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A B S T R A C T   

Ataxia Telangiectasia (A-T) is an inherited autosomal recessive disorder characterized by cerebellar neuro-
degeneration, radiosensitivity, immunodeficiency and a high incidence of lymphomas. A-T is caused by muta-
tions in the ATM gene. While loss of ATM function in DNA repair explains some aspects of A-T pathophysiology 
such as radiosensitivity and cancer predisposition, other A-T features such as neurodegeneration imply additional 
roles for ATM outside the nucleus. Emerging evidence suggests that ATM participates in cellular response to 
oxidative stress, failure of which contributes to the neurodegeneration associated with A-T. Here, we use fi-
broblasts derived from A-T patients to investigate whether DEAD Box 1 (DDX1), an RNA binding/unwinding 
protein that functions downstream of ATM in DNA double strand break repair, also plays a role in ATM- 
dependent cellular response to oxidative stress. Focusing on DDX1 target RNAs that are associated with 
neurological disorders and oxidative stress response, we show that ATM is required for increased binding of 
DDX1 to its target RNAs in the presence of arsenite-induced oxidative stress. Our results indicate that DDX1 
functions downstream of ATM by protecting specific mRNAs in the cytoplasm of arsenite-treated cells. In keeping 
with a role for ATM and DDX1 in oxidative stress, levels of reactive oxygen species (ROS) are increased in ATM- 
deficient as well as DDX1-depleted cells. We propose that reduced levels of cytoplasmic DDX1 RNA targets 
sensitizes ATM-deficient cells to oxidative stress resulting in increased cell death. This sensitization would be 
especially detrimental to long-lived highly metabolically active cells such as neurons providing a possible 
explanation for the neurodegenerative defects associated with A-T.   

1. Introduction 

Ataxia Telangiectasia (A-T) is a rare autosomal recessive disorder 
that affects multiple systems in the body and is typically diagnosed in 
childhood. A-T is characterized by progressive cerebellar ataxia 
affecting movement coordination and balance, oculocutaneous telangi-
ectasia, extreme radiosensitivity, immunodeficiency, premature aging, 
predisposition to certain malignancies, especially lymphoma and leu-
kemia, and respiratory diseases [1,2]. While patients often die from 
cancer or respiratory infections, progressive neurodegeneration is the 
root cause of this disease. Studies have shown that oxidative stress plays 
a significant role in the pathogenesis of A-T, contributing to the pro-
gressive cerebellar ataxia and neurodegeneration seen in affected in-
dividuals [3,4]. 

Oxidative stress is a physiological imbalance between the production 
of reactive oxygen species (ROS) and free radicals, and the ability of the 
cells to detoxify them. Cellular ROS are mainly generated from oxidative 

phosphorylation in mitochondria, with exogenous factors such as 
xenobiotic compounds, pollutants, alcohols, many drugs and radiation 
also producing ROS [5,6]. Excessive ROS production can overwhelm the 
cellular antioxidant defense system leading to cellular dysfunction and 
damage. Due to their high oxygen demands and production of highly 
peroxidizable substrates, neurons are especially vulnerable to ROS. 
Elevated ROS in neurons may result in neuroinflammation, impaired 
mitochondrial function, and neuronal cell death [7]. Increased ROS 
levels and/or impaired antioxidant systems have been implicated in the 
pathogenesis of cancer and neurodegenerative diseases, including Alz-
heimer’s disease, Parkinson’s disease, and Ataxia Telangiectasia [4, 
8–10]. 

A-T is caused by mutation in the ATM gene (Ataxia Telangiectasia 
Mutated), which encodes a key protein in DNA damage response and 
repair [11]. Upon introduction of DNA double-strand breaks (DSBs), the 
MRN complex is recruited to sites of DNA damage [12], which in turn 
activates ATM by autophosphorylation resulting in its recruitment to 
DSBs. ATM then phosphorylates and recruits repair proteins to the DSB 
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site [13,14]. The RNA helicase DEAD Box 1 (DDX1) is also phosphory-
lated by ATM and recruited to a subset of DSBs where it facilitates DSB 
repair by clearing RNA from these sites [15–17]. DDX1 is a member of 
the DEAD box protein family of RNA helicases implicated in the un-
winding, splicing, stability and transport of RNAs [18–24]. DDX1 is 
co-amplified with MYCN in pediatric cancers and high levels of DDX1 
have been associated with a poor prognosis in breast cancer [25,26]. 
DDX1 is also essential for embryonic development in mice where it plays 
a role in the control of calcium-dependent mitochondrial activity [27, 
28]. DDX1 has been associated with stress-induced regulation of splicing 
in Drosophila melanogaster [29]. 

ATM has previously been shown to be activated by autophosphor-
ylation upon oxidative stress resulting in up-regulation of signaling 
pathways involved in cellular homeostasis [30–33]. These studies have 
revealed elevated ROS levels and neuronal cell death associated with 
absence of ATM activity. A role for cytoplasmic DDX1 in mitochondria, 
stress granules and oxidative stress response has also been reported by 
our lab and others [28,34,35]. We have recently used DDX1-RNA 
immunoprecipitation to identify DDX1 mRNA targets in the osteosar-
coma cell line U2OS and DDX1-amplified neuroblastoma cell line BE 
(2)-C. We found that DDX1 stabilizes its target RNAs in cells exposed 
to oxidative stress and facilitates the resolution of stress granules [35]. 

Here, we investigate the relationship between ATM and DDX1 in the 
cellular response to oxidative stress in A-T patient fibroblasts. We find 
that depletion of either DDX1 or ATM in arsenite-treated fibroblasts 
inhibits their recovery from oxidative stress and increases ROS levels. 
We also characterize several DDX1 RNA targets that encode proteins 
involved in oxidative stress response that are associated with neuro-
logical disorders and are involved in oxidative stress response, including 
TDP43, TAF15, FXR1, ALS2 and ATXN2. Binding of DDX1 to these RNAs 
is increased when cells are under oxidative stress, thereby protecting 
these RNAs from degradation. We show that ATM deficiency or deple-
tion results in reduced cytoplasmic levels of DDX1 RNA targets. 
Furthermore, cell survival after oxidative stress is reduced upon deple-
tion of either DDX1 or ATM. Our results demonstrate a role for ATM in 
maintaining cellular homeostasis via DDX1 in fibroblasts under oxida-
tive stress. 

2. Materials and methods 

2.1. Cells and treatments 

A-T fibroblasts: AT2BE (from a 7-year old female) and AT3BI (from a 
4-year old male) were derived from skin biopsies of A-T patients and are 
ATM negative [36]. AT2BE was purchased from the American Type 
Culture Collection, Rockville, MD, and AT3BI was kindly provided by 
Dr. A. Lehmann, University of Sussex, Brighton, UK. GM38 are normal 
human fibroblasts derived from a 9-year old female [36]. GM10 is a 

normal fibroblast culture of human fetal origin [37]. GM38, GM10 and 
A-T fibroblasts were cultured in DMEM supplemented with 10% fetal 
bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37 ◦C 
with 5% CO2. For acute oxidative stress, cells were treated with 0.5 mM 
sodium arsenite (Sigma-Aldrich) for 45 min (unless specified otherwise). 
This concentration of arsenite is commonly used to induce oxidative 
stress in cells, including human fibroblasts [34,35,38]. For chronic 
oxidative stress, cells were treated with 2 μM sodium arsenite for 16 h. 

