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Summary

There is evidence that ATMmutated in ataxia-telangiectasia (A-T) plays a key role
in protecting against mitochondrial dysfunction, the mechanism for which re-
mains unresolved. We demonstrate here that ATM-deficient cells are exquisitely
sensitive to nutrient deprivation, which can be explained by defective cross talk
between the endoplasmic reticulum (ER) and the mitochondrion. Tethering be-
tween these two organelles in response to stress was reduced in cells lacking
ATM, and consistent with this, Ca2+ release and transfer between ER and mito-
chondria was reduced dramatically when compared with control cells. The impact
of this on mitochondrial function was evident from an increase in oxygen con-
sumption rates and a defect in mitophagy in ATM-deficient cells. Our findings
reveal that ER-mitochondrial connectivity through IP3R1-GRP75-VDAC1, to
maintain Ca2+ homeostasis, as well as an abnormality in mitochondrial fusion
defective in response to nutrient stress, can account for at least part of the mito-
chondrial dysfunction observed in A-T cells.

Introduction

Ataxia-telangiectasia (A-T) is a multisystem, autosomal recessive disorder characterized by immunodefi-

ciency, neurodegeneration, lung disease, radiosensitivity, and cancer predisposition (Lavin, 2008;

McKinnon, 2012). A-T is caused by functional mutations in a gene that codes for a phosphoinositide-3-ki-

nase-like kinase, ATM (Savitsky et al., 1995). ATM plays a central role in the response to DNA double-strand

breaks (DSBs) by phosphorylating a multitude of substrates involved in cell cycle control, DNA repair, and

other cellular processes (Shiloh and Ziv, 2013). In response to DNA DSBs, ATM is activated at a low level

initially followed by recruitment to the sites of DSB by the MRE11/Rad50/NBS1(MRN) complex leading

to amplification of the activation (Mirzoeva and Petrini, 2003; Uziel et al., 2003). Activation occurs by

autophosphorylation at several sites (Bakkenist and Kastan, 2003; Kozlov et al., 2006, 2011), and activation

involves conversion of an inactive dimer to an activemonomer leading to phosphorylation of all threemem-

bers of the MRN complex and in turn multiple downstream substrates (Lavin et al., 2015). ATM is also acti-

vated by oxidative stress in the absence of DNA damage by a distinct mechanism that involves formation of

a disulfide-cross-linked dimer (Guo et al., 2010). Activation also occurs after exposure to mitochondrial

electron transport inhibitors (Valentin-Vega et al., 2012), and A-T cells are hypersensitive to H2O2 (Yeo

et al., 2017, 2019). These data suggest that ATM is a sensor of reactive oxygen species (ROS) for broader

protection of the cell. Although the majority of ATM is present in the nucleus, in most cell types, it is also

localized to mitochondria (Valentin-Vega et al., 2012; Blignaut et al., 2019), peroxisomes (Watters et al.,

1999; Zhang et al., 2015) and membrane vesicles (Lim et al., 1998). ATM binds to and phosphorylates

PEX5, the peroxisome import receptor, which leads to PEX5 mono-ubiquitination and recognition by

the autophagy adaptor protein p62 to induce pexophagy (Zhang et al., 2015). The FATC domain at the

C-terminal of ATM can interact with a range of membrane mimetics and thereby may act as a membrane

anchoring unit (Abd Rahim et al., 2019). The localization of ATM to mitochondria and its activation by mito-

chondrial dysfunction supports a role in mitochondrial homeostasis. Loss of ATM leads to elevated ROS,

increased aberrant mitochondria, higher membrane potential, high cellular respiratory capacity, and

decreased mitophagy (Valentin-Vega et al., 2012). Aberrant mitochondrial morphology and respiration

has been observed in A-T lymphoblastoid cells (Ambrose et al., 2007), mitochondrial instability is observed

in A-T fibroblasts (Eaton et al., 2007), and a role for ATM has been demonstrated in mitochondrial redox

signaling (Zhang et al., 2018). Developmental lethality of a Drosophila ATM mutant is rescued by Ronnel

(an organophosphate) by inhibiting the function of mitochondrial ATM (Rimkus and Wassarman, 2018).
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This protein is essential in mitochondrial radiation responses (Wei et al., 2018), and senescence control by

the lysosomal-mitochondrial axis is modulated by ATM activity (Kang et al., 2017). In addition, loss of ATM

induces mitochondrial dysfunction and compromised mitophagy due to NAD+ insufficiency (Fang et al.,

2016) and ATMmediates spermidine-inducedmitophagy via PINK1 and PARKIN regulation in human fibro-

blasts (Qi et al., 2016). All these reports suggest that there is an inherent defect in mitochondrial function in

A-T cells, but the nature of that defect remains unknown. We have employed glycolysis inhibition to inves-

tigate this and provide evidence that a defect in signaling from the endoplasmic reticulum (ER) to the mito-

chondrion in A-T cells contributes to the mitochondrial abnormalities.

Results

A-T cells are hypersensitive to nutrient stress

To investigate the source of mitochondrial dysfunction in A-T cells we disrupted the ATM gene in the hu-

man bronchial epithelial cell line HBEC3-KT using CRISPR-Cas9 to create a syngeneic cell pair to minimize

variability due to genetic and/or biochemical differences. Two ATM-deficient cell lines, B3 and C5, which

did not express normal full-length ATM mRNA or ATM protein (Figure 1A), were generated. We selected

B3 for additional studies because it was shown to be most susceptible to metabolic stress (see Figure S1A).

This cell line also demonstrated increased radiosensitivity, characteristic of the A-T cellular phenotype (Fig-

ures S1B–S1D). We have previously shown that primary nasal epithelial cells from patients with A-T are hy-

persensitive to oxidative stress (Yeo et al., 2017, 2019). However, because exposure to H2O2 and other

chemicals causing oxidative stress can cause damage to DNA, we minimized that risk by selecting another

non-DNA damage form of stress, glycolysis inhibition, to investigate the response to metabolic stress (Xie

et al., 2019; Yin et al., 2002). Cells were exposed to 2-deoxyglucose (2DG) to inhibit glycolysis, which would

be expected to lead to a greater reliance on mitochondria for energy production and perhaps expose a

greater susceptibility in A-T cells given the range of mitochondrial abnormalities reported for these cells

(Fang et al., 2016). However, as 2DG treatment also causes ER stress we initially checked whether this

was the case using expression of GRP78, a molecular chaperone that is expressed during ER stress (Kishi

et al., 2010). The results and their quantitation are included in Figures S1E and S1F, revealing that both

cell types display approximately the same degree of ER stress. These results suggest that the effect we

are seeing here on ATM-deficient cells is due to glycolysis inhibition. We initially screened for ATM activa-

tion in the presence of 2DG in control HBEC cells and showed that inhibition of glycolysis activated ATM,

peaking at 4–6 h and declining over 24 h (Figure 1B). In contrast, the ATM protein was not detected in ATM

knockout B3 cells, and consequently no activity was found in these cells. ATM was activated in HBEC cells

under these conditions, whereas no or minimal phosphorylation of H2AX, an established marker of DNA

DSB, or the ATM downstream effector KAP1 was evident, pointing to the lack of DNA damage (Figure 1B).

