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Ataxia telangiectasia (AT) is a rare multisystem disorder caused by the loss of functional ATM protein, leading to immunodeficiency,
cancer predisposition, neurodegeneration, diabetes, heart failure, and premature aging. Although ATM’s role as a sensor of DNA
double-strand breaks (DSBs) is well established, the mechanisms underlying the diverse AT phenotypes remain incompletely
understood, with evidence suggesting they extend beyond DSB sensing. Here, we uncover widespread glycogen accumulation as a
key feature of AT cells and tissues, driven by dysregulated glucose metabolism and impaired mitochondrial respiration assessed
with a multidimensional approach including metabolomics, flux analysis, histopathology, bioenergetic measurements, and electron
tomography. These metabolic defects contribute to reduced cellular viability and premature senescence observed in AT patient-
derived cells. Strikingly, inactivation of FNIP2, which controls mitochondrial respiration, partially rescues these defects in AT cellular
models. We show that FNIP2 interacts with the SERCA2b calcium channel, and its inactivation enhances cytoplasmic calcium
availability, stimulating mitochondrial respiration and increasing glucose consumption. This metabolic reprogramming prevents
glycogen accumulation and improves survival in AT primary cells. Our findings provide novel insights into AT pathophysiology and
indicate the FNIP2-SERCA2b axis as a novel potential target for mitigating the systemic effects of AT and improving outcomes in
this complex disease.
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INTRODUCTION
Ataxia Telangiectasia (AT) is a multifaceted autosomal recessive
disorder. Affected individuals suffer from neurological deficits,
predominantly due to cerebellar atrophy, and exhibit a range of
systemic symptoms including ocular telangiectasia, immunodefi-
ciency, premature senescence, heightened sensitivity to ionizing
radiation, and a predisposition to cancer, diabetes, and cardio-
vascular disease [1–3]. ATM, the gene mutated in AT, encodes for a
protein kinase that responds to DNA double-strand breaks and
oxidative stress by orchestrating a phosphorylation cascade
critical for cellular homeostasis [4, 5]. Disruption of ATM function
has been implicated in metabolic syndromes in mammalian
models, hallmarked by insulin resistance and cardiovascular risk
factors [3, 6].
Our investigations have further elucidated the role of ATM in

metabolic regulation, specifically highlighting its influence on the
pentose phosphate pathway (PPP) [7]. This alternative glucose
metabolism route is essential for the generation of nucleotide
precursors and the antioxidant cofactor NADPH [8]. We have
previously demonstrated ATM’s upregulation of PPP through the
activation of glucose-6-phosphate dehydrogenase (G6PD), the
pathway’s rate-limiting enzyme [7]. This regulatory mechanism

may enhance DNA repair capabilities and promote cellular survival
by ensuring a steady supply of nucleotide precursors and
antioxidants [7, 9].
A role for ATM in sensing and responding to oxidative stress has

now been widely demonstrated [4, 5, 9–11]. Emerging evidence
underscores the significance of ATM in maintaining metabolic
equilibrium and redox status independent of DNA damage
response. Cells from AT individuals exhibit suboptimal growth
and accelerated senescence, potentially as a result of metabolic
dysregulation and unchecked oxidative stress [1, 12, 13]. However,
the interplay between impaired metabolism and the broader
implications for AT pathophysiology remains to be fully
understood.
In this study, we have conducted comprehensive metabolomic,

flux analysis, mitochondrial profiling, and histopathological
examinations of cells and tissue samples from several AT patients.
Our findings reveal, in addition to oxidative stress, pronounced
glycogen accumulation in AT cells and tissues, including brain and
heart, linked to glucose homeostasis and mitochondrial respira-
tion impairments.
To discern the impact of aberrant glucose metabolism on AT

phenotypes, we explored interventions aimed at normalizing
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glucose utilization. Remarkably, inhibiting FNIP2, a lesser-studied
paralog of FNIP1, which regulates mitochondrial respiration under
reductive stress [14], ameliorated glycolytic and respiratory
deficiencies, rescuing AT cell viability. Surprisingly, the effects of
FNIP2 inactivation are independent of its direct role in cellular
metabolism and rely on loss of FNIP2-dependent stimulatory
activity on SERCA2b calcium channel, which in turn leads to
increased cytoplasmic calcium levels that are able to partially
restore normal mitochondrial respiration. These results suggest
that FNIP2 contributes to restraining mitochondrial activity under
stress conditions in our cell models, possibly to avoid further
chronic cellular damage mediated by oxidative stress.
Our insights offer fresh perspectives on AT pathology, with

potential implications for diagnostic and therapeutic strategies.

RESULTS
Metabolic and oxidative stress response profiling reveals
profound disruptions in primary AT cells
We conducted an extensive untargeted metabolomic analysis,
comparing primary fibroblasts from AT patients with those from
unaffected controls, to identify metabolic irregularities in AT cells.
Two experimental sets were processed at different times. Set 1
included independent AT patients and healthy control primary
fibroblasts together with primary fibroblasts from favism patients
with defective G6PD (Fig. 1A, Set 1; Table S1). Set 2, instead,
included fibroblasts treated with chronic H2O2 to simulate
oxidative stress in addition to AT patients and healthy control
primary fibroblasts (Fig. 1A, Set 2; Table S2). Standard extraction
protocols were employed to isolate water-soluble and non-soluble
metabolites, which were then analyzed via LC and GC-MS against
standard metabolites [15]. This approach resulted in the robust
detection of 120 metabolites across both sample sets (Dataset S1).
Principal component analysis (PCA), incorporating the 120

consistently detectable metabolites, revealed distinct separation
between control and AT fibroblasts, indicating reproducible AT-
specific metabolic alterations (Fig. 1B). Statistical analysis using the
R package ‘limma’ identified significant metabolic changes (false
discovery rate = 0.05), delineating an AT metabolite signature
comprising 32 up-regulated and 25 downregulated metabolites
(Fig. 1C and Dataset S2).
We observed markers of oxidative stress and reduced NAD+

levels in AT cell pools. Oxidative stress was evidenced by depleted
glutathione and its precursors, and an accumulation of oxidative
by-products such as 5-oxoproline [16] (Fig. 1C). Moreover, an
aberrant increase in polysaccharide degradation products, includ-
ing maltotetraose, suggested compromised glucose metabolism
(Fig. 1C). We also detected heightened levels of protein and
nucleic acid degradation products, indicative of widespread
metabolic dysregulation (Fig. 1C).
Further PCA of metabolome datasets from healthy control and

AT fibroblast pools, with and without H2O2 treatment, exhibited
similar metabolic perturbations, with H2O2-induced changes
aligning closely with those due to ATM deficiency (Fig. S1A–D).
Notably, H2O2 effects were more pronounced in control cells,
suggesting a saturation effect in AT cells (Figs. S1A–D and S2A–D).
Given the striking effect of oxidative stress on the AT metabolome,
we measured protein thiol disulfides vs. reduced thiols as a
measure of protein oxidation [17] and found a significantly
reduced ratio in AT cell pools (Fig. S2E), confirming that oxidative
stress in AT was indeed high enough to exhaust the endogenous
defense system and increase protein oxidation. This led us to
hypothesize that oxidative stress plays a central role in metabolic
alterations in AT cells.
A major source of NADPH, a powerful antioxidant molecule

used by cells to counteract oxidative damage and for lipid
synthesis, is the PPP, which is also the major cellular producer of
ribose-5-phosphate required for nucleic acid synthesis [8]. We

have previously shown that ATM stimulates G6PD, the limiting
enzyme of the PPP [7]. As defective G6PD may account for the
oxidative stress-induced metabolome alterations, we verified
metabolite similarities and differences between AT and G6PD-
defective cells derived from patients affected by favism, in which
G6PD is defective due to partially inactivating mutations in the
G6PD gene [18]. We therefore aligned the AT metabolome with
the metabolite profiles of G6PD mutant primary fibroblast cells,
normalized with control cells. However, G6PD deficiency alone did
not mirror the AT metabolome profile (Figs. S1D and S2C, D),
indicating the presence of additional defects underlying AT
physiopathology.
Notably, while ATM deficiency and oxidative stress depleted

intracellular NAD+, which has been mechanistically linked to PARP
activation, oxidative stress but not AT deficiency increased the
level of the NAD+ salvage intermediate nicotinamide riboside.
Simultaneously, levels of 1-methyl nicotinamide were reduced,
supporting the channeling of nicotinamide mononucleotide
towards NAD+ biosynthesis rather than methylation to form
1-methyl nicotinamide (Figs. S1D and S2D). Hence, our data show
that the oxidative stress phenotype in AT cells is not accompanied
by the expected induction of NAD+ salvage, which could impede
the cells from efficiently counteracting oxidative stress.
Mitochondrial dysfunction is an important internal source of

