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Abstract
Ataxia telangiectasia is a rare neurodegenerative disease caused by biallelic mutations in the ataxia telangiectasia mutated 
gene. No cure is currently available for these patients but positive effects on neurologic features in AT patients have been 
achieved by dexamethasone administration through autologous erythrocytes (EryDex) in phase II and phase III clinical trials, 
leading us to explore the molecular mechanisms behind the drug action. During these investigations, new ATM variants, 
which originated from alternative splicing of ATM messenger, were discovered, and detected in vivo in the blood of AT 
patients treated with EryDex. Some of the new ATM variants, alongside an in silico designed one, were characterized and 
examined in AT fibroblast cell lines. ATM variants were capable of rescuing ATM activity in AT cells, particularly in the 
nuclear role of DNA DSBs recognition and repair, and in the cytoplasmic role of modulating autophagy, antioxidant capac-
ity and mitochondria functionality, all of the features that are compromised in AT but essential for neuron survival. These 
outcomes are triggered by the kinase and further functional domains of the tested ATM variants, that are useful for restoring 
cellular functionality. The in silico designed ATM variant eliciting most of the functionality recover may be exploited in 
gene therapy or gene delivery for the treatment of AT patients.
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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
ER	� Endoplasmic reticulum
EryDex system	� Dexamethasone sodium phosphate deliv-

ered through autologous red blood cells
FAT	� FRAP-ATM-TRRAP
FAT-C	� FAT-C-terminal
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	� Phosphatidyl inositol 3-kinase-related 

kinases
PI3K	� Phosphatidyl inositol 3-kinase
ROS	� Reactive oxygen species
SQSTM1/p62	� Sequestosome 1
TAN	� Telomere-length maintenance and DNA 

damage repair
TD	� AT 648 hT transduced cells
TD 3-52	� AT 648 hT cell lines transduced with 

ATM 3-52
TD 4-53	� AT 648 hT cell lines transduced with 

ATM 4-53
TD SINT	� AT 648 hT cell lines transduced with 

ATM SINT
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TD miniATM	� AT 648 hT cell lines transduced with 
miniATM

UTD	� AT 648 hT untransduced cells

Introduction

Ataxia telangiectasia (AT) is a rare autosomal recessive 
neurodegenerative disease with a prevalence between 1 in 
40,000 and 1 in 100,000 live births worldwide, caused by 
biallelic mutations in the Ataxia Telangiectasia Mutated 
(ATM) gene (Chr 11q22.3–23.1). Over 400 ATM mutations 
have been identified on the ATM gene, most of which are 
non-sense mutations, giving rise to non-functional proteins 
[1, 2]. ATM gene codes for the protein of the same name 
ATM, a member of the phosphatidylinositol 3-kinase-related 
kinases (PIKK) family [3, 4], with multiple substrates. 
This protein is activated into an active monomer by auto-
transphosphorylation of Ser1981, Ser367 and Ser1893 [5]. 
It is implicated in the nuclear role of DNA double-strand 
breaks (DSBs) repair, phosphorylating various substrates 
to start the DNA repair signaling cascade and preventing 
DNA damage accumulation. Beyond its nuclear role, ATM 
was found to be triggered by reactive oxygen species (ROS) 
in the cytoplasm as an active dimer, formed through the 
disulfide bond of Cysteines at position 2991 in the FRAP-
ATM-TRRAP (FAT)-C-terminal (FATC) domain, in an inde-
pendent manner from DNA DSBs activation [6]. Currently, 
several studies correlated ATM dimer activation to ROS 
production, suggesting new roles of ATM in regulating oxi-
dative stress, autophagy, mitophagy and protein homeosta-
sis [7–13]. All these ATM pleiotropic effects are still under 
investigation, as their contribution could explain the neuro-
degenerative process that occurs in AT patients. The severity 
of the disease indeed, depends on the residual presence and 
function of the ATM protein leading to the classical AT phe-
notype when the ATM protein is completely absent, and to a 
milder phenotype if a residual ATM function is present [14]. 
Classically, AT patients show a complex phenotype, char-
acterized primarily by a 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 [15–18]. Unfortu-
nately, no cure is currently available for these patients, but 
only palliative treatments to alleviate their symptoms. In 
the last decade, it has been occasionally found that gluco-
corticoid treatment improves the neurological symptoms of 
AT patients [19–23], however, the molecular mechanism 
behind the drug action is still unknown. The discovery of a 
shorter transcript derived from a non-canonical splicing of 
the native ATM messenger, named ATMdexa1, induced by 

dexamethasone action in vitro, that can be translated into a 
functional protein, named ‘miniATM’ [24], shed light on the 
positive effect of the drug. ATMdexa1 and further new ATM 
variants originating from canonical (exons 3-52, 4-53 and 
2-52) and non-canonical (short direct repeat: 3-52 and 4-51) 
splicing were also found in the blood of AT patients under-
going glucocorticoids treatment through autologous eryth-
rocytes in a phase II clinical trial [19, 20]. The expression of 
said variants correlated with an improvement in neurological 
symptoms of AT patients [25]. In this regard, prompted by 
the likely beneficial function of ‘miniATM’, we have inves-
tigated the potential role of the new selected ATM variants 
(named: ATM 3-52, ATM 4-53) when expressed in AT fibro-
blasts by the lentiviral system. A third ATM variant, named 
ATM SINT, was in silico designed and characterized, with 
the addition of functional domains. The resulting proteins 
have more domains than miniATM itself, and we were able 
to demonstrate that these ATM variants were useful in vitro 
in providing some compromised functions of the native 
ATM, especially concerning its central role in preserving 
genome integrity and preventing oxidative stress, both of 
which are critical for neuronal survival. The regained ATM 
function, despite not being a complete recovery, gave new 
hope for the development of innovative therapies for both 
gene therapy approaches and/or non-viral gene delivery, to 
treat AT patients. The reduced cDNA size compared to the 
huge size of the ATM gene means that classical gene therapy 
is now a possibility. In fact, the transduction of fibroblast 
cells with ATM variants through a lentiviral system, here 
described, achieved a high transduction efficiency (almost 
100%), and therefore could be more advantageous for vec-
tors which have been approved for gene therapy. These com-
bined results demonstrate the potential advantageous roles 
of ATM variants in becoming a possible treatment for AT 
patients.

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 immortali-
zation Kit (Alstem Cell Advancements) was used to immor-
talize 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 embry-
onic kidney (HEK) 293 T cells (ATCC​® CRL-3216™), 
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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 peni-
cillin, and 0.1 mg/mL streptomycin (Sigma Aldrich), and 
10% fetal bovine serum (MERK).