We verified this using immunofluorescent staining, demonstrating that ATM was activated only in HBEC

cells as evidenced by ATMpS1981 staining (Figure 1C). In addition, there was only residual staining with

gH2AX pointing to the absence of DNA DSB, again providing evidence that DNA damage is not causing

ATM activation (Figure 1D). The data in Figures 1C and 1D show that ATM activation is present in the nu-

cleus, which is similar to that reported for oxidative stress wheremitochondrial H2O2 signaling can promote

ATM dimerization in the nucleus (Zhang et al., 2018). ATM activation (ATM pS1981) has also been observed

in the nucleus in primary mouse neurons after ATP depletion-induced oxidative stress, where there was no

evidence of DNA damage (Chow et al., 2019). Previous results have shown that a fraction of ATM is localized

to mitochondria and that mitochondrial damage can directly activate ATM kinase in the absence of DNA

damage (Valentin-Vega et al., 2012; Blignaut et al., 2019). We thus determined whether ATMwas present in

mitochondria in this case by depriving cells of glucose rather than using 2DG inhibition. As was observed in

Figure 1C glucose deprivation also activated ATM without activating the DNA damage response (Fig-

ure S2A), and activation was evident as early as 15 min in glucose-deprived medium (Figure S2B). ATM

was present in the vesicular fraction in untreated control cells but increased significantly during glucose

deprivation (Figure 1E). Activation of ATM by glycolysis inhibition does not appear to bemediated through

ROS because the antioxidant N-acetylcysteine (NAC) did not interfere with activation (Figure S3). To check

this further, we employed an iso-indoline nitroxide (CTMIO) also an effective antioxidant (Gueven et al.,

2006) and again failed to see a reduction in ATM activation (results not shown). Although these results

appear to rule out ROS, it is not clear at this stage what it is that activates ATM in response to glycolysis

inhibition.

As glycolysis inhibition activated ATM, we determined whether in its absence A-T cells would be more sen-

sitive to this treatment. The results in Figure 1F show that B3 ATM-deficient cells are significantly more
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sensitive to glycolysis inhibition (approximately 3-fold) than HBEC controls with approximately 40% of cell

death after 48 h when compared with only 10% in controls. A second CRISPR-generated cell line, C5, with

no evidence of ATM expression (Figure 1A) also showed increased sensitivity to glycolysis inhibition but not

to the same extent as B3 (Figure S1A). As both ATM-deficient cell lines had increased sensitivity to glycol-

ysis inhibition but showed a difference, we investigated this further in primary airway epithelial cells from 5

patients with A-T again revealing an approximately 4-5-fold greater sensitivity at 48 and 72 h after treat-

ment (Figure 1G). To investigate the wider applicability of this sensitivity we also analyzed different A-T

cell types for this hypersensitivity to glycolysis inhibition that include induced pluripotent stem cells (iPSCs)

and olfactory neural stem (ONS) cells from patients with A-T, shown previously to be more sensitive to

infrared (Nayler et al., 2012; Stewart et al., 2013). Again in both cases we observed enhanced sensitivity

Figure 1. Generation of ATM-deficient cells and hypersensitivity to glucose deprivation

(A) ATM-deficient HBEC3-KT cells (B3) were generated using the CRISPR-Cas9 system. A 15-bp deletion was generated in exon 57 of the ATM gene as shown

in the sequence alignment and genotyping PCR. Immunoblotting confirmed the absence of the ATM protein and kinase activity in B3 cells following

exposure to H2O2. C5 was another ATM-deficient cell line generated and used as a negative control.

(B) Immunoblotting using antibodies against ATM and phospho-ATM S1981 demonstrated that ATM is activated following exposure to 2DG. This was in the

absence of DNA damage because neither H2AX nor KAP1 was phosphorylated. a-Tubulin was used as a loading control. No signal for ATM or phospho-ATM

was observed in B3.

(C) Immunostaining of cells exposed to 2DG confirms that glucose deprivation is capable of activating ATM. Green, ATM protein; red, phospho-ATM S1981;

green, YH2AX as a marker for DNA damage; blue, DAPI. Scale bar, 5 mm. *p < 0.01; unpaired two-tailed Student’s t test.

(D) Immunostaining of cells exposed to 2DG confirmed activation of ATM in the absence of DNA damage as marked by gH2AX. Scale bar, 5 mm.Quantitation

of both ATM pS1981 and gH2AX are provided below. ns, not significant.

(E) Increased association of ATM with mitochondria in response to glucose deprivation. HFF cells were cultured in DMEM with (control) 10 mM glucose and

10 mM glutamine or 0 mM glucose and 0 mM glutamine (stress) for 6 h before whole-cell lysate isolation.

(F) ATM-deficient cells are more sensitive to 2DG. Approximately 60% cell death was observed in B3 cells when compared with �10% observed in 2DG-

treated HBEC3-KT cells.

(G) Nasal epithelial cells taken from 5 patients with A-T also showed the same sensitivity to 2DG. All data are plotted as a mean G SD. n = 3.
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to glycolysis inhibition (Figure S4). In addition, employment of the ATM kinase inhibitor KU55933 demon-

strated that the abrogation of ATM kinase activity was sufficient to sensitize these cells to 2DG-induced cell

killing (Figure S5). Furthermore, treatment with antioxidant did not enhance cell killing in control cells

treated with 2DG in keeping with the ATM activation data (results not shown). These results demonstrate

that ATM-deficient primary cells and cell lines are hypersensitive to inhibition of glycolysis. ATM is activated

under these conditions, but this does not appear to be mediated by ROS.

Defect in ER-mitochondrial interaction in ATM-deficient cells

The ER and mitochondria are physically linked and signal through the mitochondria-associated membrane

(MAM) to control the transmission of stress signals from the ER to the mitochondria assisting in the regu-

lation of energy production, lipid transfer, Ca2+ homeostasis, and apoptosis (Honrath et al., 2017). Thus we

hypothesized that the mitochondrial dysfunction in A-T cells might be explained by defective interaction

between these two organelles. We initially determined the number of contact sites between ER and mito-

chondria by transmission electron microscopy (TEM) as a means of measuring interaction between these

organelles in response to stress. The results in Figure 2A show an outline of ER-mitochondrial association

in HBEC and B3 cells with contact points identified in both untreated and 2DG-treated cells. There were no

obviousmorphological differences in either mitochondria or ER in both cell types before or after treatment.

We next analyzed the number of contact sites between the ER and mitochondria in wild-type (WT) and

knockout cells, with and without 2DG treatment. The number of contact sites between mitochondria

and ER were not different in untreated control and ATM-deficient cells, but after glycolysis inhibition

they increased significantly in control cells but did not change appreciably in B3 cells (Figure 2B). Failure

to see an increase in the number of contact sites in response to stress in ATM-deficient cells suggests

that there may be a defect in signaling through theMAM to regulate ER-mitochondrial tethering and trans-

fer of Ca2+ from ER stores into the mitochondrial matrix, which could affect mitochondrial function and in

the longer term cell viability (Honrath et al., 2017). Accordingly, because the tripartite complex between

VDAC1-IP3R1, mediated by GRP75, is critical for Ca2+ transfer into mitochondria, we determined whether

this complex was properly integrated into the MAM in ATM-deficient cells after stress. GRP75 staining co-

localized with MitoTracker in untreated control HBEC cells and ATM-deficient B3 cells to the same extent

