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The gene that encodes the ATM protein kinase is mutated in
ataxia-telangiectasia (A-T). One of the prominent features of
A-T is progressive neurodegeneration. We have previously
reported that primary astrocytes isolated from Atm�/� mice
grow slowly and die earlier than control cells in culture. How-
ever, the mechanisms for this remain unclear. We show here
that intrinsic elevated intracellular levels of reactive oxygen spe-
cies (ROS) are associatedwith the senescence-like growthdefect
of Atm�/� astrocytes. This condition is accompanied by consti-
tutively higher levels of ERK1/2 phosphorylation andp16Ink4a in
Atm�/� astrocytes. We also observe that ROS-induced up-reg-
ulation of p16Ink4a occurs correlatively with ERK1/2-dependent
down-regulation and subsequent dissociation from chromatin
of Bmi-1. Furthermore, both mitogen-activated protein kinase
(MAPK)/ERK inhibitor PD98059 and antioxidant N-acetyl-L-
cysteine restored normal proliferation of Atm�/� astrocytes.
These results suggest that ATM is required for normal astrocyte
growth through its ability to stabilize intracellular redox status and
that the inability to control ROS is the molecular basis of limited
cell growthofAtm�/� astrocytes.Thisdefectmaybemediatedbya
mechanism involving ERK1/2 activation and Bmi-1 derepression
of p16Ink4a. These data identify newpotential targets for therapeu-
tic intervention in A-T neurodegeneration.

Aprominent feature of ataxia-telangiectasia (A-T)2 is neuro-
degeneration that is caused by mutations in the Atm (ataxia-
telangiectasia mutated) gene (1–3). The Atm gene product,
ATM protein kinase, regulates the cell cycle in response to
DNA damage and to oxidative stress (4, 5). Within the central
nervous system (CNS), proper responses to ROS are required to
prevent neurodegeneration (6–9). Others have shown that
exogenous antioxidants prevent Purkinje cell death (10) and
correct neurobehavioral deficits in Atm�/� mice (11, 12).
These findings suggest that abnormalities in redox status con-
tribute to the A-T phenotype (13–16). Although increased oxi-

dative stress has been shown to characterize ATMdeficiency in
the CNS, the mechanisms by which oxidative stress promotes
neuronal cell loss in A-T remain unclear.
A-T neurodegeneration is primarily due to a loss of cerebella

Purkinje neurons and to malfunction of other neuronal cells as
well (3). Neurons in the CNS depend upon astrocytes for struc-
tural, functional, and thiol support (17, 18). For example, Pur-
kinje neurons in the cerebellum rely heavily on their supporting
Bergmann astrocytes (19). We have shown that Bergmann
astrocytes of Atm�/� mice are under oxidative stress (20),
implying that oxidative stress resulting from a loss of ATMmay
promote astrocyte dysfunction. Others have also shown that
cultured astrocytes from Atm�/� mice have cell cycle and
growth defects (21) and that astrocytes isolated from Atm�/�

mouse embryos grow poorly in culture and readily undergo
senescence (15, 20). These observations imply that ATM is
essential for normal astrocyte growth and maturation. In light
of the importance of astrocytes in supporting neurons against
oxidative stress, we hypothesize that aberrant growth and func-
tion of Atm�/� astrocytes may contribute to neuron loss in
A-T.
We show here that Atm�/� astrocytes exhibit senescence-

like growth arrest, compared with the growth characteristics of
their wild type (Atm�/�) counterparts. We also show that ele-
vated ROS levels are one of the causes of proliferation defects in
Atm�/� astrocytes. This conclusion is based on the observation
that defective cell growth of Atm�/� astrocytes is restored to
normal by the antioxidant N-acetyl-L-cysteine (NAC). This in
turn implies that the role of ATM in normal astrocytic prolif-
eration involves stabilization of redox status in the cell.We also
observe that growth arrest of Atm�/� astrocytes is associated
with chronic maintenance of high levels of the cyclin-depend-
ent kinase inhibitors and phosphorylation of ERK1/2 under
conditions in which intracellular ROS levels are elevated. In
addition, we identify an intermediate player, Bmi-1, that links
ERK1/2 to up-regulation of p16Ink4a. Bmi-1, apolycomb group
protein, has been implicated in proliferation of several cell
types, through its transcriptional repression of p16Ink4a (22, 23).
We observe that ROS-induced Bmi-1 down-regulation and dis-
sociation from chromatin are both ERK1/2-dependent. This
suggests that the up-regulation of p16Ink4a is mediated by a
mechanism involving ERK1/2 activation and Bmi-1 loss-of-
function as transcription repressor of p16Ink4a. Finally, we show
that the MEK inhibitor PD98059 reverses p16Ink4a up-regula-
tion and chromatin dissociation of Bmi-1. Furthermore, knock-
down of p16Ink4a greatly corrected the cell growth defect in
Atm�/� astrocytes. These studies identify a role of ATM in
controlling normal astrocyte growth and maturation. This is
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carried out by suppression of oxidative stress-dependent sig-
naling pathways.