Lentiviral vector construction and production

ATM 3-52, ATM 4-53, ATM SINT and miniATM cDNAs 
(the sequences of the tested variants are reported in Fig. S1) 
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 selec-
tion. WT hT and AT 648 hT untransduced cells were used as 
reference and negative control, respectively. Viral particles 
were produced by co-transfecting HEK 293T cells in 24-well 
plates (1.2 × 105/well) with cloned ATM variants using Meg-
aTran1.0 Transfection Reagent as reported by the Lenti-vpak 
Lentiviral Packaging Kit (OriGene). Viral particles were col-
lected and concentrated according to the method reported by 
Miller et al. [26].

Transduction of cells

4 × 104 AT 648 hT cells per well were seeded in 24-well 
plates and after 24 h, viral particles were added to cells in 
the presence of 5 µg/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 ble-
omycin at a final concentration of 8 µg/mL, equivalent to 
exposure of about 3.2 Gy γ-radiation [27]. Cells underwent 
three types of treatment: placebo solution, 3 h of bleomycin 
treatment, and a subsequent 24-h incubation in drug-free 
culture medium.

ATR crosstalk activity was tested by using the ATR 
kinase inhibitor VE-821 [28]. Before the addition of ble-
omycin, WT hT and AT 648 hT transduced and untrans-
duced cells were exposed to 10 µM of VE-821 for 1 h, and 
then cells were co-exposed to 8 µg/mL of bleomycin for 3 h 
in presence of the ATR inhibitor [29]. Cells treated with 
VE-821 were compared to cells treated with bleomycin 
alone and with the only vehicle (DMSO).

Western blotting

Total proteins were extracted using the Protein Extraction 
Reagent Type 4 (P4, Sigma Aldrich). Cells were sonicated 
with 10 pulses of 15 s at 45 W Labsonic 1510 Sonicator 
(Braun) and clarified by centrifugation for 10 min at 10,000 
RCF. Protein concentration was determined by the Bio-Rad 
Protein Assay, based on Bradford’s method. Twenty micro-
grams of proteins were separated by SDS-PAGE (Novex 
TrisGlycine gels) according to the Laemmli protocol [30] 
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 metha-
nol). 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-phos-
pho H2AX Ser139 (GeneTex and Cell Signaling Technol-
ogy, CST), anti-phospho p53 Ser15 (CST), anti-p53 (Santa 
Cruz Biotechnology, SCBT), anti-phospho CHK2 Thr68 
(CST and AB clonal), anti-phospho ATR Ser428 (CST), 
anti-ATR (Bethyl), anti-LC3B (CST), anti-SQSTM1/p62 
(CST), anti-calreticulin (CST), anti-pATM Ser1981 (CST), 
anti-ATM (1B10 Abnova). The utilized secondary antibod-
ies were anti-rabbit and anti-mouse HRP coniugated (BIO-
RAD), 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 [31–33]. 
Acquired images were analyzed by Image Lab software 5.2.1 
(Bio-Rad) [34].

Indirect immunofluorescence microscopy

1 × 105 cells per well were grown on Lab-Tek II chamber 
slide (Nunc) 8-well slides upon reaching 70–80% of con-
fluence. After bleomycin treatment for γH2AX detection, 
and for HDAC4 detection, cells were fixed with 4% for-
maldehyde for 10 min and then with 100% cold methanol 
for 10 min. They were subsequently permeabilized with 
0.5% NP-40 in PBS for another 10 min. After performing 
the blocking procedure for 1 h at room temperature, pri-
mary 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 follow-
ing 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 
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X100, 1% BSA in PBS for 1 h at 37 °C. After washing pro-
cedures, DNA was stained with 4′,6-diamidino-2-phenylin-
dole (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 Olym-
pus IX51, and the images were acquired by ToupCam cam-
era (ToupTek Europe). Image analyses were performed by 
ImageJ (NIH) (developed at the US 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 skew-
ness data.

DCFH‑DA cellular assay

Cells were seeded in black 96-well plates (6000/well), and 
24 h 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 Benedetti et al. [35] with slight modifications. 
Cells were incubated with DCFH-DA (5 µM) at 37 °C for 
30 min, then the excess probe was removed by washing 
cells with PBS. DCF oxidation kinetic was detected both at 
basal condition for 30 min, and after the addition of H2O2 
(100 µM) for additional 30 min, monitoring the fluorescence 
signal.

The fluorescence emission of the probe was meas-
ured 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 [36]. Cells 
were seeded in black 96-well plates (6000/well) and 24 h 
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 spectro-
fluorimeter (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. [37]. The amount of mtDNA was 
quantified performing a quantitative PCR by using primers 
amplifying NADH-ubiquinone oxidoreductase chain 1 (ND1) 
DNA [38], 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′-ACG​TGG​ACA​GTG​AAG​GGA​AC–3′ and 

reverse 5′-CTG​CTC​CAC​TTC​CAG​GTC​AT-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 analyzed using the QuantStudio™ sequence detec-
tion system (Applied Biosystems) and the relative expression 
data were calculated by the 1/2ΔCt method.

NAD+ assay quantification

For the NAD+ quantitation, metabolites were extracted from 
cell pellets (6 × 106) 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.

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 5 mM 
ammonium formiate. Elution gradient was 99% of B up to 
3 min, 1%B in 11 min, 1%B for 4 min 99%B in 0.2 min and 
99%B up to 22 min. The mass spectrometer, equipped with 
H-ESI source was 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).

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 for 
the comparison of more than two groups 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 
was used to compare two unpaired samples, while t test for 
unpaired measures was applied when data were normally 
distributed. Means or medians were considered statistically 
different when p ≤ 0.05.

Results

ATM variants description

Several ATM variants have been identified in vivo in the 
blood of AT patients treated with EryDex in a phase II 

http://rsb.info.nih.gov/nih-image
http://rsb.info.nih.gov/nih-image
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Clinical trial, originated from canonical and non-canonical 
splicing of the native ATM messenger [25]. All these natu-
ral variants share the miniATM sequence plus additional 
domains of the full-length ATM and could provide an 
improved restoration of the AT phenotype. Among them, 
ATM 3-52 has been the most frequent ATM variant found 
in patients (32%, data not shown), and its translation start 
714 bp upstream than miniATM starting codon, even though 
not the native one. Meanwhile, ATM 4-53, can be translated 
from the native starting codon. This confers to the translated 
protein the Telomere-length maintenance and DNA damage 
repair (TAN) domain, useful for the DNA damage response. 
A third variant, named as ATM SINT has been designed in 
silico, adding functional domains compared to ATM 3-52 
and ATM 4-53, to evaluate whether it could be able to regain 
most of the nuclear and cytoplasmic ATM functions.

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 Fig. 1 shows TD 3-52, 
TD 4-53, TD SINT and TD miniATM. The UTD was also 
probed as control. The native mutated full-length ATM was 
also noticed in all the tested cell lines.

