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Abstract

The ataxia-telangiectasia mutated (ATM) protein regulates cell cycle checkpoints, the cellular 

redox state, and double-stranded DNA break repair. ATM loss causes the disorder ataxia-
telangiectasia (A-T), distinguished by ataxia, telangiectasias, dysregulated cellular redox and 

iron responses, and an increased cancer risk. We examined the sulfur pool in A-T cells, 

with and without an ATM expression vector. While free and bound sulfide levels were not 

changed with ATM expression, the acid-labile sulfide faction was significantly increased. 

ATM expression also increased cysteine desulfurase (NFS1), NFU1 iron-sulfur cluster scaffold 

homolog protein, and several mitochondrial complex I proteins’ expression. Additionally, ATM 

expression suppressed cystathionine β-synthase and cystathionine γ-synthase protein expression, 

cystathionine γ-synthase enzymatic activity, and increased the reduced to oxidized glutathione 

ratio. This last observation is interesting, as dysregulated glutathione is implicated in A-T 

pathology. As ATM expression increases the expression of proteins central in initiating 2Fe-2S 

and 4Fe-4S cluster formation (NFS1 and NFU1, respectively), and the acid-labile sulfide faction is 

composed of sulfur incorporated into Fe-S clusters, our data indicates that ATM regulates aspects 

of Fe-S cluster biosynthesis, the transsulfuration pathway, and glutathione redox cycling. Thus, 

our data may explain some of the redox- and iron-related pathologies seen in A-T.
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1. Introduction

The ataxia-telangiectasia mutated (ATM) gene is located on chromosomal region 11q22.3–

23.1 and encodes a 350 kDA protein belonging to the phosphatidylinositol 3-kinase-related 

protein kinase family (PIKK) [1]. The PIKK family proteins were identified by DNA 

sequence analysis and include the mammalian target of rapamycin, ATM, suppressor of 

morphogenesis in genitalia, DNA-dependent protein kinase, transformation/transcription 

domain-associated protein, and the ATM and Rad-3-related protein kinase (ATR) [1-3]. 

ATM phosphorylates over 700 proteins, preferentially phosphorylating threonine or serine 

residues followed by a glutamine [4,5]. ATM is activated by multiple stimuli; with oxidative 

stress and double-stranded DNA (dsDNA) break responses being well characterized [1-4]. 

Following dsDNA break formation, ATM binds to the dsDNA breaks in an Mre11-Rad50-

NBS1 protein complex-mediated process, where it then phosphorylates multiple substrates, 

initiates cell cycle checkpoints, and participates in homologous recombination DNA 

repair [3-5]. ATM loss results in the autosomal recessive disease ataxia-telangiectasia 
(A-T), distinguished by cerebellar Purkinje and granular cell death causing progressive 

ataxia, oculocutaneous telangiectasias, elevated cellular reactive oxygen species (ROS) 

production, dysregulated redox homeostasis, immunodeficiency, oxidant and ionizing 

radiation hypersensitivities, and an elevated cancer risk [3-6]. Interestingly, compared to 

ATM wild-type cells, A-T cells also show dysregulated iron responses, with iron chelators 

and iron-free media increasing A-T cell colony formation and oxidative-stress resistance, 

while lowering oxidative stress-induced dsDNA breaks. Conversely, low 1–3 nM labile 

iron concentrations inhibit A-T cell growth and increase dsDNA breaks; effects not seen 

in wild-type cells or in A-T cells carrying an ATM expression vector [7-10]. Interestingly, 

Atm-deficient mice also show increased serum and hepatic iron, with higher ferritin and 

hepcidin levels [11].

Hydrogen sulfide (H2S) is a gasotransmitter that functions in many different cellular 

processes, including redox regulation [12-15]. H2S is synthesized by cystathione γ-synthase 

(CBS), cystathione γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST) 

[13-18]. Within cells H2S occurs as free H2S, protein-bound sulfane sulfur, and acid-labile 

sulfide fractions (ALS) [16-18]. The ALS is made up of sulfur present in iron-sulfur (Fe-S) 

clusters contained in abundant non-heme Fe-S cluster proteins [16-19]. The ALS fraction 

was first identified in the brain, is predominantly mitochondrial, and includes succinate 

dehydrogenase, aconitase, rubredoxins, ferredoxins, and many proteins involved in oxidative 

phosphorylation [16-19]. Relatively little is known about how the ALS fraction is regulated, 

although interestingly, it is low in cardiovascular disease [16]. The sulfane or bound sulfur 

fraction is composed of sulfur attached solely to other sulfur atoms and includes elemental 

sulfur S0, R-S-SH, thiosulfonates R-S(O)-S-R’, persulfides, thiosulfate S2O3
2‐, polythionates 

SnO6
2‐, and polysulfides R-Sn-R [16-18]. Recently, we found that the ATR kinase regulates 

cellular H2S concentrations, while H2S in turn modulates CHK1 phosphorylation by ATR 

and ATR serine 435 phosphorylation, an event correlating with ATR kinase activation and 

nucleotide excision repair capacity [15,20].