(Figure 2C). On exposure to 2DG for 2 h, the intensity of GRP75 increased markedly in control cells but re-

mained approximately the same in ATM-deficient cells (Figure 2C). Quantitation of this revealed a signif-

icantly greater increase in control cells (Figure 2D). This might be explained by an increase in GRP75 protein

in the control cells as observed recently where overexpression of GRP75 plays a key role in promoting re-

growth of injured axons (Lee et al., 2019). However, it is evident that over a time course up to 24 h with

glucose deprivation no increase in GPR75 protein occurred in either cell type and this was also the case

for the other two members of the complex, VDAC1 and IP3R1, using immunoblotting (Figure 2E). To deter-

mine whether the increased intensity of GRP75 staining might be explained by increasing physical links be-

tween the ER and mitochondria by mediating the interaction between VDAC1 and IP3R1, we employed the

proximity ligation assay (PLA). This assay allows visualization of in situ endogenous protein-protein inter-

actions by the appearance of fluorescent spots because of amplification and subsequent incorporation

of fluorescent nucleotides on complementary strands that are conjugated to target antibodies (Yuan

et al., 2000). In this case we examined proximity between GRP75 on the mitochondrion with IP3R1 on

the ER. The results show that there is an increase in cytoplasmic puncta in control cells after 2DG treatment,

demonstrating increased association between GRP75 and IP3R1, which would be expected if the number

of contact sites between the mitochondria and ER were increased (Figure 2F). On the other hand, there was

only a minimal increase in cytoplasmic puncta in ATM-deficient cells. Quantitation showed a similar degree

of interaction between GRP75 and IP3R1 in both types of untreated cells, but a significant increase was only

observed in control treated cells after nutrient stress (Figure 2G). Although interaction between IP3R1 and

GRP75 was also demonstrated by co-immunoprecipitation (results not shown), it was not possible to detect

the increased association demonstrated by PLA, which is a more sensitive approach (Tubbs and Rieusset,

2017; Gomez et al., 2016). Overall these data show that the number of ER-mitochondrial contact sites under

basal conditions is approximately the same in control and ATM-deficient cells, as determined by TEM and

IP3R1-GRP75-VDAC1 bridge formation. However, the increase in these contact sites that occurs in

response to nutrient stress in WT cells was abrogated in ATM-deficient cells.

Defect in Ca2+ transfer between ER and mitochondria in ATM-deficient cells after 2DG

The ER houses the major Ca2+ store in mammalian cells, and this store is released through IP3R channels on

the ER membrane (Phillips and Voeltz, 2016). Signaling cross-talk from the ER to the mitochondria is
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Figure 2. Defect in ER-mitochondrial interaction in ATM-deficient cells

(A) Electron microscopy of HBEC3-KT and B3 cells with and without exposure to 2DG. A distance of %25 nm between

mitochondria and ER is considered as a contact site. Each contact site is highlighted in pink. An increase in the number of

contact sites were observed in HBEC3-KT cells exposed to 2DG, whereas the opposite was observed for B3.

(B) Quantitation of the number of contact sites between mitochondria and ER in HBEC3-KT and B3 cells in the presence or

absence of 2DG performed in a blind fashion.
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expected to be more efficient at tight interfaces, and control of Ca2+ concentration within tight limits is of

primary relevance to cell physiology (Pallafacchina et al., 2018). Here we provided evidence of reduced

interaction between ER and mitochondria in ATM-deficient cells in response to metabolic stress, and

consequently, we predicted that there would be a defect in Ca2+ release from the ER and transfer to mito-

chondria in these cells under these conditions. The results in Figure 3A reveal that Ca2+ is being released to

approximately the same extent in both cell types under basal conditions, but on exposure to 2DG, a rapid

release from the ER into the cytoplasm occurred for HBEC control cells. On the other hand, whereas an

increased release of Ca2+ was observed for ATM-deficient cells, it was significantly reduced compared

with controls after 2DG (Figure 3A). To determine whether reduced levels of Ca2+ storage in the ER in

B3 might account for this defect, we employed thapsigargin to release total ER Ca2+. The results in Fig-

ure S6A showed similar levels of Ca2+ release in both HBEC3-KT and B3. We also employed primary A-T

epithelial cells to determine Ca2+ release. As observed with the cell line these cells too showed a defect

in rate and extent of Ca2+ release after 2DG treatment (Figure S6B). As both the release of Ca2+ from

the ER and its subsequent uptake into mitochondria are coupled to achieve Ca2+ homeostasis, we inves-

tigated whether uptake of Ca2+ into mitochondria might also be defective in ATM-deficient cells. The re-

sults in Figure 3B show that ATM-deficient cells are also defective in uptake of Ca2+ into mitochondria when

compared with control after 2DG treatment, and the difference is of the same order as observed for Ca2+

release from the ER. To understand the significance of this difference in Ca2+ kinetics, we employed 2-ami-

noethoxydiphenyl-borate (2APB) to inhibit IP3R1 and determine the effect on establishment of the IP3R1-

GRP75-VDAC channel and on cell survival (Sun et al., 2011). We initially checked the effect of blocking IP3R1

with 2APB on 2DG-induced formation of the IP3R1-GRP75-VDAC1 channel. The results in Figure 3C show

that the increased intensity of the GRP75 signal after 2DG in HBEC control cells after treatment with the

IP3R inhibitor was reduced to levels comparable to that for ATM-deficient cells indicating that the signaling

complex between the ER and mitochondria was being disrupted. Exposure of control cells to 2APB in the

presence of 2DG also led to a marked enhancement in cell killing under conditions that prevented Ca2+

release from the ER (Figure 3D). ATM-deficient cells were also significantly more sensitive to killing by

2DG when additionally treated with 2APB. We also employed the calcimimetic, NPS-R568, which activates

the calcium-sensing receptor to increase intracellular Ca2+ (Di Mise et al., 2018), to determine whether this

might be protective for ATM-deficient cells. NPS-R568 was more toxic to ATM-deficient cells and enhanced

the toxicity of 2DG in both cell types, further supporting a role for specific ER release and mitochondrial

uptake of Ca2+ in protecting the cell (Figure 3E). These results demonstrate that the defective linkage be-

tween the ER and mitochondria in ATM-deficient cells (both primary cells and a cell line) in response to

glycolysis inhibition, is accompanied both by significantly reduced release of Ca2+ from the ER and reduced

uptake into mitochondria. It is evident that this affects mitochondrial function and cell survival because in-

hibition of the IP3R and consequently Ca2+ release and transfer in control cells led to significantly increased

killing similar to that seen with ATM-deficient cells treated with 2DG alone.

Mitochondrial function is defective in glucose-deprived ATM-deficient cells in response to

nutrient stress

Previous data have shown that absence of ATM is associated with elevated levels of ROS (Barzilai and Ya-

mamoto, 2004; Mercer et al., 2010). We also observed elevated basal levels of intracellular ROS in B3

compared with control, and although ROS increased in both B3 and control cells in response to 2DG treat-

ment, the overall amount was significantly higher in B3 cells (Figure 4A). Elevated basal levels of ROS were

also evident in A-T ONS stem cells (Figure S7). Elevated ROS has been linked to increased mitochondrial

membrane potential and other mitochondrial abnormalities including increased mitochondrial mass in

Figure 2. Continued

(C and D) (C) Co-staining using an antibody against Grp75 (green) and MitoTracker (red) was performed on HBEC3-KT

and B3 cells in the presence or absence of 2DG. An increase in the fluorescence intensity was observed in HBEC3-KT cells

following exposure to 2DG but not in B3. These data are quantitated in (D). Scale bar, 5 mm.

(E) Immunoblotting for Grp75, IPR1, and VDAC1 in cells following exposure to 2DG showed no differences in protein

levels between HBEC3-KT and B3. This suggested a change in Grp75 localization in 2DG-treated HBEC3-KT cells and not

an increase in protein levels. a-Tubulin was used as a loading control.

(F and G) (F) Proximity ligation assay (PLA) using antibodies against IP3R1 (ER) and GRP75 (mitochondria) was performed

as a means of showing increased interaction between GRP75 and IP3R1. An increase in the number of foci in HBEC3-KT

cells following exposure to 2DG was observed. Quantitation of these data is shown in (G). Scale bar, 5 mm. Appropriate

negative control with no primary antibody was performed. All data are plotted as a meanG SD. n = 3, *p < 0.01, unpaired

two-tailed Student’s t test.
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Atm�/- thymocytes and in ATM-deficient primary neurons (Valentin-Vega et al., 2012; Fang et al., 2016). Not

unexpectedly we also observed increased mitochondrial membrane potential in glucose-deprived B3 cells

compared with control with time (Figure 4B). Use of FCCP treatment to destroy membrane potential

demonstrated a similar extent of loss for both cell types at 60 min as expected. We also observed increased

mitochondrial mass in ATM-deficient cells compared with control using mtDNA/nDNA ratios (Figure 4C).

