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ATM knock out alters calcium signalling and augments
contraction in skeletal muscle cells differentiated from human
urine-derived stem cells
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Ataxia-telangiectasia (A-T) is a rare neurodegenerative disorder caused by the deficiency of the serine/threonine kinase ataxia
telangiectasia mutated (ATM) protein, whose loss of function leads to altered cell cycle, apoptosis, oxidative stress balance and DNA
repair after damage. The clinical manifestations are multisystemic, among them cerebellar degeneration and muscular ataxia. The
molecular mechanism by which ATM loss leads to A-T is still uncertain and, currently only symptomatic treatments are available. In
this study, we generated a functional skeletal muscle cell model that recapitulates A-T and highlights the role of ATM in calcium
signalling and muscle contraction. To this aim, by using CRISPR/Cas9 technology, we knocked out the ATM protein in urine-derived
stem cells (USCs) from healthy donors. The resulting USCs-ATM-KO maintained stemness but showed G2/S cell cycle progression
and an inability to repair DNA after UV damage. Moreover, they showed increased cytosolic calcium release after ATP stimulation to
the detriment of the mitochondria. The alterations of calcium homoeostasis were maintained after differentiation of USCs-ATM-KO
into skeletal muscle cells (USC-SkMCs) and correlated with impaired cell contraction. Indeed, USC-SkMCs-ATM-KO contraction
kinetics were dramatically accelerated compared to control cells. These results highlight the relevant function of ATM in skeletal
muscle, which is not only dependent on a non-functional neuronal communication, paving the way for future studies on a muscular
interpretation of A-T ataxia.
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INTRODUCTION
Ataxia-telangiectasia (A-T) is a neurodegenerative disorder result-
ing from the loss of function of ataxia telangiectasia mutated
(ATM) protein [1–3], a serine/threonine kinase involved in the
DNA-damage signalling [4]. In particular, in response to DNA
double-strand breaks, ATM undergoes trans-autophosphorylation
resulting in the switch from a dimeric inactive protein complex to
the active monomeric kinase [5, 6], ruling cell-cycle arrest, DNA
repair and apoptosis. Some of the ATM substrates, such as p53,
have multiple cellular roles and their phosphorylation can lead to
cell-cycle arrest or apoptosis depending on the cell type and/or
damage level [4, 7]. Cell-cycle arrest is known to be instrumental
to prevent replication of damaged DNA and to allow repair, while
the apoptosis may be essential to ensure genomic integrity in
developing tissues when DNA damage involves progenitor cells
[7]. Among several inducing factors of apoptosis, Reactive Oxygen
Species (ROS) accumulation is one of the most critical parameters
for apoptotic pathway activation, especially within the mitochon-
dria. Different groups have described a ROS-sensing role for ATM
which is crucial for maintaining cellular redox homoeostasis inside
the mitochondria. Indeed, a ROS increase may drive the opening
of the permeability transition pore [8–10], whereas ATM deficiency

leads to the generation of mitochondrial ROS [10–12]. Although
the mechanisms by which ATM regulates different cellular
processes are well characterized, the exact mechanism(s) leading
to A-T onset are not fully defined. It is well established that the
overall ATM activity is fundamental for preventing neurodegen-
eration and cellular damage, whereas its loss leads to an altered
cellular homoeostasis resulting in the clinical manifestation of a
multisystemic disorder. Indeed A-T phenotype is prominently
characterized by progressive cerebellar neurodegeneration,
accompanied by motor dysfunction (ataxia), ocular and cutaneous
telangiectasia, immunodeficiency, gonadal atrophy, radiosensitiv-
ity and cancer susceptibility [13], and the mechanisms driving
such a dramatic manifestation are still not fully described. Some
recent studies hypothesized a non-nuclear function for ATM, for
example a role for ATM in stress-induced calcium signalling [14],
that can be detrimental for skeletal muscle activity since for
example the contractile activity is dependent on calcium release
into the cytosol [15]. In particular, in the skeletal muscle,
neurotransmitters (e.g. acetylcholine) lead to Ca2+ release from
the store into the cytosol via ryanodine receptors channels, which
in turn activates the contractile apparatus [15]. Thus, given the key
role of Ca2+ in muscle physiology, and considering that alterations
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of Ca2+ homoeostasis are responsible in many muscular disorders,
investigating the ATM role in calcium signalling could increase the
knowledge on A-T pathophysiology [12, 13]. In fact, the muscular
phenotype of A-T has been interpreted as secondary to
innervation dysfunctions and is still considered as such [16–19]
while it would be interesting to evaluate if and how the absence
of ATM in skeletal muscle can directly impact muscle functionality
by influencing calcium homoeostasis. Considering that A-T, as well
as many muscular disorders, is a rare disease, there is an urgent
need to develop robust, and easy-to-manage cell models that
recapitulates cellular dysfunction due to the ATM loss, which
would be useful for the investigation of molecular A-T pathogen-
esis and for drug screening and/or repurposing. Urine-derived
stem cells (USCs) have recently emerged as a promising source of
adult stem cells for disease modelling, drug screening, and
precision medicine because endowed of remarkable ability to
differentiate into several cell types [20–22]. In particular, we
already characterized skeletal muscle cells (SkMCs) derived from
USCs demonstrating a functional calcium machinery and the
acquisition of an excitable cellular phenotype capable of
contracting following different stimuli [23, 24]. Taking advantage
of this well-described skeletal muscle cell model, in the present
work we generated an A-T cellular model using USCs knocked out
for ATM by CRISPR/Cas9 technology and differentiated them into
skeletal muscle cells providing a useful platform for studying the
molecular mechanism underlying the ataxia-telangiectasia phe-
notype. Specifically, we demonstrated that USCs-ATM-KO recapi-
tulate ATM-associated dysfunction reported in the literature, but
also provide a valuable model to investigate non-neuronal
functions of ATM. Indeed, USCs-ATM-KO displayed altered
intracellular calcium signalling and reduced mitochondrial ATP-
related respiration, while SkMCs-ATM-KO showed an altered
calcium machinery pattern and consequently faster contraction
kinetic.