EXPERIMENTAL PROCEDURES

Mice—Atm�/� mice were originally generated by C. Barlow
(24). For this study, they were purchased from the Jackson Lab-
oratories (Bar Harbor, ME). We genotyped offspring (Atm�/�,
Atm�/�, or Atm�/�) by real time polymerase chain reaction-
based assays of mouse tail DNA. Littermates were used as con-
trols in all of the experiments. Animal care was in accordance
with the University of Texas M. D. Anderson Cancer Center
guidelines for animal experiments.
Cells and Cell Culture—Immortalized murine C1 astrocytes

were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and antibiotics (100
units/ml penicillin and 100 �g/ml streptomycin) (25). The cells
were passaged biweekly and used for experiments while in the
exponential growth phase. Primary astrocytes were isolated
from 1–2-day-old newbornmouse pups by amethod described
previously (20, 26). Whole brain of each newborn mouse was
removed and minced separately in ice-cold Dulbecco’s modi-
fied Eagle’s medium/F-12 medium. A single-cell suspension
was obtained by passing the minced tissue through a 70-m
nylon mesh cell strainer. The cells were plated onto poly-L-
lysine-coated 10-mm flasks and grown in Dulbecco’s modified
Eagle’s medium/F-12 medium, supplemented with 10% fetal
bovine serum, 5 units/ml penicillin, 5 �g/ml streptomycin, and
2.5 g/ml Fungizone. The cells were cultured for 4 days in an
incubatorwith 5%CO2 atmosphere at 37 °C until reaching con-
fluence. They were passaged by trypsinization. Cells from pas-
sage 4 or 5 were used for all experiments. Astrocytes by the
fourth or fifth passage were �99% glial fibrillary acidic protein
(GFAP)-positive (27).
Chemical Reagents—ATM inhibitor KU55933 (10 �M) was

purchased from Sigma. MEK inhibitor PD98059 (50 �M) was
purchased from BD Biosciences, and antioxidant NAC (1 mM)
was kindly provided by M. Yan (M. D. Anderson Cancer Cen-
ter) (28).
Analysis of Cell Senescence—SA �-galactosidase assay kit

(Cell Signaling)was used to visualize senescent cells. Astrocytes
were cultured in 6-well plates for 2 days and then fixed after
being washed twice with PBS. The cells were further incubated
for 24 h in the presence of staining solution-containing 5-bro-
mo-4-chloro-3-indolyl-�-D-galactopyranoside (X-gal). Senes-
cent cells were distinguished from viable cells using �-galacto-
sidase, which is blue under the microscope.
Analysis of Intracellular ROS—Intracellular ROS accumula-

tion was monitored by using 2�-7�-dichlorofluorescene diac-
etate (H2DCFDA), which forms a fluorescent compound,
dichlorofluorescein, upon oxidation with ROS. After 30 min of
incubation in 10�MH2DCFDA, the cells were rinsed twicewith
PBS. Fluorescence was monitored by scanning the whole well
using aNucleoCounter (NewBrunswick Scientific Co., Ltd.) set
at excitation and emission wavelengths of 485 and 535 nm.
Protein Analysis—The cells (1–5 � 106) were seeded into

10-cm dishes, grown to 70% confluence, and treated with H2O2
at different concentrations. At 1, 4, or 16 h after H2O2 treat-
ment, the cells were washed twice with ice-cold PBS and then

scraped directly into lysis buffer containing 150mMNaCl, 0.5%
w/v SDS, 0.5% v/v Nonidet P-40, 0.5% w/v sodium deoxy-
cholate, 1 mM EGTA, and a mixture of protease inhibitors
(Complete Mini tablets; Roche Applied Science). Protein con-
centrations were determined using a Bradford reagent (Bio-
Rad). The protein lysates (30 �g) were separated by SDS-poly-
acrylamide gel electrophoresis on a 12% gel and transferred to
polyvinylidene difluoride membrane. Antibodies used for
Western blotting analysis were anti-ERK1/2, anti-phospho-
ERK1/2 (Thr202/Tyr204), anti-phospho-Rb (Ser807/811), anti-
PCNA, and anti-p27kip1 (Cell Signaling Technology); anti-
Bmi-1 (Upstate Biotechnology); anti-p21cip1, anti-p16Ink4a, and
anti-actin (Santa Cruz Biotechnology).
siRNA-mediated Knockdown—For siRNA knockdown of

Atm, the cells were transfected for 48 h with 20 nM siRNA
(mouse-specific Atm) in medium containing 10% (v/v) fetal
bovine serum using Lipofectamine reagent (Invitrogen)
according to the manufacturer’s protocol for cells. Validated
siRNA (SMARTpool) was obtained fromDharmacon. The neg-
ative control siRNA used was siCONTROL, which contains at
least four mismatches to all known human, mouse, and rat
genes. Formock transfection, we used siRNA suspension buffer
and Lipofectamine containing no siRNA. For siRNA knock-
down of p16Ink4a, mouse-specific p16Ink4a siRNA was pur-
chased from Santa Cruz Biotechnology.
Immunofluorescence—The cells were fixed with 4%

paraformaldehyde in PBS for 30 min at room temperature and
then permeabilized with 0.1% Triton X-100 in PBS for 15 min.
For staining with antibodies, the cells were incubated for 2 h at
37 °C with 10% fetal bovine serum in PBS. Primary antibodies
were added, and the cells were incubated at 4 °C overnight. The
cells were then washed three times in PBS, 0.1% Triton X-100
for 5 min each, and fluorescent secondary antibodies were
added for 1 h at 37 °C. The nuclei were stained with 4�,6-dia-
midino-2-phenylindole, and the slides weremounted in Slow-
fade (Molecular Probes). The cells were imaged under an
Olympus IX2-SL microscope equipped with a �400 objec-
tive and an Olympus DP 70 digital camera connected to a PC
computer.
Statistics—For each experiment, the data are presented as the

means � S.D. of values. Each experiment was repeated at least
three times. Statistical comparisons of values forAtm�/� versus
Atm�/� mice and for untreated control versus treated samples
were made using the Mann-Whitney U test. The differences
were considered significant when p � 0.05.