oxidative stress as it leads to significant free radicals’ accumula-
tion. In previous studies, oxygen consumption rate was found to
be defective in AT compared to CTRL cells [19–21]. To confirm this
behavior we measured mitochondrial respiration activity by
monitoring O2 consumption in GM02530 (AT) and AG02603
(CTRL) primary fibroblasts, the cells that were used for the
experiments shown throughout the paper unless otherwise
specified, exploiting the Seahorse platform [22]. Consistent with
previous studies, O2 consumption rate was found to be defective
in AT compared to CTRL cells [19–21]. Standard measurements
[23] revealed that basal, ATP-linked (oligomycin), maximal (FCCP),
and non-mitochondrial respiration (rotenone/antimycin A) were
all reduced in AT cells (Fig. S3A). Consistent with previous reports
[20, 21], the mitochondrial-to-nuclear DNA ratio (mtDNA/nDNA)
measured by an established assay [24] based on qPCR of
mitochondrial NADH dehydrogenase (MT-ND1) and β2-microglo-
bulin (B2M) genes, was slightly increased in AT cells, indicative of
an expanded, non-functional mitochondrial mass, likely reflecting
a compensatory response to ineffective respiration (Fig. S3B). All
functional assays were performed 24-36 h after plating low-
passage cultures at low density to avoid artefacts from long-term
culture. Under these conditions, a luciferase-based viability and
proliferation assay showed no difference in growth or survival
between AT and control cells at the time points chosen for the
analysis (Fig. S3C). Overall, these experiments confirm that
increased oxidation levels in the primary AT fibroblast cells are
contributed by defective mitochondrial respiration, which mini-
mally affects cell proliferation and survival at early passage and
culture stage.

13C6-Glucose time-course tracing analysis highlights glycolysis
and TCA impairments in AT cells
To gain further insight into the metabolic defects of AT cells, we
performed a time-course tracing experiment, which provides a
dynamic picture of defined metabolic pathways [25, 26]. As the AT
metabolic signature identified by the steady-state metabolomic
analysis indicated issues with glucose utilization, we monitored
the glycolysis and tricarboxylic acids (TCA) cycle activities by
uniformly supplementing 13C6-labelled glucose (U-13C6-glucose) to
low passage live and proliferating primary CTRL and AT fibroblast
cells in culture and quantified the percentage of labeled sugar
metabolism intermediates at steady-state level (Fig. 2) [27]. The
data showed that several metabolites achieved the isotopic steady
state, except for those that are changing between CTRL and AT
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condition (Fig. 2). Strikingly, the analysis revealed AT cells showed
reduced levels of M6 fructose-1,6-bisphosphate (Fru-1,6-BP), M3
lactate, M2 citrate, M2 alpha-ketoglutarate and M2 malate after
24 h labeling, all of which are derived by a single round of
glycolysis and TCA cycle [27]. Also, the levels of M4 citrate, M4
alpha-ketoglutarate (four glucose-derived carbons), and M3

fumarate (three glucose-derived carbons), a hallmark of multiple
rounds of glycolysis coupled to the TCA cycle [27], were decreased
in AT cells, indicating that the flux of glucose-derived carbons is
impaired in these cells compared to wild type. These results
indicate profound defects in glucose usage through glycolysis and
TCA in AT cells.
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Intriguingly, by monitoring the incorporation of 13C-glucose in
polysaccharides such as maltotetraose, we detected a statistically
significant decreased of labeled-maltotetraose accumulation in AT
cells already after 4 h labelling (Fig. 2). The same effect was also
observed after 24 h labeling (Fig. 2). The decreased accumulation
of labeled maltotetraose in AT cells, revealed by our time-course
tracing analysis, was consistent with the elevated levels of
released maltotetraose and other oligosaccharides detected in
the metabolite profiles of these cells (Figs. 1C and S1D). This
impairment in glucose processing may force AT cells to rely more
heavily on alternative carbon sources, as evidenced by the
increased breakdown products of amino acids and nucleotides
(Fig. S1D). This shift in metabolic strategy may represent an
adaptation mechanism in AT cells to cope with their glycolytic and
TCA cycle deficiencies.

AT cells and tissues accumulate glycogen
The altered production or turnover of maltotetraose, a byproduct
in glycogen metabolism, could indicate an overall increase in
glycogen levels. Maltotetraose is indeed a product of the partial
hydrolysis of starch or glycogen [28, 29]. Maltotetraose can be
further broken down into glucose units by enzymes such as
maltase and α-glucosidase, which are involved in carbohydrate
digestion [28, 29]. Hence, maltotetraose is a breakdown product,
and its increased levels are consistent with the accumulation of
glycogen. This accumulation might be due to inefficient utilization
of glucose through metabolic pathways such as glycolysis, the
PPP, and the TCA. As a result of this inefficiency, the excess
glucose is potentially converted into glycogen (Fig. 3A).
To test this hypothesis, we analyzed glycogen levels in live

proliferating AT primary fibroblast cells using Periodic-acid Schiff
(PAS) staining, a classic method for glycogen detection [30].
Strikingly, even at low passage AT cells exhibited a significant
increase in PAS-positive material compared to healthy controls,
with a diffuse cytoplasmic distribution and localized aggregations
(Fig. 3B). PAS specificity for glycogen was confirmed by the loss of
staining after pretreatment with diastase, an enzyme that
degrades glycogen [31] (Fig. S4A). Quantification of cell staining
intensity corroborated the substantial rise in glycogen in cells
from two different primary AT patients’ fibroblast cells (AT1=
GM02530 and AT2= GM02487, Coriell biobank) compared to
CTRL fibroblasts (CTRL= AG02603, Coriell biobank) (Fig. 3C).
The general defect in glucose metabolism was further verified

in induced pluripotent stem cells (iPSCs), which we reprogrammed
from CTRL and AT fibroblasts using standard procedures [32].
Noticeably, AT-derived iPSCs also displayed elevated glycogen
levels compared to CTRL-derived iPSCs (Fig. 3D, E), indicating that
this metabolic disruption is not cell-type-specific but rather linked
to the absence of functional ATM.
Finally, glycogen stores were not reduced upon inhibition of

PARP with olaparib, ruling out a connection with PARP-mediated
protein aggregation reported for cells with non-functional ATM
[33] (Fig. S4B, C).
To determine whether glycogen accumulation was directly tied

to ATM deficiency and not a secondary effect of cellular
senescence or proliferation arrest of the AT primary fibroblasts,
we probed two different previously characterized ATM knockout

HeLa cancer cell clones [34], which showed a marked diastase-
sensitive glycogen staining increase (Fig. S5A–C). This suggests
that a functional ATM is crucial for normal metabolism and that its
loss precipitates metabolic dysfunction, leading to glycogen
accumulation.
To validate the in vitro observations, we monitored glycogen

accumulation in tissues from AT patients, including muscle and
brain. Cardiac muscle from AT patients, which is prone to
premature failure [35], likewise showed extensive glycogen
accumulation as shown by the PAS staining of AT4 cardiac
samples (Fig. S6). Background staining was present in cardiac
samples derived from a healthy donor (CTRL= NBB5334 and
AT4= NBB836, NIH NBB NeuroBiobank) and in the same samples
treated with diastase (Fig. S6). To overcome the limitations of PAS
staining in detecting neuronal glycogen, which could be obscured
by brain cell membrane glycolipids, we employed a glycogen-
specific antibody for immunohistochemical staining [36]. The anti-
glycogen antibody also facilitated the recognition of the cell types
affected by glycogen accumulation. Using this method, we
uncovered significant glycogen deposition in cerebellum samples
of different AT patients (AT3= NBB1485 and AT4= NBB836, NIH
NBB NeuroBioBank). We could recognize some Purkinje cells with
dysmorphic changes and loss of dendritic structure (Fig. 3F).
Glycogen staining was completely absent in healthy control
cerebellum samples (CTRL= NBB1427, NIH NBB NeuroBioBank).
The staining levels of glycogen synthase (GYS1), the enzyme
catalyzing glycogen synthesis, were also elevated in two different
AT patient brains (AT5= NBB1485 and AT6= NBB1459, NIH NBB
NeuroBioBank), suggesting that excess GYS1 and glycogen may
contribute to the neuropathology of AT (Fig. 3G). GYS1 staining
was instead mostly absent from the bodies of CTRL Purkinje cells
(Fig. 3G), as expected [37].
These collective findings illustrate a broad metabolic

disruption due to defective glucose handling in AT-derived
tissues, potentially underlying the complex pathophysiology of
AT from diabetes and heart failure to neurodegeneration
[11, 35].

FNIP2 silencing restores glycogen homeostasis and fitness in
AT cells
Previous studies have established that ATM activates the PPP,
which consumes glucose to produce ribose and NADPH, counter-
acting oxidative stress [7, 11]. However, as only a small portion of
glucose enters the PPP [7–9], this cannot fully explain the
widespread glycogen accumulation observed. Furthermore,
although AT cells and tissues show increased glycogen, AT
features do not match classical glycogen-storage disorders [38],
which lack the core AT hallmarks of progressive cerebellar ataxia,
telangiectasia, radiosensitivity, immunodeficiency and cancer risk
[3]. This AT clinical phenotype aligns more closely with
mitochondrial disease biology, which includes cerebellar neuro-
degeneration, premature aging traits, redox/respiratory impair-
ment rather than with glycogenosis [39]. Given the widespread
malfunction of mitochondrial respiration and the TCA cycle we
observed in primary AT cells, also documented by other studies
[3], it is likely that glucose metabolism is stalled by the inability to
process the end-products of glycolysis through mitochondria [40].