RESULTS
USCs knock-out for ATM retain stem cell properties
To generate an A-T cellular model starting from USCs, CRISPR/Cas9
technology was applied via transfection of a specific construct
targeting the ATM gene. To validate the KO of ATM in USCs (USCs-
ATM-KO), immunocytochemical analysis was performed. As shown
in Fig. 1A, characteristic nuclear localization of ATM is present in
USCs-Ctr, whereas no signal was detected in KO (Fig. 1A). The KO
of ATM protein was also confirmed by Western blot analysis
(Supplementary Fig. 1). Remarkably, the suppression of ATM
protein did not affect the stemness properties of USCs as
demonstrated by the still present expression of stem cell (Oct4,
Sox2, Nanog) and mesenchymal stem cells (CD90, CD105, CD146)
markers both at RNA (Fig. 1B) and protein level (Fig. 1C).

USCs-ATM-KO showed altered cell cycle, apoptosis and
mitochondrial dysfunction
We then analysed and compared cell cycle, apoptosis and
oxidative stress in both USCs-Ctr and the KO cells and we found
that USCs-ATM-KO displayed altered proliferation rate (Supple-
mentary Fig. 2A), cell cycle (Supplementary Fig. 2B and C),
apoptosis (Fig. 2A–C) and DNA repair capability (Fig. 3A), faithfully
recapitulating the phenotype of ATM-defective cells. Indeed, we
found a reduction, at 24, 48 and 96 h after seeding, in the
proliferation rate of USCs-ATM-KO (Supplementary Fig. 2A). The
percentage of USCs-ATM-KO in G2/S phases was higher compared
to USCs-Ctr and slightly decreased in G1 and SubG1 phases
(Supplementary Fig. 2B). This trend was increased after UVB
stimulation (Supplementary Fig. 2C) suggesting that USCs-ATM-KO
were unable to stop growing after receiving a DNA insult, resulting
in DNA mutation accumulation. Moreover, we observed that, as
expected, apoptosis is affected by the deletion of ATM. In fact, the

expression of both genes (Fig. 2A) and proteins (Fig. 2B) involved
in apoptosis regulation is significantly altered, as demonstrated by
qPCR and IF analysis of p21, p53, BCL-2 and BCL-XL (Fig. 2A, B),
among which p53 and p21 are responsible for G1 arrest after DNA
damage, thus their downregulation is consistent with the altered
cell cycle. As further confirmation a functional assay was
performed by AnnexinV/propidium iodide (PI) cytofluorimetric
analysis and we have observed a significant decrease in the
percentage of cells in late apoptosis (Fig. 2C). By single-cell
electrophoresis analysis of both USC populations after UVB
challenge (40 mJ/cm2; Fig. 2C) we strongly corroborated the
hypothesis of mutation accumulation linked to the cell cycle
deregulation. In fact, comet assay analysis revealed a significantly
higher percentage of tail DNA in USC-ATM-KO than the USC-Ctr
(Fig. 3A), even after 6 hours of recovery (Fig. 3A) confirming the
role of ATM in the repair of DNA damage induced by UVB
stimulation (Fig. 3A). Finally, among the different functions of
ATM, Xie and collaborators [9] have shown that it could play a role
as a sensor and regulator of ROS production in mitochondria.
Therefore, when evaluating ROS levels in mitochondria by
MitoSOX staining, we observed a significant increase in the probe
signal in USCs-ATM-KO compared to USC-Ctr cells (Fig. 3B).

USCs-ATM-KO showed altered calcium homoeostasis
To evaluate whether ATM loss could affect calcium signalling, we
measured the cytosolic, mitochondrial and endoplasmic reticulum
(ER) Ca2+ dynamics following stimulation with a purinergic agonist
ATP (Fig. 4A–D) and the expression of calcium signalling toolkit
components (Fig. 4E) in both USCs-Ctr and USCs-ATM-KO. Firstly,
Fura-2-loaded USCs-ATM-KO, challenged with ATP in the presence
of external calcium, had significantly higher calcium transients in
the cytosol compared to USCs-Ctr cells (Fig. 4A). Contemporary,
we showed that ATP-induced Ca2+ transients in the mitochondrial
matrix were significantly lower in mt-fura-2.3-loaded USCs-ATM-
KO compared to USCs-Ctr (Fig. 4B). We therefore assessed
cytosolic calcium entry by challenging cells with a SERCA (sarco-
endoplasmic reticulum calcium ATPase) poison, TBHQ, to induce
ER calcium depletion in a calcium-free medium. Store-operated
calcium Entry (SOCE) was then assessed by re-addition of Ca2+ to
the external medium. Following this protocol, as described in
Fig. 3C, we observed an increased efflux of Ca2+ from the ER in
USCs-ATM-KO, while no differences in SOCE were found (Fig. 4C).
This suggests that an increased cytosolic Ca2+ signalling may be
mediated by an increase in the releasable ER Ca2+ pool. To further
corroborate this interpretation, we transfected USCs with a
construct expressing ER lumen-targeted GAP3 probe [25], which
allows the recording of calcium levels in the ER lumen. We
observed that USCs-ATM-KO have a higher steady-state Ca2+

content than the USCs-Ctr (Fig. 4D) and release more Ca2+ from
the ER after combined stimulus with TBHQ and ATP (Fig. 4D). The
results obtained on ER and mitochondrial Ca2+ transients,
correlate with the reported observation that ER Ca2+ storage
and release regulate mitochondrial Ca2+ uptake into the
mitochondrial matrix via a direct Ca2+ transfer from the ER to
mitochondria at the ER-mitochondria contact sites by a complex
formed by IP3R, VDAC1 and GRP75; we also assessed mitochon-
dria calcium uptake upon ATP stimulation by mitochondrial
matrix-targeted Fura-2 variant (mt-fura-2.3) [26, 27]. Indeed, the
reduced ATP-induced Ca2+ transients in the mitochondrial matrix
in USCs-ATM-KO is probably due to the significantly reduced MCU
expression level, while no differences were observed for IP3R,
GRP75 and VDAC1/3 (Fig. 4E).