RESULTS

Loss of ATM Impairs Proliferation in Astrocytes—We have
reported previously that ATM-deficient primary astrocytes
grow slowly, become senescent, and die in culture (20). These
results are consistent with those reported by Gosink et al. (21).
To compare the rate of proliferation of Atm�/� and Atm�/�

astrocytes, we analyzed their cell growth curves. As shown in
Fig. 1A,Atm�/� astrocytes proliferatedmuchmore slowly than
Atm�/� astrocytes. In particular, Atm�/� astrocytes show
2.5–3 times higher rates of proliferation than Atm�/� astro-
cytes at 4 and 5 days after subculturing. When monolayer of
Atm�/� and Atm�/� astrocytes were observed under the
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microscope following further incubation for 4 days, Atm�/�

astrocytes showed lower densities than wild type control cells
with a decrease of �50% in cell number (Fig. 1B, left panel).
This is consistent with our findings for C1 astrocytes, a murine
immortalized astrocyte cell line (25). Although the ATM inhib-
itor KU55933 slightly decreases astrocytes proliferation, the
loss of ATM by ATM siRNA reduced cell proliferation by
�40% (Fig. 1B, right panel). To obtain direct evidence that
ATM deficiency causes cell senescence, a specific SA �-galac-
tosidase assay was performed after 2 days of culture. Fig. 1C
shows that senescent cells are present two times more in
Atm�/� astrocyte cultures than Atm�/� cultures. These data
indicate that ATM deficiency causes the senescent-like cell
growth defect in Atm�/� astrocytes.
Decreased Proliferation in Atm�/� Astrocytes Is Caused by

Elevated ROS Levels—ATM monitors cellular redox status in
addition to its monitoring of DNA damage and genomic insta-
bility (26), and cells lackingATMshowROS accumulation (16).
Althoughwe have previously shown that a loss ofAtm results in
oxidative damage in the brain (20), the involvement of oxidative
stress in defective astrocyte growth in the ATM-deficient
mouse has not been tested. To address this issue, we compared
intracellular ROS levels in Atm�/� and Atm�/� astrocytes by
H2DCFDA staining of intracellular H2O2. The data show that

the intracellular levels of ROS are
significantly higher in Atm�/�

astrocytes than in Atm�/� astro-
cytes and that antioxidant NAC
reduces the elevated ROS levels
of Atm�/� astrocytes to normal
levels (Fig. 2A). This result suggests
that elevated ROS levels are intrinsic
characteristics of cells lacking ATM.
This is consistent with our results
from C1 astrocytes treated with
ATM-specific inhibitor, KU55933,
which show higher levels of intra-
cellular ROS compared with
untreated control cells (data not
shown). For direct evidence that
defective proliferation of Atm�/�

astrocytes is due to elevated ROS
levels, we treated Atm�/� astro-
cytes with NAC and compared their
proliferation rates to those of
untreated cells. Fig. 2B shows that
proliferation rates for Atm�/�

astrocytes were increased by treat-
ment with NAC, showing nearly
2–2.5 times higher rates than
untreated Atm�/� counterpart at 3
and 4 days after subculturing. This
effect of NAC was confirmed by
photomicrograph, which disclosed
increased cell density by NAC (Fig.
2C). This is consistent with our
findings that NAC decreases the
proportion of senescent cells in

Atm�/� astrocyte cultures (Fig. 2D). These results provide
strong evidence linking defective growth of Atm�/� astrocytes
to elevated intracellular ROS.
H2O2-treated Atm�/�Astrocytes ShowReduced Proliferation

and Up-regulated Levels of CDK Inhibitors—To determine
whether H2O2 decreases Atm�/� astrocyte proliferation and
whether antioxidant inhibits ROS-mediated defective prolifer-
ation in normalAtm�/� astrocytes subjected to exogenous oxi-
dative stress, we exposed Atm�/� astrocytes to H2O2 and
treated the same H2O2-exposed cells with NAC. Fig. 3A shows
that H2O2 elevated intracellular ROS levels in Atm�/� astro-
cytes and that treatment of Atm�/� astrocytes with NAC
reduced their intracellular ROS to normal levels.Atm�/� astro-
cytes also showed significantly decreased proliferation 2 days
after H2O2 treatment, but H2O2-induced defective prolifera-
tion was partially restored by NAC (Fig. 3B). Treatment with
H2O2 for 2 days followed by 1 day of incubation in H2O2-free
medium induced SA �-galactosidase expression in �40% of
Atm�/� astrocytes, but NAC significantly prevented H2O2-in-
duced senescence (Fig. 3C). These results indicate that H2O2
inhibits astrocytes proliferation through elevating intracellular
ROS, regardless of their ATM status.
We then investigated the effects of ROS on several known

