Y   K   V 
  
gtt ccc ctc tct cag cga agt ggt gtt ctt gaa tgg tgc aca gga act gtc ccc att ggt
  
 V   P   L   S   Q   R   S   G   V   L   E   W   C   T   G   T   V   P   I   G 
  
gaa ttt ctt gtt aac aat gaa gat ggt gct cat aaa aga tac agg cca aat gat ttc agt
  
 E   F   L   V   N   N   E   D   G   A   H   K   R   Y   R   P   N   D   F   S 
  
gcc ttt cag tgc caa aag aaa atg atg gag gtg caa aaa aag tct ttt gaa gag aaa tat
  
 A   F   Q   C   Q   K   K   M   M   E   V   Q   K   K   S   F   E   E   K   Y 
  
gaa gtc ttc atg gat gtt tgc caa aat ttt caa cca gtt ttc cgt tac ttc tgc atg gaa
  
 E   V   F   M   D   V   C   Q   N   F   Q   P   V   F   R   Y   F   C   M   E 
  
aaa ttc ttg gat cca gct att tgg ttt gag aag cga ttg gct tat acg cgc agt gta gct
  
 K   F   L   D   P   A   I   W   F   E   K   R   L   A   Y   T   R   S   V   A 
  
act tct tct att gtt ggt tac ata ctt gga ctt ggt gat aga cat gta cag aat atc ttg
  
 T   S   S   I   V   G   Y   I   L   G   L   G   D   R   H   V   Q   N   I   L 
  
ata aat gag cag tca gca gaa ctt gta cat ata gat cta ggt gtt gct ttt gaa cag ggc
  
 I   N   E   Q   S   A   E   L   V   H   I   D   L   G   V   A   F   E   Q   G 
  
aaa atc ctt cct act cct gag aca gtt cct ttt aga ctc acc aga gat att gtg gat ggc
  
 K   I   L   P   T   P   E   T   V   P   F   R   L   T   R   D   I   V   D   G 
  
atg ggc att acg ggt gtt gaa ggt gtc ttc aga aga tgc tgt gag aaa acc atg gaa gtg
  
 M   G   I   T   G   V   E   G   V   F   R   R   C   C   E   K   T   M   E   V 
  
atg aga aac tct cag gaa act ctg tta acc att gta gag gtc ctt cta tat gat cca ctc
  
 M   R   N   S   Q   E   T   L   L   T   I   V   E   V   L   L   Y   D   P   L 
  
ttt gac tgg acc atg aat cct ttg aaa gct ttg tat tta cag cag agg ccg gaa gat gaa
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 F   D   W   T   M   N   P   L   K   A   L   Y   L   Q   Q   R   P   E   D   E 
  
act gag ctt cac cct act ctg aat gca gat gac caa gaa tgc aaa cga aat ctc agt gat
  
 T   E   L   H   P   T   L   N   A   D   D   Q   E   C   K   R   N   L   S   D 
  
att gac cag agt ttc aac aaa gta gct gaa cgt gtc tta atg aga cta caa gag aaa ctg
  
 I   D   Q   S   F   N   K   V   A   E   R   V   L   M   R   L   Q   E   K   L 
  
aaa gga gtg gaa gaa ggc act gtg ctc agt gtt ggt gga caa gtg aat ttg ctc ata cag
  
 K   G   V   E   E   G   T   V   L   S   V   G   G   Q   V   N   L   L   I   Q 
  
cag gcc ata gac ccc aaa aat ctc agc cga ctt ttc cca gga tgg aaa gct tgg gtg tga
  
 Q   A   I   D   P   K   N   L   S   R   L   F   P   G   W   K   A   W   V   - 
  

 

ATM SINT: 

atg agt cta gta ctt aat gat ctg ctt atc tgc tgc cgt caa cta gaa cat gat aga gct
  
 M   S   L   V   L   N   D   L   L   I   C   C   R   Q   L   E   H   D   R   A 
  
aca gaa cga aag aaa gaa gtt gag aaa ttt aag cgc ctg att cga gat cct gaa aca att
  
 T   E   R   K   K   E   V   E   K   F   K   R   L   I   R   D   P   E   T   I 
  
aaa cat cta gat cgg cat tca gat tcc aaa caa gga aaa tat ttg aat tgg gat gct gtt
  
 K   H   L   D   R   H   S   D   S   K   Q   G   K   Y   L   N   W   D   A   V 
  
ttt aga ttt tta cag aaa tat att cag aaa gaa aca gaa tgt ctg aga ata gca aaa cca
  
 F   R   F   L   Q   K   Y   I   Q   K   E   T   E   C   L   R   I   A   K   P 
  
aat gta tca gcc tca aca caa gcc tcc agg cag aaa aag atg cag gaa atc agt agt ttg
  
 N   V   S   A   S   T   Q   A   S   R   Q   K   K   M   Q   E   I   S   S   L 
  
gtc aaa tac ttc atc aaa tgt gca aac aga aga gca cct agg cta aaa tgt caa gaa ctc
  
 V   K   Y   F   I   K   C   A   N   R   R   A   P   R   L   K   C   Q   E   L 
  
tta aat tat atc atg gat aca gtg aaa gat tca tct aat ggt gct att tac gga gct gat
  
 L   N   Y   I   M   D   T   V   K   D   S   S   N   G   A   I   Y   G   A   D 
  
tgt agc aac ata cta ctc aaa gac att ctt tct gtg aga aaa tac tgg tgt gaa ata tct
  
 C   S   N   I   L   L   K   D   I   L   S   V   R   K   Y   W   C   E   I   S 
  
cag caa cag tgg tta act ttt gga tat aga cgt tta gaa gac ttt atg gca tct cat tta
  
 Q   Q   Q   W   L   T   F   G   Y   R   R   L   E   D   F   M   A   S   H   L 
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gat tat ctg gtt ttg gaa tgg cta aat ctt caa gat act gaa tac aac tta tct tct ttt
  
 D   Y   L   V   L   E   W   L   N   L   Q   D   T   E   Y   N   L   S   S   F 
  
cct ttt att tta tta aac tac aca aat att gag gat ttc tat aga tct tgt tat aag gtt
  
 P   F   I   L   L   N   Y   T   N   I   E   D   F   Y   R   S   C   Y   K   V 
  
tgg tgt cct gaa cta gaa gaa ctt cat tac caa gca gca tgg agg aat atg cag tgg gac
  
 W   C   P   E   L   E   E   L   H   Y   Q   A   A   W   R   N   M   Q   W   D 
  
cat tgc act tcc gtc agc aaa gaa gta gaa gga acc agt tac cat gaa tca ttg tac aat
  
 H   C   T   S   V   S   K   E   V   E   G   T   S   Y   H   E   S   L   Y   N 
  
gct cta caa tct cta aga gac aga gaa ttc tct aca ttt tat gaa agt ctc aaa tat gcc
  
 A   L   Q   S   L   R   D   R   E   F   S   T   F   Y   E   S   L   K   Y   A 
  
aga gta aaa gaa gtg gaa gag atg tgt aag cgc agc ctt gag tct gtg tat tcg ctc tat
  
 R   V   K   E   V   E   E   M   C   K   R   S   L   E   S   V   Y   S   L   Y 
  
ccc aca ctt agc agg ttg cag gcc att gga gag ctg gaa agc att ggg gag ctt ttc tca
  
 P   T   L   S   R   L   Q   A   I   G   E   L   E   S   I   G   E   L   F   S 
  
aga tca gtc aca cat aga caa ctc tct gaa gta tat att aag tgg cag aaa cac tcc cag
  
 R   S   V   T   H   R   Q   L   S   E   V   Y   I   K   W   Q   K   H   S   Q 
  
ctt ctc aag gac agt gat ttt agt ttt cag gag cct atc atg gct cta cgc aca gtc att
  
 L   L   K   D   S   D   F   S   F   Q   E   P   I   M   A   L   R   T   V   I 
  
ttg gag atc ctg atg gaa aag gaa atg gac aac tca caa aga gaa tgt att aag gac att
  
 L   E   I   L   M   E   K   E   M   D   N   S   Q   R   E   C   I   K   D   I 
  
ctc acc aaa cac ctt gta gaa ctc tct ata ctg gcc aga act ttc aag aac act cag ctc
  
 L   T   K   H   L   V   E   L   S   I   L   A   R   T   F   K   N   T   Q   L 
  
cct gaa agg gca ata ttt caa att aaa cag tac aat tca gtt agc tgt gga gtc tct gag
  
 P   E   R   A   I   F   Q   I   K   Q   Y   N   S   V   S   C   G   V   S   E 
  
tgg cag ctg gaa gaa gca caa gta ttc tgg gca aaa aag gag cag agt ctt gcc ctg agt
  
 W   Q   L   E   E   A   Q   V   F   W   A   K   K   E   Q   S   L   A   L   S 
  
att ctc aag caa atg atc aag aag ttg gat gcc agc tgt gca gcg aac aat ccc agc cta
  
 I   L   K   Q   M   I   K   K   L   D   A   S   C   A   A   N   N   P   S   L 
  
aaa ctt aca tac aca gaa tgt ctg agg gtt tgt ggc aac tgg tta gca gaa acg tgc tta
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 K   L   T   Y   T   E   C   L   R   V   C   G   N   W   L   A   E   T   C   L 
  
gaa aat cct gcg gtc atc atg cag acc tat cta gaa aag gca gta gaa gtt gct gga aat
  
 E   N   P   A   V   I   M   Q   T   Y   L   E   K   A   V   E   V   A   G   N 
  
tat gat gga gaa agt agt gat gag cta aga aat gga aaa atg aag gca ttt ctc tca tta
  
 Y   D   G   E   S   S   D   E   L   R   N   G   K   M   K   A   F   L   S   L 
  
gcc cgg ttt tca gat act caa tac caa aga att gaa aac tac atg aaa tca tcg gaa ttt
  
 A   R   F   S   D   T   Q   Y   Q   R   I   E   N   Y   M   K   S   S   E   F 
  
gaa aac aag caa gct ctc ctg aaa aga gcc aaa gag gaa gta ggt ctc ctt agg gaa cat
  
 E   N   K   Q   A   L   L   K   R   A   K   E   E   V   G   L   L   R   E   H 
  
aaa att cag aca aac aga tac aca gta aag gtt cag cga gag ctg gag ttg gat gaa tta
  
 K   I   Q   T   N   R   Y   T   V   K   V   Q   R   E   L   E   L   D   E   L 
  
gcc ctg cgt gca ctg aaa gag gat cgt aaa cgc ttc tta tgt aaa gca gtt gaa aat tat
  
 A   L   R   A   L   K   E   D   R   K   R   F   L   C   K   A   V   E   N   Y 
  
atc aac tgc tta tta agt gga gaa gaa cat gat atg tgg gta ttc cga ctt tgt tcc ctc
  
 I   N   C   L   L   S   G   E   E   H   D   M   W   V   F   R   L   C   S   L 
  
tgg ctt gaa aat tct gga cag ctt gtt aag ggc cgt gat gac ctg aga caa gat gct gtc
  
 W   L   E   N   S   G   Q   L   V   K   G   R   D   D   L   R   Q   D   A   V 
  
atg caa cag gtc ttc cag atg tgt aat aca tta ctg cag aga aac acg gaa act agg aag
  
 M   Q   Q   V   F   Q   M   C   N   T   L   L   Q   R   N   T   E   T   R   K 
  
agg aaa tta act atc tgt act tat aag gtg gtt ccc ctc tct cag cga agt ggt gtt ctt
  
 R   K   L   T   I   C   T   Y   K   V   V   P   L   S   Q   R   S   G   V   L 
  
gaa tgg tgc aca gga act gtc ccc att ggt gaa ttt ctt gtt aac aat gaa gat ggt gct
  
 E   W   C   T   G   T   V   P   I   G   E   F   L   V   N   N   E   D   G   A 
  
cat aaa aga tac agg cca aat gat ttc agt gcc ttt cag tgc caa aag aaa atg atg gag
  
 H   K   R   Y   R   P   N   D   F   S   A   F   Q   C   Q   K   K   M   M   E 
  
gtg caa aaa aag tct ttt gaa gag aaa tat gaa gtc ttc atg gat gtt tgc caa aat ttt
  
 V   Q   K   K   S   F   E   E   K   Y   E   V   F   M   D   V   C   Q   N   F 
  
caa cca gtt ttc cgt tac ttc tgc atg gaa aaa ttc ttg gat cca gct att tgg ttt gag
  
 Q   P   V   F   R   Y   F   C   M   E   K   F   L   D   P   A   I   W   F   E 
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aag cga ttg gct tat acg cgc agt gta gct act tct tct att gtt ggt tac ata ctt gga
  