USCs-ATM-KO can be efficiently differentiated into skeletal
muscle cells
Taking advantage of a well-characterized USCs differentiation
protocol via MyoD induction, we then moved to explore the
impact of ATM deficiency on skeletal muscle cells (USC-SkMCs)
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Fig. 1 Characterization of USCs-ATM-KO. A Representative IF analysis of ATM expression in non-transfected USCs-Ctr and USCs-ATM-KO
(Magnification 63X; scale bar= 20 µm; Green: ATM; Blue: DAPI) and relative fluorescence quantification. Data are expressed as % of integrated
density/cell area and are the mean ± SEM of 28 cells of 3 independent experiments. B qPCR analysis of stem (Oct4, Sox2, Nanog) and
mesenchymal (CD90, CD105, CD146) markers. Data are mean ± SEM of 8 independent experiments. C FACS analysis of Oct4, Sox2 CD90, and
CD146. Data are shown as representative superimposed histograms and, in table, as mean ± SEM of at 4 independent experiments.
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Fig. 2 USCs-ATM-KO altered apoptosis. A Real-time PCR analysis of apoptosis-related genes. Data are expressed as 2-ΔCt*1000 and are
mean ± SEM of 6 independent experiments. *p < 0.05 vs USCs-Ctr. B Representative IF analysis of apoptosis-related markers expression in
USCs-Ctr and USCs-ATM-KO (Magnification 40X; scale bar= 25 μm) and relative fluorescence quantification. Data are expressed as % of
integrated density/cell area and are the mean ± SEM of cells from 3 independent experiments. C FACS analysis of apoptosis. Cells were stained
with Annexin V and propidium iodide (PI) and the fluorescence was evaluated by cytofluorimeter. Data are shown by representative dot plots
and mean ± SEM of % of cells in early (Q2) and late (Q3) apoptosis (n= 7). *p < 0.05 vs USCs-Ctr.
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Fig. 3 USCs-ATM-KO DNA damage repair and mitochondrial oxidative stress. A Representative images and quantification of comet assay
analysis (Magnification 20X; insets zoom 2.5X; scale bar = 100 µm). USCs-Ctr and USCs-ATM-KO were stimulated with UVB 40 mJ/cm2 and,
after 6 h of recovery, stained with PI and separated by electrophoresis. Data are expressed as mean ± SEM of % tail DNA of at least 176 cells in
3 independent experiments. *p < 0.05 vs UVB-stimulated USCs-Ctr. B Representative confocal images (40X magnification objective; scale bar =
30 µm) and fluorescence quantification of mitoSOX staining in USCs-Ctr and USCs-ATM-KO. The outline of the area of the cell is depicted in
yellow, and that of the nuclei in white. Data are expressed as % of integrated density/cell area and are the mean ± SEM of 92 Ctr and 56 ATM-
KO cells from 3 independent experiments.
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derived from both USCs-Ctr and USCs-ATM-KO. First of all, we
assessed whether the ATM-KO was retained during the differ-
entiation process, as shown by immunofluorescence staining and
Western blot analysis (Fig. 5A and Supplementary Fig. 3). Of note,

the differentiation process results in cytoplasmic localization of
ATM protein in line with published reports [28, 29] (Fig. 5A). It is
possible to observe that the absence of ATM has not compro-
mised the differentiation of the USCs and that the SkMCs derived
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from USCs-Ctr and USCs-ATM-KO are morphologically similar
(Fig. 5B) with a comparable expression of early (e.g. MyoD and
desmin) and mature (e.g. dystrophin and creatine kinase) myogenic
markers (Fig. 5B). However, transcription factors involved in early
myogenesis and muscle regeneration (e.g. Mef2C and Myf5) are
expressed at higher levels in USC-SkMCs-ATM-KO compared to Ctr
(Fig. 5C). The immunofluorescence analysis of MyHC showed a
comparable protein level of expression (Fig. 5D).

USC-SkMCs-ATM-KO showed altered calcium homoeostasis
At this point it was important to compare USC-SkMCs-Ctr and USC-
SkMCs-ATM-KO from a functional point of view. Live imaging of Ca2+

transients in the cytosol and mitochondria confirmed that USC-
SkMCs-ATM-KO had higher cytosolic Ca2+ transients after ATP
stimulation (Fig. 6A), while mitochondrial calcium uptake was
impaired (Fig. 6B), similar to parental USCs. We then evaluated cell
response in calcium-free medium to SERCA block by TBHQ, and
subsequent Ca2+ re-addition (Fig. 6C). USC-SkMCs-ATM-KO showed a
more pronounced SOCE in comparison to USC-SkMCs-Ctr (Fig. 6C) as
demonstrated by the significantly augmented average calcium peaks
in USC-SkMCs-ATM-KO following both TBHQ and external calcium
challenges (Fig. 6C). These data suggest an increase in SOCE activity,
even though both STIM1 and Orai1 protein levels are not affected by
ATM-KO (Fig. 7A). Moreover, protein expression analysis demonstrated
that Plasma Membrane Calcium ATPase (PMCA) (Fig. 7A) and the MCU
(Fig. 7B) were significantly reduced in USC-SkMCs-ATM-KO while
neither GRP75 nor VDAC1-3 protein levels were affected (Fig. 7B).