key intermediates associated with cell proliferation. The inhib-

FIGURE 1. Loss of ATM impairs proliferation in astrocytes. A, astrocytes were isolated from the brains of
newborn Atm�/� and Atm�/� mice, and their growth curves were determined by trypan blue staining at
indicated days after initial seeding of cells. The means � S.D. of three independent experiments are shown. *,
p � 0.05 when Atm�/� astrocytes were compared with Atm�/� astrocytes. B, phase contrast photomicro-
graphs of Atm�/� and Atm�/� astrocytes following further incubation for 4 days (left panel). ATM in C1 astro-
cytes was inactivated by ATM inhibitor KU55933, and knocked down using ATM siRNA (right panel). Scale bars,
50 �m. C, the proportions of senescent cells in Atm�/� and Atm�/� astrocytes were determined by SA �-ga-
lactosidase expression 2 days after cultivation. The means � S.D. of three independent experiments are shown.
*, p � 0.05 when Atm�/� astrocytes were compared with Atm�/� astrocytes.
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itors of cyclin-dependent kinases (CDK) are considered to play
an important role in cell cycle arrest and premature senescence
(30). Others have shown that the CDK inhibitor p21cip1 is up-
regulated inAtm�/� astrocytes (26). Therefore, we investigated
the effects of ROS on levels of CDK inhibitors, including
p16Ink4a, p19Arf, p21cip1, and p27kip1 in Atm�/� astrocytes.
H2O2 treatment ofAtm�/� astrocytes stimulated expression of
p21cip1 and p16Ink4a, but not p27kip1 in Atm�/� astrocytes (Fig.
3D,upper and lower panels). However, no p19Arf bandwas pres-
ent in the lysates from those cells. These alterations indicate
that activation of the p16Ink4a and/or p19Arf-p21cip1 senescence
pathway(s) may be involved in ROS-mediated senescence in
astrocytes. Furthermore, activation of p16Ink4a was attenuated
by NAC (Fig. 3E). These findings suggest that intracellular
ROS-mediated oxidative stress induces senescence in astro-
cytes via activation of the p16Ink4a pathway.
In Atm�/� Astrocytes, ERK1/2 Is Constitutively Activated,

and CDK Inhibitors Are Up-regulated—We have previously
reported that ERK1/2 is activated in bothAtm�/� astrocytes in
culture and in Bergmann glia in the cerebella of Atm�/� mice

(20). We consistently observed
higher level of phospho-ERK1/2 in
Atm�/� astrocytes than in Atm�/�

astrocytes. In addition, Bmi-1, a
polycomb ring finger oncogene
product, is down-regulated in
Atm�/� cells (Fig. 4A), which is
consistent with the fact that Bmi-1
promotes cell proliferation via
repression ofCDK inhibitors. In Fig.
3D, we have shown that intracellu-
lar ROS levels increased in Atm�/�

astrocytes, and H2O2 up-regulated
CDK inhibitors. We therefore rea-
soned that CDK inhibitors might be
up-regulated to decrease prolifera-
tion in Atm�/� astrocytes. We thus
compared the basal levels of CDK
inhibitors in Atm�/� astrocytes
with those in wild type control cells.
Fig. 4B shows that the basal expres-
sion levels of p53, p21cip1, and
p16Inka were higher in Atm�/� cells
than in the wild type cells. p16Ink4a
was up-regulated Atm�/� cerebella
tissues. Not surprisingly, Atm�/�

astrocytes show lower levels of reti-
noblastoma (Rb) phosphorylation
than do wild type control cells.
Moreover, Bmi-1 levels were signif-
icantly down-regulated in the
Atm�/� tissues (Fig. 4C, left and
right panels).
Wenext comparedp16Ink4a levels

in Atm�/� astrocytes and Atm�/�

astrocytes, to which exogenous
H2O2 had been added. Interestingly,
the addition of H2O2 caused a brief

up-regulation of p16Inka at 4 h inwild type control cells but then
reversed itself down to the untreated basal level at 16 h post-
treatment. However, when Atm�/� astrocytes were exposed to
H2O2, the level of p16Ink4a expression was further elevated, and
this up-regulation persisted from 4 to 16 h post-H2O2 treat-
ment. This means that oxidative stress caused by elevated ROS
is reversible to normal levels when ATM kinase is present. In
both Atm�/� and Atm�/� astrocytes, Bmi-1 was down-regu-
lated in response to H2O2, but its level was lower in Atm�/�

astrocytes than in Atm�/� astrocytes (Fig. 4D). In Atm�/�

astrocytes, the brief expression of p16Ink4a may shut down cell
cycling, allowing time for the cells to repair any damage. Once
the job is done, their levels return to normal, as a result of the
redox balancing action of ATM.
Fig. 4E shows that in both Atm�/� and Atm�/� astrocytes,

H2O2 treatment also causes phosphorylation of ERK1/2 and
up-regulation of p16Ink4a. Phospho-ERK1/2 and p16Ink4a
changes that occurred inH2O2-treatedAtm�/� astrocyteswere
less pronounced than in H2O2-treated Atm�/� astrocytes.
Atm�/� astrocytes also show lower levels of Rb phosphoryla-