This is consistent with a possible defect in mitochondrial fusion/fission in A-T cells. A recent report shows

that BRCA1 deficiency results in a higher level of MFN1/2 protein expression, accelerating mitochondrial

fusion, which can block the separation of damaged mitochondria from healthy ones and negatively affect

mitophagy (Chen et al., 2020). In addition, clearing damaged mitochondria is defective in Atm-deficient

cells and increasing intracellular NAD+ is associated with improving mitochondrial quality via mitophagy

(Valentin-Vega et al., 2012; Fang et al., 2016). We showed here that this was also the case after inhibition

of glycolysis for ATM-deficient cells (Figure 4D). The extent of mitophagy was approximately 50% of that

seen in control cells after 2DG treatment. We also determined mitophagy by measuring the expression

Figure 3. Defect in Ca2+ transfer between ER and mitochondria in ATM-deficient cells in response to glucose

deprivation

(A) Intracellular calciumwas measured using FURA-2 as a calcium indicator. A significant increase in calciumwas observed

in HBEC3-KT cells treated with 2DG when compared with B3.

(B) Mitochondrial calcium was measured using Rhodamine-2AM. Similar to results observed with FURA-2, a significant

increase in calcium was seen in HBEC3-KT cells treated with 2DG when compared with B3.

(C) To determine the effect of an inhibitor of IP3R1, 2APB, on formation of the IP3R1-GRP75-VDAC1 bridge, Grp75

labeling was attenuated in HBEC3-KT cells exposed to 2DG. Scale bar, 5 mm.

(D) Effect of 2DG + 2APB and 2APB alone on cell killing in both HBEC3-KT and B3 cells.

(E) Effect of the calcium mimetic, R568, on cell survival in the presence of 2DG. All data are plotted as mean G SD. n = 3.
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levels of BNIP3, a gene associated with mitophagy (Sunderland et al., 2020). The results confirm the defi-

ciency in ATM-deficient cells showing a significantly reduced level of expression after 2DG treatment in B3

(Figure 4E). To understand the nature of the defect we determined whether the increased mitochondrial

mass and reduced mitophagy in Atm-deficient cells might be explained by defective mitochondrial fusion.

The results in Figure S8 show that in response to nutrient stress the level of MFN2 protein falls rapidly by 1 h

in HBEC control cells but negligibly in B3 ATM-deficient cells as determined by immunofluorescence.

Immunoblotting confirmed the rapid degradation of MFN2 in control cells, but on the contrary, MFN2

levels remained unchanged in B3 ATM-deficient cells (Figure 4F). Quantitation appears in Figure 4G. These

results are consistent with a shift in the balance tomitochondrial fusion in ATM-deficient cells. There was no

evidence for any difference in the mitochondrial fission protein DRP1 in the two cell types (Figure 4F).

Degradation of MFN2 occurs in a proteasome and p97 AAA + ATPase-dependent manner, and during

the process p97 accumulates on mitochondria (Tanaka et al., 2010). We found that basal levels of p97 asso-

ciated with mitochondria, determined by co-localization with TOMM20, were approximately the same in

the two cell types (Figure 4H). However, after treatment with 2DG the number of cells with perinuclear

p97 rings increased markedly in control cells but remained unchanged in ATM-deficient cells. Quantitation

of these data appears in Figure 4I. Under these conditions there was no change in the amount of p97 pro-

tein (Figure 4J), suggesting that changes in p97 expression levels did not account for the differences seen in

Figure 4H. In summary we observed a number of mitochondrial abnormalities in ATM-deficient cells

including increased mitochondrial mass and reduced mitophagy, which is consistent with reduced

MFN2 degradation in these cells and reduced recruitment of p97.

Valentin-Vega et al. (2012) have demonstrated that Atm�/� thymocytes and fibroblasts both exhibit

increased cellular respiration under basal conditions. The oxygen consumption rate (OCR) was elevated

inAtm�/� cells, and Beclin-1 heterozygosity significantly rescued this abnormality. We determined whether

this was the case in ATM-deficient B3 cells. The results in Figure 4K show that there is elevated basal respi-

ration and increased respiratory capacity in ATM-deficient cells compared with control, providing evidence

for a higher rate of metabolism to support basic cellular function in these cells. Quantitation of these data

appears in Figure 4L. Exposure of ATM-deficient cells to 2DG led to marked increases in OCRs per viable

cell compared with controls including a further increase in basal respiration and a very significant increase

in maximal respiratory capacity in these cells, caused by the sudden surge in energy requirement in an

attempt to overcome glycolysis inhibition (Figure 4K). Quantitation of these data appears in Figure 4L.

We interpret the higher value for A-T to be overcompensation in response to stress in keeping with the

higher basal respiration to maintain basic cellular function. Previous data have also shown that the process

of clearing damaged mitochondria is defective in Atm-deficient cells and that increasing intracellular

NAD+ is associated with improving mitochondrial quality via mitophagy (Valentin-Vega et al., 2012;

Fang et al., 2016). These results demonstrate that glycolysis inhibition exacerbates mitochondrial dysfunc-

tion in ATM-deficient cells. The capacity of this form of stress to cause accumulation of ATM on mitochon-

dria supports further an extranuclear role for this protein.

Figure 4. Mitochondrial function is defective in glucose-deprived ATM-deficient cells in response to nutrient

stress

(A) Mitochondrial ROS was measured using MitoSox, a mitochondrial superoxide indicator. Basal levels of mitochondrial

ROS were higher in B3 when compared with HBEC3-KT, and an increase was observed in both cell types exposed to 2DG.

Increase in mitochondrial ROS was also observed following exposure to H2O2, which was used as a positive control.

(B) Mitochondrial membrane potential was measured using JC-1. A significant increase in membrane potential was

observed in B3 cells exposed to 2DG. Treatment with FCCP was used as a control to decrease membrane potential.

(C) Mitochondrial mass as determined by the ratio of mtDNA to nDNA.

(D) Analysis of mitophagy was performed using MtPhagy Dye (red) co-stained with MitoTracker (green). An increase in

mitophagy was observed in HBECs exposed to 2DG but not in B3. Data are plotted as the mean G SD. A minimum of 50

cells were analyzed. Scale bar, 5 mm.

(E) BNIP expression in HBEC3-KT and B3 cells G 2DG as a measure of mitophagy.

(F) Immunoblotting for the detection of MFN2 and DRP1. a-Tubulin was used as a loading control.

(G) Quantitation of Mfn2 band intensity.

(H) Recruitment of p97 to mitochondria as determined by co-immunostaining with TOMM20. Scale bar, 5 mm.

(I) Quantitation of perinuclear p97 rings in HBEC and B3 with and without 2DG treatment.

(J) Immunoblotting of p97. VDAC1 was used as a loading control.