 K   R   L   A   Y   T   R   S   V   A   T   S   S   I   V   G   Y   I   L   G 
  
ctt ggt gat aga cat gta cag aat atc ttg ata aat gag cag tca gca gaa ctt gta cat
  
 L   G   D   R   H   V   Q   N   I   L   I   N   E   Q   S   A   E   L   V   H 
  
ata gat cta ggt gtt gct ttt gaa cag ggc aaa atc ctt cct act cct gag aca gtt cct
  
 I   D   L   G   V   A   F   E   Q   G   K   I   L   P   T   P   E   T   V   P 
  
ttt aga ctc acc aga gat att gtg gat ggc atg ggc att acg ggt gtt gaa ggt gtc ttc
  
 F   R   L   T   R   D   I   V   D   G   M   G   I   T   G   V   E   G   V   F 
  
aga aga tgc tgt gag aaa acc atg gaa gtg atg aga aac tct cag gaa act ctg tta acc
  
 R   R   C   C   E   K   T   M   E   V   M   R   N   S   Q   E   T   L   L   T 
  
att gta gag gtc ctt cta tat gat cca ctc ttt gac tgg acc atg aat cct ttg aaa gct
  
 I   V   E   V   L   L   Y   D   P   L   F   D   W   T   M   N   P   L   K   A 
  
ttg tat tta cag cag agg ccg gaa gat gaa act gag ctt cac cct act ctg aat gca gat
  
 L   Y   L   Q   Q   R   P   E   D   E   T   E   L   H   P   T   L   N   A   D 
  
gac caa gaa tgc aaa cga aat ctc agt gat att gac cag agt ttc aac aaa gta gct gaa
  
 D   Q   E   C   K   R   N   L   S   D   I   D   Q   S   F   N   K   V   A   E 
  
cgt gtc tta atg aga cta caa gag aaa ctg aaa gga gtg gaa gaa ggc act gtg ctc agt
  
 R   V   L   M   R   L   Q   E   K   L   K   G   V   E   E   G   T   V   L   S 
  
gtt ggt gga caa gtg aat ttg ctc ata cag cag gcc ata gac ccc aaa aat ctc agc cga
  
 V   G   G   Q   V   N   L   L   I   Q   Q   A   I   D   P   K   N   L   S   R 
  
ctt ttc cca gga tgg aaa gct tgg gtg tga  
 L   F   P   G   W   K   A   W   V   -   

 

miniATM: published by Menotta et al. [189]. 

 

Lentiviral Vector Construction and Production 

ATM 3-52, ATM  4-53, ATM SINT and miniATM cDNAs were inserted into pLenti-C-

Myc-DDK-IRES-Neo Tagged Cloning Vector with double selection: 

Chloramphenicol for E. coli selection and Neomycin for mammalian cell selection. 

WT hT and AT 648 hT not transduced cells were used as reference and negative 

control, respectively. Viral particles were produced by co-transfecting HEK 293T 
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cells in 24-well plates (1.2x105/well) with cloned ATM variants using MegaTran1.0 

Transfection Reagent as reported by the Lenti-vpak Lentiviral Packaging Kit 

(OriGene). Viral particles were collected and concentrated according to the method 

reported by Miller et al., 1996 [208]. 

 

Transduction of Cells  

4x104 AT 648 hT cells per well were seeded in 24-well plates and after 24h, viral 

particles were added to cells in the presence of 5µg/ml of polybrene (MERK). 

Clones’ selection was performed as indicated by the Lenti-vpak Lentiviral Packaging 

Kit supplier. AT 648 hT transduced cell lines were called TD 3-52 for ATM 3-52, TD 

4-53 for ATM 4-53, TD SINT for ATM SINT and TD miniATM for miniATM. UTD is 

referred to AT 648 hT untransduced cells. 

 

DSBs induction by Bleomycin  

To determine whether the ATM constructs were able to counteract the DNA damage 

response, WT hT and AT 648 hT transduced and untransduced cells were treated 

with bleomycin at a final concentration of 8 µg/ml, equivalent to exposure of about 

3.2 Gy Ƴ-radiation [209]. Cells underwent three types of treatment: placebo solution, 

3h of bleomycin treatment, and subsequent 24h incubation in drug-free culture 

medium. 

 

Western blotting 

Total proteins were extracted using the Protein Extraction Reagent Type 4 (P4, 

Sigma Aldrich). Cells were sonicated with 10 pulses of 15 seconds at 45 Watts 

Labsonic 1510 Sonicator (Braun) and clarified by centrifugation for 10 minutes at 

10 000 RCF. Protein concentration was determined by the Bio-Rad Protein Assay, 

based on Bradford’s method. Twenty micrograms of proteins were separated by 

SDS-PAGE (Novex TrisGlycine gels) according to the Laemmli protocol [210] and 

then transferred to nitrocellulose (0.22 µm, Bio-Rad) or LF PVDF (0.45 µm, Bio-Rad) 

by wet transfer and Towbin blotting buffer (50 mM Tris, 150 mM NaCl, 20%v/v 

methanol). Membranes were probed with the primary antibodies diluted in 5% w/v 

non-fat dry milk or 5% BSA in TBS-T. The primary antibodies used in this study 

were: anti-phospho H2AX Ser139 (GeneTex and Cell Signaling Technology, CST), 

anti-phospho p53 Ser15 (CST), anti-p53 (Santa Cruz Biotechnology, SCBT), anti-
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phospho CHK2 Thr68 (CST and AB clonal), anti-phospho ATR Ser428 (CST), anti-

ATR (Bethyl), anti-LC3B (CST), anti-SQSTM1/ p62 (CST), anti-carleticulin (CST), 

anti-pATM Ser1981 (CST), anti-ATM (1B10 Abnova). The utilized secondary 

antibodies were anti-rabbit and anti-mouse HRP coniugated (BIORAD), anti-rabbit 

StarBrightBlue700 (Biorad) and Alexa Fluor 790 (Thermo Fisher Scientific), and 

anti-mouse Alexa Fluor 680 (Thermo Fisher Scientific). Immunoreactive bands were 

recorded using the enhanced chemiluminescence (Advansta) or fluorescence 

acquisition by ChemiDoc Touch Imaging System (Bio-Rad). The whole lane 

normalization (WLN) strategy was adopted in all western blot analyses using a 

trihalo compound for protein visualization [211-213]. Acquired images were 

analyzed by Image Lab software 5.2.1 (Bio-Rad) [214]. 

 

Indirect immunofluorescence microscopy 

1x105 cells per well were grown on Lab-Tek II chamber slide (Nunc) 8-well slides 

upon reaching 70-80% of confluence. After bleomycin treatment for phospho H2AX 

detection, and for HDAC4 detection, cells were fixed with 4% formaldehyde for 10 

minutes and then with 100% cold methanol for 10 minutes. They were subsequently 

permeabilized with 0.5% NP-40 in PBS for another 10 minutes. After performing the 

blocking procedure for 1 hour at room temperature, primary antibodies were applied 

in 0.1% Triton X100, 1% BSA in PBS overnight at 4°C. The following antibodies 

were used: anti-phospho H2AX Ser139 (GeneTex and Cell Signaling Technology) 

and anti-HDAC4 (Cell Signaling Technology and Thermo Fisher Scientific). The 

following day, slides were incubated with secondary anti-mouse TRITC-conjugated 

antibody (Sigma-Aldrich) or anti-rabbit FITC-conjugated antibody (Sigma-Aldrich) in 

0.1% Triton X100, 1% BSA in PBS for 1 hour at 37°C. After washing procedures, 

DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI) at a final concentration 

of 0.2 µg/mL. Washed slides were mounted and embedded with ProLong Antifade 

(Thermo Fisher Scientific). Slides were observed by Olympus IX51, and the images 

were acquired by ToupCam camera (ToupTek Europe). Image analyses were 

performed by ImageJ (NIH) (developed at the U.S. National Institutes of Health and 

available on the Internet at http://rsb.info.nih.gov/nih-image), and H2AX foci 

numbers were indirectly calculated (after system calibration) by nuclear signal 

skewness data. 
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DCFH-DA cellular assay  

Cells were seeded in black 96-well plates (6000 cells/well), and 24h later 

intracellular ROS levels were examined using a non-fluorescent agent 2′,7′-

dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich, Milan, Italy), as previously 

reported by [215] with slight modifications. Cells were incubated with DCFH-DA (5 

µM) at 37 °C for 30 minutes, then the excess probe was removed by washing cells 

with PBS. DCF oxidation kinetic was detected both at basal condition for 30 minutes, 

and after the addition of H202 (100 µM) for additional 30 minutes, monitoring the 

fluorescence signal in the same 96-well plates. 

The fluorescence emission of the probe was measured at 520 nm upon excitation 

at 485 nm in a FluoStar Optima spectrofluorimeter (BMG Labtech, Offenburg, 223 

Germany). 

 

Mitotracker Red CMX-ROS assay 

Mitochondrial membrane potential was detected by staining live-cells using the 

Mitotracker Red CMX-ROS [216]. Cells were seeded in black 96-well plates (6000 

cells/well) and 24h later cells were incubated with the probe (100 nM) diluted in 

serum-free medium for 18 min (previously verified as non-saturating endpoint), 

monitoring the dye entry kinetic measuring the emission fluorescence of the probe 

at 612 nm upon excitation at 584 nm by a FluoStar Optima spectrofluorimeter (BMG 

Labtech, Offenburg, 223 Germany). 

 

Mitochondrial DNA quantification in the cytoplasm 

The release of mtDNA in the cytoplasm has been performed as reported by Yang 

et al. [123]. The amount of mtDNA was quantified performing a quantitative PCR by 

using primers amplifying NADH-ubiquinone oxidoreductase chain 1 (ND1) DNA 

[217], a specific mitochondrial gene from 5 ng of the cytoplasmic DNA fraction. The 

Proteasome 20S Subunit Beta 5 (PSMB5) nuclear reference gene was quantified 

by using the primers: forward 5′-ACGTGGACAGTGAAGGGAAC–3′ and reverse 5′-

CTGCTCCACTTCCAGGTCAT-3′, from 2 ng of the nuclear DNA fraction. PCR 

reactions were performed on a QuantStudio™ 5 Real-Time PCR System and 

amplification plots were analysed using the QuantStudio™ sequence detection 



161 

 

system (Applied Biosystems) and the relative expression data were calculated by 

the ½ Ct method. 