ATM variants activity in DSBs

The biochemical properties of the investigated ATM vari-
ants were evaluated by testing the canonical ATM targets 
after bleomycin treatment, that causes double strand breaks 

in DNA [39]. Among its downstream target, phosphoryla-
tion of histone H2AX at Ser139 (γH2AX) is considered 
one of the first events after DSBs [40], forming nuclear 
foci easily detectable at the break sites, which is necessary 
for the identification and repair of DSBs [41–43]. Accord-
ingly, γH2AX was detected by indirect immunofluorescence 
(IF) assay with different approaches to quantify the DNA 
damage: measuring fluorescence intensity (Figs. 2 and S2) 
and analyzing the quality of foci distribution (Fig. 3) [44, 
45]. As reported in Figs. 2 and S2, in WT hT cells and in 
all TD cells there was an increase in γH2AX content after 
3 h drug treatment compared to untreated UTD, indicating 
that the expressed ATM variants were correctly activated in 
response to DNA damage, while a significant decrement of 
γH2AX was observable 24 h post treatment. Surprisingly, 
also the analysis of γH2AX in UTD showed the same pat-
tern observed in TD cells. H2AX phosphorylation assay 
performed by WB showed the same behavior observed by 
IF for all treated cells, as reported in Fig. S3.

Once established that ATM variants were properly acti-
vated upon bleomycin treatment, we proceeded to estimate 
the quality of foci distribution, as reported by Lu et al. [45], 
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 phosphoryla-
tion into three categories as a function of signal skewness 
(Fig. 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), and subsequently, we obtained 
foci quantification from the type III stain pattern (Fig. 3b). 
DNA lesions correction depends on foci number reduction. 
Figure S4 shows staining types of each tested cell line after 
the applied treatment, and we observed that all the AT 648 
hT transduced cells presented an increment of type I stain 

Fig. 1   WB of UTD and AT 648 
hT fibroblasts expressing ATM 
3-52, ATM 4-53, ATM SINT, 
miniATM. The arrow indicates 
the native mutated full-length 
ATM
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pattern after 3 h of drug treatment compared to the untreated 
UTD, and an increment of type III stain pattern 24 h post 
drug compared to their treated counterparts. In contrast, the 
analysis of foci number (Fig. 3b) revealed that TD SINT are 
the only ones efficient in repairing lesions, as demonstrated 
by the reduced number of type III foci over a period of 24 h. 
On the contrary, TD 3-52 and TD 4-53 were not able to sta-
tistically decrease the foci number in the same lapse of time. 
TD MiniATM exhibited a significant diminished number of 
foci at 24 h post treatment, but they are the least capable in 
phosphorylating H2AX, compared to other TD cells (Fig. 2, 
Welch test). Treated WT hT cell lines consistently increased 
type I over a period of 3 h (Fig. S4), as ATM correctly phos-
phorylated H2AX and presented a significant loss of foci 
number 24 h post bleomycin treatment (Fig. 3b), suggest-
ing that most foci are solving, and the lesions are reduced. 
Additionally, a slight increase in type I staining pattern after 
3 h of bleomycin treatment was also noticed in UTD (Fig. 
S4), but high numbers of foci remained, independently of 
bleomycin treatment (Fig. 3b). These data could indicate 
the presence of a crosstalk between ATM and ATR in UTD.

UTD are influenced by ATR​

It is known that H2AX is also phosphorylated by ATR 
in response to replication stress [46]. Phosphorylated 

(Ser428) and total ATR were detected by WB analyses 
in all the tested cell lines with or without bleomycin 
treatment (Figs. 4 and S5b, respectively). p-ATR/ATR is 
reported in Fig. S5c, but 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, p-ATR/WLN ratio resulted constantly elevated, 
independently of bleomycin treatment (Fig. 4), while the 
ATR protein enhanced at 3 h post drug (Fig. S5b). Inter-
estingly, all TD cells showed a reduced quantity of total 
p-ATR (Fig. 4) and a very low amount of ATR protein 
(Fig. S5b) than UTD at basal condition. After 3 h of bleo-
mycin treatment, total amount of p-ATR increased only in 
TD 3-52 (Fig. 4), while the total amount of ATR increased 
in TD 3-52, TD 4-53, and TD SINT (Fig. S5b). After the 
24 h recovery, TD 3-52, TD 4-53, and TD SINT showed 
higher amounts of p-ATR than their basal counterparts 
(Fig. 4). The same outcome was observed concerning total 
ATR (Fig. S5b). TD miniATM resulted practically unin-
volved in ATR dynamics, since p-ATR and ATR proteins 
did not change after bleomycin treatment (Figs. 4 and S5).

On the contrary, WT hT cells displayed a statistically 
significant reduction of both p-ATR/WLN ratio (Fig. 4) 
and ATR/WLN ratio (Fig. S5b) after 24  h from the 
treatment.

Fig. 2   AT 648 hT transduced cells overcome ATM functions in rec-
ognition and repair of DSB sites. Quantification of γH2AX IF experi-
ments of WT hT and AT 648 hT transduced and untransduced cells 
treated with bleomycin for 3 h and then kept in recovery course for 
24 h. In WT hT cells, H2AX phosphorylation enhanced at 3 h post 
drug, and underwent a reduction after 24 h of recovery. All TD cells 
showed a higher H2AX phosphorylation after 3 h of bleomycin com-
pared to UTD at basal condition, and a dephosphorylation at 24  h 

post drug compared to their treated counterparts. Unexpectedly, also 
UTD followed this pattern, revealing a probable crosstalk between 
ATM/ATR. 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
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ATM variants activity on cell cycle targets

To further survey the biological functionality of the ATM 
variants, some other ATM downstream substrates involved 
in cell cycle checkpoint, were tested. The Checkpoint kinase 
2 (CHK2) is activated by ATM in response to DNA DSBs 
[47, 48]. Accordingly, we examined the ability of ATM 
variants to activate this checkpoint kinase by analyzing the 
CHK2 phosphorylation at Thr68 after exposure to bleomycin 

by WB (Fig. 5). CHK2 phosphorylation is increased after 3 h 
of bleomycin treatment in all TD cells, while it seemed to 
decrease 24 h post drug only in TD 3-52 and TD SINT, with 
the same behavior of WT hT cells, despite not in a statisti-
cally significant way. Similarly, UTD presented p-CHK2, 
probably due to the crosstalk signaling between ATM/ATR 
pathways [49].

