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Ataxia telangiectasia (A-T), a rare autosomal recessive disorder
characterized by progressive cerebellar degeneration and a greatly
increased incidence of cancer among other symptoms, is caused by
a defective or missing ataxia telangiectasia mutated (ATM) gene.
The ATM protein has roles in DNA repair and in the regulation of
reactive oxygen species (ROS). Here, we provide, to our knowl-
edge, the first evidence that NADPH oxidase 4 (NOX4) is involved
in manifesting A-T disease. We showed that NOX4 expression
levels are higher in A-T cells, and that ATM inhibition leads to
increased NOX4 expression in normal cells. A-T cells exhibit
elevated levels of oxidative DNA damage, DNA double-strand
breaks and replicative senescence, all of which are partially
abrogated by down-regulation of NOX4 with siRNA. Sections of
degenerating cerebelli from A-T patients revealed elevated NOX4
levels. ATM-null mice exhibit A-T disease but they die from cancer
before the neurological symptoms are manifested. Injecting Atm-
null mice with fulvene-5, a specific inhibitor of NOX4 and NADPH
oxidase 2 (NOX2), decreased their elevated cancer incidence to
that of the controls. We conclude that, in A-T disease in humans
and mice, NOX4 may be critical mediator and targeting it will open
up new avenues for therapeutic intervention in neurodegeneration.
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taxia telangiectasia (A-T) is a fatal autosomal recessive

disorder due to a defective ATM protein. In A-T patients,
death usually occurs from progressive cerebellar degeneration
(1, 2), whereas Atm-null mice usually die between 2 and 3 mo of
age from lymphomas possibly before cerebellar degeneration has
a chance to set in (3, 4). Many studies have suggested oxidative
stress as a major factor for the progression of cerebellar de-
generation (1, 5). Recently, ATM was found to regulate the
levels of reactive oxygen species (ROS) in mammalian cells (6)
but the source of this ROS remains unclear. Although mito-
chondrial leakage has been suggested as the primary ROS
source, other work indicates that alternative uncharacterized
sources may be important (7).

One alternative source of ROS is NADPH oxidase, an enzyme
which transfers an electron from NADPH to molecular oxygen to
generate superoxide anion, which in turn gives rise to the other
forms of ROS (8-10). The NADPH oxidase (NOX/DUOX) family
consists of seven homologs named NOX1, NOX2, NOX3, NOX4,
NOXS, DUOX]1, and DUOX2. Although most NADPH oxidases
are found at different cell locations and induced by specific func-
tions (9), NADPH oxidase 4 (NOX4) constitutively produces ROS
in close proximity of the nucleus in a large range of human cell types
(11-13). Thus, NOX4 is a good candidate for ROS-induced DNA
damage. In addition, NOX4 has been described as a key player in
senescence, one of the features exhibited by A-T primary cells (12,
14). In this study, we provide, to our knowledge, the first evidence of
a critical role for NADPH oxidase (NOX4) in phenotypes exhibited
by A-T patient cells as well as in cerebellar degeneration associated
with the disease.

www.pnas.org/cgi/doi/10.1073/pnas.1418139112

Atm-null mice manifest the disease differently than humans,
typically dying from lymphoma. ATM-deficient mice fed with
antioxidants lived longer, exhibited a reduced incidence of lym-
phoma and showed mitigated loss of hematopoietic stem cells
compared with controls (15, 16). We show here that Atm-null
mice also exhibit a reduced incidence of lymphoma when given
fulvene-5, a known inhibitor of NOX4 (17). Thus, down-regu-
lation of NOX4 ameliorates the detrimental effects of ATM loss
in both human cells and in mice.