 

NAD+ assay quantification 

For the NAD+ quantitation, metabolites were extracted from cell pellets (6x106) in 

ice-cold lysis buffer 6:4 MeOH:ACN, 0.1% formic acid; samples were vortexed and 

incubated at -20°C for sample deproteinization. After centrifugation the 

supernatants were collected and freeze-dried. 

Liquid Chromatography and mass spectrometry  

The samples were resuspended with 50:30:20 MeOH:ACN:H2O with 0.1% formic 

acid for the injection in an UHPLC Vanquish system (Thermo Fisher scientific)  

coupled to an orbitrap Exploris 240 mass spectrometer. The metabolites separation 

was performed by an Accucore 150 amide HILIC column (held at 60°C) and the 

mobile phases consisted in the phase A, water with 0.1% formic acid and B 

acetonitrile with 0.1% formic acid both containing 5mM ammonium formiate. Elution 

gradiant was 99% of B up to 3 minutes, 1%B in 11 minutes, 1%B for 4 minutes 

99%B in 0.2 minutes and 99%B up to 22 minutes. Mass spectrometer, equipped 

with H-ESI source, operated in positive mode with a scan range 80-800 m/z in DDA 

manner. Deep scanning strategy was adopted by AcquireX and NAD+ identification 

and quantitation was performed by Compound Discoverer 3.2 (Thermo Fischer 

scientific). 

 

Structural design of ATM variants 

ATM variants 3D structure have been built up using UCSF Chimera compiled in 

Linux 64-bit environment. 

 

Statistical analysis 

GraphPad Prism was used for statistical analyses and graph generation. Statistical 

tests were chosen according to sample size and variance homogeneity. The 

statistical tests used in more than two groups comparison were: Friedman test 

followed by Dunn’s test for WB experiments and NAD+ metabolite assay; Kruskal-

Wallis test followed by Dunn’s test for IF, DCF and mtDNA assays; Welch’s ANOVA 

test for foci analyses and Mitotracker assay. Mann-Whitney test has been used to 
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compare two unpaired samples, while t test for unpaired measures has been applied 

when data were normally distributed. Means or medians were considered 

statistically different when p≤ 0.05. 

 

 

5.3 RESULTS 

Lentiviral constructs assay  

The AT 648 hT fibroblasts, that were transduced by using the lentiviral system, were 

tested for the expression of the cloned ATM variants. The expression was verified 

by Western Blotting (WB) using an anti-ATM antibody that targets the C-terminal 

domain of ATM (clone 1B10) and Figure 1 shows the ATM 3-52, ATM 4-53, ATM 

SINT and miniATM transduced AT 648 hT cell lines. The UTD AT 648 hT was also 

probed as control. The native mutated full-length ATM was also noticed in all the 

tested cell lines. 

 

                  

 

 

Figure 1. Western Blot of AT 648 hT fibroblasts expressing ATM 3-52, ATM 4-53, ATM SINT, miniATM and 

UTD AT 648 hT fibroblast. The arrow indicates the native mutated full-length ATM. 
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ATM variants activity in DSBs  

The biochemical properties of the investigated ATM variants were evaluated by 

testing the canonical ATM targets after bleomycin treatment, that is a radiomimetic 

agent that causes double strand breaks in DNA, similar to those obtained with 

radiotherapy [218]. Among ATM substrates, the Ser139 phosphorylated histone 

H2AX [77], which is surrounding the DNA break site, acts as an anchor for other 

recruiting proteins, thus amplifying the DNA damage signal. This mechanism 

ensures that broken DNA ends do not separate and do not give rise to aberrant 

rejoining of DNA fragments and chromatin translocations [219]. H2AX is considered 

the immediate sensor of DSBs and is therefore necessary for the identification and 

repair of DSBs [220-222]. Accordingly, γH2AX, which is the phosphorylated form of 

H2AX, was detected by indirect immunofluorescence (IF) assay with different 

approaches to quantify the DNA damage: measuring fluorescence intensity (Figure 

2) and analyzing the quality of foci distribution (Figure 3) [223, 224]. The 

immunofluorescence detection of γH2AX is considered as the most appropriate 

method because phosphorylated H2AX forms nuclear foci at the sites of DSBs, and 

the analysis of foci permits to verify the DSBs repair efficiency [225, 226]. If the 

repair occurs, H2AX will be progressively dephosphorylated, while its persistent 

phosphorylation will reveal DNA injuries with unrepaired DSBs [227, 228]. As 

reported in Figure 2, in all WT hT cells and AT 648 hT transduced cells there was 

an increase in γH2AX content after 3h drug treatment compared to UTD AT 648 hT 

cells, indicating that the expressed ATM variants were correctly activated in 

response to DNA damage, while a significant decrement of γH2AX was observable 

24h post treatment, suggesting that ATM variants could have an influence in DSBs 

repair defects. Surprisingly, also the analysis of γH2AX in UTD AT 648 hT cells 

showed the same pattern observed in transduced AT fibroblasts, because of ATR 

activity, as explained below. H2AX phosphorylation assay performed by WB showed 

the same behavior observed by IF for all treated cells, as reported in Figure S1. 

However, the Western Blotting technique is only useful to monitor the total γH2AX 

amount, while for individual nuclei the IF method is required [226].  
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Figure 2. AT 648 hT transduced cells overcome ATM functions in recognition and repair of DSB sites. A) Typical 

images and B) quantification of γH2AX IF experiments of WT hT and AT 648 hT transduced and untransduced 

cells treated with bleomycin for 3h and then kept in recovery course for 24 hours. γH2AX phosphorylation 

increased in all AT transduced cells compared to the control cell line after 3h of bleomycin and underwent a 

reduction after 24h of recovery, following WT hT behavior. Unexpectedly, also UTD cells followed this pattern. 

At least 300 nuclei from three independent experiments were counted for data processing. Red asterisks refer 

to intra sample comparison, while the black ones refer to statistical comparison with the control cell line UTD- 

(Kruskal Wallis followed by Dunn’s test). Graphs show Mean with SEM.  

 

 

Once established that ATM variants were properly activated upon bleomycin 

treatment, we proceeded to estimate the quality of foci distribution, as reported by 

Lu, T. et al.  [224], pointing out the priority on evaluating the foci number rather than 

signal intensity to monitor DSBs repair process. We in turn, allocated the 

fluorescence signal of H2AX phosphorylation into three categories as a function of 

signal skewness (Figure 3A): Type I: Skew < 0.05 (pan-nuclear staining), Type II: 

0.05 ≤ Skew ≤ 2 (indistinct foci) and Type III: Skew > 2 (distinct countable foci). 



165 

 

Figure S2 shows staining types of each tested cell line after the applied treatment. 

Foci number was obtained from the Type III stain pattern (Figure 3B). DNA lesion 

correction depends on foci number reduction. As indicated in Figure S2, all the AT 

648 hT transduced cells presented an increment of Type I stain pattern after 3h drug 

treatment compared to the untreated AT 648 hT cells. The analysis of foci number 

(Figure 3B) revealed that ATM SINT is the most efficient ATM variant in repairing 

lesions, as demonstrating by the reduced number of Type III foci over a period of 

24h. On the contrary the other ATM variants (ATM 3-52, ATM 4-53) were not able 

to statistically decrease the foci number in the same lapse of time. MiniATM 

exhibited a significant diminished number of foci at 24h post treatment, but it is the 

least capable in phosphorylating H2AX (Figure 2, Welch test). The observed amount 

of γH2AX in miniATM is probably not due to the total average signal derived from 

both accumulated γH2AX and the meanwhile repair of foci [225, 229, 230], because 

miniATM transduced cells displayed elevated foci number over 3h of bleomycin 

treatment (Figure 3B). Treated WT hT cell lines coherently increased Type I over a 

period of 3h (Figure S2), since ATM correctly phosphorylated H2AX, and presented 

a significant loss of foci number 24h post bleomycin treatment (Figure 3B), 

suggesting that most foci are solving, and the lesions are reduced. The UTD AT 648 

hT fibroblasts kept high number of foci independently of bleomycin treatment (Figure 

3B), indicating a persistence of unrepaired DNA lesions, even though the IF 

fluorescence intensity statistically decreased 24h post drug (Figure 2). Additionally, 

a slight increase in Type I foci after 3h of bleomycin treatment was also noticed in 

the UTD control cell line AT 648 hT (Figure S2). 
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Figure 3. ATM SINT is the most efficient ATM variant in repairing lesions, as confirmed by the reduced Type III 

foci number 24h post drug. A) Example of γH2AX foci staining pattern. B) Quantitation of Type III foci in all 

samples. The Type III foci are suitable to DNA repair efficiency assessment, implying that the γH2AX foci 

decrement at 24h indicates successful DNA repair. ATM 3-52 and ATM 4-53 transduced cells did not present a 

statistically decrease of Type III foci, while only ATM SINT and miniATM transduced cells presented a significant 

decrease of foci number during the recovery, as WT hT behavior. Bleomycin treatment did not affect the 

composition of Type III foci in AT 648 hT untransduced cells. At least 300 nuclei from three independent 

experiments were counted for data processing. Red asterisks refer to intra sample comparison, while the black 

ones show the statistical comparison with the control cell line UTD-. (Welch’s ANOVA test). Graphs show Mean 

with SEM.   
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Untransduced AT 648 hT cells are influenced by ATR     

It is known that H2AX is also phosphorylated by ATR in response to replication 

stress [231]. For this reason, we decided to investigate about phosphorylated 

(Ser428) and total ATR by Western Blotting in all the tested cell lines with or without 

bleomycin treatment (Figure 4 and S3, respectively). ATR when active is 

autophosphorylated at Ser428, Ser435 and Thr1989 [232]. We could not report the 

ratio p-ATR/ATR, since it did not reflect the real content of these proteins in the 

tested cell lines because both total and phosphorylated ATR changed upon 

treatment. 

In UTD AT 648 hT cells, p-ATR/WLN ratio resulted constantly elevated, 

independently of bleomycin treatment (Figure 4). Concomitantly, also the ATR 

amount was constantly elevated (Figure S3B).  This behavior could be due to the 

lack of ATM that in turn, leads to a replication stress condition in UTD AT 648 hT 

cells with overexpression and over phosphorylation of ATR that can phosphorylate 

H2AX in this cell line as previously reported. Interestingly, all transduced cell lines 

with the ATM variants showed a very low amount of ATR protein (with lesser extent 

for miniATM transduced cells) at basal condition (Figure S3B), as the replication 

stress may be solved. After 3h of bleomycin, total amount of p-ATR increased only 

in ATM 3-52 cell line (Figure 4), while the total amount of ATR suddenly increased 

in ATM 3-52, ATM 4-53 and ATM SINT transduced cell lines but not in the miniATM 

one (Figure S3B). After the 24h recovery, all the ATM variant transduced cells 

showed higher amounts of p-ATR with the exception of miniATM one (Figure 4). 

The same outcome was observed concerning total ATR (Figure S3B). The miniATM 

AT 648 hT cell line resulted practically uninvolved in ATR dynamics (Figure 4 and 

S3). 