FIGURE 2. Decreased proliferation in Atm�/� astrocytes is caused by elevated ROS levels. A, Atm�/� and
Atm�/� astrocytes were either left untreated or pretreated with NAC (1 mM) for 2 h. Fluorescent H2DCFDA
levels were determined for these cells. The means � S.D. of three independent experiments are shown. *, p �
0.05 when untreated Atm�/� culture were compared with untreated Atm�/� astrocytes or when NAC-treated
Atm�/� astrocytes were compared with untreated Atm�/� astrocytes. B, growth curves of Atm�/� astrocytes in
the presence or absence of NAC (1 mM) were analyzed for 5 days and then compared with those of Atm�/�

astrocytes. The means � S.D. of three independent counting are shown. *, p � 0.05 when NAC-treated Atm�/�

astrocytes were compared with untreated Atm�/� astrocytes. C, photomicrographs of Atm�/� and Atm�/� as-
trocytes in the presence or absence of NAC. Scale bars, 50 �m. D, senescence of Atm�/� and Atm�/� astrocytes
in the presence or absence of NAC was compared by SA �-galactosidase expression 2 days after cultivation. The
means � S.D. of three independent experiments are shown. *, p � 0.05 when untreated Atm�/� culture was
compared with untreated Atm�/� astrocytes or when NAC-treated Atm�/� astrocytes was compared with
untreated Atm�/� astrocytes.
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tion than do wild type control cells. Moreover, Rb phosphoryl-
ation was further reduced after H2O2 exposure. These results
indicate that Atm�/� astrocytes are differentially hypersensi-
tive to oxidative stress and maintain high expression levels of
phospho-ERK1/2 and p16Ink4a. If oxidative stress is prolonged,
as it is in cells lacking ATM, up-regulation of phospho-ERK1/2
persistently may increase p16Ink4a expression, resulting in pro-
longed cell cycle arrest and retardation of cell proliferation.
These data strongly implicate the involvement of ERK1/2-

p16Ink4a signaling pathway in ROS-
induced cell growth arrest of
Atm�/� astrocytes.
ERK1/2 Signaling Mediates Bmi-1

Down-regulationandChromatinDis-
sociation in Atm�/� Astrocytes—
We next set out to identify the
molecular mechanisms underlying
the effects of ROS on the cell growth
defects ofAtm�/� astrocytes, focus-
ing on the mechanisms for phos-
pho-ERK1/2 and p16Ink4a up-regu-
lation. p16Ink4a expression is known
to be regulated by the MAPK path-
ways, including activation of
ERK1/2 (31). Furthermore, expo-
sure to H2O2 activates MAPKs in
many cell types (32, 33). Therefore,
we tested the effect of ROS on
ERK1/2 downstream mediators.
Upon phosphorylation at two
amino acids (Thr202/Tyr204),
ERK1/2 translocates into the
nucleus, where it phosphorylates its
substrates. Because p16Ink4a expres-
sion level does not depend on phos-
phorylation by ERK1/2, it is not a
direct substrate of activated
ERK1/2. Instead, p16Ink4a expres-
sion is negatively regulated by
Bmi-1 (34). Amino acid sequence
analysis indicates that Bmi-1 has
two predicted consensus motifs
for ERK1 phosphorylation. We
thus asked whether ROS-induced
ERK1/2 signaling has effects on
Bmi-1 function as a transcription
repressor for p16Ink4a.

The polycomb group proteins
including Bmi-1 function as tran-
scription repressors. Chromatin
association of these proteins can be
demonstrated by puncta in the
nucleus in previous study (35).
Immunofluorescence imaging of
endogenous Bmi-1 in Atm�/�

astrocytes indicates that Bmi-1
localizes mainly in chromatin and
that it dissociates from chromatin

after cells are exposed to H2O2 with a concomitant up-regula-
tion of p16Ink4a (Fig. 5A). Bmi-1/chromatin association corre-
lates with trimethylation at the lysine 27 residue of histone H3
(H3K27me3; data not shown), because H3K27me3 is required
for polycomb/histone H3 interaction (36). However, it was also
noted that Bmi-1/chromatin association does not correlate
with sites of DNA double strand breaks, because fluorescence
images of 53BP1 did not colocalize with Bmi-1 in astrocytes
treated with H2O2 (Fig. 5B).

FIGURE 3. H2O2-treated Atm�/� astrocytes show reduced proliferation and up-regulated levels of
CDK inhibitors. A, Atm�/� astrocytes were pretreated with 1 mM NAC before treatment with 100 �M H2O2.
Intracellular ROS levels were then measured in cultures. The means � S.D. of three independent experi-
ments are shown. *, p � 0.01 when H2O2-treated Atm�/� astrocytes was compared with untreated Atm�/�

culture or when NAC- and H2O2-treated Atm�/� astrocytes were compared with H2O2-treated Atm�/�

culture. B, Atm�/� astrocytes were pretreated with 1 mM NAC before treating with 100 �M H2O2. Photomi-
crographs were taken following a subsequent 4-day incubation. Scale bars, 50 �m. C, SA �-galactosidase
expressions in cultures from the experiment shown in A. The means � S.D. of three independent experi-
ments are shown. *, p � 0.01 when H2O2-treated Atm�/� culture was compared with untreated Atm�/�

culture or when NAC- and H2O2-treated Atm�/� culture was compared with H2O2-treated Atm�/� culture.
D, Atm�/� astrocytes were treated with 100 �M H2O2, and then levels of p27kip1, p21cip1, and p16Ink4a were
determined. The means � S.D. of three independent experiments are shown. *, p � 0.05 when H2O2-
treated Atm�/� astrocytes were compared with untreated Atm�/� astrocytes. E, the effects of NAC on
p21cip1 and p16Ink4a expressions were determined by direct Western blotting analysis after H2O2 treat-
ment in the presence of NAC.
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We next asked whether H2O2-induced Bmi-1/chromatin
dissociation is dependent on ERK1/2 signaling. We thus pre-
treatedAtm�/� astrocytes withMEK inhibitor PD98059 before
H2O2 treatment, because MEK is known as the upstream of
ERK1/2 (32). Fig. 5C shows that H2O2-induced Bmi-1/chroma-
tin dissociation is significantly inhibited by PD98059. This sug-
gests that Bmi-1 dissociation from chromatin occurs via
ERK1/2 signaling. In addition, H2O2 inhibits astrocyte prolifer-
ation, but PD98059 partially rescues it (Fig. 5D). Taken together
with increased proliferation by PD98059, reversion of chroma-
tin dissociation and restoration of Bmi-1 by PD98059 indicate
that H2O2-induced proliferation decrease is associated to
Bmi-1 dysfunction by ERK1/2 signaling.
Next, we assessed the effect of ATM deficiency on endoge-

nous Bmi-1 localization usingAtm�/� astrocytes. Fig. 5E shows
that Bmi-1 is down-regulated, and less Bmi-1 associate with
chromatin in Atm�/� astrocytes than in Atm�/� astrocytes.
(NAC and PD98059 partially restored levels of Bmi-1 expres-
sion and chromatin association in Atm�/� astrocytes). These
results are consistent with previous findings of Bmi-1 down-

regulation and p16Ink4a up-regulation that occur in Atm�/�

astrocytes (Fig. 4A). The data link p16Ink4a up-regulation to
Bmi-1 down-regulation in Atm�/� astrocytes and in turn also
link these two events to elevated intracellular ROS levels.
Because PD98059 also restored normal Bmi-1 and p16Ink4a lev-
els in Atm�/� astrocytes, we conclude that ERK1/2 mediates
Bmi-1 down-regulation and chromatin dissociation, as well as
p16Ink4a up-regulation.
Restoration of Normal Proliferation of Atm�/� Astrocytes by

Inactivation of ERK1/2 Signaling or Knockdown of p16Ink4a�—
We next asked whether activation of ERK1/2 impairs survival
and proliferation of Atm�/� astrocytes and whether inhibiting
ERK1/2 signaling restores defective cell growth.We established
cultures of Atm�/� astrocytes in the presence of PD98059.
Growth curve analysis for 5 days showed that PD98059 partially
rescued Atm�/� astrocytes from defective proliferation (Fig.
6A). The restorative actions of PD98059 were also evident in

FIGURE 4. In Atm�/� astrocytes, ERK1/2 is constitutively activated and
CDK inhibitors are up-regulated. A and B, for Atm�/� and Atm�/� astro-
cytes, levels of phospho-ERK1/2, ERK1/2, and Bmi-1 (A) and levels of p53,
p21cip1, and p16Ink4a (B) were assessed by direct Western blotting analysis.
C, levels of Bmi-1, p53, p21cip1, p16Ink4a, and phospho-Rb were compared for
Atm�/� and Atm�/� cerebella tissues by direct Western blotting analysis. The
means � S.D. of three different mice tissues are shown. *, p � 0.05; **, p � 0.01
when Atm�/� tissues was compared with Atm�/� tissues. D, Atm�/� and
Atm�/� astrocytes were treated with 100 �M H2O2. The cells were then har-
vested to access levels of Bmi-1 and p16Ink4a at the indicated times after H2O2
treatment. E, Atm�/� and Atm�/� astrocytes were either left untreated or
treated with 100 �M H2O2. Levels of phospho-ERK1/2, ERK1/2, p16Ink4a, and
phospho-Rb were determined by direct Western blotting analysis.

FIGURE 5. ERK1/2 signaling mediates Bmi-1 down-regulation and chro-
matin dissociation in Atm�/� astrocytes. A, Atm�/� astrocytes were syn-
chronized by contact inhibition after subculture, at which time cells were
treated with 100 �M H2O2. Bmi-1 association with chromatin was analyzed by
fluorescence microscope for the presence of puncta in the nucleus. p16Ink4a

up-regulation and Bmi-1/chromatin dissociation was tested using anti-
p16Ink4a antibody. B, colocalization of Bmi-1 and 53BP1 was tested in the cells
after H2O2 treatment using the same methods. C, Atm�/� astrocytes were left
untreated or pretreated with 50 �M PD98059 (PD) overnight, before treating
with 100 �M H2O2. The effects of 50 �M PD98059 on Bmi-1 localization in
astrocytes were analyzed. D, photomicrographs of Atm�/� astrocytes culture
from the experiment shown in C. Scale bars, 50 �m. E, Atm�/� astrocytes were
treated with 1 mM NAC or 50 �M PD98059 for 2 days. Bmi-1 expression and
localization in Atm�/� and Atm�/� astrocytes were determined. DAPI,
4�,6-diamidino-2-phenylindole.
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culture, as shown by increase in cell density (Fig. 6B). However,
the positive effect of PD98059 on proliferation of Atm�/�

astrocytes was not comparable with that of the antioxidant
NAC. In addition, PD98059 appeared to inhibit mitogenic
pathways inAtm�/� astrocytes, because it reduced growth rate
and proliferation in these cells. In normal Atm�/� mice, most
astrocytes are quiescent, and thus ERK1/2 signaling is sus-
pended in an inactive state. However,Atm�/� astrocytesmain-
tain constitutive ERK1/2 signaling associated with oxidative
stress conditions.
Despite its inhibitory effect on Atm�/� astrocytes prolifera-