Fig. 1 Metabolic and oxidative stress-response profiling reveals profound disruptions in primary AT cells. A Diagram illustrating the
metabolic analysis conducted on two independent sample sets. Metabolites were identified and quantified by LC–MS and GC–MS. Significant
changes were determined using the limma R package, applying an FDR cutoff of 0.05. B Principal component analysis of metabolite
concentrations in CTRL, AT, and G6PD-deficient (G6PDD) cells. The first two principal components are displayed with the percentage of
variance explained. Groups are delineated with convex hulls. C Volcano plot showing significantly regulated metabolites in AT vs CTRL cells.
Significance analysis was performed by LIMMA, pooling samples from both independent sample sets with batch correction in the statistical
model. The x and y axes show the mean log2 metabolite level fold-change in AT vs. CTRL cells, and the Benjamini-Hochberg-adjusted, negative
log-transformed p value, respectively. Significant metabolites are labeled. Up- and down-regulated metabolites are marked with red and blue
fill color, respectively.
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Fig. 2 13C6-Glucose time-course tracing analysis highlights glycolysis and TCA impairments in AT cells. Mass isotopomer distributions
(MID) for each intermediate indicated in the graph in low passage CTRL and AT fibroblast cells exposed to U-13C6-glucose 24–36 h after
plating. M0, M2, M3, M4, M5, M6, M7, and M24 indicate the different masses of the isotopomers detected, and the number after M indicates
the number of carbons derived from U-13C6-glucose administered to CTRL and AT cells (M0 represents no labeled carbons). The different time
points (2, 4, and 24 h) are indicated in the figure. Statistical analysis was conducted using an unpaired t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
N= 5 for CTRL and N= 6 for AT cells. See “Materials and methods” for more details.
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It is therefore likely that glycogen accumulation is a secondary
adaptation to a primary defect in mitochondrial respiration/TCA
flux and associated energy stress. These considerations prompted
us to focus on mitochondrial dysfunction as the proximal
driver of AT.

Emerging regulators of mitochondrial energy metabolism
include FNIP1, FNIP2, and FLCN proteins, which respond to redox
and nutrient level changes, limiting glycolysis and mitochondrial
respiration under starvation and redox imbalance [14, 41–43]. As
these conditions are mimicked by the metabolic and oxidative
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status induced by the absence of ATM, we tested whether
downregulation of FNIP1, FNIP2, and FLCN proteins could have
any impact on AT cells’ metabolic alterations. To this end, we
monitored glycogen accumulation as a marker of abnormal
metabolism following FNIP1, FNIP2, and FLCN protein expression
by separately targeting each of these factors with specific siRNAs
(Fig. 4A, B and Supplementary material).
Significantly, we found that FNIP2 downregulation alone was

sufficient to suppress glycogen accumulation in AT primary
fibroblasts, reducing the PAS signal to the background levels
observed in CTRL fibroblast cells (Fig. 4A, C). On the contrary,
downregulation of FLCN or FNIP1 protein expression (Fig. 4B) did
not impact glycogen levels (Fig. 4A, C).
To verify the long-term effects of metabolic rescue obtained by

FNIP2 downregulation, we used lentiviruses encoding for short
hairpin against FNIP2 (shFNIP2) or an unrelated scrambled control
sequence (shSCR). Compared to shSCR-infected cells shFNIP2
lentivirus effectively and specifically decreased FNIP2 protein
expression levels (Fig. 4D and Supplementary material), without
affecting FNIP1 and FLCN expression (Fig. S7A, B and Supplemen-
tary material). Intriguingly, FNIP2 levels were consistently upregu-
lated in AT cells (Figs. 4D and S7B). This observation warrants
further experiments to determine whether FNIP2 is normally
suppressed by ATM, or whether its upregulation represents an
adaptive response to the redox and metabolic defects of AT cells.
We then investigated the effects of FNIP2 downregulation on

AT cell survival. At early passages, CTRL primary fibroblasts plated
at low number proliferate and form colonies in vitro. However,
with continued passaging, colony-forming ability progressively
declines and cultures ultimately reach replicative senescence. In
AT fibroblast this decline typically begins at passages 12–18,
whereas in normal CTRL fibroblasts it occurs later, around
passages 20–30. During this phase, AT cells enter premature
senescence [1, 12] adopting a flattened morphology with
increased cytoplasmic granularity. They then become fully
senescent and eventually die (Fig. S8A–C). The progressive
decrease in fitness likely reflects cumulative damage and stress
accumulated over time in AT cells.
Strikingly, using the colony-formation assay in which cells were

plated at low density and cultured for three weeks without
passaging we found that stable downregulation of FNIP2 restored
normal cell fitness and survival of AT primary fibroblasts as
documented by colony-formation assessment (Fig. 4E, F), pre-
venting their premature senescence (Figure S8A–C).

FNIP2 inhibition improves glycolysis and mitochondrial
respiration in AT Cells
To better understand the underlying metabolic effects of FNIP2
downregulation, we explored glucose and oxygen consumption in
both CTRL and AT cells in control conditions and following FNIP2
inactivation.
To avoid confounding effects of cell fitness impairment over

long-term culture we used low passage CTRL and AT cells stably
infected with shSCR or shFNIP2 after assessing their proliferation
and viability using a luciferase-based assay at different times after
plating (Fig. 5A). We then used the Seahorse platform to analyze

bionergetic parameters in fibroblasts 24 h after plating, a time
point at which no proliferation and viability differences were
observed between CTRL and AT cells (Fig. 5A), and normalized all
the counts to the number of live cells. We took baseline
measurements of extracellular acidification rates (ECAR) to under-
stand the initial glycolytic state of the cells (Fig. 5B).
We then sequentially injected glucose to fuel glycolysis,

oligomycin to inhibit mitochondrial ATP production, and therefore
force cells to rely more on glycolysis, and 2-deoxyglucose (2-DG)
to inhibit glycolysis and measure how cells responded [44–46]
(Fig. 5B). As a control sample for the technique, we used
uninfected CTRL cells that were either starved or exposed to high
glucose levels (Fig. 5B). In shSCR-treated AT cells, overall glycolytic
activity, comprising basal, maximal, and glucose-stimulated
glycolysis, was markedly lower than in shSCR-treated CTRL cells
(Fig. 5B–E). However, FNIP2 suppression in shFNIP2-treated
AT cells led to a significant enhancement in glycolysis, evidenced
by increased glucose metabolism under both basal, maximal, and
stimulated conditions (Fig. 5B–E). Instead, FNIP2 downregulation
did not affect glycolysis in shFNIP2-treated CTRL cells, except
under glucose hyper-loading (Figs. 5B–E and 5E).
We then measured oxygen consumption by mitochondrial

respiration. Remarkably, we found that FNIP2 knockdown in
AT cells boosted basal respiration and ATP production, indicating
a parallel upregulation of mitochondrial function (Fig. 5F-H) [44].
This improvement is likely attributable to the alleviation of FNIP2-
mediated repression on mitochondrial activity, a regulatory
function akin to the role of FNIP1 [47, 48], which has been
previously proposed to act as a brake on mitochondrial
respiration. Even if these improvements did not restore the
respiration to the same levels as the control, they were able to
restore sufficient usage of glucose, preventing glycogen accumu-
lation in AT primary cells (Fig. 4A–C), promoting their viability
(Fig. 4E, F), and avoiding senescence (Fig. S8A–C).
Our results also suggest that glucose metabolism impairment

and glycogen accumulation are unlikely to result from the activity
of the complex formed by FNIP1, FNIP2, and FLCN. This conclusion
is supported by the observation that the disruption of this
complex due to the inactivation of either FLCN or FNIP1 did
not reverse glucose metabolism and glycogen accumulation
(Fig. 4A-C).