An additional ATM downstream target is the tumor 
suppressor p53 [50], which once phosphorylated becomes 

Fig. 3   ATM SINT is the most efficient ATM variant in repairing 
lesions, as confirmed by the reduced type III foci number 24 h 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 decre-
ment at 24 h indicates successful DNA repair. Type III foci statisti-
cally increased and decreased after bleomycin treatment and 24 h post 
drug, respectively, in WT hT cells. TD 3-52, TD 4-53 did not present 
a statistically decrease of type III foci, while only TD SINT and TD 
miniATM presented a significant decrease of foci number during the 

recovery. In UTD, bleomycin treatment did not affect the composi-
tion of type III foci. In fact, they showed the same number of foci in 
all three treatment conditions, indicating a persistence of unrepaired 
lesions and confirming a different pathway on H2AX phosphorylation 
in these 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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stabilized and promotes its transcriptional activity. The 
phosphorylation of p53 by ATM at Ser15 was assayed 
by WB (Fig. 6), and the ratio p-p53/WLN was found to 
be enhanced after 3 h of bleomycin treatment in all TD 
cells, but not in WT hT cells, and showed its persistent 
activation 24 h post drug treatment in all the tested cell 
lines. However, p53 was found activated also in UTD. To 
evaluate CHK2 and p53 phosphorylation by ATM/ATR 
crosstalk, ATR inhibition by VE-821 was performed (Fig. 

S6) [28, 29]. UTD showed a strong CHK2 phosphorylation 
inhibition when cells were co-exposed with VE-821 and 
bleomycin. In contrast, CHK2 phosphorylation resulted 
unaltered in WT hT and in all TD cells. Concerning p53, 
there was a robust decrease of its phosphorylation in UTD, 
which was not observed in WT hT and TD cells. This sug-
gested that p53 is not only induced by ATM after 3 h of 
bleomycin treatment in all tested cells.

Fig. 4   γH2AX is influenced by ATR in UTD. a Typical WB repre-
sentative image and b quantification of immunoreactive bands of 
p-ATR/WLN ratio in all the tested cells treated with bleomycin for 
3 h and then kept in recovery for 24 h. p-ATR was tested to evalu-
ate the replication stress in UTD, revealing an elevated quantity of 
p-ATR in these cells, irrespective of bleomycin treatment. At basal 
condition, in all TD cells p-ATR is lower than UTD, suggesting a 
reduction of replication stress in these cells. After 3 h of bleomycin 
treatment, p-ATR amount enhanced only in TD 3-52, while after 24 h 
of recovery it increased in all TD cells (except for TD miniATM). TD 

miniATM indeed, did not change p-ATR quantity after treatment and 
upon 24  h of recovery. In contrast, WT hT significantly decreased 
p-ATR protein amount only 24  h post drug treatment. It has been 
reported the ratio p-ATR/WLN because the ratio p-ATR/ATR is influ-
enced by ATR amount, that changed during treatment. Total ATR and 
the ratio p-ATR/ATR are reported in Fig. S5. 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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Autophagy is affected in AT 648 hT transduced cells

It has recently been ascertained that ATM exhibits extra-
nuclear functions, and since it is known that AT cells have 
an impairment in the autophagy process, particularly in the 
fusion between autophagosomes and lysosomes [51–53], 
we decided to investigate the autophagic flux in AT 648 
hT transduced cells. Microtubule-associated protein light 
chain 3 (LC3) expression was used as an autophagy marker 
[54], performing a WB using antibody anti-LC3B (Fig. 7). 
LC3B I quantification is reported in Fig. S7.

In UTD at basal condition, the ratio LC3B II/I was 
lower than TD cells (Fig. 7), while LC3B I is increased 
compared to TD cells (Fig. S7). Under bleomycin treat-
ment the ratio II/I increased (Fig. 7), whereas LC3B-I 
reduced its quantity (Fig. S7). Upon 24 h of recovery the 

LC3B II/I ratio decreased (Fig. 7), while LC3B-I enhanced 
its amount (Fig. S7).

When bleomycin was added to TD cells, the LC3B II/I 
ratio seems to be decreasing, but in a statistically signifi-
cant manner only in TD miniATM (Fig. 7). Accordingly, a 
reduced quantity of LC3B-I was observed in the same sam-
ple (Fig. S7). After 24 h of recovery, the LC3B II/I ratio 
was statistically lower (Fig. 7), and concomitantly LC3B-I 
boosted its amount in all TD cells compared to their basal 
counterparts (Fig. S7). In contrast, in WT hT cells the ratio 
LC3B II/I decreased only at 24 h recovery condition (Fig. 7), 
while no changes of LC3B I was observed during the treat-
ment (Fig. S7). TD 3-52 showed the most inconsistent LC3B 
behavior compared to WT hT, and to the other TD cells.

Autophagy flux improvement by TD cells was also con-
firmed by the Sequestosome 1 (SQSTM1/p62) analysis, 

Fig. 5   ATM targets CHK2 is 
activated by bleomycin in all 
AT 648 hT transduced cells. 
pCHK2 detection by WB. a 
Representative image and b 
quantification in all the tested 
samples, treated with bleo-
mycin for 3 h and then kept in 
recovery course for 24 h. In WT 
hT cells, CHK2 phosphoryla-
tion was higher at 3 h of drug 
treatment compared to its basal 
counterpart, while it statisti-
cally decremented after the 
recovery condition. In all TD 
cells, there was an increase of 
CHK2 phosphorylation after 
3 h bleomycin treatment, while 
in contrast to WT hT cells, 
the phosphorylation remained 
unaltered 24 h post treatment, 
indicating the non-fully activa-
tion of CHK2 in these cells. 
Only TD 3-52 and TD SINT 
decrease p-CHK2, but not in 
a statistically significant way. 
CHK2 phosphorylation has also 
been noticed in UTD both after 
3 h of treatment and after 24 h 
of recovery condition, probably 
due to the ATR activity in 
these cells. This crosstalk has 
been verified in Fig. S6a and b, 
since CHK2 phosphorylation 
has been significantly reduced 
in UTD after the addition of 
VE-821. Red asterisks refer to 
intra sample comparison, while 
the black ones refer to statistical 
comparison with the control cell 
line UTD (Friedman test fol-
lowed by Dunn’s test). Graphs 
show mean with SEM, n = 5
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evaluated by WB (Fig. 8), the degradation of which reveals a 
progression of the autophagic process [55, 56]. Under basal 
conditions, p62 protein was elevated in UTD compared to 
TD 3-52 and to WT hT cells (Wilcoxon test for repeated 
measures). On the contrary, TD 4-53 and TD SINT pre-
sented a significant decrease in p62 content during 3 h of 
drug treatment, bringing its amount similar to those found 
in WT hT cells. Only TD 3-52 and TD miniATM did not 
statistically differ to the corresponding untreated cell line. 
The increment of p62 at 24 h was noticed in the TD 4-53, 
TD SINT and TD miniATM. In WT hT cells p62 quantity 
did not change after 3 h drug treatment and it increased after 
a 24-h recovery.

Autophagy also plays a key role in preserving the cel-
lular proteostasis when endoplasmic reticulum (ER) stress 
occurs, leading to removal of damaged proteins [57, 58]. 