(K and L) (K) Mitochondrial function analysis was performed using the Seahorse XF24 extracellular flux analyzer. Results

showed a higher respiratory capacity in basal (upper) and 2DG-treated (lower) B3 cells when compared with HBEC cells in

(L). All data are plotted as mean G SD. n = 3, *p < 0.01; unpaired two-tailed Student’s t test.
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Discussion

Hypersensitivity to oxidative stress supports an extranuclear role for ATM, further substantiated by the

description of a separate mechanism of activation for ATM by oxidative stress, in the absence of DNA dam-

age (Guo et al., 2010; Yeo et al., 2017, 2019). We have shown here that ATM-deficient cells are also hyper-

sensitive to 2DG-induced glycolysis inhibition compared with controls without evidence for detectable

DNA damage. This hypersensitivity is characteristic of several different ATM-deficient cells. We also

observed increased sensitivity to this treatment in primary airway epithelial cells from five patients with

A-T and in A-T iPSC and ONS stem cells. ATM was activated under these conditions in the absence of

DNA damage and was localized to the nucleus, similar to that reported for menadione treatment of

HeLa cells and depletion of ATP in mouse neurons, both of which induce ROS (Zhang et al., 2018; Chow

et al., 2019). The involvement of ATM in the response to oxidative stress and its localization to the mito-

chondrion suggests a role in the function of that organelle (Valentin-Vega et al., 2012; Blignaut et al.,

2019). In addition, there is accumulating evidence for mitochondrial abnormalities in A-T cells, and it has

been suggested that A-T should be considered, at least in part, as a mitochondrial disease (Valentin-

Vega et al., 2012). We also observed mitochondrial abnormalities after 2DG treatment including increased

levels of ROS. However, it seems unlikely that the same mechanism of ATM activation occurs because the

antioxidant NAC failed to interfere with ATM activation under these conditions but ATM still localized to

mitochondria. In addition to NAC, a second antioxidant CTMIO did not affect ATM activation or cell sur-

vival induced by glycolysis inhibition (data not shown). These results suggest that although ROS is gener-

ated during 2DG treatment, it does not appear to represent the agent activating ATM to protect control

cells against cell death. On the other hand, neither loss of ATM kinase activity nor inhibition of ATM kinase

in MCL, A-T, and HeLa cell lines mitigated CCCP-induced mitophagy, but stable knockdown of ATM

conferred resistance to mitophagy suggesting that ATM protein and not ATM kinase activity is required

for mitophagy (Chow et al., 2019; Zhang et al., 2018). At this stage it is unclear as to how metabolic stress

achieves this.

We have provided evidence here for a new explanation for the mitochondrial abnormalities in these cells

that centers on the interaction between the ER and mitochondria in response to metabolic stress. We

showed that GRP75 fails to efficiently assemble the IP3R1-GRP75-VDAC1 complex in response to glycolysis

inhibition in ATM-deficient cells. This protein complex localizes to the MAM and has been shown to play a

major role in bridging between the ER andmitochondria, acting as an important control point of cell fate in

conditions of oxidative and other forms of stress (Szabadkai et al., 2006; Honrath et al., 2017). While stress-

induced formation of the complex is deficient in A-T cells, it is evident that constitutive activity of this chan-

nel appears to be relatively normal and thus able to support to some extent basal mitochondrial function.

This is consistent with Cardenas et al. (2010) who demonstrated that mitochondrial uptake of InsP3R-

released Ca2+ is an essential cellular process that is required for efficient mitochondrial respiration and

maintenance of normal cell bioenergetics. Our results show that IP3R1-GRP75-VDAC1- facilitated release

of Ca2+ from the ER and uptake into mitochondria in A-T cells is defective in response to nutrient stress,

suggesting that this is responsible for defective mitochondrial function in these cells. Clearly this is a tightly

controlled process because enhanced Ca2+ release from the ER can lead to Ca2+ overload and cell death

(Rizzuto et al., 2009; Jones et al., 2010). GRP75 has been shown to mediate both beneficial and harmful ef-

fects, which is dependent on both the cell type and pathological context (Honrath et al., 2017). Interaction

between GRP75 and IP3R1 has been demonstrated to increase upon axonal injury, contributing to

increased ER-mitochondrial tethering, elevated mitochondrial Ca2+, and enhanced ATP generation to pro-

mote axonal regrowth (Lee et al., 2019). GRP75 overexpression is also associated with protection against

cell death after exposure to cellular stress such as radiation and in astrocytes exposed to oxygen-glucose

deprivation (Guo et al., 2012; Voloboueva et al., 2008). Overexpression studies also give rise to both mito-

chondrial stress response and protection against stress-induced ROS formation and loss of mitochondrial

membrane potential in different cell types (Jin et al., 2006; Burbulla et al., 2014). GRP75 overexpression in

rat brain protects mitochondria, reduces oxidative stress, and protects from focal ischemia (Xu et al., 2009)

and has been shown to suppress apoptosis induced by glucose deprivation in PC12 cells (Yang et al., 2008).

On the other hand, glutamate-induced cell death was prevented in GRP75 knockdown cells, but the pro-

tective effect was specific for glutamate toxicity as it failed to protect against ER stress (Honrath et al., 2017).

Here, in the case of glucose deprivation stress our data suggest that the reduced IP3R1-GRP75-VDAC1

channel activity, resulting in reduced import of Ca2+ into mitochondria, affects negatively both mitophagy

and survival in ATM-deficient cells. Reduced survival and mitophagy is also consistent with a reduced num-

ber of contact sites between these organelles in response to nutrient stress in A-T cells, reflected in a
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significantly reduced transfer of Ca2+. We suggest that the flow of Ca2+ after glucose deprivation is an early

event designed to protect the cell. Failure to establish sufficient contacts in theMAMbetween ER andmito-

chondria resulting in reduced Ca2+ transfer would negatively affect mitophagy and cell survival in the

longer term. This is consistent with an essential role for GRP75 in maintaining contact between these organ-

elles and facilitating the propagation of the Ca2+ signal into mitochondria to regulate various mitochon-

drial functions (Phillips and Voeltz, 2016; Honrath et al., 2018). In addition, previous results have shown

that contact sites between ER and mitochondria represent sites of autophagosome formation during star-

vation-induced autophagy and that autophagosome biogenesis is impaired in cells with defective ER-mito-

chondrial tethering (Hamasaki et al., 2013; Kishi-Itakura et al., 2014). Thus the defect in apposition between

ER and mitochondria in ATM-deficient cells and in turn the defect in Ca2+ transfer in response to stress is

likely to contribute to the mitophagy defect in these cells. However, it is more complex than this because

mitochondria-ER contacts are critical to mitochondrial fission/fusion and mitophagy, which is consistent

with the increased mitochondrial mass that we observed here. We also showed here that MFN2 degrada-

tion and p97 recruitment to mitochondria are defective in ATM-deficient cells, which would seem to favor

the model that MFN2 binds to both ER andmitochondria acting as a negative regulator to keep them apart

to control the non-specific transfer of Ca2+ and avoid apoptosis (Leal et al., 2016). In that study knockdown

of MFN2 increased contact between ER andmitochondria and increased Ca2+ transfer. What we show here

is that MFN2 is preferentially degraded in control compared with A-T cells (Figures 4F and 4G) and also that

the number of ER contact points increases in control in response to 2DG but shows little change in A-T. As

expected by Leal et al. this would also lead to a significant difference in Ca2+ transfer between ER andmito-

chondria in control over A-T, which we see (Figures 3A and 3B). We can account for this by increased

contact and increased channel formation between IP3R1 and VDAC1. In short, our data are completely

consistent with a model wherein MFN2 functions to minimize contact between ER and mitochondria under

normal physiological conditions but on exposure to stress it is degraded to regulate these contacts to

ensure controlled Ca2+ transfer. In control cells number of IP3R1-GRP75-VDAC1 contacts would increase

and increase the flow of Ca2+, but in ATM-deficient cells they would show little change leading to reduced

Ca2+ transfer. We also showed here that p97 recruitment to mitochondria is defective in ATM-deficient

cells, which would favor mitochondrial fusion. It is of interest that mutations in MFN2 also result in neuronal

dysfunction (Jiang et al., 2018), MFN2 has also been associated with diabetes (Schrepfer and Scorrano,

2016), and this observation could account for the metabolic phenotypes seen in patients with A-T. So in

short, our data suggest that the defect in mitophagy in ATM-deficient cells can be explained both by defec-

tive communication between ER and mitochondria through IP3R1-GRP75-VDAC1 to supply Ca2+ and by a

failure to remove MFN2 cross-links between mitochondria to enable mitophagy to occur. These results

agree with previous reports that mitophagy is decreased in A-T cells leading to accumulation of damaged

mitochondria (Valentin-Vega et al., 2012; Fang et al., 2016; Chow et al., 2019). We have provided greater

insight into the nature of that defect here.