FNIP2 interacts with SERCA2b stimulating endoplasmic
reticulum (ER) reuptake of Ca2++ and mitochondria-ER
contacts (MERCs) formation in AT cells
To identify the possible mechanisms of FNIP2 action on
mitochondrial respiration, we looked for FNIP2 functions that are
independent of the FNIP1-FNIP2-FLCN complex. FNIP1 has been
reported to have a FLCN-independent function by binding and
stimulating SERCA2b channels, which pump Ca2++ into the
endoplasmic reticulum (ER) [49]. Loss of FNIP1 limits SERCA2b-
mediated Ca2++ reuptake in the ER, promoting increased levels of
cytoplasmic Ca2++ that stimulate mitochondrial respiration
[49, 50].
Human FNIP1 and FNIP2 are paralogous co-chaperones that

share ~49% overall sequence identity and ~74% similarity,

Fig. 3 AT cells and tissues accumulate glycogen. A Schematic of the metabolic effects leading to altered glucose and glycogen levels due to
impaired glycolysis, PPP, and TCA cycle activities. B PAS staining of primary fibroblasts from two AT patients compared to CTRL. Cells were at
low passage number (12–18) and PAS was performed 24–36 h after plating. Scale bar: 20 μm. C Graph showing PAS staining integrated
intensity for at least 70 CTRL or AT1 and AT2 fibroblast cells pooled from three independent experiments, analyzed using Cell Profiler. One-way
ANOVA; ****P < 0.001. D PAS staining of iPSCs derived from CTRL and AT1 fibroblasts. Scale bar: 20 μm. E Graph showing PAS staining
integrated intensity for at least 70 iPSC cells derived from CTRL and AT1 fibroblasts, pooled from three independent experiments. One-way
ANOVA; ****P < 0.001; ns non-significant. F Anti-glycogen antibody immunostaining of cerebellar sections from a CTRL individual and two AT
patients, highlighting the Purkinje cell layer. Scale bar: 40 μm. Magnification of AT patient cells are shown in the rectangles. The images show
typical results. G Anti-GYS1 immunostaining of cerebellar sections from a CTRL individual and two AT patients, highlighting the Purkinje cell
layer. Scale bar: 40 μm. The images show typical results.
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Fig. 4 FNIP2 silencing restores glycogen homeostasis and fitness in AT cells. A PAS staining of AT cells following treatment with the
specified siRNA oligonucleotides. Scale bar: 20 μm. B Immunoblot analyses displaying protein expression in CTRL cells post-siRNA-mediated
silencing of the indicated target genes. Asterisk (*) indicates non-specific band. C Graph showing PAS staining integrated intensity for at least
70 iPSC cells derived from CTRL and AT1 fibroblasts, pooled from three independent experiments, and treated as indicated. One-Way ANOVA;
****P < 0.001; ns non-significant. D Immunoblots of the indicated proteins from low passage CTRL and AT cells 72 h post infection with shSCR
or shFNIP2 encoding lentivirus. E Images of crystal violet-stained CTRL and AT fibroblast colonies infected with shSCR or shFNIP2 expressing
lentivirus as indicated. F Cell survival assessment in shSCR or shFNIP2 expressing cells, normalized to shSCR-infected CTRL cells. Data
represent average colony counts after 21 days in culture from three independent experiments. One-Way ANOVA; ****P < 0.001.
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including conserved N-, middle, and C-terminal FNIP domains.
Within the C-terminal halves, however, sequence conservation is
low except for the last 158 residues, suggesting that divergence in
this region contributes to isoform-specific functions [42].
We tested whether FNIP2 is also able to bind SERCA2b and

regulate Ca2++ reuptake and mitochondrial respiration. To this

end, we expressed equal amounts of Flag-FNIP1 or Flag-FNIP2 and
untagged SERCA2b in HEK293 cells (Fig. 6A and Supplementary
material). As previously shown [49], immunoprecipitation of
SERCA2b also precipitated Flag-FNIP1 when constructs expressing
both proteins were co-transfected (Fig. 6B and Supplementary
material). Importantly, similar to FNIP1, immunoprecipitation of
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SERCA2b also precipitated Flag-FNIP2 (Fig. 6B). However, in
contrast to Flag-FNIP1, Flag-FNIP2 was precipitated by the sole
pulldown of low levels endogenous SERCA2b in the absence of
exogenous SERCA2b overexpression (Fig. 6B). These results
indicate that low levels of endogenous SERCA2b were sufficient
to bind Flag-FNIP2 but not Flag-FNIP1, suggesting that SERCA2b
has a much higher affinity for FNIP2 compared to FNIP1. The
interactions were specific as no FNIP1 and FNIP2 were detected in
SERCA2b immunoprecipitations from cells transfected with empty,
SERCA2b or FLAG-tag-only expressing vectors (Fig. 6A, B). These
results pointed to a differential functional impact between FNIP1
and FNIP2 towards SERCA2b regulation.
Accordingly, downregulation of FNIP2 in HEK293 cells strongly

abolished in vitro Ca2++ uptake by ultracentrifuge-enriched
endoplasmic reticulum (ER) vesicles, as shown by Fura-2
fluorescence traces (Fig. S9) and relative Ca2++ levels quantifica-
tion (Fig. 6C). Instead, downregulation of FNIP1, as previously
shown, only modestly affected Ca2++ reuptake (Figs. 6C and S9).
No Ca2++ uptake was observed with unenriched cell extracts.
Importantly, the selective inhibition of Ca2++ uptake by SERCA
Ca2++ pumps inhibitor thapsigargin [51] confirmed specific active
Ca2++ uptake (Figs. 6C and S9). The strong decrease in Ca2++

uptake from the cytoplasm following FNIP2 inactivation might
leave more Ca2++ available for the stimulation mitochondrial
activities, including respiration and TCA cycle enzymes [52]. This
stimulation, in turn, improves glucose metabolism and cellular
homeostasis (Fig. 5B–H).
To validate mitochondrial activation mechanisms induced by

FNIP2 suppression, we performed transmission electron micro-
scopy (TEM) analysis of mitochondrial morphology in primary
CTRL and AT fibroblasts (Fig. 6D). Contrary to primary CTRL
fibroblast cells, and as previously shown [20, 40], AT fibroblasts
displayed mitochondria with variable shape represented by an
abnormal elongated morphology with less defined cristae
(Figs. 6D and S10A), and a slightly increased mitochondrial mass
(Fig. S3B) possibly due a primary defect or a metabolic adaptation.
Strikingly, FNIP2 suppression restored the normal appearance of
mitochondria in AT cells (Figs. 6D and S10A).
We then applied electron tomography (ET), which uses a series

of tilted electron microscope 2D images to reconstruct a 3D model
of the mitochondria and their surrounding structures [53]. The
high resolution of ET allows for the detailed visualization of
organelles, including the mitochondria and the ER [54]. Using this
approach, we were able to identify bona-fide mitochondria-ER
contacts (MERCs) in CTRL cells (Figs. 6D, E and S10B), which are
important for maintaining mitochondrial function through lipid
and protein exchanges [55].
CTRL cells displayed normal MERCs with a contact gap ranging

from 25 ± 5 nm and a surface interaction area covering ~10% for
each mitochondria, on average (Figs. 6D, E and S10B). However, in
AT cells, mitochondria showed pervasive increased contacts with
ER, covering more than 25% of the available perimeter for each

mitochondria and a reduced average gap distance of 10 ± 5 nm
(Figs. 6D, E and S10B). These findings could be indicative of an
unbuffered oxidative stress response linked to the chronic
absence of ATM in primary non-immortalized cells used here
[55]. Accordingly, oxidative stress, which we showed to be highly
present in AT fibroblasts, is a potent inducer of MERCs [56].
Remarkably, FNIP2 inactivation not only normalized mitochon-

drial morphology but also reduced the heightened MERCs back to
less than 10% of the average individual mitochondrial perimeter
in AT cells, restoring 25 ± 5 nm wide contact gaps, indicative of
improved mitochondrial function (Figs. 6D, E and S10B) [54, 55].
In summary, our results position FNIP2-SERCA2b axis as a

pivotal target to restore normal metabolism in the absence
of ATM.

DISCUSSION
Ataxia Telangiectasia presents with a multifaceted spectrum of
symptoms, including cerebellar degeneration, ocular telangiecta-
sia, immunodeficiency, premature aging, and diabetes [11]. These
diverse manifestations extend beyond what could be attributed
solely to deficiencies in DNA repair, pointing instead towards
systemic metabolic dysfunction.
The ATM kinase, a member of the PI3 kinase family, is known to

influence various metabolic processes [57]. While ATM dysfunction is
associated with metabolic syndrome features such as insulin
resistance, dyslipidemia, hypertension, and atherosclerosis, its exact
role in cellular metabolism has remained elusive [3, 6]. Our study
brings to light ATM’s critical involvement in regulating glucose
metabolism. Specifically, we have demonstrated that: (a) AT primary
cells exhibit significant deficits in basal and induced glycolysis and
mitochondrial respiration; (b) Persistent glucose metabolism impair-
ment leads to the breakdown of alternative carbon sources, like
amino acids in AT cells and results in excessive glycogen
accumulation, and c) FNIP2 suppression improves glucose processing
and mitochondrial function, preventing glycogen accumulation and
restoring critical mitochondrial-ER contacts, thereby rescuing the
growth and survival of primary AT cells. These insights underscore
ATM’s pivotal role in modulating glucose metabolism in response to
oxidative stress (Fig. 6F). These findings also indicate that growth
arrest triggered by the absence of ATM is not irreversible, as it can be
rescued by restoration of normal metabolism.
Our studies validated primary non-immortalized untransformed

fibroblasts for metabolic and mitochondrial assessment, as the
same alterations were found in several other cell types and
patient-derived tissue samples, confirming the value of primary
fibroblasts [58] in assessing functional defects in diseases caused
by malfunction in housekeeping genes controlling cell metabo-
lism. The inability to efficiently process glucose mirrors metabolic
impairments seen across cellular, tissue, and organismal levels in
AT, resembling a state of metabolic starvation caused by
inefficient usage of glucose, which leads to the accumulation of