tion, PD98059 partially restored Bmi-1 levels in Atm�/� astro-
cytes. In addition, both NAC and PD98059 reduced levels of
p21cip1 and p16Ink4a in Atm�/� astrocytes to levels similar to

those in Atm�/� astrocytes. In
accordance with these results, level
of phospho-Rb was also increased
by NAC and PD98059 (Fig. 6C).
These results provide direct evi-
dence linking defective growth of
Atm�/� astrocytes to activation of
ERK1/2 signaling as a result of oxi-
dative stress. However, PD98059
has modest and partial rescuing
effect on Atm�/� astrocytes prolif-
eration, indicating that theremay be
additional pathways associated with
defective proliferation in Atm�/�

astrocytes.
Because increases in cell senes-

cence and p16Ink4a level were
observed in Atm�/� astrocytes, we
next decided to access whether
p16Ink4a up-regulation is responsi-
ble for inducing cell senescence and
whether inhibition of p16Ink4a
expression would reverse the defec-
tive growth phenotype of Atm�/�

astrocytes. Ink4awas knockeddown
in both Atm�/� and Atm�/� astro-
cytes using siRNA against mouse
p16Ink4a. Fig. 6D shows that more
senescent cells were observed in
Atm�/� astrocytes than in Atm�/�

astrocytes. However,Atm�/� astro-
cytes when p16Ink4a was knocked
downhad fewer senescent cells than
did the cells whose p16Ink4a was
intact.

DISCUSSION

In A-T patients, Purkinje neuron
loss in the cerebellum is the most
critical feature of the neuropatho-
logical phenotype (37). Up to now,
therefore, most studies have
focused on the effects of ATM defi-
ciency in neurons, with the role(s) of

astrocytes going unexplored. However, accumulating evidence
now suggests that astrocytes are key elements serving pivotal
functions in the central nervous system, including structural
and redox support for neuron, neurotransmitter synthesis, and
transport of nutrients andmetabolic precursors to neurons (17,
19, 38–40). Previous studies have reported that transgenic and
knock-outmousemodels for certain astrocyte-specific proteins
result in neurodegenerative disorders (41, 42). This implies that
abnormalities in astrocytes might also cause neuropathophysi-
ology of A-T. This is consistent with earlier observations by
others that Purkinje cell survival in Atm-deficient mice is par-
tially reversed when these cells are cultured in the presence of
Atm�/� astrocyte-conditioned medium (18). It will be impor-
tant now to determinewhetherAtm�/� astrocytes have cytotoxic

FIGURE 6. Restoration of normal proliferation of Atm�/� astrocytes by inactivation of ERK1/2 signaling
or knockdown of p16Ink4a. A, growth curves of Atm�/� and Atm�/� astrocytes, cultured either in the presence
or absence of 50 �M PD98059. PD98059 partially rescued Atm�/� astrocytes from defective proliferation. The
means � S.D. of three independent countings are shown. *, p � 0.05 when PD98059-treated Atm�/� astrocytes
were compared with untreated Atm�/� astrocytes. B, photomicrographs of Atm�/� and Atm�/� astrocytes
culture in the presence or absence of PD98059. Scale bars, 50 �m. C, Atm�/� astrocytes were left untreated.
Atm�/� astrocytes were either untreated left or treated with 1 mM NAC or 50 �M PD98059 for 2 days. The levels
of phospho-ERK1/2, ERK1/2, Bmi-1, p16Ink4a, and phospho-Rb were determined by direct Western blotting
analysis. D, Atm�/� and Atm�/�astrocytes were transfected with Ink4a siRNA. p16Ink4a levels were determined
by direct Western blotting analysis (left panel). Proportions of senescent cells were determined by SA �-galactosid-
ase expression 2 days after cultivation (right panel). The means � S.D. of three independent experiments are shown.
*, p � 0.05 when untransfected Atm�/�astrocytes were compared with untransfected Atm�/� culture or when
Ink4a siRNA-transfected Atm�/�astrocytes were compared with untransfected Atm�/� astrocytes.
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effects for neurons in coculture. Studies now in progress in our lab
will address the effects of Atm�/� astrocytes on neurons in this
context.
At normal concentrations, ROS play a role in cellular func-

tions involving signal transduction (43, 44). However, an imbal-
ance between generation of ROS and capacity of antioxidants to
neutralize ROS can result in disruption of cellular redox status,
leading to oxidative stress (45–47). Mammalian cells have
therefore evolved awide range ofmechanisms, includingATM,
for maintaining normal levels of intracellular ROS. Neuronal
cells require large quantities of oxygen to function because of
their high metabolic rate. As a result, neurons generate high
levels of ROS. For this reason, the CNS is very vulnerable to
ROS imbalance and accumulation. In general, low doses of
H2O2 promote cell proliferation, whereas high levels of ROS
elicit cell cycle arrest, senescence, and apoptosis (48). Our data
show that Atm�/� astrocytes have a lower proliferation rate
than that of normal cells. We previously observed increased
spontaneousDNA synthesis in culturedAtm�/� astrocytes rel-
ative to Atm�/� astrocyte despite their decreased proliferation
(20). The reason for this discrepancy is unknown.However, it is
possible that abnormally elevated DNA synthesis in Atm�/�

astrocytes may occur without cell division. This is in turn could
elevate ROS production in the cells (15).
Our observations that p21cip1 is up-regulated in Atm�/�

astrocytes (Fig. 4B) and that PD98059 inhibits p21cip1 up-regu-
lation (data not shown) are consistent with those from a previ-
ous study (26). The Ink4a/Arf locus encodes two proteins,
p16Ink4a and p19Arf, by alternative splicing (49–51). Ink4a and
Arf are important components in Rb and p53 pathways, respec-
tively, and both proteins function in cell cycle regulation (52,
53). Bmi-1 is a potent repressor of both Ink4a andArf.Our data
suggest that Bmi-1 down-regulation and dissociation from
chromatin with resultant p16Ink4a up-regulation may contrib-
ute to the defective proliferation and premature senescence of
Atm�/� astrocytes. A very interesting observation made by
other researchers is that Bmi-1 knock-out mice progressively
develop A-T-likemotor abnormalities, such as ataxia (22). This
information substantiates the observations reported above and
supports the idea that CNS pathology is similar if either ATM
or Bmi-1 is absent. Because derepression of the Ink4a/Arf gene
locus has been correlated with Bmi-1-deficient phenotypes in
the nervous system, it is important to determine whether the
deletion of both Ink4a and Arf genes restores functions of
Atm�/� astrocytes. Notably, we observed that knockdown of
Ink4a restores proliferation of Atm�/� astrocytes (Fig. 6D).
Furthermore, work by others has also shown that the A-T like
motor abnormalities observed in Bmi-1 knock-out mice
restored inBmi-1�/�/p16Ink4a�/� double knock-outmice (54).
This result further substantiates that p16Ink4a plays a role in
Bmi-1-deficient conditions.
We have shown that Bmi-1/chromatin association is dis-

rupted by H2O2 (Fig. 5, A–C). Previous studies on Bmi-1 have
reported that its function as transcription repressor is regulated
by its phosphorylation status (35). Because Bmi-1 contains two
predicted ERK1phosphorylation sites, we askedwhether Bmi-1
phosphorylation is induced by oxidative stress andwhether it is
ERK1/2 dependent. We reasoned that ROS-induced phospho-

rylation of Bmi-1 may directly or indirectly contribute to its
chromatin dissociation, which in turnwould result in derepres-
sion of p16Ink4a. Because no specific antibody is available to
detect the phosphorylated form of Bmi-1, its phosphorylation
was determined by mobility shift on gels in the presence of
phosphatase inhibitors. These experiments demonstrated that
H2O2 treatment causes the mobility shift of Bmi-1 (data not
shown). However, even though down-regulation and chroma-
tin dissociation of Bmi-1 occur inAtm�/� astrocytes, no intrin-
sic difference in Bmi-1 phosphorylation is observed between
Atm�/� and Atm�/� astrocytes in Western blotting analysis
(Fig. 4A). This might be explained by the fact that the mobility
shift of Bmi-1 is able to be detected for only short time after
H2O2 treatment, after which time Bmi-1 levels decreased (Fig.
4D). Therefore, it is possible that phosphorylation of Bmi-1
may lead to its degradation. It will be interesting to determine
whether inhibition of proteasomal degradation restores func-
tions of Atm�/� astrocytes by preventing Bmi-1 degradation.

In recent years, accumulating evidence has indicated that
protein kinase activities are redox-sensitive because key cys-
teine residues in these proteins can undergo post-translational
modifications by oxidants. H2O2-induced formation of disul-

FIGURE 7. Proposed model of a role for ATM in the maintenance of normal
astrocyte proliferation. ATM is necessary to control intracellular levels of
ROS. In the absence of ATM, elevated levels of ROS elicit oxidative stress and
limited growth of astrocytes, through multiple ERK1/2-dependent mecha-
nisms, including down-regulation and chromatin dissociation of Bmi-1, as
well as up-regulation of p16Ink4a. Abnormal proliferation of Atm�/� astrocytes
may lead to oxidative stress in entire central nervous system and eventually to
neurodegeneration. Oxidative stress-mediated growth defects of Atm�/�astro-
cytes may be prevented by antioxidants, and normal astrocyte proliferation
may be partially restored by inhibition of ERK1/2 signaling. The arrows denote
an increase or decrease when ATM is absent.
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fide bonds in protein kinases has been documented, suggesting
that kinases function as redox sensors and that H2O2-induced
conformational changes or formation of dimers from disulfide
bonds triggers kinase activation (45, 55). This is consistent with
our observation that ATM is activated in response to H2O2
(data not shown). Although at present the mechanism of how
H2O2-induced ERK1/2 activation is unclear, we speculate that a
candidate upstream mediator, such as receptor tyrosine kinase
may be responsible for H2O2-induced ERK1/2 activation,
because others have shown that upstream receptor tyrosine
kinase may act as a trigger for such events (29). Our further
studies will address the role of receptor tyrosine kinase inmod-
ulating H2O2-induced ERK1/2 signaling.

In conclusion, our data demonstrate that ATM is required to
maintain normal growth of astrocytes by controlling intracel-
lular levels of ROS. The absence of ATM limits the growth of
astrocytes through ERK1/2-dependent mechanisms, including
down-regulation and chromatin dissociation of Bmi-1 and sub-
sequent up-regulation of p16Ink4a. The events are prevented by
antioxidants and inhibited by inactivation of MEK, which is
upstream of ERK1/2 (Fig. 7). These data therefore identify a
novel mechanism by which ATM deficiency leads to the astro-
cytes growth arrest, and they identify new targets for effective
pharmacological intervention in A-T patients.
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