Calreticulin (CALR), a quality control chaperone, is 
induced under ER stress and could couple ER stress to 
autophagy, interacting with LC3B [59]. 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 (Fig. S8). At basal condition, UTD 
showed a CALR overexpression compared to TD cells, 
an indicator of ER stress in AT cells. When bleomycin is 
added, TD 3-52, TD 4-53 and TD SINT did not change 
their CALR amount after 3 h of drug treatment, WT hT 
cells demonstrated identical behavior. On the contrary, 
UTD and TD miniATM displayed a statistically signifi-
cant decrease after 3 h of drug treatment. In agreement 
with other autophagy markers analyzed, we noticed an 
enhancement of CALR expression in all tested cell lines 
at 24 h of recovery.

Fig. 6   All ATM variants are 
able to phosphorylate p53, a 
further ATM downstream target 
after bleomycin stimulation. 
P-p53 detection by WB a repre-
sentative image and b quantifi-
cation in all tested samples. WT 
hT cells did not show p53 phos-
phorylation 3 h post bleomycin, 
while they statistically incre-
mented p-p53 only after 24 h of 
recovery, since p53 activation 
is slower than CHK2. In all 
TD cells, p53 phosphorylation 
statistically incremented after 
3 h of bleomycin compared 
to their untreated condition, 
while only TD 4-53 and TD 
miniATM statistically enhanced 
after the recovery condition 
in comparison to their treated 
counterparts. The improvement 
of p53 phosphorylation also in 
UTD, at 3 h of bleomycin treat-
ment and after 24 h of recovery, 
is probably ascribed by ATR 
that could influence the assay. 
In fact, using VE-821 there was 
a decrease of p-p53 in UTD, as 
reported in fig S6a and c. Red 
asterisks refer to intra sample 
comparison, while the black 
ones refer to statistical com-
parison with the control cell line 
UTD (Friedman test followed 
by Dunn’s test). Graphs show 
mean with SEM, n = 5
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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 [6], independently of the DNA DSBs activation con-
firmed 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 due to a diminished 
control of ROS (reviewed by Ditch et al. and Watters et al. 
[7, 60]), in fact it was found that ATM-deficient cells are in 
a constant state of oxidative stress with higher levels of ROS 
[6, 61]. Based on this evidence, we aimed to investigate the 
antioxidant capacity in AT 648 hT transduced cells. Intracel-
lular ROS levels were examined using the 2′-7′dichlorofluo-
rescin diacetate (DCFH-DA) at basal condition (Fig. 9a) and 

with the addition of an oxidative stimulus (H2O2) (Fig. 9b), 
monitoring DCF oxidation kinetic. We confirmed the higher 
levels of ROS in UTD compared to WT hT cells under basal 
and treatment conditions. Interestingly, only TD 4-53 and 
TD miniATM showed a lower amount of intracellular ROS, 
indicating a greater antioxidant capacity in both basal and 
treated conditions. TD 3-52 and TD SINT did not show sta-
tistically significant differences in counteracting the pres-
ence of ROS.

Mitochondria dysfunctions are restored by ATM 
variants

Mitochondria are the major source of ROS production 
through oxidative phosphorylation, and it has been reported 

Fig. 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 3 h 
and then kept in recovery course 
for 24 h. LC3B II/I ratio was not 
affected by bleomycin stimula-
tion in WT hT cells, while it is 
reduced upon 24 h of recovery. 
All TD cells showed higher 
LC3B II/I ratio compared to 
UTD at basal conditions, sug-
gesting that when ATM variants 
are present, LC3B II lipidation 
is promoted. When bleomycin 
is added, the ratio decreased 
in a statistical way only in TD 
miniATM, while it significant 
decreased after the recovery 
condition in all TD cells. UTD 
boosted LC3B II/I ratio at 3 h 
post drug treatment with a con-
comitant reduction of LC3B-I 
amount (LC3B I quantification 
is reported in Fig. S7), inferring 
the non-degradation of LC3B-II 
in these cells. The ratio LC3B 
II/I also decreased in UTD upon 
24 h of recovery. Red asterisks 
refer to intra sample compari-
son, 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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that ATM is implicated in maintaining mitochondrial home-
ostasis [62, 63]. In fact, ATM protein is promptly triggered 
by mitochondrial dysfunctions, promoting mitophagy of 
aberrant and depolarized mitochondria [11, 64, 65]. Accord-
ingly, the mitochondrial dysfunctions and the effects of ATM 
variants in AT 648 hT cells were tested. Mitochondrial mem-
brane potential was indirectly evaluated by staining cells 
with MitoTracker Red CMX-ROS, whose entry depends on 
membrane potential, thus evaluating the dye entry kinet-
ics (Fig. 10a), independently of mitochondria number. As 
expected, UTD showed a lower mitochondrial functionality 
compared to WT hT cells, in agreement with the high level 
of ROS found in these cells, while TD 3-52, TD 4-53 and 
TD SINT presented a faster dye entry, indicating a better 
mitochondria functionality than UTD. TD miniATM was 
not statistically significantly different than UTD.

Recently, Yang et al. reported that the classical senes-
cence 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 [37]. 
Aberrant mitophagy has been ascribed to AT phenotype that 
in turn might be caused by NAD+ depletion [65]. Therefore, 
we first quantified the amount of mtDNA in the cytoplasmic 
fraction (Fig. 10b) and secondly, we quantified NAD+ coen-
zyme (Fig. 10c). Consistent with the study of Yang et al., we 
found an accumulation of mtDNA in the cytoplasm of UTD 
in comparison with WT hT cells. All TD cells statistically 
decremented the amount of mtDNA in the cytosol. Consist-
ently, a lower amount of NAD+ was observed in UTD than 
in WT cells, while all TD cells were able to reinstate NAD+ 
levels.

The expression of ATM variants in AT cells can alter 
HDAC4 localization

Previous studies concerning the HDAC4 dynamic in AT cells 
have shown that ATM deficiency leads to a nuclear HDAC4 
accumulation, promoting neurodegeneration in AT neurons 

Fig. 8   p62 analysis confirms 
autophagy impairment in UTD 
a p62-SQSTM1 representative 
images and b WB quantifica-
tion in all the tested cell lines 
treated with bleomycin for 3 h 
and then kept in recovery course 
for 24 h. WT hT cells displayed 
the same quantity of p62 both at 
basal and after drug treatment 
but increased its amount upon 
recovery condition. TD cells 
presented a reduced amount of 
p62 in comparison with UTD at 
basal condition, despite being 
significant only compared to 
TD 3-52. After bleomycin treat-
ment TD 4-53 and TD SINT 
degraded p62, improving the 
autophagy flux and supporting 
LC3B results. In contrast, p62 
quantity is not affected by the 
treatment in TD 3-52 and TD 
miniATM. After 24 h of recov-
ery, it enhanced in TD 4-53, 
TD SINT and TD miniATM. In 
UTD, p62 enhanced after 3 h of 
drug treatment and decreased 
after the recovery condition. 
Red asterisks refer to intra 
sample comparison, while the 
black ones show statistical com-
parison with the control cell line 
UTD (Friedman test followed 
by Dunn’s test). Graphs show 
mean with SEM, n = 7
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[66]. We decided to investigate the nucleus/cytosol HDAC4 
shuttle in the stated cellular model. The nuclear accumulation 
was described by HDAC4 nuclear/cytosol and nuclear/total 
ratios. Performing indirect immunofluorescence (Figs. 11 and 
S9), we found an accumulation of HDAC4 in the nucleus in 
UTD compared to WT hT cells, as previously published [52]. 
All TD cells showed a reduced significant nuclear accumula-
tion pattern, indicating they were able to modulate HDAC4 
shuttle.