On the contrary, WT hT cells displayed a reduction of both ATR/WLN ratio (Figure 

S3B) and p-ATR/WLN ratio (Figure 4) statistically significant after 24h from the 

treatment. 
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Figure 4. γH2AX is influenced by ATR in UTD AT 648 hT cells. A) Typical WB representative image and B) 

quantification of immunoreactive bands of p-ATR/WLN ratio in all tested cells treated with bleomycin for 3h and 

then kept in recovery for 24 hours. p-ATR was tested to evaluate the replication stress in AT 648 hT 

untransduced cells, revealing an elevated quantity of p-ATR in these cells, irrespective of bleomycin treatment. 

At basal condition, in all AT 648 hT transduced cells p-ATR is lower than UTD AT 648 hT cells, suggesting a 

reduction of replication stress when cells are transduced with ATM variants. After 3h of bleomycin treatment, p-

ATR enhanced only in ATM 3-52 cell line, while after 24h of recovery it increased in all AT 648 hT transduced 

cells (except miniATM). MiniATM cell line indeed, did not change p-ATR quantity after treatment. In contrast, 

WT hT decreased p-ATR protein amount 24h post drug. It has been reported the ratio p-ATR/WLN because the 

ratio p-ATR/ATR is influenced by ATR amount, that changed during treatment. Total ATR and the ratio p-

ATR/ATR are reported in Figure S3. Red asterisks refer to intra sample comparison, while the black ones refer 

to the statistical comparison with the control cell line UTD- (Friedman test followed by Dunn’s test). Graphs show 

Mean with SEM, n = 6.  
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ATM variants activity on ATM downstream targets 

To further survey the biological functionality of the ATM variants, some other ATM 

downstream substrates were tested. The Checkpoint kinase 2 (CHK2) is activated 

by ATM in response to DNA DSBs [89, 233], promoting CHK2 dimerization and 

autophosphorylation [234], that in turn leads to complete activation of the 

monomers. Accordingly, we examined the ability of ATM variants to activate this 

checkpoint kinase by analyzing by WB Thr68 phosphorylation in CHK2 after 

exposure to bleomycin (Figure 5). CHK2 phosphorylation is increased after 3h of 

bleomycin treatment in all ATM variant transduced cells, while it seemed to 

decrease 24h post drug only in ATM 3-52 and ATM SINT transduced cells, with the 

same behavior of WT hT cells, despite not in a statistically significant way. The 

persistence of CHK2 phosphorylation at Thr68 indicates the not-fully activation of 

CHK2 kinase [235, 236], therefore we can assume that p-CHK2 is incapable to 

become entirely activated in ATM variant transduced cell lines. Nevertheless, Thr68 

phosphorylation is a biomarker of ATM pathway, and we can suppose that all ATM 

variants were able to activate CHK2. Similarly, UTD cells presented p-CHK2, 

probably due to the presence of ATR activity and the crosstalk signaling between 

ATM/ATR pathways [237]. Total CHK2 is not reported since it did not change its 

expression and did not affect the ratio p-CHK2/WLN (data not shown).  

An additional ATM downstream target is the tumor suppressor p53 [238], that once 

phosphorylated becomes stabilized and promotes its transcriptional activity. p53 

can induce cell cycle arrest ensuring DNA repair through the upregulation of p21 

[239], or it can trigger apoptosis when DNA damage is excessive [240]. The 

phosphorylation of p53 by ATM at Ser15 was assayed by WB (Figure 6), and the 

ratio p-p53/p53 was found to be enhanced only in ATM 3-52 after 3h in the presence 

of bleomycin. All transduced AT 648 hT and WT hT cells boosted p-p53 quantity 

after 24h of recovery. 

Fig S4 shows p-p53/WLN and p53/WLN ratios and we observed that the total p53 

amount did not change its quantity in all tested cell lines, while p-p53 normalized on 

whole protein content displayed an enhancement after 3h of bleomycin treatment in 

all ATM variant transduced cells but not in WT hT cells and confirmed its persistent 

activation 24h post drug treatment. However, p53 is not a limited target of ATM [207, 

241], therefore we found a p53 activation also in the UTD AT 648 hT cells. 
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The activation of p53 pathway might be slower, since p53 is also a downstream 

target of CHK2 kinase on Ser20 [242], and this phosphorylation is still required 24h 

post drug for the transcription of p21, that is critical to support rather than start G1/S 

and G2/M cell cycle arrest [243, 244].  

 

 

Figure 5. ATM target CHK2 is activated by bleomycin in all transduced AT 648 hT cells. pCHK2 detection by 

WB. A) Representative image and B) quantification in all tested samples, treated with bleomycin for 3h and then 

kept in recovery course for 24 hours. CHK2 is phosphorylated by ATM variants, while in contrast to WT hT cells, 

it did not seem to become entirely activated in AT 648 hT transduced cells, since Thr68 phosphorylation of 

CHK2 persisted 24h post drug. CHK2 phosphorylation has also been noticed in AT 648 hT untransduced cells, 

probably due to ATR activity in these cells. Red asterisks refer to intra sample comparison, while the black ones 

refer to statistical comparison with the control cell line UTD-. (Friedman test followed by Dunn’s test). Graphs 

show Mean with SEM, n = 5.  
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Figure 6. All ATM variants are able to phosphorylate p53, a further ATM downstream target after bleomycin 

stimulation. WB Typical images of A) p-p53 and B) p53, and C) quantitation in all tested cells, treated with 

bleomycin for 3h and then kept in recovery course for 24 hours. Activation of p53 is slower than CHK2, therefore 

its phosphorylation persisted 24h post treatment in all tested cell lines. The improvement of its phosphorylation 

also in AT 648 hT untransduced cells is probably ascribed by ATR, that could influence the assay. Red asterisks 

refer to intra sample comparison, while the black ones refer to statistical comparison with the control cell line 

UTD- (Friedman test followed by Dunn’s test). Graphs show Mean with SEM, n = 5.   
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Autophagy is impacted in AT 648 hT transduced cells  

It has recently been ascertained that ATM owns extra-nuclear functions, since it has 

been found localized in cytoplasmic organelles, including lysosomes, mitochondria, 

peroxisomes, and synaptic vesicles [60, 117-120, 126, 129], also exerting a role in 

the autophagy, mitophagy and pexophagy pathways [61, 102, 118, 122, 126, 199, 

245]. Since it is known that AT cells have an impairment in the autophagy process, 

particularly in the fusion between autophagosomes and lysosomes [103, 128, 246], 

we decided to investigate the autophagic flux in cells transduced with ATM variants. 

Microtubule-associated protein light chain 3 (LC3) expression was used as an 

autophagy marker to detect autophagic flux progression, because the LC3B-II 

lipidated form, derived from LC3B-I during autophagy, becomes associated with 

autophagosomes and autolysosomes, and its amount correlates with the number of 

autophagosomes [247]. Hence, we performed a WB using antibody anti-LC3B 

(Figure 7). LC3B I quantification is reported in Figure S5. However, it is to be 

considered that LC3B-II is rapidly degraded inside autolysosomes, therefore 

immunoblotting may not reflect the real autophagy activation [248-251]. 

In UTD AT 648 hT cells at basal condition, the ratio LC3B II/I was lower compared 

to AT 648 hT cells expressing the ATM variants. Under bleomycin treatment the 

ratio II/I was increased, whereas LC3B-I decreased its quantity and LC3B-II did not 

change. Upon 24h of recovery the LC3B II/I ratio decreased, while LC3B-I enhanced 

its amount. 

In AT transduced cells, at basal condition the LC3B II/I ratio resulted elevated while 

LC3B I was lowered compared to UTD AT 648 hT cells, likely because there is a 

greater I to II transition. When bleomycin was added to cell expressing ATM 

variants, the LC3B II/I ratio seems to be decreasing, but not in statistically significant 

manner, in ATM 4-53 and ATM SINT transduced cells. In miniATM transduced cell 

line the decrement was more pronounced (p<0.05). This outcome is probably due 

to the activation of autophagic flux since bleomycin could trigger autophagy. 

Accordingly, a reduced quantity of LC3B-I was observed in the same samples 

(statistically significant only in miniATM transduced cells). In contrast, no differences 

were observed concerning LC3B II/I ratio in ATM 3-52 transduced cell line after 3h 

of bleomycin treatment, while LC3B-I quantity significantly boosted in the same cell 

line. 
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After 24h of recovery, the LC3B II/I ratio was statistically lower in all tested samples 

and concomitantly LC3B-I boosted its amount in all cell lines. In contrast, in WT hT 

cells no changes of LC3B I was observed during the treatment, while the ratio LC3B 

II/I decreased only at 24h recovery condition, likely ascribed to a beginning of LC3B-

I enhancement. The ATM 3-52 transduced cell line showed the most inconsistent 

LC3B behavior compared to WT hT, and the other ATM variants transduced cells. 
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Figure 7. Autophagy marker LC3B is impacted by the presence of ATM variants in AT 648 hT cells. A) LC3B-I 

and II typical WB image and B) LC3B II/I quantification in all tested cells treated with bleomycin for 3h and then 

kept in recovery course for 24 hours. AT transduced cells promoted LC3B II lipidation compared to AT 648 hT 

untransduced cells at basal condition, suggesting that autophagy might be affected when ATM variants are 

present. When bleomycin is added, the ratio decreased in AT 648 hT cells expressing ATM variants both at 3h 

(statistically only in miniATM transduced cells) and 24h post drug. UTD AT 648 hT cells boosted this ratio at 3h 

post drug with a concomitant reduction of LC3B-I amount (LC3B I quantification is reported in Figure S5), 

inferring the non-degradation of LC3B-II in these cells. The ratio LC3B II/I also decreased in UTD AT 648 hT 

cell lines upon 24h of recovery. On the contrary, LC3B II/I ratio was not affected by bleomycin stimulation in WT 

hT cells, while it is reduced upon 24h of recovery. Red asterisks refer to intra sample comparison, while the 

black ones show statistical comparison with the control cell line UTD- .(Friedman test followed by Dunn’s test). 

Graphs show Mean with SEM, n = 7.  
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Autophagy flux improvement by ATM variants in AT cells was also confirmed by the 

Sequestosome 1 (SQSTM1/p62) analysis, evaluated by WB (Figure 8), whose 

degradation reveals a progression of the autophagic process [252, 253]. In basal 

conditions, p62 protein was elevated in UTD AT 648 hT cells compared to cells 

expressing the ATM variants, and to WT hT cells (Wilcoxon test for repeated 

measures). Accordingly, the p62 accumulation indicated that autophagosomes are 

not degraded in untransduced AT cells and it persisted elevated during the 

treatment. On the contrary, cells expressing ATM variants presented a significant 

decrease in p62 content during drug treatment, bringing its amount similar to those 

found in WT hT cells, likely because the progression of autophagy flux succeeded. 

Only cells expressing ATM 3-52 and miniATM did not statistically differ from the 

respective control cell lines. In WT hT cells p62 quantity did not change after drug 

treatment and it increased after 24h recovery. The increment of p62 at 24h was also 

noticed in the ATM 4-53, ATM SINT and miniATM transduced AT 648 hT cells.  

Autophagy also plays a key role in preserving the cellular proteostasis when 

endoplasmic reticulum (ER) stress occurs, leading to removal of damaged proteins 

[254, 255]. A recent work from Poletto and colleagues showed the elevated 

quantities of oxidized proteins in AT cells with an enhanced nuclear proteasome 

activity, suggesting a proteostatic stress [105]. Additionally, protein aggregation was 

also found in AT cells due to the absence of ATM activation in response to ROS 

[107], in agreement with the aberrant protein homeostasis and oxidation in other 

neurodegenerative diseases [108]. Calreticulin (CALR), a quality control chaperone, 

is induced under ER stress and could couple ER stress to autophagy, interacting 

with LC3B. CALR-LC3B complex seems to colocalize in autophagosome, triggers 

autophagy flux, as a new mechanism of negative feedback to alleviate ER stress 

[256]. The amount of CALR was detected by WB assay in WT hT and AT 648 hT 

transduced and untransduced cells with or without bleomycin treatment (Figure 9). 