USC-SkMCs-ATM-KO showed impaired contraction kinetic
Since ATM deficiency affects calcium homoeostasis in skeletal
muscle cells, we evaluated if it consequently affects the calcium-
dependent contractile activity USC-SkMCs-Ctr and USC-SkMCs-
ATM-KO. Cells were embedded into collagen discs and then
stimulated with acetylcholine (Ach). The contraction of muscle
cells results in a reduction of the diameter of the collagen discs,
which can be quantified. We observed a dramatic difference in
kinetics between USC-SkMCs-ATM-KO and USC-SkMCs-Ctr (Fig. 8).
Indeed, both unstimulated and treated SkMCs-ATM-KO started to
contract significantly earlier compared to the USC-SkMCs-Ctr, as
showed by both the average traces (Fig. 8A) and the representa-
tive phase-contrast images (Fig. 8B). Indeed, the contraction of
USC-SkMCs-ATM-KO started around 20 h after the seeding, about
4 h earlier than USCs-Ctr. Treatment with acetylcholine induced a
faster but less pronounced contraction in cells lacking ATM
protein (Fig. 8A, B).

DISCUSSION
This work was designed to assess i) whether a valid A-T model,
useful for drug development and repurposing, can be generated
from human USCs, and ii) whether differentiated USC-SkMCs-ATM-
KO retained A-T phenotype and may be useful for investigating
mechanisms associated with muscle dysfunction in A-T.
Our data suggest that ATM deficiency in USCs did not affect

pluripotency and stem cell markers expression. The resulting

cellular model effectively recapitulates cellular dysfunctions
caused by ATM deficiency in both DNA damage-dependent and
ROS-dependent activation, confirming the canonical role of ATM
in regulating DNA repair, cell cycle arrest and, in case, autophagy
[1]. This is in line with a previous report on iPSCs derived from A-T
patients [30]. Specifically, we observed a block of USCs-ATM-KO in
G2/S cell cycle phase and apoptosis resistance, which is consistent
with reported defective checkpoint activation in A-T iPSCs [30]
and in mouse/human embryonic stem cells silenced or inhibited
for ATM [31]. One of the most important characteristics of cells
derived from A-T patients or different A-T in vitro and mouse
models [8, 14, 32–34] is mitochondria instability with higher ROS
levels compared to the control. Our USCs-ATM-KO model also
showed higher oxidative stress in the mitochondria, confirming
mitochondrial dysfunction. Mitochondrial functions strongly rely
on calcium signalling. Indeed, mitochondrial calcium levels
regulate the activity of both KREB cycle and ATP synthase, as
well as the opening of the permeability transition pore and the
consequent activation of the apoptotic pathway [35]. In turn,
mitochondrial calcium is directly dependent on cytosolic calcium
signalling. Therefore, a comprehensive analysis of intracellular
calcium signalling in ATM-deficient USCs was essential. We
demonstrated that ATM-KO induced a significant increase in
cytosolic calcium upon purinergic stimulation, due to increased ER
calcium levels and release. Surprisingly, the increase in cytosolic
calcium was not followed by an increase in mitochondrial calcium.
On the contrary, we found a remarkable reduction in mitochon-
drial Ca2+ uptake. These results may be explained by the reduced
expression in ATM-KO cells of MCU (decreased by ≈40% at the
protein level), the rate limiting Ca2+ transporter, driving the
uptake of ions into the mitochondrial matrix.
The obtained skeletal muscle cells starting from USCs-ATM-KO

demonstrate that the absence of ATM slows down the differentia-
tion process, since we observed a higher level of expression of the
early stage myogenesis transcription factors (Mef2C, Myf5 and,
slightly, myogenin) that have to be switched off in mature
myocytes. Moreover, the increased dystrophin expression could
be interpreted as a compensatory mechanism in response to the
calcium deregulation, to the increased oxidative state and to the
damages accumulation that reflects the muscle abnormalities
observed by Tassinari et al. in an ATM null mouse model [36]. The
calcium signalling alterations retained by the USC-SkMCs-ATM-KO
are responsible for the direct effect on the intrinsic properties of
skeletal muscle cells, such as the dramatically increased contrac-
tility. In most patients, limb tremors and incoordination may
appear at around 9-10 years of age and progressively worsen
together with choreoathetosis leading to muscle weakness and
ataxia. Other muscle-associated features have been described in a
murine model of A-T and include muscle wasting and atrophy, an
altered sarcomere organization, aberrant mitochondrial number
and morphology, accompanied by increased ROS production [36].
TEM analysis of myofibers has also revealed ultrastructural defects
in both the contractile machinery and organelles involved in
producing cellular energy, suggesting an increased oxidative
stress response [36]. Canonically, the muscular phenotype of A-T