The PIKK gene family members show extensive homology, with ATM and ATR exhibiting 

many partially overlapping substrate specificities and functions [2,3,21,22]. Interestingly, 
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A-T cells also show dysfunctional glutathione homeostasis, and Atm-deficient mice and A-T 

patients exhibit lower cystine/glutamate exchanger subunit xCT, glutathione-S-transferase, 

glutathione reductase, glutathione peroxidase activity, and glutathione in their cerebellar 

astroglia, indicating that ATM plays a major role maintaining the cellular redox balance 

and its loss can contribute to disease [23-25]. Thus, some aspects of both sulfur and iron 

metabolism are dysregulated in A-T [7-11,23-25]. Here we hypothesize that the ATM kinase 

functions in cellular sulfur pool regulation and this regulation in turn, is related to iron 

metabolism.

2. Methods and materials

2.1. Materials

Colcemid, sulfosalicylic acid (SSA), 1-fluoro-2,4-dinitrobenzene (DNFB), 

monobromobimane (MBB), ninhydrin, Tris (2-carboxyethyl) phosphine hydrochloride 

(TCEP), diethylenetriamine pentaacetate (DTPA), TPP® tissue culture dishes, t-butyl 

hydroperoxide (t-BOOH), penicillin/streptomycin, pyridoxal 5’-phosphate, and cystathione 

were from Sigma (St. Louis, MO). pLPCX cyto Grx1-roGFP2 was from Adgene 

(Watertown, MA). FLUOstar Optima was from BMG Labtech (Offenburg, Germany). 

Dulbecco’s modified Eagle’s medium (DMEM, standard liquid media), Lipofectamine 2000, 

and fetal bovine serum, were purchased from Invitrogen (Rockville, MD). The antibodies 

employed were anti-CBS (catalog number sc-67154, Santa Cruz Biotechnology), anti-CSE 

(catalog number sc-101924, Santa Cruz Biotechnology), anti-3-MST (catalog number 

sc-135993, Santa Cruz Biotechnology, Santa Cruz, CA), and anti-beta-actin (catalog number 

ab8227, abcam). The secondary antibodies employed were HRP conjugated anti mouse 

IgG (#7076) and HRP conjugated anti-Rabbit IgG (#7074) purchased from Cell Signaling 

Technology (Danvers, MA).

2.2. Cells

The AT22 cell line is an ATM-deficient SV-40 immortalized fibroblast cell line, originally 

established from primary A-T fibroblasts. These cells were transduced with a hygromycin 

resistance expression vector, AT22IJE-T pEBS7 or “ATM(−/−)” cells, or a combined 

hygromycin resistance and ATM expression vector, AT22IJE-T pEBS7-YZ5 or “ATM(+/+)” 

cells. The cells were cultured in DMEM with 100 μg/ml hygromycin, 1% penicillin/

streptomycin, and 5% FBS [26]. Only low-passage AT22IJE-T pEBS7 and AT22IJE-T 

pEBS7-YZ5 cells, at three or fewer 1: 4 splittings, were used in all experiments. 

Additionally, the ATM vector-corrected/AT22IJE-T pEBS7-YZ5 cells were monitored for 

ATM protein expression by western blot analyses in all experiments. WI-38 VA13 (VA13) is 

an SV-40-immortalized ATM wild-type fibroblast cell line (ATCC, Rockville, MD) [26,27]. 

The VA13 and AT22 cells line were cultured in 1% penicillin/streptomycin, and 5% FBS 

[7-11,26].

2.3. H2S measurements

Cell lysates were analyzed for the free (H2S), ALS, bound (BSS), and total sulfide fractions 

by the MBB method [16-18,20]. Free H2S was measured using 30 μl of cell extract with 

MBB; whereas for ALS and BSS detection, 30 μl of cell extract was separately added 
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into two 4 ml BD vacutainer tube sets. Four hundred and fifty μls of pH 2.6 100 mM 

phosphate buffer containing 0.1 mM DTPA was added to a tube for the ALS reaction and 

450 μl of 100 mM phosphate buffer (pH 2.6, 0.1 mM DTPA) with 1 mM TCEP (Tris(2-

carboxyethyl)phosphine) was added to a second tube for the total sulfide measurement. 