At basal condition, UTD AT 648 hT cells showed a CALR overexpression compared 

to cells expressing ATM variants, indicator of ER stress in AT cells. When bleomycin 

is added, ATM 3-52, ATM 4-53 and ATM SINT transduced cells did not change their 

CALR amount after 3h of drug treatment, as happened in WT hT cell line. On the 

contrary, UTD and miniATM AT cell lines displayed a statistically significant 

decrease, even though with a still elevated amount of CALR in untransduced AT 
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cells. In agreement with other autophagy markers analyzed, we noticed an 

enhancement of CALR expression in all tested cell lines at 24h. 

The analysis of LC3B, p62 and CALR outcomes endorsed the positive effects of 

ATM 4-53 and ATM SINT in inducing autophagy flux and alleviating proteostatic 

stress.  

 

 

 

Figure 8. p62 analysis confirms autophagy impairment in UTD AT 648 hT cells. A) p62-SQSTM1 representative 

images and B) WB quantification in all tested cell lines treated with bleomycin for 3h and then kept in recovery 

course for 24 hours. The elevated expression of p62 in UTD AT 648 hT cells compared to AT transduced cells 

at basal condition suggested that autophagosomes are not degraded, confirming the autophagy impairment in 

these cells. In contrast, ATM 4-53 and ATM SINT transduced cells degraded p62, improving the autophagy flux 

and supporting LC3B results. WT hT cells displayed the same quantity of p62 both at basal and after drug 

treatment but increased its amount upon recovery condition. Red asterisks refer to intra sample comparison, 

while the black ones show statistical comparison with the control cell line UTD- (Friedman test followed by 

Dunn’s test). Graphs show Mean with SEM, n = 7.   
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Figure 9: ER stress is a characteristic in UTD AT 648 hT cells. A) Representative image and B) quantification 

from Western Blot of CALR expression in all tested cell lines, treated with bleomycin for 3h and then kept in 

recovery course for 24 hours. At basal condition the amount of CALR was higher in UTD AT 648 hT cell line 

than AT 648 hT cells expressing the ATM variants, indicating ER stress when ATM is not present. When 

bleomycin is added, its quantity did not statistically decrease even though a reduction was observed in all cells, 

followed by an enhancement of CALR amount in the recovery condition in all tested cell lines. Also in this case, 

CALR amount is not affected by drug treatment in WT hT cells, whereas it enhanced 24h post bleomycin. Red 

asterisks refer to intra sample comparison, while the black ones refer to the comparison with the UTD- (Friedman 

test followed by Dunn test). Graphs show Mean with SEM, n = 7. 



178 

 

ATM 4-53 and miniATM improve the scavenger activity in counteracting ROS 

production  

Guo et al. reported that ATM is also triggered by oxidative stress, independently of 

the DNA DSBs activation [99] confirmed by its presence in the extra-nuclear 

compartments. Studies reported that AT phenotype is not only due to a defect in 

DNA-DSB response, but also to a diminished control of ROS, (reviewed by Ditch et 

al. and Watters et al. [147, 148]), in fact it was found that ATM-deficient cells are in 

a constant state of oxidative stress with higher levels of ROS [99, 257]. Additionally, 

the plasma of AT patients showed a reduced antioxidant capacity and reduced 

levels of retinol, ubiquinol, and α-tocopherol [258]. ATM-/- mice, even though they 

did not develop neurodegeneration, presented boosted oxidative stress markers in 

restricted areas of the brain [259, 260]. Based on this evidence, we aimed to 

investigate the antioxidant capacity in ATM variants-transduced cells. Intracellular 

ROS levels were examined using the 2’-7’dichlorofluorescin diacetate (DCFH-DA) 

at basal condition (Figure 10A, and Figure S6) and with the addition of an oxidative 

stimulus (H2O2) (Figure 10B and Figure S7), monitoring DCF oxidation kinetic. We 

confirmed the higher level of ROS in UTD AT 648 hT cells compared to the WT hT 

ones, both in basal and treated conditions, while only the cells expressing the ATM 

4-53 and miniATM showed a lower amount of intracellular ROS, indicating a greater 

antioxidant capacity. The other ATM variants did not show statistically significant 

differences in counteracting the presence of ROS. 
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Figure 10. ATM 4-53 and miniATM counteracted ROS production. Slope quantification obtained from DCF 

oxidation kinetics (Figure S6 and S7) of all tested cell lines under A) basal and B) H2O2 stimulated conditions. 

In UTD AT 648 hT cells the cell environment was more oxidizing than WT hT cells, but only AT 648 hT 

expressing ATM 4-53 and miniATM restored the antioxidant capacity in a significant way. Black asterisks refer 

to statistical comparison with the control cell line UTD (Kruskal Wallis followed by Dunn’s test). Graphs show 

Mean with SEM, n = 60. 
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Mitochondria dysfunctions are restored by ATM variants 

Mitochondria are the major source of ROS production through oxidative 

phosphorylation, and it has been reported that ATM is implicated in maintaining 

mitochondrial homeostasis [149, 261]. ATM is, indeed, involved in the transcription 

of genes required for mitochondrial function and mtDNA homeostasis [149], 

particularly in the brain, that has a high energy request, avoiding a decrease in 

neuronal energy production and consequently neuronal death [262]. Additionally, 

ATM protein is promptly triggered by mitochondrial dysfunctions, promoting 

mitophagy of aberrant and depolarized mitochondria [118, 122, 126]. Consequently, 

ATM loss leads to an increase in mitochondrial ROS, impaired cellular respiratory 

capacity, and high mitochondrial mass with decreased membrane potential, due to 

diminished mitophagy rather than an increase in mitochondrial biogenesis [118]. 

The mitochondrial dysfunctions and the effects of ATM variants in AT 648 hT cells 

were tested. Mitochondrial membrane potential was indirectly evaluated by staining 

cells with MitoTracker Red CMX-ROS, whose entry depends on membrane 

potential, thus evaluating the dye entry kinetics (Figure 11A and Figure S8), 

independently of mitochondria number. As expected, UTD AT 648 hT cells showed 

a lower mitochondrial functionality compared to WT hT cells, while the cells 

transduced with the ATM 3-52, ATM 4-53 and ATM SINT presented a faster dye 

entry, indicating a better mitochondria functionality than UTD AT 648 hT cells. 

miniATM variant was not statistically significantly different than UTD AT 648 hT 

cells.  

Yang et al. reported that the classical senescence and inflammatory phenotype of 

AT cells might be triggered by the release of mtDNA in the cytoplasm from damaged 

mitochondria that are not properly removed. Aberrant mitophagy has been ascribed 

to ATM deficiency that in turn, causes NAD+ depletion [122]. In fact, low levels of 

NAD+, an important metabolite related to mitochondria functionality and co-factor of 

Sirtuin 1 (SIRT1), are linked to the impaired deacetylation activity of SIRT1, 

essential for mitochondria biogenesis and chromatin deacetylation [122]. 

Supplementation with nicotinamide riboside that restored NAD+ levels, improved 

mitophagy in AT rat primary neurons and AT fibroblasts [122, 123], rescuing 

neuropathologic defects and increasing lifespan in AT mice. Therefore, we first 

quantified the amount of mtDNA in the cytoplasmic fraction (Figure 11B) and 

secondly, we quantified NAD+ coenzyme (Figure 11C). Consistent with the study of 
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Yang et al., we found an accumulation of mtDNA in the cytoplasm of UTD AT 648 

hT in comparison with WT hT cells. All cells transduced with ATM variants 

statistically decremented the amount of mtDNA in the cytosol. Coherently, a lower 

amount of NAD+ were observed in AT 648 hT cells than in WT cells, while all ATM 

variants were able to reinstate NAD+ levels.  

The results obtained by evaluating mitochondria functionality demonstrated that 

some of the tested ATM variants transduced in AT cells can rescue mitochondrial 

AT phenotype. 
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Figure 11. Restoration of mitochondrial functionality in AT 648 hT transduced cells. A) Indirect membrane 

potential measures obtained by kinetic experiments (Figure S8) in all tested cell lines, stained with Mitotracker 

Red CMX-ROS. AT 648 hT untransduced cells had a lower potential than WT hT cells, while AT 648 hT cells 

expressing ATM 3-52, ATM 4-53 and ATM SINT were able to recover it. Black asterisks refer to statistical 

comparison with the control cell line UTD (Welch’s ANOVA test). Graphs show Mean with SEM, n = 78. B) 

Quantification of ND1/PSMB5 by quantitative PCR in all tested cell lines. ND1, specific mitochondrial gene, was 

amplified from the cytoplasmic fraction, while PSMB5 was used as normalization from nuclear fraction. All AT 

648 hT transduced cells and WT hT cells presented a slight quantity of mtDNA in the cytoplasm compared to 

UTD AT 648 hT cells. Black asterisks refer to statistical comparison with the control cell line UTD (Kruskal-Wallis 

test followed by Dunn’s test). Graphs show Mean with SEM, n = 6. C) NAD+ coenzyme was evaluated by mass 

spectrometry. The presence of ATM variants in AT 648 hT cells incremented NAD+ quantity, raising it to the 

level found in WT hT cells. In contrast, the UTD AT 648 hT cells showed NAD+ depletion, confirming 

mitochondria dysfunctions. Black asterisks refer to statistical comparison with the control cell line UTD 

(Friedman test followed by Dunn’s test). Graphs show Mean with SEM, n = 9. 
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The expression of ATM variants in AT cells can alter HDAC4 localization 

Based on previous studies about HDAC4 dynamic in AT cells, showing that ATM 

deficiency led to a nuclear HDAC4 accumulation, promoting neurodegeneration in 

AT neurons [151], we decided to investigate the nucleus/cytosol HDAC4 shuttle in 

the stated cellular model. Performing indirect immunofluorescence (Figure 12), we 

found out an accumulation of HDAC4 in UTD AT 648 hT cell line compared to WT 

hT cells, as previously published [246]. The nuclear accumulation was described as 

HDAC4 nuclear/cytosol and nuclear/total ratios. All the cells transduced with all ATM 

variants showed a reduced significant nuclear accumulation pattern, indicating they 

were able to modulate HDAC4 shuttle.  

 

ATM 4-53 and SINT mimic native ATM 3D structure 

Interestingly, the 3D structures of ATM 3-52, ATM 4-53 and ATM SNT 

(https://drive.google.com/file/d/198BnBw425zTtPzEEAtSajBsgF22vww5X/view?us

p=sharing ) highlighted a further gain insight their functionality, showing a peculiar 

space orientation in ATM 4-53 and SINT, since N-terminal domain was found to be 

linked to the kinase one, exactly as in the native WT protein [263]. This characteristic 

could help us to explain the capacity of ATM variants in restoring AT cell functions.  
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Figure 12. HDAC4 nuclear accumulation is decreased in AT 648 hT cells expressing the ATM variants. A) 

Typical images illustrating the nuclear localization of HDAC4 in all tested cell lines stained by IF. B) Nuclear-

cytosol and C) nuclear/total HDAC4 shuttling. Since the HDAC4 nuclear/cytosol shuttle depends on ATM 

activity, this capability was evaluated. All AT 648 hT transduced cells were able to alter its localization, lowering 

the amount of HDAC4 to the level found in WT hT cells. Black asterisks refer to statistical comparison with the 

control cell line UTD. At least 200 nuclei from three independent experiments were counted for data processing. 