Fig. 4 USCs-ATM-KO display deregulated calcium homoeostasis. A ATP-induced (100 μM) cytosolic Ca2+-release in USCs-Ctr and USCs-ATM-
KO. Data are illustrated as representative traces as well as histograms (inset) of mean ± SEM of maximum peaks (ΔR/R0 Fura2) of 151 Ctr and
118 ATM-KO cells from 3 independent experiments. B ATP-induced (100 μM) mitochondrial Ca2+-signalling in USCs-Ctr and USCs-ATM-KO.
Data are illustrated as representative traces as well as histograms (inset) of mean ± SEM of maximum peaks of maximum peaks (ΔR/R0 mt-fura-
2.3) of 118 Ctr and 115 ATM-KO cells from 3 independent experiments. C Representative traces of Ca2+-release induced by TBHQ (50 μM) and
subsequent SOCE. Histograms of mean ± SEM of maximum peaks following TBHQ stimulus and Ca2+ (2 mM) addition (ΔR/R0 Fura2) of 92 cells
from 3 independent experiments. D Representative traces and histograms of mean ± SEM of maximum peaks of calcium analysis (basal
calcium and ER calcium release) of cells (n= 40 cells) transfected with GAP3-ER Calcium indicator. E Representative Western blot and
densitometric analysis of IP3R, GRP75, VDAC1-3 and MCU expression in USCs-Ctr and USCs-ATM-KO. Data are mean ± SEM (n= 4 independent
experiments) of the % of the Ctr. **p < 0.01 USCs-ATM-KO vs USCs-Ctr; ***p < 0.001 USCs-ATM-KO vs USCs-Ctr; ****p < 0.0001 USCs-ATM-KO vs
USCs-Ctr.
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has been interpreted as secondary to innervation dysfunctions
[16–19]. In this scenario, an increasing number of reports suggest
that ATM deficiency may lead to intrinsic muscle alterations, which
may account, at least in part, for A-T-related symptoms. For
example, it has been suggested that ATM is indispensable for
skeletal muscle protein synthesis through the PI3K/Akt pathway

[37, 38]. In line with this hypothesis, herein we demonstrated that
ATM loss leads to muscle intrinsic alterations, higher contractile
activity, compatible with enhanced cytosolic Ca2+ signals in USC-
SkMCs-ATM-KO.
USCs are adult renal stem cells that exhibit stemness properties,

multi-differentiation potential and self-renewal capability of
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mesenchymal stem cells [39, 40]. Moreover, they represent a non-
invasive, cost-effective and easy-to-manage source of stem cells
[20, 41, 42], which is particularly relevant for paediatric A-T
patients. USCs can be easily and repeatedly isolated from urine
samples, and obtained from donors regardless of age, sex, and
health status and without any ethical concerns [42]. They can be
cultured to high passages and cryopreserved without loss of
viability, proliferation and differentiation potential [40]. They show
high degree of stemness, being able to differentiate into several
cell types beyond the urinary system including neurons [43, 44]
and skeletal muscle cells [23, 45]. Indeed, since their discovery,
USCs have been used to model several genetic diseases
[41, 46, 47] both as stem cells [48, 49] and after direct
reprogramming into differentiated cells [50, 51]. Zhang and
colleagues demonstrated that USCs isolated from spinal muscular
atrophy (SMA) patients efficiently recapitulate survival moto-
neuron (SMN) defects and are useful for screening potential
compounds for SMA treatment without being terminally differ-
entiated [52], saving time and resources. More recently, RNA-Seq
analysis has been performed both on freshly isolated USCs and
MyoD-reprogrammed USCs derived from patients affected by
several groups of neuromuscular disorders [53], demonstrating
that the genetic signature of the disease is present in the USCs
and that, importantly, is maintained after USCs differentiation into
skeletal muscle cells [53]. In this work we focused on the
development of a novel human cellular A-T model platform for
basic research and drug development. Finally, we did not use
either cells from mouse A-T models or a material from A-T
patients, which might be considered as a limitation of this work.
In conclusion, our results suggest that (i) USCs-KO for ATM

faithfully recapitulate the key A-T phenotype and, therefore,
represent a valuable model for drug development and repurpos-
ing in A-T; (ii) SkMCs differentiated from USCs-ATM-KO retain both
the muscle phenotype and A-T-specific alterations, suggesting
that USC-SkMCs-ATM-KO can be used to study mechanisms of A-T
pathogenesis; (iii) muscle-intrinsic alterations of Ca2+ handling
and contractility may account, at least in part, for muscle related
A-T symptoms.

MATERIALS/SUBJECT AND METHODS
Urine-derived stem cells (USCs) isolation and culture
The collection of human urine from healthy volunteers was
approved by the local Ethics Committee (Comitato Etico
Interaziendale Maggiore della Carità, Novara; authorization CE
190/20), all donors have signed the informed consent, and the
work was carried out in accordance with the Declaration of
Helsinki. USCs were isolated from urine samples (30–300 ml)
collected from 5 healthy individuals (age from 32 to 59 years old).
The samples were preserved with 10% primary medium (DMEM/
F12, Sigma Aldrich, Cat. #D8062; 10% FBS, Euroclone, Cat.
#ECS5000L; 1% penicillin-streptomycin, Euroclone, Cat.
#ECB3001; 2.5 μg/ml amphotericin B, GIBCO, Cat. #15290018;
Renal Epithelial Growth Medium SingleQuot supplement, LGC
Standard, Cat. # ATCC-PCS-400-040) for 1 h at 4 °C before the
isolation. USCs were isolated and differentiated as previously

described [23]. Briefly, urine samples were centrifuged (10 min,
400 g) and the pellet was washed twice in wash buffer. The
obtained cells were plated in a 0.1% gelatin-coated coated-24-well
plate in 500 µl of primary medium. 24, 48, and 72 h later 500 µl of
primary medium were added. Then, 1.5 ml of medium was
removed and 500 µl of proliferation medium was added. Half of
the medium was changed daily.

USCs-ATM-KO generation
To generate the ATM-KO, CRISPR/Cas9 constructs was used (sc-
400192, Santa Cruz Biotechnology, Inc.). The commercial CRISPR/
Cas9 constructs kit allows the identification and cleavage of the
ATM gene, warranting maximum knockout efficiency, moreover
this kit ensures the identification of plasmid-receiving cells with a
transient expression of GFP, that could be used for the selection of
the KO population. 100.000 USCs have been plated in P35 dish.
24 h later, cells at 70% of confluence, were transfected with
transfection mix (Lipofectamine Stem Reagent, Invitrogen, Cat.
#STEM00003)+ DNA in a 1:3 ratio. 24 h post transfection GFP
positive cells were sorted (S3e Cell Sorter, Bio-Rad, Segrate,
Milano), and plated (1.500 USCs for each well of a 96 MW plate).
48 h later, confluent wells have been expanded, and after 2
passages, have been used for experiments. GFP negative cells
were also collected and plated too and used as control (Ctr) for all
the experiments.