Results and Discussion

NOX4 and ROS in A-T Fibroblasts. The ataxia-telangiectasia mutated
(ATM) protein kinase is a sensor for reactive oxygen species
(ROS) levels among other functions (6, 18). Patients with A-T
lack functional ATM protein and their cells exhibit higher ROS
levels (6, 19). Although mitochondrial dysfunction has been an
obvious potential source of oxidative stress in A-T cells, evidence
is sparse. Another potential ROS source that has been previously
unexplored is NADPH oxidase 4 (NOX4). Several findings make
it a good candidate. First, NOX4 is constitutively expressed and
active in a large range of cells (9); second, it is localized to the
immediate environment surrounding the nucleus so that ROS
generated there could be responsible for the increased levels of
oxidative DNA damage found in A-T cells (11-13); third, NOX4
has been found to be involved in senescence, a major phenotype
exhibited by primary A-T cells (12, 20, 21).
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In line with these findings, we hypothesized that NOX4 may be
at least in part responsible for the chronic oxidative stress and
the subsequent phenotypes of A-T disease. When we measured
NOX4 protein in fibroblasts from normal and A-T patients, the
relative levels were found to be elevated in the A-T cell cultures
by immunofluorescence staining and immunoblotting (Fig. 1 4
and B). Additional experiments showing NOX4 antibody speci-
ficity are compiled in Fig. S1. To clarify whether the elevated
NOX4 protein and/or mRNA levels were linked to ATM activity,
normal fibroblasts were treated with the ATM-specific inhibitor
(KU55933). Immunofluorescence (Fig. 1C), immunoblotting, (Fig.
1D), and RT-PCR (Fig. 1E) all confirmed that lowered ATM ac-
tivity led to elevated NOX4 protein and mRNA levels. Further-
more, when ATM was down-regulated by siATM, NOX4 levels
increased (Fig. 1F). Taken together, these results provide strong
evidence that ATM down-regulation leads to NOX4 up-regulation.

Along with their continuous state of oxidative stress, A-T
fibroblasts exhibit genetic instability. In Atm-deficient mice, the
antioxidant N-acetyl cysteine was shown to lower the amounts of
carcinogenesis-associated DNA deletions and oxidative DNA
damage (22). Similarly, a diet containing the antioxidant tempol
resulted in reduced levels of tissue oxidative damage in these
mice (23).

As NOX4 has been shown to constitutively generate ROS (9,
24, 25), we examined the effect of NOX4 down-regulation on the
intracellular ROS levels in A-T fibroblasts using an oxidant
sensitive indicator dye. As expected the ROS levels in the A-T
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Fig. 1. ATM down-regulation and inhibition lead to NOX4 up-regulation.
(A and B) Elevated levels of NOX4 were found in A-T (A-T: GM05849) com-
pared with control fibroblasts (CTRL: GM00637) (Immunocytochemistry in
A, immunoblot in B). (C-E) Inhibition of ATM activity in CTRL cells (CTRL:
GMO03652 primary fibroblasts) with increasing doses of KU55933 (uM) led
to increased levels of NOX4 protein (C, Upper Left and Upper Right, 20x
magnification; Lower Left and Lower Right; 40x magnification). (D, Upper)
NOX4 detection by immunoblot. (D, Lower) Quantification. (E) NOX4 tran-
script levels. (F) Down-regulation of ATM in control cells (CTRL: GM03652
primary fibroblasts) with siRNA led to elevated NOX4 levels. *P < 0.05.
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fibroblasts were higher than in normal controls, but when NOX4
levels were lowered with siNOX4, the A-T cells exhibited a sig-
nificant reduction of ROS levels (Fig. 2.4 and B). Similar results
were obtained using dihydroethidium (DHE) as indicator of
superoxide anion, and by expression of an inactive dominant
negative form of NOX4, NOX4 DN in cells (26) (Fig. S2). Next,
to examine whether variations in NOX4 levels affected their
DNA damage levels, we incubated A-T and control cells with
siNOX4 (Fig. 2C). A-T cells exhibited approximately 10-fold
elevations in 8-OH deoxyguanosine levels compared with control
cells, and the silencing of NOX4 expression led to a 60% re-
duction in these levels, indicating that the elevated levels of
oxidative DNA damage in A-T cells are at least partially due to
the increased activity of NOX4. These observations were sub-
stantiated by increase of 8-OH deoxyguanosine levels in DNA
from A-T cells using ELISA (Fig. S34). To confirm this finding,
we measured Fpg-specific DNA lesions, which form at 8-OH
deoxyguanosine and other oxypurine residues, using the comet
assay. A-T cells exhibited levels of oxypurines nearly 1.5-2 times
higher than control cells, levels that were reduced by 40% when
A-T cells were transfected with siNOX4 (Fig. 2D), confirming
that NOX4-derived ROS led to increased levels of oxidative
DNA lesions in A-T cells. Furthermore, NOX4 silencing was
found to reduce the amount of the phosphorylated histone H2AX
(y-H2A.X) used as a marker for DNA double-strand breaks in
A-T primary fibroblasts (Fig. S3B). These results suggest that the
reduced levels of oxidatively induced DNA lesions resulting from
NOX4 inactivation lead to decreases in DNA breaks including
double-strand breaks as the cell’s DNA repair capacity is less
overwhelmed (27).