(Kruskal-Wallis test followed by Dunn’s test). Graphs show Mean with SEM.  
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5.4 DISCUSSION 

Ataxia Telangiectasia is a very severe disease with a pleiotropic phenotype, due to 

defects in DNA damage response and in extra-nuclear pathways, particularly in 

autophagy and mitophagy fluxes, both essential for neuron survival. 

Neurodegeneration, indeed, is the most critical feature faced by patients, forcing 

them to a wheelchair since adolescence with a very short life expectancy. 

Unfortunately, the mechanism leading to neurodegeneration is still not completely 

understood. Additionally, no treatment is still available to cure these patients, but 

only supportive therapies to alleviate their multiple pains. In 2006, the occasional 

discovery of positive effects of glucocorticoid treatment on neurologic symptoms of 

AT patients [176] led to a new hope for a plausible treatment. Side adverse effects 

occurred when the drug was administrated orally, but they were overcome by a 

novel method for glucocorticoid administration: dexamethasone encapsulation into 

autologous erythrocytes [180]. Accordingly, in 2011 a phase II clinical trial [182] has 

been conducted on 22 patients treated with EryDex, confirming the beneficial 

consequences on neurologic features and general health of AT subjects. EryDex 

has currently been designed as an orphan drug by FDA and EMA for AT treatment. 

The attempt to explain the mechanism behind dexamethasone positive effects in AT 

cells and patients is still ongoing, but the greatest outcome has been obtained by 

Menotta et al. in 2012 [189]. They discovered that a reduced variant of the native 

ATM messenger ‘ATMdexa1’ is produced after drug stimulation through alternative 

splicing, that is translated into a shorter protein named ‘miniATM’ in only AT 

lymphoblastoid cells, retaining the kinase domain and therefore capable of partially 

rescuing the lack of ATM. The availability of blood samples enrolled in the clinical 

trial led them to the detection of ‘ATMdexa1’ also in vivo, and to the discovery of 

other ATM variants, containing additional domains than miniATM itself [192]. 

Prompted by positive outcomes of miniATM, we proceeded with expressing ATM 

variants in a lentiviral system to assess whether they could overcome ATM absence 

in AT cells. We considered the two main roles of ATM: the response after DNA 

damage, to verify whether ATM variants were capable of propagating DNA signaling 

and ensuring DNA repair, and ATM extranuclear roles to find out ATM variants 

functions. DNA damage was induced through bleomycin treatment: 8 µg/ml of 

bleomycin was chosen, as the most effective concentration, corresponding to 3.2 
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Gy. Unlike irradiation, the treatment could be done in an unremitting way for hours, 

or the drug could be removed from a time point to another, before harvesting the 

cells. Accordingly, several ATM targets have been evaluated upon 3h of continuous 

treatment, comparing AT transduced cells to untransduced ones, and using WT 

cells as reference control. Moreover, a recovery condition of 24h post bleomycin 

stimulation has been carried out to observe the capacity of ATM variants to recover 

DNA damage lesions. H2AX is phosphorylated by ATM, and it is considered the 

main sensor of DSBs, forming nuclear foci at the break sites [77, 222, 264]. Its 

phosphorylation followed by its rapidly dephosphorylation is a marker of DDR 

function, indicating a good propagation of damage signaling, avoiding permanent 

lesions [230]. Both phosphorylation and the analysis of foci, obtained by 

Immunofluorescence analysis were therefore investigated, considering that foci 

count is a more appropriate method to evaluate the regression of DNA damage. The 

enhanced phosphorylation of H2AX with an increased Type I foci after 3h of drug, 

led us to assume that ATM variants are activated under DNA breaks. Additionally, 

a decrease of its phosphorylation 24h post treatment with an increase Type III of 

foci was noticed in all ATM variants, even though this intensity reduction is not 

coherent with the non-diminution of foci number in ATM 3-52 and ATM 4-53 

transduced cells. On the contrary, cells transduced with ATM SINT presented a 

reduced number of foci 24h post drug, indicating correction of the lesions, in 

agreement with WT hT behaviour. Similarly, miniATM presented a significance 

reduction of foci number 24h post treatment, but with a lower fluorescence intensity 

than ATM SINT after 3h treatment. This could be related, as reported in previous 

studies [225, 229, 230], to a mix signal where lesions are induced and repaired at 

the same time upon continuous treatment with bleomycin. However, the elevated 

persistence of foci number 3h post drug led us to exclude this hypothesis and to 

propose that the observed foci number reduction, after 24h of recovery, might be 

due to its decreased capability in activating H2AX. ATM 3-52 expressing cells 

presented a higher percentage of Type I foci 24h post drug compared to cells 

containing other variants, since we observed a pan-nuclear staining of foci also in 

the recovery condition without a reduced number of foci. ATM 4-53 cells, on the 

contrary, decreased the Type I and II foci after the recovery course of 24h, but, 

despite a lower fluorescence intensity, ATM 4-53 cells did not show a statistically 

diminution of foci amount. The aa from 91 to 97 in the TAN domain in the N-terminal 
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of ATM protein are essential for its interaction with p53, LKB1 and BRCA1 proteins 

[265] to propagate the DNA damage signaling, and this could account for the slower 

repair efficiency occurred in ATM 3-52 AT transduced cells. AT 648 hT cells 

expressing ATM 4-53 variant instead contains these essential aa, but it does not 

contain the leucin zipper motif [37, 54], also requires for ATM binding with interacting 

proteins and for targeting ATM to the proper cellular localization [266], explaining its 

delay in the DDR, even if more performing than ATM 3-52 variant upon DNA 

damage. These domains are both present in ATM SINT variant designed in silico. 

In addition, the native active monomer presents the exposed N-terminal domain in 

order to interact with its substrates, and in this way, it is in proximity with the C-

terminal kinase domain, promoting the phosphorylation of its target [263]. This 

space orientation likely occurs also in ATM SINT and ATM 4-53, explaining their 

greatest improved functions in the DNA damage propagation and repair, even 

though in a lesser extent in ATM 4-53 cells. In contrast, the ATM variants reported 

here did not possess Ser1981 in FAT domain, responsible for the classical ATM 

activation pathway, therefore we can speculate that their mechanism of action might 

derive from the contribution of several cell components and maybe by the 

endogenous native ATM protein, where the latter could be used as a scaffold for 

anchoring targets, implementing the function of the ATM variants. 

It has to be noted that all the tested cell lines are not cell cycle synchronized, and 

during the experimentations we collected a combination of signals derived from DNA 

damage occurring in different cell cycle phases, that may affect in a different way 

the damage amount. Therefore, it would be optimal to synchronize the tested cells 

to better compare the action of ATM variants to the UTD cell line. Additionally, 

bleomycin uptake depends on receptors pool in the plasma membrane, hence each 

individually transduced AT cell line has a different capacity to incorporate bleomycin 

and in responding to bleomycin treatment [267, 268]. It is plausible better to 

compare transduced cells to their untransduced counterparts and keeping WT cells 

as the reference control.  

Other considerations have to be done for γH2AX behaviour in UTD AT 648 hT cells. 

Apparently, we observed the same pattern of cells transduced with ATM variants in 

increasing and decreasing H2AX phosphorylation after 3h of bleomycin and 24h, 

respectively. However, in UTD cells, the critical foci analysis always revealed a high 

number of Type III foci at all time point, suggesting a different phosphorylation 
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pattern. The absence of ATM led to a replication stress condition, that is responsible 

for ATR induction [231, 269] and subsequent H2AX phosphorylation in the 

untransduced cell line, independently of DSBs signaling, but dependent on 

replication blocks. Consequently, the foci types is only affected by the replication 

stress condition due to ATM absence, and not by bleomycin treatment. The constant 

presence of p-ATR indeed, justifies this hypothesis and influences the 

phosphorylation of H2AX, keeping high intensity of fluorescence but without reduced 

foci amount, indicating persistence of unrepaired DNA lesions, that usually lead to 

cell death. It would be interesting to examine γH2AX with ATR inhibitors, to further 

confirm this mechanism that occurs in AT cells lacking ATM function. 

Desai et al. highlighted a downregulation in the ubiquitin proteasome system in AT 

cells [270], and since ATR is degraded by this system [128], it could be possible that 

this is the reason for its overexpression in UTD AT 648 hT cells. In WT hT cells, the 

expression of p-ATR and ATR did not change, probably because bleomycin 

treatment responds to ATM and not to ATR. A reduction of p-ATR/ATR is observed 

when ATM variants are expressed in AT cells after drug stimulation, ruling out the 

possibility that H2AX is phosphorylated by ATR in these cells, since there is less 

ATR activity, while highlighting the potential function of ATM variants in replacing 

ATM lacking response to DNA damage, despite they did not possess the complete 

domains of the native ATM protein. Unexpectedly, miniATM transduced cells did not 

behave as cells transduced with other ATM variants concerning ATR 

phosphorylation. We did notice a higher ATR content with respect to other 

transduced cells at basal condition, but total and phosphorylated content of ATR 

kept stable, without being affected by bleomycin treatment. Similar amounts of ATR 

and p-ATR before and after the treatment might reveal that cells transduced with 

miniATM still required ATR after receiving a drug stimulus, indicating the persistence 

of replication stress struggled by ATR protein. 

Further evidence for ATM variants function in DDR were obtained by analysing other 

ATM direct downstream targets, including CHK2 and p53 phosphorylation at Thr68 

and Ser15, respectively. CHK2 Thr68 phosphorylation depends on ATM activity 

[234], while it is not indispensable for continuing its kinase activity [235, 236]. 