Fig. 5 FNIP2 inhibition improves glycolysis and mitochondrial respiration in AT cells. A Graph showing cell proliferation of CTRL and AT
fibroblasts stably infected with shSCR or shFNIP2 lentivirus after plating for the indicated times and quantified by the cell viability assay
CellTiter-Glo. Normalized results from three independent experiments are shown in relative luminescence units (RLU). Error bars show SD.
Multiple t-tests were used to calculate significance between the indicated couples for each time point. **P < 0.001. The remaining
comparisons show no significant difference. B Extracellular acidification rates (ECAR) for shSCR and shFNIP2 encoding CTRL and AT cells 24 h
after plating. Analysis included CTRL cells exposed to high glucose and nutrient-starved CTRL cells. C Quantification of basal glycolysis in the
indicated samples. D Assessment of glycolysis upon glucose stimulation in the same set of samples. E Evaluation of peak glycolysis capacity in
the samples. F Oxygen consumption rates (OCR) in the cells detailed in (B). G Measurement of basal respiration in the indicated samples.
H Determination of ATP production-linked respiration in the indicated samples. One-way ANOVA was used for statistical calculations for all
graphs. For each fibroblast line, two independent Seahorse runs were performed on different days. Within each run, 7 wells per line were
measured (technical replicates). Plots display all wells; overlaid symbols show plate-adjusted means with 95% CIs from a model that includes
‘run/plate’ as a factor. For each run/plate groups were compared using one-way ANOVA on normalized per-well values, reporting per-plate
P values and effect sizes P values (****P < 0.0001; ***P < 0.001) report plate-adjusted comparisons with multiplicity control (Tukey). Exact n: 2
runs per line; 7 technical wells per run.
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glycogen. In this context, our tracing experiment data showed that
glucose-derived carbon incorporation in maltotetraose, fructose
1,6-bisphosphate, and lactate is decreased in AT cells. Our data
clearly indicate that significant effects on glycolysis and the TCA
cycle were impaired in AT cells only after 24 h of exposure to

labeled glucose. On this basis, the defect in glycogen utilization
constitutes a metabolic hallmark in AT cells, and indeed, the cells
prefer to use other fuel sources such as amino acids.
A key disruptor of long-term AT cell survival might be the

unmitigated oxidative stress linked to mitochondrial defects
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present in AT cells. Consistent with this interpretation, our results
indicate that the metabolic defect of AT cells lies mostly in the
impaired mitochondria, as moderate improvement of mitochon-
drial activity restores AT cell fitness. This effect is obtained through
the attenuation of FNIP2-mediated stimulation of SERCA2b-
dependent Ca2++ reuptake in the ER, which normally decreases
the availability of cytoplasmic Ca2++ required for mitochondrial
stimulation [52]. Deactivating FNIP2 can indeed reboot mitochon-
drial activity likely by increasing cytoplasmic Ca2++ levels,
reactivating glucose metabolism, and thus preventing cell growth
impairment. In this context FNIP2 might act as a brake on
mitochondria activity. Given the increased levels of endogenous
FNIP2 protein levels in AT cells this pathway may be activated by
chronic oxidative stress arising in the absence of ATM to limit the
activity of impaired mitochondria and avoid further ROS
accumulation and cellular damage. FNIP2-mediated downregula-
tion of mitochondrial activity could provide a protective brake in
AT primary cells, transiently arresting proliferation and inducing a
reversible, senescent-like state to prevent additional injury. These
effects are specific to FNIP2 and are not reproduced by FNIP1
modulation, consistent with their differential regulation in AT cells
and with the distinct potency of these co-chaperones in
modulating SERCA2b-mediated ER Ca2++ uptake.
While our data are consistent with an association between

impaired bioenergetics linked to defective mitochondria and active
modulation of AT cell status, they do not establish causality.
Additional perturbation and rescue experiments will be required to
determine the precise mechanisms underlying these observations.
The therapeutic implications of FNIP2-SERCA2b axis manipula-

tion for non-dividing cells might be useful as its modulation might
overcome metabolic shortcomings, especially those resulting from
ATM deficiency. In neurons, FNIP2 inhibition could potentially
enhance mitochondrial function and glucose metabolism, offering
a strategic avenue to improve neuronal function in AT patients.
Therefore, our findings provide compelling evidence for ATM’s
central role in cellular metabolism and propose the FNIP2-
SERCA2b axis as a target for therapeutic intervention to alleviate
the metabolic defects in AT.

MATERIALS AND METHODS
Metabolite analysis
Metabolite extraction and Ultrahigh Performance Liquid Chromatography-
Tandem Mass Spectroscopy analysis were performed by Metabolon
(Durham, North Carolina) as previously described [59]. Briefly, raw data
were extracted, peak-identified, and quality control processed by
Metabolon using proprietary software. Compounds were identified by
comparison to library entries of 2400 purified standards or recurrent
unknown entities. Data analysis was performed in R (version 4.0.2) running
in an RStudio environment (version 1.0.153). Missing metabolite intensities

were imputed with the lowest detectable value, and intensities were
median-centered. Significance of metabolite alterations was calculated
with the maanova R package by pairwise comparison of indicated groups
(version 1.58.0), and an FDR threshold of 0.1 was used to identify altered
metabolites. Scatter plots and heat maps were generated with the R
packages ggplot2 (version 3.3.3) and pheatmap (version 1.0.12), respec-
tively. Principal component analysis calculation and visualization were
done with the packages FactoMineR (version 2.4) and factoextra (version
1.0.7) with convex ellipse type. The sum of detectable oligosaccharides was
calculated from maltose, maltotriose, and maltotetraose.

[U-13C6]-glucose tracing time-course analysis
CTRL and AT fibroblast cells at low passage were exposed to 2.5 mM
[U-13C6]-glucose (389374, Sigma-Aldrich) for 2, 4, and 24 h or 24-36 h after
plating. Cells were then smashed in a tissue lyser for 1 min at maximum
speed in 250 μl of ice-cold methanol/water 50:50. Lysates were spun at
15,000 × g for 15 min at 4 °C, and supernatants were then passed through
a regenerated cellulose filter (4 mm Ø, Sartorius). Samples were then dried
under N2 flow at 40 °C and resuspended in 100 μl of ice-cold methanol for
subsequent analyses.
Data were obtained by liquid chromatography coupled to tandem mass

spectrometry. We used an API-3500 triple quadrupole mass spectrometer
(AB Sciex, Framingham, MA, USA) coupled with an ExionLCTM AC System
(AB Sciex). Quantification of isotopomers was performed by using a cyano-
phase LUNA column (50 mm × 4.6 mm, 5 μm; Phenomenex) with a 5-min
run in negative ion mode. Mobile phase A was water, and phase B was
2mM ammonium acetate in MeOH. Runs were performed in isocratic
mode with 80% B with a flow rate of 500 μl/min. Data are expressed as
mass isotopomer distribution (MID). The MID refers to the relative
abundance of different isotopomers (molecules that differ only in the
isotopic composition of their atoms) in a sample. Isotopomers can differ by
the number of heavier isotopes (e.g., 13C instead of 12C) they contain. M0,
M2, M3, M4, M5, M6, M7, and M24 indicate the different masses of the
isotopomers detected, and the number after M indicates the number of
carbons derived from U-13C6-glucose administered to CTRL and AT cells
(M0 represents no labeled carbons). All analyzed isotopomers are summed,
including M0, and then the percentages of each isotopomer are
determined on a scale from 0 to 1, where 1 represents 100% labeling.