NOX4, Replication, and Senescence in A-T Fibroblasts. As previously
reported, loss of ATM impairs proliferation of mouse astrocytes
and embryonic fibroblasts (28, 29). In addition, ATM-deficient
mouse T cells exhibit increased levels of apoptosis, which can be
decreased by scavenging ROS with N-acetyl cysteine (30). Hu-
man primary A-T fibroblasts were also found to exhibit increased
replicative senescence (31). A-T primary fibroblasts exhibited
greatly decreased rates of proliferation relative to the controls,
which were partially restored due to NOX4 inactivation by
siRNA (Fig. 34). Direct microscopic observations of the A-T
cultures confirmed that cell density was increased in cultures
incubated with siRNA against NOX4 (Fig. S44), indicating that
NOX4-dependent ROS generation participates in the growth
defect exhibited by A-T cells. As a further confirmation, DNA
replication was assessed by BrdU incorporation between the
third and fourth day after NOX4 inactivation. The relative
proportion of A-T cells incorporating BrdU doubled in the cells
inactivated for NOX4 (Fig. 3B). Inactivation of NOX4 in A-T
cells also resulted in decreased levels of SA p-galactosidase
staining (Fig. 3C). Another senescence marker is the presence of
PML bodies (12, 32). PML bodies become larger and more nu-
merous as cells enter senescence. Our results revealed that A-T
cells contained a nearly 50% greater fraction of cells with PML
bodies compared with controls, and that NOX4 down-regulation
prevented most of that increase (Fig. 3D). These observations
were confirmed by the measurement of nuclear area occupied by
PML bodies (Fig. S4B). These results indicate that scavenging
NOX4-derived ROS alleviates replicative senescence, a hallmark
of A-T cells (31). These findings are in line with previous obser-
vations that premature senescence in Atm-deficient mouse em-
bryonic fibroblasts is prevented by the treatment of cells with
antioxidant (29), and support the notion that ROS generation is
causative for senescence (33). Taken together, our results suggest
that the inability of A-T cells to respond properly to NOX4-
derived ROS levels underlie at least in part their proliferation
defect and subsequent senescence.
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Fig. 2. NOX4 inactivation by siRNA reduces ROS and DNA damage. (A) A-T
cells (A-T) exhibited elevated ROS levels compared with control cells (CTRL),
levels which were reduced when the cells were treated with NOX4 siRNA
(Upper, raw DCF fluorescence; Lower, quantification). (B) A-T cells (A-T)
exhibited elevated NOX4 levels compared with controls cells (CTRL), levels
which were reduced when the cells were treated with NOX4 siRNA (Upper,
immunoblot; Lower, quantification). (C) NOX4 silencing by siRNA reduces
8-OH deoxyguanosine levels in A-T primary fibroblasts (A-T) (Upper, images
of control (CTRL) and A-T cells treated with siCTRL and siNOX4 RNAs and
stained for 8-OH deoxyguanosine; bottom, quantification). (D) Oxypurine
levels were elevated in A-T cells (A-T) compared with controls (CTRL) and
reduced in A-T cells (A-T) treated with siNOX4 (Upper). Fpg-specific lesions
detection by comet assay (representative images). (Lower) Quantification.
*P < 0.05; **P < 0.001; #, nonsignificant.