We have shown that ER-mitochondrial signaling in response to nutrient stress is defective in ATM-deficient

and primary epithelial cells from cells of patients with A-T and that this form of stress activates ATM likely by

a mechanism that appears to be different to that described for oxidative stress (Zhang et al., 2018). Loss of

ATM under these conditions is linked tomitochondrial dysfunction and dramatically reduced cell survival. A

major challenge is to understand the role of ATM in protecting mitochondrial function by identifying the

substrate(s) phosphorylated by ATM in response to this form of stress. A relevant candidate in the present

context is the BH-3-only protein c-bid, which has been shown to be phosphorylated by ATM (Kamer et al.,

2005; Maryanovich et al., 2012). However, we failed to see phosphorylation of this protein after glycolysis

inhibition. In addition, we failed to see phosphorylation of MFN2 using a pS/TQ antibody after 2DG treat-

ment (results not shown). Our results provide evidence that the kinase activity of ATM is important in

protecting against nutrient stress-induced cell death because cells are sensitized after inhibition of that

activity, but on the other hand, a recent report provides evidence that ATM, but not its kinase activity, is

associated with induction of mitophagy through ATM-Parkin interaction in cancer cells (Sarkar et al.,

2020). Regardless of the exact role of ATM in protecting mitochondrial function and controllingmitophagy,

protection against ROS accumulation and oxidative stress is a significant feature of the A-T phenotype.

Overexpression of catalase targeted to mitochondria alleviates A-T-related pathology in Atm�/� mice,

including reduced propensity to develop thymic lymphoma, improved bone marrow hematopoiesis and

macrophage differentiation in vitro, and partial rescue of memory T cell developmental defects (D’souza

et al., 2013). In addition, allelic loss of the autophagic regulatory gene, Beclin-1, rescued mitochondrial

dysfunction in Atm�/� lymphocytes and delayed tumorigenesis in Atm�/� mice (Valentin-Vega et al.,
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2012). In this context a recent report describes the activation of the ATM/CHK2/Beclin 1 pathway in

response to glucose deprivation and hypoxia to positively regulate autophagy, maintaining cell and tissue

homeostasis by suppressing ROS, clearing damaged mitochondria, and preventing apoptosis (Guo et al.,

2020).

In summary, we have provided evidence for defective interaction between the ER and mitochondria due to

inefficient assembly of the IP3R1-GRP75-VDAC1 complex in response to glycolysis inhibition in ATM-defi-

cient cells leading to a defect in Ca2+ homeostasis and mitochondrial dysfunction. The significance of this

to the A-T neurodegenerative phenotype is evident from results showing that the loss of regulation of

IP3R1, enriched in Purkinje cells, compromises their function and survival and is a key protein in the path-

ogenesis of several spinocerebellar ataxias (Shimobayashi and Kapfhammer, 2018). In addition, Atm defi-

ciency in conjunction with chronic DNA damage from Polb inactivation leads to reduced IP3R1 expression

in Purkinje cells and severe cerebellar ataxia (Kim et al., 2020). Extending our studies to cerebellar organo-

ids from patients with A-T will provide important insight into ER-mitochondrial signaling in neuronal cells

and its role in maintaining Ca2+ homeostasis and mitochondrial function. At present, there is no cure for A-

T, although a number of therapeutic approaches are being or have been employed. Targeting ROS pro-

duction directly, enhancing antioxidant capacity, or increasing redox signaling have been suggested as

possible approaches (Zhang et al., 2018), but it is unclear whether these will be effective. A more effective

approach may be to focus directly on enhancing mitochondrial function.

Limitations of the study

In this study, we reveal that ATM-deficient cells are hypersensitive to nutrient stress and that ER-mitochon-

drial connectivity through IP3R1-GRP75-VDAC1 maintains Ca2+ homeostasis, to protect mitochondrial

function in the presence of ATM. The exact role of ATM and the substrates involved in this signaling require

further studies. In addition, the identification of compounds that protect against this signaling defect is a

priority because that may have potential for therapy in this disorder.
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TRANSPARENT METHODS 
 
Cell Culture 
HBEC3-KT and ATM-deficient HBEC-3KT cells (B3) were cultivated in Keratinocyte-SFM (KSFM) 
(Thermo Fisher Scientific, MA, USA) supplemented with 3% fetal calf serum (FCS) (Thermo Fisher 
Scientific, MA, USA) and 100U/ml penicillin/streptomycin (Thermo Fisher Scientific, MA, USA). 
Cultures were maintained in a humidified incubator at 37℃ with 5% CO2.  
 
Generation of CRISPR-Cas9 Plasmid Gene Script 
A single guide RNAs (sgRNA) targeting 5’-GAACACCACTTCGCTGAGAG-3' in exon 57 of the 
ATM gene was generated utilizing the online tool http://crispr.mit.edu/ (Zhang Lab, MIT, 2015). 
Selected sgRNAs were cloned into a commercially available gene editing vector pSpCas9 (BB)-2A-
GFP (PX458) (GenScript, NJ, USA).  
 
Generation of ATM-deficient human bronchial epithelial cell line (B3)  
HBEC-3KT cells were transfected using the NEON® Transfection System (Thermo Fisher Scientific, 
MA, USA). Two days prior to transfection, cells were grown in culture medium that did not contain 
penicillin/streptomycin. Each reaction contained 0.5µg of CRISPR/Cas9 plasmid, 1 × 105 cells and 10 
μL of Resuspension Buffer R (Thermo Fisher Scientific, MA, USA). Cells were then loaded into 100 
μl tips and electroporated in accordance with the manufacturer’s instructions using settings of 1290 V, 
20 ms pulse width, and 2 pulses. After electroporation, transfected cells were plated into KSFM media 
with 3% FCS. 24 hours post transfection, cell numbers were determined and seeded as single cells in 
a 96-well plate. 
 
Genotyping 
Genomic DNA was extracted from cells using QuickExtract™ DNA Extraction Solution (Epicentre, 
WI, USA). ROE right arm forward primer 5’-CCTGTATCTTTTATGAGCACCATCTTCATTA-3’ and 
ROE left arm reverse primer 5’-GAGTGATGGGCAGGCTCTCAAACATCTAGGC-3’ were used. 
For a 30 µL volume PCR reaction, each reaction contained: 19.7 µL sterile water, 1 µL of 10 µM of 
forward and reverse primers (Sigma-Aldrich, MI, USA), 0.3 µL BioTaq DNA polymerase (Bioline, 
TN, USA), 6µL of MyTaq 5X buffer (Bioline, TN, USA), 5mM dNTPs, 15mM MgCl2, and DNA 
template. PCR cycling condition were as follows: initial denaturation at 94°C for 3 min, 35 cycles of 
denaturation at 94°C for 20 seconds, annealing at 60°C for 15 seconds and extension at 72°C for 30 
seconds, with a final elongation performed at 72°C for 7 min. PCR was performed on a GeneAmp 
2700 PCR Thermocycler (Applied Biosystems, CA, USA). For all PCR reactions, appropriate negative 
controls without DNA template were performed. PCR products were electrophoresed at 110V for 2 h 
in 1X TAE buffer (40mM Tris-acetate, 1mM EDTA, pH 8.0) and separated on a 4% (w/v) TAE agarose 
gel containing 0.5µg/ml ethidium bromide. DNA was subsequently visualized using a UV 
Transilluminator (Bio-Rad, CA, USA).  
 