Cell culture and tissue samples
The following cell lines were obtained from the NIGMS Human Genetic Cell
Repository at the Coriell Institute for Medical Research: GM03492,
GM03400, GM03396, AG03059, AG03057, AG02603, GM00024, AG02602,
GM03487, GM03395, AG03058, GM05823, GM01588, GM00647, GM02530,
and GM00367. Genetic background for each cell is reported in Tables
3 and 4 and at www.Coriell.org. Human tissue samples were obtained from
the NIH NeuroBioBank (NBB). The following frozen and fixed tissue samples
provided by NeuroBioBank were used: NBB 5334, 836, 4727, 1485 and
1459. HeLa and HEK293 cells were obtained from the IFOM cell culture
facility. HeLa cells were maintained in MEM, supplemented with 10% Fetal
bovine serum (FBS) in a humid incubator at 5% CO2 and 20% O2. HEK293
cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin, and 5% L-Glutamine (L-Glu). hiPSC were reprogrammed
from AG02603 (CTRL) and GM02530 (AT) primary fibroblasts using the

Fig. 6 FNIP2 interacts with SERCA2b stimulating ER reuptake of Ca2++ and MERC formation in AT cells. A Representative immunoblot of
the indicated proteins from HEK293 cells transfected with pcDNA3.1-empty vector, pcDNA3.1-SERCA2b, FLAG-empty vector, FLAG-FNIP1 or
FLAG-FNIP2, alone or in combination with pcDNA3.1-SERCA2b as indicated. Tubulin was used as a loading control. These blots correspond to
the input lysates for the SERCA2b immunoprecipitations shown in (B). The experiments were repeated at least three times. B Representative
immunoblot showing SERCA2b immunoprecipitations from HEK293 cells transfected with pcDNA3.1-empty vector, pcDNA3.1-SERCA2b, FLAG-
empty vector, FLAG-FNIP1 or FLAG-FNIP2, alone or in combination with pcDNA3.1-SERCA2b. SERCA2b immunoprecipitates were analyzed by
immunoblotting using antibodies against the indicated factors. The IgG heavy chain signal is shown as a control for loading and
immunoprecipitation efficiency. All signals were obtained from the same membrane, which was sequentially stripped and re-probed. The
image represents a typical results of an experiment repeated at least three times. C In vitro ER Ca²⁺ uptake (μM) calculated from the linear
range of Fura-2 fluorescence traces recorded in the presence of ER vesicles enriched from mock-, FNIP1-, or FNIP2-knockdown (KD) HEK293
cells, from samples without vesicles, or from HEK293 cells treated with 1 μM thapsigargin, as indicated. D Transmission electron microscopy
(TEM) and electron tomography reconstruction (ET) of CTRL and AT primary fibroblast cells following the described treatments. Scale bar:
0.5 μm. E Quantification of mitochondrial perimeter covered by ER in CTRL or AT cells infected with the indicated lentivirus, expressed as
percentage, calculated in five independent experiments. Horizontal bars represented the mean ± SD shown by the vertical red bar from five
independent preparations marked by blue circles. FWorking model: ATM activation (a) leads to efficient glucose utilization (b), enhancing PPP,
glycolysis, and mitochondrial function (c), crucial for cell survival. Without functional ATM (d), impaired glucose handling results in glycogen
build-up and excessive oxidative stress (e), triggering a FNIP2-mediated metabolic checkpoint that suppresses glycolysis and mitochondrial
function, restraining cell growth and proliferation, ultimately compromising cell survival (f ).
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CytotuneTM-iPS Sendai reprogramming kit (A16517, Invitrogen) and
cultured on Matrigel (354277, SACCO) coated plates in mTESRTM1 (85850,
Stem Cell Technology) supplemented with ROCK inhibitor, Y27632
(A11001, ADOOQ) in the first 24 h of culture. Assays were performed at
controlled passage numbers and confluence to minimize senescence-
related artefacts.

Transfection and siRNA-mediated knockdown
To knock down our genes of interest, primary fibroblasts were transfected with
endoribonuclease-prepared small interfering RNA (esiRNA), targeting the
mRNA of a specific gene. The transfection reagent Lipofectamine RNAiMax
(13778100, Invitrogen) was used, taking advantage of its low toxicity and high
efficiency in the delivery of esiRNA into the cells. Once inside the cell, esiRNA
induces RNA interference, leading to the degradation of mRNA and the
knockdown of its resulting protein. Lipofectamine RNAiMax was diluted 1:20 in
Opti-MEM Reduced Serum Medium (51985-042, Life Technologies) and
incubated at RT for 5min. Simultaneously, esiRNA was diluted in Opti-MEM
to reach a concentration of 60 nM to 150 nM, depending on the previously
optimized concentration. Lipofectamine and esiRNA were mixed 1:1 and
incubated for 15min at RT to allow complex formation. Finally, the
lipofectamine/esiRNA mixture was added dropwise to the seeded cells at
60-80% confluency, and cells were incubated for 48 to 72 h before sample
collection to be assessed by qPCR, western blot (WB), or PAS staining. In all the
experiments with esiRNA, mission esiRNA targeting luciferase (EHURLUC,
Sigma-Aldrich) was used as a negative control. The following esiRNA were
used: mission esiRNA targeting human FNIP2 (EHU054551, Sigma-Aldrich),
mission esiRNA targeting human FLCN (EHU006461, Sigma-Aldrich), and ON-
TARGETplus Human FNIP1 (96459) siRNA- SMARTpool (L-032573-02-0020,
Horizon Discovery).

Immunoprecipitation assay and immunoblots
For immunoprecipitation, one day before transfection, HEK293 cells were
seeded to reach ~70% confluence. Cells were transiently transfected with
10 μg of FLAG-FNIP1 or FLAG-FNIP2 together with a SERCA2b expression
construct or empty vector, using Lipofectamine 2000 in Opti-MEM
Reduced Serum Medium according to the manufacturer’s instructions.
Medium was refreshed 6–8 h post-transfection to limit cytotoxicity. The
following constructs were obtained from Addgene: FLAG-FNIP2 (Plasmid
#72294), FLAG-FNIP2 (Plasmid #72292) and SERCA2b (Plasmid #75188).
HEK293 cells were harvested 48 h after transfection and lysed using a
syringe with IP lysis buffer (50 mM Tris, pH 7.5, 150mM NaCl, 2 mM EDTA,
1.5% NP-40), supplemented with Protease Inhibitor Cocktail Set III (Cat. No.
539134, Calbiochem) and 1mM PMSF, incubated for 30min on ice, and
centrifuged at max speed for 30min at 4 °C. SERCA2b immunoprecipita-
tion was performed by incubating 1mg of total protein extract with 1 μg of
SERCA2b ab (MA3-919) ON at 4 °C on a wheel within 1ml of complete IP
lysis buffer. Fifty microliters Dynabeads® Protein G were washed once with
a washing buffer supplemented with a protease inhibitor cocktail and
incubated for 2 h with the extract-Ab complex at 4 °C on a wheel. Samples
were eluted at RT for 30min with 50 μl of 0.1 M Glycine pH 3.0 and
immediately neutralised with 10 μl of 0.5 M Tris and 1.5 M NaCl pH 8.0.
Thirty micrograms of proteins were loaded as input.
For immunoblots, 20–30 μg proteins were loaded on 4–15% Bis-Tris Poly

Acrylamide gels (Bio-Rad), and analyzed by standard techniques. Briefly,
proteins were transferred from the gel to a 0.2 μm nitrocellulose membrane
(Bio-Rad) using the Trans-Blot Turbo Transfer system (Bio-Rad). The filters
were blocked for 1 h with 5% milk in TBST buffer (20mM Tris, 150mM NaCl,
0.1% Tween 20). After blocking, the corresponding primary antibody was
added and membranes were maintained at 4 °C ON, washed 3 times with
TBST and incubated for at least 1 h with a suitable secondary antibody
conjugated to HRP (Horse-radish peroxidase). Signals were detected using by
ECL detection reagent (GE-Healthcare) on Amersham Hyperfilm (GE-
Healthcare) or on Bio-Rad ChemiDoc™ XRS + . The following antibodies were
used for immunoblots at the concentrations suggested by the manufacturer:
ATM (SC-23921, Santa Cruz); Vinculin (PA5-29688, Invitrogen); FNIP2
(HPA042779, Atlas antibody); FNIP1 (Ab134969, Abcam); FLCN (3697 s, Cell
Signaling); SERCA2b antibody (clone 2A7-A1; #MA3-919, ThermoFisher
Scientific), GAPDH (G8795, Sigma-Aldrich), Tubulin (clone B-5-1-2, #T5168,
Sigma-Aldrich), Flag-HRP (A8592, Sigma-Aldrich).

PAS staining and microscopy
For Periodic acid-Schiff (PAS) staining, low passage (12-18) CTRL and AT
fibroblasts and HeLa cells were grown on glass in a 24-well plate or glass
chamber. Samples were fixed with ethanol and 37% paraformaldehyde at a

ratio of 9:1, respectively, for 10 min and stained using the Periodic acid-
Schiff kit (395B, MERCK) according to the manufacturer’s instructions.
Briefly, fixed cells were treated with periodic acid solution for 5 min,
washed with water, and stained with Schiff reagent for 10min, then
counterstained with hematoxylin provided with the kit for 90 s. The cells
were dehydrated with increasing concentration of ethanol (70%, 85% and
100% respectively), air-dried, and mounted with Eukitt medium. For
cryosections, as in the case of tissues, samples were fixed with ethanol and
chloroform at a ratio of 7:3, respectively, before being stained following the
same protocol. To eliminate the possibility of detecting other polysacchar-
ides than glycogen, a negative control treated with 0.5% α-Amylase from
porcine pancreas (Diastase, DIE) (A3176, Sigma-Aldrich) for 5 min was used
for each condition before staining. The slides were analyzed by widefield
microscopy using an Olympus Upright BX51 Full Manual microscope. PAS
staining intensity was quantified with CellProfiler image analysis software.
Images were imported into Cell Profiler, and a pipeline was created for
analysis, which included modules for image adjustment, object identifica-
tion, and measurement. Specifically, the Color to Gray module was utilized
for grayscale conversion, Enhance or Suppress Features for enhancing the
PAS staining, and Identify Primary Objects for detecting and masking
individual fibroblasts. The Measure Object Intensity module quantified the
staining intensity within each cell. Thresholding and settings were
iteratively adjusted to accurately capture the magenta color of the PAS
staining, representing the glycogen content. The accuracy of the masks
and intensity measurements was verified through a systematic review of
representative images, and refinements were made accordingly. Final data
were exported for statistical analysis, ensuring a robust quantification of
PAS staining in fibroblasts. The inhibitor used in the PAS assay was PARPi
(Olaparib, SML3705, Sigma-Aldrich)