USCs differentiation to skeletal muscle cells (USC-SkMCs)
USCs were differentiated into skeletal muscle cells (USC-SkMCs) as
previously reported [23]. Sub-confluent USCs, both control and
ATM-KO, were transduced with a second-generation lentiviral
vector carrying an inducible MyoD insert (LV-TRE-VP64 human
MyoD-T2A-dsRedExpress2), that was a gift from Charles Gersbach
(Addgene plasmid # 60629; http://n2t.net/addgene:60629; RRID:
Addgene_60629) [54], plated on mouse collagen I-coated plates in
differentiation medium and cultured for 28 days. Medium was
changed daily. 96 h before experiments, the medium was changed
with a differentiation medium without horse serum and contain-
ing 5% FBS (GIBCO, Cat. #26050088).

Western Blot
USCs and USC-SkMCs cells were lysed with 100 µL of lysis buffer
(50 mM Tris-HCl pH 7.4, sodium dodecyl sulphate (Sigma-Aldrich,
Cat. #11667289001), 0.5%, 5 mM EDTA (Sigma-Aldrich, Cat.
#E9884), 10 µL of protease inhibitors cocktail (PIC, Millipore, Cat.
539133) and collected in a 1.5 ml tube. Lysates were boiled at
96 °C for 5 min and then quantified with QuantiPro BCA Assay Kit
(Sigma, Cat. SLBF3463). 40 µg of proteins were mixed with the
right amount of Laemmli Sample Buffer (Bio-Rad, Cat. #1610747)
and boiled. Then, samples were loaded on a 6–12%
polyacrylamide-sodium dodecyl sulphate gel (according to the
molecular weight of the protein of interest) for SDS-PAGE. Proteins
were transferred onto nitrocellulose membrane, using Mini
Transfer Packs or Midi Transfer Packs, with Trans-Blot® Turbo TM

(Bio-Rad, Cat. #1704150) according to manufacturer’s instructions
(Bio-Rad). The membranes were blocked in 5% skim milk (Sigma,
Cat. 70166) for 45min at room temperature (RT). Subsequently,

Fig. 5 USC-SkMCs-ATM-KO characterization. A Representative confocal images of ATM expression in USC-SkMCs-Ctr and ATM-KO
(Magnification 63X; scale bar= 25 µm; Green: ATM; Red: Phalloidin; Blue: DAPI) and relative fluorescence quantification. Data are expressed as
% of integrated density/cell area and are the mean ± SEM of 38 Ctr and 35 ATM-KO cells from 3 independent experiments. ****p < 0.0001
USCs-ATM-KO vs USCs-Ctr. B Representative phase-contrast images of USCs-Ctr and USCs-ATM-KO at different stages of differentiation
towards SkMCs (d2, d14 and d28; magnification 200x). C qPCR analysis of skeletal muscle cell markers (myogenin, dystrophin, creatine kinase-
CK, Mef2C, desmin, MyoD, Myf5). Data are mean ± SEM of at 15 independent experiments. *p < 0.05 and **p < 0.01 USC-SkMCs-ATM-KO vs Ctr
(D) Representative confocal images of MyHC expression in USC-SkMCs-Ctr and ATM-KO (Magnification 40X; Red: MyHC; Blue: DAPI) and
relative fluorescence quantification. Data are expressed as % of integrated density/cell area and are the mean ± SEM of 97 Ctr and 71 ATM-KO
cells from 3 independent experiments.
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membranes were incubated with indicated primary antibody,
overnight at 4 °C. Primary antibodies used are listed in Supple-
mentary Table 1, anti- β-Actin was used to normalize protein
loading. Goat anti-mouse IgG (H+ L) horseradish peroxidase-
conjugated secondary antibody (Bio-Rad, 1:5000; Cat. 170-6516)
and Goat anti-rabbit IgG (H+ L) horseradish peroxidase-
conjugated secondary antibody (Bio-Rad, 1:5000; Cat. 170-6515)
were used as secondary antibodies. Detection was carried out with
SuperSignalTM West Pico/femto PLUS Chemiluminescent Substrate
(Thermo Scientific Cat. #34580), based on the chemiluminescence

of luminol and developed using ChemiDocTM Imaging System
(Bio-Rad Cat. #12003153). Full-length uncropped original western
blots used in the manuscript are provided as a single Original
Data file.

Immunofluorescence (IF)
USCs and USC-SkMCs cells were grown onto 13mm glass
coverslips for 48 h. Immunofluorescence was done as follows.
Cells were fixed in 4% paraformaldehyde (Sigma Aldrich, Cat. #
P6148) and 4% sucrose (Sigma Aldrich, Cat. #S0389),