Following 30 min on a nutator, the reaction liquid was removed, with the evolved sulfide 

gas trapped by the addition 500 μl of 100 mM Tris-HCl buffer (pH 9.5, 0.1 mM DTPA) into 

the BD vacutainer tube, subsequently followed by 30 min on a nutator mixer. Upon trapping 

solution removal, the sulfide levels were measured by the MBB method [16-18,20]. ALS 

determination was achieved through reacting the cell lysates with acidic phosphate buffer 

alone, followed by evolved sulfide trapping. BSS measurement was obtained by subtracting 

the ALS value from the total sulfide protocol with TCEP reductant treatment in acidic 

conditions. Total sulfide levels were drawn from the total sulfide reaction. All sulfur fraction 

assays were performed in triplicate.

2.4. Mass spectrophotometry

ATM(−/−) and ATM(+/+) cells were collected and lysed by Thermo Scientific™ EasyPep™ 

Lysis Buffer. Protein concentrations were estimated using a BCA assay. Protein (10 μg) from 

each sample was trypsin digested followed by disulfide bond reduction with dithiothreitol 

and cysteine alkylation with iodoacetamide, by the manufacturer’s protocol for the Thermo 

Scientific™ In-Solution Tryptic Digestion kit. The digested peptides were vacuum-dried 

and resolved in the LC/MS grade water containing 0.1% (v/v) formic acid, followed by 

untargeted discovery proteomics analysis. This LC-MS/MS analysis was performed with an 

Ultimate 3000 RSLCnano system coupled to an Orbitrap Exploris 480 mass spectrometer. 

The digested peptides (1.0 μl) were placed in a trap column (PepMap C18, 2 cm × 100 μm, 

100 Å) at a of 20 μl/min flow rate, using 0.1% formic acid, and resolved on an analytical 

column (EasySpray 50 cm × 75 μm, C18 1.9 μm, 100 Å) with a 300 nl/min flow rate with a 

linear gradient of 5–45% solvent B (100% ACN, 0.1% formic acid) over a 120 min gradient. 

Precursor and fragment ions were obtained in the Orbitrap mass analyzer. Precursor ions 

acquisition was in an m/z range of 375–1500, with resolution at 120,000 (at m/z 200). 

Precursor fragmentation was performed by the higher-energy collisional dissociation method 

employing normalized collision energy (NCE) of 32. Fragment ions were obtained at a 

150,000 resolution (at m/z 200). Scans were arranged by top-speed method, with a 3 s cycle 

time between MS and MS/MS. Ion transfer capillary voltage was maintained at 2.1 kV. Raw 

mass spectrometric data was interrogated by Proteome Discover (version 2.5, Thermo Fisher 

Scientific) software package with SequestHT employing species-specific fasta database and 

the Percolator peptide validator. Cysteine alkylation was placed as a fixed modification. 

Deamidation and acetylation of protein N-termini, Met oxidation, and Asn deamidation were 

selected as variable modifications. Differential iron protein and cysteine desulfurase were 

screened from the identified proteins and protein-protein interaction networks were analyzed 

by using String online tool (version 11.5).

2.5. CSE enzymatic assay

Cells were lysed and incubated with 2 mM cystathione and 0.25 mM pyridoxal 5’-phosphate 

with 100 mM pH 8.3 Tris-Hcl buffer at 37 °C for 30 min. Twenty percent trichloroacetic 

acid was then placed in the reaction mixture. Following centrifugation, 2% ninhydrin 
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reagent was mixed into the supernatant, incubated 5 min at 105 °C, and quick cooled 

to 4 °C. Samples were then mixed with 97% ethanol and read at 455 nm employing a 

spectrophotometer (Biotek). CSE activity was analyzed by cystathione consumption and 

enzyme activity given as fold change calculated from nanomoles consumed per mg of total 

protein [27]. All CSE enzymatic assays were performed in triplicate.

2.6. Western blotting

ATM(−/−) and ATM(+/+) cells were grown in 6-well plates and upon media removal and 

washing, the cells were lysed with 300 μl of SDS sample buffer (62.5 mM Tris-HCl [pH 

6.8], 2% w/v SDS, 10% glycerol, 50 mM dithiothreitol, 0.1% w/v bromphenol blue) added 

per well. The lysates were harvested by cell scraping and placed into Eppendorf tubes. 

The lysates were boiled, centrifuged, and frozen at − 20 °C until gel the electrophoresis 

analysis. The lysates were separated by SDS-PAGE, transferred to polyvinylidene difluoride 

membranes. Next 5% nonfat dry milk was used to block the membranes, followed by the 

addition of primary antibodies. Densitometry was performed by Image Lab 6.0.1 software 

(Bio-Rad) [20]. All western blots were performed in triplicate.

2.7. Quantitative real-time polymerase chain reaction

PCR reactions were done as previously describes [20]. ATM(−/−) and ATM(+/+) cell total 

RNA was collected using Trizol per the manufacturer instructions. RNA (1 μg) was reverse 

transcribed using an iScript cDNA synthesis kit (1708891, Bio-rad). Quantitative real-time 

PCR was done using SYBR Green Master Mix (Bio-rad, 1708882) with gene expression 

quantified through the 2−ΔΔCT method. The genes examined were normalized to GAPDH. 