Generation of stable FNIP2 knockdown with shRNA vector
Four different constructs of FNIP2-human 29mer shRNA cloned in lentiviral
GFP vector (pGFP-C-shLenti, third generation) were obtained from Origene:
TL317378A, TL317378B, TL317378C, TL317378D, and one vector containing
the scrambled sequence TR30021, for negative control. The dried plasmids
were reconstituted in autoclaved MilliQ ddH2O, diluted, and added to
thawed vials of the transformation competent Top10 Escherichia coli strains
for transformation, followed by 30min incubation on ice. The heat shock
was performed at 42 °C for 45 s, and the vials were incubated for 2 min on
ice. Antibiotic-free LB medium was added to the vials, which were then
placed in a shaking incubator at 37 °C, 225 rpm for 1 h. Part of the samples
were then spread on 34 μg/ml chloramphenicol plates and incubated at
37 °C ON for colony formation. The plasmids were then expanded and
isolated using the NucleoBond Xtra Maxi kit (74041410, Macherey-Nagel).
The viruses were produced in HEK293T cells according to the lentiviral

packaging kit instructions (TR30037, Origene). 293T cells were grown in
antibiotic-free medium and transfected with a mixture of packaging
plasmid (TR30037), one of the shRNA FNIP2 encoding plasmid
(TL317378C), or the negative control (TR30021), and Turbofectin in Opti-
Mem medium. The mixture was incubated for 15min at RT and added
dropwise to the 293 T plates and incubated ON. The next day medium was
changed, and the cells were re-incubated. For the next two days, the
medium was collected, filtered through a 0.45 μm filter to and stored at
4 °C. Polyethylene-glycol (PEG) solution was added for precipitation of the
virus. The virus was further resuspended in the corresponding fibroblast
medium and added to the attached fibroblasts in the presence of
polybrene. Three days post-infection, cells were selected with 3 μg/mL of
puromycin, and cells were further passaged and collected for knockdown
assessment by immunoblots performed as described above.
29-mers shRNA sequences:
TL317378A: TCGGAGTTTGACCTGAATGAGATTCGCCT
TL317378B: CCAAGAAGGTCAACTGATGAGACATTCAG
TL317378C: GCTGTTGAAAGTGGAGATGCCTACAAGAC
TL317378D: AACGACCTGCCTCTGTTGACTGCTATTGC

Cell proliferation, viability and colony formation assays
For short-term proliferation and viability testing CellTiter-Glo luminescent
cell viability assay (Promega) was used to assess proliferation and viability
up to 96 h. Briefly, cells were seeded in white 96-well plates at a density of
3–8 × 10³ cells per well in 100 μl of complete growth medium and allowed
to adhere overnight at 37 °C in a humidified incubator with 5% CO₂. The
following day, medium was replaced with 100 μl of fresh medium. Cells
were incubated for the desired treatment period (typically 24–96 h). For
background controls, wells containing medium only (no cells). For each
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time point cells were incubated with the CellTiter-Glo reagent using a
multichannel pipette. The plate was placed on an orbital shaker and mixed
for 2 min to induce cell lysis. Following mixing, plates were incubated at
room temperature for an additional 10 min to stabilize the luminescent
signal, protected from strong ambient light. Luminescence was recorded
on a Tecan microplate reader equipped for chemiluminescence detection,
using an integration time of 0.5–1 s per well and no emission filter.
Background signal from wells containing medium plus CellTiter-Glo
reagent but no cells was subtracted from all readings. were included on
each plate using a Tecan microplater reader to record the produced
luminescence. For each condition, luminescence values were averaged
across technical replicates (typically 6 wells) and experiments were
repeated 3 times.
For long-term survival colony formation assays cells experiments were

done with F-10 medium (G&co) containing 20% serum. The cells were
seeded at low number (100–600) in 5 cm diameter petri dishes (Nunc,
Roskilde, Denmark) and were cultured at 37 °C for 21 days with two
medium changes after 7 and 14 days. On the day of staining, medium was
removed, cells were washed twice with PBS and fixed with 50% and 100%
ethanol solutions for 15min at RT. Cells were rinsed once with PBS and
stained with Crystal Violet solution (0.2% CV in 20% methanol) for 20 min.
Excess dye was discarded by washing with water and cells were dried with
a filter paper. Colonies composed of 50 cells or more were recorded under
a dissecting microscope, using four to eight plates for each point in every
experiment. Viability was scored as colony-forming efficiency (CFE),
defined as the ratio between the number of colonies recorded and the
number of cells inoculated expressed as percent. To confirm colony
counting the cell-bound dye was dissolved in 10% glacial acetic acid for
30min while shaking gently on a rocking shaker, and the absorbance of
the solubilized CV was assessed using spectrophotometry. The cells were
maintained in MEM minimum essential medium (M2279, Sigma-Aldrich)
supplemented with 20% Fetal bovine serum (FBS) in a humid incubator at
5% CO2 and 3% O2. For these experiments following cell lines were used
for the experiments: GM02530 (AT) and AG02603 (CTRL) at passage from
12 to 18 and the same cells 36 h post lentiviral infection with scSCR and
shFNIP2 encoding viruses.

Bioenergetics assays
Oxygen consumption rates (OCR) and extracellular acidification rate (ECAR)
were measured using an XFe-96 Extracellular Flux Analyzer (Agilent
Technologies), as previously described [45, 46]. Low passage fibroblast cells
stably infected with lentiviruses were seeded on the Seahorse plate at a
density of 3 × 104 cells per well and grown overnight. Optimal cell density
was determined experimentally to ensure a proportional response to the
uncoupler (FCCP) with the cell number and resulting in confluent cultures
where cell replication was prevented by contact inhibition. On the
experimental day, medium was changed to unbuffered DMEM (XF Base
assay Medium–Agilent Technologies) supplemented with 2 mM glutamine,
5 mM glucose and 1mM sodium pyruvate for mitochondrial respiration
analysis, or 2 mM glutamine for glycolysis analysis, and incubated 1 h at
37 °C in the absence of CO2. Medium and reagents acidity were adjusted to
pH 7.4 on the day of the assay, according to the manufacturer’s procedure.
Mitochondrial respiration was measured as OCR. After four baseline
measurements for mitochondrial stress tests cells were sequentially
challenged with injections of mitochondrial toxins: 1 μM oligomycin
(ATP-synthase inhibitor, which informs on the level of respiration
allocated for ATP production), 1 μM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, oxidative phosphorylation
uncoupler, which informs on the maximal achievable level of respiration),
1 μM rotenone (complex I inhibitor, which informs on the level of
respiration dependent on complex I) and 1 μM antimycin A (complex III
inhibitor, which completely ablates mitochondrial respiration and informs
on the level of non-mitochondrial respiration).
Bioenergetic reagents were previously described [45, 46]. Basal

respiration was defined as the average OCR values at baseline. Respiration
dedicated to ATP production was calculated as the difference between
basal respiration and the respiration measured after oligomycin injection.
Glycolysis was measured as extracellular acidification rate (ECAR), which

reflects lactate production via glucose catabolism. ECAR was measured in
basal conditions, after stimulation with 30mM glucose, then with 5 μM
oligomycin, and finally inhibited with 100mM 2-deoxyglucose (2-DG).
Basal glycolysis was defined as the average ECAR measures at the baseline,
glucose-stimulated glycolysis represented the average of measurements
after glucose injection, and Maximal glycolysis was obtained after
oligomycin injection. At the end of the run, the Seahorse XF data have

been normalized to live cells by fluorescent cell counting using DAPI
staining (1 μg/ml) and the Evos image acquisition system. The whole well
image captured was subsequently analyzed by the FIJI software in an
automatic way. A total of 2 Seahorse replicates were performed for each
fibroblast line; in each replicate, a total of 7 wells were used for each line.

β-Gal staining
β-Gal staining was performed using the β-Gal Staining Kit (K1465-01,
Invitrogen) according to the manufacturer’s instructions.