2.2. DDX1 and/or ATM knockdowns 

DDX1 and ATM were knocked down in fibroblasts by siRNA trans-
fection using lipofectamine RNAiMax (Thermo Fisher Scientific) and 10 
nM siRNAs. For negative controls, scrambled siRNAs (Low GC and Me-
dium GC) were used. For DDX1 knockdowns, two different siRNAs were 
used, with single siRNAs used for each transfection: si1DDX1 (CAGG-
CUGAAUCUAUCCCAUUGAUCU) and si2DDX1 (UACACCAUGUUGUU 
GUCCCAGUAAA) in two rounds of transfection as described [35]. For 
ATM knockdown, si1ATM (CAAGGCUAUUCAGUGUGCGAGACAA) and 
si2 ATM (AGUCUAGUACUUAAUGAUCUGCUUA) were used. Cells were 
analyzed 72 h after transfection. 

2.3. Measurement of reactive oxygen species 

Reactive Oxygen Species (ROS) were analyzed using the following 
methods: (i) the cell-permeable, non-fluorescent probe 2′,7′-dichlor-
odihydrofluorescein diacetate (H2DCF-DA, Molecular probes) which is 
converted into fluorescent 2,7-dichlorofluorescein in the presence of 
oxidizing species and (ii) the superoxide indicator MitoSOX-Red 
(Thermo Fisher Scientific) which specifically measures mitochondrial 
ROS. Untreated and arsenite-treated cells were trypsinized, washed and 
stained with 10 μM H2DCF-DA for 30 min at 37 ◦C or 5 μM MitoSOX-Red 
in HBSS for 30 min at 37 ◦C. Fluorescence was measured using a flow 
cytometer (FACS Canto II, BD Biosciences) with the excitation wave-
length set at 488 nm and the emission wavelength set at 535 nm for DCF- 
DA or 590 nm for MitoSOX-Red. The data were analyzed using BD FACS 
Diva software. Unstained cells served as a negative control for auto-
fluorescence. Mean fluorescence was used as representative of ROS 
levels in the cells. 

2.4. Fluorescence microscopy 

Cells cultured on coverslips were fixed and processed as previously 
described [15,35]. Cells were incubated with a rabbit anti-DDX1 anti-
body (batch 2923; 1:1000 dilution) [35,39] followed by Alexa 488-con-
jugated donkey anti-rabbit secondary antibody (Life Technologies). 
Coverslips were mounted onto slides in polyvinyl alcohol (Calbio-
chem)-based mounting medium containing 1 μg/ml 4′, 
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6′-diamidino-2-phenylindole (DAPI). Images were acquired using a Zeiss 
LM710 confocal microscope, exported as TIFF files using ZEN and 
assembled using Photoshop software. 

2.5. RNA immunoprecipitation (RIP) and quantitative RT-PCR 

Fibroblasts were either treated with 0.5 mM sodium arsenite for 45 
min or left untreated. Cells were washed with PBS and RNAs were 
crosslinked to proteins using UV crosslinker at 200 mJ/cm2. Whole cell 
lysates were prepared by resuspending the cells in lysis buffer (50 mM 
Tris-HCl pH7.5, 150 mM NaCl, 0.5% NP-40, 0.5% sodium deoxycholate, 
5 mM EDTA, 2 mM DTT, 0.5 U/μl RNase inhibitor and 1X Complete 
protease inhibitor), followed by centrifugation at 12,000 rpm for 10 min 
and collecting the supernatant. Five hundred μg cell lysate was used to 
pull-down DDX1-bound RNAs with anti-DDX1 antibody (batch 2910) 
[16,35] for 1.5 h at 4 ◦C followed by incubation with Protein A 
Sepharose beads (GE Healthcare) for another 1.5 h at 4 ◦C with 
end-to-end rotation. Rabbit IgG was used as the negative control. Un-
bound fractions were removed, and beads were washed with wash buffer 
(50 mM Tris-Cl pH7.5, 1 M NaCl, 1% NP-40, and 1% sodium deoxy-
cholate). Any contaminating DNA was removed by incubating the beads 
with 12 units of Turbo DNase (Thermo Fisher Scientific) at 37 ◦C for 30 
min. Bound RNAs were separated from beads by digesting the proteins 
with Proteinase K (Roche) at 37 ◦C for 30 min. RNAs were extracted with 
phenol:chloroform (1:1), ethanol precipitated and dissolved in 20 μl 
RNase-free water. 

To prepare cDNA, 5 μl RNA eluted from the RNA- 
immunoprecipitations was reverse transcribed using Superscript IV 
reverse transcriptase (Thermo Fisher Scientific) and random hexamer 
primers. Quantitative RT-PCR was performed with SYBR Green qPCR 
mix (Applied Biological Materials Inc.) and the primers listed in 
Table S1. For normalization purposes, RNA was extracted from cells 
grown under the same conditions as those used for RNA immunopre-
cipitations. Total RNA was reverse transcribed and used to determine 
cellular levels of each RNA targets under each condition. RNA enrich-
ment in RNA immunoprecipitations was normalized against individual 
RNA levels under the same conditions. GAPDH served as the internal 
control. 

2.6. Cell fractionation and measurement of cytoplasmic RNA and protein 
levels 

Cytoplasmic and nuclear fractions of fibroblasts were prepared as 
described before [35]. Briefly, untreated and arsenite-treated fibroblasts 
were washed, trypsinized and lysed in cytoplasmic extraction buffer (25 
mM Tris-HCl pH 7.5, 10 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40, 2 mM 
EDTA, 2 mM DTT, 1X cOmplete protease inhibitor cocktail and 0.2 U/μl 
RNase inhibitor) for 5 min at 4 ◦C with end-to-end rotation, vortexed, 
kept on ice for 1 min and centrifuged at 1500 rpm for 5 min. The su-
pernatant was collected as cytoplasmic fraction. For protein analysis, 30 
μg of each cytoplasmic fraction was loaded on an 8% SDS-PAGE gel, 
transferred to nitrocellulose membrane, and immunoblotted with 
anti-DDX1 antibody (1:5000, batch 2910) or anti-GAPDH antibody 
(1:2000, Thermo Fisher Scientific) as cytoplasmic marker. For ATM, we 
used low-bis acrylamide SDS-PAGE gels. The anti-ATM (1:1000) anti-
body used for western blotting has been previously described [16]. For 
RNA analysis, total RNA from each cytoplasmic fraction was extracted 
with Trizol LS (Thermo Fisher Scientific). Purified RNA was dissolved in 
20 μl of RNase-free water and 2 μg of RNA was used to prepare cDNA by 
reverse transcription using Superscript II reverse transcriptase and 
oligo-dT primers. RT-qPCR was performed using SYBR Green qPCR mix 
to determine the levels of cytoplasmic RNAs under different conditions. 