The PCR primers employed here are in Table 1. These assays were performed in triplicate.

2.8. Cellular glutathione: oxidized glutathione ratio (GSH: GSSG)

ATM(−/−) and ATM(+/+) cells were cultured in Advanced DMEM with 5% heat inactivated 

FBS, 100 U/ml penicillin, 2 mM L-glutamine, and 100 mg/ml streptomycin. Cells were 

plated in a clear bottom 96 well black plate at 0.5 × 105 cells/well, resulting in confluence 

the next day of around 90%. The cells were transfected with 0.2 ug/well of pLPCX cyto 

Grx1-roGFP2 plasmid using Lipofectamine 2000 transfection reagent following standard 

protocol. pLPCX cyto Grx1-roGFP2 was a gift from Tobias Dick (Addgene plasmid # 

64975: http://n2t.net/addgene:64975;RRID:Addgene_64975) [62]. After 24 hr, the media 

was changed and the ro-GFP2 redox state was measured at 510 nm emission after excitation 

at 395 and 480 nm in plate reader. The GSH: GSSG ratio was obtained by calculating the 

ratio of emission (395/480 nm). These assays were performed in triplicate.

2.9. Chromosomal preparation and analysis

Chromosomal dsDNA breaks in the ATM(−/−) and ATM(+/+) cells were analyzed as 

previously described [20]. Each treatment consisted of ATM(−/−) and ATM(+/+) cells at 

50% confluence treated 15 min with 10 μM t-BOOH and washed with PBS 3X. The media 

was replaced, and the cells were incubated for 1 hr. Following this, 100 ng/ml colcemid 

was added for 4 hr and the cells were by washed 2X with PBS, trypsinized, and placed 

in a 15 ml tube. Next 2 ml of DMEM containing 5% FBS was placed in the tubes, with 
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the cells subsequently pelleted at 500 x g for 5 min. The cells were next re-suspended 

in 5 ml 0.075 mM KCl, incubated 37 °C for 15 min, and 200 μl of fresh 3:1 methanol: 

glacial acetic acid (Carnoy’s fixative) was added, followed by gentle vortexing, and pelleting 

at 500 x g for 5 min. The supernatant was next removed, Carnoy’s fixative (5 ml) was 

added with gentle vortexing, the cells pelleted at 500 x g for 5 min, the supernatant again 

removed, and 5 ml more of Carnoy’s fixative was added with gentle vortexing. The final 

chromosomal preparations were made following pelleting at 500 x g for 5 min, supernatant 

removal, dropping on slides, 30 min at 90 °C drying, Giemsa staining, washing, and finally 

cover-slipping. Per data point, 5000 chromosomal observations performed by oil immersion 

microscopy in triplicate. Only the most obvious and clear dsDNA breaks were counted. An 

example is shown in an insert in Fig. 5.

2.10. Statistical analysis

The experimental statistical significances in this paper were calculated by paired t-test or 

ANOVA by using Microsoft Excel or Prism software version 5.02 prism (GraphPad Inc., 

San Diego, CA). The P values are shown in the figures. The standard error of the mean 

(SEM) was calculated by using the standard deviation for the sulfide fractions or dsDNA 

breaks and dividing this number by the square root of the sample size [20].

3. Results

3.1. ATM protein expression in A-T cells significantly increases the cellular ALS/Fe-S 
cluster faction

To initiate these studies, we compared the free H2S, ALS, BSS, and the total sulfide 

faction levels in immortalized A-T fibroblasts, without and with ATM an expression vector 

[26]. As shown in Fig. 1, the H2S, BSS, and total sulfide cellular fractions were not 

significantly different with ATM expression. However, the ALS fraction was significantly 

(~9X) increased in the ATM(+/+) cells compared to the ATM(−/−) cells. As.

vector transduced ATM can undergo rearrangements, these experiments were repeated with 

the AT22 A-T cells line and the ATM wild-type pulmonary fibroblast VA13 cell line 

[7-11,26]. As shown in Fig. 1, comparison of the AT22 and VA13 cells revealed unchanged 

free H2S, BSS, and total sulfide levels, while the ALS was significantly increased in the 

ATM wild-type cells (Fig. 1). Thus, the ALS fraction change seen with ATM expression in 

the ATM(−/−) cells is also seen in ATM wild-type cells compared AT22 A-T cell line. The 

sulfide fraction measurements for these experiments and the SEMs are given in Table 2. The 

parental AT22 cell line and VA13 cell line data is shown separately from the AT22IJE-T 

pEBS7, to avoid possible confounding effects of the hygromycin expression vector.