Determination of thiol-disulfide redox equilibrium
The ratiometric disulfide/thiol redox state was calculated as the disulfide/
reduced thiols ratio (SS/SH). Reduced and oxidized cysteines were labeled
with IRDye 800 maleimide (Li-COR Biosciences) and Alexa Fluor 680-
Maleimide (ThermoFisher Scientific); proteins were extracted from samples
and resolved by SDS-electrophoresis as previously described [17]. Briefly,
equal amounts of cells were harvested and resuspended in lysis buffer
containing 50mM Tris-HCl, 1% SDS, 1 mM EDTA, 10mM NEM (N-
Ethylmaleimide, Sigma-Aldrich, St. Louis, Mo, USA, E3876), 20 μM IRDye
800 Maleimide to label reduced thiols, and proteinase inhibitors mix.
Lysates were incubated for 10min at 70 °C, sonicated, and finally
incubated for 30min at RT in protected from light. Next, unreacted thiols
in samples were quenched with 100mM NEM for 30min. Lysates were
then precipitated with a cold precipitation solution (50% acetone, 25%
methanol, and 25% ethanol) and disulfide bonds reduced with 20mM
TCEP (Tris-(2-carboxyethyl)-phosphine; 20490, ThermoFisher Scientific).
Finally, newly reduced thiols were labelled with 20 μM Alexa Fluor 680-
Maleimide (A20346, ThermoFisher Scientific). After precipitation, samples
were diluted in Laemmli sample buffer, and proteins were resolved under
reducing conditions. Finally, the gel was fixed with a fixing solution (50%
EtOH, 2.5% Ortho-phosphoric acid) overnight under agitation. The next
day, the gel was scanned with an Odyssey Platform (Li-COR Biosciences),
and its Image Studio Lite software was used to analyze the fluorescent
signal of oxidized and reduced cysteines.

Isolation of ER-enriched microsomal fractions and
measurement of Ca2+ uptake
Endoplasmic reticulum (ER)-enriched microsomal membranes were pre-
pared from cultured HEK293 cells treated with CTRL, FNIP1 or FNIP2 siRNAs
according to standard differential centrifugation steps to isolate cell
membranes [60] using an ER isolation kit (SIGMA, ER0100) with minor
modifications. Briefly, for crude ER vesicles 3 × 106 HEK293 cells were
plated for each condition in 10 cm petri dishes. Once at 50% confluence
10 nM siRNA were transfected in 10ml complete medium using
Lipofectamine RNAiMAX. Cells were incubated for 48 h and then collected
for membrane isolation according to the manufacturer’s instructions. Cells
were detached by trypsinization, collected by centrifugation at 600 × g for
5 min, washed once in ice-cold PBS, and pelleted again. The packed cell
volume (PCV) was determined and cells were resuspended in three
volumes of ice-cold 1× Hypotonic Extraction Buffer (10mM HEPES pH 7.8,
0.03 M KCl, 1 mM EGTA) for 20min at 4 °C to induce swelling. Cells were
then centrifuged at 600 × g for 5 min, the supernatant was discarded, and
the new PCV was measured. The pellet was resuspended in two volumes of
1× Isotonic Extraction Buffer (10 mM HEPES pH 7.8, 500 mM sucrose, 0.03 M
KCl, 1 mM EGTA supplemented with 100mM PMSF and protease inhibitor
cocktail from the same kit and disrupted by 10 strokes in a pre-chilled
Dounce homogenizer. Cell homogenates were cleared by sequential
centrifugation at 1000 × g for 10 min and 8000 × g for 10 min at 4 °C to
remove nuclei, unbroken cells, mitochondria and heavy membranes. The
resulting post-mitochondrial supernatant was subjected to ultracentrifuga-
tion at 30,000 × g for 120min at 4 °C. The pellet, corresponding to the
crude microsomal/ER vesicle fraction, was gently resuspended in 1×
Isotonic Extraction Buffer (approximately 0.3 mL per original mL PCV) using
a pellet pestle. Protein concentration was determined by Bradford assay.
The capacity of microsomal vesicles to import Ca²⁺ via the SERCA

(sarcoplasmic/endoplasmic reticulum Ca²⁺-ATPase) pump was assessed
using a Fura-2-based fluorescence assay [61]. Crude ER membrane
preparations (50 μg) were incubated in an assay solution containing
100mM KCl, 10 mM HEPES (pH 7.4), 10 mM potassium oxalate, 5 mM
MgCl₂, 10 μM ruthenium red, and 2 μM Fura-2 free acid (Thermo Fisher).
The transport reaction was initiated by adding 1mM ATP and 2 μM CaCl₂.
Changes in free Ca²⁺ levels were monitored by measuring Fura-2
fluorescence ratios at 510 nm emission following excitation at 340 and
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380 nm wavelengths in an Agilent fluorescence spectrophotometer
equipped with monochromators at room temperature. Where indicated
thapsigargin (Sigma-Aldrich, SML-1845) was added at 1 μM in the reaction.
As negative control not-enriched extract from untreated HEK293 cells was
used. Calcium concentrations were calculated using the standard equation,
focusing on the linear portion of the fluorescence trace immediately after
Ca²⁺ addition as previously shown [61].
Transmission electron microscopy (TEM) and electron tomography (ET)

were performed as previously described [62]. Briefly, for embedding, cells
grown on MatTek glass bottom dishes (MatTek Corporation, USA) were
fixed with of 4% paraformaldehyde and 2.5% glutaraldehyde (EMS, USA) in
0.2 M sodium cacodylate pH 7.2, for 2 h at room temperature (RT), followed
by 6 washes in 0.2 M sodium cacodylate pH 7.2 at RT. Then, the cells were
incubated in the 1:1 mixture of 2% osmium tetra oxide and 3% potassium
ferrocyanide for 1 h at RT followed by 6 times rinsing in cacodylate buffer.
Next, the samples were sequentially treated with 0.3% thiocarbohydrazide
in 0.2 M cacodylate buffer for 10min and 1% OsO4 in 0.2 M cacodylate
buffer (pH 6.9) for 30min. Then, samples were rinsed with 0.1 M sodium
cacodylate (pH 6.9) buffer until all traces of the yellow osmium fixative had
been removed, washed in de-ionized water, treated with 1% uranyl acetate
in water for 1 h, and washed in water again [41]. The samples were
subsequently subjected to dehydration in ethanol and embedded in Epoxy
resin at RT and polymerized for at least 72 h in a 60 °C oven.
For sectioning, embedded samples were then sectioned with a diamond

knife (Diatome, Switzerland) using a Leica EM UC7 ultra microtome.
Sections were analysed with a Tecnai 20 Electron microscope (FEI, now
ThermoFisher Scientific; The Netherlands) operating at 200 kV.
For electron tomography, the ultramicrotome (Leica EM UC7; Leica

Microsystems, Vienna) was used to cut 200-nm sections. The sections were
collected onto 1% Formvar film adhered to slot grids. Both sides of the
grids were labelled with the fiduciary gold marks with a diameter of 10 nm
(PAG10, CMC, Utrecht, the Netherlands). Tilt-series were collected from the
samples from ±65° with 1° increments at 200 kV in Tecnai 20 electron
microscopes (FEI, now ThermoFisher Scientific, Eindhoven, the Nether-
lands). Tilt series were recorded at a magnification (7600–25,000×) using
software supplied with the instrument. The nominal resolution in our
tomograms was 4 nm, based on section thickness, the number of tilts, tilt
increments, and tilt angle range. The IMOD package and its newest viewer,
3DMOD 4.0.11, were used to construct individual tomograms and for the
assignment of the outer leaflet of organelle membrane contours, as
described [53]. All the analyses were performed in blind.

Quantification of mtDNA to nuclear DNA ratio by quantitative
real-time PCR
Mitochondrial DNA (mtDNA) copy number relative to nuclear DNA (nDNA)
was determined by quantitative real-time PCR (qPCR) on total DNA
extracted from human CTRL and AT fibroblasts. Relative mitochondrial
DNA content was determined by qPCR targeting the mitochondrial MT-
ND1 gene and the single-copy nuclear B2M gene, following a previously
validated assay for mtDNA copy number quantification with minor
modifications [24]. Briefly, human fibroblasts were grown to ~80%
confluence, washed twice with ice-cold PBS and harvested by trypsiniza-
tion. Cell pellets (approximately 105 cells) were resuspended in lysis buffer
and genomic DNA was extracted using a commercial kit (Qiagen)
according to the manufacturer’s instructions, including RNase A treatment.
DNA was eluted in nuclease-free water or low-EDTA buffer, and
concentration and purity (A260/280 and A260/230) were assessed by
spectrophotometry. Samples with A260/280 between 1.8 and 2.0 were
used for qPCR. DNA was diluted to 2-5 ng/μL for all reactions. qPCR
reactions were performed in 96-well plates. All quantitative PCR (qPCR)
assays used TaqMan Universal Master Mix (Applied Biosystems) and 5 μM
primer/probes in 15 μL reactions performed on a thermo cycler at the
following standard thermal parameters: 50 °C for 2 min, 95 °C for 10min
and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Assessment of relative
mtDNA copy content was performed on total DNA isolated using MT-ND1
and B2M primer/probes in three independent experiments each with three
technical replicates and calculated using the ΔΔCq method [63]. Serial
dilutions were performed to assess linearity of assay.

DATA AVAILABILITY
All datasets have been included in this manuscript. Materials will be shared by the
lead author Vincenzo.costanzo@ifom.eu upon request.
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