DNA Sequencing 
Sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (ThermoFisher 
Scientific, MA, USA). ROE left arm primers diluted to 5 pmol/µL were used. For a 12µL volume PCR 
reaction, each reaction contained:  1µL of 10µM of primer, 1µL 3.1 BigDye Mix (Thermo Fisher 
Scientific, MA, USA), 5X buffer (Thermo Fisher Scientific, MA, USA), and 3µl DNA template, 
topped up with sterile water to 12µl. PCR cycling conditions were as follows: initial denaturation at 
95°C for 3 minutes, 35 cycles of denaturation at 95°C for 20 seconds, annealing at 55°C for 10 seconds 
and extension at 65°C for 4 minutes. PCR was performed on a GeneAmp 2700 PCR Thermocycler 
(Applied Biosystems, USA). Purification was subsequently performed as per the manufacturer’s 
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protocol and DNA sequencing was carried out using capillary separation by the Australian Genome 
Research Facility (AGRF; Brisbane, Australia). 
 
Validation of CRISPR/Cas9-generated ATM-deficient cells (B3) 
ATM-deficient cells are sensitive to hydrogen peroxide (H2O2) and ionizing radiation (IR). To 
determine whether the ATM-deficient cells (B3) we generated using the CRISPR/Cas9 system display 
these hallmarks, HBEC-3KT and B3 cells were exposed to 300 µM H2O2 in KFSM (without FCS) and 
incubated for 1 hour in a humidified 37°C/5% CO2 incubator, or IR at 5 Gy. Cell death over a minimum 
of 72 h was determined using the NucGreen Dead 488 ReadyProbes Reagent (Thermo Fisher Scientific, 
MA, USA) as per the manufacture’s protocol and observed using the IncuCyte S3 (Essen BioScience 
Inc., MI, USA). 
 
Immunoblotting and immunofluorescence 
Immunoblotting and immunofluorescence were performed as described in (Yeo et al. Cell Disc 2015). 
Primary antibodies used at 1:1000 (immunoblotting) and 1:100 (immunofluorescence) are as follows: 
anti-ATM (5C2) (GTX70107; Genetex, CA, USA), anti-ATM phospho-Ser1981 (ab81292; Abcam, 
Cambridge, U.K), anti-γ-H2AX phosphor-Ser139 (05-636; Merck Millipore, MA, USA), anti-Grp75 
(ab2799; Abcam, Cambridge, U.K), anti-VDAC1 (ab15895; Abcam, Cambridge, U.K), anti-IP3R1 
(ab5804; Abcam, Cambridge, U.K), anti-α-tubulin (ab7291; Abcam, Cambridge, U.K). Secondary 
antibodies used for immunofluorescences at 1:250 dilution are as follows: Alexa Fluor 594 goat anti-
mouse (A-11032; Thermo Fisher Scientific, MA, USA) and Alexa Fluor 488 chicken anti-rabbit (A-
24114; Thermo Fisher Scientific, MA, USA). Secondary antibodies used for immunoblotting at 1:5000 
dilution are as follows: HRP-conjugated donkey anti-mouse (AP192P; Merck Millipore, MA, USA) 
and HRP-conjugated donkey anti-rabbit (AP182P; Merck Millipore, MA, USA). 
 
Vesicle-enriched fractionation 
Cells were washed, collected and pelleted in ice cold PBS. The cells were resuspended in STE (250 
mM sucrose, 10 mM Tris pH 7.5, 0.1 mM EGTA, protease and phosphatase inhibitors) and 
homogenized by 30 strokes with a type B pestle, followed by 3 passes through a 27-gauge needle. 
Nuclei were pelleted with a low speed centrifugation (1000 rpm, 10 mins) and the supernatant was 
centrifuged at 15,000 rpm for 20 mins to pellet the membrane-bound vesicles. The vesicles were 
washed twice with STE and solubilized by lysis buffer. 
 
Sensitivity to 2DG 
Cells were treated with 15mM 2-deoxyglucose (D6134, Sigma Aldrich, MA, USA), 75 µM 2-
Aminoethoxydiphenyl borate (2APB) (1224; Tocris, Bristol, U.K), 3 µM R568 hydrochloride (3815, 
Tocris, Bristol, U.K). Cell death over a minimum of 72 h was determined using the NucGreen Dead 
488 ReadyProbes Reagent (Thermo Fisher Scientific, MA, USA) as per the manufacture’s protocol 
and observed using the IncuCyte S3 (Essen BioScience Inc., MI, USA). 2DG-induced programmed 
cell death of A-T and control iPSCs was quantified as previously described (Ovchinikov et al. 2020. 
Hum Mol Genet. 29(6):990-1001) 
 
Electron microscopy 
Cells in 3cm diameter plastic dishes were cultured as described above, with and without incubation 
with 2DG. Cells were fixed using 2.5% glutaraldehyde in PBS (pH 7.4) for 1 h at RT and then washed 
3x with PBS. The fixed cells were then stained with 3% potassium ferricyanide and 2% osmium 
tetroxide in 0.1 M cacodylate buffer for 30 min, then x3 washed in distilled water and incubated in 1% 
thiocarbohydrazide for 30 min at room temperature. Samples were then x3 washed in distilled water 
and immersed in 2% osmium tetroxide for 30 min at room temperature then again x3 washed in 
distilled water. Samples were contrasted with 1% aqueous uranyl acetate for 30 min at 4°C and washed 
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3x in distilled water. A solution of 0.06% lead nitrate was prepared by dissolving in aspartic acid (pH 
5.5) at 60°C which was then filtered and added to samples for 20 min at 60°C before washing 3x with 
distilled water at room temperature. Cells underwent serial dehydration by immersing in each 
increasing ethanol concentration twice (30%, 50%, 70%, 90%, and 100%) and irradiating for 40 s at 
250W in a Pelco microwave. Samples were then infiltrated with increasing concentrations of epon 
LX112 resin (25%, 50%, and 75%) in ethanol for 3 min at 250W under vacuum in a Pelco microwave, 
then twice in 100% resin before polymerising at 60°C overnight. Ultrathin sections (approx. 60nm 
thick) were viewed in a JEOL1011 transmission electron microscope at 80kV and images captured at 
a primary magnification of 25kx (4K × 4K Soft Imaging camera; Morada; Olympus with iTEM 
software). Random images were captured systematically at a primary magnification of 25kx. Electron 
microscopy was performed by Prof. Rob Parton, IMB, UQ as described in Hsu F, Spannl S, Ferguson 
C, Hyman AA, Parton RG, Zerial M. Rab5 and Alsin regulate stress-activated cytoprotective signaling 
on mitochondria. Elife 2018;7. Analysis was performed in a blind fashion on coded sets of images. A 
contact point between ER and mitochondria was defined by a distance of ≤25nm between the 
membranes. 

Proximity ligation assay (PLA) 
To determine the number of ER-mitochondria contacts with and without the presence of 2DG, the PLA 
assay (Sigma-Aldrich, Cat. No. DUO92008) using antibodies against IP3R1 (ER) and Grp75 
(mitochondria) was performed according to the manufacturer’s protocol. Images were captured using 
a fluorescent microscope (Zeiss Axioskop 2 Mot Plus, Carl Zeiss Microimaging Inc., Jena, Germany) 
and the number of PLA positive dots was quantified using the particle analysis function of ImageJ 
software (National Institutes of Health, MD, USA, https://imagej.nih.gov/ij/, 1997-2018) and 
expressed as number of foci per cell. 
 