3.2. ATM expression in A-T cells increases cysteine desulfurase/mitochondrial NFS1 
mRNA and NSF1 and NFU1 protein expression

Our data suggests that ATM expression increases the Fe-S cluster assembly protein 

expression. To test this hypothesis NFS1 mRNA levels were compared by PCR analysis 

between the ATM(−/−) and ATM(+/+) cells. NFS1 initiates Fe-S complex synthesis by 

transferring a cysteine sulfur to an NFS1 cysteine residue, forming a persulfide, which in 
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turn is transferred to the ISCU2 scaffold protein for initial Fe-S cluster assembly [28]. As 

shown in Fig 2A, NFS1 mRNA levels were significantly higher in the ATM(+/+) cells.

To examine ATM-related Fe-S cluster protein synthesis and metabolism-related protein 

expression more broadly, we employed mass spectrophotometric analysis to compare the 

two cell types. As shown is Fig. 2B and C, mass spectrophotometric analysis comparing 

the ATM (−/−) and ATM(+/+) cells revealed significantly increased NFS1, NFU1, 

NADH dehydrogenase Fe-S proteins 2, 7, and 8, (NDUFS2, −7, and −8) and succinate 

dehydrogenase with ATM expression. Conversely, slightly higher NADH dehydrogenase Fe-

S protein 3 (NDUFS3) and CDGSH Fe-S domain-containing protein 1 (mitoNEET/CISD1), 

and much higher CDGSH Fe-S domain-containing protein 2 (CISD2) were seen in the ATM 

(−/−) cells compare to the ATM(+/+) cells (Fig. 2B). The protein-protein interaction of Fe-S 

proteins and cysteine desulfurase were analyzed using STRING and Cytoscape databases 

and are shown in Fig. 2C.

3.3. CBS and CSE mRNA and protein levels are higher in ATM(−/−) cells compared to 
ATM(+/+) cells and ATM expression suppresses CSE enzymatic activity

To ascertain if ATM plays a role in H2S synthesizing enzyme expression, we performed 

PCR and western blot analyses for CSE, CBS, and 3-MST mRNA, and protein levels in 

the ATM(−/−) and ATM(+/+) cells. As shown in Fig. 3A, CBS and CSE mRNA expression 

were both elevated in the ATM(−/−) cells compared to the ATM(+/+) cells, while 3-MST 

mRNA expression was the same between the two cell types. Similarly, CBS and CSE protein 

expression was higher in the ATM(−/−) cells compared to the ATM(+/+) cells, while 3-MST 

protein levels were similar (Fig. 3B). Thus, the ATM protein expression functions as a 

negative regulator of CBS and CSE mRNA and protein expression, but not for 3-MST. 

Interestingly, the CBS protein migrated as two bands, with the lower band predominant 

in the ATM(−/−) cells and the upper band predominant in the ATM(+/+) cells (Fig. 3C, 

expanded CBS blot).

Since the mRNA and protein expression of CBS and CSE were different with cellular ATM 

expression, we compared CSE enzymatic activity without and with cellular ATM expression. 

CSE activity was higher in the ATM(−/−) cells compared to the ATM(+/+)cells, indicating 

that ATM is a negative regulator of CSE enzymatic activity (Fig. 3D). As previously found, 

ATM protein expression was seen in the ATM(+/+) cells and migrated at the same molecular 

weight as wild-type ATM [Fig. 3B, 7-10,26].

3.4. ATM expression increases the cellular GSH: GSSG in A-T cells

Atm-deficient mice show low astroglial cerebellar GSH and cysteine, with low glutathione 

reductase, cystine/glutamate exchanger subunit xCT, and glutathione-S-transferase levels, 

resulting in impaired cerebellar astroglial cell survival [24]. Additionally, low mitochondrial 

GSH levels result in lower Fe-S cluster proteins stabilities and activities, suggesting that the 

ATM-mediated increases in cellular Fe-S clusters may be accompanied by improvements in 

the cellular GSH profile [29]. To test this, we examined the ratio of GSH to GSSG in the 

ATM(−/−) and ATM(+/+) cells. As shown in Fig. 4, ATM expression significantly increased 

the cellular GSH: GSSG ratio, demonstrating that the ATM protein regulates GSH reduction.
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3.5. N-acetyl-L-cysteine treatment decreases oxidative-stress mediated dsDNA breaks in 
A-T cells

Previously oxidative stress was found to increase A-T cell dsDNA breaks, an event 

partially inhibited with iron chelator co-treatment [7-10]. Additionally, N-acetyl-L-cysteine 