GAPDH served as the internal control. 

2.7. In situ cell death (TUNEL) assay 

To check the viability of cells under control and stress conditions, 
apoptosis was examined using the Cell Death Detection kit, Fluorescein 
(Roche) using the manufacturer’s protocol. Fibroblasts untreated or 
treated with 0.5 mM arsenite for 45 min were trypsinized, washed and 
pelleted. The cells were fixed in 2% paraformaldehyde for 1 h at room 
temperature with constant rotation, washed with PBS and permeabilized 
in 0.1% Triton X-100 for 2 min on ice. The cells were then washed and 
stained with a mixture of TdT-terminal transferase enzyme and TUNEL 
assay buffer including dUTP-fluorescein isothiocyanate (FITC) for 1 h at 
37 ◦C. Negative controls were prepared by incubating cells in assay 
buffer only. Positive controls were prepared by treating the DNA with 
DNase I for 10 min at 37 ◦C to cause DNA breaks prior to staining with 
TdT-terminal transferase and TUNEL assay buffer mixture. The cells 
were washed with PBS and resuspended in 500 μl PBS and acquired on 
FACS Canto II (BD Biosciences) at 488 nm excitation and 520 nm 
emission. Analysis was done using BD FACS Diva software. 

2.8. Cell survival assay 

Cell survival was analyzed using the clonogenic assay [40]. Cells 
were counted using a hemocytometer and 100 cells/well were seeded in 
6-well plates in DMEM supplemented with 10% fetal calf serum. After 
24 h, cells were treated with increasing concentrations of arsenite (0, 
0.1, 0.2, 0.3, 0.4 and 0.5 mM) in duplicate wells for 45 min. 
Arsenite-containing medium was removed, and cells were washed twice 
with PBS. The cells were cultured in fresh medium at 37 ◦C with 5% CO2 
and colonies allowed to form over 2–3 weeks. For staining, the medium 
was removed, and cells were washed with PBS. Cells were stained with 
1% (w/v) crystal violet prepared in 70% ethanol for at least 30 min. The 
staining solution was removed, and the plates were washed with water. 
The plates were dried, and the number of colony-forming units was 
estimated by counting the number of colonies per well. Percent plating 
efficiency (PE) or colony forming units for each culture was calculated as 
follows: 

PE=
number of colonies formed

number of cells seeded
X100%  

2.9. Statistical analysis 

Each experiment was done at least three times (N = 3). The p-value 
was calculated using two-sided Student’s t-test. p<0.05 was used as a 
cut-off for significance. 

3. Results 

3.1. ATM and DDX1 deficiency increases ROS levels in fibroblasts 

Neurodegenerative diseases and cancers have been linked to both 
genotoxic and environmental stress. While the studies carried out to date 
in A-T have mostly centered around DNA repair, recent studies have 
implicated elevated oxidative stress in the pathogenesis of A-T. We used 
fibroblasts derived from two different A-T patients (AT2BE and AT3BI) 
and from a child with no obvious physical or mental health problems 
(GM38; defined as normal) to explore their response to oxidative pres-
sure by analyzing ROS accumulation under normal and stress condi-
tions. The fibroblasts were either left untreated or were treated with 0.5 
mM arsenite for 45 min to induce oxidative stress. Cells were stained 
with DCF-DA to measure total cellular ROS levels and analyzed by flow 
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cytometry. Arsenite-treated GM38 fibroblasts had 1.5-fold higher levels 
of ROS compared to untreated cells. Consistent with previous reports [4, 
9], untreated AT2BE and AT3BI showed increased ROS levels (1.2-fold) 
compared to normal fibroblasts. Furthermore, A-T fibroblasts treated 
with arsenite underwent increased ROS accumulation compared to 
arsenite-treated GM38 fibroblasts (1.9-fold compared to 1.5-fold) 
(Fig. 1A). To verify that increased susceptibility to oxidative stress in 
A-T fibroblasts is due to the absence of ATM, we depleted ATM in normal 
GM38 fibroblasts using siRNA transfection (Fig. 1B) followed by arsenite 
exposure. The increase in ROS levels in ATM-depleted cells was similar 
to that observed in A-T fibroblasts upon arsenite treatment (Fig. 1A). 
These results indicate that depletion of ATM renders fibroblasts more 
vulnerable to oxidative stress. 

As DDX1 is a substrate of ATM and previously implicated in stress 
responses [16,35], we depleted DDX1 in GM38 using two different 
siRNAs, followed by arsenite treatment. Similar to what was observed in 

ATM-depleted cells, DDX1 knockdown in untreated cells resulted in a 
1.2-fold increase in ROS levels under control conditions, and a 1.8-fold 
increase in ROS levels in arsenite-treated cells (Fig. 1C). We also 
investigated whether knockdown of DDX1 in ATM-deficient A-T fibro-
blasts might exacerbate oxidative stress. No significant changes in ROS 
accumulation were observed in arsenite-treated DDX1-depleted A-T fi-
broblasts compared to A-T fibroblasts. These results indicate that both 
ATM and DDX1 are involved in the regulation of cellular ROS levels and 
suggest that ATM and DDX1 may function in the same pathway, with 
ATM residing upstream of DDX1. ATM deficiency did not affect DDX1 
levels in either A-T fibroblasts or ATM siRNA-depleted GM38 fibroblasts 
(Fig. 1B). 

Next, we measured ROS levels in mitochondria using MitoSOX-Red. 
We observed a 1.3-fold increase in mitochondrial ROS in untreated A-T 
fibroblasts and ATM-depleted GM38 fibroblasts compared to untreated 
GM38 fibroblasts (Supplementary Fig. 1A). Upon arsenite treatment, 

Fig. 1. ATM and DDX1 control accumulation of ROS in fibroblasts. Normal and ATM-deficient fibroblasts were treated with 0.5 mM arsenite for 45 min and 
stained with DCF-DA to measure ROS accumulation (mean fluorescence) by flow cytometry. (A) Bar diagrams showing mean DCF-DA fluorescence in untreated 
versus arsenite-treated GM38, AT2BE, AT3BI and ATM-depleted GM38 fibroblasts using two different ATM siRNAs. Increased ROS accumulation was associated with 
ATM deficiency. (B) Western blot analysis showing depletion of ATM in AT2BE, AT3BI and ATM siRNA-depleted GM38 fibroblasts. No changes in DDX1 levels were 
observed in ATM-depleted cells. GAPDH served as the loading control. (C) Bar diagrams showing mean DCF-DA fluorescence in untreated versus treated GM38 and A- 
T control and DDX1 knockdown cells using two different DDX1 siRNAs. Increased ROS accumulation was observed in arsenite-treated GM38 upon DDX1 depletion, 
but not in arsenite-treated DDX1-depleted A-T cells. Error bars depict standard deviation. Individual experiments are indicated by black circles. 
*p<0.05, **p<0.01, ns: not significant (p≥0.05) (N = 3). 
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mitochondrial ROS accumulation in fibroblasts increased in a dose- 
dependent manner. There was a 1.2-fold increase in ROS accumula-
tion in both ATM-proficient GM38 and ATM-deficient fibroblasts in cells 
treated with 0.1 mM arsenite (Supplementary Fig. 1A). When cells were 
treated with 0.4 mM arsenite, mitochondrial ROS levels were increased 
1.6-fold for ATM-proficient GM38 and 1.9-fold in ATM-deficient fibro-
blasts. Arsenite treatment at 0.5 mM concentration resulted in a 2.2 to 
2.4-fold increase in mitochondrial ROS levels in ATM-depleted cells 
(GM38 and A-T fibroblasts) compared to 1.6-fold in arsenite-treated 
GM38 cells. All subsequent experiments were carried out with 0.5 mM 
arsenite, as commonly used to induce acute oxidative stress [34,35,38]. 