NOX4 in A-T Patients. Clinically, A-T is a neurodegenerative dis-
order that prominently involves the progressive degeneration of
Purkinje and granule cells in the cerebellum (34). Neurological
deterioration is the major cause of death in A-T patients (2).
Many studies have suggested a crucial role for oxidative stress in
the symptoms of A-T disease, neuronal degeneration, and pre-
mature aging (1, 18, 23, 35, 36). An important question is whether
NOX4 levels may be at least partially responsible for cerebellum
degeneration in A-T patients. We analyzed NOX4 expression
levels by immunohistochemistry in brain tissues from A-T patients.
As expected, the density of molecular layer along with the number
of Purkinje and granules cells were markedly reduced in A-T
specimens compared with the controls. NOX4 exhibited higher
expression levels in most of the seven A-T patients (Fig. 44) with
a nearly fivefold increase in the number of Purkinje and granules
cells displaying NOX4 staining. These observations indicate that
NOX4 is highly up-regulated in the cerebellum of A-T patients.
Furthermore, NOX4 expression correlated with increased levels
of DNA damage and apoptosis as evidenced by the extent of
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phosphorylated amounts of histone H2A.X (y-H2A.X) and cleaved
caspase 3 respectively (Fig. 4B). Most importantly, the NADPH
oxidase 2 (NOX2), which has been described in the cerebellar
granule neurons (37), did not exhibit differential expression be-
tween controls and A-T specimens (Fig. S54). Using Pearson
correlation coefficient, the expression intensity of NOX4, y-H2A.
X, and Cleaved Caspase 3 statistically correlated across all samples
(Fig. 4C). These results were confirmed by immunohistochemistry,
which revealed higher expression levels of these proteins in Pur-
kinje and granules cells of A-T patients (Fig. S5B). In contrast,
NOX4 expression remained unchanged in the cerebrum tissues
from the same specimens (Fig. 54 and Fig. S5C), suggesting that
NOX4 overexpression may lead to the persistent increase in DNA
damage and apoptosis, mainly in the cerebellum of A-T patients.
These observations strengthen the evidence that the cerebellum is
the primary site of the degenerative process in A-T disease (34).
The lack of ATM in mice results in a phenotype that differs
from the human disease in significant ways. Although, in humans,
the mortality of A-T patients is due to neurological disease, in
mice it is due to cancer. It is widely established that there is no
gross cerebellum degeneration in Atm-knockout mice (38, 39).
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Fig. 3. NOX4 inactivation by siRNA rescues A-T cells from proliferative de-
ficiency and senescence. (A) A-T cells treated with NOX4 siRNA exhibit im-
proved growth as evidenced by cell growth curves. (B) Cells were incubated
with BrdU 3 d posttransfection with siNOX4. (Upper) BrdU-labeled cells
stained by immunofluorescence. Red, cells positive for BrdU; blue, DAPI for
nucleus counterstaining. (Lower) Quantification of BrdU-positive cells rela-
tive total cells (%). (C and D) A-T cells containing NOX4 siRNA exhibit lower
levels of replicative senescence as evidenced by the extent of beta-gal
staining (C, Upper, representative image; Lower, quantification) and PML
bodies (D, Upper, representative image. Lower, quantification). Green, PML
staining and blue, DAPI for nucleus counterstaining. White arrows indicate
cells with larger and numerous PML bodies. *P < 0.05; ***P < 0.0001; #,
nonsignificant.
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Fig. 4. Correlation between NOX4 expression, DNA damage levels and apo-
ptosis in A-T patients cerebelli. (A) NOX4 immunostaining in controls (CTRL)
and A-T patients (A-T). GL, granular layer. ML, molecular layer. Arrows indicate
Purkinje Cells. Blue staining corresponds to the nucleus counterstaining,
whereas NOX4 staining is shown in brown. [Left, representative image; Right,
quantification of NOX4 positive cells at the same magnificance (5x) of pho-
tomicrograph for controls and A-T samples]. (B) Immunoblot detection of
NOX4, y-H2A X, and cleaved caspase 3 (Upper). A pair is age- and sex-matched
specimen of control (CTRL) and A-T tissues (A-T). (Lower, quantification of
proteins levels using the Mann-Whitney test). (C) Pearson correlation between
cleaved caspase 3 and NOX4 (Left), y-H2A.X and NOX4 (Center), and y-H2A.X
and cleaved caspase 3 (Right). *P < 0.05; **P < 0.001; ***P < 0.0001.