(NAC) treatment decreases genomic rearrangements in Atm-deficient mice, restores 

GSH concentrations in A-T mutant astroglia, and sustains cellular GSH levels in ATM 

wild-type cells [24,30,31]. Based on this, we hypothesized that NAC treatment would 

pharmacologically reduce oxidative stress-initiated dsDNA breaks in ATM(−/−) cells, in 

part, through its established effects on increasing cellular GSH levels. As shown in Fig. 5, 

compared to the ATM(+/+) cells, the ATM(−/−) cells showed higher oxidative stress-induced 

dsDNA breaks, which were suppressed by NAC treatment. Interestingly, NAC treatment 

did not significantly alter oxidative stress-induced dsDNA break levels in the ATM(+/+) 

cells, showing an effect unique to ATM loss. We measured dsDNA breaks formation by oil 

immersion microscopy, as many assays used to analyze cellular dsDNA breaks depend on 

ATM protein expression and thus would not be useful in A-T cells [6,20]. The exact dsDNA 

beak counts, and the standard error of the mean (SEM) are given in Table 3.

4. Discussion

Fe-S clusters are ubiquitous inorganic cofactors which facilitate electron transfer reactions 

and are found in approximately 1% of eukaryotic cell proteins [28]. Their synthesis 

is highly conserved in eukaryotes, comprising structurally and functionally diverse 

polynuclear combinations of iron and sulfur, serving as versatile biochemical cofactors, 

regulating processes including DNA replication and repair, transcriptional regulation, RNA 

modification, metabolite biosynthesis, viral resistance, and bioenergetic processes [28,32]. 

Here we found that the ALS fraction is low in the ATM(−/−) cells and is significantly 

increased in the ATM(+/+) cells, indicating a role for ATM in ALS fraction formation 

[16-19]. These cells were employed to allow the effects of ATM expression to be analyzed 

on the same genetic background. These findings were further confirmed by comparing the 

A-T AT22 cell line to the ATM wild-type VA13 cell line.

Previously, iron chelators were found to increase A-T cell viability and genomic stability 

[7-10]. Interestingly, ATM ablation in a breast cancer cell line increased the expression of 

the iron binding protein ferritin [33]. Combined with the data presented here, these previous 

findings suggest that cells compensate for the lower Fe-S cluster levels following ATM 

loss by increasing ferritin levels to maintain cellular iron homeostasis and cell viability. 

Thus, exogenous iron chelators may exert beneficial effects through a similar mechanism, 

explaining previous findings where iron chelator treatment increased the colony forming 

abilities and genomic stability of A-T, but not wild-type cells [7-10].

Mass spectrophotometric analysis revealed significantly increased NFS1 and NFU1 protein 

expression with ATM expression. The NFS1/mitochondrial cysteine desulfurase belongs 

to the pyridoxal 5′-phosphate-dependent transaminase subfamily and catalyzes the first 

step in de novo Fe-S cluster assembly by transferring a cysteine to alanine, forming a 

persulfide, that is transferred to the Fe-S cluster assembly scaffold proteins (ISCU) for 

complete 2Fe-2S cluster assembly [28,34]. NFS1 knockdown in HeLa cells results in 
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growth retardation, mitochondrial morphologic changes, and lowered activity of the Fe-S 

cluster enzymes succinate dehydrogenase and aconitase [34]. Human NFS1 mutations 

result in mitochondrial complex deficiencies, often with concomitant lactic acidemia and 

early age multisystem organ failure [35,36]. NFU1 catalyzes the assembly and transfer 

of 4Fe-4S clusters to target apoproteins, including lipoic acid synthase, the pyruvate 

dehydrogenase complex, and succinate dehydrogenase [28,34,37]. Rare NFU1 mutations 

result in a fatal infantile encephalopathy and/or possible pulmonary hypertension with lactic 

acidosis and hyperglycemia, leading to death before the age of 15 months [37]. Since 

NFS1 and NFU1 play important roles in Fe-S cluster synthesis, assembly, and processing, 

our data demonstrates a function for ATM in the regulation of proteins involved in Fe-S 

cluster synthesis [28,32,34-37]. Support for this is highlighted by the increased succinate 

dehydrogenase expression seen here with ATM expression, as this enzyme requires both 

proteins for its synthesis and expression [32,34-37]. The mechanism(s) by which ATM 

regulates NFS1 and NFU1 are unknown. However, both genes have promoter RUNX1/

AML1a binding sites [38]. RUNX1 is also positively regulated by hypoxia-inducible 

factor-1α, which is dysregulated and low in A-T cells, suggesting that altered A-T cell 

hypoxia-inducible factor-1α activity may impinge of Fe-S cluster synthesis though NFS1 

and NFU1 dysregulation [39,40].