Similar to ATM depletion, mitochondrial ROS levels increased 1.3- 
fold upon depletion of DDX1 in GM38 fibroblasts, but not in DDX1- 
depleted A-T fibroblasts (Supplementary Fig. 1B). These results are in 
agreement with the results obtained with DCF-DA, and suggest roles for 
both ATM and DDX1 in ROS homeostasis, with DDX1 residing down-
stream of ATM. 

We also examined mitochondrial ROS accumulation induced by 
chronic stress, with cells treated with 2 μM arsenite for 16 h. In GM38 
cells, chronic stress led to a 1.2-fold increase in mitochondrial ROS levels 
(Supplementary Fig. 2). In contrast, DDX1-depleted GM38 cells showed 
a 1.4- to 1.5-fold increase in mitochondrial ROS levels. Similar increases 
(1.4-1.6-fold) in mitochondrial ROS levels were observed in A-T fibro-
blasts treated with 2 μM arsenite. DDX1 depletion in A-T fibroblasts did 
not cause further increases in mitochondrial ROS levels (Supplementary 
Fig. 2). Our combined results indicate that DDX1 and ATM are involved 
in the regulation of mitochondrial ROS accumulation in cells exposed to 
either acute or chronic stress. 

We next asked whether the subcellular distribution of DDX1 was 
affected by ATM deficiency in control and arsenite-treated cells. DDX1 
subcellular distribution was indistinguishable in untreated GM38, 
AT2BE and AT3BI fibroblasts, with a predominantly nuclear localization 
and localization to nuclear bodies (Supplementary Fig. 3A). As previ-
ously reported, arsenite treatment resulted in DDX1 accumulation in 
cytoplasmic stress granules [34,35]. No differences were observed in the 
subcellular localization of DDX1 in ATM-proficient GM38 fibroblasts 
compared to ATM-deficient AT2BE and AT3BI fibroblasts upon treat-
ment with 0.5 mM arsenite (Supplementary Fig. 3B). 

3.2. Identification of DDX1 target RNAs and effect of arsenite on DDX1- 
RNA binding 

RNA binding proteins have been implicated in the pathogenesis of 
many neurodegenerative diseases, including Alzheimer’s disease, Par-
kinson’s disease, and Ataxia Telangiectasia [41–43]. Previous work 
from our lab identified mRNAs bound to and protected by the RNA 
helicase, DDX1, under oxidative stress conditions [35]. DDX1 bound 
RNAs were immunoprecipitated from U2OS cells using IgG (as negative 
control) or anti-DDX1 antibody, and DDX1-bound RNAs were sequenced 
and analyzed for differential binding [35]. Many of the identified RNAs 
were found to encode proteins with role(s) in the maintenance of 
cellular homeostasis under stress conditions. DDX1 depletion resulted in 
increased stress-induced reductions in the levels of DDX1 RNA targets, 
suggesting a role for DDX1 in protecting cells from oxidative stress and 
death. 

Here, we extend the above study by asking whether there is a link 
between ATM and DDX1-RNA binding activity in Ataxia Telangiectasia. 
We selected 13 putative DDX1-RNA targets (labeled ‘targets’) with a 
demonstrated role in oxidative stress response in neurodegenerative 
diseases (ATXN2, STAU2, ALS2, PSEN1, OXSR1, FMR1, FXR1, TAF15, 
TDP43, DDX3X, ATM, EWSR1, and TXN) [41,44,45]. Targets were 
selected based on >10-fold sequence enrichment in DDX1-RNA immu-
noprecipitates compared to IgG control. Five genes were selected as 
negative controls based on similar read counts in DDX1-RNA immuno-
precipitates compared to IgG control (SOD1, NQO1, STK11, AMPK, and 
OGDH; labeled ‘controls’). We first examined DDX1 binding to these 18 

mRNAs in GM38 fibroblasts using either anti-DDX1 or IgG for RNA 
immunoprecipitations, followed by RT-qPCR analysis. RNA enrichment 
in the DDX1 immunoprecipitates compared to IgG control (set at 1) 
varied from ~6X (for TXN) to ~27X (for TAF15) for the 13 targets, with 
eleven of 13 targets showing >10-fold enrichment compared to the IgG 
control (Fig. 2A). Consistent with the sequencing data, all five controls 
showed enrichment of <5-fold compared to IgG control (Fig. 2A). 

We next tested the effect of oxidative stress on DDX1-RNA binding by 
exposing GM38 fibroblasts to arsenite, followed by DDX1 or control IgG 
RNA immunoprecipitation. To offset any effects that arsenite might have 
on levels of target or control RNAs, we normalized RNA enrichment in 
DDX1 RNA-immunoprecipitates to the levels of each RNA present in 
total RNA extracted from arsenite-treated cells. Nine of the 13 target 
RNAs showed a ≥2-fold increase in DDX1 binding upon arsenite treat-
ment compared to RNA binding in control cells, with all values shown in 
relation to the IgG control (Fig. 2B). For example, binding of ATXN2 
RNA to DDX1 was ~17X higher than binding to IgG (Fig. 2B; dark blue 
bar). Upon arsenite treatment, DDX1-bound ATXN2 RNA levels 
increased to ~38X (light blue bar), a 2.2X increase over control cells. 
The most dramatic change was the 7.6X increase in TDP43 RNA binding 
observed upon arsenite treatment. Two of our 13 selected targets, 
EWSR1 and TXN, showed no increase in DDX1 binding upon arsenite 
exposure. There was no significant increase in the binding of DDX1 to 
the five control RNAs upon exposure to arsenite. Of note, control RNAs 
were selected because of their documented roles in oxidative stress 
response, indicating that only a subset of stress related RNAs bind to 
DDX1 and are induced upon stress. 