Accordingly, all ATM variants were able to trigger Thr68 phosphorylation after 

treatment, but the persistence of its phosphorylation 24h post bleomycin exposure 

might demonstrate the incapacity of transduced cells to fully activate CHK2. Only 
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cells transduced with ATM 3-52 and ATM SINT showed a hint of the same WT cell 

behaviour, indicating a similarity to the pattern that occurs in WT cells after DNA 

damage. Additionally, ATM phosphorylation on p53 at Ser15 [238] has been 

considered in this study, that is the best documented phosphorylation site and it is 

the one responsible to inhibit the interaction with its negative regulator murine 

double minute 2 (MDM2) [271]. In the reported experiments there is an increase of 

p53 phosphorylation in all AT 648 hT transduced cells and in WT hT cells upon 24h 

of the treatment. This slow p53 activation has also been noted in other cell systems: 

human normal and AT (GM00363 and GM00648) fibroblast cell lines [272] and 

human colon carcinoma cells [273], where p53 phosphorylation persisted until 24-

48h of bleomycin treatment. This time-extended phosphorylation was also found in 

clear cell renal carcinoma cells treated with etoposide for 30’ and kept in recovery 

course until 24h [274]. It is known that ATM acts on p53 not only in a direct manner 

but also indirectly, phosphorylating other upstream p53 proteins that contribute to 

its stability and function [198, 275]. Consequently, its phosphorylation may occur 

more slowly than CHK2, since it does not depend merely on ATM, and it is still 

required for p21 transcription [239], displaying its role in both the establishment and 

support of cell cycle arrest [243, 244]. Further studies will include p21 expression 

upon bleomycin treatment to confirm p53 stimulation and its transcriptional activity 

after DNA damage in the proposed cellular model. Additionally, other ATM 

phosphorylation sites on p53 should be investigated to validate ATM variants kinase 

activity on p53 [276]. Concerning the cell cycle checkpoint proteins in UTD AT 648 

hT cells, we still noticed the crosstalk between ATM/ATR, that affected the assay 

and misled the results interpretation. As previously reported, p53 phosphorylation 

at Ser15 is induced by ATR in AT cells when DNA damage occurred [241] and under 

hyperoxia in AT primary fibroblasts cells [277]. Carranza et al. also observed a slight 

activation of p53 in AT fibroblast cells after irradiation [207]. Moreover, increased 

ATR activity was observed in the absence of ATM, being responsible of CHK2 

phosphorylation at Thr68 in response to ionizing radiation in vitro [237]. Interestingly, 

it has been described that ATM-deficient cells displayed activation of common ATM 

dependent targets after DSBs, even though to a lower extent, assuming an 

enhanced action of another member of the trinity ATM, ATR and DNA-PK if one is 

missing [278].  
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These outcomes led us to propose that also in our cellular model p-CHK2 and p-

p53 might be induced by ATR in untransduced AT 648 hT [279]. It would be useful, 

also in these cases, to turn off ATR expression with inhibitors or by silencing 

approaches, to clearly establish the absence of p53 and CHK2 activation in 

untransduced cells and confirming the influence of ATR pathway, in order to give 

more rationality to the functions of ATM variants when expressed in AT cells. 

Moreover, further upstream pathways should be kept in consideration, such as 

DNA-PK activation, that acts together with ATR and ATM in phosphorylating several 

common substrates including H2AX, p53 and CHK2 for DNA repair following DNA 

damage [280-283], making the analysis of ATM variants much more complicated. 

Furthermore, it would be interesting to observe p53 signaling in AT transduced cells, 

since Stewart-Ornstein et al. revealed a pulsatile oscillatory p53 behaviour in the 

absence of ATM, and a broader p53 peak when ATM activity was enhanced, 

following radiomimetic drug treatment [284]. 

Another essential mechanism that is impaired in AT cells is the autophagy flux, since 

autolysosomes are not appropriately formed and degraded, hence inhibiting the 

removal of misfolded proteins and damaged organelles [103, 246]. A possible 

explanation of this impairment has been described by Cheng et al., who observed 

aberrant accumulation of lysosomes in Atm -/- neurons and ascribed this to the lack 

of interaction between ATM and DYNLL1 [128]. The results reported here, 

concerning LC3B and p62, confirm the basal accumulation of autophagosomes in 

AT cells, that are not able to fuse with lysosomes, displaying a block in the 

autophagy flux even after an autophagy stimulus. LC3B-II is responsible for the 

movement of autophagosomes towards lysosomes [285]: cells expressing ATM 

variants appeared to promote the conversion of LC3B-I to the lipidated form LC3B-

II at basal condition and further after drug stimulus, helping autophagosome-

lysosomes trafficking. It has to be noted that LC3B amount should be also evaluated 

by blocking experiments, but nonetheless the analysis of p62 degradation in ATM 

4-53 and ATM SINT transduced cells, suggests that a proper vesicle fusion 

occurred. Further evidence of autophagy impairment in AT cells was obtained by 

observing an increased ER stress as measured by CALR overexpression [256] 

indicating a condition of proteostatic stress, in agreement with previous papers that 

demonstrated alteration of protein homeostasis in the absence of ATM [105, 107]. 

This condition may be restored by expressing ATM variants in AT cells, that 
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presented a smaller amount of CALR, at least at basal conditions. CALR seemed 

not to be influenced by the treatment. In contrast, WT hT cells appeared to be 

unaffected by bleomycin for LC3B, p62 and CALR autophagy targets, probably 

since native ATM can counteract the DNA break sites induced by the treatment, 

before influencing the autophagy pathway. All these results demonstrated an effort 

of cells transduced with ATM variants to mimic WT hT cell pattern, partially rescuing 

the autophagy impairment. 

A recent discovery pinpointed ATM activation by oxidative stress, in an independent 

manner from its activation by DNA damage, thus contributing to redox homeostasis 

regulation [99]. Therefore, any impairment in this mechanism leads to oxidative 

stress condition, with deleterious results especially in post-mitotic neurons. By 

investigating the antioxidant capacity of cells transduced with ATM variants, we 

were able to observe, as expected, high levels of ROS in the UTD AT 648 hT cell 

line, that could decrease only in the presence of ATM 4-53 and miniATM. 

Interestingly, going more specifically to the main ROS production organelle, we did 

observe a decreased mitochondrial membrane potential with a greater release of 

mtDNA in the cytoplasm and also a NAD+ deficiency in UTD AT 648 hT cells, 

indicating mitochondria dysfunctions. Valentin-Vega et al. correlated ATM 

localization to mitochondria in normal human fibroblasts and demonstrated its 

activation after mitochondrial dysfunctions, suggesting a direct action of ATM on 

mitochondrial proteins. ATM absence, indeed, led to increased mitochondrial ROS, 

reduced mitochondrial functions and decreased mitophagy, leading to the 

conclusion that AT disease should be considered also as a mitochondrial disease 

[118, 149, 261]. A further confirmation of ATM mitochondria localization has been 

reported by Yeo et al. in human epithelial cell lines, but this localization occurred 

under nutrient deprivation [120], while a confirmation of ATM role in promoting 

mitophagy after oxidative stress came from Cirotti et al., revealing an indirect role 

played by ATM in PARK2 denitrosylation [127]. We evaluated mitochondria 

membrane potential by measuring the dye entry kinetic, in order to be independent 

of mitochondria amount, since it is known that AT cells have increased numbers of 

mitochondria due to mitophagy impairment [118]. The increased mitochondrial 

membrane potential in cells expressing ATM variants indicates the restoration of 

mitochondrial dysfunctions in AT. Unexpectedly cells expressing miniATM showed 

the lowest levels of ROS and the worst mitochondria membrane potential 
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suggesting its diffuse role in counteracting oxidative stress, rather than the only 

localization into mitochondria. However, consistent with the positive effects obtained 

with ATM variants in enhancing mitochondria membrane potential, we also found 

less mtDNA accumulation in the cytoplasm of all ATM variants, including miniATM, 

that revealed the absence of aberrant mitochondria due to defective mitophagy. 

Additionally, NAD+ amounts was also increased in all ATM variants, contributing to 

improving mitophagy flux, as showed in previous works in AT fibroblasts and AT 

neurons [122, 123]. Neurons contain numerous mitochondria, that are essential to 

sustain their energy request and their function, therefore any aberrant mitochondrion 

not properly removed might affect neuron energy production and neuronal survival. 

The crosstalk between mitochondrial dysfunctions and DNA damage has been 

highlighted by Fang et al., demonstrating that NAD+ supplementation is critical for 

both restoring mitochondrial function and mitophagy flux and reversing DNA lesions 

in AT models [122].  Similarly, the here reported AT fibroblast cells displayed 

persistence DNA damage with lower mitochondrial functionality and NAD+ 

deficiency; all these features were restored by ATM variants expressed in AT cells 

that displayed higher NAD+ levels, similar to those observed in WT hT cells.  

We cannot exclude the likely activation of the proposed ATM variants following 

oxidative stress condition as a dimer formed by oxidation of two monomer’s 

cysteines 2991 in FATC domain, since all ATM variants possess the full FATC 

domain. This last event might explain the beneficial role of the ATM variants in 

stabilizing mitochondrion activity and therefore restoring redox homeostasis. ATM 

4-53 appeared to be the best ATM variant in counteracting cytoplasmic oxidative 

stress and mitochondrial dysfunctions, while the other ATM variants seemed to have 

a more specific action localized into mitochondria. However, these cytoplasmic 

restored functions by ATM variants could contribute to support the antioxidant 

capacity of neurons, and to prevent cerebella degeneration. 

Neurodegeneration has also been linked to HDAC4 nuclear accumulation in the 

absence of ATM [151], even though we were able to demonstrate that 

dexamethasone could act on HDAC4 nuclear accumulation in a different manner, 

leading to an unexpected outcome of autophagy improvement in AT fibroblast cells 

[246]. AT cells expressing ATM variants had the capability to reverse HDAC4 

localization, since we observed less HDAC4 amount in the nucleus than UTD AT 

648 hT cells. It is likely that ATM variants, as native ATM of healthy cells, could 
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phosphorylate and inactivate protein phosphatase 2A (PP2A) [57, 151], maintaining 

HDAC4 phosphorylation and its cytoplasmic distribution [286], even though they 

were not able to achieve WT levels of HDAC4 absence from the nucleus.  

Taken together, all these results can account for the potential advantageous roles 

of ATM variants in AT cells, overcoming ATM deficiency. Obviously, further studies 

should be performed in order to better explain their functions, but this work could be 

an optimal proof of concept for considering ATM variants in a potential use in gene 

therapy to treat AT subjects. Additionally, all these experiments have been 

conducted on fibroblast cells and not in neuronal cells, that are the best model to 

investigate the disease. Therefore, it would be interesting to obtain neuronal cells 

transduced with ATM variants, in order to better understand whether they could 

revert the neurodegeneration handled by patients.  

In conclusion Table 1 summarizes the functions of ATM variants when expressed in 

AT cells. It is possible to observe that ATM variant 4-53 and ATM SINT gained more 

scores, although ATM 4-53 seemed to perform cytoplasmic functions better than 

ATM SINT, that instead is the only competent for foci reduction after DNA damage. 

Each variant could be combined to other variants. For this goal, polycistronic vectors 

may be useful. Also, the administration can be performed in trans by using different 

vectors. Furthermore, the smaller size of ATM variants cDNA overcomes the cargo 

limit of the actual approved gene therapy vectors, improving the efficiency of viral 

particles production and infection efficiency than the whole ATM gene. Hence, ATM 

variants could be applied for gene therapy, useful to restore cellular functionalities 

missing in AT patients. ATM variants administration could also be achieved by using 

nanoparticles delivery. 
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Table 1. ATM 3-52 appeared to be the least capable ATM variant in restoring ATM lacking. A summary table 

with all the tested activities of AT transduced cells is reported, leading us to confirm the activity of miniATM, 

already verified by Menotta et al. [189], and to propose ATM 4-53 and ATM SINT as an optimal starting point 

for further applications in the treatment of AT patients.  