Although NOX4 is prominently expressed in the Purkinje cells as
previously described (40), our data revealed no difference in
NOX4 protein levels in Atm-knockout mice compared with con-
trols (Fig. 5B). These results were confirmed by immunoblot with
the findings that NOX4 and Cleaved Caspase 3 remained un-
changed in these two cohorts (Fig. 5C). The higher level of y-H2A.
X and Cleaved Caspase 3 in the cerebellum may be explained by
increased transcriptional activity in this specific region of the brain
(41), whereas the absence of y-H2A.X in Atm-knockout tissues
may be the consequence of the lack of Atm functional activity in
these animals.

It is widely assumed that the lack of cerebellum degeneration
in Atm-knockout mice is due to their early death at 3-4 mo from
cancer (38, 42) so that cerebellar degeneration does not have
time to occur. If this is the case and NOX4 levels are intimately
involved in manifesting A-T disease, then inhibiting NOX4 may
decrease the incidence of growth of tumors in the mice. To test
this hypothesis, we compared ATM WT and KO mice that had
been injected with fulvene-5. No behavioral changes were ob-
served among the four cohorts, but the ATM KO mouse cohort
showed higher incidence of thymic lymphoma, which was greatly
reduced when ATM KO mice were given the NOX4/NOX?2 in-
hibitor fulvene-5 (Fig. 5D).

Taken together, our results provide, to our knowledge, the
first evidence that ATM deficiency leads to elevated NOX4 ex-
pression in human cerebellum. This increased NOX4 expres-
sion gives rise to chronic oxidative stress that induces accrued
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amounts of oxidative DNA lesions. The persistence of these high
levels of oxidative lesions over years, coupled with the deficiency
in the DNA repair due to the lack of ATM, may accelerate
apoptosis and other degradative processes in human A-T pa-
tients (Fig. SE). However, although NOX4 is critical for A-T
phenotype, there may be other potential sources of oxidative
stress in A-T disease.

These results suggest that the two major manifestations of A-T
disease in humans and mice may both be due to at least in part to
elevated levels of NOX4. This study shows that NOX4 may be
a putative target for future therapeutic intervention in A-T neuro-
degeneration in humans, and opens up new lines of investigations
toward the understanding of the specific mechanisms underlying the
regulation of NOX4 by ATM.