The mitochondrial complex I proteins NDUFS2, − 7, and − 8 were also low in ATM(−/

−) cells and increased in the ATM(+/+) cells. These Fe-S cluster proteins are vital for 

complex I catalytic activity and ATM inhibition within isolated cardiomyocytes causes rapid 

mitochondrial complex I activity inhibition [41-44]. Additionally, compared to wild-type 

mice, Atm-deficient mice show deficient complex I electron transport chain activity, an 

event which increases mitochondrially generated ROS [41-46]. Thus, our data is congruent 

with previous findings and partially explains both the mitochondrial dysfunction seen in 

A-T and the increased mitochondrially generated ROS levels [1,6,45]. Lastly, all four of 

the ATM-regulated Fe-S cluster complex I proteins we identified (NDUFS2, −3, −7, and 

−8) function together in early complex I assembly and are among the 14 of 45 complex 

I mitochondrial proteins essential for complex I activity [46]. The significance of this 

observation is unknown, although it suggests a conserved evolutionary relationship between 

ATM and mitochondrial function.

The reason why NDUFS3, CISD1/MitoNEET, and CISD2 expression are lower with ATM 

expression is not known. It is interesting that the proteins increased with ATM expression 

(NDUF2, −7, −8, and succinate dehydrogenase) contain 4Fe-2S clusters, while NDUFS3, 

CISD2, and CISD1/MitoNEET contain 2Fe-2S clusters [32,47-54]. As NFS1 is required 

to synthesize 2Fe-2S clusters, which are subsequently incorporated into 4Fe-4S clusters 

by an NFU1-dependent mechanism, these findings suggest that combined low ATM(−/−) 

cell NFS1 and NFU1 expression creates a biosynthetic “bottleneck” that significantly 

lowers cellular capacity for 4Fe-4S cluster synthesis [32,34-37]. ATM also regulates many 

transcription factors, such as ZEB1, ENL, and p53 [1-6, 55,56]. The differential regulation 

of these Fe-S cluster proteins may also be in part due to promoter sequences which 

bind different transcription factor sets. Further studies will be needed to examine these 

hypotheses. Support for Fe-S cluster loss in effecting the A-T phenotype comes from 

the observation that Fe-S cluster loss causes hepatocyte metabolic reprogramming with 
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concomitant lipid droplet formation [57]. In a study of 67 A-T patients ages 1–38, divided 

into two groups of under and over age 12, analyses revealed significantly higher hepatic 

steatosis, plasma liver enzymes, and ataxia as measured by the Klockgether Ataxia Score in 

the older patient group [58]. Our findings here suggest that poor Fe-S cluster formation may 

underlie these hepatic effects seen in A-T.

Our finding that ATM expression decreased CBS and CSE mRNA and protein expression, 

and lowered CSE enzymatic demonstrates a role for ATM transsufuluration pathway 

regulation. While CSE protein levels were approximately four times lower in the ATM(+/+) 

cells, CSE enzymatic activity was roughly 40% lower with ATM expression. The reason 

for this is unknown although it is likely at ATM-dependent post-translational medications 

on CSE are playing a role. This is now being investigated. Additionally, in all western 

blots, comparison of the two cell types consistently revealed CBS migrating as a doublet, 

with the lower band predominate in the ATM(−/−) cells and the upper band predominant 

in the ATM(+/+) cells (Fig. 3B and C). The significance of this in unknown but implies an 

ATM expression dependent post-translational CBS modification. This is also currently under 

investigation.

Previously low and dysregulated GSH metabolism was identified in A-T cells, A-T patients, 

and Atm-deficient mice, while treatment of A-T cells with NAC restored cellular GSH 

levels [23-25,30,31]. As A-T is characterized by increased ROS, low GSH, and increased 

genomic instability, we examined the effect of ATM expression on the GSH: GSSG ratio 

and the effects of exogenous NAC supplementation on ATM(−/−) and ATM(+/+) cell 

oxidative stress-induced dsDNA break formation [6-10,23-25]. Here we found that ATM 

expression significantly increased the GSH: GSSG ratio, while NAC reduced oxidative 

stress-induced dsDNA breaks in the ATM(−/−), but not the ATM (+/+) cells. Previously 

glutathione reductase activity was found to be low in Atm-deficient mice compared to wild-

type mice [23]. Likely, ATM expression increased glutathione reductase activity, increasing 

the GSH: GSSG ratio. NAC reduced oxidative stress-induced dsDNA breaks in the ATM(−/

−) cells only. The molecular mechanism for this is unknown, although it does indicate 

that dysregulated GSH metabolism in A-T cells contributes to their genomic instability. 

Low mitochondrial GSH results in lower Fe-S cluster stability and synthesis, and Fe-S 

cluster proteins are involved in DNA repair [28,29,32]. Possibly low A-T cell mitochondrial 

GSH results in low Fe-S cluster synthesis and subsequent poor A-T cell DNA repair. 