Fig. 6 USC-SkMCs-ATM-KO calcium homoeostasis. A ATP-induced (100 μM) cytosolic Ca2+-release in USC-SkMCs-Ctr and ATM-KO. Data are
illustrated as representative traces as well as histograms of mean ± SEM of maximum peaks (ΔR/R0 Fura2) of 180 Ctr and 119 ATM-KO cells
from 3 independent experiments. B ATP-induced (100 μM) mitochondrial Ca2+-signalling in USC-SkMCs-Ctr and ATM-KO. Data are illustrated
as representative traces as well as histograms of mean ± SEM of maximum peaks (ΔR/R0 mt-fura-2.3) of 97 Ctr and 111 ATM-KO cells from 3
independent experiments. C Representative traces Ca2+-release induced by TBHQ (50 μM) and subsequent SOCE. Histograms of mean ± SEM
of maximum peaks following TBHQ stimulus and Ca2+ (2 mM) addition (ΔR/R0 Fura2) of 112 cells from 3 independent experiments.
****p < 0.0001 vs Ctr.
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permeabilized (7 min in 0.1% Triton X-100 in phosphate-buffered
saline (PBS), blocked in 0.1% gelatin, and immunoprobed with an
appropriate primary antibody (Supplementary Table 1) overnight
at 4 °C. After 3 times washing in PBS, Alexa-conjugated secondary
antibodies (1:500) was applied for 1 h at RT. Secondary antibodies
were Alexa Fluor 488 anti-mouse IgG (ThermoFisher, Cat. #A-
11001), Alexa Fluor 488 anti-rabbit IgG (ThermoFisher, Cat. #A-
11034), and Alexa Fluor 546 donkey anti-goat IgG (ThermoFisher,
Cat. #A-11056). For Phalloidin staining, Phalloidin (Invitrogen,
A30106) was incubated (1:400) together with a secondary
antibody. After 3 times washing in PBS, nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich
Cat. #D8417).

Quantitative fluorescence image analysis
Images were acquired using a Leica SP8 LIGHTNING Confocal
Microscope imaging system and a Leica TCS SP8 DIVE Multiphoton
Microscope. Images were acquired under nonsaturating condi-
tions and analysed with Fiji ImageJ 1.52p software. Data are
expressed as fold change relative to control.

RNA isolation and qPCR
Total RNA was isolated by Trizol (ThermoFisher Cat. #15596026)
from USCs and SkMCs. The amount and purity of total RNA were
quantified at the spectrophotometer (Nanodrop, Thermo Fisher)
by measuring the optical density at 260 and 280 nm. 1 μg of total
RNA was reverse-transcribed using a high-capacity SensiFAST™
cDNA Synthesis Kit (Bioline Cat. # BIO-65054) according to the
manufacturer’s instructions. For quantitative polymerase chain
reaction (qPCR) SensiFAST SYBR No-ROX kit (Bioline, Cat. #BIO-
98020) and specific primers (Supplementary Table 2) were used.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the
endogenous control.

Single cell gel electrophoresis (comet assay)
For single-cell DNA damage analysis, we performed a comet assay
as previously described [55]. Briefly, cells were cultured in a 24-
wells plate, irradiated with UVB (40 mJ/cm2) for 35 s, and then, cells
were left to recover for 6 h. Cells were mechanically detached,
centrifuged, resuspended in 1mL of cold PBS, and incubated on
ice. Then, 250 μl cell suspension was mixed with 1ml of melted
low-melting agarose (Fisher Molecular Biology, Cat. #10377033)
and transferred on agarose-coated microscope slides, incubated in
lysis buffer overnight at 4 °C and then with the electrophoresis
buffer for 30min at 4 °C. Electrophoresis was performed using
Comet Assay Tank (Cleaver Scientific, Rugby, UK) filled with 1 L of
electrophoresis buffer and run for 30min at 21 V and 400mA.
Samples were washed with dH2O for 5min and stained with
propidium iodide (PI) 10 μg/mL (Immunological Sciences, Cat. #IS-
7715) for 20min at RT in the dark. After the last wash with dH2O for
5min, pictures were taken using a fluorescence microscope
(DS5500B, Leica, Wetzlar, Germany), and quantification of the tail
DNA percentage was performed using the automated CometScore
2.0 software (TrikTek, Berlin, Germany).

Flow cytometry analysis
For surface markers analysis, cells were detached, centrifuged
(900 g, 5 min) and incubated 1 h at 4 °C with CD146 Monoclonal
Antibody (P1H12; PE; eBioscience™ Cat. #12-1469-42) and CD90
Monoclonal Antibody (5E10; FITC; eBioscience™ Cat. #11-0909-42).
For the intracellular staining, USCs were fixed with PAF 4% 15min
at RT and permeabilized with PBS 1 × 0.3% Triton X-100 0.5% BSA,

Fig. 7 Calcium players expression in USC-SkMCs-ATM-KO. Representative Western blots and densitometric analysis of A) PMCA, STIM1,
Orai1 and B) GPR75, MCU, VDAC1-3 expression in skeletal muscle cells derived from both USCs-Ctr (SkMCs-Ctr) and ATM-KO (SkMCs-ATM-KO).
Data are mean ± SEM (n= 4 independent experiments) of the % of the Ctr. *p < 0.05 and **p < 0.01 vs Ctr.
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at RT for 1 h. Antibody staining was performed in PBS 1x with the
following antibodies: OCT3/4 Monoclonal Antibody (EM92; Alexa
Fluor™ 488, eBioscience™ Cat. # 53-5841-82) and SOX2 Monoclonal
Antibody (Btjce; Alexa Fluor™ 488, eBioscience™ Cat. # 53-9811-82).
Cell cycle analysis was performed by flow cytometry. 150.000

USCs were fixed in 70% ethanol for 1 h at −20 °C. Then, cells
were washed with PBS, resuspended in 200 μl propidium iodide
buffer (3.4 mM trisodium citrate, 9.65 mM sodium chloride, and
0.003% tergitol), 25 μl RNasi A (10 ng/ml; Fisher Molecular
Biology, Cat. #FS-RT-6600), and 10 μl propidium iodide (1 mg/
ml) and incubated 15 min at 37 °C protected from light.
For annexinV/Propidium iodide (PI) staining cells were incu-

bated with Annexin V Recombinant Protein 1x (FITC; eBioscience™,

Cat. # BMS306FI-100) and PI 1 mg/ml in Annexin V binding buffer
(PBS 1x, Hepes 10 mM, NaCl 150 mm, CaCl2 2.5 mM) 15min at RT
in the dark. Fluorescence was quantified using Attune NxT (Life
Technologies) flow cytometry.