Calcium Imaging 
Cells were loaded with 2 µM Fura-2 (Abcam, Cambridge, UK) for 1 h at 37°C and 20 min at RT or 2 
μM Rhod 2-AM (Abcam, Cambridge, UK) for 20 min at 37°C and fluorescence intensity was 
monitored on the Spark Multimode Microplate Reader (Tecan, Männedorf, Switzerland) at Ex/Em 
340/510 nm and Ex/Em 380/510 nm for Fura-2, and Ex/Em 552/581 for Rhod-2AM. For total calcium 
release, 1uM of thapsigargin (T9033, Sigma Aldrich, MI, USA) was incubated with cells following 
Fura-2 loading. 
 
Determination of mitochondrial ROS 
Mitochondrial superoxide was detected using the fluorescent MitoSox Red probe (Thermo Fisher 
Scientific, MA, USA) as per the manufacturer’s protocol. Cells were treated with or without 2DG then 
loaded with 5µM MitoSox Red for 10 min at 37°C. Cells were washed thrice with KSFM and 
visualized using the confocal microscope at Ex/Em 510/580nm.  
 
Determination of mitochondrial membrane potential  
Changes in mitochondrial membrane potential following exposure to 2DG was measured using the 
JC-1 mitochondrial membrane potential assay kit (Abcam, Cambridge, U.K) as per the manufacturer’s 
protocol. 20 µM of JC-1 was loaded onto cells for 10 min at 37°C. 
 
Measurement of oxygen consumption rates (OCRs)  
Oxygen consumption rates of cells were determined using the Seahorse XF Analyzer (Agilent 
Technologies, CA, USA). Cells were incubated in a DMEM with 1 mM pyruvate, 2 mM glutamine, 
and 10 mM glucose in a CO2-free incubator and treated with 2DG for 1 h. After basal OCRs were 
assessed, OCR responses after the addition of oligomycin (1.5 µM), carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP; 2 µM), and the mix of antimycin A (0.5 µM) and 
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rotenone (0.5 µM) (XF Cell Mito Stress Kit, Seahorse Bioscience) were determined. OCRs were 
subsequently normalized to the protein concentration and analysed using the Seahorse Wave Software 
2.6. 
 
Mitophagy Detection 
For the detection of mitophagy in cells treated with or without 2DG, the Mtphagy Detection Kit 
(Dojindo Molecular Technologies, MD, USA) was used. Briefly, cells were cultured on μ-slide 8 well 
(Ibidi GmbH, Planegg, Germany) and incubated with 100 nmol Mtphagy Dye diluted in KSFM 
without FCS for 30 min at 37°C. Cells were subsequently washed with 1XPBS and treated accordingly 
with or without 2DG. As a positive control, the induction of mitophagy was then performed by the 
addition of 100 µM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP). Cells were 
imaged using the confocal microscope at 561 nm (Ex) and LP 650 nm (Em). An increase in Mtphagy 
Dye-specific fluorescence intensity indicated the occurrence of mitophagy. 
 
Statistical analysis 
Graph plotting and statistical evaluations of data sets were performed using GraphPad Prism 8 
(GraphPad Software, CA, USA). Both the Student’s t test and nonparametric analyses were used to 
evaluate statistical comparisons in HBEC3-KT and B3 quantitation studies. Differences were 
considered to be significant if p<0.05, 2-tailed t-tests. Data are presented as the mean ± s.d. from at 
least 3 separate experiments run in triplicate. 
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SUPPLEMENTARY FIGURES AND LEGENDS 
 

 
Supplementary Fig S1, related to Fig 1. Characterization of CRISPR-Cas9 generated ATM-
deficient cell lines. A. Comparison of sensitivity to 2DG in HBEC3-KT, and two ATM-deficient cell 
lines (B3 and C5). B. Increased sensitivity of ATM-deficient B3 cells exposed to 5Gy of ionizing 
radiation (IR) compared to HBEC3-KT cells over 72h. C. Activation of ATM by IR in HBEC3-KT and 
B3 cells. D. Induction of DNA damage by IR in HBEC3-KT and B3 cells. E. Determination of ER 
stress by GRP78 immunofluorescence in HBEC3-KT and B3 ± 2DG. Quantitation is shown in (F). ns, 
not significant, unpaired, two-tailed Student’s T-Test. 
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Supplementary Fig S2, related to Fig 1. Metabolic stress causes rapid ATM activation without 
any sign of downstream DNA damage signalling. A. HFF cells were cultured in DMEM with (con) 
10 mM glucose and 10 mM glutamine or 0 mM glucose and 0 mM glutamine (stress) for 6 h prior to 
whole cell lysate isolation. Data from whole cell lysates (B) are shown. 
 

 
 
Supplementary Fig S3, related to Fig 1. Effect of NAC on ATM activation after glucose 
deprivation. 
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Supplementary Fig S4, related to Fig 1. Sensitivity of various ATM-deficient cell types to 2DG 
exposure. A. Immunofluorescent detection of cleaved Caspase-3 labelling in A-T patient (ATM-/-) and 
gene corrected (ATM+/-) AT-iPSC, with and without exposure to 2DG. B. Quantitation of 2DG-treated 
attached A-T patient (ATM-/-) and gene corrected (ATM+/-) AT-iPSC cells labelled with cleaved 
Caspase-3 antibody relative to no-treatment control. C. Number of attached A-T patient (ATM-/-) and 
gene corrected (ATM+/-) AT-iPSC cells following 2DG-induced cell death relative to no-treatment 
control. D. Cleaved Caspase-3 in HBEC3-KT and B3 ± 2DG. All data are plotted as a mean ± s.d. n=3. 
*p<0.01. E. Increased sensitivity of A-T ONS to glucose deprivation compared to WT ONS. F. 
Fluorescent and phase contrast image showing increased rate of cell death in A-T ONS over 72 h as 
compared to WT ONS following glucose deprivation.  
 

 
Supplementary Fig S5, related to Fig 1. Inhibition of ATM kinase activity in HBEC cells causes 
sensitivity to 2DG. Cells were exposed to 2DG and KU-55933 and cell death determined over 72 h. 
All data are plotted as a mean ± s.d. n=3. 
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Supplementary Fig S6, related to Fig 3. Calcium release in HBEC, B3 cell lines and in airway 
epithelial cells obtained from patients with A-T. A. Intracellular calcium release in response to 
thapsigargin treatment in HBEC3-KT and B3 cells. ns, not significant, unpaired, two-tailed Student’s 
T-Test. B. Intracellular calcium release from control and A-T primary epithelial cells in response to 
2DG treatment.  
 

 
Supplementary Fig S7, related to Fig 4. Increased mitochondrial ROS in A-T ONS cells. 
Detection of mitochondrial ROS was performed using MitoSox. An increase in the basal levels of ROS 
was observed in A-T ONS cells as compared to control ONS cells after 1 h exposure to 2DG. 100 cells 
from each cell type were analysed. Scale bar, 5 μm. All data are plotted as a mean ± s.d. n=3. 
 

 
Supplementary Fig S8, related to Fig 4. MFN2 levels in HBEC and B3 cells following 2DG 
exposure. A. Decrease in MFN2 in 2DG-treated HBEC cells and failure to observe this decrease in 
ATM-deficient B3 cells determined by immunofluorescence. B. Quantitation of MFN2 data. Scale bar, 
5 μm. All data are plotted as a mean ± s.d. n=3, *p<0.01. ns, not significant, unpaired, two-tailed 
Student’s T-Test. 
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