Discussion

Ataxia Telangiectasia is a very severe disease with a pleio-
tropic phenotype, due to defects in DNA damage response 
and in extra-nuclear pathways, particularly in autophagy 
and mitophagy fluxes, both essential for neuronal survival. 
Neurodegeneration is the most critical problem of AT 
meaning that patients are often confined to a wheelchair by 
adolescence and have a very short life expectancy. Unfor-
tunately, the mechanism leading to neurodegeneration is 
still not completely understood. Additionally, no treatment 
is available to cure these patients, with only supportive 
therapies to alleviate their multiple pains. In 2006, the ser-
endipitous discovery of positive effects of glucocorticoid 
treatment on neurologic symptoms of AT patients [21] led 
to a new hope for a plausible 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. [24]. 
They discovered that a reduced variant of the native ATM 
messenger ‘ATMdexa1’ is produced after drug stimula-
tion through alternative splicing, that is translated into a 
shorter protein named ‘miniATM’ in only AT lympho-
blastoid cells, retaining the kinase domain and therefore 
capable of partially rescuing the lack of ATM. The availa-
bility of blood samples provided by patients enrolled in the 
clinical trial [19] led them to the detection of ‘ATMdexa1’ 
also in vivo, and to the discovery of other ATM variants, 
containing additional domains to miniATM itself [25]. 
Prompted by the positive outcomes of miniATM, we pro-
ceeded with expressing ATM variants in a lentiviral sys-
tem 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 the extranuclear roles of oxida-
tive stress protection, to evaluate ATM variants functions 
in the cytoplasm. DNA damage was induced through bleo-
mycin treatment: 8 µg/mL of bleomycin was chosen, as 
the most effective concentration, corresponding to 3.2 Gy. 
Accordingly, several ATM targets were evaluated upon 
3 h of continuous treatment, comparing TD cells to UTD, 
and using WT cells as a reference control. Moreover, a 
recovery condition of 24 h 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 [40, 43, 67]. Its 
phosphorylation followed by its rapidly dephosphorylation 
is a marker of DNA damage response (DDR) function, 
indicating a good propagation of damage signaling, avoid-
ing permanent lesions [68]. Both phosphorylation and the 

Fig. 9   ATM 4-53 and miniATM counteracted ROS production. 
Slope quantification obtained from DCF oxidation kinetics of all the 
tested cell lines under a basal and b H2O2 stimulated conditions. WT 
hT cells presented a less oxidized cellular environment compared to 
UTD both under basal condition and under oxidative stimulus. Only 
TD 4-53 and TD miniATM showed less DCF oxidation kinetic than 
UTD under both conditions. In TD 3-52 and TD SINT, the amount 
of intracellular ROS did not statistically differ than UTD. Black aster-
isks 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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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 staining pattern after 3 h of drug 
in all TD cells led us to assume that ATM variants are 
activated under DNA breaks. Additionally, a decrease of 
its phosphorylation 24 h post treatment with an increase 
type III staining pattern was noticed in all TD cells, even 
though this intensity reduction (Fig. 2) is not consistent 
with a reduction in foci number (Fig. 3b) in TD 3-52 and 
TD 4-53. On the contrary, TD SINT presented a reduced 
number of foci (Fig. 3b) consistent with its intensity reduc-
tion 24 h post drug (Fig. 2), indicating correction of the 
lesions, in agreement with WT hT behavior. Similarly, 
TD miniATM presented a significance reduction of foci 
number 24 h post treatment, but with a lower fluorescence 
intensity than TD SINT after 3 h treatment (Fig. 2). This 
could be related, as reported in previous studies [68–70], 
to a mix signal where lesions are induced and repaired 
at the same time upon continuous treatment with bleo-
mycin. However, the elevated persistence of foci number 
3 h post drug in TD miniATM (Fig. 3b), led us to exclude 
this hypothesis and to propose that the observed foci num-
ber reduction after 24 h of recovery might be due to its 
decreased capability in activating H2AX. TD 3-52 pre-
sented a higher percentage of type I staining pattern 24 h 
post drug compared to other TD cells, since we observed 
a pan-nuclear staining of foci also in the recovery condi-
tion without a reduced number of foci. TD 4-53, on the 
contrary, decreased the type I and II pattern after the 24 h 

recovery course but, despite a lower fluorescence intensity, 
TD 4-53 did not show a statistically diminution of foci 
amount. The aa from 91 to 97 in the TAN domain in the 
N-terminal of ATM protein are essential for its interaction 
with p53, LKB1 and BRCA1 proteins [71] to propagate 
the DNA damage signaling, and this could account for 
the slower repair efficiency which occurred in TD 3-52, 
since it does not possess these aa. The ATM 4-53 variant 
instead contains these essential aa, but it does not contain 
the leucin zipper motif [72, 73], which is also required for 
ATM binding with interacting proteins and for targeting 
ATM to the proper cellular localization [74], that could 
explain its delay in the DDR, even if more performing than 

Fig. 10   Restoration of mitochondrial functionality in AT 648 hT 
transduced cells. a Indirect membrane potential measures obtained 
by kinetic experiments in all the tested cell lines, stained with 
Mitotracker Red CMX-ROS. WT hT cells had a higher membrane 
potential than UTD and TD 3-52, TD 4-53 and TD SINT were able 
to recover it in a significant way. In contrast, TD miniATM did not 
present a significant increase in mitochondrial membrane potential 
compared to UTD. 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 quanti-
tative PCR in all the tested cell lines. ND1, a specific mitochondrial 
gene, was amplified from the cytoplasmic fraction, while PSMB5 was 
used as a normalization from the nuclear fraction. WT hT cells and 
all TD cells presented a slight quantity of mtDNA in the cytoplasm 
compared to UTD, suggesting improved mitophagy when ATM vari-
ants are expressed in AT 648 hT cells. Black asterisks refer to sta-
tistical 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 significantly incremented NAD+ 
quantity compared to UTD, raising it to the level found in WT hT 
cells. In contrast, UTD showed NAD+ depletion, confirming mito-
chondria 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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ATM 3-52 variant upon DNA damage. These domains 
are both present in the ATM SINT variant designed in 
silico. In addition, the native active monomer presents the 
exposed N-terminal domain to be able to interact with its 
substrates. In this way, it is in proximity of the C-terminal 
kinase domain, promoting the phosphorylation of its target 
[75]. This space orientation likely occurs also in ATM 
SINT and ATM 4-53, explaining their improved functions 
in the DNA damage propagation and repair, even though 
this is to a lesser extent in ATM 4-53. In addition, the 
ATM variants reported here did not possess Ser1981 in 
the FRAP-ATM-TRRAP (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 interaction with the endogenous native ATM protein, 
where the latter could be used as a scaffold for anchoring 
targets, implementing the function of the ATM variants.