Ca2+ imaging
USCs and USC-SkMCs, grown onto 24mm round coverslips (3 × 104

cell/coverslip), were loaded with 2.5 μM Fura-2/AM (Cat. No. F1201,
Life Technologies) in the presence of 0.005% pluronic F-127 (Cat. No.
P6867, Life Technologies) and 10 μM sulfinpyrazone (Cat. S9509,
Sigma Aldrich) in KRB solution (125mM NaCl, 5mM KCl, 1mM
Na3PO4, 1mM MgSO4, 5.5mM glucose, 20mM HEPES, pH 7.4)
supplemented with 2mM CaCl2. After loading (30min in the dark),

Fig. 8 Collagen contraction assay. USC-SkMCs were plated on collagen discs and treated with acetylcholine (100) μM. A The collagen area was
measured at the indicated time points. Data are mean ± SEM of collagen area (cm2) at several time points (n= 3) *p< 0.05, **p< 0.01, ****p < 0.0001
USC-SkMCs-ATM-KO vs Ctr; °°p< 0.01, °°°°p < 0.0001 USC-SkMCs-ATM-KO + Ach vs Ctr + Ach. B Representative phase-contrast images of collagen
discs at progressive time points. The arrow (pink for control and blue for the ATM-KO) indicates the reduction of the collagen area.
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cells were washed once with KRB solution and allowed to de-esterify
for 30min. After this, the coverslips were mounted in an acquisition
chamber and placed on the stage of a Leica DM6000B epifluores-
cence microscope equipped with a S Fluor 40 × /1.3 objective. Cells
were alternatively excited at 340/380 nm by the monochromator
Polichrome V (Till Photonics, Munich, Germany), and the fluorescent
signal was collected by a Hamamatsu cooled CCD camera through a
bandpass 510/20 nm filter. The fluorescent signals were captured by
MetaFluor software (Molecular Devices, Sunnyvale, CA, USA). The
cells were stimulated with 200 μM ATP (Sigma Aldrich, Cat. #A6419)
to detect cytosolic Ca2+ dynamics. Separate experiments were
performed to measure SOCE (store-operated calcium entry).
Changes in cytosolic Ca2+ were monitored upon depletion of the
intracellular Ca2+ stores. Experiments were carried out during the
exposure of the cells to the Ca2+-free solution. In the absence of
Ca2+, the intracellular Ca2+ stores were depleted by tert-
Butylhydroquinone (TBHQ, 50 µM; Sigma-Aldrich Cat. #11294)
treatment. Re-addition of 2mM Ca2+ allowed assessment of the
SOCE. Baseline values are expressed as mean ± SEM of 340/380 Fura-
2 ratio values (referred to as “Fura ratio”). For comparison of Ca2+

dynamics, measured as an amplitude of Ca2+ increase from the
baseline level, Fura-2 ratio values were normalized using the formula
(Fi-F0)/F0 (referred to as “Normalized (Norm.) Fura Ratio”). For
mitochondrial calcium dynamics assessment, mt-fura-2.3, a modified
version of mt-fura-2, was used [26], and the same protocol described
for Fura 2AM was followed.

Endoplasmic reticulum Ca2+ imaging
ER Ca2+ dynamics were monitored with ER-GAP3 (AddGene, Cat.
#78118), a genetically encoded Ca2+ sensor, targeted to the ER
lumen (referred to as GAP3) [56]. 48 h post-transfection, expression
of GAP3 was checked, and ER calcium dynamics were monitored.
Coverslips were mounted in a chamber in KRB solution and placed
on the stage of the microscope. Cells were alternately excited at
405 and 470 nm, and the fluorescent signal was acquired using a
510/20 nm bandpass filter. After recording basal signal for 20 s, KRB
solution was removed and replaced with a Ca2+-free solution
(KRB+ 500 µM EGTA). After allowing the signal to stabilize for an
additional 20 s, cells were stimulated with 100 µM ATP and 100 µM
TBHQ, and the response was recorded for 200 s.

Mitochondrial superoxide determination
For mitochondrial superoxide evaluation, cells were grown onto
13mm glass coverslips for 48 h. Cells were washed 3 times with
HBSS and incubated with 2 µM MitoSoxTM Red (Cat. No. M36008,
Thermo Fisher Scientific) in complete media at 37 °C in the dark
for 15 min. Then, cells were fixed in 4% paraformaldehyde and 4%
sucrose and mounted for acquisition at confocal microscope with
40X magnification (Leica TCS SP8 LIGHTNING confocal laser
scanning microscope).

Contraction assay
USC-SkMCs-Ctr and USC-SkMCs-ATM-KO (400.000 cells/mL) were
embedded in collagen gel (home-made from mouse tail, final
concentration of 8 mg/mL) seeded in triplicate for each condition
in 24-well plate and 96-well plate. After solidification, the gels
were incubated in DMEM (Euroclone, Cat. #ECM0728L) with 5%
FBS with or without acetylcholine (Sigma Aldrich, Cat. #A6625
(100 μM). Cells were left to grow, and the area of the collagen disk
was measured from 1 h to 72 h after cells reached the confluence.
Images of cells in the 96 well-plate were acquired using the
Incucyte® Live-Cell Analysis System (Sartorius) and analysed by
ImageJ software.

Statistical analysis
Statistical analysis was performed with GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA). A two-tailed unpaired
Student’s t-test was used to compare the two samples. To

compare three or more samples, one-way ANOVA was used,
unless otherwise specified. The data are expressed as the
mean ± SEM of ‘n’ independent experiments performed in
triplicate, as detailed in the figure legends, and were considered
significant at p < 0.05.

DATA AVAILABILITY
The data supporting the findings of this study are available from the corresponding
author upon reasonable request.
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