3.3. DDX1-RNA binding is defective in cells derived from A-T patients 

The underlying cause of A-T is loss of activity of the well- 
characterized DNA repair protein, ATM. ATM has also been implicated 
in cellular response to environmental stressors such as oxidative stress, 
pointing to a possible mechanism for the neurological disorders asso-
ciated with A-T [10,46]. As DDX1 is a substrate of ATM and has previ-
ously been implicated in oxidative stress response, we examined DDX1’s 
RNA binding activity in A-T fibroblasts from two different patients, 
AT2BE and AT3BI. RNA immunoprecipitations were carried out with 
DDX1 and IgG (control), followed by RT-qPCR analysis of 10 selected 
targets. Three RNA targets were left out of this analysis: ATM as this 
gene is deficient in A-T cells, and EWSR1 and TXN, as binding to these 
two RNAs was not significantly altered upon arsenite-treated in GM38 
fibroblasts. Similar to that observed in GM38, DDX1 effectively bound to 
its target RNAs in both A-T fibroblast cultures [Fig. 3, blue (GM38), red 
(AT2BE) and green (AT3BI) bars]. In contrast to GM38, exposure of A-T 
fibroblasts to arsenite resulted in a marked reduction in RNA binding, by 
50% or greater (≥2-fold) for all RNAs [Fig. 3, light blue (GM38), orange 
(AT2BE) and yellow (AT3BI) bars] with the exception of ATXN2 RNA in 
AT3BI which was reduced by 45% (1.8-fold reduction) [Fig. 3, green 
(untreated AT3BI) versus yellow (arsenite treated AT3BI) bars]. In 
AT2BE, STAU2, ALS2, FXR1 and DDX3X binding to DDX1 was reduced 
by >85% [Fig. 3, red (untreated AT2BE) versus orange (arsenite treated 
AT2BE) bars]. In AT3BI, PSEN1, FXR1, TAF15 and DDX3X binding was 
reduced by >75% [Fig. 3, green (untreated AT3BI) versus yellow 
(arsenite treated AT3BI) bars]. These results suggest a link between the 
absence of ATM in A-T fibroblasts and reduced binding of DDX1 to its 
target RNAs under oxidative stress. 

3.4. ATM deficiency reduces DDX1-RNA binding under stress 

We next addressed whether the dramatic decrease in DDX1 binding 
to its target RNAs observed in A-T fibroblasts might be a consequence of 
ATM deficiency in these cells. We have already shown interdependency 
between ATM and DDX1 through ATM phosphorylation of DDX1 and 
recruitment of DDX1 to DNA DSBs in cells exposed to radiation [15,16]. 
We therefore knocked down ATM in GM38 fibroblasts using two 
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different siRNAs to test the effect of ATM deficiency on binding of DDX1 
to its target RNAs upon oxidative stress in normal fibroblasts. As pre-
viously reported in Fig. 2, RT-qPCR analysis showed efficient binding of 
DDX1 to its RNA targets in control GM38 fibroblasts (siControl), with 
increased binding observed upon arsenite treatment (Fig. 4, dark blue 
versus light blue bars). Importantly, arsenite treatment resulted in a 
significant loss in DDX1-RNA binding in ATM-depleted GM38 fibroblasts 
(Fig. 4, brown versus orange and purple versus pink bars), in keeping 
with the results observed in A-T fibroblasts. To ensure that the observed 
effects were not specific to GM38 fibroblasts, we repeated these exper-
iments with a second normal human fibroblast culture, GM10, and ob-
tained similar results upon ATM depletion (Supplementary Fig. 4). The 
loss in DDX1-RNA binding observed in A-T cells under oxidative stress 

suggests a direct link to ATM deficiency. 
Although there was no morphological indication of cell death in our 

arsenite-treated A-T cultures, we considered the possibility that loss of 
DDX1 RNA-binding activity in A-T fibroblasts upon arsenite treatment 
might be due to cell death. To address this possibility, we carried out the 
TUNEL assay, an apoptosis assay based on DNA fragmentation. The 
TUNEL assay was performed in A-T fibroblasts and GM38 cells trans-
fected with either vehicle control or DDX1 or ATM siRNAs, followed by 
exposure to 0.5 mM arsenite for 45 min. Similar fluorescence intensities 
were observed in all cell populations, with or without arsenite treatment 
(Supplementary Fig. 5). We used DNase I-treated GM38 cells as a posi-
tive control for the TUNEL assay. The absence of any visible signs of cell 
death based on microscopy combined with the TUNEL assay indicate 

Fig. 2. Increased binding of DDX1 to target RNAs upon arsenite treatment in GM38 fibroblasts. (A) RNA-DDX1 immunoprecipitation was used to measure 
levels of 13 target RNAs and 5 control RNAs bound to DDX1 in GM38 fibroblasts. Immunoprecipitated RNAs were quantified by RT-qPCR. Bar diagrams show fold 
RNA enrichment in DDX1-RIP compared to IgG-RIP (set at 1). (B) Bar diagrams showing fold enrichment in DDX1-RNA binding (relative to IgG control) in GM38 
fibroblasts untreated (taken from A) and GM38 fibroblasts treated with arsenite for 45 min. Fold enrichment for arsenite-treated cells was normalized by taking 
account the change in RNA levels observed upon RT-qPCR analysis of total RNA extracted from treated cells relative to untreated cells. Inset shows western blot 
analysis of DDX1 in DDX1-RIP and IgG-RIP. 10% of input, IgG or DDX1 immunoprecipitates were loaded in the indicated lanes. Individual experiments are indicated 
by black circles. Error bars represent standard deviation. *p<0.05, **p<0.01, ***p<0.001 (N = 3). 
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Fig. 3. Defective DDX1-RNA binding in A-T patient-derived fibroblasts. GM38 and A-T fibroblasts (AT2BE and AT3BI) were treated with 0.5 mM arsenite or left 
untreated and used for RIP using IgG or anti-DDX1 as described before. Bar diagrams show fold RNA enrichment in DDX1-RIP compared to IgG-RIP (set at 1). GM38- 
untreated and GM38-arsenite treated values are taken from Fig. 2. Normalizations for AT2BE and AT3BI samples were as described in Fig. 2 using total RNA extracts. 
Blue asterisks represent significant increases in RNA binding in GM38 upon arsenite treatment compared to untreated GM38 cells, whereas red and green hashtags 
represent significant decreases in RNA binding in AT2BE and AT3BI, respectively, upon arsenite treatment compared to untreated fibroblasts. Individual experiments 
are indicated by black circles. Error bars represent standard deviation. * or #p<0.01 (N = 3). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. ATM is required for optimal DDX1-RNA binding in arsenite-treated normal fibroblasts. ATM was knocked down in GM38 using two siRNAs (si1ATM 
and si2ATM). Control and ATM-depleted cells were left untreated or treated with arsenite, and RIP carried out as described above. Bar diagrams show fold RNA 
enrichment in DDX1-RIP compared to IgG-RIP (set at 1). Normalizations were as described in Fig. 2 using total RNA extracts from the relevant cultures. Blue asterisks 
represent a significant increase in RNA binding in GM38 upon arsenite treatment compared to untreated cells. Brown and purple hashtags represent significant 
decreases in RNA binding in ATM knockdown cells upon arsenite treatment compared to their untreated controls. Individual experiments are indicated by black 
circles. Error bars represent standard deviation. * or #p<0.01 (N = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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that loss of DDX1-RNA binding activity in arsenite-treated cells is not 
due to cell death. 