Other considerations need to be taken for γH2AX behav-
ior in UTD. We observed the same pattern of TD cells in 
increasing and decreasing H2AX phosphorylation after 3 h 
of bleomycin and 24 h, respectively. However, in UTD, the 
critical foci analysis always revealed a high number of type 
III foci at all time points, suggesting a different phosphoryla-
tion pattern. The absence of ATM led to a replication stress 
condition, that is responsible for ATR induction [46, 76] 
and subsequent H2AX phosphorylation in the UTD, inde-
pendently of DSBs signaling, but dependent on replication 
blocks. Consequently, the foci types are only affected by the 
replication stress condition due to ATM absence, and not 
by bleomycin treatment. The constant presence of p-ATR in 
UTD justifies this hypothesis and influences the phospho-
rylation of H2AX, maintaining high fluorescence intensity 
but without reduced foci amount, indicating the persistence 
of unrepaired DNA lesions, that usually lead to cell death.

Desai et al. highlighted a downregulation in the ubiq-
uitin proteasome system in AT cells [77], and since ATR 
is degraded by this system [53], it could be possible that 
this is the reason for its larger amount in UTD. In WT hT 
cells, the expression of p-ATR and ATR did not change 
after drug stimulation, probably because bleomycin treat-
ment responds to ATM and not to ATR. In contrast, a same 
amount of p-ATR before and after the treatment is observed 
when ATM variants are expressed in AT cells (except for 
TD 3-52). This rules-out the possibility that H2AX may be 
phosphorylated by ATR in these cells, since p-ATR did not 
enhance consistently with the increased quantity of ATR 
after a drug stimulus and highlights the potential function 
of ATM variants to substitute the ATM response to DNA 
damage. Unexpectedly, TD miniATM did not behave like 
TD 3-52, TD 4-53 and TD SINT regarding ATR phospho-
rylation. We did notice a higher ATR content with respect to 
other TD cells at basal condition, but total and phosphoryl-
ated content of ATR kept stable, without being affected by 
bleomycin treatment. Similar amounts of ATR and p-ATR 
before and after the treatment in TD miniATM might reveal 
that miniATM variant could still require ATR after receiv-
ing a drug stimulus, indicating the persistence of replication 
stress which is moderated by the ATR protein.

Further evidence for ATM variants function in DDR were 
obtained by analyzing other ATM direct downstream tar-
gets, including CHK2 and p53 phosphorylation at Thr68 
and Ser15, respectively. CHK2 Thr68 phosphorylation 
depends on ATM activity [78], while it is not indispensable 
for continuing its kinase activity [79, 80]. Accordingly, all 
TD cells were able to trigger Thr68 phosphorylation after 
treatment, but the persistence of its phosphorylation 24 h 
post bleomycin exposure might demonstrate the incapacity 

Fig. 11   HDAC4 nuclear accumulation is decreased in TD cells. a 
Nuclear-cytosol and b nuclear/total HDAC4 shuttling in all the tested 
cell lines stained by IF. Since the HDAC4 nuclear/cytosol shuttle 
indirectly depends on ATM activity, this ability was evaluated. All 
TD cells were able to significantly alter its localization compared to 
UTD, lowering the amount of nuclear HDAC4 in terms of nuclear/
cytosol and nuclear/total ratios 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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of TD cells to fully activate CHK2. Only TD 3-52 and TD 
SINT showed a hint of the same WT cell behavior, indicat-
ing a similarity to the pattern that occurs in WT cells after 
DNA damage. Additionally, ATM phosphorylation on p53 
at Ser15 [50] was considered in this study. This is the best 
documented phosphorylation site, and it is the one respon-
sible for inhibiting the interaction with its negative regula-
tor murine double minute 2 (MDM2) [81]. In the reported 
experiments there is an increase of p53 phosphorylation in 
all TD cells and in WT hT cells upon 24 h of the treatment. 
This slow p53 activation was noted in other cell systems: 
human normal and AT (GM00363 and GM00648) fibroblast 
cell lines [82] and human colon carcinoma cells [83], where 
p53 phosphorylation persisted until 24–48 h of bleomycin 
treatment. This time-extended phosphorylation was also 
found in clear cell renal carcinoma cells treated with etopo-
side for 30 min and kept in recovery course for 24 h [84]. 
It is known that ATM acts on p53 not only in a direct man-
ner but also indirectly, phosphorylating other upstream p53 
proteins that contribute to its stability and function [8, 85]. 
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 [86], displaying its 
role in both the establishment and support of cell cycle arrest 
[87, 88]. Concerning the cell cycle checkpoint proteins in 
UTD, we still noticed the crosstalk between ATM/ATR, 
that affected the assay and led to the misinterpretation of 
the results. As previously reported, p53 phosphorylation at 
Ser15 is induced by ATR in AT cells when DNA damage 
occurred [89] and under hyperoxia in AT primary fibroblast 
cells [90]. Carranza et al. also observed a slight activation 
of p53 in AT fibroblast cells after irradiation [91]. Moreo-
ver, increased ATR activity was observed in the absence of 
ATM, being responsible for CHK2 phosphorylation at Thr68 
in response to ionizing radiation in vitro [49]. Interestingly, 
it has been described that ATM-deficient cells displayed 
activation of common ATM dependent targets after DSBs, 
albeit to a lesser extent. This assumes an enhanced action of 
another member of the trinity ATM, ATR and DNA-depend-
ent protein kinase catalytic subunit (DNA-PK) when one is 
missing [92]. These outcomes led us to propose that also 
in our cellular model p-CHK2 and p-p53 might be induced 
by ATR in UTD [93]. This mechanism has been confirmed 
by using the ATR kinase inhibitor VE-821 [28, 29]. In the 
absence of ATR activity, CHK2 reduced its phosphorylation 
in UTD confirming the crosstalk between ATM/ATR, while 
in WT hT and in all TD cells it remained phosphorylated, 
highlighting the ability of ATM variants to activate the cell 
cycle checkpoint CHK2. In contrast, ATR activity on p53 
phosphorylation is robust after 3 h, suggesting a slower acti-
vation of p53 by ATM. Nevertheless, WT hT and TD cells 
behaved in the same way, while p53 was almost completely 
unphosphorylated in UTD. These data demonstrated that 

the crosstalk between ATM/ATR exists, but they confirm 
the role of ATM variants in phosphorylating these targets 
in TD cells.