These hypotheses are being examined. Lastly, vector transduced ATM is known to undergo 

rearrangements, with these rearrangements often resulting in non-functioning or poorly 

functioning ATM proteins [26,59-61]. The ATM protein in the ATM(+/+) cells migrated 

at the molecular weight full-length of ATM and has previously been shown to function 

similarly to wild-type ATM [26]. Additionally, comparison of the ATM wild-type VA13 cell 

line to the A-T AT22 cell line revealed a similar ALS fraction increase seen in the ATM(+/+) 

cells. Based on this, the results presented here and previous data on primary A-T, ATM(−/−), 

ATM(+/+), and wild-type cell responses to iron chelators and labile iron, ATM plays a role 

in the regulation of Fe-S cluster synthesis, partially through NFS1 and NFU1 regulation 

[7-10]. The experiments here are being repeated in primary cells with siRNA-mediated ATM 

knockdown to confirm and extend these results.
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Here we demonstrate that ATM regulates; 1) ALS fraction formation, 2) the cellular GSH: 

GSSG ratio, 3) the expression of CSE and CBS, 4) CSE activity, 5) Fe-S cluster complex 

I proteins NDUFS2, − 3, − 7, − 8, and succinate dehydrogenase expression, and 6) NFS1 

and NFU1 protein expression. The data presented here indicates that ATM, like ATR, plays a 

role in regulating the cellular sulfide pool, especially as related to Fe-S cluster synthesis and 

GSH metabolism. Further work, including analyses of primary cell with ATM ablation and 

techniques such as electron paramagnetic resonance spectroscopy are underway to further 

define the exact function of ATM in Fe-S cluster synthesis and regulation.
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Fig. 1. 
Free H2S (A and E), the acid-labile (B and F), bound sulfane (C and G), and total sulfide 

fractions (D and H) were determined in the ATM(−/−), ATM(+/+), AT22, and VA13 cells by 

the MBB method [16-18,20]. The ATM(−/−) cells are in blue, ATM(+/+) cells are in yellow, 

the AT22 cells are in red, and the VA13 cells are in green.
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Fig. 2. 
The mRNA expression levels of NFS1 in ATM(−/−) and ATM+ /+ ) cells. The ATM(−/−) 

cells are in blue and the ATM(+/+) cells are in yellow (A). Proteomics Heatmap of the 

ATM(−/−) and ATM(+/+) cells (B). Yellow represents elevated expression levels and blue 

represents lower expression levels. Visualization of the protein-protein interaction of Fe-S 

proteins and cysteine desulfurase using STRING and Cytoscape databases (C).
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Fig. 3. 
The mRNA (A) and protein levels (B) of CBS, CSE, and 3-MST were compared in the 

ATM(−/−) and ATM(+/+) cells. Panel C depicts the expanded doublet staining pattern seen 

in the CBS western blot, without and with ATM expression. CSE enzymatic activity was 

similarly compared between the ATM(−/−) and the ATM(+/+) cells (D). CSE activity was 

analyzed by cystathionine consumption and enzyme activity as fold change calculated for 

nmol cystathionine consumed per total protein [27]. The ATM(−/−) cells are in blue, and the 

ATM(+/+) cells are in yellow.
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Fig. 4. 
The relative GSH: GSSG ratio in ATM(−/−) cells compared to the ATM+ /+ ) cells. The 

ATM(−/−) cells are in blue, and the ATM+ /+ ) cells are in yellow.
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Fig. 5. 
ATM(−/−) and ATM(+/+) cell dsDNA breaks were analyzed in under oil immersion 

microscopy of colcemid-blocked, Giemsa stained chromosomal preparations, without and 

with t-BOOH and NAC exposures [20]. [t-BOOH] was 10 μM and [NAC] was 30 μM. The 

ATM(−/−) cells are in blue, and the ATM(+/+) cells are in yellow. Examples of intact and 

broken chromosomes with a dsDNA break are shown in the insert.
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Table 3

Quantification of the dsDNA breaks in the ATM(−/−) and ATM(+/+) cells without and with t-BOOH and NAC 

exposures. [t-BOOH] was 10 μM and [NAC] was 30 μM. The standard errors of the mean (SEM) are listed, 

and all counts were dsDNA breaks/5000 total chromosomes counted in triplicate [20].

Cell Type and Treatment Average dsDNA breaks/5000
chromosomes

SEM

ATM(−/−) Cells 2.67 0.54

ATM(−/−) Cells + t-BOOH 13.0 0.47

ATM(−/−) Cells + NAC 3.0 0.47

ATM(−/−) Cells + NAC + t-BOOH 8.0 0.47

ATM(+/+) Cells 1.67 0.27

ATM(+/+) Cells + t-BOOH 8.0 0.47

ATM(+/+) Cells + NAC 1.67 0.27

ATM(+/+) Cells + NAC + t-BOOH 7.33 0.27
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