 

 γH2AX p-CHK2 p-p53 
Autophagy 
recovery 

Oxidative 
stress 

recovery 

Mitochondria 
recovery 

HDAC4 
Shuttle 

TD 3-52 +- + + +- - + + 

TD 4-53 +- +- + + + + + 

TD SINT ++ + + + - + + 

TD 
miniATM 

+- +- + + + +- + 
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Figure S1. Western blot quantification of γH2AX confirms IF analyses. A) Representative western blot and B) 

quantification of γH2AX of WT hT and AT 648 hT transduced and untransduced cells, treated with bleomycin 

for 3h and kept in recovery for 24 hours. WT hT and AT 648 hT transduced cells were activated after bleomycin 

treatment and underwent a significant decrease after 24h recovery. Same behavior was found in AT 648 hT 

untransduced cells. It has to be noted that Western Blot method does not allow to monitor individual nuclei 

analysis, that instead requires IF quantification (Figure 2 and 3). Red asterisks refer to intra sample comparison, 

while the black ones refer to statistical comparison with the control cell line UTD- (Friedman test followed by 

Dunn’s test). Graphs show Mean with SEM n=9.   
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Figure S2: Foci types staining of each tested cell line after each treatment condition. All ATM variants improved 

Type I stain pattern after 3h of bleomycin treatment, suggesting an effective phosphorylation of H2AX in AT 648 

hT transduced cells. In contrast, AT 648 hT untransduced cells have a slight increase of Type I foci over 3h of 

drug, due to the lack of an active ATM. After 24h of bleomycin, Type III staining type boosted in all the tested 

cell lines, despite different number of foci. (See Type III quantification in Figure 3B).  
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Figure S3: H2AX phosphorylation is not affected by ATR in ATM variants transduced cell lines. A) ATR 

representative western blot and B) quantification of ATR/WLN and C) of p-ATR/ATR WB experiments of WT hT 

and AT 648 hT transduced and untransduced cells, treated with bleomycin for 3h and kept in recovery for 24 

hours. AT 648 hT untransduced cells displayed a tiny quantity of p-ATR/ATR ratio in all treatment conditions, 

since ATR amount resulted constantly elevated in these cell lines. In contrast, AT 648 hT cells expressing ATM 

variants have a higher ratio of p-ATR/ATR at basal condition compared to their untransduced counterparts, due 

to the lower amount of ATR. Upon bleomycin treatment, the increment of total ATR quantity was observed in 

ATM 3-52, ATM 4-53 and ATM SINT transduced cell lines, with a concomitant decreased p-ATR/ATR ratio. The 

miniATM AT 648 hT cell line did not change p-ATR and ATR protein amounts after drug treatment. Red asterisks 

refer to intra sample comparison, while the black ones refer to the comparison with the UTD- (Friedman test 

followed by Dunn’s test). Graphs show Mean with SEM, n = 6.   
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Figure S4. p-p53/WLN ratio is similar to p-p53/p53 ratio. A) Quantification of p-p53/WLN and of B) p53/WLN in 

all tested cell lines, treated with bleomycin for 3h and then kept in recovery course for 24 hours. p53 total amount 

slightly changed in response to the treatment, marginally affecting p-p53/p53 ratio. Red asterisks refer to intra 

sample comparison, while the black ones refer to the comparison with the UTD- (Friedman test followed by 

Dunn’s test). Graphs show Mean with SEM, n = 5. 
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Figure S5: AT 648 hT untransduced cells present autophagy impairment. Quantification of immune reactive 

band of LC3B-I in all tested cell lines, treated with bleomycin for 3h and then kept in recovery course for 24 

hours. LC3B-I accumulation was noticed in UTD AT 648 hT cells, compared to ATM variants transduced cells, 

except for AT 648 hT cells expressing miniATM, suggesting a less conversion of LC3B-I to lipidated form LC3B-

II in AT untransduced cells. When bleomycin was added, a reduced quantity of LC3B-I was found in ATM 4-53, 

ATM SINT transduced cell lines (even not statistically significant) and in ATM miniATM, reinforcing the results 

obtained from LC3B II/I analysis. ATM 3-52 transduced cells enhanced LC3B-I after 3h of blemycin treatment. 

24h post drug it was found a recovery of LC3B-I protein in all tested cell lines. In contrast, WT hT did not change 

LC3B-I amount during treatment. Red asterisks refer to intra sample comparison, while the black ones refer to 

the comparison with the UTD- (Friedman test followed by Dunn’s test). Graphs show Mean with SEM, n = 7. 
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Figure S6: ATM 4-53 and miniATM transduced cells have low accumulation of intracellular ROS. DCF oxidation 

kinetics detected at basal condition of all tested cell lines. X-axis reports time (in minutes), while y-axis reports 

fluorescence as arbitrary units. The dye oxidation kinetic was lower in AT 648 hT cells expressing the variants 

ATM 4-53 and miniATM and in WT hT cells, revealing a greater antioxidant capacity in these cells, compared 

to UTD 648 hT cell lines. The slopes analysis, obtained by regression computation, is reported in Figure 10A. 
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Figure S7: ATM 4-53 and miniATM transduced cells confirm low levels of intracellular ROS, even after an 

oxidative stimulus. DCF oxidation kinetics detected after the addition of H2O2 of all tested cell lines. X-axis 

reports time (in minutes), while y-axis reports fluorescence as arbitrary units. The reduced fluorescence signal 

in ATM 4-53 and miniATM transduced cells and in WT hT cells indicated a lower probe oxidation than AT 648 

hT untransduced cells after the addition of an oxidative stimulus, confirming the results obtained from DCF 

assay performed at basal condition. The slopes analysis, obtained by regression computation, is reported in 

Figure 10B. 
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Figure S8: ATM 3-52, 4-53 and ATM SINT restore the mitochondria functionality of AT 648 hT cells. MitoTracker 

Red CMX-ROS enty kinetics of all tested cell lines. X-axis reports time (in minutes), while y-axis reports 

fluorescence as arbitrary units. AT 648 hT cells expressing the variants ATM 3-52, ATM 4-53, ATM SINT and 

the WT hT cells displayed a faster dye entry than UTD AT 648 hT cells, indicating a higher mitochondrial 

membrane potential in these cells. The slopes analysis, obtained by regression computation, is reported in 

Figure 11A.   
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Ataxia Telangiectasia is a very rare neurodegenerative disease caused by biallelic 

mutations in the ATM gene. The most striking feature is indeed cerebellar ataxia, 

forcing patients to be wheel-chair dependent by adolescence with a life expectancy 

until second-third life decade. Unfortunately, no cure is currently available for these 

patients, but only supportive therapies to ameliorate their pains. In the last few 

years, a new hope for a possible therapy was renewed with the discovery of 

beneficial effects of glucocorticoid administration, especially the EryDex method, in 

the AT treatment. These positive results have been partially explained, but other 

studies are still ongoing to gain insight on glucocorticoid action in AT patients. In this 

regard, dexamethasone effects in AT fibroblast cell lines compared to WT ones have 

been investigated. Firstly, we were able to report a non-epigenetic function of 

nuclear HDAC4 induced by dex, in contrast to a previous work that correlated 

nuclear HDAC4 accumulation to neurodegeneration in neurons of AT patients. Our 

results instead led to an unexpected new outcome where reduced HDAC4 nuclear 

accumulation directly acts on HIF1-α activity, promoting the transcription of DDIT4 

and bypassing the activity of ATM, selectively in AT cells, leading to a positive effect 

on autophagic flux, compromised in AT. Secondly, dex was found to differentially 

affect the nucleoplasmic accumulation of soluble Lamin A/C, by phosphorylation and 

LAP2α interaction, modifying its long range chromatin binding between WT and AT 

cells. Additionally, at lower level dex was capable to regulate local gene expression 

dependent on E2F1, altering Lamin A/C interaction with its direct partners LAP2α, 

pRB and E2F1. Thirdly, we performed a transcriptomic profile of WT and AT cell 

lines treated for 30 days at 1 nM of dexamethasone simulating patients’ conditions 

in order to gain insight the differential mechanisms of action induced by the drug in 

AT cells, compared to WT cells. This stimulation has induced differential gene 

expression between WT and AT cells, leading to the partial recovery of genes 

usually impaired in AT. All these findings could contribute to explain the beneficial 

effects of dex in the treatment of AT patients. 

Additionally, previous studies demonstrated that dex was able to partly restore ATM 

activity in AT lymphoblastoid cells by a new ATM transcript, ‘ATMdexa1’, originated 

from alternative splicing of ATM messenger, that can be translated into a functional 

protein, named ‘miniATM’. ‘ATMdexa1’ and other ‘ATMdexa1 variants’ have also 

been identified in vivo in the blood of AT patients in compassionate therapy with 

EryDex. In the light of these findings, the next step was to study the use of ATM 
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variants in patient’s- derived cell models, by a lentiviral vector system. ATM variants 

were capable of rescuing ATM activity in AT cells, particularly ATM SINT in the 

nuclear role of DNA DSBs recognition and repair, and together with ATM 4-53, in 

the cytoplasmic role modulating autophagy, antioxidant capacity and mitochondria 

functionality, all features essential for post-mitotic neurons survival. These 

outcomes are probably trigged by the entire kinase domain and the additional 

domains of the tested ATM variants, useful to restore cellular functionality and 

making them applicable in gene therapy or gene delivery for AT treatment.   

Nevertheless, all these studies were performed in non-neuronal cell models, albeit 

the neurodegeneration is one of the most debilitating aspects faced by AT patients. 

In this regard, during the activity as visiting researcher at "Faculty of Health 

Sciences, University of Copenhagen", I have tried to perform the reprogramming of 

peripheral blood mononuclear cells (PBMCs) isolated from peripheral blood from AT 

affected patients into induced pluripotent stem cells (iPSCs), in order to 

subsequently differentiate them into neurons or astrocytes to get a new AT cellular 

model for studying the disease. We used three non-integrative episomal plasmids 

for the introduction of the four transcription factors (Oct4, Sox2, Klf4, and c‐Myc): 

pCXLE-hUL for integration-free expression of octamer-binding transcription factor 

3/4 (Oct3/4) combined with LIN28; pCXLE-hSK for integration-free expression of 

SRY (sex determining region Y)-box 2 (Sox2) and Krüppel-like factor 4 (Klf4); 

pCXLE-hOCT3/4-shp53-F for integration-free expression of cellular-

Myelocytomatosis (c-Myc) combined with P53 knock-down (shP53). Lin28 and 

shP53 are non-essential factors and are usually used to enhance reprogramming 

efficiency. Unfortunately, the reprogramming was unsuccessful, and we were 

unable to generate iPSCs from AT subjects for technical issues. However, new 

iPSCs generation is rescheduled and the reprogramming and neurons 

differentiation will be performed to study the molecular mechanisms involved in 

neurodegeneration, revisiting all aspects considered in proliferating cells. 

Specifically, we would investigate dexamethasone action in AT neurons for 

exploring their inexplicable role in improving neurological features of dex treated AT 

patients, currently confirmed in the Erydex phase III Clinical trial. Moreover, neurons 

will be transduced with lentiviral vectors carrying ATM variants to confirm the rescue 

of the same pathways found in AT transduced fibroblasts or implementing the 
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discovery of novel reinstating functions in AT neurons, helping to achieve important 

data for reversing this serious disease.  
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ABBREVIATIONS  

AT Ataxia Telangiectasia  

ATM Ataxia Telangiectasia Mutated 

ATR Ataxia Telangiectasia and Rad3 related 

CALR Calreticulin  

CHK2 Checkpoint kinase 2 

DDR DNA damage response 

Dex Dexamethasone  

DNA-PK DNA-dependent protein kinase catalytic subunit 

DSBs DNA double-strand breaks  

EryDex system Dexamethasone Sodium Phosphate delivered through autologous 

red blood cells 

HDAC4 Histone Deacetylase 4  

H2AX H2A Histone Family, Member X; γH2AX phosphorylated form of H2AX 

LC3 Microtubule-associated protein light chain 3  

MRN Meiotic Recombination Protein-11 (Mre11)/Rad50/Nijmegen Breakage 

Syndrome-1 (Nbs1) 

mTOR mammalian Target Of Rapamycin  

PIKK phosphatidylinositol 3-kinase-related kinases 

ROS reactive oxygen species 

SQSTM1/p62 Sequestosome 1  
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