3.5. DDX1 selectively protects its target RNAs in normal fibroblasts under 
stress 

We previously showed that binding of DDX1 to its target RNAs 
protects cytoplasmic RNAs from degradation in cancer cells that are 
under oxidative stress [35]. Here, we carry out a similar experiment in 
normal GM38 fibroblasts treated with vehicle control or arsenite. Cells 
were fractionated into cytoplasmic and nuclear fractions, and the 
cytoplasmic fraction was used for RNA extraction. RT-qPCR analysis was 
carried out using 12 target RNAs (ATM not included) and 5 control 
RNAs, with untreated GM38 fibroblasts serving as the normalization 
control (set at 1). In contrast to cancer cells, where we observed reduced 
cytoplasmic levels of all DDX1 RNA targets tested upon arsenite treat-
ment, variable effects were observed in GM38 fibroblasts, with some 
targets up-regulated, some targets down-regulated and no change 
observed for other RNA targets (Fig. 5A). 

We next examined cytoplasmic RNA levels in DDX1 siRNA- 
transfected cells. To offset any changes that DDX1 knockdown might 
have on cytoplasmic RNA levels, we defined the cytoplasmic levels of 
each DDX1 target RNA in non-stressed siControl-, si1DDX1-and 
si2DDX1-transfected cells as 1, then compared cytoplasmic DDX1 target 
RNA levels in arsenite-treated siControl-, si1DDX1-and si2DDX1-trans-
fected cells to their respective untreated counterparts. Decreases of 30- 
75% in the cytoplasmic levels of 10 out of 12 RNA targets were observed 
upon depletion of DDX1 in arsenite-treated GM38 fibroblasts (Fig. 5B), 
with ALS2 showing a 3-4-fold reduction, and STAU2, TDP43 and DDX3X 
showing 2-3-fold reduction in RNA levels. In keeping with the RNA 
binding results reported in Fig. 2B, cytoplasmic levels of EWSR1 and 
TXN RNAs, as well as control RNA levels, were not affected by DDX1 
depletion, indicating that these RNAs are not protected by DDX1 under 
oxidative stress. Our combined results suggest a correlation between 
elevated DDX1-RNA binding and cytoplasmic RNA protection under 
oxidative stress conditions. 

3.6. DDX1 fails to protect its target RNAs in A-T fibroblasts 

Binding of DDX1 to its RNA targets is dramatically reduced in ATM- 
deficient A-T fibroblasts under oxidative stress. To investigate how 
DDX1-mediated RNA protection might be affected by ATM deficiency, 
we examined levels of cytoplasmic RNAs in A-T fibroblasts cultured 
under normal or arsenite conditions, with or without DDX1 depletion. 
We included control GM38 fibroblasts in Fig. 6 for comparison, with 
values shown for control GM38 fibroblasts (arsenite-treated compared 
to untreated) taken directly from Fig. 5B. Cytoplasmic levels of all ten 
DDX1 RNA targets (EWSR1 and TXN were excluded from these experi-
ments) were lower in arsenite-treated A-T fibroblasts (by 20-70%) 
compared to arsenite-treated GM38 cells (ATM + ve, DDX1+ve) 
(Fig. 6A-J, Supplementary Fig. 6), with all 10 RNA targets in AT2BE and 
8/10 RNA targets in AT3BI showing depletion of ≥30%. DDX1 depletion 
in arsenite-treated A-T fibroblasts showed no further decrease in target 
RNA levels except for ALS2 in AT2BE and PSEN1 and TAF15 in AT3BI 
(Fig. 6C,D,H). There was no significant difference in the levels of control 
RNAs in A-T cells transfected with either siControl or DDX1-depleted 
arsenite-treated A-T fibroblasts (Supplementary Fig. 6). 

3.7. ATM is required for DDX1-mediated RNA protection 

The above data from A-T fibroblasts suggest a role for ATM in DDX1- 
related RNA binding and protection in fibroblasts under oxidative stress. 
To further investigate a possible relationship between ATM and DDX1- 
RNA binding activity, we compared DDX1 RNA target levels in DDX1- 
depleted versus ATM-depleted arsenite-treated GM38 fibroblasts. 
Similar to DDX1 depletion, ATM depletion significantly reduced levels 

of DDX1 RNA targets in arsenite-treated GM38 (by 20-55%), with >30% 
reductions observed for 8 out of the 10 target RNAs (Supplementary 
Figs. 7 and 8). The levels of 5 of the 10 DDX1 RNA targets were similarly 
reduced in ATM- and DDX1-depleted GM38 cells, with the remaining 
five RNA targets showing greater reduction in DDX1-depleted compared 
to ATM-depleted fibroblasts (Supplementary Figs. 7B,C,D,G,I). 

If ATM and DDX1 function in the same pathway, one would expect 
co-depletion of DDX1 and ATM in GM38 cells to generate similar re-
ductions in DDX1 RNA target levels as depletions observed in either 
DDX1 or ATM in arsenite-treated GM38 fibroblasts. Levels of most DDX1 
RNA targets were similar in DDX1-depleted compared to DDX1/ATM- 
co-depleted GM38 fibroblasts (Fig. 7; grey zones demarcate the upper 
and lower ranges of RNA levels in DDX1-knockdown cells). These results 
are in keeping with cytoplasmic levels of most DDX1 RNA targets being 
governed through an ATM/DDX1 pathway, although we cannot dis-
count the possibility that additional factors could also influence the 
levels of a subset of DDX1 RNA targets. 

3.8. Depletion of ATM and DDX1 decreases colony forming ability in 
arsenite-treated cells 

Failure to protect RNAs that encode proteins involved in oxidative 
stress response may impair the long-term survival of DDX1-and ATM- 
depleted fibroblasts. To address the effect of ATM and DDX1 depletion 
on survival after oxidative stress, we used the clonogenic assay [40]. 
Percentage colony formation was calculated based on the number of 
colony forming units (CFUs) per 100 cells. The plating efficiency of 
control GM38, AT2BE and AT3BI was 11.3 ± 0.6%, 6.8 ± 0.8% and 7.7 
± 0.6%, respectively (Fig. 8A). The reduced plating efficiency of A-T 
fibroblasts compared to normal fibroblasts has been previously reported 
[47,48]. GM38 and A-T fibroblasts treated with increasing concentra-
tions of arsenite for 45 min showed greatly reduced colony forming 
ability, with none of the fibroblast cultures forming colonies at the 
highest concentration of arsenite tested (0.5 mM). A-T fibroblasts were 
more susceptible to arsenite than GM38, with cell survival dropping to 
≤10% at 0.3 mM arsenite compared to 25% cell survival for GM38 
(Fig. 8A). 

Depletion of either ATM or DDX1 in GM38 also resulted in reduced 
plating efficiency compared to control knockdown cells (Fig. 8B). 
Furthermore, upon arsenite treatment, ATM- and DDX1-depleted cells 
had a greatly compromised ability to recover from oxidative stress, with 
few, if any, colonies observed in cells treated with 0.3 mM arsenite. At 
0.2 mM arsenite, the survival of ATM-depleted and DDX1-depleted cells 
dropped to ~20% and ~25%, respectively, compared to 50% in control 
GM38 cells (Fig. 8B). Overall, these data indicate a role for ATM and 
DDX1 in cell survival upon arsenite treatment which could be explained 
by the decrease in the levels of cytoplasmic mRNAs encoding proteins 
involved in oxidative stress response. 