Another essential mechanism that is impaired in AT cells 
is the autophagy flux, since autolysosomes are not appropri-
ately formed and degraded, hence inhibiting the removal of 
misfolded proteins and damaged organelles [51, 52]. The 
results reported here, concerning LC3B and p62, confirmed 
the basal accumulation of autophagosomes in UTD, that 
are unable to fuse to lysosomes, displaying a block in the 
autophagy flux even after an autophagy stimulus. LC3B-II 
is responsible for the movement of autophagosomes towards 
lysosomes [94]: TD cells appeared to promote the conver-
sion of LC3B-I to the lipidated form LC3B-II at basal con-
dition and further after drug stimulus, helping autophago-
some-lysosomes trafficking. It is noted that LC3B amount 
should also be evaluated by blocking experiments, but none-
theless the analysis of p62 degradation in TD 4-53 and TD 
SINT suggests that a proper vesicle fusion occurred. Further 
evidence of autophagy impairment in UTD was obtained 
by observing an increased ER stress as measured by CALR 
overexpression [59] indicating a condition of proteostatic 
stress, in agreement with previous papers that demonstrated 
alteration of protein homeostasis in the absence of ATM 
[13, 95]. This condition may be restored by expressing ATM 
variants in AT cells, that presented a smaller amount of 
CALR, at least at basal conditions. In contrast, WT hT cells 
appeared to be unaffected by bleomycin for LC3B, p62 and 
CALR autophagy targets. This is probably since native ATM 
can counteract the DNA break sites induced by the treat-
ment, before influencing the autophagy pathway. All these 
results demonstrated an effort of TD cells to mimic WT hT 
cell pattern, partially rescuing the autophagy impairment.

A recent discovery pinpointed ATM activation by oxi-
dative stress, in an independent manner from its activation 
by DNA damage, thus contributing to redox homeostasis 
regulation [6]. Therefore, any impairment in this mecha-
nism leads to oxidative stress condition, with deleterious 
results especially in post-mitotic neurons. By investigat-
ing the antioxidant capacity, we were able to observe, as 
expected, high levels of ROS in the UTD, that decreased 
only in the presence of ATM 4-53 and miniATM. Interest-
ingly, looking more specifically at the main ROS produc-
tion 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, 
indicating mitochondria dysfunctions. Recent studies 
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 mitochon-
drial functions, and decreased mitophagy, leading to the 
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conclusion that AT disease should be considered also 
as a mitochondrial disease [11, 62, 63]. In contrast, the 
increased mitochondrial membrane potential in TD cells 
indicates the restoration of mitochondrial dysfunctions in 
AT cells. Unexpectedly, TD miniATM showed the low-
est levels of ROS and the worst mitochondria membrane 
potential suggesting it has a more general role in coun-
teracting oxidative stress, rather than only being local-
ized in the mitochondria. However, consistent with the 
positive effects obtained with ATM variants in enhanc-
ing mitochondria membrane potential, we also found less 
mtDNA accumulation in the cytoplasm of all TD cells, 
including miniATM, that revealed the absence of aberrant 
mitochondria due to improved mitophagy. Additionally, 
NAD+ amounts was also increased in all TD cells, contrib-
uting to improved mitophagy flux, as shown in previous 
works in AT fibroblasts and AT neurons [37, 65]. Neurons 
contain numerous mitochondria, to sustain their energy 
demand and function, therefore any aberrant mitochon-
drion that is not properly removed might affect neuron 
energy production and neuronal survival. Furthermore, 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 [65]. Similarly, the UTD dis-
played persistent DNA damage with lower mitochondrial 
functionality and NAD+ deficiency; all these features were 
restored by ATM variants expressed in AT cells that dis-
played higher NAD+ levels, like 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 monomers of cysteines 
at position 2991 in the FATC domain, since all ATM vari-
ants possess the full FATC domain. This last event might 
explain the beneficial role of the ATM variants in stabiliz-
ing 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 vari-
ants seemed to have a more specific action localized in 
mitochondrion. However, these cytoplasmic restored func-
tions by ATM variants could contribute by supporting the 

antioxidant capacity of neurons and preventing cerebella 
degeneration.

Neurodegeneration has also been linked to HDAC4 
nuclear accumulation in the absence of ATM [66], however, 
we were able to demonstrate that dexamethasone could act 
on HDAC4 nuclear accumulation in a different manner, lead-
ing to an unexpected outcome of autophagy improvement in 
AT fibroblast cells [52]. TD cells had the ability to reverse 
HDAC4 localization, as we observed less HDAC4 amount 
in the nucleus than UTD. It is likely that ATM variants, 
acting as native ATM in healthy cells, could phosphoryl-
ate and inactivate protein phosphatase 2A (PP2A) [66, 96], 
maintaining HDAC4 phosphorylation and its cytoplasmic 
distribution [97], even though they were not able to achieve 
WT levels.

In conclusion, Table 1 summarizes the functions of ATM 
variants when expressed in AT cells. It is possible to observe 
that TD 4-53 and TD SINT gave the highest values. TD 
4-53 performed better in regard to cytoplasmic functions 
but TD SINT, was more efficient for foci reduction after 
DNA damage.

Together, these data support the beneficial roles of ATM 
variants in restoring cellular functionalities missing in AT 
patients. Furthermore, the smaller size of ATM variants 
cDNA overcomes the cargo limit of approved gene therapy 
vectors, improving the efficiency of viral particles produc-
tion and infection efficiency compared with the whole ATM 
gene, as reported by Carranza et al., who constructed a lenti-
viral vector containing a full-length ATM capable of rescu-
ing AT deficiencies, but with a low transduction efficiency 
[91]. Hence, ATM variants could be used in gene therapy, or 
their administration could also be achieved by using nano-
particle delivery or vesicle delivery, both of which are less 
immunogenic, less expensive, and more efficient in cross-
ing the blood–brain barrier. To date, there are no reports of 
nanoparticle application for the treatment of AT.

Further studies should be performed to fully understand 
their functions, but this work is an optimal proof of concept 
for considering ATM variants in potential treatments for AT 
patients, providing important data to help reverse this dev-
astating disease.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​022-​04625-3.

Table 1   A summary table with 
all the tested activities of TD 
cells. ATM 4-53 and ATM 
SINT variants are 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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