Materials and Methods

In Vivo Studies (Mice). Heterozygote ATM mice (SvEvTac-Atm™'A"?/)) were
purchased from Jackson Laboratory (stock no. 002753), and used to generate
mice homogygous for Atm. All animal procedures were performed accord-
ing to protocols approved by NCI-Frederick Animal Care and Use Committee
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Fig. 5. Lack of abnormal NOX4 expression in human cerebrum and in A-T
mouse. (A) Immunohistostaining of NOX4 in human cerebral cortex. (B)
NOX4 Immunohistostaining in ATM wild type (WT) and ATM knockout (KO)
mice. GL, granular layer. ML, molecular layer. Arrows indicate Purkinje cells
and blue staining corresponds to the nucleus counterstaining, whereas
NOX4 staining is shown in brown. (C) Immunoblotting of NOX4, ATM,
y-H2A X and cleaved caspase 3 in the cerebral cortex and the cerebellum of
ATM wild type (WT) and ATM knockout (KO) mice [Upper, representative
image; Lower, quantification of NOX4 expression level in ATM wild type
(WT) and ATM knockout (KO) mice cerebelli. Cerebr, cerebrum. Cerebell,
cerebellum]. (D) Measurement of thymic lymphomas in six pairs of ATM
knockout (KO) mice injected with vehicle or Fulvene-5 for 14 d. (E) Model for
the role of NOX4 in A-T neurodegeneration. DSB, DNA double-strand
breaks; ROS, reactive oxygen species; SSB, DNA single-strand breaks.
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Table 1. Clinical data on patient cohorts for this study
Pair number Specimen UMB no. Sex Age, years PMI, h Cause of death
1 CTRL 5288 M 27.26 13 Congestive heart failure
A-T 4874 M 26.88 7 Complications of disorder/pneumonia
2 CTRL 1101 F 19.18 7 Accident, multiple injuries
A-T 1459 F 19.93 2 Complications of disorder
3 CTRL 1228 M 47.34 13 ASCVD (arteriosclerotic cardiovascular disease)
A-T 1236 M 47.26 13 Edema/pneumonia
4% CTRL 4323 M 36.72 14 Respiratory failure
AT 853 M 35.98 13 Ataxia telangiectasia
4x* CTRL 1226 M 23.24 21 Drowning
A-T 921 M 23.56 30 Pneumonia
5 CTRL 1105 M 16.92 17 Multiple injuries
AT 1722 M 16.81 15 Ataxia telangiectasia
6 CTRL 1710 F 26.05 12 Cardiac tamponade
A-T 5512 F 26.76 3 Complications of disorder
7 CTRL 1502 M 29.99 19 Multiple injuries
A-T 5485 M 29.48 12 Complications of disorder

PMI, estimated post mortem interval.

*Only frozen tissues were available. Samples were used for Western blot.
**Only fixed tissues were available. Samples were used for immunostaining.

(ACUCQ). Fulvene-5 treatment was performed as described (17). From day 1 to
day 14, mice were treated with fulvene-5 by making a stock solution of 4 mg
of fulvene-5 compound dissolved in 100 uL of 100% ethanol plus 1.1 mL of
intralipid and then sonicated for 15 s. The treatment stock solution (330 pL)
was injected intraperitoneally into each of six mice of the fulvene-5 treatment
group. For control animals, a stock solution was made of 100 pL of 100%
ethanol plus 1.1 mL of intralipid solution, and 330 pL of stock solution was
injected intraperitoneally into each of six mice of the control group. Injections
were continued for 2 wk. On day 14, tumors were measured in all animals.

Human Brain Specimens. The human tissue used in this study was provided by the
National Institute of Child Health and Human Development (NICHD) Brain and
Tissue Bank for Developmental Disorders at the University of Maryland (Table 1).
All tissues were harvested during autopsies, frozen and/or fixed in formalin
before routine processing. The diagnosis of A-T was confirmed by a case iden-
tification file from the NICHD Brain and Tissue Bank. Microscopic evaluation of
the A-T tissue after HE staining affirmed the A-T diagnoses as all seven cases
displayed the neuropathologic hallmarks of the disease, namely loss of Purkinje
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cells, thinning of the granule cell layer, and decreased thickness of the molecular
layer (Fig. 4A). Protocols for cells cultures, siRNAs transfection, real time PCR,
comet assay, immunofluorescence, senescence assay, BrdU staining, ROS mea-
surements, immunoblot, immunohistochemistry, and mouse study can be found
in SI Materials and Methods.
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