4. Discussion 

The sensitivity of A-T cells to ionizing radiation is well-documented; 
however, the underlying cause for the debilitating neuronal degenera-
tion associated with A-T is not well-understood. There is evidence sug-
gesting that excessive production of reactive oxygen species (ROS), a 
measure of oxidative stress, is a key factor in the pathogenesis of A-T [4, 
9]. Accumulation of ROS in A-T cells causes DNA damage, mitochondrial 
dysfunction, and activation of apoptotic pathways [10]. ATM has 
well-characterized roles in the repair of DNA DSBs with emerging roles 
in maintenance of ROS homeostasis [10,49]. Thus, it is predicted that 
loss of ATM in A-T patients will on one hand sensitize cells to DNA 
damaging agents, with concomitant increases in carcinogenesis, and on 
the other hand, deregulate ROS levels with consequences to cell sur-
vival, particularly in highly metabolically active neuronal cells already 
prone to producing high levels of ROS [50]. In line with this, correction 
of ATM mutations in A-T patient cells restores both normal DNA DSB 
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repair and ROS production [51]. 
ATM has hundreds of phosphorylation substrates and interacting 

partners, many of which have been shown to have functions related to 
DNA DSB repair [52]. However, there is very little information on how 
ATM might maintain cellular homeostasis in cells exposed to oxidative 
stress. Here, we investigate whether ATM’s function in arsenite-treated 

fibroblasts is mediated through DDX1, an ATM-interacting partner 
implicated in both DNA DSB repair [15,16] and oxidative stress response 
[35]. Using an RNA-IP sequencing (RIP-seq) approach, we previously 
identified >1000 putative DDX1 RNA targets, many of which encode 
proteins involved in oxidative stress response [35]. Using a subset of 
putative DDX1 RNA targets implicated in both oxidative stress and 

Fig. 5. DDX1 protects its target RNAs in the cytoplasm of arsenite-treated normal fibroblasts. Transfection control (siControl) and DDX1-knockdown GM38 
(si1DDX1 and si2DDX1) were treated with arsenite or left untreated. Cytoplasmic RNA was extracted, reverse transcribed and used for RNA quantification by RT- 
qPCR. GAPDH was used for normalization. (A) Relative levels of RNA in the cytoplasm of untreated (set at 1) versus arsenite-treated GM38 cells. (B) RNA levels in the 
cytoplasm of arsenite-treated control and DDX1-depleted GM38 cells relative to their untreated counterparts (set at 1). Individual experiments are indicated by black 
circles. Inset shows western blot analysis of cytoplasmic DDX1 upon DDX1-knockdown in GM38 fibroblasts. GAPDH was used as the loading control. UT: Untreated; 
As: arsenite treated. Error bars depict standard deviation. *p<0.05, **p<0.01, ***p<0.001 (N = 3). 
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Fig. 6. Cytoplasmic levels of DDX1 RNA targets are reduced in DDX1-depleted arsenite-treated A-T fibroblasts. DDX1 was knocked down in AT2BE and AT3BI 
(ATM-ve, DDX1+ve) using two siRNAs (si1DDX1 and si2DDX1), and cells were treated with 0.5 mM arsenite for 45 min or left untreated (mock treated). Cytoplasmic 
RNA was extracted from untreated and arsenite-treated cells. (A-J) Relative changes in the levels of 10 DDX1 target RNAs in arsenite-treated versus untreated cells 
(set as 1). DDX1 depletion in A-T fibroblasts had the strongest effect on levels of PSEN1 and TAF15 RNA in arsenite-treated cells, with significant reductions in RNA 
target levels also observed for STAU2, ALS2, FMR1. Minor effects were observed in ATXN2, OXSR1, TDP43 and DDX3X RNA levels. (K) Western blot analysis of 
cytoplasmic DDX1 protein levels in untreated and arsenite-treated GM38, AT2BE (control and DDX1 depleted) and AT3BI (control and DDX1 depleted). Individual 
experiments are indicated by black circles. Error bars depict standard deviation. *p<0.05, **p<0.01, ***p<0.001 (N = 3). GAPDH served as the loading control. 
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Fig. 7. ATM depletion results in loss of DDX1-RNA protection in arsenite-treated GM38 fibroblasts. GM38 (ATM + ve, DDX1+ve) were used to knockdown 
DDX1 (si1DDX1, si2DDX1), ATM (si1ATM, si2ATM), or both ATM and DDX1 siRNAs. Cells were treated with 0.5 mM arsenite for 45 min or left untreated (mock 
treated), and cytoplasmic RNA was extracted, reverse transcribed and used to determine the effect of arsenite treatment on the levels of 10 DDX1 target genes. For 
comparison, we used GM38 (ATM + ve, DDX1+ve) transfection control treated with arsenite or left untreated. (A-J) Relative changes in the levels of 10 DDX1 target 
RNAs in arsenite-treated versus untreated cells (set at 1). Similar reductions in cytoplasmic levels of DDX1 target RNAs were observed for ATXN2, OXSR1, FMR1, 
TAF15, TDP43, and DDX3X upon ATM depletion, DDX1 depletion, or co-ATM/DDX1 depletion. Small but significant differences in DDX1 RNA target levels were 
observed upon depletion of ATM compared to DDX1 depletion in the case of STAU2, ALS2, PSEN1 and FXR1. Individual experiments are indicated by black circles. 
Error bars depict standard deviation. The shaded areas in A-J are used to demarcate the upper and lower ranges of RNA levels observed upon DDX1 knockdown in 
GM38 fibroblasts. *p<0.05, **p<0.01, ***p<0.001 (N = 3). (K) Western blot analysis of cytoplasmic DDX1 protein levels in untreated and arsenite-treated GM38, 
DDX1-depleted, ATM-depleted, or co-DDX1/ATM-depleted. GAPDH served as the loading control. Please note that no ATM signal was detected in cyto-
plasmic extracts. 
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neurodegeneration, we show that ATM and DDX1 play interdependent 
roles in oxidative stress response, with ATM residing upstream of DDX1. 
Upon DDX1 depletion, we observe an increase in ROS levels in 
ATM-proficient fibroblasts (GM38), but not in ATM-deficient fibroblasts 
(AT2BE and AT3BI). Arsenite treatment leads to increased binding of 
DDX1 to its target RNAs in ATM-proficient but not ATM-deficient fi-
broblasts. We also show that DDX1-mediated protection of its target 
RNAs requires functional ATM. The similar reductions in levels of DDX1 
target RNAs observed upon arsenite treatment of DDX1 knockdown, 
ATM knockdown or DDX1/ATM double knockdown fibroblasts suggests 
that ATM and DDX1 mostly function in the same pathway, although 
additional pathways may also be involved in a more limited capacity. 

It is generally accepted that RNAs encoding proteins involved in 
stress response need to be protected for the cell to recover from stress 
[53]. The RNA targets examined in our study all encode proteins pre-
viously implicated in neurodevelopmental/neurodegeneration disorders 
and oxidative stress response [44,46,54,55]. For example, mutations in 
TDP43, ATXN2, ALS2, TAF15, DDX3X, all of which encode RNA binding 
proteins, are observed in Amyotrophic Lateral Sclerosis (ALS) and 
Frontotemporal Dementia (FTD) [45,56–58]. Mutations in PSEN1 have 
been correlated with loss of mitochondrial function and increased ROS 
production in Alzheimer’s disease [59]. FMR1 mutations orchestrate the 
ataxia, neuropathy, and cognitive disability in Fragile X-associated 
Tremor Ataxia Syndrome (FXTAS) [60], with elevated ROS levels 
observed in the astrocytes of FMR1 knockdown mice and fibroblasts 
derived from FMR1 premutation carrier patients [61,62]. Moreover, 
FMR1, FXR1, ATXN2, STAU2, TAF15, TDP43, DDX3X along with DDX1, 
all localize to stress granules which are formed when cells are under 
oxidative stress and play key roles in RNA processing [34,55,57,63,64]. 
Thus, alterations in the expression of DDX1 RNA targets resulting from 
loss of ATM activity may prevent the maintenance of homeostasis after 
oxidative stress in A-T patients. 

A-T is primarily characterized by depletion of Purkinje and granule 
neurons in the cerebellum [2,65,66], suggesting that these cells are 
particularly sensitive to loss of ATM. Interestingly, at least five of the 
DDX1 targets included in our analyses have been implicated in the 
function and survival of Purkinje cells. For example, mutation of ATXN2 
in Spinocerebellar ataxia type 2 (SCA2) results in decreased firing rates 
of Purkinje neurons and impaired Purkinje-granule cell synapses leading 
to Purkinje cell death and reduced motor coordination [67,68]. In turn, 
mutations or knockdown of ALS2, FMR1 and STAU2 have been associ-
ated with altered synaptic structures and defective functions of Purkinje 
cells and motor neurons [69–72]. Alzheimer’s patients and mice with 

PSEN1 mutations have reduced numbers of cerebellar Purkinje cells, and 
demonstrate neurodegeneration and impaired motor coordination 
[73–75]. Purkinje cells are particularly large neurons able to integrate 
considerable amounts of information, with granule cells connecting to 
Purkinje cells. Purkinje cells are some of the most metabolically active 
cells in the brain, resulting in high energy demands and high ROS pro-
duction [76]. It therefore seems reasonable that the impaired redox 
system in A-T patients would preferentially target Purkinje cells [77]. 
We propose that elevated oxidative stress and downregulation of 
DDX1-RNA targets in A-T cells may adversely affect the synaptic activity 
and survival of Purkinje cells and their connecting granule cells. 

It is interesting to note that DDX1 has previously been shown to 
localize to cytoplasmic RNA granules located in the dendrites and axons 
of neurons [19]. RNA granules contain mixtures of RNAs and proteins 
required for localized translation, allowing protein production in the 
areas where they are needed [19,78]. In light of our findings, we propose 
that DDX1 may also be playing an RNA protective role in neuronal RNA 
granules, possibly related to protection against ROS-induced damage. 
Similar to DNA damage, RNA damage can be highly detrimental to cells. 
In fact, studies have shown that oxidative stress causes more damage to 
single-stranded cytoplasmic RNA than to double-stranded DNA [79]. 
RNA damage caused by oxidative stress has been associated with 
neurodegenerative disorders such as Alzheimer’s disease [80–82], Par-
kinson’s disease [83,84] and ALS [85]. RNAs bound by DDX1 may 
therefore be protected against ROS-induced RNA damage, resulting in 
increased cytoplasmic levels of DDX1-bound RNAs in cells under 
oxidative stress. 

Loss of ATM has been linked to increased ROS production and 
mitochondrial dysfunction, with ATM detected in mitochondria by 
electron microscopy and mitochondria purification [3,86,87]. As well, 
DDX1 has been shown to localize to mitochondria, with loss of DDX1 
increasing ROS production and mitochondrial membrane potential in 
early-stage mouse embryos [28]. The increased mitochondrial ROS 
production observed in ATM-deficient and DDX1-depleted fibroblasts 
under both chronic and acute arsenite treatment may well result in 
mitochondrial dysfunction, with implications for possible ATM-DDX1 
interaction in mitochondria. Although we were not able to address the 
latter because of the extremely low levels of ATM in the cytoplasm of 
fibroblast cells, one might expect the effect of mitochondrial dysfunction 
to be exacerbated in long-lasting and highly metabolically active 
neuronal cells. 

While we do not address the mechanism driving ATM-dependent 
increased DDX1-RNA interaction in this study, our data show that 

Fig. 8. ATM and DDX1 promote the survival of arsenite-treated fibroblasts. Cell survival after arsenite treatment was measured using the clonogenic assay. One 
hundred cells were seeded in duplicate in 6-well plates followed by treatment with increasing concentrations of arsenite (0, 0.1, 0.2, 0.3, 0.4 and 0.5 mM). After 45 
min, cells were washed and cultured in fresh medium for 2–3 weeks. Colonies (>50 cells) were stained with crystal violet and the number of colonies in each well 
counted manually. Individual experiments are indicated by circles (N = 3). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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ATM depletion does not affect overall levels of cytoplasmic DDX1. Past 
studies have shown that DDX1 is phosphorylated by ATM in cells un-
dergoing genotoxic stress [16,88]. As DDX1 has multiple putative ATM 
phosphorylation sites, one possibility is that different DDX1 sites are 
phosphorylated by ATM depending on the type of stress that the cell is 
exposed to. Thus, absence of phosphorylation of DDX1 by ATM in 
ATM-deficient cells could explain the reduction in DDX1-RNA target 
binding observed upon arsenite treatment. Furthermore, enhanced 
binding of ATM-phosphorylated DDX1 to its RNA targets under oxida-
tive stress may be mediated through modification of RNAs. It’s 
well-recognized that some mRNAs undergo methylation; e.g. 2′-O-me-
thylation or N6-methyladenosine (m6A)-modification, both of which are 
induced by oxidative stress [89–92]. DDX1 is a known reader of 
2′-O-methylated RNAs [93], with DDX1 also shown to interact with 
readers and writers of m6A modification [92,94,95]. Future in-
vestigations will involve analysis of ATM-dependent DDX1 phosphory-
lation and modification of DDX1 RNA targets in cells undergoing 
oxidative stress. 

In conclusion, using fibroblasts derived from A-T patients, we show 
that deficiency in either ATM or DDX1 results in accumulation of ROS 
and decreased cell survival in fibroblasts. We provide evidence that ATM 
resides upstream of DDX1 in the protection of mRNA targets in cells 
undergoing oxidative stress. The RNAs protected by DDX1 have been 
linked to neurological disorders and oxidative stress, suggesting that 
maintenance of their levels may be important for the recovery of cells 
exposed to oxidative stress. We propose that the ATM/DDX1 pathway 
may be especially important for neuronal cell survival given their high 
oxygen consumption and inability to regenerate, thereby providing a 
possible explanation for the neurodegenerative pathophysiology asso-
ciated with A-T. 
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